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Abstract

Oxidative stress is having a role in various disease pathogenesis, which include cancer,
atherosclerosis, hypertension, and cardiovascular disease. Phenolic compounds have
antioxidant functions, they have been reacted with free radicals that scavengers them. In this
study three essential antioxidant mechanisms; HAT, SET-PT and SPLET have been examined
to analyze the antioxidative activity of quercetin, kaempferol, ferulic acid, p-coumaric acid,
BHA, ascorbyl palmitate and dodecyl gallate were calculated in both gas and ethanol phases
with the DFT//IM06-2X method, 6-31+G(d,p) and 6-311+G(d,p) basis set for eight phenolic
compounds using Spartan 14. Antioxidant activities were ranked by calculated BDE, ETE,
PA, IP, PDE and Enomo and ELumo Vvalues according to the obtained data. The results showed
that BHA family have significantly superior antioxidant capacity than other studied
compounds. Especially 3-BHA was found to be highest in the studied methods and phases
when all the results obtained from the calculations were evaluated.
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1. Introduction

Free radical molecules have unpaired electrons and produced during different oxidation
reactions, which are highly unstable and reactive, damaging to nucleic acids, lipids and
proteins via chain reactions. Therefore, results in pathogenesis of various disorders like
diabetes, cardiovascular and autoimmune diseases, neurodegenerative disorders and aging
processes. Antioxidants interact with free radicals and terminate the chain reactions. They act
like free radical scavenger agents and play an important role to prevent the damage of free
radicals [1,2]. Various foods contain compounds that act like antioxidants. In this study, the
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antioxidant activities of seven compounds (Figure 1) such as quercetin, ascorbyl palmitate, p-
coumaric acid, butylated hydroxyanisole, dodecyl gallate, ferulic acid and kaempferol that act
as free radical scavengers are investigated and ranked.

3-BHA | 2-BHA

Figure 1. The chemical structures and the numbering of their hydroxyl groups: (1) R=0OH quercetin
and R=H kaempferol, (2) ferulic acid, (3) p-coumaric acid, (4) ascorbyl palmitate, (5) dodecyl gallate
and (6) 2-BHA and 3-BHA.

Quercetin (2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxy-4H-chromen-4-one) is the most
popular flavonoid, it has its widest existence in fruits and vegetables especially onions,
broccoli and red wine. Ascorbyl palmitate is a fat-soluble form of ascorbic acid (vitamin C). It
can be absorbed also stored in the body and converted to ascorbic acid by the enzyme
esterase. p-Coumaric acid (trans-4-hydroxycinnamic acid), a phenolic acid, is a hydroxyl
derivative of cinnamic acid and ubiquitously contained in vegetables (e.g. potatoes) and fruits
(e.g. apples, grapes, pears). Butylated hydroxyanisole (BHA) is a phenolic antioxidant that is
widely used as a synthetic food additive to preserve oils and fats [3]. Dodecyl gallate (Lauryl
gallate) is widely used as a scavenger of reactive oxygen [4,5]. Ferulic acid (4-hydroxy-3-
methoxycinnamic acid) is found in seeds, leaves and conjugated to the plant cell wall
polysaccharides, glycoproteins [6,7]. Kaempferol (3,5,7-trihydroxy-2-(4-hydroxyphenyl)-4H-
1-benzopyran-4-one) is a flavonol that exists in many herbs and fruits such as tea,
strawberries and grapes [8,9]. These compounds present several biological effects like
antiviral, anti-inflammatory, antimicrobial, antiallergic, and anticancer. They also act as a
superoxide scavenger therefore exhibits antioxidant activity.

In this study, quantum chemical approaches have been used to investigate the eight
phenolic compounds’ antioxidant activities. The anti-oxidation mechanisms and molecular
descriptors of the compounds were analyzed by theoretical methods with density functional
theory (DFT) MO06-2X method 6-311+G(d,p) and 6-31+G(d,p) basis sets in gas and water
phases.

2. Computational methods

All compounds were chosen due to their possible antioxidant activities. The structures
of all compounds were taken from National Institutes of Health (NIH) PubChem database and
the research set was created. The conformational analysis and geometry optimizations were
performed with Spartan’14 [9] via semi-empirical PM6 [10,11] and HF/6-31G(d) [12,13]
methods, respectively. Single point ground state and time-dependent energies for antioxidant
mechanisms were calculated with DFT//M06-2X level of the theory with 6-311+G(d,p) for
gas phase and 6-31+G(d,p) basis sets for gas and water phases [14]. The value of H(H"), H(e")

34



UNEC Journal of Engineering and Applied Sciences, vol.2, No.1, 2022

and H(H') in gas phase calculated with DFT//M06-2X/6-31+G(d,p) level of the theory and the
values are 0.4963 au, -0.4491 au, -0.4966 au; in ethanol phase 0.4963 au, -0.7040 au, -0.4947
au, respectively, other side obtained results in gas phase with DFT//M06-2X/6-311+G(d,p)
are 0.4963 au, -0.4979 au, -0.4981 au respectively.

Investigated Antioxidant Mechanisms

There are three important mechanisms in literature that are used for explaining the
radical scavenging process of antioxidant molecules: Direct H Atom Transfer (HAT),
Stepwise Electron Transfer-Proton Transfer (SET-PT) and Sequential Proton Loss Electron
Transfer (SPLET). HAT mechanism’s main principle is homolytic O-H bond cleavage; H
atom directly transfers from antioxidant (ArOH) to free radical (R.) (Rxn.1). The antioxidant
capacity of the compound can be calculated by the Bond Dissociation Enthalpy (BDE) of the
O-H bond. The lower BDE value shows that stability of the O-H bond is weak there with the
antioxidant capacity of the compound is high.

R*+ ArOH — RH + ArO’ Rxn.1

The second mechanism is SET-PT mechanism, which can be explained in two steps:
electron cleavage from antioxidant (ArOH) and proton transfer from the radicalic cation
(ArOH™) (Rxn.2 Step 1). The lonization Potential (IP) and Proton Dissociation Enthalpy
(PDE) values are the most important factors for the activity of scavenging. Compounds with
low IP and PDE values indicate the high scavenging activity.

R+ ArOH — R + ArOH* Rxn.2 Step 1
R™+ ArOH™ — RH + ArO’ Rxn.2 Step 2

SPLET is the third mechanism, and it can be explained by three steps: formation of
antioxidant anion and formation of flavonoid radical. These steps are governed by Proton
Affinity (PA) and Electron Transfer Energy (ETE) values [15-18]

ArOH —ArO” + H* Rxn.3 Step 1
ArO” + R—ArO’+ R™ Rxn.3 Step 2
R +H"—>RH Rxn.3 Step 3

There are various parameters such as molecular descriptors for analyzing the antioxidant
property of a compound; softness (S), hardness (1), electro negativity (y), electrophilicity
index (o), electron affinity (A). These parameters are crucial for understanding the
antioxidant activity of the compounds. n and y values calculated by Parr and Pearson [19,20].
In this study, Koopman’s theory is used to determine ionization potential (I) and electron
affinity values [21]. According to this theory, the negative Highest Occupied Molecular
Orbital energy (-Enomo) and the negative Lowest Unoccupied Molecular Orbital energy (-

ELumo) correlate to the ionization potential and electron affinity (i.e., 1=-Enomo and A=-
ELumo).

N=(I-A)/2 (1)

x=(I+A)2 ()

o and S values calculated by the following equations:

o=/2n (3)
S=1/21 (4)
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3. Results and discussion

BDE is related to the antioxidant properties, also lower values point out higher
antioxidant activity of the corresponding compound [22]. It is observed in Table | that
obtained BDE values were in general obtained smaller in polar environment by calculating
6-31+G(d,p) basis set with some exceptions, additional different basis sets did not give
remarkable tendency on the energy values. The lowest BDE value is calculated for 3-BHA,
387.6 kJ mol? and 405.3 kJ mol? in gas and ethanol phase by the DFT//M06-2X/6-
31+G(d,p), respectively.

BDE PDE
Molecule Bond 6-31+G(d,p) 6-311+G(d,p) 6-31+G(d,p) 6-311+G(d,p)

gas gas ethanol gas gas ethanol

3-0H 4116 4111 413.0 2270.1 2272.6 2431.0

4-OH 434.9 434.9 420.6 2293.3 2296.4 2438.6

Quercetin 3-OH 430.8 424.9 4135 2289.3 2286.4 24315

5-OH 478.2 479.6 460.5 2336.6 2341.1 24785

7-OH 4471 4476 456.5 2305.5 2300.1 24745

4-OH 429.9 429.7 4314 22854 2288.1 2442.2

Kaempterol 3-OH 428.0 4274 4144 2283.6 2285.8 24252

5-OH 478.4 480.2 461.1 2333.9 2338.6 2471.8

7-OH 446.9 447.2 456.2 2302.4 2305.6 2466.9

— 2-0H 466.3 4374 4248 2291.9 2264.9 2240.1

Ferulic Acid 9-OH 501.2 501.3 510.7 2326.8 2328.7 2526.0

_. 1-OH 4758 501.4 510.2 2232.9 2299.7 2508.4

P-Coumaric Acid 2. o, 4318 430.2 429.1 2188.8 22285 2427.2

1-OH 407.0 406.2 398.9 2162.1 2164.7 2349.9

Ascorbyl Palmitate  2-OH 408.4 407.4 4111 2163.5 2166.0 2362.1

3-OH 495.4 496.6 496.0 2250.5 2255.1 2447.0

1-OH 4165 4165 4251 22105 2212.7 2396.2

Dodecyl Gallate 2-OH 419.6 419.2 417.9 2213.6 22155 2389.1

3-OH 439.8 440.2 431.2 2233.7 2236.4 2402.3

BHA 2-BHA 4136 413.9 407.6 2261.0 2280.5 24545

3-BHA 387.3 387.6 405.3 2265.5 2266.4 2450.9

Table 1. BDE and PDE values (kJ mol™) of investigated molecules by M06-2X/6-31+G(d,p)
and M06-2X/6-311+G(d,p) is gas and ethanol phases

Charged molecules are highly sensitive to the polarity of the solvent?*. PDE values (in
Table 1) obtained from the second step of the SET-PT mechanism have been determined in
gas and ethanol phases, indicating that the PDE values have changed compared to
environment polarity.

The polar solvent with approximately 130-200 kJ mol? significantly increase for PDE
values when compared to gas phase; there are similar results in the literature [15,16]. The
lowest PDE values (2162.1 kJ mol? and 2164.7 kJ mol™?; 2349.9 kJ mol?, respectively) have
been obtained for 10 position of the ascorbyl palmitate compared to other investigated
compounds and their all studied OH positions in gas and ethanol phases. 20 position of the
ascorbyl palmitate has almost the same values compared to 10 position, that meaning the
furan ring of the molecule contributes to antioxidant activity of candidate molecule because of
its aromatic property.

As for the calculated IP values calculated by the SET-PT mechanism both in gas and
ethanol phases (in Table 2). The IP values in ethanol phase are approximately 800-850 kJ
mol? lower than gas phase values. The found decreasing values of IP in condensed phase are
in accordance with literature [15,23-25]. The lowest IP values were identified for 3-BHA
structure in gas and 2-BHA in ethanol phases.
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. . Ferulic ~ . Ascorbyl  Dodecyl
Basis set/phase Quercetin  Kaempferol Acid Cozrgznc palmitate  Gallate 2-BHA  3-BHA
6-31+G(d,p)/gas -554.8 -551.8 -521.9 -453.3 -451.4 -490.3 -543.7 -574.6
6-311+G(d,p)/gas -433.8 -430.7 -399.7 -370.5 -330.8 -368.5 -438.9 -451.1

6-311+G(d,p)/ethanol  -1264.5 -1257.2 -1261.8  -1244.6 -1197.5 -1217.6  -1293.4 -1292.1

Table 2. IP values (kJ mol™) of investigated molecules by DFT//M06-2X method

PA values of investigated compounds given in Table 3 via SPLET mechanism are
ascorbyl palmitate (20), it also has the lowest values compared to the other compounds,
2722.8 kJ mol! and 2500.0 kJ mol? in gas and ethanol phases, respectively. When
investigated the calculated ETE values (in Table 3) via SPLET mechanism for modeled
compounds, the values have been decreased approximately 300-400 kJ mol™ in the condensed
environment from in the gas phase. The obtained result is compatible with the results by
Zheng et al and our previous studies in literature [15,23,24]. The lowest ETE values have
been obtained for BHA molecules in the gas and water phases, which means it has the highest
antioxidant property effective. The candidate sequence is as 2-BHA<3-BHA<ascorbyl
palmitate(30) in gas and ethanol phases by ETE values. The lower values of Exomo and
ELumo band gap indicate the antioxidative capacity of the studied compound.

PA ETE

Molecule Bond 6-31+G(d,p) 6-311+G(d,p) 6-31+G(d,p) 6-311+G(d,p)
gas gas ethanol Gas gas ethanol

3-OH 2755.5 2757.7 2541.6 267.6 384.9 -76.2

4-OH 2778.8 2782.1 2556.0 267.6 384.3 -83.1

Quercetin 3-OH 2769.0 2770.6 2548.1 273.3 385.8 -82.3
5-OH 2786.7 2789.8 2555.3 303.0 421.3 -42.5

7-OH 2744.0 2747.0 2538.0 314.6 432.1 -29.2

4-OH 2761.9 2763.6 2551.5 279.5 397.6 -67.8

3-OH 2781.2 2781.7 2551.5 258.3 377.2 -84.7

Kaempferol 5-OH 27915 27943 25552 298.4 417.4 -41.8
7-OH 2748.4 2750.6 2537.2 310.0 428.1 -28.7

Ferulic Acid 2-OH 2822.7 2788.4 2561.4 255.1 380.6 -84.3
9-OH 2833.0 2820.2 2542.1 279.7 412.6 20.9

P-Coumaric Acid 1-OH 2765.4 2821.9 2541.6 322.0 411.0 20.9
7-OH 2747.0 2757.6 2544.6 296.3 404.1 -63.2

1-OH 2764.3 2766.5 2524.5 254.2 371.2 -73.3

Ascorbyl Palmitate 2-OH 2719.9 2722.8 2500.0 300.0 416.2 -36.6
3-OH 2874.9 2875.2 2641.4 232.0 352.9 -93.1

1-OH 2739.5 2741.1 2529.2 288.6 406.9 -51.8

Dodecyl Gallate 2-OH 2749.4 2751.8 2533.4 281.8 398.9 -63.1
3-OH 2790.4 2793.3 2550.0 260.8 3784 -66.6
BHA 2-BHA 2836.2 2836.8 2576.6 189.0 308.5 -116.7
3-BHA 2806.1 2806.7 2587.4 192.7 3124 -129.8

Table 3. PA and ETE (kJ mol™) of investigated molecules by DFT//M06-2X method

The lower Exomo shows weaker ability to proton, and higher Exomo shows stronger e
donating ability. At the same time we have observed in our previous studies that the
antioxidant activity has been found to be related to the distributions of frontier orbitals, as
well [23,24]. The obtained frontier energy values and their distribution for the investigated
molecules in the gas and ethanol solvents are depicted in Table 4 and Figure 2. The acquired
results (Table 4) display that the antioxidant capability for the quercetin has the smallest band

37



V.E.Atalay et al.: A DFT study: ranking of antioxidanz activity of various candidate...

gap (EHomo= -7.16 eV, ErLumo= -1.37 eV and band gap= -5.71 eV), therefore it is the most
having antioxidant molecule according to band gap values. But we must emphasize that
obtaining results from the distributions of the frontier orbitals are different. When the orbital
distributions diffused to whole atoms of the molecule, antioxidant capability is decreased; yet
the localized orbital distributions are more desirable to strong antioxidant capacity as shown
in our published studies [25,26].

So other investigated molecules, ascorbyl palmitate, dodecyl gallate, 2-BHA and 3-
BHA, are powerful candidates depending on orbital distributions although their band gaps are
bigger than quercetin.

The molecular descriptors, which are n, S, ®, 1 and y values of the studied compounds,
have been given in Table 4. Calculated %, n, 1, S and ® molecular characteristics clearly
demonstrate that the studied molecules prefer to act as e- donors instead of recipients in the

studied phases [25,26].
3’0 &5 aﬂ‘a- W

-7.16 quercetin -1, -7.19 kaempferol -13
-7.38 ferulicacid -1.12 -7.77 p-coumaric acid -1.36

f"{"‘ ~ ?2;* tﬁ &

o
& Tt
-8.10 ascorbyl palmitate -0.22 -7.78 dodecyl gallate »0.46
& “‘&‘ “ L%
\!‘;‘. . !.zo. ." . ‘;
: & i i 4 2 L
-6.95 2-BHA 0,17 -6.83 3-BHA 0.28

Figure 2. The energies and distributions of HOMO and LUMO for investigated compounds

molecule basis set phase Exomo ELumo Bandgap X n S w
6-31+Gdp gas -7.16 -1.37 -5.79 4,27 2.90 0.17 -3.14
Quercetin 6-311+Gdp gas -7.08 -1.29 -5.79 4.19 2.90 0.17 -3.02
ethanol -7.14 -1.43 -5.71 4.29 2.86 0.18 -3.22
6-31+Gdp gas -7.19 -1.33 -5.86 4.26 2.93 0.17 -3.10
Kaempferol gas -7.12 -1.25 -5.87 4.19 2.94 0.17 -2.98
6-311+Gdp ethanol -7.20 -1.43 -5.77 4.32 2.89 0.17 -3.23
6-31+Gdp gas -7.38 -1.12 -6.26 4,25 3.13 0.16 -2.89
Ferulic Acid 6-311+Gdp gas -7.31 -1.05 -6.26 4.18 3.13 0.16 -2.79
ethanol -7.30 -1.16 -6.14 4.23 3.07 0.16 -2.91
P-Coumaric 6-31+Gdp gas -1.77 -1.36 -6.41 2.28 3.21 0.16 -0.81
Acid 6-311+Gdp gas -7.57 -1.20 -6.37 2.19 3.19 0.16 -0.75
ethanol -7.49 -1.26 -6.23 2.19 3.12 0.16 -0.77
Ascorbyl 6-31+Gdp gas -8.10 -0.22 -7.88 4,16 4,16 0.13 -2.20
Palmitate 6-311+Gdp gas -8.02 -0.16 -7.86 4.09 3.93 0.13 -2.13
ethanol -8.08 -0.35 -7.73 4.22 3.87 0.13 -2.30
Dodecy 6-31+Gdp gas -7.78 -0.46 -7.32 4,12 3.66 0.14 -2.32
Gallate 6-311+Gdp gas -7.70 -0.38 -7.32 4.04 3.66 0.14 -2.23
ethanol -7.82 -0.64 -7.18 4.23 3.59 0.14 -2.49
6-31+Gdp gas -6.95 0.17 -7.12 3.39 3.56 0.14 -1.61
2-BHA gas -6.89 0.31 -7.20 3.29 3.60 0.14 -1.50
6-3114GdD ool 705 047 722 344 3.61 014  -164
6-31+Gdp gas -6.83 0.28 -7.11 3.28 3.56 0.14 -1.51
3-BHA gas -6.77 0.45 -7.22 3.16 3.61 0.14 -1.38
6-311+Gdp ool 706 042 718 347 3.59 014  -168

Table 4. Molecular descriptors of studied molecules with DFT//M06-2X method
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All obtained the most important candidate molecules are given on Table 5 depend on
investigated mechanism. Primary crucial molecule has been determined as BHA according to
the BDE, ETE, IP and frontier orbital distributions. All essential mechanisms, which are
essential to determine the antioxidant molecules, pointed out to BHA structure.

basis set/phase BDE PDE PA ETE IP
. Ascorbyl
6-31+G(d,p)/gas 3-BHA Ascorbyl palmitate palmitate 2-BHA 3-BHA
6-311+G(d,p)/gas 3-BHA Ascorbyl palmitate Asco_r byl 2-BHA 3-BHA
' palmitate
6-311+G(d,p)lethanol  3-BHA Ascorbyl palmitate Ascorbyl 2-BHA 2-BHA
palmitate

Table 5. Possible antioxidant molecules according to calculated parameters by different
methods and phases

4. Conclusion

In this study we calculated the antioxidant properties of quercetin, kaempferol, ferulic
acid, p-coumaric acid, BHA, ascorbyl palmitate and dodecyl gallate molecules. Exomo/ELumo,
BDE, ETE, PA, IP and PDE values are calculated by using DFT//M06-2X method with
6-31+G(d,p) and 6-311+G(d,p) basis sets in the gas and ethanol phases. Both gas and ethanol
phases were calculated with Spartan’14. We have modeled essential three mechanisms, HAT,
SET-PT and SPLET, for investigating the antioxidant activity.

The obtained data showed that BHA family has superior antioxidant capacity compared
to the other compounds according to investigated mechanisms and HOMO-LUMO
distributions. The second crucial candidate is ascorbyl palmitate by PDE and PA values, but
all especially 3-BHA demonstrated the lowest BDE values via using HAT mechanism and the
highest Enomo values. On the other hand, BDE values of 3-BHA decreased in polar solvent.
The PDE and IP values that were calculated with SET-PT mechanism showed that ascorbyl
palmitate had the lowest antioxidant ability compared to the other compounds. As expected,
the phenolic ring compounds have higher electron donation ability than other molecules as
quercetin, kaempferol and BHA. The lower values of band gap, magnitude difference between
Enomo and Erumo Vvalues, indicate antioxidative capacity of the studied compounds and thus
they can be ranged in the following order; quercetin, kaempferol, ferulic acid, p-coumaric
acid, 2-BHA, 3-BHA, dodecyl gallate and ascorbyl palmitate. This clearly shows that BHA
has the strongest H atom donating capability among the investigated compounds. In this study
the relation between antioxidant activity and solvent effect for investigated compounds is
demonstrated. Finally, we have shown that polar solvents strengthen electron donating of the
majority of the molecules. The polar environment increased the PA values, which were
calculated with SPLET mechanism.
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