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Abstract
Chelation and solution thermodynamic stability of a tripodal hydroxypyranone-based chelator (tris[(5-hydroxy-4-oxo-pyran-
2-yl)methyl]benzene-1,3,5-tricarboxylate), TBHPY, towards biologically relevant divalent metal ions:Cu(II), Fe(II), Ni(II), 
Co(II) and Zn(II) were studied by potentiometric and spectroscopic methods in 9:1  (H2O:DMSO) medium. The metal ions 
formed ML,  MLH2, MLH,  MLH-2, and  MLH-1 type complexes with high formation constants. The ligand was explored for 
its application as a potential fluorimetric sensor and examined in the presence of various cations. Nearly twofold quenching 
was observed upon addition of Gd(III) to TBHPY. The experimental, spectroscopic and thermodynamic stability results 
were validated with the theoretical quantum mechanical calculations using density functional theory (DFT). The geometrical 
structures, electronic properties,and bonding behavior of the complexes are described in detail.
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Introduction

Heterocycles play a crucial role in medicinal and organic 
chemistry by bridging biochemistry and  life science 
[1]. Among the heterocycles, hydroxypyridinones and 
hydroxypyranones play significant roles in drug design. 
The derivatives of such compounds exhibit a range of bio-
logical actions, including anti-diabetic, anticonvulsant, 
antioxidant, antiviral, anticancer, antifungal, anti-inflam-
matory, and antibacterial activities [2]. Hydroxypyridinones 
and hydroxypyranones are potential bidentate chelating 
agents with bonding through ketonic and hydroxylic oxy-
gen atoms at appropriate positions on heterocyclic rings, and 
their corresponding anions form relatively stable complexes 
with various metal ions [3]. Kojic acid, (5-hydroxy-2-hy-
droxymethylpyran-4-one), (Fig. 1a) which belongs to the 
family of hydroxypyranones is widespread for its applica-
tions in various places like food, pharmaceuticals, cosmet-
ics, and chemical industry and agriculture. While there is 

remarkable applications of kojic acid in various fields, its 
advantages in the medical industry and cosmetics are more 
noteworthy [4]. The chelating behavior of kojic acid and its 
derivatives is significant for their antifungal, antineoplastic, 
and antimicrobial activity [5, 6]. Siderophores, a group of 
natural chelators that bind iron, form stable complexes with 
high binding constants and transport in cell membranes. 
Among the known natural siderophores, enterobactin has 
the highest formation constant with log β =  1049 [7]. It is a 
hexadentate chelator that forms an octahedral iron complex 
by binding through three bidentate catecholate groups linked 
through amide spacers to a central cyclic L-serine unit. 
Many siderophore-mimics have been synthesized [8–15] by 
taking advantage of the high binding constant and its unique 
structure.The efficacy and chelation therapy properties of the 
described hydroxypyranone or hydroxypyridinones can be 
multiplied by garlanding many such elements into a single 
unit. Several such siderophore-mimics have been synthe-
sized and reported [16–22]. A wide variety of diseases were 
concomitant with an improper balance of metal ion levels 
in the body, including diabetes, neurodegenerative diseases, 
and cancer [23–25]. Iron, copper, and zinc are significant 
for living beings and are linked with several biomolecules 
associated with crucial physiological activities [26–28]. 
Cobalt is one of the essential metals comprising the active 
center of the coenzyme cobalamin, of which vitamin  B12 
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is the most trivial [29]. A case was reported by Andersen 
in Canada about acute intoxication from cobalt salts [30]. 
Cobalt is a leading source of contact dermatitis after nickel 
and chromium [31]. Distinct cobalt species are listed as pos-
sible carcinogens by IARC [32]. Nickel is also significant 
regarding health and some related diseases [33, 34]. Some 
evidence has recommended that Ni ion imparts a signifi-
cant role in hematopoiesis along with vitamin B12 [35, 36]. 
Cardiovascular system poisoning, lung fibrosis, cancer, and 
skin allergies are developed due to long-term exposure to 
nickel [37].

In continuation to our work on the tripodal chelator 
tris[(5-hydroxy-4-oxo-pyran-2-yl)methyl] benzene-1,3,5-tri-
carboxylate (TBHPY) (Fig. 1b) [16], in this paper, studies on 
solution thermodynamic stability constants of the TBHPY 
with Fe(II), Co(II), Ni(II), Cu(II), and Zn(II) by spectropho-
tometric and potentiometric methods are described. DFT 
calculations were also performed to establish the geometri-
cal structures, electronic and spectroscopic properties, and 
bonding nature of the complexes. The applicability of the 
ligand use of fluorescence probe for metal ions was also 
explored.

Results and discussion

Solution thermodynamics and complex formation 
equilibria

The complex formation activities of TBHPY with the diva-
lent metal ions Fe(II), Co(II), Ni(II), Cu(II) and Zn(II) were 
probed by spectrophotometric and potentiometric methods. 
Potentiometric titrations were performed in a 1:1 (M:L) 
molar ratio in highly aqueous media (9:1::  H2O:DMSO) 

due to solubility issues, at 298 K and an ionic strength of 
μ = 0.1 M KCl. The metal–ligand titration curves showed 
deviations at the lower pH region (< 4) from the ligand 
curve, suggesting complex formation with the metal ion 
(Fig. 2). The titration data were fitted in a global fitting 
program Hyperquad [38] for refining of stability constants. 
Several models were considered in the fitting program in 
which the best-fit model was obtained by considering the 
formation of five complex species: ML,  MLH2, MLH, 
 MLH-2 and  MLH-1. At lower pH (4–5), protonated  MLH2 
species formed predominantly for all the divalent ions; with 
the increase in pH, MLH and ML species started forming, 
and, with a further increase in the pH two hydrolysis species 
 MLH-1 and  MLH-2 were resulted. In the case of iron, FeLH 
species were formed with 85% at neutral pH followed by 
negligible formation of ML, and, at higher pH, hydrolysis 
occurred. For cobalt, CoL (40%) and CoLH (2–3%) forma-
tion occurred after pH 5, and ultimately,  CoLH-1 existed as 
the predominant species at pH ~ 7–8. The second hydrolysis 
species  CoLH-2 was formed with the further rise in pH. NiL 
species was predominant in nickel, with 50% formation at 
pH 6.8, whereas NiLH species remained nearly 25% at pH 
6.4. Afterward, hydrolysis species formed with  NiLH-1 spe-
cies at pH 7.2 with nearly 25% formation. CuL predomi-
nantly formed with 70% at nearly pH 7.

At pH 6, CuLH species were observed with nearly 20% 
formation. In the case of zinc, ZnLH was formed at pH 7.3 
with nearly 40% existence. Afterward, ZnL was formed 
predominantly with 60% at pH 7.7. Further increments in 
pH resulted in hydrolysis species  ZnLH-1, with nearly 20% 
at pH 8, and  ZnLH-2 was predominantly present at higher 
pH levels.The percentages of individual species formed as 
a function of pH were obtained by employing the refined 

Fig. 1  Depiction of structures of a Kojic acid and b TBHPY (tris[(5-
hydroxy-4-oxo-pyran-2-yl)methyl] benzene-1,3,5-tricarboxylate)
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Fig. 2  Potentiometric titration curve of ligand and its Fe, Co, Ni, Cu, 
and Zn complexes in 1:1 (M:L) ratio in 9:1  (H2O:DMSO) medium at 
298 K and µ = 0.1 M KCl
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formation constants (log K) in the program Hyss [39] for 
the metal-complex systems are shown in Fig. 3. The log 
Ks of ML complexes of Fe(II), Co(II), Ni(II), Cu(II) and 
Zn(II) followed the expected Irving-Williams order. The 
ML complexes exist in the pH range ~ 5 to ~ 9 with maxi-
mum % of ML complex formation appeared at about pH ~ 7 
for iron, cobalt, nickel and copper complexes, whereas for 
zinc complex the maximum % was observed at pH 7.7. The 
slight variation in pH for the formation of complexes may be 
explained on the basis of the unequal difference in the stabil-
ity constants of protonated and hydroxy complexes with ML, 
that ascended due to changes in the electronic behaviour.

The plausible solution structure of ML has been pre-
dicted by the molecular modeling studies (Sect. "Molecular 
modeling and computational methods"). Based on that, the 
structures of complex species ML,  MLH2, MLH,  MLH−2 
and  MLH−2 with their possible coordination modes are pre-
sented in Fig. 4. The  MLH−1 and  MLH−2 are equivalent 
to ML(OH) and ML(OH)2 respectively, that were obtained 
from the hydrolysis of the complexes of the coordinated 
water molecules at higher pH. The electrical charges in all 
the species are ignored here for the sake of simplicity. For 

further validation of the formation of different species and 
the stability constants in the solution obtained from poten-
tiometric studies, spectrophotometric titrations with changes 
in pH were employed (Fig. 5). TBHPY shows an absorp-
tion peak at 272 nm in the UV–visible region attributed to 
π → π* transition [16]. There is a considerable change in the 
spectra upon coordination with the metal ions. The promi-
nent ligand π → π* band remains almost intact in the lower 
pH ~ 3.5 in all the complexes. The λmax values were found at 
270 nm (ε = 2.72 ×  104  Lmol−1  cm−1), 271 nm (ε = 2.51 ×  104 
 Lmol−1  cm−1), 273 nm (ε = 2.01 ×  104  Lmol−1  cm−1), 271 nm 
(ε = 2.78 ×  104  Lmol−1  cm−1) and 273 nm (ε = 2.55 ×  104 
 Lmol−1  cm−1) for Fe (II), Ni (II), Co (II), Zn (II) and Cu 
(II) systems, respectively. Upon an increase in pH, these 
absorption bands shifted to a higher wavelength, which was 
prominently noticeable at and after pH 7.The intensity of the 
electronic absorption spectra at lower pH decreased upon 
successive addition of KOH, while a regular increase in the 
intensity for the absorption band occurred at higher pH.

The log β values for all the divalent metal ion complexes 
of the ligand TBHPY were evaluated by potentiometric (A) 
and spectrophotometric (B) methods (as listed in Table 1) 
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Fig. 3  Species distribution curves of M-L complexes as a function of pH with [M] =  10–3 M where M is (a) Fe(II) (b) Co(II) (c) Ni (II) (d) Cu 
(II) and (e) Zn (II), at T = 298 K and µ = 0.1 M KCl
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and compared with other hydroxypyranone based scaffolds 
listed in Table 2.

The comparison table depicted that log β values evaluated 
for the ligand are comparable with the reported analogs of 
hydroxypyranones. The log β values of  MLH2, MLH, ML, 
and  MLH-1 species of TBHPY were comparable to those of 
already reported tripodal ligand (2) (Table 2). The tripodal 
ligand (2) has complexes with a higher stability constant 
than TBHPY. This may be attributed to the flexible nature of 
the central TREN unit. The ligand (1) has a lower log β value 
for ZnL than others because of two hydroxypyranone moie-
ties, whereas TBHPY and (2) comprise three hydroxypyra-
none units. In the case of other reported ligands, ligand (1) 
has log β = 25.38 for  CuLH2 species and log β = 18.17 for 
ZnLH species, whereas TBHPY has log β = 31.69 for  CuLH2 
species and log β = 24.60 for ZnLH species. The trend of 
stability constants of the reported transition metal complexes 
follows the “Irving–Williams stability order”, Fe(II) < Co(II
) < Ni(II) < Cu(II) > Zn(II) [40].

1: 6,6′-(2-(diethylamino)ethylazanediyl)bis(methylene)
bis(5-hydroxy-2-hydroxymethyl-4H-pyran-4-one); 2: 

6,6′,6″-(((nitrilotris(ethane-2,1-diyl))tris(azanediyl))
tr is(methylene))tr is(3-hydroxy-4H-pyran-4-one); 
3 :  2 ,2’-[ethane-1,2-diylbis( iminomethanediyl) ]
bis(5-hydroxy-4H-pyran-4-one); 4: 2,2’-[propane-
1,3-diylbis(iminomethanediyl)]bis(5-hydroxy-4H-pyran-
4-one); 5: 2,2’-[butane-1,4-diylbis(iminomethanediyl)]
bis(5-hydroxy-4H-pyran-4-one).

Application of TBHPY as potential 
fluorimetric sensor

The ligand TBHPY is expected to exhibit fluorescence under 
suitable conditions. When excited at 270 nm, the ligand 
demonstrated fluorescence emission at ~ 350 nm in DMSO 
solution at room temperature. There is also a possibility that 
some cations may alter the fluorescence of the ligand, thereby 
affecting its applicability as a fluorescence probe. Cations such 
as Na(I), K(I), Co(II), Fe(III), Cd(II), Cr(III), Cu(II), Fe(II), 
Al(III), Mn(II), Mg(II), Pb(II), Hg(II), Ni(II), Zn(II), Eu(III), 
Gd(III), Tb(III) were chosen for study. The absorption spectra 

Fig. 4  Probable molecular structures of the complex species formed by interaction of TBHPY with divalent metal ions (M = Fe(II), Co(II), Ni 
(II), Cu (II) and Zn (II)) in solution
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of the 1:1 metal–ligand for the above metal ions were taken 
for the photophysical studies in 0.5 ×  10–4 DMSO at room 
temperature. Figure 6a depicts the changes in the absorption 
spectra by the addition of metal ions. An absorption band 
at ~ 272 nm was observed for the ligand and the metal-TBHPY 
mixture. A shoulder was observed at 325 nm, 336 nm, 347 nm 
or 325 nm for Fe(III), Cu(II), Ni(II), and Cd(II) respectively. 

The dominance of π → π* transitions can be depicted from 
the electronic spectra. Systematic fluorescence studies were 
done to find the selectivity of TBHPY with different metal 
ions. No significant changes in the intensity of fluorescence 
were reported in the presence of all metal cations except 
Gd(III) (Fig. 6b). Gd(III) quenched nearly twofold time upon 
addition to TBHPY, indicating the use of later as a probe for 
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Fig. 5  Spectrophotometric titration curves of TBHPY with different metal ions within the pH range of 2–10 (a) TBHPY–Fe(II) (b) TBHPY–
Co(II) (c) TBHPY–Ni(II) (d) TBHPY–Cu(II) and (e) TBHPY–Zn(II)

Table 1  Log β values of ligand TBHPY with divalent metal ions:Fe, Ni, Co, Zn and Cu by (A) Potentiometric and (B) Spectrophotometric meth-
ods

Species Fe Co Ni Cu Zn

Log βA Log βB Log βA Log βB Log βA Log βB Log βA Log βB Log βA Log βB

ML 16.95 16.98 17.27 17.29 18.08 18.10 19.28 19.32 17.38 17.39
MLH 26.13 26.17 22.28 22.32 24.48 24.49 25.24 25.22 24.60 24.09
MLH2 31.11 31.13 30.66 30.68 31.24 31.24 31.69 31.70 31.55 31.58
MLH-1 9.0 9.02 10.06 10.08 10.59 10.61 11.81 11.86 8.97 8.98
MLH-2 3.17 3.18 3.26 3.24 3.42 3.43 3.58 3.57 1.19 1.20
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trivalent gadolinium. This quenching in fluorescence may be 
attributed to chelation-enhanced quenching (CHEQ), which 
can result after the formation of a rigid complex between 
TBHPY-Gd(III).

Molecular modeling and computational 
methods

To gain a deep understanding of the bonding, molecular 
structures, spectral and electronic properties of the metal 
complexes, molecular modeling studies were performed 

using DFT in gas phase. The structures were initially opti-
mized by molecular mechanics, semi-empirical, and then 
finally utilizing DFT method [44–46] with GGA/PBE-D3 
functional and TZP basis sets.

Molecular structures

The DFT-optimized structure of TBHPY presented an 
extended geometry where two hydroxypyranone units 
were undergoing face-to-face π-stacking [16]. The divalent 
metal ions can form complexes by coordinating the ligand 
with the metal ions as hexadentate plausible coordination 

Table 2  Comparison of protonation constants and formation constants (Log β values) of different hydroxypyranone based ligands with some 
divalent metals like Cu and Zn [41–43]
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Fig. 6  Absorbance (a) and 
Fluorescence spectra (b) of 
TBHPY at 0.5 ×  10–4 M in the 
presence of various metal ions 
at 0.5 ×  10–4 M in DMSO

(a) (b)

300 400 500
0.0

0.4

0.8

1.2

ecnabrosb
A

Wavelength (nm)

L
L-Al+3

L-Cd+2

L-Co+2

L-Cr+3

L-Cu+2

L-Eu+3

L-Fe+2

L-Fe+3

L-Gd+3

L-Hg+2

L-K+

L-La+3

L-Mg+2

L-Mn+2

L-Na+

L-Ni+2

L-Pb+2

L-Tb+3

L-Zn+2

300 350 400 450 500
0

50

100

150

200

)u.a(
ytisnetnI

Wavelength (nm)

L
 L-Al+3

 L-Cd+2

 L-Co+2

 L-Cr+3

 L-Cu+2

 L-Eu+3

 L-Fe+2

 L-Fe+3

 L-Gd+3

 L-Hg+2

 L-K+

 L-La+3

 L-Mg+2

 L-Mn+2

 L-Na+

 L-Ni+2

 L-Pb+2

 L-Tb+3

 L-Zn+2



225Journal of Inclusion Phenomena and Macrocyclic Chemistry (2024) 104:219–231 

mode employing three bidentate hydroxypyranone units. To 
explain the structures of complexes, a possible hexadentate 
mode of the ligand was proposed, but binding with six oxy-
gens of hydroxypyranone to the same metal ion was found 
to be energetically unfavorable. Modeling the structures 
suggests a square-pyramidal geometry for all metal ML 
complexes. It is known that metal complexes may display 
different structural geometry in the solid state or solution. In 
the presence of water as a solvent, the transition metal ions 
assume M(H2O)6

n+ geometry. In the current case, the final 
proposed structure of ML was assumed to be ML(H2O), in 
which one of the O of ligand L is not coordinated.

Based on the above, the molecular formula of the 
complexes can be designated as [Fe(TBHPY)(H2O)], 
[Co(TBHPY)(H2O)], [Ni(TBHPY)(H2O)], [Cu(TBHPY)
(H2O)] and [Zn(TBHPY)(H2O)] with a negative charge. The 
charge of the complexes are not shown here for the sake of 
simplicity.The structures were finally considered for DFT 
calculations. The structures of all ML complexes in gas 
phase optimized by GGA-PBE-D3//TZP method are shown 

in Fig. 7. All the coordination compounds display distorted 
octahedral geometries. The geometrical parameters are also 
presented in Table 3. The absence of any imaginary fre-
quency in the optimized structures confirmed that they are 
at true minima.

Frontier molecular orbital analysis

The electronic properties and the stability of a molecule can 
be derived from the Frontier Molecular Orbital (FMO) anal-
ysis, particularly from the HOMO and the LUMO. These 
molecular orbital diagrams of the frontier orbitals of the 
complexes are depicted in Fig. 8.

In the complex [Fe(TBHPY)(H2O)], the HOMO (113 A) 
consists of a singly occupied MO (SOMO) having energy 
-3.037 eV, and the LUMO (114 A) with energy − 2.947 eV, 
leading to an energy gap of 0.090 eV. The HOMO is pre-
dominantly contributed from iron d-orbitals and comprises 
70.36% of  dxz, and 6.99% of  dyz, with minor contribu-
tions from d-orbitals of Fe. In LUMO 114 A, a significant 

Fig. 7  DFT optimized structures of metal complexes of TBHPY a Fe–TBHPY b Co–TBHPY c Ni–TBHPY d Cu–TBHPY and e Zn–TBHPY 
obtained by PBE-D3/TZP method, f numbering scheme for Table 3
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contribution of 22.65%, 16.27%, and 10.53% was observed 
from  pz orbitals of C atoms of the benzene ring. In the com-
plex [Co(TBHPY)(H2O)], the HOMO is 114 A having an 
energy of − 3.744 eV, and the LUMO is MO 115 A with 
energy − 3.148 eV, thereby resulting in 0.596 eV energy 
gap. The HOMO 114 A consists of a predominant contribu-
tion from d orbitals of Co with 38.17% of  dyz, 33.94% of 
 dxz, and 12.50% of  dx

2
-y

2 orbitals. 115 A, the LUMO of this 
cobalt complex imparts a contribution of 23.25%, 16.22%, 
11.42%, and 10.25%, majorly from the  pz orbitals of carbon 
atoms of the benzene ring. The [Ni(TBHPY)(H2O)] has MO 

115A as HOMO with energy − 4.390 eV and 116 A as the 
LUMO with energy − 3.099 eV. The MO 115 A comprises 
a significant contribution from d orbitals of Ni with 31.03% 
from  dx

2
-y

2, 10.73% from  dyz, and 14.70% from  dxy orbit-
als. The LUMO 116 A has a predominant significant con-
tribution from the  pz orbitals of the C atom from the central 
unit as compared to its HOMO. In the case of [Cu(TBHPY)
(H2O)], the energy of HOMO (MO 117 A) and LUMO (MO 
118 A) is − 4.630 eV and − 3.068 eV, respectively. The 
HOMO is comprised of a contribution of 9.12% from Cu 
while 9.11% and 6.76% contribution are the results due to 

Table 3  Geometrical parameters 
(bond lengths and bond 
angles) of the optimized metal 
complexes of TBHPY (Number 
scheme of the complexes is 
given Fig. 7 f)

Fe–TBHPY Co–TBHPY Ni–TBHPY Cu–TBHPY Zn–TBHPY

Bond distances (Å)
O(1)-M 1.91 2.29 2.31 2.32 2.16
O(2)-M
O(3)-M
O(4)-M
O(5)-M
O(6)-M

1.94
2.01
1.91
2.00
1.99

2.13
2.07
2.17
2.24
2.06

2.11
2.08
2.10
2.20
2.05

2.01
2.18
2.30
2.00
2.52

1.99
2.29
2.16
2.09
2.13

Bond angles (°)
O(1)-M–O(2) 78.5 72.3 89.4 78.8 79.6
O(1)-M–O(3) 96 106 99.5 126.9 95.2
O(1)-M–O(6) 92.7 97.1 72.5 81.2 99.3
O(1)-M–O(4) 179 171.6 168.1 153.7 167.4
O(2)-M–O(6) 92.7 89.3 98.5 100.5 104.9
O(2)-M–O(5) 169.1 159.8 163.9 175.4 150.4
O(3)-M–O(6) 169.8 163.3 161.9 151.4 162.2
O(3)-M–O(4) 84.8 87.2 89.3 77.1 83.8
O(3)-M–O(5) 91.4 97.7 78.0 92.1 76.0
O(5)-M–O(1) 91.7 100.8 106.5 100.6 77.0

(a) (b)         (c)                     (d)                    (e)

ΔE = 0.090eV ΔE = 0.596eV ΔE = 1.291eV ΔE = 1.562eV ΔE = 1.851eV

Fig. 8  HOMO and LUMO frontier molecular orbitals of TBHPY metal complexes (a) Fe(TBHPY) (b) Co(TBHPY) (c) Ni(TBHPY) (d) 
Cu(TBHPY) (e) Zn(TBHPY)
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the  py and  pz orbital of the oxygen atom of hydroxypyranone 
moiety, respectively along with a contribution of 6.60% from 
the  py orbital of C atom.

118 A orbital (LUMO) is contributed as a result of the 
contribution from the  pz orbitals (20.48%, 19.72%, 9.83% 
and 9.41%) of C atoms from benzene ring of central moi-
ety. 117 A and 118 A contributed as HOMO and LUMO, 
respectively, in the complex [Zn(TBHPY)(H2O)]. An energy 
gap of 1.851 eV is observed from the HOMO (− 4.832 eV) 
and LUMO energy (− 2.981). The HOMO has attained a 
major contribution from  py orbitals of oxygen (11.26%) and 
carbon atoms (11.22% and 6.01%) of hydroxypyranone unit.
The residual contribution is from the  px,  py, and  pz orbitals of 
oxygen and carbon atoms, along with a minor contribution 
(1.24%) from the  dxy orbital of Zn. The MO 118 A (LUMO) 
contributes predominantly from orbitals of carbon atoms 
(43.27%  pz,, 14.60%  pz, and 11.28%  pz) of the benzene ring.

Electronic absorption spectra

The electronic absorption spectra in terms of intensity 
and the electronic transition properties of a molecule can 
be attained by a time-dependent density functional theory 
(TDDFT). The absorption spectra were calculated theo-
retically by TDDFT simulations using GGA-PBE as XC 
functional and TZ2P basis sets.Table 4 summarizes some 
relevant data related to the construction of molecular 
orbitals with percentage contribution from atomic orbit-
als. In the case of [Fe(TBHPY)(H2O)] absorption spectra 
 (fcal = 0.0237), the band is displayed due to a transition from 
113A_β → 118A_β with 65.2% contribution.

For [Co(TBHPY)(H2O)], the band  (fcal = 0.0016) 
was observed corresponding predominantly contribu-
tion by transition from 114A_β → 118A_β (95.8%). In 
the case of [Ni(TBHPY)(H2O)], the absorption spectra 
 (fcal = 0.0014) revealed that the major contribution is due 

to the transition from 115 A_β → 119A_β (73.3%) along 
with some minor contribution from 115A_β → 118A_β 
(21.7%). For the [Cu(TBHPY)(H2O)] complex, the absorp-
tion peak was observed corresponding to the transition 
from 112A_β → 117A_β (47.7%) and 113A_β → 117A_β 
(41.8%). The absorption spectra of [Zn(TBHPY)(H2O)] 
shows a band at 447.3 nm allotted to 117A → 120A transi-
tion with contribution of 78.0%.

Global chemical reactivity descriptors

The chemical reactivity and stability are usually described 
using global reactivity descriptorslike global hardness 
(η),electron affinity (A), electronegativity (χ), global soft-
ness (S), chemical potential (μ), ionization potential (I), and 
electrophilicity (ω) from the Kohn–Sham DFT [47–49]. All 
these parameters can be derived using Koopmans’ theorem 
and frontier molecular orbital energy [50]. The computed 
results acquired for these complexes were correlated with 
all the parameters mentioned earlier (Table 5). The nega-
tive chemical potentials (μ) values (− 2.99, − 3.44, − 3.74, 
− 3.84, and − 3.90, respectively) indicate that the Fe(II), 
Co(II), Ni(II), Cu(II), and Zn(II) complexes are quite stable 
enough and do not decompose into elements. The values of 
chemical hardness (0.045, 0.298, 0.645, 0.781, and 0.925) 
are well supported by the HOMO–

LUMO gap 0.090, 0.596, 1.291, 1.562, and 
1.851  eV for Fe(II), Co(II), Ni(II), Cu(II) and Zn(II), 
respectively,suggesting that they are less polarizable because 
of the electron cloud resistance of a chemical system to 
deform under small perturbations.The values of global 
softness (22.22, 3.355, 1.550, 1.280, and 1.081 eV) have 
revealed that the Fe(II) complex is softer than other com-
plexes. The other parameters are also presented in Table 5. 
The results from the energy gaps of the metal complexes 
indicate that the kinetic stability of the complexes follows 

Table 4  The contribution of atomic orbitals (AOs) and the nature of electronic transition for all the metal complexes

* The values are adjusted with some offset to get the relatively closer values as experimental

Molecule λabs (nm)* fcal Nature Contribution(%)

[Fe(TBHPY)(H2O)] 289.13 0.0237 113 A_ β 118 A_ β113 A_β 118 A_β
65.2%

[Co(TBHPY)(H2O)] 285.48 0.0016 114 A_ β 118 A_ β114 A_β118 A_β
95.8%

[Ni(TBHPY)(H2O)] 289.68 0.0014 115 A_ � 119 A_ �115 A_β119 A_β
115 A_ � 118 A_ �115 A_β 118 A_β

73.3%
21.7%

[Cu(TBHPY)(H2O)] 268.69 0.0202 112 A_ � 117 A_ �112 A_β117 A_β
113 A_ � 117 A_ �113 A_β117 A_β

47.7%
41.8%

[Zn(TBHPY)(H2O)] 267.34 0.0079 117 A 120A117 A 120A 78.0%
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the order: Fe(TBHPY) < Co(TBHPY) > Ni(TBHPY) < Cu (
TBHPY) < Zn(TBHPY).

Experimental

Materials and instrumentation

The Sigma Aldrich and CDH chemicals were used as such 
without purifying them. UV–visible spectrophotometer 
(Evolution 201 Thermoscientific) was used to carry out 
spectrophotometric studies. The fluorescence studies were 
investigated using an Agilent Technologies Cary Eclipse flu-
orescence spectrophotometer. The potentiometric titrations 
were done in a highly aqueous medium, i.e.,  H2O:DMSO 
(9:1, v/v). pH measurements were performed using a Ther-
moscientific Orion star pH meter. The LINUX operating sys-
tem on an Intel Core i7 CPU performed DFT calculations.

Potentiometric measurements

The nature of the coordination behavior of the ligand with its 
metal complexes was investigated potentiometrically using 
a double wall titration vessel at 298 K in highly aqueous 
media  (H2O: DMSO:: 9:1). To perform the pH titrations, 
the pH meter having Ross Ultra pH electrode was used.The 
classical method was used for the calibration of the electrode 
to get correct pH values. HCl and KOH solutions (0.1 M) 
were standardized using KHP (0.1 M) to obtain the exact 
concentration.The potentiometric measurements were done 
with the  10–3 M solution of the ligand, and KCl was added 
to maintain the ionic strength μ = 0.1. The acidification of 
 10–3 M ligand solution was done upto pH 2 using 0.1 M HCl 
to ascertain the presence of any kind of species at a lower 
pH. The solution was titrated consistently against the stand-
ard KOH solution (0.1 M) to investigate the log K values 
within the 2–11 pH range. The ligand complexation behavior 
was inspected with Cu(II), Fe(II), Ni(II), Co(II), and Zn(II) 
upon titration of 1:1(M:L) solution against KOH (0.1 M). 
 10–3 M concentration solutions were prepared using sulfate 

salts of the metals as mentioned above. The final concentra-
tion was  10–3 M for ligand solution and metal ions solution 
used. Hyperquad 2006 [38] refinement program was used 
to explore the formation of different species and the deter-
mination of equilibrium constants. Hyss 2009 was used to 
evaluate the species distribution curve [39].

Spectrophotometric measurements

Spectrophotometric titrations were done in a similar man-
ner as potentiometric titrations. The absorption spectrum 
was recorded by taking the solution in the cuvette every 
time KOH was added. The aliquot solution was then again 
put into the titration flask with precision. The global fitting 
program Hypspec was used to analyze the binding constants 
from titration data [51].

Photophysical studies

The fluorescence technique and UV–visible spectroscopic 
method were used to investigate the interaction between the 
ligand and various cations at room temperature in the DMSO 
medium. Stock solutions  (10–3 M) of the ligands and metal 
ions were prepared using DMSO. Solutions of concentration 
0.5 ×  10–4 M were prepared using these stock solutions to 
analyze the absorption and emission properties.

Molecular modeling

All the calculations were carried out on an Intel Core i7 
machine using Amsterdam Modeling Suite (AMS) software 
version 2022.103 [52]. All the geometries were optimized 
by DFT after obtaining the least strained geometry from 
molecular mechanics calculations [44–46]. These molecular 
geometries were optimized using GGA-PBE-D3 basis set in 
the gas phase, with dispersion correction. The vibrational 
frequencies were also calculated after geometry optimiza-
tion of the molecules to further confirm that the resulting 
structures obtained relate to the true minima.

Table 5  Global Reactivity Descriptors of ligand TBHPY and the complexes: Fe(TBHPY), Co(TBHPY), Ni(TBHPY), Cu(TBHPY), and 
Zn(TBHPY)

Species HOMO–
LUMO gap 
(ε)

Chemical 
potential
(μ)

Global hard-
ness
(η)

Global softness
(S)

Electrophilicity
(ω)

Ionization 
potential
(I)

Electron affin-
ity
(A)

Electronegativity
(χ)

TBHPY 2.427 − 4.471 1.213 0.824 8.24 5.684 3.257 4.471
Fe(TBHPY) 0.090 − 2.992 0.045 22.22 99.46 3.037 2.947 2.992
Co(TBHPY) 0.596 − 3.446 0.298 3.355 19.92 3.744 3.148 3.446
Ni(TBHPY) 1.291 − 3.744 0.645 1.550 10.86 4.390 3.099 3.744
Cu(TBHPY) 1.562 − 3.849 0.781 1.280 9.48 4.630 3.068 3.849
Zn(TBHPY) 1.851 − 3.906 0.925 1.081 8.246 4.832 2.981 3.906
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Conclusions

The reported TBHPY hexadentate ligand comprised of three 
hydroxypyranone units as binding moieties symmetrically 
attached to a central unit of benzene was studied for compl-
exation with divalent metal ions (Cu, Co, Fe, Zn, and Ni). 
The complexation behavior of the ligand with these metal 
ions in solution depicted the formation of ML, MLH, and 
 MLH2 species, along with two hydrolysis species for all the 
metal ions. The log β values of ML complexes followed the 
trend: Zn < Cu > Ni > Co > Fe with the highest value of log 
β = 19.28 for copper. These complexes can be greatly useful 
in chelation therapy and the treatment of metal overload dis-
eases with divalent metal ions due to the high stability con-
stants of their complexes compared to other reported ana-
logs. In addition, the applicability of the TBHPY as probe 
for Gd(III) was confirmed from the fluorescence emission 
of the ligand in presence of a variety of cations viz., Hg(II), 
Na(I), Cu(II), Mn(II), Co(II), Cr(III), Cd(II), Fe(II), Al(III), 
Fe(III), Mg(II), Pb(II), Zn(II), K(I), Ni(II), Eu(III), Gd(III), 
Tb(III) due to its 2.5 fold quenching in DMSO solution. The 
DFT studies revealed the structure to be distorted octahe-
dral with formulation [M(TBHPY)(H2O)]. The electronic 
spectral studies, either experimental or theoretical, depicted 
that transitions are predominantly π → π*. The high forma-
tion constants of TBHPY complexes signify that the ligand 
can be explored further for its employability as a promising 
chelator in chelation therapy or metal sequestration.
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