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A highly sensitive and selective benzimidazole based colourimetric chemosensor (HL) for the efficient detection
of Ni2+ has been reported. The synthesized chemosensor HL is highly efficient in detectingNi2+ over othermetal
ions that commonly coexist with Ni2+ in physiological and environmental samples. HL also shows distinct color
change from orange yellow to blue visible under the naked eye due to specific binding with Ni2+. This color
change corresponds to a large red shift of the UV–Vis spectrum from 403 nm to 600 nmwith a distinct isosbestic
point at around 500 nm. The cation sensing property of the receptor HL has been examined by UV–Vis spectros-
copy. Electronic structure of the HL–Ni2+ complex and sensing mechanism has been interpreted by DFT and
TDDFT calculations.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Nickel plays an important role in industrial field with widespread
application in Ni–Cd batteries, electroplating, welding, painting
pigments, as magnetic tapes in computers as well as catalyst in hydro-
genation processes [1]. Nickel is also present in the active site of various
enzymes, present in certainmicroorganisms and plants. However, it is a
toxicmetal from biological point of view resulting in pneumonitis, asth-
ma, lung cancer and also certain disorder of the central nervous system
as well as the respiratory system [2–7]. Thus detection of nickel is very
important both from industrial as well as biological point of view.
Though a number of techniques such as atomic absorption spectrome-
try (AAS), flame atomic absorption spectrometry–electro thermal
atomization (AAS–ETA) [8,9], ICP-AES, and flame photometry are wide-
ly used for the detection of nickel but naked eye detection of the metal
using a colorimetric as well as ratiometric sensor is quite demanding.
Colourimetric detection of metal ion is very sensitive, rapid, and simple
to-use method.

Although several organic molecules have been reported which
exhibit the property of colourimetric sensing of nickel(II), yet the
reported numbers are few. Domínguez et al. reported a Schiff base
derivative of cinnamaldehyde used in the colourimetric detection of
nickel(II) [10]. Jiang and Wang et al. reported coumarin based
colourimetric chemosensors for the detection of nickel(II) [11,12],
while S. Goswami et al. developed a quinoxaline based colourimetric
and ratiometric chemosensor for specific detection of nickel(II) [13]. In
this present work, report of a benzimidazole based colourimetric
ondal).
chemosensor for the detection of nickel(II) is quite an important addi-
tion to the library of few other organic molecules with this property of
rapid detection of nickel(II).

The present work describes the colourimetric sensing property of a
benzimidazole based organic framework for the rapid detection of
nickel(II). Benzimidazoles are very useful intermediates for the
development of molecules of biological interest. Benzimidazole and its
derivatives have found applications in biological activities such as anti-
microbial, anticancer, anti-inflammatory, antivirus and anticonvulsant
[14–23]. The chemosensor HLhas been synthesized using the procedure
reported byD. Sarkar et al. [24]. Cation binding studies have been exten-
sively studied bymeans of UV–Vis spectroscopy aswell as by naked eye
detection. The chemical, electronic structure and photophysical proper-
ties have been studied by various spectroscopic analyses abetted with
DFT and TDDFT calculations.

2. Experimental

2.1. Materials and methods

2-Amino-4-methylphenol and benzimidazole were purchased from
Aldrich. All other organic chemicals and inorganic salts were available
from Sisco Research Lab, Mumbai, India and used without further puri-
fication. Commercially available SRL silica gel (60–120 mesh) was used
for column chromatography.

Elemental analysis was carried out in a 2400 Series-II CHN analyzer,
PerkinElmer, USA. HRMS mass spectra were recorded onWaters (Xevo
G2 Q-TOF) mass spectrometer. Infrared spectra were taken on a RX-1
PerkinElmer spectrophotometer with samples prepared as KBr pellets.
Electronic spectral studies were performed on a PerkinElmer Lambda
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Scheme 1. Synthesis of benzimidazole based chemosensor HL.
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750 spectrophotometer. NMR spectra were recorded using a Bruker
(AC) 300 MHz FTNMR spectrometer of ~0.05 M solutions of the com-
pounds in DMSO-d6.
2.2. Synthesis of 2-[(1-methyl-2-benzimidazolyl)azo]-p-cresol (HL)

The receptor HL has been synthesized using the reported procedure
[24]. 2-Amino-4-methylphenol (4.0 g, 32.4 mmol) was dissolved in
10 mL 6(N) HCl and cooled to 0 °C. Sodium nitrite (2.8 g, 42.12 mmol)
was dissolved in minimum volume of water and cooled to 0 °C. The
diazotized solution was added dropwise with constant stirring to benz-
imidazole (4.0 g, 34.0 mmol) dissolved in aqueous solution of sodium
carbonate (5.1 g, 48.0mmol). The productwas purified by column chro-
matography using silica gel (60–120 mesh) and eluted by 20% (v/v)
ethyl acetate petroleum ether mixture. Yield was 5.1 g, 64%.

3.2 g (12.6 mmol) of the diazo-coupled product was taken and N-
methylation was performed with MeI (1.8 g, 13.0 mmol) using NaH
(1.0 g, 25.1 mmol) as base in dry THF medium following the reported
methods [25]. The product was subjected to chromatographic separa-
tion on a silica gel column (60–120 mesh). The desired red band of HL
was elutedwith 10% (v/v) ethyl acetate petroleum ethermixture. Evap-
oration of the solvent under reduced pressure afforded pure compound.
Yield was 2.1 g, 62%.

Anal. Calc. for C15H14N4O (HL): C, 67.65; H, 5.30; N, 21.04%. Found: C,
67.82; H, 5.32; N, 21.11%. IR data (KBr, cm−1): 3373 υ(O–H); 1620
υ(C_N); 1419 υ(N_N). 1H NMR data (DMSO-d6, ppm): 13.56 (1H, s),
Fig. 1. Change in UV–Vis spectrum of HL (10 μM) upon gradual addition of 10 μM Ni2+.
Inset shows the visual effect of addition of Ni2+ to HL in ambient light.
7.86 (1H, s), 7.81 (1H, d, J = 7.7 Hz), 7.69 (1H, d, J = 8.2 Hz), 7.38
(1H, d, J = 7.4 Hz), 7.21–7.35 (3H, m), 3.80 (3H, s), 2.13 (3H, s).
2.3. General method for UV–Vis titration

2.3.1. UV–Vis method
Stock solution of the receptor HL (10 μM) in [(DMSO/H2O), 1:1, v/v]

(at 25 °C) using HEPES buffered solution at pH= 7.4was prepared. The
solution of the guest cations using their chloride salts in the order of
100 μM was prepared in deionized water. Solutions of various concen-
trations containing host and increasing concentrations of cations were
prepared separately. The spectra of these solutions were recorded by
means of UV–Vis methods.
2.3.2. Job's plot by UV–Vis method
A series of solutions containing HL (10 μM) and NiCl2 (10 μM) were

prepared in such a manner that the sum of the total metal ion and HL
volume remained constant (5 mL). DMSO:H2O (1:1, v/v) was used as
solvent at pH 7.4 using HEPES buffer. Job's plots were drawn by plotting
(A0–A) versus mole fraction of Ni2+ at 403 nm and A–A0 versus mole
fraction of Ni2+ at 600 nm [A0 = absorption intensity of the free recep-
tor and A is the absorption intensity of HL after addition of Ni2+].
2.3.3. Determination of limit of detection
The detection limit was calculated based on the UV–Vis titration. To

determine the S/N ratio, the emission intensity of HL without any ana-
lyte was measured by 10 times and the standard deviation of blank
measurements was found to be 2.79 × 10−3. The limit of detection
(LOD) of HL for Ni2+ was determined from the following equation:
LOD=K× SD / S, where K= 3 in this case, SD is the standard deviation
of the blank solution and S is the slope of the calibration curve. From the
graph, we get slope= 0.56465 × 105, and SD value is 2.79 × 10−3. Thus
using the formula, we get the LOD = 0.14 μM.
Fig. 2. Visual changes of HL with different metal ions in DMSO–HEPES buffer (1:1, v/v,
pH 7.4) solution. (For interpretation of the references to color in this figure, the reader is
referred to the web version of this article.)



Fig. 3. Absorbance at 600 nm in DMSO/H2O (1:1, v/v) with different pH. Fig. 5. Absorbance at 600 nm of HL (10 μM) in the presence of Ni2+ (10 μM) and other
competing metal ions i.e. Ca2+, Mg2+, Mn2+, Fe3+, Al3+, Cr3+, Co2+, Zn2+, Cu2+, Cd2+

and Hg2+ (20 μM) DMSO–HEPES buffer (1:1, v/v, pH 7.4) solution.
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2.3.4. Determination of binding constant from UV–Vis titration data
Binding constantwas calculated according to the Benesi–Hildebrand

equation. Ka was calculated following the equation stated below.

1/(A–Ao) = 1/{Ka(Amax–Ao) [Ni2+]n} + 1/[Amax–Ao]

Here, Ao is the absorbance of receptor in the absence of guest, A is the
absorbance recorded in the presence of added guest, Amax is the absor-
bance in the presence of added [Ni2+]max and Ka is the association con-
stant (M−1). The association constant (Ka) could be determined from
the slope of the straight line of the plot of 1/(A–Ao) against 1/[Ni2+]n,
here n = 1. The association constant (Ka) as determined by UV–Vis
titration method for sensor with Ni2+, is found to be 2.08 × 105 M−1.
2.4. Computational method

All computations were performed using the Gaussian09 (G09) pro-
gram [26] in B3LYP method [27,28]. The 6–31 + G(d) basis set was
assigned for C, H, N and O atoms [29]. The LANL2DZ basis set with effec-
tive core potential was employed for the Ni atom [30–32]. The vibra-
tional frequency calculations were performed to ensure that the
optimized geometries represent the local minima of potential energy
surface and there are only positive eigen-values [33]. The lowest 40 sin-
glet–singlet vertical electronic excitations based on B3LYP optimized
geometrieswere computed using the time-dependent density function-
al theory (TDDFT) formalism [34–36] in DMSO for HL and HL–Ni2+
Fig. 4. UV–Vis spectra of chemosensor (HL) (10 μM) upon addition of various metal ions
i.e. Ca2+, Mg2+, Mn2+, Fe3+, Al3+, Cr3+, Co2+, Zn2+, Cu2+, Cd2+ and Hg2+ (20 μM).
complex using conductor-like polarizable continuum model (CPCM)
[37–39] with the same B3LYP level and basis sets.

3. Results and discussion

3.1. Synthesis and formulation

The receptor, 2-[(1-methyl-2-benzimidazolyl)azo]-p-cresol (HL)
(Scheme 1) has been synthesized by coupling of diazotized 2-amino-
4-methylphenol with benzimidazole in alkaline medium. The com-
pound has been characterized by elemental and mass spectral analysis
along with other spectroscopic techniques (IR, UV–Vis, NMR etc.) (see
experimental section).

3.2. IR, NMR and mass spectral analyses

IR spectrum of the free receptor HL, show a broad stretching at
3373 cm−1 corresponding to υ(OH), the υ(C_N) and υ(N_N)
appeared at 1620 and 1419 cm−1. In the HL–Ni2+ complex, the band
at 3373 cm−1 disappears due to co-ordination while the υ(C_N) and
υ(N_N) appeared at 1594 and 1390 cm−1. The HRMS spectrum of
HL–Ni2+ complex shows a strong peak at 382.4 corresponding to
Na[Ni(L-H)Cl]+ species (Fig. S1) supporting 1:1 complex formation. In
a square planar environment, three coordination sites are satisfied by
the N, N, O donor of HL and the fourth site being occupied by a Cl−.
The square planar geometry of the complex is again supported by well
resolved 1HNMR spectrum. In the complex, the N-Me and –CH3 protons
appear at 3.85 and 2.19 (Fig. S2) respectively while that in the free re-
ceptor HL, they appear at a bit downfield position of 3.80 and 2.13 re-
spectively (Fig. S3). The broad singlet at 13.56 ppm corresponding to –
OH proton in the free ligand disappears in the complex suggesting the
coordination of oxygen atom to the nickel center. The aromatic protons
Fig. 6. Optimized structure of HL–Ni2+ complex by DFT/B3LYP method.



Fig. 7. Contour plots of HOMO, LUMO and HOMO–LUMO energy gap in HL and HL–Zn2+

complex.
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in case of HL–Ni2+ complex, appear at a bit downfield region compared
to that of the free receptor HL (Fig. S3).
3.3. Cation sensing studies of HL

3.3.1. UV–Vis study
The binding studies of receptor HL with different metal ions has

been carried out in DMSO–HEPES buffer (1:1, v/v, pH 7.4) solution.
Receptor HL (10 μM) shows an absorbance band at 403 nm. Addition
of NiCl2 (100 μM) solution causes decrease in intensity of the absorption
band at 403 nm and a new absorption band appears at 600 nmwith an
isosbestic at around 500 nm (Fig. 1). This indicates the formation of a
complex between the receptor HL and Ni2+. Due to the complexation
with Ni2+, distinct color change occurs from orange yellow to blue
(Fig. 2). Furthermore the sensing ability of HL with Ni2+ at different
pH has also been studied. At lower pH, the receptor HL has no significant
response to Ni2+ in absorption spectroscopy,may be due to protonation
of the receptor HL. The absorbance at 600nm is inmaximumand almost
constant in the pH range of 7.0 to 9.0, above pH 9.0, the absorbance is
gradually decreased (Fig. 3). It indicates that the receptor may be suit-
able for biological applications at the physiological pH. UV–Vis spectrum
of HL is also studied in the presence of other metals i.e. Ca2+, Mg2+,
Mn2+, Fe3+, Al3+, Cr3+, Co2+, Zn2+, Cu2+, Cd2+ and Hg2+ but no sig-
nificant changes are observed in either of the cases (Fig. 4). Actually, the
cavity of HL binds selectivelywith Ni2+ due to the proper sizematching
of the analyte with that of the binding site.
Table 1
Vertical electronic transitions in HL calculated by TDDFT/B3LYP/CPCMmethod using DMSO as

Eexcitation (eV) λexcitation (nm) Osc. strength (f)

2.7736 447.0 0.2528
4.2158 294.1 0.1762

Table 2
Vertical electronic transitions in HL–Ni2+ complex calculated by TDDFT/B3LYP/CPCMmethod

Eexcitation (eV) λexcitation (nm) Osc. strength (f) Key

1.8642 665.1 0.0289 (83
1.9860 624.3 0.1786 (79
2.2737 545.3 0.0206 (69
3.0231 410.1 0.2022 (87
The selectivity of HL for Ni2+ is studied in the presence of other
metal ions such as Ca2+, Mg2+, Mn2+, Fe3+, Al3+, Cr3+, Co2+, Zn2+,
Cu2+, Cd2+ and Hg2+. The intensity of the absorption band at 600 nm
due to formation of HL–Ni2+ complex is not at all disturbed due to the
presence of other metal ions simultaneously in the solution (Fig. 5).
Thus HL shows an excellent binding affinity for Ni2+ even in the pres-
ence of other metal ions and HL can detect Ni2+ very rapidly in other
physiological samples where other metal ions like Ca2+, Mg2+, Mn2+,
Fe3+, Al3+, Cr3+, Co2+, Zn2+, Cu2+, Cd2+ and Hg2+ usually coexist
with the analyte.

Job's plot reveals that the maximum absorption at 600 nm corre-
sponds to mole fraction at 0.5 (Fig. S4), while intensity at 403 nm is
minimized at mole fraction 0.5 (Fig. S5). Thus it clearly indicates that
the complex formation between Ni2+ and HL has the stoichiometric
ratio of 1:1. Themole ratio plot also reflects that the absorption intensity
at 600 nm increases till the mole ratio of the analyte to the receptor HL
reaches ~1.0, thus indicating 1:1 complex formation (Fig. S6).

From UV–Vis spectral change, limit of detection of the chemosensor
for Ni2+, is determined using the equation LOD= K × SD / S, where SD
is the standard deviation of the blank solution and S in the slope of the
calibration curve (Fig. S7). The limit of detection for Ni2+ is 0.14 μM
from UV–Vis spectral titration. This result clearly demonstrates that
the chemosensor is highly efficient in sensing Ni2+ even in very minute
level. The association constant of Ni2+ for the receptor HL is found to be
2.074 × 105 M−1 (Fig. S8).
3.4. Electronic spectra and DFT calculation

To get detailed insight into the interaction of HL with Ni2+, the DFT
studies of the proposed square planar nickel complex has been carried
out. In a square planar environment, three coordination sites are satis-
fied by the N, N, O donor of HL, and one site being occupied by a Cl−

(Fig. 6). The calculated N = N(azo) bond distance of the free receptor
corresponding to 1.267 Å has been significantly enhanced to 1.298 Å
in nickel complex, supporting coordination of azo-N to nickel center,
while the C–O bond distance in HL decreased from 1.349 Å to 1.289 Å
due to coordination. The proposed geometry is supported by mass
spectral analysis of HL–Ni2+ complex and NMR studies.

The calculated energy and composition of selected molecular
orbitals of Ni2+ complex are summarized in Table S1. Contour plots of
selected molecular orbitals of HL–Ni2+ complex are given in Fig. S9.
The HOMO–LUMO gap of HL is significantly decreased from 3.13 eV to
2.32 eV in Ni2+ complex and thus influenced the solution spectrum
which is in good agreement with the red shift in solution spectra
(Fig. 7).

The changes in electronic spectrum of HL upon complexation with
Ni2+ have been interpreted by TDDFT calculations. In free receptor HL,
the experimental bands at 403 nm and 282 nm correspond to
HOMO → LUMO and HOMO-5 → LUMO + 1 transitions respectively
(Table 1). In the complex, the low energy band has been observed at
solvent.

Key transitions Character λexpt. (nm)

(97%) HOMO → LUMO π → π 403
(69%) HOMO-5 → LUMO + 1 π → π⁎ 282

using DMSO as solvent.

transitions Character λexpt. (nm)

%) HOMO-4 → LUMO + 1 π(L) → dπ(Ni), LMCT 644
%) HOMO → LUMO π(L) → π⁎(L), ILCT 600
%) HOMO-5 → LUMO + 1 dπ(Ni) → dπ(Ni), d-d 562
%) HOMO-3 → LUMO π(L) → π⁎(L), ILCT 393



Fig. 8. Theoretical spectra of HL (—) and HL–Ni2+ complex (—) calculated by TDDFT/
B3LYP/CPCMmethod using DMSO as solvent.
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600 nm along with two shoulders at 644 nm and 562 nm. The intense
band at 600 nm, corresponds to the calculated HOMO → LUMO transi-
tion at 624 nm with moderate oscillator strength, f = 0.1786, having
ILCT character. The transitions at 644 nm (HOMO-4 → LUMO + 1)
and 562 nm (HOMO-5→ LUMO+ 1) correspond to the experimentally
obtained weak transitions at 665 nm and 545 nm having LMCT and d-d
character respectively. The band at 393 nm is well corroborated with
the calculated transition at 410 nm having ILCT character for HOMO-
3 → LUMO transition (Table 2). The changes in electronic spectra due
to complex formation are also reflected in the theoretically calculated
spectra of HL and HL–Ni2+ (Fig. 8).

4. Conclusion

The sensing ability of the receptor HL for Ni2+ has been extensively
studied using UV–Vis spectroscopy. HL shows distinct color change
from orange yellow to blue, visible under the naked eye, due to specific
binding with nickel(II). Interference study also shows that HL is highly
efficient in detecting Ni2+ over all other metal ions that commonly co-
exist with Ni2+ in physiological and environmental samples. Thus HL
provides a pathway for a very rapid, sensitive and selective detection
of Ni2+.
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