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The development of an efficient and miniaturized analytical approach to determine trace levels of toxic ions
in aqueous fluids presents a current research challenge. Hydrazone-based chemosensors are considered
potential candidates due to their high sensitivity and selectivity towards heavy metal ions. Computational
techniques can be properly implemented to elucidate possible modes of ligand—metal interaction and
provide an in-depth understanding of the chemistry involved. The present study reports the use of 3-
hydroxy-5-nitrobenzaldehyde-4-hydroxybenzoylhydrazone (3-HNHBH) ligand for highly sensitive, quick
and re-usable colorimetric sensing of copper(i) ions in agueous media. DFT calculations suggest that the
complexation of 3-HNHBH with copper(i) ions adopts a seesaw coordination geometry and results in
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L~ The ligand was readily regenerated using a 0.5 M HCl solution, indicating its feasibility to be used as
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1. Introduction

Copper is an essential element that is required in the human
body with a delicate balance between deficiency, which could
result in ailments such as anemia, and excess, which could
cause different types of diseases, such as hypoglycemia and
dyslexia.* Copper is necessary for the catalytic activity of several
physiologically important enzymes.”> Hereditary copper metab-
olism disorders and neurodegenerative ailments have been
associated with dysfunctional copper-binding proteins and the
disruption of cellular homeostasis.*®> The common use of
copper domestically and industrially has resulted in a wide-
spread exposure and pollution that warrant the development of
a means to monitor its level in the environment, water and
food.»*” Conventional techniques for the detection of copper
and other heavy metal ions include the use of fluorescent
probes,® atomic absorption spectrometry,”® inductively
coupled plasma-mass spectrometry’* and electrochemical
assays.””™ While these analytical methods show an excellent
sensitivity, accuracy and selectivity, they lack the convenience in
implementation, require specialized instrumentations and
need tedious sample pre-treatment before the course of anal-
ysis. Hence, recently attentions have been turned to the
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colorimetry-based detection approach to test for the presence of
toxic metal ion traces in aqueous media.">** Such an approach
is considered less-labor intensive compared to conventional
techniques, offers high sensitivity and selectivity, in addition to
cost effectiveness towards the detection of metal ions. One main
advantage of colorimetric detections is that it is less capital-
intensive and hence exhibits the potential to be developed
into simple test kits for on-site and regular inspections."”
Several studies have been reported on the colorimetric
detection of copper ions in various media. Jo et al. reported the
synthesis of a multifunctional chemosensor for the detection
of cyanide and copper ions." Moreover, a naphthol-based
chemosensor for sequential detection of copper and cyanide
ions has been reported by Park et al.*® Other functional
materials already reported®*~** for the detection and removal of
toxic metal ions at optimum conditions include, hydrox-
ynaphthalene-based,**** quinazoline-based,* silica-based,****
hydrazine-based,*?® salicylidene-based*** and aroylhy-
drazone-based®* compounds. One important conclusion
drawn out of these studies was that aroylhydrazone-based
sensors could be promising candidates due to the ease of
synthesis, fast-response, reusability, and tunable electronic
and steric properties along with their chelating ability.*»** In
the present study, the synthesis of 3-hydroxy-5-
nitrobenzaldehyde-4-hydroxybenzoylhydrazone (3-HNHBH),
which is a structural isomer of 2-HNHBH,** has been reported,
and its colorimetric sensing ability towards a number of metal
ions, including zinc(u), nickel(i) and copper(u), has been
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evaluated. Structural parameters, atomic charges and its
complexation with these metal ions were predicted using
quantum-chemical techniques. Comparison of experimental
and computational results provided a better understanding of
the underlining chemistry behind the possibly formed
complexes.

2. Experimental

All solvents and reagents used were of HPLC grade and used
without further purifications. Metal precursors used
included nickel(n) acetate, copper(u) acetate, magnesium
acetate, calcium acetate, palladium(u) acetate and zinc(u)
acetate. Synthesis of 3-hydroxy-5-nitrobenzaldehyde-4-
hydroxybenzoylhydrazone (3-HNHBH) ligand was conduct-
ed following an already reported procedure®-=® and then
tested with precursors of nickel(mr), copper(u), magnesium(u),
calcium(n), palladium(n) and zinc(u) ions. Spectroscopic 'H
NMR and EDX were used to check the chemical conformation
and purity of the ligand before and after complexation with
the metal ions, whereas UV-Vis spectroscopy was used to
investigate the nature of complexation between the metal
ions and the ligand. The UV-visible spectra were recorded on
a Shimadzu UV-1601PC spectrophotometer with quartz cells
of a 1 cm path length. The "H nuclear magnetic resonance
(NMR) spectra were obtained on a Bruker AV-500 spectrom-
eter in dimethyl sulfoxide (DMSO-d¢) using tetramethylsilane
(TMS) as an internal standard. All measurements were per-
formed at the room temperature. Scanning electron micro-
scope (SEM) equipped with energy-dispersive X-ray
spectroscope, EDX (Genesis-2120 Emcrafts, Korea Republic)
was used to check purity of the ligand and the ligand-metal
complexes.

The solutions of 3-HNHBH ligand with tetrahydrofuran (2 x
10~* M) and acetonitrile (2 x 10~ M) were prepared and kept
under sonication for 10 min. Thereafter, 10 puL of each metal
precursor solution was added to 1 mL of a 3-HNHBH ligand
solution in a clean glass vial. The resulting mixture was shaken,
and changes in color were observed. Another 10 pL quantity of
the metal precursor solution was added, and the process carried
out again. A similar experiment was conducted with the metal
precursors dissolved in THF. For the spectroscopic character-
ization, 2.5 mL THF was added to 0.5 mL solution of 3-HNHBH
ligand in THF (2 x 10~* M) in a quartz cell, and UV measure-
ments were carried out. Metal precursor solutions in THF were
added to the ligand solution in 10 pL aliquots in a quartz cell
and the spectra were taken after each addition. For "H NMR
measurements, ligand and metal precursor solutions were
prepared in DMSO-dg (2 x 107> M) in a 1 : 1 ratio. The ligand-
metal complex was made by mixing equivolume solutions of the
ligand and metal precursors, while the ligand was being
analyzed directly.

2.1 Computation

Full geometry optimization and vibrational frequency calcula-
tions of the free 3-HNHBH ligand and its metal complexes were
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carried out using the hybrid B3LYP density functional theory
(DFT) approach and the 6-311+G(d) basis set.*”** Geometry
optimizations of the ligand and complexes formed were carried
out to the minima without imposing any constrains on the
potential energy surfaces. Relative stabilities of the various
forms of the ligand and the total energies of the natural
bonding orbitals were obtained. The evaluated binding energies
of the ligand and metal ions were obtained following the
equation:

Binding energy (BE) = Ecomp — (Em" + 2 X Eiy) (1)

where Eqomp is the complex's total energy, Ev®tand Ej;g are the
energies of the free metal ion and the free ligand, respectively.
All calculations were conducted on GAUSSIAN 09 package.*

3 Results and discussion

3.1 Ligand and ligand-metal complexes characterization

The selectivity of 3-HNHBH ligand towards a set of various
metal ions including Mg(u), Ca(u), Ni(u), Cu(u), Zn(u) and Pd(u)
was investigated.*>**~** It was observed that only the copper ion
solution produced an intensive color change, while the rest of
metal ion solutions showed a very mild alteration (Fig. 1) or
almost no change in color (Fig. S11). Hence, the combination of
the ligand with copper ions was further investigated by spec-
troscopic and theoretical means. The 3-HNHBH ligand, like its
2-HNHBH analog reported in a previous study,* exhibits two
tautomeric keto and enol forms (Fig. 2a). Hydrazonic ligands
have been reported to exist as the keto form in the free state,
while bind to metal ions in the enol tautomeric form
(Fig. 2b).***” From the 'H NMR spectrum of the pure ligand
shown in Fig. 3, three distinct resonance peaks are observed at
11.86, 11.17 and 10.18 ppm chemical shifts which can be
attributed to the phenolic and amide protons, respectively,
indicating that the ligand is keto-tautomeric in a non-
coordinated state. Upon complexation with the copper ion,
however, a highly deshielded resonance peak at 12.64 ppm
which is due to the enolic proton can be observed. This peak
appears deshielded since the proton-bearing oxygen atom
serves as one of the donor atoms during complexation with the
metal ion as shown in Fig. 2b. The presence of the peak asso-
ciated with the enolic proton confirms the tautomerization of
the ligand to the enol form upon complexation (Table S1 and
Fig. S21). The UV-Vis absorption spectra of the ligand in THF
showed an absorbance maximum at 347 nm (e34, = 4390 cm ™"
M) due to a symmetry-allowed = — 7t* transition rather than
a symmetry-forbidden n — w* transition. The presence of
a single peak suggests the presence of an extended conjugation
chain rather than two smaller resonance systems. In addition,
two isosbestic points were observed at 315 and 383 nm in the
colorimetric titration of the ligand with Cu(OAc), (Fig. 4)
implying that there are only two absorbing species in the
mixture (the free ligand and the ligand-metal complex). The
purity and elemental distribution of the ligand and ligand-
metal complex were checked by EDX analysis and EDX mapping

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Color changes observed on addition of 3-HNHBH ligand to Zn(OAc),

was observed in the case of copper(i) solution.

(Fig. S3 and S47), and the results confirmed the presence of
copper ions in the complex.

DFT method was carried out to further investigate the
conformational properties and stabilities of the tautomeric
forms of 3-HNHBH before and after complexation. Although the
tautomeric forms of the ligand seem to exhibit comparable
stabilities, the enol form (enol-b) which is assumed prior to
complexation with the metal ion was predicted from DFT
calculations to be around 13 kecal mol ™" less stable with respect
to the most stable keto configuration, as depicted in Fig. 5a. The

Cu?* Ni2*

, Cu(OAc), and Ni(acac), solutions. The most intense color change

transition states involving proton transfer from the hydrazonic
nitrogen to the carbonyl oxygen to form enol-a lies significantly
high (about 70 kcal mol™") on the potential energy scan. The
relative stability suggests that keto to enol-a tautomerization is
more likely to take place through an inter- rather than intra-
molecular proton-transfer pathway. To facilitate the complexa-
tion of 3-HNHBH with the metal ion (Fig. S5t), the calculated
TS2 corresponding to the conformational interchange from
enol-a to enol-b is predicted to be located at a moderate height
of 11 kcal mol™". The energy profile depicted in Fig. 5a is in

(a) r||
NN
gel
OH

Keto form

Q&JCE

—>

HO N
Z SNF
NO,
OH
OH

Enol form

oy /sz NO,

OH

HO

Fig. 2
center.

This journal is © The Royal Society of Chemistry 2018

(a) Keto—enol tautomerization of 3-HNHBH ligand, and (b) the proposed complexation mode of 3-HNHBH ligand with the metal ion
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Fig. 3 'H NMR spectra in DMSO-dg of 3-HNHBH ligand (a) before and (b) after complexation with Cu(n) ions.

agreement with the spectroscopic observations and the
previous literature reports on the structural and conformational
nature of hydrazone-based ligands.***” Moreover, stable
configurations of M(3-HNHBH),>" complexes (M = Cu, Ni or Zn)
were successfully optimized at the B3LYP/6-311+G(d) level of
theory and shown in Fig. 5b. It can be noticed that Zn and Cu
ions are predicted to adopt a seesaw coordination environment
with the ligand compared to a square planar configuration for
the Ni counterpart. Furthermore, the bond distance of Cu-O
(1.884 A) was predicted to be shorter than those of Zn-0 (2.097
A) and Ni-O (2.237 A), indicating a more pronounced coulombic
interaction in the case of the copper ion complex which further
explains the high sensitivity of the ligand towards Cu(u) ions.

39986 | RSC Adv., 2018, 8, 39983-39991

3.2 Effect of parameters

Metal interference effect. Interference solutions containing
Ni, Zn, and Cu ions were prepared each at a concentration of 2
x 107* M and used for colorimetric titrations with 3-HBHBH
ligand. When treated with a solution of Ni(u) ions, a solution of
Cu(3-HNHBH),>" showed no change in color. However, when
the Zn(un) solution was added, a slight color change was
observed. An inspection of the UV-Vis spectrum of the ligand in
the presence of the interference solutions (Fig. 6) showed that
the absorption band around 350 nm was gradually decreasing.
When the solution was spiked with Cu(OAc), in THF, however,
it showed a quick response to copper implying the selectivity of

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Absorbance vs. wavelength (A/nm)
Cu(OAc),. Some spectra omitted for clarity.

of ligand/THF with

3-HNHBH ligand towards copper(u) ions in the presence of
other metal ions. To provide a rational understanding of the
interaction nature of 3-HNHBH ligand towards Cu, Ni and Zn
metal ions, further investigation at the atomistic level was
carried out by calculating metal-ligand binding energies,
structural parameters of the optimized complexes and frontier
molecular orbitals. Geometrical aspects listed in Table 1 for the
three complexes revealed that both Cu and Zn ions tend to
adopt a seesaw coordination environment with the nitrogen
and oxygen binding sites of the ligand, unlike the Ni ion which
undergoes a square planar coordination. The DFT search for the
minimum form of the Ni complex showed an appreciable steric
repulsion between the two ligand molecules coordinated to the
metal ion center, resulting with the least stable binding among
the three metal ions. While the seesaw configuration has less
experimental evidences in coordinated compounds of zinc and
copper,*®>" it is expected to avail a more stable binding state
with the ligand compared to the square planar Ni(3-HNHBH),>"
metal complex (Table 1). Moreover, while the complexation with
Zn(u) ions was predicted to exhibit a relatively higher binding
affinity followed by Cu then Ni, careful inspection of the
calculated geometrical parameters and the qualitative overview
of the structure (Fig. 5b) revealed that Cu ion suits a seesaw
coordination environment with 3-HNHBH more conveniently
than the Zn analog. The Cu(3-HNHBH),>* complex exercises
a least deviation from the ideal seesaw arrangement and hence
is more feasible of forming a stable complex with the ligand
(Table 1). This agrees with the results from preliminary studies
presented in Fig. 1 where the ligand exhibited the most intense
color change when added to a solution of Cu(OAc),. Despite
having a relatively higher affinity towards Zn(u) which is
explained by the competitiveness in interference between these
two metals, the ligand was found to be way more selective to
Cu(un) ions whose complex with the ligand results with smaller
bond distances and closer angles to the ideal seesaw arrange-
ment in comparison with the zinc counterpart. Furthermore,
the frontier orbital distribution of 3-HNHBH ligand before and
after complexation were computed and shown in Fig. 7. The
charge transfer behavior of any two reacting molecules is
a function of the spatial orientation of their frontier orbitals and
the energy gap maintained as a result of their interaction. The
molecular orbital interaction map shows that the ligand's

This journal is © The Royal Society of Chemistry 2018
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HOMO-LUMO orbitals were fairly delocalized across the
molecule, and the electron density located around the hydra-
zonic nitrogen atoms predicts a more likely binding site present
for the metal ion. As expected, upon formation of complex with
the metal ions there was a corresponding decrease in energy.
The Cu(u) ion complex exhibit the least decrease in energy gap
among the three metal ions, which is further indicative of the
higher stability of the complex formed with Cu(u) ions relative
to the other two metal ions. The relative selectivity of 3-HNHBH
towards Cu(u) compared to other metal ions could be attributed
to its size that facilities the less usual seesaw coordination
sphere with the least relative tilting as a result of binding to the
ligand.

Solvent effects. Effects of polar solvents acetonitrile (ACN)
and tetrahydrofuran (THF) on the sensitivity and selectivity of 3-
HNHBH towards Cu(u) ions was investigated. Preparation of
solutions of metal precursors was carried out in 50% (v/v) THF
mixed aqueous solutions. The solution was used to dilute the 3-
HNHBH ligand at 25% (w/v), 50% (w/v) and 75% (w/v), and tests
were carried out on the ligand and metal precursors in mixed
aqueous solutions following similar procedure in the prelimi-
nary studies. Selectivity of the ligand towards Cu(u) ions
increased as a very intense yellowish solution was formed (Table
S2+1) upon addition of ACN. UV-Vis spectrum of the ligand-
metal complex in acetonitrile is presented in Fig. S6.f The
spectrum appears similar to that of the complex in pure THF
(Fig. 4). Notably, the isosbestic points remained at 315 and
383 nm, but the absorption maximas of the complex shifted
slightly from 324 to 330 nm and from 383 to 376 nm. Such
observed small hypsochromic shift could be attributed to the
addition of ACN which is more polar than THF. The ligand-
metal complex in THF/ACN was also observed to absorb more
strongly in the region of 420 to 520 nm than the complex in pure
THF. This is as a result of the tendency of ACN solvent to
stabilize the ligand's non-bonding orbitals via hydrogen
bonding, and this ultimately increases the amount of energy
needed to excite an electron from a non-bonding orbital.

pH effects. Studying the effect of the change in pH of the
medium is important as it is expected to impact the sensitivity
of 3-HNHBH towards Cu(u) ions. The ligand has been proposed
to bind to the metal ion through free electron pairs present on
its oxygen and nitrogen atoms. While in the presence of a base it
is expected that the nitrogen and oxygen atoms will undergo
deprotonation to enhance the binding ability of the ligand to
the metal ion, the addition of an acid, on the other hand, tends
to protonate the nitrogen and oxygen atoms and thus interferes
with the formation of the complex. Such an acid-base proton-
ation—-deprotonation process is expected to facilitate-defacili-
tate the regeneration of the organic ligand. In order to
investigate this, aqueous solutions of 2 x 10~* M 3-HNHBH
ligand (0.5 mL) and 2 x 10> M metal salts (10 pL) were mixed
in glass vials, and 1-10 pL aqueous 0.5 M HCI solution was
added followed by aqueous 0.5 M NaOH solution, and vice versa.
The reason for the choice of NaOH as the investigative base for
pH effect was because a solution of the ligand did not produce
a color change when NaCl was added. A distinct color change
without a noted change in pH was observed when a few drops of

RSC Adv., 2018, 8, 39983-39991 | 39987
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(a) Suggested step-wise keto—enol tautomerization of 3-HNHBH ligand prior to complexation to the metal ion center, and (b) optimized

metal-ligand complexes of 3-HNHBH with Ni(i), Cu(i) and Zn(u) ions, calculated at the B3LYP/6-311+G(d) level of theory.

the acid or base were added to the solution of the ligand. In
addition, the color change was observed to be independent of
the composition of the mixed aqueous solutions. An addition of
the base to a mixed aqueous solution of the ligand and metal
precursors increased the selectivity of 3-HNHBH towards Cu(m)
as shown in Table 2. Moreover, adding a few drops of a 0.5 M
HCI solution to a mixed aqueous solution of the ligand and
metal precursors other than Cu(un) ended up with colorless
solutions, while a subsequent introduction of Cu(u) ions to the
same solution turned it pale-greenish yellow, confirming the
preference of 3-HNHBH towards Cu(u) ions.

39988 | RSC Adv., 2018, 8, 39983-39991

Further, the selectivity of 3-HNHBH towards copper(u) ions
in the presence of EDTA was investigated by preparing 50% THF
mixed aqueous solutions of tetrasodium ethylenediaminetet-
raacetate (Na,-EDTA) at different concentrations. 50% THF
mixed aqueous solutions of 2 x 10> M metal salts, Ni(acac)s,
Zn(OAc),, and Cu(OAc), were prepared and introduced in 10 pL
aliquots to a 0.5 mL Na,-EDTA solution (2 x 10™* M) in a glass
vial, and color changes were noted. Mixed aqueous solutions of
2 x 10°* M 3-HNHBH ligand and 10 pL of 2 x 10~ M metal
salts in a glass vial were mixed with 1-10 uL of 2 x 10> M and 2
x 107* M Na,EDTA solutions, respectively. At acidic

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Absorbance vs. wavelength (\/nm) of ligand/THF with metal
interference solutions in THF. Some spectra omitted for clarity.

Table 1 Selected structural parameters and binding energies of metal
ion complexes as calculated at the B3LYP/6-311+G(d) level of theory

Cu(3-HNHBH),”*  Zn (3-HNHBH),>*  Ni(3-HNHBH),*"

Bond length (A)

View Article Online
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conditions, a colorless solution was observed, whereas at basic
conditions a yellowish color was developed; similar to that
which contains no EDTA. At basic condition, the presence of
EDTA alone led to the formation of a yellowish color in the
presence of 3-HNHBH. This implies that at basic conditions the
ligand competes with EDTA in coordinating with Cu(u) ions,
with the metal ions having more preference for the ligand. In
the acidic condition, however, the ligand is no longer bound to
the copper ions which confirm the ligand decomplexation being
a means to regenerate the ligand from the complex (Table S37).
It is concluded from all the above observations that the selec-
tivity of 3-HNHBH towards Cu(u) ions could be enhanced in the
basic medium, while the acidic medium is shown to facilitate
the regeneration of the ligand to its free form.

To determine the sensitivity level of the ligand to varying
concentration of copper ions, colorimetric titration was carried
out by adding 0.5 mL of the ligand solution in THF (2 x 10~ * M)
to 2.5 mL THF in a quartz cell and scanned from 200 to 700 nm.
Then, the concentration of the ions was varied by the addition
of 10 pL aliquots, and the UV-Vis spectra were recorded. A
corresponding linear response was observed (Fig. S7t) with

M-0 1.884 2.097 2.237 a detection limit (S/N = 3) of 0.34 pg L.
M-N 2.798 2.865 2.899 ) ; -
M-O/ 1.889 1.979 1.963 The influence of acid or base additions can be further
M-N' 2.798 2.873 2.924 explained in terms of keto-enol tautomerism of 3-HNHBH
ligand. Keto-enol tautomerization refers to a chemical equi-
Bond ﬁ}ngle (deg.) librium that exists between the two forms of the molecule;
g’x’g, 132';1 132'?}3 1;3'(5)2 namely the keto form having a carbonyl group and the enol
N-M-O 79,50 77.97 80.74 form having a pair of doubly bonded atoms adjacent to
N'-M-O' 75.95 78.54 80.77 a hydroxyl group. Addition of a 0.5 M HCI solution therefore
protonates the enolic hydroxyl group releasing the metal ions
Binding energy (kcal mol ") from the ligand-metal complex, while addition of 0.5 M NaOH
—196 —226 —169 solution improves the preference of the ligand for the metal
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Fig. 7 Calculated frontier molecular orbitals of 3-HNHBH and the corresponding HOMO and LUMO orbital energies (a) before, and after

complexation with (b) Cu(n), (c) Zn() and (d) Ni() metal ions.
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Table 2 Description of color changes when aqueous solutions of NaOH and HCl are added to 3-HNHBH solutions of metal salts

Metal salt Ni(acac),

Cu(OAc), Zn(OAc),

Initial solution color Pale green-yellow

Set 1 +1 uL NaOH Greenish-yellow
+1 pL HCI Colourless

Set 2 +1 pL HCI Colourless
+2 pL NaOH Greenish-yellow

Table 3 Calculated Mullikan Atomic charges (e7) on selected atoms of
the 3-HNHBH ligand

Atom Charge
(6] —0.697
N —0.327
0, —0.601
o —0.641

ions. To further elucidate the effect of change in pH on the
complexation of 3-HNHBH with metal ions, Mulliken atomic
charge distribution on the atoms of the ligand were calculated
(Fig. S8t). Atomic charges on prominent sites of the ligand
where protonation is expected to take place are summarized in
Table 3. The atomic charge distribution is normally used to
predict chemical reactivities of a given molecule under various
PH conditions. It provides useful insights on the electronic
features of the molecule, and from this it is possible to predict
bonding, anti-bonding or non-bonding features of the mole-
cule.”” The calculated atomic charges for the 3-HNHBH complex
were remarkably negative on the oxygen atoms of the carbonyl
group and hydroxyl group para to carbonyl (O and Oy,) as shown
in Table 3. This correlates with experimental results in which
the addition of a strong acid even at small quantities results in
discoloration of the complex as a result of fast protonation of
the hydroxyl and carbonyl oxygen atoms.

4 Conclusion

A hydrazone-based ligand was synthesized and utilized for
possible colorimetric sensing of copper(u) ions. The ligand
displayed good selectivity and sensitivity towards Cu(u) ions
over zinc and nickel analogs with a detection limit of 0.34 pg
L' Electronic calculations utilizing the DFT approach sug-
gested that the complexation of 3-HNHBH with the metal ions is
initiated via a keto-enol tautomerization followed by a hydroxyl-
group internal rotation to overcome the intramolecular
hydrogen bonding. The selectivity of 3-HNHBH ligand towards
copper ions improved slightly when a small amount of aceto-
nitrile was added, whereas it could not be ascertained in THF-
water mixed aqueous solutions. In addition, treating the Cu(3-
HNHBH),>* complex in a mixed aqueous solution with EDTA
followed by the addition of a few drops a mildly acidic solution
could successfully regenerate the original ligand, indicating
that the organic-based 3-HNHBH ligand can be considered an
attractive choice for the development of a reusable sensor for
cupper ions in aqueous media.
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Pale green-yellow Very, very pale green-yellow

Bright-yellow Greenish-yellow
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