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Acad. B.F. Myasoedov welcome the ISTR2011 delegates. 
 

WELCOME ADDRESS 

On behalf of the International Advisory Committee and the Local Organizing and Scientific 

Committee, we are honored and pleased to welcome you at the 7-th International Symposium on 

Technetium and Rhenium ïScience and Utilization . The Symposium is held on the 4-8 July 2011 

in the principle building of the Presidium of Russian Academy of Sciences under the auspices of the 

Frumkin Institute of Physical Chemistry and Electrochemistry of Russian Academy of Sciences, 

Interdisciplinary Council on Radiochemistry at RAS and State Corporation ROSATOM, 

International Sciences and Technology Center, Japan Atomic Energy Agency, University of Nevada 

(USA), the Mendeleev Russian Chemistry Community, the Russian Nuclear Society, the DIAMED 

ltd, Purolyte ltd, Bruker ltd., Academinvestservice Ltd., Farmsintez Ltd. and others. Our intention is 

to collect here the multidisciplinary investigator community in the field of technetium and rhenium 

sciences and utilization both oriented to the development of nuclear chemistry, new 

radiopharmaceuticals and non-radioactive sciences and industry, ecology and metallurgy for mutual 

coordination of the research efforts. The Symposium approaches the multidisciplinary issues related 

to the development of state-of-art and production of new technologies in Tc and Re, throughout the 

comparison of their properties, common in view of Periodic Table to validate their utilization. 

Moscow is the perfect location for the Symposium. This city, being the capital of Russia, has 

recently got new pulse for development. It is also the artistic and cultural capital of Russia well 

known for its hospitality.Frumkin Institute of Physical Chemistry and Electrochemistry of Russian 

Academy of Sciences, with its high professionalism and competence, will take care of the logistics 

and hospitality during the Symposium. We are happy welcoming you in Moscow!  

Academician Boris F. Myasoedov 

Academician Aslan Yu. Tsivadze 

Konstantin E. German 
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A.Yu.Tsivadze, B.F. Myasoedov, A.M. Chekmarev, B. Bryskin 
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TECHNETIUM: NEW TRENDS IN INVESTIGAT ION AND APPLICATION  
 

K.E. German
1
, F. Poineau

2 

 

1
 Frumkin Institute of Physical Chemistry and Electrochemistry of RAS (Moscow, Russia) 

2
 University of Nevada LasVegas (Las Vegas, USA) 

 

Technetium has a noble history of scientific community research efforts with different 

periods characterized by the principle interest sliding from broad general chemistry to nuclear 

medicine, ecology, transmutation etc...[1-3]. Great efforts in elaboration of Tc separation 

technology resulted in production of more than 1 kg of technetium in form of KTcO4 and some 

about 0.5 kg of technetium in metallic state [4] in IPC AN USSR (ex-IPCE RAS). This quantity 

was distributed in between the institutions of MINATOM and USSR Academy of Sciences in 1976 

ï 1982 providing extensive scientific researches. Many Tc applications having been considered at 

that time including battery production, standard radiosurce production, ophtalmoapplicators, 

defectoscopes etc. all these being based on the Tc metal foil produced by Oleg Balakhovsky (Fig. 

1). 

   

 
 

Fig. 1. Oleg Balakhovsky demonstrating the effect of Tc foil radiation 

 onto the electroscope discharge.  

 

Finally the production of Tc was organized in USSR and by the 1986 year more than 100 kg 

of Tc was separated from the spent nuclear fuel reprocessing solutions. The Chernobyl accident was 

the evident reason for the refocussing of the researches from nuclear applications to the  
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environmentally faced studies. The IPCE RAS was also engaged in these new research efforts that 

determined the investigation subjects for the 1990-2000 decade. 

  Surprisingly we could note that the last years are marked with the return to broadly 

understood general chemistry. This is evidently due to the improvement of the research 

investigating methods, now making possible to readdress the questions that were waiting the answer 

for many decades.  

It is worth recalling the main gaps in Tc chemistry and thermodynamics having been 

indicated in 1999 [1]. Joseph A. Rard (Fig.2) and co-authors have summarized the most important 

information needed to improve the quality of the technetium thermodynamic data base for the safety 

assessment of nuclear waste disposal. These items included some questions of Tc metal state, 

numerous oxides (also mixed-valent oxides), protonation constants for the formation of 

undissociated pertechnetic acid, TcO3(OH)(aq) or HTcO4(aq) and its genesis in acids, numerous 

inconsistence of solubility measurements (TcO2 (s), TcS2 (s),  Tc2S7 (s), etc.) and the properties of 

TcF6 (s).  

 
 

Fig. 2. Joseph Rard (left) is perfect demonstrating [1]: 

Tc chemistry is not just a kitchen but also chemical thermodynamics (Oarai, Japan ï 2005) 

 

 Some of these were tried to be answered during the last decade and reviewed in this work. 

Important progress was obtained in nano-disperse Tc metal structure and properties and its 

dependence on the carbon impurity present [2-3]. Better understanding of Tc sulfides and their 

solubility was due to a combination of ultramicrocentrifugative speciation and EXAFS 

spectroscopic structure determination [4-5]. Another improvement gained for Tc(VII) species 

including TcO
3+

 and pertechnic acid evolution was due to both synthetic and spectroscopic (Tc-

NMR and EXAFS) studies [6-7].  

Itôs worth mentioning that a huge part of technetium chemistry mostly of radiopharmaceutical value 

was systematically discussed at the TERACHEM International Symposiums serie having been 

conducted by Prof. U. Mazzi and his colleagues (the latter hold in Bressanone in 2010 (Fig.3). 
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Prof. U. Mazzi while organizing the tour to Dolomites for TERACHEM 2010 delegates 

 

Very indicative for metal carbide and many other substance analyses are the implementations of 

wavelet ideas for the EXAFS results treatment that are also discussed at ISTR2011 [8]. It is also 

interesting to note that even some simple binary compounds of Tc are still to be discovered: 

synthesis, spectroscopic and structural characterization of several new technetium binary halides, 

including TcCl2, TcCl3, TcBr3 and TcBr4 and the formation mechanism of these new halides was 

presented and discussed at this Symposium [9,10].Application of Tc was critically reconsidered, 

with huge interest to be paid to Tc transmutation into stable Ru-100. Anyhow some other new 

applications were focused with the attempts providing direct usage of Tc radioactivity.  
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RHENIUM IN NICKEL -BASE SUPERALLOYS FOR SINGLE CRYSTAL 

GAS TURBINE BLADES 

 
E.N. Kablov, N.V. Petrushin, V.V. Sidorov 

 
All -Russian Scientific Research Institute of Aviation Materials, Moscow, admin@viam.ru 

 

Development of high effective materials and new technologies for their manufacture 

and application is the major factor of development of competitive aviation gas turbine 

engines. According to CIAM data in the period from 1970 to 2000 dynamics of efficiency 

increase of aviation engines of different generations was characterized by increase in the 

maximal gas  temperature at the input of the turbine from 1300-1450 K (third generation) up 

to 1800-1950 K (fifth generation). Such growth has been attained owing to creation of new 

materials, basically nickel-base superalloys with high operational characteristics, perfection 

of cooling systems of turbine blades. In promising engines of the sixth generation the gas 

temperature will increase up to 2000-2200 K due to application in the turbine of single 

crystal blades from the rhenium and ruthenium alloyed nickel-base superalloys.  

Studies carried out have shown that rhenium is one of the most effective alloying 

elements in nickel-base superalloys. Rhenium alloying was found to increase the incipient 

melting temperatures of alloys and the temperature of complete dissolution of a hardening 

ɔǋ-Ni3Al-based phase in a nickel-based ɔ solid solution. Rhenium decreases the self-

diffusion coefficient of nickel and hinders diffusion processes in nickel alloys at operating 

temperatures. 

The rhenium concentration reaches 3-4 wt.% in second generation single crystal 

superalloys and 5-6% in third generation superalloys. The superalloys designed at the All-

Russian Scientific Research Institute of Aviation Materials (VIAM) contain 6-12% Re. 

These high-rhenium superalloys with a single-crystal structure were designed with a 

computer.  

It is shown that for stabilization of phase structure and decrease in probability of 

precipitation of TCP phases it is possible to alloy with ruthenium high-rhenium nickel 

superalloys. Joint alloying with rhenium and ruthenium has synergetic influence on 

characteristics of single crystal nickel superalloys. As a result their high-temperature stress 

rupture and temperature efficiency considerably increases. Application in engines of 

developed rhenium- and ruthenium ïbearing nickel superalloys having stress rupture of 

120-130MPa at temperature of 1100 Üʉ for 1000 hours, will provide increase by 50-60 Üʉ of 

working temperature of single crystal blades made of these alloys.  

The domestic sources of rhenium are examined for provision with rhenium the 

production of Re bearing alloys. Scientific and industrial complex on development and 

series production Re bearing superalloys is arranged in VIAM. 
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Organizing Committee at the Openning lecture 

(acad. B.F. Myasoedov, acad. A.Yu. Tsyvadze, A. Belova (ROSNANO), S. Vorobiev 

(ISTC), second row: workgroup Ya. Obruchnikova, N. Kravchenko and E. Nazarov) 
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ISTR  RETROSPECTIVES AND  PROSPECTS - IN VIEW POINTS  

OF NUCLEAR FUEL CYCL E 

 

M.Ozawa. 

 
Tokyo Institute of Technology, Research Laboratory for Nuclear Reactors,  

2-12-1 N-21, Ookayama, Meguro-ku,Tokyo, 152-8550, Japan  
 

History of  Technetium Symposium  

 
1. Tc 1993 ï Topical Symposium on the Behavior and Utilization of Technetium (Sendai, 

Japan, March 18-20, 1993)  

2. Tc 1996 ï Russian-Japanese Seminar on Technetium (Moscow, Russia, July 1-5, 1996)  

3. Tc 1999 ï 2nd Japan - Russian Joint Seminar on Technetium (Shizuoka, Japan Nov.29 - 

Dec.2 1999)  

4. Tc 2002 ï 3rd Russian - Japanese Seminar on Technetium (Dubna, Russia, June 23 ï July 

1, 2002)  

5. IST 2005 ï International Symposium on Technetium ï Science and Utilization (Oarai, 

Ibaraki, Japan, May 24-27, 2005)  (Fig. 1). 

6. IST 2008 ï 6th International Symposium on Technetium and Rhenium ī Science and 

Utilization (Port Elizabeth, South Africa,       October 7-10, 2008) . The 6
th
  delegates 

honored  Prof.Yoshihara for his pioneering role in the Tc chemistry. (Fig.2). 

7. ISTR 2011 - 7th International Symposium on Technetium and Rhenium ī Science and 

Utilization (Moscow, Russia - July 4-8,  2011)  

8.  ISTR2014 -8
th
 (USA) 

  

 
 Fig. 1.  JAEA  Chirdrenôs Science Center, O-arai, was  

attacked by TSUNAMI. Re-opened on 19
th

 April, 2011  
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Fig.2. International Advisory Board of the ISTR2008 
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Fundamental Research in Physics and  

Chemistry of Tc and Re . 
 
 

 
A. BELOVA (ROSNANO ), S. VOROBIEV (ISTC) AND 

M. OZAW A (SESSION CHAIRAMAN)  
 

 



 7
th

 International Symposium on Technetium and Rhenium ς Science and Utilization - Moscow, 2011  

 26 

Rhenium

Chalcogenide, Halide

Termianl ligand  

Fig.1. Octahedral Hexarhenium  Complex. 

SPECTROSCOPIC AND PHOTOPHYSICAL PROPERTIES OF 

CHALCOGENIDE -CAPPED OCTAHEDRAL HE XARHENIUM 

COMPLEX ES WITH  N-HETEROAROMATIC LIGAN DS 

 
Takashi Yoshimura, Chiaki Suo, Shoji Ishizaka, Akitaka Ito, Eri Sakuda, Atsushi Shinohara, and 

Noboru Kitamura 

 
Department of Chemistry, Graduate School of Science, Osaka University, Toyonaka 560-0043, Japan, 

tyoshi@chem.sci.osaka-u.ac.jp 

Department of Chemical Sciences and Engineering, Graduate School of Chemical Sciences and Engineering, 

Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo 060-0810, Japan 
 

 
It is known that the 24 valence octahedral hexanuclear molybdenum, tungsten, and rhenium 

complexes with an M6Q8 core (M = Re, Q = S, Se, Te; M = Mo, W, Q = Cl, Br, I)  show 

photoluminescence. 

 In this study, the new hexarhenium 

complexes with N-heteroaromatic ligands 

were synthesized and their photoluminesent 

properties were characterized. 
 

Photoirradiation of an CH3CN solution of 

(Bu4N)4[Re6S8Cl6] in the presence of 10 

equiv. of pyridine (py) gave 

(Bu4N)3[Re6S8Cl5py]. Emission spectroscopy 

in deaerated CH3CN at 296 K was conducted 

at 355 nm excitation. 

 

 The mono-py complex exhibited broad 

and structureless emission with the maximum 

wavelength (lem) = 754 nm, the emission 

quantum yield (Fem) = 0.040, and the emission 

lifetime (tem) = 4.6 ms.   

 

The spectroscopic and photophysical data 

are similar to those of (Bu4N)4[Re6S8X6] and 

the previously reported py coordinate complexes (Bu4N)4-n[Re6S8Cl6-n(py)n] (n = 2, 3). The 

present results indicate that the emissive state is the cluster core-centered excited triplet state.  
 

A mono-ppy (ppy = 4-phenylpyridine) complex (Bu4N)3[Re6S8Cl5ppy] were synthesized by 

the similar method to prepare the mono-py complex. The complex showed emission at 739 nm 

(Fem = 0.0089) in deaerated CH3CN and at 690 nm in the crystalline phase at 296 K with an 

excitation wavelength at 355 nm. The emission lifetime (tem) of 0.33 ms in CH3CN indicates that 

the excited-state is composed a triplet character. The transient absorption spectrum in deaerated 

CH3CN showed a band at 410 nm. This spectral feature is well observed in the absorption of 

aromatic anion; the absorption spectrum of the ppy
-
 also shows the bands in these regions. These 

facts indicate that the excited-state of mono-ppy complex involves the p* character of ppy. 
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1.2.  

RHENIUM OCTAHEDRAL C HALCOHYDROXO CLUSTER  COMPLEXES 

 
Y.V. Mironov, S.S. Yarovoi, K.A. Brylev, V.E. Fedorov 

 

Nikolaev Institute of Inorganic Chemistry of SB RAS, Novosibirsk,  

Russian Federation, e-mail:yuri@niic.nsc.ru 
 

In recent years considerable research has been put into the design of solids with 

extended polymeric structures based on rhenium cluster cyano complexes. Here we 

present a new group of compounds that are also able to form polymeric compoundsï 

anionic octahedral chalcohydroxo complexes [Re6Q8(OH)6]
4ï

 (Q = S or Se) and 

bioctahedral thiohydroxo one [Re12CS17(OH)6]
6ï

. The Re6-based complexes were 

synthesized by the reaction of Re6Q8Br 2 with molten KOH  in the air, while the Re12 one 

was obtained by the reaction of ReS2 with KCN  at 750
o
C with further interaction of the 

obtained product with molten KOH.  

 

[Re6Q8(OH)6]
4ï

 (Q = S, Se) anions consist of six rhenium 

atoms forming an octahedron, eight chalcogen atoms (S or Se) 

form a cube around the octahedron. OH terminal group 

coordinates each Re atom.  

Cluster unit [Re12CS17(OH)6] 

consists of two Re6 octahedra 

bonded by three m2-S bridges and 

one common m6-C atom. Each 

Re6 cluster is caped by 7 m3-S 

and additionally by C ligand; one might say that here 

the typical octahedral cluster core {Re6Q8} (where Q = 

S7C) is formed. Such bonding and coordination allow to 

recognize in this structure the trigonal m6-C-centered 

prisms {Re6C} in which the triangle faces belong to two 

adjacent Re6 octahedra. Six outward Re atoms (tree 

from each Re6 cluster unit) are coordinated by OH ligands. 

In this work we present the data on preparation of OH-bridged complexes based on 

cluster anions [Re6Q8(OH)6]
4ï

 (Q = S, Se) and cations of the II main group elements. 

The first example of chain structure with 3d transition metals, namely, 

[Ni(en)2(H2O)2][{Ni(en) 2}Re6S8(OH)6] has been also obtained. Also we present the data 

of study of the substitution reactions of OH ligands by organic and inorganic ligands. 

 

The authors are grateful to Russian Foundation for Basic Research (grants N 11-03-

00157-ʘ and 10-03-01040-ʘ ) for financial support. 
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1.3. 

TECHNETIUM HALIDES: FROM MOLECULAR  

 TO EXTENDED STRUCTURES 
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2
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3
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Binary transition metal halides exhibit a rich chemistry, and the study of their 

structure, bonding and physical properties permits a better understanding of the physico-

chemical trends across the periodic table.  

 

Because technetium and rhenium are members of the same group in the periodic 

table, the occurrence of analogous coordination compounds is expected. In the case of the 

halides, thirteen binary phases have been reported for rhenium, but only three were, until 

recently, known for technetium, i.e., TcF6, TcF5, and TcCl4.  

 

The direct stoichiometric reactions between technetium metal and elemental bromine 

or chlorine as well as the reaction between the quadruple bonded dimer Tc2(OAc)4Cl2 with 

HXg (X = Cl, Br) have, to the best of our knowledge, never been reported. 

 

 In this talk, we provide details of these reactions, which have led to the synthesis, 

spectroscopic and structural characterization of several new technetium binary halides, 

including TcCl2, TcCl3, TcBr3 and TcBr4.  

 

The structures and formation mechanism of these new halides will be presented, 

discussed, and compared with those of rhenium and molybdenum homologues.  

 

Emphasis will be on TcCl2 which exhibits a new solid-state structure type with 

metal-metal multiple bonds. Synthetic reaction using technetium binary halides as precursor 

will also be presented.   
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1.4.  

SYNTHESIS OF RHENIUM  ALKOXIDES VIA  

ANODIC DISSOLUTION  

 
E.N. Pryamilova, O.V. Chernyshova, D.V. Drobot 

 
Lomonosovôs Moscow State Academy of Fine Chemical Technology, Moscow, Vernadskogo avenue 86  

(e-mail:  san13greal@yandex.ru, oxcher@mail.ru) 

 

At the first time the research of the process of rhenium anodic dissolution in absolute alcohols 

was carried out using the electrochemical technological complex ñECC ï 1012ò, the measurement 

of potential being based on noncompensatory feed-back method. The device allows both to 

investigate, and to realize technological processes in optimum modes at controllable parameters. 

The main application of rhenium is preparation of structural alloys with other refractory 

metals. These alloys possess valuable mechanical properties and stability against evaluated 

temperature and corrosive medium. Another application of rhenium is preparation of highly-active 

and selective catalysts for organic and hetero-organic synthesis. The using of rhenium alkoxides and 

oxoalkoxides permits to escape difficulties occurring in the traditional methods of preparation of 

Re-based alloys and oxide materials.  

The electrochemical synthesis of rhenium alkoxides is of heightened interest, because it is 

flexible, less complicated in hardware design and it allows carrying out the process under maximum 

control via setting definite parameters. The electrochemical synthesis of alkoxides corresponds to 

the anodic dissolution of rhenium in the required non-aqueous alcohol in the presence of a 

background electrolyte. According to this method the processes of rhenium anodic dissolution in 

absolute alcohols ROH (R = Me, Et, i-Pr etc) with the addition of LiCl were researched and 

rhenium complexes Re4O4(OEt)12, Re4O2(OBu
n
)8Ā8Bu

n
OH, Re4O6(O

i
Pr)10, Re4O6(OMe)12 etc were 

obtained for the first time with further investigation of their properties [1].  

In order to observe the influence of electrochemical factors on the anodic dissolution the 

number of processes were carried out under controlled potential. The constancy of electrochemical 

parameters was supported by means of electrochemical complex ñECC ï 1012ò. Besides, 

heteroligand complexes of common formulas Re4Ox(OEt)y(OPr
i
)z, Re4Ox(OEt)y(OCH2CF3)z were 

prepared for the first time.  The possible mechanism of rhenium anodic dissolution and its further 

behavior in the solution was suggested.  

The research was carryed out under the support of the RFBR grant ˉ 09-03-00328.  

1. Drobot D.V., Shcheglov P.ɸ. Reviews, Rhenium alkoxides // Russian Chemical Bulletin, 

International Edition. October 2005. v. 54, ˉ 10, p. 2177-2188. 

 

mailto:san13greal@yandex.ru
mailto:oxcher@mail.ru
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1.5.  

RHENIUM COORDINATION CHEMISTRY: OLD LIGANDS DIE HARD  

 
Thomas Gerber

1
, Kim Potgieter

1
, Peter Mayer

 
  

 
1
 Chemistry Department, Nelson Mandela Metropolitan University, 6000 Port Elizabeth, South Africa 

2
Chemistry Department, Ludwig-Maximilians University, D-18377 Munich, Germany 

 

 

The development of the coordination chemistry of Re and Tc has mainly focused on the +V and +I 

oxidation states, since they are easily accessible from the permetallates. There is currently a general 

notion amongst researchers in this field that there is very little scope in the further exploration of the 

coordination chemistry of these oxidation states, since all routes and possibilities have been 

exhausted, and the new focus has shifted to the states +II, +III, +IV and +VI. 

 

We have used relatively simple and common organic molecules, like 2-aminobenzenethiol, 1,2-

diaminobenzene, 2-aminophenol, imidazoles, thiazoles, and their derivatives, as possible ligands for 

rhenium(I) and (V). In many instances, surprisingly unexpected complexes were found, depending 

on the starting complexes used and the reaction conditions. For example, with the simple ligand 2-

aminobenzenethiol, the unusual disulfide-bridged rhenium(I) complex 1 and rhenium(VI) complex 

2 have been obtained. 

 

Many other examples of unusual complexes with simple ligands will be presented and discussed in 

terms of their spectroscopic and crystallographic data.  
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1.6.  
REDOX BEHAVIOUR  OF THE Tc(VII) /Tc(IV) COUPLE IN DILUTED NaCl 

SOLUTION  IN VARIOUS REDUCING SYSTEMS 
 

Taishi Kobayashi, Xavier Gaona, David Fellhauer
1
, Marcus Altmaier 

 
Karlsruhe Institute of Technology, Institute f¿r Nukleare Entsorgung, P. O. Box 3640, 76021 Karlsruhe,  

Germany 
1.
European Commission, Joint Research Centre, Institute for Transuranium Elements, P. O. Box 2340, 76125 Karlsruhe, 

Germany 
 

Keywords: technetium, redox behaviour, TcO2ĿxH2O(coll,hyd), Eh-pH conditions, dilute NaCl 

 

Abstract:  

The redox behaviour of the Tc(VII)/Tc(IV) couple over a wide range of pH conditions in 0.1 M 

NaCl/NaOH solution was investigated in various homogenous and heterogenous reducing systems. 

Stock solution of Tc(VII) was added to each reducing system, and after given periods, the Tc 

concentration was measured and compared to the initial Tc(VII) concentration (1Ŀ10
ī5

 mol/dm
3
). 

The results can be systematized according to Eh-pH conditions in solution and a general borderline 

for the reduction of Tc(VII) to Tc(IV) independent of the reducing systems is obtained. The 

experimental borderline is slightly lower than the calculated equilibrium line between TcO4
ī
 and 

TcO2(s)ĿxH2O(s). This may suggest that more soluble solid phase such as small Tc(IV) 

oxyhydroxide particles are formed under the given conditions. Reaction kinetics are also discussed 

and correlated to the measured redox potentials and the reduction borderline.  

 

Introduction  

The migration behaviour of 
99

Technetium in geological systems relevant to nuclear waste disposal 

is primarily depending on its oxidation state. In +VII oxidation state, Tc exists as the anionic TcO4
ī
 

ion which is highly soluble and mobile in the environment, while Tc in +IV oxidation state under 

reducing condition is easily hydrolyzed to form sparingly soluble Tc(IV) oxyhydroxide solid 

phases. The redox potential of the Tc(VII)/Tc(IV) couple has been investigated in many studies by 

measuring the electrode potential [1-4]. Meyer et al. reduced Tc(VII) to Tc(IV) solids 

(TcO2Ŀ1.6H2O) electrochemically in acidic solution, and determined the standard potential of 

TcO4
ī
/TcO2Ŀ1.6H2O(s) couple to be EÜ = 0.747Ñ0.004 V according to TcO4

ï
 + 4H

+
 +3e

ï
 = 

TcO2Ŀ1.6H2O(s) + 0.4H2O [4]. A comprehensive review of the thermodynamic data has been 

performed [5], and Tc predominant diagram (Eh-pH diagram) was proposed based on the selected 

thermodynamic data. On the other hand, in laboratory and natural systems, where many kinds of 

solution species and solids containing iron ions and minerals were used as reductants, various Tc 

redox behaviours have been observed [6-13]. For the reliable quantitative prediction of Tc 

migration behaviour, it is important to systematize Tc redox behaviour with the Eh-pH diagram 

from the aspect of thermodynamic data. In the current study, the redox behaviour of Tc(VII)/Tc(IV) 

couple was investigated in various kinds of homogeneous (anthraquinone, hydroquinone, 2-

hydroxy-1,4-naphthoquinone, and Na2S2O4 systems) and heterogeneous (Fe(II)/Fe(III), Fe powder, 

Sn(II) systems) reducing systems, and compared to the thermodynamically calculated equilibrium 

line for TcO4
ī
/TcO2ĿxH2O(s) within the Eh-pH diagram. The systematization of Tc redox processes 

in various reducing systems offers a straightforward approach for predicting the predominant 

oxidation state of Tc under repository relevant conditions and is also important for the reliable 

prediction of Tc migration behavior in geological system.  
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Experimental 

Aliquots of NaTcO4 stock solution was added to 0.1 mol/dm
3
 (M) NaCl/NaOH pre-equilibrated 

with the following reducing agents (p.a. grade chemicals); 3 mM anthraquinone disulfonate 

(AQDS) (ratio of oxidized form (ox.) to reduced form (red.) = 1:3), 3 mM hydroquinone solutions, 

Fe(II)/Fe(III) mixed solutions and precipitates (Fe(II):Fe(III) = 1 mM:0.1 mM), 1 mM Na2S2O4 

solutions, Fe powder suspensions (1 mg/15 ml), 2-hydroxy-1,4-naphthoquinone (Lawsone) 

solutions (ox.:red. = 1:3), and 1 mM Sn(II) solutions and precipitates. The initial Tc(VII) 

concentration was set to 10
ī5

 M. The hydrogen ion concentration (pHc) of the sample solutions 

were adjusted by adding HCl (Merck) and carbonate-free NaOH (Baker), using a combination glass 

electrode (type ROSS, Orion) calibrated against standard buffers (pHc 2 ï 12, Merck). The redox 

potential was measured with a combined Pt and Ag/AgCl reference electrode (Metrohm). The 

measured redox potentials were converted to redox potential (Eh) versus the standard hydrogen 

electrode (S.H.E.) by the correction for the potential of the Ag/AgCl reference electrode (+208 mV 

for 3 M KCl junction electrolyte). The apparent electron activity (pe = īlog aeī) was calculated 

from Eh = ī(RT/F) ln aeī according to the relation: pe = 16.9 Eh (V) at 25 ÁC. 

After given periods up to several months, pHc and Eh values were measured and the supernatants of 

the solutions filtrated through 10 kD (2-3 nm) ultrafiltration membranes (Pall Life Sciences). The 

Tc concentration was determined by Liquid Scintillation Counting (TriCarb 2500 Tr/AB 

instrument, Canberra-Packard) with a detection limit of ~10
ī8

 M. The Tc oxidation state of the 

soluble species was investigated by solvent extraction technique, where TcO4
ī
 was extracted into 

chloroform using 1 mM tetraphosphonylchloride (TPPC). All samples were prepared and stored in 

an Ar glove box under inert gas atmosphere. 

 

Result and Discussion 

1. Redox behaviour of 

Tc(VII)/Tc(IV) in the 

individual reducing 

systems 

The Tc concentrations after 

ultrafiltration were 

investigated over a wide 

pHc range as a function of 

time. In hydroquinone 

solutions, Tc concentration 

was constant at the initial 

TcO4
ī
 concentration level 

from pHc 2.2 to 12.3 for up 

to 8 months (Fig. 1). The Eh 

values are slightly higher than 

the equilibrium line 

between TcO4
ī
 and 

TcO2ĿxH2O(s) calculated 

from the literature [5]. In the 

oxidation state analysis for the samples at pHc 3.9, 8.5, and 12.3, more than 99% of total Tc in the 

solutions was extracted to the organic phase, indicating that dominant species is TcO4
ī
 and no 

reduction of Tc(VII) had occurred. 

In AQDS redox buffer solutions at pHc 5.0 and 8.1, the initial Tc concentration (10
ī5

 M) 

decreased rapidly to about 10
ī7

 M, suggesting that TcO4
ī
 was reduced and sparingly soluble 

TcO2ĿxH2O(s)(s) had precipitated. In contrast, at pHc 10.5, a considerably slower reduction was 

observed. Under alkaline condition at pHc > 11, Eh values are higher than the calculated TcO4
ī
 / 

Fig. 1. Eh and Tc concentrations (10 kD filtration) in 3 mM 

hydroquinone (HQ) solutions as a function of pHc. The broken line 

represents the calculated equilibrium line between TcO4
ī
 and 

TcO2(s)ĿxH2O(s) [5].  
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TcO2ĿxH2O(s)(s) equilibrium line and the Tc concentration is constant at initial TcO4
ī
 concentration 

level, indicating that no reduction of Tc(VII) occurred within the investigated time. 

In Lawsone redox buffer solutions, the Tc concentration decreased from the initial Tc(VII) 

concentration level over the entire investigated pHc range of 2 - 12. In the alkaline pH region, 

extremely slow reduction was observed and not reached the equilibrium state up to 85 days. 

In the systems with Sn(II ), the white Sn(II) 

hydroxide precipitate was observed in the range of pHc 

5-11 before adding Tc(VII) stock solution. At 

higher pH the precipitates disappear and anionic 

Sn(II) hydrolysis species (Sn(OH)3
ī
) considered 

dominant [14]. The Tc concentration decreases 

rapidly over the pHc range 2 - 11 and stable 

conditions are achieved within several days (Fig. 2). At 

pHc > 11, the concentration of reduced Tc(IV) 

species increases with increasing pHc. The results of 

the oxidation state analysis by solvent extraction 

under these pH conditions indicates negligible 

contribution of remaining Tc(VII), suggesting the 

formation of anionic Tc(IV) hydrolysis species such 

as anionic TcO(OH)3
ī
 as proposed in the literature 

[15,16]. 
In Na2S2O4 solution in the pHc range 6.9 - 10.9, the Tc concentrations in the solutions decrease and 

stable state conditions (10
ī7

 - 10
ī8

 M) are achieved within a few weeks, indicating the reduction of 

Tc(VII) to a Tc(IV) solid. Similarly to the literature where Na2S2O4 was used to reduce Tc(VII) for 

the preparation of Tc(IV) solid phase (TcO2ĿxH2O) [17], a black-colored Tc(IV) solid phase was 

immediately precipitated, however, an aging time of a few weeks is needed to reach equilibrium 

state. At pHc > 11, the Tc concentrations after reduction increases with an increase of pHc, 

suggesting the formation of anionic Tc(IV) species similar to Sn(II) system. It should be noted that 

at pH 6.9, the amount of Tc(VII) in the solution was more than 30 %, as under neutral pH 

conditions Na2S2O4, which is supposed to maintain reducing conditions, is not stable over 

prolonged periods of a few months. 

In the system of Fe(II)/Fe(III) mixed solutions and precipitates, at pHc = 2.1 and pe = 11.3, no 

change in the Tc concentration was observed up to 49 days. On the other hand, at pHc 6.0 (pe = 

ī0.2) and pHc 8.4 (pe = ī0.2), Fe(II)/Fe(III) solid phase precipitates were observed before adding 

Tc(VII) stock solution and the Tc concentrations decreased to almost detection limit (10
ī8

 M) 

within three days after Tc(VII) was added. The reduction 

of Tc(VII) with Fe(II)/Fe(III) redox buffers and 

suspensions of the precipitates has been reported in 

several studies. Cui et al. reported that the TcO4
ï
 

concentration at pH < 7.5 was constant at initial 

concentration level over a few days in the presence of 

about 10
ī5

 M aqueous Fe(II) [8]. Ben Said et al. showed, 

reduction kinetics were also depending on the Fe(II) 

concentration, Fe(II)/Fe(III) ratio, and initial Tc(VII) 

concentration [9]. The difference between Cui et al. [8], 

Ben Said et al. [9], and our results probably arise from the 

different experimental conditions such as Fe(II) 

concentration. Unfortunately, the redox potentials in 

these studies were not reported. Zachara et al. also 

investigated the reduction of Tc(VII) in Fe(II) systems in 

near neutral pH range and the redox behavior was 

detection limit
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Fig. 2. Tc concentrations (10 kD filtration) 

in 1 mM Sn(II) solutions and precipitates as 

a function of time. 

Fig. 3. Tc concentrations (10 kD filtration) 

in 1 mg / 15 ml Fe powder suspensions as a 

function of time. 
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supported by measured redox potentials [11]. The observed rapid reduction at pH > 6.8 generally 

agrees with the results in this study, although the reported Eh values were higher than those in this 

study.  

In the samples containing corroding Fe powder in the pHc range 6 - 10, the Tc concentration 

rapidly decreased to the detection limit (10
ī8

 M) within three days. In contrast, no reduction was 

observed in all samples at pHc > 10 as shown in Fig. 3. 

 

2. General trends of Tc(VII)/Tc(IV) redox behaviour and kinetic effects 

The results discussed above are summarized in the Eh-pH 

diagram shown in Fig. 4. Samples in which no reduction 

was observed are plotted as filled symbols. Samples in 

which initial Tc(VII) was completely or partly reduced are 

plotted as open symbols. The bold dot line and broken line 

in the figure represent an experimental borderline for 

Tc(VII) reduction obtained in this study and the calculated 

equilibrium line between TcO4
ī
 and TcO2ĿxH2O(s) [5], 

respectively. The reduction of Tc(VII) to Tc(IV) occurred 

in both homogeneous solutions and heterogeneous 

suspensions with redox potentials below the experimental 

borderline. In the systems with redox potentials above the 

borderline, Tc(VII) was not reduced. It should be noted 

that in Fe powder systems, no reduction was observed at 

pHc = 10.2 and pe = ī4.8 up to 49 days, on the other hand, 

Tc(VII) was slowly reduced at pHc = 10.5 and pe = ī4.0 in 

the AQDS / AH2QDS solution. In Fe powder suspension, 

the deviation of measured Eh values are relatively large, 

compared to stable Eh values in the AQDS / AH2QDS 

solution.  

In the investigated systems, the reduction of Tc(VII) to 

Tc(IV) can be described with the equilibrium constant (K), and the equilibrium line (50 % Tc(VII), 

50 % Tc(IV)) is calculated from the equation (shown as broken line in Fig. 1 and 4): 

 

TcO4
ī
 + 3e

ī
 + 4H

+
 Ú TcO2ĿxH2O(s) + (2īx)H2O            (1) 

 

log KÜ = log [TcO4
ī
] ī3 pe +4 log [H

+
]              (2) 

 

with log KÜ = 37.8 Ñ 0.6 (I = 0) from the data selected by the Rard et al. [5]. For 0.1 M NaCl/NaOH 

solution, the K value was corrected using the SIT method and ion interaction coefficients of Ů (H
+
, 

Cl
ī
) = 0.12 kgĿmol

ī1
 and Ů (ClO4

ī
, Na

+
) = 0.01 kgĿmol

ī1
 [18], which is taken as analog for Ů 

(TcO4
ī
, Na

+
). Under the condition of initial Tc concentration ([Tc]init) = 10

ī5
 M, i.e., log [TcO4

ī
] = 

log ([[Tc]init / 2]) = ī5.30, the calculated borderline was pe = ī1.3Ŀ(ī log [H
+
]) + 11.0. The results 

in Fig. 4 indicates that the experimental borderline for the reduction of Tc(VII) (bold dot line) is 

about 2 pe-units (about 100 mV) lower than the calculated line (broken line). This may suggests 

that the reduction with slow kinetics by reducing chemicals lead to different solid phases, or at least 

different particle size distribution compared to more crystalline solid phases assumed for the 

thermodynamic calculation. The value of log KÜ for the Tc(IV) solid phase selected by Rard et al. 

[5] was calculated from the standard redox potential (EÜ) of Eq. (1), which was determined from the 

investigation of redox potential measurement data of the TcO4
ī
/TcO2ĿxH2O(s) couple [1], [4]. In the 

literature, the solid phases were prepared by electrochemical reduction of macroscopic amounts of 

TcO4
ī
. Under the experimental condition of lower initial Tc concentration in this study, Tc(VII) 
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may be precipitated not as TcO2ĿxH2O(s) but rather small colloidal particles, TcO2ĿxH2O(coll, hyd). 

This explanation would be similar to the Np(V) reduction processes and the role of colloidal Np(IV) 

phases described recently by Neck et al. [19]. In their study on the reduction of Np(V) to Np(IV), 

the experimental borderline was also observed to be lower than the calculated equilibrium line from 

the thermodynamic constant of NpO2(am, hyd) and NpO2(coll, hyd) considered as small solid phase 

particles was proposed. In Fig. 4, the experimental borderline was determined to be pe = ī1.3ĿpH + 

9.3, and log K for TcO2ĿxH2O(coll,hyd) was obtained 

to be 33.1 at I = 0.1.  

The kinetics for the reduction of Tc(VII) generally 

showed a significant dependence on Eh in 

homogeneous solutions systems (Fig. 5). The reduction 

rate decreased when Eh increased from strongly 

negative values, such as in Sn(II) system, to near the 

reduction borderline and in the systems such as 

Lawsone, the rate of reduction was extremely slow. On 

the other hand, a rapid decrease of the initial Tc 

concentration was observed in suspensions where the 

Eh values were lower than the borderline in Fig.4. In 

Fe powder suspensions at pHc < 10, the Tc 

concentration decreased to detection limit level (10
ī8

 

M) within 3 days, although the Eh values were closed 

to those in the Lawsone system, where slow kinetics 

were observed.  

 

Conclusions. 

The redox behaviour of Tc(VII)/Tc(IV) couple was investigated in various homogeneous and 

heterogeneous reducing systems and systematized according to pH-Eh conditions. A borderline for 

the reduction of Tc(VII) independent of reducing systems was shown and Tc(VII) was reduced 

when the redox potential values were below this borderline in both homogeneous solutions and 

heterogeneous suspensions. In the systems with redox potentials above the borderline, initial 

Tc(VII) concentration did not changed, indicating no reduction of Tc(VII). The experimental 

borderline was about 2 pe unit lower than the equilibrium line calculated from the standard potential 

of TcO4
ī
/TcO2(s)ĿxH2O(s), which was electrochemically prepared from macroscopic amounts of 

TcO4
ī
. The difference may suggest that analog solid phases with significantly smaller particle size 

control the redox processes investigated in this study. For the confirmation of the proposed 

TcO2ĿxH2O(coll, hyd), further investigation including solid phase analysis is needed. The kinetics 

of the Tc(VII) reduction was generally correlated to the Eh-pH conditions, however in the systems 

of Fe powder suspension and Fe(II)/Fe(III) precipitates more rapid reduction was observed. This 

possibly implies the intrinsic properties of mineral surfaces and surface mediated redox processes. 
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1.7.  

TECHNETIUM(I) HEXACA RBONYL CATION   AND ITS REACTIVITY  
 

A.E. Miroslavov
1
, G.V. Sidorenko

1
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1
,  

M.S. Grigorôev
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2
 Frumkin Institute of Physical Chemistry and Electrochemistry RAS, Moscow, Russia 

3
 St. Petersburg State University, St. Petersburg, Russia 

Technetium(I) hexacarbonyl cation [Tc(CO)6]
+
 was prepared by autoclave carbonylation of 

[Tc(CO)3(H2O)3]
+
 with CO at 100Áʉ in the presence of strong acids with weakly coordinating 

anions (HClO4, CF3SO3H, HPF6). With strongly coordinating acid anions (e.g., Cl
ï
), the 

pentacarbonyl complex with the acid anion is formed. The [Tc(CO)6]
+
 cation, isolated in the form 

of perchlorate, was characterized by single crystal X-ray diffraction (SC XRD) and by IR (ɜCO, 

MeCN: 2095 cm
ï1

) and 
99
Tc NMR (ŭTc, MeOH: ï1924 ppm) spectroscopy. The crystal structure of 

[Tc(CO)6]ClO4 consists of one crystallographically independent Tc(CO)6
+
 cation and disordered 

ClO4
-
 anion (Fig. 1).  

 

 

 

 

Fig. 1. [Tc(CO)6]
+
 cation (left) and disordered 

perchlorate anion (right) in the structure of 

[Tc(CO)6]ClO4. 

 

Since [Tc(CO)6]
+
 is an analog of MIBI, it was of interest to study its cardiotropic properties. For 

this purpose we examined the resistance of this complex to substitution of carbonyl groups in 

solution. As an incoming ligand, we tested acetonitrile (mild ů donor). As seen from the IR data, 

[Tc(CO)6]
+
 slowly reacts with MeCN to form [Tc(CO)3(MeCN)3]

+
. As in the case of pentacarbonyl 

halides [1], the rate-determining step of decarbonylation is detachment of carbonyl group. The rate 

constant of this reaction (2.83 Ĭ 10
ï7

 s
ï1

, 304.4 K) is more than 1.5 orders of magnitude lower than 

that of decarbonylation of the most stable complex among pentacarbonyl halides, [TcI(CO)5] (76 Ĭ 

10
ï7

 s
ï1

, 303.1 K, in CCl4 [1]). Thus, the [Tc(CO)6]
+
 cation is fairly resistant to thermal 

decarbonylation, despite relatively large lengths of the TcïCO  bonds. However, [Tc(CO)6]
+
 is 

instantaneously hydrolyzed in an aqueous solution in the presence of an alkali to form an 

unidentified yellow precipitate, which is probably a mixture of different compounds. Vacuum 

sublimation of this product yielded Tc2(CO)10 and Tc3H3(CO)12, identified by SC XRD. We suggest 

that in this case decarbonylation involves nucleophilic attack of OH
ï
 anion at the carbonyl carbon 

atom, followed by decarboxylation of the intermediate and secondary transformations of the 

decarboxylation product. 

We also prepared [
99m

Tc(CO)6]
+
 by autoclave carbonylation of [

99m
Tc(CO)3(H2O)3]

+ 
in aqueous 

solutions of HPF6 or CF3SO3H with a yield of 40 and 15%, respectively. The key point of the 

synthesis is complete removal of halide ions from the reaction mixture. [
99m

Tc(CO)6]
+
 is stable in 

acidic aqueous solutions and in the presence of histidine for a day. 

1. A.E. Miroslavov, G.V. Sidorenko, A.A. Lumpov, V.A. Mikhalev, D.N. Suglobov,  

Radiokhimiya 51: 6ï10 (2009). 
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1.8. 

STRUCTURAL CHEMISTRY OF TECHNETIUM CARBONYL 

COMPOUNDS 
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Keywords: technetium, carbonyls, structure, single crystal X-ray diffraction 

 

Abstract:  

 

The results of structural studies of Tc carbonyl compounds are summarized. The 

stoichiometry and geometry of the mono- and polynuclear complexes are discussed in relation to 

the donorïacceptor properties of the ligands, taking into account the trans effect. Correlations 

between the structure and reactivity of the complexes are considered. 

 

In this report we summarize the results of structural studies of Tc carbonyl compounds. By 

now, crystal structures have been determined for approximately 100 Tc carbonyl complexes, of 

which 17 complexes have been studied by us. Most of the data refer to octahedral Tc(I) complexes, 

with some Tc(III) and Tc(0) compounds also studied. Tc(III) typically forms seven-coordinate 

complexes with CO ligands (see, e.g., [1]), but with sterically hindered ligands five-coordinate 

complexes are formed [2]. Here and hereinafter, the denticity of  

-́coordinated ligands like cyclopentadienyl is counted by the number of ˊ-electron pairs involved 

in the coordination. The known Tc(0) complexes are technetium decacarbonyl Tc2(CO)10 [3, 4] 

(Fig. 1) and some of its derivatives [5]. 

The composition of Tc(I) carbonyl complexes is dictated by formation of closed  

18-electron valence shell around the central atom. Therefore, the known complexes have typically 

octahedral structure. Representatives of practically all the theoretically possible mononuclear Tc(I) 

carbonyl complexes have been prepared and structurally characterized (here and hereinafter: M, 

monodentate; B, bidentate; T, tridentate ligands): [Tc(CO)6]
+
, [Tc(CO)5M], [Tc(CO)4B], 

[Tc(CO)3T], [Tc(CO)3BM], [Tc(CO)3M3], [Tc(CO)2M4], [Tc(CO)2BM2], [Tc(CO)2TM], 

[Tc(CO)TM2]. The charge of the complex species depends on whether the ligands are neutral or 

charged, and in this notation the charge is omitted. 

The trans effect makes preferential mutual cis arrangement of carbonyl ligands. The TcïCO 

bonds in trans position weaken each other, and therefore technetium carbonyls containing more 

than three carbonyl ligands, in which such bonds are inevitably present, are relatively unstable. 

Nevertheless, many representatives of this group, including hexacarbonyl cation [6] (Fig. 2), are 

sufficiently stable to be isolated and studied by single crystal X-ray diffraction. All the available 

structural data for technetium(I) pentacarbonyls [Tc(CO)5M] were obtained in our studies [7ï9], 

with both neutral (Bu
t
NC, PPh3) and anionic (Cl, Br, I) ligands as M. Typical examples are shown 

in Figs. 3 and 4. As for mononuclear tetracarbonyl complexes [Tc(CO)4B], the only available 

example of structurally studied complexes is the xanthate (B = MeOCS2
ï
) examined in our recent 

study [10] (Fig. 5). The most stable (and the most numerous) are fac-tricarbonyl complexes with ů- 

or ˊ-donor ligands in trans position to each CO group {[Tc(CO)3T], [Tc(CO)3BM], [Tc(CO)3M3]}. 

Typical examples are given in [10ï14] (Fig. 6). The fac-tricarbonyl moiety is so stable and its steric 

requirements are so strong that, even with the porphyrin ligand strongly dictating the square planar 

geometry, a binuclear complex with tridentate coordination of the ligand to each Tc atom is formed 

[15]. Only ligands with pronounced ˊ-acceptor properties are capable to form mer structures [16] or 

to further replace CO groups. All the di- and monocarbonyl complexes studied contain other ˊ-
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acceptor ligands apart from CO (most frequently phosphines, see, e.g., [17, 18]). 

 

 

  

Fig. 1. Molecular structure 

of Tc2(CO)10 [4].  

Fig. 2. Structure of the [Tc(CO)6]
+
 

cation [6]. 

Fig. 3. Structure of the 

[Tc(CO)5(Bu
t
NC)]

+
 cation [9]. 

   

Fig. 4. Molecular structure 

of [TcX(CO)5] (X = Cl, Br) 

[8].  

Fig. 5. Molecular structure of 

[Tc(MeOCS2)(CO)4] (the OMe group 

is disordered over two sites) [10]. 

Fig. 6. Molecular structure of 

[Tc(acac)(Et2NH)(CO)3] [13].  

 

The deficiency of ligands leads to formation of binuclear complexes. Numerous polynu-clear 

Tc carbonyl complexes with bridging coordination of ligand donor atoms are known, in particular, a 

series of dimers [Tc(CO)4M]2 and [Tc(CO)3B]2. Typical examples of the former complexes are 

tetracarbonyl halide dimers [19] (Fig. 7). However, with M = H, a triangular trimer is formed, with 

the TcïTc distance suggesting certain direct bonding [4, 20] (Fig. 8). 

With bidentate ligands, the dimers are formed by bridging coordination of one of the donor 

atoms of the ligand. In this case, the ligand arrangement can be either cis or trans relative to the 

bridging core. Both examples are known; in particular, a Schiff base complex forms a 

centrosymmetric trans dimer [21], whereas a dithiocarbamate complex has a noncentrosymmetric 

cis structure [10] (Fig. 9). The cis dimers are formed, according to IR spectra, by tricarbonyl-ɓ-

diketonates in solution and in the gas phase [22, 23]. Tricarbonyltechnetium acetylacetonate dimer 

in the crystal has a unique structure. The dimer is formed by bridging bonding with the ɔ-C atom of 

the acetylacetonate ligand and has the cage structure [13]  

(Fig. 10). Along with neutral dimers, anionic dimers with triple bridges of the composition 

[Tc(CO)3]2X3
ï
 are known (see, e.g., [24]). Binuclear complexes are also formed with some 

polydentate ligands that can span two tricarbonyltechnetium fragments. One of examples, the 
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porphyrin complex, has already been mentioned. 

 

  

Fig. 7. Molecular structure of [TcI(CO)4] 2 [19]. Fig. 8. Molecular structure of [TcH(CO)4] 3 [4].  

  

Fig. 9. Molecular structure of 

[Tc(Et2NCS2)(CO)3] 2 [10]. 
Fig. 10. Molecular structure of 

[Tc(acac)(CO)3(Et3NH)] [13].  

 

In tricarbonyl complexes with single monodentate ligand, ɛ2-bridging is insufficient to attain 

coordination saturation, each monodentate ligand links three Tc atoms, and the structure as a whole 

is tetrameric and cubane-like. All the examined compounds 

of this type [25ï28] (Fig. 11) have similar molecular 

structure but are not isostructural. They crystallize in 

different crystal systems and have different crystal packing. 

A related complex with CH3O
ï
 bridging ligands and Na

+
 in 

place of one of tricarbonyltechnetium groups is also known 

[29]. 

Many transition metal carbonyls contain bridg-ing CO 

ligands. Such coordination mode is not typical of Tc, but a 

few examples are known (see, e.g., [30]). In all these cases, 

CO bridging is observed in combination with direct TcïTc 

bonding. 

After having discussed the compositions and 

topologies of Tc carbonyl complexes, let us discuss their 

geometries and correlations with the reactivity. 

The length of TcïCO bond in trans position to ů- and 

-́donor ligands and in cis position to other CO groups [Tcï

CO] is, on the average, about 1.9 ¡. The TcïCO bonds in trans position to each other [TcïCO*] are 

 

Fig. 11. Crystal structure of 

[TcCl(CO)3] 4 (body-centered cubic 

structure, only the molecule in the cell 

center is shown) [26]. 

 

I(1) 
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weakened by the trans effect and are longer by 0.05ï0.1 ¡. The TcïCO bond lengths in some 

higher technetium carbonyls are compared in Table 1. 

In [Tc(CO)5M] complexes, the 

difference in the lengths of these bonds 

decreases in the series M = Cl, Br, I and 

is practically leveled off in going to ˊ-

acceptor ligands M (PPh3, Bu
t
NC). If we 

include in this series Tc2(CO)10, 

considering the Tc(CO)5 fragment as 

ligand M, it will occupy the place 

between I and ˊ-acceptor lig-ands. The 

reactivity of Tc carbonyl complexes in 

dissociative carbonylation reactions does 

not correlate with the ʊʩïʉʆ bond length 

and decreases in the order M = Cl, Br, I, 

CO [31], apparently due to the 

stabilization of the five-coordinate 

intermediate formed by ʉʆ elimination. 

The complex [Tc(CO)6]
+
 is particularly 

inert in CO substitution, despite the fact that the TcïCO bonds in it are even longer than the Tcï

COtrans bonds in [Tc(CO)5M] complexes. 

The reactivity of [Tc(CO)5M] complexes can also 

be influenced by the cis interaction ʆʉĿĿĿʄ revealed by 

quantum-chemical calculations, which increases in going 

from ʄ = Cl to M = I (Table 2). Such interaction is also 

suggested by angular distortions of the [Tc(CO)5M] 

octahedra [M = halogen, Tc(CO)5]: The equatorial CO 

groups lean toward ligand M to the extent increasing in 

going from Cl to I, despite an increase in the ligand size. 

Quantum-chemical calculations also show this leaning, 

though without pronounced trend along the halogen series, which suggests that the leaning is an 

intrinsic property of a molecule rather than a result of packing effects. Leaning toward the sixth 

ligand is also observed in Tc2(CO)10. 

Higher Tc carbonyls exhibit, along with the tendency to dissociative CO replacement, also 

another kind of reactivity, manifested in reactions with strong nucleophiles. This kind of reactivity 

is considerably less studied, no quantitative data on the reaction kinetics have been obtained, and 

the reaction mechanism is insufficiently understood. However, in this case there is no anomaly in 

the behavior of the hexacarbonyl cation. This cation, being very inert in CO replacement with weak 

nucleophiles such as CH3CN, which probably occurs by the dissociative mechanism, appears to be 

highly reactive toward stronger nucleophiles such as OH
ï
 ion [4]. The reaction is believed to start 

with the nucleophilic attack at the carbonyl C atom. The trans effect primarily reduces the metal-to-

ligand ˊ-electron donation. As a result, the TcïCO bond length increases and the carbonyl C atom 

becomes more electrophilic. [TcBr(CO)5] also reacts relatively slowly with CH3CN but is very 

reactive toward Et2NH. At the same time, tricarbonyl complexes with donor ligands, in which there 

are no weak TcïCO bonds, appear to be considerably more resistant to nucleophilic agents. For 

example, the [Tc(CO)3(H2O)3]
+
 cation in alkaline solutions undergoes only protolytic 

transformations and olation, with the CO groups remaining intact [32]. These data, though scarce 

yet, suggest that the correlation between the TcïCO bond length and its reactivity toward 

nucleophiles does take place, in contrast to the correlation with the reactivity in dissociative 

processes. 

Some interesting correlations can also be found for the Tcïů donor bond lengths. Let us 

 

Table 1. Bond lengths (¡) in higher technetium carbonyls 

(asterisk denotes CO groups trans to other ligands, and 

dagger, CO groups trans to each other) 

 

Complex TcïCO* TcïCO
À
 Difference 

[Tc(CO)6]
+
 [6] ï 2.024ï2.032 ï 

[TcCl(CO)5] [8] 1.915 av. 2.016 0.099 

[TcBr(CO)5] [8] 1.937 av. 2.021 0.084 

[TcI(CO)5] [7] 1.938 2.015 0.077 

[Tc(CO)5]2 [4] 1.946 av. 1.998 0.052 

[Tc(CO)5(PPh3)]
+
 [9] 2.005 av. 2.000 0.005 

[Tc(CO)5(Bu
t
NC)]

+
 [9] 1.999 av. 2.014 ï0.014   

[TcI(CO)4]2 [19] av. 1.91   av. 2.00   0.09   

[Tc(MeOCS2)(CO)4] [10] av. 1.940 av. 2.008 0.068 

[TcH(CO)4]3 [4] av. 1.943 av. 2.002 0.059 

 

Table 2. Average angle XïTcïcis-CO, deg, 

and Wiberg indices ×W(XĀĀĀC,XĀĀĀO) 

 

X Angle (XRD) Angle (QCC) ×W 

Cl 89.23 86.7 0.24 

Br 88.27 86.5  

I 87.8   86.5 0.36 
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compare pentacarbonyltechnetium halides with tricarbonyl halide complexes in which the 

remaining two sites are occupied by ů-donor ligands. For example, in [TcBr(CO)5] [8] the  

TcïBr bond is appreciably shorter [2.6123(9) ¡] than in [TcBr(CO)3(en)] [12] [2.640(1) ¡]. Similar 

result is obtained by quantum-chemical calculations of [TcCl(CO)5] (2.478 ¡) and [TcCl3(CO)3]
2ï

 

(2.563 ¡) [8]. Elongation of the TcïCl bond in the latter complex is accompanied by an appreciable 

decrease in its Wiberg index (from 0.38 to 0.32). These results correlate with the physical and 

chemical properties of the complexes. In particular, pentacarbonyltechnetium halides behave as 

hydrophobic covalent molecules showing no pronounced tendency to electrolytic dissociation [6]. 

At the same time, when the coordination sphere contains only three CO groups with the other sites 

occupied by ů-donor ligands such as H2O molecules, the complexation with halide ions is relatively 

weak [33]. Furthermore, Tc pentacarbonyl halides are readily volatile [34], whereas the 

ethylenediamine complex is much less volatile, despite practically the same molecular weight and 

size [34], which may be due to stronger polarity of the molecule, in particular, to higher ionicity of 

the TcïBr bond.  

Thus, structural studies are useful not only for identification of the newly synthesized Tc 

compounds, but also for better understanding of their physical and chemical properties. 

 

References 

  [1] G. Bandoli, D.A. Clemente, U. Mazzi. J. Chem. Soc., Dalton Trans. 373 (1978). 

  [2] N. de Vries, J.C. Dewan, A.G. Jones, A. Davison. Inorg. Chem. 27: 1574 (1988). 
  [3] M.F. Bailey, L.F. Dahl. Inorg. Chem. 4: 1140 (1965). 
  [4] G.V. Sidorenko, A.E. Miroslavov, M.S. Grigorôev, V.V. Gurzhiy, A.A. Lumpov,  

V.A. Mikhalev, D.N. Suglobov. Radiokhimiya 53 (1): 42 (2011). 
  [5] B. Kanellakopulos, B. Nuber, K. Raptis, M.L. Ziegler. Z. Naturforsch. 46b: 55 (1991). 
  [6] V.V. Gurzhiy, A.E. Miroslavov, G.V. Sidorenko, A.A. Lumpov, S.V. Krivovichev, D.N. 

Suglobov. Acta Crystallogr. E64: m1145 (2008). 
  [7] M.S. Grigorôev, A.E. Miroslavov, G.V. Sidorenko, D.N. Suglobov. Radiokhimiya 39 (3): 204 

(1997). 

  [8] G.V. Sidorenko, V.V. Gurzhiy, A.E. Miroslavov, O.V. Sizova, S.V. Krivovichev,  
A.A. Lumpov, D.N. Suglobov. Radiokhimiya 51 (3): 207 (2009). 

  [9] A.E. Miroslavov, A.A. Lumpov, G.V. Sidorenko, E.M. Levitskaya, N.I. Gorshkov,  

D.N. Suglobov, R. Alberto, H. Braband, V.V. Gurzhiy, S.V. Krivovichev, I.G. Tana-naev. J. 
Organomet. Chem. 693: 4 (2008). 

[10] A.E. Miroslavov, G.V. Sidorenko, D.N. Suglobov, A.A. Lumpov, V.V. Gurzhiy,  

M.S. Grigorôev, V.A. Mikhalev. Inorg. Chem. 50: 1098 (2011). 
[11] D.R. van Staveren, S. Mundwiler, U. Hoffmanns, Jae Kyoung Pak, B. Spingler,  

N. Metzler-Nolte, R. Alberto. Org. Biomol. Chem. 2: 2593 (2004). 

[12] N.A. Baturin, M.S. Grigorôev, S.V. Kryuchkov, A.E. Miroslavov, G.V. Sidorenko,  
D.N. Suglobov. Radiokhimiya 36 (3) 202 (1994). 

[13] G.V. Sidorenko, M.S. Grigorôev, V.V. Gurzhiy, S.V. Krivovichev, A.E. Miroslavov, D.N. 

Suglobov. Radiokhimiya 52 (2): 126 (2010). 
[14] P. Kurz, B. Spingler, T. Fox, R. Alberto. Inorg. Chem. 43: 3789 (2004). 
[15] M. Tsutsui, C.P. Hrung, D. Ostfeld, T.S. Srivastava, D.L. Cullen, E.F. Meyer Jr. J. Am. Chem. 

Soc. 97: 3952 (1975). 
[16] R. Alberto, W.A. Herrmann, P. Kiprof, F. Baumgartner. Inorg. Chem. 31: 895 (1992). 
[17] R. Rossi, A. Marchi, L. Magon, A. Duatti, U. Casellato, R. Graziani. Inorg. Chim. Acta 160: 

23 (1989). 
[18] J.E. Joachim, C. Apostolidis, B. Kanellakopulos, D. Meyer, B. Nuber, K. Raptis, J. Rebizant, 

M.L. Ziegler. J. Organomet. Chem. 492: 199 (1995). 

[19] M.S. Grigorôev, A.E. Miroslavov, G.V. Sidorenko, D.N. Suglobov. Radiokhimiya 39 (3): 207 
(1997). 

[20] R. Alberto, R. Schibli, P.A. Schubiger, U. Abram, R. Hubener, H. Berke, T.A. Kaden. Chem. 



 7
th

 International Symposium on Technetium and Rhenium ς Science and Utilization - Moscow, 2011  

 43 

Commun. 1291 (1996). 

[21] T. Takayama, A. Harano, T. Sekine, H. Kudo. J. Nucl. Radiochem. Sci. 6: 149 (2005). 
[22] I.V. Borisova, A.E. Miroslavov, G.V. Sidorenko, D.N. Suglobov, L.L. Shcherbakova. 

Radiokhimiya 33 (4): 27 (1991). 

[23] A.E. Miroslavov, I.V. Borisova, G.V. Sidorenko, D.N. Suglobov. Radiokhimiya 33 (6): 14 
(1991). 

[24] R. Alberto, R. Schibli, P.A. Schubiger, U. Abram, T.A. Kaden. Polyhedron 15: 1079 (1996). 

[25] R. Alberto, R. Schibli, A. Egli, U. Abram, S. Abram, T.A. Kaden, P.A. Schubiger. 
Polyhedron 17: 1133 (1998). 

[26] N.A. Baturin, M.S. Grigorôev, S.V. Kryuchkov, A.E. Miroslavov, G.V. Sidorenko,  

D.N. Suglobov. Radiokhimiya 36 (3): 199 (1994). 
[27] M.S. Grigorôev, A.E. Miroslavov, G.V. Sidorenko, Yu.T. Struchkov, D.N. Suglobov, A.I. 

Yanovskii. Radiokhimiya 37 (3) 193 (1995). 

[28] A.E. Miroslavov, N.I. Gorshkov, M.S. Grigorôev, G.V. Sidorenko, D.N. Suglobov. 
Radiokhimiya 39 (1) 41 (1997). 

[29] W.A. Herrmann, R. Alberto, J.C. Bryan, A.P. Sattelberger. Chem. Ber. 124: 1107 (1991). 

[30] K. Raptis, B. Kanellakopulos, B. Nuber, M.L. Ziegler. J. Organomet. Chem. 405: 323 (1991). 
[31] A.E. Miroslavov, G.V. Sidorenko, A.A. Lumpov, V.A. Mikhalev, D.N. Suglobov. 

Radiokhimiya 51 (1): 6 (2009). 

[32] N.I. Gorshkov, A.E. Miroslavov, A.A. Lumpov, D.N. Suglobov. Radiokhimiya 42 (3): 213 
(2000). 

[33] N.I. Gorshkov, A.E. Miroslavov, A.A. Lumpov, D.N. Suglobov, V.A. Mikhalev. Radio-

khimiya  45 (2): 116 (2003). 
[34] I.V. Borisova, A.E. Miroslavov, G.V. Sidorenko, D.N. Suglobov. Radiokhimiya 33 (6): 8 

(1991). 

 

 
G.Sidorenko, F. Poineau and A.Miroslavov at the registration desk 



 7
th

 International Symposium on Technetium and Rhenium ς Science and Utilization - Moscow, 2011  

 44 

1.9.  

ñSOFTò CHEMISTRY METHODS APPEAR AS AN EFFECTIVE WAY FOR 

PRODUCTION OF SUPERDISPERSIVE (NANO-SIZED) MATERALS 

BASED ON Re AND D-ELEMENTS OF V -VIII GROUPS.   
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Abstract. 

The paper represents a listing of results obtained by developing the original methods of controlled 

synthesis of cluster and mono-, bi- and trimetallic oxo-alkoxide derivatives of rhenium and d- 

elements of V ï VIII groups. The developed techniques of the synthesis of metal alkoxides include: 

1) anodic dissolution of the metals in the alcohol media; 2) direct reaction of the rhenium (VII) 

oxide with alkoxide derivatives of the transition elements. 

By such techniques were obtained tetranuclear rhenium cluster alkoxocomplexes: Re4O4(OEt)12, 

Re4O6(O
i
Pr)10; individual rhenium alkoxocomplexes with variable ratio of oxo- and alkoxo-ligands 

Re4O2(OMe)16, Re4O6(OMe)12, Re4O6-y(OMe)12+y; bimetallic rhenium, molybdenum or tungsten 

alkoxocomplexes ReMoO2(OMe)7, Re4-xMoxO6-y(OMe)12+y, Re4-xWxO6-y(OMe)12+y; bimetallic 

rhenium, niobium or tantalum alkoxocomplexes Nb2(OMe)8(ReO4)2, Ta2(OMe)8(ReO4)2, 

Nb4O2(OMe)14(ReO4)2, Ta4O2(OMe)14(ReO4)2, Nb4O2(OEt)14(ReO4)2, Ta4O2(OEt)14(ReO4)2; 

trimetallic rhenium, niobium or tantalum alkoxocomplexes: Nb2-xTax(OMe)8(ReO4)2, Nb4-

xTaxO2(OMe)14(ReO4)2, Nb4-xTaxO2(OEt)14(ReO4)2. All compounds mentioned above are 

characterized with X-ray single crystal study, IR ï spectroscopy, DTG. 

It has been shown, that thermal decomposition of alkoxide derivatives in inert or hydrogen 

atmosphere leads to formation nano- size powders of individual rhenium and its alloys at low 

temperature. Thermal decomposition in air leads to formation individual metal oxides or its solid 

solutions. 

It has been demonstrated that the alkoxide derivatives could be promising precursors for next 

generation catalysts manufacturing. 

 

This paper presents review of the results obtained at Moscow State University of the Fine Chemical 

Technologies and Swedish University of Agriculture Science. 

The interest in rhenium alkoxides is caused by the possibility of their application as precursors for 

the preparation of highly reactive fine (up to to nanoscale ) powders of rhenium metal or its alloys 

with refractory metals at very low temperature ( below 500
o
C ) [1, 2]. The principal application of 

rhenium is the production of structural alloys with various refractory metals, in particular with W, 

Mo, Nb, Ta, Ni . Recently demonstrated applications of rhenium oxides, as selective catalysts in 

many oxidation reactions in organic synthesis and in complete oxidation of the car exhaust gases 

have made the alkoxide derivatives also attractive for the synthesis of rhenium-based oxide 

nanocomposite [1-5]. 

mailto:dvdrobot@mail.ru
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This manuscript is devoted generalization of the data on synthesis of cluster,  heterometallic and 

heteroligand alkoxides of rhenium, discussion of their molecular structures and properties. Using 

these compounds as precursors is the approach to obtain functional materials. Precursors design 

allows realize its main advantage: obtaining compounds of a specified metals ration which is 

required for synthesis of a target product. 

The development of the preparation methods for the Re-containing materials ( alloys with refractory 

metals, simple and complex oxides and so on ) implies the solution of the following  problems: 

Search for and development of methods for the synthesis of rhenium alkoxides and oxoalkoxide 

derivatives, including cluster and heterometallic ones; 

Study of their physicochemical properties including the structure in the solid state and the thermal 

decomposition processes; 

Determination of the chemical and phase compositions of the products of thermal decomposition of 

rhenium alkoxides and oxoalkoxide derivatives under various conditions and the search for rational 

applications of the materials produced in this way. Fig.1 illustrates         main ideas of the 

investigation  and Fig.2 illustrates overwiew of the employed methods for the Re-containing 

compounds synthesis. We participated in the development of the two approaches to the preparation 

of alkoxides, namely, reactions using rhenium ( V11) oxide and the electrochemical method. 

A number of studies [6,7,8-10]. have demonstrated that the reaction of Re2O7 with metal alkoxides 

(Mo, W, Nb, Ta) is an efficient way for the synthesis of heterometallic alkoxides. Thus, trimetallic 

rhenium-containing compounds were obtained for the first time. 

 
Fig.1.The procedure of preparation of Rhenim based ultro-dispersed materials 

 

One more approach to the synthesis of rhenium alkoxides is based on electrochemistry. This 

method consist of anodic dissolution of metals in required alcohol. The first data on the application 

of this method to rhenium derivatives were published only recently [11]. This method was used to 

prepare the following compounds: Re4O6(OMe)12, Re4O2(OMe)16, Re4O6ïy(OMe)12+y, Re4O6(OPr
i
)10, 

ReMoO2(OMe)7, Re4ïxMoxO6ïy(OMe)12+y, and Re4ïxWxO6ïy(OMe)12+y [6,11-14]. In the synthesis of 
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rhenium alkoxides, lithium chloride is used as a conductive additive. The process is carried out in 

water-cooled cell equipped with a reflux condenser at an electrolyte temperature of 15ð50 ÁC. 

Crystallization from the electrolyte obtained by anodic dissolution of rhenium in alcohols affords 

individual Re compounds. Bimetallic derivatives were prepared by the successive anodic dissolu-

tion of two metals or by dissolution of metal alkoxide. 

  
Fig.2. Synthetic approaches to rhenium-containing alkoxide derivatives 

 

The variation of the electrochemical parameters of the process carried out in an undivided cell also 

allowed the researchers to obtain crystals with variable composition, namely, Re
V
 and Re

VI
 derivative, 

Re4O6ïy(OMe)12+y . The electrolysis in a divided cell (i.e., under conditions suppressing the cathodic 

reduction of rhenium derivatives) gave the rhenium(VI) complex Re4O6(OMe)12. 

An important factor affecting the properties of mono- and heterometallic alkoxides is their 

association and condensation through the formation of bridging alkoxy or oxo ligands, respectively. 

The association and condensation involving rhenium(V) derivatives results in tetranuclear species 

Re4O6ïy(OMe)12+y containing rhenium simultaneously in different oxidation states (+6 and +5). This 

type of process ensures the formation of compounds with isomorphous replacement of atoms 

having similar properties. When binuclear complexes of rhenium and other metals (for example, 

[MoO(OMe)4]2, ReMoO2(OMe)7, and [WO(OMe)4]2) are simultaneously present in a solution in 

different ratios, compounds Re4ïxMoxO6ïy(OMe)12+y and Re4ïxWxO6ïy(OMe)12+y containing both 

metals are formed. The central fragment of the complexes Nb4ïxTaxO2(OMe)14(ReO4)2 composed of 

four niobium/tantalum atoms is formed upon condensation of the starting binuclear 

niobium/tantalum derivatives due to the formation of oxo bridges. 

An important aspect of practical application is that the methods developed for the synthesis of bi- 

and trimetallic alkoxides allow one to obtain specimens with a pre-specified ratio of metals.This 

opens up the way for deliberate action on the composition and properties of materials. 

 

1. 
Electrochemical 

synthesis 
 

(anodic dissolution of 
metals in alcohols in the 

presence of LiCl) 

monometallic derivatives 

Re4O6(OMe)12 
Re4O2(OMe)16 

Re4O6-y(OMe)12+y 
Re4O4(OEt)12 

Re4O6(OPr-i)10 

One metal 
dissolution (Re) 

Subsequent 
dissolution of several 

metals  
(Mo-Re, W-Re) 

bimetallic derivatives 

ReMoO2(OMe)7 (V), 
Re4-xMoxO6-y(OMe)12+y (VI), 
Re4-xWxO6-y(OMe)12+y (VII) 

 

2. 
 

Interaction of Re2O7 with 
metal alkoxides 

bimetallic derivatives 
 

Nb2(OMe)8(ReO4)2, 
Nb4O2(OR)14(ReO4)2, 
Ta2(OMe)8(ReO4)2, 

Ta4O2(OR)14(ReO4)2 

Nb2(OR)10 or 
Ta2(OR)10 

trimetallic derivatives 
 

NbxTa2-x(OMe)8(ReO4)2, 
NbxTa4-xO2(OR)14(ReO4)2 

Nb2(OR)10 and 
Ta2(OR)10 

bimetallic derivatives 
 

Re4-xMoxO6-y(OMe)12 
Re4-xWxO6-y(OMe)12 

Mo2O2(OMe)8 or 
W2O2(OMe)8 

R= Me, Et or Pr
i
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The structure of rhenium alkoxides is shown in Fig. 3 [4]. 

 

Fig.3. Structure of rhenium alkoxides: Re3(OR)9 (R = Pr
i
, CH2Bu

t
) (a); Re2(OMe)10 (b); Re2O3(OMe)6 (c); 

ReMoO2(OMe)7 (d); Re4O6(OMe)12 (M = Re), Re4ïxMoxO6(OMe)12 (M = Re, Mo), Re4ïxWxO6(OMe)12 (M = 

Re, W) (e); Re4O6(OPr
i
)10 (f ); Nb2(OMe)8(ReO4)2 (M = Nb), Ta2(OMe)8(ReO4)2 (M = Ta), Nb2ï

x Ťax (̌OMe)8(ReO4)2 (M = Nb, Ta) (g); Nb4O2(OMe)14(ReO4)2 (M = Nb), Ta4O2(OMe)14(ReO4)2 (M = Ta), Nb4ï

xTaxO2(OMe)14(ReO4)2 (M = Nb, Ta) (h). 

 

 

 

 

a  b 
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Association or condensation of metal complexes in lower oxidation states may give metal-metal 

bonds. The structural criterion for the formation of these bonds is that the metal-metal  distance is 

comparable with or shorter than that in the structure of the corresponding metals [15], or shorter 

than twice the effective metallicradius, which is 2,76 for Re (Tabl.1) [16-19]. 

 

Table 1. Characteristics of metal-metal bonds in alkoxide compounds 

Compound r(MïM), ¡ MïM bond order Refs. 

Re4O6-y(OMe)12+y 3,45; 3,65 no bond *  

Re4O4(OEt)12 
2,54(2); 

2,648(19); 2,65(2) 

>1, 

~1 
*  

Re4O6(OPr
i
)10 2,5204(7) - 2,5501(5) >1 *  

ReMoO2(OMe)7 2,658(2) 1 *  

Re2O3(OMe)6 2,559(1) 1 [16] 

Re2(OMe)10 2,5319(7) 2 [17] 

Re3(OPr
i
)9 2,36 2 [18] 

Re3(OCH2Bu
t
)9 2,365(1) - 2,372(1) 2 [19] 

* Own data 

 

The structure of ReMoO2(OMe)7 [7] is composed of two distorted MO6 octahedra (M = Re or Mo) 

with a common face and terminal oxo ligands (MðM bond). The distribution of the atoms of two 

metals among the crystal positions is random and partially ordered, the populations being 0.71(1) Re 

+ 0.29(1) Mo and 0.29(1) Re + 0.73(1) Mo. 

The structure of the isopropoxide complex, Re4O6(O
i
Pr)10 (Fig.3), contains a planar rhombus of 

metal atoms with all five bonds of essentially the same length (2.52 ï 2.55 ¡ [20], compare Re=Re 

2.532 ¡ in Re2(OMe)10 [21]) ï rather short for the very low number of the electrons available for 

bonding in that structure (6 electrons for 5 bonds). The structure of Re4O4(OEt)12  contains also a 

planar Re4-core close to a rhombus in its geometry . It belongs as well as the structure of the 

oxoisopropoxide derivative to the well-known M4X16 core type structure type, originating from 

hexagonal dense packing of metal and ligand atoms, one of the most typical for metal alkoxides [22, 

23]. Two additional electrons available for bonding do not lead to pronounced shortening of the Re-

Re distances, on contrary, the structure of the compound Re4O4(OEt)12  contains only two shorter 

symmetrically equivalent bonds (2,54(2) ¡ Re(1)ïRe(2)), which is comparable with the length of a 

double Re=Re bond. The other two symmetrical bonds and the shorter diagonal of the rhombus 

have almost the same lengths and are considerably longer (2,65 ¡). These values are considerably 

higher than even the single ReïRe bond length in Re2ʆ3(OMe)6 (2,56 ¡ ), where the metal atoms as 

well as in Re4O4(OEt)12 are connected by both oxo- and alkoxobridges. 

The structure of Re4O6(OPr
i
)10 [7,13] contains four ReO6 octahedra connected by common edges 

and five ReðRe bonds with a higher order. The metal atoms are located in one plane and are 

connected by two Õ3- and four Õ2-oxo bridges. 

The compound Re4O6(OPr
i
)10 is of interest as regards the metalðmetal bonds. In this structure, the 

ReðRe distances, equal to 2.5204(7)ð2.5501(5) ɽ, are comparable with the length of a localized 

ReðRe bond with a higher order (see Table I). Since two Re atoms in this complex occur in +5 

oxidation state and the other two atoms, in +6 oxidation state, there are six electrons available for 
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their binding to each other. Clusters similar to Re4O6(OPr
i
)10 with five virtually equal metalðmetal 

distances have been found previously[24,25]. only in a system with ten electrons (Table 2). 

 

Table 2. MetalïMetal Bonds in clusters based on Ti4(OMe)16 core structure 

* Own data 

 

The structure of tetranuclear rhenium methoxy derivatives Re4O6ïy(OMe)12+y and related bimetallic 

complexes is based on planar Re4 fragment. The structure of Re4O6ïy(OMe)12+y [6,11] is 

characterized by the ReO6 ocrahedra sharing edges and faces; the rhenium atoms occupy the 

vertices of a nearly regular quadrangle and are bound alternately by oxo bridges and double alkoxy 

bridges. No metalðmetal bonds are present. When y = 0, one terminal oxo ligand per rhenium atom 

is present, while for y = 4, the structure does not contain terminal oxo ligands. For 0 < y < 4, these 

occur in the statistic disorder with alternative methoxy groups (i.e., the crystals are built by joint 

packing of molecules containing different numbers of oxo and alkoxy groups). 

The structure of Re4ïxMoxO6ïy(OMe)12+y [6] is similar to that of Re4O6ïy(OMe)12+y. Some rhenium 

atoms are replaced by molybdenum atoms in the isomorphous manner. The distribution of the metal 

atoms of two sorts among the positions is random and partially ordered (from 0.83(2) Re + 0.17(1) 

Mo to 0.98(2) Re + 0.02(2) Mo for the crystal with x = 0.4). The structure of the derivative Re4ï

xWxO6ïy(OMe)12+y  is similar to that of Re4ïxMoxO6ïy(OMe)12+y. 

Bi- and trimetallic derivatives of rhenium, niobium, and tantalum exist as two structures containing 

perrhenate groups. One is based on M2(OMe)10 (M = Nb or Ta) and the other, on fragments 

consisting of four metal atoms. In the complex Nb4ïxTaxO2(OMe)14(ReO4)2, [7-10] four niobium (or 

tantalum) atoms form a fragment resembling the structure of Re4O6ïy(OMe)12+y. Trimetallic 

complexes are formed due to isomorphous replacement of niobium atoms by tantalum. The distribu-

tion of the metal atoms of two sorts among the positions is statistic, partially ordered (for the crystal 

with x = 2, the populations of the position connected to the ReO4 group are (0.70Ñ0.05) Nb + 

(0.30Ñ0.05) Ta; for the other position, (0.29Ñ0.05) Nb + (0.71Ñ0.05) Ta).  

Isomorphous replacement of atoms with similar properties affords crystalline complexes with 

variable composition in which the ratio of the two metals can be varied over a broad range. 

For example, the replacement of rhenium by molybdenum or tungsten gives rise to rhenium-based 

tetra-nuclear complexes Re4ïxMoxO6ï y (OMe)12+ 
,
; (0 <x< 2.82) and Re4ïxWxO6ïy(OMe)12+y (0 < x < 2) 

[6,14]. Since tetranuclear structure is not encountered for individual molybdenum or tungsten 

derivatives, in this case, the isomorphous replacement of rhenium by these metals is possible only 

in a limited range of compositions. 

Compound L.1, ¡ L.2, ¡ D, ¡ 
Number of core 

cluster electrons 
Ref. 

Ba1,14Mo8O16 2,616(1) 2,578(1) 2,578(1) 10 [24] 

Ba1,14Mo8O16 2,847(1) 2,546(1) 2,560(1) 8,28 (average) [24] 

W4(OEt)16 2,936(2) 2,646(2) 2,763(1) 8 [25] 

Re4O4(OEt)12 2,54(2) 2,648(19) 2,65(2) 8 [*]  

Re4O6(OPr-i)10 2,5501(5) 2,5399(5) 2,5204(7) 6 [*]  

Mo4O8(OPr-i)4(Py)4 3,472(1) 2,600(1) 3,218(1) 4 [25] 
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In the case of Nb4ïxTaxO2(OMe)14(ReO4)2 and Nb2ïx-Tax-(OMe)8(ReO4)2, the Nb : Ta ratio 

susceptible for isomorphous replacement of niobium by tantalum is boundless. The bimetallic 

niobium/rhenium (ʭ = 0, x' = 0) and tantalum/rhenium complexes (ʭ = 4, x' = 2) as well as 

trimetallic complexes with a variable composition (0 < x < 4, 0 < x' < 2)[7-9] have been prepared. 

Studies of the thermal properties of rhenium alkoxides have shown that they decompose at relatively 

low temperatures (100ð300 ÁC) yielding either oxide or metal phases, depending on the process 

conditions (Fig.4). [7,8,12]. 
 

INCORPORATION 
INTO INERT 

MATRICES Catalytic materials 

Metals and alloys 
powders 

Nanosized Rhenium 
powders, 

ReïMo alloys (sigma-
phase, solid solutions 
based on Re and Mo), 

alloys ReïW 

Oxide solid solutions 
and complex oxides 

(Re,Mo)O2 (o-rh.), 
(Re,Mo)O2 (tetr.), 
(Re,W)O3 (cub.), 

Phases of systems  
ReïTa(Nb)ïO based on 

L-Ta2O5 structure 

Individual oxides 

ReO3 (cub.) 
ReO2 (monocl.) 

THERMAL TREATMENT 
(150 - 900Áʉ) 

in air or inert 

atmosphere 

in hydrogen 

atmosphere 

Bi- and trimetallic 

derivatives 

Re4-xMoxO6-y(OMe)12+y 

Re4-xWxO6-y(OMe)12+y 

ReMoO2(OMe)7 

Nb4-xTaxO2(OMe)14(ReO4)2 

Nb2-x'Tax'(OMe)8(ReO4)2 

Monometallic derivatives 

Re4O6(OPri)10 

Re4O2(OMe)16 

Re4-xO6-y(OMe)12+y 

Re4O6(OMe)12 

Re2O3(OMe)6 

 
Fig.4. Alkoxides as a basis for fabrication of rhenium-containing materials 

 

Decomposition of individual rhenium alkoxides Re4O6(OPr
i
)10, Re4O2(OMe)16, Re4ïxO6ïy(OMe)12+y, 

and Re4O6(OMe)12 in air or in an inert atmosphere affords rhenium oxides, ReO3 or monoclinic 

ReO2, as highly dispersed powders with an average particle size of less than 30ð50 nm.. Similar 

decomposition of the bimetallic derivatives Re4ïxMoxO6ïy(OMe)12+y and Re4ïxWxO6ïy(OMe)12+y yields 

single-phase specimens of rhenium/molybdenum (Re,Mo)O2 or rhenium/tungsten (Re,W)O3 solid 

solutions. By decomposition of bi- and trimetallic rhenium, niobium, and tantalum derivatives, 

complex oxide phases of the ReðTa(Nb)ðO systems based on a block type structure derived from 

L-Ta2O5 were prepared for the first time (Table 3). 

 

Table 3. Structure of (Nb1-xTax)4O2(OMe)14(ReO4)2 (ʭ = 0,3; 0,5; 0,7) and termal properties 

 ̄ Source complex Product ʘ, ŀ b, ŀ c, ŀ V, ŀ3 

1* (Nb0,7Ta0,3)4O2(OMe)14(ReO4)2 (Nb0,7Ta0,3)2O5 6,18(6) 40,25(6)=11Ĭ3,659 3,922(2) 975,1(17) 

2* (Nb0,5Ta0,5)4O2(OMe)14(ReO4)2 (Nb0,5Ta0,5)2O5 6,18(6) 40,31(5)=11Ĭ3,665 3,918(18) 975,9(16) 

3* (Nb0,3Ta0,7)4O2(OMe)14(ReO4)2 (Nb0,3Ta0,7)2O5 6,177(10) 40,29(10)11Ĭ3,663 3,909(3) 973(3) 

4**  L(ɔ)ïTa2O5 (ICCDïJCPDS ˉ 25ï0922) 6,198(5) 40,29(3)=11Ĭ3,663 3,888(5) 970,9 

5**  L(ɔ, T)ïNb2O5 (ICCDïJCPDS ˉ 27-1313) 6,168(1) 29,312(1)=8Ĭ3,664 3,938(1) 712,0 

* Experiment      ** Literature data 

 

 Phase composition of the products obtained by thermal  decomposition of (Nb1-xTax)4O2(OMe)14(ReO4)2 

(ʭ = 0,3; 0,5; 0,7) in air 
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Decomposition of alkoxide in a hydrogen atmosphere allows one to prepare nano-sized powders of 

rhenium metal (from individual derivatives) or rhenium alloys (from the bimetallic complexes Re4ï

xMoxO6ïy(OMe)12+y, and Re4ïxWxO6ïy(OMe)12+y). 

Rhenium alkoxides proved to be promising starting materials for the development of catalysts by 

insertion into a zeolite matrix. In particular, mono- and bimetallic rhenium alkoxides Re2O3(OMe)6 

and ReMoO2(OMe)7 ( it is cluster compound )  have been used to prepare new-generation catalysts 

by insertion of these compounds into a NaY zeolite matrix followed by their thermal 

decomposition. A substantial advantage of this approach is the possibility of preserving the high-

dispersed state via stabilization of clusters, including those containing two different metals, in the 

zeolite cavities. Decomposition of the alkoxides inserted in the matrix affords metal or oxide 

nanoclusters whose mobility is restricted inside the pores. In the case of bimetallic systems, it is 

possible to obtain, directly in the pores, 

highly dispersed particles uniform not 

only in their size but also in their 

composition, which is pre-specified by 

the ratio of the metals in the initial 

compound. A study of the catalytic 

properties of the materials obtained by 

this method showed a substantial 

positive synergistic effect for the 

product of insertion of the bimetallic 

complex compared with the materials 

based on individual rhenium and 

molybdenum compounds. [26] This has 

been confirmed when using bimetallic 

(Re-W, Re-Ta) alkoxoderivatives as 

precursors in the production of catalysts 

for the reactions of alcohol reductive 

dehydration (Fig. 5) [27]. 

 

Conclusion. 

The traditional method for alkoxide synthesis is based on ligand substitution reactions. This method 

was used to prepare individual rhenium alkoxides. Alternative synthetic routes include reactions of 

rhenium(VII) oxide with alcohols and alkoxides of other metals and anodic disso- lution of metals 

in alcohols. These methods made it possible to synthesize both known and new monometallic 

rhenium alkoxides and also to synthesize for the first time bi- and trimetallic rhenium, 

molybdenum, tungsten, niobium, and tantalum complexes. The isomorphous replacement of metals 

in bi- and trimetallic derivatives opens up the way to the alkoxide derivatives with variable composi-

tion, in which the ratio of the metals can be varied over a broad range. 

An important structural feature of alkoxides and oxoalkoxides is the presence of alkoxy and oxo 

bridges, which ensure the formation of polynuclear (in particular, heterometallic) compounds. 
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       One of the major goals in inorganic supramolecular chemistry today is the design of polynuclear 

coordination arrays and the study of their magnetic properties. With the generation of well-defined 

architectures it is possible to understand the different factors which determine the exchange 

coupling between spin carriers. Most of the results found in the literature are focused on 

polynuclear complexes containing metal ions belonging to the first transition series. With this 

information the study of those systems containing 4d or 5d metal ions becomes very interesting. In 

this presentation we revise the structure and magnetic properties of Re(IV) mononuclear and 

polynuclear complexes. 

 

     Rhenium(IV), a 5d
3
 ion with a 

4
A2g electronic ground state, usually forms octahedral complexes 

which are reasonably stable against redox processes and inert to ligand substitution. Complexes 

containing dicarboxylic ligands, [ReX4(ox)]
2-

 and [ReX4(mal)]
2-

 (X = Cl, Br; ox = oxalate; mal = 

malonate), N-donor ligands, [ReCl5(pyz)]
-
 (pyz = pyrazine), [ReBr5(Hpyzc)]

-
 (Hpyzc =  2-

pyrazinecarboxylic acid), and [ReCl4(CN)2]
2-

, are some examples of mononuclear rhenium 

complexes that have been prepared and fully characterized. The presence of ligands which can act 

as donors toward a second metal ion (Fig. 1) is a common structural feature that has allowed the 

"complex as ligand" approach for the design of higher nuclearity compounds. Their structures range 

from discrete binuclear complexes (for example in [ReCl4(m-ox)Mn(dmphen)2], dmphen = 2,9-

dimethyl-1,10-phenanthroline)) to extended chain-like compounds (for example in [ReCl4(m-

mal)Mn(dmphen)(H2O)2]) are presented in this work. In addition, the magneto-structural studies of 

these mono- and polynuclear complexes are also discussed. 

Fig. 1. Some Re(IV) mononuclear complexes 

used as building blocks. 
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1.11. 

POLYFLUORINATED  ɓ-DIKETONATES OF RHENI UM 
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Fluorinated ɓ-diketonates of metals possess a number of properties useful for technology, the 

most valuable properties are good solubility in organic solvents and high volatility. Therefore they 

can be used for solving two important problems: preparation of catalysts and film coatings by 

CVD. In recent years rhenium has become one of the most in-demand metals for both these 

problems.  

We have prepared the earlier described complex ReOCl2(OEt)
.
2PPh3 and studied its reactions 

with b-diketones HL (CH3COCH2COCH3, CF3COCH2COCF3, C2F5COCH2COC2F5, 

C3F7COCH2COC3F7, C4F9COCH2COC4F9, C3F7OCF(CF3)COCH2COCF(CF3)OC3F7). A number of 

new rhenium complexes ReCl2L
.
2PPh3 were obtained. We have studied thermal properties and 

spectral characteristics of the synthesized compounds. The fluorinated rhenium complexes were 

shown to have high volatilities and vaporize without decomposition, this can be used in preparation 

of rhenium-containing films.  

The details of the synthesis and physicochemical properties of the complexes will be 

considered in the presentation.  

The work was financially supported by the Russian Foundation for Basic Research (Grant no. 

09-03-00328ʘ). 
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1.12.   
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DIMERS VIA HYDROTHERMAL ROUTE 
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  Recent results of hydrothermal reactions with pertechnetate, Tc(VII), have produced 

various low-valent compounds such as dication hexahalotechanate (IV) and Tc-Tc dimers.   

The reaction of potassium pertechnetate in acetic acid /hydrochloric acid in an atmosphere 

of hydrogen gas yields red hexagonal crystals of known tetraacetatodichloro ditechnetate(III),  

Tc2(ɛ-O2CCH3)4Cl2  and  blue triacetatodiaquadichloro ditechnetate (II)(III) hydrate.   

Single crystal XRD analysis on both Tc dimers has been determined and the unit cell 

parameters will be presented.  

 Additional characterization of the Tc2(ɛ-O2CCH3)3Cl2(H2O)2ĿH2O including UV-Vis, and 

FT-IR will shown.  DFT calculations will be given for the Tc2(ɛ-O2CCH3)2Cl4 Tc2(ɛ-

O2CCH3)3Cl2(H2O)2ĿH2O, and Tc2(ɛ-O2CCH3)4Cl2.   

Currently, work explores in situ hydrogen generation via Zn or sodium borohydride, as well 

as the use of alternative reducing agents, allowing for many more reactions to be carried out in 

conventional autoclaves.  

 Results of the Zn and sodium borohydride reactions will be discussed. These one step 

reactions of reducing Tc(VII) to low valent technetium provides high yield intermediates for 

potential waste forms and use in nuclear fuel cycle separations. 
 

  Acknowledgments: SISGR-Fundamental Chemistry of Technetium-99 Incorporated into Metal 

Oxide, Phosphate and Sulfide: Toward Stabilization of Low-Valent Technetium 

Contract No. 47824B Basic Energy Sciences, DOE 
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1.13.  
PHYSICOCHEMICAL PRIN CIPLES OF THE DEVELO PMENT OF 

RHENIUM -BASED AND RHENIUM -CONTAINING ALLOYS  

Povarova K.B. 
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Rhenium (Re) is a hcp transition metal belonging to Group VII of the third long period of 

the periodic table (atomic number 75). The melting/boiling points (3453/6173 K), density (21.04 

g/cm
3
), and elastic modulus (479 GPa) of Re are higher than those of the most refractory metals. 

The maximum operating temperature, at which the weight loss by evaporation is Ò1% per 10 

hours, reaches 2950 K.  

Rhenium belongs to rare metals (its clark is ~10
-7

 - 10
-6

%) and is difficult to manufacture 

(because of strong strain hardening) and expensive metal.  

The unique properties of Re and some its alloys, which can be used in the environments 

impossible for operating of other materials, determine high interest in them. For example, in 

short-term and long-term strength at temperatures above 2400K, Re surpasses the best high-

temperature cold-brittle tungsten alloys and, unlike them, has a plasticity reserve at temperatures 

down to cryogenic ones, high resistance to thermal shock and thermal cycling (290-2500K), low 

gas permeability, and does not form any stable interstitial phases.  

The physicochemical approaches to the design of structural alloys with Re are developed.  

Use of Re as an alloying element (AE) or as an alloy base is determined by two factors: the 

mutual solubility of Re and AE and four "rhenium effects", which have no analogs. A high 

solubility of Re in bcc Group VI metals (W, Mo and Cr) has allowed the development of a new 

class of high-temperature alloys and the alloys with special physical and chemical properties (W-

Re, Mo-Re, and W-Mo-Re), in which the addition of 25-35 at. % Re simultaneously increases 

low-temperature ductility and strength of cold-short Group VI metals (ñRe effect-1ò).  

The ability of Re to drastically increase the strain hardening rate of W and Mo alloys (ñRe 

effect-2ò) allowed the development of the alloys with ůB of up to 6000 MPa for elastic members.  

A substantial increase in low-temperature ductility of W and Mo alloys at 2-7 at. % Re 

(ñRe effect-3ò) allowed the development of cost-effective high-temperature rhenium alloys for 

bulk products.  

The ability of Re to increase the high-temperature strength and service life of modern 

nickel-base superalloys is widely used as òRe effect-4ò.  
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  Binary transition metal halides (BTMH) are an area of fundamental chemistry that exhibits 

an array of unique chemical and physical properties.  Of the Group V, VI, and VII elements, the 

binary technetium halides for many years were considerably lacking in comparison with only three 

isolated and characterized in the solid state (TcF6, TcF5, and TcCl4) [1].  More recently, the 

discovery of TcBr4 and TcBr3 has generated interest in pursuing low-valent binary technetium 

chlorides [2].  

In this work two novel binary technetium halides TcCl2 and TcCl3 were synthesized in 

quantifiable amounts in the solid state and analyzed using various physicochemical characterization 

methods including single-crystal and powder X-ray diffraction (XRD), UV-Vis, X-ray absorption 

fine structure (XAFS), and elemental analysis, as well as density functional theory calculations 

(DFT).   

Technetium dichloride was synthesized from the stoichiometric reaction of technetium metal 

and elemental chlorine at elevated temperatures as a novel compound with new structure-type 

consisting of an eclipsed conformation of [Tc2Cl8] units containing a Tc-Tc triple bond [3].   

Technetium trichloride was prepared from the reaction of Tc2(O2CCH3)4Cl2 with passing 

HCl (g) at elevated temperatures and characterized as a novel compound isostructural to ReCl3 with 

a triangular Tc3
3+

 core structure containing metal-metal double bonds [4].  The low-valent 

technetium chlorides synthesized exhibit new and interesting chemical structures and properties, 

and even show potential as waste forms or use in separations for the nuclear fuel cycle.   
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Metal cluster compounds are very interesting and important representatives in rhenium 

chemistry. Authors of this paper carry out the systematic investigation of rhenium cluster 

complexes during long time. The results of this study are preparation of more then two hundred of 

new cluster rhenium compounds of different nuclearity - Re4, Re6, Re9, Re12, discovery of some key 

cluster complexes, among of them several compounds have original crystal structures and very 

interesting physical and chemical properties.  

The systematic studies of tetrahedral [Re4Q4(TeY2)4Y8 (Q=S, Se, Te; Y=Cl, Br) and 

octahedral Re6Q8L6 cluster compounds opened the possibility for synthesis of complexes with 

diverse compositions and structures. Study of octahedral chalcocyanide complexes [Re6Q8(CN)6]
4-
 

(Q=S, Se, Te) was shown that using high temperature reactions it is possible to substitute inner m3-

Q ligands in cluster core with formation of mixed ligand units {Re6Q8-xQôx}. Similar reactions give 

the equilibrium between different chemical forms [Re6Q8-xQôx(CN)6]
4-

 that is in common with 

classical reactions of stepwise ligands substitution which are typical in coordination chemistry. 

Experimental conditions of reactions bringing to condensation of cluster fragments into 

complexes having more high nuclearity were found: for example, octahedral [Re6Se8Br6]
4-

 and 

bioctahedral [Re9Se11Br6]
2ï

 complexes were prepared from triangle compound Re3Br9; and 

twelvenuclear complexes with inserted carbon atom [Re12(m6-C)S17(CN)6]
8ï/6ï

 were synthesized in 

the process of further condensation of octahedral clusters. The latter is unique complex in the 

cluster chemistry of transition metals.  

Chalcocyanide cluster complexes [Re4Q4(CN)12]
4ï

, [Re6Q8(CN)6]
4ï

 (Q=S, Se, Te) and 

[Re12CS17(CN)6]
6ï

 were studied broadly and carefully. Due to ambidentate nature of CN ligands  

these complexes are very suitable building blocks in design of coordination cyano-bridge polymers 

of different dimensionality with structures of chain-like, layered and framework types.  

The methods for synthesis of hybrid tetrahedral and octahedral complexes coordinated 

organic N- and P-donor ligands were developed. Some rhenium complexes possessing bright red 

luminescence are synthesized; similar complexes are perspective preparation in procedure of photo-

dynamic therapy. It was found that emission properties of cluster complexes may be regulated by 

modification of their electron structures via substitution of inner or external ligands in complexes. 

Broad studies of chemistry of rhenium cluster complexes of different compositions, 

nuclearity and structures have expanded essentially a fundamental knowledge in the field of 

coordination chemistry of not only rhenium but also transition metals integrally.  Obtained 

regularity can be used as fundamental base in design of new cluster compounds and materials with 

complex of necessary functional properties. 
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Abstract:  

Currently homometallic and heterometallic rhenium alkoxides are already well known to science, 

and because of close attention to them there are practically no gaps for researchers in studying of 

that rhenium alkoxides. Existing works on this subject pointed to the lack of study and novelty of 

chemical synthesis of heteroligand rhenium alkoxides. But the analysis of the literature data 

revealed an extraordinary closeness of the structures of rhenium isopropyl alkoxide and ethyl 

alkoxide (subsequent Re4O6(OPr
i
)10 [1] and  Re4O4(OEt)12 [2] respectively; the metal-cluster frames 

of them have the same structure (similar to the initial structure of Ti4(OMe)16)[3]), that enables the 

synthesis of rhenium heteroligand complexes containing -O-Et and -O-
i
Pr ligands. We report 

quantum-chemical analysis of the ligand nature influence on the stability of rhenium alkoxides by 

the Extended Huckel Method, the electrochemical synthesis of heteroligand complexes with general 

formula Re4On(O-Et)x(O-Pr
i
)y (at an initial molar ratio of EtOH: Pr

i
OH = 1:1; 2:1; 1:2 in the 

electrolyte) and the study of physical-chemical (including thermal) properties of the heteroligand 

complexes and products of their thermal decomposition by X-ray Phase Analysis, Element 

Analysis, DTG, DSC and IR-spectroscopy.  

 

Introduction:  

The   substantial  difference between  the saturated vapor pressure above Re oxides and other 

refractory metals oxides and incongruent sublimation of lower Re oxides hamper the production of 

specimens with a required  set of properties. This determines the relevance of the research aimed at 

developing new methods of synthesis of rhenium-containing metallic and oxide materials. One of 

possible ways to monitor microstructure and composition of the materials is to deliberate the choice 

of the starting compounds - precursors. Properties of a selected precursor and properly chosen 

methods of processing allow one to control the composition and microstructure, opening the way to 

obtain materials with required characteristics. In many cases modern materials and designs require 

strict control of the composition (0.1%) and the microstructure parameters (at the nanometers sizes) 

[4]. An effective approach to producing functional materials based on the d-elements (individual 

nanopowders of metals, alloys and ligatures, simple and complex oxides, bimetallic catalysts) with 

a given set of properties and qualities is alkoxotechnology [5]. In this work we report the precursors 

(heteroligand alkoxides of rhenium) obtained by alkoxotechnology as well as the results of the 

investigations of the dependence of the synthesized products composition and compositions of the 

product their thermal destruction upon the ratio of the initial components. 

 

Quantum-chemical calculations: 

The analysis of the previous results [1,2] shows that Re4O6(OPr
i
)10 has an already regular cluster 

frame Re4  (metal-metal bond Re-Re= 2.52-2.55 ¡), whereas Re4O4(OEt)12 possesses a distorted 

structure of the cluster frame evidenced by the metal-metal bond length (Re-Re=2.54-2.65 ¡). Due 

mailto:vinilova.olka@bk.ru
mailto:dvdrobot@mail.ru
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Fig.1. Diagram of the 

boundary surfaces of 

atomic d-orbitals of 

rhenium atoms 

comparatively to each 

other in the [Re4]
20+

 with 

the 8 cluster electrons. 

to the closeness of their structures the possibility to produce heteroligand complexes based on one 

or another structure with probable substitution of a certain number of ligands clearly exists. For 

preliminarily estimation of the possible existence of  heteroligand rhenium alkoxides, the quantum-

chemical calculations were performed using the Extended Huckel approach realized by the CACAO 

program package. To facilitate calculations, the ïCH3 and ïCF3 radicals were used instead of ïC2H5 

and ïʉH2CF3 ones (as simplified analogues). The findings can not be used as referenced data and 

were employed only for the comparative analysis. 

First of all, we compared the Re4 cluster for both structures, 

Re4O6(OPr
i
)10 and  Re4O4(OEt)12 (Tab.1). This data enables an 

analysis of energy states for clusters [Re4]
22+ 

and [Re4]
20+ 

of 

complexes Re4O6(OPr
i
)10 and Re4O4(OEt)12 correspondingly (that 

comes to agreement with the number of cluster electrons in each 

structure). The analysis of the diagrams of molecular orbitals marked 

out 6 bounding molecular orbitals in each case. That is evidenced by 

the analysis of the boundary surfaces of the atomic d-orbitals of 

rhenium atoms comparatively to each other. (Fig.1).  These results 

agree nicely with the data described earlier in the literature for the 

system with 8 cluster electrons ([Re4]
20+

). Calculations for both C2h 

and D2h symmetries were performed with different number of cluster 

electrons (6 and 8). However, only insignificant differences between 

the energy states of two structures were observed. Thus a cluster with 

the cluster frame Re4 can exist with slight geometry variations 

meaning that compounds with variable geometry and composition can 

be prepared; moreover, the formation of complexes based on 

isopropyl alkoxide structure and on ethyl alkoxide structure is equally probable.  On the next stages 

of the calculations only the C2h symmetry was used since this provides the way to simplify the 

process of adding the radicals into the cluster system.  4 Õ2-O  and 2 Õ3-O ligands were used for 

construction of the first model and 2 Õ2-O, 2 Õ3-O and 2 Õ2-Oʉʅ3 ligands for the second model of 

charged clusters (for [Re4O6]
10+ 

and [Re4O6(ʉH3)2]
10+

 respectively). The number of bonding cluster 

orbitals remains the same for such structures and equals to 6. From the energy diagrams one can see 

that both fragments of heteroligand complexes can be stable because of small differences between 

their energy states.  On the third stage we estimated the influence of terminal bonds on both charged 

cluster structures [Re4O6]
10+ 

and [Re4O6(ʉH3)2]
10+

. We input 6 terminal bonds ïCH3 to every 

structure (Fig.2).  
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  - O 

- Re  

 
 -CH3 or -CF3 

Afterwards we changed all ïCH3 ligands with 

the ïCF3 ones. The diagrams of the energy 

states for these cluster structures show that 

the fluorine-containing radical stabilizes the 

complex structure only if it sits in the Õ2-

OʉF3 position.  

Substitutions of the ïOCH3 ligands by the -

OCF3 ligands at the terminal position does 

not influence apparently the order and 

location of 6 d-d bonding orbitals, which are 

responsible for the bonding in the cluster. The HOMO-LUMO separation responsible for the 

electrostatic interaction is increased when H is replaced with F. The fluorine contribution to the 

orbitals responsible for Re-Re bonds is 

negligible. This trend is observed for all structures of this model. Thus, the nature of the fluorine 

influence is based on the electrostatic factors. The fourth stage of the calculations was similar to the 

second one ([Re4O6]
10+

 and [Re4O6(ʉH3)2]
10+

 respectively). But, importantly, we replaced 2 Õ3-ʆ 

ligands by the Õ3-S ones. This lowers significantly the energy of bonding molecular orbirals 

resulting in more stable structures in comparison with initial [Re4O6]
10+

 and [Re4O6(ʉH3)2]
10+

. This 

raises the question whether the synthesis of the sulfur-containing analogue with Õ3-S ligands is 

realizable. 
 

Experimental 

Table 2. The initial  molar ratios and the conditions for the 

anodic dissolution of rhenium metal with mixtures of a) 

EtOH  and Pr
i
OH and b) EtOH and CF3CH2OH 

 

To obtain heteroligand rhenium 

alkoxides the anodic dissolution of 

rhenium with alcohol mixtures was 

applied. The conditions of the 

syntheses (I-VI) and initial molar 

ratios of alcohols in the electrolytes 

(I-VI) are given in Tab.2. The 

products of anodic dissolutions are 

very sensitive even to traces of 

atmospheric moisture and oxygen. 

Therefore, all manipulations were 

carried out in a dry box with 

nitrogen atmosphere. A glass 

electrochemical cell with water 

cooling and a condenser were the 

facilities for every synthesis. 

To prevent the decomposition of the formed compounds a tube with a drying agent (P2O5) was 

used. The water-free EtOH, Pr
i
OH and CF3CH2OH were used as an electrolyte, a 2 cm

2
 platinum 

plate as a cathode, and rhenium bars as an anode. Alcohols were dehydrated prior using in the 

synthesis. Concentration of lithium chloride (used as background electrolyte) was 0,1 ʄ to provide 

optimal conductivity and low chlorine contamination. Before use, LiCl was annealed (180 ï 200 

ÁC) in vacuum for an hour to dehydrate it. The electrochemical process was controlled by 

measuring voltage and temperature. Once the chemical reaction completed, the resulting liquid was 

transferred into a glass flask and subjected to solvent vacuum evaporation to yield a final powder. 

The rhenium content was determined gravimetrically as nitron perrhenate C20H16N4ĿHReO4 [6], 

carbon and hydrogen by organic microanalysis with CHNïOïRAPID (Heraeus GmbH, Germany). 

X-ray diffraction patterns were obtained on a XDR 6000 powder diffractometer (Shimadzu, Japan) 

with Cu KŬ-radiation; IR-spectra in the range 4000-400 cm
Ƅ1

 were recorder on an EQUINOX 55 

spectrometer (BRUKER, Germany), with the sample kept between IR-transparent KRS-5 plates in 

 

 

Fig.2. Cluster structures for the third stage of 

quantum-chenical calculations 
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Table 3. The data of element 

analysis on the content of Re 

for the first syntesis in 

compare with the literary 

data. 

Fig.3. Thermogram of heating for the complex I 

TG 

DTA 

T 

DTG 

liquefied petrolatum to prevent decomposition; Thermal analysis was performed in air on a Qï1500 

D derivatograph (MOM, Hungary) up to 430Áʉ with 5Áʉ/min heating rate. 

 

Results and Discussion  
 

As one can see from the Tab.3, the results of the elemental analysis 

(synthesis I) on the content of Re for the heteroligand product of the 

reaction comes to agreement with the well-known facts. As regards the 

IR-spectroscopy analysis, the peaks corresponding to 909 cm
-1

, 912 cm
-

1
, 910 cm

-1
, 913 cm

-1
 and 911 cm

-1
 for the liquid products of syntheses 

I,II,  III, IV,V respectively are absent in the spectrum of pure EtOH and 

Pr
i
OH alcohols and relate to the ɜ (ReïOïRe) [7,8]. Altogether, this is 

a good evidence to the fact that 

heteroligand complexes were obtained. 

From Tab.4 one can see all related 

frequencies for the liquid heteroligand alkoxides of syntheses I-III. 

Consequently we can draw a conclusion that intensities and shapes of 

IR-spectra are influenced by the initial molar ratios of the individual 

alcohols in the electrolyte. And therefore, the ending products depend 

on the initial ratio of alcohols in the electrolyte. The DTA/DTG method 

also proved that the initial ratio of the alcohols influenced on the 

products of thethermal decomposition of the heteroligand alkoxides 

because there are certain differences in the shape of the curves 

presented in Fig.3, which illustrates 3 stages of the decomposition of 

complex I.  

At 85
o
C an endothermic effect is present. This peak corresponds to the 

loss of 27,8% mass for the 

heteroligand complex I. 

(While the total decrease of 

weight was determined as 

40,06% of the initial weight 

of complex I). For 

complexes II and III we 

donot observe the same 

trend. They have regular loss in mass until 400
o
C (total  weight loss was 24,26% and 20,30% with 

respect to the initial mass of complexes II and III, respectively). Also, for complexes II and III the 

thermal effects are less sharp as in the case of I. This can be due to the different ligands ratio in the 

heteroligand alkoxide structure. The thermal decompositions of Re4On(OEt)x(OPr
i
)y in oxidative 

atmosphere under 255
o
C is  followed by the formation of rhenium oxides nanopowder. In the case 

of I it is presented on Fig.4.  In other cases (complexes II and III and also IV, V) one can see similar 

Table 4. An appropriate 

frequencies for the liquid 

products of syntheses I-III.  

ˉ Appropriation  

frequencies, cm
-1

 

I ɜ ʆ-ʅ = 3340 

ɜ ʉ-ʆ = 1051-1162 

ɜ ʉ-ʅ = 2885-2972 

ɜ Re=O = 954 

ɜ ReïO (bridge) = 653-

909 

ɜ ReïO(R) = 488 

II  ɜ ʆ-ʅ = 3468 

ɜ ʉ-ʆ = 1047-1162 

ɜ ʉ-ʅ = 2902-2975 

ɜ Re=O = 1005 

ɜ ReïO (bridge) = 816ï

946 

ɜ ReïO(R) = 477-582 

III  ɜ ʆ-ʅ = 3470 

ɜ ʉ-ʆ = 1093-1161 

ɜ ʉ-ʅ = 2933-2978 

ɜ Re=O = 961-1001 

ɜ ReïO (bridge) = 913-

938 

ɜ ReïO(R) = 477 

complex Re, % 

[2] Re4O4(OEt)12 55,20 

[1] Re4O6(OPr
i
)10 52,00 

I 55,24 
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Fig.4. X-ray analysis of the decomposed product of the complex I 

diffraction patterns.  The thermal decomposition of the fluorine-containing complexes in oxidative 

atmosphere under 400
o
C also results in formation of rhenium oxides. In inert atmosphere (Ar) we 

have another illustration for the decomposition of heteroligand complexes (DSC, Tab.5). Therefore, 

the nature of atmosphere significantly influences the decomposition ways of heteroligand alkoxides 

of rhenium. 

 

 

 

 

 

 

 

 

Conclusions. 

 
By means of experimental and theoretical methods we revealed the fact that heteroligand complexes 
of rhenium with general formula Re4On(OEt)x(OPr

i
)y have been obtained. The complexes are 

characterized by X-ray phase analysis, element analysis, DTG, DSC and IR-spectroscopy.  The 
formation of both heteroligand alkoxides complexes based on Re4O6(OPr

i
)10 structure and one 

based on Re4O4(OEt)12  is shown to be equally probable.  

In the Re4O4(OEt)12  complex, part of -(OEt) ligands can be substituted by -(CH2CF3) ones. The 

replacement of H atoms with F ones increases the stability of the complex only if the ligand sits in 

the Õ2 position. 
The structure with the Re4 cluster-frame can exist, and Õ3-O ligands in it are likely to be substituted 

by Õ3-S ligands, and the S-containing complex is expected be more stable than the O-containing 

one. 

The thermal decomposition leads to rhenium (IV) oxides as products in different modifications 

(monoclinic and orthorhombic) and also produces the metastable phase Re3O10 that evidenced by 

XRD. 

 

Table 5. DSC effects for heteroligand complex I at 500
O
ʉ.  

complex DSC effect, Áʉ General mass loss, % 

I endothermic - 115,  412 17,45 
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1.17. 

STATUS AND PROSPECTS OF STUDIES ON THE CHEMISTRY OF 

COORDINATION COMPOUNDS OF RHENIUM (V)  

 

A.A. Aminjonov  

 

Tajik National University. Dushanbe. azimjon51@mail.ru 

 

As a result of the made perennial purposeful researches by us are received a series of important 

results on processes of a complex formation of rhenium (V) by sulphur or nitrogen of organic 

compound ligands. In particular we managed to synthesis and identify more than 2500 new 

complexes of rhenium (V). Reactions of their formation are offered. It is positioned that on 

composition of formed complexes affect both interrelations of initial reagents, and concentration 

halogen acids. It was shown that in medium HX (where X - Cl, Br or F) of 6 mol/l produced oxo 

complexes compositions, [ReOLX3(H2O)]; [ReOLX3]; [ReO(L-H)2X]; [ReOL2X]X2; [ReOL2X3]; [ReOL4X]X 2  by 

the following general reactions; 

 

                   H2[ReOX5]+L+H2O=[ReOLX3(H2O)]+2HX       (1)  

  H2[ReOX5]+L=[ReOLX3]+2HX                      (2) 

  H2[ReOX5]+2L=[ReO(L-H)2X)]+4HX            (3) 

  H2[ReOX5]+2L=[ReOL2X]ɻ2+2HX                (4) 

  H2[ReOX5]+2L=[ReOL2X3]+2HX                  (5) 

  H2[ReOX5]+4L=[ReOL4X]ɻ2+2HX                (6) 

In reactions (2) and (4) ligands are bidentat, as in reaction (3) - bidentat deprotonated. In the 

concentration range of 4 to 6 mol/l HX, depending on the nature of the ligand formed a 

monomerization  or dimerization with oxygen bridges oxo hydroxyl complexes types: 

[ReO(ʆʅ)LX2(H2O)]; [ReO(ʆʅ)L2X2];  [ReO(ʆʅ)L2]X2; [Re2O3L2X4]; [Re2O3L4]X4; 

[Re2O3L2(ʅ2ʆ)2X4];  [Re2O2(ʆʅ)2L2X4] in accordance with the reactions; 

H2[ReOX5]+L+2H2O=[ReO(ʆʅ)LX2(H2O)]+3Hɻ          (7) 

  H2[ReOX5]+2L+H2O=[ReO(ʆʅ)L2X2]+3HX                 (8) 

  H2[ReOX5]+2L+H2O=[ReO(ʆʅ)L2]X2+3HX                 (9) 

  2H2[ReOX5]+2L+H2O=[Re2O3L2X4]+6HX                     (10) 

  2H2[ReOX5]+4L+H2O=[Re2O3L4]X4+6HX                     (11) 

2H2[ReOX5]+2L+3H2O=[Re2O3L2(ʅ2ʆ)2X4] +6HX    (12) 

                  2H2[ReOX5]+L+2H2O=[Re2O2(ʆʅ)2L2X4] +6HX               (13)  

  

In reactions (10) and (11) ligands are bidentate. In media with concentration HX below 4 mol/l 

predominantly formed dimeric complexes with an oxygen bridge. 

  We were able to develop a universal method of synthesis of complexes of rhenium (V) in 

environments with low concentrations of HX whose essence lies in the fact that in order to prevent 

hydrolytic processes in aqueous solution of ligand added to the calculated amount of H2[ReOX5] in 

6 mol/l HCl and 7 mol/l HBr. 

It is established that the formation of complexes of rhenium (V) with alkyl hydroxide 

derivatives of thiosemicarbazide in medium HX (1-7 mol/l) occurs only when the ratio Re: L Ò 1:1. 

At high ratios Re:L is the hydrolytic cleavage of the alkyl hydroxide groups and formation of the 

corresponding thiosemicarbazide complexes. Revealed that the reactions at the interface by mixing 

a benzene solution of thiosemicarbazide with solutions alkyl hydroxide H2[ReOX5] in mediums HX 

environments, provides the highest yield and best purity of the complexes of rhenium (V) with this 

class of ligands. 

mailto:azimjon51@mail.ru
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 According to X-ray studies of the synthesized complexes of rhenium (V) are crystalline and 

have either an orthorhombic or tetragonal. Based on the data magnetic chemicals, potentiometric 

and infrared spectroscopic studies confirmed the immutability of the oxidation state of rhenium in 

the synthesized complexes. A study of thermal decomposition process of the ligands and complexes 

showed a significant increase in thermal stability of the ligands in the coordination of triazoles. The 

inverse association was found for the rhenium complexes two substituted thiosemicarbazide 

rhenium (V). For complexes of rhenium (V) with 2-mercaptoimidazole and its derivatives were 

found following the reaction with the formation of hydrate thermo gravimetric isomers. 

 

[ReOL4 (ʅ2ʆ)]X3 ½½­½ ʉ080  [ReOL4X]X2Ŀ H2ʆ ½½ ­½ ʉ0120
 [ReOL4X]ʍ2+ L+H2ʆ. 

 

It is proved that the Slow complexes of rhenium (V) with benzo-2,1,3-thiadiazole in 50-

60
0
C in an oven formed Re2O5. The process thermo gravimetric of monomeric hydroxo rhenium 

(V) proceeds with the formation of dimeric compounds by the reactions 

2[ReO (ʅʆ)L2X2] ½½½ ­½ - ʉ0160100
[Re2 O3 L4 X4]+ ʅ2ʆ 

 2[ReO (ʅʆ)(ʊʈ) X2 (ʅ2ʆ)] ½½ ­½ ʉ0110
[Re2 O2(ʆʅ)2( ʊʈ-m )2X4]+2ʅ2ʆ 

 [Re2 O2(ʆʅ)2( ʊʈ-m )2X4] ½½ ­½ ʉ0210
 [Re2 O3( ʊʈ-m )2X4] +ʅ2ʆ. 

For thiosemicarbazide methylenesemicarbazide complexes of rhenium (V) proposed the following 

reaction of thermolysis 

[ReOL2X]X 2 ½½ ­½ ʉ0170
[ReOL(SCN)X2]+NH3+ʅX+HCN.  

Depending on the nature of the coordinated ligand onset temperature of decomposition of 

complexes of rhenium (V) changes in the following order: 

[ReO(FTSC)2Br] å [ReO(FTSC)2Cl] å[ReO(GDTC)2Br] >   

      478ʂ                      476ʂ                      473ʂ 

 [ReO(GDTC)2Cl]>[ReO(Tthiol)Cl2H2O(OH)]> [ReO(Tthiol)Br2H2O(OH)]> 

      463ʂ                 443ʂ                                435ʂ 

  [ReO(Tthiol)2Cl2(OH)]>[ReO(Tthiol)2Br2(OH)]> [Re2O3(TSC)2Cl4]> 

            428ʂ  418ʂ                    405ʂ 

   [Re2O3(TSC)2Br4]>[Re2O3(TSC)4]Cl4 > [Re2O3(TSC)4]Br4> 

                396ʂ                 383ʂ                       371ʂ 

 

Using a flow-type reactor, kinetics of the formation of thiocyanate complexes of rhenium 

(V) with thiosemicarbazide. Held kinetic analysis showed that the range of degrees of conversion of 

0,005 Ò Ŭ Ò 0,58 studied process is best described by the equation k=[1-(1-Ŭ)], and at higher values 

of Ŭ-diffusion equation Yandera. The results of kinetic analysis of the formation of thiocyanate 

complex of rhenium (V) c TSC are presented in Table I.   

 
Table I. Kinetic parameters of the process of thermal decomposition oxohalogen- thiosemicarbazide 

complexes of rhenium (V) 

 ̄ The composition 

of compounds 

Mechanism Interval Ŭ, 

% 

Stand. 

deviat. 

E,  

kJ/mole 

ɸ 

 

1. 

2. 

3. 

4. 

[Re2O3(TSC)2Cl4] 

[Re2O3(TSC)2Br4] 

[Re2O3(TSC)4]Cl4 

[Re2O3(TSC)4]Br4 

[1-(1-Ŭ) 3
1

] 

-" - 

-" - 

-" - 

0,7õ52,3 

0,5õ58,8 

2,7õ39,2 

3,9õ36,3 

120,91 

1,01 

0,62 

0,58 

120,1 

118,8 

113,2 

99,6 

1,65Ā10
13

 

 1,15Ā10
13

 

 8,15Ā10
10

  

 7,45Ā10
10
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Presented in Table I show that compounds with a ratio of Re: TSC = 1:1, are more stable 

than the complexes of 1:2. In addition, at the same ratio of Re: TSC are more stable chloride 

complexes. The data on the thermal stability oxohalogen complexes of rhenium (V) with 

thiosemicarbazide correlate with the results of IR spectroscopic data on the magnitude of the shear 

bands n(C = S).  

The kinetics of interaction with the complexes of NH3
(g)

 [ReO(FTSC)2X], where X - F
-,
 Cl

-
, 

Br
-
, I

-
, CH3COO

-
, NO

-
 has shown that with increasing temperature generally slows down the speed 

of the process and reduces the number of moles of accession ammonia. In the first stage of the 

reaction is displaced by ammonia entering into the inner sphere complexes by the scheme: 

[ReO(FTSC)2X] +NH3 Ÿ [ReO(FTSC)2NH3]X  

Mathematical processing of experimental data using kinetic equations, based on certain physical 

models, showed that the interaction of chloride, bromide and iodide complex with the NH3
(g)

 by the 

equation kt=[- )1ln( a- ] 4
1

 and fluoride, nitrate and acetate, respectively, kt=[ )1(1 a-- ] 3
1

 

calculated rate constants are Table. 2. 

 
Table 2. Rate constants of the interaction of complexes of general composition [ReO(FTSC)2X] with gaseous 

ammonia in the range 293-323K 

 ̄ Composition 

complexes 

(k, sʝc
-1

). 10
-3 

293ʂ 303ʂ 113ʂ 323ʂ 

1. 

2. 

3. 

4. 

5. 

6 

[ReO(FTSC)2J] 

[ReO(FTSC)2Br] 

[ReO(FTSC)2Cl] 

[ReO(FTSC)2CH3COO] 

[ReO(FTSC)2NO3] 

[ReO(FTSC)2F] 

28,0 

11,0 

4,2 

2,7 

2,3 

2,2 

10,0 

7,7 

2,7 

2,1 

1,7 

1,8 

5,8 

2,4 

2,0 

1,5 

1,0 

1,5 

3,3 

1,1 

1,2 

0,92 

0,55 

1,0 

 

From the data of Table 2 shows that k values decrease with increasing temperature. A similar 

dependence of k on temperature was observed Pavlyuchenko MM and Lazerko GA in the study of 

the interaction of NH3
(g)

 with the chlorides of cobalt and zinc. The rate of interaction with the 

complexes of NH3
(g)

 [ReO(FTSC)2X] depends on the nature atsidoligandov lability which at 293K 

changes in the following order: 

I
-
 > ɺr

-
 > Cl

-
 > CH3COO

- 
Ó NO

-

3  å F
-
 

On the basis of thermo gravimetric studies show that the decomposition temperature of the 

onset of intense complexes of rhenium (V) depends on the nature of the alkyl radical, which is part 

thioamino ligands. On this basis suggest appropriate ranks. 

Found that the thermal decomposition of uncoordinated sulfur compounds azole series 

depends on the nature of the alkyl radical and its provisions. We propose the following series of 

temperature changes in the beginning of intensive thermal decomposition of the ligands: 1,2,4-

triazole (105 Á C) <4-methyl-1 ,2,4-triazoltiol-5 (200 Á C) < (210 Á C) <1,2,4-triazoltiol-5 (220 Á C) 

<3-methyl-1 ,2,4-triazoltiol-5 (230 Á C). Studies conducted on the process of thermal decomposition 

of complexes of rhenium (V) 3-Et-4-Met-l ,2,4-Thiol and 3,4-DiMet-l ,2,4-Thiol, show that the 

majority of the synthesized compounds contain water of crystallization and the first stage of thermal 

decomposition of these complexes is related to their thermo dehydration. For the monomeric 

complexes containing water of crystallization, together with and coordinated water, the second 

stage of thermal decomposition removes the molecules of coordinated water with subsequent 

dimerization of the reaction: 

 

2[ReO(OH)L(H2O)Cl2] ½­½
0t

[Re2O3(m-L)2Cl4]+3H2O  
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The third stage of thermal decomposition is connected with partial decomposition of the 

molecules of 3-Et-4-Met-l,2,4-Thiol and 3,4-DiMet-l ,2,4-Thiol and the formation of new 

compounds containing the deprotonated molecule of thiourea. 

 

[Re2O3(m-L)2Cl4] ½­½
0t

[Re2O3(N2SCH3)2Cl4]+2C2H5CN+C2H2 

 

Investigation of thermal properties of complexes of rhenium (V) with Ethio and l-Et-2MI 

showed that increasing the number of coordinated molecules Ethio and l-Et-2MI leads to a slight 

decrease in temperature of the beginning of the process thermo dehydration, but does not affect the 

temperature of the end of this process and the peak temperature endo effect. This increases the 

temperature of the onset of decomposition of complexes. It is established that, irrespective of the 

nature of halide ions with the number of coordinated molecules Ethio, l-Et-2MI increases the 

number of molecules of water in the complexes. It is shown that the replacement of chloride 

complexes demerization ions to bromide to 300 Á C to slow the process of thermolysis, while above 

this temperature there is an opposite effect. This means that for the chloride and bromide complexes 

of rhenium (V) depending on ȹm = f (T) there is a point of intersection, which varies from the 

effect of halide ions on the process of thermolysis of complexes of rhenium (V). A similar point of 

intersection of the curve and there is ȹm = f (T) for two-and tetra complexes, from which changes 

the effect of the coordinated molecules Ethio and l-Et-2MI the process of thermolysis of complexes 

of rhenium (V). 

Investigated the acidic properties of some synthesized complexes and determined their 

basicity. Calculated acid dissociation constants of the successive test compounds.  

Prior to the beginning of our research processes of mutual substitution of ligands in complexes 

of rhenium (V) remained virtually unstudied. We carried out studies on the substitution of 

coordinated ligands in the complexes of rhenium (V) other ligands, particularly thiocyanate ligand, 

molecules of ammonia, dimethylformamide, pyridine, acetonitrile, dimethyl sulfoxide, quinoline, 

triphenylphosphine. 

On the basis of experimental studies on the mutual substitution of ligands in complexes of 

rhenium (V) made some conclusions about the spatial arrangement of the ligands in the octahedral 

plane. In particular, it was determined that the action of triphenylphosphine in 2-

merkaptobenzimidazolny complex rhenium (V) of [ReOL(H2O)Br3]H2O in the medium of acetone 

formed complex of [ReOL(PPh3)Br3]2H2O from the equation 

 

[ReOL(H2O)Br3]H2O+PPh3= [ReOL(PPh3)Br3]2H2O. 

 

Even with an excess of triphenylphosphine, compounds with a large number of molecules 

coordinated PPh3 is formed. For the original complex structure [ReOL(H2O)Br3], there are four 

possible spatial arrangement of the ligands: 

Br
O

H2O
L

Re

Br

Br Br
O

H2O

L

Re

Br

L Br
O

H2O

Re

Br

Br
(I) (II) (III)

Br

L Br
O

H2O

Re

Br

Br

(IV)
 

If the source of the complex [ReOL(H2O)Br]ĀH2O would have the configuration (I) or (III), 

after replacement of water molecules on triphenylphosphine, due to the large trans influence of the 

latter was replaced by bromide ion, which is in trans position to triphenylphosphine, that is, would 

form a complex of trans-[ReOL(PPh3)2Br2]
+
. Configuration (II) is unlikely, because in the IR 

spectrum of the original complex [ReOL(H2O)Br3]H2O maintained an intense band corresponding 
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to stretching vibrations rhenium (Re = O) group. If in a trance - the position of the oxygen renilnoy 

was a water molecule, the intensity of this band would have decreased to low. Also note that the 

literature no data on the complexes of rhenium (V), in which triphenylphosphine would be in trans- 

position relative to oxygen. 

In the case of configuration (IV) molecule of triphenylphosphine, replacing a water molecule, 

stands in the trans position to the molecule 2-merkaptobenzimidazola (L) in the equatorial plane. 

The second molecule of triphenylphosphine can not supplant any molecule of 2-MBI, or bromide 

ions in cis-position, due to steric reasons. According to the literature in the triphenylphosphine 

complexes of rhenium (V) forms only the trans isomers. As a result of these factors, the process 

stops at the formation of [ReOL(PPh3)Br3]2H2O. Thus, the study of the interaction of 

triphenylphosphine with a complex composition [ReOL(H2O)Br3]H2O yielded evidence that this 

complex has a configuration of (IV). 

Based on data for the study of processes of mutual substitution of ligands in complexes of 

rhenium (V) was proposed following a number of mutual substitution of the ligands: 

L å P(Ph)3>SCN
-
>NH3>Cl

-
, Br

-
>S>H2O, where L - tioamidnoe connection and S-DMF, 

DMSO, Py, Hin, CH3CN. 

Investigating the interaction of ammonia with the amide and complexes thioamides rhenium 

(V), set up three types of reactions. The first type includes reactions which take place only with the 

displacement of halide ions from the inner sphere complexes. The second type of reactions include 

dimerization reaction of monomeric complexes with the replacement of halide ligands. The third 

type of reactions are reactions that result in coordinated thiocyanate ions are converted into 

tioamidinovuyu group, although the molecules of ammonia thiocyanate ions from the inner sphere 

complexes are not displaced. 

It is established that the reaction of ammonia complexes of rhenium (V) with inorganic and 

organic acids occur in different ways and depend on many factors, including the nature of the acid 

and its strength. 

By using the developed electrodes reversible ligand (20) based on the sulfur-containing 

organic compounds and their oxidized forms, the values of step formation constants of complexes 

of rhenium (V) in media with different concentrations of HCl and HBr in the temperature range 

273-338K. A method for determining the formation constants of complexes of rhenium (V) by the 

potentiometric method in environments with low concentrations of HHal. The regularities of the 

influence of the ionic environment, temperature and nature of the ligand on tioamidnogo stability of 

the complexes of rhenium (V). The regularities in the change of E
0
, depending on the nature 

tioamidnogo connection. We propose some general guidelines on the use of reversible redox 

systems for the study of complex formation. 

As a result of targeted research identified several aspects of the practical use of complexes of 

rhenium (V) with amide and tioamidnymi ligands. In particular, we show that tioamidnye 

compounds and complexes of rhenium (V) with greatly increased resistance to radiation and reduce 

the electrified polymer materials. The features of rhenium complexes more stable effect (V). In this 

case revealed an unusual stabilizing effect of the complexes in contrast to the uncoordinated 

ligands. The regularities of the influence of the number of coordinated ligands and the structure of 

the complexes on the radiation resistance of polymers. It is shown that some complexes of rhenium 

(V) increases the radiation resistance of polymers, both in terms of photo-aging, and in photo 

mechanics. 

Study of the biological action of complexes of rhenium (V) and the ligand is shown that the 

coordination of ligands to rhenium (V) leads to a significant reduction in their toxicity. The effect of 

organic and inorganic ligands on the toxicity of the complexes of rhenium (V). 

The values of LD50 values found for some of the ligands and complex compounds of rhenium 

(V) are given in Table. 3. From Table. Figure 3 shows that the complex compounds of rhenium (V) 

with 1-methyl-2-merkaptoimidazolom, thiosemicarbazide, 4-phenylthiosemicarbazide and 1-

formyl-3-thiosemicarbazide are low-toxic compounds. It should be noted that complexes with 1,2,4-

triazole and 4-amino-1 ,2,4-triazole are practically non-toxic compounds. 
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Table 3. LD50 values of complex compounds of rhenium (V) 

 ̄

ʧ/ʧ 

Complex compounds 

rhenium (V) 

Solubility 

in water 

LD50 

Inside - 

peritoneal 

introduction 

Oral 

introduction 

 

1.   

2.   

3.   

4.   

 

5.   

 

6.   

7.   

8.   

9.   

 

10. 

11. 

 

12. 

13. 

 

14. 

15. 

 

16. 

17. 

L-1-methyl-2-merkaptoimidazol 

[ReOL4Br]Br2Ā2H2O 

[ReOL4Cl]Cl2Ā2H2O   

[ReOL2Br3] Ā2H2O     

[ReOL2ʉl3] Ā2H2O     

L - 2 merkaptoimidazol 

[ReOL4Cl]Cl2Ā2H2O     

L - thiosemicarbazide 

[ReOL2Cl]Cl2ĀH2O       

[ReOL2Br]Br2ĀH2O      

[Re2O3L4]Br4                

[ReOLBr3]                    

L - 4-phenyl-3-thiosemicarbazide 

[ReOL2Br2]Ā2H2O        

[ReOL2Cl3]Ā2H2O        

L-1-formyl-3-thiosemicarbazide 

[ReOL2NH3]Cl             

[ReOL2Cl]                    

L - 1,2,4-triazole 

[ReO(ʆʅ)]Cl2ĀH2O      

[ReO(ʆʅ)]Br2ĀH2O     

L - 4-amino-1 ,2,4-triazole 

[Re2O3L2Cl4(H2O)2]     

[Re2O3L2Br4(H2O)2]    

 

soluble 

-"- 

-"- 

-"- 

 

-"- 

 

-"- 

-"- 

-"- 

insoluble 

insoluble 

 

-"- 

 

-"- 

-"- 

 

-"- 

-"- 

 

-"- 

-"- 

 

750Ñ39 

 

 

 

 

105Ñ10,4 

 

140Ñ4,61 

383Ñ38 

433Ñ51,3 

 

 

 

 

 

 

260Ñ30 

 

 

 

 

 

900Ñ40 

850Ñ32 

700 

465 

 

550Ñ19,3 

 

 

 

 

 

 

320Ñ20 

290Ñ20 

 

183 

650Ñ40 

 

>4000 

>4500 

 

~2000 

~3000 

 

It must be emphasized the fact a significant reduction in toxicity with thiosemicarbazide 

coordination of its molecules with rhenium (V). Thus, if the TSC for free intraperitoneal LD50 is 

equal to 14 Ñ 2,15, ie is a toxic compound, the complex composition [ReOLBr3] is equal to the 

LD50 433Ñ51,3. For thiosemicarbazide complexes observed increase in the degree of toxicity with 

increasing number of coordinated organic ligand molecules, and for the 1-methyl-2-

merkaptoimidazolnyh complexes observed an inverse relationship. In analyzing the impact of 

inclusion in the composition of the complexes of halide ions established that the bromide 

compounds are less toxic than similar chloride compounds. Based on these studies we can conclude 

that the introduction of formyl group of the thiosemicarbazide leads to a decrease in toxicity 

rhenium complex of more than two times. Due to poor solubility of 4-feniltiosemikarbazidnyh 

complexes, their toxicity is investigated only by the oral route of administration. These compounds 

were administered in the form of 1-2% water-glycerol solutions with a ratio of water: glycerol = 

10:1. 1,2,4-triazole and 4-amino-1,2,4-triazole complexes when administered orally in the form of 

water-glycerol solutions were practically non-toxic compounds. 

Total Calc. 3 change the toxicity of complexes of rhenium (V) with amide ligands and 

tioamidnymi can be arranged in the following order:  

 

[ReO(OH)(TP)Br2(H2O)]Ó[ReO(OH)(TP)Cl2(H2O)]>  

>[ReO(OH)(4-ATF)Br2(H2O)]>[ReO(OH)(4-ATF)Cl2(H2O)]> 

>[ReO(1-Met-2-M,)Br]Br2Ā2H2O>[ReO(1-Met-2-MI)4Cl]Cl2Ā2H2O> 

  > [ReO(2-MI)4Cl]Cl2Ā2H2O. 
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Among the complexes synthesized by us were found compounds with rengenokontrastnymi 

properties, seizure and antivitamin activity, dose-dependent effect antiyazvennym, radioprotective 

and antithyroid action, as well as the substance showing an anabolic effect. 

Some complex compounds of rhenium (V) showed resistance at temperatures of curing the 

matrix, giving the composite materials set the necessary properties, samozatuhaemost, heat 

resistance, corrosion-and high dielectric properties. It was possible to show the principal possibility 

to achieve a monolithic matrix, reducing the time to cure, the implementation of the single-stage 

curing of thermosetting binders of different chemical nature, improving the number of properties 

and imparting new properties of composite materials. In this case elimination makrodefektnosti 

matrix is achieved by optimal amounts of the complex and the choice of the new regime (selected 

according to criteria monolithic matrix) curing the composite material using a nondestructive 

method of electro control. In particular, the processes of curing of thermosetting binders LBS-4, 

ENFB, BFOS 0.01% modified complexes of rhenium (V) compared to the known modes of 

accelerated respectively 7.9, 9.4; 9.6 times. In this modified polymers are homogeneous and have 

acquired a new quality - samozatuhaemost. By introducing a complex of rhenium (V) in the 

epoksiuretanovogo polymer consisting of heterogeneous oligomers, obtained the matrix of new 

generations capable of forming interpenetrating structures, where the defective areas of hardening 

due to the formation of network polymers kation different chemical nature. In this direction, 

developed the scientific foundations of technology for the processing of polymer composite 

materials with desired properties. 

Interesting data on the effect of some synthesized complexes on the germination and vigor of 

seeds of some crops. 

Perfection has no limits and therefore chemistry of coordination compounds of rhenium (V) 

should be developed and far and wide, attracting new more advanced methods of research, 

equipment, and theoretical views. In our opinion, in the short term is expedient to continue studies 

in the following areas of chemistry of coordination compounds of rhenium (V): 

-using new classes of ligands targeted synthesis of complexes of rhenium (V); 

-study of the processes of mutual substitution of ligands in complexes of rhenium (V); 

-research the process of chelation of rhenium (V) in HCl solutions at constant concentration [H
+
] 

and [Cl
-
]-ion at different temperatures; 

ȹH-determination of the processes of formation of complexes of rhenium (V) by the calorimetric 

method; 

-study of the processes of interaction of donor molecules as NO and CO complexes with rhenium 

(V); 

-determination of kinetic parameters of the interaction of ammonia with complexes of rhenium (V) 

depending on the nature of coordinated organic and inorganic ligands; 

-investigation of the complexation of rhenium (V) using different electrical methods; 

-search the complexes of rhenium (V) compounds exhibit high biological activity in order to create 

new and effective drugs; 

-study towards obtaining new nano composites with complexes of rhenium (V) ions and other 

metals; 

-works on the comparison of stability, physicochemical and other properties of the complexes of 

rhenium (V) with ions of other metals; 

-developed oxidation-reduction electrode systems based on rhenium compounds in different 

oxidation; 

-establishment of the laws on the influence of various factors on the electrified and other 

electrical properties, as well as on the radiation resistance of polymer and polymer composites 

modified complexes of rhenium (V). 
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I.G. Tananaev, A.A. Aminjonov, K.E. German 
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1.P1. 

EFFECT OF THE RHENIU M(V) CO MPLEX OF 3,4-DIMETHYL -1,2,4-

TRIAZOL -5-THIOL ON THE CELLULO SE DIACETATE  LIGHT 

FASTNESS 

N.G. Kabirov, S.M. Safarmamadov, A.A. Aminjʦnov  

 

Tajik National University. Dushanbe. azimjon51@mail.ru 

The effect of various concentrations of  3,4-dimethyl-1,2,4-triazol-5-thiol and the complex 

compound [ReOL2(OH)Cl2] (L-3,4-dimethyl-1,2,4-triazol-5-thiol) light fastness diacetate cellulose 

(DAS) has been studied. As an example, the table shows the experimental data depending on the 

tensile strength of the DAS complex concentration and time of UV irradiation. 

Table 1. The dependence of the tensile strength of DAS on the concentration of complex composition 

[ReOL2(OH)Cl2], where L-3,4-dimethyl-1,2,4-triazol-5-thiol and UV irradiation (ɚ = 254nm, I =- 0,040 

Kal/cm2.min) 

The 

concentration of 

additives,% 

Exposure time, h 

0 2 5 10 15 20 25 

0 10,6 7,2 6,0 4,7 3,0 2,6 1,1 

0,01 10,2 9,6 10,2 9,4 8,3 8,0 7,6 

0,05 9,5 9,3 9,9 10,8 10,0 9,3 7,0 

1 9,8 10,1 9,8 9,2 6,0 5,2 4,0 

3 10,1 9,2 8,4 6,8 5,1 4,6 3,0 

5 10,5 9,4 8,3 5,9 4,8 4,1 2,9 

 

The table shows that the introduction various amounts of the complex compound 

[ReOL2(OH)Cl2] to the DAS has little effect on its initial tensile strength. However, there is a 

general tendency to the coefficient increasing of light fastness DAS at the introduction into it of 

various amounts of complex composition [ReOL2(OH)Cl2]. In addition, the curve of the tensile 

trength of the UV irradiation time for the modified films at additives concentrations equal to 0.05% 

it is the maximum. It means, the tensile strength of modified film exceeds its initial tensile strength. 

Studies have shown that the coordination compounds of rhenium (V) shows great light 

stabilizing activity against DAS compared to uncoordinated ligand. 

mailto:azimjon51@mail.ru
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1.P2. 

OCTAHEDRAL RHENIUM(III) CHALCOCYANOHYDROXO  

CLUSTER COMPLEXES  

A.V. Ermolaev, A.I. Smolentsev, K.A. Brylev, V.E. Fedorov, Y.V. Mironov 

Nikolaev Institute of Inorganic Chemistry, Siberian Branch of Russian Academy of Sciences, 3 Acad. Lavrentiev 

Prosp., 630090 Novosibirsk, Russia (e-mail: erandrey@yandex.ru)  

In recent years the compounds containing hexarhenium cluster anions [{Re6(ɛ3-Q)8}L 6]
nï

 (Q = 

S, Se; L = Cl, Br, I) have been intensively investigated. The rapid development of rhenium cluster 

chemistry has led to the discovery of substitution reactions of L on other ligands, including organic. 

Polymeric compound Re6Q8Br2 prepared from the reaction of Re with the appropriate stoichiometry 

of Q and Br2 at 800̄ ʉ in sealed quartz ampoule. Octahedral rhenium(III) cluster 

chalcohydroxocomplexes have been prepared from the reaction of polymeric chalcobromide 

Re6Q8Br2 with molten KOH at 220-250̄  ʉ in air.  

In this work we present our data in the synthesis and structural study of compounds with 

[Re6Q8(CN)n(OH)6-n]
4ï

 (n = 2, 4) cluster anions containing two type terminal ligands ï OH
ï
 and 

CN
ï
. Such clusters are interesting because CN - ligands can form bridging bonds through the 

nitrogen atom and OH - ligands can be easily replaced by both inorganic ligands and organic 

molecules and ions. For these complexes we have proposed a simple and convenient method based 

on the interaction of K4[Re6Q8(OH)6]
.
8H2O with KCN in aqueous solution. It has been found that 

when Q = S the cluster anion [Re6S8(CN)2(OH)4]
4-

 formed; however, if Q = Se the composition 

[Re6Se8(CN)4(OH)2]
4-

 was found. 

The structure of [Cu(NH3)4]2[Re6S8(CN)2(OH)4]Ö2H2O cluster complex was determined by 

single-crystal X-ray diffraction. In addition, the presence of four OH
ï
 groups in the cluster anion 

was confirmed by the fact that as a result of its interaction with molten 3,5-dimethylpyrazole the 

molecular complex [Re6S8(CN)2(3,5-Me2PzH)4]Ŀ2H2O formed. 

The structure of [Re6Se8(CN)4(OH)2]
4ï

 cluster anion was confirmed by single-crystal X-ray 

diffraction for complex trans-[Ni(NH3)5]2[Re6Se8(CN)4(OH)2]Ŀ6H2O obtained by reaction of 

Cs4[Re6Se8(CN)4(OH)2]
.
2H2O with NiCl2Ŀ6H2O in an ammonia solution. 

In addition, the compounds were characterized by a set of physical-chemical methods. 

 

This research was supported by Russian Foundation for Basic Research (Grant 11-03-00157) and 

by GC ˉ 02.740.11.0628 of FFP ñSSESIR 2009-2013ò 
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1.P3.  

TECHNETIUM AND RHENIUM ORTHOPHOSPHATES WITH 

KOSNARITE -TYPE STRUCTURE 
 

 

 

M.V. Sukhanov, V.I. Pet'kov 

 

 

 
Lobachevsky State University of Nizhni Novgorod (pr. Gagarina 23, Nizhni Novgorod, Russian Federation) 

 

 

 
Keywords: technetium (IV) and rhenium (IV) orthophosphates, synthesis, crystal structure, 

kosnarite 

 
Abstract 

 
This work represents an attempt to incorporate chemically technetium (IV) and rhenium (IV) 

in the cationic crystallographic positions of the kosnarite-type structure obtaining AM2(PO4)3 (A = 

Li, Na, K, Cs; M = Tc, Re) compounds. The phosphates were prepared by the combined method 

using of solids TcO2 or K2TcCl6, NH4ReO4, ACl and phosphoric acid solution. Drying mixtures and 

their thermal treating in sealed glass ampoules allowed us to obtain the crystalline phosphates 

ATc2(PO4)3, ARe2(PO4)3 (A = Na, K) with the kosnarite-type structure determined by the Rietveld 

refinement. Compounds were characterized using XRD, DSC, IR-spectroscopy and microprobe 

analysis. 

 

Introduction  

 

The major problem of inorganic technetium chemistry is its fixation from commercial nuclear 

wastes in ceramic matrices and also a search of useful properties and possible areas of their 

application. NZP-ceramics with the kosnarite mineral KZr2(PO4)3 (sp. gr. R3c, Z = 6) structure are 

well-known matrices for the toxic component immobilization of different waste forms including 

highly radioactive waste and have some useful properties e.g. catalytic [1, 2]. Up to now, our 

knowledge about of rhenium phosphates are limited by several works [3ï5] devoted rhenium 

pyrophosphate ReP2O7 and there are no literature data about solid technetium phosphates. In the 

current work we investigated the possibility of Tc(IV) and Re(IV) incorporation in the phosphates 

AM 2(PO4)3 (A = Li, Na, K, Cs; M = Tc, Re) with  the kosnarite-type structure. This research may 

provide a more detailed understanding for inorganic chemistry of technetium and rhenium. 

 

Experimental  

 

Under rhenium phosphate synthesis the crystalline salts NH4ReO4, Aʉl and concentrated 

phosphoric acid solution were used. Technetium phosphates were made of TcO2 or K2TcCl6 

exposed to preliminary hydrolysis by concentrated ammonia solution (K2TcCl6 + 4NH4OH 

½½½ ­½hydrolisis
TcO2Ā2H2O + 2KCl + 4NH4Cl). In the last case there was fourfold KCl excess in the 

dried residuum in comparison with the quantity needed for KTc2(PO4)3 synthesis. The synthesis 

scheme of AM2(PO4)3 phosphates is shown on the figure 1. 
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Powder XRD patterns were collected at room temperature with a XRD-6000 type diffractometer 

(Shimadzu) using CuKa radiation. The structures were refined with the RIETAN-97 software 

package. The A:M:P molar ratio and homogeneity of the single phases were determined with a 

Camebax microprobe. IR spectra were obtained by means of a FSMï1201 spectrophotometer in the 

frequency range 1400ī400 cm
-1

. Synchronous differential thermal and gravimetric analysis was 

carried out on a LABSYS TGīDTG/DSC thermal analyzer (Setaram) in an argon atmosphere 

within 25ī1200Áʉ at a heating rate of 10ÁʉĿmin
-1

. 

 

2NH4ReO4(s) + ACl(s) + 3H3PO4(soln) 

Ÿ 

drying at 400ÁC 2 

hours on air and 

regrinding 

Ÿ 

thermal treating in 

sealed glass ampoules  at 

500Áʉ 48 h 
2TcO2(s) + NaCl(s) + 3H3PO4(soln) 

2TcO2Ā2H2O(s) + 4KCl(s) + 3H3PO4(soln) 

Fig. 1. Scheme of synthesis of the phosphates (s ï solid, soln ï solution). 

 

Results and Discussion 

 

Phosphate synthesis results showed that reaction mixtures drying of short duration in the air at 

400Áʉ promoted initial reaction passing of salt decomposition and their interaction with phosphoric 

acid, allowed us to remove volatile compounds (H2O, HCl, NH3) and did not lead to distinct 

rhenium and technetium oxidation that greatly simplified the synthesis. Endothermic effects on 

DTA curve of reaction mixture for NaRe2(PO4)3 synthesis refer to the evaporation of water, 

hydrochloric acid,  the decomposition of ammonia perrhenate and its interaction with phosphoric 

acid correspondingly (Fig. 2a). The mixtures dried at 400Áʉ accordion to XRD data were 

amorphous. Heating in the air could not be used at all synthesis stages. In the air at 500Áʉ the 

thermal treatment of the mixtures dried at 400Áʉ resulted in ReP2O7 formation. Long being of these 

mixtures in sealed glass ampoules at 500Áʉ allowed us to obtain crystalline products in all the 

systems. NaRe2(PO4)3 and KRe2(PO4)3 samples were phase-pure kosnarite-type phosphates. 

Crystalline TcO2 using did not permit us to receive the pure phosphate NaTc2(PO4)3. The sample 

contained two phases: mostly kosnarite-type phase and 22 wt.% TcP2O7. The sample KTc2(PO4)3 

synthesized from the dry hydrolysis residuum of K2TcCl6 was also double phase and contained 

KCl. After KCl excess washing with water and the product recrystallization in the sealed glass 

ampoules at 500Áʉ, the pure KTc2(PO4)3 sample was prepared. In ARe2(PO4)3 (A = Li, Cs) systems 

kosnarite-type phosphate forming were not observed. DTA of NaRe2(PO4)3 obtained at 500Áʉ 

allowed us to reveal the area of intensive sample crystallization (exothermal effect at 738Áʉ) and 

the temperature of its decomposition beginning (endothermic effect at 980Áʉ) (Fig. 2b). The 

disproportion product of NaRe2(PO4)3 according to XRD were ReP2O7 and metal Re (Fig. 3). 
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Fig. 3. XRD-pattern of disproportion product of 

NaRe2(PO4)3: ReP2O7 (sp. gr. Pa 3) and                    

Re (ǒ) (sp. gr. P63/c). 
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Fig. 4. Microstructure and chemical composition of the sample phosphates. 
The results of the electron microprobe analysis confirmed that the monophase phosphate samples 

were crystalline (crystallite size ~10 ɛm), homogenous and their composition corresponded to the 

theoretical one to within the inaccuracy of the method (Fig. 4). 

The crystal structures of sodium and potassium contained phosphates were determined by the 

Rietveld refinement (Fig. 5). Details of X-ray diffraction experiment, unit cell parameters, and 

structure refinement details are presented in Table. In the three-dimensional structures 

[(Tc,Re)2(PO4)3]
ī
 units consisting of two ReO6- or TcO6-octahedra and three PO4-tetrahedra are 

linked to form the ribbons parallel to the c axis. These ribbons are linked together by PO4-

tetrahedra. The framework cavities are populated by Na
+
 and K

+
 ions. The calculated bond lengths 

between the atoms are typical of rhenium and technetium compounds: TcïO 1.959(3)ï2.001(5) ¡, 

ReïO 2.000(7)ï2.032(7) ¡, PïO 1.44(1)ï1.62(1) ¡, NaïO 2.50(1)ï2.53(1) ¡, KïO 2.63(1)ï

2.73(1) ¡. The framework of KM2(PO4)3 phosphates with large kation K
+
 is considerably deformed 

in comparison with Na-containing phosphates (Fig. 4). Tc
4+

 and Re
4+

 ions are relatively small (0.58 

and 0.63 ¡ correspondingly) and not able to form 

 
Fig. 4. Experimental (solid line) and calculated (asterisks) X-ray diffraction pattern of the synthesized 

samples: NaTc2(PO4)3 (1b), TcP2O7 (1a), NaRe2(PO4)3 (2), KTc2(PO4)3 (3), KTc2(PO4)3 (4). Crystal 

structures and the positions of the reflections in the calculated XRD pattern are shown in the figures. 
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Table. Details of the X-Ray diffraction experiment and results of crystal structure refinement of technetium- 
and rhenium-containing phosphates 

Characteristic NaTc2(PO4)3 TcP2O7 KTc2(PO4)3 NaRe2(PO4)3 KRe2(PO4)3 

Space group, Z R3c, 6 Pa 3, 4 R3c, 6 R3c, 6 R3c, 6 

a, ¡ 8.4091(1) 7.8643(2) 8.2917(2) 8.4541(1) 8.3155(2) 

c, ¡ 22.2602(3) - 23.2255(5) 22.3320(3) 23.3867(5) 

V, ¡
3
 1363.18(4) 486.39(3) 1382.87(5) 1382.25(3) 1400.48(5) 

ɟXRD, g/cm
3
 3.696(1) 3.726(1) 3.761(1) 4.904(1) 4.954(1) 

2q range, deg 10.00 ï 110.00 

Number of reflection 301 197 195 199 

Number of parameters 

refinement 
55 34 36 34 

Rwp, % 6.92 6.45 4.33 6.57 

S 5.13 4.02 3.73 6.14 

 
a framework containing large Cs

+ 
ions as with Ti

4+
 (0.61 ¡). 

Also there are ATi2(PO4)3 (A = Li, Na, K, Rb) phosphates 
having the kosnarite-type structure, CsTi2(PO4)3 having the 
kosnarite-type structure cannot be synthesized. 
The IR spectroscopic data of the synthesized phosphates are 
in agreement with the X-ray diffraction data and suggest that 
these compounds belong to the orthophosphate class. The IR 
spectra of technetium- and rhenium-containing phosphates 
are similar to those of double phosphate of alkali metal and 
zirconium or titanium. In the IR spectra, the adsorption bands 
observed at frequencies of  987ï1226 cm

-1
 are assigned to the 

ɜ3 stretching vibrations of the PïO bonds in the PO4-
tetrahedra, the adsorption band at a frequency of  914 cm

-1
 is 

attributed to the ɜ1 stretching vibrations, and the adsorption 
bands in the range 547ï659 cm

-1
 correspond to the ɜ4 

bending vibrations. 
 
Conclusions 
Thus, the crystalline phosphates ATc2(PO4)3, ARe2(PO4)3 (A 

= Na, K) with the kosnarite-type structure were synthesized 

by the combined method. Tc
4+

 and Re
4+

 were shown to enter 

octahedral framework positions in the kosnarite-type structure. 
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Abstract 

 

The depth distributions of deuterium and hydrogen atom concentrations in sets of Re-Mo alloy foils 

after action of high temperature deuterium plasma bombardment using ñPlasma Focusò set-up (PF-

4) were measured using elastic recoil detection method. It is established that the implanted 

deuterium and existing hydrogen atoms are transferred to a large depths in the set of foils, much 

deeper than the projected ranges of deuterium ions from the plasma with the maximum itôs 

velocities of about 10
8
 cm/s. The increasing of depth hydrogen concentrations in the set of Re-Mo 

foils was determined. The coloring of three first Re-Mo foil surfaces nearer to PF-4 set-up are 

observed too. The obtained results can be explained by large power density of pulse deuterium 

plasma arising of shock waves and large mechanical tension which influence on the transport and 

redistribution of deuterium ions and hydrogen atoms at large depths.  

 

1. Introduction   

 

In recent years, due to significant big advances in laser technology and the creation of powerful 

pulse lasers in the pico-(10
-12

 s) and femtosecond (10
-15

 s), second life has received a relatively new 

area of science - the physics of high energy density [1, 2]. This trend has evolved in the direction of 

studying the action of short pulses with condensed matter, i.e., processes such as laser sputtering, 

ablation, intermixing of impurities, the creation of new phases and influence of the of powerful 

shock waves [3, 4]. In addition, it was formed another important area of research on effects of high-

power laser pulses for developing of a laser-controlled nuclear fusion. As it is known, the 

accumulation of plasma components (deuterium and tritium) and the fusion fragments of 

thermonuclear reactions as of helium atoms in the first wall material at operating fusion reactor 

should be. Therefore, the study of processes of accumulation and adsorption-desorption processes 

of light gases and especially of tritium is essential [3, 4]. An another important problem for modern 

energetic complexes and engines is the storage of hydrogen in metal and alloys for accumulation of 

hydrogen [5-7]. Besides that it is well known that rhenium ion can adsorb up to nine hydrogen ions 

and create chemical composition complex as 2
9Re -H , i.e. may be such triple alkaline-rhenium 

hydride like K2ReH9 (or deuteride-K2ReH9) can be used for hydrogen-deuterium storage. The use of 

installations as the "Plasma Focus" for high-power plasma streams and study its effects on materials 

is also very relevant in terms of modeling of such processes. The aim of this paper is to study the 
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propagation of shock waves in the metal foils on the effects caused by  the  processes  of  

redistribution  and  accumulation  of  deuterium or hydrogen atoms  

under the deuterium plasma bombardment.  

 

2. Research technique and results 

 

The studies were performed using "Plasma Focus" set-up (PF-4)  of Lebedev Physics Institute of 

RAS [3, 4, 8-13]: the energy of the capacitor battery is 3.6-4 kJ, the maximum current å 400 kA, the 

plasma flow velocity up to 10
8
 cm/s, the plasma density up to å10

18
 cm

-3
, the plasma pulse duration 

of 50-100 ns, the energy flux density up to 10
8
ï10

10
 W/cm

2
, the neutron yield up to 10

8
 neutrons 

per pulse, the time between pulses of at least 5-6 minutes. The choice of hydrogen and deuterium 

plasma was due to the possibilities of further measurements with the detection of elastically 

scattered recoil (elastic recoil detection - ERD-[14]) concentration profiles of hydrogen and 

deuterium atoms after plasma treatment of the targets consist on the multilayer  

metallic foils and combinations of other material, including non metallic foils [9-13]. A scheme of 

the elements of the PF-4 set-up is presented in Fig.1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1. The scheme of the elements of the FS-4 [8] for irradiation of samples using the example of second 

generation high temperature superconductor (HTSC) sample (the example)[8].  

 

It is seen from Fig.1, near the targetôs set of foils, which is schematically shown in Fig.2 [9-13], 

cumulative jet stream can be focused to a relatively small surface. The density of a pulsed plasma 

power on the target can be varied by changing of the distance between tungsten insert and target 

(Fig.1 and Fig.2). In our experiments that distance was 35 mm. 
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Fig.2. The scheme of PF-4 pulse high temperature plasma action on the set of foils. Here 1 ïholder for the 

set of foils, 2 - front aperture diaphragm with round hole (10 mm or 15 mm in diameter), 3, 4 - clamping 

plate, and from 5-1 to 5-6 a set of six foils.  

 

Deuterium plasma was used at our experiments to study of shock wave action on chosen materials 

of foils [9-13]. Set of foils consisted on six tightly pressed Re-Mo foils with chemical composition 

50 at.% of Re and 50 at.% of Mo metals. Thickness of each foil was 50 ɛm, i.e. whole thickness of 

foil set was 300 ɛm. The number of plasma pulses was 15. Deuterium pressure in the PF-4 chamber 

was 2 Torr. The measurements of the neutron yield from fusion D-D reactions were carried out 

using activating neutron detectors (see, as example [14]) during bombardment by deuterium pulse 

plasma. The yield of neutron was measured and measured level was a little higher than background, 

i.e. the yield of neutrons from D-D reaction took place.  

Let us denote the appropriate set of foils, as 
1
Re-Mo-1

2
, 

1
Re-Mo-2

2 
, 

1
Re-Mo-3

2
é

1
Re-Mo-6

2
 (see [9 

- 13]). Here top indexes correspond to nearer and futher surfaces of foils to PF-4. The 

measurements of depth concentrations of introduced deuterium ions from plasma and initial 

hydrogen atoms which usually present in metals and alloys were carried out using elastic recoil 

detection method (ERD) [15].  
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The ERD spectra for first three Re-Mo-foils together with the depth distributions of deuterium and 

hydrogen by pairs are presented in Figs.3- 4; Figs.5- 6 and Figs.7- 8, respectively. The ERD spectra 

were obtained using the analyzing beam of helium ions with energy 2.3 MeV at grazing angle of 

incidence on the sample of 15
0
 with an electrostatic generator EG-5 in the SINP of MSU. 

Processing of spectra was carried out using a standard simulation program-processing SIMNRA 

6.05. Note that the projected range of helium ions Rp = 0.90 Ñ 0.36 ɛm, where the calculation is 

made using the program TRIM-2007. 

   

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

Fig.5. Spectrum of elastic recoils detection of       Fig.6. Depth distribution of hydrogen and 

          hydrogen and deuterium from the balk                  deuterium atoms from the bulk near 

          near the surface of  
1
Re-Mo-2 foil.                          near the surface of  

1
Re-Mo-2 foil. 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7. Spectrum of elastic recoils detection of       Fig.8. Depth distribution of hydrogen and 

          hydrogen and deuterium from the balk                  deuterium atoms from the bulk near 

          near the surface of  
1
Re-Mo-2 foil.                          near the surface of  

1
Re-Mo-2 foil. 
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Mo alloy near the nearest surface to PF-4 are presented in Figs. 4, 6 and 8. It is necessary to note 

that maximum depths of recoils which can be studied by ERD analysis are less than Rp <1 ɛm. 

Summary of these  values are, as well, presented in Table 1. 

 

   Table 1. Integral concentrations in each foils of deuterium atoms, introduced into foils from deuterium 

plasma of PF-4, and concentrations of hydrogen atom spreading measured by ERD analysis. 

 

 

 

 

 

 

 

 

 

 

 

As can be seen in all the foils deuterium atoms are present (see also ERD spectra - Figs. 3, 5 and 7). 

More interesting fact is the presence of hydrogen with increasing of maximum concentrations and 

integral concentrations in the each following foil in set.   

It should be noted that the direct impact of deuterium plasma due to contact with the samples from 

the lateral surfaces of the foil set was completely excluded by the fact that all three Re-Mo foils 

(position 5-1, 5-2 and 5-3 in Fig. 2) was held tightly to one another between the front aperture 

diaphragm 2 and clamping plate 4 (see Fig. 2).   In addition, at high concentration of deuterium and 

hydrogen atoms on the surface of the all three foils was observed a characteristic colored spot with 

a diameter of 10 mm, which corresponds exactly to the diameter of the entrance  

aperture (see also [9 - 13] and [16]).  

  

3. Conclusion  

 

The ERD studies of six Re-Mo foil set (with thickness of each foil 50 ɛm) after exposure by 15 

pulse high-temperature deuterium plasma using installation PF-4 were carried out. It is established 

that there were transport of introduced into set of foils deuterium ions from deuterium plasma and 

presented in initial foils hydrogen atoms to large depths into all three measured foils. 

Addition concentrations of deuterium and hydrogen atoms in volumes near the surfaces of each 

three foils  changed the metallic color of initial foil surfaces nearer to PF-4 to blue color after action 

of deuterium plasma (see also [9 - 13] and [16]). These three spots on three first foils have a 

diameter exactly equal to diameter of front aperture diaphragm (see Fig. 2, detail position 2). 

Surface and integral concentrations of hydrogen are increased from foil to foil very significantly 

(see Table 1).  

The effect of ultra-deep penetration of hydrogen and deuterium can be explained by the influence of 

powerful shock waves [1 - 4, 8 - 13]. This explanation is confirmed by possible accelerated 

diffusion of impurities in the presence of external driving forces F (see [17, 18]). In this case the 

diffusion laws ought to be presented in the form (see [17], page 11), where for the one-dimensional 

case the operator 
Xµ

µ
=Ð :  

    ,
F

VCDJ a+Ð-=       (1) 

    [ ]
F

VCD
t

C
ÐÖ-ÐÐ=

µ

µ
a) ,     (2) 

 First foil in set,  
1
Re-Mo-1

 
Second foil in set,  

1
Re-Mo-2
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1
Re-Mo-3
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where the external driving force F imparts to each atom the average additional velocity 
F

V  and Ŭ 

is the proportionality factor. The average velocity of each atom 
F

V  can be compared to the speed 

of propagation of the shock wave exceeding by several times the speed of propagation of the sound 

in a material [1 - 4]. As is known, under intense pulse action an elastic wave begins to propagate in 

the material and transforms, at a certain depth ʍ0 depending on the material and pulse power 

density on the surface, into a shock wave with an abrupt front ï a compression-extension wave 

behind the shock wave front. One can also make the following estimates. The velocity of sound in 

metals exceeds V Ó 2.0Ā10
3 
m/s, plasma pulse duration is of the order t = 50õ100 nanoseconds, 

consequently, the maximal depth of transfer of light impurities of hydrogen and deuterium (XM) can 

exceed the value XM = VĀt > 100õ200 ɛm. The estimated value of the hydrogen penetration depth is 

in the order-of-magnitude agreement with the experimental values in this paper and in [9 - 13].  
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1.P5.  

COORDINATION COMPOUNDS OF BIOLOGICALLY ACTIVE  

N-CONTAINING HETEROCYCLIC LIGANDS  

 

Z.Ch.Kadirova
1
, Kh.T. Sharipov

1
, Sh. Juraev

1
, N.A. Parpiev

2
 

 

Tashkent Chemical-Technological Institute, Navoi St. 32, Tashkent, Uzbekistan 

National University of Uzbekistan named by Mirzo Ulugbek, Vuzgorodok, Chemical Faculty, Tashkent, 

Uzbekistan,zuhra_kadirova@yahoo.com 
 

The synthesis of rhenium coordination compounds strongly depends on reaction conditions, 

metal precursor and ligand nature. The rhenium compounds with some biologically active 

heterocyclic ligands were prepared and characterized by spectral methods and thermal analysis. The 

2-amino-1-methyl-1H-benzimidazole-2 (L
1
), 3 (benzimidazole-2-yl) - propanol-1 (L

2
), N-hydroxy-

3-pyridinecarboxamide (L
3
), 7-methoxy-1-methyl- 4,9-dihydro-3H ïpyrido [3,4-b] indole (L

4
) 

ligands contained the 5- and 6-membered heterocycles are existed in stable protonated forms in acid 

solution. 

N

N

NH2

CH3

N

NH

(CH2)2CHOH

NH

H3CO

CH3

H H H
H

N

C

O

NHOH

L1 L2 L3

L4
 

The reaction of hexachloridorhenate (IV) with L
1
-L

4
 yields to formation hexachlororhenates 

(IV) consisted from the complex metaloanions and the protonated molecules of organic ligands as 

cations.  

These salts have poor solubility in water and can exist in the concentrated acid solution that 

can have application in extraction of rhenium by precipitation. 

The synthesized compounds showed the solid-phase dehydrogalogenation and the 

temperatures of thermal effects depended on structure of organic cations.  

The Re(V) precursor ReOCl3(PPh3)2 is reduced by PPh3 in the presence of L
1
, giving good 

yields of rhenium(III) complexes. Good solubility of complexes in organic solvents is used for 

rhenium extraction.  

The composition and structure of complexes were established on the base of elemental and 

thermal analysis, IR, NMR- data. 

mailto:zuhra_kadirova@yahoo.com
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1.P6.  

CHELATION OF RHENIUM (V) WITH 3 -ETHYL -4-METHYL -1,2,4-

TRIAZOL -5-THIOL IN 3 MOL/L HCL MEDIUM  

 

N.G. Kabirov, S.M. Safarmamadov, A.A. Aminjonov  

 

Tajik National University. Dushanbe. azimjon51@mail.ru  

Keywords:. rhenium(V), 3-ethyl-4-methyl-1,2,4-triazoltiole-5-thiol 
 

Abstract 

The process of chelation of rhenium (V) with 3-ethyl-4-methyl-1,2,4-triazoltiole-5-thiol in 3 M HCl 

medium in the range 273-338K. The values of stepwise formation constants of all forms of 

complexes formed in system H2[ReOCl5] - 3-ethyl-4-methyl-1,2,4-triazoltiol - 3 M HCl. The values 

of the thermodynamic functions of complexation process are estimateed. 

 

Introduction  

Conduction researches in solutions can to a certain extent shed light on the mechanisms of 

formation of complex compounds. To perform these studies, one of the available methods is 

potentiometric titration with ligand redox electrodes based on sulfur-containing compounds and 

their oxidized forms. Ligand environment designed electrode systems play a special role in the 

formation of sulfur-containing compounds of azoles and their oxidized forms. Representative of this 

class of compounds are 1,2,4-triazoltiol and its derivatives, which have been used as a substrate for 

a redox ligand electrodes in the middle of the eighties. By potentiometric titration processes 

complexation of rhenium (V) with 1,2,4-triazoltiole and some of its alkylderivates were studied. 

The authors of [1] developed a reversible ligand electrode based on 3-ethyl-4-methyl-1,2,4-

triazoltiolt-5-thiol and its oxidized form. The purpose of this paper is to study the process of 

chelation of rhenium (V) with 3-ethyl-4-methyl-1,2,4-triazoltiole-5-thiol in 3 M HCl medium in the 

273-338K temperature range. 

 

Experimental 

To determine the stepwise formation constants of complexes of rhenium (V) with 3-ethyl-4-methyl-

1,2,4-triazoltiolom-5-thiol in 3 M HCl medium in the temperature range 273-338K using 

potentiometric method, which is described in [1] in detail. The equilibrium concentrations of 3-

ethyl-4-methyl-1,2,4-triazole-5-thiol was calculated using the formula: 

lg[L]=
ʦʙʱ

ʠʩʭʠʩʭ

L

iʠʩʭ

V

V
C

T

ɽɽ
lg

2

1
lg

10983,1 4
++

ÖÖ

-
-

 

where Eish - the equilibrium potential of the source system in the absence of rhenium (V); Ei 

is the equilibrium potential of the system at a given point of titration, CL - initial analytical 

concentration of ligand; Vish/Vobsch- ratio of the original volume of the total, and T - the temperature 

of the experiment. Bjerrum formation function was determined by the formula: 

n =
)Re(

][

V

L

C

Lʉ -
 

where CL - the concentration of 3-ethyl-4-methyl-1,2,4-triazoltiole at each point of the titration; [L] 

- equilibrium concentration of 3-ethyl-4-methyl-1,2,4-triazoltiole at each point of the titration; 

ʉRe(V) - the concentration of rhenium (V) at each point of the titration. All calculations were 

performed using çPentium-IVè computer. 

 

Results and discussion 

mailto:azimjon51@mail.ru
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Studies have shown that during the addition of H2[ReOCl5] to 3-ethyl-4-methyl-1,2,4-

triazole-5-thiol in 3 M HCl medium is a sequential change in color of the solution from red to 

purple, then to the blue and green. Adding to the green solution of 3-ethyl-4-methyl-1,2,4-triazole-

5-thiol leads to the opposite change in color of the solution. This fact confirms the aliasing of 

complex rhenium (V) 3-ethyl-4-methyl-1,2,4-triazole-5-thiol, and indicates the reversibility of this 

process. In the titration system consisting of 3-ethyl-4-methyl-1,2,4-triazole-5-thiol and its oxidized 

form solution H2[ReOCl5] observed increase in the magnitude of the equilibrium potential, which 

indicates that participation in complexation with rhenium (V) 3-ethyl-4-methyl-1,2,4-triazole-5-

thiol, but not its oxidized form. At each point of the titration, equilibrium is established within 5-10 

minutes. As an example, Table 1 shows the experimental results to determine the function of 

education 3-ethyl-4-methyl-1,2,4-triazole-5-thiol complexes of oxorhenium (V) chloride in medium 

3 mole/l HCl at 273K. 

 
Table 1. Determining the formation function of 3-ethyl-4-methyl-1,2,4-triazole-5-thiol complexes of 

oxorhenium (V) chloride in 3 M HCl medium at 273K 

 

 ̄
ʉRe(V) Ö10

4
 ʉLÖ 10

2
  

DE, ʤɺ 

 

[L]Ŀ10
4 

_ 

n 
mol/l 

1 2 3 4 5 6 

1. 14,1 1,321 19,55 58,67 5,22 

2. 16,8 1,311 22,80 50,91 4,79 

3. 19,4 1,301 24,90 46,39 4,32 

4. 22,0 1,292 28,35 39,92 4,05 

5. 24,6 1,282 34,00 31,28 3,94 

6. 27,1 1,273 39,10 25,10 3,77 

7. 29,6 1,264 40,40 23,66 3,47 

8. 32,1 1,254 48,00 17,07 3,38 

9. 34,5 1,246 49,35 16,06 3,15 

10. 36,9 1,297 53,00 13,71 2,98 

11. 39,2 1,228 60,30 10,01 2,87 

12. 41,6 1,220 61,55 9,46 2,71 

13. 43,8 1,211 64,30 8,39 2,57 

14. 46,1 1,203 67,00 7,46 2,45 

15. 50,5 1,186 73,55 5,58 2,30 

16. 55,9 1,167 84,00 3,67 2,02 

17. 61,1 1,148 89,70 2,78 1,83 

18. 66,1 1,129 94,36 2,26 1,67 

19. 71,0 1,111 103,00 1,55 1,54 

20. 75,7 1,094 108,80 1,20 1,43 

21. 88,03 1,077 110,75 1,10 1,33 

22. 84,7 1,061 112,60 1,01 1,24 

23. 97,2 1,014 119,30 0,74 1,04 

1 2 3 4 5 6 

24. 105,0 9,86 120,80 0,69 0,93 

25. 119,3 9,33 122,15 0,63 0,78 

26. 132,1 8,86 114,40 0,85 0,66 

27. 149,1 8,24 104,50 1,25 0,54 

28. 168,3 7,53 64,40 6,59 0,41 

 
Potentiometric titration curves of 3-ethyl-4-methyl-1,2,4-triazole-5-thiol complexes of 

rhenium (V) formation at different temperatures are shown in Figure 1. It is seen that the curves of 
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3-ethyl-4-methyl-1,2,4-triazole-5-thiol rhenium (V) complexes formation, without changing its 

shape with increasing temperature, shifting toward lower values of -lg[L], which indicates that 

identity of the process of complexation in the range 273-338K. Established that during the 

interaction of rhenium (V) 3-ethyl-4-methyl-1,2,4-triazole-5-thiol in 3 M HCl medium in the 

temperature range 273-338K in series form five complete form. 

 
Figure 1. Curves education 3-ethyl-4-methyl-1,2,4-triazole-5-thiol complexes of rhenium (V) in 

medium 3 mole/l HCl at temperatures: 1-273; 2-288, 3-298, 4-308; 5-318, 6-328, 7-338K. 

 

Determined by the method of Bjerrum formation curve, the values of pKi 3-ethyl-4-methyl-

1,2,4-triazole-5-thiol complexes of rhenium (V) in 3 M HCl medium are presented in Table 2. 

 
Table 2. PKi values 3-ethyl-4-methyl-1,2,4-triazole-5-thiol complexes of rhenium (V) in medium 3 

mole/l HCl at 273-338K 

ʊ,ʂ ʨʂ1 ʨʂ2 ʨʂ3 ʨʂ4 ʨʂ5 

273 3,61 3,82 3,12 2,69 3,00 

288 3,59 3,70 2,99 2,54 2,25 

298 3,01 3,63 2,89 2,41 2,16 

308 2,83 3,60 2,84 2,36 2,13 

318 2,80 3,40 2,75 2,18 2,10 

328 2,66 3,25 2,67 2,26 2,06 

338 2,50 3,10 2,58 2,21 2,03 

 
The data presented in Table 2 show the closeness of the numerical values of the constants of 

step formations. All stepwise stability constants decrease with increasing temperature, indicating 

that the exothermicity of the complexation process. Reducing the quantities of step formation 

constants 3-ethyl-4-methyl-1,2,4-triazole-5-thiol complexes in the 3 M HCl medium with an 

increase in temperature can be explained by the fact that with the rise of temperature the 

competition between chloride ions and 3-ethyl-4-methyl-1,2,4-triazole-5-thiol molecules increases 

on the one hand, and the other the competition between water molecules and these organic ligand 

for a place in the coordination sphere increases also. Regardless of the chloride ions with water 
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molecules or competition takes place with increasing temperature, the occurrence of the molecules 

of 3-ethyl-4-methyl-1,2,4-triazole-5-thiol the internal sphere of the complex is difficult. 

With the use of certain quantities of pKi entities curves at different temperatures using the 

temperature coefficient were calculated thermodynamic functions of complexation process rhenium 

(V) 3-ethyl-4-methyl-1,2,4-triazole-5-thiol in medium 3 mole/l HCl, which are presented in Table 3. 

 
Table 3. Thermodynamic functions of the educational process 3-ethyl-4-methyl-1,2,4-triazole-5-thiol 

complexes of rhenium (V) in 3 M HCl medium. 

ˉ  The composition of 

compounds 

ȹʅ,  

ʢJ/mole 

ȹG, 

ʢJ/mole 

ȹS, 

J/moleĿʂ 

1 [ReOLCl4]
- 

-21,27 -20,71 -1,88 

2 [ReOL2Cl3] -14,18 -16,49 9,26 

3 [ReOL3Cl2]
+ 

-11,49 -13,75 7,58 

4 [ReOL4Cl]
2+ 

-8,51 -12,32 12,8 

5 [ReOL5]
3+

 -21,99 -13,38 -28,9 

 

The data in Table 3 show that the first phase of complex value of ȹS is negative, and the 

second is positive. The value of ȹG with the increase of the number of coordinated molecules of 3-

ethyl-4-methyl-1,2,4-triazole-5-thiol, becomes less negative, which is associated with increased 

steric hindrance at the following occurrence of the molecules of 3-ethyl-4-methyl-1,2,4-triazole-5-

thiol in the inner sphere of complexes. 

The values of stability constants were used to calculate the distribution curves of all 

complex forms, resulting in the rhenium (V) - 3-ethyl-4-methyl-1,2,4-triazole-5-thiol - 3 M HCl in 

the temperature range 273 - 338K, which allowed to define the field dominance of a complex shape. 

As an example, Figure 2 shows the distribution curves of the 3-ethyl-4-methyl-1,2,4-triazole-5-thiol 

complexes of rhenium (V) in 3 M HCl medium at a temperature of 273K. 

 
Fig.2. Distribution curves of 3-ethyl-4-methyl-1,2,4-triazole-5-thiol complexes of rhenium (V) in 3 M 

HCl medium  at 273K. 

 
Analysis of the distribution curves shows that with the increasing of number of coordinated 

molecules of the organic ligand, equilibrium value of the maximum yield of complex forms for the 

3-ethyl-4-methyl-1,2,4-triazole-5-thiol complexes of rhenium (V) in 3 M HCl medium changes 

monotone. 
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1.P7. 

COMPLEXATION IN THE SYSTEM Re (V) õ 1-METHYL -2-

MERKAPTOIMIDAZOL õ 8 M HCL  

 

K.S. Mabatkadamova, N.G. Kabirov, S.M. Safarmamadov, A.A. Aminjonov  

Tajik National University. (Rudaki Avenue 17., Dushanbe, Republic Tajikistan) 

Overview:  

        The process of chelation of rhenium (V) with 1-methyl-2merkaptoimidazolom in 8 mol/l HCl 

medium was studied by potentiometric titration method. Stepwise formation constants of 

oxochloro-1-methyl-2-merkaptoimidazole complexes with rhenium (V) and the magnitude of the 

thermodynamic functions of complexation process were determined. 

Keywords: stability constant, renium (V), complexation, potentiometric titration, thermodynamic 

functions 

         In [1,2] the optimal conditions for the synthesis of complexes of rhenium (V) with 1-methyl-

2-mercaptoimidazole in the medium of 6 M HCl were determined. It is shown that in this 

environment, depending on the ratio of initial reagents, rhenium (V) forms complexes with 1-

methyl-2-mercaptoimidazole of compositions [ReOL2Cl3]ÖH2O and [ReOL4Cl]Cl2Ö2H2O.  The 

composition and structure of the synthesized complexes established by elemental analysis, IR 

spectroscopy and conductometric methods. The study of IR spectra of complexes obtained showed 

that the molecule of 1-methyl-2-merkaptoimidazole in forming complexes behave as monodentate 

ligand coordinated to rhenium (V) through the donor atom of sulfur. In  [3] Kukushkin et al 

published data on the synthesis of two- and tetra-complexes of oxo rhenium (V) bromide with 1-

methyl-2-mercaptoimidazole in the 6 M HBr medium. In [1] the study of the oxidation of 1-methyl-

2-mercaptoimidazole and creation on the basis of its redox electrode is also reported. Using of the 

system studied in the process of rhenium (V) chelation with 1-methyl-2-mercaptoimidazole in the 6 

M HCl medium. The author [4] studied the complexation of rhenium (V) with 1-methyl-2-

mercaptoimidazole in 7.4 M HCl medium in the temperature range of 273-338K. It was found that 

the increasing of HCl concentration from 6 to 7 M leads to an increase in the stability constants of 

monosubstituted complex of rhenium (V). However, for other forms of complex with increasing 

concentrations of HCl, a decrease values of their formation constants. In this regard, for a more 

detailed setting influence of the concentration of HCl in the process of chelation of rhenium (V) 

with 1-methyl-2-mercaptoimidazole, we carried out the research of rhenium (V) complex with the 

organic ligand in the 8 M HCl medium.  

Experimental part   

       In the potentiometric method of determining the formation constants in HCl solution with a 

concentration 8 M, containing a redox electrode on the basis of 1-methyl-2-mercaptoimidazole and 

its oxidized form platinum electrode was immersed. As a reference electrode silver chloride 

electrode was used. After reaching a constant value of building the system was titrated with 

[ReOCl5] solution 2 to 8 M HCl. In the titration of RSSR / RS, where RS-1-methyl-2-

mercaptoimidazole hydrochloric acid solution [ReOCl5] the potential of the system was sets 

constant during 5-10 minutes.  

Equilibrium concentration of 1-methyl-2-mercaptoimidazole was calculated according to 

potentiometric titration using the equation:  

,lg
2

1
lg

109837,1
]lg[

.

..

4

.

ʦʙʱ

ʠʩʭʠʩʭ

L
iʠʩʭ
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V
C
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EE
L ++

Ö

-
=

-  

where Eorig - the original equilibrium potential system in the absence of rhenium (V); Ei -

equilibrium potential of the system at a given point of titration; CL-initial analytical concentration of 
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ligand; Vorig / Vtot - the ratio of the initial volume to the total volume; T - the temperature of the 

experiment in K. Having determined the equilibrium concentration of 1-methyl-2-

mercaptoimidazole at each point of the titration, the formation function was calculated by the 

equation: 

,
][

ʄʝ

L

C

LC
n

-
=

 
    It should be noted that all the calculations to determine the equilibrium concentration of the 

ligand, the function of education, and thermodynamic functions of the mole fractions was 

performed on a specially designed computer programs for Pentium-4.  

Results and discussion 

     As an example, in table 1 shows the experimental data to determine the function of education 1-

methyl-2-mercapto-imidazole complexes of oxo rhenium (V) chloride in the 8 M HCl medium at 

273K. 

The value of the constant formation of complexes with half-integer values of the complexation 

function was estimated by building n = f (-lg [L])  deendence for each specific temperature on the 

basis of the data in table 1. 

      Figure 1 shows the formation curves of oxochloro-1-methyl-2-merkaptoimidazole complexes 

with rhenium (V) in the 8 M HCl medium at different temperatures.  

 
Fig. 1. Curves formation 1-methyl-2-mercapto-imidazole complexes of oxo rhenium (V) chloride in the 8 M 

HCl medium at 273 (1), 288 (2), 298 (3), 308 (4), 318 (5), 328 (6) and 338 K (7) 

 

        As seen from fig. 1, the curves of formation, almost without changing its shape as the 

temperature rises only shifted towards higher values of the equilibrium concentration of 1-methyl-2-

mercaptoimidazole which indicates the identity of the process of complex formation in the 

temperature range 273-338K. 

In the range 273-338K for the system H2[ReOCl5] - 1-methyl-2-mercaptoimidazole in 8 M HCl, the 

maximum is set equal to 4.7, which indicates the formation of five complex forms in this system. 

Comparison of the formation curves of 1-methyl-2-mercaptoimidazole complexes of rhenium (V) 

from the 8 M HCl medium with the data obtained by the author [2], in 7 M HCl shows that 

increasing concentrations of HCl to 1 M leads to a shift formation curve towards lower values of the 

equilibrium concentration of the ligand, although the shapes of the education differ little from each 

other. 

 



 7
th

 International Symposium on Technetium and Rhenium ς Science and Utilization - Moscow, 2011  

 93 

  Table 1. Determining the function of education 1-methyl-2-

mercaptoimidazole complexes of oxo rhenium (V) chloride in the 8 M 

HCl medium at 273 K 

ȹE, ʤɺ CL, mol / l CRʝ,
  
mol / l [L], mol / l  

1 2 3 4 5 

50.51 0.0241 0.00446 0.00281838 4.59 

58.34 0.0238 0.00491 0.00199526 4.18 

73.86 0.0236 0.00530 0.00102329 3.87 

74.20 0.0234 0.00579 0.00100000 3.80 

82.12 0.0232 0.00622 0.00070795 3.70 

84.63 0.0230 0.00664 0.00063096 3.60 

87.13 0.0228 0.00746 0.00056234 3.50 

93.76 0.0224 0.00826 0.00041687 3.40 

99.41 0.0221 0.00902 0.00032359 3.20 

102.23 0.0217 0.01040 0.00028184 3.10 

105.25 0.0210 0.01251 0.00023988 3.00 

108.44 0.0200 0.01376 0.00019953 2.95 

107.30 0,0195 0.01551 0.00020417 2.80 

109.34 0.0186 0.01659 0.00015849 2.55 

116.92 0.0181 0.01811 0.00012589 2.50 

121.42 0.0174 0.01951 0.00010000 2.43 

125.91 0.1680 0.02030 0.00007079 2.25 

133.43 0.0163 0.02240 0.00005623 2.15 

137.51 0.0154 0.02420 0.00004467 2.10 

138.80 0.0145 0.02580 0.00003981 2.00 

143.06 0.0138 0.02725 0.00003162 1.90 

147.25 0.0131 0.02856 0.00002512 1.80 

151.56 0.0125 0.02975 0.00001995 1.60 

156.79 0.0124 0.03080 0.00001585 1.50 

164.54 0.0122 0.03180 0.00001122 1.40 

169.57 0.0120 0.03204 0.00000891 1.30 

170.87 0.0113 0.03254 0.00000794 1.25 

176.08 0.0112 0.03301 0.00000631 1.10 

179.21 0.0101 0.03362 0.00000501 1.05 

184.61 0.0101 0.03340 0.00000398 0.95 

205.48 0.0195 0.03741 0.00000316 0.82 

210.22 0.0190 0.03860 0.00000251 0.65 

211.36 0.0184 0.03979 0.00000158 0.60 

214.27 0.0160 0.03380 0.00000178 0.50 

222.25 0.0159 0.03390 0,00000126 0.42 

218.03 0.0158 0.03400 0.00000110 0.24 

218.01 0.0156 0.03410 0.00000071 0.18 

 

Formation curves of step stability constants oxochloro-1-methyl-2-mercapto-imidazole complexes 

of rhenium (V) in the 8 M HCl medium, determined by the method of Bjerrum, are presented in 

table 2.        Decrease in the values of the formation constants with increasing temperature (Table 2) 

indicates the exothermicity of the complexation process. However, the temperature factor affects 

their values differently. Since the value of K1, with increasing temperature from 273 to 338K, was 

33 fold decreased, and the quantities K2 and K3 was, respectively, 10.7 and 10.9 fold decreased. 

 

n
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Table 2.Formation constants oxochloro-1-methyl-2-mercaptoimidazole complexes of rhenium (V) in the 8 M 

HCl medium at 273-338 K. 

ʊ, ʂ K1 K2 K3 K4 ʂ5 

273ʂ 1.1Ā10
6 

7.4Ā10
4
 9.3Ā10

3
 1.9Ā10

3
 3.1Ā10

2 

288ʂ 5.6Ā10
5
 4.4Ā10

4
 6.4Ā10

3
 1.3Ā10

3
 2.6Ā10

2
 

298ʂ 3.5Ā10
5
 3.6Ā10

4
 4.6Ā10

3
 1.0Ā10

3
 1.6Ā10

2
 

308ʂ 2.1Ā10
5
 2.5Ā10

4
 3.2Ā10

3
 7.5Ā10

2
 1.4Ā10

2
 

318ʂ 1.1Ā10
5
 1.4Ā10

4
 2.3Ā10

3
 3.5Ā10

2
 9Ā10

1
 

328ʂ 9.1Ā10
4
 9.3Ā10

3
 1.9Ā10

3
 1.1Ā10

2
 6Ā10

1
 

338ʂ 3.3Ā10
4
 6.9Ā10

3
 8.5Ā10

2
 8Ā10

1
 3Ā10

1
 

 

This experimental finding can be explained by the fact that the formation of mono substituted 

complex proceeds with a large release of heat than the two- and tri-substituted complexes, as 

evidenced by the reaction of ȹH these complexes are calculated by us using the temperature 

coefficient. Comparison of the PK1 for 1-methyl-2-mercaptoimidazole complexes of oxo rhenium 

(V) chloride in the 8 M HCl medium with similar values obtained in the 7 M HCl medium [2] 

shows that changing the acid concentration in 1 M of leads to the decrease in the value of all the 

stability constants of step. The author of [2], studying the complexation of rhenium (V) with 1-

methyl-2-merkaptoimidazole notes that the change in concentration of HCl from 6 to 7 M leads 

only to an increase in the stability constant of monosubstituted complex, and the other constants are 

reduced. The decrease of the stability constants with increasing HCl concentration can be explained 

by an increase in competition for the coordination site between chloride ions and molecules of 1-

methyl-2-mercaptoimidazole. Formation constants 1-methyl-2-mercaptoimidazole complexes of 

oxo rhenium (V) chloride curves defined by education we were used to estimate the thermodynamic 

characteristics of complexation process by the temperature coefficient (Fig. 2). 

 

 
Fig. 2. The dependence of the PKI = ä (1 / T) for 1-methyl-2-mercaptoimidazole complexes of oxo rhenium 

(V) chloride in the 8 M HCl medium. 

      Depending curces on the PKI 1/T in the temperature range 273-338 K, for all complex forms are 

linear. The table 3 shows the values of the thermodynamic functions of the formation process 1-

methyl-2-mercaptoimidazole complexes of oxorhenium (V) chloride in the 8 M HCl medium. The 

value of ȹS and ȹH on the all stages of complex formation is negative. Maximum heat release 

system is observed during the formation of mono- and tetrasubstitued rhenium (V) complexes. The 
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value of ȹG with increasing number of coordinating molecules of 1-methyl-2-mercaptoimidazole 

becomes less negative, due to the space obstruction of the occurrence of subsequent molecules 

organic ligand in the inner complex sphere. 

 
Table 3.  The values of thermodynamic functions of the educational process oxochloro-1-methyl-2-

mercaptoimidazole complexes of rhenium (V) in the 8 M HCl medium. 

The 

composition of 

compounds 

ȹʅ, kJ / mol ȹG, kJ / mol ȹS, kJ / mol
 -1
Āʂ 

[ReOLCl4]
-
 -39.37 -31.36 -26.89 

[ReOL2Cl3] -28.79 -25.55 -10.84 

[ReOL3Cl2]
+
 -26.82 -20.74 -20.41 

[ReOL4Cl]
2+ 

-36.48 -16.45 -67.20 

[ReOL5]
3+

 -26.39 -12.53 -46.55 

 

         The values of formation constants were used to calculate the distribution curves of all 

complex forms, resulting in a system [ReOCl5] - 1-methyl-2-mercaptoimidazole in 8 M HCl. As an 

example, figure 2 shows the curves of the distribution of all forms of complexes formed in this 

system at a temperature of 273K. 

 
Fig. 2. The distribution curves 1-methyl-2-mercaptoimidazole complexes of oxo rhenium (V) chloride in the 

8 M HCl medium at 273 K, where Ŭ0-[ReOCl5]
2-
, Ŭ1-[ReOLCl4]Ė, Ŭ2-[ReOL2Cl3], Ŭ3 - [ReOL3Cl2]

+
, Ŭ4-

[ReOL4Cl]
2+

 Ŭ5-[ReOL5]
3+

. 

 

 The analysis of the distribution function of the temperature showed that with increasing 

temperature, the output of all forms of complex decreases. These experimental data were used to 

develop methods of synthesis of complex compounds of rhenium (V) with 1-methyl-2-

mercaptoimidazole. 

Reference  

1.  K.V. Kotegov,  A.A. Aminjanov,  Yu.N., Kukushkin, T.V. Zegzhda / / JNCh Moscow. v.20, ˉ 

1, - p.115-117. (1975) 

2. A.A. Aminjanov, Complex compounds of rhenium (V) c sulfur compounds azole series: Ph.D. 

in Chemistry.  / AA Aminjanov .- Leningrad, 1975. -20 Sec. 

3. K.V. Kotegov, T.V. Zegzhda, A.A. Aminjanov, Yu.N. Kukushkin, The study of complexation 

of rhenium-V oxobromide with     1-methyl-2-merkaptoimidazole / / / JNCh.. T.22. ˉ 10. -

S.2742-2743(1977)/  

4. A.A. Aminjanov, Complex compounds of rhenium (V) with amide and tioamid ligands. 

Dissertation of doctor of chemical sciences, Ivanovo (1992) 42p. 



 7
th

 International Symposium on Technetium and Rhenium ς Science and Utilization - Moscow, 2011  

 96 

SPECIATION OF TECHNE TIUM IN SULFURIC MED IA.  

 EFFECT OF a-RADIATION  FROM THE ARRONAX CYCLOTRON.  
 

F. Poineau
1
, I.  Denden

2
, R. Essehli

2
, K. German

3
, K. Czerwinski

1
 and M. Fattahi

2
 

 

1- Department of Chemistry, University of Nevada Las Vegas, Las Vegas, USA 

2 - Laboratory Subatech, School of Mines of Nantes, No 4 rue Alfred Kastler, Nantes, France,  

(e-mail: massoud.fattahi-vanani@subatech.in2p3.fr ) 

3 - IPCE Russian Academy of Science, Moscow, Russia 

 

The speciation of technetium in the sulfuric media has been performed under reducing 

conditions and the effect of a-radiation from the Arronax Cyclotron has been studied. 

Characterization of the species has been performedby spectroscopic techniques (EXAFS, UV-

Visible). It was demonstrated that heptavalent technetium is very sensitive to reduction in sulfuric 

media between  12 M to 18 M [H2SO4] and could be reduced to Tc(V) by MeOH. Reduction of 

TcO3(H2O)2OH (Tc: 10 mmol, 15 M H2SO4) by MeOH (10 Õl) is fast, the formation of a green 

solution was observed. New ñTc-greenò species were studied by UV-vis spectroscopy (bands at 390 

nm and 715 nm) and XANES\EXAFS. Similar spectra obtained between 12 M and 18 M [H2SO4]. No 

reaction was observed below 12 M [H2SO4]. 

 

Fig.1. XANES data for known Tc compounds and new 

green Tc specie as a function of Tc oxidation state 

 

Fig.2. UV-visible spectra of TcO3(OH)(H2O)2 

in 18 M [H2SO4] before  (A)  and after 18 

min of a-irradiation (B) 

 The EXAFS spectroscopy data confirm the existence of monomeric octahedral complex 

(with one O atom at 1.60(2) ¡: Tc=O characteristic of Tc(V), five O atoms at 2.04(2) ¡ : Tc-O; Tc-

OH, Tc-H2O, Tc-O(S); and two S atoms at 3.23(3) ¡ : TcéS indicative of two monodentate 

bisulfate anions) being consistent with Tc
V
O(HSO4)2(H2O)2(OH). It was also shown that 

heptavalent technetium is unstable under a-radiation in 18 M H2SO4 being reduced to 

Tc
V
O(HSO4)2(H2O)2(OH) by [H2SO4] radiolysis products. 

Funding for this research was provided by a SISGR Grant from the U.S. Department of 

Energy under Contract No. 47824B. Use of the Advanced Photon Source was supported by the U. 

S. Department of Energy, Office of Science, Office of Basic Energy Sciences, under Contract No. 

DE-AC02-06CH11357. 

mailto:massoud.fattahi-vanani@subatech.in2p3.fr
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1.P8.  

SYNTHESIS, CRYSTAL STRUCTURE AND PROPERTIES OF 

TRIPHENYLGUANIDINIUM  TETRAOXIDORHENATE HE MIHYDRATE  

A. Ya. Maruk*, M. S. Grigorôev, K. E. German 

 
Frumkin Institute of Physical Chemistry and Electrochemistry, Russian Academy of Sciences 

Leninskii pr. 31, Moscow, 117071 Russia 

*E-mail: amaruk@list.ru 

Triphenylguanidinium tetraoxidorhenate hemihydrate was synthesized 

([(C6H5NH)3C]ReO4 Ŀ 0.5H2O) and studied with X-ray diffraction. Also a number of physical 

properties were studied. Compound under study crystallizes in the triclinic system (space group P-1, 

Z = 4, at 293 K: a = 9.8716(17), b = 14.093(2), c = 15.439(3) ¡, Ŭ = 99.632(9), ɓ = 101.802(9), ɔ = 

95.361(10) deg). The compound has no isostructural analogues. In all structures containing 

triphenylguanidinium cation, found in the Cambridge Structural Database (CSD version 5.31, 

August 2010), the position of the phenyl rings corresponds to the conformation that differ from that 

observed in the known compounds (p.e. [1, 2]). In the ([(C6H5NH)3C]ReO4 Ŀ 0.5H2O) structure 

phenyl rings in triphenylguanidinium cations occupy the position corresponding to high-symmetry 

(ʉ3h) conformation that has been never before observed, and this conformation is being realized in 

both crystallographically independent cations. 

       A 
       B 

Fig. Cation conformations 

known from literature (A) 

and found in this study (B) 

Perrhenate anions are in the form of weakly distorted tetrahedra and do not differ from those 

anions described in the literature. The system of hydrogen bonds is presented by infinite branched 

chains in the [110] direction, combining the two independent formula units. 

The compounds under study is promising for conversion into a metal rhenium. In this 

connection thermal studies were carried out. The following physical properties were identified: the 

upper limit of thermal stability of triphenylguanidinium tetraoxidorhenate hemihydrate (393 K) and 

its enthalpy of dehydration (ȹHdegidr
(393 K)

 = 10,0(3) kJ/mol), the melting point of anhydrous 

triphenylguanidinium tetraoxidorhenate (448 K), and its enthalpy of melting (ȹHm
(448 K)

 = 31,0(9) 

kJ/mol). 

If the thermolysis is conducted in an atmosphere of inert gas (argon) and the sample is 

subjected to recrystallization annealing at a temperature above 1250 K, the solid product is 

nanodimentional metal rhenium dispersed in a matrix of amorphous carbon. Chemical analysis 

showed the dependence of the ratio of rhenium to carbon in the solid phase of process macrokinetic 

options (the rate of temperature increase, the rate of inert gas flushing, water content in the system 

and in the gas phase). If the thermal decomposition is carried out in an atmosphere of a reducing gas 

(eg. hydrogen), the solid product is almost pure metallic rhenium. 

 The work was supported by RFBR grant 09-03-00017-a. 
1. Silva, P.S.P., Domingos, S.R., Silva, M.R.  et al. // Acta Crystallogr. E.. V. 64. P. o1082 (2008). 

2. Polyanskaya, T.M., Ilôinchik, E.A., Volkov, V.V. et al. // Journal of Structural Chemistry. Vol. 49, No. 3, pp. 

494-503, 2008 

mailto:amaruk@list.ru
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1.P9. 

SYNTHESIS AND CRYSTAL STRUCTURE OF [AnO 2(HMPA) 4](MO 4)2  

(An = U, Pu; M = Cl, Tc, Re) 

 
A.M. Fedosseev, M.S. Grigoriev 

 

Institution of Russian Academy of Sciences - A.N. Frumkin Institute of Physical Chemistry and Electrochemistry of 

RAS (Moscow, Russia) 
 

  

Synthesis was performed by using UO3 or PuO3ĿH2O as starting material, which was 

dissolved in stoichiometric amount of aqueous solution of corresponding acid HMO4 with 

concentration less than 0.1 M. Obtained solutions were dried at heating up to temperature less than 

100
o
C and solid residue was dissolved in excess of hexamethylphosphortriamide 

(tris(dimethylamino) phosphine oxide, HMPA). Large elongated crystals were obtained during slow 

evaporation of reaction mixture in a flow of air.  

All the compounds crystallize in an orthorhombic space group Pbca and are isostructural 

with earlier studied uranyl HMPA complexes with periodate [1], perbromate [1] and perclhorate [2] 

anions. Full structural data were available only for [UO2(HMPA)4](ClO4)2. 

 

 Crystal data for [PuO2(HMPA)4](ClO4)2 (Bruker KAPPA APEX II autodiffractometer, 

MoKŬ radiation): a = 13.9939(4), b = 15.0970(4), c = 45.7102(13) ¡ at 100 K, Z = 8, R1 = 0.0463. 

 
Molecular structure of [PuO2(HMPA)4](ClO4)2 

 

Interatomic distances in a series of isostructural compounds will be discussed. 

 

References 
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1.ʈ10.  

TRANSFORMATION OF ʊʩ(VII) IN ACIDS : TcO3(OH)(H 2O)2 and 

TcO3(H2O)3
+
 in HClO 4 AND POLYMERIC Tc(VII) SPECIES IN SOLIDS AND 

ACETONITRYLE SOLUTIO NS 
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In course of our pertechnic acid investigation the common Tc(VII) ï pertechnetate ionic 

form - was recently shown to decompose in 7-18M concentrated sulfuric acid solutions producing 

the octahedral TcO3(OH)(H2O)2  species [1]. It was worth studying if other acids could make any 

similar effect. Perchloric acid and nitric acid were chosen for this study.  

The results differed considerably: in perchnloric acid (Fig.1) the transformation of Tc(VII) 

was similar to the observed in sulfuric acid [1], while no notable changes in UV and NMR spectra 

were seen for Tc(VII) in nitric acid.   

Some similarity of Tc(VII) speciation in sulfuric and perchloric acids was seen by EXAFS, 

although the Tc(VII) solutions in HClO4 were not that resistant to synchrotron radiation.   

 
Fig. 1. NMR-Tc

99
 shift (d, ppm), and UV-vis spectra evolution 

(D at 350 nm) for Tc(VII) in 1-11M HClO4 

 

The solid HTcO4 and its solutions in CH3CN were analyzed by 
99

Tc and 
1
H NMR in a field 

of 7.04 T. HTcO4 and its deuterated analog DTcO4 were prepared by oxidizing Tc metal in O2 at 

500
o
C, dissolving Tc2O7 in H2O or D2O, the solution brought to dryness with Mg(ClO4)2. The 

samples were dark red polycrystalline blocks. Elemental analysis gave the ratio H/Tc º 1.  

The 
1
H NMR spectrum of a fresh HTcO4 powder at 259 K showed two splitted signals: a 

strong signal at 5.6 ppm with the width at half-maximum of 400 Hz and a weak signal at ~0 ppm 

(relative to the external H2O reference). Decreasing temperature to 120 K resulted in the broadening 

of the spectrum to 4 kHz; however, the expected fine structure of the spectrum (as the Pake doublet) 

was not observed. This permits a tentative conclusion that the compound under study is not a crystal 

hydrate and the lattice hydrogen is highly mobile. The extremely informative is the 
99
ʊʩ NMR 



 7
th

 International Symposium on Technetium and Rhenium ς Science and Utilization - Moscow, 2011  

 100 

spectrum of red pertechnetic acid powder  (Fig.2) The spectral pattern and resonance parameters 

indicate that technetium has two states in the structure, none of them corresponding to the TcO4
-
 

ion.  

 
 Fig.2. Solid state Tc-99 NMR spectrum of pure red HTcO4 (solid) 

 

The spectrum of a fine powder of red pertechnetic acid (figure) showed two signals at d1 = 

+213(5) and d2 = -147(5) ppm (referenced to the external standard, a 0.1 M KTcO4 solution; 

reported in part in [2]; the integrated intensity ratio was I1 : I2 = 2 : 3. Each of the signals had a 

multiplet structure due to first-order quadrupole interactions: the quadrupole coupling constants 

were CQ(1) = ~ 0.25(1) and CQ(2) = 0.43(1) MHz and the asymmetry parameter of the 
99

Tc EFG 

tensor was h = 0 in both cases.  
_____________________________________________ 

1. F. Poineau, P. Weck, K. German et all. Dalton Trans., 2010, 39 (37), pp. 8616. 

2. G.Kirakosyan, K.German, V.Tarasov, M. Grigoriev. 3-d Russian-Japanese Seminar on Technetium, Book of 

Synopses, (2002) pp. 49-51. 
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1.P11.  

NEW COMPOUNDS BASED ON THE CLUSTER ANION S [Re4Q4(CN)12]
4-
 

(Q=S, Se, Te) AND CATIONS  (1,10-phenH)
 +
, Nd

3+
, Er

3+
 

I.M. Gayfulin, Yu.V. Mironov, A.I. Smolentsev 

Nikolaev Institute of Inorganic Chemistry SB RAS, Novosibirsk 

yuri@niic.nsc.ru 

Coordination polymers of rhenium tetrahedral cluster cyanides where Q is either sulphur, 

selenium or tellurium, have been intensively investigated in the past decade. The strong covalent 

ReïCſNïM interactions have allowed numerous polymeric coordination compounds to be obtained 

with transition, post-transition metals and lanthanides. 

High coordination numbers inherent to the lanthanide(III) ions lead to many structural 

variations in resulting compounds. The type of structure depends mainly on the number of cyano 

groups of the cluster anion involved in interaction with lanthanide cations. 

In this work we present five new compounds based on the anions [Re4Q4(CN)12]
4-

 (Q=S, Se, 

Te). Three of them adopt ionic structrure, while two others are polymeric. Slow evaporation of 

acidic water solutions of K4[Re4Q4(CN)12] (Q=S, Se, Te) and ten-fold excess of 1,10-

phenanthroline results in ionic compounds of composition (1,10-phenH)4[Re4Q4(CN)12]ĿnH2O 

(Q=S, Se, n=6; Q=Te, n=8). In case these solutions were mixed with LnCl3 (Ln=Nd, Er) without 

acid, amorphous brown precipitate has dropped. Polymeric compounds 

[Ln(OH)(phen)(H2O)2][Ln(OH)(phen)(H2O)3][Re4Q4(CN)12] (Q=Se, Te) were crystallized by 

heating of this precipitates in a sealed glass ampoules in a mother solution. 

In the structures of ionic compounds the 1,10-phenanthroline cations, phenH
+
, are packed in 

an infinite stakes. Shortest distances between aromatic rings are about 3,3 ¡, that is a typical value 

for ˊ-ˊ stacking interactions. All structural units, phenH
+
 cations, [Re4Q4(CN)12]

4-
 anions and 

crystallization water molecules, are involved in the system of hydrogen bonds. 

Structures of polymeric compounds consist of endless chains, in which every cluster anion 

[Re4Q4(CN)12]
4-

 gives three cyano groups for bonding interactions with lanthanide atoms. The full 

coordination environment of lanthanide atoms also includes phenanthroline molecule, water 

molecules and two OH
-
 groups. These OH

-
 groups bridge two lanthanide atoms into dimers with the 

distance among Ln atoms of about 3.7 ¡. The polymeric chains are linked together by hydrogen 

bonds between coordinated water molecules and cyano groups. 

All compounds have been characterized by different physico-chemical methods. 
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1.P12.  

MUTUAL SUBSTITUTION OF LIGANDS  

IN COMPLEX COMPOUNDS  OF RHENIUM (V)   
 

A.A. Aminjonov  

 
Tajik National University, Dushanbe. azimjon51@mail.ru 

 

Since the discovery of a prominent Swiss scientist Alfred Werner coordination theory has 

passed 118 years. During this period, scientists synthesized a huge number of complex compounds 

and the mechanism of their formation. Proved the prevalence of complex in nature and identified 

areas for their practical use. It is difficult to call the field of industry, medicine, catalysis, which are 

not used to coordination compounds. However, the problem of mutual substitution of coordinated 

ligands in the inner sphere of complex compounds remains one of the most important problems of 

modern coordination chemistry. It is worth recalling that in 1961, AM Butlerov was proposed the 

problem of mutual influence of atoms in a molecule, which was developed prominent Russian 

scientist VV Markovnikov. In the works Chugaeva LA and Kiltynovich SS were marked by the 

influence of inner-sphere ligand facts. Research conducted by other scientists showed that the Trans 

pattern can be extended to the chemistry of complex compounds of Pt (IV), Co (III), Rh (III) and Ir 

(III). Tsisinfluance of ammonia molecule on the rate of substitution of the adjacent ligands have 

been firmly established in 1957, Greenberg A. Kukushkin and Yu. N. They showed that the rate of 

substitution of chloride - ion to ammonia in tetrachloroplatinate (II) Potassium is smaller than in the 

salt Cossa.  

Now for some metals in particular the valence state of trance set series - and tsisinfluance 

ligands. However, the chemistry of rhenium, which is characteristic for the valence states are 9: -3, -

1 to 7 focused studies of the processes of mutual substitution of coordinated ligands was conducted.  

In this research we have established several types of chemical reactions in accordance with which 

there are processes of mutual substitution of ligands in complexes of rhenium (V).  

The first types of reactions are reactions that occur on heating the complexes in the absence 

of solvent. It is shown that when heated outer-sphere complexes of general composition 

(AmH)2[ReOCl5], where Am - ammonia, quinoline, methylquinoline, dimetilhinolin, is replacing 

inner-outer-ligands. In reactions of this type of proton transfer occurs on the inner-sphere chloride 

ligand. Another type of solid-phase transformations of complexes of rhenium (V) is that the oxygen 

ligand complex as a result of the dimerization takes the place of another ligand. 

 

2[ReO (DMSO) 2 ɺr3]Ö2H2ʆ       t             [Re2O3 (DMSO)2 ɺr4]+ 2DMSO + 3H2ʆ +2ʅɺr. 

 

The process of thermal decomposition of complexes of general composition [ReO (OH) 

(TP) (S), T2], where T is Cl, Br, S-DMF, DMSO, SN3SN, Hin, Py describes the general reaction  

 

[ReO(OH)(TP)(S)ɻ2]         t              [Re2O3(m-ʊʈ)2ɻ4] + 2S+ H2O 

 

The second types of reactions are reactions that occur in the solution of the following general 

scheme: 

 

H2

Cl
O

Re
Cl

-HCl H

Cl
O

Re

Cl

-HCl

ClCl
Cl

ClCl
L

H

Cl

Cl
O

Re

L

L

Cl

+ L + L
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Under this scheme, we have synthesized a large number of complexes of rhenium (V) with sulfur-

containing ligands azole series.  

The third types established by our reactions are those reactions that are influenced by environment 

and rhenium (V) in the initial complex of H2 ReOCl5 under the influence of ligands is oxidized to 

rhenium (VII) to form ion ReO-4. For example:  

 

H2[ReOCl5 ] + DMSO + 2H2O = HReO4 + DMSO + 5 HCl 

 

The reaction of HBr in the medium flows through the circuit  

 

H2 ReOBr5 +2 DMSO + 2H2O = [ReO (DMSO) 2Br3]2H2O +2 HBr 

 

The fourth type of reaction are those reactions in which one replaces the other atsidoligand 

atsidoliganda and labiliziruet atsidoligand being in trance - the situation to him, then the organic 

ligand interacts with the complex formed.  

By the fifth type of reaction include the reaction of solvatokomplexes. For example:  

 

[ReOL2G3] + S = [ReOL2G2S] F; [ReOL4 (H2O)] G 3 + S = [ReOL4S] G3H2O. 

 

By the sixth type of reaction are reactions occurring in the interaction of ammonia with solid 

complexes of rhenium (V) that is at the interface:  

a) Reactions which take place only with the displacement of halide ions from the inner sphere 

complexes;  

b) The dimerization reaction of monomeric complexes with the replacement of halide ligands;  

a) Reaction, which resulted in the coordinated thiocyanate ions are converted into tioamidinov 

group.  

By the seventh type reactions are reactions in the environment of acetone resulting in the 

coordinated thiocyanate ions are converted into groupôs tioamidinovye  

By the eighth type of reaction are the processes of interaction with the acids of rhenium complexes 

amminocontain (V). 

By the ninth type of reaction include the reaction of the starting compounds such as H2[ReOG5] 

with two displays (double displays) complexes of rhenium (V) resulting in the formation 

monosubstituted complexes.  

Thus, through focused research on the process of mutual substitution of ligands in complex 

compounds of rhenium (V) we propose the following series of mutual substitution legandov: LP 

(Ph) 3> SCN-> Cl-, Br-> S> H2O, where L tioamidnoe-connection, S-DMF, DMSO, Py, Xin, 

CH3CN.  

Definition of standard redox potentials of 1,2,4-triazoltiola and some of its alkyl derivatives allowed 

to determine the next number in the changing values of real potentials, depending on the position 

and number of radicals in the molecule 1,2,4 - triazoltiol - 5 at 298K: 3-CH3-1 ,2,4-tthiol (209 mV) 

<3-Et (211.5 mV) <3-Et-4-Met (261 mV) <1,2,4-tthiol (266 mV) < 3,4 - Dimet (276,9 mV) <4-Met 

(320,5 mV) <3Et-4Ph (323,4 mV).  

Donor properties, if reducing properties triazoltiols in this series increases. This confirms the 

increase in Trans - activity of these compounds with a decrease in E0. 
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1.P13.  

RHENIUM AND ITS POSITION IN THE PERIODIC TABLE  

 
Fathi Habashi 

 
Department of Mining, Metallurgical, and Materials Engineering 

Laval University, Quebec City, Canada  G1V 0A6 

 

 
The discovery of rhenium by Ida Noddack et al. in 1925 was a result of an intensive 

study of the Periodic Table.  

 

The search for the missing elements which were predicted by Dimitri Mendeleev 

between 1869 and 1891 was intensive especially when the prediction came true after the 

discovery of gallium, scandium, and germanium between 1875 and 1886.   

 

Ida Noddack's scientific career centered around her intensive study of the Periodic 

Table. This resulted in two major discoveries.  

 

The first was based on her realization that the missing element dvi-manganese should 

have properties similar to its neighbours in the horizontal period of the Periodic Table and 

not to members of the vertical group of which manganese was the only member known.  In 

this way she was able to look for and discover the metal rhenium.   

 

Thus Noddack introduced the concept of a horizontal similarity for the elements titanium 

to manganese while the vertical similarities still existed but only for Zr ï Hf,  Nb ï Ta,  and 

Mo ï W below this horizontal group. 

 

 The second discovery was a daring hypothesis that the so-called element 93, a trans-

uranium element that was supposedly formed by bombarding uranium (element 92) by 

neutrons, and was put under rhenium in the manganese group (in the old Periodic Table) 

was not correct. Instead, she suggested that the uranium atom might have split into two 

fragments - a phenomenon that later became known as fission.  
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1.P14. 

MACROCYCLIC RECEPTOR S FOR PERTECHNETATE AND 

PERRHENATE ANIONS 

G.V. Kolesnikov
a
, V.N. Khrustalev

a
, K.E. German

b
, I.G. Tananaev

b
, G.A. Kirakosyan

b
 and 

E.A. Katayev
c
 

a
 Nesmeyanov Institute of Organoelement Compounds, Russian Anademy of Sciences Vavilov st., 28, Moscow, 

119071, Russian Federation 
b
 Frumkin Institute of Physical Chemistry and Electrochemistry Russian Academy of Sciences, Leninskiy pr. 31, 

119071, Moscow, Russian Federation 
c
 Institut f¿r Organische Chemie, Universitªt Regensburg, 93040 Regensburg, Germany,  

email: evgeny.katayev@chemie.uni-r.de 

The design and synthesis of receptors capable of selective recognition of MO 4
ī
 (M = Re, 

99
Tc) are of great interest because they can greatly benefit the development of efficient extractants, 

sensors and materials for these anions as well as new approaches for labeling of organic compounds 

without any reduction step of Re(VII)  and Tc(VII).  Neutral receptors are known to be promising in 

the sense of high binding selectivity for target anions.  

 The neutral macrocyclic dipyrromethane based hosts capable of MO 4
ī
 (M = Re, 

99
Tc) 

recognition were synthesized. When in protonated 

form, 1 binds perrhenate with strong H-bonds from 

pyrrole and imine NH 's, weak ï from amide NH 's and 

benzene CH 's, according to the X-ray analysis. The H-

bond network of 2 is similar to that of [1H2]
2+

, and the 

coordination mode of 2 with ReO4
ī
 was found to be 

equal, according to the DFT studies. The 

nonprotonated form of 1 binds to ReO4
ī
 using only 

pyrrole NH 's, amide NH 's and benzene CH 's, 

according to the DFT studies. 

 Affinities of the receptors towards both MO 4
ī
 

(M = Re, 
99

Tc) were acquired by direct UV-vis 

titrations and towards 
99

TcO4
ī
 specifically by reverse 

99
Tc NMR titration. Binding constants were found to 

be one of the largest known to date (KMO4 å 10
3
-10

5
 M

-1
). Receptors possess selectivity towards 

target anions. 

We gratefully acknowledge Russian Academy of Sciences program ñChemistry and Physico-

Chemistry of Supramolecular Systems and Atomic Clustersò. 

mailto:evgeny.katayev@chemie.uni-r.de
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Tc in the Nuclear Fuel Cycle and in the Environment.  
 

Analytical Chemistry of Tc and Re  
 
 

  
 

The chairmen of the Second section of ISTR2011 in view of the  

Presidium of Russian Academy of Sciences 
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Fig.1  Isotopic abundance of FP Mo 

2.1. 

HOW TO MANAGE TECHNETIUM (NUCLEAR RARE METAL) AND 

ACTINIDES, TOWARD FUTURE REPROCESSING SYSTEM PROVIDED 

BY PROLIFERATION RESISTANCE  
 

 

M.Ozawa, T.Suzuki, S.Koyama, H.Sagara and M.Saito 

 

 
Tokyo Institute of Technology, Research Laboratory for Nuclear Reactors, 2-12-1 N-21, Ookayama, Meguro-ku,Tokyo, 

152-8550, Japan  

  

 

Keywords: Nuclear rare metals, Cycle strategy, Separation, Transmutation and Utilization 

(S&,T,U) , Proliferation resistance 

 

Abstract: 

 

Aiming at utilization of elements / nuclides in spent fuel  (i.e., nuclear rare metals (NRM) including 

Tc ) and minimization of long-term risks of radioactive wastes as well, a new fuel cycle concept has 

been progressed during the phase-I period (FY2005-2010). The strategy is based on a Trinitarian 

research as such separation, transmutation and utilizaiton (S&T,U), especially relied upon advanced 

radiochemical separation technologies. A catalytic electrolytic extraction (CEE), utilizing under 

potential deposition (UPD) by Pdadatom/Rhadatom, is advantageous for separation and utilization 

(and/or stockpile) of light platinum group metals (PGM), Tc and Re. Their co-deposits have been 

showed highly catalytic ability for electrolytic production of hydrogen. Tertiary pyridine resin 

(TPR) will not only strongly adsorb PGM, Tc and Re, but also perfectively separate spent fuel into 

the groups of U/Pu/Np, Am, Cm and lanthanides (Ln), etc. Owing to MA (
237

Np, 
241

Am) recycling 

into nuclear fuel, proliferation resistance of Pu would be strengthen by their neutron capture 

reactions to 
238

Pu and 
242

Pu.  

The new fuel cycle strategy will conclude, some fission products like Tc, Mo, PGM, Lns and Tc 

must be separated and utilized as resources or alternatives. On the other hand, MA and even long-

lived radioactive Lns such as Sm, Eu, etc, should be recycled and dopted to enhance proliferation 

resistance of Pu. Nuclear fission reaction must be utilized multidirectionally. 

 

Introduction (Nuclear Rare Metals, ñKopernikanische Wendungñ) 

Fission reaction of 
235

U will generate more than 40 elements and 400 nuclides in the spent fuel. 

Among them, 31 elements are categorized as rare 

metals (NRM ; Nuclear Rare Metal), and some are 

highly enriched in the spent fuel. Typical yields for 

such noticeable NRM as Pd, Ru, Rh (light PGM) 

and Tc, La, Nd (light Ln) will reach to more than 

3kg to ca.10kg per metric ton of the reference FBR 

spent fuel (150GWd/t, cooled 5 years). By a close 

investigation, individual exit strategy can be 

individually proposed toward their utirization / 

recycling[1]. Namely,  

i)  Use as elements; Low radio-toxicity  
99

Tc (e.g., 

exemption Level֕ 10
4
Bq/g) shuold be used as 

catalyst as the same as Re, or irs alternative material. 
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Hydrogen overpotential (ɖ) of metals are 

periodically chaged as their d-electron orbital 

characteristics. Althoughɖdata on Tc is very 

limited,ɖTc in the acidic solution seem to be the 

following[2]; 

Pt (ca.0 mV)ḶRu, Rh, Pd <ReḶTc  <Ni 

(ca.300 mV) <Ti 

Ni electrode is currently available for 

commercial hydrogen production in alkali 

solution. ɖTc is lower thanɖNi by ca.100mV. 

Ru and Rh can be used after the stockpile at 

least 40 years and 80 years, respectively, to be 

lower than their exemption; i.e., BSS level of 
106

Ru and NRPB level of 
102

Rh. Pd is approximately the same radiotoxicity as Tc 

(
107

Pd:10
5
Bq/g(NRPB)). Notably, natural isotopic abundance of Mo(%) are 

92
Mo:14.8, 

94
Mo:9.25, 

95
Mo:15.9, 

96
Mo:16.6, 

97
Mo:9.5, 

98
Mo24.1 and 

100
Mo:9.63. Thus, higher order isotopic abundance 

of FBR Mo, as shown in Fig.1, will be beneficial for production of 
99

Mo. Very low radioactive Dy, 

La and Nd seem to be highly strategic and become important resource in the forefront industries.  

ii)  Use as nuclear fuel; Doping of 
237

Np, 
241

Am and Cm to enhance proliferation resistance of Pu as 

discussed in section 3. Doping radioactive Lns like Pm, Sm, Eu, etc may also conribute to increase 

ploliferation resistances of Pu.  

iii)  Use as radiochemicals; 
137

Cs as radiation source of ɔ alternatiing to 
60

Co),
 
and 

90
Sr, 

238
Pu, 

241
Am and 

242,244
Cm as heat sources. 

iv)  Use as commerce of high expence stable RI; During long-term stockpile of 
99

Tc, decay product 
99

Ru (stable) will gradually increased as shown in Fig.2. While stable 
100

Ru can also be obtained by 

transmutation of 
99

Tc, pure 
99

Ru isotope (very expensive 39,040$/g) would be obtained without of 

any transmutation processing.  

 

Fuel cycle strategy and hydrometallurgical chemistry toward utilization 

 

Toward simultaneous realization 

of utilization of elements / 

nuclides and ultimate 

minimization of the ecological 

risks, a new fuel cycle paradigm is 

necessary to be built. Hence, 

Adv.-ORIENT (Advanced 

Optimization by Recycling 

Instructive Elements) Cycle 

strategy is set under the following 

tactics[3]. 1/ Higher purity on 

NRM for utilization, allowing 

lower DF on actinides just for 

burning in FBR. 2/ To reduce the 

secondary rad. wastes; adopt soft 

hydrometallurgical, but non-SX 

separation process, with salt-free 

reagents. 3/ Deep separation of all 

 

 Fig.2  Isotopic abundance of FP 
99

Tc 

Fig.3  New fuel cycle concept based on S&T,U 
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actinides into 3-4 groups, U, Pu/U/Np, Am and Cm, directly from the spent fuel by IXC method. 

Eventually, pure Lns can be recovered. 4/ To sharpen the separability, hydrochloric acid (HCl) 

media is allowed in combination with nitric acid (HNO3) media. As shown the concept in Fig.3, the 

most significant policy change is that NRM shall be no longer wastes but main product along with 

actinides in the fuel cycle. In the point of back-end chemistry, precedent separation of some of 

NRM is preferable because some will disturb decontamination of actinides in the reprocessing and 

the vitrification of HLLW as well. A period to reduce the radio-toxicity below the level equivalent 

to 60 ton of natural uranium is one of the indexes on environmental impact of reposited 1 ton of 

HLLW. In adv.-ORIENT Cycle, by putting the separation factors of 99.9% for all An, 99% for 
137

Cs, 
90

Sr and the other NRM, and 90% for RE, such a period can be dramatically reduced to 

around 1Ĭ10
2
 years.  

Catalytic electrolytic extraction (CEE), utilizing under potential deposition (UPD) with forming of 

undissolvable metal solid solution in acidic media, can effectively separate Ru ,Tc
 
and Re (Tc 

simulator) from either HNO3
 
or HCl solution. Pd and Rh themselves were easy to be deposited. In 

dilute HCl media, such CEE occurred more distinctively than in dilute HNO3 media. For instance, 

in the four NRM metal ions mixture solution (corresponded to FBR spent fuel composition), 

observed deposition yields were typically in the following order; Pd, Rh (>99%) > Re (91%)) > Ru 

(85%) > Tc (69%). During the CEE, Pd or Rh might act as promoter at the surface of electrode (i.e., 

Pdadatom, Rhadatom) and mediator in the bulk solution (i.e., redox ion pair).  

Tertiary pyridine resin (TPR), composing a nitrogen atom in six-membered ring, is characterized to 

simultaneously have two functions as weakly basic anion-exchanger and soft donor ligand. It will 

show high thermochemical and radiochemical stabilities especially in HCl media. An original idea 

of combinatory use of conc.HCl and conc.HNO3 media was based on such facts that recognition of 

softer ions like Am
3+

 and Cm
3+

 (5-f elements) was clearer than Ln
3+ 

(4-f elements) in HCl media, 

and in HNO3 media the distribution depended just on the difference of ionic radius independently 

either 4-f or 5-f elements. Extractabilities of both Am
3+

 and Cm
3+

 improved by enhancing 

complexation of protonated pyridine with anions due to the dehydration brought by co-existing 

methanol, and thereby increasing SFAm3+/Cm3+.  

The CEE method is advantageous because NRM would be recovered in solid state at the electrode 

surface as metal (Ru, Rh, Pd, (Tc)) and/or oxide (Tc, Re). Recovered NRM was sphere micro 

deposits foamed by coagulating with nano particles in the case of Pd
2+

 involved CEE. Those 

deposits were dense, and mechanically stable, with showing electrochemically high catalytic 

reactivity on electrolytic hydrogen production. Ru has been confirmed as a dominant element for 

the reactivity, while Pd played as just a starter  nucleus and a binder  among the involved 

elements during the deposition. Higher reactivity of Tc than Re will suggest exploring new 

application fields of it. Further, a new evaluation was initiated to evaluate the producibility on more 

valuable PGM (e.g., Rh) by re-irradiation of FP Ru, and 
99m

Tc by FP Mo, both separated from the 

spent fuel. For this purpose, parametric studies are necessary to optimize, fuel and reactor types, 

fabrication and irradiation conditions, etc. 

 

Enhancement of proliferation resistance of Pu by MA and Ln recycling 

Proliferation resistance of Pu will be enhanced by increasing of even mass number of actinides of 
238

Pu, 
242

Pu and
 242

Cm, etc. 
238

Pu and 
242

Pu, characterized specifically by high decay heat to 

fabricate weapon difficult, are high spontaneous fission neutron source to deteriorate the quality of 

the Pu toward nuclear explosion [4]. Therefore, those become ñisotopic barrierò against 

proliferation. Such 
238

Pu will be generated in the reactors by the following neutron capture reactions 

of MA, 

241
Am(n,ɔ)

242
AmŸɓ(18h)Ÿ

242
CmŸŬ(162.8d)Ÿ

238
Pu, 
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237
Np(n,ɔ)

238
NpŸɓ(2.0d)Ÿ

238
Pu. 

Sagara, et al reported the irradiation results of pure 
241

Am oxide sample in the experimental fast 

reactor ñJoyoò. Under the neutron fluence conditions ( x10
22

[n/cm
2
]) like core: 8.15, Ax.-ref: 2.48 

and Rd.-ref: 4.18, neutron capture ratio was 65% (for generating Pu and Cm) and fission ratio was 

28% at the center of core with harder neutron spectrum [5]. However, at the reflector region neutron 

capture reaction increased to be more than 80% with decreasing fission reaction, conversely. 

Relative isotopic abundance of 
238

Pu plus 
242

Pu was more than 98% in the both case, and that of 
242

Cm was more than 97%, where the transmutation ratio of Pu/Am was less than 7% and 2% for 

Cm/Am.  Evidently, transmutation of 
241

Am was successfully achieved, and the isotopic ratios of 
238

Pu and 
242

Pu were increased. When MA doping is 2% against DU, the ratio of 
238

Pu plus 
242

Pu 

will be more than 10%, and that will satisfy both criteria on 
238

Pu content, e,g., 9% [6] and 

attractiveness factor calculated as 6% [4].   

Separation of pure MA and PGM from the spent fuel was successfully demonstrated [7] utilizing 

previously described IXC separation scheme [8]. Irradiated MOX fuel (143.8GWd/t) at the fast 

experimental reactor ñJoyoò was dedicated for the experiment.  As experimental results, the 

recovery ratio of 
241

Am was more than 95 % whole through the processes, and the impurities of 
241

Am product against Ln (
144

Ce+
154

Eu) , 
243
Cm and ɔFP (

106
Ru+

125
Sb+

137
Cs) were very low, less 

than 0.3ppm, 1 ppm and 1.8ppm, respectively. The separation degree on 
243

Cm from 
241

Am product 

was more than 2.2x10
3
. Possibly, TPR chromatography method will meet well with the MA (

241
Am) 

recycling in the points of increasing proliferation resistance as well as decreasing environmental 

burden. Further study will focus on clarifying Np behavior, preferably controlling its behavior 

together with Pu. Intra-group separation of Ln and PGM (including Tc), and engineering feasibility 

and simplification in HCl / HNO3 hybrid media is issue in the phase II.  

 

Conclusion 

Aiming at utilization of elements / nuclides of rad.wastes, a new fuel cycle concept has been 

progressed. The strategy is based on a Trinitarian research as such separation, transmutation and 

utilizaiton, especially relied upon advanced radiochemical separation technologies like ion 

exchange and electrochemistry by a conbinatorial mannner. A catalytic electrolytic extraction  

method, utilizing under potential deposition by Pdadatom/Rhadatom, is advantageous for separation and 

utilization (or stockpile) of light platinum group metals and Tc. Tertiary pyridine resin will not only 

strongly adsorb Tc and Re but also generate co-products of U/Pu/Np, Am, Cm and Ln, thereby 

sufficiently strengthen the proliferation resistant character (increase 
238

Pu content) of recycled Pu is 

achieved. The separation senario of all of actinides and fission products in the spent fuel should be 

strategically re-developed to satisfy the various requirements. 

 

Condolence: During preparing this manuscript, the most powerful, magnitude 9.0 earthquake and 

tsunami attacked Tohoku-Kanto pacific region on Friday March 11, 2011. These caused a great 

disaster on Fukushima NPPs and the situation is not settled-down yet. With the deepest sympathy 

with regret, and sincere gratitude for helps by foreign countries. 
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2.2. 

COMBINED SEPARATION OF  Pd  AND  Tc  FROM THE RAFFINATES OF 

THE SPENT NUCLEAR FUEL REPROCESSING 

ʊ. Boytsova*, V. Korolev*, Y. Pokhitonov*, V. Babain*, ʄ. Ozawa**, ʊ. Suzuki**  
 

*  RPA çV.G. Khlopin Radium Instituteè, Saint-Petersburg, Russia, 28, 2-nd
 Murinsky ave., 194021. E-mail: 

radium@atom.nw.ru 

** Tokyo Institute of Technology, Tokyo, Japan, 2-12-1 O-okayama,  

Meguro-ku, 152-8550. E-mail: tasuzuki@nr.titech.ac.jp 

 

A small amount of  ñreactorò Pd, Ru, Rh and Tc metals is needed for investigation of the 

possibility of production and use of electrodes in hydrogen energetics covered by a composite made 

of these ñreactorò metals. One of the sources of these metals is the raffinates of the first extraction 

cycle of the spent nuclear fuel (SNF) reprocessing. 

The purpose of this study was to investigate the Tc and Pd sorption behaviors, to search the 

agents for their desorption, to test the determined conditions of the metals separation with use of 

real SNF reprocessing solutions. 

The examples of individual Pd and Tc sorption by anion exchange resin from nitric acid 

solutions are well-known. However, their combined separation wasnôt mentioned earlier. 

In this study the strongly basic anionite ɺʇ-1ɸʇ, which had been previously applied to 

separate a ñreactorò Pd, was used as a sorbent. 

Tc and Pd sorption under static and dynamic conditions were studied. It is shown that the 

combined sorption should be carried out at a HNO3 concentration not more than 2 M. When passing 

through the sorbent at least 50 column volumes (c.v.) of the model solution (CHNO3 = 2 M; CPd = 

100 mg / l; CTc = 100 mg / l) almost 100% of Pd and 30% of Tc were sorbed on the resin. 

The conditions for 100% Pd and Tc separation from the feed solution were found. 

The desorption with DTPA solution in the wide range of acidity allows to achieve both 

combined 100% yeild of Pd and Tc in 15 c.v. and individual desorption of these metals (Pd in 8 

c.v., Tc in 15 c.v. ). 

An example of the combined separation of  Pd and Tc from the SNF was given in the study. 

Distribution of  Pd and Tc by fractions of  experiment solutions, factors of purification of these 

metals from gamma impurities and obtained dynamic exchange capacities are shown. 

 

mailto:tasuzuki@nr.titech.ac.jp
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2.4.  

THE ELABORATION OF TECHNOLOGY  BASES FOR THE ARTIFICI AL 

STABLE RUTHENIUM PREPARATION  FROM  TECHNETIUM -99 

TRANSMUTATION PRODUCTS  

 

ɸ.ɸ. Kozarô
1
, V.F. Peretrukhin

1
, K.V. Rotmanov

2
, V.A. Tarasov

2
  

 
1
 Frumkin Institute of Physical Chemistry and Electrochemistry of RAS, 31/4, Leninsky prosp., Moscow, 119071 

Russia, kozar@ipc.rssi.ru 

2
 ederal State Unitary Enterprise State Scientific Centre ï Research Institute of Atomic Reactors, Dimitrovgrad 10, 

433510 Russia, orip@niiar.ru 

 

The bases of technology have been elaborated for the artificial stable ruthenium preparation 

from the 
99

Tc transmutation products. The process includes the following steps: the isolation 

technetium from spent fuel with additional purification of Tc from actinides, the manufacture of 

technetium targets, their irradiation with high flux of thermal and epithermal neutrons, the exposure 

of irradiated targets for the short-lived radionuclides decay, chemical separation of ruthenium from 

technetium and the exposure of prepared ruthenium up to the fission product 
106

Ru decay. 

 

The metallic targets have been prepared from technetium which contained ~5Ŀ10
ï8

 g actinide 

impurity per gram Tc. The irradiation of the targets has been carried out with thermal neutron flux 

6.8Ŀ10
14

 ï 1.14Ŀ10
15

 ʩm
ï2
Ŀs
ï1

 (epithermal neutrons part is 0.06 ï 0.1) during 73 ï 425 eff. days and 

burn up has been achieved 19 ï 70% (for 3 different groups of Tc targets).   

 

The dissolution of irradiated targets has been carried out in KOH solution in presence of 

excess of KIO3 at 70 ï 80ÁC. Volatilization of RuO4 from KTcO4 solution and other chemical 

methods have been applied for the isolation of ruthenium.  

 

Total Ru separation factor has been achieved 10
12

. The exposure of prepared artificial 

ruthenium during 10 years needed for the diminution of the 
106

Ru, 
106

Rh radioactivity of the metal 

up to the level required for its any application. 

 

About 5 grams of stable ruthenium have been prepared in this work from 10 g of the 

technetium. This artificial ruthenium was nearly monoisotopic and contained 97.5 ï 99.7% 
100

Ru 

depending on 
99

Tc burn-up. The achieved 
99

Tc transmutation rate and targets burn-up value are 

records for today and may be increased by the rise of the epithermal component in the neutron flux.  

mailto:orip@niiar.ru
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2.5.  

TECHNETIUM CATALYTIC  EFFECT AND SPECIATIO N IN NITRIC 

ACID SOLUTIONS I N PRESENCE OF Np(V), Th(IV) and Zr(IV ) AND 

REDUCING NITROGEN DE RIVATIVES  
 

K.E. German, Ya.A. Obruchnikova, D.N. Tumanova, V.F. Peretrukhin, Ph. Moisy*.  

IPCE RAS, Moscow, Leninskii pr.31- 4, 119071 Russia 

* - CEA ï Marcoule, DEN DRCP, BP17171 ï 30207, Bagnols sur Ceze, France 
 

The technetium species develop the catalytic effect being of high importance for the 

reprocessing of the spent nuclear fuel [1]. One would just mark that the large-scale reprocessing in 

the UK was delayed by 5 years in the startup stage due to the harmful Tc-effect [2]. An important 

item of Tc separation from the reprocessing solutions is the mutual effect of a number of redox 

stable (Zr) and redox sensitive elements (especially Tc, see p.e. [3-6] and Np) present in these 

wastes. Two technetium valence states (VII and IV) are considered to be rather stable under the 

conditions of spent nuclear fuel reprocessing. 

In the previous report we have demonstrated the catalytic effect of Tc(VII and V) on the 

reduction of Np(V) to Np(IV) with hydrazine in nitric acid resulted in Np(V) disappearance and in 

the accumulation of Np(IV) different species, so that the free ionic form of Np(IV) accumulated in 

lower concentration, compared to decrease in Np(V) concentration. This fact indicated the possible 

Np(IV) complex formation with some of the reaction product [7-8]. The Tc(VII) participation in 

this reduction process was anticipated taking into account the common catalytic properties of 

technetium, while the interaction of An(IV) with Tc reduced species was difficult to predict and 

needed some additional experimental study that was demonstrated in [9-10] with simulated waste 

solutions with Th(IV) taken for typical example of  An(IV). The existence of such species was 

difficult to predict based only on the accepted thermodynamic data [3], although the possibility of 

deep Tc reduction even to Tc(II) species in nitric acid was already demonstrated in [12], and the 

importance of hydrolyses and polymerization in aqueous solutions of different acids were shown in 

[8-11]. Anyhow such questions as the influence of the Tc valence state in the catalytic action on Np 

behavior remained unclear as only Tc(V) and Tc(VII) species were tested in [7-10] and the 

corresponding study of the Tc(IV) species is being undertaken in this report.  Because of the 

possible interference of the Tc(V and IV) and Np(V,IV) optical spectra, the procedure of spectra 

analyses elaborated in the previous report was used for the optical separation of individual Tc and 

Np species before the kinetic treatment of the experimental data aiming the determination of the 

reaction orders in Np(V), Tc(IV), N2H5
+
, H

+
. 

The experimental procedures was based on the conventional spectrophotometric methods for 

the kinetic measurements of Np(V) and Tc(IV). For the determination of Np(V) concentrations the 

NIR absorption peak at 980 nm was used. The constant initial concentrations of Np(V) and 

N2H5NO3 were used in all the experiments, while C0(Tc(IV)) varied as (0.24 ï 1.2)*10
-3

 mol/l. The 

temperature interval from 25 to 55
o
C was set-up in different sets. Tc(IV) concentrations were 

measured at the 400 nm (after the Np(IV) spectra contribution corrections), while Tc(V) was 

determined according to the development of the shoulder at 470-500 nm with similar corrections for 

Np and Tc(IV).  

In the present work the Tc was initially reduced to Tc(IV) previous to addition to the test 

solutions. In such a case no induction period was needed for the Np(V) reduction reaction similar to 

the Tc(V) effect, studied before [8].  Similar to the previous report, the deconvolution analysis of 

the spectra was critical for the understanding of the chemical reactions in the system under 

consideration. While the Tc(VII) spectrum is well known and completely characterized, some 

misunderstanding exists for Tc(IV), Tc(III) and Tc(V) in acidic solutions.  We consider the most 

reliable for spectroscopic standard purpose to use Tc(IV) spectrum registered after dissolution of 
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TcO2 *nH2O in sulfuric acid under argon atmosphere. Utilization of these spectra as a standard was 

fruitful in the previous work for the Tc ï Np spectra deconvolution. It is important and possible 

because the spectroscopic parameters have been determined in separate tests.  

Anyhow the Tc(IV) stock solution for the kinetic tests was each time freshly prepared by 

reduction of 10
-2

 M Tc in 1.5M nitric acid with excess of hydrazine nitrate. The following dilution 

of the aliquots in test solution influenced only the Tc concentration. 

  
Fig.1. Typical view of Np(V) reduction with 

hydrazine catalyzed with Tc(IV) 

([Tc(IV)]=1.02*10
-5
M, [HNO3]=1,6 M). 

Fig.2. Deconvolution of typical mixed spectrum of Tc(IV) ï

Tc(V)-Np(IV) solution 

 

The mixed Tc(IV) ïTc(V)-Np spectra could be subtracted one from another as shown at the 

Fig. 6-3, where the presence of at least three different Tc species can be seen from the 

deconvolution analyses.  

At least one of the intermediate Tc species has unknown molar extinction coefficient 

therefore the quantification of the Tc valences was impossible in this solution system by optical 

spectra measurements. Anyhow we can estimate from the subtracted spectra that the initial Tc(IV) 

is partially oxidized in course of the catalytic process and the total reduction of Np(V) to Np(IV) is 

run with a mixture of Tc (IV) and Tc(V) species stabilized in the  nitric acid solution in presence of 

hydrazine.   

  
Fig. 3. The typical evolution of the Np(V) spectrum 

in ñNp-regionò (980 nm) in the course of Np 

reduction with hydrazinium, catalized by Tc(IV). 

Fig. 4.    Np(V) reduction with 0.052 M H2N5NO3 

catalyzed by Tc(IV) (0.98*10
-4
 M) in 1.51, 1.95, 

2.52, 3.01 and 3,51 M nitric acid. 

 

The registration of the spectra evolution in ñNp-regionò (980 nm) gave evidence that the 

change in the absorption at 980 nm is completely due to Np(V) reduction to Np(IV) (Fig. 3). In the 
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tests with the previously prepared Tc(IV) being added to the solution as a catalyst for Np(V) to 

Np(IV) reduction with N2H5
+
  in 1.5 M HNO3, the Tc spectrum underwent just very small 

transformations while the peak Np(V)  (Fig.3) decreased with time. When this previously 

synthesized Tc(IV) compound  dropped into the Np(V)-hydrazinium- x*HNO3 solutions with 

different acidities no induction period was observed  at 36 
o
C  (Fig. 4) as well as at other 

temperatures up to 55
 o
C.  

The Np(V) to Np(IV) half-reduction time for this reaction increased from 5 to 25 min while 

the acidity of the solutions was decreasing from 3.51 to 1,52 M HNO3. The kinetics was practically 

linear within the 0.8 conversion factor thus indicating the zero order in [Np] for this reaction in this 

acidity region (1.5-3.5 M).   

The reaction rate constants are tabulated in the Tab.1. 

 
Table 1. Ko

I
  for Np(V) reduction with hydrazine 

catalyzed  by Tc(IV) at different C(HNO3). 

 

[HNO3], 

M 

Ko
I
 , *10

4
 

mol/l*min 

lg[HNO3] lg Ko
I
  

1,51 0,29 
0,179 -0,538 

1,95 0,49 
0,290 -0,310 

2,52 0,84 
0,401 -0,076 

3,01 1,19 
0,479 0,075 

3,51 1,61 
0,545 0,206 

 

Table 2.  The temperature dependence of the reaction 

rate constant Ko
I
 for Np(V) reduction catalized with 

Tc(IV). 

T, 
o
C 

1/T, 

1/K 

Ko
I
 , *10

4
 

mol/l*min 

lg Ko
I
  

20 0,00341 0,4 -0,398 

25 0,00336 0,6 -0,222 

30 0,00330 0,8 -0,0969 

35 0,00325 1,3 0,114 

40 0,00320 1,9 0,279 

45 0,00314 3,1 0,491 

50 0,00310 4,4 0,643 
 

 

 
 

Fig. 5. Reaction order determination  from 

LgKo=f(Lg(CHNO3) 

 

Fig. 6. Reaction rate constant Ko
I
  as a function of  

aHNO3 

 

 

The Np(V) reduction reaction order was determined  from lg Ko
I
 = f(Lg(CHNO3)), the 

dependence corresponds to the second order of the reaction kinetics (Fig. 5.) . The correction of the 

data for the activity of H
+
 in nitric acid gave similar dependence for the Ko

I
 (Fig.  6). 

The temperature dependence of the reaction rate constant was determined at the  

temperatures of  20 ï 50 
o
C (Tab.2, Fig.7). 

 

 The resulting activation energy was estimated as 41,9 (3)  J/M. 
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Fig. 7. Reaction rate constant Ko 

I
 as a function of inverse temperature (for 20 ï 50 

o
C temperature 

interval). 

The effect of technetium(IV) ions concentration on the catalytic Np(V) reduction with hydrazine 

was tested in the set of solutions prepared based on 2.84 M HNO3. This acidity was used as it is 

well known [4] that the fraction of the hydrolyzed form of Tc(IV) could be important in the 

solutions with smaller acidity thus leading to its smaller catalytic activity.      
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Fig. 8.     Np(V) reduction with 0.052 M H2N5NO3 

catalyzed by Tc(IV)  added at different 

concentration: (0.8, 1.0, 1.25, 1.5, 1.75, 2.0 *10
-4
 

M) in 2.84 M nitric acid. 

 

Fig.9. Effective reaction constant Ko
I
 for Np(V) 

reduction with 0.052 M H2N5NO3 catalyzed by Tc(IV)  

as a function of  different Tc concentration (0.8, 1.0, 

1.25, 1.5, 1.75, 2.0 *10
-4
 M) in 2.84 M nitric acid. 
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Fig. 10. Lg Ko

I
  as a function of  different Lg([Tc]) 

(for [Tc
(IV)

init]= 0.8, 1.0, 1.25, 1.5, 1.75, 2.0 *10
-4
 

M) in 2.84 M nitric acid. 

Fig.11. The evolution in the spectra optical density 

50
o
C for different total Tc concentrations. 

 

As follows from Fig 10, the reaction order for Np(V) reduction with H2N5NO3 catalyzed by 

Tc(IV) over [Tc]  is equal to 1. After the reduction of Np(V) to Np(IV) is complete the  evolution in 

species concentration ratio during the first hour of storage even at 50
o
C (Fig. 11).  
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 So, the kinetics equations for the Np(V) reduction with H2N5NO3 catalyzed by Tc(IV) could be 

drawn as:  

- (d[Np(V)]/ dt = Ko[Tc(IV)]*[HNO 3]
2
  ,  

where Ko = Ko
I
 / ([Tc]*[HNO 3]

2
 = 14.8 (2) *10

-2
 M

-2
*min

-1 

It is important to note that in this report the effect of nitric acid on the Ko
I
(Np(V)) was not 

devided foe the separate effects of [H
+
] and [NO3

-
] although we may predict from the known 

chemical properties of Np(V) that the latter dependence should be of higher importance. This study 

was not the special task of this report but it is under way and will be  completed in the nearest 

future. 

An important item of the Np(V) catalytic reduction driven with Tc(IV) is the hydrazine 

concentration. The reduction of Tc(V) to Tc(IV) in high excess of hydrazine is a comparatively fast 

reaction.  

When the reduction of Np(V) is complete, the latter is stable for 0,5-1,5 hours depending on 

the temperature of the solution. The further reduction of Tc (probably to Tc(III) causes the 

hydrazine catalytic decomposition and then ï partial back oxidation of Np(IV). For longer terms the 

considerable fraction of Tc is oxidized back to Tc(VII) that was confirmed by liquid ï liquid 

extraction tests and the EXAFS spectra registered on the aged solutions. 

When Tc(VII) is added to the Np(V) solution containing hydrazine, the induction period is 

needed for the startup of Np(V) catalytic reduction. In case when Tc(V) was added no induction 

stage is observed.  The previously prepared Tc(IV) being added to Np(V)  in 1.5- 3.5 M nitric acid ï 

hydrazine nitrate solutions) causes the Np(V) catalytic reduction with hydrazinium to Np(IV) 

without any induction period. The Np(V) reduction with N2H5
+
 is catalyzed by Tc(IV) ions and 

follows the kinetics being zero order in [Np(V)], 1-st order in [Tc(IV)], 2-nd order in [HNO3],  with 

activ = 41.9(3) J/M.  

When the reduction of Np(V) is complete, the latter is stable for 0,5-1,5 hours depending on 

the temperature of the solution. The further reduction of Tc (probably to Tc(III) causes the 

hydrazine catalytic decomposition and then ï partial back oxidation of Np(IV).  

The technetium reduction by hydrazine nitrate and hydroxylamine chloride in the presence 

of Th(IV) and Zr(IV) was investigated. The experimental procedures of this work involved 

conventional spectrophotometric methods for the kinetics measurements of Tc. The initial 

concentration of Tc was varied as 0,4 ï 1,52 mmol/l, C(Th) = 0 ï 6,32 mmol/l, C(N2H5NO3) = 

0,255 M. The temperature was about 55
0
C. The reactions were carried out in thermostatic quartz 

cells. A typical sequence of spectral changes in one experiment is given at Fig. 12. To get the 

equilibrium state more than 2 hours were needed. As can be seen the reaction consists of 3 stages. 

On addition of hydrazine to Tc-Th solution in nitric acid the reaction first proceeds as a Tc(VII) 

reduction to Tc(IV) thus developing the shoulder at 400 nm and following the zero order kinetics, 

initiating the hydrazine decomposition with gas evolution, then decomposition of Tc(IV) takes 

place in similar zero order kinetics with formation of unidentified Tc(X) species, then finally 

forming pink or brown (depending on Tc concentration) Tc(Y)-Th(IV) complex characterized with 

a peak at 470-475 nm in first order kinetics. The later is supposed to be Tc(V)-Th(IV) complex 

which is stable for several days at 55
0
C. 

Fig. 12. Reduction of Tc with hydrazine in presence of Th 
   


