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Abstract

Six organometallic compounds coming from a basic Mo-based complex were analyzed from the perspective of the dual
descriptor in order to detect subtle influences that a substituent group could exert on the reactive core at a long range. Since
the aforementioned complexes are open-shell systems, the used operational formula for the dual descriptor is that one defined
for those aforementioned systems, which was then compared with spin density. In addition, dual descriptor was decomposed
into two terms, each of which was also applied on every molecular system. The obtained results indicated that components
of dual descriptor could become more useful than the operational formula of dual descriptor because differences exerted by
the substituents at the para position were better detected by components of dual descriptor rather than the dual descriptor by

itself.

Keywords Mo-based electrocatalysts - Molecular hydrogen release - Dual descriptor - Local reactivity - Conceptual density

functional theory

Introduction

The importance of finding new molybdenum-0Oxo
complexes

There has been a growing interest to find alternative fuels
for the replacement of oil, mainly influenced by climate
change concerns. Several efforts are being carried out in
order to decrease carbon dioxide emissions into the atmo-
sphere coming from the massive use of sources of energy
based on carbon such as fossil fuels [1-4]. Among sources
of renewable energy, molecular hydrogen [5-11] has been
considered a possible candidate to be used as a sustainable
fuel, thus leading to an effervescent search at present in
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achieving this goal from different materials, mainly because
hydrogen is characterized by its almost omnipresence on
Earth, since water is constituted from this element [12].

In particular, the chemical conversion H2O ¢y —> Ha(g)
+ 1/203() has an enthalpy of 285.8 kJ mol~! (=
68.32 kcal mol ™! = 2.96 eV at t = 25 °C and P = 1 atm)
[13, 14]. The high energetic cost of splitting water into
its constituent parts, dihydrogen and dioxygen, can be
carried out using electrochemical means. However, the high
potential for this process (~ —1.23 Volts at pH = O0;
t = 25°C and P = 1atm) [14] is one of the key factors
in achieving this goal, so that finding new substances that
are able to easily release molecular hydrogen is desirable in
the short term. The difficulty thus lies in the fact that the
conversion from water into molecular hydrogen and oxygen
implies a significant cost in energy [6, 15]. Consequently,
substances should be catalysts easily synthesizable from
one or more abundant elements on Earth with the aim of
decreasing its cost of production.

On the other hand, Mo is a transition metal that is
considered by specialists to be appropriate for applications
in leading-edge technology and in the metallurgical and
chemical industries. Several uses of Mo have been detected,
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starting from its use as a metal for alloys and also its
used as a metal by itself in structural mechanical pieces.
This metal is also involved in high-technology compounds
and in making some substances for specific uses, for
instance lubricants, precursors for some types of synthesis
and catalysts; the development of Mo-based catalysts to
yield other products is a good example of capabilities
offered by this metal and recent research gathered from
scientific literature indicates a promising future for Mo in
Hj production from water [16, 17].

Accidentally, during certain investigations performed
about the second-row transition-metal chemistry employ-
ing the ligand 2,6-bis[1,1-bis(2-pyridil)ethyl]-pyridine, sim-
ply PY5Me, [18], Karunadasa et al. [19] detected an
organometallic Mo-based compound, whose molecular
formula is [(PY5Me;)MoO(CF3S03)]" and which may
exchange the (CF3SO3)™ ligand by one water molecule.
Once the water molecule is coordinated onto the metal cen-
ter, the release of molecular hydrogen becomes easier than
release it from water molecule embedded in liquid water due
to several steps involved during the entire process [19].

One of those steps involves the transference of a hydro-
gen atom from the bound water toward the molybdenum
atom followed by the molecular hydrogen release (MHR)
according to an environmental friendly catalytic cycle that
involves an organometallic-basic structure being respon-
sible of the MHR: the 2,6-bis[1,1-bis(2-pyridyl)ethyl]-
pyridine oxo-molybdenum complex monocation and its
possible derivatized structures arising when a substituent
group is attached at specific positions of pyridine rings so
favoring or unfavoring the MHR process.

Karunadasa et al. explored the use of fluorine and methyl
solely as substituent groups at all para positions of pyridine
rings [20]. The systematic analysis would shed light on how the
substituent group influences the reactivity of the Mo-based
complex and in consequence on the dihydrogen production.

Since there are multiple possibilities of substitution,
a good starting point implies to study the most subtle
influence that can be exerted by just one substituent group

localized at the farthest position with respect to the reactive
core (Mo and O), thus meaning the para position at the
axial pyridine ring where a general substituent group is
represented by the capital letter G, as depicted by Fig. 1.
Such a model suggests that the substituent group can exert
an influence on the reaction mechanism, specifically on the
kinetics and/or the thermodynamics of the process [20].
According to the latter, before performing a synthesis of a
new compound based on this metal, a computational study
should allow to understand the importance of including
an electron-withdrawing or electron-donating substituent
group and for that reason, previously to any quantification
of the substituent effect, a visual analysis of this effect
through the use of one type of scalar field could give us
an insight about which regions of compounds like these are
more affected by the respective substituent group. The first
scalar field that could help us to understand the influence
of the substituent groups is the spin density defined as the
arithmetic difference between the alpha electron and beta
electron densities [21], ps(r) = p, (r) — p, (r), butif it does
not reveal the electron-withdrawing or electron-donating
nature of substituent groups under study, a complementary
tool called dual descriptor (DD) can be used. A brief
definition of DD will be explained in the next subsection.

Dual descriptor

There are many scalar fields to estimate reactivity on
molecules from quantum chemical calculations. In partic-
ular, from the framework of the density functional the-
ory [22, 23] (DFT), chemists can find a plethora of
reactivity descriptors [24] so giving rise to the concep-
tual DFT [21, 25] under the hypothesis that the total
energy E of a system depends upon the total number of
electrons N and the external potential v(r), so that the
application of successive ordinary and functional deriva-
tives yields a wide range of reactivity descriptors, which
are divided into three types: global, local, and non-local,
all of them based on two essential physical observable

Fig. 1 Molecular hydrogen release reaction: [(p-G-Py)Mo(H)(OH)[* (ag) —> Ha ()1 +[(p-G-Py)MoO]" (44). The organometallic product of

this reaction model is of our interest in the present work
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quantities: energy, electronic density, or both. Local reac-
tivity descriptors are scalar fields, thus meaning they
depend on the vector position r in space surrounding a
molecule.

Among the endless types of local reactivity descriptors
that are possible to conceive, there is one defined at a third
order [26] that is becoming more and more popular among
some researchers interested in measuring local reactivities;

1% (r)gUMO +p (r)fUMO —-P (r)gOMO - P (r)ﬁOMO

this alluded descriptor is the dual descriptor [27-29] that has
demonstrated to be a more robust tool than Fukui functions
[30-32]. However, for open-shell systems, an operational
formula has been proposed in terms of electron densities
of frontier molecular orbitals for each spin symmetry in
agreement with the strict definition of dual descriptor where
Ny (the spin number) and B(r) (external magnetic field in
the z direction) must be kept constant:

(82p<r>

N7 =fPm=
IN? )Ns,u(r),B(r)

2

ey

The use of Eq. 1 implies to assume that local reactivity of
a molecule is driven by frontier molecular orbitals, which is
a good first approach to get visual insight into a family of
molecules.

However, as the reader can see, Eq. 1 being an average
could turn out to a loss of information, thus meaning that
scalar fields would look very similar among them in spite of
considering different substituent groups. As an alternative
to the former operational formula of dual descriptor, a new
operational formula was proposed [33] to be applied on
open-shell systems, which is given by Eq. 2:

fA(iI)S<0 )= 'O(r)fumo = Pon0 - @)

where the subscript ANg < 0 indicates that this operational
formula is pertinent to use when considering a local
reactivity that leads to decrease the spin number [33] (on the
contrary of the operational formula given by Eq. 1 where
the local reactivity is described by taking into account that
the spin number is kept constant). Rigorously speaking, the
operational formula given by Eq. 2 is not constrained to
keep Ng constant and therefore it can be considered as a
component of Eq. 1, meaning that Eq. 2 is contained in
Eq. 1 and then a comparison between these two operational
formulae could be of interest in order to elucidate which one
reveals more differences among substituent groups.
Furthermore, a counterpart of Eq. 2 is inferred as follows:

fA(12V)5>0 )= 'O(r)fUMo - ’O(r)§OMO : &)

According to the latter, the Eq. 1 can be written as the sum
of two components where each does not constrain the spin
number to be kept constant:

Fivpeo® + S50 ®
. .

As the f@ (r) within the spin-polarized density functional
theory [34-36] requires a constant spin number, the
expression given by Eq. 4 allows us to analyze the working
equation of dual descriptor by means of its components,
which are free of such a restriction over the spin number

@) = 4)

so that we would be able to detect some influences exerted
by substituent groups when the total expression defined by
Eq. 1 is incapable of detecting expected differences due to
the electron-donating and electron-withdrawing nature of
those groups.

Evidently, the results expressed here are of a purely
preliminary nature, and they will be compared in following
articles with those results obtained by means of the
operational formula written in terms of total electron
densities [27-29]. In addition to this, the concept of so-
called “state-specific dual descriptor (SSDD)” proposed by
Tognetti et al. [37] will also be employed in the short
term in order to assess how much the description of local
reactivity improves when electronic densities of excited
states are included in comparison with the rough (3) and
(4) expressions that involve electronic densities of LUMO;
this last pending task is relevant to be performed because
according to those authors, the use of densities of the
electronic excited states demonstrated its usefulness in those
cases where attempts to explain local reactivity based on
frontier molecular orbitals fails.

Computational methods

The BP86 (GGA-type) [38, 39] exchange-correlation func-
tional along with the MWB28 [40—64] pseudopotential for
the metal center and the standard Gaussian-type orbital
6-31+G(d,p) [65-76] basis set for non-metal atoms were
employed to optimize the geometries of structures [77, 78].
This procedure was performed in the presence of an implicit
solvent model based on the self-consistent reaction field
method [79] through the integral equation formalism polar-
izable continuum model (IEFPCM) [80-100] with radii
and non-electrostatic terms for Truhlar and coworkers’
SMD solvation model [101] using water as a solvent. Har-
monic vibrational frequencies analysis was carried out at
the BP86/MWB28/6-31+G(d,p) level of theory to confirm
the character of minimum energy for all geometrically
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optimized monocationic structures. Single-point calcula-
tions were performed by means of the use of the MO6L
(meta-GGA-type) [102, 103] exchange-correlation func-
tional along with Def2-TZVP [104] basis set complemented
with density fitting basis sets [105, 106], this level of the-
ory was applied on the studied structures with the aim of
obtaining 3D pictures of spin density and dual descrip-
tor. The organometallic [(p-G-Py)MoO]™ structures were
generated through replacement of the G substituent group
at the para position in axial pyridine rings of Mo-based
complexes where G € {NH,, CH3, H, F, CF3, CN}.

Results and discussion

As Fig. 1 indicates, the reactive core of these mono cations
[(p-G-Py)MoO] " is defined by the molybdenum and
oxygen atoms, which concentrates the reactivity of these
Mo-based complexes. The latter means that any influence
of substituent group should be expressed surrounding those
atoms through the use a proper local reactivity descriptor.
Spin density, dual descriptor for open—shell systems and its
components were tested in the present work.

Spin density, p(r)

The spin density, according to Fig. 2, indicates a predom-
inance of alpha electrons over beta electrons, however no
more marked distinctions can be detected when pg(r) is
applied on this family of Mo-based complexes, thus indi-
cating that the spin density is not a reliable parameter
by itself to yield a 3D map of local reactivity able to
reveal at least differences between electron-donating and

electron-withdrawing substituent groups. Maybe the amino
substituent is the only one able to concentrate the predomi-
nance of one type of electron surrounding the reactive core;
however, it also shows a subtle presence of those electrons
on the axial pyridine ring. Since the molecular hydrogen
release occurs from the reactive core, local reactivity is
expected to be focused on the Mo and O atoms. For this
purposes, dual descriptor was applied to reveal more infor-
mation about local reactivity, as will be described in the next
subsections.

Dual descriptor, f2)(r)

As displayed by Fig. 3, dual descriptor reveals some
subtle differences between electron-donating and electron-
withdrawing substituent groups (CF3 and CN). In the first
place, contrary to spin density, dual descriptor reveals
a reactivity that surrounds the reactive core noticeably.
Secondly, electron-withdrawing substituent groups tend to
yield 3D maps of dual descriptor that are localized around
the reactive core and have no contributions from axial
and equatorial pyridine rings. Meanwhile, electron-donating
substituent groups (NH,, CH3, H and F) tend to yield 3D
maps of dual descriptor that are less localized and does have
contributions from the equatorial pyridine rings and subtle
contributions from the axial pyridine ring.

intor: £(2)
Dual descriptor: f ~5<o(r) component

Figure 4 shows 3D maps of the fA%)S _o(r) component of dual
descriptor. It allows us to scrutinize in more detail some
aspects of local reactivity revealed by dual descriptor and

Fig.2 Spin density p: Isosurfaces are depicted at values of 0.001 a.u.
Positive values of the spin density are indicated by blue-colored lobes,
thus revealing a predominance of alpha electrons there; negative values

@ Springer

of the spin density are indicated by green-colored lobes, thus revealing
a predominance of beta electrons there



J Mol Model (2018) 24: 31

Page50f8 31

Fig. 3 Dual descriptor: f@(r), total operational formula given by
Eq. 1. Isosurfaces are depicted at values of 0.001 a.u. Positive val-
ues of the DD are indicated by dark-colored lobes, thus revealing a

it indicates that the cyanide substituent decreases totally
the reactivity of the reactive core. Since all of these mono-
cation complexes are one of the products given by the
MHR reaction as Fig. 1 depicts, if the local reactivity of
the cyanided complex is zero, then we expect that the
reaction involving such a type of complex presents the most
exoenergetic change for this process.

Dual descriptor: fg}? ,r) component

This component of the dual descriptor reveals that the Mo-
based complex with an amino substituent group yields the

preference to undergo nucleophilic attacks there; negative values of the
DD are indicated by white-colored lobes, thus revealing a preference
to undergo electrophilic attacks in such a region

most locally reactive complex cation because, as observed
in Fig. 5, such a complex cation exhibits a fA(12V)5> 0 (r) scalar
field too much spread over the reactive core in comparison
with the remaining complexes studied here, so that we could
expect that the released energy during this process should
be the least in comparison with the involved overall energy
of the remaining processes of molecular hydrogen release
that includes the other Mo-based complexes analyzed in the
present work, according to these statements, a manuscript
in preparation will be submitted soon where the energy
involved in this MHR process will be analyzed in terms
of the influence exerted by the substituent groups, thus

Fig. 4 Dual descriptor: f®?

ANg<0

(r) component given by Eq. 2. Isosur-

faces are depicted at values of 0.001 a.u. Positive values of the DD
are indicated by dark-colored lobes, thus revealing a preference to

undergo nucleophilic attacks there; negative values of the DD are indi-
cated by white-colored lobes, thus revealing a preference to undergo
electrophilic attacks in such a region
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Fig. 5 Dual descriptor: fg}y , (¥) component given by Eq. 3. Isosur-

faces are depicted at values of 0.001 a.u. Positive values of the DD
are indicated by dark-colored lobes, thus revealing a preference to

the latter being a support for our hypothesis: the less
reactive is the product, the more exoenergetic the MHR
process is.

Conclusions

— Contrary to what one could expect, the influence
generated by the presence of just one substituent group
localized at the farthest position from the reactive core
can be detected by means of the use of the dual
descriptor and its components. The use of the spin
density was not able to detect noticeable differences
among the substituent groups.

— Nevertheless, we have to take into account that we
have used the approximated operational formula of dual
descriptor that uses the electron densities of frontier
molecular orbitals for open-shell systems. The same
analysis should be performed in a short term involving
total electron densities, as was done for closed-shell
systems [107]. State-specific dual descriptor (SSDD)
will also be applied on these systems [37].

— Although the operational formula given by Eq. 1 of
dual descriptor for open-shell systems, f@ (r), is most
abided to the strict definition required by the conceptual
spin-polarized density functional theory, the use of its
components fA(lzv)s< , () and fA(%V)P , (1), defined by Egs. 2
and 3 respectively, has demonstrated to visually reveal in
a better manner the effect exerted by a substituent group
on the reactive core of the Mo-complexes studied here.

@ Springer
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