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Abstract

Effects of dications of magnesium and zinc atom(s) on melatonin, a nocturnal hormone, have been investigated 
within the constraints of density functional theory at the level of B3LYP/ 6-31++G(d,p). The results revealed that 
the composites considered (like melatonin and its dication) are exothermic and favorable in terms of Hº and Gº 
values. Also they are electronically stable. Various structural, quantum chemical and spectral (IR and UV-VIS) 
data are collected and discussed. In each case, interaction with melatonin, the cations possessed less positive 
charge than the initial charge of +2 that means some electron population has been transferred from melatonin to 
the cation. However, in the case of zinc dication composite, some bond density exists between the organic and 
inorganic components.

1. Introduction

Melatonin, a nocturnal hormone, (known as circadian rhythm hormone) which is secreted by pineal gland in 
brain is a highly ubiquitous biomaterial [1]. Some evidence accumulated so far indicates that melatonin is also 
synthesized in the hypothalamus and in other parts of the body, however the melatonin in the circulation 
originates from the pineal [1]. Also, it has been found that its concentration in cerebrospinal fluid is higher than 
that in plasma [1]. Moreover, it has been proved that the melatonin level circulating is interestingly dependent 
on the incident light, so that high levels are attained in darkness. Thus, melatonin is a nocturnal (sleep-related) 
hormone and inter-related with circadian rhythm [2, 3].

However, it has been clinically demonstrated that melatonin treatment adversely affects the symptoms of 
rheumatoid arthritis [2]. Recently, a review article has reported some anticarcinogenic activity of melatonin [4]. 
Also, it has been quite recently shown that of serum melatonin level determination is a valuable methodology to 
define body circadian phase in lung cancer patients [5]. It has been reported that melatonin reverses the 
darkening effect of melanin-releasing hormone (MRH) by stimulating aggregation, causing lightening of skin 
color [6]. It has been also proved that melatonin exerts a certain retarding action on the esterus cycle. Since, 
melatonin also exists in hypothalamic tissue and peripheral nerve, it might possess some yet unknown functions 
in the metabolism of several neural and endocrine processes [1, 6, 7]. Considerable experimental evidence piled 
up so far suggests that melatonin prevents accumulation of amyloid β (Aβ) peptide in the brain which is 
supposed to be a cause of Alzheimer’s disease [8]. Very recently, many articles accumulated in the literature 
displaying its role in diverse fields of biology and medicine [9-17].

The melatonin biosynthesis originates from 5-hydroxy tryptophan which undergoes by decarboxylation in 
vivo to produce serotonin (5-hydroxytryptamine). N-Acetylation of serotonin, followed by O-methylation in the 
pineal body forms melanotonin (melatonin, N-acetyl-5-methoxyserotonin) [1, 6]. Recent years also evidenced 
some biological, physical and theoretical investigations on melatonin [18-26].
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2. Method of Calculations

In the present study, all the initial optimizations of the structures leading to energy minima have been 
achieved, first by using MM2 method which is then followed by semi empirical PM3 self consistent fields 
molecular orbital method [27-29]. Afterwards, the structure optimizations have been achieved within the 
framework of Hartree-Fock and finally by using density functional theory (DFT) at the level of B3LYP/6-
31++G(d,p) [30,31]. Note that the exchange term of B3LYP consists of hybrid Hartree-Fock and local spin 
density (LSD) exchange functions with Becke’s gradient correlation to LSD exchange [32]. The correlation 
term of B3LYP consists of the Vosko, Wilk, Nusair (VWN3) local correlation functional [33] and Lee, Yang, 
Parr (LYP) correlation correction functional [34]. In the present study, the normal mode analysis for each 
structure yielded no imaginary frequencies for the 3N–6 vibrational degrees of freedom, where N is the number 
of atoms in the system. This search has indicated that the structure of each molecule considered corresponds to 
at least a local minimum on the potential energy surface. Furthermore, all the bond lengths have been 
thoroughly searched in order to find out whether any bond cleavages occurred or not during the geometry 
optimization process. All these computations were performed by using SPARTAN 06 program [35].

3. Results and Discussion

Figure 1 shows the optimized structures of the systems of consideration, where M, stands for melatonin 
whereas M+2 is the product of static charging of melatonin. Other symbols are self indicative. The arrows in       
the figure stand for the direction of calculated dipole moment vectors. It is worth remembering that a resultant 
dipole moment vector is the vectorial sum of the individual bond dipoles, thus location/orientation of the 
heteroatoms in the organic component greatly affects both the magnitudes and the directions. In the case of 
composites considered, also the cations of Mg or Zn, exert their influence. 

Some thermo chemical properties of the structures considered are listed in Table 1. The data presented in 
the table reveal that the standard thermo chemical formation data of all the species considered are exothermic 
(Hº values) and they are favored according to their Gº (Gibbs free energy of formation) values.

Some energies of the structures considered are included in Table 2, where E, ZPE and EC stand for the total 
electronic energy, zero point vibrational energy and the corrected total electronic energy, respectively. 
According to the data, all the structures are electronically stable.
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Figure 1. Optimized structures of the systems of consideration (Three different views).

Table 1. Some thermo chemical properties of the systems considered.

Systems Hº Sº (J/molº) Gº

M -2007870.247 479.68 -2008013.268

M+2 -2006085.756 479.23 -2006228.641

M+Mg+2 -2531898.865 493.32 -2532045.950

M+Zn+2 -6677601.167 495.90 -6677749.036

Energies in kJ/mol.
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Table 2. Some energies of the systems considered.

Systems E ZPE EC

M -2008608.99 718.46 -2007890.53

M+2 -2006825.58 719.67 -2006105.91

M+Mg+2 -2532646.72 730.35 -2531916.37

M+Zn+2 -6678310.47 730.26 -6677580.21

Energies in kJ/mol.

Figure 2 shows the calculated bond lengths of the composite structures considered.

Figure 2. Calculated bond lengths (Å) of the composite systems considered (Hydrogens omitted).

Figure 3 shows the calculated IR spectra of the structures considered. In the spectrum of melatonin N-H 
stretching of 5-membered ring happens at 3684 cm-1, followed by amide N-H stretching at 3627 cm-1. The sharp 
peak at 1742 cm-1 is the C=O stretch. In the dication form N-H stretching occurs at 3581 cm-1 (amide) and 3540 
cm-1 (5-membered ring). The amide C=O stretch takes play at 1651 cm-1. In the magnesium dication composite 
the ring N-H vibration occurs at 3628 cm-1 whereas the amide N-H vibrates at 3589 cm-1. The peak at 1635 cm-1 
stands for the amide C=O stretch. In the zinc dication composite of melatonin, N-H stretchings occur at 3623 
cm-1 (the ring) and 3584 cm-1(amide) sequentially. The C=O stretching coupled with various bending vibrations 
occurs at 1592 cm-1.



Effect of Mg+2 or Zn+2 ion on melatonin – DFT treatment

Earthline J. Chem. Sci. Vol. 13 No. 1 (2026), 75-86

79

Figure 3. Calculated IR spectra of the systems considered.

Figure 4 displays the bond densities of the composite systems considered. It is clearly seen in the figure that 
although there is no bond density between melatonin and the magnesium cation in the case of M+Mg+2, there is 
some for M+Zn+2. It seems some electron population has been shared mutually between the components of 
M+Zn+2 composite.

Figure 4. The bond densities of the composite systems considered.
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Figure 5 shows the ESP charges on the atoms of the composite systems considered. The ESP charges are 
obtained by the program based on a numerical method that generates charges that reproduce the electrostatic 
potential field from the entire wavefunction [35]. Note that the cations considered no longer possess the initial 
charge of +2 but some electron population has been transferred form the organic component, melatonin, to the 
cations hence the magnesium and zinc acquire 1.235 and 1.247 esu, respectively. Note that the first ionization 
energies of Mg and Zn atoms are 736 and 908 kJ/mol whereas and second ionization energies are 1450 and 
1730 kJ/mol , respectively. Whereas electro negativities of Mg and Zn (Pauling electro negativity scale 0-4) are 
1.2 and 16, respectively.

Figure 5. The ESP charges on the atoms of melatonin, its dication and the composite systems considered.

The natural charges on the atoms of the composite systems considered are shown in Figure 6. The charges 
of the cations in this case, are 1.812 and 1.536 esu, respectively for magnesium and zinc. 
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Figure 6. The natural charges on the atoms of the composite systems considered.

As the data reveal the cations considered affect the charge distribution of melatonin moiety at different 
extents. How all these ionic and molecular orbital interactions affect the free concentration of melatonin is a 
matter of question. However, just remember that decrease in melatonin can result in early puberty or in sex-
gland problems [36].

Table 3 lists some properties of the species of interest. In the data one highly noticeable difference between 
the composites lies in the dipole moment values which is M+Mg+2> M+Zn+2.

Table 3. Some properties of the species of interest.

Species Dipole 
(debye)

Polarizability  Area 
(Å²)

 Volume 
(Å³)

PSA (Å²)  Ovality

M+Mg+2 5.11 61.01 272.94 253.86 39.692 1.41 

M+Zn+2 2.38 61.13 277.76 253.41 40.755 1.43

Polarizabilities in 10-30 m3 units.

Figure 7 shows some of the molecular orbital energy levels of the systems considered. Table 4 includes the 
HOMO, LUMO energies and interfrontier molecular orbital energy gap values, Δε, (Δε = εLUMO-εHOMO) of the 
structures considered. As seen in the figure when melatonin acquires positive (2) charge, the HOMO and 
LUMO energies are considerably lowered but approach to each other. Consequently, Δε value decreases. Note 
the big gap exists between the LUMO and NEXT LUMO levels.



Lemi Türker

http://www.earthlinepublishers.com

82

Figure 7. Some of the molecular orbital energy levels of the systems considered.

As for the composite systems of melatonin, the positive charge on them causes shuffling of the molecular 
orbital energies compared to melatonin and its dication. The algebraic orders order of HOMO and LUMO 
energies are M+2< M+Mg+2< M+Zn+2< M and, M+2 < M+Zn+2< M+Mg+2 < M, respectively. Namely, the 
magnesium dication lowers the HOMO energy of melatonin more effectively than the zinc dication. On the 
other hand, the zinc dication is more effective on lowering of the LUMO energy of melatonin. Consequently, 
the order of Δε values become M+2 < M+Zn+2 < M+Mg+2 < M.

Table 4. The HOMO, LUMO energies and Δε values of the structures 
considered.

System HOMO LUMO Δε

M -553.89 -76.65 477.24

M+2 -1338.52 -1242.95 95.57

M+Mg+2 -1284.31 -892.55 391.76

M+Zn+2 -1272.40 -946.91 325.49

Energies in kJ/mol.
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Figure 8 displays the calculated UV-VIS spectra (time dependent density functional, TDDFT) of the 
structures considered. As seen in the figure melatonin absorption is confined to UV region of the spectrum. 
However, the present treatment predicts its spectrum of dication form to shift to visible side, implying the 
emergence of some longer conjugative path in the structure via charging. In the case of composite structures the 
spectra cover both the UV and the visible regions (extended to visible part having many shoulders). Since the 
calculated spectra involve not only the HOMO-LUMO excitations, some of the spectra possess shoulders or 
overlapped peaks. The calculated intensities of the peaks are related to magnitudes of the transition moments 
between the orbitals involved which vary from composite to composite [37,38].

Figure 8. The calculated UV-VIS spectra of the structures considered.
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4. Conclusion

The present computational study considered melatonin, its static charged dication and dication composites 
of magnesium and zinc with melatonin within the restrictions of density functional theory at the level of 
B3LYP/6-31++G(d,p). All of the species considered possess exothermic Hº and favorable Gº values and as well 
as they are electronically stable. In the composites, as most of the properties, their HOMO and LUMO energies 
are dictated by the fine topology of the structures considered. However, relatively larger inter frontier molecular 
orbital energy gap, Δε, value possessed by M+Mg+2. Compared with Δε value of melatonin, both of the 
dications considered lower it substantially. In the case of zinc dication composite, some bond density exists 
between the melatonin and zinc dication. Thus, some electron population has been shared mutually between the 
components of M+Zn+2 composite which may affect free concentration of nocturnal hormone, melatonin (or 
adversely Zn+2). All these points are to be investigated by clinical experiments.
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