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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 XXVII. 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 2019 Editors 
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The structure and composition of solid complex compounds precipitating  

from binary Nd(III)−gluconate and ternary Ca(II)−Nd(III)−gluconate solutions 

a,cÉ. Böszörményi, a,cJ. Lado-Sanjurjo, b,cM. Szabados, b,c G. Varga, b,c I. Pálinkó, a,c P. Sipos 
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 Corresponding author: Prof. Pál Sipos, e-mail: sipos@chem.u-szeged.hu, Department of Inorganic and 

Analytical Chemistry, University of Szeged, Dóm tér 7, Szeged, H-6720 Hungary 

 

The chemical equilibria of radioactive waste repositories have been intensively studied in the past 

decades, since several complexing agents (such as gluconate (Gluc–) and isosaccharinate) affect the 

sorption of actinides and lanthanides at contaminated land sites and in waste repositories. 

From binary solutions containing Nd(III) and Gluc–, around pH = 8 a precipitate occurred, which was 

separated. This precipitate was found to redissolve at pH = 12, but reprecipitated when calcium ions 

were added to the system. In the present work, an attempt was made to determine the composition and 

structure of these precipitates via using XRD, FT-IR, Raman, SEM-EDAX and UV-DRS. It has been 

established, formed solid complexes can be characterized by the composition of NdGlucH–1(OH).2H2O 

and CaNdGlucH–1∙(OH)3.4H2O, in which the chemical environment of the Nd(III) is very similar. Based 

on spectral analogies, the structure of the solid NdGlucH–1(OH).2H2O is identical to that of the 

NdGlucH–2 solution species. 

 

INTRODUCTION 

To get a better knowledge on possible leaching of radioactive compounds, the better understanding of 

the processes taking place in radioactive waste repositories is essential. As concrete is often used to 

prevent possible wash-outs, highly alkaline cement pore water has been studied to take into account the 

complexing agents that are possibly present under these conditions [1,2]. Gluconate (which is a cement 

additive) and isosaccharinate (a degradation product of cellulose) coordinate various metal ions through 

their carboxylate group and in several cases, through hydroxyl(ate) group(s). Studies have shown that 

high pH conditions may facilitate the formation of stable complexes containing lanthanide and actinide 

ions [3]. 

In one of our recent studies [4], it has been shown with using a variety of experimental means, that 

Nd(III) (considered to be a good model for trivalent lanthanide ions) is capable of forming stable mono- 

and binuclear complexes with gluconate in close-to-neutral solutions. It was observed, that at ca. pH = 

8 (depending on the metal-to-ligand ratio) a precipitate appeared in the solution, which redissolved at 

around pH = 11-12. Adding Ca(II) ions to the solution containing this “redissolved” species, the 

formation of another precipitate was observed. 
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The aim of the current contribution is the general characterization of these solid compounds (supposedly 

solid complexes), the determination of their composition and structure and to determine, if there is any 

correspondence between the structure of the complexes in solution and in the solid state. 

 

EXPERIMENTAL PART 

Reagents and solutions 

Neodymium(III) chloride hexahydrate (Aldrich, 99.9%) and sodium-D-gluconate (Sigma, ≥99%) were 

used in solution. The exact concentration of the NdCl3 solutions were determined via complexometric 

titrations. The buffer solution was hexamethylenetetramine and methylthymol blue was used as 

indicator. 

During the spectroscopic measurements, Nd2O3 (Merck, 99,9%) Nd(OH)3 (Aldrich, 99.9%) and Ca-D-

Gluconate and Na-D-Gluconate (both Sigma, ≥99%) were used as references. 

 

Apparatus and equipment 

X-ray diffractograms were obtained using a Rigaku XRD-6000 diffractometer instrument. Traces were 

registered in the range of 2Θ = 5−80°, with 4°/min scan speed using CuKα (λ = 1.5418 Å) radiation at 

40 kV and at 30 mA. 

IR spectra with 4 cm−1 resolution were recorded with a BIO-RAD Digilab Division FTS-65A/896 FT-

IR (Fourier-transform infrared) spectrophotometer. 128 scans were collected for each spectrum in the 

4000–700 cm−1 wavenumber range. The IR instrument was set to ATR (attenuated total reflectance) 

mode. 

To register Raman, a Thermo ScientificTM DXRTM Raman microscope was used at an excitation 

wavelength of 535 nm in case of “green”, and 720 nm in case of red laser measurements. The applied 

laser power was 10 mW. Each recorded spectrum is an average of 20 spectra with an exposition time of 

6 seconds. 

The diffuse reflectance spectra of the solid samples were recorded on an Ocean Optics UV-Vis 

USB4000 diode array spectrophotometer in the 200 – 890 nm wavelength range (resolution 0.2 nm, 

integration time 0.5 s). The temperature was (22 ± 2 °C). The incident angle was 45o. As a reference, 

MgO was employed. For the measurements, an Ocean Optics DH-2000-BAL light source consisting of 

a deuterium and a halogen lamp was used. 

 

RESULTS AND DISCUSSION 

Preparation of the solid compounds 

To prepare the solid binary Nd(III)-gluconate complex, a mixture of 6.20 cm3 0.4764 M NdCl3 and 

6.00 cm3 0.5000 M Na-D-Gluconate was titrated with 1.0105 M NaOH until a precipitation formed at 

pH  8. The pH of the solution was monitored with a calibrated glass electrode. To this point 5.80 cm3 

NaOH was necessary to be added to the solution. 

In the case of the ternary Ca(II)-Nd(III)-gluconate system, 2.00 cm3 0.4764 M NdCl3 and 5.00 cm3 

0.5000 M Na-D-Gluconate was mixed with 4.00 cm3 1.0105 M NaOH to reach pH  12,30, since the 

precipitation formed in the binary system at pH  8.00 dissolves again above pH  12.00. Then, the 

mixture was titrated with 0.4944 M CaCl2, until a precipitation formed. For this, the addition of 1.90 cm3 
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0.4944 M CaCl2 was necessary and the pH  12. Note, that at this point the Ca(II) : Nd(III) ratio in the 

solution was equal to ca. 1:1. 

The precipitations were filtered and washed with cool deionized water, then dried in a desiccator for 

two days. For XRD and spectroscopic measurement, the glass-like dried precipitates were pulverized in 

a mortar. 

The chemical compositions of precipitations were determined via thermogravimetric and ICP-OES 

measurements. 

During the thermogravimetric measurements of the binary precipitation, a well-defined mass of the 

sample was heated for 24 hours at 1000 °C, until only Nd2O3 was left. The Nd3+ content of the heated 

sample was determined by ICP-OES measurements. Based on the thermogravimetric curve of the solid 

(not shown), some crystalline water is present in the precipitate. From these data, the metal-to-ligand 

ration in the complex is 1:1, and the estimated chemical formula of the solid complex is NdGlucH–

1(OH).2H2O. 

The solid obtained from the ternary system was investigated in a manner similar to that of the binary 

one, but its Ca(II)-content was also determined. A well-defined mass of sample was heated to 1000 oC 

until CaO and Nd2O3 were left in the system. Based on the ICP-OES measurements, the Ca2+ and Nd3+ 

molar ratio of the two metal ions is 1:1. The thermogravimetric curve also shows the presence of 

crystalline water, therefore, the suggested chemical formula of the ternary system precipitation is 

CaNdGlucH–1(OH)3
.4H2O. 

Both preparations described above were repeated at another metal to ligand ratio (Nd(III):gluconate = 

1:2.5), but no significant differences were seen regarding the composition and structure of the 

complexes. 

The powder X-ray diffractograms of the complexes were recorded and were compared with those of 

Nd(OH)3, Ca(OH)2, Ca-gluconate (complex constituents) and NaCl (possible side product). The 

diffractograms obtained (not shown) confirmed that the complexes are X-ray amorphous and neither 

Nd3+ nor Ca2+ are present as hydroxide. Furthermore, NaCl salt did not remain in the specimens. 

 

  

a b 

Figure 1. SEM images of the solid NdGlucH–1(OH)·2H2O (a) and CaNdGlucH–1∙(OH)3·4H2O (b) complexes. 

 

The scanning electron micrograph illustrates the similar morphology and particle size of the precipitates 

of binary and ternary systems (Fig. 1. (a) and (b)). The simultaneously obtained EDAX pictures (not 
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shown) indicated an even distribution of the various elements (Nd(III) in (a) and Ca(II) and Nd(III) in 

(b)) in the solid samples. 

The FT-IR spectra of the two complexes together with a selected set of references was also recorded 

(Fig. 2.) The figure demonstrates, that gluconate is present in both complexes, since the asymmetric 

(1633 cm−1) and symmetric (1398 cm−1) carboxylate peaks of NaGluc can be detected in the binary 

NdGlucH–1(OH).2H2O (asymmetric peak at 1664 cm−1, symmetric at 1498 cm−1) and ternary 

CaNdGlucH–1∙(OH)3
.4H2O (c) (asymmetric peak at 1659 cm−1 and symmetric at 1500 cm−1) systems. 

The similarity of the band positions in the two complexes indicate similar binding mode of the 

carboxylate moiety and most probably coordinative binding to Nd(III). 

 

 

Figure 2. IR spectra of the solid complexes and references 

 

The shift in the position of the asymmetric and symmetric carboxylate vibrations also indicates the 

coordination between Nd3+ and the carboxylate group of the gluconate ligand [5]. The stretching 

vibrations of hydroxyl groups belonging to excess water present occur on the spectrum as a broad band 

appearing in the range 3700 – 3000 cm−1 with the highest intensity at 3316 cm−1, indicating that the 

studied solid complexes contain crystalline water. 

The Raman spectra (shown in Fig. 3.) of samples present significant differences between the used 

references and studied solid complexes. The broad band of Nd(OH)3 appearing in the 2650 – 1750 cm−1 

interval (highest intensity at 2300 cm−1) shifts to the range of 1900 – 1200 cm−1. This can be associated 

with the formation of a complex, whose structure differs from the salts used as reference during the 

Raman measurement. 
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Figure 3. Raman spectra of the solid complexes and references 

 

The diffuse reflectance spectra of the NdGlucH–1(OH).2H2O and CaNdGlucH–1∙(OH)3
.4H2O together 

with some reference spectra are shown in Fig. 4. The spectra attest, that the chemical environment of 

Nd(III) (which is the chromophor in this case) is different in the two complexes from that in the Nd(OH)3 

and Nd2O3. On the other hand, the DR spectra of the two complexes are practically identical. This 

observation, together with the vibration spectroscopic observations attest, that the chemical environment 

of the Nd(III) is very similar (if not identical) in the binary and ternary complexes. 

From our previous studies [4] the molar absorptivity of the solution complex species NdGlucH−2
0 has 

been derived. When one compares the spectra of the solid and this particular solution species (Fig. 5), 

the similarity between the two spectra is immense. Add to this, that at pH = 8, the predominant complex 

in these systems (at 1:1 metal-to-ligand ratio) is the charge neutral NdGlucH−2
0. From this, it seems 

plausible, that the structure of the solid complex is identical to that of the solution species as described 

in [4], shown in Fig. 6. 
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Figure 4. UV-Vis diffuse reflectance spectra of the solid complexes and some selected references. 

 

 

 

Figure 5. Molar absorbance spectrum of NdGlucH–2
0 complex in solution and the diffuse reflectance spectrum of 

the solid NdGlucH–1(OH).2H2O complex. 
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Figure 6. Optimized structure of the NdGlucH–2
0 solution species, figure taken from ref. [4] 
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Oxidation states vs. d-electron populations of the first row transition metal 

complexes 
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The structures of [MCl4]
q and [M(H2O)6]

q complexes of the first row transition metals in various charge 

q and spin states were optimized at MP2/6-311G* level of theory. Their electron structure was evaluated 

by Mulliken population analysis and alternatively by Natural population analysis at MP2 and DFT levels 

of theory using B3LYP hybrid functional. The physical oxidation states based on [Ar]dn occupations of 

the central atoms of the complexes with ‘innocent’ ligands such as Cl- and H2O are proportional to their 

d-electron populations (with the slope of ca 1.0). This relation is valid also for the complexes with ‘non-

innocent’ ligands with unknown oxidation form (usually neutral or anionic) present in the complex as 

exemplified by several literature data. The complexes with ‘innocent’ ligands can be used for scaling 

the ones with ‘non-innocent’ ligands by estimating the physical oxidation states. The ‘broken symmetry’ 

treatment using an unrestricted Kohn-Sham formalism should be used for DFT calculations of the 

complexes in singlet states. 

 

INTRODUCTION 

Formal oxidation state of an atom is the charge of this atom after ionic approximation of its heteronuclear 

bonds. Formal oxidation number is the charge of a central atom it would bear if all the ligands were 

removed along with the electron pairs that were shared with the central atom [1]. In transition metal 

complexes with a dn electronic configuration of their central atom the n value is, at least, in principle, 

a measurable quantity (by various spectroscopies). Jorgensen has suggested [2] that an oxidation number 

which is derived from a known dn configuration should be specified as physical (or spectroscopic) 

oxidation number (state). 

Jorgensen [3] has classified ligands into ‘innocent’ and ‘suspected’ according to the possibility to define 

the oxidation state of the metal atom in the complexes. ‘Suspected’, so-called ‘non-innocent’ ligands 

are bonded with metals in such a manner that the distribution of electron density between the metal 

center and the ligand is unclear. It is not certain which oxidation form (usually neutral or anionic) of the 

‘non-innocent’ ligand is present in the complex. Consequently, the oxidation state of the central atom is 

not clear. Describing the bonding of ‘non-innocent’ ligands involves writing multiple resonance forms 

which have partial contributions to the overall state. Metal complexes with a ‘non-innocent’ ligand exist 

either as a metal-ligand radical Mq+(L•) or a higher valent metal complex M(q+1)+(L−). Subtle changes of 

electronic structure could significantly alter the redox site within the complex [4]. Typically, complexes 

containing ‘non-innocent’ ligands are redox active at mild potentials. 

It is supposed [5] that in the complexes of ‘innocent’ ligands the formal and spectroscopic oxidation 

numbers are practically identical. It must be kept in mind that unlike free ions with d-electron 

populations corresponding to their formal oxidation states (see Table 1), the d-electron populations in 
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their complexes are higher because of electron density transfer from neighboring atoms/ligands and 

subsequent electron density redistribution at the central atom. In other words, no ligand can be fully 

‘innocent’. 

 

Table 1. Electron configurations of the first row transition metal ions. 

Electron configuration Ion 

[Ar] 3d0 Sc3+, Ti4+ 

[Ar] 3d1 Sc2+, Ti3+, V4+ 

[Ar] 3d2 Ti2+, V3+, Cr4+ 

[Ar] 3d3 V2+, Cr3+, Mn4+ 

[Ar] 3d4 Cr2+, Mn3+, Fe4+ 

[Ar] 3d5 Mn2+, Fe3+, Co4+ 

[Ar] 3d6 Fe2+, Co3+, Ni4+ 

[Ar] 3d7 Co2+, Ni3+ 

[Ar] 3d8 Ni2+, Cu3+ 

[Ar] 3d9 Cu2+ 

[Ar] 3d10 Zn2+ 

 

Quantum-chemical methods are able to provide d-electron populations of transition metal atoms in their 

complexes. Nevertheless, the studies dealing with assigning the physical oxidation number based on the 

calculated d-electron populations are rare. We have not found any research paper dealing with 

a systematic study in this field. The aim of our study is a systematic analysis of the relationship between 

the calculated d-electron populations of the central atoms of tetrachloro- and hexaaqua-complexes of 

the first row transition metals and their oxidation states implied by the total complex charges and formal 

d-electron populations of their central atoms (see Table 1). Because the anionic Cl- and neutral H2O 

ligands are the typical ‘innocent’ ones, obtained results should be of a more general character and can 

be used for assigning the physical oxidation state of the first row transition metal complexes with ‘non-

innocent’ ligands. 

 

METHOD 

Geometry optimizations of [MCl4]
q and [M(H2O)6]

q complexes of the first row transition metals in 

various charge q and spin states (compare Table 1) were performed at MP2 level of theory [6]. Stability 

of the optimized structures was confirmed by vibrational analysis (no imaginary vibrations). In this way 

obtained structures were used for single point B3LYP calculations [7]. Electron structure of all 

complexes was evaluated by Mulliken Population Analysis (MPA) [8] and alternatively by Natural 

Population Analysis (NPA) [9]. Standard 6-311G* basis sets from Gaussian09 library [10] were used 

for all atoms. All calculations were performed using Gaussian09 program package [10]. 

The formal numbers of d electrons at the central atoms, n (see Table 1), which imply their physical 

oxidation states, in both series of complexes were fitted by the linear equation 

 n = A + B q + C dx (1) 

where q is the total charge of the complex and dx is the calculated d-electron population at its central 

atom. 
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RESULTS AND DISCUSSION 

We have performed the above mentioned quantum-chemical calculations for 54 complexes [MCl4]
q and 

51 complexes [M(H2O)6]
q of the first row transition metals M in various spin states (singlet to septet 

according to the possible d-electron configurations) and formal oxidation states M(II), M(III) and M(IV) 

which imply the total complex charges q. In both series of complexes the relation between their formal 

d-electron occupation n and d-electron populations dx evaluated using MPA or NPA treatments for MP2 

or B3LYP methods may be decomposed into three linear relations according to the complex charges q 

(Fig. 1). Therefore they can be fitted by Eq. (1) with very good statistical parameters (see Table 2). It is 

evident that the d-electron populations dx decrease with increasing spin multiplicity but this contribution 

is significantly lower and does not improve our results significantly. 

 

 

Figure 1. Relation between formal dn electron occupations and NPA dx electron populations of the central M 

atoms of [MCl4]q complexes obtained at MP2/6-311G* level of theory (full symbols - singlet and doublet spin 

states, empty symbols – triplet and quartet spin states, crossed symbols – quintet and sextet spin states) 

 

It is evident (Table 2) that only the C parameter does not depend on the type of complexes, population 

analysis and quantum-chemical methods used. The remaining parameters change significantly with the 

ligand type. For isolated ions (see Table 1) the A parameter value is zero (not presented). For ‘non-

innocent’ ligands (see later) with nearly constant dx electron populations its value should be high (and 

probably positive). Therefore we propose the A parameter to be a measure of the ‘innocent’ character 

of the complex. 
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Table 2. Linear parameters of Eq. (1) and their statistical parameters for the complexes under study obtained by 

various methods. 

Method 
Population 

analysis 
A B C R-squared 

[MCl4]
q complexes      

MP2 MPA -2.383±0.074 -1.078±0.034 0.993±0.011 0.9975 

 NPA -2.856±0.087 -1.208±0.038 0.983±0.012 0.9969 

B3LYP MPA -2.437±0.057 -1.003±0.027 1.0076±0.0084 0.9985 

 NPA -2.894±0.064 -1.103±0.028 0.9947±0.0088 0.9983 

[M(H2O)6]
q complexes      

MP2 MPA 1.48±0.12 -0.785±0.033 1.003±0.012 0.9937 

 NPA 1.43±0.15 -0.793±0.041 1.008±0.015 0.9903 

B3LYP MPA 1.446±0.072 -0.801±0.020 1.0029±0.0072 0.9977 

 NPA 1.383±0.097 -0.812±0.027 1.0110±0.0097 0.9959 

 

Our results indicate that no universal parametrization of the Eq. (1) type for the complexes of the first 

row transition metals with ‘innocent’ ligands can be found. Nevertheless, their physical oxidation states 

can be deduced from their d-electron populations because of the proportionality between dn electron 

occupations and calculated dx electron occupations of central atoms (with the slope of ca 1). The physical 

oxidation states of the transition metals with ‘non-innocent’ ligands can be obtained by comparing their 

dx populations with similar complexes of the same metal with ‘innocent’ ligands. 

Bucinsky et al. [11] investigated an oxidoiron(IV) complex with a quintet ground state (Fig. 2), 

[FeO(TMG3tren)](OTf)2, where TMG3tren is 1,1,1-tris{2-[N2-(1,1,3,3-tetramethyl-

guanidino)]ethyl}amine, OTf = CF3SO3
-, at B3LYP/6-311G* level of theory. To provide a basis for 

comparison, they performed B3LYP/6-311G* geometry optimization of trigonal tetraammine-iron 

oxido complexes. The d-electron population at iron for [FeO(NH3)4)]2+ in the quintet spin state, 

corresponding to iron(IV), is in perfect agreement with the dx(Fe) value calculated for 

[FeO(TMG3tren)]2+ in the quintet spin state (Table 3). Thus the oxidation state of iron(IV) in the 

complex with TMG3tren is as real as with the genuinely ‘innocent’ ammine ligand. In other words, the 

oxidoiron(IV) unit is the defining feature of these complexes, and the supporting ligand need not be 

‘non-innocent’. 

 

Fe N

N

N

N

O N

N

N

N

N

N

2+

 

Figure 2. Schematic representation of [FeO(TMG3tren)]2+ complex cation [11]. 



Progressive trends in coordination, bioinorganic, and applied inorganic chemistry 

Edited by M. Melník, P. Segľa, and M. Tatarko 
Slovak Chemical Society, Bratislava  © 2019 

18 

Table 3. Selected results of NBO population analysis of Fe for B3LYP/6-311G* optimized [FeO(TMG3tren)]2+ 

and [FeO(NH3)4]2+ structures in various spin states [11]. 

Compound Formal oxidation state Spin multiplicity dx 

[FeO(TMG3tren)]2+ Fe(IV) 1 6.29 

  3 6.23 

  5 6.06 

[FeO(NH3)4]2+ Fe(IV) 5 6.06 

[FeO(NH3)4]0 Fe(II) 5 6.37 

 

Cazacu et al. [12] investigated redox processes in metal complexes of Schiff bases L with a disiloxane 

unit exhibiting a strong ‘non-innocent’ ligand character (Fig. 3, Table 4) at B3LYP/6-311G* level of 

theory. It has been concluded that Ni is the redox active site in the first step of oxidation of [NiL]0, 

leading to a Ni(II)/Ni(III) intermediate. In the second oxidation step, the ligand becomes oxidized, and 

the formal electronic d8 configuration, Ni(II), is restored. In the case of [CuL]0, the ligand is initially 

oxidized, and copper remains in the d9 configuration, Cu(II), during both oxidation steps. Finally, for 

[MnL(OAc)]0, the Mn(III) ion becomes oxidized to Mn(IV). 

 

 

Figure 3. Schematic representation of Schiff bases L and their metal complexes with a disiloxane unit in [12]. 

 

Dragancea et al. [13] investigated the geometries of the complexes [(VO2)2
HLH]‒ ([5]‒) and 

[(VO)(VO2)HLH(OCH3)] (6) (Fig. 4), as well as of their one- and two-electron reduced species in the 

singlet, doublet and/or triplet spin states. These were optimized at the B3LYP/6-311G* level of theory. 

The changes of d-electron populations on vanadium atoms with increasing negative total charges of the 

species corresponding to the first and second reduction steps are negligible (Table 5). This is consistent 

with the constant vanadium oxidation states upon reduction for both complexes [5]– and [6]0 in singlet 

ground spin states. However, the lower d-electron population on V2 compared to that on V1 in all [6]q 

(q = 0, –1, –2) species indicates higher oxidation state of V2 despite this difference is only of ca 

0.1 electron. 
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Table 4. Central atom NPA d-electron populations dx of the B3LYP/6-311G* optimized structures with various 

charges and spin states (see Fig. 3 for the Schiff base L) [12] 

Compound Charge Spin multiplicity dx 

NiL 0 1 8.47 a) 

 0 3 8.25 

 1 2 8.41 

 1 4 8.23 

 2 1 8.44 

 2 3 8.24 

 2 5 8.23 

CuL 0 2 9.25 

 1 1 9.26 

 1 3 9.24 

 2 2 9.24 

 2 4 9.25 

MnL(OAc) 0 1 5.19 

 0 3 5.17 

 0 5 4.93 

 1 2 5.18 

 1 4 5.01 

a) “broken symmetry” treatment 

 

 

 

 

Figure 4. Schematic representation of dinuclear vanadium(V) complexes NH4[(VO2)2(HLH)] (NH4[5]) and 

[(VO2)(VO)(HLH)(CH3O)] (6), where HLH4 = 1,5-bis(2-hydroxybenzaldehyde)carbohydrazone [13]. 
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Table 5. NBO atomic charges and d-electron populations dx of vanadium atoms in the systems 

NH4[(VO2)2(HLH)] (NH4[5]) and [(VO2)(VO)(HLH)(CH3O)] (6) under study (see Fig. 4). 

Compound q Spin multiplicity V1 V2 

   charge dx charge dx 

[5] ‒1 1 1.323 3.42 1.348 3.40 

 ‒1 3 1.305 3.43 1.347 3.40 

 ‒2 2 1.329 3.40 1.358 3.38 

 ‒3 1 1.347 3.38 1.371 3.35 

 ‒3 3 1.347 3.38 1.371 3.35 

[6] 0 1 1.319 3.43 1.416 3.32 

 0 3 1.304 3.44 1.445 3.32 

 ‒1 2 1.319 3.42 1.461 3.30 

 ‒2 1 1.328 3.40 1.468 3.28 

 ‒2 3 1.328 3.40 1.469 3.28 

 

Dithiolenes act in majority as ‘non-innocent’ ligands. An ene-1,2-dithiolate dianion or a neutral 

dithioketone are two extreme forms of the dithiolene ligand. Šoralová et al. [14] investigated the electron 

structure of the late first row transition metal complexes with bis-dithiolenes [M(bdt)2]q (Fig. 5), M = 

Ni, Co and Cu, for various total charges q and spin states at B3LYP/6-311G* level of theory in order to 

determine the oxidation state of central atoms. The d-electron populations of the central atoms in triplet 

states are lower than in singlet states. The physical oxidation states of central atoms determined by  

d-electron populations vary only between M(I) and M(II) (Table 6). The greatest deal of the change of 

electron structure after reduction or oxidation is related to the bdt ligands, thus confirming their ‘non-

innocent’ character. The strength of this ‘non-innocence’ depends on the central atom M and on the spin 

state of the system under study. 

 

 

 

Figure 5. Schematic representation of bisdithiolene complexes, [M(bdt)2]q [14] 

 

Similar results have been obtained by Machata et al. [15] by combined in situ spectroelectrochemical 

and theoretical study of transition metal complexes with bisdithiolenes [M(bdt)2]
q and their p-dichloro 

derivatives [M(bdtCl2)2]
q using B3LYP hybrid functional with 6-311g* basis sets for H, C, S, and Cl 

atoms and Wachters basis sets with f polarization functions for Cu, Co, and Ni atoms. The solvent effect 

of CH2Cl2 solution has been approximated within the polarized continuum model. Only vanishing 

differences between non-chlorinated and chlorinated complexes may be concluded (Table 7).  

The changes of electron structure related to redox processes run prevailingly at ligands. 

 

S

S
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S
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Table 6. MPA d-electron populations dx at metal atoms M of the B3LYP/6-311G* optimized structures of 

[M(bdt)2]q in various charge q and spin states [14] 

M q Spin multiplicity dx 

Cu -1 1 9.346 

 -1 3 9.386 

 -2 2 9.388 

 -2 1 9.620 

 -3 3 9.396 

Ni -1 2 8.459 

 -2 1 8.588 

 -2 3 8.372 

 -3 2 8.678 

Co -1 1 7.514 

 -1 3 7.311 

 -2 2 7.559 

 -3 1 7.753 

 -3 3 7.612 

 

Table 7. MPA d-electron populations dx at metal atoms M of the B3LYP/6-311G* optimized structures of 

[M(bdt)2]q and [M(bdtCl2)2]q in various charge q and spin states [15] 

M q Spin multiplicity 
dx

 

[M(bdt)2]
q [M(bdtCl2)2]

q 

Cu 0 2 9.34 9.34 

 -1 1 9.35 9.35 

 -2 2 9.39 9.40 

Ni 0 1 8.53 8.52 

 -1 2 8.48 8.47 

 -2 1 8.58 8.59 

Co 0 2 7.36 7.36 

 -1 3 7.34 7.34 

 -2 2 7.54 7.54 

 

Bachler et al. [16] investigated neutral square planar nickel complexes containing two o-semiquinonato 

type ligands (Fig. 6) in ground singlet spin states within ‘broken symmetry’ treatment using B3P86 DFT 

functional with SDD small-core pseudopotential and basis set augmented with f functions for Ni,  

6-311G* basis sets for N, O and S atoms as well as 6-31G* basis sets for C and H atoms. The computed 

populations for compounds 7-11 (Table 8) are typical for a Ni(II) oxidation state of the central nickel 

ion. The ‘non-innocent’character of the ligands is significantly affected by the atoms in the first 

coordination sphere. These ones increase the dx population at Ni in the reverse order of their 

electronegativity, i.e. S > N > O. 
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Figure 6. Schematic representation of square planar Ni complexes with o-semiquinonato type ligands [16] 

 

Table 8. NPA dx electron populations of the central Ni atoms for 1-5 complexes in Fig. 6 

X, Y atoms dx 

N (7) 8.60 

O (8) 8.49 

S (9) 8.93 

N, O (10) 8.54 

N, S (11) 8.74 

 

CONCLUSIONS 

We have shown the linear relation (with slope of ca 1.0) between physical oxidation states and d-electron 

populations of the first row transition metal complexes with ‘innocent’ ligands such as [MCl4]
q and 

[M(H2O)6]
q. This relation is valid also for the complexes with ‘non-innocent’ ligands as exemplified by 

several literature data [11-15]. The complexes with ‘innocent’ ligands can be used for scaling of physical 

oxidation states of the ones with ‘non-innocent’ ligands. The ‘broken symmetry’ treatment using an 

unrestricted Kohn-Sham formalism should be used for DFT calculations of the complexes in singlet 

states. 
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The complex formation of sugar-type ligands in alkaline aqueous solutions, such as -D-heptagluconate 

(Hpgl–) with a tri- or tetravalent cations (e.g. B(III), Fe(III), Al(III), lanthanides like Nd(III) or Eu(III) 

and actinides like Th(IV) or Cm(III)) are of relevance in certain types of radioactive waste repositories 

as well as in hydrometallurgical extraction of metals. Al(III) is a typical “hard” type metal ion, preferring 

thus coordination to O-donors, such as carboxylates and alcoholates. The interactions of Al(III) with the 

analogous D-gluconate were studied before. In earlier papers, only the existence of 1:1 complex was 

assumed [1]. However, in recent investigations with other trivalent cations (Fe(III), lanthanides) the 

formation of bis (1:2) complexes was reported [2]. Furthermore, results with Th(IV) and Al(III) indicate, 

that the involvement of Ca(II) may enhance the stability of complexes via the formation of ternary 

(heteropolynuclear) CapMqLr complexes [3, 4]. 

Although some structural information of these mixed-metal complexes may have been known from the 

literature, the information on equilibrium properties, composition of the complexes and the boundary 

conditions (at which these species tend to form) is very scarce. In order to elucidate the solution 

equilibria in the Ca2+ – Al(OH)4
– – Hpgl– ternary system, the respective binary systems must be 

investigated first. Therefore, our main goal was to unfold the speciation in the Al(OH)4
– – Hpgl– system 

in hyperalkaline media. 

In this current work, the solution species have been investigated via polarimetric measurements and pH-

potentiometric titrations using H2/Pt electrode. 

 

INTRODUCTION 

The interaction between carbohydrate derivatives, such as sugar acids, and metals have been studied 

extensively for their essential role in both enzymatic reactions in living organisms and in industrial 

processes. Polyhydroxy carboxylates are considered as effective chelating agents due to the presence of 

both carboxylic and hydroxy groups. This property is commonly utilized in pharmaceutical industry, 

where the complexes of these ligands with various essential metal ions (e.g. calcium, iron, zinc) are used 

to treat metal deficiency diseases. Furthermore, in metallurgy they can serve as excellent cleaning and 

derusting agents or as an additive in cementitious materials for its ability to regulate the setting time and 

water resistance of concrete [5]. 

During the establishment of underground repositories to deposit low and intermediate level radioactive 

waste (L/ILW), their interactions with lanthanides and actinides must be considered for safety reasons. 

For these types of vaults, a cement matrix is used to solidify the waste components. It is assumed, that 
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the incidental intrusion of water alters the cementitious material, forming hypersaline pore water, 

therefore varying the pH from 7 to 13 during cement degradation. Since some of these ligands are 

ingredients of Portland cement, they are likely to be present in these systems and interact with 

radionuclides through complexation, consequently mobilizing them. For these reasons the fundamental 

thermodynamic description of the co-existing liquid and solid species over long-time scales are of 

interest [6]. 

Sugar-type ligands could be present in strongly caustic Bayer liquors, where the solubility of Ca(OH)2 

could be affected by these complexing agents [7]. D-gluconate (Gluc–), being a cheap, prominent 

member of the hydroxy carboxylates, is used as a model compound for investigating the interactions 

between sugar carboxylates and metals. Gluc– is a well-known inhibitor of gibbsite (Al(OH)3∙3H2O) 

precipitation. Earlier results suggested the lack of complexation between aluminate and Gluc– in 

solutions with pH > 13 [1]. However, recent publications on the topic confirmed, that Gluc– does form 

complexes with aluminate (logK11 = 2.4±0.4) though the process was proven to be pH-independent [8]. 

On the other hand, in systems containing Ca2+, Gluc– and Fe3+ the solution equilibria were observed to 

be slow, warranting further experimental work [9]. These yet unsolved contradictions indicate, that the 

quantitative description of the species formed between Ca2+, Al3+ and sugar-carboxylates is still 

inadequate. 

 

 

Figure 1: Structural formulae of D-gluconate (left) and D-heptagluconate (right) 

 

Finally, there is very few information on the effect of stereochemistry of these type of ligands in the 

literature. In earlier papers published in our group, it was found that in case of complexation with 

calcium ions, the arrangement of OH– groups might have a decisive impact on the speciation, resulting 

particles of similar composition. Accordingly, the difference in the composition of the forming 

complexes, upon comparison of D-gluconate and D-heptagluconate (Hpgl–), lies in that the alcoholic 

OH– groups C2-OH and C3-OH are in threo configuration in the case of Hpgl–. This results the 

coordination of COO– and the two subsequent alcoholic OH– groups for Gluc–, otherwise the 

coordination via C4-OH was more favorable instead of C3-OH [10]. Such studies are of importance, as 

they may reveal the possible role of the configuration of the ligand during complex formation. Therefore, 

we embarked on a research to unravel these quite diverse results: We chose D-heptagluconate as model 

ligand, and our main tool was polarimetry, enhanced with pH-potentiometry. 

 

EXPERIMENTAL PART 

Reagents and solutions 

Stock solutions from each compound were prepared using anhydrous sodium heptagluconate (Hpgl−; 

Sigma-Aldrich product, ≥99% purity), sodium chloride (VWR product, analytical reagent grade) and 

sodium hydroxide (VWR, analytical reagent grade). Reagents were dissolved in MilliQ Millipore water. 

Carbonate-free NaOH solution was prepared and standardized as described previously [11]. The stock 
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Al(OH)4
– solution was prepared according to procedures described earlier [12], i.e., by dissolving 99.9% 

pure aluminum shots (Alfa Aesar) in a standardized and carbonate-free NaOH solution. The aluminum 

shots (50.964 g) were slowly added to the thermostated carbonate-free NaOH solution (500 cm3; 8.0 M) 

and the mixture was continuously stirred with a magnetic stirrer under an Allihn condenser equipped 

with soda lime containing a drying tube. Dissolution of the aluminum shots needed 4–5 days under these 

conditions. The mass loss was found to be 7–8 g including 6.0 g of H2 formation. The prepared  

Na-aluminate solution was filtered, and the exact density of the Na-aluminate (1.4163 g cm−3; 4.3097 

M) solution was determined by a 25 cm3 volume pycnometer at 25.0 ± 0.1 °C. 

 

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 to 25.00±0.04°C. 

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

instructions described in the literature [13]. 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, Al(OH)4
– and Hpgl–, were performed with 0.200 

M initial NaOH concentration of each titrated solution. The titrant was 0.9889 M HCl and the ionic 

strength was set to 5.0 M with NaCl. The starting volume was 70 cm3 and a maximum of 30 cm3 titrant 

was added in each case. The [Hpgl–]T concentration (hereafter the T in subscription denotes total or 

analytical concentration) was varied between 0.100 –0.400 M; the [Al(OH)4
–]T concentration was set to 

0.200 M. During the other set of measurement, the [Hpgl–]T concentration was set to 0.200 M and the 

[Al(OH)4
–]T concentration was varied between 0.100 – 0.400 M. 

During the deprotonation measurements the [Hpgl–]T concentration was varied between 0.100 – 

0.400 M, and the initial concentration of NaOH was 0.005 M. The titrant was 1.0114 M NaOH, with the 

ionic strength set to 4.0 M (NaCl). 

 

Polarimetry 

Polarimetric measurements have been performed using a Lippich-polarimeter equipped with LED light 

source, made by Krüss GmbH. The degrees of rotation (Θ) were measured on the wavelength of the 

sodium D line (590 nm) and the path length was 20 cm. The resolution of the instrument was 0.05°. 

 

Computation 

The equilibrium constants, the rotation and the molar rotation power of the species forming during the 

complexation of Hpgl– were calculated with the aid of the PSEQUAD suite of computer program [14]. 

The pKa values were calculated with the program pHCali v1.32a based on the nonlinear evaluation of 

the cell potential vs. titrant volume data [15]. 

The formation constants throughout this manuscript, pq-r are defined as: 

 
rq–p–

rqp

rqp

rpq
][H][L][A

]HL[A
β

−+

++

−

− =

, (2) 

where A– and L– refer to: Al(OH)4
– and Hpgl–, respectively. 
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RESULTS AND DISCUSSION 

Potentiometric titrations 

In order to determine the proton exchange processes of Hpgl–, i.e. the deprotonation of OH group under 

alkaline conditions, potentiometric measurements were performed using H2/Pt indicator electrode. The 

systematic positive shift of the cell potential with the increasing [Hpgl–]T is caused by the deprotonation 

of the anion, forming HpglH-1
2- particles. From the shape of the curves only one deprotonation step was 

assumed. During the calculations, E0 was held constant, and the ionic product of water (pKw) was set to 

14.26. The latter was determined earlier [16]. Fitting the four titration curves simultaneously the average 

difference of the measured and calculated EMF values was 0.31 mV, resulting to logK01-1 = -13.88 

±0.002 (=0.38-14.26). This agrees well with the data found in the literature (logK01-1 = -13.405 ±0.005; 

I = 1 M NaCl) [17]. 

 

 

Figure 2: Potentiometric titration curves of the H+/Hpgl− system. Symbols represent observed EMF values in the 

pH range of 12 – 13.6 and the solid lines were fitted based on the model discussed in the text. [NaOH]0 = 0.005 

M, I = 4.0 M (NaCl). The titrant was 1.0114 M NaOH, with the ionic strength set to 4.0 M (NaCl) 

 

To investigate the complexation of Al(OH)4
– with Hpgl–, six titrations were performed with the 

platinized platinum electrode. During the evaluation of the titrations curves, the deprotonation constant 

was held constant at logK01-1 = -13.88. Similar to the deprotonation measurements, the curves shifted to 

higher EMF values upon increasing the ligand concentration. Observing the titration curves, notable 

changes in the curvature occurred only at 1:2 and 2:1 metal to ligand ration indicating the complex 

formation. In the first case, the end of the titration curve is in the slightly acidic pH region (pH = ~ 4), 

yet Al(OH)4
– did not formed Al(OH)3 precipitate. Presumably, it was due to the well-buffered system, 

i.e. the complex formation, during the titration. Calculating the stability constants of the various species 

forming in the Al(OH)4
–/Hpgl– system proved to be difficult due to the high correlation of the single 

species. Therefore, another individual method was needed to better understand the interactions in the 

system. 
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Figure 3: Potentiometric curves of the system containing Al(OH)4
– and Hpgl–. The [Hpgl–]T was varied from 

0.100 to 0.400 M, the [Al(OH)4
–]T and the [OH–]T was held constant at 0.200 M. The titrant was 0.9889 M HCl, 

and the ionic strength was set to 4.0 M with NaCl. 

 

Polarimetric measurements 

Polarimetric measurements were performed in order to obtain the formation constants of the species 

with the compositions AL2– and ALH–, observed by Lakatos et al. in an earlier publication [17]. The 

solutions contained [Hpgl–]T = [OH–]T = 0.200 M in any case, the [Al(OH)4
–]T was varied between 0 and 

0.800 M and the ionic strength was set to 4.0 M NaCl. At first, the molar rotation of the ligand was 

measured. With the deprotonation constant of logK01-1 = -13.88, 95% of the ligand was in the form of 

Hpgl–, so it was safe to assume, that [Hpgl–]T ≈ [Hpgl–]. The measured optical rotation was 0.4°, resulting 

in a molar rotation of 2°. 

Observing the measured optical rotation, two possible models were assumed. In the first case, the 

formation of a simple 1:1 species with low stability constant was proposed. Alternatively, a polynuclear 

complex could be assumed, where the formation of the species took place in higher Al(OH)4
– 

concentrations. During the evaluation of the polarimetric measurements, the deprotonation constant of 

the ligand was held constant at logK01-1 = -13.88. Fitting the first model resulted logK110 = 1.89 ± 0.05, 

with an average error in the observed rotation of 0.106°, and a calculated molar rotation of 31.51°. This 

constant agreed well with the value determined by Pallagi et al. earlier [18]. However, using this model, 

the deprotonated anion (HpglH-1
2–) must have been included in the calculations, which species’ molar 

rotation was undetermined. Calculating the molar rotation of the deprotonated anion resulted in 238.3°. 

Nevertheless, assuming a polynuclear complex, the linear combinations of the individual species were 

fitted with the same conditions, indicating a species with the stoichiometry of A3L2 with logK320 = 5.23 

± 0.12. The average error between the measured and the calculated degrees of rotation was 0.103°, and 

the calculated molar rotation of the complex was 58.44°. During this calculation, the species HpglH-1
2– 

can be omitted from the fitting. 
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Figure 4: Observed (symbols) and calculated (lines, solid: 3:2 species, dashed: 1:1 species) optical rotation of the 

Al(OH)4
–/Hpgl– system. [Hpgl–]T and [OH–]T was set to 0.200 M, and the [Al(OH)4

–]T was varied from 0 to 

0.800 M. The ionic strength was set to 4.0 M (NaCl). 

 

CONCLUSIONS 

The stability constant of the species forming in the Al(OH)4
–/Hpgl– system was determined by 

polarimetric measurements. Two possible models were presumed, namely the 1:1 composition species, 

which was in a better agreement with the data found in the literature, and the 3:2 composition complex, 

which describes the observed changes better, but needs further validation by other methods. 

Considering, that in the case of calcium complexation, the ligands formed a chain-like structure where 

the metal fitted in between the individual sugar molecules, the formation of polynuclear complexes 

seems plausible also in the case of aluminum. For such studies, multinuclear (27Al, 13C, 1H) NMR 

spectroscopy seems to be a method of choice, augmented by freezing point depression and ESI-MS 

spectroscopic measurements, for validating the model. 
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The standard rate constants of charge transfer (ks) for the redox couple Nb(V)/Nb(IV) in NaCl-

KCl(equimol.)-NaF(15 mol.%)-K2NbF7 (I) and NaCl-KCl(equimol.)-K2NbF7 (II) melts with addition of alkaline 

earth metal cations were determined. It was found that addition of alkaline earth metal cations resulted 

in increase of ks to the certain ratio of Me2+/Nb(V) for the all alkaline earth metal cations due to 

substitution of Na+ and K+ cations by Me2+ in the second coordination sphere of niobium complexes that 

leads to decreasing of niobium fluoride complexes strength. Further addition brought about some 

decrease of the standard rate constants because of the increase of viscosity of melts which leads to 

decrease of the diffusion coefficients. It was determined that in the melt (II) ks increased a little bit with 

increasing scan rate probably due to the secondary electrode process. By the example of quantum-

chemical analysis of the model system MgNbF7 + 12MgCl2, the possibilities of the method of frontier 

molecular orbitals in studying the mechanism of electron transfer in molten salts are demonstrated. The 

rich information provided by this method allows to recommend it as a tool for testing the hypotheses on 

the mechanism of charge transfer in electrochemical systems. 

 

INTRODUCTION 

The electrochemical behavior of niobium in chloride-fluoride and fluoride melts has been the subject of 

numerous studies [1-17]. Electrochemical studies showed that in these melts the process of Nb(V) 

complex to the metal electroreduction consists of two stages: 

 Nb(V) + e- → Nb(IV), (1) 

 Nb(IV) + 4e- → Nb. (2) 

Despite the extensive electrochemical studies carried out in molten salts, there are almost no data on the 

standard rate constants of charge transfer for the redox couples and the second coordination sphere effect 

on the rate constants. 

We have investigated the influence of outer-sphere cations of alkali metals on the ks for the redox 

process: 

 Nb(V) + e-  Nb(IV) (3) 

The standard rate constants of charge transfer for the Nb(V)/Nb(IV) redox couple in molten NaCl-KCl-

K2NbF7, KCl-K2NbF7, CsCl-K2NbF7 were determined using the cyclic voltammetry technique [13,18]. 

An unusual sequence of changes in the standard rate constants of charge transfer has been established 

as follows: ks (KCl)  ks (CsCl)  ks (NaCl-KCl). Ab initio calculations performed using the quantum-

mailto:kuznet@chemy.kolasc.net.ru
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chemical PCGamess/Firefly program in [18] showed that the charge transfer activation energy can 

actually vary nonmonotonically in the Na-K-Cs series in accordance with the reorganization energy 

ratio. In turn, this leads to a nonmonotonic change in the charge transfer rate constant. At the same time 

in pure fluoride melts, the monotonic dependence was obtained: ks (CsF)  ks (KF)  ks (NaF-KF) [19]. 

The purpose of present work is the study of the influence of alkaline earth metal cations (Mg2+, Ca2+, 

Sr2+, Ba2+) possessing high ionic potentials on the standard rate constants of charge transfer for the 

Nb(V)/Nb(IV) redox couple in NaCl-KCl(equimol.)-NaF(15 mol.%)-K2NbF7 and NaCl-KCl(equimol.)-K2NbF7 

melts. 

The recent quantum-chemical studies of the mechanism of electron transfer in molten salts are facing 

virtually insurmountable computational difficulties. According to our experience [20–22], the minimum 

necessary model-system composition should include, besides the electroactive complex, at least 18 

electrolyte molecules such as MX (M is an alkaline metal X is F, Cl) or 12 molecules such as MX2  

(M is alkaline earth metal). For instance, for the melts containing fluoride complexes of niobium, the 

model systems are M2NbF7 + 18MX and MgNbF7 + 12MgX2. 

However, even for these systems, the direct search for the transition state requires unrealistically high 

computational power. In practice, the situation is even worse because when carrying out such 

computations there is necessary to introduce an additional cluster simulating the electrode surface. For 

a carbon cathode, we need 400 or more carbon atoms to form a monolayer cluster comparable with the 

aforementioned model system as regards to its surface size. 

This is why no publications devoted to the detailed quantum-chemical analysis of mechanisms of 

electrochemical electron transfer in molten salts can be found in the literature. At best, one can manage 

to identify the type of electron transfer, i.e., bridge (via outer-sphere cation) or direct (via the ligand of 

the first coordination sphere) based on experimental data. 

On the other hand, there is an approach that allows assessing qualitatively the possibility of 

electrochemical electron transfer in one or another transition state. The technique in point is the method 

of frontier molecular orbitals (FMO) [23]. Traditionally this method is used for assessing the reactivity 

of species but nothing prevents one of using it for the aforementioned purpose. In this study, we illustrate 

certain possibilities of the FMO method by analyzing the model system MgNbF7 + 12MgCl2. 

 

EXPERIMENTAL PART 

Chemicals 

The salts were prepared as follows. Sodium and potassium chlorides (analytical grade) were 

recrystallized, calcined in a muffle oven, mixed in a necessary ratio and then placed into quartz retort. 

The retort was evacuated down to the residual pressure of 0.66 Pa, firstly at room temperature, then 

upon gradual stepwise heating at 473, 673, and 873 K. Then it was filled with inert gas (argon), and the 

electrolyte melted. 

The supporting molten salt NaCl-KCl was charged into a glassy carbon crucible that was placed into the 

stainless steel retort, and the above-described operations of evacuation and melting were performed. 

Sodium fluoride was purified by double recrystallization from the melt: NaF was dried at (673–773) K 

in vacuum, heated to the temperature by 50 K higher than the melting point, held at this temperature for 

several hours, and then cooled slowly with a rate of (3–4) deg/h to the temperature lower than the melting 

point by 50 K. After solidification, the salt was transported at 393 K to a glove box with a controlled 
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atmosphere (the content of O2 and H2O ≤ 2 ppm), and contaminations were mechanically removed in 

the box. 

In this study, we used extra purity grade potassium heptafluoroniobate prepared by recrystallization of 

a commercial product (manufactured by experimental shop of the Institute of Chemistry) from 

hydrofluoric acid solutions. 

As a source of barium cations, dehydrated barium chloride (reagent grade) was used. It was obtained 

after drying in a vacuum oven at 433 K for 24 hours. Calcium chloride (pure grade) was dried in 

a vacuum oven at 373 K for 24 hours. Anhydrous magnesium chloride (pure grade) was utilized without 

treatment. 

Barium fluoride (pure grade), magnesium fluoride (high pure) and calcium fluoride (pure grade) were 

used without additional processing. 

Strontium chloride (reagent grade) was dried in a vacuum oven in 523 K for 12 hours. Then the salt was 

placed into quartz tubes and immersed into retort. The retort was evacuated to the residual pressure of 

0.66 Pa with simultaneous heating up to 823 K at the rate of 100 deg/h. 

 

Apparatus and equipment 

Electrochemical studies were conducted over the (973-1173) K temperature range by cyclic 

voltammetry using a VoltaLab 40 dynamic electrochemical laboratory, equipped with VoltaMaster 4 

(version 6) software. The potential scan rate (v) varied over the (0.1-2.0) V s-1. A glassy carbon (SU-

2000) crucible, which simultaneously served as a container for the melt, was used as an auxiliary 

electrode. The glassy carbon crucible was placed in hermetically sealed retort made of stainless steel 

(Kh18N10T). Voltammetric curves were detected at a SU-2000 glassy carbon electrode, 2 mm in 

diameter, against a glassy carbon quasi-reference electrode for the melt I and platinum quasi-reference 

electrode, 0.5 mm in diameter for the melt II. 

The use of quasi-reference electrode was preferred in order to avoid contact between the melt and 

oxygen-containing material as used in classical reference electrodes [24, 25]. 

 

The procedure for determination of the standard rate constants of charge transfer 

Nicholson [26] derived theory for determination of the charge transfer standard rate constants for quasi-

reversible redox processes, not complicated by insoluble product formation, from cyclic voltammetry 

data. Nicholson [26] found the correlation between the  function connected with the cathodic and 

anodic peak potential separation ΔEp and the charge transfer standard rate constant: 

 ψT = (ks(Dox/Dred)
α/2)/((DoxnF)/RT)1/2, (4) 

where  is the electrokinetic transfer coefficient, n is the number of electrons involved in the reaction, 

D is the diffusion coefficients of Nb(V) and Nb(IV) complexes (Dox and Dred respectively) and v is the 

polarization rate. 

In order to calculate the charge transfer standard rate constant, the values of ΔEp and  are required. 

They are given for 298 K in [26] and thus must be recalculated for the operation temperature. The 

recalculation was conducted by the following equations [27]: 

 (Ep)298 = (Ep)T298/T, (5) 

 ψT = ψ298(T/298)1/2. (6) 
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Using the values of the function T obtained from Equation (6) and combining them with the diffusion 

coefficients [28], the charge transfer standard rate constants for the Nb(V)/Nb(IV) couple may be 

calculated by Equation (4). 

In the calculation of the charge transfer standard rate constants by Equation (4), we set  = 0.5 since the 

interrelation between ΔEp and  has been used at this value [26]. 

 

Quantum-chemical methods 

The calculations were carried out with the use of Firefly package of quantum-chemical programs [29] 

partly based on the codes of program GAMESS(US) [30] by the methods of density functional theory 

DFT/B3LYP with the utilization of quasi-relativistic ECP basis Stuttgart 1997, with the exclusion of 

magnesium atoms for which we used ЕСР basis Crenbl [31–33]. The latter is explained by the absence 

of electrons in the valence part of basis Stuttgart. 

 

RESULTS AND DISCUSSION 

Diagnostics of the Nb(V) + e-  Nb(IV) redox process in the NaCl-KCl(equimol.)-NaF(15 mol.%)-

K2NbF7 melt 

Typical cyclic voltammograms for the Nb(V)/Nb(IV) redox couple, obtained at a glassy carbon 

electrode in the NaCl-KCl(equimol.)-NaF(15 mol.%)-K2NbF7 melt at different polarization rates are shown 

in Fig. 1. Similar cyclic voltammograms were obtained also in all studied molten salts. 

Since the Nicholson’s theory is valid for quasi-reversible processes, it is necessary to establish a range 

of polarization rates at which process (3) is quasi-reversible. Dependence of peak current on the square 

root of polarization rate for the NaCl-KCl(equimol.)-NaF(15 mol.%)-K2NbF7 melt is shown in Fig. 2a. 

According to voltammetry diagnostic criteria the deviation of the experimental points from a straight 

line in Fig. 2a at a polarization rate higher than 0.5 V s-1 indicates that the electroreduction of niobium 

at higher polarization rates is quasi-reversible. This is also confirmed by the curvilinear dependence of 

Ep(C) on log ν (Fig. 2b) [34, 35]. 

The quasi-reversibility regions were the same for other molten salt systems with addition of alkaline 

earth metal cations. 
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Figure 1. Cyclic voltammograms for the Nb(V) + e-  Nb(IV) process in the NaCl-KCl(equimol.)-NaF(15 mol.%)-

K2NbF7 melt at a glassy carbon electrode. T=1023 K. Potential scan rate (V s-1): 0.075, 1.0, 1.25, 1.5, 1.75, 2.00 

(outer curve). Quasi-reference electrode: glassy carbon. 
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Figure 2. The dependences of peak currents (a) and peak potentials (b) for the process (3) on the polarization rate 

in the NaCl-KCl(equimol.)-NaF(15 mol.%)-K2NbF7 melt at a glassy carbon electrode. T=1023 K. 

 

Determination of the standard rate constants of charge transfer for the Nb(V)/Nb(IV) redox couple 

in the NaCl-KCl(equimol.)-NaF(15 mol.%)-K2NbF7 melt without and with addition of alkaline earth 

metal cations 

The values of ks were calculated by using the Nicholson’s Equation (4). It was shown that ks increases 

with increasing temperature (Fig. 3). It is due to increase in the number of particles capable to overcome 

the potential barrier for the electron transfer process. 
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Figure 3. Standard rate constants of charge transfer (ks) on the polarization rate (ν) for different temperature in 

the NaCl-KCl(equimol.)-NaF(15 mol.%)-K2NbF7 melt. 

 

The temperature dependence of the standard rate constants of charge transfer is described by the 

empirical equation: 

 log ks = (0.78 ± 0.15) – (1965 ± 390)/Т (7) 

Relation (7) was used to calculate the activation energy of charge transfer giving (37.6 ± 7) kJ/mol. 

The influence of strongly polarizing cations Mg2+, Ca2+, Sr2+, Ва2+ (Me2+) in the NaCl-KCl(equimol.)-

NaF(15 mol.%)-K2NbF7 melt on the standard rate constants of charge transfer for the redox couple 

Nb(V)/Nb(IV) was studied. The cyclic voltammograms at a glassy carbon electrode obtained in the 

NaCl-KCl(equimol.)-NaF(15 mol.%)-K2NbF7 melt with additions of MgF2 are presented in Fig. 4. 
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Figure 4. Cyclic voltammograms for the Nb(V) + e-  Nb(IV) process in the NaCl-KCl(equimol.)-NaF(15 mol.%)-

K2NbF7-MgF2 melt at a glassy carbon electrode; T=1023 K. Potential scan rate (V s-1): 0.075, 1.0, 1.25, 1.5, 

1.75, 2.00 (outer curve). Quasi-reference electrode: glassy carbon. 
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The effect of the strongly polarizing cations addition on the ks of the Nb(V)/Nb(IV) redox couple in the 

NaCl-KCl(equimol.)-NaF(15 mol.%)-K2NbF7 melt is shown in Fig. 5. 

Addition of alkaline earth metal cations resulted in increase of ks to certain ratio of Me2+/Nb(V) for all 

alkaline earth metal cations. Since the ionic potential of strongly polarizing cations is significantly 

higher than that of alkali metal cations, it will lead to replacement of cations of alkali metals with Me2+ 

in the second coordination sphere of complexes and will affect the variation of the standard rate 

constants of charge transfer. Decrease of ks at the definite ratio of components can be explained by 

increase of the melts viscosity (viscosity of alkaline earth metal halides are higher than alkali metal 

halides [36]), which causes decrease of diffusion coefficients. 
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Figure 5. Dependence of the standard rate constants on the Me2+/Nb mole ratio. T=1023 K, ν =1.5 V s-1. 

 

Dependence of maximum values of ks (for system I) on the ionic potential of alkaline earth metal cations 

(a correlation coefficient R2 = 0.985) is shown in Fig. 6. The temperature dependences for maximum 

values of ks for strongly polarizing cations are described by following empirical equations: 
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 log ks(Mg2+) = - (0.31 ± 0.06) – (927 ± 180)/T (8) 

 log ks(Ca2+) = - (0.35 ± 0.06) – (972 ± 196)/T (9) 

 log ks(Sr2+) = - (0.23 ± 0.04) – (1128 ± 215)/T (10) 

 log ks(Ва2+) = - (0.13 ± 0.02) – (1223 ± 235)/T (11) 
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Figure 6. The dependence of maximum values ks on the of alkaline earth metal cations ionic potential in the 

NaCl-KCl(equimol.)-NaF(15 mol.%)-K2NbF7 melt. T=1023 K. 

 

The calculated activation energies of charge transfer are shown in the Table I. The values of activation 

energy are lower than that of the initial system. According to the theory of elementary act [37, 38] the 

activation energy of charge transfer is smaller if the standard rate constants of charge transfer are higher. 

This is in an agreement with our data. 

 

Table I. The activation energies of charge transfer in the (NaCl–KCl)equimol–NaF (15 mol.%)-K2NbF7 melt for 

systems including strongly polarizing cations. 

Cation Ea, kJ/mol 

Mg2+ 17 ± 3 

Ca2+ 19 ± 4 

Sr2+ 22 ± 4 

Ba2+ 23 ± 3 

 

The standard rate constants grow with the increase of the ionic potential and reach maximum values for 

the complexes with outer-sphere magnesium ions. The dependence of ks on the ionic potential points 

out that the electron transfer to the complex occurs through the bridging mechanism, i.e. through 

electrolyte cations. 

 

  



Progressive trends in coordination, bioinorganic, and applied inorganic chemistry 

Edited by M. Melník, P. Segľa, and M. Tatarko 
Slovak Chemical Society, Bratislava  © 2019 

39 

Determination of the standard rate constants of charge transfer for the Nb(V)/Nb(IV) redox couple 

in the NaCl-KCl(equimol.)-K2NbF7 melt with addition of alkaline earth metal cations 

Using the diagnostic criteria of cyclic voltammetry the electrochemical redox process Nb(V) + e- ↔ 

Nb(IV) in the NaCl-KCl(equimol.)-K2NbF7 melt with addition of alkaline earth metal cations was classified 

as quasi-reversible at a sweep rate 0.7 V s-1 < ν ≤ 2.0 V s-1. 

The standard rate constants of charge transfer for the Nb(V)/Nb(IV) redox couple in the melt (II) were 

determined in our previous studies [13, 19, 39]. 

The effect of the concentration of Ва2+ (С(BaCl2)) on the ks of the Nb(V)/Nb(IV) redox couple in the 

NaCl-KCl(equimol.)-K2NbF7-BaCl2 melt is shown in Fig. 7. A similar dependence was obtained for all 

studied systems which included alkaline earth metal cations. 
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Figure 7. Dependence of the standard rate constants of charge transfer on the concentration of BaCl2 in the NaCl-

KCl(equimol.)-K2NbF7-BaCl2 melt. T=973 K, ν =1.5 V s-1. 

 

It was determined that in the NaCl-KCl(equimol.)-K2NbF7 melt (with or without alkaline earth metal 

cations) ks a little bit increased with increasing scan rate (Fig. 8) probably due to the secondary electrode 

process which accompanied the redox process (3). 

It was found that solutions K2NbF7 in the melt (II) are not stable and reduced to Nb(IV) in a few hours 

[40, 41]. In [41] on the base of spectroscopic data, electrochemical data and chemical analysis of the 

condensed salts in the colder parts of the electrochemical cell the authors conclude that the reduction of 

Nb(V) to Nb(IV) occurs according to the reaction: 

 NbFxCl7-x
2- ↔ NbFx-1Cl8-x

3- + 1/2 F2 (12) 

Admittedly, this is a simplified scheme and must omit some of the intermediate stages. 
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Figure 8. Standard rate constant of charge transfer in the NaCl-KCl(equimol.)-K2NbF7 melt on the polarization rate: 

a) with the addition of BaCl2 in the melt; b) without BaCl2. T=1073 K. 

 

In the system (I) the sodium fluoride probably prevents the formation of the particles accompanying the 

redox process (3) or shifts process (3) to more negative potentials that allow eliminating the secondary 

process. At the present stage of the study, it is not possible to estimate the contribution of the secondary 

process to the values of the standard rate constants of charge transfer. 

 

Quantum-chemical investigations 

The analysis of the totality of these systems will be shown in one of our subsequent publications; here 

we only note the following. The fact itself that ks depends on the ionic potential of electrolyte cations 

(here, in fact, on the cation radius) points to the bridge nature of electron transfer from the cathode to 

the niobium complex. Moreover, it should be noted that this dependence is linear (Fig. 6), i.e., the effect 

of the electrolyte cation type on the ks value is not of the activation nature, as confirmed by the closeness 

of the activation energy values in the series of Mg, Ca, Sr, and Ba systems (Table I). 

 

Let us consider the results of quantum-chemical analysis of the structure of molecular orbitals (MOs) in 

the system MgNbF7 + 12MgCl2. To do this, we take into account the possibility of mixing of closely 

located near-frontier MOs but we do not restrict ourselves to frontier MOs as such, namely, the highest 

occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). 

In the optimized initial model system, several tens of the upper occupied MOs are formed preferentially 

by p orbitals of chlorine anions and five lower unoccupied MOs are localized on Nb-F bonds of the 

complex with predomination of the dπ-pπ interaction of atomic orbitals (AOs) of niobium and fluorine 

ligands. However, this structure is of no interest in the context of this study. The point of interest is the 

state of the system near the electrode surface. 

For this purpose, on one side of the system we formed a planar boundary which in total contained  

12–16 magnesium cations and chlorine anions. In its immediate vicinity, the niobium complex NbF7
2- 
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surrounded by the remaining electrolyte ions was located. The electric field with intensity of 109 V/m, 

which imitated the cathode field, was applied on all systems of this kind. The distance between 

magnesium and chlorine ions in the boundary region was varied from one calculation to another, the 

mutual arrangement of ions inside the layer as well as in the remaining part of the system including the 

niobium complex was optimized. 

No fundamental difference between such structures as regards to the mutual arrangement of MOs of 

different type was observed: in the cases of interest, the large block of the upper occupied molecular 

orbitals (OMOs) belonged to chlorine ions, whereas in the region of unoccupied molecular orbitals 

(UMOs), 1‒4 lower orbitals were still localized on the Nb-F bonds being separated from UMOs with a 

substantial contribution of boundary ions by the energy gap of (75–270) kJ/mol (with respect to LUMO). 

Fig. 9 shows the form of the wave function for the LUMO of such structure. The solid line in the bottom 

of the figure outlines the planar part of this structure; the dashed line shows the bridge (Nb)–F–Mg. 

 

Figure 9. LUMO for the structure with the shift of boundary chlorine ions by 0.01 nm. For explanations, see text. 

 

Insofar as UMOs with a considerable contribution of atomic orbitals of magnesium and chlorine are 

separated from the lower UMOs localized on the complex by a sufficiently wide energy gap, their 

mixing with the lower UMOs is improbable. In other words, in this state the transition of electron on 

niobium can proceed only by the Nb–F bonds via fluorine ligands of the complex. However, the complex 

is separated from the electrode surface by outer-sphere magnesium cations that block the access of 

ligands to the cathode surface. As a result, the electron transfer under such conditions is impossible. 

Now we analyze certain versions of the transition state of the system under consideration. In principle, 

the whole totality of the possible types of deformation of the original structure can be divided into several 

groups. As a rule, in each group it is sufficient to carry out 2–4 calculations in order to understand − 

based on the different types of UMOs − whether the electron transfer is possible within the given 

deformation type or not. The systematic analysis of the whole set of such data is beyond the scope of 

our study. Here we consider only several examples that will help us to understand the possibilities of 

the FMO method and the type of deformation, which seems to be the most reliable based on our 

calculations. 

It would have seemed that the electron transfer in the transition state with geometrical parameters 

intermediate between the initial and final structures should be highly probable. In the literature, such 

a version is usually illustrated by intersection of two parabolas with the intersection point lying between 



Progressive trends in coordination, bioinorganic, and applied inorganic chemistry 

Edited by M. Melník, P. Segľa, and M. Tatarko 
Slovak Chemical Society, Bratislava  © 2019 

42 

minima of these parabolas. However, calculations have shown that this assumption is wrong. 

Throughout the interval of geometrical parameters between the initial and final structures, the character 

of LUMO and the neighboring UMOs remains the same as for the initial structure (the LUMO type can 

be seen in Fig. 9). Particularly, for the structure with the arithmetic mean value of the Nb–F bond length, 

the LUMO and three higher orbitals are localized on Nb–F bonds. The nearest UMO with considerable 

contribution of atomic orbitals from boundary ions of magnesium and chlorine is located 220 kJ/mol 

higher than LUMO and cannot be mixed with the latter. Our “obvious” assumption turned out to be 

wrong. 

The versions of deformation of the complex structure where a part of Nb–F bonds is contracted and 

a part is elongated also does not lead to any fundamental changes in the ratio of energies of different-

type UMOs: the orbitals with a substantial contribution of boundary ions are located much higher than 

the LUMO; and, hence, the electron transfer by the bridge mechanism on such structures is impossible. 

Finally, we consider the direction of structural deformation, which proved to be the most promising in 

our studies of this system. The case in point is the structures with the Nb-F bonds subjected to 

contraction. Their contraction varied from 0.04 nm to 0.01 nm. In addition to this parameter, we also 

varied the shift of boundary chlorine anions with respect to the boundary magnesium cations – both 

towards the complex and in the opposite direction. In the second case, the chlorine anions were shifted 

against the electric field direction. As was mentioned above, the systematic analysis is beyond the scope 

of this study; hence, we show only several demonstrative examples for systems with chlorine anions 

shifted by 0.01 nm to 0.02 nm towards the complex. 

Figure 10 shows the form of LUMO (Fig. 10a) and of the nearest higher orbital LUMO + 1 (Fig. 10b) 

for the optimized structure in which all Nb–F bonds are contracted by 0.007 nm as compared with the 

initial structure. 

According to Fig. 10, these UMO pertain to different types: the LUMO is localized on Nb-F bonds, 

whereas the neighboring LUMO + 1 is localized largely on boundary ions but also has some contribution 

from the complex. The difference in energies of these UMO is only 4 kJ/mol, i.e., they are mixed to 

form ultimately a LUMO with strong delocalization of electron density. Hence, this structure provides 

the possibility of electron transfer to the complex via boundary ions. However, here the activation energy 

of electron transfer is 46 kJ/mol, which by far exceeds the experimental value of 17 kJ/mol. 

The increase in contraction from 0.007 nm to 0.01 nm leads to further stabilization of UMOs with 

predominant contribution of Nb–F bonds. As a result, the LUMO and the LUMO+1 switch places, the 

electron transfer via boundary ions becomes even more probable but the activation energy increases to 

98 kJ/mol. 

As the contraction of Nb–F bonds decreases to 0.005 nm, the LUMO + 1 orbital (with the main 

contribution from boundary ions magnesium and chlorine) is destabilized, and the difference in energy 

between LUMO and LUMO + 1 increases to 25 kJ/mol, which makes their mixing improbable and so 

does the electron transfer by the bridge mechanism. 

However, when the shift changes as little as 0.01 nm to 0.02 nm, the ratio of the low UMOs in the system 

with contraction of 0.005 nm changes. Both lower UMOs (LUMO and LUMO + 1) become delocalized 

between the complex and boundary ions; moreover, the difference between energies of these orbitals is 

only 2 kJ/mol. Everything above points to the high probability of recharging of the complex by the 

bridge mechanism. Here, the activation energy of electron transfer Еact is 22 kJ/mol, i.e., approaches the 

experimental value of 17 kJ/mol. 
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(a) 

 

(b) 

Figure 10. (a) LUMO and (b) LUMO + 1 shape for the shift by 0.01 nm and contraction of Nb–F bonds by 0.007 

nm. 

 

A further reduction of contraction to 0.004 nm changes somewhat the character of orbitals under 

consideration (the remaining UMOs lie by 45 kJ/mol and higher than the LUMO): the energy difference 

between them increases to 9 kJ/mol and both these UMOs become more localized, i.e., the LUMO is 

localized on the complex and the LUMO + 1 is localized on boundary ions. The activation energy Еact 

decreases to 14 kJ/mol. Figure 11 illustrates these orbitals. 
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(a) 

 

(b) 

Figure 11. (a) LUMO and (b) LUMO + 1 shapes for the shift by 0.02 nm and contraction of Nb–F bonds by 

0.004 nm. 

 

Taking into account the level of thermal motion in the melt, which constantly excites the structure of 

the complex (RT ~ 8 kJ/mol), one can assume that the energy gap between LUMO and LUMO + 1 equal 

to 9 kJ/mol will be diffused constantly favoring thus the mixing of these orbitals. This means that the 

bridge mechanism of electron transfer on such structure is highly probable. 

The above examples show that near the transition state, the system is very sensitive with respect to the 

shift value and not only with respect to the deformation of complex itself, i.e., in electron transfer 

processes, the complex with his nearest environment should be considered as the slow subsystem; 

moreover, the shift of boundary chlorine anions with respect to magnesium cations is the crucial 

parameter. 

Considering the activation energy of electron transfer it should be noted that insofar as the ks values are 

measured in the mixed diffusion-kinetic mode and the activation energy of diffusion is yet unknown, 
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the question of the true charge-transfer Еa remains open. Nevertheless, we can assume that the 

experimental Еa value does not differ strongly from the true value (being shifted to the larger values), 

because usually the activation energy of diffusion of the complex is close to (25–30) kJ/mol and more 

often makes a smaller contribution into the overall Еa as compared with the activation energy of charge 

transfer. This is why the calculated value of activation energy of 14 kJ/mol can be considered to be 

sufficiently close to the true experimental value. 

The analysis of the charge transfer mechanism is not finished in this stage. Next, it is necessary to check 

whether the HOMO type in the system after the electron transfer allows localization of an additional 

electron on the complex during relaxation of the latter at its diffusion deep into the system. In particular, 

in systems with LUMO localized on boundary cations (before electron transfer), the character of wave-

function distribution after the electron transfer may change in such a way that the HOMO will find itself 

between the complex and the boundary cations. 

Figure 12 illustrates the HOMO form after the electron transfer for a structure with the Nb-F bonds 

contracted by 0.01 nm (Fig. 12а) and also for the aforementioned structure with the bond contracted by 

0.004 nm (Fig. 12b). 

The wave function of HOMO for the former structure (Fig. 12a) is preferentially localized on boundary 

ions, i.e., here, the probability that the complex captures an electron is low. From such “dead” state, the 

system can either return back after the electron returns to the cathode, or wait for some suitable change 

in the structure capable of increasing the probability of electron transfer from boundary ions to the 

complex. The latter example illustrates a version of the quantum-statistical (staged) electron transfer  

(in the terms proposed by Dogonadze-Kuznetsov [42, p. 168]). 

In Fig. 12b, the HOMO is delocalized between boundary ions and the complex. Hence, in the moment 

when the complex starts to diffuse deep into the system, there is high probability that it captures an 

electron. This version of bridge transfer of electron was called quantum-dynamic [42]. After relaxation 

of geometrical and electronic structures of the complex in system’s volume, the orbital that contains an 

unpaired electron is stabilized with respect to HOMO by 60 kJ/mol in such a way that two OMOs which 

belong to chlorine anions are located higher than this orbital. 

The distribution of unpaired-electron spin density confirms the localized nature of HOMO shown in  

Fig. 12a: the niobium contribution fraction is only 0.016, the rest part is distributed almost completely 

between the boundary ions of magnesium and chlorine. For HOMO in Fig. 12b, the contribution of 

niobium to the unpaired electron spin density is considerably larger being equal to 0.12. 
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(a) 

 

(b) 

Figure 12. HOMO of structures (a) with the shift by 0.01 nm and contraction by 0.01 nm and also (b) with the 

shift by 0.02 nm and contraction by 0.004 nm. 

 

Based on the data obtained above, the situation appears to be as follows. After the diffusion to the 

electrode surface, the complex is waiting for a favorable change in the structure of the neighboring 

boundary ions (the limiting stage). After this, in the course of vibration of Nb–F bonds, the electron is 

transferred to the boundary ions and further on the complex. The “electroactive” parameter in this 

process is the totally symmetrical vibrations of the complex. 

Finally, we consider the dependence of the constant ks on the ionic radius of electrolyte cation (Fig. 6). 

First of all, note that the activation energy Еa changes monotonously in the series Mg–Ca–Sr–Ba, 

although from the viewpoint of statistics this change is not quite reliable. Were the growth of ks caused 

exclusively by this change in Еa, then the ks ratio in Mg and Ca systems with respect to the Ba system 

should be 2.0 and 1.6, respectively, whereas actually it is 1.3 and 1.1. Hence, there are other factors 

affecting the charge transfer rate and in certain cases, they turn out to be predominant. In particular, for 
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alkali-metal halides (M = Na, K, Cs) in purely chloride or purely fluoride systems, ks varies in the series 

opposite to that predicted based on variations of Еa [19, 39]. 

Within the framework of the scheme of electron transfer described above, the so-called electronic factor 

that affects, in particularly, the transmission coefficient is of the activation-less nature (Eqs. (9.10) and 

(9.12) in [42]). However, first of all it should be mentioned that according to our calculations, in the 

presence of a carbon cluster, the group of higher chloride OMOs is replaced lower by the orbitals with 

the predominant contribution of the p–AO of carbon atoms (checked on the model systems C96 H24 + 

7MCl2). In other words, it should be expected that in this case, the electron transfer proceeds from the 

surface carbon atoms. 

In our case, the electronic factor is determined by the overlap of electron orbitals of cathode’s surface 

atoms and boundary cations to which the electron is transferred. If we consider a carbon surface, the 

size of LUMO of boundary cations exceeds the size of HOMO of carbon atoms (here, under the orbital 

size, we understand the region is which the main part of the wave function is localized, e.g., 95%). This 

is why, as we pass along the series Mg–Ca–Sr–Ba, the progressively lower fraction of LUMO is 

localized in the superposition region, because its size increases in this series due to the increase in the 

ion size; and, correspondingly, the probability of the electron transfer to LUMO decreases. As a result, 

all the other conditions equal, this should lead to a decrease in the electron transfer rate in the mentioned 

series. Insofar as this factor is activation-less, the latter can explain the close linear dependence of ks on 

the size of electrolyte cation. 

 

CONCLUSIONS 

Electrochemical behavior of niobium complexes in NaCl-KCl(equimol.)-NaF(15 mol.%)-K2NbF7 (I) and 

NaCl-KCl(equimol.)-K2NbF7 (II) melts was studied by cyclic voltammetry. The electrochemical redox 

process Nb(V) + e- ↔ Nb(IV) was classified as quasi-reversible at a sweep rate 0.5 V s-1 < v ≤ 2.0 V s-1 

for the melt (I) and 0.7 V s-1 < v ≤ 2.0 V s-1 for the melt (II). 

It was found that addition of alkaline earth metal cations resulted in increase of ks to certain ratio of 

Me2+/Nb(V) for the all alkaline earth metal cations due to substitution of Na+ and K+ cations by Me2+ in 

the second coordination sphere of niobium complexes that leads to decrease of stability of niobium 

complexes. Further addition caused some decrease of the standard rate constants because the viscosity 

of melts increased which brings about a decrease of the diffusion coefficients. 

The values of ks with grow with temperature due to increase in the number of particles capable of 

overcoming the potential barrier for the electron transfer process. 

The temperature dependences of molten salt system (I) with addition 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 the activation energy of the 

initial system. 

The standard rate constants (system I) increase with the ionic potential and reach maximum values for 

the complexes with outer-sphere magnesium cations. The dependence of ks on the ionic potential points 

out that the electron transfer to the complex occurs through the bridging mechanism, i.e. through 

electrolyte cations. 

It was determined that ks in the melt (II) increased a little bit with the scan rate probably due to the 

secondary electrode process which accompanied the redox process. 
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In this study, we have shown that the FMO method is a very promising instrument for analyzing the 

mechanisms of electron transfer in molten salts. In certain cases, such analysis reveals the incorrectness 

of quite “obvious” transition-state versions, as was observed in the present study when searching for the 

transition state in the region of geometrical parameters intermediate between the initial and final states 

of the system. It is interesting that both states, the one with increased and the one with decreased 

(contracted) Nb-F bond, are generated by the same type of totally symmetrical vibrations of the complex. 

We leave aside the methodic problems associated with the choice of the strategy of search for parameters 

affecting the state of the electronic subsystem, because the latter are beyond the scope of this study  

(they will be considered in a special publication). 

In our opinion, the presented material is sufficient to convince one that this approach is reasonable and 

makes it possible to obtain reliable results when carrying out a systematic search. For large model 

systems, there is no alternative method, although after the initial study, the most promising potential 

energy surface regions can be analyzed by the methods of direct search for saddle points in narrow 

ranges of parameter variation. 

In principal cases where the splitting of neighboring UMOs is low and their mutual arrangement affects 

the charge transfer mechanism, one can use the methods of the higher level; however, this dramatically 

increases the computation time. At the same time, to reveal the new main parameters of the system that 

affect the electron transfer mechanism in a cathodic process, the DFT level is sufficient. 

The high efficiency of the FMO method combined with the possibility to clearly represent the state of 

orbitals before and after the electron transfer in the system and to provide information on the MO 

energies allows us to recommend this method as the instrument for testing hypotheses on the mechanism 

of electron transfer in molten salts. 
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Bimetallic nanoparticles (BNP) are composed of two metals in elemental state and possess unique 

electric, optical, catalytic and photocatalytic properties. BNPs display novel properties due to a synergy 

between the two constituting metals. 

Among others, mechanical milling is one of the most popular techniques in the fabrication of such 

bimetallic powders. In the present work, BNPs were prepared via using ball milling method. Upon 

preparation, various solid (NaCl, PVP) and liquid (oleylamine, ethylene glycol, polyethyelene glycol) 

modifiers were added to a mixture of copper and tin powder. 

The aim of the current study is to establish the effect of the quantity and quality of various additives on 

the structure and morphology of the products thus obtained. We found that upon addition of liquid 

additives, the products obtained contained the two metals separately (as physical mixture). However, 

the presence of solid additives resulted in the formation of alloys. The effect of the quality and amount 

of the various additives on the primary particle size as well as on the degree of aggregation was also 

studied. 

 

INTRODUCTION 

BNPs consist of two metals in their elemental state. Several examples can be found in the literature on 

their unique electric, optical, catalytic and photocatalytic properties [1,2]. It is also of importance that 

synergy may be present between the two constituting metals, and as a result of this, BNPs have the 

potential of displaying novel physico-chemical properties. 

The structure of BNPs is primarily affected by the preparation conditions and the properties of the 

metals. Depending on the synthetic approach used, the distribution of each metal within a particle and 

their organization will vary and, for instance a random alloy, an alloy with an intermetallic compound, 

a cluster in cluster, a core–shell, etc. may be formed [3]. 

Mechanical milling is known to be one of the most efficient techniques in the fabrication of such 

bimetallic powders [4-6]. In the present work, BNPs were prepared via ball milling method. Upon 

preparation, various solid and liquid modifiers were added to a mixture of copper and tin powder. The 

milling parameters (milling time, milling frequency, ball to powder weight ratio, temperature) were held 

constant, and the effect of the quantity and quality of various additives was investigated. To characterize 

the samples, powder X-ray diffractometry (XRD), scanning electron microscopy (SEM), energy 

dispersive X-ray spectroscopy (EDX) and dynamic light scattering (DLS) were employed. 
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EXPERIMENTAL PART 

Reagents and solutions 

In the experiments, copper powder (99% purity, Sigma-Aldrich), tin powder (99,5% purity, Alfa Aesar), 

oleylamine (OAm, C18 content 80-90%, Acros Organics), ethylene glycol (EG, 99,8% VWR), 

polyethylene glycol 400 (PEG, Merck), sodium chloride (VWR), polyvinylpyrrolidone (PVP, M.W. 

40.000, Alfa Aesar) were employed. All chemicals were used without further purification. Absolute 

alcohol ( 99.8%) was received from Panreac Company. In this work, deionized water was used 

throughout. 

 

Apparatus and equipment 

For the grinding of the copper and tin powders (employed in a molar ratio of 1:1) a mixer mill (Retsch 

MM 400) having two stainless steel with 50 cm3 grinding jars and two stainless steel grinding balls 

(volume: ~ 8.2 cm3, diameter: 25 mm) was applied. The mill was operated using constant ball/sample 

weight ratio (100) and 120 min milling time. The grinding frequency was 12 Hz. Grinding was 

performed without excluding air. During the treatment, the mass of the mixture of copper and tin powder 

was 0.6 g in the grinding jar. 

Two types of additives were applied. The first series of grindings were carried out via adding various 

liquids to the system, namely oleylamine, ethylene glycol or polyethylene glycol. The added amount 

varied between 50 and 500 μL. During the second series, solid compounds, namely NaCl or 

polyvinylpyrrolidone (PVP-40000) were employed. Their amounts were varied between 0.5-5.0 m/m%. 

Following the milling, the products were washed with water and absolute alcohol, and stored in closed 

glass tubes under N2 atmosphere. 

Powder X-ray diffractograms were recorded on a Rigaku Miniflex II instrument in the 2Θ = 5−85º range. 

4°/min scan speed was used and CuKα (λ = 1.5418 Å) radiation was employed. The characteristic 

reflections of the materials thus prepared were identified via using the JCPDS (Joint Committee of 

Powder Diffraction Standards) database. 

A Hitachi S-4700 scanning electron microscope (SEM) was used to characterize the morphology of the 

samples. Images were obtained at various magnifications and at 10 kV acceleration voltage. To get 

better contrast, the surface of the samples was coated with thin gold layer. The elemental analysis was 

performed by energy dispersive X-ray analysis (EDX). The Röntec QX2 spectrometer (equipped with 

Be window) was coupled to the microscope. 

To describe the size distribution of the samples, a Malvern NanoZS dynamic light scattering (DLS) 

instrument was applied with 4 mW helium-neon laser light source (λ = 633 nm) at room temperature. 

Detection was made in back scattering mode at 173°. The samples were ultrasonically dispersed in 

ethylene glycol over 1 h. The concentration of the samples was uniformly 0.2 g/L. 

 

RESULTS AND DISCUSSION 

In Fig. 1, the X-ray diffractogram of the physical mixture (1:1 molar ratio, obtained without milling) of 

Cu and Sn is shown and compared with that of the pure phases. It can be seen that when a physical 

mixture is formed, the reflections of the constituting metals appear separately. 

 

https://en.wikipedia.org/wiki/Cetyl_trimethylammonium_bromide
https://en.wikipedia.org/wiki/Cetyl_trimethylammonium_bromide
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Figure 1. Powder XRD of pure Sn and Cu powders and their physical mixture at 1:1 molar ratio, obtained 

without milling. 

 

In Fig. 2, the X-ray diffractograms of the bimetallic nanoparticles obtained in the presence of various 

additives are seen (the amount of the additive used is also shown in the figure). It can be established that 

the solid and the liquid additives exert different effect on the structure of the nanoparticles formed. 

Liquid additives always result in the formation of physical mixtures, the reflections characteristic to the 

two metals are clearly distinguishable. (Results obtained using EG are identical to those for PEG and 

OAm, therefore they are not shown.) The primary particle sizes were found to be between 30-40 nm for 

Sn and 20-30 nm for Cu, and are independent on the additive, both in terms of quantity and quality. 

On the contrary, addition of any of the two solid materials to the metal powder prior to milling resulted 

in the formation of alloys, with the composition of Cu6Sn5 (based on the reflections obtained from the 

JCPDS database, No. 45-1488). Additionally, the primary particle sizes were found to decrease 

significantly relative to those found for liquid additives, and were determined to be in the range of  

15-25 nm. At the highest amount of PVP added, the segregation of some pure metals could also be 

observed (marked by asterisk in Fig. 2(d).) 
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(b) 

Figure 2. X-ray powder diffraction patterns of the bimetallic Cu-Sn nanoparticles obtained in the presence of 

various additives (the amount and type of the additive used are shown in the figure; in Figure 2(d), the 

reflections of pure Cu and Sn are marked with * and ο, respectively). 
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Figure 2. (continued) X-ray powder diffraction patterns of the bimetallic Cu-Sn nanoparticles obtained in the 

presence of various additives (the amount and type of the additive used are shown in the figure; in Figure 2(d), 

the reflections of pure Cu and Sn are marked with * and ο, respectively). 
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Table 1. DLS data for Cu-Sn samples comprising of aggregated BNP-s obtained in the presence of various 

amounts of liquid additives. Z-average is the average particle size, and PDI stands for polydispersity index. 

Amount of 

additive 

(L) 

OAm EG PEG 

Z-average 

(nm) 
PDI 

Z-average 

(nm) 
PDI 

Z-average 

(nm) 
PDI 

500 1510 0.704 611 0.305 1645 0.758 

250 936 0.480 488 0.214 1411 0.610 

125 576 0.313 239 0.299 551 0.515 

100 767 0.354 332 0.212 492 0.504 

75 549 0.368 282 0.237 365 0.247 

50 438 0.344 279 0.212 260 0.237 

 

In Tables 1 and 2, the results obtained from dynamic light scattering measurements are displayed. From 

the shape of the DLS curves (not shown) all the system distributions are bimodal, except for those 

obtained in the presence of PEG (which was found to be unimodal). When liquid additives are used 

(Table 1), with the decreasing amount of additive the average particle size systematically decreases, 

while the PDI decreases for OAm and PEG, while it was found to be practically constant for EG. For 

solid additives, these parameters change just in the opposite way: the particle size decreases with the 

increasing amount of additive, and the polydispersity index shows some fluctuations but is practically 

constant. 

 

Table 2. DLS data for Cu-Sn BNP-s obtained in presence of various amounts of solid additives. Z-average is the 

average particle size, and PDI stands for polydispersity index. 

Amount of 

additive 

(w%) 

NaCl PVP 

Z-average 

(nm) 
PDI 

Z-average 

(nm) 
PDI 

0.5 518 0.411 468 0.488 

1 478 0.458 539 0.541 

1.5 246 0.336 472 0.598 

2 253 0.351 363 0.440 

3 244 0.347 382 0.363 

5 227 0.332 271 0.334 

 

In Fig. 3, some characteristic SEM-EDX images are displayed. Regarding the morphology of the BNPs, 

the specimens are severely deformed (this is supposedly the result of the mechanical treatment) and have 

no clear contours (the edges are rounded off). However, the distribution of the elements is different 

depending on the type of additive. When liquid additives are used, the elements appear in segregated 

way, which is in accord with the XRD findings. However, adding solid additives to the system, the 

constituents are dispersed at the atomic level indicating the formation of alloys. 
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Figure 3. SEM (left) and EDX (right) images of the Cu-Sn BNPs obtained in the presence of various additives, 

from the top to the bottom: PEG, OAm, EG, NaCl and PVP. 
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CONCLUSION 

In the present study, Cu-Sn BNPs were prepared via ball milling. The effect of various additives on the 

nanostructures formed was investigated. From XRD and SEM-EDX observations, we found that alloys 

were formed, when NaCl or PVP was added to the powder mixture prior to milling; however, the 

addition of EG, PEG and OAm yielded the formation of physical mixtures. The aggregation of the BNPs 

is affected by the type of the additive in different ways. Our results demonstrate that ball milling is an 

efficient way to develop preparation strategies for obtaining BNPs with known nanostructure. 
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It is well known, that in the Cu4OX6L4 (X = Cl, Br) complexes many different ligands L can be present, 

including bioligands. Herein the chloridocomplexes of bioactive ligands are studied, L = chloro-

promazine, ronicol (3-pyridylmethanol), 2-ethylpyrazine, seven derivatives of pyrazol and for 

comparison 3-methylpyridine. Some of them play a vital role in a number of biological systems.  

The Cu4OCl6L4 molecule is regarded as a supramolecular model of interactions between bioligand L 

and hypothetical “round-shaped” coordination tetra-receptor Cu4OCl6. Vector calculations applied 

usually to mechanical and electrical macroconstructions are applied here to microconstructions 

represented by structures of Cu4OX6L4 molecules. Within these calculations each Cu4OX6L4 structure is 

placed into a three-dimensional Cartesian coordinate system with a central oxygen atom placed in its 

origin. Studied bioligands are compared and described by molecular structural dynamics and 

corresponding shifts of electron densities by means of bond lengths and structural distances. The 

principles of vector methods and calculations are described in literature [1, 2]. 

 

INTRODUCTION 

The vector analysis has been never before applied to chemical objects represented by molecular 

structures [3, 4]. Structures of herein studied complexes of general formula Cu4OCl6L4 with ten various 

bioactive ligands L is displayed in following pictures Fig.1 – 10: 

 

 

Figure 1. Molecular structure of [Cu4OCl6L4] (L = chloro-promazine, Refcode: PIVHAD) [5]. 

mailto:qondrejovic@stuba.sk
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Figure 2. Molecular structure of [Cu4OCl6L4] (L = 3-pyridylmethanol, (ronicol)) [6]. 

 

 

Figure 3. Molecular structure of [Cu4OCl6L4] (L = 2-ethylpyrazine (Refcode: IDICUT) [7]. 

 

 

Figure 4. Molecular structure of [Cu4OCl6L4] (L = 3,5-dimethylpyrazole (BOGCEG)) [8]. 
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Figure 5. Molecular structure of [Cu4OCl6L4] (L = 3,5-dimethypyrazole (Refcode: RIRKOT)) [9]. 

 

 

Figure 6. Molecular structure of [Cu4OCl6L4] (L = 3,5-diisopropyl-1H-pyrazole (Refcode: DIFTIX)) [10]. 

 

 

Figure 7. Molecular structure of [Cu4OCl6L4] (L = 3,4-dimethyl-5-phenylpyrazole (Refcode: JIWKAB)) [11]. 
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Figure 8. Molecular structure of [Cu4OCl6L4] (L = 2,4,6-trimethylphenyl)pyrazole (Refcode: WUXBOG)) [12]. 

 

 

Figure 9. Molecular structure of [Cu4OCl6L4] (L = 3-methyl-5-phenyl-1H-pyrazole (Refcode: IJIWII)) [13]. 

 

 

Figure 10. Molecular structure of [Cu4OCl6L4] (L = 3-methylpyridine) [14]. 
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THEORY 

The Cu4O1X6L4 structure consists of two basic polyhedra: 

1. The bond equivalent tetrahedron O1–Cu4 is represented by 4 bonding vectors O1→Cu giving after 

summing the total tetrahedron vector TCu (Fig. 11). For ideal tetrahedron TCu = 0. 
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Figure 11. On the definition of TCu. 

 

2. The non-bonding distance equivalent octahedron O1∙∙∙X6 is represented by 6 distance vectors O1→X 

giving after summing the total octahedron vector OX (Fig. 12). For ideal octahedron OX = 0. 
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Figure 12. On the definition of OX. 

 

3. Four trigonal bipyramidal coordination polyhedra of central copper(II) atoms are strongly bonding 

nonequivalent. Therefore TBCu > 0 (Fig. 13). 
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Figure 13. On the definition of TBCu. 

 

The vector analyses has also been applied to ten structures of the Cu4OCl6L4 complex molecules with L 

= bioactive ligands. Presented results demonstrate correlations between structural molecular parameters 

and supramolecular intra- and intermolecular contacts by hydrogen bonds and van der Waals 

interactions. 

Structures of Cu4OX6L4 complexes are of considerable interest, since about 116 structures are registered 

in the CCDC database [15]. 

 

RESULTS AND DISCUSSION 

Crystallographic data of analyzed structures including codes of CCDC database are presented in the 

Table 1. Calculated vector parameters of tetrahedron TCu, octahedron OCl, trigonal bipyramids Cu1, 

Cu2, Cu3, Cu4 and corresponding molecule MOL are characterized by length and sector of the three-

dimensional Cartesian coordinate system (three combined symbols of + and -). Molecular intra and inter 

interactions are demostrated by similar way. Red symbols demonstrate the identical directions. 
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Table 1 Ligands and crystallographic data of selected Cu4OCl6L4 complexes, where L is a bioactive ligand. 

Ligand number 
Ligand 

solvate, disorder 
Crystallographic data, Refcode 

1 
Chlor-promazine 

4.C6H6 

Monoclinic 

P21/a 

R = 6.5% 

PIVHAD [5] 

2A 

3-pyridylmethanol, ronicol 

A: O1-H1, O4-H4 

Disorder 

Monoclinic 

P21/n 

R = 6.34% 

[6] 

3 2-ethylpyrazine 

Monoclinic 

P21/n 

R = 3.56% 

IDICUT [7] 

4A 

3,5-dimethylpyrazole 

A: Cl4 

Disorder 

Monoclinic 

P2/n 

R = 3.9% 

BOGCEG [8] 

4B 

3,5-dimethylpyrazole 

B: Cl4A 

Disorder 

Monoclinic 

P2/n 

R = 3.9% 

BOGCEG [8] 

5A 

3,5-dimethylpyrazole 

4.C2H5OH 

A: Cl6, Oc: 0.6 

Disorder 

Triclinic 

P-1 

R = 8.3% 

RIRKOT [9] 

5B 

3,5-dimethylpyrazole 

4.C2H5OH 

B: Cl7?, Oc: 0.4 

Disorder 

Triclinic 

P-1 

R = 8.3% 

RIRKOT [9] 

6A 

3,5-diisopropyl-1H- pyrazole 

A: Cl4, Oc: 0.5 

Disorder 

Monoclinic 

C2/c 

R = 3.03% 

T = 100K 

DIFTIX [10] 

6B 

3,5-diisopropyl-1H- pyrazole 

B: Cl4A, Oc: 0.5 

Disorder 

Monoclinic 

C2/c 

R = 3.03% 

T = 100K 

DIFTIX [10] 

7 3,4-dimethyl-5-phenyl-pyrazole 

Monoclinic 

I2/a 

R = 5.2% 

JIWKAB [11] 

8 5-(2,4,6-trimethyl-phenyl)pyrazole 

Monoclinic 

C2/c 

R = 3.6% 

WUXBOG [12] 

9 3-methyl-5-phenyl-1H-pyrazole 

Tetragonal 

P4/n 

R = 6.65% 

IJIWII [13] 

10 3-methylpyridine 

Orthorhombic 

Pbca 

R = 3.78 

[14] 
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Table 2 Vector and interaction parameters for structure of selected Cu4OCl6L4 complexes (L = bioactive ligand). 

Ligand Tetra Octa Trigonal polyhedron Molecule 

L TCu OCl Cu1 Cu2 Cu3 Cu4 MOL 

1 

11.14 16.70 62.35 59.69 61.12 59.37 26.45 

(- - -) (- - -) (- - -) (- + +) (+ - +) (+ + +) (- + +) 

       

Interactions 1112.1 2301.1 1835.5 1431.1 3006.4 

  (- + +) (+++) (- + -) (- + -) (- + -) 

2A 

4.81 47.23 329.08 322.10 322.23 329.30 98.65 

(+ - -) (- + +) (- + +) (+ + -) (- - -) (- + -) (+ + +) 

       

Interactions 1319.85 563.69 637.72 870.25 1364.79 

  (+ + +) (- - -) (- - +) (- + -) (- + +) 

3 

2.10 30.09 329.40 324.40 323.16 320.55 67.13 

(+ - +) (- - +) (- + +) (+ + -) (- - -) (- + -) (- + +) 

       

Interactions 990.64 825.74 883.63 829.35 772.31 

  (- + +) (+ - -) (- - -) (- + -) (- + -) 

4A 

  Cu1 Cu2 Cu1A Cu2A  

4.55 79.41 325.81 322.30 321.33 322.32 157.34 

(- - +) (- + -) (- + +) (+ + -) (- - -) (- + -) (- + -) 

       

Interactions 826.79 690.82 765.48 529.20 471.02 

  (+ + +) (+ + -) (- - -) (- + +) (+ + -) 

4B 

4.66 79.39 321.33 322.30 325.22 322.32 157.34 

(- - +) (+ - -) (+ - +) (+ + -) (- - -) (- + -) (+ - -) 

       

Interactions 957.93 695.40 659.23 528.16 904.66 

  (+ + +) (+ - -) (- - -) (- + +) (+ + +) 

5A 

13.78 96.53 321.33 324.68 321.19 321.22 185.65 

(- + -) (+ + -) (+ - +) (+ + -) (- + -) (- - -) (+ + -) 

       

Interactions 662.62 265.67 648.86 734.25 445.33 

  (+ + +) (+ - +) (- + -) (- - -) (+ + +) 

5B 

13.78 101.95 321.33 324.68 323.09 323.71 213.48 

(- + -) (- + +) (+ - +) (+ + -) (- + -) (- - -) (- - +) 

       

Interactions 850.61 461.40 907.42 656.08 1636.93 

  (- + +) (+ - +) (- + +) (- - +) (- + +) 

6A 

  Cu1 Cu2 Cu1A Cu2A  

9.56 69.18 326.14 325.60 314.18 325.59 142.94 

(- + +) (- - -) (- - +) (+ - -) (- + -) (- - -) (- - -) 

       

Interactions 231.87 788.21 298.31 898.07 519.66 

  (- + -) (+ + -) (+ + +) (- - -) (+ - -) 

6B 

9.56 69.18 314.42 325.60 325.92 325.59 142.88 

(- + +) (- - -) (+ + +) (+ - -) (- + -) (- - -) (+ - -) 

       

Interactions 298.41 788.21 231.28 898.07 500.48 

  (- + -) (+ + -) (- + +) (- - -) (- - -) 

7 

  Cu1 Cu2 Cu1B Cu2B  

2.24 6.24 322.76 327.00 322.78 327.03 14.62 

(+ - -) (+ - -) (- - +) (+ + -) (- + -) (- - -) (+ - -) 

       

Interactions 749.94 1473.63 677.10 1473.16 494.07 

  (+ - +) (+ - +) (+ - -) (- + -) (+ - +) 
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Table 2 (continued) 

Ligand Tetra Octa Trigonal polyhedron Molecule 

L TCu OCl Cu1 Cu2 Cu3 Cu4 MOL 

8 

6.95 8.90 327.80 318.88 327.78 318.87 45.59 

(+ + -) (- - +) (- - +) (+ + -) (- - -) (- + -) (- - +) 

       

Interactions 1137.55 878.87 1179.03 878.76 974.48 

  (- - +) (+ - -) (+ - +) (- + +) (- - +) 

9 

  Cu1 Cu1A Cu1F Cu1G  

0.02 0.05 325.86 325.85 325.90 325.85 0.06 

(+ 0 +) (- - +) (+ + +) (+ - -) (- - -) (- + -) (- - -) 

       

Interactions 698.18 698.29 698.28 698.30 0.28 

  (- - +) (+ + -) (- - -) (- + -) (+ + -) 

10 

3.92 74.68 327.03 320.30 337.94 320.41 170.85 

(- - -) (- + -) (- + +) (+ + -) (- + -) (- - -) (- + -) 

       

Interactions 565.48 741.59 502.04 741.33 1220.29 

  (- - +) (+ + -) (- + -) (- + -) (- + -) 

 

The results presented in Table 1 and Table 2 are not surprising because of considerable variability in 

bioactivity of ligands L. A classification of bioactive ligands L can be defined using the dependences 

displayed in Fig.14 and Fig.15. In the former one, a correspondence between tetrahedral TCu, octahedral 

OCl and molecular MOL vectors is visible. Apparently, the disorders have negligible influence on the 

vector data. In the latter one, the molecular interactions for the couples 4A - 4B and 5A - 5B are different, 

while for the couple 6A - 6B there is not any difference visible. 

 

 

Figure 14. Dependency of intramolecular structural vectors upon the ligand quality. 
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Figure 15. Dependency of intermolecular structural vectors upon the ligand quality. 

 

CONCLUSIONS 

The vector analyses combine chemical and structural aspects of coordination compounds into one 

quantitative parameter – structural vector which is correlated with intra- and inter-molecular 

interactions. As a method of crystallochemistry it can be applied to arbitrary molecule. 

Structural vector parameters of biomolecules L coordinated to Cu4OX6 receptors provide useful 

quantitative information about possible interaction activity of biomolecules in the real bioenvironment. 

Structural vectors for systems with hydrogen bonds and with Van der Waals interactions correlate with 

the bond vectors of tetrahedrons OCu4, distance vectors of octahedrons OCl6 and total molecular vectors 

in molecular structures of Cu4OX6L4 complexes. 

Vector analyses of about hundred Cu4OX6L4 structures will be published in a suitable journal. 
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The Bayer process is a well-established technique in the alumina industry for the recrystallization of 

Al(OH)3 from bauxite. The dissolution of clay minerals during this process, and the subsequent 

formation of the so-called desilication product (DSP) are major technological issues in the Bayer 

process, due to cost and the behavior of this material in the bauxite residue. In order to gain more detailed 

fundamental understanding of the DSP-formation, designing suitable apparatus for the investigation and 

selection of the optimal model compounds is of primary importance. Accordingly, the aim of our work 

was to develop and test an apparatus for examining the dissolution kinetics of kaolinites obtained from 

various suppliers. In our experimental work, inductively coupled plasma optical emission spectroscopy 

(ICP−OES), scanning electron microscopy (SEM), energy−dispersive X-ray analysis (SEM−EDAX), 

X-ray diffractometry (XRD), Fourier-transform infrared spectroscopy (FT−IR), and surface/textural 

measurements were used to characterize the reactants and to analyze the products. These results are the 

first steps for us in understanding the mechanism of the dissolution of kaolinite and the subsequent 

formation of the DSP. 

 

INTRODUCTION 

The production of aluminum involves two main processes: the Bayer process and Hall−Héroult 

electrolysis. The first step of the Bayer process is the extraction of gibbsite, boehmite or diaspore from 

the aluminum-bearing bauxite ore. The bauxite is digested in a hot solution of sodium hydroxide, which 

leaches aluminum from the bauxite’s other mineral constituents, such as compounds of silicon, iron, and 

titanium. The aluminum is then precipitated in the form of aluminum hydroxide, Al(OH)3, which in the 

next step is calcined to form alumina, Al2O3. In the Hall−Héroult process, the alumina is dissolved in 

a molten bath of cryolite (Na3AlF6). Molten aluminum is obtained from the melt by electrolysis, which 

is an extremely energy consuming step [1]. 

During the extraction of alumina, it is essential to isolate the reactive silica, which dissolves in caustic 

soda and partly precipitates as the desilication product (DSP, which primarily consists of sodalite or 

cancrinite, both zeolite-like structures). The process may be described by the following equations: 

3 (Al2O3·2SiO2·2H2O) + 6 NaOH + Na2X ⇌ 3 (Na2O·Al2O3·2SiO2·2H2O)Na2X + 3 H2O (1) 

 kaolinite Bayer sodalite 

6 SiO2 + 6 NaAlO2 + Na2X + 6 H2O ⇌ 3 (Na2O·Al2O3·2SiO2·2H2O)Na2X (2) 

 quartz Bayer sodalite 

where X stands for a mixture of aluminate, carbonate, sulfate, and smaller amounts of other anions 

present in the bauxite or in the process liquor. The rate of the reaction increases with increasing digestion 
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temperature. Bayer sodalites usually depart from the process with the red mud, but their formation 

causes major caustic and alumina losses. Moreover, high silica levels induce scaling in the heat 

exchangers and pipes, and result in poor product quality. In the industry, material and energy savings 

are crucial, hence technological innovations are needed, for instance, improved red mud separation 

techniques [2]. 

The formation of the desilication product can be studied by monitoring the silica concentration in the 

Bayer liquor during kaolinite dissolution. A typical CSi vs. time profile upon kaolinite dissolution and 

the subsequent DSP formation is shown in Fig. 1. As it can be seen, in the first few minutes the silica 

concentration increases as the kaolinite dissolves. Once a certain concentration of silica is reached the 

concentration begins to decrease, together with the onset of the formation of the DSP. The final part of 

the kaolinite dissolution curve is shown as a mirror image of the drop of silica concentration [3]. 

 

 

Figure 1. The variation of the silica concentration (schematic figure) as a function of time during the kaolinite 

dissolution−DSP precipitation process [3]. 

 

There are many attempts to control the formation of the DSP and the dissolution of the kaolinite with 

several additives or by changing the experimental conditions [4]. For example, Whittington et al. 

examined the effects of the heating rate (desilication to digestion) and the forms in which the reactants 

(CaO, gibbsite, two types of kaolin samples, and the spent liquor) were added to the system. They 

concluded that the DSP formation was highly affected by the form of the reactants and the sources of 

kaolin and also by the heating conditions [5, 6]. 

The current contribution is aimed at the general examination of the desilication process under laboratory 

conditions, including the planning and the optimization of a feasible apparatus that is suitable for 

studying the dissolution of kaolinite and formation of DSP, as well as identification of the most suitable 

type of kaolinite for studying the kinetics of reactive silica dissolution-DSP formation. 
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EXPERIMENTAL PART 

Reagents and solutions 

Irregular aluminum shots (99.9%, Alfa Aesar) and 9 M sodium hydroxide solutions were used to prepare 

the industrial composition Bayer liquors. The NaOH used for the spent liquor was diluted from a 50 % 

w/w NaOH solution, prepared by dissolving NaOH pellets (a. r. grade, VWR) in continuously stirred 

Milli–Q water (Merck Millipore Milli–Q) applying a reflux equipped with a CO2 trap. The resulted 

liquor was filtered through 0.45 μm PTFE membrane while a CO2 trap was used. Appropriate portions 

of the caustic solution were diluted to obtain 1 M NaOH stock solutions, which were standardized by 

HCl solution. The 1 M stock solutions of the acid were made by volumetric dilution of ≈ 37 % w/w HCl 

(a. r. grade, VWR) and they were standardized with using KHCO3 solution [7]. 

During the measurements sodium silicate solution (extra pure, Merck), kaolinites from different sources 

(Alfa Aesar (USA), Sigma–Aldrich (USA), Zettlitz (Germany), Georgia KGa–1B (USA), and Eckalite 

1 from Imerys Minerals (Australia), anhydrous sodium sulphate (99.92 %, Molar Chemicals), and 

anhydrous sodium carbonate (99.9 %, VWR) were applied. 

 

Apparatus and equipment 

Inductively coupled plasma spectroscopy with radial configuration (Thermo Scientific iCAP 7400 ICP-

OES DUO spectrometer) was used for the determination of silica concentration in the Bayer liquor 

samples. These were diluted and acidified with HCl prior to the measurements. 

Powder X–ray diffraction (XRD) patterns of the dried sodalites (DSPs) and the initial kaolinites were 

registered on a Rigaku Miniflex II instrument in the range of 2θ = 4–70 ° with 4 °/min scan speed, using 

CuKα (λ = 1.5418 Å) radiation. The reflections were assigned with the help of the JCPDS (Joint 

Committee of Powder Diffraction Standards) database. The average primer crystallite sizes were 

calculated by the Scherrer equation from the first reflections of the materials prepared [8]. 

The dried DSPs and the kaolinites were studied by Fourier–transform infrared (FT–IR) spectroscopy 

(JASCO FT/IR–4700 spectrophotometer). The applied resolution was 4 cm−1 and 256 scans were 

accumulated for each spectrum. The spectrometer was equipped with a DTGS detector and ATR 

accessory. On the normalized curves, the structural attributes of materials were investigated in the 4000–

500 cm−1 wavenumber range. 

The textural parameters of the kaolinites were mapped by N2 adsorption-desorption techniques on 

a Quantachrome NOVA 3000e instrument. The materials were degassed at 300°C for 1 h in vacuum, to 

remove surface-adsorbents. The specific surface areas were determined by the 

Brunauer−Emmett−Teller equation from the adsorption branches, to calculate the average pore sizes 

and total pore volumes, the Barett−Joyner−Halenda (BJH) method was used from the desorption 

branches. 

The morphologies of the sodalites and the kaolinites were examined by scanning electron microscopy 

(SEM, Hitachi S–4700 type II) at various magnifications and acceleration voltages. A few nm of 

conductive gold–palladium alloy film was sublimed onto the surface of the samples in order to avoid 

charging. The microscope was equipped with energy dispersive X–ray (EDX) analysis detector (Röntec 

QX2 spectrometer with Be window) for measuring the elemental composition and distribution. 
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RESULTS AND DISCUSSION 

The first step of our work was the preparation of an appropriate model solution with accurately known 

component concentrations. For the measurements, the following aluminate solution (modeling a spent 

process liquor) was employed: [NaOH]T = 4.5 M, [Al(III)]T = 1.9 M, [Na2SO4]T = 0.05 M, [Na2CO3]T = 

0.20 M. To this model solution, either water-glass solution (with accurately known NaOH and Si(IV) 

concentrations) was added to set the initial concentration of Si(IV) in the solution to 5.0 gL-1 expressed 

in terms of SiO2 or kaolinite with an initial concentration of 23 gL-1. 

An equipment was then designed and implemented in which the kinetic measurements were possible to 

be carried out. The tests were performed in a 280 mL PTFE vessel and the temperature of the Bayer 

liquor was 95°C (using silicon oil bath). The PTFE vessel was placed in a custom made, jacketed hard 

glass jar, in which the heat transfer was facilitated by glycerol. The target temperature was found to be 

reached within an hour and it was found to be constant within ± 0.5°C, over several hours. The 

evaporation loss over a period of 8 hours was checked gravimetrically and it was found to be about 1 %. 

The main target of these measurements was to establish conditions which result in reproducible CSi vs. 

time profiles. 

During the scouting experiments, water glass was added to the reaction mixture and the concentration 

of the dissolved silica was monitored as a function of time. The results of three parallel measurements 

are shown in Fig. 2. from which the equilibrium concentration of silica and the reproducibility of the 

kinetic runs can be obtained. It is also clear from these graphs, that in the initial period of the 

measurement, a transient phase is seen, that is, upon water glass addition, the formation of a precipitate 

was observed, which redissolved after a few minutes. The fall of Si(IV) concentration, which onsets at 

ca. 60 min reaction time is associated with the formation of DSP, as it was confirmed by XRD 

measurements (not shown). 
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Figure 2. Variation of silica concentration (expressed in terms of [Si(IV)]) as a function of time from three 

independent measurements, upon adding water glass to the aluminate solution at 95 oC. The Si-content was 

determined by ICP–OES. For the composition of the aluminate solution, see Experimental part. 
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For studying the dissolution-precipitation kinetics of kaolinite, an experimental protocol identical to that 

shown in Fig. 2. was used, but the silica was added to the system in form of kaolinite (23 gL-1).  

The solid kaolinite samples were first characterized by various techniques for structural comparison. 

The powder XRD traces of the five kaolinite samples are depicted in Fig. 3. Diffraction patterns typical 

for kaolinite were observed in all samples studied (identified with the help of JCPDS card no. 14–0164), 

though their intensities were slightly different. The primer particle sizes were very similar (23 nm), 

except for the samples from Georgia and from Australia, where the primary particle sizes were found to 

be somewhat bigger (36 and 29 nm). 
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Figure 3. Powder XRD traces of the kaolinites from different sources. The primary particle size of the kaolinites 

obtained from the Debye-Scherrer equation is also shown. 

 

The Fourier Transformed–Infrared (FT–IR) spectra of the initial kaolinite samples from the five 

different sources are also very similar (Fig. 4.). Only minor differences can be observed in some 

particular spectral regions, but these are commensurate with the experimental uncertainty. 
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Figure 4. FT–IR spectra of the kaolinites from different sources. 
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The SEM images of the various kaolinite samples were found to be also very similar and exhibited 

amorphous structures irrespective of the source. These images attested, that the primary particles form 

aggregates with various sizes and morphology; some examples are shown in Fig. 5. 

 

 

Figure 5. SEM images of the kaolinite samples from Zettlitz (left) and from the Sigma-Aldrich (right). 

 

The chemical compositions of the samples were measured via SEM–EDX. These measurements proved 

that the Eckalite 1, Sigma-Aldrich and Alfa Aesar kaolinite samples have composition identical to that 

provided by the supplier on the Certificate of Analysis. The composition of the remaining two samples 

(from Zettlitz and Georgia) was not known. The composition of the kaolinite sample from Georgia was 

similar to that of the Alfa Aesar, however, the one from Zettlitz appeared to contain somewhat more 

impurities (up to ca. 1 at%). From the SEM-EDX measurements, it can be stated that the main 

component of the samples was kaolinite, and the contribution of the other components (impurities) was 

very small. 

The dissolution kinetics of the kaolinites from different sources was studied at 95°C, using the model 

spent process liquor. A typical digestion experiment was run for 360 minutes and samples were taken 

in every 30 minutes and prepared for the ICP–OES measurements immediately after cooling (Fig. 6.) 

The results are somewhat surprising, as the kinetic behavior of the various kaolinites shows a marked 

dependence on the source. These differences cannot be explained in terms of the data obtained for the 

structure or chemical composition of these specimens and cannot be explained by the previous solid 

phase measurements, they behaved differently as presumed (Fig. 6.). The Australian Eckalite 1 and the 

kaolinite from Alfa Aesar showed some similarity, they reached the maximum silica concentration 

within a half an hour. However, the same for the samples from Zettlitz and from the Sigma-Aldrich 

required more than an hour. 
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Figure 6. The dissolution of kaolinites from different sources followed by the precipitation of sodalite, monitored 

through the variation of silica the concentration as a function of time. The dissolved silica concentration was 

determined by ICP–OES. 

 

Table 1. The textural parameters and Hinckley indices of the kaolinite materials. 

Materials Hinckley index 
Specific surface 

area (m2/g) 

Total pore volume 

(cm3/g) 

Predominant 

pore radius (Å) 

Georgia 0.90 12.1 0.034 19.2 

Alfa Aesar 0.56 16.2 0.047 15.5, 19.1 

Sigma-Aldrich 0.93 7.8 0.027 19.3 

Zettlitz 0.85 15.4 0.046 19.3 

Eckalite 1 1.24 15.6 0.053 19.1 

 

The dissolution rates of the solids are frequently related to their crystallinity, amorphous phases show 

faster dissolution due to their low lattice energies. The Hinckley index serves as crystallinity index in 

the literature of kaolinites (Table 1) [9]. Interestingly, the highest and lowest indices were found to 

correspond to kaolinites that showed similar dissolution kinetics. 

All kaolinites showed similar textural features, they had Type IV isotherms with H3 hysteresis loops 

according to the IUPAC classification [10], due to their mesoporous surface with around 4 nm diameter 

pores (Table 1). The highest specific surface areas and total pore volumes were found for the Eckalite 1 

kaolinite and the one from Alfa Aesar, while the lowest values belonged to the kaolinite from  

Sigma-Aldrich. From these data, the key to the observed variations in the dissolution kinetics may be 

the difference in the textural parameters of the kaolinites. 

The solid products obtained by the end of the kinetic runs, allowing 360 min digestion time, were 

separated from the mother liquor, washed with Milli–Q water, dried at 60°C and were examined via 

XRD and FT–IR. The XRD traces are shown in Fig. 7. 
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Figure 7. Powder XRD races of the solid products obtained at the end of the kinetic runs, allowing 360 min 

digestion time. The primary particle sizes of the sodalite are indicated on the graphs. 

 

The typical diffractograms of sodalities are well detectable in Fig. 7.; on the basis of JCPDS card  

no. 74-1736 and 15-0469, a mixture of sulphate and carbonate containing sodalities is present. These 

patterns confirm the results obtained from the solubility tests (Fig. 6.) The wt% distributions of the 

kaolinite and sodalite phases were calculated from the integrated reflection intensities and are shown in 

Table 2 [11]. 

These differences can be also noticed in the FT-IR spectra (Fig. 8.) On the spectrum of the specimens 

obtained from the digestion of kaolinites from Zettlitz and from the Sigma–Aldrich there are some IR 

absorption peaks, which do not appear on the spectra of the other three samples (e.g., at 912 and  

535 cm–1), they correspond to the unreacted kaolinite. 

 

Table 2. The distribution of various crystal phases at the end of the digestion process. 

Materials Kaolinite (wt%) Sodalite (wt%) 

Georgia 13 87 

Alfa Aesar 10 90 

Sigma-Aldrich 48 52 

Zettlitz 25 75 

Eckalite 1 <5 >95 
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Figure 8. FT-IR spectra of the solid products obtained at the end of the kinetic runs, allowing 360 min digestion 

time. 

 

Based on the SEM images of the solid products obtained at the end of the digestion (Fig. 9.), all the 

sodalites are lepispheres, with structures reminiscent of a ball of yarn [12]. 

 

 

Figure 9. The SEM images of the solid products obtained at the end of the digestion of kaolinite from Georgia 

(left) and from Zettlitz (right). 

 

CONCLUSION 

The dissolution precipitation kinetics of kaolinites under conditions typical of the Bayer desilication 

process was studied. We found that kaolinites obtained from various sources behave in a markedly 

different way, in spite of the fact, that their structure, primary particle size, composition, morphology 

and crystallinity did not show any appreciable difference. 

The investigation of textural parameters attested that specific surface area values are in direct correlation 

with observed dissolution behavior, but further experiments are needed for the identification of all 

parameters that are responsible for these differences. Such experimental work is currently in progress. 
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Structures of six newly prepared nickel(II) complexes with octaazamacrocycles were optimized at 

B3LYP/6-311G* level of theory in solutions. Solvent effects in dichloromethane were approximated by 

the Integral Equation Formalism Polarizable Continuum Model. The experimentally observed reduction 

potentials of the complexes very well correlate with LUMO orbital energies as well as with electron 

affinities. The Ni charges and spin densities of the neutral, oxidized and reduced species were 

investigated in terms of the Mulliken population analysis and Quantum Theory of Atoms-in-Molecule 

topological analysis of electron density. The calculated NMR shifts for the structures of neutral and 

reduced species of tetraphenyl derivative of Ni octaazamacrocycle are found to be in a close agreement 

with the experimentally determined ones. 

 

INTRODUCTION 

Study of the active centres of the catalysts, which in many cases contain transition elements, is an 

important area of basic and applied research. Considerable attention is paid to the electron transfer to 

the newly prepared complexes bearing a Ni central atom as potential catalysts both for reduction and 

oxidation and to the stability of their newly formed redox states by electrochemistry and 

spectroelectrochemistry [1-2]. Detailed information about the charge states is also essential for the 

practical application of redox active catalysts. Investigation of redox properties of newly designed 

coordination compounds reported in recent years reached significant progress and provided a deep 

insight into the reaction mechanisms for many homogeneous catalytic reactions. Delocalization of 

charge (or spin) affects the nature of the redox site, which may be modified by various substitutions 

and/or the choice of the particular ligand type and central atom [3]. 

Darvasiova et al. [4] performed a variety of spectroscopic, spectroelectrochemical and photochemical 

studies to investigate an unusual redox behaviour of newly prepared Ni(II) complexes containing 

differently substituted macrocyclic ligands (see Chart 1). The aim of our study is to explain this unusual 

redox behaviour using quantum-chemical calculations. 

 

COMPUTATIONAL DETAILS 

Standard B3LYP/6-311G* (6-311+G* and/or 6-311(+)G* basis sets were used in some special cases – see 

later) [5-11] geometry optimisation in various spin states was performed using the Gaussian09 [12] 

program package. The basis set denoted as 6-311(+)G* is accounting for the 6-311G* basis set for the 

carbon, hydrogen and sulfur atoms and the 6-311+G* basis set for nickel and nitrogen atoms. In the case 

of systems with unpaired electrons the unrestricted DFT formalism has been used, i.e. B3LYP implies 

UB3LYP. Solvent effects in dichloromethane (DCM) were approximated by the Integral Equation 
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Formalism Polarizable Continuum Model (IEFPCM) [13-14]. The stability of the optimised structures was 

confirmed by vibrational analysis (no imaginary vibrations). 13C, 1H and 15N NMR chemical shifts were 

calculated using the Gauge–Independent Atomic Orbital (GIAO) [15] approach as embedded in 

Gaussian09. Tetramethylsilane (1H, 13C NMR) and CH3NO2 (15N NMR) were employed as NMR 

standards in the determination of theoretical chemical shifts. The IQmol package [16] has been used for 

the visualisation purposes. The d-populations on the central nickel atom have been obtained via Mulliken 

population analysis. Atomic charges and bond characteristics have been obtained in the terms of the 

Quantum Theory of Atoms in Molecules (QTAIM) treatment [17] using the AIMAll package [18]. 

 

RESULTS AND DISCUSSION 

We have optimized the structures of six newly prepared nickel(II) complexes with octaazamacrocycles 

(see Chart 1) [3]. The correlation of calculated electronic structure parameters relevant to the acceptance 

of an electron (LUMO energy εLUMO and electron affinity) with the experimentally measured redox 

behaviour of the whole series of compounds [4] under study has been investigated. In the case of 

reduction, one can find almost a perfect linear dependence for εLUMO vs. reduction potential (the R factor 

of 0.9581, see Fig. 1a) as well as for the relation of electron affinity vs. reduction potential (the R factor 

of 0.9819, see Fig. 1b). The total energies of all studied species (neutral, single, oxidized/reduced and/or 

double reduced) and spin states are compiled in Table 1. 

 

Chart 1. Schematic structure of investigated nickel (II) complexes with octaazamacrocycles. 
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Figure 1 Correlation of theoretically determined parameters (εLUMO [hartree] and electron affinity [hartree]) with 

the experimentally determined reduction potentials of investigated Ni(II)L complexes. 
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Table 1. Total 6-311G* energies of all studied nickel(II) complexes 1 – 6 in DCM (see Chart 1) in various 

charge states and spin state multiplicities MS of (all values are in hartrees). 

Charge MS 1 2 3 4 5 6 

0 1 -3250.3785 -3633.9222 -3825.6938 -4017.4710 -3841.7331 -3978.1561 

0 3 -3250.3444 -3633.8876 -3825.6599 -4017.4367 -3841.6749 -3978.1131 

-1 2 -3250.4659 -3634.0167 -3825.7919 -4017.5709 -3841.8422 -3978.2731 

-1 4 -3250.4295 -3633.9807 -3825.7563 -4017.5350 -3841.8065 -3978.2151 

1 2 -3250.1861 -3633.7287 -3825.5006 -4017.2772 -3841.5369 -3977.9553 

1 4 -3250.1543 - - -4017.2447 - -3977.9052 

2 1 -3249.9477 -3633.4937 -3825.2664 -4017.0443 -3841.3024 -3977.7210 

2 3 -3249.9452 -3633.4921 -3825.2643 -4017.0462 -3841.2997 -3977.7207 

2 5 - - -3825.2268 -4017.0111 -3841.2705 -3977.6743 

-2 1 - - - - - -3978.3489 

-2 3 - - - - - -3978.3144 

-2 5 - - - - - -3978.2648 

 

Most of our calculations were done for the sample 4. Following the B3LYP/6-311G* calculation we 

find the singlet states to be preferred in the case of neutral 1[Ni(II)L]0 species and doublets in the case 

of 2[Ni(II)L•]– and 2[Ni(II)L•]+. According to the B3LYP/6-311G* results of 4, both the oxidation and 

reduction are ligand centred (the reduction almost completely, while the oxidation shows a partial 

contribution of the central atom). 

Furthermore, the d-orbital Mulliken populations on Ni (see Table 2) as well as the QTAIM and/or 

Mulliken charges and spins of Ni (see Table 3) of the neutral, oxidised and reduced species remain 

almost constant, being in line with the interpretation of preferably ligand centred redox processes. 

Furthermore, the B3LYP/6-311G* d-orbital populations agree well with the supposed ordering of Ni(II) 

d-orbitals of square planar complexes (D4h symmetry), i.e. the population on a given d-orbital decreases 

with its energy. The dx
2
-y2 orbital population changes with respect hydrogen abstraction in species 4 as 

shown in Table 2. 

 

Table 2. Mulliken populations of relevant Ni orbitals of different species of 4. 

 dx
2

-y2 dxy dz
2 dyz dxz sσ dtotal 

1[4]0 1.05 1.66 1.85 1.86 1.93 0.57 8.36 

2[4]- 1.04 1.67 1.84 1.87 1.93 0.61 8.35 

2[4]+ 1.08 1.62 1.86 1.87 1.93 0.53 8.36 

1[4CH]- 0.81 1.78 1.92 1.9 1.96 0.91 8.37 

2[4CH]2- 1.14 1.83 1.87 1.8 1.94 0.89 8.58 

2[4CH]0 0.80 1.77 1.92 1.89 1.96 0.89 8.35 

1[4CHNH]0 0.84 1.76 1.92 1.91 1.95 0.88 8.38 
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Table 3. MPA and QTAIM charges and spins at Ni atoms of 4 in DCM. 

 MPA QTAIM 

Species charge spin charge spin 
1[4]0 1.02 0.00 0.97 0.00 
2[4]− 0.98 -0.02 0.95 0.01 
2[4]+ 1.05 -0.01 0.99 -0.01 

 

Additionally, following the B3LYP/6-311G* calculations in Table 2, one finds 8 d-electrons on Ni. 

Hence one can assign the formal oxidation state of nickel to +II. An additional discrepancy is the 

removed degeneracy of dyz and dxz orbitals at the B3LYP/6-311G* level of theory when considering the 

obtained populations. This is related to the fact that the macrocyclic ligand is not of a pure square planar 

D4h symmetry and hence the bonds along x and y axes are different. This is confirmed by the QTAIM 

bond critical point (BCP) characteristics as well (see Table 4). BCP electron densities indicate that the 

Ni1-N4 and Ni1-N6 bonds (see Fig. 2) are stronger than the Ni1-N5 and Ni1-N7 bonds for 1[4]0, 2[4]− 

and 2[4]+ species studied (bond lengths are shorter and electron densities in the BCP are naturally 

higher). Positive values of the BCP electron density Laplacians of nickel-nitrogen bonds correspond to 

non-shared bonding with a dominant contribution of only one atom which is typical for complex 

compounds [17]. Bond ellipticities of nickel-nitrogen bonds indicate small π contributions via dz
2, dxz 

and dyz orbitals on Ni with the pz orbitals of nitrogens. These π contributions are highest for the neutral 

species of 4. 

 

Figure 2 Optimized structure of 1[4]0 and atom notation for complex 4 (Ni-green, N-blue, C-grey, H-white, S-

yellow). 
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Table 4. Selected bond lengths, BCP electron densities ρBCP, their Laplacians 2ρBCP and ellipticities εBCP for (4). 

See Fig. 2 for atom notation. 

 Bond Bond length / Å ρ / e Å-3 2ρ / e Å-5 ε 

1[4]0 

Ni1-N4 1.869 0.064 0.282 0.0088 

N5-Ni1 1.913 0.057 0.256 0.0267 

Ni1-N6 1.833 0.069 0.295 0.0302 

N7-Ni1 1.927 0.056 0.260 0.0226 

2[4]- 

Ni1-N4 1.860 0.065 0.278 0.0226 

N5-Ni1 1.921 0.056 0.251 0.0282 

Ni1-N6 1.848 0.067 0.282 0.0306 

N7-Ni1 1.927 0.056 0.259 0.0448 

2[4]+ 

N4-Ni1 1.871 0.064 0.284 0.0053 

Ni1-N5 1.927 0.056 0.251 0.0169 

N6-Ni1 1.836 0.069 0.297 0.0182 

Ni1-N7 1.925 0.057 0.257 0.0144 

 

Calculated 1H and 13C NMR chemical shifts of possible reduction products of 4 are compiled in Table 5. 

Most importantly, the calculated NMR shifts for the 1[4]0 and 1[4CH]– are found to be in a close agreement 

with the experimentally determined ones for the neutral and reduced species of 4. Interestingly, in the 

case of 1[4]0 one has to average the 1H shifts of the CH2 group to approach the experiment. 

 

Table 5. Experimental and theoretical NMR shifts of 4 and possible reduction products of 4. 

 Experiment [4] Theory (B3LYP/6-311(+)G*) 

 1[4]0 (1[4]0)RED 1[4]0 2[4]- 2[4CHNH]- 1[4CH]- 2[4CH]2- 1[4CHNH]0 2[4CH]0 

δ 1H / ppm 4.47 5.13 
4.03 

5.07 
4.18 

5.44CH 

4.64NH 
5.19 5.39 

5.33CH 

7.61NH 
5.61 

δ 13C / ppm 36.4 87.3 41.4 38.27 107.07 91.12 93.40 97.44 114.95 

 

Finally, the linear dependence between the calculated parameters of the electronic structure and the 

experimentally measured reduction potentials was concluded. In the case of NMR shifts, it was found 

that the calculated NMR shifts are in close agreement with the experimentally measured ones. Our 

results will be helpful for explaining the unusual redox behaviour and the catalytic action of the 

complexes under study. Further calculations in this field are in progress. 
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We report results of theoretical calculations on an anticancer metabolite SN-38 with a copper(II) probe, 

aimed to quantify the toxicity of its active centres. The geometries of SN-38 and 2[SN-38…Cu]2+ 

complexes were optimized at B3LYP/6-311G* level of theory. The complexes were compared based on 

their interaction energy, geometry parameters and electron density distribution. Electron structures were 

evaluated in terms of QTAIM topological analysis of electron density and MPA and NBO population 

analyses. Pyrrole nitrogen appears to be the least reactive heteroatom in the structure of SN-38 while 

oxygen in lactone ring and carbonyl oxygen in its proximity appear to be atoms with the highest affinity 

to copper(II). Our results are in an agreement with presumed mechanism of inhibition of topoisomerase 

I and illustrate biological activity of its lactone form. 

 

INTRODUCTION 

SN-38 (7-ethyl-10-hydroxycamptothecin) is an active metabolite of clinically approved anticancer drug 

Irinotecan, a derivative of camptothecin [1-7]. Camptothecin acts as an inhibitor of nuclear enzyme 

topoisomerase I, which is responsible for relaxation of DNA double-helix structure during replication, 

recombination and transcription [8,9]. Conversion of Irinotecan to metabolically active SN-38 occurs in 

liver with conversion rate ranging from 2 to 8 percent [10, 11]. Portion of formed SN-38 subsequently 

undergoes conjugation reaction [12] which results in formation of biologically inactive SN-38 

glucuronide (SN-38G). It has been reported that pure SN-38 is approximately 1000-times more potent 

than irinotecan and with longer half-life [13] it represents potentially highly effective antineoplastic 

agent. 

Similarly to its parent compound camptothecin, SN-38 exists in two different forms, biologically active 

lactone form (Fig. 1) and biologically inactive carboxylate form. Basic pH favours formation of its 

inactive carboxylate form, while more acidic pH favours formation of the active lactone ring. Contrary 

to Irinotecan, SN-38 has low insolubility in aqueous solution and is almost insoluble in most 

physiologically and pharmaceutically acceptable solvents. Moreover, SN-38 has low affinity to lipid 

cell membranes, which makes designing SN-38 based drugs even more challenging. 

 

Figure 1. Atom numbering of SN-38 in a neutral lactone form. 
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There have been several studies concerning SN-38 properties, antineoplastic effects and its metabolic 

pathways in human body [14 - 17]. However, it is equally important to describe cytotoxicity of 

heteroatoms in structure of SN-38, as well as to explain the changes in its electronic configuration upon 

bond formation. These changes can be described by evaluating an electron and spin density transfer 

between active centres, i.e. heteroatoms in SN-38 and the copper probe represented by the copper(II) 

ion. The authors of this method have shown that upon coordination the copper oxidation state decreases 

to Cu(I) while the ligand, SN-38 in our case, is oxidized [18, 19]. Consequently, the charge and spin 

density of copper can be used to evaluate affinity of the given active reaction site. The electron density 

transfer between copper and the coordinating heteroatom can be evaluated as well [20, 21]. 

 

COMPUTATIONAL PART 

The geometries of the neutral SN-38 molecule in singlet ground spin state and of its complexes with 

Cu(II) ion (complex notation according to bonded heteroatoms) in doublet ground spin states were 

optimized at B3LYP/6-311G* level of theory [22 - 25]. Stability of optimized geometries was verified 

by vibrational analysis (no imaginary frequencies). Two initial copper(II) positions relative to every 

nitrogen atom in SN-38 rings (in and above ring planes) were considered. Interaction energy was 

calculated as 

 Eint = Ecomplex – ECu(II) –ESN38 (1) 

where Ecomplex is the DFT energy of the 2[SN38…Cu]2+ complex, ECu(II) is the DFT energy of copper (II) 

ion and ESN38 is the DFT energy of the neutral SN-38 molecule. Charges and spin densities of the copper 

atom in our systems were evaluated in terms of Mulliken population analysis (MPA) [26], Natural Bond 

Orbital analysis (NBO) [27] and Quantum Theory of Atoms-in-Molecules (QTAIM) [28]. The extent of 

an electron density transfer between the copper ion and the coordinating heteroatom was evaluated in 

terms of QTAIM [28] as the Laplacian of the electron density in bond critical points (BCP). 

MOLDRAW [29] and AIM2000 software [30] were used for geometry manipulation and visualisation 

purposes. 

 

 

Figure 2. Molecular graph of the optimized geometry of the systems N1 and N2 (black – carbon, 

 white – hydrogen, blue – nitrogen, red – oxygen, small red – bond critical point). 
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Figure3. Molecular graph of the optimized geometry of the system N3 (black – carbon, 

white – hydrogen, blue – nitrogen, red – oxygen, small red – bond critical point). 

 

Figure4. Molecular graph of the optimized geometry of the system N4 (black – carbon,  

white – hydrogen, blue – nitrogen, red – oxygen, small red – bond critical point). 

 

Figure5. Molecular graph of the optimized geometry of the system O1 (black – carbon,  

white – hydrogen, blue – nitrogen, red – oxygen, small red – bond critical point). 
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Figure6. Molecular graph of the optimized geometry of the system O2 (black – carbon,  

white – hydrogen, blue – nitrogen, red – oxygen, small red – bond critical point). 

 

Figure7. Molecular graph of the optimized geometry of the systems O3 and O5 (black – carbon, white – 

hydrogen, blue – nitrogen, red – oxygen, small red – bond critical point). 

 

Figure8. Molecular graph of the optimized geometry of the system O4 (black – carbon,  

white – hydrogen, blue – nitrogen, red – oxygen, small red – bond critical point). 

 



Progressive trends in coordination, bioinorganic, and applied inorganic chemistry 

Edited by M. Melník, P. Segľa, and M. Tatarko 
Slovak Chemical Society, Bratislava  © 2019 

89 

RESULTS AND DISCUSSION 

Geometry optimizations of nine initial 2[SN-38…Cu]2+ geometries lead to seven stable structures (see 

Figs. 2 – 8). According to our results (Table 2), the most stable complexes (with lowest Eint) were 

formed in the case of systems O3 and O5, in which the copper(II) atom was initially coordinated by 

oxygen in lactone ring and oxygen on carbon C21 respectively. Geometry optimizations of these two 

complexes lead to one stable structure (see Fig. 7) with Cu(II) coordinated by oxygen on carbon C21.  

A similar effect was observed for complexes N1 and N2 where copper(II) was coordinated by nitrogen 

N1 (see Fig. 2). Differences of interaction energies and QTAIM charge and spin density on copper in 

these sets of systems may serve as the accuracy measure of our treatment. Based on the interaction 

energy and distance between copper and initially coordinating heteroatom of systems N3 and N4 (see 

Figs. 3 and 4), it can be concluded that nitrogen N4 is inactive in a radical reaction model. This inactivity 

can be explained by steric effects of nearby functional groups and atoms. 

 

Charges on Cu(II) vary with the type of population analysis used for their calculation. The results of 

MPA and NBO analyses coincides with each other in the maximal charge on copper ion (system N3 – 

see Fig. 2) and relatively low charges on copper ion in complexes N1 (N2) and O3 (O5). Contrary to 

this, results of QTAIM analyses indicate the lowest charge in the previously mentioned system N3. Spin 

densities on copper calculated within all three population analyses follow the common trend in which 

the minimal spin densities are observed in complexes with copper coordinated by oxygens near the 

lactone ring in SN-38. 

The values of Laplacian of electron density at bond critical points between copper(II) ion and 

coordinating heteroatom and the corresponding bond lengths have reverse trends. In general, it can be 

concluded that the decrease in bond lengths between copper and coordinating heteroatom in optimized 

structures is connected with the increase of Laplacians of electron density at bond critical points between 

them. 

Combined results of the above population analyses indicate the highest affinity to Cu(II) of the oxygen 

atom at carbon C21. This result, in-line with the fact that the copper coordination to the oxygen in the 

lactone ring (system O3) leads to the same optimized geometry as its coordination to the oxygen on 

carbon C21, (system O5) offers possible explanation for biological activity of the lactone form of SN-

38. Results of NBO and MPA population analyses, as well as the values of electron density Laplacian 

at bond critical points between copper and coordinating heteroatom, are in an agreement with the 

proposed concept of inhibition of topoisomerase I by camptothecin, which could be applied to SN-38 as 

well [31]. 

Obtained results can be further used to explain reaction pathways of SN-38 into the irinotecan in 

a human body. Furthermore, they can be used as a basis for the study of another irinotecan derivatives, 

such as SN-38G. However, it must be noted that diverging results of population analyses necessitate 

further investigations of this problem. 
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Table 1. Calculated Cu-heteroatom distances (d), interaction energies (Eint), MPA Cu charges and spin densities, 

NBO Cu charges and spin densities, QTAIM Cu charges, spin densities and Laplacians of the electron density in 

bond critical points of Cu…X bonds (ΔBCP) of the systems under study. 

System N1a) N2a) N3 N4 O1 O2 O3b) O4 O5b) 

Heteroatom 

(X) 
N1 N1 N4 N4 O10 O16a Olactone O20 O21 

d(Cu…X) 

[Å] 
1.890 1.890 3.554 3.440 1.909 1.857 2.967 1.899 1.870 

Eint 

[kJ mol-1] 
-1209.0 -1209.0 -1189.9 -1173.2 -1153.5 -1209.5 -1253.1 -1193.3 -1253.1 

MPA characteristics 

Cu charge 0.905 0.905 0.939 0.889 0.921 0.901 0.849 0.904 0.849 

Cu spin 

density 
0.002 0.002 0.033 0.007 0.000 0.005 0.000 0.000 0.000 

NBO characteristics 

Cu charge 0.885 0.885 1.000 0.908 0.937 0.915 0.889 0.909 0.889 

Cu spin 

density 
0.002 0.002 0.027 0.007 0.000 0.005 0.000 0.000 0.000 

QTAIM characteristics 

Cu charge 

[e] 
0.772 0.768 0.714 0.849 0.875 0.841 0.838 0.837 0.838 

Cu spin 

density 

[e Bohr-3] 

0.002 0.000 0.033 0.008 0.000 0.005 0.000 0.000 0.000 

BCP 

[e Bohr-5] 
0.505 0.505 - c) d) - c) e) 0.571 0.644 - c) f) 0.579 0.628 

a) systems N1 and N2 lead to the same optimized geometry 
b) systems O3 and O5 lead to the same optimized geometry 
c) bond critical point between copper ion and the initial heteroatom was not found 
d) copper ion was coordinated by oxygen on carbon C16a (d(Cu…X) = 1.837 Å and ΔρBCP = 0.680 e Bohr-5) 
e) copper ion was coordinated by multiple atoms, namely by carbon C16 (d(Cu…X) = 2.019 Å and  

ΔρBCP = 0.217 e Bohr-5 ) and by hydrogen on carbon C18 (d(Cu…X) = 1.741 Å and ΔρBCP = 0.234 e Bohr-5) 
f) copper ion was coordinated by oxygen on carbon C21 (d(Cu…X) = 1.870 Å and ΔρBCP = 0.630 e Bohr-5) 
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Targeted delivery of potent cytotoxic drugs to cancer cells minimizes systemic toxicity and potentially 

avoids side effects. NHC*-Au-Cl has already been proven to be a potent anticancer agent based on the 

stabilising and lipophilic properties of the 1,3-dibenzyl-4,5-diphenyl-imidazol-2-ylidene (NHC*) 

ligand. One possibility is the chemoselective thiosugar conjugation to NHC*-Au-Cl in order to have 

active uptake of the resulting NHC*-Au-SR primarily into tumour tissue through the Warburg effect. In 

addition, a strategy based on chemoselective cysteine conjugation of NHC*-Au-Cl to human serum 

albumin or Trastuzumab to potentiate drug-ligand ratio, pharmacokinetics, as well as drug efficacy and 

safety is presented. These strategies are essential steps forward towards the use of gold-based anticancer 

agents as targeted therapies. 

 

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 

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) [9-11], 

which is a potential ligand for glucose transporters, were made from the corresponding NHC*-Ag-Br 

complex transmetallating the ligand onto dimethylsulfido gold monochloride; the reaction is shown in 

figure 1. 
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Figure 1: Synthesis of 1,3-dibenzyl-4,5-diphenyl-imidazol-2-ylidene gold(I) chloride (NHC*-Au-Cl) and its 

2',3',4',6'-tetra-O-acetyl-β-D-glucopyranosyl-1’-thiolate derivative (1). 

 

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 [12]. 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 2. 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. 
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Figure 2: Influence of NHC*-AuCl and NHC*-AuSR (1) on growth of CAKI-1 xenotransplant tumors in NMRI 

nu/nu mice; adapted from [12] with permission. 

 

Additional synthesis involving thioglucose, thiogalactose and thiolactose derivatives allowed access to 

further NHC*-Au complexes (2-5) in yields ranging from 79-91%; their structures are shown in figure 

3 [13]: 
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Figure 3: Structures of the NHC*-Au(I)-SR complexes 1-5. 
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The in vitro cytotoxicity of the four synthesized complexes 2-5 were tested against the National Cancer 

Institute (NCI) 60 cancer cell panel including the Adriamycin-resistant ovarian cancer cell line 

NCI/ADR-RES. A concentration of 10 μM was used in the initial one dose experiments. All the four 

compounds showed pronounced activity and reached the full evaluation of the five dose experiments in 

a second set of experiments. All compounds were tested against 6 breast, 2 prostate, 7 renal, 7 ovarian, 

9 melanoma, 6 CNS, 7 colon, 9 NSC lung and 6 leukemia cancer cell lines. The average GI50 value of 

3.31 μM obtained for 5 was similar to the GI50 value of 2.75 μM obtained for 3. However, an average 

GI50 value of 1.62 μM was obtained for compound 4, i.e better than both 3 and 5 by a factor of two.  

An average GI50 value of 0.68 μM was obtained for 2 and thus the best in the four synthesized NHC*-

Au(I) complexes and better than the previously synthesized β-counterpart 1 which had GI50 value of 

1.95 μM by a factor of three. Compound 2 showed increased activity than 3 by a factor of four, enhanced 

activity than 4 by a factor of 2 and better than 5 by a factor of five and on all tested cell lines, 2 showed 

better activity than its beta counterpart 1. The obtained GI50 values of the six tested CNS and leukemia 

cell lines for compound 2 were all in the low micromolar region with similar GI50 value of 0.29 µM for 

SF-295 (CNS) and CCRF-CEM (leukemia). GI50 values of the tested cell lines of compound 4 were in 

the low micro molar region with obtained GI50 values of 0.40 µM in MCF-7 (breast) cell line and  

0.56 µM in K-562 (leukemia) in comparison to that observed for compound 3 with GI50 values of  

1.65 µM in MCF-7 (breast) cell line and 2.59 µM in K-562 (leukemia) cell line and for compound 5 

with GI50 values of 2.44 µM in MCF-7 (breast) cell line and 3.27 µM in K-562 (leukemia). Interestingly, 

complex 4 exhibited activity against these specific cell lines (MCF-7, K-562 and HCT-15) by a factor 

of four when compared to complex 3 and by a factor of six or seven when compared to complex 5. 

Compound 2 exhibited its best activity against prostate cancer cell line PC-3 with GI50 value of 215 nM 

and renal cancer cell line SN 12C with GI50 value of 221 nM while 3 showed its best activity against the 

breast cancer cell line MDA-MB-468 with GI50 of 1.63 µM and colon cancer cell line HCC-2998 with 

GI50 of 1.64 µM. Compound 4 showed its best activity against melanoma cancer cell line LOX IMVI 

with GI50 of 236 nM and NSC lung cancer cell line NCI-H522 with GI50 of 276 nM while 5 showed its 

best activity against melanoma cancer line SK-MEL-5 with GI50 of 1.97 µM and NSC lung cancer cell 

line NCI-H522 with GI50 of 1.72 µM. Particularly interesting is the fact that the two lactose-containing 

complexes exhibited their best activity against melanoma and NSC lung cancers. However, for 

NCI/ADR-RES an Adriamycin-resistant ovarian cancer cell, GI50 values of 1.67 μM was obtained for 

2, 6.35 µM for 3, > 100 µM for 4 and 19.50 µM for 5 with compound 2 demonstrating the best activity 

against the resistant cell line. This was the only tested cell line where GI50 value obtained for 2 was 

significantly compromised. In all tested cell lines, 2 had better activity in comparison to the other tested 

compounds and is therefore a potential new anticancer drug candidate awaiting xenograft testing. 

In addition, using 1 equivalent of NHC*-Au-Cl, and 1 equivalent of Recombumin® (rHSA, Albumedix 

Ltd.) full conversion to the corresponding thiol-gold adduct was observed. NHC*-Au–rHSA proved to 

be stable up to 48 h in human plasma, as observed by LC–MS analysis. This is an important 

consideration for protein conjugates that are expected to be administrated i.v. and remain stable in 

circulation. Moreover, analysing surface plasma resonance (SPR) results, it was confirmed that  

NHC*-Au–rHSA retains its ability to bind to the neonatal FcRn receptor, which is an indication that the 

biological function of bonded rHSA is kept. And NHC*-Au–rHSA maintains its anticancer activity, 

when compared to NHC*-Au-Cl as proven on the cancer cell lines CT26 and HUH-7. The synthesis and 

structure of NHC*-Au-rHSA is shown in figure 4 [14]. 
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Figure 4: Bioconjugation of rHSA; general reaction of rHSA with the NHC*-Au-Cl. 

 

And a final bioconjugation experiment allowed the cysteine coupling of NHC*-Au-Cl with an 

engineered monoclonal antibody; using 10 equivalents of NHC*-Au-Cl and 1 equivalent of the 

Trastuzumab (Herceptin®) derivative Thiomab LC-V205C (Genentech, Inc.) full conversion to the 

corresponding thiol-gold adduct is observed. The antibody carries selectively two NHC*-Au groups via 

sulfur bonds; synthesis and structure of the antibody-drug conjugate is shown in figure 5 [14]. 

 

 

Figure 5: Bioconjugation of Thiomab LC-V205C with two moles of NHC*-Au-Cl. 

 

The antibody-drug conjugate retains the capacity to bind to the Her2 antigen in SKBR3 breast cancer 

cells that overexpress Her2, as demonstrated by flow cytometry analysis. And the modified antibody 

exhibited the cytotoxic activity at therapeutic levels (between 20 and 30 mM) when compared to the 

naked drug, as assessed by CellTiter Blue assay in SKBR3 cells. 

 

CONCLUSIONS 

Monovalent benzyl-substituted NHC* gold chloride and thiolates are air- and moisture-stable 

compounds that can be tuned to have the right lipophilicity and solubility to act as potential anticancer 

drug candidates. 

NHC*-gold(I) bioconjugates with thiosugars are promising starting points; especially alpha and beta 

tetraacetyl D-thioglucosides show promising activity possibly due to the active uptake into cancer tissue 
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via the Warburg effect. The beta derivative exhibited already significant anticancer activity in vivo, 

while the alpha derivative is even more active in vitro and is awaiting in vivo application in the nearby 

future. 

NHC*-gold(I) bioconjugates with cysteine-containing peptides and proteins carry additional interest. 

Here, reactions with engineered Trastuzumab sees double addition of NHC*-Au substituents, while the 

biological activity of the monoclonal antibody is retained. Reaction of recombinant human serum 

albumin leads to NHC*-Au-rHSA via a cysteine-link in position 34 of the protein. This NHC*-Au 

albumin conjugate promises selective uptake into cancer tissue via the EPR (enhanced permeability and 

retention) effect and this bioconjugate is also expecting in vivo testing soon. 

Summarising, one can say that NHC*-Au-Cl has already the potential to enter clinical trials against 

selected solid tumors, since the compound combines a novel mechanism of apoptosis (TrxR inhibition) 

with good antitumoral activity and mild side effects. The aim of further research is to keep these side 

effects low in combination with enhanced anticancer activity. For this purpose, targeted NHC*-Au-SR 

derivatives with R being a targeting sugar, peptide or protein are the way to go forward in anticancer 

research. 
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Nowadays, the environmental as well as the laboratory syntheses concentrate on using the principles of 

green chemistry in designing products and processes to minimize the amount of the useless and 

occasionally hazardous by-products. Applying materials with confined environment like layered double 

hydroxides (LDHs) as nano-reactors may be useful in this respect, since in it, the chance of side reactions 

may decrease. In a nanoreactor like this, the position of one or more reactants are fixed in anionic forms 

due to the anion-exchange property of the LDH. In this work, the oxidation of cysteinate fixed in CaAl-

LDH nanoreactor was studied. Structural features of the LDH was obtained by X-ray diffractometry, 

and the reaction was followed by Raman spectroscopy. 

 

INTRODUCTION 

Layered double hydroxides (abbreviated as LDHs) are anionic clay materials with the 

[M2+
1−xM3+

x(OH)2]
x+[Am−

x/m·nH2O)]x− general formula, where M2+ and M3+ stand for the di- and trivalent 

metal ions, Am− represents the interlayer anions with charge m, and x = M3+/[M2++M3+] with the common 

value between 0.1 and 0.33 [1]. They brucite-like layers (brucite is layered Mg(OH)2), in which the 

metal cations are octahedrally surrounded by hydroxide ions and trivalent metal ions substitute 

isomorphously part of the divalent cations. The frequently occurring combinations consist of Mg2+, Ca2+, 

Zn2+, Cu2+ and Fe3+, Al3+, Cr3+ ions, while the variety of interlayer exchangeable anions are huge, among 

others quite often nitrate, carbonate, sulfate or chloride anions [2]. 

CaAl-LDH belongs to the hydrocalumite subgroup, its structure is derived from portlandite [Ca(OH)2] 

[3]. The Ca2+ ions are partially replaced by Al3+ ions forming a layered structure with the formula of 

[Ca2Al(OH)6]
x+[A·nH2O]x–. In hydrocalumites, the calcium to aluminium ratio is fixed at 2:1 owing to 

the heptahedral coordination sphere of calcium, due to its larger size than the octahedrally coordinated 

Mg2+. This arrangement results in an extra coordination site occupied by an interlamellar anion or water 

molecule, and thus, the calcium-based LDHs have increased ion-exchange capabilities [4, 5]. 

One of the most advantageous features of LDHs stems from the versatility of tailoring their structures 

to specific needs by modifying the ratio and the quality of metal ions in the layers and/or the bulkiness 

of the interlayer anions. The latter allows the control of the basal spacing (sum of the thickness of a layer 

and the interlayer distance) in the angstrom-scale. Furthermore, they have relatively high specific 

surface areas with enhanced anion-exchange capabilities, and thus, remarkable potential as efficient 

adsorbers [6, 7]. They can be utilized as flame retardant polymer composites [8, 9], in health care, as 
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transporters of medically important molecules or novel antacids [10] or as models of supramolecular 

systems [11, 12]. Finally, their as-prepared and heat-treated states are frequently applied as catalysts in 

base-catalyzed [13-15] or hydrogenolysis reactions [16] or the synthesis of chiral complexes [17]. 

LDH can also be applied as nanoreactor [18-20], where one or more reactants are fixed in it, and the 

confined environment allows to suppress side-reactions, thus minimizing the amount of hazardous and 

environmentally dangerous by-products. 

Cysteine is a sulfur-containing essential amino acid, which is easily oxidized to cystine 21. The 

oxidation of cysteine has two directions: one way is the transformation of cysteine to cystine, and the 

other possibility is the oxidation to cysteic acid 22, 23. 

In the experimental work leading to this contribution, the role of Ca2Al-LDH and the reaction conditions 

were studied in the oxidation reaction of cysteinate in the LDH on using various oxidant types. The 

results of this work are communicated in the followings. 

 

EXPERIMENTAL PART 

Reagents 

L-cysteine, Ca(NO3)2·4H2O, Al(NO3)3·9H2O, hydrogen peroxide, peracetic acid, methanol and NaOH 

were purchased from Sigma Aldrich. 

 

Preparation of cysteinate-intercalated CaAl-LDH 

The cysteinate-intercalated system was prepared by the method of co-precipitation. Aqueous solutions 

of Ca(NO3)2·4H2O (0.03 mol), Al(NO3)2·9H2O (0.015 mol), NaOH (3M) and L-cysteine (0.0062 mol in 

65 ml methanol) were mixed under nitrogen atmosphere. The reaction mixture was stirred for 3 days at 

65oC, filtered, washed and dried at 50oC. 

 

Interlayer oxidation of cysteine 

In the experiments, peracetic acid was oxidant (60 μl or 100 μl), the solvent was methanol, and the 

reaction time was 60 min. The quantity of Cys-LDH (0.1 g), the volume of the solvent (8.4 cm3) and the 

reaction temperature (298 K) were kept constant. 

 

Instrumental methods to characterize the LDH samples and to follow the reactions 

The solid samples were characterized by X-ray diffractometry (XRD). It was used to study the as-

prepared, the intercalated LDHs and the changes in the structure of LDH samples occurred during the 

oxidation reactions. The X-ray diffractograms were recorded on a Rigaku XRD-6000 diffractometer, 

using CuK radiation ( = 0.15418 nm) at 40 kV and 30 mA. In order to follow the oxidation reactions, 

the Raman spectra of the solid samples were recorded on a Thermo Scientific DXR confocal Raman 

microscope using a 780 nm laser source. 

 

RESULTS AND DISCUSSION 

Preparation of the cysteinate-intercalated CaAl-LDH (Cys–CaAl-LDH) 

The cysteinate anion was intercalated among the layers of CaAl-LDH by the co-precipitation method. 

The X-ray diffractograms of the pristine and the intercalated samples (Fig. 1) verify that the intercalation 

was successful, since in the diffractogram of the intercalated sample (Fig. 1, trace B), the 003 reflection 
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shifted towards lower 2 values compared to those of the pristine CaAl-LDH (Fig. 1, trace A), i.e.,  

the basal distance increased from 0.361 nm to 0.415 nm. 

The Raman spectra of L-cysteine, CaAl-LDH and the cysteinate-intercalated LDH are showed in Fig 2. 

The spectrum of CaAl-LDH displays characteristic bands at 534 cm–1 and 1054 cm–1 (Fig. 2, trace A) 

belonging to Al–O–Al skeletal stretch and surface-adsorbed carbonate, respectively. The other bands 

belonging to L-cysteine are as follows: C–H at 2968 cm–1, S–H vibration at 2554 cm–1 and 944 cm–1, 

asymmetric and symmetric carboxylate at 1405 cm–1 and 1355 cm–1, respectively, C–S at 694 cm–1 and 

641 cm–1 and finally, C–C–N at 445 cm–1 (Fig. 2, trace B) 24-26. The Raman spectrum of the 

cysteinate-intercalated LDH (Fig. 2, trace C) only shows the characteristic vibrations of CaAl-LDH. 

 

Figure 1. X-ray diffractograms of A: pristine CaAl-LDH, B: cysteinate-intercalated LDH. 

 

Figure 2. Raman spectra of A: pristine CaAl-LDH, B: L-cysteine and C: L-cysteinate-intercalated LDH. 
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Interlayer oxidation of the cysteinate ion 

When the amount of peracetic acid was 60 µl (Cys–Ca2Al-LDH:oxidant = 1:2), after 60 min reaction 

time, the X-ray diffractogram showed that the 001 reflection shifted towards larger 2 values compared 

to that of Cys–CaAl-LDH (Fig. 3, trace A, B). The basal spacing decreased from 0.415 nm to 0.364 nm 

(Fig. 3, trace B), which means that the product left the interlayer space and adsorbed on the outer surface 

of the LDH. After 60 min reaction time The Raman spectrum (Fig. 4, trace B) revealed bands of 

cysteinate vibrations and the characteristic bands of CaAl-LDH. New bands appeared at 664 cm–1 and 

954 cm–1 belonging to the C–S bond and S(=O)O group 2934 cm–1 and 2843 cm–1 assigned to C–H 

stretches 27. These results indicate that the reaction started, but did not proceed to completion. To our 

surprise, the oxidation reaction did not produce the expected cystine or cysteic acid, but cysteine sulfinic 

acid was formed. 

 

Figure 3. X-ray diffractograms of the solid samples. A: Cys–CaAl-LDH, B: CaAl-LDH after the oxidation 

reaction with 60 µl of peracetic acid. 

 

 

Figure 4. Raman spectra of the solid samples. A: Cys–CaAl-LDH and B: CaAl-LDH after the oxidation reaction 

with 60 µl of peracetic acid. 
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On applying 100 µl of the oxidant, the layered structure was destroyed, the reflections of the LDH 

disappeared from the diffractogram (Fig. 5, trace B) and complete amorphization took place. The Raman 

spectra (Fig. 6) confirm the destruction of LDH: the vibration of Al–O–Al bond disappeared, but the 

carbonate band could be detected at 1054 cm–1, together with the bands belonging to the C–S bond at 

666 cm–1, the S(=O)O group at 955 cm–1 and the CH stretches at 2935 cm–1 and 2839 cm–1. The X-ray 

diffractogram and the Raman spectra prove that the crystallinity of the CaAl-LDH sample was lost, the 

oxidation reaction proceeded towards the formation of cysteine sulfinic acid, and the relative cleanliness 

of the Raman spectrum indicates that the transformation was close to being complete. 

 

 

Figure 5. X-ray diffractograms of the solid samples. A: Cys–CaAl-LDH; B: CaAl-LDH after the oxidation with 

100 µl of peracetic acid. 

 

 

Figure 6. Raman spectra of the solid samples. A: Cys–CaAl-LDH, B: CaAl-LDH after the oxidation with 100 µl 

of peracetic acid. 
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CONCLUSIONS 

The effects of CaAl-LDH was studied in the oxidation reaction of intercalated cysteinate. It was found 

that on using small amount of peracetic acid, the cysteinate to cysteine sulfinic acid transformation 

started. On increasing the amount of peracetic acid, the reaction became more complete; however, the 

crystallinity of the CaAl-LDH disappeared, and it became completely amorphous, thus, it could not be 

reused any more. 
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Gypsum precipitation causes a lot of technological complications through scaling in pipes and 

precipitating in oil drillings and wells. Therefore, the inhibition of the gypsum precipitation is of 

significant practical importance. In this work the effect of Na-citrate on gypsum precipitation has been 

investigated, with regard to changes in reaction kinetics and in the morphology of the precipitated solid. 

The gypsum was precipitated via reacting Na2SO4 and CaCl2 at high supersaturation and agitating the 

reaction mixture at high speed, speeding up the precipitation with both conditions. Na-citrate 

significantly slowed down both the nucleation and the crystal growth. The reactions were monitored 

simultaneously by conductometry as well as by direct potentiometry using Ca-ISE. The precipitated 

solids were studied by powder XRD and SEM to investigate the changes of morphology. 

 

INTRODUCTION 

The unwanted precipitation of gypsum, CaSO4
.2H2O can cause technological hardships in a lot of areas. 

Gypsum crystallizes as a side product during the production of phosphoric acid, and the control of the 

crystal size and morphology can be crucial during filtration. The precipitation of gypsum in pipes of 

sewage systems or agricultural watering systems can cause clogging. In oil and gas wells it is one of the 

major scales, causing a large variety of technological problems. 

The crystal growth of gypsum was studied by introducing crystal seeds to supersaturated solutions. This 

way, the growth and nucleation can be studied separately. There are several studies regarding this area, 

focusing on the mechanism of the crystal growth [1-4]. However, the results are slightly different, 

probably due to reaction’s strong dependence of the seeds quality [5-7] and the reaction conditions [8]. 

The crystal growth was also investigated together with nucleation at various conditions, for example at 

constant [Ca2+] [9], at constant conductivity [10] and with various techniques such as optical monitoring 

[11] and QCM [12]. These studies yielded some basic understanding of the effect of different additives 

on the crystallization. 

The inhibition of gypsum crystallization was studied first in the late 1950’s [13]. The authors studied 

the effect of different types of additives to get information about the chemical nature of compounds that 

can behave effectively as inhibitor [13]. Various compounds were found to be effective inhibitors of the 

precipitation of gypsum; the most efficient ones were phosphonates [14, 15] and polycarboxylates  

[16, 17]. The strong inhibition effect is suspected to be due to the ability of these species to strongly 

bind on the surfaces of the crystal embryos, thus prohibiting the growth of the crystals. By binding to 

the surface before the particles could reach the critical size of nucleation, they can keep the solution in 

metastable state for a significant amount of time. 
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Comparing the common polycarboxylates we can see, that citrate ion is outstanding in this area [16].  

It is a commonly available and relatively cheap material, therefore, a lot of studies engage in the 

investigation of its inhibitory behavior. Its effect on the nucleation of gypsum (from mixing Na2SO4 and 

CaCl2 solutions) was investigated by turbidity measurements varying the initial reactant concentration 

and ratio [18, 19]. The inhibition effect of citric acid was also studied in the presence of different 

transition metal ions [20]. The phenomenon was even tested in the context of scaling of gypsum in pipes 

[21], and the reaction at higher supersaturation [22, 23]. The available studies have a lot of information 

about the inhibition effect of citrate ion on the precipitation of gypsum, the experiments are often carried 

out at elevated temperatures, at not too high supersaturation and at slightly acidic pH (this way the 

inhibiting citrate anion is to some extent protonated). 

The aim of this study was to investigate the inhibiting ability of citrate ions on gypsum precipitation. 

The solid was obtained from the reaction of Na2SO4 and CaCl2 at high gypsum supersaturation and the 

system was agitated at high speed; both conditions aid. The effect of Na-citrate in slowing the nucleation 

and crystal growth was then studied. The reactions were monitored by conductometry and as an 

alternative measuring method, Ca-ISE. The precipitated solids were characterized in terms of changes 

in morphology and composition too. 

 

EXPERIMENTAL PART 

Reagents and solutions 

Gypsum was precipitated from the following reaction: 

 CaCl2 + Na2SO4 + 2 H2O → 2 NaCl + CaSO4·2H2O 

The reaction was carried out by mixing two solutions containing equivalent amounts of reactants. The 

initial Ca2+ and SO4
2- concentration in the reaction mixture was 0.1 M. The solutions were prepared by 

dissolving anhydrous CaCl2 and Na2SO4 salts in distilled water. To ensure the absence of crystalline 

water, the salts were kept at 120°C for 24 hours, and the solutions were made up right after this treatment 

to prevent the uptake of water from the air. To inhibit the reactions, different amounts of Na-citrate-

dihydrate was dissolved in the Na2SO4 reactant solution, varying the citrate concentration between  

0.5 mM and 5 mM. All the salts listed above were products of VWR. 

The reaction was carried out in a cylindrical PTFE vessel to have minimal wall-effect possible. The total 

reaction volume was 100 mL. The system was agitated by magnetic stirring with 300 rpm speed to 

completely homogenize the fluid. The reactions were followed by in-situ conductometric measurements 

and simultaneously with Ca-ISE. To have better control and repeatability of the reactions, always the 

same stirring equipment was used, and the positioning of the electrodes was also unchanged from run 

to run. The pH of the reactions was also determined at different times, to check if practically all of the 

carboxylic groups of the citrate are deprotonated, thus enhancing its capability to coordinate to the 

crystal surface. 

When the precipitation reactions reached the equilibrium, the solids were filtered by vacuum filtration 

and dried at 60°C. The [Ca2+] of the filtrate was measured by titration with EDTA solutions using 

murexide indicator. 

From the results of the in-situ measurements the variation of [Ca2+] was calculated presuming that the 

change of signal was proportional to the variation of [Ca2+] in case of conductivity and to the lg[Ca2+] 

in case of Ca-ISE. 
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The precipitated solid was studied by powder XRD and SEM measurements to follow the morphological 

changes of gypsum caused by citrate. 

 

Apparatus and equipment 

For conductivity measurements a Jenway 3540 pH and conductivity meter and a Jenway 027013 

conductivity cell was used. 

For potentiometric measurements a Metrohm 794 Basic Titrino and a Metrohm combined Ca-ISE was 

used. 

The pH measurements were carried out using Jenway 3540 pH and conductivity meter and Sentix 62 

pH electrode. 

Powder X-ray diffractograms were measured using Rigaku MiniFlex II type Röntgen diffractometer. 

SEM images were captured with a Hitachi S-4700 scanning electron microscope. 

 

RESULTS AND DISCUSSION 

The precipitation of gypsum was studied during stochiometric reactions of Na2SO4 and CaCl2 with initial 

reactant concentration of 0.1 M. The reactions were constantly agitated by magnetic stirring (300 rpm). 

Na-citrate was tested as crystallization inhibitor; its effect on the reaction kinetics is shown on Fig 1. 
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Figure 1. Variation of [Ca2+] calculated from conductometric measurements during the reaction of CaCl2 and 

Na2SO4 with 0.1 M initial reactant concentration, varying the amount of added Na-citrate. 

 

It can be seen that even at as low inhibitor concentration as 0.5 mM, relative to the inhibitor-free case 

the induction time became significantly longer, and the rate of crystal growth is also decreased. 

However, by raising the citrate concentration, the inhibiting effect does not grow proportionally.  

At citrate concentrations higher than 2.5-3 mM, the further increase of citrate concentration does not 

cause further substantial changes in the reaction kinetics: mainly the crystal growth is slowed further 
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but the induction time changes only slightly. This can be because the surfaces of the small nuclei below 

the critical nucleation size are almost fully covered by the citrate anions; therefore, the access of citrate 

cannot cause further change in the induction of the precipitation. 

When conductometry is employed to monitor the progression of the precipitation reaction, certain 

inherent limitations are needed to be taken into account. At high electrolyte concentrations the signal 

may not be exactly linearly proportional to the electrolyte concentration. Moreover, at high background 

electrolyte concentrations the effect caused by the precipitation reaction can be swamped by the high 

background conductivity. Ca-ISE can be a viable alternative under these conditions, because the high 

concentration of background electrolyte results in approximately constant ionic strength, which is 

a prerequisite for the stable Ca-ISE signal. However, the response time of Ca-ISE is much slower than 

that of the conductometric electrode; therefore Ca-ISE is suitable to monitor only sufficiently slow 

precipitation reactions. This is well demonstrated in Fig 2. 
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Figure 2. Comparison of the conductometric and Ca-ISE potentiometric measurement results in the precipitation 

reaction of gypsum inhibited by various amounts of Na-citrate. 

 

The precipitated solids were studied by powder XRD measurements to determine the composition of 

the crystals, and to investigate the effect of the addition of citrate anions to the reactions. The comparison 

of the solids precipitated from citrate-free systems and the ones in the presence of citrate are shown on 

Fig. 3. Because no significant changes were found at different citrate concentrations, only two 

diffractograms are shown here. 
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Figure 3. Diffractograms of gypsum precipitated in the absence and in the presence of citrate anions (reflections 

were identified using JCPDS database, the peak of (020) plane is truncated for better visualization). 

 

The only solid we could identify (using JCPDS database) in the precipitates was CaSO4
.2H2O (gypsum); 

no other forms (anhydrous or hemihydrate) occurred. It can be seen, that reflection intensities of the 

different planes exhibit significant differences when XRDs of gypsum precipitated in presence and in 

absence of citrate are compared. This gives us an explanation on the remarkable inhibiting effect of 

citrate. The drop of the sharpest reflections suggests, that the crystal faces that grow faster in absence of 

citrate, are covered by citrate, this way it slows the nucleation and the crystal growth drastically.  

The differences seen on the XRDs are also present in the morphology of the crystals. The corresponding 

SEM images of the different precipitates are shown on Fig. 4. 

 

Because the reactions were agitated at high speed a lot of the crystals were broken, however we can see 

that the morphology of gypsum changed indeed. In the absence of citrate, rod-like features are observed, 

while in the presence of the additive, plates of gypsum can be seen. The size of the crystals also supports 

the inhibition effect of citrate. As the crystals had three-four times more time in the inhibited reactions 

to grow, their primary particle size (obtained from the width of the XRD reflections) is similar to those 

precipitated from additive-free reaction mixtures. 
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Figure 4. SEM pictures of gypsum crystals precipitated  

A, B: in the absence and C, D: in the presence of citrate anions. 

 

SUMMARY 

To sum up our results, we successfully tested the inhibiting abilities of citrate anions in the precipitation 

of gypsum under conditions strongly facilitating the precipitation. Ca-ISE was found to be a viable 

method to monitor the reaction, providing that the precipitation is sufficiently slow. The changes of the 

precipitated solids were also studied; citrate was found to cause remarkable changes in the morphology 

via its strong interaction with certain crystal faces of gypsum. 
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