Ó Indian Academy of Sciences

J. Chem. Sci. (2021)133:85
https://doi.org/10.1007/s12039-021-01936-z

Sadhana(0123456789().,-volV)FT3](0123456
789().,-volV)

REGULAR ARTICLE
Special Issue on Beyond Classical Chemistry

Selective colorimetric and ﬂuorimetric detection of cyanide
by malonohydrazide derivative and its live cell imaging
ASHISH RAINAa, KOMAL KUMAR YADAVa, YADVENDRA SINGHb and TAMAL GHOSH
a,*
a Department

of Chemistry, Motilal Nehru National Institute of Technology, Allahabad, Prayagraj 211 004,
India
b Department of Chemistry, University of Allahabad, Prayagraj 211 002, India
E-mail: tamalghosh@mnnit.ac.in; tamalghosh73@yahoo.co.in
On the occasion of the 65th birthday of Prof. (Late) Bhaskar G. Maiya.
MS received 28 February 2021; revised 25 April 2021; accepted 7 May 2021

Abstract. In the present study, the Schiff based compound (N0 1E,N0 3E)-N0 1, N0 3-bis((2-hydroxynaphthalen-1-yl)methylene)malonohydrazide (1) is synthesized via a facile method, characterized and further
investigated for CN- sensing. Compound 1 is synthesized by the reaction of malonyldihydrazide and
2-hydroxy-1-naphthaldehyde and its characterization is performed by FT-IR, 1H NMR and ESI-MS spectrometry. Absorption spectrum pattern of 1 is altered upon the addition of CN- ion selectively with the
generation of a new band at 416 nm in H2O-DMSO (8:2 v/v) medium. The detection limit of 1 for CN- ion is
assessed using UV-visible spectral data which is found to be 36.3 lM. The selective visual colour change is
observed upon the addition of CN- ion to colourless solution of 1 (colourless to yellow). A similar change in
colour is also detected on Whatman ﬁlter paper test strips. Fluorescence intensity of sensor 1 is found to be
enhanced on the addition of CN- ion. 1H NMR titration of 1 with CN- ion corroborates the binding of the
former using its naphthol OH and NH protons with the latter. Sensor 1 is also evaluated for intracellular
detection of CN- ion in A549 cells.
Keywords. Cyanide selective sensor; Dihydrazide; 2-hydroxy-1-naphthaldehyde; Colorimetric and
ﬂuorimetric sensor; Live cell imaging.

1. Introduction
In recent times, researchers have exhibited great
enthusiasm for the design and synthesis of new
receptors for recognition of speciﬁc anion owing to
their enormous applications in the ﬁeld of biology,
mineral exploration and environmental chemistry.1-5
Among various anions, cyanide ion (CN-) is considered to be the most toxic anion and is lethal for human
health. Cyanide shows high afﬁnity with the cytochrome a3 active site and as a consequence, the
mitochondrial electron transport chain is disrupted,
causing histotoxic hypoxia in live cell and eventually,

leading to cell death.6-14 Entry of cyanide through the
gastrointestinal tract, skin, lung, etc. also results in
acute toxicity in the form of convulsion, nausea and
loss of consciousness in the human body.15-17 In spite
of such kind of severe toxic effect, cyanide is extensively utilized in various chemical and industrial
activities e.g., gold extraction, petrochemical processes, fertilizers, plastic manufacturing and fabrication of synthetic ﬁbres and resin.18-21 Widespread
applicability of cyanide often unavoidably liberates a
certain amount of this toxic ion as leakage to the
environment through industrial efﬂuent and thereby
possesses a great threat to human health. The World
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Health Organization (WHO) has restricted the maximum permissible limit of cyanide concentration in
drinking water to be 1.9 lM.22, 23, 24
Hence, it became certainly essential to detect CNion selectively at real-time condition by an effective
but inexpensive manner. Conventionally used analytical methods like titration, potentiometry, electrochemistry, ion chromatography, etc. have been used
extensively for detection of CN-.25-28 However, these
methods experienced a number of major shortcomings
like a complex procedure, lengthy analysis time,
absence of selectivity which made them unsuitable and
limited capacity for real-time analysis. In order to
overcome these limitations, molecules that are capable
of the recognition of CN- by change in color or ﬂuorescence in an aqueous or predominately aqueous
medium have been designed and explored by different
research groups.29-46 Colorimetric and ﬂuorimetric
recognition of CN- have been proven to be the most
appropriate, effortless, low-cost methods due to their
extraordinary sensitivity, easy-to-measure signal and
rapid detection time which have strongly encouraged
us to explore the application of compound 1 for the
detection of CN- ion present in water as well as
biological cells.
Recently, Sinha and co-workers synthesized a
naphthol derivative which is capable of binding of
CN- ion by visual color change in H2O-DMSO (1:9
v/v) at pH 7.2 (HEPES buffer) medium.47 Elango and
co-workers described a Schiff base for the recognition
of CN- ion through ﬂuorescence change in H2ODMSO (1:1 v/v).48 Malkondu and co-workers reported
a phenol derivative which is found to sense the CNion in H2O-DMSO (3:7 v/v) by a drastic change in its
ﬂuorescence.49 Das and co-workers reported an imidazole-based receptor for the detection of CNthrough the formation of hydrogen-bonded adduct in
CH3CN-HEPES (1:1 v/v) buffer by change in
ﬂuorescence.6
In comparison to the earlier reported compounds for
the selective colorimetric/ﬂuorimetric detection of
CN- by different research groups, we have incorporated malonohydrazide NH protons as extra binding
sites together with naphthol OH protons to make the
compound 1 capable of binding CN- stronger even in
the solvent mixture with high (80%) H2O proportion
(8:2
v/v)]
and
generate
[H2O-DMSO
detectable change in color and ﬂuorescence. In this
paper, we have utilized easy-to-prepare methodology
to synthesize compound 1 by reacting malonyldihydrazide with 2-hydroxy-1-naphthaldehyde and characterized it by FT-IR, 1H NMR and mass
spectrometry. Compound 1 shows the formation of
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new absorption band at 416 nm and the generation of
yellow color in H2O-DMSO (8:2 v/v) solution and on
Whatman ﬁlter paper test strips. New emission band at
470 nm is developed for sensor 1 on adding CN- ion
selectively. 1H NMR titration data substantiate the
binding of cyanide ion by compound 1 using its
naphthol OH and NH protons. Sensor 1 operates as an
imaging reagent for live-cell intra-cellular detection of
CN- ion utilizing A549 cells.
2. Experimental
2.1 Instruments, materials and methods
FTIR spectroscopic analysis was assessed as KBr
pellet on Spectrum 2 (Perkin Elmer) spectrometer in
the frequency range 400-4000 cm-1 and resolution of
8 cm-1. Electrospray Mass Spectrometry (ESI-MS)
measurements were performed on Xevo G2-XS QTOF
mass spectrometer (Waters, USA) connected to the
ACQUITY UPLC I-Class System via an electrospray
ionization (ESI) interface. 1H NMR spectra were
acquired in DMSO-d6 solvent on a Bruker Advance II
spectrometer operating at a resonance frequency of
400 MHz using tetramethylsilane (TMS) as an internal
reference. A double beam spectrophotometer (Shimadzu UV-2450) was used to record UV-visible
absorption spectra of all samples using a slit width of
2 nm and equipped with quartz cells (path length = 1
cm). Steady-state ﬂuorescence spectra were acquired
in quartz cell on Cary Eclipse Fluorescence Spectrophotometer (Agilient Technology, USA), the excitation and emission slits were kept as 5 nm. Unless
speciﬁed, all experiments were carried out at room
temperature (298 ± 1 K).
All the reagents used in the present study were
obtained commercially and were used as received
without further puriﬁcation. HPLC grade DMSO and
water was purchased from Merck. All anions, in the
form of tetrabutylammonium (TBA) salt, were procured from Sigma Aldrich, stored in a vacuum desiccator containing self-indicating silica and used as
received. To prepare the solution for absorption and
ﬂuorescence titration, a certain volume of compound 1
solution (7.6 mg in 10 mL DMSO) was added to
2.5 mL of H2O-DMSO (8:2 v/v) mixture. Test kits of 1
were prepared by immersing Whatman ﬁlter paper
strips into its solution and further dried at 50 °C. The
test strips prepared as aforementioned procedure were
dipped in an aqueous solution of different anions F-,
Cl-, Br-, I-, CN-, CH3COO-, HSO4-, H2PO4-,
ClO4- and C6H5COO- (all as TBA salt) and dried
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accordingly as mentioned above. 1H NMR titration
was performed by adding a small volume of concentrated TBACN (in DMSO-d6) to NMR tube containing
the solution of compound 1, prepared in DMSO-d6.
A549 cells (Human lung carcinoma, procured from
NCCS, Pune, India) were employed for cellular
imaging experiments. The cells were preserved in a
humidiﬁed incubator at 37 °C with 5% CO2 in commercial Dulbecco’s modiﬁed Eagles Medium
(DMEM). To assess cell imaging experiments, cells
were seeded in 24-well plates with a density of 19105
cells per mL and were kept to adhere overnight. On the
very next day, the growth medium was replaced with a
fresh medium and further treated with sensor 1
(10 lM). After 6 h of incubation, cells were washed
three times with phosphate buffer saline (PBS) and
assessed for ﬂuorescence imaging. To evaluate cellular
CN- sensing, 5 lM CN- was further added to sensor 1
treated cell and again assessed for ﬂuorescence
microscopy under an inverted optical microscope
(EVOS-FL Microscope).
2.2 Synthesis of (N0 1E,N0 3E)-N0 1, N0 3-bis((2hydroxynaphthalen-1-yl)methylene)
malonohydrazide (1)
Sensor 1 is prepared by the reaction procedure consisting of three steps (Scheme 1).50, 51 In the ﬁrst step,
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malonic acid (2 g, 0.019 mol) is taken in ethanol
(20 mL) and heated for 4-5 h in presence of 4-5 drops
of concentrated sulphuric acid. Ethanol is removed by
rotary vacuum evaporator and the residual viscous
liquid is extracted 4 times by CHCl3-H2O mixture (1:1
v/v). The CHCl3 fractions are collected, dried by
anhydrous Na2SO4 and evaporated by a rotary vacuum
evaporator to produce diethylmalonate (2.56 mL,
0.016 mol). In the second step, diethylmalonate
(2.56 mL, 0.016 mol) is made to react with excess
hydrazine hydrate (2.048 mL, 0.064 mol) in ethanol (20
mL) under heating condition for 3-4 h and advancement
of the reaction is followed by thin-layer chromatography (TLC). The reaction mixture is allowed to cool
down to room temperature and ﬁltered. Malonyldihydrazide (1.321 g, 0.010 mol) is formed as a white solid.
In the ﬁnal step, sensor 1 is synthesized by the Schiff
base condensation of malonyldihydrazide (0.321 g, 2.43
mmol) with 2-hydroxy-1-napthaldehyde (1.102 g, 6.40
mmol) in EtOH (50 mL) under reﬂux condition (2 h).
Then, the reaction mixture is made to cool down to
room temperature. The yellow product is isolated by
ﬁltration which, followed by washing with ethanol,
gives 1 in 93.4% yield (1.00 g, 2.27 mmol). IR (KBr
pellet, cm-1): OH (3436), NH (3175), CO (1621),
CH=N (1576) (Figure S1, Supplementary Information).
1
H NMR (DMSO-d6, 400 MHz, TMS), d/ppm: 12.475
(d, 1H, J = 9.2 Hz), 12.008 (d, 1H, J = 6.4 Hz), 11.55
(d, 1H, J = 8.8 Hz), 10.757 (d, 1H, J = 7.2 Hz), 9.246
(s, 1H), 9.185 (s, 1H), 8.886 (d, 1H, J = 4.8 Hz), 8.693
(d, 1H, J = 8.8 Hz ) , 8.306 (d, 1H, J = 8.8 Hz ), 8.251
(d, 1H, J = 8.8 Hz ), 7.94-7.77 (m, 2H), 7.594 (t, 1H, J =
7.8 Hz), 7.528 (t, 1H, J = 7.6 Hz), 7.444-7.387 (m, 2H),
7.286-7.175 (m, 2H), 4.047 & 3.765 & 3.457 [all s,
(OH, HC=C and CH2, respectively), 2H (either considering 4.047 ppm and 3.765 ppm together or considering only 3.457 ppm)] (Figure S2, Supplementary
Information). ESI-MS (m/z): 441.0532 [M?H]? (Figure S3, Supplementary Information).

3. Results and Discussions

Scheme 1. Synthesis procedure of 1.

Compound 1 is produced by the three-step method. In
the ﬁrst step, diethyl malonate is prepared by reﬂuxing
malonic acid in EtOH in presence of trace (catalytic)
quantity of concentrated sulphuric acid. Then, diethyl
malonate is reacted with hydrazine hydrate in ethanol
under reﬂux condition to form malonic acid hydrazide.
In the ﬁnal step, malonic acid hydrazide is made to
react with 2-hydroxy-1- naphthaldehyde to produce
compound 1 as yellow colored precipitate. Compound
1 is characterized by FT-IR, 1H NMR and ESI-MS
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Scheme 2. Binding mechanism of 1 with CN- ion.

spectrometry. In the FT-IR spectrum, compound 1
shows peak at 3175 and 3436 cm-1 which are due to
NH and OH functional groups, respectively.
1
H NMR of 1 is found to be complex in nature
which is shown in Figure S2, Supplementary Information. Two OH and two NH protons are appearing in
four different positions as four doublets. Compound 1
is existing in keto and enol tautomers (Scheme 2) at
the experimental temperature (298 K) which leads to
the appearance of two NH protons in two different
positions. The existence of tautomers is also corroborated by the appearance of CH2 as singlet at 3.457
ppm as well as OH and HC=C protons at 4.047 ppm
and 3.765 ppm, respectively in the same spectrum.
Two imine CH=N protons are also being inﬂuenced,
albeit very weakly, due to tautomerization and appear
at 9.246 ppm and 9.185 ppm in the tautomers. Compound 1 might be existing in anti-cis-conﬁguration in
enol tautomer (1A), as described by Lal and coworkers.51 As a result of the anti-cis-conﬁguration,
one hydrazone group attains axial position while the
other hydrazone group remains in the equatorial
position. Coupling between axial and equatorial protons lead to the splitting of each OH and NH proton
into doublet signals. Such stereospeciﬁc long-range
coupling in hydrazones has been reported earlier by
Karabatsos and co-workers.52 Compound 1 contains
two distinct hydrogen-bond donors, viz., naphthol OH
protons and malonohydrazide NH protons in its
architecture and this fact has made us interested to
investigate its binding behavior with different anions
in high (80%) H2O proportion [H2O-DMSO (8:2 v/v)]
solvent mixture.
Two absorption bands at 323 nm and 360 nm are
observed for compound 1 in H2O-DMSO (8:2 v/v)
solvent. On gradual addition of CN- ion, both the
above bands are decreased with the formation of a new

Figure 1. UV-Visible spectral change observed for 1 upon
addition of CN- in H2O-DMSO (8:2 v/v) at 298 K. [1] =
4.816 9 10-6 M, [CN-] = 0-1.24 9 10-3 M. Inset shows
scatter plot of the experimental data (DA for 1 at 416 nm vs
[CN-]).

isosbestic point and absorption band at 380 nm and
416 nm, respectively, as displayed in Figure 1. Compound 1 is binding with CN- ion by using its two
naphthol OH and NH protons simultaneously which
might be responsible for the formation of the new band
at a longer wavelength (416 nm), as per Scheme 2.
Binding of CN- with 1 is found to follow 1:1 stoichiometry, as veriﬁed by Job’s plot analysis (Figure S4, Supplementary Information). The equilibrium
constant for the binding of CN- with 1 is calculated
using absorption spectral data with Eq. 1 (Supplementary Information) and its value is found to be 6.08
9 10-3 M-1.53, 54 Compound 1 behaves as a colorimetric sensor with CN- with the change in its color to

Figure 2. UV-Visible spectrum of 1 (4.316 9 10-6 M)
upon addition of different anions (50 equiv) in H2O-DMSO
(8:2 v/v).
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yellow. However, the color turns back to that of 1 after
the addition of a small amount of aqueous solution of
triﬂuoroacetic acid. This suggests that the binding of
CN- to 1 is reversible in presence of H?. On the basis
of the UV-Visible spectral data, the calculated detection limit of cyanide for 1 is 36.3 lM.
Compound 1 binds selectively with CN- ion, as
demonstrated by the change in absorption spectrum of
1 on adding different anions (F-, Cl-, Br-, I-, CN-,
CH3COO-, HSO4-, H2PO4-, ClO4- and C6H5COO-)
in Figure 2. Selective detection of the CN- ion by 1 is
conﬁrmed by the signiﬁcant change in the UV-Visible
spectrum of the latter. Different anions are added in a
solution containing 1 and CN- to assess their interfering effect. The UV-Visible spectrum of 1 containing CN- remains unchanged in presence of anions like
F-, Cl-, Br-, I-, CH3COO-, H2PO4-, ClO4- and
C6H5COO-, implying no interfering effect of the latter
anions (Figure S5, Supplementary Information).
However, the spectrum of 1 containing CN- undergoes a signiﬁcant change in presence of HSO4-. The
reverse reaction shows a substantial effect in presence
of H? which might have been formed from the ionisation of HSO4- in H2O-DMSO (8:2 v/v) medium.
The color of 1 undergoes considerable change in
presence of CN- which is displayed in Figure 3. On
adding 50 equivalents of different anions (F-, Cl-,
Br-, I-, CN-, CH3COO-, HSO4-, H2PO4-, ClO4and C6H5COO-), the colorless solution of 1 is
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Figure 4. Fluorescence spectral changes observed for 1
upon addition of CN- in H2O-DMSO (8:2 v/v) at 298 K. [1]
= 4.816 9 10-6 M, [CN-] = (0 – 2.53 9 10-4 M), kexc =
305 nm. Inset shows ﬁtting (solid line) of the experimental
data (ﬂuorescent intensity ratio with and without addition of
CN- at 470 nm (I/I0)) vs [CN-].

observed to convert to yellow in presence of CNonly. Color of sensor 1 converts to yellow only with
the addition of CN- ion. Upon binding of CN- with 1
employing its OH and NH protons, conjugation is
increased in 1-CN- (or 1A-CN-) (Scheme 2) which
is responsible for the generation of the yellow color.

Figure 3. (A) Colour change observed for 1 in H2O-DMSO (8:2 v/v) upon addition of different anions as TBA salts. From
left to right: 1, F-, Cl-, Br-, I-, CN-, AcO-, HSO4- , H2PO4-, ClO4-, C6H5COO-. (B) Colour change observed for 1 on
Whatman ﬁlter paper test strip on dipping in an aqueous solution of different anions as TBA salts. From left to right: 1, F-,
Cl-, Br-, I-, CN-, AcO-, HSO4- , H2PO4-, ClO4-, C6H5COO-.
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Figure 5. 1H NMR titration of 1 with TBACN in DMSOd6. [1] = 2.68 9 10-2 M; [1]:[CN-] in these traces are
(A) 1:0, (B) 1:0.25, (C) 1:0.5, (D) 1:1 and (E) 1:2. Full
range (0–15 ppm) titration spectra is given in Figure S6
(Supplementary Information).
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The color of 1 does not change in presence F-, Cl-,
Br-, I-, CH3COO-, HSO4-, H2PO4-, ClO4- and
C6H5COO-. On adding CN- solution to the Whatman
ﬁlter paper test strip containing 1, the color of the test
strip is converted to yellow selectively in similar
manner (Figure 3).
Fluorescence spectrum of 1 is found to generate a
broad band at 470 nm on gradual addition of CN- ion
which is shown in Figure 4. Binding of cyanide to 1
using two naphthol OH of the latter in bidentate mode
is increasing the excited state deprotonation of naphthol OH which might be causing to the development of
the new band at 470 nm. Fitting of scatter plot of
ﬂuorescence intensity against CN- concentration by
Eq. 2 (Supplementary Information) gives equilibrium
constant value of 9.12 9 103 M-1.53,54
The mechanism of binding between 1 and CN- is
investigated by 1H NMR titration, as displayed in
Figure 5. 1H NMR signal of two OH protons and one
NH proton are broadened due to their interaction with
CN- ion and vanish from a spectral window. One of
the two CH=N protons is shifted towards higher d
values from 9.185 ppm to 9.275 ppm upon gradual
addition of CN- ion during the titration. Compound 1
and its enol tautomer 1A both might be binding with
CN- ion which is responsible for the above-mentioned
broadening and shifting of proton signals. The 1H
NMR signals of the other NH proton and all CH
protons of naphthyl group are shielded and shifted to
lower d values. Electron density is increased on
naphthol rings due to binding with negatively charged
cyanide ion which might be responsible for the
shielding of the aforesaid protons.
Sensor 1 is further evaluated for detection of CN- in
live A549 cells. As shown in Figure 6, A549 cells are
incubated with sensor 1 and further treated with CNand ﬂuorescence images are acquired using an optical
inverted microscope at both stages. Under the ﬂuorescence microscope, remarkable blue ﬂuorescence is
observed. Moreover, the ﬂuorescent intensity is signiﬁcantly enhanced after the addition of CN- to sensor
1 treated cells. This result clearly demonstrates that

Figure 6. Fluorescence images of A549 cell lines: (A) Untreated cells, (B) bright-ﬁeld images of cells treated with 1
(10lM) alone, (C) ﬂuorescence image of cells treated with 1 (10 lM) using a blue ﬁlter, (D) ﬂuorescence image of cells
treated with 1 (10 lM) followed by CN-.
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sensor 1 is viable for the application of bio-imaging
and intracellular detection of CN- ion in live cells.
Sensor 1 holds the potential as an excellent bio-analyte
for accurate diagnosis of cyanide exposure.
4. Conclusions
In summary, we have synthesized compound 1 via
facile 3-step reaction methodology and its characterization is done by FT-IR, 1H NMR and mass spectrometry. Compound 1 exhibits colorimetric and
ﬂuorimetric sensing of CN- ion selectively in a predominately aqueous medium (H2O-DMSO, 8:2 v/v),
as detected by both absorption and ﬂuorescence
spectra. Visually detectable colour change in solution
and on Whatman ﬁlter paper test strips of 1 in presence
of CN- ion demonstrates the suitability of 1 for
sensing of CN- ion with a rapid response. The sensing
mechanism is investigated by 1H NMR titration which
suggests that OH and NH protons of sensor 1 specifically bind with CN- ion. Live cell imaging experiments performed on A549 cells suggest that sensor 1
can be used for intra-cellular detection of CN- ion.
Supplementary Information (SI)
Supplementary information related to this article and
Figures S1-S6 are available at www.ias.ac.in/chemsci.
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