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Abstract

Density functional calculations were performed on the metal complexes formed during the synthesis of barium zirconate
(BZY). This compound has been synthesized previously, but the molecular interactions present during the formation of
the ligand-metal complexes are unknown. In this study, calculations were carried out to determine the preferred coor-
dination sites for the metal complexes. The cations Ba**, Y**, and 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 B3LYP level of theory with basis set 6-31G* and Universal Gaussian Basis Set (UGBS) was used. The
relevant geometries, binding energies, and charge distributions of the complexes are reported. It was found that both CA
and EDTA can bind the metal cations investigated in this study. Metal cations prefer to form bonds at the electron-rich
sites of the chelating agents. Of the three metal cations considered, Zr** was found to possess the strongest bonds to

deprotonated CA and EDTA, followed by Y** and then Ba?".
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1. Introduction

Currently, perovskite is one of the most studied com-
pounds in the field of materials science.!”* Ceramic per-
ovskite-type oxides, with a general formula ABO, where A
and B are two metal cations of different sizes, have been
studied due to their high conductivity and low activation
energy.*” Cerate zirconate attracts much attention among
perovskite-type oxides because it is important for the fu-
ture development of electrochemical devices such as fuel
cells, magnetic refrigeration, and solar cells.>® Perovskite
can be synthesized at low cost as it can be made from com-
mon metals and industrial chemicals® and is convenient to
prepare.’

Many researchers have investigated the role of the
chelating agents in the formation of perovskite.'”"'* As the
formation of perovskite involves the complexation pro-
cess, the interaction between the metal and chelating agent
is of utmost importance. Liu et al'? identified that citric
acid (CA) is more effective than ethylenediaminetetraacet-

ic acid (EDTA) in forming perovskite at low temperatures
(<1000 °C). When the chelating agents are used together,
the combined CA and EDTA increases the chelating
strength to the metal ion, as demonstrated in a study by
Osman et al'! in which the CA and EDTA were mixed into
a metal nitrate solution to form metal-CA-EDTA com-
plexes with a ratio of 2:1:1. A similar effect was also ob-
served by Tao et al” in the synthesis of La Sr  ,CoO, .. CA
has three carboxyl groups that can bind with metal cations
whereas EDTA has four carboxyl and two amine groups,
demonstrating that the strength of the chelating agents af-
fects the interactions during the chelation process.'>"

Despite previous research showing that the use of
chelating agents provides a good platform for the produc-
tion of perovskites, the molecular interactions involved are
still unclear. The microscopic behaviors and characteris-
tics of the intermediate structures, as well as the ligand-
metal complexes, are unknown. Furthermore, research
into the microscopic properties of metal cation complexa-
tion with chelating agents is scarce.

Abdullah and Ang: Binding Sites of Deprotonated Citric Acid and Ethylenediaminetetraacetic ...

S 231



232

Acta Chim. Slov. 2018, 65, 231-238

Several theoretical studies into the favored sites for
complexation have been carried out to find the most stable
structure in the intermediate state.””*” Primikyri et al®®
performed DFT studies on the chelation of Zn to quercetin
and luteolin in their neutral and deprotonated forms. It
was found that the preferred cation bonding sites were in
between the carbonyl and deprotonated hydroxyl groups
of quercetin and luteolin. This is in line with the work re-
ported by Leopoldini et al.'® The preference of metal cati-
ons to form complexes at these sites is due to the lone pairs
of electrons from the O atoms at the carbonyl and depro-
tonated hydroxyl groups.

In this study, we intended to confirm the important
initial step involved in the one-pot synthesis of barium zir-
conate (BZY). Metal cations Y**, Ba%, and Zr** were mod-
eled to combine with two chelating agents, CA and EDTA.
DFT was employed to determine the interactions between
the chelating agents and the metal cations at the micro-
scopic level. This included possible metal cation attach-
ment sites and the electronic structure of the complexes
formed. This study focusses only on the interaction be-
tween metal and chelating agent with a ratio of 1:1, there-
fore the effects of coordination sphere saturation in the
metal jons has not been discussed.

2. Computational Details

In a previous study, Ba(NO,),, Zr(NO,),0.xH,0O, and
Y(NO,)3.5H,0 were dissolved to produce the metal cati-
ons and form the metal-chelating agent complexes.' In
order to portray correctly the charge state of the metal cat-
ions, they have been modeled as having the indicated pos-
itive charges in the calculations. To further facilitate the
calculations, the existence of Zr** in the one-pot synthesis
is approximated.

The structures of chelating agents CA and EDTA were
obtained from the Chemspider database.'® CA and EDTA
were deprotonated at the carboxylic acid groups (COOH),
making them negatively charged as in the real system these
protons would be dissociated. The deprotonated chelating
agents were labeled as CA,, and EDTA . The metal cations
were then attached to the chelating agents at five positions
labeled P1 to P5. These positions are shown in Fig. 1.

All calculations were carried out using the Gaussian
09 suite of programs.' The B3LYP functional with dual basis
sets 6-31G* for C, O, N, and H atoms and Universal Gaussi-
an Basis Set (UGBS) for metal cations was used. The D3 ver-
sion of Grimme’s dispersion correction with Becke-Johnson
(BJ) damping was adopted in the metal-complex calcula-
tions**' to improve the dispersion energy in the B3LYP
method. All the results were visualized using GaussView*
and Chem3D molecular modeling software.

The binding energy (E,) was used to compute the
stability of the complexes. The E, of the metal complexes
was calculated from the expression:?

El" = lL:M{umplc.i ll;l\'] Elfh\'lillt‘ (1)
where E| . is the energy of the metal and chelating
agent, E,  represents the energy of the chelating agent,

and E, is the energy of the metal cation.
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Fig. 1. Molecular structure of (a) CA,, and (b) EDTA,, with metal
attachment (Ba?', Y%, Zr*") at different positions (P1 to P5). Metal

cations are green and C, O, N, and H are colored grey, red, blue, and
turquoise, respectively.

3. Results and Discussion

3. 1. Binding Energies

EDTA and CA are chelating agents that can bind to
metal cations to form complexes. EDTA is a type of poly-
amino carboxylic acid that can bind to a metal via four
carboxyl and two amine groups, meaning it has six sites
with a lone pair of electrons. CA is a polydentate ligand
and can bind to metals via three carboxyl groups with a
lone pair of electrons at each. In this study, the binding
energies of metal-CA,, and metal-EDTA,, complexes
were calculated in order to determine their stability.

At the level of theory B3LYP/6-31G* and UGBS ge-
ometry optimization, the following results were obtained:
E(CA,) = -20626.57 eV, E(EDTA,) = -29911.50 eV,
E(Ba**) = -214598.65 eV, E(Y*) = -90707.64 eV, and
E(Zr*) = -96342.96 €V.

The binding energies of CA,, and EDTA,, metal
complexes were calculated from equation (1) and are
shown in Tables 1 and 2. A higher negative value of E, in-
dicates higher stability of the complex. Table 1 shows the
E, of metal-CA, complexes at five different positions of

Abdullah and Ang: Binding Sites of Deprotonated Citric Acid and Ethylenediaminetetraacetic ...



Acta Chim. Slov. 2018, 65, 231-238

metal attachment. Ba** attaches strongly at P2 and has an
E, of -19.39 eV. Interestingly, in Y-CA, , the E, is highest
at P4 and P5 and both sites have the same E, of -21.82 eV.
In the Zr-CA,, complex, the E, values at P4 and P5 are
similar at -24.89 eV. The highest and most stable E, was at
P3 (-25.69 eV).

The calculated E, values of metal-EDTA,, complex-
es are tabulated in Table 2. In Ba-EDTA,, complexes, Ba**
prefers to attach at P2 as this E, (-26.67 V) is the highest
compared to other sites. Table 2 also shows that the E, for
P1 differs from P2 by 0.01 eV. Hence, these two sites in
EDTA , are favorable to Ba** for attachment. In the Y-ED-
TA,, and Zr-EDTA,  complexes, the cations bonded
strongly at P5 and exhibited a high E, values of -33.12 eV
and -37.33 eV, respectively.

Table 1. Binding energies (E,) of CA,, complexes. Numbers in bold
represent the most stable metal complexes.

Positions E, (eV)
Ba-CA,, Y-CA,, Zr-CA,,
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 (E,) of EDTA, complexes. Numbers in
bold represent the most stable metal complexes.

Positions E, (eV)
Ba-EDTA,, Y-EDTA,, Zr-EDTA,
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 using electrostatic potential (ESP) maps for
the molecules of CA and EDTA as illustrated in Fig. 2. ESP
enables visualization of charge distribution in the mole-
cules using color codes. The red regions indicate more
negative potential, while the blue regions indicate less neg-
ative potential (or positive potential). As displayed in Fig.
2 (a), the most negative potential is distributed around P4
and P5, in between the central carboxyl group and on the
carboxyl groups at either end of the CA molecule. These
groups are susceptible to electrophilic attack, hence Ba*',
Y*, and Zr*" prefer to bind to CA at these two positions.
EDTA has four carboxyl and two amine groups susceptible
to electrophilic attack, therefore these sites have a high
possibility of metal complexation (in Fig. 2 (b), these sites

are shown in orange). As can be seen in Table 2, the bind-
ing energies are low at P3 and P4 compared to other posi-
tions due to the low negative potential.

At each preferred site, the Ba complexes have the
smallest E, values compared to the other metal complexes.
The larger size of Ba®* makes it less stable and prevents the
ligand from chelating completely.**-* Zr** complexes ex-
hibit higher E, values than Y** complexes despite being
larger in size. The ionic charge for Zr** is larger than for Y**
and the stability of the metal complex decreases with de-
creasing ionic charge.**”” These results are supported by
Bohm et al*® in that the interaction energy increases as the
size of the metal decreases, K* > Na* > Li* with values of
-5.65 eV, -8.71 eV, and -12.05 €V, respectively.
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Fig. 2. The electrostatic potential map of (a) CA and (b) EDTA.
Isovalue of electron density = 0.0002 au (e/a.’). Refer to figure 1 for
the structures without the isosurface.

Based on Tables 1 and 2, similar E, values are ob-
served at P1/P2 and P4/P5 in Y-CA,, and Zr-CA_, com-
plexes. This is due to the symmetrical arrangement of the
atoms in CA. However, this is not observed in Ba-CA,,
potentially due to the larger size of Ba*". Similarly in the
Ba-EDTA,, comple, it is difficult for Ba** to reside at any
other site on EDTA due to its larger size.

3. 2. Geometry Optimization

Geometry optimizations were performed on the
metal complexes using 6-31G* and UGBS basis sets and
no imaginary frequencies were observed. The stationary
point of each structure where the energy was at a mini-
mum was therefore ascertained.” The geometrically opti-
mized structures of the most stable metal-CA_, and met-

al-EDTA , complexes formed are shown in Fig. 3 to 8. The
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bond lengths between metal and O are discussed since O
and N donate electrons and play an important role in the
metal interaction.

In general, metal complexation marginally changes the
shape of CA,,. Ba>* was found most stable at P2 with bond
lengths of Ba—0O5 = 2.704 A, Ba—09 = 2.602 A, and Ba-O11
=2.602 A (the optimized structure of Ba-CA,,, is shown in
Fig. 3). These results concur with findings from a previous
study by Makrlik et al*® where the bond length of Ba** to ox-
ygen atoms in the beauvericin ligand are 2.5~4.9 A.

Ba—05-2.704 A

Ba 09=2.602 A
Ba-O11-2.602 A
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Fig. 3. Optimized structure of the most stable Ba-CA, complex
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Y** was found to be the most stable at equivalent sites
P4 and P5 (Fig. 4). The cation bonds to three O atoms, two
from the carboxyl group and one from the hydroxyl group.
The bond lengths obtained for Y-O9 at P4 and P5 are 2.160
A.Y-013 and Y-O11 at P4 and P5, respectively, also had
the same bond length at 2.155 A. The bond length ob-
served for Y-O5 at P4 and P5 differed by 0.001 A. This
small difference in bond length is negligible. These were in
accordance with the Y-O bond lengths observed in a pre-
vious study.!

As depicted in Fig. 5, Zr** favored P3 in the Zr-CA
complex. Zr** is bonded to three O atoms (08, 09, and
O11) on the carboxyl groups of CA, . The bond lengths for
Zr-08, Zr-09, and Zr-O11 are 2.035 A, 2.021 A, and
2.009 A, respectively. Similar bond lengths were recorded
by Vlaic et al** where bond lengths of Zr-O in Rh/
Ce,.Zr, O, were 1.11~2.34 A. The most stable sites in Ba-
CA,,, Y-CA,, and Zr-CA_ were observed between car-
boxyl and hydroxyl groups and this is in accordance with
results reported by Primikyri et al'* and Leopoldini et al.'

Figs 6 to 8 show the optimized structure of the most
stable metal-EDTA , complexes. There were significant
changes to the shape of EDTA , after metal complexation.
EDTA is able to form bonds with any metal and its chela-
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Fig. 4. Optimized structure of the most stable Y-CA, , complex at (a) P4 (b) P5
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Fig. 5. Optimized structure of the most stable Zr-CA,, complex (P3)
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tion depends on the size and ionic charge of the metal cat-
ion.” The most stable geometrical structure of metal-ED-
TA,,, shows carboxyl O atoms and N atoms moving closer
to the metal cation, almost encasing it. Both O and N at-
oms are able to create bonds with the metal cations as they
consist of a lone pair electron.

In the optimized structure of the Ba-EDTA,, com-
plex shown in Fig 6, Ba®* is found to be the most stable at
P2. Ba** bonds to the four nearest O atoms from the car-
boxyl groups with bond lengths of Ba-O1, Ba-03, Ba-0O5,
and Ba-O7 are 2.764 A, 2.750 A, 2.710 A and 2.725 A, re-
spectively. Furthermore, the geometrical structure of Ba-
EDTA,,, was similar to the original structure before the
addition of Ba*". Several experimental studies encountered
problems with BaCO, impurities after synthesizing a single
layer of perovskites, due to the use of EDTA as the chelat-
ing agent.'"* In other reports, triethylenetetraamine
(TETA) has been shown to help solve the problem of
BaCO, impurities at a lower temperature.'*** This may be
due to the ability of chelating agents to bind with Ba*. It
can be concluded that Ba?* is effectively complexed by the
amine group.

Ba-01=2.764 A
Ba-03-2.750 A
Ba—05-2.710 A
Ba 07=2.725 A

Fig. 6. Optimized structure of the most stable Ba~EDTA,, complex
(P2)

From Fig. 7 shows that Y** is embraced by EDTA,,.
A similar geometry was found by Thomas et al* in an in-
vestigation into the molecular structure of aqueous Hg(II)-
EDTA. Unlike the Ba-EDTA , complex, the four carboxyl
O atoms and two N atoms in EDTA,, bind strongly to Y**
due to its smaller size, making it easy to be caught by the
EDTA ligand. The bond lengths for Y-EDTA, are as fol-
lows: Y-O5 =2.273 A, Y-06 = 2.297 A, Y-07 = 2.273 A,
Y-08 =2.297 A, Y-N9 = 2.528 A, and Y-N10 = 2.527 A.
These bond lengths are consistent with Y-O and Y-N bond
lengths observed previously in the formation of guanidi-
nate yttrium complexes.*

Y-05-2.273 A
Y-06-2.297 A
Y-07-2.273 A
Y-08-2.297 A
Y N9-2.528 A
Y-N10-2.527 A

Fig. 7. Optimized structure of the most stable Y-EDTA ; complex
(P5)
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Zr-06-2.143 A
Zr-07=2.118 A
Zr-08=2.143 A
Zr N9=2.415 A
Zr-N10=2.415 A

H25

Fig. 8. Optimized structure of the most stable Zr-EDTA , complex
(P5)

Zr** was similarly encased by EDTA, at P5 in the
Zr-EDTA,,, complex (Fig. 8). Zr** was bonded to four
carboxyl groups and two amine groups from EDTA, .
EDTA,,, is able to strongly wrap around metal cations due
to lone pairs of electrons from two types of ligand (carbox-
yl and amine groups). The interaction between Zr** and
EDTA,, is the strongest with bond lengths of Zr-O5 =
2.119 A, Zr-06 = 2.143 A, Zr-O7 = 2.118 A, Zr-08 =
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2.143 A, Zr-N9 = 2.415 A, and Zr-N10 = 2.415 A. The
bond lengths measured were in agreement with findings
by Suzuki et al,”” where the bond length of Zr-O in [Zr
(CO,)EDTA]** was determined. Similarly, the bond length
is in accordance with findings by Pozhidaev et al** where
the bond length of Zr-O in the crystal structure of Zr-eth-
ylenediaminetetracetate tetrahydrate was measured to
within a range of 2.1~2.3 A, and Zr-N was 2.43 A.

3. 3. Mulliken Charges

The Mulliken charges of the most stable metal-CA
and metal-EDTA , complexes are shown in Tables 3 and
4. The initial ionic charges of Ba?*, Y**, and Zr** decrease
after complexation with CA,, and EDTA, . The decreas-
ing in charge can be attributed to the transfer of electrons
from CA and EDTA to the metal.*** The charge transfer in
metal complexes is of utmost important as it influences the

interaction between metal and chelating agent. It can be
inferred that the greater the charge reduction in the metal
the stronger the interaction in the metal complex.*!

Table 3. Charge of metals after complexation with the chelating agent.

Metals Mulliken atomic charge of metals
in metal complexes
Initial After optimized  After optimized
(CA,) (EDTA,,)
Ba +2 +1.544 +1.508
Y +3 +2.104 +1.449
Zr +4 +2.672 +1.911

The C atoms, C2 and C3 in CA,; and C11 to C16 in
EDTA,, (Table 4), carry negative charges as they are bond-
ed to C and N atoms, respectively. Both atoms attract the
bonding pair of electrons to exactly the same extent. That

Table 4. Mulliken charges of the most stable metal-CA, , complexes

Complexes Atom charges
C1 C2 C3 C4 Cé Cc7
Ba-CA,, 0259  -0.367 -0.389 0.511 0.515 0.495
Y-CA,, 0215  -0.398 -0.389 0.621 0.587 0.490
Zr-CA, 0.181 -0.398 -0.407  0.666 0.627 0.534
05 08 09 010 011 012 013
Ba-CA,, -0.780 -0.597 -0.675 -0.593 -0.669 -0.632 -0.601
Y-CA,, -0.739  -0.523 -0.688 -0.511 -0.682 -0.631 -0.598
Zr-CA,, ~ -0745 -0453 -0.723 -0421 -0.713 -0.590 -0.563
H14 H15 Hle6 H17 H18
Ba-CA,,  0.150 0.123 0.136  0.132 0.438
Y-CA,, 0.189 0.188 0.135  0.162 0.471
Zr-CA, 0.228 0.232 0.177  0.193 0.504
Table 5. Mulliken charges of the most stable metal-EDTA, , complexes
Complexes Atom charges
01 02 03 04 05 06 o7 08 N9
Ba-EDTA -0.640 -0.650 -0.643 -0.650 -0.629 -0.619 -0.627  -0.618 -0.359
Y-EDTA,, -0.535 -0.542 -0.536 -0.542 -0.623 -0.627 -0.623  -0.627 -0.501
Zr-EDTA -0.471 -0.483 -0.471 -0.483 -0.650 -0.653 -0.650  -0.653 -0.532
C11 C12 C13 C14 C15 Cl16 C17 C18 C19
Ba-EDTA,, -0.138 -0.137 -0.208 -0.224 -0.206 -0.224 0.532 0.449 0.526
Y-EDTA -0.145 -0.145 -0.246 -0.239 -0.246 -0.239 0.561 0.572 0.561
Zr-EDTA -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-EDTA,, 0.113 0.143 0.106 0.151 0.095 0.159 0.092 0.129
Y-EDTA,, 0.173 0.183 0.173 0.183 0.171 0.205 0.170 0.199
Zr-EDTA 0.210 0.205 0.210 0.205 0.214 0.239 0.209 0.229
H29 H30 H31 H32 H29 H30 H31
Ba-EDTA 0.095 0.160 0.093 0.130 0.095 0.160 0.093
Y-EDTA,, 0.171 0.205 0.170 0.199 0.171 0.205 0.170
Zr-EDTA 0.214 0.239 0.209 0.229 0.214 0.239 0.209
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means, on average, the electron pair is found halfway be-
tween the two atoms and possesses similar negative charg-
es. These results are consistent with results from Arivazha-
gan et al*? that show higher electronegativity attracts more
electrons and vice versa.

Cl, C4, C6, and C7 in CA,; and C17 to C20 in ED-
TA,,, (shown in Tables 4 and 5) carry positive charges as
they are bonded to O. O atoms have a higher electronega-
tivity than C atoms, meaning an O bond more strongly
attracts the bonding pair of electrons compared to a C
atom. Consequently, the electron pair is pulled towards the
O atom, making the carbon atom positively charged. The
same is observed in H atoms. All H atoms have a positive
charge. H18 in CA, has a higher positive charge than oth-
er H atoms as it is bonded to an O atom. This is confirmed
in a recent study by Gangadhara and Krishnan.*

4. Conclusion

The density functional B3LYP method was used to
investigate interactions between chelating agents and met-
al cations in forming a specific barium zirconate (BZY)
compound. The aim of the study was to determine the pre-
ferred coordinaton sites for Ba*, Y**, and Zr** in CA,  and
EDTA,,,. The results show that CA_, and EDTA  can bind
to the metal cations considered. The metal cations were
observed to bind to the electron-rich sites of the chelating
agents. Not all sites had the same binding energy, however.
Moreover, different cations showed different bonding
strengths. Based on the results, Zr** complexation was
found to be the most stable compared to the other com-
plexes. Ba** did not fully chelate to EDTA,, rendering Ba-
EDTA,,, the least stable complex. The greater binding en-
ergies of EDTA, alongside its ability to bind metals through
four carboxyl and two amine groups, confirm its stronger
chelating power with respect to CA.
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Z izracuni gostotnega funkcionala smo proucevali kovinske komplekse, ki nastanejo med sintezo barijevega cirkonata
(BZY). Molekularne interakcije med tvorbo kompleksov ligand-kovin tekom te sinteze namre¢ niso znane. V tej Studiji
so bili izvedeni izrac¢uni za dolo¢itev prednostnih koordinacijskih mest za kovinske komplekse. Katione Ba*, Y** in Zr**
smo modelirali tako, da bi na strateskih polozajih interagirali z dvema deprotoniranima kelatnima reagentoma (citron-
ska kislina [CA] in etilendiaminetetraocetna kislina [EDTA]). Uporabili smo teorijo gostotnega funkcionalna (DFT)
na B3LYP nivoju z osnovnim 6-31G* in univerzalnim Gaussovim (UGBS) baznim setom. Iz dobljenih geometrijskih
podatkov, veznih energij in porazdelitev naboja smo ugotovili, da lahko CA in EDTA veZeta proucevane kovinske ka-
tione, ki pa teZijo k tvorbi vezi na mestih z vecjo elektronsko gostoto. Od treh kovinskih kationov je bilo ugotovljeno, da
najmocnej$e vezi z deprotoniranim CA in EDTA tvori Zr*, sledi Y** in nato Ba*".
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