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Abstract

Avenanthramides (AVs) are the phytochemicals found in cereals exclusively in oats. These are widely known natural sub-
stances that have antioxidant properties. The free radical deactivation potential of the eight AVs against five reactive species
has been studied in physiological pH. At physiological pH, the radical quenching processes were studied using the sequential
proton loss followed by electron transfer (SPLET) from the phenolic hydroxyl groups. Using density functional theory (DFT)
computations, theoretical studies have been carried out in the gas phase and aqueous solution at M06-2X/6-31 + G (d,p) level
of theory. The free radical scavenging ability of the studied AVs was analyzed by using conceptual density functional theory-
based parameters and electrostatic potential analysis. By examining the hydrogen atom and electron affinities of each reactive
species, the relative destructive potential of each has been compared. The electron transfer capabilities between the studied
compound and reactive species were identified by utilizing the ionization energy and electron affinity plots. Additionally,
by calculating the redox potentials and equilibrium constants for the entire process in the aqueous solution, the viability of
scavenging the free radical species by selected AVs (both in neutral and mono-deprotonated) has been investigated. From
the analysis, the neutral as well as the mono-deprotonated form of AVs are found to scavenge *OH and *OOH, and *NO,
radicals effectively, while they are inefficacious toward the O,° and *NO radicals.
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1 Introduction

Natural phytochemicals are regarded as a promising source
of novel biologically active agents and interesting mol-
ecules for the creation of both natural and semi-synthetic
medications [1-3]. Their antioxidant activity is the most
common and well-documented. Many natural polyphenols,
including phenolic acids [4-8], catechins [9], flavonoids
[10], anthocyanins [11-13], coumarin [14], stilbenes[15],
and terpenes [16], have been shown for intriguing radical
scavenging action in vivo and in vitro. Likewise, oats, a
grain of the Poaceae family, are one of the staple food crops
that human beings can consume directly. Oats stick out as a
notable reservoir of polyphenols, including the compound
Avenanthramides (AVs) [17, 18]. Among cereals, oats hold
a distinctive position as the primary source of these recog-
nized compounds [19, 20], and they exhibit a wide range
of biological activities including antioxidant, anti-inflam-
matory, anti-itch, anti-irritant, and antiatherogenic proper-
ties [17-19]. AVs have been reported to exhibit antioxidant
activity, with many studies comprising 2p, 2f, and 2c in their
experimental analysis using various assays. It was found that
2c¢ dispenses comparable antioxidant activity to the standard
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synthetic antioxidant BHT in the p-carotene test and is more
active than Trolox in the DPPH assay [20]. According to the
laboratory investigation of antioxidant activity, the activ-
ity order is likewise claimed to be ¢>s>f>p, and 2>1
[21-24]. From a theoretical point of view, the radical scav-
enging activity and the underlying mechanisms (HAT, SET,
SET-PT, and SLPET) have been documented in our prior
research [25] as well as in other studies [26, 27]. However,
these earlier investigations enriched our knowledge and
opened new space to extend to a little bit more about the
radical quenching by these compounds.

Even though free radical production is crucial to the nor-
mal functioning of metabolic systems such as cell commu-
nication, tissue homeostasis, redox regulation, immunity,
defense against infectious illnesses, and many others, their
overproduction causes oxidative stress, which leads to cell
death, and tissue damage leads to neurodegenerative dis-
eases, cancer, diabetes, and cardiovascular disease [28-30].
The major role of these was taken by the reactive oxygen
species (ROS) and reactive nitrogen species (RNS). ROS
are produced as a result of regular metabolic processes or
in reaction to outside influences like UV radiation. The
literature references reactive oxygen and nitrogen species
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(RONG) for their recognized harm to biological systems, pri-
marily consisting of superoxide radical anions, hydroxyl,
and hydroperoxyl radicals, as well as nitrogen monoxide
and nitrogen dioxide radicals, collectively forming ROS and
RNS, respectively. The most oxidizing ROS is the hydroxyl
radical, which is responsible for DNA oxidative damage.
The hydroperoxyl radical’s lengthy half-life permits it to
reach distant cellular sites. Even though the free radical
potential of the nitric oxide radical is minimal, excessive
synthesis may cause damage to cells. It may react with the
superoxide radical anion to form peroxynitrite, a potent oxi-
dizing, and nitrating agent capable of causing protein, lipid,
and DNA damage [31].

Although our previous work established the antioxidant
activity of these compounds by three basic mechanisms,
namely hydrogen atom transfer mechanism (HAT), single
electron transfer followed by proton transfer mechanism
(SET-PT), and sequential proton loss electron transfer
mechanism (SPLET) in the gas phase and ethanol solvents
[25], further investigation is required to fully uncover the
feasibility of quenching reactive species by the compounds
in aqueous solution at physiological pH levels.

Herein, the study extended to the feasibility of radical
quenching with five reactive radical species (hydroxyl,
hydroperoxyl radicals, superoxide radical anions, nitrogen
monoxide, and nitrogen dioxide radicals). For this purpose,
the one-electron transfer between the compound and free
radical species was analyzed using redox potential and equi-
librium constant. Moreover, the results are compared with
the hydrogen atom affinity results to ascertain the relative
free radical potential of the considered RONs. The radical
quenching processes were explained both in the gas phase
and the aqueous phase. The study also included a detailed
surface analysis electronic structure calculation, and chemi-
cal reactivity descriptor investigation to further unravel the
intrinsic properties of the compounds. Figure 1 represents
the compounds included in the study.

2 Computational details

The calculations were performed, and the geometries of all
the structures were fully optimized with M06-2X/6-31+ G
(d, p) level of theory using the Gaussian 16W suite [32]. The

Fig.1 Chemical structures of
selected AVs, and atom labeling

are also included (p =p-cou- HO (0]
maric acid, f=ferulic acid,
c=caffeic acid, and s=sinapic 1 NH
acid)[25]
(0]
Ry 5

optimized structures are given in Fig. S1. A detailed descrip-
tion of conformational search and geometry optimization is
given in our previous work [25]. At the same level of theory,
the selected free radical species were optimized using the
unrestricted open-shell technique. The integral equation for-
malism of the polarized continuum model (IEF-PCM) was
used to account for solvent effects [33]. The solvent water
(¢="78.35) was selected to model the aqueous environment.
The analyses such as electrostatic potential and chemical
reactivity descriptors were finished by Multiwfn 3.8 [34],
which is a multifunctional wave function analysis program.
The wavefunction files for the compounds were acquired
from the Gaussian 16W, which is the input file used by the
wavefunction analyzer program Multiwfn 3.8. All isosurface
maps were rendered by the VMD 1.9.1 program [35] based
on the outputs of Multiwfn. To obtain more accurate results,
the grid spacing for the quantitative analyses of the elec-
trostatic potential on the van der Waals (vdW) surface was
set to 0.25 Bohr, which is slightly finer than the default set-
tings. The polarizable continuum model was used to include
solvent effects. The antioxidant activity results of all the
studied compounds obtained from M06-2X/6-31+G (d, p)
methodology are compared with M06-2X/6-311+ +G (d,
p) level of theory in aqueous solution.

3 Results and discussion
3.1 Reactivity site analysis

3.1.1 ESP

Herein, to unravel the chemical reactivity of the compounds,
the electrostatic potential (ESP) map was utilized for identi-
fying the sites of electrophilic and nucleophilic attack [36].
The electrostatic potential on a van der Waals (vdW) surface
of compounds is shown in Fig. 2. The blue regions indicate
positive potential, i.e., the sites for nucleophilic attack, while
the red regions are prone to electrophilic attack. The green
regions are neutral. It can be seen that the blue regions in all
the compounds are located on the hydroxyl proton, whereas
the red regions lie at the oxygen atoms. Apart from the sur-
face color, the diagrams also represented the quantitative
nature of surface local minima (small blue spheres) and
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Fig.2 ESP-mapped molecular
vdW surface of the AVs studied.
All values are given in kcal/mol

maxima (small orange spheres). The largest negative value
was found to be at O9' (carbonyl) in all the compounds,
and it lies around 35-37 kcal/mol, which corresponds to
the global minimum on the surface. The highest negative
potential at the O9' reveals the high delocalizing nature of
the carbonyl bond.

For 2p, the positive potential at 5-OH (59.37 kcal/
mol) exceeds that of the acidic protons (58.25 kcal/mol).
Conversely, when compared to the 5-OH, the phenolic
hydroxyl group at the 4' position exhibits lower positive
potential values and is less susceptible to nucleophilic
attack. Regarding 1p, this returns to the same, the 4'OH
group is more susceptible to nucleophilic attack. Com-
pared to 2p, the compound 2f exhibits lower nucleophilic
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attack by the phenolic hydroxylic groups. The positive
potential of 4’0OH diminishes to 43.59 kcal/mol com-
pared to 2p which will be due to intramolecular stabiliz-
ing interaction with the oxygen of OCH3. Moreover, for
2c¢ and 1c¢, the highest positive potential or global maxi-
mum was found to be arising from the 4' hydroxyl proton
(65.62 kcal/mol for 2p and 65.97 kcal/mol for 1c). This
gives information regarding the intramolecular interac-
tions which are likely to be displayed by the molecule.
Also found that substitution of the ortho-position of 4'OH
decreases the positive potential value of upon methoxy
group (2 s and 1 s), whereas increases with the hydroxyl
group (2c¢ and 1c).
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3.1.2 Chemical descriptors

The conceptual density functional theory (CDFT)-based
chemical reactivity descriptors such as electronegativity (),
chemical hardness (1)), chemical softness (S), electrophilic-
ity index (w), and chemical potential (i) were defined to
get a deeper understanding of the chemical reactivity of the
compound [37—40] ((Egs. (1)—(8)). The chemical reactivity
descriptors are tabulated in Table 1 and calculated using the
energy vertical method. The capability of the compound to
accept precisely one electron from a donor is measured by
its electron affinity (EA), and the measure of the compound
to give away an electron is given by its ionization potential
(IP) (Eq. (1)-(2)).

Vertical ionization potential (VIP) = E_ ;. — Eooutral (1)
Vertical electron affinity (VEA) = E, ;a1 — Eanion )
Mulliken electronegativity(y) = %(VIP + VEA) 3)
Chemical potential(y) = — y 4)
Hardness(n) = %(VIP — VEA) 5)
Softness(s) = 1
- 25 (6)
e
Electrophilicity index(w) = o @)
n

NML'ZE(IphlllClly l”dex(NAvemmthramide) = EHOMO(Avenanthrumide)

The chemical hardness of the molecule is the rigidity of
the molecule, i.e., the resistance of a molecule to undergo
polarization of the atom according to the external envi-
ronment [38]. It reveals the overall charge cloud and the
stability of the molecule. Chemical softness is the reverse
of hardness, i.e., it explains the easiness of the electron
cloud to undergo polarization [38]. The chemical poten-
tial of the molecule is generally the tendency of the elec-
tron to move from the region of higher potential to lower
potential until it becomes equilibrated. In DFT, chemical
potential measures the escaping tendency of an electron
from equilibrium and is the negative of electronegativity
[41]. Electronegativity is the tendency to attract electrons
toward it. The electrophilicity index is the strength of the
electrophilicity of the species which is an indication of
chemical reactivity and a useful tool in accessing chemical
and toxicological potentials of the molecule [40].

The obtained ionization potential and electron affin-
ity are in the range of 7.55-7.87 eV and 0.55-0.60 eV,
respectively. These values are comparable to the values
of quercetin which is a well-known antioxidant molecule,
where IP and EA, respectively, are 7.86 and 1.03 eV. The
investigated compound’s high ionization potential and
low electron affinity demonstrate that it is more difficult
to remove an electron than to accept one. The electron-
egativity of the studied compounds is low compared to
quercetin. Hence, the chances of electron transfer from
the compounds to neutralize free radical species are high.
Similarly, the chemical potential values are also lower
than the reference compounds. The chemical potential and
electronegativity are the properties of the entire molecule,
which remains constant throughout the system. Hardness
is identified as the charge density, which is the ability to
hold an electronic charge once it has been acquired. Hard-
ness indicates a molecule’s difficulty to using electrons,

(® while softness is the inverse of hardness. These charac-
- EHOMO(Tetmcyanoeth)'lene) . . . . . .
teristics have comparable values to quercetin, indicating
their potential as anti-oxidants. The chemical reactivity
Table'l Chemical reactivity 2p of 2% 9 Ip 1f le 1s Quer*
descriptors of the selected
AV’ obtained at the P 767 755 766 755 793 771 787 7168  1.86
M06-2X/6-31+G (d.p) level EA 054 055 055 059 059 058 059 060 1.03
of theory in the gas phase (Unit
eV and for softness eV-1). All Electronegativity 411 405 410 407 426 414 423 414 444
the descriptors are calculated Chemical potential —-4.11 —-4.05 —-4.10 -4.07 -426 —-4.14 -423 -—-414 -444
for Quercetin and taken as a Hardness 357 350 356 348 367 356  3.64 354 341
reference for comparing results Softness 014 014 014 014 014 014 014 014 015
Electrophilicity index 1.18 1.17 1.18 1.19 1.24 1.21 1.23 1.21 2.89
Nucleophilicity index 2.04 2.16 2.06 2.14 1.82 2.05 1.90 2.03 1.80

* The nucleophilicity index was calculated for tetracyanoethylene

*Quer is quercetin used as a reference to compare results
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descriptors of the quercetin were calculated by optimizing
the structure with a suitable level of theory.

3.1.3 Gas phase basicity (GPB) and acidity constant (pKa)
determination

Next, the order of deprotonation tendencies of each hydroxyl
group in the selected AVs was analyzed. The phenolic
hydroxyl groups as well as the carboxylic functional group
may dissociate or get ionized depending on the pH of the
medium. Hence, the step-wise proton release in aqueous
solution of compounds was studied by calculating the pKa
values of each OH proton using the thermodynamic cycle
given in Fig. 3. The gas phase basicity (GPB) was computed
as the negative of the Gibbs energy change associated with
its protonation reaction in the gas phase.

Applying the thermodynamic cycle given in Fig. 3, the
basicity of AV in an aqueous solution was calculated using
Eq. (9), and Eq. (10) is used to calculate the pKa values of
each deprotonation.

AGY,,,,(aq) = GPB + AG,, (AV(OH),_;0")
+AG°

solv(H+) - AG?OIV(AV(OH)'!) (9)
where AGOsolv (AV (OH) n) and AGOsolv (AV (OH) n-1)
are the solvation energies of the AV and its anion, respec-
tively. The standard hydration Gibbs energy of the proton,
AGOsolv(H+), was taken as —265.89 kcal/mol at 298.15 K
temperature and 1 atm pressure [42, 43].

AG®  (a
PK, = AGpror(@) (10)
“«~ TRTIn10

The computed gas and aqueous solution basicities for the
ionization of each hydroxyl group present in the compounds,
along with their sequential pKa values, are given in Table 2.
The lower pKa value of the carboxylic hydroxyl group of
all the selected compounds revealed the predominance of
carboxylates of AVs in physiological pH. The previous

AV(OH), AV(OH)n-IO(') + HY
g

(2 (g

AGO. (AV(OH),) AGs (AV(OH)»10) AG .y (H*)

AGacprot (aq)

AV(OH)x AV(OH)u.1O- + H?
(aq (aq)

) (aq)

Fig.3 Thermodynamic cycle to calculate the GPB and pKa values of
the deprotonation sites present in AVs (the compound AV is repre-
sented as AV (OH)n for explaining the concepts)

@ Springer

Table2 Calculated gas and aqueous solution basicities (kcal/mol)
and pKa values of AVs

Compound Bond GPB AG® deprot(aq) pKal pKa2
2p COOH 31733 3.36 247 -
5 OH 332.25 18.08 13.31  17.17
4'OH 323.02 1597 11.75 1275
2f COOH 317.27 4.22 3.10 -
5 OH 330.21 18.32 1348 17.76
4'OH 327.81 18.23 1342 15.63
2c COOH 316.16 4.18 3.08 -
5 OH 331.55 18.30 13.47 17.70
4'OH 316.18 11.70 8.61 9.92
3'OH 335.98 20.08 14.78 17.16
2s COOH 316.30 6.34 4.66 -
4'OH 325.09 17.04 12.54  13.90
5 OH 330.72  18.29 1346 17.21
1p COOH 317.20 5.82 4.28 -
4'OH 32231  15.61 1149 12.67
1f COOH 317.55 5.51 4.06 -
4'OH 327.16 17.60 1295 14.37
1c COOH 316.77 4.54 3.34 -
4'OH 316.09 12.23 9.00 8.73
3'OH 335.87 21.05 1549 16.08
1s COOH 318.19 5.57 4.10 -
4'OH 325.19  16.67 1227 13.24

reports also suggest that the compounds containing carbox-
ylic functional groups exist in their monoanionic forms at
physiological pH [44]. The entire studied compounds exist
in their mono-deprotonated form in biological conditions.
The second deprotonation sites in all the compounds are
found to be favored from 4'OH. It refers to the enhanced
charge delocalization of anionic species generated from the
para-phenolic group via extended conjugation. On compar-
ing, the pKa for second deprotonation, the lower was found
to be for caffeic acid derivatives, 2¢ and 1c¢, 9.92 and 8.73
kcal/ mol, respectively. The lower value of pKa of 2¢ and
1c will be due to stabilization by intramolecular hydrogen
bonding from the nearest hydroxyl group in addition to the
charge delocalization. The obtained pKa values are con-
sistent with the experimentally reported pKa values of the
caffeic acid [45, 46]. Literature reports the pKa values of
the acidic proton, 4'OH, and 3'OH, respectively, 3.6—4.49,
8.6-9.3, and 10.3-12.7 kcal/mol [45, 46]. The methoxy sub-
stitution (electron-donating) ortho to 4' OH decreases the
tendency of proton transfer due to the formation increased
charge cloud near the anionic species. For 2¢ and 1¢, the
pKa values 5 OH and 3'OH lie in the range of 16—18, meant
for the higher basicity. The bulkiness and type of the sub-
stituents are two significant elements that influence the
deprotonation sequence. Furthermore, the stability of the
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resultant anionic species is important in defining the subse-
quent deprotonation and pKa values of the phenolic groups.

The pKa values show that the compounds exist as their
mono-deprotonated forms (carboxylate form) at physiolog-
ical pH. With the increase in pH, the next deprotonation
occurs from the 4'OH phenolic hydroxyl group of the com-
pounds which results in the formation of dianion of AV.
The pH range at which each compound forms its dianion
changes according to the structure. The compound 1c¢ and
2c¢ around pH 8.7 and 9.92, respectively, forms their AV
4'-O-monoanion carboxylates. The pKa values of other AVs
2p, 2f, 2 s, 1p, 1f, and 1 s, respectively, for the formation
of its di-anionic form are 12.75, 15.63, 13.9, 12.67, 14.37,
and 13.24. It means that these compounds form 4'O™ anion
from the carboxylate forms of its corresponding AV at an
increased pH value. Figure 4 represents the effect of pH on
the ionization of 2c.

3.2 Radical scavenging activity

Our previous study reported the antioxidant activity of the
compound by HAT, SET-PT, and SPLET mechanisms in the
gas phase and ethanol medium [25]. Our study concluded
the preference HAT mechanism in the gas phase and the
SPLET mechanism in the ethanol medium [25]. In the HAT
mechanism, the radical deactivation occurs through the
donation of hydrogen atoms by the phenolic OH groups in
each compound, and also obtained that the carboxylic acid
proton and amide proton (N-H) are least stable for the radi-
cal quenching process. In the solution phase, phenolic OH
groups scavenge free radical species by forming its anion and
followed by electron transfer. (COOH and N-H proton are
obtained to be less significant due to comparatively higher
value of ETE.) Later on, Xue et al. [26]. and Purushotha-
man and co-workers[27] concluded expression of the same
mechanism in both gas phase and solution phases. The HAT,
SET-PT, and SPLET parameters and a detailed description
of these mechanisms of the AVs in aqueous solution are

"
- L) o
5 o 29 29
>e e b B "M 9
51" 59 59
" d [ ) L}
‘\”‘ 9 “"
»e »o ’
e 9 o
o ) QO »° al
1*1‘ %9 9 L} n 8]
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Fig.4 Effect of pH on the ionization of 2¢

explained in the supplementary information (Section S1 and
Table S1, Table S2, Table S4). Herein, we compared the
results of antioxidant activity with M06-2X/6-31+G (d,
p) and M06-2X/6-311+ + G (d, p) levels of theories and
also the antioxidant activity of phenolic hydroxyl groups in
deprotonated form (carboxylate form of each compounds)
of each compounds also included.

From Table S1, it can be observed that for the compounds
2p and 2f, the lowest BDE is exhibited by the 5-OH fol-
lowed by 4'-OH, and in other cases, the 4'-OH is followed by
5-OH. No much change in BDE was observed in the aqueous
phase. However, it follows the same trend as the gas phase
of each molecule under consideration. In the aqueous phase,
the BDE value of 4'-OH is found to be lower than in the gas
phase due to greater stabilization of the radical formed. The
compound 2¢ and 1c¢ possess the lowest BDE among oth-
ers through 4'-OH with BDE of approximately 77-79 kcal/
mol. The lowest energy revealed the stabilization of radicals
formed through delocalization through the ring [25] and the
stabilization of the radicals formed by intramolecular hydro-
gen bonds. In the aqueous solution, the BDE of the 4'-OH
slightly increased. It may be due stabilization of radicals
formed with hydrogen from the solution, which is less feasi-
ble than stabilization through delocalization. For 3'-OH and
5-OH, the bond becomes more potent in the aqueous phase
by their lower BDE values compared to the gas phase values
which will be due to the stabilization of radicals formed
through the solvent cage effect. Considering 2f and 2 s, the
presence of a methoxy group ortho to 4'-OH decreased the
BDE value of 4'-OH but was still greater than 5-OH, and
the addition of second methoxy group, a decrease in BDE
much less than 5-OH was observed. So for 2 s hydrogen
donation, capability of 4'-OH becomes more favorable than
2f and 2 s and hence has a higher H-donating ability. So
based on the BDE, the hydrogen donating capability obeys
the order 2¢>1¢>2 s>1 s>2f>1f>2p > 1p in the gas
phase and aqueous phase. The order obtained is consist-
ent with the order of radical-trapping activity in the DPPH
assay [22]. The results of BDE values are very close to each
other in both levels of theories and follows the same trends
among compounds. The change BDE value of 0.27 kcal/
mol is obtained for 4'-OH of 2¢ in M06-2X/6-311+ + G (d,
p) compared to M06-2X/6-31+G (d, p). The differences
between both levels of theories values are found to be not
greater than 10 kcal/mol [7].

The ionization potential (IP) of AVs becomes lesser in the
aqueous phase revealing the high electron transferability in
the aqueous phase than gas phase (Table S2). The sequence
of IP values of compounds in the gas phase is observed to
be 2 s<2f<2p<2c<1s<1f<lec<l1p in the gas phase,
whereas in the aqueous phase, it follows 1f <2p <2
s<2p<1s<lec<1p<2f<2c. The order of radical scav-
enging activity is much different from the HAT mechanism
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because IP value influences the whole structure of the mol-
ecule, whereas HAT is affected by the local phenomena
induced by the substituents. Even though the IP values in
gas phase not much deviates in both theories and follows
same trend, an observable deviation is found in aqueous
phase, approximately of 23 kcal/mol. But still both theo-
ries follows same trend in activity. The higher IP values in
M06-2X/6-31+G (d, p) are found to be due to the very low
solvation enthalpies of electron in aqueous phase. Solvation
enthalpies of electron and proton in both levels of theories in
both solvents are given in Table S3. The solvation enthalp-
ies of electron in aqueous phase both M06-2X/6-311+ +G
(d, p) and M06-2X/6-31+ G (d, p) levels of theories are
—0.041879 and —0.002978 Hartree, respectively, which are
calculated by methodology suggested by Markovic et al.[47].

The proton dissociation enthalpy values obtained by the
deprotonation of radical cation formed in the aqueous phase
are more feasible than the gas phase of approximately 200
kcal/mol. The 4'OH of 1c¢ and 2¢ has the lowest value of
PDE in both phases. The 4'OH of each compounds pos-
sesses lower PDE value among other OH groups in the
respective molecules except for 2p and 2f. For 2p and 2f,
the SOH has lower PDE value. The PDE values of each
compounds differ only approximately of 1 kcal/mol with
M06-2X/6-3114+ +G (d, p) and M06-2X/6-314+G (d, p)
levels of theories, and both follows same trend. The lower
PDE value in aqueous phase than the BDE value does not
conclude the feasibility of the mechanism toward radical
scavenging activity. Because, to reach the second step, (i.e.,
PDE), the compounds should overcome the energy barrier of
first step (IP). So when compared to BDE values, IP values
are very high. Hence, SET-PT mechanism can be excluded
from the antioxidant activity of selected compounds in aque-
ous phase too.

The parameters of SPLET mechanism in aqueous phase,
the PA, and ETE value both M06-2X/6-311+ +G (d, p)
and M06-2X/6-31+ G (d, p) levels of theories are given in
Table S4. As expected, PA values in the aqueous medium
are lower than the gas phase and also lower than the BDE
value corresponding in the aqueous medium. Hence in
polar solvent, herein in water, the AVs favor deprotona-
tion of the hydroxyl group. The PA values are very close in
both the level of theories, and the differences in enthalpies
are less than one kcal/mol. In aqueous medium, the PA
values are around 280 kcal/mol lower than the gas phase.
Among the selected compounds, the c-series compounds
(2c and 1c) possess lower PA values and which is by the
group 4'OH. The second step of SPLET mechanism is the
electron movement from the anionic form of the com-
pound. The ETE is the corresponding descriptor. Due to
low solvation enthalpy value of electron, the ETE value
calculated using M06-2X/6-311+ + G (d, p) are found
to be lower than M06-2X/6-31+ G (d, p) as explained in
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case of IP values. The difference is around 20-24 kcal/
mol. Hence, the M06-2X/6-311+ + G (d, p) level of
theory is better for explaining the SPLET mechanism in
aqueous phase. Both the results of M06-2X/6-31+G (d,
p) and M06-2X/6-311+ + G (d, p) follow same trend in
reactivity.

Considering PA + ETE values, the 4'-OH of 2¢, 2 s, 1p,
1f, 1c, and 1 s are found to be less energy demanding toward
radical scavenging mechanism. For 2p and 2f, the 5-OH is
found to be more reactive due to its comparatively lower
energy. These are the active groups in the selected com-
pounds, where the SPLET process is most likely to occur in
polar liquids. The order of radical scavenging ability in polar
solvent follows as 2¢>1¢>2s>1s>2f>1f>2p>1p. The
order was in good agreement with the experimental results
[22]. The order is consistent with that of the HAT mecha-
nism. Considering 2 series compounds, the PA values of
5-OH do not change appreciably upon changing the substi-
tution on the B-ring which means that substitution on the
B-ring does not affect the A ring. Moving from 2f to 2¢ and
2 s, the deprotonation from the B-ring becomes more feasi-
ble due to the stabilization of the ortho-substituent. The ETE
values are very close to each other, indicating that the intro-
duction of substituent on the B-ring has a minor effect on the
electron-donating ability of 5-O~ anionic forms. Moreover,
as given 2 series and 1 series compound, the OH substituent
on the 5th position has little effect on the B-ring.

Hence in an aqueous solution, the SPLET pathway is the
preferred mechanism, in which the OH group first forms its
anion and further electron transfer leads to radical deacti-
vation and the compound forms its radical. The generated
radical further stabilized through the resonance.

The selected compounds in all cases contain a -COOH
functional which gets ionized and forms its carboxylates
in solution phase, which is evident from pKa calculations.
Hence, the antioxidant activity of carboxylate forms of all
compounds is calculated in aqueous phase and tabulated
in Table S5. The descriptors BDE, IP, PDE, PA, and ETE
values are reported in Table S5. From the descriptors, the
PDE values are found to be lower than other descriptors
but in higher value of IP, the SET-PT mechanism can be
excluded from the explaining antioxidant potential of the
compounds as discussed above. The PA values are found
to be lower than the BDE values. Hence, SPLET will be
the thermodynamically preferred pathway in carboxylate
form of compounds also. The lowest PA value is exhibited
by the 2¢ by the 4'-OH group followed by 1c¢ by the same
group. These values are found to be slightly higher than the
non-dissociated or unionized form of the compound (2¢ in
non-dissociated form PA =45.58 kcal/mol, 2¢ carboxylate
form PA =46.87 kcal/mol). The order of PA +ETE follows
as2¢>1c¢>2s>1s>2f>1f>2p> 1p. The order is consist-
ent with the non-dissociated form of compounds.
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In conclusion, HAT and SPLET is the thermodynami-
cally preferable mechanism in gas phase and aqueous
phase, respectively. The results of the antioxidant descrip-
tors, BDE, PA, and PDE, produces close results with
M06-2X/6-311+ +G (d, p) and M06-2X/6-31+G (d, p)
methodologies, and deviations were observed with IP and
ETE values. It was observed that the large difference in the
solvation enthalpies of electron in aqueous media is the rea-
son for deviation. Hence, calculations involving electron sol-
vation enthalpies in water media can be better explained by
higher levels of theories, and otherwise, M06-2X/6-31+G
(d, p) was found to be sufficient.

3.2.1 Quenching of reactive oxygen species and nitrogen
species (RONs)

Reactive oxygen and nitrogen species (RONs) are vital in
cell signaling, immunity, and tissue homeostasis and are
required for proper physiological activities [48, 49]. Excess
radical species, on the other hand, are implicated in the
development and accelerated pathogenesis of a variety of
disorders [48]. The common radical species ROS include
oxygen-based free radicals, such as the superoxide radi-
cal anion (0,°7), hydroxyl (HO®), alkoxyl (RO*®), organic
peroxyl (ROO®), and hydroperoxyl (HOOe) radicals. RNS
comprises peroxynitrite (ONOQO™), nitric oxide (NO*), and
nitrogen dioxide (NO,") [50]. We considered five RONs that
are significant for biological systems among reactive free
radicals. The hydroxyl, hydroperoxyl radicals, and superox-
ide radical anions are selected under ROS and nitric oxide
and nitrogen dioxide radicals among RNS.

3.2.2 Hydrogen atom affinity (HAA) and electron affinity
(EA)

The energy needs of AVs and selected radical species are
essential in predicting probable radical scavenging pro-
cesses. So for this purpose, the hydrogen atom affinity
(HAA) and electron affinity (EA) of each radical species
were calculated both in the gas phase and aqueous medium
with the help of Eqgs. (11) and (12), respectively, for HAA
and EA.

R +H — RH (11)

R +e¢e - R (12)

where R*® represents the radical species, R™ is the radical
after one electron acceptance and RH is the protonated
radical species. The triplet state of NO was considered for
calculating the EA. The values of H* and e were calcu-
lated using the method. The frequently recognized value of
0.7530 kcal/mol for the electron enthalpy can be used to
calculate the standard values of electron enthalpies in the

gas phase [51]. The enthalpies of hydrogen radicals and
electrons in the gas phase and water phase are calculated
by the methodology proposed by Markovi¢ et al. [47]. The
enthalpy values for the hydrogen atom and electron are tabu-
lated in Table S3 both in gas phase and aqueous phase using
M06-2X/6-311+ +G (d, p) and M06-2X/6-31+G (d, p)
levels of theories.

The computed HAA and EA values are tabulated in
Table 3. The highest HAA value of hydroxyl radical among
all radicals in the gas phase and aqueous phase describes the
highly destructive nature of the OH radical. The O,°* and *NO
radicals are in the lower range, suggesting that they are fruit-
less at accepting a hydrogen atom either in the gas phase or
in an aqueous solution. Further, the HAA of the majority of
the species under examination increases upon solvation. The
HAA values calculated both in gas phase and aqueous phase
are very close with two levels of theories and hence both are
acceptable.

The tendency of electron acceptance and formation of its
anion is higher for *°NO, followed by *OH and *OOH in the
gas phase. The electron acceptance and formation of corre-
sponding anion O, is found to be quite energetically unfa-
vorable in the gas phase due to its positive electron affinity
but favorable upon solvation. The negative value of *NO radi-
cal in the gas phase is also meant for the lower free radical
potential. However, the EA values of each reactive species
are found to be much higher in the solution phase as com-
pared to the gas phase. The EA values in aqueous solution with
MO06-2X/6-311+ +G (d, p) are found to be much lower than
MO06-2X/6-31+ G (d, p) methodologies, which will be due to
the very low solvation enthalpy of electron in aqueous phase
in M06-2X/6-31+ G (d, p) method (Table S3). The trends in
activity concluded are same in both methodologies.

In conclusion, according to HAA and EA values, hydro-
gen atom acceptance and detoxification through the HAT
(hydrogen atom transfer) mechanism will be highly favora-
ble for the radicals, hydroxyl, hydroperoxyl, and nitrogen
dioxide radicals among selected free radical species in the
gas phase and aqueous phase. The SET or SET-PT mecha-
nism, which includes the transfer of a single electron (con-
nected with EA value in Table 3), is unfavorable for super-
oxide radical anions and nitric oxide in the gas phase, and
it is higher for radicals *OH, *OOH, and *NO, in both solu-
tions. In the SPLET mechanism, the second step is electron
acceptance (by radical species from antioxidant species) also
favorable for *OH, *OOH, and *NO, radicals due to their
feasible EA values.

3.2.3 Electron Affinity (EA) versus lonization Energy (IE)
map

To assess the electron transfer power between the radical
and the selected compounds, vertical ionization energy
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Table 3 Computed HAA and RONS HAA EA
EA of the considered ROS/RNS
(kcal/ mol) in the gas phase Gas Aqueous Gas Aqueous
and aqueous solution both in
xgg:iéjgji;—ffé%dg)d . o '_J -116.37 -118.28 -36.55 -114.22
g OOT_I '_'J -84.98 -85.56 -21.50 -92.30
g .02 " -59.99 -65.57 165.71 -38.55
é MO “ -47.02 -49.50 -5.66 -72.40
:NOZ f" -80.27 -83.36 -55.95 -117.71
- . o ‘) -116.10 -117.88 -37.17 -90.37
§ OO?I '_‘J -85.12 -85.59 -22.80 -69.18
g -02 “ -59.82 -65.30 166.03 -14.52
% NO “ -45.98 -48.39 -5.64 -48.10
NO: .* o -79.59 -82.41 -56.03 -93.37

(IE) and vertical electron affinity (EA) were employed.
It has previously been observed that antioxidant species
could either give or take up an electron to scavenge free
radicals [52, 53]. This demonstrates that the electron trans-
fer reaction is governed by the ionization energy and the
electron affinity of the antioxidant and the free radical.
Low ionization energy indicates that the molecule will
donate an electron at a low energetic cost, but high elec-
tron affinity indicates that the molecule will readily take an
extra electron. Here, the single electron transfer tendencies
of the compounds are considered.

For this purpose, the IE versus EA map includes
selected free radicals, selected AVs, and their mono-depro-
tonated forms (carboxylates) (Fig. 5 and Table 4). The
electron flow will occur from molecules in the bottom left
area of the map to molecules in the top right section of the
map. Hence, a radical scavenging action will take place.
All the AVs and their mono-deprotonated forms lie in the
bottom left area of the map and are better electron donors
and worse electron acceptors than the *OH, *OOH, and
*NO, radicals. Hence, they are predicted to act as electron
donors to deactivate these free radicals.

Selected AVs and their mono-deprotonated equivalents,
as well as the free radicals O,* and °*NO, are localized
more or less at the same position in the map. As a result,
no electron transfer between AVs or mono-deprotonated
forms and the radicals O,°* and °*NO is expected. As can be
seen from Table 4 and Fig. 5, deprotonated forms are bet-
ter electron donors than the neutral form of the molecule.
The electron affinities are lower in mono-deprotonated
molecules than the neutral molecules. According to these
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results, deprotonated AVs will be better scavengers for
radicals *OH, *OOH, and *NO, than AVs.

3.2.4 Redox potentials and equilibrium constant
calculations of AVs with reactive species

From our previous calculations, it was found that the com-
pounds in the aqueous solution preferred the SPLET path-
way (proton dissociation and electron transfer) to scavenge
the free radical species. Moreover, Xue and colleagues [26]
reported the presence of a monoanionic form of the AVs
at physiological pH and also confirmed from previous pKa
calculations (formation of carboxylates at low pH). Thus,
we have considered the viability of various reactive spe-
cies under study by AVs through a SPLET pathway in the
aqueous solution at physiological pH. The redox potential
and equilibrium constant for the overall reaction were calcu-
lated by employing the previously reported methodologies
[54]. Let us now explore if neutral and mono-deprotonated
versions of compounds in an aqueous solution could effec-
tively scavenge various RONs. The overall redox reaction of
neutral and mono-deprotonated AV with RONs can be rep-
resented by Eqs. (13) and (14), respectively. In Eq. 13, the
overall route of radical deactivation by the neutral form of
the compound (non-dissociated) of AV through the SPLET
pathway is included, whereas in Eq. 14, the mono-deproto-
nated form or carboxylate form of AVs is considered. The
feasibility of scavenging radicals by the pathway is analyzed
by calculating the redox potential and equilibrium constant
values.
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Fig.5 Map allows a straightforward comparison of the electron
donor—acceptor capability of AVs (squares), mono-deprotonated AVs
(squares with filled colors), and radicals eOH (circle-pink), *OOH
(circle-light green), O,* (circle-royal blue), *NO (circle-orange), and
°*NO, (circle-purple) in water (values are given in kcal/mol)

AG°

rxn

AV(OH),COOH + R* —3 AV(OH),_,0"COOH + RH
(13)

AG°

AV(OH),COO~ + R —5 AV(OH),_,0°'COO~ + RH (14)

Using the three thermodynamic cycles given in Fig. 6, the
redox potential was calculated. The first step of the SPLET
mechanism, i.e., loss of a proton (Eq. (15)), and the second
step, scavenging of the free radical species (Eq. (16)) are
shown as

AG°
Av(oH),co0~ "2 aviom), ,0-coo- +H* (15

AGO(ID)
AV(OH),_,0~COO™ + R + H* o] AV(OH),_,0°COO~ + RH

(16)

Table 4 Ionization energy and electron affinity value (kcal/mol) of
the selected compound, mono-deprotonated species, and radicals
using M06-2X/6-31+G (d, p) level of theory

Species Vertical ioniza- Vertical elec-
tion energy tron affinity
Radicals o«OH 286.26 116.26
«OOH 203.36 93.67
02 116.97 39.87
oNO 146.52 73.47
oNO2 230.92 119.06
Non-deprotonated 2p 135.09 53.41
AVSs
2f 132.60 53.52
2c 134.20 53.70
2s 133.35 54.31
1p 138.95 54.36
1f 134.66 54.37
1c 136.84 54.58
1s 135.44 54.80
Mono-deprotonated 2p 127.22 47.07
AVs
2f 126.39 47.15
2c 127.20 47.36
2s 126.72 47.82
1p 132.97 48.45
1f 130.72 48.40
1c 132.35 48.64
1s 131.30 49.01

The reaction (16) may split up into two half-cell reactions
represented as (Egs. (17) & (18))

AGO(i
R+H +e " rH a7

AGO(ii)
AV(OH),_,0~COO™ = AV(OH),_,0°COO™ + ¢~ (18)

The standard Gibbs free energy change for the redox reac-
tion (AGrxn) can be calculated using Eq. (19),

AG® = AG (1) + AG (D) (19)

FXi

where AG® (I) is the Gibbs energy change for the step of
deprotonation (first step) and AG? (II) for the second step.

AG(I) = AGgm(I) +AGY  (AV(OH),_,0~COO0")
+AGY (H") - AG  (AV(OH),CO0™)

solv solv

(20)

AGID) = AG°(i) + AG(ii) (1)
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AG g
AV(OH),COO ————>  AV(OH),.0" COO- + H*
(2 (@ (2
AG 1y AG 0y AG
(AV(OH),COO- (AV(OH),;0-CO0r ()
AV(OH)COO- " H
- - -+
o0 AV(OH)10" €00+ Moy
R, + Hi & + ¢ AGE"
© ® € RH
AG%1y AG 1y AG 01y
R") (HY) (RH)
AG° @) RH
+ + " (solv)
(solv) H (solv) e (solv)
AG a5y

AV(OH)p O COO'( )—> AV(OH)n.10"C00.('g)+ €Q
g

AG 01y
(AV(OH),.10°C00")
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AV(OH)H-IO- COO- #) AV(OH)“‘IO.COO ?solv) + e-(sulv)

(solv)

Fig.6 Thermodynamic cycles to compute the standard Gibbs energy
change for different reactions in aqueous solution

AG(i) = AG, (i) + AG), (RH) — AG, , (R") = AG), (H")
(22)

AG (i) = AG? (i) + AG®  (AV(OH),_,0°COO0™)
g) solv n (23)

— AGY

solv

(AV(OH),_,0~C0O0O")

Then, the corresponding redox potentials and the equi-
librium constants were calculated using Eqs. (24) and (25),
respectively, with different radical species. Here, F repre-
sents the Faraday constant (23.06 kcal mol~! V7).

rwn — T
logK = FE 25
°8 % = 2303RT (25)

The equilibrium constant and redox potential
for the radical reaction are tabulated in Table 5 in
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MO06-2X/6-31+G(d, p) methodology. From the table, it
is observed that among the considered reactive species,
the hydroxyl group has the highest value of equilibrium
constant and redox potential values for both neutral and
mono-deprotonated forms of all compounds. Therefore,
we can say that the scavenging of hydroxyl radicals by the
compounds at the physiological pH is highly advantageous
and spontaneous. The Gibbs free energies corresponding
to the scavenging process via the SPLET mechanism are
also found to be highly negative for hydroxyl radicals in
all cases (both non-deprotonated and deprotonated forms)
indicating the feasibility of radical deactivation aqueous
solution (Table S6).

Among the species, c-series compounds have a higher
equilibrium constant than others for all reactive species
followed by s-series compounds. In c-series compounds,
2¢ possesses higher radical quenching in the non-dis-
sociated form and 1c¢ in the mono-deprotonated form.
The order of radical scavenging activity follows caffeic
acid (c-series) > sinapic acid (s-series) > ferulic acid
(f-series) > p-coumaric acid (p-series). These results
are in line with the previously reported studies on radi-
cal scavenging activity [22, 26]. The higher scavenging
activity of the c-series and s-series of compounds was
due to the presence of stabilizing hydroxyl and methoxy
groups. The equilibrium constant and redox potential
of all the compounds including both forms are negative
for O2.- and. NO radicals. Hence, these radicals are not
scavenged by the selected AVs. The .OOH radicals are
scavenged by all the compounds except 1p. Likewise,
NO2 also exhibits a positive equilibrium constant in
most of the cases (2f neutral state and 1p in both forms
are exceptions) and shows that it also can scavenge the
selected compounds.

The higher values of the equilibrium constants in
the case of the mono-deprotonated forms indicate their
greater potential for scavenging the reactive species. The
ease of scavenging of the considered RONs by both the
neutral and mono-deprotonated forms of compounds
follows the order: *OH > °*OOH > *NO2> 0, * >°NO,
which is consistent with the order of the hydrogen atom
affinity (HAA) in aqueous solution.

4 Conclusions

In the present work, we have explored the feasibility of
quenching five free radical species by eight main oat phe-
nolic antioxidant Avenanthramides; 2p, 2f, 2¢, 2 s, 1p,
1f, 1c, and 1 s using M06-2X/6-31+G (d, p) as well as
M06-2X/6-311+ +G (d, p) level of theories. Theoretical
elucidation of quenching of free radical species by selected
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Table 5 Calculated redox potential (E

TXN.

) in V, and the equilibrium constant (K) for the scavenging of each reactive species by the neutral and

monoanionic form (bracket) of AVs via the sequential proton loss electron transfer mechanism in M06-2X/6-31+G (d, p) level of theory

RONs  Redox potential (E,,,,)
2p 2f 2c 2s 1p 1f lc 1s
*OH 1.58 1.51 1.70 1.63 1.47 1.54 1.67 1.63
(1.50) (1.55) (1.71) (1.66) (1.42) (1.55) 1.77) (1.64)
*OOH 0.13 0.06 0.25 0.17 0.02 0.09 0.22 0.18
(0.05) (0.10) 0.26) 0.21) (-0.03) (0.10) 0.32) 0.18)
0,° —-0.67 —0.74 —0.55 —0.62 -0.78 —0.71 —0.58 —0.62
(=0.75) (—0.70) (—0.54) (—0.59) (—0.83) (=0.70) (—0.48) (=0.61)
*NO —1.39 —1.46 —1.27 —1.34 —1.50 —143 —1.30 —1.34
(—=1.47) (—-1.42) (~1.26) (-1.31) (~1.55) (—1.42) (=1.19) (—=1.33)
*NO,  0.05 —0.02 0.17 0.10 —0.06 0.02 0.14 0.10
(=0.03) (0.02) 0.19) (0.13) (=0.1) (=0.02) (0.25) (0.11)
Equilibrium constant (K)
*OH 6.27x10% 3.90x 10% 6.10x 10?8 3.79% 1077 7.68x 10** 1.35%x 10 2.06%10? 431x10%
77x10%)  (1.82x10%)  (1.05x10%)  (1.33x10%)  (1.24x10*)  (1.95x10%)  (1.21x10°%)  (5.70x10%)
*OOH  1.48x10? 9.22 1.45%x10* 8.97x10? 1.82 3.19% 10" 4.88%10° 1.02x10°
(6.55) (4.32x 10" (2.48%x 10% (3.16x 10% 2.93x107)  (4.61x10Y (2.87x10%) (1.35%10%)
0,  416x1072  258x107°  4.05x107'°  251x107" 5.09%x10™  895x107" 137x10710  2.86x 107!
(1.83x1071%)  (1.21x107%)  (6.96x1071%  (8.85x1071) (8.22x107)  (1.29%x107%)  (8.04x107%)  (3.78x 107
*NO 2.85x107%4 1.77x107% 2.77x107% 1.72x107% 3.49%x107%6 6.13x107% 9.35x107% 1.96x107%
(126x10%)  (8.28x107%)  (4.77x10%%)  (6.06x10%) (5.63x1077)  (8.84x107) (551x10%) (2.59x107%)
*NO, 841 5.22x107! 8.19x10? 5.08x 10! 1.03x107! 1.81 2.76x10? 5.78 x 10!
0.37) (2.44) (1.41x10%) (1.79%10?%) (1.66x107%)  (2.61) (1.63x10% (7.65x10")

variants of compounds is addressed for the first time, even
though various theoretical and experimental examinations of
the antioxidant activity of these molecules have previously
been conducted. The investigation of radical scavenging
activity of the selected compounds in an aqueous solution
utilizing the mechanism HAT, SET-PT, and SPLET employ-
ing the thermochemical parameters like bond dissociation
enthalpy, ionization potential, proton dissociation enthalpy,
proton affinity, and electron transfer enthalpies signifies the
preference of SPLET pathway at the physiological pH. This
is also proved by the pKa calculations. We already proved
the choice of the HAT mechanism in the gas phase in our
previous work. The order of free radical scavenging activity
of selected compounds in aqueous solution at the physiologi-
cal pH is found to be 2¢>1¢>2 s>1s>2f>1f>2p > 1p.
The obtained results are in accordance with the experimental
findings.

Among the studied RONs, ¢OH, «OOH, eNO2, 02 o ,
and eNO, using the redox potential and equilibrium constant
for one-electron transfer between the Avenanthramides and
free radical species, the hydroxyl radical is shown to dis-
play the best affinity for hydrogen and electrons. The high
equilibrium constants for the hydroxyl radical indicate that
it is easily scavenged by AVs at physiological pH levels. We
may also conclude that the neutral and mono-deprotonated
forms of the AVs are effective at scavenging the hydroxyl
and hydroperoxyl radicals as well as the nitrogen dioxide

radical based on the computed equilibrium constant val-
ues. The superoxide radical anion and nitrogen monoxide
radical are shown to be ineffective by the selected com-
pounds. Among AVs, the free radical quenching of caffeic
acid derivatives (c-series compounds; 2¢ & 1¢) is found
to be more reactive followed by sinapic acid derivatives
(s-series compounds; 2 s & 1 s). Compared to c-series and
s-series compounds, f-series (2f & 1f) and p-series (2p
& 1p) compounds are found to be less in radical quench-
ing processes. The results obtained are strictly coinciding
with reported experimental antioxidant activity. The ease
of scavenging of the considered RONs by both the neutral
and mono-deprotonated forms of compounds follows the
order: *OH > *OOH > °*NO2> 0, * > °*NO, which is con-
sistent with the order of the hydrogen atom affinity (HAA)
in aqueous solution. The results conclude the higher free
radical quenching ability of c-series and s-series compounds,
respectively, due to ortho-dihydroxy and guaiacyl moieties
on the aromatic ring, which delivers higher radical stability
through internal H bonds, as the superior radical scavenger.
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