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Abstract Keywords

A new method for evaluating the antioxidant activity ~Antioxidant activity, quantum
of organic compounds based on quantum chemical chemical method, chemical sta-
calculations of their electronic structure using the bility, molecular orbitals, trolox
DFT B3LYP/6-31G (d, p) method has been proposed.

The geometric parameters of antioxidant molecules

were optimized and the reactivity indices were deter-

mined from the energy values of the highest occupied

and the lowest unoccupied molecular orbitals: abso-

lute electronegativity; electronic chemical potential;

absolute “chemical hardness”. The found indicators

allow us to quantify the antioxidant activity by build-

ing their dependence on the energy of the lower

vacant molecular orbitals. The correlation of the

obtained parameters with the standard, such as

trolox, allows determining the relative antioxidant Received 20.09.2018

activity of the test substance © Author(s), 2019

Introduction. The formation of free radicals, which in many cases are very
reactive particles, accompanies a significant number of chemical and biochemical
processes occurring both in living organisms and in products produced by
humans, for example, in food, cosmetics, medicines. In particular, the free radical
mechanism is characteristic of oxidation processes occurring in air. Therefore,
antioxidants (AO) are used to control the chemical composition and impart
stability in oxidation processes with active forms of oxygen. The mechanism of
action of the most common AO is a chemical interaction with an active free
radical to form chemically stable particles. From this position, an AO should have
the structure of a reducing agent with a significant system of conjugated bonds for
the successful delocalization of a free electron. Thus, the sources of formation of
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active radicals and the ways of their balanced inhibition play an important role in
many sectors of the national economy, which, in particular, in the chemistry of
drugs led to the creation of a new scientific direction — QSAR (Quantitative
Structure — Activity Relationship). The basis of this trend is a mathematical
apparatus that allows for correlations between the features of the chemical
structure of compounds and their antioxidant activity [1, 2].

Methods. Here is the list of the experimental methods for the determination
of anti-radical activity: spectrometric; electrochemical; chromatographic,
etc. [3]. Conventionally, these methods can be divided into two types:
1) methods based on changing a certain indicator of a substance before and after
interacting with an AO; 2) methods of comparison with the standard, the
antioxidant capacity of which is taken as a unit [4-6]. As noted in [2]: “Methods
for the study of total antioxidant activity (AOA) differ in the type of oxidation
source, oxidizable compound, and method for measuring the oxidized
compound. These methods provide a wide range of results that cannot be used
separately, and the results should be interpreted with caution”.

Currently, AOA is most often evaluated by correlating with trolox —
a synthetic water-soluble analog of vitamin E. Trolox according to its chemical
structure is 3,4-dihydro-6-hydroxy-2,5,7,8-tetramethyl-2H-1-benzopyran-2-
carboxylic acid, and the AOA is quantitatively evaluated in Trolox equivalents of
TEAS. For this photometric method after inhibition is measured by the optical
density at 450 nm. Specific absorption is determined by the formula

Inhibition (A%) = M ,
Do
where Dy is the absorption of the control; D is absorption in the presence of
an antioxidant sample. The method is standardized on an individual compound,
which was used as tolox [3, 5].

Note that the methods for determining the AOA, along with the undoubted
advantages, are very time consuming and require the use of special equipment
[7], expensive reagents and experience in carrying out the determination.
Consequently, the search for a new method for determining the AOA, which
makes it possible to simplify and narrow down the experimental part of the
work, has undoubted practical value.

The objective is to create a new method for assessing the relative activity of
antioxidants according to the results of quantum chemical calculations of their
electronic structure.

All calculations were performed using the DFT B3LYP/6-31G (d, p) method
using the GAMESS v.7.1 program with full energy optimization and calculation
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of the frequencies of normal vibrations [8]. The geometric parameters of the
molecule, the distribution of electron density and energy characteristics were
calculated by the formulas

Eo = E¢lec + ZPE; E = Eg + Eyip, + Erot + Etranst
H=E+RT; G=H-TS,

where Eq.. is the electron energy of the molecule; ZPE is zero-point energy; Eu
is the vibrational energy of a molecule at temperature T = 298 K; E.. is rotational
energy, Eu.ng is translational energy; H is enthalpy; R is gas constant; G is the
Gibbs free energy; S is entropy.

For the evaluation of AOA, the structures of generally accepted antioxidants
were used (Table 1). The results of calculations of the values of the
characteristics of these molecules are also given in Table 1: thermal energy Er;
heat capacity with a constant volume of Cy, the energy of the highest occupied
and the lowest unoccupied molecular orbitals of the Enomo and Erumo.

The energy characteristics of molecules (Table 1) can be used to quantify
their relative antioxidant activity. The proposed method for assessing the
relative activity of AO is based on the determination of reactivity indices [9, 10].
Thus, the energy of the highest occupied (Enomo) and the energy of the lowest
unoccupied (Erumo) molecular orbitals (HOMO, LUMO) play an important role
in the chemical stability of the molecule, since HOMO has the ability to release
an electron, and LUMO, acting as an acceptor, receives it. According to
Kupmans theorem, the ionization potential I and electron affinity A depend on
the energy of molecular orbitals as follows:

I'= —Enomo; A= —Erumo.
The width of the band gap AE indicates the resistance of the molecule to
excitation and can be determined from the difference of the energies of

molecular orbitals: AE = Exomo — Erumo-. Absolute electronegativity y is the
ability of a molecule to attract electron density g:

X =3 (Eromo + Erumo)-

The electronic chemical potential p is defined as the change in electron energy
with a change in the total number of electrons N, it is equal in absolute value to
absolute electronegativity, but with the opposite sign: p = —y. Absolute “chemical
rigidity” m is the resistance of a molecule to chemical attack

1
n= 5 (Erumo — Enomo )-
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Table 1

The results of the calculation of the electronic structure of antioxidants*

Title / Optimized Structure Energy characteristics

Trolox Ey=—-844.981153 au

E =-844.962551 au

H =-844.961606 au
G=-845.027536 au

Eqec= —845.2801385 au
Er=199.289 kcal / mol
Cy=70.183 cal / (mol - K)
S =138.760 cal / (mol - K)
EHOMO =-0.18631 au
Erumo=0.00177 au

Catechin Ey=-1031.101454 au
E=-1031.083054 au
H=-1031.082110 au

G =-1031.147698 au
Eqec = —1031.3728704 au
E =181.863 kcal / mol

Cy =73.380 cal/ (mol - K)
S =138.043 cal/ (mol - K)
Enomo=-0.2042 au
Erumo=—0.00256 au

Ascorbic acid Ey=-684.610745 au

E =-2959.374556 au

H =-684.597415 au

G = —684.649448 au

E.ec = —684.7598689 au
Er=101.349 kcal / mol

Cy = 44.429 cal/ (mol - K)
S§=109.512 cal/ (mol - K)
Enomo= —0.23286 au
Erumo= —0.03400 au

Gallic acid Ey=-646.370995 au

E =-646.360180 au

H =-646.359236 au

° G = —646.407192 au

Eqec = —646.4993657 au
Er=87.340 kcal / mol

o Cy=41.373 cal/ (mol - K)
S =100.933 cal/ (mol - K)
Enomo=—0.21996 au
Erumo= —0.03879 au
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Continuation of Table 1

Title / Optimized Structure Energy characteristics

Pyrocatechin Ey=-382.590308 au
E =-382.583538 au

H =-382.582594 au
G =-382.620841 au
Eeec =—382.6992862 au
Er=72.633 kcal / mol
° Cy=26.577 cal / (mol - K)
S =80.499 cal / (mol - K)
L

Exiomo=-0.20685 au
Eiumo=0.00750 au
Quercetin Ey=-1105.125933 au
E=-1105.106879 au

H =-1105.105935 au
G =-1105.173338 au

@ Eeec = —1105.3784155 au
Er=170.392 kcal / mol

Cyv=74.972 cal / (mol - K)
S =141.861 cal / (mol - K)
Enomo = —0.21425 au
Erumo = —0.04207 au
Floroglucin Ey=-457.807118 au

E = —457.799049 au
H = —457.798105 au
G = —457.839164 au
Fuec =——457.9202367 au
Er-76.046 kcal / mol
Cy = 31.405 cal / (mol - K)
. S =86.417 cal / (mol - K)
: Erono = —0.20566 au

Eiumo = 0.01843 au
Pyrogallol Ey=—-457.807150 au
E =-457.799308 au

H =-457.798364 au
G =-457.839009 au
Eqec = —457.9204064 au
Er=75.990 kcal / mol
) Cyv=31.250 cal / (mol - K)
S =85.545 cal / (mol - K)
& Eromo = —0.21468 au

ELUMO =0.02172 au
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End of Table 1
Title / Optimized Structure Energy characteristics
2, 2-azobis (2,3.-dihydro-3-ethylbenzo- Ey =-2959.406201 au
thiazole-6-sulfonic acid) ABTS E = -2959.374556 au

H =-2959.373611 au

G =-2959.474658 au

Edec = —2959.7656731 au

Er =245.430 kcal / mol
Cy=116.395 cal / (mol - K))
S§=212.670 cal / (mol - K))
Enomo = —0.19704 au

Erumo = —0.05365 au

Ey=-579.015116 au
E=-579.001617 au

H =-579.000673 au

G =-579.053734 au

Edec =—-579.2652984 au
Er =165.463 kcal / mol
Cy =53.004 cal / (mol - K)
S§=111.677 cal / (mol - K)
Enomo = —0.19488 au
Eruvmo =0.00344 au

Propyl gallate Ey=-764.228911 au

E =-764.213604 au

H =-764.212660 au

¢ G =-764.272038 au

Edec =-764.4418847 au
Er =143.248 kcal / mol

® . Cy = 56.416 cal / (mol - K)
S =124.973 cal / (mol - K)
Enomo = —0.21655 au
Erumo =-0.03325 au

*1au =27.211 eV = 627.5095 kcal / mol.

“Chemical mildness”, or the tendency to chemical effects, S=(1/2)n, the

index of electrophilicity o =u?/(2n). The calculated values of the reactivity
indexes of the considered antioxidants are given in Table 2.
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The functions of the reactivity indexes of antioxidants (y, n, ®) HOMO
energies, built on the basis of the data given in Table 2 are shown in the Figure.
The dependences obtained are described by linear equations with good
correlation coefficients. The curve of the dependence of the electrophilicity of
molecules ® on the energy of Exomo has an inverse relationship. Indeed, the more
negative the energy of an Euomo, the stronger this molecule will hold an electron
acquired from the side that is, it will exhibit electron-withdrawing properties.
If the energy of the Enomo increases, then with the electron recoil, the molecule
is excited, this corresponds to the transition of the electron from the HOMO to its
LUMO. Moreover, if Enomo is of great importance, then the electron will easily
leave the molecule, therefore, this molecule will be an electron donor. The same
simple interpretations have lines corresponding to y and n.

Table 2
Antioxidant Reactivity Indices
Antioxidant Exomo, eV Erumo, eV X: - @
’ kcal / mol | kcal / mol | kcal / mol

Trolox -5.07 0.05 57.9 59.01 28.41
Catechin -5.56 -0.07 64.87 63.27 33.26
Gallic acid -5.99 -1.06 81.18 56.84 57.97
Ascorbic acid -6.34 -0.93 83.73 62.39 56.18
Pyrocatechin -5.63 0.20 62.54 67.25 29.08
Quercetin -5.83 -1.13 80.42 54.02 59.86
Floroglucin -5.84 0.59 60.54 74.17 24.71
Pyrogallol -5.60 0.50 58.74 70.31 24.54
ABTS —-5.36 -1.46 78.66 44.99 68.76
3tertbutyl-d-hy- ) o 0.09 60.07 62.22 28.99
droxyanisole

Propyl gallate -5.89 -0.90 78.38 57.51 53.41

It is possible to reduce the essence of the proposed method to the following:
the reference antioxidant is determined, in this case, trolox. According to the
results of quantum chemical calculations of the Enomo value, the reference
molecule is placed on the figure (dashed line in the figure). The vertical dashed
line that crosses the dependency lines divides the considered antioxidants into
“strong” and “weak” relative to the reference antioxidant, i.e., compounds whose
reactivity indices lie to the left of the standard, exhibit weaker antioxidant
properties than trolox. The difference in the indices can serve as a criterion for
quantifying the relative activity of the AO.
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Dependencies of reactivity indices of various antioxidants on the energy of the lowest
unoccupied molecular orbital in comparison with the standard (trolox):

1 is electronegativity y; 2 is absolute chemical hardness n; 3 is electrophilicity ®

Conclusion. As a result of quantum-chemical calculations of the indexes of
the reactivity of organic molecules, dependences that allow us to compare the
antioxidant properties of these compounds with a standard without a laboratory
experiment were obtained. The proposed method can be used to predict the
possibility of using a substance as an antioxidant and a relative quantitative
evaluation of antioxidant properties.
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