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Abstract: Metal ions are of great significance to the environment and biological system. Particularly, 

trivalent - iron, aluminium and chromium - and divalent - copper, mercury, cadmium, and zinc - 

cations are some of the more important. Recently we have report two new ligands derived from bis-

vanillin, useful for discriminate between Fe3+, Al3+ and Cr3+. 

Considering these results, we present a theoretical study based on the Functional Density Theory 

related with structures of bis-vanillin derivatives contained a hydrazoline or isoniazide moiety into 

the complexation types of both ligands with M3+ cations. Moreover, we realize a predictive theoretical 

study to explore the ligands' complexation with M2+ cations.  The optimized structures of the ligands 

and their cation complexes are presented and discussed.  
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1. Introduction 

There is an enormous demand for chemical sensors for many areas and disciplines. High 

sensitivity and ease of operation are two main issues for sensor development [1]. Fluorescence 

techniques can easily fulfill these requirements and therefore fluorescent-based sensors appear as one 

of the most promising candidates for sensing. Metal ions are of great significance to the environment 

and biological system. Particularly aluminum, copper and zinc are three of the most important 

cations in different aspects. Zinc and copper are respectively the second and third largest amount of 

transition elements exists in our human body and they are involved in many vital processes in the 

organism. However, the accumulation of excessive quantities of these elements is highly toxic, for 

example the accumulation of copper causes Wilson's disease in humans [2]. Aluminium, which is the 

most abundant metallic element and the third most abundant of all elements in the earth’s crust, is 

widely used in our daily life and industrial fields. Although aluminium and most of its derivatives 

exhibit low toxicity, high doses of this metal can also cause neurotoxicity [3] and the increased 

amounts in the dietary may also contribute to the reduced skeletal mineralization (osteopenia), 

because the metal competes with calcium for absorption [4]. 

 

On the other hand, some heavy metal ions, particularly Pb2+, Hg2+ and Cd2+ are the most toxic 

cations, causing adverse environmental and health problems. The release of these detrimental ions 

into the environment originates from numerous natural and man-made sources, such as fossil fuel 

combustion and the electronic industry and cadmium it is even found in phosphate fertilizers. Hg2+ 

and Pb2+ produce a wide variety of symptoms, including digestive, cardiac, kidney and especially 
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neurological diseases, suggests that they affect multiple targets in vivo [5,6,7,8]. For Cd2+ there have 

been many reports on his toxicity to procreation, bones, kidneys, nerve system, and tissues, 

consequently resulting in renal dysfunction, calcium metabolism disorders, and an increased 

incidence of certain forms of cancers [9]. 

 

Therefore, selective and sensitive determination of these metal cations in biological and 

environmental systems is very important, resulting in the appearance of numerous sensory reports 

with diverse mechanisms for the selective detection of different metal ions [10,11,12,13]. Among the 

different chemosensors, those based on ion-induced changes in fluorescence are especially suitable 

as they are easy to employ and usually give an instantaneous response with high sensitivity [14]. 

There are many publications related to trivalent cations recognition, but in the majority of classic 

chemosensors for metals cations interfere between them, consequently, is important the develop of 

selective and sensitive systems of detection. 

 

In this work, we realized a theoretical evaluation of the systems derivatives of 5,5’-bis-vanillin 

(shown in Figure 1) that contain semicarbazide or hydrazine groups. We have used Density 

Functional Theory (DFT) [15] based calculations employ Gaussian09 program suit [16] with the 

B3LYP method [17] and LANL2DZ basis set to analyse the structures of the ligands as well as its 

analogues containing attached the different cations. The calculations for Al3+, Cu2+, Zn2+, Pb2+, Hg2+, 

Cd2+, and Mg2+ were done. Based on those data, we evaluated the change on the dihedral angle and 

the difference in the total energy between the L-ligand and the complex L-ligand with the cation, as 

well as the change in the HOMO-LUMO gap of L and L-M2+/M3+ to understand the changes of 

electronics and optical properties. In addition, we use the cation Al3+ for an experimental evaluation, 

in which we utilize UV-Vis spectroscopy and molecular fluorescence spectroscopy for the study of 

the chelation between molecule and cation. 

 

2. Methods 

2.1. Experimental 

The ligands (1 and 2) were prepared according to the sequence shown in the Figure 1. 

 

 
Figure 1. Preparation of the compounds 1 (derived from isoniazide) and 2 (derived from hydrazoline) 

Ligands 1 and 2 were isolated by filtration and purified by recrystallization. Its 1H NMR, 13C 

NMR and MS spectroscopic data were consistent with those reported in the literature.[2]. 

Complexation experiments were carried out by addition of one equivalent of the corresponding 

cation Al3+ as salt to the solutions of the ligands in DMSO. Subsequently his UV-Vis and fluorescence 

spectra was determined at λexc = 280 nm. 
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2.2. Computational 

Entire theoretical calculations are done using Gaussian 09 program suit. All the molecular 

structures of the ligands and its metal-complexed analogues were optimized at 

DFT/B3LYP/LANL2DZ level of theory without imposing any constrain, and, vibrational frequencies 

were calculated to ensure the validity of each structure.  

The global energy and the energy of HOMO and LUMO orbitals (FMO energies) of all ligands 

and complexes the optimized structures were also estimated using the same DFT method. In 

addition, the dihedrals angles of ligands and complexes were obtained.  

 

3. Results 

Optimized geometries of L and L-M2+/M3+ are shown in Figure 2. In the group of complexes of 

ligand 1, it was found that there were 2 types of complexation. Al3+, Zn2+, Hg2+ and Cd2+ were 

coordinated to both =N1, =N1’ and =O sites of isoniazide, while Cu2+, Pb2+ and Mg2+ were coordinated 

only to =O sites isoniazide. The geometries show in Figure 2 (c) and (d) respectively. In the group of 

complexes of ligand 2, it was also found that there were 2 types of complexation. Mg2+ was 

coordinated only to one N atom of each phtalazine substituent; while Al3+, Cu2+, Zn2+, Pb2+, Hg2+ and 

Cd2+ were coordinated to N=N atoms of both phtalazine substituents. The geometries show in Figure 

2 (e) and (f) respectively. 

 

Figure 2. Optimized geometries of the compounds. (a) Ligand 1; (b) Ligand 2; (c) Complex geometry found for 

ligand 1 with Al3+, Zn2+, Hg2+ and Cd2+; (d) Complex geometry found for ligand 1 with Cu2+, Pb2+ and Mg2+; (e) 

Complex geometry found for ligand 2 with Mg2+; (f) Complex geometry found for ligand 2 with Al3+, Cu2+, 

Zn2+, Pb2+, Hg2+ and Cd2+. 

 

The energies of optimized structures of ligands and complex for 1 and 2 are shows in Table 1. 

In both cases, the energies of the different complexes are smaller than the ligands themselves.   

 

(c) (d) 

(a) 

(f) (e) 

(b) 
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Table 1. Global energies of ligands and ligands with attached cations. 

 
Energy 

(Kcal/mol) 
 

Energy 

(Kcal/mol) 

L1 -1860,69 L2 -1973,27 

L1-Al3+ -1861,55 L2-Al3+ -1974,13 

L1-Cu2+ -2056,08 L2-Cu2+ -2168,69 

L1-Zn2+ -1925,55 L2-Zn2+ -2038,14 

L1-Pb2+ -1863,40 L2-Pb2+ -1976,04 

L1-Hg2+ -1902,64 L2-Hg2+ -2015,23 

L1-Cd2+ -1908,00 L2-Cd2+ -2020,60 

L1-Mg2+ -1860,80 L2-Mg2+ -1973,46 

The values of dihedrals angles and values of energy GAP between FMO (HOMO – LUMO 

energy difference) are shows in Table 2. In both cases, the GAP for the complexes is smaller than the 

GAP for the ligands. 

Table 2. Dihedral angles and GAPs energy between FMO of ligands and ligands with metal cations. 

 
Dihedral 

Angle 

GAP 

(Kcal/mol) 
 

Dihedral 

Angle 

GAP 

(Kcal/mol) 

L1 55,94 93,86 L2 56,52 88,01 

L1-Al3+ 42,34 37,59 L2-Al3+ 81,63 43,26 

L1-Cu2+ 43,76 13,26 L2-Cu2+ 67,60 13,21 

L1-Zn2+ 42,12 66,19 L2-Zn2+ 98,68 69,77 

L1-Pb2+ 121,83 59,92 L2-Pb2+ 52,50 63,00 

L1-Hg2+ 42,20 52,27 L2-Hg2+ 123,87 36,75 

L1-Cd2+ 42,27 65,60 L2-Cd2+ 119,58 62,44 

L1-Mg2+ 47,86 44,40 L2-Mg2+ 95,04 69,17 

At last, on the experimental side, the compound 1 showed bands at 230 and 340 nm, while 2 

showed at 230 and 380 nm. Furthermore, 2 showed a significant quantum efficiency φ = 0.39 (λexc = 

280 nm) relative to 1 that showed less fluorescence φ = 0.039 (λexc = 280 nm). With Al3+, showed a 

slight hypochromic effect and a hypsochromic shift of the band located at about 330 nm and 390 nm 

of 1 and 2 respectively. The emission spectrum of 2 showed a quenching effect with the addition of 

different equivalents of Al3+, while 1 show a decrease in fluorescent properties with the same cation. 
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Figure 3 show the evolution of compound 2’s UV-spectrum with the adittion of diferent equivalents 

of Al3+ as salt to the solutions of the ligands in DMSO. 

Figure 3. Evolution of L2’s UV-spectrum with the concentration of Al3+ in DMSO 10-5 M solution. 

4. Conclusions 

Bis-vanillin derivatives containing hydralazine and isoniazide group, respectively, in the 

positions 3,3' were studied as sensors of different metal cations. DFT study determined the geometric 

structures of all compounds and their stability. The comparison of global energies shows that the 

complexes always have lower energy than the ligands, thus the formation of the complex is 

thermodynamically favored. Dihedral angles of both compounds change in the presence of cations. 

L1 shows a decrease in dihedral angle while L2 shows an increase with all cations except Pb2+. The 

GAP values of both ligands decrease in all cases (the energy between HOMO and LUMO decreases), 

thereby increasing the stability of these systems. Changes in the GAP and dihedral angle could be 

related with the changes in the UV and fluorescence spectra which is observed in practice. 

 

Acknowledgments 

This research was supported by the Agencia Nacional de Ciencia y Tecnología (ANCyT) of 

Argentina -PICT 2014 No. 1587 and by CAI+D 2017 (PEN 3042150100036 LI) of the Universidad 

Nacional del Litoral, Santa Fe, Argentina. 

References 

[1] Ochando, E.; Dome, A.; Jose, M.; Costero, A. M.; and Jose, M. “Cation and anion fluorescent and 

electrochemical sensors derived from 4 , 4' -substituted biphenyl”. Tetrahedron Lett. 2005, vol. 61, pp. 

10309–10320. DOI:10.1016/j.tet.2005.08.010. 

[2] Zhang, L.; Lichtmannegger, J.; Summer, K.H.; Webb, S.; Pickering, I.J.; George, G.N. "Tracing 

Copper−Thiomolybdate Complexes in a Prospective Treatment for Wilson’s Disease". Biochemistry, 

2009, vol. 48 (5), pp. 891–897. DOI:10.1021/bi801926e 

[3] Nayak, P. "Aluminum: Impacts and Disease". Environ. Res. 2002, vol. 89, pp. 101-115. DOI: 

10.1006/enrs.2002.4352.  

[4] Sahana, A.; Banerjee, A.; Das, S.; Lohar, S.; Karak, D.; Sarkar, B.; Mukhopadhyay, S. K.; Mukherjee, A. 



Proceedings 2017 6 of 6 

 

K.; Das, D. "A naphthalene-based Al3+ selective fluorescent sensor for living cell imaging". Org. Biomol. 

Chem. 2011, vol. 9, pp. 5523-5529. DOI:10.1039/C1OB05479A 

[5] Flegal, A. R.; Smith, D. R. "Measurements of Environmental Lead Contamination and Human Exposure". 

Rev. Environ. Contam. Toxicol. 1995, vol. 143, pp. 1-45. DOI:10.1007/978-1-4612-2542-3_1 

[6] Landrigan, P. J.; Todd, A. C. "Lead Poisoning". West J. Med. 1994, vol. 161, pp. 153-159. 

[7] Renzoni, A.; Zino, F.; Franchi, E. "Mercury levels along the food chain and risk for exposed populations". 

EnViron. Res. 1998, vol.  77, pp.  68-72. DOI:10.1006/enrs.1998.3832. 

[8] Boening, D. W. "Ecological effects, transport, and fate of mercury: A general review". Chemosphere 2000, 

vol.  40, pp. 1335-1351. DOI:10.1016/S0045-6535(99)00283-0. 

[9] Friberg, L.; Elinger, C. G.; Kjellstro¨m, T. Cadmium; World Health Organization: Geneva, 1992 

[10] Costero, A. M.; Gil, S.; Parra, M.; Mancini, P. M. E.; Kneeteman, M. N.; and Quindt, M. I. “5 , 5' -Bis-

vanillin derivatives as discriminating sensors for trivalent cations”. Tetrahedron Lett.. 2015, vol. 56, no. 

26, pp. 3988–3991. DOI:10.1016/j.tetlet.2015.04.120. 

[11] Ghorpade, T. K.; Patri, M.; and Mishra, S. P.“Highly Sensitive Colorimetric and Fluorometric Anion 

Sensors Based on Mono and Di-Calix[4]pyrrole Substituted Diketopyrrolopyrroles”. Sensors Actuators B. 

Chem.2015, vol. 225, pp. 428–435. 

[12] Brigo, L.; Pistore, A.; Ba, L.; Arduini, M.; Mancin, F.; and Brusatin, G. “Natively porous films as halide 

anion fluorescence optical sensors”. Thin Solid Films. 2016, vol. 600, pp. 53–58. 

[13] Miyawaki, A.; Llopis, J.; Heim, R.; Mccaffery, J. M.; Adams, J. A.; Ikura, M.; and Tsien, R. Y. “Fluorescent 

indicators for Ca2+ based on green fluorescent proteins and calmodulin”. Nature. 1997, vol. 388, pp. 882–

887. DOI: 10.1038/42264. 

[14] Chen, X.; Pradhan, T.; Wang, F.; Kim, J. S.; and Yoon, J. “Fluorescent Chemosensors Based on Spiroring-

Opening of Xanthenes and Related Derivatives”. Chem. Rev. 2012, vol. 112, pp. 1910–1956. 

DOI:10.1021/cr200201z. 

[15] Kohn, W.; Sham, L. J. "Self-consistent equations including exchange and correlation effects". Phys. Rev. 

1965, vol. 140, pp. A1133-A1138. DOI:10.1103/PhysRev.140.A1133. 

[16] M.J. Frisch, et al., Gaussian 09, Revision C.01, Gaussian, Inc., Wallingford, CT, 2008. 

[17] Lee, C.; Yang, W.; Parr, R. G. "Development of the Colle-Salvetti correlation-energy formula into a functional 

of the electron density". Phys. Rev. 1988, vol. 37, pp. 785-789. DOI:10.1103/PhysRevB.37.785. 

 

 

 


