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ABSTRACT: Cyanide is a very toxic pollutant to aquatic life and
the environment. Analytical methods for the quantitative assay of
cyanide, which are rapid, sensitive (low limit of detection), and
cost-effective, are in great demand. Colorimetric and fluorometric
methods are ideally suited for this purpose. In this report, we
describe a Ni(II) complex containing a pyridoxal platform for the
rapid and sensitive fluorometric estimation of cyanide. The square-
planar Ni(II) complex, [Ni(L)(N;)]-3H,O, where the ligand LH =
4-[(2-dimethylamino-ethylimino)-methyl]-S-hydroxymtheyl-2-
methyl-pyridin-3-ol, a Schiff base formed between pyridoxal and
(2-dimethylamino)ethyl amine, was synthesized and characterized
by various spectroscopic techniques as well as by single-crystal X-
ray structure determination. The complex was found to selectively
bind CN~ in the presence of other biologically important anions such as F~, CI7, Br™, I", OAc, §?7, NO;~, PO, SO,>7, and
H,PO,” in tris-HCIl/NaCl buffer [pH = 7.4], and it can be monitored by fluorescence turn-on or by UV—visible spectroscopy. The
binding constant of the complex with CN™ was estimated to be 2.046 X 10'* M~ and the limit of detection (LOD) was 9 nM, the
LOD being considerably lower than the maximum permissible level of cyanide ions (1.9 #M) in drinking water, as recognized by the
World Health Organization (WHO). The effects of pH and temperature on the sensing are also investigated. The Ni(II) complex is
also found to bind to calf-thymus DNA very strongly, and the apparent binding constant (K,,,,) was determined to be 1.33 X 107
M™! by the fluorescence quenching of the ethidium bromide—DNA adduct by the complex.
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1. INTRODUCTION

Nickel is one of the metal ions that play a significant role in the
biology of microbes and plants, where it is used in certain cellular
processes, especially nitrogen metabolism."” Both prokaryotic
and eukaryotic creatures are affected by the loss of nickel
homeostasis.” An adult human consumes 300—600 pg of nickel
per day on average.” Excessive nickel intake may cause nickel
toxicity, which may result in serious health effects ranging from
asthma and allergic dermatitis to lung cancer and even nasal
sinus cancer.®”’ Again, the use of nickel compounds for industrial
and commercial purposes is quite extensive, viz., in Ni—Cd
batteries, in the preparation of pigments for painting, in
electroplating, as a welding material, and as a catalyst in many
chemical reactions. There are several chemical reactions in
which multiple nickel complexes act as catalysts, e.g, the
epoxidation reaction of terminal, aliphatic, and aromatic
olefins,*” ester hydrolysis at ambient temperatures,'® ethylene
oligomerization,'"'* and olefin polymerization.'”> There is,
however, little information available about the use of nickel
complexes to detect typical toxic ions such as cyanide ions.
Among all pollutants in the environment, cyanide is extremely
harmful and immensely toxic to living creatures. Inorganic
cyanides, mainly of potassium and sodium, are highly water
soluble. Thus, when consumed, they quickly form solutions in
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the stomach, which swiftly enter the bloodstream and circulate
throughout the entire body within a very short time. Cyanides
and hydrocyanic acid (HCN) are toxic to living animals, in
particular mammals, which is ascribed to their irreversible
reaction and binding to the cyta; of cytochrome oxidase, thereby
hindering the respiratory cycle and preventing the assimilation
of oxygen. At higher doses, it can also attack other heme-proteins
such as hemoglobin and myoglobin. As oxygen is essential for
the proper functioning of the brain and muscles, cyanide
poisoning can lead to death within a short span of time.
Furthermore, it can disrupt many functions of the body, such as
those of the central nervous system as well as the visual,
cardiovascular, endocrine, and metabolic systems. The harmful
consequence of cyanide also affects various industries such as
metal trade, X-ray film recovery, electroplating, mining, and
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Scheme 1. Schematic Illustration of the Synthesis of the Ni(Il) Complex
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Figure 1. UV—vis spectrum of the complex ([Ni"(L)(N;)]-3H,0) (Tris buffer).

jewelry manufacturing. These make cyanide the deadliest toxic
pollutant in the environment.'*~>*

Several analytical methods such as spectroscopies (emission
spectroscopy/atomic absorption), electrochemical methods
(anodic stripping voltammetry), mass spectrometry, inductively
coupled plasma spectrometry, and flame photometry have been
reported”*™>* for cyanide assay. Generally, these processes
involve multistep procedures with hazardous sample pre-
treatments or the use of a high proportion of organic solvents
or sophisticated instrumentation. Anions can be measured
qualitatively and quantitatively using chemosensors developed
for the recognition of anions.””~>° Specifically, the development
of chromogenic compounds that yield a very fast response to the
presence of analytes with visible color changes would provide an
opportunity in the field of rapid detection of this lethal ion in
aqueous solvents.

Although there have been numerous reports on cyanide
sensors so far, many of them suffer from some serious problems,
e.g, not operating fully in aqueous solutions, requiring
exhaustive synthetic protocols, lack of selectivity toward
cyanide, and, in some cases, a very high limit of detection in
the case of some sensors. Thus, it is imperative to prepare a
reliable sensor material that can selectively detect cyanide anions
in aqueous solutions by both chromogenic and fluorogenic
pathways, has a low detection limit, and can yield semi-
quantitative information for naked eye detection. Copper
complexes of a variety of ligands have been extensively used
for this purpose because of the high affinity of copper ions
toward cyanide.”’~*’ Attempts have also been made in some
cases to understand the interaction of cyanide with copper ions
by density functional theory (DFT) calculations.””** However,
the use of metal complexes of other first transition series metal
ions such as iron and nickel are relatively scarce."'

Herein, we report a Ni(II) metal complex of a Schiff base
ligand of pyridoxal, which is able to selectively detect cyanide ion
in an aqueous medium.

2. EXPERIMENTAL SECTION

2.1. Synthesis of the Complex [Ni(L)(N3)]-3H,0. The in
situ preparation of the ligand (LH) was performed by following a
procedure described in an earlier study.”” To a solution of
Ni(ClO,),-6H,0 (0.365 g, 1 mmol) in methanol, the in situ-
prepared ligand (1 mmol) solution was added dropwise. The
reaction mixture was then refluxed for 1 h with the subsequent
addition of NaN; (0.130 g, 2 mmol), and then the reflux was
continued for another 3 h. After filtering the brown solution, the
filtrate was placed in a beaker at room temperature for slow
evaporation. A few days later, brown crystals of [Ni"(L)(N;)]-
3H,0O appropriate for X-ray structure determination were
collected.

Yield: 316 mg (81%). Anal calcd for C;,H,,NcONi (M.W.
391): H, 6.19; C, 36.86; N, 21.49. Found: H, 6.18; C, 36.84; N,
21.50. Mass: ESI-positive ion mode-m/z: 394 [Ni"(L)(N;) + K
+ H,0%] (Figure S1). "H NMR (DMSO, 400 MHz): 5H 7.86
(1H, s), 7.91 (1H, s), 3.31-3.24 (2H, m), 3.08 (2H, s), 2.63—
2.56 (2H, m), 2.28 (3H, s), 2.18 (6H, s) (Figure S2). Electronic
spectrum was recorded in tris-HCI buffer having pH 7.4: 1.,/
nm (g,,/M'em™): 228(10070), 384(2959); selected IR
bands (cm™): 2140 (vy,), 1558(vc—n), 3286(vo_n), 3652-

(VHZO)~

2.2, X-ray Crystallography. The diffractometer used here
to collect single-crystal X-ray data of the Ni(II) complex at
295(2) K was a Bruker D8-Venture (microfocus source of Mo
Ka radiation (0.71073 A)). Direct methods were used to correct
and interpret the data. Using SHELXL-2018/3, refinement was
performed on F* using full-matrix least squares.”** To refine
hydrogen atoms, isotopic displacement parameters were used.
To refine the non-hydrogen atoms, anisotropic displacement
parameters were used. There was some disorder in the Ni atom.
After refinement, the occupancies of NilA and NilB were 0.6
and 0.4, respectively (the split option was used). The methyl
groups as well as one of the water molecules (OS(HSA, HSB))
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were refined as rotating groups. Important crystallographic data
are summarized in Table S1. Selected bond angles and distances
are presented in Table S2. We submitted the crystal data to the
CCDC with submission number 2 166 698.

2.3.DNA-Binding Experiment. The DNA binding study of
the complex was carried out both by absorption spectroscopy
and fluorescence spectroscopy. The details of the experiment are
provided in the Supporting Information.

3. RESULTS AND DISCUSSION

3.1. Synthesis of the Complex. The Schiff base ligand was
synthesized by the reaction of the neutral pyridoxal (obtained by

HI0R

H11R
Ci1 __H11B

H12B

N6

Figure 2. ORTEP diagram (ellipsoids are drawn with 50% probability)
of the complex molecule of [Ni"(L)(N;)]-3H,0.

in situ neutralization of a methanolic solution of pyridoxal
hydrochloride with aqueous KOH) and (2-dimethylamino)-
ethyl amine in methanol. The reaction of the in situ-generated
ligand with nickel(II) perchlorate in methanol (1:1 molar ratio)
followed by the addition of an aqueous solution of NaNj in 1:2
molar ratio and refluxing of the mixture for 3 h afforded a brown-
colored complex (Scheme 1).

3.2. IR Study. A sharp peak at 2140 cm ™" in the IR spectra of
the complex indicates the presence of azide (N) in the complex.

The 0(c—y) band was observed at 1558 cm™ in the complex
compared with 1628 cm™ observed in the free ligand. A sharp
peak at 3286 cm ™" is probably due to v(_y). A very broad band
around 3652 cm™' indicated the presence of lattice water
(Figure S3).

3.3. Electronic Spectra. In the Ni(II) complex, a band at
228 nm was assigned to the 7 — 7* transition of the ligand, and
an intense band at around 384 nm was assigned to an LMCT
transition from the phenolate oxygen of pyridoxal to Ni(II)
(Figure 1).

3.4. Description of the X-ray Crystal Structure. An
ORTEP diagram of the complex along with the atom-numbering
scheme is given in Figure 2. It shows that the Ni(II) complex has
a square-planar geometry. A detailed description of the X-ray
crystal structure is provided in the Supporting Information.

3.5. DNA-Binding Study. 3.5.1. UV—vis Spectral Study.
UV—vis spectrophotometry was performed to determine the
binding capacity of the complex toward calf thymus DNA
(Figure 3a). Both the nickel(II) complex (§ X 107° M) and the
calf thymus DNA (S X 107> M) solutions were prepared using
aqueous Tris buffer (pH = 7.4). The change in the absorption
spectra was recorded after the successive addition of calf thymus
DNA (5 X 10™° M) into the solution of the complex (5 X 107
M). After the addition, we found a hypochromic change of the
absorption band of the complex at 384 nm; on the other hand,
we also found a new band developing at 316 nm, which shows
hyperchromism. The intrinsic binding constant K, for DNA
binding by the complex was calculated from the ratio of the slope
to the intercept in the plot of [DNA]/(¢, — &) versus [DNA] to
be 7.54 X 10° M using the hypochromism of the 384 nm band
(Figure 3b).

3.5.2. Fluorescence Binding Analysis. Normally, DNA has a
very weak intensity of fluorescence, but the intensity could be
greatly increased by the specific intercalation of EB into DNA
base pairs.*>*® The addition of a strong intercalating complex
into the EB—DNA adduct causes quenching of the fluorescence,
as they tenaciously bind with DNA and displace EB from
DNA."” The fluorescence intensity of the DNA—EB mixture
started to decrease significantly with the addition of our Ni(1I)
complex (Figure 4), indicating that the complex displaced EB
from the DNA—EB system and itself bound to DNA.*® The
Stern—Volmer equation can be used to fit the fluorescence
quenching data: I°/I = 1 + K,[Q], where K, [Q], I, and I° are
the quenching constant, the quencher (complex) concentration,
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Figure 3. (a) Changes in the absorption spectra of the complex (5 X 107 M) on the incremental addition of ct-DNA (5 X 10™° M) in tris buffer at
room temperature. (b) Plot of [DNA]/(e, — &;) versus [DNA] representing the titration of DNA and the Ni(II) complex.
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Figure 4. Plot of the fluorescence titration data of the complex with ethidium bromide—DNA in 0.01 M Tris buffer (4., = 520 nm) and the

corresponding Stern—Volmer plot.
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Figure S. Analysis of the UV—visible spectrum of the complex (c = 1.0
X 107° M) with cyanide (¢ = 1.0 X 10™* M) in a tris buffer solution (pH
7.4).

and the emission intensities of EB—DNA in the presence and
absence of the quencher, respectively.49 The slope of the linear
fit plot of I°/I versus [complex] was used to calculate the K,
value. For the complex, the K, value was calculated to be 2.33 X
10° M~ (R* = 0.99). Based on the equation Ky[EB] =
Kapp[complex] (where [EB] was taken as 5.0 X 107° M}, Kgp
was taken as 1.0 X 10 M~} and a 50% reduction in the
fluorescence intensity of EB was taken as the complex
concentration),” the apparent binding constant (K,,,) was
evaluated to be 1.33 X 10" M™" for the complex ([Ni"(L)(N,)]-
3H,0). The high K., value indicates a strong interaction
between the Ni(Il) complex and DNA, probably by the
intercalation mechanism.

3.6. Cyanide Sensing. 3.6.1. Spectrophotometric Titra-
tion of [Ni"(L)(N;)]-3H,0 with CN~. The UV—vis spectrophoto-
metric titration was performed in an aqueous tris buffer for our
complex [Ni"(L)(N;)]-3H,O with CN~. From the spectro-
scopic data, it is clearly seen (Figure S) that with the gradual
addition of cyanide ions (0.1 mM) into the complex solution
(0.01 mM) in the aqueous buffer, at around 316 nm, a new peak
emerges together with the disappearance of an old peak at

around 384 nm, yielding two isosbestic points at 339 and 280
nm. We interpret this as the displacement of ligands by cyanide
ions upon the successive addition of CN™ to the complex
[Ni"(L)(N3)]-3H,0.

3.6.2. Analysis of CN~ Binding by Fluorescence. The
fluorescence intensity of [Ni"(L)(N;)]-3H,O with several
anions was measured considering the high tendency of anions
to bind to metal ions. For fluorescence titrations, we used a range
of anions, e.g., CN~, OAc™, I, F7, Br™, CI, §*7,NO,~, PO,*,
SO,*", and H,PO,, as their tetrabutyl ammonium salts along
with the sodium salt of CO5>~, and the titrations were performed
in tris buffer solution (pH 7.4). A noteworthy development of
fluorescence intensity at 445 nm (Figure 6a) was detected only
in the case of CN™ addition. A change in color from brown to
light blue was also seen by the “naked eye”. The Job’s plot
(Figure S6) indicates a 1:2 host/guest interaction between the
Ni(II) complex (host) and CN™ (guest). Based on the following
equation, the binding constant (K) of the complex with CN~
was determined, and it was found to be 2.046 xX10'* M~ (Figure
7a).

1 1 1
= 3 —+
F—F K[CNP[E, —F] [E, — Fl

max

where F, F_,, and F; are the fluorescence responses of the
complex in the presence of intermediate, infinite, and zero
concentrations of CN~ ions, respectively. The fact that
[Ni"(L)(N;)]-3H,0 displayed a relatively high selectivity for
CN™ compared with other anions suggests that it might make a
good selective cyanide off—on chemosensor.

The emission spectrum of the free ligand was recorded, and it
was compared with the fluorescence spectra of the released
ligand after the reaction of the complex with CN~ (Figure 6C).
The position and shape of the bands in both cases were found to
be identical. The emission quantum yield of the free ligand and
the complex with excess CN~™ were measured, considering
quinine sulfate as the standard, and they were found to be 0.20
and 0.14 respectively. The lower quantum yield in the latter case
may be due to the presence of paramagnetic Ni(CN), in the
solution.

The selectivity of binding of CN~ by [Ni"(L)(N;)]-3H,0
was investigated by the addition of CN™ to solutions containing
the complex and other anions, present at S times the molar
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Figure 6. (a) Fluorescence titration of [Ni"(L) (N3)]-3H,0 (c= 1.0 X 107 M) with CN™ (¢ = 1.0 X 107> M) in tris buffer; (b) fluorescence response of
the complex on adding various anions, such as CN~, OAc~, $*", F7, PO, Br™, CI7, H,PO,”, NO;~, SO,*", and I" in tris buffer; (c) overlay
fluorescence response of the complex (c = 1.0 X 107 M) with CN™~ (¢ = 1.0 X 107> M) and free ligand in tris buffer.
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Figure 7. (a) Determination of the binding constant of [Ni"(L)(N;)]-3H,0 with cyanide; (b) determination of the detection limit of [Ni"(L)(N;)]

with cyanide.

equivalent of CN™. As shown in Figure S8, although no
noteworthy changes in the fluorescence response were observed
in the presence of an excess of other anions, the addition of CN™
leads to significant enhancement of fluorescence under identical

conditions. From the calibration curve (Figure 7b), based on K
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X Sb1/S, the limit of detection for CN™ was calculated to be 9
nM with [Ni"'(L)(N;)] (where S is the slope, Sb1 is the standard
deviation of the calibration curve, and K is a constant whose
value is taken as 3 in this calculation). The limit of detection of

our complex for cyanide ions was found to be significantly lower
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Figure 8. Maximum value of the fluorescence intensity of the complex
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Figure 11. Maximum fluorescence intensity of the complex (0.01 yM)
in the presence of 5 equiv of cyanide ions at different temperatures.

than the highest permissible value of cyanide ions (1.9 uM)
recognized by WHO in drinking water.

3.6.3. Effect of pH on the Detection of CN~ by the
Fluorescence Method. 1t has been found that the fluorescence
intensity of the complex and the sensing phenomena of cyanide
ions are greatly influenced by the pH of the solvent. To further
investigate the influence of pH on the sensing process, we
prepared solutions of the complex by varying the pH over a wide
range (from pH 1 to 10). At first, the fluorescence response of
the Ni(II) complex in the absence of any added anion (blank)
was measured, and it was plotted against pH (Figures 8 and S9).
Initially, as the pH increases, the fluorescence intensity increases
and reaches a peak at pH 8, but then decreases as the pH
increases further.

Now, to study the pH selectivity of cyanide sensing, we
performed the same experiment after adding S equiv of cyanide
ions to each metal complex solution at different pH values and
measured the fluorescence intensities (Figures 9 and S10). Here
also, we plotted the fluorescence intensity against pH and,
interestingly, found almost similar results, with a sharp increase
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Figure 10. Fluorescence response of the complex [Ni"(L)(N;)]-3H,0 (0.1 #M) upon the addition of cyanide ions (20 equiv) as a function of time in

an aqueous tris buffer solution (4., = 445 nm).
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Scheme 2. Schematic Illustration of the Possible Mechanism for Detecting Cyanide
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in the fluorescence intensity between pH 7 and 8, followed by a
decrease.

3.6.4. Response Time of CN~ by the Fluorescence Method.
To measure the response time of the Ni(II) complex toward
cyanide ion binding, we took a solution of the complex (0.1 4M)
in an aqueous tris buffer. Into this solution, we added 20 equiv of
cyanide ion and immediately started measuring the fluorescence
intensity. We measured the fluorescence response after every 1
minute and plotted the maximum fluorescence intensity against
time (Figure 10). From Figure 10, it could be easily concluded
that our complex started to bind with cyanide ions immediately
and it took around 10 min to reach the saturation point.

3.6.5. Effect of Temperature on the Detection of CN™ by the
Fluorescence Method. To investigate the effect of temperature
on the sensing process, we carried out a temperature-dependent
study. In this process, we added S equiv of cyanide ions into our
Ni(II) complex solution (0.1 M) in tris buffer (pH 7.4) (4, =
384 nm) and measured the fluorescence intensity by changing
the temperature within the range of 5—85 °C (Figure S11).
Interestingly, it was found that in the initial stage, with an
increase in temperature, the fluorescence response increased,
reached a maximum at around 45 °C, and then decreased
gradually (Figure 11). From this experiment, we can clearly
conclude that our complex shows maximum affinity toward
cyanide ions in the temperature range of 40—50 °C.

3.7. Possible Mode of Binding. We can anticipate that
Ni** ions were captured by CN in tris buffer because of the high
coordination ability of CN~ toward Ni**. As a result, the
fluorescence of the ligand was recovered, which was earlier
quenched by complexation with Ni** (Scheme 2). We verified
this with an ESI-MS experiment. The ESI-MS spectrum of a
reaction mixture containing the complex and CN™ shows that
the predominant peak belongs to the free ligand (Figure S7),
supporting our proposed mechanism.

4. CONCLUSIONS

We have reported here the synthesis of a mononuclear nickel(II)
complex and its characterization, including its structure
determination by X-ray crystallography. The complex can
selectively detect CN™ with an l.o.d. of 9 nM. The complex
also has 51gn1ﬁcant binding affinity for DNA, with a K, value of
1.33 x 10" M7,
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