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Abstract—The complex formation and solvent extraction were studied in a system containing iron(II), 4-
nitrocatechol (4NC), 2,3,5-triphenyl-2H-tetrazolium chloride (TTC), water, and chloroform. Under the 
optimum conditions, the extracted complex has a composition of 1  :  1  :  2 (Fe–4NC–TTC) and could be 
represented with the formula (TT+)2[FeII(4NC2–)(OH)2]. Theoretical calculations were performed at the HF/3-
21G* level in order to elucidate the geometric structure of the complex and electron distribution according to 
the crystal field theory. The results showed that the most stable configuration is tetrahedral low-spin structure. 
Some equilibrium constants (association, distribution, and extraction) and characteristics (absorption 
maximum, molar absorption coefficient, recovery factor, Beer’s law limits, etc.) concerning the application 
potential of the studied extraction–chromogenic system were determined. 

Keywords: iron(II), 4-nitrobenzene-1,2-diol, liquid–liquid extraction, ion association, HF calculations, ground-
state optimizations 

1 The text was submitted by the authors in English.   

Iron is a transition metal which is widely spread in 
earth’s crust and invariably present in all natural 
products. Its typical oxidation states are 3+ and 2+. 
The complexation behaviour of iron(III) toward 4-
nitrobenzene-1,2-diol (4-nitrocatechol, 4NC), a nitro-
aromatic compound of interest in various scientific 
areas (biochemistry, environmental chemistry, enzy-
mology, analytical chemistry, pharmacology, etc.)    
[1, 2], has been well studied in connection with non-
heme iron-containing enzymes [3–6], design of 
chelators for treating iron overload [7, 8], surface 
chemistry [9], chemistry of marine environment [10], 
stability assessment [11, 12], and applicability to 
spectrophotometric analysis [12, 13]. However, the 
data for systems containing iron(II) and 4NC are 
relatively scarce. Tyson [5] has reported the absorption 
maximum and molar absorption coefficient of the 1 : 1 
Fe(II)–4NC  complex at pH = 8.5. Nepal and Dubey 
[14] have studied potentiometrically the complex 
formation between Fe(II) and 4-NC in aqueous 
solution. They have reported the formation of 1 : 1 and 
1 : 2 Fe–4NC complexes and concluded that these 
complexes exhibit abnormal stability due to very high 

crystal field stabilization energy (CFSE). Dong and Lai 
[6] have investigated by quantum mechanical/
molecular mechanical calculations the reaction 
mechanism of the dioxygen activation by a non-heme 
Fe(II)-containing enzyme with 4NC as a substrate. 

We previously reported [13] a liquid–liquid 
extraction–chromogenic system containing Fe(III), 
4NC, and a widely used [15–26] cationic ion-associa-
tion reagent, 2,3,5-triphenyl-2H-tetrazolium chloride 
(TTC). The next step, study of a similar system 
containing Fe(II) instead of Fe(III), is accomplished 
here. Having in mind the obtained results (a simple   
1 : 1 : 2 composition of the extracted Fe–4NC–TTC 
complex), we extended the scope of our investigations 
by including theoretical calculations at the HF/3-21G* 
level. 

Liquid–liquid extraction–spectrophotometric 
optimization. Figure 1 shows the electronic absorption 
spectra in chloroform of the ternary complex extracted 
at different pH values. They are characterized by two 
maxima at about λ = 437–438 and 495 nm. The short-
wave maximum is more intense. However, due to the 
high absorbance of the blank solution at λ = 437–      
438 nm, the maximum at λ = 495 nm is more suitable 
for spectrophotometric measurements. 
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The following other parameters were optimized: 
pH, concentration of the reagents, and shaking time 
(Figs. 2–4). The optimal conditions are given in Table 1. 

Composition and formula. The molar 4NC-to-    
Fe(II) and TTC-to-Fe(II) ratios were determined by the 
mobile equilibrium method [27] (Fig. 5) and by the 
Asmus straight-line method [28]. The experimental 
data presented in Fig. 3 were used for this purpose. 
The results showed that the extracted ternary complex 
has a composition of 1 : 1 : 2 (Fe–4NC–TTC). One can 
conclude that the Fe(II)–4NC anionic chelate has a 
double negative charge, since TTC forms monovalent 
cation (TT+) [13, 15–26] and the Fe(II)-to-TTC molar 
ratio is 1 : 2 (Fig. 5, 2). Considering the 1 : 1 Fe-to-
4NC molar ratio (Fig. 5, 1) and the ability of Fe(II) to 

hydrolyze and form complexes with a coordination 
number of 4 [29, 30], we suggest the following formula 
of the extracted complex: (TT+)2[FeII(4NC2–)(OH)2]. 

Ground-state equilibrium geometry. In order to 
clarify the structure of the suggested complex, we 
performed theoretical calculations at the Hartree–Fock 
level using 3-21G* basis set. We optimized two 
structures with different spin multiplicities, quintet 
(Fig. 6) and triplet (Fig. 7), which correspond to the 
low- and high-spin complexes.  

 As seen from Fig. 6, the quintet system shows 
some close interactions between the 4NC oxygen 
atoms and TT+. Most commonly they are of the 
O4NC···HPh-TT+ type. The nitro group of 4NC 
participates in close interactions with hydrogen atoms 
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Fig. 1. Electronic absorption spectra of the (1–3) chloro-
form-extracted ternary complex [Fe(II)–4NC–TTC] and    
(1′–3′) blank solutions (4NC–TTC) at pH (1, 1′) 6.0,                  
(2, 2′) 5.5, and (3, 3′) 6.5; cFe(II) = 5.2 × 10–5 M, c4NC = 
3.0 × 10–4  M, cTTC = 6.0 × 10–4  M. 
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Fig. 2. Effect of pH on the absorbance (λ = 495 nm) of the 
(1) extracted ternary complex and (2) blank; cFe(II) = 4.5 ×  
10–5 M, c4NC = 4.0 × 10–4 M, cTTC = 1.2 × 10–4 M. 

A
bs

or
ba

nc
e 

cL × 103, M 
Fig. 3. Effect of the ligand (L) concentration on the 
absorbance (λ = 495 nm) of the extracted ternary complex:          
(1) L = 4NC, cFe(II) = 4.5 × 10–5 M, cTTC = 1.2 × 10–4 M;                     
(2) L = TTC, cFe(II) = 4.5 × 10–5 M, c4NC = 4.0 × 10–4 M. 
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Fig. 4. Effect of the extraction time on the absorbance           
(λ = 495 nm) of the extracted ternary complex; cFe(II) = 
4.5 × 10–5 M, c4NC = 4.0 × 10–4 M, cTTC = 1.0 × 10–4 M.  
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of the benzene rings of TT+. With regard to the 
coordination environment of Fe(II), one can see that 
the structure of the complex is tetrahedral. The two 
HO–Fe(II) bonds are about 1.8 Å long which agrees 
well with the previously reported dioxygen complex of 
Fe(II) [31]. The Fe–O4NC bonds are slightly longer, and 
the O4NCFeO4NC angle is quite small (84.7°) as a result 
of the chelate ring strain. It should be mentioned that 
the Fe–O4NC bond lengths are close to those formed 
between Al(III) and the catechol oxygen atoms in the 
Al(III)–4NC octahedral 1 : 1 and 1 : 2 complexes [32]. 
They are shorter than the corresponding V–O and    
W–O bonds in the V(V) and W(VI) complexes with 
3,5-dinitrocatechol [33]. 

On the basis of the crystal field theory, we 
calculated the energies of the ligand field and isotropic 
field which were used to determine the CFSE of the 
low- (electron configuration e4t2

2) and high-spin 
(electron configuration e3t2

3) tetrahedral complexes. 
The 3d-AO is split into two groups of orbitals, e(3dz2, 
3dx2 – y2) and t2(3dxy, 3dxz, 3dyz) with the energies Ee =   
–0.6Δ and Et2 = 0.4Δ. As the splitting parameter Δ we 
took the absorption maximum of the complex, Δ =         
λmax = 437.5 nm = 22 857 cm–1. The data obtained are 

listed in Table 2. They show that the low-spin complex 
should be more stable than the high-spin one in the 
tetrahedral ligand field.  

The second Fe(II)-4NC-TT complex with a triplet 
spin multiplicity (two single electrons, corresponding 
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Fig. 5. Determination of the ligand-to-Fe(II) molar ratios by 
the mobile equilibrium method: (1) L = 4NC, y = 1.01 x + 
4.08; (2) L = TTC, y = 1.92 x + 7.07. 

Fig. 6. Optimized ground-state geometry of the Fe(II)–4NC–TT complex with a quintet spin multiplicity. 
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to the low-spin complex mentioned above) was 
optimized starting from the optimized geometry of the 
tetrahedral complex. The optimization led to a 
structure with square–planar configuration of Fe(II) 
and oxygen atoms of the ligands (Fig. 7). This part of 
the complex forms an irregular square with slightly 
deformed plane: the dihedral angles O1O2O3O4 and 
O2O3O4O1 are –29.8° and 28.8°, respectively. The 
transformation tetrahedral → square–planar is charac-
terized by a heat effect of ΔH = 555.3 kJ/mol. 

Extraction equilibrium constants. The following 
equilibria should be considered for the extraction 
system.  

(1) Ion-associate formation in the aqueous phase: 
                                       β 

2ТТ+ + [Fe(OH)2(L)]2– →← (TT+)2[Fe(OH)2(L)]0,       (1) 

β = [(TT+)2[Fe(4NC)(OH)2]]/[TT+]2×[Fe(4NC)(OH)2]. 

(2) Distribution of the complex between the 
aqueous and chloroform phases: 

                                   KD 
(TT+)2[Fe(4NC)(OH)2]aq →← (TT+)2[Fe(4NC)(OH)2]org,   (2) 

KD = [(TT+)2[Fe(4NC)(OH)2]]org /[(TT+)2[Fe(4NC)(OH)2]]aq. 

(3) Extraction from water to chloroform: 
                                     Kex 

2ТТ+
aq + [Fe(4NC)(OH)2]2

a
–
q  →← (TT+)2[Fe(4NC)(OH)2]org,   (3) 

Kex = [(TT+)2[Fe(4NC)(OH)2]]org / [ТТ+]2
aq[Fe(4NC)(OH)2]aq.   

The calculated values of these constants are shown 
in Table 3 along with those obtained for the analogous 
system containing Fe(III) [13]. The association 
constant β was determined by the mobile equilibrium 
method [27] (Fig. 5, 2) and Holme–Langmyhr method 

Table 1. Extraction–spectrophotometric optimization of the 
system Fe(II)-4NC-TTC-water-chloroform  

Parameter Optimization 
range 

Optimal value/
range Figure 

Wavelength, 
nm 

Visible range 495 Fig. 1 

pH of the 
aqueous phase 

4–8 6 Fig. 2 

Concentration 
of 4NC, M 

(0.2–8.0) × 10–4 (4.0–5.0) × 10–4 Fig. 3 

Concentration 
of TTC, M 

(0.4–14) × 10–4 (1.0–1.2) × 10–3 Fig. 3 

Extraction 
time, s 

5–240 120 Fig. 4 

Table 2. Calculated ligand and isotropic filed energies and 
CFSEs of the tetrahedral complex 

Crystal field  
parameter 

Low-spin 
e4t2

2 
High spin 

e3t2
3 

El.f., cm–1 1728.6 5437.7 

Ei.f. = P, cm–1   19150.0   19150.0 

CFSE, cm–1 –17421.4 –13714.3 

Fig. 7. Optimized ground-state geometry of the Fe(II)–4NC–TT complex with a triplet spin multiplicity. 
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[34]. The distribution constant (KD) was calculated 
from the absorbance after single and triple extractions. 
The extraction constant (Kex) was calculated by the 
equation log Kex = log β + log KD. 

Calibration graph characteristics. The relation 
between the concentration of Fe(II) and absorbance of 
the extracted complex was studied under the optimum 
conditions. A good linearity was obtained in the 
concentration range from 0.5 to 6.0 μg cm–3 (r = 
0.9991, n = 7). The linear regression equation was A = 
0.170 c + 0.007, where A is the absorbance and c is the 
concentration of Fe(II) (μg cm–3). The standard 
deviations of the slope and intercept were 0.004 and 
0.008, respectively. The detection (DL) and 
quantitation limits (QL) were calculated as 3 and 10 
standard deviations of the intercept divided by the 
slope [35] and were DL = 0.15 μg cm–3 and QL =           
0.50 μg cm–3. The molar absorption coefficient (ε)              
and Sandell’s sensitivity (SS) were ε495 = 9.5 ×         
103 L mol–1 cm–1 and SS495 = 5.9 × 10–3 μg cm–2. 

Thus, Fe(II) forms an ion-association complex, 
(TT+)2[Fe(OH)2(4NC)], with 4-nitrobenzene-1,2-diol 
(4NC) and 2,3,5-triphenyltetrazolium chloride. The 
anionic part of the complex, [Fe(OH)2(4NC)]2–, 
contains iron(II) in tetrahedral coordination. Two 
bulky hydrophobic triphenyltetrazolium cations (TT+) 
ensure electroneutrality and complete transfer of the 
complex into organic phase. The results presented in 
this work highlight the differences between Fe(II) and 
Fe(III) regarding their ability to form extractable 
ternary complexes and enrich the knowledge of the 
coordination and extraction chemistry of Fe(II). 

EXPERIMENTAL 

Iron(II) solutions (9 × 10–4 M) were prepared every 
day by dissolving the required amount of ferrous 

ammonium sulphate hexahydrate in double-distilled 
water acidified with dilute sulfuric acid (pH ~ 1)            
[36, 37]. Aqueous solutions of 4-nitrobenzene-1,2-diol 
(2 × 10–3 M, Fluka) and 2,3,5-triphenyl-2H-tetrazolium 
chloride (4 × 10–3 M, Loba Feinchemie) were used. 
The organic solvent (chloroform) was redistilled and 
used repeatedly. The acidity of the aqueous medium 
was adjusted by means of a buffer solution prepared by 
mixing 2 M aqueous solutions of CH3COOH and 
NH4OH. The resulting pH was checked by a Hanna HI 
83140 pH meter. A Camspec M508 spectrophotometer 
(United Kingdom) equipped with 1-cm cells was used 
for the absorption measurements. 

Determination of the optimal extraction 
conditions. Aliquots of Fe(II), 4NC, and TTC 
solutions and buffer solution (3 mL) were introduced 
into separatory funnels. The resulting solutions were 
diluted with distilled water to a total volume of 10 mL, 
10 mL of chloroform was added, and the mixtures 
were shaken for extraction. Portions of the organic 
extracts were transferred through paper filters into 
spectrophotometric cells, and the absorbances were 
measured against the corresponding blank samples.  

Determination of the distribution constant. The 
distribution constant KD was calculated by the formula 
KD = A1/(A3 – A1), where A1 is the absorbance obtained 
after a single extraction (under the optimal extraction 
conditions, Table 1), and A3 is the absorbance obtained 
after a triple extraction under the same conditions. The 
final volume of the solutions in both cases was 25 mL 
[13]. 

Theoretical calculations. The ground-state geo-
metries of the complexes were optimized at the 
Hartree–Fock level of theory using 3-21G* basis 
functions for each atom. The spin multiplicities of the 
complexes were set to quintet and triplet, which 

Table 3. Calculated equilibrium constants (confidence probability 95%) for the extraction systems containing 4NC, TTC, and 
Fe(II) or Fe(III) 

Constant 
Extraction system 

[FeII(OH)2(4NC)]2––TT+ –water–chloroform [FeIII(4NC)3]3––TT+–water–chloroform [13] 

log  β 7.36 ± 0.05a (n = 10) 
7.4 ± 0.2b (n = 10) 

11.3 ± 0.1a (n = 5) 
11.0 ± 0.2b (n = 7) 

log KD 1.44 ± 0.02c (n = 3) 1.49 ± 0.02c (n = 3) 

log Kex 8.80 ± 0.07d 12.8 ± 0.1d 
a Holme–Langmyhr method. b Mobile equilibrium method. c Calculated by the formula KD = A1/(A3 – A1). d Calculated by the formula 
 log Kex = log KD + log β, where β was determined by the Holme–Langmyhr method. 
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implied four and two single electrons of Fe(ІІ) 
distributed among the split 3d-AO. The charge of the 
system is zero. Initially, we optimized separately the 
anionic complex [Fe(4NC)(OH)2]2– and the tetrazolium 
cation TT+. Subsequently we constructed the whole 
electroneutral complex in order to find out its 
electronic and geometric structure.  

The stability of the low- and high-spin complexes 
in the tetrahedral ligand field was estimated by CFSE 
which was calculated by the equation CFSE = El.f. – 
Ei.f., where El.f. and Ei.f. are the ligand and isotropic 
field energies, respectively. For the low- and high-spin 
tetrahedral complexes of Fe(II), El.f. = P [P = 19 150 cm–1 
is the spin splitting energy of Fe(II)], and El.f. was 
calculated by the equations: 

El.f. = 3Ee + 2 Et2 + 2 P (low-spin complex e4t2
2), 

El.f. = 3 Ee + 3 Et2 + P (high-spin complex e3t2
3). 

The energies of the two sets of 3d-AO in the 
tetrahedral ligand field are Ee = –0.6 D and Et2 = 0.4 D, 
where Δ is the splitting parameter.  
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