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PREFACE 

 

 This monograph deals with up-to-date current problems on inorganic, applied, coordination, and 
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the form of USB-key, reflecting thus a progress in publishing techniques and eliminating the problems 

with limitations of the length of the contributions. 
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 The monograph is intended first of all to participants of the XXV. International Conference on 
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find in it an inspiration for their future scientific work. 

 The editors wish to express their appreciation to all who supported this activity and suppose that 
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inorganic, coordination, and bioinorganic chemistry. 
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Lanthanide complexes are used for the preparation of materials required by various areas of 

novel technology. Interest of researchers in complexes containing carbamide CO(NH2)2 (Ur),  

and acetamide CH3CONH2 (AA) causes by ability of these ambidentate ligands to form a developed 

system of hydrogen bonds. So they are convenient model systems of the supramolecular type.  

The aim of the present work is synthesis and study (IR, single crystal XRD, DTG) of 

[Nd(Ur)6(H2O)2]Br3 and [Ln(AA)4(H2O)4]X3(H2O) (Ln = La, Nd, Ho, Er; X = Cl or Br). Ligands 

coordinated Ln through the oxygen atoms, and the coordination polyhedra of the Ln atoms are 

distorted tetragonal antiprisms or two-capped trigonal prism (CN = 8).  

All the complexes on study are characterized by the developed system of hydrogen bonds with 

bromides or chloride ions (and outer-sphere water molecules) in the cavities of the structure formed by 

the complex cations. We compared the degree of ligand distortion and ionicity of metal-ligand 

interaction in the lanthanide series and depending on the nature of halide ions.  

  

Keywords: structure, lanthanide, carbamide, acetamide, bromides, chlorides 

 

INTRODUCTION 

Derivatives of lanthanide salts with carbamide CO(NH2)2 (Ur) and acetamide  CH3CONH2 

(AA) are promising as precursors for the preparation of materials demanded in diverse areas of novel 

technology, such as luminescent materials, materials for medical diagnostics and others. Therefore,  

the synthesis and investigation of the structures and properties of these compounds attract considerable 

attention. Interest of researchers is caused by the ability of these ambidentate ligands coordinated 

through the oxygen atom to form a developed system of hydrogen bonds. Therefore, crystalline 



Advancing Coordination, Bioinorganic and Applied Inorganic Chemistry 

The 50th Anniversary of ICCBIC 
Edited by M. Melník, P. Segľa, and M. Tatarko 
Slovak Chemical Society, Bratislava  © 2015 

 

8 

 

complexes of carbamide and acetamide with salts of highly charged cations can be considered as 

convenient model systems of the supramolecular type. 

Although the investigation of the interaction of lanthanide metal halides with Ur and AA has 

started more than thirty years ago, the structures of the discovered complexes remain poorly studied 

and the data on the composition of the compounds are sometimes contradictory [1, 2]. The crystalline 

complexes of lanthanide iodides LnI3⋅4L⋅4H2O (Ln = La, Nd, Eu, Gd, Dy, Ho, Er, Y; L = Ur or AA) 

preparatively obtained at room temperature [2] are characterized by the complex cations 

[LnL4(H2O)4]
3+

 in the structure, and there is no coordination of the iodide ions by the lanthanide 

atoms. Anhydrous compound SmI3⋅8Ur [3] was also synthesized at room temperature, and its structure 

contains the octakis(carbamide)samarium complex cations and uncoordinated iodide ions.  

We have earlier studied the bromide complexes [Ln(Ur)4(H2O)4]Br3 and  [Ln(Ur)6(H2O)2]Br3 

(Ln = La, Sm, Ho, Er, Lu) and [Ln(AA)4(H2O)4]Br3 (Ln = La, Sm, Ho, Er, Lu, Y) (CN is always 8)  

[4-8]. The coordination of the ligands in these compounds was found to occur through the oxygen 

atoms of the water and carbamide (acetamide) molecules. The coordination polyhedron of the 

lanthanide metal atom is a distorted tetragonal antiprism (coordination number 8). The bromide ions 

are not coordinated. The coordination of four carbamide molecules does not change their planar 

structure, and the fifth and sixth coordinated Ur molecules are distorted: the NCO/OCN dihedral angle 

differs from  180 ° (152°–160°). 

We found lanthanide chlorides to form complexes of more diverse composition, along with 

[Ln(Ur)4(H2O)4]Cl3, [Ln(Ur)6(H2O)2]Cl3 and [Ln(AA)4(H2O)4]Cl3 with CN = 8, as usual, there are the 

others, namely, [Y(AA)5(H2O)2]Cl, [Er(Ur)6Cl]Cl2,  and  [Ho(Ur)4Cl3] (CN = 7). [7-9].  In some cases, 

some chloride-ions are included in the inner coordination sphere, for example, the structure of the 

preparatively obtained lanthanum chloride complex with carbamide showed that its crystals contained 

the  [La(Ur)6Cl2]
+
 complex cations and uncoordinated chloride ions [10]. In some cases complex 

compounds contain one molecule of water of crystallization in the outer sphere.  

It is known that the geometric characteristics of the complexes can be used as a criterion 

metal-ligand bonds ionicity [11, 12]. In accordance to this criterion, the authors of [13] concluded 

predominantly ionic character of the bond between  acetamide and lanthanide atom in [LnL4(H2O)4]I3. 

However, in order to make similar conclusions regarding amide complexes of lanthanide chlorides or 

bromides, until recently, there was not enough structural data. 

The aim of this work was synthesizing and characterizing the structures of the carbamide and 

acetamide compounds of bromides and chlorides of La, Nd, Ho, and Er, and comparison of their 

structure with the previously known compounds of this type. 
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EXPERIMENTAL PART 

Reagents and Methods 

All manipulations were performed under aerobic conditions using the materials (reagent grade) 

as described previously [4-9]: lanthanum(III) carbonate hexahydrate La2(CO3)3 6H2O, neodymium(III) 

carbonate tetrahydrate Nd2(CO3)3 4H2O, holmium(III) carbonate trihydrate Ho2(CO3)3 3H2O and 

erbium(III) oxide Er2O3, hydrobromic or hydrochloric acid (analytical grade); carbamide CO(NH2)2 

(Ur) (special purity grade) and acetamide CH3CONH2 (AA) (reagent grade)  were used as starting 

reagents.  

Trilonometric titration [14] was used to determine the lanthanide content in the halides of 

lanthanides and obtained complexes. CHN- analyses were carried out on a CHNS Flash EA1112 

elemental analyzer (Thermo Finnigan). The determination error for C, H, and N was 0.2–0.3%.  

The elemental analysis results for complexes  I – VII are given in Table 1. The deviation of the 

contents of the analyzed elements from the theoretical values can be explained by the fact that the 

crystals are hygroscopic. 

 

Apparatus and equipment 

IR spectra were recorded on an EQUINOX 55 FTIR spectrometer (Bruker, Germany).  

The results of IR spectrometry for the synthesized complexes are listed in Table 2 and 3.  

TGA curves recorded on Q-D1500 derivatograph in the range of 20-500 C with a heating rate 

of 5 K/min. Decomposition starts at 62-85 degrees occurs in several stages to form amorphous 

mixtures of lanthanide oxides and oxohalides. 

The single crystal XRD data were collected at 293(2) K on a CAD-4 diffractometer [15], AgKα 

( = 0.56087 Å)  or MoK radiation ( = 0.71072 Å), -scan mode. An absorption correction was 

applied by the  Ψ scan method for particular reflections. The experimental data set was primarily 

processed using the WinGX program package [16]. All subsequent calculations were performed in the 

framework of the SHELX-97 program package [17]. The crystal structures for compounds  I – VII 

were determined by direct methods followed by the refinement of positional and thermal parameters in 

the anisotropic approximation for all nonhydrogen atoms. Hydrogen atoms were introduced in the 

calculated positions and refined by the riding model.  All subsequent calculations were performed in 

the framework of the SHELXTL PLUS 5.0
 
program package [18]. Visualization of the structures of 

the compounds was performed using the MERCURY program [19].  

The crystallographic data and experimental details are given in Table 3 and 4.  
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RESULTS AND DISCUSSION 

Crystalline lanthanide chlorides and bromides were obtained from corresponding oxides or 

carbonates by the reaction with hydrobromic or hydrochloric acid taken in 20–30% excess.  

The obtained solutions of halides were evaporated on heating until the beginning of crystallization and 

cooled. The crystals were separated from the mother liquor by vacuum filtration on a porous glass 

filter and kept in a desiccator over potassium hydroxide to a constant weight.  

The complexes were synthesized by mixing of lanthanide halides with CO(NH2)2 (Ur) or 

CH3CONH2 (AA) in molar ratios 1 : 4 and 1 : 6 (without the addition of water). The interaction of the 

lanthanide salts with Ur or AA results in the dissolution of the reactants in water of crystallization 

formed due to the reaction. This results in the formation of transparent solutions from which lavender, 

pale yellow or pink (in the case of the Nd, Ho, Er respectively) or colorless (La) prismatic crystals 

precipitated after storing for 10–30 days.  

The obtained crystals are hygroscopic, but the prolong storage of them in a desiccator with 

phosphorus(V) oxide results, evidently, in partial dehydration. The compositions of the synthesized 

complexes correspond to the formulas presented in Table 1. 

 

Table 1. Characterization data of newly prepared compounds [Nd(Ur)6(H2O)2]Br3 (I), 

[Nd(AA)4(H2O)4]Br3H2O  (II), [Nd(AA)4(H2O)4]Cl3H2O (III), [La(AA)4(H2O)4]Br3H2O (IV), 

[La(AA)4(H2O)4]Cl3H2O (V), [Ho(AA)4(H2O)4]Cl3H2O (VI), [Er(AA)4(H2O)4]Cl3H2O (VII) 

 

Compound Formula Mr 

wi(calc.)/% 

wi(found)/% 

C H N Ln 

I C6H28Br3N12NdO8 780.37 
9.23 

9.47 

3.59 

3.90 

21.53 

21.57 

18.48 

18.40 

II C8H30Br3N4NdO9 710.33 
13.52 

13.70 

4.22 

3.00 

7.89 

8.12 

20.32 

20.80 

III C8H30Cl3N4NdO9 576.95 
16.65 

17.12 

5.20 

5.18 

9.71 

9.99 

25.01 

24.24 

IV C8H30Br3LaN4O9 705.00 
13.62 

14.36 

4.26 

3.48 

7.95 

8.30 

19.71 

19.54 

V C8H30Cl3LaN4O9 571.62 
16.80 

17.95 

5.25 

4.70 

9.80 

10.17 

24.31 

24.29 

VI C8H30Cl3HoN4O9 597.64 
16.07 

16.28 

5.02 

4.98 

9.38 

9.62 

27.67 

27.24 

VII C8H30Cl3ErN4O9 599.97 
16.01 

15.73 

5.00 

4.80 

9.34 

9.76 

27.89 

28.11 
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In the IR spectra of compound I, the absorption band 1654 and 1680 cm
–1

 are shifted to 1588 

and 1625 cm
–1

; they are assigned to the stretching vibrations of the CO bonds and the bending 

vibrations of NH2 (Table 2). This shift of the absorption band is considered to be caused by the 

weakening of the CO bond due to the coordination of the Ur by the neodimium atom. At the same 

time, the CN absorption band (1064 cm
–1

) is shifted to the lower-frequency range (1019 cm
–1

), 

indicating the coordination of the Ur by the complexing agent through the oxygen atom.  

 

Table 2.  Frequencies of the main absorption band maxima in the IR spectra of Ur and carbamide complex I 

 

Ur 
I 

 (cm–1 ) 
Assignment of absorption bands 

789 777 (NCN) 

1064 1019 s(CN) 

1153 1158 (NH2) 

1625 1588 (NH2) + (CO) 

1680 1654 (CO) + (NH2) + (HOH) 

3259 

3345 

3440 

3350 (OH) + (NH) 

 

The IR spectra of acetamide complexes II-VII (Table 3) show a noticeable shift of the 

absorption bands at 1606 and 1672 cm
–1

, assigned the stretching vibrations of the CO bonds and the 

bending vibrations of  NH2 , to the low-frequency range to 1595-1600 и 1650-1661 cm
–1

 (Table 3). 

This shift of the absorption bands can be caused by the weakening of the CO bond due to the 

formation of the coordination bond of the amide ligand with the complexing agent through the oxygen 

atom. 
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Table 3.  Frequencies of the main absorption band maxima in the IR spectra of AA and complexes II-VII 

 

AA 

 (cm–1) 

II 

 (cm–1) 

III 

 (cm–1) 

IV 

 (cm–1) 

V 

 (cm–1) 

VI 

 (cm–1) 

VII 

 (cm–1) 

Assignment of absorption 

bands 

1048 1048 1048 1048 1048 1048 1048 s(CN) 

1150 1141 1150 1142 1148 1138 1136 (NH2) 

1396 1396 1401 1397 1399 1401 1400 (CN) 

1450 1469 1469 1466 1471 1468 1468 (CH3) 

1606 1595 1605 1597 1600 1600 1600 (NH2)+ν(CO) 

1672 1650 1661 1652 1659 1657 1653 (CO) + (NH2) + (HOH) 

2820 

2758 

2852 

2923 

2798 

2923 

2787 

2853 

2924 

2786 

2851 

2920 

2778 2878 (CH) 

3202 

3374 

3191 

3368 

3209 

3351 

3212 

3366 

3211 

3351 

3193 

3355 

3200 

3360 
(OH) + (NH) 

 

Thus, structures I and II-VII contain the cations [Nd(Ur)6(H2O)2]
3+

 and  [Ln(AA)4(H2O)4]
3+

, 

respectively. The coordination of the both ligands by the neodymium atom through the oxygen atom 

of the carbonyl group can also be concluded on the basis of the IR spectroscopic data.  
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Table 4. Crystal data and structure refinement for complexes I–III  

 

 I II III 

Empirical formula C6H28Br3N12NdO8 C8H30Br3N4NdO9 C8H30Cl3N4NdO9' 

Formula weight 780.37 710.33 576.95 

Crystal system triclinic monoclinic monoclinic 

Space group P1 P 21/n P 21/n 

Unit cell dimensions 

A (Å) 8.832(3)  10.5345(5) 10.3241(18) 

B (Å) 10.5770(16) 15.1027(8) 14.5674(17) 

C (Å) 14.792(4)  15.5672(8) 15.2525(19) 

α (º) 96.909(16) 90 90 

β (º). 104.08(2) 99.115(4) 99.636(12)  

γ (º) 105.935(18)  90 90 

V (Å
3
) 1262.6(5) 2445.5(2) 2261.5(6) 

Z 2 4 4 

calc. (g/cm
3
)

 2.053 1.929 1.695 

Radiation  AgKα MoKα AgKα 

μ(Kα) (mm
–1

)
 

3.665 7.063 1.424 

Θ range (º) 1.14–19.97 1.890–30.740 1.536–20.969  

Index ranges  

h, k, l 

–10≤h≤10;  

–12≤k≤12; 

0≤l≤178 

–15≤h≤7; 

 –19≤k≤21;  

–22≤l≤22 

–13≤h≤ 12;  

0≤k≤18; 

 0≤l≤19 

Crystal size (mm) 0.30*0.30*0.30 0.30*0.30*0.30 0.30*0.30*0.30 

Measured reflections 4769 7498 4908 

Independent 

reflections 
3748 4387 4137 

Parameters 271 237 271 

GOOF 0.992 0.892 1.068 

R Factor [I ≥ 2σ(I)] 

R1/wR2 

0.0590/0.0419 0.1061/0.0616 0.0428/0.0325 

Δρmax/Δρmin, э/Å
3 

1.718/–0.842 4.080/–4.141 1.149/-1.205 
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Table 5. Crystal data and structure refinement for complexes IV–VII  

 

 IV V VI VII 

Empirical formula C8H30Br3LaN4O9' C8H30Cl3LaN4O9' C8H30Cl3HoN4O9 C8H30Cl3ErN4O9  

Formula weight 705.00 571.62 597.64 599.97 

Crystal system monoclinic monoclinic monoclinic monoclinic 

Space group P 21/n P 21/n P 21/n P 21/n 

Unit cell dimensions 

a, Å 10.582(2) 10.398(3) 10.2136(3) 10.2052(5) 

b, Å 15.086(4) 14.597(5)  14.5671(4) 14.5671(5) 

c, Å 15.595(4) 15.328(5) 15.1730(6) 15.1460(8) 

β (º). 99.31(3)  99.86(3) 99.242(3) 99.171(4) 

V, Å
3 

2456.7(11) 2292.0(12) 2228.17(13) 2222.82(18) 

Z 4 4 4 4 

calc. (g/cm
3
)

 1.906 1.657 1.782 1.793 

Radiation  AgKα AgKα MoKα MoKα 

μ(Kα) (mm
–1

)
 

3.554 1.187 3.952 4.178 

Θ range (º) 1.492–19.976 1.531–21.968 3.901–30.709 3.903–30.673 

Index ranges  

h, k, l 

–12≤h≤ 12; 

–18≤k≤18; 

0≤l≤18 

–13≤h≤ 13; 

–17≤k≤19; 

–18≤l≤20 

–12≤h≤14; 

–13≤k≤20; 

–21≤l≤21 

–14≤h≤5; 

–20≤k≤20; 

–18≤l≤21 

Crystal size (mm) 0.30*0.30*0.30 0.30*0.30*0.30 0.25* 0.22*0.20 0.21*0.19*0.17 

Measured reflections 4649 5692 6794 6634 

Independent 

reflections 
3807 4807 4234 3812 

Parameters 261 271 271 271 

GOOF 1.024 1.075 0.817 0.800 

R Factor [I ≥ 2σ(I)] 

R1/wR2 

0.0464/0.0339 0.0452/0.0362 0.0715/0.0413 0.0898/0.0488 

Δρmax/Δρmin, э/Å
3 

1.172/–0.699 1.305/–1.163 3.796/–2.926 3.676/–3.319 
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The crystals of I contain  complex cations [Nd(Ur)6(H2O)2]
3
 (Fig. 1). The coordination 

olyhedron of the neodimium atom is a distorted tetragonal antiprism: Ur coordinates through the 

oxygen atom , CN = 8, and the bromide ions are not included into the internal sphere of complex I.  

 

 

 

Fig. 1. Independent part of the unit cell in the crystal of [Nd(Ur)6(H2O)2]Br3 (I). Bond lengths (Å) and bond 

angles ()  are Nd(1) – O(4) 2.353(5); Nd(1) – O(7) 2.395(5); Nd(1) – O(3) 2.396(4); Nd(1) – O(8) 2.403(5); 

Nd(1) – O(6) 2.422(5); Nd(1) – O(5) 2.434(5); Nd(1) – O(2) 2.536(5); Nd(1) – O(1) 2.540(4); C(3) –  O(3) –  

Nd(1) 143.4(4); C(4) – O(4) –  Nd(1) 150.5(5); C(5) – O(5) – Nd(1) 134.2(5); C(6) –  O(6) – Nd(1) 131.1(5); 

C(7) – O(7) – Nd(1) 148.4(6); C(8) – O(8) – Nd(1) 156.9(6) 

 

The coordination does not change the planar structure of five carbamide molecules (Fig. 2), 

but one of the coordinated Ur molecules is distorted: the NCO/OCN dihedral angle is 149.7°. 

Evidently, this phenomenon is due to steric hindrances of the arrangement of carbamide ligands in the 

environment of the central atom. In the case of analogous erbium and lutetium complexes [6], the 

planar structure of two (of six) coordinated carbamide molecules is distorted. Probably, this distinction 

is caused by the fact that the sizes of the Er and Lu atoms are substantially smaller than those of the 

Nd atom [8].  
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Fig. 2. Unit cell for [Nd(Ur)6(H2O)2]Br3 (I) (projection along the  y axis). 

 

The structures of complexes with six Ur molecules contain extended cavities including binary 

columns of the halide ions (Fig. 3). As for all earlier studied carbamide complexes, the Nd–O(Ur) 

bonds in structure  I are somewhat shorter than the Nd–O(H2O) bonds. Therefore, the Ur molecules 

are bound to the central atom more strongly than the H2O molecules.  
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Geometries of neutral complexes M2(O2CCH3)4.2H2O, M = Cu or Cr, in various spin states were 

optimized within Ci  symmetry in vacuo as well as in aqueous solution at DFT level of theory using 

B3LYP functional, B97D functional with Grimme's D2  dispersion scheme,  B3LYP-D hybrid 

functional with Petersson-Frisch dispersion model and long-range corrected CAM-B3LYP functional 

using the Coulomb-attenuating method. Singlet spin states were treated within a "broken symmetry"  

approach using an unrestricted formalism. All functionals indicate antiferromagnetic copper(II) 

acetate whereas the same property of chromium(II) acetate is predicted by the B97D and B3LYP-D 

ones only. Room-temperature Gibbs free energy data suggest a high sensitivity of the preferred spin 

state on the environment. Cu-Cu distances do not differ substantially from the experimental value 

unlike the Cr-Cr ones. The calculated values of exchange coupling constants  significantly depend on 

the DFT functional used as well as on the environment. The best agreement with experimental data 

for copper(II) acetate exhibit the vacuum data obtained by B3LYP and B3LYP-D functionals and for 

chromium(II) acetate the analogous data obtained by B97D and B3LYP-D functionals. 

 

 

INTRODUCTION 

 Theoretical studies of the magnetic behavior of polynuclear complexes have been limited 

usually to dinuclear complexes due to the need for the inclusion of electron correlation effects. 

Sophisticated post-Hartree–Fock methods have been shown to provide good approximations to 

coupling constants, but the huge demand of computational resources associated to these methods 

severely limits their applicability to most of the complexes of experimental interest. Methods based 

on density functional theory (DFT) have been shown in the last years to provide a reasonable 
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compromise between the size of the compounds that can be studied and the accuracy of the calculated 

coupling constants [1].  

 Noodleman et al. [2 - 7] have proposed an elegantly simple model to describe the interaction 

of two identical paramagnetic centers. They  have shown that binuclear complexes such as  copper(II) 

carboxylates in singlet ground state cannot be treated using restricted Hartree-Fock (HF) or DFT 

formalism as it produces too high energies. An alternative broken-symmetry (BS) approach consists 

of performing unrestricted HF or DFT calculations for low-spin open-shell systems. In BS state the 

two different orbitals which accommodate electrons with different spins (spin polarized calculation) 

are usually  located on each centre in order to have the maximum local spins and are coupled together 

in order to have the minimum resulting spin (a globally antiferromagnetic state where the spin  and 

 density is localized on different paramagnetic centers). 

 Magnetic properties of binuclear complexes can be explained by the Heisenberg linear-chain 

model of magnetic interaction described by the Hamiltonian 

 

         (1) 

 

where Si are the local spin operators for each of the paramagnetic centers, and J is the Heisenberg 

exchange coupling constant. The broken symmetry (BS) approach [2 - 8] enables to evaluate  

the J values directly from DFT calculations. For a binuclear cluster, Noodleman et al. [2 - 8] derived 

the expression  

 

  J = - (EHS - EBS)/
 
<S

2
>

 
HS(s12

2  
+ 1)     (2) 

 

where EY is the energy of spin state Y (Y = HS or BS), <S
2
>HS is the expectation value of the spin-

squared operator at HS state and s12 is the overlap between the HS magnetic orbitals  (s12 = 0 

corresponds to a weak bonding limit and s12 = 1 to a strong bonding limit between magnetic centers 1 

and 2). Only Ising treatment of the BS states is usually performed for multispin systems to evaluate  

J values under the assumption that the overlaps between magnetic orbitals are negligible (s12 = 0) [8]. 

  Alternatively, using  the  approximate spin projection (AP) technique for the same binuclear 

cluster we can obtain the modified relation [8 - 11] 

 

   J = - (EHS - EBS)/
 
(<S

2
> HS - <S

2
>

 
BS)     (3) 
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where EY and <S
2
>Y denote the total energy and total squared-magnitude of the spin, respectively,  

at a spin state Y of the high-spin (HS) and BS determinants, respectively.   

  Dimeric copper(II) acetate dihydrate (Fig. 1) is the most frequently studied "paddle-wheel" 

complex with  two antiferromagnetically coupled copper(II) centres (Cu-Cu distance of  2.617(1) Å at 

room temperature [12]) as indicated by its experimental J values ( -148 cm
-1

 [13, 14], -142 cm
-1

 [15], 

 -146 cm
-1

 [12], -149 cm
-1

 [16]). The corresponding results of DFT calculations depend on the basis 

set and functionals used - the recent B3LYP calculations with medium size basis sets produced  

the J value of -266 cm
-1

 for experimental geometry [17]. Much less attention is devoted to the 

isostructural dimeric chromium(II) acetate dihydrate (Fig. 1) with ultrashort Cr-Cr distance of  

2.362(1) Å at room temperature [18]. Weak paramagnetism (J = -245 cm
-1

 [19] indicates 

antiferromagnetically coupled chromium(II) centres) of this compound may be ascribed to impurities, 

probably Cr(III) [20]. B3LYP calculations with medium size basis sets resulted in the J value  

of  -733 cm
-1

 for experimental geometry of this complex [17]. 

 

 

Fig. 1. Structure of M2(O2CCH3)4.2H2O, M = Cu or Cr (blue - M, red - O, yellow - C, grey - H atoms). 

 

 Quantum-chemical software package Gaussian09 [21] contains new DFT functionals 

including dispersion (such as pure B97D functional with Grimme's D2  dispersion scheme [22] or 

B3LYP hybrid functional with Petersson-Frisch dispersion model from the APFD functional [23]) or 
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long-range corrected functionals (such as CAM-B3LYP using the Coulomb-attenuating method [24]). 

These functionals exhibit improved accuracy at higher distances where the  uncorrected ones die too 

rapidly. The aim of our study is to use these new functionals to calculate exchange coupling constants 

J of the title complexes. 

 

COMPUTATIONAL PART 

Geometries of neutral complexes M2(O2CCH3)4.2H2O, M = Cu or Cr (Fig. 1), in various spin 

states were optimized within Ci  symmetry at DFT level of theory using B3LYP [29], B97D [22], 

B3LYP-D (keyword EmpiricalDispersion) [23] and CAM-B3LYP [24] functionals in vacuo as well as 

in aqueous solution. Standard 6-311+G* basis sets from the Gaussian09 library [21] were used for all 

atoms. Singlet spin states were treated within BS approach using an unrestricted formalism (keyword 

Guess=Mix) Solvent effects were approximated by the Integral Equation Formalism Polarizable 

Continuum Model (IEFPCM) [25 - 28]. The stability of the optimized structures has been tested by 

vibrational analysis (no imaginary vibrations). 

 

RESULTS AND DISCUSSION 

The calculated energy data and metal-metal distances of the systems under study are presented 

in Tables 1 and 2. The spin contamination of the BS singlet spin state of the chromium(II) salt is ca 

three times higher than of the copper(II) one in agreement with the spin multiplicities of the 

corresponding high-spin states. The spin contamination of high-spin states of both compounds is 

vanishing and thus can serve as a suitable reference state for BS calculations. As indicated by DFT 

energies (E), all functionals show antiferromagnetic copper(II) acetate whereas the same property of 

chromium(II) acetate is predicted by the B97D and B3LYP-D ones only (see bold data).  

Room-temperature Gibbs free energy data (G298) suggest a high sensitivity of the preferred spin state 

on the environment (see bold data). Cu-Cu distances do not differ substantially from the experimental 

value unlike the Cr-Cr ones.  

Table 3 presents the calculated exchange coupling constants calculated by two above 

mentioned treatments (compare Eq. (2) of Noodleman et al. [2 - 8] for a weak coupling limit and  

Eq. (3) of AP technique [8 - 11]). Their values significantly depend on the DFT functional used as 

well as on the environment. The best agreement with experimental data for copper(II) acetate exhibit 

the vacuum data obtained by B3LYP and B3LYP-D functionals and for chromium(II) acetate the 

analogous data obtained by B97D and B3LYP-D functionals. 
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Table 1. Total spin-squares, <S
2
>, DFT energies E, Gibbs free energies at 298 K, G298, and Cu-Cu distances, 

d(Cu-Cu), calculated by various DFT functionals for Cu2(O2CCH3)4.2H2O in vacuum and in aqueous solutions in 

various spin states represented by spin multiplicities, MS ( = 2S +1). 

 

Method Solvent MS <S
2> E [hartree] G298 [hartree] d(Cu-Cu) [Å] 

B3LYP - 1 0.987 -4348.28661 -4348.09458 2.608 

 H2O 1 0.988 -4348.22530 -4348.03180 2.606 

 - 3 2.004 -4348.28601 -4348.09288 2.606 

 H2O 3 2.003 -4348.22423 -4348.03201 2.604 

CAM-B3LYP - 1 0.997 -4348.00151 -4347.80342 2.609 

 H2O 1 0.997 -4348.02715 -4347.83385 2.623 

 - 3 2.004 -4348.00075 -4347.80374 2.607 

 H2O 3 2.004 -4348.02697 -4347.83459 2.635 

B97D - 1 0.846 -4349.08985 -4348.90343 2.598 

 H2O 1 0.842 -4349.11295 -4348.93170 2.602 

 - 3 2.005 -4349.08708 -4348.90121 2.576 

 H2O 3 2.005 -4349.11009 -4348.93005 2.580 

B3LYP-D - 1 0.987 -4348.33799 -4348.14230 2.620 

 H2O 1 0.987 -4348.36200 -4348.17098 2.634 

 - 3 2.004 -4348.33688 -4348.14253 2.616 

 H2O 3 2.004 -4348.35769 -4348.16489 2.612 
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Table 2. Total spin-squares, <S
2
>, DFT energies E, Gibbs free energies at 298 K, G298, and Cu-Cu distances, 

d(Cu-Cu), calculated by various DFT functionals for Cr2(O2CCH3)4.2H2O in vacuum and in aqueous solutions in 

various spin states represented by spin multiplicities, MS  ( = 2S +1). 

 

Method Solvent MS <S
2> E [hartree] G298 [hartree] d(Cr-Cr) [Å] 

B3LYP - 1 1.485 -3156.32777 -3156.13204 1.746 

 H2O 1 0.000 -3156.33108 -3156.14003 1.751 

 - 9 20.019 -3156.37203 -3156.17540 2.818 

 H2O 9 20.018 -3156.42326 -3156.23201 2.887 

CAM-B3LYP - 1 3.109 -3155.94995 -3155.74772 2.365 

 H2O 1 3.330 -3155.99407 -3155.79541 2.378 

 - 9 20.015 -3156.04657 -3155.84673 3.246 

 H2O 9 20.013 -3156.08989 -3155.89176 3.272 

B97D - 1 3.109 -3156.36459 -3156.17032 2.467 

 H2O 1 3.304 -3156.39279 -3156.20566 2.425 

 - 9 20.060 -3156.33642 -3156.15217 2.808 

 H2O 9 20.059 -3156.36156 -3156.18184 2.844 

B3LYP-D - 1 3.614 -3156.45157 -3156.25276 2.532 

 H2O 1 3.625 -3156.47536 -3156.28421 2.550 

 - 9 20.018 -3156.42885 -3156.23687 2.883 

 H2O 9 20.017 -3156.45503 -3156.26511 3.026 

 

Finally it may be concluded that the deviations between DFT calculated and experimental  

J values of copper(II) and chromium(ii) acetates are large. DFT method is able to estimate the order of 

their experimental values. It seems that suitable scaling for individual DFT functionals and basis sets 

(analogously as in quantum chemical-treatment of vibrational and NMR spectroscopy) must be 

introduced to improve this treatment for practical predictions. Further theoretical as well as 

experimental studies in this field are desirable. 
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Table 3. Exchange coupling constants J evaluated according to Eq. (2) in a weak bonding limit and according to 

Eq. (3) for the compounds under study in vacuum and in aqueous solutions. 

 

Compound Method Solvent 
J [cm

-1
] 

Eq.(2) 

J [cm
-1

] 

Eq.(3) 

Cu2(O2CCH3)4.2H2O B3LYP - -66 -130 

  H2O -117 -231 

 CAM-B3LYP - -83 -166 

  H2O -20 -39 

 B97D - -303 -525 

  H2O -313 -540 

 B3LYP-D - -122 -240 

  H2O -472 -930 

 Experiment  -142 to -149  [12 - 16] 

Cr2(O2CCH3)4.2H2O B3LYP - 485 524 

  H2O 1011 1011 

 CAM-B3LYP - 1060 1254 

  H2O 1051 1261 

 B97D - -308 -365 

  H2O -342 -409 

 B3LYP-D - -249 -304 

  H2O -223 -272 

 Experiment  -245 [19] 
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ABSTRACT 

Lanthanide compounds are of interest due to their variable applications, e.g., materials required 

by different areas of technology (catalysts, X-ray protectors, etc.). The aim of this research is to 

synthesise new complexes of acetylurea (AcUr) and biuret (BU) with lanthanide halides and to study 

them by IR spectroscopy, thermal and X-ray diffraction analyses. 

We found that complexes prepared from AcUr with LaBr3, PrBr3, NdCl3 and SmCl3 are built of 

the [Ln(AcUr)2(H2O)5]
3+

 complex cations (coordination number 9), while analogous complexes with 

parent amide ligand BU have another structure of inner sphere. Recently we obtained complex 

[Tb(BU)2(H2O)4]Cl3, which is similar to the previously studied biuret complexes of lanthanide halides. 

We have also found a new type of AcUr complex [Ho(AcUr)2(H2O)4]Cl3∙H2O. Structure of its complex 

cation is similar to that of biuret complexes (coordination polyhedron is two-capped trigonal prisms). 

The presence of outer-sphere water is first discovered in this type of complexes. The AcUr and BU 

molecules are bidentate ligands and, on coordination, they change their conformation due to rotation 

around the C–N single bond. The coordinated acetylurea and biuret molecules are joined to the halide 

ions and water molecules of the adjacent complex cations by hydrogen bonds. 

Keywords: acetylurea, biuret, complexes, lanthanides, halides, structure 

 

INTRODUCTION 

Investigation of lanthanide compounds is of obvious scientific interest owing to their possible 

application as effective catalysts in organic synthesis [1], preparations for medical diagnostics [2], etc. 
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The syntheses and structures of complexes of simple bidentate amide ligands are of interest since the 

obtained data can help to predict the structures and properties of lanthanide complexes with more 

complicated amides. 

Acetylurea CH3CONHCONH2 (AcUr) as well as biuret NH2CONHCONH2 (BU) can be 

coordinated to complexing atoms as a polydentate ligands, since their molecules contain two carbonyl 

groups, one (in the case of AcUr) or two (in the case of BU) amide groups, and one imide group. 

The study of the reactions of rare-earth metal salts with bidentate amide ligands has started 

more than fifty years ago, when the existence of the incongruently soluble compound 

Ce(NO3)3⋅2BU⋅5H2O was established [3]. Phase equilibria in Pr2(SO4)3–BU–H2O and PrBr3–BU–H2O 

systems were studied isothermally at 30°С [4]. The formation of crystalline complexes Pr2(SO4)3⋅3BU 

and PrBr3⋅3BU was established. Complexes LnBr3⋅2AcUr⋅4H2O (Ln = La [5], Ce [6],) and 

YbBr3⋅3AcUr [7] were obtained by crystallization from aqueous solutions. 

The complexes [Ln(BU)2(H2O)4]Cl3 (Ln = La, Pr, Ho, Er, Lu) were studied [8]. The crystal 

structures of these compounds contain complex cations [Ln(BU)2(H2O)4]
3+

 (the coordination number of 

the rare-earth metal is 8, and the coordination polyhedron is a two-capped trigonal prism) and 

uncoordinated chloride ions. At the same time, the crystalline complex of lanthanum chloride with biuret 

contains single-charged complex cation [La(BU)2(H2O)2Cl2]
+
 (coordination polyhedron is irregular). 

The outer sphere includes the chloride ion, two water molecules, and the oxonium cation [9]. In these 

cases the coordination mode of BU is bidentate through the oxygen atoms. 

The acetylurea derivatives of lanthanide perchlorates Ln(ClO4)3·4AcUr (Ln = La–Yb, Y [10]) 

were synthesized in a nonaqueous medium. The bidentate coordination mode of the ligand through the 

oxygen atoms was established by the data of IR spectroscopy. It is found by X-ray diffraction analysis 

that crystalline compounds Ln(ClO4)3·4AcUr form two isomorphic series (La–Pr and Nd–Yb, Y). 

However, the structures of the acetylurea complexes were not studied in more detail. 

The aim of present work is the synthesis and structural study of acetylurea complexes with 

LaBr3, PrBr3, NdCl3, SmCl3, HoCl3 and biuret complexes with TbCl3. 

 

EXPERIMENTAL PART 

Reagents and Methods 

The initial substances were lanthanide carbonates (reagent grade); hydrochloric acid (analytical 

grade); acetylurea and biuret (high-purity grade). All manipulations were performed under aerobic 

conditions at room temperature using the materials as described previously [11]. 
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The complexes obtained were characterized by chemical analysis (the lanthanide content was 

determined by trilonometric titration [12]). CHN- analyses were carried out on a CHNS Flash EA1112 

elemental analyzer (Thermo Finnigan). The determination error for C, H, and N was 0.2–0.3%. 

Apparatus and equipment 

IR spectra were recorded on an EQUINOX 55 FTIR spectrometer (Bruker, Germany).  

The samples were prepared as suspensions in Nujol. 

The single crystal XRD data were collected at ambient temperature using a 

StoeStadiVariPilatus and CAD-4 diffractometer. The primary processing of the experimental data array 

was performed using the WinGX program package [14]. All subsequent calculations were performed in 

the framework of the SHELX-97 [15] and SHELXL-2013 [16] program package. The crystal 

structures were determined by direct methods followed by the refinement of positional and thermal 

parameters in the anisotropic approximation for all non-hydrogen atoms. Hydrogen atoms were 

introduced into the calculated positions and refined in the isotropic approximation by the riding model. 

Visualization of the structures of the compounds was performed using the MERCURY program [17]. 

TGA curves were recorded on Q-D1500 derivatograph in the range of 20-500 C with a heating 

rate of 5 K/min. 

 

RESULTS AND DISCUSSION 

Lanthanide carbonates were treated with concentrated hydrochloric or hydrobromic acid taken 

in 20-30% excess. The complexes were synthesized by mixing lanthanide halides with AcUr and BU 

respectively in a mole ratio of 1:2. Ethanol in the case of acetylurea complexes and water in the case of 

biuret complexes (3–5 mL per g of lanthanide halide) were added to the reaction mixture for the 

homogenization. After a prolonged (for 15–60 days) storage in air, prismatic light green (Pr), light 

yellow (Sm), light orange (Ho), light violet (Nd), and colorless (La, Tb) crystals precipitated from the 

solutions. The compositions of the synthesized complexes presented in Table 1. 
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Table 1. Characterization data of newly prepared compounds [La(AcUr)2(H2O)5]Br3 (I), [Pr(AcUr)2(H2O)5]Br3 

(II), [Nd(AcUr)2(H2O)5]Cl3 (III), [Sm(AcUr)2(H2O)5]Cl3 (IV), [Ho(AcUr)2(H2O)4]Cl3∙H2O (V), 

[Tb(BU)2(H2O)4]Cl3 (VI). 

 

Compound Formula 

 

Mr 

wi(calc.)/% 

wi(found)/% 

 
C H N Ln 

I C6H22Br3LaN4O9 672.92 
10.70 

11.40 

3.27 

3.28 

8.32 

8.63 

20.65 

18.35 

II C6H22Br3N4O9Pr 674.92 
10.67 

10.62 

3.26 

2.96 

8.30 

7.91 

20.88 

21.77 

III C6H22Cl3N4NdO9 544.92 
13.21 

13.95 

4.04 

4.08 

10.28 

10.57 

26.47 

25.26 

IV C6H22Cl3N4O9Sm 551.04 
13.07 

13.67 

3.99 

4.04 

10.16 

10.54 

28.14 

26.43 

V C6H22Cl3HoN4O9 565.61 
12.73 

12.96 

3.89 

3.58 

9.90 

9.62 

29.16 

28.51 

VI C4H18Cl3N6O8Tb 543.52 
8.83 

8.59 

3.31 

3.08 

15.46 

14.97 

29.24 

29.30 

 

The deviations of the contents of the analyzed elements from the theoretical values are observed, 

because the compounds are hygroscopic and undergo gradual dehydration on keeping above a drying 

agent. 

The IR spectra of complexes I – V (Table 2) show a noticeable shift of the absorption bands 

(CO) + (NH2) in the spectrum of AcUr to the low-frequency range. It can be caused by the weakening 

of the CO bond due to the formation of the coordination bond of the amide ligand with the complexing 

agent through the oxygen atom. At the same time, the shift of the absorption band corresponding to 

asymmetric stretching vibrations of the NH2 group to higher frequencies (compared to AcUr) is 

probably due to a change in the structural configuration of the ligand upon complex formation.  

A similar conclusion was made for the acetylurea complexes of lanthanide perchlorates [10]. 
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Table 2. Frequencies of the main absorption band maxima in the IR spectra of AcUr and complexes I – IV, V  

 

AcUr 

(cm–1) 

I 

(cm–1) 

II 

(cm–1) 

III 

(cm–1) 

IV 

(cm–1) 

V 

(cm–1) 

Assignment of 

absorption bands 

943 930 932 938 936 946 s(CN) 

1098 1041 1041 1040 1040 1052 (NH2) 

1668 

1691 

1709 

1624 

1677 

1719 

1617 

1674 

1715 

1629 

1716 

1630 

1677 

1718 

1641 

1720 

(CO) + (NH2) + 

(HOH) 

3213 

3356 

3377 

3221 

3383 

3199 

3390 

3212 

3381 

3214 

3382 

3215 

3397 
(OH) + (NH) 

 

The IR spectrum of compound VI (Table 3) is similar to biuret complexes described in [8].  

The shift of absorption bands of stretching vibrations ν(CO) + δ(NH2) to lower frequencies indicates 

that biuret is coordinated through the oxygen atoms. The splitting of the absorption band at 1620 cm
–1

 

corresponding to bending vibrations δ(NH2) into multiplets indicates possible distortions of the 

coordinated biuret molecules.  

 

Table 3. Frequencies of the main absorption band maxima in the IR spectra of BU and biuret complex 

[Tb(BU)2(H2O)4]Cl3 (II) 

BU 

(cm–1) 

VI 

(cm–1) 
Assignment of absorption bands 

1325 1333 δ(NH) 

1500 

1580 
1489 ν(CN) + ν(C–NH2) + δ(NH) 

1620 

1606 

1622 

1646 

(NH2) 

1680 

1725 

1685 

1701 
(CO) + (NH2) 

3260 

3290 

3410 

3194 

3369 
(OH) + (NH2) + (NH) 
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Table 4. Crystal data and structure refinement for complexes I – IV. 

 I II III IV 

Empirical 

formula 

C6H22Br3LaN4O9 C6H22Br3N4O9Pr C6H22Cl3N4NdO9 C6H22Cl3N4O9Sm 

Formula weight 672.92 674.92 544.92 551.04 

Crystal system Monoclinic Monoclinic Triclinic Monoclinic 

Space group C 2 C2/c P1 C2 

a (Å) 18.490(2) 37.015(4) 7.8149(5) 17.9401(17) 

b (Å) 7.8164(5) 7.0708(7) 8.1230(6) 7.4898(6) 

c (Å) 7.7001(9) 19.0533(17) 16.7713(12) 7.6043(7) 

α (º) 90.00 90.00 78.579(6) 90.00 

 (º) 113.159(8) 116.734(7) 83.883(6) 114.035(8) 

γ (º) 90.00 90.00 70.157(5) 90.00 

V (Å )
3
 1023.20(18) 4453.7(7) 980.71(12) 933.18(14) 

Z 2 8 2 2 

calc. (g/cm
3
) 2.184 2.013 1.845 1.961 

Radiation MoKα MoKα MoKα MoKα 

 (mm
–1

) 7.985 7.608 3.097 3.619 

Crystal size (mm) 0.4*0.4*0.4 0.3*0.3*0.3 0.4*0.4*0.4 0.3*0.3*0.3 

  range (º) 3.7230.59 3.0728 2.9928.00 2.973.58 

Index ranges  

h, k, l 

-26 ≤ h ≤ 8 

-11 ≤ k ≤ 11 

-9 ≤ l ≤ 10 

-48 ≤ h ≤ 43 

-7 ≤ k ≤ 9 

-21 ≤ l ≤ 25 

-10 ≤ h ≤ 8 

-10 ≤ k ≤ 8 

-21 ≤ l ≤ 22 

-17 ≤ h ≤ 25 

-10 ≤ k ≤ 10 

-10 ≤ l ≤ 4 

Measured 

reflections 
2959 5260 2887 2483 

Independent 

reflections 
1943 923 2366 1653 

Parameters 107 215 210 139 

GOOF 0.861 0.501 1.169 1.027 

R1/wR2[I≥2σ(I)] 0.0608/ 0.1425 0.0635/ 0.1179 0.0592/ 0.1406 0.0332/ 0.0594 

max/min, 

e/Å
3
 

1.924/ 2.541 1.237/ 0.973 2.621/ 2.880 0.771/ 1.313 
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Table 5. Crystal data and structure refinement for complex VI. 

 

 VI 

Empirical formula C4H18Cl3N6O8Tb 

Formula weight 543.52 

 (Å) 0.71073 

Crystal system monoclinic 

Space group C 2/c 

a (Å) 7.6376(3) 

b (Å) 13.1926(6) 

c (Å) 17.3835(7) 

α (º)  

 (º) 100.842(3) 

γ (º)  

V (Å )
3
 1720.29(12) 

Z 4 

calc. (g/cm
3
) 2.887 

Radiation MoKα 

 (mm
–1

) 4.712 

Crystal size (mm) 0.4*0.4*0.4 

  range (º) 3.09-28.70 

Index ranges  

h, k, l 

-10 ≤ h ≤ 10 

-17 ≤ k ≤ 17 

-23 ≤ l ≤ 23 

Measured reflections 2148 

Independent reflections 1987 

Parameters 137 

GOOF 1.138 

R1/wR2[I≥2σ(I)] 0.0225 / 0.0261 

max/min, e/Å
3
 0.740 / – 1.726 
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The crystals of compounds I – IV contain complex cations [Ln(AcUr)2(H2O)5]
3+

 (coordination 

number 9) and uncoordinated halide ions (Fig. 1). The AcUr molecules are coordinated via the bidentate 

mode through the oxygen atoms. On coordination, the acetylurea changes its conformation due to 

rotation around the C–N single bond [13]. 

 

Fig. 1. Structure of [Nd(AcUr)2(H2O)5]Cl3 

(hydrogen atoms of coordinated water molecules are omitted). 

 

In the case of [La(AcUr)2(H2O)5]Br3 and [Sm(AcUr)2(H2O)5]Cl3 the coordination polyhedron of 

the lanthanide atom is a one-capped distorted square antiprism. Moreover, these complexes are 

isostructural while [Pr(AcUr)2(H2O)5]Br3 and [Nd(AcUr)2(H2O)5]Cl3 have different cell parameters.  

The coordination polyhedron for the last ones is three-capped trigonal prism. 

 

Fig. 2. Unit cell of [Nd(AcUr)2(H2O)5]Cl3 

(hydrogen atoms of coordinated water molecules are omitted). 
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Although complex V has the same composition as the complexes I – IV, preliminary studies 

showed that it has different structure. The crystals contain complex cations [Ho(AcUr)2(H2O)4]
3+

 

(coordination number 8), uncoordinated chloride ions and water molecules (Fig. 3). The coordinated 

AcUr molecules are joined with the halide ions and water molecules of the adjacent complex cations by 

hydrogen bonds. 

 

Fig. 3. Structure of [Ho(AcUr)2(H2O)4]Cl3∙H2O (data of preliminary studies). 

 

 

Fig. 4. Unit cell of [Ho(AcUr)2(H2O)4]Cl3∙H2O (data of preliminary studies). 
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It is known that AcUr molecules in crystalline state are nearly planar: the dihedral angle 

between the OCN planes including the carbonyl fragments is 4.07° [13]. On coordination the ligand 

molecules become nonplanar in complexes I – IV (14.30° for I, 13.39° for IV, 5.70° and 8.97° in 

structure II, 6.02 ° and 7.37° in structure III). In isostructural complexes I and IV both ligands are 

distorted to the same extent. However, AcUr molecules in [Ho(AcUr)2(H2O)4]Cl3∙H2O become more 

planar: the angles between the two OCN planes are equal to 3.66° and 0.95°. 

Existence of one uncoordinated water molecule per one complex cation as well as coordination 

number makes V unlike the acetylurea complexes with light lanthanides I – IV. The unit cell contains 

four structural units (Fig. 4). 

We established that the coordination polyhedron of the Pr atom is a three-capped trigonal prism 

(Fig. 5). The acetylurea molecules in [Pr(AcUr)2(H2O)5]Br3 are localized at the edges of two “caps” and 

two O–С–CH3 fragments are generatrices of the triangular base. The O9 water molecule occupies the 

vertex of the third “cap.” The length of this Pr–O9(H2O) bond is 2.571 Å, whereas the range of other 

Pr–O(H2O) bond lengths is 2.487–2.518 Å. We note that in complex V the localization of two O–С–

CH3 acetylurea fragments are the same as in the case of [Pr(AcUr)2(H2O)5]Br3 (Fig. 6). However, there 

are no the third “cap” with O9 water molecule in coordination polyhedron of complex V, therefore, 

coordination polyhedron of the Ho atom is a two-capped trigonal prism. 

 

 

 

Fig. 5. Coordination polyhedron of the complex cation for [Pr(AcUr)2(H2O)5]Br3  

 (hydrogen atoms of coordinated water molecules and outer sphere are omitted). 
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Fig. 6. Coordination polyhedron of the complex cation for [Ho(AcUr)2(H2O)4]Cl3∙H2O 

(hydrogen atoms of coordinated water molecules and outer sphere are omitted). 

 

So, complexes of AcUr with light lanthanides, namely La, Pr, Nd, Sm, have in their structure 

five coordinated water molecules while heavy lanthanide, Ho, is coordinated by four water molecules 

and the fifth one is present in outer sphere of complex V. Such structure differences are caused  

by a decrease in the ionic radius in the lanthanide series. 

An X-ray diffraction analysis of complex VI showed that the crystals contain complex cations 

[Tb(BU)2(H2O)4]
3+

 (coordination number 8) and uncoordinated chloride ions (Fig. 7). The coordinated 

biuret molecules are joined with the chloride ions and water molecules of the adjacent complex cations 

by hydrogen bonds. 

 

Fig. 7. Structure of [Tb(BU)2(H2O)4]Cl3. 
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Fig. 8. Unit cell of [Tb(BU)2(H2O)4]Cl3. 

 

 

Fig. 9. Coordination polyhedron of the complex cation for [Tb(BU)2(H2O)4]Cl3 

(hydrogen atoms of coordinated water molecules and outer sphere are omitted). 
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A similar rotation of the planar AcUr molecules caused by complex formation has occurs in VI. 

As a result, the BU molecules become nonplanar. It have been established that the degree of coplanarity 

decreases monotonically in the lanthanide series: the dihedral angles between the two CON planes in the 

coordinated biuret molecules are 27.03° for [La(BU)2(H2O)4]Cl3, 25.36° for [Pr(BU)2(H2O)4]Cl3, 

21.75° for [Ho(BU)2(H2O)4]Cl3 [8]. The results obtained are consistent with the data above: the dihedral 

angle between the CON planes in the structure of [Tb(BU)2(H2O)4]Cl3 is equal 22.52°. 

Biuret complex of terbium VI is found to be isostructural to the already explored biuret 

compounds with lanthanide chlorides [8], the unit cell contains 4 structural units (Fig. 8). 

The coordination polyhedron of [Tb(BU)2(H2O)4]Cl3 is the same as in the case of complex V – 

a two-capped trigonal prism (Fig. 9). The BU molecules in complex VI lie along the edges of the prism 

bases in such a way that all four oxygen atoms form a lateral face of the prism. 

Decomposition of complexes starts at 80 – 85 degrees and proceeds in several steps. The final 

products are amorphous mixtures of lanthanide oxohalides and oxides. The low temperatures of 

decomposition start are obviously caused by weak bonding of water molecules in complexes. 

 

 

REFERENCES 

1. T. N. Parac-Vogt, K. Binnemans, Tetrah. Lett., 45 (2004) 3137 

2. M. Woods, Z. Kovacs, A. D. Sherry, J. Supramol. Chem., 2 (2002) 1 

3. K.S. Dzhanybekova, Z.M. Zholalieva, M.D. Davranov, All-Union Conf. “Chemistry and 

Technology of Rare Non-Ferrous Metals and Salts, Frunze (1986) 329 

4. Z.Yu. Yunusova, M.D. Davranov, M.K. Balbaev, K.S. Sulaimankulov, Izv. Ak. Nauk Kirg. 

SSR (1985) 39 

5. Z.M. Zholalieva, K. Sulaimankulov, M. Ismailov, Zh. Neorg. Khim., 20 (1975) 2005 

6. Z.M. Zholalieva, K. Sulaimankulov, S. Isakova, Zh. Neorg. Khim., 25 (1980) 835 

7. S. Isakova, K. Sulaimankulov, K. Aitimbetov, T. Kozhanova, Zh. Neorg. Khim., 25 (1980) 

2271 

8. T. A. Antonenko, L. Yu. Alikberova, D. V. Al’bov, et al., Russ. J. Coord. Chem., 39 (2014) 

283 

9. W.T.A. Harrison, Acta Crystallogr., E64 (2008) m681 

10. C. Airoldi, Gushikem, Y., J. Inorg. Nucl. Chem., 36 (1974) 1892 

11. L.Yu. Alikberova, D.V. Albov, P.S. Kibal’nikov, et al., Russ. J. Coord. Chem., 37 (2011) 635 

12. V. Patrovsky, Coll. Czech. Chem. Com., 24 (1959) 3305 



Advancing Coordination, Bioinorganic and Applied Inorganic Chemistry 

The 50th Anniversary of ICCBIC 
Edited by M. Melník, P. Segľa, and M. Tatarko 
Slovak Chemical Society, Bratislava  © 2015 

 

40 

 

13. L.Yu. Alikberova D. V. Al’bov, A. S. Bushmeleva et al., Russ. J. Coord. Chem., 40 (2014) 918 

14. L.J. Farrugia, J. Appl. Crystallogr., 32 (1999) 837 

15. G.M. Sheldrick, Acta Crystallogr., A64 (2008) 112 

16. http://shelx.uni-ac.gwdg.de/SHELX/index.php 

17. C.F. Macrae, P.R. Edgington, P. McCabe, et al., J. Appl. Cryst., 39 (2006) 453 



Advancing Coordination, Bioinorganic and Applied Inorganic Chemistry 

The 50th Anniversary of ICCBIC 
Edited by M. Melník, P. Segľa, and M. Tatarko 
Slovak Chemical Society, Bratislava  © 2015 

 

41 

 

Coordinating and biological activities of azomethine hesperetin analog 

 

a
E. Lodyga-Chruscinska, 

a
M. Symonowicz, 

a
A. Dzeikala, 

a
A. Sykula, 

b
I. B. Zavodnik, 

b
N. G. Golovach 

 

a
Faculty of Biotechnology and Food Sciences, Lodz University of Technology, 90-924 Lodz, Poland 

b
Department of Biochemistry, Yanka Kupala State University, 230009 Grodno, Belarus 

 

Corresponding author: Professor, Elzbieta Lodyga-Chruscinska; e-mail Address; elalodyg@p.lodz.pl; 

Correspondence Address: Faculty of Biotechnology and Food Sciences, Lodz University of 

Technology, ul. Stefanowskiego 4/10, 90-924 Lodz, Poland  

 

 

Synthesis and characterization of Schiff base with solid copper(II) complex derived from hesperetin 

has been carried out. Structural elucidation of the Schiff base and its metal complex were analyzed on 

the basis of various spectroscopic techniques (FTIR, electronic absorption spectra, FAB MS, ESI 

MS). On the basis of the spectral data it can be proved that the Schiff base is coordinated via two O 

atoms and N atom, and monodentate acetate anion completes a distorted square planar geometry about 

Cu atom. In addition the compounds were screened for inhibition of radical species activity. Both 

hesperetin azomethine analogue and its complex showed moderate preventive effect on oxidative 

damage of the liver mitochondria of rats 

 

INTRODUCTION 

During the last several years, coordination chemistry has been considerably enriched due to the 

synthesis and characterization of a large number of Schiff base compounds containing nitrogen and 

oxygen as donor sites. Schiff bases or azomethines and their metal complexes are known to be 

biologically important [1,2]. As they contain basic site namely the azomethine linkage (–C=N–) they 

can exhibit spectacular application in many important fields of interest. They play a vital role in 

pharmaceutical as well as in clinical fields. Several explanations have been suggested [3,4] that 

chelation can enhance biological activity of Schiff bases. Generally it has been observed that 

transition metal(II) complexes have less toxic effects on cells of living organism. It has also been 

studied [5] that chelates obtained from copper are more effective against tuberculosis and rheumatoid 

arthritis.  
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These very promising information have prompted us to synthesize a new azomethine analogue 

of hesperetin. The studies revealed that both hesperetin analogue and Cu(II) complex have exhibited 

cytotoxic and antimicrobial activities [6].  

This paper has been aimed to investigate any protective effects of the above-mentioned 

compounds in oxidative stress conditions imposed in rat liver mitochondrial cells. 

 

EXPERIMENTAL PART 

Reagents and solutions 

All reagents were of analytical quality and were used without further purification. 

Preparation of azomethine hesperetin analog 

O

N
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Scheme 1. Preparation of azomethine hesperetin analog. 

A mixture of hesperetin (499,67 mg, 1,05 mmol) and N-benzoyl hydrazine (250,21 mg, 

1,8 mmol) (Scheme 1) in methanol (10 ml) with glacial acetic acid (200 μl) was refluxed at 70°C on 

water bath with constant stirring for about 24 h. Reaction was monitored by TLC, after completion of 

the reaction, on cooling, pale-yellow crystalline solid was separated out. The filtered solid was 

washed with ether and dried. Recrystallization was performed in methanol to obtain the product  

N-[(±)-[5,7-dihydroxy-2-(3-hydroxy-4-methoxy-phenyl)chroman-4-ylidene]amino]benzamide 

(HHSB). Elemental analysis (%) Cal. for C23H20N2O6 (Mol. Wt.: 420.41): C, 65.71; H, 4.79; N, 6.66. 

Found: C, 65.62; H, 4.88; N, 6.71. 

Preparation of copper complex  

Copper complex was prepared by adding requisite (0.24 mmol) amount of Cu(Oac)2•H2O  

(Oac-acetate) to the Schiff base (0.20 mmol) solution in 20ml acetone. Then, the reaction mixture was 

refluxed for 10 h on a oil-bath and then a green precipitate, [CuLH3·Oac]·H2O, was separated from 

the solution by suction filtration and washed several times with methanol and dried for 24 h in vacuo 

[6]. Elemental analysis (%) Cal. for [CuLH3•Oac]•H2O, where LH3 = HHSB with C(7)-OH, C(3’)-OH 

and nitrogen of the benzamide protonated: C, 53.62; H, 4.32; N, 5.00; Cu, 11.35. Found: C, 54.01;  

H, 4.91; N, 5.56; Cu, 10,5.  
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The analytical data of the synthesized compounds are presented in the Table 1. 

 

Table 1. Analytical data of the ligand and its solid copper complex. 

Molecular formula Mass 

identification 

Colour Yield 

(%) 

M.P. (ºC) Molar 

conductance  

(S cm
2
 mol

-1
) 

C23H20N2O6 FAB-MS: m/z 

= 421 [M+H]
+
 

white-

yellow 

45 265-267 n.d. 

[CuLH3·Oac]·H2O ESI-MS: m/z 

= 482.1  

[M-H]
+
 

green 46 311-315 2.51 

 

Apparatus and equipment 

Elemental analysis (C, H and N) was carried out on an EuroVector 3018 analyzer. The metal 

content of the complex was determined using AAS GBC 932 Plus (Australia) with copper hollow 

cathode lamp. The melting point of the ligand was determined by an Electrothermal 9200 microscopic 

melting point apparatus. The IR spectra were recorded employing a Nicolet 6700 (Thermo-Scientific) 

FT-IR spectrometer, in the 4500-400 cm
-1

 region. Mass spectra (FAB-MS) were performed on  

a Finnigan MAT 9 instrument. High resolution mass spectra (ESI MS) were obtained on a Bruker  

Q-FTMS spectrometer (Bruker Daltonik, Bremen, Germany), equipped with Apollo II electrospray 

ionization source with ion funnel. Electronic absorption (UV-VIS) spectra were recorded with  

a Perkin-Elmer Lambda 11 spectrophotometer using quartz cell with a path length of 1 cm.  

Biochemical measurements 

In order to test the effect of synthesized HHSB and Cu (HHSB) complex on the antioxidant 

activity the initial pre-incubation of isolated rat liver mitochondria in the presence of 40μM HHSB or 

the complex was carried out for 20 min. at a temperature of 25ºC. After a preincubation to induce 

oxidative stress in isolated rat liver mitochondria tert-butyl hydroperoxide (tBHP) (1,5 mМ) was 

added. The reaction mixture was placed in a water bath at 25
0
C and incubated for 30 minutes. The 

protein concentration (15 mg/ml) in the mitochondria samples was determined by the method of 

Lowry et al. [7]. 

The concentration of reduced glutathione (GSH), total (TSH) and protein (PSH) thiols in 

mitochondria was determined spectrophotometrically by the method of Ellman [8] using the molar 

absorption coefficient 412 =1.36×10
4
 M

–1
cm

–1
. Mixed disulfides (GSSP) formed by glutathione and 
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accessible sulfhydryl groups of mitochondrial proteins were determined by the method described by 

Rossi et al. [9]. The level of accumulated lipid peroxidation products 

(thiobarbituric acid-reactive substances, TBARS) was determined according to Stocks and Dormandy 

[10]. 

The absorbance measurements in all assays were performed using a spectrophotometer V-530 

Jasko. The results were statistically analyzed using statistics software 6.0. All results are expressed as 

the arithmetic mean of four independent experiments ± SD. The significance of differences were 

determined by Student's t. The differences between the arithmetic means were considered statistically 

significant at p ≤ 0.05. 

 

RESULTS AND DISCUSSION 

The study of the electronic spectra in the ultraviolet and visible ranges for the ligand and Cu(II) 

complex was carried out in aqueous solution with 2.5% of DMSO at acidic and neutral pH range. The 

electronic spectra of ligand had a weak band at λmax 254 nm, sh. at 286 nm and a strong band at 

λmax 323 nm (Fig. 1A). The bands in the range of high energy, at λmax = 254 and sh. 289 nm, are due to 

the excitation of the π electrons (π-π* transitions) of the aromatic rings. The third band at λmax = 323 

could be assigned to the π-π* transition within the C=N group, while the longest wavelength band at 

around 400 nm is due to an intramolecular charge transfer (CT) transition involving the whole 

molecule [6]. The spectra of the Cu complex were similar, except several differences depending on 

pH especially for the peak at 323 nm, which is shifted to 338 nm in acidic range and the formation of 

a new band at 378 nm around neutral pH (Fig. 1B,C). 
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Fig. 1. Electronic absorption spectra of HHSB and Cu/HHSB complex at acidic and neutral pH range. 

 

The coordination mode, i.e. two oxygens and one nitrogen as donor atoms (Fig. 2), is supported by 

the d-d electron transition energy corresponding to λmax = 640 nm (Fig. 1D) which is similar to many 

other Cu(II) systems [11,12]. 

Cu

O

ON

N

H

O

X

Ph

O-

R

OH

CH3

R

 

 

Fig. 2. The proposed donor atoms in Cu/HHSB complex. The Ph abbreviation corresponds to phenyl ring, X 

symbolises Oac (acetate). 

 

The infrared spectrum of the ligand is compared with that of copper complex. The data is 

summarized in Table 2. The FTIR spectra are presented in Fig. 3. 
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Table 2. FTIR absorption bands (cm
-1

) of the ligand and the complex. 

 

Compound  ( CO) (CN) (Cu-O) (Cu-N) (O-H) νas(COO
-
) νs(COO

-
) 

HHSB 1644 s 1601 s ̶ ̶ 3200 - - 

[CuLH3•Oac]•

H2O 

1604 s 1589 s 443 418 3459 1569 1364 
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Fig. 3. FTIR spectra of the ligand and Cu(HHSB) at different wave number ranges. 

 

The infrared spectra of the ligand has shown a strong band at 1601 cm
-1

 due to the (C=N) 

stretching vibration of the azomethine group. On complexation this band is shifted to 1589 cm
-1

 for 

Cu(II) complex suggesting the involvement of this group (>C=N-) in complexation. Conjugation of 

the group with the metal ion in complexation shifts this band to lower wave numbers due to the 

reduction in electron density thereby indicating the coordination of the metal ion through the nitrogen 

atom [13]. The bands appearing at 418 cm
-1

 and 443cm
-1

 are assigned to the stretching frequencies of 

Cu-N and Cu-O the metal-ligand bonds respectively [6]. The two weak bands at 808 and 703 cm
-1

 

observed in the ligand are assigned to OH rocking and wagging vibrations respectively [14]. However, 

in the complex these bands are strong, supporting the involvement of phenolic group (C(5)-OH) in 

copper coordination. 
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Incubation of mitochondria with tBHP (oxidative stress inducing agent) leads to a significant 

reduction in the reduced form of glutathione (75%), increasing the content of mixed disulfides (3 times) 

and level of lipid peroxidation products (3 times), leading to disturbances in the proper function of cell 

antioxidants and damage of mitochondria cell membranes. Some beneficial effects to suppress oxidative 

stress induced by tBHP was observed in the case of Cu(HHSB) complex (Table 3, Fig. 4).  

 

Table 3. The total (TSH), protein (PSH) thiol groups, reduced gluthatione (GSH), mixed glutathione-protein 

disulfides (GSSP) and lipid peroxidation product (TBARS) levels in rat liver cell mitochondria  

(*statistically significant in comparison with control, p<0.05). 

 

Parameters 

[nmol/mg  

protein] 

Compounds [average ± SD] 

Control tBHP Hesp HHSB Cu-HHSB 

TSH 91.402.46 83.941.21 85.574.32 90.641.94 86.401.90 

GSH 14.040.68 3.570.214 3.470.19 3.460.21 3.380.20 

PSH 77.361.52 80.372.35 82.104.21 87.172.15 82.812.35 

TBARS 0.0280.003 0.0840.004 0.0630.009 0.0620.010 0.0510.01 

GSSP 0.4870.035 1.5620.099 1.5350.019 1.4780.083 1.2830.06 
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Fig. 4. Activities of Hesp, HHSB and Cu(HHSB) with respect to protein parameters. 
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The complex compared to hesperetin (Hesp) and HHSB more effectively prevents the 

development of oxidative stress and protects mitochondrial membranes from oxidative damage, 

significantly reduces elevated levels of lipid peroxidation products (Hesp HHSBCu(HHSB)). 
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In this paper, we report the results of a theoretical tensile experiment on a new intergranular glassy 

film (IGF) models in polycrystalline β-Si3N4 with prismatic planes with pure and Y-doped SiO2 in 

three different concentrations of doped metal in IGF. The models consist of 308 atoms in the cell, 

which contains two blocks of Si3N4 with prismatic planes and IGF formed by SiO2 layer between 

them. This model with periodic boundary conditions was optimized by molecular dynamics, fully 

relaxed and calculated using the Vienna ab initio simulation package VASP, where for all atoms we 

used ultrasoft GGA PAW potentials. The results of simulations show complicated deformation and 

failure mechanisms in IGF during crack propagation. In pure SiO2 the crack propagation occurs only 

in IGF what indicates that interactions between SiO2 and Si3N4 layers are stronger than Si-O bonds in 

IGF. In the case of Y-doped SiO2 we observe all yttrium atoms located in IGF without any interactions 

with Si3N4 layer and no Y-Y bonds. Our results show weaker Y-O interactions than Si-O bonds in 

SiO2 what leads to crack propagation mainly between Y and O atoms in IGF. 

 

 

INTRODUCTION 

In recent years, computational materials science has made great progress in understanding 

many of phenomena in complex materials that were previously impossible to explain. Much of this 

success has been attributed to ever increasing computational power and improved methodologies to 

solve such problems in realistic manner. Polycrystalline structural ceramics and their interfaces and 

intergranular glassy films (IGFs) are examined in detail because these microstructures determine much 

of mechanical and physical properties of the bulk material. Their proper understanding is the key to 

their successful application in creating of new materials. Past theoretical studies of the microstructures 

in ceramics were mostly limited to crude empirical models or were based on simple idealized 

structures which rarely dealt with interactions at atomic level. For complex microstructures such grain 
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boundary and IGF, it is necessary to first have realistic structural models and then study their 

electronic structure, interatomic bonding and other properties in order to reveal the microscopic origin 

of their useful properties at the atomic scale.  The presence and the physical properties of IGFs in a 

number of different ceramics materials have been a subject of many experimental and theoretical 

investigations [1-12]. However, such investigations are extremely challenging because of the 

complexity of the IGF structure. Experimentally, it is difficult to fully characterize the samples and 

carry out measuring of properties aimed to the IGF. Theoretically, the ability to reveal the complicated 

structure property is hindered by the absence of well constructed IGF models and accuracy limitations 

of various theories. In recent years, there has been considerable development in using ab initio method 

based on density functional theory (DFT) to simulate the mechanical properties of ceramic crystals. 

In this paper, we report the results of a theoretical tensile experiment on IGF models in 

polycrystalline where the pure SiO2 or Y-doped SiO2 IGF is between two prismatic β-Si3N4 planes.  

 

 

COMPUTATIONAL PART 

We choose prismatic model since most IGFs observed in polycrystalline β-Si3N4 have 

prismatic planes [12]. The model consists of 308 atoms in a cell, which contains two blocks of Si3N4 

and IGF formed by a SiO2 layer between them. We construct two blocks of Si3N4 containing 96 N and 

72 Si atoms and their positions were obtained from experimental X-ray data of polycrystalline Si3N4 

[13]. The IGF region (roughly defined as the region between the crystalline Si layers) is about 1.9 nm 

wide and contains no N atoms inside IGF. The IGF region in the prismatic model contains 46 Si and 

92 O atoms and their positions are obtained by molecular dynamics calculations. This is a fairly ideal 

model without defective structures due to cell size limitation. This model of 308 atoms with periodic 

boundary conditions was fully relaxed and calculated using the Vienna ab initio simulation package 

VASP [14,15]. 

In the first step we carry out molecular dynamics calculations in the IGF region, atomic 

positions of N and Si in two sandwiched blocks of Si3N4 were fixed. We start at 8000 K temperature 

and move down to almost 0 K by 1000 K steps. At each temperature 3000 ionic steps of molecular 

dynamic were performed. By this procedure we tried to achieve the ideal amorphous structure of SiO2 

in IGF region and realistic positions of doping Y atoms. Then this model of 308 atoms with periodic 

boundary conditions was fully relaxed and we found equilibrium cell dimension by changing  

x, y and z axis sizes to reach a zero stress in all dimensions. The equilibrium cell dimensions are about 

38.0, 7.5, 12.0 Å for all models depending on doped atoms in IGF region with the x-axis perpendicular 

to the IGF layer. The theoretical tensile experiment was carried out by systematic extension of the 

model in the x direction in small steps (0.5 Å) with the fixed y and z dimensions. During each step the 
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model was fully relaxed using VASP until the desired accuracy was reached. For all atoms we used 

ultrasoft GGA PAW potentials with a single k-point (due to large cell size) and an energy cutoff of 

400 eV. The electronic energy and force cutoffs were set at 0.001 and 0.01 eV/Å, respectively.  

The extension steps were repeated until the model was fully fractured and well separated. The stress 

and the atomic configuration at each step were registered. 

 The strain is a measure of deformation representing a ratio of the change in length of IGF to 

the initial unstressed origin length of IGF in the x direction 

           (1) 

where ε is strain, Δl is the change in length of IGF in the x direction (l-l0) and l0 is origin length of IGF 

in the x direction. 

 The stress in each direction is defined as a ratio of the calculated force in relevant direction to 

area of the cross-section (perpendicular plane of cell) 

           (2) 

where 𝜎 is stress, F is the calculated force in relevant direction and A is area of the cross-section 

(perpendicular plane of cell). 

 

 

RESULTS AND DISCUSSION 

The results of simulations show complicated deformation and failure mechanisms in an IGF 

model in -Si3N4 with prismatic surfaces. The results for the IGF model without any metal are very 

similar with previous studies [1, 2]. Our results show that crack propagation occurs only in IGF what 

indicates that interactions between SiO2 and Si3N4 layers are stronger than Si-O bonds in IGF (Fig. 2). 

The applied strain simply elongates the Si-O and Si-N bonds within the IGF and during the process of 

the tensile experiment some bonds begin to break what is reflected by decreasing stress in the 

elongation direction (Fig. 1). After breaking some bonds in IGF and subsequent regrouping of atom 

positions and creating new bonds, we again observe the stress increase. Near the stress maximum the 

bonds in IGF parallelize with the direction of elongation and after their break the corresponding atoms 

recoil back in the opposite direction. After breaking the last bond both parts of the model were clearly 

separated into two Si3N4 parts coated by glassy films. On the beginning the width of Si layers in IGF is 

about 2.0 nm, full separation is detected when the width reaches 3.0 nm (the strain of 0.60).  
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Fig. 1. Atomic structures (N-blue, Si-yellow, O-magenta) of the prismatic model with pure Si2O, with the start 

(top) and end (bottom) position of atoms after being separated to two blocks.  
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Fig 2. Stress vs. strain dependence of the prismatic model of pure SiO2 in IGF under uniaxial extension in the x 

direction. Every data point is collected after full ab initio relaxation using VASP program at a given strain.  

The y and z components of the strain are also shown. 
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In the case of yttrium doping, we study three different Y concentrations in IGF. First, we 

replaced two SiO2 molecules by Y2O3 (i.e. 6.1 % weight percent of Y in IGF). All subsequent 

procedures were the same as with the pure SiO2 mentioned above. After molecular dynamics and 

obtaining relaxed positions of atoms we can see that all yttrium atoms are located in IGF without any 

interactions with the Si3N4 layer and no bonds are between Y atoms (Fig. 4). During the tensile 

experiment we noticed elongating mainly Y-O bonds. The bonds elongation during crack propagation 

finally leads to separating into two Si3N4 parts coated by glassy films similarly as in the previous case. 

The results show weaker Y-O interactions than Si-O bonds, what is confirmed by lower maximum 

stress during the tensile experiment (Fig. 3). On the beginning of the elongation the width of Si-O-Y 

layers in IGF is about 1.9 nm, full separation is detected when the width reaches 2.7 nm (the strain of 

0.45).  

 

 

 

 

 

Fig. 3. Atomic structures (N-blue, Si-yellow, O-magenta and Y-black) of the prismatic Y1 model  

(Y concentration of 6.1 %) with the start (top) and end (bottom) position of atoms after being separated to two 

blocks.  
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Fig. 4. Stress vs. strain dependence of the prismatic Y1-doped model under uniaxial extension in the x direction. 

Every data point is collected after full ab initio relaxation using VASP program at a given strain.  

The y and z components of the strain are also shown. 

 

Further replacing of two SiO2 molecules by Y2O3 increased the weight content of Y to 11.5 % 

in the IGF.  The yttrium atoms are localized near the Si3N4 surface after molecular dynamics and 

relaxing the positions of atoms, but again without any interactions with the Si3N4 layer. The behavior 

of the tensile experiment is very similar to the previous case with lower yttrium concentration.  

The crack propagation is observed in the area where yttrium atoms are most populated and after the 

separation  the yttrium atoms are located on the surface of the separated parts. The deformations and 

failure mechanisms are more complicated than in the previous case, mainly at the end of simulation 

(Fig. 6). On the beginning the elongation width of Si-O-Y layers in IGF is about 1.9 nm, full 

separation is detected when the width reaches 2.7 nm (the strain of 0.55). 
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Fig. 5. Atomic structures (N-blue, Si-yellow, O-magenta and Y-black) of the prismatic Y2 model (Y concentration 

of 11.5 %) with the start (top) and end (bottom) position of atoms after being separated to two blocks. 
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Fig. 6. Stress vs. strain dependence of the prismatic Y2-doped model under uniaxial extension in the x direction. 

Every data point is collected after full ab initio relaxation using VASP program at a given strain.  

The y and z components of the strain are also shown. 
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The last replacing two SiO2 molecules by Y2O3 increased the Y weight content to 16.7 % in 

IGF.  The yttrium atoms are localized mainly in the middle of the IGF layer or very close to the Si3N4 

surface after molecular dynamics and relaxing the atom positions, but again without any interactions 

with the Si3N4 layer. Due to high Y concentration in IGF the yttrium atoms are very close each to 

other (3.6-4.0 Å). The behavior of the tensile experiment is more different from the previous cases 

(Fig. 8). After reaching the maximum (the strain of 0.25), the stress decreases very quickly and then 

increases almost to the previous level. This process of deep decreasing and increasing of the stress is 

once more repeated before reaching full separation to two isolated blocks of Si3N4. This is 

accompanied by a significant reorganization of atoms near the crack propagation area. Some bonds in 

the process are broken and other bonds are formed. The crack propagation is observed again as in 

previous cases in the area where yttrium atoms are most populated and after separations the yttrium 

atoms are located on the surface of the separated parts. On the beginning the elongation width of  

Si-O-Y layers in IGF is about 2.0 nm, full separation is detected when the width reaches 3.1 nm  

(the strain of 0.55). 

 

 

 

 

Fig. 7. Atomic structures (N-blue, Si-yellow, O-magenta and Y-black) of the prismatic Y3 model  

(Y concentration of 16.7 %) with the start (top) and end (bottom) position of atoms after being separated to two blocks. 
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Fig. 8. Stress vs. strain dependence of the prismatic Y3-doped model under uniaxial extension in the x direction. 

Every data point is collected after full ab initio relaxation using VASP program at a given strain.  

The y and z components of the strain are also shown. 

 

 Finally, we can conclude different behaviour of crack propagation in pure SiO2 and in the  

Y-doped IGF. Most of the structure changes in pure SiO2 (breaking and creating bonds, regrouping 

atoms) occurs mainly on the beginning of the tensile experiment, before reaching the maximum stress. 

On the contrary, in the case of Y-doped IGF we notice these changes in atomic structure after reaching 

the maximum stress. Generally, Y-O bonds are weaker than Si-O bonds and yttrium addition to IGF 

causes a slight decrease of the maximum stress, what should affect the rigidity of material. On the 

other side, the changed behaviour of crack propagation may have more effect on mechanical 

properties of the material. Yttrium atoms in the IGF have affinity to the Si3N4 layer surface but we find 

no direct interaction between them. Increasing amount of yttrium atoms in IGF caused more 

complicated deformation and failure mechanisms during the tensile experiment. Further analysis of the 

electronic structure of IGF as well as of its mechanical properties (such as fracture energy and 

elasticity) is in progress. 
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Thermogravimetry (TG) and derivative termogravimetry (DTG) have been applied to 

evaluating non isothermal kinetic parameters (the apparent activation Ea, the pre-exponencial factor 

A in the Arrhenius equation and rate constant k) for thermal decomposition reactions  of solid 

complexes: Cu2(2-Clbz)4(denia)2 (I), Cu2(2-Brbz)4(denia)2 (II) and Cu(2-Brbz)2(denia)2 (H2O) (III).  

Thermal decomposition of complexes I and II proceeds in two steps and in three steps for 

complex III. The final product of thermal decomposition of studied complexes was CuO. The kinetic 

stability of the complexes (on the basis of k/s
-1

 for 1
st
 step) can be ordered in the sequence I<III<II. 

 

Keywords: TG, DTG, activation energy Ea, kinetic stability 

 

INTRODUCTION 

It is known that the non-isothermal thermogravimetric analysis may successfully be used for 

determination of the kinetic triplet : the apparent activation energy Ea, the pre-exponential factor A in 

the Arrhenius equation and the rate constant k for some heterogeneous reactions of solid compounds 

(Rotaru, A., Moanta, A., Rotaru, P., & Segľa, E. (2009), Turmanova, S., Genieva, S., & Vlazev, L. 

(2011)), and utilized also the study of the Cu (II) complexes with heterocyclic ligands. Heterocyclic 

ligands play an active role in a great number of various biological processes, especially six membered 

ring system being a component of several vitamins and drugs (Mojumdar, S.C., Melník, M., & Jóna, 

E. (2000), Mojumdar, S.C., Ondrejkovičová, J., Nevidanská, L., & Melník, M. (2002)).  
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N,N-diethylnicotinamide (denia) is toxic agent, but it is used as respiratory stimulant. The copper 

atom also play many important roles in living system. In order to enhance understanding of 

biologically important metal ligands interactions, we have been studying the thermal properties of 

halogenobenzoate Cu(II) complexes with N,N- diethylnicotinamide. This work is a continuation of the 

previous studies (Lajdová, Ľ., Jóna, E., Šircová, S., Miklovič, J., Segľa, P., Pajtášová, M., Ondrušová, 

D., & Mojumdar, S.C. (2009)- Mojumdar, S.C., Ondrejkovičová, J., Nevidanská, L., & Melník,  

M. (2002)), but is directed toward the kinetic study of the thermal decomposition of  

Cu2(2-Xbz)4(denia)2 (X = Cl or Br, denia = N,N-diethylnicotinamide) and  Cu2(2-

Brbz)2(denia)2(H2O)2 complexes.  

 

EXPERIMENTAL 

Preparation of compounds 

Copper(II) acetate was solved in solvent (ethanol for (I), (II) or water for (III).  

The stoichiometric amount of denia was added under stirring to the solution of copper(II) acetate to 

reach the stoichiometric ratio of copper(II) to denia 1:0.5. After few minutes of reaction mixture 

stirring the stoichiometric amount of appropriate acid (2-chlorobenzoic or 2-bromobenzoic acid) was 

added. Mixtures were left stirred for several minutes. The products were filtered off, washed with 

small amount of solvent and dried in air at ambient temperature (Jóna, E., Lajdová, Ľ., Kvasnicová, 

L., Lendvayová, S., Pajtášová, M., Ondrušová, D., Lizák, P., & Mojumdar, S.C. (2011)- Lajdová, Ľ., 

Jóna, E., Šircová, S., Miklovič, J., Segľa, P., Pajtášová, M., Ondrušová, D., & Mojumdar, S.C. 

(2009)). The analytical data of studied complexes are reported in Table 1. 

 

Table 1. Analytical data of studied complexes 

 

Compound Formula 
wi(calc.)/% wi(found)/% 

C H N C H N 

I Cu2(2-Clbz)4(denia)2 52.14 4.01 5.07 52.11 4.21 5.19 

II Cu2(2-Brbz)4(denia)2 44.92 3.46 4.37 44.74 3.53 4.34 

III Cu(2-Brbz)2(denia)2(H2O)2 48.50 4.75 6.53 47.70 4.71 6.55 

 

Measurements  

 Carbon, hydrogen and nitrogen analyses were carried out a CHNSO Flash EA
TM 

1112 

automatic Elemental Analyzer. Thermal properties were studied with a Derivatograph OD 102  
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(MOM Budapest) in air atmosphere by using a ceramic crucible with a sample mass of 150 mg from 

room temperature to 600 ºC a heating rate of 10 ºC.min
-1

 was chosen for all measurements.  

RESULTS AND DISCUSSION 

The investigation of the  relationship between the structure and thermolysis is very important from the 

aspect of materials with metal ions. This study is a continuation of the previously  reported studies 

(Lajdová, Ľ., Jóna, E., Šircová, S., Miklovič, J., Segľa, P., Pajtášová, M., Ondrušová, D.,  

& Mojumdar, S.C. (2009)) describing the thermal properties of metal complexes with heterocyclic 

ligands, especially with N,N-diethylnicotinamide (Fig.1,a) and 2-halogenbenzoic acid (Fig.1,b): 

                    

Fig 1. Stucture of N,N-diethylnicotinamide (denia) (a) and 2-halogenobenzoic acid (X=Cl or Br) (b). 

 

Thermal decomposition of the studied complexes 

The thermal decomposition data of the compounds I - III are shown in Table 2.  

 

Table 2. Thermal decomposition data of the complexes I-III: 

 

 

Complex 

DTG TG 

Tmax  [°C] Temp. interval   

[ °C] 

Δm (found/calc. [%]) Decomposition 

products 

 

I 

262 236 – 324 45.0 / 46.4 Cu2(2-Clbz)2 

475 325 – 572 26.0 / 28.1   2CuO 

 

II 

272 240 – 347 52.0 / 51.8 Cu2(2-Brbz)2 

488 347 – 699 23.0 / 22.6            2CuO 

 

III 

138 52 – 216 4.2 / 4.1 Cu(2-Brbz)2(denia)2 

341 216 – 488 41.8 / 41.8 Cu(2-Brbz)1 

682 488 – 775 46.7 / 46.5 CuO 
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The TG curves of studied complexes (Table 2) indicate, that thermal decomposition  

of compounds I and II proceeds in the temperature interval 30 - 700 ºC in two distinct steps. These 

two steps were attributed to the formation of one intermediate decomposition product, 

 i.e. Cu2(2-Xbz)2 (X=Cl or Br) , while the final solid product is concluded to be CuO. The two 

decomposition steps could be related  to dimeric structure of the molecules in solid state  (Fig. 2, a.), 

where the most volatile substance is denia ligand bonded in axial position of the square-pyramidal 

coordination polyhedron.  

 

a) 

 

b) 

Fig 2. The structure of Cu2(2-Brbz)4(denia)2 (II) molecule (a) and the structure of the  

Cu(2-Brbz)2(denia)2(H2O)2 (III) molecule (b). 
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The TG curve for complex III indicates three mass loss steps. These three steps were 

attributed to the formation of two intermediate decomposition products, i.e. Cu(2-Brbz)2(denia)2 and 

Cu(2-Brbz) , while the final product is CuO. 

The three decomposition steps could be related to monomeric structure of the molecules in 

complex III (Fig.2, b.).  

 

Kinetic analysis of studied complexes  

Non-isothermal kinetic data of the thermal decomposition of the studied complexes were 

analysed by means modification of Friedman’s method (Budrugeac, P., Petre, A. L., & Segal,  

P. (1996)).Procedure for evaluating non-isothermal kinetic parameters is based on the general rate 

equation :               )().( 


fTk
dt

d
                                    (1) 

where α is degree of conversion, t is time and T is temperature. The function k(T) is given  

by the Arrhenius equation:  

)/exp()( RTEATk a                                (2) 

where A is the pre-exponential factor, Ea is the activation energy, T is the temperature and R  

is the gas constant (Budrugeac, P., Petre, A.L., & Segal, P. (1996)).  

From equation (1) and (2) we obtain: 

              )(ln/lnln 


fRTEA
dt

d
a                   (3) 

Thus for α = const. the plot of ln(dα/dt) versus (1/T) is a straight line whose slope enables the 

evaluation of the activation energy. In order to obtain reliable values of the reaction rate, the 

thermogravimetric curves (in coordinates α,T) have to be used. For a given range of degrees of 

conversion we shall try the following approximation: 

                        



n

i

iiTcT
0

)(                                  (4) 

where ci values are constants and  i an integer (in order to determine the constants ci a fitting program 

was used  (Budrugeac, P., Petre, A.L., & Segal, P. (1996)). The reaction rate at the temperature T can 

be than calculated taking in to account that: 

               
dT

d

dt

d 



                                       (5) 

where β is the heating rate, and according to Eq.4: 

                        
1

1





 i
n

i

iTic
dT

d
                                    (6) 
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Thus combining Eqs.(5) and (6) it follows that: 

                        
1

1





 i
n

i

iTic
dt

d



                                 (7) 

Eq.(7) can be used directly to evaluate the reaction rates and the activation energy the Friedman 

method (Budrugeac, P., Petre, A.L., & Segal, P. (1996)). Using the values ci, the values of  

(dα/dt = β(dα/dT) versus α haven been used to draw the curves lnβ(dα/dT) versus 1/T, from whose 

slopes we btain the values of the activation energy. (Fig.3 is a example for the 1
st
 step on the TG curve 

for the complex Cu2(2-Clbz)4(denia)2).  

 

 

 

Fig 3. The curve lnβ(dα/dT) versus 1/T for the 1
st
 step of the thermal decomposition  

of Cu2(2-Clbz)4(denia)2 (I) 

 

The kinetic data (the apparent activation energy Ea, the pre-exponencial factor A and rate constant k) 

of the thermal decomposition of studied complexes are shown in Table 3: 
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Table 3. Kinetic data of the thermal decomposition of the studied complexes 

 

Sample Step Ea/kJ.mol
-1

 A/s
-1

 k/s
-1

 

Cu2(2-Clbz)4(denia)2 1 42.3 3.9 3.605 ∙ 10
9
 1.343∙ 10

20 
 

2 175.5 8.4 2.768∙ 10
9
 5.020∙ 10

20  
 

Cu2(2-Brbz)4(denia)2 1 68.8 6.6 2.011∙ 10
9
 2.765∙ 10

15
 

2 57.0 4.9 1.661. 10
9
 4.492∙ 10

12 
 

Cu(2-Brbz)2(denia)2(H2O)2 1 49.0 4.1 1.772∙ 10
9
 6.216∙ 10

15
 

2 62.2 5.8 1.901∙ 10
9
 8.856∙ 10

14
 

3 75.0 6.9 1.810∙ 10
9
 5.593∙ 10

13
 

 

CONCLUSIONS 

This paper is directed on the study of the influence of different anionic ligands and presence 

of water molecules in coordination sphere on the thermal (kinetic) properties of complexes with 

biologically important heterocyclic compounds, including Cu2(2-Clbz)4(denia)2 (I),  

Cu2(2-Brbz)4(denia)2 (II) and Cu(2-Brbz)2(denia)2(H2O)2 (III). Thermal decomposition  of complexes I 

and II proceed in two steps, but thermal decomposition of the  complexes III proceeds in three steps. 

The kinetic stability of the studied complexes (on the bases of k/s
-1

 for 1
st
 steps of the thermal 

decomposition) can be ordered in the sequence I<III<II. The influence of different anionic 

substituents on the benzoic acid on the thermal properties of the studied complexes is evident.  

With increase of the volume of substituent on the benzoic acid (from Cl to Br), the value of Ea 

increase (Table 3).  
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The chemistry of manganese and iron complexes has been investigated recently since these metals are 

present in a various biological redox systems including peroxidases, catalases, superoxide dismutases, 

dioxygenases and lipoxidases. The manganese is also present in the oxygen evolving complex (OEC) 

in photosystem II of green plants which consists of a tetranuclear manganese cluster. Dipicolinic acid 

is known to be a major component of bacterial spores. The metal dipicolinate complexes are also used 

in environmentally friendly “green” catalysis. The most common include heterogeneous catalysis, 

oxidation reactions and degradation reactions of waste water. The structural characterization of a new 

Manganese(III) and Iron(III) dipicolinate complexes with selected cations of pyridinecarboxamides is 

reported  ([M(dipic)2]
-1

 (M = Mn(III) or Fe(III)). Each of the dipic anions are coordinate to M atom in 

a terdentate fashion manner, via two O atoms and the N atom (dipic = pyridine-2,6-dicarboxylate 

anion). The respective complex anions contained the folloving cations, pyridinium, isonicotinamidiu, 

nicotinamidium, etc. Basic compounds (H5O2)[Fe(dipic)2] and (H3O)2{[Mn(dipic)2]}2.3H2O were used 

for testing of the wastewater degradation reactions enhancement. 

 

INTRODUCTION 

Pyridinecarboxylate complexes have been widely investigated in recent years due to  their 

interesting coordination chemistry, allowing unusual structural features and leading to various 

physical and chemical properties [1-4]. Pyridinecarboxylic acids are present in many natural products, 

http://www.fchpt.stuba.sk/generate_page.php?page_id=2183
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such as alkaloids, vitamins and enzymes, so their metal complexes can be used as models in various 

research fields [5]. The analogue of dicarboxylic acid, especially pyridine-2,6-dicarboxylic acid 

(dipicolinate acid) is one of the most suitable ligand systems for modeling potential metallo-

pharmaceutical compounds because of its low toxicity, amphophilic nature and diverse biological 

activities [6]. From structural point of view, the derivatives of dipicolinate acid present several types 

of coordination modes (Fig. 1). 

 

 

(7) 

 

(8) 

 

(9) 
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(26) 
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Fig. 1. Schematic representation of potential coordination modes of dipicolinate ligands. 

 

The chemistry of manganese and iron complexes was investigated recently since these metals 

are present in  various biological redox systems including peroxidases [28], catalases [29], superoxide 

dismutases [30], dioxygenases [31] and lipoxidases [32]. The manganese is also present in the oxygen 

evolving complex (OEC) in photosystem II of green plants  as  tetranuclear manganese cluster [33]. 

Iron proteins play a significant functions in transport of oxygen [34] and electron transfer in a range 

of metabolic reactions [35]. Iron complexes with pyridinedicarboxylic acid derivatives enhance the 
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production of spore photoproducts in bacterial spores upon UV irradiation and activation of dioxygen 

or hydrogen peroxide in catalytic systems [36]. Iron dipicolinic complexes are also used as  catalysts 

in epoxidation of aromatic olefins in presence of  hydrogen peroxide [37–39].  

In this study, we report the structural characterization of (H5O2)[Fe
III

(dipic)2] (1) and 

(H3O)2{[Mn
III

(dipic)2]}2.3H2O (2) compounds as precursors for preparation of new manganese(III) 

and iron(III) dipicolinate complexes with selected cations of pyridinecarboxamides. There are four 

isostructural pairs of Fe
III

 and Mn
III

 compounds: (H-inia)[Fe
III

(dipic)2].3H2O (3) and  

(H-inia)[Mn
III

(dipic)2].3H2O (7) (H-inia = isonicotinamidium cation), (H-pyda)[Fe
III

(dipic)2] (5) and 

(H-pyda)[Fe
III

(dipic)2] (8) (H-pyda = 3,4-dicarbamoylpyridinium cation),  

(H-4-pyme)[Fe
III 

(dipic)2].2H2O (5) and (H-4-pyme)[Mn
III 

(dipic)2].2H2O (9) (H-4-pyme =  

4-hydroxymethylpyridinium cation) and (H-2,2´-bipy)[Fe
III 

(dipic)2].3H2O (6) and  

(H-2,2´-bipy)[Mn
III

(dipic)2].3H2O (10) (H-2,2´-bipy = 2,2´-bipyridinium). Basic compounds 

(H5O2)[Fe(dipic)2] (1) and (H3O)[Mn(dipic)2].3H2O (2) were used for testing degradation reaction of 

wastewater The degradation experiments were performed with model water contained a mixture of 

petroleum hydrocarbon BTEX (benzene, toluene, ethylbenzene, o-xylene, p-xylene). With exception 

of ethylbenzene, remenders BTEX substances are on the list of synthetic specific organic pollutants 

40. Benzene is priority substance 41-42. Toluene and xylenes are relevant substances for the 

Slovak Republic 40.  

 Adoption of the Water Framework Directive (WFD) 41 provides a policy tool that enables 

sustainable protection of water resources and establishes 33 priority substances. The EC member 

countries have extended this list by relevant pollutants for individual countries. Thus, all together 59 

relevant substances for SR have been identified. Many of the included substances belong to persistent 

organic pollutants. They are toxic, slowly biologically degradable and accumulative in living 

organisms, in terrestrial and aquatic ecosystems. Environmental Quality Standards Directive 42 

defines the suitable chemical status to be achieved by all Member States in 2015 and it gives, together 

with the WFD 41, the legal basis for the monitoring of priority substances in water, sediments and 

biota.  

 The 60 % of soluble gasoline in water can be created by benzene, toluene, ethylbenzene or 

xylene (BTEX) compounds. The reason why the BTEX's are considered such a serious problem are 

their acute and long term toxic effects. In addition to the toxicity, benzene by the World Health 

Organization is classified as strong carcinogen, occupying sixth place on the list of dangerous 

substances 43.  
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EXPERIMENTAL PART 

Single-crystal X-ray diffraction measurements  

Intensity data for 2, 3, 7, 9 and 10 compounds were collected using a Siemens P4 

diffractometer with graphite monochromated MoKα radiation [44]. The diffraction intensities were 

corrected for Lorentz and polarization effects with XSCANS [45]. Absorption correction was applied 

using the programme XEMP [45]. Intensity data for 1, 4, 5, 6 and 8 compounds were collected by a 

Bruker Nonius Kappa CCD diffractometer with graphite-monochromatized MoKα radiation  

(λ = 0.71073 Å). Absorption correction was applied using the programme SADABS [46]. Data 

reductions were performed with EVALCCD [47]. The structures were solved by direct methods using 

the programme SIR-2011 [48] and refined by the full-matrix least-squares method on all F
2
 data using 

the programme SHELXL-97 [49] or SHELXL-2013 [50]. Geometrical analysis was performed using 

SHELXL-97 or SHELXL-2013. The structures were drawn by ORTEP-3 [51] and MERCURY 

(Version3.0) [52] software. The single crystal suite WINGX was used asintegrated system for all 

crystallographic programmes and software for preparing the material for publication [51]. All non-

hydrogen atoms of the title compound were refined anisotropically as independent atoms. Hydrogen 

atoms were mostly localized on a difference Fourier map , and in order to ensure the uniformity of the 

treatment of the crystal, through  all hydrogen atoms were recalculated into idealized positions (riding 

model) and assigned temperature factors Hiso (H) = 1.2 Ueq (aromatic carbon and amide nitrogen) 

with d(C–H) = 0.93 (at 293 K) and 0.95 Å (at 150 K) for hydrogen atoms in aromatic rings,  

d(N–H) = 0.86 (at 293 K) and 0.88 Å (at 150 K) for hydrogen atoms in amide group and pyridine 

nitrogen or of 1.5 Ueq for the O–H groups with d(O–H) = 0.82 until 0.83 Å in water molecules. Basic 

crystal data are reported in Table 1. 

 

Degradation experiments 

Degradation experiments were carried out in a laboratory scale jet loop ozonation reactor.  

A scheme of the jet loop ozonation equipment is shown in Fig. 2. The system was operated in batch 

mode with regard to liquid phase. The samples of model water were added into the jet loop ozonation 

reactor at the beginning of the trials. The ozonation reactor was 0.08 m in diameter and 1.0 m in 

height. Effective volume of the reactor was 3.5 dm
3
. External circulation of the reaction mixture was 

maintained at 2.5 dm
3

 min
–1

 by a membrane pump. A diaphragm pulsation damper (SERA 721.1 

Seybert  Rahier, Immenhausen, Germany) was used to minimise the pulsation of external 

circulation. Lifetech ozone generator with maximum ozone production of 5 g h
–1

 was used. 

Continuous flow of oxygen of 60 dm
3
 h

–1
 was applied for the generation of ozone. Ozonation trials 

were carried out at 50 % of maximum ozone generator power.  Mixture of O3 and O2 was injected into 
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a wastewater sample through a Venturi ejector. At the same time, the ejector sucked the mixture of O3 

and O2 from the reactor headspace. This, together with the external circulation, should improve the 

efficiency of ozone utilisation in the ozonation reactor 53.  

Pen-Ray UV lamp with the wavelength of 254 nm was used to generate hydroxyl radicals in the 

reactor. The outlet gas mixture was injected into a bubble column through a fine-bubble porous 

distribution element. The bubble column was 0.04 m in diameter and 1.7 m in height. The column was 

filled with solution of potassium iodide. The excess ozone destruction was carried out in this column. 

The effective volume of the bubble column was 1.0 dm
3
. 

 

Table 1. Basic crystallographic data for 1 – 10 complexes 

 

No. Complex Mr Sp. g. a[Å] b[Å] c[Å] [°] [°] [°] Z 

1 (H5O2)[Fe
III

(dipic)2] 423.1 Pnma 8.855(2) 10.915(2) 16.303(2) 90 90 90 4 

2 (H3O)2{[Mn
III

(dipic)2]}2.3H2O 862.4 P-1 7.534(2) 14.239(3) 16.064(3) 81,66(3) 76.46(3) 74.8(3) 2 

3 (H-inia)[Fe
III

(dipic)2].3H2O 563.3 P21/c 7.032(1) 22.768(3) 14.731(1) 90 103.08(1) 90 4 

4 (H-pyda)[Fe
III

(dipic)2] 552.2 P21/c 7.183(1) 23.192(5) 12.566(3) 90 91.16(3) 90 4 

5 (H-4-pyme)-[Fe
III

(dipic)2].2H2O 532.2 P21/n 13.962(3) 9.971(2) 15.095(3) 90 92.12(3) 90 4 

6 
(H-2,2´-bipy)-

[Fe
III

(dipic)2].3H2O 
597.3 P-1 9.399(2) 10.797(2) 13.046(3) 105.06(3) 100.11(3) 97.5(3) 2 

7 (H-inia)[Mn
III

(dipic)2].3H2O 562.3 P21/c 7.001(8) 22.873(3) 14.718(2) 90 103.91(1) 90 4 

8 (H-pyda)[Mn
III

(dipic)2] 551.3 P21/c 7.251(1) 23.245(4) 12.699(2) 90 91.56(1) 90 4 

9 (H-4-pyme)-[Mn
III

(dipic)2].2H2O 531.3 P21/n 14.337(2) 9.929(1) 15.175(2) 90 94.142(7) 90 4 

10 

(H-2,2´-bipy)-

[Mn
III

(dipic)2].3H2O 
596.4 P-1 9.485(2) 10.900(2) 13.174(3) 104.52(1) 99.45(1) 97.2(2) 2 
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Fig.  2. Schematic diagram of the experimental apparatus: 1 – oxygen, 2 – ozone generator, 3 – O2 and O3 

mixture, 4 – ozone detector, 5 – ozonation reactor, 6 – Venturi ejector, 7 – UV lamp, 8 – reactor tempering, 9 – 

pump, 10 – external liquid recirculation, 11 – head space gas recirculation, 12 – sampler, 13 – outlet gas mixture, 

14 – bubble column for residual ozone destruction 

 

Model wastewater containing single component standard of investigated compounds, and in 

these experiments distilled water was used.The samples were analyzed by means of the headspace 

technique coupled to a GC/MS system.   

Experimental data were fitted by zero (Eq. (1)), the first (Eq. (2)), and the second (Eq. (3)) 

order reaction of kinetic models. Besides these single power law models, a combined – ´two 

components´ (TCM) kinetic model (Eq. (4)) with the first order reaction kinetics was applied to 

proportions of easily and slowly oxidable organics. For a batch reaction system, under the assumption 

of a constant reaction volume, the following relationships are obtained 53 

 

tk0t  0SS   (1) 

t)k1t  exp(SS 0   (2) 

t)k0t 00 S1/(SS    (3) 

)exp(S)1()exp(SSSS SO0EO0t,SOt,EOt tka tka    (4) 

where St/(g m
–3

) denotes the value of DOC or BTEX´s components in wastewater in time t, S0/(g m
–3

) 

the initial value of DOC or BTEX´s components in wastewater, k0/(g m
–3

 h
–1

), k1/h
–1

, k2/(g
–1

 m
3
 h

–1
) 

the rate constants for the kinetics of zero, the first, and the second order, respectively, SEO,t/(g m
–3

)  
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the value of easily oxidable organics, SSO,t/(g m
–3

) the value of slowly oxidable organics, kEO/h
–1

 the 

first order reaction rate constant for easily oxidable organics, kSO/h
–1

 the first order reaction rate 

constant for slowly oxidable organics, and a the portion of easily oxidable organics. 

Parameters of the applied kinetic models were calculated by the grid search optimization 

procedure. The residual sum of squares between the observed values and the values given by the 

model, divided by its number of degrees of freedom (the number of observations less the number of 

parameters estimated) was used as the objective function 54.  

 

RESULTS AND DISCUSSION 

All present compounds contain complex anions [M
III

(dipic)2]
-1

 (M = Fe
III

, Mn
III

). The central 

atoms of each [M
III

(dipic)2]
-1

 anion are six coordinated by two dipicolinate anions  (dipic
-2 

groups), i.e. 

each dipic
-2

 is coordinated through one pyridine nitrogen atom and two oxygen atoms from 

carboxylate group. The pyridine nitrogen atoms (N1 and N2) of the two dipic
-2

 ions occupy an axial 

positions, while the O1, O2, O3 and O4 atoms of the carboxylic groups form equatorial plane.  

The trans- N1 – M – N2 angle [range from 161 to 180
o
] deviates from linearity, therefore the 

coordination geometry around M
III

 atom is distorted octahedron. The selected bond lengths and bond 

angles are given in Table 2 for [Fe
III 

(dipic)2]
-1

 anions and in Table 3 for [Mn
III 

(dipic)2]
-1

 anions. 

The complex anion [Fe
III

(dipic)2]
-1 

and hydroxoniumhydrate cation (H5O2)
+
, also known as 

the Zundel cation [49]. The complex crystallized in orthorhombic crystallographic system with space 

group Pnna. Hydrogen atom H3W is 

 

Table 2. Selected geometric parameters for [Fe
III 

(dipic)2]
-1

 anions 

 

No. T 

[K] 

Fe - N1 

[Å] 

Fe - N2 

[Å] 

Fe - O1 

[Å] 

Fe - O2 

[Å] 

Fe - O3 

[Å] 

Fe - O4 

[Å] 

N1 - Fe - N2 

[
o
] 

1 150 2.032(3) 2.071(3) 2.040(2) 2.039(2) 2.003(2) 2.004(2) 180 

3 293 2.079(5) 2.058(5) 2.025(4) 2.041(4) 2.010(4) 2.002(4) 171 

4 150 2.059(1) 2.044(2) 2.103(1) 1.985(1) 2.001(1) 1.997(1) 166 

5 150 2.054(1) 2.060(1) 2.004(1) 2.022(1) 2.060(1) 2.004(1) 161 

6 150 2.061(1) 2.063(2) 2.021(1) 2.019(1) 2.018(2) 2.008(1) 176 
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Table 3. Selected geometric parameters for [Mn
III 

(dipic)2]
-1

 anions 

 

No. T 

[K] 

Mn - N1 

[Å] 

Mn - N2 

[Å] 

Mn - O1 

[Å] 

Mn - O2 

[Å] 

Mn - O3 

[Å] 

Mn - O4 

[Å] 

N1 - Mn - N2 

[
o
] 

2 293 2.023(2) 

2.040(2) 

1.938(2) 

1.938(2) 

2.163(2) 

2.162(2) 

2.136(2) 

2.147(2) 

1.965(2) 

1.926(2) 

1.947(2) 

1.937(2) 

174 

172 

7 293 2.039(3) 1.943(3) 2.145(3) 2.149(3) 1.944(3) 1.953(3) 175 

8 150 2.039(2) 1.939(2) 2.233(2) 2.110(2) 1.951(2) 1.939(2) 168 

9 293 2.034(2) 1.948(2) 2.181(2) 2.137(2) 1.978(2) 1.943(2) 170 

10 293 1.992(3) 1.977(3) 2.083(3) 2.066(3) 2.036(3) 2.037(3) 178 

 

symmetrically bond with two water molecules and form (H5O2)
+
 cation. Distance between oxygen 

atoms is 2.444 Å, angle O1W – H3W – O1W is 172°. The molecule structure is stabilized by  

O – H···O hydrogen bonds among oxygen atom of hydronium cation and oxygen atoms of carboxylic 

groups of dipicolnate anions (O2, O3, O4) [d(D···A) and <(D–H···A) are in range  

2.586(3) – 3.024(3) Å; 139° – 161°] (Fig. 3). 

The crystal structure of (H3O)2{[Mn
III

(dipic)2]}2·3H2O (2) create by two complex anions 

[Mn
III 

(dipic)2]
-1

, two oxonium cations (H3O)
+
 and three water molecules. The complex crystalized in 

triclinic crystallographic system in space group P-1. The momecule structure is stabilized by  

O – H···O hydrogen bonds among oxygen atoms of water molecules (O1W, O2W, O3W), oxygen 

atoms of oxonium cations (O4W, O5W) and oxygen atoms of carboxylic groups of dipicolinate 

anions (O1, O5, O6, O7, O8, O12, O13, O16) [d(D···A) and <(D–H···A) are in range  

2.436(2) – 3.016(2) Å; 114° – 175°] (Fig. 4). 
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Fig. 3. The structure of (H5O2)[Fe
III

(dipic)2] (1) molecules  with illustration of O–H···O hydrogen bonds. 

 

 

 

Fig. 4. The structure of (H3O)2{[Mn
III

(dipic)2]}2·3H2O (2) molecules with illustration  of O–H···O hydrogen 

bonds.  

 

(Hinia)[Fe
III

(dipic)2]∙3H2O (3) and (Hinia)[Mn
III

(dipic)2]∙3H2O (7), these Compounds are 

isostructural [56]. The molecular structure of (3) is displayed in Fig. 5. The asymmetric unit of both 

compounds contains one Hinia
+
 cation, one complex anion [M(dipic)2]

–
 (M = Fe (3),  
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and M = Mn  (7)) and three molecules of water. The M(III) atom is six coordinated by two dipic
2–

 

groups, i.e. each dipic
2–

 is coordinated through one pyridine nitrogen atom and two carboxylate 

oxygen atoms.  N1 and N2 atoms of the two dipic
2–

 ions occupy an axial positions, while the O1, O2, 

O3 and O4 atoms form the equatorial plane. The trans- N1 – Fe –N2 angles 171° (3) and 175° (7) 

deviates from linearity, therefore the coordination geometry around M(III) atom is also distorted 

octahedral. The Fe – N1 and Fe – N2 bond distances are 2.079(5) and 2.058(5) Å, and Mn – N1 and 

Mn – N2 are 2.039(3) and 1.943(3) Å. The Fe – O bond distances are in the range from 2.002(4) up to 

2.041(2) Å, and the Mn – O bond distances from 1.944(3) to 2.149(3) Å. The hydrogen bonds in (3) 

are shown in Fig. 6, Hinia
+
 cations and uncoordinated water molecules are linked to into 3D 

supramolecular networks through N – H ∙∙∙ O and O – H ∙∙∙ O hydrogen bonds [d(D ∙∙∙ A) and  

< (D – H ∙∙∙ A) which vary from 2.690(7) to 3.080(7) Å and 159 – 171°  (3) and 2.688(6) to 3.097(5) 

Å and 156 – 175° (7), respectively]. N – H ∙∙∙ O hydrogen bonds are located between nitrogen atoms 

(N3) of Hinia
+
 cations and oxygen atoms of uncoordinated water molecules (O3W) or carboxylate 

groups (O6) of [M
III

(dipic)2]
-
 anions. The O – H ∙∙∙ O hydrogen bonds are linked with uncoordinated 

water molecules and oxygen atoms of carboxylate groups of [M
III

(dipic)2]
-
 anions (Fig. 6). 

 

 

Fig. 5. ORTEP structure of the (3) at 293K, showing 50% probability ellipsoids. Hydrogen atoms have been 

omitted for clarity 
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Fig. 6.  A view of the crystal structure of (3) along a axis. The cation, complex anion and water molecules are 

linked by hydrogen bonds of the O – H ∙∙∙ O and N – H ∙∙ ∙O types 

 

 The green complexes (H-pyda)[Fe
III

(dipic)2] (4) and (H-pyda)[Mn
III

(dipic)2] (8) 

crystallized in monoclinic crystallographic system in space group P21/c, and are isostructural. Both 

compounds were measured at 150K. The unit cell is forms of [M
III

(dipic)2]
-
 anions (M = Fe, Mn) and 

pyridinedicarboxanidium cations. Complex anion and organic cation are conected by N – H ··· O 

hydrogen bonds [d(D ··· A) in both complexes, and <(D – H ··· A) are in the range of 2.674(2) – 

2.946(2) Å; 158 – 173°], while ···interactions between aromatic rings [distances centroid-centroid 

is 3.50 Å (4) and 3.64 Å (8)] (Fig. 7). Hydrogen bonds are localized between carboxamide oxygen 

atom (O9) and nitrogen amide atom (N5) both of pyridinedicarboxamide cations in these complexes, 

and form dimeric unit, however also by among nitrogen amide atoms (N4, N5), pyridinium nitrogen 

atom (N3) and oxygen atoms carboxylic groups (O5, O7, O8, O9). 

Crystal structure of isostructural complexes (H-4-pyme)[Fe
III

(dipic)2]·2H2O (5) and  

(H-4-pyme)[Mn
III 

(dipic)2]·2H2O (9) was measured at 150 K. The unit cell consists of complex 

anion [M
III

(dipic)2]
–
 (M = Fe, Mn), 4-hydroxymethylpyridinium cation and two noncoordinated water 

molecules. The complex anion, organic cation and water molecules are connected with N – H ·· ·O a 

O – H ··· O hydrogen bonds [d(D ··· A) and < (D – H ··· A) in the range of 2.669(2) – 2.947(2) Å; 

127 – 172°],  forming 3D supramolecular network. The multicentral N–H···O hydrogen bond is 

localized among nitrogen atom (N3) of pyridinium, oxygen atoms of noncoordinated water molecules 

(O1W, O2W), oxygen atoms of carboxylic group of complex anion (O7, O8) and oxygen atom O9 of 

4-hydroxymethylpyridinium cation (Fig. 8). 
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Fig. 7.  Arrangement of cations (H-pyda)
+
 (a), illustration N–H···O hydrogen bonds in (H-pyda)[Fe

III
(dipic)2] (4) 

(b) and ···interaction in (H-pyda)[Fe
III

(dipic)2] (c) 

 

Fig. 8. Arrangement of (H-4-pyme)[FeIII(dipic)2] (5) molecule with representation of N–H···O and O–H···O 

hydrogen bonds (b). 
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Isostructural complexes (H-2,2´-bipy)[Fe
III

(dipic)2]·3H2O (6) and (H-2,2´-

bipy)[Mn
III

(dipic)2]·3H2O (10) which were prepared in by reaction of basic compounds of iron (1) 

and manganese (2) with 2,2´-bipyridine leads to isostructural complexes. Both complexes crystalized 

in triclinic crystallography system with space group P-1. The unit cell contains [M
III

(dipic)2]
–
  

(M = Fe, Mn) anions, 2,2´-bipyridinium cation and three noncoordinated water molecules. Crystal 

structure is stabilized by N – H ··· O a O – H ··· O hydrogen bonds (Fig. 9) [d(D ··· A) and 

 < (D – H ··· A) which are in the range 2.706(2) – 2.850(1) Å; 137 – 175°] forming 3D 

supramolecular network. Hydrogen bonds N – H···O are among oxygen atoms of carboxylic group 

(O5) of complex anion and nitrogen pyridinium atom (N3) of 2,2´-bipyridinium cation. Hydrogen 

bonds O – H ··· O are localized among oxygen atoms of water molecules (O1W, O2W, O3W) and 

oxygen atoms of carboxylic groups of complex anions (O2, O7 and O8). 

 

 

Fig. 9.  Arrangement of (H-2,2´-bipy)[Fe
III

(dipic)2]·3H2O (6) molecules with illustration N–H···O (a) and  

O–H···O hydrogen bonds (b). 

 

Three series of experiment were carried out in order to investigate the potential enhancement 

of efficiency of BTEX´s components degradation/transformation by ozone.  (H5O2)[Fe(dipic)2] (1) 

and (H3O)[Mn(dipic)2].3H2O (2) were tested as potential agents for catalytic ozonation.  

 In Fig. 10 are shown the results of the first set of the experiments.  Cumulative DOC values 

after 60 minutes of the experiment were selected for comparison of treatment efficiencies.  

DOC values were obtained by recalculating the measured concentrations of BTEX´s substances 

in the treated model water sample to COD. It should be mentioned therefore that the presented COD 

values do not contain the information about oxidation intermediates/products in treated samples. 
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Taking into account the main goal of this research, i.e. degradation/transformation of BTEX´s 

constituents, we consider the applied methodology of DOC evaluation sufficiently representative. 

 

 

 

Fig. 10. Treatment efficiencies of ozonation process without and with the presence of tested complexes of both 

transient metals after 60 minutes of reaction time 

 

It follows from Fig. 10 that measured efficiency values are very close to the value observed for 

ozonation alone as reference process, except for the O3/Mn(s) process. The mean value of removal 

efficiency for all combined processes of ozone with investigated complex compound, save for the 

O3/Mn(s) process, is 96.04%.  However, the highest removal efficiency (measured with 

O3/Mn(III)0.3mM) is only higher by less than one percent  than the reference (O3) process .   

In Fig. 11 are plotted time dependencies of treatment efficiencies of ozonation process and 

selected combined processes of O3 with tested compounds of both transient metals on reaction time, 

i.e. for systems with extreme values of DOC removal efficiency.  

In Fig. 11 are apparent very similar time trends of removal efficiencies for all monitored 

processes. It is obvious that the highest removal rates for all observed processes were observed in the 

first 5 minutes. The highest removal efficiency of DOC/BTEX after 5 minutes reaction time (44.3%) 

was observed for O3/Fe(III)(s)0.15mM reaction system. The results suggest that after 20 minutes of 

reaction time can be considered effective for investigated processes and applied parameter values. 
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Fig. 11. Time dependencies of treatment efficiencies of ozonation and selected combined processes of O3 with 

transient metal complexes 

 

 

 

Fig. 12. Time dependencies of treatment efficiencies of ozonation and O3/Fe(III) process carried out with 

different concentrations of ferric metal complex 

 

From comparisons Figʹs. 11 and 12 it follows that three repeated measurements were 

performed within the second experimental set. Apparent agreement between efficiency values follows 

from repeated  measurements, i.e. the mean treatment efficiency values of 95.9% for 

O3/Fe(III)(s)0.15mM, 95.5% for O3/Fe(III)(s)0.6mM and 95.2% for O3/Fe(III)0.3mM (experimental 

values are given in Figʹs  11 and 12). 

The presents time dependencies of DOC/BTEX removal efficiencies for ozonation and 

O3/Fe
3+

process carried out with different concentrations of ferric metal complex is given in Fig. 12. 

The dependencies of removal efficiencies on reaction time for O3 process and O3/Fe
3+

process 
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performed with different concentrations of ferric metal complex, i.e. for systems with extreme values 

of DOC/BTEX removal efficiency is shown in Fig. 13. 

 

 

 

Fig. 13. Time dependencies of treatment efficiencies for ozonation and O3/Fe(III) process carried out with 

different concentrations of ferric metal complex 

 

The highest removal efficiency (96.9%) was observed for O3/Fe(III)(0.05 mM) system, during 

60 minutes. The highest treatment efficiency (59.8%) was observed with this catalyst also in the 

sample after 5 minutes of treatment. When comparing this treatment efficiency with the highest 

efficiency 44.3% measured in previous experimental set after 5 minutes reaction time in 

O3/Fe(III)(s)0.15mM reaction system, the treatment efficiency increase by 15.5% can be concluded in 

favour of O3/Fe(III)(0.05 mM) system. 

It is well known that various size of treated experimental values may seriously affect the 

representativeness of experimental values of processes efficiency. In order to exclude these effects, 

the measured kinetic data were processed using the two-component model (Eq. 4). The residual DOC 

concentration values calculated for the selected reaction systems, initial DOC value 5000 µg L
-1

 and 

reaction time of 60 minutes are shown in Fig. 14. 
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Fig. 14. DOC residual values resulted from prediction calculations using TCM kinetic model  

 

One can conclude that the trends in results presented in Figures 10, 12 and 14 are very similar. 

The results of calculated residual COD values, though, are more convincing conclusions of the work.  

 

 

Fig. 15. DOC residual values resulting from prediction calculations using TCM kinetic model  

 

Residual DOC values calculated for O3/Fe(III)0.3mM, O3/Fe(III)0.05mM and O3/Fe(III)0.9mM 

systems are lower 8.1 to 9.5 times in comparison to residual DOC value calculated for O3 process.  
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Table 4. Kinetic parameters and statistic characteristics for selected reaction systems 

 

Process Pollutants k1/(g L
–1

 min
–1

) 
XYr  

O3 Benzene 4.33 10
-2 

0.9930 

 Toluene 6.99 10
-2 

0.9945 

 p-xylene      0.22 0.9934 

 o-xylene 0.16 0.9961 

 Ethylbenzene 7.66 10
-2 

0.9948 

O3/Fe
3+

(0.05 mM) Benzene 6.19 10
-2 

0.9414 

 Toluene 1.15 10
-1 

0.9803 

 p-xylene     4.38 10
-1

 0.9989 

 o-xylene 2.94 10
-1

 0.9993 

 Ethylbenzene 2.94 10
-1

 0.9993 

O3/Fe
3+

(0.10 mM) Benzene 4.27 10
-2 

0.9886 

 Toluene 7.73 10
-2 

0,9353 

 p-xylene     2.82 10
-1

 0.9945 

 o-xylene 1.93 10
-1

 0.9763 

 Ethylbenzene 8.56 10
-2 

0.9912 

O3/Fe
3+

(s)0.15mM Benzene 4.85 10
-2 

0.9606 

 Toluene 8.39 10
-2 

0.9584 

 p-xylene      0.27 0.9991 

 o-xylene 0.19 0.9990 

 Ethylbenzene 9.44 10
-2 

0.9932 

 

Fig. 16 shows relative values of residual DOC for selected reaction systems, i.e. residual DOC 

concentrations are related to DOCO3 concentration as reference value. Experimental trials were 

performed at DOC0 = 5000 g and tozonation = 60 minutes. 

While a positive effect of tested trivalent iron complex is obvious from the above results, yet 

the varying effect of a different but close concentration values of the complex on DOC removal 

efficiency is still unclear. Figure 16 shows time dependencies for individual BTEX´s components in 

the one of the most efficient process of DOC removal, i.e.O3/Fe(III)(0.05mM) system. In Fig. 17 are 

illustrated time dependencies for individual BTEX´s components in O3/Fe(III)(0.1mM) system,  
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i.e. the process with efficiency comparable to ozonation process. Table 3 summarises the first-order 

rate constant (the best description of the measured data, using the kinetic models (1) to (3)). 

The comparison of kinetic parameters values for individual reaction systems and concentration 

value of tested ferric complex shows a considerable variability of the first order rate constant. These 

differences are up to two orders of magnitude, in many cases. Obviously, these differences correspond 

to the different affinity to individual constituents and consequently also to the total DOC removal 

rate. Higher value of the toluene rate constant apparently plays an important role in the 

O3/Fe(III)0.05mM reaction system when compared  with ozonation process. Higher DOC removal rate 

in O3/Fe(III)(s)0.15mM reaction system  compared to ozonation process results from  slightly higher 

rate constants for all BTEX´s components and probably is the consequence of solid state of ferric 

compound.  Lower DOC removal rate in the O3/Fe(III)0.1mM process compared with the 

O3/Fe(III)0.05mM process appears to be a consequence of lower affinity to toluene. 

 

 

 

Fig. 16. DOC Time evolution of BTEX´s components concentrations during O3/Fe(III)(0.05 M) process 
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Fig. 17. DOC Time evolution of BTEX´s components concentrations during O3/Fe
3+

(0.1 mM) process 

 

CONCLUSION 

The single-crystal X-ray data of ionic complexes show elongated tetragonal-bipyramidal 

coordination around iron(III) and manganese(III) atoms of [M(dipic)2]
-
 anions. The [M(dipic)2]

-
 

anions, carbamoylpyridinium cation and uncoordinated water molecules are connected through 

hydrogen bonds into 3D supramolecular frameworks.   

Degradation experiments showed that catalyzed ozonation was more effective than the non-

catalyzed ozonation. The oxidative influence of dipicolinate manganese complex was confirmed, but 

it was less efficient compared to processes with ozone as an oxidant. Preliminary results show the 

potential of using the examined catalysts for increasing the effectiveness of ozonation, particularly in 

reducing both the reaction time and the amount of supplied ozone, reducing thus the operational and 

energy costs. Further experimental work is required for objective assessment. 
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The electrochemical behaviour of rhenium chloride complexes in alkali metal chlorides has been 

studied. Both in the NaCl melt and in the NaCl-KCl equimolar mixture rhenium was found to be 

present only in the form of Re(III) complexes. However, in the NaCl (40 mol.%) – KCl (60 mol.%) 

melt Re(IV) complexes were observed to appear. Electroreduction in the given salt mixture as well as 

in KCl, CsCl melts occurs in two stages with a sequential transition of one and three electrons.  

Discharge of rhenium fluoride complexes ReF6
2-

 to the metal in chloride and chloride-fluoride melts 

occurs in two stages too. 

Introduction of oxygen anions into the CsCl melt containing Cs2ReCl6 results in Re(V) stabilization in 

the ReOCl5
2-

 composition. At different Re/O ratios, the complexes formed in oxofluoride melts were 

ReOF5
-
, ReO2F4

2-
 and ReO4

-
. Thus, in oxofluoride melts the oxidation states stabilized were Re(VI) 

and Re(VII).  

 

INTRODUCTION 

 There are only a few studies on the electrochemical behaviour of rhenium in molten salts [1-7]. 

Most investigations dealt with electrodeposition of rhenium and its alloys [8]. The absence of reliable 

data on the electrochemical reduction of rhenium in molten salts greatly impedes further progress in 

the field of rhenium galvanoplastics and hinders interpretation of the experimental results. Bailey and 

Nobile [1] reported results on electroreduction of K2ReCl6 in the LiCl-KCl eutectic at 723 K to 823 K. 

They found that the stationary voltammogram obtained on a platinum electrode contains only one 

wave whose half-wave potential is about -0.35 V relative to the platinum reference electrode. In 

opinion of these authors this potential is close to the standard electrode potential of the Re(IV)/Re 

couple. However, such a conclusion seems doubtful since this wave is irreversible and described by 

the Frumkin-Bagotzky equation with the value αnα = 1.5. 
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 Stepanov et al. [2] using the emf method, determined the apparent standard potentials 

E
*
Re(V)/Re(IV), E

*
Re(IV)/Re, E

*
Re(V)/Re in molten NaCl-KCl equimolar mixture. These data are also a doubtful 

because the potential E
*
Re(V)/Re(IV) is much more negative than E

*
Re(IV)/Re and E

*
Re(V)/Re potentials. 

 Kuznetsov et al. [3] found the two-stage electroreduction of Re (IV) complexes in alkali 

chloride melts, which was confirmed in [4]. 

 Affoune, Bouteillon, and Poignet [5] studied rhenium in chloride-fluoride melts. Investigating 

the electrochemical behaviour of K2ReCl6 in the molten LiF-NaF-KF eutectic (FLiNaK), they found 

that K2ReCl6 reduces to metal via a reversible two-electron reaction and oxidizes via a reversible  

one-electron process with the formation of Re(III), which is soluble in the melt. Affoune et al. [5] 

conclude that, in the FLiNaK melt at temperatures higher than 923 K, the K2ReCl6 compound 

decomposes to thermodynamically stable Re(II) complexes. 

 These authors also studied electroreduction KReO4 in the FLiNaK eutectic. The cathodic 

branch of the voltammogram contains two waves, whose heights were proportional to the KReO4 

concentration. The electrolysis conducted at the second-wave potentials results in the formation of 

rhenium metal; therefore, the authors of [6] describe electroreduction of ReO4
-
 in a fluoride melt by 

the following reactions: 

   ReO4
-
 + (7-x)e

-
 → Re(x) + 4O

2-
,      (1) 

   Re(x) + xe
-
 → Re(0)       (2) 

Bailey and Nobile [1] state that the deposition of rhenium during electrolysis of the  

LiCl-KCl-KReO4 melt proceeds by a secondary mechanism: 

   7Li(I) + 7e
--
 → 7Li(0),       (3) 

   7Li(0) + ReO4
-
 → 7Li(I) + Re(0) + 4O

2-
     (4) 

They believe that this mechanism is supported by lack of rhenium adherence to the platinum cathode. 

Baraboshkin et al. [7] studied electroreduction KReO4 in the Na2WO4-WO3 melt with various 

concentrations of the tungsten trioxide. The rhenium cathodic reduction in this melt occurs according 

to the electrochemical reaction: 

   ReO4
-
 + 7e

-
 → Re + 4O

2-
.      (5) 

The diffusion coefficients for the perrhenate ion were equal to (5.1 ± 0.5)  10
-5

 cm
2
/s and (4.4 ± 0.5) 

 10
-5

 cm
2
/s at 2.0 mol % and 20 mol % of the tungsten trioxide, respectively (at 1083 K). 

 

EXPERIMENTAL PART 

Chemicals 

Alkali chlorides (NaCl, KCl, and CsCl) were purchased from Prolabo (99.5 % min.) for 

electrochemical measurements. They were dehydrated by continuous and progressive heating just 



Advancing Coordination, Bioinorganic and Applied Inorganic Chemistry 
The 50th Anniversary of ICCBIC 
Edited by M. Melník, P. Segľa, and M. Tatarko 
Slovak Chemical Society, Bratislava  © 2015 

 

91 

 

above the melting point under gaseous HCl atmosphere in quartz ampoules. Excess HCl was removed 

from the melt by argon. The salts were handled in the glove box and stored in sealed glass ampoules. 

Fluoride of sodium (Aldrich 99.5 % min.) was purified by double melt recrystallization: NaF was 

dried in a glassy carbon crucible (SU-2000) at (673-773) K under vacuum, then heated up to a 

temperature 323 K above its melting point and finally cooled down 323 K below the melting point at 

a rate of (3-4) K/h. The solidified salts were transferred at 393 K to a dry glove box and impurities 

were removed mechanically. 

Salts of alkali metal halides were mixed in required ratio, placed in an ampoule made of 

glassy carbon (GC) of the SU-2000 type and transferred to a hermetically sealed retort of stainless 

steel. The latter was evacuated to a residual pressure of 0.7 Pa, first at room temperature and then at 

higher temperatures (473, 673 and 873 K). After this, the retort was filled with high purity argon and 

the electrolyte was melted. 

Rhenium was introduced into the melt either by the direct chlorination of the metal or with the 

aid of K2ReCl6 and K2ReF6 salts synthesized according to [9]. 

 

Apparatus and equipment 

Linear sweep voltammetry (LSV) and cyclic voltammetry (CV) were employed, using a 

VoltaLab-40 potentiostat with complementarily packaged software “VoltaMaster 4”, version 6.  

The potential scan rate (v) was varied between 510
-3

 V s
-1

 and 5.0 V s
-1

. Experiments were carried out 

in the temperature range (723-1173) K. The voltammetric curves were recorded at glassy carbon 

electrode (1.0 and 2.0 mm diameter) with respect to a glassy carbon plate quasi-reference electrode. 

The glassy carbon ampoule served as the counter electrode. While the potential of this quasi-reference 

electrode does not constitute a thermodynamic reference, the use of this electrode was preferred in 

order to avoid any contact between the melt and oxygen-containing material as used in classical 

reference electrodes. A Ag/NaCl-KCl-AgCl (2 wt%) reference electrode was used in order to obtain 

more reliable potential values. At the final stage of each experimental set, this reference electrode was 

immersed in the melt for a short time for determination of the potential peaks, the melt being no 

longer used after these measurements [10, 11]. 

A X-ray powder diffractometer DRON 2 supplied with computer data processing was used for 

the identification of deposits on the cathode and the electrolyte phase composition. IR spectra of 

quenched melts were recoded with a M-60 Specord, whereas EPR spectra were measured using a 

ERS-230 unit. 
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RESULTS AND DISCUSSION 

Electrochemical study of rhenium complex formation in chloride melts 

Cathodic voltammetric curves, obtained for studying the electrochemical behaviour of 

rhenium in the NaCl melt (the necessary rhenium concentration was created by the direct chlorination 

of rhenium metal in sodium chloride), display a well-reproducible distinct peak (Fig. 1).  

The differential curve also contains only one wave (Fig. 2).  

 

Fig. 1. Voltammetric curves for the NaCl-ReCl3 melt (cRe = 3.27  10
-5

 mol/cm
3
; v = 0.5 V/s; T = 1123 K;  

S = 0.196 cm
2
). Curves are shifted along the current axis; they were obtained at 30-s intervals. Reference 

electrode: silver/silver chloride.  

 

The cyclic voltammogram includes one distinct peak of rhenium complexes electroreduction 

(I), the corresponding peak of the metal electrooxidation (II), and the wave (III) of chlorine evolution 

(Fig. 3). Potentiostatic electrolysis conducted at the potentials of the wave (I) results in the deposition 

of metallic rhenium at the cathode. We investigated the dependences of the peak current (Ip) and the 

peak potential (Ep) on the polarization rate and the rhenium concentration in the melt. 
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Fig. 2. Voltammetric curves for the NaCl-ReCl3 melt (cRe = 3.27  10
-5

 mol/cm
3
; v = 0.5 V/s; T = 1123 K;  

S = 0.196 cm
2
); (a) integral; (b) differential. 

 

Fig. 3. Cyclic voltammogram for the NaCl-ReCl3 melt (cRe = 2.34  10
-5

 mol/cm
3
; v = 0.5 V/s; T = 1123 K;  

S = 0.0847 cm
2
); (I) Re(III) + 3e

-
 → Re; (II) Re - 3e

-
 → Re(III); (III) Cl

-
 - e

-
 → 1/2 Cl2. Reference electrode: 

silver/silver chloride.  
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The experimental data obtained leads to the following conclusions. (1) The values of Ip/v
1/2 

remain unchanged at polarization rates up to 1.0 V/s. At sweep rates, v ≥ 1.0 V/s the value Ip/v
1/2

 

begins to drop. (2) The peak potential did not change with an increase in the scan rate, and only at  

v ≥ 1.0 V/s it shifted slightly to the negative region. (3) The peak current was proportional to the 

rhenium concentration in the melt. (4) Upon increasing the rhenium concentration, the peak potential 

shifted in the positive direction. 

The above diagnostic criteria of cyclic voltammetry [12] make it possible to conclude that at 

polarization rates of 1.0 V/s, the reversible reduction of rhenium complexes to the metal occurs at the 

cathode, while at scan rates higher than 1.0 V/s the discharge process becomes quasi-reversible. 

The number of electrons was calculated for the case of a reversible electrochemical process 

with the formation of an insoluble substance [13, 14]: 

nF

RT
fN

nF

RT
EEp 85400 .)ln(      (6) 

    
nF

RT
EE pp 77.02/        (7), 

where E0 is the standard potential, Ep/2 is the half-peak potential, n is the number of electrons,  

N denotes the rhenium ion concentration expressed in mole fractions, and f is the activity coefficient. 

By constructing the Ep – ln(NRe) dependence it was found that the electroreduction of rhenium 

involves the transfer of three electrons. The activity coefficients did not take into account in the 

calculations since in the region of concentrations studied they are constant. [15]. Calculations by (7) 

indicate that at a polarization rate of 0.125 V/s, the number of electrons transferred corresponds to 

three, however, at scan rates of 0.25 and 0.50 V/s it was obtained that the values n=2.4 to 2.6. 

The stationary voltammetric curve was accurately described by the Kolthoff-Lingane equation 

[16] when the number of electrons equals three. 

Thus, an analysis of voltammetric curves (Figs. 1 to 3) points to the fact that only Re(III) 

complexes are present in the NaCl melt, and that the cathodic reduction process can be written as: 

    ReCl6
3-

 + 3e
-
 → Re + 6Cl

-
.     (8) 

The results obtained are in agreement with the data of Drobot et al. [17], who showed, using 

thermal, chemical, and XRD analyses, that the sodium chloride melt contains only compounds of 

Re(III). 

The chlorination of rhenium in the KCl and CsCl melts, according to our studies, leads to the 

formation of Re(IV) complexes in these melts. The cathodic voltammograms shows two reduction 

peaks (Fig. 4). Identical peaks were observed when we introduced the synthesized K2ReCl6 salt into 

these melts. Analyzing the diagnostic criteria for the first stage of electroreduction in the KCl and 
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CsCl melts, we found that Ep
I
 and Ip

I
/v

1/2
 were independent of the polarization rate at least up to  

2.0 V/s. At the same time, an increase in the concentration caused a proportional increase in the peak 

current, while the peak potential remained constants. The potentiostatic electrolysis conducted at the 

potentials of the first peak did not lead to the solid phase formation at the electrode, and the electrode 

itself did not undergo any visible changes. 

 

Fig. 4. Voltammogram obtained in the CsCl-ReCl4 melt (cRe = 3.42  10
-5

 mol/cm
3
; v = 0.5 V/s; T = 1123 K;  

S = 0.236 cm
2
); (I) Re(IV) + e

-
 → Re(III); (II) Re(III) + 3e

-
 → Re. Reference electrode: silver/silver chloride.  

 

The first stage of electroreduction in potassium and cesium chlorides, therefore, is reversible 

and results in the formation of a product, which is soluble in the melt. 

The calculation of the number of electrons by the equations [16]: 

    
nF

RT
EE pp 2.22/  ,      (9) 

    
nF

RT
EEp 11.12/1        (10) 

shows that n = 1, where E1/2 is the half-wave potential determined from the stationary-electrode 

voltammetric curves. According to calculations by (6) and (7), the second stage of the discharge of 

rhenium complexes in potassium chloride is a reversible and involves a three-electron transfer.  

For the second stage of the rhenium complex discharge in cesium chloride, were obtained the 

following regularities: (1) the cathodic peak potentials shift in the negative direction upon increasing 

the polarization rate; (2) the cathodic peak current is proportional to the square root of the polarization 
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rate; (3) the peak current changes linearly with the rhenium concentration up to concentrations  

of 1  10
-4

 mol/cm
3
; (4) the peak potential is independent of the rhenium concentration. 

Application of the diagnostic criteria derived by Nicholson and Shain [12] indicates that the 

second stage of the electroreduction proceeds irreversibly and is not complicated by the chemical 

reactions. 

Thus, the reduction of Re(IV) complexes in the KCl and CsCl melts occurs via two successive 

stages, which can be written in the following way: 

    ReCl6
2-

 + e
-
  ReCl6

3-
 reversible,    (11) 

    ReCl6
2-

 + 3e
-
 → Re + 6Cl

-
     (12) 

The process (12) is reversible in the KCl and irreversible in the CsCl melt.   

The voltammograms for the chlorinated rhenium in the equimolar NaCl-KCl mixture are 

identical to those in the NaCl melt. This is probably because the second coordination sphere of the 

mixture incorporates sodium ions, but beginning with a KCl concentration of 60 mol%, the outer-

sphere sodium cations are displaced by potassium. The displacement process is accompanied by 

stabilization of Re(IV) and the dispersion of metallic rhenium in the bulk melt: 

    4Na3ReCl6 + 6KCl  3K2ReCl6 + Re + 12NaCl.  (13) 

The formation of Re(IV) complexes occurs in the NaCl-CsCl melt as well, but in this case, 

it is necessary to add 75 mol % of cesium chloride into the starting sodium chloride melt.  

The necessity of a higher CsCl concentration is caused by the lower ionic potential of cesium as 

compared to potassium. The Re(IV) complexes are readily identified in the cyclic voltammogram 

(Fig. 5) by the appearance of the electrooxidation wave (IV) Re(III) – e
-
 = Re(IV). Note that the redox 

reaction Re(IV) + e
-
  Re(III) proceeds at the potentials that are close to the potentials of chlorine 

evolution. It cannot be discovered when a platinum electrode is used in the experiments, because at 

more negative potentials platinum dissolves. The use of platinum electrode by Bailey and Nobile [1] 

is likely to have to an erroneous conclusion on the mechanism of rhenium reduction in LiCl-KCl 

eutectic. 
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Fig. 5. Cyclic voltammogram for the NaCl (40 mol %) – KCl (60 mol %) melt (cRe = 2.64  10
-5

 mol/cm
3
; v = 0.5 

V/s; T = 1023 K; S = 0.0847 cm
2
); (I) Re(III) + 3e

-
 → Re; (II) Re - 3e

-
 → Re(III); (III) Cl

-
 - e

-
 → 1/2 Cl2; and 

(IV) Re(III) - e
-
 → Re(IV). Reference electrode: silver/silver chloride.  

 

Bailey and McInture demonstrated [18] that the introduction of Re(III) complexes into the 

LiCl-KCl melt in the form of the Re3Cl9 compound causes disproportionation with the formation of 

rhenium metal and the hexachlororhenate (IV) ion, ReCl6
2-

. The disproportionation of K2ReCl6 in the 

LiCl-KCl eutectic was observed at 723 K in [1, 19]. Bailey [19] concludes that the introduction of 

K2ReCl6 into the eutectic leads to the thermal decomposition: 

   2 K2ReCl6  ReCl5 + ReCl3 + 4KCl     (14) 

The evolution of gaseous ReCl5 is observed, while Re(III) disproportionates via the reaction: 

   4ReCl3 + 6KCl  Re + 3K2ReCl6     (15) 

Besides rhenium metal, an unknown dark insoluble phase is formed in the melt. 

The disproportionation of Re(III) and Re(IV) appears to be caused by the interaction of lower 

chlorides with the constituents of glass, which results in the formation of rhenium metal and 

oxochloride complexes of higher oxidation degree. Such an interaction of lower chlorides with glass, 

quartz, and oxygen-containing ceramics has been reported [20, 21]. Indeed, Edwards and Ward [22] 

showed that upon adding oxygen anions in the CsCl-Cs2ReCl6 melt, the dispersion of rhenium in the 

bulk melt is observed, and the IR spectrum of the quenched melt reveals the Cs2ReOCl5 compound. 

The following disproportionation reaction occurs, therefore, in this melt upon adding oxygen anions: 
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   5ReCl6
2-

 + 4O
2-

  4ReOCl5
2-

 + Re + 10Cl
-
    (16) 

The lack in the literature of experimental data on the presence of Re(III) complexes in melts [5] is 

most likely due to the interaction of lower rhenium chlorides with oxygen-incorporating containers 

commonly used by the experimenters. 

Interaction of rhenium metal with KCl-K2ReCl6 and CsCl-Cs2ReCl6 at a concentration  

of (2-8)  10
-5

 mol/cm
3
 causes a change in the shape of voltammetric curves. Peaks I and II increase in 

height, and peak I shifts into the anodic region, so that only peak II remains in the cathodic region. 

These points to the fact that, when the interaction proceeds via the reaction: 

    3Re(IV) + Re  4Re(III)     (17) 

only Re(III) complexes are present in the melt, which is in equilibrium with the metal. We have 

determined the diffusion coefficients D for Re(III) complexes. Calculations for NaCl, NaCl-KCl, and 

KCl melts were performed by means of [16]: 

    Ip = 0.611F
3/2

n
3/2

Sc(Dv/RT)
1/2

     (18), 

which is valid for the reversible process that yields an insoluble product. For the CsCl melt, we used 

the equation that is applicable in the case of irreversible charge transfer [13]: 

    

2/1

2/1496.0 









RT

Fvn
nFcSDI p


    (19) 

where α is the transfer coefficient. 

Coefficients of Re(III) diffusion in alkali metal halides in the dependence 

    logD = - A – B/T ± Δ      (20) 

are listed in Table 1. 

 

Table 1. Diffusion coefficients for Re(III) complexes in alkali metal halides 

 

Melt A B Δ D10
5
,cm

2
/s at 

1100 K 

U, 

kJ/mole 

NaCl 2.51 1987 0.04 4.83 38.0 

NaCl-KCl 2.41 2167 0.02 4.07 41.5 

KCl 2.39 2242 0.04 3.73 42.9 

CsCl 2.27 2637 0.03 2.15 50.5 

 

Our results, as well as numerous experimental data [23], demonstrate that the diffusion 

coefficients are reduced upon going from sodium chloride to cesium chloride. The activation energy 

of the diffusion U is maximal for the CsCl melt because of the highest strength of the complexes.  
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At 1100 K, the dependence of the Re(III) diffusion coefficient on the reciprocal cation radii (Å) is 

described by equation: 

  D = [-1.84 + (6.78 ± 1.08)/(r ± 0.07)]  10
-5

 cm
2
/s   (21) 

with a correlation coefficient of about unity. 

The above results pertain to rather diluted melts whose rhenium concentration does not 

exceed 1.0 wt %. During the electrodeposition of rhenium coatings from the NaCl-KCl melt at a 

rhenium concentration of 5.0 wt % and a current density of higher than 0.05 to 0.07 A/cm
2
, rhenium 

metal powder and the salt are deposited at the cathode. Voltammograms for the NaCl-KCl electrolyte 

containing 5.0 wt % of rhenium shows an extra wave at more negative potentials. Potentiostatic 

electrolysis at the potentials of the first wave results in the formation of a compact phase of rhenium 

metal. Electrolysis at the potentials of the second wave yields rhenium powder or rhenium sponge.  

In addition to the metal, a dark green salt was discovered on the cathode. XRD and chemical analyses 

identify this salt as K2Re2Cl8. The formation of the K2Re2Cl8 salt can be explained only by the 

participation in the discharge process at the second stage of polynuclear rhenium complexes that are 

likely to appear in the melts of high rhenium concentration. Strubinger et al. [24, 25] reported the 

following polynuclear complexes of rhenium: [Re2Cl6]
2-

, [Re2Cl8]
3-

, [Re3Cl12]
3-

 and [Re3Cl11]
3-

.  

The formation of K2Re2Cl8 at the cathode indicates that trinuclear rhenium complexes must be 

participating in the discharge process along with the formation of binuclear complexes. The reduction 

of trinuclear rhenium complexes may be assumed to proceed according to: 

  4[Re3Cl12]
3-

 + 2K
+
 + 5e

-
 → K2Re2Cl8 + 5 [Re2Cl8]

3-
   (22) 

 

Electrochemical study of rhenium complex formation in chloride-fluoride and oxofluoride melts 

For the investigation of the rhenium electrochemical behaviour in chloride-fluoride melts, was 

used NaCl-NaF electrolyte of eutectic composition. Rhenium was introduced into the melt in the form 

of K2ReCl6 compound. The presence in such melt of rhenium as a constituent of fluoride complexes is 

due to the exchange reaction: 

   ReCl6
2-

 + 6F
-
  ReF6

2-
 + 6Cl

-
     (23) 

because the IR spectrum of the quenched melt contains absorption bands characteristic of ReF6
2-

 

complexes [26]. 

The voltammetric curve for such melt displays two peaks (Fig. 6a). The potentiostatic 

electrolysis at the first-wave potentials yielded no solid phase at the electrode, while the electrolysis at 

the second-peak potentials led to the deposition of rhenium metal. The mechanism of the Re(IV) 

electroreduction in a chloride-fluoride melt involves, therefore, two stages. An analysis of the first 

wave by means of the above mentioned criteria shows that the peak potential is independent of the 
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polarization rate while Ip
I
 is proportional to v

1/2
. The ratio of the heights of the cathodic and anodic 

peaks is close to unity. This fact, in conjunction with the absence of hysteresis in the cyclic stationary 

voltammogram testifies the reversibility of the recharge process. The peak current Ip
II
 of the second 

stage is proportional to v
 1/2

, while the peak potential Ep
II
 becomes more negative with increasing the 

potential scan rate. This means that the second stage is controlled by the charge transfer.  

We calculated the number of electrons for the first stage by (9) and determined αnα using the 

Matsuda-Ayabe equation [27]: 

    
n

RT
EE pp 857.12/      (24) 

Experimental and calculated data on the electroreduction of rhenium complexes are presented in 

Table 2. 

 

Table 2. Parameters of electroreduction Re(IV) complexes in NaCl-NaF melt at T = 1023 K,  

cRe = 6.12  10
-5

 mol/cm
3
, S = 0.293 cm

2
 

v, V/s Ep
I
,  

V 

Ep/2
I
,  

V 

Ep/2
I
-Ep

I
, 

V 

-Ep
II
,  

V 

Ep/2
II
,  

V 

Ep/2
II 

-

Ep
II
, V 

n αnα 

 

0.125 0.447 0.623 0.176 0.284 0.214 0.070 0.91 2.34 

0.250 0.449 0.625 0.176 0.302 0.230 0.072 0.91 2.28 

0.500 0.453 0.634 0.181 0.315 0.241 0.074 0.93 2.22 

1.000 0.448 0.654 0.206 0.329 0.252 0.077 1.06 2.13 

2.000 0.450 0.653 0.203 0.344 0.266 0.078 1.05 2.10 

 

The addition of sodium fluoride in the NaCl and NaCl-KCl melts containing Re(III) chloride 

complexes causes the rhenium dispersion in the bulk of the melt according to reaction: 

  4ReCl6
3-

 + 18F
-
 + 3e  3ReF6

3-
 + Re + 24Cl

-
    (25) 

Concurrently, two peaks appear in the cathodic curve. Thus, the introduction of fluorine 

anions in the NaCl-ReCl3 melt leads to the formation of thermodynamically stable complexes ReF6
2-

 

that discharge to the metal phase via a two-stage process. We determined the diffusion coefficients of 

Re(III) complexes in the NaCl-KCl melt, which is characterized by the mole ratio Re/F = 1:6 under 

the conditions of an equilibrium with metallic rhenium. These may be described by the equation: 

    log D = -2.22 – 2462/T ± 0.03    (26) 

The addition of oxygen anions (in the form of highly soluble calcium oxide or sodium oxides) 

in the NaCl-NaF eutectic melt containing rhenium leads to a decrease in the height of waves 

corresponding to the discharge of rhenium from the fluoride complexes, while at more negative 
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potentials, two extra waves appear (Fig. 6b). When the mole ratio of oxygen anions and rhenium is 

close to the stoichiometry of the reaction: 

3ReF6
2-

 + 2O
2-

  2ReOF5
-
 + Re + 8F

-
    (27) 

 

Fig. 6. Transformation of voltammograms obtained in the NaCl-NaF eutectic melt after introduction of oxygen 

ions into the melt. (cRe = 5.63  10
-5

 mol/cm
3
; v = 0.5 V/s; T = 1023 K). Reference electrode: silver/silver 

chloride. Molar ratio [O]/[Re]: a 0; b 0.32; c 0.67; d 1.33; e 2.3. 

 

waves (I) and (II) cannot be observed, and the voltammograms display only waves (III) and (IV) with 

increased heights (Fig. 6c). Reaction (27) is confirmed by the rhenium dispersion in the bulk of the 

melt and by the IR spectra of the quenched melt. The spectra indicate the presence of the NaReOF5 

compound in the melt and reveal no traces of fluoride or dioxofluoride rhenium complexes [28].  

This means that the introduction of oxygen anions into a chloride-fluoride melt, which contains 

Re(IV) complexes, leads to the stabilization of Re(VI) complexes in the melt. 

Further addition of oxygen anions results in the formation of dioxofluoride complexes of 

rhenium: 

ReOF5
-
 + O

2-
  ReO2F4

2-
 + F

-     
(28) 

These can be identified due to the appearance of three groups of doublets in the IR spectra [28]. The 

formation of dioxofluoride complexes causes changes in the voltammograms, namely, wave (III) 

disappears while wave (IV) is enhanced (Fig. 6d). Therefore, waves (III) and (IV) can be regarded as 

corresponding to the discharge of monoxofluoride and dioxofluoride complexes. On the other hand, 

the presence of wave (IV), when only monoxofruoride complexes are present in the melt, is connected 
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with the appearance of oxygen anions in the near-electrode layer due to the discharge of 

monoxofluoride complexes and the exchange reaction (28). 

Upon further increase in the oxygen anion content in the melt the voltammetric curve takes on 

the shape that is characteristic for the NaCl-NaF melt (Fig. 6 e). Such a shape of the voltammogram 

may be attributed either to the absence in the melt of soluble rhenium complexes (rhenium happens to 

accumulate in the bottom portion as a constituent of insoluble compounds) or to the formation of the 

complexes whose electrochemical activity becomes noticeable at the potentials that are comparable 

with the decomposition potentials of the supporting electrolyte. An analysis of the samples from the 

centre portion of a solidified-melt ingot yields rather unexpected results at first sight - it shows that 

the rhenium concentration in the electrolyte increased. Infrared spectra display only absorption bands 

that are characteristic of the compound NaReO4 [29, 30]. The results obtained demonstrate that 

perrhenates are formed in the melt, and that their formation in the presence of a carrier chloride-

fluoride electrolyte is accompanied by the disproportionation reaction: 

7ReF4O2
2- 

+
 
10O

2-
  6ReO4

-
 + Re + 28F

-
    (29) 

The presence of finely distributed rhenium particles in the bulk of solidified electrolyte leads 

to higher rhenium concentrations during a chemical analysis. 

On the basis of the electrochemical studies promising compositions CsCl-ReCl4 and  

NaCl-NaF-K2ReCl6 for rhenium coating electrodeposition were chosen. Rhenium coating up to 2 mm 

from electrolyte CsCl-ReCl4 (CRe = 2.0 wt%) and NaCl-NaF (eutectic)-K2ReCl6 (CRe = 4.0 wt%) with 

using rhenium anode at cathodic current densities from 0.01 to 0.1 A/cm
2
 on graphite substrate were 

produced. 

Thus, in this work, we have studied the electrochemical behaviour of chloride, fluoride, and 

oxofluoride compounds of rhenium and established the conditions for the stabilization of Re(III), 

Re(IV), Re(V), Re(VI) and Re(VII) complexes. 

 

Acknowledgements 

The work was partially supported by the Russian Foundation for Basic Research (project 15-03-

02290-a). 

 

REFERENCES 

1. R.A. Bailey, and A.A. Nobile, Electrochim. Acta, 17 (1972) 1139 

2. A.D. Stepanov, S.N. Shkol'nikov, A.M. Ezrokhina, Izv. Vyssh. Zaved., Tsvetn. Metall., 5 (1985) 

65 



Advancing Coordination, Bioinorganic and Applied Inorganic Chemistry 
The 50th Anniversary of ICCBIC 
Edited by M. Melník, P. Segľa, and M. Tatarko 
Slovak Chemical Society, Bratislava  © 2015 

 

103 

 

3. S.A. Kuznetsov, A.B. Smirnov, A.N. Shchetkovsky, and A.L. Etenko, Refractory Metals in 

Molten Salts, Kluwer Academic Publisher, Dordrecht 3/53 (1998) 219  

4. D. Danilov, V.A. Volkovich, and B.D. Vasin, Z. Naturforsch. 63a (2008) 371 

5. A. Affoune, J. Bouteillon, and J.C. Poignet, J Electrochem. Soc., 137 (1990) 172 

6. A. Affoune, J. Bouteillon, and J.C. Poignet, J.Appl. Electrochem., 25 (1995) 886 

7. A.N Baraboshkin, V.P Bychin, and O.N. Vinogradov-Zhabrov, Soviet Electrochemistry, 14 

(1978) 155 

8. A.N. Baraboshkin, Electrocrystallization of Metals from molten Salts, Moscow, Nauka, 1976 

9. G. Brauer, W.P. Fehlhammer, and O. Glemser, Handbuch der Praparativen Anorganischem 

Chemie, Ferdinand Enke Verlag, Stuttgart, 1981. 

10. S.A. Kuznetsov, H. Hayashi, K. Minato, and M. Gaune-Escard, Electrochim. Acta, 51 (2006) 

2470 

11. S.A. Kuznetsov, and M. Gaune-Escard, J. Electroanal. Chem., 595 (2006) 11 

12. R.S. Nicholson, and I. Shain, Anal. Chem., 36 (1964) 706 

13. P. Delahay, New Instrumental Methods in Electrochemistry, Interscience, New York 1954 

14. G Mamantov, D.L. Manning, and J.M.Dale, J. Electroanal., 9 (1965) 253 

15. M.V. Smirnov, Electrode Potentials in Molten Chlorides, Moscow, Nauka, 1973 

16. Z. Galus, Fundamentals of Electrochemical Analysis, Ellis Horwood, London 1994 

17. D.V. Drobot, B.G. Korshunov, and B. Sharkadi, Izv. Vyssh. Zaved., Tsvetn. Metall., 3 (1971) 82 

18. R.A. Bailey, and J.A. McIntyre, Inorg. Chem., 5 (1966) 1940 

19. R.A. Bailey, and J.A. McIntyre, Inorg. Chem., 5 (1966) 1964 

20. S.A. Kuznetsov, Molten Salts: From Fundamentals to Applications, Kluwer Academic 

Publisher, Dordrecht, II/52 (2002) 283 

21. S.A. Kuznetsov, and M. Gaune-Escard, J. Nucl.Mater., 389 (2009) 108 

22. D.A. Edwards, and R.T. Ward, J. Mol. Struct., 6 (1970) 421 

23. G. J. Janz and N. P. Bansal, J. Phys. Chem. Data, 11 (1982) 505 

24. S.K.D. Strubinger, I-W.Sun, W.E Cleland, and C.L. Hussey, Inorg. Chem., 29 (1990) 993 

25. S.K.D. Strubinger, I-W.Sun, W.E Cleland, and C.L. Hussey, Inorg. Chem., 29 (1990) 4246 

26. W. Krasser, and K. Schwochan, , Z. Naturforsch., 25a (1970) 206 

27. H. Matsuda, and Y. Ayabe, Z Elektrochem., 59 (1955) 494 

28. W. Kuhlmann, and W. Sawodny, J. Fluorine Chem., 9 (1977) 341 

29. L.A. Woodward, and H.L. Roberts, Trans. Faraday Soc., 52 (1956) 615 

30. H.H., Classen, and G. Zielen, J. Chem. Phys., 22 (1954) 707 



Advancing Coordination, Bioinorganic and Applied Inorganic Chemistry 

The 50th Anniversary of ICCBIC 
Edited by M. Melník, P. Segľa, and M. Tatarko 
Slovak Chemical Society, Bratislava  © 2015 

 

104 

 

Cyclen like a perspective chelating agent for toxic Hg(II) ion 

 

a
M. Litecká, 

b
M. Vilková, 

a
Z. Vargová, 

b
J. Imrich 

 

a
 P. J. Šafárik University, Institute of Chemistry, Department of Inorganic Chemistry, Moyzesova 11, 

04154 Košice, Slovakia 

b
 P. J. Šafárik University, Institute of Chemistry, Department of Organic Chemistry, NMR 

Laboratory, Moyzesova 11, 04154, Košice, Slovak Republic 

 

Corresponding author: doc. RNDr. Zuzana Vargová, Ph.D. zuzana.vargova@upjs.sk, Moyzesova 11, 

04154 Košice, Slovakia 

 

To heavy metals detoxication N, O, S – polydentate ligands are commercially used. Complexing 

properties of perspective chelating agent, cyclen (1,4,7,10- tetraazacyclododecane, L), toward to 

Hg(II) ion by potentiometric titrations were determined. System was studied in aqueous solution (25 ± 

0.1°C, I(KNO3) = 0.1 M) and as a titrant was used pottasium hydroxide solution with accurate 

concentration. Potentiometric results were correlated with 
1
H NMR experiments. 

 

INTRODUCTION 

Mercury is a highly toxic non-essential element that is considered to be a global 

environmental pollutant due to its ability to undergo long-distance transport in the atmosphere [1]. 

Mercury(II) compounds exert toxic health effects by different mechanisms such as; interruption of 

microtubule formation, changing intracellular calcium balance and membrane potential, altering cell 

membrane integrity, disturbing or inhibition of enzymes, inducing oxidative stress, inhibition of 

protein and DNA synthesis and disturbing immune functions [2]. Mercury(II) ion is bonded to 

phosphoryl, carboxyl and amide groups in biological molecules [3]. To gastrointestinal mercury(II) 

decontamination chelating agents are commercially used (Penicillamine, Dimercaprol,  

meso-2,3-dimercaptosuccinic acid etc.) [4]. In the presence, the new chelating agents are developed in 

chemical laboratories. Macrocyclic N, S, O-donor corands offer the perspective type of chelating 

agents for toxic metal ions. One of them is cyclen (1,4,7,10- tetraazacyclododecane, L) due to use its 

derivatives in medicine as chelators of radionuclides and transferring agents [5]. Moreover, it is often 

used like model ligand to enzyme active centres for biometals (Zn(II), Cu(II)) [6].  Strong macrocyclic 

effect is the main factor for high thermodynamic stability of metal ion-cyclen complexes and so 



Advancing Coordination, Bioinorganic and Applied Inorganic Chemistry 

The 50th Anniversary of ICCBIC 
Edited by M. Melník, P. Segľa, and M. Tatarko 
Slovak Chemical Society, Bratislava  © 2015 

 

105 

 

defines excellent effectivity for toxic metals elimination. In this work we determined complexing 

behaviour of cyclen toward to Hg(II) toxic ion by potentiometric and 
1
H NMR titrations. 

 

EXPERIMENTAL PART 

Reagents and solutions 

Deionized water was used in all experiments. The cyclen was purchased from CheMaTech and 

Hg(NO3)2 from Lachema. Acidic stock solution of ligand (0.02 M/ 0.06 M HNO3) was prepared. 

Mercury(II) stock solution was prepared from nitrate salt (0.02 M) that was standardized by 

chelatometric and mercurimetric method. 

Decarbonated potassium hydroxide solution (0.2 M) was used as a titrant and was standardized with 

potassium hydrogen phthalate solution (0.1 M). The other chemicals were of analytical purity. 

 

Apparatus and equipment 

Potentiometric measurements were accomplished using a Titra Lab
® 

system ABU52 Biburette 

(Radiometer Analytical
TM

)  and a combined Red Rod pH electrode GK 2401 B (Radiometer 

Analytical
TM

) in a glass vessel (10 cm
3
) at 25 ± 0.1°C and ionic strength of I = 0.1 M(KNO3).  

The initial solution volume was 5 cm
3
 and the ligand concentration was 4 mM. For estimation of the 

stability constants was used the range of 2 and 4 mM of metal concentration. The metal:ligand ratio 

was 1:1 and 1:2. 

The precision calibration was accomplished using 33 mM HNO3 and 251 mM KOH at 25°C and ionic 

strength of 0.1 M (KNO3). The equation (1) used for assessment between E and -log [H
+
] is: 

E = E
0
 - S(-log[H

+
]) + ja[H

+
] + jb(pKw/[H

+
])                                                      (1) 

where E
0
 presents a standard potential of electrode, value S corresponds to Nernstian slope and values 

ja[H
+
] and jb[OH

-
] are contributions of H

+
 and OH

-
 ion, respectively, to the liquid-junction potential. 

An inert atmosphere was ensured by constant flow of nitrogen. The protonation constants of cyclen 

and stability constants of complexing species were obtained by using OPIUM program [7]. 

 
1
H NMR spectra of equimolar mixture of cyclen: Hg(NO3)2 were recorded on a Varian 

VNMRS 600 MHz spectrometer. Samples were prepared in non-deuterated water and measured with 

D
2
O insert containing 0.5% of t-BuOH (1.25 ppm) as standard. Four FIDs were accumulated for each 

spectrum using standard transmiter presaturated puls sequence. The initial volume of solutions for 

each spectrum was 2 cm
3
. The concentration of each species was 50 mM. Required pH values of 

solutions were adjusted by solutions of 0.1 M NaOH and 0.1 M HNO3 after equilibration.  
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RESULTS AND DISCUSSION 

Cyclen dissociation constants were determined at our experimental conditions (25ºC and  

I = 0.1(KNO3) by potentiometric titration and were summarized in Table 1. In general, pK1, pK2, pK3 

values correspond to consecutive cyclen dissociation (Scheme). From the comparison, it is clear, that 

there are no significant differences between our and literature data [6,8]. The free ligand species 

distribution is plotted in Fig. 1A. Prevalent (H2L)
2+

 species is formed in the pH range 2.0 – 9.5 and 

free cyclen base is dominant up to pH 10.5. The Hg(II) salt addition to cyclen solution causes the 

significant changes in mixture composition. The [Hg(cyclen)H2O]
2+

 species formation in high 

abundance is evident (Fig. 1B) from potentiometric titrations. This species is dominant in whole pH 

range, practically.  Stability constants were determined and listed in Table 1 together with literature 

values. 
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Table 1 cyclen protonation constants and its stability constants with Hg(II) ion at 25ºC and  I = 0.1 M; 

 log β011 log β012 log β013 pK1 pK2 pK3 log110 log11-1 

cyclen 10.45(3) 

 

20.06(3) 
 

21.68(4) 1.62 

1.36
*
 

9.61 

9.64
*
 

10.45 

10.65
*
 

- - 

Hg(II)-

cyclen 

- - - - - - 20.70(9) 

25.5
**

 

11.0(3) 

pqr = [MpLqHr]/ [M]
p
 [L]

q
 [H]

r 
, where M = Hg(II); L = cyclen;  *[9], **[10] 
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Fig. 1 Species distribution, (A) – abundance of cyclen, (B) –abundance of Hg(II) in Hg(II)-cyclen system 

 

In 1977 Kodama and Kimura [10] determined stability constant in Hg(II)-cyclen system by 

polarographic method. Their value (log K = 25.5) is slightly higher that can be explained by different 

experimental conditions (different concentration and ionic strength used by polarographic method).  

To confirm the complexing model in solution, 
1
H NMR chemical shifts of cyclen protons were 

observed in dependence on pH in aqueous solution (Fig. 2). Two multiplets at δ = 2.75–2.98 ppm 

(CH2 groups) and a broad singlet at δ = 3.57 ppm (NH groups) are observed in the Hg(II)-system in 

the whole pH scale. Similar cyclen behaviour was observed in the Zn(II) ion presence in aqueous 

solution [6]. One can therefore conclude that the [Hg(cyclen)H2O]
2+

 species is stable and 

spectroscopic behaviour corresponds with potentiometric data. 
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Fig. 2 
1
H NMR image of chemical shifts of cyclen CH2 and NH protons in the presence of Hg(II) in dependence 

on pH in aqueous solution 
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In conclusion, cyclen forms stable complexing species with toxic Hg(II) ion in aqueous solution that 

we firstly determined by potentiometric titration. 
1
H NMR experiment, as the unique method for 

complexing model determination in solution, was firstly used to clearly demonstrate the stable 

complex [Hg(cyclen)H2O]
2+

 formation.    
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New tetrachloridoiron(III) complexes with several pyridine derivatives of the composition 

(LH)[FeCl4] (L = nicotinamide (nia), N,N-diethylnicotinamide (dena), 2-pyridylmethanol (2pm) or 

methyl-3-pyridylcarbamate (mpc) and two thiocyanatoiron(II) complexes of the composition 

(mpcH)2[Fe(NCS)4(mpc)2] and [Fe(NCS)2(2pm)2] have been prepared and characterized by elemental 

analysis, infrared spectroscopy, and (denaH)[FeCl4] and (mpcH)2[Fe(NCS)4(mpc)2] also by X-ray 

structure analysis.  

The structure of (denaH)[FeCl4] consists of denaH+ cations and [FeCl4]
– anions. The [FeCl4]

– 

anions exhibit rotational disorder, as approximated by two [FeCl4]
– tetrahedra. There is also 

a hydrogen bond between the pyridine nitrogen atom of one denaH+ cation and the carbonyl oxygen 

atom of a neighboring denaH+ cation (N–HO=C) The corresponding equivalent hydrogen bonds 

interconnect two denaH+ cations and lead to the formation of polymeric zig-zag 1-D chains. 

The (mpcH)2[Fe(NCS)4(mpc)2] is built from two mpcH
+ 

cations and one [Fe(NCS)4(mpc)2]
2

 

anion which are held together also by two hydrogen bonds between the pyridine nitrogen atoms of two 

mpcH
+
 cations and O atoms of two carbamate groups from coordinated mpc molecules in the anion 

(NHO=C). In the anion four N atoms from NCS groups and two N atoms from pyridine rings form a 

slightly distorted octahedral environment about iron(II) atom. 

From the spectral and published data follows that the thiocyanate groups in [Fe(NCS)2(2pm)2] 

complex are coordinated to Fe(II) atom through nitrogen atoms. We suppose that coordinated 2pm 

molecules act as chelate bidentate N,O-ligands. 

In this paper structural parameters and infrared spectra of similar complexes are compared and 

discussed. 
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INTRODUCTION 

It is well known that iron cations and many heterocyclic nitrogen compounds play an active 

role in various biological systems. Especially, derivatives of pyridine used to be components of several 

vitamins and drugs. In recent years, derivatives of pyridine such as nicotinamide (nia),  

N,N-diethylnicotinamide (dena), 2-pyridylmethanol (2pm) and methyl-3-pyridylcarbamate (mpc) have 

been extensively studied because of their therapeutic activities [1–10]. Nicotinamide is important in 

promoting a healthy nervous system, skin, gastrointestinal functioning and has a number of anti-

inflammatory activities. Diethylnicotinamide serves as an efficient stimulator CNS and as a 

component of drugs for the treatment of brain cancer. The investigation of 2-pyridylmethanol is 

focused on its using in processes of induction of programmed cell death (apoptosis). Methyl- 

3-pyridylcarbamate is used for preparations of compounds which are active for inhibiting the 

abnormal growth of cells, including transformed cells. 

From this point of view we have studied interactions between some iron compounds and 

pyridine derivatives that can take place in biosystems [11–16]. For a better understanding of these 

interactions the Fe(III) and Fe(II) complexes with several pyridine derivatives were prepared and 

investigated. There was also found that reactions of some iron(III) salts with mentioned pyridine 

derivatives L lead to the formation of pyridinium salts (LH)X (X = Cl, NO3, ClO4) instead desired 

iron(III) and iron(II) complexes [11,12]. 

This paper is a continuation of our previously reported studies [13–16] about iron complexes 

with some pyridine derivatives such as inia, 3pm, nia and dena (inia is isonicotinamide). Here we 

describe syntheses, spectral properties of four new iron(III) complexes with [FeCl4]
–
 anion and  

LH
+
 cation (L = nia, dena, 2pm and mpc), and two new iron(II) thiocyanato–complexes with 2pm and 

mpc ligands. There are also described structures of (dena)[FeCl4] and (mpcH)2[Fe(NCS)4(mpc)2] 

complexes.  

 

EXPERIMENTAL PART 

Reagents and solutions 

 Ethanol was purified before use by standard methods. All other chemicals were purchased 

commercially and used without further purification. 

Preparation of tetrachloridoiron(III) complexes  

Tetrachloridoiron(III) complexes (LH)[FeCl4] with protonated molecules of pyridine 

derivatives LH+ (L = nia, dena, 2pm and mpc) were prepared according to the following procedure. 

Anhydrous FeCl3 (6.17 mmol; 1.00 g) was dissolved in 10.0 cm3 of concentrated HCl and then 

appropriate L were added in the molar ration of n(Fe) : n(L) = 3 : 1. The obtained reaction mixtures 

were stirred for about 15 min at 20 °C. Reaction mixtures were filtered and all compounds were 
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washed with diethyl ether and dried. After 1 – 2 months we have obtained yellows crystals of 

(denaH)[FeCl4] and (niaH)[FeCl4], green crystals of (2pmH)[FeCl4] and brown crystals of 

(mpcH)[FeCl4]. 

The composition of the products was confirmed by elemental analysis; the Fe content was 

determined spectrophotometrically with 1,10-phenanthroline. 

Anal. calc. for (denaH)[FeCl4] (C10H14N2OCl4Fe): C, 31.95; H, 3.75; N, 7.45; Fe, 14.86;  

found: C, 32.13; H, 3.76; N, 7.83; Fe, 14.85%.  

Anal. calc. for (niaH)[FeCl4] (C6H6N2OCl4Fe): C, 22.54; H, 1.89; N, 8.76; Fe, 17.46;  

found: C, 22.73; H, 1.76; N, 8.54; Fe, 17.46%. 

Anal. calc. for (2pmH)[FeCl4] (C6H7NOCl4Fe): C, 23.49; H, 2.30; N, 4.57; Fe, 18.20;  

found: C, 23.13; H, 2.76; N, 4.63; Fe, 18.22%. 

Anal. calc. for (mpcH)[FeCl4] (C7H8N2O2Cl4Fe): C, 24.03; H, 2.31; N, 8.01; Fe, 15.96;  

found: C, 23.93; H, 2.48; N, 8.53; Fe, 15.88%. 

Preparation of thiocyanatoiron complexes 

 Solutions of iron(II) thiocyanate in ethanol were prepared from FeCl2.4H2O and KSCN in the 

molar ratio of 1 : 3. Then a very small amount of ascorbic acid wad added to the reaction mixture as 

prevention against oxidation of Fe(II). The insoluble KCl formed during to the reaction was filtered 

out after cooling.  

Thiocyanatoiron(II) complexes with pyridine derivatives of the composition [Fe(NCS)2(2pm)2] 

and (mpcH)2[Fe(NCS)4(mpc)2] were prepared according to the following procedure. Ethanol solutions 

of iron(II) thiocyanate and solution of the respective derivative pyridine L (L = 2pm or mpc) were 

mixed together under refluxing (n(Fe(II) : n(L) = 1 : 4). The resulting solution was stirred for two 

hours and let stay at room temperature. After 1 – 2 days some ethanol was evaporated and fine 

crystalline products of brown [Fe(NCS)2(2pm)2] and light brown (mpcH)2[Fe(NCS)4(mpc)2] were 

obtained. These compounds have been obtained from the reaction mixture containing methanol instead 

ethanol, too. 

The composition of the products was proven by elemental analysis; the Fe content was 

determined spectrophotometrically with 1,10-phenanthroline. 

Anal. calc. for (mpcH)2[Fe(NCS)4(mpc)2] (C32H34N12O8S4Fe): C, 42.76; H, 3.81; N, 18.7; Fe, 

6.21; found: C, 42.23; H, 3.76; N, 18.3; Fe, 6.22%. 

Anal. calc. for [Fe(NCS)4(2pm)2] (C16H14N6O2S4Fe): C, 38.10; H, 2.40; N, 16.66; Fe, 11.07; 

found: C, 38.23; H, 2.31; N, 16.28; Fe, 11.10%. 
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Apparatus and equipment 

Elemental analyses (carbon, hydrogen and nitrogen) were carried out by means of a Flash EA 

1112 analyzer. 

The infrared spectra (4000 – 400 cm
-1

) were measured in solid-state KBr technique and 

recorded on Nicolet Magna 750 FTIR spectrophotometer.  

Intensity data for (denaH)[FeCl4] and (mpcH)2[Fe(NCS)4(mpc)2] were obtained using Oxford 

Cryostream low-temperature device on a Bruker-Nonius KappaCCD diffractometer with  

graphite-monochromated Mo Kα radiation (λ = 0.71073 Å) at 150 K. Absorption correction was applied 

using the program SADABS [17]. Data reductions were performed with EvalCCD [18]. The structure 

was solved by direct methods using the program SHELXT-2014/5 [19] and refined by the full-matrix 

least-squares method on all F
2
 data using the program SHELXL-2014/7 [20]. Geometrical analysis was 

performed using SHELX. The structures were drawn by OLEX2 [21,22] software. The single crystal 

suite WINGX was used as integrated system for all crystallographic programs and software for preparing 

the material for publication [23]. Selected interatomic distances and bond angles are given in Table 1. 

 

Table 1.  Selected bond lengths [Å] and angles [°] for (denaH)[FeCl4] and (mpcH)2[Fe(NCS)4(mpc)2]. 

(denaH)[FeCl4] (mpcH)2[Fe(NCS)4(mpc)2] 

Fe–Cl41 1.969(10) Fe–N1 2.177(3) 

Fe–Cl21 2.083(11) Fe–N2 2.128(3) 

Fe–Cl1 2.121(4) Fe–N3 2.217(3) 

Fe–Cl3 2.141(2) N1–Fe–N2 88.2(2) 

Fe–Cl31 2.217(9) N1–Fe–N3 87.7(2) 

Fe–Cl2 2.208(6) N1–Fe–N1 180.0(2) 

Fe–Cl4 2.215(2) N1–Fe–N2 91.8(2) 

Fe–Cl11 2.219(5) N1–Fe–N3 92.3(2) 

Cl41–Fe–Cl21 114.7(6) N2–Fe–N3 90.9(2) 

Cl41–Fe–Cl1 129.8(4) N2–Fe–N1 91.8(2) 

Cl21–Fe–Cl3 126.8(4) N2–Fe–N2 180.0(2) 

Cl1–Fe–Cl3 109.00(14) N2–Fe–N3 89.1(2) 

Cl1–Fe–Cl2 112.0(3) N3–Fe–N1 92.3(3) 

Cl3–Fe–Cl2 111.61(18) N3–Fe–N2 89.1(2) 

Cl1– Cl11–Fe 72.8(8) N3–Fe–N3 180.0(2) 

Cl11– Cl1–Fe 92.0(9) N1–Fe–N2 88.2(2) 

  N1–Fe–N3 87.7(1) 

  N2–Fe–N3 90.87(2) 
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RESULTS AND DISCUSSION 

Tetrachloridoiron(III) complexes of the composition (LH)[FeCl4]  (L = nia, dena, 2pm and 

mpc) were prepared by reaction of anhydrous FeCl3 with mentioned pyridine derivatives L in conc. 

HCl. The thiocyanatoiron(II) complexes were prepared by reaction of Fe(NCS)2 with appropriate  

L (L = 2pm or mpc) in ethanol or methanol solutions. Crystals suitable for X-ray analysis were formed 

only in the case of (denaH)[FeCl4] and (mpcH)2[Fe(NCS)4(mpc)2]. 

The structure of (denaH)[FeCl4] (Fig. 1) consists of denaH+ cations and [FeCl4]
– anions.  

The [FeCl4]
– anions exhibit rotational disorder, as approximated by two [FeCl4]

– tetrahedra. There is 

also a hydrogen bond between the pyridine nitrogen atom of one denaH+ cation and the carbonyl 

oxygen atom of a neighboring denaH+ cation The corresponding equivalent hydrogen bonds 

interconnect two denaH+ cations and lead to the formation of polymeric zig-zag 1-D chains  

(N1–H6…O1A, N…O distance 2.646 Å and N1–H1A–O1 angle 174.17°).  

 

 

Fig. 1. Cation and anion structures and hydrogen bonds (dotted lines) in (denaH)[FeCl4] 

 

The structure of (mpcH)2[Fe(NCS)4(mpc)2] is shown in Fig. 2. This compound consists from 

two mpcH
+ 

cations and one [Fe(NCS)4(mpc)2]
2

 anion which are held together by an ionic interaction 

and two additional hydrogen bonds (N5–H5A...O1). The hydrogen bond is formed by the nitrogen 

atom of pyridine ring in the cations and oxygen atom of carbamate group in the anions. Analogously 

protonated molecule of 4-methylpyridine (pic), i.e. 4-methylpyridinium picH
+
 serves as a cation in 

Fe(II) complex (picH)2[Fe(NCS)4(pic)2]2pic [24]. The Fe(II) atom in the complex anion is 

octahedrally coordinated by six N atoms; four N atoms from NCS

 groups form the equatorial plane of 

the coordination polyhedron and two N atoms from two molecules of mpc occupy axial positions.  

The Fe–N(NCS) distances are slightly shorter (av. 2.153(2) Å) than those to mpc (av. Fe–N = 2.217(2) 

Å); hence the FeN6 octahedron is axially distorted (Table 1). Similar distortion of FeN6 octahedron 
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was also observed for iron(III) complexes (3pmH3pm)[Fe(NCS)4(3pm)2] (where 3pm is  

3-pyridylmethanol) [15] and (iniaHinia)[Fe(inia)2(NCS)4] [16] (where inia is isonicotinamide) and for 

iron(II) complex (picH)2[Fe(NCS)4(pic)2]2pic [24].  

The Fe–N(NCS) distances of 2.128(2) – 2.177(2) are similar to those of high spin ferric complexes as 

are [Fe(Cldpat)2(NCS)2] (2.090(13) Å) [25], [Fe(4-bphz)2(NCS)2]2C6H5NO2 (2.079(4) Å) [26], 

[Fe(cddt)2(NCS)2]1/2CH3ClH2O (2.083(9) Å) [27], [Fe(NCS)2(dena)2] (2.118(2) Å) [13],  and 

[Fe(NCS)2(CH3OH)2(bpta)2] (av. 2.092(6) Å) [28], (where Cldpat is 4,6-dichloro-N,N-di(pyridine- 

2-yl)-1,3,5-triazine-amine, 4-bphz is 1,2-bis(pyridine-4-ylmethylene)hydrazine, cddt is 2-chloro- 

4,6-bis(dipyrid-2-ylamino)-1,3,5-triazine and bpta is 3,5-bis(3-pyridyl)-1,2,4-thiadiazole). 

 

 

Fig. 2. The molecular structure of (mpcH)2[Fe(NCS)4(mpc)2] 

 

The IR spectra of (LH)[FeCl4] show two bands in the range of 2550 – 2700 cm
−1

  (ν(=NH
+
)) 

characteristic of cations of pyridinium derivatives such as denaH
+
, niaH

+
, 2pmH

+
 and mpcH

+
 [30] 

(Table 3). The tetrachloridoiron stretching band occurs in its usual position in the region of 380 to 385 

cm
–1

 similarly to the 4-piperidinylpyridinium tetrachloridoiron(III) [29,30]. 

The coordination mode of the thiocyanate groups in the thiocyanatoiron(II) complexes has been 

investigated by means of the infrared absorption spectra. The maxima of the IR bands (Table 3) 
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assigned to stretching vibrations (CN), (CS) and (NCS) occur in the regions accepted for 

terminally N-bonded thiocyanate groups. It has been suggested [15,16,29] for FeNCS complexes, the 

CN stretch lies below 2100 cm
1

, the CS stretch in the 780  860 cm
1

 region and the NCS bend in 

the 460  490 cm
1

 range. Another band at about 300 cm
1

 may be assigned as (FeN) of Nbonded 

NCS ligand [15,16,31] (Table 3).  

 

Table 3. Comparison of some data on IR spectra (cm
-1

) for tetrachloridoiron(III) and thiocyanatoiron(II) 

complexes 

 

Compounds 

Chromophore 

(=NH
+
)  (FeCl) Ref. 

(denaH)[FeCl4] 

FeCl4 

2836m 380m This work 

(mpcH)[FeCl4] 

FeCl4 

2956s 384m This work 

(niaH)[FeCl4] 

FeCl4 

2912s 376m This work 

(2pmH)[FeCl4] 

FeCl4 

3020m 378m This work 

(4pipH)[FeCl4] 

FeCl4 

3331 382 30 

    

 (CN) (CS) (NCS) (FeNCS)      Ref. 

(mpcH)2[Fe(NCS)4(mpc)2] 

FeN6 

2053vs 

2028vs 

820w 484w 283            This work 

[Fe(NCS)2(2pm)2] 

FeN4O2 

2074vs 

2042sh 

823m 469m 276            This work 

(3pmH3pm)[Fe(NCS)4(3pm)2]  

FeN6 

2094sh 

2052vs 

829m 476m 296              15 

(iniaHinia)[Fe(NCS)4(inia)2] 

FeN6 

2062sh 

2041vs 

857m 490m 299              16 

s = strong, vs = very strong, m = medium, w = weak, sh = shoulder, m = medium.  

4pipH = 4-piperidinylpyperidinium 
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The ring vibrations of coordinated derivatives of pyridine L (L = inia, 4pip, mpc and 3pm) in the 

thiocyanatoiron(II) complexes at about 1600 cm
–1

 and 640 cm
–1

 are evidently shifted to higher 

frequencies. This shift and occurrence of bands in the region 260  210 cm
1

 indicate [29,32] that all 

mentioned ligands L are bonded to iron atom through nitrogen atom of pyridine ring. On the base of 

data reported in the crystallographic database [7] we suppose that coordinated 2pm molecules in the 

[Fe(NCS)2(2pm)2] act as chelate bidentate N,O-ligands. There are listed over 90% complexes with 

2pm coordinated as chelate ligand. The band assigned to (FeO) in [Fe(NCS)2(2pm)2], is observed in 

the region 410  420 cm
1

 similarly to [Fe(NCS)2(dena)2] and [Fe(NCS)2(CH3OH)2(bpta)2] [13,28]. 
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Dinuclear oxidovanadium(IV) complexes with tetrakis(5-bromosalicylideneaminoethyl)cyclam 

(cyclam = 1,4,8,11-tetraazacyclodecane) (H4tbsaec), tetrakis(3,5-dibromosalicylidene-

aminoethyl)cyclam (H4tdbsaec), tetrakis(5-chlorosalicylideneaminoethyl)cyclam (H4tcsaec), 

tetrakis(3,5-dichlorosalicylideneaminoethyl)cyclam (H4tdcsaec), tetrakis(3-methoxysalicylidene-

aminoethyl)cyclam (H4tmtsaec). and tetrakis(5-methylsalicylideneaminoethyl)cyclam (H4tmsaec),  

[(VO)2(L)] (L = tbsaec
4–

, tdbsaec
4–

, tcsaec
4–

, tdcsaec
4–

, tmtsaec
4–

, and tmsaec
4–

), have been 

synthesized and characterized by elemental analysis, infrared and electronic spectra, and temperature 

dependence of magnetic susceptibilities (4.5 — 300 K).  The magnetic interaction between the two 

metal ions is very weak with the J values of –0.44 — –1.2 cm
–1

.  These data are in accordance with 

that two oxidovanadium(IV) ions are bound by the chelating of the two Schiff-base pendant arms 

outside the central tetraazacyclotetradecane ring forming a square-pyramidal coordination geometry. 

 

   

INTRODUCTION 

Chemistry of macrocyclic ligands has attracted much attention for several decades because of their 

specific coordination behaviors.  Chemical properties of coordination compounds with macrocyclic 

ligands having functional pendant groups has been of increasing interest recently [1-9].  We have 

engaged in studies on metal complexes with cyclam-based macrocyclic ligands with four pendant 

groups such as 1,4,8,11-tetrakis(2-aminoethyl)-1,4,8,11-tetraazacyclotetradecane (abbreviated as taec) 

[10-13], 1,4,8,11-tetrakis(2-p-toluenesulfonamidoethyl)-1,4,8,11-tetraazacyclotetradecane (H4tstaec) 
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[14], 1,4,8,11-tetrakis(salicylideneaminoethyl)cyclam (H4tsaec) and its substituent derivatives  

[15-18].  In these complexes, two metal ions are bound by the pendant groups outside the macrocyclic 

ring to form dinuclear metal species.   Recently we reported synthesis and structural and magnetic 

characterization of copper(II) complexes with the cyclam-based dodecadentate Schiff-base ligands, 

H4tsaec and its substituent derivatives [18].  In this context, vanadium(IV) system is interesting, 

because this system gives a d
1
 electronic configuration which is expected to afford a similar magnetic 

system to those of the copper(II) complexes [18].   This paper is aimed at extension of our study on 

metal complexes with the cyclam-based dodecadentate Schiff-base ligands to vanadium systems.   

We report here, the synthesis and spectral and magnetic properties of the vanadium complexes with 

tetrakis(5-bromosalicylideneaminoethyl)cyclam (H4tbsaec), tetrakis(3,5-dibromosalicylidene-

aminoethyl)cyclam (H4tdbsaec), tetrakis(5-chlorosalicylideneaminoethyl)cyclam (H4tcsaec), 

tetrakis(3,5-dichlorosalicylideneaminoethyl)cyclam (H4tdcsaec), tetrakis(3-methoxy-salicylidene-

aminoethyl)cyclam (H4tmtsaec). and tetrakis(5-methylsalicylideneaminoethyl)cyclam (H4tmsaec).  

The chemical structures of the present ligands are depicted in Fig. 1.   
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Fig. 1.  (a) Schematic representation of cyclam-based dodecadentate Schiff-base ligands [H4tbsaec (R1 = H,  

R2 = Br), H4tcsaec (R1 = H, R2 = Cl), H4tdbsaec (R1, R2 = Br), H4tdcsaec (R1, R2 = Cl), H4tmtsaec (R1 = OCH3, 

R2 = H), and H4tmsaec (R1 = H, R2 = CH3)] and (b) a proposed structure for the present complexes.  
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EXPERIMENTAL PART 

Reagents and solutions 

Unless otherwise specified, all reagents were purchased commercially and used without further 

purification.  The Schiff base ligands, H4tbsaec, H4tdbsaec, H4tcsaec, H4tdcsaec, H4tmsaec, and 

H4tmtsaec were synthesized by the condensation reaction between taec and the corresponding 

salicylaldehyde derivatives according to our previous work [17,18].  

[(VO)2(tbsaec)]·H2O·CH3OH (1).  H4tbsaec (22 mg, 0.02 mmol) was dissolved in 

chloroform (4 mL) at room temperature.  To this solution was added a methanol solution (2 mL) of 

oxidovanadium(IV) sulfate (11 mg, 0.04 mmol) and 30 mg (0.03 mmol) of triethylamine, and the 

mixture was stirred for 10 min.  The resulting gray precipitate was filtered and dried in vacuo.   

Yield: 17 mg (68% based on H4tbsaec).  Anal. Found: C, 43.76; H, 4.31; N, 8.74%.  Calcd for 

C47H58Br4N8O8V2: C, 43.95; H, 4.55; N, 8.72%.  IR(KBr): (ArH) 3075, as(CH2) 2943, s(CH2) 2815, 

(C=N) 1622, (V=O) 984 cm
-1

.  Diffuse reflectance spectrum: max 240, 350, 540, 600sh, 830 nm.  

Effective magnetic moment: µeff (/V) = 1.67 µB (300 K), 1.48 µB (4.5 K). 

[(VO)2(tdbsaec)] (2).  The complex was prepared in the same way as 1, except that H4tdbsaec 

was used instead of H4tbsaec.  Yield: 22 mg (71% based on H4tdbsaec).  Anal. Found: C, 35.59;  

H, 2.54; N, 7.24%.  Calcd for C46H48Br8N8O6V2: C, 35.64; H, 3.12; N, 7.23%.  IR(KBr): (ArH) 3067, 

as(CH2) 2940, s(CH2) 2812, (C=N) 1620, (V=O) 989 cm
-1

.  Diffuse reflectance spectrum:  

max 240, 350, 540, 600sh, 860 nm.  µeff (/V) = 1.68 µB (300 K), 1.47 µB (4.5 K). 

[(VO)2(tcsaec)]·H2O (3).  The complex was prepared in the same way as 1, except that 

H4tcsaec was used instead of H4tbsaec.    Yield: 18 mg (84% based on H4tcsaec).  Anal. Found:  

C, 51.63; H, 4.70; N, 10.36%.  Calcd for C46H54Cl4N8O7V2: C, 51.41; H, 5.06; N, 10.43%.  IR(KBr): 

(ArH) 3051, as(CH2) 2939, s(CH2) 2809, (C=N) 1623, (V=O) 984 cm
-1

.  Diffuse reflectance 

spectrum: max 230, 350, 530, 620sh, 870 nm.  µeff (/V) = 1.64 µB (300 K), 1.51 µB (4.5 K). 

[(VO)2(tdcsaec)] (4).  The complex was prepared in the same way as 1, except that H4tdcsaec 

was used instead of H4tbsaec.  Yield: 17 mg (72% based on H4tdcsaec).  Anal. Found: C, 46.01;  

H, 4.53; N, 9.36%.  Calcd for C46H48Cl8N8O6V2: C, 46.26; H, 4.05; N, 9.38%.  IR(KBr): (ArH) 3075, 

as(CH2) 2943, s(CH2) 2815, (C=N) 1622, (V=O) 990 cm
-1

.  Diffuse reflectance spectrum:  

max 240, 340, 530, 620sh, 840 nm.  µeff (/V) = 1.65 µB (300 K), 1.48 µB (4.5 K). 

[(VO)2(tmtsaec)]·2.5H2O·CH3OH (5).  Taec (30 mg, 0.08 mmol) was dissolved in methanol 

(4 mL) at room temperature.  To this solution was added a methanol solution (2 mL) of  

3-methoxysalicylaldehyde (49 mg, 0.32 mmol), oxidovanadium(IV) sulfate (42 mg, 0.16 mmol) and 

30 mg (0.30 mmol) of triethylamine, and the mixture was stirred for 10 min. The resulting gray 

precipitate was filtered and dried in vacuo. 
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Yield: 70 mg (78% based on taec).  Anal. Found: C, 54.92; H, 6.12; N, 9.70%.  Calcd for 

C51H73N8O13.5V2: C, 54.89; H, 6.59; N, 10.04%.  IR(KBr): (ArH) 3056, as(CH2) 2935, s(CH2) 2830, 

(C=N) 1617, (V=O) 976 cm
-1

.  Diffuse reflectance spectrum: max 240, 350, 530, 620sh, 840 nm.  

µeff (/V) = 1.62 µB (300 K), 1.55 µB (4.5 K). 

[(VO)2(tmsaec)]·2H2O·2CH3OH (6).  The complex was prepared in the same way as 5, 

except that 5-methylsalicylldehyde was used instead of 3-methoxysalicylaldehyde.   Yield: 65 mg 

(76% based on taec).  Anal. Found: C, 58.08; H, 7.30; N, 10.65%.  Calcd for C52H76N8O10V2:  

C, 58.09; H, 7.13; N, 10.42%.  IR(KBr): (ArH) 3051, as(CH2) 2920, s(CH2) 2862, 2812,  

(C=N) 1624, (V=O) 979 cm
-1

.  Diffuse reflectance spectrum: max 240, 350, 530, 610sh, 840 nm.  

µeff (/V) = 1.59 µB (300 K), 1.48 µB (4.5 K). 

 

Apparatus and equipment 

Elemental analyses of carbon, hydrogen, and nitrogen were conducted using a Thermo Finnigan 

FLASH EA 1112 series CHNO-S Analyzer.  Infrared spectra were measured with a JASCO MFT-

2000 FT-IR Spectrometer in the 4000-600 cm
-1

 region.  The diffuse reflectance spectra were measured 

with a Shimadzu UV-vis-NIR Recording Spectrophotometer Model UV-3100.  The temperature 

dependence of the magnetic susceptibilities was measured with a Quantum Design MPMS-5S SQUID 

susceptometer operating at a magnetic field of 0.5 T over a temperature range of 4.5-300 K.   

The susceptibilities were corrected for the diamagnetism of constituent atoms using Pascal’s constants 

[19].
 
 The effective magnetic moments were calculated from the equation eff = 2.828√χAT, where  

χA is the atomic magnetic susceptibility. 

 

 

RESULTS AND DISCUSSION 

Dinuclear Oxidovanadium(IV) Complexes with the Dodecadentate Ligands, [(VO)2(L)]  

(L = tbsaec
4–

, tdbsaec
4–

, tcsaec
4–

, tdcsaec
4–

, tmtsaec
4–

, and tmsaec
4–

). 

The synthesis of the dinuclear oxidovanadium(IV) complexes 1—4 was achieved by the 

reaction of the corresponding dodecadentate Schiff-base ligand H4L and oxidovanadium(IV) 

sulfate in a 1:2 molar ratio in chloroform—methanol solution in good yields.  In the case of 5 

and 6, we used a template reaction in methanol to prepare the oxidovanadium(IV) complex 

because of the difficulty in isolating the Schiff-base ligand by the reaction of taec and 3-

methoxysalicylaldehyde or 5-methylsalicylaldehyde.  Elemental analyses confirmed a 

stoichiometry of [(VO)2(L)].  Similarly to the case for the copper(II) complexes,  
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the complexes are neutral without any counter anion such as sulfate ion.  Therefore, we can 

assume a dinuclear structure as shown in Fig. 1 (b) for the present complexes.  The complexes 

show a strong IR band at 1617—1624 cm
–1

 attributable to (C=N) stretching vibration of the 

Schiff-base ligands and a characteristic band due to (V=O) stretching vibration of 

oxidovanadium(IV) at 976—990 cm
–1

 [20-23].  The UV-visible spectra of the present 

complexes were measured by diffuse reflectance spectra, because all of them are insoluble in 

water and organic solvents.  The diffuse reflectance spectra are shown in Fig. 2. The 

complexes show two strong bands (230—240, 340—350 nm) in the UV region, three broad 

bands at 530—540 nm, 600—620 nm (shoulder), and 830—870 nm in the visible region. The 

intense UV region bands can be assigned to the transitions of the ligand itself including a -* 

transition of imino (RHC=N-) group in origin, because the Schiff-base ligands have similar 

bands in the UV region [18].  The intense 340—350 nm band may be assigned by analogy to 

those of the copper(II) complexes with the cyclam-based dodecadentate ligands as a LMCT 

band from the phenoxido-oxygen to the V
IV

 d orbital [18]. The three bands in the visible 

region 1—6 can be assigned to d-d transitions (
2
A1←

2
B2, 

2
B1← 2

B2, 
2
E←2

B2) confirming the 

square-pyramidal coordination environments of the vanadium(IV) atoms [22-24].
  
 

 

 

Fig. 2. Diffused reflectance spectra of the present complexes. 

 

The temperature dependence of the magnetic susceptibilities of 1—6 was measured on 

powdered samples in the temperature range of 4.5—300 K.  The magnetic data of 1 are shown in  
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Fig. 3 in the form of A and 1/A vs T plots as a representative example.  The temperature dependence 

of magnetic data show the Curie-Weiss behavior, A = C/(T – ) (eq 1), with a Weiss constant  

( = –9(1) K for 1, –10(1) K for 2, –6.0(8) K for 3, –8(1) K for 4, –2.6(4) K for 5, and –4.6(6) K for 

6), suggesting a weak antiferromagnetic interaction between the vanadium(IV) ions for the 

complexes.  The magnetic moments of 1—6 at 300 K are in the range of 1.59—1.68 µB (per V
IV

 unit), 

which is close to the spin-only value (1.73 µB) of V
IV 

(S = 1/2) ion.  The magnetic moments slightly 

decrease with lowering the temperature to 4.5 K [the magnetic moments at 4.5 K are 1.47—1.55 µB 

(per V
IV

 unit) for 1—6], suggesting almost no magnetic interaction between the vanadium(IV) ions.  

Taking account of the dinuclear structures for these complexes, the magnetic data were analyzed with 

the Bleaney-Bowers equation based on the Heisenberg model (H = –2JS1·S2 (S1 = S2 = 1/2)): 

A = [Ng
2
µB

2
/kT][3 + exp(–2J/kT)]

–1
,                    (eq 2) 

where J is an exchange integral for the two vanadium(IV) ions and the other symbols have their usual 

meanings [25].   

 

 

Fig. 3. Temperature dependence of magnetic susceptibility (●) and inverse magnetic susceptibility (○) of 

[(VO)2(tmtsaec)] (5).  Solid line for inverse magnetic susceptibility was drawn with the parameters C = 0.3281(7) 

mol
3
 cm

–3
 K and  = –2.6(4) K for the Curie-Weiss law (eq 1). 
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Fig. 4 Temperature dependence of magnetic susceptibility (●) and magnetic moment (○) of [(VO)2(tmtsaec)] 

(5).  Solid lines were drawn with the parameters g = 1.844(2), J = –0.44(6) cm
–1

 for eq. 2. 

 

The best-fitting parameters were obtained: g = 1.831(7), J = –1.2(2) cm
–1

 for 1; g = 1.812(7),  

J = –1.1(2) cm
–1

 for 2; g = 1.826(5), J = –0.8(1) cm
–1

 for 3; g = 1.816(6), J = –1.1(1) cm
–1

 for 4;  

g = 1.844(2), J = –0.44(6) cm
–1

 for 5; g = 1.786(4), J = 0.66(9) cm
–1

 for 6.  The obtained J values are 

very small, showing that the magnetic interaction between the two vanadium(IV) ions is very weak.  

This can be understandable, because the two vanadium(IV) ions are well separated by the saturated 

macrocyclic ring with the long V···V distance, having no pathway to interact with each other.   

In conclusion, the Schiff-base ligands based on the cyclam, substituted analogues of 1,4,8,11-

tetrakis(salicylideneaminoethyl)-1,4,8,11-tetraazacyclotetradecane, bind two vanadium(IV) ions with 

the four Schiff-base pendant arms outside the cyclam ring, giving a series of dinuclear 

oxidovanadium(IV) complexes with a long distance similar to the cases of the dinuclear copper(II) 

and manganese(III) complexes [15-18].    
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Zn(II) complexes with 4,6-di-tert-butyl-3-(pyrrolidine-1-ilmethyl)-1,3-dihydroxybenzene (L
I
),  

4,6-di-tert-butyl-3-(piperidine-1-ilmethyl)-1,3-dihydroxybenzene (L
II
), 4,6-di-tert-butyl-3-(azenone-1-

ilmethyl)-1,2-dihydroxy-benzene (L
III

), 4,6-di-tert-butyl-3-(morpholine-1-ilmethyl)-1,2-dihydroxy-

benzene (L
IV

), and 4,6-di-tert-butyl-3-(methylpiperazine-1-ilmethyl)-1,2-dihydroxybenzene (L
V
), have 

been synthesized and characterized by means of elemental analysis, TG/DTA, FT-IR, UV-Vis, ESR, 

and conductivity measurements. Antifungal activity of these ligands and their respective Zn(II) 

complexes has been determined against Aspergillus niger, Fusarium spp., Penicillium lividum,  

Mucor spp., Sclerotinia sclerotiorum, Botrytis cinerea and Alternaria alternata. Zn(II) complexes 

exhibit pronounced antifungal activity, which in a number of cases is comparable with that of 

Nystatin and Terbinafine or even higher. Spectrophotometric investigation was carried out in order to 

estimate the rate of the reduction of bovine heart сytochrome c with these compounds. A low reducing 

ability of the compounds L
I
L

V
 and their Zn(II) complexes (even to the point of its absence) upon 

interaction with Cyt с was found.  

 

INTRODUCTION 

Over the past 30 years, the importance of antifungal drugs to the practice of modern medicine 

has increased dramatically. Invasive, life-threatening fungal infections are an important cause of 

morbidity and mortality, particularly for patients with compromised immune function [1]. The number 

of therapeutic options for the treatment of invasive fungal infections is quite limited when compared 

with those available to treat bacterial infections [2]. Indeed, only three classes of molecules are 

currently used in clinical practice, and only one new class of antifungal drugs has been developed in 

the last 30 years. Despite the fact that it is Candida spp. and Aspergillus spp. that remain the main 
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causative pathogens, the number of cases of systemic fungal infections due to strains of Fusarium 

spp., Mucor spp., Alternaria spp. and others, which are resistant to the most widely used antifungal 

agents, is increasing [3]. In order to prevent this serious medical problem, the elaboration of new 

types of antifungal agents or the expansion of bioactivity of the previously known drugs is a pressing 

task [4].  

The synthesis and characterization of metal complexes with organic redox-active ligands, in 

particular, of those with phenolic derivatives, comprises a promising field of study in bioinorganic 

chemistry. According to our previous results, sterically hindered diphenols may be assumed to have a 

great potential as ligands in the synthesis of new bioactive metal complexes with high antimicrobial 

activity [5]. The purposes of our research effort are to better understand what structural modifications 

of these compounds play an important role in their biological activity. Mannich reaction is an 

important tool for synthesizing novel bioactive ligands  Mannich bases [6]. This has prompted us to 

investigate the peculiarities of complexation of some cycloaminomethyl derivatives of m-diphenols 

with transition metal ions [7]. Selecting Zn(II) complexes as the main subject for this study, we had in 

mind that the antifungal effect of Zn(II) ions had been known, their complexes still being under study 

in order to find effective antifungal agents. Furthermore, it is common knowledge that both metal-free 

1,10-phenantroline derivatives and their metal complexes inhibit respiration, reduce the levels of 

ergosterol in the membrane and alter cytochrome content [8]. In this connection it may be expected 

that metal complexes capable of participating in redox processes and of affecting electron-transport 

cell systems will be promising in the search for antifungal agents.  

We report here the complexation of Zn(II) ion with 4,6-di-tert-butyl-3-(pyrrolidine-1-ilmethyl)-

1,3-dihydroxybenzene (L
I
), 4,6-di-tert-butyl-3-(piperidine-1-ilmethyl)-1,3-dihydroxybenzene (L

II
), 

4,6-di-tert-butyl-3-(azenone-1-ilmethyl)-1,2-dihydroxybenzene (L
III

), 4,6-di-tert-butyl-3-(morpholine-

1-ilmethyl)-1,2-dihydroxybenzene (L
IV

), and 4,6-di-tert-butyl-3-(methylpiperazine-1-ilmethyl)- 

1,2-dihydroxybenzene (L
V
) in order to determine their coordinative behaviour in relation to Zn(II) 

ions with the data obtained previously for Zn(II) complexes with sterically hindered o-diphenol 

derivatives and to assess the influence of complexation on antifungal activity of these 

cycloaminomethyl derivatives of m-diphenols. Spectrophotometric investigation was carried out in 

order to estimate the rate of the reduction of bovine heart сytochrome c (Cyt c) with the ligands and 

their Zn(II) complexes. The results obtained are discussed in view of presumed correlation between 

the capability of the compounds under study for reducing Cyt c and their antifungal activity.  

The structure of the ligands is depicted in Fig. 1. 
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N
R

OH

OH

 

L
I
 – R = –(CH2)4– 

L
II
 – R = –(CH2)5– 

L
III

 – R = –(CH2)6– 

L
IV

 – R= –(CH2)2O(CH2)2– 

L
V
 – R= –(CH2)2N(CH3)(CH2)2– 

Fig. 1. Schematic representation of Mannich bases 

 

EXPERIMENTAL PART 

Reagents and solutions 

Chemicals were purchased from commercial sources and were used without further 

purification. The Mannich bases were prepared according to [7]. To prepare solutions, the following 

reagents were used without additional purification: KOH, HCL, KNO3, Zn(CH3COO)2·2H2O.  

The preparation of Zn(II) complexes is described later.  

 

Apparatus and equipment 

Investigation of acid-basic properties of the ligands for calculation of constants stability of 

complexes and their complexation with Zn(II) ions in solution (water: ethanol = 1:1) was carried out 

by pH-metric titration using glass electrode, silver-chlorine half-cell and Microprocessor laboratory 

ion meter I-160MP. The potentiometric titration was carried out under inert atmosphere (argon),  

at  = 0.1 mol∙l
–1

 (KNO3) at 25C in the pH range 2.5 – 11. The pH-meter was calibrated with standard 

solution adjusted ionic strength (0.1 mol∙l
–1

 KNO3) before starting the titration. The constants of 

protolytic equilibria were determined by titrating samples (25 ml) of a ligand solution (110
–2

 and 

110
–3

 mol∙l
–1

) with solutions of hydrochloric acid (110
-3

 and 110
-2

 mol∙l
–1

) and potassium hydroxide 

(110
–3

 and 110
–2

 mol∙l
–1

).  

The complexation of L
I
 – L

V
 ligands with Zn(II) ions in solution was examined by the method 

of pH-metric titration of an aliquot (25 ml) of solution containing a ligand and the metal salt 

(Zn(CH3COO)2). Concentration of each of the ligands was varied in the range of 10
–3

–10
–4

 mol∙I
–1

. 

Protonation constants of the ligands and the overall stability constants were calculated by means of a 

general program PHMETER [9]. 

Infrared spectra of solids (the ligands L
I
 – L

V
 and the synthesized Zn(II) complexes thereof) 

were recorded at room temperature by FT-IR «Nicolet 380» spectrophotometer of the firm «Thermo 

Electron Corporation», using «Smart Performer», in the wavelength range 4000–400 cm
–1

.  
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Thermal analysis was performed with a device NETZSCH STA 449 C. TG/DTA measurements 

were run in nitrogen between 30 and 600C (10 C min
–1

).  

Elemental analyses were carried out according to the standard methods by Microanalytical 

Laboratory, Physics Institute, National Academy of Sciences, Belarus. Manganese determination was 

carried out using an atomic emission spectrometer with an inductively coupled plasma excitation 

source (Spectroflame Modula). A sample of Zn(II) complex was decomposed on treatment with 

HNO3+H2O2 using Milestone mls 1200 mega microwave digestion system. The complex having been 

decomposed, the content of metal in the resulting solution was determined.  

Optical absorbtion spectra of solutions of the ligands and their metal complexes in acetonitrile 

were registered on SPECORD S600 spectrophotometer in the wavelength range 200–1000 nm  

using a standard (1 cm) cell.  

ESR spectra of polycrystalline samples were measured on ERS-220 X-band spectrometer  

(9,45 GHz) at room temperature and at 77 K, using 100-kHz field modulation; g-factors were quoted 

in reference to the standard marker DPPH (g=2.0036).  

The molar conductance of 10
–3

 M solutions of the Zn(II) complexes in acetonitrile was 

measured at 20 C using a TESLA BMS91 conductometer (cell constant 1.0).  

The lipophilicity test was made by determining the n-octanol/water partition coefficient (Pow). 

[10]. 

 

Synthesis of the Zn(II) complexes with Mannich bases 

A solution of Zn(II) salt was added in small portions to the ligand solution under continuous 

stirring, so that the complexation always took place with the excess ligand present. A solution of 

0.050 mmol of Zn(II) salt in 10 mI of water was added dropwise to a colorless solution of 0.100 mmol 

of L
I
 – L

V
 dissolved in 10 mI of ethanol (molar ratio Zn(II):L=1:2). As these ligands can be readily 

oxidized by oxygen, it is to be taken into account when producing their complexes in order to prevent 

formation of oxidized ligands (in particular, o-iminosemiquinones). To this end, argon was bubbled 

through the solutions (pH≤7) during the synthesis. The reaction mixture was stirred for 1.2 hours. The 

metal complex solution was left for several days to precipitate. The solid phase formed was collected 

on membrane filters (JG 0.2 m), washed with ethanol and water, and dried in vacuo (yield70 %). 

 

Biological assays 

Antifungal activity of the compounds was tested against the following fungal species  

(the collection of the Department of Microbiology, the Belarusian State University): Aspergillus 

niger, Fusarium spp., Mucor spp., Penicillium lividum, Alternaria alternata, Botrytis cinerea, 
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Sclerotinia sclerotiorum. Compounds were dissolved in DMSO and diluted in potato dextrose agar 

medium to yield working solutions of the test compounds with the concentration of 100 µg∙mI
–1

.  

The amount of DMSO in the medium was 1% and did not affect the growth of the test 

microorganisms. Antifungal activity of the compounds was checked by the agar plate technique as 

described elsewhere [11]. The degree of inhibition of radial growth (RI) was calculated as follows 

[12]: RI=100(C–T)/C (%), where T is the mean value of the diameter of the fungal colonies in the 

presence of a given concentration of the compound tested, and C is the mean value of the diameter of 

the fungal colonies in the absence of the compound, measured under the same conditions. 

The reduction of Cyt c with the ligands L
I
–L

V
 as well as with their Zn(II) complexes was 

investigated spectrophotometrically. The characteristic absorption bands at 550 nm appearing when 

the ligands or their Zn(II) complexes were added to a solution of the oxidized Cyt c bear witness to 

the ability of phenolic compounds to reduce Cyt c in vitro [13, 14]. Bovine heart cytochrome c 

(Sigma) was used. Spectrophotometric experiments were performed with a Solar 

PB2201spectrophotometer using a quartz cuvette with a 1 cm optical path. The Cyt c concentration 

was determined by its interaction with excess sodium dithionite, using the absorption coefficient ε550= 

21 mmol
-1

∙l∙cm
-1

 [15]. Ar-saturated acetonitrile solutions of the ligands and Zn(II) complexes under 

study and Cyt c (7 µmol 1
-1

) were used. Experiments were performed in 10 mmol l
-1

 sodium 

phosphate buffer (pH 7.4) at 20 
o
C. Aliquots of the compounds under study were added to the Cyt c 

solution up to a final concentration of 35 µmol l
-1

. The initial rate of Cyt c reduction (υ) was evaluated 

by the slope of the kinetic curve A550 vs. time according to Ref. [16]. The results were confirmed in 

three independent experiments. 

 

RESULTS AND DISCUSSION 

Investigation of complexation in water-ethanol solution of Zn(II) ions with the above ligands 

showed that in our experimental conditions complexes of the composition Zn(II)/ligand=1:2 were 

formed, their overall stability constants varying in the range 2.95∙10
11
7.67 10

12
.  

Taking into account the results obtained from potentiometric examination of complexation in 

solution, we developed procedures of synthesizing and separating as solids Zn(II) complexes formed 

by the ligands L
I
 – L

V
. Specific nature of the above-mentioned organic compounds and their metal 

complexes is that they belong to so called non-innocent systems, in which transformations of a ligand 

into oxidized or reduced form are reversible, in contrast to the behavior of the free ligand [17]. Hence, 

on developing synthetic procedures for each of the complexes comprising a ligand in phenolate form, 

the possibility of realization of these processes was taken into account, the already known criteria 
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obtained from spectroscopic investigations being used to monitor the changes in redox state of the 

ligands [18]. 

The elemental analyses data are given in Table 1. The results for the complexes Zn(II) with  

L
I
 – L

V
 are in agreement with the general formula Zn(L)2. The substances produced are individual 

compounds as judged from the reproducible results of elemental analyses and X-ray powder 

diffraction patterns. 

 

Table 1. The results of chemical elemental analysis of Zn(II) complexes 

Complex Brutto formula 
Element content (calculated/found, %) 

С Н N Zn 

Zn(L
I
)2 С38H60O4N2Zn 67.55/67.69 8.88/8.97 4.08/4.15 9.61/9.70 

Zn(L
II
)2 C40H64O4N2Zn 68.31/68.40 9.07/9.18 3.90/3.99 9.22/9.31 

Zn(L
III

)2 C42H68O4N2Zn 68.05/69.06 9.26/9.38 3.77/3.84 8.83/8.95 

Zn(L
IV

)2 C38H60O6N2Zn 64.52/64.61 8.45/8.56 3.88/3.97 9.15/9.26 

Zn(L
V
)2 C40H66O4N4Zn 65.50/65.59 8.97/9.08 7.53/7.65 8.80/8.93 

 

The low values of the molar conductivity in acetonitrile for all the complexes (mol=21.548.7 


–1

cm
2
mol

–1
) indicate their being essentially non-electrolytes in this solvent [19].  

The complexes underwent decomposition within the temperature range of 50-900 °C. Most of 

them behaved very similarly on thermal analysis and generally showed two or three stages of 

decomposition. A summary of the results is given in Table 2. 

Thermal analysis in nitrogen flow with identification of the final products by X-ray powder 

diffraction has shown all the complexes to be anhydrous and unsolvated, their DTA curves lacking 

any endothermic peaks over a wide range from 60 to 150 °C. 

In the range 175–600 ºС in the DTA curve 2 or 3 peaks are observed, with 2 or 3 respective 

steps of mass loss in the TG curve. It may be related to the formation of intermediate species through 

decomposition of the organic moiety of the complexes continuing until the mass is constant. The final 

product of decomposition of the complexes is zinc oxide. 
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Table 2. TG/DTA data for decomposition of Zn(II) complexes 

 

Complex Temperature (°C) Process 
% Weight loss 

Found Calculated 

Zn(L
I
)2 

175-300 Endothermic 
86.8 87.9 

325-625 Exothermic 

Zn(L
II
)2 

275-380 Endothermic 
87.3 88.4 

400-490 Exothermic 

Zn(L
III

)2 
360-450 Endothermic 

87.7 88.9 
240-280, 305-350 Exothermic 

Zn(L
IV

)2 
250-350 Endothermic 

87.4 88.5 
510–600 Exothermic 

Zn(L
V
)2 

250-310 Endothermic 
87.6 88.8 

360–410 Exothermic 

 

The agreement between the experimental and theoretical weight losses for the above processes 

confirms the formulas of the Zn(II) complexes, that is, TG/DTA data are consistent with the results of 

elemental analyses. 

To specify the coordination modes in the Zn(II) complexes, we used IR spectroscopy.  

The IR parameters of the Zn(II) complexes are presented in Table 3.  

In the spectra of ligands L
I
 – L

V
 there is a single band in the range of 3465–3345 cm

–1
, 

indicating the presence of intermolecular hydrogen bonds involving phenolic hydroxyls [20]. In the 

spectra of Zn(II) complexes the intensity of the bands assigned to vibrations of phenolic OH groups is 

changed, the bands being shifted into the lower frequency region. It may indicate that phenolic 

hydroxyl groups participate in metal ion coordination. Besides, the change in intensity of С–О 

stretching bands in the range of 1200–1000 cm
–1

 and their shift into the lower frequency region in the 

spectra of Zn(II) complexes also are evidence in favour of the ligands L
I
 – L

V
 being coordinated to 

Zn(II) ions via oxygen atoms of phenolic hydroxyl groups. 

The shift of the bands at 1387–1217 cm
–1

, assigned to C–N bond vibrations, to the lower frequency 

region in the spectra of these complexes suggests that the nitrogen is involved in the complexation.  

The bands in the range 613–501 cm
–1

 confirm that Zn–O and Zn–N bonds are formed [21].  
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Table 3. IR spectral assignments (cm
–1

) for the ligands and their Zn(II) complexes 

 

Compound ν(–OH) ν(C–O) ν(C–N) ν(C=C) ν(Zn–N) ν(Zn–O) 

L
I
 

3436 w 1183 s 

1060 m 

1023 m 

1344 s 

1331 s 

1592 m 

1478 s 

 

– 

 

– 

Zn(L
I
)2 

3236 w. 1115m 

1061 m 

1358m 

1295 w 

1583 s 

1480 s 

511 w 540 s 

588 w 

L
II
 

3456 w. 1184 s 

1074 m 

1356 m 

1313 m 

1592 w 

1476 m 

 

– 

 

– 

Zn(L
II
)2 

3376 w. 1153 m 

1113 w 

1038 m 

1359 m 

1217 m 

1564 s 

1479 m 

503 w 613 w 

 

L
Ш

 

3449 w 1181 m 

1068 m 

1021 m 

1302 w 

1265 m 

1592 w 

1474 s 

 

– 

 

– 

Zn(L
Ш

)2 

3451 w 1198 s 

1145 s 

1051 m 

1354 m 

1234 s  

1590 w 

1473 s 

505 w 578 m 

565 s 

L
IV

 

3465 w 

 

1183 m 

1153 m 

1127 s 

1353 m 

1304 s 

1287 m 

1593 w 

1480 m 

 

– 

 

– 

Zn(L
IV

)2 

3453 сл. 1183 m 

1126 s 

1058 m 

1387 m 

1353 m 

1304 m 

1591 w 

1480 m 

501 w 

 

593 w 

523 w 

L
V
 

3345 w 1147 s 

1136 s 

1061 m 

1384 w 

1284 s 

1262 m 

1588 w 

1481 s 

 

– 

 

– 

Zn(L
V
)2 

3361 w 1147 s 

1136 s 

1049 m 

1353 s 

1333 s 

1301 s 

1586 w 

1480 m 

501 w 561 m 

546 w 

 

No signal of stabilized radicals present in the ESR spectrum at 77 K, as well as the ν(C=O) 

stretching vibrations lacking in the IR spectrum of Zn(II) complex respectively in the ranges of  

1690–1640 cm
–1

, confirm the phenolate character of the ligand [21]. 

The electronic absorption spectra of the Zn(II) complexes include charge transfer transitions 

(LMCT) as well as intraligand absorption bands (ILA) [22]. The spectra of the complexes in 

acetonitrile solution exhibit absorption bands (210–280 nm) in the high-energy region, which can be 

assigned to intraligand transitions. The bands in the 310–360 nm and 390–420 nm regions can be 

attributed to the LMCT transitions: N()Zn
II
 and OphenZn

II
: respectively 305 nm and 395, 430 nm 

[22]. 
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Fig. 2. Schematic representation of coordination tetrahedron of Zn(II) complexes 

 

Antifungal activity of the ligands and their Zn(II) complexes against the following fungi 

strains: Aspergillus niger, Alternaria alternata, Mucor spp., Fusarium spp., Penicillium lividum, 

Sclerotinia sclerotiorum, Botrytis cinerea was evaluated (Table 4). It should be emphasized that 

antifungal tests of these compounds were first performed here. Commonly used antifungal drugs 

Nystatin and Terbinafine were tested as positive controls. 

 

Table 4. Antifungal activity of the ligands and their Zn(II) complexes expressed in terms of radial inhibition of 

mycelial growth (RI, %) 

Compound Aspergillu

s 

niger 

Fusariu

m 

spp. 

Muco

r 

spp. 

Penicilliu

m 

lividum 

Sclerotinia 

sclerotioru

m 

Alternari

a 

alternata 

Botryti

s  

cinerea 

L
I
 40 20 30 30 30 40 50 

Zn(L
I
)2 90 90 80 50 100 100 90 

L
II
 40 20 20 20 30 20 30 

Zn(L
II
)2 90 90 50 90 100 80 60 

L
III

 35 20 20 20 20 30 25 

Zn(L
III

)2 70 80 40 60 100 90 60 

L
IV

 35 20 20 20 60 30 35 

Zn(L
IV

)2 80 70 100 50 100 70 100 

L
V
 35 40 40 30 50 60 30 

Zn(L
V
)2 90 100 80 60 100 100 100 

Zn(CH3COO)2 0 0 0 0 0 0 0 

Nystatin 80 90 70 70 50 50 50 

Terbinafine 100 80 25 40 40 60 40 
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Zn(II) complexes exhibit pronounced antifungal activity, which in a number of cases is 

comparable with that of Nystatin and Terbinafine or even higher. All of them have the highest 

inhibitory properties (RI=100 %) against Sclerotinia sclerotiorum. The highest activity 

(RI=90÷100 %) is also characteristic of both the complexes Zn(L
I
)2, Zn(L

II
)2 and Zn(L

V
)2 against 

Aspergillus niger and Fusarium spp. The complexes Zn(L
I
)2, Zn(L

IV
)2 and Zn(L

V
)2 are the best 

antifungal agents against Mucor spp. and Botritis cinerea. It is evident that Zn(II) complexes formed 

by κ
2
O,N-ligands exhibit inhibitory activity higher than that of the free ligands. It is a matter of 

common knowledge that chelation can enhance the lipophilicity of compounds (Table 5) which 

subsequently favours their penetration through the lipid layers of the cell membrane [23]. 

 
Table 5. Octanol/water partition coefficients (logPow) of the ligands and their Zn(II) complexes 

Compound logРоw Compound logРоw 

L
I
 1.07±0.05 Zn(L

I
)2 2.23±0.10 

L
II
 1.17±0.06 Zn(L

II
)2 3.23±0.17 

L
III

 1.26±0.06 Zn(L
III

)2 3.47±0.19 

L
IV

 0.92±0.05 Zn(L
IV

)2 2.85±0.12 

L
V
 0.95±0.04 Zn(L

V
)2 2.51±0.17 

 

The results of the spectrophotometrical investigation of the reduction of bovine heart Cyt c 

(oxidized form) with the compounds synthesized are given in Table 6. It was found that compounds 

L
I
, Zn(L

I
)2, L

IV
, Zn(L

IV
)2, Zn(L

V
)2 can reduce Cyt c.  

 
Table 6. Rates of reduction of Cyt с (υ) with the ligands and their Zn(II) complexes 

Compound υ
*
, nmol·min

-1
 Compound υ, nmol·min

-1
 

L
I
 0.3 Zn(L

III
)2 0.0 

Zn(L
I
)2 0.9 L

IV
 1.4 

L
II
 0.0 Zn(L

IV
)2 0.1 

Zn(L
II
)2 0.0 L

V
 0.0 

L
III

 0.0 Zn(L
V
)2 0.2 

 

Taking into account the findings concerning o-diphenols and their complexes presented in the 

previous publications [24, 25], it may be suggested that the most probable route of oxidation of the 

above-mentioned compounds upon interacting with Cyt c in vitro under anaerobic conditions can 
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include two successive one-electron steps of oxidation of their anionic forms (phenolate) to yield  

o-benzoquinones via intermediate o-benzosemiquinone formation.  

However, the above mechanism does not apply for the m-diphenol derivatives, because the 

sterically hindered m-diphenol derivatives are usually oxidized to give phenoxil radicals which are 

subsequently turned into dimmers, but tert-butyl substituents in o- and p-positions of these 

compounds hinder the realization of these processes [26]. This circumstance allows the low reducing 

ability of the compounds L
I
 – L

V
 and their complexes or its absence on interaction with Cyt c  to be 

explained (Table 6). 

 

CONCLUSIONS 

The complexation of Mannich bases with Zn(II) ions was studied in water-ethanol solution.  

It was shown that complexes of the composition Zn(II)/ligand=1:2 were formed, their overall stability 

constants, varying in the range 2.95∙10
11
7.67 10

12
, were determined. Five novel Zn(II) complexes 

with Mannich bases were separated in amorphous state. The complexes synthesized were 

characterized by means of elemental analysis, TG/DTA, FT-IR, ESR, UV-Vis spectroscopy, and 

conductivity measurements. According to the data obtained, the Mannich bases coordinate in their 

singly deprotonated forms in an O,N-bidentate fashion. The complexes synthesized have the 

composition described by the general formula Zn(L)2 and are characterized by square planar geometry 

of their coordination cores ZnO2N2. Mannich bases and their Zn(II) complexes have been screened for 

their antifungal activity on different species of moulds. The results obtained show that the Zn(II) 

complexes investigated are more lipophilic and more bioactive than the respective Mannich bases.  

A high level of antifungal activity of the complexes under study against Sclerotinia sclerotiorum, 

Aspergillus niger and Fusarium spp. should be noted. These facts may be of interest in designing new 

agents effective against moulds. A low reducing ability of the compounds L
I
L

V
 and their Zn(II) 

complexes (even to the point of its absence) upon interaction with Cyt с was found. 
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With the aim to follow a biological activity of 5-chloro-quinolin-8-ol (ClQ) complexes with 3d metals 

we have prepared eight complexes: [Mn(ClQ)2] (1), [Fe(ClQ)3] (2), [Co(ClQ)2(H2O)2] (3), 

[Ni(ClQ)2(H2O)2] (4), [Cu(ClQ)2] (5),  [Zn(ClQ)2(H2O)2] (6), [Mn(ClQ)3]·DMF (7) and 

[Co(ClQ)3]·DMF·(EtOH)0.35 (8). Complexes were characterized by IR and UV-VIS spectroscopy and 

thermal analysis; X-ray structure analysis was carried out for complexes 7 and 8, too. Their structures 

consist of octahedral [M(ClQ)3] complexes (M = Mn(III) and Co(III), respectively) and solvated DMF 

and EtOH molecules. Antimicrobial activity of 1 – 6 and ligand ClQ was tested by determining the 

minimum inhibitory concentration and minimum microbicidal concentration using microdilution 

method against 12 strains of bacteria and 5 strains of fungi. According to the strength of their 

antimicrobial activity, complexes can be sorted: 1 > ClQ > 6 > 3/4 > 2 > 5.  The analysis of cancer 

cell viability showed that these complexes were cytotoxic on human breast carcinoma (MDA-MB), 

human colon carcinoma (HCT-116) and on human lung carcinoma epithelial cells (A549). Cytotoxic 

effect was dose dependent: concentration decrease of all tested compounds was followed by markedly 

increase of tumour cell viability. Complex 2 seems to be a good candidate for future pharmacological 

evaluation, particularly in the field of breast cancer research.   
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INTRODUCTION 

The success of cisplatin and its analogues in the treatment of several cancer cell lines 

influenced the development of inorganic metal coordination chemistry over the last 40 years. Today 

cisplatin is considered as one of the most successful drug; however its applications are limited due to 

its significant side effects and a resistance of human body to this drug [1].  

Several strategies have been used to increase tumor cells selectivity and thus decrease toxic 

side effects of platinum drugs, including the substitution of ligands present at platinum by other 

biologically active ligands with adequate chelating properties and favorable toxicity profiles.  

The approach used by our research group is based on coordination of quinolin-8-ol (8-HQ) 

halogenderivatives to metal ions with the aim to increase the cytotoxicity of prepared complexes in 

comparison to biological activity of ligands themselves.  

Recently the cytotoxicity of 5-chloro-7-iodo-quinolin-8-ol (clioquinol, CQ) and other 

halogenderivatives of 8-HQ, including 5-chloro-quinolin-8-ol (cloxyquin, ClQ) and 5,7-dichloro-

quinolin-8-ol, was tested against several human cancer cell lines with a promising results. 

Cytotoxicity of these two ligands was enhanced by an addition of CuCl2 to tested solution as in the 

case of CQ [2]. Cloxyquin is also known to possess activities against bacteria, fungi, protozoa [3-6] 

and the antimycobacterial activity even for multidrug-resistant isolates [7]. 

Interesting biological activities of 8-HQ halogenderivatives motivated us to prepare complexes 

with these ligands and we report here the preparation, spectral and thermal study of coordination 

compounds of first row transition metals with ClQ: [Mn(ClQ)2] (1), [Fe(ClQ)3] (2), [Co(ClQ)2(H2O)2] 

(3), [Ni(ClQ)2(H2O)2] (4),  [Cu(ClQ)2] (5), and [Zn(ClQ)2(H2O)2] (6). Crystal structures of 

[Mn(ClQ)3]·DMF (7) and [Co(ClQ)3]·DMF·(EtOH)0.35 (8) are also provided. With the aim to 

demonstrate biological activity of 1 – 6, we present in vitro antibacterial and antifungal activities 

against 12 strains of bacteria and 5 strains of fungi and we also show that these complexes exhibit 

relevant cytotoxic properties on three different human cancer cell lines: a breast cancer cell line 

MDA-MB, a colorectal carcinoma cell line HCT116 and a lung carcinoma epithelial cell line A549. 

 

EXPERIMENTAL PART 

Synthesis of the complexes 

To prepare the complexes under study we used appropriate chlorides, MCl24H2O (M = Mn and 

Fe), MCl26H2O (M = Co and Ni), CuCl22H2O and ZnCl2 from Lachema and Merck, which were of 

p.a. purity. 5-chloro-quinolin-8-ol, ClQ (95%) was received from Sigma Aldrich. 

ClQ (179.6 mg; 1.00 mmol) was dissolved in the mixture of DMF and ethanol (1 : 2 = 7.5 cm
3
 : 

15.0 cm
3
). Solid NaOH (20.0 mg; 0.50 mmol) was then added to the solution of ClQ and the color of 
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the solution changed from light yellow to dark yellow. Afterwards, a water solution (2 cm
3
) of 

respective metal chloride (0.50 mmol) was added to the mixture and after few minutes of stirring 

yellow (1, 5 and 6), black (2), brown (3) and green (4) powders precipitated. These were filtered off 

and dried on air. After few days of crystallization at room temperature, small brown crystals of 8 and 

microcrystalline powders of 1 – 6 occurred in the prepared solutions and were also filtered off and 

dried on air.  

Complex 7 was prepared as follows: an ethanolic solution (10 cm
3
) of 50 mg MnCl2·4H2O 

(0.253 mmol) was first cooled in a freezer, as was a solution of 90.7 mg ClQ (0.505 mmol) in 25 cm
3
 

DMF, to the temperature of -8 °C. A mixture of ice and NaCl was added to a large beaker to produce 

an ice bath whose temperature was around -15 °C. Then, the solution of ClQ was placed into the 

beaker and after 20 min, the solution of MnCl2 was added. After 30 min of stirring, the beaker with 

the resultant mixture was covered with Parafilm foil and the solution was placed in the refrigerator for 

crystallization. Dark brown crystals of 7 were filtered off and dried in air more than one year later. 

 

Characterization of the complexes 

The infrared spectra of the complexes were recorded on an AVATAR 330 FT-IR 

spectrophotometer from Thermo Nicolet in the range 4000–400 cm
-1

 using KBr discs of the samples. 

The simultaneous TG–DTA curves of the samples in air were recorded using a NETZSCH STA 409 

PC/PG thermal analysis system. Elemental analysis of C, H and N was measured on CHNOS 

Elemental Analyzer vario MICRO from Elementar Analysensysteme GmbH. Absorption spectra were 

recorded on a SPECORD 250 spectrophotometer from Analytik Jena in DMSO and DMSO + H2O 

(1:1) solutions in the 300–700 nm range. 

The crystal structure of 7 was determined using an Oxford Diffraction Xcalibur2 

diffractometer equipped with a Sapphire2 CCD detector with graphite–monochromatized MoK 

radiation ( = 0.71073 Å), while the data collection for 8 was performed on an Oxford Diffraction 

Gemini diffractometer equipped with the CCD detector Atlas, using mirrors-collimated CuK 

radiation ( = 1.5418 Å). Both structures were solved by SUPERFLIP [8] and subsequent Fourier 

syntheses using SHELXL-2013 [9].  

In vitro antimicrobial and cytotoxic activity assays 

Antimicrobial activity of ligand and corresponding complexes was tested against 12 strains of 

bacteria and 5 strains of fungi. The experiment involved 8 strains of pathogenic bacteria, including 4 

standard strains (Enterococcus faecalis ATCC 29212, Pseudomonas aeruginosa ATCC 27853, 

Staphylococcus aureus ATCC 25923 and Proteus mirabilis ATCC12453) and 4 clinical isolates 

(Pseudomonas aeruginosa; Staphylococcus aureus; Bacillus subtilis and Salmonella enterica).  
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Also, four species of probiotic bacteria (Lactobacillus plantarium PMFKG-P31, Bacillus subtilis IP 

5832 PMFKG-P32, Bifidobacterium animalis subsp. lactis PMFKG-P33; and Lactobacillus 

rhamnosus PMFKG-P35) and three species of pathogenic fungi (Aspergillus flavus PMFKG-F24; 

Aspergillus restrictus PMFKG-F25; and standard strain Aspergillus niger ATCC 16404); and two 

yeast species (Candida albicans ATCC 10231 and Saccharomyces boulardii PMFKG-P34) were 

tested.  

Antimicrobial activity was tested by determining the minimum inhibitory concentration (MIC) 

and minimum microbicidal concentration (MMC) using microdilution method with resazurin [10]. 

Tetracycline and amphotericin B, dissolved in nutrient liquid medium, were used as positive controls. 

Effects of complexes 1 – 6 and ClQ ligand on viability of human breast cancer cell line  

MDA-MB, human cancer colon cell line HCT-116, human lung carcinoma epithelial cell line A549 

and mesenchymal stem cells (MSCs) were determined by using MTT 3-(4,5-Dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide) test. 

 

RESULTS AND DISCUSSION 

ClQ complexes with 3d transition metals were prepared in the form of microcrystalline 

powders from water – ethanol – DMF solutions after the deprotonation of the ClQ hydroxyl group 

using sodium hydroxide. To prepare crystals of individual complexes, syntheses at low temperatures 

followed by long term evaporation of solvents were carried out too, however only crystals of 7 were 

prepared by this method. Results of elemental analyses were in a good agreement with [M(ClQ)2]  

(M = Mn (1) and Cu (5)), [Fe(ClQ)3] (2), [M(ClQ)2(H2O)2] (M = Co (3), Ni (4) and Zn (6)), 

[Mn(ClQ)3]·DMF (7) and [Co(ClQ)3]∙DMF·(EtOH)0.35 (8) formulae of the prepared complexes.  

The prepared complexes were initially characterized by infrared spectroscopy, which was used 

to confirm the presence of ClQ in all compounds. The assignment of individual bands in the IR 

spectrum of ClQ has already been published [11]; therefore, we discuss only the bands corresponding 

to the phenolic OH group and pyridine C=N group as these are the most affected by the coordination 

of ClQ in complexes. Broad medium band of ν(OH) vibration at 3143 cm
-1

 in the spectrum of ClQ 

disappears in the spectra of anhydrous complexes 1, 2, 5 and 7 in which the deprotonated O atom is 

one of the coordinating centers. The ν(C=N) band occurring at 1466 cm
-1

 in the spectrum of ClQ is 

displaced to lower wavenumbers in the complexes 1 – 8 due to the donor character of the nitrogen 

atom in the M–N bond, which decreases the electronic density of the ring [12]. Because in the 

anhydrous [M(ClQ)2] or [M(ClQ)3] complexes the only ligand is ClQ, all the bands found in these 

spectra prove its presence.  
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As a result of the O–H stretching vibration coming from water molecules, the infrared spectra 

of aqua-complexes (3, 4 and 6) also contain broad bands of medium intensity at 3330, 3384 and 3385 

cm
-1

, respectively. 

The presence of the solvated molecules in 7 and 8 is proven by weak bands of ν(C–H) 

vibrations between 2820 and 2914 cm
-1

 and bands of ν(C=O) vibrations at 1680 and 1651  

cm
-1

, respectively. 

Compounds 1 – 6 were characterized by thermal analysis. Complexes 3, 4 and 6 containing 

water molecules are stable up to 70 °C and only a slight shift of the initial temperature of their thermal 

decompositions is observed. An endothermic release of water molecules from these compounds is 

followed by interlinked steps associated with exothermic processes with the release of chlorine 

molecules in the first step. As an example, thermal decomposition of 4 is shown in Fig. 1. Thermal 

decompositions of anhydrous complexes 1, 2 and 5 begin at higher temperatures comparing to 

complexes containing water molecules. The anhydrous compounds are stable up to 295 °C with 

thermal stability increasing in the following sequence: Fe (295 °C) < Cu (325 °C) < Mn (350 °C) and 

their thermal decompositions are similar to those of dehydrated complexes 3, 4 and 6. Final products 

of the thermal decompositions are respective oxides. Similar courses of thermal decompositions were 

observed also for other complexes with derivatives of 8-HQ [11,13]. 

 

 

Fig. 1 TG and DTA curves of 4. 
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Crystal structures of 7 and 8 have been solved. They consist of neutral [M(ClQ)3] complexes 

(M = Mn for 7 and Co for 8) and solvated dimethylformamide molecules; molecules of ethanol were 

found in the structure of 8, too (Fig. 2).  

 

Fig. 2 Structure of the [M(ClQ)3] (M = Mn (7) or Co (8)) and the DMF molecules as building species in 7 and 8. 

 

It is worth to note, that there are two crystallographically independent [Mn(ClQ)3] complexes 

and dimethylformamide molecules in the structure of 7. Corresponding [M(ClQ)3] complexes in 7 and 

8 are composed from M
III

 atoms surrounded by three ClQ molecules coordinated in the ordinary way 

(by the pyridine nitrogen atom and the phenolic oxygen atom after deprotonation of hydroxyl group) 

with N and O donor atoms coordinated in a mer-geometry. There are fourteen [M
III

(8-HQ)3] 

complexes (M = 4Co, 4Mn, 3Fe, 2Cr and V) and one [Ni(CQ)3]
-
 complex in the CSD [14] and 

among them only [Fe(8-HQ)3] [15] and [Ni(CQ)3]
-
 complexes [13] have fac-geometry, all other 

possess the same mer-coordination of nitrogen and oxygen atoms as in 7 and 8. 

The Mn and Co atoms in 7 and 8, respectively, are coordinated in a distorted octahedral 

geometry (Tables 1 and 2). The distances around Mn1 and Mn2 atoms in 7 are strongly influenced by 

Jahn-Teller effect; axial distances are on average longer by 0.287 and 0.304 Å, respectively than 

equatorial ones. On the other hand, the average distances around the Co1 atom in 8 are affected only 

by different covalent radii of O and N atoms, as average Co1–O distance (1.90(2) Å) is shorter 

comparing to average Co1–N distance (1.92(2) Å) as a consequence of smaller covalent radius of O 

atom compared with the radius of N atom. Similar distances were found in mentioned [Mn(8-HQ)3]  

and [Co(8-HQ)3] complexes [14]. 
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Table 1 Selected bond lengths (Å) and bond angles (°) for 7. 

Mn1–O1 1.912(2) O1–Mn1–O2 89.85(11) O4–Mn1–O5 96.32(12) 

Mn1–O2 1.928(2) O1–Mn1–O3 96.41(11) O4–Mn1–O6 91.29(11) 

Mn1–O3 1.887(7) O1–Mn1–N1 78.73(11) O4–Mn1–N4 78.80(11) 

Mn1–N1 2.290(3) O1–Mn1–N2 170.32(11) O4–Mn1–N5 90.32(11) 

Mn1–N2 2.095(3) O1–Mn1–N3 85.78(11) O4–Mn1–N6 171.13(11) 

Mn1–N3 2.235(3) O2–Mn1–O3 173.52(13) O5–Mn1–O6 172.32(12) 

Mn2–O4 1.944(3) O2–Mn1–N1 95.25(11) O5–Mn1–N4 88.01(10) 

Mn2–O5 1.925(2) O2–Mn1–N2 81.47(11) O5–Mn1–N5 79.46(10) 

Mn2–O6 1.944(2) O2–Mn1–N3 99.00(11) O5–Mn1–N6 90.82(12) 

Mn2–N4 2.297(3) O3–Mn1–N1 87.63(10) O6–Mn1–N4 94.56(10) 

Mn2–N5 2.258(3) O3–Mn1–N2 92.41(12) O6–Mn1–N5 99.46(10) 

Mn2–N6 2.080(3) O3–Mn1–N3 79.86(10) O6–Mn1–N6 81.71(11) 

  N1–Mn1–N2 97.71(12) N4–Mn1–N5 162.45(11) 

  N1–Mn1–N3 158.88(11) N4–Mn1–N6 96.25(12) 

  N2–Mn1–N3 99.74(12) N5–Mn1–N6 96.18(12) 

 

 

Table 2 Selected bond lengths (Å) and bond angles (°) for 8. 

Co1–O1 1.917(7)  O1–Co1–O2 178.9(3) 

Co1–O2 1.896(7) O1–Co1–O3 90.2(3) 

Co1–O3 1.887(7) O1–Co1–N1 86.0(4) 

Co1–N1 1.892(10) O1–Co1–N2 93.6(4) 

Co1–N2 1.918(8)  O1–Co1–N3 92.2(3) 

Co1–N3 1.935(8) O2–Co1–O3 90.2(3) 

  O2–Co1–N1 93.6(4) 

  O2–Co1–N2 85.4(4) 

  O2–Co1–N3 88.9(3) 

  O3–Co1–N1 176.2(4) 

  O3–Co1–N2 87.0(3) 

  O3–Co1–N3 86.5(4) 

  N1–Co1–N2 93.9(4) 

  N1–Co1–N3 92.9(4) 

  N2–Co1–N3 171.4(4) 
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To stabilize the structures of 7 and 8, free space between the complex units is filled up by 

solvated dimethylformamide molecules; molecules of ethanol are present in the structure of 8 as well. 

Interestingly, from above mentioned fifteen compounds containing [Ni(CQ)3]
-
 and [M(8-HQ)3] 

complexes with exception of two [M(8-HQ)3] complexes (M = Cr and Fe) [15] all other contain 

solvated molecules of different alcohols. Further stabilization comes from the hydrogen bonds, which 

occur between coordinated ClQ molecules, DMF and EtOH molecules. The stability of both 

structures is supported also by – interactions between aromatic rings of ClQ ligands from 

neighboring [M(ClQ)3] complexes. Due to these interactions aggregation of four [Mn(ClQ)3] 

complexes along [100] is formed in 7 (Fig. 3), while a supramolecular chain parallel with [001] is 

formed in 8 (Fig. 4).  

Complexes 1 – 6 were prepared as microcrystalline powders, nevertheless their main structural 

features can be predicted based on known structures of their analogues. There are structures of 17 

[M(XQ)2] complexes (M are first row transition metals and XQ is 8-HQ and its derivatives) in CSD 

[14]. All of them are square-planar complexes with trans-coordination of XQ molecules. Therefore, 

we can expect similar square-planar structures also for 1 and 5. Among five [M(XQ)2(H2O)2] 

complexes in CSD, cis-coordination of two water molecules was observed only in the structure of 

[Co(8-HQ)2(H2O)2]. Other complexes contain in their structures two trans-coordinated XQ molecules 

in the equatorial plane while two water molecules occupy axial positions and we suppose that 

structures of 4 and 6 could be similar while the structure of 3 cannot be reliably predicted. Finally, we 

expect that the structure of 2 contains three mer-coordinated ClQ molecules as in 7 and 8 as well as in 

the majority of [M(XQ)3] complexes in CSD. 
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Fig. 3 Tetramer formed by stacking of the complex units in the structure of 7 viewed along the b axis. - 

interactions are shown as dashed lines. Hydrogen atoms are omitted because of clarity.  

[Symmetry codes: i = –x, 1 – y, 1 – z; ii = 1 – x, 1 – y, 1 – z; iii = 1 + x, y, z]. 

 

 

Fig. 4: Part of the chain formed by stacking of the complex units in the structure of 8 viewed along the b axis. - 

interactions are shown as dashed lines. Hydrogen atoms are omitted because of clarity.  

[Symmetry codes:  i = x, 0.5 – y, –0.5 + z; ii = x, 0.5 – y, 0.5 + z]. 
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Table 3 Antimicrobial activity of the tested complexes 1 – 6 and corresponding ClQ ligand. 

Tested substances / Species 

 

1 2 3 4 5 6 ClQ 
Tetracycline/ 

Amphotericin B 

MIC
1
 MMC

2
 MIC MMC MIC MMC MIC MMC MIC MMC MIC MMC MIC MMC MIC MMC 

Probiotics 

Lactobacillus rhamnosus 7.81 31.25 31.25 31.25 7.81 62.5 7.81 7.81 > 500 > 500 7.81 7.81 7.81 15.63 7.81 31.25 

Lactobacillus plantarum 31.25 > 500 125 125 > 500 > 500 250 > 500 > 500 > 500 125 125 31.25 31.25 0.49 7.81 

Bifidobacterium animalis 

subsp. lactis 
1.95 1.95 31.25 31.25 3.91 3.91 15.63 15.63 125 125 7.81 7.81 15.63 15.63 31.25 62.5 

Bacillus subtilis IP 5832 15.63 250 62.5 62.5 > 500 > 500 > 500 > 500 > 500 > 500 62.5 62.5 15.63 15.63 1.95 15.63 

Gram positive bacteria 

Bacillus subtilis 15.63 125 125 125 > 500 > 500 15.63 15.63 > 500 > 500 500 500 31.25 125 0.11 1.95 

Staphylococcus aureus < 0.49 0.977 7.81 15.63 1.95 1.95 3.91 3.91 31.25 31.25 1.95 3.91 3.91 3.91 0.45 7.81 

S. aureus ATCC 25923 < 0.49 0.977 7.81 15.63 1.95 7.81 3.91 3.91 31.25 125 1.95 3.91 3.91 7.81 0.22 3.75 

Enterococcus faecalis ATCC 29212 3.91 7.81 3.91 7.81 < 0.49 1.95 0.98 1.95 7.81 31.25 < 0.49 < 0.49 1.95 7.81 7.81 62.5 

Gram negative bacteria 

Proteus mirabilis ATCC 12453 62.5 125 > 500 > 500 250 500 500 500 > 500 > 500 > 500 > 500 125 125 15.63 62.5 

P. aeruginosa ATCC 27853 62.5 > 500 > 500 > 500 125 500 500 > 500 > 500 > 500 500 > 500 500 > 500 62.5 125 

Pseudomonas aeruginosa 125 250 > 500 > 500 62.5 62.5 500 > 500 > 500 > 500 500 > 500 62.5 500 250 > 250 

Salmonella enterica 62.5 125 > 500 > 500 250 500 500 > 500 > 500 > 500 > 500 > 500 125 125 15.63 31.25 
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Tested substances / Species 

 

1 2 3 4 5 6 ClQ 
Tetracycline/ 

Amphotericin B 

MIC
1
 MMC

2
 MIC MMC MIC MMC MIC MMC MIC MMC MIC MMC MIC MMC MIC MMC 

Fungi 

Candida albicans ATTC 10231 0.98 1.95 15.63 15.63 7.81 7.81 15.63 15.63 31.25 31.25 1.95 1.95 0.98 1.95 0.49 1.95 

Saccharomyces boulardii 3.91 3.91 31.25 31.25 15.63 15.63 31.25 31.25 500 > 500 3.91 7.81 3.91 7.81 - - 

Aspergillus restrictus < 0.49 1.95 7.81 7.81 7.81 7.81 15.63 15.63 31.25 > 500 < 0.49 1.95 1.95 1.95 0.98 1.95 

Aspergillus flavus 0.98 7.81 15.63 15.63 7.81 31.25 < .49 62.5 500 500 1.95 3.91 1.95 1.95 0.98 15.63 

Aspergillus niger ATCC 16404 < .49 < 0.49 1.95 1.95 < 0.49 < 0.49 0.98 0.98 15.63 15.63 < .49 < .49 < .49 < .49 0.98 1.95 

 

1
MIC values for compounds and antibiotic are given as µg/mL – means inhibitory activity;  

2
MMC values for compounds and antibiotic are given as µg/mL – means microbicidal activity;  
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The results of in vitro antibacterial and antifungal activities of complexes 1 – 6 and 

corresponding ligand are shown in Table 3, for comparison, MIC and MMC values for tetracycline 

and amphotericin B are also listed in the same Table. The solvent (10 % DMSO) did not inhibit the 

growth of the tested microorganisms.  

The compounds showed different degree of antimicrobial activity. The intensity of 

antimicrobial action varied depending on the group of microorganism, and the type of substances. 

Complexes 1 – 6 and ClQ ligand that were examined in this work according to the strength of their 

antimicrobial activity can be sorted: 1 > ClQ > 6 > 3/4 > 2 > 5. The most sensitive species was 

Enterococcus faecalis ATCC 29212 on which the complexes of 3, 4 and 6 acted more important than 

the positive control and the ligand. Complex 3 also showed significant activity against Pseudomonas 

aeruginosa. The most sensitive species among the fungi was Aspergillus niger ATCC 16404, where 

the activity was better than the majority of the positive control and rank < 0.49 µg/mL. According to 

the results it can be concluded that complex 1 has a potential for further antimicrobial research. 

Cytotoxicity assay experiments were conducted to determine effects of complexes 1 – 6 as well 

as ClQ ligand on cell viability of human colon, breast and lung carcinoma cells. MSCs were used for 

control. The tested compounds showed moderate and high cytotoxicity against cancer cells and low 

cytotoxicity against MSCs.  

The analysis of cancer cell viability showed that cytotoxic effect was dose dependent: 

concentration decrease of all tested compounds was followed by markedly increase of tumor cell 

viability.  

At the highest tested concentration (500µM) complexes 1, 2, 5 and 6 demonstrated high 

cytotoxicity (>80%) against MDA-MB cells. However, at low concentrations (7.6 µM and 3.8 µM) 

only complex 2 was cytotoxic against more than 25% of MDA-MB cells. 

At the highest tested concentration (500µM) only complex 5 demonstrated high cytotoxicity 

(>80%) against HCT116 cells. At the concentration of 61.25 µM, complex 5 was cytotoxic against 

more than 27% of HCT-116 cells, while cytotoxicity of other tested compounds was below 20%.  

At low concentration (15.31µM) only complexes 4 and 5 were cytotoxic against HCT-116 cells. 

At the high concentrations (500-250µM) all compounds, except complex 4 and ClQ, 

demonstrated high cytotoxicity (>80%) against A549 cells. In comparison with other compounds, 

complexes 1 and 5 were the most cytotoxic against A549 cells. At the concentration of 61.25 µM, 

complex 5 was cytotoxic against more than 40% of A549 cells (Fig. 5) and was not cytotoxic against 

MSC (Fig. 6).  
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Fig. 5 Representative graphs of A549 cell survival after 72 h cell growth in the presence of 1 – 6, ClQ and 

cisplatin. A549 cells were cultured with different doses of tested complexes ranging from 3.8 to 500 μM. Cell 

viability was determined based on MTT assay. Each point represents a mean value and standard deviation of 3 

experiments with 3 replicates per dose. 

 

 

Fig 6 Representative graphs of MSC cell survival after 72 h cell growth in the presence of 1 – 6, ClQ and 

cisplatin. MSC cells were cultured with different doses of tested complexes ranging from 3.8 to 500 μM. Cell 

viability was determined based on MTT assay. Each point represents a mean value and standard deviation of 3 

experiments with 3 replicates per dose. 
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Importantly, complex 1 was not cytotoxic against A549 cells at the lowest tested concentration 

(3.83 μM), while the percentage of dead A549 cells were nearly 15% after 72h treatment with the 

3.83 μM of complex 5 suggesting that this complex has potent anti-tumor activity against A549 cells 

in vitro.  

It is important to note that percentage of dead MSC was below 50% after 72h treatment with 

the highest concentrations of complex 2 (500 μM and 250 μM) and below 20% after 72h treatment 

with this complex at concentration of 125 μM. Complex 2 was not cytotoxic against MSC  

at concentrations below 125 μM indicating that this complex should be tested in vivo in experimental 

tumor models.  

Despite the fact that cisplatin, used as a control compound, was more cytotoxic then all tested 

complexes against A549 and HCT-116 cells, complex 2 was significantly more cytotoxic against 

MDA-MB cells then cisplatin at all tested concentrations. Importantly, cisplatin was significantly 

more cytotoxic against control MSC cells then complex 2 at all tested concentrations indicating that 

this complex will be better tolerated in vivo then cisplatin, thus this complex seems to be good 

candidate for future pharmacological evaluation, particularly in the field of breast cancer research. 

To verify the stability of 1 – 6 during biological tests, we compared their UV-VIS spectra in 

DMSO and DMSO + H2O solutions which were remeasured every day within the interval of three 

days. As an example, Fig. 7 displays the spectrum of 5. It can be seen, that the spectrum of DMSO 

solution remeasured after three days is identical with the initial spectrum what confirms the stability 

of the complex in DMSO. A small shift of maxima observed between spectra in DMSO and  

DMSO + H2O may be caused by possible hydrolysis of the complex and lowered absorbance of the 

initial spectrum of DMSO + H2O solution can be explained by half concentration of the complexes in 

this solution as DMSO solution was mixed with water in 1 : 1 ratio.  Spectra of other complexes 

exhibited the same features as the spectra of 5: DMSO solution spectra measured within three days 

are identical, small shifts between maxima in DMSO and DMSO + H2O spectra were also observed. 

A decrease of the absorbance in the spectra of initial and remeasured DMSO + H2O solutions was 

observed for all complexes. Similar spectral behavior was previously observed for Pd-complexes with 

halogenderivatives of 8-HQ [16]. 
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Fig. 7 UV-VIS spectra of 5 in DMSO and DMSO + H2O solutions. 
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Structures of four N-phenyl-N'-alkyl-p-phenylenediamine (PPD) antioxidants with Cu
2+

 ions at 

possible reaction sites were optimized at B3LYP/6-311G* level of theory. No Cu-C bonds formation 

at tertiary carbon sites was concluded. The complexes with copper atoms at aliphatic nitrogen sites 

are energetically preferred which is connected with shorter copper-nitrogen bonds in this case. Molar 

Antioxidant Effectiveness (AEM) very well correlates with spin density of copper atoms at the 

nitrogen reaction site between aromatic rings. Fairly good AEM correlation with copper and nitrogen 

atomic charges at this nitrogen site may be concluded as well. 

 

INTRODUCTION 

 Organic materials exposed to oxygen undergo oxidative degradation. Its rate can be reduced 

using antioxidants (AOx). Aromatic secondary amines, particularly N-phenyl-N'-alkyl- 

p-phenylenediamines (PPD) belong to an important group of commercial antioxidant and antiozonant 

agents used prevailingly in rubber industry [1, 2]. Simon et al. investigated the relation between the 

structure of the PPD antioxidants and their efficiency in polyisoprene rubber (PIR) by non-isothermal 

DSC measurements [3-11]. They found that, in the me-chanism of antioxidation effect of PPDs, 

instead of the classical benzoquinonediimine-type structure 
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where R1 and R2 are substituents. 

Thermal oxidation of rubber is an autocatalytic, free radical chain reaction where the 

oxidation products are carboxylic acids, ketones, aldehydes, epoxides, etc. The oxidation process has 

been classified into four stages, viz. the induction period (IP), rapid oxidation period, slow oxidation 

period and the diffusion-limited period. The degradation process starts with the formation of free 

radicals during the induction period. The concentration of free radicals determines the rate of the 

oxidation reaction and can be reduced using antioxidants. The PPD antioxidant activity (see Table 1) 

can be obtained using the ratio of the lengths of the induction periods ti of the stabilized (PIR+AOx) 

and unstabilized (PIR) polymer since the stability or non-stability of the polymer is brought about the 

same structural units both in stabilized and unstabilized polymer. This ratio is called the protection 

factor (PF) 

 

 

 
i

i

PIR+AOx

PIR


t
PF

t
     (1) 

 

If the value of PF is greater than one, the additive has stabilizing effect on polyisoprene. Otherwise, 

the additive exhibits destabilizing effect. The greater is the value of PF, the higher is the antioxidant 

effectiveness of the additive. The values of protection factors decrease with increasing temperature 

and decreasing concentration of the antioxidant. The dependence of protection factor on the relative 

mass fraction of antioxidant is almost linear. This fact offers an opportunity to define a criterion 

characterizing the antioxidant effectiveness, AEX, as a slope of the dependence PF = f(X): 

  

X

PF
AEX

1
      (2) 

 

where X is a relative mass ratio of  the antioxidant. 

 

NH 
 
 

N C 
R1 
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In a molar scale, the effectiveness AEM can be defined as follows 

  

    AEM
PF

m


1
     (3) 

 

where m is the concentration of antioxidant in polymer matrix expressed in mol kg
-1

. 

Both criteria bring about a normalization of the protection factor so that the values of PF for 

various stabilizer content can be mutually compared. It is obvious that a relationship exists between 

AEX and AEM: 

  

AEXMAEM .10      (4) 

  

where M is the molar mass of the antioxidant expressed in mol kg
-1

. Since PF depends on temperature, 

also both AEX and AEM are functions of temperature. 

According to Simon et al. [3-11], AEM depends on the bond strength of hydrogens to amine 

nitrogens between aromatic rings (N1) and at the side aliphatic chain (N2) as well as at its neighboring 

tertiary carbon. AEM values of selected antioxidants are presented in Table 1. 

 

Table 1. Studied antioxidants notation and their Molar Antioxidant Effectiveness (AEM) at 130 
o
C [3-11]. 

Acronym Compound name AEM/kg.mol
-1

 

DPPD N,N’-diphenyl-p-phenylenediamine 738 

SPPD N-phenyl-N´-(1‘-methylbenzyl)-p-phenylenediamine 351 

6PPD N-phenyl-N‘-(1,3-dimethyl-butyl)-p-phenylenediamine  277 

IPPD N-phenyl-N´-isopropyl-p-phenylenediamine 177 

 

PPD antioxidants were investigated theoretically by DFT model studies as well [5, 6, 8, 12-

15] in order to find the relation between their structures and AEM values. The search for suitable 

AEM indicators based on the PPD electronic structure is still in progress. 

Some authors [16-18] performed model studies of the compounds antioxidant ability through 

their ability to coordinate a Cu
2+

 ion and reduce it to Cu
+
. The possibility that metal chelation may 

actually be part of the mechanism increases the interest of the study. 

The aim of our study is AEM testing by creating model PPD complexes with Cu(II) at possible 

reaction sites (N1, N2 and neighboring tertiary carbon atom) and monitoring some of their electron 

structure parameters. 
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CALCULATIONS 

The geometries of the complexes under study (see Figs. 1-8) were optimized at DFT-B3LYP 

level of theory using standard 6-311G* basis sets from the Gaussian library [19] for all atoms.  

The stability of the optimized structures has been tested by vibrational analysis (no imaginary 

vibrations). All calculations have been performed using Gaussian03 program package [19]. 

MOLDRAW [20] software was used for visualization and geometry manipula- 

tion purposes. The electron structure of complexes under study was evaluated in the terms 

of Mulliken population analysis (MPA) such as spin density and atomic charges at selected atoms. 

 

RESULTS AND DISCUSSION 

 We have optimized the structures of four PPD antioxidants (see Table 1) with single Cu
2+

 ions 

located at their nitrogen sites (N1 or N2) or at the neighboring tertiary carbon atom ones. All the model 

structures were in doublet spin states and had the total charge +2. As the model systems have not 

formed any Cu-C bonds at tertiary carbon sites, these ones were excluded from our considerations. 

The PPD(Ni) optimized structures are depicted in Fig. 1, where PPD denotes the acronym of 

investigated antioxidant (see Table 1) and Ni, i = 1 or 2, denotes the i-th reaction nitrogen site with 

corresponding Cu-Ni bond. 

 The most interesting results of our study are presented in Table 2 and Figures 2-4. DPPD(N1) 

and DPPD(N2) model systems are equivalent and their difference (ca 0.6 milihartree) may serve as the 

accuracy measure. We may see that the copper atoms at N2 site is energetically preferred which is 

connected with shorter Cu-N2 bonds than the Cu-N1 ones (Table 2). Our results indicate that AEM 

decreases with increasing spin density of Cu atom at N1 site (Fig. 2) whereas we have not found such 

a dependence for the N2 one (Table 2). It is interesting that AEM decreases with an increasing 

positive Cu atomic charge at the N1 site (Fig. 3) as well as with decreasing negative N1 atomic charge 

(Fig. 4). 

 

 



Advancing Coordination, Bioinorganic and Applied Inorganic Chemistry 

The 50th Anniversary of ICCBIC 
Edited by M. Melník, P. Segľa, and M. Tatarko 
Slovak Chemical Society, Bratislava  © 2015 

 

158 

 

 

 

DPPD(N1) DPPD(N2) 

 
 

SPPD(N1) SPPD(N2) 

 
 

6PPD(N1) 6PPD(N2) 

 
 

IPPD(N1) IPPD(N2) 

 

Fig. 1. Optimal geometry and reaction sites notation of the systems under study 

(Cu-blue, C-green, N-grey, H-white). 
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Table 2. MPA spin densities at Cu atoms (ρCu), total DFT energies (Etot), Gibbs free energies at 298 K (G298) and 

d (Cu-Ni) bond lengths of the systems under study. 

 

  

ρCu 

(e/bohr
3
) 

Etot (hartree) G298 (hartree) d(Cu-N1) [Å] d(Cu-N2) [Å] 

DPPD(N1) 0.015 -2445.09928 -2444.85176 1.925 — 

DPPD(N2) 0.017 -2445.09887 -2444.85125 — 1.924 

SPPD(N1) 0.033 -2523.73639 -2523.43725 1.928 — 

SPPD(N2) 0.013 -2523.75044 -2523.44906 — 1.916 

6PPD(N1) 0.044 -2449.91773 -2449.58647 1.933 — 

6PPD(N2) 0.017 -2449.93955 -2449.60667 — 1.919 

IPPD(N1) 0.048 -2331.95572 -2331.70419 1.935 — 

IPPD(N2) 0.014 -2331.97273 -2331.71888 — 1.919 

0.015 0.020 0.025 0.030 0.035 0.040 0.045 0.050

200

400

600

800

 

 

A
E

M
 /
 k

g
.m

o
l-1

spin density / e.bohr
-3

Equation y = a + b*x

Adj. R-Square 0.94469

Value Standard Error

D Intercept 956.80369 84.11398

D Slope -16380.40534 2266.32069

 

Fig. 2. AEM dependence on the Cu spin density at the N1 site. 
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q
Cu1

Equation y = a + b*x

Adj. R-Square 0.74667

Value Standard Error

B Intercept 13354.1032 4134.16293

B Slope -14692.48302 4683.27313

 

Fig. 3. AEM dependence on the Cu atomic charge at the N1 site. 
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g
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o
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q
N1

Equation y = a + b*x

Adj. R-Square 0.9114

Value Standard Error

D Intercept -100998.74623 17961.47803

D Slope -110145.1974 19513.50085

 

Fig. 4. AEM dependence on the N1 atomic charge. 
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Finally it may be concluded that AEM testing by Cu
2+

 probe is unsuitable for carbon reaction 

sites and gives different results for both nitrogen reaction sites in PPD antioxidants. This is very 

surprising because similar reaction mechanisms at both sites are supposed. It must be mentioned that 

our results must be treated carefully because of a very small study ensemble. Nevertheless, the 

observed very good correlation between AEM and Cu spin density at the N1 site seems to be very 

promising. Further theoretical as well as experimental studies in this field are desirable. 
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Complex compound [Nd(phen)3(OH)(H2O)(CH3OH)]2(I
–
)4I2 (1) has been prepared via a 

reaction of neodymium iodide with 1,10-phenanthroline (phen) and characterized by IR-spectroscopy, 

thermal analysis, single crystal XRD, and cytotoxicity assay. The compound (1) represents a binuclear 

cationic centrosymmetric complex in which two neodymium atoms are bridged by a pair of hydroxo 

groups (the Nd…Nd distance = 3.7662(6) Å). Each of the Nd atoms is coordinated by two  

1,10-phenantroline molecules in the trans-position to one another via nitrogen atoms of two bidentate 

ligands. The coordination of each of the Nd atoms is supplemented by one water molecule and one 

protonated methoxy group (CN=8). The hydrogen atom of each of the methoxy groups participates in 
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the bifurcate hydrogen bonding with both nitrogen atoms of the additional 1,10-phenantroline 

molecule. Four iodide anions and one neutral species I2 occur per binuclear complex molecule. The I2 

molecule occupies a special position on a symmetry centre. Cytotoxicity of the compound under 

investigation has been studied and compared with that of the known lanthanide complexes.  

 

INTRODUCTION 

At the present time, cancer is a leading cause of death worldwide, accounting for 7.6 million 

deaths (around 13% of all deaths) in 2008. Deaths from cancer worldwide are projected to continue 

rising, with an estimated 13.1 million deaths in 2030 [1]. In the European Union, there are currently 

an estimated 2.66 million new cancer cases and 1.28 million cancer-related deaths per year. 

Moreover, due to the effects of population growth and ageing, the burden of cancer in Europe is 

projected to increase in the coming years and decades [2]. 

Therefore, the discovery and development of novel therapeutic agents for the treatment of 

cancer have a vital significance.  

It has been reported that a number of lanthanide complexes manifest anti-tumor activity 

possibly related with the genomic DNA or RNA binding [3]. 

 DNA is the primary intracellular target of many metal-containing anticancer drugs due to the 

interaction between small molecules and DNA, which cause DNA damage in cancer cells, blocking 

the division of cancer cells and resulting in cell death. Metal complexes interact with the double helix 

of DNA in either a non-covalent or a covalent way. The former way includes three binding modes: 

intercalation, groove binding and external electrostatic effects. Among these interactions, 

intercalation is one of the most important DNA binding modes as it invariably leads to cellular 

degradation [4–6]. 

It has been reported that the intercalating ability of complexes increases with the planarity of 

ligands [5, 7]. For example, the lanthanum(III) complex with 1,10-phenanthroline 

[tris(1,10-phenanthroline)lanthanum(III)]trithiocyanate (KP772; FFC24) is readily taken up by tumour 

cells and exhibits potent and stable anti-proliferative and cytotoxic activities against diverse tumour 

types in vitro (tumour cells of various origin including both solid and haematological malignancies)  

as well as against human colon adenocarcinoma xenograft DLD-1 in vivo [8, 9]. In vivo, the 

anticancer activity of KP772 was comparable to that of cisplatin and methotrexate at doses not 

causing significant adverse effects. KP772 induced tumour cell apoptosis indicated by chromatin 

condensation, caspase substrate cleavage and mitochondrial membrane depolarisation. DNA is 

unlikely to represent the primary molecular target of KP772, as no significant interaction or damage 

of DNA was detectable both in vitro and in living cells. KP772 potently inhibited DNA synthesis 
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paralleled by a massive block of cell cycle in G0/G1 phase and a selective decrease of cyclin B1.  

It has been deduced that KP772 synergistically integrates aspects of both lanthanum and  

1,10-phenanthroline explaining its highly potent activity on tumour cells. It was suggested that the 

therapeutic potential of KP772 alone or in combination with other anticancer agents, should be 

assessed in further (pre)clinical studies. 

Phenanthroline-based hexadentate ligands bearing two achiral semicarbazone (L
1
) or two chiral 

imine moieties (L
2
) and the respective mononuclear complexes [MLCl3] incorporating various 

lanthanide ions (La
III

, Eu
III

, Tb
III

, Lu
III

 and Y
III

) as well as solvent or water molecules along with halide 

ligands as coligands were prepared and their structure and photophysical properties were studied [10]. 

Crystal structure and photoluminescence of centrosymmetric tetranuclear complexes 

[Ln4(Fpht)6(phen)6(H2O)4]
.
nH2O (Ln = Eu, n=14; Ln=Tb, n=12) as well as 

[Ln(Fpht)(HFpht)(phen)(H2O)] (Ln=La, Eu, Tb; HFpht – 3-fluorophthalic acid; phen –  

1,10-phenanthroline) were studied in [11]. To the best of our knowledge, data on 1,10-phenanthroline-

containing lanthanide iodide complexes are absent. So, the aim of the present work is to synthesize 

and to characterize the mentioned compounds and to continue our previous studies on lanthanide 

iodide complexes with bioactive ligands [12].  

 

EXPERIMENTAL PART 

Reagents and solutions 

All manipulations were performed under aerobic conditions using materials (reagent grade) as 

received. Neodymium oxide was used for preliminary preparation of neodymium(III) iodide 

nonahydrate (Scheme 1).  

Nd2O3 + 6HI + 6H2O = 2[Nd(H2O)9]I3  

Scheme 1. Preparation of starting neodymium(III) iodide nonahydrate. 

 

The complex was obtained by interaction of methanolic solution of neodymium(III) iodide 

nonahydrate (0.767 mmol) with a solution of 1,10-phenanthroline monohydrate (phen
.
H2O,  

2.294 mmol; molar ratio NdI3 : phen = 1:3) in the same solvent (Scheme 2). The products of neodymium 

iodide solvolysis were filtered off and the resulting solution was added gradually to the solution of a 

ligand. The solution obtained was heated for 6-7 h at ca. 40 C at constant stirring. After cooling to room 

temperature, the resulting suspension was filtered to give a yellow precipitate and the filtrate was 

allowed to stand at room temperature for 8-10 d to give thin needle-like crystals (an excess of a ligand 

due to partial removal of neodymium-containing component as a result of solvolysis) and small dark red 

block crystals of (1) obtained from a solution of yellow precipitate due to iodide-ions oxidation to 
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incorporated into (1) iodine molecules. Given for the bulk matter results of elemental analysis confirm 

the suggestion that the analyzed material is a mixture of different compounds: 

Anal. Calc. (for 1) C74H62I6N12Nd2O6 (2265.29): Nd 12.73; C 39.24; H 2.76; N 7.42;  

Found: Nd 9.90; C 50.18; H 3.91; N 8.95 wt%.  

Calc. For C74H62I6N12Nd2O6 (1)+3 phen (C110H86I6N18Nd2O6) Nd 10.28; C 47.09; N 8.99 wt%.  

Manually harvested crystals of (1) were not analyzed because of their very small amount. 

IR (cm
-1

) (for 1): 150 (m), 192 (s, br), 228 (m; M-N), 238(m; M-N), 244 (m), 253 (w),  

286 (s, in-plane phen bendings), 400 (w), 421 (m), 463 (m; M-N), 623 (w), 643 (m, in-plane phen 

bendings; Nd–O), 722 (s, out-of-plane motion of H-atoms on the heterocyclic ring), 778 (m),  

849 (s, out-of-plane motion of H-atoms on the centre ring, CH), 866 (m), 884 (w), 1103 (m, in-plane 

phen bendings), 1141 (m), 1149 (m), 1190 (w), 1226 (m), 1339 (w), 1372 (w), 1425 (s), 1453 (w), 

1469 (w), 1495 (w; CC,CN), 1518 (s), 1545 (m); ~3100~3500 cm
–1

 (s, br; H2O) 

IR (cm
-1

) (phen
.
H2O): 123 (m), 244 (s, br, in-plane phen bendings), 412 (w), 497 (w), 508 (w), 

623 (s), 695 (m), 708 (m), 723 (w), 740 (s, out-of-plane phen bendings), 779 (w), 854 (s, out-of-plane 

motion of H-atoms on the centre ring, CH), 884 (w), 989 (w), 1036 (w), 1079 (w), 1093 (m),  

1139 (m), 1142 (m), 1218 (s), 1297 (w), 1348 (m), 1410 (m), 1425 (s), 1493 (m, CC,CN), 1508 (m), 

1564 (m), 1589 (m), ~1660 (m, H2O); ~3100-~3500 cm
–1

 (s, br; H2O). 

Thermal analysis data (TG–DSC) (phen
.
H2O): 91.3 C (water loss), 117.1 C (M.p.); 

Compound (1): broad endo effect (onset 86 C; (H2O+CH3OH) mass loss: calcd. – 2.2%; 

found: –2.35%) with subsequent melting); thermal decomposition (t > 140-145 C) is probably related 

to loss of the H-bonded 1,10-phenanthroline molecule). 

Needle-like phase: broad endo effect (onset: 119.0 C; 73.14 J/g). Mass change: -3.49% 

(water loss with subsequent melting). 
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I I
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2[Nd(H2O)9]I3 + 6phen.H2O + 2CH3OH 

 

Scheme 2. Preparation of [Nd(phen)3(OH)(H2O)(CH3OH)]2(I
–
)4I2 (1) 



Advancing Coordination, Bioinorganic and Applied Inorganic Chemistry 

The 50th Anniversary of ICCBIC 
Edited by M. Melník, P. Segľa, and M. Tatarko 
Slovak Chemical Society, Bratislava  © 2015 

 

167 

 

Apparatus and equipment 

Contents of chemical elements were determined using the CHNS EuroVector EuroEA3000 

(EuroVector S.p.A., Italy) elemental analyzer and the inductively coupled plasma atomic emission 

spectroscopy (ICP-AES) iCAP 6300 DUO (Thermo Scientific, USA). The lanthanide content was 

determined also by complexonometric titration as described in [12]. 

IR-spectra were recorded on an IR–Fourier spectrometer EQUINOX 55 («BRUKER», 

Germany; KBr pellets) and IR–Fourier spectrometer Bruker Vertex 70 («BRUKER», Germany; Nujol 

mulls) in the range 4000 – 400 cm
-1

 and 680 – 30 cm
-1

, respectively. 

Thermal analysis procedure was the same as in [12].  

The single crystal XRD data
1
 and crystallographic parameters for (1) were measured at 173(2) 

K under a stream of cooled nitrogen on a CCD SMART-APEX-II diffractometer on a graphite 

monochromatized Mo-Kα radiation (ω scan mode). The processing of the experimental data was 

performed using the SAINT program [13]. The absorption correction was applied by the use of 

SADABS program.  

The crystal structure of (1) was solved by direct methods and refined on F
2
 by full-matrix 

least-squares method in anisotropic approximation for non-hydrogen atoms. Positions of hydrogen 

atoms were calculated geometrically. Their least squares refinement was performed using the “riding” 

model. 

All calculations were performed using Olex-2 software [14]. 

Visualization of the compounds structure was performed using the MERCURY program [15].  

 

Cytotoxicity assay 

Cytotoxicity was determined by methylthiazole tetrazolium (MTT) assay. The MTT-test is 

based on the reduction of a colorless salt of tetrazolium (3-[4,5-dimethylthiazol-2-yl]-2,5-

diphenyltetrazolium bromide, MTT) by mitochondrial and cytoplasmic dehydrogenases of living 

metabolically active cells with formation of blue intracellular formazan crystals soluble in dimethyl 

sulfoxide (DMSO) [16]. Cytotoxicity was analyzed using NCTN L929 cells (obtained from the mouse 

С3H/An connective tissue cells). NCTC L929 cells were plated onto 96-well culture plates for cell 

viability assay at a density of 21000-26000 cell/cm
–2

 in DMEM/F12 (1:1) (90%) – ethanol (10%) 

medium containing 5% (v/v) of fetal bovine serum.  

                                                 
1
 CCDC 1052453 contains the supplementary crystallographic data for 1. These data can be obtained free of 

charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge Crystallographic Data 

Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033; or e-mail: 

deposit@ccdc.cam.ac.uk. 
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After 18 h, the medium was removed and a solution of the compound under studies  

(100 µL, 1
.
10

-7
–1

.
10

-3
 mol/L) in DMEM/F12 (1:1) (90%) – ethanol (10%) was added. Addition of 

10% DMSO into the medium was used to control the MTT test. Cells grown in the serum-free 

DMEM/F12 were used as the controls. Cells were incubated in 5% CO2 and 90% humidified air at 37 

ºC. After 24 h, 10 µL of MTT solution (5 mg/mL in DMEM/F12) was added into each well. Cells 

were treated with MTT at 37ºC for 3 h in 5% CO2 and 90% humidified air. The medium was then 

removed and the reduction product, formazan, was solubilized in each well with 100 µL of DMSO by 

shaking at room temperature for 10 min. Absorbance of each sample solution in 96-well culture plate 

was measured at 540 nm using a Biorad plate spectrophotometer Model 680 (Biorad, USA).  

The data are expressed in terms of the activity in relation to the control group. Each value is a mean of 

three separate experiments. The statistically significant difference between groups was estimated by 

the Student’s t-test (p = 0.95). 

The evaluation of morphology and viability of cells cultivated on the surface and in the bulk of 

compounds under investigation has been performed using the Axiovert 200 microscope. The method 

of the cell fluorescent staining was applied using L-7007 LIVE/DEAD BacLight Bacterial Viability 

Kit (Invitrogen) with SYTO 9 and propidium iodide as described in [12]. All cells are stained with 

SYTO 9 which turns them green, while propidium iodide turns the nuclei of died cell to a red colour. 

RESULTS AND DISCUSSION 

Complex (1) was prepared in methanolic solution from 1,10-phenanthroline monohydrate 

(phen
.
H2O) and the respective neodymium(III) iodide nonahydrate taken in the 3:1 molar ratio. The 

compound obtained was filtered and washed several times with small portions of methanol. The single 

crystals were obtained after solvent slow evaporation at room temperature from the mother liquor.  

In the infrared spectra of the complex (Fig. 1), the band observed at 244 cm
–1

 due to the in-

plane ring vibrations of the uncoordinated 1,10-phenanthroline was shifted to 286 cm
–1

 in the 

complex, while the bands at 228, 238, 244, 401 and 463 cm
–1

 (Fig. 1a) were assigned to Nd-N [17]. 

Upon coordination, the strong CH out-of plane bending absorptions at 854 cm
–1

 and 740 cm
–1

 were 

lowered to 849 cm
–1

 and 722 cm
–1

(Fig. 1b), in accordance with [18]. The broad bands in the area 

~3100-~3500 for both compounds are attributed to stretching vibrations of water molecules (not 

shown). The band at 421 cm
–1

 in the spectrum of (1) is possibly related with the non-equivalency of 

1,10-phenanthroline molecules (vide infra). 

The structure of the complex (1) is depicted in Figs. 2 and 3. Crystal and structure refinement 

data and selected interatomic distances and angles are given in Tables 1 and 2, respectively. 

The compound (1) represents a binuclear centrosymmetric complex, in which two neodymium 

atoms are bridged by a pair of hydroxo groups. Each of the Nd atoms is coordinated by two  
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1,10-phenantroline ligands in the trans-position to one another via two nitrogen atoms (bond lengths 

are equal to 2.649(2)–2.690(2) Å, in accordance with the known 1,10-phenanthroline-based 

lanthanide complexes [10]). The coordination of each of the Nd atoms is supplemented by one water 

molecule and one protonated methoxy group (CN=8). The hydrogen atom of each of the methoxy 

groups participates in the bifurcate hydrogen bonding formation with both nitrogen atoms of the 

additional 1,10-phenantroline molecule (vide supra). The two hydrogen bonds are non-equivalent, the 

H(2)…N(1) and H(2)…N(2) distances are equal to 2.51 and 2.26 Å, respectively. Four iodide anions 

occur per complex molecule. In addition, there is I2 molecule that occupies a special position on a 

symmetry centre, the I(1)…I(1) distance being equal to 2.8385(5) Å. The I(1)2 neutral species 

participate in the secondary bond formation with two symmetrically related I(2)

 anions thus forming 

I(2)

…I(1)I(1)…I(2)


 linear fragments (Fig. 3). The I(1)…I(2) distance (3.3652(5) Å) corresponds to 

that of the I…I secondary bond (3.41–4.43 Å) observed in cerium- and erbium polyiodide complexes 

[19]. In the complex, the Nd…Nd distance, 3.7662(6) Å, is due to bridging functions of two hydroxo 

groups (Fig. 2).  

The results of our cytotoxic assay (Table 3, Fig. 4) demonstrate that 1,10-phenanthroline 

inhibits the NCTC L929 cells survivability down to 40.6± 12.6% and 54.1 ± 9.2% at c = 1 10
-3

  

and 1 10
-4

 mol/L, respectively, in relation to the control, while the complex (1) inhibition equals to 

54.5±13.2% and 57.3 ± 12.0% at the same concentrations (Table 3, entries 1, 2, columns 1, 2).  

At lower concentrations (1
.
10

–5
 – 1

.
10

–7
 M), their cytotoxic effect decreases (Table 3, entries  

1, 2 columns 3–5), the compounds being practically noncytotoxic at c=1
.
10

–6
 – 1

.
10

–7
 mol/L. It is 

found that compounds under our current investigation inhibit L929 cells survivability to a greater 

extent than [Nd(H2O)9]I3 and [Nd(AP)6]I3 (Table 3, entries 3, 4), this result being in accordance with 

the results and conclusions given in [5, 7]. It should be underlined that all the studied compounds 

demonstrate dose-dependent behavior (Table 3, Fig. 4). The appearance of the cell monolayer, the 

spreading degree and the survivability of the cells cultivated in the presence of the compounds under 

study are illustrated in Fig. 5 and confirm the cytotoxicity investigation results by the microscopic 

ones. Tentative estimation [20] of IC50 value for compound (1) gives ca. 200 M (ca. two orders of 

magnitude higher than that of KP 772 [8]). 

In conclusion, complexes of lanthanides with bioactive organic compounds, in particular, with 

1,10-phenanthroline and its derivatives are the promising compounds for further investigation of their 

anticancer activity and possible applicability as new chemotherapeutics. 
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a) 

 

b) 

Fig. 1. a) Far-IR spectra of (1) (top, black) and phen
.
H2O (bottom, red); 

b) IR-spectra of (1) (top, black) and phen
.
H2O (bottom, red). 
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Fig. 2. Structure of dimeric complex cation (1) and atom numbering scheme. 

 

 

Fig. 3. Packing fragment for (1).  
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Table 1. Crystal and structure refinement data  

 

Compound [Nd2(phen)6(OH)2(H2O)2(CH3OH)2](I
–
)4(I2)  

Empirical formula C74H62I6N12Nd2O6 

Formula weight 2265.29 

T (K)  173.15  

λ (Å)  0.71073 

Crystal system triclinic  

Space group P1 

Unit cell dimensions 

a (Å) 11.6615(4) 

b (Å) 12.7009(5) 

c (Å) 14.6476(5) 

α (°) 93.087(1) 

β (°) 102.498(1) 

γ (°) 114.841 

V (Å)
3

 1896.27(12) 

Z 1 

ρcalc (g/cm
3
) 1.9836 

μ (mm
–1

) 3.855 

F(000) 1073.8 

Crystal size (mm) Dark red blocks 0.52 × 0.38 × 0.22 

2θ range () 4.96 – 61.24 

Index ranges  – 16 < h < 16;   – 18 < k < 17;   – 20 < l < 20 

Refinement method Full-matrix least squares on F
2
 

Reflections collected 23159 

Independent reflections 11478 

Data/restraints/parameters 11478/0/460 

GOOF 1.031 

R1/wR2 [I≥2σ(I)] 0.0214/0.0523 

R1/wR2 [all data] 0.0249/0.0537 

Δρmax / Δρmin (e/Å
3

) 
1.21/–1.02 
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Table 2. Selected bond distances (Å) and angles () for (1). 

 

Bond lengths 

I(1)–I(1
1
) 2.8385(5) Nd(1)–O(3

2
) 2.3177(13) Nd(1)–N(2) 2.6809(15) 

  

Nd(1)–O(1) 2.5170(14) Nd(1)–O(3) 2.2949(14) Nd(1)–N (1
1
) 2.6701(16) 

Nd(1)–O(2) 2.4612(16) Nd(1)–N(1) 2.6901(15) Nd(1)–N(2
1
) 2.6487(16) 

1
2-X,1-Y,-Z; 

2
2-X,-Y,1-Z 

Bond angles 

O(2)–Nd(1)–O(1) 77.08(6)  N(1
1
)–Nd)1)–O(1) 75.69(5) 

O(3)–Nd(1)–O(1) 149.59(5) N(1
1
)–Nd(1)–O(2) 86.86(5) 

O(3
1
)–Nd(1)–O(1) 81.61(5) N(1

1
)–Nd(1)–O(3

1
) 75.91(5) 

O(3)–Nd(1)–O(2) 132.61(6) N(1
1
)–Nd(1)–O(3) 107.89(5) 

O(3
1
)–Nd(1)–O(2) 155.35(6) N(1

1
)–Nd(1)–N(1) 142.93(5) 

N(1)–Nd(1)–O(1) 75.46(5) N(1
1
)–Nd(1)–N(2) 154.21(5) 

N(1)–Nd(1)–O(2) 108.66(5) N(2
1
)–Nd(1)–O(1) 125.91(5) 

N(1)–Nd(1)–O(3
1
) 77.30(5) N(2

1
)–Nd(1)–O(2) 69.45(5) 

N(1)–Nd(1)–O(3) 86.48(5) N(2
1
)–Nd(1)–O(3

1
) 115.26(5) 

N(2)–Nd(1)–O(1) 113.12(5) N(2
1
)–Nd(1)–O(3) 78.60(5) 

N(2)–Nd(1)–O(2) 72.50(5) N(2
1
)–Nd(1)–N(1) 155.15(5) 

N(2)–Nd(1)–O(3
1
) 128.26(5) N(2

1
)–Nd(1)–N(2) 95.96(5) 

N(2)–Nd(1)–O(3) 77.22(5) N(2
1
)–Nd(1)–N(1

1
) 61.57(5) 

N(2)–Nd(1)–N(1) 61.10(5)   

1
2-X,-Y,1-Z 
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Table 3. Survivability of NCTC L929 cells in the presence of Phen
.
H2O, complex (1), and, for comparison, 

[Nd(H2O)9]I3 and [Nd(АP)6]I3 

 

Entry Compound 

Cell survivability, %* 

The compound concentration, mol/L 

1
.
10

-3
 1

.
10

-4
 1

.
10

-5
 1

.
10

-6
 1

.
10

-7
 

1 2 3 4 5 

1 Phen
.
H2O 40.6±12.6 54.1±9.2 64.8±10.2 90.4±11.4 90.8±11.5 

2 (1) 54.5±13.2 57.3±12.0 67.5±10.0 84.0±8.7 89.4±11.4 

3 [Nd(H2O)9]I3
.
 71.4±11.2 83.5±8.3 92.9±7.8 90.6±9.8 92.6±9.0 

4 [Nd(АP)6]I3 73.8±10.5 94.0±9.8 90.1±9.1 95.8±9.9 93.3±11.7 

*Cell survivability was calculated according to the following formula: 

Cell survivability (%) = 100 x {(Asample)–(Ablank)}/{(Acontrol)–(Ablank)}, where Asample, Acontrol, Ablank – 

absorbance of the testing, control and blank wells at 540 nm. The substance under investigation is 

classified as noncytotoxic if the cell survivability is above 70%. 

 

 

Fig. 4. Cytotoxic effect of the studied compounds on the NCTC L929 cells at different concentrations. 
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1 a) 1 b) 

  

2 a) 2 b) 

  

3 a) 3 b) 

  

4 a) 4 b) 
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5 a) 5 b) 

 

Fig. 5. The appearance of the NCTC L929 fibroblasts after incubation in solution (c=1
.
10

-5
 mol/L) of: 1. complex 

1; 2. 1,10-phenanthroline; 3. [Nd(AP)6]I3; 4. [Nd(H2O)9]I3. Fluorescent staining with CYTO 9 (a) and propidium 

iodide (b). Scale bar, 100 m. 
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We report on the selective formation of ortho-nitrophenol at room temperature through the 

reaction of the Cu(I)-phenol complex with dilute nitric acid in aqueous solutions. 

 

 

 

 

 

The copper(I)phenol complex was formed in situ from Cu(II) and metal copper in deaerated 

aqueous solutions containing phenol. The phenol shifts the disproportionation reaction of copper(0) 

and copper(II) towards the formation of Cu(I): 

 

2C6H5OH(aq) + Cu
2+

(aq)  +  Cu
0
 (s)        

         2Cu
I
(C6H5OH)

+
 (aq)  

 

The stability constant of Cu(I)-phenol in aqueous solutions was reported previously as 900±100 M
-1

. 

The surprisingly stable d* Cu(I)-phenol complex causes distortion of the ring structure which 

facilitates selective substitutions.  

This finding corroborates previous results that the proposed mechanism for the Ullmann reaction 

involves the formation of a [Cu(I)- aromatic ring] intermediate in a first stage, and quantum 

mechanical  calculations of the structure of the Cu(I)-phenol complex. 

Similar results have been reported for nitration of benzoic acid, sulfonation of phenol (in aqueous 

solutions) and for nitration and sulfonation of toluene in a two phase process.   

The reactions were monitored by HPLC, TLC and UV-Vis spectroscopy. 

  

OH

Cu(I)

OH

NO
2

Room TemperatureOnly
1% HNO3
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INTRODUCTION 

Complexes of copper(I) with aromatic compounds, benzoic acids and phenol, in aqueous solutions 

have been studied in the past. Based on published experimental results (N.M.R, E.S.R, UV-Vis and 

electrochemistry) it is clear that the complexes formed are due to d  * interactions between the 

copper d orbitals and the aromatic  system and not the oxygen atom. The stability constant of  

Cu(I)-phenol in aqueous solutions was found to be 900
+
100 M

-1
[1].  

Quantum mechanical calculations of the structure of the Cu(I)-phenol complex [2] (Figure 1) 

indicate that copper(I) is bound mainly to one carbon-carbon bond of the ring and that the carbon 

hydrogen bond ortho to the hydroxyl group is elongated, 1.113Å, compared to the para bound, 1.090 

Å, and native phenol, 1.094 Å. Furthermore all the carbon carbon bonds in the complex are elongated 

by ~0.04 Å compared to the native phenol. The crystal structure of Cu(I)(C6H6)
 
[3] supports the 

quantum mechanical calculations strongly. In the crystal structure the copper(I) is bound mainly to one 

carbon-carbon bond, the benzene ring in the complex is distorted and distances between carbon atoms 

vary  from 1.25 Å to 1.41 Å. The calculated structure of the Cu(I)-phenol complex and the crystal 

structure of Cu(I)(C6H6) can be explained by charge transfer from the low bonding orbital of the 

aromatic system to the positive charged Cu
+
, and back donation from the fully occupied d orbitals of 

the monovalent copper to the * anti bonding orbital of the aromatic system (Figure 2).  

The localization of the charge on the * anti bonding orbital resembles an exited state of the aromatic 

system and may cause distortion of the ring structure and facilitate selective substitutions. That finding 

supports the reported role of copper(I) in the Ullmann reaction mechanism[4] which involves two 

copper (I) ions, one interacts and activates the aromatic system and the second substitutes the "ortho" 

atom (bromine in the article) to form a copper carbon intermediate. This intermediate reacts very 

rapidly with the substituent (OH
-
 in the article) to form the ortho isomer exclusively. 

The importance of the electronic state for aromatic substitution can be supported by  

a computational study [5] which shows that the loss of aromaticity and -electron delocalization is the 

first step in the electrophilic aromatic nitration of benzene, phenol and benzonitrile. The transition 

structures and the -complexes associated with the nitration of aryl compounds reflect an almost 

complete destruction of the aromaticity of the starting arenes as well as a strong -electron 

delocalization. 

The mechanism of the aromatic nitration substitution reaction was studied intensively over the 

years: it proceeds as an electrophilic substitution reaction that occurs with the active intermediate 

nitronium ion, NO2
+
. Brønsted acid sites are responsible for the generation of NO2

+
 ion from nitric 

acid. Thus the catalytic activity depends on Brønsted acidity. Brei et al [6] explained that strong 

Brønsted sites are necessary for an effective formation of intermediate NO2
+
 ions from nitric acid.  
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On the other hand, Mishra et al [7] reported that Brønsted acid sites are responsible for the NO2
+
 

formation while Lewis sites favour the formation of para substituted product. 

Generation of NO2
+
 ion in concentrated nitric acid: 

2HNO3        
         NO2

+
 + NO3

-
 + H2O 

Sulfuric acid shifts the equilibrium to the right via: 

 2HNO3  + H2SO4      
     H2NO3

+
 + HSO4

-
  

H2NO3
+
 + H2SO4      

     NO2
+
 +  H3O

+
  + HSO4

-
  

The nitration is described in the literature as an SN1 type addition-elimination mechanism for 

electrophilic aromatic substitution. The hydroxyl group on phenol is an ortho-para director due to the 

electron donating character of the hydroxyl group which has the potential to stabilize the 

cyclohexadienyl cation intermediate. The ratio in the concentrated nitric acid reaction is 55%  

o-nitrophenol , <1% m-nitrophenol and 45% p-nitrophenol [8]. 

Nitration of aromatic compounds is an industrially consequential reaction as the nitrated products 

are important intermediates for fine chemicals and pharmaceuticals. Generally nitration reactions are 

not selective and are the cause of environmental concerns regarding the disposal of the large excess of 

mixed acids employed in these processes.  

The replacement of current chemical processing techniques with more environmentally friendly 

and selective alternatives is an increasingly attractive subject. Using catalyst on solid support it was 

found that the nitration of phenol is selective under mild conditions [9-13 ]. For example A.S. Khder et 

al [9] show selective nitration of phenol over nanosized tungsten oxide supported on sulfated SnO2 as 

a solid acid catalyst, Wan-Po Yin and Min Shi [10] report nitration of substituted phenols by metal 

salts impregnated with Yb-Mo-Montmorillonite KSF, and S. Mallick, K.M. Parida [11] present 

selective nitration of phenol over silicotungstic acid supported on zirconia.  

Y. Sasson at al [14] employed a liquid-liquid two-phase system with a phase-transfer catalyst, 

tetrabutylammonium bromide (TBAB) to achieve highly selective nitration of phenol to  

ortho-nitrophenol under mild conditions with dilute nitric acid (6 wt %). 

Copper is mentioned in the literature related to the nitration of phenol, P.Ghalsasi et al [15] used 

Cu(NO3)2 in glacial acetic acid as source of HNO3. 

Ga Young Park et al [16] report on the reaction of nitrogen monoxide with a copper(I) complex 

possessing a tridentate alkylamine ligand yielding a Cu(I)–(NO) adduct, which when exposed to 

dioxygen generates a peroxynitrite (O=NOO-)–Cu(II) species. They show exogenous phenol oxidative 

coupling or nitration, ignoring the possible role of Cu(I) on the process. 

Copper (I) concentration in aqueous solutions is limited due to its disproportionation reaction,  

     2Cu
+

(aq)
 
       

       Cu
2+

 (aq)  +  Cu
0

 (s)               K = 1×10
6
 

oxidations by oxygen from air to Cu(II) and low solubility of the hydroxide and halide salts [17]. 
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The complex of Cu(I)-phenol stabilizes Cu
+

(aq) and shifts the disproportionation reaction to the 

left increasing the Cu
+

(aq) concentration,  

The complex of Cu(I)-phenol allows to use Cu
2+

(aq) ion as a source to the active species Cu
+
 ion, 

Cu
2+

(aq) reduces with a piece of copper metal in deaerated solution containing phenol. 

 

EXPERIMENTAL PART 

Reagents and solutions 

All solutions were prepared from reagent grade chemicals or better. Distilled water was further 

purified by passing through a Milli Q Millipore setup, with final resistivity of >10 M/cm.   

Apparatus and equipment 

Deaerated system:  

The processes were carried out in strictly deaerated solutions using the syringe technique with 

argon (UHP) gas. Photos of the system are presented in Figure 3.  

UV-Vis spectra:  

Spectra were recorded with a Varian-Cary 100 Bio UV-Vis Spectrophotometer.  

The concentration of Cu
2+

(aq) and indirectly Cu
+
 (after oxidation to Cu

2+
 with atmospheric 

dioxygen) was determined spectrophotometrically by the addition of ammonia to form the complex 

Cu(NH3)4
2+

, which has a molar absorption coefficient of 60 M
-1

cm
-1

 at 604 nm.  

HPLC:  

Organic starting materials and products were separated and identified with reverse phase 

chromatography using a reversed phase 18 column and UV-Vis detector using the 270 nm absorption 

band. A mixture of 50% MeCN (HPLC grade) 50% 0.05 M phosphate buffer at pH=3.5 was used as 

the eluent at a rate of 1 mL/min. Calibrations for the starting material (phenol) and for the main 

products (ortho/para nitrophenol) using the same technique were performed.   

In Figure 3 a chromatogram of the reactant and the expected products are presented, all three 

compounds are well separated.       

Complex Formation:  

Dissolved 0.02 gr  CuSO4
. 
5H2O in 80 ml aqueous 1 mM phenol solution, deaerated with Ar and 

containing a coil of metal copper pipe (d = 4mm, l = 150mm) yields the Cu(I) phenol complex after 

two hours at 30
o
C (while increasing the copper ion concentration to 2mM (double the initial Cu(II) salt 

concentration): 

Nitration of the complex Cu(I)-phenol:  

To the 80ml deaerated solution after the complex formation 1ml of  concentrated nitric acid was 

added, resulting in 0.16 M NO3
-
 solution. The reaction was monitored by HPLC and carried out in a 

temperature range of 25 to 65 
o
C. 
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 Quantum mechanical calculations:  

For quantum mechanical calculations we used the Tecktronix CAChe system with the Zindo 3.0 

program. 

 

RESULTS AND DISCUSSION 

The process of the reaction of nitric acid with phenol in the presence of Cu(I) involves two stages, 

the first is the formation of the Cu(I)-phenol complex.  

Figure 4 presents the change of the Cu(I) percentage of the total copper ion concentration with 

time on reaction of Cu metal with Cu(II) in a deaerated solution containing phenol. The concentration 

of the copper ions is doubled when all of the initial Cu(II) ions in the solution react with metal copper 

forming two Cu(I) ions.  Even with the stoichiometric  molar ratio between phenol and copper ion 1:1, 

more than 90% of the total copper ions are present as Cu(I) after 2 hours (Figure 4). More copper(I)  

is present at higher phenol concentrations. 

In the second stage, on adding nitric acid to the first stage solution, a reaction takes place yielding 

in the first hour at mild temperature (30
o
C) exclusively the ortho nitrophenol isomer, with the para 

nitrophenol isomer appearing only after 60 minutes as corroborated by HPLC. Figure 5 presents an 

HPLC chromatogram 40 mins after the start of the reaction and Figure 6 presents kinetics of the two 

isomer concentrations. A blank experiment, using the same concentration of nitric acid, phenol and 

CuSO4 without the addition of copper metal, which enables the formation of Cu(I) (the first stage), 

does not result in any reaction.  

Lowering the temperature to 25
o
C the reaction is selective but very slow and after 60 minutes less 

than 1% of the phenol is reacted to yield 0.01 mM ortho nitrophenol compared to 0.2 mM (20%)  

at 30
o
C. 

At higher temperatures the selectivity is compromised from the start, Figure 7 presents HPLC 

chromatograms 50 mins after start of the reaction: the para nitrophenol isomer is present (~30%) but 

most of the phenol (95%) reacted and converted to nitro phenol, ~70% to the ortho isomer. The peak 

at 2.2 min can be attributed to oxidized product caused by traces of molecular oxygen from air that 

penetrated into the sample despite the deaerated system.      
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Figure1: Structure of phenol and Cu(I)-phenol complex from quantum mechanical calculation. 

 

 

 

Figure 2: Possible electronic interaction between Cu(I) and phenol that resembles an exited state of the ring due 

to back donation from Cu(I)  to the * anti bonding orbitals of the aromatic system. 
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Figure 3: Photos of the system, A: syringe containing the reaction solution, copper metal, magnetic stirrer and 

argon gas flow through  the syringe, after 10 min the solutions are air free. B: The syringe after deaeration is 

sealed and stirred; when control temperature is needed, the syringe is immersed in a controlled warming bath. 

Samples are taken from the 3 way valve.       

 

 

 

Figure 4: Percentage of mono valent copper of the total copper ion concentration (Cu
+
 and Cu

2+
) against time, 

syringe containing: phenol 1mM, initial concentration of CuSO4 1mM, metal copper, air free. T=30
0
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Figure 5: HPLC chromatogram of a solution taken from a syringe 40min after introduction of HNO3 0.16M, 

containing: phenol 1mM, initial concentration of CuSO4 1mM, Cu metal, air free, T=30
0
C 

 

 

 

Figure 6: kinetics of the reaction products after introduction of 0.16M HNO3, syringe containing: phenol 1mM, 

initial concentration of CuSO4 1mM, Cu metal, air free, T=30
0
C 
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Figure 7: HPLC chromatogram of a solution taken from a syringe 30min after introduction of HNO3 0.16M, 

containing: phenol 1mM, initial concentration of CuSO4 1mM, Cu metal, air free, T=65
0
C 

 

DISCUSSION AND CONCLUSIONS 

 The activity of phenol in the presence of copper (I) supports previous results [1,3] that show 

that the interaction between copper (I) and the phenol aromatic ring resemble exited states of 

the ring. Support for this assumption comes from a computational study (A. Arrieta,  

F. Cossı'o) [5], which shows that the loss of aromaticity and -electron delocalization is the 

first step of the electrophilic aromatic nitration of phenol and in the Ullmann reaction 

mechanism as suggested in a previous article [4]. 

 The selective ortho orientation of the substituted nitro group demonstrated by our 

experimental results is supported by quantum mechanical calculations [2] that show 

elongation of the ortho hydrogen carbon bond in the Cu(I)-phenol complex compared to the 

native phenol and the other hydrogen carbon bonds in the complex. 

 Highly selective nitration of phenol is accomplished under mild conditions; the method can be 

easily exploited as an environment friendly commercial process.  
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ABSTRACT 

Benzyl-substituted metallocarbene compounds synthesised during the past 5 years give a new 

perspective on their activity as antibiotic and antitumoral drugs. N-Heterocyclic carbene (NHC) 

containing Au and Ru compounds have shown promising anticancer activity in vitro and the Cu 

derivative WBC4 showed strong cytotoxic efficacy in vivo xenograft studies against difficult to treat 

renal cell cancer. While the carbene-silver acetate derivative SBC1 failed in vivo as an anticancer 

drug, the antibacterial derivative SBC3 convinced in vivo and this compound may lead the way 

towards novel injectable emergency antibiotics against resistant bacteria and fungi.   

 

KEY WORDS 

N-Heterocyclic carbene; silver, copper, gold, ruthenium, antibiotic, anticancer drug. 

 

INTRODUCTION 

Groundbreaking research by Wiley J. Youngs and coworkers established the synthesis and 

medicinal use of covalently bonded silver in NHC-silver acetate compounds [1]. One derivative called 

SCC1, which is derived from caffeine, became the antibiotic lead compound [2]; the synthesis and 

molecular structure of SCC1 is shown in Fig. 1. This bioorganometallic molecule enables antibiotic 

treatment of pneumonia when used in a suitable formulation [3]. In the meantime several research 

groups worldwide have taken up the topic of synthesis and medicinal application of NHC-metal 

complexes and recent review articles show the progress [4-9]. 
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Fig. 1: Synthesis and molecular structure of the NHC-silver acetate derivative SCC1. 

 

ANTICANCER ACTIVITY 

The Tacke group contribution started with the idea to make carbene-metal complexes more 

lipophilic than SCC1 by introducing benzyl groups onto the imidazole nitrogen atoms and add extra 

stability by substituting the imidazole ring in the 4,5 positions with aryl groups [10-22]. Systematic 

synthesis and biological testing against human renal cell cancer (CAKI-1) and partly against human 

breast cancer (MCF-7) led to two preferred structural motifs for further drug development [23-24]; 

benzimidazoles and 4,5-diphenyl-imidazoles carrying at least one N-benzyl group, which can be seen 

in Fig. 2.   

 

Ag

N

N

X Ag

N

N

X

 

Fig. 2: Preferred NHC-AgX structures for further drug development. 

 

Relatively early, the research group identified (1-methyl-3-(4-cyanobenzyl) benzimidazole- 

2-ylidene) silver(I) acetate (SBC1) as the silver-based anticancer lead compound showing an IC50 

value of 1.2 μM against CAKI-1 [13]. SBC1 was also tested at the NCI 60 cell line panel, where it 

showed good activity against breast, prostate and renal cell cancer. More detailed studies against 

resistant cancer lines exhibit that SBC1 is able to break platinum-resistance in UKF-NB-3 

(neoblastoma) and HCT8 (colon cancer) as well as paclitaxel-resistance in PC3 (prostate cancer) cells 

[25]. The molecular structure of SBC1 is shown in Fig. 3. 
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Fig. 3: Molecular structure of the NHC-silver acetate derivative SBC1. 

 

In a fluorescence assay SBC1 is well able to bind to albumin, which is a potential way for 

SBC1 of selective delivery into cancer cells [25]. Furthermore, melting curve experiments and CD 

spectroscopy reveal that SBC1 targets DNA in cancer cells [25] without being able to say, whether 

this is the main mechanism of apoptosis induction. Here, results from Gaultier and Roland indicate 

that carbene-silver complexes induce caspase-independent apoptosis via the mitochondrial pathway 

and AIF release by forming lipophilic metallocarbene cations as the reactive species [26]. This group 

also reports that carbene-silver complexes do not produce significant ROS concentrations and do not 

modify the cell-cycle distribution of HL60 cells, which implies that these compounds are therefore not 

genotoxic [26].  

All these positive in vitro properties of SBC1 encouraged in vivo testing in mice. In a first 

experiment non-tumor bearing nude mice were treated with increasing doses of SBC1 and 50 mg/kg 

were determined as the maximum tolerable dose. In a second experiment CAKI-1 tumors were 

inoculated under the skin of immune-deficient nude mice and after these tumors reached palpable size 

the mice were treated with 25 or 50 mg/kg of SBC1 for 5 times, while a control cohort received no 

treatment. Surprisingly, no tumor reduction effect could be seen between the treatment and the control 

groups [25]; the tumor volume graph can be seen in Fig. 4. 
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Fig. 4: Tumor growth curves of CAKI-1 xenografts in nude mice comparing two SBC1 treated cohorts against a 

control cohort (from [25]). 

 

This rather unexpected and disappointing in vivo testing of SBC1 led to a change in direction 

and the best carbene ligands were transmetallated from Ag to other metals with promising anticancer 

properties. So, imidazolium bromides were reacted with silver oxide in DCM and dimeric  

(p-cymene)RuCl2 was added to the intermediate carbene-silver bromide [20]. The resulting carbene-

Ru(p-cymene)Cl2 could be isolated in 40 – 76% yield and the crystal structure shows the expected 

pseudo tetrahedral Ru complex with two chloride and two organometallic ligands [20]. The best 

derivative, which is shown in Fig. 5, exhibits good activity against the human breast cancer cell line 

MCF-7 with an IC50 value of 2.4 ± 0.7 μM.  

 

Fig. 5: Synthesis and structure of the most promising NHC-Ru(p-cymene)Cl2 derivative. 

 

A similar synthetic strategy is applied for gold; here the intermediate carbene-silver bromide is 

reacted with dimethylsulfido gold monochloride and delivers carbene-gold chloride derivatives in 

yields ranging from 49 to 83%, which are shown in Fig. 6. Further reactions with silver acetate can 
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exchange the anion and results in carbene-gold acetates in yields ranging from 53-69%. The crystal 

shows a linear carbene-Au-Cl moiety with a short C-Au bond of 199 pm and a longer Au-Cl bond of 

229 pm [20]. 

 

 

Fig. 6: Synthesis of NHC-gold chloride and acetate derivatives. 

 

Further anion exchange experiments with tetraacetato thioglucose led to carbene-gold 

thioglucoside derivatives [20]. Such compounds are seen as biocompatible and they might even 

benefit form overexpressed glucose transporters in cancer cells, which can lead to selective uptake. 

The gold derivative with the highest anticancer activity is made from 1,3-dibenzyl-4,5-diphenyl-

imidazolium and shows good activity against the human breast cancer cell line MCF-7 with an IC50 

value of 6.1 ± 1.5 μM [20]; its synthesis and structure is shown in Fig. 7. 
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Fig. 7: Synthesis and structure of the NHC-gold thioglucoside derivative. 

 

In a similar synthesis the intermediate carbene-silver bromide is able to transmetallate its 

carbene ligand to copper when dimethylsulfido copper monobromide is used. The resulting carbene-

copper bromide derivatives are isolated in yields ranging from 32 to 74% and the best derivative 

WBC4 shows impressive nanomolar activity against Caki-1 (0.60 ± 0.09 μM) and MCF-7  
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(0.65 ± 0.08 μM) [22]. The synthesis and molecular structure of WBC4, which is isostructural to the 

silver and gold derivatives, is shown in Fig. 8. 

 

 

Fig. 8: Synthesis and molecular structure of the NHC-copper bromide derivative WBC4. 

 

Cytotoxicity of chemotherapeutic agents in the upper nanomolar region is generally seen as 

ideal and WBC4 was therefore chosen for further in vitro and in vivo testing. Systematic cell testing 

on the NCI 60 cell panel led to an average GI50 (growth inhibition 50%) value of 288 nM. Particular 

activity of better than 200 nM was found against leukemia and melanoma as well as lung, colon, 

prostate and breast cancer [27]. Due to our longstanding interest in difficult to treat human renal cell 

cancer WBC4 was chosen for such a xenograft mouse model. In a first experiment non-tumor bearing 

nude mice were treated with increasing doses of WBC4 and 10 mg/kg were determined as the 

maximum tolerable dose. In a second experiment CAKI-1 tumors were inoculated under the skin of 

immune-deficient nude mice and after these tumors reached palpable size, the mice were treated with 

5 or 10 mg/kg of WBC4 for 5 times, while a control cohort received no treatment [27]. In both 

treatment groups tumor growth was strongly inhibited compared to the control cohort and the optimal 

T/C (treatment over control) value of 0.38 was reached on day 32 of the xenograft experiment.  

The toxicity as measured by the loss of body weight was mild and reversible and the high dose 

treatment group shows anti-angiogenic effects in the tumor tissue. This mouse experiment, for which 

the tumor volume graph is shown in Fig. 9, very much encourages clinical testing of WBC4 in future. 
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Fig. 9: Tumor growth curves of CAKI-1 xenografts in nude mice comparing two WBC4 treated cohorts against a 

control cohort (from [27]). 

 

ANTIBIOTIC ACTIVITY 

After the disappointing in vivo performance of SBC1 we revisited our existing stock of 

carbene-silver acetate compounds, which were also tested for their antibacterial activity against Gram-

positive Staphylococcus aureus and Gram-negative Escherichia coli, and identified  1,3-dibenzyl-4,5-

diphenyl-imidazol-2-ylidene silver(I) acetate (SBC3) as the potential lead compound for antibiotic 

development. SBC3 can be made from commercially available 4,5-diphenyl-imidazole in high purity 

and good yield of 68%; the molecular structure of SBC3 is shown in Fig. 10. 
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Fig. 10: Molecular structure of SBC3 

 

SBC3 shows the best activity of all derivatives in Kirby-Bauer tests against S. aureus, but it 

also exhibits significant cell toxicity of 14 μM against CAKI-1 [13]. Nevertheless, systematic 
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minimum inhibitory concentration (MIC) experiments were initiated against Mycobacterium bovis 

BCG Pasteur and Mycobacterium smegmatis, which gave MIC values of 20 and 5 μg/ml. Further tests 

against Salmonella and Methicillin-sensitive or Methicillin–resistant S. aureus MSSA/MRSA gave a 

MIC value of 12.5 μg/ml for all three bacteria. The best performance of SBC3 was noted against 

Pseudomonas aeruginosa and E. coli with MIC values of 3.13 and 6.25 μg/ml [28]. The antibiotic 

activity of SBC3 against P. aeruginosa and E. coli is already comparable to typical antibiotics and 

therefore in vivo testing of SBC3 became the obvious next step. 

For the in vivo testing of SBC3 Galleria mellonella larvae were chosen. In a first experiment 

increasing amounts of SBC3 were injected as DMSO/water solutions via a proleg into the larvae and 

250 μg of SBC3 were determined as the maximum tolerable dose. In a second experiment the 

haemocyte density in Galleria mellonella larvae was measured after increasing doses of SBC3 were 

given; doses from 250 μg of SBC3 or higher reduced the haemocyte density, which is a sign of 

toxicity. Further in vivo experiments were testing the antibiotic activity of SBC3 in Galleria 

mellonella larvae; for the antibiotic treatment a dose of 10 μg, which is 1/25 of the MTD, was chosen. 

In two independent experiments this dose was given to larvae, which were either infected by a lethal 

dose of S. aureus or Candida albicans and time-dependent survival was monitored against infected 

but untreated control cohorts [29]; the survival graphs can be seen in Fig. 11.  

 

 

Fig. 11: Survival of SBC3 treated and non-treated Galleria mellonella larvae, which were infected either with S. 

aureus or C. albicans (adapted from [29]). 
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In both experiments the treated cohorts had a significant treatment advantage, which shows that 

SBC3 can be used as an injectable antibacterial and antifungal antibiotic at a non-toxic concentration. 

CONCLUSION 

Generally, one can say that Ag, Cu, Au and Ru NHC complexes are generally stable enough in 

biological media, if the substitution pattern on the NHC ligands is chosen appropriately. At a first 

glance the preselected silver compound SBC1 looked like the ideal candidate for in vivo testing 

against renal cell cancer, but failed in this xenograft mouse model due to lack of efficacy. Here, one 

can speculate that carbene-silver acetate are quickly deactivated by sulfur-containing biomolecules 

like glutathione and end up as silver sulfide, which is biologically inert. Nevertheless, the high MTD 

and therefore low toxicity of SBC1 triggered experiments using the more lipophilic derivative SBC3 

in vitro and in vivo as a potential antibiotic. SBC3 showed impressive activity against MRSA, E. coli 

and particularly against P. aeruginosa in vitro; in vivo experiments in G. mellonella larvae showed an 

antibacterial and antifungal survival advantage using a non-toxic concentration of SBC3 for injection. 

So, compounds like SBC3 can deliver silver ions bacterial membranes at low concentration causing 

the bacteria to die [30] before human cells feel the toxic effects [31]. 

While the best carbene-Ru and carbene-Au complexes are waiting for in vivo testing the 

carbene-copper bromide WBC4 showed good activity in combination with low toxicity in a xenograft 

experiment against renal cell cancer; therefore WBC4 has become a potential clinical testing in 

humans against this notoriously difficult to treat cancer. 
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