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Abstract—Semi-empirical PM3 calculations are made for the electronic absorption spectra of colored
forms of nonmethylated anthocyanidins (aurantinidin, pelargonidin, cyanidin, and delphinidin). The
position of the absorption band peak is shown to depend on the orientation of hydroxyl groups in the agly-
cone structure. The observed tendency toward a bathochromic shift after OH groups are added to the ring
generally corresponds to experimental data. The results for the uncharged quinonoid forms of pelargoni-
din (a hypsochromic shift of absorption bands) do not in this case agree with the prevailing opinion of
specialists about the bathochromic shift. While this opinion is confirmed by DFT calculations, there are
still no reliable experimental data on their validity. The formation of single-charged (negatively) quinon-
oid structures is clearly the reason for the bathochromic shift of absorption bands, which is consistent
with the experimental data. When the charge multiplicity increases (to —2), a hypsochromic shift of
absorption bands to the experimentally observed yellow color of anthocyanins in alkaline solutions is
again predicted.
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INTRODUCTION

Anthocyanins are unique compounds of a vast
class of flavonoids. Their distinguishing chemical
characteristic is the existence of several pH-depen-
dent forms [1, 2]. Anthocyanins are glycosides of
anthocyanidins. The flavylium form is responsible
for the red color of fruits, flowers, leaves, and other
parts of plants, with tints that depend on the struc-
ture of the anthocyanin. However, the variety of
plant colors is governed not only by the flavylium
form but by complex supramolecular structures that
can include other forms of anthocyanins as well. It is
known that when pH grow from 1 or less (a condition
for the existence of anthocyanins and anthocyani-
dines only in flavylium I, Scheme 1), this form
becomes a colorless pseudo-base due to nucleophilic
attack by water molecules (hemiacetal II, Scheme 1).
The hemiacetal form is in equilibrium with a weakly
colored cis-chalcone form (III, Scheme 1) that can
also isomerize into a weakly colored frans-chalcone
form (IV, Scheme 1).

However, there is another possible course of the
transformation of the flavylium form as pH rises
(Scheme 2): deprotonation with the formation of
uncharged (Va and Vb) quinonoid structures, the
number of which depends on the structure of anthocy-

anins (the existence of glycoside substituents at posi-
tion 5 and sometimes at position 7). These structures
can then transform into single (VI, Scheme 2) or (for
anthocyanins without a glycoside substituent at posi-
tion 5) double charged quinonoid structures. The qui-
nonoid forms are considered to be colored too, but at
wavelengths other than the flavylium form.

Though there are many works on transitions
between the anthocyanin and anthocyanidin forms,
their electronic spectra (except for that of flavylium)
are unknown. The color of quinonoid forms is
assumed to be blue shifted (with magenta coloring)
relative to the flavylium form, while the negatively
charged quinonoid form is blue [1—4]. Unfortunately,
it is impossible to obtain the spectra of individual
forms of natural anthocyanins (except for those of fla-
vylium) because of the simultaneous presence of many
forms in different ratios, and the instability of non-fla-
vylium forms. In [5], we proposed a way of separating
the spectra of anthocyanins by obtaining difference
spectra. However, this approach has yet to be fully
substantiated, though HPLC with spectra measured
by a diode matrix detector eliminates the second rea-
son: the instability of forms. It is therefore of great
importance to calculate the electronic absorption
spectra of different forms of anthocyanins and antho-
cyanidins via quantum chemistry. Several works on ab
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Scheme 1. Transformations of the flavylium form in the direction of hydration. Forms: I, flavylium; II, pseudo-base; III, cis-

chalcone; IV, frans-chalcone.

Scheme 2. Transformations of the flavylium form in the deprotonation direction. Forms: I, flavylium; Va and Vb, uncharged qui-

nonoid; VI, charged quinonoid.

initio (including different means of density functional
theory) and semi-empirical calculations of anthocya-
nins and anthocyanidins [6—11] have been published,
with less attention given to non-flavylium forms [9,
11].

The aim of this work was to perform quantum-
chemical calculations of the electronic absorption
spectra of some anthocyanidins in the flavylium and
charged and uncharged quinonoid forms. Instead of
anthocyanins, anthocyanidins were chosen as com-
pounds that had the simplest structures but greater
possibilities, due to the diversity of their forms.

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRYA  Vol. 95

EXPERIMENTAL

Semi-empirical quantum-chemical calculations
were performed using the HyperChem 8.0 program
package. The geometry was optimized in vacuo using
the semi-empirical PM3 technique [12]. The Polak—
Ribiere algorithm with a gradient limit of
0.0001 kcal/(A mol) and a limited number of cycles
(1000) was used to optimize the molecular geometry.
The electronic spectra were calculated under the con-
dition of single excitation, and only for singlet states at
configurational interaction with an energy limit
(10 eV) in the PM3 and ZINDO/S approaches.
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In this work, we used experimental wavelengths
obtained in methanol + 1% HCI solvent reported in
[7]: 499 nm for aurantinidin (3,4',5,6,7-tetrahydroxy-
flavylium); 520 nm for pelargonidin (3,4',5,7-tetrahy-
droxyflavylium); 535 nm for cyanidin (3,3',4',5,7-
pentahydroxyflavylium); and 546 nm for delphinidin
(3,3',4',5,5',7-hexahydroxyflavylium).

RESULTS AND DISCUSSION
Calculations for Flavylium Ions

In making our calculations, we found that the
result (A, value) depends on the orientation of
hydroxyl groups in the structure of flavylium ions. In
the above works, no attention was given to the orienta-
tion of these groups, except for the orientation of the
OH group at position 3, in one of which the planarity
of the molecule is violated [7]. The orientation of OH
groups in the anthocyanidin ion was denoted by posi-
tive signs if the OH group was oriented clockwise, and
by negative signs for groups with the opposite orienta-
tion (Scheme 3).

The total energies of particles, the wavelength of
the electronic transition in the absorption spectrum,
and dipole moments obtained for ions of pelargonidin
(anthocyanidin), which has fewest hydroxyl groups of
all the common natural anthocyanidins, are presented
in Table 1.

The difference between the calculated wavelengths
of the absorption band (A,,,,,) for different orientations
of hydroxyl groups (except the OH group at position 3)
was ~9 nm (485.62—494.55 nm). Here, the difference
between conformation energies was no more than
3.84 kcal/mol, which is comparable to the energy of
the thermal motion of molecules. Average value A,,,,, =
489.29 nm may therefore be taken as a tentative
parameter. Due to rapid (vertical) electronic transi-
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Scheme 3. Structure of the flavylium form of pelargonidin.

tions in different conformations, however, real spectra
can be the sum of spectra of individual conformations,
with weight determined by, e.g., conformation analy-
sis. Bands in the spectra of anthocyanins or anthocy-
anidins can therefore be broadened or asymmetric
even if there is only one allowed transition.

An analysis of the data in Table 1 shows that the
orientation of the dipole moment at position 5 con-
tributes greatly to the energy of state: A, = 486.5 +
0.9 nm in the positive direction and 493.5 = 1.4 nm in
the negative. Of the two calculation procedures (PM3
and ZINDO/S), the first yielded results closer to the
experimental value (520 nm), so only this procedure
was used below.

In our calculations, we excluded the counterclock-
wise orientations of the OH group at position 3, since
they create great steric hindrances in particles and vio-
lations in planarity. For a conformation with all nega-
tive directions of OH groups (a planar structure of all
conformations with positive orientation of the OH
group at position 3), the torsion angle of O,—C,—C,—
C, grows to 45.5°, but reduced conjugation between B

Table 1. Results from quantum-chemical calculations for the flavylium form of pelargonidin (£ is the particle energy, A is
the transition wavelength, and [ is the particle dipole moment)

Orientations of OH groups at positions A, nm

—E, kcal/mol u, D
7 5 3 4 PM3 ZINDO/S
+ + + + 3412.4932 485.62 468.00 1.931
+ + + — 3412.3516 486.46 468.24 1.921
+ - + + 3409.6530 491.79 472.12 2.608
— + + + 3412.4114 486.57 468.12 4.104
+ — + - 3409.5432 492.65 472.35 0.984
— + + — 3412.3263 487.38 468.36 3.587
- — + + 3410.2277 493.69 472.27 0
— — + — 3410.1749 494.55 472.50 1.398
— — — — 3410.4853 483.22 2.506
— + — - 3412.3497 469.51 4.907
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Table 2. Results from quantum-chemical calculations for cyanidin ions
Orientations of OH groups at positions
—F, kcal/mol A, nm u, D

3 5 7 3 4

Type I conformation
+ — — + + 3511.7828 499.16 4.78
+ — + — — 3510.9769 502.92 1.193
+ — + — + 3509.2081 504.68 2.766
+ + — — + 3512.0558 497.57 6.185

Type II conformation
+ — — — - 3511.6523 504.81 2.272
+ + — + — 3512.1126 503.40 5.994
+ + — + + 3514.0668 499.80 6.112
+ + + + + 3514.1656 499.14 3.929

Type 11 conformation (3—)

— — — + + 3511.9115 502.50 4.136
— + + + + 3513.9567 485.10 4.37

and C rings has virtually no effect on the position of
Amax- The same torsion angle changes slightly (to 47°)
for the positive orientation of the OH group at position 5,
and A, shifts hypsochromically by ~14 nm (from
483.2° t0 469.5°).

We found no correlations between A, and the
dipole moment for a particle in vacuo. However, it is
entirely possible that this parameter could be import-
ant during the solvatochromic effects that occur upon
moving from a vacuum to true polar solutions and
expand the range of possible A,,,, values for different
particle conformations.

We did not perform calculations for all possible
wavelengths, since the number of possible different
orientations of hydroxide ions grows substantially
upon moving to cyanidin (for which two types of con-
formations are possible, with C,—0O,—C;—C,. torsion
angles of 0° for the first and 180° for the second) and
delphinidin (which contains six OH groups). Results
from calculating some OH group orientations for the
flavylium form of cyanidin are summarized in Table 2.

The A, dispersion was less than 6 nm for positive
orientations of the OH group at position 3 (average
Amax = 501.4 nm), and the difference between ground
state energies was less than 5 kcal/mol. Our calcula-
tions thus predicted a 12 nm bathochromic shift of
Amax Upon moving from pelargonidin to cyanidin,
which is less than the experimentally determined dif-
ference in wavelengths (15 nm). As with pelargonidin,
we found that the ring lay outside the plane of conju-
gation for the negative orientation of the OH group at
position 3, and the range of A,,,,, was extended for elec-
tronic transitions in different conformations. To sup-
port the idea that electronic absorption spectra can be

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRYA  Vol. 95

superpositionings of the individual spectra of different
conformations, let us consider the experimental
absorption spectrum of cyanidin, measured in a detec-
tor cuvette during the separation of anthocyanidins via
reverse-phase HPLC in mobile 10 vol % formic acid
and 14 vol % acetonitrile phase (Fig. 1).

Figure 1 shows that the experimental spectrum of
cyanidin is a complex superpositioning of several indi-
vidual bands with only one allowed transition, accord-
ing to the data from quantum-chemical calculations
for each particle conformation. Note that there was no
analysis of experimental absorption spectra in any of
the above works, and our intricate structure could be a
consequence of vertical electronic transitions for the
set of existing conformations.

The spread of A,,,,, for delphinidin was 20 nm at an
average value of 505.7 nm for eight randomly selected
conformations. This preceded a bathochromic shift of
the absorption band upon moving from cyanidin to
delphinidin, in accordance with the experimental data
(M variation from 535 to 546 nm). The observed
increase in A,,,, correlates with a rise in the particle
energy in the ground state. The same dependence was
also found for cyanidin, but only when the results were
grouped according to conformation (Fig. 2; the coor-
dinate axes were changed to compare three depen-
dences in one graph).

A transition from pelargonidin to aurantinidin,
achieved by adding an OH group at position 6 with the
clockwise orientation of all groups, resulted in a 9 nm
hypsochromic shift of the absorption band, which cor-
responded to the direction of the change in A,,,,, in the
experimental electronic spectra.
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Fig. 1. Electronic absorption spectrum of cyanidin, fitted using individual Gaussian bands.

Unfortunately, our quantum-chemical calcula-
tions of changes in the electronic absorption spectra
during the methylation of OH groups in the cyanidin
(for peonidin) and delphinidin (for petunidin and
malvidin) series were disappointing, due to the wide
range of wavelengths found for different conforma-
tions of flavylium ions, with the experimental ones
remaining unchanged in the first series and growing by
only 1.0—1.5 nm in the second series.

Calculations for Quinonoid Structures

There are three possible structures for pelargoni-
din: 4'-, 5-, and 7, according to the keto group position
(Scheme 4).

In our calculations, we excluded structures with the
anticlockwise orientation of the hydroxyl group at
position 3 caused by great steric hindrances that give
the molecule a complex nonplanar conformation.

With the 4' quinonoid structure, the change in the
orientation of OH groups at positions 5 and 7 weakly
affects the wavelengths at the absorption maximum
(Table 3); however, the average value of 405.3 *
0.7 nm does not agree with the view that a small
bathochromic shift of the band wavelength occurs
upon moving from flavylium to the quinonoid form
[9, 11, 13]. For the most stable (in energy) S-quinon-
oid form, the maximum shifts to 455.2 = 0.7 nm, but
this band is still shifted hypsochromically relative to
the band of the flavylium form. Calculations in [9]
regarding a number of synthetic anthocyanins with
known spectral characteristics for flavylium and qui-
nonoid structures showed that semi-empirical calcu-
lations of A, for quinonoid structures were less suc-
cessful than ones made using DFT. The uncharged
quinonoid form was not mentioned at all in [14], and
the change in the color was attributed to the emer-
gence of single- and double-charged quinonoid struc-
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tures. According to our data, a distinct shade of
magenta appears only for anthocyanins acylated by
substituted cinnamic acids, so this shift of the absorp-
tion band could be a consequence of intramolecular
co-pigmentation [15].

The effect the position of the carbonyl group has on
the planarity of the structure even with the positive
orientation of the hydroxyl group at position 3
(Table 4) could be due to unexpected structural fea-
tures of the quinonoid forms (relative to that of fla-
vylium). Only the 4'-quinonoid form is planar in all
conformations, and the conjugated bonds are out of
plane for the 5- and 7-quinonoid structures. The
change in the bond angle at carbon atom 2 (O,—C,—

A, nm
495 500 505 510 515 520
-3510
~3612
3514 1-3614
E, keal/mol E, kcal/mol

Fig. 2. Correlation between the calculated band maxima in
the electronic absorption spectra and the calculated ener-
gies of ground state conformations of cyanidin: (/) type I
conformation; (2) type II conformation; (3) delphinidin.
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Scheme 4. Quinonoid structures of pelargonidin.

C,) testifies to the steric repulsion between rings B and
C. These are same reasons for the change in torsion
angles: the angle of O,—C,—C,;—C, pushing ring B
from the plane of conjugation along with rings A and
C, and the angle of C,—C;—0;—H partially pushing
the OH group out of the plane of the molecule. How-
ever, the weakening of the conjugation raises the wave-
length of the absorption band maximum.

Calculations for Charged Quinonoid Structures

A specific feature of charged quinonoid structures with
a —1 charge is that there are two equivalent forms, e.g.,

* the 4'-quinonoid structure with deprotonation of
the hydroxyl group at position 7;

* the 7-quinonoid structure with deprotonation of
the hydroxyl group at position 4'.

Both structures are distorted notably, including the
change in the orientation of the hydroxyl group at
position 3. An appreciable bathochromic shift of the
absorption maximum to 550—560 nm was also
observed (Table 5). The blue color of aqueous antho-
cyanin solutions, observed experimentally in a number
of cases when pH was increased, can provide the for-
mation about this structure. Note that all of the calcu-

Table 3. Results from quantum-chemical calculations of uncharged quinonoid structures of pelargonidin

Orientation of OH groups at positions
Structure —E, kcal/mol A, nm
5 3 4
4'-Quinonoid + + + 3493.5349 405.42
+ + 3492.9957 404.61
+ - + 3493.7887 405.86
— — + 3493.8306 405.18
5-Quinonoid + + + 3497.2040 453.97
+ + — 3497.1413 454.00
— + + 3498.1748 456.40
— + — 3498.5490 456.35
7-Quinonoid + + + 3494.9837 450.20
+ + — 3495.0242 449.91
+ + 3493.4099 447.47
— + — 3468.0212 446.48

Table 4. Effect of the carbonyl group’s position on the planarity of quinonoid structures

OH group orientation at position

Torsion angle, deg

Structure 01-C=Cy
5 7 4 bondangle |0,—-C,—C;—~C,|C,—C;—O;—H
4 + + 114 0 180
— — 114 0 180
5 + + 112 —12.8 —168.9
- — 112 —12.5 —168.7
7 + + 112 —14.6 —154.9
— — 112 —15.9 —132.2
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRYA Vol.95 No.7 2021
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Table 5. Results from quantum-chemical calculations of pelargonidin quinonoid structures with a —1 charge
Orientation of OH groups at positions Angles in the ground states —E
Structure of the structures > A nm
kcal/mol ’
3 5 7 4 I* Ir** TIT**

4', chargein 7(—) =7, + — 112.4 20.7 14.4 | 3494.2075 560.45
charge in 4'(—) + + 112.4 21.0 14.8 | 3493.4878 | 555.98
4', charge in 5(—) =5, + + 113.6 —-5.8 —104.2 | 3495.2769 514.86
charge in 4'(—) + - 1137 | =57 | —103.8 | 3495.4416 | 516.05
5, chargein 7(—=) =7, + + 112.1 -7.2 —177.8 | 3483.3197 | 434.87
charge in 5(-) + - 1120 | —6.6 | —178.1 | 3483.4473 | 434.45

* 0;—C,—C;  bond angle, ** O;—C,—C,—C, torsion angle, and *** C,—C3—O3—H torsion angle, deg.

Table 6. Results from quantum-chemical calculations of pelargonidin quinonoid structures with a —2 charge (where fis the

oscillator strength)
Angles in the ground states
Structure of the structures, deg —E, kcal/mol A, nm f
I 11 111

4', chargesin7 and 5=35, 112.3 —40.3 7.6 3425.8875 457.06 0.191

charges in 7 and 4" 438.69 0.493

7, charges in 5 and 4' 113.2 —54.0 -3.7 3426.2969 457.01 0.100
424.32 0.522

lated wavelengths of absorption bands found in this REFERENCES

work were hypsochromically shifted relative to the
experimental data. This could be a consequence of
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