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Abstract: Quercetin and its metal complexes have anti-oxidation, anti-

bacterial, anti-tumor, and kinds of enzymatic activities. Studies in recent years, 

these activities are very important for health and pharmaceutics. The purpose of 

this manuscript is to determine the structure-activity relations and antioxidant 

properties of the Quercetin and Quercetin-Co2+ chelate from a theoretical view 

and to be used these compounds in the treatment of the diseases. We found that 

Quercetin is more stable than Quercetin-Co2+ chelate but Quercetin-Co2+ chelate 

is more conductive and the O22-H bond of the Quercetin molecule has the 

highest antioxidant activity. The remarkable electron delocalization occurred 

between the donor (C17-C19) anti bond and acceptor (C13-C15) anti bond with 

319.62 kcal/mol stabilization energy in Quercetin. 
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1. INTRODUCTION 

Flavonoids are considerably available plant-derived polyphenol compounds with several 

biological and chemical activities. (Kasprzak et al.,2015). Due to the hydroxyl groups in their 

structure flavonoids are demonstrated antioxidant properties and with the help of these groups, 

they can coordinate metal ions and form complexes (Symonowicz et al., 2012). Metal 

complexes of flavonoids have several stimulating features: they are colored, often fluorescent, 

anti-oxidant or pro-oxidant, antimicrobial, antiproliferative, and biologically ascendant in 

numerous different manners. 

Generally, the free radical scavenging properties of flavone compounds constitute their 

antioxidant mechanism. The other mechanism for antioxidant behavior may occur from 

interactions between flavonoids and transition metal ions, preventing the participation of metal 

ions in free radical formation processes (Mira et al., 2002). Recent studies have shown that 

metal-flavonoid complexes have favorable biological and pharmacological activities and some 

of them have been used successfully in clinical applications (Grazul et al., 2009; Afanas’eva et 

al., 2001). 
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Quercetin (3,3',4',5,7-pentahydroxyflavone) is one of the most bioactive and prevalent 

nutritional flavonoids, which is widely found in the flowers, leaves, and fruits of many plants 

(Chen et al., 2009; Bravo et al., 2001).  It has been notified that quercetin coincides with 

complexes with transition metal ions, such as Cu2+, Mn2+, and Fe2+. Quercetin and its chelating 

activity with Cu2+, Mn2+, and Fe2+ reveal wide biological activities with increasing 

bioavailability, such as anti-oxidation, anti-bacterial, anti-tumor, and the talent to impress many 

kinds of enzymatic activities (Zhou et al., 2001; Mendoza et al., 2011). These quercetin/metallic 

ion complexes not only improve its bioavailability and alter the in vivo delivery route of 

quercetin but also encourage new pharmacological activity (Malesev et al., 2007; Cornard et 

al., 2002; Yamashita et al., 1999). 

In the literature, many papers cover specific aspects of the activity of flavonoid metal 

complexes, e.g. their antioxidant properties, enzyme-mimicking behavior, therapeutic potential, 

or use in chemical analysis. Furthermore, we need to know the physical properties of metal 

complexes of flavonoids as well as chemical properties. There are five antioxidant mechanisms 

we have explained previously in our article (Kiraz 2019; Torreggiani et al., 2005; El Hajji et 

al., 2006; Leopoldini et al., 2006; Xu et al., 2007; Jurasekova et al., 2009; Dehghan et al., 2011; 

Dolatabadi, 2011; Zhang et al., 2011).  

In this study, we have utilized the B3LYP/6-31++G(d,p) method to explore the antioxidant 

effects and structure-activity relationships of quercetin chelate with Co2+. The electronic 

properties and various molecular descriptors such as the bond dissociation enthalpy (BDE), 

adiabatic ionization potential (AIP) of the chelate complexes have also been obtained and 

studied, which are relevant to show evidence of antioxidant activity. 

2. MATERIAL and METHODS 

Hybrid density functional theory (DFT) is one of the most successful quantum chemistry tools 

in describing the ground state and excited properties of metal complexes of flavonoids. The 

most popular DFT method is B3LYP (Becke3-Parameter method for calculating that part of the 

molecular energy due to overlapping orbitals plus the Lee-Yang-Parr method of accounting for 

correlation) (Tachibana et al., 2002; Pai et al., 2006; Zade et al., 2006). 

The molecular structure of the compound was optimized to get the global minima by using 

the B3LYP/6-31++G(d,p) level. In this study, geometric parameters (bond lengths and bond 

angles), the highest occupied molecular orbital (HOMO) energies, the lowest unoccupied 

molecular orbital (LUMO) energies, the electronic properties (total energy, dipole moment, 

electronegativity, chemical hardness, and softness), optical properties of a compound formed 

by Co2+ and flavonoid have been performed by using Gaussian 16 (Frisch et al., 2016) and 

GaussView 6.0 (Dennigton et al., 2016) was used for visualization of the structure. We 

calculated the probability of transitions between a ground state and excited states by using time-

dependent density functional theory (TD-DFT). The major contribution rate of HOMO–LUMO 

orbitals is determined by using the GaussSum 2.2 program (Joseph et al., 2014). 

3. RESULTS / FINDINGS 

To examine the electronic and antioxidant properties, it is necessary to know the most stable 

state of Quercetin and Quercetin-Co2+ chelate. These calculated structures (Yalçın, 2019) are 

shown in Figure 1 and Figure 2.  
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Figure 1. Optimized geometry of Quercetin.  

 

Figure 2. Optimized geometry of Quercetin chelate with Co2+. 

 

3.1. Electronic Properties  

Electronic parameters of Quercetin and Quercetin-Co2+ chelate are presented in Table 1 (Yalçın, 

2019). Since HOMO-LUMO energy difference (ΔE) represents the chemical reactivity of a 

molecule. 

Table 1. Molecular descriptors of Quercetin and Quercetin-Co2+ chelate calculated at B3LYP/6-

31++G(d,p) level. 

Parameters Quercetin Quercetin−Co2+ 

ELUMO (eV) -2.29 -2.55 

EHOMO (eV) -5.93 -5.29 

ΔE= ELUMO- EHOMO (eV) 3.64 2.74 

I (ionization potential) (eV) 5.93 5.29 

A (electron affinity) (eV) 2.29 2.55 

χ (electronegativity) (eV) 4.11 3.92 

η (global hardness) (eV) 1.82 1.37 

S (global softness) (eV-1) 0.55 0.73 

µ (electronic chemical potential) (eV) -4.11 -3.92 

ω (global electrophilicity index) (eV) 4.64 5.60 
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As seen from Table 1, the energy difference between HOMO and LUMO orbitals of 

Quercetin and Quercetin-Co2+ chelate are 3.64 and 2.74 eV, respectively. According to these 

ΔE values, Quercetin -Co2+ chelate is more conductive than Quercetin but the other parameters 

are quite close to each other. Especially, when we examine the global hardness and softness 

values of the molecules, the higher global hardness values are the evidence of the low reactivity 

of the molecule. 

Figure 3. Molecular orbitals compositions of Quercetin. Figure 4. Molecular orbitals compositions of 

Quercetin-Co2+ chelate. 

 

 

As seen from Figure 3; HOMO and LUMO orbitals are distributed throughout the Quercetin 

molecule. The LUMO orbitals are spread over the whole molecule while the HOMO orbitals 

are on Co2+ seen in Figure 4. 

TD-DFT calculations in the gas phase were carried out on Quercetin and Quercetin-Co2+ put 

account B3LYP/6-31++G(d,p) functional to understand the electronic transitions of the 

compounds. Table 2 shows the electronic transitions, major contributions, calculated absorption 

peaks (λmax’s), excitation energies, oscillator strengths (f), and assignments of the transitions of 

the Quercetin and Quercetin-Co2+ molecules. 

The electronic absorption peak (at 373 nm for Quercetin and 4565 nm for Quercetin-Co2+) 

corresponds to the transition from the ground state to the first excited state, which corresponds 

to HOMO to LUMO excitation with high oscillator strengths. This band arises from an n → π* 

transition (Kiraz, 2020). The second absorption band at 330 nm arises from HOMO-1 to LUMO 

transition for Quercetin and at 4193 nm arise from HOMO-2 to LUMO+12 for Quercetin-Co2+. 

However, the oscillator strength for the second transition is lower than the first transition for 

Quercetin and 0 for all the transitions of the Quercetin-Co2+. The third absorption peak at 305 

nm for Quercetin arises from HOMO-2 to LUMO and the 2810 nm peak for Quercetin-Co2+ 

arises from HOMO to LUMO excitation. Also, for the Quercetin, the oscillator strength for the 

second transition is lower than the third transition. 

 

 

ΔE = 3.64 eV  

E
HOMO

= -5.93 eV 

E
LUMO

=-2.29 eV 

E
HOMO

 = -5.29 eV 

E
LUMO 

=-2.55 eV 

ΔE= 2.74 eV 
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Table 2. Calculated absorption wavelengths, energies, and oscillator strengths of quercetin and quercetin-Co+2 using the TD-DFT method at the B3LYP/6-

31++G(d,p) level. 

Quercetin  Quercetin-Co+2 

Excitation 

Major Cont. 
CI expansion 

coefficient 

WL Calc. 

gas phase 

(nm) 

Excitation 

Energy (eV) 

Osc. Str. 

(f) 

 

Excitation 
CI expansion 

coefficient 

WL Calc. 

Water 

(nm) 

Excitation 

Energy (eV) 

Osc. Str. 

(f) 

Excited State 1                     Singlet-A  Excited State 1                     Singlet-A 

77 → 79 (3%)  

(HOMO-1 → LUMO) 
0.12996 373.16 4.99 0.4253 

 90B → 104B (50%) 

HOMO-1 → LUMO + 12 
-0.70437 4565.32 0.27 0.0000 

78 → 79 (93%) 

(HOMO →LUMO) 
0.68078  

 
 

 90B → 108B (29%) 

HOMO-1 → LUMO + 16 
-0.05248  

 
 

Excited State 2  Excited State 2 

77 → 79 (94%) 

(HOMO-1 → LUMO) 
0.68399 330.26 4.06 0.0853 

 89B → 104 (47%) 

HOMO-2 → LUMO + 12 
0.68673 4193.09 0.30 0.0000 

78 → 79 (3%) 

(HOMO → LUMO) 
-0.13194  

 
 

 89B → 105B (27%) 

HOMO-2 → LUMO + 16 
-0.22732  

 
 

Excited State 3  Excited State 3 

76 → 79 (90%) 

HOMO-2 → LUMO 
0.66933 304.89 4.07 0.0980 

 

91B → 92B (99%) 

HOMO → LUMO 
0.99553 2809.92 0.44 0.0000 

78 → 82 (5%) 

HOMO → LUMO + 3 
0.16101  
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3.2. Antioxidant Properties 

For the antioxidant property; the significant parameters are bond dissociation enthalpy (BDE) 

which is associated with hydrogen atom transfer (HAT) mechanism and adiabatic ionization 

potential (AIP) which is related to the single electron transfer (SET) mechanism. These 

parameters are acquired by donating a hydrogen atom or single electron from the OH bonds 

(Leopoldini et al., 2011). The lower BDE value remarks the better antioxidant activity of the 

molecule (Urbaniak et al., 2012). 

Table 3. Antioxidant Parameters of Quercetin and Quercetin-Co+2 chelate. 

Antioxidant   

Parameters 

Quercetin Quercetin-Co+2 

O22 − H O23 − H O22 − H O23 − H 

BDE (kcal/mol) 393.78 398.31 442.82 429.51 

AIP (kcal/mol) 166.36 166.36 158.68 158.68 

PDE (kcal/mol) -32.15 -27.61 24.58 11.28 

PA (kcal/mol) 72.17 62.51 183.26 65.37 

ETE (kcal/mol) 62.05 76.23 109.90 104.58 

According to Table 3, calculated BDE values in the gas phase specify that the O22-H bond 

of the Quercetin molecule has the highest antioxidant activity while the O22-H bond of the 

Quercetin-Co2+ chelate is the lowest antioxidant capacity. 

Proton dissociation enthalpy (PDE) with the AIP are also important parameters for the 

antioxidant capacity. The low value of the PDE parameter express that a single electron transfer 

followed by a proton transfer (SET-PT) mechanism is energetically chosen for the antioxidant 

activity (Kiraz, 2019). For the calculated values of PDE, the O22-H bond of the Quercetin has 

much more antioxidant activity than the O22-H bond of the Quercetin-Co2+ chelate.  

The sequential proton loss electron transfer (SPLET) mechanism is another significant 

antioxidant mechanism in which antioxidants grab free radicals and also the radical scavenging 

activity of a molecule can be assayed with this mechanism (Urbaniak et al., 2012). For this 

mechanism, the proton affinity (PA) and electron transfer enthalpy (ETE) parameters are very 

substantial. The O23-H bond of the Quercetin has the lowest PA value and the O22-H bond of 

the Quercetin has the lowest ETE value. Therefore, the SPLET mechanism is not preferred for 

the antioxidant activity for Quercetin and Quercetin-Co2+ chelate.   

3.3. NBO Analysis 

Natural Bond Orbitals (NBO) analysis is a remarkable method to determine intra and 

intermolecular bonding and charge a transfer or conjugative interaction in molecular systems 

(Tomasi et al., 2005). The second-order Fock matrix was executed to utilize the donor-acceptor 

interactions (Snehalatha et al., 2009). The significant element of the Fock matrix is the 

stabilization energy E(2) associated with the delocalization and a greater E(2) value presented the 

donating inclination from electron donors to electron acceptors. 

The NBO analysis expresses conspicuous donor-acceptor type delocalization from lone-pair 

(LP) of oxygen orbitals with anti-lone-pair (LP*) of a metal orbital. The delocalization effects 

because of the LP-LP* interactions in the molecule play an excessively conspicuous task on the 

coordination environments of the Co2+ ion (Kiraz, 2017). As seen from Table 4; the significant 
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interactions of Quercetin compound are π*(C8-O21) → π*(C3-C4), π*(C10-C11) → π*(C12-

C14), π*(C3-C4) → π*(C5-C6), π*(C17-C19) → π*(C12-C14), π*(C17-C19) → π*(C13-C15) 

which have stabilization energies 214.33, 201.67, 313.25, 319.62 and 298.96 kcal/mol, 

respectively (Yalçın, 2019). 

Table 4. Second-order perturbation energies E2 (kcal/mol) corresponding to the most important charge 

transfer interaction (donor-acceptor) in Quercetin by DFT/B3LYP/6-31++G(d,p) method. 

Donor Type ED/e Acceptor Type ED/e E2 (kcal/mol) 

C1-C2 π 1.66161 
C3-C4 π* 0.49121 29.19 

C5-C6 π* 0.36994 12.49 

C3-C4 π 1.62687 

C1-C2 π* 0.40740 12.42 

C5-C6 π* 0.36994 24.69 

C8-O21 π* 0.41495 34.97 

C5-C6 π 1.69283 
C1-C2 π* 0.40740 27.93 

C3-C4 π* 0.49121 12.20 

C10-C11 π 1.76811 
C8-O21 π* 0.31363 24.61 

C12-C14 π* 0.40886 10.63 

C12-C14 
π 

 

1.64600 

 

C10-C11 π* 0.31363 17.65 

C13-C15 π* 0.35887 19.64 

C17-C19 π* 0.02505 19.56 

C13-C15 π 1.67621 
C12-C14 π* 0.40886 18.30 

C17-C19 π* 0.40455 20.52 

C17-C19 π 1.68530 
C12-C14 π* 0.40886 19.45 

C13-C15 π* 0.35887 18.05 

O20 LP2 1.75006 
C3-C4 π* 0.49121 30.68 

C10-C11 π* 0.31363 27.91 

O21 LP2 1.85643 

C4-C8 σ* 0.04909 12.13 

C8-C10 σ* 0.06078 15.98 

O22-H25 σ* 0.05798 17.20 

O22 LP2 1.81463 C5-C6 π* 0.36994 39.67 

O23 LP2 1.86352 C10-C11 π* 0.31363 31.40 

O24 LP2 1.88412 C17-C19 π* 0.40455 25.89 

O28 LP2 1.85642 C1-C2 π* 0.40740 30.75 

C3-C4 π* 0.49121 C5-C6 π* 0.36994 313.25 

C8-O21 π* 0.41495 
C3-C4 π* 0.49121 214.33 

C10-C11 π* 0.31363 107.82 

C10-C11 π* 0.31363 C12-C14 π* 0.40886 201.67 

C17-C19 π* 0.40455 
C12-C14 π* 0.40886 319.62 

C13-C15 π* 0.35887 298.96 
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Table 5. Second-order perturbation energies E2 (kcal/mol) corresponding to the most important charge 

transfer interaction (donor-acceptor) in Quercetin-Co2+ by DFT/B3LYP/6-31++G(d,p) method. 

Donor Type ED/e Acceptor Type ED/e E2 (kcal/mol) 

C1-C2 π 0.83323 C3-C4 π* 0.24413 14.39 

C3-C4 π 0.81404 
C5-C6 π* 0.18601 12.45 

C8-O21 π* 0.20990 17.29 

C5-C6 π 0.84687 C1-C2 π* 0.20380 13.98 

C10-C11 π 0.88069 C8-O21 π* 0.20990 12.59 

C19 LP1 0.50954 C14-C17 σ* 0.00631 31.33 

O20 LP2 0.87479 
C3-C4 π* 0.24413 15.48 

C10-C11 π* 0.15911 13.80 

O22 LP1 0.90750 C5-C6 π* 0.18601 19.85 

O23 LP2 0.93154 C10-C11 π* 0.15911 15.67 

O27 LP2 0.92933 C1-C2 π* 0.20380 15.23 

Co31 

 

LP1 0.99873 

C13-C15 σ* 0.01370 0.03 

C17-C19 σ* 0.01456 0.03 

C19-O24 σ* 0.01315 0.11 

LP3 0.99508 

C13-C15 σ* 0.01370 0.15 

C15-O29 σ* 0.01164 0.14 

C17-C19 σ* 0.01456 0.15 

C19-O24 σ* 0.01315 0.40 

The most important interaction for the Quercetin-Co2+ chelate is the  LP1(C19) → σ*(C14-

C17) with the stabilization energy of 31.33 kcal/mol. The other interactions are generally  π* 

orbitals between C-C bonds. From Table 5;  LP2 (20) → π*(C3-C4), LP2 (O22) → π*(C5-

C6), and  LP (O23) → π*(C10-C11) have stabilization energies are 15.48, 19.85, and 15.67 

kcal/mol, respectively. 

4. DISCUSSION and CONCLUSION 

In this study, we have compared the electronic and antioxidant properties of the Quercetin and 

Quercetin-Co2+ chelate. The energy values of HOMO-LUMO orbitals present that the 

Quercetin-Co2+ chelate is more kinetically reactive than the Quercetin molecule. The absorption 

peaks with non-negligible oscillator strengths for Quercetin at a longer wavelength of 305∼373 

nm compared with those for the Quercetin-Co2+ chelate at 4600∼2800 nm. For the antioxidant 

capacity, the O22-H bond of the Quercetin molecule has the highest antioxidant activity which 

prefers the SET-PT antioxidant mechanism. The important electron delocalization was 

observed between the donor (C17-C19) anti bond and acceptor (C13-C15) anti bond with the 

stabilization energy 319.62 kcal/mol in Quercetin. The highest antioxidant property was 

observed in the Quercetin molecule where the highest electron delocalizations occurred.  
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