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________________________________________________________________________ 

Abstract 

A new quinazoline functionalized benzimidazole-based fluorogenic chemosensor H3L is 

synthesized and fully characterized by conventional techniques including single crystal X-ray 

analysis. It acts as a highly selective colorimetric and fluorescence sensor for Cu2+ ions in 

DMF/0.02 M HEPES (1:1, v/v, pH = 7.4) medium. Reaction of H3L with CuCl2 forms the 

mononuclear copper(II) [Cu(Cl)(H2L)(H2O)] (H2L-Cu
2+

) complex which is characterized by 

conventional techniques and quantum chemical calculations. Electronic absorption and 

fluorescence titration studies of  H3L with different metal cations show a distinctive recognition 

only towards Cu2+ ions even in the presence of other commonly coexisting ions such as Li+, Na+, 

K+, Mg2+, Ca2+, Fe2+, Fe3+, Mn2+, Co2+, Ni2+, Zn2+, Cd2+ and Hg2+. Moreover, H2L-Cu
2+ acts as a 

metal based highly selective and sensitive chemosensor for S2-  ion  even in the presence of other 

commonly coexisting anions such as F-, Cl-, Br-, I-, SO4
2-, SCN-, AcO-, H2PO4

-, PO4
3-, NO3

-, 

ClO4
-, NO2

-, HSO4
-, HSO4

2-, S2O3
2-, S2O8

2-, CN-, CO3
2- and HCO3

-  in DMF/0.02 M HEPES (1:1, 

v/v, pH = 7.4) medium. Quantification analysis indicates that these receptors, H3L and H2L-
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Cu
2+

, can detect the presence of Cu2+ and S2- ions at very low concentrations of 1.6 × 10-9 M and 

5.2 × 10-6 M, respectively. The propensity of H3L as a bio-imaging fluorescent probe to detect 

Cu2+ ions and sequential detection of S2- ions by H2L-Cu
2+ in Dalton lymphoma (DL) cancer 

cells is also shown.   

_________________________________________________________________________ 

Introduction 

Designing and development of selective and sensitive chemosensors for the detection of metal 

ions and anions is an area of growing interest owing to its important role in a wide range of 

environmental, clinical, chemical and biological applications.1-5 Among the various metal cations 

present in the human body, Cu2+ is the third most abundant transition one and plays an important 

role in fundamental physiological processes. In addition, copper dependent enzymes can also act 

as catalysts to help a number of body functions to provide energy for biochemical reactions, 

transform melanin for pigmentation of the skin, assist the formation of crosslinks in collagen and 

elastin, and thereby maintain and repair connective tissues.6-8 However, at higher concentration, 

it can damage the central nervous system, affect blood composition, kidneys, liver, lungs and 

other vital parts of the human body.9 Owing to its significant role in various biological processes, 

the search for a selective fluorescence chemosensor for rapid detection of Cu2+ ions has become 

an increasingly demanding area of research.10,11 

On the other hand, sulfide anion, a toxic, hazardous and traditional pollutant, is widely spread in 

the environment.12 Hydrogen sulfide has also been found endogenously produced in endothelium 

cells and plays important roles in biological systems.13 However, exposure to a high level of 

sulfide can lead to various physiological and biochemical problems.14 Sulfide ion becomes even 
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more toxic once it gets protonated to produce HS- or H2S. Therefore, its detection and 

determination have become very important from industrial, environmental and biological points 

of view, and a great effort has been given to the development of suitable analytical techniques.15 

Among the conventional methods, chemosensors that rely on fluorescence or colorimetric 

responses can provide the most simple, inexpensive and rapid method to detect sulfide. 

Therefore, strategies to the design and development of these chemosensor systems have attracted 

a significant attention.16  But such a type of approach has largely been devoted towards the 

development of cations targeting chemosensors and their bioimaging studies in living cells.4,5 On 

the contrary, only a limited number of systems has been devised for bioimaging studies of 

fluorescent chemosensors for anions or sulfide anion detection,17 presumably due to strong 

hydration which weakens the interactions of the chemosensors with the target anions.18  

  This drawback can however be overcome by using a metal displacement approach, which 

is of great interest and based on the larger stability constant of a metal-anion complex than that 

of a complex of a metal and its chemosensor.19 Sulfide is known to react with copper ion to form 

very stable CuS with a very low solubility product constant Ksp = 6.3 × 10-36 (for cyanide Ksp = 

3.2 ×10-20).20 Thus, the utilization of the higher affinity of Cu2+ towards sulfide for designing a 

metal based S2- fluorescence chemosensor has received considerable attention because these 

chemosensors show a greater S2- binding affinity than organic receptors.21 

Thus, in view of the importance of  both Cu2+ and S2- ions and taking also in consideration that 

no benzimidazole-based chemosensor for S2- detection has been previously exploited in live cell 

imaging studies, we present herein a highly selective and sensitive benzimidazole-based 

chemosensor H3L for the rapid detection of Cu2+ and sequential recognition of S2- by the derived 
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complex [Cu(Cl)(H2L)(H2O)] (H2L-Cu
2+), towards their application in bioimaging studies in 

aqueous medium. 

Experimental Section 

Materials and Physical Measurements 

Solvents were dried and distilled prior to their use following standard procedures.22 Reagent 

grade chemicals were used throughout and HPLC grade solvents were employed for 

spectroscopic studies. 2-(2-aminophenyl)-1-H-benzimidazole, 2,3-dihydroxybenzaldehyde, all 

the metal salts (98.0% purity) and CuCl2. 2H2O were purchased from Sigma Aldrich Chemical 

Co. and used as received. IR spectra were recorded on a Bruker Alpha Fourier transform infrared 

(FT-IR) spectrometer. 1H (300 MHz) and 13C (75.45 MHz) NMR spectra were obtained at room 

temperature (RT) on a Bruker 300 MHz spectrometer using tetramethylsilane [Si(CH3)4] as an 

internal reference. Emission spectra at room temperature were recorded on a PerkinElmer 

Fluorescence Spectrometer (LS-55) in DMF/0.02 M HEPES (1:1, v/v, pH = 7.4) medium. 

Electrospray ionization mass spectrometric data (ESI-MS) were acquired in methanol on a 

Bruker Micro TOF QII, and THERMO Finningan LCQ Advantage Max ion trap Mass 

Spectrometer. 

Synthesis of 3-(5,6-dihydrobenzoimidazo-1,2-quinazolin-6-yl)benzene-1,2-diol (H3L) 

 2-(2-aminophenyl)-1H-benzimidazole  (0.418 g, 2.0 mmol) dissolved in ethanol (50 mL) was 

added to the ethanolic solution (10 ml) of 2,3-dihydroxybenzaldehyde (0.276 g, 2.0 mmol) and 

the resulting mixture was refluxed for 5 h. An off-white residue was isolated by removal of 

solvent at reduced pressure and washed several times with hexane and dried in vacuum. Pale 
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brown crystals suitable for X-ray analysis were obtained after two weeks by slow evaporation of 

N,N-dimethylformamide (DMF)/water solution. Isolated yield = 0.55 g (80%). Anal. Calcd for 

C20H15N3O2: C, 72.94; H, 4.59; N, 12.76; Found C, 73.25; H, 4.85; N, 12.89. IR (KBr pellets, 

cm−1): 3378 (νstrO−H), 3257 (νstrN-H). 1H NMR (DMSO-d6, 300 MHz, δH, ppm): 9.64 (s, 1H, 

Ηb), 9.09 (s, 1H, Ηa), 7.96 (d, 1H, J = 7.5 Hz, H-1), 7.64 (d, 1H, J = 7.8 Hz, H-4), 7.24 (s, 1H, H-

9), 7.19 (d, J = 9 Hz, 1H, H-8), 7.10 (t, 2H, H-6 and H-7), 7.06 (s, 1H, H-10), 6.86 (d, J = 9 Hz, 

1H, H-5), 6.80 (t, 2H, H-2 and H-3), 6.70 (d, J = 9 Hz, 1H, H-11), 6.45(t, 1H, H-12), 6.19 (d, J = 

9 Hz, 1H, H-5). 13C NMR (DMSO-d6, 75.45 MHz, δC, ppm): 147.6, 145.9, 144.4, 143.9, 142.9, 

133.4, 131.9, 127.5, 125.0, 122.6, 122.4, 119.7, 119.0, 118.2, 116.8, 115.9, 115.2, 111.9, 110.7, 

63.2. ESI-MS in CH3OH m/z 330.10 (Calcd. 330.12) for [H3L + H]+and 352.11 (cacld.352.35) 

for [H3L + Na]+ . UV/vis λmax, nm (ε, M–1cm–1) in DMF/0.02 M HEPES (1:1, v/v, pH = 7.4): 338 

(1.24 × 104) and 274 (1.77 × 104).  

Synthesis of the monocopper(II) complex [H2L-Cu
2+] 

An aqueous solution of CuCl2.2H2O (0.170 g, 1.0 mmol) was added dropwise to an ethanolic 

suspension of H3L (0.329 g, 1.0 mmol) with constant stirring.  The reaction mixture turned dark 

brown immediately and was stirred for 2 h at room temperature. The resulting solution was 

filtered and kept for crystallization. Brownish crystalline materials were deposited after a couple 

of days.  Yield: 0.249 g (50%). Anal. Calcd for C20H16ClCuN3O3: C, 53.94; H, 3.62; N, 9.44; 

Found C, 54.10; H, 3.81; N, 9.58. IR (KBr pellets, cm−1): 3422 (νstrO−H). ESI-MS in CH3OH 

m/z 391.00 (Calcd. 391.04) for [Cu(H2L)]+. UV/vis λmax, nm (ε, M–1cm–1) in DMF/0.02 M 

HEPES (1:1, v/v, pH = 7.4): 392 (1.09 × 104) and 281 (3.16 × 104). 

Sensor Studies  
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Stock solutions of the H3L and H2L-Cu
2+ for electronic absorption and fluorescence (5 µΜ) 

titration studies were prepared in DMF/0.02 M HEPES (1:1, v/v, pH = 7.4) medium. The 

solution of respective metal ions (Li, Na+, K+, Mg2+, Ca2+, Mn2+, Co2+, Ni2+, Cu2+, Fe2+, Zn2+, 

Cd2+, Cu2+ and Hg2+) were prepared by dissolving their chloride salts in triple distilled water (1 

mM). In a typical titration, the solution of H3L and H2L-Cu
2+ were taken in a quartz cuvette (3.0 

mL; path length, 1 cm) and diluted stock solution of the metal ions were added gradually with 

the help of a micropipette. The spectral changes for H3L and H2L-Cu
2+ were recorded as a 

function of metal ions added and all experiments were repeated thrice. 

Crystal Structure Determination 

Suitable crystal for single crystal X-ray analyses of H3L was obtained from slow evaporation of  

DMF (N,N-dimethylformide)/water. The crystal was mounted in a nylon loop and measured at 

296 K. Intensity data were collected using a Bruker APEX-II PHOTON 100 diffractometer with 

graphite monochromated Mo Kα (λ = 0.71069 nm) radiation. Data were collected using phi and 

omega scans of 0.5° per frame and a full sphere of data was obtained. Cell parameters were 

retrieved using Bruker SMART23a software and refined using Bruker SAINT23a on all the 

observed reflections. Absorption corrections were applied using SADABS.23a Structure was 

solved by direct methods by using the SHELXS-97 package23b and refined with SHELXL-

2013.23b Calculations were performed using the WinGX System-Version 1.80.03.23c All non-

hydrogen atoms were refined anisotropically. The hydrogen atoms bonded to carbon were 

included in the model at geometrically calculated positions and refined using a riding model. The 

hydrogen atoms bound to O- and N-atoms were located in the difference Fourier synthesis and 

refined with the help of distance restraints. During the refinement of the structure, electron 
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density peaks were located and believed to be two highly disordered DMF molecules (by 

counting the number of electrons suppressed). All the attempts made to model these solvent 

molecules were not successful and they were removed using the SQUEEZE routine from 

PLATON.23d  The reported final sum formula contains all atoms that are most possibly present in 

the crystal and thus contributed to the scattering.  

 

Computational Details 

The full geometry optimization of the copper complexes has been carried out at the DFT level of 

theory using the M06-2X functional with the help of the Gaussian-09 program package.24 The 

relativistic Stuttgart pseudopotential that described 10 core electrons (MDF10) and the appropriate 

contracted basis set were employed for the Cu atom while the standard basis set 6-31G* was 

applied for all other atoms.25 The single-point calculations were then performed with the 6-

311+G** basis set for all non-metal atoms. No symmetry operations have been applied for any of 

the structures calculated. The Hessian matrix was calculated analytically for the optimized 

structures in order to prove the location of correct minima (no imaginary frequencies) and to 

estimate the thermodynamic parameters, the latter being calculated at 25 °C. 

Total energies corrected for solvent effects (Es) were estimated at the single-point calculations on 

the basis of gas-phase geometries using the polarizable continuum model in the CPCM version 

with water taken as solvent.26 The UAKS model was applied for the molecular cavity and 

dispersion, repulsion and cavitation terms were taken into account. The entropic term for the 

water solvent (Ss) was calculated according to the procedure described by Wertz and Cooper and 

Ziegler using equation:27, 28 
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Ss = Sg + [(–14.3 cal/mol•K) – 0.46(Sg – 14.3 cal/mol•K) + 7.98 cal/mol•K] 

Where Sg is the gas-phase entropy of solute. The enthalpies and Gibbs free energies in solution 

(Hs and Gs) were estimated using the expressions: 

Hs = Es(6-311+G**) – Eg(6-311+G**) + Hg(6-31G*) 

                                   Gs = Hs – T•Ss 

Where Eg and Hg are the gas-phase total energy and enthalpy calculated at the corresponding 

level. 

Measurement of cytotoxicity by MTT assay 

The MTT assay29 has been applied to evaluate the cytotoxicity of chemosensor H3L and 

its copper(II) complex H2L-Cu
2+ on live DL cells before fluorescence imaging. To estimate the 

cell viability and proliferation, Dalton's lymphoma (DL)  (Murine lymphoma) cells were seeded 

at 2.5×104 cells/well in RPMI-1640 medium with 10% Fetal Bovine Serum (FBS) in 96-well 

plates. Seeded DL cells were treated with increasing concentrations of H3L and H2L-Cu
2+ 

dissolved in DMSO (stock solution, 100 mM)  and diluted with RPMI-1640 (the concentration of 

DMSO did not exceed 0.1% v/v) and incubated for 24 h. After incubation the cells were washed 

with PBS and MTT was added (c, 0.5 µg/100 µL). These were again incubated for 2 h at 37 °C 

and the formazan crystals formed were dissolved in DMSO. After 30 min the absorbance (at 570 

nm) was measured using an ELISA plate reader. The results were expressed as percentage of the 

cell viability with respect to control.  

Dose response curves were obtained by plotting the percent cell survival (percent control) vs. the 

drug concentration. Percent control was calculated using the following formula: 
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% Control = [Mean O. D. of Drug treated well/Mean O. D. of control well] × 100 

Cell imaging experiment 

DL (1 × 10-6) cells were incubated with H3L (5 µM) in RPMI-1640 with 10% FBS (Fetal 

Bovine Serum) for 1 h at 37 °C. CuCl2 (5 µM) was added to the DL cells with H3L for 0.5 h and 

further Na2S (5 and 10 µM, respectively) was added for 0.5 h. Cells were washed with PBS and 

fluorescent images were captured by fluorescent microscope (Evos FL, Life technologies) in 

phase contrast and blue channel simultaneously.  

Results and Discussion 

Synthesis and Characterization 

The chemosensor H3L was synthesized (ca. 80 % yield) by condensation of 2-(2-aminophenyl)-

1H-benzimidazole with 2,3-dihydroxybenzaldehyde (1:1) in ethanol and the corresponding 

monocopper(II) complex [Cu(Cl)(H2L)(H2O)] (H2L-Cu
2+) was prepared (ca. 50 % yield) by 

reacting H3L with CuCl2.2H2O in an ethanol-water binary mixture (Scheme 1).  

 

 

 

 

 

        Scheme 1. Synthesis of the chemosensor H3L and its copper(II) complex H2L-Cu
2+. 
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Both H3L and H2L-Cu
2+ were fully characterized by elemental analyses, IR, 1H and 13C (in the 

case of H3L) NMR and ESI-MS techniques. The crystal structure of H3L was further confirmed 

by single crystal X-ray crystallography analysis. The 1H NMR spectrum of H3L exhibits two 

distinct singlets due to the two phenolic (-OH) protons at δ 9.64 (-OHb) and δ 9.09 (-OHa), 

respectively (Fig. S1, ESI). The signals at δ 7.24 and 7.06 are assigned to -NH (H-9) and -CH 

(H-10) of the quinazoline ring (Fig. S1, ESI). The 13C NMR spectrum also agrees with the 

formula (Fig. S2, ESI). The positive ion ESI mass spectrum of H3L (Fig. S3, ESI) displays peaks 

at m/z = 330.10 (calcd. 330.12) and 352.11 (calcd. 352.35) corresponding to [M + H]+ and [M + 

Na]+, respectively. The chemosensor H3L derived copper(II) complex H2L-Cu
+2 shows a major 

peak at m/z = 467.76 (calcd. 467.10), assigned to the [Cu(Cl)(H2L)(H2O) + Na]+ species, 

followed by a peak at m/z = 391.26 (calcd. 391.04), assigned to [Cu(H2L)]+, which strongly 

supports the formation of the complex H2L-Cu
+2 (Fig. S4, ESI). Further, the simulated isotopic 

mass distribution (Fig. S5, ESI) (obtained using http://www.chemcalc.org) and observed (Fig. 

S5, ESI) isotopic mass distribution of H2L-Cu
+2 at m/z = 467.76 are in good agreement with the 

proposed formulation of H2L-Cu
+2. 

A crystal of H3L suitable for X-ray diffraction analysis was obtained by slow evaporation 

from a DMF and water solution. It crystallizes in the C 2/c monoclinic system (Fig. 1), its 

asymmetric unit comprising one molecule of the compound and half of a molecule of water. The 

formation of the quinazoline skeleton is clearly evidenced. Crystallographic data and refinement 

parameters are summarized in Table 1 and selected bond distances and angles are presented in 

the legend of Fig. 1.  

 

 

Page 10 of 32Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



11 

 

 

 

 

 

 

 

 

Fig. 1. Ball and stick representation of H3L. The crystallization water molecule was omitted for 

clarity. Selected bond distances (Å) and angles (º): C14–N1 1.446(4), C14–N3 1.456(4), C14–

C15 1.536(4), C16–O1 1.369(4), C17–O2 1.376(4); N1–C14–N3 106.9(3), N1–C14–C15 

113.7(3), N3–C14–C15 111.7(2). 

No suitable crystals for X-ray diffraction studies were obtained for the H2L-Cu
2+ complex. 

However, apart from the consistent elemental, IR and ESI-MS+ data (see above), its 1:1 

ligand:metal stoichiometry is confirmed by 1H NMR studies, whereas the complete formula 

[Cu(Cl)(H2L)(H2O)] is established by quantum chemical calculations, as shown below. 

1
H NMR studies  

We have performed 1H NMR titration studies to confirm the deprotonation of a phenolic OH 

group and the 1:1 stoichiometry between H3L and Cu
2+ ion in DMSO-d6 (Fig. 2). Upon addition 

of Cu2+ (0.5 equiv) to a solution of H3L, the resonance due to the phenolic protons -OH (Ha and 

Hb; δ 9.71 and 9.15) shifted marginally and appeared at δ  9.86 and 9.18, respectively. Further 

Page 11 of 32 Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



12 

 

additions of Cu2+ (~1.0 equiv.) led to complete disappearance of the phenolic -OHa, while the 

signal due to the -OHb proton shifted significantly and appeared in the downfield region at 

δ 10.13 (Fig. 2). The disappearance of the -OHa proton confirms the participation of this group 

upon deprotonation in complex formation, which is in accord with the quantum chemical 

calculations (see below) of the proposed structure of H2L-Cu
2+. Moreover, it is noteworthy to 

mention that a well resolved 1H NMR spectrum for H2L-Cu
2+ could not be obtained due to the 

paramagnetic character of the Cu2+(d9) system which also accounts for the decreased spectral 

resolution upon addition of Cu2+.30  

 

 

 

 

 

 

 

 

Fig. 2. 
1H NMR titration spectra (stacked) of H3L in the presence of Cu2+ at room temperature in    

DMSO-d6. 

Quantum chemical calculations 
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Since, after several attempts, crystals of the copper complex H2L-Cu
2+

 suitable for X-ray 

analysis could not be obtained, the possible structure of this species was investigated by 

theoretical DFT methods. Five of the most plausible structures of this complex were fully 

optimized (Fig. 3). In the structures a-c described by the general formula [Cu(Cl)(H2L)(H2O)],  

the simply deprotonated H2L
- ligand exhibits a bidentate coordination mode, of either O,N- or 

O,O- type. Structure a with the coordinated amino N atom is significantly more stable than both 

b and c (by 18.4 and 11.3 kcal/mol, respectively, in terms of ∆Gs). The calculated spin density in 

all a-c structures exhibits a noticeable delocalization between the Cu ion and the donor atoms of 

the ligands (Fig. 4), the spin density value at the Cu atom being 0.73-0.78 e. 

 

 

 

 

 

 

 

 

Fig. 3. Calculated structures of H2L-Cu
2+

. The most stable one is a. 
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Fig. 4. Spin density distribution in complex [Cu(Cl)(H2L)(H2O)] (a). 

The optimization of another bidentate structure, [Cu(HL)(H2O)2], with two O donor atoms 

resulted in the extrusion of one water ligand to the second coordination sphere to give complex 

[Cu(HL)(H2O)](H2O) (d). The calculated ∆Gs values of its formation from a [reaction (1)] is 

highly positive (37.6 kcal/mol) indicating the low thermodynamic stability of d. The spin density 

is delocalized among the oxygen and carbon atoms of the ligand HL2- and it is virtually zero at 

Cu (Fig. S6, ESI), indicating the oxidation state +1 of the metal and a non-innocent character of 

HL2- in this structure. 

 

 [Cu(Cl)(H2L)(H2O)] (a) + H2O → [Cu(HL)(H2O)](H2O) (d) + HCl             (1) 

 

Structure [Cu(Cl)(H2L)] (e) with the tridentate ligand H2L
- is not stable and is transformed to the 

a type structure as a result of the geometry optimization. Finally, the addition of one water 

molecule to the seesaw type complex b led to the decoordination of the nitrogen atom and 

formation of the square-planar species [Cu(Cl)(H2L)(H2O)2] (f) with the monodentate H2L
- (Fig. 
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3). The energy of structure f was found to be 2.4 kcal/mol higher than the sum of the energies of 

a + H2O. Thus, the calculations indicate that the most stable coordination mode of the copper 

complex H2L-Cu
2+ is the bidentate one with the O and amino N donor atoms (structure a). 

pH-dependent behaviour of H3L and H2L-Cu
2+

 

In order to investigate the effect of pH on the emission properties of H3L, its fluorescence 

spectra (5 µM) in DMF/0.02 M HEPES at different pH (ca. 3-12) values were investigated (Fig. 

S7, ESI). The fluorescence spectrum of the H3L (5 µM) exhibits a strong emission at λ = 425 nm 

(λex = 365 nm) in DMF/0.02 M HEPES (1:1, v/v, pH = 7.4) medium. The decrease of 

fluorescence intensity at low pH values can be attributed to protonation of the quinazoline 

moiety which leads to proton-induced fluorescence quenching.31 Under high pH conditions, the 

base induced deprotonation of phenolic -OH may lead to photoinduced electron transfer (PET) 

from the electron-rich phenol moiety to the benzimidazole fluorophore, what could account for 

the fluorescence quenching of H3L.31 On the other hand, the fluorescence of  H2L-Cu
2+ does not 

vary within a very wide pH window (ca. 3-12) (Fig. S7, ESI). Thus, the pH of 7.4 was 

maintained throughout the sensor experiments. 

Cation sensing studies of H3L
 

The electronic absorption spectrum of H3L (5 µM) exhibits three prominent bands at 356, 302 

and 291 nm (ε  = 1.2 × 104, 2.5 × 104 and 2.3 × 104 M−1cm−1, respectively) (Fig. S8, ESI). The 

absorption band at 356 nm has been attributed to n-π* transitions, while the others have been 

assigned to the π−π* transitions.31 In order to examine the interaction of H3L with various 

cations, a solution of H3L was treated with 2 equiv. of chloride salts of Li+, Na+, K+, Mg2+, Ca2+, 
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Fe2+, Fe3+, Mn2+, Co2+, Ni2+, Zn2+, Cd2+, Cu2+ and Hg2+. No notable change was observed upon 

addition of any of these metal ions (Fig. 5A), with the exception of Cu2+ whose addition induced 

a significant change with appearance of  new bands at 300 and 430 nm (ε  = 3.9 × 104 and 0.66 × 

104 M−1cm−1, respectively). The appearance of the completely new band at 430 nm, strongly 

suggests the interaction of Cu2+ with a phenolic oxygen of H3L to form the complex H2L-Cu
2+

.
32 

 

 

 

 

 

Fig. 5. (A) Change in the absorption spectrum of the receptor H3L (5 µM) in the presence of 

various metal ions (2 equiv.) and (B) in the presence of increasing concentration (0-5 µM) of 

Cu2+ in DMF/0.02 M HEPES (1:1, v/v, pH = 7.4) (Inset shows the Benesi-Hildebrand plot). 

In order to determine the binding behaviour of H3L towards Cu2+ ion, titration experiments have 

been performed. Gradual addition of Cu2+ in increasing concentration (0-5 µM) led to the 

disappearance of the bands at 291 and 302 nm with the concomitant appearance of the new 

absorption band at 430 nm, attributed to the formation of the H2L-Cu
2+ complex. Reaction of 

H3L with Cu2+ was also evidenced from the change in the color of the solution, which gradually 

turned from colourless to light brown (Fig. S9, ESI). Moreover, the appearance of well-defined 

isosbestic points at 354 and 382 nm are consistent with an equilibrium between of H3L and its 
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copper(II) complex H2L−Cu
2+ in solution (Fig. 5B). The binding constant Kb was evaluated 

using the Benesi-Hildebrand equation (Kb = 3.8 × 104 M-1). The Job’s plot analysis at 425 nm 

revealed 1:1 stoichiometry for H3L and Cu
2+ (Fig. S10, ESI). 

In order to prove the selectivity of H3L towards Cu2+, we carried the fluorescence experiment of 

H3L with other alkali (Li+, Na+, K+), alkali-earth (Mg2+, Ca2+) and 3d-series (Mn2+, Fe2+, Fe3+, 

Co2+, Ni2+, Zn2+, Cd2+ and Hg2+) metal ions. As shown in Fig. 6A, H3L is highly fluorescent at  λ 

= 425 nm (λex = 365 nm) and addition of only Cu2+ leads to a dramatic fluorescence quenching 

response (ca. 58 fold), while the other metal ions, such as Li+, Na+, K+, Mg2+, Ca2+, Mn2+, Fe2+, 

Fe3+, Co2+, Ni2+, Zn2+, Cd2+ and Hg2+, do not led to any significant fluorescence quenching under 

identical spectroscopic conditions. These observations clearly indicate the excellent selectivity of 

the probe H3L towards only Cu2+.  

Fig. 6. (A) Change in the initial fluorescence intensity of chemosensor H3L (5 µM) in presence 

of 1.0 equiv. of different metal cations and (B) competitive selective binding affinity of H3L (5 

µM) towards Cu2+ in the presence of 1.0 equiv. of different metal cations in DMF/0.02 M 

HEPES (1:1, v/v, pH = 7.4) (The intensities were recorded at λem= 425 nm at room temperature).  
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To substantiate the practical applicability of H3L as a selective fluorescence probe for Cu2+ ions, 

we carried out a competitive fluorescence titration study with the aforesaid competing metal 

ions. Upon mixing with one equivalent of any other metal cation, the initial fluorescence 

intensity of H3L did not alter significantly (red bars, Fig. 6B).  However, subsequent addition of 

one equivalent of Cu2+ led to a fluorescence quenching (green bars), which further demonstrates 

the excellent selectivity and sensitivity of the sensor H3L for Cu2+ions even in the presence of 

other competing metal ions (Fig. 6B). To evaluate the rapid response of the probe H3L towards 

Cu2+, a time dependent fluorescence experiment of H3L with excess of Cu2+ (ca. 5.0 equiv.) was 

conducted, and ca. 58 fold decrease in fluorescence intensity was observed in just ca. 2.5 min, 

subsequently reaching saturation after ca. 5.0 min (Fig. S11, ESI).  

Fluorescence titration between H3L (5 µM) and Cu2+ (0-1 equiv.) in DMF/0.02 M HEPES (1:1, 

v/v, pH = 7.4) medium was carried out. Gradual addition of Cu2+ (0-1 equiv.) to a solution of 

H3L resulted in a decrease of the fluorescence intensity which quenched almost completely when 

1.0 equivalent of Cu2+ was employed (Fig. 7). This quenching possibly could be due to the 

paramagnetic and incomplete d shell of the Cu2+ ion. That eventually makes this ion to exhibit 

discernible quenching of the fluorescence intensity via electron- and/or energy-transfer process 

in complex formation.33 The Job’s plot (Fig. S12, ESI) analysis of the fluorescence titration 

profile of  H3L (5 µM) revealed a 1:1 stoichiometry between H3L and Cu2+ and the calculated 

Benesi-Hildebrand binding constant was found to be 2.6 × 104 M-1. Further, the fluorescence 

titration profile demonstrates that H3L has a detection limit of 1.62 nM (100 ppt) for Cu2+ (Fig. 

S13, ESI), which is comparable to the other reported Cu2+ chemosensors34  and below the 

acceptable level in drinking water and the typical concentration of  blood copper (15.7-23.6 M) 

in normal individuals as defined by the U.S. Environmental Protection Agency.35 
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Fig. 7. (A) Change in the fluorescence spectra upon gradual increase in concentration of Cu2+(0-

5 µM) in DMF/0.02 M HEPES buffer (1:1, v/v, pH = 7.4) medium at λ = 425 nm (λex = 365 nm). 

(B) Benesi-Hildebrand plot. 

 

Anion sensing studies of H2L-Cu
2+ 

In addition to the metal-ion sensing properties of H3L, we have also investigated the binding 

behaviour of the metal based chemosensor H2R-Cu
2+ towards different anions using absorption 

and fluorescence spectral techniques in DMF/0.02 M HEPES buffer (1:1, v/v, pH = 7.4) 

medium. The electronic absorption spectrum of  H2L-Cu
2+

 displays two absorption bands at 300 

and 430 nm (ɛ = 4.1 ×104 and 0.95 ×104 M−1cm−1, respectively) attributed to n−π* and π−π* 

transitions, respectively (Fig. S8, red line, ESI). Addition of an excess of F-, Cl-, Br-, I-, SO4
2-, 

SCN-, AcO-, H2PO4
-, PO4

3-, NO3
-, ClO4

-, NO2
-, HSO4

-, HSO4
2-, S2O3

2-, S2O8
2-, CO3

2- and HCO3
-  

to a solution of H2L-Cu
2+ (5 µM) did not show any significant change in the absorption (Fig. 

S14, ESI). However, addition of S2- or CN- led to significant changes in both the absorption and 

emission spectra of H2L-Cu
2+. In the absorption titration profile, gradual addition of S2- (1.0 

equiv.) to a solution of H2L-Cu
2+ led to a decrease in the absorption band intensity at 300 nm 
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accompanied by the development of two new bands at 291 and 302 (ε = 2.1 × 104
 and 2.6 × 104 

M−1cm−1, respectively) (Fig. 8A), what is attributed to the regeneration of the absorption bands 

of H3L, triggered by the decomplexation of H2L-Cu
2+. The well-defined isobestic points centred 

at λ = 378 nm and 359 nm also suggest the conversion into a new chemical entity in solution. 

The Benesi-Hildebrand binding constant (Kb) value estimated from the absorption (Inset Fig. 

8A) titration profiles is found to be 3.1 × 104 M-1.  An analogous spectral pattern is observed in 

the presence of 1.0 equiv of CN- in the absorption titration profile between H2L-Cu
2+ and CN- 

(Kb = 2.97 × 104 M-1) (Fig. S15, ESI). Furthermore, the changes observed in the absorption 

titration profiles between H2L-Cu
2+ and S2-/CN- are the reverse of those occurring during the 

titration between H3L and Cu2+. These results clearly demonstrate the decomplexation of H2L-

Cu
2+ by the sulfide and cyanide ions, leading to the free probe H3L.  

 

 

 

 

 

Fig. 8. Change in the absorption (A) and fluorescence (B) intensity (λex = 365 nm) of H2L-Cu
2+ 

(5 µM) upon gradual addition of a S2- solution in DMF/0.02 M HEPES (1:1, v/v, pH = 7.4) 

medium. Insets show the corresponding Benesi-Hildebrand plot (A) and titration curve of H2L-

Cu
2+ vs. the ratio of S2- and H2L-Cu

2+ concentrations (B). 
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In the fluorescence titration experiments, addition of S2- to a H2R-Cu
2+

 solution led to a 

significant increment in the fluorescence intensity at 425 nm and the emission reached its 

saturation when 2 equiv. of S2-  (relative to H3L) were added (Fig . 8B). This could be ascribed to 

the S2-  induced fluorescence enhancement, which can be accounted for by the Cu2+ displacement 

as shown in Fig. 9. In the absence of S2-  ions, the H2L-Cu
2+ complex shows a weak fluorescence 

emission, while in the presence of S2-, H2L-Cu
2+ undergoes displacement with decomplexation 

to form free H3L and  CuS in the medium,17 leading to a highly fluorescent ‘switch-on’ response  

with only 2 equiv. of S2-, due to the restoration of H3L (Fig. 9). This observation is further 

supported by the colour change of the H2L-Cu
2+ solution from light brown to colourless (Fig. 

S8, ESI). A similar spectral pattern was observed upon introduction of the CN- ion, but the 

emission reached its saturation only when 80 equiv. of CN- ion (relative to H3L) were added 

(Fig. S16, ESI). 

 

 

 

 

 

 

 

 

Fig. 9. Plausible mechanism for Cu2+ detection via H2L-Cu
2+ complex formation (Turn-off); and 

subsequent S2- recognition leading to decomplexation and to fluorescence revival of H3L (Turn 

on).   
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The Benesi-Hildebrand binding constant estimated from the fluorescence titration profile for S2- 

is 2.61 × 104 M-1 (Fig. 8A, Inset). 

Further, a competitive anion selectivity study was performed by adding S2- to a solution 

containing H2L-Cu
2+ and a tested anion (ca. 10 equiv.). The fluorescence response was 

monitered at λem = 425 nm (λex = 365 nm) and is presented as a bar diagram (Fig. 10). Although 

addition of any individual anion (10 equiv.) to H2L-Cu
2+ causes an insignificant change in the 

fluorescence intensity (except for CN-), this however fully increases upon addition of S2- due to 

the liberation of H3L. These experiments clearly indicate the favourable detection of S2- over the 

other anions.  

In order to evaluate the practical utility, the detection limit of H2L-Cu
2+ for S2- was also 

evaluated. Its value, 5.2 µM (Fig. S17, ESI), indicates that the H2L-Cu
2+ ensemble can be used 

as a good selective fluorescent sensor for S2-. Furthermore, time dependent fluorescence 

experiments of H2L-Cu
2+ with an excess of S2- (ca. 3 equiv) indicated complete resurgence in 

fluorescence intensity in just ca. 20 sec. (Fig. S18, ESI), also pointing that the complex H2L-

Cu
2+ behaves as an efficient and sensitive probe towards S2- ion recognition in aqueous media. 
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Fig. 10. (A) Change in the initial fluorescence intensities at λ = 425 nm (λex = 365 nm) of H2L-

Cu
2+ (5 µM) in the presence of 10 equiv. of different anions. (B) Competitive selective binding 

affinity of H2L-Cu
2+ (5 µM) in the presence of 10 equiv. of different anions in DMF/0.02 M 

HEPES (1:1, v/v, pH = 7.4) medium. 

In addition, in order to investigate the “off-on” property induced by S2-, the ESI-MS spectrum of 

the H2L-Cu
2+ with S2- was run. The molecular ion peak observed at m/z 328.53 (calcd. 328.34) 

(Fig. S19, ESI) is assigned to [H3L - H]-, further elucidating the mechanism of sensing of sulfide 

anions by decomplexation and revival of the chemosensor. 

Bioimaging studies 

The interesting photophysical properties of H3L for high selectivity, sensitivity and rapid-

response towards Cu2+ and subsequent recognition for S2- have further prompted us to extend our 

study to detect the Cu2+ and S2- ions in biological systems by live cell imaging experiments. The 

DL cancer cells incubated for 1 h at 37 °C with H3L (5 µM) showed considerable fluorescence 

due to the accumulation of H3L within the cells [Fig. 11(A)]. However, in contrast, the staining 

of the pre-incubated cells with Cu2+ (5 µM) for 0.5 h at 37 °C exhibited almost no fluorescence 

[Fig. 11(D)], and the subsequent addition of S2- (5 and 10 µM, respectively) regenerated the 

initial emission intensity of H3L [Figs. 11(G) and 11(J)]. This result implies that the 

chemosensor H3L is reversible and highly cellmembrane-permeable, and thus H3L can be used 

as a biosensor to probe the intracellular Cu2+ and S2- concentrations and investigate their 

bioactivity in living cells. 

 

Page 23 of 32 Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



24 

 

 

 

 

 

 

 

Fig. 11. Fluorescence images of H3L, Cu2+ and S2- in DL cells. (A) Cells loaded with H3L (5 

µM) probe (B) Phase contrast image of A. (C) Overlay of A and B. (D) Cells incubated with H3L 

(5 µM) and Cu2+ (5 µM) for 0.5 h. (E) Phase contrast image of D. (F) Overlay of D and E. (G) 

Cells treated with S2- (5 µM) to H2L + Cu2+ (5 µM) for 0.5 h. (H)  Phase contrast images of G. 

(I) Overlay images of G and H. (J) Cells treated with S2- (10 µM) to H2L + Cu2+ (5 µM) for 0.5 

h. (K) Phase contrast images of J. (L) Overlay images of J and K.  

Besides, the cell viability of H3L and H2L-Cu
2+ was evaluated using MTT assay (Fig. S19, ESI) 

with H3L and H2L-Cu
2+ over a range of concentrations for 24 h. The IC50 values of compounds 

(H3L, 75 µM and H2L-Cu
2+, 100 µM)  under investigation revealed that they do not negatively 

affect the cell viability over the full range of concentrations measured, indicating that they 

exhibit no serious cytotoxicity and could reasonably be used for intracellular detection. 

Therefore, the chemsensor H3L could be useful for detecting Cu2+ and sequential detection of S2- 

in biological systems. 

Conclusions  
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This work concerns the synthesis and characterization of a new quinazoline functionalized 

benzimidazole-based fluorogenic chemosensor H3L for selective and sensitive detection of Cu2+ 

ion and sequential recognition of S2- ion by the derived H2L-Cu
2+

 complex. In addition, it 

demonstrates that this new chemosensor can be utilized in live cell imaging of Cu2+ and S2- ions 

respectively. The excellent detection limits of H3L for Cu2+ (1.6 × 10-9 M ) and  H2L-Cu
2+ for 

S2- (5.2 × 10-6 M) can be useful in the detection of trace amounts of Cu2+ and S2- ions in 

biological and ecological samples.  
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            Table 1 Crystal data and structure refinement parameters for H3L 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

          

 

 

 

 H3L 

Empirical formula C46H46N8O7 
Crystal system monoclinic 

Space group C 2/c 

a (Å) 19.236(3) 
b (Å) 17.580(3) 
c (Å) 14.370(3) 

β (deg) 126.193(4) 
V (Å3), Z 3921.7(12) 

λ (Å) 0.71069 
Colour and habit bonze, block 

T (K) 296(2) 
reflns collected 37965 

Refins obs / unique 3884 / 2934 
Dcalcd (Mg m-3) 1.394 

µ (mm-1) 0.096 
GOF on F2 1.082 

Rint 0.0545 
final R indices I>2σ(I) R1 = 0.0870 

wR2 = 0.2331 
R indices (all data) R1 = 0.1070 

0.2453 
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