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oxylate based hydrazone Schiff
base for reversible colorimetric recognition of Ni2+

and PPi†

Rashim Bawa,a Swati Negi,a Bholey Singh, b Balaram Pani c

and Rakesh Kumar *a

A pyridine dicarboxylate Schiff-base DAS was synthesized for cascade colorimetric recognition of Ni2+ and

PPi. The selectivity and sensitivity of chemosensor DAS was investigated through colorimetric and UV-vis

studies in MeOH-PBS (5 : 1, v/v, pH = 7.4). The chemosensor formed a 2 : 1 complex with Ni2+ metal ions

with a binding constant of Ka = 3.07 × 103 M−2. Besides, a plausible sensing mechanism is confirmed by

single crystal X-ray diffraction (SC-XRD), Job's plot and Benesi–Hildebrand plot (B–H plot) experiments.

Furthermore, the DAS-Ni2+ ensemble formed ‘in situ’ was used to selectively recognise PPi. The limit of

detection (LOD) of DAS for Ni2+ was found to be 0.14 mM and that of the DAS-Ni2+ ensemble for PPi

was found to be 0.33 mM. Also, the potential of the chemosensor has been applied for solid state

detection of Ni2+ as well as to mimic the ‘INHIBIT’ logic gate on the addition of Ni2+ ions and PPi.
1. Introduction

Among the various transition metals, Ni2+ is a vitally important
trace metal which is involved in various industrial processes
such as electroplating, the production of rechargeable batteries,
catalysts in chemical reactions and electronic equipment. The
nickel composites especially stainless steel, are used in different
tools and appliances. Due to its toxic nature, Ni2+ compounds
have been classied as carcinogenic to humans in group I by the
International Agency for Research on Cancer.1 The vast usage of
Ni2+ in industries impacts human health and also leads to
environmental pollution. Apart from this, Ni2+ also plays a vital
role as an essential micronutrient in plants and animals.
However, its overexposure may cause serious ailments such as
asthma, central nervous system disorders, kidney diseases, lung
brosis and cancer.2 Therefore, selective monitoring of Ni2+

through effective methods has become an obligatory task for
clinical as well as environmental analysis.3

Different strategies have been reported for the recognition
and quantication of Ni2+ in environment as well as biology.
The majority of chemosensors are centered on potentiometric
techniques,4 atomic absorption spectroscopy5 and liquid
istry, University of Delhi, Delhi, 110007,
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chromatography.6 However these methods show more time
consumption, tedious sample preparation and high mainte-
nance.7 Even though these methods show accuracy, they show
inconvenience for eld analysis. Alternatively, uorescence and
colorimetric chemosensors provide easy sample preparation,
high sensitivity and selectivity and are also cost effective.8,9 As
compared to uorescent chemosensors which require UV-vis as
well as uorescence spectrophotometer,10–12 colorimetric che-
mosensors require only UV-vis spectrophotometric. Addition-
ally, colorimetric chemosensors are most convenient as they
provide naked-eye detection of the analyte via colour changes.
Although, many researchers have focused on the evolution of
uorescent and colorimetric chemosensors for Ni2+; however
most of them show interference with other metal ions.13,14 There
are very few reports for the selective recognition of Ni2+ that
have been published in literature.15–18 A number of Schiff bases
as colorimetric sensors have been reported for the recognition
of different analytes of biological and environmental impor-
tance.19,20 The importance of anionic species in biology, envi-
ronment and medicine has increased the interest of researchers
in developing organic chemo sensors for their recognition.21–23

Among different anions, pyrophosphate (PPi or P2O7
4−) plays an

elemental role in biological processes as it is a product of ATP
hydrolysis under cellular conditions.24 PPi is involved in certain
processes such as protein synthesis, gene transcription and
cellular signal transduction.25 The concentration of PPi provides
critical information on processes such as DNA replication and
DNA sequencing.26 The alterations in the content of PPi may
lead to different diseases.27 In recent years, the recognition of
PPi has become crucial in cancer research.28 One of the most
successful strategies for the designing chemosensors for PPi is
RSC Adv., 2023, 13, 15391–15400 | 15391
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the incorporation of metal-complexes in the system. This is
because of the fact that there is a strong binding between the
metal ion and PPi allowing the recognition of PPi.29 In these
“metal-containing chemosensing ensembles” different transi-
tion metal ions such as copper,30 zinc,31,32 aluminium33 and
ferric34,35 have been used in literature for the recognition of PPi.
However, so far, to our knowledge, such systems with nickel to
detect PPi, have not been reported in literature. Nowadays,
chemosensors have been interestingly used in the elds of
molecular logic gates, information storage devices and molec-
ular keypad locks. They play an important role in molecular
computers by translating chemically ciphered information
(input) to optical signals (output). The cascade recognition
ability of DAS has facilitated its use in molecular logic gates
based on its colorimetric response.

Herein, we have synthesized a novel pyridine-dicarboxylate
based hydrazone Schiff base DAS using simple convenient
routes, which acted as a potential colorimetric chemosensor for
selective recognition of Ni2+ and PPi via “naked-eye” colour
changes.

2. Experimental
2.1. Materials and methods

Ethyl acetoacetate, 2-hydroxybenzohydrazide and selenium
dioxide were obtained from Spectrochem Pvt. Ltd and were used
without any further purications. For the purpose of synthesis
and photophysical studies some reagents, metal salts and
phosphates were acquired from Sigma-Aldrich and Sisco
Research Laboratories. The solvents used for absorption studies
were of HPLC grade. The stock solutions of metal salts and
phosphates were prepared in double distilled water. The
melting point of compounds were recorded on Buchi M-560
melting point apparatus. 1H NMR and 13C NMR spectra were
obtained on a JNM-EXCP 400 (JEOL, USA) spectrometer oper-
ating at 400 and 100 MHz, respectively. The FT-IR spectra were
obtained on PerkinElmer 2000 Fourier Transform Infrared
spectrometer. A 1 cm quartz cuvette was used on Carey Series
UV-vis spectrophotometer to record the absorption data.

2.1.1. Synthesis of diethyl 2-formyl-6-methyl-4-(4-
nitrophenyl)pyridine-3,5-dicarboxylate (2). Diethyl 2,6-
dimethyl-4-(4-nitrophenyl)-1,4-dihydropyridine-3,5-
dicarboxylate (1, 1 g, 1 mmol) was added to a solution of sele-
nium dioxide (740 mg, 2.5 mmol) in 1,4-dioxane. The reaction
mixture was reuxed and the reaction was monitored by TLC
(Scheme 1). The reaction completed within 10 min. Aer the
completion of reaction, the reactionmixture was cooled at room
temperature and then ltered to remove selenium. The ob-
tained ltrate was then evaporated under reduced pressure to
procure the crude mixture of two compounds 2 and 3 separated
by column chromatography (hexane: ethyl acetate, 7 : 3, v/v) in
59% and 41% yield. The structure of compound 2 was further
conrmed by 1H, 13C NMR, IR and HRMS analysis.

1H NMR (400 MHz, DMSO-d6): d ppm 9.95 (s, 1H), 8.30 (d, J=
8.8 Hz, 2H), 7.47 (d, J= 8.8 Hz, 2H), 4.01 (m, J= 7.1, 2.2 Hz, 4H),
2.63 (s, 3H), 0.92 (t, J = 7.1 Hz, 3H), 0.85 (t, J = 7.1 Hz, 3H). 13C
NMR (100 MHz, DMSO-d6): d ppm 192.7, 166.0, 165.4, 157.2,
15392 | RSC Adv., 2023, 13, 15391–15400
147.6, 144.7, 140.7, 130.4, 123.5, 62.5, 62.2, 22.5, 13.5. IR
(KBr, cm−1): 2895, 2860 and 1720. Melting point: 130–132 °C.
HRMS (m/z): Calculated for C19H18N2O7 387.1148, obtained
387.1187.

2.1.2. Synthesis of diethyl (E)-2-((2-(2-hydroxybenzoyl)
hydrazono)methyl)-6-methyl-4-(4-nitrophenyl)pyridine-3,5-
dicarboxylate (DAS). An ethanolic solution of 2-hydrox-
ybenzohydrazide (4, 200 mg, 1 mmol) was prepared in the
presence of acetic acid (1 mL). Diethyl 2-formyl-6-methyl-4-(4-
nitrophenyl) pyridine-3, 5-dicarboxylate (2, 500 mg, 1 mmol)
was added to this mixture and further reuxed. The progress of
product formation was monitored using TLC and all the reac-
tants were consumed within 6 hours (Scheme 2). Further, the
reaction mixture was cool down to room temperature and
a white precipitates was observed at the bottom of the ask. The
precipitates were ltered and washed several times with cold
ethanol to obtain pure white crystalline solid in 89% yield. The
compound DAS was conrmed by 1H, 13C NMR, IR and HRMS
analysis.

1H NMR (400 MHz, DMSO-d6): d ppm 12.03 (s, 1H), 11.41 (s,
1H), 8.45 (s, 1H), 8.30 (d, J = 8.5 Hz, 2H), 7.77 (s, 1H), 7.49 (s,
2H), 7.43–7.37 (s, 1H), 6.96–6.92 (m, 2H), 4.11 (q, J= 7.0 Hz, 2H),
3.98 (q, J = 7.1 Hz, 2H), 2.57 (s, 3H), 0.91 (t, J = 7.0 Hz, 3H), 0.84
(t, J = 7.1 Hz, 3H).

13C NMR (100 MHz, DMSO-d6): d ppm 166.4, 156.0, 149.6,
148.1, 144.5, 141.9, 130.3, 129.5, 128.2, 123.7, 119.5, 117.6, 62.1,
23.0, 13.8. IR (KBr, cm−1): 3320, 2976, 1726, 1601 and 1210.
Melting point: 147–149 °C. HRMS (m/z): Calculated for
C26H24N4O8 521.1628, obtained 521.1621.

2.1.3. Preparation of samples and UV-vis studies. The stock
solutions of chlorides and nitrates (10 mM) of metal ions (Ni2+,
Cu2+, Fe2+, Fe3+, Cr3+, Hg2+, Mn2+, Pb2+, Ag+ and Cd2+), sodium
salts (10 mM) of phosphates (PPi, H2PO4

−, HPO4
−, AMP, ADP

and ATP) were prepared in double distilled water. The stock
solution of chemosensor DAS (1 mM) was prepared in MeOH-
PBS (5 : 1, v/v, pH = 7.4). The metal and phosphate binding
studies were carried out by adding 6 mL of stock solutions of
metal ions or phosphates to 20 mM solution in 2.94 mL solution
DAS or DAS-Ni2+ ensemble, respectively, in MeOH-PBS (5 : 1, v/v,
pH = 7.4). The competitive binding studies were performed by
adding 3 mL of Ni2+ or PPi to 2.94 mL of DAS or DAS-Ni2+

ensemble, respectively, in cuvette, followed by the addition of 3
mL of other metal ion or phosphate solutions.

2.1.4. Calculation of binding constants, binding stoichi-
ometry & detection limit. The absorption titration experiments
were carried out to calculate the binding affinity of DAS with
Ni2+ by sequential addition of Ni2+ (0–20 mM). Further, the
absorption spectra was used to make Benesi–Hildebrand Plot of
1/[Ni2+] vs. 1/(A − A0). The binding constant (Ka) for the forma-
tion of the complex with Ni2+ was examined from the B–H plot
using following eqn (1).36

1

ðA� A0Þ ¼
1

KaðAmax � A0ÞC þ 1

ðAmax � A0Þ (1)

Here and A and A0 are the maximum absorption intensities of
the DAS in the presence and absence of Ni2+ ion, respectively. C
is the concentration of Ni2+ ion added while the titration
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis of compound 2.

Scheme 2 Synthetic route to DAS.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
M

ay
 2

02
3.

 D
ow

nl
oa

de
d 

on
 6

/1
1/

20
26

 7
:4

6:
52

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
experiment, Ka is known as binding constant and Amax stands
for maximum absorption intensity which was noticed aer
successive addition of Ni2+ ion.

In order to obtain the binding stoichiometry, stock solutions
of DAS and Ni2+ with concentration 20 mM were prepared in
MeOH-PBS (5 : 1 v/v, 10 mM, pH = 7.4) and deionized water,
respectively. Further, titrations were carried out by adding 0.3–
3 mL of DAS and 3–0.3 mL of Ni2+ ion in the quartz cuvette to
make the nal volume to 3 mL and recorded the absorption
spectra of the solution. A graph was plotted between mole
fraction of Ni2+(XNi

2+) and (A0 − A) × XNi
2+ to obtain job's plot.37

The limit of detection (LOD) of DAS for Ni2+ was evaluated by
using following eqn (2).38

LOD ¼ 3s

Ka

(2)

The standard deviation (s) was calculated by taking ten
replicate absorption measurements while binding constant Ka

was calculated from the slope of B–H plot.
3. Results and discussion
3.1. Synthesis

The chemosensor DAS was synthesized by mixing ethanolic
solutions of diethyl 2-formyl-6-methyl-4-(4-nitrophenyl)
pyridine-3,5-dicarboxylate (2) and 2-hydroxybenzohydrazide (4)
and then added a 1 mL of acetic acid to the reaction mixture.
Aer the addition, reaction mixture was reuxed for 6 hours to
obtain nal product DAS in 89% yield. The synthesis of
compound 2, precursor of the nal compound, that was ob-
tained by the oxidation of diethyl 2,6-dimethyl-4-(4-
© 2023 The Author(s). Published by the Royal Society of Chemistry
nitrophenyl)-1,4-dihydropyridine-3,5-dicarboxylate (1) using
the oxidizing agent SeO2 in 1,4-dioxane. The oxidation lead to
the formation of two products i.e. diethyl 2-formyl-6-methyl-4-
(4-nitrophenyl) pyridine-3,5-dicarboxylate (2, major) and
diethyl 2,6-dimethyl-4-(4-nitrophenyl) pyridine-3,5-
dicarboxylate (3, minor) (Scheme 1) which were separated by
column chromatography. All the synthesized compounds were
conrmed by 1H, 13C NMR, IR and HRMS Data.
3.2. Colorimetric detection of Ni2+

The colorimetric sensing of the ligand DAS was carried out by
addition of various metal ions to solution of DAS in MeOH-PBS
(5 : 1 v/v, 10 mM, pH = 7.4). Only on the addition of Ni2+, an
instant eye-catching change from colorless to yellow was
observed and on addition of other metal ions there is no visible
color changes were observed (Fig. 1).
3.3. UV-vis studies

The UV-vis titration studies was performed to get insight about
the sensing ability of chemosensor DAS towards various metal
ions. The UV-vis absorption spectrum of DAS (20 mM) were
recorded in MeOH-PBS (5 : 1 v/v, 10 mM, pH = 7.4) which
unveiled a broad band at 320 nm (Fig. 2a). which might be
attributed to the p–p* or n–p* charge transfer within the
ligand. The cation sensing of chemosensor DAS was carried out
by addition of 1 equiv. salts of metal ions into stock solution of
DAS, no notable changes were perceived in its absorption
spectra. However, on addition of Ni2+ to the solution of DAS,
a new prominent band was observed in the following spectra as
shown in (Fig. 2b). It could be seen in (Fig. 2c) that in the
presence of Ni2+, the intensity of the CT band of DAS that was
RSC Adv., 2023, 13, 15391–15400 | 15393
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Fig. 1 The visible changes in color of DAS (20 mM) after addition of 1 equiv. of various metal salts.

Fig. 2 (a) The absorption spectrum of DAS (20 mM). (b) UV-vis Spectral changes of DAS on addition of 1 equiv. of various metal ions. (c)
Absorption spectra of DAS and DAS-Ni2+.
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centered at 320 nm disappeared and new bands at 270 and
400 nm appeared. The isobestic points at 290 and 345 nm
suggested the formation of a stable complex between Ni2+ and
DAS.
3.4. Selectivity study

It is imperative to examine the selectivity of chemosensor
because having high selectivity is one of the essential require-
ment of good chemosensor. Therefore, to evaluate the selec-
tivity of DAS, interference experiment was carried out by adding
different metal ions into the solution of Ni2+ ion (Fig. 3). A
15394 | RSC Adv., 2023, 13, 15391–15400
similar patterns was observed in the absorption studies of DAS
having Ni2+ in the presence of other metal ions which indicated
that recognition of Ni2+ ion is not affected by other coexisting
metal ions. On the basis of response towards the intervening
samples, the chemosensor, DAS showed high selectivity for Ni2+

even in the presence of other metals under same conditions.
3.5. Binding stoichiometry analysis of DAS towards Ni2+

To understand more about the interaction between DAS and
Ni2+, titration studies were performed in MeOH-PBS (5 : 1 v/v,
10 mM, pH = 7.4). It could be observed that on sequential
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Absorbance data for DAS-Ni2+ in the existence of 1 equiv. of
different metal ions.

Fig. 5 Absorption response ofDAS (20 mM, MeOH-PBS, pH= 7.4, 5 : 1,
v/v) at the wavelength 400 nm in the presence of Ni2+ (1 equiv.) with
respect to time.
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addition of Ni2+ to the solution of DAS the absorption peak at
320 nm disappeared while the intensity of new peaks at 270 nm
and 400 nm gradually increased (Fig. 4a). Furthermore, the
binding constant (Ka) and binding stoichiometry for complex
formation were determined by applying B–H and Job's plot,
Fig. 4 (a) Absorption spectra ofDAS (20 mM) on sequential addition of Ni2

PBS (5 : 1 v/v, 10 mM, pH = 7.4). (c) B–H Plot for UV-vis studies of DAS w

© 2023 The Author(s). Published by the Royal Society of Chemistry
respectively. The Job's plot (Fig. 4b); revealed that the maximum
was achieved when the molar ratio of the DAS and Ni2+ were at
0.4. This indicated 2 : 1 binding stoichiometry between DAS and
Ni2+.
+ (0–20 mM). (b) Job's Plot for UV-vis studies ofDASwith Ni2+ in MeOH-
ith Ni2+ in MeOH-PBS (5 : 1, v/v, 10 mM, pH = 7.4).

RSC Adv., 2023, 13, 15391–15400 | 15395
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Fig. 6 The Effect of pH on the absorption intensity of DAS at 400 nm.

Fig. 7 Molecular structures (a) and (b) of DAS. For clarity hydrogen atom

Fig. 8 Molecular structures (a) and (b) of DAS-Ni2+. For clarity hydrogen
O.

15396 | RSC Adv., 2023, 13, 15391–15400
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The B–H plot of 1/[Ni2+] vs. 1/[A− A0] showed linearity with R2

= 0.98448, which also conrmed 2 : 1 binding stoichiometry of
the complex (Fig. 4c). The binding/association constant of DAS
for Ni2+ was found out to be 3.07 × 103 M−2.

3.6. Limit of detection & time response

The limit of detection of chemosensor DAS was calculated to be
0.14 mM, implicating that the chemosensor could be used for
colorimetric recognition of Ni2+ even at lower concentrations.
When 1 equiv. of Ni2+ was added into the solution of DAS, the
absorbance of DAS at 400 nm changed and remained constant
aerwards (Fig. 5). The swi sensing ofDASmade it appropriate
for real time detection of Ni2+.

3.7. Effect of pH

The colorimetric response of DAS in the absence and presence
of Ni2+ was studied as a function of pH. The pH was adjusted by
the addition of 1 M hydrochloric acid (HCl) and sodium
hydroxide (NaOH) solutions. As seen in the gure, no detection
of Ni2+ observed at pH = 3, probably due to protonation of DAS.
s are omitted in structure b. gray = C, blue = N, red = O.

atoms are omitted in structure b. green = Ni, gray = C, blue = N, red =

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Some important bond angles and bond lengths with Ni2+

metal ion to adjacent atoms

Atom(s) Bond angle (°) Atom(s)
Bond length
(Å)

:N17–Ni2–O33 77.8(4) Ni2–N20 2.17
:N17–Ni2–O42 89.2(4) Ni2–N15 2.20
:N20–Ni2–N21 77.2(4) Ni2–N17 1.97
:N20–Ni2–O33 89.4(3) Ni2–N21 1.98
:N20–Ni2–O42 154.7(4) Ni2–O33 2.067
:N21–Ni2–O33 95.0(4) Ni2–O42 2.077
:N21–Ni2–O42 77.6(4)
:O33–Ni2–O42 90.5(3)

Fig. 9 Colorimetric changes observed in DAS-Ni2+ (20 mM) upon
addition of 1 equiv. of different phosphates.
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As the pH increased, the sensing ability of DAS for Ni2+

increased and then became almost constant aer pH = 8.
Therefore, it could be inferred that the chemosensor was suit-
able for detection of Ni2+ under conditions of physiological pH
(Fig. 6).
3.8. SC-XRD analysis of DAS and DAS-Ni2+

Single crystal structures of compound DAS and metal complex
DAS-Ni2+ were determined by SC-XRD studies which disclosed
Fig. 10 UV-vis absorbance spectral changes inDAS-Ni2+ with addition
of 1 equiv. of different phosphates.

© 2023 The Author(s). Published by the Royal Society of Chemistry
that crystal structure of metal complex include Ni2+ atom
coordinated with two nitrogen and one oxygen atom supported
by aromatic ring in the ratio 2 : 1 and also conrmed through
the Job's plot method while in the compound these atoms are
free which is clearly shown in (Fig. 7). In the metal complex,
pyridine ring and another NXO chelating moiety binds to the
metal in a square planar geometry which is conrmed by the
bond angles analysis (:N17–Ni2–O33, O42 are 77.8(4), 89.2(4) &
N20–Ni2–N21, O33, O42 are 77.2(4), 89.4(3) and 154.7(4) and
N21–Ni2–O33, O42 are 95.0(4), 77.6(4) and O33–Ni2–O42 is
90.5(3) respectively (Fig. 8). The Ni atom is bridged via N and O
atoms offering (NXO) bis-chelating units and display conven-
tional structural parameters. The Ni2–N20, N15 bond distances
lie in 2.17–2.20 Å and Ni2–N17, N21 in 1.97–1.98 Å range
whereas Ni2–O33 bond length lie close to that of Ni2–O42
(2.067–2.077 Å). These ndings support that nickel ion coordi-
nated with [N\O] bis-chelating units (Table 1).
3.9. Phosphate sensing by DAS-Ni2+ ensemble

Sodium salts of different phosphate such as AMP, ADP, ATP,
HPO4, H2PO4 and PPi were added to solution of DAS-Ni2+ in
MeOH-PBS (5 : 1, v/v, 10 mM, pH= 7.4). Addition of PPi salt lead
to immediate bleaching of the solution as the color of DAS
(Fig. 9) and a notable change in the absorption spectra of DAS-
Ni2+ (Fig. 10). However, no such variations were noticed aer
the addition of other phosphates.

It could be perceived in (Fig. 11) that in the existence of PPi,
the intensity of the CT band of DAS-Ni2+ that was centered at
270 and 400 nm prominently disappeared and a new band at
320 nm appeared. This absorption spectrum obtained was the
same as that of DAS in the absence of Ni2+. The results also
suggested the reversibility and reproducibility of the chemo-
sensor using PPi by the following mechanism (Scheme 3).

To evaluate the selectivity of DAS-Ni2+ towards PPi over other
phosphates, competitive binding studies were performed in the
same solvent system. It was observed that no considerable
Fig. 11 Absorption spectra of DAS in the presence of Ni2+ and Ni2+ +
PPi.
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Scheme 3 Reversible binding of DAS with Ni2+ and PPi.

Fig. 12 Absorbance intensity of DAS-Ni2+ ensemble and PPi in the
presence of other competitive phosphates.

Fig. 13 Absorption spectra of DAS-Ni2+ ensemble on subsequent
addition of PPi.
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changes in the absorbance intensity at 400 nmwere observed on
the addition of other phosphates, as shown in (Fig. 12).

Further, we also calculated the binding constant (Ka) and the
limit of detection of DAS-Ni2+ ensemble with PPi. It could be
seen in (Fig. 13) that the successive addition of PPi to DAS-Ni2+

ensemble leads to a subsequent decrease and eventually the
disappearance of bands at 270 and 400 nm. In addition to this,
the absorption intensity at 320 nm started to increase.

The B–H plot obtained by plotting graph between 1/[PPi] vs.
1/(A − A0) procured the value to binding constant to be 8.86 ×

103 M−1 (Fig. 14).
The detection limit (Fig. 15) suggested that the ensemble had

the ability to sense PPi even in concentrations as much as 0.33
mM. This detection limit was even better than that of other
chemosensors reported for PPi.39
Fig. 14 B–H Plot ofDAS-Ni2+ ensemblewith PPi in MeOH-PBS (5 : 1 v/
v, 10 mM, pH = 7.4).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Detection Limit of DAS-Ni2+ ensemble for PPi.

Fig. 16 Colorimetric reaction ofDAS (50 mM in MeOH) towards Ni2+ in
solid state.
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3.10. Practical application of DAS

3.10.1. Solid state detection of Ni2+ by DAS. Silica gel (60–
100 mesh size, 250 mg) was added to 50 mM solution of DAS in
Fig. 17 ‘INHIBIT’ logic gate depicting conditions mentioned in the truth
memory element ‘write-read-erase-read’ functions.

© 2023 The Author(s). Published by the Royal Society of Chemistry
MeOH (2 mL). Further, the solvent was evaporated by vacuum
distillation to acquire colorless silica. Similarly, silica gel was
added to 50 mM solutions of DAS in MeOH containing 50 mM of
Ni2+ salt. The solvent then evaporated under reduced pressure
to afford yellow silica. The colorimetric response ofDAS towards
Ni2+ in solid state is shown in (Fig. 16).

3.10.2. Molecular logic gate property of DAS. The inputs are
assigned as IN1 and IN2 for Ni2+ and PPi, respectively and the
output as A400. A truth table is created using binary digits as
inputs, wherein, the presence and absence of Ni2+ and PPi was
dened as “1” and “0”, respectively.40 When there is no chem-
ical input, there is no absorbance at 400 nm i.e. when IN 1 =

0 and IN 2= 0 then output= 0. However, when IN 1= 1 and IN 2
= 0, the output = 1 as an absorption band is present at 400 nm
in (Fig. 17).
4. Conclusions

In conclusion, a novel pyridine-dicarboxylate based hydrazone
Schiff base (DAS) has been successfully synthesized which acted
as a colorimetric chemosensor for recognition of Ni2+ ion and
characterized via spectroscopic techniques. DAS exhibit fast
and selective detection of Ni2+ even in the presence of other
coexisting metal ions. Ni2+ formed 2 : 1 complex with DAS with
binding constant Ka = 3.07 × 103 M−2, as apparent from Job's
plot and Benesi–Hildebrand plot (B–H plot). Besides, single
crystal X-ray diffraction (SC-XRD) also validated the formation
of a 2 : 1 complex between DAS and Ni2+. The detection limit of
DAS for Ni2+ has been found out to be 0.14 mM. DAS-Ni2+

ensemble formed “in situ”was found to show selective detection
towards PPi with binding constant Ka = 8.86 × 103 M−1 and
detection limit of 0.33 mM. Moreover, DAS was demonstrated to
mimic ‘INHIBIT’ logic gate on addition of Ni2+ and PPi. The
chemosensor also showed a potential to detect Ni2+ in solid
state. Since, colorimetric sensors for cascade sensing of Ni2+

and PPi have not been reported so far, DAS could be proved as
a signicant addition to the chemosensors earlier reported for
Ni2+ or PPi.
table and schematic representation of logic gate operations for the

RSC Adv., 2023, 13, 15391–15400 | 15399
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