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KEYWORDS Abstract The alginate interaction with divalent cations has been the subject of extensive study
Alginate; since this biopolymer forms hydrogels in the presence of divalent cations (ionic crosslinking), which
Alginate affinity; exhibit important properties with applications in fields such as medicine. It has been proposed that
Alginate metal interaction the properties of the hydrogel formed from the ionic crosslinking process depend, among several

factors, on the type of interactions between the polymer and divalent metals. In this work, theoret-
ical calculations based on density functional theory (DFT) were used to determine the chemical sta-
bility and the type of interaction between alginate and Cu®*, Mn>*, Ca®>* and Mg cations. For
this, the lowest energy geometries were determined at the B3LYP 6-31G (d, p) level of theory for the
systems formed with Ca*>* and Mg>*, while those formed with Cu®>* and Mn>* used effective cen-
tral potential (ECP) with LanL2DZ bases. The following models were used to characterize the
bonds between the oxygen atoms of the polymer chain with the different metals; theory of non-
covalent interactions (NCI), natural bonding orbitals (NBO) method, and topological analysis of
the electronic location function (ELF). Our results showed that the properties such as chemical sta-
bility of the systems would be correlated with the degree of covalence of the bonds and the delocal-
ization phenomena charge, where the systems constituted with Cu®>* and Mn>* formed bonds with
highly polarized covalent characteristics, while Ca®>* and Mg>" form bonds of the electrostatic
type. Nevertheless, our results support the idea proposed by previous studies; regarding the lack
of correlation between the alginate for divalent cations affinity with the strength of the interactions
between these metals and the polymer.
© 2021 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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to their wide use in the food industry, cosmetics, pharmacy, and others
(Hasan et al., 2020a, 2020b, 2020c). Alginate is a biopolymer widely

researched for the removal of metals from dilute aqueous solutions.
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such as Cu®*, Mn*>*, Ca®* and Mg?", which may be present in aque-
ous tributaries (Chen et al., 2020). Another important application of
this biopolymer is its stabilizing capacity for nanoparticles, used in
the degradation of certain pollutant (Hasan et al., 2020a, 2020b,
2020c). However, they also attract particular interest in modern biome-
dicine and regenerative medicine for applications in drug delivery sys-
tems and tissue engineering (Henkel et al., 2013). Bone is the most
frequently transplanted tissue, together with cartilage. These, followed
by skin, have focused on scientific efforts to achieve their regeneration;
however, the results have not been optimal (Bouhadir et al., 2000).
Among the different materials used for this purpose, the use of bioma-
terials with high water content, such as alginate hydrogels, represents
an interesting proposal. However, the main disadvantage is their com-
plex degradation and the use of high molecular weight alginates to
obtain mechanical properties similar to those of hard tissues (Xu
and Lam, 2018). One of the methods aimed at improving the properties
of hydrogels is ionic crosslinking. This method combines alginates with
divalent cations (Bidarra et al., 2014). Alginates present different
affinities towards different divalent ions, giving rise to gels with differ-
ent stability, permeability and strength, depending on the metal
(Morch et al., 2012). Based on such studies, the following order of algi-
nate affinity to different divalent ions has been established:
Pb > Cu>Cd >Ba>Ba>Sr>Sr>Ca>Co Ni, Zn,
Mn > Mg, which would determine the physical properties of ionically
crosslinked alginate gels (Haug, 1961).

Alginate is the generic term used to refer to salts and derivatives of
alginic acid. This polysaccharide occurs as a mixture of insoluble salts,
mostly sodium and potassium in brown algae (Phaeophyceae). Alginic
acid is a high molecular weight polysaccharide consisting of different
proportions of D-mannuronic acid and L-guluronic acid. The varia-
tion in the proportions of both acids depends mainly on the species
of algae used (Hasan, 2020). The algae synthesize the alginate initially
as a polymer of mannuronic acid, which they subsequently modified by
transforming units of mannuronic acid into guluronic acid through an
enzymatic epimerization. The final product contains zones formed by
mannuronic acid another formed by guluronic acid, and other zones
formed by both alternating acids (Wang et al., 2019). The zones of
mannuronic acid are almost flat, with a structure similar to a belt,
while those of guluronic acid have a structure with recesses and protru-
sions, as shown in Fig. 1.

The divalent cations interact mostly with monomer G blocks,
which would be determinant in the properties of the hydrogel, where
the bonds would be with the carboxyl groups (-COO") and hydroxyl
groups (—OH) (Li et al., 2007). The mechanism consists of divalent ions
with four carboxyl groups to form the egg crate model (Grant et al.,
1973). This coordinating would influence the hydrogel’s properties;
for example, Zn>" cations interact with alginate at different sites con-
cerning Ca®" ions, being less selective, which generates a more exten-
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sive crosslinking (Chan et al., 2002). On the other hand, attempts have
been made to determine the ionic character of the metal-oxygen bonds
in the formation of metal-alginate complexes, correlating the change of
the asymmetric vibration of the carboxylic group (-COQ"), concerning
a reference element, which would allow determining the ionic percent-
age of the bond (PIB) (Filipiuk et al., 2005). Other authors, however,
mention that this method may present erroneous results due to an erro-
neous assignment of the v (COQO") peak by FTIR infrared spectroscopy
(Papageorgiou et al., 2010).

However, results have been reported based on theoretical calcula-
tions of interaction energy, where it is concluded that metal-oxygen
bonds with transition metals would be of the covalent type and electro-
static interactions for alkali earth elements (Agulhon et al., 2012). Both
studies suggest that the affinity of alginate for different divalent cations
would not correlate with the metal-polymer bond’s strength. From
these considerations, our main objective is to deepen the chemical nat-
ure of the interaction between alginate polymer with different divalent
metals to provide information that contributes to the improvement in
the methods of obtaining alginate hydrogels. In the present study, the
problem is approached from a theoretical perspective, using the meth-
ods proposed by the density functional theory (DFT), non-covalent
interaction (NCI) theory, natural orbital analysis (NBO), and elec-
tronic location function (ELF) analysis. For our purposes, the model
used considers that the main interactions would occur with the oxygens
of the functional groups derived from carboxylic acids and hydroxyl
groups present in the polymer’s G-blocks (Kohn, 1975). The model
consists of a chain composed of two MM blocks linked to two GG
blocks, which were made to interact with the following divalent metal
ions; Cu®", Mn>", Ca®>* and Mg®". The choice of these elements is
since Cu?* and Ca®" cations have a high affinity for alginate, while
Mn?>" and Mg®" have the lowest affinity.

2. Theoretical calculations

2.1. Model

Our model consists of an alginate chain composed of two
M—blocks linked to two G-blocks through a GM glycosidic
bond (Fig. 1). The torsion angle of each glycosidic bond pre-
sent in the molecule was modified to obtain the lowest energy
structure. Each structure was optimized by density functional
theory (DFT) in the gas phase, with the B3LYP hybrid at
the 6-31G (d, p) level of theory. Then, this structure was re-
optimized in each metal understudy, modifying the distances
and orientations towards the oxygens of the carboxylic group
and the hydroxyl group present in the GG block until the
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Structure of blocks G and M of alginate.
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lowest energy structure was obtained. The ALG-Cu (ALG-M:
ALG: alginate; M: alt Mi? T, catt Mg2+) and ALG-Mn
systems were optimized by effective central potential (ECP)
with the LanL2DZ bases (Yang, 2009), while ALG-Mg and
ALG-Ca with the Gaussian 6-31G (d, P) bases (Bekri, 2018).

3. Computational method

The optimization of the systems’ geometry understudy, molec-
ular orbital energy calculation, and global reactivity indexes
were performed using G09 software. The calculations of the
NCI index, ELF, populations, variance, relative flux, bond
polarization, and visualization of the ELF diagrams and
NBO orbitals were performed using Multiwfn 3.7 software.
The VMD package was used to visualize the NCI isosurfaces,
while the Chimera X 1.0 software was used to visualize the
attractors’ location. The NBO calculations were obtained
using an internal module of G09.

The DFT is a mechano-quantum model in which the main
factor is the electronic probability density, from which it is
possible to determine the properties of systems composed of
atoms and molecules. Within this model, it is possible to rep-
resent energy and any other property of the system by the
number of electrons and the external potential. From this have
emerged various indices of global and local reactivity. These
indices arise from information obtained from orbital borders
such as HOMO and LUMO (Obot et al., 2015). The global
reactivity indexes used in this work are the following:

Electrophilicity w: This index is a measure of the energy sta-
bilization of the system when saturated with electrons that
come from the environment.

o= 1*/2n (1)

where u is the chemical potential: This is a global property of
the system in equilibrium so that electrons flow from regions of
high chemical potential to regions of low chemical potential.
This flow does not stop until the chemical potential is constant
throughout the system. It is defined as:

)= (Ey+ E1))2 )

where Ey is the energy of the molecular orbital HOMO and E;
is the energy of the molecular orbital LUMO.

Hardnessy: This is a global property of the system and mea-
sures its resistance to the change in its electronic distribution.
It is defined as:

n=(EL—En)/2 3)

where Eyis the energy of the molecular orbital HOMO and
E;is the energy of the molecular orbital LUMO.

3.1. Reduced density gradient (RDG) and NCI index

To understand non-covalent interactions (NCI), of great inter-
est in the chemical and physical properties of molecules, the
reduced density gradient (RDGQG) is used (Boto et al., 2020).
In this theory, the density Laplacian V? = p(r) decomposes
into the sum of its contributions from the three eigenvalues
A; of the Hessian matrix of the electron density at a given
point, such that V?p = /; + A + A3 beingd; < 4, < ;. The
local virial theorem indicates that the main contributions to
the potential energy V(r) (attractive) and the kinetic energy

G(r) (repulsive) of the system are related to the eigenvalues
of the Hessian at each point in space. The NCI index is based
on the reduced density gradient (RDG) given by Eq. (4). This
index is a dimensionless quantity used to describe the devia-
tions from a homogeneous electronic distribution.

The RDG is determined as follows:

'Ta 12 7 |Vp—gr/)3l )
(3e)7 p(r)

The regions where the electron density 4; and s have low
values correspond to regions where non-covalent interactions
occur.

Non-covalent interactions can be classified into different
categories: electrostatics, © effects, van der Waals forces, and
hydrophobic effects (Boto et al., 2020).

3.2. Natural bond orbital (NBO)

NBO analysis is a helpful method, widely described (Weinhold
et al., 2016) and used to describe the nature of interactions
between organic molecules with different metals (Lin et al.,
2020) in terms of charge transfer from a filled orbital a; (elec-
tron donor) to the valence of an anti-bonding orbital o] (elec-
tron acceptor), resulting in so-called charge transfer or donor—
acceptor interactions. This analysis method reveals important
chemical information from the results obtained by transform-
ing a wave function in the fundamental state, from which
localized orbitals corresponding to the chemical notion of
Lewis-type bonding are obtained. The interaction energy by
charge transfer is called the second-order stabilization energy
(E?®), which is estimated by the secondary perturbation the-
ory, according to the following equation (Lu et al., 2019):

~

) <‘7" Flo >
E?Y — o : 5
e 5
where Fis the Fock operator of ¢ = <al~‘1? ’a,->, and

g = <07 F
orbitals.

Additionally, it is possible to relate the magnitude of the
Fock matrix elements to the bonding and anti-bonding orbi-
tals’ symmetry, which allows interpreting the energetic stabi-
lization in terms of the generalized principle of maximum
overlap between bonds and anti-bonds (Platts and Baker,
2020).

In this work, the concept of second-order stabilization
energy (E®) and natural bond orbital overlap will be used to
try to describe the effect of the oxygen-metal interaction in
the systems under study.

67>are the energies of the bonding naturals

3.3. Electron localization function (ELF)

In quantum chemistry, the electron localization function
(ELF) estimates the probability of finding an electron in the
neighboring space of a reference electron located at a certain
point and with the same rotation. The electron pair density
provides the probability of finding an electron of a particular
spin at a point in space when the second electron of the oppo-
site spin is at a certain distance (Liu et al., 2018). Within this



4

C.S. Ardiles, C.C. Rodriguez

context, the interpretation proposed by Savin et al. given by
Eq. (6) indicates that the electron pair density can be general-
ized to any density-independent of spin (Fuentealba et al.,
2007).

1 , 1(Vp)

P=3 3 Vor 5, (©)

The first term on the right-hand side of Eq. (6) represents
the kinetic energy density of the molecule under study, and
the second term on the right-hand side is the von Weizsacker
kinetic energy density which is exact for the hydrogen atom,
exact for the helium atom in the HF approximation and exact
for a boson system (Pilmé, 2017). Physically, this measures the
extent of the spatial location of the reference electron and pro-
vides a method for mapping the probability of electron pairs in
multielectronic systems. When applied to molecules, an ELF
analysis shows a clear separation between the nucleus and
the valence electron and shows covalent bonds and solitary
pairs. As ELF is a scalar function, its gradient field’s topolog-
ical analysis determines local maxima (attractors) and the cor-
responding basins. The gradient vector field of ELFVn(7)
allows dividing the Euclidean space into basins of attractors
where electron pairs are located (Zhao et al., 2020). If the basin
contains a nucleus (except a proton), it is a central basin (C).
Otherwise, it is a valence basin (V). Invariably, a valence basin
will be connected with at least one central basin. A vacancy
representing a lone pair of electrons will be connected to a sin-
gle central vacancy, and its attractor will be called monosynap-
tic. A basin representing a covalent bond will be connected
with two central basins, and its attractor will be called disynap-
tic. Important properties of a chemical system can be examined
by specific properties that basins exhibit, among those consid-
ered in this study are; the average population, the variance

(%), and the relative flux A (lil, Qi). The basin’s population

is obtained by integrating the electron density over the volume
of the basin, according to Eq. (7). At the same time, o2 repre-
sents the fluctuation of the electron pair, it is given by Eq. (8),
and finally, the relative flux indicates the electron charge fluc-
tuations for a given basin is described by Eq. (9) (Chauvin
et al., 2016). Within this same context, the polarity of a bond
can be determined by the model proposed by Raud and Jan-
sen, based on the combination of the complementary topolog-
ical partitions of the electron density, obtained from the theory
of atoms in molecules (AIM) and the electronic localization
function (ELF) (Raub and Jansen, 2001).

N(Q,-) = / a(r)dr = ]:/“(Qi) + iﬂ;(gi) (7)

Q;
o’ (Q) = / FXC(7)1772)d71d7>2+N(QA)
Qg JQy

= N(Q) — A(Q4) (8)

4. Results and discussion

4.1. Reactivity descriptors

As mentioned above, the electronic chemical potential charac-
terizes the ability of a system to exchange electrons with the
medium, where the electronic transfer occurs from the highest
to the lowest potential. Table 1 shows that ALG-Cu and ALG-
Mn have the highest electronic chemical potential. These
results show that the interaction of Cu™ > and Mn *? ions with
the polymer makes the formed systems less susceptible to elec-
tron exchange with the medium, while the higher values shown
by ALG-Ca and ALG-Mg indicate that the electron density of
these systems can vary spontaneously (Fekri et al., 2020),
which makes them more reactive. The principle of maximum
hardness (PMH) states that molecular systems in equilibrium
tend to high hardness states. This principle is defined as a mea-
sure of resistance to change in electron density. Therefore, the
molecule’s stability and reactivity are related to the chemical
hardness (n) (Pearson, 1993). The hardness values (Table 1)
show that ALG-Cu is the system with the highest value for this
reactivity index, followed by ALG-Mn.

Furthermore, the systems formed with the metals Ca
and Mg *2 presented lower values. In this sense, the Ca *2
and Mg "2 ions form the least stable systems, where ALG-
Ca would be the most reactive (Chandrasekaran and Kumar,
2015). Finally, the electrophilicity values indicate that the
ALG-Ca and ALG-Mg systems are the ones that would tend
to stabilize to a larger extent when accepting electron density
from their environment, according to the definition of this
reactivity index (Chattaraj and Giri, 2009). These values con-
firm the higher reactivity of these systems.

+2

4.2. NCI

For the characterization of the bonds in the ALG-M systems,
the theory of non-covalent interactions (NCI) was used. Bind-
ing and nonbinding interactions can be identified by the sign of
the second Hessian eigenvalue (4,). The analysis results are
shown in a graph of the reduced gradient of the density v/s
the electronic density (p) multiplied by the sign,. The non-
covalent/weak interactions are given by a low density; for
example, Van der Walls interactions. The low density and
low-density gradient that isA, < 0, indicates strong attractive
interactions (blue surface isosurface), attractive weak interac-
tions (green surface isosurface), and A, < 0 indicates steric
repulsion (red isosurface) (Contreras-Garcia et al., 2016).
The NCI isosurfaces for the ALG-Cu and ALG-Mn systems
are shown in Figs. 2a and 2b. These results indicate that the
strongest metal-alginate interactions occur with atoms of the
chain’s outermost oxygens, corresponding to carboxylic acid
functional groups (~COO") and hydroxyl groups (-OH). These
oxygens are the closest and least sterically hindered; red and
blue isosurfaces represent this in the form of rings on the
metal-oxygen bond line.
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Table 1 Global reactivity indices for ALG-Cu, ALG-Mn, ALG-Ca and ALG-Mg.
ALG-Cu (eV) ALG-Mn (eV) ALG-Ca(eV) ALG-Mg (eV)
n —0.75 —0.77 —4.31 —4.25
n 1.53 1.42 0.59 0.92
w 0.18 0.21 52.49 9.77

Fig. 2a  Isosurfaces of the reduced density gradient with s = 0.6
a.u. for ALG-Cu and ALG-Mn.

ALG-Ca

Fig. 2b  Isosurfaces of the reduced density gradient with s = 0.6
a.u. for ALG-Ca and ALG-Mg.

The formation of such rings indicates that the electron den-
sity higher than 0.05 could not be appreciated, and only the
weak interaction area is observed, i.e., the central (empty) area
of the ring represents a strong bond (Lefebvre et al., 2017). The
isosurfaces were obtained for an index s = 0.6, which accounts

for an interesting difference. In the case of the ALG-Cu and
ALG-Mn systems, these ring-shaped surfaces are fainter, con-
cerning the systems with Ca and Mg. Moreover, the O;7-Mn
and O;;-Mn interactions appear to be slightly stronger due
to a lower electron density presence associated with weak
bonds. Meanwhile, for the O;7-Ca bond, the ring-shaped iso-
surface is more closed, suggesting that the weakest O;,-M
interaction occurs in the ALG-Ca system. It can also be seen
that the O;;-Metal interaction is only strong in the presence
of transition metals. As for the interaction of ether oxygen
(-O-), which is the most sterically hindered, the isosurface show
slight differences between systems. For example, in ALG-Mn,
it is broad and shows a faint blue color, which accounts for the
weakest O1,-M bonding of the systems under study.
Meanwhile, in ALG-Cu, the isosurface is of a more intense
blue color and comprises a large area of the metal-binding
region, which accounts for a stronger interaction. This descrip-
tion is very similar to that observed for the O;,-Mg and
0O1,-Ca bonds. Finally, intermolecular interactions are also
observed, mainly by hydrogen bridges between the hydroxyl
groups’ hydrogens with neighboring oxygen atoms. According
to the structural modifications that the polymer may undergo,
these interactions vary in intensity due to their interaction with
different metals. On the other hand, these results agree with
those reported in previous experimental studies, where the
strongest interaction between alginate and divalent metals
occurs with the oxygen of the carboxyl group of the G-
blocks (Lu et al., 2005). Also, our results show a strong inter-
action between the ~OH groups with Cu>* and Mn?" ions.

4.3. NBO

4.3.1. NBO ALG-Cu

In Table 2, the NBO results for the ALG-Cu system are
shown. This analysis predicts a o (O;7-Cu) bond. The
anti-bonding orbital 6*(O77 -Cu), formed by the p, orbital
of oxygen with the djorbital of copper, participates in different
interactions that bring high stability to the structure
(Ziilfikaroglu et al., 2018). The highest value of E? was for
the interaction of LP 2 (O7;) (donor) with the anti-bonding
orbital 6*(077 -Cu) (acceptor), where the latter presents a high
occupancy, which would give instability to the O77-Cu bond
(Lu et al., 2019). In Fig. 3A, the NBO orbitals for the anti-
bonding orbital 6*(07; -Cu) interactions with Oy, Oj,, and
077 are shown. For the interaction between LP 2 (O77) and
6*(077 -Cu), the decrease of the donor density (green-yellow
(positive) and violet (negative) region) and an increase of this
in the anti-bonding orbital (green (positive) and blue (negative)
region) are appreciated, generating a broad interaction region
located around O77, indicating a strong polarization of the
bond (Lee et al., 2013). This interaction allowed reducing the
energy of the system by 35.24 Kcal mol~'. Another important
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Table 2 Significant interactions (higher than 2.00 Kcal mol~') and their second-order perturbation energies E?in the ALG-Cu

system.

Donor (i) Occupancy Acceptor (j) Occupancy E® Kcal mol ™!
o (C4-O11) 1.99219 LP* 7 (Cu) 0.05719 291
o (0;1-Hyo) 1.98884 LP* 6 (Cu) 0.09353 3.16
o (011-Hyo) LP* 7 (Cu) 0.05719 2.89
o (C51-077) 1.99510 LP* 7 (Cu) 2.86
(o) (C21-O77) C*(O77 7Cu) 0.16663 3.26
o* (C21'076) 0.29437 G*(O77 7Cu) 3.45
LP 1 (Oyy) 1.96733 LP* 7 (Cu) 0.05719 4.39
LP 1 (Oyy) LP* 8 (Cu) 0.03830 2.13
LP 2 (Oyy) 1.86336 LP* 6 (Cu) 0.09353 18.25
LP 2 (Oy)) LP* 7 (Cu) 0.05719 10.31
LP 2 (Oyy) c*(077-Cu) 0.16663 24.36
LP 1 (0Oyy) 1.95326 LP* 6 (Cu) 0.09353 2.14
LP 1 (Oyy) LP* 8 (Cu) 0.03830 3.10
LP 2 (Oyy) 1.89306 LP* 6 (Cu) 0.09353 2.34
LP 2 (Oyy) LP* 8 (Cu) 0.03830 4.79
LP 2 (Oyy) c*(O77 —Cu) 0.16663 3.20
LP 1 (O77) 1.93078 LP* 7 (Cu) 0.05719 9.19
LP 2 (O77) 1.80574 LP* 6 (Cu) 0.09353 2.74
LP 2 (O77) LP* 7 (Cu) 0.05719 16.78
LP 2 (O77) c*(O77 —Cu) 0.16663 35.24
LP 5 (Cu) 1.98263 o*(O77 —Cu) 3.12

A 35.24 Kcal/mol
LP2(0s) => g*(0 ~Cu)

B 24,36 Kcal/mol C
LP2(Oy) = 0*(0-Cu)

4.79 Keal/mol
LE2(Oh:) > LP* (Cu)

Fig. 3 ABC NBO orbitals for the most important interactions, in terms of £?, in ALG-Cu.

interaction was LP 2 (O77), with the anti-bonding orbital c*
(O57 -Cu). This interaction presented the second-highest value
of E®. The 6*(05; -Cu) acts as an acceptor of LP 2 (O;)
(donor), of low occupancy, a product of electronic donation
to the anti-bonding orbital, thus decreasing its instability due
to its high occupancy. NBO orbitals represent this interaction
in Fig. 3B. Here, it is observed how the donor’s positive den-
sity regions (LP 2 (Oy;)) and the acceptor generate a region
of interaction smaller than that visualized with O77, which is
expressed in a lower value of E®. For Oy, the perturbation
energy values were lower. In Fig. 3C, the NBO orbitals of
the interaction between LP 2 (O;,) and o*(O7; -Cu) can be
observed. The overlap of the orbital of the lone pair of Oy,
with the * of the O;7-Cu bond is low. The sum of the pertur-
bation energies was 63.95 Kcal mol ™! for 077-Cu, for O;;-Cu
59.44 Kcal mol~! and for O1,-Cu 15.57 Kcal mol™!. The above

is related to that indicated by the NCI isosurfaces, which show
a slightly stronger interaction with O5.

4.3.2. NBO ALG-Mn

Table 3. Presents the NBO results for the ALG-Mn system.
The NBO analysis predicts the O;7-Mn bond formed by an
d(x* — y*)orbital of manganese to the px orbital of oxygen.
The o-bonding orbital (O77-Mn) acts as a donor, and the
anti-bonding ©* (C,;-O7¢) as an acceptor, which generated a
high structural stabilization, with one of the highest values
E® (38.22 Kcal mol™"). The donor orbital occupancy is low,
while that of the acceptor is high, revealing a strong charge
transfer. The fact that the occupancy in the anti-bonding orbi-
tal is high decreases the stability of the C,;-O7¢ bond (Raju
et al., 2020), of which O; is a part. Furthermore, the anti-
bonding orbital * (0O77-Mn) acts as an acceptor in several
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Table 3 Significant interactions (higher than 2.00 Kcal mol~') and their second-order perturbation energies E? in the ALG-Mn

system.

Donor (i) Occupancy Acceptor (j) Occupancy E® Kcal mol ™!
6 (C4-O11) 1.99154 LP* 4 (Mn) 0.16684 3.18
o (Oy1-Han) 1.98906 LP* 4 (Mn) 3.99
o (011-Hyo) LP* 6 (Mn) 0.04227 2.55
6 (C51-077) 1.99362 o* (077-Mn) 0.07984 2.77
6 (077-Mn) 1.80640 1* (C21-O76) 0.25870 38.22
T* (Cy1-Or) 0.25870 6* (077-Mn) 0.07984 8.44
LP 1 (Oyy) 1.94344 LP* 6 (Mn) 0.04227 3.34
LP 1 (Oy)) o* (077-Mn) 0.07984 4.62
LP 2 (Oyy) 1.84993 LP* 4 (Mn) 0.16684 50.57
LP 2 (Oy)) LP* 5 (Mn) 0.13032 4.00
LP 2 (Oyy) LP* 6 (Mn) 0.04227 7.69
LP 2 (Oy)) o* (077-Mn) 0.07984 10.00
LP 1 (Oyy) 1.95808 LP* 7 (Mn) 0.02868 1.37
LP 2 (0yy) 1.89984 LP* 7 (Mn) 1.35
CR 1 (04, 1.99970 RY* 2 (Mn) 0.01064 2.73
LP 1 (O77) 1.88007 LP* 4 (Mn) 0.16684 10.51
LP I (O77) LP* 5 (Mn) 0.13032 2.57
LP 1 (O LP* 6 (Mn) 0.04227 10.73
LP 2 (077 1.80832 LP* 5 (Mn) 0.13032 30.68
LP 2 (O77) LP* 6 (Mn) 0.04227 3.55
LP 2 (O;y) c* (077-Mn) 0.07984 14.22

stabilizing system interactions. Among these were those of LP
2 (O77) and LP 2 (Oy;), which transfer charge to the anti-
bonding orbital, generating moderate values of £ . Another
interaction to consider was the anti-bonding orbital m*
(C31-076) with o* (O7;-Mn). The former presented a high
occupancy, as already mentioned. The charge transfer per-
formed by ©* (C,;-O76) would allow it to decrease the bond
instability of the carboxylic group of O;;. In Fig. 4, the
NBO orbitals are shown for the interactions that presented
ofE®. Among these are

high values those involving

6 (077-Mn) and ©n* (C5,-O7¢). In the 6 — 1* donation, a broad
region of interaction is observed, where there is a decrease in
density in the donor (green and blue colored surfaces) and
an increase in density in the acceptor, indicating charge trans-
fer (Fig. 4A). In the interactions in which ¢* acts as an accep-
tor for LP 2 (Oy;) and LP 2 (O77) (Fig. 4B and 4C), the overlap
decreases, leading to a drop in the perturbation energy values.
Meanwhile, the interaction LP 2 (O;;) (donor) and
sp*(75%caracter — p) LP* 4 (Mn) (acceptor), where the d-or-
bital of Mn and the hybrid p,orbital of the sp’ hybridization

A 38.22 Kcal/mol
0 (077-Mn) = 1* (C21-0%)

B 14.22 Kcal/mol
LP2(077) = o* (07-Mn)

D 50.57 Kecal/mol

C 10,00 Keal/mol
LP2(On) = o* (077-Mn)

&%

LP2(Oun) = LP* 4(Mn)

Fig. 4 ABC NBO orbitals for the most important interactions, in terms of £, in ALG-Mn.
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oxygen (75% character-p), present a high overlap, generating
the highest value of E® (50.57 Kcal mol™!) (Fig. 4D). Mean-
while, the interaction between LP 2 (O77) (donor) and LP* 5
(Mn) (acceptor) presented the third highest value of E? due
to a strong charge transfer from donor to acceptor. For O,-
Mn, lower values of , were obtained where LP 1 (O;,) and
LP 1 (Oy,) transfer charge to LP* (Mn). The latter presented
the lowest occupancy value concerning the other anti-
bonding orbitals presented in Table 3. The latter suggests little
charge transfer resulting in a very weak interaction between
01, and the metal. The sum of E® for O;7-Mn was 74.99 Kcal
mol™!, for O,;-Mn 80.22 Kcal mol™!, and for O;,-Mn was
2.72 Kcal mol~'. Finally, the perturbation energy values for
the O77-Mn and O;;-Mn bond presented higher values than
in ALG-Cu, which agrees with the NCI isosurfaces, suggesting
that the O;7-Mn and O;;-Mn interaction would be slightly
stronger than O;;-Cu and O77-Cu, while with Oy,, copper pre-
sents a stronger interaction.

4.3.3. NBO ALG-Mg

Table 4 shows the NBO results for the ALG-Mg system. This
analysis predicted an O;7-Mg bond. The highest value of E?
was for the interaction between ¢ (077-Mg) and ©* (C,;-O-)
(47.81 Kcal mol-1), where, according to the occupancy values
of the donor and acceptor, there is a strong charge transfer,
which would weaken the C,;-O4 bond, due to the high occu-
pancy of the ©* orbital. This bond would decrease its instabil-
ity by charge transfer to LP* 2 (Mg). This interaction’s high
stability is due to the delocalization of the electronic density
in the carboxylic group. In Fig. 5A, the NBO orbitals for the
o — n* interaction are shown. A high overlap is observed, giv-
ing rise to a m interaction, where there is a decrease in the
donor density (green—blue surfaces) and even an increase in
that of the acceptor (green-yellow-violet surfaces), indicating

the strong charge transfer already mentioned. The interaction
of LP 2 (Oq;) with LP* 2 (Mg) generates the highest value
E®for the interaction between O, and Mg (17.03 Kcal mol-
1), but lower than those obtained in the ALG-Cu and ALG-
Mn systems, where there is charge transfer from an n to an
n* orbital. The latter showed a moderate occupancy value.
This interaction is visualized through NBO orbitals in
Fig. 5B. In this, an overlap o, between the hybrid orbital pz
of LP 2 (Oy,), of hybridization sp>’® with 73% -p character,
with the pz orbital of LP* 2 (Mg) of hybridization sp*“?and
99.35% p-character, is seen. The predicted interactions for
O,, differ from the previous systems analyzed in that these
generate higher stability with the metal. The highest value of
EW@ obtained for this interaction, was 14.78 Kcal mol-1, where
the donor occupancy is low (LP 2 (O;,)), and the acceptor
occupancy is high (LP* 1 (Mg)), accounting for the strong
charge transfer. Fig. 5C shows the NBO orbitals for LP 2
(Oy,) interaction with LP* 1 (Mg). The py hybrid orbital of
the oxygen lone pair, of hybridization sp>”> with 79% -p char-
acter overlaps with the px orbital of the n*, which presents an
increase in the density region, the product of the charge trans-
fer. Then, O, presents the highest value of E? for the interac-
tion between LP 2 (07,) and LP* 2 (Mg) (18.57 Kcal mol™'),
where the donor and acceptor occupancy values suggest a low
charge transfer. It is highlighted that O;; generates a higher
amount of stabilizing interactions, as shown in Table 4. Never-
theless, given the perturbation energy values, the O;;-Mg inter-
actions are smaller than those observed with Cu®* and Mn?™.
NBO orbitals represent this interaction in Fig. 5D. An overlap-
ping o is appreciated between the hybrid py orbital of LP 2
(O57) of hybridization sp*'®with 78% -pcharacter and the pz
orbital of LP* (Mg), with 99.35% p-character. Finally, an
LP* 1 (Mg) interaction with c* (0;,-Mg) generates a low
charge transfer to the anti-bonding sigma orbital. Therefore,

Table 4 Significant interactions (higher than 2.00 Kcal mol~") and their second-order perturbation energies E®in the ALG-Mg

system.

Donor (i) Occupancy Acceptor (j) Occupancy E(2) Kcal mol™!
o (C4-O11) 1.99123 LP* 2 (Mg) 0.08039 2.43
o (0O11-Hyo) 1.98855 LP* 2 (Mg) 3.56
o (012-Hy3) 1.98812 LP* 1 Mg) 0.05227 2.07
o (C51-077) 1.99316 LP* 2 (Mg) 0.08039 2.96
o (077-Mg) 1.80464 * (C51-O76) 0.22042 47.81
CR 1 (Oy)) 1.99984 LP* 2 (Mg) 0.08039 2.26
LP 1 (Oyy) 1.96682 LP* 3 (Mg) 0.05227 2.69
LP 2 (Oy)) 1.90001 LP* 1 Mg) 0.13797 6.80
LP 2 (Oyy) LP* 2 (Mg) 0.08039 17.03
LP 2 (Oy) LP* 3 (Mg) 0.05227 6.85
LP 1 (Oyy) 1.94652 LP* 1 (Mg) 0.13797 5.59
LP 1 (0O),) LP* 2 (Mg) 0.08039 2.66
LP 2 (Oyy) 1.89639 LP* 1 (Mg) 0.13797 14.78
LP 2 (Oyy) LP* 2 (Mg) 0.08039 3.01
LP 2 (Oyy) LP* 3 (Mg) 0.05227 8.03
LP 2 (O)») o* (077-Mg) 0.08384 9.91
CR 1 (O77) 1.99979 LP* 2 (Mg) 0.08039 2.81
LP 1 (O77) 1.93189 LP* 2 (Mg) 0.08039 10.47
LP 2 (O77) 1.85541 LP* 1 (Mg) 0.13797 15.89
LP 2 (O77) LP* 2 (Mg) 0.08039 18.57
LP 2 (O77) o* (077-Mg) 0.08384 10.14
LP* I (Mg) 0.13797 o* (077-Mg) 2.73
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A 47.81 Kcal/mol
0 (077-Mg)e=> 1t* (C21-O76)

B 17.03 Keal/mol
LP2(On) > LP"2(Mg)

C 14,78 Keal/mol
LP 2(0p2) = LP" 1(Mg)

D 18,57 Keal/mol
LP2(07) = LP"2(Mg)

Fig. 5 ABC NBO orbitals for the most important interactions, in terms of £, in ALG-Mg.

the O;7-Mg bond stability is less affected; the O;,-Mg interac-
tion results in higher stability than that generated with Cu’*
and Mn?", due to the ionic radius of Mngr (the smallest of
the metals under study) and its low electron density. The
sum of E®@for the 0,7-Mg interaction was 57.88 Kcal mol ™!,
for Oy;-Mg 33.37 Kcal mol™!, and for O;,-Mg 43.98 Kcal
mol~!. These results agree with those given by the NCI index,
which indicates that Mg interacts more weakly with O;; and
01, concerning Cu®>" and Mn?", while the binding with O,
is stronger for Mg?>". On the other hand, the most stabilizing
interaction, which corresponds to the charge transfer from the
o bond (077-Mg) to ©* (C5;-O7¢), suggests that the electronic
delocalization produced in the carboxylic group would be the
one that most stabilizes the O;;-Mg interaction.

4.34. NBO ALG-Ca

Table 5 presents the NBO results for ALG-Ca. The NBO anal-
ysis did not predict any O-Ca bonds. Calcium interactions with
oxygens occur through charge transfer from LP 2 (Oy;), LP 2
(O12), and LP 2 (O47) lone pairs to LP* 1 (Ca). The values £
for the Oy interaction with Ca are low and lower than the sys-
tems already analyzed. The highest value obtained was for LP
2 (Oy;) and LP* 1 (Ca) (7.41 Kcal mol™!), where the occu-
pancy of this LP* 1 (Ca) is the highest and it is the one that
participates as an acceptor in the most stabilizing interactions
with the three oxygens under study. Fig. 6A shows the NBO
orbitals for the interactions, as mentioned earlier. In these, it
can be observed how the localized orbitals of LP 2 (Oy;), LP
2 (04»), and LP 2 (O7,) interact with LP* 1 (Ca), which pre-
sents an increase in its density region as a result of the charge
transfer of the mentioned oxygens (Fig. 6A). The interaction
LP 2 (O77) and LP* 1 (Ca) produced the highest value of

hyperconjugative interaction energy E® (11.28 Kcal mol™").

In Fig. 6B, the frontal overlap between the NBO orbitals
involved in this interaction is observed. In the same image,
the NBO orbitals for the interaction that generated the highest
value between O;, and the metal (5.01 Kcal molfl) can be
noticed (Fig. 6C). In this case, there is a sigma overlap between
the n orbital of LP 2 (Oy,) and the aforementioned n* orbital
of calcium. The interactions where calcium acts as a donor
were not considered in the table because they have low E® val-

ues. The sum of the values E® for 0O77-Ca was 41.96 Kcal
mol™!, 0;;-Ca 23.65 Kcal mol™!, and O;,-Ca 16.85 Kcal
mol~'. This analysis reveals that the O-metal interactions for
ALG-Ca, considered mainly as O — Mg charge transfer, gen-
erate little stability to the structure and lower electronic delo-
calization concerning ALG-Cu and ALG-Mn.

4.4. ELF topological analysis

4.4.1. ALG-Cu

We will try to deepen the nature of bonding by employing ELF
topological analysis and attractor analysis. Fig. 7A shows the
diagrams of the electronic localization function and the
monosynaptic attractors, which correspond to the nonbonding
electrons of the oxygen atoms interacting with the metal and
their respective populations for the different systems under
study. Table 6 shows these populations, variance, and relative
flux, where, also, attractors of other oxygens present in the sys-
tem are considered. High ELF values (approximately 0.8-1.0)
are red; intermediate ELF values are represented by orange,
green, and blue regions. The lower end of the scale is repre-
sented by white. The analysis of the attractors tells us that if
the position of the attractor tends to be between the centers
(bond line), the covalence increases until a completely symmet-
rical topology is achieved (pure covalent bond) (Savin et al.,
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Table 5 Significant interactions (greater than 2.00 Kcal mol~') and their second-order perturbation energies E?in the ALG-Ca

system.

Donor (i) Occupancy Acceptor (j) Occupancy E(2) Kcal mol™!
LP 2 (Oy) 1.94508 LP* 3 (Ca) 0.04333 3.78
LP 2 (Oy) LP* 4 (Ca) 0.02629 4.34
LP 2 (Oy) LP* I (Ca) 0.10299 7.41
LP 2 (Oy) LP* 3 (Ca) 0.04333 3.78
LP 2 (Oy) LP* 4 (Ca) 0.02629 4.34
LP I (O)y) 1.95197 LP* I (Ca) 0.10299 4.05
LP 1 (0Oyy) LP* 3 (Ca) 0.04333 2.68
LP I (0)y) LP* 4 (Ca) 0.02629 2.26
LP 2 (Oy,) 1.92360 LP* 1 (Ca) 0.10299 5.01
LP 2 (0)y) LP* 4 (Ca) 0.02629 2.85
LP I (O77) 1.94007 LP* I (Ca) 0.10299 9.41
LP 1 (O77) LP* 2 (Ca) 0.04468 2.15
LP 1 (O77) LP* 3 (Ca) 8.45
LP 2 (O77) 1.89529 LP* 1 (Ca) 0.10299 11.28
LP 2 (O77) LP* 3 (Ca) 0.04333 4.60
LP 3 (O77) 1.73465 LP* 2 (Ca) 0.04468 2.92
LP 3 (077) LP* 5 (Ca) 0.02029 3.15

\

L :

A 11.28 Kcal/mol

LP2(07) & LP*1(Ca)

B 7.41 Kcalmol
LP2(Oq) > LP* 1(Ca)

{

C 5.01 Keal/mol
LP2 (O12) £ LP*1(Ca)

Fig. 6 ABC NBO orbitals for the most important interactions, in terms of £?, in ALG-Ca.

1997). The copper atom presents the core’s degenerate attrac-
tors with a total electronic population of 27.75e, lower than the
expected value of 28e (isolated atom); this would result from
the 3d contribution to the valence region (Fuster et al.,
2004). There are also delocalized valence attractors in the
outermost region of the copper atom (V (Cu), V' (Cu), and
V> (Cu)), with low electronic populations. This is related to
the low delocalized electron density between O;-Cu-O5, rep-
resented in the ELF diagram (Fig. 7B), by the blue-colored
region surrounding O, Cu, and Oy, to a lesser extent Oy,
(Fig. 7C). The ELF value is 0.40, lower than the homogeneous
gas reference value, indicating high electronic delocalization in
the mentioned region (Jerabek et al., 2018). It is observed as
the attractors of the lone pairs V (Oy;), V (Oy,), and V (O57)
are oriented towards the metal, and their electronic popula-
tions are low if compared to the respective attractors present
in this system Table 6. On the other hand, the attractors rep-
resenting the other lone pair of these oxygens (V' (Oyy), V’
(O12), and V’ (O77)) have higher populations if the same com-
parison is made. The former indicates electronic donation
from the oxygens to the metal, and the latter is explained by
an asymmetric redistribution of the electron density generated

by charge transfer from the metal (Durlak et al., 2009). The
monosynaptic basin V (Oy;) (highlighted in Fig. 7) is located
at the junction line between O;; and Cu (binding distance of
1.95 A%, with a low electron population of 2.06e (the average
value was 2.32¢) (Table 6). The total population for V (Oy;)
and V’(O;;) was 4.72¢, which is below the average for other
basins of lone pairs of oxygens of the same type in this system
(4.75e), suggesting electron density donation O;; — Cu
(Chaudret et al., 2011). According to Silvi & Savin, the posi-
tion of V (Oy;) can be interpreted, as a dative covalent bond
type, where the pair of electrons forming this bond are con-
tributed by oxygen; this is also supported by the high value
of ¢?, which indicates a high electronic delocalization in the
metal-binding region (Savin et al., 1996). On the other hand,
the ELF diagram (Fig. 7B) shows us that the non-bonding pair
of 077 and Oy, interacting with copper are oriented towards
the metal and present high delocalization (orange region),
mainly O7;. The monosynaptic basin V (O;,) is oriented
towards copper, close to the binding line, with a population
of 2.33e (lower value than the average of 2.46e), indicating
charge transfer O, — Cu. The total population for V (Oy,)
and V' (Op,) was 5.00e (higher than average), suggesting
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Length unit: Angstrom

000 216 4.32 6.48
Length unit: Angstrom

Fig.7  Attractor populations of the lone pairs of Oy, O},, O77 and valence attractors and the copper core (A). ELF diagrams for the Cu-

(077, Oq;) interaction (B), and for the Cu-(O;,, Oy7) interaction (C).

Table 6 Populations (V), variance (¢?), relative flux (l
(0?), and relative flux (}.

) for Oy, O1,, and O attractors and average populations (N) variance
) of other oxygen attractors of Alcohol, carboxylic acid, and ether, present in ALG-Cu.

Attractor ALG-Cu

Populatlons -OH/, -CO/, - a2 /6>~0H/, ~CO/, -O- }.(N“) /}'(ﬁm») (-OH/, —-CO/, -0-)
{’(O) 2.32e 2.65¢ 2.43e 0.28 0.66 0.86 0.22 0.43 0.36
{7(0) 2.43e 2.80e 2.49% 0.47 1.23 1.17 0.27 0.27 0.47
V (O) 2.06e 2.46e 2.33e 1.13 1.27 1.18 0.55 0.52 0.50
V(O) 2.67e 3.47e 2.67e 1.19 1.42 1.23 0.45 0.41 0.46

Cu — Oy, charge transfer. The high electron flux, given by the
value of ¢2, suggests that a high electron density (concerning
the total population of this attractor) is delocalized, but not
in the direction of binding to Cu, as suggested by its localiza-
tion; this can be observed in the ELF diagrams, where the Cu-
0O,, interaction region presents an ELF value close to zero.
Considering also that the binding distance was 2.48 A°, it is
suggested that the O1,-Cu interaction is mainly electrostatic.
The position of the monosynaptic basin V (O) is similar to
that of V (Oy;), with a population of 2.46¢ (low value to the
average of 2.73e), while V' (O77) 3.47¢ (high value), and
between them, they add up to the highest population (5.93e),

concerning the average (N = 5.45¢). The O7-Cu bond dis-
tance was 1.844°. The attractor’s location and populations
and the short binding distance suggest that electron density
donation and back-donation phenomena between O;; and
copper give a covalent character; this is also reflected in the

variance (¢2)) value, indicating a considerable increase of elec-
tronic flux in the bonding region.

Meanwhile, the high electron population in V’ (077) sug-
gests that this lone pair contributes to the 1 C,; = O7; bond.
Finally, the analysis of the relative basin fluctuation (Table 6)
shows us a high electronic delocalization in Oy, Oj,, O57, and
Cu. These high values suggest that this interaction could be
represented by a system where the charge supported by each
atom involved in the interaction varies continuously in time,
in the manner of a resonant structure (Poater et al., 2005). This
is in agreement with the hyperconjugative energy values £ of
the NBO analysis. It is suggested that this system’s chemical
stability would be related to the electronic delocalization pro-
duced in the oxygen-metal interaction. Finally, the atomic con-
tributions to the V (O) localization basins are analyzed below.
The V (Oy;) contribution is given by 95.60% contributed by
the oxygen lone pair and 4.4% by Cu. That is, of the total
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2.06e, 1.96e are contributed by oxygen and only 0.1e by cop-
per. For V (O;), the contributions are given by 94.51% of
the lone pair of O7; and 5.50% of Cu; therefore, 2.32¢ are con-
tributed by O7;7 and 0.14 by copper. According to several
authors, the above agrees with the interpretation of an O —
Cu dative bond (Mierzwa et al., 2020). These results indicate
that these bonds are strongly polarized. The high populations
of V (077) and V’ (O77) could be explained by the high elec-
tronic delocalization of the carboxylic group, as shown by
NBO results and ELF attractor analysis. The V (O1,) contribu-
tions are given by 98.90% O, and 1.1% Cu in terms of pop-
ulations indicating that O, and only 0.03e by Cu contribute
2.3e; this is related to the lower interaction between O, and
the metal, which corresponds with the idea of electrostatic
interaction.

4.4.2. ALG-Mn

Fig. 8 shows the attractors and ELF diagrams for the interac-
tion between Oy, O,, and O77 with Mn. In the ELF diagrams
(Fig. 8A and 8B), the nonbonding electron pairs of the oxy-
gens, the core electrons, and the Mn atom’s valence electrons
can be observed. Also, a region with delocalized electron den-
sity can be observed with ELF values close to 0.4, distributed
between Mn-O-7 and to a lesser extent with Oy, similar to that
described in the ALG-Cu system. On the other hand, Table 7
shows the average values of populations, variance (¢2), and rel-

ative fluctuation /1(1(1; Qi) for the monosynaptic oxygen

attractors (lone pairs); Oy, Oj,, and O7;. The total population
for the core attractors was 20.27¢, well below the formal value

Von e

000 224

4418
Length unit: Angstrom

of 23e; this would indicate the contribution of 3d electrons to
the valence region (Mierzwa et al., 2018). For the lone pair
attractors of O;; and Oy, the same trend seen in the ALG-
Cu system is observed in terms of decreasing the metal-
oriented lone pairs populations and the asymmetric electron
density distribution. V (Oy;) presents the lowest electron pop-
ulation (2.14e for an average of 2.32¢). The total population
for V (Oq;1) and V’ (Oq;) was 4.69¢, a low value compared to
the average (4.74e).

Additionally, the bond length was 1.97 A°. The above and
the localization of V (Oy;) suggest that this interaction presents
some covalent character, where the electron density donation
from O;; to Mn would be the dominant process; this agrees
with the interpretation of Silvi et al. regarding the nature of
the dative bond concerning the attractor’s position. The idea
of the degree of covalence of this bond is also supported by
the high electronic flux given by ¢° (a higher value for this type
of oxygens in the ALG-Mn system, considering its low popu-
lation), which would be evidencing the high delocalization,
product of the electronic exchange between these nuclei. The
V attractor (O77) is oriented towards the metal and located
near the bond line. It presents a low population of 2.48e for
an average of 2.69e, indicating a donation from O5; to the
metal. The sum of the populations of V (O77) and V’ (O77)
was 5.88e, higher than the average (5.38e).

Meanwhile, the bond length was 1.81 A°. The short binding
distance, the orientation of V (O7), and the population anal-
ysis suggest some covalent nature via both donating and
back-donating processes. The ELF diagrams (Fig. 8A and
8B) show the lone pairs of Oy highly delocalized, and an

346

173

0.00
o

215

430
Length umt: Angstrom

Fig. 8 Attractor populations of the lone pairs of Oy, Oy, O;7 and valence, and core attractors of manganese (A). ELF diagrams for the
Mn-(O77, Oq;) interaction (B) and for the Mn-(O;;, Oy,, O;) interaction (C).
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Table 7 Populations (V), variance (¢2), and relative flux (4n:@,))» for Oy1, Oy, and O; attractors and average populations (N),
variance (07), and relative flux (4y.q,)) of other oxygen attractors of Alcohol, carboxylic acid, and ether, present in ALG-Mn.

Atractor ALG-Mn Poblaciones N/N-OH/, -CO/, -O-

62 /6>~OH/, —CO/, -O-

A,/ A(way (~OH. —CO), -0-)

{7(0) 2.32¢ 2.60e 2.43¢
{f(O) 2.43e 2.78e 2.50e
V (O) 2.14e 2.48¢ 2.41e
V(O) 2.55¢ 3.40e 2.56e

1.11
1.12

1.14
1.18

1.17 1.22 0.48 0.46 0.48
1.21 1.18 0.46 0.43 0.39
1.24 1.18 0.53 0.50 0.49
1.43 1.21 0.46 0.42 0.47

interaction region encompassed by the aforementioned non-
bonding electron density is appreciated. On the other hand,
the high value of o’shows a high electronic flux due to the
exchange of electrons between both elements. On the other
hand, the high population of V’ (077) (3.40¢) suggests that it
contributes to the © C,; = Oy7 bond, as described in ALG-
Cu. V’ (Oy,) is oriented toward Mn but not in the bond line,
which has a length of 3.03 A% The populations of V (O1,)
and V’ (Oy,) are closer to the average values (Table 7), indicat-
ing a lower interaction between O, and Mn.

On the other hand, the ELF diagram shows that the bond-
ing region between O, and Mn presents an ELF value close to
zero, and no delocalized electron density shared with the other
atoms understudy is observed. This value is also reflected in
the variance, which presented a low value (Table 7), i.e., the
pair of nonbonding electrons that interact with Mn are largely
located in Oj,; the values of the relative fluctuation confirmed
this, showing a high electronic delocalization between O;;-Mn-

0O77. Meanwhile, the value of ),(IQI; Qi> obtained for Oy, is

within the average, confirming that the charge would be more
localized on the O;, atom, which reaffirms the description of
weak electrostatic bonding. The analysis of contributions to
the V (O) basin yielded the following results: V (Oy)
= 98.08% (2.10e) O;y; Mn = 1.92% (0.04e), for V (O77)
= 97.78% (2.43e) and 2.22% (0.05¢). These results have the
same interpretation given for these attractors in the ALG-Cu
system. That is, bonds of dative character, highly polarized
between copper with O, and O77. For V (O,,), a contribution
of 100% O, was obtained, which confirms the scarce interac-
tion between this oxygen and manganese.

4.4.3. ALG-Mg

In Fig. 9, the ELF diagrams, the attractors, and their elec-
tronic populations in the ALG-Mg system are presented. In
Fig. 9B and 9C, the different electronic shells of Mg can be
seen, with almost spherical symmetry, very similar to that of
the isolated atom, which is indicative of a mainly electrostatic
bonding (Zou et al., 2018). In Fig. 9A, the core attractors on
the Mg atom are seen to be highly localized. The population
of these degenerate attractors was 7.88e, a value well below
that expected for 12e Mg, suggesting electron density contribu-
tion from the inner shells to the valence regions and strong
charge transfer. The V attractor (O;;), with a population of
2.34e (slightly higher than the average for this type of attractor
(2.30e), is oriented towards the metal and is located at the
bond line.

The O,;-Mg bond distance was 1.97 A°, and the total pop-
ulation for V (O;;) and V’ (O;;) was 4.87¢; this is a higher
value than the average of —-OH-type oxygens in the ALG-Mg

(4.73e), suggesting that this bond is formed mainly by
Mg — Oy, charge transfer. The electronic localization function
diagram shows the Mg-O,; interaction, where the binding
region presents an ELF value close to zero, which accounts
for the electrostatic character of this interaction. The variance
value supports the above, which was slightly higher than the
average; however, considering the populations, the electronic
flux does not vary appreciably, showing that the electronic
density is located mainly in the oxygen atom. Meanwhile,
the monosynaptic basin V (O77) presents an electronic popula-
tion of 2.67e, a value higher than the average for this type of
attractor (2.58e¢), and is oriented towards the metal, close to
the bond line.

The total population for O7; non-bonding attractors was
6.15¢, a high value compared to the average (5.34¢), indicating
a strong charge transfer from Mg to O7;. The O;,-Mg bond
length was 1.84 A°. The ELF diagram analysis (Fig. 9A and
9B) shows that the interaction region between O;; and Mg
has an ELF value close to zero, which would indicate a mainly
electrostatic binding type. Meanwhile, the value ¢ is higher
than the average value, which suggests an increase in the elec-
tronic flux. However, this attractor’s population tells us that
this increase is very slight, showing that the electron density
is located mainly in O, which allows us to suggest a strong
electrostatic interaction between O,7 and Mg.

Meanwhile, the monosynaptic basin V (O,,) is oriented
towards the metal but is not located in the O;,-Mg bond line.
It presents a population of 2.51e, which is above the average
value in the system for this type of attractors in ALG-Mg
(2.38e). The sum of V (Oj,) and V’ (O;,) populations was
5.17¢. This value is higher than the average (4.87¢). Fig. 9C
shows that the interaction region between O, and Mg presents
an ELF value close to zero, which indicates a type of electro-
static bond. On the other hand, the variance value is slightly
higher than the average value, indicating no significant
increase in the electron density flux. However, the short Oq»,-
Mg bond distance was 1.97 A°® (the smallest for O,,-metal
interactions), indicating that this O,-Mg interaction is the
strongest in which O, participates, concerning the other sys-
tems under study. Finally, the analysis of the relative fluctua-

tion (i(&; Qi>) revealed that the electron density tends to be

little delocalized; this is consistent with electrostatic bonds
between localized negative charges, the oxygens, and the posi-
tively charged metal. An important factor to consider is that
the absence of 3d electrons would prevent further stabilization
by non-bonding electron density delocalization. The basin con-
tribution values of the attractors of the non-bonding pairs of
O;1, O» and Oy, were as follows: 97.67% (2.29¢) O11 and
2.33% (0.05e) Mg; 98.29% (2.47¢) O12 and 1.71% (0.04e);
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Fig. 9  Attractor populations of the lone pairs of Oy, Oy, O77, magnesium core, and valence attractors (A). ELF diagrams for the Mg-
(077, Oy,) interaction (B) and for the Mg-(Oy;, O;,, and O,) interaction (C).

97.15% (2.59¢) O77 and 2.85% (0.07e). As can be seen, the
metal contributions are low, and the above analyses show that
the charge is localized on the oxygens; all this reaffirms the
electrostatic description of these bonds (see Table 8).

4.44. ALG-Ca

The attractors’ populations are presented in Fig. 10A, 10B,
and 10C, the ELF diagrams for the ALG-Ca system are
shown. In this, the 3 oxygens analyzed are the ones that pre-
sented the largest electronic populations (Table 9). The degen-
erate attractors of the calcium atom core have a population of
15.92e, lower value compared to the expected formal value of
20e. Furthermore, the ELF diagrams (Fig. 10B and 10C)
reveal the different electronic layers of the calcium atom,
which shows symmetry similar to that of the isolated atom,
suggesting a type of electrostatic interaction.

The V (O1,) population was 2.45¢ which is slightly above
average for this type of attractors (2.43e), suggesting no

0O,, —» Ca donation. The total population for the V (Oi5)
and V’(Oj,) attractors was 5.14e, which is above average
(4.89¢) for this type of attractors in the ALG-Ca system, sug-
gesting electronic Ca — O, donation. The ELF value for the
0,,-Ca interaction region presents a value close to zero, indi-
cating binding of electrostatic character. Additionally, the high
bond distance (3.37 A0) reveals the weakest oxygen-metal
interaction of the systems under study. The analysis of ¢? tells
us that the electronic flux increases due to charge transfer from
the metal, while the relative flux is slightly higher than the
average value (Table 9). The above would confirm the descrip-
tion of a predominantly electrostatic bonding, where the elec-
tron density would be located at O12. The V (O;;) presented a
population of 2.79¢, a value higher than the average (2.60¢),
which indicates electronic transfer Ca — O7;. The sum of both
attractors was 6.04e, a value that exceeds the average for
attractors of the same type of oxygens (5.41e). The charge
transfer would explain this value from the metal to this oxygen

Table 8 Populations (V),variance (6°), and relative flux (4 Ny ), for Oyy, Ojn, and O attractors and average populations (N),
variance (¢2), and relative flux (4 ( N;ﬂ.-)) of other oxygen attractors of: Alcohol, carboxylic acid, and ether, present in ALG-Mg.

Atractor ALG-Mg Poblaciones N/N —OH|/, -CO/, -O-

& [6*~OH], -CO), -O-

Z( naw)/ M) (~OH/, €O}, -0-)

v(0) 2.30 2.59 2.38
V(0) 243 276 2.49
V (0) 2.34 2.67 2.51
V(0) 2.53 3.48 2.66

1.12
1.13

1.15
1.15

1.20 1.20 0.48 0.46 0.49
1.14 1.15 0.46 0.43 0.47
1.27 1.23 0.49 0.48 0.49
1.39 1.24 0.45 0.40 0.47
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Fig. 10  Attractor populations of the lone pairs of Oy, O;,, O77, valence, and calcium core attractors (A). ELF diagrams for the Ca-(O77,

0O1,) interaction (B) and for the Ca-(O;,, O77) interaction (C).

Table 9 Populations (N), variance (¢?), and relative flux (4 -

N;Q;

),

for Oy, O3, and O5; attractors and average populations (M,

variance (¢2), and relative flux (4 > m) of other oxygen attractors of: Alcohol, carboxylic acid, and ether, present in ALG-Ca.

Attractor ALG-Ca pyjations N /N —OH/, ~COJ, -O-

6% /6>~OH], -CO)/, -O-

E(&;ﬂ;) /l(;\/;(l;) (_OH/' _CO/’ -0-)

v(0) 2.43 2.60 2.43
V(0) 2.34 2.81 2.46
V (0) 2.32 2.79 2.45
V(O) 2.55 3.25 2.69

1.10
1.13

1.15
1.16

1.20 1.12 0.45 0.46 0.46
1.18 1.17 0.48 0.42 0.47
1.30 1.20 0.49 0.49 0.49
1.35 1.24 0.45 0.42 0.47

and, as seen in previous systems, by V’(O77) contribution in the
1 Cy; = O77 bond. The O77-Ca bond distance was 2.52 A0, the
highest value obtained for the O, interaction with the differ-
ent metals. The ELF diagrams suggest a strong electrostatic
attraction due to the near-zero value of the electronic localiza-
tion function. The analysis of variance shows an increase in the
electronic flux caused by the charge transfer from the metal,
which would suggest a strong electronic delocalization; how-
ever, the value of the relative flux indicates that such delocal-

ization is slightly higher than the average values of A(I;I; Qi)

for this system, which supports the idea of electrostatic
interaction.

The V(0Oq,;) attractor had a population of 2.32e, a value
lower than the average of 2.43e, suggesting an electronic dona-
tion to the metal. Also, the total population for V(O;;) and
V’(O;;) was 4.87¢e, a value higher than the average for —-OH-
oxygen attractors (4.77¢). The above indicates Ca — Oy elec-

tron transfer. The analysis of variance and electronic flux
shows a situation similar to that of O, i.e., an increase in elec-
tronic flux, in this case, due to donation and retro-donation
processes, which generate a delocalization only slightly higher
than the average values presented in Table 9; this implies a
mainly electrostatic bonding. The ELF diagrams Fig. 10B
and 10C) also support this electrostatic bonding, which shows
the same situation of ELF values close to zero in the interac-
tion region.

Finally, as in ALG-Mg, the oxygen-metal interaction can
be represented by negative charges located on the oxygens
and positive charges located on the metal. Finally, the contri-
butions to the attractors V (Oy;), V (O;,) and V (O57), were as
follows: 98.66% (2.29¢) O, and 1.34% (0.05¢) Ca; 98.86%
(2.42¢) O12 and 1.14% (0.02e) Ca; 97.15% (2.59¢) O77 and
2.85% (0.04e) Ca. The above is related to the ALG-Mg sys-
tem’s values and supports the electrostatic description of the
bonds.
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According to the NBO, ELF, and NCI index results, for the
different systems under study, the strongest interaction with
O, follows the following order: Cu =#Mn > Mg > Ca, where
Mn and Cu present polar covalent bonding, while Ca and Mg
electrostatic bonds. For O;;: Cu =2Mn > Mg > Ca, where Mn
and Cu present polar covalent bonds, while Ca and Mg elec-
trostatic bonds and for O;: Mg > Cu =Ca > Mn, all these
interactions are electrostatic. Finally, these results correlate
with the analysis of the overall reactivity indices. According
to our results, the stability order is as follows: ALG-
Cu > ALG-Mn > ALG-Mg > ALG-Ca.

Our results contradict some previous studies regarding the
type of interactions between alginate and divalent cations. It
has been mentioned, for example, that cations such as Mn? "
would bind weakly to the polymer, mainly by electrostatic
interactions (Emmerichs et al., 2004). It has also been reported
that Mg®>" binds more weakly than calcium because the for-
mer shows little or no tendency to form hydrogels (Topuz
et al., 2012). Furthermore, as already mentioned, other studies
indicate that the degree of affinity is not correlated with the
bond’s strength (see Refs. 12 and 13), whose results, concern-
ing the type of interactions, agree with those presented in this
work. Finally, our study supports the idea of the lack of cor-
relation between bond strength and affinity.

5. Conclusions

The overall reactivity indices showed higher stability for the systems
under study, given the following order: ALG-Cu > ALG-
Mn > ALG-Mg > ALG-Ca, which seems to be correlated with the
degree of electronic delocalization and the degree of covalency of the
bonds. As for the nature of the bonds in the ALG-Cu and ALG-Mn
systems, these were between the carboxylic acid and alcohol groups’
oxygens and proved to be of polar covalent, whereas with the ether
oxygen, it is predominantly electrostatic. For the latter, Mn presented
a weak interaction, and Mg the strongest. Whereas, in ALG-Ca and
ALG-Mg, all the oxygen-metal bonds studied were of electrostatic
nature.
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