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A new ligand (L), N,N′-bis(2-hydroxybenzyl)-1,2-diaminoethane, was synthesized and characterized. 
The sensing behavior of L toward various metal ions was investigated by spectrofluorometric and UV-Vis 
spectrophotometric methods. The sensor displayed selective and sensitive recognition toward Fe3+ and Fe2+ 
in acetonitrile. The fluorescence of L was quenched mainly by Fe3+, and a considerable enhancement of 
fluorescence was observed in the presence of Zn2+. Using multivariate hard modeling and stoichiometry, the 
concentration, spectral profiles, and formation constants of the studied complexes were calculated.  
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Синтезирован и исследован лиганд (L) N,N′-бис(2-гидроксибензил)-1,2-диаминоэтан. С помощью 

спектрофлуориметрии и спектроскопии в ультрафиолетовом и видимом диапазонах изучена чувст-
вительность L к ионам различных металлов. Сенсор на основе L обнаруживает высокую чувстви-
тельность в отношении ионов Fe3+ и Fe2+ в ацетонитриле. Тушение флуоресценции L обусловлено 
главным образом ионами Fe3+, а ее значительное усиление наблюдается в присутствии ионов Zn2+.  
С помощью многофакторного моделирования рассчитаны стехиометрия, концентрация и спек-
тральные профили, а также константы образования изучаемых комплексов.  

Ключевые слова: спектрофлуориметрическое и спектрофотометрическое моделирование, кон-
станта образования комплексных соединений.  
 

Introduction. A chemosensor is a molecule that significantly changes in electronic, magnetic, or optical 
properties when it binds to a specific guest counterpart. Among the various types of chemosensors, fluores-
cent chemosensors have several advantages due to their high sensitivity, intrinsic specificity, fast response, 
and real-time detection capabilities [1]. Fluorescent sensors have attracted much attention for the detection 
of metal ions, which has led to the development of highly specific probes with a broad range of applications 
in chemistry, biochemistry, and cell biology [2]. Fluorescent chemosensors for metal ions such as Fe3+ [3], 
Cu2+ [4], Zn2+ [5], Co2+ [6], Mg2+ [7], Hg2+ [8], Al3+ [9], and Pb2+ [10] have been reported.  

                                                 
** Full text is published in JAS V. 84, No. 6 (http://springer.com/10812) and in electronic version of ZhPS V. 84, No. 6 
(http://www.elibrary.ru/title_about.asp?id=7318; sales@elibrary.ru). 
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On the other hand, colorimetric measurements are particularly promising, since they are simple and 
powerful methods, which depend on the visible color change, and there is thereby no need for spectroscopic 
devises [11]. There is an increasing interest in the development of a new generation of molecules for sensing 
chemical species in the environment. Among them, chromogenic receptors are especially attractive because 
the recognition process with their help is accomplished with an easy-to-detect perceptible color evolution. 
Recently, significant effort has been made to establish the theoretical basis for the chromogenic guest recog-
nition. As a result, a number of selective chemosensors for anions, cations, and neutral species have been 
designed and synthesized [12, 13]. Compared with fluorescent and electrochemical sensors, colorimetric 
sensors have some obvious advantages, such as convenience, low cost, and good visualization [14].  

Iron is one of the most essential elements for the normal physiological functioning of the human body. It 
plays an important role in many cellular processes, including DNA and RNA synthesis, energy generation, 
and oxygen transport [15, 16]. Iron deficiency can cause many diseases, such as anemia, liver damage, Park-
inson’s disease, intelligence decline, diabetes, and cancer [17–19]. If the iron concentration exceeds the nor-
mal level, it may become a potential health hazard. Excess amounts of iron in the body cause liver and 
kidney damage (hemochromatosis). Some iron compounds are suspected to be carcinogens. Hence, the need 
for the determination of iron ions in clinical, medicinal, environmental, and different industrial samples has 
resulted in a number of methods for its measurement [20–26]. However, it is necessary to design simple, 
highly sensitive, and selective chemosensors for the detection of different iron species and establish a 
method for the determination of trace amounts of these ions [27]. 

Zinc is an essential element, and it is the second most abundant transition metal after iron in the human 
body with a concentration ranging from sub-nmol/L to 0.3 mmol/L [28, 29]. Zn2+ plays many roles in nu-
merous cellular functions, such as the regulation of gene expression, apoptosis, metalloenzyme catalysis, and 
neurotransmission in biological systems [30, 31]. Severe neurological diseases, such as Alzheimer’s, cere-
bral ischemia and epilepsy [32–34], are associated with the disorder of Zn2+ metabolism. Therefore, the 
measurement of Zn2+ is of great importance in neurobiology. On the other hand, most of the reported fluo-
rescent chemosensors for Zn2+ have encountered difficulty in distinguishing zinc from other transition metal 
ions [11, 35–37]. Consequently, the introduction of simple, highly selective, and efficient Zn2+ sensors re-
mains of great interest.  

In the present work, a new ligand is synthesized and characterized. Subsequently, its sensing ability to-
ward different cations is studied. The formation constants of the complexes of the synthesized ligand with 
different cations were calculated using hard-modelling.  

Theory of hard-modeling (HM). Data fitting is the calculation of a data set (Xcalc) that approximates 
the measured data. The calculated data set is defined by the chemical model and the parameters collected in 
the vector k. The measured data (Xexp) minus the calculated one is the error matrix, E: 

E = Xexp – Xcalc (model, k).                                                          (1) 

The matrices have dimensions n×m, where n is the number of spectra (or mole ratios) and m is the num-
ber of wavelengths. In HM, fitting means finding a unique set of parameters for which the calculated data 
(Xcalc) closely approximate the measured one (Xexp). The quality of the fit can be seen by ssq, which is the 
sum over the squares of all the elements of the matrix E: 

ssq = 2

1 1

n m

ij
i j

E
 
  .                                                                      (2) 

The above equations indicate that ssq is a function of the parameters, the model and the data. The 
chemical model and the parameters allow the computation of concentrations of all species as a function of 
the titration. This is done by the Newton–Raphson algorithm, as described elsewhere [38, 39]. The calcu-
lated concentrations for all components in all mole ratios are collected in the matrix C. 

According to Beer–Lambert’s law, the relationship between the concentrations (collected in the mat-
rix C) and the measurements (Xexp) can be expressed as a matrix equation: 

Xexp = C×ST + E = Xcalc + E.                                                         (3) 

The molar absorptivities of all species in the studied wavelength range are collected in the matrix ST of 
dimensions nc×m, and the dimension of the matrix C is n×nc, where nc denotes the number of components. 
In HM, nc is the number of either absorbing or nonabsorbing species contributing to the model. 

The parameters describing the chemical model are collected in the vector k in Eq. (1). The matrix ST of 
molar absorptivities that relates the concentrations to the measured data contains linear parameters. The cal-
culation of the nonlinear parameters k (formation constants) requires an iterative algorithm (Newton–
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Raphson algorithm) that starts with initial guesses of the parameters. The algorithm converges towards the 
optimal solution in a reasonable number of iterations. Given Xexp and C, the best estimate for ST can be cal-
culated explicitly as 

ST = C+ ×Xexp,                                                                                                      (4) 

where C+  is the pseudo-inverse of C (C+  = (CT×C)–1×CT). Therefore, k in Eq. (1) contains only the 
nonlinear parameters, and the linear ones are effectively eliminated by: 

E = Xexp – C×ST = Xexp – C×C+×Xexp.                                                                   (5) 

The equilibrium constants, which define the matrix C, are refined to minimize the sum of squares of the ma-
trix of residuals, ssq.  

Experiment. All chemicals and solvents were of analytical reagent grade, purchased from Merck 
(Darmstadt, Germany) and used without further purification. Acetonitrile (AN) was employed to prepare all 
solutions. Stock solutions (1.0 mmol/L) of Al3+, Co2+, Pb2+, Cd2+, Hg+, Ba2+, Zn2+, Ag+, Ni2+, Cu2+, and Ca2+ 

were prepared by direct dissolution of proper amounts of the corresponding nitrate salts in acetonitrile. For 
the preparation of the corresponding solutions of Fe2+, Fe3+, Mg2+, and Sr2+, chloride salts were used.  
 UV-Vis absorption spectra were recorded by an Agilent UV-Vis 8453 spectrophotometer. Fluorescence 
spectra were recorded by a Jasco FP-6200 spectrofluorimeter with the excitation wave at 270 nm, while 
emission spectra were recorded in the wavelength range 280–800 nm. 

The general method for the synthesis of the ligand N,N′-bis(2-hydroxybenzyl)-1,2-diaminoethane is as 
follows. A solution containing 20 mmol of ethane-1,2-diamine in dry ethanol (30 mL) was added dropwise 
to a warm solution of salicylaldehyde (4.88 g, 40 mmol) in dry ethanol (30 mL) during 2 h. The mixture was 
refluxed under stirring for 12 h and then allowed to cool to room temperature. Solid sodium borohydride 
(6.05 g, 160 mmol) was then added slowly, and the reaction mixture was heated at reflux for a further 2 h. 
The solution was filtered, and the volume of the filtrate was reduced to 20 mL by rotary evaporation. Excess 
water was added, and the product was extracted by chloroform (3×25 mL). The combined chloroform solu-
tions were separated and dried over magnesium sulfate. Chloroform was removed by rotary evaporation, 
leaving the product. Analytical calculations for C16H20N2O2 (MW: 272.15): C 70.56%; H 7.40%; N 10.29%. 
Found: C 70.86%; H 7.32%; N 10.32%. Yield: 90%. Melting point: 119–121°C. FTIR (KBr, cm–1): 3309 
[υ(N-H)], 1601 [υ(C=C)], 1591. 1H NMR (400 MHz, CDCl3, ppm) δH: 6.97 (dd, 2H, H-3), 6.78 (dt, 2H,  
H-4), 7.19 (dt, 2H, H-5), 6.83 (dd, 2H, H-6), 4.00 (s, 4H, PhCH2N), 2.85 (s, 4H, N-CH2CH2). 

13C NMR  
(400 MHz, CDCl3, ppm) δC: 158.2 (C-1), 122.4 (C-2), 128.7 (C-3), 116.7 (C-4), 129.1 (C-5), 119.5 (C-6), 
52.9 (C-7), 48.1 (C-8). The structural formula of the synthesized ligand is  
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Procedure for the study of the complex formation using the mole ratio. Stock solutions of the metal ions 
(1.0 mmol/L) were prepared in AN, and a stock solution of L (100.0 µmol/L) was prepared in AN and stored 
in the dark. The solution of L was then diluted to 40 µmol/L with AN. In titration experiments, 2.5 mL of the 
resulting solution of L was placed in a quartz cell and titrated with different volumes of the concentrated 
metal ion added by a micro-syringe, and, immediately, absorption or fluorescence spectra were recorded. All 
the measurements were made at 25ºC (±0.1).  

Results and discussion. The tetradentate amine, N,N-bis(2-hydroxybenzyl)-1,2-diaminoethane, was 
prepared in 90% yield. The 1H and 13C NMR spectra of L indicate that this compound has been successfully 
synthesized. 

UV-Vis absorption spectra. The absorption spectrum of L in AN shows an absorption band at 275 nm, 
which can be attributed to the π→π* aromatic system transition. Fe3+, Fe2+, Mg2+, Cu2+, and Co2+ produced 
color changes after their addition to a solution containing L. However, the color change is more distinct for 
Fe3+ and Fe2+ ions. The color of L in the presence of different cations is shown in Fig. 1. As can be seen, in 
the presence of iron species, the color changes are more pronounced and distinct. For a large number of 
cations, including Na+, K+, Ca2+, Sr2+, Ba2+, Pb2+, Al3+, Ni2+, Hg+, Hg2+, Cd2+, Zn2+, and Ag+, no color 
change in the solution of L after the addition of cations was observed. 
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 The sequential addition of L to the solution containing Fe3+ in mole ratios 0–3 results in the gradual in-
crease of the intensity of the Fe3+ bands at 240, 277, 315, and 360 nm. This change is more pronounced for 
the band at 240 nm. For further exploration, this equilibrium was studied by adding Fe3+ to L in mole ratios 
0–3. The variations in the absorption spectra are shown in Fig. 2. As can be seen, up to the mole ratio of 
about 1, the intensities of the bands at 277 (belong to L) and 315 nm (a new band) increase gradually. By 
continuing the titration beyond the mole ratio of 1, a new band at 360 nm appeared. These changes can be 
seen up to the mole ratio of 3. Moreover, a less intense band located at 486 nm can be seen during the addi-
tion of Fe3+ to L. 
 After the addition of different cations to the solution containing L with a concentration of 100.0 µmol/L, 
UV-Vis spectra were recorded. The resulted spectra are shown in Fig. 3. These spectra signify the colors 
shown in Fig. 1. As can be seen from Fig. 3, the variation in the spectrum of L in the presence of Fe2+ and 
Fe3+ is more pronounced and covers a wavelength region distinct from the other cations.  
 

 
 

Fig. 1. The color change of L (100 µmol/L) upon addition of various metal ions (10 equiv). 
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Fig. 2. Spectra of the Fe3+ (M) and the ligand (L) with concentrations of 100.0 µmol/L,  
and spectra of mixtures in 1:1 and 2:1 mole ratios. 
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Fig. 3. Absorption spectra of L (100.0 µmol/L) in the presence of 10 equivalents of different metal ions. 
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Fluorescence spectra. The fluorescence spectrum of L in the presence of different cations in different 
mole ratios can be seen in Fig. 4. The fluorescence spectra have maxima at about 300 and 600 nm. A sharp 
peak located at about 540 nm can also be observed in the spectra, which can be related to the blank (solvent). 
As can be seen from Fig. 4a, after the addition of M to the solution of L, the fluorescence intensity increases 
up to the mole ratio of 1:1. This increase is more pronounced for Zn2+ (about twice of Fe2+) and Fe2+. Upon 
complexation with Zn2+, the intramolecular photo electron transfer (PET), which results in quenching, could 
be decreased by reducing the electron density of lone pairs through metal–donor binding interaction, which 
results in the increased ligand emission. In contrast, the fluorescence quenching was observed in higher mole 
ratios. By continuing addition of M to L beyond the mole ratio of 1:1, a decrease in the fluorescence inten-
sity for all cations except for Al3+ and Mg2+ can be observed (see Fig. 4b). The observed fluorescent en-
hancement can be attributed to the formation of a rigid system after binding with these cations. Al3+ weakly 
affects the fluorescence intensity of L. The quenching effect in the mole ratio of 3:1 and higher can be seen 
for Fe3+ (see Fig. 4b). The quenching can be due to the very fast and efficient nonradiative decay of the ex-
cited states resulting from the electron or energy transfer between the open shell d-orbital of the metal ion 
and the ligand [40, 41]. In the case of Fe3+, the gradual quenching of fluorescence is accompanied by a small 
red shift (4 nm). Paramagnetic fluorescence quenching may be invoked to explain the fluorescence spectral 
behavior of L in the presence of Fe3+. In the close proximity of the paramagnetic metal ion and the fluoro-
phore, the intersystem crossing (isc) phenomenon is promoted. The subsequent loss of energy from the S1 to 
T1 state of the fluorophore usually occurs via bimolecular nonradiative processes resulting in paramagnetic 
fluorescence quenching. Due to the paramagnetic nature of the ferric ion, most of the reported sensors for 
Fe3+ are based on fluorescence quenching mechanisms [42–44]. 
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Fig. 4. Spectrum of L (100 µmol/L) in the presence of different cations in mole ratio (M to L)  
of (a) 1:1 and (b) 3:1. Excitation wavelength is 270 nm. 

 
UV-Visible spectrophotometric titrations. In order to study the complex formation of L with different 

cations, the mole ratio method was employed. The variation in the absorbance of L in the presence of in-
creasing amounts of cations was recorded. Typical recorded data are shown in Fig. 5. The main absorption 
peak of L is located at 270 nm. However, L absorbs in the range 200–240 nm. In all cases, after the addition 
of cation, an increase in the intensity of the absorption bands of L is observed. However, especially in the 
presence of Fe3+ and Fe2+, new absorption peaks beyond 300 nm appear. For Fe3+, new peaks at 240, 315, 
and 360 nm are observed. For Fe2+, the new peak is observed at 320 and about 545 nm.  
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Fig. 5. Spectral changes during addition of (a) Fe3+, (b) Fe2+, and (c) Co2+  
to a solution containing L (100.0 µmol/L) in mole ratio of 0–3. 

 
Determination of the formation constant of complexes by HM. In the next step, for the evaluation of the 

stability of different complexes, hard-modeling was used [45–47]. All the calculations were performed in 
MATLAB. The common Newton–Raphson algorithm was used for the nonlinear hard-modeling by a series 
of functions written as m-files in the MATLAB environment. 

Generally, HM approaches have excellent performance if the equilibrium model is appropriately set and 
if all the variation related to the spectrometric response is linked to the components involved in the process. 
A model is a function that describes the matrix C of the concentrations of all the components in the system. 
Modeling the process under investigation is the core of any HM algorithm. HM helps chemists to explain the 
measurements by using a chemical model and to determine the actual values of the parameters, i.e., absorp-
tivity, the rate or equilibrium constants, etc. One of the advantages of HM is that intermediates, especially 
minor ones, are detected more reliably (in the absence of the linear dependency of the concentration profiles) 
and the identification of the unknown intermediates can be supported by the availability of their absorption 
spectra.  

The calculated complex formation constants for different cations with L are reported in Table 1. The 
standard error of the stability constants is relatively low. This indicates that the models for performing HM 
were proposed appropriately and the calculated constants are reliable. The most stable complex of L with the 
ML formula is formed by Fe2+ and Fe3+. For Cu2+, the data did not fit the ML formula. It can be deduced that 
in the system of Cu2+ and L, such a complex does not exist. In the case of Zn2+, no fit with the complexes 
ML and ML2 was obtained. However, the model containing M2L fits the data of the titration of L with Zn2+. 
A different behavior of the system L-Zn2+ was also observed in the fluorescence study (a considerable in-
crease in the fluorescence was observed after the addition of Zn2+ to L). 

In the complex formation of Fe3+ and Fe2+ with L, the variation of the spectra and color was more evi-
dent. Therefore, two sets of data were acquired for these systems. In the first, a solution of L was titrated 
with M, and in the second, a solution of M was titrated by L. The data were simultaneously analyzed by HM 
considering two complexes  ML and  ML2.  The calculated  profiles are shown in  Fig. 6.  The relatively  low 
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TABLE 1. Calculated Formation Constants (Kf) by HM for Complexes  
of the Synthesized Ligand with Different Cations 

 

Cation logKf Standard error ssq 
Fe3+ (ML) 4.26 0.08 – 
Fe3+ (ML2) 7.48 0.10 17.67 
Fe2+ (ML) 4.02 0.04 – 
Fe2+ (ML2) 6.76 0.03 8.29 
Co2+ (ML) 3.34 0.14 0.33 
Cu2+ (ML) – – – 
Cu2+ (ML2) 5.74 0.03 1.02 
Al3+ (ML) 1.69 0.35 5.76 
Mg2+ (ML) 2.54 0.03 0.31 
Ni2+ (ML) 1.72 0.12 1.32 
Zn2+ (M2L) 7.04 0.06 0.34 

 

 
2.0

1.0

0

1.5

1.0

0.5

0

4000

2000

0

Concentration, 10–3 mol/L 

200          300           400            500           600  , nm 

Absorptivity 

M 
L 
ML 
ML2 

a
 
 
 
 
 
 
 

b
 
 
 
 
 
 
c

               1                     2                     3 
Mole ratio (L toM) 

               1                     2                     3 
Mole ratio (L toM) 

     

 

                      1                  2                  3 
Mole ratio (L toM) 

                   1                  2                  3 
                Mole ratio (L toM) 

Concentration, 10–3 mol/L 

Absorptivity 

a
 
 
 
 
 
 
 

b
 
 
 
 
 
 

c

 

 2.0 

 
 1.0 

 
   0 
    2 

 
 

    1 
 
 

    0 
 

1500
 

1000
 

500 
 

   0 

M 
L 
ML 
ML2 

200          300         400          500       , nm  
 

Fig. 6. Calculated concentration profiles for titration of L with M (a, a), M with L (b, b),  
and the calculated spectral profiles (c, c). M is Fe3+ (a–c) and Fe2+ (a–c). 

 
standard errors of the calculated formation constants for ML and ML2 indicate that the model for M = Fe3+ 
and Fe2+ was conectly selected. The complex ML has spectral characteristics similar to L in the region 200–
300 nm, especially when M = Fe3+ (Fig. 6c,c). However, for ML, two broad peaks with maxima located at 
320 and 520 nm (M = Fe3+) (Fig. 6c) and at 340 and 500 nm (M = Fe2+) (see Fig. 6c) can be seen. The addi-
tion of L beyond the mole ratio of 1:1 causes the disappearance of the peak at 520 nm and the bifurcation of 
the band at 320 nm for the Fe3+-L system. For the Fe2+-L system, in these mole ratios, the band at 340 nm 
shifts to about 320 nm and now bears a shoulder at 360 nm. The spectral characteristics of ML2 are very 
similar to that of M but with much greater intensity, especially for the peak located at 242 nm. With respect 
to the peaks at 313 and 360 nm for Fe3+, which are of equal intensity, the peak at 360 nm for ML2 is more 
intense than the peak at 313 nm (Fig. 6c). In the case of the Fe2+-L system, Fe2+ does not absorb at wave-
lengths higher than 400 nm. The variations of the stoichiometries of the complexes can be seen in the con-
centration profiles in Fig. 6. As can be seen in Figs. 6a,a, with a mole ratio of 0.5, the concentration of ML2 
complex starts to decrease. However, as can be seen in Figs. 6b, b, with a mole ratio of 1.0, the concentra-
tion of ML starts to decrease. The stoichiometries of 1:1 and 1:2 for the complex formation of Fe2+ and Fe3+ 
with ligands, such as the ligand in this study, were previously reported [48–51]. 
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Fig. 7. Spectra of the solutions L (100.0 µmol/L) in mole ratio (L to Fe3+) of 1:1 (pink) and 2:1 (purple).  
Inset shows the color changes of the solutions. 

 
Color changes during the addition of Fe3+ to a solution of L are shown in Fig. 7. In the case of the 1:1 

mole ratio, the color is pink, and for the 2:1 and 3:1 mole ratios, the color changes to purple. The spectra of 
these colored solutions are shown in Fig. 7. As can be seen, these spectra are in close agreement with the 
calculated spectral profiles shown in Fig. 6c.   

Conclusion. Multidentate compounds have the ability to form selective stable complexes with metal 
ions with compatible dimensions and can potentially be used in their separation and determination. The mul-
tidentate ligand synthesized here can be used as a selective sensor for the simultaneous determination of Fe2+ 
and Fe3+ in environmental, agricultural, and medicinal analysis. It should be mentioned that the discrimina-
tion between Fe2+ and Fe3+ is very important in order to understand the biological functions regulated by 
iron. Moreover, it was shown that HM is able to elucidate different complex species in complex formation 
systems. With HM, it is possible to calculate the profiles of the components of the system, and it is a robust 
method for the determination of the stoichiometry of complexes.   
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