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Abstract: We studied the interaction between the L-ascorbic acid C6H8O6 and the HO2 hydroperoxyl
radical, using DFT ab initio methods. The purpose of this study is to explore whether the L-ascorbic
acid would be able to interact with and possibly reduce the hydroperoxyl radical. We performed
static calculations consisting of structural optimizations, using the pseudopotential formalism and
the LDA, PBE, and BLYP density functional approximations, including van der Waals corrections.
For all the cases considered, we found an interaction between C6H8O6 and HO2, reporting recovery
times and absorption energies consistent with a physisorption process and confirming the ability of
the L-ascorbic acid to act as a sensor of the HO2 radical.
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1. Introduction

Free radicals—or simply radicals—are ions, atoms, or molecules with unpaired elec-
trons, a feature that usually makes them highly reactive, as they try to capture an electron
from other atoms to stabilize themselves [1]. When they achieve this, they start a chain
reaction that generates more radicals. Though necessary for life, evidence shows that these
radicals, particularly superoxide or hydrogen peroxide, can produce oxidative damage to
living beings, which may be one cause for cellular aging [2,3].

L-ascorbic acid, or Vitamin C (C6H8O6), is an antioxidant substance that may deter
the propagation and proliferation of free radicals, transforming them into inert radicals
or oxidizing itself. L-ascorbic acid is soluble in water and occurs naturally in different
foods—particularly fruits and vegetables—and beverages, as well as being available as
a supplement [4]. An intake of 40–110 mg/day is recommended by different national
agencies around the world [4,5]. Considering that the human body is unable to produce
Vitamin C by itself [6], several studies have focused on the role that such intake might have
in preventing or treating cancer, cardiovascular disease, age-related macular degeneration,
and the common cold [7–11]. On the other hand, it is well-documented that the deficiency
of L-ascorbic acid causes scurvy [12,13].

The structure, molecular force field, and different properties of L-ascorbic acid have
been previously studied both experimentally and using DFT methods [14], both in the solid
state and considering an aqueous solution. Other studies have also provided insights into
the interaction between L-ascorbic acid and different radicals. For instance, it has been
shown that ascorbic acid can be oxidized by losing one electron at a time and that dispro-
portionation of the intermediate radical is thermodynamically favored at physiological
pH [15]. Ascorbic acid may interact with the plasma membrane by donating electrons
to the α-tocopheroxyl radical, and transplasma membrane oxidoreductase activity [16].
Other studies show that hydrogen oxoperoxonitrate oxidizes monohydrogen L-ascorbate

Crystals 2023, 13, 1135. https://doi.org/10.3390/cryst13071135 https://www.mdpi.com/journal/crystals

https://doi.org/10.3390/cryst13071135
https://doi.org/10.3390/cryst13071135
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://orcid.org/0000-0001-9477-7264
https://orcid.org/0000-0003-1754-8032
https://orcid.org/0000-0001-8318-819X
https://doi.org/10.3390/cryst13071135
https://www.mdpi.com/journal/crystals
https://www.mdpi.com/article/10.3390/cryst13071135?type=check_update&version=2


Crystals 2023, 13, 1135 2 of 9

by one electron [17]. And others have focused on the stability and surface properties of
L-ascorbic acid alkyl esters and their differential interaction with lipid membranes [18].
Overall, the literature suggests that L-ascorbic acid can interact with free radicals and
other species [19], but further studies are needed to fully understand the mechanisms and
physiological significance of these interactions.

In an effort to contribute to the literature in that direction, in this work, we study
the interaction between the L-ascorbic acid and the hydroperoxyl free radical (HO2), also
known as hydrogen superoxide. This radical is formed by the transfer of an H atom onto
molecular oxygen. Due to its high reactivity, it acts as an oxidant agent in different biological
processes [20]. Understanding the possible interactions between these two substances is
relevant to the development of health and safety solutions regarding the action of free
radicals in biological systems.

2. Materials and Methods

We performed ab initio calculations using density functional theory (DFT)
methods [21,22], within the Born–Oppenheimer approximation [23,24]. The calculations
were performed using the code suite Quantum ESPRESSO, an open-source tool that con-
siders plane waves for the basis set, and periodic boundary conditions [25–27]. We used
Troullier–Martins norm-conserving pseudopotentials in the Kleinman–Bylander fully sep-
arable form [28,29]. For the exchange and correlation energies, we considered the fol-
lowing density functional approximations: Perdew–Zunger (LDA) [30], Perdew–Burke-
Ernzerhof [31,32], and the hybrid BLYP functional [33,34]. For the PBE and BLYP func-
tionals, we also considered the additional semiempirical Grimme’s DFT-D3 van der Waals
correction [35].

The valence electronic states were taken as follows: for hydrogen, 1s; for carbon,
2s22p2; and for oxygen: 2s22p4. The cut-off radii for the pseudopotentials considered are
as follows: for hydrogen: rs = 0.423 Å; for carbon: rs = 0.794 Å and rp = 0.815 Å; and for
oxygen: rs = rp = 0.661 Å, with the s pseudo potential as the local component for all cases.

Non-relativistic, spin-polarized, and non-spin-polarized calculations were performed.
The results were the same for both spin-polarized and non-polarized calculations, implying
a nonmagnetic system. In this work, we report the non-polarized calculations for that
reason. Several ab initio studies have been performed to study the HO2 radical structure
and thermodynamic properties [36,37], and the spin effects on them [38], particularly
to calculate in a precise way the formation enthalpies of said radical, when using the
HLCC theory, based on the use of molecular orbitals. The influence of spin polarization is
important when using molecular orbitals for solving the Kohn–Sham equations, as shown
in [39], which focused on studying spin trapping and the influence in the single-point
energies of all stationary points. However, the calculation of such properties lies outside of
the scope of this work, as we are considering the use of cut-off radii for the plane-wave
basis set used, rather than molecular orbitals. This could explain the equivalent results for
both spin- and non-spin-polarized systems in our calculations.

The cut-off energy was set to 1200 eV or 88 Ry, and we considered a 5 × 5 × 5
k-points mesh, within the Monkhorst–Pack special k-point scheme [40]. The threshold
energy convergence was 1.1 × 10−5 eV.

The structural relaxations performed are static calculations that correspond to the
calculation option ‘relax’ in the Quantum ESPRESSO input file, and they consider a vacuum
around the samples.

The absorption energies reported in this work were calculated using the following
expression [41]:

Eadsorption = Esystem 1+system 2 − Esystem 1 − Esystem 2 (1)

In Equation (1), the first term on the right side corresponds to the total energy of the
compound system, which, here, refers to the final configuration of the system involving
both the L-ascorbic acid and the HO2 radical. The second and third terms on the right side
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of Equation (1) correspond to the total energies of the L-ascorbic acid on one hand, and the
HO2 radical on the other, after being structurally relaxed separately.

We also calculated the corresponding recovery times for each case, a concept that is
helpful for estimating the absorption time of the radical on the L-ascorbic acid. This is
based on Eyring’s theory of state transitions, and can be calculated as [42,43]:

τ =

(
h

KBT

)
e−Eads/KBT (2)

where Eads is the adsorption energy of HO2 on the C6H8O6 molecule, and KB and h are the
Boltzmann and Planck’s constant, respectively. Recovery times are calculated for the static
geometrical optimizations, and the temperature is set at T = 300 K in Equation (2) for all
cases, although no molecular dynamics calculations are reported in this work.

3. Results
3.1. Structure Optimization

We first performed structural optimizations on the L-ascorbic acid and hydroperoxyl
structures separately, to assess the validity of the pseudopotentials and XC-functionals used
in this work. As we mentioned earlier, Quantum ESPRESSO considers periodic boundary
conditions, and, for this reason, we placed each system at the center of a cubic unit cell
with sides 20 Å long. In this way, we avoid spurious interactions between the system and
its periodical repetitions.

The initial crystallographic structure for the L-ascorbic acid molecule, or C6H8O6, was
obtained through the Crystallography Open Database [44–52], in particular, considering
COD-ID Nr. 2300646 [53]. As we were interested in the interaction between one L-ascorbic
acid molecule and the HO2 radical, we used the corresponding co-ordinates for one molecule
among the several included in the COD file. Figure 1 shows the L-ascorbic acid molecule
obtained in this way, after a structural relaxation is performed on it. In that figure, the
labelling has been chosen to be consistent with the one used in previous DFT studies [14].
Table 1 shows the final bond distances obtained for this molecule after being optimized.
Table 2 shows the corresponding angles. Similar geometrical relaxations were also performed
on the hydroperoxyl radical HO2, shown in Figure 2. Table 3 summarizes the results of
such optimizations, compared with the experimental values as reported in [54], which we
used directly to build the initial hydroperoxyl structure. In both cases (C6H8O6 and HO2),
calculations were made considering the following density functional approximations: LDA
PZ, PBE, PBE + vdW, BLYP, and BLYP + vdW, where ‘vdW’ refers to the van der Waals
correction previously mentioned. Overall, there is a good agreement with the experimental
values (see [54,55]), with the PBE + vdW approximation being more accurate, as expected.
The final structures obtained are qualitatively quite similar for all cases, but, for simplicity,
in Figures 1 and 2, only those obtained with the PBE-vdW approximation are shown.
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Figure 1. The structure of the L-ascorbic acid (C6H8O6) as considered in this work. It consists of
20 atoms, 6 carbon atoms, 6 oxygen atoms, and 8 hydrogen atoms. The atoms are labeled to identify
bond lengths and angles, following the setup used in [14]. This configuration corresponds to the final
structure obtained by using the PBE + vdW functional.
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Figure 2. Structure considered in this work for the hydroperoxyl radical HO2 or HOO. The experi-
mental bond length between the H atom and the O atom (labeled O2–H) is 0.96 Å, while the bond
length between O atoms is equal to 1.3 Å. The angle θ is experimentally equal to 108◦ (see [54]). The
labels correspond to the length and angle identification of Table 3. The figure shows the optimized
structure obtained by using the PBE + vdW functional, as in Figure 1.

Table 1. Values of bond lengths (Å) obtained after a structural relaxation (using different density
functional approximations) for the L-ascorbic acid, and their corresponding experimental values in
the last column (see [55]). The atom labelling corresponds to that of Figure 1, following the labelling
structure used in [14].

Parameter LDA PBE PBE + vdW BLYP BLYP + vdW Exp. [55]

C1–O7 1.207 1.215 1.214 1.216 1.215 1.216
C5–O8 1.332 1.352 1.352 1.362 1.362 1.361
C4–O10 1.330 1.350 1.349 1.360 1.359 1.326
C1–O2 1.370 1.389 1.389 1.401 1.401 1.355
C3–O2 1.425 1.446 1.446 1.461 1.461 1.444

C12–O14 1.393 1.415 1.415 1.428 1.429 1.427
C16–O19 1.400 1.424 1.424 1.439 1.439 1.431

C4–C5 1.343 1.350 1.350 1.350 1.350 1.338
C1–C5 1.442 1.456 1.457 1.462 1.463 1.452
C3–C4 1.489 1.504 1.504 1.512 1.510 1.493

C3–C12 1.520 1.544 1.543 1.553 1.552 1.521
C12–C16 1.509 1.530 1.530 1.539 1.538 1.521

Table 2. Values of bond angles (◦) obtained after a structural relaxation (using different density
functional approximations) for the L-ascorbic acid, and their corresponding experimental values
(see [55]). As in Table 1, the labelling setup is based on [14].

Parameter LDA PBE PBE + vdW BLYP BLYP + vdW Exp. [55]

C3–O2–C1 108.4 108.5 108.5 108.6 108.5 109.1
O2–C1–C5 109.5 109.1 109.1 108.7 108.7 109.5
C1–C5–C4 108.1 108.5 108.5 108.9 108.9 107.8
C5–C4–C3 108.6 108.9 108.9 109.3 109.3 109.5
C4–C3–O2 105.4 104.9 105.0 104.4 104.6 104.0
O2–C1–O7 123.9 123.1 123.1 123.0 122.9 121.4
O7–C1–C5 126.6 127.8 127.8 128.3 128.4 129.1
C1–C5–O8 120.1 121.5 121.6 121.8 122.0 124.6
O8–C5–C4 131.8 130.0 129.9 129.3 129.2 127.5

C5–C4–O10 128.0 126.9 126.9 126.4 126.6 133.5
C3–C4–O10 123.4 124.2 124.1 124.3 124.0 117.1
O2–C3–C12 108.0 108.7 108.6 109.1 108.7 114.8
C4–C3–C12 114.2 115.5 115.1 115.9 115.1 110.4
C3–C12–C16 110.2 110.6 110.6 110.9 110.9 111.7
C3–C12–O14 110.8 111.8 111.6 112.0 111.5 112.7

O14–C12–C16 113.2 113.3 113.3 113.2 113.0 106.9
C12–C16–O19 108.3 108.3 108.1 108.1 107.8 108.0
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Table 3. Values of bond lengths (Å)—first two rows—and angle (◦) after structural relaxations (using
the LDA and GGA approximations) for the HO2 hydroperoxyl radical, and their corresponding
experimental values (see [54]). The atom labelling corresponds to that of Figure 2.

Parameter LDA GGA PBE + vdW BLYP BLYP + vdW Exp. [54]

O1–O2 1.320 1.343 1.343 1.333 1.363 1.3
O2–H 0.993 0.989 0.988 0.971 0.989 0.96

H–O2–O1 106.0 105.1 105.2 104.3 104.8 108

3.2. Interaction between C6H8O6 and HO2: Structural Relaxations in a Vacuum

We first performed a structural relaxation in a vacuum, considering the HO2 radical
at an initial vertical distance of 1.67 Å of the L-ascorbic acid C6H8O6, with respect to the
plane that contains its pentagon. Two cases were considered, corresponding to the initial
position of the H-atom in the hydroperoxyl radical, either pointing upwards (case 1) or
downwards (case 2), with the C6H8O6 pentagon taken as reference. In both cases, the
O-atoms axis of the radical is placed parallel to the C6H8O6 pentagon plane. Figure 1 shows
the results for case 1.

In that case, the structural relaxation shows an increase in the distance between
the HO2 radical and the C6H8O6, for all density functional approximations considered.
In the LDA case, we observe a dissociation of one H-atom from the C6H8O6 onto the
radical, something that is not present for the rest of the functionals considered, but, in all
cases, the radical stabilizes around the distance shown in Figure 1, until convergence is
achieved. Table 4 summarizes the absorption energies and recovery times obtained for
the five structural relaxations performed. The results in this section are consistent among
themselves, except for the case of the LDA functional, which overestimates the absorption
energy, resulting in a rather large value for the recovery time.

The structural relaxation results corresponding to case 2—with the H-atom of the HO2
radical pointing downward—are shown in Figure 4, which qualitatively shows a similar
behavior as case 1. Quantitatively, the final vertical distances in this case are smaller than
the previous case. Table 5 shows the corresponding absorption energies and recovery times
for calculations corresponding to case 2. We found reasonable values of those parameters
when considering the PBE, PBE + vdW, and, to some extent, BLYP + vdW, in terms of
sensor developing.

Table 4. Case 1 adsorption energies Eads (in eV) and recovery times (in s) for the interaction between
the HO2 radical and the L-ascorbic acid molecule, using different density functional approximations
(see Figure 3). Calculations were structural relaxations in a vacuum.

Density Functional Approximation Eads τ

LDA −1.81 3.83 × 1017

PBE −0.43 2.31 × 10−6

PBE + vdW −0.36 1.82 × 10−7

BLYP −0.31 2.97 × 10−8

BLYP + vdW −0.44 4.59 × 10−6

Table 5. Case 2 adsorption energies Eads (in eV) and recovery times (in s) for the interaction between
the HO2 radical and the L-ascorbic acid molecule, using different density functional approximations
(see Figure 3). Calculations were structural relaxations in a vacuum.

Density Functional Approximation Eads τ

LDA −1.33 3.35 × 109

PBE −0.78 2.09
PBE + vdW −0.73 0.329

BLYP −0.17 1.18 × 10−10

BLYP + vdW −0.61 3.24 × 10−3
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Figure 4. Structural relaxations for the second case considered in this work, corresponding to the
H-atom of the radical pointing downward. (a) Initial position: the O-atoms axis is placed parallel to
the C6H8O6 pentagon plane. The rest of the images in this figure are shown from this same point
of view and present the final configurations obtained with (b) the LDA, (c) PBE, (d) PBE + vdW,
(e) BLYP, and (f) BLYP + vdW density functional approximations. In both cases, the qualitative
behavior is similar to those of case 1.

4. Discussion

The structural relaxations performed on both substances considered in this work
resulted in bond distances and angles in good agreement with the experimental values. We
used the LDA, PBE, PBE + vdW, BLYP, and BLYP + vdW density functional approximations
in this work mainly to confirm the qualitative nature of the interaction studied, which
was similar for all functionals considered. The use of different functionals improves
the reliability of the results obtained and allows us to focus on the quantitative results
corresponding to the functionals known to be more precise. In this case, PBE + vdW gave
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the most accurate results in terms of geometry and structure, when compared with the
experimental parameters of the systems considered.

We found that the HO2 radical interacts in all cases with the L-ascorbic acid, which can
be assessed as a physisorption in terms of the absorption energy values, according to the
structural relaxations performed. Here, we are considering the typical binding energies for
chemisorption to be above 0.5 eV per atom (see [41], page 195), and, under that criterion, we
conclude that the interaction would rather be a physisorption, even at room temperature,
according to the results obtained using the PBE + vW functional.

The absorption energies for case 2—in which the H atom of the radical points initially
downward—are consistently larger than those for case 1, particularly when the van der
Waals correction is included. This correction allows us to notice the action of the OH bonds
from the acid molecule, in the interaction with the H-atom of the radical.

In all cases, the H-atom from the free radical interacts with an oxygen atom of the
L-ascorbic acid molecule. The corresponding recovery times, calculated using Equation (2),
suggest that L-ascorbic acid could properly detect the presence of the hydroperoxyl radical
at room temperature, as suggested by the results using the PBE and PBE + vdW functionals
in case 2. There, we obtained absorption energies of −0.78 eV and −0.73 eV, and recovery
times of 2.09 and 0.329 s, respectively The double binding located in the pentagon of the
L-ascorbic acid can be considered as a stable reaction site, although we did not find a
reduction process of the HO2 radical.
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