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Density functional calculations were performed on the metal–complexes in the formation of barium zirconate (BZY). This compound has been synthesized previously, but the molecular interactions during the formation of the ligand-metal complexes are unknown. In this study, calculations were carried out in order to clarify the preferred coordination sites for the metal complexes. The metal cations of barium (Ba), yttrium (Y) and zirconium (Zr) were modeled to interact with two deprotonated chelating agents (citric acid (CA) and ethylenediaminetetraacetic acid (EDTA)) at strategic positions. Density Functional Theory (DFT), at the level of theory B3LYP with basis set 6-31G* and Universal Gaussian Basis Set (UGBS) were used. The relevant geometries, binding energies, and charge distributions of the complexes are reported. It is found that both CA and EDTA can bind the metal cations studied in this study. Metal cations prefer to bind at the electron–rich sites of the chelating agents. Of the three metal cations considered, the cation Zr4+ is found to possess strongest bonding to the ligands at deprotonated CA and EDTA, with a sequence of Zr > Y > Ba observed.
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1. Introduction
Presently, perovskite is one of the most studied compounds in the research field of material sciences.1-3 Ceramic perovskites-type oxide, with a general formula ABO3 where A and B are two different metal cations with different sizes, were studied due to its high conductivity and low activation energy.4,5 Among perovskite-type oxide, cerate zirconate attract great attention because they are important for the future development of electrochemical devices such as fuel cells, magnetic refrigeration and solar cells.6-8 The formation of perovskite costs less as it can be made from common metals and industrial chemicals9 and is also convenient to prepare.7 
Many researchers have investigated the role of the chelating agents in the formation of perovskite.10-12 As the formation of perovskite involves the complexation process, the interaction between the metal and chelating agent is of utmost importance. Liu et al. pointed out that CA is more effective than EDTA in forming perovskite at low temperatures (<1000 ºC).12 When the chelating agent is combined together, for example in the work of Osman et al.11 where the CA and EDTA were mixed into a metal nitrate solution to form metal CA-EDTA complexes with ratio CA : EDTA : metal = 1 : 1 : 2, the combined CA and EDTA increases the chelating strength towards metal ion. The same effect was also observed by Tao et al. in synthesizing La0.6Sr0.4CoO3–δ.13 Since CA has three carboxylate groups while EDTA has four carboxylate and two amine groups that can bind with metal cations, hence it shows that the strength of chelating agents affects the interactions during chelation process.12,14 
Even though the experiment results show that use of the chelating agents provided a good platform for the production of the perovskites, however, the molecular interactions involved are still ambiguous, as the microscopic behaviors and characteristics of the intermediate structures, as well as the ligand-metal complex, are not well known. Furthermore, the related reports on the microscopic properties of metal cation combinations with chelating agents are scarce.
Several theoretical studies on the favoured sites for complexation of metal have been carried out to find the most stable structure at intermediate state.15-17 For instance, Primikyri et al. performed DFT studies on the chelation of Zn with Quercetin and Luteolin in neutral and deprotonated forms.15 It was found that, the preferred cation were both in between carbonyl and deprotonated hydroxyl group of Quercetin and Luteolin. The result is in line with the work reported by Leopoldini et al..16 The preference of metal cations to this site is due to the abundance of electrons from the oxygen’s lone pair electron at the carbonyl and deprotonated hydroxyl groups.  
In this study, we intended on confirming the important initial step involved in the one-pot synthesis of the BZCY. Metal cations yttrium (Y), barium (Ba) and zirconium (Zr) were modeled to combine with two chelating agents, CA and EDTA. DFT was employed to determine the interactions involved between the chelating agents and the metal cations at the microscopic level. This included possible attachment sites of the metal cations to the chelating agents and the electronic structure of the complexes formed. In this current study, as focus was only on the interaction between metal and chelating agent with a ratio of 1 : 1 = metal : chelating agent, the effects of the saturation of the coordination sphere for the metal ions are neglected.
2. Computational Details
In the previous experiment, part of the intermediate process involved dissolving Ba(NO3)2, Zr(NO3)2O.xH2O and Y(NO3)3.5H2O.11 This step produced the metal cations of Ba2+, Y3+ and Zr4+, where they formed the metal–chelating agent complexes. In order to portray correctly the charge state of the metal cations, the metal cations are modeled as having the indicated positive charges in the calculations. To further facilitate the calculations, the existence of the metal cations Zr4+ in the process of one-pot synthesis is approximated.
The structures of chelating agents CA and EDTA were obtained from the Chemspider database.18 The deprotonation of these complexes was done by removing all hydrogen (H) from carboxylic group (–COOH) in CA and EDTA, making them negatively charged as in the real system these hydrogen will be dissociated. The deprotonated chelating agents were labeled as CA3H and EDTA4H. The metal cations were then attached to the chelating agents at five positions considered, labeled as P1 to P5. These positions are as shown in Fig. 1. 
All calculations were carried out using Gaussian 09 suite of programmes.19 The B3LYP functional with dual basis sets; 6-31G* for C, O, N, H atoms and Universal Gaussian Basis Set (UGBS) for metal cations were used. The D3 version of Grimme’s dispersion correction with Becke-Johnson (BJ) damping was adopted in the metal-complexes calculations.20,21 to improve the dispersion energy in the B3LYP method. All the results were visualized using GaussView22 and Chem3D molecular modeling software.
The binding energy (Eb) was used to compute the stability of the complexes. The Eb of metal complexes were calculated from the expression:23
	

	(1)


where EM-complex is the energy of the metal and chelating agent, Echelate represents the energy of the chelating agent and EM is the energy of the metal cation. 






	
(a)
	P3


[image: E:\my_result_visual\cagents_deprotonated_nonfragment\Structure\4H_DEPROTONATED\CA_3H.tif]= carbon (C)
= oxygen (O)
P1
P2


P5

P4


= nitrogen (N)
= hydrogen (H)
= Ba/Y/Zr


	
(b)
	
P1
P2

[image: G:\Master\3-Result Visual\cagents_deprotonated_nonfragment\Structure\4H_DEPROTONATED\INPUT_FILE\EDTA_chem3d_4Hdepprotonated_input.TIF]P5

P3


P4





Fig. 1. Molecular structure of (a) CA3H and (b) EDTAH attached with metal (Ba2+, Y3+, Zr4+) at different positions; P1 to P5. Metal cations = green; carbon (C), oxygen (O), nitrogen (N), and hydrogen (H) are colored grey, red and turquoise respectively.





3. Results and Discussions
3.1 Binding Energies
EDTA and CA are the chelating agents that can bind to metal cations to form metal complexes. EDTA is a type of polyamino carboxylic acid that can bind to a metal via four carboxylate and two amine groups, meaning it has six sites that have a lone pair of electron. CA, also known as polydentate ligand, can bind to metals via three carboxylate groups and has three sites of a lone pair of electron. In this study, the binding energy of metal–CA3H and metal–EDTA4H complexes were calculated in order to investigate the stability of these metal complexes.
At the level of theory B3LYP/6-31G* and UGBS geometry optimization, the following quantities were obtained: E (CA3H) = –20626.57 eV, E (EDTA4H) = –29911.50 eV, E (Ba2+) = –214598.65 eV, E (Y3+) = –90707.64 eV, and E (Zr4+) = –96342.96 eV.
The binding energies of CA3H and EDTA4H metal complexes calculated from Eq. (1) are as shown in Table 1 & 2. A higher negative value of Eb indicates higher stability of the complex. Table 1 shows the Eb of metal–CA3H complexes at five different positions that the metal attaches to. Metal cation Ba2+ is attached strongly at P2 and has an Eb value of –19.39 eV. Interestingly, in Y–CA3H, the Eb value is the highest at P4 and P5 sites and both sites have the same Eb value of –21.82 eV. In Zr–CA3H complex, the Eb obtained at P4 and P5 sites are also of similar Eb value of –24.89 eV. The highest and the most stable of Eb value obtained was at P3 site (–25.69 eV).
The calculated Eb of metal–EDTA4H complexes are tabulated in Table 2. In Ba–EDTA4H complexes, Ba2+ prefers to attach at P2 site as the Eb value (–26.67 eV) obtained at P2 sites is the highest as compared to other sites. It can also be seen from Table 2 that the Eb for P1 site is differs by 0.01 eV from P2 site. Hence, these two sites (P1 and P2) in Ba–EDTA4H complex are favorable for metal Ba to attach to. In the Y–EDTA4H and Zr–EDTA4H complexes, both cations bound strongly at P5 site and exhibited a high Eb value of –33.12 eV and –37.33 eV respectively.







Table 1. Binding energies of CA3H complexes. Numbers in bold represent the energy values of the most stable metal-complexes.
	Positions
	Binding Energy, Eb (eV)

	
	Ba–CA3H
	Y–CA3H
	Zr–CA3H

	P1
	–18.92
	–21.65
	–24.23

	P2
	–19.39
	–21.65
	–24.23

	P3
	–19.01
	–21.72
	–25.69

	P4
	–18.92
	–21.82
	–24.89

	P5
	–18.92
	–21.82
	–24.89



Table 2. Binding energies of EDTA4H complexes. Numbers in bold represent the energy values of the most stable metal–complexes.
	Positions
	Binding Energy, Eb (eV)

	
	Ba–EDTA4H
	Y–EDTA4H
	Zr–EDTA4H

	P1
	–26.66
	–29.62
	–32.31

	P2
	–26.67
	–29.62
	–32.31

	P3
	–25.71
	–27.34
	–28.99

	P4
	–17.08
	–27.33
	–28.96

	P5
	–26.56
	–33.12
	–37.33



The results discussed in the preceding paragraph can be explained with the electrostatic potential (ESP) maps surface for CA and EDTA molecules as illustrated in Fig. 2. ESP ables to visualize charge distribution in the molecules by representing it with colors. The red regions indicates more negative potential, while blue region for less negative potential (or positive potential). As displayed in Fig. 2 (a), it appears that the region of the most negative potential is distributed strongly over P4 and P5 in between the central carboxylic group and on the carboxylic groups at the two ends of the CA molecule. These groups are a susceptible site for electrophilic attack, hence the preference of metal cations of Ba2+, Y3+ and Zr4+ to bind with CA ligand as these two positions. For EDTA, it has four carboxylic and two amine groups with a lone pair of electron (where these groups are responsible for electrophilic attack), hence these sites have a high possibility of binding with the metal cations (in Fig. 2 (b), these sites are shown with orange shades). As can be seen in Table 2, the binding energies are low at P3 and P4 sites as compared to the other positions due to the low negative potential. 
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Fig. 2. The electrostatic potential map of (a) CA and (b) EDTA. Isovalue of electron density = 0.0002 au (e/aₒ3). The structure without isosurface can be referred to Fig. 1.

Among the favored sites, the Ba‒complexes have the smallest Eb value as compared to other metal-complexes. The bigger size of cation Ba makes it less stable and prevents the ligand from chelating the metal cations completely.24-26 Zr‒complexes exhibit a higher Eb value than Y‒complexes, although it has a bigger cation size. The ionic charge for Zr(4+) is larger than Y(3+) as the stability of complexes decrease with decreasing ionic charge.24,27 The results are supported by Bohm et al., as this study reported that the interaction energy increases as the size of metal decreases, K+ > Na+ > Li+ with values of ‒5.65 eV, ‒8.71 eV and ‒12.05 eV respectively.28
Based on the Tables 1 and 2, a similar Eb value is observed at P1, P2 and P4, P5 in Y–CA3H and Zr–CA3H complexes. This is due to the symmetrical arrangement of the atoms in the CA molecules. However, this trend is not observed in Ba–CA3H. This might be due to the large size of metal Ba. The same reason exists for Ba–EDTA4H complex as its large size of cation makes it difficult to reside in the any other EDTA sites.

3.2. Geometry Optimization
Geometry optimizations were performed on metal complexes using 6-31G* and UGBS basis sets and no imaginary frequencies were observed. Therefore the stationary point of the structure where the energy is at minimum was ascertained.29 The geometrically optimized structure of the most stable of metal–CA3H and metal–EDTA4H complexes formed are displayed graphically in Fig. 3 to 8. The selected bond length between metal and oxygen is discussed since oxygen and nitrogen act as donor electrons and play important roles in the interaction with metals. 
In general, the attachment of metal cations only slightly changes the shape of CA3H. For the optimized structure of Ba‒CA3H complex as exhibit in Fig. 3, Ba2+ was found most stable at P2 sites with a bond length Ba–O5 = 2.704 Å, Ba–O9 = 2.602 Å and Ba–O11 = 2.602 Å. These results concur with similar findings from previous studies by Makrlik et al. where the bond length of cation Ba2+ to oxygen atoms of beauvericin ligand is within a range of 2.5~4.9 Å.30
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Fig. 3. Optimized structure of the most stable Ba–CA3H complex (P2)

From Fig. 4, metal cation Y3+ is found to be the most stable at equivalent sites of P4 and P5. Of the three nearest oxygens that form a bond with the metal cations, two are from the carboxylate and one from the hydroxyl group. The bond length obtained for Y–O9 at P4 and P5 is similar, at a value of 2.160 Å. Metal Y3+ that bonded to O13 and O11 at P4 and P5 respectively, also had the same bond length at 2.155 Å. While bond length observed for Y–O5 at P4 and P5 is differed by 0.001 Å. This small difference in bond lengths is negligible. These bond lengths were in accordance with the Y‒O bond length observed in the previous study.31
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Fig. 4. Optimized structure of the most stable Y–CA3H complex at (I) P4 (II) P5

As depicted in Fig. 5, for the Zr‒CA3H complex, metal cation Zr4+ preferred the P3 site to attach with. Metal Zr is caught by three oxygens (O8, O9 and O11) in between carboxylate group of CA3H ligand. The bond length measured for Zr–O8, Zr–O9 and Zr–O11 are 2.035 Å, 2.021 Å and 2.009 Å respectively. Similar results for the bond lengths have been found in Vlaic et al. where it was discovered that bond lengths of Zr‒O in Rh/Ce0.5Zr0.5O2 were within a range of 1.11~2.34 Å.32 Observation for the most stable sites for Ba‒CA3H, Y‒CA3H and Zr‒CA3H complexes found that all the cations were attached in between carboxylate and hydroxyl groups and this results is similar to results reported by Primikyri et al.15 and Leopoldini et al..16
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Fig. 5. Optimized structure of the most stable Zr–CA3H complex (P3)

Figs. 6 to 8 depict the optimized structure of the most stable metal–EDTA4H complex. In the structure of this complexes, there were significant changes in the shape of EDTA4H after binding with metal cations, as portrayed in Figs. 6 to 8. EDTA is known to be able to form bonds with any metal and its chelation depends on the size and ionic charge of metal cations.33 For the most stable position of geometry structure of metal–EDTA4H, carboxylate O atoms and N atoms moved closer to the metal cation creating a view that cation is being wrapped. Both O and N atoms are able to create bonds with the metal cations as they consist of a lone pair electron.
In the optimized structure of the Ba‒EDTA4H complex as shown in Fig. 6, metal cation Ba2+ is found to be the most stable on the P2 site. Cation Ba2+ bonds with the two nearest oxygens from carboxylate groups with the bond lengths of Ba‒O4 and Ba‒O5 at 3.855 Å and 2.693 Å respectively. Owing to the large atomic radius of Ba2+, the bond length obtained for Ba‒O4 is comparatively longer and Ba cations seem far away from donor atoms. Furthermore, the geometry structure obtained for Ba–EDTA4H did not change much from the original structure after the addition of metal cation Ba2+. Several experimental studies on forming single layer of perovskites encountered problems with BaCO3 impurities at the end of the product, as they are using EDTA ligand as their chelating agent.11,34 However, in other previous experimental reports, TETA was discovered to be able to solve the BaCO3 impurities at a lower temperature.10,35 This is might be due to the ability of chelating agents to bind with metal Ba2+. It can be concluded that Ba2+ is effectively complexed by –NH2 group.
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Fig. 6. Optimized structure of the most stable Ba–EDTA4H complex (P2)

From Fig. 7, it can be observed that the metal cation Y3+ was embraced by EDTA4H. A similar geometry was found by Thomas et al. in an investigation of the molecular structure of aqueous Hg(II)‒EDTA.36 Contrary to Ba‒EDTA4H complex, the four carboxylate O atoms and two N atoms in EDTA4H bind strongly to cation Y3+ as its size is smaller than Ba2+, making it easy to be caught by the EDTA ligand. The bond lengths obtained for Y–EDTA4H are as follows: Y–O5 = 2.273 Å, Y–O6 = 2.297 Å, Y–O7 = 2.273 Å, Y–O8 = 2.297 Å, Y–N9 = 2.528 Å and Y–N10 =2.527 Å. These bond lengths are congruent with the Y‒O and Y‒N bond lengths observed previously in the formation of guanidinate yttrium complexes.31
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Fig. 7. Optimized structure of the most stable Y–EDTA4H complex (P5)

A similar case took place for the Zr‒EDTA4H complex (as portrayed in Fig. 8), the cation Zr4+ was wholly wrapped by EDTA4H ligand at P5 site. The metal cation Zr4+ was enclosed by four –COOH groups and two –NH2 groups from EDTA4H ligand. EDTA4H is able to strongly wrap around metal cations due to their combination of a lone pair of electrons from two types of ligand (–COOH and –NH2). The interaction between metal cation Zr4+ and EDTA4H is the strongest with bond lengths of Zr–O5 = 2.119 Å, Zr–O6 = 2.143 Å, Zr–O7 = 2.118 Å, Zr–O8 = 2.143 Å, Zr–N9 = 2.415 Å, Zr–N10 = 2.415 Å. The bond length measured was in agreement to the findings of Suzuki et al.,37 where the bond length of Zr–O in [Zr(CO3)edta]2+ was determined. Similarly, the findings of Pozhidaev et al. are also in accordance with the current bond length obtained, where it was measure that the bond length of Zr–O in the crystal structure of Zr-ethylenediaminetetracetate tetrahydrate was within a range of 2.1~2.3 Å while bond length of Zr–N was 2.43 Å.38
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Fig. 8. Optimized structure of the most stable Zr–EDTA4H complex (P5)

3.3 Mulliken Charges
The Mulliken charges of the most stable metal–CA3H and metal–EDTA4H complexes are tabulated in Tables 3 and 4. As shown in Table 3, the initial charges of +2 for Ba, +3 for Y and +4 for Zr are decreasing after complexation with CA3H and EDTA4H complex. The decreasing of charge in metals can be attributed to the charge transfer from CA to metal.39,40 The charge transfer in metal–complexes is utmost important as it influences the interaction between metal and chelating agent. It is noticed that the higher charge reduction from metals could be a factor to the stronger interaction in the metal–complex.41

Table 3. Charge of metals after complexation with the chelating agent
	Metals
	Mulliken atomic charge of metals in metal–complexes

	
	Initial
	After optimized (CA3H)
	After optimized (EDTA4H)

	Ba
	+2
	+1.544
	+1.508

	Y
	+3
	+2.104
	+1.449

	Zr
	+4
	+2.672
	+1.911



The carbon atoms, C2 and C3 in CA3H (refer Table 4) and C11 to C16 in EDTA4H (refer Table 4) carry a negative charge as they are bonded to carbon and nitrogen atoms respectively. Both atoms attract the bonding pair electron to exactly the same extent. That means, on average, the electron pair can be found half way in between two atoms and possessed similar negative charges. These results are in congruence with results by Arivazhagan et al. where it was discovered that with higher electronegativity pull more electrons and vice versa.42
C1, C4, C6, and C7 in CA3H and C17 to C20 in EDTA4H (as shown in Tables 4 and 5) carry positive charges as they are bonded to oxygen. Oxygen atoms have stronger electronegativity than carbon atoms, meaning an oxygen bond attracts the bonding pair much stronger than a carbon atom. Consequently, the electron pair is pulled towards oxygen, making the carbon atom that is attached to it positively charged and the same trend is observed in hydrogen atoms. All hydrogen atoms have a positive charge. H18 in CA3H has a higher positive value than other H atoms as they bond with oxygen atom. These results are confirmed in the current works by Gangadhara and Krishnan.43 

Table 4. Mulliken charges of the most stable metal–CA3H complexes
	Complexes
	Charge of atoms

	
	C1
	C2
	C3
	C4
	C6
	C7
	

	Ba–CA3H
	0.259
	–0.367
	–0.389
	0.511
	0.515
	0.495
	

	Y–CA3H
	0.215
	–0.398
	–0.389
	0.621
	0.587
	0.490
	

	Zr–CA3H
	0.181
	–0.398
	–0.407
	0.666
	0.627
	0.534
	

	
	
	
	
	
	
	
	

	
	O5
	O8
	O9
	O10
	O11
	O12
	O13

	Ba–CA3H
	–0.780
	–0.597
	–0.675
	–0.593
	–0.669
	–0.632
	–0.601

	Y–CA3H
	–0.739
	–0.523
	–0.688
	–0.511
	–0.682
	–0.631
	–0.598

	Zr–CA3H
	–0.745
	–0.453
	–0.723
	–0.421
	–0.713
	–0.590
	–0.563

	
	
	
	
	
	
	
	

	
	H14
	H15
	H16
	H17
	H18
	
	

	Ba–CA3H
	0.150
	0.123
	0.136
	0.132
	0.438
	
	

	Y–CA3H
	0.189
	0.188
	0.135
	0.162
	0.471
	
	

	Zr–CA3H
	0.228
	0.232
	0.177
	0.193
	0.504
	
	













Table 5. Mulliken charges of the most stable metal–EDTA4H complexes
	Complexes
	
	
	Charge of atoms

	
	O1
	O2
	O3
	O4
	O5
	O6
	O7
	O8
	N9

	Ba–EDTA4H
	–0.640
	–0.650
	–0.643
	–0.650
	–0.629
	–0.619
	–0.627
	–0.618
	–0.359

	Y–EDTA4H
	–0.535
	–0.542
	–0.536
	–0.542
	–0.623
	–0.627
	–0.623
	–0.627
	–0.501

	Zr–EDTA4H
	–0.471
	–0.483
	–0.471
	–0.483
	–0.650
	–0.653
	–0.650
	–0.653
	–0.532

	
	
	
	
	
	
	
	
	
	

	
	C11
	C12
	C13
	C14
	C15
	C16
	C17
	C18
	C19

	Ba–EDTA4H
	–0.138
	–0.137
	–0.208
	–0.224
	–0.206
	–0.224
	0.532
	0.449
	0.526

	Y–EDTA4H
	–0.145
	–0.145
	–0.246
	–0.239
	–0.246
	–0.239
	0.561
	0.572
	0.561

	Zr–EDTA4H
	–0.156
	–0.156
	–0.266
	–0.246
	–0.266
	–0.246
	0.593
	0.603
	0.593

	
	
	
	
	
	
	
	
	
	

	
	H21
	H22
	H23
	H24
	H25
	H26
	H27
	H28
	

	Ba–EDTA4H
	0.113
	0.143
	0.106
	0.151
	0.095
	0.159
	0.092
	0.129
	

	Y–EDTA4H
	0.173
	0.183
	0.173
	0.183
	0.171
	0.205
	0.170
	0.199
	

	Zr–EDTA4H
	0.210
	0.205
	0.210
	0.205
	0.214
	0.239
	0.209
	0.229
	

	
	
	
	
	
	
	
	
	
	

	
	H29
	H30
	H31
	H32
	H29
	H30
	H31
	
	

	Ba–EDTA4H
	0.095
	0.160
	0.093
	0.130
	0.095
	0.160
	0.093
	
	

	Y–EDTA4H
	0.171
	0.205
	0.170
	0.199
	0.171
	0.205
	0.170
	
	

	Zr–EDTA4H
	0.214
	0.239
	0.209
	0.229
	0.214
	0.239
	0.209
	
	



4. Conclusion
The interaction between chelating agents and metal cations was studied using the density functional B3LYP method in order to provide a better insight into interactions between chelating agents and metal cations in forming a specific cerate-zirconate compound. The aim of the study was to determine the preferred coordinaton sites for Ba2+, Y3+, and Zr4+ in CA3H and EDTA4H. The results show that CA3H and EDTA4H can bind to the metal cations considered. The metal cations were observed to bind at the electron-rich sites of the chelating agents. However, not all sites contain the same binding energy. Moreover, different cations have different binding strength. Based on the results, Zr complexation was found to be the most stable, as compared to the other complexes. Ba metal was not completely chelated by EDTA4H ligand and rendered the least stable complex. The greatest binding energy of EDTA evidences the stronger chelating power of EDTA with respect to CA, due to its ability to bind metals through four carboxylate and two amine groups. Further study of other chelating agents interacting with metal cations is still in progress and will be reported elsewhere.
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