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Abstract—Metal ions chelation of some anthocyanins [ACN-Al3+/Ga3+/Cr3+/Fe3+/Mg2+] chelation in
aqueous medium were investigated to discover the color f luctuation of different derivatives of these com-
pounds at low pH. Chelation of Mn+ by ACN also improved the color expression range of ACN in more dif-
ferent pH environments. In this verdict, it has been studied the metal ions diffusing of deprotonating for the
ACN B-ring of cyanidin (Cy), delphinidin (Dp), and petunidin (Pt) in vacuum and water media, transform-
ing f lavylium cations to the blue quinonoidal bases at lower pH using the infrared method though pursuing
Beer–Lambert law for finding the physical and chemical properties of frequency, intensity, and absorbance
of the compounds, respectively. In this wok, it has been illustrated that the important factor for increasing the
absorbance in a positive non-linear fashion due to deviating from the Beer–Lambert law is the self-associa-
tion of anthocyanins of Cy, Dp, and Pt anthocyanins. The difference of ∆HR among [ACN-
Al3+/Ga3+/Cr3+/Fe3+ /Mg2+] chelation complexes has been discussed the double bonds and carbonyl groups
through the chelation of B ring for Cy, Dp, and Pt anthocyanins in vacuum and water media that explains the
stability and color of [ACN-Al3+/Ga3+/Cr3+/Fe3+ /Mg2+] chelation of Cy, Dp, and Pt pigments in a weak
acidic condition. The ACNs of Cy, Dp, and Pt with highest chelate in the active part of these structures by
metal ions of Al3+/Ga3+/Cr3+/Fe3+/Mg2+ produce a variety range of colors under acidic pH; as divalent
Mg2+ has shown various physicochemical properties considering its optimized geometry optimization as the
bond length of O Mg2+ ≈1.9 Å and the bond angle of O Mg2+ O ≈112° while it has been indicated the
bond length of O M3+ ≈1.8 Å and bond angle of O M3+ O ≈120° for trivalent metal cations of
Al3+/Ga3+/Cr3+/Fe3+ with more electron rich metal ions caused shifts and hue changes in the stability of
color and structure. Moreover, we have found that [ACN-Al3+/Ga3+/Cr3+/Fe3+/Mg2+] chelation is depen-
dent on the position of active cites of labeled oxygen atoms and cations in these structures which transfer the
charge of electrons in aromatic cyclic chains because of water polar medium in contrast to vacuum. The spin
density and partial charges have been obtained by fitting the electrostatic potential to fixed charge of , ,
and  cations for Cy-Mn+ (31), Dp-Mn+ (32), and Pt-Mn+ (35), respectively based on the electrophilic
groups of Cy, Dp, and Pt anthocyanin pigments which unravel the activity and the stability of these com-
pounds in the natural products.
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INTRODUCTION

The structures of anthocyanin water-soluble and
polar derivatives which have a wide membrane bound
vesicle in a cell’s cytoplasm can be seen in different
colors in an expanded range of colors such as red, pur-
ple, blue or black [1–3] (Scheme 1a). The aromatic
cyclic group of anthocyanins are a part of fundamental
compounds as f lavonoids synthesized via the phenyl-
propanoid pathway which are discovered in roots,
stems, leaves, f lowers, and fruits.

The proportion of the most common anthocyani-
dins in fruits and vegetables including cyanidin, del-
phinidin, pelargonidin, peonidin, malvidin, and
petunidin is 50, 12, 12, 12, 7, and 7%, respectively [4].

In nature, cyanidin in berries is a reddish-purple
major pigment and other red-colored vegetables such
as red sweet potato and purple corn [5, 6]. Delphinidin
has a chemical characteristic similar to most of the
anthocyanidins which appears as a blue-reddish or
purple pigment in the plant like the blue hue of f lowers
which is due to the delphinidin pigment [7]. But pelar-
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Scheme 1. Basic anthocyanin structure [29] (a) and the anthocyanidin pigments reveal a variety of molecular transformations
with the pH changes, and generating different colors (b); (1) f lavylium cation, pH >3 red, (2) carbonyl pseudo base (pH 4–5 col-
orless), (3) anhydrobase (pH 6–7 violet), (4) anhydrobase anion (pH 7–8 blue), (5) chalcone (pH >8 yellow).
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gonidin is different from most of the anthocyanidins as
a red-colored pigment [8]. Besides, pelargonidin
donates an orange hue to f lowers and red to some of
the fruits and berries [9, 10].

In acidic media, anthocyanin appears as a red pig-
ment while blue pigment anthocyanin appears in alka-
line media. Anthocyanin is considered as one of the fla-
vonoids with a positive charge at the oxygen atom of the
C-ring (Scheme 1a). The studies on the natural antiox-
idnats are significant for nutrition science and public
health [11–14].

Fruits and vegetables contain antioxidants like vita-
mins C and E, carotenoids and flavonoids and their
characteristics including molecular weight, dimen-
sional conformation, biochemical and physical char-
acteristics of these compounds conduct them to react
with different points in many live organisms [15–17].
The compounds of anthocyanin pigments are a big
family of polyphenolic molecules as flavonoids that are
founded by plants as the part of their secondary metab-
olism. Flavonoids are divided into different subclasses
based on their chemical characteristics and share a pop-
ular carbon basis called flavylium ion chain with differ-
ent rings [18, 19].
RUSSIAN JOURNAL O
The glycosylated anthocyanidin groups which are
linked to the skeleton of anthocyanin have the highest
common type of pigments in plants. So, it can be
found a variety of anthocyanins due to complex glyco-
sylation models over some aglycones. These com-
pounds are largely colored at weak acidic condition,
low pH, through the eight conjugated double bonds
exhibiting a positive charge of the structure that show
various colors due to various substitutions in the aro-
matic cyclic chains [20–24]. Physicochemical proper-
ties of anthocyanin structures are affected by the
nature of substituents due to changing the size, polar-
ity and solubility in water toward an expanded range of
compounds in nature [25]. It is important how the
plants arrange the structure or how chemistry of the
anthocyanins produces an expanded range of colors
often in the visible spectrum [26]. Moreover, for indi-
cating the color and stability of anthocyanins through
the chemical and other photochemical properties,
several new anthocyanin-inspired dyes and pigments
have been prepared for applying in cosmetics or foods
with pleasant colors and stability in comparison to the
color and stability of natural anthocyanins [27]. The
scientists have explained that the color of natural
F PHYSICAL CHEMISTRY A  Vol. 94  No. 9  2020
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Scheme 2. Proposed mechanism of ACN-metal cation chelation of Al3+/Ga3+/Cr3+/Fe3+/Mg2+ through the B ring for three
anthocyanins of cyanidin, delphinidin, and petunidin [31].
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anthocyanins is sensitive to concentration of H+ in the
solution (weak acidic media are appropriate). Around
pH 3, changing the color generates the colored antho-
cyanin cation, AH+, which alters into colorless or
near-colorless samples (Scheme 1b) [28].

Glińska and his coworkers have illustrated the
decrease of potential toxic effects of ACNs through
separating Mn+ chelation of these compounds [30].
Due to metal cation chelation and expressing purple
blue colors, the molecule of anthocyanin must tolerate
at least two free hydroxyl groups on the B ring. When
the cation approaches the anthocyanins, it plays a role
to compete with the hydrogen ions for the binding sites
(Scheme 2) [31].

The chelation of Al3+/Ga3+/Cr3+/Fe3+/Mg2+ by
Cy, Dp, and Pt has been more extensively studied due
to its relationship with the blue coloration of hydran-
gea f loral compounds. Relatively, stable complexes
between Dp and Al3+ have been investigated to form
acidified ethanol and a wide pH range [31]. In these
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo
structures, color expression of the Dp began red
becoming violet and then blue as pH and ACN con-
centration were maintained, but the Al3+ content
increased. Chelation of Al3+ with Cy has been identi-
fied to develop in aqueous samples, pH 2–5 which
indicate violet colorations [32].

Buchweitz and his co-workers compared the stabil-
ity of Al3+ chelates of Dp-3-rutinoside in American
eggplant to that of acylated Cy glycosides, red cab-
bage, as literature is limited about stability of acylated
ACN metal chelates. They explained that ACN metal
complexes are stronger to heat treatment rather than
light exposure. Degradation of Dp-Al chelates seems
jointed to concentration with rate decreasing of time,
in agreement with recent researches [33].

In the recent researches, it has been approved that
Al3+ in metalloanthocyanins is capable of inducing
blue color development with Dp, having a pyrogallol
moiety on the B ring, but it is not enough to lead to
blue colors with Cy derivatives [34]. Therefore, a the-
l. 94  No. 9  2020



1890 FATEMEH MOLLAAMIN, MAJID MONAJJEMI

Table 1. Optimized geometry with m062x/cc-pvdz pseudo=lanl2 for various [ACN-Al3+/Ga3+/Cr3+/Fe3+/Mg2+] chela-
tion extracted of Fig. 1 (l is bond length, α is bond angle)

Cyanidin–metal
ion chelate Bond l, Å Bond α, deg

Cy-Mg2+ O(10) Mg2+(31) 1.997 O(10) Mg2+(31) O(27) 112.833

Mg2+(31) O(27) 1.996

Cy-Al3+/Cr3+ O(10) Al3+/Cr3+(31) 1.8232 O(10) Al3+/Cr3+(31) O(27) 121.202

Al3+/Cr3+(31) O(27) 1.8231

Cy-Fe3+ O(9) Fe3+(32) 1.8137 O(10) Fe3+(31) O(27) 121.658

Fe3+(32) O(26) 1.8136

Cy-Ga3+ O(10) Ga3+(31) 1.8987 O(10) Ga3+(31) O(27) 117.55

Ga3+(31) O(27) 1.8995
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oretical study of the linkage between the electronic
and chemical structure of Al3+/Ga3+/Cr3+/Fe3+/Mg2+

by Cy, Dp, and Pt and their stability has been followed
using theoretical and computational methods in vacuum
and water media at 300 K based considering Beer–Lam-
bert law for discovering different usages of these struc-
tures such as coloring agents in pharmaceutical products
and foods. Moreover, it has been illustrated the structural
properties of [Al3+/Ga3+/Cr3+/Fe3+/Mg2+] chelation by
quantum chemical methodologies as the computa-
tional design and the simulated class to estimate the
physicochemical characteristics of these chelated pig-
ments with metal ions through conserving their stabil-
ity and color tide.

BACKGROUND OF CHELATION

The chelation of anthocyanins of cyanidin, delphini-
din and petunidin with Al3+/Ga3+/Cr3+/Fe3+/Mg2+ has
been studied in this investigation by forming relatively
stable complexes in the weak acidified medium with a
different pH range. Thus, a series of quantum theoretical
approaches has been done for finding the optimized
coordination of [ACN-Al3+/Ga3+/Cr3+/Fe3+/Mg2+]
chelation with IR computations and following the
Beer–Lambert law using Gaussian09 program pack-
age [35]. It has been declared that polarization func-
tions into the applied basis set in the computation
always introduce us an important achievement on the
modeling and simulation theoretical levels. Normal
mode accomplishment is the verdict of harmonic
potential wells by analytic methods which maintain
the motion of all atoms at the same time in the vibra-
tion time scale leading to a natural explanation of
molecular vibrations [36–41].

First, optimized geometry coordination of [cyani-
din-Al3+/Ga3+/Cr3+/Fe3+/Mg2+] chelation complexes
(Fig. 1) through their B ring in vacuum and water
media at 300 K have been evaluated in Table 1.
RUSSIAN JOURNAL O
Besides, charge electron transfer and thermodynamic
properties of [ACN-Al3+/Ga3+/Cr3+/Fe3+/Mg2+] chela-
tion through their B ring in vacuum and water media at
300 K have been evaluated and compared to each other
by different concentration of H+ in a simulated solvent
model (Fig. 1).

In this work, the data has been achieved from thermo-
dynamic parameters of ΔG, ΔH, and ΔS for the solute–
solvent model of [ACN-Al3+/Ga3+/Cr3+/Fe3+/Mg2+]
chelation solved in water solvent at 300 K compared
to vacuum medium were analyzes. Therefore,
for accomplishing a stable structure of
[ACN-Al3+/Ga3+/Cr3+/Fe3+/Mg2+] chelation of Cy,
Dp, and Pt pigments, geometry optimization plus fre-
quency calculations were done; the frequency and
intensity of the vibrational modes were calculated with
the QM theoretical method, and the principal vibra-
tional modes were analyzed by their changes of Gibbs
free energy in water compared to water medium at
300 K. Thermochemistry analysis follows the fre-
quency and normal mode data. The zero-point energy
output in Gaussian-09 has been expanded and cor-
rected as: thermal correction to energy, thermal cor-
rection to enthalpy and thermal correction to the
Gibbs free. In addition the total energies can be calcu-
lated as: sum of electronic and zero point energies,
sum of electronic and thermal energies, sum of elec-
tronic and thermal enthalpies and sum of electronic
and thermal Gibbs free energies.

The theoretical calculations were done at various
levels of theory to gain the more accurate equilibrium
geometrical results and IR spectral data for each of the
identified compounds. It is supposed that an addi-
tional diffuse and polarization functions into the basis
set applied in the computation conduct us to the mag-
nificent progress on the results of theoretical methods.
The simulation indicates the approaches which pro-
duce a common template of a model at a special tem-
F PHYSICAL CHEMISTRY A  Vol. 94  No. 9  2020
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Fig. 1. (Color online) (a) The schematics of ab initio optimized coordination [cyanidin-Al3+/Ga3+/Cr3+/Fe3+/Mg2+] through
representing the bond length of O Mn+ and bond angle of O Mn+ O calculated by m062x/cc-pvdz pseudo=lanl2. (b) Sol-
vation optimized with QM/MM model of anthocyanins’ family inside 500 water molecules as solvent, including 3 levels of m06-
HF for the high (H) layer, Pm3MM semi empirical for the medium and Monte Carlo for low layers at 300 K. 
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perature by computing all physicochemical properties
among the partition function [37].

COMPUTATIONAL DETAILS

Each part of the systems including Cy–Mg2+, Cy–
Al3+/Cr3+, Cy–Fe3+, and Cy–Ga3+ have been opti-
mized using ab inito via density functional theory
including ECP calculations with lanl1, lanl2 basis sets
and pseudo key due to the metals. In addition those
systems have been evaluated via QM/MM approach
through an ONIOM method. In our study, differences
of force fields are debated through comparing density
and energies with OPLS and AMBER via Monte
Carlo optimization. In addition, a Hyper-Chem pro-
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo
fessional release 7.01 program has been applied for
some additional keywords such as PM3MM, PM6
(pseudo=lanl2).

The DFT with the van der Waals densities func-
tional were investigated for modeling of solvent–com-
pounds interaction. All optimization of solvent effects
were done by Gaussian-09. The accurate calculations
performed using m062x, m06-L, and m06 for cyani-
din–metal ion chelate interaction. The m062x, m06-L,
and m06-HF methods have a suitable correspondence
in non-bonded calculations between these com-
pounds and solvents. The ONIOM levels have been
applied through 3 levels of high (H), medium (M),
and low (L) calculations which DFT methods were
used for the high (H) layer and the semi empirical
l. 94  No. 9  2020
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Scheme 3. (Color online) The relation of light intensity in the Beer–Lambert law with concentration aspect of metal ion chelation
of anthocyanin’s family like CAN–Mg3+ in water.
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method of pm6 and Pm3MM was used for the
medium and finally Monte Carlo for low layers,
respectively.

The Polarizable continuum model, PCM, is the
most popular SCRF model based on apparent surface
charges expanding to discuss non-electrostatic
impacts using scaled point theory [42, 43].

Rinaldi and Rivail developed the most common lev-
els of the SCRF method of multiple expansions with an
algorithm based on the use of a strict multipolar expan-
sion up to the 7th order by Frisch that is currently avail-
able at both semi-empirical and ab initio levels of the-
ory. Onsager and Kirkwood have arranged an intention
for various continuum solvation examples of a multiple
expansion, MPE, of the solute charge distribution [44–
46]. Then, Wiberg et al. improved Onsager-SCRF for
the Gaussian program [47, 48].

Solvation is illustrated in terms of a dipole
moment with an iterative path of quantum mechan-
ics calculations on the structure. The perspective of
Onsager-SCRF was one to directly apply almost all
of the computational characteristics of Gaussian
program. The dielectric continuum models like the
self-consistent reaction field approach are efficient
in applying account the long range of solute–solvent
electrostatic interactions and the effect of solvent
polarization. Another theoretical level is combina-
tion of molecular mechanics (MM) solvent molecule
with quantum mechanics level (QM) for electronic
structure of the solute molecule named QM/MM
which can modify deficiency of the dielectric contin-
uum model [49, 50].
RUSSIAN JOURNAL O
Absorbance is a direct measure of how much light
is absorbed by our samples in this work. As the absor-
bance can take on values between 0 (at 100% transmit-
tance) and about 2.0 (at 1% transmittance); thus large
values of absorbance are associated with very little
light passing entirely through the sample and small
values of absorbance are associated with most of the
light passing entirely through the samples. We could
imagine two interesting situations. First one, if we pass
a beam of light of the appropriate wavelength through
a fairly dilute solution, second, we could imagine that
the photons will encounter a small number of the
absorbing by the metal ions of chemical species such as
Mg2+, Al3+, Cr3+, Fe3+, and Ga3+, so we might expect
a high % transmittance and a low absorbance. Alterna-
tively, if we pass the same beam of light through a
highly concentrated solution, we could imagine that
the photons will encounter a large number of the
absorbing chemical species including Cy–Mg2+, Cy–
Al3+/Cr3+, Cy–Fe3+, and Cy–Ga3+.

In this work, light goes through a number of mole-
cules as a system (refers to Scheme 1b), the anthocy-
anidin pigments reveal a variety of molecular transfor-
mations with the pH changes, and generating different
colors; (1) f lavylium cation (pH >3 red), (2) carbonyl
pseudo base (pH 4–5 colorless), (3) an hydro base
(pH 6–7 violet), (4) anhydro base anion (pH 7–8
blue), (5) chalcone (pH >8 yellow)], therefore

. This qualitative relationship is

described by the following function for light intensity:

 or  where  is the number of spe-
cies in mechanism. The last expression may be gener-
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Fig. 2. (Color online) (a) Changes of Gibbs free energy (∆G, kcal/mol) of [ACN-Al3+/Ga3+/Cr3+/Fe3+/Mg2+] chelation in vacuum
(v) and water (w) media at 300 K; (b) changes of enthalpy of reaction (∆HR) for formation of [ACN-Al3+/Ga3+/Cr3+/Fe3+ /Mg2+]-
chelation complexes in water medium.
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alized for any systems with light path-length ( ):
, where k is a coefficient which depends on

concentration, c, and molar absorptivity, ε: conse-
quently, k = εc (Scheme 3).

RESULTS AND DISCUSSION

In this project, three anthocyanin pigments
of cyanidin, delphinidin, and petunidin have been
estimated using theoretical methods to measure the
effect of metal chelation of different plants includ-
ing factorial excess of Al3+/Ga3+/Cr3+/Fe3+/Mg2+ in
different pH and evaluated by IR spectroscopy using
Gaussian09 in vacuum and water media at 300 K
(Fig. 1).

The thermodynamic properties of ∆G, ∆H, ∆S,
electronic energy and core–core interaction, fre-
quency spectrums, anthocyanin concentration, and
pH determined final color and intensity (Table 2 and
Figs. 2a, 2b) [35].

l
−= 0    10 klI I
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo
The difference of ∆HR among [ACN-
Al3+/Ga3+/Cr3+/Fe3+/Mg2+] chelation complexes
(Fig. 2b) has been unraveled due to double bonds and
carbonyl groups through the chelation of B ring for Cy,
Dp and Pt anthocyanins in vacuum and water media
that illustrates the stability and color of [ACN-
Al3+/Ga3+/Cr3+/Fe3+/Mg2+] chelation of Cy, Dp, and
Pt pigments in a weak acidic condition (Fig. 1). The
highest chelate stability with different ACNs indicates
that ACN-metal chelation can produce a variety range
of colors under acidic pH with efficiency for food con-
sume. The results of ∆HR for formation of [Cy, Dp,
Pt-Al3+/Ga3+/Cr3+/Fe3+/Mg2+] chelation complexes
have been extracted by Fig. 2b and data of Tables 2
and 3.

In the present project, Beer–Lambert law has been
used for optimized compounds of [Cy, Dp,
Pt-Al3+/Ga3+/Cr3+/Fe3+/Mg2+] chelation to demon-
strate the absorbance of assigned molecules toward
showing the stabilization and a range of color due to
their electronic structures in H2O media with different
l. 94  No. 9  2020
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Table 2. Thermodynamic properties of Al3+/Ga3+/Cr3+/Fe3+/Mg2+ chelation for Cy, Dp, Pt pigments in vacuum (v) and
water (w) media at 300 K, calculated by m062x/cc-pvdz pseudo=lanl2

Chelation ∆G, kcal/mol ∆H, kcal/mol ∆S, kcal//(K mol) Eelectronic, kcal/mol Ecore-core, kcal/mol

Cy-Al3+(v) –8.5857 × 104 –83.2924972 285.9145815 –5.4036 × 105 4.5451 × 105

Cy-Al3+(w) –2.2817 × 105 –1055.370675 757.0659268 –2.2226 × 106 1.9945 × 106

Dp-Al3+(v) –9.2631 × 104 –125.1253726 308.3548311 –5.9126 × 105 4.9863 × 105

Dp-Al3+(w) –2.1997 × 105 –1002.58787 729.9112981 –2.0720 × 106 1.8521 × 106

Pt-Al3+(v) –9.6061 × 104 –112.0089867 319.8319042 –6.4155 × 105 5.4548 × 105

Pt-Al3+(w) –2.1592 × 105 –940.4675265 716.5909319 –2.0674 × 106 1.8515 × 106

Cy-Ga3+(v) –8.6017 × 104 –16.3560 286.6719 –5.4090 × 105 4.5488 × 105

Cy-Ga3+(w) –2.2833 × 105 –1055.3706 757.5847 –2.2238 × 106 1.9954 × 106

Dp-Ga3+(v) –9.2788 × 104 –55.2946 309.1121 –5.9184 × 105 4.9906 × 105

Dp-Ga3+(w) –2.2022 × 105 –1026.1415 730.6686 –2.0722 × 106 1.8520 × 106

Pt-Ga3+(v) –9.6272 × 104 –96.1243 320.5892 –6.4222 × 105 5.4594 × 105

Pt-Ga3+(w) –2.2366 × 105 –1023.9666 742.1457 –2.1879 × 106 1.9642 × 106

Cy-Cr3+(v) –9.0353 × 104 –9.0901 301.1496 –5.6780 × 105 4.7744 × 105

Cy-Cr 3+(w) –2.3275 × 105 –1065.9298 772.3010 –2.2732 × 106 2.0405 × 106

Dp-Cr3+(v) –9.7191 × 104 –114.2305 323.5899 –6.2009 × 105 5.2290 × 105

Dp-Cr3+(w) –2.2456 × 105 –1021.4739 745.1463 –2.1219 × 106 1.8973 × 106

Pt-Cr3+(v) –1.0060 × 104 –78.2840 335.0669 –6.7134 × 105 5.7074 × 105

Pt-Cr3+(w) –1.9050 × 105 –709.7708 632.6362 –1.7197 × 106 1.52927 × 106

Cy-Fe3+(v) –9.6847 × 104 –133.8576 322.3788 –5.8856 × 105 4.9171 × 105

Cy-Fe3+(w) –2.2420 × 105 –1022.2549 743.9352 –2.1020 × 106 1.8778 × 106

Dp-Fe3+(v) –1.0352 × 104 –78.5366 344.8190 –6.4155 × 105 5.3802 × 105

Dp-Fe3+(w) –2.3100 × 105 –1090.2568 766.3755 –2.1573 × 106 1.9263 × 106

Pt-Fe3+(v) –1.0705 × 104 –160.3138 356.2961 –6.9356 × 105 5.8651 × 105

Pt-Fe3+(w) –1.5199 × 105 –470.1788 505.0807 –1.1946 × 106 1.0426 × 106

Cy-Mg2+(v) –8.5215 × 104 –45.6907 283.8974 –5.3287 × 105 4.4765 × 105

Cy-Mg2+(w) –2.2760 × 105 –1083.7536 755.0487 –2.2076 × 106 1.9800 × 106

Dp-Mg2+(v) –9.1986 × 104 –84.9301 306.3376 –5.8342 × 105 4.9143 × 105

Dp-Mg2+(w) –2.1940 × 105 –1033.6429 727.8941 –2.0569 × 106 1.8375 × 106

Pt-Mg2+(v) –9.5415 × 104 –71.1751 317.8147 –6.3344 × 105 5.3802 × 105

Pt-Mg2+(w) –2.1534 × 105 –970.6360 714.5737 –2.0521 × 106 1.8367 × 106
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Fig. 3. (Color online) Changes of absorbance (A) versus concentration (c) through Beer–Lambert law for (a)
[Cy-Al3+/Ga3+/Cr3+/Fe3+/Mg2+] chelation and (b) [Pt-Al3+/Ga3+/Cr3+/Fe3+] chelation in the weak acidic media by different
concentrations of H+ at 300 K.

0

0.5

1.0

1.5

2.0

2.5

0.02 0.03 0.04 0.05 0.06 0.07

A

c

(a)

A(Cy-Al3+)
A(Cy-Ga3+)
A(Cy-Cr3+)
A(Cy-Fe3+)
A(Cy-Mg2+)

0

2

4

6

8

0.02 0.03 0.04 0.05 0.06 0.07

A

c

(b)

A(Pt-Al3+)
A(Pt-Ga3+)
A(Pt-Cr3+)
A(Pt-Fe3+)
A(Pt-Mg2+)
concentrations of H+ (Table 4). The absorbance (A) of
the anthocyanins—Al3+/Ga3+/Cr3+/Fe3+/Mg2+ ion
chelation of Cy, Dp, and Pt pigments in H2O periodic
box of a simulated model has been calculated through
the Beer–Lambert law which directly depends on
concentration (c, mol/L) of H+. The results have been
shown in Table 4 based on basic equations of
A = log(I0/I) = εlc, where A is the absorbance; I is
intensity of current; ε is molar absorptivity coefficient;
and c is concentration of solution. Basically, the
increase in absorbance continued to rise with increas-
ing and decreasing of frequency (F) for anthocyanin-
metal cation chelation of Cy–Al3+ and Pt–Al3+ in
higher pH, respectively (Figs. 3a, 3b).

These decreases in absorbance could be related to
decreased solubility of the CAN–Mn+ complexes
which are resulted in precipitation of some complexes.
In neutral or alkaline pH, hyper-chromic effects were
found to be highest with much lower Mn+ levels; they
were largest in higher pH with Mn+ and [ACN],
respectively, and were pursued by absorbance
decreases (Figs. 3a, 3b).The large increases in absor-
bance could be treated to convert as the colorless
forms of ACN to those which absorb and reflect visible
light as well as the Mn+ induced linked to ACN com-
pounds (Figs. 3a, 3b).
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo

Table 3. The difference of ∆HR through formation of [ACN
Mn+–H2O), kcal/mol

ACN Mn+ = Al3+ Mn+ = Ga3+

Cy –1072.0889 –939.0038

Dp –894.7528 –828.4312

Pt –1094.7862 –1151.5006
There is a high tendency to the absorbance of Cy,
Dp, and Pt with Mg2+ added, but the changes were of
small magnitude by playing a role in organizing ACN
into supramolecular assembly similar to the role of
Mg2+ which plays in metalloanthocyanins formation
[34]. Mg2+ is the only divalent metal cation used in
this work which is a crucial Mn+ to life system and
usually linked to ACN in plant systems lacking any
electrons in d orbitals, and it is able to produce some
metalloanthocyanins with the unfilled d or f orbitals
[51]. Mg2+ was found to do function in the stereo-
chemical configurations of Cy, Dp, and Pt anthocy-
anins (Fig. 1). For discovering the impacts of Al3+

salt on food origin, ACN were measured with the
goal to better understanding blue color development
of metallo-ACN.

In calculations, Al3+ was identified to displace
Mg2+ in ACN-Mg2+ complexes, Cy based, and pro-
duces more stable complexes [52]. This Mn+ has also
even been estimated as a key to evaluate Cy, Dp, and
Pt in ACN extracts from edible sources [53]. Similar to
Mg2+, Al3+ also lacks electrons in d orbitals but is tri-
valent when ionized.

In all pH, the frequency, intensity, absorbance, and
thermodynamics properties (Table 4) of ACN-chela-
l. 94  No. 9  2020

-Al3+/Ga3+/Cr3+/Fe3+/Mg2+-chelation] complexes (ACN–

Mn+ = Cr3+ Mn+ = Fe3+ Mn+ = Mg2+

–1056.8397 –788.3865 154.3308

–935.4285 –869.3045 199.9012

–1128.5112 –1046.4814 –178.9623
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Fig. 4. (Color online) Changes of frequency (f) versus pH for (a) [Cy-Al3+/Ga3+/Cr3+/Fe3+/Mg2+] chelation and (b) [Pt-Al3+/
Ga3+/Cr3+/Fe3+] chelation in the weak acidic media by different concentrations of H+ at 300 K.
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3800
tion were found to be significantly different with each
metal treatment (Al3+/Ga3+/Cr3+/Fe3+/Mg2+)
(Table 4). It has been seen that by increasing the pH,
the frequency of [ACN-Al3+/Ga3+/Cr3+/Fe3+/Mg2+]
chelation increases between pH ≈1.1–1.5 (Figs. 4a,
4b). The maximum frequency of Al3+ treated acylated
Cy was greater indicating the development of bluer
colors, especially in higher pH with effects on their
visible light absorbance (Figs. 4a, 4b).

Although we have little information about the
interaction of ACN with Cr3+, it is trivalent Mn+ hav-
ing electrons in d orbitals, where addition of Cr3+ to
the ACN of this study was also found to induce fre-
quency and absorbance of spectra. In all pH, the mean
frequency of the ACN of both sources was achieved to
be various from one another with each metal cation.
Similar trends occurred with Cr3+, where the fmax of
chelated Cy and Dp were greater while it has been
indicated the larger fmax of the ACN with Cr3+ com-
pared to Al3+in chelation by Cy and Pt. Like Al3+, the
impacts of iron chelated to ACN were investigated to
be better characterized to generate some ACN based
blue colorations. Fe3+ is known to play an important
role in many of the known pigment macromolecules
[34]. Those metalloanthocyanins with Cy chromo-
phores need Fe3+ to generate blue hues, but those
based on Dp chromophores can proceed blue colors.
So, it has been seen ACN formed bonds with Fe3+ pro-
ducing the highest shifted of frequency and absor-
bance compared to other metalloanthocyanins
(Figs. 3b and 4b).

As it has been seen in Table 4, the physical proper-
ties of high frequency and dipole moment for anthocy-
anin-metal cation chelation of Cy-Al3+, Dp-Al3+, and
Pt-Al3+ have been calculated in weak acidic media
extracted from the infrared computational method
which shows a high deviation of absorbance for [Al3+-
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo
chelation] of Dp pigment. The frequency achieved of
IR vibrational spectra have shown that the normal
mode of the active sites due to anthocyanin-metal cat-
ion chelation of Cy-Al3+, Dp-Al3+, and Pt-Al3+ in
optimized weak acidic media approves the stability
and color of these structures. The principal frequency
vibrational modes have been illustrated based on the
stability and color of various anthocyanin–metal cat-
ion chelation (Table 4).

In the next step, the atomic charge of indicated
atoms in [ACN-Al3+/Ga3+/Cr3+/Fe3+/Mg2+] chela-
tion has been evaluated as the active parts of the mol-
ecules which play an important role for the electron
charge transfer toward producing a range of various
colors in water medium (Fig. 1 and Table 5).

In Figs. 5a–5e, it has been plotted the changes of
atomic charge of labeled oxygen atoms and metal cations
through optimized [ACN-Al3+/Ga3+/Cr3+/Fe3+/Mg2+]
chelation (Fig. 1); so, the results of Table 5 in a polar
medium of water solution comparison to vacuum
declare the stability and color of these compounds
in the natural products of vegetables and fruits
(Figs. 5a–5e).

The outlook of Fig. 5 recommends the reason for
existing observed various results of [ACN-
Al3+/Ga3+/Cr3+/Fe3+/Mg2+] chelation which are
principally linked to the position of active cites of
labeled oxygen atoms and metal cations in these mol-
ecules which move the charge of electrons in aromatic
cyclic chains because of water polar medium in con-
trast to vacuum and the lowest deviation for two media
of water and vacuum has been indicated for ACN-
Mg2+ (Fig. 5e).
l. 94  No. 9  2020
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Fig. 5. Comparison of atomic charge versus labeled oxygen atoms and metal cations through optimized [ACN-
Al3+/Ga3+/Cr3+/Fe3+/Mg2+] chelation in vacuum and water media. 
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In fact, the spin density and partial charges have
been obtained by fitting the electrostatic potential to

fixed charge of , , and  cations for Cy-Mn+

(31), Dp-Mn+ (32), and Pt-Mn+ (35), respectively
(Table 5 and Fig. 5); therefore, the electrophilic
groups of Cy, Dp anthocyanin pigments conduct us to

+
17O +

16O +
7O
RUSSIAN JOURNAL O
find the reason for the activity and the stability of these
structures in the natural products.

CONCLUSIONS
Generally, ACN is capable to chelate the Mn+

through indicating the shift in their frequency and
F PHYSICAL CHEMISTRY A  Vol. 94  No. 9  2020
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Table 5. Atomic charge for oxygen atoms in molecules of [ACN-Al3+/Ga3+/Cr3+/Fe3+/Mg2+-chelation] in different
media of vacuum (v) and water (w)

Atom ACN-Al3+ 
(v)

ACN-Al3+ 
(w)

ACN-Ga3+ 
(v)

ACN-Ga3+ 
(w)

ACN-Cr3+ 
(v)

ACN-Cr3+ 
(w)

ACN-Fe3+ 
(v)

ACN-Fe3+ 
(w)

CAN-Mg2+ 
(v)

ACN-Mg2+ 
(w)

ACN = Cy

O10 –0.3274 –0.3639 –0.3685 –0.3752 0.0348 –0.0236 –0.1192 –0.1669 –0.4070 –0.4252

O+17 –0.1308 –0.1278 –0.1156 –0.1614 –0.1200 –0.1350 –0.1293 –0.1378 –0.1744 –0.1354

O24 –0.1977 –0.1818 –0.1823 –0.2314 –0.1866 –0.2141 –0.2164 –0.2108 –0.2217 –0.2014

O25 –0.2150 –0.2077 –0.2051 –0.2223 –0.2061 –0.2150 –0.2189 –0.2176 –0.2245 –0.2173

O26 –0.2213 –0.2094 –0.2185 –0.2093 –0.2187 –0.2125 –0.2224 –0.2112 –0.2350 –0.2123

O27 –0.3353 –0.3338 –0.3599 –0.3382 –0.0970 0.0752 –0.1466 –0.1350 –0.3996 –0.3935

Mn+31 –0.0025 –0.0201 –0.0315 0.7577 –0.8628 –0.4498 0.0273 0.0766 0.7701 0.7624

ACN = Dp

O9 –0.2871 –0.3264 –0.3314 –0.5631 0.0678 0.0050 0.0968 –0.1422 –0.3774 –0.3932

O+16 –0.1314 –0.1285 –0.1163 –0.1313 –0.1319 –0.1350 –0.1311 –0.1362 –0.1753 –0.1361

O23 –0.2037 –0.1868 –0.1833 –0.1803 –0.2192 –0.2102 –0.2463 –0.2069 –0.2200 –0.1979

O24 –0.2165 –0.1995 –0.2054 –0.2018 –0.2185 –0.2054 –0.2302 –0.2071 –0.2242 –0.2074

O25 –0.2211 –0.2138 –0.2184 –0.2149 –0.2224 –0.2158 –0.2269 –0.2169 –0.2345 –0.2157

O26 –0.3313 –0.3316 –0.3504 –0.6333 0.0478 0.0634 0.0469 –0.1260 –0.4020 –0.3970

O30 –0.1690 –0.1922 –0.1812 –0.1867 –0.2076 –0.2105 –0.2433 –0.2131 –0.2124 –0.2107

Mn+32 0.0063 0.0385 –0.0575 0.6460 –0.4936 –0.4268 0.2444 0.0444 0.7645 0.7602

ACN = Pt

O+7 –0.1322 –0.1285 –0.1249 –0.1317 –0.1324 –0.1329 –0.1327 –0.1367 –0.1762 –0.1361

O17 –0.2934 –0.3328 –0.5658 –0.5731 0.0460 0.0329 –0.1157 –0.1279 –0.3811 –0.3989

O18 –0.3315 –0.3287 –0.6413 –0.6332 0.0224 0.0389 –0.1271 –0.1769 –0.4015 –0.3940

O19 –0.2031 –0.1884 –0.1833 –0.1888 –0.2184 –0.2165 –0.1271 –0.2136 –0.2200 –0.2004

O20 –0.2211 –0.2146 –0.2203 –0.1940 –0.2228 –0.2152 –0.2230 –0.2039 –0.2345 –0.2168

O21 –0.2168 –0.2123 –0.2111 –0.2155 –0.2194 –0.2188 –0.2202 –0.2194 –0.2245 –0.2208

O30 –0.1100 –0.1314 –0.1202 –0.1263 –0.1503 –0.1565 –0.1532 –0.1529 –0.1520 –0.1505

Mn+35 0.0040 0.0304 0.6476 0.6472 –0.4207 –0.4231 0.0166 0.0958 0.7656 0.7630
absorbance spectra which are affected by several
factors including the ACN structure, pH which is
the important environmental factor in the expressed
color of the solutions, and also the atomic configu-
ration of the metallic cations. Divalent Mg2+ was
found to impact ACN minimally with raising elec-
tron density in different pH; Fe3+ ≈ Ga3+ > Al3+ >
Cr3+ ≫ Mgn+. The color of the ACN chelates was
discovered to be stable through the analysis and
subsequent investigation considering stability that
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo
will be followed to estimate the efficiency of these
types as food colorants.

Using Beer–Lambert law on [ACN-
Al3+/Ga3+/Cr3+/Fe3+/Mg2+] chelation of Cy, Dp, and
Pt pigments by theoretical methods illustrates absor-
bance factor in vacuum and water media and then unrav-
els the stabilization energy and geometry which have
been impacted by IR theoretical modeling toward the
thermodynamic properties and the electronic structural
of optimized [ACN-Al3+/Ga3+/Cr3+/Fe3+/Mg2+] com-
l. 94  No. 9  2020
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Table 6. Calculated thermochemical properties based on normal modes analyzing by m062x/cc-pvdz pseudo=lanl2 and
Gaussian 2009 program package

Molecules H = E + RT G = H – TS

Cyanidin (Cy) –7761.3389 –1156.0159 –227822.7071

Delphinidin (Dp) –7853.3877 –1188.5057 –234587.2717

Petunidin (Pt) –7690.8732 –1078.4232 –223041.8476

= + + +0 vib rot transE E E E E
plexes resulting of metal chelation (Table 6). The results
have exhibited that such extrapolation schemes signifi-
cantly overestimate [ACN-Al3+/Ga3+/Cr3+/Fe3+/Mg2+]
chelation by sharp parts of electrophilic molecules in
weak acidic media with different concentrations of H+

which are the most active particles at the applied com-
pounds in this project.
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