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An Experimental and Theoretical Modeling
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The selectivity and sensitivity of N,N'-bis(4-diethylamino-
salicylidene)hydrazine (sensor 1) toward Cu’>* ion have been
established both by distinct “naked-eye” color change as well as
UV-vis spectrophotometry. Sensor 1 formed 1:1 complex with
Cu?* ion where the most stable s-trans form of the sensor is
trapped in the high energy conformer. Single-crystal X-ray
structure of sensor 1 supports its s-trans conformation.
Theoretical calculations support well the experimental result.

Heavy-metal pollution arises from many sources in the
environment which do not decay and thereby pose a challenge
for detection and remediation. Though minute quantities of
heavy metals are essential for living organisms playing impor-
tant roles in biological, environmental, and chemical systems,'
excessive amounts have damaging effects on the organisms.’
Some transition and post-transition metals though normally
toxic, are however, beneficial to living organisms under certain
conditions. These metal ions are carcinogenic or toxic in nature,
affecting the central nervous system and other organs. Therefore,
quantitative determination of metal ions is very important. In
this context, synthesis of highly selective colorimetric chemo-
sensors for transition and heavy metal ions has been a challenge
to chemists for many years. Cu®>* ion in particularly, is one of
the essential trace nutrients to all plant and animals as it plays
an important role in various physiologic processes.’ On the
contrary, Cu?* ions are toxic when its level exceeds cellular
needs thereby affecting kidney, bones, liver, skin, and teeth. It
also possesses the ability to displace other metal ions which act
as cofactors in enzyme-catalyzed reactions.*

To date, several methods have been reported to determine
trace amounts of Cu®>* ions in UM range. These methods are
mainly based on either quenching or enhancement’ of the
sensor’s fluorescence in the presence of Cu’* ion, but the
structure of chemosensors are found to be quite complex and
synthetic methods are complicated and troublesome. On the
other hand, UV-vis absorption spectroscopy and colorimetric
“naked-eye” detection techniques have gained comparatively
faster attention than other techniques due to simplicity, high
sensitivity, and cost effectiveness.!® Herein we report a simple
synthetic chemosensor 1 which can be used as a highly selective
sensor toward Cu* ion both by using UV-vis spectroscopy and
“naked-eye” color change.

The sensor N,N'-bis(4-diethylaminosalicylidene)hydrazine’
has been synthesized by a simple one-step process from
4-diethylaminosalicylaldehyde (4-DEAS) (Scheme S1). Both
4-DAES and sensor 1 have been characterized by 'H, ’CNMR,
C, H, N analysis, mass spectrometry, and single-crystal X-ray
analysis (Figure S1, Table S1; Supporting Information (SI)).!3

The ORTEP drawing of the X-ray structure of sensor 1
(Figure 1)® shows that two aldehyde groups are condensed with
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Figure 1. ORTEP view of sensor 1 with ellipsoids at 50%
probability.
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Figure 2. Absorption spectra of sensor 1 only and sensor 1
with various metal ions (perchlorate and chloride salts, SI'®),
[M2+]=31.23uM, [1] = 1.4uM, M = Na, Mn, Fe, Co, Ni, Cu,
Zn, Cd, Hg, and Cr ions. (Inset) visual color of 1 only (sensor 1)
and 1 in presence of Cu®>* ion in acetonitrile.

one diamine unit to from a di-Schiff base compound (s-trans
form, sensor 1). The packing of the molecules is controlled by
two types of intermolecular interactions, namely hydrogen
bonding (H-bonding) interaction and C-H/7 interactions. The
H-bonding interaction present through O(1)-H(10)--N(1) with
O(1)-N(1) distance is 2.64 A and donor—acceptor distance is
1.89 A. A C-H/ interaction was found in the crystal packing,
where the H(3) interact with Cg(1) with the distance of 2.77 A
(Cg represents the centroid of phenyl ring).

As depicted in Figure 2, the UV-vis spectra of sensor 1 in
acetonitrile (ACN) solvent show a doublet with peak maxima at
415nm and a shoulder peak at 436 nm. On addition of Cu®>* ion
in ACN medium at room temperature the absorption spectrum
shows a remarkable change both in shape and position. Three
new red-shifted bands at 487, 538, and 584nm appear with
concomitant decrement of initial absorbance at 415 and
~436nm. A distinct “naked-eye” color change from lemon
yellow to purple is observed from bare sensor to the Cu?* ion
solution. Bathochromic shift of the three new bands are 72, 123,
and 169 nm, respectively (with respect to the band at 415 nm).
In the case of addition of other metal ions, the change in the
shape of the absorption spectra of the sensor 1 is different
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Figure 3. (a) Titration of sensor 1 with Cu(ClO4),-6H,0 salt
in acetonitrile solvent, where (i) to (vi) [Cu?>t] =0, 9.04, 13.55,
18.05, 25.55, and 33.03uM respectively. [1]= 1.6 uM. (b)
Ratiometric titration curve, optical density as a funtion of Cu?*
concentrations (B-H plot) at 538 nm.

(Figure S2).'3 The only band at 487nm with appreciable
intensity is observed in the case of addition of Fe?t, Zn*,
Cr’t, and Co®* ions. As seen in Figure 2, other metal ions such
as Na™, Mn?*, Co?*, Ni2*, Cd**, and Hg?* ions have almost no
effect on the absorption peak of the bare sensor.

The titration curve of sensor 1 with Cu?* ion is shown in
Figure 3. The band at 584nm can be attributed to the d—d
transition of sensor 1-Cu?* complex.*® The binding constants
for sensor 1-metal complexes have been determined from
Figure 3b using the Benesi—Hildebrand (B-H) relation which
indicate the formation of 1:1 complex between sensor 1 and
Cu?* ion with binding constant 1.38 x 10*M~! (Table S2'3).
The peak at 538 nm arises due to formation of strongly chelating
complex between sensor 1 and Cu?* ion by deprotonation of two
adjacent phenolic ~OH groups®!® which is further confirmed by
the mass spectra (Figure S1).'3 Cu®* ion easily forms a strong
internal-charge-transfer (ICT) complex® by deprotonation which
causes an ICT in the metal complex and generates a new band at
538 nm.>!! The red-shifted band at 487 nm arises by protonation
of sensor 1 due to the acidic nature of perchlorate salt (or HC10,
formed by hydrolysis) or may be due to the similar binding
nature of metal ions to that of proton (H*) (Figure S2).!* The
bathochromic shift (72nm) of the protonated species suggests
that protonation takes place at the nitrogen present in the azine
bridge or nitrogen in one of the diethyl amino (-NEt,) groups.
Protonation or metal binding favors the ICT or metal-induced
charge-transfer (MICT) mechanism'® which is responsible for
the color change®'®!" from lemon yellow to pale yellow
(Figure S4b)."> Addition of individual metal ions such as Zn>*,
Co?*, Fe**, and Cr’t ion results in similar observation as acid
effect (Figure S2).!* This indicates 1:1 complexation between
sensor 1 and any of the studied metal ions.

The titration curves with Fe’* and Cr’* ion (Figures S3a
and S3b)'? predict weaker complex formation than Cu®* ion
(Table S2'3). Addition of Na*, Mn?*, Ni**, Cd**, and Hg’"
ions result in no significant change in the absorption spectra,
which indicates the absence of binding of these metal ions with
the sensor 1. Due to stronger binding ability of Cu’>* ion and
larger binding constant as well as greater free energy change
(AG) (Table S2'3), the chemosensor 1 can selectively detect
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only Cu?* ion by differing absorption spectra and visual color
change even in of the presence of other metal ions.

The selectivity of the sensor 1 toward the Cu’* ion
was further established by ion-competition experiments
(Figure S4)."3 Addition of a mixture of ions to the ACN
solution of chemosensor 1 results in almost similar response as
Cu?* ion itself. Only a little interference is observed due to the
presence of other metal ions. A distinct color (lemon yellow to
red, Figure S4b)!® was observed when a mixture of ions is added
to the ACN solution of sensor 1. All the titration spectra (except
in the case of Co?* ion) show three clear isosbestic points at 253,
349, and 450 nm with decreasing the initial band of the sensor
1 at 415 and 436nm, which indicates strong equilibrium
between the complexed and uncomplexed form of the sensor 1
(Figures 3, S2,13 and S4a'3).’}

Finally we have correlated the experimental findings with
theoretical calculations. Structural calculations for sensor 1 and
its Cu>* complex were preformed using Gaussian 03 software at
the density functional theory (DFT) level (SI'®). Calculation
shows that Conformer 1 (s-trans) is more stable than deformed
s-trans conformer (Conformer 2, Figures S5, S6, and Table S3)?
and it is expected that only Conformer 1 exists at room
temperature. The absorption band of sensor 1 in ACN solvent
was observed at 415nm which is similar to that of calculated
value (at 403.68 nm in vacuum). During the complexation
process it is found that Cu?* can form stable 1:1 complex when
the two —OH groups are in the same side i.e., transformation
from s-trans to high energy deformed s-trans form and generates
cyclic six- and seven-member rings (Figure S7)."> In the
calculated structure of the complex, the Cu™ ion is tetracoordi-
nated and the binding sites are two O atom, one nitrogen lone
pair, and water.'> So in the presence of metal ion (especially
Cu* ion) we can trap unstable high energy conformer from
stable low energy conformer (sensor 1).

In conclusion, we have reported simple Schiff base chemo-
sensor  N,N’-bis(4-diethylaminosalicylidene)hydrazine which
can selectively detect Cu?* ion in the uM (detection limit
2.4 x 107°M) range irrespective of the presence of other metal
ions. Structurally the sensor 1 is of low energy stable s-trans
geometry, but it transfers to high energy deformed s-trans
geometry upon binding with metal i.e., metal-mediated trapping
of high energy conformer. An excellent correlation has been
observed between experimental results and theoretical calcula-
tions. A simple synthesis of sensor 1 also has significant
advantage in practical applications because of its distinct
“naked-eye” color change in the presence of Cu?* ion itself
(purple) and also in the presence of other metal ions (red).
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