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Abstract

A recent paper (Phys. Chem. Chem. Phys. 2020, 22:22459) shows that the energy
components of the extended transition state energy decomposition analysis (ETS-EDA) are
path functions, and, therefore, they are not uniquely defined. In this work, we apply the ETS-
EDA to analyze all possible dissociation paths of the water tetramer to four free water
molecules. Our results confirm that the energy components of the ETS-EDA are path
functions. However, they also show that differences among energy components obtained for
the different paths are relatively small, and, therefore, we conclude that the information
obtained from an ETS-EDA can be used to discuss the nature of chemical bonds and analyze
the origin of isomerization energies and energy barriers. However, if a given process can be
attained by means of different and chemically reasonable paths, we recommend to perform
the ETS-EDA of a given reaction for all different paths to confirm that energy components

of the ETS-EDA do not differ very much from one path to another.
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1. Introduction

The chemical bond is probably the most important concept in chemistry. The molecular
structure, reactivity, and properties of molecules depend on the nature of the chemical bonds
that hold the atoms of molecules together. As many of the concepts relevant in chemistry,
the chemical bond does not have an operator in quantum mechanics and, consequently, it is
not well-defined. A typical case example is N2?*.1® This molecule is thermodynamically
unstable with respect to dissociation into two N* ions. However, N>?* is a long-lived (of the
order of several seconds) metastable species with a significant Coulombic barrier to
dissociation. Therefore, one may wonder whether we have a N*-N* chemical bond or not. A
very powerful tool provided by quantum mechanics to discuss the nature of chemical bonds,
including this N*~N* bond, is the energy decomposition analysis (EDA). Depending on the
nature of the underlying theories, the EDA can be classified into two groups.* First, those
that are based on perturbation theory that express the interaction energy in terms of
corrections to a noninteracting state, the symmetry-adapted perturbation theory (SAPT)
being the most representative EDA of this group.> ® And second, the variational-based
methods that require the application of intermediate nonphysical states. The first variational
EDA was proposed in a seminal work by Morokuma et al.” 8 Few years later, Ziegler and
Rauk® 1 proposed the extended transition state (ETS) method that introduces some
modifications to the Morokuma’s EDA, the most important being the decomposition of the
orbital interactions into the different irreducible representations I". In the ETS-EDA method,
the dissociation energy in molecule AB is decomposed into:

-De = AEprep + AEint 1)



In this formula, the preparation energy AE,«, (also referred as deformation or strain energies)
is the amount of energy required to deform two individual (isolated) fragments A and B from
their equilibrium structure to the geometry that they acquire in the overall AB molecule and
to bring them to their reference electronic states. The interaction energy AE:: corresponds to
the actual energy change when these geometrically deformed and electronically prepared
fragments are combined to form molecule AB. It is analyzed in the framework of the Kohn-
Sham Molecular Orbital (MO) model using a quantitative decomposition of the interaction
into electrostatic, Pauli repulsion (or exchange repulsion), and orbital interactions (Eq. (2)
and Fig. 1).

AEint = AVeistat + AEpauii + AEoi (+ AEdisp) (@)
The instantaneous interaction energy AE between two fragments A and B in a molecule AB
is partitioned into three terms, namely, (1) the quasiclassical electrostatic interaction
AVesa between the fragments; (2) the repulsive exchange (Pauli) interaction AEr.i between
electrons of the two fragments having the same spin, and (3) the orbital (covalent) interaction
AE.q which comes from polarization and orbital mixing between the fragments. The latter
term can be decomposed into contributions of orbitals with different symmetry I", which
makes possible to distinguish between o, m, and & contributions to bonding (AE. =
YAEr). AVasa and AE. are associated with covalent and ionic contributions to the bonding,
respectively. In this sense, EDA acts as a link between the complex results of quantum
chemical calculations and the classical concepts on the nature of the chemical bond. Finally,
if the density functional used in the calculations contains dispersion corrections, then in Eq.
(2) there is another term, AEgisp, that takes into account the interactions due to dispersion

forces. Several reviews have been published describing this methodology.***®
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Figure 1. Schematic representation of the different steps in the Ziegler-Rauk energy
decomposition analysis for the formation of a molecule AB from two fragments A and B.

The ETS-EDA method satisfies the five conditions that EDA procedures have to fulfill
according to Frenking,*® namely, 1) it is based on accurate quantum chemical calculation;
2) it is mathematically unambiguously defined; 3) the results are largely independent of the
level of calculation; 4) the different terms have a physical meaning; and 5) it is useful to
analyze chemical problems.® However, the ETS-EDA method fails to obey a last condition,
which is that the energy components of an EDA should be ideally state functions. Very
recently, Andrada and Foroutan-Nejad’ in a ground-breaking work have shown that,
whereas the dissociation energy, the interaction energy, and the preparation energy of Eq. (1)
are state functions, the AEr.i, AVesa, and AE. energy components of the interaction energy
in Eq. (2) are not. The reason is the presence of nonphysical intermediate states in the
procedure (superimposed A&B fragments in Fig. 1). Because AEeaui, AVesa, and AE. are path

functions and non-observables, they are not uniquely defined, and, consequently, Andrada



and Foroutan-Nejad'” concluded that care has to be exercised when defining the nature of a
chemical bond based on these arbitrary energy components.

In this work, we aim to analyze how different are the results of an ETS-EDA depending on
the dissociation path considered. Hydrogen bonded water clusters have been frequently
adopted as a theoretical test model for the purpose of evaluating the performance of new
EDA. We have considered the water tetramer’®?! as the smallest cluster that can be
dissociated into free water molecules following a number of different schemes. Our results
confirm that the energy components of the EDA are path functions, but they also show that
the differences among energy components obtained for the different paths is relatively small

(not more than 5 kcal mol™ of change).

2. Computational Details

DFT calculations were carried out using the ADF (Amsterdam Density Functional)
program.?? 23 Geometries of water tetramers and water molecule were optimized without any
constraints using BLYP functional®* % with D3(BJ)?®?® correction and TZ2P basis set.?
Vibrational frequency analysis was performed for all optimized species to confirm that were
minima. ETS-EDA® ° were also carried out with the ADF program. Although the
counterpoise method of Boys and Bernardi*®® to estimate the basis set superposition error
(BSSE) enters the ETS-EDA procedure naturally,®® it has been found that
the energy components exhibit little dependence on BSSE if the basis set is large enough.®?

For this reason, we have not included the BSSE in our analysis.



3. Results and discussion
This section is divided into two sections. In the first, we discuss the structure of the water
tetramer, and, in the second we perform EDA of the dissociation energy of the water tetramer

into four free water molecules following different paths.

3.1. Structural details

The water tetramer has at least eight possible conformations.'® At low temperature, the water
tetramer is cyclic with the four oxygen atoms almost in the same plane.*® 2° Each water
molecule has one bonded hydrogen that lies in the plane defined by the oxygen atoms and is
hydrogen bonded to an oxygen atom of a neighbor water, and another free hydrogen atom.
The most stable isomer of the water tetramer according to our calculations is the one with
two of the free hydrogens above the OOOO plane and two below in an up, down, up, down
pattern (udud, see Fig. 2).1® 20 Our BLYP-D3(BJ)/TZ2P calculations agree with CCSD(T)
results that also predict the udud isomer as the most stable.'® The next isomer (uudd) has
the free hydrogens in an up, up, down, down pattern. It is higher in energy than the udud by
only 0.9 kcal mol. The uuud isomer is almost degenerate with the uudd, only 0.1 kcal mol*
higher. Finally, the relative energy of the uuuu isomer with respect to the udud is 2.3 kcal
mol. For our ETS-EDA, only the most stable udud isomer of the water tetramer was

considered.
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Figure 2. The four most stable configurations for the water tetramer with relevant distances
(in A) and angles (in degrees).

3.2. Energy decomposition analysis

The labels of the different water molecules in the udud isomer of the water tetramer are given
in Fig. 2. In this section, we analyze only the interaction energy. Therefore, the geometries
of the fragments are kept frozen at the geometry they have in the water tetramer. Table 1
contains the result of the ETS-EDA of different fragments of the udud water tetramer. For
instance, 1-2 analyzes the interaction energy between water molecules 1 and 2 in the
geometry they have in the water udud tetramer. Or 123-4 corresponds to the ETS-EDA of
the interaction of molecule 4 with the water trimer 123. Since the preparation (or
deformation) energy is small (about 0.4 kcal mol™ per water molecule), the absolute value of
the interaction energy is a good approximation to the dissociation energy.

For the 1-2 system, the interaction energy (-4.8 kcal mol™) corresponds to the formation of a

hydrogen bond and the result obtained is similar to that found in previous studies.®
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According to the present and previous results,®® both covalent (represented by AE.) and
electrostatic interactions (measured by AVeas) contribute substantially to the interaction
energy between water molecules. Although the electrostatic interaction is the most important
component of the attractive interactions, the hydrogen bond has a partial covalent character.®®
For the 1-3 system, the interaction energy (-1.6 kcal mol™?) is much lower and corresponds
to a through space dipole-dipole interaction. For comparison, the interaction in 1-23 is
stronger (-8.5 kcal mol™) because one hydrogen bond and one dipole-dipole interactions are
formed at the same time. The 12-34 and 123-4 yield similar results because in both interaction
schemes two hydrogen bonds are formed. The higher value of the interaction energy in the
12-34 (-22.0 kcal mol™t) as compared to the 123-4 dissociation (-18.3 kcal mol™) is attributed
to the fact that two dipole-dipole interactions are formed in the former and only one in the
latter. And this is the reason why in 13-2 the interaction is even weaker (-11.7 kcal mol™), as
also two hydrogen bonds are formed, but no dipole-dipole interaction. Finally, 13-2-4 has the
largest interaction energy (-30.0 kcal mol™?) because it involves the formation of four
hydrogen bonds and two dipole-dipole interactions. System 13-24 presents a similar value (-
28.4 kcal mol™?), as four hydrogen bonds are also formed, but no dipole-dipole one. The
interaction energies of the 13-24 and 13-2-4 systems are more than four times that of the 1-
2 species due to the well-known cooperative effects in the formation of hydrogen bonded

clusters. 21 34-39



Table 1. ETS-EDA of the interaction energy in the water tetramer and some of their

components (kcal/mol) computed at the BLYP-D3(BJ)/TZ2P level of theory.

Interaction AEin AEpayii AVelstat AEqi AEgisp interactions®
1-2 -4.8 15.6 -12.2 -7.3 -0.9 1hb
1-3 -1.6 0.3 -1.4 -0.2 -0.3 1dd
12-34 -22.0 314 -31.7 -19.3 2.4 2hb+2dd
13-24 -28.4 62.6 -50.7 -36.7 -3.5 4hb
1-23 -8.5 15.2 -14.2 -8.3 -1.2 1hb+1dd
13-2 -11.7 311 -24.9 -16.2 -1.8 2hb
12-3-4 -26.8 46.9 -41.5 -28.9 -3.3 3hb+2dd
13-2-4 -30.0 62.5 -51.1 -37.5 -3.8 4hb+2dd
123-4 -18.3 31.6 -28.8 -19.0 2.1 2hb+1dd

2 Interactions formed: hb stands for hydrogen bond, whereas dd stands for dipole-dipole.

The seven possible ways to dissociate a water tetramer into four free water molecules are
schematized in Figure 3. ETS-EDA of the different paths are collected in Table 2. To obtain
each component in path 2, for instance, we have summed the results of the ETS-EDA in
Table 1 of 12-34 plus two times 1-2. Path 1 corresponds to the dissociation of the water

tetramer into four free water molecules.

Path 1
1234 o > 1+2+3+4
A
12-34 13-24 123-4
Patwth 5
Path 2 Path 3 12-3-4  13-2-4 12-3-4 13-2-4

Figure 3. The seven different paths for the dissociation of the water tetramer into four free
water molecules. For instance, Path 2: 1234 — 12-34 — 14+2+3+4 means that there is, first,
a dissociation of the tetramer into two dimers 12 and 34, and, second, a dissociation of the
dimers into monomers. Or Path 4: 1234 — 123-4 — 12-3-4 — 1+2+3+4 involves a first
dissociation of the tetramer into a trimer and a monomer, followed by a dissociation of the
former into a dimer and a monomer, to finally get the four monomers.
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For paths 12-34 and 13-24, one could expect different Pauli, electrostatic (different
orientation of dipoles) and orbital interaction (different bond broken) terms but for the whole
paths 1234 — 12-34 — 1+2+3+4 and 1234 — 13-24 — 1+2+3+4 one would expect no
differences in AEint, AEpauli, AVeistat, AEoi, and AEgisp. However, results in Table 2 confirm
that, whereas AEint and AEgisp are state functions, the AEpauli, AVeistat, AEoi €nergy components
of AEint change for the different paths. It is worth noting that, if we consider path 1 as the
reference, results of path 3 differ less than those of path 2. The reason is that in the first step
of path 3, all hydrogen bonds are broken as in path 1 and only the 13 and 24 dipole-dipole
interactions remain. So, path 3 is more similar to path 1 than path 2. In this last path one
breaks two hydrogen bonds in the first step and two more in the second one. For the same
reason, path 7 is closer to path 1 than path 6.

What is important, however, is that differences in AEpauli, AVeistat, AEoi fOr the seven paths
are not important enough to change the conclusion about the nature of the chemical bond in
the water tetramer. In all cases, we can conclude that the bonding is predominantly
electrostatic (55-60%) with an important covalent contribution (36-41%) and a less
significant dispersion term (4.4%). Whether the electrostatic component is 55% or 60% is
not particularly relevant. What is important is that, qualitatively, the hydrogen bond is mainly

electrostatic in nature with a meaningful but minor covalent character.
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Table 2. ETS-EDA of the different paths for the dissociation (Fig. 3) of the water tetramer
(kcal/mol) computed at the BLYP-D3(BJ)/TZ2P level of theory. The percentage of attractive
interactions for each path is given in parenthesis.

Dissociation Path AFEint AEpauii AVelstat AE, AEgisp

1 -31.6 62.4 -51.6 -38.3 -4.1
(54.8%) (40.7%) (4.4%)

2 -31.6 62.6 -56.1 -33.9 -4.1
(59.6%) (36.0%) (4.4%)

3 -31.6 63.2 -53.5 -37.2 4.1
(56.4%) (39.2%) (4.4%)

4 -31.6 62.3 -55.1 -34.6 4.1
(58.7%) (36.9%) (4.4%)

5 -31.6 63.0 -55.0 -35.4 4.1
(58.2%) (37.5%) (4.4%)

6 -31.6 62.5 -53.7 -36.2 4.1
(57.1%) (38.5%) (4.4%)

7 -31.6 62.8 -52.5 -37.7 4.1

(55.6%)  (40.0%)  (4.4%)

Chemical bonding is a very complex phenomenon that can be analyzed from different
perspectives with a number of tools. The results of the application of these tools allow to
classify the chemical bond in different categories (repulsive, covalent, ionic, metallic,
noncovalent...). As Bergmann® said in the concluding remarks of the Proceedings of an
International Symposium held in Jerusalem in 1970: “Classification and theory are not ends
in themselves. If they generate new experimental work, new compounds, new processes, new
methods - they are good,; if they are sterile - they are bad”. In our opinion, the results derived
from the application of the ETS-EDA (and related EDA), despite the use of unphysical and
non-observable intermediate states, provide a deep and useful knowledge on the nature of the
chemical bonds and their classification. Moreover they help to understand the origin of
isomerization energies with the turn-upside-down approach*" % and energy barriers with the

activation strain model.**-*> Of course, it is crucial to know the limitations of the methods
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used and, because of that, it is important to emphasize that AEpauli, AVeistat, AEoi IN ETS-EDA
are path functions.t” Knowing this limitation, our recommendation is to perform the ETS-
EDA for a given bond or reaction for as many paths as possible to confirm that energy
components of the ETS-EDA do not differ very much from one path to another. In many
situations, however, there is only one chemically reasonable path. For instance, if one
analyzes the hydrogen bond of the water dimer, the path corresponding to the dissociation of
the water dimer into two free water molecules in one step seems to be the most rational one.
As a whole, we can conclude that EDA does not only depend on the fragments used but also
on the path considered. Both have to be clearly provided by the authors of EDA if we aim

the readers to reproduce the results.

4. Conclusions

The methods and tools of analysis of the wavefunction and the electron density, and the
energy decomposition analyses (EDA) provide a bridge between quantum chemistry and
classical chemistry. Most of these methods present shortcomings that make them useless (or
even worse, cause misunderstandings) in the analysis of certain chemical problems. One of
the important tasks of computational and theoretical chemists is to uncover the limitations of
the methods used to analyze the results provided by calculations based on quantum
mechanics. In the present work, we confirm a limitation of the energy decomposition analysis
based on Morokuma’s partition of the energy, which is the fact, already reported by Andrada
and Foroutan-Nejad,!’ that the three components of the interaction energy in the extended
transition state EDA (ETS-EDA), namely, the electrostatic interaction, the Pauli repulsion,

and the orbital interactions are path functions. As a case example, we focus our work in the
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different paths that transform the water tetramer into four free water molecules. The
performed ETS-EDA demonstrate that different results for the electrostatic interaction, the
Pauli repulsion, and the orbital interactions terms are obtained depending on the path
followed for the dissociation. However, they also show that the differences among these
energy components obtained for the different paths are relatively small. For this reason, we
conclude that the information obtained from an ETS-EDA is useful to analyze the nature of
chemical bonds as well as the origin of isomerization energies and energy barriers. However,
if a given chemical process can be attained by means of different and chemically reasonable
paths, we recommend to perform the ETS-EDA of a given reaction for these different paths
to be sure that energy components of the ETS-EDA do not differ very much from one path
to another. Finally, further work needs to be done to establish whether for some particular
systems with similar AVestat and AEqi or systems with large deformation energies, the
conclusions about the nature of the chemical bond may change depending on the path

considered.
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