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ABSTRACT: Magnesium sulfate has been of great interest as an
antioxidant for its ability to decrease the oxidizing capacity of the
hydroxyl radical. Previously, it was shown that the contact ion pair of this
salt could stabilize •OH by coordinating with Mg and delocalizing the
unpaired electron over sulfate. The present study explores in detail the
MgSO4 antioxidant properties, considering all its ion pairs with •OH in
different conformations. The analyses were based on structural, spin, and
energetic properties using the DFT approach. As a result, the high
antioxidant potential of MgSO4 is related to the spin-electron transfer
from SO4

−2 to •OH causing electron spin delocalization and electrostatic stabilization. This transfer occurs for all ion pairs when
•OH approaches the Mg first solvation shell, without being coordinated to Mg. The direct Mg−•OH interaction further stabilizes the
radical system. These results show that spin-electron transfers are feasible in all hydrated ion pairs MgSO4−•OH, even at a •OH−
sulfate distance greater than 10 Å.

1. INTRODUCTION
Oxidative stress is defined as the alteration of the balance
between antioxidant and pro-oxidant species in favor of the
latter. It has been intensively studied in recent decades to
understand the reaction mechanisms associated with various
pathologies such as cancer, cardiovascular, several neurological
(i.e., Parkinson’s, Alzheimer’s), chronic obstructive pulmonary,
rheumatoid arthritis disease, and aging, among others.1,2 The
increased levels of reactive oxygen species (ROS)3 can induce
modifications in DNA, RNA, carbohydrates, lipids, and
proteins, altering their biological functions. Lipids are one of
the species that are most susceptible to ROS attack and
oxidative damage induced by lipid peroxidation (LP).4

Magnesium and its salts are involved in various biological
processes, including carbohydrate metabolism, protein syn-
thesis, DNA replication, stability and repair, nerve function,
muscle contraction, and blood pressure regulation. Magnesium
has also been found to induce osteoblast proliferation, prevent
vascular calcification, enhance antioxidant capacity, reduce
mitochondrial ROS production, and improve cellular energy
supply and longevity.5−7

Magnesium sulfate (MgSO4) is a divalent salt that associates
as an ion pair in aqueous solutions. This salt has aroused great
interest in the last decades by various research groups, both
experimentally8−12 and theoretically.13−20 MgSO4 is the main
component of seawater responsible for high sound absorp-
tion21 and has been used to protect cellulose during
oxygenated delignification.22 It is also a potential candidate

for storing energy in thermal storage systems23 and is the drug
par excellence for the treatment of pregnant women with
preeclampsia,24 among other applications.
It is well-known that MgSO4 associates in the form of ionic

pairs in aqueous solutions.25 Atkinson and Petrucci,8 using
ultrasonic absorption, confirmed that the association equili-
brium of ion pairs goes through a three-step mechanism
(called the Eigen mechanism), as shown below:
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In this scheme, free ions associate to form a solvent-
separated ion pair (2SIP), where two water layers (WW)
separate them. The loss of a water molecule in the ion
coordination layer (W) generates a solvent-shared ion pair
(SIP). Finally, the contact ion pair (CIP) is formed when
another water molecule is lost and a Mg−OSO3 bond appears.
Dielectric10,11 and Raman9 spectroscopy studies of MgSO4
solutions confirmed the presence of these species. On the
other hand, Cao et al.12 using X-ray diffraction found that
SO4

−2 coordinates Mg2+ in a monodentate fashion (CIP) with
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a characteristic Mg−S distance of 3.40 Å in concentrated
aqueous solutions of MgSO4.
MgSO4 has been widely studied for its antioxidant activity

against LP of cell membranes.26−32 It has been found that this
salt protects cell membranes from oxidative damage caused by
hydroxyl radicals (•OH) and decreases the LP levels in in
vivo28,33,34 and in vitro28,31 experiments. However, the action
mechanism of its antioxidant activity is not well established.
In a previous study,18 it was demonstrated through

molecular dynamics and electronic structure calculations how
this salt may protect the cell membrane from oxidative damage.
It was found that Mg in MgSO4 (CIP) prefers to interact with
•OH rather than a water molecule through a direct Mg−OH
bond. This interaction is characterized by a relatively strong
bond between •OH and Mg of about 70 kcal/mol with
changes in the charge and spin density over the OH and
sulfate. When •OH is bonded to Mg2+, it loses spin density and
gains an electronic charge, and the spin density becomes
localized over a pair of sulfate oxygen atoms. This suggests that
the unpaired electron is now mainly delocalized on double-
bonded oxygens of sulfate. Therefore, the high mobility and
reactivity of •OH decreases because they are trapped by the
MgSO4, preventing oxidation reactions of lipids and proteins
that alter its structures and properties.
In this context, the MgSO4 salt can react with •OH to form a

complex in which the unpaired electron is stabilized by
resonance at the sulfate oxygens, acting as a shield against •OH
by trapping them. This has been confirmed experimentally
because several researchers have found that this salt is a •OH
scavenger.22,35−37 Thus, the MgSO4-•OH complexes, which
are more stable and less reactive, are expected to recombine
with other radicals, restricting the interaction with the
membrane lipids and, in this way, mitigating cellular oxidation.
In biological systems, the generation of •OH is substantial. It

is estimated that between 1000 and 10 000 •OH are produced
per second in each cell under normal conditions.38 The •OH is
the most reactive radical produced in biological systems
because it presents a highly positive reduction potential.39

Therefore, the production of •OH under oxidative stress
conditions must be much higher. On the other hand, Akilan et
al.11 found that only 3% of the MgSO4 concentrations used in
clinical trials and treatments40 are in the CIP form at 25 °C. In
contrast, the sum of SIP and 2SIP in those conditions
represents 30%. This suggests that the hydration structure in
which sulfate does not coordinate directly to Mg (SIP and
2SIP) also makes an important contribution to the antioxidant
activity exhibited by this salt.
In the present work, the antioxidant properties of MgSO4

against •OH were studied by analysis of the •OH interactions
with all MgSO4 ion pairs (CIP, SIP, and 2SIP) using the
density functional theory (DFT) approach. The process of
spin-electron transfer was determined by studying the spin
density, molecular structure, and energetics. Two novel
phenomena are observed: the spin transfer from •OH to
sulfate at long distances, especially in the SIP and 2SIP
structures, and a spin transfer without a direct •OH−Mg
interaction.
This work is organized as follows: section 2 shows the

proposed molecular configurations of hydrated MgSO4 ion
pairs with •OH, the DFT functional used, and the simulation
and visualization software implemented. Section 3 addresses
the general modification of the structures and electronic
properties, the energetic changes in the spin density transfer

process, and the comparison of the results obtained with those
reported in the literature. Finally, the main findings and future
work are presented in section 4.

2. METHODOLOGY
In a previous work,18 the interaction of MgSO4 in CIP (5H2O)
form with •OH was evaluated, using several electronic
structure methods (DFT) to analyze the reaction viability
between these species. It was proposed that the H abstraction
by the •OH from a water molecule coordinated to Mg based
on the mechanism of •OH reactive diffusion through water
molecules.41,42 In order to obtain a further detailed description
of the MgSO4−•OH interaction, the three ion pairs of MgSO4
(CIP, SIP, and 2SIP) are considered in this work by using 12
water molecules to represent the solvation waters. Initially, the
MgSO4 ion pair structures with •OH outside the first Mg
coordination sphere were fully optimized with DFT calcu-
lations in their electronic ground states. Subsequently, a
distance scan point-by-point between the O(•OH) and the H
of one of the water molecules coordinated to Mg while all
others coordinated were allowed to optimize for minimizing
the energy was carried out from ∼2 to ∼1 Å to simulate the H
transfer.
Due to the continuous development of methods based on

DFT, a literature revision was performed with the aim of
selecting a robust and computationally accessible functional
and its basis sets. In these senses, the ωB97M-D443 functional
and the ma-def2-TZVPP44 basis set have an adequate balance
between their robustness and computational efficiency. In this
sense, the ωB97M-D443 functional is presented as an updated
version of the ωB97M-V45 functional with the Grimme’s DFT-
D446 empirical dispersion, proposed by Najibi and Goerigk.
Generally speaking, it has been shown to be superior to
ωB97M-V, and it is computationally more economical since
the dispersion is not determined in the SCF step. In the case of
the basis set, the ma-def2-TVZPP is recommended for general-
purpose applications of DFT.44

Unrestricted calculations have been applied for all systems
because of the unpaired electrons in •OH. To prevent a proton
transfer in CIP and SIP, found in a previous work,19 the
solvation model based on density (SMD) method47 was used
to optimize the geometry of all ion pairs. Different types of
properties were studied to describe the interactions of these
systems: distances, spin density, natural charges on OH and
sulfate,48 and energy differences between the ion pairs in
different configurations. All calculations were performed with
the ORCA package,49,50 and visualizations were completed
with the VMD software.51

3. RESULTS AND DISCUSSION
The results of the distance scan of the H transfer and
subsequent constraint-free geometry optimization revealed an
intermediate structure in which the spin-electron is transferred
without the •OH being coordinated to Mg in all ion pair
structures. Therefore, the resulting conformations are charac-
terized by the position of the OH (OHout, nonbonded to Mg,
and OHin, bonded to Mg) and spin density (spinOH, spin in
OH, and spinSO4, spin in SO4). In this sense, three types of
stable conformations are established, as shown in Figure 1 for
CIP MgSO4(12H2O) with •OH: (a) OHout/spinOH, where
OH is not coordinated with Mg and the spin density is in •OH.
(b) OHout/spinSO4, in which OH is not coordinated with Mg
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and the spin density is in sulfate. (c) OHin/spinSO4, where
OH is coordinated with Mg and the spin density is in sulfate.
The right side of Figure 1 shows the selected (O−Mg and

O−H) interatomic distances, highlighting that in Figure 1a, the
Mg−OH distance is 3.67 Å and the spin density is in the OH.
However, at the Mg−OH distance of 3.54 Å, the spin density
is over the sulfate; see Figure 1b. Here, a stable structure is
found with a spin density on sulfate without a direct Mg−•OH
bond (OHout/spinSO4 conformation). In Figure 1c, the
formation of the HO−Mg bond is observed at a distance of
1.99 Å, which is shorter than that of standard H2O−Mg (2.12
Å). These conformations are explored in more detail for all ion
pairs of MgSO4(12H2O)−•OH systems in the following
section.
3.1. General Overview: Structural and Electronic

Properties of Ion Pairs. Figure 2 shows the differences
between all ion pairs, the calculated structures, the charges on

sulfate and OH, the O−O bond orders, and the spin densities
for MgSO4(12H2O) with •OH in CIP, SIP, and 2SIP and
considering the OHout/spinOH, OHout/spinSO4, and OHin/
spinSO4 conformations. For the CIP structures, the sulfate
coordinates to Mg in a monodentate manner (Figure 2a−c). In
the case of SIP, only one oxygen from the sulfate forms a
hydrogen bridge with one Mg-coordinated water (see dashed-
dotted lines in Figure 2d−f). In 2SIP, the two water layers that
set apart the sulfate from the Mg are clearly observed (see
dashed-dotted rectangles in Figure 2g−i).
Table 1 shows selected interatomic distances of all of the

systems depicted in Figure 2. For the OHout/spinOH
conformations, the S−O(•OH) distance increases (6.56,
8.27, and 10.50 Å for CIP, SIP, and 2SIP, respectively) with
the expected enlargement of the Mg−S distance (3.36, 5.03,
and 6.79 Å for CIP, SIP, and 2SIP, respectively). Conversely,
the Mg−O(•OH) and Os−Os distances are approximately the
same for all ion pairs, with CIP having the shortest Mg−
O(•OH) distance.
The approximation of •OH to Mg from 3.67, 3.76, and 3.76

Å in OHout/spinOH to 3.54, 3.58, and 3.60 Å for OHout/
spinSO4 conformations (see second row in Table 1) leads to
changes in the spin density in the oxygen atom from the •OH
(see Figure 2a,d,g) which is essentially transferred to a pair of
oxygens from the sulfate (see Figure 2b,e,h). To verify that
spin transfer does not occur due to a lack of solvation on
sulfate, MgSO4 CIP with •OH in OHout/spinSO4 and OHin/
spinSO4 conformations was calculated with 18 water molecules
that cover the sulfate region. Calculations at the PBEh-3c52

level with implicit solvation (SMD) showed that the spin
transfer to sulfate also occurs.
The evaluation of the electronic density shows that an

electronic charge transfer between the sulfate and •OH occurs.
The sulfate charge reduced from −1.82, −1.84, and −1.86 in
CIP, SIP, and 2SIP to −0.95, and the charge in •OH increased
from 0.00 to −0.80 (see charge values in red and blue colors
for sulfate and OH in Figure 2, respectively). This is reflected
in a small increase of the Os−Os distances (see the fourth row
in Table 1). Also, there is a slightly increase in the Mg−S and
S−O(•OH) distances for CIP (from 3.36 to 3.40 Å and from
6.56 to 6.65 Å, respectively) and SIP (from 5.03 to 5.14 Å and
from 8.27 to 8.51 Å, respectively) but a decrease for 2SIP
(from 6.79 to 6.73 Å and from 10.50 to 10.26 Å, respectively).
However, a notable change occurs within the oxygens with
spin density of Os−Os(spin), where the distance is shortened
from approximately 2.45 to 2.20 Å (see fourth and fifth rows in
Table 1). This distance reduction is reflected in a Mayer’s
bond order index of around 0.30 (see values in black indicated
by a black arrow in Figure 2), suggesting that there is a small
bonding interaction between these oxygen atoms.
The results shown in Figure 2b,e,h are of great relevance

since they indicate a long-distance spin-electron transfer of up
to 10 Å from S of sulfate to O of •OH (see the third row in
Table 1). The transfer can occur not only in SIP and 2SIP,
where sulfate is separated from Mg by water layers (5.03 and
6.79 Å for SIP and 2SIP, respectively), but also with the •OH
outside the coordination sphere of Mg. Notice also that the
small reduction (around 0.13−0.18 Å) in the Mg−O(•OH)
distance from 3.67−3.76 Å in the OHout/spinOH con-
formation to 3.54−3.60 Å in the OHout/spinSO4 conforma-
tion (see the second row of Table 1) produces the spin transfer
from •OH to SO4 for all ion pairs.

Figure 1. Schematic representation of CIP MgSO4(12H2O) with
•OH in different stable conformations described by the OH (OHout
and OHin) and spin density (spinOH and spinSO4) positions. (a)
OHout/spinOH conformation, where OH is not coordinated to Mg
and the spin density is over OH. (b) OHout/spinSO4 conformation,
in which OH is not coordinated to Mg and the spin density is over
sulfate. (c) OHin/spinSO4 conformation, where OH is coordinated to
Mg and the spin density is over sulfate. Left, molecular structures and
spin density with its isovalues. Right, selected O−Mg and O−H
distances are highlighted in Å. Atoms colored red, white, and yellow
are O, H, and S atoms, respectively. The green balls represent Mg
atoms. Red dots highlight the O(•OH) atoms.
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The direct substitution of a coordination water by •OH also
causes a spin density transfer to the sulfate oxygens. However,
the charge over •OH increases from −0.80 to −0.88 (see blue
values for OH in Figure 2b,e,h and those in Figure 2c,f,i,
respectively), and the Mg−O(•OH) distances are shorter than
those of OHout configurations (from 3.54−3.60 Å to 1.99−
2.00 Å, see second row of Table 1). This means that the
interaction between •OH and Mg is stronger, which suggests
that these systems are stabilized when •OH is coordinated to
Mg. It should be noted, however, that the S−O(•OH)
distances are reduced (see the third row in Table 1; from

6.65, 8.51, and 10.26 Å to 5.44, 6.70, and 8.39 Å for CIP, SIP,
and 2SIP, respectively).
The comparison of some distances associated with the spin-

electron transfer in the MgSO4−•OH conformations, Mg−Oin,
Htrans−Oin, and Htrans−Oout, are also given (see sixth, seventh,
and eighth rows in Table 1; see Figure 2 for the atom
descriptions). In general, these distances are approximately the
same for all three ion pairs in each conformation. It can be
proposed that a spin-electron transfer will take place first,
followed by a proton transfer from a water molecule (W):

Figure 2. Molecular structures and spin density for MgSO4(12H2O) ionic pairs (CIP, SIP, and 2SIP) with •OH in different stable conformations
(OHout/spinOH, OHout/spinSO4, and OHin/spinSO4). (a) CIP OHout/spinOH. (b) CIP OHout/spinSO4. (c) CIP OHin/spinSO4. (d) SIP
OHout/spinOH. (e) SIP OHout/spinSO4. (f) SIP OHin/spinSO4. (g) 2SIP OHout/spinOH. (h) 2SIP OHout/spinSO4. (i) 2SIP OHin/spinSO4.
Oin, Oout, and Htrans are atom labels: oxygen coordinated to Mg, oxygen out of Mg coordination sphere, and hydrogen interacting with both
oxygens, respectively. Red and blue dots highlight the O(•OH) and Htrans atoms, respectively. Natural charge values are indicated in red and blue
numbers for sulfate and OH, respectively. Mayer’s O−O bond order indexes in sulfate are indicated in black numbers with a black arrow.

Table 1. Calculated Distances for MgSO4(12H2O) Ion Pairs (CIP, SIP, and 2SIP) with •OH in Different Stable Conformations
(OHout/spinOH, OHout/spinSO4, and OHin/spinSO4)

OHout/spinOH OHout/spinSO4 OHin/spinSO4

distance (Å) CIP SIP 2SIP CIP SIP 2SIP CIP SIP 2SIP

Mg−S 3.36 5.03 6.79 3.40 5.14 6.73 3.48 5.00 6.78
Mg−O(•OH)a 3.67 3.76 3.76 3.54 3.58 3.60 1.99 2.00 2.00
S−O(•OH)a 6.56 8.27 10.50 6.65 8.51 10.26 5.44 6.70 8.39
Os−Os

b 2.42 2.42 2.43 2.44 2.45 2.45 2.45 2.45 2.45
Os−Os(spin)

c − − − 2.20 2.19 2.20 2.19 2.20 2.20
Mg−Oin

d 2.12 2.12 2.11 2.08 2.10 2.09 1.99 2.00 2.00
Htrans−Oin

d 0.97 0.97 0.97 1.05 1.03 1.03 1.63 1.60 1.61
Htrans−Oout

d 2.03 2.08 2.03 1.48 1.54 1.54 1.00 1.01 1.01
aO(•OH) = oxygen of hydroxyl radical. bOs−Os = average sulfate oxygen distances.

cOs−Os(spin) = sulfate oxygens with spin density, as shown in
Figure 1. dSee atom labels in Figure 2a−c.
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For the OHout/spinOH conformations, the Htrans−Oout
distance is a relatively long hydrogen bond (2.03−2.08 Å),
and the Htrans−Oin and Mg−Oin distances are typical of the
H2O bonding (0.97 Å) and Mg−H2O coordination (around
2.12 Å), respectively. When spin density is transferred
(OHout/spinSO4 conformations), the distance between Mg
and the coordinated H2O decreases slightly (Mg−Oin, from
around 2.12 to 2.09 Å), while the Htrans−Oout distance shortens
(on average, from 2.05 to 1.52 Å) and the Htrans−Oin elongates
(from 0.97 to 1.04 Å, approximately), indicating the formation
of a strong hydrogen bond, suggesting the preparation for a
proton transfer. Finally, when Htrans (proton) is transferred
(OHin/spinSO4 conformations), the Mg−Oin distance is
further shortened (around 2.00 Å), representing an ion−ion
Mg2+−OH−1 interaction. The resulting OH−1−H2O hydrogen
bond is slightly weaker concerning the OHout/spinSO4
conformations (on average, from 1.04 to 1.01 Å for the
covalent bond and from 1.52 to 1.61 Å for the hydrogen
bond).
3.2. Energetics. To analyze the energy change of ion pairs

in different configurations, Figure 3 shows the energies of

MgSO4(12H2O) ion pairs with •OH relative to those of the
CIP OHout/spinOH system. Results show that, in the case of
the OHout/spinOH conformation, the SIP and 2SIP have
sequentially higher energy than CIP. This correlates with the
distance between Mg2+ and SO4

−2 ions. The longer the Mg−S
distance (see the first row in Table 1), the lesser the attractive
electrostatic interaction energy. This explains the order CIP <
SIP < 2SIP in terms of energy.
When the spin-electron transfer from •OH to sulfate occurs

(OHout/spinSO4 conformations), the energies between the
ionic pairs become close to each other with the SIP having the
lowest energy. Although they are of higher energy than the CIP
OHout/spinOH system, for SIP and 2SIP, the energy
decreases considerably (−23.24 and −31.67 kcal/mol for SIP
and 2SIP in Figure 3, respectively). In the case of OHin/
spinSO4 conformations, all ion pairs became more stable,

showing negative energy values as compared to the CIP
OHout/spinOH system, highlighting the large stabilization for
the solvent-mediated ion pairs (−5.55, −31.17, and −39.92
kcal/mol for CIP, SIP, and 2SIP in Figure 3, respectively).
These results can be explained by the redistribution of the

electrostatic energies. The loss of the sulfate charge causes a
decrease in its internal electrostatic repulsion and also
significantly weakens its attractive interaction with Mg2+,
especially in the CIP case, thus probably causing the energy
between the three ion pairs to be similar. The further decrease
in energy between the OHout/spinSO4 and OHin/spinSO4
conformations is associated with the increase in the attractive
energy due to the reduction of the Mg2+−OH−1 distance.
Lastly, the balance between SO4

−1−Mg2+ attraction and
SO4

−1−OH−1 repulsion is responsible for the change in the
distribution of structural stabilities between ionic pairs (SIP <
CIP < 2SIP), where the SIP is the most stable structure.
These findings illustrate the energetic electrostatic forces

that drive spin-electron transfer even in the absence of direct
contact between sulfate and Mg. Likewise, the three ion pairs
in spinSO4 conformations (OHin/spinSO4 and OHout/
spinSO4) have small energy differences (less than 7 kcal/
mol, see Figure 3) suggesting that transfer can occur to any of
them. The stabilization in these models indicates that the
antioxidant property of MgSO4 is due to a decrease of the •OH
reactivity by transforming it into OH−1 through a spin-electron
transfer.
3.3. Discussion. In a previous work,18 the possible

mechanism of the antioxidant activity of magnesium sulfate
in the CIP form was explained through the spin transfer to the
sulfate as a result of an electron transfer to •OH stabilizing the
unpaired electron by resonance on the S�O bonds of sulfate.
However, the results of this work show that spin transfer
produces a large electrostatic stability, which is also feasible for
all ionic pairs, including those separated by several water layers,
as shown in Figure 3. Even more, this transfer occurs without
•OH being directly coordinated to Mg. Thus, spin-electron
transfer does not require a direct •OH−Mg interaction.
Experimental results reported by Zucchetti et al.53 showed

the electric field modulation of spin transport in the
development of spintronic devices within a solid-state
environment. They found that the induction of an electric
field can alter the diffusion distance of a spin. The spin
transport can be modulated by an electric field guiding spins
over macroscopic distances, and the spin-diffusion velocity can
increase the spin-transport length along a path in germanium.
In this direction, the electric field produced by the ionic pairs
of Mg2+−SO4

−2 can induce spin-electron transfer when •OH is
at a certain distance of Mg across the hydrogen bridges of
water (see in Figure 2 the comparison in spin densities in
OHout/spinOH to those in OHout/spinSO4 conformations).
The formation of the Mg−OH bond could take place in

three steps. In the first step, a spin-electron transfer occurs
from the SO4

−2 (donor), which is transformed into •SO4
−1,

where the spin density is delocalized over S�O bonds, and the
•OH (acceptor) evolves into OH−1, being more stable because
now the oxygen atom obeys the octet rule. In the second step,
a proton transfer from a water molecule coordinated to Mg to
the outer OH−1 occurs, resulting in the formation of a water
molecule and an inner OH−1. In the third step, the direct
interaction between OH−1 and Mg2+ produces a relatively
strong ionic Mg−OH−1 bond shown in the OHin/spinSO4

Figure 3. Relative energies of MgSO4(12H2O) ion pairs (CIP, SIP,
and 2SIP) with •OH in different stable conformations (OHout/
spinOH, OHout/spinSO4, and OHin/spinSO4) with respect to CIP in
the OHout/spinOH configuration.
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conformations. A schematic of this process is shown in Figure
4.
Electron transfers are one of the most fundamental processes

in physics, chemistry, and biology. Biological electron transfer
reactions are one of the key steps underlying cellular energy
harvesting and storage that are required for respiration54 and
redox reactions of intermediary metabolism.55 Such reactions
are classified into two mechanisms: the inner-sphere
mechanism, in which a ligand is shared between two centers
acting as a bridge for the electron transfer, and the outer-
sphere mechanism, which involves a transfer of electrons
between two centers without a bridging ligand.56 Concerning
the proposed scheme, the first mechanism may occur in the
CIP, and the second one can be assigned to SIP and 2SIP.
Particularly, outer-sphere electron transfer reactions have

been reported for enzymes in the literature in which the donor
and the acceptor centers are separated by up to 15 Å.57,58 In
this sense, several authors have published water-mediated
electron transfer over long distances, implying its important
role in the electron transfer process. de la Lande et al.59

showed that water molecules are directly involved in the
transfer between two metal copper centers separated by 11 Å
in peptidylglycine α-hydroxylating monooxygenase. On the
other hand, Martin and Matyushov60 found that the increase in
the electron transfer rate of NADH:ubiquinone oxidoreductase
by allowing structural water to occupy the protein pocket is
produced by the electrowetting of iron−sulfur cofactors that
are separated by up to 14 Å. In that respect, Hecker et al.61

reported the presence of water molecules H-bonded at the
tyrosyl radical intermediates in the long-range (32 Å) radical
transfer of α2β2-ribonucleotide reductase, confirming the role
of water in the electron transfer chain.
In general, the formation of the MgSO4−•OH complex with

all ionic pairs is feasible and of great relevance since the
solutions of MgSO4 for medical purposes are 4 mM.

40 At this
concentration, the percentages of ionic pairs where Mg is
separated from sulfate (SIP and 2SIP) are the most important.
In medicine, the action of MgSO4 in human beings exposed to
high oxidative stress is present in ischemia-reperfusion
associated with serious clinical manifestations (myocardial
hibernation, acute heart failure, cerebral and gastrointestinal
dysfunction, and systemic inflammatory response and multiple
organ dysfunction syndromes),62 including as well as in the
uteroplacental circuit during early onset preeclampsia.63 A
possible explanation for the mechanism of action of the
treatment of ischemia-reperfusion injury with i.v. infusions of
MgSO4 relies on our findings. In this regard, we have found
that this salt, when adsorbed on the surface of cell membranes
in its different ionic pairs, acts as a shield against the action of
•OH radicals.18 These radicals would otherwise react with the

unsaturated hydrocarbon chains in lipids of cellular mem-
branes to oxidize them. The behavior of MgSO4, which forms
the MgSO4−•OH complex with all of its ionic pairs,
undoubtedly contributes to more effective cellular mechanisms
for repairing oxidized membranes.

4. CONCLUSIONS AND COMMENTS
In the present work, the interaction of •OH with different
hydrated structures of magnesium sulfate has been studied to
better understand the antioxidant properties of this salt.
Internuclear bond distances, atomic natural charge, spin
density locations, and energy differences between different
ion pairs in different configurations were evaluated. The main
conclusions are presented below:
(a) In general, the interaction of •OH−Mg produces a spin-

electron transfer from the sulfate to the •OH, in which a
negative charge appears on •OH and the charge on the
sulfate decreases by half. This occurs for all ion pairs.

(b) The approach of a •OH radical to a water molecule
coordinated to Mg results in a spin density shift from
OH to sulfate without the •OH being directly
coordinated to Mg. This indicates that spin density
transfer between •OH and SO4

−2 may also occur over
long distances of up to 10 Å.

(c) The exchange of a Mg-coordinated water by the OH−1

further stabilizes the radical with respect to the
conformations in which the OH−1 is outside the Mg2+
solvation sphere because the Mg−OH bond is stronger
than Mg−OH2.

(d) Based on these results, it can be proposed that for all
MgSO4 ion pairs, the approach of •OH to Mg causes a
spin-electron transfer from sulfate to OH, which is
followed by a proton transfer from a Mg-coordinated
water molecule to the formed OH−1, producing H2O
plus a OH−1 bonded to Mg2+.

(e) The antioxidant properties of MgSO4 are explained by
the larger stability of the new radial located on sulfate,
which is stabilized by resonance with an equally
distributed spin density on the oxygen atoms. This is
supported by important electrostatic attractive inter-
actions between Mg2+ with OH−1 and •SO−1 and the
electronic repulsion decrease within the sulfate.

Future work will focus on other magnesium salts such as
gluconate,26,64,65 citrate,36 malate,36 and threonate66,67 that
have been reported in the literature to have an important
antioxidant capacity. It is important to know, in those cases,
the mechanism of radical stabilization. In the case of MgSO4, it
will also be relevant to the determination of barriers for spin-
electron transfer reactions from OHout/spinOH to OHout/

Figure 4. Molecular scheme of spin-electron transfer between SO4
−2 and •OH, followed by a proton transfer from a Mg-coordinated water

molecule to the outer OH−1 for the MgSO4 2SIP (12H2O) system.
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spinSO4 conformations. In addition, it would also be important
to evaluate a MgSO4−water molecular model where free ions
are considered to see if there is a limit in distance for this spin-
electron transfer phenomenon.
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