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PREFACE 

 

This monograph deals with up-to-date current problems on inorganic, applied, coordination, and 

bioinorganic chemistry and the progress achieved in these fields. Stemming from a good reception of 

the electronic form applied for the first time at the jubilee XX. Conference, also this one is issued in 

the form of USB-key, reflecting thus a progress in publishing techniques and eliminating the problems 

with limitations of the length of the contributions. 

 

The editors are thankful to all authors who met the requirements for preparing of manuscripts. 

The monograph is intended first of all to participants of the XXVI. International Conference on 

Coordination and Bioinorganic Chemistry, but the editors believe that also other chemists, as well as 

all others who are interested in the field of inorganic, coordination, and bioinorganic chemistry, can 

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 this 

book can be understood as one of the coloured bits of stone in the mosaic picture of the present 

inorganic, coordination, and bioinorganic chemistry. 

 

 

 

Bratislava and Smolenice, June 2017 Editors 
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Synthesis and characterization of nickel nanoparticles 

 
a,bA. A. Ádám, a,bK. Musza, a,bM. Szabados, b,cP. Sipos, a,bI. Pálinkó 
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bMaterial and Solution Structure Research Group, Institute of Chemistry, University of Szeged, Aradi 
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cDepartment of Inorganic and Analytical Chemistry, University of Szeged, Dóm tér 7, Szeged H-6720, 

Hungary 

 

Corresponding author: Prof. István Pálinkó, e-mail: palinko@chem.u-szeged.hu, Department of 

Organic Chemistry, University of Szeged, Dóm tér 8, Szeged, H-6720 Hungary 

 

Certain kinds of nanoparticles like Au, Au-Pd core-shell nanoparticles and nanosized α-nickel hydroxide could 

be prepared successfully by sonochemically-assisted methods. Sonochemistry provides a route to materials 

without the need for long reaction time, high reaction temperature or pressure. During the experimental work 

leading to this contribution, nickel nanoparticles were prepared by applying ultrasound radiation of varying 

sonication power as an auxiliary technique. The nickel nanoparticles were synthesized through the reduction 

nickel hydroxide with hydrazine under ultrasound irradiation. During the reaction, room temperature was 

maintained, and 2 h of sonication was needed until the solution became dark. The obtained nanoparticles were 

characterized by X-ray diffractometry (XRD), scanning electron microscopy (SEM), energy-dispersive X-ray 

analysis (EDX) and transmission electron microscopy (TEM). The obtained nanoparticles were monodispersed 

(SEM) with rounded fcc cubic structure (TEM and XRD). 

 

INTRODUCTION 

An engineering definition of nanoparticles (NPs) is that at least in dimension their size 

is between 1 and 100 nanometers [1]. More importantly, NPs have peculiar physical, 

electrical, optical and chemical properties, different from those of the crystals, due to their 

increased surface to bulk atom ratio. Metal NPs find application ranging from catalysis [2] 

through photochemistry [3], electronics [4] to (bio)medicine [5]. For many potential 

applications, the synthesis of monodispersed shape- and size-controlled nanocrystals is of key 

importance. 

Recently, many synthesis methods were developed, including sol-gel techniques, 

hydrothermal and biological synthesis as well as various wet chemical techniques. Among the 

many wet chemical methods, the polyol process was described firstly, and it is used the most 

often. This is a route for preparing metal NPs of (more or less easily) reducible metals (Cu, 

Ni) [6,7], noble metals (Au, Ag, Pd,) [8] and their alloys through the reduction of inorganic 

precursors in liquid polyols with hydrazine or sodium borohydride. 

Nanocrystals can also be prepared by, for instance, milling [9], sonication [10] or arc 

plasma evaporation [11]. During the mechanical synthesis, the metal crystals are deformed, 
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welded and fractured. Irradiation with ultrasound is an efficient auxiliary technique due the 

unique power of acoustic cavitation. Although these techniques do not require outside heating 

and high pressure, locally, extreme high temperature as well pressure are generated. 

In this paper, we report on a novel method for the synthesis of size-controlled NiNPs. 

We build on the hydrazine reduction method of Wu et al. [12], but it is developed further by 

applying ultrasound irradiation as an auxiliary method. 

 

 

EXPERIMENTAL PART 

Reagents and solutions 

All reagents and solutions applied in these experiments were of reagent grade and used 

without further purification. Nickel chloride hexahydrate (NiCl2×6H2O), >78 wt% hydrazine 

monohydrate (N2H4×H2O) solution and potassium hydroxide (KOH) were purchased from 

Sigma-Aldrich. Absolute ethanol and acetone were acquired from VWR. Deionized water was 

used throughout the syntheses. 

First, the experiments of Wu et al. were reproduced using magnetic stirring [12]. The 

reaction conditions were slightly modified: 1.57 g potassium hydroxide and 4 h reaction time 

were applied. Later, the reactions were carried out under ultrasound irradiation. 

NiCl2×6H2O was dissolved in absolute ethanol to have [Ni2+] = 0.111 M and 0.333 M 

(solution A). Potassium hydroxide and hydrazine monohydrate were mixed in molar ratios of 

N2H4/Ni2+ = 5 or 10 (mixture B). Then, solution A was poured into mixture B in glass 

centrifuge tubes. The tubes were placed into a thermostated glass vessel, where the 

suspensions were irradiated by ultrasound at 2 h. The black precipitates obtained were filtered 

and washed by deionized water and acetone. The particles were stored under acetone and 

oxygen-free (N2) atmosphere. 

 

Apparatus and equipment 

The reactions were carried out under ultrasound irradiation by a Hielscher Ultrasonic 

Homogenizer (UP200Ht). The sonotrode of the device was 14 mm in diameter, and the 

applied average immersion depth was 15-20 mm. The ultrasonic homogenizer operated at 26 

kHz and the amplitude of ultrasound was adjusted to 30 W output power. The time duration of 

ultrasound irradiation was varied between 20% and 100% in the impulse mode. At 100%, the 

homogenizer worked continuously. At lower than 100%, the irradiation time was a fraction of 

100%. For instance, at 20%, the emission period was one fifth of the active time, and the 

apparatus was silent in four-fifth of the impulse. 

Powder X-ray diffraction (XRD) patterns of the dried samples were registered on a 

Rigaku Miniflex II instrument in the range of 2θ=5-80°, using CuKα (λ=1.5418Å) radiation. 
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The nanocrystals were characterized by transmission electron microscopy (TEM-FEI 

TECHNAI G220 X-TWIN, 200kV accelerating voltage). Furthermore, the dispersion of the 

particles was analysed by Hitachi S-4700 scanning electron microscopy (SEM) at various 

magnifications and at 18 kV acceleration voltages. Elemental map and the corresponding 

spectrum were registered with an energy dispersive X-ray analyser (EDX) coupled with the 

microscope. 

 

 

RESULTS AND DISCUSSION 

Firstly, the NPs obtained by the successfully reproduced reductions were investigated 

by X-ray diffractometry. The diffractograms are depicted in Fig. 1. 
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Fig. 1. X-ray diffractograms of the NiNPs obtained by hydrazine reduction under magnetic stirring for 

2 h (A: [Ni2+] = 0.111 M and N2H4/[Ni2+] = 5, B: [Ni2+] = 0.111 M and N2H4/[Ni2+] = 10, C: [Ni2+] = 

0.333 M and N2H4/[Ni2+] = 5, D: [Ni2+] = 0.333 M and N2H4/[Ni2+] = 10) 

 

Typical diffraction peaks for NiNPs [13] are at 44.5° (111), 51.86° (200) and 76.39° 

(220). They are seen in Fig. 1. In all four cases, the peaks are sharp, but their intensities are 

different as compared to the background noise levels. Sharper peaks mean well-crystallized 

nanoparticles as it is reflected in traces A and D. The positions of the peaks indicate face-

centred cubic (fcc) crystal structure. The average particle size was calculated using the 

Scherrer equation, 

D =
kλ

β cosθ
D =

kλ

β cosθ
, 
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where D is the average particle size, which may be smaller or equal to the grain size, k is a 

dimensionless shape factor, with a value close to unity. The shape factor has a typical value of 

0.9, but varies with the actual shape of the crystallite. λ is the X-ray wavelength, β is the line 

broadening at the half maximum intensity (FWHM) in radians and θ represents the Bragg 

angle in degrees. In each case, the most intense peak (first peak) was used for the calculations, 

and the average size of the particles was between 7.7 nm and 11.5 nm. 

In further experiments, the reactions were carried out under continuously ultrasound 

irradiation 2 h reaction time. The characteristic X-ray diffractograms are shown in Fig. 2. 
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Fig. 2. XRD patterns of NiNPs obtained by hydrazine reduction under ultrasonic irradiation at 30 W 

for 2 h (A: [Ni2+] = 0.111 M and N2H4/[Ni2+] = 5, B: [Ni2+] = 0.111 M and N2H4/[Ni2+] = 10, C: [Ni2+] 

= 0.333 M and N2H4/[Ni2+]=5, D: [Ni2+] = 0.333 M and N2H4/[Ni2+] = 10) 

 

Clean NiNPs were prepared in two instances reflected by traces B and D. The other two 

diffractograms indicate the formation of NiOx beside NiNPs [13]. For the clean NiNPs, 

average particle sizes were 7.7 nm and 14.9 nm. These experiments were repeated applying 

different ultrasound impulse modes (Figs. 3 and 4). According to the results, a noticeable 

alteration in the size of nanoparticles was generated. For conditions B ([Ni2+] = 0.111 M and 

N2H4/[Ni2+] = 10), the average particle size was smaller than 10 nm. However, for conditions 

D ([Ni2+] = 0.333 M and N2H4/[Ni2+] = 10) it was in the range of 9.9 and 14.00 nm. 
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Fig. 3. XRD traces corresponding to conditions B ([Ni2+] = 0.111 M and N2H4/[Ni2+] = 10, 2 h 

sonication time) at varying sonication impulse mode. 
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Fig. 4. XRD traces corresponding to conditions D ([Ni2+] = 0.333 M and N2H4/[Ni2+] = 10, 2 h 

sonication time) at varying sonication impulse mode. 
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Fig. 5. The SEM image (A), the elemental map (B) and the EDX spectrum (C) of NiNPs prepared by 

ultrasonication-assisted reduction ([Ni2+] = 0.333 M and N2H4/[Ni2+] = 10, 2 h sonication time). The 

signals for Al, Si and Sn in spectrum (C) are from the sample holder. 

 

The SEM image (Fig. 5) reveals that monodisperse NiNPs could be synthesized by the 

ultrasound-assisted method. Although this was the case under magnetic stirring as well (not 

shown), the reactions required half the time by the ultrasound-assisted synthesis method. The 

constituents of the sample obtained are shown in EDX spectrum. It is to be seen that the 

majority of the material is metallic nickel; however, its oxidation has already started. 

Presumably, at this stage it is restricted to the outer surface of the NPs. 

C 

A B 
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Fig. 6. TEM image of NiNPs obtained by the ultrasound-assisted synthesis method (conditions D). 

 

 The TEM image (Fig. 6) indicated NiNPs with rounded cubic structure and similar volume. 

The observable difference in the particle size values, from the XRD measurements and from the SEM, 

TEM photos, signs remarkable aggregation processes during the synthesis. 
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QTAIM studies of biomimetic trigonal iron(IV)  

nitrido and imido complexes  
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Geometries of four iron(IV) nitrido and imido complexes with tris(carbene)borate ligands in in varius spin states 

has been optimized at B3LYP/6-311G* level of theory. Neutral nitrido complexes prefer the singlet spin state 

whereas the imido cationic ones prefer the triplet spin state. Electron structure of the most stable spin states has 

been investigated in terms of Quantum Theory of Atoms in Molecules (QTAIM). The spin state preferences of 

the complexes can be ascribed to the donor properties of the imido and nitrido ligands. The σ-donor ability of the 

apical ligand is a sufficient parameter for tuning the spin states of d4 complexes in three-fold symmetry.  

 

 

INTRODUCTION 

High-oxidation state metal complexes with multiply bonded ligands are of great interest 

for their reactivity and fundamental bonding properties. Isolable complexes containing iron-

nitrogen multiple bonds were considered to be inherently unstable intermediates that would 

quickly rearrange or decompose in the absence of a substrate [1]. Whereas Fe(IV) nitrido 

complexes are four-coordinate and diamagnetic with a three-fold symmetric iron center, 

analogous imido complexes show a greater structural diversity [2].  

Rigid tris(carbene)borate ligands are unique in their ability to stabilize Fe(IV) imido [3] 

and nitrido [4-6] complexes in three-fold symmetry. The ligand field created by these rigid 

tripodal ligands creates opportunities for multiple spin states and spin-crossover behavior. 

Insight into the factors dictating spin state preferences will be important for the design of 

magnetic molecules. 

In our previous study [2] we have applied some experimental and theoretical techniques 

to four iron(IV) nitrido and imido complexes ([{PhB(ImR)3}FeN(R)]0,+; see Fig. 1) in order to 

understand the spin state preferences of four-coordinate complexes in three-fold symmetry 

having a d4 electron configuration of the central Fe atom. The aim of our recent study is a 

deeper insight into their bonding properties and other characteristics of their electron 

structure. 
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Fig. 1. Iron(IV) nitrido (left) and imido (right) complexes supported by tris(carbene)borate 

ligands. In the nitrido complex, both R = tert-butyl (tBu, 1) and mesityl (Mes, 2) were 

investigated; for the imido complex, only R = Mes was studied, but with R = adamantyl (Ad) 

and tert-butyl [2]. 

 

CALCULATIONS  

Geometry optimizations of compounds under study in various spin states were 

performed using the Gaussian G09 program package [7] employing the B3LYP/6-311G* [8-

14] level of theory (starting from previously reported [3, 4, 15] and/or current experimental X-

ray diffraction structures except for cation 4 (R’= tBu) which has been obtained from 3 (R’= 

Ad) by restricting the adamantyl (Ad) group to tert-butyl (tBu), see Figs. 2-5) without any 

symmetry restrictions. The stability of the optimized geometries has been tested by vibrational 

analysis of the resulting energy minima to avoid transition state or saddle point geometries. 

Relative energies of various spin states of the same complex have been corrected using 

restricted open-shell single-point calculations (replacing the electron energy in unrestricted 

energy data) except “broken symmetry” singlet state (BS) where the energy difference 

between singlet (ES) and triplet (ET) states is evaluated as given in Eq. (1): 

 
 

 21 0.5

BS uT

S T

BS

E E
E E

S


 


        (1) 

where EuT is an open-shell energy of the triplet state, and EBS and ⟨S2⟩BS are the energy and 

spin expectation values of the “broken symmetry” singlet state, respectively [16, 17]. 
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Fig. 2. Optimized structure of a neutral {Phenyl-tris(3-mesitylimidazol-2-ylidine)borato}-

nitrido-iron(IV) complex, (1), in singlet spin state. 

 

 

Fig. 3.  Optimized structure of a neutral Nitrido-{phenyltris-(1-t-butyl-imidazol-2-

ylidene)borato}-iron(IV) complex, (2), in singlet spin state. 

 

  

The electronic structure of the complexes under study has been evaluated in terms of 

Quantum Theory of Atoms in Molecules (QTAIM) analysis [18]. QTAIM atomic charges are 

obtained using the electron density integrated over atomic basins (up to 0.001 e/bohr3 level). 

QTAIM bond characteristics are evaluated in terms of electron density, , its Laplacian, 2, 

given by the relation 
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Fig. 4. Optimized structure of a {Phenyl-tris(3-mesitylimidazol-2-yliden-1-yl)borate}-(1-

adamantylimido)-iron(IV) cation, (3)+, in triplet spin state. 

 

Fig. 5. Optimized structure of a {Phenyl-tris(3-mesitylimidazol-2-yliden-1-yl)borate}-(t-

butylimido)-iron(IV) cation, (4)+, in triplet spin state. 

 

2

1 2 3             (2) 

and bond ellipticity, , given by the relation

1

2

1





         

each calculated at bond critical points (BCP), which are defined as: 1 2 30     , where 

i are the eigenvalues of the Hessian of the BCP electron density. The BCP electron density, 

BCP, is proportional to the bond strength; the value and sign of its BCP Laplacian, 2BCP, 
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describes the relative electron density contribution of the bonded atoms to the bond (covalent 

vs. dative bonding); its BCP bond ellipticity, BCP, describes its deviation from cylindrical 

symmetry (such as in ideal single or triple bonds) due to its double-bond character, 

mechanical strain, and other perturbations. 

QTAIM analysis was performed in the AIM2000 package [19] using the wave function 

from the G09 wfn file. 

 

RESULTS AND DISCUSSION 

We have performed B3LYP/6-311G* geometry optimization of the neutral molecules 1 (R = 
tBu) and 2 (R = Mes) as well as the singly charged cations of 3 (R’= Ad) and 4 (R’= tBu) in 

the singlet, triplet, and quintet spin states. In agreement with experimental observations [2], 1 

(R = tBu) and 2 (R = Mes) prefer the singlet spin state whereas 3 (R’= Ad) and 4 (R’= tBu) 

prefer the triplet spin state (Table 1). Since the relative energies of the other spin states 

indicate only vanishing populations, only the energetically preferred spin states will be 

discussed. The differences between experimental structural data and the optimized structures 

are compiled in Tables 2 and 3. Consistent with experimental data, the optimized iron imido 

structures do not retain the maximal possible Cs symmetry (a trigonal rotation axis is missing 

because of the phenyl group bonded to B atom) due to the pseudo-Jahn-Teller (PJT) effect.  

 

Table 1. Total Spin Squares (⟨S2⟩), DFT Energies (EDFT), and Free Energies at 298 K (G298) of 

B3LYP/6-311G* Optimized Structures of the Systems under Study in Various Spin States, S. 

Compound 

 

Charge S  Unrestricted Formalism  Restricted 

Formalism 

 Relative Energies 

   ⟨S2⟩ EDFT [Hartree] G298 [Hartree] EDFT [Hartree] ∆EDFT 

[kJ/mol] 

∆G298 

[kJ/mol] 

1   0 0 0.000 -2723.92827 -2723.36841 - 0 0 

  1 2.053 -2723.91344 -2723.35620 -2723.90985 49 41 

  2 6.152 -2723.88294 -2723.32864 -2723.87322 145 130 

2  0 0 0.000 -3299.27633 -3298.58620 - 0 0 

  1 2.040 -3299.25861 -3298.57213 -3299.25519 56 46 

  2 6.116 -3299.22241 -3298.53953 -3299.21323 166 147 

3  +1 0 1.058 -3689.30828 -3688.39363 - 98 106 

  1 2.210 -3689.32585 -3688.41260 -3689.31992 0 0 

  2 6.427 -3689.30994 -3688.40199 -3689.29317 70 56 

4  +1 0 1.055 -3456.99436 -3456.18801 - 96 110 

  1 2.178 -3457.01172 -3456.20782 -3457.00618 0 0 

  2 6.450 -3456.99442 -3456.19615 -3456.95302 140 125 
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Table 2. Experimental (standard deviations in parentheses) and B3LYP/6-311G* optimized 

geometry of the central part of 1 and 2 in various spin states (S). 

  1   2  

 Exp. [15]  S = 0 S = 1 S = 2 Exp. [3] S = 0 S = 1 S = 2 

Bond lengths [Å]         

Fe - Nnitride 1.512(1) 1.500 1.561 1.647 1.499(7) 1.491 1.555 1.647 

Fe - CNHC 1.928(1) 

1.928(1) 

1.915(1) 

1.948 

1.948 

1.924 

1.993 

2.131 

1.964 

2.110 

2.107 

2.083 

1.921(7) 

1.916(7) 

1.885(8) 

1.926 

1.926 

1.910 

1.964 

2.128 

1.938 

2.077 

2.109 

2.089 

Fe - B 2.939(1) 2.949 3.090 3.089 2.98(1) 2.975 3.177 3.115 

(C - N)NHC 1.369(2) 

1.364(2) 

1.361(2) 

1.367 

1.367 

1.362 

1.363 

1.356 

1.361 

1.364 

1.364 

1.357 

1.362(9) 

1.369(9) 

1.370(9) 

1.366 

1.366 

1.363 

1.363 

1.358 

1.358 

1.360 

1.362 

1.359 

NNHC- B 1.572(2) 

1.570(2) 

1.577(2) 

1.584 

1.584 

1.581 

1.578 

1.586 

1.575 

1.585 

1.586 

1.587 

1.57(1) 

1.555(1) 

1.58(1) 

1.588 

1.587 

1.584 

1.580 

1.590 

1.577 

1.586 

1.584 

1.591 

B - Cphenyl 1.607(2) 1.618 1.620 1.623 1.61(1) 1.616 1.618 1.622 

Bond angles [º]         

Nnitride- Fe - CNHC 120.85(6) 

119.82(6) 

121.44(6) 

120.6 

120.6 

120.9 

110.1 

150.1 

109.7 

105.4 

105.5 

155.4 

120.7(3) 

122.2(3) 

123.3(3) 

121.0 

121.3 

122.0 

107.9 

153.5 

109.9 

101.0 

100.3 

165.9 

Fe - (C - N) NHC 113.59(9) 

112.36(9) 

110.59(9) 

112.4 

112.4 

110.8 

115.9 

115.3 

114.4 

112.4 

112.5 

112.2 

114.6(5) 

115.6(4) 

114.2(5) 

114.6 

114.5 

112.6 

118.8 

116.0 

117.3 

115.1 

113.4 

113.0 

CNHC- Fe - CNHC 94.44(5) 

96.35(5) 

97.90(5) 

95.0 

96.9 

96.9 

89.6 

93.9 

90.3 

93.1 

91.3 

91.3 

93.6(3) 

95.4(3) 

94.2(3) 

94.1 

96.0 

95.8 

89.0 

92.1 

89.0 

94.5 

88.9 

88.8 

(C - N) NHC- B 119.4(1) 

120.9(1) 

123.4(1) 

120.6 

120.6 

123.2 

121.5 

119.0 

124.0 

122.4 

122.4 

123.8 

120.4(6) 

119.2(6) 

121.1(5) 

119.5 

119.6 

122.3 

120.0 

119.1 

122.4 

121.2 

121.6 

123.6 

NNHC- B - NNHC 103.7(1) 

106.8(1) 

107.5(1) 

103.5 

107.3 

107.3 

103.7 

107.5 

107.6 

104.1 

108.7 

108.8 

104.1(5) 

106.1(5) 

106.8(5) 

103.6 

106.8 

106.7 

103.6 

106.8 

107.2 

104.8 

108.0 

107.7 

NNHC- B - Cphenyl 117.1(1) 

114.1(1) 

107.1(1) 

115.3 

115.3 

107.7 

114.7 

114.9 

108.1 

114.3 

114.1 

106.7 

115.4(6) 

116.5(6) 

107.2(5) 

115.5 

115.6 

108.0 

115.4 

115.1 

108.2 

114.2 

114.7 

107.1 

B - Fe - Nnitride 178.56(6) 179.2 155.3 148.2 177.9(3) 178.8 152.3 138.2 

Fe - B - Cphenyl 172.78(9) 173.8 172.6 174.2 173.1(5) 173.9 172.7 174.5 
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Generally speaking, all bond lengths and/or interatomic distances between iron and the 

ligating atoms (including formally also boron) are shorter for the nitrido than the imido 

compounds, implying that these bonds are weaker in 3 (R’= Ad) and 4 (R’= tBu). This 

suggests that the one σ and two π dative bonding picture of the [Fe-N]+ moiety of nitrido 

compounds (1and 2) yields a stronger bond compared to the [Fe-NR] imido compounds (3 

and 4). Interestingly, the stronger Fe-N dative interactions in 1 (R = Ad) and 2 (R = tBu) 

increases the electron density at the central Fe atom which is manifested in the shorter 

interatomic distances.  

The QTAIM charge (Table 4) on Fe is larger in the cations (3)+ (R’= Ad) and (4)+ (R’= 
tBu) than in 1 (R = Ad) and 2 (R = tBu). An interesting observation is that, unlike the imido 

complexes, for which the cations (3)+ (R’= Ad) and (4)+ (R’= tBu) have nearly equal Nimido 

atomic volumes and charges, these properties of the nitrido ligands are sensitive to 

tris(carbene)borate ligand substituent (R). Specifically, the Nnitrido in 1 (R = tBu) has a smaller 

atomic volume and a more negative charge than in 2 (R = Mes), which suggests that the 

nitrido ligand in 1 (R = tBu) should be more reactive, counter to experimental observations. 

However, while the tBu groups in 1 effectively shrink the volume of the nitrido ligand, 

increasing its charge density, they also screen interactions with substrates and reduce its 

reactivity as compared with 2 where there is essentially no steric hindrance between Nnitrido 

and R = Mes. 

 Bond critical point (BCP) analysis (Tables 5 - 6) reveals that the Fe - Nnitrido bonds in 1 

(R = tBu) and 2 (R = Mes) are stronger than the corresponding Fe - Nimido bonds in cations (3)+  

(R’= Ad) and (4)+ (R’= tBu). The vanishing BCP ellipticity agrees with a bonding interaction 

composed of one σ and two almost equivalent perpendicular π interactions. More positive 

BCP Laplacian values of all Fe - Nimido than for the Fe – Nnitrido bonds indicate a greater degree 

of electron density transfer between iron and the imido ligand. While this seems counter-

intuitive based on the assumption that the Fe – Nnitrido dative bond is stronger, this is caused by 

the contributions of the perpendicular negative eigenvalues of the Hessian which are twice as 

negative for the Fe – Nnitrido (ca. -0.70 e/bohr5) than the Fe - Nimido (ca. –0.33 e/bohr5) bonds 

(see Table 7), i.e., the perpendicular π donor-acceptor interactions are more pronounced for 

the nitrido complexes. The dominating positive eigenvalue in the bond direction is slightly 

larger for Fe – Nnitrido (ca. 1.80 e/bohr5) than Fe - Nimido (ca. 1.67 e/bohr5), which favours a 

shorter and stronger bond with a slightly more convex distribution of the electron density 

along this bond. 
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Table 3. Experimental (standard deviations in parentheses) and B3LYP/6-311G* optimized 

geometry of the central part of the cations  (3)+ and (4)+ in various spin states (S). 

  (3)+   (4)+  

 Exp. [4] S = 0 S = 1 S = 2 S = 0 S = 1 S = 2 

Bond lengths [Å]        

Ctert - Nimide 1.439(5) 1.423 1.418 1.402 1.439 1.435 1.418 

Fe - Nimide 1.618(3) 1.644 1.636 1.730 1.642 1.631 1.732 

Fe - CNHC 1.978(3) 

1.956(4) 

1.972(3) 

1.988 

1.931 

1.985 

2.022 

1.979 

2.022 

2.076 

2.037 

2.135 

1.986 

1.930 

1.982 

2.023 

1.976 

2.011 

2.077 

2.092 

2.064 

Fe - B 3.125(5) 3.092 3.131 3.115 3.093 3.130 3.113 

(C - N) NHC 1.352(5) 

1.340(4) 

1.351(5) 

1.354 

1.354 

1.355 

1.354 

1.352 

1.354 

1.358 

1.356 

1.361 

1.354 

1.354 

1.354 

1.353 

1.352 

1.354 

1.358 

1.359 

1.358 

NNHC- B 1.571(5) 

1.576(5) 

1.584(5) 

1.588 

1.580 

1.588 

1.588 

1.378 

1.591 

1.598 

1.600 

1.586 

1.588 

1.580 

1.589 

1.591 

1.579 

1.588 

1.598 

1.590 

1.600 

B - Cphenyl 1.591(6) 1.606 1.607 1.611 1.505 1.606 1.611 

Bond angles [º]        

Ctert -Nimine- Fe 176.8(2) 168.9 179.1 170.9 169.0 178.7 171.9 

Nimide- Fe - CNHC 128.3(1) 

123.2(1) 

125.8(1) 

130.6 

110.9 

129.8 

126.9 

119.1 

129.2 

129.0 

126.2 

116.5 

130.3 

110.8 

130.2 

130.3 

118.8 

126.1 

126.8 

116.1 

128.9 

Fe - (C - N) NHC 119.9(2) 

118.4(2) 

119.1(2) 

117.8 

115.6 

117.7 

117.9 

116.1 

117.8 

114.8 

112.6 

113.4 

118.0 

115.7 

117.9 

118.2 

116.1 

118.0 

114.7 

111.8 

114.6 

CNHC- Fe - CNHC 89.1(1) 

89.4(1) 

89.4(1) 

91.2 

91.5 

90.8 

89.9 

90.9 

89.2 

93.3 

90.2 

90.8 

91.2 

91.5 

90.7 

90.2 

90.5 

89.2 

91.1 

92.0 

91.4 

(C - N) NHC- B 119.3(3) 

121.8(3) 

120.0(3) 

119.6 

123.6 

119.6 

120.2 

123.6 

120.1 

121.8 

125.2 

121.8 

119.5 

123.6 

119.5 

119.9 

123.6 

120.2 

121.7 

124.9 

121.8 

NNHC- B - NNHC 105.3(3) 

103.4(3) 

105.7(3) 

105.8 

103.2 

105.6 

106.1 

103.3 

105.9 

107.7 

103.6 

107.6 

105.7 

103.3 

105.6 

106.1 

103.2 

105.8 

107.7 

103.2 

107.7 

NNHC- B - Cphenyl 117.7(3) 

109.2(3) 

114.5(3) 

115.8 

109.4 

116.0 

115.7 

109.3 

115.8 

114.6 

107.5 

115.4 

115.8 

109.5 

116.1 

115.6 

109.3 

115.9 

114.9 

108.0 

114.9 

B - Fe - Nimide 177.5(1) 167.4 174.4 171.5 167.3 173.8 172.4 

Fe - B - Cphenyl 174.0(3) 173.7 174.1 172.8 173.7 174.1 174.9 
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Table 4. QTAIM B3LYP/6-311G* atomic volumes (V) and charges (q) of the central part of 

the systems under study in the optimized geometries for the most stable ground spin states (S). 

 

 1  2  (3)+  (4)+  

 S = 0  S = 0  S = 1  S = 1  

 V 

[bohr3] 

q V [bohr3] q V [bohr3] q V [bohr3] q 

Nnitrido 

/imido 

138.8 -0.67 160.8 -0.59 119.1 -0.85 118.1 -0.83 

Fe 74.9 +1.00 75.8 +1.00 83.6 +1.25 82.2 +1.25 

CNHC 65.7 

65.8 

65.0 

+0.68 

+0.67 

+0.69 

64.8 

66.4 

65.7 

+0.68 

+0.68 

+0.69 

72.8 

69.1 

73.0 

+0.47 

+0.52 

+0.47 

73.1 

68.9 

71.7 

+0.47 

+0.52 

+0.48 

NNHC 81.7 

81.7 

81.9 

-1.35 

-1.35 

-1.36 

82.3 

82.2 

82.2 

-1.35 

-1.35 

-1.35 

78.4 

78.4 

78.4 

-1.14 

-1.15 

-1.14 

78.5 

78.4 

78.3 

-1.14 

-1.15 

-1.14 

B 14.7 +2.08 14.8 +2.08 17.8 +1.94 17.8 +1.94 

 

 

Table 5. QTAIM B3LYP/6-311G* characteristics of bond critical points (BCP) of central 

parts of neutral 1  and 2  complexes in singlet ground spin state. 

 

  1   2  

 ρBCP 

[e/bohr3] 


2ρBCP 

[e/bohr5] 

εBCP ρBCP 

[e/bohr3] 


2ρBCP 

[e/bohr5] 

εBCP 

Fe - Nnitrido 0.3336 0.4043 0.007 0.3410 0.3963 0.009 

Fe - CNHC 0.1162 

0.1162 

0.1221 

0.2942 

0.2936 

0.3053 

0.463 

0.468 

0.453 

0.1217 

0.1216 

0.1257 

0.3111 

0.3105 

0.3191 

0.459 

0.446 

0.448 

(C - N) NHC 0.3150 

0.3149 

0.3177 

-0.8236 

-0.8236 

-0.8286 

0.086 

0.086 

0.079 

0.3157 

0.3154 

0.3180 

-0.8372 

-0.8376 

-0.8413 

0.082 

0.081 

0.075 

NNHC- B 0.1400 

0.1400 

0.1411 

0.2495 

0.2495 

0.2543 

0.047 

0.047 

0.048 

0.1386 

0.1387 

0.1399 

0.2440 

0.2443 

0.2497 

0.045 

0.047 

0.079 

B - Cphenyl 0.1701 -0.2464 0.046 0.1710 -0.2493 0.046 
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Table 6. QTAIM B3LYP/6-311G* characteristics of bond critical points (BCP) of central 

parts of 3  and 4  cations in triplet ground spin state. 

 

  (3) +   (4) +  

 ρBCP 

[e/bohr3] 


2ρBCP 

[e/bohr5] 

εBCP ρBCP 

[e/bohr3] 


2ρBCP 

[e/bohr5] 

εBCP 

Ctert-Nimido 0.2636 -0.5695 0.000 0.2547 -0.5286 0.000 

Fe - Nimido 0.2025 1.0764 0.005 0.2053 1.0834 0.005 

Fe - CNHC 0.1011 

0.1097 

0.1011 

0.2371 

0.2579 

0.2344 

0.166 

0.439 

0.132 

0.1013 

0.1105 

0.1033 

0.2329 

0.2559 

0.2386 

0.100 

0.429 

0.198 

(C - N) NHC 0.3063 

0.3079 

0.3064 

-0.7499 

-0.7608 

-0.7499 

0.090 

0.091 

0.090 

0.3070 

0.3081 

0.3065 

-0.7520 

-0.7614 

-0.7514 

0.091 

0.093 

0.092 

NNHC- B 0.1319 

0.1354 

0.1308 

0.2302 

0.2299 

0.2285 

0.105 

0.127 

0.106 

0.1308 

0.1354 

0.1317 

0.2290 

0.2304 

0.2300 

0.107 

0.129 

0.105 

B - Cphenyl 0.1704 -0.3134 0.041 0.1712 -0.3149 0.041 

 

Table 7. B3LYP/6-311G* eigenvalues of 2ρBCP of Fe-Nnitrido/imido bonds (λ1 < λ2 < λ3) and 

corresponding BCP distances to Fe (dFe-BCP) and N (dN-BCP) atoms in the systems under study 

in the optimized geometries for  the most stable ground spin states (S). 

 

Compound Charge S λ1 

[e/bohr5] 

λ2  

[e/bohr5] 

λ3 

[e/bohr5] 

dFe-BCP 

 [bohr] 

dN-BCP 

[bohr] 

1 0 0 -0.6870 -0.6868 1.7781 1.555 1.280 

2 0 0 -0.7100 -0.7040 1.8103 1.551 1.266 

3 +1 1 -0.3248 -0.3223 1.6630 1.602 1.490 

4 +1 1 -0.3307 -0.3282 1.6819 1.599 1.482 

 

We have not found any Fe - B bond path (see Fig. 6). The absence of this bonding 

interaction is supported by the presence of a cage critical point (i.e. a local electron density 

minimum) in the centre of the B(μ-imidazolylidene)3Fe cage for all complexes. 
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(1) 

 

(2) 

  

(3)+ 

 

(4)+ 

 

Fig. 6. B3LYP/6-311G* QTAIM molecular graphs of the central parts of the systems under 

study in the most stable spin states (B - violet, Fe - white, C - black, N - blue, H - grey, bond 

critical points - red, ring critical points - yellow, cage critical points - green). 

 

Concerning the results of the QTAIM analysis, we note that the Fe and B atoms in 

imido cations (3)+ (R’= Ad) and (4)+ (R’= tBu) have higher atomic volumes (Table 4) and 

electron density than neutral nitridos 1 (R = tBu) and 2 (R = Ad). This means that the longer 

the bonds, the larger the volume of the central atom, which correlates also with the charge of 

Fe in the studied systems. The same holds also for the B-CNHC bond lengths and 

volume/charge of B atom, when comparing 1 (R = tBu) and 2 (R = Ad) with cations (3)+  (R’= 

Ad) and (4)+ (R’= tBu). On the other hand, CNHC and NNHC atoms in 1 (R = tBu) and 2 (R = 

Ad) exhibit higher atomic volumes than in cations (3)+ (R’= Ad) and (4)+ (R’= tBu), whereas 

their charges in 1 (R = tBu) and 2 (R = Ad) are lower than in cations (3)+  (R’= Ad) and (4)+ 

(R’= tBu) (i.e. less polar CNHC - NNHC bonds in nitrides). The Ctert-Nimide bond is slightly 

stronger for cation (3)+  (R’= Ad) than cation (4)+ (R’= tBu), and its very small BCP ellipticity 
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indicates a σ bond with possible equivalent perpendicular π contributions (Table 6). These 

bonds have a covalent character according to the Laplacian sign. Dative Fe - CNHC bonds are 

considerably weaker than the Fe-Nnitrido/imido ones in all systems under study and their high 

BCP ellipticities indicate mechanical strain rather than high π contributions. This is supported 

by very high εBCP differences between individual bridges. The (C-N)NHC bonds are stronger 

than Ctert-Nimide and Fe-Nimide ones but weaker than Fe-Nnitride ones, when considering BCP 

electron density values and curvature (Laplacian). The (C-N)NHC bonds are stronger than Ctert-

Nimide and they are typical covalent π-bonds. The B-NNHC bonds can be interpreted as stronger 

than the Fe-CNHC ones, they have dative character and their non-vanishing ellipticity might 

indicate both π contribution from imidazole rings and mechanical strain in all systems under 

study. The B-Cphenyl bonds are covalent with a π contribution from the direct interaction with 

the aromatic ring. 

Finally it may be concluded that the spin state preferences of the two sets of complexes 

can be directly ascribed to the donor properties of the imido and nitrido ligands. Although 

both ligands can bind to iron through one - and two -symmetry interactions, a critical 

difference between the two is the lower -donor ability of the imido ligand that is a 

consequence of stabilizing interactions with its substituent. This factor, along with the smaller 

charge of the imido ligand, reduces the energy of the -interactions with the iron center. The 

-donor ability of the apical ligand is therefore a sufficient parameter in general for tuning the 

spin states of d4 complexes in three-fold symmetry. With appropriate coordination 

environments this tuning is expected to facilitate singlet/triplet spin state transitions. Even the 

imido substituent (R) may have an effect on electronic structure as well. Such fundamental 

understanding of the ability of coordination chemistry to control spin state has relevance to the 

design of spin-based molecular devices. 
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The complexation properties of various low molecular-weight sugar type ligands in strongly alkaline 

aqueous solutions are of relevance in, e.g., the cementitious pore water of radioactive waste repositories or in the 

hydrometallurgical extraction of metals, etc. A number of papers have been published by us within this topic. It 

was found, that D-gluconate (Gluc–) under hyperalkaline conditions forms high stability multinuclear complexes 

with Ca2+ [1]. Similar observations were made with using D-heptagluconate [2] and L-gluconate [3].  

In the current work, the hyperalkaline complexation processes in the Ca2+/D-gluconate system have been 

studied under hypersaline conditions (I = 4 M NaCl) and over the temperature range of 25 – 75 oC by pH 

potentiometry and 13C NMR spectroscopy. At first, to validate our method the pKw of the solutions have been 

determined at various temperatures and compared to the results given in the literature. Then the deprotonation of 

the alcoholic OH– group(s) of the ligand has been investigated. It was found that a second deprotonation of the 

anion should be taken into account at 4 M ionic strength, this is somewhat different from the speciation obtained 

at I = 1M. Finally, the temperature dependence of the stability constants of the complexes, forming in the 

Ca2+/Gluc–/OH– system has been compared. 

 

INTRODUCTION 

Polyhydroxy carboxylates are known to sequester Ca2+ ions in aqueous solutions. In 

acidic and neutral media, the formation constant of the first stepwise complex are relatively 

small (log = 1.0–1.9, depending on the method of measurement and the experimental 

conditions). However, under hyperalkaline conditions the formation of high stability 

complexes can be observed, where the metal ion is bound via the alcoholate group(s) [2]. In 

radioactive waste repositories these complexation properties are commonly utilized. In 

cementitious pore waters one of the major metal ions is Ca2+ with a total concentration 

ranging from 10-4 M to 2×10-2 M. In addition, sugar derivatives such as gluconate (e.g., 

hereafter Gluc–) can also be present in significant amount with a maximum concentration of 

[Gluc–]T = 10-2 M [1]. These ligands are also able to form stable binary complexes with 

various metal ions, such as transition metals [4], lanthanides [5] or actinides [6]. This ability 

is even more pronounced under alkaline conditions [7]. Therefore, this might be a deciding 

factor during the installation or recultivation of radioactive waste repositories. 
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Despite of the numerous papers published in the literature, concerning the metal – 

carbohydrate interactions, the behaviour of Gluc– and its complexation with Ca2+ in alkaline 

aqueous solutions is not well characterized. Previous studies showed, that under hyperalkaline 

conditions polynuclear [Ca2Gluc(OH)3]
0 (log = 8.04 ± 0.02) and [Ca3Gluc2(OH)4]

0 

(log = 12.44 ± 0.04) complexes might be the predominant species [1]. 

Considering its wide-range industrial applications (annually at least 60 000 tons of 

gluconic acid produced and used worldwide [8]) our goal was to investigate the effect of the 

elevated temperature and the high ionic strength on the speciation, and to compare them with 

the previous results. 

 

EXPERIMENTAL  

Reagents and solutions 

Stock solutions from each compound were prepared using anhydrous sodium D-

gluconate (Sigma–Aldrich, ≥99% purity) and calcium chloride dihydrate (Analar Normapur, 

a. r. grade) and hydrochloric acid (VWR, ACS reagent grade). Ionic strength was set with 

sodium chloride (Analar Normapur, a. r. grade). ~4M sodium hydroxide stock solution was 

made by gravimetric dilution of a highly concentrated (50 w%) sodium hydroxide (Analar 

Normapur) solution and standardized by titration of malonic acid (Fluka, purum; ≥98%). Prior 

to measurements, the exact concentration of calcium chloride solution was determined by 

EDTA titration. For the NMR measurements the samples were placed in PTFE liners, then 

these liners were inserted into quartz tubes containing D2O (Sigma–Aldrich, ≥99% purity). 

Deionized water (Merck Millipore Milli-Q) was used to prepare the samples in every case.  

 

Potentiometric titrations 

Potentiometric titrations were performed using a Metrohm 888 Titrando instrument. 

Custom made glass cells (max. volume 120 cm3) for the titrations were externally 

thermostated. During the titrations the temperature was adjusted to 25.00 ±0.04°C, 50.00 

±0.04°C and 75.00 ±0.04°C, respectively. 

The measurements were carried out using a H2/Pt electrode, which was prepared according to 

the instructions described in the literature [9]. The full electrochemical cell consisted of a 

platinized-platinum hydrogen electrode and a thermodynamic Ag/AgCl reference electrode, 

and was constructed as follows: 

 H2/Pt | test solution, I = 4 M (NaCl) || 4 M NaCl | 4 M NaCl, Ag/AgCl  (1) 

Potentiometric titrations with systems containing both Ca2+ and Gluc– were performed with 

0.005 M initial NaOH concentration of each titrated solution. The titrant was 0.9961 M NaOH 

and the ionic strength was set to 4.0 M with NaCl. The starting volume was 70 cm3 and a 

maximum of 25 cm3 titrant was added in each case. The [NaGluc]T concentration (hereafter 
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the T in subscription denotes total or analytical concentration) was varied between 0.050 – 

0.200 M; the [CaCl2]T concentration was varied between 0.025 – 0.125 M. 

 

NMR experiments 

The spectra of the solution prepared were recorded on a BRUKER Avance DRX 500 

MHz NMR spectrometer equipped with a 5 mm inverse broadband probe head furnished with 

z oriented magnetic field gradient capability. In the measurements the magnetic field was 

stabilized by locking it to the 2D signal of the solvent. The sample temperature was set to 25 ± 

1 °C during data acquisitions. For the individual samples 128 scans were taken to record 1H 

NMR spectra and 256 to 512 scans to obtain the 13C NMR spectra. During the 13C NMR 

acquisitions the proton decoupler was turned on. 

During the deprotonation measurements, the analytical concentration of Gluc– in the 

test solutions was 0.200 M, and the concentration of sodium hydroxide was systematically 

raised from 0 M to 2.989 M. The ionic strength was set to 4.0 M with NaCl. 

 

Computation 

The equilibrium constants and limiting chemical shifts of the species forming during the 

deprotonation of Gluc– were calculated with the aid of the PSEQUAD suite of computer 

programs [10]. The pKw values were calculated with the program pHCali v1.32a based on the 

nonlinear evaluation of the cell potential vs. titrant volume data [11]. The formation constants 

throughout this manuscript, pq-r are defined as  

 
r

rqp

r

rpq

H






 
]H[][L][Ca

]L[Ca
q–p2

2

qp
  (1) 

where L– = Gluc–. 

 

 

RESULTS AND DISCUSSION 

Determination of the ionic product of water 

During the evaluation of the measurements, first the determination of the ionic product 

of water (hereafter pKw) was necessary. In the literature, data of the ionic product of water 

under superambient conditions are very scarce. The value of pKw = 14.29 at 4 M ionic strength 

is only reported at 25 °C [12] in literature and more values, (pKw = 14.26 with glass electrode 

and pKw = 14.31 with platinum electrode), can be obtained by linear interpolation from data 

given elsewhere [9]. 

Our method was based on the nonlinear fitting of the function of cell potential vs. titrant 

volume. Traditional linearization can only be applied precisely when the carbonate content of 

the titrant is negligible (equal to zero, theoretically). The program suite pHCali [11] can 
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handle the carbonate content by taking into account the error both of the measured potential 

and the volume of the titrant, while the slope, intercept and pKw can be fitted at the same time. 

This technique requires a strong acid – strong base (e.g. HCl/NaOH) and a weak acid – 

strong base (malonic acid/NaOH) titration. The two stepwise acid dissociation constants of 

malonic acid (pKa,1 = 3.44 and pKa,2 = 6.12) at 25 °C and 4 M ionic strength, were taken from 

the literature [13] and were applied also during the calculations for 50 °C. 0.01 M HCl for the 

strong acid – strong base and 0.01 M malonic acid for the weak acid – strong base titration 

were employed and 0.1 M NaOH was used as titrant. 

 

 

Figure 1. Temperature-dependence of the ionic product of water. Experimental conditions: 

T = 25, 50 and 75 °C, I = 4 M NaCl. The slope and intercept, ΔH and ΔS, are  

(–56 ± 3) kJ/mol and (85 ± 11) J/(mol∙K), respectively. The R2 parameter is 0.9963. 

 

At 25°C temperature the ionic product value obtained this way was pKw = 14.26, which 

is nearly identical to the data acquired in the literature, therefore validating our measurements. 

Two parallel measurements were conducted at 25 °C, 50 °C and 75 °C. The evaluation at 

75 °C resulted in the highest deviation between the two parallel sets. Still, fitting the data 

resulted in a straight line (Figure 1.) and so the enthalpy and entropy are 56 ± 3 kJ × mol-1 and 

85 ± 11 J × mol-1 × K-1, respectively. Comparison with the data in the literature                      

(–55 ± 8 kJ × mol-1 and 80 ± 8 J × mol-1 × K-1) shows very good agreement [13]. This proves 

that the potentiometric titration system employed by us provides reliable data and these 

measurements can be considered as validating experiments regarding cell performance. 

 

The deprotonation of gluconate at elevated temperatures 

The deprotonation of Gluc– was investigated via 13C NMR spectroscopy and pH 

potentiometry. The measurements were performed in a solution series containing 0.200 M 

NaGluc and 0–2.989 M NaOH. The observed high change in the chemical shifts suggested 

that deprotonation takes place to a high extent. The order of relative variation was: 
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C3 < C1 < C6 < C5 < C2 < C4. Comparing these with the change found during the 

protonation of the carboxylate group of Gluc– (C6 < C5 < C3 < C4 < C1 < C2, occurring at 

pH = 2–6) [15], shows that the sequences were quite different. Fitting the measured chemical 

shifts resulted in pK = 14.20 ± 0.01, (fitting parameter: 0.025 ppm) which was higher than 

expected, considering the measurements for the protonation of Gluc–, where the measured 

changes were in the same order of magnitude. Using this constant, systematic errors can be 

observed on Figure 2, implying the existence of at least one further parallel chemical reaction. 

Therefore, a second deprotonation of the anion was taken into account, and that assumption 

lowered the fitting parameter (to 0.003 ppm). The correction of the model resulted in 

pK1 = 14.007 ± 0.003 and pK2 = 15.25 ± 0.04 for the two consecutive deprotonation steps. 

Since GlucH–2
3– is formed only up to ~20%, the uncertainty of the second deprotonation 

constant and the corresponding limiting chemical shifts are higher. Although, this could imply 

that in strongly caustic solutions Gluc– becomes (partly) doubly charged and this state is 

stabilized by the presence of Na+ ions in the solution via ion-pairing. 

Considering the maximum of [NaOH]T = 0.26 M used during the potentiometric titrations, 

Gluc– might be in the form of free ion and one-fold deprotonated form. The results obtained 

from the potentiometric titrations seemed to verify this expectation, since only one 

deprotonation constant could be fitted. The pK1 determined this way was 13.88 ± 0.01, which 

 

Figure 2. Measured (symbols) and calculated (lines) 13C chemical shifts for gluconate in presence of 

NaOH. Experimental conditions: T = 25 °C, I = 4 M; [NaGluc]T = 0.200 M, [NaOH]T = 0–2.989 M. 

Calculations were performed using the first and/or second deprotonation constants of Gluc–. Dashed 

lines: one-fold, solid lines: one- and two-fold deprotonation is assumed. 
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agrees well with that obtained from NMR spectroscopic results considering the different 

experimental method. Expressing this formation constant with the OH– ion (0.42 from 

potentiometric titration and 0.29 from NMR spectroscopy) using pKw = 14.30, it becomes 

comparable and agrees with the respective value (0.08) reported by others at 1 M ionic 

strength [1]. Consequently, the deprotonation occurs more readily at higher ionic strength, 

which might be caused by the direct effect of ionic strength through the activity coefficients. 

The results of the potentiometric measurements obtained at various temperatures are 

summarized in Table 1. The change in pKa is too small to accurately characterize any 

variation with temperature, but it seems to be lower at 75 °C than at 25 °C (expressed in terms 

of hydroxide ions). This implies that the complex formation may also be less favoured at 

higher temperature, since they are formed partially or completely by the deprotonation of the 

(free and bound) ligand. 

 

Complex formation between Ca(II) and gluconate 

Preliminary calculations have been carried out using the value of –13.88 for the 

deprotonation as well as –13.96 and –27.73 for the hydroxido complexes of Ca2+ (expressed 

as the deprotonation of coordinated water molecules) [16] to extract the stoichiometry and 

stability constants of the Ca2+ complexes forming in the studied solutions. The dominant 

complex seemed to be the Ca3Gluc2H–4
0 (log β32–4 = –43.95 ± 0.01) and the stability of the 

CaGlucH–1
0 could also be determined (log β11–1 = –11.80 ± 0.01). Contrary to the findings at 1 

M ionic strength the inclusion of the Ca2GlucH–3
0 in the model is not necessary [1]. However, 

the Ca2Gluc2H–4
2– seems to be present (log β22–4 = –46.86 ± 0.01) which is stabilized with a 

further Ca2+ giving the trinuclear species (Ca3Gluc2H–4
0). Generally, it was found that the 

existence of the third species (Ca2Gluc2H–4
2–) is uncertain but is required to describe the data 

obtained at 25 °C. 

The stability constants expressed with OH– ions are as follows: log β11–1 = 2.50 ± 0.01, 

log β22–4 = 10.34 ± 0.01 and log β32–4 = 13.25 ± 0.01. The respective data at 1 M are       

log β11–1 = 2.88 ± 0.01, log β21–3 = 8.08 ± 0.02 and log β32–4 = 12.59 ± 0.04. Significant 

difference is seen between the formation constants of the trinuclear species, most probably 

due to its favoured formation at high ionic strength.  

For the titrations performed at 1 M ionic strength, the Ca2GlucH–3
0 can be replaced by 

Ca2Gluc2H–4
2– (Both species exist possibly, but they cannot be distinguished by 

potentiometry). However, at 50 °C and 75 °C (Figures 4 and 5), this species can be excluded 

from the model according to the higher pKa obtained at elevated temperatures. Fitting together 

the formation constants and the deprotonation constant showed that this species forms in a 

very small extent (~15%) and its stability decreases significantly with the temperature. 

Additionally, the solubility product of calcium hydroxide decreases at high temperature, 
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reducing the number of experimental points at 75 °C (for which the system is still 

homogenous). 

In the case of CaGlucH–1
0 and Ca3Gluc2H–4

0 the formation constant decreases with the 

increasing temperature, so these processes are exothermic. Although, the deprotonation of the 

complex may be endothermic, on the other hand, it is overcompensated by the exothermic 

association of the H+ and OH– ions. 

 

Figure 3. Measured (symbols) and calculated (lines) cell potentials for gluconate in presence of CaCl2 

and NaOH. Experimental conditions: T = 25 °C, I = 4 M; [NaGluc]T = 0.050–0.200 M, 

[CaCl2]T = 0.025–0.152 M; [NaOH]T = 0.005 M. The titrant was 1 M NaOH.  
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Figure 4. Measured (symbols) and calculated (lines) cell potentials for gluconate in presence of CaCl2 

and NaOH. Experimental conditions: T = 50 °C, I = 4 M; [NaGluc]T = 0.050–0.200 M, 

[CaCl2]T = 0.025–0.152 M; [NaOH]T = 0.005 M. The titrant was 1 M NaOH.  

 

Figure 5. Measured (symbols) and calculated (lines) cell potentials for gluconate in presence of CaCl2 

and NaOH. Experimental conditions: T = 75 °C, I = 4 M; [NaGluc]T = 0.050–0.200 M, 

[CaCl2]T = 0.025–0.154 M; [NaOH]T = 0.005 M. The titrant was 1 M NaOH.  



Modern trends in coordination, bioinorganic, and applied inorganic chemistry 
Edited by M. Melník, P. Segľa, and M. Tatarko 
Slovak Chemical Society, Bratislava  © 2017 

 

35 

 

Table 1. Calculated stability constants for the Ca2+/Gluc–/OH– system in the temperature 

range of 25–75 °C and at I = 4 M NaCl.  

Reaction 
T 

(°C) 
log β a 

ΔH 

(kJ/mol) 

ΔS 

(J/mol∙K) 

H+ + OH– = H2O 

25 14.26 b 
–56 ± 3 85 ± 11 

50 13.50 b 

75 12.84 b R2 = 0.9963 

Gluc– + OH– = GlucH–1
2– + H2O 

25 0.44 ± 0.01   

25 0.36 ± 0.01 c   

50 0.51 ± 0.01   

75 0.20 ± 0.01   

Gluc– + 2 OH– = GlucH–2
3– + 2 H2O 25 –0.30 ± 0.01 c    

Ca2+ + Gluc– + OH– = CaGlucH–1
0 + H2O 

25 2.50   

50 2.29   

75 2.20   

2 Ca2+ + 2 Gluc– + 4 OH– = Ca2Gluc2H–4
2– + 4 H2O 25 10.27   

3 Ca2+ + 2 Gluc– + 4 OH– = Ca3Gluc2H–4
0 + 4 H2O 

25 13.24 
–39 ± 2 124 ± 5 

50 11.68 

75 12.27 R2 = 0.9980 

 
a General 3 SD values are ± 0.03. 
b These constants were calculated from the ΔH and ΔS given in the Table 
c These constants were determined by 13C NMR spectroscopy (otherwise with potentiometry). 

 

CONCLUSIONS 

The hyperalkaline complexation processes in the Ca2+/Gluc– system have been studied 

under hypersaline conditions (I = 4 M NaCl) and over the temperature range of 25 – 75 oC by 

pH potentiometry and 13C NMR spectroscopy. The potentiometric titration system was 

validated via determining the pKw at various temperatures. The high ionic strength seemed to 

facilitate the formation of GlucH–1
2– and GlucH–2

3– - latter species was not possible to be 

observed at lower ionic strengths. The composition and formation constants of the polynuclear 

species forming in hypersaline and hyperalkaline conditions were also found to be slightly 

ionic strength dependent. 
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In the present study the complex formation between α-ketoglutarate (2-oxopentane-dioate, Ket2–) and calcium in 

neutral and in hyperalkaline media was studied. From Ca-ISE potentiometry, the formation constants of CaKet0 

and Ca2Ket2+ complexes formed in neutral solutions were determined to be logβ1,1 = 1.12  0.01 and 

logβ2,1 = 2.04  0.01, respectively. The deprotonation constant of Ket2– in highly alkaline medium was 

determined from UV-Vis spectrophotometry. It was found that the methylene group of Ket2– underwent 

deprotonation resulting in an enolate form after tautomerism. Temperature-dependent 1H NMR spectra revealed 

the presence of the enolate form. The deprotonation constant was found to be pKa = 15.3  0.1. The calcium-

complexing behaviour of Ket2– was also studied in strongly alkaline medium by UV-Vis spectrophotometry. The 

formation constant of CaKet(OH)2
2– was determined to be logβ1,1,2 = 4.67  0.02. The deprotonation as well as 

the calcium complexation were also studied by 1H and 13C NMR spectroscopies. 

 

INTRODUCTION 

The complex formation between calcium and sugar carboxylate type ligands in highly 

alkaline aqueous solutions has profound practical relevance. It has been recently published 

that D-gluconate [1] and D-heptagluconate [2] form unexpectedly high-stability multinuclear 

calcium complexes in hyperalkaline (pH > 13) medium. It has, therefore been revealed that in 

extremely caustic medium calcium is able to induce the deprotonation of a rather weak acid, 

such as an aliphatic alcohol. In this study, our aim was to investigate whether calcium was 

also able to promote the deprotonation of an oxocarboxylic acid (i.e., α-ketoglutaric acid), 

where the deprotonation occurs on the methylene group adjacent to the oxo-group forming an 

enolate ion. 

α-Ketoglutaric acid (2-oxopentanedioic acid, H2Ket, Fig. 1) is an important metabolite 

and a product (or substrate) of several enzymatic reactions [3-5]. Its two carboxylic groups 

undergo deprotonation in water. The pKa values corresponding to the deprotonations were 

determined by pH potentiometry, and were found to be pK1 = 2.8, pK2 = 4.8 (I = 0.1 M) [6], 

and pK1 = 1.997, pK2 = 4.592 (I not reported) [7]. To the best of our knowledge, up to date 
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only Schubert et al. reported about the complex formation between Ca2+ and Ket2– in neutral 

medium [8]. From ion-exchange measurements, the formation constant of the charge-neutral 

CaKet0 complex was estimated to be 1.29 (I = 0.16 M). 

Several other metal ion complexes of Ket2– have been reported in the literature. 

Similarly to calcium(II), strontium(II) also forms 1:1 complexes with Ket2– with logK = 1.14 

[8]. Smith et al. reported that in the presence of Cu(II) Ket2– formed CuKet0 and CuKet2
2– 

complexes with stepwise formation constants of logβ1 = 5.0 and logβ2 = 7.9, respectively. 

They also reported the formation of Fe(III) complexes with composition and formation 

constant similar to those of the copper complexes (FeKet+ and FeKet2
– with logβ1 = 5.2 and 

logβ2 = 8.2, respectively) [6]. Zinc(II) also forms ZnKet0 and ZnKet2
2– complexes with 

logβ1 = 1.13 and logβ2 = 1.7 [7]. The complex formation between Al(III) and Ket2– was 

studied in the acidic pH range [8]. The formation constants of the different species were 

determined by pH potentiometry, cyclic voltammetry and UV-Vis spectrophotometry and 

were found to be logβ1,1,1 = 6.55  0.02, logβ1,1 = 3.83  0.03, logβ1,1,-1 = -0.87  0.03, 

logβ1,2 = 5.75  0.05, logβ1,2,-2 = -4.58  0.06 and logβ2,1 = 6.32  0.03 for the AlHKet2+, 

AlKet+, AlKetH-1
0, AlKet2

–, AlKet2H-2
3–, Al2L

4+ complexes, respectively. 

α-Ketoglutarate is known to exist in several forms in aqueous solutions (Fig. 1). 

According to 1H NMR measurements, at pH 0.5, it exists as an equilibrium mixture of the 

cyclic (16 %), gem diol (53 %) and keto (31 %) forms [10]. 13C and UV absorption 

spectrophotometry yielded somewhat different distribution among the various forms (cyclic 

30 %, gem diol 35 % and keto 25 % [3] forms). However, it was shown that in neutral (or 

close to neutral) solutions, Ket2– existed predominantly as the keto form with about 7 % gem 

diol [3,10]. 

 

Fig. 1. The possible forms of α-ketoglutarate in aqueous solutions. 
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The behaviour of Ket2– in alkaline solutions was examined by Kozlowski et. al. [11]. It 

was shown that upon increasing the pH of a solution containing Ket2–, its methylene group 

adjacent to the C=O group underwent deprotonation resulting in enolate formation (see Fig. 

1). It was also demonstrated that a new peak appeared on the UV-Vis spectrum corresponding 

to the absorbance of the enolate ion at 263 nm. The deprotonation constant of Ket2– was 

calculated from UV-Vis measurements, and was found to be pK = 15.8 [11] (the ionic 

strength was not held constant). 

In the present study, the equilibrium properties and structure of Ket2– in alkaline 

medium, in the presence of Ca2+ was studied by potentiometry, NMR spectroscopy (both 1H 

and 13C) and UV-Vis spectrophotometry. 

 

EXPERIMENTAL PART 

Reagents and solutions 

Na-α-ketoglutarate stock solutions were prepared by neutralizing α-ketoglutaric acid 

(Sigma-Aldrich, ≥ 99% purity) with NaOH (Analar Normapur, a.r. grade) solution adjusting 

the pH to ~ 8. CaCl2 stock solutions were prepared by dissolving CaCl22H2O (Sigma-

Aldrich, ≥ 99% purity) in water, and the exact calcium concentration was determined by 

complexometric titration. The ionic strength was adjusted to 4.0 M with NaCl (Molar 

Chemicals, a.r. grade) in each sample. All reagents were dissolved in Milli-Q Millipore water. 

For Ca-ISE potentiometric titrations, 70 cm3 of a solution containing 10-4 M CaCl2 as 

initial concentration was titrated with 0.2 M CaCl2 up to 120 cm3, where the initial [Ket2–]T 

was set to 0 M during calibration, and to 0.1071, 0.1429 and 0.1786 M during measurements. 

Hereafter, [X]T and [X] denotes the total and equilibrium concentrations of species X, 

respectively. During the NMR measurements, the [OH–]T/[Ket2–]T ratio was varied between 0 

and 0.675, whilst [Ket2–]T was kept constant (0.2 M). The [Ca2+]T/[Ket2–]T ratio was 

systematically increased from 0 to 1, while [Ket2–]T and [OH–]T were set to 0.01 M and 0.1 M, 

respectively. For the UV-Vis measurements, the [OH–]T was varied between 0-3.5 M while 

[Ket2–]T was kept constant (0.0005 and 0.001 M). The [Ca2+]T/[Ket2–]T ratio was 

systematically increased from 0 to 10 keeping [Ket2–]T and [OH–]T constant (0.001 M and 

0.05 M, respectively). 

 

Apparatus and equipment 

Potentiometric titrations were conducted on a Metrohm 794 Titrando instrument using a 

combined calcium ion-selective electrode (Metrohm) at constant ionic strength (4.0 M) and 

constant temperature ((25.0 0.1) °C). The response of the electrode at 4.0 M ionic strength 

was found to be nonlinear in the –4.0 < log([Ca2+]/M) < –1.0 range, thus, a nonlinear 

calibration procedure was applied fitting splines onto the calibration curve with the Spline 
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Calculus program [12]. During calculations, the log([Ca2+]/M) values were fitted as a function 

of added volume of the titrant with the aid of the PSEQUAD software [14]. 

Nuclear Magnetic Resonance (NMR) spectra (1H and 13C) were recorded on a Bruker 

Avance DRX 500 MHz NMR spectrometer. Details of the experimental data processing are 

described in a previous study [13]. 

UV-Vis spectra were recorded on a Shimadzu UV-1650 PC instrument in the 200-400 

nm wavelength range at constant 4 M ionic strength. During calculations, the absorbance 

values were fitted as a function of [OH–]T or [Ca2+]T with the aid of the PSEQUAD software. 

 

RESULTS AND DISCUSSION 

Complex formation between Ket2– and Ca2+ in neutral medium – potentiometry 
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Fig. 2. Ca-ISE potentiometric titration curves of 

solutions containing Ket2– and Ca2+, in neutral 

medium, in terms of added titrant volume. 

V0 = 45 cm3, [Ca2+]T,0 = 10-4 M, titrant: [CaCl2]T 

= 0.2 M, initial [Ket2–]T values are shown in the 

figure, I = 4 M (NaCl), T = 25,0  0,1 °C. The 

dashed and solid lines correspond to the fitted 

chemical model assuming [CaKet]0 only and 

[CaKet]0 + [Ca2Ket]2+ together, respectively. 

Fig. 3. Distribution of Ca(II) among the various 

aqueous species in a solution containing  

[Ket2–]T = 0.10 M as a function of 

log([Ca2+]T/M) using the formation constants 

logK1,1 = 1.12 and logβ2,1 = 2.04. 

 

To determine the Ca2+ complex formation at equilibrium with Ket2–, Ca-ISE 

potentiometric titrations were carried out at constant temperature (25 °C) and constant ionic 

strength (4.0 M). The titration curves obtained for systems containing [Ket2–]T = 0.1071-

0.1786 M are shown in Fig. 2. It is seen that increasing the concentration of Ket2– in the 
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solutions, [Ca2+] decreases, and this effect is higher for higher [Ket2–]T. This effect indicates 

that complex formation occurs between Ca2+ and Ket2–. The three data sets were fitted 

simultaneously with the PSEQUAD program by minimizing the F fitting parameter. 

Assuming the formation of only the 1:1 complex, CaKet0, logK1,1 (defined as K1,1 = 

[CaKet0]/([Ca2+][Ket2–]) ) was determined to be 1.170.01 with F = 0.05 log([Ca2+]/M) unit. 

However, the average difference can be markedly decreased if the somewhat unexpected 

Ca2Ket2+ species is also taken into account (with β2,1 = [Ca2Ket]2+/([Ca2+]2[Ket2–]) ). This 

model gives logK1,1 = 1.120.01 and logβ2,1 = 2.040.03 with F = 0.02. The concentration 

distribution diagram can be seen in Fig. 3 showing that in the given concentration range the 

formation of the Ca2Ket2+ complex begins above log([Ca2+]/M) = –1.5. It has to be noted that 

the formation constant of CaKet0 was reported to be logK1,1 = 1.29 by Schubert e.al. [9]. The 

difference is most likely due to the lower ionic strength (0.16 M) they applied. 

 

Deprotonation of Ket2– in strongly alkaline medium from 1H NMR and UV-Vis measurements 

The 1H NMR spectrum of Ket2– consists of two well-separated triplets corresponding to 

the two methylene groups of the anion. Upon addition of NaOH to a solution containing 

[Ket2–]T = 0.2 M, the peak at around 2.8 ppm (which corresponds to the methylene group 

adjacent to the carbonyl group) broadens and shifts upfield (Fig. 4). This variation is most 

likely due to the deprotonation of this methylene group, which results in the enolate form after 

enol-oxo tautomerism (see Fig. 1). 

To determine the deprotonation constant of Ket2–, UV-Vis measurements were carried 

out at constant ionic strength (4.0 M) at the characteristic peak of the enolate form of KetH–1
3– 

with a maximum at 263 nm [11]. Upon addition of NaOH to a solution of [Ket2–]T = 0.001 M 

(Fig. 5), enolate is formed due to the CH deprotonation, therefore, the evaluation of these 

spectra yields the pKa value of Ket2–. During calculations, the absorbance values were fitted as 

a function of [OH–]T. 

The initial 0.353 average absorbance difference was minimized to 0.010 absorbance 

unit by assuming the formation of KetH-1
3– with pKa = 15.3  0.1. The molar absorbance of 

the deprotonated species was found to be  = 4400 M-1 cm-1. These values are in reasonable 

agreement with literature data reported by Kozlowski et.al. (pKa = 15.8 and 263 nm = 4800 M-1 

cm-1). It has to be noted that the extent of deprotonation is relatively low (27 %) even at 3.5 M 

NaOH. 

 

Complex formation between Ket2– and Ca2+ in alkaline medium – UV-Vis and 1H NMR 
1H NMR spectra of solutions containing [Ket2–]T = 0.01 M, [OH–]T = 0.1 M and 

increasing amount of Ca2+ are shown in Fig. 6. It is clearly seen that the peak adjacent to the 

carbonyl group (~2.8 ppm) broadens upon addition of Ca2+. This change is very similar to that 

observed for deprotonation suggesting the formation of the enolate form.  
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Fig. 4. 1H NMR spectra of solutions containing 

[Ket2–]T = 0.20 M and [OH–]T = 0-2.7 M, I = 

4 M (NaCl), T = (25  1) °C. 

 

Fig. 5. UV-Vis spectra of solutions containing 

[Ket2–]T = 0.001 M, [OH–]T =0-3.5 M, I = 4 M 

(NaCl), T = (22  2) °C. The peak at 263 nm 

corresponds to the enolate form of KetH−1
3–

. 
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Fig.6. 1H NMR spectra of solutions containing 

[Ket2–]T = 0.01 M, [OH–]T = 0.10 M and 

[Ca2+]T = 0-0.01 M, T = (25 ± 1) °C, I = 4 M 

(NaCl).

Fig.7. UV-Vis spectra of solutions containing 

[Ket]T = 0.001 M, [OH–]T = 0.05 M and 

[Ca2+]T = 0-0.01 M, I = 4 M (NaCl) T= (22 ± 2) 

°C.

 

Based on spectrophotometric results, the extent of deprotonation in the absence of Ca2+ 

would be only 2 %, thus, these changes have to be attributed to complexation. The complex 

formation was also examined by UV-Vis spectrophotometry. The amount of Ca2+ is limited by 
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its solubility in NaOH. However, the applied three series containing 0.05, 0.10 and 0.20 M 

NaOH allowed to increase the Ca2+ concentration to 0.010, 0.002, 0.001 M, respectively, 

which is comparable with the concentration of the ligand (0.001 M). 

 

The results of the measurements carried out in presence of 0.05 M NaOH are shown in 

Fig. 7. During calculations, the absorbance values were fitted as a function of [Ca2+]T, and the 

initial 0.029 unit difference was decreased to 0.006 assuming the formation of CaKetH–2
2– 

with logβ1,1,-2 = -23.91  0.02 (expressing with OH– ions this value is 4.67  0.02). The 

fraction of the complex regarding the total concentration of the ligand, reaches 46 % at the 

highest. 

Since it is unlikely that KetH–1
3– undergoes a second deprotonation step, the forming 

complex should be a calcium-hydroxido-enolate complex, in which OH– ion is bound to the 

calcium (Fig. 9). This is in line with our previous study [15]: in this pH range the Ca(II) is in 

the forms of Ca2+ and CaOH+. 

The concentration distribution diagram is seen in Fig. 8, where the fraction of Ca(II) is 

shown as a function of pH supporting the notion that the extent of complex formation is 

significant. 
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Fig. 8. Distribution of Ca(II) among the various 

aqueous species in a solution containing  

[Ket2–]T = 0.01 M and [Ca2+]T = 0.005 M as a 

function of pH. 

Fig.9. The possible structure of the 

CaKet(OH)2
2– complex. 
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CONCLUSIONS 

The Ca2+ complexation of Ket2– in neutral medium was studied by Ca-ISE 

potentiometry at T = (25.0  0.1) °C and I = 4.0 M (NaCl). It was found that Ket2– formed two 

different complexes with 1:1 and 2:1 compositions with logK1,1 = 1.12  0.01 and 

logβ2,1 = 2.04  0.03, respectively. 

From 1H NMR and UV-Vis measurements, it was demonstrated that upon increasing 

the pH of a solution containing Ket2–, CH deprotonation occurred after enol-oxo tautomerism 

resulting in the enolate form (CaKetH-1
3–). The deprotonation constant was determined to be 

pKa = 15.3 0.1 from UV-Vis spectrophotometry. 

It was also demonstrated that Ca2+ was able to induce the deprotonation of the 

methylene group of Ket2– in highly alkaline environment. The equilibrium stability product of 

the forming CaKetH-2
2– complex was found to be logβ1,1,-2 = –23.91  0.02 (expressing with 

OH– ions this value is 4.67  0.02), and this complex is most likely a calcium-hydroxido-

enolate complex, in which one OH– ion is bound to the calcium. 
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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. Dipicolinic acid (pyridine-2,6-dicarboxylic acid = H2dipic) 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. In this lecture we report the structural characterization of a three new groups 

manganese(III) and iron(III) dipicolinate ionic complexes with three types of cations. The general formula of 

anions in these complexes is [M(dipic)2]- (M = Mn(III) and Fe(III)). Each of the dipic anions are coordinate to 

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

dicarboxylate anion). The cations in these groups of complexes are 2-, 3- or 4-hydroxymethylpyridinium, 2- or 4-

carbamoylpyridinium, 1,10-phenantrolin-1-ium, or 2-(pyridin-2-yl)pyridinium and theirs derivatives. Observed 

structural data are discussed and correlated with those of known Mn(II/III) and Fe(II/III) complexes found in 

Cambridge Crystallographic Data Base. 

 

INTRODUCTION 

The chemistry of manganese and iron complexes is investigated recently since these 

metals are present in a various biological redox systems including peroxidases [1], catalases 

[2], superoxide dismutases [3], dioxygenases [4] and lipoxidases [5]. The manganese is also 

present in the oxygen evolving complex (OEC) in photosystem II of green plants which 

consists of a tetranuclear manganese cluster [6]. Iron proteins are significant functions in 

transport of oxygen [7] and electron transfer in a range of metabolic reactions [8].  

Dipicolinic (pyridine-2,6-dicarboxylic) acid is known to be a major component of 

bacterial spores [9]. Investigation of dipicolinic acid shows that it prevents oxidation of low 

density lipoprotein [10]. It is an enzyme inhibitor, plant preservative and food sanitizer [11]. 

Iron complexes with pyridinedicarboxylic acid derivatives enhance the production of spore 

photoproducts in bacterial spores upon UV irradiation and activation of dioxygen or hydrogen 
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peroxide in catalytic systems [12]. Iron dipicolinate complexes are also used as catalysts in 

epoxidation of aromatic olefins in the presence of a hydrogen peroxide [13-15]. 

Pyridinecarboxamides belong to the class of ligands which can coordinate metal ions and 

participate in strong hydrogen bonding interactions [16].  

 In this study we report the structural characterization of a three groups of new 

Manganese(III) and Iron(III) dipicolinate complexes with selected cations of N–donor pyridine 

ligands. The first group is formed by compounds with protonized 2-, 3- and 4-

pyridinemethanols: (2-pymeH)[FeIII(dipic)2][FeIII(H2O)2Cl(dipic)]∙2H2O (1), (3-

pymeH)[MnIII(dipic)2]∙1.5H2O (2), (4-pymeH)[FeIII (dipic)2]∙2H2O (3) and (4-

pymeH)[MnIII (dipic)2]∙2H2O (4) (dipic-2 = pyridine-2,6-dicarboxylic (dipicolinate) anion;  2-

pymeH = 2-hydroxymethylpyridinium cation; 3-pymeH = 3-hydroxymethylpyridinium cation; 

4-pymeH = 4-hydroxymethylpyridinium cation). The second group contains compounds with 

2- and 4-carboxamidepyridinium cations: (H-pia)[FeIII(dipic)2]∙3H2O (5),  (H-

pia)[MnIII(dipic)2](H2dipic)∙6H2O (6), (H-inia)[FeIII(dipic)2]∙3H2O (7) and (H-

inia)[MnIII(dipic)2].3H2O (8) (H-pia = 2-carboxamidepyridinium (picolinamidium) cation; 

H-inia = 4-carboxamidepyridinium (isonicotinamidium) cation). In the third group the 

compounds with cations of N,N-donor ligands are collected: 

[MnII(H2O)2(phen)2]{[MnIII(dipic)2]2}∙7H2O (9), (dmphenH)[MnIII(dipic)2]∙2H2O (10), 

(2,2ʹ-bipyH)[MnIII(dipic)2]∙3H2O (11), (4,4ʹ-bipyH)[MnIII(dipic)2]∙4H2O (12), 

[FeII(phen)3][FeIII(dipic)2]2∙4.83H2O (13) and [FeII(2,2ʹ-bipy)3][FeIII(dipic)2]2∙6.11H2O (14) 

(phen = 1,10 – phenantroline; dmphenH = 2,9-dimethyl-1,10 phenantrolinium cation, 2,2ʹ-

bipyH = 2-(2-pyriddyl)pyridinium cation and 4,4ʹ-bipyH = 2-(2-pyriddyl)pyridinium cation). 

 

EXPERIMENTAL PART 

Single-crystal X-ray diffraction measurements  

Intensity data for 4, 5, 7, 8 and 11 were collected using a Siemens P4 diffractometer with 

graphite monochromated MoKα radiation [17]. The diffraction intensities were corrected for 

Lorentz and polarization effects with XSCANS [18]. Absorption correction was applied using 

the program XEMP [18]. Intensity data for 1, 2, 3, 6, 9, 10, 12, 13 and 14 were collected by a 

Bruker-Nonius Kappa CCD diffractometer with graphite-monochromatized MoKα radiation (λ 

= 0.71073 Å). Absorption correction was applied using the program SADABS [19]. Data 

reductions were performed with EVALCCD [20]. The structures were solved by direct 

methods using the programme SIR-2011 [21] and refined by the full-matrix least-squares 

method on all F2 data using the programme SHELXL-97 [22] or SHELXL-2013 [23]. 

Geometrical analysis was performed using SHELXL-97 or SHELXL-2013. The structures 

were drawn by OLEX2 [24] and MERCURY (Version 3.0) [25] software. The single crystal 

suite WINGX was used as integrated system for all crystallographic programs and software 

for preparing the material for publication [24].  
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RESULTS AND DISCUSSION 

All present compounds contain complex anions [MIII(dipic)2]
- (M = FeIII, MnIII). The 

central atoms of each [MIII(dipic)2]
- anions 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 groups. The pyridine nitrogen atoms (N1 and N2) of the two 

dipic-2 ions occupy an axial position, while the O1, O2, O3 and O4 atoms of the carboxylic 

groups form equatorial plane. The coordination geometry around MIII atoms is distorted 

octahedron (Fig. 1). 

 

Fig. 1 The structure of [FeIII (dipic)2]-1 and [MnIII (dipic)2]- anions. 

 

Table 1. Selected geometric parameter for [FeIII (dipic)2]
- anions 

Comp. Fe–O1 

[Å] 

Fe–O2 

[Å] 

Fe–N 

[Å] 

O1–Fe–O2 

[o] 

O1–Fe–N 

[o] 

O2–Fe–N 

[o] 

1 2.016 2.023 2.041 152.03 76.49 76.28 

 2.014 2.011 2.044 152.60 76.65 75.96 

3 2.004 2.022 2.054 150.99 75.19 75.88 

 1.925 1.945 1.934 159.66 79.93 79.82 

5 2.013 2.012 2.068 151.48 75.43 76.18 

 2.056 2.025 2.063 150.95 75.30 75.97 

7 2.025 2.041 2.079 150.89 75.03 75.23 

 2.090 2.002 2.059 151.69 75.74 76.12 

13 2.026 2.014 2.065 151.04 75.86 75.98 

 1.999 2.016 2.052 152.25 76.40 75.85 

 2.008 2.009 2.052 152.00 75.96 76.06 

 2.022 2.018 2.054 151.70 75.79 76.37 

14 2.010 2.009 2.052 152.35 76.19 76.19 

 2.024 2.030 2.060 150.64 76.19 75.55 

 2.022 2.022 2.054 150.90 75.78 75.79 

 1.996 1.997 2.048 152.84 76.70 76.14 
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Table 2. Selected geometric parameters for [MnIII (dipic)2]
- anions 

Comp. Mn–O1 

[Å] 

Mn–O2 

[Å] 

Mn–N 

[Å] 

O1–Mn–O2 

[o] 

O1–Mn–N 

[o] 

O2–Mn–N 

[o] 

2 2.186 2.167 2.027 150.99 75.19 75.88 

 1.925 1.945 1.934 159.66 79.93 79.82 

4 1.978 1.943 1.948 158.88 79.17 79.73 

 2.181 2.137 2.034 150.16 75.26 75.94 

6 2.022 2.026 1.957 156.90 78.74 78.35 

 2.101 2.069 1.981 155.14 77.31 77.83 

8 2.145 2.149 2.039 150.90 76.30 74.70 

 1.944 1.953 1.943 159.40 79.70 79.80 

9 2.190 2.133 2.039 150.62 75.01 75.65 

 1.928 1.950 1.935 159.52 80.13 79.58 

 2.045 2.050 1.946 156.83 78.92 77.92 

 2.058 2.030 1.961 156.64 78.24 78.41 

10 2.042 2.070 1.989 154.59 77.87 76.98 

 2.047 2.044 1.980 155.16 77.70 77.59 

11 2.083 2.066 1.992 154.78 77.44 77.35 

 2.036 2.037 1.977 156.23 78.44 77.85 

12 2.098 2.137 2.001 152.59 76.58 76.47 

 2.005 1.982 1.953 157.54 78.86 78.69 

 

The selected bond lengths and bond angles are given in Table 1 for [FeIII (dipic)2]
- 

anions and in Table 2 for [MnIII (dipic)2]
- anions.   

The four ionic Iron(III) and Manganese(III) dipicolinate complexes of formula (2-

pymeH)[FeIII(dipic)2][FeIII(H2O)2Cl(dipic)]∙2H2O (1), (3-pymeH)[MnIII(dipic)2]∙1.5H2O 

(2), (4-pymeH)[FeIII (dipic)2]∙2H2O (3) and (4-pymeH)[MnIII (dipic)2]∙2H2O (4) (dipic2- = 

pyridine-2,6-dicarboxylic (dipicolinate) anion;  2-pymeH = 2-hydroxymethylpyridinium 

cation;   

3-pymeH = 3-hydroxymethylpyridinium cation; 4-pymeH = 4-hydroxymethylpyridinium 

cation) form first group of compounds [26]. Chemical formula of hydroxymethylpyridium 

ligands present Fig. 2.   
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2-hydroxymethylpyridine          3- hydroxymethylpyridine         4- hydroxymethylpyridine 

2-pyme                                           3-pyme                                 4-pyme 

 

 

pyridine-2,6-dicarboxylic acid 

H2dipic 

Fig. 2 Chemical formula of hydroxymethylpyridine ligands 

 

The compound (2-pymeH)[FeIII(dipic)2][FeIII(H2O)2Cl(dipic)]∙2H2O (1) is formed of 

complex anion, hydroxymethylpyridinium cation, water molecules and neutral complex 

[FeIIICl(H2O)2(dipic)]. These molecules are connected by system of hydrogen bonds O–H∙∙∙O 

and N–H∙∙∙O [length d(D…A) and angle < (D–H∙∙∙A) vary from 2.553(2) to 2.834(2) Å and 

143–176o, respectively]. N–H∙∙∙O hydrogen bonds are localized between pyridinium nitrogen 

atom (N4) of 2-hydroxymethylpyridinium cation and carboxylate oxygen atom (O8) of 

complex anion. O–H∙∙∙O hydrogen bonds are localized among oxygen atom (O1W) of 

uncoordinated water molecule and oxygen atom of coordinated water molecule (O1S) and 

oxygen atom of dipicolinate anion (O12) in neutral complex (Fig. 3a). Other hydrogen bonds 

are linked oxygen atoms of uncoordinated water molecules (O1W, O2W), oxygen atoms of 

coordinated water molecules (O1S, O2S) and oxygen atoms of carboxylate groups (O4,O6, 

O7, O8, O11, O12), and form 2-D supramolecular network, connecting cations, anions and 

neutral complexes through hydrogen bond (Fig. 3b).  

Fig. 4 shows hydrogen bonds in (3-pymeH)[MnIII(dipic)2]∙1.5H2O (2). Complex 

anion, cation of 3-hydroxymethylpyridinium and water molecules are connected by hydrogen 

bonds O–H∙∙∙O and N–H∙∙∙O [length d(D∙∙∙A) and angle <(D–H∙∙∙A) vary from 2.598(9) to 

2.931(2) Å and 146–172o, respectively]. N–H∙∙∙O hydrogen bond is localized between 

pyridinium hydrogen atom (N3) of 3-hydroxymethylpyridinium cation and carboxylate 

oxygen atom (O5) of complex anion. O–H∙∙∙O hydrogen bonds are localized between hydroxyl 

oxygen atom (O9) of 3-hydroxymethylpyridinium cation and carboxylate oxygen atom (O6) 

and between oxygen atoms of uncoordinated water molecules (O1W, O2W) and carboxylate 

oxygen atoms (O2, O8) of the complex anion. 
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Fig. 3 A view of O–H···O hydrogen bonds in neutral [FeIIICl(H2O)2(dipic)] (a)  

and in (2-pymeH)[FeIII(dipic)2][FeIIICl(H2O)2(dipic)]∙2H2O (b) 

 

 

 

Fig. 4 A view of N–H···O and O–H···O hydrogen bonds  

in (3-pymeH)[MnIII(dipic)2]∙1.5H2O (2) 
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Compounds (4-pymeH)[FeIII (dipic)2]∙2H2O (3) and (4-pymeH)[MnIII (dipic)2]∙2H2O 

(4) are isostructural. Herein we only show the structure of 3 in detail. Complex anion, organic 

cation and water molecules are linked by O–H∙∙∙O and N–H∙∙∙O hydrogen bonds [length 

d(D∙∙∙A) and angle <(D–H∙∙∙A) vary from 2.669(2) to 2.947(2) Å and 127–172o, respectively] 

into 3-D supramolecular network. Multicentred N–H∙∙∙O hydrogen bond is localized between 

pyridinium nitrogen atom (N3) of 4-hydroxymethylpyridinium cation and oxygen atom 

(O1W) of solvate water molecule and carboxylate oxygen atom (O3) of complex anion (Fig. 

5a). O–H∙∙∙O hydrogen bonds connect oxygen atoms (O1W, O2W) of uncoordinated water 

molecules with carboxylate oxygen atoms (O7, O8) of complex anion and hydroxyl oxygen 

atom (O9) of 4-hydroxymethylpyridinium cation (Fig. 5b).  

              

 

Fig. 5 A view of N–H···O (a) and O–H···O hydrogen bonds (b) in (4-pymeH)[FeIII(dipic)2] (3) 

 

Pyridinecarboxamides belong to the class of ligands (second group of our compounds) 

which can coordinate metal ions and participate in strong hydrogen bonding interaction [27]. 

Derivatives of picolinamide (pyridine-2-carboxamide) and isonicotinamide (pyridine-4-

carboxamide) (Fig. 6) are well known for their anti-tubercular, antipyretic, fibrinolytic and 

anti-bacterial properties [28].   

                                 

pyridine-2-carboxamide                  pyridine-4-carboxamide 

                                        pia                                                  inia 

 

Fig. 6 Chemical formula of pyridinecarboxamide ligands 

 



Modern trends in coordination, bioinorganic, and applied inorganic chemistry 

Edited by M. Melník, P. Segľa, and M. Tatarko 
Slovak Chemical Society, Bratislava  © 2017 

 

52 

 

The four ionic Iron(III) and Manganese(III) dipicolinate complexes of formula 

(Hpia)[FeIII(dipic)2]∙3H2O (5),  (Hpia)[MnIII(dipic)2](H2dipic)∙6H2O (6), 

(Hinia)[FeIII(dipic)2]∙3H2O (7) and (Hinia)[MnIII(dipic)2]∙3H2O (8) (Hpia+ = 2-

carboxamidepyridinium (picolinamidium) cation; Hinia+ = 4-carboxamidepyridinium 

(isonicotinamidium) cation) form second group of compounds [29].  

In the compound 5 [FeIII(dipic)2]
- anions, Hpia+ cations and uncoordinated water 

molecules are joined through N–H∙∙∙O and O–H∙∙∙O hydrogen bonds [length d(D∙∙∙A) and 

angle < (D–H∙∙∙A) vary from 2.736(3) to 3.020(3) Å and 141–169o, respectively] into 3D 

supramolecular networks (Fig. 7A). The N–H∙∙∙O hydrogen bonds are obtained between 

pyridinium nitrogen atoms (N3) of Hpia+ cations and uncoordinated water molecules (O3W) 

and between carboxamide nitrogen atoms (N4) and carboxylate oxygen atoms (O7, O8) of 

[FeIII(dipic)2]
- anions. The O–H∙∙∙O hydrogen bonds are located between uncoordinated water 

molecules as donor atoms and oxygen acceptor atoms from carboxylate groups of 

[FeIII(dipic)2]
- anions or neighbouring water molecules (Fig. 7B).  

The Fig. 8A shows hydrogen bonds in crystal structure of 

(Hpia)[MnIII(dipic)2]∙(H2dipic)∙6H2O (6). The [MnIII(dipic)2]
- anions, Hpia+ cations, 

dipicolinic acid molecules (H2dipic) and uncoordinated water molecules are connected into 

3D supramolecular networks through [length d(D∙∙∙A) and angle <(D–H∙∙∙A) vary from 

2.564(2) to 3.176(2) Å and 126–177o, respectively]. The N–H∙∙∙O hydrogen bonds are located 

between pyridinium nitrogen atoms (N3) of Hpia+ cation and uncoordinated water molecules 

(O5W) and between carboxamide nitrogen atoms (N4) and carboxylate oxygen atoms (O7) of 

[MnIII(dipic)2]
- anions or uncoordinated water molecules (O6W). The Fig. 8B shows also the 

O–H∙∙∙O hydrogen bonds among uncoordinated water molecules as donor atoms and oxygen 

acceptor atoms from neighbouring uncoordinated water molecules or carboxylate groups 

[MnIII(dipic)2]
- anions and H2dipic. 
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Fig. 7 The packing diagram in (Hpia)[FeIII(dipic)2]∙3H2O (5) 

 

The compounds (Hinia)[FeIII(dipic)2]∙3H2O (7) and (Hinia)[MnIII(dipic)2]∙3H2O (8) are 

isostructural. The Fig. 9 shows hydrogen bonds in crystal structure of 

(Hinia)[FeIII(dipic)2]∙3H2O (7). The [MIII(dipic)2]
- anions [M = Fe for (7) or Mn for (8)], 

Hinia+ cation and uncoordinated water molecules are linked to 3D supramolecular networks 

through N–H∙∙∙O and O–H∙∙∙O hydrogen bonds [length d(D∙∙∙A) and angle <(D–H∙∙∙A) vary 

from 2.690(7) to 3.080(5) Å and 159–171o for (7) and 2.688(6) to 3.097(5) Å and 156–175o 

for (8), respectively]. The 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 [MIII(dipic)2]
- anions. The O–H∙∙∙O hydrogen bonds link uncoordinated water 

molecules and oxygen atoms of carboxylate groups of [MIII(dipic)2]
- anions (Fig. 9). 
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Fig. 8 The packing diagram in (Hpia)[MnIII(dipic)2]∙(H2dipic)∙6H2O (6) 
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Fig. 9 The packing diagram in (Hinia)[FeIII(dipic)2]∙3H2O (7) 

 

The last group is formed by new manganese(III), manganese(II/III) and iron(II/III) 

dipicolinato complexes with selected organic and complex cations of N,N´- donor ligands 

(Fig. 10). There are [MnII(H2O)2(phen)2]{[MnIII(dipic)2]2}∙7H2O (9), 

(dmphenH)[MnIII(dipic)2]∙2H2O (10), (2,2ʹ-bipyH)[MnIII(dipic)2]∙3H2O (11), (4,4ʹ-

bipyH)[MnIII(dipic)2]∙4H2O (12), [FeII(phen)3][FeIII(dipic)2]2∙4.83H2O (13) and [FeII(2,2ʹ-

bipy)3][FeIII(dipic)2]2∙6.11H2O (14) (phen = 1,10 – phenantroline; dmphenH = 2,9-dimethyl-

1,10 phenantrolinium cation, 2,2ʹ-bipyH = 2,2´-bipyridinium cation and 4,4ʹ-bipyH = 4,4´-

bipyridinium cation) [30]. 

                                 

2,2´-bipyridine                                 4,4´-bipyridine 

                                  2,2´-bipy                                            4,4´-bipy                                       

                             

1,10-phenanthroline            2,9-dimethyl-1,10-phenanthroline 

                                   phen                                            dmphen 

 

Fig. 10 Chemical formula of N,N´- donor ligands 
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                                        a)                                                                           b) 

                        

Fig. 11 (a) Molecular structure of 9. Hydrogen atoms and water molecules are omitted for  

             clarity; (b) Hydrogen bond interactions in the packing diagram of 9 along the c axis  

              (cations-black, anions-yellow). 

 

     

 

                                          a)                                                                           b) 

                                         

Fig. 12 (a) Molecular structure of 10. Hydrogen atoms and water molecules are omitted for  

             clarity; (b) Hydrogen bond interactions in the packing diagram of 10 along the c axis  

             (cations-black, anions-yellow). 

 

The ionic complexes 9, 13 and 14 contain the complex [MIII(dipic)2]
- anions and 

complex metal chelate cations. The complexes 10, 11 and 12 contain the complex 

[MIII(dipic)2]
- anions (M = Fe, Mn) and organic cations.  

The molecular structure of [MnII(H2O)2(phen)2]{[MnIII(dipic)2]2}∙7H2O (9) consists of 

the discrete [MnII(H2O)2(phen)2]
2+ cation, two [MIII(dipic)2]

- anions and seven uncoordinated 



Modern trends in coordination, bioinorganic, and applied inorganic chemistry 

Edited by M. Melník, P. Segľa, and M. Tatarko 
Slovak Chemical Society, Bratislava  © 2017 

 

57 

 

water molecules (Fig. 11a). The central atom of the [MnII(H2O)2(phen)2]
2+ cation is 

hexacoordinated by four nitrogen atoms from two bidentate phenanthroline ligands and by 

two oxygen atoms from aqua ligands in cis-positions. 

    

                                    a)                                                     b) 

Fig. 13 (a) Molecular structure of 11. Hydrogen atoms and water molecules are omitted for  

            clarity; (b) Hydrogen bond interactions in the packing diagram of 11 along the a axis  

            (cations-black, anions-yellow). 

                          

 

                                   a)                                                                                b) 

Fig. 14. (a) Molecular structure of 12. Hydrogen atoms and water molecules are omitted for  

              clarity; (b) Hydrogen bond interactions in the packing diagram of 12 along the a axis  

              (cations-black, anions-yellow). 
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The Mn–N bond distances of this cation are in the range from 2.248(3) to 2.259(2) Å and are 

longer than the Mn–O distances which are in the range 2.135(2) to 2.141(2) Å. The 

[MnII(H2O)2(phen)2]
2+ cation, [MIII(dipic)2]

- complex anions and uncoordinated water 

molecules form 3D supramolecular network through O–H∙∙∙O hydrogen bonds [length 

d(D∙∙∙A) and angle <(D–H∙∙∙A) vary from 2.33(1) to 3.259(4) Å and 133–176o, respectively] 

and by π stacking interactions between aromatic rings. The centroid to centroid distances are 

3.68 and 4.54 Å between cations and anions and 3.60 Å between aromatic rings in cations 

(Fig. 11b).  

The compound (dmphenH)[MnIII(dipic)2]∙2H2O (10) contains [MnIII(dipic)2]
- complex 

anion, (Hdmphen)+ counter-cation and two of the crystal water (Fig. 12a); the N3 atom is 

protonated. The crystal structure is stabilized by a system of N–H∙∙∙O and O–H∙∙∙O hydrogen 

bonds [length d(D∙∙∙A) and angle <(D–H∙∙∙A) vary from 2.802(3) to 2.951(2) Å and 146–161o, 

respectively]. The N–H∙∙∙O hydrogen bonds are located between pyridinium atom (N3) of 2,9-

dimethyl-1,10-phenanthrolium cation and carboxylate oxygen atom (O2) of the complex 

anion. The O–H∙∙∙O hydrogen bonds are localized between oxygen atoms of uncoordinated 

water molecules (O1W, O2W) and carboxylate oxygen atoms (O1, O6, O7) of the complex 

anion. In addition the crystal structure is stabilized by a system of π stacking interaction 

between aromatic rings with centroid to centroid distances 3.53 and 3.45 Å.  

The compound (2,2ʹ-bipyH)[MnIII(dipic)2]∙3H2O (11) is isostructural with the 

previously reported (2,2ʹ-bipyH)[FeIII(dipic)2]∙3H2O [31]. The ionic structure contains 

[MnIII(dipic)2]
- complex anion, (2,2´-bipyH)+ counter-cation and three molecules of water 

(Fig. 13a).The N3 atom is protonated. The [MnIII(dipic)2]
- complex anion, cations and 

uncoordinated water molecules are linked to form an extensive network of N–H∙∙∙O and O–

H∙∙∙O hydrogen bonds [length d(D∙∙∙A) and angle <(D–H∙∙∙A) vary from 2.724(4) to 2.865(5) 

Å and 139–177o, respectively] which forms a layered supramolecular structure (Fig. 13b). The 

N–H∙∙∙O hydrogen bonds are localized between pyridinium nitrogen atom (N3) of the 2,2´-

bipyridinium cation and carboxylate oxygen atom (O5) of the complex anion. The O–H∙∙∙O 

hydrogen bonds are localized between the oxygen atoms (O1W, O2W, O3W) of 

uncoordinated water molecules and carboxylate oxygen atoms (O2, O7, O8) of the complex 

anion.  

The compound (4,4ʹ-bipyH)[MnIII(dipic)2]∙4H2O (12) is isostructural with the 

previously reported (4,4ʹ-bipyH)[FeIII(dipic)2]∙4H2O [32]. It contains [MnIII(dipic)2]
- complex 

anion, (4,4ʹ-bipyH)+ counter-cation and four molecules of uncoordinated water (Fig. 14a); the 

N3 atom is protonated. The crystal packing diagram for 12 shows a layered structure 

consisting of the (4,4ʹ-bipyH)+ counter-cation and [MnIII(dipic)2]
- complex anion which are 

connected by N–H∙∙∙O, O–H∙∙∙O and O–H∙∙∙O hydrogen bonds [length d(D∙∙∙A) and angle 

<(D–H∙∙∙A) vary from 2.696(2) to 3.114(2) Å and 150–175o, respectively] (Fig. 14b).  
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                                   a)                                                                     b) 

 

Fig. 15 (a) Molecular structure of 13. Hydrogen atoms and water molecules are omitted for  

            clarity; (b) Packing diagram of 13 along the a axis (cations-black, anions-yellow). 

 

 

           

                          a)                                                                             b) 

 

Fig. 16 (a) Molecular structure of 14. Hydrogen atoms and water molecules are omitted for  

             clarity; (b) Packing diagram of 14 along the a axis (cations-black, anions-yellow). 

 

The N–H∙∙∙O and O–H∙∙∙N hydrogen bonds are localized between the pyridinium and pyridine 

nitrogen atoms (N3, N4) of the 4,4ʹ-bipyridinium cation and oxygen atoms (O2W, O4W) of 

the uncoordinated water molecules. The O–H∙∙∙O hydrogen bond are localized between the 
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carboxylate oxygen atoms (O1, O2, O6, O7, O8) of the complex anion and the oxygen atoms 

(O1W, O3W) of the uncoordinated water molecules.  

The ionic structure of [FeII(phen)3][FeIII(dipic)2]2∙4.83H2O (13) contains complex 

[FeII(phen)3]
2+ cation, two [FeIII(dipic)2]

- complex anions (Fig. 15a) and strongly disordered 

water molecules. The central iron(II) atom in the complex cation is hexacoordinated by six 

nitrogen atoms of three bidentate phenanthroline molecules. The Fe–N distances in the 

complex cation are in the range from 1.970(3) to 1.985(3) Å. These bond distances are shorter 

than Fe–N distances in the complex anion and they are comparable with the Fe–N distances in 

a similar {[FeII(dipic)2]}2[FeIII(dipic)2]2∙3MeOH (Fig. 15b) [33]. 

The ionic structure of the complex [FeII(2,2ʹ-bipy)3][FeIII(dipic)2]2∙6.11H2O (14) 

contains the complex [FeII(2,2´-bipy)3]
2+ cation, two complex [FeIII(dipic)2]

- anions (Fig. 16a) 

and strongly distorted water molecules. The central iron(II) atom in the complex cation is 

hexacoordinated by six nitrogen atoms of three bidentate 2,2´-bipyridine ligands. The Fe–N 

distances are in the range from 1.966(2) to 1.982(2) Å, which are comparable to the complex 

cation in 13 (Fig. 16b).  

The search in the CSD shows 21 potential coordination modes of dipicolinate acid or 

dipicolinate anions as ligands. In the crystallographic database the coordination mode present 

in this work is dominant. The database contains 191 complexes with copper as central atom, 

59 with iron and 45 with Mn as central atoms. From a formal point of view the [FeIII (dipic)2]
-1 

and [MnIII (dipic)2]
-1 are equivalent. Table 3 presents the average values of selected geometric 

parameters for the coordination polyhedrons of [MIII(dipic)2]
-1 anions (M = Fe, Mn) from CSD 

[34]. The bond distances and angles of coordination polyhedrons present differences between 

Fe(II) and Fe(III) and Mn(II) and Mn(III) which are common. The big differences are in 

standard deviation of average bond distances of [FeIII (dipic)2]
-1 and [MnIII (dipic)2]

-1 anions 

(for example, standard deviations of Fe(II)–O1 is 0.0382; Fe(III)–O1 is 0.0189; Mn(II) – O1 is 

0.1014; Mn(III)–O1 is 0.1188). The big differences between coordination polyhedra of [FeIII 

(dipic)2]
-1 and [MnIII (dipic)2]

-1 anions present a dependences between selected parameters 

which are displayed in Fig. 17. All correlations of parameters of coordination polyhedra of 

[FeIII (dipic)2]
-1 and [MnIII (dipic)2]

-1 anions are presented in Table 4. The values of correlation 

coefficients show that big differences occur between correlation coefficients of parameters of 

coordination polyhedra of Fe(II/III) and Mn(II/III).  
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Table 3. The average values of selected geometric parameters for [MIII(dipic)2]
- and 

[MII(dipic)2]
2- anions 

M/items M–O1 M–O2 M–N O1–M–O2 O1–M–N O2–M–N  

 

Fe(III) 

72 

2.0359 

2.232 

1.984 

0.0189 

2.0367 

2.231 

1.977 

0.0209 

2.0619 

2.133 

2.033 

0.0106 

151.16 

152.72 

145.72 

0.534 

75.72 

76.77 

73.49 

0.392 

75.72 

76.80 

72.36 

0.345 

average 

max 

min 

stand. d. 

 

Fe(II) 

6 

2.1783 

2.232 

2.145 

0.0382 

2.1775 

2.231 

2.108 

0.0439 

2.0800 

2.133 

2.055 

0.0281 

149.08 

150.92 

145.72 

1.923 

74.668 

75.52 

73.49 

0.787 

74.63 

75.53 

72.36 

1.219 

average 

max 

min 

stand. d. 

 

Mn(II) 

42 

2.2255 

2.457 

1.931 

0.1014 

2.2056 

2.418 

1.932 

0.0925 

2.1229 

2.323 

1.940 

0.0946 

146.72 

159.43 

134.65 

5.565 

73.486 

79.99 

67.32 

2.816 

73.579 

80.29 

68.02 

2.815 

average 

max 

min 

stand. d. 

 

Mn(III) 

6 

2.1250 

2.246 

1.945 

0.1188 

2.1078 

2.239 

1.953 

0.1114 

2.0402 

2.171 

1.944 

0.0986 

152.26 

159.39 

144.89 

5.878 

76.308 

79.70 

72.85 

2.899 

76.02 

79.77 

72.05 

3.072 

average 

max 

min 

stand. d. 

 

 

Table 4. The correlation coefficients of selected dependences of [MIII(dipic)2]
- and 

[MII(dipic)2]
2- anions 

Dependence /  

                  corr. coeff. 

     Fe(II)            

R2 

   Mn(III) 

R2 

   Fe(III) 

R2 

   Mn(II) 

R2 

M–O1 vs. M–O2 0.1403 0.8866 0.1895 0.6674 

M–O1 vs. M–N 0.1507 0.7507 0.0087 0.5859 

M–O2 vs. M–N 0.1010 0.9137 0.0040 0.6764 

M–N vs. O1–M–O2 0.9403 0.9727 0.1278 0.9670 

M–O1 vs. O1–M–N 0.0158 0.8663 0.5275 0.7455 

M–O2 vs. O2–M–N 0.1957 0.9784 0.5690 0.7883 
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                       a)                                                                             b) 

 

        

c)                                                                             d) 

Fig. 17 The dependences of selected parameters of  coordination polyhedra of  

             [FeIII (dipic)2]
- and [MnIII (dipic)2]

- anions {a) Fe(III)–O2 vs. Fe–N; b) Mn(III)–O2 

             vs. Mn–N; c) Fe(III)–N vs. O1–Fe–O2; d) Mn(III)–N vs. O1–Mn–O2} from  

             CSD [34]. 

 

The selected parameters of coordination polyhedra of [FeIII (dipic)2]
- and [MnIII (dipic)2]

- 

anions of compounds presented in this work (1 - 14) are shown in Fig. 18 and Fig. 19.  
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a) 

 

 

 

b) 

 

Fig. 18 The dependences of selected parameters of  coordination polyhedra of  

             [FeIII (dipic)2]
- and anions {a) Fe(III)–O2 vs. Fe–N; b) Fe(III)–N vs.  

             O1–Fe–O2}(blue points – CSD; orange points – comp. 1, 3; grey points –  

             comp. 5, 7; yellow points – 13, 14). 
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c) 

 

  

 

d) 

 

Fig. 19 The dependences of selected parameters of coordination polyhedra of  

             [MnIII (dipic)2]
- and anions {c) Mn(III)–O2 vs. Mn–N; d) Mn(III)–N vs.  

             O1–Mn–O2}(blue points – CSD; orange points – comp. 2, 4; grey points –  

             comp. 6, 8; yellow points – 9, 10, 11, 12). 
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Conclusion 

The family of iron(III) and manganese(III) dipicolinate complexes has been enriched for 14 new 

members that were characterized by the single-crystal X-ray structure. The crystal structures of all 

prepared complexes contain complex anion [MIII(dipic)2]- (MIII = FeIII or MnIII), uncoordinated water 

molecules, and protonated organic cation or complex cation, which are connected through hydrogen 

bonds into supramolecular networks. 

The crystallographic statistic of new complexes and compounds obtained from CSD shows 

differences of coordination environment of central atoms between iron(III) and manganese(III) 

dipicolinate complexes. The variables of bond lengths and angles of coordination polyhedron of 

manganese(III) dipicolinate are compliance of Jahn-Teller distortion of high-spin d4 complexes. 
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The aim of the present investigation was study of charge transfer kinetics for the redox couple Ti(IV)/Ti(III) in 

the NaCl-KCl (equimolar mixture)-NaF(10 wt.%)-K2TiF6 melt and the estimation of the alkaline earth metal 

cations influence on the standard rate constants of charge transfer (ks) for this redox couple.  

Method of cyclic voltammetry was employed for the determination of the standard rate constants of charge 

transfer. 

It was found that addition of alkaline earth metal cations (Mg2+, Ca2+, Sr2+ and Ba2+) to the initial alkali chloride-

fluoride melt resulted in increasing of ks up to the certain mole ratio of Me2+/Ti(IV), which was inversely 

proportional to ionic potential of cations. Increase of ks is connected with substitution of Na+ and K+ cations by 

strongly polarizing cations in the second coordination sphere of titanium complexes that led to increasing of the 

bond distance between Ti and F- ligands and decreasing of titanium fluoride complexes strength.  

The linear dependence of ks on ionic potential of alkaline earth metal cations was determined and the maximum 

value was obtained for complexes with outer sphere cation of magnesium.  

 

 

INTRODUCTION 

 Electrochemical behaviour of titanium in molten salts has been goal of many studies. 

This is due to wide titanium alloys usage in modern technology in particular in aerospace and 

aircraft industry, atomic power engineering and electronics. To perform an electrochemical 

synthesis of titanium alloys in molten salts, it is necessary to know the electrochemical 

behaviour of titanium. The electrode processes and the diffusion coefficients of titanium 

complexes in various oxidation states were studied [1-3]. However, the systematic 

investigation of the second coordination sphere composition influence on the standard rate 

constants of charge transfer(ks) for the redox couple Ti(IV)/Ti(III) is lacking. 

The second coordination sphere composition influence on the standard rate constants of 

charge transfer in alkali chloride melts was studied for the redox couple Eu(III)/Eu(II) [4, 5], 

Sm(III)/Sm(II) and Yb(III)/Yb(II) [6]. It was shown that the ks values rises with increasing of 

the outer-sphere cation size from sodium to caesium in all cases. It was assumed that the 

charge transfer in the above couples occurs through the outer-sphere cation. The highest ks 

values obtained for CsCl were explained by its higher polarizability compared to other alkali 

cations. 
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However, influence of the second coordination sphere on the standard rate constants of 

charge transfer cannot be prognosticated a priori.  

The method of cyclic voltammetry was used to determine the standard rate constants of 

charge transfer of the redox couples Nb(V)/Nb(IV) [7-11] and Cr(III)/Cr(II) [12-15] in alkali 

chloride melts. The quantum–chemical calculations showed [11] that the values of the charge 

transfer activation energy might indeed change non-monotonously in the series of Na–K–Cs in 

accordance with the ratio of reorganization energies that leads to non-monotonic variation of 

the standard rate constants. 

The aim of the present investigation was to study the charge transfer kinetics for the 

redox couple Ti(IV)/Ti(III) in the NaCl-KCl (equimolar mixture)-NaF(10 wt.%)-K2TiF6 melt 

and the estimation of the alkaline earth metal cations influence on the standard rate constants 

of charge transfer for this redox couple. 

 

EXPERIMENTAL PART 

Chemicals 

 Alkali chlorides (NaCl, KCl) were purchased from Prolabo (99.5 % min.) for 

electrochemical measurements. They were dehydrated by continuous and progressive heating 

just 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-1 [16]. 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. 

Potassium hexafluorotitanate of pure grade was dissolved in hot water (363-373 K) and 

the solution was passed through a hot filter and cooled. The resulting K2TiF6 crystals were 

dried in a vacuum, first at 363 K for 24 h and then at 423 K for 6 h [17, 18]. 

Barium chloride (chemical pure) is dried in a vacuum oven at 433 K for 24 hours. 

Barium fluoride (analytically pure grade), magnesium fluoride (high pure grade) and calcium 

chloride (pure grade) were used without additional treatment. 

Strontium chloride (pure grade) was dried in a vacuum oven at 523 K for 12 hours. 

Then the salt was placed into heat-resistant glass tubes and immersed into a retort. The retort 
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was evacuated to the residual pressure 0.66 Pa with simultaneous heating to 823 K at a rate of 

100o h-1. 

 

Apparatus and equipment 

 Cyclic voltammetry was employed, using a VoltaLab-40 potentiostat with 

complementarily packaged software “VoltaMaster 4”, version 6. The potential scan rate (v) 

was varied between 510-3 and 5.0 V s-1. Experiments were carried out in the temperature 

range 723-1173 K. The voltammetric curves were recorded at a 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 the 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 and the 

standard rate constant was determined, the melt being no longer used after these 

measurements [19, 20]. A good agreement was observed between the values of ks obtained 

with a silver chloride reference electrode and a glassy carbon quasi-reference electrode. 

 

The procedure for the determination of the standard rate constants of charge transfer  

 Nicholson [21] derived theory for the determining of the standard rate constants of 

charge transfer for quasi-reversible redox process, not complicated by insoluble product 

formation, from cyclic voltammetry data. When the Ox and Red forms either are soluble in 

solution or in the electrode material and are transferred by diffusion only, the solution of the 

problem cannot be expressed in analytical form. In study [21] the correlation between the T 

function connected with the cathodic and anodic peak potential separation ΔEp and the 

standard rate constant of charge transfer was found: 

 
RTnFD

DDk

ox

redoxs
T

/)(

2






 ,    (1) 

where  is the transfer coefficient, n is the number of electrons involved in the reaction. 

 The value of  = 0.5 is used in equation (1) because the original work [21] gives the 

correlation between the  and Ep functions for this value.  

 To calculate the standard rate constant of charge transfer, the values of (ΔEp)T and T 

are required. In [21] they are given for 298 K and thus must be recalculated for the operation 

temperature. The recalculation was conducted by the following equations [22]: 

T

Е
E
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 ,      (2) 
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298
298

T
T          (3) 

From the values of T function, obtained according to equations (2) and (3), we calculated the 

standard rate constants of charge transfer for the Ti(IV)/Ti(III) redox couple by using equation 

(1) and the diffusion coefficients of Ti(IV) and Ti(III). 

 

RESULTS AND DISCUSSION 

 Fig. 1 shows typical voltammograms for the redox couple Ti(IV)/Ti(III), obtained at a 

glassy carbon electrode at various polarization rates. 

 Because the procedure used to calculate the standard charge-transfer rate constants is 

valid only for quasi-reversible processes, it is necessary to determine the range of polarization 

rates where the process:  

Ti(IV) + e-↔ Ti(III)       (4) 

is quasi-reversible.  
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Fig. 1. Cyclic voltammograms of the redox process (4), obtained at a glassy-carbon electrode. 

Scan rate (V s–1): 0.750 (inner curve), 1.00, 1.250, 1.500, 1.750, 2.000 (outer curve). 

Temperature was equal to 1023 K. 

 

We studied how the current density of the cathodic peak, Ep(C), depends on the polarization 

rate v (Fig. 2). According to voltammetry diagnostic criteria the deviation of the experimental 

points from the straight line plotted (Fig. 2) at a polarization rate exceeding 1.0 V s-1 indicates 

that the process is quasi-reversible. This assumption is confirmed by the curvilinear 

dependence of Ep(C) on log v (Fig. 2 b). 
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Fig. 2. (a) Peak current density ip(C) and (b) peak potential Ep(C) of Ti(IV) electroreduction to 

Ti(III) on the polarization rate (ν). Temperature 1023 K. 

 

 The values of function T obtained according to equation (2) and (3) made it possible to 

calculate the standard rate constants of charge transfer for the Ti(IV)/Ti(III) redox couple 

using dependence (1) and the values of Ti(IV), Ti(III) diffusion coefficients [2, 3]. The 

dependences of the standard rate constants of charge transfer on the polarization rate is shown 

in Fig. 3. 
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Fig. 3. Standard rate constants of charge transfer rate (ks) on the polarization rate (ν) 

for different temperatures. 

 

 It can be seen that ks is independent on the polarization rate and grow with increasing 

temperature. It is due to increase in the number of particles capable of overcoming the 

potential barrier for the electron-transfer process [23]. 

 The temperature dependence of the standard rate constants of charge transfer in the 

coordinates log ks–1/T is shown in Fig. 4. It is described by the empirical equation:  

log ks=(1.505±0.32)–(3364±675)/Т      (5) 

with a correlation coefficient R2 = 0.985. 

 Relation (5) was used to calculate the activation energy of charge transfer giving 64.41 

kJ mol–1. 
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Fig. 4. Dependence log ks on 1/T. Scan rate is 1.5 V s–1. 
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 According to Matsuda and Ayabe [24], the electrochemical process is quasi-reversible if 

10–2(1 + α) < ks/(DnFν/RT)1/2 < 15.     (6) 

Relation (6) was obtained under the assumption that DTi(IV) = DTi(III) = D. 

Equality (6) is valid for the (NaCl-KCl)eq.-NaF (10 wt %) at temperature of 1023 K and 

polarization rate of 1.5 V s–1 if 1.5 × 10–5 cm s–1 < ks < 0.23 cm s–1. Thus, a conclusion that 

the charge transfer between Ti(IV) and Ti(III) complexes occurs quasi-reversibly can be made. 

 The alkaline earth metal cations of Mg2+, Ca2+, Sr2+ and Ва2+ influence on the kinetics 

of charge transfer for the redox couple Ti(IV)/Ti(III) was studied. Figure 5 shows that addition 

of alkaline earth metal cations resulted in increasing of ks to the certain ratio of Me2+/Ti(IV). 

These changes of ks were obtained for all the alkaline earth metal cations. Mole ratio of 

Me2+/Ti(IV) for maximum values of ks was inversely proportional to ionic potential of cations 

because the more ionic potential the less ratio of Me2+/Ti(IV) required for displacement of 

alkali metals cations in the second coordination sphere of titanium complexes. Further 

addition brought to some decrease of the standard rate constants.  
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Fig. 5. The dependence of the standard rate constants of charge transfer on the (a) Mg/Ti, (b) 

Ca/Ti, (c) Sr/Ti, (d) Ba/Ti mole ratio. 
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 Increase of ks is connected with substitution of Na+ and K+ cations by strongly 

polarizing cations in the second coordination sphere of Ti(IV) complexes that leads to 

increase of the bond distance between Ti and F ligands and decrease of titanium fluoride 

complexes strength. Decrease of ks at the definite ratio of components is connected with 

increase of the melts viscosity, which brings about the decrease of the diffusion coefficients.  

 The dependence of maximum values ks on the ionic potential of alkaline earth metal 

cations (a correlation coefficient R2 = 0.985) is shown on Fig. 6.  
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Fig. 6. The dependence of maximum values ks on the ionic potential of alkaline earth metal  

cations. 

 

The temperature dependences for maximum values of ks for strongly polarizing cations 

described by the empirical equations:  

log ks(Mg
2+

) = -(0.25±0.04) – (1100±230)/T     (7) 

log ks(Ca
2+

) = -(0.13±0.03) – (1330±270)/T     (8) 

log ks(Sr
2+

) = -(0.23±0.05) – (1250±250)/T     (9) 

log ks(Ва
2+

) = -(0.44±0.09) – (1000±190)/T    (10) 

The calculated activation energies of charge transfer are shown in the Table I. 
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Table I. The activation energies of charge transfer in the (NaCl-KCl)eq.-NaF (10 wt %)-K2TiF6 

melt for systems with strongly polarizing cations 

Cation Ea, kJ mol–1 

Mg2+ 21±4 

Ca2+ 25±5 

Sr2+ 24±4 

Ba2+ 19±3 

 

As can be seen from table the values of activation energy for molten salt systems with strongly 

polarizing cations are lower than activation energy for the initial system [17]. It is known from 

the theory of elementary charge transfer [23] that the lower the activation energy of charge 

transfer, the higher the standard rate constants of charge transfer, which is in accordance with 

our results.  

In molten salts with strongly polarizing cations such correlation was not determined. 

Quantum-chemical calculations will be done for explanation obtaining results. 

 

CONCLUSIONS 

 The redox process Ti(IV) + e-↔ Ti(III) in the (NaCl-KCl)eq.-NaF (10 wt %)-K2TiF6 melt 

was studied by cyclic voltammetry. The standard rate constants of charge transfer for the 

redox couple Ti(IV)/Ti(III) were calculated based on the Nicholson’s equation. It was shown 

that ks increases with increasing temperature. The activation energy of charge transfer is 

(64.41±13) kJ mol-1. 

 Influence of strongly polarizing cations of Mg2+, Ca2+, Sr2+ and Ba2+ on the standard rate 

constants of charge transfer for the redox couple Ti(IV)/Ti(III) was studied. It was shown that 

addition of alkaline earth metal cations resulted in increasing of ks to the certain mole ratio of 

Me2+/Ti (IV), which was inversely proportional to ionic potential of cations.  

 The linear dependence of ks on ionic potential of alkaline earth metal cations was 

established. The temperature dependences of ks in the case of strongly polarizing cations were 

determined and the activation energies of charge transfer were calculated. Values of activation 

energy for systems with strongly polarizing cations are considerably lower than activation 

energy for the initial system. 
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Fisetin is a naturally occurring bioactive plant compound of immense importance as a potentially useful 

therapeutic drug, for various free radical mediated as well as other diseases. The chelation of metals could be 

crucial in the prevention of radical generation which damage target biomolecules. Therefore, research on the 

metal flavonoid complexes is very helpful in developing new medicines, based on these complexes. Copper ions 

play an important role in biological systems and wherefore they are very popular in the area of biomedical 

research and bioinorganic chemistry. Therefore, copper was the subject of our investigation to determine 

chelating efficiency of fisetin. The purpose of these studies was to determine and characterize complexes formed 

in different pH range. Potentiometric titration, cyclic voltammetry and spectroscopic techniques: UV-Vis, ESI 

MS were applied to characterize physicochemical properties of fisetin and copper complexes.  

 

INTRODUCTION 

The flavonoids, as natural metal chelators, have also played significant roles in metal 

bio-utilization and reduction of heavy metal toxicity, and may suppress the Fenton response 

and lipid peroxidation [1]. The coordination of flavonoids with Cu2+, and other metallic ions, 

may simulate the catalysed centre of the superoxide dismutase in the metal coordinate 

structure, thus displayed the superoxide dismutase (SOD) activity [2]. Therefore, research on 

the metal flavonoid complexes is very helpful in developing new medicines, based on these 

complexes and exploring new ways in screening, discovery and development of new drugs. 

Flavonoid–metal complexation reactions are very complex due to many variables participating 

in and affecting the final outcome. Although extensive experimental and theoretical 

investigations have been performed on flavonoid–metal complexation reactions, there are still 

different perspectives on mechanisms, chelation sites orders, structures, stoichiometry and 

stabilities of the complexes formed, especially in solutions [3-6]. Studies in solution are 

indispensable, because biologically active substances act in the cell compartments with 
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different water contents, and therefore the information about their chemical forms are very 

important to reveal biochemical processes in the cells. This paper is devoted to research 

regarding the complexation of copper(II) ions with fisetin in methanol-water solutions. 

Different analytical methods potentiometric titration, spectroscopic techniques (UV-Vis, ESI 

MS) and cyclic voltammetry adequate to characterize physicochemical properties of fisetin 

and its copper complexes were applied. The purpose of these studies was to determine and 

characterize complexes formed in different pH range at applying various metal:ligand ratios.  

 

EXPERIMENTAL PART 

Reagents and solutions 

The racemic fisetin (3,3′,4′,7-tetrahydroxyflavone) presented in this work in abbreviated 

form as Fis, NaOH, KCl, KNO3, CuCl2, Cu(NO3)2, CuSO4·5H2O and all other compounds 

were purchased from Sigma-Aldrich Co. All reagents were of analytical quality and were used 

without further purification. The Cu(II) stock solutions were prepared by dissolving anhydrous 

Cu(NO3)2 or CuCl2 in the exact amount of HNO3 or HCl. The metal concentration was 

determined by complexometric titration with EDTA. Accurate acid concentration in the Cu(II) 

stock solution was determined by pH-potentiometric titration. The Fis stock solutions were 

determined by the Gran’s method [7]. 

 

Apparatus and equipment 

Potentiometric measurements were carried out in aqueous-methanolic solution 

(40%/60% v/v) at 298 K with constant ionic strength (0.1 M KCl) by using an automated 

system Molspin pH-meter (Molspin Ltd., Newcastle-upon-Tyne, UK ) equipped with a 

digitally operated syringe (the Molspin DSI 0.250 mL) controlled by a PC computer, using a 

Russel CMAWL/S7 semi-micro combined electrode. The titrations were done with carbonate-

free NaOH solution of accurately known concentration (ca. 0.1 M). The concentrations of the 

base and HCl or HNO3 solutions were determined by pH-potentiometric titrations. The pH-

metric titrations were carried out in the pH range 2.0–12.0 and the initial volume of the 

samples was 2.0 mL. The ligand concentration was 1×103 M and the concentrations of Cu(II) 

were 1×103 M, 2×103 M and 1×103 M respectively to metal:ligand ratios 1:1, 2:1. 

Protonation constants of the ligand and the overall stability constants (pqr, where p, q and r 

represent the number of metal, ligand and proton in each of the CupHrLq stoichiometry, 

respectively) of the complexes were evaluated using the computer program SUPERQUAD 

[8]. Details on the analytical procedures and experimental data processing are described 

elsewhere [9,10]. 

High-resolution mass spectra (ESI MS) were obtained on a Bruker Q-FTMS 

spectrometer Bruker Daltonik, Bremen, Germany), equipped with an Apollo II electrospray 

ionization source with an ion funnel. The mass spectrometer was operated in the positive ion 
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mode. The samples (ligand:metal in a 1:1 stoichiometry, [ligand]tot= 10-4 M) were prepared in 

1:1 acetonitrile-water mixture at pH 3 and 7. Data were processed by using the Bruker 

Compass DataAnalysis 4.0 program. The mass accuracy for the calibration was better than 

5 ppm, enabling together with the true isotopic pattern (using SigmaFit) an unambiguous 

confirmation of the elemental composition of the obtained complex. 

 Cyclic voltammetry tests were performed with an Autolab PGSTAT12 (Ecochemie) 

potentiostat/galvanostat interfaced with a PC under NOVA 1.10 software. All electrochemical 

tests were carried out in a single-compartment, three-electrode cell, at room temperature, 

under Ar atmosphere. The ligand concentration was 5x10-5 M, and the Cu(II) concentration 

was 1x10-4 M. A 3 mm diameter GC disk electrode was used as the working electrode, an 

aqueous saturated calomel electrode (SCE) was the reference electrode, and a platinum wire 

was the auxiliary electrode. The working electrode was polished subsequently with 1 and 

0.3 µm alumina powder and then rinsed with distilled water in an ultrasonic bath for 5 min 

before use. The experiments were carried out in H2O/MeOH (40/60) solvent mixture, using 

0.1 M LiClO4 as supporting electrolyte, or in acetate or phosphate buffer. The potential scan 

rate was equal to 100 mV s-1. 

 

RESULTS AND DISCUSSION 

Acid dissociation constants pKa are important parameters. The knowledge of their 

values allows prediction the presence of protonated or deprotonated species in a biological 

environment and that it is very important in bioclinical and pharmacological studies because 

ionization state of drugs influences their bioavailability. When compound is sparingly soluble 

in water, the pKa determination is commonly done in organic/water mixtures. It is the case of 

fisetin. We have chosen methanol/water mixture. Methanol/water mixtures are often used 

because of their lower polarity than pure water, but keeping a similar environment. The pKa 

value at one unique methanol/water mixture is recommended because it is faster and simpler 

with respect to others [11]. Therefore a mixed solvent with the ratio of 40%:60% v/v of 

methanol/water was used in these studies. Such a ratio is recommended by some authors as 

the least error-prone of mixed solvents because of a greater accumulation of information about 

the behaviour of the glass electrode in this solvent [12]. Taking all these comments into 

account we decided to use potentiometric titration method to evaluate dissociation constants 

of fisetin phenolic groups. The pKa values of fisetin are reported in Table 1. 
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Table 1. Ionization constants of fisetin determined in 40%:60% v/v of methanol/water solvent. 

Standard deviations are given in parenthesis.  

Species LogβHnL pK1 C(7)-OH pK2 C(4’)-OH pK3 C(3)-OH pK4 C(3’)-OH 

H4L 

H3L- 

H2L2- 

HL3- 

37.38(±0.02) 

29.87(±0.02) 

21.24(±0.02) 

11.53(±0.02) 

7.51 8.63 9.71 11.53 

 

The chemical structure of flavonoids like fisetin (flavonol) implies a low acidity of the 

OH groups with respect to flavanones. Flavonols exhibit conjugation between the rings (B) 

and (A), which will facilitate the deprotonation of hydroxyl groups due to charge 

delocalization. The first deprotonation occurs in the ring A in position C7, the second in C4’, 

the third in C3 and finally in ring B at position C3’. Such an order is supported by 

experimental [13] and computational studies [14]. Therefore, we suggest that releasing 

protons by phenol groups of fisetin will follow the same direction (Fig. 1). 
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Fig. 1. The proposed scheme of deprotonation of fisetin in methanol/water solvent. 

 

Ionization constants of fisetin determined in this work are similar to those found for 

other flavonols with the same ionisable OH groups [15]. The values of the pKa illustrate that 

the C(3)–OH and C(3`)–OH will dissociate above pH 9 while the groups located on other 

carbon atoms are sensitive to dissociation under conditions of physiological pH. The results 

lead to the conclusion that, dissociation constants determined for the C(7)–OH and C(4`)–OH 

should be particularly considered in evaluation of fisetin antioxidant activity in physiological 

pH conditions. Moreover, the results reveal that at neutral pH there is no clearly defined 

ionization state of fisetin molecule. Both forms neutral and ionized can coexist. This may 

affect the mechanism of antioxidant activity of this flavonol in vivo. 
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Cu(II)-fisetin system has been studied by potentiometry, spectroscopy (UV-Vis, ESI 

MS) and cyclic voltammetry at different ratios of metal: ligand namely 1:1 and 2:1. The fitting 

of experimental data using SUPERQUAD program was only carried out in the systems with 

Cu(II):fisetin ratios of 1:1 and 2:1. The results are presented in Table 2.  

 

Table 2. Overall stability constants ( Cu H Llog 
p r

 ) evaluated in the system Cu(II)–fisetin at the ratios: 

1:1 and 2:1. Standard deviations are given in parenthesis. 

 

Species log  

CuH3L 36.51(±0.03) 

CuH2L 31.73(±0.03) 

CuHL 26.59(±0.03) 

CuL 15.72(±0.04) 

Cu2L 25.63(±0.03) 

 

The stoichiometry and the values of overall stability constants of complexes were found  

the same in both systems but some difference can be observed in species distribution  

curves (Fig. 2). 
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Fig. 2. Species distribution curves for the systems containing different ratios of Cu(II):fisetin a) 1:1 at 

cCu(II) = 1×10-4M, cfisetin = 1×10-4M and b) 2:1 at cCu(II) = 1×10-4M, cfisetin = 5×10-5M. Letters A, H, B are 

assigned to ligand, hydrogen and Cu(II), respectively.  

 

Both mono- and binuclear species with deprotonated ligand can be present in the 

solutions. As tetrahydroxyflavone, fisetin has two potential sites for chelation of metal 

cations: 3-hydroxy-4-carbonyl group in the C ring and the catechol unit in the ring B. The 

results of several studies concerning the binding energy for the metal atom to a single 

flavonoid molecule demonstrated that 3-hydroxyl and 4-carbonyl group is optimal chelation 

site, followed by 3’–4 ’ site. [16-20]. Therefore, we believe that in acidic pH range, the first 

coordinating site for Cu(II) ions is the group situated in the C ring (Fig. 3).  
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Fig.3. Proposed pathway of complex formation in the systems containing 1:1 or 2:1 ratio of 

Cu(II):fisetin. 

 

Above neutral pH, the next potential binding site of Cu (II) ions is a catechol moiety 

C(3')–OH, C(4')–OH in the ring B of fisetin [21]. It can be observed that the different 

protonated species appear one after the other with increasing pH region. The complexation 

process starts above a pH of 4. It is not surprising that in spite of the high pKa values of fisetin 

ionisable groups, the protons are displaced at much lower pH range in the presence of 

copper(II) ions. The same trend was observed for phenols and flavonoids under metal 

chelation [22]. The first CuH3L
+ species has the [C(4)–Oket, C(3)–O−] donor atom set with the 

7-OH, 3′-OH and 4′-OH fully protonated. The next species CuH2L and CuLH− have the same 

donor atoms but they differ in the number of deprotonated phenolate groups (see Fig. 3). The 

formation of dimeric complex Cu2L results from bonding of Cu(II) ions to two chelating sites 

[C(4)–Oket, C(3)–O−] and [C(3′)–O− and C(4′)–O−]. The CuL2- identifying in the system of 1:1 

ligand:metal molar ratio by potentiometric titration is forming in alkaline pH (above 11). 

It can acquire the [C(3′)–O−, C(4′)–O−] coordination mode. The complex formation with 

stepwise deprotonation of the ligand can be seen in UV-Vis spectra (Fig. 4 (A), (B)). 
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(A) Cfisetin=2.5×10-5M CCu=2.5×10-5M (B) Cfisetin=2.5×10-5M, CCu =4.5×10-5M (C) Cfisetin=1×10-4M, CCu =2×10-4M 
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Fig. 4. Titration UV spectra of Fis-Cu(II) system with ligand to metal molar ratio 1:1(A) and 1:2 (B) 

in pH range 5.00-11.50 or 4.98-9.40, respectively in solution of 40%/60% methanol/water, 0.1M 

NaCl. (D), (E) and (F) comparisons of complex spectra with those of fisetin in the similar pH regions. 

 

On addition of Cu(II) to a pH around 5, the fisetin long-wavelength band at 361 nm 

loses intensity and shifts slightly bathochromically (Fig. (D)) giving rise simultaneously to 

new absorption bands at 282 and 430 nm. It corresponds to complex formation (Fig.2). The 

presence of copper(II) in fisetin solution at pH close to neutral (Fig. (E)) produces different 

results than those in acidic solution. They depend on ligand to metal molar ratio. At the ratio 

1:1 the band at 361 nm shifts hypsochromically (Δλ = 5 nm) and the intensities of other bands 

are decreasing. The double excess of copper leads to a total disappearing of the fisetin long-

wavelength band and an increase of intensity of the band at 282 and a red-shift of the band 

430 nm to 470 nm. In alkaline solution the spectrum registered at a ratio 1:1 is similar to that 

of fisetin with very small shifts of the bands but lower intensities (Fig. (F)). On the other hand, 

a distinct change of fisetin spectrum can be observed upon addition of copper(II) to double 

excess. The bands characterizing fisetin at pH 9.05 are hypsochromically shifted (about Δλ ≈ 

45 nm). The spectral differences visualized at 1:1 and 1:2 fisetin to copper molar ratios 

indicate formation of complexes with different stoichiometry at pH neutral and alkaline. 

Electronic transition spectra of copper ions recorded at increasing pH in visible region also 

support the strong coordination of metal ions by fisetin at the molar ratio of ligand/metal 1/2 

(Fig. (C)). Increase of pH leads to stepwise disappearance of the absorption band at max = 850 

nm characteristic for aqua ion of copper. It indicates that aqua molecules are replaced by two 

sets of donor atoms [C(4)–Oket, C(3)–O−] and [C(3′)–O− and C(4′)–O−] of fisetin. 
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The stoichiometry of complexes was confirmed by mass spectrometry (ESI MS) (Fig. 5). 
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Fig. 5. ESI MS mass spectra recorded in solution of 40%/60% methanol/water in pH 5.5 Cfizetyna= 

1×10-4 M, CCu= 1×10-4 M. 

 

The peaks at m/z 413.3 and m/z = 371.1 correspond to [2Cu(II) + L]+ and to an adduct 

CuNaL, respectively, where L–fisetin. These results clearly support the formation of 

complexes with stoichiometry CuL and Cu2L indicated by potentiometry and electronic 

absorption spectroscopy. 

The cyclic voltammetric response of a solution of ligand in LiClO4/H2O-MeOH solvent 

system evidences an anodic process at +0.39 V (with a backward associated broad wave at 

about +0.27 V), reasonably due to the oxidation of the C(3’)– and C(4’)–OH groups  

on the B-ring, and two irreproducible waves at higher potential values (0.8÷1.2 V) that can be 

tentatively associate to the oxidation of the OH groups on A and C rings [23]. An analogue 

behaviour also can be observed in acetate and phosphate buffers, with a shift to less anodic 

potential values in phosphate buffer. Addition of Cu(II) in a ratio M:L 2:1 leads to a 

broadening and a shift in the voltammetric curve of fisetin, and an orange precipitate is 

evidenced after 1 hour, due to the presence of a complex, scarcely soluble in the experimental 

conditions. No evidence of free Cu(II) is observed in the voltammetric curves, indicating that 

fisetin coordinates all the metal in solution forming a 2:1 complex. Such a behaviour is also 

shown in phosphate buffer at pH 7 (Fig. 6). In acidic solutions from pH 3.5 to 5.5 a sharp 

reoxidation peak is observed in the voltammetric response (Fig. 6), typical of the 

Cu(II)Cu(0) process suggesting the presence of free Cu(II) in solution and the contemporary 

presence of 2:1 and 1:1 complexes. 
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Fig. 6. Cyclic voltammetric responses of a solution containing a 2:1 M:L ratio in a buffer 

solution at pH 3.5 and 7.0, respectively. 
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In this study, we performed the simple, co-precipitation synthesis of hydrocalumites (Ca2Al-LDH). With the 

addition of NaOH solution to the aqueous solution of aluminium nitrate, calcium nitrate, saturated with long-

chained alcohols, white solids were obtained. Scanning electron microscopic images revealed that the presence of 

alcohols facilitates the formation of a highly crystalline product and post-synthetic ageing helps the formation of 

large particles between ca. 5-15 m. The morphology of the samples was uniform with high aspect ratio. 

 

INTRODUCTION 

The interest in the application, synthesis, modification and behaviour of layered double 

hydroxides (LDHs) is constantly growing since the structural characterization of the first 

member of the family in 1915 [1]. In 2016, nearly 5000 journal article listed LDHs as a topic. 

These substances have facile anion exchange ability, and the derivatives often have peculiar 

properties [2, 3]. 

Their positively charged layers consist of metal ions with different charges (usually 

divalent and trivalent ones) coordinated by hydroxide ions, and are compensated by 

intercalated anions. Several synthetic methods are applied to produce LDHs: co-precipitation, 

grinding of the solid constituents, sol-gel method, electrochemistry, hydrothermal treatment 

etc [4]. 

In order to prepare crystalline LDHs with high grain-size (5-20 m), hydrothermal 

process is used primarily, while the addition of polyols helps in developing the morphology of 

the obtained material [5 - 7]. 

In our previous study [8], the formation of LDHs with improved hexagonal morphology 

was observed upon the aqueous restacking of delaminated sheets from octanol. 
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In the experimental work leading to this contribution, the synthesis of calcium- and 

aluminium-containing LDHs was performed in solutions saturated with alcohols containing 6-

8 carbon atoms and investigated the effects of post-synthetic ageing at elevated temperature. 

Results obtained are communicated in the followings. 

 

EXPERIMENTAL PART 

Reagents and solutions 

Water was deionized by reverse osmosis before use. 3 M solution of NaOH was diluted 

from 20 M solution prepared by the dissolution of solid NaOH (VWR Chemicals) in water, 

followed by filtration. 

The salts (Ca(NO3)2×4 H2O, Al(NO3)3×9 H2O) and the alcohols (1-hexanol, 1-heptanol, 

1-octanol, 2-octanol, 3-octanol, 4-octanol, 2-ethyl-1-hexanol) were used as received from 

Sigma-Aldrich. 

 

Apparatus and equipment 

Powder X-ray diffractograms (PXRD) were collected with a Philips PW1710 

instrument using CuK radiation in Bragg-Brentano geometry in the range of 5-60 2 degrees, 

scanned by 4 degrees/min. Data were baseline corrected and reflections were fitted by 

Gaussian functions. 

Scanning electron microscopic (SEM) images were taken with a Hitachi S-4700 

microscope using 10 kV accelerating voltage on gold-coated samples. 

Fourier-transform infrared spectroscopic (FT-IR) data were collected with Biorad 

FTS-65 A/896 instrument equipped with an MCT detector (resolution: 4 cm–1). 

 

RESULTS AND DISCUSSION 

Pristine Ca2Al-LDH was synthetized from nitrate salt solutions with addition of 3 M 

NaOH solution until pH 13. Fig. 1 shows the X-ray diffractogram of the as-prepared LDH. 

Bragg equation provides the information of basal spacing (d0, the sum of interlayer spacing 

and layer thickness) and particle thickness (c) is calculated from Scherrer equation; they are 

0.832 nm [calculated from (002) reflection and it is the same derived from (004) one] and 24 

nm, respectively. The product is phase-pure and has high crystallinity. 
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Fig. 1. PXRD pattern of Ca2Al-LDH prepared with no co-solvent 

 

Under these circumstances, the typical particle diameter is <1 m with flake-like 

hexagonal morphology with no distinctive sharp edges (Fig. 2). 

 

Fig. 2. SEM images of Ca2Al-LDH with magnifications of (A) 50,000 and (B) 80,000 

 

The PXRD patterns of all LDHs precipitated from alcohol-saturated solutions have very 

similar characteristics, and a representative diffractogram is shown in Fig. 3. 

 

Fig. 3. PXRD pattern of Ca2Al-LDH prepared from 0.46 g/L 1-octanol solution 

 

The features in the diffractogram of any sample aged at 60 °C (see Fig. 4. for a typical 

example) are similar to the pattern in Fig. 3. with an increase in the intensity of (00l) 

reflection relative to others. 
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Fig. 4. PXRD pattern of Ca2Al-LDH prepared from 1.0 g/L 1-heptanol solution 

 

The first and second sharp reflections are assigned to (00l) lattice planes observed on 

the pattern of Ca2Al(NO3)-LDH: (002) and (004). The changes in the intensity ratios of (00l) 

and other reflections suggest morphological changes in the sample [9]. The original basal 

spacing remained the same (d0= 0.832 nm), but the particle thickness changed. Further data 

are collected in Table 1. 

 

Table 1. Crystal parameters of Ca2Al-LDHs obtained from different media with maximum alcohol-

content 

Alcohol c/nm before ageing c/nm after ageing 

1-Hexanol 25 49 

1-Heptanol 26 50 

1-Octanol 34 64 

2-Octanol 30 41 

3-Octanol 32 50 

4-Octanol 35 53 

2-Ethyl-1-hexanol 36 65 

 

Thickness of the hydroxide crystals grew; however, the PXRD method cannot give 

exact data on their diameters. Microscopic analysis was applied to gather approximate 

information about the width to thickness aspect ratio of the grains. SEM images of selected 

LDHs are shown in Fig. 5. 
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Fig. 5. SEM images of Ca2Al-LDH prepared in the presence of 1-hexanol (A, A*), 1-octanol (B, B*) 

and 3-octanol (C, C*) at various magnifications. The asterisk indicates ageing at 60 °C. 

 

The images prove that the products are LDHs with excellent crystallinity and the 

diameter of the uniform platelets grew compared to the samples prepared without alcohols. 

Ageing further assisted the crystal growth, and the average size is between 5-15 m. In our 

experimental experience, LDHs with comparable size and crystallinity are not ubiquitous and 

hard to synthetize. 

Infrared measurements attested that the incorporation of alcohols from the mother 

liquor is negligible, even using the most soluble 1-hexanol. Peaks assigned in the spectra are 

assigned to OH group stretching vibrations, H2O bending vibrations and the stretching 

vibrations of either NO3
– or CO3

2– ions (Fig. 6). 



Modern trends in coordination, bioinorganic, and applied inorganic chemistry 

Edited by M. Melník, P. Segľa, and M. Tatarko 
Slovak Chemical Society, Bratislava  © 2017 

 

92 

 

 

Fig. 6. FT-IR spectrum of Ca2Al-LDH prepared in the presence of 1-hexanol 

 

 

CONCLUSION 

 It has been revealed that applying alcohol as auxiliary agent in the synthesis of Ca2Al-

LDH significantly improved the quality of the crystallites in grain size and thickness as well 

as the shape of the platelets. 
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In this contribution, an attempt to synthesize Cu/Cu2O nanoparticles via using a chemical reduction 

method with CuCl2 as starting material and hydrazine as reducing agent in ethanolic medium is described. 

Analogous method was employed for the synthesis of Ni nanoparticles successfully. In the present work, the 

effects of various experimental parameters on the properties of the Cu/Cu2O NPs thus synthesized has been 

systematically studied. It was found that in every case, a mixture of Cu and Cu2O was obtained. The product 

distribution was similar, when heptanol was used instead of ethanol, and the product composition was relatively 

insensitive to the initial CuCl2 concentration and to the Cu2+:hydrazine molar ratio. The increase in the reaction 

time favoured the formation of Cu2O. From these results, it seems reasonable to suggest that the present method 

is suitable for the preparation of Cu nanoparticles covered with Cu2O. 

 

INTRODUCTION 

The importance of metallic nanoparticles (NPs) is mainly due to their unique physical 

and chemical properties. This results in wide range of applications. Among the NPs, those 

made of copper are in particular attractive, because of their low cost (relative to other noble 

metals); however, their preparation is problematic being the CuNPs oxygen sensitive to a 

large extent. 

The actual method used for the preparation determines the structure of CuNPs, which 

strongly influences the catalytic properties. In the last two decades, various methods for the 

synthesis of copper nanoparticles (chemical, physical and biological techniques) were 

described in the literature [1]. Reduction of Cu(II) salts with ascorbic acid in the absence [2] 

and in the presence [3] of NaBH4 without excluding aerial oxygen was claimed to result in 

CuNPs. In our hands, these methods did not prove to be operational. Reduction of Ni(II) salts 

with hydrazine in alkaline ethanolic medium is known to be suitable for producing NiNPs [4]. 

In this contribution, our attempts to use this method for preparing CuNPs are described. 
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EXPERIMENTAL PART 

Reagents and solutions 

CuCl2
.2H2O (Reanal, a.r grade), N2H4

.H2O (Honeywell-Fluka, 802 % aqueous 

solution), KOH (Reanal, a.r. grade), absolute ethanol and heptanol (Reanal) were used without 

further purification. 

During the synthesis, a desired amount of CuCl2
.2H2O was dissolved into absolute 

ethanol, yielding [Cu2+]0 = 0.111 M or 0.333 M initial concentrations. Another solution was 

prepared via mixing KOH and N2H4
.H2O to set the N2H4:Cu2+ molar ratio to 2.5 or 5. The first 

solution was mixed to the second to set the N2H4:Cu2+ molar ratio to 2.5 or 5 very rapidly, and 

the mixture was vigorously stirred at room temperature for 1 or 2 hours. The resulting product 

was washed thoroughly three times with ethanol. The final product was a brownish coloured 

precipitate, which was stored in ethanol in a closed bottle for further characterization. 

 

Apparatus and equipment 

 The products were characterized by powder X-ray diffraction measurements (Rigaku 

II, Japan) using CuKradiation ( = 1.5418 Å) in the 2Θ range of 5-80 o. The morphology of 

the specimens was obtained on a S-4700 scanning electron microscope (SEM, Hitachi, Japan). 

 

RESULTS AND DISCUSSION 

The XRD of the product obtained at [CuCl2]0 = 0.333 M, 2.5-fold excess of hydrazine 

and 1 hour reaction time is shown in Fig. 1a. Reflections characteristic to Cu (2Θ = 43.6, 50.8 

and 74.4 o) are clearly visible, but those of Cu2O (36,35o) and CuO (58.6 and 66.2 o) are also 

present indicating that the oxidation of the CuNP-s took place to a certain extent. The 

formation of the sparingly soluble CuCl (intense reflection at 28.37 o) is also seen. The 

appearance of the reflection at 40.6 o hints that washing with ethanol is not efficient in 

removing the starting material, CuCl2 from the product. 

Doubling the amount of added N2H4 (Fig. 1b) caused only a marginal variation in the 

distribution of the products: the relative amount of Cu and Cu2O increased somewhat. 
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Fig. 1. XRD traces of the product obtained from ethanol at [CuCl2]0 = 0.333 M and 1 hour reaction 

time in the presence of (a) 2.5-fold and (b) 5-fold excess of hydrazine 
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Fig. 2. XRD traces of the product obtained from ethanol at 2.5-fold excess of hydrazine and 1 hour 

reaction time in presence of (a) [CuCl2]0 = 0.111 M and (b) [CuCl2]0 = 0.333 M. 
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Fig. 3. XRD traces of the product obtained at [CuCl2]0 = 0.333 M and at 2.5-fold excess of hydrazine 

from (a) heptanol and (b) ethanol. 
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Fig. 4. XRD traces of the product obtained from ethanol at [CuCl2]0 = 0.111 M and at 5-fold excess of 

hydrazine using 1 and 2 hours of reaction time. 

 

Changing the initial concentration of Cu(II) from 0.333 M to 0.111 M exerts small 

effect on the products obtained as well (Fig. 2). Repeating the preparation with using [CuCl2]0 

= 0.333 M, 2.5-fold excess of hydrazine and 1 hour reaction time, but using heptanol as 
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solvent, instead of ethanol (Fig. 3) resulted again in a product practically identical to that 

obtained using ethanol. The increase in the reaction time from 1 hour to 2 hours resulted in a 

significant increase in the relative amount of Cu2O at the expense of the Cu (Fig. 4). The SEM 

image of the resulting mixture attests, that particles (most probably CuCl) with 50-70 nm 

diameter are formed (Fig. 5.), which are covered with some additional phase, i.e., Cu2O or 

elemental Cu. 

 

Fig. 5. SEM image of the product obtained from ethanol at [CuCl2]0 = 0.333 M and at 5-fold excess of 

hydrazine using 1 hour of reaction time. 

 

CONCLUSIONS 

 The reaction route, which was found to be reasonably efficient in producing NiNPs 

from NiCl2 via reduction with hydrazine proved to be inefficient for Cu-containing samples. 

The major reason may be that initially sparingly soluble salt, CuCl is formed as the first 

reduction product. This results in various side-reactions, which are undesirable in terms of 

preparing CuNPs. A further issue is the oxidation, which seems to become predominant with 

the increasing reaction time. This suggests that the rigorous exclusion of aerial oxygen may be 

the key in producing pure CuNPs via using this preparation method. 
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Two polymorphic complexes, [Pd(BrQ)2] (1a) and (1b), and complex HBrQ[PdCl2(dBrQ)] (2) (BrQ is 7-bromo-

quinolin-8-ol) have been prepared and characterized. X-ray structure analysis of 1a and 1b revealed that the 

molecular structures of these square-planar polymorphs are very similar; nevertheless, their supramolecular 

structures slightly differ due to the different intermolecular forces. The structure of 2 in DMSO solution was 

studied using NMR experiments which showed that the complex decomposes to BrQ ligand. Cytotoxic activities 

of 2 and BrQ ligand were tested on human colorectal cancer cells HCT116 and compared. Complex 2 is 

significantly more cytotoxic against HCT116 cells than cisplatin, however the BrQ ligand is even more active.   

 

INTRODUCTION 

Limited spectrum of cisplatin activity as well as its severe side effects motivates 

scientists to design and test many new cytotoxic platinum and palladium complexes [1-4]. 

In line with these findings we have recently prepared different neutral [Pd(XQ)2] as well 

as ionic Cat[PdCl2(XQ)] complexes (Cat = NH2(CH3)2, K, Cs or HXQ and XQ are 

halogenderivatives of quinolin-8-ol) [5-8] and studied their antitumour activity. However, 

previously mentioned neutral [Pd(XQ)2] complexes were mostly insoluble in DMSO and thus 

not useful for biological tests, therefore we decided, as a continuation of our previous work, to 

prepare and study square planar ionic Cat[PdCl2(BrQ)] complexes (Cat = NH2(CH3)2 or HBrQ 

and BrQ = 7-bromo-quinolin-8-ol). Herein we describe preparation and crystal structures of 

two polymorphic modifications of [Pd(BrQ)2] complex (1a) and (1b), as well as preparation 

of HBrQ[PdCl2(dBrQ)] complex (2). The NMR spectra, used to elucidate the structure of 2, 

proved that this complex unexpectedly decomposes to BrQ ligand in DMSO solution. 

Therefore we decided to evaluate in vitro antitumour activity of BrQ ligand against HCT116 
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cells, adherent epithelial cells originating from human colorectal carcinoma, and compare 

obtained results with the activity of decomposed complex 2 to check whether the presence of 

Pd2+ and Cl- ions in the solution can enhance the activity of the BrQ ligand. Interestingly, 

antitumour activity of decomposed complex 2 was significantly higher than cytotoxicity of 

cisplatin, the most usually used chemotherapeutic in the treatment of colorectal cancer, 

however the activity of BrQ ligand itself was even higher, indicating that BrQ has a potential 

for further in vivo testing.   

 

EXPERIMENTAL PART 

Preparation of [Pd(BrQ)2] (1a) 

0.54 mmol of BrQ (122 mg) was dissolved in 10 mL of N,N-dimethylformamide then 

cooled down to approximately -10 °C. 0.54 mmol of PdCl2 (0.2 mL of 40% solution that 

represents 48 mg PdCl2) was added to 10 mL of ethanol and cooled down approximately to -

10 °C. BrQ solution was then added to the PdCl2 solution, while continuously stirring for 10 

minutes, the beaker was laid down in the fridge. After two weeks, yellow crystals of 1a were 

formed, filtered off, washed with ethanol and dried on air.  

[Pd(BrQ)2] (1a) – bis(7-bromo-quinolin-8-olato)-palladium(II), yield 50% 

Calc. for C18H10Br2N2O2Pd (552.50 g·mol-1): C, 39.13; H, 1.82; N, 5.07% Found: C, 39.45; 

H, 1.56; N, 5.04%.  

IR (ATR, cm-1): ν(C–H)ar 3054, ν(C=C) 1576, ν(C–C) 1418, 1363, 1376, ν(C–O) 1109,  

δ(C–O) 600.  

 

Preparation of HBrQ[PdCl2(BrQ)] (2) and [Pd(BrQ)2] (1b)  

0.27 mmol of BrQ (61 mg) was dissolved in 10 mL of 1,2-dimethoxyethane then cooled 

down to approximately -10 °C. 0.27 mmol of PdCl2 (0.1 mL of 40% solution which represents 

24 mg PdCl2) was added to 20 mL of methanol and cooled down approximately to -10 °C. 

The ligand solution was then slowly added to the solution of PdCl2, while continuously 

stirring for 10 minutes, the beaker was laid down in the fridge. Overnight, the yellow 

precipitate of 1a was filtered on cold, the clear solution was then put back in the fridge. After 

two months, a mixture consisting of a pale yellow-brown powder of 2 and a small amount of 

tiny yellow crystals of [Pd(BrQ)2] 1b was formed, filtered off, washed with methanol and 

dried on air. The crystal of 1b suitable for X-ray was mechanically selected from the mixture 

under a microscope. As the amount of crystals was very small, other analyses have not been 

performed. 

HBrQ[PdCl2(BrQ)] (2) – 7-bromo-8-hydroxyquinolinium dichlorido-(7-bromo-quinolin-8-

olato)-palladium(II), yield 30% 

Calc. for C18H12Br2Cl2N2O2Pd (625.43 g·mol-1): C, 34.57; H, 1.93; N, 4.48% Found: C, 

33.96; H, 2.02; N, 4.23%.  
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IR (ATR, cm-1): ν(O–H) 3429, ν(C–H)ar 3055, δ(O–H) 1627, ν(C=C) 1580, ν(C–C) 1418, 

1365, 1377, ν(C–O) 1108, δ(C–O) 600. 

 

Physical measurements 

Elemental analysis of C, H and N was carried out using a CHNOS Elemental Analyzer 

vario MICRO (Elementar Analysensysteme GmbH).  

The infrared spectra of the complexes were recorded on a Nicolet 6700 FT-IR 

spectrophotometer (Thermo Scientific) equipped with a diamond crystal Smart OrbitTM in the 

range 4000 – 400 cm-1. 

A summary of structure refinements for 1a and 1b is given in Table 1. The data 

collection was performed at -100 °C on an Oxford Diffraction Xcalibur2 diffractometer 

equipped with a Sapphire2 CCD detector with graphite-monochromatized MoK radiation ( 

= 0.71073 Å). The structures were solved by SUPERFLIP [9] and subsequent Fourier 

synthesis using SHELXL [10], implemented in WinGX program suit [11]. An analysis of 

bond distances and angles as well as an analysis of the hydrogen bonds was performed using 

SHELXL, while PLATON [12] running under WinGX was used to analyze π-π interactions. 

DIAMOND [13] was used for molecular graphics. 

 

Table 1. Crystal data and structure refinement for 1a and 1b. 

  

 

RESULTS AND DISCUSSION 

Ethanolic solutions of PdCl2 can react with solutions of XQ in number of ways 

depending not only upon the stoichiometric ratios of reactants, however also upon the solvent 

used to dissolve XQ as well as the temperature of solutions.  

The aim of the present work was to prepare soluble NH2(CH3)2[PdCl2(BrQ)] and 

HBrQ[PdCl2(BrQ)] complexes. Based on our previous experiences [5-7,14] we carried out 

Compound 1a 1b 

Crystal system, space group Monoclinic, P21/c Monoclinic, P21/n 

Unit cell dimensions [Å, °] a = 12.7246(5) 

b = 4.7839(2)   β = 98.495(4) 

c = 13.6230(6) 

a = 4.9157(2) 

b = 10.4823(4)   β = 92.042(4) 

c = 15.8837(6) 

Volume [Å3] 820.18(6) 817.93(6) 

Z; calculated density [g.cm-3] 2; 2.237 2; 2.243 

Goodness-of-fit on F2 1.084 1.049 

Final R indices [I > 2(I)] R1 = 0.0266 

wR2 = 0.0641 

R1 = 0.0228 

wR2 = 0.0460 

R indices (all data) R1 = 0.0334 

wR2 = 0.0688 

R1 = 0.0303 

wR2 = 0.0490 
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syntheses at -10 °C using 1,2-dimethoxyethane and DMF solutions of BrQ. From the 1,2-

dimethoxyethane solution, yellow precipitate of [Pd(BrQ)2] complex (1a) was filtered at first, 

followed by isolation of the required HBrQ[PdCl2(BrQ)] complex (2) in a powder form mixed 

with a small amount of crystals of insoluble [Pd(BrQ)2] complex (1b). However, from the 

reaction mixture containing DMF, the first polymorphic modification of [Pd(BrQ)2] complex 

(1a) was prepared instead of the expected NH2(CH3)2[PdCl2(BrQ)] complex.  

Composition of both crystalline products 1a and 1b was unambiguously proven by 

single crystal structure analysis. The identity of complex 1a, isolated as powder and crystals 

from different reaction systems, was proved by IR spectroscopy and elemental analysis. 

The complexes 1a and 1b crystallize in monoclinic crystallographic system and their 

structures were solved independently in both equivalent P21/c and P21/n space groups with 

different unit cell constants. The attempt to verify identity of the structure by overlap of the 

molecules in both space groups failed. Thus, we can conclude that the complexes 1a and 1b 

are very similar polymorphs with very similar bond lengths and angles however with slightly 

different arrangement in space.  

The structures of [Pd(BrQ)2] complexes 1a and 1b are shown in Fig. 1. They are formed 

by neutral molecules containing Pd(II) atom and two bidentately coordinated BrQ ligands that 

bind to Pd(II) atom by oxygen atom after deprotonation of BrQ hydroxyl group in phenolic 

part, and nitrogen atom of BrQ pyridine part in trans-positions. Similar trans-coordination of 

two XQ ligands was observed in many other [Pd(XQ)2] complexes [5,6,15-18]. 

 

Fig. 1. Crystal structure of 1a with displacement ellipsoids (50% probability). The structure and atoms 

labeling of 1b is analogous. Symmetry transformations used to generate equivalent atoms:  

(i): 1 – x, 1 – y, 1 – z for 1a and (i): 1 – x, -y, 1 – z for 1b  
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Pd(II) atoms in the structures of 1a and 1b are localized on the centres of symmetry 

therefore both [Pd(BrQ)2] molecules are centrosymmetric, each with one independent BrQ 

ligand. Selected bond lengths and angles for 1a and 1b are summarized in Table 2. The values 

of Pd–O and Pd–N distances are very similar with the above mentioned [Pd(XQ)2] complexes 

[5,6,15-18]. Deformed square-planar geometry around the central atom in the complexes 1a 

and 1b is confirmed by the values of N–Pd–O bite angles which differ from 90° as expected 

for atoms coordinated in cis-positions (Table 2). 

 

Table 2. Selected bond distances and angles (Å, °) for 1a and 1b. 

 1a 1b 

Pd1–O1 1.996(2) 2.0010(19) 

Pd1–N1 1.993(3) 1.990(2) 

C7–Br1 1.891(3) 1.891(3) 

O1–Pd1–N1 83.67(9) 83.79(8) 

O1–Pd1–N1i 96.33(9) 96.21(8) 

N1–Pd1–N1i 180.0 180.0 

O1–Pd1–O1i 180.0 180.0 

Symmetry transformations used to generate equivalent atoms: (i): 1 – x, 1 – y, 1 – z for 1a and  

(i): 1 – x, -y, 1 – z for 1b  

 

Main differences in the structures of 1a and 1b consist in different intermolecular 

contacts between molecules of 1a and 1b and, consequently, in the arrangement of individual 

molecules. Different arrangement of molecules 1a and 1b is clearly seen in Br···Br contacts in 

both structures. While in the structure of 1a bromine atoms form a “tetragonal” net with 

Br1···Br1ii = 4.366 and Br1···Br1iii = 4.784 Å distances and Br1ii···Br1···Br1iii angle of 

94.85° (ii = 2 – x, -y, 1 – z; iii = x, 1 + y, z), in the structure of 1b a “monoclinic” net with 

Br1···Br1ii = 3.862 and Br1···Br1iii = 4.916 Å distances and Br1ii···Br1···Br1iii angle of 

108.38° (ii = -x, 1 – y, 1 – z; iii = -1 + x, y, z) is formed (Fig. 2). 
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Fig. 2. Br···Br contacts (dashed lines) viewed perpendicularly to the plane of bromine atoms in 1a 

(up) and 1b (down). Symmetry transformations used to generate equivalent atoms: (ii): 2 – x, -y, 1 – z; 

(iii): x, 1 + y, z for 1a and (ii): -x, 1 – y, 1 – z; (iii): -1 + x, y, z for 1b. 

 

The arrangement of molecules in the structure of 1a is governed by intermolecular 

contacts between planar aromatic rings (- interactions), C-Br···Cg (-ring) interactions and 

hydrogen bonds (Cg is the centre of gravity). Weak - interactions are observed between 

phenyl and pyridine rings of neighbouring [Pd(BrQ)2] complexes with Cgph···Cgpy
iv distance 

of 3.8744(2) Å (iv = x, -1 + y, z). Due to these interactions, infinite chains parallel with the b 

axis are formed and are further stabilized by C7-Br1···Cgph
iv -ring interactions with 

Br1···Cgph
iv distance of 3.4929(2) Å (Fig. 3). 
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Due to the weak C2-H2···O1iv hydrogen bond characterized by H2···O1v = 2.60 Å, 

C2···O1v = 3.3894(1) Å and C2-H2···O1v angle of 141° (v = x, 1.5 – y, 0.5 + z) the chains are 

tied into layers to form “parquet” packing in the bc plane (Fig. 4). 

 

Fig. 3. - interactions (black dashed lines) and C-Br···Cg (-ring) interactions (brown dashed lines) 

forming a chain along the b axis in the structure of 1a. Symmetry transformation used to generate 

equivalent atoms: (iv): x, -1 + y, z. 

 

Fig. 4. Molecular packing of 1a along the a axis. Hydrogen bonds are shown as red dashed lines. 

Because of clarity, -ring interactions are omitted and - interactions (black dashed lines) are shown 

only in one chain along the b axis. Symmetry transformation used to generate equivalent atoms: (v): x, 

1.5 – y, 0.5 + z. 
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Surprisingly, none of the above-mentioned interactions has been found in the structure 

of 1b. However, long range ringmetal interactions between coplanar [Pd(BrQ)2] complexes 

govern the arrangement of molecules and stabilize the structure of 1b. The distances between 

Pd1 atom and Cgph
iv or Cgph

v are 3.385 Å (iv = -x, -y, 1 – z; v =1 + x, y, z). Moreover, the Pd 

atoms and two adjacent centroids create a perfect line which makes an angle with the phenyl 

ring of 82.24° what indicates possible Pd···π interactions leading to a chain along the a axis 

with “octahedral coordination” of Pd atoms (Fig. 5). Similar long-range interactions were 

found in analogous [Pd(XQ)2] [5,6] complexes. 

 

Fig. 5. Pd···π interactions (blue dashed lines) forming a chain along the a axis in the structure of 1b. 

Symmetry transformations used to generate equivalent atoms: (iv): -x, -y, 1 – z; (v): 1 + x, y, z. 

 

Very low solubility of 1a and 1b as well as other [Pd(XQ)2] complexes in polar or non-

polar solvents can be ascribed to the presence of these non-bonding interactions. 

As written in Introduction, due to the cisplatin resistance and its side effects, many other 

cytotoxic complexes have been studied. One of them is also complex 2 along with its BrQ 

ligand. We explored their antitumour effects in vitro and compared their cytotoxicity with 

cisplatin. 

Cancer cell viability assay showed that all, complex 2 and BrQ as well as cisplatin were 

cytotoxic against human colon carcinoma cells. Cytotoxic effects of all three compounds were 

dose dependent: concentration decrease of tested compounds was followed by notable 

increase of tumour cell viability.  

The most importantly, both complex 2 and BrQ ligand showed significantly higher anti-

tumour cytotoxicity against HCT116 cells than cisplatin (Fig. 6).  

At very low concentrations (7.8 – 15.625 μM), complex 2 showed moderate cytotoxicity 

since viability of HCT116 cells decreased for more than 33%. The cytotoxicity of the ligand at 

low concentrations was considerably higher as the viability of HCT116 cells at concentration 

of 7.8 μM decreased for more than 40% and viability decrease at 15.625 μM was even around 

80% (and gradually decreased to 90% with the increasing concentration of the ligand). 
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Fig. 6. Representative graphs of HCT116 cell survival after 72 h cell growth in the presence of 2, BrQ 

and cisplatin. HCT116 cells were cultured with different doses of tested compounds ranging from 7.8 

to 1000 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. 

 

On the other hand, cisplatin at these concentrations was not toxic against tumour cells 

(Fig. 6). Viability of cancer cells was around 50% after culturing these cells in the presence of 

complex 2 (at concentration of 31.25 μM), while viability of HCT116 cells was around 95% 

when these cells were cultured in the same concentration of cisplatin. Interestingly, at 

concentration of 61.25 μM, that can be tested in vivo, complex 2 managed to induce cell death 

of more than 75% of HCT116 cells; the same cell death was observed at a quarter 

concentration of the ligand, indicating its huge potential for further in vivo testing in animal 

colon cancer models. 
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The dimeric [Cu(3-Mesal)2(inia)2]2 (1), polymeric [Cu(4-MeOsal)2(inia)(H2O)]n (2) and monomeric [Cu(4-

MeOsal)2]·H2O (3) complexes (where 3-Mesal– = 3-methylsalicylate, 4-MeOsal– =  

4-methoxylsalicylate and inia = isonicotinamide) were prepared and characterized by elemental analyses, 

electronic and IR spectra as well as diffraction methods. The complexes (1) and (2) were also studied by X-ray 

analyses. Moreover, the preliminary results of the X-ray structure determination are also presented. Coordination 

environment of compound (1) is different in comparison to complex (3), but in both compounds similar 2-D 

supramolecular frameworks build up in contrast to complex (2), where the chain structure was found.  

 

 

INTRODUCTION 

Investigation of copper(II) complexes with biologically active ligands have shown 

higher biomimetic activity in comparison to parent ligands. It is well known that salicylic acid 

and its derivatives have been used for many years as anti-inflammatory, antipyretic and 

analgesic drugs. For example, methylsalicylic acids were studied in connection with 

inflammatory diseases [1, 2]. It is also very well known, that heterocyclic ligands such as 

nicotinamide (nia) and isonicotinamide (inia) have been the subject of numerous studies in 

coordination chemistry as well as biological studies [3, 4]. Our attention is targeted to 

preparation of compounds with potential mimetic activity using isonicotinamide as the 

nitrogen donating ligand. The aim of the paper was the preparation and characterization of 

three novel complexes of the compositions: [Cu(3-Mesal)2(inia)2]2 (1),  

[Cu(4-MeOsal)2(inia)(H2O)]n (2) and [Cu(4-MeOsal)2]∙H2O (3) (where 3-Mesal =  

3-methylsalicylate, 4-MeOsal = 4-methoxysalicylate and inia = isonicotinamide) 

 

EXPERIMENTAL PART 

Preparation of the complexes 

Isonicotinamide (2 or 1 mmol) was added to aqueous solution of copper acetate  

(V = 10 ml, c = 0.1 M). The 3-methylsalicylic acid or 4-metoxysalicylic acid (2 mmol) was 
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added to the reaction mixture with small amount of mixed solvents (water-acetonitrile, 1:4). 

Two blue products (1), (2) and a green product (3) precipitated within a few minutes, were 

filtered off and characterized by available methods (elemental analysis, electronic and infrared 

spectra) and powder X-ray diffraction. The mother liquids were left to crystallize at ambient 

temperature. Blue crystals of (1) and (2) suitable for X-ray analysis were separated and dried 

at ambient temperature. 

Anal.: Calc for (1): N, 9.18; C, 55.13; H, 4.30%. Found: N, 9.32; C, 54.44; H, 4.17%. 

Anal.: Calc for (2):  N, 5.21; C, 49.12; H, 4.12 %. Found: N, 5.38; C, 49.8; H, 4.09% 

Anal.: Calc for (3): N, -; C, 44.30; H, 4.18%. Found: N, -; C, 45.90; H, 4.40%. 

 

Apparatus and equipment 

Analyses of carbon, hydrogen and nitrogen were carried out on a CHNSO FlashEATM 

1112 Automatic Elemental Analyzer.  

The infrared spectra (4000–200 cm–1) of the complexes were measured on a NICOLET 

5700 FT-IR spectrophotometer at room temperature using ATR technique.  

The electronic spectra (190–1100 nm) of the compounds were measured in Nujol 

suspension with a SPECORD 250 Plus spectrophotometer at room temperature.  

 

 

RESULTS AND DISCUSSION 

The stoichiometric ratio of the reactants Cu : Me(O)salH : inia = 1 : 2 : 2 led to 

formation of two blue products [Cu(3-Mesal)2(inia)2]2 (1), [Cu(4-MeOsal)2(inia)(H2O)] (2) 

and the stoichiometric ratio 1:2:1 led to the creation of green complex [Cu(4-MeOsal)2]∙H2O 

(3).  

 

Dimeric complex 

The X-ray analysis of (1) shows that the complex is dimeric (Fig. 1). As can be seen 

each Cu(II) is surrounded by seven donor atoms with the chromophore of CuO5N2. This seven 

donor atoms creates around each Cu(II) atom a distorted pentagonal bipyramidal arrangement. 

The two copper atoms are bridged by two O-donor atoms which created a four-membered 

bimetallic central ring (Cu-O-Cu-O-). The bridging O-donor atoms coordinated 

unsymmetrically with Cu-O1 bond distances of 2.034 and 2.562 Å. The intramolecular 

copper-copper separation is 3.5807 Å. 
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Fig. 1. Molecular structural motif of [Cu(3-Mesal)2(inia)2]2 

 

The initial formation of the microcrystalline compound (1) at the beginning of the 

reaction exhibited the same composition as in the crystalline form as was confirmed by 

elemental analysis and by comparison of experimental powder diffraction pattern to the 

simulated powder pattern (Fig. 2).  

 

 

Fig. 2 The comparison simulated (blue line) and experimental (red line)  

diffraction pattern of complex (1) 
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The preliminary structural information is in good agreement with the infrared spectrum. 

The carboxylate stretching frequencies νas(COO–) and νs(COO–) of the complex under study 

were found at 1601 cm–1 and 1422 cm–1 respectively. The difference between antisymmetric 

and symmetric stretch ( = as – s) is comparable to  for the ionic form. The carboxylate 

group is bonded in bidentate bonding mode [5]. The presence of inia ligand is confirmed by 

FAR IR spectra. The absorption bands which are close to 362 cm–1, can be attributed to the 

νas(Cu–N) vibration. 

The electronic spectrum of the product showed broad asymmetric absorption bands at 

620 nm with unresolved shoulders further on the lower energy side. Some intraligand charge 

transfer bands in the range 250 – 300 nm and 300 – 350 nm are present.  

 

Monomeric vs polymeric complex 

Two different coordination compounds with/without isonicotinamide in present  

4-methoxysalicylic acid were obtained by change of conditions at the synthesis in water as 

solvent. The stoichiometric ratio of Cu : 4-MeOsalH : inia = 1 : 2 : 1 led to the formation of 

green microcrystalline product [Cu(4-MeOsal)2]·H2O. The structure of (3) exhibits a distorted 

square planar arrangement around the copper(II) centre as shown in Fig. 3. The structure of (3) 

consists of two different units [Cu(4-MeOsal)2] with chelating coordination mode of the 

anions and uncoordinated water molecules. The complex molecules [Cu(4-MeOsal)2] and 

uncoordinated water molecules are linked via O–H∙∙∙O hydrogen bonds and build up a 2D 

supramolecular framework  

 

 

Fig. 3 Structural motif of [Cu(4-MeOsal)2]·H2O complex 
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In the IR spectra the bands corresponding to as(COO–) and s(COO–) were found at 

about 1602 cm–1 and 1437 cm–1, respectively. The former one is rather broad and significantly 

asymmetric showing unresolved shoulders due to the other band presence at about 1620 cm–1. 

The difference of stretching frequencies in the two units is approximately about 165 cm–1 This 

data agree quite well with different bonding modes of the carboxylate groups. [5].  

 

On the other hand, stoichiometric ratio of Cu : 4-MeOsalH : inia = 1 : 2 : 2 led to the 

formation of blue product of composition [Cu(4-MeOsal)2(inia)(H2O)]n. The X ray data of 

this complex suggest that the donor atoms form distorted tetragonal-pyramidal arrangement 

around the Cu(II) centre (Fig. 4). The equatorial plane around Cu(II) atom is built up by two 

oxygen atoms of the carboxylate groups and the remaining two positions are occupied by the 

oxygen atom of the molecule of water and N-donor atom of the isonicotinamide. The apical 

position is occupied by O-donor atoms of isonicotinamide. In such a way the isonicotinamide 

serves as bridge in the polymeric chain. 

 

 

Fig. 4 Motif of molecular structure of [Cu(4-MeOsal)2(inia) (H2O)]n 

 

The infrared spectrum of the complex (2) is in good agreement with the X-ray data. 

The carboxylate stretching frequencies are found at 1635 νas(COO–) and 1428 cm–1 νs(COO–). 

The difference between antisymmetric and symmetric stretches (Δν = νas – νs) is somewhat 
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greater than Δν for the ionic form, and it is in good agreement with observed monodentate 

bonding mode of carboxylate anion. The presence of isonicotinamide is confirmed by FAR IR 

spectra. The absorption band at 399 cm–1 can be attributed to νas(Cu–N) vibration. 

The electronic spectra of both complexes (2) and (3) showed the broad asymmetric 

absorption bands maximum at 640 nm for complex (3) and at 662 nm for complex (2) with 

quite weak shoulders at lower wavelengths. Some intraligand charge transfer bands in the 

range 250 – 300 nm and 300 – 350 nm are present, too. 
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Geometries of eight p-substituted diphenyl amine (Aox) antioxidants with Cu2+ ions bonded to amine nitrogen 

sites were optimized at B3LYP/6-311G* level of theory. The extent of electron density transfer between Aox and 

Cu2+ were evaluated in terms of Cu atomic charges, Cu spin densities and electron density Laplacians at Cu – N 

bond critical points which were correlated with corresponding Molar Antioxidant Effectiveness (AEM) data 

obtained experimentally by Šimon et al. at 25 °C and 130 °C in polystyrene-butadiene rubber. AEM values of 

three compounds are high (over 1000 kg/mol) and significantly depend on the temperature unlike AEM values of 

the remaining five compounds. The relations between AEM and the above electron density characteristics depend 

on the temperature as well.  

 

INTRODUCTION 

Organic materials exposed to oxygen undergo oxidative degradation. Addition of small 

amounts of antioxidants (AOx) into most synthetic polymer products retards degradative 

reactions and increases the service lifetimes during processing and end-uses. The mechanism 

of the antioxidant action of diarylamines Ar2NH based on Ar2NO• radicals formation 

originates in late 1960s [1]. A few years later the differences in the mechanism at lower and 

higher temperature were observed [2]. According to the recent picture of this catalytic 

inhibition mechanism [3] the diarylamine is first oxidized by a peroxyl radical 

 >NH + RO2•  →  >N• + ROOH     (1) 

 >N• +  RO2•  →  >NO• + RO•     (2) 

The secondary alkyl radical can react with Ar2NO• to form a secondary N-alkoxydiarylamine 

 >NO• + R•  →  >NOR      (3) 

which is unstable at higher temperature and decomposes to complete the inhibition cycle 

 2 >NOR  → 2 >NH + R'COR"     (4) 

One complete inhibition cycle traps two radicals (one peroxyl and one alkyl). Side reactions 

lead to non-radical products which stop the catalytic inhibition chain 

 >NOR → >NOH + >C=C<       (5) 

or, alternatively, they can contribute to the inhibition 

 >NOH + RO2•  →   >NO• + ROOH     (6) 

 >NOR → >NO• + RO•      (7) 
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It implies that at high temperature the rate-determining step is not the hydrogen transfer but 

the subsequent re-generation of the amine via N-O homolysis and in-cage disproportionation. 

It is evident that there is a switch in behaviour between the low-temperature conditions (where 

the protection is non-catalytic with low stoichiometric factors for inhibition) and high-

temperature conditions (above ca 100 ºC), where the protection becomes catalytic (high 

stoichiometric factors). 

Šimon et al. investigated the AOx efficiency in polyisoprene rubber (PIR) by non-

isothermal DSC measurements [4-9] and proposed the method of the antioxidants efficiency 

quantification as follows:  

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 antioxidant activity can be evaluated as the ratio of the 

induction periods ti of the stabilized (PIR+AOx) and unstabilized (PIR) polymers since their 

stability or non-stability is brought about by the same structural units. The protection factor, 

PF, is defined as  

 

 
i

i

PIR+AOx

PIR


t
PF

t
     (8) 

The greater is the value of PF, the higher is the antioxidant effectiveness of the 

additive. The values of protection factors change with temperature and AOx concentrations. 

As the dependence of protection factor on the antioxidant concentration is almost linear, the 

Molar Antioxidant Effectiveness (AEM) can be defined as  

    AEM
PF

m


1
     (9) 

where m is the concentration of antioxidant in polymer matrix expressed in mol kg-1. 

Alagona and Ghio [10-11] studied the complexes of Cu2+ ions with antioxidants based 

on prenylated pterocarpans and prenylchalcones by B3LYP calculations. They found that the 

relative stability of the metalated species at various coordination sites strongly depends on 

their position and nature. The spin density of the copper ion upon ligand coordination 

becomes small whereas the ligand spin density approaches 1. Thus the neutral ligand is 

oxidized to a radical cation while Cu(II) is reduced to Cu(I). Consequently, the metal-ion 

affinity as well as the charge and spin density of Cu atoms can be used as a measure of the 

antioxidant effectiveness. The solvent effect dampens the free energy differences due to the 

polarization effects of the copper ion and so reduces the metal-ion affinity especially when the 

Cu ion is remarkably exposed to the solvent. Mammino [12] used this treatment by her 

investigation of the antioxidant properties of hyperjovinol. 

In our previous study [13] we have applied the above treatment to the series of p-

phenylene diamine (PPD) antioxidants. We have found linear relations between AEM and Cu 

atomic charges, Cu spin densities as well as the Laplacian of electron density at Cu-N bond 
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critical points. Now we will investigate the relation between AEM and Cu(II) coordination 

ability within another series of p-substituted diphenyl amine antioxidants (see Table 1) [7]. 

 

CALCULATIONS 

 Geometries of [Cu...Aox]2+ complexes in doublet ground spin states with Cu bonded 

to N atoms (see Figs. 1-2) were optimized using Becke three-parameter B3LYP hybrid 

functional [14]. Standard 6-311G* basis sets from Gaussian09 library [15] were used for all 

atoms. Stability of the optimized structures was confirmed by vibrational analysis (no 

imaginary vibrations). All the above mentioned calculations were performed using 

Gaussian09 program package [15]. Electron structure of the systems under study has been 

evaluated in terms of NBO (Natural Bond Orbitals) population analysis [16-20] (such as 

atomic charges and spin populations). Alternatively, QTAIM (Quantum Theory of Atoms-in-

Molecules) topological analysis of electron density [21] has been performed using AIM2000 

software [22] in terms of atomic charges (integrated over atomic basins up to 0.001 e/bohr3 

value) and spin densities at relevant atoms. Electron density Laplacians at bond critical points, 

2ρBCP, which describe the electron density transfer in the case of ionic and complex bonds 

(2ρBCP > 0 for unshared bonds [27]), have been evaluated as well. 

 

RESULTS AND DISCUSSION 

We have optimized the structures of eight p-substituted diphenyl amine antioxidants 

(see Table 1) with single Cu2+ ions located at their central nitrogen sites between aromatic 

rings. As the compound (A1) has been investigated in our previous study [13], we present the 

results for Cu2+ bonded to the side nitrogen atom in this compound as well. All the model 

structures were in doublet spin states and had the total charge +2. The [Aox…Cu]2+ optimized 

structures are depicted in Figs. 1-2.  

The most interesting results of our study are presented in Figures 3-5. It is evident that our 

systems may be divided into two groups. AEM values of compounds (A1) – (A3) are high 

(over 1000 kg/mol) and significantly depend on the temperature unlike AEM values of 

compounds (B1) – (B5) (see Table 1). Such a behaviour can be explained by relatively high 

stability of a secondary N-alkoxydiarylamine and a small reaction rate of its decomposition 

according to Eq. (4).  
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Table 1. Protection factors of 0.5 wt% antioxidant in polystyrene-butadiene rubber at 25 °C (PF25) 

and 130 °C (PF130) [7], molar antioxidant effectiveness at 25 °C (AEM25) and 130 °C (AEM130) 

evaluated according to Eq. (9). 

  Compound 
PF25 

 

AEM25 

[kg/mol] 

PF130 

 

AEM130 

[kg/mol] 

A1 
N-(1,3-Dimethyl-butyl)-N‘-phenylbenzene-1,4-diamine (6PPD) 

[13] 
256 1369 985 5282 

A2 N-Phenyl-benzene-1,4-diamine 1200 4417 900 3312 

A3 (4-Nitroso-phenyl)-phenyl-amine 1000 3961 1560 6181 

B1 Phenyl-[4-(1,1,3,3-tetramethyl-butyl)-phenyl]-amine 50 276 60 310 

B2 Bis-[4-(1,1,3,3-tetramethyl-butyl)-phenyl]-amine 59 457 56 433 

B3 

 

Bis-[4-(1-phenyl-ethyl)-phenyl]-amine 

 

119 891 42 310 

B4 [4-(1-Methyl-1-phenyl–ethyl)-phenyl]-phenyl-amine 99 563 91 517 

B5 Bis-[4-(1-methyl-1-phenyl-ethyl)-phenyl]-amine 15 114 72 576 

 

 

 
 

[A1(N1)…Cu]2+ [A1(N2)…Cu]2+ 

  

[A2…Cu]2+ [A3…Cu]2+ 

 

Fig. 1 Optimal geometries of [Aox…Cu]2+ complexes under study for Aox with high AEM values 

(Cu-blue, C-green, N-grey, H-white, O-red), N1 site is central nitrogen atom between both aromatic 

rings and N2 site is remaining nitrogen atom at an aromatic ring. 
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[B1…Cu]2+ [B2…Cu]2+ 

  

[B3…Cu]2+ [B4…Cu]2+ 

 

[B5…Cu]2+ 

 

Fig. 2 Optimal geometries of [Aox…Cu]2+ complexes under study for Aox with low AEM values (Cu-

blue, C-green, N-grey, H-white). 

 

According to our results (Fig. 3), AEM values at 25 °C (AEM25) are proportional to 

positive Cu atom charges for (A1) – (A3) compounds, especially if the side nitrogen site in 

(A1) is considered. No such relation can be observed for AEM at 130 °C (AEM130). Similar 

relations for (B1) – (B5) compounds are indistinct.  
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Fig. 3. AEM dependence on the Cu atomic charge at the nitrogen site at 25 °C (AEM25) and at 130 °C 

(AEM130). Full symbols are related to (A1) – (A3) and empty symbols to (B1) – B(5) compounds 

(squares - NBO charges, circles – QTAIM charges, red symbols are related to side nitrogen site in 

(A1) compound).  

 

NBO and QTAIM spin densities at Cu atoms exhibit opposite signs (Fig. 4). 

Nevertheless, AEM130 values decrease with their absolute values for (A1) – (A3) compounds 

if the side nitrogen site in (A1) is considered instead of the central one. No such relation can 

be observed for AEM25 values. Similar relations for (B1) – (B5) compounds are indistinct.  

Similarly, AEM130 values increase with the Cu – N bond BCP electron density 

Laplacian (2ρBCP(Cu – N) ) at the central nitrogen site for (A1) – (A3) compounds. No such 

relation can be observed for AEM25 values. Similar relations for (B1) – (B5) compounds are 

not observed as well. 

Our results on the relation between AEM and various electron structure parameters of 

[Cu...Aox]2+ complexes, which describe electron/spin density transfer between Cu2+ and Aox, 

are in agreement with different mechanisms of antioxidant action at low and high 

temperatures [2]. Antioxidants with low AEM (under ca 1000 kg/mol) probably use the low 

temperature mechanism even at higher temperature. The recent picture of their catalytic 

inhibition mechanism implies that the start of high temperature mechanism depends on the 

stability of corresponding secondary N-alkoxydiarylamines (see Eq. (3)). Further experimental 

as well as theoretical studies in this field are desirable. 
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Fig. 4. AEM dependence on the Cu atomic spin density at the nitrogen site at 25 °C (AEM25) and at 

130 °C (AEM130). Full symbols are related to (A1) – (A3) and empty symbols to (B1) – B(5) 

compounds (squares - NBO spin density, circles – QTAIM spin density, red symbols are related to 

side nitrogen site in (A1) compound).  

 

Fig. 5. AEM dependence on the Cu – N bond BCP electron density Laplacian (2ρBCP(Cu – N) ) at the 

nitrogen site at 25 °C (AEM25) and at 130 °C (AEM130). Full symbols are related to (A1) – (A3) and 

empty symbols to (B1) – B(5) compounds (red symbols are related to side nitrogen site in (A1) 

compound).  
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The synthesis and biological evaluation against cancer cells and pathogenic bacteria as well as fungi of five 

coinage metal NHC complexes derived from copper (WBC4), silver (SBC1/SBC3) and gold (NHC-Au-Cl/NHC-

Au-SR) is reviewed. The NHC ligand for these compounds is 1,3-dibenzyl-4,5-diphenylimidazol-2-ylidene or 

derivatives closely related, since this ligand is proven suitable for drug-like molecules. The NHC-silver acetate 

complex SBC1 failed as an anticancer drug candidate in vivo, while its highly related compound SBC3 succeeded 

in vivo as an experimental antibiotic in Galleria mellonella larvae showing survival advantage against pathogenic 

bacteria and fungi. The corresponding gold complexes of NHC-Au-Cl and NHC-Au-SR (R = thioglucoside) as 

well as the NHC-copper bromide derivative WBC4 exhibited significant growth inhibition, when tested against 

xenografted human renal-cell cancer Caki-1 in nude mice; WBC4 showed tolerable toxicity in the form of 

reversible body weight loss, while the two gold compounds did not induce body weight loss in the xenograft 

mouse model experiment.   

 

INTRODUCTION 

Metal complexes with N-heterocyclic carbene (NHC) ligands are used in catalysis [1], 

as materials [2] and as metal-based drugs [3,4]. NHC ligands are easily chemically modified, 

like 1,3-dibenzyl-4,5-diphenylimidazol-2-ylidene, in order to serve as a lipophilic part in 

drug-like molecules. These NHC ligands can act as excellent two electron bond donors, which 

are stronger σ-donors than phosphine ligands making them ideal ligands to stabilise coinage 

metal NHC complexes as potential antibiotic or anticancer drug candidates [5-7]. The 

resulting NHC-M(I) complexes may be an alternative to Auranofin (triethylphosphino gold(I) 

tetraacetyl β-D-thioglucoside), a drug used in the treatment of rheumatoid arthritis, and now 

evaluated for its chemotherapeutic potential against microorganisms and as an anti-

proliferative drug [8].  

 

RESULTS AND DISCUSSION 

NHC-Cu(I) based anticancer drugs 

The anticancer drug candidate 1,3-di(p-methoxybenzyl)-4,5-di(p-isopropylphenyl)-

imidazol-2-ylidene copper(I) bromide (WBC4) was synthesised from the corresponding 

imidazolium bromide, silver oxide and dimethylsulfido copper monobromide in 74% yield as 

shown in figure 1 [9]. 
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Figure 1: Synthesis of 1,3-di(p-methoxybenzyl)-4,5-di(p-isopropylphenyl)-imidazol-2-ylidene 

copper(I) bromide (WBC4). 

  

WBC4 is a surprisingly stable Cu(I) complex with respect to water and air, which 

allowed for its evaluation in biological media. WBC4 was tested on the NCI 60 cancer cell 

panel in vitro; the compound showed very good activity against a wide range of human cancer 

cell lines inclusive renal cell cancer with an average GI50 value of 288 nM. This encouraged 

maximum tolerable dose (MTD) experiments in mice, where a MTD value of 10 mg/kg was 

determined with single injections to groups of 2 mice. In the following tumor xenograft 

experiment WBC4 was given at 5 and 10 mg/kg in 5 injections to two cohorts of 6 CAKI-1 

tumor-bearing NMRI:nu/nu mice, while a control cohort of 6 mice was treated with solvent 

only [10]. At the higher dose of 10 mg/kg WBC4 showed borderline toxicity leading to 2 

mortalities, while a significant T/C value of 0.38 was observed on day 32. At the lower dose 

of 5 mg/kg WBC4 induced mild and reversible body weight loss with no toxic deaths. At this 

dose WBC4 showed an identical significant T/C value of 0.38 on day 32, when compared to 

the other treatment group as shown in figure 2. Immunohistochemistry for the proliferation 

marker Ki-67 did not show significant changes due to WBC4 treatment in the animals. 

However, anti-angiogenic effects by WBC4 treatment were observed in CD31 

immunohistochemistry. Here, significant reduction in microvessel number, area and ratio was 

determined in tumors treated with 10 mg/kg of WBC4. 
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Figure 2: Influence of WBC4 on growth of CAKI-1 xenotransplant tumors in NMRI nu/nu 

mice; adapted from [10] with permission. 

 

 

NHC-Ag(I) based anticancer drugs 

The anticancer drug candidate 1-methyl-3-(p-cyanobenzyl)-benzimidazole-2-ylidene 

silver(I) acetate (SBC1) was synthesised from the unsymmetrically substituted 

benzimidazolium bromide and two equivalents of silver acetate in 74% yield as shown in 

figure 3 [11]. 

 

2 AgOAc

-AgBr(s) 
-HOAc

Br
-

H

N
+

N

CH3

CN

Ag

N

N

OAc

CH3

CN

 

 

Figure 3: Synthesis of 1-methyl-3-(p-cyanobenzyl)-benzimidazole-2-ylidene silver(I) acetate 

(SBC1). 

 

 

SBC1 was tested in vitro against human neuroblastoma cells, UKF-NB-3 and UKF-NB-

6, delivering IC50 values of 29 +/- 5 and 29 +/- 4 μM, while further testing against cisplatin-, 

carboplatin- and oxaliplatin-resistant UKF-NB-3/6 sub-lines showed no cross-resistance with 

respect to SBC1. A similar trend was found for SBC1 against the human colon carcinoma cell 

line HCT8 with an IC50 value of 3.1 +/- 0.9 μM; SBC1 was again able to break cisplatin- and 
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carboplatin-resistance in the corresponding sub-lines. SBC1 was also tested against the 

prostate cancer cell line PC-3 and its paclitaxel-resistant sub-line, which gave IC50 values of 

14.1 +/- 0.9 and 14.5 +/- 0.8 μM, which indicated no cross-resistance with paclitaxel. In order 

to test the possible transport of SBC1 via albumin the binding of SBC1 against this transport 

protein was measured using a fluorescence titration, which gave a G value of 28 +/- 3 

kJ/mol. In circular dichroism and DNA denaturation assays SBC1 proved to be a strongly 

DNA-binding drug candidate. SBC1 was then given at 25 and 50 mg/kg/d, in four injections 

to two cohorts of eight CAKI-1 tumor-bearing NMRI:nu/nu mice, while a further cohort was 

treated with solvent only [12]. At these two dosages SBC1 showed borderline toxicity leading 

to mortality and body weight loss, while no significant tumor growth reduction or influence on 

blood parameter with respect to the solvent-treated control group was observed. Further in 

vivo testing against zebrafish larvae revealed significant toxicity of SBC1 at micromolar 

concentrations; no useable anti-angiogenic dosage was observed. 

 

NHC-Ag(I) based antibiotic drugs 

The antimicrobial drug candidate 1,3-dibenzyl-4,5-diphenyl-imidazol-2-ylidene silver(I) 

acetate (SBC3) was synthesised from 1,3-dibenzyl-4,5-diphenyl-imidazolium bromide and 2 

equivalents of silver acetate in 81% yield as shown in figure 4 [11]. 
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Figure 4: Synthesis of 1,3-dibenzyl-4,5-diphenyl-imidazol-2-ylidene silver(I) acetate (SBC3). 

 

Preliminary in vitro evaluation showed that SBC3 showed antibacterial activity 

comparable to clinically used antibiotics [13], which encouraged further investigations. SBC3 

was evaluated for its ability to function in vivo using larvae of Galleria mellonella. A SBC3 

concentration of 25 μg/ml inhibited the growth of S. aureus by 71% and C. albicans by 86% 

in vitro. Larvae inoculated with 20 μl of SBC3 solution showed no ill effects up to a 

concentration of 250 μg/ml but administration of 500 μg/ml resulted in a 40% reduction in 

larval survival and administration of a dose of 1000 μg/ml resulted in total larval death at 24 h 

[14]. Larvae inoculated with S. aureus or C. albicans and subsequently administered SBC3 

showed increased survival. Administration of SBC3 to larvae did not boost the insect immune 

response as indicated by lack of an increase in the density of circulating haemocytes (immune 
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cells). The abundance of a number of proteins involved in the insect immune response was 

reduced in larvae that received 20 μl SBC3 solution of 100 μg/ml. This is the first 

demonstration of the in vivo activity of SBC3 against S. aureus and C. albicans and 

demonstrates that SBC3 does not stimulate a non-specific immune response in larvae. 

 

NHC-Au(I) Based Anticancer Drugs 

The anticancer drug candidate 1,3-dibenzyl-4,5-diphenyl-imidazol-2-ylidene gold(I) 

chloride (NHC-AuCl) and its 2',3',4',6'-tetra-O-acetyl-β-D-glucopyranosyl-1’-thiolate 

derivative (NHC-AuSR) [15,16], which is a potential ligand for glucose transporters, were 

made analogously to WBC4 as shown in figure 5. 
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Figure 5: Synthesis of 1,3-dibenzyl-4,5-diphenyl-imidazol-2-ylidene gold(I) chloride (NHC-

AuCl) and its 2',3',4',6'-tetra-O-acetyl-β-D-glucopyranosyl-1’-thiolate derivative (NHC-

AuSR). 
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NHC-AuCl and NHC-AuSR were tested on the NCI 60 cancer cell panel in vitro and 

both compounds showed very good activity against a wide range of human cancer cell lines 

inclusive renal cell cancer with similar average GI50 values of 1.78 and 1.95 μM, 

respectively. This encouraged maximum tolerable dose (MTD) experiments in mice, where 

MTD values of 10 mg/kg for NHC-AuCl and 7.5 mg/kg for NHC-AuSR were determined 

with single injections to groups of 2 mice. In the following tumor xenograft experiment NHC-

AuCl and NHC-AuSR were given at MTD in 6 injections to two cohorts of 6 CAKI-1 tumor-

bearing NMRI:nu/nu mice, while a control cohort of 6 mice was treated with solvent only 

[17]. NHC-AuCl at the dose of 10 mg/kg and NHC-AuSR at the lower dose of 7.5 mg/kg 

induced both low toxicities in the form of abdominal swelling but no significant body weight 

loss was seen in both groups. The tumor volume growth reduction was significant and almost 

identical; optimal T/C values of 0.47 were observed on day 19 for NHC-AuCl and on day 29 

for NHC-AuSR as shown in figure 6. Immunohistochemistry for the proliferation marker Ki-

67 and the angiogenesis marker CD31 did not show significant changes due to NHC-AuCl or 

NHC-AuSR treatment in the animals. However, thioredoxin reductase (TrxR) inhibition with 

IC50 values of 1.5 μM for NHC-AuCl and 3.1 μM for NHC-AuSR seem to indicate that 

apoptosis induction through elevated oxidative stress is the main mechanism for the two gold 

compounds. 

 

Figure 6: Influence of NHC-AuCl and NHC-AuSR on growth of CAKI-1 

xenotransplant tumors in NMRI nu/nu mice; adapted from [17] with permission. 
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CONCLUSIONS 

Monovalent benzyl-substituted NHC coinage metal halides and acetates are air- and 

moisture-stable compounds that have the right lipophilicity and solubility to act as potential 

drug candidates.  

NHC-silver acetates like SBC1 looked in their in vitro evaluation as ideal anticancer 

drug candidates, but in vivo testing showed that xenografted human renal-cell could not be 

treated by SBC1. Nevertheless, SBC1 was tolerated in high doses in the mouse showing its 

low toxicity. A similar NHC-silver derivative SBC3 was then successfully tested in vitro 

against a variety of pathogenic bacteria inclusive MRSA and showed already at low dosage a 

significant survival effect in Galleria mellonella larvae, which were infected with S. aureus or 

C. albicans. It is likely that ligand-stabilised silver(I) complexes will be deactivated by 

glutathione or other defense mechanism in mammalian cells, but bacteria respond already to 

low concentration of such species, which means that NHC-silver complexes are antibiotics 

but not anticancer drugs. 

The NHC-copper bromide species WBC4 was a successfully tested drug candidate in 

xenografted Caki-1 tumors in nude mice; after five injections with a dose of 5 mg/kg the mice 

responded with mild and reversible body weight loss and a good T/C value of 0.38. Very 

similar results were found for the two NHC-gold chloride and thioglucoside derivatives NHC-

Au-Cl and NHC-Au-SR; six injections of 10 mg/kg (NHC-Au-Cl) or 7.5 mg (NHC-Au-SR) 

led in xenografted Caki-1 tumors in nude mice to identical T/C values of 0.47. Both 

compounds induced no body weight loss and can therefore be classified as mild 

chemotherapy. 

Summarising, one can say that silver compound SBC3 has the potential to go into 

Phase I clinical trials in humans as an emergency antibiotic possibly against sepsis caused by 

pathogenic bacteria resistant to conventional antibiotics. Here, the unusual mechanism of 

destruction of bacterial cell walls may become the reason for success. The NHC-copper and 

NHC–gold complexes WBC4, NHC-Au-Cl and NHC-Au-SR look very promising when it 

comes to difficult to treat forms of cancer like renal-cell cancer, where all three compounds 

exhibit significant T/C values in the xenograft experiments. All three species have potential 

for tests in humans, since one can see very good growth reduction like in WBC4 and low 

toxicity like in the gold species in combination with a new mechanism of mitochondrial 

membrane depolarisation and thioredoxin reductase inhibition, which is connected to the 

NHC-gold derivatives. 
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Layered double hydroxides (LDHs) consist of layers with two or three positively charged metal ions surrounded 

by hydroxide ions, water molecules and partially or fully hydrated exchangeable charge-compensating anions 

between the layers. Using these materials as nanoreactors is one of their many application possibilities. For this, 

as the first step, intercalation of the reactants is inevitable. As the first step for this application, benzoate or 

acetate anions were intercalated between the layers of CaAl-LDH. After preparing the CaAl-LDH with the co-

precipitation method, the intercalation was performed with direct anion exchange. The host material as well as 

the host-guest composites were structurally characterized and the success of intercalation was checked by X-ray 

diffraction. 

 

INTRODUCTION 

Layered double hydroxides (LDHs) are hydrotalcite-like materials with layered 

structure. They exist in nature but for applications, they are usually synthesized. The layers of 

an LDH consist of positively charged metal ions surrounded by hydroxide ions, most often, in 

octahedral arrangement. Between the layers fully or partially hydrated anions are located, 

which neutralize the positive charge of the layers [1]. 

LDHs are popular targets of research, since they are versatile materials, they are very 

good anion exchangers, can be used as catalysts [2, 3], adsorbents [4], polymer additives [5], 

drug delivery vehicles [6], nanoreactors [7], etc. 

The interlayer anions can be varied with relative ease; therefore, a reaction 

environment can be created where the reactions take place among the intercalated anionic 

species. This nanoreactor means a constrained environment suitable to drive the reaction in a 

specific direction avoiding the formation of secondary products [8, 9]. 

The long-term goal of our project is creating such an interlayer reactive environment. 

The immediate aim is to prepare composite materials having the reactants intercalated among 

the layers of an LDH material. In the followings, our experimental experiences with the 

intercalation of acetate or benzoate ions are described. 
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EXPERIMENTAL 

Methods of intercalation and the materials used 

During the preparative work, the main aim was to find the most suitable intercalation 

method. Two of them (co-precipitation and direct anion exchange) were tried with the 

benzoate anion. In the direct anion exchange trial, CaAl-LDH was synthesized first applying 

the co-precipitation method. During the synthesis, a mixture of Ca(NO3)2×4H2O (0.03 mol) 

and Al(NO3)2×9H2O (0.015 mol) was dissolved in 100 cm3 distilled water, and 3 M NaOH 

was added until reaching pH = 13, under nitrogen atmosphere and 24-h continuous stirring at 

room temperature. The suspension was filtered and washed with distilled water, and dried at 

60 oC for 24 h. Then, sodium benzoate was dissolved in 100 cm3 9:1 water-ethanol mixture, 

0.5 g CaAl-LDH was added under N2 atmosphere and the mixture was stirred for 7 days at 

room temperature. The synthesis parameters, the quantity of sodium benzoate (from 0.0367 to 

0.1 mol), the added amount of NaOH (from 12.23 to 33.3 ml), the type of alcohol (ethanol, 

propanol, butanol) and the alcohol to water ratio in the solvent mixture (1:1, 1:2, 1:4) were 

varied during the syntheses. 

In the method of co-precipitation, 0.1 mol sodium benzoate was dissolved in 35.6 cm3 

3 M NaOH under N2 atmosphere. It was added to the solution mixture in 1:1 molar ratio used 

for the synthesis of CaAl-LDH applying either aqueous butanol or propanol as the solvent. 

Sodium acetate was also intercalated with the co-precipitation and direct anion 

exchange reaction. The amount from the range of 0.0367 to 0.1 mol was dissolved in 100 cm3 

propanol-water mixture of 1:4 molar ratio, 0.5 g of CaAl-LDH was added to it under N2 

atmosphere continuously stirred for 7 days. Then, the suspension was filtered and dried for 24 

h at room temperature. In variants of this synthesis, the type of organic constituent was 

changed in the solvent: acetone, ethanol or butanol was applied. The molar ratio of the 

organic matter and water was also varied. 

In the co-precipitation method, 100 cm3 mixture of Ca(NO3)2×4H2O (0.03 mol) and 

Al(NO3)2×9H2O (0.015 mol) was prepared. A solution containing 0.1 or 0.2 mol of sodium 

acetate and 38.4 ml of 3 M NaOH was added to this mixture under nitrogen atmosphere, and 

was stirred for 7 days, then filtered and dried for 24 h at room temperature. In other variants, 

sodium acetate was dissolved in aqueous propanol or butanol. 

All the materials used for the syntheses (Ca(NO3)2×4H2O, Al(NO3)2×9H2O, sodium 

benzoate, sodium acetate, acetone, ethanol, propanol and butanol) were the products of 

Sigma-Aldrich. They were of reagent grade and used as received. 

 

Methods of characterization 

The materials prepared were characterized by various methods. X-ray diffractometry 

(XRD) was used to verify that LDH was obtained indeed, since LDHs have characteristic 

XRD patterns. The X-ray diffractograms were recorded on a Rigaku Miniflex II (Japan) 

diffractometer using CuKα radiation (λ= 0.15418 nm) at 40 kV, 30 mA. 
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RESULTS AND DISCUSSION 

Intercalation of the benzoate anions with direct anion exchange 

During the preparation of benzoate intercalated CaAl-LDH, first, the amount of 

sodium benzoate in the 1:4 propanol-water solvent mixture was altered. In the X-ray 

diffractograms (Fig. 1), the 001 and 002 reflections shifted towards lower 2θ values compared 

to those of the pristine CaAl-LDH, i.e. the basal distance (the interlayer distance plus the 

thickness of one layer) increased from 0.835 nm to 1.053 nm (both values were calculated 

from the positions of the 001 reflections, and these values could be derived from those of the 

002 reflections as well) and meaning successful intercalation. The reflections were wide 

indicating low crystallinity. It is to be noted that the sharp reflections at ~6o 2θ values traces 

B and C are due crystalline benzoate. They disappeared when the amount of the benzoate ion 

became lower (patterns D and E). 
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Fig. 1. X-ray diffractograms of sodium benzoate intercalated CaAl-LDH with various amounts of 

sodium benzoate – the solvent was a 1:4 propanol-water mixture. A: pristine CaAl-LDH, benzoate–

CaAl-LDH B: nbenzoate = 0,1 mol; C: nbenzoate = 0.0789 mol, D: nbenzoate = 0.0578 mol, E: nbenzoate = 

0.0367 mol. 

 

The next goal was achievement of better crystallinity. In order to meet the goal, 

various solvent mixtures (ethanol-water and butanol-water) in different compositions (1:1, 1:2 

and 1:4 molar ratios) were applied. Unfortunately, no improvement was made; quite the 

contrary, there was no sign of intercalation in the diffractograms (not shown). 

 

Intercalation of the benzoate anions with co-precipitation 

The intercalation of the benzoate ion was attempted with the co-precipitation method 

applying various solvent mixtures. Only the pattern D of the X-ray diffractograms (Fig. 2) 
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indicates successful intercalation, shifting the reflections towards lower 2θ values. The basal 

distance was increased moderately, from 0.835 nm to 0.877 nm. Here, 1:4 butanol-water 

mixture proved the appropriate solvent choice. 
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Fig. 2. X-ray diffractograms of the A: pristine CaAl-LDH, the attempted benzoate intercalated samples 

made in various solvents B: water, C: 1:4 propanol-water; D: 1:4 butanol-water. 

 

Intercalation of the acetate ions with direct anion exchange 

In the first step, the quantity of sodium acetate was altered. The B and D X-ray 

patterns indicate successful intercalation applying 1:4 propanol-water mixture as the solvent. 

Here, the 001 and 002 reflections moved towards lower 2θ values, i.e. the basal spacing 

increased from 0.853 nm to 1.096 nm, due to the incorporation of the acetate ion (Fig. 3). 
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Fig. 3. X-ray diffractograms of sodium acetate intercalated CaAl-LDH with various amounts of 

sodium acetate – the solvent was a 1:4 propanol-water mixture. A: pristine CaAl-LDH, acetate–CaAl-

LDH B: nacetate= 0,1 mol, C: nacetate= 0,0789 mol, D: nacetate= 0,0578 mol, E: nacetate= 0,0367 mol. 

 

Trying other solvent mixtures like aqueous ethanol or aqueous butanol did not lead to 

increased interlayer distances (Fig. 4, traces C and E). However, on using 1:4 acetone-water 

mixture, the shift in the positions of the major reflections verified the incorporation of the 

acetate ion. The basal distance increased from 0.853 nm to 1.009 nm (Fig 4, trace B). 
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Fig. 4. X-ray diffractograms of the A: pristine CaAl-LDH, the attempted acetate intercalated samples 

made in various solvents of 1:4 molar ratios, B: acetone-water; C: ethanol-water; D: propanol-water, 

E: butanol-water. 
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Intercalation of the acetate ions with the co-precipitation 

Similarly with the benzoate ion, the intercalation of the acetate anions was also tried 

with the co-precipitation method applying various solvent mixtures. The resulting X-ray 

diffractograms are displayed in Fig. 5. Similarly again to the benzoate ion, successful 

intercalation was only observed when 1:4 butanol-water solvent mixture was used (Fig. 5, 

trace E). The increase in the basal distance was moderate, reaching only 0.018 nm. 
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Fig. 5. X-ray diffractograms of the A: pristine CaAl-LDH, the attempted acetate-intercalated samples 

made by the co-precipitation method in various solvents, B: water, C: propanol-water, D: butanol-

water. 

 

CONCLUSIONS 

The intercalation of the benzoate or the acetate ions were attempted into CaAl-LDH as 

a preliminary study for performing interlayer reactions using the LDH as a nanoreactor. The 

intercalation of both anions by direct anion exchange method was convincingly evidenced 

when a solvent mixture of propanol and water with the 1:4 molar ratio was used. The co-

precipitation method only resulted in slight increase in the interlayer distances, and only when 

a solvent mixture of butanol and water with 1:4 molar ratio was applied. 
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Metal complexes of phosphonates offer a new class of materials with interesting properties for 

applications in the field of catalysis, ions exchange, magnetic materials as well as materials for diagnostic or 

therapeutic applications in medicine (contrast, radiotherapeutic agents). Moreover, zinc(II), cobalt(II), copper(II) 

and cadmium(II) pyridinephosphonates were synthesized and characterized with aim to produce promising 

polymeric materials [1].  

Contribution deals with 2-pyridinephosphonate (2-PYPO) behaviour in aqueous solution in dependence 

on pH. We observed its species formation and ability to form complexes with Zn(II) and Ag(I) central atoms 

using potentiometry at 25 ± 0.1°C and an ionic strength of  I = 0.1 M(KNO3). Firstly, protonation constants were 

determined and after that stability constants were estimated for binary system Zn(II)/Ag(I) - 2-PYPO in molar 

ratio 1:1, 1:2 and 1:4. Overall stability constants indicate more stable complexing species formation in the case of 

Zn(II) - 2-PYPO (logβ011 = 8.4(1)) than Ag(I) - 2-PYPO (logβ011 = 4.7(5)). 1H and 31P NMR spectra were used to 

2-pyridinephosphonate coordination mode identification.   

 

INTRODUCTION 

The chemistry of metal phosphonates attracts attention in the last years. Great efforts 

have been devoted to the syntheses of metal phosphonate compounds with the aim of 

searching for new materials with potential applications in catalysis, ion exchange, proton 

conductivity, magnetic materials, etc. [2]. Phosphonic acids can be readily deprotonated to 

form anionic ligands that can coordinate to metal centres and compensate for charge with 

several coordination modes. Other advantage of these ligands is their ability to induce 

polymerization as a result of the strong interaction of the phosphonate group with the metal 

ion [3].  

Some metal phosphonate compounds containing pyridyl groups were reported during 

recent years. New polymeric complexes with 2-pyridinephosphonate (2-PYPO) of the 

composition [Zn(X)(2-PYPO)]n {X = Cl, Br}, [Cd(µ-Cl)2(2-PYPO)]n and [Hg(2-PYPO)]n [3] 

[Mn2(2-PYPO)2(H2O)]n [2] have been prepared and characterized. Ayyappan et al. [1] have 
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prepared new complexes with divalent metal ions based on 3/4-pyridinephosphonate ligands 

(3/4-PYPO), [Zn(3-PYPO)(Br)]n, [Co(4-PYPO)(H2O)3]n, [Cu2(4-PYPO)2]n·2H2O, [Cd(3-

PYPO)2]n·DMSO (DMSO=dimethylsulfoxide) and [Cd(4-PYPO)2]n, adopting 1D, 2D and 3D 

framework structures. 

The structure formation depends not only on the electronic shell of metal ions as well as 

on the properties of ligands including the substitution position of pyridyl groups and the 

presence of additional functional groups. For example, monophosphonic acids RPO3H2 (R 

represents an alkyl or aryl group) prefer to form layered structures with transition metal ions 

[2]. The main goal of the manuscript is solution study of 2-pyridinephosphonic acid with 

Zn(II) and Ag(I) ion using potentiometric titrations to determine protonation constants of 2-

pyridinephosphonic acid and stability constants of complexing species. 

 

EXPERIMENTAL PART 

Reagents and solutions 

All solutions were prepared using deionized water. 2-pyridinephosphonic acid (2-

PYPOH2) was synthetized according to the procedure described previously [4]. Silver nitrate 

(AgNO3) and zinc nitrate (Zn(NO3)2∙4H2O) were purchased from Lachema. The others 

chemicals were of analytical purity.  

 

Apparatus and equipment 

Potentiometric measurements were accomplished using a ABU52 Biburette 

(Radiometer analyticalTM) and a combined pH electrode Red Rod (Radiometer Analytical 

SAS) in a glass vessel (10 cm3) thermostatted at 25 ± 0.1°C at an ionic strength of I = 0.1 

M(KNO3). The initial solution volume for determination of protonation constants was 5 cm3 

and the ligand concentration was 4 mM. The metal : ligand rations were 1:1, 1:2 for Ag(I) - 2-

PYPO system and 1:1, 1:2 and 1:4 for Zn(II) - 2-PYPO system. 

The precision calibration was accomplished using 33 mM HNO3 and 243 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 = E0 - S(-log[H+]) + ja[H
+] + jb(pKw/[H+])                  (1) 

where E0 presents a standard potentials of electrodes and submission of inert ions. S 

corresponds to Nernstian descent and ja[H
+] and jb[OH-] are contributions of H+ and OH- ions. 

The protonation constants of 2-PYPO and overall stability constants of complexes 

were obtained by using OPIUM program [6]. 
1H and 31P NMR spectra of 2-PYPO ligand and equimolar mixture of 2-PYPO and 

AgNO3/Zn(NO3)2∙4H2O were recorded on a Varian Mercury Plus 600 spectrometer 

(resonance frequency for 1H=599.870MHz, 31P=242.836MHz). Samples were prepared in 

water and measured with D2O insert containing 0.5 % v/v of t-BuOH (1.25 ppm) used for lock 
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and as a reference standard. Each spectrum was measured using the PRESAT pulse sequence. 

Salt solution was added to 2-PYPO solution and mixture was allowed to stay for 2 h at room 

temperature. The concentration of each compound was 50 mM and the initial volume was 1 

cm3. The pH value of each solution was adjusted with 0.1 M KOH and 0.1 M HNO3 to reach 

suitable pH values.  

 

RESULTS AND DISCUSSION 

2-pyridinephosphonic acid dissociates according to scheme (Fig. 1). The formation of  

free 2-PYPO species is depicted in Fig. 2. The protonated species [H3L]+,  [H2L], and [HL]- 

are presented in solution at acidic pH values. The zwitterion [H2L] is the predominant species 

in the pH range 1.8 – 5.9. The highest abundance in neutral pH region belongs to [HL]- and 

[L]2- is predominant species in alkaline region. 

 

 
Fig. 1 Dissociation scheme of 2-pyridinephoshonic acid 

 

 

Fig. 2 Distribution of 2-pyridinephosphonic acid species in dependence on pH 

 

The protonation constants of 2-pyridinephosphonic acid have not been reported yet; we 

have determined them at our conditions (25ºC and I = 0.1M(KNO3)) by potentiometric 

titration. To compare the influence of different phosphonate functions to its acid-base 

properties, we reported the constants of aminomethylphosphonic acid (AMP) previously 

determined (Table 1) [5]. 
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Table 1 Protonation (dissociation) constants of 2-PYPOH2 and AMPH2 

  logβ1 logβ2 logβ3 pK1 pK2 pK3 

2-PYPO 8.5(1) 14.2(2) 15.0(2) 0.8 5.7 8.5 

AMP 10.05(1)) 15.44(1) 15.90(2)) 0.46 5.39 10.05 

 

It is evident that pyridine and aminomethyl substituents indicate similar influence to 

acidity of phosphonic acid function. In the presence of Ag(I), the complexing species are 

formed from pH 2.7 to 7 (Fig. 3) and above this value, silver(I) hydroxide precipitate was 

observed. Protonated complex [Ag(HL)] is presented in mentioned pH range with abundance 

up to 55 % at pH 5.9. The abundance of complexing species [Ag2(L)] and [Ag(L)]- is low 

(less than 30%) and they are formed in pH range from 4.5 to 7. Determined stability constants 

are logβ111 = 11.8(1) for [Ag(HL)], logβ011 = 4.7(5) for [Ag(L)]- and logβ012 = 7(1) for 

[Ag2(L)]. 
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Fig. 3 Distribution of Ag(I) in the Ag(I) - 2-PYPO system (cL = cM = 4 mM; I = 0.1 M, 25 °C)  

in dependence on pH 

 

In the presence of Zn(II), the formation of zinc(II) complexing species is observed in 

the pH range from 1.8 to 11 (Fig. 4). [Zn(HL)]+, [Zn(HL)2], [Zn(L)] and [Zn(HL)(L)]- are 

formed at low pH values. The last mentioned species has the highest abundance (more than 80 

%) at pH 6. [Zn(L)2(OH)2]
4- is formed at pH 9.5 and [Zn(L)2]

2- is predominant species in 

alkaline pH with more than 90 % abundance. Determined stability constants are:  

logβ111 = 13.0(4), logβ011 = 8.4(1), logβ221 = 26.6(2), logβ121 = 22.1(1), logβ021 = 14.5(2)  

and logβ-221 = 7.1(2).  
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Fig. 4 Distribution of Zn(II) in the Zn(II) - 2-PYPO system (cL = cM = 4 mM; I = 0.1 M, 25 °C)  

in dependence on pH 

  

To identify coordination mode of 2-PYPO we used 1H and 31P NMR measurements. 

Successive ligand deprotonation is evident during pH values increasing. Significant changes 

during NMR titrations (1H and 31P) were observed in two pH ranges (acidic from 3 to 5 and 

alkaline from 7 to 10) (Fig. 5). NMR experiments are in a good agreement with free ligand 

potentiometric titrations. Unfortunately, NMR measurements with metal ions (Ag(I) and 

Zn(II)) were failed because precipitations are already formed in acidic region (up pH 2.5). 
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Fig. 5 Changes of 1H (A) and 31P (B) chemical shifts of 2-pyridinephosphonic acid in 

dependence on pH values.  
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