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Abstract

Context In the present work, DFT/TDDFT techniques is used to analyze structure, bonding, reactivity and electronic transi-
tions of quercetin, morin, myricetin with their metal (Cu and Zn) complexes. In order to comprehend metal complexes and
ligands reactivity patterns, we calculated energy gaps between frontier molecular orbitals. Global reactivity characteristics,
such as ionization potential, electronegativity (), hardness (n), softness (S), electrophilicity index (o) electron affinity,
and chemical potential (p), were computed based on the FMO energies. Molecular electrostatic potential (MEP) maps
were used to identify nucleophilic and electrophilic sites in complexes. Within the examined complexes, TDDFT and NBO
analysis shed light on bonding, electronic transitions and stabilizing interactions. Ligands morin, myricetin, and quercetin
exhibited higher HOMO-LUMO gap than their corresponding metal complexes, suggesting electron transfer may be faster
in the metal complexes. The metal complexes displayed more negative electrostatic potentials. The absorption spectra of
the ligands ranged from 258 to 360 nm, whereas their complexes exhibited a broader range from 252 to 1035 nm. These
spectra provided important insights into charge transfer and electronic transitions, enhancing our knowledge of electronic
and bonding characteristics of such compounds.

Methods G16 software is used to optimize all species. B3LYP functional was employed in combination with LanL.2DZ basis
set for Cu and Zn, and 6-311G(d,p) basis set for other atoms (C, H and O). Natural bond orbital examination was conducted
in order to investigate interactions between the filled orbitals of one unit and empty orbitals of other unit. ORCA software
was utilized to compute spectral features, incorporating ZORA method to account for relativistic effects. TDDFT studies is
carried out using B3LYP functional to calculate excitation energies.

Keywords Morin/myricetin/quercetin - Copper/zinc complexes - DFT/TDDFT - MEP - NBO - Bonding - Electronic transitions

Introduction

Flavonoids are natural polyphenols and are present in plant
tissues namely stems, leaves, roots, seeds and fruits [1]. It
is found that the primary mechanism by which flavonoids
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and oxidants makes them suitable candidates for shield-
ing biological systems from harm caused by radicals [8].
As a result, they have anti-inflammatory, anti-mutagenic,
antioxidant, and anti-diabetic properties [9].

Among various flavonoids, morin, myricetin and
quercetin are very common and shows various properties
by forming metal complexes. Several fruits and herbs con-
tain morin [10] which is extracted from different plants
[11]. As seen in Fig. 1, it consists of two aromatic rings
connected by an oxygen containing heterocycle. Due to
its strong antioxidant and metal ion-chelating proper-
ties which come from its abundance in the human diet,
it has a variety of biological and biochemical benefits,
such as anti-inflammatory, anti-tumour, and cardioprotec-
tive properties [12]. The numerous results indicate that
morin is a bioactive substance with a variety of biological
and pharmacological characteristics and low cytotoxicity.
Myricetin also falls under the group of flavonols and is
mostly found in tea, fruits and vegetables [13]. This poly-
hydroxy flavonol molecule dissolves readily in methanol,
ethanol, acetonitrile, and other polar solvents. Myricetin's
properties drew particular attention because they included
anti-aging, anticancer, antiplatelet aggregation, antihyper-
tensive, immunomodulatory, anti-inflammatory, antialler-
gic, and analgesic properties, as well as protective effects
against a variety of disorders [14].

Similar to the morin and myricetin, quercetin is also one of
the most abundant flavonoids which is present in vegetables
and fruits [15]. Its chemical structure consists of five ioniz-
able hydroxyl groups and two aromatic rings connected by a
g-pyrone ring. Quercetin is a powerful electron and hydrogen
donor due to its many conjugated electron rich aromatic rings
and ionizable hydroxyl groups. It is a popular flavonoid with
marked anticancer and antioxidant activities [16]. Because
of the presence of phenolic OH groups, these flavonoids
structures demonstrate an amazing capacity to react with
transition metal ions to generate stable metal chelates [17,
18]. It has recently been confirmed that quercetin can form
stable complexes with iron, copper, zinc, ruthenium, calcium,
magnesium, and aluminum [19, 20]. More antioxidant and
anticancer properties were demonstrated by the majority of
quercetin-based metal complexes than by quercetin alone.

Owing to their unique molecular structures, flavonoids
can readily bind metal ions to form metal- complexes.

Numerous investigations have demonstrated that flavonoids
primarily act as antioxidants by chelating metal ions [21].
It was found that complexes of epicatechin, rutin, dihydro-
quercetin, with iron, copper and zinc have been discovered
to be more efficient radical scavengers than free flavonoids
[22]. A deeper comprehension of the intricate anti-oxidant
capabilities of flavonoids is made possible by comprehend-
ing the mechanisms underlying their chelation by metal ions.
Extensive experiments were conducted to comprehend the
important interactions between flavonoids and metal ions,
chelation sites, complex structure's reliance on metal/ligand
ratio, ability of flavonoids to bind with metal ions, etc. Long-
term studies on metal-flavonoid complex compounds have
examined their composition. Structural characteristics, which
also contribute to their pharmacological effects, various
complexes that form between a specific metal and a specific
flavonoid will display biological capabilities. Determining
the structure of the metal-flavonoid complexes would there-
fore be an essential step in the production of pharmaceutical
drugs. Prior to committing significant resources to extensive
experiments, DFT predictions can help to identify the best
stable metal flavonoid combination in a dry laboratory. The
increasing interest in this type of research motivated us to
investigate structure and bonding characteristics of Cu—Zn
complexes of quercetin, myricetin, and morin. Motivated by
such type of studies, here we have presented a thorough DFT
analysis of these compounds for the first time. Thus, the goal
of the current work is to anticipate metal-flavonoid structures
and bonding using DFT simulations. Our goal in this work
is to investigate the coordination chemistry of the ligand’s
quercetin, myricetin, and morin along with their metal ions,
as well as their coordination modes, structural and bonding
characteristics of resultant complexes and their patterns of
reactivity. By conducting a thorough analysis of the coor-
dination chemistry of the quercetin, myricetin, and morin
complexes, this study intends to advance our knowledge of
metal-ligand interactions and opens door for developing the
novel complexes with specific functions and properties.

In this paper, we have attempted to address some impor-
tant elements of the species described above: (i) electronic
structures of morin, myricetin and quercetin along with their
metal complexes; Cu-morin (complex 1), Zn-morin (com-
plex 2), Cu-myricetin (complex 3), Zn-myricetin (complex
4), Cu-quercetin (complex 5) and Zn-quercetin (complex 6);

Fig. 1 Schematic representa-
tion of morin, myricetin and
quercetin

Myricetin Quercetin
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(i1) Mapping of molecular electrostatic potential in order to
study the charge density distribution in all molecule; (iii)
Donor—acceptor interaction is studied by the analysis of
natural bond order; (iv) charge transfer transitions (v) com-
parative analysis of all ligands and complexes.

Computational methods

Gaussian16 is utilized for optimizing all morin, myricetin
and quercetin and their metal complexe [23]. In order to
accurately predict the energetics and structures of com-
plexes, we utilized unrestricted B3LYP with dispersion
(D2) [24] a widely recognized DFT functional for such study
[25-27]. For basis sets, we used LanL.2DZ [28-30] for Cu/
Zn, and 6-311G(d,p) [31] for C, H, and O atoms. These basis
sets, 6-311G(d,p) and LanL2DZ, are broadly recognized
for their balance between accuracy and computational effi-
ciency in similar systems [32-36]. Geometry optimization
was performed using the B3LYP functional, and frequency
calculations confirmed the minima on the potential energy
surface (PES) with no imaginary frequencies detected in
the optimized geometries. Initial geometry modeling of the
molecules was done using GaussView6.1 software [37].
GaussSum software was utilized to determine the density
of states (DOS) [38]. To account for solvent effects, polar-
ized continuum model (C-PCM) [39, 40] was employed with
ethanol as the solvent, utilizing the larger basis set TZVP
[41, 42]. Natural bond orbital (NBO) analysis [43, 44] was
conducted to investigate interactions between filled orbitals
of donor unit and empty orbitals of acceptor unit. An iso-
surface value of 0.03 was used for all density plots. ORCA
software (version 4.0) was employed to compute spectral
characteristics, incorporating zeroth order regular approxi-
mation method [45]. TDDFT calculations, using the B3LYP
functional, were performed to determine excitation energies,
and MO (molecular orbital) composition was examined
using QMForge software [46].

Results and discussion

In our study, DFT and TDDFT calculations is conducted
in order to investigate several aspects related to ligands and
their complexes. Specifically, we explored structural features,
bonding characteristics, charge transfer properties, distribu-
tions of molecular charge, spin density plots, natural bonding
orbital analysis, density of states, and energy levels of frontier
molecular orbitals. The ligands under investigation are morin,
myricetin, and quercetin, along with their metal (Cu and Zn)
complexes 1-6. The calculated results could contribute to
establishing an insightful picture of these complexes that can
be used to observe electrical and biological characteristics.

Electronic structures of ligands and metal
complexes

The structures of morin, myricetin and quercetin possesses
multiple hydroxyl groups, carbonyl groups and a conju-
gated system. The electron-donating ability of the hydroxyl
groups and the conjugated system plays a key role in the
biological activity of these ligands [47-49]. The ligands
i.e., morin, myricetin and quercetin was optimized, and
optimized structures are shown in Fig. S1 of ESI. From the
Fig. S1, it is shown that computed bond lengths of C1-C2,
C3-01, C4-02, C5-03, C6-04, C7-05 and C8-O6 of morin
are 1.462, 1.389, 1.390, 1.381, 1.266, 1.378, and 1.386
A, respectively. Bond lengths of C1-C2, C3-0O1, C4-02,
C5-03, C6-04, C7-0O5 C8-06 and C8-0O7 of myricetin are
1.468, 1.391, 1.247, 1.387, 1.386, 1.400, 1.390 and 1.383
A, respectively. Similarly, the important bond parameters of
C1-C2, C3-01, C4-02, C5-03, C6-04, C7-05 and C8-06
of quercetin are 1.459, 1.380, 1.266, 1.377, 1.385, 1.388
and 1.400 A, respectively. Comparative study among these
ligands shows that the bond length of C1-C2 is the longest
in myricetin while the lowest in quercetin.

The study of the electronic structures of metal complexes
of these ligands is crucial for understanding their chemi-
cal behavior and biological activity. These ligands can form
complexes with metal ions such as copper and zinc, which
may alter their electronic properties and enhance their thera-
peutic potential [17-22, 50]. Thes ligands forms complexes
with Cu?* and Zn?* typically involving the chelation of the
copper and zinc ion by the hydroxyl and carbonyl groups
present in the ligand’s structure. We have optimized all the
six complexes (1-6) in+ 2 oxidation state of metal and the
optimized geometries of all the species with significant bond
parameters is shown in the Fig. 2.

The calculated bond length of Cu-O1, Cu-02, Cu-O3,
Cu-04 of complex 1 (Cu-morin) are 1.982A, 1.941 A,
1.941 A and 1.981 A, respectively. These computed values
exhibit a satisfactory level concordance with the available
x-ray data 1.991 A and 2.054 A for M—O bonds of similar
architecture [51]. Computed bond angles of O1-Cu-O2 and
03-Cu-04 have the same value of 176.3° which suggest that
the complex 1 exhibit the square planar geometry. Moreo-
ver, we have computed the spin density value of complex
1 (p=0.613) which suggest the presence of the unpaired
electron character at the copper centre (see Figs. 2a, 3a and
Table S1 of ESI).

Similarly, computed bond lengths of Zn-O1, Zn-02,
Zn-03, Zn-04, Zn-05 and Zn-O6 of complex 2 are 2.129,
2.119, 2.119, 2.129, 2.191 and 2.191 A, respectively, (see
Fig. 2b). From these computed bond lengths, it is concluded
that the bond lengths of morin such as C3-O1 and C4-O2 get
reduced on complexation with copper and zinc metals. Com-
puted bond angles of O1-Zn-03, 02-Zn-04 and O5-Zn-06
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Fig.2 Optimized structures with bond parameters of a Complex 1, b Complex 2, ¢ Complex 3, d Complex 4, e Complex 5 and f Complex 6

are 156.4°, 156.4° and 164.2° which suggest the distorted
octahedral geometry of complex 2 with presence of water
molecules at the axial position. (See Table S1 in ESI).

In the similar way, we have optimized complexes 3—6 and
the optimized structures are depicted in the Fig. 2c-f. Com-
puted structural parameters of complexes show that complex
3 and 5 exhibit square planar geometry while complexes 4
and 6 as distorted octahedral. Computed spin density value
of complex 3 and 5 (p=0.621 and p=0.615) also confirms
presence of unpaired electron at copper centres (see Fig. 3b
and ¢).

The optimized structures are shown in Fig. 2e and f. It
is also observed that the bond length of C3-O1 in myricetin
is decreased after complexation with metals while the bond

@ Springer

length of C4-O2 get increased after forming the complex.
Bond angles of O1-Cu-O3 and O2-Cu-04 of complex 5 are
found to be same value of 179.6° while the computed bond
angles of O1-Zn-03, 02-Zn-04 and O5-Zn-06 of com-
plex 6 are 158.4°, 157.8° and 178.4°, respectively, which
depicts the square planer and distorted octahedral geometry
of complex 5 and 6, respectively, (see Table S1 of ESI). The
unpaired electron character also indicated by spin density
value (p=0.615) at copper centre of complex 5 (see Fig. 3c).
The computed bond length shows that bond length of Cu-O
is shorter than corresponding Zn—O (see table S1 of ESI).
Further, analysis of frontier molecular orbital is carried
out for investigating the electronic properties, charge trans-
fer, stability, reactivity etc. of molecules [52—55]. The study
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specifically emphasizes the importance of HOMO (highest
occupied molecular orbital) and the LUMO (lowest unoccu-
pied molecular orbital), which are important in determining
chemical reactivity and molecular interactions. The energy
gap between the HOMO and LUMO, known as the band
gap, is a key parameter in evaluating the stability and reac-
tivity of the molecules.

When a molecule absorbs light, electrons can jump from
HOMO to LUMO which is known as electronic absorption.
Electrons mostly go from the HOMO to the LUMO during
electronic absorption. However, depending on the energy
of the absorbed light and the particular electronic structure
of the molecule, transitions between other orbitals can also
happen. The energy difference between HOMO and LUMO
approximates the energy required for this excitation. By
comparing these gaps across different molecules, one can
gain insight into their relative excitation energies and light
absorption properties.

In this study, comparison of HOMO-LUMO gap for
ligands morin, myricetin, and quercetin, as well as their six
metal complexes is conducted. The calculated energy gaps
for morin, myricetin, and quercetin are 3.96 eV, 4.15 eV,
and 3.73 eV, respectively. Additionally, the computed
HOMO-LUMO gaps for complexes 1 to 6 are 3.07 eV,
3.27eV,2.92¢V,3.10eV,3.00 eV, and 3.16 eV, respectively.
(see Figs. 4, 5 and 6).

The coloured lobes represent isodensity changes during
the transition from HOMO to LUMO. During the transi-
tion, these lobes show how the electron density distribution

changes between the two orbitals. Notable electron density
at the hydroxyl and carbonyl groups in the highest occupied
molecular orbitals of the ligands (see Figs. 4a, 5a, and 6a)
suggests that these atoms can coordinate with metal ions
to form their complexes [56]. Computed plot reveals that
energy gaps of complexes are lower in comparison with
ligands, indicating easier electron transfer in the metal com-
plexes compared to the ligands. The computed energy gap of
ligands and metal complexes shows that a smaller energy gap
is observed in metal complexes compared to their ligands,
indicates that less energy is required for electron transfer
in metal complexes. This reduced energy demand allows
electrons in metal complexes to be more easily excited and
transferred. Among the complexes 1-6, complex 2 shows the
highest gap while complex 3 has the lowest. This suggests
that complex 3 may exhibit higher reactivity than the other
metal complexes. Among all ligands, myricetin have the
highest energy gap while quercetin have the lowest energy
gap which suggest high reactivity of quercetin and high sta-
bility of myricetin.

The DFT approach provides essential insights into the
stability and reactivity of molecular structures [57]. Key
terms such as electron affinity (EA), ionization potential
(IP), electrophilicity index (w), electronegativity (x),
hardness (1), softness (s), and chemical potential (p) are
derived from the energies of frontier molecular orbitals,
HOMO and LUMO.

These parameters help to provide crucial insights into a
complex's energy, structural features, and chemical behavior,
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making them valuable in quantum chemical calculations
[58—63]. Koopman’s theorem [58] is used for calculating
the reactivity descriptors by using equations which are given
in the Table S2 of ESI.

Computed reactivity parameters of ligands and complexes
are presented in Table 1. The negative values of “p” suggest
that compound is thermodynamically stable and resistant
to decomposition into its elemental forms, which is a key
consideration in understanding its reactivity and potential

@ Springer

applications. Their significant chemical hardness implies
lower polarizability and resistance for the deformation from
small perturbations. The low values of global softness rule
out possibility of their being soft.

The electrophilicity index serves as a structural indicator
for analyzing the chemical reactivity of molecules, reflecting
their ability to accept electrons. A highly reactive nucleo-
phile has a lower electrophilicity index (o), while a strong
electrophile is characterized by a higher value of (w). The
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Tablell Co;nplll.ted reactivity Ligands/Complexes Ionization Electron affinity Chemical Chemical Chemical Electrophilicity
descriptors for ligands and potential hardness softness  potential index
complexes (1-6) (values are
ineV) Morin 5.782 1.814 1.984 0.252 —1.984 0.9920
Myricetin 6.035 1.877 2.079 0.240 -2.079 1.0395
Quercetin 5.782 2.040 1.870 0.267 —1.870 0.9226
Complex 1 5.055 1.980 1.537 0.325 —1.537 0.7685
Complex 2 4.936 1.66 1.635 0.305 —1.635 0.8175
Complex 3 5.28 2.35 1.463 0.341 —1.463 0.7315
Complex 4 5.13 1.97 1.578 0.316 —1.578 0.7890
Complex 5 5.20 2.20 1.502 0.332 —1.502 0.7510
Complex 6 5.01 1.85 1.577 0.316 -1.577 0.7885

results indicate that complex 3 has a less negative chemical
potential (1) compared to the other complexes, making it
less reactive, whereas complex 2 has a more negative chemi-
cal potential (p), indicating higher reactivity. Among all the
ligands and the metal complexes, myricetin shows the high-
est negative value of chemical potential which may show
higher reactivity.

The complexes being studied possess moderate values
of certain parameters, likely related to their electrophilic-
ity, nucleophilicity, chemical potential or hardness. This
suggests that the complexes are neither highly electrophilic
nor purely nucleophilic, indicating a balanced reactivity.
Moderate values imply that the complexes can effectively
participate in charge transfer without being overly reactive
or inert. Consequently, “n” value of complexes is less than
their individual ligands. On the other hand, the complexes'
chemical softness (s) exhibits greater values, as detailed
in Table 1. In practical terms, higher values correspond to
increased molecular difficulty, and lower values indicate the

opposite. Therefore, charge transfer processes are more read-
ily achievable within these complexes.

To support the FMOs, we have conducted density of
states (DOS) analysis [64-67], as shown in Fig. 6 and
Fig. S2 of ESI. This examination provides important
information on the density of states within a specific
energy range. By studying frontier molecular orbitals and
exploring their composition in percentages and density
of states near HOMOs and LUMGOs, it becomes clear that
acceptor components of differing electron-withdrawing
strengths can impact how electron density is spread across
molecular orbitals. In the DOS illustration, the red shades
represent the overall density of states, whereas the green
and black shades delineate bonding and antibonding
orbitals with negative energy levels, respectively.

A zero value signifies no interaction between bonding
orbitals. The DOS calculations corroborate the findings
concerning FMOs. Variances in acceptor groups result
in distinct distribution patterns of HOMOs and LUMOs,
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consequently leading to differing energy gaps between
these orbitals across various molecules. The energy gaps
(Eg) of morin, myricetin and quercetin are 3.96, 4.15 and
3.73 eV, respectively (see Fig. 7) Similarly, the energy
gap values of metal complexes are 3.07, 3.27, 2.92, 3.10,
3.00 and 3.16 eV, respectively, (see Fig. S2. of ESI).

MEPs (Molecular electrostatic potential maps)

Molecular surface is visually represented through a molecular
electrostatic potential map displaying negative and positive
charge distributions. The different regions of molecules are
color-coded based on their electrostatic potential: areas with
the highest negative potential are marked in red, those with
the highest positive potential are in blue, while regions falling
between these two extremes are depicted in green and yellow
hues [68—70]. Based on these MEPs, it is inferred that reddish

zones signify negative potential and are likely to attack elec-
trophilic centers, whereas blue areas are conducive to nucleo-
philic attacks. The yellow and green regions serve as transi-
tional zones between the contrasting potentials. MEPs of the
ligands and their six metal (Cu and Zn) complexes have been
calculated here, and the results are displayed in Fig. 8. Morin,
myricetin, and quercetin ligands have estimated potential val-
ues of —8.537x 1072, =9.025x 10, and —8.151x 102 a.u.,
respectively. On the other hand, the computed values of poten-
tial for the complexes 1-6 are —9.708 X 1072, —=9.183x 1072,
—8.384x107% —8.293x 1072, —9.217x 10 and —8.383%x 10>
a.u., respectively (see Fig. 8). Among the ligands, morin has
the most negative value of potential while quercetin has the
least value. Complex 1 has the highest negative potential of
all complexes, whereas complex 4 has the lowest. From the
MEP analysis, it is found that the dominant color is yellowish
in case of ligands, favoring the nucleophilic attack, whereas in
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Fig.7 Computed DOS graphs for (a) Morin (b) Myricetin and (c¢) Quercetin
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case of metal complexes reddish color is dominant around the
metal centres, favoring the electrophilic attack.

NBO (natural bond order) analysis

Additionally, we have performed an extensive natural bond
order (NBO) [71-73] investigation of all the studied spe-
cies. NBO analysis allows for the identification of localized
bonds (sigma and pi) and lone pairs, which can be mapped
onto the molecular structure of studied ligands. This helps
to visualize the distribution of electrons in different parts of
the molecule. The orbital contribution to the creation of a
specific bond of the morin species is represented in Fig. 9
(position of atoms is displayed in Fig. S3(a) of ESI). For
instance, in the case of morin, the percentage contribution
of C1 to C2 for forming the o-bond is depicted in Fig. 9(a),
where it's evident from the data that C2 contributes more
(50.18%) than C1 (49.82%). Similarly, Fig. 9(b) represents
the creation of the n-bond, which arises from the overlap-
ping of C1 (49.21%) and C2 (50.79%). The creation of the
o-bond between C3 (37.64%) and O4 (62.36%) is illustrated
in Fig. 9(c). Additionally, Fig. 9(d) demonstrates the per-
centage contribution of O11 (66.95%) to C1 (33.05%) for
forming the o-bond, indicating that O11 contributes more
than C1. Similarly, Fig. 9(e) showcases the percentage con-
tribution of C2 (36.10%) to 021 (63.90%) for forming the
o-bond, indicating higher contribution of O21 than C2.
Finally, formation of n-bond between C3 (30.31%) and O4
(69.69%), is depicted in Fig. 9(f).

¢ Complex 2, d Quercetin, e Complex 3, f Complex 4, g Quercetin, h Complex 5 and i Com-

In Fig. 10, the orbital contribution to the formation of
specific bonds in myricetin is depicted and the figures with
numbering of atoms is displayed in Fig. S3(b) of ESI. For
myricetin, contribution in percentage of C1 to C2 in forming
o-bond is shown in Fig. 10(a), indicating that C1 contributes
more (50.34%) than C2 (49.66%). Similarly, Fig. 10(b) illus-
trates the formation of the n-bond, where the overlapping of
C1 (49.94%) and C2 (50.06%) occurs. Figure 10(c) showcases
the formation of the o-bond between C1 (50.09%) and C12
(49.91%). Additionally, Fig. 10(d) presents the percentage
contribution of C2 to C3 for forming the 6-bond, demonstrat-
ing that C2 contributes more (52.23%) than C3 (47.77%).

Figure 11 provides insights into the orbital contributions
in forming specific bonds within the quercetin species (posi-
tion of atoms is displayed in Fig. S3(c) of ESI. In the case of
quercetin, percentage contribution of C1 to C2 in forming the
o-bond is depicted in Fig. 11(a), revealing that C2 contributes
more (50.08%) than C1 (49.92%). Similarly, Fig. 11(b) illus-
trates the formation of the n-bond, where the overlapping of
C1 (49.22%) and C2 (50.78%) is evident. Figure 11(c) illus-
trates the formation of the o-bond between C1 (32.79%) and
010 (67.21%). Additionally, Fig. 11(d) shows the percentage
contribution of C1 to C15 for forming the 6-bond, indicating
that C1 contributes more (50.59%) than C15 (49.41%).

Second-order perturbation analysis

The investigation of donor-receptor interactions within ligands
and their metal-complexes is carried out by employing second
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Table 2 Computed excitation

_1 . Wavelength  Excita- Oscillation  Transitions assignment Nature of transition

energy (cm ), osc.lllator . (A in nm) tion energy strength (f)

strgngths, electronic transitions (cm™)

assignment and nature of the

transitions of complexes 1-6 Complex-1
252 39590.3 0.01 H-12 (B) = L+2 (B) (49.0%) MLCT
275 36450.3 0.16 H(P) — L+5) (15.5%) LLCT
300 33536.0 0.47 H-12 (B) — L (B) (49.0%) MMCT
388 25776.1 1.02 H-13) = L+1(B) (29.7%) LLCT
444 22437.7 0.05 H(@P)—L+1 () (50.4%)
Complex-2
259 38873.8 0.39 H-1 () = L+8 (o) (12.7%) LMCT
277 35852.7 0.23 H(®) = L+1 (o) (12.4%) LLCT
303 33096.1 0.02 H-1 () > L+2 (o) (18.5%)
322 31053.2 0.01 H-2 (o) — L (o) (24.6%)
387 25906.6 0.01 H(®) = L+1 () (23.8%)
Complex-3
260 38335.6 0.03 H (@) — L+8 () (25.9%) LLCT
275 36265.2 0.07 H-9 () = L+2 () (35.3%)
301 33126.1 0.28 H (o) > L+2 (o) (14.0%)
330 30303.5 0.13 H-10 (B) — L (B) (78.0%) MMCT
347 28652.6 0.08 H-4 (0) > L (o) (28.5%) LLCT
401 24985.3 0.80 H-1 () —» L+2(P) (26.5%)
540 18536.3 0.08 H@)—L+1(@)(39.4%)
Complex-4
263 38091.5 0.09 HOMO-7(f) —» LUMO + 1(B) (47.4%) LLCT
280 35808.9 0.03 H (o) > L+4 (o) (27.8%)
337 29,649.1 0.03 H-4 (0) > L (o) (17.5%)
390 25,620.4 0.01 H-1 (o) > L+1 (o) (13.0%)
Complex-5
428 23359.0 0.35 H (o) > L+ 18 (a) (49.2%) LLCT
478 20927.0 0.27 H-5 (a) > L+4 («) (17.7%)
568 17550.0 0.03 H-20 (B) — L (B) (28.2%) LMCT
665 15076.2 0.08 H(x) > L+7 (o) (17.6%) LLCT
768 13086.0 0.02 H-3(B) > L+2(P) (61.2%)
1035 9624.5 0.09 H-2 (B) > L+3 () (15.5%)
Complex-6
258 38723.0 0.32 H-10 () > L+1 () (8.18%) LMCT
277 36140.7 0.28 H-7 (@) > L+1 () (18.1%) LLCT
332 30117.2 0.08 H-2 (0) — L (o) (25.4%)
388 25788.7 1.05 H (o) > L+1 (o) (22.4%)

order perturbation methods utilizing NBO analysis. This anal-
ysis yields valuable insights into orbital strength and bonding
and interaction within the molecules [74, 75]. Stabilization
energy is calculated for both acceptor and donor natural bond
orbitals [76]. The "interaction stabilization energy," E(2),
resulting from electron delocalization between donor (i) and
acceptor (j) pair, is calculated using the equation given below:
F2(i, j)

E® =

In this case, donor orbital's occupancy is denoted by qi,
diagonal elements are represented by €i and £j, and the off-
diagonal NBO Fock matrix element is shown by F (i, j).

Different types of interactions are observed in these com-
plexes which are explained here along with their stabiliza-
tion energies. In Complex 1, the donor—acceptor interaction
involves transitions from n(C1-C2) to n*(C3), n(C7-C8)
to n*(C4-C9), n(C15-C16) to n*(C19-C20), n*(C3) to
©*(C1-C2), n*(C3) to n*(C4-C9), with computed stabiliza-
tion energies of 26.69, 17.81, 17.03, 20.52, and 28.35 kcal/
mol, respectively (see Fig. S4 and Table S3 in ESI). Similarly,
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in complex 2, interactions such as 1(C1-C2) to n(C15), n(C1-
C2) to #*(C3-011), n*(C3-011) to n*(C1-C2), and n(0O10)
to ©*(C4-C9) are observed, with corresponding stabilization
energies of 25.51, 31.75, 76.85, and 40.53 kcal/mol, respec-
tively (see Fig. S5 and Table S4 in ESI).

In a similar manner, the complexes of myricetin with
copper and zinc has their stabilization energy calculated.
Table S5 and S6 of ESI lists the different transitions found
in complex 3 and complex 4 along with the stabilization
energy. The donor—acceptor interaction in Cu-myrice-
tin (complex 3) is calculated between n*(C31-C36) to
1*(C34-C35), n*(C4-C9) to n*(C5-C6), n*(C15-C16)
to n*(C17), n(0O38) to n*Cu and n(041) to n*Cu. The
computed stabilization energies are 196.47, 108.84, 36.81,
19.43, and 24.71 kcal/mol, respectively (see Fig. S6 and
Table S5 of ESI).

Zn-myricetin (complex 4) contains a number of intense
interactions including n*(C31-C36) to n*(C30-038), n(014)
to ©*(C1-C2), n(041) to n*(C28-C29), n(055) to n*Zn, and
n(O57) to n*Zn, with stabilization energies of 40.34, 52.89,
52.55, 54.15, and 55.10 kcal/mol, respectively (see Fig. S7
and Table S6 of ESI).

Furthermore, bonding with copper in complex-5 (Cu-
quercetin) involves stabilization through various donor—accep-
tor interactions including n(O42) to n*(Cu), n(C1-C2) to
71*(C3-011), n(011) to n*(Cu), and ©*(C4-C9) to n*(C5-C6),
with respective energy values of 17.63, 17.38, 19.98, and
125.72 kcal/mol. (refer to Fig. S8 and Table S7 of ESI). Simi-
larly, strong donor—acceptor interactions are also shown by
Zn-quercetin, which helped to stabilise the ligand and metal
connections. With an energy of 311.20 kcal/mol, the highest
delocalization is found from n*(C4-C9) to n*(C5-C6). Other
interactions like n(O10) to #*(C1-C2), n(O11) to n*(Zn), and
n(C1-C2) to n*(C3-C11) are also present with the stabiliza-
tion energy values of 25.84, 26.50 and 31.26 kcal/mol, respec-
tively. Other different donor—acceptor interactions as well as
the stabilisation energies that were calculated for complex 6
are shown in Fig. S9 and Table S8 of ESI.

TDDFT study
To learn more comprehensively about active sites and elec-

tronic transitions of complexes, we have computed TDDFT
of morin, myricetin, quercetin, and their metal complexes
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(1-6) with the lowest 150 vertical excited states' transition
energies [77-82].

Table 2 presents significant oscillator strengths, absorp-
tion peaks, and their corresponding distinctive characteris-
tics. Three peaks can be seen in the morin absorption spec-
trum at 258, 306, and 351 nm (see Fig. S10 of ESI). At
258 nm, isodensity is more crowded on aromatic rings and
-OH groups which correspond to transition from H(a) to
L(w). Similarly, the myricetin shows four peaks at 261, 285,
324 and 345 nm (see Fig. S11 of ESI). The peak at 345 nm
with highest oscillator strength correspond to the transition
from H(o) to L(a) (H: HOMO and L: LUMO). In case of the
quercetin, five different peaks were observed with different
value of oscillator strength (see Fig. S12 of ESI). The peak
at 360 nm with highest oscillation strength correspond to the
transition from H(a) to L(a). The other four peaks at 260,
282,311 and 332 nm with moderate oscillation strength (see
Fig. S12 of ESI).

Figures 12, 13, 14, 15, 16 and 17 depicts the absorp-
tion peaks and associated molecular orbitals involved in

electronic transitions for copper and zinc complexes (1-6).
Specifically, TDDFT computed absorption spectra of com-
plex 1 reveals five peaks at 252, 275, 300, 388, and 444 nm,
corresponding to transitions from H-12 (§) to L+2 (B), H ()
toL+5(B), H-12 (B) to L (B), H-1 (B) to L+ 1 (B), and H (B)
to L+ 1 (B), respectively, (see Fig. 12 and Table 2). Notably,
peak at 300 nm, with oscillator strength of 0.47, predomi-
nantly involves H-12 (p) to L (p), contributing 49.0% to
this transition. The 252 nm peak signifies a metal to ligand
charge transfer, while 300 nm peak indicates metal to metal
charge transfer, with remaining peaks representing ligand to
ligand charge transfer transitions. Similarly, absorption spec-
tra for Zn-morin (complex 2) illustrates five peaks at 259,
277, 303,322, and 387 nm. The 259 nm peak corresponds
to a ligand to metal charge transfer, with a 12.7% contribu-
tion from H-1 () to L + 8 (o). The subsequent peaks at 277,
303, 322, and 387 nm signify ligand to ligand charge transfer
transitions, involving H (o) to L+ 1 (o), H-1 (a) to L+2
(a), H-2 (o) to L(a), and H(o) to L+ 1 (a), respectively,
(see Fig. 13).

Fig. 13 Electronic absorption
spectrum of Complex 2
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Computed absorption spectra of complexes 3 and 4 also
show peaks in the 260540 nm region, which are often asso-
ciated with charge transfer transitions from metal to ligand
and ligand to ligand. Further, complex 3 exhibits seven peaks
at 260, 275, 301, 330, 347, 401, and 540 nm, as shown in
Fig. 14. The peaks at 260, 275, 301, 347, 401, and 540 nm
correspond to H (f) to L+ 8 (B) (25.9%), H-9 (B) to L+2 ()
(35.3%), H (o) to L+ 2 (o) (14.0%), H-4 () to L () (28.5%),
H-1 (B) to L+2 (B) (26.5%), and H (B) to L+ 1 (B) (39.4%),
respectively, indicating ligand to ligand charge transfer. Also
peak at 330 nm, corresponding to H-10 (B) to L. (B) (78.0%),
indicates a metal-to-metal charge transfer. While complex 4
also exhibits ligand to ligand charge transfer at peaks 263,
280, 337, and 390 nm, corresponding to transitions from H-7
B)toL+1 (B), H (o) to L+4 (), H-4 (v) to L (ax), and H-1
(o) to L+1 (o), respectively (see Fig. 15).

Six distinct spectral peaks are evident for complex 5,
appearing at wavelengths of 428, 478, 568, 665, 768, and
1035 nm, as depicted in Fig. 16. Notably, a prominent spec-
tral peak at 568 nm, with oscillator strength of 0.03, is pre-
dominantly attributed to a 28.2% contribution from the H-20
(P) to L (P) transition, suggesting an anticipated ligand-to-
metal charge transfer. Remaining five peaks, observed at
428, 478, 665, 768, and 1035 nm, signify ligand-to-ligand
charge transfer processes, with respective contributions of
49.2%, 17.7%, 17.6%, 61.2%, and 15.5%. Specifically, these
transitions involve H () to L+ 18 (o),

H-5(@)toL+4 (a), H (@) to L+7 (o), H-3 (f) toL+2
(B), and H-2 (B) to L+ 3 (B). All five peaks are indicative of
ligand to ligand charge transfer phenomena.

The complex 6 exhibits four peaks at 258, 277, 332, and
388 nm, as shown in Fig. 17. First peak at 258 nm, involving
an 8.18% contribution from the H-10 (&) to L+ 1 (ar) transi-
tion, indicates ligand-to-ligand charge transfer. Subsequent
peaks at 277, 332, and 388 nm correspond to transitions
from H-7 (@) to L+ 1 (ar), H-2 (o) to L (o), and H (o) to L+ 1
(), respectively, all of which also indicate ligand-to-ligand
charge transfer.

Comparative study

Using DFT and TDDFT techniques, we examined struc-
tures, bonding, and electronic transitions of zinc and cop-
per complexes containing the ligands quercetin, myricetin,
and morin. Among copper complexes, complex 1 has the
highest spin density delocalization (p=0.613). Across
all the species, complex 3 has the lowest HOMO-LUMO
gap, whereas myricetin has the highest, indicating that
myricetin is more reactive than morin and quercetin.
Among the complexes, complex 2 has the highest gap,
while complex 3 has the lowest, suggesting that complex 3
may be more reactive. These findings are corroborated by
density of state analysis. Molecular electrostatic potential
(MEP) plots revealed that complex 1 exhibited the most
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Fig. 14 Electronic absorption spectrum of Complex 3
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Fig. 15 Electronic absorption
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Fig.16 Electronic absorption spectrum of Complex 5
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pronounced negative potential, while quercetin showed the
least value of negative potential. Among metal complexes,
complex 1 has the most negative potential value, and com-
plex 4 has the least value.

In TDDFT simulations the complexes predominantly
exhibit metal-to-ligand charge transfer (MLCT) and
ligand-to-ligand charge transfer (LLCT) transitions. The
absorption spectra of these complexes span a range of
wavelengths from 252 to 1035 nm. Among the ligands,
each shows a prominent peak with the highest oscillator
strength compared to the other peaks. Notably, complex 5
has peaks at higher wavelengths i.e., 665 nm, 768 nm, and
1035 nm that are absent in the other complexes, which
display peaks within the 250 nm to 540 nm range. Com-
plexes 1, 2, 3, 4 and 6 exhibit peaks ranging from 252
to 401 nm, with 3 showing a peak at 540 nm. On the
other hand, as we move from complex 4 to 5 peaks can
be seen at longer wavelengths. Complex 6 shows peaks
in the 428 nm to 1035 nm range, distinct from the other
complexes. The stabilization of the complexes is proposed
to result from dominant interactions between donors and
acceptors. The ligands and their metal complexes are sta-
bilized by several interactions, such as 1 — ¥, 6 — ¥,
n— n* and n — n*. Of these, the n — n* interaction is
consistently found in all the metal complexes and is the
primary interaction observed.

@ Springer

Conclusions

This report delves into the electronic and bonding charac-
teristics of morin, myricetin, and quercetin, as well as their
complexes with copper and zinc. Computed parameters reveal
square planar and distorted octahedral geometries for copper
and zinc complexes, respectively. The HOMO-LUMO gap of
the ligands suggests the higher reactivity of quercetin com-
pared to morin and myricetin, while their metal complexes
exhibit reduced energy gaps, implying high reactivity. Among
these complexes, complex 2 demonstrates a larger energy gap,
potentially indicating lower reactivity. Reactive parameters
derived from HOMO and LUMO energies unveil distinct
characteristics such as hardness, softness, and chemical poten-
tial etc. Myricetin is found to be more capable of nucleo-
philic attack than both quercetin and morin based on MEP
plots. Furthermore, in comparison to the other complexes, the
complex 1 (Cu-morin) complex may be more vulnerable to
nucleophilic attack as revealed by MEP maps. TDDFT simu-
lations elucidate charge transfer transitions, providing insights
into the specific molecular orbitals involved. LMCT, MLCT,
and LLCT contribute to the stabilization of copper and zinc
complexes with morin, myricetin, and quercetin, as revealed
by TDDFT calculations. NBO analysis further delineates vari-
ous interactions contributing to species stability, including
n—7n*, 6 — ¥ n—n*, and n — ¥ interactions.
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