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1,3,5-Triaryl-2-pyrazoline derivatives with a pyridine ring in position 1 and 2-benzimidazolyl or 2-

benzothiazolyl bicycles in position 3 were synthesized. Spectral properties in solvents of similar 

polarity, i.e. aprotic acetonitrile and in protic methanol, were studied, complexation with cadmium 

and mercury ions in acetonitrile was elucidated as well. Quantum-chemical modeling with 

application of the elements of Bader's atoms-in-molecules (AIM) theory of the title molecules 

conformational structure and 1:1 stoichiometry complexes formed with polyvalent metals of 

various nature (Mg, Zn, Cd, Pb, Hg, Ba) was conducted. The principal possibility of “nitrogen-

sulfur” switching of the metal ions binding sites for the benzothiazole derivative was revealed, and 

makes possible to classify this compound as “smart ligand”. 

________________________________________________________________________________

Introduction  

Molecular design and investigation of 

aromatic organic compounds as analytical 

reagents for polyvalent metal ions remain 

highly important for several decades [1-6]. 

These studies have been triggered by the 

development of manufacturing of modern 

equipment for spectrophotometric and 

fluorometric analysis, which allows them to be 

more sensitive, cheap and convenient to fit up 

stationary and mobile laboratories for industrial, 

environmental, medical control etc. 1,3,5-

Triaryl-2-pyrazoline derivatives with a pyridine 

ring in position 1 and 2-benzimidazolyl or 2-

benzothiazolyl bicycles in position 3 were 

synthesized. Their spectral properties in 

solvents of similar polarity, i.e. aprotic 

acetonitrile and in protic methanol, were 

studied. Their complexation efficiency with 

cadmium and mercury ions in acetonitrile was 

determined using spectrophotometric and 

spectrofluorimetric methods. Quantum-
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chemical modeling of their conformational 

structure and complexes formed with polyvalent 

metals of various nature (Mg, Zn, Cd, Pb, Hg, 

Ba) in a stoichiometric ratio of 1:1 was 

conducted. Obtained results are analyzed using 

the elements of Bader's atoms-in-molecules 

(AIM) theory. The interaction with double-

charged metal ions has been revealed to occur 

with the participation of three binding sites in 

the studied organic ligands: the nitrogen atom 

of pyridine ring in position 1, the nitrogen atom 

of the pyrazoline ring in position 2, and the 

nitrogen or sulfur atom of the heterocycle in 

position 3. Thus, in all cases, tridentate chelate 

cavity is formed where the pyrazoline ring and 

the heterocycle in position 3 demonstrate the 

strongest binding with cations. In the 

conformation where cation’s coordination with 

the benzothiazole sulfur atom is possible, 

stronger coordination bonds are formed with 

pyrazoline and pyridine rings nitrogen atoms. 

The principal possibility of “nitrogen-sulfur” 

switching of the metal ions binding sites for the 

benzothiazole derivative was revealed. This fact 

makes it possible to classify the investigated 

pyrazoline derivatives as “smart ligands”.  

Traditionally, search for metal ions indicators 

includes derivatives of spiropyrane [7, 8], 

pyridine [9-12], fluorescein [13, 14], rhodamine 

[15-22] and flavonol [23-29] etc. 

Heteroaromatic compounds with closely 

disposed nucleophilic centers with potential to 

polyvalent metal ions binding can be considered 

as "smart ligands", which are able to adjust the 

three-dimensional structure of their binding 

sites to the size and physicochemical 

characteristics of individual ions. The definition 

"smart ligands" was commonly used in 

biophysics [30, 31], referring to the selective 

interaction of low molecular weight organic 

compounds with biological macromolecules, 

but in our opinion, its use in the field of 

analytical detection of metals [32] is possible as 

well. 

Our recent work [33] presented the 

synthesis of a series of 1,3,5-triarylpyrazoline 

derivatives with o-hydroxy group in the 

benzene cycle in position 3 and pyridine or 8-

hydroxyquinoline moiety in position 1 of the 

pyrazoline cycle. Other subjects of that work 

included spectral properties, intramolecular 

proton phototransfer reaction and qualitative 

study of complexation with polyvalent metal 

ions. It was also suggested that the binding 

centers for metal ions of different nature could 

be switched.  

The subject matter covered in this work, 

which is the continuation of the previous topic, 

is polyheterocyclic pyrazoline derivatives with 

benzimidazole or benzothiazole bicycle in 

position 3 and pyridine cycle in position 1. 

Quantum chemical calculations have been 

applied to model metal ions binding and to 

determine complexation center nature. 

Experimental part 
1H NMR spectra were registered with a 

Varian MR-400 spectrometer. Electronic 

absorption spectra were measured with the 
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Hitachi U-3210 spectrophotometer; 

fluorescence spectra and quantum yields – with 

the Hitachi 850 fluorimeter at a test substance 

concentration of 10-4-10-5 mol/l, an absorbing 

layer thickness of 10 mm and an excitation 

wavelength of 360 nm. 

Quinine bisulfate in 0.5 M aqueous 

H2SO4 (φ = 0.546) [34] was used as a reference 

to determine fluorescence quantum yields. 

Experimental studies of the 

complexation of compounds 3a,b with 

cadmium and mercury ions in acetonitrile was 

conducted with the help of spectrophotometric 

and fluorimetric methods using their salts - 

Cd(NO3)2 and Hg(OCOCH3)2. 

Quantum-chemical calculations were performed 

with electron density functional theory (DFT) 

method by means of the Gaussian 09 [35] 

software package using the electron density 

functional M06-2x [36] and an orbital basis cc-

PVDZ [37] for light atoms and ADZP [38, 39] 

(which takes into account internal electronic 

levels as well) - for heavy atoms. The analysis 

of electron density redistribution in the studied 

molecules and their complexes with metal ions 

was carried out using the elements of the Bader’ 

AIM theory [40-42] with the help of the 

AIM2000 [43] software. The computational 

time involving the extended ADZP basis for 

heavy atoms increases significantly in 

comparison with pseudopotential LanL2DZ 

[44], which we tested in our preliminary 

studies. However, wave functions of the 

complexes obtained in the latter case could not 

be processed using any kind of the software 

packages that implement AIM-analysis. 

The investigated derivatives of 1,3,5-

triaryl-2-pyrazoline were synthesized according 

to the following scheme:  

 

 

 

 

Scheme 1.  Synthesis of  1,3,5-triaryl-2-pyrazoline derivatives.

Intermediate chalcone derivatives 2a,b 

were obtained via the interaction of heterocyclic 

acetyl derivatives 1a,b with an equimolar 

amount of benzaldehyde under alkaline 

catalysis in methanol at 50°C. After dissolving 

initial compounds in alcohol and adding 

saturated KOH solution, the reaction mixture 

was kept overnight at the indicated temperature. 

Than the solvent was removed under reduced 

pressure, the obtained precipitate was 

recrystallized from acetonitrile.  

The synthesis of target pyrazoline 

derivatives was carried out by the treatment of 

stoichiometric amount of corresponding 
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chalcones with 2-pyridylhydrazine in ethanol in 

the presence of catalytic amount of alkali. After 

boiling the reaction mixture for 12 hours and 

removing the solvent under reduced pressure, 

yellowish crystals were obtained. The products 

3a,b formation was indicated by appearance of 

green fluorescence, and finally confirmed by 

the presence of pyrazoline cycle characteristic 

signals (ABC spin system) in their 1H NMR 

spectra.  

2-[5-phenyl-1-(pyrid-2-yl)-4,5-dihydro-

1H-pyrazol-3-yl]-1H- benzimidazole, 

compound 3a, 1Н NMR (400 MHz, DMSO-d6), 

δ (ppm): 3.17 (dd, J = 17.9, 5.2 Hz, 1H), 3.99 

(dd, J = 17.9, 12.4 Hz, 1H), 5.79 (dd, J = 12.3, 

5.0 Hz, 1H), 6.71 (t, 1H), 7.17 (m, 5H), 7.25 

(m, 2H), 7.48 (d, 2H), 7.55 (dd, 2H), 7.63 (t, 

1H), 7.97 (d, 1H). 

2-[5-phenyl-1-(pyrid-2-yl)-4,5-dihydro-

1H-pyrazol-3-yl]-benzothiazole, compound 3b, 
1Н NMR (400 MHz, DMSO-d6), δ (ppm): 3.21 

(dd, J = 17.9, 5.2 Hz, 1H), 4.06 (dd, J = 17.9, 

12.4 Hz, 1H), 5.90 (dd, J = 12.3, 5.0 Hz, 1H), 

6.78 (t, 1H), 7.20 (m, 3H), 7.27 (m, 2H), 7.45 

(m, 3H), 7.67 (t, 1H), 7.97 (m, 3H), 8.09 (d, 

1H). 

Results and discussions 

Experimental study of compounds 3a,b 

physicochemical characteristics was preceded 

by their quantum-chemical modeling. For the 

formation of complexes with metal ions, the 

predominant molecular conformation of the 

organic ligand is critically important, because it 

determines the geometry of the chelate cavity, 

the binding site for polyvalent cations. 

Molecular conformations of the title compounds 

are presented in Figure 1. Additional indices 

will be used in the corresponding abbreviations 

to indicate them and adjust spatial proximity of 

the nitrogen atom of pyrazoline cycle and one 

of the heteroatoms (N, NH or S) of the 

benzazole cycle in position 3. 

In the molecule of benzimidazole 

derivative 3a (Figure 1), intramolecular 

hydrogen bond is not formed, because of bond 

path and the critical point of (3, -1) type was 

not detected [42]. However, the 3aNH-N type 

conformation is almost 8.7 kcal/mole more 

energetically favorable, than 3аN-N. The 

calculated difference in energies is quite large, 

because it causes an almost complete shift of a 

probable conformational equilibrium in favor of 

the conformer 3aNH-N. Thus, the complexes 

formation with metal ions in the case of 

compound 3a will require a change in 

conformation, as the N-H group will interfere 

with cationic analytes binding to potential 

complexing sites – unshared electron pairs of 

nitrogen atoms in imidazole, pyrazoline and 

pyridine cycles. Besides, in the proton donor 

medium, the mutual transformation of 3aNH-N 

into 3aN-N and back will be significantly 

facilitated by proton exchange with the 

environment: the addition of a proton to the N3' 

atom will result in dissociation of the N1'-H 

bond. This is equivalent to the rotation of the 

benzimidazole moiety around the single bond, 

which connects it with the pyrazoline cycle. 
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The benzothiazole derivative exists 

mainly in the 3bS-N conformation, which is 5.7 

kcal/mole more energetically favorable (the 

fraction of alternative 3bN-N conformation will 

not exceed 0.1% under equilibrium conditions, 

as estimated according to Arrhenius). Thus, it is 

possible to assume a certain probability of 

participation of the sulfur atom of compound 3b 

in the formation of chelate complexes with 

heavy metal ions. 

In both cases, the nitrogen atom of the 

pyridine ring is spatially close to the nitrogen 

atom in position 2 of the pyrazoline cycle, 

forming a potential chelate cavity for cations 

coordination. 

  

3aNH-N      3aN-N 

  

3bS-N       3bN-N 

 

Figure 1.  Molecular conformations of benzimidazolic derivative 3a (top) and benzothiazolic derivative 3b (bottom) 

according to our quantum-chemical calculations in M06-2x/cc-PVDZ scheme. The bond path, critical points of 

chemical bonds and cycles (red and yellow points respectively) according to AIM theory are shown as well. 

  

Calculating the complexes geometry of 

the studied compounds with double-charged 

cations, we included two Cl- counter ions in all 

cases to form a generally electroneutral particle 

and to model (at least partially) the metal ion 

coordination sphere. For example, a double-

charged cadmium ion coordination number is 

estimated from 4 to 8 and in a real solution, its 
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free coordination valences will be occupied by 

acetonitrile molecules. The inclusion of the 

latter in their explicit form into this calculation 

would require overly much computational 

resources. 

Depending on spatial proximity of three 

nitrogen atoms in the corresponding N-N 

conformations of molecules 3a and 3b (or two 

nitrogen atoms and a sulfur atom in the case of 

compound 3b), it can be assumed that these 

compounds can form a tridentate chelate cavity 

into which the metal ion enters. This fact was 

confirmed with our further calculations for the 

studied compounds complexes with double-

charged cations of different size and electronic 

structure (Mg2+, Zn2+, Cd2+, Hg2+, Pb2+, Ba2+). 

Figure 2, as an example, provides the 

geometry of the complex of compound 3a with 

a cadmium ion and two Cl- counter ions. 

Complexes with other considered metal ions 

have a similar structure. 

 

 

 

Figure 2. Calculated geometry of compound 3a complex 

with cadmium ion and two Cl- counter ions (M06-2x/cc-

PVDZ, ADZP for cadmium atom). 

 

Coordination of Cd2+ cation with three 

nitrogen atoms is confirmed by the existence of 

corresponding bond paths and (3,-1) type bond 

critical points. Thus, the assumption we made in 

our previous publication [33] that there are 

separate binding sites in 1,3-dihetaryl-5-aryl-

pyrazoline molecules such as "pyrazoline-

pyridine" and "pyridine-benzazole" needs 

definite correction. In addition, one of the 

chloride anions forms a weak non-classical H-

bond with the hydrogen atom in the ortho 

position of benzene ring-5, which probably 

makes its contribution to the overall 

thermodynamic stability of the complex. 

To assess the relative stability of the 

formed complexes, we decided to estimate the 

pair interaction energies of the cation with the 

ligand atom forming a corresponding 

coordination bond with it. With this purpose, 

we used a semi-empirical model by Espinoza 

[45], the physical meaning of which is related to 

the energy characteristics (virial field function) 

of the chemical bond critical point of (3,-1) 

type. Espinoza’s model was initially proposed 

to estimate approximate energies of hydrogen 

bonds. Later it was extended to other types of 

weak noncovalent intermolecular and 

intramolecular interactions. As an example, we 

refer to the work [46] with relevant literary 

references and the authors’ discussion on this 

problem. 

The energy of formation of the complex 

should include the sum of the energies of the 

individual coordination bonds between the 

Cd2+ 
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cation and the binding centers in the ligand 

molecule – three nitrogen atoms or two nitrogen 

atoms and a sulfur atom. In our opinion, this is 

the meaningful parameter because it allows 

approximate estimating the energetic difference 

in the complexes stability with different cations. 

The determination of the coordination site 

nature was carried out by comparing of the sum 

of energies of individual coordination bonds 

evaluated according to Espinoza [45]. For 

example, zinc cation forms stronger 

coordination bonds with nitrogen atoms of 

pyrazoline and benzimidazole cycles of 

compound 3a in comparison with that of a 

pyridine cycle. Thus, it can be assumed that the 

latter contributes relatively less to Zn2+ cation 

binding. Numerical results of the calculations 

are shown in Table 1. 

 

 

Table 1. Calculated coordination bonds parameters of different metal cations with compounds 3a and 3b in their most 

favorable conformations for the formation of polydentate binding centers 

Cation, 

ionic 

radius, 

 Å [47] 

Binding center / interaction energy (kcal/mole) / distance 

Sums of binding energies with a pair of 2 binding centers out of 

all three existed 

Total 

interaction 

energy 

(kcal/mole) pyridyl (N) pyrazolinyl (N) 
benzimidazolyl (N) / 

benzothiazolyl (N/S) 

2-[5-phenyl-1-(pyrid-2-yl)-4,5-dihydro-1H-pyrazol-3-yl]-1H-benzimidazole, 3а 

Mg2+ 

0.72 Å 

N / 7.65 / 2.312 Å N / 11.06 / 2.218 Å N / 8.03 / 2.286 Å 
26.79 

18.75 19.09 

Zn2+ 

0.74 Å 

N / 12.00 / 2.400 Å N / 20.20 / 2.196 Å N / 13.34 / 2.346 Å 
45.54 

32.20 33.54 

Cd2+ 

0.95 Å 

N / 5.50 / 2.672 Å N / 12.56 / 2.397 Å N / 14.86 / 2.355 Å 
32.92 

18.06 27.42 

Hg2+ 

1.02 Å 

N / 8.91 / 2.723 Å N / 18.43 / 2.446 Å N / 15.93 / 2.498 Å 
43.28 

27.35 34.36 

Pb2+ 

1.19 Å 

N / 12.44 / 2.548 Å N / 16.83 / 2.444 Å N / 14.10 / 2.499 Å 
43.37 

29.26 30.93 

Ba2+ 

1.35 Å 

N / 6.19 / 2.863 Å N / 6.45 / 2.809 Å N / 5.31 / 2.891 Å 
17.95 

11.62 11.76 

2-[5-phenyl-1-(pyrid-2-yl)-4,5-dihydro-1H-pyrazol-3-yl]-benzothiazole, conformation 3bN-N 

Mg2+ N / 8.18 / 2.319 Å N / 11.85 / 2.168 Å N / 6.85 / 2.478 Å 26.79 
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0.72 Å 19.76 18.70 

Zn2+ 

0.74 Å 

N / 14.75 / 2.319 Å N / 21.96 / 2.168 Å N / 9.57 / 2.478 Å 
46.27 

36.71 31.52 

Cd2+ 

0.95 Å 

N / 8.77 / 2.512 Å N / 16.45 / 2.329 Å N / 7.83 / 2.538 Å 
33.05 

25.22 24.28 

Hg2+ 

1.02 Å 

N / 11.42 / 2.629 Å N / 19.53 / 2.427 Å N / 12.24 / 2.595 Å 
43.19 

30.95 32.78 

Pb2+ 

1.19 Å 

N / 13.87 / 2.511 Å N / 17.71 / 2.429 Å N / 11.33 / 2.568 Å 
42.91 

31.58 29.04 

Ba2+ 

1.35 Å 

N / 5.12 / 2.927 Å N / 6.99 / 2.801 Å N / 5.44 / 2.900 Å 
17.54 

12.11 12.43 

2-[5-phenyl-1-(pyrid-2-yl)-4,5-dihydro-1H-pyrazol-3-yl]-benzothiazole, conformation 3bS-N 

Mg2+ 

0.72 Å 

N / 13.82 / 2.122 Å N / 10.73 / 2.214 Å S / - / 3.411 Å 
24.55 

24.55 - 

Zn2+ 

0.74 Å 

N / 26.26 / 2.122 Å N / 19.19 / 2.214 Å S / 1.03 / 3.411 Å 
46.47 

45.45 20.22 

Cd2+ 

0.95 Å 

N / 22.17 / 2.263 Å N / 14.30 / 2.369 Å S / 1.26 / 3.452 Å 
37.73 

36.47 15.56 

Hg2+ 

1.02 Å 

N / 21.85 / 2.391 Å N / 16.17 / 2.496 Å S / 2.10 / 3.347 Å 
40.12 

38.02 18.28 

Pb2+ 

1.19 Å 

N / 16.59 / 2.449 Å N / 3.86 / 2.939 Å S / 0.76 / 3.934 Å 
20.94 

20.18 4.61 

Ba2+ 

1.35 Å 

N / 6.30 / 2.850 Å N / 4.91 / 2.931 Å S / 2.60 / 3.307 Å 
13.81 

11.22 7.51 

 

For each of the cations, Table 1 shows 

the sum of the interaction energies with the 

individual pairs of the heterocycles binding 

centers: pyridine + pyrazoline and pyrazoline + 

benzazole in order to determine, which of these 

pairs has a greater affinity to a particular ion, 

investigated in this article. This kind of analysis 

was made in order to test our previous 

hypothesis about the possibility of coordination 

centers "switching", depending on the nature of 

the cation coordinated by the ligand. 

The paired interactions energy of the 

cation with the center of its coordination is not 

the only existing factor that stabilizes the 

complex. The results presented in Table 1 do 

not include the presence of the solvate shell and 
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effective electric field of the solvent. Yet, we 

have to assume that these numerical data allow 

to characterize approximately a relative stability 

of investigated polyheterocyclic ligands 

complexes with double-charged cations of 

different ionic radii, most of which belong to 

the category of toxic heavy metals, 

environmentally important pollutants. 

Molecules 3a and 3b contain two 

electron-excess (azoles) and one electron-

deficient (pyridine) ring having nucleophilic 

centers with unshared electron pairs, which, in 

fact, are cations coordination sites. In the case 

of compound 3a, the cations interact more 

strongly with nucleophilic centers of the azole 

rings, and coordination with pyridine nitrogen 

atom is weaker in all the investigated cases. The 

dependence of the calculated complexes 

stability upon ionic radius passes through the 

plateau for medium-sized ions, and it is also 

regulated by the hardness/softness of the studied 

cation. Small (Mg2+) and large (Ba2+) radii ions 

form weaker complexes, because in the first 

case, complexation leads to in-plane 

deformations of the ligand molecule, while in 

the other case – to out-of-plane ones because a 

voluminous Ba2+ ion does not fit into the 

potential chelation cavity. 

In the case of benzothiazole derivative 

3b, it is possible to coordinate the metal ion not 

only with nitrogen atoms, as in the case of 

compound 3a, but also with benzothiazole 

sulfur atom. It is well known, that chemical 

elements such as Pb and Hg have an increased 

affinity to sulfur. Moreover, this compound 

conformation with spatially close nitrogen 

atoms of the pyrazoline cycle and benzothiazole 

bicycle sulfur atom is more energetically 

favorable. For the scenario of benzothiazolic 

nitrogen atom participation in cations binding, 

molecule 3b should change its conformation - 

to unfold the benzothiazole bicycle by 180°. We 

investigated the possibility of such a 

conformational rearrangement by calculating 

the corresponding activation energy of the 

benzothiazole fragment rotation around the 

intercyclic ordinary C-C bond. The 

corresponding transition state was calculated 

using the method [48]. Thus, the activation 

energy of the direct conformational 

rearrangement 3bS-N → 3bN-N was estimated to 

be 9.60 kcal/mol, and in the opposite direction - 

4.00 kcal/mol. Of course, it is impossible to 

overcome the energy barrier close to 10 

kcal/mole at room temperature, but energy 

effect of the complexation may be enough to 

change the spatial arrangement of the chelate 

center. 

Therefore, compound 3b complexes of 

two types were included in the calculations: one 

with the participation of two nitrogen atoms and 

a sulfur atom (unbound ligand conformation is 

more plausible), and another with the 

participation of three nitrogen atoms – a bottom 

and middle sections of Table 1, respectively. 

As opposed to compound 3a, derivative 

3b reveals a more significant effect of pyridine 

cycle. Probably, a larger volume of the sulfur 
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atom definitely pushes cations closer to the 

other two binding centers. 

The coordination bonds of sulfur atom 

with the investigated cations were significantly 

weaker compared to those of the nitrogen atom 

of thiazole cycle, but, in general, such 

complexes showed high energetic efficiency. 

The greatest affinity to zinc ions was 

revealed for derivative 3b. Whereas for the 

examined series of heavy metals, the binding of 

cadmium and mercury ions, that are 

experimentally studied in this work, should be 

the most efficient.  

The calculations let us to conclude that, 

despite the formation of a general molecular 

tridentate binding center, cations interaction in 

compounds 3a,b shows certain features of 

complexation sites switching. Thus, with some 

limitations, the studied molecules can be 

conditionally classified as "smart ligands", 

which are able to "programmable adjustment" 

of their chelated cavity origin depending on the 

bound metal ion. With cadmium ions, 

compound 3b is likely to use a binding center 

model with a sulfur atom; whereas with 

mercury ions, the nitrogen atoms of all three 

heterocyclic ligand subunits "act together" 

predominantly. 

The spectral characteristics of the 

uncomplexed compounds 3a,b were studied in 

polar solvents of close dielectric permittivity - 

aprotic acetonitrile and proton-donor methanol. 

By its chemical nature, the main 

chromophore fragment of 1,3,5-tri(het)aryl-2-

pyrazoline molecules includes "hydrazone" 

grouping >N-N=C< of the partially 

hydrogenated pyrazoline cycle, as well as 

(het)aryl substituents in its positions 1 and 3. 

This fragment is responsible for the formation 

of the long-wavelength electronic transition S0-

S1* in the absorption spectra and the inverse 

transition S1*-S0 in the fluorescence spectra. 

The substituent in the non-conjugated position 5 

of the molecule is seemingly unable to affect 

luminescent characteristics of the pyrazoline 

series compounds. However, under certain 

circumstances it can lead to almost completed 

fluorescence quenching [49-51]. This 

phenomenon mechanism has been considered in 

publications of our and other research groups, 

but it is still not definitively proven. In the case 

of benzene ring without electron-accepting 

substituents in position 5, fluorescence 

quenching does not occur. 

 

 
Figure 3. Absorption and fluorescence spectra of 

compounds 3a and 3b in acetonitrile upon excitation at 

360 nm. 

 

Thus, with a few exceptions, 1,3,5-

triaryl-2-pyrazoline derivatives are considered 
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to be good fluorophores with emission from 

blue and green to even red spectral range. 

Typically, the main radiationless photophysical 

mechanism, that competes with fluorescence 

emission (and leads to a decrease of the 

quantum yield of the latter), is the intersystem 

crossing (ICS) [52]. However, singlet and triplet 

energy levels of nπ* type, which increase the 

efficiency of ICS [53, 54], are much higher in 

pyrazoline derivatives, than the fluorescent state 

S1*, and do not play a significant role in the 

optical properties’ formation of this class of 

compounds. The derivatives studied in this 

article are typical representatives of the 

pyrazoline series. The absorption and 

fluorescence spectra of compounds 3a and 3b in 

acetonitrile are presented in Figure 3, the 

numerical characteristics are shown in Table 2. 

 

Table 2. Spectral-luminescent characteristics of pyrazoline derivatives 3a and 3b in acetonitrile and methanol 

Compound Solvent 

Absorption Fluorescence 

λ, nm ν, cm-1 λ, nm 
ν, cm-

1 

Stokes shift, 

ΔνST, cm-1 

Quantum 

yield, φ 

3a 
acetonitrile 361 27700 438 22830 4870 0.80 

methanol 363 27550 446 22420 5130 0.85 

3b 
acetonitrile 383 26110 479 20880 5230 0.76 

methanol 385 25970 489 20450 5520 0.88 

 

The high fluorescence quantum yields of 

the studied compounds, which are observed 

even in polar solvents, are noteworthy. They 

reveal the absence of significant redistribution 

of electron density in their molecules during the 

transition to the electronically excited state and 

the low probability of highly polar 

intramolecular charge transfer excited states 

formation [55, 56], for which fluorescence 

quenching in a polar environment is typical. 

The substitution of benzimidazole 

moiety in position 3 of the pyrazoline cycle by 

benzothiazole one leads to a significant long-

wavelength shift of the absorption spectra (up to 

~ 1500 cm-1/20 nm). This may occur due to a 

lower electronegativity of the sulfur atom 

compared to the nitrogen atom of the 

benzimidazole bicycle. 

The change of acetonitrile to methanol 

solutions causes insignificant changes in the 

absorption spectra, the observed long-

wavelength shift is about only 2 nm. At the 

same time, fluorescence spectra appeared more 

responsive to the formation of hydrogen bonds 

with solvent molecules: fluorescence bands 

expand slightly and show a bathochromic shift 

of up to 400 cm-1 (up to 10 nm). 

In all the studied cases, fluorescence 

Stokes shifts are within the range of 4900-5500 

cm-1. Such values are on the margin between 
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the "normal" and "abnormally high" ranges of 

this photophysical parameter. This indicates the 

presence of definite structural relaxation 

processes in the electronically excited state. 

They are most likely associated with a certain 

excited state flattening of the molecular 

fragment responsible for fluorescence emission, 

as it takes place in the case of ortho-analogs of 

РОРОР [57, 58] previously studied by our 

research group. So it is obvious that, the 

conformational changes in the electronically 

excited state of 1,3,5-traryl-2-pyrazoline 

derivatives are much smaller than in the above-

mentioned class of organic high Stokes shift 

fluorescent compounds. 

Fluorescence quantum yields of the 

studied derivatives 3a,b increase up to 6-15% in 

methanol solution. Probably, the reason for this 

phenomenon is the increase in the energy of 

triplet nπ* levels, which is reflected in the 

decrease of efficiency of radiationless 

intersystem crossing process [53], that compete 

with fluorescence emission. 

For the studied compounds, 

spectrophotometric and spectrofluorimetric 

titration was carried out with salts of selected 

heavy toxic metals (cadmium nitrate and 

mercury acetate) in acetonitrile solution, the 

results of which are shown in Figure 4 and in 

Table 3.  

When adding the cadmium or mercury 

salts to the acetonitrile solution of the 

investigated compounds, a long-wavelength 

absorption bands shift is observed usually. It is 

also accompanied with a definite decrease of 

absorption bands intensity. Normally, when 

titrated with cadmium nitrate, clear isosbestic 

points are observed, which is an indication of a 

two-component system (ligand + complex). The 

fluorescence spectra manifest similar effects. 

In the case of cadmium ions, there is no 

significant fluorescence quenching due to a 

heavy atom effect, which mechanism is in the 

increase of ISC rate. Thus, fluorescence of 

cadmium complexes is observed in the spectra 

of compounds 3a,b as an appearing shoulder on 

the long-wavelength wing of the ligand 

emission band. In this case, the principle of 

ratiometric fluorescence detection can be 

applied [59-61]. Its fundamental advantage over 

traditional intensometric techniques is an 

absolute fluorescent signal formation in the 

form of emission intensities ratio at different 

wavelengths for the same sample. Ratiometric 

analytical signal does not depend on the 

excitation light intensity and does not require 

the application of special standards, which are 

traditionally used, for example, in the 

calculation of luminescence quantum yields 

[34]. The complexation equilibrium constants, 

calculated from the absorption and fluorescence 

spectra, were quite close in their value. This fact 

allowed us to conclude that the ligand-cation 

interaction occurs within a purely static 

mechanism when complexes are formed 

exclusively in the ground state. 
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Figure 4. Absorption and fluorescence spectra of compounds 3a,b upon addition of Cd2+ and Hg2+ salts to their 

acetonitrile solution. 

a: spectrophotometric titration of 3a with cadmium nitrate, b: fluorimetric titration of 3a with cadmium nitrate,  

c: spectrophotometric titration of 3b with cadmium nitrate, d: fluorimetric titration of 3b with cadmium nitrate,  

e: spectrophotometric titration of 3a with mercury acetate, f: fluorimetric titration of 3a with mercury acetate, the inset 

shows fluorescence spectra changes at high concentrations of added mercury salt. 

 

Interaction with Hg2+ ions in the studied 

compounds absorption spectra shows effects 

similar to the observed ones in the case of 

cadmium ions, except the bands shift in the 

spectrum during complexation was less distinct. 

In the emission spectra, on the contrary, the 

main feature was the effective and almost 

complete fluorescence quenching. Mercury 

а b

c d 

e f 
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cation is, in general, a recognized fluorescence 

quencher relying on the mechanisms of heavy 

atom and electron transfer [62]. Thus, the 

number of sensory compounds that interact with 

the discussed cation directly, and demonstrate 

an increase in fluorescence intensity during 

complexation, is quite limited [63]. Compounds 

3a,b fluorescence is quite expectedly quenched 

at interaction with mercury ions. Only in the 

case of 3a at the end of the titration, the long-

wavelength shift of the almost extinct band of 

the complex becomes recognizable (Figure 3f). 

Also we qualitatively tested the relative 

stability of the formed cadmium and mercury 

complexes of compounds 3a,b by adding one of 

the strongest complexing agents – Trilon B 

(Tetrasodium EDTA) to the mixture obtained at 

the end of the titration. It was found out that 

Trilon B destroyed complexes with mercury 

ions, as it was testified by the appearance of 

intense fluorescence of unbound ligand. At the 

same time, Trilon B did not have a similar 

effect on cadmium complexes because the 

optical characteristics of the solution did not 

show any changes. 

Table 3. Complexation constants of compounds 3a,b 

with cadmium and mercury ions in acetonitrile obtained 

by spectrophotometric titration 

Compound 3a 3b 

logK 
Cd2+ Hg2+ Cd2+ Hg2+ 

4.67 5.41 3.54 4.39 

 

The experimentally determined 

sensitivity of compound 3a to Cd2+ ions, which 

reflects its logK=4.67, is comparable with that 

of many other probes synthesized and reported 

during the last decade: 3.34 [64], 3.63 [65], 4.12 

[66], 5.72 [67], 5.81 [32]. Thiazolic derivative 

3b is less sensitive to cadmium (see Table 3). 

The same tendency is typical to 3a and 3b 

complexing with Hg2+. However, in spite of the 

fact that several authors report lower binding 

constants for their “newly synthesized effective 

sensing molecules”, for example, 3.23 [68], 

3.58 [69], 4.19 [66], 5.27 [70], one can find 

examples of much more efficient chemosensors 

with their logK 5.67 [71], 6.53 [32], 7.06 [72], 

7.93 [73] and even 9.60 [74]. 

Thus, the studied polyheterocyclic 1,3,5-

triaryl-2-pyrazoline derivatives 3a,b show 

moderate sensitivity to cadmium and mercury 

cations in acetonitrile at a level of 10-6-10-7 M, 

which allows spectrophotometric and/or 

spectrofluorimetric analysis of these toxic 

metals in natural samples only when the 

maximum allowable concentrations are 

exceeded. 

 

Conclusions 

Polyheterocyclic derivatives of 1,3,5-

triaryl-2-pyrazoline with pyridine ring in 

position 1 and benzimidazole or benzothiazole 

bicycles in position 3 of the central pyrazoline 

nucleus have been synthesized, the spectral-

fluorescent properties and complexation with 

cadmium and mercury ions, which belong to the 

group of heavy metals – dangerous 

environmental pollutants, have been 
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investigated. Computer simulations of the 

studied derivatives complexing with double-

charged metal ions, Mg2+, Zn2+, Cd2+, Hg2+, 

Pb2+ and Ba2+, have been carried out. Our 

calculations show that the three heteroatoms of 

the studied compounds, that belong to the three 

different heterocycles, form a tridentate chelate 

cavity, which, depending on the bound cation, 

in a certain sense, adapting to its nature. It 

affects the energy of the formed coordination 

bonds: in the case of the benzimidazole 

derivative, interaction of metal ion with 

pyrazoline and benzimidazole cycles nitrogen 

atoms becomes more important, whereas in the 

benzothiazole derivative, interaction of complex 

central ion with pyrazoline and pyridine cycles 

nitrogen atoms plays a key role. In the latter 

case, the adjustment of the chelation cavity to 

the nature of the cation was revealed, which 

allowed classifying this compound as "smart 

ligand". 

Spectral characteristics of the studied 

compounds demonstrated sensitivity to the 

medium proton-donor ability. This was 

recognized as a perceptible long-wavelength 

shift of emission bands, which was 

accompanied with a small increase in the 

fluorescence quantum yield. Complexation with 

metal ions in acetonitrile leads to long-

wavelength shifts of absorption and 

fluorescence bands, as well as a noticeable 

intensity decrease of the latter, especially in the 

case of Hg2+ ions. There has been established 

the fact of mercury complexes destruction at 

Trilon B (Tetrasodium EDTA) addition to the 

solution, as well as the absence of influence of 

this effective complexing agent on the 

complexes of investigated compounds with 

cadmium ions. 
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