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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 XXIV. 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. 
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ABSTRACT 

 The preparation of multiwalled carbon nanotube (MWCNT)L(ayered)D(ouble)H(ydroxide) 

nanocomposites has been attempted by (i) the co-precipitation of the LDH components and the pristine or 

the surface-treated MWCNT or (ii) delaminating the LDH and applying the layer-by-layer technique. For the 

MWCNT, two types of surface treatment were used, either the surface was hydroxylated and deprotonated 

or was wrapped in a tenside (dodecylbenzene sulfonate  DBS). The LDH was delaminated by 

dimethylformamide. 

 The obtained materials were characterised by X-ray diffractometry (XRD), scanning and transmission 

electron microscopies (SEM and TEM). The element distribution was mapped with the help of the 

E(nergy)D(ispersive)X(-ray fluorescence) method available as an extension of the scanning electron 

microscope. 

 MWCNT could not be sandwiched between the layers of the LDH by any of the methods employed by 

us, however, tenside-treated bundles of MWCNT could be wrapped with LDH, thus forming the 

nanocomposite. 

 

INTRODUCTION 

 The family of layered double hydroxides (LDHs) is a class of (mostly) synthetic anionic 

layered clays that can be represented by the general formula of [M(II)1-xM(III)x(OH)2]
x+ 

[Xm-
x/m.nH2O]x- [1-3]. The partial isomorphous substitution of divalent cations for trivalent ones 

results in positively charged layers balanced by simple, fully or partially hydrated inorganic anions 

in the interlayer space. Their most often used representative is hydrotalcite [4], its layered structure 

resembles that of brucite [Mg(OH)2], but a part of the Mg(II) ions is replaced by Al(III) ions.  

The metal cations occupy the centres of octahedra whose vertices are hydroxide ions. These 

octahedra are connected to each other by edge sharing to form an infinite sheet. When the divalent 

ion is Ca(II), the structure is somewhat different; it is called hydrocalumite type structure [3, 58]. 

Its parent structure is that of portlandite. Since the calcium ion is significantly larger than the 

magnesium ion (100 pm vs. 72 pm), it is heptacoordinated in hydrocalumites, thus, the layer 

consists of edge sharing heptacoordinated calcium hydroxide decahedrons and hexacoordinated 

trivalent metal hydroxide octahedrons. 

 The charge-compensating anions between the layers can be exchanged to more complex 

organic anions forming organic-inorganic functional nanocomposites [9]. These materials can be of 
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many uses like, e.g., immobilised organocatalysts [1012], protected organic moieties from 

unwanted transformations (like, e.g., racemisation [13]), targeted delivery of medicine with 

lengthened effects [14], etc. 

 Although most varieties of LDHs can be found in nature, for applications they are usually 

synthesised. The most often used preparation method is the co-precipitation of the component salt 

with the help of a base in solution [15]. 

 Carbon nanotubes (CNTs) were discovered by Iijima, while studying the growth of carbon 

nanostructures by the arc-discharge evaporation method [16]. It has been shown since then that 

carbon nanotubes may be derived from rolled-up carbon nanosheets. The tube may consist of one, 

two or more rolled-up sheets and thus they are called single-walled (SW), double-walled (DW) and 

multi-walled (MW) carbon nanotubes, respectively. Due to their peculiar mechanical, electrical as 

well as chemical properties carbon nanotubes got in the centre of research interest. Even though 

enthusiasm has lowered these days, still many hundreds of papers appear annually dealing with 

various aspects of carbon nanotube physics and chemistry. 

 There are many methods for the preparation of carbon nanotubes, but the most efficient is 

catalytic vapour deposition (CCVD). The nanotubes thus prepared have many vacancies and 

dislocations, i.e. the graphitic structure is by far not perfect [17]. This may be a disadvantage as far 

as the mechanical properties are concerned (the tensile strength of tube is significantly lowered), 

but may be advantageous if hierarchical nanostructures are intended to be constructed, since there 

may be more chances of interactions between these tubes and, e.g. LDHs, clays or polymers of 

various kinds [18]. 

 When nanostructures composed of CNTs and LDHs are concerned, the possibilities may be 

listed as follows [18]: (i) CNTs uniformly attached on the surface of LDH flakes, (ii) intercalation of 

CNTs into the interlayer space of LDHs, (iii) in situ growth of LDHs on the surface of CNTs,  

(iv) randomly entangled CNTs grown from LDHs, (v) aligned CNT arrays grown from LDHs,  

and (vi) CNT-array double helix grown form LDHs. 

 In this contribution our efforts for building MWCNT/LDH nanocomposites are described.  

The results of various methods (co-precipitation and the layer-by-layer technique) are described 

and discussed. 

 

EXPERIMENTAL PART 

Materials used 

 For the syntheses of the LDHs CaCl2 (98.1%, puriss  Molar Chemicals), FeCl3·6H2O 

(97.7%, puriss  Molar Chemicals), and NaOH (Reanal) were used without further purification. 

Sodium dodecylbenzene sulfonate  DBS  (applied for various purposes like wrapping the 

multiwall carbon nanotubes  MWCNT  or helping delamination) was purchased from Aldrich 

Chemical Co. N,N-dimethylformamide  DMF  (99%) and hexamethylenetetramine  hexamine  

(analytical grade), solvents for the delaminating LDHs, were of Merck products. The acids  

(cc. H2SO4 and fuming HNO3) applied for treating MWCNTs, were the products of Reanal. MWCNT 

was synthesised in our laboratories via the chemical vapour deposition method. 
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Millipore MilliQ water and N2 gas (99.5%) were used throughout the experiments. 

Methods of syntheses and treatments 

 The method of sample preparation was co-precipitation [19]. The first step of all synthetic 

experiments was the preparation of an acidic (pH = 1.7) solution containing CaCl2 and FeCl3 in 3:1 

molar ratio. The last step was setting the final pH to 13. 

 Three modifications of the co-precipitation method were probed. In method (A) 0.10.3 g of 

pristine or acid-treated MWCNT was added to 100 cm3 of the above-described solution either 

without or together with 0.3 g of DBS under N2 atmosphere with 30 min stirring. After precipitating 

the substances with 3 M NaOH, the samples were stirred at 80oC for a week. In method (B) the 

pristine or acid-treated MWCNT (0.10.3 g) alone or together with DBS (0.3 g) were dispersed or 

dissolved in amounts of 3 M NaOH necessary for co-precipitation and, then, the Ca(II) and Fe(III) 

ion containing solution was added dropwise under N2 atmosphere and constant stirring maintained 

for an additional week at room temperature. In method (C), the acid-treated MWCNT was 

dispersed in 3 M NaOH by sonication (5 hours) and, then, the solution containing the salt mixture 

was added in one portion. Sonication was continued for additional 3 hours. Then, stirring  

with a mechanical stirrer under N2 atmosphere was applied for a week. All the samples were 

vacuum-filtered on Varsapor-129 membrane and were kept in desiccator over P2O5. 

 Acid treatment of MWCNT was for oxidatively generating more dislocations containing 

hydroxylic and/or carboxylic groups. In order to achieve the goal 2.4 g of MWCNT was suspended 

in the mixture of cc. H2SO4 (45 cm3) and fuming HNO3 (15 cm3) at 50oC for 24 hours. Then, the 

acid-treated MWCNT was washed to neutral and dried over P2O5. 

 The delamination experiments [20, 21] aimed at preparing disaggregated LDHs that can be 

used in layer-by-layer (LBL) experiments [22], in which layers of LDH and MWCNT were attempted 

to place on top of each other. They were performed in two ways. Method (D): the 0.40.5 g of LDH 

having DBS intercalated was suspended in 100 cm3 of DMF, then stirred for further two days under 

N2 atmosphere at room temperature. Method (E): 5 g of hexamethylenetetramine (hexamine) was 

dissolved in 160 cm3 water and to 80 cm3 of it 0,4-0,5 g CaFe-LDH was added; in the other 80 cm3 

0.40.5 g DBSLDH was suspended; both mixtures were stirred at 110oC for 24 hours, then,  

50 cm3 of DMF was added and stirring was continued for an additional day. 

 For the LBL experiments quartz slides were used cleaned as follows: immersing into 1:1 

mixture of 20 mm% HCl and methanol (20 min), rinsing with distilled water, immersing into  

cc. H2SO4 (20 min), rinsing with distilled water, immersing into ~20 M NaOH (24 hours), finally, 

rinsing with distilled water before use. 

 In an LBL experiment the following sequence was used: (1) dipping the quartz slide into 

suspension (D) or (E) for 20 min, (2) cautiously rinsing it with distilled water, (3) dipping treated 

quartz slide into a suspension of pristine carbon nanotube (0.3 g nanotube suspended in 250 cm3 

of distilled water), (4) then rinsing it with distilled water once again. This sequence was repeated 

five more times. 
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Apparatus and equipment for characterisation 

 The fundamental method for structural characterisation was powder X-ray diffraction. The 

diffractograms were taken in the 360° 2Θ region with 4°/min scanning rate on a Rigaku Miniflex II 

instrument using the CuKα radiation (λ= 0.15418 nm). 

 The composite substances were studied by transmission electron microscopy  

(TEM – FEI TECNAI G220 X-TWIN, 200kV accelerating voltage). 

 The morphologies of the pristine LDH and the composites were studied with a Hitachi S-4700 

scanning electron microscope (18 kV acceleration voltages) at various magnifications.  

The elemental maps of the substances were determined with a Röntec QX2 energy dispersive  

X-ray fluorescence spectrometer (equipped with Be window) coupled to the microscope. 

 

RESULTS AND DISCUSSION 

 

Building the nanocomposite with the co-precipitation method 

 The co-precipitation method is the most often used technique to produce LDHs. X-ray traces 

in Fig. 1 indicate that CaFe-LDHs were formed indeed. It is also revealed that MWCNT (pristine or 

treated) did not enter the interlamellar space, i.e. the d(003) values only changed insignificantly:  

in the 0.740.77 nm range). 

Fig. 1. The X-ray diffractograms of A: CaFe-LDH and composites of B: pristine MWCNT CaFe-LDH, C: 

oxidatively treated MWCNTCaFe-LDH, D: DBSpristine MWCNTCaFe-LDH, E: DBSoxidatively treated 

MWCNTCaFe-LDH. 

 

 SEM images show the presence of MWCNT (SEM-EDX elemental maps show the presence 

of carbon in the samples) bundles (judged from the thickness) in the precipitated solid material, 

and they are covered, presumably with LDH. These covered MWCNT bundles are only seen when 

the synthesis mixture contained DBS and pristine MWCNTs (Fig. 2) or oxidatively treated 

MWCNTs (Fig. 3) or DBS and oxidatively treated MWCNTs (Fig. 4). 
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 a b 
 

Fig. 2. SEM images of the DBSpristine MWCNTCaFe-LDH sample (a) magnification: 20,000, (b) the larger 

encircled part at 100,000 magnification. 

 

 

   

 a b 
 

Fig. 3. SEM images of the oxidatively treated MWCNTCaFe-LDH sample (a) magnification: 40,000, (b) 

magnification: 60,000. 

 

   

 a b 
 

Fig. 4. SEM images of the DBSoxidatively treated MWCNTCaFe-LDH sample (a) magnify-cation: 15,000, 

(b) magnification: 70,000, see the encircled part. 

 



Recent Developments in Coordination, Bioinorganic, and Applied Inorganic Chemistry  
Edited by M. Melník, P. Segľa, and M. Tatarko   
Press of Slovak University of Technology, Bratislava  © 2013 

11 

 

TEM measurements verify the presence of MWCNT (Fig. 5). Even the multiple walls can be observed. 

Further, the outer surface of the nanotube is not smooth; it is covered by a thin layer of LDH. 

 

 

 

Fig. 5. An LDH-covered nanotube from the oxidatively treated MWCNTCaFe-LDH composite. 

 

 It may be concluded that although interlayer MWCNTCaFe-LDH could not be prepared, 

MWCNT provides good surface for LDH crystallisation only if the MWCNT surface contains enough 

polar groups; oxidatively treated MWCNT knows this, or a surfactant promotes the interaction 

between the apolar MWCNT and the polar LDH. 

 

Building the nanocomposite with the layer-by-layer method 

 There is chance for obtaining a hierarchically structured nanocomposite consisting of layers 

of LDH and those of MWCNTs, only if the two materials have compatible polarities. Pristine 

MWCNTs have quite regular apolar structure, vacancies, dislocations, connected polar groups are 

rare even if the substance was made by the CCVD method. Applying surface active material like 

DBS can bridge the polarity gap by adsorbing on MWCNT with the apolar part, while interacting 

with the delaminated LDH with its ionic part. 

 Applying the LBL technique substances could be layered onto the surface of the thoroughly 

cleaned quartz slide, as the SEM image of Fig. 6 (a) attests. By scratching the surface of the 

treated slide revealed that layers were deposited indeed (Fig. 6 (b)). 

 The X-ray diffractogram taken (Fig. 7) proves that the CaFe-LDH has been delaminated and 

these delaminated layers were deposited (the d(003) reflection typical for the stacked structure), 

and gives some indication on the presence of MWCNTs through the weak but observable reflection 

at 26o 2  value. Nevertheless, it is clear that further optimisation of the synthesis conditions is 

needed. 
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 a b 

 

Fig. 6. SEM images of the quartz slide treated by method (E) in order to build MWCNT CaFe-LDH layer-by-

layer structure, (a) top view of the deposited material at a magnification of 130,000, and (b) view of the 

scratched surface of treated slide at a magnification of 45,000. 

Fig. 7. The X-ray diffractogram of LBL-deposited MWCNTCaFe-LDH nanocomposite; the LDH has been 

delaminated and the reflection typical for MWCNT is marked by an arrow. 

 

CONCLUSIONS 

 The construction of hierarchical MWCNTCaFe-LDH nanostructures has been attempted.  

It was found that MWCNT bundles provided good surfaces for LDH deposition, if an auxiliary 

tenside and/or oxidatively treated MWCNTs were used. The layer-by-layer technique was suitable 

for building a sandwich-like structure by stratifying delaminated LDH and MWCNT  once again  

in the presence of a tenside. 
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ABSTRACT 

 The structure and equilibria of Sn(II)-hydroxo complexes, forming in strongly alkaline (up to 12 M) 

aqueous solutions have been investigated. On the basis of the literature, the last stepwise hydroxo complex 

of Sn(II) is the [Sn(OH)3]
–
. However, there are suggestions, that at very high concentrations of the base 

higher stepwise complexes, such as [Sn(OH)4]
2–

 or even [Sn(OH)6]
4– 

may be formed. Formation of bi- or 

polynuclear species and contact ion-pairs under these conditions is also possible. To better understand the 

chemistry of Sn(II) in these extremely caustic solutions we used different spectroscopic methods.  
119

Sn Mössbauer spectroscopy served as the primary experimental tool for studying the structure of the  

Sn(II)-hydroxo complex species. The systems were characterised by using frozen solutions. EXAFS/XANES 

and Raman spectroscopic measurements were also carried out on selected samples. 

 

INTRODUCTION 

 Tin compounds are well known pollutants in the environment, and for this reason they have 

extensively been studied. Sn(II) forms [Sn(OH)]+, [Sn(OH)2]
0 and [Sn(OH)3]

– at low metal 

concentrations, and for higher Sn(II) levels polynuclear [Sn2(OH)2]
2+ and [Sn3(OH)4]

2+ complexes 

are also observed. The chemistry of Sn(II) in aqueous solution is dominated by the hydrolysis at 

pH ≥ 2 [1-3]. Investigations of metal hydrolysis usually take place in the 2 < pH < 13 range 

(especially between 5 < pH < 8 because of the environmental aspects), so the structure and the 

equilibria of hydroxo complexes formed in extremely alkaline solutions (pH > 13) are mostly 

unknown. One of the aims of this paper is to extend the knowledge and understanding of inorganic 

Sn(II) chemistry in aqueous solutions of extremely high pH.  

 There are, however, several hurdles when hyperalkaline Sn(II) solutions are studied and 

attempted to be described. Beside the parent hydroxo complexes, under these extreme conditions, 

the formation and coexistence of [Sn(OH)nClm]2-n-m mixed complexes, bi- or polynuclear species 

and contact ion-pairs are possible and have to be taken into consideration [2]. Because of these 

reasons, finding the speciation model for this system is quite difficult. Another problem with Sn(II) is 

the considerable oxygen sensitivity, that’s why every Sn(II)-containing solution and sample require 

thoughtful handling and exclusion of aerial oxygen. These make the work with Sn(II) in highly 

alkaline media a real challenge. 
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EXPERIMENTAL PART 

Reagents and solutions 

 To prepare the alkaline stock solution, analytical grade NaOH (ANALR NORMAPUR) was 

dissolved in distilled water with intensive stirring and cooling. This way ~50  % (w/w) NaOH 

solution is achievable, the concentration of the solution is ~19 M. The concentration can be 

calculated from the density (determined in a picnometer) of the solution according to the literature 

[4]. The carbonate content was minimised as described previously [5]. The NaOH stock solution 

was stored in a caustic resistant Pyrex bottle with a tightly fitted screw-top. 

 The Sn(II) stock solution (cSn(II) ~ 0.5 M; cHCl ~ 1 M) was prepared in oxygen-free atmosphere. 

Sn(II)-oxide powder (Sigma Aldrich) was dissolved in diluted analytical grade hydrochloric acid 

(Sigma Aldrich) or hydrochloric acid (Sigma Aldrich). Purity of SnO was checked with XRD and 

was found to contain less than ca. 2% SnO2.  

 The caustic Sn(II) solution was prepared in a small Pyrex bottle. A custom-made screw-top 

was made with two small holes for the Ar gas in- and outlet and a bigger one for the addition of the 

Sn(II) stock solution. The calculated amount of the freshly prepared Sn(II) stock solution was 

added dropwise to 25 ml diluted NaOH solution with continuous and intense Ar bubbling through 

the sample and stirring. NaOH solutions were diluted by weight from the concentrated stock 

solution, and then Ar gas was bubbled through it for at least 15 minutes before adding the metal 

stock solution to it.  

 When the Sn(II)-containing solution is added to alkaline media, formation of a white 

precipitate can be observed. In presence of chloride ions the precipitate dissolves almost 

immediately, but in case of perchlorate ions the re-dissolution takes very long time (sometimes 

even days). The achievable Sn(II) concentration in the caustic samples was < 0.1 M in presence of 

perchloric acid, while significantly larger Sn(II) concentrations could be achieved with hydrochloric 

acid containing solutions. (Note, that the contribution of the perchlorate anion Raman spectra is 

also unwanted.) The concentration of Sn(II) in the investigated caustic samples was 0.1 – 0.25 M, 

and the concentration of NaOH was 4 – 12 M. 

 

Apparatus and equipment 

Mössbauer spectroscopy. 119Sn Mössbauer spectra of frozen solution of the compounds were 

recorded with a conventional Mössbauer spectrometer (Wissel 5) in transmission geometry with 

constant acceleration mode at 78 K in a He-cryostat cooled by liquid nitrogen. The measurements 

were carried out in He atmosphere using a Ba119mSnO3 radiation source of 8 mCi activity. 20 µm α-

Fe was used for velocity calibration when a 57Co/Rh source supplied the γ-rays, and also the 

isomer shifts are given relative to it. All sample preparations, including also the rapid freezing, were 

done in a home-made glove-box to minimize the samples oxidation. The Mössbauer spectra were 

analysed by least-square fitting of the Lorentzian lines with the help of the MOSSWINN program 

[6]. The database of the Mössbauer Effect Data Index was used to interpret the results. 

 

X-Ray Absorption Spectroscopy. The X-ray absorption spectra (XAS) were measured at beamline 

Samba at the Soleil Synchrotron facility, Paris, France. The station is based on a bending magnet 
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radiation source connected to the 2.75 GeV storage ring. X-ray radiation in the 4 – 42 keV energy 

range can be obtained from this system. The maximal flux on the sample at 10 keV is  

1×1012 photon/s/0.1 % bandwidth. Measurements were performed  at the Sn–K-edge (29200 eV) in 

transmittance mode. 15 ml portions of liquid samples were measured in a cubic shaped 

polyethylene sample holder with a tightly fitted screw-top. Ar atmosphere above the sample 

solution was also applied. Spectra were recorded at room-temperature. Pure SnO and SnO2 was 

used as reference sample for Sn(II) and Sn(IV) respectively. The analysis of the spectra were 

performed with the help of the Athena software [7,8] allowing us to obtain information on the local 

coordination environment of the Sn(II) ion. 

 

FT-Raman spectroscopy. Raman spectra were recorded on a BIO-RAD Digilab Division dedicated 

FT-Raman spectrometer equipped with liquid nitrogen cooled germanium detector and CaF2 

beamsplitter. The excitation line was provided by a Spectra Physics T10-106C Nd:YVO4 laser at 

1064 nm. The spectra were recorded between 3600 – 100 cm–1 with 4 cm–1 resolution. 4096 scans 

were collected for each spectrum. The excitation power was 280 mW at the sample position. The 

spectrometer was controlled by using BIO-RAD Win IR 3.3 software. The samples were placed in a 

standard NMR tube. Spectra were recorded at room-temperature. Data were processed by using 

GRAMS/AI 7.00 software. 

 

RESULTS AND DISCUSSION 

Mössbauer spectroscopy.  
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Fig. 1. 
119

Sn Mössbauer spectrum, recorded at 78K, of a representative frozen solution sample. The Sn(II) 

concentration of the sample in the solution was 0.2 M, and the concentration of NaOH was 4 M. 

 

 The spectrum shown on Fig. 1. can be decomposed into 3 symmetric doublets, D1, D2 and D3 

(where the relative occurrence of doublet D3, representing a minute Sn(II) microenvironment is less 

than 2%) The doublet D1, with the largest amplitude, seen in the spectrum can unequivocally be 

related to the Sn(II) state. Doublet D2 belongs to the Sn(IV) state [9], due to some oxidation of the 

sample during preparation. (Note, that the sensitivity of 119Sn Mössbauer spectroscopy for Sn(IV)  



Recent Developments in Coordination, Bioinorganic, and Applied Inorganic Chemistry  
Edited by M. Melník, P. Segľa, and M. Tatarko   
Press of Slovak University of Technology, Bratislava  © 2013 

17 

 

is larger than that for Sn(II). Thus the amount of Sn(IV) in the freshly prepared Sn(II) stock solution is 

estimated to be ~5%, and less than 10% in every caustic sample.) There is a considerable change in 

the isomer shift values between the spectra of the acidic Sn(II) stock solution and of the solution of 

caustic samples, indicating, that in alkaline solutions the Sn(II) is present in a microenvironment 

which is different from that in the presence of HCl. The Mössbauer parameters of the dominant 

doublet D1 of Sn(II) caustic solutions are in correspondence with those of Sn(OH)2 reported in the 

literature [10]. This reflects that the microenvironment of Sn(II) in the alkaline solutions is very similar 

to that of Sn(OH)2. No significant change was found in the Mössbauer parameters of doublet D1 

when the concentration NaOH changed from 4M to 12M. Since the hyperfine interactions detected 

by the Mössbauer spectroscopy are mostly affected by the first coordination sphere of Sn, mainly the 

effect of oxygen nearest neighbour environment of Sn(II) can be detected in the alkaline solutions, 

which may remain unchanged with increasing alkalinity. 
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Fig. 2. The XAS spectra of the Sn(II) compounds studied. (a) the XANES region of the XAS spectra; (b) the 

pseudo-radial distribution functions of three samples (without phase correction). 
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X-Ray Absorption Spectroscopy. As XAS is very sensitive to the oxidation state and the local 

geometry of the absorber atom or ion and therefore it is an excellent method to supplement the 

Mössbauer spectroscopy. The XANES region of two representative samples are shown on Fig. 2.a 

the spectrum of SnO and SnO2 are also shown for comparison. From the difference of the K-edges 

it is clearly seen that the tin in the samples is present as Sn(II), the presence of Sn(IV) is negligible 

(except for SnO2). The local structure of the Sn in acidic (hydrochloric acid) and alkaline media are 

completely different, and the latter one is rather similar to that of SnO. 

 The pseudo-radial distribution functions show the structural differences much more clearly on 

Fig. 2.b. In the acidic sample the main peak at about 2.1 Å corresponds to the Sn(II)–Cl interatomic 

distance. In 4 M NaOH solution there is no chloride complex formation, only the hydroxo complex 

form(s) is/are present. The main peak at ~1.6 Å corresponds to a Sn(II)–O distance, it is very 

similar to the one in SnO. Further evaluation is necessary to obtain the exact bond distances, 

geometry and coordination number of the species. 

 

FT-Raman Spectroscopy. Spectra of an acidic and an alkaline Sn(II) sample was recorded for 

preliminary studies. The adequate background (1 M HCl or 4 M NaOH solutions) was subtracted 

from the original data. The spectra referring to the Sn(II) species formed in acidic and alkaline 

media can be seen on Fig. 3. 
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Fig. 3. Normalized and offset Raman spectra of the investigated samples. (a) acidic SnCl2 solution 

(cSn(II) = 0.5 M; cHCl = 1 M); (b) caustic Sn(II)-containing sample (cSn(II) = 0.2 M; cNaOH = 4 M). 

 

 On Fig. 3. the well-defined sharp band on the upper spectrum at 277 cm–1 belongs to the 

symmetric vibration of the Sn(II)-chloro complex [11]. At extremely high pH a much broader peak 

can be seen on Fig 3./b) which most probably belongs to the M – O bond and indicates the 

presence of coordinated OH– and/or H2O [10]. The lack of the [Sn(OH)6]
2– vibration band at 
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~1200 cm–1 [11] supports our previous statement, that there is no significant amount of Sn(IV) in 

the samples, i.e., the oxidation of Sn(II) to Sn(IV) is not significant in the system. 

 

CONCLUSION 

 In this work, the local structure of the Sn(II) hydroxo complexes in extremely caustic media 

was investigated. All spectroscopic methods show, that the local structure of the Sn(II) is different 

in the presence of NaOH. Mössbauer spectroscopic measurements indicate, that the local 

structure of the forming species is very similar to the one in Sn(OH)2. From the EXAFS/XANES 

data we can see, that the Sn(II) – O distance in the hydroxo complex is a little shorter than the one 

in SnO powder. The difference in the K-edges shows, that most of the tin is in +2 oxidation state, 

and the Mössbauer and Raman results also affirm this statement. Raman spectroscopy 

measurements also indicate the presence of H2O in the coordination sphere of the Sn(II). 
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ABSTRACT 

 Chemically bonded ceramics (CBC), and within these especially MDF materials, are examples of 

alternative challenging materials where polymers may be successfully combined with cements to produce 

also the parameters of technological novelty and interests. The present paper intends to review as the 

history so the future challenge of MDF materials. The knowledge reviewed reflect and define the relations of 

chemistry and raw materials composition, including the mechanochemical treatment of solid raw mixes, and 

the relation of these with the attack of moisture upon MDF materials. The model of atomic cross-links, nano- 

and micro- interfaces, being the vital tool, is based on both the experimental data and the principles of the 

theory of functional polymers. Despite the concerns of poor durability of MDF materials in the moist 

environments there exist and quoted are several focused examples of studies and tests closely connected 

with the potential of the practical service. 

 

INTRODUCTION 

Macro defect free materials, concise overview 

 Macro-defect-free (MDF) materials represent a potentially attractive range of materials 

whose properties lie between those of conventional cements and ceramics, in some cases 

achieving properties of plastics and metals [1 – 3]. Concerns about their durability in water have 

limited research activity in recent years, but there appear to be established routes by which these 

may be overcome [4]. The crucial conclusions on the ratings the advancement of various materials 

in concrete technology has been given by Mehta in his review [1].  

 Chemically bonded ceramics (CBC), and within these especially MDF materials, are 

examples of alternative technological approaches to obtain low-porosity high-strength products.  

As refers MDF materials, chemically bonded ceramics (CBC), and also reactive powder mortars in 

concrete technology, the ratings are outlined in Table 1. It is expected that these materials would 

not have an impact on the concrete industry as a whole, but their challenge for specialty 

technologies is anticipated to grow in the future. These superplasticized concrete mixtures which 

give very high fluidity at relatively low water contents are one of the most noteworthy issues among 

the recent advancements of cement chemistry and technology [1 – 4]. The low porosity, high 

strength and high durability are the challenging potentials of resulting materials. CBC are mortars 

with little or no coarse aggregate, a very high cement content, and a very low w/c ratio. They are 

densified under high pressure and then thermally cured to obtain very high strength. The MDF 

materials are made with a cement paste containing up to 7 percent by mass of a water soluble 
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plasticizing agent, such as hydrolyzed polyvinyl acetate (PVA), hydroxypropyl-methyl cellulose 

(hpmc), polyacrylamide or others. Glycerol is often added as an additional plasticiser. The paste is 

subjected to high shear mixing, and the products are moulded under medium pressure levels and 

finally heat cured at temperatures up to 80 oC (176 F) [1, 3, 4].  

 

Table 1. Suggested ratings for recent advancements in concrete technology, the section of table referring on 

MDF materials, CBC and reactive powder mortars adapted from [1].  
 

Identification of the 

technology 

Macro-defect-free 

cement 

pastes and mortars 

Chemically-bonded 

ceramics 

Reactive powder 

mortars 

Complexity of the 

technology 
High High High 

Initial cost of 

materials and 

construction 

 

High 

 

High 

 

High 

Life-cycle cost High Unknown Unknown 

Environmental 

friendliness of 

the product 

 

Poor 

 

Poor 

 

Poor 

Future impact on the 

concrete 

industry 

 

Negligible 

 

Negligible 

 

Negligible 

 

 Two cement/polymer combinations have been reported in initial studies and remain of the 

largest interests, namely i) calcium aluminate cement in combination with a polyvinyl alcohol 

acetate co-polymer and ii) Portland cement in combination with polyacrylamid. Series of modified 

and particularly suitable polymer compositions includes also hpmc, polyphosphate salts (poly-P), 

polypropylen glycol. The production of MDF materials consists of a series of steps; in accord  

with [3] distinguished are:  

1. premixing (until present a conventional low shear blenders have been used), 

a mechanochemical intermediate step between premixing and high shear mixing has been 

reported recently [31], a choice of knowledge acquired on this option see later in the review,  

2. high-shear mixing of the mixture at very low w/c ratio,  

3. forming to obtain the desired shape (the methods like calendaring, extrusion, injection molding 

or pressing),  

4. curing (at temperatures usually not exceeding 80 oC).  

The key procedure of the production is high-shear mixing, it is usually performed in a twin-roll mill, 

the apparatus which consists of two rolls that rotate counter to each other. The gap between them 

is adjustable (0,5 -  2 mm). Owing to a difference in their speeds of rotation, shear forces are 

generated in the material that is allowed to pass through the gap between the rolls (shear rates 

exceeding 1 000 s-1 may be realized).  
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 It is generally believed [3, 28 - 30] that the chemically modified polymer interacts with the 

cations liberated in the cement hydration reactions in a way that [Al(OH)4]
- ions released by the 

calcium aluminate cement cross-link the polyvinyl alcohol chain. The autors proposed also the first 

ever graphical outline of cross-links formed in MDF materials (drawn below).  

 

RESULTS AND DISCUSSION  

Macro defect free materials, chemistry 

 Categorisation in Odler’s monograph [3] suggests that MDF materials belong to one of the 

materials where polymers may be successfully combined with cements to produce also the 

parameters of technological novelty and interests. The specialty technologies and uses are 

anticipated to grow; where i) examples in general comprise armour, loadbearing structures, elements 

for transportation of gases and liquids, plastics fabrication [3], and ii) an up-to-date example 

represents the testing of incorporation of  MDF materials for innovations and development of 

materials base in pump wheels machinery. The newest review of the research completed on the 

polyvinyl-alcohol/calcium aluminate cement (PVA/CAC) based MDF material has been published by 

Donatello & co-w. [4], and the advantages, limitations and potential applications of MDF materials 

are outlined. Referring the procedure and chemistry of MDF materials review demonstrates 

that great degree of mixing produces strong polymer cross linking during cement hydration, a truly 

composite material is formed in which the technological parameters are imparted also by the 

polymer. In the high pH environment that exists at the surface of hydrating cement grains, Ca2+ ions 

will be present as Ca(OH)2 and Al3+ ions present as [Al(OH)4]
-. The series of interactions of the 

polymer phase with aluminium ions via an ester group and/or acetate ions have been postulated  

[5, 6]; Ca ions form a hemihydrate calcium acetate following interaction with the polymer, and Al ions 

rather than Ca ions are thought to have a role in forming the cross-linking interphase [5 - 8].   

 Authors [4] reviewed also the history and outlined the future options; during the early  

1980-ties the invention of MDF cements was reported which had properties conformable to those 

of conventional ceramics, plastics and metals [18]. Later, the microstructural features of the  

PVA–CAC MDF systems and the influence this has on physical properties such as flexural strength 

and moisture resistance are discussed and also possible solutions to the poor moisture resistance 

of MDF cements are examined critically and alternatives to PVA–CAC are described. The recent 

development of calcium aluminate phenol resin (CAPR) MDF cements that have particularly 

http://academic.research.microsoft.com/Keyword/31150/physical-properties
http://academic.research.microsoft.com/Keyword/14550/flexural-strength
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promising properties has been one of the key achievements in the area at the end of former 

century [21]. MDF cement technology has the potential to produce more sustainable materials that 

can compete with ceramics, plastics and metals in a range of applications and key research issues 

that need to be addressed if MDF cements are to become commercially viable are that of definitive 

improvement of moisture resistance. 

 One of the newest studies [22] explored the effects of cement and polymer compositions on 

flexural strength and water sensitivity, item used by authors to call the moisture resistance. 

Calcium aluminate cements were used with Al2O3 contents between 42% and 79%. Production of 

MDF cement was successful with all cements, but the highest strength (268 MPa) was obtained 

with 70% Al2O3 cement. Secondly, PVAs were used that differed in their degree of hydrolysis 

between 73% and 99%. Of these, the one with a moderate degree of hydrolysis produced the 

highest strength (228 MPa). All mixtures had strength loss on exposure to water, but PVAs with 

moderate degrees of hydrolysis exhibited the lowest strength losses (50–60%).  The authors 

involved also the acrylic self-crosslinkable dispersions to replace partly the PVA. Comparison of 

the MDF obtained only with PVA and the MDF prepared by replacing a half of PVA with  

self-crosslinkable acrylic dispersions shows that the decrease of mechanical strength is with 5% 

lower, but the absolute value of the biaxial flexural strength of the MDF prepared only with PVA is 

higher by approximately 25%. The surface properties of the MDF series were evaluated by both 

contact angle measurements and FTIR spectroscopy and used to analyse the effect of water on 

the MDF specimens. Moisture sensitivity is strongly influenced by surface morphology of the MDF 

cements and its hydrophilicity. Same degree of surface hydrophilicity led to similar mechanical 

properties while the higher surface energy means better wettability and lower mechanical 

properties in terms of biaxial flexural strength.  

 Another option is given in [2] which reports on the influence of a variety of organic coatings 

on the stability of macrodefect-free cements exposed to water on a range of MDF cements 

formulated from different aluminous cements with the addition of polyvinyl alcohol-acetate and 

glycerine. The evaluation of the water uptake of the different organic coatings was carried out by 

means of electrochemical impedance spectroscopy (EIS) measurements. The data show that the 

application of organic coatings, not necessarily characterised by extremely low water 

permeabilities, improves the stability of the composite when subjected to different conditions of 

exposure to water.  The surface coatings of thickness 60 – 200 μm, highly or poorly permeable to 

water, applied to the MDF cement resulted in an improvement of the stability of the composite, 

which did not break after more than 4 months of testing.  The presence of an organic barrier 

seemed to be very effective in improving the water stability of the composite; the detailed results 

show that the less permeable surface coatings (fluoropolymer solution and epoxy resin, both  

60 – 80 μm) were effective in lowering water permeability of the MDF cements.  Anyway, the 

available data do not allow to clearly point out the influence of the rate of water permeation on the 

weakening process of the samples. 

 It is anticipated that the revolutionary breakthrough in the issue of insufficient durability in the 

moist environment – a drawback of MDF materials which by now prevents these materials form the 

inclusion into practical use, would bring already chemistry based studies directed as to the 
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materials themselves, so to both subsystems and procedures with specific affinities towards cross-

linking and/or stabilizing the polymers [16, 31]. The data on the effects of cement and polymer 

composition, including a variety of organic or organometallic coatings, on strength and water 

sensitivity of CAC-PVA MDF materials appeared also in [17, 19–26]. Authors reported 

effectiveness of an organic barrier in improving the water stability, optimum alumina content in 

cement and hydrolysis degree in PVA, and also the potential of a group of organotitanate 

compounds. All those are the issues which, in addition to Al based cross-links, imply impregnation 

effects and the increase of moisture resistance. However, the available data do not allow to control 

the influence of the rate of water permeation on the weakening processes where additional phases 

increase the complexity of the system. 

 Challenge of chemistry in the field of MDF materials have been and remain the options to 

initiate and induce formation of cross-links [9]. The effects of different cement phases have been 

investigated. For example, sulphoaluminate–ferrite–belite (SAFB) and Portland cement (PC) 

blends instead of CAC produced MDF materials that achieve irreversible moisture absorption as 

low as 0.5–10% of initial weight [8, 10 – 14]. Changing the polymer phase has also been 

investigated; the most frequent PVA with different degrees of hydrolysis and average molecular 

weights have been substituted i. e. by sodium polyphosphate (poly-P), hydroxypropylmethyl 

cellulose (HPMC) and butylacrylate / acrylonitrile (BA/AN) [8, 10 – 16]. Independently of the 

changes in the raw materials compositions, the key occurrence of cross-links impacts interrelations 

procedure/property. Similarity to that in CAC based MDF materials has been confirmed by a variety 

of experimental methodologies and methods, i. e. MAS NMR spectroscopy, IR spectroscopy, 

thermal analysis, microscopies, electrochemical impedance spectroscopy [cf. in a choice of papers 

cited above].   

 

 
 

( i ) ( ii ) 

Δta>l<Δtb 300 oC 

 

 

Fig. 1. Typical DTG (i) and DTA (ii) curves of MDF probes [8, 9, 11]; full lines with the events in the region 

from 200 to 300 
o
C – Δtb (DTG) and exoeffect at 300 

o
C (DTA), denoting the occurrence of Al(Fe)-O-P cross-

links (MDF synthesis successful), dashed lines – no events in the above region due to the absence cross-

links (treatment or synthesis not successful). 
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 The extensive studies on the reactivity of inorganic-polymeric networks in this class of 

cement-based materials and the focus toward nano- and atomic levels of grafting of polymers on 

interfaces represent some of the success stories of materials chemistry [3, 7–9, 12, 24, 30]. 

Studies have shown a key role of atomic level cross-linked and functionalized interface of cement 

and polymer during the formation process. However, external moisture exerts an adverse effect on 

the mechanical properties of MDF cement products through the uptake of humidity and carbon 

dioxide by cement phases and hydrates free of cross-links. The schematic model, which we have 

published earlier [9] is shown in Fig. 2. It gives a quick navigation through the state-of-art of the 

contribution of materials chemistry towards the knowledge of MDF materials summarizing current 

approaches as to the syntheses, so to the atomic-level interpretations of both formed functional 

interfaces (part I in the Fig. 2) and adverse influence of the moisture (part II in the Fig. 2). 

 

  

 

Fig. 2. Formed cross-links (region a in part I, left) in the functional interfaces (entire part I) and the adverse 

influence of moisture (part II, right), from [9].   

 

Macro defect free materials, a challenge of mechanochemistry 

 The most MDF production has used a twin roll mill to produce high shear mixing of cement, 

polymer and water, and this allows a satisfactory homogenous mix to form in the appropriate 

reaction time. The intimate mixing of the polymer phase and the inorganic cement phases is vital to 

produce a truly composite material, exhibiting much of the strength of the material with high 

fracture toughness imparted by the polymer [18, 20, 21]. MDF formation reactions mutually occur 

in the heterogeneous system of cement (s) – polymer (s or l) and water (l), under medium pressure 

and with the application of high shear twin-rolling – a combination which is in principle a type of 

mechanochemical processing conditions. The cross-linking interactions are introduced to involve 

atoms at the interfaces of a cement-based component with an appropriate polymer in the presence 

of water [5–7, 9, 20, 21, 24, 30]. A challenge, which is at present of increased interest, is the 

intensification of mixing of cement and polymer prior to the addition of water. Here one of the 

procedures that may exert the specific affinities towards cross-linking is the mechanochemical 

treatment of solid raw mixes before the water is added and pressure through twin rolling applied.   
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 The progress in the development of methods of mechanochemical syntheses [32 – 39] 

displays an increased potential of mechanochemical syntheses in the innovative materials and 

technologies. A new field of the application of mechanochemical reactions has been formed only 

recently, it is based on the assumption of values of activation energies of acido-basic interactions 

in solid state and enables the course of given mechanochemical interaction at the mild conditions 

of milling. The main characteristics are the interaction and combination of functional groups of 

reagents during the milling process [32 – 35]. The formation of Me1 – O – Me2 networks, where 

Me1 and Me2 are different ions, appears during the mechanochemical interaction already after 

short period of milling. Accounting for the similarities of chemistry of aluminates, silicates and 

phosphates one can suppose a course of mechanochemical reactions of polyphosphates and 

components of Portland cement. Formation of networks (cross-links) of Al–Si–O–P and/or Al–O–P 

during the milling may crucially affect the newly formed hydraulic phases. Tested parameters 

should comprise the duration of milling, milling ratio (MR) and also the ratio of components of 

Portland cement vs. polyphosphate glasses.  

 The knowledge reviewed reflect and define also the relations of chemistry and raw materials 

composition or pre-formation, surface and interface functionalisation, and the relation of these with 

the attack of moisture upon MDF materials [9, 31, 40]. The model of atomic cross-links, nano- and 

micro- interfaces, as well as the application of principles of the theory of functional polymers [41] to 

explain the formation process of MDF materials [9, 12, 40] have been fully accepted by the 

international scientific community [4]. However, controlled pre-treatments of raw materials prior to 

the syntheses of MDF materials have not been until now properly and critically considered or 

proposed for the use. Thus, a logical and synergic continuation of the analysis of present level of 

knowledge of both MDF materials and methods of mechanochemistry represent study [31] with the 

goal to justify the pre-treatment of raw mixes of MDF materials by dry route using methods of 

mechanochemical syntheses and to define the limits of this mode of activation of precursors of 

MDF materials.  

 Data about the changes of phase compositions during the mechanochemical pre-treatment 

were collected using methods of thermal analysis, X-ray phase analysis and MAS NMR 

spectroscopy with the aim to acquire series of results about localisation and scope of inorganic-

polymeric networks and also about the effects of mechanochemical pre-treatment upon the 

affinities of components. The sensitivity of thermal events (TG, DTG, DTA) in the region of  

200 – 300 oC upon the presence (and thermal decomposition) of Al(Fe)-O-P cross-links – Fig. 1  

[8, 9, 11], has been used as the indication of key change in raw mixes due to the 

mechanochemical treatment, the data are comprehensively summarised in Table 2.  
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Table 2. Data sets extracted from DTG, DTA and TG curves in the temperature region 200 – 300 
o
C to give 

semiquantitative insight on the scope of cross-links formation due to the mechanochemical activation.  

 

DTG, DTA 
TG 

mass loss / % 
Note 

- ,  - - A. M., 1 min. 

- ,  - - A. M., 1 min. 

+ ,  + 0,47 A. M., 5 min. 

+ ,  + 0,56 A. M., 5 min 

+ ,  + 0,58 A. M., 5 min 

+ ,  + 0,54 A.M. (mean) 

+ ,  + 1,60 F. P. 

+ ,  + 1,70 F. P. 

+ ,  + 1,73 F. P. 

+ ,  + 1,68 F.P. (mean) 

 

For the columns DTG, DTA: + or - denote the occurrence or absence of the indicative 

thermoanalytical event (DTG and/or DTA) of cross-links. For the column Note: A. M. – denote 

mechanochemically activated mixes, F. P. – denote final products.  

 

 The data based on mass losses (from TG curves) gave semiquantitative measure of  

Al(Fe)-O-P cross-links formed during the individual mechanochemical treatments. The ratio of 

means of TG mass losses of activated mixes – A. M. (mean) and those of final products – F. P. 

(mean) in the temperature region 200 – 300 oC is defined as the parameter Ract [31], (eq. 1).  

Ract    =    A.M. (mean)  /  F.P. (mean)   (1) 

 A.M. (mean) and F.M. (mean) from Table 2 lead in eq. 1 to the value of Ract = 0,32. Taking 

into account that F. P.(mean) is the maximum achievable value of TG mass loss due to the 

decomposition of present cross links, than the value of Ract = 0,32 shows that  given 

mechanochemical conditions activate the raw mixes facilitating the formation of “seeds” of atomic 

level cross-links in amounts around 30 %-ages of the entire content of cross-links in the MDF 

material. The cross-links are formed to a substantial measure and independently of the other 

tested variables (MR or content of poly-P). The atomic-level interpretation of functional interfaces 

consisting of cross-links in activated raw mixes is fully consistent with the earlier model [9, 12],  

cf. also Fig. 2. Findings represent a challenge of this mode of activation which may potentially 

intensify the cross-linking and development of typical MDF parameters during the mutual process 

of MDF synthesis. This consistency makes possible to propose the mechanochemical activation of 

raw mixes in the high energy planetary mill for the duration of 5 minutes as the specific mixing and 

activation / pre-reaction step within the entire MDF synthesis procedure. Occurrence and presence 

of Al(Fe)-O-P cross-links in the mechanochemically treated / activated raw mixes, together with the 

suggested atomic-level interpretation [9, 12] are challenge which would affect MDF formation 
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reactions under the subsequent water addition and pressure application. The anticipated increase 

of the rate and effectiveness of syntheses will exert also the technological advantage, more 

straightforward tests of this phenomenon continue.  

 

CONCLUSIONS 

From state-of-art towards future of mdf materials 

 The vital goal of any mode of intimate mixing of the polymer phase with the inorganic cement 

phases is to achieve and produce, through great degree of mixing, stronger polymer cross linking 

and, subsequently, impart the strength of hydrated materials with high fracture toughness [4, 7, 17, 

19–21, 24]. Chemistry based studies have highlighted the key role of atomic level cross-linked and 

functionalized interface of cement and polymer during the formation process [3, 7–9, 12, 24, 30]. 

The concerns of poor durability of MDF materials in the moist environment led to a decline of 

research interests on the topics of MDF materials. Presence of an organic barrier seemed to be 

effective in improving the water stability of the composite, however, the available data do not allow 

to clearly point out the influence of the rate of water permeation on the weakening processes. It is 

anticipated that the revolutionary breakthrough would bring also in this issue chemistry based 

studies [3, 4, 9, 16, 25], which should be directed as to the materials themselves so to modifying 

additives and procedures, both with specific affinities towards stabilizing the polymers especially by 

cross-links formation in the system. The increased complexity of system (additions or modifications 

of phases in the composition of raw mixes, i. e. additions of organotitanate compounds) brought a 

vital improvements of intimacy of mixing and cross linking, anyway, it is difficult to control the 

phenomenon quantitatively, cf. [2, 22, 23, 25, 26], mainly due to the extremely complex 

composition of the system. The approach and results of mechanochemical procedure of dry mixes 

of cement and polymer keep the composition of raw mix system unchanged – no further additives 

are used, but propose and define the mode of inclusion of the specific mixing step within the MDF 

procedure. Effectiveness of this step consists in the initiation and formation of measurable quantity 

of Al(Fe)-O-P cross-links in the raw mixes composed of Portland cement and polyphosphate. 

 One of the inspiring assessments on the progress of mankind (in the most general sense) 

has presented Pearton [42] in „a tide“ model and its FLOP (‘Florida Law of Original 

Prognostication’) curve to indicate positions and forecasts of selected materials research and 

technology fields. Author points also that implication done using “FLOP” may be a valued help for 

courageous and ambitious. The positions of PoIC (polymer impregnated concrete), PoC (polymer 

concrete), PoMC (polymer modified concrete) and MDF materials in the FLOP curve have been 

outlined [12, 43] to fit the state-of-art of the knowledge on these materials and production 

technologies [3, 4, 9], see in Fig. 3. 
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Fig. 3. FLOP curve (from Pearton’s essay [42]) and the positions indicated for MDF materials and for a 

selection of polymer modified concretes [9, 12, 43]. 

 

 Materials chemistry approaches reviewed in this paper have shown that the performance of 

MDF materials, a group of chemically bonded ceramics, is governed, in addition to hydration 

reactions, by nano level modifications of the interface of cement grains with the polymeric species. 

These modifications are due to the pressure induced cross-linking interactions as in the stage of 

premixing of dry raw mixtures (where mechanochemical treatment initiates the cross-links 

formation) so during the entire subsequent steps of synthesis – synergistic effect of water, high 

shear mixing and pressure. MDF materials are early examples of a future harness of the 

cementitious reactions to produce high performance materials using near-ambient temperatures 

[44, 45]. Despite the concerns of poor durability of MDF materials in the moist environments there 

are several examples of studies and tests closely connected with the potential of the practical 

service. An interesting focused example represents a project (cf. the acknowledgement) oriented 

on new and innovative materials for pump wheels machinery, in which one of the tested materials 

strategies involves also MDF materials. Similar strategies are a challenge, anyway, have to 

capture the attention of next generations of both materials chemists and also the materials science 

community [45].  
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ABSTRACT 

 An overview of the most important gallium complexes in oncology in the period of two last decades is 

given in this review. Gallium has long been known to concentrate in skeletal tissue, particularly regions of 

bone deposition and remodeling. In growing bone, gallium is concentrated in the metaphysis, particularly in 

the hypertrophic cartilage zone (growth plate); it is also concentrated in regions of fracture healing. To a less 

extent, gallium accumulates on the endosteal and periosteal surfaces of diaphyseal bone. Elemental gallium 

is a potent inhibitor of bone resorption that acts to maintain or restore bone mass. By virtue of these 

biological effects, gallium compounds are potentially useful for the treatment of a variety of diseases that are 

characterized by accelerated bone loss, including cancer-related hypercalcemia, bone metastases, Paget's 

disease, and post-menopausal osteoporosis. There are several medically useful gallium radionuclides which 

have made extensive contribution in both the diagnosis and therapy of disease. Gallium pharmaceuticals can 

be divided into two groups according to radioactivity, i.e. radiopharmaceuticals – using radioactive Ga(III) 

isotopes, and conventional pharmaceuticals – using non-radioactive Ga(III) ion. The pharmaceuticals can be 

divided also according to target place of a drug, i.e. those ones having an impact on soft tissue (most of the 

drugs) and hard tissue (bones). In oncology, gallium complexes have been applied for imaging as well as 

therapy and their importance in this field is still growing up. 

 

INTRODUCTION 

 Gallium has shown efficacy in the treatment of several apparently diverse disorders. These 

disorders can be broadly categorized as: (a) accelerated bone resorption, with or without elevated 

plasma calcium; (b) autoimmune disease and allograft rejection; (c) certain cancers; and (d) 

infectious disease [1].  

 Gallium has several medically useful radionuclides which have made extensive contribution 

in both the diagnosis and therapy of disease. In the late 1940´s 72Ga was localized in bones and it 

was suggested that it could be useful for treating bone tumors. After extending this theory, 67Ga 

was concluded as a better radioisotope since 72Ga has a short half-life T1/2 (14h) and was only 

available with a low specific activity. On the other hand, 67Ga with longer T1/2 (78h) could easily be 

made carrier-free (i.e. this isotope can be isolated from cyclotron without any carrier atom). 

However, imaging equipments at that time were not sophisticated enough to produce a good 

quality clinical study with this radioisotope therefore the development in this field was not so 

pronounced. The introducing of 68Ge/68Ga generator, in the early 60´s, rekindled interest in 

radiogallium for the bone tumor localization. In the early 70´s, 67Ga reemerged since its 

characteristics better matched with the newly developed instrument, the gamma camera, and the 

lower amount of carrier gallium that was added to obtain bone localization. The carrier-free nuclide 
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was found unexpectedly to localize in certain soft tissue tumors and a few years later in 

inflammatory processes. These two uses for 67Ga continue to this day [2].  

 A major advantage of a 68Ge/68Ga generator is its continuous source of 68Ga, independently 

from an on-site cyclotron. The increase in knowledge of purification and concentration of the eluate 

and the complex ligand chemistry has led to 68Ga-labeled pharmaceuticals with major clinical 

impact. 68Ga-labeled pharmaceuticals have the potential to cover all today’s clinical options with 
99mTc, with the concordant higher resolution of positron emission tomography (PET) in comparison 

with single photon emission computed tomography (SPECT). 68Ga-labeled analogs of octreotide 

(an octapeptide), such as DOTATOC, DOTANOC, and DOTA-TATE (where DOTA is 1,4,7,10-

tetraazacyclodecane-1,4,7,10- tetraacetic acid, DOTANOC is DOTA-1-Nal3-octreotide, DOTATOC 

is DOTA-Tyr3-octreotide, DOTATATE is DOTA - [Tyr3] –Octreotate), are clinically applied in 

nuclear medicine. These analogs are now applied the most frequently of all of the 68Ga-labeled 

pharmaceuticals [3].  

 An ability of non-radioactive Ga(III) complexes to serve as therapeutic agents in oncology 

has to be mentioned too. For example, Ga-chloride or Ga-nitrate has inhibitory effects on cancer 

cell growth. Ga(III) ion is also used as a complexion metal for sonosensitizers like porphyrins. They 

are used for sonodynamic therapy, the ultrasound dependent enhancement of cytotoxic activities 

of certain compounds (sonosensitizers) [4].  

 An aim of this work is to provide a brief view on and evaluation of the most important gallium 

complexes applied in oncology in the period of last two decades. Development and new trends in 

this field are briefly discussed too. 

 

Gallium and its isotopes 

 Gallium is the second metal ion, after platinum, which can be used in cancer treatment. It is 

because of its ability to inhibit DNA and protein synthesis and the activity of a variety of enzymes 

involving serum alkaline phosphatase (ATPase) and ribonucleotide reductase [5]. 

 The solution and coordination chemistries of Ga(III) are somewhat similar to those of Al(III) 

and In(III), but they are very similar to those of Fe(III). The biochemical similarities of these two 

ions, particularly regarding protein and chelate binding, are likely responsible for many of gallium’s 

physiological activities. Blood contains thousands of dissolved components, including many 

proteins, small molecule ligands, anions, anionic groups, metal ions, and complexes of all of these 

components, in addition to colloidal and cellular components. In vivo studies using subnanomolar 
67Ga revealed that virtually whole gallium in blood is present in plasma, with traces in leukocytes.  

 Nearly all plasma gallium is tightly bound to the iron-transport protein, transferrin (TF). TF 

transports its metal load into cells via the TF receptor, a protein that can bind two TF molecules. 

This receptor binds most strongly to diferric TF, less strongly to monoferric TF, and weakly to 

apotransferrin (having no metal ions) at neutral pH levels. The complex of metal-bearing TF and 

TF receptor is taken into the cell by endocytosis; the endosome is then acidified to release the 

metal. Malignant cells, generally, have very high TF receptor expression. Gallium binds even more 

avidly to the related protein lactoferrin, which can remove Ga from TF. A third iron-binding protein 

to which gallium can bind is ferritin. Ferritin serves to iron storage, is present in most cells to 

http://en.wikipedia.org/wiki/Peptide
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varying degrees, and is particularly concentrated in the Kupffer cells of the liver; it is also 

concentrated in some other tissue macrophages [1].  
 66Ga has a half-life of 9.5h and a high positron energy (415 MeV) and has several gamma 

rays associated with the decay at energies over 1 MeV. For this reason it has been proposed as 

a radiotherepeutic agent. 67Ga is one of the most widely used single photon markers for the 

presence of inflammation and of malignancy. It has 78h half-life and decays by electron capture 

emitting gamma rays at 93.3, 184.6 and 300.2 keV. The gamma ray at 184.6 is detected by 

gamma camera or SPECT imaging. The common way 68Ge is used as the source for 68Ga which is 

employed very extensively in PET applications as a convenient source of low energy positrons. It 

can also be produced directly if that is desired [2]. Important nuclear characteristics for Ga isotopes 

are given in Tab. 1. Although complexing properties of various isotopes of Ga(III) are the same, 

characteristic radiation of particular isotopes is utilized for specific purposes, i.e. therapeutic (alpha 

or beta radiation) and imaging (gamma radiation). 

 

Tab 1. Important Nuclear Characteristics for Ga Isotopes [2]
 

 

Characteristic 
67

Ga 
68

Ga 
66

Ga 

Gamma photon energy 

[keV] 
93, 184, 300 511 (beta +) 511(beta +), 1039, 2750 

% photons/disintegration 

 
38, 24, 22 178 114, 37, 23 

Electrons (keV) 84, 92 1900 (beta +) 4153 (beta +) 

Half-life 78h 68m 9.5h 

Production method 
68

Zn(p,2n)
67

Ga 

68
Ge daughter, 

66
Zn(alpha,2n)

68
Ge 

63
Cu(alpha,n)

66
Ga 

Contaminant 
66

Ga, 
65

Zn 
68

Ge 
67

Ga 

Way of detection gamma camera, SPECT PET gamma camera, PET 

Abbreviations: SPECT - Single-photon emission computed tomography, PET- Positron emission tomography 

 

GALLIUM PHARMACEUTICALS 

 Renewed interest in 68Ga has recently arisen from several reasons. First, positron 

emission tomography (PET) has developed during the last decade from a research tool into a 

powerful diagnostic and imaging technique for routine clinical applications. Second, 68Ge/68Ga 

generators have been developed that produce suitable eluates for labeling that can be 

converted into a 68Ga-labeled pharmaceutical for PET studies. Third, there are many  

DOTA-peptides that can be labeled with 68Ga. Fourth, a variety of monofunctional and 

bifunctional chelators have been developed that allow the formation of stable 68Ga(III) 

complexes and convenient coupling to biomolecules. Fifth, the availability of PET radiolabeled 

pharmaceuticals by the introduction of 68Ga in radiopharmacy, independent of an on-site 

cyclotron, opened new applications and possibilities. Coupling of 68Ga to small peptides and 

biomolecules has been recently reviewed [6 – 10] and 68Ga is potentially an alternative to 18F- 

and 11C-based radiopharmacy. Last but not least, equipment, including generators, purification 
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and concentration of eluate, techniques of radiolabeling, robotics, and PET cameras, has 

improved during the last decade [11].  

 The body generally handles Ga  (III) as though it were ferric iron, Fe (III), and thus the free 

isotope ion is bound (and concentrates) in areas of inflammation, such as an infection site, and 

also areas of rapid cell division. Ga (III) binds to transferrin, leukocyte lactoferrin, bacterial 

siderophores, inflammatory proteins, and cell-membranes in neutrophils, both living and dead. 

These binding properties of Ga (III) are utilized in diagnosis and therapy of both soft tissue 

diseases and hard tissue ones. Specificity of Ga(III) binding in the body can be properly 

modified via appropriate ligands and/or chelators. 

 Gallium pharmaceuticals can be divided into two groups according to their radioactivity. 

These are the radiopharmaceuticals employing radioactive Ga(III) isotopes  

(for the representative examples see Tab. 2) and conventional pharmaceuticals employing 

non-radioactive Ga(III) ion (for the representative examples see Tab. 3). Besides low molecular 

weight ligands presented in Tabs. 2 and 3 the protein biopolymers and even whole cells have 

been successfully employed in Ga(III) pharmaceuticals as it is illustrated in Tab. 4.  

Structure and properties of such protein ligands are further illustrated and mentioned in Tab. 5. 

According to target place of a drug, we can divide them into pharmaceuticals with an impact on 

hard tissue (bones, bone metastasis ) and soft tissue (mainly liver, spleen, mucouse tissue, all 

tumor cells or any tissue undergoing inflammatory processes), that is most of the drugs, as it is 

discussed in sections 3.1 and 3.2, respectively. Gallium complexes in oncology can be used for 

imaging and/or therapy that is discussed therein too. 

 

http://en.wikipedia.org/wiki/Ferric
http://en.wikipedia.org/wiki/Transferrin
http://en.wikipedia.org/wiki/Leukocyte
http://en.wikipedia.org/wiki/Lactoferrin
http://en.wikipedia.org/wiki/Bacterium
http://en.wikipedia.org/wiki/Siderophore
http://en.wikipedia.org/w/index.php?title=Inflammatory_protein&action=edit&redlink=1


Recent Developments in Coordination, Bioinorganic, and Applied Inorganic Chemistry  
Edited by M. Melník, P. Segľa, and M. Tatarko   
Press of Slovak University of Technology, Bratislava  © 2013 

36 

 

Tab. 2 Examples of Ga radiopharmaceuticals, other than with protein ligands 
 

Ligand 

Metal 

ions 

used 

Usage Properties of ligand Structure of ligand 

Quinazoline- 

derivatives 

[12] 

67,68
Ga 

Targets epidermal 

growth factor 

receptors, imaging 

Aromatic compounds that 

exhibit high affinity for the 

EGFR-associated TK, 

competing with and 

preventing binding of ATP to 

the intracellular TK domain 

C8H6N2 

 

 

Chloride 

[13, 14]
 

67,68
Ga 

Imaging of 

lymphomas, 

inflamatory 

processes 

its salt sodium chloride is an 

essential electrolyte located in 

all body fluids responsible for 

maintaining acid/base 

balance, transmitting nerve 

impulses and regulating fluid 

in and out of cells. 

Cl
–
 

Folate 

conjugates 

[15] 

67,68
Ga, 

111
In, 

99m
Tc 

diagnostic agents 

for imaging folate 

receptor-positive 

tumours 

important vitamins for cell 

division and replication 

C19H19N7O6 

 

Citrate 

[16 – 18] 

67
Ga 

A whole body scan 

scintigraphy for the 

initial staging of 

Hodgkin's 

Disease, detecting 

lung cancer and 

malignant 

lymphoma, 

pancreatic cancer 

at low sensitivity or 

Imaging of intra-

abdominal 

infection 

A citrate is a derivative of 

citric acid , citric acid can act 

as a mild chelating agent 

(C6H5O7)
3-

 

 

Abbreviations: epidermal growth factor receptor – EGFR, tyrosine kinase – TK, adenosine triphosphate - 

ATP  

 

 

 

http://en.wikipedia.org/wiki/Sodium_chloride
http://en.wikipedia.org/wiki/Electrolyte
http://en.wikipedia.org/wiki/Nerve_impulses
http://en.wikipedia.org/wiki/Nerve_impulses
http://en.wikipedia.org/wiki/Citric_acid
http://en.wikipedia.org/wiki/Chelating
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Tab. 3 Examples of non-radioactive Ga(III) pharmaceuticals used in oncology 
 

Ligand Structure Usage Properties of ligand 

Other 

ions 

used 

Chloride 

[13, 14] 

 

Cl
–
 

Inhibitory effects 

on cancer cell 

growth 

its salt sodium chloride is an 

essential electrolyte located in 

all body fluids responsible for 

maintaining acid/base balance, 

transmitting nerve impulses and 

regulating fluid iávern and out 

of cells. 

 

 

- 

EDTMP 

[19] 

C6H20N2O12P4 

 

therapy on bone 

metastasis 

A ligand with a high affinity for 

skeletal tissue and tendency to 

concentrate in areas with high 

metabolic turnover near 

hydroxyapatite 

153
Sm 

tris(8-quino-

linolato) Ga(III) 

[14, 20] 

Quinoline - C8H6N2 

 

a lead anticancer 

gallium-based drug 

for treating renal 

cell cancer 

Hydroxyderivate of quinoline - 

chelating agent, antiseptic, 

disinfectant, and pesticide 

properties, functioning as a 

transcription inhibitor 

 

- 

bis(2-

acetylpyridine-

4,4-dimethyl-3-

thiosemicarbaz

onato-N,N,S) 

gallium(III) tetra 

chlorogallate 

(III) 

[20, 21, 41] 

Semicarbazones 

 

wide spectrum 

anti-tumor effects 

(ovary, breast, 

colon), used for 

treatement 

One of the derivates of 

thiosemicarbazones with 

inhibitory effects on 

ribonucleotide reductase, ability  

to chelate metal ions 

Cu,  

Fe 

tris(3-hydroxy-

2-methyl 

4Hpyran-4-

onato) 

gallium(III) 

[20]  

treats several 

types of cancer, 

including liver 

cancer  and 

lymphoma 

Maltol  is a carbohydrate found 

naturally in many foods 

Cu,  

Fe 

Nitrate 

[5, 22] 

 

Treatement of 

lymphomas, bone 

metastases and 

bladder cancer. A 

drug used to treat 

symptomatic 

hypercalcemia 

gallium salt of nitric acid with 

the chemical formula Ga(NO3)3 
Pt 

http://en.wikipedia.org/wiki/Sodium_chloride
http://en.wikipedia.org/wiki/Electrolyte
http://en.wikipedia.org/wiki/Nerve_impulses
http://en.wikipedia.org/wiki/Chelation
http://en.wikipedia.org/wiki/Antiseptic
http://en.wikipedia.org/wiki/Disinfectant
http://en.wikipedia.org/wiki/Transcription_inhibitor
http://en.wikipedia.org/wiki/Metastases
http://en.wikipedia.org/wiki/Hypercalcemia
http://en.wikipedia.org/wiki/Gallium
http://en.wikipedia.org/wiki/Salt_%28chemistry%29
http://en.wikipedia.org/wiki/Nitric_acid
http://en.wikipedia.org/wiki/Chemical_formula
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Ligand Structure Usage Properties of ligand 

Other 

ions 

used 

porphyrins 

[4] 

 

Sonosensitizer in 

Photodynamic 

Therapy - 

ultrasound 

dependent 

enhancement of 

cytotoxic activities 

of certain 

compounds 

(sonosensitizers) 

role in supporting aerobic life, 

one of the best-known 

porphyrins is heme 

Arene Ru 

Pyrazole 

derivates 

[23, 24] 
 

Antitumor agents, 

therapy of for 

example ovarian 

adenocarcinoma 

or human lung 

carcinoma 

used for their analgesic, anti-

inflammatory, antipyretic, 

antiarrhythmic, tranquilizing, 

muscle relaxing, 

psychoanaleptic, 

anticonvulsant, 

monoamineoxidase inhibiting, 

antidiabetic and antibacterial 

activities 

Pt,  

Au,  

Cu 

thiolato ligands 

[25] 
 

a dosedependent 

antiproliferative 

effect towards 

cancer cells 

 

the thiolate ligand is a key 

factor in the oxygen activation 

Pd,  

Au, 

Arene Ru 

Abbreviations: ethylenediamine-N,N,N’,N’-tetrakismethylene phosphonate - EDTMP 

 

Hard tissue Ga pharmaceuticals 

 Gallium has long been known to concentrate in skeletal tissue, particularly regions of bone 

deposition and remodeling. In growing bone, gallium is concentrated in the metaphysis, particularly 

in the hypertrophic cartilage zone (growth plate); it is also concentrated in regions of fracture 

healing. To a less extent, gallium accumulates on the endosteal and periosteal surfaces of 

diaphyseal bone [26]. A possible way of Ga getting into bone is through calcium channels or by a 

simple diffusion. Only a minimum amount goes through transferrin receptor [16, 26]. 

 Elemental gallium is a potent inhibitor of bone resorption that acts to maintain or restore bone 

mass. By virtue of these biological effects, gallium compounds are potentially useful treatments for 

a variety of diseases that are characterized by accelerated bone loss, including cancer-related 

hypercalcemia, bone metastases, Paget's disease, and post-menopausal osteoporosis [27].  

 Gallium nitrate was originally developed as an antineoplastic agent; however, further studies 

have revealed that this drug has extremely potent effects on turnover of bone, and that low doses 

can be used to reduce bone resorption. The results of randomized double blind studies have 

http://en.wikipedia.org/wiki/Heme
http://en.wikipedia.org/wiki/Psychoanaleptic
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suggested that this drug has superior clinical efficacy relative to etidronate, calcitonin, and 

pamidronate for the acute control of cancer-related hypercalcemia [28]. Gallium nitrate injection 

(Ganite™) has been approved by the US Food and Drug Administration as an intravenous 

treatment for patients with cancer-related hypercalcemia [19]. 
 67Ga whole body scan is commonly used in nuclear medicine and it is useful for finding bone 

tumors. 67Ga-nitrate or citrate is used as a carrier molecule. 67Ga is imaged with a gamma camera, 

with a SPECT camera, or with SPECT/CT hybrid machines. 

Specificity of Ga pharmaceuticals toward the target is given by the ligand in Ga complex. For 

example, EDTMP (ethylenediamine-N,N,N’,N’-tetrakismethylene phosphonate) is a ligand with a 

high affinity for skeletal tissue and its Ga(III) complex is used to treat bone metastasis [19].  

 

Soft tissue gallium pharmaceuticals 

 Isotope like 68Ga has suitable physical properties with a high positron yield reaching 89% of 

all disintegrations. Its half-life of 68 min. matches the pharmacokinetics of many peptides and other 

small molecules owing to a fast blood clearance, quick diffusion and target localization [29].  

Peptide binding properties and proper half-life of 68Ga indicate its suitability for soft tissues.   
 67Ga seems to behave as an analogue of the ferric ion, accumulating within the tumor cell by 

simple diffusion and possible penetration via the calcium channels. Many studies have 

demonstrated the usefulness of 67Ga scan to detect Hodgkins disease (cancer of lymph tissue 

found in the lymph nodes, spleen, liver, and bone marrow) [16]. 

 Whole-body scintigraphy with 67Ga-citrate (67Ga-citrate scan), the most widely used tumor 

seeking radiopharmaceutical, seems to have its greatest value in detecting lung cancer and 

malignant lymphoma. Meanwhile, pancreatic cancer is detectable by 67Ga-citrate scan at low 

sensitivity [18]. 67Ga and labeled leukocytes are useful in the detection of an unknown infectious 

source. However, the delay in the diagnosis of a 67Ga-citrate scan (72 hours for whole body scan) 

and the complicated labeling technique of a 67Ga-leukocyte scan are major drawbacks to their 

clinical use (for example, higher time/preparation demands are not acceptable in case of acute 

inflammations). 67Ga-citrate scan was the first radionuclide method to be widely used to image 

inflammation. The mechanism of gallium uptake in infectious sites is not completely understood. 

Multiple factors are thought to contribute to the accumulation and retention of 67Ga in inflammatory 

lesions, including increased capillary permeability at the inflammatory sites, binding of gallium to 

tissue proteins such as lactoferrin, as well as direct leukocyte and bacterial uptake [17].  

 Chelating agents are molecules that have the ability to form more than one bond to a metal 

ion, thereby increasing the stability of the ion complex. Compounds like DOTA, DTPA, DOTANOC, 

DOTATATE, chloride or citrate acid etc. are chelating agents of different strength. Several studies 

showed that somatostatin receptor PET and PET/CT, using different radiopharmaceuticals (as 
68Ga DOTANOC, 68Ga DOTATOC and 68Ga DOTATATE) are accurate imaging methods in the 

diagnosis of thoracic (mainly pulmonary and thymic) and gastroenteropancreatic neuroendocrine 

tumours [3].   

 Complexation of gallium with organic ligands has been recognized as a promising strategy 

for creating tumorinhibiting therapeutics with a number of advantages over gallium salts regarding 

http://en.wikipedia.org/wiki/SPECT
http://www.wisegeek.com/what-is-a-bond.htm
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oral bioavailability. Indeed, the evolved hydrolytic stability and membrane penetration ability render 

gallium complexes improved intestinal absorption functions compared to nitrate or chloride salt 

which leads to increased plasma concentrations of gallium. Owing to such benefits, as well as 

better antiproliferative properties, two oral compounds, tris(8-quinolinolato)- gallium(III) (KP46) and 

tris(3-hydroxy-2-methyl-4Hpyran-4-onato)gallium(III) (gallium maltolate) have been selected from a 

series of gallium complexes for clinical development. KP46 has finished phase I trials with the 

outcome of promising tolerability and evidence of clinical activity in renal cell carcinoma but it also 

reduces viability of A549 human malignant lung adenocarcinoma cells. Gallium maltolate is 

promising chemotherapeutic agent for the treatment of hepatocellular carcinoma. Likewise, bis(2-

acetylpyridine-4,4-dimethyl-3-thiosemicarbazonato-N,N,S)gallium(III) tetrachlorogallate(III) 

(KP1089) was the first representative of the class of a-N-heterocyclic thiosemicarbazone 

complexes that has been assayed for antineoplastic activity in human tumor cell lines – ovary, 

breast, colon [20, 30 –34].   

 Over the years increasing attention has been paid to pyrazoles in drug and related research 

due to ability of metal complexes being anticancer (for example, human colorectal cell lines, gastric 

cell lines, leukemia cells and many others), antibacterial/parasitic and antiviral agents [23].   

 The trivalent gallium cation is capable of 67inhibiting tumor growth, mainly because of its 

resemblance to ferric iron. It affects cellular acquisition of iron by binding to transferrin, and it 

interacts with the iron-dependent enzyme ribonucleotide reductase, resulting in reduced 

intracellular deoxyribonucleoside triphosphate (dNTP) pools and inhibition of DNA synthesis. The 

abundance of transferrin receptors and the up-regulation of ribonucleotide reductase render tumor 

cells susceptible to the cytotoxicity of gallium. Remarkable clinical activity in lymphomas and 

bladder cancer has been documented in clinical studies employing intravenous gallium nitrate [22]. 

 Another way how to treat cancer is photodynamic therapy. For example Ga – porphyrins are 

used for sonodynamic therapy, the ultrasound dependent enhancement of cytotoxic activities of 

certain compounds (sonosensitizers). Possible mechanisms of sonodynamic therapy include 

generation of sonosensitizer derived radicals which initiate chain peroxidation of membrane lipids 

via peroxyl and/or alkoxyl radicals, the physical destabilization of the cell membrane by the 

sonosensitizer thereby rendering the cell more susceptible to shear forces or ultrasound enhanced 

drug transport across the cell membrane (sonoporation) [4]. For example, the photodynamic 

therapy using a new photosensitizer Ga-porphyrin complex has been applied in the treatment of 

pancreatic cancer [23].  
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Tab 4. Examples of protein ligands for Ga pharmaceuticals 
 

Protein ligand Usage 
Gallium 

type 

Other ions 

used 

Chelators 

used 

Streptokinase 

[35] 

SPECT imaging of 

thrombi in many 

cardiovascular diseases 

67,68Ga 99mTc, 131I 
DTPA-

dianhydride 

Bleomycine 

[11] 

SPECT imaging and/or 

therapy of neoplastic 

tissues 

68Ga 

111In, 57Co, 
99mTc, 

radioferric salts 

and 105 Rh 

 

- 

Arg-Gly-Asp 

(RGD) 

and 

Bombesin (BBN) 

[36] 

Arg-Gly-Asp (RGD) 

peptide images integrin 

αVβ3 expression via 

PET , bombesin (BBN) 

analogs target the 

gastrin-releasing peptide 

receptor 

68Ga 

 

 

- 

DOTA 

Anexin V 

[37] 

apoptosis-detecting 

radioligand, 

SPECT/PET imaging 

67,68Ga 

99mTc, 123, 124, 125 

I, 111In, 18F, 
64Cu 

DOTA 

White blood cells 

[38] 

SPECT imaging of 

accute inflammation and 

infection. 

67Ga 111In, 99mTc 

DOTA, 

HMPAO, 

oxine 

Octreotide 

derivatives like 

DOTANOC, 

DOTATOC, 

DOTATATE 

[3, 39] 

PET imaging methods in 

the diagnosis of thoracic 

and 

gastroenteropancreatic 

(GEP) neuroendocrine 

tumours (NETs) 

68Ga 

111In, 99Tc, 90Y, 
177Lu 

DOTA 

Abbreviations: Diethylenetriaminepentaacetic acid - DTPA, 1,4,7,10-tetraazacyclodecane-1,4,7,10- 

tetraacetic acid – DOTA, hexamethylpropyleneamine oxime – HMPAO, The phenylalanine residue at 

position 3 is replaced by tyrosine – DOTA-Tyr3, DOTA-1-Nal3-octreotide – DOTANOC, DOTA-Tyr3-

octreotide –DOTATOC, DOTA - [Tyr3] – Octreotide Acid (Octreotate) –DOTATATE 
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Tab. 5 Structure and properties of protein ligands for Ga pharmaceuticals 
 

Ligand Structure Properties of ligand 

Streptokinase 

C2100H3278N566O669S4 

 

a protein binding and 

activating 

human plasminogen, 

causes the lysis of 

venous thrombi 

Bleomycine 

C55H84N17O21S3
 

 

a glycopeptide 

antibiotic causing 

breaks in DNA 

Arg-Gly-Asp 

C15H27N7O8 

 

a short aminoacid 

sequence,  plays a role 

in many recognition 

systems involved in 

cell-to-cell and cell-to-

matrix adhesion 

Bombesin 

C71H110N24O18S 

 

a peptide that 

stimulates gastrin 

release from G cells 

Anexin V 

C21H18O5 

 

a member of the 

calcium and 

phospholipid 

binding superfamily of 

Annexin proteins 

http://en.wikipedia.org/wiki/Plasminogen
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Ligand Structure Properties of ligand 

White blood 

cells 

 

cells of the immune 

system involved in 

defending the body 

against infectious 

disease and foreign 

materials 

octreotide 

C49H66N10O10S2 

 

an octapeptide that 

mimics natural 

somatostatin 

pharmacologically, 

though it is a more 

potent inhibitor of 

growth hormone, 

glucagon, and insulin 

than the natural 

hormone. 

 

 

CONCLUSION 

 In a review on the continuing role of radionuclide generator systems for nuclear medicine, 

Knapp and Mirzadeh [40] stated in 1994 that “despite the availability of the 68Ge/68Ga generator 

application of 68Ga radiopharmaceuticals may suffer from the complex ligand chemistry required for 

Ga (III) complexation to useful tissue-specific radiopharmaceuticals.” Indeed, at that time (1994) no 
68Ga-labeled pharmaceuticals were in clinical studies, and currently (2011) still not one European 

Medicines Agency - or United States Food and Drug Administration - approved 68Ga-labeled 

pharmaceutical is available. There is an urgent need to reduce the cost (i.e., time and money) of 

developing imaging agents for routine clinical use [3]. 

 From this review it is obvious that Ga has a wide spectrum of usage in cancer therapy as an 

imaging agent for early detection of cancer cells or malignant changes in body, as a therapy agent 

for treating various cancers and even as sonosensitizer. Another example of importance of 

radionuclide medicine lies in early diagnosis of abscesses. Most reports agree that computed 

tomography (CT) is the imaging method of choice for the diagnosis of intra-abdominal abscesses. 

However, in patients with distortion of normal anatomy due to recent trauma or surgery, an early 

infection before the development of discrete fluid collections is more difficult to detect with CT. In 

these clinical situations, radionuclide scanning may be still of some value [17]. Gallium(III) 

complexes with pharmaceutically active organic ligands may show additive or synergistic effects of 

both metal and ligands in one same compound. If the metal acts by a mechanism that is distinct 

from that of the ligands different targets would be reached by administration of the complex. In 

addition, organic ligands may be useful carriers of gallium into the cells. Although the 

http://en.wikipedia.org/wiki/Cell_(biology)
http://en.wikipedia.org/wiki/Immune_system
http://en.wikipedia.org/wiki/Immune_system
http://en.wikipedia.org/wiki/Infectious_disease
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http://en.wikipedia.org/wiki/Nitrogen
http://en.wikipedia.org/wiki/Oxygen
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pharmacological properties of gallium have been extensively investigated there is not a great 

number of non-radioactive gallium(III) complexes that have been examined for their therapeutic 

potential [1]. Once certain barriers are overcome, todays knowledge and techniques give to gallium 

complexes in pharmacy promising future. 
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ABSTRACT 

 The syntheses of various M(II)Sn(IV) [M(II): Ca(II), Co(II)] layered double hydroxides (LDHs) have 

been attempted by the traditional co-precipitation as well as mechanochemical methods. 

 Instead of LDHs co-precipitation produced only physical mixtures of hydroxides and carbonates of the 

two metal ions; this finding is in agreement with observations of other researchers. The syntheses were not 

successful by ball-milling either: this time the hydroxides and/or the salts containing crystal water were 

applied (dry milling). 

 X-ray diffractograms and S(canning)E(lectron)M(icroscopy)E(nergy)D(ispersive)X(-ray fluorescence) 

measurements revealed, however, that on adding certain amount of water to the mixture of the component 

hydroxides during ball-milling, LDHs were obtained. More interestingly, ball-milling is not even necessary, the 

reaction proceeds on manual grinding of the components in an agate mortar with a pestle. 

 

INTRODUCTION 

 Layered double hydroxides (LDHs) received increasing attention in recent years due to their 

wide ranging technological applications. The structure of LDHs consists of brucite-like  

(the structure of brucite is seen in Fig. 1) layers, in which some of the divalent cations are replaced 

with trivalent cations, thus providing the layers with a positive charge. In these layers the cations 

have an octahedral structure. To compensate the positive charge of the layers, different types of 

anions and crystal water are situated in the interlayer space. The compounds can be described by 

the general formula of [M(II)1-xM(III)x(OH)2]
x+ [(An)x/n y

.H2O]x-, in which M(II) is a divalent cation, 

M(III) is a trivalent cation, and An is the charge-compensating anion. A large variety of M(II), M(III) 

and An can be used to synthesize LDHs. The most frequently used divalent cations are Mg(II), 

Cu(II), Ca(II), Co(II), Cu(II), Zn(II) etc, the trivalent ones are Al(III), Fe(III), Cr(III), etc, while the 

most common anions are CO3
2, NO3

, Cl. 
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Fig. 1: The structure of brucite 

 

 LDHs containing M(IV) were first mentioned by Velu et al. in 1999 [1]. They managed to 

synthesize LDHs with tri- and tetravalent cations (MgIIAlIIISnIV) with simple co-precipitation method. 

The incorporation of Sn(IV) was ascertained from the changes in the lattice parameters, drawn 

from the X-ray diffraction patterns. They also presumed a mechanism for the incorporation of 

Sn(IV). The theory was that some of the trivalent cations in the LDH layer are substituted by the 

tetravalent cations. After this breakthrough other similar systems (NiAlSn, CoAlSn) were also 

prepared [2, 3]. 

 In 2003 Intissar et al. demonstrated using Mössbauer and X-ray absorption spectroscopies 

that the tetravalent cations did not incorporate in the layers of LDH, instead the tetravalent cation 

formed M(IV) oxide-like particles that are segregated from the layers [4]. They were investigating 

the systems in which M(II), M(III) and M(IV) cations were present. Due to this paper the scientific 

community with an interest in M(IV) type LDHs, was divided in two main groups. The first group 

continued to study M(II)M(III)M(IV) systems [5, 6], while the other group tried a different approach, 

and synthesized M(II)M(IV) type LDHs [7, 8]. 

 The most common technique used for the preparation of LDHs is co-precipitation. In this 

method aqueous solutions of M(II) and M(III) cations are used as precursors. These solutions are 

mixed together, then with a base (usually NaOH) the corresponding pH value is set, thus the metal 

ions precipitate in the form of LDH [9]. Another not so commonly used preparative technique is the 

mechanochemical method, which was applied for LDH synthesis in recent years. Tongamp et al. 

have developed a two-step milling operation, in which M(II)(OH)2 and M(III)(OH)3 were used as 

precursors without the addition of any solvents. This dry milling first step was followed by the 

addition of the needed amount water (wet milling) [10]. The addition of water was necessary 

because the precursors did not provide enough hydroxide groups to form the LDH. This method 

has not yet been used for LDHs containing M(IV) cations. 
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 The main field of applications for the Sn(IV)-containing LDHs is catalysis. They are used as 

catalysts for many reactions, such as Baeyer–Villiger oxidation of cyclohexanone [11], 

photocatalysis [12, 13], liquid-phase methanol carbonylation [14], Baeyer-Villiger reaction of 

adamantanone [6], etc. 

 In this study we describe our observations gained during the attempted preparation of 

M(II)M(IV)-LDHs using the traditional co-precipitation method and the novel mechano-chemical 

route. 

 

EXPERIMENTAL PART 

Materials and methods 

 Concentrated NaOH (~20 M) stock solution was prepared from MilliQ water (Milipore, 

Hungary) and analytical grade solid NaOH (Spectrum 3D, Hungary), their carbonate content was 

minimised. This stock solution was then diluted to 1 M concentration. 

 CaCl2, CoCl2 6H2O and SnCl4 6H2O (Sigma–Aldrich, Hungary) were of analytical grade and 

were used as received. 

 The first method applied was the co-precipitation method. Using this technique LDHs were 

prepared via dropwise addition of the two metal salt solutions in various molar ratios to a vigorously 

stirred NaOH solution. The pH of the solution containing the two metal ions was set to 1.71 using a 

20 % m/m HCl solution (Aldrich), to prevent the hydrolysis of the Sn. The concentration of NaOH 

was 1 M, the quantity was calculated to have a final pH of 9. The mixture of the two solutions was 

stirred for 24 hours. The precipitate was filtered until air dry with the aid of caustic resistant vacuum 

filter unit (Nalgene, USA) equipped with an appropriate membrane (Versapor 0.45 m, Pall 

Corporation, USA). The solid reaction products were kept at room temperature in desiccators over 

dry SiO2. 

 The used molar ratios differed depending on the kind of metal used, for Co(II)Sn(IV) it was 

3:1, for Ca(II)Sn(IV) it was varied in a wide range (from 3:1 to 6:1). 

 The second method, which is a novel technique for these systems, was the mechano-

chemical route. The mechanochemical synthesis was applied in two ways: by using a mixer mill 

and by using a simple agate mortar. The mill used was a Retsch MM 400 mixer mill, with two 

stainless-steel grinding jars of 50 cm3 internal volume each, and stainless-steel grinding balls of 20 

mm in diameter. The rotation frequency was 11.6 s1 and was kept constant throughout the 

syntheses, just like the total weight of the precursors (3 g). Two methods were investigated: the 

one-step and the-two step millings. In the former one only dry milling was applied, and the 

precursors were grinded for 3h. In the latter one, in addition to dry milling, wet milling was also 

applied. The precursors were grinded dry for 1 hour, than 0.7 ml of water was added, which was 

followed by a 2-hour-long wet grinding. After the synthesis the products were kept at room 

temperature in a desiccator over dry SiO2. 

 When using the agate mortar, the results of the above mentioned methods were meant to be 

reproduced, thus the methods applied were analogous to the ones mentioned above in both the 

one-step (dry) and two-step (dry and wet) millings. In this case the starting materials  
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(3 g all together) were grinded until a uniform, fine powder was achieved, and then the mixture was 

separated. One part was placed in a desiccator and was studied without further treatment.  

To the other part 0.35 ml of water was added, then grinding was continued until a uniform and 

homogenous mixture was obtained. The thus received product was then dried, and kept in a 

desiccator. 

 

Apparatus and equipment 

 Powder X-ray diffraction (XRD) patterns of the dry solid samples were recorded in the  

2 = 360o range ( is the incidence angle of the X-ray beam) on a Philips PW1710 instrument  

(the Netherlands), using CuK ( = 1.5418 Å) radiation. 

 The morphologies of the substances obtained were studied using a Hitachi S-4700 scanning 

electron microscope (SEM, Japan) at various magnifications. The ratios of the di- and tetravalent 

ions in the solid samples and elemental mapping were determined using a Röntec QX2 energy 

dispersive X-ray fluorescence (EDX) spectrometer (Germany) coupled to the microscope. 

 

RESULTS AND DISCUSSION 

 In order to prepare Sn(IV)-containing LDHs, two metals (Ca, Co) and two preparation 

methods (co-precipitation, and mechanochemistry) were used. 

 Samples prepared by the co-precipitation method, with their names, molar ratios and 

synthesis parameters, are presented in Table 1. 

 

Table 1: Samples prepared with the co-precipitation method 

 

Sample 
M(II):Sn(IV) 

molar ratios 

c(M(II)Cl2) 

[mol/L] 

c(SnCl4) 

[mol/L] 
pH 

Co3Sn 3:1 0.12 0.04 

9 

Ca3Sn 3:1 0.12 0.04 

Ca4Sn 4:1 0.16 0.04 

Ca5Sn 5:1 0.20 0.04 

Ca6Sn 6:1 0.24 0.04 

 

 The X-ray diffractograms of these samples are presented, without baseline correction or 

smoothing in Figs. 2 and 3. The typical diffractogram of an LDH displays three major diffraction 

peaks (003, 006, 009) from which the 003 is the most significant – it appears around 10o 2value 

The presence or lack of these peaks was investigated, to determine whether the LDH formation 

was successful or not. 

 The diffractograms of the Co(II)Sn(IV) samples (Fig. 2) do not exhibit the typical peaks of the 

LDHs. In both cases an increase in the baseline was noticed, which evidences the presence of an 

amorphous phase. For Co3Sn (A), around 11o 2 value, a broadened diffraction peak is observed. 

In hope of increasing the crystallinity of the sample and thus obtaining a clear peak around  
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11o 2 value, it was aged for 6 hours at 70oC (Fig. 2. (B) sample). The intensities of the peaks did 

increase, however, the broad peak around 11o 2value disappeared. It can be stated that the 

synthesis of Co(II)Sn(IV) LDH via the co-precipitation method was unsuccessful. 
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Fig. 2: Powder X-ray diffractograms of the Co(II)Sn(IV) samples: 

(A) Co3Sn, (B) Co3Sn after 6 h of ageing at 70
o
C 

 

The diffractograms of the Ca(II)Sn(IV) samples are presented in Fig. 3. 
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Fig. 3: Powder X-ray diffractograms of Ca(II)Sn(IV) samples: (A) Ca3Sn, (B) Ca4Sn, (C) Ca5Sn, (D) Ca6Sn 
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 In this case neither of the samples exhibit increase in the baseline, i.e. the crystallinity is 

good. The Ca:Sn molar ratio was changed in a wide range (from 3:1 to 6:1), but in neither cases 

could the specific diffraction peaks of the LDHs be recognised. In order to identify the peaks a 

randomly chosen diffractogram was analysed (Fig. 4). 

 

Fig. 4: Powder X-ray diffractogram of the Ca3Sn sample 

 

 The typical peaks of Ca(OH)2 and CaCO3 could be identified (CO2 is most probably 

airborne). This proves that the synthesis was successful until the precipitation of Ca(OH)2, but the 

incorporation of the Sn(IV) ions into the brucite-like layers did not happen. The presence of CaCO3 

could be explained by the fact that during the synthesis the air was not excluded. It can be 

concluded that using the co-precipitation method, Ca(II)Sn(IV)-LDHs could not be synthesized. 

 Samples prepared using mechanochemistry, with their names, molar ratios and synthesis 

parameters, are presented in Table 2. 

 

Table 2: Samples prepared with the mechanochemical method: using mixer mill with dry (mm_d) and wet 

(mm_w) milling and using agate mortar with dry (m_d) and wet (m_w) grinding 

 

Sample M(II):Sn(IV) 
Frequency 

(1/s) 

Added H2O 

(ml) 

Dry milling 

(h) 

Wet milling 

(h) 

Ca4Sn_mm_d 4:1 

11,6 

- 3 - 

Ca4Sn_mm_w 4:1 0.7 1 2 

Co3Sn_mm_w 3:1 0.7 1 2 

Ca4Sn_m_d 4:1 
 

- 
 

Ca4Sn_m_w 4:1 0.35 

 

The X-ray diffractogram of the Co3Sn_mm_w is presented in Fig. 5. 

Ca(OH)2 
CaCO3 
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Fig. 5: Powder X-ray diffractogram of Co3Sn_mm_w sample 

 

 It reveals the same tendency as the sample with similar composition but prepared with  

co-precipitation. An increase in the baseline can be noticed with the lack of the diffraction peaks 

characteristic to the LDHs, thus the conclusion can be drawn that with mechano-chemical 

synthesis Co(II)Sn(IV) cannot be produced either. 

 For the Ca(II)Sn(IV) samples synthesized via mechanochemistry the XRD results are 

presented in Fig. 6. In the one-step milling operations (B and D curves) we cannot talk about LDH 

formation because of the lack of the LDHs specific peaks. However, in the two-step milling 

operations (A and C curves) at 10o 2values the (003) peak specific to the LDH appears. It can be 

stated that using the two-step milling method Ca(II)Sn(IV)-type LDH was synthesized. The 

observation that the synthesis was successful only in the case of the two-step milling process is 

due to the fact that using only dry milling the crystal water introduced with the precursors does not 

generate sufficient amounts of hydroxide groups to form the LDH. Using the Bragg equation, from 

the position of the (003) peak the interlayer distance of the LDH can be calculated (Table 3.). 

 

Table 3: The interlayer distances of the Ca(II)Sn(IV)-LDHs 

 

Sample 
Interlayer distance 

(Å) 

Ca4Sn_mm_w 8,38 

Ca4Sn_m_w 9,05 

 

 



Recent Developments in Coordination, Bioinorganic, and Applied Inorganic Chemistry  
Edited by M. Melník, P. Segľa, and M. Tatarko   
Press of Slovak University of Technology, Bratislava  © 2013 

54 

 

10 20 30 40 50 60

(003)
In
te
n
s
it
y
/a
.u
.




A

B

C

D

(006) (009)

 

Fig. 6: Powder X-ray diffractogram of Ca(II)Sn(IV) samples prepared via mechanochemistry: (A) 

Ca4Sn_mm_w. (B) Ca4Sn_mm_d, (C) Ca4Sn_m_w, (D) Ca4Sn_m_d 

 

 For the samples that proved to be LDHs, SEM measurements were preformed in order to get 

information about the sample morphologies. The typical morphology of the LDHs was sought in the 

samples. The typical LDH morphology consists of lamellar structure, and of hexagonal shape.  

The SEM images of Ca(II)Sn(IV) samples prepared with the two-step mechanochemical synthesis 

(Figs. 7 and 8) show these characteristics, the lamellar structure is clearly recognisable.  

The particles sizes are bigger than what one would expect for LDHs, however, it may be assumed 

that the amorphous phase is due to smaller particles sticking together to form bigger aggregates. 

The SEM images have confirmed the results of the XRD measurements: LDH was formed during 

the two-step mechanochemical synthesis. 

 

 

(A) (B) 

Fig. 7: SEM images of the Ca4Sn_mm_w samples at magnifications of 13,000 (A), and 50,000 (B). 
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Fig. 8: SEM image of the Ca4Sn_m_w sample at a magnification of 50,000. 

 

 Using SEM–EDX the elemental composition and elemental distribution of the samples could 

be determined. For the Ca4Sn_mm_w sample the elemental analysis was performed (Fig. 9), from 

which it can be concluded that during the preparation of the samples iron contamination did not 

occur. 

 Using the EDX the elemental distribution map of both the Ca4Sn_mm_w and Ca4Sn_m_w 

samples were constructed (Figs 10, and 11). It can be observed that the distributions of the Ca and Sn 

are uniform within the particles, no aggregation or segregation can be noticed. This is also another 

piece of evidence that LDH was formed during the two-step mechanochemical synthesis, indeed. 

 

 

Fig. 9: The EDX elemental analysis of the Ca4Sn_m_w sample. 
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(A)                                                                     (B) 

Fig 10: Elemental distribution map (A) in the Ca4Sn_mm_w sample (B) 

 

 

 

(A)                                                                     (B) 

Fig 11: Elemental distribution map (A) on the Ca4Sn_m_w sample (B) 

 

 

CONCLUSIONS 

 Synthesis of M(II)Sn(IV)-type (M(II): Ca(II), Co(II)) LDH were attempted using the co-

precipitation and mechanochemical methods (the one-step and two-step milling). Neither method 

produced Co(II)Sn(IV)-LDH. The co-precipitation method was proved to be unsuc-cessful for the 

Ca(II)Sn(IV) samples too, just as the one-step mechanochemical method. 

 On using two-step milling, however, the synthesis of the Ca(II)Sn(IV)-LDH was successful in 

both the mixer mill and the agate mortar. This was confirmed by XRD, SEM and EDX 

measurements. Thus, it may be stated that a novel synthesis method has been developed for the 

M(II)M(IV)-LDH systems. 
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ABSTRACT 

 The solubility of portlandite, (the natural form of Ca(OH)2), has been determined in aqueous NaOH 

solutions up to 12.50 M concentration and at 298.0 K  T  348.0 K. As expected, the solubility of Ca(OH)2 

steadily decreases with the increasing NaOH concentrations. The solubility data obtained at constant ionic 

strength (I = 1 M) enabled the determination of the conditional solubility product of Ca(OH)2(s). The 

significant formation of the hydroxo complex CaOH
+
(aq) has to be invoked, however, to describe the 

variation of [Ca
2+

]T with [OH
–
]T (when T in subscript denotes the total concentration) and the formation 

constant of this species was also calculated at different temperatures. The results obtained are consistent 

with the lack of the solution species Ca(OH)2(aq) in these solutions. 

 

INTRODUCTION 

 In cement porewater (which contains Na+, K+, Ca2+ and OH- ions) the solubility of Ca(OH)2 

(portlandite) controls the concentration of calcium ions [1]. The limited solubility of Ca(OH)2 is also 

used in the analytical chemistry for quantitative removal of carbonate from certain (but not all) 

concentrated base stock solutions [2]. Calcium is also emlpoyed in the Bayer process, where 

highly concentrated caustic solutions are used for digesting bauxite [3]. Relevant literature data 

regarding portlandite solubility are scarce: some of them [4-6] are limited to [NaOH]T ≤ 1 M 

concentrations, which is far below the industrially relevant range. NaOH concentrations up to 3.0 

and 3.6 M were covered in the works of Konno et al. [7] and Duchesne and Reardon [1], 

respectively. Moreover, to the best of our knowledge, the solubility of Ca(OH)2 in solutions with the 

industrially important concentration range of 4 M – 20 M (latter is the solubility of NaOH at room 

temperature) as well as in superambient temperatures is fully unexplored. 

 There are several methods for determining solubilities of (crystalline) solid compounds in 

aqueous solutions. The simplest way includes the addition of an excess amount of solute into the 

solvent in a container, slowly stirred until equilibrium is reached and then sampling for analysis. 

During the solubility measurements, special attention must be paid to the followings: (i) the 

temperature must be accurately controlled, (ii) appropriate time must be allowed for establishing 

the equilibrium; (iii) the containers must be chemically resistant, (iv) the sample must be under 

CO2-free atmosphere during the whole process, (v) mixing must be adjustable and vigorous mixing 

must be avoided and (vi) the composition of the equilibrium mixture must not change during 

sampling. 

 Recently, we have built a simple and robust solubility apparatus designed to meet the criteria 

given in the previous paragraph [8]. An experimental protocol was elaborated enabling us to 
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determine the solubility of Ca(OH)2 in I = 1 M NaOH/NaCl mixtures (to determine the conditional 

stability constant of CaOH+ (aq) together with the solubility product of Ca(OH)2) and also in more 

concentrated NaOH solutions up to 20 M base concentrations. The results of these measurements 

are reported in the followings. 

 

EXPERIMENTAL PART 

Reagents and solutions 

 For the solubility measurements concentrated (~20 mol/L) NaOH solution was made by 

dissolving solid, analytical grade NaOH (VWR). Carbonate free CaO was preparated by heating of 

CaCO3 (Reanal) at 1178 K for 24 h. NaCl (VWR) was used to set the 1 M ionic strength. 

 The solubility apparatus used for the measurements as well as the experimental protocol has 

been described in a previous paper [8]. To calculate the molar concentrations, the volume expansion 

according to elevated temperatures on the basis of literature data was also taken into account [9-10]. 

 The purity of the CaO used was checked by XRD measurement. The radiation source was 

CuK and a Philips PW1710 instrument was used. 

The total calcium concentration in the equilibrium liquid phase was measured by ICP-OES 

analysis. For this, a Thermo IRIS Intrepid II XSP Duo instrument was used. 

 

RESULTS AND DISCUSSION 

 First of all, we investigated the solubility of Ca(OH)2 at changing ionic strength. The molar 

concentration of NaOH was varied between 0.25 and 15.00 M, and the temperature was set at 

298, 323 and 348 K.  
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Fig. 1. Solubility of Ca(OH)2 in solutions with changing ionic strength at different temperatures. 
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 As Fig. 1. shows, the solubility of Ca(OH)2 decreases with either increasing [NaOH]T or 

temperature. At NaOH concentrations higher than 7.5 M of, the solubility of Ca(OH)2 steadily 

decreases with the increasing [NaOH]T (when T in subscript denotes the total concentration),  

but apparently becomes independent of the temperature. 

 To determine the solubility constant of Ca(OH)2 and the formation constant of the CaOH+ 

complex, solubility measurements at constant ionic strength (1 M Na(OH,Cl)) were performed and 

at 298, 323 and 348 K. The results of these solubility measurements are shown on Fig. 2. 

 

Fig. 2. Solubility of Ca(OH)2 at 1 M ionic strength at different temperatures. 

 

The following chemical reactions were considered: 

 )s(2(l)2(s) Ca(OH)  OH  CaO 
 (1) 

 
)aq(

-
(aq)

2

(s)2 OH 2  Ca  Ca(OH)  

 (2) 

 )aq((aq)
-

(aq)
2 CaOH  OH  Ca    (3) 

In the measurements, the solid phase is exclusively Ca(OH)2 in equilibrium, and [OH–]  [OH–]T 

thus the solubility product is: 

 
   2T-2

Ca(OH) OH  Ca  L
2

 

 (4) 

The stability constant of CaOH+ complex can be expressed as 

 

 
   T-2CaOH OH  Ca

CaOH
  K










 (5) 

From these equations, and from the mass balance equation of Ca2+, the following formula can be 

deduced for the determination of the solubility product and stability constant: 

 
   T-

CaOHCa(OH)Ca(OH)

2

T

-

T

2 OH  K  L  L  OH  ][Ca
22

 



 (6) 

Thus plotting [Ca2+]T [OH-]T
2 against [OH-]T, a straight line is obtained (Fig. 3.), the intercept of 

which yields LCa(OH)2 and from the slope, KCaOH+ can be extracted. Table 1. includes the results. 
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Fig. 3. Linearization of the solubility of Ca(OH)2 at 1 M Na(OH,Cl) constant ionic strength, according to Eqn. 6. 

 

 The data were also evaluated with the aid of the ZITA software package [11] using non-linear 

fitting method. (Fig 4.). 

 

 

Fig. 4. Non-linear fitting of the solubility data obtained at 1 M Na(OH,Cl) constant ionic strength and at 298 K 

 

 Various models were taken into account during the non-linear fitting procedure.If it is supposed, 

that the only aqueous particle present is the free Ca2+, the fitting is far from perfect, so there must be 

another particle  besides the free Ca2+. Further solution species (Ca(OH)2, CaOH+ and both) were then 

included in the model. From these calculations, we shown that inclusion of Ca(OH)2 solution species in 

the model is not necessary to describe the data, and reasonable agreement between the observed and 

calculated values can be achieved, if Ca2+ and CaOH+ are assumed as coexisting solution species. 

This conclusion appeared to be valid for all temperatures employed (Table 1). 
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Table 1: The solubility product Ca(OH)2 and the stability constant of CaOH
+
 according to Eqn. 4 and 5, 

obtained from linearization and non linear fitting, at various temperatures. Calculated standard deviations are 

also shown. (CoD: Coefficient of determination) 

 
Linearization method  Non-linear fitting  

2)OH(CaLlg
 

CaOH
Klg

 2)OH(CaLlg
 

CaOH
Klg

 

25 °C 
4.03  0,05 0.85  0,12 4.10  0,01  0.97  0,03 

CoD: 0.9858 CoD: 0.9990 

50 °C 
4.93  0,16 1,43  0,04 4.72  0,08  1.18  0,07 

CoD: 0.9765 CoD: 0.9997 

75 °C 
5.72  0,04 2.13  0,01 5.33  0,03  1.74  0,03 

CoD: 0.9959 CoD: 0.9950 

 

 These results obtained at 298 K are in reasonable agreement with data found in independent 

literature sources [12]: lg LCa(OH)2 = - 5.19 (I = 0 M); lg KCaOH+ = 0.64 (I = 3 M), 1.30 ± (I = 0 M).  

The solubility product of Ca(OH)2 significantly decreases, while the stability constant of CaOH+ 

species significantly increases with the increasing temperatures. Further measurements are 

currently in progress, which (we hope) will enable us to accurately determine the thermodynamic 

parameters of the solution species formed. Moreover, independent spectroscopic proof is currently 

being sought to prove the existence of the CaOH+ solution species; this is necessary, as the 

existence of CaOH+ is debated by some authors, while supported by others. The results of these 

attempts will be discussed elsewhere. 
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ABSTRACT 

 An attractive task in photochemistry is to follow the whole reaction path, from ultrafast processes to 

final products. This work is to study the photochemistry of Pt(IV) and Ir(IV) complexes in water and alcohols. 

Photoaquation is an only process for these complexes in aqueous solutions. It can follow two mechanisms: 

the heterolytic metal-ligand bond cleavage followed by an escape of a ligand to the solution bulk (1) and the 

redox mechanism with the formation of two successive intermediates traditionally called primary and 

secondary radical pairs (2). 

 Photoaquation of PtBr6
2–

 and IrCl6
2–

 occurs via mechanism (1). In contrast, for PtCl6
2–

 mechanism (2) 

is realized. An intermediate with the lifetime of ca. 200 ps was attributed to the primary radical pair. 

Successive intermediates interpreted as Pt(III) complexes were observed by means of nanosecond laser 

flash photolysis. 

 For PtCl6
2–

 and IrCl6
2–

 in alcohols an electron transfer from the solvent molecule to the light-excited 

complex results in photoreduction. For PtBr6
2–

 both photoreduction and photosolvation were observed.  

The details of the mechanisms are discussed. 

 Therefore, the traditional mechanisms were examined in direct experiments. 

 

INTRODUCTION 

 Photochemistry of hexahaloid complexes of tetravalent platinum metals (further marked as 

ML6
2– is two hundred years old (the first manuscript on the photochemical activity of PtCl6

2– 

complex was issued in 1832 [1]), but the photolysis mechanisms are not definitely established 

[2, 3]. In the XX century these complexes were considered as objects of photochemistry interesting 

from academic point of view solely [2-5]. Among points of interest there were (1) a number of 

intermediates [4-10]; (2) unusual processes of chain photochemical aquation in the case of PtCl6
2– 

complex [11, 12]; (3) dramatic difference in photochemical properties of isoelectronic PtCl6
2– and 

PtBr6
2– complexes [2, 3]. The main photolysis mechanisms were proposed in the mid of XX century 

based on the results of stationary measurements [13, 2, 3]. 

 Currently photochemistry of haloid complexes of platinum metals has received a new 

stimulus for development caused by two practical tasks. The first task comes from photocatalysis. 

A fundamental problem there is to expand absorption spectra of semiconductors (TiO2, CdS) into 

the visible spectral region. One of the possibilities to solve this problem is the modification of TiO2 

[14-17] and CdS surface [18, 19] by platinum metal complexes. For complete description of 
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processes in these systems, photochemistry of complexes formed by desorbed metal in the 

solution bulk should be taken into account [15]. 

 Another aspect of interest to the photochemistry of simple platinum complexes is caused by 

the formation of unstable Pt(III) intermediates. The quantitative information on the reactions of 

Pt(III) complexes could be useful for understanding mechanisms of action of platinum-containing 

anti-tumor drugs [20-22]. The usage of photoactive Pt complexes in therapy of tumors is a 

prospective way to combine the cytotoxicity of platinum and the advantages of photodynamic 

therapy (selectivity and low toxicity) [22]. 

 For solving the both problems one needs quantitative description of photochemistry of 

platinum metal complexes, starting from the simplest, like ML6
2-. The general goal of this work is to 

follow the whole reaction path, from absorption of a light quantum to the final products.  

We summarize and extend here our studies of primary processes in photochemistry of IrCl6
2– [23, 

24], PtBr6
2– [25, 10], and PtCl6

2– [10] complexes. 

 

EXPERIMENTAL PART 

Reagents and solutions 

 Solutions of PtCl6
2– complex were prepared from Na2PtCl6 (Aldrich). Solutions of PtBr6

2– and 

IrCl6
2– complexes were prepared from Na2PtBr6H2O and Na2IrCl66H2O salts synthesized as 

described in 26] and [27] correspondingly. Deionized water, methanol and 95.6% ethanol (Aldrich) 

were used for the sample preparation. Ethanol was used without drying. When necessary,  

the samples were deaerated by bubbling with argon. Experiments were performed at ambient 

temperature. 

 

Apparatus and equipment 

 The absorption spectra were recorded using an HP-8453 spectrophotometer (Hewlett 

Packard). Stationary photolysis was performed using the irradiation by a high-pressure mercury 

lamp with a set of glass filters. 

 Nanosecond laser flash photolysis experiments were performed using a setup with excitation 

by either a YAG laser (355 nm, pulse duration 5 ns, mean energy ca. 5 mJ/pulse) or a XeCl 

excimer laser (XeCl laser, 308 nm, pulse duration 15 ns, pulse energy ca. 10 mJ). The setup is 

similar to that described elsewhere [28]. For calculation of quantum yields, laser intensity was 

measured by means of SOLO 2 laser power and energy meter (Gentec EO). 

 A pump-probe spectroscopy was used to study transient absorption in femto- and 

picosecond time domains. The experimental setup was described in details in [29]. The samples 

were excited by ~ 60 fs pulses at 400-420 nm (second harmonic of a Ti:sapphire generator-

amplifier system, CDP Ltd., Moscow, Russia, ca. 20-25 J/pulse). The experimental data were 

globally fitted, typically by a three-exponential model. The fitting program performed corrections of 

the group velocity dispersion and calculated the response time of the instrument. The overall time 

resolution was 150-200 fs. 
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RESULTS AND DISCUSSION 

Photochemistry of ML6
2– complexes: photosolvation and photoreduction 

 Generally, photochemistry of complexes of interest in aqueous and alcohol solutions is a 

combination of three types of reactions: 

(i) photoaquation (photosolvation) occurring via heterolytic cleavage of a metal-ligand (M-L) bond 

followed by an escape of a ligand to the solution bulk. 

2

2

6 5 2( )h

H O
ML ML H O L   

          (1) 

(ii) photoaquation (photosolvation) or photoreduction occurring via homolytic cleavage of a M-L 

bond. An example is given by the classical mechanism of Adamson’s radical pairs [30], which 

includes redox stages (2-5). In this case an inner-sphere electron transfer is the primary 

photochemical process, and two successive intermediates are formed, which are traditionally 

called primary and secondary radical pairs. Reactions of the secondary radical pair determine the 

nature of the photochemical process: in the case of back electron transfer (4) photosolvation 

occurs, and in the case of a radical escape tom the solution bulk (5) there is photoreduction. 

2 2

6 5[ ... ]hIV IIIM L M L L        Primary radical pair   (2) 

2 2

5 2 5 2[ ... ] [ ( ) ... ]III IIIM L L H O M L H O L         Secondary radical pair  (3) 

2

5 2 5 2[ ( ) ... ] ( )III IVM L H O L M L H O L        Back electron transfer     (4) 

2 2

5 2 5 2[ ( ) ... ] ( )III IIIM L H O L M L H O L        Radical escape to the bulk  (5) 

(iii) photoreduction occurring via outersphere electron transfer to the excited complex. Typically an 

electron could be transferred form the solvent molecule (reaction 6) or from a free ligand (in our 

case, halide anion, reaction 7). In the last case, formation of dihaloid radical anion is expected 

(reaction 8). 

2 2

6 6

h III

ROH
ML M L R H     

         (6) 

2 2

6 6

h III

L
ML M L L



   
          (7) 

2L L L                (8) 

Electronic structure and UV spectra of PtCl6
2–, PtBr6

2– and IrCl6
2– complexes 

 Platinum(IV), which has a 5d6 electronic configuration, forms stable and kinetically inert 

complexes with a variety of ligands. PtCl6
2– and PtBr6

2– are isoelectronic low spin complexes.  

The electronic absorption spectra of both complexes in aqueous solutions are shown in Fig. 1.  

The assignment of the spectral bands is presented in Fig. 2.  
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Figure 1. Electronic absorption spectra of aqueous PtCl6
2–

 and PtBr6
2–

 solutions. Insert – enlarged spectra in 

a visible region. 

 

 The spectra contain LMCT and d-d bands which are partially superimposed. The most 

intense LMCT band of PtCl6
2– with the maximum at 202 nm corresponds to the electron density 

transfer from –orbitals predominantly located on ligands to the vacant *-orbitals predominantly 

located on the metal ion [31]. The corresponding LMCT band in the spectrum of PtBr6
2– has its 

maximum at 226 nm [32]. The band of PtCl6
2– with the maximum at 262 nm and PtBr6

2– absorption 

in the region of 290-450 nm correspond to transitions from -orbitals of ligands to eg*-orbitals of the 

central cation [31, 33]. Shoulder at 355 nm in the spectrum of PtCl6
2– and absorption at 450-550 

nm in the spectrum of PtBr6
2– belong to d-d bands [31, 33]. For PtBr6

2– charge transfer and ligand 

field bands are superimposed at 300-450 nm. 
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Figure 2. Approximate scheme of molecular orbitals of PtCl6
2–

 and PtBr6
2–

 complexes according to [31]. 

 

 The electronic absorption spectrum of IrCl6
2– (Fig. 3a) contains extensive bands both in 

visible and UV regions. IrCl6
2– is a 5d5 octahedral complex. The simple assignment of its bands 

using non-relativistic symmetry (Fig.3b, left side) was performed by Jorgensen [32]. 

 Five degenerate d-orbitals of Ir(IV) in octahedral complexes form two equivalent eg orbitals 

and three equivalent t2g orbitals. The set of -orbitals of six ligands in the crystal field form a1g, eg 

and t1u group orbitals, and the set of -orbitals of ligands form t1u, t2u, t1g and t2g group orbitals.  

The tg-sub-shell of the complex has one hole, therefore d(t2g)
5 configuration of the ground state 

forms an only doublet term 2T2g, which corresponds to the ground state of IrCl6
2–. According to [32], 

the absorption bands in the region of 400-500 nm with an extinction coefficient of ca. 4000 M-1cm-1 

are the bands of ligand-to-metal charge transfer (LMCT). A stronger charge transfer band has a 

maximum at 232 nm. Relatively weak (  1000 M-1cm-1) band at 306 nm belongs to d-d ligand-field 

transitions. Further justification of the structure of molecular orbitals for IrCl6
2– complex in 

accordance with the relativistic calculations performed by Lopez and Case [34] is shown in right-

hand side of Fig. 3b. 
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Figure 3. (a) UV absorption spectrum of IrCl6
2–

 in aqueous solution. (b). The approximate structure of 

molecular orbitals of the IrCl6
2–

 complex according to [32] (non-relativistic approximation, left-hand side) and 

[34] (relativistic approximation, right-hand side). Electrons in filled orbitals lower than 5ug
 are not shown. 

Bold arrow corresponds to 400 nm excitation. 

 

IrCl6
2– complex 

 Let us consider the photochemistry of IrCl6
2– complex in aqueous solutions. The mechanism 

of photolysis is wavelength-dependent. Excitation to the region of d-d bands (308 nm) results in 

photoaquation of the initial complex [35, 36, 23]. Fig. 4a shows the changes in the UV spectrum 

due to photoaquation. Conservation of seven isosbestic points (at 289, 316, 397, 440, 526, and 

569 nm) relies to IrCl6
2–  IrCl5(H2O)– transition. The final absorption band with the maximum at 

443 nm belongs to the IrCl5(H2O)– complex [36]. The quantum yield of the photolysis is ca. 10–2 

[35], and the final product is formed within less than 20 ns [36]. 

 The excitation to the region of the visible LMCT bands (Fig. 3a) does not result in any 

photochemical reactions. 
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Figure 4. Photochemistry (308 nm, XeCl laser, 10 Hz) of IrCl6
2–

 complex in water and methanol. 297 K, 

0.086 cm cell, deaerated solutions. Change in the UV spectra caused by irradiation. (a) aqueous solution; 

initial concentration 410
-3

 M; laser energy 10 mJ/pulse; curves 1-5 denote 0, 60, 180, 360, 960 s of 

irradiation. (b) methanol solution; initial concentration 5.410
-4

 M; laser energy 17 mJ/pulse; curves 1-5 

denote 0, 35, 70, 160, 260 laser pulses. 

 

 Ultrafast pump-probe experiments were performed with the excitation of IrCl6
2– to the region 

of low-energy LMCT charge transfer band (420 nm). Because these bands are not photoactive, the 

results reflect photophysics of the complex. The absorption of light leads to the formation of 

transient absorption completely decaying in 100 ps. Kinetic curves are presented in Fig. 5.  

The global analysis of the time profiles in the wavelength range 440 – 780 nm by iterative 

reconvolution shows that the use of a two-exponential function (9) with the time constants  

1 = 0.5 ps and 2 = 18 ps fits well the experimental data. 

1 2
1 2( , ) ( ) ( )

t t

D t A e A e
   
 

  
     (9) 

 Intermediate absorption spectra corresponding to different times are shown in Fig. 6a.  

Curve 1 is the total sum of amplitudes in Eq. 9 corresponding to the spectrum at zero time. Curve 2 

is the A2() corresponding to the spectra at the end of first process (1 = 0.5 ps). Immediately after 

excitation the transient absorption spectrum is represented as a very wide band in the region of 

530 - 760 nm. Then the band is narrowed (with the characteristic time 0.5 ps) and a pronounced 

maximum at 640 nm is formed. No residual absorption is observed in the time domain > 100 ps. 
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Figure 5. (pump = 420 nm) photolysis of IrCl6
2–

 (310
-3 

M) in aqueous solutions. Kinetics of transient 

absorption at different wavelengths and time domains. Solid lines are the best two-exponential fits (Eq. (9)) 

after reconvolution with the instrument response function. 

 

 Complete recovery of the ground state is consistent with the absence of photochemical 

activity of visible LMCT bands of IrCl6
2–. The two characteristic times were attributed as electronic 

transition of Frank-Condon 2T2u* state to the lowest excited 2T1g state accompanied by vibrational 

cooling (1) and internal conversion of 2T1g to the ground state 2T2g (2). 

 The mechanism of IrCl6
2– photolysis in alcohols, like in aqueous solutions, is wavelength-

dependent. Excitation to the region of d-d bands (308 nm, Fig. 3a) results in photoreduction of the 

initial complex with the formation of IrCl6
3– complex [37]. Fig. 4b shows the characteristic changes 

in the UV spectrum due to photoreduction, which are very different of the case of aqueous 

solutions (Fig. 4a). The occurring absorption band with the maximum at 209 nm belongs to IrCl6
3– 

complex [32, 38]. Disappearance of absorption in the visible spectral region is the result of 

Ir(IV)  Ir(III) transition. 
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Figure 6. Ultrafast photolysis of IrCl6
2–

. Intermediate absorption spectra at different times. Initial 

concentration 310
-3 

M. (a) (pump = 420 nm) photolysis in H2O. Curve 1 – zero time (sum of amplitudes A1() 

+ A2(), (Eq. 9); curve 2 – after the end of the first process (amplitude A2()). (b) (pump = 400 nm) photolysis 

in methanol. 3-exponential treatment of the data of Fig. 2. Curve 1 – zero time (sum of amplitudes A1() + 

A2() + A3(), Eq. 13); curve 2 - after the end of the first process (sum of amplitudes A2() + A3()); curve 3 – 

after the end of the second process – (amplitude A3()). 

 

 Photolysis mechanism in methanol solutions is described by Eqs. (10-12). The primary 

quantum yield of photoreduction determined by Reactions (10, 11) is 0.1 [37]. In deaeraed 

solutions, Reaction 12 leads to the doubling of the quantum yield [37]. The formation of IrCl6
3– 

complex in Reactions 10, 11 occurs for less than 20 ns [37]. In ethanol, the formation CH3
CHOH 

radical is formed [39]. Excitation into the visible LMCT bands (Fig. 3a), like in the case of aqueous 

solutions, does not result in photochemical reactions. 

2 2
6 6( )*

h
IrCl IrCl

            (10) 

32 3

6 6 2( )*
CH OH

IrCl IrCl CH OH H             (11) 

2 3

6 2 6 2IrCl CH OH IrCl CH O H              (12) 

 Ultrafast pump-probe experiments were performed with the excitation of IrCl6
2– to the region 

of low-energy LMCT charge transfer band (400 nm, Fig. 3a). The absorption of a light quantum 
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leads to the formation of transient absorption completely decaying in 100 ps. The global analysis of 

time profiles in the wavelength range 450 – 750 nm by iterative reconvolution shows that the use of 

a three-exponential function (13) with the instrument response function fits well the experimental 

data. The optimal values of characteristic times are 1 = 350 fs, 2 = 2.2 ps and 3 = 30 ps. 

Intermediate absorption spectra corresponding to different times are shown in Fig. 6b. 
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Figure 7. Schematic representation of the processes followed by ultrafast excitation (400 nm) of IrCl6
2–

 in 

ethanol (a) and water (b). 

 

 In the framework of the simple non-relativistic description of IrCl6
2– spectroscopy (Fig. 3b, left 

side), excitation of IrCl6
2– ion the region of 400-420 nm corresponds to the first Laporte-allowed 

LMCT band (t2u)  d(t2g) [32]. As a result of an electron transfer, the hole moves from the lower 

5d-sub-shell to the filled (t2u) molecular orbital of ligands, forming an only excited term 2T2u.  

The more sophisticated description based on relativistic approximation (Fig. 3b, right-hand side) 

[34] gives evidence [24] of the occurrence of the lowest excited state 1Ug
, which is formed by the 

electronic configuration with a hole in 5ug
 orbital. 

 The proposed [24] scheme of photophysical processes for IrCl6
2– excited to the visible LMCT 

bands is shown in Fig. 7. In the case of IrCl6
2- complex in aqueous solutions the first characteristic 

time (500 fs) includes both 3uu

5ug

 electronic transition and vibrational relaxation. In alcohol 
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solutions, the first time (ca. 300 fs) corresponds to electronic transition with the formation of hot 

1Ug
* state. The second characteristic time (ca. 2.5 ps) could correspond to either vibrational 

relaxation or solvent diffusive relaxation. In addition, both these processes could be convoluted. 

Therefore, the relaxation processes in alcohols occur somewhat slower than in water. The final 

characteristic time (18-31 ps in different solvents) corresponds to the transition of 1Ug
 to the 

ground state. 

 Summarizing the contemporary data in the photolysis of IrCl6
2–, one can see that the 

experiments on ultrafast spectroscopy with the excitation at 400 nm allow to examine the 

photophysical processes resulting in the recovery of the initial state. It seems attractive to perform 

experiments with the excitation in the region of d-d (ca. 300 nm) and UV charge transfer bands  

(< 260 nm) in order to observe initial states of photochemical reactions. 

 

PtBr6
2– complex 

 Irradiation of PtBr6
2– complex in aqueous siolutions leads to photoaquation [40]. 

2

2

6 5 2( )h

H O
PtBr PtBr H O Br   

        (14) 

 The changes in the UV absorption spectrum corresponding to the first stage of the photolysis 

are shown in Fig. 8a. Three isosbestic points at 216, 242 and 287 nm are conserved, 

corresponding to PtBr6
2–  PtBr5(H2O)– reaction, in accord with [40, 41]. Prolonged irradiation 

leads to the distortion of the isosbestic points due to further photoaquation of PtBr5(H2O)– [40, 42]. 

The quantum yield of photoaquation is 0.4 independent on irradiation wavelength [40, 42]. In the 

experiments on nanosecond laser flash photolysis only instant changes in absorption occurring 

during the laser pulse were observed. The spectrum of these changed coincides with the 

difference in PtBr5(H2O)– and PtBr6
2– spectra. Therefore, the characteristic time of photoaquation is 

less than the laser pulse duration (6 ns). 

 Primary photophysical and photochemical processes for PtBr6
2– in aqueous solutions were 

studied by means of ultrafast spectroscopy [25, 33]. The kinetic curves are shown in Fig. 9a.  

The kinetic data were satisfactorily described by a three-exponential function (13) with the 

characteristic times collected in Table 1. The intermediate absorption spectra at different times 

after excitation are shown in Fig. 10. 
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Figure 8. Spectral changes caused by stationary photolysis (313 nm, 1 cm cell, natural content of oxygen) of 

PtBr6
2–

 in aqueous and methanol solutions. (a) 5.5×10
-5

 М in aqueous solutions. Curves 1-4 correspond to 0; 

4; 9; and 14 s of irradiation. (b) 610
-5

 M in methanol solution. Curves 1-5 correspond to 0, 3, 6, 9, 12 s of 

irradiation. 

 

 According to [33], the lowest excited state of PtBr6
2– (3T1g) is dissociative, and its lifetime is 

less than 150 fs. The spectral changes could be described by means of successful formation of 

PtIVBr5
– complex triplet and singlet state of (Table 1, Eqs. 15-20). 

 Within 150 fs following 420 nm excitation of PtBr6
2–, the molecule undergoes internal 

conversion and intersystem crossing into the dissociative lowest triplet excited 3T1g state, loses a 

ligand, and relaxes via the C4v conical intersection to the nearly trigonal bipyramid 3PtBr5
– product 

in the triplet state [33]. The next process is the intersystem crossing of 3PtBr5
– to singlet 1PtBr5

– 

state, which is the direct precursor of the reaction product – PtBr5(H2O)– complex. Therefore, the 

intermediate absorption spectra 2 and 3 for aqueous solutions in Fig. 10 correspond to 3PtBr5
– and 

1PtBr5
– species (see Table 1). PtBr6

2– photolysis in the region of d-d bands is consistent with the 

mechanism (27-32) [43]. The described scheme satisfies to the quantum yield independence of the 

excitation wavelength. 
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Figure 9. Femtosecond photolysis of PtBr6
2–

. 1 mm cell. Kinetics of transient absorption at different 

wavelengths and time domains. Solid lines are the best three-exponential fits (Eq. 13) after reconvolution 

with the instrument response function. (a) (pump = 420 nm) photolysis of 3.810
-3 

M PtBr6
2–

 in H2O. (b) (pump 

= 405 nm) photolysis of 1.910
-3 

M PtBr6
2–

 in CH3OH. 

 

2 1 2 1 * 1 *

6 1 6 1 2( ) ( , )h

g g gPtBr A PtBr T T 
        (15) 

2 1 * 1 * 2 3 *

6 1 2 6 1( , ) ( )g g gPtBr T T PtBr T 
        (16) 

2 3 * 3

6 1 5( ) { }g cagePtBr T PtBr Br   
        (17) 

3 1

5 5{ } { }cage cagePtBr Br PtBr Br     
        (18) 

3 2 1

5 6 1{ } ( )cage gPtBr Br PtBr A   
        (19) 

3

5 2 5 2{ } ( )cagePtBr Br H O PtBr H O    
       (20) 
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 In the case of PtBr6
2– photolysis in alcohol solutions [10], it is necessary to explain the 

formation of a relatively long-living (more that 100 ps) intermediates (Fig. 9, Table 1). Initial band 

(curves 1 in Fig. 10) with maximum at ca. 530 nm (methanol) and 570 nm (ethanol) looks similar to 

the spectrum of the second intermediate in aqueous solution (curve 2 in Fig. 10). In 1.3  2 ps the 

spectrum with maximum at 465 nm is formed. Therefore, it could be proposed that the initial 

spectrum in alcohol solutions mainly belongs to the triplet 3PtBr5
– complex. The spectral changes 

occurring in the first 200 fs include several processes, which are not resolved in our experiments. 

These processes are: (i) internal conversion and (ii) intersystem crossing into the dissociative 

lowest triplet excited 3T1g state of PtBr6
2– and (iii) lose of a ligand with the formation of the triplet 

3PtBr5
– product in the triplet state. 

 

Table 1. Characteristic lifetimes of intermediate absorption followed by excitation of PtBr6
2–

 complex in the 

region of visible d-d bands (405 nm). 3-exponential fit (Eq. 13). 
 

Solvent 1, ps Process 2, ps Process 3, ps Process 

H2O 0.4 

a (PtBr6
2–)* 

 3PtBr5
– + Br– 

2.2 

3PtBr5
–  

1PtBr5
– 

15 

1PtBr5
–  PtBr6

2– 

and PtBr5(H2O)– 

MeOH 1.3  0.3 
3PtBr5

–  1PtBr5
– 

and c 

3PtBr5
– + ROH 

 2PtBr5
2– 

8.7  1.4 

1PtBr5
– + Br–  

PtBr6
2– 

and c 

1PtBr5
– + ROH 

 PtBr5(ROH)– 

130  40 2PtBr5
2– + ROH 

 PtBr4
2– + 

products EtOH 1.3  0.5 9.6  2.0 260  80 

a
 PtBr6

2–
 (

1
T1g, 

1
T2g); assignment of absorption bands corresponds to calculations of Zheldakov [43]. 

b
 R = CH3; C2H5 

 

 In ca. 10 ps, 1PtBr5– complex recombines in the solvent cage with Br– anion. Then it is 

solvated giving the final product PtIVBr5(ROH)–. Spectra 3 (Fig. 10, alcohols) correspond to Pt(III) 

intermediate - 2PtBr5
2– complex. The last one transfers an electron from the solvent molecule giving 

final product of photoreduction, which is PtBr4
2– complex [10]. Therefore, parallel reactions of 

photosolvation and photoreduction occur in the case of PtBr6
2– photolysis in alcohol solutions.  

The mechanism of photolysis includes reactions (15-20), like in water, and reactions (21 – 23)  

(for the case of ethanol solution). The results of ultrafast experiments are consistent with the data 

of stationary and nanosecond laser flash photolysis [10]. 

1

5 3 5 3{ } ( )cagePtBr Br CH OH PtBr CH OH    
      (21) 

3 2

5 3 5 2

IIIPtBr CH OH Pt Br CH OH H Br               (22) 

3 2

5 3 4 2

IIPtBr CH OH Pt Br CH OH H Br               (23) 
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 Summarizing the data on the photophysics and photochemistry of PtBr6
2– complex in 

aqueous and alcohol solutions, we conclude that all the stages of the processes are monitored and 

the intermediates are identified. Therefore, the mechanism of photolysis could be considered as 

completely proved. 
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Figure 10. Photolysis of PtBr6
2–

 in aqueous (pump = 420 nm, 3.810
-3
 M), methanol (pump = 405 nm, 1.910

-3
 

M) and ethanol (pump = 405 nm, 1.910
-3
 M) solutions. Intermediate absorption spectra at different times. 

Curves 1 – zero time (sum of amplitudes A1() + A2() + A3()); curve 2 - after the end of the first process 

(sum of amplitudes A2() + A3()); curve 3 – after the end of the second process – (amplitude A3(), Eq. 13). 

 

PtCl6
2– complex 

 In contrast to the case of PtBr6
2– photochemistry, the isoelectronic PtCl6

2– complex (Fig. 2) 

demonstrates redox photochemistry in aqueous solutions without addition of free Cl– anions. 

Starting with [44], in most of the papers on the photochemistry of aqueous PtCl6
2–, a homolytic 

cleavage of Pt-Cl bond with a chlorine atom escape into the solution bulk (24) was considered as a 

primary photochemical process. 

2 2

6 5

hPtCl PtCl Cl             (24) 
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Figure 11. Stationary photolysis of aqueous PtCl6
2–

 solutions (3.210
-5

 M). (а) Change in the UV spectrum. 

Excitation at 313 nm, initial concentration 3.210
-5

 M, 1 cm cell, light intensity – 1.610
-6

 Einstein/(sliter). 

Curves 1-6 correspond to irradiation times of 0, 10, 30, 50, 75, and 130 s. (b) dependence of the quantum 

yield on the initial PtCl6
2–

 concentration. Excitation at 254 nm; initial pH 6.8; light intensity – 1.410
-7

 

Einstein/(sliter). Experimental points and linear fit. 

 

 Nevertheless, the integral photochemical process is photoaquation with the formation of the 

PtCl5(H2O)– complex on the first stage of the process [45-47, 12, 8]. The changes in the UV 

spectrum upon photolysis are shown in Fig. 11a. When the primary process (44) is realized, 

photoaquation can follow a chain mechanism (see below). In addition to chain process, direct (non-

chain) mechanism can be related to the back electron transfer in the geminate pair, {Pt(III) ion – Cl 

atom} [46]. 

 The quantum yield of PtCl6
2– photoaquation (aq) depends on the concentration of the initial 

complex, light wavelength and intensity [12]. Depending on the experimental parameters, quantum 

yield could be both less [27, 8] and sufficiently higher than unity [27, 12]. When chain process is 

predominant, aq is linear versus PtCl6
2– concentration [12]. 

 Fig. 11b demonstrates the dependence of aq vs. initial PtCl6
2– concentration upon the 

photolysis at 254 nm in the concentration range 10-5 10-3 M. In the case of chain mechanism of 

photoaquation the concentration dependence of quantum yield is described by Eq. 25 [12] 
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k I
 



 


 

          (25) 

where c is the initial complex concentration, 
0
 is the quantum yield at c0, I0 is the density of 

light power (in Einstein/(sliter), kp and kd are effective constants of chain propagation and decay. 

Linearity of the dependence Fig. 11b testifies the chain character of the process. 

 In the laser flash photolysis experiments (Fig. 12) the successive formation of intermediates 

was observed. The assignment of intermediates was performed in [9, 10] based on quantum 

chemical calculations of Goursot et al. [48-50]. The intermediate absorbing at 450 nm (further – 

Intermediate C) was interpreted as Pt(III) complex with the structure PtCl4X2 (X = OH–, H2O).  

The characteristic time of its formation is ca. 1 s (Fig. 12b). Then Intermediate C is transformed 

(with the characteristic time of ca. 7 s) to Intermediate D absorbing at 410 nm. Its structure is 

PtCl4-nXn (n = 1–3; X = OH–, H2O). Finally, absorption in the region of 350 nm belongs to the 

dihaloid radical anion Cl2
– [51]. 

 Formation of Pt(III) intermediates upon photoaquation of PtCl6
2– and linear dependence of 

quantum yield vs. complex concentration could be explained in the framework of chain mechanism 

of photolysis. Below, a possible scheme of chain processes, in which PtIIICl3(OH)– complex is the 

chain propagator, is presented (Eqs. 26-33). 

Chain initiation 

2 2

6 5

h IIIPtCl Pt Cl Cl             (26) 

2 2

5 2 4 22 ( )( )III IIIPt Cl H O Pt Cl OH H O Cl H             (27) 

2

4 2 2( )( ) III -

3
Pt Cl (OH)

IIIPt Cl OH H O H O Cl          (29) 

Chain propagation 

2 2

6 2 5 3 2( ) ( )III -

3
Pt Cl (OH)

IV IIIPtCl H O Pt Cl OH Pt Cl H O Cl           (30) 

3 2( ) III -

3
Pt Cl (OH)

IIIPt Cl H O H           (31) 

2

5 5 2( ) ( )IV IVPt Cl OH H Pt Cl H O            (32) 

Chain termination 

2 4 2 2 22 2 ( )( ) ( )( )III -

3
Pt Cl (OH)

IV IIH O Pt Cl OH H O Pt Cl OH H O          (33) 

 Primary photochemical processes for aqueous PtCl6
2– solutions were examined by means of 

ultrafast kinetic spectroscopy. Excitation at 405 nm resulted in the formation of transient absorption 

which was almost completely decayed in 800 ps. Kinetic curves at several selected wavelengths 

are presented in Fig. 13a. The global fit of the time profiles in the wavelength range 440 – 780 nm 

shows that the use of a three-exponential function (13) gives a good fitting with the time constants 

1 = 600 fs, 2 = 8.6 ps and 3 = 220 ps. Fig. 13b demonstrates differential intermediate absorption 

spectra corresponding to different times. 
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Figure 12. Laser flash photolysis (308 nm) of aqueous PtCl6
2–

 solutions (9.510
-5

 M in a 1 cm cell, natural 

content of oxygen). (a) Intermediate absorption spectra. Curves 1-3 correspond to 0; 4; 49 s after the laser 

pulse. (b) Examples of kinetic curves (black lines are 2-exponentional fits). 

 

 Immediately after excitation the transient absorption spectrum appears as a wide band 

covering all the region of observation (curve 1 in Fig. 13b). The first process with the characteristic 

time 1 = 600 fs results in the formation of two absorption bands (curve 2 in Fig. 13b). The maximum 

of the first band is in the region of 450 nm or probably shorter. The second band has a maximum at 

700 nm. The second process with the characteristic time 2 = 8.6 ps results in the narrowing of these 

bands without sufficient changes in their positions and relative intensities. The last process with the 

characteristic time 3 = 220 ps results in the synchronous disappearance of intermediate absorption. 

The similar behavior of the two bands at  450 and 700 nm means that they belong to the same 

intermediate, further marked as Intermediate A. The Intermediate A seems to be the same species 

which was previously registered by Goursot et al. [7]. In [7], the excitation of PtCl6
2– by 30 ps laser 

pulses at 355 nm resulted in the formation of the intermediate, which had two absorption bands at 

440 and 640 nm decaying with the characteristic time of 210 ps. Because 640 nm was just the 

longest wavelength in which intermediate absorption was measured in [7], we believe that 

Intermediate A and intermediate observed in [7] are exactly the same species. 
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Figure 13. Femtosecond (pump = 405 nm) photolysis of PtCl6
2–

 (0.03
 
M) in aqueous solutions. Cuvette 1 mm. 

(a) Kinetics of transient absorption at different wavelengths and time domains. Solid lines are the best three-

exponential fits (Eq.13) after reconvolution with the instrument response function. (b) Intermediate absorption 

spectra at different times. 

 

 The characteristics and assignment of Pt(III) intermediates are collected in Table 2. Four 

intermediates are necessary to describe the experimental data. Intermediate A is observed in 

ultrafast experiments. Intermediates C and D are observed in nanosecond laser flash photolysis. 

Because the decay of Intermediate A and formation time of Intermediate C are very different, we 

have to introduce one more Intermediate B, which is not observed directly in the near UV and 

visible spectral regions. The spectra of Intermediates A, C and D are shown in Fig. 14a. 
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Table 2. Intermediates of PtCl6
2-

 photolysis in H2O. max, form and dec are maxumum of the absorption band, 

formation time and decay time. 
 

Intermediate max, nm form dec Assignment 

A 445, 700 600 fs 220 ps [PtIIICl5
2–(C4v)…Cl] 

B __ < 100 ns 1.2 s PtIIICl5
2– (D3h) 

C 440-450 1.2 s 7 s PtIIICl4X2 (X = OH-, H2O) 

D 410 7 s > 1 ms PtIIICl4-nXn (n = 1–3; X = OH–, H2O) 

 

 We assign the Intermeadite A is the Adamson’s primary radical pair with the structure 

[PtIIICl5
2–(C4v)…Cl] (see Eqs. 2-5) and the Intermediate B as PtIIICl5

2- complex with the structure of 

trigonal bipyramid (D3h). According to quantum chemical calculations [48], the PtIIICl5
2- complex 

having the D3h structure should demonstrate absorption in the UV spectral region, which could not 

be monitored in these experiments. On the other side, the PtIIICl5
2- complex having the square 

pyramid structure (C4v) should demonstrate two absorption bands in the visible spectral region 

similar to observed in our experiments (Fig. 14), and the effect of apical Cl atom on the spectral 

properties seems to be small in the case of sufficient elongation of PtIII–Cl bond [48]. It is shown 

below that the assignment of Intermediate A to PtIIICl5
2– (C4v) complex instead of the radical pair 

disagrees with the experiments on PtCl6
2– photolysis in alcohols. 

 Therefore, we propose a rather complicated scheme of reactions preceding the formation of 

PtIIICl5
2– (D3h) complex, which started the chain process of PtCl6

2– photoaquation (Eq. 26).  

This scheme presented by Eqs. 34-39 completely describes the experimental data. 

2 2 3

6 6 1[ ]*( )h

gPtCl PtCl T 
         (34) 

3

6 1[ ]*( ) III 2- •

5 4V
[Pt Cl (C )...Cl ]gPtCl T 

        (35) 

  Intermediate A (primary radical pair) 

2- • 2

5 4 6[ ( )... ]III

VPt Cl C Cl PtCl           (36) 

2- •

5 4 2[ ( )... ] III 2- •

5 2
[Pt Cl (H O) ...Cl ] 

III

VPt Cl C Cl H O        (37) 

             Secondary radical pair 

2 •

5 2 5 2[ ( ) ... ] ( )III IVPt Cl H O Cl Pt Cl H O Cl           (38) 

2 •

5 2 2[ ( ) ... ] III 2-

5 3h
Pt Cl (D )

IIIPt Cl H O Cl Cl H O          (39) 

      Intermediate В 
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Figure 14. Spectra of intermediates occurred in the course of PtCl6
2-

 photolysis an water (a) and methanol 

(b). Intermediate A is a species obtained in ultrafast experiments (Figs. 13 and 15). Intermediates C and D 

are successive Pt(III) species obtained in nanosecond laser flash photolysis experiment (Fig. 12). 

Intermediate F is a Pt(III) species obtained in XeCl (308 nm, 15 ns) laser flash photolysis experiment (time 

delay 2 s) [52]. 

 

  For alcohol solutions of PtCl6
2- the primary photochemical process was reported to be an 

outershpere electron transfer from a solvent molecule to the light-excited complex [52-54] with the 

formation of Pt(III) intermediate – PtCl6
3- complex, and a hydroxyalkyl radical. PtCl6

3- complex 

rapidly dissociates to PtCl5
2- and Cl- [52]. Spectral signature of these processes is the formation of 

an intense band in the region of 530 nm (Intermediate F in Fig. 14b). 

3

2 3

6 6 2

h

CH OH
PtCl PtCl CH OH H     

       (40) 

3 2

6 5PtCl PtCl Cl             (41) 

 This mechanism was supported by means of ESR registration of hydroxyalkyl radicals in 

frozen alcohol matrices both directly [55] and by spin trapping [56]. Specific intermediates 

characterized as complexes of Pt(III) with free radicals were reported to occur in the course of 

photolysis [53, 54]. 



Recent Developments in Coordination, Bioinorganic and Applied Inorganic Chemistry  
Edited by M. Melník, P. Segľa, M. Tatarko   
Press of Slovak University of Technology, Bratislava  © 2013 

84 

 

 

450 500 550 600 650 700 750
0

5

10

15

3
2

 

 

 A1+A2+A3

 A2+A3

 A3 

1
0

2
 

 
D

, nm

CH
3
OH

1

 

Figure 15. (pump = 405 nm) photolysis of PtCl6
2–

 (0.052
 
M) in CH3OH. Intermediate absorption spectra at 

different times. 3-exponential treatment of the kinetic curves (Eq. 13). Curve 1 – zero time (sum of 

amplitudes A1() + A2() + A3()); curve 2 - after the end of the first process (sum of amplitudes A2() + 

A3()); curve 3 – after the end of the second process – (amplitude A3()). 

 

 Experiments on femtosecond laser excitation of PtCl6
2– in methanol and ethanol gave the 

results similar to those obtained in aqueous solutions. The differential intermediate absorption 

spectra for the case of methanol solutions are shown in Fig. 15. The formation of Intermediate A 

with absorption bands at  450 and 700 nm is observed, similar to the case of aqueous solutions. 

The results of 3-exponential fit of the experimental kinetic curves for PtCl6
2– in different solvents are 

collected in Table 3. Therefore, both for aqueous and alcohol solutions of PtCl6
2– we observe fast 

(with the characteristic time 1 = 600  700 fs) formation of the Intermediate A from the initial 

Franck-Condon state (which is hot 3T1g state according to assignment [57]). The second process 

with the characteristic time 2 = 4 11 ps, in which no dramatic spectral changes occur, could be 

assigned to the vibrational cooling accompanied by the solvent relaxation. The third characteristic 

time 3 = 200  500 ps corresponds to the transition of thermalized Intermediate A to the ground 

state of PtCl6
2– and/or to long-lived photolysis products. The spectrum of Intermediate A in alcohols 

is the same as in aqueous solutions, therefore, it could be assigned as [PtIIICl5
2–(C4v)…Cl] radical 

pair. As in the case of aqueous solutions, the decay time of Intermediate A is much less than the 

formation time of Intermediate F observed in the microsecond time scale, therefore, it is necessary 

to consider the reaction pathway AEF, where Intermediate E has no significant absorption in 

the near UV and visible spectral regions. An additional complication is that Intermediate F is 

formed both thermally (from Intermediate E) and in two-quantum photolysis of PtCl6
2– [52]. 
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Table 3. Characteristic lifetimes of intermediate absorption followed by excitation of PtCl6
2–

 complex in the 

region of visible d-d bands (405 nm). 3-exponential fit (Eq. 13). 
 

Solvent 1, ps Process 2, ps Process 3, ps Process 

H2O 0.6  0.02 

3T1gA* 

8.6  4.5 

A*A 

220  30 Relaxation to 

ground state 

and products 

formation 

CH3OH 0.7  0.1 4.3  1.1 350  20 

C2H5OH 0.7  0.2 11  6 490  50 

 

 In alcohols, Intermediate A, which is formed in Reaction (35) (in addition to backward 

reaction (36)), can oxidize a molecule of alcohol, which is situated in the second coordination 

sphere of platinum anion, giving rise to PtCl6
3– complex. The reaction mechanism (for the case of 

methanol) is represented by the reactions (34-36) and (42-47) (note that reactions 43-44 occur 

under the conditions of XeCl laser irradiation). Reaction between the radical pair (Intermediate A) 

and a solvent molecule gives rise to Pt(III) complex – PtCl6
3–. Omitting reactions occurring in the 

femto- and picosecond time domain, the formation of PtCl6
3- could be considered as an electron 

transfer from the solvent molecule to the light-excited complex (Eq. 40). PtCl6
3– complex distorted 

toward a D4h symmetry (with a moderate elongation of axial Pt–Cl bonds) exhibits LMCT transitions 

in the region of 308 nm [48], appearing as “dark” in the visible spectral region. Therefore, PtCl6
3– 

could be considered as Intermediate E. Photochemical (when excited in the region of 308 nm, 

Eq. 43-44) and thermal (Eq. 45) reactions of PtCl6
3– provide two mechanisms of PtCl5

2– complex 

(Intermediate F) [52, 54]. According to X calculations [48], the C4v structure of PtCl5
2– with a 

sufficient elongation of the axial Pt–Cl bond gives rise to the two-peaks absorption spectrum in the 

visible region. The assignments of intermediates for the case of PtCl6
2– photolysis in alcohols are 

collected in Table 4. The final product of PtCl6
2– photolysis in alcohol solutions is the complex of 

bivalent platinum – PtCl4
2– [58, 52-54]. 

 

2- •

5 4 3 2[ ( )... ] 3-

6
PtCl  

III

VPt Cl C Cl CH OH CH OH H          (42) 

     Intermediate E  

(308 )3 3

6 6 )*h nmIIIPt Cl PtCl           (43) 

3

6 )* III 2-

5 4V
Pt Cl (C )PtCl Cl            (44) 

         Intermediate F 

3

6

III 2-

5 4V
Pt Cl (C )PtCl Cl            (45) 

2-

5 4 4( )III III

VPt Cl C Pt Cl Cl            (46) 

4 3 4 2

III IIPt Cl CH OH Pt Cl CH OH H              (47) 
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Table 4. Intermediates of PtCl6
2–

 photolysis in CH3OH. 
 

Inter-

mediate 

a
max, nm a

form 
a
dec Assignment of PtIII species 

A 440, 700b, 700 fs 350 ps [PtCl5
2–…Cl] 

E Invisibleb < 100 nsb 1 sb PtCl6
3– 

F 
414 

535 

< 50 nsb,c 

1.2 sb 
2.6 msd PtCl5

2– (C4v) 

a
 max, form and dec are position of absorption band maxima, formation time and decay time of intermediates,  

b 
from [52],  

c 
occurs in two-quantum process [52],  

d
 from [55] 

 

Differences in photochemistry of PtCl6
2– and PtBr6

2– complexes 

 Now it is possible to stress the reasons of differences in photochemistry of isoelectronic 

PtBr6
2– and PtCl6

2– complexes. There are two main points: 

(1) The first point is the difference in the nature of the initial reactive intermediates. For PtBr6
2– the 

absorption of light quantum results in ultrafast formation of active Pt(IV) intermediate – 3PtBr5– 

complex, which is a subject of very fast (15 ps) solvation. For the case of PtCl6
2–, the initial Pt(III) 

intermediate assigned as the Adamson radical pair is sufficiently more stable, which leads (in 

aqueous solutions) to the partial escape of Pt(III) complexes from the solvent cage. It makes 

possible chain photoaquation. 

(2) The second point is a great difference in reactivities of bromide and chloride Pt(III) 

intermediates (as was proposed in [3]). This is a key factor in the case of alcohol solutions.  

For bromide complexes, very fast electron transfer from the solvent molecules to Pt(III) is 

accompanied by still faster Pt(IV) solvation. As a result, all the reactions are completed within  

0.5 ns. For chloride complexes, relative stability of Pt(III) intermediates gives rise to a number of 

secondary reactions. 

 

CONCLUSIONS 

 In this work, primary photophysical and photochemical processes for three hexahaloid 

complexes of platinum metals were studied. Ultrafast experiments were performed with excitation in 

the wavelength of 400-420 nm. For the case of IrCl6
2– complex this irradiation falls to the region of 

visible LMCT bands, which are not photochemically active. Therefore, we have observed the pure 

photophysics of this complex. To look inside IrCl6
2– photochemistry, a shorter excitation is necessary. 

 For the case of PtBr6
2– and PtCl6

2– complexes, both photophysical and photochemical 

processes were observed. We believe that for the case of PtBr6
2– the combination of ultrafast 

spectroscopy, nanosecond laser flash photolysis, stationary photolysis and quantum chemical 

calculations performed in [33, 43] gives the complete picture of the processes cause by absorption 

of a light quantum. For the case of PtCl6
2– the situation is more complicated. We have assigned the 

key intermediate observed in the femtosecond photolysis as the Adamson’s primary radical pair, 

[PtIIICl5
2–(C4v)…Cl]. However, the nature of this intermediate is a question still open for discussion. 

To examine the radical character of this intermediate, the experiments in low-temperature matrices 
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with the ESR registration seems to be prospective. Another possible way of solving the problem is 

to perform the quantum chemical calculations of the radical complexes. 
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ABSTRACT 

 Thermogravimetry (TG) and derivative thermogravimetry (DTG)  have been applied to the 

investigation of the thermal behaviors of  Cu(2-Clbz)2(denia)2(H2O)2 (I), Cu(2-Brbz)2(denia)2(H2O)2 (II) and 

Cu(3-Brbz)2(denia)2(H2O)1(III), where 2-Clbz and 2-Brbz and 3-Brbz = 2-chloro-, 2-bromo- and  

3-bromobenzoate anions, denia = N,N-diethylnicotinamide. Thermal decomposition of all studied compounds 

proceeds in three steps. By heating of compounds at the  first step is release of  water molecules. The final 

product of thermal decomposition is CuO. The thermal stability of the complexes can be ordered in the 

sequence: (II)<(I)<(III). 

 

INTRODUCTION 

 It is well documented that heterocyclic compounds play a significant role in many biological 

systems. Especially six-membered ring  systems being a component of several vitamins and drugs 

[1, 2]. It is not suprising, therefore, that many autors investigated heterocyclic compounds, 

examined them as ligand in complex of several central atoms and also investigatet the thermal 

properties of these compounds [3-6]. N,N-Diethylnicotinamide (denia) is toxic agent, but it is  used 

as respiratory stimulant [7,8]. When coordinated to central atom it exhibit different biological 

activities depending also on the central atom nature. In order to enhance understanding of the 

biologically important ligand – metal ion interactions, we have been studying the thermal properties 

of some copper(II) complexes with N,N-diethylnicotinamide. The reveal of the relationship between 

the structure and thermolysis of metal carboxylate complexes. Study of the influence of metal and 

ligand nature on the process of thermal decomposition are of a certain interest. This work is a 

continuation of our previously  studies [9–10] on the thermal properties of  cooper(II) 

halogenobenzonates with N,N-diethylnicotinamide.  

 

EXPERIMENTAL PART 

Preparation of compounds  

 Copper(II) acetate was solved in appropriate solvent (ethanol, water, acetone, acetonitrile or 

methanol). The stoichiometric amount of denia was added under stirring  to the obtained solution of 

copper(II) acetate to reach the stoichiometric ratio of Cu(II) acetate to denia [11]. After few minutes 

of reaction mixture stirring the stoichiometric amount of appropriate acid (2-chlorbenzoic,  

2-brombenzoic or 3-brombenzoic acid) was added. Mixtures were left stirred for several minutes.  
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The products, which arised  were filtrated off, washed with small amount of solvent and dried in air 

at ambient temperature. 

Measurements 

 Carbon, hydrogen and nitrogen analyses were carried out on a CHHSO Flash EATM 1112 

Automatic Elemental Analyzer. Thermal properties were studied with a Derivatograph OD 102 

(MOM Budapest) in air atmosphere by using a ceramic crucible with a crucible was of 150 mg from 

room temperature to 1020 °C. A heading rate of 10°C min-1 was chosen for all measuremenls. 

   

Results and discussion 

 The content of carbon, hydrogen and nitrogen was determined by elemental analysis and the 

content of copper  was determined by complexometric titration. The analytical data of the studied 

complexes, are given in Table 1.  

 

Table 1: Analytical data of studied complexes 

Complex 
Theoretical % Experimental % 

C H N Cu C H N Cu 

Cu (2-Clbz)2 (denia)2 (H2O)2   (I) 52,95 5,20 7,26 11,05 53,23 5,26 7,30 8,28 

Cu(2-Brbz)2(denia)2 . (H2O )2  (II) 48,00   4,75     6,53 7,37 47,70 4,71 6,55      7,42 

Cu(3-Brbz)2(denia)2 (H2O)1  (III) 48,64 4,47 6,18 9,57 48,73 4,57 6,69 7,58 

 

The thermal decomposition data of the complexes I-III are summarized in Table 2.  

 

Table 2: Thermal decomposition data  

Complex 
DTG TG 

Tmax/°C Temp. interval/°C ∆m(found/calc.)/% Lost component 

 141 53 – 194 °C 6,3/6,00 2 H2O 

I 351 194 – 482 °C 62,6/62,7 (denia)2 + (2-Clbz) 

 664 482 – 798 °C 54,5/54.8 (2-Clbz) 

 138 52-216 °C 4,2/4,1 2 H2O 

II 341 216 – 488 °C 41,8/41,8 (denia)2 + (2-Brbz) 

 682 488 – 775°C 46,7 /46.5 (2-Brbz) 

 151 53– 247 °C 2,7/3,2 H2O 

III 374 247 – 520 °C 54,2/54,3 (denia)2 + (3-Brbz) 

 743 520 – 830 °C 60,6/60,2 (3-Brbz) 
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 As can be see, the complexes are stable up to 53 °C, when temperature  drops up, the 

decomposition take place in three main ranges of temperatures (Table 2). 

 

Fig. 2: TG and DTG curves of Cu(2-Clbz)2(denia)2(H2O)2 (I) 

 

 The mass losses (complex (I)) corresponding to the decomposition stages are 6,3%, 62,2% 

and 54,5% respectively which is good agreement with the theoretical values (Table 2). These three 

steps were attributed to the formation of two intermediate products, i.e Cu(2-Clbz)2(denia)2  

and Cu(2-Clbz) and final product CuO.  

 

(Scheme 1): 

 Cu(2-Clbz)2(denia)2(H2O)2 
2

53 – 194 °C

– 2 H O
  Cu(2-Clbz)2(denia)2 (1) 

 Cu(2-Clbz)2(denia)2 
104 – 482 °C

– (2-ClBz + denia)
  Cu(2-Clbz) (2) 

 Cu(2-Clbz) 
482 – 798 °C

– (2-ClBz)
  CuO (3) 

 

 The DTG curve for complex I (Fig.2) presents thee maxima at ~ 141,351 and 664°C 

corresponding to the losses of 2H2O, 2 denia+ 2Cl-bz and 2-Clbz, respectively (Table 2). The TG 

and DTG curves for Cu (2-Brbz)2(denia)2(H2O)2 (II) are shown in Fig.3. The TG curve for this 

complex indicates that it is thermally stable up to ~ 52°C, where the dehydratation process starts. 

This is followed by three mass loss steps of 52-216°C, 216-488°C and 488-775°C.  
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Fig.3: TG and DTG curves of Cu(2-Brbz)2(denia)2(H2O)2  (II) 

 

 Based on mass loss values (Table 2), these three steps werw altributed to the formation of 

two intermediate decomposition products, i.e Cu(2-Brbz)2(denia)2 and Cu(2-Brbz)2, while the final 

product is concluded to be CuO. The thermal decomposition scheme is as follows:  

 

(Scheme 2): 

 Cu(2-Brbz)2(denia)2(H2O)2 
2

52 – 216 °C

– 2 H O
  Cu(2-Brbz)2(denia)2 (1) 

 Cu(2-Brbz)2(denia)2 
216 – 488 °C

– (2-BrBz + denia)
  Cu(2-Brbz) (2) 

 Cu(2-Brbz) 
488 – 775 °C

– (2-BrBz)
  CuO (3) 

 

 The DTG curve for the complex II (Fig.3) display three maxima of peaks at ~ 138,341 and 

682°C, corresponding to the losses of 2 H2O, 2 denia + 2-Brbz and 2-Brbz, respectively (Table 2). 

 The TG and DTG curve of Cu(3-Brbz)2(denia)2(H2O)1 (III) are shown in Fig.4. The TG curve 

of this complex indicates (III) that mass loss becomes observable at ~ 151°C and three mass loss 

steps were observed in the temperature range 20-950°C. The first between 53-247°C is 

accompanied by 2,7% mas loss and corresponds to the release of one mole of H2O. The second 

step took place between 247-520°C is accompanied by 54,2% mass loss and corresponds to the 

release of 2 denia + 3-Brbz. The third step (520-830°C) is attributed to the release of 3-Brbz and its 

mass loss is ~ 60,6%. They corresponds to the presence of two intermediate decomposition 

products: Cu(3-Brbz)2(denia)2 and  Cu(3-Brbz) . All mass loss are in good agreement with the 

theoretical values. The thermal decomposition scheme is as follows: 
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(Scheme 3): 

 Cu(3-Brbz)2(denia)2(H2O)1 
2

53 – 247 °C

– H O
  Cu(3-Brbz)2(denia)2 (1) 

 Cu(3-Brbz)2(denia)2 
247 – 520 °C

– (3-BrBz + denia)
  Cu(3-Brbz) (2) 

 Cu(3-Brbz) 
520 – 830 °C

– (3-BrBz)
  CuO (3) 

 

 

 

Fig.4: TG and DTG curve of Cu(3-Brbz)2(denia)2(H2O)1 (III) 

 

 The DTG curves of complex III (Fig.4) displays thee maxima of pears at ~ 151,374 and 

743°C corresponding to the losses of 1 mole of H2O, 2 denia + 3-Brbz and 3-Brbz, respectively 

(Table 2). 

The data correlate well with the thermal data of similar complexes with nicotinamide [10].  

The thermal stability of studied complexes increases in the sequence : (II)<(I)<(III). 
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ABSTRACT 

 In this survey, five modes of preparation of compounds containing a metal atom with unusually high 

oxidation number are offered, namely chemical oxidation, electrochemical oxidation, photoionization, 

photochemical reaction, and nuclear β-emission. Each of the modes is introduced in a nutshell and illustrated 

providing a suitable example. Limitations in the oxidation numbers are rationalized as well. Of the 

compounds with such an atom, ferrates containing tetrahedral Fe
VI

O4
2 anion are taken as case study 

objects, and their preparation, properties and application are discussed in detail.   

 

OXIDATION NUMBER – ITS MEANING AND LIMITS 

 Oxidation number is defined [1,2] as the actual (for non-bonded atoms and mononuclear 

ions) or the hypothetical (for covalently bonded atoms) charge of an atom would have if the pairs of 

electrons in each bond belonged to a more electronegative atom. Up to now it ranges from –IV  

(C–IVH4 or K4[Cr–IV(CO)4]) to +IX (IrIXO4
+). It should be pointed out that the oxidation number is a 

man-made (artificial) quantity with no direct real meaning. Usually it is correlated for an atom to its 

charge. The charge of an atom is experimentally reflected in two quantities, specifically in electron 

binding energy, Eb (the higher the positive charge of an atom, the higher Eb of all its electrons), and 

in isomer shift (IS) in Mössbauer spectra (roughly: the higher oxidation number, the lower IS).  

 Compounds containing atoms in their highest oxidation numbers are of importance both from 

theoretical and application point of views. As for theoretical chemistry, preparation and stabilization 

investigation of such compounds extended our knowledge on the validity of the Mendeleev periodic 

law and on the predictability based on theoretical approaches trying to unveil and rationalize 

structure-property correlations. As for practical viewpoint, such compounds may be, due to their 

oxidation ability, applicable in environmental protection, defense against accidental or intentional 

release of harmful substances, as well as in purposefully controlled advanced oxidation processes. 

Preparation of compounds with extremely high oxidation states is of importance also for philosophy 

of science because it enables to pull down invisible fences and even dogmas obstructing to face 

scientific challenges.  

 The term „unusually high oxidation states“ stands for higher oxidation states of elements 

having been reached or likely reachable in the future and not found in the nature. It has been 

understood that in common chemical conditions the maximum oxidation state of transition metal 

atoms is equal to the number of its valence electrons, e.g. Cr(VI), Mn(VII), Os(VIII). There is still a 

tacitly accepted barrier taking the number VIII as the maximum oxidation number.  
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 There are described and characterized some octavalent compounds of iron, osmium, 

ruthenium, and xenon (e.g. FeO4, RuO4, OsO4, K4XeO6), however, a question on the oxidation 

number higher than VIII is not definitely answered. Taking into account the number of the valence 

electrons of iridium (9 electrons) and platinum (10 electrons) atoms, there is no a priori reason to 

deny definitely the existence of oxo and/or fluorocompounds of Ir(IX) and Pt(X). Such species have 

been theoretically investigated and their thermodynamic and kinetic stability estimated by 

quantum-chemical methods.  

 

PREPARATION OF COMPOUNDS WITH ATOMS IN UNUSUALLY HIGH OXIDATION NUMBERS 

 Extremely high oxidation states, IX and X including, might be achieved through five principal 

ways, namely four chemical processes (chemical oxidation, electrochemical oxidation, 

photoionization, photochemical reaction) and one nuclear process (β-emission) from an 

appropriate isotope of a preceeding (in periodic system) high-valent atom.   

 Electrochemical oxidation is the main technique to prepare compounds with atoms of very 

high oxidation number. Electrochemical electron abstraction from a M(VIII) atom could be exploited 

only if conditions preferring such an abstraction rather than that from the other atoms exist.  

It relates to the relative order of the valence orbital energies. Detailed analysis of electronic 

structure combining the results of photoelectron spectroscopical techniques and quantum-chemical 

calculations can assist in solving this issue. Another intricate task may lie in the finding and utilizing 

an appropriate mode of the identification of the product containing a M(IX) or M(X) atom. In our 

laboratory the synthesis, isolation and stabilization of ferrate(VI) compounds via electrochemical 

way has been systematically and successfully investigated [3-5] and will be introduced in the 

following part. Other authors (details see in [1]) identified through Mössbauer spectroscopy also 

FeO4 presence during electrolysis. 

 Applying photoionization by UV or X-ray radiation both the ground-state or excited-state 

cations with the atom M in a higher oxidation state can be produced provided that the ejected 

photoelectron originates from a metal-localized orbital. The formation of Fe(V) compound can set 

as an example [6]. Detailed photochemical investigation of myoglobin (Mb-FeII) and its oxidized 

forms Mb-FeIII and Mb-FeIV=O revealed that UV-irradiation of the latter complex led through 

biphotonic photoionization to the formation of hydrated electron e(aq) and Mb-FeV=O+, which was 

identified by UV-VIS absorption spectroscopy and electron/radical scavenging techniques. As for 

oxidation numbers higher than VIII, platinum(VIII) compounds seem to be the most promising 

candidate since two extractable 5d electrons are localized on the central platinum(VIII) atom.  

 The capacity of photochemistry to obtain a species with unusually high oxidation number of a 

metal atom can be demonstrated by formation of the hexacoordinated iron(VI) nitrido complex, 

[(N4O)FeVI
N)][PF6]2 (N4O = macrocyclic pentadentate 4,8,11-trimethyl-1,4,8,11-tetraazacyclotetra-

decane-1-acetate(1) chelating ligand [7]. The triple bond nature is in accord with a very short 

internuclear distance d(FeN) = 157 pm. The complex has a singlet ground state (dxy
2) and is 

stable at 77 K, decomposing to high-spin Fe(III) species upon warming. The photochemical step 

can be schematized as follows:  
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The starting dicationic Fe(IV) azido complex was prepared by electrochemical oxidation of the 

Fe(III) complex.  

 Untraditional mode of formation of molecules or ions with extremely high oxidation state is a 

nuclear process of β-radiation emission. It is obvious that the emission of an electron from a 

nucleus of a β-emitter isotope of ruthenium (such as 103Ru, 105Ru and 106Ru) or osmium (such as 
193Os and some other isotopes) present in the form of their tetroxides RuO4 and OsO4 will lead 

directly to the cationic species RhO4
+ and IrO4

+ with the central atom in the oxidation number IX. 

Due to the fact that the β-radiation emission leads to an increase in a positive charge of the central 

atom without modifying the bonding electrons distribution, it is clear that the originating species 

contain the central atom in a higher oxidation state. Using Mössbauer spectroscopy, the formation 

of IrO4
+ with the Ir(IX) atom was actually proved. The process can be expressed as [8] 

193OsVIIIO4  193IrIXO4
+ + e  

which is an analogy to a well-known preparation of some rare-gas compounds, e.g. 

 129IVIIO4
   129XeVIIIO4 + e.  

 Even if not very stable, ultrafast techniques operating at femtosecond and attosecond time 

domains enable to detect and characterize the formed short-live species and the application in the 

mentioned techniques may be expected in the future.  

Along with the mentioned experimental results, there is also intensive theoretical, quantum-

chemical investigation of the thermodynamic stability of several potential high-valence species 

indicating those which should be stable enough to prepare and study [9].   

 

PROPERTIES OF FERRATES(VI) 

 In its compounds, the iron atom may adopt all oxidation numbers ranging from II (e.g., in 

K2[Fe(CO)4]) to still disputable VIII (in the synthesized and spectrally characterized FeO4).  

 Of the iron(VI) compounds, the most familiar are ionic ferrates(VI) containing tetrahedral 

FeO4
2– paramagnetic (with two unpaired electrons) anions [10], known for more than 170 years.  

As for its acid-base properties, four forms differing in the number of hydrogen atoms are known, 

the corresponding equilibria being characterized by the following constants:  

H3FeO4
+   H2FeO4 + H+      pK0 = 1.6 ± 0.2 

H2FeO4 
  HFeO4

– + H+      pK1 = 3.5 

HFeO4
–   FeO4

2– + H+ pK2 = 7.3 ± 0.1 
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Figure 1 pH-dependent distribution of Fe(VI) in molecular and ionic forms of ferrate(VI) 

 

 Dianionic (FeO4
2–) and its protonated forms (HFeO4

–, H2FeO4, and H3FeO4
+) exhibit their own 

reactivity. Their pH-dependent distribution is depicted in Figure 1.  

 When expressing the reactivity towards the same counter-reactant in the form of rate 

constant, it has been found that the higher extent of protonation, the higher the reactivity [11, 12]. 

As stemming from the above equilibrium constants, at pH > 9.5, almost all iron(VI) is in the form of 

dianionic FeO4
2– [13] which facilitates the interpretation of ferrate(VI) reactivity.  

 The thermodynamic redox properties of FeO4
2– anions are characterized by the standard 

electrode potential values [14]:  

FeO4
2– + 8 H+ + 3 e–   Fe3+ + 4 H2O E0 = 2.20 V 

FeO4
2– + 4 H2O + 3 e–   Fe(OH)3 + 5 OH– E0 = 0.72 V 

FeO4
2– is, therefore, a stronger oxidant than its isostructural and isoelectronic MnO4

 or CrO4
2 

anions both in acidic and basic media. 

 This ferrate ion, FeO4
2–, is an especially powerful oxidant used in organic synthesis [15], soil 

and wastewater treatment [16-19], „super-iron“ batteries [20, 21], drugs [22], and disinfectants [23]. 

Ferrates are able to oxidize and totally destruct strongly toxic compounds such as cyanides and 

cyanidocomplexes [24, 25], thiocyanates [26] and arsenic compounds [27, 28]. Contrary to other 

common oxidants, FeO4
2– is able to degrade almost completely (more than 95%) cationic 

surfactants such as cetylpyridinium chloride. This is the first report in which FeO4
2– opens the 

pyridine ring and mineralizes the aliphatic chain of the organic molecule giving inorganic ions [29]. 

It was proved that FeO4
2– is an effective agent applicable in degradation of bacteria, such 

as Escherchia coli, chlorine resistant organisms, e.g. aerobic spore-formers and sulphite-reducing 

clostridia, and it would be highly effective in treating emerging toxins in the aquatic environment 

[30]. Based on Viking data it was hypothesed that ferrate ions might function as an oxidant on the 

Martian surface [31].  

 In general, potassium ferrate, K2FeO4 has the strongest oxidation strength among all the 

oxidants/disinfectants practically used for water and wastewater treatment. Apart from this, in the 

oxidation process, ferrate(VI) ions are reduced to Fe(III) ions or ferric hydroxide, and this 

simultaneously generates a coagulant in a single dosing and mixing unit process [32] . 
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 K2FeO4 reacts with water forming dioxygen molecules 

4 K2FeO4 + 10 H2O  4 Fe(OH)3 + 3 O2 + 8 KOH 

the reaction occurs with the lowest rate (k < 106 s1) between pH 9.4 and 9.7 [33]. 

 The electronic absorption spectrum of FeO4
2– in the visible region consists of a LMCT band 

centered at 505 nm (with the molar absorption coefficient 505 nm = 1070 M–1cm–1) and a shoulder at 

570 nm, two absorption minima are localized at 390 nm and 675 nm [10]. The band centered at 

505 nm is associated with the transition of an electron from O2p lone-pairs to vacant Fe3d orbitals. 

In the near-infrared (NIR) region, sharp bands of the spin-forbidden LF 3A2→
1E  

(1103 nm = 60 M–1cm–1) and 3A2→
1A1 transitions are present. The lowest excited state is the 1E state 

serving as initial state for 1E→3A2 phosphorescence centered at 1613 nm. A weak 3T2→
3A2 

fluorescence has its maximum at 1100 nm [34, 35].  

 It has been evidenced [36] that in the absence of oxygen at pH ≥ 9, K2FeO4 is 

photochemically relatively stable in aqueous solution, i.e. no significant difference in its stability 

when being in the dark or exposed to UV/Vis radiation, was observed. A decrease in the FeO4
2 

concentration in both irradiated and dark samples by less than 10% during 20 minutes was 

determined. It participates in photoredox reactions when in contact with (photo)redox reactive 

reaction partner. Photochemical properties and applications of ferrates(VI) are reviewed elsewhere 

[37]. 

 

SYNTHESIS OF FERRATES(VI) 

 Due to its strong oxidizing properties, ferrate(VI) is very unstable. In the presence of water it 

undergoes a rapid decomposition (see previous equation). The ferrate(VI) decomposition is 

accelerated especially at acidic and neutral pH. The synthesis thus has to be carried out in highly 

concentrated alkali environment. The ferrate(VI) synthesis methods proposed so far can be divided 

into the following three main streams [3]:  

1. The ferrate(VI) synthesis on the dry way was firstly executed by Stahl [38]. According to this 

procedure the iron or iron oxide (Fe2O3 or Fe3O4) is heated (500 – 650 °C) with an alkali metal 

oxide, peroxide or nitrate salts to produce ferrate(VI). The Fe(III) salt could be oxidized to 

ferrate(VI) also in the molten KOH in the oxygen atmosphere. The oxidation is executed by the 

arising K2O2 produced by reaction of KOH with atmospheric oxygen: 

4 KOH + O2 → 2 K2O2 + 2 H2O 

 This process does not lead to ferrate(VI) formation, when NaOH is used, and Na2O2 must be 

employed directly. 

2. The wet way is the most commonly employed method of the ferrate(VI) preparation [10]. 

Ferrate(VI) salts, MI
2FeO4 and MIIFeO4 are formed by oxidizing iron or iron(III) (hydr)oxide in 

aqueous medium with strong oxidizing agents under alkaline conditions, e.g.,  

2 Fe(OH)3 + 3 OCl− + 4 OH− → 2 FeO4
2− + 5 H2O + 3 Cl− 

 The chemical oxidation consists of absorption of chlorine in concentrated hydroxide  

(e.g. KOH) solution and consequent reaction of forming hypochlorite with ferric ions to form 

ferrate(VI). An alternative to hypochlorite is represented by OxoneTM, a triple salt mixture of HSO5
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containing K2SO4, KHSO4 and KHSO5, and could be employed as an oxidant as well. The chemical 

method of ferrate(VI) synthesis has already reached a sophisticated level and it is the most 

frequently used method of ferrate(VI) industrial preparation. However, since many technological 

steps are necessary to prepare a product of sufficient purity, it suffers from complexity. This results 

in a large consumption of solvents and a large amount of wastes. Furthermore, from the 

environmental point of view, the dangerous chlorine-compounds must be handled. 

3. Electrochemical oxidation proceeds in a concentrated solution of alkali metal hydroxides or 

their melts, where either an iron anode or Fe(III) ions are oxidized represents „green“ alternative to 

previous process. It provides a product of a high purity. This procedure doesn’t handle with any 

toxic compound since the electrolyte is represented only by pure hydroxide solution/melt. 

Moreover, it is relatively easy to carry out. The technology involves two steps: the electrolysis and 

the separation of coming up product from the solution/melt. We believe, this process has a 

significant potential to play the key role in the ferrate(VI) production industry in the future. We have 

to solve two basic difficulties of this process: (1) a depression of the electrode passivation within 

the anodic polarization and (2) a more effective separation of the ferrates(VI) product. Synthesis of 

ferrate(VI) by electrochemical dissolution of an iron anode or oxidation of a ferric species on an 

inert anode may proceed either in a strongly alkaline environment or in the molten hydroxide 

mixture. Whereas the first approach takes place typically in the temperature range of 20 °C to 

70 °C, the second one is limited to 200 °C (thermal stability of the product). 

 Systematic attention to the ferrates(VI) preparation in highly-alkaline aqueous electrolytes 

was provided by Mácová et al. [39-41] in the last five years. The influence of anolyte composition 

and temperature on the anode dissolution kinetics of pure iron, white cast iron and silicon-rich steel 

was studied by means of potentiodynamic voltammetry and electrochemical impedance 

spectroscopy. Electrolytes based on pure NaOH, KOH, and their mixtures were used as an 

anolyte. Temperature ranged from (20 – 60) °C. The results obtained confirmed the previously 

proposed theory of the influence of the addition of the main alloying elements on the structure of 

the two latter materials, i.e. carbon, in the form of iron carbide, and silicon. These materials are 

depassivating phase allowing the continuous dissolution of the anode base material. Polarization 

curves of the individual materials are qualitatively identical. They show four current density peaks 

on the anode side. They are attributed to oxidation of metallic Fe to Fe(II), following oxidation Fe(II) 

to Fe(III), then restructuring of the anode surface layer and finally reactions related to ferrate(VI) 

formation. On the cathode side three current density peaks occurred, ferrate(VI) reduction to 

Fe(III), following reduction Fe(III) to Fe(II) and finally reduction Fe(II) to Fe(0). The peak current 

densities reflect the protective properties of the passivating layer covering anode surface. This is 

significantly determined by the internal structure of material. Generally, silicon-rich steel and white 

cast iron showed higher peak current densities compared to the pure iron. On the other hand, 

silicon-rich steel in NaOH at 40°C significantly increases the potential region of the material 

passivity. Increasing temperature increases also peak current densities not only in the case of 

ferrate(VI) production, but also in the region of active dissolution. It is also important to note that 

the increasing hysteresis of the polarization curve during reverse potential scan indicates a 

significant depassivation of the electrode surface in the transpassive potential region in the case of 
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white cast iron and silicon-rich steel unlike the pure iron. The addition of K+ ion to the electrolyte 

resulted in a shift of the transpassive region as well as the ferrate(VI) reduction current density 

peak to less anodic potentials for all materials. According to EIS measurements qualitative 

behavior of all three materials is similar. Impedance spectra exhibit two semicircles (Nyquist plot), 

i.e. two time constants corresponding to the dual structure of the surface oxo-hydroxide layer.  

The pure iron surface is characterized with homogeneous structure and exhibits the highest 

resistance to dissolution of the materials used. Under transpassive conditions, the pure iron 

electrode is covered by a compact surface layer providing at least basic protective properties. With 

the other two materials it becomes porous and disrupted. In the case of white cast iron the internal 

passive layer may be removed at any temperatures under study if the electrode potential is high 

enough. The addition of K+ ion results in a decrease in the resistance of the surface layers. 

Maximum current efficiency (aprox. 60%) was obtained in the case of white cast iron electrode 

material at the highest temperature (60 °C) in pure KOH solution (14 M). 

 Ferrate(VI) production in a low-temperature molten system represents promising alternative 

approach. Since at least one part of the ferrate(VI) production mechanism is a chemical reaction, 

enhanced temperature most probably accelerates the overall process. Also passivation properties 

of the electrode material may be strongly minimized in this aggressive environment. Only our group 

[2-5] deals with this task. A eutectic mixture of NaOH-KOH was used for ferrate(VI) preparation for 

the first time. The anode dissolution kinetics of pure iron, white cast iron and silicon-rich steel was 

studied by means of cyclic voltammetry and electrochemical impedance spectroscopy. Polarization 

curves of tested materials showed similar behavior as in an aqueous environment. Anode 

passivation of iron electrode is substantially less pronounced at the ferrate(VI) formation potential 

when compared to the high-alkali electrolyte (see previous section). Cathodic current density peak 

of ferrate(VI) reduction is the position less than 200 mV relative to anode oxidation current density 

peak which is much smaller than the shift in aqueous high-alkaline media (400 mV).  

Cyclic voltammetry data suggest that highest ferrate(VI) production proceeds at the highest 

temperature 200 °C. Batch electrolysis experiment showed that lower temperature has positive 

influence on the current efficiency of ferrate(VI) production (70 %). It is result of the very limited 

stability of the product at high temperatures. An electrolysis process at a longer time leads to the 

thermal decomposition of the product even at this temperature. More details can be found in 

another contribution dealing with this topic prepared by Gál et al. in this monograph. 
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ABSTRACT 

 The increased interest in iron in the high oxidation state 6+, ferrates(VI), during last decades arises 

from its potential as an environment friendly cleaner for remediation processes, as an perspective alternative 

for “green” battery cathodes, and, of course, as a suitable oxidant for, especially, organic synthesis. 

Therefore, the effective synthesis of ferrates(VI) became the challenging task for several research groups all 

over the world. Three main methods of ferrate(VI) synthesis have been proposed: electrochemical, so called 

wet-chemical and thermal method. Among them, electrochemical one can be considered as a “green” 

method because no harmful and expensive chemicals to oxidize Fe to the 6+ oxidation state are used. 

Instead of them, electrochemical approach uses an electron as a so-called clean “chemical”. Two main 

environments are suitable for ferrates(VI) synthesis: strong alkaline aqueous solutions and molten 

hydroxides. In this contribution the later method will be discussed. The influence of parameters such as 

molten salts (NaOH, KOH, NaOH:KOH mixture) and electrode (pure iron, silicon-rich steel, white cast iron) 

composition, and temperature on the ferrate(VI) formation will be addressed. Cyclic voltammetry and 

electrochemical impedance spectroscopy were chosen to characterize in details this process. A comparative 

study on inert platinum electrode was also performed. 

 

INTRODUCTION 

 The most common oxidation states in which iron can be usually found are Fe(II) and Fe(III). 

Other, rare oxidation states, e.g. ferrate(VI) [FeVIO4]
2–, have been also detected [1]. According to 

the literature data, the oldest information about ferrates(VI) is dated back to 1702 [1]. Later on, in 

1715 Stahl prepared K2FeO4 by oxidation of iron filings in molten KNO3 [1]. During the smelting of 

iron ore with potassium carbonate and after the dissolution of residues in alkaline solution the violet 

coloration was observed. Some researchers assumed that the violet color of this product was 

caused by the presence of FeVIO3
–II compound [1]. Therefore, the dissolution of Fe in various 

alkaline media has been investigated by several research groups for decades. One can 

summarized that in alkaline solutions iron can be dissolved as ferrous(II), ferric(III) and finally as 

ferrate(VI) species depending on the electrode potential, solution composition as well as 

temperature [2]. Active iron dissolution in concentrated alkaline environment has been studied 

intensively over the years [2-5]. However, transpassive iron dissolution in alkaline solutions is 

discussed less frequently. Poggendorf [6] studied the formation of ferrate(VI) species by anodic 

oxidation of an iron electrode in a concentrated alkaline solution for the first time. Later on, using 

an iron anode, Haber [7] and Pick [8] have prepared potassium ferrate by the electrolysis of the 

concentrated potash medium. It has been found that the current yield increased with electrolyte 
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concentration, temperature, as well as with the carbon content in the iron electrode [2]. 

Subsequently Grube et al. have tried to increase the current yield during ferrate(VI) synthesis by 

using direct current (DC) with a superimposed alternating current (AC) [9]. The influence of another 

parameter, anode composition, on the electrochemical ferrate(VI) production has been studied by 

several authors [10-13]. Also, several attempts were made to describe the reaction mechanism for 

ferrate(VI) formation [13-25]. Another important factor that influences the ferrate(VI) production is 

an electrolyte composition [22]. Pick [8] reported the decrease of the current density from ca. 50% 

in NaOH to 37% in KOH indicating qualitatively different dissolutions of iron anode in different 

media. On both pure iron and white cast iron electrodes the similar behavior was observed by 

Bouzek et al. [26]. 

 During the last decades of the 20th century the effective formation and separation of the solid 

ferrates(VI) during electrolysis became the crucial step for commercial production of ferrates(VI). 

Taking advantage of both high efficiency of ferrate(VI) synthesis in NaOH electrolyte and low 

solubility of ferrates(VI) in alkaline solutions with the presence of K+ ions Lapicque and 

Valentine[27] suggested the utilization of mixture NaOH:KOH instead of either pure KOH or NaOH. 

However, He et al. [28] recently reported the better suitability of KOH electrolyte instead of NaOH. 

They found that the current efficiency for KOH was 73.2% compare to 55% for NaOH. Moreover, 

the purity and stability was better in the case of KOH than in NaOH. 

 One of the most important application of ferrates(VI) is, nowadays, connected with both, 

drinking water and wastewater treatment. The main advantage of ferrates(VI) is the high oxidation 

potential that allows the decomposition of even very stable inorganic, organic and microbiological 

contaminants. In most cases, ferrates(VI) provides a complete degradation of the pollutant without 

harmless by-products [29]. Therefore, it can be nominated as a „green” environmental friendly 

oxidant [30]. Another key factor for ferrates(VI) utilization for water treatment is a product of the 

ferrates(VI) reduction - ferric hydroxide because Fe(OH)3 does not burden the environment, is  

non-toxic and is excellent coagulant and flocculant [31-34]. In organic synthesis, ferrates(VI) are 

used e.g. for the selective oxidation of primary and secondary alcohols to aldehydes and 

ketones [35]. In the field of the corrosion protection, ferrates(VI) can be utilized for passivation of 

aluminum, zinc and iron products, or to dissolve resistant layer of deposits [36]. Ferrates(VI) exhibit 

also another environmental benefit such as a high-capacity sources of cathodic charge [1, 37-45]. 

 Three basic methods of ferrates(VI) preparation are reported in the literature [1]. The first one 

is called dry oxidation or thermal method: iron or iron oxide is heated to a high temperature in the 

melt of alkali metal compounds (e.g. oxides, peroxides). The resulting product is corresponding 

ferrate(VI) of the alkali metal. The second one is so-called wet oxidation: its principle is based on 

the absorption of chlorine in the solution of concentrated sodium hydroxide and subsequent 

reaction of the resulting hypochlorite ferric ion to form ferrates(VI). The last one is the 

electrochemical anodic dissolution (oxidation) of iron or cast iron in the concentrated hydroxide 

solutions or melts at proper potential until ferrates(VI) are obtained. There has been a gradual 

increase in attention to this method because it can provide solution for a majority of the problems 

associated with the previous ones [30]. In the case of the melts suitable temperature for 

ferrates(VI) synthesis is up to 200 ºC. In aqueous solutions the typical temperature range is from 
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20 to 70 °C [1]. Using electrochemical methods the high purity ferrates(VI) can be prepared. 

However, the stability of the product in the presence of water remains the weak point of this 

approach especially in aqueous environment. Even a small amount of water presented in the 

highly alkaline paste decomposes ferrate(VI) within hours. Sharma [30] suggested the utilization of 

organic medium instead of usual aqueous ones. However, the lower electrical conductivity on the 

one side and higher toxicity on the other side disadvantage this approach. 

 To minimize disadvantages of previous aqueous approaches an electrochemical treatment of 

iron in low-temperature melts binary hydroxide systems, e.g. KOH:LiOH, NaOH:KOH, CsOH:LiOH, 

and KOH:RbOH has been proposed for ferrates(VI) preparation [21]. The major advantage of this 

treatment is, usually, the negligible presence of water. This method allows to prepare ferrates(VI) 

in dry form and therefore very stable. Another advantage of this technology is the fact that the 

reaction rate can be easily and continuously controlled by adjusting temperature and potential in 

order to achieve the optimum anodic dissolution conditions. Híveš et al. [21] also reported the 

minimal thermal decomposition of ferrates(VI) during their electrochemical preparation. The most 

suitable eutectic mixture of NaOH and KOH (51.5 % (n/n) NaOH) was found in our previous 

studies [21-23]. This mixture is characterized by a relatively low eutectic melting point 170 °C and 

high electrical conductivity 200 °C = 5.8810-1 S cm-1 [23]. In addition, the iron anode passivation 

due to the insoluble potassium ferrate(VI) is significantly reduced [1, 22]. 

 Ferrates(VI) formation can be detected easily by observing color change of the electrolyte. 

Titration, chemical precipitation, spectral and electrochemical methods can be used for the 

quantitative determination of ferrates(VI) concentration [35, 46, 47]. 

 The main goal of this work was the electrochemical preparation and characterization of 

ferrates(VI) by anodic transpassive dissolution of pure iron (Fe), silicon-rich steel (FeSi) and white cast 

iron (FeC) electrodes in the molten sodium, potassium hydroxide, and NaOH:KOH mixture. The great 

advantage of molten medium to aqueous electrolytes is practically water-free environment, higher 

temperature and, therefore, higher reaction kinetics and efficiency of the ferrate(VI) formation. The 

controlled and comparative experiments on inert platinum and gold electrodes were also carried out. 

 

EXPERIMENTAL PART 

Chemicals 

 Sodium and potassium hydroxides (Mikrochem Ltd. Pezinok, Slovakia) in p.a. grade were 

used to prepare electrolytes. The NaOH and KOH solids were vacuum dried in an oven in the 

presence of P2O5 for at least five days at gradually increasing temperature up to 200 °C.  

The differential temperature analysis (DTA) and thermal gravimetry (TG) showed a presence of ca. 

1-2 % (n/n) water in hydroxide salts [21]. Further determination of NaOH purity was performed by 

acidimetric titration with HCl (Mikrochem Ltd. Pezinok, Slovakia, p.a.), using Methyl red indicator 

(Lachema Neratovice, Czech republic, p.a.). Carbonates were determined gravimetrically,  

by precipitation with barium chloride (Lachema Neratovice, Czech republic, p.a.). 
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Apparatus, electrodes, and procedures 

 An oil thermostat with calibrated sensor, stainless steel box and PTFE crucible with the 

sample was used for our experiments. Reference connection of thermocouple was immersed in a 

Dewar flask with ice-water. Measuring connection of thermocouple was immersed into the melt at 

the same level as electrodes [48]. 

 Electrochemical measurements were performed using AUTOLAB instrument PGSTAT 20 

equipped with FRA2 module (ECO Chemie, The Netherlands). A three electrode electrochemical 

cell was used for all experiments. Working electrodes (WE) were made from: (A) pure iron (Fe) 

(99.95 % (w/w) Fe, 0.005 % (w/w) C, 0.0048 % (w/w) Ni and 0.0003 % (w/w) Mn), (B) silicon steel 

(FeSi) (3.17 % (w/w) Si, 0.47 % (w/w) Cu, 0.23 % (w/w) Mn, 0.03 % (w/w) Ni), and (C) white cast 

iron (FeC) (3.17 % (w/w) C in the form of Fe3C, 0.44 % (w/w) Mn and 0.036 % (w/w) Ni). The 

geometric area of the working electrodes varied from 0.2 to 0.7 cm2. The inert platinum (Pt) and 

gold (Au) working electrodes (WE) was also used in the case of molten NaOH:KOH mixture 

measurements to perform comparative study. The same material as WE served as the 

quasi-reference electrode (RE). Counter electrode (CE) was made from mild steel (steel class 11). 

Measurements were carried out in a PTFE crucible containing the melt of 50 g (NaOH:NaOH.H2O). 

The temperature was varied in the range 70 ºC to 160 ºC for NaOH and in the range 110 °C to 

160 °C for KOH. The lower temperature was limited temperature of eutectic NaOH:NaOH.H2O 

which is 62.5 °C at the composition of 74 % (w/w) and eutectic KOH:KOH.H2O which is 100 °C at 

the composition of 86.5 % (w/w). The temperature for NaOH:KOH mixture was set to 200 °C. 

During the experiments with NaOH:KOH salts, the weight of eutectic mixture was between 60 and 

150 g. 

 Cyclic voltammograms were recorded in the potential range from -0.3 to 1.8 V vs. RE using 

various polarization rates. Electrochemical impedance spectroscopy (EIS) measurements were 

carried out in the same systems (NaOH and KOH melts) immediately after the measurement of 

polarization curves. Prior to each EIS measurement every working electrode was polarized at 

certain anode potential for 5 minutes in order to obtain stationary conditions. The potential of the 

working electrode was gradually increased by 25 mV from 1.35 up to 1.75 V vs. RE. In this area, 

the formation of ferrates(VI) was expected. Frequency range used for the impedance 

measurements was from 10 Hz to 100 kHz. Perturbation signal had a sinusoidal shape with 

amplitude of 5 mV. 

 

RESULTS AND DISCUSSION 

Eutectic NaOH:KOH mixture 

 In Fig. 1 the cyclic voltammograms in absence and presence of ferric oxide (Fe2O3) in the 

eutectic NaOH:KOH system on inert Pt and Au electrode are shown. The anodic part of the 

potential window is limited by the decomposition of the melt and subsequent oxygen evolution 

while the hydrogen evolution limits cathodic one. It is clear, that the formation of O2
– occurs not 

only during anodic reaction but originate also from the reaction of atmospheric oxygen presented in 

the melt with OH– ions [21]. 
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Fig. 1. Cyclic voltammograms recorded on the gold (Au) and platinum (Pt) electrode in NaOH:KOH eutectic 

mixture in the presence and absence of Fe2O3. Scan rate = 100 mV s
-1

. Solid line: Au electrode in the 

presence of ferric oxide (Fe2O3); dashed line: Pt electrode in the presence of ferric oxide; dotted line: Pt 

electrode without ferric oxide. 

 

 One sharp, anodic peak at ca. 400-500 mV vs. RE depending on the electrode material and 

two, well developed, cathodic peaks are clearly visible. Anodic peak corresponds to the ferrate(VI) 

formation according to following reaction: 

 

FeO2
– + 4 OH–  FeO4

2– + 2 H2O + 3 e– (1) 

 

where ferric(III) cation is produced during Fe2O3 dissolution in hydroxide melt as follows: 

 

Fe2O3 + 2 OH–  2 FeO2
– + 4 OH– (2) 

 

 Cathodic peak at ca. 0.4 V vs. RE corresponds to the subsequent reduction of FeO4
2– anion 

to ferric ion according to reaction: 

 

FeO4
2– + 2 H2O + 3 e–  FeO2

– + 4 OH– (3) 

 

 Second cathodic peak at about 0 V vs. RE corresponds in the case of platinum working 

electrode to the further reduction of oxo-iron species and/or to the reduction of platinum oxides 

formed during anodic polarization of platinum electrode in the strong and aggressive alkaline melt. 
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 Since, the second cathodic peak at about 0 V vs. RE is also observed in the case of gold 

electrode, where no surface oxide films are expected, this peak can be attributed to the reduction 

of iron-oxo compounds formed at the electrode surface [21]. 

 The analysis of anodic peak gave z = 2.99 ± 0.08, where z is the number of electrons 

involved during ferrate(VI) synthesis. The same number of electrons was obtained from analysis of 

the first (more positive) cathodic peak corresponding to the reduction of ferrates(VI) [21]. From the 

linear dependence of anodic peak (ferrate(VI) formation) current density vs. square root of the scan 

rate it can be concluded, that reaction of the ferrate(VI) production is diffusion controlled 

process [21]. 

 The correctness of our statements about ferrate(VI) synthesis in the mixed eutectic 

NaOH:KOH melt was confirmed by the experiments with pure iron electrode. In Fig. 2 the cyclic 

voltammogram recorded in such system is shown.  
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Fig. 2. Cyclic voltammogram of pure iron electrode in mixed NaOH:KOH system. 

Polarization rate = 50 mV s
-1

. The inset represents zoomed part of CV at 200 °C in order to make anodic 

peak A(III) visible in detail. 

 

 In this case two more anodic peaks and corresponding cathodic peaks are observed  

(see Fig. 2). The most negative oxidation peak A(I) correspond to the formation of Fe(II) ions with 

subsequent slow and weak dissolution of Fe(OH)2 layer: 

 

Fe + 2 OH–  Fe(OH)2 + 2 e– (4a) 

Fe(OH)2 + 2 OH–  FeO2
2– + 2 H2O (4b) 
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 From the analysis of several voltammograms recorded at different scan rates using the 

Randles-Sevcik equation, the number of exchanged electrons during the first oxidation process, 

z = 1.99±0.04 is calculated and thus the assignment of the A(I) peak is confirmed [21]. The next, 

no very well pronounced peak A(II) assigned to the further oxidation of Fe(II) to Fe(III) can be seen. 

The most probable reason for this behavior is low rate of the dissolution of the products according 

to the equation (4a) and subsequent formation of the protective layer of Fe3O4 [22]. However, 

magnetite Fe3O4 also undergoes dissolution in certain extent in the strong and aggressive alkaline 

media according to the equation (5): 

 

Fe3O4 + 4 OH–  3 FeO2
– + 2 H2O + e– (5) 

 

 It must be noted, that the current densities and, therefore the heights of both A(I) and A(II) 

peaks are strongly dependent on the temperature applied. After the passivation region, where the 

decrease of the current density is observed, transpassivation oxidation of ferric ion to ferrates(VI) 

(peak A(III)) accompanied with massive oxygen evolution occurs. During the revers potential scan 

cathodic peak C(III) corresponding the reduction of ferrates(VI) to ferric cation is clearly visible. 

(Fig. 2) The voltammetric analysis of this peak gave z = 2.94 ± 0.05 exchanged electron during 

reduction process. Unfortunately, the precise voltammetric analysis of peak A(III) could not be 

done because of the presence of concurrent oxygen evolution electrode process in the same 

region. If the vertex potential was lower than ca. 1.4 V vs RE. no C(III) peak was observed.  

This clearly confirms the connection between A(III) and C(III) peaks [21]. Moreover, the difference 

between the potential of the reduction peak C(III) and anodic oxidation peak A(III) is smaller in 

molten environment compare to the aqueous alkaline solutions [21, 49]. This means the energy 

required for the reduction of ferrate(VI) is smaller in the molten salts than in the aqueous alkaline 

solution. Probably iron electrode is not covered by the compact passive layer and, therefore, the 

process can be considered as more effective in the melts than in the aqueous solution [21]. 

 Mössbauer spectroscopy was chosen to directly prove the presence of ferrates(VI) at the 

electrode surface [22]. The spectra of solidified sample measured directly after the bulk electrolysis 

show a singlet characterized by the isomer shift IS = -0.998 mm s-1 corresponding to the ferrate(VI) 

cation and a doublet characterized by the isomer shift IS = -0.377 mm s-1 and a quadrupole 

splitting S = 1.332 mm s-1 corresponding to the ferric (Fe(III)) component [22]. 

 Electrochemical impedance spectroscopy (EIS) is suitable for detailed characterization of 

surface layers from electrochemical point of view. In Fig. 3 the sample of EIS spectra recorded for 

NaOH:KOH molten mixture at different polarization potentials are shown. 
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Fig. 3. Nyquist plots of electrochemical impedance spectra in NaOH:KOH molten environment at t = 200 °C 

recorded at various polarization potentials; potentials are indicated in the figure; arrows indicate the direction 

of the frequency enhancement.  

 

 All impedance spectra are characterized by two time constants and therefore two 

macrohomogeneous layers, inner and outer, are presented on the electrode surface. Since, the 

dissolution process of iron in molten hydroxide salts is very complicated no exact mathematical 

description can be easily made. Therefore, the electrochemical behavior of the iron electrode in 

studied molten mixture was represented by EIS as an equivalent circuit (Fig. 4). 

 

 

Qout Qinn 

Rout Rinn 

RS 

L 

 

 

Fig. 4. Equivalent circuit representing the impedance of the system containing electrode and NaOH melt; RS, 

electrolyte resistance; L outer inductance; Rin/out, inner/outer layer resistance; Qin/out, inner/outer layer 

constant phase element. 
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 Because of the complexity and nonlinearity of the ferrate(VI) formation mechanism constant 

phase element (Q) was incorporated into the equivalent circuit instead of pure capacitance element 

(C). The optimization of the respective elements of the simplest equivalent circuit (see Fig. 4) that 

describes the physical reality and fit our experimental data with acceptably low 2 where performed 

using nonlinear regression analysis. Both individual sublayer are therefore characterized by 

parallel R-Q subcircuits. The accuracy of the proposed equivalent circuit is documented by the 

Bode plot where symbols represents experimental data and solid lines where calculated using the 

mentioned approach (see Fig. 5). 
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Fig. 5. Bode plots of electrochemical impedance spectra in NaOH:KOH molten environment recorded at 

t = 200 °C. Points represent experimental data, curves nonlinear regression analysis according to the 

equivalent circuits in Fig. 4. 

 

 Two polarization resistances exhibit very similar results [23]. This is in contrast with previous 

observations in aqueous alkaline solutions [50, 51]. This probably indicates of the rapid disruption 

of the inner layer due to the high temperature. The decrease of the resistances of both sublayers is 

connected with their deterioration and thus its protective properties [23]. This observation is 

supported by the Q and n parameter of the constant phase element. The first one reaches a 

maximum at the potential corresponding to the midpoint of the ferrate(VI) production current 

plateau where no concurrent electrode reaction occurs and then decreases dramatically because 

of the massive oxygen evolution [23]. One can conclude, that in the molten salts mixture 

NaOH:KOH media all experimental techniques clearly confirm the formation of ferrates(VI) at the 

electrode surface and disappearance of the both protective sublayers. 
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Molten NaOH 

 In Fig. 6 cyclic voltammograms of pure iron, silicon rich steel and white cast iron electrodes 

in molten NaOH at selected temperature are plotted. 
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Fig. 6. Cyclic voltammograms of working electrodes, i.e. pure iron (solid line), FeSi (dashed line), and FeC 

(dotted line) at t = 80 °C in molten NaOH at scan rate of 400 mV s
-1

; arrows indicate the potential sweep 

direction; inset represents zoomed part of CV at high anode potentials for better A(III) peak visualization.  

 

 Similarly to the eutectic NaOH:KOH mixture, all curves are characterized by the presence of 

several anodic and cathodic current peaks. On the anodic part of the cyclic voltammograms at low 

temperature two, well separated, current peaks A(I) and A(II) are clearly visible. As stated 

previously the current peak A(I) corresponds to the Fe(II) formation according to the equation (4a) 

and A(II) peak (ca 220 mV more positively than A(I)) to Fe(III) formation as described by equations 

(2), (3), and (5). A part of Fe(OH)2 layer may react with the fused electrolyte formatting soluble 

species (Fe(OH)2 + 2OH-  FeO2
2– + 2H2O). The exact mechanism is, however not known.  

In agreement with previous observations in eutectic NaOH:KOH mixture, the formation of the layer 

composed of nonstochiometric species similar to the magnetite with better protecting properties is 

probable. Due to its specific insulating properties and some kinetic limitation of such process 

current peak A(II) is less visible than A(I) one. The current densities in the case of A(I) and A(II) 

peaks for FeSi as well as FeC electrodes are not so much higher compare to the pure iron 

electrode as reported by Macova et. Al [1]. The higher is the temperature the higher current 

densities are obtained. At 120 °C A(I) and A(II) peaks are not well separated and at 160 °C only 
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one A(I) + A(II) peak is observed. This is probably connected with reaction rate enhancement in 

latter cases. In the case of white cast iron (FeC) electrode another, small A(IIa) peak 250 mV 

positively compare to the peak A(II) is observed. In the passivity region at about 850 mV vs. RE 

broad current peak A(IIb) is visible. These both peaks are assigned to the transformation and/or 

restructuring of an anodic solid surface layer. After passivity region the transpassive iron oxidation 

(ferrate(VI) formation) together with an oxygen evolution occurs. The current shoulder A(III) is 

visible for all electrodes used. The most positively is situated A(III) peak for pure iron and the most 

negative for FeC electrode. Moreover, A(III) peak for pure iron electrode is better developed than 

for the FeC one. In the case of FeC electrode the A(III) peak is hardly detectable at lower 

temperatures. In all cases the hysteresis in the course of voltammetric curve in the transpassive 

potential region was observed. It is probably caused, on one side, by the diminution of the 

inhibition of the electrode surface toward dissolution at high potentials and/or due to the massive 

oxygen evolution causing the mechanical disruption of the anode surface.  

 In the cathodic direction a badly pronounced peak of ferrate(VI) reduction (peak C(III)) is 

visible in the potential range from 0.900 to 0.420 V vs. RE depending on the both temperature and 

electrode used. The higher is the temperature the lower is the C(III) current peak for all electrodes. 

Furthermore, with increasing temperature the reduction peaks of ferrates(VI) (peak C(III)) are 

shifted to the more positive potentials indicating less energy demanding for their reduction.  

This probably indicates that the collapse of compactness of anode passive layer occurred.  

It is important finding with respect to possible increase of anode efficiency of ferrate(VI) formation. 

In the case of peak C(III) the highest current densities are observed for pure iron electrode and the 

lowest for FeC electrode. This means that the number of species undergoing reduction in this 

potential region is highest for pure iron electrode. Furthermore, for the pure Fe electrode C(III) 

peak is observed at the most positive potentials and for FeC electrode at the most negative 

potentials for all temperatures. The similar behavior is found in the case of C(II) and C(I) peaks. 

Both are shifted to the more negative potentials with increasing temperature for all electrodes. 

Moreover, the most negative potentials are found in the case of FeC electrode. The structure of the 

anode plays an important role in ferrate(VI) production also in molten salts environment [1]. 

 Almost for all systems the linear dependences of the A(III) peak current density on the square 

root of potential scan rate for both various materials and temperatures were found indicating that the 

electrode reaction kinetic is controlled by the mass transport under the semi-infinitive linear diffusion 

conditions. In the case of FeC at high temperature, the current density after reaching a certain 

maximum at about 400-500 mV s-1 decreases with increasing the polarization rate. When scan rate 

reach ca. 400 mV s-1 a chemical step become rate determining, due to the electrode structure.  

Our observation is in agreement with some previous results in the hydroxide melts [21]. In the strong 

alkaline aqueous solutions the subsequent chemical reaction was also observed [11-13]. 

 In order to deeply characterize ferrate(VI) formation in molten NaOH EIS was utilized.  

An example of impedance spectra obtained for various electrodes at several chosen potentials is 

shown in Fig. 7. 
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Fig. 7. Nyquist plots of impedance spectra for FeSi electrodes at t = 160°C and at chosen potentials vs. RE: 

■ 1.4 V;  1.5 V;  1.6 V; arrows indicate the direction of the frequency enhancement.  

 

 Similarly to the molten NaOH:KOH mixture two time constants with inductive passivation 

region are recognize. The electrochemical behavior of the electrode in NaOH molten has been 

represented by EIS as an equivalent circuit (see Fig. 4). The physical model based on the concept 

of two macrohomogeneous surface layers with theory of duplex sandwich assembly of passivating 

layers was again taken into account in order to find the best equivalent circuit representation of our 

results. The accuracy of proposed equivalent circuit was proved by the Bode plot. Optimized 

parameters of nonlinear analysis of the equivalent circuit for white cast iron (FeC) electrode at low 

and high temperatures in dependence on the electrode potential are shown in Fig. 8. 

 From Fig. 8 it can be seen that resistances of both inner and outer layer decrease with 

increasing applied potential. This means that either both layers are getting thinner with increasing 

potential or are disintegrated by strong anodic potential or by massive oxygen evolution. 

Resistance of outer layer is, especially at low temperatures, approximately one order lower than 

resistance of inner one meaning that inner layer is little bit thicker or more compact.  

With increasing temperature the resistances of both outer and inner layers decrease. This means 

that the charge is at higher temperatures easily transferred; the layer is either thinner or less 

compact. At about 120 °C the resistances are almost equal for individual sublayers. The capacity 

of inner and outer layer increases with increasing potential. This is in agreement with decrease of 

the resistances of both layers: layers are getting thinner of more disintegrated by oxygen evolution 

or strong anodic dissolution. Capacity of inner layer is lower than capacity of outer one.  
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This means that outer layer is either thicker or more compact than inner one. As observed in the 

case of resistances the capacities of inner and outer layers increase with increasing temperature 

meaning that both layers are losing their thickness or compactness. At about 120 °C individual 

capacities are approximately equal. 
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Fig. 8. The fitted values of the equivalent circuit elements obtained for both inner and outer layer in 

dependence on the anode polarization potential of the white cast iron electrode at t = ■ 90 °C and ○ 150 °C. 

 

 Additional information can be gained from n parameter of constant phase element. In the 

case of outer layer, n decreases from almost ideal behavior to imperfect one with increasing 

applied potential. This means the quality of the outer layer is changing and the specific surface is 

increasing and is getting more porous. Bearing in mind the previous conclusions about Rout and 

Qout, one should think about the disintegration of the outer layer rather than reduction in its 

thickness.  

 Contrary to previous observations, ninn is almost unchanged for all potential applied. 

Therefore, the conclusions made for Rinn and Qinn are connected to the reduction in thickness of the 

inner layer rather than its disintegration. Temperature has a low impact on ninn value. The inner 

layer is probably more stable than outer one. One can conclude that temperature has an impact on 

the thickness of the individual layers, but not on their compactness. This is in agreement with the 

theory concerning the mechanism of temperature influence on the surface behavior of the 

electrode consisting in a chemical interaction of the OH- anion with surface layer [13]. 

 Parameters for other two electrodes show the same trend as in the case of FeC one  

(not shown). However, there are differences among them. Rinn is the highest for pure iron electrode 

and lowest for FeSi electrode. Qinn(FeC) are equal to Qinn(FeSi) and are higher than Qinn(Fe). Rout, 
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Qout and nout are approximately similar for all three electrodes. This means that the structure of the 

electrode influence manly the inner layer of the anode, but not outer one. 

 Utilizing, so called, static polarization curve method the impedance data were used to 

determine the number of electrons involved in the electrode reaction of ferrate(VI) formation (peak 

A(III)). Prior to each experiment the electrode was polarized at chosen potential for 5 minutes in 

order to obtain stationary conditions and then EIS were recorded. DC current densities and 

potentials were collected and a static polarization curve was plotted. The number of electrons was 

calculated from the slope of the dependence of the current densities on potentials in ferrate(VI) 

formation region. This analysis gave the average z = 3.1 ± 0.5 for the pure iron electrode, 

z = 2.8 ± 0.2 for FeC electrode, and z = 2.8 ± 0.3 for FeSi electrode, where z is a number of 

electrons exchanged during the process corresponding to peak A(III). Both findings i.e. the number 

of exchanged electrons and the diffusion controlled reaction mechanism allow us to write following 

redox reaction of ferrate(VI) production in molten NaOH: 

 

FeO2
– + 4 OH–  FeO4

2– + 2 H2O + 3 e– (6) 

 

Molten KOH 

 In Fig. 9 cyclic voltammograms of Fe, FeSi and FeC electrodes in molten KOH medium at 

several temperatures are shown.  
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Fig. 9. Cyclic voltammograms of working electrodes, i.e. pure iron (solid line), FeSi (dashed line), and FeC (dotted 

line) at t = 120 °C in molten KOH at scan rate of 20 mV s
-1
; arrows indicate the potential sweep direction.  
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 Similarly to the previous cases the presence of several anodic and cathodic current peaks 

can be seen. The intensity of peaks depends on both temperature and electrode materials used. 

On the anodic part of the cyclic voltammograms at t = 120 °C for FeC electrode two separated 

current peaks A(I) at around 0.15 V vs. RE, and A(II), that correspond to the Fe(II) and Fe(III) 

formation, respectively, are presented. On the other side, the separation of A(I) and A(II) peaks is 

worse for FeSi electrode, and for Fe electrode only shoulder following A(I) peak can be found. 

Subsequent anodic polarization leads to the A(II) peak formation (ca 300 mV more positively than 

A(I)). At higher temperatures (160 °C) only one, well developed, A(I) peak followed by shoulder 

representing A(II) peak for all three electrodes is visible. As concluded previously due to the kinetic 

limitation of overall process and specific insulating properties of the surface layer current peak A(II) 

is less visible in the case of FeSi and pure iron electrodes than A(I) one at low temperatures and 

for all electrodes at high temperatures [22]. After the remarkable decrease of the current densities 

for all three electrodes due to their passivation, new broad, not perfectly pronounced current peak 

in the region 1.1-1.25 V vs. RE is observed. This peak, as stated before, is assigned to the 

transformation and restructuring of an anodic solid surface layer [13]. Subsequently, after passivity 

region the transpassive anodic electrode dissolution, including ferrate(VI) formation followed by 

oxygen evolution occurs and new A(III) current peak at about 1.6 V vs. RE is formed. Only slight 

differences in the A(III) peak potentials are observed among electrodes. With increasing 

temperature the visibility of A(III) peak is getting better for all three electrodes. As in the case of 

molten NaOH the hysteresis in the course of voltammetric curve in the transpassive potential 

region was observed. At higher temperatures the peak potential of A(III) peak is slightly shifted to 

the more negative potentials indicating the lower energy demand for oxidation process.  

 In the opposite cathodic direction three peaks corresponding to three anodic peaks 

appeared. A broad reduction peak of ferrate(VI) (peak C(III)) occurs at potentials of 0.6 to 0.80 V 

vs. RE depending on both temperature and electrode material used. This peak C(III) is at all 

temperatures the best pronounced for Fe electrode. For both FeSi and FeC electrodes only low, 

broad peak is observed. In the case of FeC electrode low cathodic current peak at 1.25 V is also 

visible. With increasing the temperature the peak of ferrates(VI) reduction (peak C(III)) is slightly 

shifted to the more positive potentials indicating less energy requirement for their reduction.  

The highest current densities are observed for pure iron electrode. In the potential region from  

0 V to -0.25 V vs. RE peaks that correspond to the reduction of Fe(III) to Fe(II) (peak C(II)) and 

subsequent reduction to Fe(0) (peak C(I)) are found. Both are shifted to the more negative 

potentials with increasing temperature for all electrodes. One can therefore conclude, that the 

structure of the anode plays an important role in ferrate(VI) production also in molten salts 

environment [11-13]. 

 In the next Fig. 10 the dependences of the A(III) peak current density on the square root of 

potential scan rate for both various materials and temperatures are plotted. 
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Fig. 10. The dependences of the anodic peak current densities (A(III)) on the square root of potential scan 

rate; ○ pure Fe electrode at 110 °C;  pure Fe electrode at 160 °C; ◊ FeSi electrode at 110 °C;  FeSi 

electrode at 160 °C;  FeC electrode at 160 °C. 

 

 For all systems the linear dependences of the current density on square root of the 

polarization rate in the region below 0.2 V s-1 were found indicating that the electrode reaction 

kinetic is controlled by the mass transport under the semi-infinitive linear diffusion conditions [13]. 

At higher scan rates current densities after reaching a certain maximum at about 250 mV s-1 

decreases with further increasing of the polarization rate. Some chemical step due to the electrode 

structure becomes the rate determining when scan rate reach ca. 250 mV s-1. Our observation is in 

agreement with some previous results in the hydroxide melts [21]. In the strong alkaline aqueous 

solutions the subsequent chemical reaction was also observed [11-13]. 

 EIS was also used to deeply characterize ferrate(VI) production in molten KOH because this 

method is suitable for properties and surface layer structure studies. Nyquist plots of impedance 

data obtained for FeC electrode at various potentials are shown in Fig. 11. 
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Fig. 11. Nyquist plots of impedance spectra for white cast iron (FeC) electrode at t = 130°C and at chosen 

potentials vs. RE: □ 1.4 V; ○ 1.5 V; Δ 1.65 V vs. RE; arrows indicate the direction of the frequency 

enhancement.  

 

 Two time constants can be recognized. The electrochemical behavior of the electrode in 

molten KOH was again represented by EIS as an equivalent circuit (Fig. 4). The proposed model is 

based on the concept of two macrohomogeneous surface layers [13]. The accuracy of proposed 

equivalent circuit was checked by Bode plot. The optimized parameters of nonlinear analysis of the 

equivalent circuit for white cast iron (FeC) electrode at low and high temperatures in dependence 

on the electrode potential are shown in Fig. 12. 

 From Fig. 12 it can be seen that resistances of both inner and outer layer decrease with 

increasing applied potential. Either both layers are disintegrated by strong anodic potential and/or 

by strong oxygen evolution or are getting thinner with increasing potential. Resistances of both 

outer and inner layer are approximately equal indicating the same thicker and/or compactness. 

Three regions are visible in these plots: short plateau at the beginning indicating stability of the 

individual layers at the end of the passivity region, then relatively fast decrease of the resistance of 

both layers meaning either reduction of the thickness or the development of the spongy or porous 

structures in the both layers, and at the end of measured potential second plateau that can be 

assigned to disrupted layers. The capacity of inner and outer layer increases with increasing 

potential. This is in agreement with decrease of the resistances of both layers: layers are getting 

thinner and/or more disintegrated by oxygen evolution or strong anodic dissolution. Capacities of 

inner and outer layers are slightly dependent on the temperature meaning that both layers are 

losing their thickness and/or compactness equally at all the temperature used. 
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Fig. 12. The fitted values of the equivalent circuit elements obtained for both inner and outer layer in 

dependence on the polarization potential of the FeC electrode at t = ■ 120 °C and t = ○ 160 °C. 

 

 From n parameter of the constant phase element supplementary information characterizing 

the surface structure of the electrode can be obtained. Similarly to the resistances, the curve of the 

dependence of n on E can be divided into three regions for both layers indicating the same 

changes in both individual layers with increasing potentials. The outer layer at lower temperature is 

getting porous or spongy and, vice versa, at higher temperatures becomes more ideal with 

increasing polarization potential. Bearing in mind the previous conclusions about Rout and Qout, one 

should think about the disintegration of the outer layer rather than reduction in its thickness. 

 Contrary to previous observations, ninn changes from quasi ideal to spongy at high 

temperature and to ideal at lower temperatures. Therefore, the conclusions made for Rinn and Qinn 

are connected to the reduction in thickness of the inner layer rather than its disintegration 

especially at low temperatures.  
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 Parameters for other two electrodes show the similar trends as in the case of FeC one  

(not shown). Rinn and Rout are the highest for pure iron electrode and slightly higher for FeSi than 

for FeC electrode. The capacities of individual layers are the highest for FeC electrode and the 

lowest for pure Fe electrode. Both parameters indicate that the layers are the thickest for pure iron 

electrode and the thinnest for FeC electrode. This statement corresponds with CV results, where 

C(III) peak was the highest for pure iron electrode meaning the highest amount of ferrate(VI) 

presented on the electrode surface.  

 

CONCLUSIONS 

 Electrochemical way of ferrates(VI) preparation in molten hydroxide systems at  

low-temperature represents a “green” alternative to the other methods of ferrate(VI) production. 

Mossbauer spectroscopy proved the presence of ferrate(VI) at the electrode surface, furthermore 

color changes of the electrolyte around the anode (dark violet color) also supported this 

observation. Transpassive anodic dissolution of pure iron, silicon-rich steel and white cast iron, as 

electrode material, in molten sodium, potassium and NaOH:KOH eutectic mixture were carried out. 

Used electrochemical technique (cyclic voltammetry and electrochemical impedance spectroscopy) 

defined anodic potential region of ferrates(VI) production. It is close to the potential of oxygen 

evolution and it is treated as a parasitic anodic reaction in proposed potential window. For all 

systems the linear dependences of the anodic current density on square root of the polarization 

rate were found indicating that the electrode reaction kinetics is controlled by the mass transport 

under the semi-infinitive linear diffusion conditions. In some cases the current density reaches a 

certain maximum, e.g. a chemical step due to the electrode structure become rate determining. 

This observation is in agreement with some previous results in the high-alkaline aqueous solutions 

observed by Macova et al. [11, 12]. EIS was used to describe anode surface layers structure. 

Generally accepted model of two layer (outer and inner) sandwich structure was verified by 

impedance spectra characterized by two time constants. Both polarization resistances exhibit very 

similar values, which is in contrast with previous observations in aqueous highly-alkaline 

solutions [23]. This indicates rapid disruption of the passive-inner layer due to the higher 

temperature and electrolyte aggressivity. The decrease of the resistances of both sublayers is 

connected with their deterioration and thus its protective properties. This finding is important fact in 

design of the industrial process of ferrates(VI) production. 
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ABSTRACT 

 Fischer type carbene complexes with the general formula (CO)5Cr=C(NMe2)(R) have characteristic 

charge distribution: an electron rich central metal atom and an electron deficient carbene carbon atom. They 

behave as molecules with two redox centres: Eox depends on the metal nature whereas Ered reflects the 

carbene ligand constitution.  

 This work deals with electrochemical behaviour of binuclear Cr(0) complexes possessing either m-Ph 

or 2,2’-dithiophenyl bridge. In comparison with their mononuclear analogues we have been able to determine 

the extent of the electronic communication between their metal centres which is important for possible 

application of analogous molecules as molecular devices.  

 m-Ph bridge blocks the electronic communication between the Cr atoms, as Eox remains very similar 

to that of the mononuclear complex but the current is twofold. Delocalized π-electron system of the  

2,2’-dithiophene bridge allows some electronic communication between metal centres during oxidation but 

the communication is blocked for reduction. The results are supported by UV-Vis spectra and by theoretical 

calculations. 

 

INTRODUCTION 

 Carbene complexes contain a formal double bond between the central metal atom and the 

carbene carbon, their general formula is LnM=CR1R2. Fischer type carbene complexes are 

characterised by specific charge distribution in their molecule: the central metal atom has a 

negative partial charge while the carbene carbon bears a positive partial charge. This electronic 

distribution is given by properties of the metal and the ligands. It is stabilised by the central metal 

character (the metal must be electron rich as well as in a low oxidation state) and, at the same 

time, the ligands should be good -acceptors, e.g. carbonyl ligands. Substituents R1 and R2 on the 

carbene carbon influence the carbene complex stability by their mesomeric or inductive effects. 

Substituents with positive mesomeric or inductive effect stabilise this type of carbene complexes. 

Contrary, the complexes are destabilised by substituents with negative mesomeric or inductive 

effect. Such complexes are then more reactive towards nucleophilic attack on the carbene moiety. 

 Nowadays complexes with several central metals are widely studied. Such complexes have 

a couple of redox active centres giving them specific properties. The redox active centres can 

influence each other by electronic communication through bridging ligands, whenever it is possible. 
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A charge can be passed from one redox centre to another. Molecules of this type act as  

one-dimensional wires and they are studied for possible use as non-linear optics (NLO) [1]. 

 Preparation and problems of non-linear optics are well described in literature [1]. 

Development of molecules with non-linear optic properties went from purely inorganic compounds 

(crystalline materials or semiconductors) through organic materials [2] to organometallics [3-8]. 

Organometallic complexes join advantages of both organic and inorganic materials, namely an 

aimed design of the molecule with necessary stability. Usually, they have more redox centres so 

they behave as a push-pull system with intramolecular electron transfers. Carbene complexes also 

belongs to the class of compounds mentioned above, they are widely described in literature [9-12].  

 This work deals with two pairs of chromium aminocarbene complexes (Fig. 1). Electrochemical 

behaviour of the mononuclear complexes 1A and 2A was described in our previous work [13-15]. 

These molecules belong to the species with the two almost independent redox active centres. The 

reduction centre is situated on the electron deficit carbene carbon so that the reduction potential 

depends mainly on the carbene ligand composition. The oxidation centre takes place on the central 

metal atom bearing partial negative charge and the oxidation potential value nearly does not reflect 

changes in the carbene ligand structure. Knowledge of the structure – properties relationship in 

mononuclear complexes forms a base for investigation of their binuclear analogues. 
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Fig. 1 Structure of the studied molecules 

 

 The aim of the present work is to reveal whether all possible redox centres in the binuclear 

molecules retain their electrochemical activity and, especially, how these centres influence each 

other. Special attention is paid to the role played by the bridge in course of electronic 

communication within the whole molecule. 

 

EXPERIMENTAL PART 

Electrochemistry 

 All electrochemical measurements were carried out in a 5 ml solution of dry acetonitrile (AN) 

99,9% (water < 10 ppm), Acros Organics, in a Metrohm type cell. The solution was deaerated by a 

stream of argon. Tetrabutylammonium hexafluorophosphate ([Bu4N][PF6]) p.a. Fluka recrystallized 

from an aqueous ethanol was used as a supporting electrolyte in concentration 0.1 mol l−1.  
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The sample solution was always prepared directly in the cell by dissolving known amount of the 

solid compound; sample concentration varied between 3-10 × 10−4 mol l−1. 

 For electrochemical experiments, a AFCBP1 bipotentiostat (Pine Instrument Company) or a 

Methrom Autolab potentiostat PGSTAT 101 was used with a std. SCE reference electrode and a 

platinum sheet as an auxiliary electrode. Reduction was studied by DC polarography on a dropping 

mercury electrode (DME) and by a cyclic voltammetry (CV) on hanging mercury drop electrode 

(HMDE) a (Metrohm), glassy carbon electrode or a platinum electrode, scan rate during CV 

ranging from 100 to 2500 mV s−1. Rotating disc electrode voltammetry (RDEV) was performed on a 

glassy carbon electrode (Pine Instruments AFM SRCE), scan rate 20 mV s-1, rotation rate 100, 

400, 900 and 1600 r.p.m. The accuracy of the potential measurement was 0.005 V. Under given 

conditions, it was possible to determine both Ered and Eox for all the substances: Ered = E1/2 from DC 

polarography, Eox(red) = 1/2(Epa + Epc) from CV measurement. 

 

DFT calculations 

 Ground state electronic structure calculations have been done by density-functional theory 

(DFT) method using Gaussian 09 [16] program package. B3LYP hybrid functional [17,18] was 

used together with 6-311g(d) polarized triple- basis sets [19,20] for H,C, N, O, S and Cr atoms. 

 Geometry of all the complexes was optimized without any symmetry constrains, vibrational 

analysis was used for characterization of stationary points. For proper minima no imaginary 

frequencies were found. MO analysis was done at optimized structures using the same level of 

theory. MO plots were generated by the GaussView software. 

 

Synthesis 

 Syntheses of the complexes 1A, 1B, and 2A are described in [15,21,22], resp. Synthesis of 

2B, 5,5’-bis{[1-(N,N-dimethylamino)-2,2,2,2,2-pentacarbonyl-2-chromavinyl]}-2,2’-dithiophene, was 

carried out via 5-bromo-2-(2,2,2,2,2-pentacarbonyl-1-ethoxy-2-chromavinyl)thiophene (C) by the 

following way: 

General 

 All experiments were carried out under argon. Tetrahydrofuran was distilled from 

benzophenone ketyl under argon prior to use. 2,5-Dibromothiophene was prepared according to 

the literature procedure [23], other compounds were purchased commercially. Silica and alumina 

were obtained from Merck. Melting points were determined on a Kofler block and are uncorrected. 
1H NMR spectra were recorded on a Varian Gemini 300 spectrometer (1H at 300 MHz) in CDCl3 or 

acetone-d6.  

5-Bromo-2-(2,2,2,2,2-pentacarbonyl-1-ethoxy-2-chromavinyl)thiophene, C 

Butyllithium (3.13 mL, 5.0 mmol, 1.6 M solution in hexanes) was added to a solution of  

2,5-dibromothiophene (1.21 g, 5.0 mmol) in dry Et2O (20 mL) cooled to -78 °C. The resultant 

mixture was stirred 30 min at -78 °C, then the mixture was warmed to ambient temperature and 

chromium hexacarbonyl (1.1 g, 5.0 mmol) was added at once. The reaction mixture was stirred 2 h 

at ambient temperature, and concentrated under reduced pressure. Isolated red-brown residue 

was dissolved in water (15 mL), the solution was cooled to 0 °C and triethyloxonium 
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tetrafluoroborate (1.90 g, 10.0 mmol) was added in several portions. Then the mixture was stirred 

10 min at 0 °C, the water layer was extracted with EtOAc (4x50 mL), combined organic layers were 

dried over MgSO4, concentrated under reduced pressure and column chromatography (silica gel, 

hexane) afforded the title compound 1.60 g (78%), red solid, m.p. = 64  66 °C; 1H NMR (300 MHz, 

CDCl3)  = 1.65 (t, J = 6.9 Hz, 3H, CH3), 5.15 (q, J = 6.9 Hz, 2H, CH2), 7.23 (d, J = 4.5 Hz, 1H, 

CH), 7.97 (d, J = 4.5 Hz, 1H, CH). 

 

5,5’-Bis{[1-(N,N-dimethylamino)-2,2,2,2,2-pentacarbonyl-2-chromavinyl]}-2,2’-dithiophene 2B 

Butyllithium (1.04 mL, 2.6 mmol, 2.5 M solution in hexanes) was added to a solution of 2-[2,2,2,2,2-

pentacarbonyl-1-(N,N-dimethylamino)-2-chromavinyl]thiophene (0.662 g, 2.0 mmol) in dry THF  

(20 mL) cooled to -78 °C. The resultant mixture was stirred 30 min at -78 °C followed by addition of 

ZnBr2 (0.450 g, 2.0 mmol) in dry THF (5 mL). Then the reaction mixture was stirred 30 min  

at -78 °C followed by addition of Pd(PPh3)4 (0.116 g, 0.10 mmol) and C (1.23 g, 3.0 mmol) in dry 

THF (5 mL). Subsequently, the reaction mixture was stirred 2 h at ambient temperature, then 

alumina (5 g) was added and the solvent was removed under reduced pressure. Obtained solid 

was separated by column chromatography (silica gel, dichloromethanehexane, 1:2) which affored 

1.19 g (90%) of 5-[1-(N,N-dimethylamino)-2,2,2,2,2-pentacarbonyl-2-chromavinyl]-5’-[1-ethoxy-

2,2,2,2,2-penta-carbonyl-2-chromavinyl]-2,2’-bithiophene as red solid, m.p. = 140 °C (decomp.),  
1H NMR (300 MHz, CDCl3)  = 1.68 (t, J = 7.2 Hz, 3H, CH3), 3.31 (s, 3H, CH3), 4.02 (s, 3H, CH3), 

5.15 (q, J = 6.3 Hz, 2H, CH2), 6.05 (d, J = 3.9 Hz, 1H, CH), 7.257.30 (m, 2H, CH), 8.17 (d,  

J = 3.9 Hz, 1H, CH). The isolated biscarbene (1.19 g, 1.80 mmol) was dissolved in dry THF  

(20 mL) and Me2NH (1.8 mL, 3.6 mmol, 2.0 M solution in Et2O) was added. The resultant mixture 

was stirred 1 h at ambient temperature, concentrated under reduce pressure and column 

chromatography (silica gel, dichloromethanehexane, 1:2) afforded the title biscarbene complex 

2B 0.840 g (71%, 64% overall isolated yield) as yellow solid, m.p. = 88 °C (decomp.); 1H NMR (300 

MHz, acetone-d6)  = 3.46 (s, 6H, CH3), 4.09 (s, 6H, CH3), 6.60 (d, J = 3.9 Hz, 2H, CH), 7.22  

(d, J = 3.6 Hz, 2H, CH). 

 

RESULTS AND DISCUSSION 

 Redox properties of the molecules 1A, 1B, 2A and 2B were studied by classical 

electrochemical methods, i.e.: polarography for reduction and cyclic voltammetry for oxidation.  

In addition, both oxidation and reduction properties were measured on the rotating disc electrode. 

Generally said, electrochemical behaviour of the dinuclear molecules 1B and 2B exhibits similar 

features as those of the mononuclear ones. The previously characterized redox centers retain their 

electrochemical activity.  

 

Oxidation 

 At first we have studied electronic communication between oxidation centres i.e. the 

chromium atoms in both biscarbene complexes. The complex with m-phenylene group shows no 

electronic communication throughout the phenylene bridge. The compounds 1B and 1A differ in 
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their oxidation potentials by 30mV, the oxidation wave is less steep for 1B and 1B limiting current 

is twofold than for 1A as Fig. 2 shows. Such behaviour indicates that oxidation of 1B proceeds in a 

similar way as for its monocarbene analogue and the both chromium atoms are oxidised 

independently. The observed current is twofold due to the presence of two metals in biscarbene 

complex. The oxidation potential shift in 1B voltammogram is caused by entropic factors [24].  

As the first chromium atom is oxidised, the molecule needs to be turned by the second, unoxidised 

chromium atom towards the electrode. 
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Fig. 2. Oxidation of the 1A and 1B on GC electrode, RDEV, rotation rate 900 r.p.m. 

  

 Experimental results are supported by theoretical calculation (Fig. 3) showing that the 

HOMO orbital is localised on both chromium atoms. 

1A- HOMO

1A - LUMO
1B - LUMO

1B - HOMO

 

Fig. 3. HOMO and LUMO visualization of 1A and 1B; DFT calculations 

 

 Oxidation of the biscarbene complex with dithienyl bridge (2B) is more complicated than the 

phenylene biscarbene (1B) oxidation (Fig. 4), as we can see from the shape of its RDEV curve 

which does not look like a simple addition of two 2A voltammograms. The fact gives evidence of an 

intramolecular electronic communication between the two chromium atoms but the process looks 

rather complicated.  
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Fig. 4. Oxidation of 2A and 2B on GC by RDEV, rotation rate 900 r.p.m. 

 

 RDEV shows that both 2A and 2B are oxidised in two steps. The first step in 2B oxidation is 

shifted by 100mV to lower potentials (easier oxidation) in comparison with 2A. On the other hand, 

the second oxidation step of 2B is closer to the first one than in 2A oxidation. These facts can be 

explained by the presence of a large delocalised system  between the two metals consisting of the 

dithienyl bridge. The delocalised system causes easier oxidation of the molecule in both steps. 

This finding is supported by MO calculation: 2B HOMO is located not only on the central metals but 

also on the thienyl rings, unlike the 2A HOMO, so an electronic communication via the bridge as 

well as oxidation aimed to the dithienyl moiety are probable. 

 In order to make the observation clear, CV was used (Fig. 5). For both 2A and 2B, the 

results achieved by the RDEV method differ from the results achieved by CV. Results of the 

previous CV studies[15] show that oxidation of 2A is centered on the metal atom where Eox 

depends only on the metal nature, not on the carbene ligand substitution. It is a one-electron quasi-

reversible process of EC type - the electron transfer is followed by a chemical reaction. To the 

contrary, on the RDEV curve two oxidation steps are observed. The first electron is taken from the 

central metal atom as the HOMO is localised mainly on chromium atom in 2A (Fig. 6). The second 

oxidation wave observed on RDEV belongs probably to the oxidation of the thienyl ring because, 

according to the calculations published in [15] - spin density of the complex after the first oxidation 

step is partially localised on the thienyl ring. The second oxidation step was observed only in 

RDEV since it is a dynamic technique. The complex quickly decomposes after the first oxidation 

step and thus it is not present in the CV curve at given scan rates.  

  Also oxidation of 2B differs depending on the method: while RDEV has shown two oxidation 

steps, CV unveils one more peak in lower potentials region. This first oxidation step (around 

350mV) of 2B is observable only in the CV when measured on platinum electrode where the 

electron transfer is fast enough for the reaction to occur, and its nature remains unclear. 
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Fig. 5 Oxidation of 2B on Pt by CV, scan rates from 100 to 2500 mV/s 

 

 Behaviour of 2B can be explained by its correlation with 2A results. The first wave on the 

RDEV curve corresponds to the middle peak (aprox. at 0.7V) of the cyclic voltammogram (Fig. 5). 

It belongs to the metal oxidation. As the metals communicate, they behave like a unit and the 

corresponding current is not double of the first 2A wave. The following wave on the 2B RDEV 

curve also has its counterpart on CV. At higher scan rates, this wave becomes more pronounced 

while it nearly disappears at lower scan rates. Such behaviour corresponds to the situation where 

the first oxidation step is followed by concurrent reactions: either by a decomposition of the 

molecule or by the second oxidation step. In case of 2A, the decomposition of the oxidised 

molecule was so fast that on the CV curve the second oxidation step was not observed. On the 

other hand, in case of 2B, the oxidised molecule is stabilised by intramolecular electronic 

communication and reaction rates of these concurrent reactions are similar. Decomposition of the 

oxidised complex becomes slower and, at higher scan rates, we can see the wave corresponding 

to the second oxidation step.  

2A - HOMO

2A - LUMO

2B- HOMO

2B  - LUMO

 

 Fig. 6 HOMO and LUMO visualization of 2A and 2B; DFT calculations 
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Reduction 

 Binuclear complexes contain two carbene ligands hence they have two reduction centres on 

the carbene carbons. The first group of the studied compounds, complexes 1B and 1A, has very 

close reduction potentials: -1,945 V for 1A and -1.955 V for 1B (Fig. 7). The biscarbene complex 

1B has twofold limiting current than 1A. This situation is analogous to the oxidation of this complex; 

both reduction centres behave as independent entities which implies that there is no electronic 

communication between the reduction centres through the m-phenylene bridge.  

 

i / c [A/ mol/ l]

0

-0.2

-0.4

-0.6

-0.8

-1

E [V]

0.5 0 -0.5 -1 -1.5 -2 -2.5 -3

1A

1B

 

Fig.7 Reduction of the 1A and 1B on GC by RDEV, rotation rate 900 r.p.m. 

 

 The second group of compounds consists of 2A and 2B. The biscarbene complex 2B with 

the dithienyl bridge is reduced in three steps in contrast with 2A, which exhibit only one  

two-electron reduction wave at potential -1.575 V (Fig. 8). Each reduction step of 2B corresponds 

to the reduction of a certain part of the molecule. Assignment of the steps was done by comparison 

with the monocarbene analogue and with help of theoretical calculations. The first reduction step 

appears at -1.145 V, the second one at -1.345 V and the last one at -2.160 V. The first and the 

second steps of 2B reduction are two one-electron consecutive processes representing an 

acceptance of electrons by the dithienyl-bridge delocalised π-system. The last step is a two-

electron process ascribed to the reduction of the two carbene carbons present in the biscarbene 

molecule. Reduction potential of the carbene carbons is shifted toward more negative values due 

to the previous thienyl rings reduction; moreover, electronic communication between them is 

blocked because of the thienyl ring reduction. That is why the last wave is twofold then the 

reduction wave for the monocarbene complexes. The carbene carbons are thus reduced at the 

same time as two independent reduction centres, in the same manner like we have seen in the 

oxidation of 1B. 
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Fig. 8 Reduction of 2A and 2B on DME. 

 

 Electronic communication between redox active centres was also studied by UV-Vis 

spectroscopy. Absorption bands in UV-Vis spectra of 1A and 2A have been recently analysed in 

detail in a combined experimental and theoretical study using TDDFT and CASPT2 calculation 

methods. The spectra consist of two broad charge – transfer bands. The lower energy band was 

assigned to the metal - carbene ligand CT. The UV band is composed from intraligand transitions 

of the carbene ligand and from metal – CO groups charge transfers. [25]  

 UV-Vis spectra of 1A and 1B are exactly the same; with two broad absorption peaks at  

233 nm and ~360 nm, only the absorbance of 1B is twofold (Fig. 9) due to the presence of two 

chromophores. No change of the spectra implies an absence of electronic communication between 

the metals and the carbenes, too. 

 Thienyl complexes have two intense absorption peaks at 266 nm and ~380 nm but 

comparison of 2B with the 2A is more complicated. Appearance of the spectra suggests that the 

presence of the dithienyl bridge changes electron distribution in the molecule (Fig. 10) This fact 

supports observations made by electrochemical methods. 
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Fig. 9 UV-Vis spectra of the carbene complexes with phenyl substituent, 1A and 1B; c1A = 14.2·10
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Fig. 10 UV-Vis spectra of the carbene complexes with thienyl substituent, 2A and 2B; 

c2A = 14.6·10
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Conclusions 

 The electrochemically active centres in the binuclear chromium(0) complex 1B with the  

m-phenylene bridge are completely isolated, with no display of mutual communication. The 

dithienyl bridge in the binuclear complex 2B enables electronic communication between the metal 

atoms in course of oxidation, electronic communication during reduction was not observed. 
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ABSTRACT  

 The useful spectroscopic technique providing valuable data about copper(II) complexes formed in the 

solutions is EPR spectroscopy mainly when N-donor ligands are bound to copper atoms, the 
14

N 

superhyperfine splitting may appear in the perpendicular and/or parallel region of the Cu(II) EPR spectra. 

The systems containing 5-chlorsalicylic acid (5-ClsalH) and different copper salts (CuSO4 or Cu(ac)2), with 

varying N-donor ligand (N,N’-diethylnicotinamide (denia) or 3-pyridylmethanol (ron)) concentrations were 

studied by EPR spectroscopy at low temperature of 98 K. In the first-derivative EPR spectra the 
14

N 

superhyperfine peaks are usually seen as minor rippers on the major copper hyperfine lines, but there are 

more clearly resolved in the second-derivative EPR spectra. To further enhance the resolution of the peaks 

on the wings of the superhyperfine multiplets, the third-derivative EPR spectra were herein used in the 

analysis of the nitrogen superhyperfine patterns. The 
14

N superhyperfine splitting was appearing in the 

perpendicular and/or parallel parts of the axially symmetric Cu(II) EPR spectra. The resolution and signal 

intensity of the superhyperfine splitting lines increased (for ronicol more progressively) when the N-donor 

ligand concentration increased, being saturated at higher ligand concentrations.  

 

INTRODUCTION 

 EPR spectroscopy can provide valuable information about copper(II) complexes with various 

ligands formed in the solutions. When copper(II) ions are bound to N-donor ligands, the 14N 

superhyperfine splittings may appear in the perpendicular [1-8], parallel [9-12], or the both [13-17] 

regions of Cu(II) EPR spectra. However, in the first-derivative experimental EPR spectra the 

nitrogen superhyperfine peaks are usually seen as minor ripples on the major copper hyperfine 

peaks, but there are more clearly resolved in the second-derivative EPR spectra [13]. Therefore, 

this method is useful for analysis of superhyperfine patterns, since second derivative display 

emphasizes sharp peaks and discriminates against broad lines [1, 2, 9, 11, 13]. It is obvious that, 

the second-derivative EPR spectra are a valuable tool, because of enhancement of features with 

narrow linewidth relative to broader components. So, the second-derivative EPR spectra are used 

in such studies by defaults, see elsewhere [1-4, 9-16]. Unfortunately, the rigorous resolution of the 

peaks on the wings of the nitrogen perpendicular and/or parallel superhyperfine multiplets is still 

not very good, because of the overlapping with the wide lines. One of the ways, how to solve this 

problem could be the use of one of the further derivations (the third one) of the experimental EPR 

spectra in an effort to more suppress these wide lines.  

 In the present paper, the chemical environments of Cu(II) ions in the presence  

of 5-chlorosalicylate anions and the nitrogen donor ligand ronicol (3-pyridylmethanol)  
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or N,N-diethylnicotinamide, were studied by the EPR spectroscopy in the frozen water/methanol 

(1:3) solutions at 98 K. In contrast to our previous studies [7, 8], we decided to use herein the third-

derivative EPR spectra in the analysis of the nitrogen superhyperfine patterns to enhance the 

resolution of the peaks on the wings of the nitrogen superhyperfine multiplets in the Cu(II) EPR 

spectra. Additional aim of this contribution is focused on better understanding of the properties of 

the above mentioned copper(II) complexes in the solutions.  

 

EXPERIMENTAL  

 Copper(II) complex systems (with varying ligand-to-metal ratio, x), (1) [Cu(ac)2(aq) +  

2(5-ClsalH(solv)) + xdenia(l)], (2) [Cu(ac)2(aq) + 2(5-ClsalH(solv)) + xron(l)], (3) [CuSO4(aq) +  

2(5-ClsalH(solv)) + xdenia(l)] and (4) [CuSO4(aq) + 2(5-ClsalH(solv)) + xron(l)], where x = 0, 2, 4, 

6, 8, 12, 16, were prepared in water-methanol (1:3) solutions for EPR measurements by 

a previously reported method [7, 8]. The first-derivative Cu(II) EPR spectra of prepared copper(II) 

complex systems (1-4) were measured on EMX X-band (≈ 9.4 GHz) EPR spectrometer  

(Bruker, Germany) in frozen water/methanol (1:3) solutions at low temperature of 98 K.  

For instrumental parameters setup, see Ref. [7, 8]. Processing and computer simulations of EPR 

spectra were carried out with original Bruker programs WinEPR [18] and SimFonia [19].  

The multicomponent EPR spectra were evaluated as a linear combination of calculated individual 

subspectra [20]. The second- and third- derivative EPR spectra were obtained in WinEPR [18] by 

derivation of the first-derivative EPR spectra.  

 All the Cu(II) EPR spectra exhibited axially symmetric anisotropic lines with hyperfine 

interactions due to both isotopes 63Cu (69.15 % natural abundance, I = 3/2) and 65Cu (30.85 % 

natural abundance, I = 3/2). Unfortunately, the resonance lines are too broad for separation of 63Cu 

and 65Cu peaks in the experimental EPR spectra [13, 15, 16, 19, 21]. The relation of g-factors  

(g|| > g > 2.0023) indicates the dx
2-y

2 ground state [13, 21, 22]. Additionally, for x > 0, the nitrogen 

superhyperfine interaction due to isotope 14N (99.64 % natural abundance, I = 1, [13, 23, 24]) were 

resolved in the perpendicular and/or parallel regions of the Cu2+ EPR spectra. More details are 

given in Refs. [7, 8].  

 

RESULTS AND DISCUSSION  

 In the case of the copper acetate (Cu(ac)2), the experimental, first-derivative Cu(II) EPR 

spectra (with axially symmetric lines) of the systems (1, 2) are illustrated in Figure 1 (for denia 

containing system) and Figure 2 (for ronicol containing system) 
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Figure 1.  Experimentally observed, a) the first-derivative Cu(II) EPR spectra of copper(II) complex (1), 

[Cu(ac)2(aq) + 2(5-ClsalH(solv)) + xdenia(l)], where x = 0, 2, 4, 6, 8, 12, 16, measured in frozen water-

methanol (1:3 v/v) solutions at 98 K. Expansion of the perpendicular region with 
14

N superhyperfine splitting 

of b) the second-derivative and c) the third-derivative, experimental Cu(II) EPR spectra.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.  Experimentally observed, a) the first-derivative Cu(II) EPR spectra of copper(II) complex (2), 

[Cu(ac)2(aq) + 2(5-ClsalH(solv)) + xron(l)], where x = 0, 2, 4, 6, 8, 12, 16, measured in frozen water-methanol 

(1:3 v/v) solutions at 98 K. Expansion of the perpendicular region with 
14

N superhyperfine splitting of b) the 

second-derivative and c) the third-derivative, experimental Cu(II) EPR spectra.  
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 It is clear that the nitrogen superhyperfine splitting multiplets are better visualised in the 

second-derivative EPR spectra, see elsewhere [1-4, 9-14]. Therefore, Figures 1b and 2b exhibit 

the details of 14N superhyperfine splitting in the expanded perpendicular region of the second-

derivative experimental Cu(II) EPR spectra of the complex systems (1, 2). No superhyperfine 

splitting was monitored, when x = 0. However, the rigorous resolution of the peaks on the wings of 

the nitrogen perpendicular superhyperfine multiplets is still not very good, because of overlapping 

with the wide lines. We tried to solve this problem by further derivation of the EPR spectra in effort 

to suppress these wide lines. Such third-derivative experimental Cu(II) EPR spectra with the details 

of the 14N superhyperfine splitting in the perpendicular region are illustrated in Figures. 1c and 2c.  

 It is obvious that the clarity in resolution of the peaks in the nitrogen perpendicular 

superhyperfine multiplets is now much better. Unfortunately, using this third-derivative procedure, 

the noise increased in some cases, mainly for smaller ligand concentration.  

 In the case of the copper sulphate (CuSO4), the experimental, first-derivative Cu(II) EPR 

spectra (with axially symmetric lines) of the systems (3, 4) are illustrated in Figure 3 (for denia 

containing system) and Figure 4 (for ronicol containing system).  

 Analogously herein, Figures. 3b and 4b show the details of 14N superhyperfine splitting in the 

expanded perpendicular region of the second-derivative experimental Cu(II) EPR spectra of the 

systems (3, 4). When x = 0, no superhyperfine splitting was monitored. Further, Figures. 3c and 4c 

illustrate the third-derivative experimental Cu(II) EPR spectra of the above mentioned systems.  

As in the previous case, comparing the third- and the second- derivative EPR spectra, shows that 

in this case, the 14N perpendicular superhyperfine splitting resolution is much better. And also here, 

the noise increased in some cases of third-derivative spectra, mainly for smaller ligand 

concentration.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.  Experimentally observed, a) the first-derivative Cu(II) EPR spectra of copper(II) complex (3), 

[CuSO4(aq) + 2(5-ClsalH(solv)) + xdenia(l)], where x = 0, 2, 4, 6, 8, 12, 16, measured in frozen water-

methanol (1:3 v/v) solutions at 98 K. Expansion of the perpendicular region with 
14

N superhyperfine splitting 

of b) the second-derivative and c) the third-derivative, experimental Cu(II) EPR spectra.  
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Figure 4.  Experimentally observed, a) the first-derivative Cu(II) EPR spectra of copper(II) complex (4), 

[CuSO4(aq) + 2(5-ClsalH(solv)) + xron(l)], where x = 0, 2, 4, 6, 8, 12, 16, measured in frozen water-methanol 

(1:3 v/v) solutions at 98 K. Expansion of the perpendicular region with 
14

N superhyperfine splitting of b) the 

second-derivative and c) the third-derivative, experimental Cu(II) EPR spectra.  

 

 Figure 5 illustrates the 14N parallel superhyperfine splitting on the lowest field parallel 

component (with mI = -3/2) of the experimental Cu(II) EPR spectra corresponding to ronicol 

containing systems (1, 3). Also in this case, the parallel superhyperfine peaks are seen only as 

minor ripples on the major copper hyperfine peaks. Unfortunately, using the second- and mainly 

the third- derivative procedure increased the noise in the EPR spectra.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.  Expansion of the parallel region with 
14

N superhyperfine splitting on the lowest field parallel 

component of experimentally observed Cu(II) EPR spectra of copper(II) complexes (a = (2)) [Cu(ac)2(aq) + 

2(3,5-Cl2salH(solv)) + xron(l)] and (b = (4)) [CuSO4(aq) + 2(3,5-Cl2salH(solv)) + xron(l)], where x = 8, 12, 16, 

measured in the frozen water-methanol (1:3 v/v) solutions at 98 K: a1, b1) the first-derivative, a2, b2) the 

second-derivative and a3, b3) the third-derivative, corresponding experimental Cu(II) EPR spectra.  
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 In conclusion, the 14N superhyperfine splitting was appearing in the perpendicular (for x > 0, 

all systems (1-4) and parallel (for x ≥ 8, only systems (2), (4)) parts of the axially symmetric Cu(II) 

EPR spectra. The resolution and signal intensity of the superhyperfine splitting lines increased  

(for ronicol more progressively) when the ligand-to-metal ratio (x) increased, being saturated at 

higher ligand concentrations.  
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ABSTRACT 

 Composite scaffolds were prepared on the base of Zn modified tricalcium phosphate (Zn--TCP) fine 

powders. Two natural bioresorbable polysaccharides - xanthan gum and caragenan, as well as saccharose 

and gelatine were used to provide elasticity and long-term formation of micro and macro porosity in the 

composite implant materials. The samples were prepared as pastes of different density, which were molded, 

lyophilized and finally hardened using glutaraldehyde.   

 The in vivo behavior of the composites thus prepared was tested in experimental rat models. Bone 

defects were created in rat tibia and were filled with the autologous implants. Histological and biochemical 

studies were done. The presence of caragenan ensured the longer term stability of the implant. The results 

showed good biocompatibility and tissue tolerance to the new implants.  

 

INTRODUCTION 

 The bone tissues are hierarchical composite mineral-organic structures with a complex 

architecture [1-2]. They are built up of an organic matrix and an inorganic component consisting of 

calcium orthophosphates with equally oriented nano-sized particles. This organic-inorganic nature 

of the hard tissues ensures high strength together with partial elasticity [3]. Thus, the preparation of 

composite materials built by calcium phosphate salts dispersed into polymer matrices that possess 

structure and properties close to those of bone tissues and are suitable for bone regeneration and 

remodeling, is subject to extensive studies.  

 Ion modified calcium-deficient carbonate apatites, predominantly Mg and Zn substituted 

ones, have been developed [4-8] because of their structural and chemical similarity to biological 

apatites. The presence of such ions strengthens some specific biologically important features and 

modifies the rates of dissolution and biodegradation of the corresponding biomaterials [9]. 

 Polymers are a special class of organic materials that are comparable with major functional 

components of the biological environment [3]. There is a variety of biocompatible polymers, such as 

polyacrylates [10, 11], polyurethanes [12, 13] , polycarbonates [14], etc., suitable for biomedical 

applications. Natural polymers like gelatin [15, 16], chitosan [17,18] or their derivatives, have been 

used as an alternative to synthetic polymers because of their biodegradability and biological activity. 

The aim of this study was to prepare porous composite materials of Zn--TCP ceramic powders 

with natural bioresorbable polysacharides (xanthan gum and caragenan) and gelatin, and to test  

in vivo their biocompatibility. 
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EXPERIMENTAL PART 

Preparation of Zn--TCP ceramic powders 

 The method of Zn--TCP preparation consisting of biomimetic precursor precipitation and 

subsequent high-temperature treatment was described in detail elsewhere [19]. Briefly, the 

amorphous precursor was prepared by the method of continuous co-precipitation in glycine buffer 

medium of pH 8. The modifications of the conventional simulated body fluid (SBFc) [20] were used 

as solvents for CaCl2, ZnCl2 and K2HPO4 in order to ensure an electrolyte medium similar to blood 

plasma. The molar ratios of (Ca+Zn)/P and Zn/(Zn+Ca) in the initial solutions were 1.67 and 0.13, 

respectively. The solutions were combined at a rate of 3 ml/min. The precipitate was matured in 

the mother liquid for 24 h at room temperature and then the thick suspension was subjected to 

gelation with xanthan gum, lyophilized, washed (solid-to-water ratio 1:100) and secondarily 

lyophilized. The dry precursors were sintered at 1000oC and atmospheric pressure in a  

high-temperature furnace, type VP 04/17 of LAC Ltd Company. The working regime was: heating 

with a rate of 3oC/min till the desired temperature and keeping it constant for 1 hour. 

 

Preparation of the composite scaffold 

 Two types of composite scaffolds were prepared by mixing the hydrogels previously 

prepared from gelatin (20 mass %), xanthan gum (1 mass %) and caragenan (1 mass %) with fine 

ceramic powder of Zn-β-TCP in appropriate ratios (Table 1).  

 

Table 1 Composite scaffolds composition (mass %)  
 

Sample 
Powder  

Zn-β-TCP 

Xanthan 

gum 
Caragenan Gelatin 

Saccharos

e 
Water 

A 50.13 0.48 - 4.83 1.10 43.40 

B 73.89 0.12 0.12 2.46 1.23 22.17 

 

 Saccharose (1 mass % of the powder) was added as a porosifier. Then, the dense pastes 

were molded in the shape of cylinders (2 mm diameter) and lyophilized. The samples were 

saturated with water for 24 h and hardened by 1% glutaraldehyde. 

 

Physico-chemical characterisation 

Chemical analyses - The sum of Ca2+, Mg2+ and Zn2+ ions in the solid samples was determined 

complexometrically with EDTA at pH 10. The concentrations of Zn2+, Mg2+, K+ and Na+ ions were 

determined on a THERMO M5 atomic absorption spectrometer and the concentrations of PO4
3- 

and Cl- ions were determined spectrophotometrically by NOVA 60 equipment, using Merck and 

Spectroquant® test kits. 

X-ray diffraction analysis - The phase composition of the solid samples was determined on a 

Bruker D8 advance XRD apparatus operating at 40 kV and 40 mA with CuKα radiation and a SolX 

detector within the 2θ range of 10-90o2θ, with a step of 0.04o2θ and counting time of 1s/step. 
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Morphologic studies – SEM images - The powder samples were sputter-coated with gold. Their 

morphology and microstructure were observed using scanning electron microscope JEOL  

JSM-5510 equipment operating at a voltage of 10 kV. 

 

In vivo studies 

 Male adult rats (Rattus norvegicus albinus, Wistar), weighing on average 300-400 g, were 

randomly distributed into 3 groups of 8 animals: group 1-controls with control defects which were 

left empty, group 2 and group 3 with defects filled according to the material (A or B ) inserted into 

the experimental cavity. The protocol was approved by the Animal Care and Use Committee of the 

Institute of Experimental Morphology, Pathology and Anthropology with Museum at the Bulgarian 

Academy of Sciences. The animals were subjected to general anesthesia with ketamine 

chlorohydrate 50 mg kg-1 (0.05 mL/100 g) and xylazine chlorohydrate 5 mg kg-1 (0.025 mL/100 g), 

given intramuscularly. After hair removal from the upper region of the head, lidocain chlorohydrate 

2% with norepinephrine 1: 50.000 was injected subcutaneously at the site in order to provide 

hemostasis and additional intraoperative analgesia, in addition to helping with pain management in 

the immediate postoperative period. Surgical access was obtained by a linear coronal 

dermoperiosteal incision measuring 1.5 cm in length. A tibia defect was made in the center of each 

frontal bone with a trephine bar. The periosteum was divulged and pulled apart along with the 

adjacent soft tissues, exposing the surface of parietal bones. A cavity measuring 4 mm in diameter 

was made by using a cylindrical multiple blade bore. The experimental materials were inserted into 

the cavity. The procedure of the operation was performed according to Katthagen and Mittelmeler 

[21]. The defect was completely covered and the skin was closed using silk thread Marlin HR 2/0 

USP suture. On day 7th, 14th and 84th blood samples were taken for biochemical analyses. Blood 

plasma samples were analyzed for Ca and P using a biochemical analyzer. At the end of the 

experiment the rats were euthanized and the tibia was retrieved for histological studies. 

 

RESULTS AND DISCUSSION 

Preparation of ceramic powder and composite scaffolds 

 Zn-modified (Zn/(Zn+Ca) = 0.13) amorphous calcium-deficient phosphate precursors 

((Zn+Ca)/P = 1.3) were precipitated. The modified conventional simulated body fluids provided 

further ion modification of the precursors with Mg2+ (0.005 mmol/g), Na+(0.08 mmol/g), K+  

(0.02 mmol/g) and Cl- (<0.05 mmol/g) ions, analogous to bone-like apatites [22]. Finally, after high-

temperature treatment (1000oC) Zn-β-TCP was prepared (Fig. 1).  
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Fig.1 X-ray powder pattern of: a) amorphous precursor and b) sintered sample. 

 

 Natural bioresorbable polysacharides xanthan gum and caragenan, as well as gelatin were 

used for composite scaffold preparation. Owing to their different solubility, these polymers provide 

the necessary elasticity of the implant and the step-wise porosity formation.  The preliminary 

porosity of the samples was imparted by saccharose during washing (Fig.2b). The SEM images 

(Fig.2) show the good cross-linking of the powder particles by the polymers.  

 

   

a      b 
 

Fig. 2. SEM images of composite scaffolds: a) before and b) after sacharose dissolution. 

 

Biochemical studies  

 The mean levels of Ca and P in the blood serum were used to evaluate the bone 

metabolism. Similar values of Ca and P were obtained for all three groups up to the 7th day and for 

the 3rd group up to the 14th day. The concentration levels of calcium and phosphorus for the 1st and 

2nd groups increased.  
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Fig. 3 Concentration of Ca and P in the serum of rats with implants 

 

Histological studies  

 The histological studies revealed that the presence of caragenan in the composite materials 

(3rd group) slowed down the dissolution and ensured longer-term stability of the implants  (Fig. 4). 

The Zn--TCP – gelatin - xanthan gum - caragenan composite scaffold kept its cylindrical form and 

was surrounded by cylindrically shaped thin bone tissue (Fig. 4c). The Zn--TCP – gelatin - 

xanthan gum composite scaffold lost its initial cylindrical form and was fragmented in differently 

sized pieces (Fig. 4b). There is a growing tissue (slightly bended bone tissue under the implanted 

material) together with the newborn fibrose tissue without any inflammation process. Autoinduction 

of the created defect (rats from the 1st group) with a bridge from the bone tissue significantly 

thinner than the original bone is also seen (Fig. 4a).  

 

   

a                                                     b                                                     c 

 

Fig. 4 Histological studies of: (a) 1
st
 group, (b) 2

nd
 group with implant A, (c) 3

rd
 group with implant B. 
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ABSTRACT 

 Metal-peptide complexes, into which an unnatural amino acid, 5’-amino-2,2’-bipyridine-5-carboxylic 

acid (H-5Bpy-OH), is incorporated, has been named ‘Peptide Origami’. We have applied this strategy for 

designing functional metal complexes to photochemical CO2 reduction. Molecular design, synthesis and 

application of ruthenium-peptide complexes are herein reported. The photochemical CO2 reduction catalyzed 

by trans(Cl)-Ru(Ac-5Bpy-NHMe)(CO)2Cl2 as a model complex is firstly described. The reaction requires 

[Ru(bpy)3](PF6)2 and 1-benzyl-1,4-dihydronicotinamide (BNAH) as a photosensitizer and an electron donor, 

respectively. Photo-irradiation efficiently catalyzes the photochemical CO2 reduction to produce CO and 

formate. And then the binuclear ruthenium-peptide complexes having three different peptide sequences 

between ruthenium centers are designed and synthesized. The catalytic activities of ruthenium-peptide 

complexes for the photochemical CO2 reduction are discussed. 

 

INTRODUCTION 

 Highly functional molecules such as native proteins are desired for application in catalyses, 

energy conversion, or molecular devices. Artificial metalloproteins are expected as a strategy for 

the molecular design. We have designed and synthesized metal-peptide complexes in which an 

unnatural amino acid, 5’-amino-2,2’-bipyridine-5-carboxylic acid (H-5Bpy-OH), is incorporated [1-5]. 

Especially, we obtained a phosphorescent  metalloprotein by synthesizing the ruthenium complex 

of peptide containing three residues of 5Bpy (Fig. 1) [3]. This strategy was named ‘Peptide Origami’ 
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in the running title of the graphical abstract for the published paper, because the flexible peptide 

could form a definite conformation such as higher-order structure of native proteins through 

coordination with a metal ion. This strategy is applicable to the molecular design of functional metal 

complexes. For example, we have recently reported design and synthesis of a novel ruthenium 

tris(bipyridine) complex bearing viologen (an electron acceptor) and tylosine (an electron donor), 

exhibiting the photo-induced electron transfer [6].  

 

C terminal
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Fig. 1. Peptide Origami: Molecular design of artificial metalloproteins bu using an unnatural amino acid 5Bpy. 

 

 Photochemical CO2 reduction has been attracted much attention because it may lead us to 

the solution of the energy and environmental problems [7-9]. Metal complexes, which can be 

designed on the molecular level, are expected as the efficient catalysts. Actually, ruthenium 

polypyridyl complexes have been known to efficiently catalyze electrochemical CO2 reduction to 

produce CO and/or formate [10-18]. It is also known that the use of appropriate photosensitizers 

and electron donors makes the photocatalytic CO2 reduction possible [19-23]. For examples, the 

catalytic system of [Ru(bpy)2(CO)2]
2+ (a catalyst) / [Ru(bpy)3]

2+ (a photosensitizer) / triethanolamine 

(an electron donor) selectively reduces CO2 to formate under photo-irradiation. Instead of 

[Ru(bpy)2(CO)2]
2+, Ru(bpy)(CO)2Cl2 which is an efficient electrocatalyst for CO2 reduction also 

catalyze the photochemical reduction, however the catalytic activity is not so high compared to that 

of [Ru(bpy)2(CO)2]
2+ [24]. We have found that Ru(bpy)(CO)2Cl2 can efficiently catalyze 
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photochemical CO2 reduction to yield CO and formate without evolving H2 in the system containing 

[Ru(bpy3)]
2+ and BNAH as the photosensitizer and the electron donor, respectively.  

 We herein report the photochemical CO2 reduction catalyzed by 

trans(Cl)-Ru(Ac-5Bpy-NHMe)(CO)2Cl2 which is a model complex of the ruthenium-peptide ones. 

And we also describe the synthesis of ruthenium-peptide complexes and their catalytic activity of 

photochemical CO2 reduction. 

 

 

 

Fig. 2. Structures of molecules consisting of the catalytic system for photochemical CO2 reduction. 

 

EXPERIMENTAL PART 

Materials 

 [Ru(bpy)3](PF6)2, the ruthenium precursor [Ru(CO)2Cl2]n, Ac-5Bpy-NHMe, and BNAH were 

prepared according to the literatures [2, 4, 25-27]. Trans(Cl)-Ru(Ac-5Bpy-NHMe)(CO)2Cl2 was 

synthesized by the reaction of [Ru(CO)2Cl2]n with Ac-5Bpy-NHMe in methanol at room temperature.  

All the reagents and the solvents for peptide syntheses were purchased from Watanabe Chem. Ind., 

Ltd. Fmoc-Ala-5Bpy-OH and Fmoc-Leu-5Bpy-OH were synthesized as reported in the literature [5, 6]. 

 

Syntheses 

 Peptides were synthesized on a SAL resin by using the Fmoc solid-phase peptide synthetic 

methodology. Fmoc group was deprotected with 20%-piperidine/DMF. Coupling of Fmoc-amino acid, 

Fmoc-Ala-5Bpy-OH or Fmoc-Leu-5Bpy-OH was carried out by using 

2-(1H-benzotriazoyl-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU), 
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1-hydroxybenzotriazole (HOBt), and N,N-diisopropylethylamine (DIEA) in N-methylpyrrolidone 

(NMP)/DMF (3:2). After the final deprotection of Fmoc group, the resin-supported peptide was treated 

with 50%-acetic anhydride/NMP. The peptides were cleaved and deprotected with trifluoroacetic acid 

(TFA)/water (95:1) for 1 h. The peptides were precipitated and washed with cold diethyl ether. The 

crude peptides were purified on a semipreparative reversed-phase HPLC column (Tosoh TSKgel 

ODS-80Ts (5 μm; 20 mm i.d. × 250 mm) equipped with a guard column TSKgel ODS-80Ts (20 mm i.d. 

× 50 mm)) using a water/acetonitrile mobile phase containing 0.1% (v/v) TFA. 

 The ruthenium-peptide complexes were synthesized as follows: [Ru(CO)2Cl2]n was initially 

refluxed in methanol for 1 h. After cooled to room temperature, the peptide was added to the 

solution, and the mixture was allowed to stir for 1 h. Pyridine was then added to remove the excess 

amounts of [Ru(CO)2Cl2]n, and the solution was allowed to stir at room temperature for 12 h. The 

ruthenium-peptide complex was obtained by filtration, and confirmed with the electrospray 

ionization-time-of-flight (ESI-TOF) mass spectroscopy. The purity was checked with the HPLC. 

 

Photochemical CO2 Reduction 

 N,N-Dimethylacetamide (DMA)/water solution (5 mL) containing the ruthenium catalyst  

(the ruthenium-peptide or model complex), [Ru(bpy)3](PF6)2 and BNAH was placed in a Quartz tube 

(23 mL volume, i.d. = 14 mm). The solution was bubbled through a septum cap with CO2 gas for  

20 min, and then was irradiated using a 400 W high-pressure lamp at λ > 400 nm (Riko Kagaku, L-39 

cutoff filter) in a merry-go-round irradiation apparatus (Riko Kagaku, RH400-10W). The gaseous 

products (CO and H2) were quantified with gas chromatographs (GC): CO was methanized through a 

Shimadzu MTN-1 methanizer, followed by detection with FID, and H2 was detected with TCD. Formic 

acid was extracted with ethyl acetate prior to GC analyses, and then detected with FID after 

methanization. The reaction was estimated with turnover numbers (TONs) which was defined in eq. 1. 

 

𝑇𝑂𝑁  = 
mol of the CO2 reduction product

mol of the catalyst
 

 

(1) 
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RESULTS AND DISCUSSION 

Photochemical CO2 reduction catalyzed by trans(Cl)-Ru(Ac-5Bpy-NHMe)(CO)2Cl2 

 Photo-irradiation of the CO2-saturated N,N-Dimethylacetamide (DMA) /Water (9:1 v/v) solution 

of [Ru(bpy)3]
2+ (5.0 × 10−4 M; a photosensitizer (PS)), trans(Cl)-Ru(Ac-5Bpy-NHMe)(CO)2Cl2  

(5.0 × 10−6 M; a catalyst (Cat)) and BNAH (0.10 M; an electron donor) efficiently yielded CO and 

formate (Fig. 3). They were confirmed to be the CO2 reduction products by the 13C NMR 

measurement using 13CO2. On the other hand, almost no evolution of H2 by the reduction of proton 

was observed. The oxidation products of BNAH was found to be not BNA+ but BNA dimers (i.e., 4,4’- 

and 4,6’-(BNA)2) by 1H and 13C NMR measurements and the HPLC analyses. As the amounts of the 

BNA dimers matched with the amounts of CO and formate which are the two-electron reduction 

products of CO2 within experimental errors, the catalytic reaction is expressed as shown in eq. 2. The 

turnover number for the CO2 reduction attained to ca. 3,000 for 4 h, indicating that the catalyst was 

highly efficient. 

 

(2) 
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Fig. 3. Photochemical CO2 reduction catalyzed by trans(Cl)-Ru(Ac-5Bpy-NHMe)(CO)2Cl2 (5.0×10
−6

 M) in the 

presence of [Ru(bpy)3](PF6)2 (5.0×10
−4

 M) and BNAH (0.10 M) in DMA/water (9:1 v/v); irradiated by using a 

400 W high-pressure lamp (λ > 400 nm). 
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 In the catalytic system, the photosensitizer [Ru(bpy)3]
2+ absorbs light (λ > 400 nm) and 

generates the excited state ([Ru(bpy)3]
2+*). The excited state of [Ru(bpy)3]

2+ is reductively quenched 

with BNAH to afford the reduced complex ([Ru(bpy)3]
+) and the oxidized species BNAH•+ (eq. 3). 

The latter is deprotected to give BNA•, followed by dimerization to yield BNA2 (eqs. 4 and 5). On the 

other hand, [Ru(bpy)3]
+ provides the electron to the catalyst, so as to catalyze the CO2 reduction.  

It is known that Ru(bpy)(CO)2Cl2-type complex is reduced to form polymers [Ru(bpy)(CO)2]n, 

playing a role as a catalyst for electrochemical CO2 reduction [28]. However, in the photochemical 

CO2 reduction, the generation of polymers hampers the reaction due to formation of precipitation 

[24]. Actually, the higher concentration of the catalyst tends to lower the catalytic activities. 

 

 (3) 

 (4) 

 (5) 

 

Synthesis of the ruthenium-peptide complexes and their catalytic activities of photochemical CO2 

reduction 

 We designed peptides for the ligands of the ruthenium catalysts so as to keep solubility if the 

ruthenium(I) dimers generated: two residues of 5Bpy connected with a peptide (Fig. 4). The peptides 

have different linker peptides. Peptide 1 has a flexible sequence (-Gly5-Gly6-Gly7-Gly8-). Peptide 2 

and 3 have turn structures of Type II (-Gly5-Pro6-Gly7-Gly8-) and Type VIII (-Gly5-Pro6-Val7-Gly8-), 

respectively. The hydrogen donating amino acid residues, Ser and Thr, are incorporated into the 

peptides at positions 4 and 11. These amino acid residues are expected not only to give high solubility 

of the peptide complexes but also act as hydrogen donating sites for the catalyses. 

 The peptides were synthesized on a SAL resin by using the solid-phase peptide synthetic 

methodology (Fig. 5). Because of the low reactivity of the amino group in 5Bpy, the dipeptide, 

Fmoc-Ala-5Bpy-OH or Fmoc-Leu-5Bpy-OH, which was separately prepared in solution, was 

applied to the solid-phase synthesis instead of Fmoc-5Bpy-OH. Fmoc group was deprotected with 

20%-Pip/DMF. Coupling of Fmoc-amino acid, Fmoc-Ala-5Bpy-OH or Fmoc-Leu-5Bpy-OH was 

carried out by using HBTU/HOBt/DIEA in N-methylpyrrolidone (NMP)/DMF (3:2). The 

resin-supported peptide was treated with 50%-Ac2O/NMP for acetylation, and was then cleaved 

∙ ∙ 
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from the resin with TFA/water (95:5). The peptides were precipitated with cold diethyl ether, and 

were purified with HPLC. 

 

 

 

Fig. 4. Ruthenium-peptide complexes synthesized in this work for the photocatalytic CO2 reduction. 

 

R R

R

B. Synthesis of the Ruthenium-peptide Complexes

A. Synthesis of he Peptide Ligands

 

Fig. 5. Synthetic schemes for peptides and ruthenium-peptide complexes. 
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 The ruthenium-peptide complexes were synthesized from [Ru(CO)2Cl2]n. The ruthenium 

precursor was refluxed in methanol for 1 h, and then reacted with the peptide at room temperature 

to avoid the formation of the cis conformers as the byproducts [29]. Pyridine was added to remove 

the excess amount of the precursor. The resulting ruthenium-peptide complexes were confirmed by 

using ESI-TOF-MS spectroscopy. 

 The photochemical CO2 reduction catalyzed by the ruthenium-peptide complexes was 

examined in the system of [Ru(bpy)3]
2+ and BNAH in DMA/water (9:1 v/v). Preliminary results showed 

that the catalytic activity for peptide 2 was lower than peptides 1 and 3. These results indicate that the 

catalytic activities depends on the linker structures of the peptides: the ruthenium-peptide complexes 

afford the ruthenium dimers during the reaction. It is suggested that Peptide 2 may not fold to form the 

dimer or that it may afford the dimer with the different structure from peptides 1 and 3. 

 In this study, we have constructed the photocatalytic CO2 reduction system which consists of 

the Ru(bpy)(CO)2Cl2-type catalyst, [Ru(bpy)3]
2+ (the photosensitizer) / BNAH (the electron donor). 

The ruthenium-peptide complexes, in which two residues of 5Bpy are contained, have been 

synthesized, and their catalytic activities for the photochemical CO2 reduction have been estimated. 

The results that the linker sequences between two residues of 5Bpy affect the catalytic abilities are 

preliminarily obtained. Further investigation of the relationship between the peptide structure and 

the catalytic activity is in progress. 
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ABSTRACT 

 Paramagnetic ionic liquids based on transition-metal coordination complexes named as „magnetic 

ionic liquids” (MILs) represent a new group of ionic liquids which show very interesting magnetic properties 

and are regarded as promising new materials. 

 In this work selected 1-alkyl-imidazolium salts as precursors of MILs have been prepared and 

characterized and subsequently used for synthesis of MILs: (bmim)[FeCl4], (bmim)[FeBr4] and (emim)[FeBr4] 

(bmim = 1-butyl-3-methylimidazolium cation; emim = 1-ethyl-3-methylimidazolium cation). The prepared MILs 

were characterized by IR, NMR, UV/Vis and EPR spectroscopies. Along with their peculiar magnetic 

behaviour, these compounds exhibit also photoredox reactivity in solutions. Acetonitrile solutions of MILs 

containing anion [Fe
III
X4]

–
 (X = Cl, Br) were irradiated in quartz cell using apparatus with a focused light 

beam from a 400 W medium pressure mercury lamp. Progress of the photoredox processes during 

irradiation was monitored by UV/Vis spectrophotometry as time evolution of c(Fe(II)). 

 

INTRODUCTION 

 Magnetic ionic liquids are in the chemistry of ionic liquids, new gradually developing field. 

The discovery of the first magnetic ionic liquid in 2004 [1] was a strong incentive for the preparation 

and study of magnetic properties of ionic liquids with magnetoactive complex anions of transition 

metals such as [FeIIIX4]
– (X = Cl, Br) [2,3], [MnIIX4]

2– (X = Cl, Br), [CoIIX4]
2– (X = Cl, NCS, N(CN)2), 

but also of ionic liquids with magnetoactive complex anions such as [GdIIIPCl6]
3– and [DyIII(NCS)8]

5– 

[4,5]. Recently dicationic magnetic ionic liquids with heteroanionic anions (such as [FeCl3Br]–) were 

prepared and studied by SQUID magnetometry [6]. These magnetic ionic liquids allow for tunability 

of physicochemical properties while retaining magnetic susceptibility. For the unusual physical and 

chemical properties, the magnetic ionic liquids attract more and more attention for their potential 

applications such as: transport and separation of materials [7]; nanomaterials with magnetic 

response usable in bionanoengineers magnetic devices [8]; in catalytic and polymerization 

reactions [9]; as photocontrolled paramagnetic supramolecular systems [10] or as new luminescent 

materials with the use in photochemistry and spectroscopy [11]. 

 In this work the preparation of selected 1-alkyl-imidazolium salts as precursors of magnetic 

ionic liquids is described along with the preparation of three magnetic ionic liquids: (bmim)[FeCl4]; 

(bmim)[FeBr4] and (emim)[FeBr4]. The prepared compounds were characterized by IR, NMR,  
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UV-VIS and EPR spectroscopies. Phototoredox properties of magnetic ionic liquids containing 

anion [FeIIIX4]
– (X = Cl, Br) were studied in acetontrile solutions by continuous photolysis. 

 

EXPERIMENTAL PART 

Reagents and solutions 

 1-methylimidazole; 1-chlorobutane, 1-bromobutane, 1-bromoethane, anhydrous iron(III) 

chloride, anhydrous iron(III) bromide, and 1,10-phenantroline were obtained from Sigma Aldrich. 

Potassium tris(oxalato)ferrate(III) for actinometry was purchased from Oxford Organic Chemicals. 

All commercial chemicals (analytical grade) were used without further purification.  

 

Apparatus and equipment 

 IR spectra were measured on a Nicolet 5700 FT-IR spectrophotometer. FT-IR spectra were 

taken in KBr pellets. Electronic absorption spectra were recorded on a UV/Vis spectrophotometer 

Specord 200 (Analytic Jena) in quartz cells (d = 0,2 cm and d = 0,5 cm). 1H-NMR and 13C-NMR 

spectra were measured on a NMR spectrophotometer Varian INOVA 600 at 599,782 MHz or 

150,830 MHz at room temperature v CDCl3. The EPR spectra of prepared MILs were measured 

using a computer controlled Bruker EMX instrument (operating at X-band, with 100-kHz field 

modulation) equipped with a quartz flat cell optimized for the Bruker TM cylindrical EPR cavity. For 

magnetic ionic liquid (bmim)[FeBr4] was measured the fluorescence on a Perkin-Elmer LS 50 

Luminescence spectrometer with xenon lamp in quartz cuvette (1x1x4 cm). The crevice width of an 

excitation and an emission monochromator was 10,0 nm and the speed of monochromators motion 

was 200 nm/min. Continuous photolysis of acetonitrile solutions of MILs containing anion [FeIIIX4]
– 

(X = Cl, Br) was realized by irradiation in a closed quartz cuvette using apparatus with a focused 

light beam from a 400 W medium pressure mercury lamp. The intensity of the incident light was 

determined by a ferrioxalate actinometer [12,13] and was of the order 106 molmin1. Progress of 

the photoredox processes during irradiation was monitored by UV/Vis spectrophotometry as time 

evolution of Fe(II) following its complexation with 1-10-phenathroline [12]. 

 

RESULTS AND DISCUSSION 

 The first step in the formation of magnetic ionic liquids was synthesis of 1-alkyl- 

3-methylimidazolium salts as precursors of MILs. These precursors were prepared according to 

standard procedures described elsewhere [14-17] by N-alkylation of 1-methylimidazole by alkyl 

halides to form quaternary ammonium salts. Realized preparations of 1-alkyl-3-methylimidazole 

halides required relatively long reaction time and/or a large excess of one of the reactants. General 

reaction scheme for preparations of 1-alkyl-3-methylimidazolium halides can be expressed as follows 

 

(where R = CH3 or CH2-CH2-CH3 and X = Cl, Br)

X–
R

 (1) 
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 It is necessary to note that the prepared 1-alkyl-3-methylimidazolium halides have been 

extremely hygroscopic and handling was possible only under a dry atmosphere. The composition 

and purity was confirmed by interpretation of their IR and NMR spectra. In the next text, the used 

working procedures are described briefly. 

 

Synthesis of (bmim)Cl 

 (bmim)Cl was synthesized by refluxing the 1-methylimidazole with a large excess of the 

chlorobutane for 24 h. The excessed 1-chlorobutane was removed in vacuo at 80°C. Cooling of the 

resulting viscous liquid gave a white solid (bmim)Cl which was recrystallized from the dried 

acetonitrile and obtained crystals was isolated by filtration and then dried in vacuo. Analysis of 

(bmim)Cl by IR and 1H-NMR spectra are in good agreement with literature data. Anhydrous  

1-butyl-3-methylimidazolium chloride (bmim)Cl is a hygroscopic solid. It rapidly absorbs water from 

the air, forming an aqueous solution. 

 

Synthesis of (bmim)Br 

 1-methylimidazole and 1-bromobutane at a molar ratio of 1:1,2 were added to a round –

bottomed flask fitted with a reflux condenser. The reaction mixture was heated at 70°C with stirring 

for 12 h and then distilled to remove the untreated matter and impurities in vacuo. After allowing 

the reaction mixture to cool, the brown-coloured, viscous product was washed with ethyl acetate 

(5 x 20 ml) and a volatile material was evaporated under high vacuum to obtain the 1-n-butyl- 

3-meth-ylimidazolium bromide as colorless crystals. 

 

Synthesis of (emim)Br 

 1-Bromoethane was dropped into dehydrated toluene solution of 1-methylimidazole (molar 

ratio 1-methylimidazole: 1-bromoethane = 1:1.1). Reaction was carried out under nitrogen 

atmosphere for 8 h. After stirring for 5 h, the reaction solution was cooled to 0°C. The precipitated 

crystal was filtered off. Filtered crystal was dissolved into 100 ml dehydrated acetonitrile and 

recrystallized by addition of dehydrated ethyl acetate. The prepared compound (emim)Br is a 

slightly yellow solid at room temperature. 

 

Preparations of MILs: (bmim)[FeClB4], (bmim)[FeBr4]] and (emim)[FeBr4] 

 Magnetic ionic liquids (MILs) (bmim)[FeCl4], (bmim)[FeBr4] and (emim)[FeBr4] were prepared 

by solid state reaction [1], namely by direct mixing of equimolar amounts of FeX3 (X = Cl, Br) and 

appropriate 1-alkyl-imidazolium salt in the apparatus under dry N2-atmosphere to avoid the 

hydrolysis of FeX3. The reaction was left stirring overnight at room temperature, in order to allow a 

perfect homogenization of the resulting magnetic ionic liquid. Prepared MILs could be stored for a 

long time in dry inert atmosphere. According to the above described procedure we have obtained 

(bmim)[FeCl4] (dark brown-yellow liquid); (bmim)[FeBr4] (red-brown liquid) and (emim)[FeBr4]  

(red-brown liquid). 
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Chatacterization of prepared MILs 

 Magnetic ionic liquids were characterized by interpretation of measured UV/Vis, IR and EPR 

spectra. Electronic absorption spectra of MILs were recorded in acetonitrile solutions. 

 UV absorption spectrum of (bmim)[FeCl4] consists of absorption bands with maximum at  

200 nm (electronic transition  → * in cation (bmim)+ [18]) and three peaks with absorption 

maximum at 240 nm, 312 nm and 361 nm (the lowest-energy charge-transfer (CT) transition  
6A1 → 6T2 of tetrahedral [FeCl4]

– anion in high-spin electronic state) [19,20]. In VIS absorption 

spectrum the very weak absorption bands observed in the range of 500 – 800 nm arise from spin-

forbidden d – d transitions: 533 nm, 621 nm and 689 nm [20-22]. These absorption bands are 

characteristic for [FeCl4]
– anion [23]. IR spectrum in region 600 – 150 cm–1 (measured using of PE 

tablet) consists of a very strong band at 383 cm–1 (characteristic for vibration in [FeCl4]
– anion) [24]. 

 The measurement and interpretation of UV/Vis and IR spectra of (bmim)[FeBr4] and 

(emim)[FeBr4] are essentially analogical. UV/Vis absorption spectra of (bmim)[FeBr4] and 

(emim)[FeBr4] consist of absorption bands with maximum at 196 nm, 218 nm, 279 nm, 391,16 nm 

and 467 nm. Absorption band at 391,16 nm is characteristic for [FeBr4]
– anion. In IR spectra 

(region 600 – 150 cm–1) two strong bands at 288 cm–1 and 217 cm–1 were observed. In accordance 

with the literature, these bands were assigned to vibration in [FeBr4]
– anion). 

 In all experimental EPR spectra EPR signals typical for Fe(III) paramagnetic particles were 

observed. Singlet lines were centered at g = 2. The expected resonance usually observed at  

g = 4.3 a g = 6 were not identified in our systems. The consequence of interaction of the central ion 

with solvent leads to tetrahedral distortion around Fe(III) ion and to observation of ZFS term in the 

EPR spectra. All studied systems show tetragonal axial symmetry, because in case of rhombic 

symmetry (E/D = 1/3) resonance at g = 4.3 would be observed. The half-width of EPR spectral 

lines of [FeBr4]
– complexes exhibit significant higher values (650 Gauss) as of EPR spectral lines 

of [FeCl4]
– complexes (240 Gauss). This result is in good agreement with experiments using 

chloride and bromide salts doped by d5 ions. Exchange interaction between d5 ions lead to 

observation of an EPR singlet centered at g = 2.0 what point out on aggregates formation in 

solutions of Fe(III) anions. 

 For magnetic ionic liquid (bmim)[FeCl4] we have measured the fluorescence, it was found 

that the fluorescence spectra can be assigned to the 1-butyl-3-methylimidazolium cation. 

 

Photoredox properties of MILs 

 Within the synthesis and characterization of MILs containing anion [FeIIIX4]
– (X = Cl, Br) 

photoredox properties of these compounds were investigated as well. Crucial aspect in studying 

the photochemical properties of Fe(III) complexes with unidentate ligands is to identify the primary 

photoredox step, to know the energy transfer processes and their chemical consequences and to 

ascertein the wavelength dependence of the quantum yield of Fe(II) formation [25]. Control 

experiments confirmed that the complexes (bmim)[FeCl4] and (emim)[FeBr4] do not undergo 

spontaneous redox changes in acetonitrile solutions in the dark.  

 Irradiation of acetonitrile solutions of the investigated halogenoferrate(III) complexes by 

ultraviolet or visible radiation leads to the photoreduction of Fe(III) to Fe(II). On the basis of our 
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previous experimental investigations [26,27] and very detailed study of published data concerning 

the processes occurring in irradiated systems containing [FeCl4]
–, free Cl– and ethanol [28], it can 

be concluded that in our systems, the primary photoredox step involves outer-sphere extraction of 

an electron from an anion X– (X = Cl, Br) by the excited complex *[FeCl4]
– leading to the radical X2

– 

(X = Cl, Br) according to the following equation 

*[FeX4]
– + X–    [FeCl3]

– + X2
– (2) 

or an inner-sphere decomposition of excited iron(III) complex or an outer-sphere electron transfer 

process involving the organic cation. 

 Irradiation of acetonitrile solutions of MILs containing anion [FeIIIX4]
– (X = Cl, Br) by radiation 

at 365 nm leads to spin-allowed charge transfer (CT) transition from molecular orbitals delocalized 

on the halogen atoms to d-orbitals of Fe(III) central atom resulting in photoreduction Fe(III) to 

Fe(II). Ground state Fe(III) complex can be formed from excited state by backward transfer.  

This kind of transition is very effective that indicates experimentally established low quantum yield 

value of photoreduction Fe(III) to Fe(II).  [nm] 

 Time evolution of the absorption spectra of acetonitrile solution of [FeIIICl4]
– irradiated at  

365 nm is shown in Fig. 1.  
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Fig. 1 Time evolution of the absorption spectra of acetonitrile solution of (bmim)[Fe
III
Cl4]

–
 irradiated at 365 nm 

in quartz cell 
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 Since oxygen present in irradiated solutions causes that photochemical formed Fe(II) is 

backward oxidized to Fe(III), solutions were deoxygenated by bubbling of argon during 60 min 

before irradiation. The time changes of Fe(II) concentrations in the course of irradiation were used 

for quantum yield determination of photochemically formed Fe(II). Produced Fe(II) reacted with 

1,10-phenantroline forming redox stable complex [Fe(phen)3]
2+ [11]. On the basis of our 

photochemical study of (bmim)[FeCl4], quantum yield of photoreduction of Fe(III) to Fe(II) was 

determined as Ф = 3.54103. The spectral bands in Fig.1 indicate that in the course of the 

photoreduction no other light-absorbing particles were formed and the equilibrium between 

individual iron(III) chlorocomplexes was preserved. A clear isosbestic point (at 230 nm) was not 

observed in spectrum but progress of spectral changes indicates previous result. 

 In photolysis of (emim)[FeBr4], the total irradiation time was extended. Irradiation of this 

system at 365 nm led to the photoreduction Fe(III) to Fe(II) as well, however, Fe(III) time 

concentration dependence was not linear therefore quantum yield value of photoreduction Fe(III) to 

Fe(II) was not allowed reliably to calculate. This non-linearity would have been caused by traces of 

O2, which might enter to the irradiated system at solution manipulation and/or would have been 

caused as a consequence of backward-oxidation Fe(II) to Fe(III) by products of organic cation 

(emim)+ redox reactions. Another photochemical study of magnetic ionic liquids containing anion 

[FeIIIX4]
– (X = Cl, Br) has been proceeding currently in our research laboratory. 
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ABSTRACT 

 The influence of different steric hindrance and electronic properties of 2,5- and 3,5-dimethylphenols 

(2,5-DMP and 3,5-DMP) on the type of interactions with Co
2+

-exchanged montmorillonite (Co-MMT) was 

studied. The results of X-ray diffraction and IR-spectroscopy shows, that phenol derivatives are intercalated 

into the interlayer space of montmorillonite. IR spectra indicate that 3,5-dimethylphenol may be also 

coordinated to Co
2+

 cations. These differences are connected with different acid-base interactions of 

individual phenol derivatives in the interlayer space of montmorillonite.  

 

INTRODUCTION 

 The problem caused by presence of toxic organic substances in soil and water is significant 

subject. Several remediation technologies and methods have been developed and implemented in 

recent years in order to clean up the enormous number of toxic compounds contaminated sites that 

threaten the health of ecosystem. Among these methods, adsorption of toxic substances using layered 

silicate minerals is often preferred due to its high efficiency, easy handing and low cost [1 - 3].  

 One of the characteristic features of layered silicates (especially montmorillonites) is their 

structure. The layers are formed by two tetrahedral sheets linked with an octahedral sheet. 

Isomorphous substitution in the octahedron and/or tetrahedron generates a negative charge on the 

layers, which is balanced by hydrated exchangeable cations in the interlayer (mostly Ca2+, Na+,  

but also Co2+). Toxic organic molecules (as phenol derivatives) can replace the water which 

normally occupies the interlayer spaces of montmorillonites [4]. 

 Phenol and its derivatives are important chemicals in the manufacture of synthetic resins, 

pharmaceutical, dyes and agrochemicals [5]. Their toxicity is high and they may accumulate in the 

environment [6]. This work is part of a global research on the adsorption of phenol derivatives by 

clay minerals in order to purify industrial waste water.   

 The purpose of the present investigation was to study adsorption of 2,5- and  

3,5-dimethylphenols by Co-exchanged montmorillonite and to obtain information on the effect of 

different position of CH3 groups on the phenol ring on the possibility of formation complexes in the 

silicate interlayer. In the present paper we describe X-ray and spectral study of those systems. 
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EXPERIMENTAL PART 

Preparation of samples 

 Less than 2µm fraction of bentonite from Jelšový Potok (bentonite deposit in the central part 

of Slovakia) was separated from a bulk sample and converted into the monoionic Ca2+-form using 

standard method [7 – 8]. The crystalochemical formula of Ca2+-MMT is follows: 

Ca0,48[Si7,59Al0,41][Al3,06Fe0,34Mg0,63](OH)4O20. 

 The monoionic form Co-MMT was prepared by the reaction of a CoCl2 (c = 1 mol.dm-3) 

solution which was to added 5 g Ca-MMT and the mixture was stirred for a 5 hours and left to 

stand for 19 h. After decantation again CoCl2 solution was added to the solid phase, stirred and left 

to stand as previously. This procedure was repeated four times. The solid product was filtered then 

washed with water in order to remove the Cl- anions and finally dried at 60oC. The monoionic form 

Co-MMT was added to the water solution of 2,5-DMP or 3,5-DMP (3g/L ) and their mixtures was 

stirred for a 48 h. at pH 6.  

 

Apparatus and equipment 

 The X-ray diffraction profiles for pressed powder samples were recorded on a Philips PW 

1050 diffractometer using CuKα radiation.  

 The infrared absorption spectra were recorded with Nicolet Magna 750 Fourier Transform IR 

spectrometer in the range of 400 – 4000 cm-1, with KBr technique. 

 

RESULTS AND DISCUSSION 

 The principal interactions between the clay and adsorbed organic species are of the acid-

base type. The organic base may be protonated by accepting a proton from a water molecule, thus 

gaining a positive charge, or affect as proton donor (Brönsted acids) [9]. The exchangeable 

transition metal cations may also serve as Lewis acids and adsorbed organic species become 

coordinated directly to the cation (e. g. Co2+). 

 A precious information about the character of bonds between the adsorbed phenol 

derivatives and Co-MMT can provide X-ray diffraction patterns, combined with measurement of  

IR-spectra [6]. In this paper we directed our attention on the dimethyl-derivatives of phenol: 

   

           

 

Fig. 1. 2,5- and 3,5-dimethylphenol. 

 

 The interlayer distances from the X-ray diffraction patterns and colour of studied samples are 

summarized in Table 1. After the interactions with phenol derivatives, the basal spacing increased 
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from 1,49 nm  (Co-MMT) to 1,54  (Co-MMT + 2,5-DMP) respectively to  1,55 nm (Co-MMT +  

3,5-DMP). Since the basal spaces are close for all studied products, we suppose, that the 

arrangement of phenol derivatives in the interlayer space is similar. The observed changes (Fig. 2) 

indicated that 2,5-DMP and 3,5-DMP are intercalated into the interlayer spaces of montmorillonite 

[6 - 8]. The increase of basal spacing may be, however, partly due to the different hydration of 

montmorillonite. In order to exclude this possibility, the products were heated at 60oC. It was 

observed that basal spaces of all products did not change during the heat treatment. From these 

observations we have concluded, that the observed increase of the basal space was due to the 

intercalation of phenol derivatives into the interlayer space of montmorillonite [10]. The colour of 

studied samples change (especially Co-MMT + 3,5-DMP) suggest the changes in the coordination 

sphere of the interlayer Co2+ cations. Since these cations were surrounded by water molecules at 

ambient conditions, the changes of colour may be connected with the coordination of the phenol 

derivatives into the interlayer spaces of montmorillonite.  

 

Table 1: Representative diffraction data and colours of Co-MMT and adsorption products. 

 

Sample d 001 / nm 2theta / o colour 

Co-MMT 1,49 5,95 rose 

Co-MMT + 2,5 DMF 3 g/L 1,54 5,75 light yellow 

Co-MMT + 3,5 DMF 3 g/L 1,55 5,70 yellow 

 

 

 

Fig. 2: RTG diffraction peaks of studied samples: 

Co-MMT (I), Co-MMT + 2,5-DMP (II), Co-MMT + 3,5-DMP (III). 
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 The various ways in which phenol derivatives form bonds in the interlayer space of the  

Co-montmorillonite can by studied by means of IR spectra of the samples. 

 For Co-MMT in the samples several peaks were observed that were attributed to the 

stretching vibration of O-H groups (~ 3628 – 3629 cm-1) and water (~ 3376 – 3418 cm-1),  

stretching vibration of Si-O groups (~ 1035 – 1036 cm-1), AlAlOH (~ 914 – 916 cm-1), AlMgOH  

(~ 835 – 843 cm-1), deformation vibrations of Al–O–Si groups (~ 521 – 522 cm-1) and Si–O–Si  

(~ 465 – 466 cm-1) .  

 Significant difference between pure Co-MMT and the sample with phenol derivatives can be 

observed first of all in the region (~ 1000 – 1700 cm-1) [6, 9] (Table 2). Whereas Co-MMT (I) shows 

only one peak at ~ 1636 cm-1, assigned to the deformation vibration of H–O–H groups, the 

intercalated species (II and III) exhibit in this region characteristic peaks of ring vibration at  

~ 1635 cm-1 (II) or ~ 1620 cm-1 and 1595 cm-1(III) (the peaks about ~ 1620 – 1635 cm-1 may be 

overlapped with H–O–H deformation vibration). The shift of peak at ~ 1595 cm-1 in sample II to 

higher frequency support the assumption that 2,5-DMP exist in the protonated form. The two bands 

at ~ 1622 cm-1 and 1598 cm-1 in the sample III (Fig. 3), which a not change after intercalation of 

3,5-DMP, indicates the possibility of formation of the additional interactions (3,5 affect as Brönsted 

acid or may be also directly coordinated to Co2+ cations) [6]. 

 X-ray powder diffraction, spectral and thermal analysis shown that 2,5-DMP and 3,5-DMP 

are successfully intercalated into the interlayer spaces of Co2+ exchanged montmorillonite. The 

different interactions of phenol derivatives in the silicate interlayers will be connected with different 

position of methyl groups on the phenol ring (different steric hindrance and electronic properties of 

individual DMP) which also influence on the formation of complexes with Co-exchanged 

montmorillonite. 

 

Table 2: Characteristic features of infrared spectra in the region ~ 1000 – 1700 cm
-1

 of studied samples. 

 

Vibration type Co-MMT (I) 2,5-DMP 
Co-MMT 

+ 2,5-DMP (II) 
3,5-DMP 

Co-MMT 

+ 3,5-DMP (III) 

Ring stretching 

- 1623 1635a 1620 1622a 

- 1598 - 1595 1598 

- 1526 1525 1499 
1473, 1446 

- 1420 1479 1474 

- 1244 ovb 1235 ovb 

H-O-H 

deformation 
1636 - 1635 - 1622 

Si-O stretching 1036 - 1036 - 1035 

  
a
overlapping with H–O–H deformation; 

b
overlapping with Si–O stretching   
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Fig. 3: Comparison of IR-curves of prepared organo-montorillonites. 
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ABSTRACT 

 Mn (II) complexes with 3-tetrahydro-1H-1pyrrolylmethyl-5-trityl-1,2-benzendiol (HL
I
),  

3-piperidinomethyl-5-trityl-1,2-benzendiol (HL
II
), 3-(1-azepanylmethyl)-5-trityl-1,2- benzendiol (HL

III
),  

3-morpholinomethyl-5-trityl-1,2- benzendiol (HL
IV

) and 3-(4-methylpiperazinomethyl)-5-trityl-1,2- benzendiol 

(HL
V
) have been synthesized and characterized by means of elemental analysis, TG/DTA, FT-IR, UV-Vis, 

ESR, XPS, XPD and conductivity measurements. Antifungal activity of these ligands and their respective 

Mn(II) complexes has been determined against Aspergillus niger, Fusarium spp., Penicillium lividum, Mucor 

spp., Sclerotinia sclerotiorum and Alternaria alternata. Most of the compounds tested show broad spectra of 

antifungal activity, which in a number of cases is higher than that of antifungal antibiotics. 

Spectrophotometric investigation was carried out in order to estimate the rate of the reduction of bovine heart 

сytochrome c with these compounds. It is the complexes Mn(L
II
)2(H2O)2) and Mn(L

III
)2(H2O)2 with the highest 

сytochrome c reduction rate that are characterized by the highest antifungal activity among the Mn(II) 

complexes.  

 

INTRODUCTION 

 In the last two decades a dramatic increase in fungal infections was observed, associated 

with an increasing number of immunocompromised individuals mainly due to organ transplantation, 

HIV infection, cancer, corticosteroid therapy and diabetes [1]. Modern antifungal therapies include 

two main classes of compounds: polyene and azole drugs [2, 3]. Despite the fact that it is Candida 

spp. and Aspergillus spp. that remain the main causative pathogens, the number of cases of 

systemic fungal infections due to strains of Fusarium spp., Mucor spp., Alternaria spp. and others, 

which are resistant to the most widely used antifungal agents, is increasing [4]. In order to prevent 

this serious medical problem, the elaboration of new types of antifungal agents or the expansion of 

bioactivity of the previously known drugs is a pressing task [5, 6]. The synthesis and 

characterization of metal complexes with organic bioactive ligands, in particular, of those with  

o-diphenol derivatives, comprises a promising field of study in bioinorganic chemistry. Cell- and 

animal-based testing allowed to reveal a set of promising pharmacological properties for sterically 

hindered o-diphenols, e. g. antioxidant and antiviral ones [7, 8]. According to our previous results, 

sterically hindered o-diphenols may be assumed to have a great potential as ligands in the 

synthesis of new bioactive metal complexes with high antimicrobial activity [9]. The purposes of our 

research effort are to better understand what structural modifications of these compounds play an 

important role in their biological activity. Mannich reaction is an important tool for synthesizing 
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novel bioactive ligands  Mannich bases [10]. This has prompted us to investigate the peculiarities 

of complexation of some cycloaminomethyl derivatives of o-diphenols with transition metal ions 

[11, 12]. Selecting Mn(II) complexes as the main subject for this study, we had in mind that the 

antifungal effect of Mn(II) ions had been known, their complexes still being under study in order to 

find effective antifungal agents [13–16]. In particular, when administered to some fungal strains, 

both metal-free 1,10-phenantroline derivatives and their Mn(II) complexes inhibited respiration, 

reduced the levels of ergosterol in the membrane and altered cytochrome content [16]. In this 

connection it may be expected that metal complexes capable of participating in redox processes 

and of affecting electron-transport cell systems will be promising in the search for antifungal 

agents. It was demonstrated that Mn(II) ions were able to take part in redox processes, thus 

affecting the properties of the ligands of the phenolic or quinoid types [11, 17].  

 We report here the complexation of Mn(II) ion with 3-tetrahydro-1H-1pyrrolylmethyl-5-trityl-

1,2-benzendiol (HLI), 3-piperidinomethyl-5-trityl-1,2-benzendiol (HLII), 3-(1-azepanylmethyl)-5-trityl-

1,2- benzendiol (HLIII), 3-morpholinomethyl-5-trityl-1,2- benzendiol (HLIV) and  

3-(4-methylpiperazinomethyl)-5-trityl-1,2- benzendiol (HLV), in order to compare their coordinative 

behaviour in relation to Mn(II) ions with the data obtained previously for other Mannich bases  

[11, 12] and to assess the influence of complexation on antifungal activity of these 

cycloaminomethyl derivatives of o-diphenols. Spectrophotometric investigation was carried out in 

order to estimate the rate of the reduction of bovine heart сytochrome c (Cyt c) with the ligands and 

their Mn(II) complexes. The results obtained are discussed in view of presumed correlation 

between the capability of the compounds under study for reducing Cyt c and their antifungal 

activity. The structure of the ligands is depicted in Fig. 1. 

 

OH

OH

N
Ph

3
C

R

 

I – R = –(CH2)4– 

II – R = –(CH2)5– 

III – R = –(CH2)6– 

IV – R= –(CH2)2O(CH2)2– 

V – R= –(CH2)2N(CH3)(CH2)2– 

Fig. 1. Schematic representation of Mannich bases 

 

EXPERIMENTAL PART 

Reagents and solutions 

 Chemicals were purchased from commercial sources and were used without further 

purification. The Mannich bases were prepared according to [18]. The preparation of Mn(II) 

complexes is described later. 

 

Apparatus and equipment 

 Investigation of acid-basic properties of the ligands for calculation of constants stability of 

complexes and their complexation with Mn(II) ions in solution (water: tetrahydrofuran = 1:1) was 

carried out by pH-metric titration using glass electrode, silver-chlorine half-cell and Microprocessor 
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laboratory ion meter I-160MP. To prepare solutions, the following reagents were used without 

additional purification: KOH, HCL, KNO3, Mn(CH3COO)2·4H2O. The potentiometric titration was 

carried out under inert atmosphere (argon), at  = 0.1 mol∙I–1 (KNO3) at 25C in the pH range  

2.5 – 11. The pH-meter was calibrated with standard adjusted ionic strength (0.1 mol∙I–1 KNO3) 

before starting the titration. The constants of protolytic equilibria were determined by titrating 

samples (25 ml) of a ligand solution (110–2 and 110–3 mol∙I–1) with solutions of hydrochloric acid 

(110-3 and 110-2 mol∙I–1) and potassium hydroxide (110–3 and 110–2 mol∙I–1).  

 The complexation of HLI – HLV ligands with Mn(II) ions in solution was examined by the 

method of pH-metric titration of an aliquot (25 ml) of solution containing a ligand and the metal salt 

(Mn(CH3COO)2·4H2O). Concentration of each of the ligands was varied in the range of  

10–3–10–4 mol∙I–1. Protonation constants of the ligands and the overall stability constants were 

calculated by means of a general program PHMETER [19]. 

 Elemental analyses were carried out according to the standard methods by Microanalytical 

Laboratory, Physics Institute, National Academy of Sciences, Belarus. Manganese determination 

was carried out using an atomic emission spectrometer with an inductively coupled plasma 

excitation source (Spectroflame Modula). A sample of Mn(II) complex was decomposed on 

treatment with HNO3+H2O2 using Milestone mls 1200 mega microwave digestion system.  

The complex having been decomposed, the content of the metal in the resulting solution was 

determined.  

Thermal analysis was performed with a device NETZSCH STA 449 C. TG/DTA measurements 

were run in nitrogen between 30 and 600C (10 C min–1). 

Infrared spectra of solids (the ligands HLI – HLV and the synthesized Mn(II) complexes thereof) 

were recorded at room temperature by FT-IR «Nicolet 380» spectrophotometer of the firm 

«Thermo Electron Corporation», using «Smart Performer», in the wavelength range  

4000–400 cm–1.  

UV-Vis spectra of solutions of the ligands and their metal complexes in acetonitrile were registered 

on SPECORD S600 spectrophotometer in the wavelength range 200–1000 nm using a standard 

(1 cm) cell.  

ESR spectra of polycrystalline samples were measured on ERS-220 X-band spectrometer  

(9,45 GHz) at room temperature and at 77 K, using 100-kHz field modulation; g-factors were 

quoted in reference to the standard marker DPPH (g=2.0036).  

The molar conductance of 10–3 M solutions of the Mn(II) complexes in acetonitrile was measured at 

20 C using a TESLA BMS91 conductometer (cell constant 1.0). 

The lipophilicity test was made by determining the n-octanol/water partition coefficient (Pow). [20] 

 

Synthesis of the Mn(II) complexes with Mannich bases 

 A solution of Mn(II) salt was added in small portions to the ligand solution under continuous 

stirring, so that the complexation always took place with the excess ligand present. A solution of 

0.050 mmol Mn(CH3COO)2·4H2O in 10 ml of water was added dropwise to a colorless solution of 

0.100 mmol of HLI – HLV dissolved in 10 ml of tetrahydrofuran (molar ratio Mn(II):HL=1:2).  
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As these ligands can be readily oxidized by oxygen, it is to be taken into account when producing 

their complexes in order to prevent formation of oxidized ligands (in particular,  

o-iminosemiquinones) [21]). To this end, argon was bubbled through the solutions (pH≤7) during 

the synthesis. The reaction mixture was stirred for 1.5 hours. The metal complex solution was left 

for several days to precipitate. The solid phase formed was collected on membrane filters  

(JG 0.2 m), washed with ethanol and water, and dried in vacuo (yield70 %).  

 

Biological assays 

 Antifungal activity of the compounds was tested against the following fungal species (the 

collection of the Department of Microbiology, the Belarusian State University): Aspergillus niger, 

Fusarium spp., Mucor spp., Penicillium lividum, Alternaria alternata, Sclerotinia sclerotiorum. 

Compounds were dissolved in DMSO and diluted in potato dextrose agar medium to yield working 

solutions of the test compounds with the concentration of 100 µg∙ ml –1. The amount of DMSO in 

the medium was 1% and did not affect the growth of the test microorganisms. Antifungal activity of 

the compounds was checked by the agar plate technique as described elsewhere [22]. The degree 

of inhibition of radial growth (RI) was calculated as follows [23]: RI=100(C–T)/C (%), where T is the 

mean value of the diameter of the fungal colonies in the presence of a given concentration of the 

compound tested, and C is the mean value of the diameter of the fungal colonies in the absence of 

the compound, measured under the same conditions. 

 Bovine heart cytochrome c (Sigma) was used. Spectrophotometric experiments were 

performed with a Shimadzu UV-1202 spectrophotometer using quartz cuvette with 1 cm optical 

path. Cyt с concentration was determined on its interaction with excess sodium dithionite, using the 

absorption coefficient ε550 = 21 mmol-1·l·cm-1 [24]. Ar-saturated acetonitrile solutions of the ligands 

and Mn(II) complexes under study and Cyt с (7 µmol·l-1) were used. Experiments were performed 

in 10 mmol·l-1 sodium phosphate buffer (pH 7.4) at 20 C. Aliquots of the compounds under study 

were added to Cyt с solution up to the final concentration 35 µmol·l-1. The initial rate of Cyt с 

reduction (υ) was evaluated by the slope of the kinetic curve A550 vs. time according to [25]. The 

characteristic absorption bands at 550 nm appearing when the ligands or their metal complexes 

are added to the solution of the oxidized Cyt с bear witness to the ability of phenolic compounds to 

reduce Cyt с in vitro [26, 27].The results were confirmed in three independent experiments. 

 

RESULTS AND DISCUSSION 

 Examination of peculiarities of complexation of Mn(II) ions with Mannich bases  derivatives 

HLI – HLV was carried out in solution by potentiometric method, which made it possible in each 

case of metal complex formation to determine its stepwise (Ki) and overall () stability constants as 

well as metal/ligand ratio (Table 1). It was found that complexes of 1:2 composition were formed in 

water-ethanol and tetrahydrofuran solutions.  

 Taking into account the results obtained from potentiometric examination of complexation in 

solution, we developed procedures of synthesizing and separating as solids Mn(II) complexes 

formed by the ligands HLI – HLV. Specific nature of the above-mentioned organic compounds and 
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their metal complexes is that they belong to so called non-innocent systems, in which 

transformations of a ligand into oxidized or reduced form are reversible, in contrast to the behavior 

of the free ligand [28]. Hence, on developing synthetic procedures for each of the complexes 

comprising a ligand in phenolate form, the possibility of realization of these processes was taken 

into account, the already known criteria obtained from spectroscopic investigations being used to 

monitor the changes in redox state of the ligands [29].  

 

Table 1. Stepwise (Ki) and overall () stability constants of metal complexes of HL
I
 – HL

V
 ligands 

Ligand Stability constant 
Metal ion 

Mn(II) 

HLI 

lgKI 6.05±0.13 

lgKII 5.62±0.15 

lg 11.67±0.28 

HLII 

lgKI 6.13±0.10 

lgKII 5.78±0.19 

lg 11.91±0.29 

HLIII 

lg KI 6.02±0.11 

lg KII 5.94±0.17 

lg 11.96±0.28 

HLIV 

lg KI 6.16±0.12 

lg KII 5.73±0.19 

lg 11.89±0.31 

HLV 

lg KI 5.34±0.11 

lg KII 5.13±0.17 

lg 10.47±0.28 

 

The elemental analysis data are given in Table 2. The results for the complexes Mn(II) with  

HLI – HLV are in agreement with the general formula Mn(L)2(H2O)2. The substances produced are 

individual compounds as judged from the reproducible results of elemental analyses and X-ray 

powder diffraction patterns. 

 

Table 2. The results of chemical elemental analysis of Mn(II) complexes with ligands HL
I
 – HL

V
 

Complex Brutto formula 
Element content (calculated/found, %) 

С Н N Мn 

Mn(LI)2(H2O)2 C60H60N2O6Mn 75.06/75.26 6.25/6.13 2.92/3.06 5.72/5.64 

Mn(LII)2(H2O)2 C62H64N2O6Mn 75.35/75.26 6.53/6.41 2.83/2.70 5.56/5.66 

Mn(LIII)2(H2O)2 C64H68N2O6Mn 75.63/75.50 6.74/6.65 2.76/2.61 5.41/5.32 

Mn(LIV)2(H2O)2 C60H60N2O8Mn 72.64/72.50 6.09/5.98 2.82/2.93 5.54/5.62 

Mn(LV)2(H2O)2 C62H66N4O6Mn 72.99/73.86 6.72/6.62 5.49/5.58 5.38/5.27 
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 All the complexes were insoluble in water, diethyl ether, nitromethane, but soluble in ethanol, 

acetonitrile, tetrahydrofuran, dimethylsulfoxide, dimethylformamide, isopropanol, and acetone. 

 The values of the molar conductivity in acetonitrile for all these complexes  

(mol=7,120,0 –1cm2mol–1) suggest that ligands HLI – HLV are coordinated to the Mn(II) ion as 

monoanionic species of ligands, since the above-mentioned data indicate their being essentially 

non-electrolytes [30]. 

 The complexes underwent decomposition within the temperature range of 50-850 C. Most of 

them behaved very similarly on thermal analysis and generally showed three stages of 

decomposition, except for Mn(LIII)2(H2O)2 (four stages). A summary of the results is given in Table 

3. 

 

Table 3.TG/DTA data for decomposition of Mn(II) complexes 

Complex 

Ranges of 

decomposition 

(C) 

Process Assingment 

Mass loss, % 

Found Calculated 

Mn(LI)2(H2O)2 

50-170, Endothermic Loss of 2 H2O 4.21 3.76 

230-460 

480-700 

Endothermic 

Exothermic 

Decomposition of two 

ligand’s molecules 
87.92 88.85 

Mn(LII)2(H2O)2 

80–120 Endothermic Loss of 2 H2O 4.16 3.65 

170–480 Exothermic 
Decomposition of two 

ligand’s molecules 
88.30 89.17 

Mn(LIII)2(H2O)2 

50-80 Endothermic Loss of 2 H2O 4.25 3.55 

120-280 

400-650 

Endothermic 

Exothermic 

Decomposition of two 

ligand’s molecules 
90.30 89.47 

Mn(LIV)2(H2O)2 

50–100 Endothermic Loss of 2 H2O 4.38 3.64 

180–310 

380–480 

Endothermic 

Exothermic 

Decomposition of two 

ligand’s molecules 
90.10 89.21 

Mn(LV)2(H2O)2 

50-120, Endothermic Loss of 2 H2O 3.23 3.54 

120-210 Endothermic 
Decomposition of two 

ligand’s molecules 
90.55 89.51 

 

 The first endothermic peak in DTA curves of the Mn(II) complexes in the temperature range 

50–170 C suggests two water molecules being present in the coordination sphere of the 

complexes. [31, 32] In the range 120–700 ºС in the DTA curve 3 or 4 peaks are observed, with 3 or 

4 respective steps of mass loss in the TG curve. It may be related to the formation of intermediate 

species through decomposition of the organic moiety of the complexes which continues until the 

mass is constant. The final product of decomposition of the complexes is manganous oxide. 
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 The agreement between the experimental and theoretical mass losses for the above 

processes confirms the formulas of the Mn(II) complexes, that is, TG/DTA data are consistent with 

the results of elemental analyses. 

 To specify the coordination modes in the Mn(II) complexes, we used IR spectroscopy. The IR 

parameters of the Mn(II) complexes are presented in Table 4. 

 In the spectra of ligands HLI – HLV there are one or two bands in the range of  

3536–3350 cm–1, indicating the presence of intermolecular hydrogen bonds involving phenolic 

hydroxyls [33, 34]. In the spectra of Mn(II) complexes the intensity of the bands assigned to 

vibrations of phenolic OH groups is changed, the bands being shifted into the lower frequency 

region. It may indicate that phenolic hydroxyl groups participate in metal ion coordination. Besides, 

the frequencies of aromatic ring vibrations (1596-1562 cm–1 and 1490-1440 cm–1) were found to be 

shifted to 1564-1558 cm–1 and 1490-1458 cm–1 due to the complexation. The change in intensity of 

С–О stretching bands and their shift into the lower frequency region in the spectra of Mn(II) 

complexes also are evidence in favour of the ligands HLI – HLV being coordinated to Mn(II) ions via 

oxygen atoms of phenolic hydroxyl groups. The shift of the bands at 1353–1227 cm–1, assigned to 

C–N bond vibrations, to the lower frequency region in the spectra of these complexes suggests 

that the nitrogen is involved in the complexation. Medium intensity bands at 847–784 cm–1 suggest 

that in the complexes there are coordinated aqua groups, while the bands in the range  

605–503 cm–1 confirm that Мn–O and Mn-N bonds are formed [33]. 

 The solid state ESR spectra of all the complexes were recorded both at room temperature 

and at 77 К, the spectra being virtually unaffected by the temperature conditions. The ESR spectra 

of the Mn(II) complexes show a broad isotropic signal (H=200÷250 G) at liquid nitrogen 

temperature with the values of giso=2,0152,035. According to [35, 36], such parameters are 

characteristic of Mn(II) complexes with a distorted octahedral coordination core and with virtually 

no interaction between manganese atoms. No signal of stabilized radicals (o-benzosemiquinones) 

is present in ESR spectra. 

 Geometry of coordination cores of Mn(II) complexes with ligands HLI – HLV was determined 

on the basis of analysis of electronic absorption spectra. 

 

 The electronic absorption spectra of metal complexes generally involve d-d transitions, the 

ligand-to-metal(II) charge transfer transitions (LMCT), the metal(II) -to-ligand charge transfer transitions 

(MLCT) and intraligand transitions (IT) (Table 5). In general, the spectra under study are typical for  

low-spin Mn(II) complexes with strong-field ligands. [37]. Compounds HLI – HLV are characterized by 

an absorption band in the region 225–240 nm present in electronic absorption spectra.  
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Table 4. IR spectral assignments (cm
–1

) for ligands HL
I
–HL

V
 and their Mn(II) complexes 

Compound ν(–OH) ν(C–O) ν(C–N) ν(C=C) 
ν(H2O) 

(coord.) 

ν(Мn–N, 

Мn–O) 

HLI 

 
3387 s. 

1244 s. 

1225 s. 

1131 m. 

1115 m. 

1353 m. 

1319 w. 

1596 s. 

1490 m. 

1440 s. 

– – 

Mn(H2O)2(L
I)2 3210 m 

1228 s. 

1185 m. 

1157 w. 

1083 w. 

1326 w. 

1259 s. 

1558 s. 

1488 m. 
847 m. 

564 w. 

522 m. 

510 s. 

HLII 3447 s. 

1254 w. 

1158m. 

1083 w. 

1334 w. 

1325 w. 

1309 s. 

1594 m. 

1488 s. 
– – 

Mn(H2O)2(L
II)2 3414 m. 

1234 m. 

1157 w. 

1120 m. 

1325 w. 

1308 m. 

1295 m. 

1563 s. 

1458 s. 
843 m. 

517 w. 

605 s. 

HLIII 3431 s. 

1188 s. 

1119 s. 

1077 m. 

1321 m. 

1303 s. 

1274 w. 

1594 s. 

1515 w. 

1487 s. 

– – 

Mn(H2O)2(L
III)2 3390 m. 

1185 m. 

1120 s. 

1034 s. 

1265 s 

1227w. 

1564 s. 

1489 s. 
785 w. 

557 m. 

503 w. 

HLIV 
3536 w. 

3431 s. 

1223 w. 

1186 s. 

1084 m. 

1327 s. 

1263 s. 

1595 m. 

1488 s. 
– – 

Mn(H2O)2(L
IV)2 3380 m. 

1187 m. 

1031 s. 

1329 m. 

1247 s. 

1562 s. 

1490 s. 
799 m. 

574 s. 

557 w. 

522 s. 

HLV 3350 m. 

1152 s. 

1125 s. 

1105 s. 

1345 m. 

1331 m. 

1311 s. 

1282 s. 

1595 s. 

1490 s. 
– – 

Mn(H2O)2(L
V)2 3155 w 

1157 m. 

1033 s. 

1007 s. 

1331 w. 

1259 s. 

1234 s. 

1563. s. 

1489 m. 

817 s. 

784 w. 

562 w. 

546 m. 

s = strong, m = medium, w = weak. 
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Table 5. UV-Vis spectrum assignments for Mn(II) complexes and their coordination cores 

Complex Chromophore 
Absorption bands, 

λmax, nm 

Coordination core 

geometry 

Mn(LI)2(H2O)2 

Mn(LII)2(H2O)2 

Mn(LIII)2(H2O)2 

Mn(LIV)2(H2O)2 

Mn(LV)2(H2O)2 

MnN2O4 

660–670 (MnII
(O) MLCT) 

525–570 (d–d) 

410–415sh (Ophen,H2OMnII LMCT) 

300–320 (N()MnII LMCT) 

225, 240 (ILA) 

Octahedral 

 

 In the spectra of the complexes there are absorption maxima in UV region (225–280 nm) 

which belong to ILA. When specifying the spectral position of the bands assigned to LMCT and d-d 

transitions, we took into account that in the strong field of the ligands HLI – HLV coupling of spins in 

Mn(II) ion occurs, as supported by ESR data. Note that most of the few low-spin Mn(II) complexes 

known contain redox active ligands, and these complexes have a d-d band at 525–570 nm, 

characteristic of the square planar coordination core or a strongly axially elongated octahedron. 

There is such a band in the spectra of all the Mn(II) complexes under study, which may be 

indicative of octahedral (Mn(L)2(H2O)2) shape of their chromophores MnN2O4. The maxima in the 

regions 300–320 nm and 410–415 nm appearing in the spectra as a result of complexation with 

Mn(II) ions suggest the presense of LMCT transitions: N()MnII and OphenMnII [37, 38]. 

 In the spectra of Mn(II) complexes with the ligands HLI – HLV at 660–670 nm there are bands 

of the metal(II)-to-ligand charge transfer transitions (MLCT), as, according to [37, 39], low-spin 

systems with d5 configuration are good -donors and always have relatively low-energy MLCT 

transitions depending on the type of metal ions, in particular, they are quite typical for complexes of 

readily oxidized transition metal ions, Mn(II) among them.  

 Tetrahedral shape of coordination cores which is possible for MnN2O2 chromophores is not 

realized for Mn(II) complexes discussed above, existing as a rule in weak ligand field and being 

characterized by a different set of spectral bands [37]. The structure of the complexes is depicted 

in Fig. 2. 
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Fig. 2. Schematic representation of coordination polyhedron of Mn(II) complexes 
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 Antifungal activity of the ligands and their Mn(II) complexes against the following fungi 

strains: Aspergillus niger, Alternaria alternata, Mucor spp., Fusarium spp., Penicillium lividum, 

Sclerotinia sclerotiorum was evaluated (Table 6). It should be emphasized that antifungal tests of 

these compounds were first performed here. Commonly used antifungal drugs Nystatin and 

Terbinafine were tested as positive controls. 

 

Table 6. Antifungal activity of the free ligands and their Mn(II) complexes expressed in terms of radial 

inhibition of mycelial growth (RI, %) 

Compound Aspergillus 

niger 

Fusarium 

spp. 

Mucor 

spp. 

Penicillium 

lividum 

Sclerotinia 

sclerotiorum 

Alternaria 

alternata 

HLI 40 60 50 50 70 70 

Mn(LI)2(H2O)2 70 80 70 70 80 80 

HLII 40 50 50 30 60 60 

Mn(LII)2(H2O)2 100 100 100 100 100 100 

HLIII 60 80 50 50 70 70 

Mn(LIII)2(H2O)2 100 100 100 100 100 100 

HLIV 50 60 40 40 60 60 

Mn(LIV)2(H2O)2 90 100 90 90 100 100 

HLV 40 40 40 40 50 60 

Mn(LV)2(H2O)2 80 90 80 90 100 100 

Mn(CH3COO)2·4H2O 0 0 0 0 0 0 

Nystatin 80 90 100 90 50 50 

Terbinafine 100 80 25 40 40 60 

 

Most of the Mn(II) complexes exhibit pronounced antifungal activity (RI ≥80 %), which in a number 

of cases is comparable with that of Nystatin and Terbinafine or even higher.  

Except for Mn (LI)2(H2O)2complex, all of them have the highest inhibitory properties (RI=100 %) 

against Sclerotinia sclerotiorum and Alternaria alternata. The highest activity (RI=100 %) is also 

characteristic of both the complexes Mn(LII) 2(H2O)2, Mn(H2O)2(L
III)2 against Aspergillus niger and 

the complexes Mn (LII)2(H2O)2, Mn (LIII)2(H2O)2, Mn(LIV)2(H2O)2 against Fusarium spp.  

The complexes Mn(LII)2(H2O)2 and Mn(LIII)2(H2O)2 are the best antifungal agents against Mucor 

spp. and Penicillium lividum. It is evident that Mn(II) complexes formed by κ2O,N-ligands exhibit 

inhibitory activity higher than that of the free ligands  cycloaminomethyl derivatives of o-diphenols. 

It is a matter of common knowledge that chelation could enhance the lipophilicity of compounds 

(Table 7) which subsequently favours their penetration through the lipid layers of the cell 

membrane [40]. 

 



Recent Developments in Coordination, Bioinorganic, and Applied Inorganic Chemistry  
Edited by M. Melník, P. Segľa, and M. Tatarko   
Press of Slovak University of Technology, Bratislava  © 2013 

178 

 

Table 7 Octanol/water partition coefficients (logPow) of the Mn(II) complexes 

Compound logРоw 

Mn(LI)2(H2O)2 2.060.10 

Mn(LII)2(H2O)2 2.280.14 

Mn(LIII)2(H2O)2 2.320.13 

Mn(LIV)2(H2O)2 2.040.11 

Mn(LV)2(H2O)2 2.470.14 

 

 The results of spectrophotometric investigation of redox interaction of the oxidized form of 

Cyt с with the HLI
HLV ligands and their Mn(II) complexes are given in Table 8. As in our previous 

publication [11], when discussing experimental evidence, we take into account the findings 

presented in [26, 27, 41], which allow us to suggest a possible route of oxidation of the compounds 

under study: different phenolic derivatives transfer electrons in an outer-sphere process involving 

the exposed heme edge surrounded by positively charged amino acid residues; aromatic redox-

active amino acid residues also can be potential participants of the electron transfer. Oxidation of 

o-diphenol derivatives with cycloaminomethyl substituents in vitro under anaerobic conditions can 

include two successive one-electron steps of oxidation of their ionic forms to yield  

o-benzoquinones on interaction with Cyt с via intermediate o-benzosemiquinone formation (Fig. 3).  

 

 

 

Fig. 3. Scheme of the reduction of Cyt c with the anion form of phenolic ligands; Fe(III)-Cyt c and Fe(II)-Cyt c 

are respectively the oxidized and reduced forms of Cyt c (disproportionation of the ligand is depicted by a 

dashed line). 

 

 It was found that the rate of Cyt с reduction with the compounds HLI, HLII, HLIV and HLV is 

lower as compared to the compound HLIII (Table  8). The rate of Cyt с reduction with the rest of the 

ligands varies in a very narrow range (0.4–1.0 nmol·min-1). 
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Table 8. Rates of reduction of Cyt с (υ) with the ligands HL
I
HL

V
 and their Mn(II) complexes 

Compound υ*, nmol·min-1 Compound υ, nmol·min-1 

HLI 1.0 Mn(LIII)2(H2O)2 2.9 

Mn(LI)2(H2O)2 0.4 HLIV 0.7 

HLII 0.6 Mn(LIV)2(H2O)2 1.6 

Mn(LII)2(H2O)2 3.1 HLV 0.4 

HLIII 1.3 Mn(LV)2(H2O)2 1.5 
*
The absolute error doesn’t exceed 0.1 nmol·min

-1
. 

 

 It is known [26] that metal complexes can interact with Cyt с both in their molecular form and 

via phenolate ligand formed upon their dissociation. The complexes Mn(LII)2(H2O)2 and 

Mn(LIII)2(H2O)2 reduce Cyt с at a rate several times higher than that of the redox process involving 

the ligands HLI
HLV and the complexes Mn(LI)2(H2O)2, Mn(LIV)2(H2O)2, Mn(LV)2(H2O)2 (Table 8).  

In summary, the sequences characterizing the increase of the rates of Cyt с reduction with the 

ligands and their Mn(II) complexes are the same as those characterizing their antifungal activity: 

1) HLV<HLII~HLIV<HLI<HLIII; 

2) Mn(LI)2(H2O)2<Mn(LV)2(H2O)2~Mn(LIV)2(H2O)2<Mn(LIII)2(H2O)2~Mn(LII)2(H2O)2 (Table 8). 

 

CONCLUSIONS 

 The complexation of 5-tert-butyl-pyrocatechin-derived Mannich bases with Mn(II) ions was 

studied in water-ethanol solution. It was shown that complexes of the composition 

Mn(II)/ligand=1:2 were formed, their overall stability constants, varying in the range 

4.3∙1013
1.5∙1016, were determined. Five novel Mn(II) complexes with Mannich bases were 

separated in amorphous state. The complexes synthesized were characterized by means of 

elemental analysis, TG/DTA, FT-IR, ESR, UV-Vis spectroscopy, and conductivity measurements. 

According to the data obtained, the Mannich bases coordinate in their singly deprotonated forms in 

an O,N-bidentate fashion. The complexes synthesized have the composition described by the 

general formula Mn(L)2(H2O)2 and are characterized by octahedral geometry of their coordination 

cores MnO2N2. Mannich bases and their Mn(II) complexes have been screened for their antifungal 

activity on different species of moulds. The results obtained show that the Mn(II) complexes 

investigated are more lipophilic and more active than the respective Mannich bases. A high level of 

activity of the complexes under study against Sclerotinia sclerotiorum and Alternaria alternata 

should be noted. It is the complexes Mn(LII)2(H2O)2 and Mn(LIII)2(H2O)2 with the highest Cyt с 

reduction rate that are characterized by the highest antifungal activity among the Mn(II) complexes, 

which in a number of cases is higher than that of antifungal antibiotics. These facts may be of 

interest in designing new agents effective against moulds.  
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ABSTRACT 

 A large number of tetramer copper(II) complexes Cu4OX6L4 (where X = Cl, Br and L = monodentate  

O-, S-, N-, P-, As- and Sb- donor atom ligands) have been prepared and structurally studied. In these 

complexes a central oxygen atom is tetrahedrally coordinated to four Cu(II) atoms, the copper atoms are 

bridged in pairs by six halide atoms and the unidentate ligands L completed the trigonal bipyramidal 

coordination about the copper atoms. In the ideal case, the structure can be described as an oxygen atom at 

the centre of both tetrahedron of copper atoms, OCu4, and an octahedron of halide atoms, OX6. 

Chromophores about the Cu(II) atoms are: CuCl3ON, CuCl3OO, CuCl3OCl and CuBr3ON.  

 It was found that the tetrahedral as well as trigonal bipyramidal coordination about Cu(II)  polyhedra, 

are less or more distorted. The crystal structure of the Cu16(4-0)4Br7Cl17(4-Mepy)16 complex shows that in 

the same crystal are present four crystallographically independent tetramers with the compositions of  

Cu4OBrCl5(4-Mepy)4 (2x), Cu4OBr2Cl4(4-Mepy)4 and Cu4OBr3Cl3(4-Mepy)4. Structure of Cu4OCl6(ron)4 shows 

a system of three penetrating polyhedra. On the basis of these structures a new way can be described and 

some deviations in trigonal bipyramidal polyhedra about Cu (II) atoms is discussed. 

 

INTRODUCTION 

 The chemistry of copper complexes has been extensively investigated, and the relationship 

between structure and reactivity ranging from industrial catalysis to biomedical activity were 

established. Structural features of tetrameric copper(II) complexes can be divided into six major 

categories: (I) Cu4(4-0) tetrahedron; (II) central Cu4O4 cubane type; (III) bifolded dimers; (IV) chain 

type; (V) step-like structure and (VI) unique structures [1]. Structure of Cu4OX6L4 is depicted  

(Fig. 1) (X = Cl, Br and L = neutral ligand). Such type of structure is suitable for better reasoning 

and understanding the donor-acceptor and electron-transfer process in copper proteins. In these 

complexes a central oxygen atom is tetrahedrally coordinated to four copper(II) atoms, the copper 

atoms are bridged in pair by six halide atoms, and unidentate terminally ligand L complete the 

trigonal bipyramidal coordination about copper(II) atoms. In the ideal case, the structure can be 

described as an oxygen atom at the centre of both a tetrahedron of copper atoms, OCu4, and an 

octahedron of halide atoms, OX6 [3]. Recently, we analyzed almost fifty examples of Cu4OX6L4 

complexes X = Cl, Br and L = N, O donor ligands) [2]. Such study shows that there are four groups 

of inner coordination sphere about each Cu(II) atom: CuCl3ON, CuCl3OO, CuCl3OCl and CuBr3ON.  
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Fig. 1 Structure of Cu4OX6L4 complexes 

 

 It was found that the tetrahedral and trigonal bipyramidal coordination polyhedra, as well as 

the octahedron of these complexes, are more or less distorted. It can be proposed that the 

distortion of the polyhedra are presumably depend on the symmetry and packing requirements of 

the respective  ligands and intermolecular interactions [3]. We have systematically investigated 

spectral, structural and electrochemical properties of Cu4OBrnCl(6-n)L4 (n = 0–6) (L):  [4], 3- and  

4- methylpyridine [5], 3- and 4- pyridylmethanol [6], and 4-cyanopyridine [7] complexes  where L 

are derivatives of pyridine using correlations based on halide ligand variation.  

 In this paper are analyzed two crystal structures of two Cu(II) tetramers: Cu16(4-0)4Br7Cl17 

(4-Mepy)16
 (1) and Cu4OCl6(ron)4 (2) (4- Mepy = 4- methylpyridine; ron = ronicol  

(3- methanolpyridine)). The X-ray parameters of the complex (1) show that there are 

crystallographically four independent tetramers. The crystal structure of (2) complex consists of 

three penetrating polyhedra, namely, OCu4 tetrahedrons, OCl6 octahedron and four CuOCl3N 

trigonal bipyramids.  

 

EXPERIMENTAL PART 

Crystal structure determination and refinements 

 Intensity data for compounds (1) and (2) were collected using a Siemens P4 diffractometer with 

graphite monochromated MoKα radiation [8]. The diffraction intensities were corrected for Lorentz 

and polarization effects with XSCANS [9]. Absorption correction was applied using the program 

XEMP [10]. The structures were solved by direct methods using the program SHELXS-86 [11] and 

refined by the full-matrix least-squares method on all F2 data using the program SHELXL-97 [12]. 

Geometrical analysis was performed using SHELXL-97. The structures were drawn by ORTEP-3 

[13] and Mercury [14] software. The single crystal suite WINGX was used an integrated system for all 

crystallographic programs and software for preparing the material for publication [15]. All non-

hydrogen atoms of the title compound were refined anisotropically as independent atoms.  
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RESULTS AND DISCUSSION 

Crystal structure of Cu16(4-0)4Br7Cl17(4-Mepy)16
 (1)  

 The Cu16(4-0)4Br7Cl17(4-Mepy)16
 (1) complex crystallizes in the triclinic crystallographic 

system. The unit cell contains eight molecules with following compositions: four molecules of 

Cu4OBr1Cl5(4-Mepy)4, two molecules of Cu4OBr2Cl4(4-Mepy)4 and two molecules of Cu4OBr3Cl3 

(4-Mepy)4 (Fig. 2). The inner coordination sphere around copper(II) atoms are CuCl3ON (x2) and 

CuBrCl2ON (x2) in tetramers 1 and 2; CuCl3ON (x1), CuBrCl2ON (x2) and CuBr2ClON (x1) in 

tetramer 3 and CuBrCl2ON (x2) and CuBr2ClON (x2) in tetramer 4. The tetramers 1 and 2 differ by 

the degree of distortion. Selected structural parameters for all four tetramers are given in Tables 1, 

2, 3 and 4 (the values in the tables marked with an asterisk (*) belong to the atoms in statistic 

positions). The deformation of trigonal bipyramidal polyhedron of Cu(II) atoms are evaluated using 

 parameters [16]. The mean Cu – L bond distances (tetramer 1 vs tetramer 2) are elongated in the 

order 1.915 vs 1.91 Å (Cu-40)  1.985 vs. 1.995 Å (Cu – N)  2.46 vs 2.47 Å (Cu-Cl)  2.54 vs 

2.49 Å (Cu-Br). The deviations of the Cu – O – Cu tetrahedral angles from the ideal value of 

109.5o are 1.2o and 1.6o, respectively. The tetramer 2 is somewhat more distorted that the tetramer 

1. These tetramers are classical examples of distortion isomerism [17].  

 In tetramer 3 the mean values of Cu-40 and Cu – N bond distances are 1.93 and 1.96 Å for 

CuCl3ON; 1.90 and 1.98 Å for CuBrCl2ON; and 1.91 and 1.96 Å for CuBr2ClON. 

1

2

3

4

 

Fig. 1 The structure of Cu16(4-0)4Br7Cl17(4-Mepy)16
 
(1). Four crystallographically independent molecules with 

the chromophores: 1 – Cu4OBrCl5N4, 2 – Cu4OBrCl5N4, 3 – Cu4OBr2Cl4N4, 4 – Cu4OBr3Cl3N4.  
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 The mean Cu-Cl bond distances are 2.45, 2.48 and 2.41Å, respectively, and the mean  

Cu-Br bond distances are 2.50 for CuBrCl2ON and 2.51 Å for CuBr2ClON. In tetramer 4 are two 

pairs of copper(II) atoms with the chromophores CuBrCl2ON (x2) and CuBr2ClON (x2). The mean 

Cu-40,  Cu-Cl, Cu-Br and Cu – N bond distances are 1.92, 2.44, 2.47 and 1.985 Å in the 

former, and 1.90, 2.415, 2.48 and 1.975 Å in the latter.  

 The deviation of the mean Cu – O – Cu bond angle from the ideal value of 109,5o, increases 

in the order: 1.2o (tetramer 1)  1.4o (tetramer 3)  1.6o (tetramer 2)  3.1o (tetramer 4).  

This indicates that the distortion of the central tetrahedron (OCu4) increases in the given order.  

 

Table 1. Selected structural parameters for tetramer 1 – Cu4OBrCl5N4 

 

O - Cu [Å] N - Cu [Å] Cu - Cl [Å] O – Cu - N [
o
]  

O1 – Cu11 1,910 N11 – Cu11 2,022 Cu11 – Cl11 2,451 O1 – Cu11 – N11 175,3 0,693 

O1 – Cu12 1,923 N12 – Cu12 1,996 Cu11 – Cl12 2,426 Cl11 – Cu11 – Cl12 133,7  

O1 – Cu13 1,905 N13 – Cu13 1,978 Cu11 – Cl8 

Cu11 – Cl8
* 

2,546 

2,496
* 

Cl11 – Cu11 - Cl8 

Cl11 – Cu11 Cl8
* 

104,8 

117,6
* 

 

O1 – Cu14 1,894 N14 – Cu14 1,950   Cl12 – Cu11 – Cl8 

Cl12 – Cu11 – Cl8
* 

118,5 

106,8
* 

 

    Cu12 – Cl11 2,469 O1 - Cu12 – N12 177,4 0,842 

    Cu12 – Cl14 2,439 Cl11 – Cu12 – Cl14 120,6  

    Cu12 – Br11 2,527 Cl11 – Cu12 – Br11 111,2  

      Cl14 - Cu12 - Br11 126,9  

    Cu13 – Cl13 2,456 O1- Cu13 - N13 175,8 0,427 

0,643
* 

    Cu13 – Cl14 2,572 Cl13 - Cu13-Cl14 104,6  

    Cu13 – Cl8 

Cu13 – Cl8
* 

2,422 

2,438
* 

Cl13 - Cu13 - Cl8 

Cl13 - Cu13 - Cl8
* 

150,2 

137,2
* 

 

      Cl14 - Cu13 - Cl8 

Cl14 - Cu13 - Cl8
* 

103,3 

116,5
* 

 

    Cu14 – Cl12 2,399 O1 - Cu14 - N14 175,6 0,818 

    Cu14 – Cl13 2,491 Cl12 - Cu14 - Cl13 94,5  

    Cu14 – Br11 2,528 Cl12 - Cu14 - Br11 126,5  

      Cl13 - Cu14 - Br11 112,4  

(*)  atoms in statistic positions 
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Table 2. Selected structural parameters for tetramer 2 – Cu4OBrCl5N4 

 

O - Cu [Å] N - Cu [Å] Cu - Cl [Å] O – Cu - N [
o
]  

O2 – Cu21 1,926 N21 – Cu21 1,973 Cu21 – Cl7 

Cu21 – Cl7
* 

2,374 

2,558
* 

O2 – Cu21 – N21 177,2 0,962 

O2 – Cu22 1,921 N22 – Cu22 2,003 Cu21 – Cl21 2,490 Cl7 – Cu21 – Cl21 118,7  

O2 – Cu23 1,891 N23 – Cu23 1,996 Cu21 – C22 2,473 Cl7 – Cu21 - C22 119,4  

O2 – Cu24 1,909 N24 – Cu24 2,008   Cl21 – Cu21 – C22 119,5  

    Cu22 – Cl9 

Cu22 – Cl9
* 

2,545 

2,432
* 

O2 – Cu22 – N22 175,2 0,823 

    Cu22 – Cl21 2,453 Cl9 – Cu22 – Cl21 109,2 

120,2
* 

 

    Cu22 – Cl25 2,440 Cl9 – Cu22 – Cl25 123,6 

112,7
* 

 

      Cl21 - Cu22 – Cl25 125,8  

    Cu23 – Cl7 

Cu23 – Cl7
* 

2,404 

2,443
* 

O2 - Cu23 - N23 176,4 0,757 

0,925
* 

    Cu23 – Cl9 

Cu23 – Cl9
* 

2,520 

2449
* 

Cl7 - Cu23 – Cl9 106,5 

117,4
* 

 

    Cu23 – Br21 2,480 Cl7 - Cu23 – Br21 120,9 

108,6
* 

 

      Cl9 - Cu23 – Br21 131,0 

119,7
* 

 

    Cu24 – Cl22 2,415 O2 - Cu24 – N24 174,5 0,753 

    Cu24 – Cl25 2,443 Cl22 - Cu24 - Cl25 129,3  

    Cu24 – Br21 2,497 Cl22 - Cu24 – Br21 116,4  

      Cl23 - Cu24 – Br21 112,9  

(*)  atoms in statistic positions 
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Table 3. Selected structural parameters for tetramer 3 – Cu4OBr2Cl4N4 

 

O - Cu [Å] N - Cu [Å] Cu - Cl [Å] O – Cu - N [
o
]  

O3 – Cu31 1,910 N31 – Cu31 1,961 Cu31 – Cl32 2,407 O3 – Cu31 – N31 178,6 0,952 

O3 – Cu32 1,907 N32 – Cu32 1,968 Cu31 – Br31 2,495 Cl32 – Cu31 – Br31 121,5  

O3 – Cu33 1,901 N33 – Cu33 1,993 Cu31 – Br32 2,524 Cl32 – Cu31 -  Br32 116,7  

O3 – Cu34 1,930 N34 – Cu34 1,963   Br31 – Cu31 – Br32 119,7  

    Cu32 – Cl33 2,493 O3 – Cu32 – N32 178,3 0,860 

    Cu32 – Cl34 2,496 Cl33 – Cu32 – Cl34 118,4  

    Cu32 – Br32 2,490 Cl33 – Cu32 – Br32 113,8  

      Cl34 – Cu32 – Br32 126,7  

    Cu33 – Cl31 2,509 O3 – Cu33 – N33 178,6 0,878 

    Cu33 – Cl33 2,434 Cl31 – Cu33 – Cl33 111,6  

    Cu33 – Br31 2,506 Cl31 – Cu33 – Br31 125,9  

      Cl33 – Cu33 – Br31 125,9  

    Cu34 – Cl31 2,412 O3 - Cu34 - N34 175,1 0,653 

    Cu34 – Cl32 2,409 Cl31 - Cu34 - Cl32 135,9  

    Cu34 – Cl34 2,523 Cl31 - Cu34 - Cl34 109,6  

      Cl32 - Cu34 - Cl34 113,1  

 

Table 4. Selected structural parameters for tetramer 4 – Cu4OBr3Cl3N4 

 

O - Cu [Å] N - Cu [Å] Cu - Cl [Å] O – Cu - N [
o
]  

O4 – Cu41 1,916 N41 – Cu41 1,977 Cu41 – Cl42 2,423 O4 – Cu41 – N 41 175,8 0,933 

O4 – Cu42 1,901 N42 – Cu42 1,997 Cu41 – Cl43 2,422 Cl42 – Cu41 – Cl43 119,0  

O4 – Cu43 1,930 N43 – Cu43 1,993 Cu41 – Br41 2,513 Cl42 – Cu41 – Br41 119,4  

O4 – Cu44 1,900 N44 – Cu44 1,956   Cl43 – Cu41 – Br41 119,8  

    Cu42 – Cl42 2,427 O4 – Cu42 – N42 175,2 0,885 

    Cu42 – Br42 2,485 Cl42 – Cu42 – Br42 122,1  

    Cu42 – Br43 2,456 Cl42 – Cu42 – Br43 116,2  

      Br42 – Cu42 – Br43 120,1  

    Cu43 – Cl41 2,454 O4 – Cu43 – N43 175,0 0,855 

    Cu43 – Cl43 2,445 Cl41 – Cu43 – Cl43 123,7  

    Cu43 – Br43 2,427 Cl41 – Cu43 – Br43 119,3  

      Cl43 – Cu43 – Br43 115,2  

    Cu44 – Cl41 2,403 O4 – Cu44 – N44 178,3 0,895 

    Cu44 – Br41 2,451 Cl41 – Cu44 – Br41 124,6  

    Cu44 – Br42 2,511 Cl41 – Cu44 - Br12 113,1  

      Br41 – Cu44 - Br12 120,8  
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Crystal structure of Cu4OCl6(ron)4 (2) 

 The [Cu4OCl6(ron)4] (2) complex crystallizes in the monoclinic crystallographic system, space 

group P21/c. An ORTEP diagram of Cu4OCl6(ron)4 is shows in Fig. 3. The structure of (2) complex 

can be described as a system of three penetrating polyhedra. These polyhedra, are OCu4 

tetrahedron, OCl6 octahedron and four CuOCl3N trigonal bipyramids. These polyhedra are 

distorded and as a reason of such distortion are intra- and intermolecular interactions [18].  

 

 

Fig. 3 Molecular structure of [Cu4OCl6(ron)4]. 

 

 Selected structural parameters for [Cu4OCl6(ron)4] tetramer  are given in Table 5. The mean 

Cu – Cleq bond distances in equatorial plane are 2.415 Å and the mean Cu – Oap and Cu – Nap 

bond distances are 1.912 and 1.983 Å, respectively. The mean Cu … Cu separation of 3.123 Å, 

excludes a direct metal – metal bond. The mean tetragonal Cu - O – Cu bond angel is 109.47o 

and mean Cu - Cl – Cu bond angle is 80.55o. The two OH groups of 3-pyridylmethanol ligands 

are in statistic positions, O1 – H1 and O1A – H1A (occupation factors are 0.634 and 0.366) and O4 

– H4 and O4A – H4A (occupation factors are 0.408 and 0.592). The four trigonal bipyramidal 

geometries are in some extent distorted to tetragonal pyramidal geometry as demonstrated by 

parameter   equal to 0.703, 0.848, 0.945 and 0.908.  

 Deformation of coordination polyhedra of Cu(II) atoms are characterized by   parameter. It is 

expected that these distortions will affect the binding of neutral ligands in the axial positions. 



Recent Developments in Coordination, Bioinorganic, and Applied Inorganic Chemistry  
Edited by M. Melník, P. Segľa, and M. Tatarko   
Press of Slovak University of Technology, Bratislava  © 2013 

189 

 

Deviations from the ideal location of binding ligands are represented by deviations of 1 and 2. 

Deviation 1 is calculated as the difference between values of the angles A (Cu - N - C1) and B  

(Cu - N - C5) in absolute value. 

 

Table 5. Selected structural parameters for [Cu4OCl6(ron)4] tetramer.  

 

O - Cu [Å] N - Cu [Å] Cu - Cl [Å] O – Cu - N [
o
]  

O – Cu1 1,920 N1 – Cu1 1,981 Cu1 – Cl3 2,367 O – Cu1 – N4 177,0 0,703 

O – Cu2 1,906 N2 – Cu2 1,974 Cu1 – Cl4 2,403 Cl3 – Cu1 – Cl4 134,8  

O – Cu3 1,908 N3 – Cu3 1,996 Cu1 – Cl6 2,452 Cl3 – Cu1 – Cl6 113,1  

O – Cu4 1,917 N4 – Cu4 1,988   Cl3 – Cu1 – Cl6 109,5  

    Cu2 – Cl2 2,382 O – Cu2 – N2 17609 0,848 

    Cu2 – Cl4 2,444 Cl2 – Cu2 – Cl4 122,1  

    Cu2 – Cl5 2,471 Cl2 – Cu2 – Cl5 126,0  

      Cl4 – Cu2 – Cl5 109,2  

    Cu3 – Cl1 2,398 O – Cu3 – N3 176,6 0,945 

    Cu3 – Cl2 2,398 Cl1 – Cu3 – Cl2 119,8  

    Cu3 – Cl3 2,399 Cl1 – Cu3 – Cl3 119,3  

      Cl2 – Cu3 – Cl3 118,2  

    Cu4 – Cl1 2,442 O – Cu4 – N4 179,0 0,908 

    Cu4 – Cl5 2,427 Cl1 – Cu4 – Cl5 113,7  

    Cu4 – Cl6 2,395 Cl1 – Cu4 – Cl6 124,5  

      Cl5 – Cu4 – Cl6 119,6  

 

A
B

C

 

Fig. 4 Schematic representation of a) deviations and b) tilting and distortions of pyridine ring 
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Table 6. Selected structural parameters and 1 and 2 for CuCl3ON chromophores.  

 

  A B A - B C 180
o
- C   

Cu - N Cu – N 

[Å] 

Cu – N - C1 

[
o
] 

Cu – N - C5 

[
o
] 

1 Cu – N - C3 

[
o
] 

2 1 +  2  

Cu1 – N1 1,920 121,43 120,56 0,87 176,00 4,00 4,87 0,703 

Cu2 – N2 1,906 125,07 116,95 8,12 173,27 6,73 14,85 0,848 

Cu3 – N3 1,908 118,44 123,65 5,16 176,72 3,28 8,44 0,945 

Cu4 – N4 1,917 124,24 117,92 6,32 176,61 3,39 9,71 0,908 

1        Cu – N - C1-  Cu – N - C5 

2        180
o 
- C  

 
Table 7.  Correlations of selected structural parameters for structure [Cu4OCl6(ron)4].  

 

No. 

corr. 

Relationship Comment R
2 

1 Cu – N / Cu - O  0,0009 

2  / Cu - O   

without point 1 

0,3693 

0,9996 

3  / Cu - N  0,3350 

4  / O - Cu - N  0,0480 

5 1 / Cu - O  

without point 1 

0,0188 

0,9990 

6 2 / Cu - O  0,7421 

7 1 + 2 / Cu - O  

without point 1 

0,1931 

0,9682 

8 1 / Cu - N  0,5386 

9 2 / Cu - N  0,2843 

10 1 + 2 / Cu - N  0,5719 

11  / 1  0,4944 

12  / 2  

without point 1 

0,0458 

0,8762 

13  / 1 + 2  

without point 1   

0,1942 

0,9608 

14 1 / O – Cu - N  0,0424 

15 2 / O – Cu - N  0,1056 

16 1 + 2 / O – Cu - N  0,0007 

 

 

 Deviation 2 is the difference between an angle of 180o (the ideal angle of Cu - N - C3) and 

the actual value of the angle of Cu - N - C3 (Fig. 4). These deviations are correlated well with the 
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other structural parameters, namely: Cu - O, Cu - N, O - Cu - N, , 1, 2 and 1 + 2, which are 

gathered in Table 6.  

 Selected structural parameters of [Cu4OCl6(ron)4] and their correlations are gathered in Table 

7. The correlations are expressed by the coefficient R2. Table 7 shows that numbers of significant 

correlations are 2, 5, 7, 12 and 13. These correlations play a significant role by point 1, which 

represent polyhedon of Cu1 atom. The Cu1 atom represents the most distorted polyhedron 

throughout the tetramers. This distortion is caused by rich systems of an hydrogen atoms of the 

ronicol pyridine rings less than 3.0 Å are listed in Table 8. Similar contacts have been found in the 

structure of the molecular complex [Cu(ron)4Cl2] [19]. 

 

Table 8. Hydrogen contacts chlorine atoms in the structure of [Cu4OCl6(ron)4]. 

 

Chloride 

atoms 

Hydrogen 

contacts 
[Å] 

Symmetry 

code 

Cl1 H35 2.754 1555 

 H41 2.799 1555 

Cl2 H21 2.705 1555 

Cl3 H11 2.786 1555 

 H31 2.802 1555 

 H46A 2.839 1555 

Cl4 H25 2.964 1555 

 H33 2.903 4675 

Cl5 H1 2.449 4676 

Cl6 H15 2.909 1555 

 H45 2.738 1555 

 

 For Cu16(4-0)4Br7Cl17(4-Mepy)16
 (1) complex were calculated the same correlations of 

structural parameters and deviations 1 and 2. These dependences, however, were insignificant. 

Based on the above results can make the following conclusions:  

1) For a more accurate characterization of the coordination polyhedron Cu (II) (trigonal bipyramide) 

in tetramers of type Cu4OX6L4 use   parameter is very rough and inaccurate. 

2) Correlations of structural parameters with deviations 1 and 2 is relevant  only when tetramers 

contain the same type of anionic ligands. 

3) For assess the relationship between deformation of tetraedra Cu4OX6 and deformation  and 

intermolecular contacts of neutral ligand L is necessary to find a new parameter for the 

characterization of distortion of trigonal  bipyramidal polyhedra. 
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ABSTRACT 

 In last years, there have been some notable developments in several areas of inorganic 

pharmaceuticals that have potentially far-reaching importance for future medical applications and research. 

One highly significant development in the field of oncology and hematology is the application of copper 

complexes. The use of copper-based positron emission tomography (PET) tracers in cancer studies is 

increasing. Metal ions play an important role in biological systems, and without their catalytic presence in 

trace or ultratrace amounts many essential co-factors for many biochemical reactions would not take place. 

However, they become toxic to cells when their concentrations surpass certain optimal (natural) levels. 

Copper is an essential component of several endogenous antioxidant enzymes and also copper is  

a persistent environmental contaminant, and exposure to elevated levels of this transition metal can result in 

a variety of pathologies. Copper affects the transcription of multiple defense and repair genes to protect 

against metal-induced pathologies. The aim of this review is an overview of copper complexes from 2000 to 

the present used for therapy or diagnosis of various diseases in oncology.  

 

1 INTRODUCTION 

 One of the fundamental goals in medicinal chemistry is the development of new anticancer 

and anti-microbial therapeutic agents. Cancer treatment using metal-based drugs is one of the very 

effective strategies as the metal ions are capable of binding to nucleic acids stereo-specifically with 

varying strength.  

 Copper being an essential metal for animals and non-toxic in controlled quantity is implicated 

in many diseases. The toxicity of metal atoms is due to those reactions of the redox-active metal 

ions which generate reactive oxygen species (ROS) that damage DNA and other biomolecules, 

probably via Haber-Weiss or Fentonlikereactions. The accumulation of copper is observed to be a 

physiological feature of many tumor tissues and cells as was demonstrated in many types of 

human cancers including breast, prostate, colon, lung and brain. However, there are several metal-

organic compounds that actively and specifically inhibit the chymotrypsin like activity of the 

proteasome in vitro and in human tumor-cell cultures. Copper(II) complexes have been extensively 

utilized in DNA cleavage for the generation of activated oxygen species by redox cycling properties 

between Cu(II) and Cu(I), presumably a hydroxyl radical, which can react at several nucleic acid 

sites to break it. Copper(II) complexes with N and O donating ligands have also been studied for 

their nuclease properties. The copper accumulates in tumors due to the selective permeability of 

the cancer cell membrane to copper compounds. For these reasons, a number of copper 

complexes have been screened for their anticancer activity and some of them were found active 

both in vivo and in vitro. [1] 
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2 COPPER AND ITS RADIONUCLIDES 

 Copper-based radionuclides are currently being evaluated as ideal radioisotopes for positron 

emission tomography (PET) imaging (64Cu and 61Cu) and radiotherapy (67Cu and 64Cu), and the 

well-established coordination chemistry of copper allows for utilization of a variety of chelator 

systems that can be linked to biologically relevant molecules. PET imaging is now routinely used in 

the clinic, but it will not reach its full potential in oncology before significant advances are made 

with longer-lived PET isotopes, such as 64Cu. 64Cu is one of the few useful metallic positron-

emitting radionuclides with a relatively long half-life (12.7 h), permitting studies to be performed for 

as long as 48 h after administration. Moreover, because 64Cu has fairly low maximum positron 

energy (0.66 MeV) and short positron range. [2] 

 So, copper-based radionuclides offer a selection of diagnostic (64Cu, 61Cu, 62Cu and 60Cu) 

and therapeutic  (64Cu and 67Cu) isotopes (Table 1). The positron-emitting diagnostic nuclides have 

a wide range of half-life (10min to 12.7 h) and are reactor, cyclotron, or generator produced. 

Copper-67 is a therapeutic radionuclide that is currently produced on a high-energy accelerator. [3] 

 

Tab.1: Characteristics of Copper Radionuclides. [3] 

Isotope T1/2 βˉ MeV (%) β+ MeV (%) EC (%) γ MeV (%) 
60Cu 23.4 min - 3.92 (6%) 7.4% 0.85(15%) 

   3.00(18%)  1.33(80%) 

   2.00(69%)  1.76(52%) 

     2.13(6%) 
61Cu 3.32 h - 1.22(60%) 40% 0.284(12%) 

     0.38(3%) 

     0.511(120%) 
62Cu 9.76 min - 2.91(97%) 2% 0.511(194%) 
64Cu 12.8 h 0.573(39.6%) 0.655(19.3%) 41% 1.35(0.6%) 

     0.511(38.6) 
67Cu 62.0 h 0.577(20%) - - 0.184(40%) 

  0.484(35%)   0.092(23%) 

  0.395(45%)    

 

 

 Copper offers a relatively large number of radioactive isotopes that are potentially suitable for 

use in diagnostic imaging and/or targeted radiotherapy, specifically: 67Cu, 64Cu, 62Cu, 61Cu, and 
60Cu (Tab. 1). These copper radioisotopes present relatively diverse nuclear properties, including 

half-lives ranging from 10 minutes to 62 hours, and decay by positron (β+) and/or beta minus  

(βˉ)-emission. Additionally, the regional tissue distribution of all of these copper radioisotopes can 

be externally assessed with clinical gamma or positron imaging techniques.[3] 
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 Numerous developments have led to various applications for copper radioisotopes such as 

myocardial perfusion agents and hypoxia imaging agents, detection of multi-drug resistance, 

peptide targeted imaging and therapy, hypoxia targeted therapy, radioimmunoimaging, and 

radioimmunotherapy.[17] 

 

3 BODY COPPER HOMEOSTASIS 

 Body Cu levels are the result of a balance between Cu absorption and Cu excretion by the 

bile. Although important advances have been made in the understanding of Cu excretion, the 

mechanisms that govern intestinal Cu absorption remain largely a mystery. In humans and other 

mammals, Cu is absorbed primarily by the small intestine. Although about the same net amounts 

of dietary Cu and Fe are absorbed daily by humans, the actual amount of Cu absorbed is about  

4-times higher, since a great deal of Cu recycles between the intestinal tract and the organs that 

supply it with secretions. The mechanism by which Cu enters the cells of the intestinal mucosa and 

crosses into the interstitial fluid and blood is not well understood. Earlier studies indicated that 

uptake of Cu2+ across the brush border involved both a non-energy-dependent saturable carrier 

active at lower Cu concentrations, and diffusion at higher concentrations. Although Ctr1  

(Cu transporter 1) is the default intestinal Cu transporter, we demonstrated that Cu+ is also 

transported by DMT1 (divalent metal transporter 1). Intestinal (Caco-2 cells), hepatic (HepG2 cells) 

and kidney (Hek293 cells) cells regulate the uptake of Cu. In intestinal Caco-2 cells, it was found 

that pretreatment with excess Cu enhanced uptake and overall transport of 1µM 64Cu, a response 

opposite to what would be expected for homeostasis. In contrast, Cu-depleted cells responded by 

markedly increasing their uptake and overall transport of copper. These results suggest the 

possibility of a biphasic response to Cu concentration, with transport increasing at both low and 

high intracellular concentrations of copper. 

 Within the mucosal cell, most newly absorbed Cu (about 80%) is retained in the cytosol, the 

majority of which is bound to MTs (metallothioneins) and/or proteins of similar size. Since MTs 

have high affinity for copper, and their expression is largely increased under high Cu conditions,  

it is possible that under elevated Cu conditions inflow of Cu will be driven by cytosolic MT binding. 

 Cellular Cu homeostasis seems to be tightly controlled by the activity of metallothioneins and 

chaperones, with practically no free ionic Cu in the cytosol. In contrast to iron, Cu has an effective 

mechanism of excretion, which allows for adequate control of its body homeostasis. [19] 

 In addition to delivery of copper to cytosolic proteins and to the secretory compartment, 

copper must be targeted to mitochondria, where cytochrome oxidase uses copper for oxidative 

phosphorylation. Genetic studies in microbes and the mapping of mutated genes that are 

responsible for defects in cytochrome oxidase assembly have identified many proteins involved in 

cytochrome oxidase copper metallation. [49] 
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Tab. 2: Examples of copper-binding proteins. [brutalClanok] 

Enzyme/Protein Function 
Consequence of 

Deficiency 

Cu, Zn Superoxide 

Dismutase 

Superoxide 

disproportionation; signaling 

Oxidative stress; 

hepatocellular carcinoma; 

neurodegeneration 

Cytochrome Oxidase 

Mitochondrial oxidative 

phosphorylation; ATP 

production 

Respiratory deficiency; 

cardiomyopathy; lethality 

Tyrosinase/Laccase 

Melanin synthesis; virulence 

and pathogenicity in fungi; 

innate immunity 

Pigmentation 

Defects/Albinism; reduced 

fungal virulence 

Peptidylglycine α-amidating 

monooxygenase 

Peptide 

amidation/maturation 

Heart rate defects; endocrine 

dysfunction; lethality 

Dopamine β-Hydroxylase Norepinephrine synthesis Hypoglycemia; hypotension 

Ceruloplasmin 
Ferrooxidase: Fe loading 

onto transferrin 

Aceruloplasminemia: 

progressive anemia, 

neurodegeneration, diabetes 

Hephaestin 
Ferrooxidase for ferroportin-

mediated iron efflux 

Anemia; impaired Fe 

absorption by peripheral 

tissues 

Lysyl Oxidase-like Proteins 

Oxidation of snail 

transcription factor resulting 

in E-cadherin silencing and 

promoting EMT 

Altered cell-cell contacts 

Coagulation Factors V and 

VIII 
Blood Clotting Hemophilia 

Nitrous Oxide Reductase 

Catalyzes reduction of N2O 

to N2 in denitrification 

pathway of bacteria 

Respiratory deficiency; 

Imbalance in nitrogen cycle 

Ethylene Receptor Ethylene signal transduction 
Plant senescence, fruit 

ripening, growth 

XIAP Inhibitor of apoptosis 
Copper deficiency in mouse 

knock-out 

Ace 1 

S. cerevisiae transcription 

factor active under 

conditions of high 

intracellular copper 

Inability to grow on high 

copper media 

Copper Amine Oxidase 
Deamination of primary 

amines to aldehyde 

Impaired immune responses; 

reduced fat deposition in 

obese mice 

 

 



Recent Developments in Coordination, Bioinorganic, and Applied Inorganic Chemistry  

Edited by M. Melník, P. Segľa, and M. Tatarko   

Press of Slovak University of Technology, Bratislava  © 2013 

197 

 

4 COPPER IN CANCER 

 Copper is an essential trace element with many physiological functions. It affects activity of 

manyenzymes (Cu/Zn-superoxide dismutase (Cu/Zn-SOD),ceruloplasmin, cytochrome oxidase, 

tyrosinase, dopamine hydroxylase and lysine oxidase), both as a cofactor and as an allosteric 

component. These enzymes are essential for cellular respiration, defence against free radicals, 

melanin synthesis, formation of connective tissue and for iron metabolism. In addition, copper-

dependent transcription factors play an important role in gene expression. A daily dietary intake of 

1–2 mg copper seems necessary to enable copper-dependent metabolic processes in adults.  

The main sources of dietary copper are dried beans, nuts, shellfish and liver. Copper is absorbed 

readily from the stomach and small intestine. The liver is the major location of stored copper, 

containing about 10% of the total body content. In blood serum, copper is transported mainly by 

ceruloplasmin and, in smaller part, by histidine and albumin [47]. Serum and tumor copper levels 

are significantly elevated in a variety of malignancies including breast, ovarian, gastric, lung, and 

leukemia.  

 Serum copper level is raised in anemia, normal pregnancy and during administration of oral 

contraceptives. Its level is also increased during infections due to the high activity of ceruloplasmin-

one of the acute phase proteins.  

 Copper metabolism is profoundly altered in neoplastic disease. It has been found that serum 

copper concentration correlates with tumour incidence and burden, malignant progression, and 

recurrence in avariety of human cancers: Hodgkin’s lymphoma, sarcoma, leukaemia, cervix, liver, 

lung, brain and breast cancers [48]. Serum ceruloplasmin level increases 4–8 times as a cancer 

disease progresses. Furthermore, the cellular deposition of copper is also altered in tumour 

tissues—from cytoplasm in normal tissue to intranuclear and perinuclear zones in tumours. 

 Copper plays an important role in tumour angiogenesis,especially at its early stages. Copper 

seems to be necessary for endothelial cell activation as it stimulates their proliferation and 

migration. Several angiogenic factors, e.g. VEGF, basic fibroblast growth factor (bFGF), tumour 

necrosis factor alpha (TNF-α) and interleukin (IL) 1 have been found to be copper-activated. 

Activation factors bind to endothelial cells,‘‘switch’’ them from G0 into G1 phase and force 

proliferation. Brem and his co-workers have shown that copper reduction by copper deficient diet 

or/and penicillamine (copper-chelating molecule) blocks angiogenesis by ‘‘switching’’ endothelial 

cells back into G0 phase or apoptosis and by down regulating the angiogenic activity of VEGF, 

bFGF, TNF-a, IL-1 and probably IL-6 and IL-8 as well.  

 Probably copper influences angiogenesis in a few ways. Not only does it activate 

endogenous angiogenic factors, but it also binds to several proteins (heparin, ceruloplasmin) which 

therefore gain angiogenic activity that manifests by stimulation of endothelial cells. It has also been 

shown that additional copper augments, by over four times, the angiogenin binding to calf 

pulmonary artery endothelial cells. [18] 

 Various human cancer cells contain increased levels of copper, an essential cofactor for tumor 

angiogenesis. Without the copper-mediated tumor vascularization, tumors can not grow or 

metastasize. It has been found that the cellular copper is not all protein-bound and can be stored in 

membranes. A current strategy for cancer therapy is the inhibition of angiogenesis via copper control. 
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Compounds developed for Wilson’s disease, a copper storage disease, have recently been used to 

control the amount of copper found in tumor tissues as a method to prevent angiogenesis. [25] 

 Medicinal inorganic chemistry is one of the most rapidly developing areas of pharmaceutical 

research. [13] Copper can stimulate the production of cytokine, degradation of extracellular matrix, 

proliferation and migration of endothelial cell. In recent years,the methods of controlling the growth 

of tumor by eliminating the copper in serum of human body have been developed. [46] 

 

4.1 AN OVERVIEW OF SOME COPPER COMPLEXES USED IN ONCOLOGY 

 

Tab. 3: Unlabeled copper complexes with their application in oncology. 

Chemical formula of 

copper complexes 

Structural formula of copper complexes or ligands 

of copper complexes 

Application in 

oncology 

Bis(N-phenyl-N’-

cyclohexyl-N’’-benzoyl-

guanidinato) 

copper(II) 

 

The seven 

human cancer 

cell lines renal 

cancer, MCF-

7(estrogen 

receptor(ER)+/p

rogesterone 

receptor (PgR)+ 

breast 

cancer),EVSA-T 

(estrogen 

receptor (ER)-

/progesterone 

receptor (PgR)-

breast cancer), 

lung cancer, 

ovarian cancer, 

melanoma and 

colon cancer. 

[1] 
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Chemical formula of 

copper complexes 

Structural formula of copper complexes or ligands 

of copper complexes 

Application in 

oncology 

Bis(N-phenyl-N’-(n-

butyl)-N’’-benzoyl-

guanidinato) copper(II) 

 

The seven 

human cancer 

cell lines renal 

cancer, MCF-

7(estrogen 

receptor 

(ER)+/progester

one receptor 

(PgR)+ breast 

cancer), EVSA-

T (estrogen 

receptor (ER)-

/progesterone 

receptor (PgR)-

breast cancer), 

lung cancer, 

ovarian cancer, 

melanoma and 

colon cancer. 

[1] 

 

 

N-(1-phenyl-3-methyl-4-

propyl-pyrazolone-5)-

salicylidene hydrazone 

(H2L) and its copper(II) 

complex 

[Cu2L2CH3OH].2CH3OH 

 

Used as 

anticancer 

agent. [4] 
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Chemical formula of 

copper complexes 

Structural formula of copper complexes or ligands 

of copper complexes 

Application in 

oncology 

[Cu2(C18H16N3O2)2] SO4 

 

Human 

promyelo-cytic 

leukemia cells 

(HL-60) , 

antitumor 

activity. [5] 

[Cu(C18H16-

N3O2)(H2O)2]ClO4 

 

Human 

promyelo-cytic 

leukemia cells 

(HL-60) , 

antitumor 

activity. [5] 

ATN-224 and TM both 

bind to Cu
2+ 

(tetrathiomolybdate,  bis(2-hydroxyethyl) trimethyl - 

ammonium; choline tetrathiomolybdate) is the bis-

choline salt of tetrathio - molybdate (TM), a novel copper 

chelator 

anti-tumour and 

anti-angiogenic 

effects against 

a murine lung 

cancer 

xenograft and 

a murine 

inflammatory 

breast cancer 

model [6] 
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Chemical formula of 

copper complexes 

Structural formula of copper complexes or ligands 

of copper complexes 

Application in 

oncology 

(copper-PC) 

[copper(II) 

phthalocyanine] 

 

is involved in 

the etiology of 

several chronic 

diseases, 

including 

cardiovascular 

disease, 

diabetes, 

cancer, and 

neurodegenerat

ive disorders [8] 

[Cu(mPTA)4][(CF3SO3)2 

(BF4)3] . 0.25H2O 

 

[mPTA -N-methylated 

1,3,5-triaza-7- 

phosphaad 

amantane] 

 

ovarian cancer 

cells, human 

squamous 

cervix 

carcinoma cells, 

non-small lung 

carcinoma cells, 

more effective 

and 

less-toxic 

anticancer 

drug[9] 

[Cu(mPTA)3I][I]3 . H2O 

 

[mPTA - N-methylated 

1,3,5-triaza-7-

phosphaadamantane] 

 

ovarian cancer 

cells, human 

squamous 

cervix 

carcinoma cells, 

non-small lung 

carcinoma cells, 

more effective 

and 

less-toxic 

anticancer drug 

[9] 
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Chemical formula of 

copper complexes 

Structural formula of copper complexes or ligands 

of copper complexes 

Application in 

oncology 

[CuPTA4] BF4 . 6H2O 

 

[PTA - 1,3,5-triaza-7-

phosphaad 

amantane] 

 

ovarian cancer 

cells, human 

squamous 

cervix 

carcinoma cells, 

non-small lung 

carcinoma cells, 

more effective 

and 

less-toxic 

anticancer drug 

[9] 

DS/Cu complex 

 

[DS- Disulfiram] 

 

DS may 

specifically 

target cancer 

and spare 

normal 

tissues, may be 

used in clinic 

to improve the 

therapeutic 

effect in breast 

and colon 

cancer patients. 

[10] 

[Cu (4,7-dimethyl-1,10- 

phenanthroline)(glycine)

NO3] or casiopeina II
 

 

- 

on the murine 

leukemia and 

human ovarian 

carcinoma cells 

[12] 
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Chemical formula of 

copper complexes 

Structural formula of copper complexes or ligands 

of copper complexes 

Application in 

oncology 

[Cu(en)2(phen)2Sn2Cl4] 

Cl2 

 

The cell lines 

used for in vitro 

antitumor 

screening, 

kidney, breast, 

cervix, lung, 

colon, 

pancreatic. 

Less harmful 

and more 

prone to 

antiproliferative 

activity against 

tumors. [13] 

copper-transporting P-

type adenosine 

triphosphatase 

(ATP7B) 

 

- 

endometrial and 

ovarian  

carcinoma [14] 

[Cu(H2AD)(H2O)2]
+
 

 

[AD-Actinomycin D] 

 

antitumour 

activity of AD, 

which is 

focused 

on DNA 

intercalation, 

anticancer drug 

widely applied 

in therapy [15] 
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Chemical formula of 

copper complexes 

Structural formula of copper complexes or ligands 

of copper complexes 

Application in 

oncology 

[Cu(AD)(H2O)] 

 

[AD-Actinomycin D] 

 

antitumour 

activity of AD, 

which is 

focused 

on DNA 

intercalation, 

anticancer drug 

widely applied 

in therapy [15] 

Elesclomol - Cu 

 

selective 

induction of 

oxidative stress 

in cancer cell 

mitochondria, 

represents an 

approach 

distinct from 

that of 

chemotherapy 

or kinase 

inhibition for 

therapeutic 

intervention in 

human 

malignancies, 

implications for 

cancer therapy 

[16] 
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Chemical formula of 

copper complexes 

Structural formula of copper complexes or ligands 

of copper complexes 

Application in 

oncology 

N
1
-[4-(4-X-phenyl 

sulfonyl)benzoyl]-N
4
-

butyl-thiosemicarbazide, 

X = H, Cl, Br with Cu
2+ 

 

[Cu(L
3
)2(H2O)2] 

(C36H42Br2CuN6O8S4) 

 

[Cu(L
2
)2(H2O)2] 

(C36H42Cl2CuN6O8S4) 

 

[Cu(L
2
)2(H2O)2] 

(C36H44CuN6O8S4) 

 

[Cu(L
1
)2(H2O)2] 

(C36H44CuN6O8S4)
 

 

effects of these 

complexes on 

the growth of 

human 

promyelocytic 

leukemia cells 

HL-60 and 

antibacterial 

activity 

[21] 

[Cu2(L
1
)2(AcO)2(H2O)4] 

(C40H54Cu2N6O14S4) 

 

 

 

[Cu2(L
2
)2(AcO)2(H2O)4] 

(C40H52Cl2Cu2N6O14S4) 

 

 

 

 

[Cu2(L
3
)2(AcO)2(H2O)4] 

(C40H52Br2Cu2N6O14S4) 
 

human 

promyelocytic 

leukemia cells 

[21] 
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Chemical formula of 

copper complexes 

Structural formula of copper complexes or ligands 

of copper complexes 

Application in 

oncology 

[H2B(tz
NO2

)2]Cu[P(m-

tolyl)3]2 

 

[H2B(tz
NO2

)2]
-
 

dihydridobis(3-nitro-

1,2,4-triazolyl) 

borate 

(the first nitro-

substituted 

heteroscorpionate 

ligand) 

 

 

PR3 = tris(m-tolyl)phosphane 

cytotoxic 

properties 

against a panel 

of five human 

tumor cell lines 

containing 

examples of 

ovarian, cervix 

and 

lung cancer, 

melanoma and 

leukemia 

[22] 

[H2B(tz
NO2

)2]Cu[P(C6H5)

2(p-C6H4COOH)]2 

 

[H2B(tz
NO2

)2]
-
 

dihydridobis(3-nitro-

1,2,4-triazolyl) 

borate 

 

PR3 = (p-diphenylphosphane)benzoic acid 

 

cytotoxic 

properties 

against a panel 

of five human 

tumor cell lines 

containing 

examples of 

ovarian, cervix 

and 

lung cancer, 

melanoma and 

leukemia 

[22] 

[H2B(tz
NO2

)2]Cu[P(p-

C6H4F)3]2 

 

[H2B(tz
NO2

)2]
-
 

dihydridobis(3-nitro-

1,2,4-triazolyl) 

borate 

 

PR3 = tris(p-fluorophenyl)phosphane 

 

cytotoxic 

properties 

against a panel 

of five human 

tumor cell lines 

containing 

examples of 

ovarian, cervix 

and 

lung cancer, 

melanoma and 

leukemia 

[22] 
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Chemical formula of 

copper complexes 

Structural formula of copper complexes or ligands 

of copper complexes 

Application in 

oncology 

D-pen plus cupric 

sulfate and H2O2 

 

[D-pen] - D-

penicillamine 
 

Complex is 

cytotoxic to 

human 

leukemia and 

breast cancer 

cells [23] 

 

[Cu(8-OHQ)2] = 

[bis-8-hydroxyquinoline 

copper(II)] 
 

induce 

apoptosis in 

intact tumor 

cells (prostate 

cancer) [25] 

 

copper-transporting 

P-type adenosine 

triphosphatase (ATP7B) 

 

 

- 

The induction of 

ATP7B gene 

was observed 

by exposure to 

cisplatin in the 

human prostate 

carcinoma cell 

line. [26] 
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Chemical formula of 

copper complexes 

Structural formula of copper complexes or ligands 

of copper complexes 

Application in 

oncology 

 

 

 

 

(Cu-SPHs) = copper 

complexes of 

salicylaldehyde 

pyrazole hydrazone 

(SPH) derivatives 

 

copper-SPH 

complexes 

could induce 

apoptosis in 

lung cancer 

cells, and 

suggested that 

Cu-16 might be 

a potential 

selective 

therapeutic drug 

for lung cancer, 

anti-proliferative 

and anticancer 

activity, 

nonsmall cell 

lung carcinoma, 

lung 

adenocarcinom

a and 

squamous cell 

carcinoma  [28] 

4′, 7, 8 - trihydroxy-

isoflavone with 

transition copper 

 

new 

chemotherapy 

agent, against 

five different 

cancer cell 

lines: human 

breast 

carcinoma cell 

line, human 

uterine cervix 

cancer cell line, 

human liver 

cancer cell line, 

human colon 

carcinoma cell 

line  and human 

lung carcinoma 

cell line [29] 
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Chemical formula of 

copper complexes 

Structural formula of copper complexes or ligands 

of copper complexes 

Application in 

oncology 

Cu
II
(Chro)2 

DNA-Cu
II
(Chro)2 

 

(DNA = Synthetic 

hairpin DNA, 

TTGGCCAATG 

TTTGGCCAA) 

(Chro = Chromomycin 

A3) 

  

the cytotoxicity 

of these 

complexes in 

the HepG2 (The 

human 

hepatoblastoma 

cell line)  cancer 

cell line, anti-

cancer metallo-

antibiotics that 

contain 

transition metal 

ions [30] 

(PyDT)2Cu 

 

PyDT = pyrrolidine 

dithiocarbamate  

copper 

complex- 

induced 

proteasomal 

inhibition and 

apoptosis, 

which should 

have a clinical 

significance 

[32] 
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Chemical formula of 

copper complexes 

Structural formula of copper complexes or ligands 

of copper complexes 

Application in 

oncology 

[CuCl(PBT)3][1a] 

[CuCl(2-CPBT)3][2a] 

[CuCl(3-CPBT)3][3a] 

[CuCl(4-CPBT)3][4a] 

[CuCl(2,3-DCPBT)3][5a] 

[CuCl(2,4-DCPBT)3][6a] 

[CuCl(2,5-DCPBT)3][7a] 

[CuCl(2,6-DCPBT)3][8a] 

[CuCl(3,4-DCPBT)3][9a] 

[CuCl(3,5-DCPBT)3] 

[10a] 

PBT = 1-Phenyl-3-

benzoylthiourea 

CPBT = 1-

Chlorophenyl-3-

benzoylthiourea 

DCPBT = 1-

Dichlorophenyl-3-

benzoylthiourea 

 

 

the complexes 

have been 

screened for 

their in vitro 

cytotoxic 

activity in seven 

human cell lines 

carcinomas 

Renal, Breast, 

Lung, Ovarian, 

Melanoma- 

Skin, Colon 

[35] 

Cu(II)[DMSA]2 

 

[DMSA] - meso-2,3-

dimercaptosuccinicacid  

•Carbon 

•Oxygen 

•Sulphur 

•Copper 

 

Adept  for new 

radiopharmaceu

tical, DMSA 

labeled with 
99m

Tc is used 

for renal 

imaging and is 

a useful agent 

for imaging of 

thyroid 

carcinoma,head

/neck tumors 

and brain,liver 

and skeletal 

metastases. 

[37] 
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Tab. 4: Labeled copper complexes with their application in oncology. 

Chemical formula of 

copper complexes 

Structural formula of copper complexes or ligands of 

copper complexes 

Application in 

oncology 

64
Cu-DOTA using      2-

hydroxyquinoline 

 

Imaging tool for 

assessing tumor 

response to new 

molecular entities or 

targeted 

nanomedicine such 

as cytostatic agents 

that have 

predominantly anti-

angiogenic or anti-

proliferative effects, 

as a cancer 

diagnostic agent. 

Application in 

bearing colon 

adenocarcinoma. [2] 

[
67, 64

Cu(tachpyr)]
2+ 

 

(tachpyr) - N,N_,N_-

tris(2-pyridylmethyl)-

1,3,5-cis,cis-

triaminocyclohexane 

 

an attractive 

candidate for 

developing 

new Cu(II) 

radiopharma-

ceuticals 

for diagnosis and 

therapy [7] 
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Chemical formula of 

copper complexes 

Structural formula of copper complexes or ligands of 

copper complexes 

Application in 

oncology 

[
67, 64

Cu(tach-6-Me-

pyr)]
2+ 

 

(tach-6-Me-pyr) – 

N,N_,N_-tris(6-methyl-2- 

pyridylmethyl)-1,3,5-

cis,cis-triamino-

cyclohexane 

 

an attractive 

candidate for 

developing 

new Cu(II) 

radiopharma-

ceuticals 

for diagnosis and 

therapy [7] 

64
Cu-diacetyl-

bis(selenosemi-

carbazone) 

[
64

Cu-ASSM] 
 

64
Cu-diacetyl-bis(N

4
-

ethylthiosemi-carbazone) 

[
64

Cu-ATSE] 
 

64
Cu-glyoxal-

bis(selenosemi-

carbazone) 

[
64

Cu-GSS], 
 

64
Cu-pyruv- aldehyde- 

bis(selenosemi- 

carbazone) 

[
64

Cu-PSS] 

 

tumor imaging 

agents in positron 

emission 

tomography 

for a higher 

selectivity for 

hypoxic or ischemic 

tissue [11] 
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Chemical formula of 

copper complexes 

Structural formula of copper complexes or ligands of 

copper complexes 

Application in 

oncology 

[
64

Cu-NO2A-8-Aoc-

BBN(7–14)NH2] 

 

Bombesin (BBN) 

 

(NO2A=1,4,7-

triazacyclononane-1,4-

diacetate) 

 

8-Aoc-BBN(7– 

14)NH2 = 

(8-Aminooctanoic Acid)-

Gln-Trp-Ala-Val-Gly- 

His-Leu-Met-NH2 

 

 

 

 

imaging agent for 

human breast 

cancer tumors [24] 

[
64

Cu]-NOTA-RNA = 

1,4,7-triazacyclononane 

triacetic acid (NOTA) 

added via the p-Bn-SCN 

linker group 

 

Ribonucleic acid (RNA) 

 

[
64

Cu]-PCTA-RNA = 

3,6,9,15-tetraazabicyclo 

[9.3.1]pentadeca- 

1(15),11,13-triene-3,6,9-

triacetic acid (PCTA) 

added via the p-Bn-SCN 

linker group 

 

[
64

Cu]-DOTA-RNA = 

1,4,7,10-tetraazacyclo 

docane tetraacetic acid 

(DOTA) added via the 

NHS ester 

 

[
64

Cu]-diAmSar-RNA = 

3,6,10,13,16,19-hexa 

azabicyclo[6.6.6]icosane-

1,8-diamine (diAmSar) 

 

 

 

 

 

 

 

 

64
Cu-labeled RNA 

aptamers to 

prostate cancer 

cells, 

RNA-based PET 

(PET-positron 

emission 

tomography) 

molecular imaging 

agents [27] 
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Chemical formula of 

copper complexes 

Structural formula of copper complexes or ligands of 

copper complexes 

Application in 

oncology 

67
Cu-2IT-BAT-Lym-1 

BAT = 6-[p- 

(bromoacetamido) 

benzyl]-TETA 

2IT = 2-iminothiolane 

Lym-1 = Antilymphoma 

monoclonal antibody 

- 

for non-Hodgkin’s 

lymphoma 

radioimmunotherapy 

[31] 

[
64

Cu]-EDTA 

EDTA = 

ethylenediaminetetra-

acetic acid 

[
64

Cu]-DTPA 

DTPA = diethylene 

triamine pentaacetic acid 

[
64

Cu]-DOTA 

DOTA = 1,4,7,10-

tetraazadodecane-

N,N′,N″,N‴-tetraacetic 

acid 

[
64

Cu]-TETA 

TETA = 1,4,8,11-

tetraazacyclotetra-

decane-1,4,8,11-

tetraacetic acid 

[
64

Cu]-NOTA 

NOTA = 1,4,7-

triazacyclononane-1,4,7-

triacetic acid 

 

 

for PET imaging 

(β+) and therapy 

(β+ and β−) [33] 

[
64

Cu]ATSM 

ATSM = diacetylbis(N4- 

methyl-thiosemi 

carbazone) 

 

potential use of this 

radiotracer for 

imaging in the field 

of oncology (tumor 

hypoxia)        [34] 
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Chemical formula of 

copper complexes 

Structural formula of copper complexes or ligands of 

copper complexes 

Application in 

oncology 

64
Cu[CuL

1
H_1] 

62
Cu[CuL

2
H_1]

 

60
Cu[CuL

2
H_1]

 

L
1
 = 3,3,9,9-tetramethyl-

4,8-diazaundecane-2, 

10-dione dioxime 

L
2
 = N, N´-bis(2-

hydroxyiminopropionyl) 

propane-1,3-diamine 

 

 

64
Cu[CuL

1
H_1] -

chemotherapeutic 

agent, 
62

Cu[CuL
2
H_1] and  

60
Cu[CuL

2
H_1] - 

great importance in 

the imaging of the 

renal system 

[36] 

 

 

 

Tab.5: Examples of ligands for Cu pharmaceuticals  

Ligand Structure Properties of ligand Usage 

1,2-naphthaquinone 

TSC 

[TSC] = Thiosemi-

carbazone  

significant antitumour 

properties; this 

cytotoxic action has 

been attributed to its 

topoisomerase II 

inhibitory activity. 

against MCF7 

breast 

cancer cell line 

[38] 

9,10-

phenanthrenequinon

e TSC 

[TSC] = Thiosemi-

carbazone 
 

The copper complex 

exhibited maximum 

antiproliferative 

activity against the 

human breast T47D 

cancer cell line, 

probably due to 

inhibition of steroid 

binding to the 

cognitive receptor or 

by preventing 

dimerization 

of the estrogen 

receptor. 

against the 

human 

breast T47D 

cancer cell line 

[39] 
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Ligand Structure Properties of ligand Usage 

 

 

 

6-(2-

chlorobenzylamino) 

purine (a) and 6-(3-

chlorobenzylamino)p

urine (b) 

 

 

 

The cytotoxic activity 

of the ligands 

strongly 

increased after 

formation of the 

Cu(II) complexes, 

which in turn showed 

potent activities 

against  human 

malignant 

melanoma G361, 

human osteogenic 

sarcoma HOS and 

human breast 

adenocarcinoma 

MCF7 . 

against  human 

malignant 

melanoma G361, 

human 

osteogenic 

sarcoma HOS 

and human 

breast 

adenocarcinoma 

MCF7 [40] 

 

 

 

 

 

 

2-[1-(naphthalen-1-

ylmethyl)-1H-

pyrazol-3-yl]pyridine 

 

 

 

 

 

The ligand forms 

octahedral complex 

with copper. The 

compound had an 

extended aromatic p-

system (like those 

shown by typical 

bidentate chelating 

ligands bipy and 

phen) and they 

bound to DNA by 

intercalation mode 

showing a marked 

DNA-cleavage 

activity. 

superior 

cytotoxicity 

against human 

leukemia HL-60, 

human gastric 

cancer BGC-823 

and human 

mammary gland 

cancer MDA5 cell 

lines [41] 

3-aminoquinoxaline-

2-carbonitrile N1,N4- 

dioxide (AQCD) 

derivatives  

bioreductive 

compounds, cytotoxic 

selectivity in hypoxia, 

insolubility and low 

lipophilicity 

selective hypoxic 

cytotoxins [42] 



Recent Developments in Coordination, Bioinorganic, and Applied Inorganic Chemistry  

Edited by M. Melník, P. Segľa, and M. Tatarko   

Press of Slovak University of Technology, Bratislava  © 2013 

217 

 

Ligand Structure Properties of ligand Usage 

Na[H2B(pz)2] = 

bidentate k
2
-N,N 

dihydrobis 

(pyrazolyl) borate 

sodium salt 

K[H2B(tz)2] = 

dihydrobis (triazolyl) 

borate potassium 

salt 

K[H2B(tz
NO2

)2] = 

dihydrobis (3-nitro-

1,2,4-triazolyl) 

borate potassium 

salt 

CH2(pz)2  = bis 

(pyrazol-1-yl) 

methane 

Na[bdmpza] = k
3
-

N,N,O bis(3,5-

dimethylpyrazol-1-yl) 

acetate sodium salt 

CH(pz)3 = k
3
-N,N,N 

tris(pyrazol-1-yl) 

methane 

PTA = 1,3,5-triaza-7-

phosphaadamantan

e 

PCN = 

tris(cyanoethyl) 

phosphine 

 

 

 

in vitro 

antitumour activity, 

increased lipophilic 

character of the 

ligand 

assembly 

the cytotoxic 

properties 

against 

a panel of human 

tumor cell lines 

containing 

examples of 

breast, cervical, 

colon, lung 

cancer, leukemia, 

and melanoma 

[43] 
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Ligand Structure Properties of ligand Usage 

N
1
-[4-(4-X-phenyl 

sulfonyl)benzoyl]-N
4
-

butyl-

thiosemicarbazide  

acylthiosemicarbazid

e 

contains oxygen, 

sulphur and nitrogen 

as potential 

donor atoms and is 

liable to form 

deprotonated 

complexes by loss 

of hydrazinic proton 

via 

enolisation/thioenolis

ation, because it 

might present a lot of 

tautomeric forms 

The biochemical 

effects involved 

in the antitumor 

activity of 

ligands and some 

of newly 

synthesized 

complexes in 

human 

promyelocytic 

leukemia cells 

[21] 

LLnL = N-acetyl-L-

leucinyl-L-leucinal-L-

norleucinal 

 

proteasome 

inhibitor of 

chymotrypsin; activity 

of LLnL is associated 

with induction of 

apoptosis in cancer 

cells 

induce apoptosis 

in intact tumor 

cells; (prostate 

cancer) [25] 

polyaminocarboxylat

e-based chelators = 

NBEA, NBPA, 

NETA, NE3TA, 

NE3TA-Bn 

 

complexes with this 

ligands have an 

advantage of 

less protein 

interaction and a 

potentially more 

favorable in vivo 

tissue distribution 

use in iron 

depletion tumor 

therapy; the new 

ligands were 

radiolabeled with 

64Cu; colon 

cancer cell lines, 

potential chelates 

for 

radioimmunother

apy [45] 
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4.2 COPPER AND HUMAN DISEASE 

 Defects in Cu homeostasis lead to human disease. Wilson’s disease results from mutations 

in ATP7B, leading to hepatic and neuronal Cu accumulation. Wilson disease (WND) is an 

autosomal recessive disease of copper transport, characterized by chronic liver and/or neurological 

disease, sometimes accompanied by kidney damage. The WND gene has been cloned and 

encoded copper-transporting P-type adenosine triphosphatase (ATP7B). [26] Wilson’s disease 

frequently leads to liver malfunction, neurological defects, including movement disorders, seizures, 

and depression that is managed by low Cu diets, chelation therapy or inextreme cases by liver 

transplant. There is a potential link between Cu and Parkinson’s disease as Cu is associated with 

the accelerated aggregation of the α-synuclein protein in the formation of Lewy bodies. Similarly, 

Cu has been shown to promote the aggregation of mutant Huntington’s disease polyglutamine 

repeat proteins, as well as the neurotoxic oligomerization of the amyloid-beta peptide in the brains 

of Alzheimer’s disease patients. [50] 

 Whether Cu dysregulation is a cause or a consequence of these neurodegenerative 

diseases is under considerable investigation. Menkes disease, caused by mutations in the ATP7A 

gene, results in peripheral Cu deficiency secondary to a failure in the mobilization of dietary Cu 

from intestinal enterocytes into the circulation. As an X-chromosome-linked recessive trait, Menkes 

patients are typically male infants who present with seizure and profound neurological defects, 

abnormal thermoregulation, connective tissue disorders, immune cell dysfunction and other 

symptoms that typically lead to mortality prior to three years of age. While some cases can be 

partially ameliorated by intravenous Cu administration, the blockade in Cu delivery across the 

blood–brain barrier renders this lethal neurodegenerative disease largely refractile to parenteral Cu 

supplementation. However, recent exciting studies with a mouse model of Menkes disease 

suggest that long-term rescue therapies might be developed by the delivery of awild-type version 

of the ATP7A into the ventricles of the brain. [51] 

 

5 FUTURE DIRECTIONS 

 Ideally, an effective cancer therapy will not only suppress angiogenesis, but also act more 

directly on tumor cells to reduce the rate of cell proliferation and/or enhance the rate of apoptotic or 

necrotic cell death. (Evidently, this is the chief role of chemotherapy or radiotherapy.) Therapeutic 

selectivity (cancer cells versus normal cells) and drug resistance are two important factors that 

greatly affect the chances for success of cancer therapy. Therefore, it is important to explore key 

biochemical differences between cancer cells and normal cells and develop strategies that could 

potentially use these differences to improve therapeutic selectivity and/or overcome drug 

resistance. [23] 

 A unique feature of cancer cells is to accumulate high concentrations of copper [44].  

We believe that a strategy could be developed to bind this copper with specific ligands and form an 

anticancer agent within tumor tissues/cells. Cellular concentrations of copper in tumor cells and 
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tissues should be high enough to promote complex formation. Tumors could be treated with copper 

ligands alone that would be non-toxic to cells, but could bind to tumor cellular copper, forming 

potent proteasome inhibitors. It is possible that the affinity of a copper ligand for copper-bearing 

cancer cells and the transient nature of the proteasome inhibition might protect normal cells from 

toxicity.  

 Therefore, this approach may convert copper, which is essential for tumor cell proliferation 

and angiogenesis, into a cancer cell-killing agent. [25] 

 To date, genetic studies in model systems and biochemical, cell biology, and structural 

studies have identified many proteins involved in eukaryotic copper homeostasis and provided 

insights into their structures and mechanisms of action. It is likely that there are other functions and 

mechanisms to be discovered for known copper homeostasis proteins, and new components of 

this machinery will be discovered and integrated into our current understanding of cellular copper 

balance. Many questions have yet to be tackled in the field of copper metabolism, from new, 

exciting, and perhaps serendipitous perspectives. How does copper make its way from the site of 

import at the plasma membrane, or efflux from intracellular storage vesicles, to the copper 

chaperones and other intracellular ligands? What is the entire constellation of copper-binding 

proteins in a mammalian cell? How do the components of the copper homeostasis machinery 

communicate, and what other signals, including chemical, hormonal, and environmental, trigger 

changes in copper homeostasis? How do multicellular organisms sense copper deficiency in 

peripheral tissues and transmit this signal to mobilize copper stores? The field of copper 

homeostasis is currently similar to a high school graduate going off to college, armed with some 

basic information; we will see how things develop with additional outside influence. [49] 

 A thorough understanding of the anti-proliferative mechanism of copper chelators will require 

a comprehensive identification of the copper proteome and a deeper understanding of the 

mechanisms of copper homeostasis and their regulation. 
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ABSTRACT 

 The synthesis and characterization of [Cu(5-Me-2-tpc)2(4-pym)2] (1), [Cu(3-Me-2-tpc)2(4-pym)2] (2), 

[Cu(2-tpc)2(4-pym)2] (3), [Cu(2-tpc)2(isonia)2(2-tpcH)] (4), [Cu(5-Me-2-tpc)2(isonia)2(5-Me-2-tpcH)] (5), 

[Cu2(2-tpc)4(4-pym)2] (6), [Cu2(3-Me-2-tpc)4(isonia)2] (7) (where 2-tpc is 2-thiophenecarboxylate, 3-Me-2-tpc 

is 3-methyl-2-thiophenecarboxylate, 5-Me-2-tpc is 5-methyl-2-thiophenecarboxylate and 4-pym is  

4-hydroxymethylpyridine and isonia is isonicotinamide) are reported. The complexes under study were 

characterized by electronic, IR, EPR spectroscopy, magnetic susceptibility over the temperature range and 

X-ray structure analysis. Structural determinations reveal a distorted tetragonal bipyramidal environment 

around the copper center in case of monomeric complexes 1 – 5. The structure of dimeric complexes 6 and 

7 consist of units of the known paddle-wheel dicopper (II) tetracarboxylates of four thiophene-2-carboxylate 

ions bridging the two copper atoms. The complex molecules of all compounds are connected through  

H-bonds into supramolecular chains or frameworks. Spectral and magnetic behaviours are discussed in 

regard to X-ray parameters. 

 

INTRODUCTION 

 Interesting metal-containing supramolecular systems consist of coordination or 

organometallic complexes connected by strong hydrogen bond motifs, including type of 

interactions: O–H∙∙∙O, N–H∙∙∙O, N–H∙∙∙N and O–H∙∙∙N [1-5]. The construction of hydrogen-bonded 

coordination networks is achieved by employing organic ligands with H-bonding functionalities of 

e.g. –NH2, –OH, –CO2H, –CONHR and –CONH2 combined with coordination sites of transition 

metals [1,2]. One of the most potential ligands for construction hydrogen- bonded networks is  

4-pyridylmethanol (4-PM) and isonicotinamide (isonia). Only a few complexes with  

4-pyridylmethanol have been studied by X-ray so far. 4-pyridylmethanol in these complexes exists 

as a terminal ligand, thus complex molecules contain terminal O–H functionality, which are 

connected by O–H…O hydrogen bonds into supramolecular structure [6-11]. Only one complex is 

known, where 4-pyridylmethanol is employed as a N,O-bridging ligand so far [12]. Unlike  

3-pyridylmethanol when used as a ligand usually bonds in N,O-bridging manner in its complexes 

creating 1-D chains or 2-D sheets structures [13,14]. Only in a few complexes, 3-pyridylmethanol 

appears as a terminal N-donor ligand in which some O–H…O hydrogen bonds also exist [13]. 

 Typical examples of ligands used for the construction of hydrogen-bonded coordination 

networks are pyridinecarboxylic acid and their derivatives such as pyridinecarboxamides [15].  
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For example, hydrogen-bonded coordination networks based on nicotinamide, isonicotinamide and 

its derivatives have been extensively studied [16].  

 

EXPERIMENTAL PART 

Chemical reagents  

 The chemicals used were of reagent grade (Aldrich or Sigma) and used without further 

purification. The organic reagents were purchased from Aldrich; their purity was checked by IR 

spectra. 
 

Synthesis of the complexes 

[Cu(5-Me-2-tpc)2(4-pym)2] (1) 

 The blue crystals of complex 1 were obtained by dissolving of copper(II) nitrate (2.5 mmol) 

and equimolar quantities of 5-methyl-2-thiophene-carboxylic acid and NaOH and  

4-hydroxymethylpyridine (5 mmol) in 50 cm3 of methanol. The resulting solution was refluxed for  

3 h and then left to slowly evaporate at ambient temperature. Well-shaped crystals, suitable for  

X-ray structure analysis, were collected after a few days by filtration, washed with methanol and 

finally dried at ambient temperature. 
 

[Cu(3-Me-2-tpc)2(4-pym)2] (2) 

 The blue crystals of (2) were prepared by dissolving of copper(II) nitrate (2.5 mmol) and 

equimolar quantities of 3-methyl-2-thiophene-carboxylic acid and NaOH and  

4-hydroxymethylpyridine (5 mmol) in 50 cm3 of acetonitrile. The resulting solution was refluxed for 

3 h and then left to slowly evaporate at ambient temperature. Well-shaped crystals, were collected 

after a few days by filtration, washed with acetonitrile and finally dried at ambient temperature. 
 

[Cu(2-tpc)2(4-pym)2] (3) and [Cu2(2-tpc)4(4-pym)2] (6) 

 The complexes (3) and (6) are the products of the same synthesis as described for complex 

(1). At first the green crystal of dimeric complex (6) crystallized from mother liquid and after one 

day the blue crystals of monomeric complex (3) were collected. 
 

[Cu(2-tpc)2(isonia)2(2-tpcH)] (4) and [Cu(5-Me-2-tpc)2(isonia)2(5-Me-2-tpcH)] (5) 

 The blue crystals of complex (4) and (5) was formed in 50 cm3 of methanol by dissolving of 

copper(II) nitrate (2.5 mmol) and equimolar quantities of carboxylic acid, NaOH and 

isonicotinamide (5 mmol). The resulting solution was refluxed for 3 h and then left to slowly 

evaporate at ambient temperature. 
 

[Cu2(3-Me-2-tpc)4(isonia)2] (7) 

 The green crystals of complex (7) was formed in 50 cm3 of acetonitrile by dissolving of 

copper(II) nitrate (2.5 mmol) and equimolar quantities of carboxylic acid NaOH and isonicotinamide 

(5 mmol). The resulting solution was refluxed for 3 h and then left to slowly evaporate at ambient 

temperature. 
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Analysis and physical measurements 

 Copper was determined by electrolysis after mineralization of the complexes; carbon, hydrogen 

and nitrogen were determined by microanalytical methods (Thermo Electron Flash EA 1112. 

Electronic spectra (9000 – 50 000 cm–1) of the powdered samples in nujol mulls were recorded at 

room temperature (r.t.) on Specord 200 spectrophotometer (Carl Zeiss Jena). Infrared spectra in the 

region of 400 – 4000 cm–1 were recorded on a Nicolet 5700 FT-IR spectrometer (Thermo Scientific). 

Spectra of the solid samples were obtained by ATR technique at room temperature.  

 EPR spectra were recorded at room temperature and 77 K on a Bruker ESP 300 

spectrometer operating at X-band equipped with an ER 035M Bruker NMR gaussmeter and HP 

5350B Hewlett-Packard microwave frequency counter.  

 Variable-temperature magnetic measurements of polycrystalline sample were carried out 

with a Quantum Design SQUID magnetometer (MPMSXL–5-type) at a magnetic field of 0.5 T over 

the temperature range 1.8–300 K. Corrections are based on subtracting the sample-holder signal, 

contribution χDia estimated from Pascal constants [17] and temperature independent 

paramagnetism of Cu(II) centers (60  10–6 cm3 mol–1). Magnetization versus magnetic field was 

measured at the temperature 1.72 K in the magnetic field range 0-5 T. The effective magnetic 

moment was calculated from the equation: 1/22.83( ) ( . .)eff MT B M   

 

X-ray crystallography 

 Data collections for single crystal crystallography and cell refinement were carried out using 

kappa-axis four-circle diffractometers Bruker Kappa APEXII CCD or Bruker-Nonius KappaCCD. 

The structures were solved with program SUPERFLIP [18] or SIR-2011 [19], and refined by the 

full-matrix least squares procedure with SHELXL-2013 [20] or CRYSTALS [21] (v14.40 using 

SHELX weighting scheme). The semi-empirical absorption corrections were made by SADABS 

using multi-scans method [22]. Geometrical analysis were performed using SHELXL-2013 or 

CRYSTALS and the structures were drawn using the XP in SHELXTL [23] program. 

 

RESULTS AND DISCUSSION 

Crystal structures  

 The molecular structure of [Cu(5-Me-2-tpc)2(4-pym)2] (1), [Cu(3-Me-2-tpc)2(4-pym)2] (2) and 

[Cu(2-tpc)2(4-pym)2] (3) are shown in Fig. 1. The structures of all three complexes consist of 

centrosymmetric molecules. In case of complex (3) two crystallographically independent 

centrosymmetric molecules (Fig. 3a and 3b) are observed.  

 The copper(II) atoms of all three complexes are located on inversion centers and have 

elongated tetragonal bipyramidal (4+2) coordination geometry. The copper(II) atoms are bonded in 

a trans square-planar arrangement to two pyridine nitrogen atoms of 4-pyridylmethanol molecules 

[bond lengths Cu–Neq are in the range 1.991(2)–2.040(2) Ǻ] and to one carboxylate oxygen atom 

from each of two carboxylate anions [5-methyl-2-tiophenecarboxylate anions (1), 3-methyl- 

2-tiophenecarboxylate anions (2) or 2-tiophenecarboxylate anions (3), bond lengths Cu–Oeq are in 

the range 1.945(2)–1.975(2) Ǻ]. The remaining two carboxylate oxygen atoms are somewhat 
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weakly bonded to the copper(II) [bond lengths Cu–Oax are in the range 2.557(1)–2.653(1) Ǻ] in the 

direction of the Cu–Oax bonds, lying at 58.21(7)° from the normal to the CuO2N2 plane thus 

completing a tetragonal-bipyramidal coordination 

 

 

 

Fig. 1. Molecular structure of [Cu(5-Me-2-tpc)2(4-pym)2] (1), [Cu(3-Me-2-tpc)2(4-pym)2] (2) and two 

independent molecules [Cu(2-tc)2(4-pym)2] (3a,b). 

 

 The molecular structure of [Cu(2-tpc)2(isonia)2(2-tpcH)] (4) is shown in Fig. 2. The crystal 

structure of (4) consists of molecules of [Cu(2-tpc)2(isonia)2(2-tpcH)]. The copper(II) atom is  

six-coordinated (4+1+1). While one 2-thiophenecarboxylate anion is asymmetrically chelating via 

both carboxylate oxygen atoms [Cu1–O5 = 2.047(2) Ǻ, Cu1–O6 = 2.592(2) Ǻ], another anion is 

unidentate with Cu1–O3 = 1.965(2) Ǻ bond distance. Two pyridine nitrogen atoms of 

isonicotinamide ligands [Cu1–N1 = 2.047(2) Ǻ, Cu1–N2 = 2.592(2) Ǻ] with unidentate ligand of  

2-thiophenecarboxylic acid [Cu1–O7 = 2.592(2) Ǻ] completed highly distorted unsymmetrical 

tetragonal-bipyramid.  

 The complex [Cu(5-Me-2-tpc)2(isonia)2(5-Me-2-tpcH)] (5) has very similar structure as 

complex (4). 

 The molecular structures of [Cu2(2-tpc)4(4-pym)2] (6) and [Cu2(3-Me-2-tpc)4(isonia)2] (7) are 

shown in Fig. 3. The copper atoms are five-coordinated in square-pyramidal manner with four 

equatorial oxygen atoms belonging to the carboxylic group of four bridging 2-tiophenecarboxylate 

anion (6) or 3-methyl-2-tiophenecarboxylate anions (7) in syn-syn arrangements [Cu1–Oeq are in 

the range 1.963(4)–1.983(3) Å] and pyridine nitrogen atom of 4-pyridylmethanol (6) [Cu1–N1 = 

2.154(4) Å] or isonicotinamide (7) [Cu1–N1 = 2.158(1) Å] at the apical position. The distances 

between the two copper atoms [2.6653(11) and 2.6636(4) Å, respectively] are similar to that found 

in paddle-wheel dimeric copper(II) carboxylates [24,25]. 
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Fig. 2. Molecular structure of [Cu(2-tpc)2(isonia)2(2-tpcH)] (4) 

 

 

 

 

Fig. 3. Molecular geometries, thermal ellipsoids and numbering scheme for [Cu2(2-tpc)4(4-pym)2] (6) and 

[Cu(3-Me-2-tpc)2(isonia)2] (7). 

 

IR and electronic data 

 All the typical features of IR spectra are clearly compatible with the structural characteristics 

of the complexes under study. Some characteristic IR bands of the ligands as well as of Cu(II) 

complexes are given in Table 1. The broad bands assigned to antisymmetric and symmetric 

stretching vibration for complexes which contain 2-thiophenecarboxylate anions are in the regions 

at about 1550 and below 1400 cm-1, respectively. The differences (Δ) between the antisymmetric 

stretch νas(COO) and symmetric stretch νs(COO) vibrations give information on the carboxylate 

bonding mode for the complexes after comparison with Δ values for compounds with ionic 

carboxylic groups. For sodium 2-thiophenecarboxylate and sodium-5-methyl- 

2-thiophenecarboxylate the Δ values (Table 1) are 173 and 163 cm-1, respectively. The greater Δ 

values are typical for asymmetrically chelating bonding of the carboxylate group. In this case,  

Δ values are comparable to those of unidentate complexes [26].  
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Table 1: IR and electronic data (cm
-1

) for complexes 1–7. 

Compounds Infrared spectra  Electronic spectra 

Carboxyl group   

νas(COO-) νs(COO-) Δ Band I Band II 

2-tpcNa 1552vs,br 1379vs,br 173   

5-Me-2-tpcNa 1558vs,br 1395vs,br 163   

[Cu(5-Me-2-tpc)2(4-pym)2] (1) 1566vs 1386s 180 18050 

14350sh 

 

[Cu(3-Me-2-tpc)2(4-pym)2] (2) 1553vs 1337s 216 17800 

14500sh 

29350 

[Cu(2-tpc)2(4-pym)2] (3) 1552vs 1376s 176 18000  

[Cu(2-tpc)2(isonia)2(2-tpcH)] 

(4) 

1593vs 1388s 205 13650  

[Cu(5-Me-2-tpc)2(isonia)2(5-

Me-2-tpcH)] (5) 

1614vs 1385s 229 not meassured 

[Cu2(2-tpc)4(4-pym)2] (6) 1598vs 1387s 211 13570  

[Cu2(3-Me-2-tpc)4(isonia)2] (7) 1588vs 1373vs 

1363 

225 

212 

not meassured 

a
 vs, very strong; s, strong; m, medium; sh, shoulder; br, broad. 

 

EPR and magnetic data 

 The spectroscopic splitting parameters gav  = [1/3 (g
2 + 2g

2)]1/2 obtained from the EPR 

spectra were used as constants in the fitting of the data. The minimization of the sum of square of 

the deviations was the criterion used to determine the best fit. 

 The singlet – triplet separation values (2J) determined for dimers [Cu2(3-Me-2-tpc)2(isonia)2] 

(7) and [Cu2(2-tpc)4(4-pym)2] (6) are equal, –316 cm–1 and –314 cm–1, respectively. 

 EPR spectra of complexes 1-5 measured at room temperature exhibit monomeric signal  

(S = ½) of an axial symmetry with either resolved (1) or unresolved (2-5) hyperfine splitting in 

parallel part of the signal. The values of g factors range from g = 2.063 – 2.080 and  

g|| 2.263 – 2.282. Small variation of g factors indicates similar structural conditions in studied 

complexes in accordance with obtained X-ray data. The order of g factors is consistent with dx
2
-x

2 

ground state. Both room temperature powder EPR spectra of 6 and 7 were again axial exhibiting 

features typical for paddle-wheel binuclear copper(II) carboxylates. These spectra can be 

interpreted within Spin Hamiltonian in the form: 

)ˆˆ()3/13/1ˆ(ˆˆˆˆ 2222
SSESSDHgSH yz x


 

where: D – axial parameter of zero field splitting and E – rhombic parameter of zero field splitting 

and other symbols have their usual meaning. Calculated EPR parameters were g = 2.095,  

g|| = 2.391, D = - 0.353 cm-1 for 6 and g = 2.099, g|| = 2.401, D = - 0.355 cm-1 for 7, respectively. 
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Obtained EPR parameters are in accordance with values reported in literature for such type of 

complexes. 

 The magnetic data measured for complexes 2-4 are characteristic for non-coupled S = ½ 

Cu(II) centers. At higher temperature the effective room temperature magnetic moments 1.79, 1.97 

and 1.77 B. respectively. The values of MT for examined complexes remain nearly constant in a 

wide range of temperatures being close to the spin only value 1.73 B. Below 10 K small decrease 

in MT is observed suggesting an existence of a very weak exchange interaction between copper 

atoms in the crystal lattice. The magnetic susceptibility was successfully fitted using Curie-Weiss 

law in the form mol = C/(T-) with Curie constant C = 0.406 0.408 0.407 cm3 K mol–1 and Weiss 

constant  = -0.05 -0.04 -0.04 K. Due to presence of small intermolecular interactions exchange 

parameters zJ’ can be determined by a magnetic susceptibility equation in a molecular field 

correction [27] 








22

2 ,

1
Ng

zJ

av

M

M




corr

M

 

where 

 

 

 

N – is the Avogadro’s number, g – the spectroscopic splitting factor, β – the Bohr magneton,  

k – the Boltzmann constant, zJ’ – intermolecular exchange parameter and z is the number of the 

nearest neighbors of Cu(II) center. Satisfactory least-squares fit to experimental results give  

zJ’ = -0.06, -0.17, -0.11 with g = 2.11 2.11 and 2.12. 

In case of complexes 6 a 7 magnetic data show features typical for Cu(II) dimmers. Determination 

of exchange parameters were made by fitting the experimental results to the modified  

Bleaney- Bowers expression [28]. 

 x
4kT

gNβ
x)(1e(

3

1
1

gNβ
2
imp

21
2J/kTav

2
corr
Cu )




























3kT

2



 

where 


corr

Cu   is molar magnetic susceptibility corrected for diamagnetism and t.i.p., calculated per 

copper(II) magnetic center. Fitting procedure of given equation provided parameters: J = -158 and 

-157 cm-1, gav = 2.20 and 2.21 and x = 0.21 and 0.28  (monomeric impurity). 
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ABSTRACT 

 The aim of the present work is study of the second coordination sphere influence on the diffusion 

coefficients of niobium fluoride complexes and standard rate constants of charge transfer (ks) for the 

Nb(V)/Nb(IV) redox couple in chloride-fluoride and fluoride melts. 

 The standard rate constants for the Nb(V)/Nb(IV) redox couple were calculated on the basis of cyclic 

voltammetry data. For the determination of ks the values of diffusion coefficients of Nb(IV) and Nb(V) 

complexes are required. They were determined by different electrochemical methods. 

 It was found that the values of ks change in the row KCl < CsCl < NaCl-KCl in chloride-fluoride melts. 

The following sequence of the standard rate constants CsF < KF < NaF-KF was observed in fluoride melts. 

 Ab initio calculations carried out by using PC Gamess/Firefly quantum chemical program showed that 

charge transfer activation energies can actually change in nonmonotonic manner in the series sodium-

potassium-cesium, which leads to nonmonotonic change of the charge transfer rate constants in chloride-

fluoride melts. 

 

INTRODUCTION 

 The study of transport properties in molten electrolytes including coefficients of diffusion (D) 

is interesting both for the kinetics of electrode processes and structure of the melts, and for 

selecting the optimum conditions for electrodeposition of refractory metals. The diffusion 

coefficients are needed for calculation of the standard rate constants of charge transfer. 

 The majority of the experimental values of D in molten salts are obtained by 

chronopotentiometry (CP) but linear sweep voltammetry (LSV), cyclic voltammetry (CV) and 

chronoamperometry (CA) are used often too [1]. There are not too much data concerning diffusion 

coefficients of refractory metals [2, 3]. In this work D of Nb(V) and Nb(IV) fluoride complexes in 

chloride-fluoride and fluoride melts were obtain by different electrochemical methods. 

 Despite extensive electrochemical studies carried out in salt melts, still no data on the 

standard rate constants ks of charge transfer for redox couples and on the effect of second 

coordination sphere on the charge transfer rate constants is at hand. We showed [2, 4] that the 

standard rate constants of charge transfer for Hf(IV)/Hf and Cr(III)/Cr(II) redox couples decreased 

when passing from NaCl-KCl melt to KCl and CsCl melts. According to the theory of the 

elementary act of charge transfer, smaller and stronger complexes require higher energy for the 

reorganization preceding the electron transfer process proper; hence, the electrode reaction is 

slower [5]. When passing from NaCl-KCl melt to KCl and CsCl melts, the complex size and metal-

ligand bond length decrease and the complex strength increases because of the weakening of the 

counter-polarizing effect of outer-sphere cations in the Na-to-Cs series. Thus, the decrease in the 
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ks value for the Hf(IV)/Hf and Cr(III)/Cr(II) redox couples caused by the changes in the second 

coordination sphere composition from Na+ toward Cs+ agrees with the principal concepts of the 

theory of the elementary act of charge transfer [5].  

 Whereas it was shown during the studies of the effects of the second coordination sphere on 

the standard rate constants of charge transfer for Eu(III)/Eu(II) [6, 7], Sm(III)/Sm(II), and 

Yb(III)/Yb(II) [8] redox couples in alkali metal chlorides that ks values increase with the increasing 

of the outer-sphere cation size from sodium to cesium. In the above-listed redox couples the 

charge transfer may involve an outer-sphere cation; the largest values of ks in the CsCl melt may 

be explained by the Cs larger polarizability as compared with other alkali metal cations [7]. 

 The aim of the present work is study of the second coordination sphere influence on the 

diffusion coefficients of niobium fluoride complexes and standard rate constants of charge transfer 

(ks) for the Nb(V)/Nb(IV) redox couple in chloride-fluoride and fluoride melts. 

 

EXPERIMENTAL PART 

Chemicals; preparation of salts 

 Alkali chlorides (NaCl, KCl, and CsCl) were purchased from Prolabo (99.5 % min.). They 

were dehydrated by continuous and progressive heating just above the melting point under 

gaseous HCl atmosphere in quartz ampoules. Excess HCl was removed from the melt by argon. 

The salts were handled in the glove box and stored in sealed glass ampoules. Sodium fluoride 

(Aldrich 99.5 % min.) was purified by double melt recrystallization: NaF, KF and CsF were dried in 

a glassy carbon crucible (SU-2000) at 673-773 K under vacuum, then heated up to a temperature 

323 K above its melting point and finally cooled down 323 K below the melting point at a rate of  

3-4 K/h. The solidified salts were transferred at 393 K to a dry glove box and impurities were 

removed mechanically. 

 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. 

 

Procedures and electrochemical cell 

 Chlorides of alkali metals were placed in crucible made of glassy carbon (SU-2000 type) and 

transferred to a hermetically sealed retort of stainless steel (the container for the melts also served 

as auxiliary electrode.). The latter was evacuated to a residual pressure of 0.66 Ра, first at room 

temperature and then at higher temperatures (473, 673 and 873 K). After this the retort was filled 

with high purity argon and the electrolyte was melted. 

 Different electrochemical methods were employed for the determination of diffusion 

coefficients and standard rate constants of charge transfer using a VoltaLab-40 potentiostat with 

complementarily packaged software “VoltaMaster 4”, version 6. Experiments were carried out in 

the temperature range 973-1173 K. The cyclic voltammetric (CV) curves, chronopotentiograms 

(CP) and chronoamperograms (CA) were recorded at the SU-2000-glassy-carbon (GC) or platinum 

electrodes against a quasi-reference electrode (SU-2000-glassy-carbon rod, 2 mm in diameter,  

or platinum wire, 0.5 mm in diameter). The platinum electrodes were mirror-polished. After such a 
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treatment, the electrode true surface area can be assumed being equal to its geometrical surface 

area because the roughness size here is much less than the diffusion layer thickness. Our using of 

the quasi-reference electrode allowed preventing the contact of the oxides, which are part of 

traditional reference electrodes, with the chloride-fluoride melt [6, 7]. 

 The quasi-reference electrode potential is likely to be a mixed potential; it is controlled by 

redox processes involving components of the melt. Therefore, its value depends on the melt's 

composition and temperature [7]. At the end of each set of experiments, AgNaCl-KCl-AgCl  

(2 wt %) reference electrode was immersed into the melt for a short time, and the standard rate 

constants of charge transfer were determined. The rate constants measured with the silver 

reference electrode agree well with those determined by using the platinum/glassy carbon quasi-

reference electrodes. 

 

Calculation Methods 

 Optimized geometrical structures and energies of all particles were obtained by the Hartree-

Fock method using the Firefly quantum-chemical program package [9], which is partially based on 

codes of the GAMESS (US) program [10]. The WTBS all-electron basis set was used for all atoms 

except fluorine, for the last the 6-311++G(2d, 2p) standard basis set was used [11, 12].  

 Bader analysis [13] was made in the Aimall program [14], the ∆Ecom energy calculates on 

base of approach introduced in [15]. This quantity characterizes the change in the energy of the 

[NbF7] complex in the system (without taking into account the complex interaction energy with the 

environment) comparatively the energy of the free [NbF7] complex. In terms of the BSSE theory 

(BSSE – basis set superposition error) [16, 17] the ∆Ecom energy is the relaxation energy. 

 

RESULTS AND DISCUSSION 

Determination of diffusion coefficients by cyclic voltammetry 

 The cyclic voltammogram in KCl - K2NbF7 melt obtained at a platinum electrode is presented 

in Fig. 1. It has two electroreduction peaks R1 and R2, which correspond to the following processes 

[18, 19]: 

Nb(V) + e-  Nb(IV) (1) 

Nb(IV) + 4e-  Nb (2) 

and two electrooxidation peaks Ox1 and Ox2, which correspond to the oxidation of Nb to Nb(IV) 

and Nb(IV) to Nb(V) complexes, respectively. Similar voltammograms were obtained in chloride-

fluoride and fluoride melts containing K2NbF7. 

 When niobium metal was added to the melts with Nb(V) complexes, the metal – salt reaction 

occurs: 

4 Nb(V) + Nb  5Nb(IV). (3) 

 The reaction equilibrium is shifted significantly to the right side, which is corroborated by 

increase in the niobium concentration in the melt by a factor 1.25, as well as transformation of the 

voltammetric curve [20]. After reaction (3) has reached its equilibrium, the voltammetric curves in 
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their cathodic part show only a Nb(IV) to metal electroreduction wave and in their anodic part a 

Nb(IV) to Nb(V) oxidation wave [20]: 

Nb(IV) - e-  Nb(V) (4) 

Noteworthy is that the diffusion coefficients of Nb(IV) were determined in melts containing only 

Nb(IV) complexes. 
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Fig. 1. Cyclic voltammogram at a platinum electrode in the KCl - K2NbF7 melt. Surface area: 0.378 cm
2
. 

Sweep rate: 0.1 V s
-1

. Temperature: 1073 K. Concentration of K2NbF7: 1.11·10
-4

 mol cm
-3

. Quasi-reference 

electrode: Pt. 

 

 

 A typical voltammograms for the Nb(V)/Nb(IV) redox couple, recorded at a platinum 

electrode in CsCl melt at different potential scan rate () are shown in Fig. 2. The dependencies of 

the electroreduction peak current and the peak potential on the polarization rate were investigated. 

It was found that the peak current is directly proportional to the square root of the polarization rate 

at least up to  = 0.5 V s-1 (Fig. 3), while the peak potential does not depend on the polarization 

rate up to 0.5 V s-1. The peak current of the electroreduction process is linearly dependent on the 

K2NbF7 concentration, while the peak potential of the first stage does not depend on the 

concentration of K2NbF7 in the melt. The potentiostatic electrolysis at potentials of the cathodic 

peak did not lead to the formation of a solid phase at the electrode and the electrode itself 

underwent no visible transformation. This means that the product of this stage is soluble in the 

melt. According to the theory of linear sweep voltammetry [21], up to a polarization rate of 0.5 V s-1 

the electrode process is controlled by the rate of mass transfer and yields a reduced form soluble 

in the melt. 

 The diffusion coefficients (D) of Nb(V) and Nb(IV) complexes in chloride-fluoride and fluoride 

melts were determined at  = 0.1 V s-1 using of the Randles-Shevchik equation [22]: 

Ip
C = 0.4463F3/2R-1/2T-1/2n3/2ACD1/21/2, (5) 
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where Ip
C is the peak cathodic current (A), A is the electrode area (cm2), C is the bulk concentration 

of active species (mol cm-3), D is the diffusion coefficient (cm2 s-1),  is the potential sweep rate  

(V s-1) and n is the number of electrons involved in the reaction. 
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Fig. 2. Cyclic voltammogram at a platinum electrode in the CsCl - K2NbF7 melt. Surface area: 0.322 cm
2
. 

Sweep rate (V s
-1

): 0.10 (the inner curve), 0.30, 0.50, 0.75, 1.00, 1.50, 2.00 (the outer curve).  

Temperature: 1023 K. Concentration of K2NbF7: 1.42·10
-4

 mol cm
-3

. Quasi-reference electrode: GC. 
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Fig. 3. Dependence of peak current on the potential scan rate for the process (1) in the CsCl - K2NbF7 melt. 

Surface area: 0.322 cm
2
. Temperature: 1023 K. Concentration of K2NbF7: 1.42·10

-4
 mol cm

-3
. Quasi-

reference electrode: GC. 
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 The main difficulty in electrochemical methods arises from the determination of surface area 

of the working electrode due to wetting between the electrode and molten salt. In some 

experiments for determination of diffusion coefficients we used the increment of the surface area 

for different immersion lengths [23]. The diffusion coefficients determined with using of surface 

area and increment of surface area were in a good agreement altogether and difference in values 

did not exceed the error of experiment (10 %). Probably, this is due to insignificant effect of 

wetting of working electrode by the melt. 

 The diffusion coefficients of the Nb(IV) complexes were found from the Nb(IV) to Nb(V) 

electrooxidation peak currents as it was shown by us earlier [20]. 

 The values of D were also determined from the slope of the line Ip
C vs. 1/2 (0<  0.5 V s-1). 

For example, from the dependence presented in Fig. 3 the Nb(V) diffusion coefficient was found to 

6.91·10-6 cm2 s-1 at the temperature of 1023 K. 

 

Determination of diffusion coefficients by chronopotentiometry 

 Electrochemical behavior of the Nb(V)/Nb(IV) redox couple was studied by means 

chronopotentiometry. A chronopotentiogram of Nb(V) to Nb(IV) reduction at a glassy carbon 

electrode in KCl melt is presented in Fig. 4. The transition time  was determined graphically from 

the length of the potential plateau (Fig. 4) The electrical double layer charging is known to affect 

the value of  when the transition time is 10-3 by order the of magnitude [24]. In our experiments the 

transition time is by three orders of magnitude larger, hence, the effect of the electrical double layer 

charging can be neglected. The straight lines were obtained in  I - -1/2 from the transition time 

increased by linear law with the increasing of the K2NbF7 concentration in the melt at different 

cathodic current densities. No potential shift toward negative values with the increasing of the 

cathodic current density was observed. All the above-mentioned criteria of the chronopotentiometry 

show that the Nb(V) reduction to Nb(IV) is controlled by diffusion. 

 The reversible process is described by the Sand equation [24]: 

I1/2 = (nFCD1/21/2A)/2 (6) 

where I is the current passed through the working electrode (A),  is the transition time (s), C is the 

bulk concentration of the reactant (mol cm-3), A is the surface area of the working electrode (cm2) 

and D is the diffusion coefficient of the reactant ( cm2 s-1). 

 By using the Sand equation, it found from the the slope of the I –  -1/2 plot (Fig. 5) the Nb(V) 

diffusion coefficient as 1.83·10-5 cm2 s-1 at the temperature 1123 K. The same procedure was used 

for the Nb(IV) oxidation to Nb(V); the Nb(IV) diffusion coefficient is 2.30·10-5 cm2 s-1 at 1123 K. 



Recent Developments in Coordination, Bioinorganic, and Applied Inorganic Chemistry  
Edited by M. Melník, P. Segľa, and M. Tatarko   
Press of Slovak University of Technology, Bratislava  © 2013 

240 

 

0.0 0.5 1.0 1.5 2.0

-750

-600

-450

-300

-150



E
, 

m
V

t, s

 

Fig. 4. Chronopotentiogram of electroreduction (1), obtained at a glassy carbon electrode in the KCl - K2NbF7 

melt. Surface area: 0.659 cm
2
. Current: -40 mA. Temperature: 1123 K. Concentration of K2NbF7:  

8.10·10
-5

 mol cm
-3

. Quasi-reference electrode: Pt. 
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Fig. 5. The relation between I and  
-1/2

 for the electroreduction process (1). Surface area: 0.659 cm
2
. 

Temperature: 1123 K. Concentration of K2NbF7: 8.10·10
-5

 mol cm
-3

. 

 

Determination of diffusion coefficients by chronoamperometry 

 A chronoamperogram of Nb(V) to Nb(IV) electroreduction in KF melt, obtained at a platinum 

electrode is shown in Fig. 6. It was found a linear dependence of the current on the reciprocal of 

the square root from the time (Fig. 7). The cathodic current for a reversible process can be 

described by a Cottrell equation [24]: 

I=nFD1/2AC/1/2t1/2 (7) 
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Fig. 6. Chronoamperogram of Nb(V) electroreduction to Nb(IV), obtained at a platinum electrode in the  

KF - K2NbF7 melt. Surface area: 0.165 cm
2
. Potential -0.120 V vs. quasi-reference electrode from glassy 

carbon. Temperature: 1198 K. Concentration of K2NbF7: 1.42·10
-4

 mol cm
-3

. 
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Fig. 7. Dependence I vs. t
-1/2

 for the chronoamperogram in Fig. 6. 

 

 The diffusion coefficient of Nb(V) was calculated from the slope of the corresponding plot 

(Fig. 7); it came to 1.28·10-5 cm2 s-1 at 1198 K. The diffusion coefficient of Nb(IV) was calculated 

from the chronoamperometry data at the same temperature and it equals to 2.09·10-5 cm2 s-1,  

that exceeds the diffusion coefficient of the Nb(V) complexes. 

 



Recent Developments in Coordination, Bioinorganic, and Applied Inorganic Chemistry  
Edited by M. Melník, P. Segľa, and M. Tatarko   
Press of Slovak University of Technology, Bratislava  © 2013 

242 

 

The diffusion coefficients of Nb(V) and Nb(IV) complexes in chloride-fluoride and fluoride melts  

 As shown above, diffusion coefficients were obtained by different methods at a glassy carbon 

and platinum electrodes. The diffusion coefficients for Nb(V) and Nb(IV) complexes in the KCl melt 

are summarized in Table 1. 

 

Table 1. Diffusion coefficients (D·10
5 

cm
2
 s

-1
) of Nb(V) и Nb(IV) complexes in the KCl melt, obtained by 

different electrochemical methods at a glassy carbon and platinum electrodes 

Methods 

Material 

of 

electrode 

1073 K 1123 K 1173 K 

DNb(V) DNb(IV) DNb(V) DNb(IV) DNb(V) DNb(IV) 

CV 
GC 

Pt 

1.37 

1.37 

1.79 

1.83 

1.79 

1.80 

2.31 

2.34 

2.29 

2.30 

2.93 

2.92 

CP 
GC 

Pt 

1.40 

1.41 

1.81 

- 

1.83 

1.82 

2.30 

- 

- 

2.32 

2.90 

- 

CA 
GC 

Pt 

1.35 

1.32 

- 

1.82 

1.77 

1.80 

- 

2.30 

2.27 

2.32 

2.94 

- 

 

 As can be seen from Table 1, the diffusion coefficients of Nb(V) and Nb(IV) obtained by 

different methods are in a good agreement altogether. 

 Temperature dependencies of diffusion coefficients for Nb(V) and Nb(IV) were determined in 

the temperature range 973-1123 K taking into consideration data of all methods. The coefficients of 

the equation: 

log D = -A-B/T   (8) 

and diffusion coefficients at 1100 K, for Nb(V) and Nb(IV) in chloride-fluoride and fluoride melts are 

given in Tables 2 and 3. The activation energies for diffusion (U) of Nb(V) and Nb(IV) are also 

included in these tables. They were calculated from the equation: 

-U/2.303R =  log D/(1/T) (9) 

 

Table 2. Coefficients А, В and  in equation (8), diffusion coefficients (D) of Nb(V) fluoride complexes at 

1100 К and activation energies for diffusion (U) in chloride and fluoride melts 

Melt A B  
D·105 

cm2 s-1 

U 

kJ mol-1 

NaCl-KCl 2.29 2686 0.04 1.85 51.4 

KCl 2.25 2804 0.02 1.59 53.6 

CsCl 1.93 3314 0.03 1.14 63.4 

NaF-KF 1.91 3406 0.03 0.99 65.1 

KF 1.89 3582 0.04 - 68.5 

CsF 1.85 3765 0.03 0.53 72.0 
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Table 3. Coefficients А, В and  in equation (8), diffusion coefficients (D) of Nb(IV) fluoride complexes at 

1100 К and activation energies for diffusion (U) in chloride and fluoride melts 

Melt A B  
D·105 

cm2 s-1 

U 

kJ mol-1 

NaCl-KCl 2.26 2600 0.04 2.38 49.7 

KCl 2.23 2702 0.02 2.06 51.7 

CsCl 1.86 3253 0.02 1.52 62.2 

NaF-KF 1.81 3338 0.03 1.43 63.8 

KF 1.80 3461 0.04 - 66.2 

CsF 1.78 3588 0.03 0.91 68.6 

 

 As evidenced in Tables 2 and 3, the accuracy of the determination of diffusion coefficients 

(-value) was ±10÷15 % and smaller values of D were obtained when the cation in the second 

coordination sphere changes from Na to Cs. Logarithms of diffusion coefficients for Nb(V) and 

Nb(IV) complexes are linearly depend on reciprocal value of cations radius (Fig. 8). Similar 

changes in D values are well-known [1]. They are due to the decrease of the counter-polarizing 

effect of cations from Na to Cs, resulting in a decrease of metal-ligand bond length. Diffusion 

coefficients decrease when niobium oxidation state increases while the activation energies for 

diffusion increase. Thus D decreases and U increases with increasing ionic moment of the 

diffusing species. These results are in agreement with numerous data showing that diffusion 

coefficients and activation energies for diffusion of complexes strongly depend on the oxidation 

state of central atoms [1]. 

 Transition from chloride-fluoride to fluoride molten salt systems leads to decreasing of D for 

Nb(V) and Nb(IV) complexes that caused by higher viscosity of fluoride melts in comparison with 

chloride melts. 
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Fig. 8. Dependence of diffusion coefficients of Nb(V) and Nb(IV) on the radius of the salt cation (in 

coordinates log D vs. 1/r). Temperature: 1073 K. 1, 2-chloride-fluoride melts; 3, 4-fluoride melts. Values D in 

the KF melt obtained by extrapolation to temperature 1073 K. 



Recent Developments in Coordination, Bioinorganic, and Applied Inorganic Chemistry  
Edited by M. Melník, P. Segľa, and M. Tatarko   
Press of Slovak University of Technology, Bratislava  © 2013 

244 

 

Quantum-Chemical Calculations 

 The diffusion observed consists of at two terms [25], including diffusion from translational  

(Dtt ) and hopping mechanisms (Dh.): 

D = Dtt + Dh. (10) 

 Some guesses related mechanism of the [NbF7] complex diffusion in melts can be made 

based on quantum-chemical calculation. 

 A number of parameters has been calculated by the quantum-chemical methods in the 

(M+)n[Nb(V)F7]
2- and (M+)n[Nb(IV)F7]

3- model systems. Variation of these parameters in the Na-K-Cs 

series has been compared with ones for diffusion coefficients. 

 Now let us consider what information can be obtained from computed data related an 

average distances in the viewed particles. In Table 4 the average lengths of the (Nb-F) and (Nb-M) 

bonds are presented. 

 First, the (Nb-F) bond length weekly increases from Na to Cs cations. There are only two 

eliminations: the values n(Nb-F) at n=5 (Na) for Nb(V) and at n=4 (Na) for Nb(IV). However, for the 

most stable particles this difference is too small to explain variation of the diffusion coefficient 

values in series Na-K-Cs. In addition, the (Nb-F) bond lengths for the Nb(IV) particles are greater 

than for the Nb(V) ones. If in melt diffusion of the [NbF7] complex occurs, then diffusion coefficients 

for complexes of niobium (IV) should be less that does not match to experimental data. Thus,  

the data of this table refutes more likely, than confirms the guess of the [NbF7] complex diffusion as 

a main diffusion engine. 

 

Table 4. The average length of the (Nb-F) and (Nb-M) bonds (Å) in (M
+
)n[Nb(V)F7]

2-
 and (M

+
)n[Nb(IV)F7]

3-
 

particles with number of the OS cations n from 3 to 6 (M – Na, K, Cs) 

Bond Nb - F Nb – M 

Number of OS cations, n 3 4 5 6 3 4 5 6 

(M+)n[Nb(V)F7]
2- 

Na 1.953 1.951 1.961 1.963 3.216 3.426 3.877 4.136 

K 1.954 1.953 1.954 - 3.648 3.851 3.907 - 

Cs 1.955 1.954 1.955 - 4.038 4.250 4.282 - 

(M+)n[Nb(IV)F7]
3- 

Na 2.051 2.040 2.034 2.047 3.133 3.041 3.175 3.428 

K 2.058 2.036 2.045 2.048 3.380 3.295 3.605 3.878 

Cs 2.060 2.053 2.050 2.053 3.747 3.827 4.003 4.247 

 

 The values of energies of outer-sphere shell formation (Eos) for the (M+)n[Nb(V)F7]
2- and 

(M+)n[Nb(IV)F7]
3- particles, depending on the number of outer-sphere cations М+, are presented in 

the Table 5. The Eos values for these particles were calculated by the equation (11): 

Eos = E{(M+)n[NbF7]} – E{[NbF7]} – nE(M+), (11) 

where the compositions of particles are given in parentheses. The Eos value is a measure of 

stability of these particles. 

 As it can be seen from the Table 5, the (M+)3[Nb(V)F7]
2- particles with three outer-sphere 

(OS) cations correspond to the maximum stability. The most stable particles in the system 
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(M+)n[Nb(IV)F7]
3- are with n=4 for Na and n=5 for K and Cs. Concentration of such particles must 

be the greatest in a melt (within the limits of our model) and most often they are electroactive ones. 

As a rule, the activation energies of electron transfer computed under the Marcus theory [26-28] for 

such compositions correspond to relation of the experimental constants of heterogeneous charge 

transfer in series of the Na-K-Cs outer-sphere cations [29]. 

 The ∆Ecom value is the measure of the [NbF7] complex destabilization in field of the OS 

cations (so called "counter-polarizing effect"). From the Table 5 we can see that the complex 

stability decreases from Cs to Na cations for both the Nb(V) and Nb(IV) particles. If in melts the 

hopping mechanism of niobium diffusion (not diffusion of the [NbF7] complex as whole) occurs then 

reorganization of a niobium local environment will be easier to occur in a Na-melt, than in a K - and 

Cs-melts, since the [NbF7] complex in a Na-melt is less stable. For this reason, the diffusion 

coefficient should decrease from Na to Cs systems. Such relation of the D values is observed in 

experiments (Tables 2, 3). 

 

Table 5. Energy of the outer-sphere shell formation (Eos∙10
-3

, kJ mol
-1

) and the ∆Ecom energy of the [NbF7] 

complexes (∆Ecom∙10
-3

, kJ mol
-1

) for (M
+
)n[Nb(V)F7]

2-
 and (M

+
)n[Nb(IV)F7]

3-
 particles at different numbers of 

the outer-sphere cations (M - Na, K, Cs) 

Number of OS cations, n 1 2 3 4 5 6 

(M+)n[Nb(V)F7]
2- 

Eos 

Na -0.912 -1.479 -1.713 -1.655 -1.317 -0.774 

K -0.796 -1.289 -1.517 -1.476 -1.156 - 

Cs -0.720 -1.174 -1.379 -1.343 -1.057 - 

∆Ecom 

Na 0.048 0.071 0.027 0.036 0.011 -0.003 

K 0.032 0.023 0.014 0.018 0.008 - 

Cs 0.026 0.016 0.006 0.011 0.007 - 

(M+)n[Nb(IV)F7]
3- 

Eos 

Na -1.333 -2.318 -2.918 -3.241 -3.232 -2.894 

K -1.184 -2.064 -2.633 -2.860 -2.932 -2.615 

Cs -1.121 -1.896 -2.422 -2.691 -2.698 -2.415 

∆Ecom 

Na -0.0003 0.245 0.793 1.786 2.845 4.128 

K -0.0004 0.214 0.755 1.548 2.500 3.583 

Cs -0.0004 0.193 0.672 1.366 2.240 3.255 

 

 Comparing of the ∆Ecom energies for the most stable particles of Nb(V) and Nb(IV), that is, 

with n=3 (Na, K, Cs) for the Nb(V) particles and n=4 (Na), n=5 (K, Cs) for the Nb(IV) ones, shows 

that complexes of niobium (IV) are less stable. Hence, diffusion on the hopping mechanism should 

occurs easier in case of the Nb(IV) particles. It corresponds to the experimental relation of the 

diffusion coefficient in the Tables 2, 3.  

 Additional argument in favor of the hopping mechanism of the Nb ions is the relation of the 

Eos values in row of the OS cations. If the [NbF7] complex (not the Nb ion only) diffuses then value 

of diffusion coefficient should depend on energy of outer-sphere bonds, i.e. from the Eos value. 

From the Table 5 it follows that in this case, the D value should decrease from Cs to Na, but it does 
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not correspond to experimental data. The same is true for diffusion coefficients of the Nb(V) and 

Nb(IV) particles. Energy of the OS bonds Eos is much more for the Nb(IV) particles. Therefore, the 

D values must be essentially less for these particles, and it again contradicts the observable facts.  

 

Standard Rate Constants of Charge Transfer for Nb(V)/Nb(IV) Redox Couple in Chloride-Fluoride 

Melts 

 Theory of the determination of the standard rate constants of charge transfer for quasi-

reversible redox-processes not complicated by the insoluble product formation from cyclic 

voltammograms is developed in work [30]. A correlation between the function T associated with 

the cathodic and anodic current peak potentials difference Ep, and the standard rate constant of 

charge transfer was found there: 

RTnFvD

DDk

ox

redoxs

T
/)(

)/( 2








, 

(12) 

here  = 0.5 is the electrokinetic transfer coefficient. 

 The value  = 0.5 is used in equation (12) because the original work [30] gives the 

correlation between the function T and Ep for this very value. Moreover, for the T values 

experimentally measured in this work the values of Ep are practically -independent over the  

interval from 0.3 to 0.7 [24]. 

 In the calculations of the standard rate constant of charge transfer, it is necessary to 

recalculate the values of Ep and T, which are given in [30] for a temperature of 298 K, to the 

operation temperature. To this purpose we used the following equations [31]: 

 

TEE Tpp 298)()( 298 
, 

(13) 

298298 TT  
, 

(14) 

 From the values of the function T, obtained by equations (13) and (14), we calculated the 

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

(12) and the diffusion coefficients of Nb(V) and Nb(IV). 

 In Figs. 9, 10 we give temperature dependences of the standard rate constants of charge 

transfer, obtained in melts with different composition of outer-sphere cations. As can be seen from 

Figs. 9, 10 that the rate constants of charge transfer increase with increasing temperature and 

formed the following series: 

ks(KCl)  ks(CsCl)  ks(NaCl-KCl). (15) 

 The accuracy of the determination of the standard rate constants is about ± 20 %. 

An increase in the ks values with increasing temperature is due to a decrease in the potential 

barrier height for electron transfer process [5]. 
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Fig. 9. Temperature dependence of standard rate constants of charge transfer for the Nb(V)/Nb(IV) redox 

couple. Working electrode: GC. Potential scan rate: 1.5 V s
–1
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Fig. 10. The dependences of the standard rate constants of the charge transfer on the temperature  

at a platinum electrode in chloride-fluoride melts. Scan rate 1.5 Vs
-1

. Quasi-reference electrode: GC. 

 

Quantum-Chemical calculations 

 One of the reasons of the changes in the rate constants of charge transfer we observed in 

the series of the outer-sphere cations can be the nonmonotonic change of the electron transfer 

activation energy in this series; the values of the activation energies, in their turn, are determined 

by the complex particles' reorganization energies. When the latter are known, it is possible to 

evaluate the charge transfer activation energies (Eact) by using the Marcus formula. This approach 
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is prevailing nowadays [32, 33]. The complex particle here is the NbF7
2- complex with its outer-

sphere shell comprising alkali metal cations. It is well-known that this approximation gives more 

realistic description of the properties of particles in the alkali-metal chloride melts [34]. In this work 

the calculations were performed for the Nb(V) and Nb(IV) complexes with taking into consideration 

their outer-sphere shell, that is, for particles of the type nM+  NbF7
2- and nM+  NbF7

3-, where  

M = Na, K, Cs and n is the number of the outer-sphere cations (n = 1 to 6). At n = 6 the particles 

become unstable. 

 In Fig. 11 we give the outer-sphere shell formation energies Eos for the particles nM+   

NbF7
2- and nM+  NbF7

3-, where (M = Na, K, Cs). The quantities Eos were calculated by using the 

fragment-by-fragment method from the following formula:  

Eos = E(nM+  NbF7
2-) – E(NbF7

3-) – nE(M+), (16) 

where the compositions of the particles, for which the calculated energies were taken, are given in 

parentheses. We see from Fig. 11 that the Nb(V) particles are most stable at n = 4; the Nb(IV) 

particles, at n = 5. 

 The question of the applicability of the data given in Fig. 11 to melts remains debatable.  

On the one hand, the coordination number for the second coordination sphere of niobium (V) must 

exceed four, from purely geometrical consideration. Therefore, groups with the number of outer-

sphere cations, which corresponds to the maximal stability, cannot exist in the melt bulk in any 

appreciable amount. On the other hand, melt is a dynamic structure that allows realizing different 

configurations, in particular those that are maximally stable. When there exists large difference in 

the energy Eos between these particles and outer-sphere particles of another composition  

(for example, the difference in the energies of the outer-sphere shell formation of the niobium (V) 

complexes with n = 4 and n = 5 is of the order of 250-420 kJ mol-1), one may suggest that the 

relative lifetime of the complex particles with the maximally stable outer-sphere shell will be rather 

large. As a result of this, the parameters of charge transfer must be determined by the properties of 

these very particles. From this point of view, the above-given data is of double interest because its 

comparison with experimental results allows to somehow verity the above considerations as well. 
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Fig. 11. Energies of outer-sphere shell formation against the number of outer-sphere cations for particles (a) 

nM
+
 ⋅ NbF7

2-
, (b) nM

+
 ⋅ NbF7

3-
. 

 

Basing on Fig. 11 we draw some conclusions on the probable mechanism of the electron transfer. 

1) Because the most stable particles of niobium (V) and niobium (IV) differ in the composition of 

their outer-sphere shell, the electron transfer process is likely to pass in two stages. One stage is 

the electron transfer proper; the other, the changing of the shell composition (from four outer-

sphere cations to five cations). 

2) The change in the composition of the initial particle from 4M+  NbF7
2- to 5M+  NbF7

3-, which 

precedes the electron transfer, is energetically unfavorable: it consumes as much as 250 (for Cs) 

to 420 (for Na) kJ mol-1. In other words, of the two particles it is 4M+  NbF7
2- that seems to be the 

most probable electroactive particle. It is evident that in our case the taking into consideration of 
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the long-order environment whose effect is less strong than from the first two coordination spheres 

cannot radically change the interrelation between the stabilities of the discussed particles. 

3) At the same time the passing from the composition of the initial particle with four outer-sphere 

car-ions to that with three outer-sphere cations is more probable because it requires only 4 (for Cs) 

to 25 (for Na) kJ mol-1. Because of the great excess of the alkali metal, all equilibriums must be 

shifted to the formation of the particles 4M+  NbF7
2-, indeed; hence, the probability of the particles 

3M+  NbF7
2-, formation must be less than the value that follows from the calculations. 

4) The passing of a reduced particle 4M+  NbF7
3- to the most stable composition 4M+  NbF7

3- is 

spontaneous: the energy of the transition changes from -14 (for Na) kJ mol-1. It seems doubtful that 

the transition can limit the charge transfer process because the attaching of the fifth outer-sphere 

cation (unlike the attaching of electron) does not require any significant rearrangement of the 

niobium's first coordination sphere. 

5) We conclude from items 1)-4) that at the current stage of the model most probable is the 

electron transfer to the particle 4M+  NbF7
2-, with subsequent transition of the composition of the 

reduced form from 4M+  NbF7
3- to 4M+  NbF7

3-. 

 In Table 6 we give the calculated values of the activation energies for the charge transfer for 

the charge transfer for particles with different composition of the outer-sphere shell. 

 Under the conditions of electrochemical experiment the charge transfer occurs near the 

equilibrium state when the Gibbs energy of electron transfer (Gr) can be thought of as zero. As a 

result the Marcus general formula can be simplified [32]: 

Eact = (Er + Gr)
2/4Er  Er/4, (17) 

 The reorganization energy Er in this case is the difference of the initial nM+  NbF7
2- particle's 

energies in the equilibrium geometry of the final particle nM+  Nb(IV)F7
3- and in its intrinsic 

equilibrium geometry. 

 The comparison of the energies Eact for M = Na, K, Cs (Table 6) at different values of n 

showed that their ratio corresponds to the experimental ratio of the charge transfer rate constants 

only at the values of n equal to 4 and 5; here the activation energy grows in the series NaCsK. 

We mentioned above that the electron transfer to the particle 5M+  NbF7
3- is improbable. The only 

acceptable variant which remains is the electron transfer to the particle 4M+  NbF7
2-.  

This corroborates the assumption on the prevailing effect in the melt of those niobium (V) 

complexes whose energy of the outer-sphere shell formation is maximal. 

 

Table 6. Calculated electron transfer activation energies for particles nM
+
 ⋅ NbF7

2-
 

M+ 
n 

1 2 3 4 5 6 

Na 19 17 13 18 18 50 

K 2 7 27 27 29 67 

Cs 3 1 2 24 23 48 
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 Fig. 12 shows the particle structures for the most stable states of niobium (V) and the 

corresponding structures for niobium (IV). As seen from this figure, certain lengthening of the  

Nb–F bond occurs in the course of electron transfer. 

 The above-given calculated data also evidences that the charge transfer activation energies 

really can change in nonmonotonic manner in the series Na-K-Cs in compliance with the ratio of 

the reorganization energies. This leads, in its turn, to nonmonotonic change of the charge transfer 

rate constants, which is observed in the experiment, indeed. 

 

Standard Rate Constants of Charge Transfer for Nb(V)/Nb(IV) Redox Couple in Fluoride Melts 

 Fig. 13 shows the standard charge transfer rate constants for different polarization rates 

obtained using the glassy carbon and platinum electrodes in fluoride melts. 

 Fig. 13 shows that the standard charge transfer rate constants increase when a glassy 

carbon electrode is replaced with a platinum one. The same results were obtained for chloride-

fluoride melts. From the theory of the elementary action mechanism, it is known that, in the general 

case, the influence that the nature of the electrode material exerts on the rate of discharge- 

ionization stage is due to a change in the structure of the double layer and the difference in 

absorption energies of reactants and reaction products on different materials [35]. In our case, 

neither the reactant nor the reaction products exhibit specific absorption; this fact is determined 

from the diagnostic criteria of the linear voltammetry technique [21]. Thus, higher values of ks on 

the platinum electrode, as compared to ones for the glassy carbon electrode, are associated with 

changes in the structure of the electrical double layer upon the transition from one material to 

another. 
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Fig. 12. Structure of initial particles nM
+ 
 Nb(V)F7

2-
 (a, c, e) and final particles nM

+
  Nb(IV)F7

3-
 (b, d, f): n=4; 

M: Na (a, b), K (c, d), Cs (e, f) 
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Fig. 13. Standard charge transfer rate constants at different polarization rates using glassy carbon and 

platinum electrodes in fluoride melts. Temperature: 1173 K. 

 

 

 The temperature dependences of the standard charge transfer rate constants in  

log ks, - 1000/T coordinates obtained on glassy carbon and platinum electrodes are shown in 

Fig.14, which shows that the standard charge transfer rate constants increase with increasing 

temperature.  

The accuracy of the determination of the standard rate constants was the same as for chloride-

fluoride melts. 

It follows from Figs.13 and 14 that, depending on the composition sphere, the ks values change in 

the following order in the investigated temperature range: 

ks (CsF)  ks  (KF)  ks (NaF-KF). (18) 
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Fig. 14.Temperature dependences of standard charge transfer rate constants in log ks, 1000/T coordinates 

obtained using a glassy carbon and platinum electrodes in fluoride melts. Polarization rate: 1.5 V s
-1

. 

 

 

CONCLUSIONS 

 The diffusion coefficients were obtained by cyclic voltammetry, chronopotentiometry and 

chronoamperometry methods. The values found by these methods are in a good agreement with 

each other. The decreasing of D was obtained when the cation in the second coordination sphere 

changes from Na to Cs. Diffusion coefficients decrease when niobium oxidation state increases while 

the activation energies for diffusion increase. Thus D decreases and U increases with increasing 

ionic moment of the diffusing species. It was determined that the diffusion coefficients decrease 

when going from chloride-fluoride melts to fluoride melts due to higher viscosity of the last.  
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 The effect of the second coordination sphere composition on the standard rate constants of 

charge transfer for Nb(V)/Nb(IV) redox couple in chloride-fluoride melts was studied. By using 

cyclic voltammetry the following unusual series of the standard charge transfer rate constants is 

experimentally studied: ks (KCl)  ks (CsCl)  ks (NaCl-KCl). Quantum-chemical calculations 

showed that the charge transfer activation energies can actually change in nonmonotonic manner 

in the series sodium – potassium – cesium, which leads to nonmonotonic change of the charge 

transfer rate constants. 

 In pure fluoride melts the following dependence of the standard charge transfer rate 

constants was obtained experimentally using cyclic voltammetry: ks (CsF)  ks  (KF)  ks (NaF-KF). 

 It has been established that the standard charge transfer rate constants increase with 

increasing temperature, as well as with replacement of the glassy carbon electrode with  

a platinum one. 
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ABSTRACT 

 The reaction of iron(III) thiocyanate with isonicotinamide (inia) in the molar ratio 1 : 3 in ethanol solutions 

leads to the formation of ionic compound of [iniaH·inia][Fe(inia)2(NCS)4] formula. Its characterization was based 

on infrared spectroscopy and X-ray structural analysis. Iron(III) atom in the complex anion is octahedrally 

coordinated by four N atoms from four NCS
–
 and two nitrogen atoms from two molecules of isonicotinamide.  

In the [iniaH·inia]
+
 cation, iniaH

+
 and inia held together by a hydrogen bond interaction. 

 The reaction of anhydrous FeCl3 with isonicotinamide in ethanol solution leads to the formation of 

iron(II) compound of the (iniaH)2[FeCl4(inia)2] composition. This compound was characterized by elemental 

analysis and infrared spectroscopy.  

 

INTRODUCTION 

 Isonicotinamide (inia) and its derivatives constitute a class of biologically important 

compounds. Inia is a component of several drugs. Inia possesses strong anti-tubercular, anti-

pyretic, fibrinolytic and anti-bacterial properties [1,2]. Therefore, preparations, structures and 

properties of inia complexes of transition metals have been extensively studied [1-8]. Iron 

complexes with inia are potentially interesting because iron compounds as well as inia influence 

biological systems.  

 Recently we reviewed the structural chemistry of 125 inia coordination compounds [7] and 

analyzed coordination modes of inia ligands. Inia has three potential donor sites, viz. the pyridine 

ring N atom, the amide N atom and the carbonyl O atom. [1-3]. In known crystal structures of 

metals complexes, inia molecules occur most frequently as monodentate ligands bonded to the 

metal through the nitrogen atom of pyridine ring [7]. In mononuclear complexes the coordination of 

inia through the oxygen atom of the amide group (O-coordination) was found only in 

[Ca(H2O)4(inia)2]Cl2 [8]. Inia molecules also rarely act as bidentate ligands in the role of a bridge 

(O,N-coordination). In this case, the nitrogen atom of pyridine ring and the amide oxygen atom are 

used to bridge two metal centers, e.g. Ag, Cu, Mg [6,7]. It results from the structural analysis that 

the most numerous group form Cu complexes (about 30%), then followed by Co (11%), Ag (10%), 

Cd (9%) and Ni (8%) complexes. Other complexes containing central metals such as Pb, Pd, 

Mn, Mg, Mo, Ru, Ca, Rh, Re, Tl and Ir are rare [7]. To the best of our knowledge, iron 

isonicotinamide complexes have not yet been characterized by X-ray structural analysis [7]. 
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 This paper is a continuation of our previously reported studies on spectral and structural 

properties of iron complexes with derivatives of pyridine [9,10]. Here we describe synthesis and 

spectral properties of two new inia iron complexes, [iniaH·inia][FeIII(inia)2(NCS)4] (1) and 

(iniaH)2[FeIICl4(inia)2] (2). The iron(III)-thiocyanato complex was also characterized by X-ray 

structural analysis. 

 

EXPERIMENTAL PART 

Reagents and solutions 

 All chemicals were purchased commercially and used without further purification. 96% vol. 

ethanol was used as a solvent. 

 A solution of iron(III) thiocyanate was prepared by mixing ethanol solutions of iron(III) 

chloride (0.27 g FeCl3·6H2O, 1.0 mmol; 20 ml ethanol) with solution of KSCN (0.29 g, 3.0 mmol 

in 20 ml ethanol). The resulting mixture was chilled and the insoluble KCl formed during the 

reaction was filtered off. 
 

Preparation of [iniaH·inia][Fe(inia)2(NCS)4] (1) 

 The prepared solution of iron(III) thiocyanate (1.0 mmol in 40 ml ethanol) and solution of 

isonicotinamide (0.37 g, 3.0 mmol in 25 ml ethanol) were mixed and stirred for 20 min at room 

temperature. The solution was then diluted with ethanol to 80 ml. The resulting solution was 

allowed slowly to evaporate at room temperature until dark red crystals appeared (generally 

several weeks). Obtained crystals were suitable for X-ray structural analysis. 

Preparation of (iniaH)2[FeCl4(inia)2] (2) 

 A solution of inia (0.73 g, 6.0 mmol in 20 ml ethanol) was slowly added to a solution of iron(III) 

chloride (0.32 g FeCl3, 2.0 mmol in 15 ml of ethanol). The resulting mixture was stirred for 15 min and 

let stay at room temperature. Some ethanol was evaporated after several months and orange 

microcrystals were obtained. Presence of iron(II) in 2 was confirmed with 2,2'-bipyridine. For 

C24H26N8O4FeCl4 (2) calcd. (%): C, 41.88; H, 3.81; N, 16.20; found (%): C, 42.21; H, 3.77; N, 15.98. 
 

Apparatus and equipment 

 Elemental analyses (C, H, N and S) were carried out by means of a Flash EA 1112 analyzer. 

The infrared spectra (4000–100 cm–1) were measured in solid state by KBr technique and recorded 

on Nicolet 5700 FTIR spectrophotometer. 

Crystal structure determination and refinements 

 Intensity data for 1 at 293 K was obtained using Oxford Cryostream room temperature device 

on a Nonius KappaCCD diffractometer with graphite-monochromatized MoKα radiation  

(λ = 0.71073 Å). Absorption corrections were applied using the program SADABS [11]. Data 

reductions were performed with EvalCCD [12]. The structure was solved by direct method using 

the program SIR2011 [13] and refined by the full-matrix least-squares method on all F2 data using 

the program SHELXL-97 [14]. Geometrical analysis was performed using SHELXL-97. The 

structure was drawn by ORTEP-3 [15]. The single crystal suite WINGX was used as an integrated 

system for all crystallographic programs and software for preparing the material for publication [16].  

Table 1 Crystal data and structure refinement for [iniaH·inia][Fe(inia)2(NCS)4] 
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Chemical formula C28H25FeN12O4S4 

Mr 777.697 

Crystal system, space group triclinic, P-1 

Temperature (K) 293(2) 

a, b, c (Å)  

α, β, γ (o) 

8.2440(4), 9.5540(3), 11.2590(5) 

93.945(4), 95.554(4), 96.285(3) 

V (Å3) 874.50(6) 

Z 1 

Radiation type MoKα 

Crystal size (mm) 0.433 x 0.326 x 0.104 

Diffractometer Bruker - Nonius KappaCCD 

Absorption correction Multi-scan; SADABS 

[I > 2σ(I)] reflections 11153 

Rint 0.0317 

R[F2 > 2σ(F2)], wR(F2), S 0.0795, 0.0861, 1.120 

No. of parameters 243 

Largest difference peak and hole (e Å–3) 0.490/-0.548 

 

RESULTS AND DISCUSSION 

[iniaH·inia][Fe(inia)2(NCS)4] (1) 

 Reaction of inia with iron(III) thiocyanate in ethanol solution leads to the formation of 1 as a 

dark red, air-stabile crystalline product. We suppose that the proton required for protonation of inia 

is produced by hydrolysis of [Fe(H2O)6]
3+ cations which occur in FeCl3·6H2O. Similar protonation 

was also observed in the systems which contain hydrates of iron(III) salts and derivatives of 

pyridine [9,17]. 

 An ORTEP diagram of 1 is shown in Figure 1, crystal data and structure refinement are given 

in Table 1 and selected bond distances and angles are given in Table 2. Hydrogen bonds and 

angles are given in Table 3.   

 The coordination compound consists of [iniaHinia]+ cation and [Fe(inia)2(NCS)4]
– anion which 

are held together by ionic interaction and an additional hydrogen bond interaction (N4–H41…O2)  

(Fig. 1, Table 3). The hydrogen bond is formed by the H atom of –CONH2 group in the anion and O 

atom of –CONH2 group from iniaH+ in the cation. [iniaHinia]+ cation consists of one molecule of 

inia and one protonated molecule of inia (iniaH+) which are linked by hydrogen bond,  

N5–H51…N5´ (Fig. 1). 
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Fig. 1 An ORTEP plot of [iniaHinia][Fe(inia)2(NCS)4] 

 

 The Fe(III) in [Fe(inia)2(NCS)4]
– anion is octahedrally coordinated by six nitrogen atoms;  

four from NCS– forming the equatorial plane and two from two molecules of inia occupying axial 

positions (Fig. 1). The Fe–N (of NCS) distances (av. 2.027 Å) are slightly shorter than the Fe–N  

(of inia) distances (av. 2.159 Å); hence FeN6 octahedron is axially distorted (Table 2). Similar 

distortion of FeN6 octahedron was observed for [3pmH·3pm]-[Fe(NCS)4(3pm)2] (3pm =  

3-(hydroxymethyl)pyridine), where Fe–N(of NCS) distances (av. 2.035 Å) are also slightly shorter 

than the Fe–N(of 3pm) distances (av. 2.154 Å) [9].    

 

Table 2 Selected bond lengths (Å) and angles (°) for 1 

Fe–N1 2.037(2)  N5–H51 0.750 

Fe–N2 2.017(2)  N4–H41 0.801 

Fe–N3 2.159(1)    

     

N2–Fe–N1 90.85(5)  N2–Fe–N1 90.85(7) 

N2–Fe–N1´ 90.04(6)  N2–Fe–N1´ 89.15(7) 

N1–Fe–N1´ 180.00  N3–Fe–N3´ 180.00 

N1–Fe–N3 90.04(5)  N3–Fe–N1 90.04(6) 

N1–Fe–N3´ 89.96(6)  N3´–Fe–N1´ 89.96(6) 

N2´–Fe–N2 180.00  N3´–Fe–N2´ 89.55(6) 



Recent Developments in Coordination, Bioinorganic, and Applied Inorganic Chemistry  
Edited by M. Melník, P. Segľa, and M. Tatarko   
Press of Slovak University of Technology, Bratislava  © 2013 

261 

 

Table 3 Comparison of some parameters in (Å) and (
o
) of hydrogen bonds for (1) and for 

[3pmH3pm][Fe(NCS)4(3pm)2] 

D–H…A d(D–H) d(H...A) < D–H...A d(D...A) Ref. 

N7–H7...N8 0.747 1.904 171.67 2.645 this work 

N7–H7...N8 1.00 1.68 175 2.675 [9] 

O68–H68...O78 0.801 2.109 170.55 2.902 this work 

O68–H68...O78 0.860 1.86 170 2.710 [9] 

 

Similar composition as 1 has been observed not only for [3pmH·3pm]-[FeIII(NCS)4(3pm)2] but also 

for (L2H)[MoIII(NCS)4(L2] (L = pyridine or 4-methylpyridine) [9,18]. 
 

(iniaH)2[FeCl4(inia)2] (2) 

 Reaction of inia with iron(III) chloride in ethanol solution leads to the formation of 2 as an 

orange, air-stabile microcrystalline product. Iron(III) from FeCl3 is completely reduced to  

Fe(II) during the synthesis and the iron(II) complex 2 is formed. We suppose that there oxidation-

reduction processes take place similarly as during preparation of [Fe(dena)2(NCS)2]n (dena =  

N,N´-diethylnicotinamide) [10]. Similar composition as 2 has the iron(II) complex 

(Hpic)2[Fe(NCS)4(pic)2]·2pic which contains protonated molecules of 4-methylpyridine (pic) [19]. 
 

Infrared spectra 

 The IR spectrum of 1 shows typical bands for N-bonded thiocyanate complexes [9,10,20,21]. 

The maxima of the IR bands are assigned to stretching vibrations ν(CN), ν(CS) and δ(NCS) which 

occur in the regions accepted for terminally bonded –NCS groups (Table 4).  

 

Table 4 Comparison of some data on IR spectra (cm
–1

) for iron isothiocyanato-complexes and KSCN 

Complex (CN) (CS) δ(NCS) Ref. 

[iniaH·inia][Fe(inia)2(NCS)4] 
2062sh 

2041vs 
857m 

490m 

476m 

this 

work 

[3pmH·3pm][Fe(NCS)4(3pm)2] 
2094sh 

2052vs 
829m 

484m 

476m 
9 

(NEt4)3[Fe(NCS)6] 
2098sh 

2052s 
822w 479m 20 

[Fe(dena)2(NCS)2]n 2094s 823m 469m 10 

[Fe(NCS)3(OPPh3)3] 
2081vs 

2041s 
856w 476w 21 

KSCN 2053s 748m 
471m 

486m 
20 

s = strong, vs = very strong, m = medium, w = weak, sh = shoulder 

OPPh3 = triphenylphosphine, NEt4 = tetraethylammonium (1+) 
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 In the IR spectrum of 2, the peaks at 271 and 241 cm–1 may be assigned as ν(Fe–Cl), what is 

in a good agreement with the literature data [4,20]. There are not present bands characteristic for 

tetrahedral [FeCl4]
2– anions. The peak at 227 cm–1 can be assigned to the ν(Fe–N) [4,20].  

 The (CO) and (NH) frequencies observed for free isonicotinamide are similar with those 

obtained for coordinated isonicotinamide in its complexes [4,5,20]. In the IR spectra of 1 and 2 

(Table 5), these bands lie at 1668 cm–1 (1) and 1679 cm–1 (2) for (CO), and at 1609 cm–1 (1) and 

1632 cm–1 (2) for (NH). Some differences were observed in the 3400–3150 cm–1 region for 

as(NH2) bands and ring vibrations at about 1550 cm–1. The ring vibrations of coordinated inia are 

shifted to higher frequencies. This shift indicates that inia is coordinated through the nitrogen atom 

of its heterocyclic ring what is also observed in the similar complexes [6].  

 

Table 5 Important vibrations (cm
-1

) in the IR spectra of inia [22] and in 1 and 2 

Vibration inia 1 2 

as(NH2) 3371vs 3327vs 3304vs 

s(NH2) 3188vs 3199s 3152s 

(CO) 1666vs 1668vs 1679vs 

 (NH) 1632s 1609s 1632s 

(ring) 1547m 1556m 1559m 

 (CCC) 631s 626s 641s 
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ABSTRACT 

 Many papers have been published concerning the study of the interactions of neutral amines and the 

alkylammonium cations with montmorillonite. The most effective active sites in montmorillonite are placed 

between two silicate layers, where the naturally occuring cations can easily be replaced by heavy metals and 

organic groups. 

 Mercury is one of the most serious contaminants in environment. All forms of mercury are poisonous, 

organic mercury species are the most dangerous. Even in very small amount it is dangerous and presents a 

significant environmental threat. 

 The results of  X-ray powder diffraction and IR spectroscopy analysis show that methyl, dimethyl and 

trimethylamines are intercalated into the interlayer space of Hg-MMT. 

The effect of different steric properties of studied alkylamines is evident. 

 

INTRODUCTION 

 Clays having permanent negative layer charge (e.g. montmorillonite) can uptake mercury(II) 

ions in the interlayer space. Chu et al. [1] have indicated by X-ray absorption spectroscopy 

(XANES) that mercuric ions are present in the interlayer space as hydrated cations. Organic 

molecules (as amines) can replace the water which normally occupies the interlayer spaces in the 

montmorillonite [2]. 

 Some papers have been published concerning the study of the interactions of neutral amines 

and diamines with montmorillonite [3,4]. The arrangement of alkyl chains depends on the layer 

charge and the alkyl chain length [5]. Organomontmorillonites with amines are used in many 

industrial branches, e.g. as tixotropic agents in lacguers and paints, in lubricants, as adsorbents of 

organic compounds [6]. Montmorillonites are also important in areas of environmental concern, and 

for such applications a precise knowledge of the interaction mechanisms between different 

components in the interlayer space of montmorillonite is greaty desirable.  

 This present paper describes X-ray powder diffraction and IR spectroscopy analysis data of 

Hg-exchanged montmorillonite (Hg-MMT) with methylamine (MA), dimethylamine (DMA) and 

trimethylamine (TMA). The aim of this paper is to investigate the effect of different properties of 

these amines on the type of interactions with Hg-montmorillonite and physical properties of 

prepared samples. 

 

http://www.sav.sk/index.php?lang=en&charset=ascii&doc=ins-org-ins&institute_no=36
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EXPERIMENTAL PART 

Syntheses of the samples 

 Less than 2µm fraction of bentonite from Jelšový Potok (bentonite deposit in the central part 

of Slovakia) was separated from a bulk sample and converted into the monoionic  Ca-form using 

standard method [3,7-9]. The crystalochemical formula of Ca-MMT is:       

Ca0,48(Si7,59 Al0,41)(Al3,06 Fe0,34 Mg0,63)(OH)4 O20. 

 The monoionic form of  Hg-MMT was prepared from the Ca-MMT in a way that 450cm3 of  

a HgCl2 solution (c = 1 mol. dm-3) were added to 3g of Ca-MMT, the mixture was stirred for a short 

time and left to stand for 24 h. After decantation HgCl2 solution was added again to the solid 

phase, stirred and left to stand as previously. This procedure was repeated four times. The solid 

product was then washed by water in order to remove the Cl- anions and finally dried at 60°C.  

A thin layer (ca 250 mg) of monoionic (Hg-MMT) form was exposed to alkylamine vapours for 72 h 

at room temperature. 
 

Analytical methods and equipments 

 The infrared absorption spectra were recorded with FTIR Spektrometer Nicolet 6700 

Transform IR spectrometer in the range of 4000-400 cm-1.  

 The X-ray diffraction profiles for pressed powder samples were recorded on a Philips  

PW 1050 diffractometer using CuKα radiation. 

 The analytical methods used have been described elsewhere [10]. 

 

RESULTS AND DISCUSSION 

 Montmorillonite structure can usually host heavy metal cations in two different locations: 

either at the interlayer position or a the octahedral broken edge faults. The first mechanism is more 

common that the second [12]. 
 

Diffraction and spectral properties of studied samples 

 The interlayer distances from the X-ray diffraction patterns of studied samples are 

summarized in Table 1.  

 

Tab. 1 Representative diffraction data of Hg-MMT and intercalation products 

Sample 2θ / ° d001 /nm 

Ca-MMT (initial sample) 6.00 1.4749 

Hg-MMT 7.35 1.3932 

MA + HgMMT 7.95 1.2887 

DMA + HgMMT 7.81 1.3116 

TMA + HgMMT 7.72 1.3268 

MMT – montmorillonite, MA – methylamine, DMA – dimethylamine, TMA – trimethylamine 
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 The basal spacing of initial sample (Ca-MMT) is 1,4749 nm. After the interactions studied 

amines with Hg-montmorillonite, the basal spacing decreased from 1,3932 to 1,2887 – 1,3268 nm. 

Since the basal spaces are close for all studied products, we suppose that the arrangement of 

alkylamines in the interlayer space is similar. The observed changes indicated that the alkylamines 

are intercalated into the interlayer spaces of montmorillonite [3].  

 

 The various ways in which amines form bonds in the interlayer space of the Hg-MMT can by 

studied by means of IR-spectra of the prepared samples.  

 For Hg-MMT in the studied region (400-4000 cm-1) several peaks were observed that can be 

attributed to the stretching vibration of structural O-H groups (3630 cm-1) and water (3421 cm-1), 

stretching vibration of Si-O groups (1049 cm-1), deformation vibrations of O-H groups (912 cm-1), 

bending vibration of Al-Al-OH at 898 cm-1,  vibration of Al-Mg-OH at 850 cm-1, vibrations of Al-O-Si 

groups at 529 cm-1 and vibration at Si-O-Si at 459 cm-1 [10,13]. 

 The IR spectra obtained of the samples with alkylamines  (Table 2) show the bands of NH2 

groups at 3438-3435 cm-1, ν (N-H) vibrations are observed at 3297-3259, 2778-2763, 2465-2451 

and 2351-2350 cm-1 and bands of C-H groups at 3015-2999 and 1473-1460 cm-1.  

 IR spectra indicated (especially bands at 2778-2733 cm-1 [14]) that alkylamines are 

intercalated in the interlayer space of montmorillonite. The band at 1510 cm-1 however, is typical of 

alkylammonium cations [15]. Thus alkylamines in the studied samples are coordinated to Hg2+ ions 

and also may exist as alkylammonium cations. 

 

Tab. 2 Some IR spectral data of studied samples 

assignment 
ν/cm-1 

MA + HgMMT DMA + HgMMT TMA + HgMMT 

ν (NH 2) 3435 3438 3438 

ν (N-H) 3297 3259 - 

ν (C-H) 3015 3010 2999 

ν (N-H) 2763 2778 - 

 2465 2451 - 

 2350 2351 - 

ν (NH3) 1637 - - 

ν (NH2) - 1630 - 

ν (NH+) - - 1635 

δ (N-H) 1509 1510 1509 

δ (C-H) 1460 1473 1471 

γ (N-H) 916 915 916 

 792 794 793 
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CONCLUSION 
 On the basis of X-ray powder diffraction is proved that methyl-, dimethyl- and 

trimethylamines are successfully intercalated into interlayer space of mercury exchanged 

montmorillonite (Hg2+). 

 Spectral analysis shows that methylamine and dimethylamine are directly coordinated to 

Hg2+ ions, while in the trimethylamine prevails the protonated form because of sterical reasons. 
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ABSTRACT 

 Copper(II) complexes with histidine modified 2’-deoxyriboadenosine were studied by potentiometric 

and spectroscopic (UV–VIS, CD, EPR) techniques, in conjunction with computer modeling optimization. 

Histidine residue was inserted in purine part of nucleoside in the form of acid, methyl ester or amide.  

The ligand can act as bidentate or tridentate depending on pH range. In acidic pH a very stable dimeric 

complex Cu2L2 predominates with coordination spheres of both metal ions composed of oxygen atoms from 

carboxylic groups, one oxygen atom from ureido group and two nitrogen atoms derived from purine base and 

histidine ring. Above pH 5, deprotonation of carbamoyl nitrogens leads to the formation of CuL2, Cu2L2H-1 

and Cu2L2H-2 species. The CuL2H-1 and CuL2H-2 complexes with three or four nitrogens in Cu(II) coordination 

sphere have been detected in alkaline medium.  

 Histidine modified deoxyadenosines have introduced single-strand nicks into pEGFP-C1 plasmid DNA 

at micromolar concentrations, converting the supercoiled into open circular and, eventually, linear forms.  

The copper(II) chelates have been found to be more active as DNA cleavers than the free ligands. 

 

INTRODUCTION 

 Metal ions play important roles in many ribozyme mediated examples of scission reactions 

[1-3], and yet their precise role in the hydrolytic mechanism is unclear. Small metal complexes that 

promote the hydrolytic cleavage of DNA could be useful not only in molecular biology and drug 

design but also in elucidating the precise role of metal ions in enzyme catalysis. One of the metals 

that bind to nucleic acids is copper. The ability of copper ions to cleave DNA, particularly when 

Cu(II) ions are complexed with certain chelators have been established through years [4-8]. Owing 

to the fact that all these complexes show their own selectivity for a cleavage mechanism for DNA 

interaction, the design of new DNA cleavage agents is of great interest. Metal complexes of 

imidazole derivatives are an important group of compounds interacting with DNA [9-11].  

The presence of an imidazole moiety in biological molecules has prompted us to the studies of 

imidazole modified nucleosides with copper(II) ions [12,13]. We found that histamine/histidine 

modified 2’-deoxyriboadenosines (histam6dA or his6dA) are novel strong chelators for Cu(II) ions. 

These studies indicate binding motifs of Cu(II) ions to imidazole modified 2’-deoxyriboadenosines. 

The modified nucleosides can act as bidentate or tridentate ligands depending on pH range. In 

neutral pH the species with three or four nitrogen donor atoms involved in binding mode of copper 

are present. The presence of histidine residue implies a crucial impact on coordinating ability of 
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deoxyadenosine ligands. The comparison of binding efficiency of his6dA, histam6dA, adenosine (A) 

and deoxyadenosine (dA) indicates that his6dA is the most competitive and efficient ligand that 

binds almost 100% of Cu(II) ions under physiological pH conditions [13]. In view of these 

interesting characteristics of the modified 2’-deoxyriboadenosines, we have also decided to 

undertaken the investigation of their binding affinity towards DNA. 

 

EXPERIMENTAL PART 

Reagents and solutions 

 All chemicals were of reagent grade and were used without further purification unless 

otherwise noted. Plasmid pEGFP-C1 was purchased from BD Biosciences. Agarose and ethidium 

bromide were obtained from Serva Electrophoresis, 2’-deoxyadenosine, histamine, L-histidine 

were purchased from Sigma-Aldrich. Modified nucleosides: histam6dA and his6dA were prepared 

according to established procedures [13,14]. Their purity was verified by HPLC, 1H NMR and mass 

spectrometry to be > 99%. For the experiments, Cu(II)-L systems, where L = 2’-deoxyadenosine 

(dA), histamine, L-histidine , histam6dA and his6dA (see Scheme 1) were prepared in aqueous 

solutions by mixing CuCl2 and the ligands in molar ratio of 1:2 to maintain the formation of 

complexes, which were then allowed to deposit for more than 5 days. The pH of the solutions was 

5.4. All solutions were prepared using ultra pure water (Milli-Q Integral Water Purification System, 

Merck Millipore).  
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Scheme 1. Histamine modified 2’-deoxyriboadenosine (N-[(9-beta-D-2'-deoxyribofuranosyl-purin-6-yl)-

carbamoyl]histamine, histam
6
dA) and histidine modified 2’-deoxyriboadenosine (N-[(9-β-D- 

2'-deoxyribofuranosylpurin-6-yl)-carbamoyl]histidine, his
6
dA). 

 

Apparatus and equipment 

 The deprotonation constants of the ligands (pKa) and the stability constants of Cu(II) 

complexes (log) were determined by pH-potentiometric titrations of 2.0 ml samples.  

The ligand:metal molar ratio was in the range 2:1, and the concentration of Cu(II) was 110-3 M. 

Measurements were carried out at 298 K and at a constant ionic strength of 0.1 M KNO3 with a 

MOLSPIN pH meter (Molspin Ltd., Newcastle-upon-Tyne, UK) equipped with a digitally operated 

syringe (the Molspin DSI 0.250 ml) controlled by computer. The titrations were performed with a 
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carbonate-free NaOH solution of known concentration (ca. 0.1 M) using a Russel CMAWL/S7 

semi-micro combined electrode, calibrated for hydrogen ion concentration by the method of Irving 

et al. [15]. The number of experimental points was 100-150 for each titration curve. The 

reproducibility of the titration points included in the evaluation was within 0.005 pH units in the 

whole pH range examined (2-11.5). Protonation constants of the ligand and the overall stability 

constants (pqr ) of the complexes, were calculated by means of the SUPERQUAD program [16]. 

 UV-visible (UV-VIS) spectra were recorded with a Perkin-Elmer Lambda 11 

spectrophotometer in the same concentration range as used for the potentiometry. Circular 

dichroism (CD) spectra were obtained with a Jobin-Yvon CD-6 dichrograph over the range  

200–320 nm, using 0.05 cm cuvetts. The spectra are expressed as Δε = εl – εr, where εl and εr are 

the molar absorption coefficients for left and right circularly polarized light, respectively. Anisotropic 

X-band EPR spectra of frozen solutions were recorded at 120 K, using a Bruker EMX spectrometer 

after addition of ethylene glycol to ensure good glass formation. Copper(II) stock solution for EPR 

measurements were prepared from CuSO4 ∙ 5H2O enriched with 63Cu to get better resolution of 

EPR spectra. Metallic copper (99.3% 63Cu and 0.7% 65Cu) was purchased from JV Isoflex, 

Moscow, Russia for this purpose and converted into the sulfate. The EPR parameters were read 

from the spectra (estimated uncertainties for A and g values are 1× 10–4cm–1 and  

0.002, respectively, in the spectra of a single species). Measurements were performed at the 

maximum concentration of each species found in titrations. 

 Electrophoresis experiments were performed with pEGFP-C1 (4731 bp) DNA. The cleavage 

of pEGFP-C1 by Cu(II), ligands, e.i. dA, L-His, histamine, histam6dA, his6dA and Cu(II)-L systems, 

respectively, were accomplished by mixing (in order) 1 µL of 5 mM Tris-HCl (pH 7.5 containing  

5 mM NaCl) buffer, varying concentrations of CuCl2 (0.05; 0.1; 0.25; 0.5; 0.75 mM), ligands  

(0.1; 0.2; 0.5; 1; 1.5 mM ) and Cu(II) complexes (0.1; 0.2; 0.5; 1; 1.5 mM), and 1 µL of pEGFP-C1 

(0.25 µg/µL; 10 mM Tris-buffer, pH 8.0). After mixing, the DNA solutions were incubated at 37 °C. 

At the appropriate times, the reactions were quenched by the addition of EDTA and bromphenol 

blue and the mixtures were analyzed by gel electrophoresis (0.5% agarose gel). In order to 

examine if hydroxyl radicals were present, HO· scavengers such as DMSO and glycerol were 

introduced to afford a final concentration of 0.4 M before the complex  addition. Plasmid cleavage 

products were quantitated and analyzed with G-BOX Syngene system. The GeneTools software 

was used to complete gel documentation and analysis. 

 

RESULTS AND DISCUSSION 

Copper(II) complexes 

 The protonation constants of the ligands and stability constants of their copper(II) complexes 

are collected in Table 1. 

 The complex speciation indicate that histam6dA and his6dA can form with Cu(II) ions mono-, 

bis- and dimmeric species (Fig.1). 
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Table 1. Protonation constants (logβHnL) and pK values of his
6
dA and histam

6
dA (standard deviations are in 

parentheses, last digit) (I = 0.1 M (KNO3), T = 298K). 
 

Ligand log βHL 

 

log βH2L log βH3L pK 

(N1) 

pK 

(Nim) 

pK 

(COOH) 

his6dA[13] 7.05(2) 9.86(4) 11.83(6) 1.97 7.05 2.81 

histam6dA[12] 6.95(1) 8.38(4) - 1.43 6.95 - 
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Figure 1. Distribution diagrams of complexes found for: (a) Cu(II)-histam
6
dA and (b) Cu(II)-his

6
dA systems. 

 

 In unmodified purine bases the N1 donor atom is in sterically hindered environment  

i.e. influenced by 6-NH2 group hence it is believed that the primary binding site is the N7 donor atom in 

adenosine [17]. In histam6dA or his6dA both N7 and N1 atoms are in similar steric environment. In 

acidic solution at pH<3 the N7 cannot be ruled out as a binding site but in pH above 3 the N1 is fully 

deprotonated [17] and as a donor atom with higher basicity than N7 [18] will be more favorable binding 

site for copper(II) ions. The ligand can act as bidentate or tridentate depending on pH range. In acidic 

pH a monomeric CuL complex was indentified in histam6dA system and very stable dimeric Cu2L2 

complex in the his6dA with coordination spheres of both metal ions composed of oxygen atoms from 
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carboxylic groups, one oxygen atom from ureido group and two nitrogen atoms derived from purine 

base and histidine ring. In neutral pH region deprotonation of carbamoyl nitrogens leads to the 

formation of CuLH-1, Cu2L2H-1 and Cu2L2H-2 species with the involvement of three nitrogens derived 

from N(1), Nam
-(ureido group) and Nim (imidazole group).  
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Figure 2. Donor atom sets for CuLH-1 and Cu2L2H-2 complexes dominating at neutral pH region for Cu(II)-

histam
6
dA and Cu(II)-his

6
dA systems, respectively. 

 

 On the other hand, in alkaline medium the N(1)-Cu(II) bond is very likely broken because this 

purine nitrogen is weakly basic and thus sensitive to hydrolysis at high pH. Therefore, Cu(II) could 

be bound equatorially to {2×Nim, N-
am} or {2×Nim, 2×N-

am}. In the case of histidine containing ligand, 

the coordination of apical carboxylate groups is also possible. The spectroscopic parameters 

supporting the coordination modes are reported in Table 2. 

 

Table 2. Stability constants (log βpqr) of complexes in copper(II)-histam
6
dA and his

6
dA systems (I = 0.1M 

(KNO3), T = 298K; standard deviations are in parentheses, last digit). 

 

 log βpqr 

Species histam6dA[12] his6dA[13] 

CuL 4.71(1) 7.00(13) 

CuLH-1 -0.21(1) - 

Cu2L2 - 19.18(4) 

CuL2 - 12.41(2) 

Cu2L2H-1 - 13.00(15) 

Cu2L2H-2 2.36(3) 7.77(5) 

CuL2H-1 - 5.70(3) 

CuL2H-2 -6.62(2) -4.35(2) 

Cu2L2H-4 -17.70(10) - 
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DNA cleavage 

 The cleavage of double stranded pEGFP-C1 by ligands and Cu(II) complexes in the absence 

of any reducing agent has been studied by gel electrophoresis. The aim of the work was to 

investigate DNA cleavage abilities of histam6dA and his6dA Cu(II) complexes and to compare them 

with the ligands alone action. These ligands consist of dA, histamine, histidine moieties which are 

good chelating agents towards copper(II) ions. Therefore it was interesting as well to follow their 

DNA scission both as free or as Cu(II) complexes. Both the ligands and the metal complexes 

cause random nicks (cuts) to one of the DNA strands. As a consequence, the supercoiled DNA 

(sc) opens to the open circular DNA form (oc). The DNA cleavage activity of the free ligands 

follows the order: his6dA> L-His> histamine > histam6dA ≈ dA. Copper complexes are able to 

catalyze the degradation of DNA in higher extent in the following order: Cu-his6dA >  

Cu(II)-histam6dA > Cu(II)-L-His ≈ Cu(II)-histamine >> Cu(II)-dA (Table 3). 

 

Table 3. Quantification of gel electrophoresis bands originating from sc and oc DNA in the cleavage 

experiments. The sum of intensities of both bands is standardized to 100% for each individual lane. 

 

Conc

entrati

on 

 [mM] 

Percentage of superhelical and open circular form of DNA in the systems  

dA histamine histidine Histam6dA His6dA 

SC OC SC OC SC OC SC OC SC OC 

0.0 70±1 30±1 72±2 28±2 63±1 37±1 73±1 27±1 69±1 31±1 

0.1 70±1 30±1 71±2 29±2 64±2 36±2 74±2 26±2 65±1 35±1 

0.2 71±0 29±0 63±1 37±1 66±1 34±1 75±2 25±2 52±4 48±4 

0.5 69±1 31±1 45±1 55±1 61±1 39±1 74±0 26±0 42±12 58±12 

1.0 70±0 30±0 45±2 55±2 43±6 57±6 74±2 26±2 37±11 63±11 

1.5 69±2 31±2 43±11 57±11 26±1 74±1 73±1 27±1 35±11 65±11 

Conc

entrati

on 

 [mM] 

Percentage of superhelical and open circular form of DNA in the systems 

Cu(II)-

Histamine 
Cu(II)-Histidine 

Cu(II)-

Histam6dA 
Cu(II)-His6dA Cu(II)-dA 

SC OC SC OC SC OC SC OC SC OC 

0 72±2 28±2 64±2 36±2 74±1 26±1 77±3 20±3 74±2 26±2 

0,1 35±1 65±1 60±1 40±1 44±8 56±8 32±3 68±3 59±2 41±2 

0,2 35±2 65±2 47±2 53±2 31±8 69±8 16±3 84±3 55±1 45±1 

0,5 48±4 52±4 24±3 76±3 16±5 84±5 9±2 91±2 54±3 46±3 

1 - - - - 12±3 88±3 11±2 89±2 54±3 46±3 

1,5 - - - - 11±3 89±3 7±0 93±0 46±1 54±1 

 

 The deoxyadenosine copper complexes show the least scission ability. The oc DNA form 

was observed in the all systems studied. Cu(II)-L-His and Cu(II)-histamine complexes at the 

concentrations above 0.5mM and 1mM, respectively, led to band broadening and slower migration 
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of the plasmid DNA, indicative of binding of the complexes to the DNA. Still higher concentrations 

led to precipitation of the plasmid, due to charge neutralization caused by extensive binding of 

Cu(II) complexes. The analysis of quantification pattern unequivocally documents that copper 

complexes with modified nucleosides his6dA or histam6dA have the highest cleavage activity in the 

studied systems. Under the conditions chosen for the experiments, complexes of Cu(II)-his6dA or 

Cu(II)-histam6dA at the concentration of 0.1mM cleave above half of the plasmid to yield the oc 

form, whereas the all others cause a much lesser extent of the plasmid nicks. It is worthy to notice 

that the Cu(II)-his6dA complex has the highest efficacy. It could be explained by the fact, that in this 

system dinuclear complexes can be formed and dominant at physiological conditions (Fig. 1b) and 

as previous studies show dinuclear metal complexes can be very active in DNA cleavage [19-22]. 

Water molecule coordinated to Cu(II) ions in Cu(II)-his6dA complexes can assist in phosphate ester 

hydrolysis [23]. As a consequence a hydrolytic mechanism of plasmid DNA cleavage may take 

place (Fig. 3). Slight inhibition of the DNA cleavage by DMSO and glycerol as radical scavengers 

suggests that the Cu–his6dA - mediated cleavage reaction in the absence of exogenous 

coreactants does not proceed via either diffusible hydroxyl radicals or free superoxide (Table 4). 

 

 

Figure 3. Mechanistic proposal for hydrolytic DNA cleavage by Cu(II)-his
6
dA/histam

6
dA complexes. 

 

Table 4. Effect of DMSO and glycerol on the extent of pEGFP-C1 cleavage by Cu-his
6
dA. Reactions were 

run at pH 6.0 (5 mM Tris-HCl, 5 mM NaCl) using 1 mM Cu-his
6
dA and 1 µL of pEGFP-C1 in Tris-buffer; 1mM 

Cu-his
6
dA refers to CuCl2 1 mM and Cu(II)/his

6
dA = 1/2. 

 

Conditions % supercoiled form % open circular form 

Control 78±2 22±3 

Cu-his6dA 11±2 89±2 

Cu-his6dA + 1µl DMSO 17±2 83±2 

Cu-his6dA + 1µl glycerol 8±1 92±1 
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Concluding remarks 

 New copper(II) complexes with modified 2’-deoxyadenosines can effectively promote the 

hydrolytic cleavage of plasmid DNA in the absence of any reducing agent. The most potent are 

dinuclear species formed in Cu(II)-his6dA. Pathways involving hydroxyl radicals are rather 

excluded from control studies, which show the marginally inhibition of the cleavage in the presence 

of the radical scavengers DMSO and glycerol. Finally, derivatives of the 2’-deoxyadenosine ligand 

are readily synthesized and may thus form the cleavage moiety in functional metal bioconjugates. 
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ABSTRACT 

 Helicobacter pylori (Hp) is a human pathogen that is found in the gastrointestinal tract of over 50% of 

the world’s population and is the causative agent of most stomach ulcers. To survive the acid environment of 

the stomach, Hp requires two Ni-dependent enzymes, urease and hydrogenase. HypA is a putative Ni 

metallochaperone that is associated with the maturation of hydrogenases.  However, in Hp, neither urease 

nor hydrogenase is active without HypA.  

 Hp-HypA was expressed in E. coli and isolated as a dimer with one intrinsic Zn site per subunit that is 

associated with two invariant CXXC amino acid sequences. Using NMR, we determined the structure of 

dimeric HypA protein, which features a domain swap that results in the use of one CXXC sequence from 

each subunit in the construction of the Zn site. X-ray absorption spectroscopy was used to show that the Zn 

site structure is dependent on the Ni-binding status and on the pH. At neutral pH, a Zn(Cys)4 complex forms, 

but at acid pH, and with Ni specifically bound, a Zn(Cys)2(His)2 site forms. Details regarding the structure of 

the paramagnetic Ni site, and the importance of the protein structural change to Ni trafficking in Hp is 

discussed. 

 

INTRODUCTION 

 All organisms that produce a [Ni,Fe] hydrogenase (H2ase) have a HypA ortholog that is 

required for nickel incorporation. [1-3] For example, in E. coli, HypA and HybF are homologous 

accessory proteins involved in supplying Ni(II) to H2ase 3 and H2ases 1 and 2, respectively.[4, 5] 

That HypA is a nickel metallochaperone is also supported by its physical properties: 1)  

All orthologs are low molecular weight proteins (e.g., 13 kDa for H. pylori Hyp A[6]); 2) deletion 

mutants of HypA or HybF are complemented by growth on media supplemented in nickel;[4] 3) the 

affinity of HypA for Ni(II) is modest, ~M,[6] all of which are properties that are typical of 

metallochaperones.[7] Many metallochaperones are believed to operate via protein-protein 

interactions with the metallotransporters that import the metal of interest,[8] and such a model has 

been proposed for HypA.[9] Thus, a mechanism for specific metal recognition in the binding of 

metals by metallochaperones is not required, since they could recognize the metallotransporter 

involved. Nonetheless, recognition of the metal-metallochaperone complex by the target enzyme 

would be a requirement in order to avoid unproductive binding of apo-metallochaperones by 

enzyme-assembly protein complexes and to confer fidelity to the metal transfer process. This 

implies the existence of metal recognition in metal delivery by metallochaperones that may be 

important in the successful transfer of metals to apoenzymes. This can be achieved by specific 
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redox processes for redox-active metals such as copper delivery by CCS to apoSOD1,[10] or in 

mammalian iron transport, where reduction of Fe(III) by ferrireductases and oxidation of Fe(II) by 

oxidase-permeases play an important role in trafficking.[11] In the case of metals such as Zn(II) 

(and likely Ni(II)) where no redox process is available, allostery is likely to play an important role. 

 Helicobacter pylori is a macroaerophile and a human pathogen that colonizes gastric 

mucosa. It is the cause of the vast majority of ulcers and has also been associated with stomach 

cancer.[12-14] The unique feature of Hp physiology that is key to its virility as a human pathogen is 

its ability to survive in an acidic environment. This ability depends in part on the expression of two 

obligate nickel metalloenzymes: urease and H2ase.[1-3] One of the initial responses to acid stress 

in H. pylori involves loading apo-urease with Ni(II) in order to modify the local pH by producing 

NH3.[15] As for other bacteria that produce a [Ni,Fe] H2ase, H. pylori has a HypA protein, but in  

H. pylori, HypA is essential for supplying Ni for both nickel enzymes that are required for survival at 

acid pHs, urease and H2ase,[16-18] despite the presence of a full complement of urease 

accessory proteins, including the metallochaperone UreE.[19]   

 Like many nickel accessory proteins, HypA is 

known to form homodimers.[20] Although addition of 

recombinant dimeric HypA protein to cell lysate from a  

-HypA mutant strain was shown to be sufficient to 

restore urease activity in vitro,[6] it is not clear whether 

the monomer, the dimer, or both are physiologically 

important. The protein contains two metal binding sites, a 

Ni(II) binding site associated with a rigorously conserved 

N-terminal MHE sequence,[20],[21] and a structural Zn(II) 

binding site that is associated with two rigorously 

conserved CXXC motifs.[21],[22] Work employing x-ray 

absorption spectroscopy (XAS) to probe the structures of 

the metal binding sites in H. pylori HypA showed that the 

structure of the intrinsic Zn site in H. pylori HypA changes 

in response to Ni(II) binding and pH[6] over a range that is physiologically relevant to H. pylori under 

normal (pH 7.2) and acid stress conditions (pH = 6.3).[23, 24] The work examined the apo- (-Ni) and 

holo- (+Ni) HypA proteins at pH = 6.3, 7.2, and 8.3.[6] The results at pH = 7.2 and 8.3 were 

essentially identical for both Ni(II) and Zn(II), but large differences in the structure of the Zn(II) site 

were observed at pH = 6.3 in the presence of Ni(II). At pH = 7.2 the Zn has a tetrahedral Zn(Cys)4 

site. However, at pH = 6.3, the Zn site becomes a Zn(Cys)2(His)2 zinc- finger-type site (Figure 1). 

Mutation of any Cys residue to Ala or Asp resulted in a protein that no longer sensed either pH or 

Ni(II) binding and featured a Zn(II) site that was locked in the low-pH Zn(Cys)2(His)2 structure. 

Despite a high degree of homology between various HypA orthologs,[6] H. pylori is the only known 

HypA protein that has His residues that flank both CXXC sequences involved in the Zn(II) site. 

Mutation of either of these His residues also resulted in a loss of Ni(II)- and pH-sensing, but was 

shown to result in a Zn(II) site that had the high pH Zn(Cys)4 structure.  

 
Fig. 1. Average coordination changes 

around the zinc atom depending on pH 
and Ni binding. 
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 HypA proteins featuring the two types of Zn(II) site structures were also associated with 

changes in other physical properties, including the thermal stability and the stoichiometry of  

Ni-binding.[6] The change in the Zn(II) site structure is unusual and indicates that different 

conformations of HypA leading to different sets of ligands being used to bind Zn exist at different 

pHs, raising the possibility that these conformations are associated with protein-protein interactions 

that favor trafficking Ni(II) to different targets under different pH conditions. Here we establish that 

the structural change in the Zn site is specific for Ni(II) and for Zn(II) bound to HypA, and report on 

the structure of the homodimeric form of H. pylori from NMR studies.   

 

EXPERIMENTAL PART 

Protein preparation 

 Unlabeled and fully 15N,13C-labeled HypA WT protein was expressed and purified according 

to previously published method.[6] For NMR measurements, equal amounts of unlabeled and fully 
15N,13C-labeled HypA WT were combined and dialyzed against a denaturing buffer containing 6M 

urea, 20mM Tris, 200mM NaCl, 1mM TCEP, 10% Glycerol, 10μM ZnSO4, and 0.05% Triton X-100, 

pH 7.2 for two hours at 4C.  The protein was re-folded by dialysis against the same buffer with 

decreasing amount of urea, glycerol, and Triton X-100 over seven steps and a period of 16 hours 

at 2-hour intervals. The fully re-natured sample was dialyzed against a buffer containing 20mM 

Tris, 200mM NaCl, 1mM TCEP, pH 7.2 at least 10,000-fold to remove excess Zn2+, and then 

concentrated to 0.78nM for NMR studies. The refolded protein had a protein:Zn ratio of 1:0.72 as 

confirmed by inductively coupled plasma optical emission spectroscopy (ICP-OES), a native HypA 

CD spectrum, and contained a statistical mixture of unlabeled, half-labeled and fully labeled HypA 

WT homodimers. The HypA dimer purifies with the Zn-site occupied with one zinc/dimer but the 

two possible nickel binding sites vacant. This state was previously labeled as apo-HypA. The 

concentration of apo-HypA monomers can be derived using the previously determined extinction 

coefficient at 280 nm ( = 6500 M-1cm-1). 

 For XAS measurements, samples of unlabeled WT-HypA protein were reacted with two-

equivalents of NiCl2, CoCl2, or ZnCl2 for one hour, and then ChelexTM treatment was used to 

remove non-specifically bound metal ions.  Analysis of metal content by ICP-OES established that 

Ni was bound in a 1:1 ratio to Zn,[6] and ICP-OES on the Co-substituted sample show that Co(II) 

was bound in a 0.90 :1.0 ratio with respect to Zn. To substitute the intrinsic Zn(II) site, a procedure 

similar to that above was used to denature the dimer, except that ZnSO4 was removed from, and 

100 mM EDTA was added to, the denaturation buffer.  After dialysis against buffer containing no 

EDTA and half the amount of urea, CdCl2 was added to the dialysis buffer at a final concentration 

of 10 μM. After 1h, the dialysis buffer was changed to remove urea, and the sample dialyzed an 

additional hour.  The protein was then centrifuged to remove any precipitate and concentrated.  

Reformation of the dimer was confirmed by size-exclusion chromatography[6] and CD 

spectroscopy, which gave a WT spectrum. Metal analysis confirms incorporation of Cd with only 

trace amounts of Zn. 
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XAS data collection and analysis 

 Data was collected at SSRL (Stanford Synchrotron Radiation Lightsource, 3GeV ring) beam 

line 7-3 using a Si(220) φ=0° double crystal monochromator. The station was equipped with a  

30-element germanium detector and a liquid helium cryostat for the sample chamber.  Söller slits 

were used to reduce scattering and 3 µm Z-1 element filters were placed between the sample and 

the detector.  Internal energy calibration was performed by collecting spectra simultaneously in 

transition mode on the relevant metal foil and setting the first inflection points form the XANES 

spectral region as follows: Co, 7709.5 eV; Ni, 8331.6 eV; Cu, 8980.3 eV; Zn, 9660.7 eV. Higher 

harmonics were rejected using mirrors with the appropriate energy cutoffs.  The only exception to 

the above procedure was Cd K-edge data, which were collected in a 30% detuned mode with no 

filters. 

 Data averaging and energy calibration was performed using SixPack.[25] The AUTOBK 

algorithm available in the Athena software package was employed for data reduction and 

normalization.[26] A linear pre-edge function followed by a quadratic polynomial for the post-edge 

was used for background subtraction followed by normalization of the edge-jump to 1. The EXAFS 

data was extracted using an Rbkg of 0.9 and a spline with a range of k = 2 to 12.5 Å-1 having a rigid 

spline clamp at higher k.  The k3-weighted data was fit in r-space over k = 2 - 12 Å-1.  All data sets 

were processed using a Kaiser-Bessel window with a dk = 2 (window sill). The threshold energies 

chosen for the metals studied were 7723 eV for Co, 8340 eV for Ni, 8990 eV for Cu, and 9670 eV 

for Zn.[27] For Cd the inflection for the rising edge was chosen as the threshold energy. Artemis 

employing the FEFF6 and IFEFFIT algorithms was used to generate and fit scattering paths to 

data.[26, 28, 29] Fitting was carried out as previously described.[30] 

 

NMR Experiments 

 NMR assignments were made and NOEs 

identified using uniformly 15N, 13C labeled samples 

of HypA, as described previously.[6]  Inter-

monomer contacts in the HypA dimer in the ZnS4 

cluster region were identified in a freshly 

reconstituted sample of apo-HypA prepared using 

equimolar amounts of uniformly 15N, 13C-labeled 

HypA and unlabeled HypA, via a double-half 15N, 

13C-filtered 2D NOESY spectra as described by 

Wuthrich,[31] and implemented on a Bruker 

Avance 800 MHz NMR spectrometer.    

 

 
Fig. 2. NMR structure of homodimeric apo-H. 

pylori HypA protein showing the chain swap 

between blue and green subunits, the Zn(II) 

site (gray spheres) and associated Cys 

ligands, and flanking His residues as well as 

the location of the N-terminal His2 imidazole 

side chains. 
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RESULTS AND DISCUSSION 

 Three structures of HypA orthologs have been described; an NMR-derived monomeric 

structure of an N-terminally modified (thrombin cleavage of a His•Tag left Gly-Ser residues on the 

N-terminus) Hp apoHypA (PDB ID 2KDX)[32] and crystallographic structures of monomeric (PBD 

ID 3A43) and homodimeric (PBD ID 3A44) forms of apo-HypA from Thermococcus kodakarensis 

KOD1.[33] The results of the NMR structural calculations for the homodimeric apo-form of H. pylori 

HypA is summarized by Figure 2. Observed NOEs are best fit by the chain-swap dimer structure 

resembling the structure determined for the homodimeric form of HypA from T. kodakarensis,[33] 

though the length of the chains involved are much longer in the T. kodakarensis HypA structure.  

All three structures are consistent with the existence of two domains, an  domain that contains 

the Ni-binding site involving His2, [32, 34] and a small lobe containing a Zn(Cys)4 complex that is 

connected to the  domain by a flexible two-strand linker. The monomeric and dimeric structures 

differ in that the dimer formation involves a chain swap, such that two of the four Zn cysteinyl 

ligands in each of the Zn-binding sites of the dimer are provided by the opposite monomer. For 

dimeric Hp HypA, the swap involves residues 88-117 (the C-terminus), with residues 88-100 from 

each strand contributing to the Zn-binding site of the opposite monomer, residues 101-104 forming 

one strand of the inter-domain linker, and residues 105-117 forming the edge of the -sheet in the 

Ni-binding  domain. Each CXXC motif is flanked by a His that is involved in the ligand 

substitution,[6] His79 and His95, that have solvent-exposed imidazoles and are sufficiently close to 

the bound Zn that only backbone torsions would be needed for these residues to replace the 

nearest Cys ligands of the Zn-S cluster: His 79 for Cys 74 and His 95 for Cys 94.  

 The nature of the Ni(II) binding site in HypA is controversial. Based on studies showing a loss 

of function in His2 mutants[34] and the NMR structure of monomeric apo-HypA,[32] His2 is a 

ligand in the Ni(II) site. The structure of the Ni(II) site, inferred from shifts in the NMR spectrum of 

the monomeric construct of H. pylori HypA, the protein contains a planar, and thus diamagnetic, 

Ni(II) site that is coordinated by the His2 imidazole and amide N atoms, and side chains of Glu3 

and Asp40.[32] However, this structure is in contrast to the 5-6 coordinate Ni(II) site composed of 

O/N-donor ligands including multiple-scattering pathways for His imidazole ligands that was 

characterized for the homodimer at both pH = 6.3 and 7.2 using XAS,[6] and for which magnetic 

susceptibility measured by NMR show that it is paramagnetic (S = 1).[35] NMR data obtained upon 

addition of Ni(II) to the homodimeric protein show that binding of Ni(II) results in paramagnetic 

broadening in the vicinity of the proposed Ni(II) binding site, and that there is communication 

between the Zn(II)- and Ni(II)-binding domains. The fact that correlations corresponding to residues 

in the Ni(II)-binding domain are lost from the 1H,15N HSQC spectrum indicate that high-spin, 

paramagnetic Ni(II) is bound. Based on the loss of signals in the paramagnetic complex, the 

primary ligands include His2, Glu3, Glu35, Asp40, and probably the N-terminal amine. In addition 

to the paramagnetic broadening observed, the presence of Ni(II) ions causes a doubling of some of 

the resonances, consistent with the presence of more than one conformation. The resonances 

correspond to residues that include several in the Zn-binding domain as well as residues in the 

linker and Ni-binding domain.  
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 The coordination of N-terminal amines is 

unusual in metalloproteins, but much more 

common for nickel-dependent systems. 

Coordination of the N-terminal amine has only 

been observed in Ni-dependent superoxide 

dismutase, E.coli HypB (another accessory 

protein involved in Ni metallocenter assembly 

in [Ni,Fe] H2ases), RcnR (a Ni(II)- and Co(II)-

responsive transcriptional regulator), and in 

albumins.[36-40] The discrepancy in the 

structures of the two H. pylori HypA Ni(II) sites 

(monomer vs. dimer) likely arises because of 

the coordination of the N-terminal amine. The 

use of an N-terminal fusion protein in the 

published monomer structure, which moves 

the position of the N-terminal amine, would 

alter the structure of the Ni(II)-binding site, and 

possibly the nature of the dimer interaction. 

 XAS studies of HypA proteins with Co(II) 

or Zn(II) bound in the Ni(II) site show that the 

structural changes in the intrinsic Zn(II) 

binding site are specific to the binding of Ni(II).  

Examination of the data shown in Figure 3 and 

the best fits in Table 1 show that when Co(II) 

is bound in the Ni(II) site, the Zn(II) site is a 

tetrahedral Zn(Cys)4 site at pH = 7.2, but can 

only accommodates one His ligand on average at pH = 6.3.  One likely interpretation of this result 

is that there is an equilibrium between the conformations that support the Zn(Cys)4 and the 

Zn(Cys)2(His)2 sites in solution, and that Co(II) is unable to drive the equilibrium as far in the 

Zn(Cys)2(His)2 direction as Ni(II) is at pH = 6.3.  

 The case of Zn(II) in the Ni(II) site is more difficult to interpret, as the resulting XAS spectra are 

an average of the two sites.  However, it is clear that the EXAFS spectrum does not change 

dramatically with pH, demonstrating that Zn(II) binding does not give rise to the same pH sensitivity as 

Ni(II) binding. The fit indicated is consistent with the presence of a Zn(Cys)4 site and a Zn(His)2 

(O,N-donor)2 site at both pH values, which averages to the Zn(Cys)2(His)(O/N) site that is observed. 

The spectral data for the Cd-substituted HypA protein are summarized in Figure 4, and the best fits 

for the EXAFS analysis are included in Table 1. The data show that the substitution of the more 

thiophilic Cd(II) ion in the structural Zn(II) site leads to a protein that is insensitive to pH and Ni(II) 

binding, and displays a Cd(Cys)4 site with normal Cd-S distances of 2.53 Å.  Thus, the apparent 

strengthening of the M-S bonds afforded by Cd substitution appear to be enough to eliminate the 

formation of the low pH structure that is observed in HypA with the native metal content.  

Co	

Zn	

Ni	

pH	7.2	 pH	6.3	

 

Fig. 3.  Fourier-transformed Zn K-edge EXAFS 

spectra (black) and fits (red, from Table 1) of H. pylori 

HypA proteins at pH = 7.2 (left) or pH = 6.3 (right) 

with Ni(II) (top), Co(II) (middle) or Zn(II) (bottom)  ions 

bound in the Ni(II) binding site. Inserts show the  

k-space EXAFS data and fits as well as a model of 

the Zn site structure in the samples. 
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 The work discussed here establish the structure of the dimeric form of the nickel 

metallochaperone HypA from H. pylori, which features a chain-swap that involves Cys residues 

used to ligate the structural Zn(II) sites in the protein.  These Zn(II) sites undergo a structural 

change in response to pH and Ni(II) binding that is unprecedented for structural Zn(II) sites, and 

that suggests that two different conformation of the dimer exist in solution.  The XAS data 

presented establish that the conversion between these two conformations is metal specific, both in 

terms of the Ni(II) binding site and the structural Zn(II) site.  These results suggest that HypA may 

be acting as a nickel “traffic cop,” sending Ni(II) to different targets in response to different 

conditions in the cell by changing its conformation to interact differently with proteins involved in 

urease or hydrogenase metallocenter assembly. 
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ABSTRACT 

 Density Functional Theory (DFT) calculation was performed in order to investigate the magnetic 

interaction in the dinuclear copper(II) complexes, [Cu2(L)2(dmso)2] (H2L = N-salicylidene-2-hydroxy- 

5-chlorobenzylamine and N-salicylidene-2-hydroxy-5-bromobenzylamine; dmso = dimethyl sulfoxide), where 

two copper(II) ions are bridged by the two phenoxido-oxygen atoms of the two Schiff-base ligands with axial 

coordination of dmso molecules forming a square pyramid with a Cu-Cu distance of 3.0862(8) Å.   

DFT calculation shows that an antiferromagnetic interaction via the di-µ-phenoxido-bridges occurs between 

the two copper(II) centers.  This result agrees with experimental data which show that exchange coupling 

constants, 2J values, are around –470 cm
–1

. 

 

INTRODUCTION 

 Tridentate Schiff-base ligands shown in Fig. 1, N-salicylidene-2-hydroxybenzylamine and its 

substituted analogues, are interesting Schiff-base ligands, affording mononuclear  

 

OH

X

N

HO

 

 

Fig. 1. Tridentate Schiff-base ligands, (X = H: N-salicylidene-2-hydroxy-benzylamine; X = Cl: N-salicylidene-

2-hydroxy-5-chlorobenzylamine; X = Br: N-salicylidene-2-hydroxy-5-bromobenzylamine). 

 

 Mn(IV) species [1], mononuclear V(IV) species [2,3], dinuclear V(V) species [2,3], dinuclear 

Fe(III) species [4], and dinuclear Cu(II) species [5,6] depending on reaction condition.  In these 

complexes, the ligands behave as tridentate to each metal atom through the imino-nitrogen and two 

phenolic-oxygen donors from the Schiff-base ligands.  For copper(II) ion, we isolated  

di-µ-phenoxido-bridged dinuclear species with dimethyl sulfoxide (dmso) molecules.  Interestingly, 

this complex showed a strong antiferromagnetic interaction between the two copper(II) ions 

irrespective of the presence of the axial coordinating dmso molecules [5].  It is known that the axial 
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coordination usually diminishes the antiferromagnetic interaction through the bridging ligands.  In this 

study, we aimed at an interpretation of the magnetic property of this type of complexes.  Herein we 

report on the result of DFT calculations on dinuclear copper(II) complexes with N-salicylidene- 

2-hydroxy-5-chlorobenzylamine (abbreviated as H2scba) and N-salicylidene-2-hydroxy- 

5-bromobenzylamine (abbreviated as H2sbba), [Cu2(scba)2(dmso)2] and [Cu2(sbba)2(dmso)2] (Fig. 2).   

 
 

Fig. 2. Schematic represenation of di-µ-phenoxido-bridged dinuclear copper(II) complexes with chloro- and 

bromo-substituted analogues of N-salicylidene-2-hydroxybenzylamine, X = Cl: [Cu2(scba)2(dmso)2];  

X = Br: [Cu2(sbba)2(dmso)2]. 

 

EXPERIMENTAL PART 

Computational conditions 

 The DFT calculations were performed with the Gaussian 03 program package [7].   

The PBEPBE functional was examined in calculations.  We employed a 6-311+G(d,p) basis set for 

copper atom and 6-31+G(d) basis set for other atoms.  Single point calculations were performed 

using the atomic positions based on the crystal structures [6].  The stability of the obtained 

wavefunctions was checked.  The exchange coupling constants 2J were obtained as the energy 

difference between the triplet and singlet states (Fig. 3).  

Fig. 3.  Triplet and singlet states in the present complexes. 

 

C
u
1 

C
u
1’ 

N
1 

N
1
’ 

O
1 

O
2 

O
3 

O
1
’ 

O
2
’ 

O
3
’ C

u
1 

Cu
1’ 

N
1 

N
1’ 

O
1 

O
2 

O
3 

O
1’ 

O
2’ 

O
3’ 



Recent Developments in Coordination, Bioinorganic, and Applied Inorganic Chemistry  
Edited by M. Melník, P. Segľa, and M. Tatarko   
Press of Slovak University of Technology, Bratislava  © 2013 

286 

 

RESULTS AND DISCUSSION 

 In this study, we performed the DFT calculation in estimating the 2J values for 

[Cu2(scba)2(dmso)2] and [Cu2(sbba)2(dmso)2] [6].  The result of the estimation of magnetic coupling 

constants is shown in Table 1.  The PBEPBE functional gives a similar result with overall 

antiferromagnetic coupling for both of the present complexes without combination of the broken-

symmetry approach [8].  This may be due to that the PBEPBE method takes account of electron 

correlation to an extent.    

 

Table 1.  The calculated 2J values and observed 2J values from the magnetic susceptibility measurement. 

Complex 2J(calcd)/cm–1 2J(obs)/cm–1 

[Cu2(scba)2(dmso)2] –113 –432 

[Cu2(sbba)2(dmso)2] –165 –512 

 

 Spin density distribution for [Cu2(sbba)2(dmso)2] is shown in Fig. 4.  We can see that the spin is 

distributed on the dx2-y2 orbital and the equatorial donor atoms.  The plots of the HOMO and LUMO 

are shown for the singlet state in Fig. 5.  In these orbitals, contribution arises from metal d-orbital and 

bridging phenoxido-oxygen and donor atoms of the Schiff-base ligand. Thus, the magnetic 

interaction between the two copper(II) centers occurs via the bridging phenoxido-oxygen atoms using 

the superexchange mechanism.  The contribution to the magnetic interaction from the axial dmso 

molecule seems to be very low, resulting in a strong antiferromagnetic interaction in this system.   

 

 

 

Fig. 4.  Representation of the spin density distribution for [Cu2(sbba)2(dmso)2]. 
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Fig. 5.   HOMO (left) and LUMO (right) for the singlet state of [Cu2(sbba)2(dmso)2]. 
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ABSTRACT 

 Three complexes: K2Cu(ox)2 (1), (Hiz)2Cu(ox)2 (2) and Cu(ox)(N-Bzliz)2 (3) (where iz = imidazole, 

Bzl = benzyl) have been prepared and characterized by IR spectroscopy and X-ray diffraction methods.  

The copper(II) atoms are six-coordinated in complexes 1 and 2 by six oxygen atoms belonging to oxalato 

groups, which act also as a chelate and as a bridge. The μ-1,2,3-oxalato bridge constitutes eight membered 

ring between two Cu(II) atoms in the compound 1. The compound 2 exists in chain-like structure with an 

asymmetric one atom weak oxalato bridge joining adjacent Cu(II) atoms. Only one of two oxygen atoms of 

chelated oxalato group participates in bridging as μ-1,1,2,-oxalato bridge. Octahedral arrangement in 

complex 3 is formed by four oxygen atoms from bis-bidentate oxalate anions that act as μ-1,2,3,4-oxalato 

bridge, and pyridine nitrogen atoms, from two benzylimidazole ligands. All compounds are comprised of one-

dimensional chains. 

 

INTRODUCTION 

 A plethora of oxalato-bridged complexes have been well characterized [1]. Recently the 

oxalate ion has allowed the construction of homo- and heterometallic two- and three-dimensional 

networks that have applications as molecular-based magnetic materials [2]. Three heterometallic 

Cr – Mn complexes containing oxalato and cyanido bridges have been studied [3]. 

 In our previous work we have published synthesis and crystal structure of nickel complexes 

containing triethylenetetraamine as a blocking ligand and bridging cyanidometallic diamagnetic 

anions [4]. As a contribution to this field we have tried to prepare manganese complexes with 

imidazole derivatives as a blocking ligand and tricyanidocuprate(I) anions as bridges, but our 

attempts were unsuccessful. 

 The present contribution describes the preparation, the structural and IR spectroscopic 

characterization of K2[Cu(ox)2] (1), (Hiz)2[Cu(ox)2] (2) and Cu(ox)(N-Bzliz)2 (3). 

 

EXPERIMENTAL PART 

Preparation of complexes 

 All complexes were prepared in tubes with diffusion layer of cotton. We used methanol and 

aqueous solutions of chemicals. The volume of a tube was 18 ml. 

 First complex K2[Cu(ox)2] was prepared in the following way: on the bottom of the tube was 

given aqueous solution of MnC2O4 (0.049g)  and 2-methylimidazole (0.028g) and we filled a half of 

this tube with methanol. In the middle of the tube was situated film of cotton and then we pipette 

aqueous solution of K2[Cu(CN)3] (0.025g). We added methanol to the top. Ratio between 

K2[Cu(CN)3], MnC2O4 and 2-methylimidazole was 1:3:3. Blue crystals were created on the bottom 

of the tube. 
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 Preparation of the complex (Hiz)2[Cu(ox)2] was the same as in case of complex K2[Cu(ox)2]. 

One difference between them is in the type of nitrogen ligand we used. In this complex we handled 

with imidazole (0.023g). Ratio between K2[Cu(CN)3] (0.025g), MnC2O4 (0.049g) and imidazole was 

1:3:3. Prepared crystals were blue. 

 We also used the same preparation method in case of complex Cu(ox)(N-Bzliz)2.  

This time we used ligand 1-benzylimidazole (0.054g). Ratio between K2Cu(CN)30.025g, 

MnC2O4 (0.049g) and 1-benzylimidazole was 1:3:3. Crystals had turquoise – blue colour.  

 Nitrogen ligands play an essential role in molecular structures of our complexes. In the first 

complex K2Cu(ox)2 we used 2-methylimidazole, but this ligand was not part of the molecular 

structure. In complex (Hiz)2Cu(ox)2 was used imidazole, which was part of coordination sphere in 

cationic form. The most volume ligand 1-benzylimidazole was used in preparation of the third 

complex Cu(ox)(N-Bzliz)2. In this case is 1-benzylimidazole bounded to Cu(II) through the tertiary 

nitrogen atom of imidazole circle. 

 

Analysis and physical measurements 

 IR spectra were measured on Magna-FTIR-750 spectrometer (Nicolet) in KBr pellets in the  

4000 – 400 cm-1 region.  

 The single-crystal x-ray diffraction measurements for complexes were performed on Bruker-

Nonius KappaCCD diffractometer at 150 K using Mo-Kα radiation monochromated by graphite. 

Diffraction intensities were corrected for Lorentz factors and polarization factors.  Structures were 

solved by the direct methods with SHELXS-2013 [5] or SIR-2011 [6], and refined by the full-matrix least 

squares procedure with SHELXL-2013 [5]. Absorption corrections were made by using numerical 

method (Gaussian integration). Geometrical analyses were performed using SHELXL-2013.  

 

RESULTS AND DISCUSSION 

Infrared spectra 

 The IR spectra were not studied in detail, only characteristic vibrations concerning the carbon 

– oxygen stretching frequencies of oxalato group were interpreted, because they can provide 

important information about coordination modes of ligand. The observed frequencies of the IR 

spectra are listed in the Table 1. 

 The bands were assigned by comparison with those correspondig to the complex 

K2Cu(ox)2.2H2O [7]. The bands in region of asymmetric vibration of COO- group  

(1672 – 1613 cm-1) for K2Cu(ox)2 and (Hiz)2Cu(ox)2 are split. Splitting of these bands indicates 

lowering of symmetry and is assigned to the asymmetrically bonding oxalato – group. On the other 

hand, complex Cu(ox)(N-Bzliz)2 exhibits one strong peak in this area at 1613 cm-1. This fact is in 

a good agreement with symmetrical bonding of oxalato – bridge. Symmetric vibration of COO- 

group appears in IR spectra at about 1400 cm-1 [8]. The bands from 900 cm-1 to lower frequencies 

are attributable to deformation vibrations of COO- group and ring deformation [9]. 
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Table 1. Infrared data for complexes K2Cu(ox)2.2H2O, K2Cu(ox)2, (Hiz)2Cu(ox)2 and Cu(ox)(N-Bzliz)2. 
 

 
K2Cu(ox)2.2H2O 

[cm-1] 

K2Cu(ox)2 

[cm-1] 

(Hiz)2Cu(ox)2 

[cm-1]

Cu(ox)(N-Bzliz)2 

[cm-1] 

υas(COO-) 

 

(1720) 1672 

1645 

1670vs 

1636vs 

1660vs 

1633vs 
1613vs 

υs(COO-) 1411 1404s 1410s 1398m 

υs(CO) + δ(O–C=O) 1277 1277s 1281s 1282s 

υs(CO) + δ(O–C=O) 886 894m 889m 862w 

δ(O–C=O) + υ(MO) 795 788s 796s 797m 

υ(MO) + υ(CC) 541 552m 554m 575w 

δ(ring) + δ(O–C=O) 481 488s 503m 496m 

vs-very strong, s–strong, m–medium, w–weak. 

 

Crystal structure 

 The structure of complex K2Cu(ox)2 contains polymer chain of anion Cu(ox)2
2- and 

potassium cations. The two carboxylate oxygens of each oxalato moiety chelate the Cu(II) atom 

resulting in the formation of a five member ring. The four oxygen ( O3, O4, O3A, O4A) of chelated 

oxalato ligands create the equatorial plane with a short distance to Cu1 at its centre. Besides these 

four in plane Cu1 – O bonds, Cu1 is also coordinated by two long axial bonds to two other 

carboxylato oxygen, each chelated to a different Cu(II) unit. The oxalate anion has function of 

tridentate ligand and acts as μ-1,2,3-oxalato bridge. Moreover, between two Cu(II) atoms arises 

eight membered ring. 

 

Fig. 1. One – dimensional chain of complex K2Cu(ox)2. Red circles represent oxygen atoms, black circles 

represent carbon atoms, green circles are copper (II) atoms and blue circles are potassium atoms. 

(Cu1 - O3 = 1.938(2) Å, Cu1 – O4 = 1.924(2) Å, Cu1 - O5 = 2.648(2) Å). 

 

 In complex (Hiz)2Cu(ox)2 is also Cu(II) atom surrounded in tetragonal-bipyramidal 

arrangement. Structure of compound consists of coordination Cu(ox)2
2- anion and imidazolium 

cation depicted in Figure 2. The two carboxylato oxygens of each oxalato moiety chelate the Cu(II) 

atom resulting in the formation of a five member ring. The four oxygen (O5, O6, O5A, O6A)  

of chelated oxalato ligands constitute a square plane with Cu1 at its centre. 
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 In plane Cu-O distances are found to be very similar. The Cu1 atom is also coordinated by 

two other oxalato oxygen, each chelated to a different Cu(II) atom. The oxalate anion acts as  

μ-1,1,2,-oxalato bridge. The crystal structure of compound 3 consists of neutral linear chain of 

copper(II) atoms linked by bis-bidentate oxalato bridges, and octahedral coordination of metal 

centres is completed by two pyridine nitrogen atoms from two crystallographically related Bzliz 

molecules which show a trans arrangement. 

 

 

 

Fig. 2. One – dimensional chain of complex (Hiz)2Cu(ox)2. Red circles represent oxygen atoms, black 

circles represent carbon atoms, green circles are copper(II) atoms and blue circles are nitrogen atoms.  

(Cu1 – O5 = 1.934(2) Å, Cu1 – O6 = 1.928(2) Å, Cu1 – O5B = 2.822(2) Å). 

 

 

 

 

Fig. 3. Polymeric chain of complex Cu(ox)(N-Bzliz)2. Red circles represent oxygen atoms, black circles 

represent carbon atoms, green circles are copper (II) atoms and blue circles are nitrogen atoms.  

(Cu1 – O1 = 1.977(1) Å, Cu1 – N1 = 2.030(1) Å, Cu1 – O2 = 2.375(1) Å). 
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CONCLUSIONS 

 Four different bridging modes have been reported for oxalato group, the first one (1a) being 

by far, the most exhibited. The number of compound structurally characterized in which the oxalato 

group acts as tridentate ligand (1b, 1c) is rare. 

 In this work, three Cu(II) complexes with oxalato ligands were prepared and characterized. 

The copper atoms are six-coordinated in complexes 1 and 2 by six oxygen atoms belonging to 

bridging and chelate oxalato groups.  

 Octahedral arrangement in complex 3 is formed by four oxygen atoms from bis-bidentate 

oxalate anions and the pyridine nitrogen atoms, from two benzylimidazole ligands. All compounds 

are comprised of one-dimensional chains. 

 

 

Scheme 1. Bridging modes of the oxalato ligand. Three different bridges modes (1a,1c and 1d) were 

observed in studied compounds. 
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ABSTRACT 

 Two opposite g-factor values can be expected in the axially symmetric Cu(II) EPR spectra of  

six-coordinated copper(II) complexes: (i) ‘Usual’ with correlation g|| > g > 2.0023, which indicates elongated 

octahedral geometry of central copper atom and that the unpaired electron on copper(II) ion is localized on 

the dx
2
-y

2
 orbital. (ii) ‘Inverse’ with correlation g > g|| > 2.0023, which indicates compressed octahedral 

geometry of central copper atom and that the unpaired electron on copper(II) ion is localized on the dz
2
 

orbital. In this study, copper(II) complexes containing 3,5-di, 4-, or 5-chlorosalicylic acid (X-ClsalH) and 

copper sulphate (CuSO4) with varying ligand-to-metal ratio (x) of ‘pincer type’ ligand, 2,6-pyridinedimethanol 

(pydime), [CuSO4(aq) + 2(X-ClsalH(solv)) + xpydime(solv)], where X = 3,5-di, 4-, or 5- and x = 0, 2, 4, 8, 

were prepared in the water/methanol solutions and Cu(II) EPR spectra were measured at room temperature 

and low temperature of 98 K. The ‘inverse’ g-factor values (g > g|| > 2.0023) were obtained in the ‘frozen 

solution’ Cu(II) EPR spectra and the possible octahedral geometry (true compression vs. disordered 

elongation) of central copper(II) ion in the resulting complex systems is discussed.  

 

INTRODUCTION 

 The six-coordinated copper(II) complexes can not be rigorously octahedral and the highest 

symmetry, which is compatible with the Jahn-Teller theorem [1], represents tetragonal structure. 

The tetragonal distortion of the octahedron (elongation or compression) is the simplest way of the 

octahedral degeneracy decreasing [2-4]. The elongated and compressed Cu(II) octahedra adopt 

different electronic ground states with their unpaired electron localised on the different atomic 

orbitals [2, 5-7]. According to these facts, the Electron Paramagnetic Resonance (EPR) 

spectroscopy is a useful tool for the assignment of the stereochemistry of such complexes via 

analysis of the opposite g-factor values arising from these two mentioned distortions [2, 6, 7]. 

Hathaway and Billing [2] attributed the following relation of g-values evaluated from the EPR 

spectra: i) (g|| > g) for elongation and ii) (g > g||) for compression of copper(II) octahedra. The last, 

the less usual relation, is reported in the literature as ‘inverse’ or ‘reversed’ g-values. Thus, two 

opposite g-factor values can be expected in the axially symmetric Cu(II) EPR spectra of six-

coordinated copper(II) complex systems: (i) ‘Usual’ with correlation, g|| > g > 2.0023, which 

indicates elongated octahedral geometry of central copper atom and that the unpaired electron on 

copper(II) ion is localized on the dx
2
-y

2 orbital. (ii) ‘Inverse’ with correlation, g > g|| > 2.0023, which 

indicates compressed octahedral geometry of central copper atom and that the unpaired electron 

on copper(II) ion is localized on the dz2 orbital [2, 6].  
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 In this contribution, we present the original, experimental Cu(II) EPR spectra of the copper(II) 

complex systems containing 3,5-di, 4-, or 5-chlorosalicylic acid (X-ClsalH) and copper sulphate 

(CuSO4) with varying ligand-to-metal ratio (x) of ‘pincer type’ ligand, 2,6-pyridinedimethanol 

(pydime), [CuSO4(aq) + 2(X-ClsalH(solv)) + xpydime(solv)], where X = 3,5-di, 4-, or 5- ClsalH and  

x = 0, 2, 4, 8, which were recorded in the water/methanol solutions at room temperature and at low 

temperature of 98 K. Other object of this study lies (using EPR data) in the discussion of the 

possible octahedral geometry (true compression vs. disordered elongation) of the central copper(II) 

ion in the resulting complex systems. The final aim of this study is focused on better understanding 

of the properties of the above mentioned complex systems with tridentate ligand (pydime) in the 

solutions.  

 

SAMPLE PREPARATION AND EPR MEASUREMENT  

 Three copper(II) complexes with varying ligand-to-metal ratio (x), (1) [CuSO4(aq) +  

2(3,5-Cl2salH(solv)) + xpydime(solv)], (2) [CuSO4(aq) + 2(4-ClsalH(solv)) + xpydime(solv)],  

(3) [CuSO4(aq) + 2(5-ClsalH(solv)) + xpydime(solv)], where x = 0, 2, 4, 8, were prepared in the 

water/methanol (1:3) solutions for EPR measurements as follows: In the first step, the 

corresponding chlorosalicylic acid (X-ClsalH, see Figure 1) of 0.37 mmol was dissolved in 10 mL of 

methanol. Then, the calculated volumes of aqueous solution of CuSO4 (c = 0.25 mol/L) were 

added to these solutions. As the last step, the appropriate calculated amounts of N-donor ligand, 

2,6-pyridinedimethanol (pydime) with needed amounts of solvents were added to the resulting 

solutions to obtain constant concentration in all measured samples. The resulting solutions were 

then shortly stirred to homogenize and poured into quartz capillaries for EPR measurements. 

Commercially available chemicals of analytical grade (Sigma-Aldrich, Fluka) were used without 

further purification.  

 

OOH

OH

Cl Cl

N

OH OH

OOH

OH

Cl

OOH

OH

Cl

3,5-diClsalH              4-ClsalH                    5-ClsalH                          pydime

 

 

Figure 1.  X-ClsalH (where X = 3,5-di, 4-, 5-) and pydime formulas. 

 

 After sample preparation was finished, the first-derivative Cu(II) EPR spectra of mentioned 

systems (1-3) were measured in a standard TE102 (ER 4102 ST) rectangular  

cavity of an EMX X-band (≈ 9.4 GHz) EPR spectrometer (Bruker BioSpin, Germany) in the 

water/methanol (1:3) solutions at room temperature (RT) and low temperature of 98 K. During EPR 

measurements the temperature control was achieved using a Bruker temperature control unit ER 
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4111 VT. For instrumental parameters set up, see Ref. [8]. Processing and computer simulations 

of EPR spectra were realized by original Bruker programs WinEPR [9] and SimFonia [10], 

respectively. The second-derivative EPR spectra were obtained in WinEPR [9] by derivation of the 

first-derivative experimental EPR spectra. Further information is given in our previous papers.  

[8, 11, 12].  

 

INTERPRETATION OF Cu(II) EPR SPECTRA  

 The EPR spectra of copper(II) complexes with N-donor ligands can be interpreted using the 

following spin Hamiltonian for S = ½ systems [13],  

 =  μB S g B  +  S A I  +  
n

S An In , 

where: the first term corresponds to the electronic Zeeman effect with g-tensor, the second term 

represents the hyperfine interaction with hyperfine tensor A of the nucleus containing the unpaired 

electron and the third term consists of the sum of the hyperfine interactions (An-tensor) of the 

unpaired electron with n ligand nuclei, so called “superhyperfine splitting”, caused by bound 

nitrogen atoms of N-donor ligands. Symbol μB represents the Bohr magneton. Other symbols  

(S, B, I) have their usual meaning [13, 14].  

 Two limit types of EPR spectra with different features can be obtained for copper(II) 

complexes (1-3) in the water/methanol mixtures: i) The ‘solution type’ seen at room temperature 

and ii) the ‘frozen solution type’ of EPR spectra, seen at low temperatures, e.g. at 98 K. 

Unfortunately, the wide asymmetric singlet without any well-resolved hyperfine splittings  

(most probably due to the unfavorable relaxation phenomena) was obtained in the case of Cu(II) 

EPR spectra collected at room temperature. All the Cu(II) EPR spectra measured in the frozen 

solutions exhibit axially symmetric anisotropic lines with hyperfine interactions due to both isotopes 
63Cu (69.15 % natural abundance, I = 3/2) and 65Cu (30.85 % natural abundance, I = 3/2).  

The resonance lines are too broad for separation of 63Cu and 65Cu peaks in the experimental EPR 

spectra [13, 15, 16]. Additionally, nitrogen superhyperfine interaction due to isotope 14N (99.64 % 

natural abundance, I = 1, [13, 14]) can be obtained in the parallel and/or perpendicular regions  

of the Cu(II) EPR spectra. At both temperatures, the nitrogen superhyperfine splitting was not  

well-resolved neither in the first- nor in the second- derivative experimental Cu(II) EPR spectra of 

systems (1-3). More details are given in Refs. [8, 11, 12].  

 

RESULTS AND DISCUSSION  

 The original, experimental Cu(II) EPR spectra of systems (1-3) with varying N-donor ligand-to-

metal ratio, x = 2, 4, 8, which were measured in the frozen water/methanol (1:3) solutions at low 

temperature of 98 K are illustrated in Figure 2. It is obvious that: (i) All the axially symmetric EPR 

spectra show ‘inverse’ g-factor values (g > g|| > 2.0023). (ii) These ‘inverse’ g-factor values did not 

vary detectably with various X-ClsalH (where X = 3,5-di, 4-, or 5) usage. (iii) The EPR spectra 

shape is independent of ligand-to-metal ratio, over the range x from 2 to 8. These ‘frozen solution’ 

EPR spectra are characterized with poor-resolved perpendicular and well-resolved parallel copper 

hyperfine splittings of 63,65Cu isotopes (I = 3/2). Neither parallel nor perpendicular superhyperfine 
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splittings of 14N isotope (I = 1) were resolved in the EPR spectra. However, the axial symmetric 

Cu(II) EPR spectra (data not shown) with ‘usual’ g-factor values (g|| > g > 2.0023) were collected 

for x = 0 (control samples, pydime was not present). In this case, the same spectral features were 

obtained for all X-ClsalH with no detectable differences comparing to those reported for the 

corresponding control samples in our previous papers [8, 11].  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.  Experimental, axially symmetric Cu(II) EPR spectra of systems, a) (1), b) (2)  

and c) (3), for x = 2, 4, 8, with ‘inverse’ g-factor values (g > g|| > 2.0023), measured in the frozen 

water/methanol (1:3 v/v) solutions at 98 K.  

 

 The spin Hamiltonian parameters, which were evaluated from the experimental Cu(II) EPR 

spectra with ‘inverse’ g-values (g > g|| > 2.0023), were refined by the computer simulations.  

The obtained values of both g-factors (g = 2.215 ± 0.002 and g|| = 2.014 ± 0.002) and the parallel 

copper hyperfine splitting (A|| = 16.85 ± 0.02 mT) remain, within experimental error, constant for all 

3,5- di, 4-, or 5-ClsalH and for all ligand-to-metal ratio, x = 2, 4, 8. The above spin Hamiltonian 

parameter values are in a good accordance with those published for the selected copper(II) 

complexes, which exhibited the similar Cu(II) EPR spectra with ‘inverse’ g-values [2, 5-7, 12, 17]. It is 

obvious that, for x ≥ 2 the spectral features of all the Cu(II) EPR spectra of these copper complex 

systems (1-3) are very similar, which can indicate that in the water/methanol solutions the dominant 

complexes have similar structure of the first order coordination sphere around the copper atom.  
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 In the case of control samples (x = 0, no pydime), the EPR spectra with ‘usual’ g-values  

(g|| > g > 2.0023) were detected, with the following spin Hamiltonian parameters (g = 2.090 ± 

0.002, g|| = 2.432 ± 0.002 and A|| = 11.20 ± 0.02 mT), regardless which X-ClsalH was used. The 

above spin Hamiltonian parameter values are, within experimental error, the same as those 

evaluated for the corresponding control samples in Refs. [8, 11].  

 Figure 3 shows the original, experimental Cu(II) EPR spectra of the same systems (1-3) with 

varying N-donor ligand-to-metal ratio, x = 2, 4, 8, but recorded in the water/methanol (1:3) solutions 

at room temperature (RT). The wide, asymmetric ‘inverse’ pseudosinglet (geff = 2.151 ± 0.002, ΔBpp 

= 14.53 ± 0.02 mT) was obtained in such Cu(II) EPR spectra. Unfortunately, the hyperfine structure 

of copper resonance line (quartet) due to 63,65Cu isotopes (I = 3/2) was not well-resolved, which is 

most probably caused by the unfavorable relaxation phenomena in the ‘solution type’ Cu(II) EPR 

spectra. It is obvious that: (i) All the room temperature EPR spectra show ‘inverse’ pseudosinglet. 

(ii) The values of geff and ΔBpp remain, within experimental error, constant for all X-ClsalH,  

(where X = 3,5-di, 4-, or 5) usage. (iii) The EPR spectral shape is independent of ligand-to-metal 

ratio, over the range x from 2 to 8. When N-donor ligand (pydime) was not present in the reaction 

mixture, the asymmetric ‘usual’ pseudosinglet (geff = 2.163 ± 0.002, ΔBpp = 16.51 ± 0.02 mT) was 

observed in the experimental Cu(II) EPR spectra (data not shown), which were measured in the 

water/methanol solutions at room temperature. The same spectral features were obtained for all 

given control samples. Likewise, the above spin Hamiltonian parameter values are, within 

experimental error, the same for all X-ClsalH, where X = 3,5-di, 4-, 5.  

 As was mentioned above, tetragonal distortion can be either elongation or compression of 

the Cu(II) octahedron. It is obvious, that the axial symmetric Cu(II) EPR spectra of our complex 

systems recorded in the frozen water/methanol solutions exhibited: (i) For x ≥ 2 (all samples with 

pydime) ‘inverse’ axial g-factor values (g > g|| > 2.0023), ), which indicates the distorted 

compressed octahedral geometry of central copper atom and dz2 electronic ground state  

[2, 5-7, 18]. (ii) For x = 0 (all control samples, no pydime) ‘usual’  

g-factor values (g|| > g > 2.0023), which indicates the distorted elongated octahedral geometry of 

central copper atom and dx
2
-y

2 electronic ground state [2, 5-7, 18].  

 Our EPR data (g = 2.215 ± 0.002, g|| = 2.014 ± 0.002, A|| = 16.85 ± 0.02 mT, no exchange 

interactions, no Cu(II)-Cu(II) couplings), obtained from experimental Cu(II) EPR spectra of pydime 

containing complex systems (1-3), which were measured in the frozen water/methanol solutions at 

98 K, well fulfilled the strict rules given by Bertini et al. [6] and revised by Halcrow et al. [7]. 



Recent Developments in Coordination, Bioinorganic, and Applied Inorganic Chemistry  
Edited by M. Melník, P. Segľa, and M. Tatarko   
Press of Slovak University of Technology, Bratislava  © 2013 

299 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.  Experimental, Cu(II) EPR spectra (‘inverse pseudosinglet’) of systems, a) (1), b) (2) and c) (3),  

for x = 2, 4, 8, measured in the water/methanol (1:3 v/v) solutions at RT.  

 

 Therefore, we can conclude that these EPR data probably show the true compressed 

octahedral geometry with the dz2 ground electron state, which could be caused by the usage of 

tridentate, ‘pincer type‘ ligand, pydime. The similar effects were obtained for the pydime-containing 

copper(II) complexes investigated in the Refs. [19-26]. In accordance with the literature data  

[19, 22-25], we suggest that two major prevalent complex particles with one or two molecules of  

N-donor ligand coordinated to the central copper(II) ion in the axial position via the nitrogen atom of 

the heterocyclic ring could be dominating in the reaction mixture. For further discussion see Ref. [12].  
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ABSTRACT 

 Study of halogenobenzoatocopper(II) complexes with 3-pyridylmethanol as neutral ligand leads to 

formation of six products. Studied complexes were prepared at different conditions (solvents and 

stoichiometric ratio of reactants) and they were characterized by elemental analysis, IR, UV/VIS and EPR 

spectra. Complexes, [Cu(2-Clbz)2(µ-ron)2]n and [Cu(3-Brbz)2(µ-ron)2]n were characterized by X-ray analysis 

and the crystal structure of the former one was in good agreement with already known structure.  

The influence of 3-pyridylmethanol on creation of the polymeric structures with [Cu(RCO2)2(μ-ron)2]n 

stoichiometry was confirmed. The differences in supramolecular structure mottifs were analyzed.  

2-Halogenobenzoatocopper(II) complexes with ronicol form infinite two-dimensional layer mottif while  

3- or 4-substituted halogenobenzoatocopper(II) complexes gave with ronicol doubly bridged linear chain 

structures. The analysis of spectral properties has shown that only the EPR of powdered samples could be 

used in the supramolecular pattern determination. The EPR spectra of complexes are very similar and they, 

according to their axial pattern, could be attributed into two separate groups. Four complexes of proposed 

chain structure exhibit axial pattern of EPR signal resolved and two-dimensional complexes exhibit 

unresolved hyperfine splitting in parallel part of the signal. It is suggested that the differences in the EPR 

spectra are caused by Cu∙∙∙Cu distance.  

 

INTRODUCTION 

 3-Pyridylmethanol (ronicol, ron) is one of the interesting anti-inflammatory and nonsteroidal 

agents [1]. It is known, that ronicol is used in preparation of some analgesics for the rheumatoid 

arthritis treatment. Ronicol reduces cholesterol level and levels of some harmful substances in the 

blood [2, 3]. Coordination of biologically important substances into metal complex often cause 

increasing of their activity and/or effectivity [4]. 

 Ronicol as a N-donor neutral ligand preferentially induce formation of polymeric carboxylato 

copper(II) complexes of [Cu(RCO2)2(μ-ron)2]n stoichiometry. The structure of such complexes could 

be characterized as one-dimensional chain structure (e.g. [Cu(µ-ron)2(3,5-(NO2)2bz)2]n and  

[Cu(µ-ron)2(nif)2]n complexes, where 3,5-(NO2)2bz = 3,5-dinitrobenzoato, nif = niflumato) [1, 5],  

or as two-dimensional sheet structure (e.g. [Cu(µ-ron)2(4-Clsal)2]n and [Cu(µ-ron)2(2-NO2bz)2]n 

complexes, where 4-Clsal = 4-chlorosalicylato, 2-NO2bz = 2-nitrobenzoato) [6, 7]. On the other 

hand, only a few dinuclear and mononuclear copper(II) complexes with 3-pyridylmethanol as a 

terminal ligand can be found in the literature. The complex [Cu2(μ-CH3CO2)4(ron)2]·CH2Cl2 exhibits 

a paddle-wheel dinuclear molecular structure with two terminal 3-pyridylmethanol ligands [8].  
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The carboxylato copper(II) complexes [Cu(2-NO2bz)2(ron)2(H2O)2] [1] and [Cu(3-pyac)2(ron)2(H2O)] 

(where 3-pyac = 3-pyridylacrylato) [9] are of the monomeric molecular structure with two terminal 

3-pyridylmethanol ligands. Terminal 3-pyridylmethanol ligands were also found in the mononuclear 

complex [CuCl2(ron)4] [10] and in the oxalato-bridged coordination polymer [Cu(μ-C2O4)(ron)2]n 

[11]. Two copper(II) coordination polymers [Cu3(C2H5CO2)6(μ-ron)2(ron)2]n [12] and  

[Cu3(2-Clnic)6(μ-ron)4(ron)2]n (where 2-Clnic = 2-chlornicotinato) [13] are known in which  

3-pyridylmethanol molecules act as bridging as well as terminal ligands. 

 In this paper we report preparation, spectral characteristics and analysis of copper(II) 

complexes containing ronicol and different monohalogenobenzoate anions as ligands that were 

obtained by reaction in different solvents. 

 

EXPERIMENTAL PART 

 The complexes were prepared by reactions of copper(II) acetate dissolved in an appropriate 

solvent (ethanol, water, or acetonitrile) and the stoichiometric amount of ronicol that was added 

under stirring in stoichiometric ratio of copper(II) acetate to ron 1 : 0.5, 1 : 1, or 1 : 2. After a few 

minutes of stirring the stoichiometric amount of an appropriate acid (2-, 3-, 4-chlorobenzoic,  

or 2-, 3-, 4-bromobenzoic acid) was added to each reaction mixture. The reaction mixtures were 

left under stirring for several minutes to complete the reaction procedure. The solid products were 

filtered off, washed with small amount of solvent and left to dry in air at ambient temperature. 

Mother liquids were left for slow crystallization at room temperature. Crystals obtained were filtered 

off and dried in air at ambient temperature too. 

 

Elemental analysis 

[Cu(2-Clbz)2(µ-ron)2]n: 

Calc.: 10.72 % Cu; 52.67 % C; 3.74 % H; 4.73 % N 

Found: 52.69 % C; 3.84 % H; 4.74 % N 

[Cu(3-Clbz)2(µ-ron)2]n: 

Calc.: 10.72 % Cu; 52.67 % C; 3.74 % H; 4.73 % N 

Found: 52.84 % C; 3.74 % H; 4.51 % N 

[Cu(4-Clbz)2(µ-ron)2]n: 

Calc.: 10.72 % Cu; 52.67 % C; 3.74 % H; 4.73 % N 

Found: 52.27 % C; 3.74 % H; 4.90 % N 

[Cu(2-Brbz)2(µ-ron)2]n: 

Calc.: 9.32 % Cu; 45.80 % C; 3.25 % H; 4.11 % N 

Found: 45.93 % C; 3.23 % H; 4.03 % N 

[Cu(3-Brbz)2(µ-ron)2]n: 

Calc.: 9.32 % Cu; 45.80 % C; 3.25 % H; 4.11 % N 

Found: 45.49 % C; 3.20 % H; 3.95 % N 

[Cu(4-Brbz)2(µ-ron)2]n: 

Calc.: 9.32 % Cu; 45.80 % C; 3.25 % H; 4.11 % N 

Found: 46.06 % C; 3.27 % H; 4.37 % N 
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Apparatus and equipment 

 Carbon, hydrogen and nitrogen analyses were carried out on a CHNSO FlashEATM 1112 

Automatic Elemental Analyzer. 

 Electronic spectra (190 – 1100 nm) of the complexes were measured in Nujol suspension 

with a SPECORD 200 (Carl Zeiss Jena) spectrophotometer. Infrared spectra (4000 – 400 cm–1) 

were measured with a Nicolet 5700 FT-IR spectrometer fy Nicolet using ATR technics at room 

temperature. 

 EPR spectra of the powdered samples were recorded with a spectrometer Bruker  

ER 200-SRC operating at X-band. 

 Data collection and cell refinement of presented structures were carried out using diffractometer: 

Kuma KM-4 CCD , Intensity data were corrected for Lorenz and polarization factors. The structure was 

solved by the direct methods with SHELXS-97 [14] or charge-flipping method using OLEX2.SOLVE 

[15], and refined by the full-matrix least aquares procedures with SHELXL-2013 [14]  

or OLEX2.REFINE [15]. The structures were drawn using MERCURY program [16]. 

 

RESULTS AND DISCUSSION 

 It is well known that the carboxylato copper(II) complexes with ronicol are of the 1 : 2 : 2 

stoichiometry and they are mostly polymeric [Cu(RCO2)2(μ-ron)2]n exhibiting two distinguish 

supramolecular patterns. Both supramolecular patterns have in common that each copper atom is 

surrounded by four bridging ronicol molecules. The main difference in those two patterns is in the 

number of copper(II) atoms bonded together through those four bridges. In 1D supramolecular 

chain structures the pairs of ronicol molecules around the inversion centre are bridging together 

two neighbouring copper atoms within the linear chain (Fig. 1).  

 

Fig. 1. Schematic representation of the 1D supramolecular chain structure, 

e.g. in [Cu(3-NO2bz)2(ron)2]n [17]. 

 

 In the other supramolecular pattern the central copper atom is positioned at inversion centre 

and four bridging ronicol molecules are connecting central copper atom to four different neighbouring 

copper atoms and the 2D supramolecular layer of copper atoms bridged is formed (Fig. 2). 
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Fig. 2. Schematic representation of the 2D supramolecular layer structure, 

e.g. in [Cu(2-NO2bz)2(ron)2]n [6]. 

 

 That is why the former structures are usually called as “doubly bridged” chain structures in 

contrast to simple unimolecular bridging mode of the later one. The number of known complexes in 

both distinguished groups is very similar. Moreover there is total lack of explanation or the 

information concerning the reasons that cause such differentiation in supramolecular structure. 

Furthermore, no example of 1D/2D isomerism was found in literature and that give us the idea to 

search factors that are the reasons of this differentiation (e. g. the choice of anionic ligand, 

electronic or steric properties). It was expected that systematic study of the group of, to some 

extent similar, anionic ligand could help in searching for the answer of this question and the 

halogenobenzoate complexes seemed to be a suitable group for that. The complexes were 

prepared by procedure given in experimental section using 2-, 3- or 4-halogenobenzoic acids 

(halogen = chlorine, or bromine) to reach different basicity of the used anions and/or their steric 

influence. For two of the experiments the suitable crystals were obtained and their structures were 

determined. For one of them, the crystal structure of complex (5) was new one and the crystal 

structure of complex (1) was already known, but this structure served as the proof that the type of 

supramolecular structure pattern was determined correctly by the type of the used anion because 

the pattern of this structure redetermination was the same as the already published one [12].  

Both complexes (1) and (5) exhibit very similar coordination polyhedron structures. The equatorial 

plane of each copper atom consists of two monodentate halogenobenzoate ligands bound through 

their carboxylate oxygen atoms and of two neutral 3-pyridylmethanol molecules coordinated via 

their pyridine nitrogen atoms (Fig. 3, 4). The axial positions of each copper atom are occupied by 

the oxygen atoms of the 3-pyridylmethanol molecules of the neighbouring structural units within the 

polymeric structure. 
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Fig. 3. The structural unit (left) and the representation of 2D layer structure (right)  

of [Cu(2-Clbz)2(ron)2]n (1) complex. 

           

Fig. 4. The structural unit (left) and the representation of the 1D chain structure (right) 

of [Cu(3-Brbz)2(ron)2]n (5) complex. 

 

 The main differences are in linking of copper(II) complex units by neutral ligand into the 

polymeric structure. In the complex (1) both axial positions of the copper atom are occupied by 

hydroxyl oxygen atoms of two 3-pyridylmethanol molecules bonded by pyridine nitrogen atoms to 

the adjacent copper atoms that are different from these ones to which its own 3-pyridylmethanol 

molecules are connected. So, each copper atom is bonded by four ronicol molecules to four 

different copper atoms and by this way the infinite two-dimensional layer is created (Fig. 3). In the 

complex (5) the pairs of 3-pyridylmethanol molecules are bridging together two neighbouring 

copper atoms and the infinite linear chain of doubly-bridged copper atoms is formed (Fig. 4). 

Similar situation could be found in the case of nitrobenzoate complexes with the same neutral 

ligand. Two-dimensional coordination polymer was observed when 2-nitrobenzoate anion was 

present in the cooordination sphere [6] while in the cases of 3-nitrobenzoate anion [17],  

or 4-nitrobenzoate anion [6], or even in the case of 3.5-dinitrobenzoate anion [1] always the 

doubly-bridged linear chain were formed. That alltogether could be, to some extent, taken as a 

proof that the anion character, mostly its substituent positions, are influencing, or determining the 

supramolecular pattern of the polymeric complex formation. 

 Both supramolecular complex paterns (complexes (1) and (5)) have in common the system 

of hydrogen bonds between the hydroxyl hydrogen atoms of 3-pyridylmethanol and the 

uncoordinated carboxylate group oxygen atoms. This system of hydrogen bonds is the same in all 
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studied complexes too [1, 6, 17]. Consequently, the hydrogen bond vibrations in the spectra of all 

six complexes show broad signals between 2723 and 3122 cm–1, which can be attributed to the 

very similar system of intramolecular hydrogen bonds between the hydroxyl hydrogen atoms  

of 3-pyridylmethanol and the uncoordinated carboxylate group oxygen atoms in all six complexes 

under study. The rest of IR spectra and moreover the UV/VIS spectra of all six complexes are very 

similar. Characteristic IR νas (COO–) and νs (COO–) vibrations of complexes are presented in Table 

1. The Δν values are within the interval from 212 cm–1 to 227 cm–1, that corresponds in all cases to 

monodentate coordination bonding mode. The monodentate bonding mode of carboxylate anions 

is typical for complexes with the ronicol as ligand due to polymeric character of complexes realized 

by ronicol ligands [1, 6, 17]. 

 

Table 1. Table of characteristic vibrations of complexes in IR and d←d transition in UV/VIS. 

Compound 
υas (COO–) 

[cm–1] 

υs (COO–) 

[cm–1] 

Δυ (COO–) 

[cm–1] 

υ (O–H) 

[cm–1] 
λ [nm] 

[Cu(2-Clbz)2(ron)2]n (1) 1598 1382 216 2748-3111 618 

[Cu(3-Clbz)2(ron)2]n (2) 1597 1372 225 2806-3122 624 

[Cu(4-Clbz)2(ron)2]n (3) 1603 1379 224 2725-3118 664 

[Cu(2-Brbz)2(ron)2]n (4) 1592 1380 212 2748-3109 623 

[Cu(3-Brbz)2(ron)2]n (5) 1595 1368 227 2816-3117 629 

[Cu(4-Brbz)2(ron)2]n (6) 1604 1377 227 2723-3110 660 

 

 The electronic spectra exhibit broad asymmetric absorption bands attributed to d←d 

transitions with a maximum positioned between 618 nm and 660 nm. Results of these spectral 

methods are very similar and don’t reflect the differences in the supramolecular structure patterns. 

 In contrast EPR analysis shows some differences. EPR spectra of powdered samples at room 

temperature are very similar and show axial pattern of EPR signal with either resolved  

(2, 3, 5, 6) or unresolved (1, 4) hyperfine splitting in parallel part of the signal. Using computer 

simulation [18, 19] the parameters of spin Hamiltonian were obtained and the results are summarized 

in Table 2. Obtained data g, g|| and A|| are typical for copper in tetragonal bipyramidal arrangement. 

 

Table 2. Table of EPR data of complexes. 

Compound g g|| A|| [Gauss] 

[Cu(2-Clbz)2(ron)2]n (1) 2.064 2.298 - 

[Cu(3-Clbz)2(ron)2]n (2) 2.079 2.281 165 

[Cu(4-Clbz)2(ron)2]n (3) 2.076 2.303 151 

[Cu(2-Brbz)2(ron)2]n (4) 2.065 2.305 - 

[Cu(3-Brbz)2(ron)2]n (5) 2.064 2.286 156 

[Cu(4-Brbz)2(ron)2]n (6) 2.075 2.321 148 
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 The major difference in EPR spectra is observation of hyperfine splitting. In case of the  

3- or 4- substituted halogenobenzoate complexes three of four bands due to interaction between 

unpaired electron and copper nuclear spin 3/2 are clearly visible in the spectrum. In case of (1) and 

(4) the resolutions were much worse in comparison to previous group and only two (1) poorly or no 

(4) resolved hyperfine splitting bands from four can be observed (Fig. 5) in the EPR spectra.  

These observations need be analyzed in relation to the differences in structural arrangement of 

paramagnetic centers based on X-ray structure data. The unpaired spins of copper atoms in 

complex molecules of (1) exhibit higher half-width of EPR signal and poorer resolution due to the 

fact that 2D supramolecular coordination polymers enable the paramagnetic centers to be brought 

closer to each other. Two neighbouring copper atoms connected with unimolecular ronicol bridges 

are kept in the 8.036 Å (Fig. 3) and the closest across the space distance is of 8.472 Å. The other 

across the space distance within the 2D layer (Fig. 3) is over 13.66 Å. Moreover, the interlayer 

Cu∙∙∙Cu distance determined by 2-chlorobenzoate anions is 10.914 Å. The infinite linear chain 

formed by monomeric units arrangement in complex (5) separates well individual paramagnetic 

centers, and the closest Cu∙∙∙Cu interchain distances are 9.914, and 12.191 Å, respectively. On the 

other hand the intrachain Cu∙∙∙Cu distance of doubly-bridged copper atoms (Fig. 4) is 6.916 Å and 

that is significantly smaller distance than the distance found for previous unimolecularly bridged 

copper atoms. It seems that for enabling the observance of hyperfine splitting must be responsible 

some other factor(s) than the Cu∙∙∙Cu distance only. Some possible explanation of this surprising 

result of the Cu∙∙∙Cu distances analysis could be drawn from comparison of mutual orientation of 

the coordination polyhedron of individual copper atoms (Fig. 3 and 4). The neighbouring 

coordination polyhedra within the four membered ring exhibit different spatial orientation and only 

pair of coordination polyhedra in opposite corners of rectangle are of parallel orientation (Fig. 3). 

On the other hand the coordination polyhedra of individual copper atoms within the doubly-bridged 

chain are strictly parallel. It could be concluded, that misalignment of the neighbouring coordination 

polyhedra can influence the EPR line width and this can change significantly the resolution and/or 

observation of the hyperfine splitting. Moreover, similar results could be found and obtained for the 

other known structures with 3- or 4- subtituted benzoate complexes (e.g. nitrobenzoate already 

published [1, 6, 17] results from our lab). There is a good reason to propose that for our complexes 

with 3- or 4- subtituted halogenobenzoate complexes the supramolecular arrangement could be 

very similar to the complex (1) because all four complexes exhibit nearly the same parameters 

obtained by analysis of EPR spectra. 
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Fig. 5. Selected EPR spectra of complexes [Cu(2-Clbz)2(ron)2]n (1) and [Cu(3-Brbz)2(ron)2]n (5). 

 

 

CONCLUSION 

 Six complexes with [Cu(RCO2)2(μ-ron)2]n stoichiometry were prepared by using 

monohalogenobenzoic acids. The great tendency of ronicol to create polymeric structure was 

confirmed. By spectral methods (IR, EPR, UV/VIS) the differences in supramolecular pattern were 

detected. Differences in supramolecular structure were confirmed by structural analysis of  

[Cu(2-Clbz)2(ron)2]n (1) and [Cu(3-Brbz)2(ron)2]n (5). The differences in the EPR spectra confirmed 

by structural analysis resulted in conclusion, that 2-substituted benzoatocopper complexes prefer 

to form 2D supramolecular layer pattern and the 3-, or 4-substituted benzoatocopper complexes 

prefer to form 1D supramolecular chain pattern. 
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ABSTRACT 

 The title compound, iron(III) complex with octakis(4-tert-butylphenyl)corrolazine (H3obpcz), 

[Fe(obpcz)(MeOH)], was synthesized, isolated as single-crystals, and the crystal structure was determined 

by the single-crystal X-ray diffraction method at 150 K.  They crystallize in the triclinic space group P1
_

 with  

a = 14.976(4) Å, b = 15.537(2) Å, c = 18.015(5) Å,  = 95.16(2)°,  = 90.17(3)°,  = 100.27(2)°, V = 4107(2) 

Å
3
, Dx = 1.167 g/cm

3
, and Z = 2.  The R1 [I > 2(I)] and wR2 (all data) values are 0.1325 and 0.2512, 

respectively, for all 8216 independent reflections.  The molecule is a five-coordinate iron(III) complex with  

a distorted square pyramidal geometry, where the iron atom is incorporated in the planar corrolazine ring 

with the Fe-N bond lengths ranging from 1.822(8) to 1.871(7) Å and the axial site is occupied by methanol 

oxygen-atom with the Fe-O distance of 2.040(8)  Å. 

 

INTRODUCTION 

 Corrolazines are known as a relatively new family of porphyrinoid compounds which have  

a corrole-like framework with replacement of the three meso carbon atoms by nitrogen atoms [1-9].  

One of interesting features of these analogues may be the stabilization of higher valent metal 

complexes due to the trianionic charge and strong ligand field caused by the nitrogen substitution.  

Due to the interesting properties and undeveloped features, many kinds of approaches such as IR, 

Raman, NMR, ESR, and Mössbauer spectroscopies as well as DFT calculations have been 

applied to this family of compounds.  However, the X-ray crystallography was applied to only Co 

and Mn complexes, [Co(obpcz)(PPh3)] [2,4,5], [Co(obpcz)(py)2] [2,4,5], [Co(obpcz)(CCSiPh3)] [3-5], 

[Mn(obpcz)(MeOH)] [6], [Et4N][Mn(obpcz)Cl] [7],  [Mn(obpcz)(NMes)] [8], because of the difficulty in 

the crystallization.  In this study, we attempted to crystallize the iron complexes, considering the 

importance of iron corrolazines.  By a long standing of a reaction solution of iron(III) octakis(4-tert-

butylphenyl)corrolazine, we could obtain single-crystals of a methanol adduct of this compound.  

Here, we describe full detail of the crystal structure by X-ray diffraction method.  
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EXPERIMENTAL PART 

Synthesis of corrolazine and iron(III) complexes with corrolazinato 

 Octakis(4-tert-butylphenyl)corrolazine (H3obpcz) was synthesized by the method developed 

by Goldberg et al [1, 9].  Iron(III) complex of corrolazinato [Fe(obpcz)] was prepared by the reaction 

of H3obpcz and tris(acetylacetonato)iron(III) Fe(acac)3 according to a method described in the 

literature [9].  Dicyanido complex of corrolazinato (Bu4N)2[Fe(obpcz)(CN)2] was prepared by the 

method reported previously [9].  The solid was obtained by the evaporation of the reaction solution 

of [Fe(obpcz)] and Bu4NCN, which was successively recrystallized from methanol.   

 Crystallization of [Fe(obpcz)(MeOH)] was similar to the preparative method for 

(Bu4N)2[Fe(obpcz)(CN)2]  [9].  To a dichloromethane solution (5 cm3) of [Fe(obpcz)] (5 mg,  

0.5 mmol), five times amount of tetrabutylammonium cyanide (20 mg, 2 mmol) was added.   

The resulting dark brown solution was layered by 5 cm3 of methanol.  The solution was allowed to 

stand for 30 months in the refrigerator (8°C) to give dark brown crystals.   

 

 

 

Fig. 1.  Schematic representation of synthesis of the iron corrolazine [Fe(obpcz)]. 

 

Measurements 

 The infrared spectra were recorded on a JASCO MFT-2000 FT-IR spectrometer using a KBr 

pellets method in a 4000—600 cm–1 region.   

 

X-ray Crystal Structure Analysis 

 A black platelet crystal of [Fe(obpcz)(MeOH)] (C97H108FeN7O) having approximate 

dimensions of 0.200 x 0.180 x 0.010 mm was mounted in a loop.  All measurements were made on 

a Rigaku R-AXIS VII diffractometer using filtered Mo-K radiation. The crystal-to-detector distance 

was 200.00 mm.  Cell constants and an orientation matrix for data collection corresponded to  

a primitive triclinic cell with dimensions: a = 14.976(4) Å, b = 15.537(2) Å, c = 18.015(5) Å,  

 = 95.16(2)°,  = 90.17(3)°,  = 100.27(2)°, V = 4107(2) Å3.  For Z = 2 and F.W. = 1443.81,  

the calculated density is 1.167 g/cm3. Based on a statistical analysis of intensity distribution, and 

the successful solution and refinement of the structure, the space group was determined to be: P1
_

  

(No. 2).  The data were collected at a temperature of 150 K to a maximum 2 value of 45.3°.  

A total of 180 oscillation images were collected. A sweep of data was done using oscillations from 
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0.0 to 180.0° in 2.0° steps. The exposure rate was 180.0 [sec./°]. The detector was at the zero 

swing position.  A second sweep was performed using oscillations from 0.0 to 180.0° in 2.0° steps. 

The exposure rate was 180.0 [sec./°]. The detector was at the zero swing position.  

The crystal-to-detector distance was 200.00 mm. Readout was performed in the 0.100 mm pixel 

mode.  Crystal data and details concerning data collection are given in Table 1. 

 

Data Reduction 

 Of the 27397 reflections that were collected, 8216 were unique (Rint = 0.0864); equivalent 

reflections were merged.  The linear absorption coefficient, , for Mo-K radiation is 2.356 cm–1.  

An empirical absorption correction was applied which resulted in transmission factors ranging from 

0.583 to 0.998. The data were corrected for Lorentz and polarization effects.  

 

Structure Solution and Refinement 

 The structure was solved by direct methods [10] and expanded using Fourier techniques. 

Some non-hydrogen atoms were refined anisotropically, while the rest were refined isotropically. 

Some hydrogen atoms were refined isotropically and the rest were refined using the riding model.  

The final cycle of full-matrix least-squares refinement on F2 was based on 8216 observed 

reflections and 957 variable parameters and converged (largest parameter shift was 0.28 times its 

esd) with unweighted and weighted agreement factors of: R1 = ||Fo| - |Fc|| / |Fo| = 0.1325,  

wR2 = [(w(Fo
2 – Fc

2)2) / w(Fo
2)2]1/2 = 0.2512.  The standard deviation of an observation of unit 

weight3 was 1.28.  Unit weights were used.  The maximum and minimum peaks on the final 

difference Fourier map corresponded to 0.42 and -0.45 e–/Å3, respectively.  Neutral atom scattering 

factors were taken from Cromer and Waber [11].  Anomalous dispersion effects were included in 

Fcalc [12]; the values for f' and f" were those of Creagh and McAuley [13]. The values for the 

mass attenuation coefficients are those of Creagh and Hubbell [14]. All calculations were 

performed using the CrystalStructure [15] crystallographic software package except for refinement, 

which was performed using SHELXL-97 [16].  Crystallographic data have been deposited with 

Cambridge Crystallographic Data Centre: Deposit number CCDC-929870.  Copies of the data can 

be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the 

Cambridge Crystallographic Data Centre, 12, Union Road, Cambridge, CB2 1EZ, UK;  

Fax: +44 1223 336033; e-mail: deposit@ccdc.cam.ac.uk). 

 

RESULTS AND DISCUSSION 

 The IR spectra of the iron complexes with octakis(4-tert-butylphenyl)corrolazine (H3obpcz) 

are shown in Fig. 2.  The vibration bands in the range from 500 to 1800 cm–1 are similar to those of 

iron(III) porphyrazines [17].  The bands in the range from 990 to 1395 cm–1 may be assigned to the 

vibrations of the C–C, C-N, and C-Nmeso bonds of the corrolazine ring.  Weak bands were 

observed at 2104, 2151, 2170, and 2192 cm–1 in the IR spectra of (Bu4N)2[Fe(obpcz)(CN)2].   

These bands may be assigned to the stretching vibration of the CN bond [17].   

http://www.ccdc.cam.ac.uk/conts/retrieving.html
mailto:deposit@ccdc.cam.ac.uk
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Table 1  Crystal and experimental data for [Fe(obpcz)(MeOH)]. 

 

Chemical formula: C97H108FeN7O 

Formula weight = 1443.81 

T = 150 K 

Crystal system: triclinic             Space group: P1
_

 (No. 2) 

a = 14.976(4) Å = 95.16(2)° 

b = 15.537(2) Å  = 90.17(3)° 

c = 18.015(5) Å  = 100.27(2)° 

V = 4107(2) Å3 Z = 2  

Dx = 1.167 g/cm3  

Radiation: Mo K ( = 0.71075 Å) 

µ(Mo K) = 0.2356 mm–1               F(000) = 1546.00 

Crystal size = 0.200 x 0.180 x 0.010 mm3 

No. of reflections collected = 27397 

No. of independent reflections = 8216 

 range for data collection:  1.46 to 22.65° 

Data/Restraints/Parameters = 8216/0/957 

Goodness-of-fit on F2 = 0.871 

R indices [I>2I]]: R1 = 0.1325, wR2 = 0.1703 

R indices (all data): R1 = 0.1703, wR2 = 0.2512 

(/)max = 0.280 

()max = 0.42 eÅ–3                  ()min = –0.45 eÅ–3 

Measurement: Rigaku R-AXIS VII diffractometer 

Program system: CrystalStructure 

Structure determination: Direct methods (SIR92) 

Refinement: full matrix least-squares (SHELXL-97) 

CCDC deposition number: 929870 
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Fig. 2.  IR spectra of  [Fe(obpcz)] (upper) and  (Bu4N)2[Fe(obpcz)(CN)2] (lower). 

 

 The X-ray crystal structure analysis reveals that the deposited crystals are not a cyanido 

complex (Bu4N)2[Fe(obpcz)(CN)2] but a methanol adduct of iron corrolazine [Fe(obpcz)(MeOH)].  

This may be occurred due to a long standing of the reaction solution.  The molecular structure is 

depicted in Fig. 3. Selected bond distance and angles are given in Table 2. The iron atom is 

incorporated in the macrocycle of the corrolazine ligand and five-coordinate with a methanol 

molecule at the axial position, forming a distorted square-pyramidal geometry. The Fe(1)-N 

distances are in the range of 1.822(8)—1.871(7) Å, which are shorter than the Fe(III)-N bond 

lengths in iron(III) porphyrins [18].  The macrocycle is planar with the largest deviation from the 

mean plane of the corrolazine 23-atom core being 0.19 Å for N(1), irrespective of the presence of 

the bulky peripheral tert-butylphenyl groups.  The phenyl rings of the tert-butylphenyl groups make 

dihedral angles 25.7—82.7° with the corrolazine macrocycle, the most two obtuse angles 82.7° 

and 63.3° being for the closest two phenyl rings.  The Fe(1) atom is located above the macrocycle 

by 0.32 Å toward the axial methanol molecule.  The Fe(1)-O(1) bond distance to the axial methanol 

ligand is 2.040(8) Å, significantly shorter than that of the corresponding methanol adduct of the 

manganese(III) complex [Mn(obpcz)(MeOH)] [6], reflecting the absence of the Jahn-Teller 

distortion in the present complex.  Packing diagram is shown in Fig. 4.  In the crystal, there are 

hydrogen bonding between the axial methanol and the meso nitrogen atom of the neighboring iron 

corrolazine molecule [O(1)···N(5A) 2.682(11) Å, O(1)-H···N(5A) 165(9)°] to form a hydrogen 

bonded dimer as shown in Fig. 5.  This is in a similar situation to the analogous manganese(III) 

complex [Mn(obpcz)(MeOH)] [6].  However, there is more distortion in the corrolazine core for the 

manganese(III) complex.  To our knowledge, this is the first example of a structurally elucidated 

iron corrolazine complex. 
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Fig. 3.  Molecular structure of [Fe(obpcz)(MeOH)].  Selected bond distances (Å) and angles (°): Fe(1)-O(1) 

2.040(8), Fe(1)-N(1) 1.871(7), Fe(1)-N(2) 1.849(8), Fe(1)-N(3) 1.865(8), Fe(1)-N(4) 1.822(8);   O(1)-Fe(1)-

N(1) 106.3(4), O(1)-Fe(1)-N(2) 99.3(4), O(1)-Fe(1)-N(3) 93.8(3), O(1)-Fe(1)-N(4) 101.1(4), N(1)-Fe(1)-N(2) 

90.0(4), N(1)-Fe(1)-N(3) 159.1(4), N(1)-Fe(1)-N(4) 80.2(4), N(2)-Fe(1)-N(3) 92.6(4), N(2)-Fe(1)-N(4) 

159.1(4), N(3)-Fe(1)-N(4) 90.3(4). 

 

Fig. 4.  Packing diagram of [Fe(obpcz)(MeOH)]. 
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Fig. 5.  Dimer association by hydrogen bonding interaction in the crystal of [Fe(obpcz)(MeOH)].  

Symmetry code A denotes the equivalent position of (1–x, –y, –z). 
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ABSTRACT 

 Organic electronics is in an ongoing effort to obtain air-stable, easy-to-sublime low molecular weight 

complexes with unusual optical or electronic properties. The latter may originate either from energetic 

structure of a molecule, or from mutual arrangement of molecules in a solid phase. Chalcogenodiazole 

annulated porphyrazine complexes (analogues of well-known phthalocyanines, Pc) were recently shown to 

form ultrathin films that exhibit distinct n-type conductivity and peculiar packing motifs. 

 This work describes morphology and photoelectrical properties of thin solid films composed of zinc(II) 

tetra(1,2,5-thiadiazolo)porphyrazine (ZnTTDPz) synthesized in our group. Using thermal vacuum evaporation 

technique, we fabricated both planar and sandwich-type devices and measured their output characteristics 

under changing conditions (atmosphere, illumination, temperature). Actual structure of ZnTTDPz layers in 

these devices was controlled by various instrumental methods. It was shown that strong photovoltaic effect 

appears when p-ZnPc/n-ZnTTDPz pair is assembled within the multilayer heterojunction organic-based cell.  

 

INTRODUCTION 

 In previous work, we have demonstrated that a member of porphyrazine family (Fe(II)TTDPZ 

complex) can readily be used in organic-based thin-film photovoltaic cells, where it acts as n-type 

component of a heterojunction [1]. This is in line with recently published approach of Agawa et al.  

[2-4], whose group successfully introduced tetra-(thiadiazolo)porphyrazine complexes (n-type 

semiconductors) in other organic electronic devices, such as thin-film field-effect transistors or 

inverters. Motivations to further study chalcogenodiazole annulated porphyrazines in more details are 

i) their good sublimation ability, which allows fabrication of thin, uniform and smooth layers [1]; 

ii) orientation of molecules in these layers with respect to each other and to the growth surface [2], 

which (most likely) favors relatively high mobility of majority charge carriers, here – electrons [3] and 

iii) possibilities to tune the molecular architecture (and, hence, solid-state properties) by substituting 

central metal atoms (or groups) or by changing chalcogens (see, e.g., [5] and references therein).  

 

EXPERIMENTAL PART 

Reagents, materials and sample preparation 

 Zinc(II) tetra(1,2,5-thiadiazolo)porphyrazine (ZnTTDPz, Fig. 1) was synthesized and purified 

as described elsewhere [5-7]. Then, ZnTTDPz powder was transferred to a VUP-5 vacuum 

evaporator. Sublimation was carried out from a quartz crucible with resistive heating, under 

residual pressure <10-3 Pa.  
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 The shutter was opened when the 

temperature of crucible approaches 540oC, 

at the very beginning of the evaporation. 

Deposition on the substrates proceeds at ca. 

560oC, with average deposition rate of  

0.02-0.06 nm/sec. Thickness of thus 

obtained layers corresponds to the range of 

30-100 nm, depending on the kind of sample. 

For electrical measurements, standard glass 

slides or polyethylene terephthalate pieces 

covered with conductive double indium-tin 

oxide layer (In2O3;SnO2, ITO) were used as 

substrates. The substrates were cleaned 

mechanically, by double washing in DMFA 

and isopropyl alcohol using ultrasonic bath, 

and dried in Ar flow, in that order. Further, 

ITO serves as transparent anode in 

photovoltaic cells – Fig. 1. Simultaneously, 

for analytical purposes, the films were 

deposited on other substrates (e.g., zinc 

selenide, silicon, sapphire, quartz glass etc.). 

All reagents and materials (metals, ZnPc, 

ITO covered substrates etc.) were purchased 

from Aldrich.  

 For measurements of in-plane DC 

conductivity at different temperatures, the films 

were deposited on insulating polycorundum 

substrate equipped with planar interdigitated 

electrode arrays (100 m thick Cr, 

photolithography patterned). After estimation of 

specific conductivity () of ZnTTDPz films, the 

simplest single-layer sandwich cells  

(i.e., ITO/ZnTTDPz/Metal) were prepared and 

tested. In these, the thickness of ZnTTDPz 

layer was 60 nm. In several cases, we used 

glass substrate with transparent ZnO 

conductive oxide layer instead of ITO to check 

the compatibility of materials. Top metallic 

layer (cathode) was deposited on the surface 

of ZNTTDPz layer by either thermal vacuum 

 

 

Fig. 1. Molecular structures (top) and schematic of 

double-layer photovoltaic cell with planar ZnPc/ZnTTDPz 

heterojunction used in this work. 

 

 

Fig. 2. Fragments of UV/Vis (top) and FT-IR (bottom) 
spectra ZnTTDPz film (100 nm). 
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evaporation or DC magnetron sputtering of aluminum (in some cases – gold). Further, more 

complicated double-layer cells were manufactured, as sketched in Fig. 1. Here, the thickness of 

ZnTTDPz layer was 50 nm, whilst thickness of ZnPc layer was 35 nm.  

 

Apparatus and equipment 

 ZnTTDPz thin films on various substrates were characterized by X-ray diffraction, FT-IR and 

UV-Vis-NIR spectroscopy as described elsewhere [1,5]. Additionally, the surface morphology was 

analyzed by atomic force microscopy (AFM) using PROTON-MIET-2000(RU) microscope. Several 

scans in randomly chosen points of the film surface were done in a semi-contact regime. Then, the 

AFM data were numerically processed to extract the values of root-mean-square (RMS) 

roughness.     

 Photoelectrical measurements were carried out in argon atmosphere on samples placed into 

the grounded stainless steel cuvette with quartz windows, through which the samples were 

illuminated with white light (incident power ca. 20 mW/cm2). Current-vs-voltage (J-V) 

characteristics were recorded in two-terminal mode, the details can be found elsewhere [1,5]. 

 

RESULTS AND DISCUSSION 

 Integrity of the chemical structure of ZnTTDPz molecules reaching the growth surface during 

sublimation and uniformity of deposited films was studied by optical electronic and vibrational 

spectroscopy. Fig. 2 shows the fragment of UV/Vis spectrum of ZnTTDPz film (there are no bands 

in the NIR range from 900 to 1800 nm). The Q-band experiences the bathochromic shift of about 

30 nm as compared to kindred ZnPc complex (for full optical studies on sublimed ZnPc films see, 

e.g., [8]), its maximum is located at 666 nm – Fig. 2a. Moreover, it is red-shifted by 21 nm with 

respect to the Q-band in spectrum of pyridine solution [7] (and by 28 nm with respect to the 

ZnTTDPz spectrum recorded in DMSO), split and broadened. All this suggests strong 

intermolecular interaction in the solid phase [8]. Position and shape of the Soret band  

(300-350 nm, Fig. 2a) are much less affected by transition from solution to the solid. 

FT-IR spectrum of sublimed films (Fig. 2) closely resembles that of ZnTTDPz powder pressed in 

KBr pellets. Two most intensive bands in the left and in the right 

part of spectrum correspond to the out-of-plane deformation of 

C-N macrocycle and to C=C and C=N of thiadiazole, respectively. 

Other indicative bands can be attributed to C=N(pyrrole)  

(1090-1100 cm-1), C=N(meso) (1533 cm-1) and S-N (765 cm-1) 

stretching vibrations – Fig.2. So, spectroscopic data confirm 

stability of ZnTTDPz molecules during high vacuum sublimation 

and uniformity of molecular composition of obtained thin films. 

Interestingly, the FT-IR spectrum of ZnTTDPz film has several 

distinctions from the spectrum of iron complex FeTTDPz studied 

earlier [1], for example, absence of typical band at 1334 cm-1 

(C=C) or shift in position of C=N band.  

 

Fig. 3. AFM-image of surface of 

ZnTTDPz film (80 nm) on Si(111) 

substrate. 
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 Regular packing of TTDPz molecules in thin films was observed in [2,3]. However, we did not 

observe diffraction peaks in XRD spectra (not shown here), similarly to the films of FeTTDPz 

complex obtained earlier [1], where amorphous structure was also revealed. This implies random 

packing of ZnTTDPz molecules or, at least, absence of long-range order, if interaction of 

neighboring molecules (e.g., dimers [8]) is still assumed. 

 Disordered structure of ZnTTDPz films can also be supposed from the surface morphology. 

As known, polycrystalline films composed of planar phthalocyanine-like molecules usually have 

hill-like surface [8], or consists of variously shaped topological objects (from grains to whiskers), 

due to formation of crystallites. AFM image of the ZnTTDPz film surface is shown in Fig. 3.  

There are no distinguishable objects and spread of heights is so small that RMS roughness of is 

only 0.8 nm (thus slightly exceeding that of the intact Si(111) plate). This is extremely low value 

taking into account the film thickness (100 nm) and the analyzed area (3.743.75 m).  

Such flatness is usually desired since it allows of setting the interface geometry with high precision 

when manufacturing multilayer devices. 

 In Fig. 4, specific conductivity  (in-plane measurements) of ZnTTDPz film versus 

temperature is plotted in Arrenius coordinates. Dependence consists of two sections with transition 

point around 90-100oC – Fig.4. Using the equation 
kT

Eact

e



 0
, thermal activation energy of 

conductivity Eact was calculated. It equals to 0.25 eV for low temperature and to 3.3 eV for high 

temperature section in Fig. 4. The transition may occur because of structural processes in the film 

(crystallization?). Alternatively, it may be associated with the loss of volatile admixtures (first of all, 

water) that influence conductivity at low temperatures. The light-assisted currents are 50 times 

higher than dark currents (@ 11 V, J-V plots are linear in the range of 0…25 V). 

  J-V plots for single-layer sandwich cells 

on glass/ITO substrates with Au top 

electrodes are almost symmetrical in forward 

and reverse direction and slightly nonlinear 

(not shown here). There is very little 

displacement of curves from the point of origin 

when the cells are exposed to the light. 

Replacement of Au by Al somewhat lowers 

the density of current leaking through the cells 

and makes the J-V dependences more 

nonlinear, likely due to additional oxide barrier. 

We did not succeed in getting operable cell on 

glass/ZnO substrates, apparently owing to the 

highly developed surface of inorganic 

semiconductor layer. 

 

 

Fig. 4. Dependence of dark σ of ZnTTDPz film  

(100 nm) on the temperature at 11 V bias. 
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 Finally, we have tested 

double-layer cells with a planar  

p-ZnPc/n-ZnTTDPz heterojunction. 

As follows from Fig. 5, diode 

properties of these cells in the dark 

are poor. Rectification becomes 

worse if top electrode is deposited 

by magnetron sputtering of Al target. 

This trend remains in illuminated 

cells, too – Fig. 5. Short circuit 

current Jsc is 0.033 mA/cm2 and 

0.025 mA/cm2 for the cells with 

thermally evaporated and 

magnetron sputtered top electrode, 

respectively. Open circuit voltage 

Uoc is about 0.3 V in both cases.  

For comparison, similar cells were 

fabricated on PET/ITO substrates – 

Fig. 5. In this case Uoc suffers, whereas Jsc rises up to 0.053 mA/cm2, Fill factors FF in all cases are 

in the range of 25%. Possible reasons of such modest parameters are not optimized thickness and 

morphology of the bottom p-layer (ZnPc). As known, thickness of photoactive molecular layer in 

photovoltaic cells must be correlated with exciton diffusion length in order to provide efficient 

separation of charge carriers at the heterojunction. This parameter is also important for efficient 

transport of respective charges to the electrodes [9]. On the other hand, decrease in thickness of 

molecular layers may cause instability of the cells and rise of the shunt resistance. Obviously, 

further work is needed to optimize the geometry of devices and inner structure of both ZnPc and 

ZnTTDPz layers. Furthermore, the contact of samples with atmosphere should be minimized, since 

there are implications that oxygen and water molecules may be absorbed by ZnTTDPz thus 

deteriorating the semiconductor quality.  

 

CONCLUDING REMARKS 

 We report on fabrication of functional semiconducting thin-film structures employing 

ZnTTDPz complex as active component. Though the synthesis of this type of phthalocyanine-like 

metalorganic complexes was pioneered by Ercolani & Stuzhin in late 90s [6] (and continues in our 

group [5]), there are still very few examples of their practical application (except Agawa and  

co-workers [2-4]). Here, we have put together ZnPc and ZnTTDPz complexes in a double-layer 

photovoltaic cell. From chemical point of view, replacement of -C4H4- fragment at periphery of each 

leaf of the four-leaf phthalocyanine molecule by –NSN- fragment in ZnTTDPz (Fig. 1) leads both to 

lowering of the frontier energy levels (HOMO and LUMO move to more negative values) [7] and to 

changes in coordination ability of a complex. This, in turn, switches conductivity type in thin films 

formed by these complexes from p- to n-. The reasons of such a phenomenon are circumstantially 

 

 

Fig. 5. J-V plots for the double-layer photovoltaic cells based on 

ZnTTDPz in the dark (left) and under illumination (right, 4
th
 

quadrant is only shown) – see, text. 
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explained in [9]. Comparison of positions of the ground-state molecular orbitals in ZnPc and 

ZnTTDPz complexes was done previously [7] using density functional theory (DFT) and time-

dependent DFT methods. So, molecular heterojunction arise at the p-ZnPc/n-ZnTTDPz interface 

[9], at which built-in potential governs the charge separation in unloaded cell under illumination  

(Uoc = 0.3 V).  

 Power conversion efficiencies in the prototypical cells incorporating this particular 

‘phthalocyanine/porphyrazine’ pair do not exceed 0.015%. Nevertheless, they are by a factor of  

2 greater than those previously recorded for FeTTDPz based cells [1]. So, we believe the further 

progress is possible by thorough optimization of the scheme of the photovoltaic cell based on 

ZnTTDPz, or by introducing a new porphyrazine complex with improved electrophysical properties.  
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ABSTRACT 

 Our recent activities in the application of pristine as well as functionalised layered double hydroxides 

(LDHs) are overviewed. 

 Pristine uncalcined CaFe-LDHs proved to be efficient catalysts in the production of epoxides from  

α,β-unsaturated oxo compounds. They could serve as nanoreactors in photoinitiated [2+2] cyclisations of 

various cinnamate derivatives. The calcined forms of hydrotalcites were active in the transformations of 

glycerol. During these reactions the original LDH structures were reconstructed. Details of the dehydration-

rehydration procedure have also been investigated using the CaFe-LDH as the example. 

 Exploiting the intercalation ability of the LDHs, various organic-inorganic nanohybrids were prepared, 

where the organic anions possessed secondary nitrogen. It makes these materials potential immobilised 

organocatalysts. It has been demonstrated that some of them are active in the cross-aldol dimerisation-

condensation reactions, indeed. Appreciable enantioselectivity was observed in the dimerisation when  

L-prolinate was the intercalated anion. 

 

INTRODUCTION 

 Layered double hydroxides (LDHs), due to their anion exchange properties, are (somewhat 

erroneously) often called anionic clays by the analogy of the cation-exchanging layered silicates 

[1]. Although LDHs exist in nature [2, 3], for chemical applications they are mostly synthesised. 

Their most often used representative is hydrotalcite [4], its layered structure resembles that of 

brucite [Mg(OH)2], but a part of the Mg(II) ions is replaced by Al(III) ions. The metal cations occupy 

the centres of octahedra whose vertices are hydroxide ions. These octahedra are connected to 

each other by edge sharing to form an infinite sheet. When the divalent ion is Ca(II), the structure 

is somewhat different; it is called hydrocalumite type structure [2, 3, 5-7]. Its parent structure is that 

of portlandite. Since the calcium ion is significantly larger than the magnesium ion (100 pm vs.  

72 pm), it is heptacoordinated in hydrocalumites, thus, the layer consists of edge sharing 

heptacoordinated calcium hydroxide decahedrons and hexacoordinated trivalent metal hydroxide 

octahedrons. The isomorphous substitution by the trivalent ions does not destroy the layered 

structure in either structure, however, the layers become positively charged. The charge is 
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compensated by anions in-between the layers. They are usually hydrated simple anions, but they 

can be both organic and complex inorganic anions as well. 

 LDHs can be represented by the general formula: [MII
1−xM

III
x(OH)2](A

n−
x/n].zH2O, where  

MII and MIII are di- and trivalent metal cations, respectively that occupy octahedral positions in the 

layers. The value of x [x=MIII/(MII+MIII)] ranges between 0.20 and 0.33 for the MgAl system and An− 

is the interlayer charge-compensating anion, e.g. CO3
2−, NO3

−, or Cl− [3]. A large number of LDHs 

with a wide variety of MII−MIII as well as MI−MIII cation pairs with different anions in the interlayer 

space have been prepared and their physicochemical properties have been described in the 

literature [811]. 

 It is well-known that LDHs lose their layered structure on heat treatment. The procedure may 

be followed by thermogravimetry and the dehydrated structure is often found to be X-ray 

amorphous. It is also known that in an environment saturated with water vapour, if the temperature 

of heat treatment was not too high (generally lower than ~873 K, but the accurate value depends 

on the specific LDH), rehydration occurs and the layered structure is more or less regained as 

verified by, e.g. X-ray diffractometry [12, 13]. This is the so-called memory effect. While the steps 

of the dehydration are generally known in detail [1419], those of the rehydration are not so well 

described. In the followings information obtained concerning the latter process is given. 

 LDHs, both pristine (only containing inorganic anions among between the layers) and 

modified (after introducing various organic anions in-between the layers) have many uses.  

They can serve as catalysts, catalyst supports, flame retardants, containers of biologically active 

compounds, or organic synthons, sensors, electrodes, to mention just a few. In this contribution we 

concentrate on two main applications: their use (i) as catalysts with and without precalcination or 

having organic anions with organocatalytic properties between the layers, and (ii) as nanoreactor, 

when organic synthons are intercalated and reaction is initiated between them in the sterically 

constrained interlayer space. 

 Results obtained in these areas are overviewed in the followings. 

 

EXPERIMENTAL PART 

Materials used 

 All the inorganic materials, CaCl2, Al(NO3)3·9H2O, Mg(NO3)2·9H2O, Ni(NO3)2·6H2O, 

FeCl3·6H2O, NaOH and Na2CO3 used for the preparation of the LDHs were purchased from 

Reanal (Hungary) and were used as received. 

 For the identification of the reactant and the products in glycerol dehydration reaction, 

glycerol, 2-propanol (Molar Chemicals Inc.), acetol, acrolein, 3-hydroxypropionic aldehyde,  

DL-glycerinaldehyde, 1,3-propanediol, S-(+)-1,2-propanediol, allylic alcohol, acetaldehyde, 

formaldehyde, ethylene glycol and methanol (products of Aldrich Chemical Co.) were applied. The 

purities of these chemicals were over 90% and they were used as received. 

 L-proline and DL-pipecolinic acid were purchased from Aldrich Chemical Co. Their purity was 

over 99%. They were transformed to their sodium salts before ion-exchange. 
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 The acrylate derivatives used for intercalation as organic synthons were E-3-phenylpropenoate 

(1), E-4'-nitrophenyl-propenoate (2), E-3(2',5'-difluorophenyl)propenoate (3), E-3(2'-thienyl)propenoate 

(4), E-3(4'-imidazoyl)propenoate (5) or E-2,3-dimethylprope-noate (6) anions (products of Aldrich 

Chemical Co.) were the guests (Fig. 1). Millipore MilliQ water was used throughout in the experiments. 

 

COO- COO-
O2N

COO-
S

1 2 3

H3C
COO-

H3C

COO-

F

F

4 5 6

COO-

N

HN

 

Fig. 1. The organic anions used for the preparation of the acrylateCaFe-LDH organic-inorganic hybrids. 

 

Methods of syntheses and structural modifications 

Syntheses. All the pristine LDHs (CaFe-, CaAl-, MgAl-, NiMgAl-LDH) were prepared by the  

co-precipitation method [20, 21]. Let us give the detailed recipe for the synthesis of MgAl-LDH and 

NiMgAl-LDH as example: 500 cm3 solution containing 0.20 mol (53.2 g) Mg(NO3)3·6H2O and  

0.10 mol (38.9 g) Al(NO3)3·9H2O (called solution A) and 250 cm3 aqueous solution of 0.05 mol  

(5.5 g) Na2CO3 and 0.62 mol (24.9 g) NaOH (solution B) were poured dropwise into a glass flask in  

2-3 hours under vigorous stirring and cooling with ice  a gel was formed; the gel was kept in an oil 

bath at 65 °C with permanent stirring for 18 hours, and then, it was washed, filtered and dried;  

in the Ni-modified MgAl-HT sample 10 mol% of the Mg salt was substituted for Ni(NO3)2·6H2O 

 

Dehydration-rehydration. The as-prepared CaFe-LDH was heat-treated in dry air at 773 K for 5 hours. 

Then, portions of this material were kept in desiccators over oversaturated aqueous solutions of 

various salts, providing relative humidity values of 6% (LiBr.2H2O), 11% (LiCl.H2O), 22% (CH3COONa), 

29% (CaCl2.6H2O), 33% (MgCl2.6H2O), 38% (NaI.2H2O), 43% (K2CO3), 53% (Mg(NO3)2.6H2O), 62% 

(NH4NO3), 75% (NaCl), 84% (KCl) and 97% (K2SO4) for 72 hours at 298 K [22]. 

 

Calcinaton. Samples of both the MgAl-LDH and the NiMgAl-LDH materials were calcined in air for 

24 hours at 400 °C, 500 °C or 600 °C in order to obtain the corresponding mixed oxides. 

 

Intercalation. For intercalation, the dehydration-rehydration method was applied. The washed and 

dried LDH powder was hydrothermally treated in a Thermolyne 21100 tubular furnace for 5-6 hours 

at T = 493 K or 773 K. The hydrothermally treated LDH powder was added to the aqueous-

ethanolic solutions (water:ethanol:NaOH = 5:1:1) of the various organic anions  
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(acrylate derivatives or L-prolinate or DL-pipecolinate), and stirred for 7 days at 353 K under inert 

atmosphere. The resulting suspensions were filtered and washed three times and then dried in a 

desiccator over dry SiO2.  

 

Apparatus and equipment for characterisation 

 Powder XRD patterns of the as-prepared, the fully dehydrated and the partially rehydrated 

samples values were registered in the 2Θ = 3–60o range on a Rigaku Miniflex II instrument, using 

CuK ( = 1.5418 Å) radiation. 

 The thermal behaviour of the as-prepared, the partially rehydrated as well as the intercalated 

samples was studied with a Setaram Labsys derivatograph working under N2 flow at 2 °C/min 

heating rate on 30-40 mg sample. 

 Scanning electron microscopy (SEM  Hitachi S-4700 scanning electron microscope) was 

applied for studying the morphology of the samples. Energy dispersive X-ray fluorescent  

(EDX  Röntec QX2 microanalyser attached to the microscope) measurements allowed to 

visualise the distribution of ions in the samples. 

 The Fourier-transform diffuse reflectance infrared (FTIR) spectra of the pristine, the organic 

anion-intercalated LDHs and the Na-salts of the organic anions were recorded on a BIORAD  

FTS-65A/896 spectrometer equipped with a DTGS detector. Spectral resolution was 2 cm−1 and 

256 scans were used for a spectrum. 

 The Fe(III) content of the relevant LDH samples were determined with a Thermo’s IRIS 

Intrepid II ICP-OES spectrometer. 

 

Reactions, reaction conditions and analytics 

Epoxidation of an unsaturated ketone. The uncalcined, pristine MgAl-, CaAl- and CaFe-LDHs were 

tested in the epoxidation of 2-cyclohexen-1-one (product of Aldrich Chemical Co.) using aqueous 

hydrogen-peroxide as oxidant under mild reaction conditions (vigorous stirring at 298 K for 2 h) 

applying various solvents (methanol, ethanol, 2-methyl-2-propanol, acetone, formamide,  

1,4-dioxane, cylohexane, n-hexane  products of Aldrich Chemical Co.). Temperature dependence 

(288343 K range) was also examined. The reaction was followed by gas chromatography  

(GC  Hewlett-Packard 5890 Series II  HP1 column, flame ionisation detector). 

 

Transformations of glycerol. Over the calcined MgAl- and NiMgAl-LDH the glycerol dehydration 

reactions were run in a double-neck round-bottom flask equipped with a condenser, in which the 

products were condensed, and then trapped in a flask cooled with ice. This is the reactive 

distillation method. The glycerol (50 cm3) and the mixed oxide samples (2 wt%) were poured into 

the reaction vessel heated and stirred, while reduced pressure (20-25 kPa) was maintained. After 

90 or at the latest 120 min the temperature reached 240 °C and remained constant. Thus, the 

reaction time was set to be 120 min. At the end of the reaction the catalyst was separated, washed 

and regenerated by oxidation at the temperature of the pre-treatment of the original substances, 

then their activities were tested in the same reaction once again. Both the distillate and the liquid 
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content of the flask residue were analysed by gas chromatography (Shimadzu GC 2010  SPB624 

[Supelco] column, flame ionisation detector). 

 

Cross-aldol dimerisation-condensation. The intercalated materials were tested in the cross-aldol 

dimerisationcondensation reaction of benzaldehyde and acetone (both from Aldrich Chemical Co.). 

The composition of the mixture was as follows: 1 cm3 H2O, 4 cm3 of acetone, 1 cm3 of benzaldehyde, 

0,3 g of catalyst. The mixture was vigorously stirred for 24 hours at 298 K. Acetone served as the 

reactant as well as the solvent; water was used as proton source. The L-prolinateCaFe-LDH was 

reused two more times without any special reactivation except rinsing it with acetone. The chemical 

composition of the mixture was determined with a YL6100GC-6000 series gas chromatograph  

Cyclosil B column, mass selective and flame ionisation detectors. 

 

Topotactic [2+2] photodimerisation (Scheme 1) of LDH-intercalated acrylate ions. The reactions 

were performed in the solid state with the intercalated compounds and for comparison with the 

pristine guest anions. 

 

Scheme 1. The two photodimers from E-cinnamic acid (E-2-phenylpropenoic acid). 

 

 Samples of 2 mg were diluted with 200 mg KBr, and were pelletised. These pellets were 

irradiated for 5 to 90 minutes using a xenon light source (MAX-302, Asahi Spectra USA, 300 W) 

working in the 220−400 nm wavelength range. The distance between the light source and the sample 

was held constant (25 cm). The initiated photochemical reactions were monitored by FT-IR 

spectroscopy. 

 

RESULTS AND DISCUSSION 

Rehydration of calcined CaFe-LDH 

 Upon heat treatment at 773 K, the CaFe-LDH lost its layered structure; however, under 

rehydration conditions (stirring in water for 24 h, then filtering and drying in air) it regained the 

lamellar structure completely (Fig. 2). 

COOH

COOHHOOC

COOH
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Fig. 2. The powder X-ray diffractogram of the variously treated Ca3Fe-LDH sample (* de-notes Ca(OH)2 

impurity). 

 

 It is known that an air-dried as-prepared LDH contains water molecules in various forms.  

TG measurement revealed three distinctive forms (Fig. 3): physisorbed and interlayer water molecules 

were removed in the 100°C−150°C and 175°C−325°C ranges, respectively, while water from the 

dehydration of structural OH groups and their closely associated (hydrogen bonded) water molecules 

left from 350°C to 475°C. (This high-temperature form will be called ′structural water′ in the followings, 

although it exists in the form of OH groups in the layer, but it leaves as water on dehydration). 

 
Fig. 3. TG-DTG curves for the as-prepared air-dry CaFe-LDH sample. 

 

 On further raising the temperature complete structural collapse took place and at high 

enough temperature recrystallisation to a 3D structure started. It is to be observed that none of the 

DTG peaks are sharp indicating that the three groups of water molecules are not uniform in energy 

even within the group. Physisorption occurs on the outer surface of the LDH, which is 

heterogeneous energywise, and the molecules are adsorbed in multilayers. The interlayer water 

molecules are not uniform either as far as their bonding energies are concerned. There is more 

than one water layer in the interlayer spacing, and molecules sitting closer to the charged layers 
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are bound more strongly than those situating farther. Likewise, there is bonding energy distribution 

for the structural water molecules, too. 

 The XRD traces for the partially rehydrated samples are displayed in Fig. 4. It is to be seen 

that already at low relative humidity (RH = 11%) the reconstruction of the LDH structure has 

started. During reconstruction the dehydrated layer rehydrated first (structural water was regained), 

then interlayer water appeared among the layers causing the shift of the (003) reflection towards 

lower 2 values and reappearance of the layered structure was almost complete by RH = 75%. 

Although this is the sequence of the steps, nevertheless, they overlap in an increasing manner with 

the increase of relative humidity. 

 

 
Fig. 4. Powder X-ray diffractograms of some selected, partially rehydrated CaFe-LDH samples, rehydrated at 

relative humidity values (RH) shown. 

 

The thermal behaviour of the partially rehydrated samples completely coincided with the above 

findings (Table 1). 

 

Table 1  Weight loss (in %) during heat treatment of partially rehydrated CaFe-LDH samples 

water type 
relative humidity/% 

6 11 22 29 33 43 53 62 75 84 90 97 

interlayer/% 0 0 0.23 0.45 0.95 0.67 0.56 0.11 0.26 0.69 0.45 0.25 

structural/% very small 0.41 0.15 0.02 0.53 0.45 0.56 0.12 0.49 0.58 0.77 0.51 

 

 At low relative humidity (RH = 6%), beside physisorbed water molecules, structural water 

was also found, although in very small amount, indicating that rehydration of the layer has already 

started. At this point interlayer water was not seen at all. At RH = 22 % interlayer water appeared 

and its relative quantity grew with the increase in RH values and soon it overtook those of 

structural water, which went to near saturation at RH = 3343%. 
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Catalytic transformations over uncalcined LDHs 

 LDHs may be ideal catalysts making use of their intrinsic basic character. They are most 

often used after high-temperature calcination. Then, the layered structure collapses and mixed 

oxide is formed with high specific surface area and many defect sites. Using LDH as catalyst in 

uncalcined form is significantly scarcer, but not unprecedented. For instance, it was reported [23] 

that uncalcined M(II)Al-LDH (M(II): Co2+, Ni2+, Cu2+, Zn2+ or Fe2+) was active in the liquid-phase 

hydroxylation of phenol. MgAl-LDH was proved to be effective in the epoxidation of 2-cyclohexen-

1-one [24]. The scope of this reaction could be widened by applying other LDHs using various 

solvents and running the reaction at different tempera-tures. 

 In the series of experiments when methanol was the solvent CaFe-LDH was the most active, 

the conversion reached 36%. Each LDH-type (CaAl-LDH  hydrocalumite, MgAl-LDH  

hydrotalcite), was more active than the calcined CaFe-LDH proving the layered structure is 

advantageous for the epoxidation of 2-cyclohexen-1-one. Varying the Ca(II):Fe(III) had some minor 

effect on the activity rendering Ca2Fe-LDH the most active. It is known that perfect hydrocalumit 

structure only forms at this composition [25], pointing again at the observation that the layered 

structure suits best to this reaction. However, it has recently been learnt that as far as stability is 

concerned the Ca(II):Fe(III) = 3:1 ratio is the best [26], and since the activity was just slightly lower 

than with Ca2Fe-LDH, for temperature and solvent dependence studies the Ca3Fe-LDH was used. 

 The effect of reaction temperatures on the efficiency of hydrogen peroxide utilisation was 

also examined. It was found that 313 K was the optimum temperature for the epoxidation. 

 Altering the solvent had occasionally dramatic effect on the conversion and thus the reactivity 

of the catalyst (Ca3Fe-LDH was used in this part of the study). The highest conversion was 

observed in formamide (58%), but n-hexane (49% conversion) and cyclohexene (42% conversion) 

were more advantageous solvents than methanol. In turn methanol proved to be a better solvent 

for this reaction than ethanol (27% conversion). The rest of the solvents, 2-methyl-2-propanol, 

acetone and 1,4-dioxane performed poorly in this reaction, the conversions were <1%, 18% and 

12%, respectively. 

 The excellent activity in the presence of formamide is most likely due to the delamination of 

the layers [27] making the basic sites significantly more accessible. 

 

Catalytic transformations over calcined LDHs 

 The reactions of glycerol over calcined MgAl- and NiMgAl-LDH were investigated. The XRD 

patterns of the as-prepared solid substances evidenced the formation of layered double hydroxides 

of the hydrotalcite (HT) structure. Reflections typical for this structure could easily be identified and 

are marked on traces A in Figs. 5 (a) and (b). The d(003) spacing and the average particle sizes 

are shown in Table 2. 

 It is to be seen that the as-prepared MgAl-HT is quite pure; it only contains minute amounts 

of MgO (periclase). The sharp and intense peaks indicate high crystallinity. The NiMgAl-HT sample 

contains the majority of Ni2+ ions in the hydrotalcite structure partially substituting the Mg2+ ions. 

Similarly to the previous sample, it only contains minute amount of NiO (bunsenite). 
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(a)                                                                      (b) 

 

Fig. 5. Powder XRD patterns of (a) MgAl-HT and (b) NiMgAl-HT before calcination (A) and after use  

(B  precalcined at 400 °C , C  precalcined at 500 °C , D  precalcined at 600 °C). 

 

 

Table 2  Particle size (D in nm) and d-spacing (d in Å) of as-prepared MgAl-HT and NiMgAl-HT and those of 

the used samples precalcined at 400, 500 and 600 °C, respectively. 

 as-prepared 400-used 500-used 600-used 

HTs D d(003) D d(003) D d(003) D d(003) 

MgAl- 87 7.86 98 82 69 7.80 57 76 

NiMgAl 7.74 84 7.89 7.77 7.70 7.75 7.61 7.72 

 

On calcination at 400 °C, 500 °C or 600 °C (called "new" in the followings) the forma-tion of only 

periclase was observed, independently of the temperature of treatment (Fig. 6 (a), traces AC). 

 

                

(a)                                                                      (b) 

 

Fig. 6. Powder XRD patterns of mixed oxides (traces AC) after calcination of (a) MgAl-HT and  

(b) NiMgAl-HT at various temperatures (400  600 °C); mixed oxides regenerated by recalcination of the 

reconstructed (used) materials (traces A'C'). 
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 This means that in the mixed oxides the Al3+ ions are well-dispersed on the MgO. There was 

no observable spinel formation even at the highest calcination temperature. A mixture of MgO and 

NiO and well-dispersed alumina was formed upon the calcination of NiMgAl-HT (Fig. 6 (b)). 

 The specific surface areas of the mixed oxide samples obtained from calcining MgAl-HT and 

NiMgAl-HT samples at various temperatures increased considerably compared to the as-prepared 

MgAl-HT (Table 3, compare column 2 to columns denoted as "new"). Some sintering occurred as 

the temperature of calcination was increased. 

 

Table 3  Specific surface areas of the as-prepared MgAl-HT and NiMgAl-HT, and those of the "new", used 

and regenerated (reg) samples (m
2
/g). Calcination temperatures are in the first row of the header. 

 as- 

prepared 

400oC 500oC 600oC 

HTs new used reg new used reg new used reg 

MgAl- 71 16 12 195 189 98 176 183 89 171 

NiMgAl- 50 188 65 158 179 82 155 167 77 148 

 

 

 Before discussing the reactions of glycerol over these calcined HTs, let us mention that 

glycerol can be transformed with 30% conversion giving mainly acetaldehyde and hydroxyl-

acetone at about equal amounts (30% each) without any additives. On applying the mixed oxides 

the conversion rose to 50% and the selectivity was shifted towards hydroxyacetone formation 

tremendously and acrolein formation was also appreciable (Table 4). 

 

Table 4  Conversion and product selectivity of glycerol transformation (%) in the presence of mixed-oxide 

prepared from MgAl-HT or NiMg-Al-HT at various calcination temperatures; AA=acet-aldehyde, 

ACR=acrolein, ALA=allylic alcohol, ACE=acetol. 

Calcination (oC) Conversion AA ACR ALA ACE Others 

MgAl-HT       

400 50.2 1.2 14.1 0.9 82.1 1.7 

500 52.6 1.3 15.2 1.3 80.7 1.5 

600 49.2 1.1 13.9 1.1 81.6 2.3 

MiMgAl-HT       

400 52.9 1.4 13.7 1.4 80.6 2.9 

500 54.1 1.6 13.9 1.5 81.6 1.4 

600 53.2 1.6 14.5 1.1 79.9 2.9 

 

 Other, minor products were also identified (the material balance was close to 100%). On the 

dehydration of glycerol conjugated double bonds appeared and the colour of the distillation residue 

darkened and the viscosity increased. This was the reason why the reaction time was set to 120 min. 
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 Hydroxyacetone is probably formed by the (base-catalysed) E2-type elimination of water 

from glycerol followed by enol-oxo tautomerisation [28]. Acrolein could also be formed from 

hydroxyacetone via the elimination of another water molecule (Scheme 2). 

 

HO OH

OH

H

+ B
HO

OH

- H2O

HO

O

hydroxyacetone (acetol)

+ B - H2O

O

acrolein  

 

Scheme 2 The formation mechanism of acetol and acrolein over basic (B) sites. 

 

 For the first sight it was surprising that all the mixed oxides regained the HT structure irrespective 

of the temperature of calcination (Figs. 5 (a) and (b), traces BD). Moreover, the crystallinity of the 

reconstructed MgAl-HT improved relative to the as-prepared one, and the small amount of MgO in the 

as-prepared MgAl-HT virtually disappeared. However, the NiO phase became more visible in the 

reconstructed NiMgAl-HT sample. Nevertheless, the d(003) spacings were very similar for both 

materials as well as the average particle sizes, although some decrease could be observed (Table 2). 

 Taking into account that water is eliminated during the main pathway of glycerol 

transformation, the partial reconstruction of the hydrotalcite structure may be expected. 

Nevertheless, full or even "better" reconstruction (this is the case for MgAl-HT) still remains 

surprising. 

 On recalcining the reconstructed substances, mixed oxides with similar (albeit somewhat 

smaller) specific surface areas relative to the "new" catalysts (and to each other) could be 

prepared (Table 3). Moreover, these recalcined materials displayed only somewhat smaller 

conversions, but similar product selectivities to the "new" ones (Table 5). 

 This observation suggests that calcined MgAl-HT and NiMgAl-HT substances are able to 

efficiently participate in the transformation of glycerol to more valuable products more than once, 

i.e., they behave as catalysts. The regeneration step is a simple recalcination of the reconstructed 

MgAl-HT sample. 
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Table 5  Conversion and product selectivity in the presence of regenerated mixed-oxides (%) prepared from MgAl-HT or 

NiMgAl-HT at various calcination temperatures; AA=acet-aldehyde, ACR=acrolein, ALA=allylic alcohol, ACE=acetol. 

Calcination 

(oC)  
Conversion AA ACR ALA ACE Others 

MgAl-HT       

400 46.7 2.3 13.5 2.0 76.5 5.7 

500 45.2 2.5 13.8 2.4 75.4 5.9 

600 45.3 2.3 12.7 2.2 75.2 7.6 

NiMgAl-HT       

400 49.3 2.3 12.9 2.3 75.6 6.9 

500 50.0 2.4 12.7 2.2 75.9 6.8 

600 49.7 2.5 11.8 2.2 74.8 8.7 

 

Catalytic transformations over organocatalysts immobilised among the layers of CaFe-LDH 

 In order to make sure that the intercalation of L-prolinate (7) and DL-pipecolinate (8) (Fig. 7) 

was successful the samples were studied by X-ray diffractometry, scanning electron microscopy 

followed by elemental mapping using the results of EDX measurements. 

 

NH

COO-

NH

COO-

7 8
 

 

Fig. 7 .The prolinate (7) and pipecolinate (8) ions. 

 

 XRD measurements only show moderate increase in basal spacings (from 0.765 nm of the 

pristine CaFe-LDH to 0.778 nm and 0.777 nm of L-prolinate and DL-pipecolinateCaFe-LDH, 

respectively. 

 SEM micrographs of the samples were taken at various magnifications and displayed in Fig. 

8. The lamellar structures of the samples are clearly seen even at the lowest magnification. At the 

highest magnification end of the two organic-inorganic hybrids one may suspect adsorbed organic 

material at the outer surface; however, after finishing the intercalation by the reconstruction method 

the substances were thoroughly washed and the outer surface is not charged therefore, there are 

no possibility of strong ionic interaction there. 
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(B)   

magnification: 8,000 25,000 110,000 

   

(A)   

magnification: 8,000 18,000 100,000 

 

Fig. 8. SEM micrographs of L-prolinateCaFe-LDH (A), DL-pipecolinateCaFe-LDH (B) at various 

magnifications. 

 

 The Ca-Fe and the N elemental map of L-prolinateCaFe-LDH (made on the sample at 

60,000 magnification) clearly shows that double hydroxide was formed indeed (the Ca and Fe are 

quite evenly distributed) and the organic material was present in the sample (it is also evenly 

distributed) (Fig. 9). The situation was similar for the DL-pipecolinateCaFe-LDH sample, too. 

 

      

 

Fig. 9. EDX elemental maps of L-prolinateCaFe-LDH (magnification: 60,000). 

 

From the results of the various characterisation methods one can conclude that the intercalation of 

both deporotonated acids was successful, the carboxylates are among the layers of the LDH. 
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 The immobilised organocatalysts (L-prolinate and DL-pipecolinateCaFe-LDHs) were tested 

in the cross-aldol dimerisationcondensation of benzaldehyde and acetone (Fig. 10). 

O
+

CHO OH O

*

O

 

 

Fig. 10. The cross-aldol dimerisationcondensation of acetone and benzaldehyde. 

 

 It was found that both catalysts were active and gave the dimer as well as the condensation 

product. Let us note that there was no reaction with the pristine LDH at room temperature. The reuse 

of the L-prolinateCaFe-LDH was also attempted. Results obtained are summarised in Table 6. 

 

Table 6  Conversion, selectivity and enantioselctive excess (ee) data in the dimerisationcondensa-tion 

reaction of acetone and benzaldehyde catalysed by L-prolinate and DL-pipeco-linate immobilised between 

the layers of Ca3Fe-LDH. 

Materials Convers. (%) 
Selectivity of 

dimerization (%) 

Selectivity of 

condensation (%) 
Ee (%) 

CaFe-LDH 0 0 0 0 

L-prolinateCaFe-LDH     

 3 85 15 3 

reuse I 19 88 12 12 

reuse II 59 76 23 6 

DL-pipecolinateCaFe-LDH 0.5 95 5 0 

 

 At room temperature, initially, the activity of the intercalated materials was low. Nevertheless, 

selectivity towards dimerisation was high and the ee value with L-prolinateCaFe-LDH was 

appreciable. The catalyst could be recycled and then gradual activation and the gradual decrease 

in both dimerisation selectivity and enantioselectivity were observed. This observation is in 

complete coincidence with the observation that under basic conditions the carboxylate ions 

undergo enolisation [21]. Due to this reaction the chirality of the -carbon atom is lost. Since LDHs 

are known to be basic materials they catalyse enolisation. 

 The DL-pipecolinateCaFe-LDH had low activity in the cross aldol 

dimerisation−condensation reaction; however its selectivity for condensation was very high. Since 

no chiral information was introduced into the system, racemate was formed. 

 

CaFe-LDH as nanoreactor  the photoinitiated [2+2] topotactic cyclisation reaction 

 Characterisation measurements revealed that intercalation was successful for all the acrylate 

ions. It is proven by combining the results of the measurements by XRD, SEM, FT-IR and 

SEMEDX performed on the crystalline organic anion, as well as the pristine and the intercalated 

LDH samples. It is shown here for anions 46 that the layered structure of the host remained intact 
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(SEM), the introduced acrylate derivatives did not decompose (FT-IR spectroscopy), and they were 

among the layers (XRD and SEM) and were evenly distributed (elemental map from SEMEDX).  

A similar reasoning has already been published for the intercalation of anions 13 [30]. 

 XRD measurements for anion 4 unambiguously verified the success of intercalation, since 

there was a decrease in the 2 values of the (003) reflection, which means that there was an 

increase in the interlayer spacing [d(003)) value (in increase from 0.77 nm for the pristine  

CaFe-LDH to 1.57 nm for the 4CaFe-LDH)]. The situation is not so clear for anions 5 and 6, since 

the position of the (003) reflection remained the same after performing the dehydration-rehydration 

intercalation protocol. FT-IR spectra also showed the presence of the organic anions in the LDH 

(anion 4) or on it (anions 5 and 6) and it is clear that they are not decomposed during the steps of 

the intercalation procedure. The SEMEDX elemental maps verified that the organic anions are 

present in/on the samples, since S, N and C were seen in the relevant maps. The lack of Na in the 

EDX spectra brought us closer to conclude that intercalation was successful for every anion. The 

Na ions were removed in form of water soluble inorganic salts during the washing steps of the 

protocol, i.e., the organic anions remained and the balancing charges were provided by the inner 

surface of the layers of the LDH. 

 The comparison of the SEM images of the crystalline Na-salts and the LDH treated with the 

organic anion (Fig. 11) reveals that the morphologies of both Na-salts and those of the treated 

LDHs are very different. Now, this is an unambiguous proof that anions 5 and 6 are also between 

the layers of the LDH, i.e., intercalation was successful in these cases, too. 

 The possible cyclodimerisation reactions of anions 16 were followed through the decrease 

in intensity or complete disappearance of the C=C stretching vibration in the 16411663 cm1 

range both as the crystalline Na-salts (spectra are not shown) and in the form of intercalated 

anions (Figs. 12 and 13). 

 Upon irradiating the crystalline Na-salt of anions 5 and 6 at room temperature for 60 

minutes there was cyclodimerisation for anion 6, but no cyclisation reaction occurred for anion 

5. However, none of the intercalated samples containing these anions displayed 

photodimerisation activities (Fig. 12). 
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(C) 

  
a b 

 

Fig. 11. The SEM images of a) the Na-salts of the acrylates, b) the substances after the intercalation 

dehydration-rehydration protocol for anions (A) 4, (B) 5 and (C) 6. 
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(A)                                                                          (B) 
 

Fig. 12. Difference IR spectra (the spectrum of the pristine CaFe-LDH was subtracted) of (A) 5CaFe-LDH 

and (B) 6CaFe-LDH, before a) photolysis and b) after 60 min photolysis. 
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All of the crystalline Na-salts of anions 14 photodimerised, and the [2+2] cyclisation reaction took 

place for their intercalated forms too (Fig. 13). 
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Fig. 13. Difference IR spectra (the spectrum of the pristine CaFe-LDH was subtracted) 

of (A) 1CaFe-LDH, (B) 2CaFe-LDH, (C) 3CaFe-LDH and (D) 4CaFe-LDH, 

before a) photolysis and b) after 60 min photolysis. 

 

 The reaction went to completion for 1CaFe-LDH and 3CaFe-LDH and near completion for 

4CaFe-LDH. The conversion was appreciable for 2CaFe-LDH. 

 The intercalated anions 5 and 6 did not photodimerise, because the olefinic bonds could not 

get to each other’s vicinity, thus there was no chance for topotactic reactions to occur. 

 It has to be noted that on irradiation EZ isomerisation can also occur. If it did or did not, we 

could not decide on the basis of the IR spectra. If we have to, then in our view this reaction should 

not be appreciable, since a clearly new C=C stretching vibration did not seem to appear at the 

wavenumber expected with appreciable intensity. 
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CONCLUSIONS 

 As it seen layered double hydroxides are versatile materials. They can be synthesized and 

tailored to needs easily. They have many application areas and even when a narrow path, catalytic 

applications they are, considered, their versatility is remarkable. Pristine, calcined as well as 

organically modified versions may promote many synthetically important reactions; moreover, they 

may provide an excellent stage for selectively performing reactions of intercalated organic 

synthons by providing sterically constrained environment. The article gives an overview of our 

activities in this filed, more details are to be found in our original papers [21, 26, 3035]. 
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ABSTRACT 

 Doping with rare earth metal ions may be beneficial in improving the optical, magnetic and catalytic 

properties of layered double hydroxides (LDHs) as well as double oxides obtained from LDHs. In line of 

these, first MgAl-LDHs (hydrotalcites) with varying Mg(II)/Al(III) ratios were doped with La(III) ions of different 

amounts during their synthesis with the co-precipitation technique. 

 The composite materials were characterised by X-ray diffractometry (XRD), scanning electron 

microscopy (SEM) and energy dispersive fluorescent spectroscopy (EDX) in order to obtain elemental maps. 

 XRD measurements revealed that MgAl-LDHs were formed with every Mg(II):Al(III):La(III) ratio. 

However, they were found to contain the La(III) in the forms of hydroxide and carbonate as separate phases. 

These phases were not mixed intimately with the hydrotalcite phase; therefore heat treatment will be needed 

for obtaining a MgAl mixed oxide with relatively evenly distributed La(III) dopant. 

 

INTRODUCTION 

 Layered double hydroxides (LDHs) are lamellar solids having anion exchange properties [1]. 

LDHs of many varieties exist in nature [2, 3], however, these naturally occurring materials are not 

clean enough for chemical applications, thus for use they are mostly synthesised. Their most often 

used representative is hydrotalcite [4], its layered structure resembles that of brucite [Mg(OH)2], but 

a part of the Mg(II) ions is replaced by Al(III) ions. The metal cations occupy the centres of 

octahedra whose vertices are hydroxide ions. These octahedra are connected to each other by 

edge sharing to form an infinite sheet. The isomorphous substitution by the trivalent ion does not 

destroy the layered structure, however, the layers become positively charged. The charge is 

compensated by anions in-between the layers. They are usually hydrated simple anions, but they 

can be both organic and complex inorganic anions as well. 

 LDHs can be represented by the general formula: [MII
1−xM

III
x(OH)2](A

n−
x/n].zH2O, where  

MII and MIII are di- and trivalent metal cations, respectively that occupy octahedral positions in the 

layers. The value of x [x=MIII/(MII+MIII)] ranges between 0.20 and 0.33 for the MgAl system and  

An− is the interlayer charge-compensating anion, e.g. CO3
2−, NO3

−, or Cl− [3]. A large number of 

LDHs with a wide variety of MII−MIII as well as MI−MIII cation pairs with different anions in the 

interlayer space have been prepared and their physicochemical properties have been described in 

the literature [58]. 
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 It is well-known that LDHs lose their layered structure on heat treatment; however, they can 

be rehydrated when the layered structure is more or less regained as verified by, e.g. X-ray 

diffractometry [9, 10]. This is the so-called memory effect. 

 LDHs, both pristine and modified have many uses. They can serve as catalysts, catalyst 

supports, flame retardants, containers of biologically active compounds, or organic synthons, 

sensors, electrodes, to mention just a few. The increasing variety of applications continuously 

requires the development of novel, "artificial" LDHs as well as modifying the already known ones. 

 In this contribution the saga of aiming the development of a novel LDH containing La3+ ion in 

the layered structure is described ended in the reality of being able to synthesize La3+ doped  

MgAl-hydrotalcite. 

 

EXPERIMENTAL PART 

Materials used 

 All the inorganic materials, Al(NO3)3·9H2O, Mg(NO3)2·9H2O, LaCl3·7H2O, NaOH and Na2CO3 

used for the preparation of the LDHs were purchased from Reanal (Hungary) and were used as 

received. 

Millipore MilliQ water was used throughout in the experiments. 

 

Methods of syntheses and structural modifications 

Syntheses. The pristine as well as the modified LDHs were prepared by the co-precipitation 

method [11, 12]. Let us give the detailed recipe for the synthesis of MgAl-LDH as an example: 500 

cm3 solution containing 0.20 mol (53.2 g) Mg(NO3)3·6H2O and 0.10 mol (38.9 g) Al(NO3)3·9H2O 

and 250 cm3 aqueous solution of 0.05 mol (5.5 g) Na2CO3 and 0.62 mol (24.9 g) NaOH were 

poured dropwise into a glass flask in 2-3 hours under vigorous stirring and cooling with ice  a gel 

was formed; the gel was kept in an oil bath at 65 °C with permanent stirring for 18 hours, and then, 

it was washed, filtered and dried. 

 For the samples modified with La3+ ions the procedure was modified to have Al(III):La(III) 

ratios 1:1 and 3:1, while keeping the Mg(II):M(III) = 3:1 ratio, where M(III) = Al(III) + La(III).  

Thus, the intended simplified formula would look like Mg3Al0.5La0.5–LDH or Mg3Al0.75La0.25–LDH. 

 

Apparatus and equipment for characterisation 

 Powder XRD patterns of the as-prepared, the fully dehydrated and the partially rehydrated 

samples values were registered in the 2Θ = 3–60o range on a Rigaku Miniflex II instrument,  

using CuK ( = 1.5418 Å) radiation. 

 Scanning electron microscopy (SEM  Hitachi S-4700 scanning electron microscope)  

was applied for studying the morphology of the samples. Energy dispersive X-ray fluorescent  

(EDX  Röntec QX2 microanalyser attached to the microscope) measurements allowed to 

visualise the distribution of ions in the samples. 
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RESULTS AND DISCUSSION 

 Although our final aim was the synthesis of LDH having the La(III) ion in the layer completely 

substituting the Al(III) ions, considering the significant difference between the ionic radii of the 

Al(III) and La(III) ions (67.5 pm and 117.2 pm, respectively), realistically, it was hoped that the La3+ 

ion could be inserted in the layer of the readily formed Mg3Al-LDH. This was the reason why the 

co-precipitation of the solution containing Mg(II), Al(III) and La(III) ions was performed applying two 

Al(III):La(III) ratios. Encouragement was given by a recent paper of Rodrigues et al. [13] stating 

that partial substitution of Al3+ ion for La3+ (or Ce3+) ion was possible. However, we also know that 

octahedral coordination, which would the best for LDH formation, is not known for the sporadically 

described La(III) complexes, but coordination numbers four or from eight to eleven, instead [14]. 

 The materials resulting from the syntheses were, then, examined by powder XRD, SEM and 

SEMEDX measurements. 

 The XRD spectra revealed that the materials we aimed to prepare were not phase pure, 

MgCO3 as well as various La(III) salts were also formed beside hydrotalcite (Fig. 1). While at the 

nominal composition of Mg3Al0.5La0.5 only La2(CO3)3 and La(OH)3 were the other phases, MgCO3 

was also formed at the nominal composition of Mg3Al0.75La0.25. 

 

 

Fig. 1. The powder X-ray diffractograms of the materials with the intended composition of 

Mg3Al0.5La0.5 and Mg3Al0.75La0.25. 

 

 The SEM micrographs also show that more than phases coexist in the samples. The larger 

particles do not display lamellar morphology (Fig. 2/A), while the smaller ones, at higher 

magnification do, revealing the presence of LDH as well (Fig. 2/B). 
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A B 

Fig. 2. SEM micrographs of the sample with the nominal composition of Mg3Al0.75La0.25  

at magnifications of 10,000 (A) and 40,000 (B). 

 

 The SEMEDX elemental maps of this sample also reveal that La(III) is in the large particles 

(Fig. 3/A), i.e. not in the LDH phase decorating these larger particles (Fig. 3/B) 

 It seems to be clear that the phases containing the La(III) ions are not even intimately mixed 

with the LDH phase. However, heat treatment may result in a mixed MgAl oxide where the La(III) 

ions can act as dopant, and may even be more evenly distributed than in the pristine form. 

 

 

A B 

Fig.3 The Mg-La (A) and the Mg-La-Al (B) maps of the larger particles of the substance with the 

nominal composition of Mg3Al0.75La0.25. 
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CONCLUSION 

 It was experienced with La(III) and Al(III) ions that differences in the sizes of the trivalent ions 

can easily prevent the formation of LDHs containing the ion of larger ionic radius (La3+ that is), 

especially of a readily formed LDH (MgAl-LDH that is) the competitor. 
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ABSTRACT 

 CaAl-LDHs with various carbonate ion contents are inevitably formed in Bayer liquors during the 

causticization step of alumina production. Under well-defined conditions hemicarbonate is formed, which is 

beneficial in the process of retrieving both Al(OH)4
–
 and OH ions. 

 In our work Ca2Al-LDHs with various carbonate contents were prepared by the co-precipitation 

procedure and the products were dried in different ways. Structural information was gained by a variety of 

methods like X-ray diffractometry, (XRD), scanning electron microscopy (SEM) and energy dispersive X-ray 

fluorescent spectroscopy (EDX). Elemental maps were constructed through the combination of SEM images 

and EDX measurements. 

 The syntheses of the targeted CaAl-hydrocalumites were successful. It has been found that the 

method of drying did not influence the basal spacings, however, it significantly altered the particle sizes.  

 

INTRODUCTION 

 Layered Double Hydroxides (LDHs) are synthetic or natural lamellar hydroxides with 

generally two kinds of metallic cations in the main layers and interlayer domains containing anionic 

species. They are represented by the general formula [M1−x
2+Mx

3+(OH)2]
x+Ax/m

m−·nH2O, where M2+  

is a divalent cation, M3+ is a trivalent cation and A an interlamellar anion with charge m−.  

LDHs consist of layers of metal cations (M2+ and M3+), which are randomly distributed in the 

octahedral positions forming brucite-like structures [1]. 

 Hydrotalcite, the most prominent representative of LDHs, is produced when M2+=Mg2+ and 

M3+ = Al3+, giving the general formula Mg6Al2(OH)16CO3 
.4 H2O. Hydrocalumite is formed with Ca2+ 

and Al3+ cations, and can be described with a general formula of [Ca2Al(OH)6]A
.nH2O. The 

structure of hydrocalumite and hydrocalumite-like materials is based on corrugated brucite-like 

main layers with an ordered arrangement of Ca2+ and Al3+ ions, seven- and six-coordinated, 

respectively, in a fixed ratio of 2:1 [2]. 
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Fig. 1. The crystal structure of brucite 

 

 Co-precipitation is the most frequently used method in the preparation of hydrocalumite and 

hydrocalumite-type materials [3, 4], which is based on the slow addition of a mixed solution of  

di- and trivalent metal salts to an alkaline solution. 

 One of the most important aspects of the LDHs is the anion intercalation. Some anions are 

preferentially intercalated to the interlayer space of the LDH over others, terefore it can be used for 

targeted anion removal [5-9]. From this point of view, the carbonate has a specific role, since this is 

the most preferably intercalated anion. The unwanted presence of the carbonate in the interlayer 

region strongly affects the usefulness (i.e., chemical reactivity) of the LDH. It can prohibit the 

targeted anion removal via retarding or blocking the intercalation, hereby the presence of the 

carbonate ion can be a problem in industrial applications. The carbonate ion enter the interlamellar 

space during the separation of the LDH (e.g. filtration, drying), therefore, the effect of the drying 

has an important role in view of further applications. 

 

EXPERIMENTAL PART 

Reagents and solutions 

 Concentrated NaOH (∼20 M) stock solutions were prepared via dissolving a.r. grade solid 

NaOH (VWR product) in Millipore MilliQ water and their carbonate content was minimised as 

described previously [10].  

 The CaCl2 solutions were made of solid and anhydrous CaCl2 (puriss 98.1%; Molar 

Chemicals), and the NaAl(OH)4 stock solution was prepared following the procedure published 

previously [11]. The 99.99 % aluminium wire (50.964 g) was slowly added to the thermostated 

carbonate-free NaOH solution (500 cm3; 8.0 M) and the mixture was continuously stirred with 

magnetic stirrer under Allihn condenser equipped with soda lime containing drying tube. The 

dissolution of the aluminium wire needed 5-6 days under these conditions. The mass loss was 

found to be 7–8 g including 6.0 g of H2 formation. The prepared NaAl(OH)4 solution was filtered on 

polysulfone Nalgene filter, and the exact density of the Na-aluminate (1.4045 g/cm3; 4.1219 M) 

solution was determined by a ~10 cm3 volume pycnometer at 25.0 ± 0.1 °C. All caustic solutions 

were stored in an airtight, caustic resistant Pyrex bottle. 
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 The carbonate-containing sample solutions were prepared by dissolving solid Na2CO3  

(alt. grade Reanal product) in the Al(OH)4
–-containing alkaline solutions. 

 The precipitates formed were rapidly filtered until air dry in a practically CO2-free 

atmosphere, with the aid of a caustic resistant vacuum filter unit (Nalgene) equipped with an 

appropriate membrane (Versapor, 0.45 μm), and the solid material was washed with small 

quantities of water. 

 

Apparatus and equipment 

 Formation of the LDHs was primary followed using the powder X-ray diffraction (XRD) 

patterns of the solid samples were on a Philips PW1710 instrument, using CuKα (λ = 1.5418 Å) 

radiation. The samples were pasted (generally 150 mg) onto the quartz sample holder. Diffraction 

peak positions were determined via fitting a Gaussian function. Peak positions were found to be 

reproducible within 0.05o 2Θ values, therefore the uncertainty of the basal spacing was estimated 

as ± 0.01 nm. 

 The morphologies of the substances obtained were studied using a Hitachi S−4700 scanning 

electron microscope (SEM) at various magnifications (1,000−90,000). Acceleration voltage was set 

to 10 kV. The samples were ground before fixing them on a double-sided adhesive carbon tape. 

They were coated with gold in order to obtain images with more contrast, using a sputter coater 

(Quorum Technologies SC7620). The thickness of the gold layer was a few nanometers. 

 The relative quantities of the ions in the solid samples were determined with a Röntec QX2 

energy dispersive X-ray fluorescence (EDX) spectrometer coupled to the microscope. 

 

RESULTS AND DISCUSSION 

 The preparation of the CaAl-LDHs was done using the co-precipitation method in two 

different ways. In the first case, 100 cm3 of solution containing both metal ions (0.30 M CaCl2 and 

0.15 M AlCl3) was added dropwise to 40 cm3 of 3.0 M NaOH solution. During the preparation the 

temperature was set to 60 ± 1 °C. The second scenario was a modified co-precipitation method, 

i.e. instead of the dropwise addition of the mixed metal salts to the OH– solution, Ca2+ solution was 

slowly added to the aluminum-containing alkaline solution. 100 cm3 of 0.30 M CaCl2 solution was 

added dropwise to a solution containing NaOH and Al(OH)4
– at 60 ± 1 °C. The total concentration 

of the NaOH and Al(OH)4
– in the starting solution of 38.65 cm3 was 3.1 M and 0.39 M, respectively. 

The precipitated white materials were stirred continuously overnight before being filtered. The CO3
–

-free conditions were assured by using N2 atmosphere during each preparation. 

 The XRD pattern of the solids precipitated from the solutions described above are presented 

in Fig. 2. The preparation of CaAl-LDHs was successful in both cases. When the mixed solution of 

the Ca2+/Al3+ metal ions was added into the NaOH solution, beside the peaks corresponding to the 

LDHs, the formation of a small amount of Ca(OH)2 can be seen (see Fig. 2, at 18.0o 2 value) as 

well. The distance between the layers was calculated from the (003) peak (11.23o 2 value) and it 

was found to be 0.787 nm for every sample. For the CaAl-LDH sample prepared from Al(OH)4
–,  
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the more intense peaks and smaller FWHM values indicate significantly larger crystal size  

(Note, that the integral of respective diffraction peaks for both samples remained nearly equal.). 
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Fig. 2. The powder XRD diffraction pattern of two hydrocalumite samples 

red: NaOH + CaCl2/AlCl3; blue: Al(OH)4
–
/NaOH + CaCl2 

 

 With the addition of Ca2+ to the solution containing Al(OH)4
− and NaOH, CaAl-LDH was 

formed containing practically no side product (e.g. Ca(OH)2, Al(OH)3). Hereby, the effect of the 

drying and/or the carbonate ion will be presented via this sample. 

 The SEM/SEM-EDX picture of the CaAl–LDH precipitated from Al(OH)4
−/NaOH + CaCl2 

solution at 15k times magnification is presented in Fig. 3. The images confirm the results revealed 

by the XRD measurements. The uniform distribution (the Fig. 3b) of the calcium and aluminum ions 

in the lamella-like particles (Fig. 3a) shows that the precipitated white material is not a mixture of 

calcium and aluminum hydroxide, but LDH is formed, indeed. 

 

  

a                                                                         b 

 

Fig. 3. The SEM (a) and SEMEDX (b) images of CaAl-LDH (15k magnification) precipitated from 

Al(OH)4
−
/NaOH + CaCl2 solution at 60 °C. 
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Fig. 4. The effect of the drying method on the PXRD pattern of HC; prepared from Al(OH)4
−
/NaOH + CaCl2. 

 

 The way of drying the LDHs was systematically studied on the products obtained with both 

preparation methods. They were as follows: (i) drying over P2O5 at desiccators at room 

temperature; (ii), drying in an oven, in dry air at 60 °C, and (iii) freeze-drying (liofilization).  

The effect of the drying method on the XRD pattern of CaAl-LDH prepared using CaCl2, and the 

SEM pictures of these samples are presented in Fig. 4 and Fig. 5, respectively. 

 With any type of drying, a small decrease in the interlayer distance can be observed (Fig. 4), 

since the 003 peak appears at 11.23o 2Θ value  an increase of 0.40o. This 0.03 nm decrease in 

the interlayer distance can be interpreted as the elimination of some water molecules from the 

interlayer region of the LDH. Beside the variation described before, drying of the LDH (either over 

P2O5 at desiccator, in dry air at 60 °C, or freeze-drying), the crystal size of the CaAl-LDH 

significantly decreased. Thus the solid, which precipitates from the aluminate solutions, is best 

represented by the wet crystals. No carbonate intercalation and/or contamination can be observed 

in the samples. 
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A                                                                          B 

      

C                                                                          D 

 

Fig. 5. The SEM picture of HC precipitated from Al(OH)4
−
/NaOH + CaCl2 solution at 60 °C with different 

drying methods; A: wet, B: dried in desiccator, C: dried in oven at 60°C, D: dried in liofilizator. 

 

 Regarding the technical use of the LDHs, the freeze-dried samples can be considered as the 

most difficult or circuitous samples to handle. With the drying, a very loose and fine solid was 

formed. In the absence of the cohesion between the solid particles, sticking of the sample to the 

sample holder was found to be difficult. Referring to the remaining three samples, no technical 

differences can be observed. 

 The effect of the carbonate ion will be shown on the wet samples.The preparation of the 

carbonate-containing CaAl-LDHs was done using the modified co-precipitation method detailed 

before. The CaCl2 solution was slowly added to the Al(OH)4
–- and Na2CO3-containing alkaline 

solution at 60 ± 1 °C. Two different CO3
2– concentrations were used during the synthesis, to form 

either the hemicarbonate or the monocarbonate form of the CaAl-LDH. In these forms the 

Al3+ : CO3
2– ratio is 2 : 1 and 1 : 1, respectively. The precipitated white materials were stirred 

continuously overnight before being filtered and CO3
–-free conditions were provided during each 

preparation and filtration to keep the Al3+ : CO3
2– ratio fixed. The XRD pattern of the solids 

precipitated from the systems described above are presented in Fig. 6. 
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Fig. 6. The effect of the carbonate ion on the CaAl-LDH prepared as Al(OH)4
–
/NaOH + CaCl2 (wet samples). 

 

 The preparation of CO3
2–-containing CaAl-LDHs was successful in both cases. No sign of 

side product formation (e.g. CaCO3) can be observed on the XRD pattern (Fig. 6), i.e. the 

presence of the CO3
2– does not detain the formation of the Ca2Al-LDH. With the intercalation of the 

CO3
2–, a small increase in the interlayer distance can be observed, as the 003 peak appears at 

~0.20o lower 2 value. This is due to the minor difference in the size of the intercalated anion 

(carbonate vs. hydroxide). 

 The presence of the CO3
2– in the interlayer distance does not influence the morphology of the 

particles precipitated. The effects of the drying agree with those found for the CO3
2–-free samples. 

Beside the minor decrease in the interlamellar distance, no other changes can be observed. 

 

CONCLUSION 

 Preparation of Ca2Al-LDHs with various carbonate content was successful using the  

co-precipitation method as well as its modified version. Addition of Ca2+ to an Al(OH)4
– yielded in a 

more uniform product without the formation of side products. The presence of the CO3
2– ion in the 

liquid phase does not inhibit the formation of the Ca2Al-LDHs. The method of drying only had minor 

effect on the interlayer distance, but it influenced the crystal size of the CaAl-LDH significantly. 

Thus the solid, which precipitates from the aluminate solutions, is best represented by the wet 

crystals. No carbonate intercalation and/or contamination was observed during the drying of the 

LDHs. 
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ABSTRACT 

 Macrolide antibiotic Tylosin (HL) binds copper(II) ions to form two type of complexes depending on 

reaction conditions. Mononuclear violet complex 1 [CuL2] consists of metal(II) ion placed in а square-planar 

environment where Tylosin monoanions act in a bidentate coordination manner via amino- and deprotonated 

OH-groups. At comparable metal-to-ligand molar ratio Tylosin forms binuclear complexes of composition 

[Cu2L2X2] (X = Cl
−
 (2) or NO3

−
 (3)). The copper(II) centers are four-coordinated by two oxygens from two 

ligand anions, one Tylosin nitrogen atom and one inorganic anion. Tylosin serves as a bridge between both 

metal ions through its oxygen atom from deprotonated hydroxyl moiety and acts in a bidentate mode. 

 The biological assays revealed that Tylosin and its complexes are relatively non-toxic compounds 

(white male ICR mice). The in vitro determined antibacterial and SOD-like activities showed that copper(II) 

complexes 1-3 are generally more promising agents than the non-coordinated Tylosin base. 

 

INTRODUCTION 

 Tylosin (Fig. 1) isolated for the first time by McGuire in 1961 [1] is a macrolide antibiotic 

naturally produced by Streptomyces fradiae. It possesses a wide antimicrobial spectrum of activity 

against Gram-positive and Gram-negative bacteria and against Gram-positive mycoplasmas.  

If compared with erythromycin (a prototype macrolide compound) Tylosin is generally found to be 

less active against most bacteria apart from Mycoplasma species. The antibiotic has a number of 

clinical applications in ruminants, pigs and poultry for treatment of conditions caused by sensitive 

organisms (enteral, parenteral, peri ovo and in ovo administration) [2-16].  

 Tylosin (HL) consists mainly of tylosin (factor A), but some amounts of desmycosin (factor B), 

macrocin (factor C) and relomycin (factor  D)  may  also  be  present. For clinical application 

purposes the acidic and salt (tartarate / phosphate) forms of Tylosin are used. From chemical point 

of view Tylosin is a 16-memberred-ring macrolide with disaccharide (α-L-mycarosyl- 

β-D-mycaminosyl) and monosaccharide (α-D-mycinose) substituents. It can act as a potential 

ligand binding metal ions due to various donor atoms in the structure. Our studies on complexation 

of copper(II) ions revealed that they preferably coordinate to mycaminose fragment forming 

complexes of different compositions and structures depending on the reaction conditions [17].   
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Fig. 1. Chemical structure of Tylosin (factor A) 

 

 Copper(II) ions react with Tylosin at metal-to-ligand molar ratio from 1:10 to 1:4 in ethanol to 

form violet mononuclear complex 1 of composition [CuL2] (Fig. 2). The metal(II) ion is placed in 

square-planar environment where Tylosin monoanions act in a bidentate coordination manner via 

amino- and adjacent deprotonated OH-groups. The complex is freely soluble in MeOH, EtOH, 

acetone, DMSO and is insoluble in water and hexane. The formation of 1 does not depend on type 

of copper(II) salt (CuCl2 or Cu(NO3)2) used in synthetic procedure. 

 At comparable metal-to-ligand molar ratio (M:HL = 1:2) in acetone copper(II) ions form two 

binuclear complexes depending on the metal(II) salt anion. In the presence of CuCl2 a green 

complex 2 was isolated, while Cu(NO3)2 undergoes the formation of blue species 3.  

Both compounds are of composition [Cu2L2X2] (X = Cl− or NO3
−). The copper(II) centers are  

four-coordinated by two oxygens from two ligand anions, one Tylosin nitrogen atom and one 

inorganic anion. Tylosin serves as a bridge between both metal ions through its oxygen atom from 

deprotonated hydroxyl moiety and acts in a bidentate mode (Fig. 2). Compounds 2 and 3 are 

soluble in MeOH, EtOH, acetone, DMSO and are insoluble in water and hexane. 
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Fig. 2. Schematic representation of coordination mode of Tylosine in copper(II) complexes 1 and 2-3.  

The mycaminose fragment is only depicted for clarity. 

 

 Tylosin copper(II) complexes were structurally characterized in solution and / or in solid state 

by UV-VIS, NMR, EPR, IR spectroscopies, magnetochemical measurements and theoretical 

calculations. Details on structure evaluation of 1-3 can be found in reference [17]. 
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 It is well known that in many cases the complexation of biologically active compounds improves 

their properties and can be used as a successful strategy to potentiate their mode of action. To the best 

of our knowledge no literature data on biological activity of Tylosin coordination compounds are 

available. For that reason we performed a study on acute toxicity, bactericidal effectiveness and  

SOD-like activity of the antibiotic and compounds 1-3, reported in the present paper.  

        

EXPERIMENTAL PART 

Reagents and solutions 

 All chemicals and solvents were of reagent grade and were used as purchased. Tylosin base 

was supplied from BIOVET Ltd. (Bulgaria). Xanthine, buttermilk xanthine oxidase, bovine 

erythrocyte superoxide dismutase (SOD) and nitroblue tetrazolium chloride (NBT) were purchased 

from Fluka.  

 The microorganisms Bacillus subtilis (B. subtilis, ATCC 6633) and Sarcina lutea (S. lutea, 

FDA strain PCI 100, ATCC 10054) were obtained from the National Bank for Industrial 

Microorganisms and Cell Cultures (NBIMCC, Bulgaria). 

 

Acute toxicity of Tylosin and complexes 1-3 

 The protocol was approved by the Institutional Animal Care and Use Committee of the 

Institute of Neurobiology, Bulgarian Academy of Sciences (INB-BAS) according to the Guidelines 

for Animal Experimentation. 

 White male ICR mice (18-25 g) were used in the experiments, housed in plastic cages with 

stainless steel top in the animal care facility of INB-BAS, where room temperature, humidity and 

ventilation were controlled according to the accepted standards. The animals had access to food 

and water ad libitum and were maintained at 24 ± 2 ºC with a 12 h light/dark cycle.  

 The acute toxicity experiments (LD50, mg/kg b.w.) were performed according to the 

Prozorovsky’s method [18]. Tylosin base and compounds 1-3 were administered per os (gavage) 

on an empty stomach (12 h starving before testing) as sunflower oil suspensions in concentrations 

of 631, 794, 1000 and 1260 mg/kg b.w and the mortality was registered within 24 h after the 

administration. 

 

Antimicrobial (antibacterial) activity assay of Tylosin and complexes 1-3 

 The Gram-positive aerobic microorganisms B. subtilis and S. lutea were used as test strains 

to evaluate the antibacterial activity of Tylosin and copper(II) complexes 1-3. The double layer agar 

hole diffusion method was applied in accordance to the literature protocol [19]. All compounds 

were tested in concentration range from 1 mg/mL to 0.25 µg/mL preparing solutions in MeOH/H2O 

using the double dilution method. The activity of substances was determined as their minimum 

inhibitory concentration (MIC, µM) – the lowest concentration inhibiting the visible growth of 

bacteria strain. The effect of copper(II) salts and MeOH on bacteria growth was also evaluated.  
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SOD-like activity assay of complexes 1-3 

 Superoxide dismutase activity of copper(II)-containing compounds was assayed using the 

indirect xanthine – xanthine oxidase – nitroblue tetrazolium chloride (NBT) [20] assay. The system 

xanthine-xanthine oxidase produces a superoxide anion, which causes a reduction of NBT to 

formazan. The kinetic of formazan formation was followed by continuous spectrophotometric 

method at 530 nm. The SOD-like activity of compounds (IC50 value) [21]) was determined as the 

concentration (μM) that causes 50% inhibition of NBT reduction. The SOD activity of native SOD 

enzyme was also measured. 

 All compounds tested (Tylosin, complexes 1-3, copper(II) chloride and copper(II) nitrate) 

were studied as DMSO solutions. The total amount of DMSO (as a blank solvent, or as a solvent 

for the compound tested) was 50 μL in a final volume of 1000 μL reaction mixture. At first, we 

performed several control tests to evaluate the effect of total DMSO (5%) and / or Tylosin on the 

reactions studied. The initial rate (V0) of the following reactions was not affected by the presence of 

the solvent and / or HL: i) xanthine conversion to urate; ii) NBT reduction to formazan; iii) SOD 

activity of the bovine erythrocyte SOD enzyme (IC50 ≈ 5.5 nM). Next, we completed tests using 

compounds of interest (solved in 50 μL DMSO) to evaluate their effect on the xanthine conversion 

to urate and NBT assay.  

i) Xanthine to urate conversion: The effect of compounds on reaction xanthine-xanthine oxidase 

was examined by urate formation kinetic measurements. The reaction was initiated by addition of 

50 μL xanthine oxidase (0.13 U/mL) to 900 μL phosphate buffer (54 mM, pH 7.8, containing  

0.5 mM xanthine) and 50 μL DMSO (single solvent or a solvent containing the tested compound 

applied at different concentrations). The absorbance changes in the absence (blank sample) and in 

the presence of the tested compounds was measured at 295 nm and the initial velocity of the 

reaction (V0) was measured.  

ii) NBT assay: The amount of superoxide ions generated by xanthine/xanthine oxidase reaction 

was measured following the reduction of NBT substrate at 530 nm. The NBT test was carried out in 

a phosphate buffer (950 μL 50 mM, pH 7.8) containing xanthine (2.5 mM), NBT (112 μM) and the 

corresponding compound (in DMSO, 50 μL) in a final volume of 1000 μL. The amount of xanthine 

oxidase was adjusted to produce a rate of NBT reduction (Δ absorbance) at 530 nm of  

0.010-0.025 per minute in the presence of DMSO (5%) (blank sample).  

 

Apparatus and equipment 

The electronic spectra were registered on a UV-Vis Spectrometer T80+ (PG Instruments Ltd.). 

 

RESULTS AND DISCUSSION 

 According to the literature data Tylosin is a practically non-toxic compound with LD50 higher 

than 5000 mg/kg b.w. (acidic form or tartarate salt) and LD50 > 6200 mg/kg b.w. (phosphate salt)  

at p.o. administration in various animal species [22-25]. Complexation of the antibiotic with 

copper(II) ions raised the question whether the presence of metal(II) centers and different structure 

of new complexes could affect the toxicity of non-coordinated antibiotic.  
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 We found that within 24 h after administration the macrolide antibiotic and its copper(II) 

complexes 1-3 are relatively non-toxic compounds in white male ICR mice (p.o. administration, 

suspension in oil) with LD50 values exceeding 1260 mg/kg b.w. The limited solubility of tested 

compounds did not allow performing of further acute toxicity experiments to determine their correct 

LD50 value. 

 The results had shown that the inclusion of copper(II) ions and formation of [CuL2] or 

[Cu2L2]
2- species does not affect significantly the Tylosin toxicity and no animals intoxication could 

occur even at high dietary absorption of the antibiotic or corresponding new copper(II) complexes.  

 The low toxicity of Tylosin and complexes 1-3 pointed out to another task, namely - to 

evaluate whether the presence of copper(II) ions will influence the antibacterial activity of the ligand 

against Gram-positive aerobic bacterial strains. It is well known that Tylosin possesses activity 

against various microorganisms, but no information regarding its metal complexes can be found 

anywhere. The data on antimicrobial properties of HL and compounds 1-3 are summarized in 

Table 1. We found that the effect of inorganic copper(II) salts is negligible on bacterial growth since 

they do not suppress it even at very high concentrations (> 500 µM). Tylosin inhibits the growth of 

bacteria strains with MIC of 2 µM (B. subtilis) and of 8 µM (S. lutea), respectively. Compounds 1-3 

possess generally better activity than non-coordinated antibiotic within the range 1-4 µM. In most 

cases two-fold decrease of inhibitory concentration was observed, a fact which is probably due to 

the presence of two Tylosin active species in the composition of corresponding metal(II) 

complexes. An exception was observed in the case of 3 ([Cu2L2(NO3)2]) against B. subtilis where 

the complex activity is comparable to that of free ligand.  

 

Table 1. Bactericidal activity of Tylosin and complexes 1-3 expressed as MIC (µg/mL, µM)  

Compound 
B. subtilis S. lutea 

µg/mL µM µg/mL µM 

Tylosin 2 2 8 8 

Complex 1 2 1 8 4 

Complex 2 2 1 8 4 

Complex 3 4 2 8 4 

 

 It can be concluded that combining the low toxicity of Tylosin copper(II) complexes 1-3 with 

their enhanced antibacterial efficacy, new metal(II) compounds could be discussed as potential 

pharmacological agents. These data provoked our interest to have a deeply look into the biological 

activity of these substances studying also their possible antioxidant properties. The antioxidant 

SOD-mimic activity of the compounds tested expressed as IC50 values is presented in Fig. 3.  

We found that the non-coordinated ligand Tylosin base does not possess SOD-like activity by itself 

and its influence is negligible as compared to that of copper(II) compounds. 

 The SOD-like activity of complex 1 is of similar order as the values determined for inorganic 

copper(II) salts at the selected reaction conditions, while complexes 2 and 3 possess stronger 

antioxidant properties. The results obtained show that complexes of Tylosin retains the SOD-like 
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activity of the copper(II) ion (1) or even enhance it from two (3) to three (2) times. Since it is proven 

that in contrast to Cu(II) ions, the macrolide antibiotic is able to penetrate cell membranes due to its 

lipophilicity and to transfer metal ions into the intracellular space, it could be suggested that at real 

conditions compounds 1-3 would reveal their SOD-mimic properties while the inorganic copper(II) 

salts (or aqua complex, respectively) will be inactive in such a system.  
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Fig. 3. SOD-like activity of tested compounds (a – complex 1, b – complex 2, c – complex 3, d – CuCl2.2H2O, 

e – Cu(NO3)2.3H2O). Tylosin does not show any antioxidant activity. 

  

CONCLUSION 

 The biological assays revealed that Tylosin and its copper(II) monuclear (1) and dinuclear  

(2-3) complexes are relatively non-toxic compounds in white male ICR mice with LD50 exceeding 

1260 mg/kg b.w.. In vitro antibacterial and SOD-like assays had shown that copper(II) complexes 

1-3 are promising antimicrobial agents possessing SOD-mimic activity. 
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ABSTRACT 

 Preparation and characterization of four dimeric complexes [Cu(5-Me-2-tpc)2(Etnic)]2 (complex 1), 

[Cu(3-Me-2-tpc)2(Etnic)]2 (complex 2), [Cu(2,5-Me2-3-fuc)2(Etnic)]2 (complex 3) and [Cu(5-NO2- 

2-fuc)2(Etnic)2]2 (complex 4) (where 5-Me-2-tpc is 5-methyl-2-thiophencarboxylate, 2,5-Me2-3-fuc is  

2,5-dimethyl-3-furancarboxylate, 5-NO2-2-fuc is 5-nitro-2-furancarboxylate and Etnic is ethylnicotinate) are 

reported. Studied complexes were characterized by infrared, electronic and EPR spectroscopy as well as 

magnetic measurements. Moreover, complexes 1, 2 and 4 were also studied by X-ray structure analysis. 

Obtained results show that complexes 1-3 have dimeric paddle-wheel cage structure with inter-copper 

distance 2.6695, 2.6164 and 2.6219 Å respectively. On the other hand the dimeric structure of 4 is formed by 

only two bridging 5-nitro-2-furancarboxylate ligands allowing inter-copper distance 4.496 Å. Magnetic data 

and EPR spectra confirmed the presence of two different dimeric structural motifs in complexes under study. 

 

INTRODUCTION 

 Copper complexes have shown a wide variety of biological activities including arthritic, 

antifungal, antibacterial due to which they find application in many areas of research [1,2].  

In addition, several families of copper complexes have been studied as potential antitumour or anti-

inflammatory agents [3,4]. Copper carboxylates represent an example of such potentially 

interesting class of compounds that have been subject of numerous publications [5-7].  

Our research is oriented on preparation and characterization of copper carboxylate complexes with 

different biologically active ligands [8-10].  

 Metal carboxylates with biological active ligands often exhibit increased biological activity 

than ligands alone [3]. Therefore, the choice of the ligand can have a dramatic influence on 

structure as well as biological activity of the prepared complexes. 

 Many derivates of furan or thiophene are used as pharmaceuticals. In fact, Nitrofurantoin 

(derivates of 5-nitro-2-furancarboxylate) is utilized in treatment of resistant entercoccal urinary tract 

infections [11]. The presence of copper complexes with anions of carboxylic acid in combination 

with proper biologically active ligand has been confirmed as a active agent in many 

medicaments.[12]. Ethylnicotinate serves as an example of such ligand [13]. 
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 In this article, we describe the synthesis, spectroscopic and magnetic properties as well as 

crystal structure of four newly dimeric copper (II) furancarboxylate and thiophencarboxylate aducts 

with ethylnicotinate, namely [Cu(5-Me-2-tpc)2(Etnic)]2 (complex 1), [Cu(3-Me-2-tpc)2(Etnic)]2 

(complex 2), [Cu(2,5-Me2-3-fuc)2(Etnic)]2 (complex 3) and [Cu(5-NO2-2-fuc)2(Etnic)2]2 (complex 4) 

(where 5-Me-2-tpc is 5-methyl-2-thiophencarboxylate, 2,5-Me2-3-fuc is 2,5-dimethyl- 

3-furancarboxylate, 5-NO2-2-fuc is 5-nitro-2-furancarboxylate and Etnic is ethylnicotinate). 

 

EXPERIMENTAL PART 

Chemical Reagents 

 The chemicals used were of reagent grade (Aldrich or Sigma) and used without further 

purification. The organic reagents were purchased from Aldrich; their purity was checked by IR 

spectra. Analytical data for solid complexes are obtained with maximum deviations: Cu 0.13%; 

C0.23%; H0.10 and N0.22%. 

 

Synthesis of the complexes 

[Cu(5-Me-2-tpc)2(Etnic)]2 (complex 1) 

 [Cu(5-Me-2-tpc)2(Etnic)]2 (complex 1) was prepared in 50 cm3 aqueous-methanolic solution 

(1:1) by the reaction of copper nitrate (2,5·10-3 mol), 5-methyl-2-thiophencarboxylic acid  

(5·10-3 mol) with ethylnicotinate (12,5·10-3 mol). Resulting solution was refluxed for 2 h and 

then left to slowly evaporate at ambient temperature. After two weeks green crystals of complex (1) 

were filtered off. The crystals were suitable for RTG structural analysis. 

 

[Cu(3-Me-2-tpc)2(Etnic)]2 (complex 2) 

 The green crystals of complex 2 were obtained by dissolving of copper nitrate (2,5·10-3 mol), 

3-methyl-2-thiophencarboxylic acid (5·10-3 mol), sodium hydroxide (5·10-3 mol) and ethylnicotinate 

(12,5·10-3 mol) in 50 cm3 of acetonitrile solution. The resulting solution was refluxed for 2 h and 

then left to slowly evaporate at ambient temperature. After two weeks crystals of complex 2 were 

filtered.  

 

[Cu(2,5-Me2-3-fuc)2(Etnic)]2 (complex 3) 

 Dimeric complex 3 was prepared in methanolic solution of complex [Cu(2,5-Me2- 

3-fuc)2(H2O)]2 (2,5·10-3 mol) by the reaction with excess liquid ethylnicotinate (2 cm3). The solution 

was refluxed for 2 h and then left to slowly evaporate at ambient temperature. After a few days 

green crystals were filtered off and washed with ethanol and dried in vacuo. 

 

[Cu(5-NO2-2-fuc)2(Etnic)2]2 (complex 4) 

 Complex 4 was synthesized in methanolic solution of [Cu(5-NO2-2-fuc)2(H2O)2] (2,5·10-3 mol) 

by the reaction with excess liquid ethylnicotinate (2 cm3). The solution was refluxed for 2 h. Dark 

blue crystals were filtered after a few days of crystallization. Crystals were suitable for RTG 

structural analysis. 
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Analysis and physical measurements 

 Copper was determined by electrolysis after mineralization of the complexes; carbon, 

hydrogen and nitrogen or sulfur was determined by microanalytical methods (Thermo Electron 

Flash EA 1112). 

 Electronic spectra (9000-50000 cm-1) of the powdered samples in Nujol mulls were recorded 

at room temperature on Specord 200 spectrophotometer (Carl Zeiss Jena). Infrared spectra in the 

region of 400-4000 cm-1 were recorded on a Nicolet 5700 FT-IR spectrometer (Thermo Scientific). 

Spectra of the solid samples were obtained by ATR technique at room temperature. 

 EPR spectra of polycrystalline samples were recorded at room temperature  using an EMX 

Plus spectrometer (Bruker, Germany) operating at X-band (υ ~9,4 GHz). EPR spectra of the 

powdered samples 1-3 were simulated using program CuDimer obtained from Dr Ozarowski which 

is based on the full diagonalisation of the spin Hamiltonian matrix. 

 Variable temperature magnetic measurements of polycrystalline samples were carried out with 

a Quantum Design SQUID magnetometer at magnetic field of 1 T over the temperature range  

1.9-300 K. The diamagnetic corrections were calculated using Pascal constant and the correction for 

the temperature-independent paramagnetism TIP = +0.75 m3. mol-1 per copper (II) ion was applied 

[14]. The effective magnetic moment was calculated from the equation: μeff = 2.83(χMT)1/2 (B.M.). 

 

 X-ray crystallography 

 Data collections for single crystal crystallography and cell refinement were carried out using 

kappa-axis four-circle diffractometers Bruker Kappa APEXII CCD or Bruker-Nonius KappaCCD 

with graphite monochromated MoK  radiation. The diffraction intensities were corrected for Lorentz 

and polarization factors. The semi-empirical absorption corrections were made by SADABS using 

multi-scans method [15]. The structures were solved using direct methods with programs SIR-2011 

[16] or SHELXS-2013 [17], and refined by the full-matrix least squares procedure with  

SHELXL-2013 [16] for 1, OLEX2.REFINE [18] (ver. 1.2.2, Gauss-Newton refinement method) for 2 

or CRYSTALS [19] (ver. 14.40 using SHELX weighting scheme) for 3. Geometrical analysis was 

performed using SHELXL, OLEX2.REFINE or CRYSTALS and the structures were drawn using 

the XP in SHELXTL [17] program. The positions of all hydrogen atoms have been constrained for 

all compound using AFIX (SHELXL/OLEX2.REFINE) or RIDE (CRYSTALS) commands. 

 

RESULTS AND DISCUSSION 

Crystal structure 

 The molecular structures of [Cu(5-Me-2-tpc)2(Etnic)]2 (complex 1) and [Cu(3-Me- 

2-tpc)2(Etnic)]2 (complex 2) are shown in Fig. 1. The molecules of both complexes are composed 

of centrosymmetric paddle-wheel dimers. 
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Figure 1. Molecular structure of [Cu(5-Me-2-tpc)2(Etnic)]2 (complex 1) and [Cu(3-Me-2-tpc)2(Etnic)]2 (complex 2). 

 

 The crystal structure of complex 1 consists of two independent halves of dimeric molecules 

1a and 1b (Fig. 1). The copper atoms are five-coordinated in square-pyramidal manner: four 

equatorial oxygen atoms belong to carboxylic group of four bridging 5-Me-2-tpc (complex 1) or  

3-Me-2-tpc (complex 2) in syn-syn arrangements [Cu1–Oeq are in the range 1.955(5)–2.013(7) Å] 

and pyridine nitrogen atom of Etnic [Cu–Nax = 2.168(5) Å for 1a, 2.132(7) Å for 1b and 2.154(2) Å 

for 2] at the apical position. The distances between the two copper atoms [2.6695(14), 2.6164(19) 

and 2.6219(7) Å, respectively] are similar to that found in paddle-wheel dimeric copper (II) 

carboxylates [20]. The copper atom is displaced by 0.219(3), 0.209(3) and 0.192(1) Å, respectively 

from the plane of four carboxylate oxygen atoms towards its apical pyridine nitrogen atom. 

 The molecular structure of 4 is drawn in Fig. 2. The crystal structure of 4 consists of dinuclear 

units containing two penta-coordinated copper(II) ions in square-pyramidal manner that are bridged 

by two carboxylate groups of two 5-nitro-2-furancarboxylate ligands.  
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Figure 2. Molecular structure of [Cu(5-NO2-2-fur)2(Etnic)2]2 (complex 4). 

 

 The basal plane of square-pyramid is built up by two carboxylate oxygen atoms of one 

bridging and one terminal 5-nitro-2-furancarboxylate ligand [Cu1–O1 = 1.962(3) Å and Cu1–O6 = 

1.962(3) Å] and two pyridine nitrogen atoms of the two terminal Ethylnicotinate ligands [Cu1–N1 = 

2.016(3) Å and Cu1–N2 = 2.007(3) Å] in trans-positions. The axial position of square-pyramid is 

occupied by second oxygen atom of bridging 5-nitro-2-furancarboxylate ligand [Cu1–O2 = 2.223(3) 

Å]. The distance between two copper atoms is 4.496(1) Å and copper(II) atom is displaced by 

0.211(1) Å from the basal plane of four atoms [O1/O6/N1/N2] towards its apical carboxylate 

oxygen atom. 

 

IR and electronic data 

 All the typical features of IR spectra are clearly compatible with the structural characteristics 

of the complexes under study. Some characteristic IR bands of the ligands as well as of Cu(II) 

complexes are given in Table 1. 
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Table 1. Infrared data for complexes 1-4 

Complex 

Infrared data (cm-1) 

Carbonyl 

group 
Carboxyl group 

ν (C=O) νas(COO-) νs(COO-) ∆ 

Etnic 1721vs - - - 

[Cu(5-Me-2-tpc)2(Etnic)]2 (1) 1727s 1596s 
1397s 

1377sh 

199 

219 

[Cu(3-Me-2-tpc)2(Etnic)]2 (2) 1727s 1592 
1372 

1363 

229 

220 

[Cu(2,5-Me2-3-fuc)2(Etnic)]2 (3) 1722s 1579vs,brb 
1378m 

1368m 

201 

211 

[Cu(5-NO2-2-fuc)2(Etnic)2]2 (4) 1725s 
1610s 

1620sh 

1333s 

1359 

251- 

287 

vs - very strong; s - strong; m - medium; sh - shoulder; br - broad; 
b
mixed bands 

 

 In the IR spectra of [Cu2(5-Me-2-tpc)4(Etnic)2] (complex 1), [Cu2(3-Me-2-tpc)4(Etnic)2] 

(complex 2) and [Cu2(2,5-Me2-3-fuc)2(Etnic)]2 (complex 3) the difference between asymetrical 

as(COO-) and symetrical s(COO-) valence vibration give information about the coordination 

carboxylate bonding mode. Based on higher values of difference ∆ which ranged from 199 to  

229 cm-1, compared with appropriate sodium salt [21] as well as splitting of the bands assigned to 

s(COO-) (table 1) we can assume a bridging coordination of a carboxylic group for complexes  

1 - 3. The suggested bridging coordination for complexes 1 and 2 is in agreement with the 

structures determined by X-ray analysis 

 On the other hand, in the IR spectrum of [Cu(5-NO2-2-fuc)2(Etnic)2]2 (complex 4) the higher 

values ∆ (from 251 to 287 cm-1) as well as splitting of the bands assigned to as(COO-) and 

s(COO-) (table 1) can be attributed to bridging as well as monodentate coordination of the 

carboxylic group. 

 The very close positions of the strong bands assigned to (CO) mode of carbonyl group of 

Etnic (complexes 1 – 4) to positions of bands in corresponding free Etnic is typical for  

non-coordination of the carbonyl group in above complexes of esters. On the other hand, 

coordination of the pyridine ring is indicated from IR spectra also by other typical bands of the 

pyridine ring.  

 Electronic spectra of 1 - 4 in solid state showed two types of absorption band with different 

band intensity and the energy. The maxima of the band I ranged from 13 800 cm-1 to 15 800 cm-1 

and these bands should be assigned to d-d transition that are typical for copper complexes in D4h 

environment. Second type of band II observing at 25 000 cm-1 (1 and 3) should be assigned to the 

charge – transfer (LMCT) transitions.  
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Table 2. EPR and electronic data for complexes 1-4 

Complex 
EPR data Electronic data (cm-1) 

g gII D / cm-1 Band I Band II 

[Cu(5-Me-2-tpc)2(Etnic)]2 (1) 2.080 2.398 -0.346 13900 25000sh 

[Cu(3-Me-2-tpc)2(Etnic)]2 (2) 2.084 2.385 -0.345 13800  

[Cu(2,5-Me2-3-fuc)2(Etnic)]2 

(3) 
2.082 2.395 -0.345 14300 25000sh 

[Cu(5-NO2-2-fuc)2(Etnic)2]2 (4) 2.074 2.249 - 15800  

 

EPR and magnetic data 

 EPR powder spectra of all three complexes (1 - 3) show very similar dimeric signal of an 

axial symmetry (S = 1) which exhibit pattern characteristic for carboxylato-bridged copper 

complexes arranged in „paddle-wheel“ structural unit. In this type of axial dimeric spectrum three of 

four resonance lines were observed namely Bz1, Bxy2 and Bz2 (h < |D|). Also band corresponding 

to monomeric impurity was present in the spectra around 3300 Gauss. Triplet state EPR spectra 

were analyzed using axial Spin Hamiltonian in usual form:  

2ˆ ˆ ˆ ˆˆ ( ) [ 1/ 3 ( 1)]z z x x y y zg H S g H S H S D S S S      
 

 EPR parameters obtained by computer simulation are reported in table 2. EPR parameters of 

all three complexes are very similar with only slight differences reflecting similar structural 

environment around the paramagnetic center (Table 2). The values of obtained parameters are 

comparable with other copper carboxylates that has been reported in literature [22,23]. 

 EPR powder spectrum of 4 revealed monomeric signal of axial symmetry with g = 2.074 and 

gII = 2.249. Although the molecular structure of 4 is dimeric, we were unable detect signal typical 

for S = 1 mostly due to the large inter-copper distance presented in the complex (4.496 Å). 

Obviously the presence of MS = 2 half-field transition in the EPR spectra of Cu(II) monomers 

indicates the dimeric interaction. We were able to observe this spectroscopically forbidden half-

field transition at g = 3.84 but only under condition of increased gain (100x). 

 Magnetic measurements were performed on selected complexes 1 and 4 which are the 

examples of structurally distinct types of presented copper dimers as determined by X-ray and 

solid state EPR. As would be expected from molecular structure of 1, the effective magnetic 

moment shows substantial antiferromagnetic behaviour which is typical for binuclear copper (II) 

carboxylates. The room temperature effective magnetic moment is μeff = 2.02 B and upon cooling 

gradually decrease to almost zero values indicated singlet ground state of the dimer. Finally at low 

temperature the vanishing susceptibility is superimposed by the Curie-like signal coming from 

monomeric impurity (Fig 3). Magnetic data were fitted using Spin Hamiltonian for dimer with  

S1 = S2 = 1/2 (Cu(II) centers) 

 
2

1 2

1

ˆ
B i i

i

H J 
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where J stands for the isotropic exchange constant among Cu(II) centers. The molar magnetization 

was calculated as 

B B
B

B B

exp[( ) / ] exp[( ) / ]ln

1 exp[( ) / ] exp[ / ] exp[( ) / ]
mol A A

J gB kT J gB kTZ
M N kT N g

B J gB kT J kT J gB kT

 


 

  
 

       

where Z is the partition function. The fitting procedure for complex 1 gave parameters:  

J = -321 cm-1, giso = 2.28 and the mole fraction of paramagnetic impurity xPI= 0.08%, which are in 

good agreement with other copper carboxylates [22, 23]. 

 In case of dimeric complex 4 is situation different as can be seen from Fig 3. The room 

temperature effective magnetic moment μeff is 2.69 B that is indicative for two not interactive 

Cu(II)centers with S = ½. This value is slightly higher than expected (μeff = 2.45 if g = 2) probably 

due to the orbital angular contribution from excited states. Upon cooling, the effective magnetic 

moment stays almost constant and starts to decrease at 20K. Magnetic data were fitted using the 

same Spin Hamiltonian as before with resulting values: J ~0 cm-1, giso = 2.150. 
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Figure 3. Left: Temperature dependence of the effective magnetic moment (calculated from magnetization at 

B = 1 T), with the low-temperature region expanded in the inset for complex (1): J = -321 cm
-1

,  

giso = 2.28 and xPI= 0.08%; Right: for complex (4): J = ~0 cm
-1

, giso = 2.15  
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ABSTRACT 

 Coordination compounds of general formulae [M(XQ)2], [M(XQ)2(H2O)2], [M(XQ)2(H2O)2]solv, 

[M(XQ)3], [M(XQ)3]solv and Cat[MCl2(XQ)], where M is palladium or 3d metals, Cat is a monovalent cation 

and XQ are biologically active halogenderivatives of quinolin-8-ol (5-chloro-quinolin-8-ol, 5,7-dichloro-

quinolin-8-ol, 5,7-dibromo-quinolin-8-ol and 5-chloro-7-iodo-quinolin-8-ol) were prepared as potential 

anticancer agents. XQ molecules are bidentately coordinated to central atom by oxygen atom after the 

deprotonation of XQ hydroxyl group in phenolic part, and nitrogen atom of XQ pyridine part. [M(XQ)2] and 

Cat[MCl2(XQ)] complexes are square planar complexes, while [M(XQ)2(H2O)2] and [M(XQ)3] are deformed 

octahedral ones. Due to the bulky character of the complex species, free space between them is filled by 

solvated water or DMF molecules in [M(XQ)2(H2O)2]solv and [M(XQ)3]solv compounds. All prepared 

compounds were characterized by IR spectroscopy, X-ray structure analysis was performed on complexes in 

a crystalline form and anticancer activity of selected compounds was tested on A2780 cells. 

 

INTRODUCTION 

 Medicinal application of metals can be traced back almost 5000 years, however the 

development of modern medicinal inorganic chemistry was stimulated by the discovery of cisplatin 

by Rosenberg [1]. Over the past 30 years, platinum-based drugs, notably cisplatin and carboplatin, 

have dominated the treatment of various cancers by chemical agents. However, because these 

drugs cause serious side effects, chemists are looking to other platinum complexes as potential 

anticancer agents. Most of them have the general formula cis-[PtX2(NHR2)2], in which R = organic 

fragment and X = leaving group, such as chloride or (chelating bis)carboxylate.  

 Despite the success of cisplatin, it lacks selectivity for tumor tissue. To deal with this 

problem, modified versions of cisplatin, leading to second and third generation platinum-based 

drugs have been synthesized. One of the second-generation platinum drug, carboplatin, has fewer 

toxic side effects than cisplatin and is more easily used in combination therapy. Carboplatin is used 

more for ovarian cancer treatment, whereas other drug, oxaliplatin is known to be most effective in 

colon cancer treatment. A new group of compounds with different amines and lacking the classical 

cis-diamine structure with two leaving groups has evolved during the last two decades. These 

compounds are often considered the so-called third-generation drugs. Finally, many other active 

Pt(II) compounds are known now, even with trans geometries which may provide higher antitumor 

activity against cisplatin-resistant cancer cells [2].  

 Within our research, we have been using a strategy based on the facts that: 1) some Pt(II) 

compounds with trans geometries are active; 2) coordination of organic drugs, such as 
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halogenated derivatives of quinolin-8-ol (XQ), with known anticancer activities to transition metals 

may enhance their biological activity [3]; 3) several reports of promising results obtained with 

palladium complexes in the cancer treatment have been reported such as trans-palladium complex 

with bulky amine ligand, which showed higher activity against the L929 cell line than carboplatin [4] 

or trans-[PdCl2(L)2] where L is a substituted pyrazole ligand was more cytotoxic than its platinum 

cis-analogue with the same ligand, although less than cisplatin [5].  

 Promising anticancer activity of both cis- and  trans-Pt(II) complexes, Pd(II) complexes with 

some above mentioned ligands and biological activity of halogenated derivatives of 8-HQ (Fig.1) 

motivated us to coordinate these organic drugs to Pt(II), Pd(II) as well as 3d-metal atoms with the 

aim to prepare compounds of general formulae [M(XQ)2] and Cat[MCl2(XQ)] (Cat is a monovalent 

cation) and to explore their anticancer activity. Here we present an overview of prepared 

complexes along with their general properties and structures. Details on their anticancer activity 

will be published elsewhere [6].   

 

XQ 
Substituents 

X Y 

5-chloro-quinolin-8-ol (ClQ) Cl H 

5,7-dichloro-quinolin-8-ol (dClQ) Cl Cl 

5,7-dibromo-quinolin-8-ol (dBrQ) Br Br 

5,7-diiodo-quinolin-8-ol (dIQ) I I 

5-chloro-7-iodo-quinolin-8-ol (CQ) Cl I 

      

Fig 1. General structure of the used halogenated derivatives of quinolin-8-ol. 

 

 

EXPERIMENTAL PART 

 To prepare complexes under study we used respective MCl2·xH2O salts (M = Mn (x = 4),  

Fe (x = 4), Co (x = 6), Ni (x = 6), Cu (x = 2) and Zn (x = 0)) from Lachema and Merck, which were 

of p.a. purity, 40% water solution of PdCl2 from Lachema and K2[PtCl4] which was synthesized 

according to [7]. Halogenated derivatives of quinolin-8-ol (ClQ, 95%, dClQ, 99%, dBrQ, 98%, dIQ, 

97% and CQ, 95%,) were received from Sigma Aldrich. Potassium hydroxide, purum, potassium 

chloride, p.a., acetic acid, 99 %, as well as solvents (ethanol, 96%, methanol, p.a. 

dimethylformamide (DMF), p.a. and tetrahydrofuran (THF), p.a.) used in the preparation of 

compounds were received from Lachema. All chemicals were used as received. 

 

Preparation of [M(XQ)2] complexes (M = Pd and Pt) 

 In order to prepare Pd complexes under study, the method of diffusion was used in test tube, 

which was narrowed in the middle part, thus creating a capillary. A DMF solution (8 cm3) of XQ 

(0.33 mmol) was added into the lower part of the test tube. Few drops of ethanol : DMF (1:1) 

mixture were carefully dripped onto the XQ solution creating a diffusion interface in the capillary.  

N

OH

X

Y
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Finally, the upper part of the tube was filled with an ethanolic solution prepared from 0.2 cm3 40% 

water solution of PdCl2 (0.019 g, 0.11 mmol) and 8 cm3 of 96% ethanol. After a month of a slow 

diffusion, yellow microcrystalline precipitate in the case of [Pd(ClQ)2] and orange needle-like 

crystals of other Pd-complexes were filtered off, washed with ethanol and dried on air.  

(Crystal structures were solved for bold typed complexes). 

[Pd(ClQ)2] – C18H10N2Cl2O2Pd (463.61 g·mol–1);  

 Calc.: C, 46.63; H, 2.17; N, 6.04. Found: C, 47.05; H, 2.23; N, 6.03 %. 

[Pd(dClQ)2] – C18H8N2Cl4O2Pd (532.50 g·mol–1); 

 Calc.: C, 40.60; H, 1.51; N, 5.26. Found: C, 39.60; H, 1.56; N, 5.13 %. 

[Pd(dBrQ)2] – C18H8N2Br4O2Pd (710.30 g·mol–1); 

 Calc.: C, 30.44; H, 1.14; N, 3.94. Found: C, 30.93; H, 1.18; N, 4.02 %. 

[Pd(dIQ)2] – C18H8N2I4O2Pd (898.31 g·mol–1);  

 Calc.: C, 24.07; H, 0.90; N, 3.12. Found: C, 24.54; H, 0.95; N, 3.14 %. 

[Pd(CQ)2] – C18H8N2Cl2I2O2Pd (715.40 g·mol–1);  

 Calc.: C, 30.22; H, 1.13; N, 3.92. Found: C, 30.60; H, 1.02; N, 4.46 %. 

[Pt(CQ)2] complex was prepared according the procedure described in [8]. 

[Pt(CQ)2] – C18H8N2Cl2I2O2Pt (804.06 g·mol–1); 

 Calc.: C, 26.89; H, 1.00; N, 3.48. Found: C, 26.89; H, 1.33; N, 4.13 %. 
 

Preparation of NH2(CH3)2[PdCl2(XQ)] complexes 

NH2(CH3)2[PdCl2(XQ)] complexes (XQ = CQ, dClQ and dBrQ) were prepared at low temperatures 

as described in [6]. 

NH2(CH3)2[PdCl2(CQ)] – C11H12Cl3IN2OPd (527.91 g·mol–1); 

 Calc.: C, 25.03; H, 2.29; N, 5.31. Found: C, 25.47; H, 2.38; N, 5.31 %. 

NH2(CH3)2[PdCl2(dClQ)] – C11H12Cl4N2OPd (436.46 g·mol–1);  

 Calc.: C, 30.27; H, 2.77; N, 6.42. Found: C, 30.62; H, 2.99; N, 6.46 %. 

NH2(CH3)2[PdCl2(dBrQ)] – C11H12Cl2Br2N2OPd (525.36 g·mol–1);  

 Calc.: C, 25.15; H, 2.30; N, 5.33. Found: C, 25.60; H, 2.41; N, 5.32 %. 
 

Preparation of HCQ[PdCl2(CQ)] complex 

HCQ[PdCl2(CQ)] was prepared in a similar way, however a THF solution of CQ was used instead 

of DMF solution as described in [9]. 

HCQ[PdCl2(CQ)] – C18H14Cl4I2N2O4Pd (824.31 g·mol–1);  

 not analyzed. 
 

Preparation of M(II) – XQ complexes (M = Mn, Fe, Co, Ni, Cu, Zn) 

 Complexes were prepared by mixing 25 mg of respective MCl2·xH2O salts dissolved in 5 cm3 

of ethanol with a solution of XQ. This was prepared by dissolving an appropriate amount of XQ 

(molar ratio MCl2·xH2O:XQ = 1:2) in DMF, THF or ethanol (8 cm3) (in some cases the solution of 

XQ was firstly deprotonated using water solution (1 cm3) of KOH, molar ratio XQ:KOH = 2:1). 

Microcrystalline or crystalline products were filtered off in the interval from several days till several 

months and dried on air. 
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[Mn(CQ)2(H2O)2] – C18H12N2Cl2I2O4Mn (699.96 g·mol–1); 

 Calc.: C, 30.89; H, 1.73; N, 4.00. Found: C, 30.79; H, 0.98; N, 3.83 %. 

[Fe(CQ)2] – C18H8N2Cl2I2O2Fe (664.83 g·mol–1);  

 Calc.: C, 32.52; H, 1.21; N, 4.21. Found: C, 32.14; H, 1.31; N, 4.27 %. 

[Co(CQ)2] – C18H8N2Cl2I2O2Co (667.91 g·mol–1);  

 Calc.: C, 32.37; H, 1.21; N, 4.20. Found: C, 32.94; H, 1.17; N, 4.27 %. 

[Ni(CQ)2] – C18H8N2Cl2I2O2Ni (667.68 g·mol–1);  

 Calc.: C, 32.38; H, 1.21; N, 4.19. Found: C, 32.63; H, 1.07; N, 4.12 %. 

[Cu(CQ)2] – C18H8N2Cl2I2O2Cu (672.53 g·mol–1);  

 Calc.: C, 32.15; H, 1.20; N, 4.17. Found: C, 32.04; H, 1.07; N, 4.09 %. 

[Zn(CQ)2(H2O)2] – C18H12N2Cl2I2O4Zn (710.41 g·mol–1);  

 Calc.: C, 30.43; H, 1.70; N, 3.94. Found: C, 29.99; H, 1.55; N, 3.83 %. 

{[Zn(CQ)2(H2O)2]2[Zn(CQ)2(H2O)]3}]·5DMF·2H2O  – C96H87N14Cl9I9O22Zn4.5 (3544.11 g·mol–1); 

 Calc.: C, 32.52; H, 2.47; N, 5.53. Found: C, 32.21; H, 2.37; N, 5.31 %. 

[Mn(ClQ)2] – C18H10Cl2N2O2Mn (412.13 g·mol–1); 

 Calc.: C, 52.46; H, 2.45; N, 6.80. Found: C, 52.39; H, 2.49; N, 6.78 %. 

[Fe(ClQ)3] – C27H15Cl3N3O3Fe (591.63 g·mol–1); 

 Calc.: C, 54.81; H, 2.56; N, 7.10 %. Found: C, 54.39; H, 2.87; N, 7.41 %. 

[Co(ClQ)3]·DMF·H2O – C30H21Cl3N4O5Co (682.80 g·mol–1);  

 not analyzed. 

[Co(ClQ)2(H2O)2] – C18H14Cl2N2O4Co (452.15 g·mol–1);  

 Calc.: C, 47.81; H, 3.12; N, 6.20 %. Found: C, 47.59; H, 3.14; N, 5.96 %. 

[Ni(ClQ)2(H2O)2] – C18H14Cl2N2O4Ni (451.91 g·mol–1);  

 Calc.: C, 47.84; H, 3.12; N, 6.20 %. Found: C, 47.91; H, 3.30; N, 6.09 %. 

[Cu(ClQ)2] – C18H10Cl2N2O2Cu (420.74 g·mol–1);  

 Calc.: C, 51.38; H, 2.40; N, 6.66 %. Found: C, 51.54; H, 2.34; N, 6.40 %. 

[Zn(ClQ)2(H2O)2] – C18H14Cl2N2O4Zn (458.63 g·mol–1);  

 Calc.: C, 47.14; H, 3.08; N, 6.11 %. Found: C, 47.39; H, 3.08; N, 5.91 %. 

[Ni(dClQ)2(en)] – C20H16Cl4N4O2Ni 544.87 g·mol–1);  

 Calc.: C, 44.08; H, 2.96; N, 10.28 %. Found: C, 45.03; H, 3.56; N, 10.29 %. 

[Zn(dClQ)2(H2O)2]·H2O – C18H14Cl4N2O5Zn 545.52 g·mol–1);  

 Calc.: C, 39.63; H, 2.59; N, 5.13 %. Found: C, 39.40; H, 2.66; N, 5.29 %. 

[Fe(dBrQ)2] – C18H8Br4N2O2Fe (659.73 g·mol–1);  

 Calc.: C, 32.77; H, 1.22; N, 4.25 %. Found: C, 33.00; H, 1.44; N, 4.66 %. 

[Co(dBrQ)2] – C18H8Br4N2O2Co (662.82 g·mol–1);  

 Calc.: C, 32.62; H, 1.22; N, 4.23 %. Found: C, 33.46; H, 1.29; N, 4.48 %. 

[Cu(dBrQ)2] – C18H8Br4N2O2Cu (667.43 g·mol–1);  

 C, 32.39; H, 1.21; N, 4.20 %. Found: C, 32.43; H, 1.16; N, 6.78 %. 

[Zn(dBrQ)2(H2O)]2·DMF·H2O – C39H29Br8N5O8Zn2 (1465.69 g·mol–1);  

 Calc.: C, 32.40; H, 2.46; N, 5.40 %. Found: C, 32.12; H, 1.99; N, 4.90 %. 

[Fe(dIQ)3] – C27H12I6N3O3Fe (1243.67 g·mol–1);  
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 Calc.: C, 26.08; H, 0.97; N, 3.38 %. Found: C, 26.22; H, 1.26; N, 3.62 %. 

[Co(dIQ)3] – C27H12I6N3O3Co (1246.76 g·mol–1);  

 Calc.: C, 26.01; H, 0.97; N, 3.37 %. Found: C, 26.80; H, 1.09; N, 3.70 %. 

[Ni(dIQ)2] – C18H8I4N2O2Ni (850.58 g·mol–1);  

 Calc.: C, 25.42; H, 0.95; N, 3.29 %. Found: C, 25.52; H, 0.92; N, 3.26 %. 

[Cu(dIQ)2] – C18H8I4N2O2Cu (855.43 g·mol–1);  

 Calc.: C, 25.27; H, 0.94; N, 3.27 %. Found: C, 25.35; H, 0.96; N, 3.16 %. 

 

NH2(CH3)2[Ni(CQ)3]·DMF·H2O compound was prepared in a similar way as NH2(CH3)2[PdCl2(XQ)] 

compounds. 

NH2(CH3)2[Ni(CQ)3]·DMF·H2O – C32H29Cl3I3N5O5Ni (1109.36 g·mol–1);  

 Calc.: C, 34.65; H, 2.63; N, 6.31. Found: C, 34.83; H, 2.49; N, 6.20 %. 

 

Physico-chemical techniques 

 The infrared spectra of the complexes were recorded on an AVATAR 330 FT-IR 

spectrophotometer from ThermoNicolet using KBr discs of the samples and on a Nicolet 6700 FT-IR 

spectrophotometer from Thermo Scientific equipped with a diamond crystal Smart OrbitTM in the 

range 4000 – 400 cm-1.  Elemental analyses of C, H and N were measured on CHNS Elemental 

Analyzer Flash EA 1112 from Thermo Finnigan Company at FCHPT STU in Bratislava, Slovakia and 

on CHNOS Elemental Analyzer vario MICRO from Elementar Analysensysteme GmbH. 

 

X–ray data collection and structure refinement 

 Crystal structures were determined using an Oxford Diffraction Xcalibur2 diffractometer 

equipped with a Sapphire2 CCD detector. Crysalis CCD was used for data collection while Crysalis 

RED was used for cell refinement, data reduction and absorption correction [10]. The structures 

were solved by the direct method with SHELXS97 and subsequent Fourier syntheses using 

SHELXL97 [11]. Anisotropic displacement parameters were refined for all non-H atoms.  

 

RESULTS AND DISCUSSION 

 We have carried out more than 200 syntheses in order to prepare desired compounds.  

In general, composition of the prepared compounds is quite different and can be described by 

following formulae: [M(XQ)2], [M(XQ)2(H2O)2], [M(XQ)2(H2O)2]solv, [M(XQ)3], [M(XQ)3]solv, 

Cat[MCl2(XQ)]. Actual composition of individual compounds was given above. As the syntheses of 

individual compounds are different, in our next discussion we will focus mainly on the syntheses 

and properties of the most important compounds containing Pd and Pt atoms only. Finally, it is 

worth to mention that several compounds without XQ ligands on one side and compounds without 

metal atoms on the other side were also prepared [12], which will not be described here. 

 Preparation of the [Pd(XQ)2] complexes is, comparing to preparation of analogous Pt(II) 

complexes, completely different as palladium salts are much more reactive than platinum ones. 

When working at a normal temperature (20 °C), precipitations of the [Pd(XQ)2] complexes occurred 

within 24 hours and the reactions had to be slowed down in order to prepare crystals of these 
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compounds. Therefore, the reactions rates were slowed down by diffusion in the narrowed test 

tube, what resulted in the preparation of crystals of [Pd(CQ)2], [Pd(dClQ)2], [Pd(dBrQ)2] and 

[Pd(dIQ)2], however [Pd(ClQ)2] was still prepared in the form of microcrystalline powder. On the 

other side, when preparing [Pt(CQ)2] complex, we had to work at higher temperature and the 

reaction mixture was refluxed for 24 hours in order to gain the product. Moreover, the reaction 

mixture had to contain a small amount of diluted acetic acid to avoid the precipitation of PtO. 

 To prepare crystals of NH2(CH3)2[PdCl2(XQ)] (XQ = CQ, dClQ and dBrQ) and 

HCQ[PdCl2(CQ)] compounds the reactions were slowed down by decreased temperatures of 

reaction mixtures. The presence of NH2(CH3)2
+ cations might be explained by the decomposition of 

DMF, which was used as a solvent during the syntheses according to the scheme shown in [6]. 

 As dimethylammonium cation is not suitable species in possible drugs we decided to prepare 

analogous compounds containing either K+ or protonized XQ molecules (HXQ+) as cation. Direct 

syntheses of K[PdCl2(XQ)] compounds were unsuccessful and our attempts to prepare 

HXQ[PdCl2(XQ)] compounds were rather abortive. In fact we prepared only small amount of 

HCQ[PdCl2(CQ)] compound and our attempts to reproduce the synthesis failed even in this case. 

 Complexes containing 3d-metals were prepared by a simple mixing of starting materials what 

resulted in a microcrystalline powder of respective compounds nearly in all cases. To prepare 

crystals suitable for X-ray analysis, low temperature syntheses or diffusion techniques were used. 

It is worth to notice the effect of different solvents on the composition of the prepared compounds. 

As an example we can mention syntheses of [Co(dBrQ)2], which was prepared using DMF, and 

[Co(dBrQ)2(H2O)2], which was prepared using ethanol as solvent for dBrQ; all other reaction 

conditions were identical. 

 All physico-chemical analyses used to characterize prepared compounds were performed 

after verifying the purity of the prepared compounds under a microscope. 

 All prepared complexes were initially characterized by an infrared spectroscopy to confirm 

the presence of XQ in these compounds and identity of powdered and crystal products.  

 The assignment of individual bands in the IR spectra of halogenated derivatives of quinolin-

8-ol was described only for CQ [13] and 7-bromo-5-chloro-quinolin-8-ol (BrClQ) [14], therefore we 

discuss also an assignment of individual bands for all used ligands in the syntheses. The FTIR 

spectra of individual ligands and their [Pd(XQ)2] complexes, given as examples, in the  

3500 – 400 cm-1 interval are shown in Figs. 1 and 2, respectively.  
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Fig. 1 (left). FT-IR spectra of ClQ, dClQ, dBrQ and dIQ. 

Fig. 2 (right). FT-IR spectra of [Pd(XQ)2] complexes. 

 

 The IR spectra of these ligands differ slightly, however there are differences mainly in the 

(C5–X) and (C7–X) (X = Cl, Br or I) vibrations. C–X stretching vibration usually manifests itself as 

strong absorption and the position of the band is influenced by neighboring atoms or groups; the 

smaller the halide atom, the greater the influence of the neighbor [14]. Thus, we suppose that 

stretching (C5–X) vibrations for ClQ, dClQ, dBrQ and dIQ occur at 946, 954, 931 and 923 cm-1, 

respectively. Similarly, frequencies of the (C5–X) vibrations in [Pd(XQ)2] complexes decrease in 

the same sequence. The position of (C7–Br) vibration in BrClQ was found at 570 cm-1 [14].  

We have found vibrations at similar frequencies for dClQ, dBrQ and dIQ (578, 561 and 547 cm-1, 

respectively). However, similar vibration at 567 cm-1 was also found in the spectrum of ClQ with no 

C7–X bond. Thus, we suppose that this assignment is not correct. Krishnakumar assigned the 

vibration at 575 cm-1 observed in the spectrum of quinolin-8-ol (8-HQ) to (C–O) [15] and we 

believe that above discussed bands in the spectra of ClQ, dClQ, dBrQ and dIQ should be assigned 

to (C–O) vibrations. Comparing spectra of ClQ (without C7–X bond) with dClQ, containing C7–Cl 

bond, we have found that medium band at 881 cm-1 was observed only in the spectrum of dClQ. 

Thus we suppose that this band can represent (C7–Cl) vibration. Bands at similar frequencies 

were also present in the spectra of dBrQ (870 cm-1) and dIQ (868 cm-1). Corresponding vibrations 

in the spectra of complexes were found at similar frequencies. 
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 The medium band of stretching O–H vibration was observed in the spectrum of 8-HQ at  

3418 cm-1 [15] and analogous vibration in BrClQ was found at a somewhat higher frequency  

(3625 cm-1) [14]. In our previous work we observed a relatively broad feature in the spectrum of CQ 

beginning at 3385 cm-1 terminated by a sharp band of (C–H)ar at 3070 cm-1. Similar features were  

observed in the spectra of dClQ, dBrQ and dIQ starting at 3435, 3380 and 3360 cm-1, respectively, 

as well as in the spectrum of ClQ starting at 3440 cm-1, too, however in this case a band of (O–H) 

vibration centered at 3143 cm-1 could be resolved. This value is close to the (O–H) + (C–H)ar 

vibrations (3068 cm-1) found for CQ by Wagner et al. [13]. The (O–H) band is not present in the 

prepared complexes, where the deprotonated O-atom is one of the donor atoms.  

 The assignment of the C=N stretching vibration in ClQ, dClQ, dBrQ and dIQ ligands is 

supported by previous investigations on IR spectra of CQ (1460 cm-1) [13] and BrClQ (1466 cm-1) 

[14]. The (C=N) band of strong intensity was found at 1466, 1465, 1459 and 1453 cm-1 in the 

spectra of ClQ, dClQ, dBrQ and dIQ, respectively. The (C=N) bands are displaced to lower 

wavenumbers in the prepared complexes, a fact that can be related with the donor character of the 

nitrogen atom in the M–N bond, which generates a decrease of the electronic density of the ring [16]. 

 Sharp band of medium intensity present in the range of 3089 – 3078 cm-1 corresponds to the 

N–H stretching vibration, while five weak to medium bands in the range of 2980 – 2777 cm-1  

are assigned to aliphatic C–H stretching vibrations coming from the dimethylammonium cation in 

NH2(CH3)2[PdCl2(XQ)] complexes. 

 Structures of five [M(XQ)2] complexes, [Ni(CQ)2] (1) [17], [Pd(CQ)2] (2) [8], [Pd(dBrQ)2] (3), 

[Pd(dIQ)2] (4) and [Pd(dClQ)2] (5) were solved by means of monocrystal structure analysis, while 

structure of [Pt(CQ)2] complex has been revealed by the help of powder diffractometry [8].  

A summary of crystal data and structure refinements for 1 – 5 are presented in Table 1. 

 The complexes 1 – 4 and [Pt(CQ)2] are isostructural and their structures, shown in Fig. 3,  

are formed by neutral molecules containing M(II) atom and two bidentately coordinated XQ 

molecules. These bind to central atom by oxygen atom after the deprotonation of XQ hydroxyl 

group in phenolic part, and nitrogen atom of XQ pyridine part.  

 

Fig. 3. Structures of 1 – 4 (i = 1-x, 1-y, 1-z). 

 

Comp. M X Y 

1 Ni Cl I 

2 Pd Cl I 

3 Pd Br Br 

4 Pd I I 
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There are two independent [Pd(dClQ)2] molecules in the asymmetric unit of 5 (Fig. 4). 

 

Fig. 4. Structure of 5 (i =  3-x, -1-y, 3-z). 

 

 One of them is centrosymmetric with the Pd(II) atom occupying the center of symmetry, while 

the second one is pseudocentrosymmetric with the Pd(II) lying in a general position. Thus, 

altogether there are three independent dClQ molecules in the structure of 5. On the other hand, Ni, 

Pd and Pt atoms in structures of 1 – 4 are localized on the centers of symmetry and thus [Pd(XQ)2] 

molecules are centrosymmetric, each with one independent XQ ligand. 

 Selected bond lengths and angles for 1 – 5 are summarized in Table 2.  

 

Table 2. Selected geometric parameters (Å, °) in 1 – 5. 

 1 2 3 4 5 

M1–O1 1.851(2) 1.995(3) 2.001(2) 1.997(8) 2.006(4) 

Pd2–O11     2.005(4) 

Pd2–O21     1.996(4) 

M1–N1 1.883(2) 1.990(3) 1.993(3) 1.998(10) 1.988(5) 

Pd2–N11     1.991(5) 

Pd2–N21     1.997(5) 

C5–X 1.748(3) 1.754(4) 1.907(3) 2.088(11) 1.741(6) 

C7–Y 2.074(3) 2.086(4) 1.888(3) 2.109(12) 1.736(6) 

O1–M1–N1 87.0(1) 83.6(1) 83.3(1) 83.5(4) 85.6(1) 

O1–M1–N1i 93.0(1) 96.45(12) 96.7(1) 96.5(4) 96.4(1) 

O11–Pd2–N11     83.2(1) 

O11–Pd2–N21     97.5(1) 

O22–Pd2–N11     96.0(2) 

O22–Pd2–N21     83.4(2) 

O11–Pd2–O22     178.7(1) 

N11–Pd2–N21     179.3(1) 

i = 1-x, 1-y, 1-z 

 



Recent Developments in Coordination, Bioinorganic, and Applied Inorganic Chemistry  
Edited by M. Melník, P. Segľa, and M. Tatarko   
Press of Slovak University of Technology, Bratislava  © 2013 

381 

 

 

 

 

Table 1. Crystal data and structure refinement of 1 – 5. 

Compound 1 2 3 4 5 

Empirical formula C18H8Cl2I2N2O2Ni C9H4Cl2I2N2O2Pd C18H8Br4N2O2Pd C18H8I4N2O2Pd C18H8Cl4N2O2Pd 

Formula weight 667.67 715.36 710.30 898.26 532.46 

Crystal system 

Space group 

Monoclinic 

P21/c 

Monoclinic 

P21/c 

Monoclinic  

P21/c 

Monoclinic 

P21/c 

Monoclinic 

P21/n 

Unit cell dimensions 

[Å, °] 

 

4.7667(2)  

10.9008(3)  91.963(3) 

18.0284(6) 

4.7950(2) 

10.7614(3)  90.361(3) 

18.1937(6) 

5.0741(1) 

10.5371(3)  90.932(2) 

17.7264(5) 

5.0972(9) 

11.048(9)  90.847(17) 

17.913(3)  

15.1010(5) 

10.2970(3)  90.361(3) 

18.1112(6) 

Volume 936.22(6) Å3 938.79(6) Å3 947.64(4) Å3 1008.7(8) Å3 2650.97(15) Å3 

Z; density (calculated) 2; 2.368 g.cm-3 4; 2.531 g.cm-3 2; 2.489 g.cm-3 2; 2.958 g.cm-3 6; 2.001g.cm-3 

Crystal shape, color needle, brown needle, orange needle, orange needle, orange needle, orange 

Reflections 

collected/independent 

16480/1834  

[R(int) = 0.0357] 

6816/1925  

[R(int) = 0.0294] 

18598/1855 

[R(int) = 0.0331] 

2244/2244 

[R(int) = 0.0000] 

11455/5209  

[R(int) = 0.0392] 

Data/restraints/parameters 18344 / 0 / 124 1925 / 0 / 124 1855 / 0 / 124 2244 / 0 / 125 5209 / 0 / 367 

Goodness-of-fit on F2 1.044 1.086 1.078 1.059 1.193 

Final R indices [I>2σ(I)] R1 = 0.0240,  

wR2 = 0.0521 

R1 = 0.0260,  

wR2 = 0.0588 

R1 = 0.0235,  

wR2 = 0.0567 

R1 = 0.0505,  

wR2 = 0.1302 

R1 = 0.0418,  

wR2 = 0.0800 

R indices (all data) R1 = 0.0386,  

wR2 = 0.0547 

R1 = 0.0340,  

wR2 = 0.0622 

R1 = 0.0298,  

wR2 = 0.0596 

R1 = 0.0672,  

wR2 = 0.1370 

R1 = 0.0743,  

wR2 = 0.0945 

Largest diff. peak and hole 0.521; -0.456 e.Å-3 0.532; -0.838 e.Å-3 0.377; -0.822 e.Å-3 1.891; -1.997 e.Å-3 0.551; -0.893 e.Å-3 
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 The values of Pd–O and Pd–N distances in 2 – 5 are very similar, however, they are slightly 

longer comparing to the square-planar complexes of CQ containing Ni (1) and Cu (1.919(6) and 

1.974(15) Å, respectively) [18] as central atoms. Therefore, an increase of M–O and M–N distances  

(M = Ni, Cu and Pd) in the sequence Ni < Cu < Pd can be explained by increasing covalent radius of 

these metals in the same sequence. Deformed square-planar geometry around central atom in the 

prepared complexes 2 – 5 is confirmed by the values of N–Pd–O angles which are the same within 3. 

However, these angles are more deformed than in 1 and Cu complex as the value of N1–Pd1–O1 

angle is lower than the corresponding N1–M–O1 values (86.3 and 83.9° for Cu and 87.0(1)° for Ni 

complexes) [18]. 

 The pyridine and phenyl rings as well as the XQ molecules in 1 – 5 are nearly planar. C–C 

and C–N(O) bond distances have expected values for complexes containing other halogen-

substituted quinolin-8-ol molecules and C–X bond distances (X = Cl, Br or I) are close to the values 

for corresponding single bonds in aromatic cycles [19, 20]. 

 Long-range interactions were found between the carbon atoms of aromatic rings of adjacent 

coplanar molecules in 1 – 4, which stabilize their structures (Fig. 5). The distances between parallel 

mean planes of the [M(XQ)2] molecules in 1 – 4 are 3.35(1), 3.31(1), 3.39(1) and 3.35(1) Å, 

respectively and the distances between M atoms and the centers of gravity (Cg) of XQ aromatic parts 

are 3.401(1), 3.393(1), 3.428(1) and 3.449(1) Å. Moreover, the M atoms and two adjacent centroids 

create a perfect line which makes an angle with the [M(XQ)2] mean plane of 78.8(1), 77.2(1), 77.8(1) 

and 76.3(1)°, respectively, what indicate possible Ni··· (1) and Pd··· (2 – 4) interactions (Fig. 5). 

  

 

Fig. 5. Stacking of the molecules in 1 – 4. Molecular interactions are shown by dashed lines. 

 

 Long-range interactions in 5 are different as the structure of this complex consists of two 

independent [Pd(dClQ)2] molecules. Parallel centrosymmetric molecules with Pd1 atoms (mol1) 

are separated by the distance of the b axis (10.2970(3) Å) and between them there is a pair of 

inverted pseudocentrosymmetric molecules with Pd2 atoms (mol2). The Pd1···Pd2 and Pd1···Pd2i 

distances (i = -x, -y, -z) are 3.4366(3) Å, while Pd2···Pd2ii (ii = -x, 1-y, -z) is 3.8443(5) Å. Molecules 

of mol1 and mol2 are interconnected by – interactions, which occur between the phenolic parts 

of dClQ ligands while a pair of mol2 molecules is interconnected by different – interactions, as 

they occur between the phenolic and pyridine parts of adjacent dClQ ligands. The distances 

between centroids of corresponding phenolic or pyridine parts as well as other data characterizing 

Comp. M X Y 

1 Ni Cl I 

2 Pd Cl I 

3 Pd Br Br 

4 Pd I I 
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the – interactions [21] between discussed molecules are given in the Table 3. Thus, we can 

conclude that an infinite neutral chain parallel with [010] is formed by stacking of [Pd(dClQ)2] 

molecules (Fig. 6). 

 

Fig. 6. Stacking of the molecules in 5. Molecular interactions are shown by dashed lines. 

 

Table 3. Cg···Cg
a
 distances and angles characterizing – interactions in 5. 

Cg(I)···Cg(J) Cg···Cg [Å]  [°]  [°]  [°] 

Cg-ph1···Cg-ph11 3.494(2) 1.71 14.10 14.52 

Cg-ph1···Cg-ph21 3.516(3) 2.79 16.12 13.63 

Cg-ph21···Cg-py11 3.569(3) 1.86 15.47 13.84 

a
 Cg-ph1, Cg-ph11 and Cg-ph21 represent centroids of phenolic parts containing O1, O11 and O21 atoms, 

respectively, and Cg-py11 represents centroid of pyridine part containing N11 atom. α is the dihedral angle 

between planes I and J. β is the angle between Cg(I)···Cg(J) vector and normal to plane I. Similarly γ is the 

angle between Cg(I)···Cg(J) vector and normal to plane J. 

 

 The molecular structures of the isostructural ionic NH2(CH3)2[PdCl2(XQ)] (6 – 8) compounds 

consist of discrete [PdCl2(XQ)]– (XQ = CQ, dClQ or dBrQ, respectively) anions in which the central 

Pd(II) atom has a distorted square planar configuration, and dimethylammonium cations (Fig. 7). 

The coordination around Pd(II) atom is defined by two chlorido ligands and by one nitrogen and 

oxygen atoms from the XQ ligand. The Pd1–O1 (2.013(1) Å for 6, 2.018(1) Å for 7 and 2.019(3) Å 

for 8) and Pd1–N1 (2.014(2) Å for 6, 2.016(1) Å for 7 and 2.012(4) Å for 8) distances are of the 

similar value to the previously studied HCQ[PdCl2(CQ)]∙2H2O (9) ionic compound with the same 

type of the complex anion and protonized molecule of CQ (HCQ) as cation [9], where Pd–O = 

2.035(3) Å and Pd–N = 2.009(4) Å. Other details about structures of 6 – 9 can be found in [6 and 9] 
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Fig. 7. Crystal structure of 6 – 8. 

 

 Although we will not give a detailed description of structures of complexes containing  

3d-metals ({[Zn(CQ)2(H2O)2]2[Zn(CQ)2(H2O)]3}]·5DMF·2H2O (10), [Zn(dBrQ)2(H2O)]·DMF·H2O (11), 

[Zn(dClQ)2(H2O)]·H2O (12), [Co(ClQ)3]·DMF·H2O (13), NH2(CH3)2[Ni(CQ)3]·DMF·H2O (14) [17]),  

it is worth to mention their main features. Complexes 11 and 12 contain pentacoordinated and 

hexacoordinated Zn atoms, respectively, while complex 10 contains both penta- and 

hexacoordinated atoms. Hexacoordinated Zn atoms are coordinated by two molecules of XQ 

ligands in the equatorial plane while axial positions are occupied by two water molecules at 

somewhat longer distances, thus elongated tetragonal bipyramidal coordination is formed (Fig. 8). 

  

Fig. 8. Crystal structure of 12. 

 

 Pentacoordinated Zn atoms bind only one water molecule at the distance which is 

comparable with other two Zn–O and Zn–N distances and the shape of coordination polyhedra 

around Zn atoms is strongly deformed trigonal bipyramid (Fig. 9). Central atoms in 13 and 14 are 

hexacoordinated by three XQ molecules in the shape of deformed octahedrons. Due to the bulky 

character of the complex species in 10 – 14 free space between them is filled by solvated water or 

DMF molecules. 

Comp. X Y 

6 Cl I 

7 Cl Cl 

8 Br Br 

4 I I 
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Fig. 9. Crystal structure of 11. 
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ABSTRACT 

 The preparation and properties of copper(II) methylsalicylates in presence of imidazole and its two 

derivatives 2-methylimidazole and benzimidazole has resulted in new complexes formation. The monomeric 

complexes of general formula [Cu(X-sal)2L2].x H2O (X = 3-, or 4-methylsalicylate anion;  

L = 2-methylimidazole (1), imidazole (2), and benzimidazole (3); and x = 0,2) and one polymeric of the 

composition [Cu(5-Mesal)2(imidazole)2]n (4) were prepared and characterized by elemental analysis, and 

spectroscopic methods (IR, UV-VIS, EPR). Moreover, the preliminary data of the X-ray structure determination 

are also presented. Surprisingly, that [Cu(4-Mesal)2L2] (1) and (2) exhibit the square planar geometry about the 

Cu(II) atom and the units are held together by the H-bond system. While in [Cu(3-Mesal)2(bzim)2]∙H2O (3) the 

copper(II) exhibits highly distorted 4+2 coordination polyhedron geometry (Cu–O1eq = 2.004(1),  

Cu–N1eq = 1.965(2) and Cu–O2ax = 2.526(2) Å) due to chelating bonding mode of salicylate anion and 

uncoordinated water molecules help to form 2-D supramolecular structure. The 1-D polymeric structure of  

[Cu(5-Mesal)2(imidazole)2]n due to bridging bonding mode of one 5-methylsalicylato anion.  

 

INTRODUCTION 

 Many of copper(II) complexes with biologically active ligands have shown increased 

biomimetic activity in comparison to parent ligands [1, 2]. Derivatives of salicylic acid have been 

used for many years as anti-inflammatory, antipyretic and analgesic drugs [3]. For example, 

methylsalicylic acids were studied in connection with inflammatory diseases [4]. It is well known 

that the imidazole ring could be found in many biomolecules (e.g. enzymes, peptides) therefore 

study of these ligands is important for biochemistry and/or coordination chemistry. As some 

examples of such interrelation the complexes containing the salicylates and imidazole derivatives 

of composition [Cu(Hsal)2(1,2Meimid)2] and [Cu(sal)(2Meimid)3], where H2sal = salicylic acid,  

1,2-Me2imid= 1,2-dimethylimidazole, 2-Meimid = 2-methylimidazole could be shown. They were 

studied for superoxide scavenging activities and for oxidative reactions of some phenols [3]. 

Similarly the anti-inflammatory and the mimetic activity were observed for ternary copper(II) 

complex [Cu(fen)2(imid)2] with the anti-inflammatory drug Fenoprofen as primary ligand and the 

biologically relevant imidazole molecules as auxiliary ligands [5]. 

 Our attention is targeted to preparation of the compounds with potential mimetic activity 

through using the imidazole derivatives as the nitrogen donor ligands. In this paper we present the 

results of preparation and spectral properties of methylsalicylatocopper(II) complexes in 

relationship to their structure. New three monomeric complexes of composition  

[Cu(X-sal)2(L)2]∙xH2O (where X = 4-Me for x = 0 L = 2-methylimidazole (1) and imidazole (2), and  

X = 3-Me for x = 2, L = benzimidazole (3)) and one polymeric complex of composition  

[Cu(5-Mesal)2(imid)]n (4) are reported in this paper.  
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EXPERIMENTAL PART 

Reagents and solutions 

Imidazole, benzimidazole, 2-methylimidazole, 3-, 4- and 5-methylsalicylic acid, copper(II) acetate 

monohydrate and all solvents were of reagent grade and they were used as received. 

 

Apparatus and equipment 

 Carbon, hydrogen and nitrogen analyses were carried out on a CHNSO FlashEATM 1112 

Automatic Elemental Analyzer.  

 The infrared spectra (4000–400 cm-1) were measured with a NICOLET 5700 FT-IR 

spectrophotometer at room temperature using ATR technique.  

 The electronic spectra (190–1100 nm) of the complexes were measured in nujol suspension 

with a SPECORD 200 (Carl Zeiss Jena) spectrophotometer at room temperature.  

 The EPR spectra of the powdered samples were recorded at room temperature with a 

spectrometer Bruker ESP 300 operating at X-band equipped with an ER 035 Bruker NMR 

gaussmeter and HP 5350B Hewlett Packard microwave frequency counter. 

 Data collection and cell refinement of the presented complexes were carried out using a 

Bruker-Nonius KappaCCD diffractometer. Intensity data were corrected for Lorentz and 

polarization factors. The structure was solved by the direct methods with SIR-2011 or  

charge-flipping method with SUPERFLIP, and subsequent Fourier synthesis using SHELXL-2013 

or CRYSTALS (ver. 14.40). Geometrical analysis was performed using SHELXL-2013 and the 

structure was drawn using MERCURY program. 

 

Preparations of the complexes 

 Appropriate derivate of imidazole (1 mmol or 2 mmol) under stirring was added to an 

aqueous solution of copper(II) acetate (0,5 mmol). After a few minutes, x-methylsalicylic acid 

(1 mmol) and the necessery amount of solvent was added to the final volume (ethanol or 

acetonitrile, V = 30-40 cm3 ). Eventually, the reaction mixture was stirred for one to three days at 

ambient temperature.  

 The reaction mixture was stirred at laboratory temperature until the reaction was finished and 

the colour of products remained unchanged. The precipitate was filtered off and mother liquids 

were left to crystallize at laboratory temperature. The obtained suitable crystals were filtered off 

and dried at laboratory temperature. 

Anal.: Calc for [Cu(4-Mesal)2(imid)2] (2): N, 11.21; C, 52.85; H, 4.98%. Found: N, 11.28; C, 52,94; 

H, 4,25%. 

Anal.: Calc for [Cu(3-Mesal)2(bzimid)2]∙2H2O (3): N, 8.78; C, 56.47; H, 4.74%. Found: N, 8.94; C, 

56.74; H, 4.51%. 

Anal.: Calc for [Cu(5-Mesal)2(imid)2]n (4):  N, 11.21; C, 52.85; H, 4.03 %. Found: N, 10.98; C, 

52.46; H, 4.41%. 
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RESULTS AND DISCUSSION 

 Methylsalicylatocopper complexes with the respective ligands were prepared in water, or in 

water-ethanol mixture, or in acetonitrile using two different stoichiometries of Cu : L ratio 1 : 4,  

or 1 : 2, but the higher content of imidazole type ligand in reaction mixture does not change the 

composition of the obtained product.  

 

Monomeric complexes 

 In both complexes (1) and (2) (Fig.1) the copper(II) atom is coordinated in square planar 

manner by four ligands. Each of the 4-methylsalicylate anion is bonded to Cu(II) by one oxygen 

atom and the other oxygen atom is more than 2.8 Å aside from the copper atoms. Moreover the 

“uncoordinated” oxygen atoms are involved in hydrogen bond formation with the N–H hydrogen 

atoms of the neigbouring imidazole rings. Molecules of 2-methylimidazole in complex (1), as well 

as the imidazole in complex (2) the structure of (2) are in trans-position.  

 The structural information is in good agreement with infrared spectra. The carboxylate 

stretching frequencies νas(COO–) and νs(COO–) of the complexes under study were found at about 

1631 cm–1 and 1429 for (1) and 1627 and 1424 cm–1 for (2). The difference between antisymmetric 

and symmetric stretches (Δν = νas – νs) is greater than Δν (Tab. 1) for the ionic form, and it is in 

good agreement with observed monodentate bonding mode of carboxylate anion. 

 

 

a)      b) 

Fig. 1.The structures of a) [Cu(4-Mesal)2(2-Meimid)2] (1) and b) [Cu(4-Mesal)2(imid)2] (2) 

 

 The electronic spectra of the complexes show broad asymmetric band with a maximum in 

the range of 540 nm – 555 nm with resolved shoulder about 670nm. This type of d←d spectra are 

typical for the square planar arrangement around Cu(II). The EPR spectra of powdered samples 

were measured at room temperature. EPR spectra exhibit isotropic type of signal probably due to 

unusual square planar coordination mode of the central atom that causes the interactions of 

copper(II) unpaired spins through the space. Moreover in the crystal structure two adjacent copper 

atoms showed misalignment in tetragonal axes result in an observation of isotropic spectra [6]. 

Such spectra could be characterized with one gi factor with the values of 2.063 (complex 1) and 

2.068 (complex 2).  
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Tab. 1 Wavenumbers (cm
–1

) of the COO
–
 stretches and the Δ values for the copper(II) complexes.  

Complexes 
νas(COO-) 

[cm-1] 

νs(COO-) 

[cm-1] 

Δν(COO-) 

[cm-1] 

[Cu(4-Mesal)2(2meimid)2] (1) 1630 1429 201 

[Cu(4-Mesal)2(imid)2] (2) 1631 1424 207 

[Cu(3-Mesal)2(bzimid)2] 2H2O (3) 1622 1435 187 

[Cu(5-Mesal)2(imid)2]n(4) 1627 1424 203 

 

 The complex (3) contains two water molecules that are out of inner coordination sphere and 

that with complex molecules built up the 2D supramolecular layer within ac plane. The Cu(II) atom 

has tetragonal-bipyramidal geometry. Two equatorial positions are in trans-position occupied by 

two O1eq oxygen atoms (Cu–O1eq = 2.004(1) Å) of the 3-methylsalicylato anions (Figure 2) and the 

other two equatorial positions are occupied by pair of bzimid molecules coordinated via N1eq 

imidazole nitrogen atoms (Cu–N1eq = 1.965(2) Å). The O2ax oxygen atoms of asymmetrically 

bonded bidentate 3-methylsalicylato anions are coordinated in axial positions with Cu–O2ax 

distance to 2.526(2) Å. The water molecules are through hydrogen bond formation Ow–H∙∙∙O fixing 

the complex [Cu(3-Mesal)2(bzimid)2] molecules within the chain along the a direction and through 

the Ow∙∙∙H–N hydrogen bonds formation they are connecting neighbouring chains into 2D 

supramolecular structure paralel to ac plane.  

 

 

Fig. 2. Structure of [Cu(3-Mesal)2(bzimid)2].2H2O (3) 

 

 The purple complex is absorbing visible light in yellow-green area and the broad asymmetric 

band was observed in visible spectrum with a maximum at 560 nm and with a resolved shoulder at 

about 715 nm. The EPR spectrum of powdered sample at room temperature shows broad 

unresolved signal with gi = 2.07. The distance between copper atoms within layer in the structure is 

small therefore large dipole-dipole interaction leads to an isotropic spectral feature. 
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Polymeric complex 

 The blue crystals were obtained from the reaction mixture containing the Cu : imidazole ratio  

equal to 1 : 4. The polymeric structure contains the Cu(5-Mesal)2(imid)2  units bonded into 1D 

supramolecular chains, paralel to c direction, using the 5-methylsalicylato anion phenolate group 

as bridge to neighbouring copper atom.  

 The donor atoms around Cu(II) atom are in tetragonal-bipyramidal arrangement.  

Two equatorial plane positions are occupied by the imidazole nitrogen atoms and the others two 

are occupied by the oxygen atoms of carboxylate groups. One axial position is occupied by 

phenolate oxygen atom of the neighbouring structural unit and the other axial position is occupied 

by the oxygen atom of asymmetrically bonded chelating carboxylic group.  

200 250 300 350 400 450

B / mT

exp

sim

 

a)      b) 

Fig. 3. a) Structure of [Cu(μ-5-Mesal)(5-Mesal)(imid)2]n  b) Experimental and simulated EPR powder 

spectrum measured at room temperature. 

 

 The blue complex is absorbing visible light in red area. The electronic spectrum shows for complex 

broad asymmetric band with a maximum of 630 nm. EPR spectrum of polycrystalline solids show axial 

symmetry characterized by two g factors g|| = 2.280 and g = 2.089. These values suggest dx
2
–y

2 ground 

state and are in a good agreement with tetragonal-bipyramidal geometry around the copper center. 
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ABSTRACT 

 Polyiodide compounds appear to have considerable promise due to their possible application as  

non-metallic conducting materials and as iodine-containing bioactive compounds as well.  

 The aim of the present work consists in the synthesis and studies (IR-, Raman spectroscopy, single 

crystal XRD, conductivity measurements) of [Ce(Ur)8][I3][I5]  I2   (1) and [Er(Ur)7] [{(Ur)5Er(,-(Ur)2}2-

Er(I3)2][I3]8[I5]2  3I2   (2) (Ur – carbamide, urea) complexes. It has been demonstrated that the openworked 

framework is built from I5
-
- and I3

-
 anions, and I2 molecules as well, the [Ce(Ur)8]

3+
 (CN = 8, tetragonal 

antiprism) or [Er(Ur)7]
3+

(CN = 7, mono-capped trigonal prism), and [{(Ur)5Er(,-(Ur)2}2Er(I3)2]
4+

 species being 

located in the framework cavities. Two trans-I3
 ions are coordinated by the central erbium atom  

(CN=6, distorted octahedron) of the three-nuclear [{(Ur)5Er(,-(Ur)2}2Er(I3)2]
4+

 cation. 

 The influence of the cation-cation and cation-anion hydrogen bonding competition on the composition 

and structure of polyiodide complexes in the lanthanide row is discussed, conductivity values being 

comparable with those of iodine-doped organic semiconductors. 

 

INTRODUCTION 

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

application as non-metallic conducting materials [1]. Doping of different materials with iodine or 

with polyiodide complexes leads to formation of supramolecular assemblies which incorporate, 

along with large complex cations, linear and branched polyiodide anions as well.  

 Polyiodides crystallization takes place when in parallel with openworked structures built from 

diiodine molecules and lengthy and branched polyiodide anions, the cationic species of respective 

size exist and fill cavities in the polyiodide sub-lattice, these species being combined into the 

openworked structures due, for example, hydrogen bonding formation. Usually such coexistence of 

polyiodide- and cationic frameworks in turn combined via H-bonding takes place, but in relatively 

rare cases polyiodide ions are incorporated into the inner coordination sphere of complex cations. 

This phenomenon is observed for some    d-metal polyiodides (those of gold, cadmium and 

mercury which are characterized by formation of bridging-type polyiodide chains) [1]. To the best of 

our knowledge formation of the mentioned type polyiodide chains is not found for lanthanide 

compounds.  

 Single crystal XRD studies of the prepared at 0 ºС carbamide-containg lanthanide polyiodide 

complexes LnI3 · 5Ur · 4I2 · 10H2O [2, 3] and LuI3 · 5Ur · 3I2 · xH2O [4] (Ur – urea, carbamide) have 

not been done. Later polyiodides of some carbamide-containg lanthanides have been prepared at 

room temperature [5, 6]. The latter compounds composition is varied in a relatively wide area  
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(from 6 to 8 carbamide moles, and from 3 to 8 diiodine moles per mole of LnI3). IR- and Raman 

spectra confirmed the carbamide coordination via oxygen atom of –C=O group and the existence 

of polyiodide anions with different composition in the crystalline complexes [7]. 

 Later on the basis of the single crystal XRD studies it has been demonstrated that  

in [Tm(Ur)7][I3]3 · 2I2 pentaiodide-ions play structure-forming role producing extended cavities filled 

with hepta(carbamide)thulium(III) cations combined via hydrogen bond network in infinite columns. 

It has been found that triiodide ions form openworked structure, separated 

hexa(carbamide)ytterbium(III) or hexa(carbamide)lutetium(III) cations being located in the cavities 

of such framework in [Ln(Ur)6][I3]3 (Ln = Yb, Lu) [8]. Polyiodide complex  

of octa(carbamide)dysprosium(III) [9] with higher carbamide content in comparison with polyiodides 

of the heavy lanthanides (Tm, Yb, Lu) complex cations is characterized by an intermediate type  

of the polyiodide framework [9].  

 The aim of the present work consists in the synthesis and studies of cerium(III)- and 

erbium(III) carbamide-containing polyiodoiodates – representatives of the lanthanide row cerium- 

and yttrium subgroups. 

 

EXPERIMENTAL PART 

Reagents and Methods 

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

grade) as received. Cerium(III) carbonate hexahydrate Ce2(CO3)3 6H2O and erbium(III) oxide Er2O3 

were used as starting reagents. Carbamide was recrystallized from water.  

 The complexes obtained were characterized by chemical analysis (the molecular iodine 

content was determined by titration with a sodium thiosulfate solution, and the lanthanide content 

was determined by a complexonometric method, by titration with EDTA in the presence of xylenol 

orange as an indicator [10]). 

 

Apparatus and equipment 

 The single crystal XRD data were collected at 100 K using a Smart APEXII CCD 

diffractometer, MoK radiation ((MoK) = 0.71072 Å, -scan mode). The crystal structures of the 

compounds under investigation were determined by direct methods followed by the full-matrix least 

squares refinement on F2 in the anisotropic-isotropic approximation. A great body of experimental 

data allowed applying an empirical absorption correction by taking into consideration the multiple 

equivalent reflections and using the SADABS Bruker program package [11]. Hydrogen atoms were 

introduced into the calculated positions and refined by the riding model method. All subsequent 

calculations were performed in the framework of the SHELXTL PLUS 5.0 program package [12]. 

Visualization of the compounds structures was performed using the MERCURY program [13]. 

 Electrical conductivity of the pressed samples was measured by the two-point method using 

the Shch 68003 volt-ampere-ohm meter in the temperature range from 77 K (liquid nitrogen) to 

near room temperature (up to ca. 350 K).  

 



Recent Developments in Coordination, Bioinorganic, and Applied Inorganic Chemistry  
Edited by M. Melník, P. Segľa, and M. Tatarko   
Press of Slovak University of Technology, Bratislava  © 2013 

393 

 

RESULTS AND DISCUSSION 

 Cerium(III)- and erbium(III) carbonates were treated with concentrated hydroiodic acid taken in 

20-30% excess with subsequent addition of ground crystalline iodine (molar ratio Ln: I2 = 1 : 10).  

The mixtures were stirred up to complete iodine dissolution followed by carbamide adding (molar ratio 

Ln : Ur = 1:5) and homogenous solution preparing. The latter was kept at room temperature and then 

cooled (down to 0 С) for crystallization of polyiodide complex (Fig. 1). The crystals obtained were 

separated by means of filtering under vacuum through filtering funnels with porous glass plates and 

dried at room temperature in a desiccator over phosphorus(V) oxide. Black needle-like crystals of 

polyiodide complexes are characterized by metallic lustre, low melting temperature and hygroscopicity, 

they gradually lose iodine in air and are decomposed under the action of water and organic solvents. 

Anal. Calc. for (1), C8H32N16O8I16Ce (2204.80): Ce, 6.36; I0: 46.05. Found: Ce, 5.73;  I0, 50.24,  

the molar ratio Ce:I2 = 1:4.84. 

Anal. Calc. for (2), C21H84Er4I46N42O21 (8288.08): Er, 8.07; I0, 52.06. Found: Er, 6.27; I0, 45.12,  

the molar ratio Er: I2 = 1:4.90. 

It should be underlined that extremely high unstability, low melting points and hygroscopicity of the 

complexes obtained prevent their content determining on the sufficiently reliable level. 
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Fig. 1. Scheme of complexes formation. 
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 Crystal data and structure refinement details for (1) and (2) are given in Table 1, while 

numbering schemes, coordination of ligands and packing particularities are presented in Fig. 2–5. 

 

Table 1.  Crystal data and structure refinement for complexes [Ce(Ur)8][I3][I5]  I2   (1) and [Er(Ur)7] 

[{(Ur)5Er(,-(Ur)2}2Er(I3)2][I3]8[I5]2  3I2   (2) 

 

 (1) (2) 

Empirical formula C8 H32 N16 O8 I16 Ce C21 H84 Er4 I46 N42 O21 

Formula weight 2204.80 8288.08 

T, K 100(2) 100(2) 

 (Å) 0.71072 0.71072 

Crystal system monoclinic triclinic 

Space group P 21/n P1 

Unit cell dimensions 

a (Å) 15.2202(13) 12.1372(12) 

b (Å) 21.7903(19) 13.8371(17) 

c (Å) 15.7661(14) 29.500(3) 

 (º) 90 77.689(4) 

 (º) 111.8923(17) 86.015(3) 

 (º)  90 68.701(4) 

V (Å )3 4851.8(7) 4509.7(8) 

Z 4 1 

calc. (g/cm3) 3.018 3.052 

 (mm–1) 8.731 9.951 

Crystal size (mm) 0.3 x 0.2 x 0.2 0.3 x 0.2 x 0.2 

  range (º) 1.59-27.00 0.71-29.00 

Index ranges 

-19≤ h ≤ 19 

-27 ≤ k ≤ 27 

-20 ≤ l ≤ 20 

-16≤ h ≤ 16 

-18 ≤ k ≤ 18 

-39 ≤ l ≤ 40 

Measured reflections 10588 23788 

Independent reflections 7012 19816 

Refinement method full-matrix least squares on F2 

Parameters 425 773 

GOOF 1.198 0.986 

R1/wR2[I≥2σ(I)] 0.1145 / 0.0686 0.0545 / 0.0545 

max/min, e/Å3 2.572  / – 2.621 3.932 / – 2.542 
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 The structures of the complexes (1) and (2) may be assigned to the cationic-anionic type. 

Compound (1) consists of [Ce(Ur)8]
3+ cations, two types of triiodide ions [I3]

 (linear symmetrical 

and slightly distorted unsymmetrical ones), planar V-shaped pentaiodide-ions [I5]
, as well as  

non-coordinated iodine molecules (Fig. 2). 

 Neighboring (with respect to the same unit cell) pairs of symmetrical [I3]
  ions are located in 

the planes, the angle between these plains being equal to ca. 70, while the angle between the 

planes with neighboring asymmetrical [I3]
  ions – to ca. 63. Values of the I-I interatomic distances 

give grounds to consider these species as the product of interaction of two diiodine molecules with 

iodide-ion: I · I2; this conclusion being confirmed by the Raman spectra studies [7, 14]. Adjacent 

[I5]
 anions are located in the parallel planes or in the planes with the angle between them being 

equal to ca. 10. Except that, there are outer sphere diiodine molecules, the I–I distances being 

equal to ca. 2.745-2.784 Å (in comparison with 2.72 Å for non-coordinated I2 molecules), and the 

measured [I3]
– – [I2] contact lengths being equal to 3.41–4.43 Å.  

 

Fig. 2. Independent part of the unit cell in the crystal of [Ce(Ur)8][I3][I5]  I2   (1). 

 

 Monodentate carbamide molecules in the complex cations of (1) are coordinated by the CeIII 

central atoms via oxygen atoms of the ligand carbonyl groups, the respective coordination 

polyhedron represents distorted tetragonal antiprism, and coordination number (CN) equals to 8.  

In should be noted that coordinated carbamide molecules preserve their planar configuration.  

 Polyiodide ions and iodine molecules are grouped together and form openworked 

frameworks, octa(carbamide)cerium(III) cations of (1) being located in the 10–13 Å wide channels 

of these frameworks (Fig. 3, a, b).  
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a                                                                  b 

 

Fig. 3. Polyiodide chains (a) and packing (b) in the crystal of [Ce(Ur)8][I3][I5]  I2   (1). 

 

 Pentaiodide and triiodide anions in the crystalline erbium complex (2) likewise form the 

openworked framework in the extended channels of which isolated complex cations of (2) 

([Er(Ur)7]
3+  and three-nuclear symmetric [{(Ur)5Er(,-(Ur)2}2Er(I3)2]

7+ with 4 bridging carbamide 

molecules combining complex-forming atoms (erbium) into complex cationic assembly with both Ur 

and triiodide ions as ligands) are located (Fig. 4). 

 In the three-nuclear complex cation of (2) two almost linear diiodoiodate ions I3
 are 

coordinated in trans-position by the central erbium atom (CN=6, coordination polyhedron: distorted 

octahedron), this atom being connected through four bridging carbamide ligands with terminal 

erbium atoms. The terminal erbium atoms are linked with five carbamide ligands, apart from the 

two bridging ones, (Fig. 5). 

 In the course of more detailed characterization of polyiodide sublattice, short contacts 

between terminal iodine atoms of anions (3.410 - 3.570 Å), which differ from the iodine-iodine 

interatomic distances in pentaiodide- and triiodide anions (ca. 2.8 Å) but approaching the I-I 

distances in other investigated polyiodide systems [14], stand out and are less than the sum of van 

der Waals radii of iodine atoms. Triiodide ions are practically linear in itself (the I–I–I angle values 

are 176.78, 177.07, 177.74, 179.67 и 180.00), while a pentaiodide ion is a V-shaped one  

(the I2–I3–I4 angle at the central iodine atom equals to 149.59), the arms of the “V” being slightly 

bent (the I1—I2—I3 and I3—I4—I5 angle (Fig. 4) equals to 170.33 and 173.55, respectively) and 

displaced in such a way that the dihedral angle between the I1—I2—I3 and I3—I4—I5 planes 

equals to 15.91. 
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Fig. 4. Independent part of the unit cell in the crystal of [Er(Ur)7][{(Ur)5Er(,-(Ur)2}2Er(I3)2][I3]8[I5]2  3I2   (2). 

 

 

Fig. 5. Three-nuclear complex cation in the crystal of [Er(Ur)7][{(Ur)5Er(,-(Ur)2}2Er(I3)2][I3]8[I5]2  3I2   (2). 
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Fig. 6. Packing  in the crystal of of [Er(Ur)7][{(Ur)5Er(,-(Ur)2}2Er(I3)2][I3]8[I5]2  3I2 

 

 Thus pentaiodide- and triiodide anions are grouped into infinitive filaments which form 

openworked interlayer between carbamide-containing complex cations. Except that, there are 

fragments consisting of disordered iodine atoms and separating mononuclear complex cations.  

A large number of the N—H…I hydrogen bonds (from 2.883 to 3.122 Å in length) provides 

additional association of carbamide-containing complex cations with iodine atoms of the polyiodide 

framework (Fig. 6). 

 Carbamide coordination by erbium atoms in (2) takes place via oxygen atoms, the respective 

coordination polyhedron being the one-capped trigonal prism (CN = 7) both for isolated complex 

cations and for the terminal erbium atoms in the three-nuclear complex cations. In this case 

carbamide molecules coordination almost does not change their planar configuration.  

 The known methods of evaluation of the metal–ligand chemical bond ionic degree by taking 

into consideration the geometric parameters of the complex cations [15, 16] are based on the fact 

that optimal overlapping of the complex-forming atom orbitals with the oxygen atom hybridized 

orbitals takes place, in the case of pure covalent bonding formation, when the MOC angle is near 

the value inherent in the proposed hybridization type (sp2). In ionic M–L bonds the orientation of the 

ligand dipoles towards the metal ion must be such as to achieve optimum electrostatic interaction, 

and the M–O distance is near 2.5 Å. The direction of the planar carbamide dipole coincides with the 

C—O bond direction and the pure ionic bond should be assigned to such Ur disposition when the 

complex-forming metal atom is located in the carbamide plane (the М–ОС angles equal to 180). 

 In the complex cation of (1) the cerium atom is not located in the carbamide ligand plane, 

and the Ce–ОС angles are in the range from 122.20 to 143.32 (the average value is 132.76).  
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It is obviously that the chemical bond covalent component dominates over the ionic one. It should 

be noted that for octa(carbamide)samarium(III) cation in [Sm(Ur)8]I3 [17] the Sm–ОС angles are 

128.81-145.27 (the average value is 137.04) and as a result the metal–ligand bond ionic 

component demonstrates more significant contribution.  

 With the exception of steric requirements, the composition of complex cations is dependent 

on the carbamide molecules ability to participate in formation of intramolecular hydrogen bonding 

between ligands. It is obvious that ligands, located in the inner coordination sphere, take a part in 

the intramolecular H-bonds formation, and the N…O distance is in the range from 2.884(5) to 

3.002(5) Å. In contrast to hepta(carbamide)thulium polyiodide [8], octa(carbamide)cerium cations in 

(1) do not form intermolecular NH…O or     NH…N H-bonds which would combine cations into 

infinite chains. In crystals of (1), as it takes place in hexa(carbamide)thulium- and 

(hexacarbamide)lutetium polyiodides [8], cations are surrounded by [I3]
 and [I5]

 polyiodide species 

which together with NH– groups form the NH…I (H…I 2.036(4) –3,151(5) Å) cationic-anionic  

H-bonds.  

 It should be underlined that the coordination number growth up to 8 in (1) and as a result – 

rise of repulsion forces within the coordination polyhedron – is compensated in significant extent by 

growing in the complex-forming cation size when going from lutetium to cerium. As a consequence 

the (NH…I) cationic-anionic H-bonds remain as the preferable ones  

 It is pertinent to note that composition of complex cations of the respective polyiodide 

compounds is changed from [Ln(Ur)8]
3+ (Ln = La, Ce, Dy [9]) to [Ln(Ur)7]

3+ (Ln = Tm) and even to 

[Ln(Ur)6]
3+ (Ln = Yb, Lu) [8].  

 For carbamide-containing complex iodides or bromides the coordination number change in 

the lanthanide row is not observed: only [Ln(Ur)4(H2O)4]I3 [18,19], [Ln(Ur)4(H2O)4]Br3, and 

[Ln(Ur)6(H2O)2]Br3 [20, 21] complexes with CN = 8 were obtained. The coordination number 

decrease was found only for some carbamide-containing lanthanide chlorides ([Er(Ur)6Cl]Cl2 [21] 

and [Ho(Ur)4Cl3] [22]). The latter is possibly determined by the chloride ligand hardness growth (in 

the framework of the Pearson’s HSAB theory) as well as by increasing its ability to be coordinated 

– with respect to carbamide and in comparison with bromide- and iodide-ions.  

 Evidently, triiodide- and pentaiodide ions entering into carbamide-containing lanthanide 

polyiodides have a similar effect on lanthanide cations, favoring formation of smaller in size 

complex cations and the coordination number decrease.  

 Erbium polyiodide complex (2) holds an intermediate position in the series of other 

lanthanide polyiodides and is characterized by the unique multinuclear-mononuclear structure with 

CN = 6 and 7, while triiodide ions play not only the structure-forming role being incorporated into 

the polyiodide framework, but are constituents of inner coordination sphere of the cationic complex 

as well. So, erbium derivatives which traditionally belong to the area of crystal-chemical  

non-stability [23] are the intermediate ones between lanthanum-, cerium- and dysprosium 

polyiodides, on the one hand, and thulium polyiodide – on the other.  

 The presence of openworked framework built from diiodine molecules along with polyiodide 

ions of different composition allows considering these compounds as the perspective ones from 
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their electrical conductivity viewpoints. We have found that conductivity decreases with 

temperature growth, the conductivity activation energy Ea being equal to 0.15–0.23 eV or  

0.5–0.9 eV for different temperature ranges. Lower values of activation energy at higher 

temperatures is a result of compounds melting at temperatures slightly higher than room 

temperature and the Ea values itself (0,15–0,23 eV) are near those for low melting 

tetraalkylammonium polyiodides [24].  

 Most likely that this phenomenon may be explained by the Grotthus-like charge carrier 

transfer (transport of charge without any net transport of mass) when virtual transport of iodide-ions 

takes place with an intermediate – anion-radical – possible formation with very little displacement 

of nuclei [25] The contribution of cation mobility to the charge transfer process must be negligible 

for a Grotthus-like model. The Grotthus-type mechanism is also expected to be enhanced by the 

long-range order in the solid as compared to the liquid state [25].  
 

 
 

Fig. 7. Dependence of activation energy Ea  and n (atomic ratio I:Ln) on Z. 

 

 At low temperature alternative mechanisms, probably of the usual defect diffusion type ionic 

motion, which are associated with a high energy of activation, are responsible for the charge 

transfer [25]. It should be underlined that Ea values are comparable with those of a number of 

iodine-doped organic semiconductors [26]. Dependence of low-temperature activation energy on 

the nature of complex-forming atom and the I:Ln atomic ratio (Fig. 7) [27] show the secondary 

periodicity (W-W effect) presence in the La–Lu series [23].  

 In conclusion, the structure of the complexes under consideration provides an excellent 

example of supramolecular self-organization as a result of intramolecular hydrogen bonding and 

polyiodide assemblies formation.  
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ABSTRACT 

 Recently the chemistry of Copper(III) tetraphenylporphyrin has was revised [1], the study included  

UV-Vis absorption and emission spectra, E.S.R measurements, X-ray Photoelectron Spectroscopy(XPS) and 

Cyclic Voltammogram results. 

 The Copper(III) tetraphenylporphyrin results from the disproportionation of Cu
2+

 in dry organic solvents 

in the presence of the free base tetraphenylporphyrin. 

2Cu
2+

    +   H2TPP              Cu(III)(TPP)
 +

 + Cu
+ 

 +   2H
+
  

 The new, Cu(III)porphyrin exhibits different UV-vis absorption, epr, and fluorescence patterns than the 

well known Cu(II)(TPP), Cu(II)(TPP
+.

) and Cu(II)(TPP
+2.

).  

 The new, Cu(III)porphyrin exhibits closed-shell, diamagnetic properties. Photoinduced electron-

transfer processes have been detected in a new fullerene-based Copper(III) tetraphenylporphyrin (TPP) 

dyad, the nanosecond experiments show photo induced charge separation over more than 1000ns.  

 

 

INTRODUCTION 

 The porphyrins and their metal complexes play key functions in many biological processes. 

The resulting metalloporphyrins exist in a broad variety of plants and animals and are involved in 

metabolic processes, such as hydroxylation, oxygen transport, electron transport, and oxidizing 

catalytic reactions [2-3]. Common to most of these metalloporphyrins are copper or iron cations. 

Copper(II) as the central metal ion in metalloporphyrins is a cofactor of many enzymes [3]. 

 Importantly, porphyrins facilitate the formation and stabilization of a broad range of unusual 

oxidation states. Such metastable species are key intermediates in energy sources for cells and in 

the entire biological system. 

 Synthetic metalloporphyrins are often studied as models for biological systems and as 

catalysts. Metalloporphyrins often function as excited state electron donors, usually the metal ion 

are  diamagnetic, like cadmium(II), magnesium(II), and zinc(II), which are all strongly fluorescent, 

[18–22]. On the contrary, the use of paramagnetic centers metal ions, such as copper(II), 

iron(II)(high-spin), maganese(II), iron(III), or chromium(III) is scare. This difference comes 

predominantly from the existence of triplet-multiplet states due to the mixing of spin multiplicity of 

the paramagnetic metal centers and the porphyrin.  
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 The concept "closed-shell" refers to diamagnetic metalloporphyrins and "opened-shell" to 

paramagnetic metalloporphyrins. 

 Closed-shell metalloporphyrins conjugated to fullerenes were extensively studied in recent 

years as photoinduced electron transfer systems for light harvester [13–16] 

 Fullerene-base electron donor–acceptor conjugates containing copper porphyrins has an 

interesting chemistry. While the Cu(II) conjugates species quench any fluorescent and charge-

transfer, the Cu(III) porphyrins having diamagnetic d8 configuration  can be good  candidates as 

metloporphyrin-fullerene dyads. 

 Following the characterization of Cu(III) tetraphenylporphyrin1, we herein report the 

characterization of novel closed-shell, diamagnetic, Cu(III) porphyrin fullerene dyads (Cu(III) 

TPP-C60.  

 

EXPERIMENTAL PART 

Reagents and solutions 

 All chemicals used were of AR grade purchased from Sigma/Aldrich. As a source for copper 

ions, dry anhydrous CuCl2, CuCl and Cu(CH3CN)4PF6 salts were used.  

 Toluene, C2Cl2H4 (DCE), and CCl2H2 (DCM) in the presence/absence of anhydrous CH3CN 

were used as solvents. 5,10,15,20-tetraphenyl-21H,23H-porphyrin (H2(TPP)) was used as the 

porphyrin source. 

 

Apparatus and equipment 

 The UV-vis spectra were measured using an Agilent 8453 diode array UV-vis 

Spectrophotometer. Emission spectra were recorded with an SLM 8100 Spectrofluorometer. 

 Nanosecond laser flash photolysis experiments were performed with 355 nm laser pulses 

from a Quanta-Ray CDR Nd:YAG system (6 ns pulse width, 2 mJ per pulse) in a front-face 

excitation geometry. 

 

RESULTS AND DISCUSSION 

Complexation 

 Cu(II) reacts with tetraphenylporphyrin- fullerene dyads  (H2TPP-C60) in organic non-polar 

solvents like 1,2 dichloroethane (DCE), dichloromethane (DCM) or toluene in the presence of  

0–5% dry acetonitrile to yield new green solutions containing the Cu(III)TPP-C60 similar to the 

preparation of the already reported Cu(III)TPP [1].  

 The visible-near-UV absorption spectrum of the new Cu(III)TPP-C60 is shown in  Fig. 1.  

The the UV-vis spectra of the analog free base porphyrin fullerene dyads (a) ; the Cu(II)TPP-C60 

analog (b) and the NH2-C60 (c) are show In Fig. 2 for comparison.  

 As can be see (Table 1) while H2TPP-C60 specie show four Q bands, the Cu(III)TPP-C60 

species only two bands. The Soret band shifts to the red and has a lower extinction coefficient and 

the same pattern. The absorption data of the three dyads and their TPP analogs are listed in  

Table 1 (The relative absorptions are in parenthesis).  
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Figure 1: The visible-near-UV absorption spectrum of Cu(III) TPP C60. 

 

 

 

Figure 2:  The visible-near-UV absorption spectrum of a- free base porphyrin fullerene dyads (H2TPP-C60),  

b- Cu(II)TPP-C60, c- NH2-C60 in toluene. 

Compound solvent Soret bands Q-bands 

H2TPP-C60 DCM 420 (8.7) 517(1.0),  551(0.7) 592(0.6), 646(0.5) 

Cu(II)TPP-C60 DCM 419 (13.6) 540(1.0) 571(0.2) 

Cu(III)TPP-C60 DCM 440(7.3) 602 (0.3) 650(1.0) 

Cu(III)TPP-C60 toluene 440(8.7) 600 (0.2) 650(1.0) 
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Fluorescence measurements 

 The fluorescence spectra at different excited wavelengths (3D presentation) of the H2TPP 

(a), Cu(II)TPP (b) and the new Cu(III)TPP (green) (c) are shown In Figure 3. The new Cu(III)TPP 

(green) have intense fluorescence in 650-750 nm range when excited in the range of  450 to 

650nm compared to the Cu(II)TPP that have negligible fluorescence in this range. 

 When new Cu(III)TPP (green) fluorescence is compared to the new Cu(III)TPP-C60 dyad 

(green) analogue at the same concentration (Figure 4), quenching is observed resulting from the 

presence of the fullerene. 

 

 

 

 

 

Figure 3:  The fluorescence UV-vis spectra obtained from different excited wavelengths (3D presentation)  

of the H2TPP (a), Cu(II)TPP (b) and Cu(III)TPP (c).  

The Cu(III)TPP have intense fluorescence in 650-750 nm region (when excited in the 450 to 650nm range) 

compared to Cu(II)TPP with a negligible fluorescence in this range. 
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Figure 3: Cu(III)TPP fluorescence (a- Excitation at 450nm and b- Excitation at 648nm) compared to the 

Cu(III)TPP-C60 dyad analogue (c- Excitation at 450nm and d- Excitation at 648nm) at identical concentrations 

- evident quenching  resulting from the presence of the fullerene moiety.  

  

Charge Transfer  

 The nanosecond charge separation state absorptions of the new Cu(III)TPP-C60,  

Cu(II)TPP-C60 and H2TPP-C60 dyads  are shown  in Figure 4.  Even after 1000ns excitation at  

355 nm there is still absorption of the excited state in the case of H2TPP-C60 and new  

Cu(III)TPP-C60 however a negligible absorption in the case of Cu(II)TPP-C60. The kinetics of the 

formation and decay of the new Cu(III)TPP+-C60- is shown in  Figure 5. Even after 2000ns the 

charge separation remains unchanged. The effect of molecular oxygen was investigated:   

in saturated O2 solutions the absorption of the excited state is definitely lower but the emission 

wavelength did not change. 
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Figure 4: Charge separation state absorption of a: H2TPP-C60, b: Cu(III) TPP-C60 and c: Cu(II)-TPP C60 

dyads in toluene + 5 % MeCN   Ar(g) saturated measured after 1000ns from excitation at 355 nm  

(10 mJ, 5ns (FWHM)). 
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Figure 5: Kinetics of the formation and decay of the Cu(III)TPP
+
 C60

-
 at 500nm.  

Absorption may be observed even after 2000ns. 
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DISCUSSION AND CONCLUSIONS 

 Our results indicate the formation of a stable, new copper(III) tetraphenylporphyrin fullerene 

dyad.  The copper(III) tetraphenylporphyrin is strongly fluorescent, more fluorescent compared  to 

the new copper(III) tetraphenylporphyrin fullerene dyad. The electron transfer processes in the new 

Cu(III)(TPP) C60 electron donor–acceptor conjugate, yield a radical ion pair state with a lifetime 

exceeding 1000 ns. 
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ABSTRACT 

 The Kohn-Sham orbital properties of rotamers of idealized, cubic hexaaqua ions of Th and Td 

symmetries give rise to the new concept of orbital parentage and a supplement to the traditional concept of 

coordination. The geometry of the water fragments and the oxygen to metal distance are obtained from an 

energy minimization of an aqua ion of symmetry Th. Under these geometrical restrictions the Average of 

Configuration Density Functional Theory energies of all the orbitals of the valence shell for rotamers of Th 

and Td symmetry were determined. As expected, the orbital energies that refer to bonding as well as 

antibonding σ orbitals are extremely close to being the same for both rotamers, but markedly different for the 

π orbitals. Moreover, the bonding LCAO MO’s that can be classified as those having an orbital parentage of 

oxygen 2p orbitals of the water fragment were found to appear on the energy scale from highest to lowest as 

follows: pπ, pσ, pπ|| orbitals and, below these sets, the 2s orbitals. The order of the orbital energies is as 

expected on the basis of the Angular Overlap Model and is supported experimentally by existing data from 

photoelectron spectroscopy applied to the gaseous water molecule. 

 

INTRODUCTION: LIGAND FIELD THEORY THROUGH A COMPUTATIONAL REVIVAL 

 Crystal-field/ligand-field theory is a model whose development began in physics in 1929, 

associated with the names of Bethe and crystal fields, and whose own name in physics is still 

today, crystal field theory, in spite of the fact that the physicists already in 1935 (van Vleck) 

realized that many of the results of the model could be explained qualitatively by the MO theory 

then developed. Crystal field theory obtained a new life in chemistry after World War II when it was 

renamed by the chemists: ligand-field theory, LFT. Even though this parametrical model is so 

shockingly simple, it is quantitative and objective. In fact, it resulted in a revolution in the way of 

thinking about and classifying transition metal spectroscopies and chemistry because of the many 

regularities found in the spectrochemical and chemical variations of the determined parameters. In 

spite of the qualitative reference to MO theory, the quantitative model remained the same, based 

upon the angular factors of the d orbitals. Thus, we have a 100% spherical concept, which we shall 

name the Classical Ligand-Field Model. 

 The model Hamiltonian consists of a sum of terms, all acting on neat, complete dq 

configurations to provide the angularly dependent coefficients to radial parameters that are 

obtained from experiments. The Hamiltonian has two parts, a one-electron part LF of the molecular 

symmetry and a two-electron part R that represents the interelectronic repulsion and has spherical 
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symmetry. This LFR model has a qualitative MO superstructure that can be modeled quantitatively 

by the angular overlap model AOM, which from 1957 has gradually helped keeping LFT alive [1-9]. 

The AoC-DFT model has proved unexpectedly useful in providing pseudo experiments to mimic 

LFT. In fact, because of the simplicity of LFT no one would ever have expected that the 

parameters of such a simple model would be computable at all. However, over the last decade a 

computational revival of LFR has taken place [10-18]. In this lecture it will be communicated that 

even an MO-extended version of LFT can be mimicked remarkably well. 

 The chemical inspiration to the present work came from the fact that all cesium β alums, 

encompassing a large number of trivalent metal ions, display planar ligation of their coordinated water 

molecules. Planar ligation had early on been used to illustrate that a total ligand field that was the sum 

of contributions from the individual ligands could be parameterized by the angular overlap model, AOM, 

in a more chemically attractive way and with the use of a smaller number of empirical parameters than 

would be implied by symmetry [7]. At that time there was no way to obtain accurate positions of 

hydrogen atoms and not much more happened then. However, over the last decades there has been 

new attention on “octahedral” aqua complexes and water’s mode of ligation [19-29]. 

 In the last decade the AoC-DFT computational model based upon Kohn-Sham DFT  

and a commercially available computer program, ADF, the Amsterdam DFT, have provided an  

all-electron representation of atomic as well as molecular dq systems. First of all, even though the 

DFT model is fundamentally based upon the one-electron density, KS-DFT allowed a modeling of 

the interelectronic repulsion of the partially filled part of the valence shell enforcing spherical 

symmetry, the so-called Slater-Condon-Shortley model, leading to two-electron parameters of 

interelectronic repulsion in reasonable agreement with experiment [10-12]. The computed  

two-electron SCS parameters display the phenomenon of nephelauxetism, which is the reduction 

of the molecular repulsion parameters relative to those for the corresponding dq atomic systems 

[10]. Empirically, this phenomenon gave rise to the nephelauxetic series of ligands [30-32], which 

could now be obtained computationally [10-12]. Along with these quantitative results, their 

qualitative explanation could now be at least partially explained by referring to the computed "dq" 

molecular eigenfunctions, a completely new situation in view of the fact that the nephelauxetic 

series was discovered in 1958. The empirical one-electron ligand-field parameters, which made up 

the basis for the success of the ligand-field model in coordination chemistry, could also be 

computed in a convincing way by the machinery of the computational model with very little human 

choice involved. As a more general result, the two-dimensional spectrochemical series [3], based 

upon the AOM, could also be obtained computationally. For the demonstration of this series 

experimentally, one has to be lucky with respect to the choice of systems because the 

spectroscopic step depends on the low-symmetry splittings of broad absorption bands [33,34]. 

 

KOHN-SHAM DFT AND AOC DFT 

 Kohn-Sham DFT is a molecular orbital theory which is able to mimic wave-function theory, 

but which delivers reasonable results with much less computational power, thereby allowing huge 

chemical systems such as transition metal systems to be handled on a PC. KS-DFT requires a 

starting point for the electronic density distribution within the chemical system. This point is 
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generated on the basis of an input of suggested electronic occupation numbers of the parametrical 

atomic spin orbitals contained in the program (expressed in basis sets) or on molecular orbitals of 

fragments already generated by the program. 

 An extraordinary feature of KS-DFT is the possibility of using symmetry labeled orbitals with 

fractional populations that remain invariant during the series of computations that lead to the final 

SCF energy minimum. For our particular purpose, we use the so-called Average of Configuration 

AoC, which means that the q electrons of the dq system are distributed evenly upon the ten spin 

orbitals (the five spatial orbitals) of d type. For an atomic system, this means that the symmetry is 

forced to be spherically symmetric during every step on the way to self-consistency. Similarly,  

for molecular systems, the end point electron density distributions have the symmetry of the 

chemical system. Certain symmetry and geometry requirements may be imposed upon an SCF 

computation, and this is where chemical knowledge can be applied, particularly in the realm of 

bringing order into our classification of inorganic systems that have features in common, such as, 

for example, symmetry. Thus, one may model the typical DFT question: would one obtain a 

smoother variation in, for example, metal to ligating atom bond distances along a row in the 

periodic table if Jahn-Teller distortions, and thereby J.-T. stabilizations, were eliminated [16]. 

 The AoC-DFT model requires only two SCF computations for each chemical system. The first 

one serves the purpose of determining the geometry under the circumstances, i.e. either the 

completely free computation or that wanted with special constraining requirements imposed. This DFT 

computation is unrestricted in the sense that the spin-orbitals with α spin may be associated with 

different spatial-orbital factors than the corresponding orbitals with β spin, and the program is free to 

vary the orbital occupations according to an Aufbau principle. The second SCF computation is different 

from the first one in two respects: The computation is restricted, that is, a given pair of spin-orbitals 

must be associated with the same spatial-orbital factors, and all orbital occupations are kept fixed. 

 The energies of AoC computations are not directly related to energies of Slater determinants 

where fractional occupation numbers of orbitals are not an option. However, AoC computations 

would not have been an option in KS-DFT, had they not been associated with well-defined 

electronic density distributions and thereby well-defined energies. 

 

PLANAR LIGATION OF HEXAAQUA COMPLEXES BELONGING TO THE CUBIC POINT 

SYMMETRY CLASS 

 Hexaaqua complexes belonging to the point group Oh are geometrically impossible. However, 

for planar ligation of the water molecules, the two cubic point groups Th (Fig. 1) and Td are realizable. 

This means that we can model two different complexes whose metal to oxygen skeletons are 

identical and belong to the symmetry group Oh and whose oxygen to metal σ-interactions should be 

nearly identical, but whose π-interactions should be distributed upon the symmetry species of Th and 

Td. In Fig. 1 the Th case is illustrated. The Td case can be obtained from here by concerted rotations 

of the water molecules by 45 degrees about the metal to oxygen bonds. 
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Fig. 1. Planar ligation of water. Schematic drawing of the most stable hexaaqua metal ion, which has Th 

symmetry. The plane of each of the six ligands lies in a coordinate plane. The symmetry may be changed 

into Td by a concerted rotation of the ligands by 45 degrees about their two-fold axes, which pass through the 

central ion. Such rotations have no first order influence upon the σ interactions. 

 

 In Table 1 the results of the same computational model are given for three d3 complexes that 

are as different as possible among the chemically known ones that are orbitally J.-T. stable.  

The ordering of corresponding orbital energies is the same for the three metal ions. Moreover, 

these energies depend much more on the oxidation states than on the period of the periodic table, 

they belong to. The values of the spectrochemical parameter 1.4, 1.9, and 2.5 eV not only vary in 

accordance with the empirically known spectrochemical series for central ions but the values 

themselves are also close to experiment. 

 

CLASSIFICATIONAL ORBITAL PARENTAGE AND HETEROPOLARITY 

 In Table 2 the orbital energies of the classes of occupied eigenorbitals of Mo(OH2)6
3+, the 

model product [35,36], as well as those of the classificational eigenorbitals of the model fragments, 

the reactants, are given. The orbital energy situation is noteworthy: The Mo(OH2)6
3+ orbitals, 

classified as d-orbitals, are seen to be destabilized by the ligation process, and the other four 

energy classes, together classified as water group orbitals, are stabilized by the ligation process. 

Moreover, before the bonding process, the average energy of the d orbitals is lower relative to the 

energies of all the water group orbitals whereas the reverse is true after the bonding. These energy 

reversals are associated with a transfer of negative charge from the ligands to the central ion 

during the bonding process. Because we still must classify the Mo fragment, Mo3+, as well as the 

product, Mo(OH2)6
3+ as d3 systems with S = 3/2 and say with Jørgensen [37] that the oxidation 

state is III all through the coordination process, it may be useful to emphasize that the process may 

be said to be conceptually associated with charge transfer without electron transfer. Whether or not 

one wants to adhere to this somewhat strange kind of language, this kind of situation is the special 

feature of the heteropolarity of all innocent transition metal complexes, i.e. complexes with 

spectroscopically well-defined oxidation states [38]. 
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Table 1. Kohn-Sham orbital energies (eV) from an SCF computation of the restricted AoC type. The notation 

for the starting-point valence orbitals has been used to classify the computation’s eigenorbitals (column 1),  

of which the central ion d sets name one of the four classes and the oxygen 2p sets name the three other 

classes. Each of these four energy classes has two or three symmetry-labeled sub-classes (column 2).  

The energy ordering of classes as well as subclasses is the same for the three metal ions. 

Th
M(OH2)6

n+ (M = V2+, Cr3+, Mo3+)
V2+ Cr3+ Mo3+

d
eg −9.62 −17.2 −15.5

tg −11.01 −19.1 −18.0

π
tu −16.60 −22.3 −21.8

tg −16.73 −22.6 −22.1

σ

tu −19.3 −25.2 −24.53

eg −19.6 −25.9 −25.64

ag −20.3 −26.6 −25.65

π||

tu −22.30 −27.88 −27.32

tg −22.35 −27.93 −27.39
 

 

 The energy gaps across the table (the rows) show that the ligand group orbital energy 

classes are almost equally stabilized, by about 14 eV, the p and the pσ orbitals by a little more 

(15 and 16 eV, respectively), because their stabilization embodies their clearly more bonding 

character. Remarkable is the result that the σ and π ligand orbitals apart from these bonding 

stabilizations behave so comparably across the table. 

 The energy gap in the product column between the d orbitals that are antibonding and the 

water group orbitals that are bonding is an approximate measure of the energies of the 

spectroscopic electron transfer transitions from the ligands to the central ion [39,40] (forward 

electron transfer transitions). The size of this gap is quite considerable, in agreement with the 

chemical knowledge that MoIII is not very oxidizing. 

 

THE σ ORBITALS AND THEIR SYMMETRY SPECIES 

 As expected, Table 3 shows that corresponding energies of the bonding σ orbitals of the two 

different rotamers of Mo(OH2)6
3+ are almost alike. However, the energies associated with the Th 

rotamer are systematically a bit lower than those of the Td rotamer in agreement with its slightly 

greater stability. 
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Table 2. Valence orbital class energies. Column 1 contains the characterizing labels of the five energy classes 

of the aqua ion including the sσ class (cf. Table 1). Column 2 contains the class energies of the aqua ion, which 

are given here as the weighted average energies of the symmetry sub-classes. Column 3 contains the energy 

of the d class referring back to the fragment Mo
3+

, where it may be noted that a considerable destabilization has 

taken place on going from the fragment (reactant) to the aqua ion (product). Column 4 contains the energies of 

the four classifying valence group-orbitals of the water fragment. Here a stabilization takes place during the 

bonding process. The ordering of the energies of the water fragment orbitals as well as their relative differences 

are with the obvious difference in the signs of the energies  known from UV photoelectron spectroscopy where 

(12.6, 14.8, 18.6, 32.2) are the respective vertical ionization energies in eV [41,42] 

 

KS Orbital Energies
of Mo(OH2)6

3+, Mo3+ and OH2

Aqua ion Fragments

KS orbital class
energies/eV

Mo3+

KS d-orbital
energies/eV

OH2

KS orbital
energies/eV

d(R3) −17.0 −33.3

pπ −22.0 −7.2

pσ −25.1 −9.2

pπ|| −27.4 −13.2

sσ −39.5 −25.1
 

 

 
Table 3. Orbital energies of symmetry-based sub-classes of the σ classes of Mo(OH2)6

3+
 rotamers. These orbitals 

do not exist within classical LFT, but are the bonding orbitals of extended LFT as represented by the AoC-DFT 

model used here. For both rotamers, please note that the pπ|| class separates the two σ classes (cf. Table 2). 

Mo(OH2)6
3+

Mo-O σ interactions of two rotamers

Th Td

Opσ

tu −24.53

Opσ

t2 −24.51

eg −25.64 e −25.62

ag −25.65 a1 −25.62

… …

Osσ

tu −39.49

Osσ

t2 −39.46

eg −39.55 e −39.53

ag −39.68 a1 −39.65
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THE TWO KINDS OF CLASSIFYING LIGAND π ORBITALS AND THEIR SYMMETRY SPECIES 

 Fig.2 and Table 4 emphasize the important focuses of extended LFT when planar ligation is 

under consideration. The hydrogen atoms sit in the nodal planes of the π orbitals which mean that 

the overlap between the s orbitals of hydrogen and these Opπ orbitals is zero, a symmetry fact that 

can alternatively be expressed by noticing that the angular overlaps are zero (cf. Fig. 2) . This means 

that the π orbitals are non-bonding within the water fragment. For both classes of π orbitals of  

Table 4, the t1 orbitals have a higher energy than the tu and tg orbitals and t2 orbitals have a lower 

energy. The reasons for this general rule are the following: Because of parity the tu ligand orbitals 

interact with empty Mo 5p orbitals, but not with the partially filled Mo 4d, and the vice versa rule 

applies to the tg orbitals. However, the t2 orbitals are allowed to mix with both kinds of Mo orbital 

whereas the t1 orbitals are symmetry-prohibited to mix with either. This is clearly expressed in the 

Mulliken analysis is given in Table 4. Mulliken analysis is based upon a simple but still arbitrary 

choice of distribution of the overlap charge between the central ion and the ligands and, moreover,  

is dependent on the set of basis functions. However, these reservations hardly apply here, because 

we compare chemically highly similar compounds and the analysis refers to identical fragments. 

Therefore, the fact that the charge transfer into the t2 orbitals is smaller than the sum of the charge 

transfers into the tu and tg orbitals is qualitatively sound, and in agreement with the expectation that   

a certain charge accumulation effect would move the result in this direction. 

 

 

Fig. 2. Illustration of unit angular overlap between a dπ orbital and a pπ orbital. The additive AOM standard 

[7] has been included in the figure, which shows two Cartesian coordinate systems with parallel axes, 

centered at the central ion M and the ligating atom J. The Z
j
 axis is directed along MJ, where J has the polar 

coordinates (θ, φ) in the reference coordinate system, i.e. the system used to define the standard set of  

central ion orbitals as well as the ligand orbitals when the ligand sits at (0,0,1). In this coordinate system the 

XJ
j
 axis points tangentially down (south). If pπc refers to pπ of a water fragment, then the plane of the water 

molecule lies in the YZ-plane. If the Jpπc orbit is replaced by an Osσ orbital, the overlap is zero. 
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Table 4. Orbital energies of symmetry-based sub-classes of the π classes of the Mo(OH2)6
3+

 rotamers. The pπ 

orbitals, which are ligand fragment orbitals, are all but those of t1 symmetry-type bonding orbitals (cf. Table 3). 

Notice that the deg orbitals and the de orbitals, which both are σ antibonding have the same energy. This does 

not apply to the dtg and the dt2 orbitals because of the different energies of their corresponding bonding orbitals. 

Orbital energies and Mulliken compositions are given to demonstrate the differences in bonding between the 

rotamers of Mo(OH2)6
3+

 The pure pπ orbitals of t1 symmetry-type are non-bonding. Notice that there is  

a symmetry prohibition toward mixing of tu orbitals with the Mo d orbitals and for mixing of tg orbitals with  

Mo p orbitals. Notice also that there are a few examples in the table to show the blurring of the meaning of the 

classes when the sub-class symmetries do not prevent this e.g. pπ tg contains pπ||. All interactions that are 

not prohibited by symmetry take place, but fortunately most often to a very limited extent. Otherwise most 

classification systems based upon symmetry in chemistry would break down. 

 

Mo(OH2)6
3+

Mo-O π interactions of two rotamers
Th Td

M d

eg −15.53 22.4% Opσ

M d

e −15.54 23.3% Opσ

tg −18.05
12.3% Opπ

t2 −18.11
11.2% Opπ

1.2% Opπ|| 2.7% Opπ||

pπ

tu −21.80
1.8% Mo p

pπ

t1 −21.42 100% Opπ

1.2% Opσ

t2 −22.24

9.6% Mo d

tg −22.13
11.6% Mo d 1.2% Mo p

1.2% Opπ|| 1.5% Opσ

… …

pπ||

tu −27.32 0.7% Mo p

pπ||

t1 −27.22 100% Opπ||

tg −27.39 1.4% Mo d t2 −27.57
1.3% Mo d

1.0% Mo p

 

 

WATER AND AMMONIA  LIGANDS: AMMONIA  ALMOST  A  σ-ONLY DONOR 

 In this lecture, water as a ligand was the focus for the chemical systems here represented mainly 

by rotamers of hexaaqua ions of MoIII. Moreover, planar ligation of the water molecules was selected 

as the simplest possible choice for the comparison with experiments. In this ligation mode one of the 

molecular orbitals within the water fragment, the π orbital has the unique property of being  

non-bonding and thus not being stabilized by the bonding to the hydrogen atoms, whereas the 

orthogonal π orbital, the π||, is stabilized by the bonding to the hydrogen atoms as well as to the 

molybdenum, σ bonding to the hydrogen atoms and π|| bonding to the molybdenum, thereby obtaining 

the lowest energy of all the molecular orbitals dominated by the oxygen p orbitals in the LCAO 

description, that is, lower in energy than their bonding oxygen to metal σ orbitals. Summa summarum, 

the planar ligation of water represents a maximal π donation a water molecule can provide. 

 Pyramidal ligation of ammonia resembles the π|| ligation of the planar ligation of water by 

having both pπ orbitals of their ligating atom N stabilized by their involvement with the hydrogen 

atoms so that their nitrogen to metal σ bonding orbitals have the highest orbital energy among the 

bonding orbitals of their metal complexes. Thus the nitrogen pπ orbitals correspond to the oxygen 
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π|| orbitals of the water molecules in planar ligation mode, i.e. the class of orbitals with the 

characteristics of low energy and low nitrogen to metal covalency as illustrated in Table 4 for water. 

AoC-DFT computations have qualitatively confirmed this expectation. 

 

CONCLUSION 

 The highest-symmetry way in which the water molecule is able to act as a ligand is by planar 

ligation. This way of coordination has been elucidated here by a focus on the extended LFT by the 

use of the AoC-DFT data on the KS molecular orbital energies, of which only a small part has 

previously been used to mimic both elements of the classical ligand field model. The two-electron 

operator part of LFR, the interelectronic repulsion R, has not been touched explicitly here, whereas 

the one-electron operator part LF, which in the classical ligand-field acts on the d orbitals alone, 

has been extended to LF acting on the whole valence shell. 

 The AoC-DFT model is an almost objective computational model that, at least in principle, 

delivers all the Kohn-Sham molecular orbital energies of the transition metal system containing  

a partially filled shell. This model is in other words quantitative: It delivers numbers. However, 

these numbers are not used directly. The differences between these numbers are, in combination 

with the use of symmetry, used to provide a qualitative description of the bonding in the transition 

metal complex, and in particular in the series of complexes that are related to one another as 

rotamers. For our hexaaqua ions the results described here provided the same molecular orbital 

energy ordering for all Jahn-Teller stable systems (cf. Table 1). 

 As a byproduct of the present discussion about the planar ligation of water,  

a characterization of ammonia as an almost pure σ donor became possible. Moreover,  

a conceptual distinction between totally symmetrical heteropolarity (rows of Tables 2-4) and 

symmetry-restricted covalency (columns) of transition metal complexes appeared. A similar 

distinction was suggested by Jørgensen in 1962 [32]. A Gedanken experiment may serve to 

provide an intuitive understanding: we assume that the process of coordination may be divided up 

into three steps. 

1) The fragments, reactants, are brought together so that the geometry of the nuclei of the final 

complex, the product, is realized. This fictive molecule has extremely heteropolar Mo-O bonds. 

2) The central ion is allowed to act almost as a black hole to move electronic density from the ligands to 

the central ion. Thereby the three d electrons remain three d electrons but expand their radial functions 

and increase their orbital energy because of the screening of the central ion nucleus by the invading 

negative charge. At the same time at least the average orbital energy of the ligands decrease as seen 

for the non-bonding orbital set t1(Td) of table 4. The charge transfer drastically decreases the 

heteropolarities of the Mo-O bonds.The most important consequence of this step is a reversal of the 

relative KS orbital energies of the d orbitals and the whole valence shell of ligand orbitals. 

3) In this final step the formation of σ and π bonds, the covalency step, takes place. The d orbitals 

as well as the empty central ion s and p orbitals become antibonding and the whole ligand valence 

shell becomes bonding or non-bonding. 
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 The energetics associated with the charge transfer under discussion may perhaps be 

conceived as caused mainly by a centrally symmetric part of the Hamiltonian also giving rise to the 

central field part of the nephelauxetism [32]. 
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ABSTRACT 

 In this survey, the absence of radiative deactivation processes of electronically excited iron(II) and 

iron(III) complexes is discussed and tentatively explained. The idea tacitly persisting for decades that such 

an absence might be a consequence of very fast concurrent non-radiative physical and chemical 

deactivation modes is now proved by femtosecond photochemical and spectroscopic techniques introduced 

in investigation of the mechanism of photochemical and photophysical deactivation pathways. 

Measurements performed by several research teams, including our photochemical group, have revealed the 

extremely high rate of non-radiative intersystem crossing and internal conversion processes completed in 

less than 1 ps which prevent radiative deactivation from occurring in observable extent. Results obtained  

up-to-now for high-spin and low-spin iron(II) and iron(III) chelates are evaluated and exploited in offering  

a plausible explanation of non-radiative nature of iron complexes.   

   

 

RADIATION DEACTIVATION AND ITS EFFICIENCY 

 Any excited molecular entity undergoes electronic, vibrational and rotational energy-lowering 

processes that can be, in general, classified as rovibrational relaxation (a decrease in vibrational 

and rotational energy within a given electronically excited state), physical deactivation (a transition 

from an energy higher excited state to an energy lower electronically excited state or to the ground 

state) and chemical deactivation (a chemical change yielding new chemical species usually in their 

ground electronic state). The efficiency of any i-th monomolecular deactivation mode is expressed 

by the quantum yield of the process, i, defined as a ratio of the rate constant ki of the i-th mode to 

the sum of the rate constants of all deactivation modes [1]. 

k

k
 

 j

i
i

j           (1) 

 It means that even if an i-th dectivation process is characterized by the high rate constant ki, 

the process need not be observable provided that a sum of the rate constants of all concurrent 

deactivation procesess is sufficiently high. Relation (1) reflects neither the kind of the luminescence 

(phosphorescence, fluorescence or delayed fluorescence) nor the nature of the emissive excited 

state (in photochemistry of transition-metal compounds, usually intraligand, metal-to-ligand charge 

transfer or ligand-field). 
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 The absence of luminescence can be caused by two main reasons: i) denominator in (1) 

exceeds substantially the rate constant of luminescence; ii) transitions from an energy-higher to an 

energy-lower electronically excited state – both internal conversion (IC) or intersystem crossing 

(ISC) may be involved - are too fast.  

 Before the advent of femtosecond photochemistry it was hypothesized [2] that photophysical and 

photochemical deactivation processes occurred subsequently to reaching thermodynamic equillibrium 

(so called „thexi“ state – thermally equilibrated excited state) of a set of electronically excited molecules 

with their surroundings. Detailed investigation of relaxation and deactivation processes using 

femtosecond photochemistry and spectroscopy has documented, however, that in some cases the 

sequence of the steps can follow the reverse order, i.e. electronic deactivation occurs faster than 

vibrational relaxation. This is also a case of iron complexes presented in this review.       

 

DEACTIVATION MODES OF IRON(II) AND IRON(III) COMPLEXES  

 Electronically excited iron(II) and iron(III) complexes undergo several modes of deactivation 

processes, depending mainly on the kind of involved excited state [3-5]. Of the photochemical 

deactivations, the following reaction types dominate: 

i) the formation of solvated electron from iron(II) complexes bearing a highly negative charge 

exemplified by [Fe(CN)6]
4 anion in its CTTS (charge transfer to solvent) excited state  

[Fe(CN)6]
4  

)CTTS(h
 [Fe(CN)6]

3 + e   (2) 

ii) photosubstitution reactions of both kinetically inert low-spin iron(II) and iron(III) complexes,  

e.g. acid hydrolysis of the [Fe(CN)6]
4 anion from a LF (ligand-field) and/or LMCT (ligand-to-metal 

charge transfer) excited state  

[Fe(CN)6]
4 + H2O  

)LF/LMCT(h
 [Fe(CN)5(H2O)]3 + CN   (3) 

iii) photoredox reactions of iron(III) complexes leading either to iron(II) species when occurring from 

a LMCT excited state, e.g. inner-sphere and/or outer-sphere photoredox reactions of 

[L5FeIII(CH3OH)]q, where L are the redox-innocent ligands and q is the charge 

[L5FeIII(CH3OH)]q + CH3OH  
)LMCT(h

 [L5FeII(CH3OH)]q1 + CH2OH + H+   (4) 

or to iron(V) complexes, which can be demonstrated by photoelimination of dinitrogen molecules 

from azido complexes [L5FeIIIN3]
q producing nitrido complexes 

[L5FeIIIN3]
q   

)IL(h
 [L5FeV

N]q + N2    (5) 

 Of particular interest is one feature identified in case of iron(III) complexes. This feature 

relates to wavelength dependence of the quantum yield of Fe(II) formation, where three types of 

the dependence have been observed [3]. One of them is a negligible dependence, exemplified by 

well-known [Fe(C2O4)3]
3, used as the most popular actinometer. For most of the complexes a 

classical dependence (the higher incident photon energy, the higher the quantum yield) is found. 
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The third one is a peculiar “bell-like” dependence consisting of two parts, a lower energy classical 

dependence and a decrease of the quantum yield with increasing the incident photon energy.  

 As regards the photophysical deactivation pathways, non-radiative IC and/or ISC are 

considered dominant modes.   

 Contrary to the most complexes of the other transition-metal central atoms, enquiring into 

mechanism of the photochemical and photophysical deactivation modes is strongly hindered by the 

fact that no radiation deactivation (even at low temperatures) has been observed for iron(II) and 

iron(III) complexes [6]. 

 

DEACTIVATION AND RELAXATION RATE CONSTANTS 

 To manifest relationship between the rate constants of vibrational relaxation and electronic 

deactivation, four types of iron(II) and iron(III) complexes have been chosen. In all presented 

cases, the spin-allowed excitation led to the formation of excited species differing in electronic 

absorption spectra from that of the ground state complexes. 

 For the sake of completness, the mode of data processing is outlined. The qualitative 

information about the dynamical processes has been obtained from decay profiles of time-resolved 

experimental spectra detected at different wavelengths j, S
EXP(ti, j). The model function S(t, ) is 

a convolution of the material decay D(t , ) and the external Gaussian pulse G(t)   

( , ) ( ) ( , )S t G t D t                                                                 (6) 

As usual, for positive time t > 0, the material decay function D(t , ) is modelled in double-

exponential form [7] 

0( , ) ( ) ( )exp( / )k kD t a a t                                               (7) 

where k = 1, 2, and the Gaussian pulse has a form  

2 2( ) exp( ( ) / )P PG t t t                                                          (8) 

Here,  P means the pulse half-width and tP  the time-delay.  

 The global fitting model describes the spectra with a set of coefficients {a0(), ak(), tP()} as 

in the local fitting approach, nevertheless, it supposes unique dynamics, i.e. common decay times 

tk  and pulse width P. Finally, the weighted least-square difference 2  

2 2( ( , ) ( , )) / ( , )

i j

EXP EXP
i j i j i j

t

S t S t S t


    
                 (9) 

is minimized. Applying the above outlined approach, two decay times are obtained for each of the 

evaluated cases. 

 To the authors’ knowledge, the first data concerning the topic were published by McCusker 

et al. [8, 9]. They discussed the photophysical behaviour of several low-spin non-luminescent  

N-donor polypyridyl iron(II) complexes. The absorption of a photon from VIS region is associated 

with a 1A1  1MLCT excitation. It was found that for all investigated complexes the intersystem 
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crossing transition 1MLCT  5T2 is accomplished much faster (about 700 fs) than vibrational 

cooling (completed within 2-3 ps). It should be pointed out that the transition is extremely spin 

forbidden since two electrons must change their spin. The final intersystem crossing 5T2  1A1 is 

much slower lasting about 18 ns. All deactivation modes are summarized in Fig. 1 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Absorption, relaxation and deactivation processes in [Fe(N6)]
2+

 for N6 = tetrakis(2-pyridylmethyl)-1,3-

propylenediamine [8] 

 

 The 5-sulfosalicylato iron(III) complexes exhibiting extremely fast photophysical deactivation 

processes were studied by Plyusnin et al. [10-13]. The authors claimed to have prepared aqueous 

solutions containing the complexes [Fe(SSA)], [Fe(SSA)2]
3 and [Fe(SSA)3]

6 (SSA3 =  

5-sulfosalicylato ligand) as dominant species. In case of all complexes deconvolution of the 

spectral decay curves from the excited state to the ground state led to two time values. The shorter 

time constant (260 fs in case of [Fe(SSA)]) was ascribed to the internal conversion to the 

vibrationally hot ground electronic state of the complexes, the longer time constant (1.8 ps)  

was assigned to the vibrational cooling of the ground state of the complex. Similar values, 100 fs 

and 1.4 ps, and 170 fs and 1.5 ps were obtained for [Fe(SSA)2]
3 and [Fe(SSA)3]

6, respectively.  

It seems to worth reminding that while in the former iron(II) complexes (McCusker [8, 9]),  

the electronic deactivation lies in a strongly spin-forbidden intersystem crossing, the iron(III) 

complexes investigated by Plyusin [10-13] underwent spin-allowed internal conversion. In both 

cases, however, the complexes were believed to be photochemically stable and no photochemical 

deactivation process need to be taken into account. 

 Photochemically stable at steady-state irradiation in VIS region is also the low-spin iron(III) 

complex [Fe(salpet)(CN)] [14] (where H2salpet  = N,N-bis(1-hydroxy-2-benzyliden)-1,6-di-amino- 

4-azahexan).  

1A1

5T2

3T1

1T1

1MLCT

h

700 fs

2 ps

18 ns
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Fig. 2. Time evolution of spectra of [Fe(salpet)(CN] excited in water solution at 400 nm 

 

 Time evolution of spectra of the complex [Fe(salpet)(CN)] excited at 400 nm is for selected 

wavelengths illustrated in Fig. 2. Processing of the data (details will be published elsewhere [15]) 

led to the values of 338 fs, attributed to electronic deactivation in the form of intersystem crossing, 

and 9.09 ps, assigned to vibrational cooling and/or simultaneously occurring other electronic 

deactivations.  

 In our laboratory several non-luminescent high-spin iron(III) complexes of the general 

composition [Fe(N2O2)(CH3OH)A] were synthesized and their electrochemical and photochemical 

redox processes investigated [3, 6]. In the above mentioned formula, N2O2
2 means tetradentate 

Schiff base ligands of salen-type and benacen-type forming the equatorial plane, while a methanol 

molecule and an acidoligand A (F, Cl, Br, I, N3
, NCS, CH3COO) are coordinated in the axial 

positions.  

 When attempting to investigate the ultrafast deactivations occurring in these complexes, a new 

complicating factor - their photoredox reactivity, must be taken into account. In order to eliminate,  

at least partly, this factor, only the complex [Fe(salen)(CH3OH)Br] was studied in more detail since 

the quantum yield of its Fe(III)  Fe(II) photoreduction, Φ(FeII) at steady-state irradiation in VIS 

region (irr > 400 nm) is relatively low [3] (see Table 1). In Fig. 3, the complex structure is 

schematized along with data related to the excitation wavelengths and the excited states formed at 

excitation. IL(Ph) means the intraligand * transition localized predominantly on the phenyl group, 

IL(C=N) is the intraligand * transition localized predominantly on the C=N double bond, 

LMCT(OFe) is the charge transfer from an oxygen atom to the central iron(III) atom, and 

LMCT(BrFe) is the charge transfer from the bromido ligand to the central iron(III) atom.  
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High values of the molar extinction coefficients (εmax > 103 M1 cm1) document that all the transitions 

are spin-allowed.  

 

N

O

N

O

Fe

CH3OH

Br

IL(Ph), 254 nm

IL(C=N), 313 nm LMCT(Br-Fe), 436 nm

LMCT(O-Fe), 365 nm

 

 

Fig. 3. Schematic structure of the complex [Fe(salen)(CH3OH)Br] and excitation data 

 

 The samples of the complex were excited at 1 kHz repetition rate by 400 nm pulses  

(~30 mJ/cm2/pulse intensity on the sample) pulses. Picosecond time evolution of the spectra is 

illustrated in Fig. 4.  
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Fig. 4. Time evolution of spectra of [Fe(salen)(CH3OH)Br] excited in methanol at 400 nm. 

 

 Treatment of data using the above-mentioned two-exponential deconvolution (eqs. 6 – 9) did not, 

however, provide reliable deactivation and/or relaxation time values. Thus, there is only an indirect 

support for the ultrafast deactivation based on the wavelength dependence of the quantum yield values 

of iron(II) formation, Φ(FeII) obtained at steady-state irradiation by monochromatized radiation of the 

wavelength irr (Table 1). In Table 1, the qualitative order of vibrational level values of the photoredox 

active LMCT state populated either directly by irradiation or by IC and/or ISC from energy higher 
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excited states at the primary population of the corresponding electronically excited state (see Fig. 2) is 

proposed by means of the symbol v (the mean vibrational level of the LMCT state).   

 

Table 1. Excitation wavelength, irr, populated excited state, quantum yield of iron(II) formation, Φ(Fe
II
), and 

order of mean vibrational energy of photoredox reactive LMCT state for the complex [Fe(salen)(CH3OH)Br] 

irradiated in methanol at steady-state conditions 
 

irr, nm 254 313 365 436 

Populated excited state IL(Ph) IL(C=N) LMCT(O→Fe) LMCT(Br→Fe) 

Φ(FeII) 0.0036 0.0031 0.00045 0.00020 

Order of v of reactive  

LMCT state(s) 
v         >          v          >          v         >          v 

 

 

 The findings that iron(II) is formed applying any excitation wavelength and that Φ(FeII) follows 

the order given in Table 1, indicate that  

i) there must be a very effective communication between the excited states involving the 

photoredox reactive LMCT state, and  

ii) the LMCT state populated in different ways (direct photon absorption or  IC and/or ISC from 

energy higher excited states) must have a different content of vibrational energy.  

The above mentioned point (i) deals with the efficiency of step-wise deactivations: 

IL(Ph)  
IC/ISC

IL(C=N)  
IC/ISC

 LMCT  
IC/ISC

 LF  
IC/ISC

 GS   (10) 

where LF are ligand field excited states, GS is the ground state.  

 

 The point (ii) deserves a more detail explanation. To transfer an electron from a coordinated 

ligand to the central iron(III) central atom and separate the redox changed primary photoproducts, 

a minimum energy called the threshold energy is required. If the requirement for threshold energy 

(being in the form of excitation electronic and vibrational energy) is fulfilled, Φ(FeII) depends mainly 

on the ability of redox changed primary products to undergo recombination, i.e. the back electron 

transfer and recoordination of the oxidized ligand producing the parent iron(III) complex. The lower 

extent of recombination (i.e. the higher efficiency of redox changed products separation), the 

higher quantum yield of iron(II) formation. The separation efficiency is proportional to the kinetic 

energy of the primary photoproducts which, in turn, is proportional to the energy difference of the 

redox reactive LMCT state and the threshold energy. Since the electronic energy of the involved 

photoredox reactive LMCT state is supposed to be constant, its vibrational energy must differ 

depending on the mode of the LMCT state reaching. The wavelength dependence of Φ(FeII) leads 

to a conclusion that the step-wise decreasing in electronic energy, obeying Franck-Condon 

principle (10), is associated with a simultaneous increase in vibrational energy of the photoredox 

reactive LMCT state.  
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 Such a phenomenon can happen just when the vibrational relaxation is slower than 

electronic deactivation and any deactivation process is accompanied with populating still higher 

vibrational levels and accumulation of the vibrational energy.  

 The up-to-now unsatisfactory attempts to obtain reliable time parameters of electronic 

deactivations and vibrational relaxation in case of the complex [Fe(salen)(CH3OH)Br] might be 

caused by not including spectral changes due to its photochemical reactions into the used 

deconvolution procedure. This issue is a matter of our ongoing research activity.  

 

CONCLUSION 

 Kinetic analysis of bleaching of excited state spectra of various iron(II) and iron(III) 

complexes leads to a conclusion that irrespective of the oxidation state, spin multiplicity and ligand 

type, all up-to-now investigated complexes undergo ultrafast, electronic, non-radiative deactivation 

both of IC and ISC mode. Their high rates support the idea that just these processes, competitive 

to slower radiative deactivations are the cause of non-luminescent nature of iron compounds.  

 It might happen that in complexes with very low coupling of the iron central atom involving 

states and intraligand states, an intraligand-localized luminescence will be observed. 

 The rate of individual transitions in the deactivation cascade of electronically excited states is 

still an open question.  
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ABSTRACT 

 One of the aims of our long-term research is the identification of metal ionligand coordination sites in 

biomimetic metal ionN- or C-protected amino acid (histidine, tyrosine, cysteine or cystine) complexes 

constructed on the surface of chloropropylated silica gel or polystyrene. In an attempt to meet this goal, 

structurally related, but much simpler complexes have been prepared and their metal ionligand vibrations 

were determined from their far IR spectra. 

 The central ions were Cu(II), Co(II), Ni(II), Mn(II) or Fe(III) and the ligands (imidazole, isopropylamine, 

malonic acid) were chosen to have only one-type of donor group, which is capable of coordination. 

 Far IR spectra were taken of the complexes for each ionligand combination and the typical metal 

ionfunctional group bands were selected and identified. 

 The usefulness of the obtained assignments is demonstrated on exemplary immobilised metal 

ionprotected amino acid complexes. 

 

INTRODUCTION 

 Metalloenzymes catalyse a wide-range of organic transformations with high activity and 

selectivity. They are homogeneous catalysts working under relatively mild conditions: at near 

atmospheric pressure, in a narrow temperature range and in physiological aqueous solutions. 

These are shortcomings, when one wants to use them to catalyse transformations useful,  

e.g., for the fine chemical industry. These problems, however, may be eliminated and the 

advantageous properties may be largely sustained by immobilising on various supports transition-

metal ion–amino acid complexes, which resemble the active sites of the enzymes. These 

substances are expected to work under tougher conditions, at higher temperatures, above 

atmospheric pressures, in solvents other than water, etc., and can easily be recovered and 

recycled [1]. 

 Previously, we have synthesized covalently grafted Cu(II) or Co(II)complexes having either 

uniform or mixed N- or C-protected amino acid ligands (L-histidine and L-tyrosine) [2, 3].  

The complexes were built step by step on chloropropylated silica gel. By mid IR spectroscopy it 

could be determined whether the carboxylate or the carbonyl groups were coordinated to the 

central ion [4]. For determining other coordinating sites, the combination of mid IR spectroscopy, 

literature data and chemical considerations were used. In many instances the obtained results 
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were of indirect nature, since metal ionligand vibrations are out of the mid IR range. Therefore, far 

IR spectroscopy was applied  in order to gather direct information about metal ionligand 

interactions. However, assignation of these vibrations is not a trivial exercise. To facilitate this, 

probe complexes having uniform, thus easily identifiable coordinating groups were prepared and 

their far IR spectra were recorded and analysed. Results of this research are communicated in the 

followings. 

 

EXPERIMENTAL PART 

Reagents and solutions 

 The source of central ions were CuSO4.5H2O, CoCl2.6H2O, NiCl2.6H2O, MnCl2.4H2O, or 

FeCl3.6H2O and imidazole, isopropylamine or malonic acid were used as ligands. The metal:ligand 

ratio was at least 1:6, since at most octahedral coordination was expected. Each probe complex 

was synthesized in 2-propanol. All the materials were the products of Sigma-Aldrich Co., were of 

analytical grade and were used without further purification. 

 

Apparatus and equipment 

 Structural information was obtained by far-range infrared spectroscopy. Spectra were 

recorded with a BIO-RAD Digilab Division FTS-40 vacuum FT-IR spectrophotometer with 4 cm1 

resolution. 256 scans were collected for each spectrum. The 500200 cm1 wavenumber range 

was investigated. Spectra were evaluated by the Win-IR package. They were baseline-corrected 

and smoothed (if it was necessary). 

 

RESULTS AND DISCUSSION 

 Assignments of the metal–ligand vibrations were based on the differences between the 

vibration bands of the pristine ligand, the metal salt and the complex in the far infrared region.  

New bands appearing after metal coordination are usually attributed to metal–ligand vibrations.  

It was taken into account that in the spectra of the metal salts, there are two absorptions between 

500 and 400 cm1 belonging to the various vibrations of coordinated water [5]. 

 

Complexes with isopropylamine  

 The far IR spectrum of isopropylamine contains two main vibrations at 465 and 400 cm1 

related to the in-plane and out-of-plane C-C-N deformations, respectively [6]. In the spectra of the 

complexes with isopropylamine (Fig. 1.) two new bands appeared at 377-371 cm1 and  

275-267 cm1. They are most probably correspond to the M−Namino bonds. 

The bands above 400 cm-1  can be attributed to the vibrations of the ligand and/or coordinated 

water. 

 

Complexes with imidazole 

 There are no bands in the spectrum of imidazole between 500 and 200 cm1. However, in the 

spectra of the complexes more broad bands can be seen (Fig. 2.). 
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Fig. 1. Far IR spectra of isopropylamine complexes with A  Mn(II), B  Fe(III), C  Co(II), D  Ni(II), E – Cu(II).  
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Fig. 2. Far IR spectra of imidazole complexes with A  Mn(II), B  Fe(III), C  Co(II), D  Ni(II), E – Cu(II). 

 

 The band at ~265 cm1 belongs to the M–Nimidazole stretching mode. Our assignments are in 

good agreement with literature data [7]. The peaks located at ~460 and ~396 cm1 belong to 

vibrations of coordinated water. 

 

Complexes with malonic acid 

 There are two strong vibrations in the far IR spectrum of malonic acid. The band at 451 cm1 

corresponds to the C–C–C deformation and the peak at 429 cm1 indicates skeletal twist [8].  

In Fig. 3. the spectra of the complexes are displayed. These spectra are pronouncedly  

M-dependent (as opposed to imidazole and isoprpylamine complexes). The complexes may be 
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divided into two groups. One group exhibits a single band at ~344 cm1, and the other group shows 

two bands between 370 and 300 cm1. These bands are considered to be M–Omalon stretching 

vibrations. It seems that the position of this vibration is very sensitive to the environment.  

The bands above 390 cm-1  can be attributed to the vibrations of the ligand and coordinated water. 
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Fig. 3. Far IR spectra of malonic acid complexes with A  Mn(II), B  Fe(III), C  Co(II), D  Ni(II), E – Cu(II). 

 

Immobilised Ni(II)C-protected histidine and cysteine complexes 

 Exemplary, far IR spectra for silica gel-bound Ni(II)histidine and cysteine methylester complexes 

are depicted in Fig. 4. The protecting group of the surface anchored amino acids was removed. 
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Fig. 4. Far IR spectra of A  SG(His-OMe)Ni(II), B  SG(Cys-OMe)–Ni(II), 

C  SG(Cys-OMe)–Ni(II)(H-His-OMe). 
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 The spectrum of SG(His-OMe)Ni(II) is seen in spectrum A. The appearance of the 

vibration at 260 cm1 suggests that one of the imidazole nitrogens takes part in the complexation. 

The band at 355 cm1 may be assigned to the Ni(II)Ocarboxylate bond. Inspection of the spectrum of 

SG(Cys-OMe)–Ni(II) (trace B) a peak can be observed at 355 cm1 corresponding to 

Ni(II)Ocarboxylate vibration. Regarding the far IR spectrum of SG(Cys-OMe)–Ni(II)(H-His-OMe) 

(trace C) it is clear that the surface-anchored complex rearranged in the presence of C-protected 

histidine. The Ni(II)Nimidazole stretching vibration appeared at 267 cm1 and the Ni(II)Ocarboxylate 

vibrations are observed at 353 and 311 cm1. The bands above 390 cm1 belong to the vibrations 

of the ligand and coordinated water. 

 

CONCLUSION 

 It has been verified that far IR spectra can be used for unambiguously identifying 

coordinating groups in complex systems by transferring the assignation of metal ioncoordinating 

atom vibrations of purpose-built complexes having single type of coordinating group(s). 
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ABSTRACT 

 Strongly alkaline conditions in aqueous systems (which are common e.g. in various hydrometallurgic 

processes) may lead to the formation of still undiscovered solution species and crystallisation may yield solid 

materials with unique local and nanostructure. Knowledge of the structure and the dynamical features of the 

solution species could be the key to understand and to use various hydrothermal processes (both industrial 

and geochemical). 

 Freshly prepared, hot (~80°C) solutions containing up to 18 M NaOH dissolve iron(II) forming bright 

blue color solution, but after cooling and ageing, the solution phase becomes clear, and a grayish green 

precipitate separates. The nature of the solid is independent of the co-anion of the iron(II) (i.e., Cl
–
 and ClO4

–
 

), and similar precipitates are observed to separate from concentrated KOH and CsOH. 

 The solids isolated from these systems have been characterised by powder XRD, 
57

Fe Mössbauer and 

XAS spectroscopies. It has been found that the iron(II) is in high spin state and has an octahedral local 

environment in them. 

 

INTRODUCTION 

 The hydrolysis of metal ions is one of the classical topics of inorganic and coordination 

chemistry, formation constants for a large variety of hydroxo complexes as well as solubility 

products of solid metal hydroxides are well known from various textbooks and tables [1,2]; 

however, these investigations traditionally cover the 2 < pH < 13 range, thus the structure and the 

dynamics of hydroxo complexes forming in more alkaline solutions (pH > 13) are usually unknown. 

The strongly alkaline conditions are quite common in various hydrometallurgic processes, thus the 

knowledge of the structure and dynamics of the solution species and the crystallization processes 

taking place under these conditions could be the key to understand and to manipulate various 

hydrothermal (both industrial and geochemical) processes. 

 Our group recently got involved with the systematic investigation of the structure of the 

iron(III) in strongly alkaline ([NaOH]T > 15 M) aqueous solutions [3] and found, that the tetrahedral 

Fe(OH)4
- is present in the solution phase, while the solid hydroxo complex salt isolated from these 

systems consisted of octahedral Fe(OH)6
3- building blocks. The aim of the current work is to extend 

these studies to analogous solutions containing iron(II) and to elucidate the structure of the ferrous 

ions both in solution and in the solids isolated from them. From the practical point of view there are 

several drawbacks associated with the ferrous ion. First of all, the equilibrium solubility of the Fe(II) 

ions at pH = 13 is quite low (~ 10-5 M) and somewhat higher at higher hydroxide concentrations [1]. 
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According to [1], the last and highest stepwise mononuclear complex of the Fe(II) at pH = 13 is 

Fe(OH)4
2–. It is still unclear if higher stepwise complexes (Fe(OH)5

3– or Fe(OH)6
4–) exist at pH > 13. 

It has still not been investigated whether the local structure in the solid phase is related to that in 

solution [3]. An additional technical difficulty is associated with the considerable oxygen sensitivity 

of the iron(II). While it is reasonably stable in acidic conditions, it becomes more and more 

sensitive to oxidation with increasing pH as the redox potential of the Fe(III)/Fe(II) couple 

decreases. This makes the work with the iron(II) in highly alkaline media quite complicated. 

 The preparation of a iron(II)-hydroxo complex salt was described by Scholder in an early 

work [4]. According to this paper, the solid was prepared from reduced iron and 50 % (w/w) NaOH 

solution in a complicated way. In our work, we have found an alternative way of preparation  

(see results and discussions). Scholder reported that the iron dissolved in the NaOH solution with 

blue colour at high temperature and as the solution was cooled down to room temperature  

a grey-green precipitate appeared which was claimed to be Na2[Fe(OH)4] without providing the 

detailed proofs for its structure or composition. 

 

EXPERIMENTAL PART 

Reagents and solutions 

 The concentrated NaOH stock solution (~50 % (w/%w)) was prepared from distilled water 

and analytical grade NaOH (ANALR NORMAPUR). The carbonate content was minimized as 

described in Ref. [5]. The density of the solution was determined picnometrically at 25.0 oC,  

and the density was used to determine the concentration of the stock solution [6]. The stock 

solution was stored in an airtight, caustic resistant Pyrex bottle. 

 The iron(II) stock solution ([Fe(II)]T ~0.25M, [HCl]T or [HClO4]T ~0.5M) was prepared in  

a custom-made, four necked argon flushed glassware system to guarantee the oxygen free 

atmosphere. Reduced iron powder (Reanal) was dissolved in diluted analytical grade hydrochloric- 

or perchloric acid (both Sigma Aldrich products), respectively. The probable formation of Fe(III)  

in the stock solutions was regularly checked with reagent NaSCN. 

 

Apparatus and equipment 

Powder XRD. Powder XRD traces were recorded in the 2Θ = 3–60o range on a Rigaku Miniflex II 

instrument, using CuK ( = 1.5418 Å) radiation. For the oxygen sensitive samples, sufficiently fast 

scanning was employed to minimize oxidation during the measurement. 

 

Mössbauer spectroscopy. 57Fe Mössbauer spectra of the solid compounds were recorded with 

conventional Mössbauer spectrometers (Wissel and KFKI) in transmission geometry with constant 

acceleration mode at room temperature and at 78K in a He-cryostat cooled by liquid nitrogen.  

The measurements were carried out in He atmosphere, using a 57Co/Rh γ-radiating source of  

30 and 45 mCi activities. 20 µm α-Fe was used for velocity calibration, and the isomer shifts are 

also given relative to it. The Mössbauer spectra were analysed by least-square fitting of the 

Lorentzian lines with the help of the MOSSWINN program [7]. The database of the Mössbauer 

Effect Data Index [8] was used to interpret the results. 
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X-Ray Absorption Spectroscopy. The X-ray absorption spectra (XAS) were measured at beamline 

I811 at the MAXlab facility, Lund, Sweden. The station is based on a superconductive multipole 

wiggler radiation source connected to the 1.5 GeV MAX II storage ring [9]. X-ray radiation in the  

2.4–12 keV energy range can be obtained from this system. The maximum flux on the sample  

at 9 keV is 5·1011 on a (0.5 mm)2 surface area. Measurements were performed at the Fe–K-edge 

(7112 eV) in transmittance mode. The sample holder was made of Teflon and its window was 

Kapton (polyimide) tape. Due to the high iron content of the sample, it had to be diluted with boron 

nitride. All works were done in a dry box. The analysis of the spectra were performed with the help of 

the Athena package [10,11] allowing us to obtain information on the local coordination environment 

of the iron(II). 

 

RESULTS AND DISCUSSION 

Preparation and observations. The preparation of the complex compound was carried out in a 

pyrex bottle with a custom-made screw-top with two holes for the Ar gas in- and outlets and one for 

the addition of the iron(II) solution. 100 ml 18 M NaOH solution (the NaOH solution was diluted by 

weight from the stock solution) was slowly heated up to 80°C in a water bath with continuous and 

intense Ar bubbling through the solution and vigorous stirring. When the required temperature was 

reached, 20 ml of freshly prepared iron(II) stock solution was added dropwise with a syringe.  

As the iron(II) solution was added the colour of the solution turned bright blue. After this, the 

solution was allowed to cool slowly to room temperature. During this process, a grayish-green 

precipitate appeared in the bottle in the case of HCl, while the colour was blackish-grey for HClO4. 

After the subsidence of the solid compound it was seen that the solution still has blue colour 

though much lighter than at 80°C. If the iron(II) solution is added to the 18 M NaOH solution at 

room temperature, the well-known green coloured precipitate Fe(OH)2 immediately appears, thus 

the dissolution of iron(II) at elevated temperature appears to be a prerequisite for the formation of 

the complex salts. The visible spectrum of the hot solution was also taken. There is one broad, 

rather featureless band in the visible region, starting around 500 nm and having an ill-defined 

maximum around 800 nm. This is consistent with the colour seen by eye. 

 The solid was characterized by powder X-ray diffraction. The diffraction patterns of the solid 

could not be identified as a known iron-oxide or oxo-hydroxide, thus a new, so far undescribed 

material has been prepared. 

 The light grayish-green precipitate is quite stable in the mother liquor, but quite oxygen and 

moisture sensitive once it is filtered. On leaving the precipitate on a watchglass it turns to reddish 

brown quickly indicating the formation of Fe(OH)3. Upon drying the precipitate in a vacuum 

dessicator, its colour slowly turns darker grey which is most probably due to the slow oxidation 

and/or dehydration. 

 The formation of the blue complex as well as the solid also was investigated at various OH- 

concentrations and in different bases. It was observed that in sodium hydroxide  solution the blue 

complex was formed only above 15M NaOH concentration. In concentrated potassium hydroxide 

solution (~14 M) the same observations were taken like in the 16 M NaOH solution. On the 

contrary, in cesium hydroxide (~15 M) there is no blue colour during the preparation and the 
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precipitate is black. The solid precipitated from the KOH solution is much more air sensitive than 

the one from the sodium hydroxide. 

 The isolated solid crystals were found to contain significant and variable fraction of mother 

liquor; attempts to remove it without ruining the chemical composition of the crystals failed. 

Therefore elemental analysis of these specimens cannot be considered informative. 

 

Mössbauer spectroscopy. The doublet (with Mössbauer parameters δ = 1.267 mm/s, 

Δ = 3.095 mm/s) observed in the Mössbauer spectrum (Fig. 1), recorded at 78K, of the solid 

precipitated from the iron(II)-containing 18 M NaOH solution, when the reduced iron was dissolved 

in perchloric acid, can be unequivocally related to a high spin iron(II) state, which doublet reflects 

only one kind of iron microenvironment being present in this sample. Let us note here very similar 

Mössbauer spectra were obtained for solids isolated from solutions made with HCl. Isomer shift 

data (δ = 1.267 mm/s) indicate that the geometry around the iron(II) is most probably octahedral as 

the typical isomer shift for the octahedral geometry is around 1.13–1.25 mm/s for the different 

kinds of iron(II) hydrates [12]. This octahedron is distorted, because the value of the quadrupole 

splitting is quite high (around 3.09 mm/s). 

 

 

Fig. 1. 78K  Mössbauer spectrum of the solid precipitated from 18 M NaOH solution containing Fe(ClO4)2. 

 

 

Fig.2. Room temperature Mössbauer spectrum of the solid precipitated from 18 M NaOH solution containing 

Fe(ClO4)2. 
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 Upon warming the sample from liquid N2 temperature to room temperature, the sample 

undergoes partial oxidation (Fig.2.). One of the oxidation products is clearly magnetite indicated by 

the characteristic sextets in Fig.2.  A further oxidation product (seen as a singlet like pattern around 

0.4 mm/s) is reminiscent to that obtained from supersaturated Fe(III) containing strongly alkaline 

solutions as described in [3] and assigned to the tetrahedral complex Fe(OH)4
–.  

 

X-Ray Absorption Spectroscopy. As it was expected, that the sample undergoes oxidation to some 

extent during the measurement,  XAS spectra were taken in quick scan mode, making it possible 

to observe the effect of oxidation. The whole sample preparation was carried out with the exclusion 

of the oxygen. Data acquisition for one spectrum collection took five minutes, the spectra were 

collected for two hours. During this time a gradual change was seen, as it is shown in Fig.3. 
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Fig.3. The pre-edge and the XANES region of the XAS spectra of the solid precipitated from 18 M NaOH 

solution containing FeCl2, measured at room temperature. The arrows show the direction of the change by 

the passing time. 

 

 During the measurements the whole spectrum was shifted to higher energies, which 

unequivocally indicates the gradual formation of Fe(III) i.e. the oxidation of the sample even at the 

most watchful sample treatment. There are other major changes in the spectrum, which makes 

clear that the local structure of the iron(II) changes. Similar findings were obtained from Mössbauer 

spectroscopy, but the enhanced rate of these changes in EXAFS (in spite of the much more 

efficient exclusion of oxygen) may indicate some contribution from radiolysis caused by the high 

intensity X-ray beam. 

 As far as the original and non-degraded (Fe(II)-only) samples are concerned, the pre-edge 

region of the XAS spectrum confirms the slightly distorted octahedral local geometry around the 

iron(II), since a small feature appears just before the edge. The very small size of the feature 

indicates that the geometry is slightly distorted.  
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 On the pseudo radial distribution function (Fig.4.) one can see two different interatomic 

distances. The first peak corresponds to the Fe–O distance, the second to Fe–Fe (and also 

possibly to Fe-Na) distances. This shape of pseudo-radial function is quite characteristic for the 

different kind of iron oxides and hydroxides [13]. 

 Recording the XAS spectrum of the liquid phase (i.e., mother liquor) was attempted but failed 

because of the low concentration of the iron(II). 
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Fig.4. The pseudo radial distribution function of the solid precipitated from 18 M NaOH solution containing 

FeCl2, measured at room temperature. 

 

CONCLUSIONS 

 We have found a new way of synthesis for the iron(II)-hydroxo complex salt firstly described 

by Scholder. In this hydroxo complex salt, for which the most likely chemical composition is 

Na2[Fe(OH)4(H2O)2], the iron(II) is in high-spin state and has a slightly distorted octahedral local 

geometry confirmed by Mössbauer and XAS spectroscopies. Further measurements (i.e., using 

ESR and 57Fe Mössbauer spectroscopies with quick frozen solutions) are needed (and are under 

way) to elucidate the structure of the complex forming in these solutions and to reveal the 

relationship between the solution- and solid state (local) structure of iron(II). 
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ABSTRACT 

 Copper(II) complexes with picolinate and its derivatives have been studied at B3LYP level of theory. 

We have investigated the influence of various substituents on the geometry and electron structure of the 

CuN2O2 coordination polyhedron. The electron structure is evaluated in the terms of Mulliken population 

analysis (MPA) and QTAIM (Quantum Theory of Atoms-in-Molecules) topological analysis of electron 

density. Electron density in bond critical points (BCP) of coordination bonds changes only insignificantly. 

QTAIM charges of the coordination polyhedron atoms are not influenced by their neighboring atoms.  

The MPA spin density is localized mostly on the coordination polyhedron, especially on the central Cu atom. 

The geometry as well the electron structure of the coordination polyhedron are not influenced by the ligand 

substituents. 

 

INTRODUCTION 

 Picolinic acid (picH) and its derivatives are known to bind a variety of metal ions such as 

alkali metals, transition metals and lanthanides. This may result from the versatility of the picolinate 

ion and similar ions to bind via the oxygen atoms of the carboxylate group and through its pyridine 

nitrogen atom [1]. Their metal complexes are important because of their broad spectrum of 

physiological effects and so they are now widely used to introduce bioactive metals into biological 

systems. Cu(pic)2 has been proposed as a potent alternative antidiabetic agent [2]. Cr(pic)3 is 

considered to be among the most popular nutritional supplements [3] but its relatively high DNA 

cleavage under biologically relevant conditions is indicated by in vitro experiments [4]. Iron, zinc 

and copper complexes of picolinates exhibited antibacterial and antifungal activity [5]. 

 Copper(II) complexes with picolinate and its derivatives have not been investigated by 

quantum-chemical methods yet. We have found single theoretical study [6] on a similar Cu(II) 

complex of protonated 4,4’-bipyridine and picolinate (pic-). A high-level ab initio study  

(RI-MP2/aug-cc-pVTZ level of theory) has been performed to analyse the anion-π binding affinity 

of the pyridine ring. The aim of our study is a DFT investigation of the optimal geometry and 

corresponding electronic structure of Cu(pic)2 and its derivatives in vacuum. 
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COMPUTATIONAL PART 

 We have investigated the influence of various substituents on the geometry and electron 

structure of the CuN2O2 coordination polyhedron (Fig. 1). The geometry of the studied complexes 

obtained from experimental measurements is optimized at DFT level of theory using B3LYP hybrid 

functional and 6-311G* basis sets. The vibrational analysis was used to verify that the obtained 

geometry corresponds to the minimum of its potential energy surface. Both geometrical 

optimization and vibrational analysis have been performed using Gaussian03 program package [7]. 

 The electron structure of these complexes has been evaluated in the terms of Mulliken 

population analysis (MPA) and QTAIM (Quantum Theory of Atoms-in-Molecules) topological 

analysis of electron density [8]. 

 AIM2000 [9] software package is utilized for QTAIM analysis of Gaussian03 results. 

 

Fig. 1 Scheme of studied copper(II) complexes with picolinate and its analogues (dashed atoms are 

symmetry equivalent.) 

 

RESULTS AND DISCUSSION 

 The labeling of complexes under study and ligand titles as well the total energies are given in 

Table 1. The optimized geometries in vacuum of all the studied complexes are planar except the 

B2 complex with the second carboxylate group on the ligand being perpendicular to the molecular 

plane. All complexes have one C2 symmetry axis and one mirror plane and therefore they belong 

to the C2h symmetry group. 

 QTAIM electron density (Table 2) in bond critical points (BCP) of coordination bonds 

changes only insignificantly. It implies that both Cu-N and Cu-O1 bonds should be of the same 

strength. However, according to the MPA analysis the Cu-N bond is slightly stronger than the  

Cu-O1 one. 
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Table 1  Labeling of model complexes, ligand titles, total energies and corresponding zero-point-energy 

(ZPE) corrections of the studied complexes 
 

Model Ligand 
Ligand 

abbreviation 

Complex 

charge 

A1 picolinate pic 0 

A2 
(pyridine–2–carboxylate– 

4-carboxylic acid 
picCOOH 0 

A3 3-hydroxypicolinate picOH 0 

B1 pyrazine–2–carboxylate pyr 0 

B2 pyrazine–2,3–dicarboxylate pyrCO2
- -2 

C isoquinoline–1–carboxylate iso 0 

 

 

Table 2  QTAIM electron density in bond critical points (BCP) 
 

 Electron density [a.u.] 

 A1 A2 A3 B1 B2 C 

Cu-N 0.091 0.090 0.091 0.089 0.091 0.092 

Cu-O1 0.092 0.093 0.089 0.094 0.093 0.094 

O1-C1 0.325 0.325 0.335 0.324 0.318 0.328 

C1-O2 0.394 0.396 0.378 0.396 0.396 0.392 

C1-C2 0.234 0.234 0.244 0.235 0.232 0.227 

N-C2 0.312 0.312 0.311 0.314 0.311 0.322 

C6-N 0.313 0.313 0.314 0.315 0.313 0.299 

O1···H1' 0.009 0.009 0.008 0.007 0.009 0.010 

  

 

 The O1-C1 and C1-O2 bonds are of similar strengths with the O1-C1 bond being somewhat 

weaker due to the shift of electron density from the O1 oxygen to the Cu-O1 coordination bond 

which has a dative character. The C1-O2 bond is shorter than the O1-C1 one and both bonds have 

a partially double-bond character. The BCP electron density of both bonds changes only 

insignificantly within the studied complexes.  

 The C1-O2 bond in A3 complex has a lower BCP electron density what is probably caused 

by a hydrogen bond between the O2 oxygen and hydrogen of hydroxyl group at C3 atom. 

 The MPA and QTAIM charges (Table 3) of the central Cu atom are very similar unlike  the 

atomic charges of other atoms. According to both methods the negative charges of N and O1 

atoms are very similar. MPA charge of nitrogen is slightly more negative than MPA charge of O1 
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oxygen whereas their QTAIM charges exhibit a reverse trend. QTAIM charges of atoms of the 

coordination polyhedron are not influenced by the neighboring atoms. 

 

Table 3  QTAIM charges 
 

QTAIM atomic charges 

 A1 A2 A3 B1 B2 C 

Cu 1.20 1.20 1.21 1.21 1.18 1.20 

N -0.97 -0.96 -0.97 -0.96 -0.98 -0.98 

O1 -1.00 -1.00 -0.99 -0.99 -1.01 -1.00 

O2 -0.92 -0.91 -0.94 -0.91 -0.92 -0.93 

C1 1.33 1.31 1.28 1.31 1.29 1.30 

 

 All studied complexes have one unpaired electron implying their magnetic properties.  

MPA spin density (Table 4) is localized mostly on the CuN2O2 coordination polyhedron with the 

main part being on the central Cu atom. A non-negligible part of spin density is localized on the O2 

atom despite the spin density on the C1 atom is vanishing. 

 The geometry as well as the electron structure of the coordination polyhedron are not 

influenced by the ligand substituents. 

 

Table 4  MPA spin density of relevant atoms 
 

Atom spin densities [e/bohr3] 

 A1 A2 A3 B1 B2 C 

Cu 0.641 0.641 0.649 0.641 0.623 0.640 

N 0.075 0.075 0.076 0.074 0.077 0.078 

O1 0.092 0.093 0.089 0.093 0.094 0.091 

O2 0.013 0.013 0.008 0.013 0.015 0.013 

C1 -0.001 -0.001 -0.001 -0.001 -0.002 -0.001 
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ABSTRACT 

 Ion-modified calcium phosphate powders were prepared by the method of biomimetic precursor 

precipitation with subsequent high-temperature treatment. Two precipitation techniques were applied: quick 

mixing and continuous precipitation. As a result monophase Zn-β-TCP with Zn
2+

/(Ca
2+

+ Zn
2+

+Mg
2+

) ratio of 

0.01 and bi-phase SBF-modified HA and β-TCP with Mg
2+

/(Ca
2+

+Mg
2+

) ratio of 0.005 were obtained. 

 The in vitro behavior of the prepared powders was studied on cell viability and proliferation of murine 

BALB/c 3T3 fibroblasts and of human Lep 3 cells.  

 The in vivo behavior was tested in experimental rabbit models. Bone defects were created in the tibia 

and were filled with the implant pastes prepared of powders mixed with a serum. Histological and 

biochemical studies were performed. The data showed good tissue tolerance to the new tested materials.  

 

INTRODUCTION 

 Calcium phosphate ceramics, cements and injectable pastes are suitable materials in 

orthopedic, reconstructive and maxillofacial surgery both because of their composition close to the 

mineral part of hard tissues, and of their good biocompatibility and extensive bone conductivity. 

Nevertheless, they are subject to extensive studies, as the development of new materials has 

never been stopped in order to improve their properties and to optimize their biological 

performance. 

 Ion-modified calcium phosphate-based ceramics and cements possess chemical 

composition similar to bone tissues [1,2] and are thus able to strengthen some specific biologically 

important features. Mg and Zn are essential for the organisms, so they are preferable among the 

ion-substituents [3-7]. The biologically active Mg plays an important role in the formation and initial 

growth of the bone tissue [3]. Zn is an important element in the natural biological growth and 

development of the skeleton system [4]. Microelements are important for the biological behavior of 

the ion-modified calcium phosphates as they could influence the proliferation and activity of the 

cells. The presence of such ions modifies the dissolution rate and biodegradation of the 

corresponding biomaterials [8].  

 The aim of this study was to synthesize, by biomimetic approach combined with different 

techniques, ion-modified calcium phosphates and to study their in vitro behavior and applicability as 

implant materials. Simulated Body Fluid (SBF) or SBF enriched in Zn2+ ions were used as ion modifiers.  
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EXPERIMENTAL PART 

Preparation of ion-modified calcium phosphate powders  

 The calcium phosphate powders were prepared by the method of biomimetic wet 

precipitation of amorphous precursor, followed by high-temperature treatment. The conventional 

simulated body fluid (SBFc) [9] was used to provide an electrolyte medium for the precursor 

preparation. Modified calcium-free conventional simulated body fluid (SBFc-Cam) was used as a 

solvent for K2HPO4 and modified phosphorus-free conventional simulated body fluid (SBFc-Pm) 

was used as a solvent for CaCl2, MgCl2 and ZnCl2, respectively, thus avoiding preliminary 

precipitation [10]. The pH of the solutions was adjusted to 8.2 – 8.4 using 0.1M HCl or 0.05 M  

Tris(hydroxymethyl) aminomethane. A.R. grade reagents were used throughout.  

 The precursor for Zn-β-TCP was synthesized by the method of quick mixing – the initial 

solutions prepared with a (Ca2++Zn2+)/P ratio of 1.67 and Zn2+/(Ca2++Zn2+) ratio of 0.01, were quick 

mixed at a room temperature under intense stirring, keeping pH at 10 - 11 by 1M NH4OH.  

The precipitate was filtered, immediately washed with water and with acetone (solid-to-liquid ratio 

of 1:1) and freeze-dried for a week (Technique A).  

 The precursor for SBF-modified β-TCP and HAP was synthesized by the method of 

continuous precipitation. Both modified simulated body fluids, initially prepared with a 

(Ca2++Mg2+)/P ratio of 1.67 were combined at a rate of 3 ml/min to precipitate in a glycine buffer at 

room temperature, keeping pH = 8 by 1M KOH. The precipitate was matured in the mother liquid 

for 24 h at room temperature and then the thick suspensions were subjected to gelation with 

xanthan gum, lyophilized at -56oC, washed (solid-to-water ratio of 1:100), and secondarily 

lyophilized (Technique B) . 

 The two freeze-dried precursors were heated at 800oC and atmospheric pressure in a  

high-temperature furnace, type VP 04/17 of LAC Ltd Company. The working regime was: heating 

with a rate of 10oC/min till the desired temperature and keeping it constant for 2 hours. 

Physico-chemical characterisation 

Chemical analyses - The sum of Ca2+, Mg2+ and Zn2+ ions in the solid samples was determined by 

EDTA titration at pH 10. The concentrations of Zn2+, Mg2+, K+ and Na+ ions were determined on a 

THERMO M5 atomic absorption spectrometer and the concentrations of PO4
3- and Cl- ions were 

determined spectrophotometrically by NOVA 60 equipment, using Merck and Spectroquant® test kits. 

X-ray diffraction analysis - The phase composition of the solid samples was determined on a 

Bruker D8 advance XRD apparatus operating at 40 kV and 40 mA with CuKα radiation and a SolX 

detector within the 2θ range 10-90o2θ, step 0.04o2θ and counting time of 1s/step. 

Morphology studies – SEM images - The powder samples were sputter-coated with gold.  

Their morphology and microstructure were observed using scanning electron microscope JEOL 

JSM-5510 equipment operating at a voltage of 10 kV. 

In vitro testing  

Two permanent cell lines (from the Cell Culture Collection of the Institute of Experimental 

Morphology, Pathology and Anthropology with Museum, Bulgarian Academy of Sciences) were 

used in this study – murine BALB/c 3T3 clone 31 (mouse embryo fibroblasts) and human Lep 3 

(established from a 3-month old human embryo).  
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 The cells of both lines were cultured in Solution A consisting of 90-95 % DMEM, 5-10% FBS, 

100 U/mL penicillin and 100 μg/mL streptomycin at 37ºC in a humidified CO2 incubator (Thermo 

Scientific, Hepa Class100). The adherent cells for routine passages were detached using a solution 

containing 0.05% trypsin and 0.02% EDTA. The powder calcium phosphate samples (100 mg) were 

matured in distilled water (0.33 ml) for 30 min at room temperature and then 10 ml Solution A was 

added for further maturation (4 h, 37oC). The suspensions were consecutively filtered through a 

paper filter (FILTRAK) and a syringe filter (0.2 µm, Orange Scientific, Belgium), so the calcium 

phosphate modified medium, CPM-medium, for in vitro biological experiments was prepared.  

 The cells were seeded in 96-well flat-bottomed microplates at a concentration of  

1×104 cells/well. After the cells were grown for 24 h to a subconfluent state (~ 60-70%), the cells 

from the monolayers were washed with phosphate-buffered salina (PBS, pH 7.2) and covered with 

CPM-medium (8 wells for each test). Samples of cells grown in non-modified medium served as 

controls. After 72 h of incubation, the effect of CPM-medium on cell viability and proliferation was 

examined by thiazolyl blue tetrazolium bromide, MTT test using the method of Mosmann [11].  

 The data are presented as mean ± standard error of the mean. Statistical differences 

between control and treated groups were assessed using one-way analysis of variance ANOVA 

followed by Dunnett post-hoc test. 

In vivo testing 

 New Zealand white male rabbits were used at an age at which sexual/social maturity is 

reached. The animals were housed and maintained in accordance with the guidelines for care of 

laboratory animals, Normative Resolution 04/97, prepared by the Ethic and Health Research 

Committee of the Institute of Experimental Morphology, Pathology and Anthropology with Museum 

(Bulgarian Academy of Sciences).  

Bone implantation – calcium phosphate powders were mixed with serum in a ratio of 2:1 and used 

as pastes for the experiments. Animals were anesthetized. A 4 cm incision was made on the skin, 

the tissues were separated by layers and 2 bone defects were created in the rabbit femur, 

according to Katthagan and Mittelmeler [12]. The cavities were 2 mm wide and 4 mm deep.  

They were filled up with the pre-prepared pastes.  

 The rabbits were divided into 3 groups: control group – autologous bone implantation; group 

1 – defects filled with Zn-β-TCP implants; group 2 – defects filled with SBF-modified HA and β-TCP 

implants. 

Intramuscular implantation - the biocompatibility of the implants was additionally studied by 

subsequent subcutaneous and intramuscular implantations. The products were implanted in the 

fossa pulpitea muscle spaces in rabbits.  

Post implantation studies  

Clinical observation - body weights, body temperature, heart and respiratory rates, were 

determined during the operation period - 14 weeks.  

Biochemical studies - serum bone markers calcium (Ca), phosphorus (P), zinc (Zn), magnesium 

(Mg) were determined using Human test diagnostic kits by the Screen master 588 LiHD 111 

apparatus during the whole period.  
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 Histological study of both bone and intramuscular implants was done at the end of the 

experiment, when the rabbits were euthanized and fragments of pieces including soft tissues or bone 

implants were removed. They were immersed for 48 h in 4% buffered formaldehyde and demineralized 

for 3 weeks in 8% formic acid. Then they were embedded in paraffin; 5–8 μm sections were prepared 

and stained with haematoxylin–eosin according to the standard histological technique. 

 

RESULTS AND DISCUSSION 

Biomimetic synthesis of ion-modified monophase and bi-phase calcium phosphates.  

 Two metastable XRD amorphous calcium-deficient phosphate precursors SBF-modified HA 

and β-TCP with a Ca2+/P ratio of 1.27 and Zn-β-TCP with a (Ca2++Zn2+)/P ratio of 1.35 (Fig 1a), 

were biomimetically precipitated in modified simulated body fluids. The latter ones, as an 

electrolyte medium, play a crucial role in the precipitation processes and influence the composition 

of the precipitated precursors providing ion modification of the calcium phosphate precursors with 

Na+ (0.08 mmol/g), K+ (0.02 mmol/g) and Cl- (<0.05 mmol/g) ions, analogous to bone-like apatites 

[6]. According to Posner et al. [13,14] Posner’s clusters with the formula Ca9(PO4)6 are formed as a 

first step of the mechanism of ACP formation. The CO3
2- ions from the solution compete with and 

partially replace the PO4
3- ions in the structure following, however, the rule for electrostability that 

results in a structure with Ca vacancies. Part of these calcium vacancies could be occupied by free 

Na+, K+, Zn2+ and Mg2+ ions from the solution, thus forming Posner`s clusters of the general 

formula  CawMgxZnyNazKu(PO4)v(CO3)6-v (w+x+y+z+u ≤ 9).  
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a     b 

Fig. 1. XRD powder patterns of: a) amorphous precursor and b) powders sintered at 800
o
C (■ – HA; 

unmarked – ion modified β-TCP) 

 

 Particles with different morphology were obtained by the application of Techniques A and B 

and subsequent thermal treatment of the precursors (Fig.2). Technique B was preferable for the 

preparation of well shaped, fine particles with narrow size distribution. Thus, using Technique A 

granulated powders of monophase Zn-β-TCP with a Zn2+/(Ca2++ Zn2++Mg2+) ratio of 0.01 were 

obtained (Fig. 2a), while using Technique B fine powders of bi-phase SBF-modified HAP  
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and β-TCP with a Mg2+/(Ca2++Mg2+) ratio of 0.005 (Fig. 2b) were obtained after 800oC sintering of 

the precursors (Fig.1b). Their mineral compositions were close to those in the hard tissues enamel, 

dentin and bone mineral [6].  

 

  

a      b 

Fig. 2. SEM images of calcium phosphates obtained by different techniques: 

a) Technique A (Zn-β-TCP); b)  Technique B (SBF-modified HA and β-TCP). 

 

In vitro testing  

 The effect of the examined Zn-β-TCP and SBF-modified HA and β-TCP on cell viability and 

proliferation of murine BALB/c 3T3 fibroblasts and of human Lep 3 cells were studied by MTT test 

assays using the Mosmann method, after 72 h incubation. Relative cell viability, expressed as a 

percentage of the untreated control (100% viability), was calculated for each compound and is 

presented on Fig.3.  
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Fig. 3. Effect of calcium phosphate materials on viability and proliferation of murine BALB/c 3T3 fibroblasts 

and of human Lep 3 cells (MTT, 72 h) 

 

 The results reveal the different behavior of the SBF-modified mixture of HA and β-TCP 

towards both cell lines. They increase the number of viable human Lep 3 cells but decrease those 

of murine BALB/c 3T3 fibroblasts. This fact could be explained by the different cellular targets that 
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express specific cell response. The Zn-β-TCP shows higher toxicity than the other calcium 

phosphate powder on both types of cells.  

 

In vivo testing 

Clinical studies 

 No complications were observed throughout the physical examination of the rabbits. Body 

weights of growing rabbits increased steadily in all groups during the observed period of 14 weeks. 

There were no significant differences between the groups. 

 

Biochemical studies 

 The mean levels of Ca, P, Mg, and Zn in the blood serum were used to evaluate the bone 

metabolism. The mean serum levels of the above microelements were similar in the groups prior to 

operation and increased after it, but remained within the physiological values (Fig. 4a) during the 

whole period of investigation. The levels of Ca and P were higher in all operated animals than in 

the control group just after the first week due to the dissolution of the implants. This increase was 

more pronounced in group 2 where the samples were fine powders of SBF-modified mixture of HA 

and β-TCP. The granulated compact powder of Zn-β–TCP obtained with Technique A (group 1) 

impeded the penetration of tissue fluids and implant dissolution. Zn and Mg levels increased as 

well (visibly after 14 weeks) and their increase was in accordance with their content in the implants.  
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Fig. 4 Serum level of: a) Ca, P, Mg and b) AP and BAP in rabbits with implants 

 

Histological studies 

 The evaluation confirmed the biocompatibility of the compounds with bones and 

intramusculars implants. After 14 weeks the materials were still present. There was no notable 

growth of new bone both in bones with tested material and autologous implants at the end of the 

experiment.  

 Zn-β-TCP that showed higher toxicity at in vitro studies did not cause any adverse effects in 

the surrounding muscle tissue. By means of histopathology only light foreign body reaction around 
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implants was established (Fig. 5). The histological results supported the previous studies of Parker 

[15] showing that simultaneous to bone neoformation in the bone/implant interface, the material is 

phagocytosed by macrophages and multinucleated giant cells. 

 

 

 

Fig. 5. Zn-β-TCP at the 14th week following intramuscular implantation as a paste. 

a) Small fragments of the Zn-β-TCP samples are encapsulated by a fibrous capsule (FC) and are separated 

by ingrown connective tissue. There is no lymphoid hyperplasia within a regional popliteal lymph node (PLN).  

b) Light foreign body reaction including giant cells (GC) and macrophages.  

c) Ingrown new blood vessels (Vsc) within the newly formed connective tissue. A paraffin section stained 

with hematoxylin eosin. 

 

 The data revealed the good tissue tolerance to the new tested materials. They have no 

negative influence on the biological response of the organism. The studied materials have good 

biocompatibility and are promising materials as bone substitutes. Further studies are in progress to 

optimize the properties of the studied materials. 
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ABSTRACT 

 The synthesis and characterization of (Hpia
+
)[Mn

III
(dipic)2]∙(H2dipic)∙6H2O (1), 

(Hinia
+
)[Mn

III
(dipic)2]∙3H2O (2), (2,2´-bipyH

+
)[Mn

III
(dipic)2]∙3H2O (3), (4,4´-bipyH

+
)[Mn

III
(dipic)2]∙4H2O (4), 

(Hdmphen
+
)[Mn

III
(dipic)2]∙2H2O (5), [Mn

II
(H2O)2(phen)2]{[Mn

III
(dipic)2]}2∙7H2O (6) and [Mn

II
2Mn

III
2(dipic)6 

(H2O)4]∙2CH3OH∙4H2O (7) (where dipic
2-

 = pyridine-2,6-dicarboxylate anion, H2dipic = pyridine- 

2,6-dicarboxylic acid,   Hpia
+
 = 2-carboxamidepyridinium cation, Hinia

+
 = 4-carboxamidepyridinium cation, 

2,2´-bipyH
+
 = 2-(2-Pyridyl)pyridinium cation, 4,4´-bipyH

+
 = 4-(4-Pyridyl)pyridinium cation, Hdmphen

+
 =  

2,9-Dimethyl-1,10-phenanthrolinium cation and phen = 1,10-phenantroline) are reported. X-ray structural 

analyses showed that complexes 2, 3, 4, and 5 consist of only complex anion and protonated organic 

molecule. Complex 1 consist consists of complex anion, protonated organic molecule and dipicolinic acid as 

a solvate molecule. Complex 6 consists of discrete cation and two complex anions and complex 7 is 

centrosymetric tetrameric manganese(II/III) complex molecule.   

 

INTRODUCTION 

 The chemistry of manganese complexes is investigated recently since manganese is present 

in various biological redox systems [1–5]. Manganese is also present as a tetranuclear cluster in 

an oxygen evolving complex in photosystem II in green plants [6–7]. Manganese complexes are 

also attractive thanks to their potential applications like catalysts in oxidation and epoxidation 

reactions, electrochemical sensors, electroluminescent devices and novel magnetic molecular 

materials [8–12]. Furthermore, manganese complexes with dipicolinic acid are interesting thanks to 

the versatile bidentate, tridentate or bridging coordination modes of the ligand [13].  

 

EXPERIMENTAL PART 

Reagents and solutions 

 Pyridine-2,6-dicarboxylic acid, pyridine-2-carboxamide, pyridine-4-carboxamide, N,N´-diethyl-

nicotinamide, 2,2´-bypiridine, 4,4´-bipyridine, 1,10-phenantroline monohydrate, 2,9-dimethyl- 

1,10-phenantroline, MnCl2·4H2O, KMnO4 and all solvents were purchased from commercial 

sources and used without further purification.  

 

Apparatus and equipment 

 Infrared spectra of the complexes were obtained by ATR techniques in the region of  

4000–400 cm−1 using a Nicolet 5700 FT–IR spectrometer (Thermo Scientific) at room temperature. 

Elemental analysis for carbon, hydrogen and nitrogen were carried out on a Thermo Electron Flash 

EA 1112 analyzer. Intensity data for 1, 5 and 6 were collected using a four-circle diffractometer 

Bruker Nonius KappaCCD with graphite-monochromatized Mo Kα radiation (λ = 0.71073 Å)  
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at 150 K. Absorption correction was applied using the program SADABS [14]. Data reductions 

were performed with EvalCCD [15]. Intensity data for 2, 3 and 7 were carried out using a four-circle 

Siemens P4 diffractometer with graphite monochromated Mo Kα radiation at room temperature 

[16]. The diffraction intensities were corrected for Lorentz and polarization factors. Absorption 

correction was applied using the program XEMP [17]. Data collections for 4 were collected using 

an Oxford Diffraction Xcalibur S with Sapphire CCD detector and graphite monochromated Mo Kα 

radiation at room temperature, using the CrysAlis software package [18]. The structures were 

solved by direct methods using the program SIR-2011 [19] and refined by the full-matrix least-

squares method on all F2 data using the programs SHELXL-97 or SHELXL-2013 [20]. Geometrical 

analyses were performed with SHELXL-97 or SHELXL-2013. The structures were drawn using the 

software MERCURY [21]. The positions of all hydrogen atoms have been constrained for all 

compounds using the AFIX commands in SHELXL. 

 

Preparations of complexes 

 An aqueous solution of KMnO4 (10 ml, 0.1 mmol) was added under continuous stirring to a 

methanol solution (10 ml) of pyridine-2,6-dicarboxylic acid (0.167 g, 1 mmol) and MnCl2·4H2O 

(0.079 g, 0.4 mmol). To the resulting dark red solution were added solid pyridine-2-carboxamide 

(0.122 g, 1 mmol) for 1,  pyridine-4-carboxamide (0.122 g, 1 mmol) for 2, 2,2´-bipyridine (0.156 g,  

1 mmol) for 3, 4,4´-bipyridine (0.156 g, 1 mmol) for 4, 2,9-dimethyl-1,10-phenantroline (0.208 g,  

1 mmol) for 5, 1,10-phenantroline monohydrate (0.198 g, 1 mmol) for 6 or N,N´-diethylnicotinamide 

(100 μl, 1 mmol) for 7 and then the reaction mixtures were placed under reflux for one hour.  

The mixtures were gradually cooled to a room temperature and then were filtered from little 

precipitate. The dark red filtrates were allowed to stand at refrigerator and the dark violet crystals 

for 1, 2, 3, 4, 6, dark red crystals for 5 and dark brown crystals for 7 suitable for X-ray diffraction 

analyses were obtained for few days. 

 

Anal.: Calc. for (Hpia)[MnIII(dipic)2]∙(H2dipic)∙6H2O (1): C, 41.39; H, 3.86; N, 8.94%.  

Found: C, 41.41; H, 3.65; N, 9.09%. 

IR (ATR, cm-1): 3473 (sh), 3325 (s, br), 3090 (s), 1635 (vs, br), 1596 (s), 1317 (vs, br). 

Anal.: Calc. for (Hinia)[MnIII(dipic)2]∙3H2O (2): C, 42.72; H, 3.41; N, 9.96%.  

Found: C, 42.76; H, 3.44; N, 9.55%. 

IR (ATR, cm-1): 3383 (sh), 3273 (s, br), 3074 (s), 1632 (vs, br), 1593 (s), 1310 (vs, br). 

Anal.: Calc. for (2,2´-bipyH)[MnIII(dipic)2]∙3H2O (3): C, 48.33; H, 3.55; N, 9.39%.  

Found: C, 47.98; H, 3.65; N, 9.17%. 

IR (ATR, cm-1): 3365 (sh), 3271 (s, br), 3080 (s), 1646 (vs), 1587 (s), 1310 (vs, br). 

Anal.: Calc. for (4,4´-bipyH)[MnIII(dipic)2]∙4H2O (4): C, 46.92; H, 3.77; N, 9.12%.  

Found: C, 46.41; H, 3.68; N, 9.19%. 

IR (ATR, cm-1): 3604 (sh), 3350 (s), 3087 (s), 2681 (s, br), 1646 (vs), 1313 (vs, br). 

Anal.: Calc. for (dmphenH)[MnIII(dipic)2]∙2H2O (5): C, 53.34; H, 3.68; N, 8.89%.  

Found: C, 53.04; H, 3.64; N, 8.93%. 

IR (ATR, cm-1): 3508 (sh), 3440 (s), 3080 (s), 3049 (s), 1645 (vs), 1307 (vs). 
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Anal.: Calc. for [MnII(H2O)2(phen)2]{2[MnIII(dipic)2]}∙7H2O (6): C, 46.34; H, 3.44; N, 8.31%.  

Found: C, 46.42; H, 3.45; N, 8.29%. 

IR (ATR, cm-1): 3361 (s, br), 3078 (s), 3052 (s), 1634 (vs), 1595 (s), 1541 (s), 1312 (s). 

Anal.: Calc. for [MnII
2MnIII

2(dipic)6(H2O)4]∙2CH3OH∙4H2O (7): C, 37.25; H, 2.98; N, 5.92%.  

Found: C, 37.35; H, 2.86; N, 5.88%. 

IR (ATR, cm-1): 3421 (m), 3099 (m), 1680 (s), 1635 (s), 1599 (s), 1586 (s), 1390 (s), 1316 (s), 1264 (s). 

 

RESULTS AND DISCUSSION 

 The central manganese(III) atoms of all complex anions [MnIII(dipic)2]
– in compounds 1 – 6 

are six coordinated by two pyridine nitrogen atoms and by four carboxylate oxygen atoms from 

dipicolinate anions. The nitrogen atoms in these anions occupy an axial position while the oxygen 

atoms form the equatorial plane. The N–Mn–N angles are in the range from 170.7(1) up to 

178.5(1) °, therefore the coordination geometry around manganese atom is distorted octahedron. 

The Mn–N bond distances are in the range from 1.935(2) up to 2.039(2) Å, and the Mn–O bond 

distances in the same anions are in the range from 1.928(2) up to 2.190(2) Å. 

 The molecular structure of (Hpia)[MnIII(dipic)2]∙(H2dipic)∙6H2O (1) is shown in Fig. 1.  

The [MnIII(dipic)2]
– complex anions Hpia+ cations, dipicolinic acid molecules and uncoordinated water 

molecules are connected into 3D supramolecular networks through N–H···O and O–H···O hydrogen 

bonds [length d(D···A) and angle <(D–H···A) vary from 2.564(2) to 3.176(2) Å and  

126–177°, respectively]. The N–H···O hydrogen bonds are located between pyridinium nitrogen 

atoms of Hpia+ cations and uncoordinated water molecules; and between carboxamide nitrogen 

atoms and carboxylate oxygen atoms of [MnIII(dipic)2]
– anions. The O–H∙∙∙O hydrogen bonds are link 

uncoordinated water molecules and oxygen atoms of carboxylate groups of [MnIII(dipic)2]
– anions. 

 

 

 

Fig. 1. The molecular structure of (Hpia)[Mn
III
(dipic)2]∙(H2dipic)∙6H2O (1). 

Water molecules have been omitted for clarity. 
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 The molecular structures of  (Hinia)[MnIII(dipic)2]∙3H2O (2), (2,2´-bipyH)[MnIII(dipic)2]∙3H2O (3), 

(4,4´-bipyH)[MnIII(dipic)2]∙4H2O (4) and (dmphenH)[MnIII(dipic)2]∙2H2O (5) are shown in Fig. 2.  

The [MnIII(dipic)2]
- anions, HL+ cations (L = inia, 2,2´-bipy, 4,4´-bipy or dmphen) and uncoordinated 

water molecules are linked to 3D supramolecular networks through N–H∙∙∙O and O–H∙∙∙O hydrogen 

bonds [d(D∙∙∙A) and <(D–H∙∙∙A) vary from 2.688(6) to 3.097(5) Å and 156–175° for (2), 2.724(4) to 

2.865(5) Å and 139–177° for (3), 2.696(2) to 3.114(2) Å and 150–175° for (4), 2.804(3) to 2.952(3) 

Å and 146–159° for (5), respectively]. The N–H∙∙∙O hydrogen bonds are located between 

pyridinium nitrogen atoms or carboxamide nitrogen of HL+ cations, and oxygen atoms of 

uncoordinated water molecules or carboxylate groups of [MnIII(dipic)2]
- anions. The O–H∙∙∙O 

hydrogen bonds are linked uncoordinated water molecules and oxygen atoms of carboxylate 

groups of [MnIII(dipic)2]
- anions. 

           

 

           

 

Fig. 2. The molecular structure of (Hinia)[Mn
III
(dipic)2]∙3H2O (A), (2,2´-bipyH)[Mn

III
(dipic)2]∙3H2O (B),  

(4,4´-bipyH)[Mn
III
(dipic)2]∙4H2O (C) and (dmphenH)[Mn

III
(dipic)2]∙2H2O (D).  

Water molecules have been omitted for clarity. 
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 The molecular structure of  [MnII(H2O)2(phen)2]{[MnIII(dipic)2]}2∙7H2O (6) consists of discrete 

[MnII(H2O)2(phen)2]
2+ complex cation, two [MnIII(dipic)2]

– complex anions and seven uncoordinated 

molecules of water (Fig. 3). The complex anions have been described above now we describe only 

cation here. The central manganese(II) (Mn3) atom is six coordinated by four nitrogen atoms from 

two phenantroline molecules and by two oxygen atoms from molecules of water in cis-position. The 

Mn–N bond distances of this cation are in the range from 2.248(3) to 2.259(2) Å, which are longer 

than the Mn–N distances in the complex anions. The Mn–O bond distances in the same cation are 

in the range 2.135(2) to 2.141(2) Å. These bond distances are comparable with those previously 

reported for similar cations [22, 23]. The [MnIII(dipic)2]
– anions, [MnII(H2O)2(phen)2]

2+ cation and 

uncoordinated water molecules are linked to 3D supramolecular networks through O–H∙∙∙O 

hydrogen bonds [d(D∙∙∙A) and <(D–H∙∙∙A) vary from 2.329(11) to 3.259(4) Å and 133–176°]. 

 

 

 

Fig. 3. The molecular structure of [Mn
II
(H2O)2(phen)2]{[Mn

III
(dipic)2]}2∙7H2O. A,B = [Mn

III
(dipic)2]

–
; 

C = [Mn
II
(H2O)2(phen)2]

2+
. Water molecules have been omitted for clarity. 

 

 The crystal structure of compound [MnII
2MnIII

2(dipic)6(H2O)4]∙2CH3OH∙4H2O (7) consists of 

complex molecules [MnII
2MnIII

2(dipic)6(H2O)4] and uncoordinated water and methanol molecules 

(Fig. 4). The complex molecule of [MnII
2MnIII

2(dipic)6(H2O)4] lies in around special position of centre 

symmetry. The complex molecule contains chain of two MnIII ions (Mn1) and two MnII ions (Mn2). 

The centre of symmetry is localized between two MnII ions which are connected through couple of 

oxygen atoms (O9) of two bridging tridentate dipicolinate ligands. The both MnIII ions are 

connected to MnII ions through three-atomic bridges (O–C–O) of one carboxylate group of bridging 

tridentate dipicolinate ligands. The Mn1 atom is six coordinated by two tridentate dipicolinate 

ligands (bridging-tetradentate and terminal-tridentate). Each dipicolinate ligand is coordinated 

through one pyridine nitrogen atom and two carboxylate oxygen atoms. The pyridine nitrogen 

atoms of the two dipicolinate ligands occupy an axial position, while the oxygen atoms of the 
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carboxylic groups form the equatorial plane. The N–Mn1–N angle is 175.8(1)°, therefore the 

coordination geometry around Mn1 atom is distorted octahedral. The Mn1–N bond distances are 

2.032(3) and 1.950(3) Å, respectively, and the bond distances between Mn1 and carboxylate 

oxygen atoms are in the range from 1.949(3) up to 2.237(3) Å. These bond distances are 

comparable with distances in [MnIII(dipic)2]
– complex anions in complexes 1–6. The coordination 

environment around both MnII atoms (Mn2) is pentagonal bipyramid. Equatorial plane of 

pentagonal bipyramid is built up by one pyridine nitrogen atom with Mn2–N distance of 2.298(3) Å, 

two carboxylate oxygen atoms (O9 and O10) with Mn2–O distances of 2.326(3) and 2.559(3) Å, 

respectively from bridging-tridentate dipicolinate ligand, one coordinated water molecule (O1S) 

with Mn2–O1S distance of 2.193(3) Å and carboxylate oxygen atom [O9i (Symmetry code: (i) –x+1, 

–y, –z+1) with Mn2–O9i distance of 2.355(2) Å] from second bridging tridentate dipicolinate ligand. 

The axial positions of pentagonal bipyramid is occupied next coordinated water molecule (O2S) 

with Mn2–O2S distance of 2.181(3) Å and carboxylate oxygen atom (O6) with Mn2–O distance of 

2.151(3) Å from bridging-tetradentate ligand. The pentagonal bipyramid coordination polyhedron 

around manganese atom has been observed also in crystal structure of various manganese(II) 

dipicolinate complexes [24, 25]. The Mn2∙∙∙Mn2 separation is exactly 3.828(1) Å and it is 

comparable with Mn–Mn distance in centrosymmetric complexes of 3.803 Å 

[MnII
2(dipic)2(H2O)6]∙2H2dipic [25]. 

 

 

Fig. 4. The molecular structure of [Mn
II
2Mn

III
2(dipic)6(H2O)4]∙2CH3OH∙4H2O. 

Molecules of water and methanol have been omitted for clarity. 

 

 The tetrameric complex molecules and uncoordinated molecules of water and methanol are 

stabilized by O–H∙∙∙O hydrogen bonds [d(D∙∙∙A) and <(D–H∙∙∙A) vary from 2.453(5) to 2.982(4) Å 

and 112–174°]. 
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ABSTRACT 

 Molecular Magnetism has known an impressive development during the last 30 years. From the 

understanding of magnetic exchange and anisotropy applied to radicals and polynuclear complexes to the 

recent realizations in molecular spintronics, on unique molecules, giant steps have been accomplished. 

 We focus here on our recent results on molecular magnetic multifunctional materials (M4) obtained by 

self-assembly of -oxalato bimetallic networks in presence of organic cations, selected to tune the overall 

symmetry and structure, which determine the multifunctional properties of the final material. 

 We present and we discuss (i) the nature of the exchange through the oxalate ligand, to get magnets; 

(ii) the usefulness of [Cr(Ox)3]
3-

 (Ox=oxalate dianion), remarkable tecton, to get bimetallic frameworks; (iii) 

the strategy consisting of wrapping the selected organic cations by the inorganic counterpart to get the final 

structure presenting the expected properties: chiral magnets, polar magnets, superionic conducting magnets, 

ferroelectric magnets; (iv) the interests and limits of molecular magnetic multifunctional materials, specially 

when the different functions not only coexist but interact to create new ones. 
 

INTRODUCTION 

 Molecular Magnetism can be defined as the science of designing, synthesizing, 

characterizing and using molecular magnetic objects presenting new but predictable properties.  

[1-4] It is deeply rooted in magnetochemistry (i.e. the measurement of magnetic properties of 

chemicals to understand their electronic structure), quantum physics and chemistry.  

It encompasses chemistry, physics, technology and biology (active centres of metalloproteins for 

example). The magnetic objects which are created and studied are either fully organic, such as 

organic radicals, or coordination complexes or hybrid organic-inorganic species. The kind of 

materials prepared varied with time. At the beginning simple binuclear compounds provided 

models for the theory of magnetic exchange.[4] One-dimensional compounds followed, conceived 

(erroneously!) as intermediary steps towards three-dimensional magnets.[4]  Then came the 

endeavours for high TC three-dimensional molecular magnets.[5]  High spin molecules and clusters 

were first studied with the same goal in mind. But they were indeed at the basis of a renewal of the 

discipline when it was realized that anisotropy confers them the properties of (i) slow relaxation of 

the magnetization due to the presence of an anisotropy barrier ( = DS2) and (ii) quantum 

tunnelling of the magnetization through the barrier.[6] New creatures bearing names such as single 

molecule magnets (SMM), single chain magnets (SCM) or single ion magnets (SIM) appeared and 

still maintain the hope of magnetic information storage on one molecule (also envisaged in the past 
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with the spin cross over (SCO) systems, which are still widely studied).[7] Anisotropic lanthanide 

complexes are therefore in the focus. Another direction in the development of molecular 

magnetism is molecular magnetic multifunctional materials where the magnetism of the molecular 

system meets other significant properties. Any substance always presents several properties 

(“multiproperty” material). This is trivial. On the contrary, an original goal is to gather in the same 

compound two or more properties able to bring a useful function able to transform the material in a 

component of a device. A better understanding of complex matter is the first goal, even if 

applications at the macroscopic scale or at the molecular one (molecular electronics or spintronics 

…) could be expected some day.  

 Several situations are sketched in Figure 1. 

 

 

 

Figure 1: Different kinds of multifunctional materials. (a) Simple coexistence of two properties A and B 

(conducting molecular magnet); (b) The property A is modified by B; (c) The presence of properties  

A (magnetism) and B (chirality) and their interaction create a new property C (magnetochiral dichroism);  

(d) An external constraint (temperature, pressure, light, chemicals…) transforms property A in property A’ 

(switchable material, spin transition); (e) the external constraint not only modify A in A’ but helps also B to 

transform in B’ (electron-transfer coupled to spin transition – ETCST). 

 

 Multifunctional magnetic molecular materials (M4) are molecular materials presenting 

together with the magnetic function [long range magnetic order, spin cross over (SCO) complex, 

SMM, SCM, SIM], another function (electronic or ionic conductivity, ferroelectricity, chirality, 

response to light, pressure, …) coexisting, or better, interacting with magnetism.[8-11] The simple 

coexistence of two selected functions is already a synthetic challenge.[12] The cases were 

magnetism can interact with the other function are more difficult. Among the kinds of interactions 

that can be expected, the creation of a third property thanks to a second order effect Fig. 1 (c) can 

be imagined :  

 Response R = R0 + αA + .B + .A.B (1) 

Part of the response of the material depends on property A (αA) or B (.B) but also of a second 

order effect (.A.B). Magnetochiral dichroism in chiral magnets is one of these cases  

(see below).[10,13] 

 Another wanted interaction is the control of B property by A property, conveniently triggered 

(e). This is obviously the case of photomagnetic materials when electron-transfer is coupled to spin 

transition and eventually to long range order magnetism). [11] It should be typically the case of 

multiferroic materials, both ferromagnetic (sensitive to applied magnetic field) and ferroelectric 

(sensitive to electric field). Their interaction, the magneto-electric effect, should allow controlling 

magnetism by an electric field. 



Recent Developments in Coordination, Bioinorganic, and Applied Inorganic Chemistry  
Edited by M. Melník, P. Segľa, and M. Tatarko   
Press of Slovak University of Technology, Bratislava  © 2013 

463 

 

 Since several years, chemists and physicists are working in such directions. The design and 

the study of such materials apply basic principles and concepts related to magnetism and other 

functions. The symmetry of the solid must obey strict rules. We analyze in this paper our strategy 

and some of our recent results to get molecular magnetic multifunctional materials (M4) in the 

particular case of the self-assembly of -oxalato bimetallic networks,[9] from solutions of  

tris-oxalato-chromate(III), [Cr(ox)3]
3-, inorganic salts of manganese(II) [or cobalt(II)] and organic 

cations, chosen to induce the overall symmetry of the structure, which determines the presence of 

the multifunctional properties of the final material. 

 

EXPERIMENTAL PART 

 This paper presents and discusses the results obtained with the following compounds: 

Trinuclear complexes (0D) [14] 

1 (C1)4 MnCr2(ox)6(H2O)2], C4[MnCr2(ox)6(H2O)2] 
. 4.5H2O, C1

+ = 4-aminopyridinium; 

2 (C1)4 [CoCr2(ox)6(H2O)2]; 

One-dimensional systems (1D) [15] 

3 (C2
+)[Mn(H2O)3Cr(ox)3] 

. H2O, C2
+ = tetramethylammonium; 

4a (C3)4[Mn2(H2O)3ClCr2(ox)6]Cl. H2O . 2C2H6O, C3
+ = 4-N,N dimethylaminopyridinium; 

4b (C3)4[Co2(H2O)3ClCr2(ox)6]Cl . 2H2O . 2C2H6O; 

5 [Mn(C4)(H2O)2Cr(ox)3] 
. H2O, C4

+ = 1-hydroxyethyl-4-N,N dimethylamino-pyridinium, 

6 (C5)4[Mn(H2O){Cr(ox)3}2]
.H2O; C5

+ = 4-(4’-dimethylamino--styryl)-1-hydroxyethylpyridinium]; 

Two-dimensional systems (2D) [13], [16] 

7a C6(R)[MnCr(ox)3], C6(R)+  = [N((R)-sec-Bu)MePr2]
+ [13] 

7b C6(S)[MnCr(ox)3], C6(S)+ = [N((S)-sec-Bu)MePr2]
+ [13] 

8 (C4)[MnCr(ox)3(C2H5OH)]- [16] 

Three-dimensional networks (3D) [17] 

9 (C8)4[MnCr2(ox)6]3.4H2O, C8
+ = NH4

+ [17] 

We use also when necessary in the discussion other 2D and 3D frameworks, previously reviewed 

in different contexts [10,18,19]. 

 

Reagents and solutions 

 Our starting chemicals, MnCl2 
. 4H2O and CoCl2 salts, chloride of the templating cations or 

the corresponding base (C1= 4-aminopyridine for 1 and 2; C2
+ = tetramethylammonium (3);  

C3
+ = 4-N,N dimethylaminopyridinium (4a,b); C4

+ = 1-hydroxyethyl-4-N,N dimethylamino-pyridinium 

(5,8); C6
+  = [N((S)-sec-Bu)MePr2]

+ (6); C7
+ = [N((R)-sec-Bu)MePr2]

+ (7); C8
+ = NH4

+ (9); were 

purchased from commercial sources and used as received. Other cations were prepared as 

described in the literature. (NH4)3[Cr(ox)3] 
. 3H2O was prepared by following a previously reported 

method.25 The C3[Cr(ox)3] 
. nH2O precursors were obtained by metathesis from the previously 

isolated ammonium complex (NH4)3[Cr(ox)3]
.3H2O with AgNO3 and the cation chloride (C+, Cl-)  

in aquo-methanolic solutions.  
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 Complexes 1-6, 8-9 were obtained by reaction of C3[Cr(ox)3] with MnCl2
.4H2O in water. 

Single crystals suitable for X-ray diffraction were grown by slow vapour diffusion of ethanol into the 

aqueous solutions at room temperature after several days. Yields vary up to 72%. Elemental 

analyses (C, H, N) were carried out by the Microanalytical Service of the Université Pierre et Marie 

Curie or of Valencia University. Details of the syntheses, elemental analyses and physical 

characterizations are available in 1-2 [14], 3-6 [15], 7 [13], 8 [16], 9 [17]. 

 

Apparatus and equipments  

Physical techniques 

 IR spectra of complexes 1-9 (4000-400 cm-1) were recorded with a Bruker IF S55 

spectrophotometer on samples prepared as KBr pellets. Variable temperature (2.0-300 K) 

magnetic susceptibility measurements were carried out with a SQUID susceptometer using applied 

magnetic fields of 10000 G (T > 50 K) and 50 G (T < 50 K). Details of IR, magnetic, optical data of 

the compounds are given in references [13-17]. The specialized measurements and methods for 

Magnetic Chiral Dichroism, Second Harmonic generation, Magnetic Harmonic Generation, 

Dielectric measurements, Protonic conduction are described in refences [13-17]. 

X-ray crystallographic data collection and structure refinement 

 X-ray diffraction data on single crystals were collected on a Nonius Kappa CCD 

diffractometer or diffractometers on ESRF beamlines. Crystal parameters, refinement results, 

crystallographic data, main bond lengths and angles, references in the Cambridge Crystallographic 

Data Base (e-mail: deposit@ccdc.cam.ac.uk) can be found in references [13-17]. 

 

RESULTS AND DISCUSSION 

 Our synthetic strategy to get first-row transition metal(II)-chromium(III) oxalate-bridged 

complexes consists in the reaction of C3[Cr(ox)3] with the transition metal chloride (MII = MnII and 

CoII). The metathesis insures the presence of only one type of templating cation in the reaction and 

allows to obtain high purity compounds in high yields. Bimetallic intermediary units such as  

[MII-Ox-CrIII(ox)2]
1- bear one negative charge and can conveniently provide neutral crystals with the 

C+ cation, with formulae {C[MII-Ox-CrIII(ox)2]}
0 and other kinds of neutral C:M:Cr stoichiometries. 

 Our experience and the one of many groups active in oxalato complexes chemistry 

demonstrate that, the inorganic bimetallic -oxalato network is building itself (sometimes in a 

complex manner), wrapping the cation C+, which is acting as a template. Formulations such as  

“the cation fill the cavities of the inorganic network”, “cations fit in the structurally well characterized 

vacancies of the nets » frequently encountered in the literature, allow perhaps to describe the final 

structure but do not provide the key about the way the structure emerges from the solution,  

i.e. how the flexible inorganic network is being built around the cation. This observation is the basis 

of our synthetic strategy: select different cations to provide structures and symmetries adapted to 

the needs of the chosen functions. 

 

mailto:deposit@ccdc.cam.ac.uk
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Basics of exchange interaction through the oxalate dianion 

 Our first concern is the nature of the exchange through the oxalate ligand, to control the 

magnetic properties (magnets). The short-range exchange interaction between two spin bearers A 

and B through the oxalate in a L-A-Ox-B-L unit is now well documented and understood.  

The terminal ligand L avoids the formation of a 1D system. Even in absence of sophisticated 

calculations (either all electrons calculations using wave function methods, or broken symmetry DFT 

methods), the heuristic models by Kahn (non orthogonal magnetic orbitals) or Hoffmann 

(orthogonalized magnetic orbitals), based on active electrons located in magnetic orbitals, are able to 

give a thorough understanding and are generally sufficient to predict the ferro or antiferromagnetic 

character of the interaction between A and B, simply focusing on the overlap or on the orthogonality 

of magnetic orbitals and on the energy gap between the singly occupied molecular orbitals built from 

the interaction between A and B magnetic orbitals. We use in the following symmetry labels, which 

are local ones, corresponding to an ideal octahedral symmetry. Figure 2 presents a simplified view of 

a copper(II) mononuclear oxalato complex, [tmenCu(II)Ox]0 (tmen = tetramethylethane-diamine) and 

its magnetic orbital (antibonding eg or xz orbital), as defined by Kahn. 
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Figure 2: Magnetic orbital in a mononuclear complex of copper(II): (a) schematic structure; b) symmetry of 

the molecular orbital; in a C2 point group, with the chosen axes, the symmetry of the xz orbital is b1. 

 

 Figure 3 displays the singly occupied molecular orbitals (SOMO) 1 and 2 in the simplest 

case of a dinuclear symmetric complex [L-A-Ox-A-L]2+ with only one unpaired electron per centre  

(L = terminal ligand, for example tmen, A = Cu(II), xz or eg orbital).  
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Figure 3: 1 (bonding) and 2 (antibonding) SOMOs of a [L-A-Ox-A-L]
2+

 (A = Cu(II)) complex, built from 

magnetic orbitals with local eg character (xz). Same axes as in Fig. 2. The u and g symmetry labels refer to 

the inversion operation i. (or b1g and b2u in the D2h point group). 
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 The SOMOs are obtained by the combination of either a, b Kahn’s magnetic orbitals (overlap 

integral S, resonance integral , two-electron exchange integral k) or the a’, b’ the Hoffmann’s 

orthogonalized magnetic orbitals (two-electron exchange integral k’, one-centre repulsion integral 

ja’a’, two-centres repulsion integral ja’b’). The -overlap S through the oxalate bridge (or s on each of 

the carboxylate group), is strong (Kahn’s model), or the energy gap (1 –2) between the SOMOs 

is strong (Hoffmann’s). If we choose the Hamiltonian H of the system as  

 H = -JSA.SB (1) 

where J is the singlet-triplet gap. Bold characters are for operators, S for spin: 

 J  2k + 4S  2k’ – (1 –2) / (ja’a’-ja’b’) (2) 

 In such a case, experiments and calculations tell that the (negative) antiferromagnetic 

contribution [4S or (1 –2) / (ja’a’-ja’b’)] is larger than the positive one (k, k’) and the interaction is 

antiferromagnetic.  

 Figure 4 presents two SOMOs of a dinuclear [L-B-Ox-B-L] complex where the B magnetic 

orbitals are of t2g symmetry (x2-z2 is shown). The -overlap is weaker than the preceding  one, the 

energy gap between the SOMOs is less and the antiferromagnetic contribution weaker.  
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Figure 4: 1 (bonding) and 2 (antibonding) SOMOs in a [L-B-Ox-B-L]
2+

 complex, built from magnetic orbitals with 

local t2g character (x
2
-z

2
). Same axes as in Fig. 2. The u and g symmetry labels refer to the inversion operation i. 

 

 Finally Figure 5 deals with the case of a dinuclear [L-A-Ox-B-L] complex where the local 

magnetic orbitals on A and B belong to different local symmetries, A(eg), B(t2g). A(xz) and B(x2-z2) 

are shown. They are orthogonal and remains unchanged in the dinuclear unit. 
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Figure 5: Orthogonal A(xz) and B(x
2
-z

2
) SOMOs in a [L-A-Ox-B-L]

2+
 complex. 

 

 The above very (and too) simplified presentation allows to generalize quickly the analysis of 

exchange interaction to complexes where several spins are present on A (nA) and B(nB). Keeping 

the description in terms of interaction between pairs of electrons, one can defined exchange 

pathways Jij (i=1 to nA) and B(j = 1 to nB). J then becomes the sum of the Jij, weighted by the 

number of pathways, nAnB:   

  

J=
1

n
A
n

B

J
ijj=1

nBi=1

nA
 (3) 

 Figure 6 gathers the results for different homometallic or heterometallic -oxalato complexes 

and gives the key for a preliminary guess of the nature of exchange interaction. One expect for 

homonuclear complexes an antiferromagnetic interaction: strong for Cu(II)-Cu(II) and weaker and 

weaker for Ni(II), Co(II), Fe(II), Mn(II) due the increased number of ferromagnetic contribution 

(everything else being equal in the complex). The Cr(III)Mn(II) derivatives should provide a 

ferromagnetic interaction, resulting from the sum / competition of many weak ferromagnetic 

pathways with a few weak antiferromagnetic ones. The interaction is expected to be weak.  

A significant distortion from the ideal geometry could of course switch the balance between 

negative and positive terms and from ferro- to antiferromagnetic interaction. 
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Figure 6: (a) Coordinates of a -oxalato dinuclear system 

AB and an octahedral ligand field around transition metals 

A and B; (b) table with the magnetic orbitals on site A 

(column) and B (row); the ligands’ orbitals are not shown 

for clarity; the orbitals are represented as viewed down y; 

expectation of the contribution of the different exchange 

pathways to the coupling (antiferromagnetic, af; AF, 

strong af; ferromagnetic, f; italics emphasize the af 

diagonal terms). Boxes correspond to different 

experimental cases, homometallic Cu(II)-Cu(II), d
9
-d

9
 1, 

[20]
 

Ni(II)-Ni(II), d
8
-d

8
, 2 [21-23], Mn(II)-Mn(II) or  

Fe(III)-Fe(III), d
5
-d

5
, 3 [21]. The boxes for heterometallic 

are for Cu(II)-VO(II), d
9
-d

1
, 4 [24], Cr(III)-Cu(II), d

9
-d

3
,  

5 [25]. Of special interest for the present paper is box 6 

for Cr(III)- Mn(II) [13-19], d
3
-d

5
. (adapted from refs. [3,4]) 

 

 

 

 

 

The usefulness of the [Cr(Ox)3]
3- tecton, to get bimetallic magnetic  frameworks  

 The second important element in our strategy is to use a robust, magnetic, building block. 

Werner is a good reference [26,27]. The first main reason of the choice of the [Cr(ox)3]
3- moiety, 

spin S=3/2, is that it is relatively stable and inert due to the d3 electronic structure of Cr(III) 

(inertness) and to the chelating property of oxalate (stability). The Co(III) ion, d6, would be even 

better for stability and inertness but it is diamagnetic in a too strong ligand field. The resulting 

bimetallic [Co(III)(ox)3]
3- based networks would present very small J coupling constants between 

the partners paramagnetic species and long range antiferromagnetic coupling at very low T.  

The oxalato complex [Fe(III)(ox)3]
3-, d5, S=5/2, studied by Day, [8,9] is less stable and furthermore 

sensitive to light. One can check below that, in all the described compounds, whatever the variety 

of dimensionalities (D) (0D, 1D, 2D, 3D), the stable {Cr(ox)3}  precursor is fully preserved as a D3 

symmetry synthon. It is fair nevertheless to recognize that unfortunately, it is not possible to obtain 

enantiopure magnets as single crystals starting from resolved tris(oxalato)-metalate(III) complexes 

because the racemisation process is much faster than the crystal growth. [10] The second reason 

is the Lewis base properties of the anionic [Cr(ox)3]
3- complex, able to strongly chelate other 

metallic Lewis acid in three different spatial directions. This fact is particularly well suited for the 

complex-as-ligand strategy, which is an important milestone in the rational design of complex 

metal-organic architectures. The third reason to choose the [Cr(ox)3]
3- unit is the possibility to vary 

the connectivity: one (dinuclear or trinuclear complexes), two (tri-, poly-nuclear complexes or  
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one-dimensional chains),  three (two-dimensional layers or three-dimensional networks). Last but 

not least, is the D3 symmetry of {Cr(ox)3}. The precursor is chiral. Suitably resolved, it presents 

{Cr(ox)3} and {Cr(ox)3} enantiomers. This property becomes central to get chiral space groups 

and chiral magnets and it can help greatly to obtain non centro-symmetric point groups. A derived 

attractive feature of {Cr(ox)3} is that when combine to a Lewis acid such as Mn(II) in an oxalate 

surrounding it can give two dinuclear units, one homochiral, the other heterochiral, depending on 

the nature of the cation. The importance of the -, -, -, - configuration pairs for the 

network’s dimensionality and space groups is discussed below. 

 

Symmetry prerequisites to get useful functions to be combined with magnetism 

 The third step in our strategy in using bimetallic oxalates to get multifunctional materials rely on 

their flexibility to fulfil the demanding symmetry conditions necessary to observe some specific 

functions in optical materials (natural circular dichroism (NCD) – chirality -, second harmonic generation 

(SHG) or electrical (piezoelectricity, ferroelectricity (FE). In both cases, the loss of centrosymmetry  

of the crystal is essential. We need here to control not only the local symmetry but also the spatial long-

range symmetry. Figure 7 summarizes the main conclusions about the space groups and symmetry 

classes compulsory to combine ferromagnetism (i) with NCD; (ii) piezoelectricity and SHG;  

(iii) pyroelectricty  and ferroelectricity (FE) as discussed by Glazer [28] (crystallography),  

Poeppelmeier [29] (oxides’ properties) and Halasyamani [30] (properties and methods). 

 

 

Figure 7: Symmetry classes allowing the combination of ferromagnetism and properties related to the loss on 

centrosymmetry : (i) NCD, MChD; (ii) SHG, MSHG; (iii) FE and multiferroicity. (adapted from [10]) 
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 Our strategy in this area attempts to induce the desired symmetry by an appropriate 

selection of the C+ cation. For NCD and MChD, a chiral cation should be preferred. For (M)SHG 

the choice would be a polar and polarisable cation. For FE and multiferroicity the attempts could 

imply a polar cation presenting hydrogen-bonding sites.  

 Since Okawa [31], Decurtins [32], Gruselle and Train [18,19,33], Dance [34], concepts to 

build bimetallic oxalate networks have been clarified. They are summarized in Figure 8 where two 

kinds of networks can be recognized: the 2D honeycomb (6,3) one and the 3D cubic helical (10,3). 

The (m,n) appellation refers to the smallest cycle in the array (m gons) and the connectivity (n) of 

the gons. In both cases (2D, 3D), the connectivity is 3. 

 

 

 

Figure 8: Schematic structures of 2D and 3D C[Mn(II)Cr(III)(Ox)3] lattices induced by selected cations, which 

are not shown for clarity. (a) Transformation of a heterochiral pair in the honeycomb 2D structure.  

(b) Transformation of a homochiral pair in the helicoidal 3D structure. (c) Top view of the 2D honeycomb.  

(d) Perspective view of the 3D chiral network. (e) Detail of one chiral chain in (d). In the present paper,  

M1 is Cr(III) and M2 is Mn(II). (adapted from [10]). 

 

 The key to three-dimensional chiral magnets is in most cases D3 symmetry cations, 

essentially tris(diimine)metal complexes such as [M(II)(bpy)3]
2+  or [M(ppy)(bpy)2]

+  

[(bpy= 2,2’-bipyridine); Hppy: (phenylpyridine)-, M(II)=Ni, Rh, Ru]. This is due to the occurrence of 

strong – interactions between the coordination anionic network and the counter-ion. [34] 

[Cr(ox)3]
3- + Mn2+  + 2 ox2- 

 [(ox)2Cr-ox-Mn(ox)2]
- with a cation of symmetry; 

[Cr(ox)3]
3- + Mn2+  + 2 ox2- 

 [(ox)2Cr-ox-Mn(ox)2]
- with a cation of  symmetry 

 Examples: [Ru(bpy)2ppy][MnCr(ox)3], (10), belongs to the cubic system, chiral space 

group P213, a = 15.368(5) Å, Z=4. [36] Such compound and its  enantiomer should be ideal 

candidates to display MChD. Unfortunately, the strong absorption in visible light of the Ru(bipy)3 

derivatives precludes the optical detection of MChD. The enantiomerically pure single crystals of 



Recent Developments in Coordination, Bioinorganic, and Applied Inorganic Chemistry  
Edited by M. Melník, P. Segľa, and M. Tatarko   
Press of Slovak University of Technology, Bratislava  © 2013 

471 

 

{[Ru(bpy)3)][LiCr(ox)3]H2O}n (11) and {[Ru(bpy)3)] [LiCr(ox)3]H2O}n ((11), belong also to the 

cubic, chiral space group P213, a = 15.293(8) Å (), 15.289(2) (), Z =4. [37] 

 We experience also the fact that (forgetting for a while the {Cr(ox)3}), the templating energy 

of [Ru(bpy)3]
2+ towards 3D is so strong that it is able to impose unusual geometries to Cu(II) in 

[Ru(bpy)3][Cu2xNi2(1-x)(C2O4)3] (12) [38] or Pd(II) in an [Ru(bpy)3][MnPd(C2O4)3] (13) network [rare 

octahedral triplet Pd(II)] [39] or to provide beautiful crystals of enantiomerically resolved and 

[Ru(bpy)3][Mn2(ox)3], (14or ). [40] 

 

 Alkyl ammoniums lead to 2D networks. When they are achiral (C+= NR4
+, R= Pr, Bu; or 

C=PPh4) the 2D networks present a R3c space group with six layers in the unit cell. Two adjacent 

layers are related by a gliding mirror, which inverts the configuration of each metal ion,  

i.e. [Cr-ox-Mn] becomes Cr-ox-Mn]. The overall structure is therefore achiral. Examples : 

(NBu4)[MnCr(ox)3], (16). [41]; (PPh4)[MnCr(ox)3], (17). [42]. Crystal data: a=b=18.783(3), 

c=57.283(24) Å, α=β=90, γ=120°, Z=24. To get a chiral structure (useful for MChD 

characterization), it is necessary to use a transparent chiral cation namely [N((R or S)- 

sec-Bu)MePr2. One of the alkyl groups interacts with one {Cr(ox)} moiety and such weak 

supramolecular interaction is sufficient to fully transfer the chirality from the cation to the metal 

centre as shown in figure 9.  

 

 

 

Figure 9: The [N((R and S)-sec-Bu)MePr2]
+
, enantiomers cations in (a) and (b) induce selectively   

(c) and  (d) chirality on the [Cr(Ox)3]
3-

 anion. 

 

 The two enantiomers crystallize in the hexagonal system, chiral space group P63.  

a= 9.417(2)(R), 9.441(1) (S), b = 16.843(1) (R), 16.831(2) (S). [13] Figure 7 allows foreseeing that 

the compounds are able to present NCD and MChD, SHG and MSHG and possibly FE. 

 

 The search for polar magnets and space groups is much less advanced in molecular 

inorganic chemistry than the one in chiral magnets. We present in figure 10 the schemes of the 

cations, which provided compounds where the crystal structure could be solved. Many others were 

tried but lead to amorphous or microcrystalline powders, not suitable for the present demonstration 
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of structure-property correlation. In the series C1, C3-C5, the polar character and increased 

polarisabiity are evident. With C2 we tried to enhance the family of 2D networks with alkyl 

ammoniums. The synthesis of C6 and the corresponding 2D network was a very specialized quest 

for transparent 2D enantiopure chiral magnets. The insertion of the simple ammonium C8, came as 

a unexpected by-product of a unsuccessful synthesis. We comment below the structures and the 

properties obtained. 

 

N
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R

N

R
R

R

C2: R = CH3 (3)  
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N

N
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RR

N

N
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Me
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*
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H

Et
N

Pr

Pr

Me

*

C6(R) (7a) C6(S) (7b)

(1, 2)

 

 

Figure 10: Schematic structures of the cations used in attempts to self-assemble -oxalato bimetallic 

oxalates to synthesize multifunctional materials. In bold, the resulting compounds. 

 

The choice of the second metallic precursor 

 This is another important synthetic parameter to control. The second metallic ion needs to be 

magnetic if one wants magnets. Hence the choice of transition metal ions (S=5/2 for Mn(II) and 

S=3/2 for Co(II)]. A divalent cation allows to get an anionic [M(II)Cr(III)(ox)3]
- repeating unit, suitably 

preparing the insertion of the organic cation partner. This allows us to underline that the charges of 

the components are of course of primary importance, specially in establishing the final Madelung 

energy. The heteroleptic character of the M(II) centre, with a potentially variable coordination 

environment is as important as the homoleptic character of the Cr(III). The choice of Mn(II) [and, to 

a lesser extent, Co(II)] guarantees the flexibility of the coordination sphere and the adaptability of 

the inorganic network to the cation. The Mn(II) radius and the Mn(II)-ligand distances are larger 

than those observed with the other divalent transition metal ions because of the antibonding role of 

the eg electrons in an octahedral surrounding. It makes possible to accommodate more ligands and 

to reach coordination numbers higher than six. Indeed, important variations in the environment of 

the metal(II) ion can be observed in the series of compounds 1-9: hexacoordinated in 1-4 and 7, 
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heptacoordinated in 5, 6 and 8 and octacoordinated in 9. This Mn(II) coordination versatility has 

two consequences: (i) the manganese derivatives crystallize much better that the other transition 

metal ions (an important feature for the present study); (ii) it open routes to several 

dimensionalities (0D-3D in the present examples) when varying the synthetic conditions (this 

valuable richness makes unfortunately much more difficult the a priori guess of the structure).  

For example, a change from hexa- to hepta-coordination influences the organization of 2D 

networks but does not prevent their formation whereas octa-coordination leads to a 3D network. 

Synthetic conditions: solvent and anions of the starting salts 

 A fourth important point is the choice of the synthetic conditions to offer the suitable ligands 

to complete the coordination sphere of the metal(II) ion: solvent (water, alcohol), ancillary anions 

(chloride), organic cations. The Lewis base character of these potential ligands controls the 

coordination. The nature of each coordinated ligand opens the way to different intermolecular 

interactions and hence to different topologies, which are commented below.  

 

Structures and properties 

Compounds 1-2 [14] 

 They are deceivingly trinuclear. When looking at the structure, Figure 11A, it is obvious that  

(i) the connectivity of Cr(III) is only one; two oxalate ligands around chromium are left free;  

(ii) the water molecules coordinated to the Mn(II) are playing an important role by establishing 

hydrogen bonds with the oxygen of the free oxalates and by impeding the formation of the 2D network.  

 At least, our short-range magnetic strategy was correct: the short range Cr-Mn is ferromagnetic 

as expected (as is the Cr-Co interaction). The ground spin state is S=13/2 for 1 and 9/2 for 2. DFT 

calculations allow to establish that spin polarization on chromium is at work together with the spin 

delocalization mechanism (Figure 11B). 

 

           

(A)                                                       (B) 

 

Figure 11: (A) Trinuclear structure of 1 and hydrogen bonds network. Colour code: Cr green, Mn pink, and 

oxygen red. Hydrogen bonds are dotted lines. (B) Spin density in 1 (a) and 2 (b) complexes.  

Colour code: grey, positive, blue, negative. 
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Compounds 3-6 [15] 

 The four compounds are deceivingly one-dimensional and we described them only briefly. 

Figure 12 reveals their main features. In 3-5, the chromium’s connectivity is two; one of the 

oxalates is pending and connected by hydrogen bonds to carboxylates’ oxygen of neighbouring 

chains impeding the formation of a 2D network. Compound 6 presents two connectivities of 

chromium 1 with two pending oxalates and two (one free oxalate) and appears as an original  

one-dimensional branched topology. In the chain, manganese(II) is bidentate on one side and 

monodentate at the opposite. 

 

 

 

 (a) 3 (b) 4a,b (c) 5 (d) 6 

 monoclinic  monoclinic orthorhombic  triclinic 

 Pc  P21/c  C2cb  P1 

 

Figure 12: One-dimensional structures of 3-6. (a-c) Zigzag chains; (d) Branched chain 

 

 Three coordinated ligands determine in fine the detailed structure of the compounds.  

A chloride ion is coordinated to the metal(II) ion in one of the chains encountered in 4. It has a 

blocking role. Second, water molecules are coordinated to M(II) in 2, 4 and 6. They occupy an M(II) 

coordination position and share hydrogen bonds with neighbouring chains. Third, in 5, the amino-

pyridinium C4
+ acts as a ligand through its alcoholic functional group. This case has never been 

observed before and contrasts with the one observed for the two-dimensional polymorph 8  

(see discussion below). The magnetic properties, forgetting weak interchains interactions, are the 

ones expected for one-dimensional ferromagnetic chains with a very weak ferromagnetic 

interaction between neighbouring chromium(III) and manganese(II) (3-5). In 6, the system is an 

alternating f/af chain with ferromagnetically coupled rungs. The Cr-Mn interaction is ferromagnetic 

in the rungs of the branched chain and within the chain in the Cr-Ox-Mn units where the oxalate is 

bis bidentate. Instead, within the chain, half of the Cr-Mn connections are dissymmetric and 

present an bidentate-monodentate oxalate as shown in Figure 13.  
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Figure 13: Oxalate bonding modes alternating within the {CrMn}n chain in 6. 

 

 The corresponding Cr-Mn interaction becomes weakly antiferromagnetic (no more 

orthogonality between the t2g orbitals on Cr(III) and Mn(II), decrease of the f pathways – see  

figure 6 - and increase of the af ones). Another example is provided by ref. [43]. 

 Nonlinear optical (NLO) properties were expected, due to the presence of hyperpolarisable 

cations in 4-6. Only compound 5 was observed NLO active. Complexes 4a,b belong to the 

centrosymmetric P 21/c  space group, hence they present no NLO inactivity. Compound 6, belongs 

to a non-centrosymmetric space group (P1) but displays an average centrosymmetrical 

organization of the polar cations (not shown) preventing the observation of NLO activity. 

 

Compounds 7 and 7 

 As expected, the compounds indeed present NCD and MChD, measured on two 

enantiomerically pure compounds. The MChD signal increases strongly at the Curie temperature 

TC as shown in Figure 14. [13] The SHG and MSHG were also evidenced [44].  
 

 
 

Figure 14 Thermal dependence of the magnetization (right axis, magnetic measurement, squares) and of the 

magnetochiral dichroic effect (left axis, optical measurement, spheres) in 7 showing the strong 

enhancement of the effect at the Curie temperature. (adapted from ref. [13]) 

 

 To the best of our knowledge, FE is waiting to be measured. Such results are very rewarding 

and allow a nice illustration of the Curie symmetry principle: when the self-assembled structure, 

from carefully selected precursors, fully corresponds to the initial expectations, the properties are 

there. It is the outcome of more than ten years of reflections and experiments on chiral magnets.  

It opens the way to new multifunctional properties. 
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Compound 8 [16] 

 Compound 8 crystallizes in the orthorhombic system, polar space group Pna21. It consists of 

2D anionic [MnCr(ox)3(C2H5OH)]- layers, interleaved by stacks of the polar cation C4
+. The neutral 

ethanol molecule is coordinated to the manganese(II). 8 is a magnet and presents the expected 

ferroelectric properties in all the temperature range explored. Figure 15 displays a schematic 

structure and the interactions between the C4
+ cation and the inorganic framework and how the 

inorganic layers are corrugated to adapt to the cation. It presents exactly the same composition as 

5 but a complete different structure. The two compounds appear in very similar synthetic conditions 

and this needs to be clarified to show how subtle can be the differences to decide on the final 

direction of the chemical reaction. The ratio EtOH-H2O in the reaction mixture appears as the key 

point that accounts for the shift between the two structures.  

 

 {C4
+[Mn(C2H5OH)Cr(ox)3]

–}   
2

2 5

H O

C H OH

   {Mn(C4)Cr(ox)3}
0  +  C2H5OH 

 8, 2D, ionic  5, 1D, neutral 

 

   

 (a) (b) 

 

Figure 15: X-ray crystal structure of 8 at 110 K. (a) Packing of the C4
+
 cations between the corrugated 

planes. Blue and red arrows schematize magnetization (M) and polarization (P). (b) Close contacts between 

the polar cation and the inorganic bimetallic network. Cr and Mn surroundings are green and purple 

polyhedra. Oxygen, hydrogen, and nitrogen atoms are red, pink, and blue. Dashed lines are hydrogen 

bonds. 

 

 A competition exists between the two weak Lewis bases alcohols [ethanol and  

4-N,N dimethylamino-1-hydroxyethylpyridinium] to coordinate the Lewis acid manganese(II) ions. 

When using a slow diffusion technique (ethanol diffusion in aqueous solution), the ethanol 

concentration is not high enough to prevent 4-N,N dimethylamino-1-hydroxyethyl-pyridinium cation 

from coordinating. The neutral 1D compound 5 crystallizes in the polar aqueous solvent.  

The electrostatic interaction between the anionic unit and the organic cation C4
+ helps the 

coordination process. Instead, when using a 9:1 EtOH-H2O ratio, the ethanol molecules coordinate 

to Mn(II), the C4
+ cation and the anionic network remains in solution and the system crystallizes 

after some days in a completely different thermodynamic potential well, the ionic 2D structure 8. 

We insist on this example because it demonstrates how fragile is the (necessary) rational approach 

to materials with expected properties in the present state of our understanding of chemical 
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reactivity in multi-components mixtures. When the structure appears, as for compound 7,  

the results are rewarding, ferroelectricity is evidenced (Figure 16). No magneto-electric effect has 

been observed so far. 

 

 

 

Figure 16: Polarization vs. electric field loops of 8 as a function of temperature. The compound is ferroelectric 

in the studied range of temperature with a non negligible ohmic behaviour. 

 

Compound 9 [17] 

 9 crystallizes in the chiral P6522 chiral space group. Figure 17a represents the beautiful 

three-dimensional structure down the C6 axis. In 9, the connectivity of the chromium is 2 and the 

one of manganese is 4. The free oxalates build a helix around the ammonium cations in A 

channels. Around these channels, chromium is linked to two manganese, themselves linked to four 

chromium, and forming cavities B filled with disordered water molecules. The -oxalato MnCr4 

compressed tetrahedron stacks in a way similar to the SiO4 one of the -quartz mineral Figure 17b. 

 

  

 

Figure 17: Structure of 9 down the C6 axis. (a) The two kinds of channels, A and B are shown.  

In A disordered ammonium and water molecules ensure the protonic conduction. 

Colour Code as in Fig. 15; (b) Polyhedral representation of 9 emphasizing the similarity of the structure 

construction (MnCr4 green-yellow tetrahedron) with the one of -quartz (SiO4). 
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 The three-dimensional framework behaves as a magnet at low temperature (TC = 3 K) 

because the MnO8 coordination of manganese to four oxalate ligands decreases the spin 

delocalization on the oxygen atoms and the Cr-Mn exchange. The good surprise, discovered 

during the dielectric measurements, is that the ammonium ions in the A channels ensure a very 

high protonic activity transforming 9 in a rare protonic conducting magnet (Fig. 18). 

  

  

 

Figure 18: Protonic conductivity of 9: (a) Z’ vs. Z’’ plot of complex-plane impedance at 295 K and 96% 

relative humidity (RH). The inset shows an Arrhenius-type plot of the conductivity at various temperatures. 

(b) Relative humidity dependence of the conductivity at 295 K. 

 

 Many questions remain unanswered at the present stage for this compound. It was obtained 

when trying to build a Cr-Ox-Mn network around a polar cation, which at the end was not found in 

the structure. One of the answer appears to be the presence of specific hydrogen bonds between 

ammonium and oxalate in channels A.  Such bonds are already present in the crystals of the 

(NH4)3[Cr(Ox)3] precursor [45]. The structure of 9, even new, appears rather stable. We recently 

obtained the same with another cation. Another unanswered question is the partial 

enantioselectivity observed during the synthesis. Starting with racemic mixtures we obtained 90% 

of the 9 enantiomer. 

 

CONCLUSION 

 We have presented different multifunctionalities in molecular magnets based on the  

Cr-Ox-Mn unit: (a) second harmonic generation (SHG) and magnetization-induced second 

harmonic generation SHG (MSHG); (b) ferroelectric order and ferromagnetism (multiferroic 

behaviour) and (c) high ionic conductivity associated to magnetic ordering. 

 We were helped by quantum chemistry as far as the short-range magnetic exchange is 

concerned and by the Curie principle for the crystal symmetry. [47] « Lorsque certaines causes 

produisent certains effets, les éléments de symétrie des causes doivent se retrouver dans les 

effets produits.» which can be translated in “When some causes produce some effects, the 

symmetry elements of the causes should be found in the produced effects”. The systematic use of 
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the principle applied to the relations structure-property, as displayed in figure 7, lead us to first 

significant results and the interest of the adopted step. 

 The present studies shows also the limits of a rational approach of multifunctional materials 

based on multi-components self-assemby synthesis. The initial selection of the appropriate 

components is necessary but not sufficient to get the expected structures and properties.  

We obtained for example several 0D polynuclear and one-dimensional 1D systems instead of the 

2D and 3D requested. The different directions offered to a multi-component system are still, at the 

present stage of chemical knowledge, difficult to control. Systematic tries and experience are 

educating the intuition as suggested by J. Goodenough [48]. Theoretical approaches of Madelung 

energies, weak bonding interactions between molecular precursors to better understand and to 

predict ab initio the possible structures is obviously another way to explore [34]. 

 In any case, the chemist should be prepared to welcome unexpected outcomes and to 

exploit their potentialities as we showed with the amazing protonic conductor and magnet 9,  

still under study. 

 We are convinced that chiral magnets and multiferroics represent a challenging synthetic 

target for solid state and molecular chemists: (i) the flexibility of molecular inorganic chemistry 

allows to synthesize the materials in a more and more reliable manner; (ii) the new properties and 

possible applications of the systems are exciting and valuable. For multiferroics for example, the 

mere coexistence of ferroelectricity and ferromagnetism in a material could be used as four-levels 

memories. The coupling of electric and magnetic ordering of the material would allow to control the 

electric polarisation by applying a magnetic field or to control the magnetization by an electric field. 

This would be the door opened to the use of multiferroics in electrically controllable microwave 

elements, magnetic-field sensors data storage and spintronics applications. [3,4] Recent results 

[49] even demonstrate that molecular inorganic chemistry is ready to go beyond double-faced 

chemical Janus and address multifaceted ones, changing their faces when conveniently 

triggered.[50] 
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ABSTRACT 

 Reactions of PdCl2 or ZnCl2 with the anticancer halogen-derivatives of quinolin-8-ol (XQ): 5-chloro- 

7-iodo-quinolin-8-ol (CQ), 5-chloro-quinolin-8-ol (ClQ) 5,7-dichloro-quinolin-8-ol (dClQ) or 5,7-dibromo-quinolin-

8-ol (dBrQ) result in the formation of NH2(CH3)2[PdCl2(CQ)] (1), NH2(CH3)2[PdCl2(dClQ)] (2), NH2(CH3)2[PdCl-

2(dBrQ)] (3), [Zn(CQ)2(H2O)2] (4), [Zn(ClQ)2(H2O)2] (5), [Zn(dClQ)2(H2O)2]·H2O (6) and 

[Zn(dBrQ)2(H2O)]2∙DMF∙H2O (7) compounds. Structures of 1 – 3 contain square-planar cis–[PdCl2(XQ)]
-
 

complex anions in which deprotonated XQ ligands are coordinated via the pyridine nitrogen and the phenolato 

oxygen atoms. Negative charges of these anions are balanced by uncoordinated NH2(CH3)2
+
 cations. Besides 

the ionic forces, the structures of 1 – 3 are stabilized by - interactions between neighboring anions and by a 

system of hydrogen bonds. Structures of 6 and 7 contain Zn(II) atoms coordinated in deformed octahedral and 

strongly deformed trigonal bipyramidal coordination, respectively. Both compounds involve one uncoordinated 

water molecule and 7 involves also one solvated DMF molecule. The Pd(II) compounds exhibit anticancer 

activity tested on A2780 cells; Zn(II) compounds are currently studied. 

  

INTRODUCTION 

 Worldwide efforts to overcome limitations of recent metal-based chemotherapy by preparing 

new coordination compounds as anticancer agents brings together many scientists all over the 

world [1]. The success of cisplatin and its analogues in the treatment of several cancer cell lines [2] 

influenced the development of inorganic metal coordination chemistry over the last 40 years. 

 Several strategies have been used to increase tumor cells selectivity and thus decrease toxic 

side effects of platinum drugs, including the substitution of ligands present at platinum by other 

biologically active ligands with adequate chelating properties and favorable toxicity profiles, as well 

as the preparation of new coordination compounds containing other metals as central atoms, such 

as Pd(II). Several reports of promising results obtained with palladium complexes in the cancer 

treatment have been reported, for instance trans-palladium complex with bulky amine ligand 

showed higher activity against the L929 cell line than carboplatin [3]. Moreover, investigation 

carried out on trans-palladium(II) complexes with chloroquine showed that its coordination to the 

palladium(II) atom increased the antitumor activity against four cancer cell lines [4]. 

 The approach used by our research group is based on coordination of quinolin-8-ol (8-HQ) 

halogenderivatives to metal ions, such as Pt(II) and Pd(II), with the aim to increase the cytotoxicity 

of prepared complexes in comparison to cytotoxicity of ligands themselves. A perfect example is  
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5-chloro-7-iodo-quinolin-8-ol (clioquinol, CQ), a chelator of copper zinc and iron, which was used 

as an antimicrobial agent [5] and was recently investigated for its favorable effects on Alzheimer’s 

and Parkinson’s diseases [6–8]. The cytotoxicity of CQ and other halogenderivatives of 8-HQ, 

including 5,7-dichloro-quinolin-8-ol (dClQ) and 5,7-dibromo-quinolin-8-ol (dBrQ), was also recently 

tested against several human cancer cell lines with a promising results [9]. 

 Due to the interesting biological activity of 8-HQ halogenderivatives and Pt(II) and Pd(II) 

complexes we have decided to prepare square-planar Pd(II) coordination compounds containing 

cis-[PdCl2(XQ)]- anion (XQ = CQ, dClQ or dBrQ). As the 8-HQ halogenderivatives serve as 

chelators of Zn(II) in the treatment of Alzheimer’s disease, we decided to prepare also Zn(II) 

complexes with these ligands. Here we present preparation, properties, and crystal structures of 

prepared coordination compounds of Pd(II) and Zn(II) as well as cytotoxicity of Pd(II) compounds. 

 

EXPERIMENTAL PART 

Reagents and solutions 

 Investigated coordination compounds were prepared using zinc chloride(II), p.a., and 

palladium(II) chloride (40 % water solution) from Lachema and 5-chloro-quinolin-8-ol (ClQ), 95 %, 

5-chloro-7-iodo-quinolin-8-ol, 95 %, 5,7-dichloro-quinolin-8-ol, 99 % and 5,7-dibromo-quinolin-8-ol, 

98 % from Sigma Aldrich. The solvents (ethanol, 96%, and N,N’-dimethylformamide (DMF), p.a.) 

used in the syntheses were also received from Lachema. All chemicals were used as received. 

 

Preparation of Pd(II) compounds 

0.54 mmol of XQ (0.165 g of CQ, 0.116 g of dClQ and 0.164 g of dBrQ) was dissolved in 20 cm3 of 

DMF and cooled down to approximately –3 °C. 0.2 cm3 of 40 % water solution of PdCl2, what 

represents 0.048 g PdCl2 (0.27 mmol) was added to 10 cm3 of ethanol and cooled down 

approximately to –15 °C. The DMF solution of XQ was then slowly added to the solution of PdCl2, 

while continuously stirring, thus creating an orange solution. After few minutes of stirring,  

the beaker was laid down in the refrigerator and approximately after one month orange needle-like 

crystals of 1 – 3 were formed. Finally the products were filtered off and dried on air.  

NH2(CH3)2[PdCl2(CQ)] (1) - Calc. for C11H12Cl3IN2OPd (527.91 g·mol–1): C, 25.03; H, 2.29; N, 5.31. 

Found: C, 25.47; H, 2.38; N, 5.31 %. 

NH2(CH3)2[PdCl2(dClQ)] (2) - Calc. for C11H12Cl4N2OPd (436.46 g·mol–1): C, 30.27; H, 2.77;  

N, 6.42. Found: C, 30.62; H, 2.99; N, 6.46 %. 

NH2(CH3)2[PdCl2(dBrQ)] (3) - Calc. for C11H12Cl2Br2N2OPd (525.36 g·mol–1): C, 25.15; H, 2.30;  

N, 5.33. Found: C, 25.60; H, 2.41; N, 5.32 %. 

 

Preparation of Zn(II) compounds 

 The compounds were prepared by mixing 25 mg of ZnCl2 dissolved in 5 cm3 of ethanol with a 

solution of XQ (XQ = CQ, ClQ, dClQ or dBrQ). This was prepared by dissolving an appropriate 

amount of XQ (molar ratio ZnCl2:XQ = 1:2) in 8 cm3 DMF. The solution of XQ was first 

deprotonated using 1 cm3 aqueous KOH solution, molar ratio XQ:KOH = 2:1. Microcrystalline  

(4 and 5) or crystalline (6 and 7) products were filtered off after a few days and dried in air. 
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[Zn(CQ)2(H2O)2] (4) - Calc. for C18H12Cl2I2N2O4Zn (710.41 g·mol–1): C, 30.43; H, 1.70; N, 3.94. 

Found: C, 29.99; H, 1.55; N, 3.83 %. 

[Zn(ClQ)2(H2O)2] (5) - Calc. for C18H14Cl2N2O4Zn (458.63 g·mol–1): C, 47.14; H, 3.08; N, 6.11. 

Found: C, 47.39; H, 3.08; N, 5.91 %. 

[Zn(H2O)2(dClQ)2]·H2O (6) - Calc. for C18H14Cl2N2O4Zn (547.45 g·mol–1): C, 39.49; H, 2.57; N, 5.12. 

Found: C, 39.67; H, 2.57; N, 4.97 %. 

[Zn(dBrQ)2(H2O)]2·DMF·H2O (7) - Calc. for C39H29Br8N5O8Zn2 (1465.69 g·mol–1): C, 31.96; H, 1.99; 

N, 4.78. Found: C, 32.12; H, 1.99; N, 4.90 %. 

 

Physical measurements 

 The infrared spectra of prepared compounds were recorded on a Nicolet 6700 FT-IR 

spectrophotometer from Thermo Scientific equipped with a diamond crystal Smart OrbitTM in the 

range 4000 – 400 cm–1. Elemental analyses were measured on CHNOS Elemental Analyzer vario 

MICRO from Elementar Analysensysteme GmbH. 

 

X–ray data collection and structure refinement 

 A summary of crystal data and structure refinement for 1 – 3, 6 and 7 is presented in Table 1. 

The crystal structures were determined using an Oxford Diffraction Xcalibur2 diffractometer 

equipped with a Sapphire2 CCD detector. Crysalis CCD was used for data collection while Crysalis 

RED was used for cell refinement, data reduction and absorption correction [10]. The structures 

were solved by the direct method with SHELXS97 and subsequent Fourier syntheses using 

SHELXL97 [11]. Anisotropic displacement parameters were refined for all non-H atoms.  

The H atoms of XQ molecules were placed in calculated positions and refined riding on their parent 

C atoms with C–H distances of 0.93 Å. The H atoms of methyl groups in dimethylammonium cation 

(1 – 3) and DMF molecule (7) were also placed in calculated positions and refined riding on their 

parent C atoms with CH distances of 0.96 Å, while H atoms of amine group (1 – 3) as well as 

water H atoms (6 and 7) involved in hydrogen bonds were found in a difference map. A geometric 

analysis was performed using SHELXL97. DIAMOND [12] was used for molecular graphics. 
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Table 1: Crystal data and structure refinement of 1 – 3. 

Compound 1 2 3 6 7 

Empirical formula C11H12Cl3IN2OPd C11H12Cl4N2OPd C11H12Br2Cl2N2OPd C18H14Cl4N2O5Zn C36H26Br8N4O9Zn2 

Formula weight 527.88 436.43 525.35 545.48 1428.63 

Crystal system 

Space group 

Monoclinic 

P21/n 

Monoclinic 

P21/n 

Monoclinic  

P21/n 

Monoclinic 

C2/c 

Triclinic 

P-1 

Unit cell dimensions 

[Å, °] 

 

6.8197(2)  

24.1492(8) 103.150(4) 

9.7049(5) 

6.8423(1) 

23.3505(5) 103.753(2) 

9.4601(2) 

6.8730(4) 

23.9430(9) 103.090(6) 

9.6230(6) 

8.0422(10) 

27.258(2) 112.00(1) 

10.0958(9) 

10.1200(3) 104.632(4) 

11.0756(5) 93.844(3) 

21.0222(9) 94.390(3) 

Volume 1556.39(11) Å3 1468.12(5) Å3 1516.70(19) Å3 2052,0(4) Å3 2264,04(16) Å3 

Z; density (calculated) 4; 2.253 g.cm–3 4; 1.975 g.cm–3 4; 2.262 g.cm–3 4; 1,766 g.cm–3 2; 2,096 g.cm–3 

Crystal shape, color needle, orange needle, orange needle, orange needle, orange prism, orange 

Reflections 

collected/independent 

20338/3230 

[R(int) = 0.0340] 

30292/3039  

[R(int) = 0.0029] 

6437/3193 

[R(int) = 0.0391] 

4337/2127 

[R(int) = 0.0249] 

17585/9355 

[R(int) = 0.0311] 

Data/restraints/parameters 3230 / 0 / 204 3039 / 0 / 204 3193 / 0 / 180 2127 / 0 / 160 9355 / 0 / 593 

Goodness-of-fit on F2 0.914 1.088 1.014 1.043 1.019 

Final R indices [I>2σ(I)] R1 = 0.0221,  

wR2 = 0.0366 

R1 = 0.0177,  

wR2 = 0.0385 

R1 = 0.0394,  

wR2 = 0.0665 

R1 = 0.0364,  

wR2 = 0.0700 

R1 = 0.0420,  

wR2 = 0.0654 

R indices (all data) R1 = 0.0377,  

wR2 = 0.0383 

R1 = 0.0220,  

wR2 = 0.0399 

R1 = 0.0685,  

wR2 = 0.0765 

R1 = 0.0589,  

wR2 = 0.0783 

R1 = 0.0800,  

wR2 = 0.0761 

Largest diff. peak and hole 0.485; -0.464 e.Å–3 0.339; -0.353 e.Å–3 0.590; -0.745 e.A–3 0.385; -0.260 e.Å–3 0.997; -0.761 e.Å–3 
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RESULTS AND DISCUSSION 

Preparation of the complexes 

 In order to prepare crystals of 1 – 3 the reaction rate had to be slowed down as the 

syntheses carried out just by mixing the corresponding solutions at room temperature resulted in 

immediate precipitation of [Pd(XQ)2] (XQ = CQ, dClQ and dBrQ). The NH2(CH3)2[PdCl2(XQ)]  

(XQ = CQ, dClQ and dBrQ) formula corresponding with the results of the elemental analyses was 

proved by the X-ray structural analysis. The presence of NH2(CH3)2
+ cations might be explained by 

the decomposition of DMF, which was used as a solvent during the syntheses according to the 

Scheme 1. The formation of the same cation has already been observed in 

NH2(CH3)2[Ni(CQ)3]∙DMF∙H2O compound [13]. The Zn(II) compounds were prepared by simple 

mixing of reactants at ambient temperature. All physico-chemical analyses were performed after 

verifying the purity of the prepared compound under a microscope. 
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CH3

+ OH2 NH
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CH3

OH

H

O

+

NH

CH3

CH3

+

N

X

OH

Y
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+

CH3

CH3

N

X

O
-

Y

+

 

X = Cl or Br and Y = Cl, Br or I 

 

Scheme 1. Formation of dimethylammonium cation by a decomposition of DMF as well as deprotonation of 

XQ molecules (XQ = CQ, dClQ and dBrQ). 

 

Infrared spectroscopy 

 All prepared compounds were characterized by an infrared spectroscopy, which was used to 

confirm the presence of ligands. The FT-IR spectra of 1 – 3 in the 3500 – 400 cm–1 range are 

shown in Fig. 1. Individual bands were assigned according to [13-20] and we discuss only the main 

differences between the individual complexes and respective ligands. 
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Fig. 1. FT-IR spectrum of 1 – 3 in the spectral range 3500–400 cm
–1

. 

 

 The IR spectra of 1 – 3 are practically identical, however there are differences mainly in the 

(C5–X) and (C7–X) (X = Cl, Br or I) vibrations. C–X stretching vibration usually manifests itself as 

a strong absorption and the position of the band is influenced by neighboring atoms or groups; the 

smaller the halide atom, the greater the influence of the neighbor [19]. Thus, we suppose that 

stretching (C5–X) vibrations for 1 – 3 occur at 974, 976 and 957 cm–1, respectively and stretching 

(C7–X) vibrations occur at 880, 888 and 878 cm–1, respectively.   

 Coordination of the XQ ligands to Pd(II) atom is confirmed by the differences in the stretching 

(O–H) and (C=N) vibrations in the spectra of ligands and prepared complexes as the ligands are 

chelate coordinated by the nitrogen and oxygen atoms. The (O–H) band disappears in the 

spectra of prepared compounds, where the deprotonated O-atom is one of the coordinating 

centers, while the (C=N) bands are displaced to lower wavenumbers in the prepared compounds. 
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This fact can be related with the donor character of the nitrogen atom in the M–N bond, which 

generates a decrease of the electronic density of the ring [20]. XQ ligands manifest themselves in 

the spectra also by one or two weak bands of C–H stretching vibrations observed in the range of 

3035 – 3026 cm–1.  

 Sharp band of medium intensity present in the range of 3089 – 3078 cm–1 corresponds to the 

N–H stretching vibration, while five weak to medium bands in the range of 2980 – 2777 cm–1 are 

assigned to aliphatic C–H stretching vibrations coming from the dimethylammonium cation. 

 IR spectra of 4 – 7 comprise the same bands confirming the presence of XQ ligands. 

Moreover, as they contain water molecules, stretching (O–H) vibration occur in the spectra of  

4 – 7 at 3422, 3385, 3346 and 3382 cm–1, respectively. The presence of water molecules is also 

confirmed by the deformation vibration, which is represented by weak to strong bands present at 

1636, 1633, 1645 and 1660 cm–1, respectively. The infrared spectrum of 7, which contains also 

DMF molecules, includes also bands of aliphatic C–H stretching vibrations (two weak bands at 

2950 and 2927 cm–1). 

 

X-ray crystallography 

 The molecular structures of the isostructural ionic NH2(CH3)2[PdCl2(XQ)] (1 – 3) compounds 

consist of [PdCl2(XQ)]– (XQ = CQ, dClQ or dBrQ) anions in which the central Pd(II) atom has a 

distorted square planar configuration, and dimethylammonium cations (Fig. 2). 

 The Pd(II) atom is surrounded by two chlorido ligands and by one nitrogen and oxygen atoms 

from the molecule of coordinated XQ ligand. The Pd1–O1 and Pd1–N1 distances (Table 2) are of the 

similar value to the previously studied HCQ[PdCl2(CQ)]∙2H2O ionic compound with the same type of 

the complex anion [21], where Pd–O = 2.035(3) Å and Pd–N = 2.009(4) Å. The Pd–Cl distances in 1 

– 3 are also in agreement with the above mentioned palladium complex, where  

Pd–Cl distances are 2.2711(14) and 2.3107(14) Å. Selected bond lengths and angles, which confirm 

the distorted square-planar geometry around the Pd(II) in 1 – 3, are summarized in Table 2. 

 The XQ molecules are, as expected, nearly planar (the largest deviations from the mean 

plane of XQ molecules are 0.045(3) Å for C1 atom in 1, 0.034(2) Å for C7 atom in 2 and 0.040(6) Å 

for C7 atom in 3). C–C and C–N(O) bond distances within pyridine and phenyl rings have values 

similar to those observed in HCQ[PdCl2(CQ)]∙2H2O, [Ni(CQ)2] or  NH2(CH3)2[Ni(CQ)3]∙DMF∙H2O 

and other compounds containing CQ, 8-HQ, or its other derivatives [13, 21 – 26], the same being 

valid also for the C–X and C–Y bond distances (X = C or Br, Y = Cl, Br or I) [13, 21, 24, 25, 27]. 
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Fig. 2. Crystal structure of NH2(CH3)2[PdCl2(XQ)] (1 – 3). 1 – X = Cl, Y = I; 2 – X, Y = Cl; 3 – X, Y = Br. 

 

Table 2: Selected bond lengths (Å) and angles (°) for 1 – 3. 

Distance/Angle 1 2 3 

Pd1–O1 2.013(1) 2.018(1) 2.019(3) 

Pd1–N1 2.014(2) 2.016(1) 2.012(4) 

Pd1–Cl1 2.2997(7)  2.2988(5) 2.2994(14) 

Pd1–Cl2 2.2841(8)  2.2869(5) 2.2750(14) 

C5–X 1.744(3)  1.740(1) 1.884(5) 

C7–Y 2.084(3)  1.737(1) 1.882(5) 

Cgphenyl–C5 3.524 3.433 3.519 

Cgphenyl–Cgphenyl 3.850 3.768 3.895 

Cgpyridine– CgC1–C2 3.431 3.452 3.426 

O1–Pd1–N1 83.15(8) 83.16(6) 83.01(15) 

Cl1–Pd1–Cl2 91.77(3) 91.92(1) 92.06(5) 

Cl1–Pd1–O1 89.81(5) 89.66(4) 89.81(10) 

Cl2–Pd1–N1 95.24(7) 95.24(5) 95.10(12) 

Cl1–Pd1–N1 172.78(7) 172.67(5) 172.68(12) 

Cl2–Pd1–O1 178.10(5) 178.25(4) 177.99(10) 

normalphenyl–Cg vector 24.8 24.6 26.4 

normalpyridine–Cg vector 25.1 24.2 24.0 

 

 The negative charge of the complex anions is balanced by the presence of 

dimethylammonium cations, NH2(CH3)2
+ in all prepared compounds. Bond distances as well as 

bond angles around the amine nitrogen atom confirm its sp3 hybridization state. 

 Besides the ionic forces, the structures of all prepared compounds are stabilized by two 

kinds of - interactions between neighboring anions. A couple of anions is aligned analogically to 

an alignment in a graphite, i.e. centroid of one phenyl ring is exactly above the C5 atom of the 
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adjacent phenyl ring (Fig. 3) with the Cgphenyl–C5 distance of 3.524(1), 3.433(1) and 3.519(1) Å for 

1 – 3, respectively, and interplane distance of 3.500(1), 3.415(1) and 3.492(1) Å for 1 – 3, 

respectively. The Cgphenyl–Cgphenyl distances of 3.850(1), 3.768(1) and 3.895(1) Å for 1 – 3, 

respectively and the angle between the phenyl ring normal and the centroids vector of 24.8(1), 

24.6(1) and 26.4(1)° for 1 – 3, respectively are consistent with the literature data on - 

interactions [28]. Upper anion of this pair is overlapped with another anion in such a way that 

centroid of the pyridine ring is exactly beneath the centroid of the C1–C2 bond (Fig. 3) with the 

Cgpyridine–CgC1–C2 distance of 3.431(1), 3.452(1) and 3.426(1) Å for 1 – 3, respectively and 

interplane distance of 3.344(1), 3.392(1) and 3.492(1) Å for 1 – 3, respectively. The values of 

Cgpyridine–Cgpyridine distances (3.737(1), 3.719(1) and 3.711(1) Å for 1 – 3, respectively) and angle 

between the pyridine ring normal and the centroids vector (25.1(1)° for 1, 24.2(1)° for 2 and 

24.0(1)° for 3) are very similar to the above values and thus parallel displaced stacking of anions is 

formed (Fig. 4). 

  

 

Fig. 3. Two pairs of [PdCl2(XQ)]
–
 (XQ = CQ, dClQ or dBrQ) anions in 1 – 3 showing two different types of 

their stacking. Bonds in bottom anions are shown in grey color. Hydrogen atoms are omitted because of 

clarity. 1 – X = Cl, Y = I; 2 – X, Y = Cl; 3 – X, Y = Br. 

 

Fig. 4. Stacking of the complex anions in 1 – 3. Hydrogen atoms are omitted because of clarity. 1 – X = Cl, Y 

= I; 2 – X, Y = Cl; 3 – X, Y = Br. 
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Stability of the structures of 1 – 3 is also enhanced by a system of hydrogen bonds which involves 

both hydrogen atoms bonded to the nitrogen atom in the dimethylammonium cations. One of them, 

H1N2, interacts with O1 atom of the XQ molecules, while the second one, H2N2, interacts with Cl1 

atom of adjacent complex anions, thus creating a neutral infinite chain approximately in the 

direction of a axis (Fig. 5). Corresponding values of bond lengths and angles are summarized in 

the Table 3. 

 

 

Fig 5. System of hydrogen bonds (dashed lines) in 1 – 3. 1 – X = Cl, Y = I; 2 – X, Y = Cl; 3 – X, Y = Br. 

 

Table 3: Hydrogen bonds in 1 – 3. 

Compound D–H···A D–H (Å) H···A (Å) D···A (Å) < D–H···A (°) 

1 

N2–H1N2···O1 0.88(3) 2.01(3) 2.889(3) 176(3) 

N2–H2N2···Cl1i 0.83(3) 2.46(3) 3.247(3) 159(3) 

2 
N2–H1N2···O1 0.86(3) 1.96(2) 2.824(2) 173(2) 

N2–H2N2···Cl1i 0.90(3) 2.39(3) 3.204(2) 151(2) 

3 
N2–H1N2···O1 0.96(6) 1.90(6) 2.857(6) 173(5) 

N2–H2N2···Cl1i 0.81(6) 2.47(6) 3.233(6) 158(6) 

i = 1 + x, y, z 

 

 Two Zn(II) compounds (6 and 7), which were also structurally characterized, differ in 

coordination polyhedra around Zn(II) atoms. While the coordination around Zn(II) atom in 6 is 

defined by two bidentately coordinated dClQ molecules and two coordinated water molecules, two 

crystallographically different Zn(II) atoms in 7 bind two dBrQ molecules and only one coordinated 

water molecule. Moreover, the structure of 7 includes one uncoordinated water and DMF 

molecules, while the structure of 6 contains only one uncoordinated water molecule (Figs. 6 and 7). 
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Fig. 6. Crystal structure of [Zn(dClQ)2(H2O)2]∙H2O (6) (i = 1/2 - x, 1/2 - y, 1 - z) 

 

 

 

Fig. 7. Crystal structure of [Zn(dBrQ)2(H2O)]2∙DMF∙H2O (7) 

 

 Equatorial Zn1–O1 and Zn1–N1 distances in 6 (2.099(1) and 2.119(2) Å, respectively) are 

somewhat shorter than axial Zn1–O2 distance (2.166(2) Å) what indicates deformed octahedral 

geometry around Zn(II) atom. The Zn–O and Zn–N distances in 7 are of 2.06(2) and 2.05(1) Å in 

average, respectively and these values are close to the [Zn(CQ)2(H2O)]∙0.5H2O∙THF compound 

[22] with identical chromophore, where analogous distances are of 2.05(4) and 2.06(3) in average, 

respectively. Similarly, Zn–Ow distances in 7 of 2.043(4) and 1.994(4) Å, respectively for each 
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[Zn(dBrQ)2(H2O)] molecule are close to the values observed in [Zn(CQ)2(H2O)]∙0,5H2O∙THF [22] 

where the average Zn–Ow distance is of 2.03(1) Å. 

 Molecules of dClQ and dBrQ in 6 and 7, respectively are, as expected, nearly planar.  

C–C and C–N(O) bond distances within pyridine and phenyl rings have values similar to those 

observed in [Ni(dClQ)2(py)2] [25] and [Ni(dBrQ)2(py)2]∙py (py = pyridine) [29] and other compounds 

containing CQ, 8-HQ, or its other derivatives [13, 21 – 24, 26], the same being valid also for the  

C–Cl or C–Br bond distances [13, 21, 24, 25, 27, 29]. Bond distances as well as bond angles 

around C and N atoms in solvated DMF molecules in 7 are normal. 

 Due to the presence of both coordinated and uncoordinated water molecules in the structure 

of 6 and 7 as well as the presence of DMF in 7 the stability of these compounds is enhanced by 

hydrogen bonds. Three hydrogen bonds are observed in the structure of 6 between the water 

molecules as well as between water molecules and O atom from dClQ ligand.  

 The system of hydrogen bonds in 7 is formed by six hydrogen bonds between two water 

molecules (one bond), water molecules and O atoms of dBrQ ligands (four bonds) and water 

molecules and O atoms of solvated DMF molecule (one bond).  

 The structures of 6 and 7 are also stabilized by - interactions. These interactions in the 

structure of 6 are observed between two adjacent pyridine parts of dClQ molecules and between 

two phenolic parts of dClQ ligands. Due to these interactions the molecules of [Zn(dClQ)2(H2O)2] 

are arranged to form an infinite chain parallel with [100]. - interactions in 7 occur between two 

pyridine, and between the pyridine and phenolic parts of dBrQ ligands. Due to the presence of 

these interactions the [Zn(dBrQ)2(H2O)] molecules arrange themselves to form a stair-like 

structure. 

 

Cytotoxicity 

 Cytotoxicity of 1 – 3 has been evaluated by MTT assay. The effect of compounds on viability 

of A2780 cells has been monitored after 48h and the results are presented in Table 4. All three 

Pd(II) compounds were cytotoxic, and their IC50 values are in the range from 7.5 to 15.0 μM. 

Fluorescence microscopy of the cells (dual staining of cells with propidium iodide and Hoechst 

33342) confirmed that only compound 2 induced apoptosis (the microphotographs of the cells are 

not shown). Cytotoxicity of ligands CQ, dBrQ and dClQ was high and only the complex 2 was more 

cytotoxic than its ligand (dClQ). The Zn(II) compounds are currently under the study and their 

cytotoxicity will be discussed in the lecture.  

 

Table 4. IC50 values of compounds for ovarian cancer cell line A2780 stated by MTT. 

Compound CQ dClQ dBrQ 1 2 3 PdCl2 CP 

IC50 [μM] 8.8 ± 2.2 13.3±1.3 8.0 ± 2.0 9.6±2.6 7.4 ± 2.0  9.7±2.6 > 25 4.9±1.1 

Cells were incubated for 48 h without (control) or with 0 – 25 μM of the tested compounds. The IC50 values 

are concentrations that produced 50 % inhibition of the cell viability. Results are expressed as a mean ± S.D. 

(n =3);  CP - cisplatin. 
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CONCLUSIONS 

 Novel Pd(II) and Zn(II) coordination compounds of NH2(CH3)2[PdCl2(XQ)] (where XQ is CQ 

(1), dClQ (2) and dBrQ (3)), [Zn(XQ)2(H2O)2] (where XQ is CQ (4) and ClQ (5)), 

[Zn(dClQ)2(H2O)2]∙H2O and [Zn(dBrQ)2(H2O)]2∙DMF∙H2O composition were prepared by the 

reaction of MCl2 (M = Pd or Zn) and the XQ (1:2). Coordination of the XQ ligands to Pd(II) or Zn(II) 

atom was confirmed by the differences in the stretching (O–H) and (C=N) vibrations in the IR 

spectra of ligands and prepared compounds. While the bands of aliphatic C–H and N–H stretching 

vibrations observed in the spectra of 1 – 3 confirm the presence of dimethylammonium cations in 

these compounds, the bands of (O–H) and (H2O) in the spectra of 4 – 7 confirm the presence of 

water molecules in these four compounds. X-ray crystallography revealed a square planar 

geometry for Pd(II) atoms in 1 – 3. The deprotonated XQ ligands are coordinated to the Pd atoms 

via the pyridine nitrogen and the phenolato oxygen atoms, other two cis–positions are occupied by 

two chlorido ligands. Negative charges of these complex anions are balanced by uncoordinated 

dimethylammonium cations. Besides the ionic forces, the structures of 1 – 3 are stabilized by  

- interactions between neighboring anions and by a system of hydrogen bonds which involves 

both hydrogen atoms bonded to the nitrogen atom in the dimethylammonium cations.  

The structures of two Zn(II) compounds (6 and 7) were also determined. Different coordination 

polyhedra around Zn(II) are observed in these two compounds. While the Zn(II) atom in 6 is 

hexacoordinated in a form of a deformed octahedron, the Zn(II) atom in 7 is in strongly deformed 

trigonal bipyramidal surrounding of donor atoms. The structures of both compounds are stabilized 

by the systems of hydrogen bonds and - interactions. Pd(II) compounds exhibit significant 

anticancer activity tested on A2780 cells; compound 2 is more cytotoxic comparing to the dClQ 

itself. The Zn(II) compounds are currently under the study. 
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ABSTRACT 

 Nano-TiO2 and TiO2 doped with noble metals (Au/TiO2, Ag/TiO2, Pd/TiO2) have been synthesized by 

mild hydrolysis of (iPr-O)4Ti and thermal decomposition of the obtained precursors. Morphological 

characterization of the nanomaterials have been provided by Scanning Electron Microscopy (SEM) and 

stereological analysis, determining BET specific surface area, BJH nanoporosity (pore volume, pore size). 

We found, that the structure of nanomaterials (size of nanoparticles and agglomerates) depends strongly on 

the method of (iPr-O)4Ti hydrolysis. A minor dependence was observed on a kind of solvents and 

compounds being precursors of noble metals. The average size of TiO2 nanoparticles is situated in the 

region of 40–60 nm, whereas metals are present as about 10 nm sized and fine nanoparticles. 

 Due to the fact, that finally nanomaterials get to a natural environment, the ecotoxicological 

examination covering the survival tests with application of Daphnia magna and Chironomus sp. have been 

performed. For Daphnia magna, the nanomaterials TiO2, Au/TiO2 and Pd/TiO2 are harmful whereas Ag/TiO2 

is toxic. In relation to larvae Chironomus sp. the nanomaterials are nontoxic. 

 

INTRODUCTION 

 The small size in combination with the chemical composition and surface structure gives 

nanoparticles unique features and huge potential for applications. Nano-based technologies are 

used in medicine, materials engineering, optoelectonics and food preservation [1-2]. Nanotitanium 

oxide is chemically stable, resistant to photo-corrosion, hardly nontoxic and cheap [3-6]. Moreover, 

nano-noble metal particles (Au, Ag, Pd) have been long known to have microbial activity [7-9]. 

 Here, we present the synthesis of nano-TiO2, Au/TiO2, Ag/TiO2 and Pd/TiO2. Gold is in the 

form of nanometal particles, whereas silver and palladium appear as oxides. According literature 

data, these nanomaterials appear as semiconductors and photocatalysts [10-12]. The following 

compounds can be considered as starting materials for synthesis of nano-TiO2: titanium alkoxides, 

titanium hydroxide, inorganic salts of titanium and nanometal titanium. Among them, (iPr-O)4Ti is 

the most popular precursor of nano-TiO2. Salts like gold(I)acetate, silver lactate, silver nitrate (V), 

palladium acetate and the acid HAuCl4 can be used as metal nanoparticles. In the syntheses, we 

have used (iPr-O)4Ti, HAuCl4, silver lactate and palladium acetate as starting materials. Obtained 

nanomaterials have been characterized by SEM, stereological analysis, determining BET specific 

mailto:ziemk@ch.pw.edu.pl
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surface area and BJH nanoporosity (pore volume, pore size). Due to the fact, that finally 

nanomaterials get to a natural environment, the ecotoxicological examination covering the survival 

tests with application of Daphnia magna and Chironomus sp. have been performed. 

 

EXPERIMENTAL PART 

Reagents and solutions 

 (iPr-O)4Ti, HAuCl4, silver lactate and palladium acetate were supplied commercially (Aldrich). 

(iPr-O)4Ti is moisture sensitive and it is stored under argon. 

 

Synthesis of nanomaterials 

 A solution of Ti(O-iPr)4 in i-PrOH (6 wt%) was added drop by drop into a slowly stirred 

solution of water in i-PrOH (4 wt%, molar ratio of water to Ti(O-iPr)4was equal 4:1). After 24 h a 

white suspension was dried. After a thermal decomposition (500 °C, 24 h) a white product nano-

TiO2 was obtained.  

 A solution of Ti(O-iPr)4 in i-PrOH (6 wt%) was added drop by drop into a slowly stirred 

solution of water and silver lactate in i-PrOH. (concentration of H2O - 4 wt%, molar ratio of 

H2O:Ti(O-iPr)4 = 4:1, molar ratio of Ag:Ti = 0.0085:1). After 24 h a white suspension was dried. 

After a thermal decomposition (500 °C, 24 h) a white product Ag2O/TiO2 was obtained.  

 A solution of Ti(O-iPr)4 in i-PrOH (6 wt%) was added drop by drop into a slowly stirred 

solution of water in i-PrOH. (concentration of H2O - 4 wt%, molar ratio of H2O:Ti(O-iPr)4 = 4:1). 

Then the reaction mixture was stirred during 1h and a white suspension was formed. Auric acid 

HAuCl4 was added to the suspension (molar ratio of Au:Ti = 0.0066:1). After 24 h a yellow 

suspension was dried. A blue product Au/TiO2 was obtained after a thermal decomposition  

(500 °C, 24 h).  

 A solution of Ti(O-iPr)4 in i-PrOH (6 wt%) was added drop by drop into a slowly stirred 

solution of water and palladium acetate in i-PrOH. (concentration of H2O - 4 wt%, molar ratio of 

H2O:Ti(O-iPr)4 = 4:1, molar ratio of Pd:Ti = 0.0066:1). After 24 h a suspension was dried. After a 

thermal decomposition (500 °C, 24 h) a light brown product PdO/TiO2 was obtained.  

 

Apparatus and equipment 

 Morphology of nanomaterials was determined by Scanning Electron Microscopy (SEM, LEO 

1530, Zeiss). Quantitative description of the morphology of nanomaterials was workout using the 

computer program MicroMeter v.086b for microstructure images analysis. Specific surfaces were 

determined by Quadrasorb-SI apparatus from Quantachrome Company.  
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RESULTS AND DISCUSSION 

 First step of the study was an elaboration of the method of synthesis of nanotitania without 

doping metals. Solutions of Ti(O-iPr)4 in iso-propanol have been exposed on humid air to hydrolize 

the titanium compound. After an evaporation of the solvent and thermal decomposition a white 

solid was obtained. SEM image showed a strongly agglomerated product (Fig. 1). On the other 

hand, hydrolysis of Ti(O-iPr)4 by a solution of water in iso-propanol leads to the nano-TiO2 

consisting of nanoparticles, which is shown in Fig. 2. 

 

 

 

Fig. 1. SEM image of titania obtained by exposition of Ti(O-iPr)4 on humid air. (Scale 200 nm) 

 

 

 

Fig. 2. SEM image of nano-TiO2 obtained by hydrolysis of Ti(O-iPr)4. (Scale 100 nm) 

 

 Because of good morphology of nano-TiO2 obtained by hydrolysis of Ti(O-iPr)4, this method 

has been used in synthesis of nano-TiO2 doped with Au, Ag and Pd (see an Experimental Part). 

According SEM images, the obtained nanomaterials Au/TiO2, Ag/TiO2 and Pd/TiO2 consist of about 

40-60 nm sized nanoparticles. Gold is present as metallic nanoparticles, whereas silver and 

palladium are in the form of nano-oxides. The SEM image of Au/TiO2 is shown on Fig. 3 as an 

example of TiO2 doped with noble metals.  
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Fig. 3. SEM image of nano-Au/TiO2. (Scale 200 nm 

 

Quantitative characterization of the nanomaterials is shown in Table 1. 

 

Table 1 Structural data of nano-TiO2 and TiO2 doped with noble metals 

Product 

Average 

particle 

size [nm] 

Average 

agglomerate 

size [μm] 

Specific 

surface 

area [m2/g] 

Total pore 

volume 

[m3/g] 

Average 

pore size 

[Å] 

Density 

[g/cm3] 

TiO2 41 6.7 44.87 0.2276 104 4.166790 

Au/TiO2 48 
No 

aglomerates 
33.70 0.1712 280 4.111603 

Ag/TiO2 64 4.6 23.34 0.04088 31 3.513681 

Pd/TiO2 43 1.1 48.81 0.07396 39 3.635319 

 

 The ecotoxicological examination covered the survival tests with application of Daphnia 

magna and Chironomus sp. The influence of nanomaterials on living organisms was evaluated 

according to European Union criteria (Directive 93/67/EEC), basing on LC50 and EC50 values 

after 24, 48 or 72 hours, according to the test procedure. Data characterizing an influence of the 

studied nanomaterials are placed in Tables 2 and 3. 

 For Daphnia magna, the nanomaterials TiO2, Au/TiO2 and Pd/TiO2 are harmful whereas 

Ag/TiO2 is toxic. In relation to larvae Chironomus sp. the nanomaterials are nontoxic. 

 Summarizing, nano-TiO2 and nano-TiO2 doped with gold, silver and palladium were obtained 

by the sol-gel method. The morphology of the materials determined by SEM indicates their 

nanosized structure. A preliminary survey of an influence of based on TiO2nanomaterials on living 

organisms showed that they can be harmful. 
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Table 2. Ecotoxicity of nanomaterials in relation to crustacean Daphnia magna 

Tested organism 
 

Nanomaterials 

LC 50-48h [mg/L] 

(95% confidence 

interval) 

 

Toxicity assessment 

 

Daphnia magna 

TiO2 
59,41 

(56,06-62,95) 
Harmful 

Au/TiO2 
43,00 

(32,84-51,28) 
Harmful 

Ag/TiO2 <0,49 Very toxic 

Pd/TiO2 
20,84 

(23,58- 17,01) 
Harmful 

 

Table 3. Ecotoxicity of nanomaterials in relation to larvae Chironomus sp. 

Tested organism 
 

Nanomaterials 

LC 50-48h [mg/L] 

(95% confidence 

interval) 

 

Toxicity assessment 

Chironomus sp. 

TiO2 >1000 Nontoxic 

Au/TiO2 >1000 Nontoxic 

Ag/TiO2 >1000 Nontoxic 

Pd/TiO2 >1000 Nontoxic 

 

Acknowledgements: Prezented results a the part of the ERA-NET MNT International Project No 

MNT/SMARTPACK/2012.  
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