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Professor Ioan A. Silberg, corresponding member of the Roumanian 

Academy, was born in Cluj on November the 6th 1937. He graduated with 
honors the Faculty of Chemistry at the University of Cluj in 1959, specialty 
organic chemistry. He received his doctoral degree in 1970 from the Institute of 
Chemistry Cluj-Napoca, where he worked under the scientific supervision of 
prof. C. Bodea corresponding member of the Roumanian Academy, on free 
radicals and charge transfer complexes in the polihalophenothiazine series. 
After periods of research activity at the Institute of Chemistry, Cluj (1960-1980) 
and Institute of Chemical and Biochemical Energetics, “Babeş-Bolyai” University 
Electrochemical Energetics Research Group (1980-1990), since 1990 he became 
professor of Organic Chemistry at “Babeş-Bolyai” University, Faculty of Chemistry 
and Chemical Engineering. During 1992-2003 he was the head of Organic 
Chemistry Department. Since 2000 he became also the director of the 
Institute of Chemistry Raluca Ripan Cluj-Napoca. 
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The research interests were related to the chemistry of aromatic 
heterocycles, free radicals and charge-transfer complexes, organic semiconductors, 
structural organic analysis, organic electrosynthesis and electron-transfer 
phenomena involving organic compounds. As results of his scientific activity,           
4 books, 6 chapters included in multi-author books, 118 papers in peer-reviewed 
journals in Romania and abroad and 17 patented inventions were published. 
As recognition, he received The “Nicolae Teclu” award of the Romanian Academy 
in 1985 for fundamental research concerning the adiponitrile electrosynthesis, 
prizes of the Scientific Research Council of "Babeş-Bolyai" University for the 
books: "Teoria reactivităŃii compuşilor organici", M. Vlassa and I. A. Silberg, 
vol. I şi II (1998) and "Chimia organică a produşilor naturali", Castelia Cristea, 
Ionel Hopârtean şi I. A. Silberg (2003). In 1996 he was elected Corresponding 
member of the Romanian Academy. 

 

Prof. Silberg engaged many academic appointments with high 
professionalism: Member of the Editorial Boards of “Revue Roumaine de Chimie” 
(since 1997), "Proceedings of the Romanian Academy, Ser. B, Chemistry, Life 
Sciences and Geosciences" (since 1999), and “Studia Univ. Babes-Bolyai Ser. 
Chemia” (since 1995); Member of the National Council of Validation of University 
Titles and Diplomas, since 1992, Member of the National Council of the Society of 
Romanian Chemists; Volunteer abstractor for “Chemical Abstracts”, 1969-1990 
and evaluator for INTAS  European Program European since 2002. 

As he mastered the foreign languages with high proficiency: English 
(fluently), French (fluently), Russian (fluenty), German (well), and Italian (well), 
he was able to establish many scientific contacts with the international scientific 
community. He participated at many international scientific meetings and 
became an ambassador of the Romanian school of chemistry on the occasion 
of stages abroad in: Germany (Institute of Chemistry of the German - East - 
Academy, Berlin-Adlershof, Halle, Institut für Biochemie, visiting scientist, 1962; 
University of Heidelberg, visiting scientist, DAAD grant, 1993), USA (University 
of California Medical Center, San Francisco, Prof. Cymermann-Craig, and Palo 
Alto, California, Biochemical Laboratory of the Veterans Administration Hospital, 
visiting exchange scientist, 1968; University of Florida, Gainesville, 1994-95), 
United Kingdom (University of East Anglia, Norwich, TEMPUS grant, 1992), 
France (Université de la Mediterranée, Marseille, Prof. J. Barbe, visiting professor, 
1995 and 1997) and Sweden (University of Lund, Electrochemical Biosensors 
Group, Dr Elisabeth Csöregi, visiting scientist, 1998). 
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Biographical notes are included in: “Marquis Who’s Who in Science and 
Engineering” 6th Edition, 2002-2003; 7th Edition, 2003-2004; “Marquis Who’s 
Who in the World” 21st Edition, 2004; “International Who’s Who of Intellectuals” 
2001; “International Dictionary of Distinguished Leadership” 2002; ”Who’s Who 
in Romania” 2002; “The Contemporary Who’s Who” 1st Edition, 2003; “2000 
Outstanding Intellectuals of the 21st Century”2004.  

As a man of encyclopedic spirit, he was able to inter-relate knowledge 
from different scientific areas, literature, philosophy and arts. He was an excellent 
speaker and his discourses were always extremely pleasant for everybody in the 
audience (from students to academic staff). I. A. Silberg was an outstanding 
professor with passion for science and a man of great honor who remains in 
our souls as a model of academic devotion.  

 

 

Editor–in–Chief 
Luminita Silaghi-Dumitrescu 
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PROF. DR. IOAN A. SILBERG* 
 
PUBLICATIONS  
 

I. Books and Monographs 
1. C. Bodea and I. A. Silberg  “Recent Advances in the Chemistry of Phenothiazines" 
in "Advances in Heterocyclic Chemistry", (Eds. A. R. Katritzky and A. J. Boulton), 
Academic Press Inc. New-York and London, 1968, 9, p. 325-475. 
 
2. I. A. Silberg,  “Metode magnetice de analiza (Magnetic methods of analysis)” in 
"Physico-Chemistry analysis methods", (Eds. Ministry of Chemical Industry), 
Documentation Center, Bucharest, VI, 1970. 
 
3.I. A. Silberg and C. Marian, “Chimie Organica-ghidul elevului (Organic Chemistry 
– student handbook)”, Dacia, Cluj, 1973. 
 
4. I. A. Silberg  “Kohlenstoff-Brom Verbindungen” in "Methodicum Chimicum" (ed. 
F. Korte), Georg Thieme Verlag, Stuttgart and Academic Press, New-York, 1976, 
VII, p.239-253; engl., 1977, 7/A,  p. 238-253. 
 
5. I. A. Silberg,  “Kohlenstoff-Chlor Verbindungen” in "Methodicum Chimicum" (ed. 
F. Korte), Georg Thieme Verlag,  Stuttgart and Academic Press, New-York, 1976, VII, 
p. 254-282; engl., 7/A, 1977, p. 254-283. 
 
6. I. A. Silberg,  “Spectrometria RMN a compuşilor organici (NMR Spectrometry of 
Organic Compounds)”, Dacia, Cluj-Napoca, 1978. 
 
7. I. A. Silberg,  "Enciclopedia de chimie (Chemistry Encyclopedia)", vol. 5 (E) and 
vol. 6 (F-G), Ed. Stiintifica si Enciclopedica, Bucharest, 1989 and 1996. 
 
8. M. Vlassa and I. A. Silberg "Teoria reactivitatii compusilor organici (Reactivity of 
Organic Compouns, Theoretical Approach)", Conphys,.Rm. Vâlcea, 1997; I, ISBN 
973-9334-03-2, Idem, 1998; II, ISBN 973-9334-02-4. 
 
9. C. Cristea, I. Hopârtean and I. A. Silberg  "Chimia organica a produsilor naturali 
(Organic Chemistry of Natural Products)", RISOPRINT, Cluj-Napoca, 2002; ISBN 
973-656-273-5. 
 
10. I. A. Silberg , G. Cormoş, and D. C. Oniciu, “Retrosynthetic Approach to the 
Synthesis of Phenothiazines” in Advances in Heterocyclic Chemistry, 2006, 90, 
205-237. 
 
 

                                       
* “Babeş-Bolyai” University Cluj-Napoca, Faculty of Chemistry and Chemical Engineering, 

Organic Chemistry Department 
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II. Scientific Papers  
 
A. IN INTERNATIONAL PEER-REVUES 

1. C. Bodea and I. A. Silberg,  “Octachlorophenothiazinyl, a Very Stable Nitrogen 
Radical”, Nature (London), 1963, 198, 883. 
 
2. C. Bodea, M. Terdic und I. A. Silberg  „Über Phenthiazone. IX. Hochhalogenierte 
Phenthiazine and Phenthiazone”, Liebigs Ann. Chem., 1964, 673, 113. 
 
3. I. S. Forrest, S. D. Rose, L. G. Brooks, B. Halpern, V. A. Bacon and I. A. Silberg  
“Fluorescent Labeling of Psychoactive Drugs”, Agressologie, 1970, 11, 127. 
 
4. I. A. Silberg , and M. Bartha “1H-Phenothiazin-1-ones, a New Class of Heterocyclic 
ortho-Quinone-imines”, Tetrahedron Letters, 1974, 3801-3804. 
 
5. I. A. Silberg , R. Macarovici and N. Palibroda “Photolysis of 2-ortho-Nitrophenyl-
5-aryloxazoles, a New Route to 2-Aroyl-1H-4-Quinazolinones”, Tetrahedron Letters, 
1976, 1321. 
 
6. I. A. Silberg , V. Fărcăşan and M. V. Diudea “Free Radicals of Phenothiazines 
and Related Compounds. III. Selective Chlorination of Phenothiazines with Copper 
(II) Chloride”, J. prakt. Chem., 1976, 318, 353. 
 
7. C. Liteanu, E. Hopârtean and I. A. Silberg  “Redox-Sensitive Membrane-
Electrode Based on the Organic Free Radical Octachlorophenothiazinyl”, Talanta, 
1977, 24, 589. 
 
8. M. V. Diudea and I. A. Silberg  “Free Radicals of Phenothiazine and Related 
Compounds. IV. Phenothiazinyl- and Diphenothiazine-Copper Complexes as 
Intermediates and Products in the Interaction of Phenothiazines with Cooper (II) 
Halides”, J. prakt. Chem., 1982, 324, 769. 
 
9. L. Oniciu, D. A. Löwy, I. A. Silberg  and D. F. Anghel, “Potentiometric Determination 
of Cationic Surfactants Used in Adiponitrile Electrosynthesis”, Analusis, 1986, 14, 456. 
 
10. L. Oniciu, D. A. Löwy, I. A. Silberg , and C. E. Florea “A New Multi-Purpose 
Reference Electrode”, Analusis, 1987, 15, 197. 
 
11. M. Vlassa, I. A. Silberg , and C. Afloroaei “A New Rearrangement of Heterocyclic 
Isothiocyanates”, Heterocyclic Communications, 1994, 1, 55-58. 
 
12. M. Vlassa, I. A. Silberg , R. Custelcean, and M. Culea “Reactions of π-Deficient 
Aromatic Heterocycles with Ammonium Polyhalides. I. Halogenation of Acridone and 
Acridine Derivatives Using Benzyltrimethylammonium Polyhalides”, Synthetic 
Communications, 1995, 25, 3493-3501. 
 
13. I.A.Silberg , and C. Cristea, “Free Radicals of Phenothiazine and Related 
Compounds. VI. Radicals and Charge Transfer Complexes of Some 
Oligophenothiazines”, Heterocyclic Communication, 1995, 2, 117-124. 
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14. S. Filip, E. Surducan, M. Vlassa, I. A. Silberg , and G. Jucan, “Microwave-
Assisted Acridones Preparation Using an Inorganic Acidic Solid Support” Heterocyclic 
Communications, 1996, 3, 431-434. 
 
15. D. A. Löwy, M. Jitaru, B. C. Toma, I. A. Silberg , and L. Oniciu “Technological 
Use of Propionitrile Electrosynthesis”, Indian Journal of Chemical Technology, 
1997, 4, 18-24. 
 
16. I. A. Silberg , S. Silberg, and A. Ghirişan “Aromaticity of Thiazole. III. The 
Transmission of Substituent Effects and the Polarizability of the Electronic System 
of Thiazole”, Heterocyclic Communications, 1997, 3, 35-39. 
 
17. R. Custelceanu, M. Vlassa, I. A. Silberg, M. Szöke, S. I. Fărcaş and M. Culea 
“Reaction of π-Deficient Aromatic Heterocycles with Ammonium Polyhalides. II. 
Halogenation of Phenothiazine with Benzyltriethyl-ammonium Polyhalides” Heterocyclic 
Communications, 1997, 3, 317-322. 
 
18. R. Custelceanu, M. Vlassa and I. A. Silberg  “Reaction of π-Deficient Aromatic 
Heterocycles with Ammonium Polyhalides. III. Halogenation of Phenothiazine-5-
oxide with Benzyl-triethylammonium Polyhalides”, Monatshefte für Chemie, 1997, 
128, 919-925. 
 
19. M. Vlassa, I. A. Silberg,  and L. I. Găină “Application of Phase Transfer 
Catalysis (PTC) without Solvent in Organic Synthesis. IV. Selective O-Alkylation of 
Hydroxyphenothiazine and Hydroxy-diphenylamine Derivatives”, J. prakt. Chem./ 
Chemiker Zeitung, 1998, 340, 576-577. 
 
20. S. V. Filip, I. A. Silberg , E. Surducan, M. Vlassa and E. Surducan, “Microwave-
assisted Phenothiazines Preparations by Thionation of Diphenylamines”, Synthetic 
Communications, 1998, 28, 337-345. 
 
21. I. A. Silberg , I. Silaghi-Dumitrescu, C. Cristea, P. Tordo, and D. Gigmes 
“Molecular Orbital Calculations and Physical Properties of 1,4-Benzothiazino[2,3-b] 
phenothiazine and its Substituted Derivatives”, Heterocyclic Communications, 
1999, 5, 147-150. 
 
22. N. Palibroda, C. Cristea, I. A. Silberg, and Il. Chirtoc, “Mass Spectrometry 
Discrimination of Isomeric N,N’-Diarylphenylenediamine Derivatives”, Rapid 
Communications in Mass Spectrometry, 1999, 13, 2227. 
 
23.  E. Glodeanu, I. A. Silberg , M. Pleniceanu and C. Spînu, “New Phenothiazine 
Compounds with Dyeing Properties” J. Indian Chem. Soc., 1999, 76, 411-412. 
 
24. I. Silaghi-Dumitrescu, I. A. Silberg , S. Filip, M. Vlassa, L. Silaghi-Dumitrescu 
and S. Hernandez-Ortega “The Crystal and Molecular Structure of the 2,4,6,8-tetra-
t-Bu-Phenothiazine-0.5 Benzene Adduct”, Journal of Molecular Structure, 2000, 
526, 279-286. 
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25. D. Dicu, L. Mureşan, I. C. Popescu, C. Cristea, I. A. Silberg , and P. Brouant 
“Modified Electrodes with New Phenothiazine Derivatives for Electrocatalytic Oxidation 
of NADH”, Electrochimica Acta, 2000, 45, 3951-3957. 
 
26. M. DărăbanŃu, G. Plé, I. Silaghi-Dumitrescu, C. Măiereanu, I. Turos, I. A. 
Silberg , and S. Mager, “Synthesis and Stereochemistry of Some 1,3-Oxazolidine 
Systems Based on TRIS (α, α, α-Trimethylolaminomethane) and Related Aminopolyols 
Skeleton. Part I: (Di)spiro-1,3-oxazolidines”, Tetrahedron, 2000, 56, 3785-3798. 
 
27. M. Toşa, Cs. Paizs, C. Majdik, L. Poppe, P. Kolonits, I. A. Silberg , L. Novák, and 
F.-D. Irimie, “Selective Oxidation Methods for Preparation of N-Alkylphenothiazine 
Sulfoxides and Sulfones” Heterocyclic Communications, 2001, 7, 277-282. 
 
28. V. Roşca, L. Mureşan, I. C. Popescu, C. Cristea and I. A. Silberg,  “Gold 
Electrodes Modified with 16H,18H-Dibenzo[c,l]-7,9-Dithia-16,18-Diazapentacene 
for Electrocatalytic Oxydation of NADH” Electrochem. Commun., 2001, 3, 439-445. 
 
29. L. Găină, T. Lovasz, I. A. Silberg , C. Cristea, and S. Udrea, “New Schiff Bases 
Derived from 3-Formyl-10-alkyl-phenothiazine. I. NMR and UV-VIS Structural 
Assignements”, Heterocyclic Communications, 2001, 7, 549-554. 
 
30. I. Panea, A. Ghirişan, I. Cristea, R. Gropeanu, and I. A. Silberg, “ Azocoupling 
Products. II. Synthesis and Structural Study of Azocoupling Products of 1-(5,6-
Dimethyl-4-X-pyrimidin-2-yl)-3-methyl-pyrazolin-5-ones with Diazonium Salts”, 
Heterocyclic Communications, 2001, 7, 563-570. 
 
31. L. Ghizdavu, C. Cristea, I. A. Silberg , C. Bălan, and L. David, “Coordination 
Compounds of Copper(II) with New 1,4-Benzothiazino-[2,3-b] phenothiazine 
Derivatives” Synth. React. Inorg. Met-Org. Chem., 2002, 32, 1-7. 
 
32. I. Ciocan TarŃa, I. A. Silberg , M. Vlassa and I. Oprean, “Synthesis of 
Aldehydes and Ketones by the Dehydrogenation of Alcohols in the Presence of a 
Raney Nickel/Aluminium Isopropoxide/Alumina Catalyst” Central Eur. J. Chem, 
(www.cesj.com)  2004, 2, 214-219. 
 
33. C. Moldovan, C. Cristea, I. A. Silberg , A. Mahamoud, C. Deleanu, and J. Barbe, 
“A Convenient Route to 1,4-Dihydro-3-cyano-10-methyl-pyrido[3,2-g]-quinoline 
Derivatives as Key-Intermediates for the Synthesis of Novel MDR Reversal Agents”, 
Heterocyclic Communications, 2004, 10, 19-24. 
 
35. L. Gaina,, C. Cristea, C. Moldovan, D. Porumb, E. Surducan, C. Deleanu, A. 
Mahamoud, J. Barbe and I. A. Silberg , “Microwave-assisted synthesis of phenothiazine 
and quinoline derivatives”, Int. J. Mol. Sci., 2007, 8, 70-80. 
 
B. PROCEEDINGS OF INTERNATIONAL SCIENTIFIC MEETINGS (in extenso) 

1. L. Oniciu, I. A. Silberg , I. Bâldea, and F. Ciomoş, “Kinetics of Competing 
Reactions of Acrylonitrile Electroreduction to Adiponitrile and Propionitrile” 36th 
Meeting of the International Society of Electrochemistry, Salamanca, Spain, 23-28 
sept. 1985, Extended Abstracts, 13010-13012. 
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2. L. Oniciu, I. A. Silberg , V. Danciu, M. Olea, and S. Bran, “Kinetics and 
Mechanism of p,p’-Diaminodibenzyl Electrosynthesis” 36th Meeting of the International 
Society of Electrochemistry, Salamanca, Spain, 23-28 sept. 1985, Extended Abstracts 
p. 13020-13021. 
 
3. I. A. Silberg  and S. Silberg, “Heterolytic Fragmentation of Thiazolyl-phenothiazines 
and its Implications on the Degradation Mechanism of Phenothiazine Drugs”, in 
“Thiazines and Structurally Related Compounds”, - Proceedings of the 6th International 
Conference on Phenothiazines and Related Psychotropic Drugs, Pasadena, California, 
USA, 11-14 sept. 1990 (ed H.Keyzer), R.E.Krieger Publ. Co., Malabar, Florida, SUA, 
1992, 163-170. 
 
4. C. Cristea, and I. A. Silberg,  “Radical Salts of 1,4-Benzothiazino[2,3-b]phenothiazine”, 
7-th Blue Danube Symposium on Heterocyclic Chemistry Eger, Ungaria, 1998 
Proceedings, CD-ROM ISBN 963 03 5095 5, pag. 48-54. 
 
5. I. A. Silberg , and I. DruŃu, “The Synthesis of Some Highly Chlorinated 
Oligophenothiazines”, 7-th Blue Danube Symposium on Heterocyclic Chemistry 
Eger, Ungaria, 1998, Proceedings, CD-ROM ISBN 963 03 5095 5, pag. 55-62. 
 
6. J. Sabău, I. A. Silberg , and P. Vaillancourt, “The Impact of Oil Decay on Gassing 
and Reliability of Aging Power Transformers”, 2002 Annual Report of the CEIDP 
(IEEE Dielectrics and Insulation Society, ed.) 2002, pag. 408-411. 
 
 
C. ROUMANIAN JOURNALS  

1. C. Bodea, M. Răileanu and I. A. Silberg  “Despre fenotiazine. VIII. AdiŃia de 
hidracizi la nucleul chinoniminic al fenotiazonelor”, Analele ŞtiinŃ. Univ. "Al.I.Cuza" 
(Iaşi), 1960, 6, 1023. 
 
2. C. Bodea and I. A. Silberg  „Zur Struktur des Phenothiazons-3“, Revue de 
Chimie Acad. RPR, 1962, (apărut 1964), 7, 683. 
 
3. C. Bodea and I. A. Silberg  ‘’Prepararea fenotiazin-5-oxizilor cu ajutorul alchil-
hidroperoxizilor’’, Studii Cercet. Chimie (Cluj), 1963, 14, 317. 
 
4. C. Bodea and I. A. Silberg  “Phenothiazones. X. Derivatives of 1,2-Dihydro-3H-
phenothiazine; Undecachloro-1,2-dihydro-3H-phenothiazine”, Rev. Roumaine Chim., 
1964, 9, 425. 
 
5. C. Bodea and I. A. Silberg  “Free Radicals of Phenothiazines and Related 
Compounds I. The Thermal Decomposition of Undecachloro-1,2-dihydro-3H-
phenothiazine and the Free Radical Octachlorophenothiazinyl”, Rev. Roumaine 
Chim., 1964, 9, 505. 
 
6. C. Bodea and I. A. Silberg  “Free Radicals of Phenothiazines and Related 
Compounds II. The Influence of Substituents on the Magnetochemical Properties of 
Some Chloro- and Bromophenothiazinyls”, Rev. Roumaine Chim., 1965, 10, 887. 
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7. I. A. Silberg  and M. V. Diudea, “Phenazathionium Cations. I. The Dual Mechanistic 
Behaviour of Phenazathionium Cations and its Implications in the Reaction of 
NaNO2 with Halophenothiazines” Rev. Roumaine Chim., 1980, 25, 1229. 
 
8. I. A. Silberg  and M. V. Diudea “Phenazathionium Cations. II. Accessibility of 
Positions 1(9) in Nucleophilic Substitutions Involving Phenazathionium Cations” 
Rev. Roum. Chim., 1980, 25, 1239. 
 
9. I. A. Silberg  and S. Silberg, “Derivatives of 4-Aminomethyl-thiazole. II. New 
Thiazole Derivatives of Urea and Thiourea”, Rev. Roumaine Chim., 1983, 28, 719. 
 
10. I. A. Silberg  and S. Silberg “Derivatives of 4-Aminomethyl-thiazole. III. Oxidative 
Cyclizations and Dethionations in the Series of 1-Phenyl-3-(2-aryl-4-thiazolylmethyl)-
thioureas”, Rev. Roumaine Chim., 1983, 28, 139. 
 
11. S. Silberg, I. A. Silberg   and C. Bodea, „Derivatives of 4-Aminomethyl-thiazole. 
IV. Thiazole Derivatives of Phenothiazine”, Rev. Roumaine Chim., 1983, 28, 243. 
 
12. D. A. Löwy, I. A. Silberg , and L. Oniciu “1,1'-Oxi-bis-(2,3,3,-tetracloropropan)-
ul agent sinergetic pentru pesticide”, Rev. Chim., 1985, 36, 33. 
 
13. V. Danciu, I. A. Silberg  and L. Oniciu, “Metodă spectrofotometrică de 
determinare a gradului de reducere electrochimică a acidului p-nitrobenzoic”, Rev. 
Chim., 1985, 36, 243-246. 
 
14. D. A. Löwy, I. A. Silberg , and L. Oniciu, “Metode gaz-cromatografice de separare 
a produşilor de electroreducere a acrilonitrilului”, Rev. Chim., 1985, 36, 354-358. 
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ABSTRACT. Phenothiazine-formaldehyde polymer was obtained by 
condensation reaction of 10H-phenothiazine with formaldehyde in the 
presence of acid catalysts. The synthesis was performed both under classical 
heating and microwave assisted heating conditions. Two different microwave 
installations were employed for optimizing the reaction conditions. Modified 
electrodes were prepared by adsorption of this polymer material on 
spectrographic graphite and the electrochemical parameters were estimated. 
 
Keywords: phenothiazine, MAOS, modified electrodes, cyclic voltammetry 
 
 

INTRODUCTION  
During the last decade, the microwave heating became a popular 

alternative to conventional conductive heating not only for domestic food 
processing, but also for chemical synthesis purposes. The increasing 
number of scientific reports dedicated to the microwave-assisted organic 
synthesis (MAOS) shows that this technique is very convenient for the 
processing of organic matter. A survey of literature data shows that MAOS 
was applied to almost all of previously conventionally heated reactions [1-4]. 
Due to certain advantages, particularly shorter reaction times, which offer 
the possibility of rapid optimization of chemical reactions, MAOS became 
an experimental technique applied for the syntheses of a large number of 
organic fine chemicals. MAOS also joins some of the major principles of 
the green chemistry such as: the increase of energy efficiency by effective 
in situ conversion of the electromagnetic energy into heat which avoids energy 
loss, and the use of safer solvents and reaction conditions by avoiding the 
use of toxic solvents in solvent-free reactions, or the use of water and other 
solvents under supercritical conditions (reaction pressures of 2-3 Mpa which 
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would facilitate temperatures in the order of 200 oC for common solvents 
such as methanol, ethanol, acetone, all which boil below 85 oC at atmospheric 
pressure). 

The synthesis and electrochemical characterization of several 
phenothiazine derivatives was a constant interest for our research group 
during last years [5-8]. In this paper, we present the microwave assisted 
synthesis and the electrochemical characterization of a phenothiazine-
formaldehide polymer derivative based on bis-(phenothiazin-3-yl)-methane 
moiety. A comparison between classical synthesis and the microwave 
assisted syntheses performed using two different experimental techniques 
was attempted. The electrochemical behaviour was studied by simple 
adsorption on graphite electrode surface, using cyclic voltammetric (CV) 
measurements and an explanation of the electrochemical parameters was 
attempted. An electrochemical study can be performed using two methods: 
(i) the investigated compound dissolved in solution [9-16] or (ii) the 
investigated compound adsorbed on an electrode surface [17-19]. We 
choosed the second method because the investigation of the adsorbed 
systems requires small quantities of organic compounds, so that modified 
electrodes can be easily obtained at laboratory scale and the observed 
properties may recommend them as electrocatalysts for the obtaining of 
sensors / biosensors, etc.  
 
RESULTS AND DISCUSSION 
Synthesis 

Phenothiazine dimer or higher oligomer obtaining by the condensation 
reaction of phenothiazine with aldehydes such as formaldehyde, acetaldehyde 
or benzaldehyde, was already reported [20-21]. The condensation of 
phenothiazine with formaldehyde in solution, in the presence of an acid 
catalyst leads to bis-(10H-phenothiazin-3-yl)-methane 1 accompanied               
by oligomers 2 (Scheme 1). The catalytic activity of hydrochloric acid, 
methanesulfonic acid and respectively trifluoroacetic acid were compared. 
Best results were obtained in the presence of hydrochloric acid.  

The reaction conditions can be optimized in order to change the 
relative ratios of the reaction products. Thus, when acetic acid was 
employed as solvent, bis-(10H-phenothiazin-3-yl)-methane 1 was obtained 
in lower amounts and oligomers 2 appeared as major reaction products. 
The condensation products 1, 2 precipitated from the reaction mixture and 
were easily separated by filtration. The conversion of the phenothiazine 
was about 90%. 1 was removed by dissolution in THF. The mixture of 
oligomers 2 is a dark powder highly unsoluble in organic solvents such as 
ethanol, acetone, ether, toluene.  
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The structure assignment of 1 is supported by spectroscopic data. EI 
mass spectrum shows the molecular peak situated at 410 m/e. The 
substitution in position 3 of the phenothiazine units was unambiguously 
assigned by 1H-NMR spectroscopy; thus, in the 2D 1H-1H homocorrelation 
COSY–45 spectrum, the cross peaks of the signals situated in the 6.6-6.9 
ppm range reveals the aromatic protons coupling patterns. For the 
methylene bridge,13C-NMR spectrum shows one signal situated at 40 ppm. 

For the polymer structure 2, FT-IR spectroscopy indicate the stretching 
vibration of N-H bonds by the absorption band situated at 3230 cm-1. 300 MHz 
1H-NMR spectrum shows a singlet signal situated at 3.5 ppm for the 
equivalent methylene protons and a singlet signal situated at 8.5 ppm 
assigned to the protons in the NH groups of the equivalent phenothiazine 
units. Unfortunately, the signals of the protons attached to the heteroaromatic 
ring give an overlapping multiplet in the 6.6-7 ppm range. The analogy with 
the well resolved spectrum of parent compound 1 enables us to suggest 
the same substitution pattern for oligomer 2. 

 
Microwave assisted synthesis of phenothiazine-formaldehyde polymer 
derivative 2 

The experimental techniques applied for the microwave-assisted 
syntheses of phenothiazine-formaldehyde polymer derivatives described 
below, are based on two different microwave installations:  

a) dynamic microwave power system designed by INCDTIM Cluj-
Napoca [22], as a mono-mode cavity reactor for open vessel operating 
conditions. The advantage of the single-mode cavity is the uniform heating 
pattern, higher field strengths and reproducible conditions in small reactors. 
The disadvantage is due to small sample volumes and to the fact that only 
one reaction vessel can be irradiated at the time. 
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b) microwave installation Synthos 3000 designed by Parr instrument 
company as a multimode cavity reactor for high pressure operating 
conditions. Reproducible operating conditions are ensured in the reactor 
equipped with temperature and pressure sensors, built-in magnetic stirrer, 
cooling mechanisms, power control and software operation. The advantage 
relies on the fact that parallel syntheses can be performed in several 
reaction vessels which can be irradiated simultaneously in multivessel rotors. 

Two different reaction techniques were employed:  
a) “Dry media” procedure, which involved solventless conditions and the 
reagents were preadsorbed onto a more or less microwave transparent 
inorganic support (silica gel, alumina or clay). This solvent free approach is 
appropriate for MAOS in open vessel conditions. 
b) Pressurized systems procedure, where the reaction was carried out in 
standard organic solvents under sealed vessel conditions. 

Table 1 presents a comparison between the experimental conditions 
employed and the results obtained in the microwave-assisted synthesis of 
2. Classical heating by thermal convection and microwave heating of the 
reaction mixture in acetic acid solvent affords similar reaction yields of 2, 
but significantly shorter reaction times are requested by MAOS. Dry media 
procedure generated lower yields due to the immobilization of the highly 
unsoluble reaction product on the solid support. 
 

Table 1.  
Experimental conditions for the synthesis of phenothiazine-formaldehyde  

polymer derivative 2 
Procedure Heating type Solvent/ 

Support 
Temp. 
[0C] 

Time 
[min] 

Yield 
[%] 

Classical  Thermal convection AcOH 60 120 78 
Dry media  Single-mode MW cavity  Al2O3 60 15 38 
Pressurized 
systems 

Multi-mode MW cavity AcOH 60 40 75 

 
Electrochemical behaviour of phenothiazine-formaldehyde polymer 
derivative 2 

The electrochemical behavior of 2 was studied by simple adsorption 
on a graphite electrode surface, using cyclic voltammetric (CV) measurements. 
The modified graphite electrodes were obtained by spreading onto the 
electrode surface a solution 1 mM of 2 in dimethylsulfoxide and leaving them 
to dry at room temperature. Before immersion in the test solution the 
modified electrodes were carefully washed with water. For each electrode, 
the surface coverage (Γ, mol cm-2) was estimated from the under peak areas, 
recorded during the CV measurements at low scan rate (< 10 mV s-1), and 
considering as 1 the surface redox valency [23]. The presented results are 
the average of three identically prepared electrodes. 
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Figure 1 shows the voltammetric response corresponding to 
compound 2 adsorbed on the surface of a graphite electrode in a 
phosphate buffer solution (pH 7) and the stability of the modified electrode 
expressed by the time dependence of the surface coverage for the obtained 
modified electrode.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. (A) Cyclic voltammograms of graphite electrode (---) and of compound 2 

adsorbed on graphite (). (B) Time dependence of surface coverage for 
compound 2 adsorbed on graphite. 

Experimental conditions: starting potential -0.700 V/SCE; potential scan rate 50 mV s-1; 
supporting electrolyte, 0.1M phosphate buffer, pH 7. 

 
 

The voltammogram of compound 2 (fig. 1A) shows an oxidation wave 
(Epa

0/+1= 74 mV vs. SCE), which can be assigned to the formation of stable 
radical cations generated by the phenothiazine structural units present in 
the molecular structure (scheme 2). 

  

S

H
N

C
H2

S

H
N -1 e-

n S

H
N

C
H2

S

H
N

n+1 e-

 
Scheme 2  

 

 
The width at half peak height (EFWHM values given in table 2) was different 

to the one corresponding to the ideal case (EFWHM = 90.6/n mV, where n is the 
number of electrons). The observed discrepancies might prove the existence of 
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repulsive interactions between the adsorbed redox species (radical cations 
generated in the anodic process) [23,25]. Compound 2 exhibits the relative 
current ratio Ipa/Ipc close to one, specific to adsorbed conditions [23]. The 
electrochemical stability was studied by cycling the electrode potential in 
phosphate buffer solution during 20 cycles. It was observed that the shape 
of the voltammogram remained unchanged (results not shown) and the peak 
parameters were not affected by the surface coverage. The modified 
electrode presents a good electrochemical stability as shown in figure 1B, due 
to good adsorption properties of the polymer derivative.  

 
Table 2 

Electrochemical parameters of the voltametric response for graphite 
electrode modified with 2. Experimental conditions as in Fig1. 

 
EFWHM 
[mV] 

Cpd 
* 

Epa 
[mV] 

vsSCE 

Epc 
[mV] 

vsSCE 

E0 

[mV] 
vsSCE 

∆Epeak 
[mV] 

anodic cathodic 

Ipa 
Ipc 

Γ 
108mol 

cm-2 

2 74 -70 2 144 272 235 1.24 5.4 
*Compound 2 

 

CONCLUSIONS: 

The two microwave installations employed in the microwave-assisted 
synthesis of 2 offered an efficient heating of the reaction mixture and 
comparison with the conventional synthetic methods demonstrates 
advantages related to shorter reaction times. In this particular case, dry 
media procedure presented the disadvantage of lower yields, due to the 
immobilization of the highly unsoluble reaction product on the solid support.  

The electrochemical behavior of a graphite electrode modified with 
phenothiazine-formaldehyde polymer derivative 2, shows redox activity and 
good adsorption properties of this compound.  
 
 
EXPERIMENTAL PART 

The reactions were performed using: 
a) dynamic microwave power system designed by INCDTIM Cluj-Napoca  
b) microwave installation Synthos 3000 designed by Parr instruments 
Reagents from Merck were used.  
TLC was used to monitor the reaction progress (Merck silica gel F 254 plates). 
NMR spectra were recorded using a 300 MHz Brucker NMR spectrometer. 
FT-IR spectra were recorded using a Brucker Vector 22 FT-IR spectrometer. 
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Phenothiazine-formaldehyde polymer 2 

a) Phenothiazine 0,5 g (2,5 mmol) was solved in acetic acid (50 mL), 
conc. hydrochloric acid (0.5 mL) was added and then formaldehyde (4mmol, 
0.32 mL aqueous solution 36%) was added drop wise under vigorous 
stirring at room temperature. After 30 minutes, a dark precipitate start to 
accumulate and the reaction is perfected for 2 hours at 60 0C. The dark 
grey precipitate was filtered and washed several times with warm 
methanol; the precipitate was suspended in THF and then filtered. 0.4 g 
dark powder was obtained, yield 78%. 

b) Phenothiazine (0,5 g 2,5 mmol) was solved in acetone (30 mL) 
and aluminium oxide (0.5 g) was added to the clear solution. The solvent 
was then removed under vacuum by rotary evaporator. Formaldehyde (4 
mmol, 0.32 mL aqueous solution 36%) and conc. hydrochloric acid (0.1 
mL) were added to the phenothiazine adsorbed on the solid support. The 
mixture was subjected to microwave irradiation in the resonance cavity of 
the dynamic microwave power system designed by INCDTIM, with prescribed 
power level 700 W and temperature monitoring. TLC was used to monitor 
the reaction progress. After 15 minutes total time of irradiation the solid 
material was extracted 3 times with DMF (10 mL). The product precipitated 
when water was added to the reunited DMF solutions. 0.2 g dark powder 
precipitate was obtained by filtration, yield 38%.  

c) Phenothiazine 0,5 g (2,5 mmol), formaldehyde (4 mmol) aqueous 
solution 36% 0.32 mL, conc. hydrochloric acid 0.5 mL and acetic acid 20 mL 
were introduced in a quartz reaction vessel which was then sealed and 
subjected to microwave irradiation in the resonance cavity of the 
microwave Synthos 3000 instrument with controlled heating at 60 0C and after 
40 minutes generated a dark grey precipitate which was filtered from the 
reaction mixture and then washed several times with warm methanol; the 
precipitate was solubilized in THF and filtered. 0.38 g dark powder was 
obtained, yield 75%. 
1H-NMR (300MHz, DMSO-d6): δ=3.57 ppm (s, 2H), 6.61-7 ppm (m, 12H), 
8.5 ppm (s, 2H). 
IR (cm-1): 3328, 1595, 1487, 1314, 798, 743.  
 
Electrode preparation 

A spectrographic graphite rod (Ringsdorff-Werke, GmbH, Bonn-Bad 
Godesberg, Germany), of ~ 3 mm diameter, was wet polished on fine (grit 
400 and 600) emery paper (Buehler, Lake Bluff, Ill., USA). Then, a graphite 
piece of suitable length was carefully washed with deionized water, dried, and 
finally press-fitted into a PTFE holder in order to obtain a graphite electrode 
having, in contact with the solution, a flat circular surface of ~ 0.071 cm2. 
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The modified graphite electrode was obtained by spreading onto the electrode 
surface 2 µl of 1 mM derivative 2 solution in dimethylsulfoxide, and leaving 
them for one day at room temperature to evaporate the solvent. Before 
immersion in the test solution the modified electrodes were carefully washed 
with deionized water. 

 
Electrochemical measurements 

CV measurements were carried out in a conventional three-
electrode electrochemical cell. A saturated calomel electrode (SCE) and a 
coiled Pt wire served as reference and counter electrode, respectively. The 
cell was connected to a computer-controlled voltammetric analyzer (Autolab-
PGSTAT10, Eco Chemie, Utrecht, Netherlands).The supporting electrolyte 
was a 0.1 M phosphate buffer, pH 7 prepared using K2HPO4·2H2O and 
KH2PO4·H2O from Merck (Darmstadt, Germany). 
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ABSTRACT. Phenothiazinyl substituted enones were synthesized by the 
condensation of N-methyl-3-oxo-phenothiazine derivatives with several acetyl-
ferrocene and benzaldehyde derivatives respectively, in alkaline conditions. 
The structures of new chalcones and bischalcones thus obtained were 
assigned by high resolution NMR. Comparative electrochemical behaviour 
and UV-Vis spectra of chalcones containing phenothiazine and ferrocene 
or phenyl units are described. 

 
 
INTRODUCTION 

This paper is a continuation of previous contributions showing a 
constant interest on the synthesis and structural investigation of 
phenothiazine derivatives containing conjugated unsaturated chains, in our 
research group [1-4]. Due to the low oxidation potential and the pronounced 
propensity to form stable radical cations, properly substituted phenothiazine 
derivatives may find applications in material science investigations and 
sensors studies. The target of this work was to synthesize some chalcones 
with cross conjugated structure, containing phenothiazine and ferrocene or 
other aromatic units as well as to characterize their electronic properties by 
UV-Vis spectroscopy and cyclic voltammetry. These structures might 
develop interesting unconventional physical properties due to the combination 
of the electron donor effects of phenothiazine [5], ferrocene or phenyl units, 
with those of an extended π conjugated system.  

The UV-Vis spectra of phenothiazine derivatives were recorded long 
time ago for analytical purposes (characterization, identification and dosage) 
due to the large extent of derivatives with practical applications (drugs, 
dyes, antioxidants). The correlation between UV spectra and the structure 
of phenothiazine derivatives was thoroughly investigated and important 
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differences between 2- and 3-substituted derivatives were noticed, while the 
presence of a alkyl substituent in position 10 affects very little the spectrum. 
Greater influence was observed to be exerted by electron withdrawing 
groups such as –NO2, -SO2, -S-CO-R [6-8]. 

The electron donor properties of the phenothiazine nucleus were 
also clearly demonstrated by different methods including chemical [9] and 
electrochemical generation of the oxidized forms. The first systematic 
investigation of the anodic oxidation of phenothiazine at a platinum 
electrode [10] indicated a first step at + 270 mV vs Ag/Ag+ 10-2M electrode and 
a second step situated at about +750 mV. Further, different electrochemical 
methods were also employed: polarography [11-13], cyclic voltammetry [14-
19], chronoamperometry [8,20], especially in the range of positive potentials. 
However, much remains to be done in order to establish the influence exerted 
by functional groups on the redox behaviour of phenothiazine nucleus. We 
decided to use the cyclic voltammetric measurements for the investigation 
of the redox processes implied by the presence of different redox active 
groups and their reciprocal influences in the structure of phenothiazine 
containing chalcones. 

 
RESULTS AND DISCUSSIONS 
Synthesis 
 Chalcones containing phenothiazine and ferrocene units, 2a and 2b 
were previously synthesized by the condensation of N-methyl-formyl-
phenothiazine with acetylferrocene and 1,1’-diacetylferrocene respectively 
(Scheme1). The reactions were performed in the presence of catalytic 
amounts of KOH, and afforded high yields of chalcones (>70%). 
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An explanation of structure-reactivity relationship related to the 
nucleophilicity of the enolate anion generated by the acetylferrocene in the 
aldol condensation reaction was formulated based on density functional 
(DFT) calculations [21]. 
 Bis-chalcones containing a 3,7-disubstituted phenothiazine unit 
were obtained in high yields by the condensation of 3,7-diacetyl-10-
alkylphenothiazines with benzaldehyde in alkaline media (compounds 4a 
and 4b in Scheme 2). 
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Scheme 2 

 
High resolution NMR (500 MHz 1H-NMR) and FT-IR spectra were used 

in order to completely assign the structures of the synthesized compounds 
4a,b. FT-IR spectroscopy indicates the stretching vibration of the carbonyl 
bond by the absorption band situated at 1654 cm-1 for 4a and 1659 cm-1 for 
4b respectively; these low values are consistent with the vibration of an α,β 
unsaturated ketone and are accompanied by the absorption band situated 
at 1594 cm-1 due to the vibration of the C=C bond. The formation of E 
diastereoisomers of 4a and 4b can be clearly identified by 1H-NMR spectra: 
two doublet signals situated at 7.4 and 7.8 ppm in the spectrum of 4a were 
assigned to the vinyl protons and the coupling constant of 15.5 Hz is consistent 
with a trans geometry around the double bond. Similar chemical shifts and 
coupling pattern were observed in the spectrum of 4b.  

 

UV-Vis spectra 
For the unsubstituted phenothiazine, literature indicates two 

characteristic UV absorption maxima situated at 253 and 320 nm. Shifts 
and intensity variations of these maxima were observed and are due to 
substitution pattern of phenothiazine derivatives [5]. The UV spectrum for 
ferrocene shows maxima situated at 330 nm and 440 nm [22]. 

The UV-Vis spectra of compounds 2a, 2b and 4a, were recorded in 
DMF solution and are presented in figure 1. Compounds 2a and 2b contain the 
same chromophor unit: 1-ferrocenyl-3-phenothiazinyl-propenone; a very small 
bathocromic shift can be observed in the position of the absorption maxima of 
2b accompanied by an important increase in absorbance value due to additive 
effect of the identical two chromophor units in the molecular structure.  
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Compounds 4a and 4b contain as a chromophor the 3-phenyl-1-
phenothiazinyl-propenone unit which produces in the UV-Vis spectrum an 
absorption band showing an important bathochromic shift as compared to 
compounds 2 (Figure 1), a fact that suggests a longer π conjugated system 
which implies smaller energy amounts required for the n→ π* transition 
between the molecular orbitals.  

 

 
Figure 1.  UV-Vis spectra of chalcones 2a, 2b and 4a solution 10-5 M in DMF. 

 
Electrochemical measurements  

Cyclic voltammetric (CV) measurements were carried out in order to 
compare the electrochemical behaviours of chalcone derivatives 2, 4 with 
those of parent aromatic units: N-alkyl-phenothiazine and ferrocene respectively. 
The oxidation potentials determined by the presence of different redox active 
groups and their reciprocal influences can be observed in Figure 2. 
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Figure 2 . Cyclic Voltammograms of:  A) 2a, 4b, N-ethylphenothiazine; B) 2a, 4b, 
ferrocen. Experimental conditions:  solvent DMF, supporting electrolyte 0.1M 

LiClO4, GC electrode, scan rate v=100 mVsec-1 
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A shape of strong oxidation can be observed for 2a and 4b adsorbed 
on GC electrode; this process is continuing slowly, along a large potential 
range (800-1600 mV). This oxidation peak appears shifted towards lower 
positive values for 2a as compared to 4b (∆E4b-2a= 200 mv). 

The presence of extended π conjugated system in chalcones 2, 4 
strongly affects the redox behaviour of phenothiazine nucleus as it can be 
observed in Figure 2A where CVs of N-ethylphenothiazine, 2a and 4b are 
ploted together. The characteristic redox behaviour of the phenothiazine 
unit (which can be clearly seen in the CV pattern of N-ethyl-phenothiazine), 
is suppressed in the CVs of chalcone derivatives 2a, 4b.  

Figure 2B shows the CVs of ferrocene, 2a and 4b ploted together. 
In the CV of chalcone 2a, the intense oxidation peak is accompanied by the 
answer of ferrocene/ferrocynium system which appears strongly affected. 
This peak couple became almost irreversible and shifted towards lower 
positive potential values, as compared to that of the normal reversible 
answer of ferrocene/ferrocynium redox couple. 
 
EXPERIMENTAL PART 

Melting points (uncorrected) were obtained with an Electrothermal IA 
9200 digital melting point apparatus. IR spectra were recorded in KBr pellets 
with a BRUKER IFS 55FT-pectrometer. 1H- and 13C-NMR were recorded in 
CDCl3 solution in 5mm tubes at RT, on a Bruker DRX 500 at 500MHz, using 
TMS as internal reference with deuterium signal of the solvent as the lock. UV-VIS 
spectra were recorded on a Spectrometer UV-VIS UNICAM Helios β in DMF 
solution 10-5 M. 

The electrochemical measurements were performed using a potentiostatic 
set-up in a classical cell having three electrodes. All the samples were deaerated 
20-30 minutes before each test. Because of low solubility of the complex in the 
protic medium, the non aqueous medium of DMF was chosen. 

Cyclic voltammograms were recorded in a cell purged with argon. DMF 
used as solvent was purified according to standard procedures [9]. LiClO4 dried 
in an oil pump vacuum at 100oC was added as supporting electrolyte at a 
concentration of 0.1 M. Compounds under investigation were added at 10 mM 
concentration. The working electrode (GC) and platinum wire counter-electrode 
were used. An Ag/AgCl electrode, in a separate compartment served as reference 
electrode. CVs were recorded in positive-going direction at the starting 
potentials, at different scan rate using a BAS potentiostat equipped with 
BAS100W soft. All experiments were run at room temperature (22oC). 

Phenothiazine oxo-derivatives, 1,1’-diacetyl-ferrocen and ferrocenyl-
enones 2a and 2b were prepared according to described procedures [23,24,7]. 
Spectral data and melting points of compounds 2a and 2b are according to the 
literature [21].  
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General procedure for the preparation of phenothiaz inyl chalcones  4a,b 
To a stirred solution of the appropriate 3,7-diacetyl-10-alkyl-phenothiazine 
(0.01 mol) and benzaldehyde (2.12g, 0.02 mol) in ethanol (20 cm3), 10% 
methanol solution of KOH (1 cm3) was added drop wise over 3 min at 25°C. 
The mixture was stirred for 8h at 50°C. The product  precipitated on cooling   
was filtered and washed with cold ethanol (5 cm3) then purified by column 
chromatography on silica using dichloromethane as eluent. 
3,7-bis[(E)-3-phenylprop-2-en-1-on]-10-ethyl-10 H-phenothiazine (4a)  
Orange-red powder; yield 4.29g (88%); m.p. 153-154°C 
IR (KBr) ν [cm-1]: 1654, 1596, 1574, 1474, 1367, 1331, 1284, 1244, 1208, 763 
500MHz, 1H-NMR (CHCl3-d1): δH: 1.49ppm (t, 3H, 3J= 7Hz, Hb), 4.02ppm (q, 
2H,  3J= 7Hz, Ha), 6.94ppm (d, 2H, 3J= 8.5Hz, H1,9), 7.86ppm (dd, 2H, 4J= 2Hz, 
3J= 8.5Hz H2,8), 7.78ppm (d, 2H, 4J=2Hz, H4,6), 7.65ppm (m, 4H, H2',6'), 
7.42ppm (m, 4H, H3',5'), 7.42ppm (m, 2H, H4'), 7.49ppm (d, 2H, 3Jtrans= 15.5Hz, 
Hα), 7.80ppm (d, 2H, 3Jtrans= 15.5Hz, Hβ). 100MHz 13C-NMR (CHCl3-d1): δc: 
13.1ppm (CH3, Cb), 43.2ppm (CH2, Ca); 115.0ppm (CH, C1,9), 121.8ppm (CH, 
Cα), 123.6ppm (Cq, C4a,5a), 128.1ppm (CH, C4,6), 128.9ppm (CH, C2',6'), 
129.2ppm (CH, C2,8), 129.4ppm (CH, C4'), 130.9ppm (CH, C3',5'), 133.5 (Cq, 
C3), 135.4 (Cq, C1'), 144.8ppm (CH, Cβ), 147.7ppm (Cq, C9a,10a), 188.1ppm (CO) 
3,7-bis[(E)-3-phenylprop-2-en-1-on]-10-butyl-10 H-phenothiazine (4b) 
Red powder; yield 3.66g (71%); m.p. 166°C 
IR (KBr) ν [cm-1]: 1657, 1595, 1575, 1476, 1367, 1328, 1281, 1252, 1204, 760 
500MHz, 1H-NMR (CHCl3-d1): δH: 0.95ppm (t, 3H, 3J= 7.5Hz, Hd), 1.50ppm (m, 
2H, Hc), 1.83ppm (m, 2H,  Hb), 3.95ppm (t, 2H,  3J= 7.5Hz, Ha), 6.92ppm (d, 
2H, 3J= 8.5Hz, H1,9),  7.87ppm (dd, 2H, 4J= 2Hz, 3J= 8.5Hz H2,8), 7.79ppm (s, 
2H, H4,6), 7.65ppm (m, 4H, H2',6'), 7.43ppm (m, 4H, H3',5'), 7.41ppm (m, 2H, H4'), 
7.49ppm (d, 2H, 3Jtrans= 20Hz, Hα), 7.80ppm (d, 2H, 3Jtrans= 20Hz, Hβ). 100MHz 
13C-NMR (CHCl3-d1) δc: 14.1ppm (CH3, Cd), 20.4ppm (CH2, Cc), 29.1ppm (CH2, 
Cb), 48.3ppm (CH2, Ca), 115.5ppm (CH, C1,9), 121.9ppm (CH, Cα), 124.3ppm 
(Cq, C4a,5a), 128.2ppm (CH, C4,6), 128.9ppm (CH, C2',6'), 129.2ppm (CH, C2,8), 
129.4ppm (CH, C4'), 130.9ppm (CH, C3',5'), 133.6 (Cq, C3), 135.4 (Cq, C1'), 
144.8ppm (CH, Cβ), 148.2ppm (Cq, C9a), 188.2ppm (CO) 
 
 
CONCLUSIONS  

Chalcones containing phenothiazine and ferrocen units were synthesized 
and their electronic properties were analyzed by UV-Vis spectroscopy and 
cyclic voltammetry. Their conjugated structure determined a bathocromic 
shift of the UV absorption maxima when compared to parent aromatic units. 
The electrochemical measurements of chalcones adsorbed on GC electrode 
show strong irreversible oxidation processes. It will be of interest to study 
their electrosorption process depending on the electrode nature. 
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ABSTRACT. Duff formylation of bis-(10-methylphenothiazin-3-yl)-methane 
obtained by the condensation of phenothiazine with formaldehyde was 
attempted. Theoretical data based on Density Functional Theory were used in 
order to explain the reduced reactivity of this substrate, as compared to 
parent 10-methylphenothiazine. Structural assignments were based on NMR 
spectroscopy. 
 
 

INTRODUCTION 
Numerous N- or C-substituted phenothiazine derivatives were prepared 

taking into account the enhanced chemical reactivity of phenothiazine nucleus 
towards electrophiles. The highest electron density is located at the heterocyclic 
nitrogen atom (due to its relatively high electronegativity) and consequently 
many electrophile reagents preferentially attack in position 10 of the 
phenothiazine nucleus. As a consequence of the transmission of heteroatoms 
electronic effects, C-substitution of the phenothiazine nucleus occurs readily in 
positions 3,7 (activated by electronic effects of nitrogen in position para, as 
shown in figure 1), followed by positions 1,9 (orto to nitrogen) and then by 
positions 2,8 and 4,6 respectively (activated by the electronic effects of 
heterocyclic sulfur atom) [1].  
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Figure 1. Phenothiazine: IUPAC numbering and resonance structures. 
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This paper presents the condensation reaction of 10-methylphenothiazine 
with formaldehyde and the attempts to subsequent formylation of bis-
(10methylphenothiazin-3-yl)-methane 1 thus obtained. Theoretical data, based 
on DFT calculations, were used in order to explain the reduced reactivity of 
substrate 1. 

 
RESULTS AND DISCUSSIONS  

Similarly to the condensation reaction of phenothiazine with 
formaldehyde, which leads to bis-(10H-phenothiazin-3-yl)-methane, the 
condensation of 10-methylphenothiazine with formaldehyde solution in the 
presence of an acid catalyst generates bis-(10-methylphenothiazin-3-yl)-
methane 1 (Scheme 1) in good yields.  
 

S

N

H3C-SO3H S

N

S

NH2C=O

 
       1 

Scheme 1 
 
1H-NMR spectroscopy was used in order to completely assign the structure 
of 1. Thus, due to the symmetry of the molecule the two methyl groups 
appear as a singlet signal situated at 3.1 ppm, while a singlet signal 
situated at 3.8 ppm is assigned to the bridging methylene protons. The 
protons attached to the two equivalent phenothiazine units generate six 
multiplet signals which appear in the 6.7-7.2 ppm range.  

Duff formylation of 10-methylphenothiazine with urotropine in acidic 
media generated 3-formyl-10-methylphenothiazine in moderate yields. The 
electrophilic substitution occurs in position 3, characterized by the highest 
electron density of the substrate [1]. The reduced reactivity of 10-
methylphenothiazine (as compared to 10H-phenothiazine), combined with 
the low reactivity of the electrophile generated by the urotropine in acidic 
media [2-6], explain the moderate yields.  

The same formylation reaction was attempted by using 1 as a substrate. 
The expected (10-methylphenothiazin-3-yl)-(7-formyl-10-methylphenothiazin-
3-yl)-methane 2 (Scheme 2) was obtained in extremely low yields.  
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A theoretical explanation for this difference of reactivity between the 
two similar substrates: 10-methylphenothiazine and bis-(10-methylphenothiazin-
3-yl)-methane 1, has been attempted. Based on DFT calculations, Figure 2 
shows the electrostatic potential surfaces generated on the lowest energy 
conformer of 10-methylphenothiazine and 1, using Spartan software [7]. 
 

 
  a     b 

Figure 2. Electrostatic potential surfaces generated for: 
a)10-methylphenothiazine and b)bis-(10 methylphenothiazin-3-yl)-methane 1 

 
 

The mild electrophile H2C=N+< ↔ H2C
+-N< [2] generated by the 

urotropine during the Duff formylation reaction may selectively be attached 
in position 3 of the 10-methylphenothiazine substrate, but it is not capable 
to interact with the carbon atom in position 7 of 1 substrate, as it can be 
observed from the electrostatic potential surface in figure 2a (there is no 
electrostatic potential surface covering carbon atom in position 7). 

Stronger electrophiles may be required in order to perform the same 
substitution reaction of 1, so Vilsmeier [8,9], Reimer-Tiemann [10-12] or 
Gattermann [13-15] formylation procedures are to be tested. 
 
 
CONCLUSIONS  

As a consequence of the moderate reactivity of 10-methylphenothiazine 
substrate, reaction with electrophiles generated by formaldehyde or urotropine 
in acidic media proceeds selectively in position 3 (para to heterocyclic nitrogen 
atom). Further electrophilic substitution reactions occur only in the presence of 
stronger electrophiles, so that the formylation of bis-(10-methylphenothiazin-3-
yl)-methane was not observed under the present conditions. Comparison 
between generated electrostatic potential surfaces using Spartan software, 
for bis-(10-methylphenothiazin-3-yl)-methane and 10-methylphenothiazine 
suggest that the mild electrophile generated by the urotropine in the Duff 
formylation reaction is not able to interact with the heterocycle carbon atoms.  
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EXPERIMENTAL PART 

The chemical reagents and the solvents were purchased from Merck (for synthesis 
purity) 
The H-NMR spectra were recorded on a Bruker Avance 300 MHz spectrometer. 
 
Bis-(10-methylphenothiazin-3-yl)-methane 1 

10-methylphenothiazine 0,5g (2,5mmol) was solved in acetic acid (50 mL), 
methanesulfonic acid (0.5 mL) was added and then formaldehyde (4mmol, 
0.32 mL aqueous solution 36%) was added drop wise under vigorous stirring at 
room temperature. After refluxing for 1 hour, a white-pink precipitate started to 
accumulate and the reaction was perfected for 3 hours. The precipitate was 
filtered and washed several times with warm methanol; 0.4g white-pink powder 
was obtained, yield 65%, m.p. = 248 oC. 
1H-NMR (300MHz, DMSO-d6): δ=3.10 ppm (s, 6H), 3.80 ppm (s, 2H), 6.70 ppm 
(d, 2H), 6.75 ppm (d, 2H), 6.8 ppm (t, 2H), 6.85 ppm (s, 2H), 6.90 ppm (d, 2H), 
7.02 ppm (d, 2H), 7.12 ppm (t, 2H).  
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ABSTRACT. The preparation of new bis-(10-alkyl-phenothiazin-3yl)-1,1’-
binaphthalene derivatives 10,13, following a rational synthetic approach 
based on Suzuki or Negishi arylation of suitable precursors, is discussed. 
Positive results were obtained by Suzuki arylation of the (RS)-6,6’-dibromo-
[1,1’-binaphthalene]-2,2’-dicarbonitrile (11) with 10-hexyl-3-(4,4,5,5-tetrametyl-
1,3,2-dioxaborolan-2-yl)-phenothiazine (5) and Negishi arylation of the 
(RS)-2,2’-diidodo-[1,1’-binaphthalene] with 3-bromo-10-hexyl-phenothiazine. 
These compounds are candidates for new molecular materials with potentially 
efficient photoinduced electron transfer properties due to the axial chirality 
of the binaphthyl moiety combined with the low-oxidation potential and high 
tendency to form stable radical cations of the phenothiazine units.  

 
 
INTRODUCTION 

Axially chiral binaphthyl derivatives represent one of the most important 
groups of the artificial chiral-pool compounds [1]. Their widespread applications 
lay stress upon their facile accessibility in enantiomerically pure state, as 
well as possibility of easy structural modifications. Unique stereochemical 
properties of axially chiral C2-symmetric binaphthyl moiety (symmetrically 
substituted at the both naphthalene rings) are the reason for enhanced 
interest in the synthesis, study, and application of binaphthyl derivatives. 

 
Synthetic approaches to binaphthyl derivatives 

Main synthetic approach for the synthesis of enantiomerically pure 
axially chiral C2-symmetric binaphthyl derivatives consist in stereoselective 
formation of C-C bond connecting two naphthyl units and transformations of 
the groups on the binaphthalene scaffold without any configurational 
scrambling. Chemical transformations of the binaphthyl derivatives, except 
for replacing the atoms bonded directly to the binaphthyl moiety at the 2,2’-
positions, do not impair the enantiomeric purity and are routinely used. 
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Chiral C2-symmetric 1,1'-binaphthyl-2,2’-disubstituted derivatives can be 
easily functionalized in the 3,3'-positions [2] (via orthometallation directed 
by substituents at the positions 2,2’, Y = OR, NR2) or 6,6' (by electrophilic 
aromatic substitution as reported for Y = OH) [3]. Substituents at the other 
positions (more often 4,4’ and 7,7’) have to be incorporated before the 
coupling of naphthyl units [4]. 
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1) RLi, 2) E

 
Figure 1 

It is of great interest to investigate new photoactive and electroactive 
binaphthyl derivatives as molecular materials for potential application in 
optoelectronics as information storage media and logic gates (processing 
data). Phenothiazines derivatives as electron-rich tricyclic nitrogen-sulfur 
heterocycles with a low-oxidation potential and a high tendency to form 
stable radical cations are candidates for groups, which should bring 
interesting properties to binaphthyl derivatives. Besides above mentioned 
properties of phenothiazine derivatives, thanks to their physiological 
activities, pronounced biological and pharmacological activity, they were 
applied in a broad range as anthelmitics, antipsychotics, antiepileptics, 
antituberculotics and antitumor agents [5], more recently, due to their low 
oxidation potential and reversible oxidations, deep colored radical cation 
absorptions, phenothiazines have become very interesting spectroscopic 
probes in molecular and supramolecular arrangements for photoinduced 
electron transfer (PET) studies [6].  

As a consequence the integration of phenothiazinyl units into 
conjugated chains in the sense of a “push-pull” substitution is an intriguing 
objective both from the synthetic and the physical properties points of view. 
As shown by the work of Lambert for expanded benzidines and triarylamines 
[7], for bridged and unbridged oligophenothiazines there is also a strong 
dependence of the electronic communication between aromatic units on the 
distance of electrophores and the nature of the bridge [8,9]. 

We aimed to prepare a series of binaphthyl derivatives bearing 
phenothiazine groups at positions 2,2’ and/or 6,6’. Investigation of the 
photochemical and electrochemical properties of such derivatives should give 
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us valuable information about electronic communication among these groups 
via binaphthyl spacer as a background for construction of optoelectronic 
devices. In order to obtain the desired compounds 10 and 11 we proposed a 
rational synthetic approach based on Suzuki or Negishi arylation fo suitable 
binaphthyl precursors. 

 
RESULTS AND DISCUSSIONS 

For Suzuki cross-coupling approach [10] the boronic acid derivative 
of phenothiazine 5 was coupled with the dibromobinaphthyl derivative 10 
(Scheme 3). Compounds 5 and 10 were synthesized according to the 
procedures described below. 

The boronic acid derivative of phenothiazine 5 was readily synthesized 
from alkylbromophenothiazine 4 by bromine-lithium exchange followed by 
quenching with trialkyl borate. The derivative 4 was previously synthesized 
from the N-hexylphenotiazine 10 by bromination reaction with bromine in 
acetic acid. (Scheme 1) 
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The synthesis of dibromo-dicyanobinaphthyl 10 started with 2,2’-

diaminobinaphthyl 6 which was acetylated with acetic anhydride and the 
protected compound 7 was brominated to give the 6,6’-dibromobinaphthyl 
derivative 8. This intermediate was deprotected and then converted into the 
corresponding dicyanodibromobinaphthyl derivative 10 by diazotization 
followed by Sandmeyer substitution reaction with KCN and CuCN (Scheme 
2). The hydrolysis of the cyano groups in presence of NaOH in diethylene 
glycol was attempted, but unfortunately it was not successful.  
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Suzuki coupling of phenothiazine-boronic acid 5 with dibromobinaphthyl 
10 under standard conditions in DME / water at 80 °C with Pd(PPh3)4 for 3 
days gave the target compound 11 as a brown precipitate in good yield 
(Scheme 3). The structure of compound 11 was assigned by 1H-NMR and 
13C-NMR.  
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The hydrolysis of the nitrile functional groups of 11 and the reduction of the 
intermediate carboxylic acid to hydroxymethyl derivatives were attempted, 
but unsatisfactory results were obtained, most probably because of steric 
reasons. 
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Negishi arylation also offer a broadly applicable methodology for biaryl 
synthesis with a relatively high functional group tolerance. The target 
compound 13 was obtained by Negishi reaction of 2,2’-diiodo-binaphthyl 12 
with phenothiazinylzinc halides (Scheme 4). The purification of compounds 
by column chromatography was very difficult because of very close Rf 
values of 13 and 10-hexyl phenothiazine dimer formed as side product of 
this homocoupling reaction.  
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Scheme 4 

 
 
CONCLUSIONS 

New bis-(10-alkyl-phenothiazin-3yl)-1,1’-binaphthalene derivatives 
10, 13 were synthesized by Suzuki or Negishi coupling reactions of 
properly substituted phenothiazine and binapthyl derivatives. Strategies for 
the syntheses of starting compounds were also developed. 

 
 

EXPERIMENTAL PART 

 All reaction were carried out in flame-dried Schlenk flasks under nitrogen 
by using septum and syringe techniques. Reagents, catalysts, ligands and solvents 
were purchased reagent grade and used without further purification. Solvents were 
dried and distilled. Column cromatograpfy: silica gel 30–60 µm and thin-layer 
chromatography (TLC) on Silufol UV 254 foils: silica gel plates. Melting points were 
measured on a Koffler block and are uncorrected values. 1H and 13C NMR spectra 
were measured on a Varian Gemini 300 (300 MHz) instrument in CDCl3 and DMSO 
with tetramethylsilane as internal standard. 
10-hexylphenothiazine (3)  
3 was prepared according to [11] by a modified procedure. 
A mixture of phenothiazine (2 g, 0.01 mol) and powdered KOH (1.03 g, 0.02 mol) in dry 
DMF (10 mL ) was stirred under N2 for 30 min . The 1-bromohexane (5.8 mL) was 
introduced and the mixture was stirred 48 h at r.t. The mixture was poured into water 
(50 mL) and extracted with hexane. After the removal of the solvent 2.46g of the pure 
product (η = 86%) remained. Spectral analyses were in good agreement with [11]. 
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3-Bromo-10-hexylphenothiazine (4) [12] 
Sodium hydroxide (0.62g, 0.0155 mol) was dissolved in 38 mL acetic acid under 
N2. 10-hexylphenothiazine (1.5g, 0.0053 mol) solution in CHCl3 (10 mL) was 
added. The solution was cooled to 0-5 ºC on ice–bath. Bromine (0.3 mL, 0.005 
mol) dissolved in acetic acid (5 mL) was added drop wise. The suspension was 
stirred at r.t. for 1 h. Acetic acid was removed under reduced pressure, giving a 
purple solid residue. The residue was dissolved in a mixture of saturated aqueous 
sodium bicarbonate solution (100 mL) and CH2Cl2 (100 mL). The aqueous phase 
was separated from the organic phase and extracted with CH2Cl2 (100 mL). The 
combined organic layer were dried over Na2SO4 and filtered chromatography on 
silica gel with hexane as eluent. 1,5 g of product was obtained. (η = 90%). Spectral 
analyses were in good agreement with [12] 
10-Hexyl-3-(4,4,5,5-tetrametyl-1,3,2-dioxaborolan-2 -yl)-10H-phenothiazine (5) [13] 
To a solution of 4 in anhydrous THF (40 mL) under N2 were added drop wise at –
78 ºC a 2.5 M solution of BuLi in hexane (9 mL). This yellow viscous mixture was 
stirred at –78 ºC for 15 min. Before triisopropyl borate was added drop wise and 
stirring was continued for another 30 min at –78 ºC. Then, the cooling bath was 
removed and the mixture was allowed to warm up to r.t. and the stirring was 
continued for another 1 h. To the yellow reaction mixture was added a solution of 
dry pinacol (1.7g, 0.015 mol) in anhydrous THF (10 mL) and the stirring was continued 
for 48 h to give an orange mixture. After the addition of AcOH (0.5 mL, 0.007 mol) 
the mixture turns light orange and highly viscous. After stirring for 16 h, aq. sat. 
Na2SO3 solution (100 mL) was added to the mixture and the aqueous layer was 
extracted with Et2O (4 x 100 mL). The combined organic phases were dried 
(MgSO4) and the solvents were removed in vacuum. The residue was purified by 
column chromatography on silica gel (hexanes) to furnish 0.76 g (30 %) as orange 
colored oil. 
1H NMR (CDCl3, 300 MHz): δ = 0.87ppm (t, 3H), 1.30 ppm (m, 16 H), 1.43 ppm (m, 
2H), 1.79 ppm (m, 2H), 3.84 ppm (t, 2H), 6.88 ppm (m, 3H), 7.11 ppm (m, 2H), 
7.58-7.61 ppm (m, 2H). 
(RS)-N,N’- (1,1’-binaphthalene-2,2’diyl)-diacetamide (7) 
Mixture of 2,2’-diamino-binaphthyl (5 g, 18 mmol) and acetic anhydride (6.7, 71 mmol) 
was stirred at room temperature for 2h to give pure compound (7)( η = 100 %).  
(RS)-N,N’- (6,6’-dibromo-1,1’-binaphthalene-2,2’-diyl)-diace tamide (8) 
The flask containing compound 7 (0.73 g, 2 mmol), bromine (0.52 mL, 0.01 mmol) 
and anhydrous DMF (15 mL) was flushed with N2 atmosphere. The reaction 
mixture was stirred and heated on the oil bath at 90 ºC for 11 h. The resulting 
mixture was washed with water, 10 % aqueous NaOH (10 mL) and was extracted 
with 50 mL CHCl3, dried over anhydrous Na2SO4. Solvent was evaporated and the 
product made complex with DMF. The mixture was dissolved in minimum amount 
of CH2Cl2 and hexanes, after the precipitate was filtered. (η = 95 %). Crude product 
was used in following reaction step. 
(RS)-6,6’-Dibromo-1,1’-binaphthalene-2,2’-diamine (9) 
The flask containing compound 8 (1.043 g, 2 mmol), KOH (4.44 g, 79 mmol) and 
solution of EtOH : H2O = 2 : 1 (40 mL) was stirred and heated on the oil bath at 90 ºC 
under N2 for 2 h. The reaction mixture was quenched with 50 mL CHCl3 and was 
washed with NH4Cl. The crude product 0.69 g. (η = 80 %) was used in following 
reaction step without further purification.  
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(R,S)6,6’-Dibromo-1,1’-binaphthalene-2,2’-dicarbonitril e (10) 
A solution of diamine 9 (0.69 g, 1.5 mmol) in 27 % HCl (10 mL) was diazotized by 
addition of solid NaNO2 (0.45 g, 6.5 mmol) at 0 ºC. The mixture was stirred and the 
temperature was maintained at 0–5 ºC for 2 h. The filtered diazo-solution was 
added to the mixture of KCN and CuCN (0.23 g CuCN in 5.6 mL of 5 % KCN 
solution). The reaction mixture was warmed on the water-bath at 80 ºC for 15 min. 
and the solid filtered off and washed with dilute HCl (10 mL) and water (100 mL). 
After drying, the product was obtained in 95 % yield.  
1H NMR (DMSO, 300 MHz) ppm: δ = 6.99 ppm (d, 2H), 7.54 ppm (d, 2H), 7.86 
ppm (d, 2H), 8.18 ppm (d, 2H), 8.43 ppm (s, 2H) 
13C NMR (DMSO, 300 MHz): δ ppm = 119.9 (CN), 126.4 (CH), 128.3 (CH), 129.9 
(CH), 130.5(CH), 130.5 (CH), 130.9 (CH), 130.9 (CH), 131.7 (CH), 131.9 (CH), 
131.6 (CH), 131. 8(CH) 
(R,S)6,6’-Bis-(N-hexylphenothiazin-3-yl)-1,1’-binaphtha lene-2,2’-dicarbonitrile (11) 
To the mixture of 10 (0.5g, 0.001 mol) and 5 in degassed 1,2-dimetoxyethane (60 
mL) were added K2CO3 (0.1 g, 0.0008 mol) dissolved in a minimum amount of 
water, and (Ph3P)4Pd (0.0008 g, 16 µmol). The reaction mixture was heated to 
reflux for 3 days under N2. After the cooling to r.t. H2O (300 mL) was added and the 
precipitate was collected by suction filtration and dried in vacuum. The residue was 
purified by column chromatography on silica gel (CHCl3) to give 0.1 g (72 %) after 
recrystallization from methanol. 
1H NMR (DMSO, 300 MHz) ppm: δ = 0.87 ppm ( t, 6H), 1.29 ppm (m, 12 H), 1.67 ppm 
(m, 4H), 3.80 ppm (t, 4H), 6.80-7.22 ppm (m, 12H), 7.60 ppm (m, 6H), 7.84 ppm (d, 
2H), 8.17 ppm (dd, 3H), 8.42 ppm (dd, 3H) 
13C NMR (DMSO, 300 MHz): δ ppm = 13.8 (CH3), 21.9 (CH2), 25.9 (CH2), 30.8 
(CH2), 199. 9 (CN), 126.9 (CH), 128.3 (CH), 128.8 (CH), 129.94 (CH), 130.5 (CH), 
130.9 (CH), 131.1 (CH), 131.4 (CH), 131.5 (CH), 131.7 (CH), 131.9 (CH), 133.1 (CH) 
 (R,S) 2,2’ –Bis (N-hexylphenothiazin-3-yl) 1,1’-binapht halene (13) 
To a solution of 4 (468 mg, 1.34 mmol) in dry THF (10 mL) under N2 were added 
drop wise at –78 ºC a 2.5 M sol BuLi (6 mL). This yellow viscous mixture was 
stirred at –78 ºC for 1h before zinc chloride (222 mg, 1.6 mmol) and THF (2 mL) 
was added drop wise and stirring was continued for another 1h at –78 ºC. Then the 
cooling bath was removed and the mixture was allowed to warm up to r.t. The 
mixture of 12 (116 mg, 0.2 mmol), (Ph3P)4Pd (0.0006 g, 11 µmol) in dry THF (6 mL) 
was added drop-wise to the yellow reaction mixture and the mixture was refluxed 
for 1 h to give a brown mixture. After 1 hour, the reaction mixture was cooled down 
to r.t and diluted HCl (10 mL) was added; the aqueous layer was extracted with 
Et2O (4 x 100mL). The combined organic phases were dried (MgSO4) and the 
solvents were removed in vacuum. The residue was recrystallized in methanol to 
furnish 50 mg (27 %) as white precipitate. 
1H NMR (DMSO, 300 MHz): δ = 0.87 ppm ( t, 6H), 1.29 ppm (m, 12 H), 1.67 ppm 
(m, 4H), 3.80 ppm (t, 4H), 6.80-7.25 ppm (m, 17H), 7.45 ppm (t, 2H), 7.50 ppm (dd, 
3H), 7.70 ppm (t, 2H), 8.05 ppm (dd, 3H). 
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ABSTRACT. Mass spectra of some new hydrazido-hydrazones of the 
izonicotinic acid hydrazide (HIN) with citral, (+)-carvone and β-Ionone were 
recorded and discussed by comparison with the mass spectra of the 
starting compounds. 
 
 
 
 

INTRODUCTION 

In a previous contributions to the chemistry of the terpenoids we 
described the synthesis of new hydrazido-hydrazones and hydrazones 
based on the condensation of some hydrazides and pyrimidyl hydrazines 
with terpenoid carbonyl compounds (aldehydes and ketones) from the 
terpenoid class and related compounds [1]. Our new hydrazido-hydrazones 
and hydrazones were assigned based on IR and UV-VIS spectra [1] and 
TLC [2]. In addition, we already reported the effect of gamma irradiation 
using electron spin resonance (ESR) and UV radiation of some terpenoid 
hydrazones and hydrazido-hydrazones [3,4]. In the field of terpenoids, new 
1,3-dioxanic derivatives thereof we previously described [5]. The biological 
activity of the new compounds was tested [6]. 

The aim of the present work is the investigation of the mass  spectra 
of new hydrazido-hydrazones 1, 2 and 3 (Scheme 1) available by the 
condensation of the izonicotinic acid hydrazide with citral, (+)-carvone and 
β-ionone, respectively.  
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CH N R
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1 2 3  

N CO NHR =
 

 
Scheme 1 

 
RESULTS AND DISCUSSIONS 

Mass spectra of the hydrazido-hydrazones 1, 2 and 3 are presented 
in the Figures 1, 2 and 3. 

 
 

 
Figure  1. Mass spectrum of the hydrazido-hydrazone 1 

 
 

Table 1 lists the m/z values of the first eight main fragments, their 
abundances, base peaks and molecular ions of the starting materials: HIN, 
citral, (+) carvone and β-ionone available from the literature  [7]. 
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Table 2 lists the m/z values of the first eight main fragments, their 
abundances, base peaks and molecular ions of the hydrazido-hydrazones 
1, 2 and 3.  

 
 

Figure  2. Mass spectrum of the hydrazido-hydrazone 2 

 

 
 

Figure 3 . Mass spectrum of the hydrazido-hydrazone 3 
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Table 1 .  
The m/z values of the first eight main fragments, their abundances (%), base peaks 

and molecular ions of HIN, citral, (+) carvone and β-ionone [7]. 
Com-
pouds 

Mol. 
ions 

Base 
peaks 

m/z fragments 
(%) 

HIN 
 

137 
(54) 

78 
(100) 

106 
(99) 

137 
(54) 

51 
(53) 

50 
(16) 

79 
(15) 

31 
(13) 

107 
(11) 

Citral 
 

152 
(8,3) 

69 
(100) 

41 
(69) 

84 
(30) 

39 
(19) 

94 
(16) 

27 
(13) 

53 
(10) 

83 
(10) 

Carvo-
ne 

150 
(7,2) 

82 
(100) 

54 
(65) 

39 
(50) 

41 
(35) 

108 
(35) 

93 
(30) 

27 
(28) 

53 
(22) 

β-Iono- 
ne 

192 
(6,8) 

177 
(100) 

43 
(74) 

41 
(22) 

123 
(18) 

91 
(16) 

39 
(15) 

135 
(14) 

178 
(14) 

 
 

Table 2 . 
The values, m/z of the first eight main fragments, their abundances (%), base 

peaks and molecular ions of the hydrazido-hydrazones 1, 2 and 3. 
Comp
ounds 

Mol. 
ions 

Base 
peaks 

m/z fragments 
(%) 

1 
 

271 
(10) 

69 
(100) 

106 
(63) 

78 
(45,7) 

122 
(25,7) 

135 
(25,4) 

79 
(24,6) 

123 
(24,3) 

51 
(23) 

2 
 

269 
(49,3) 

106 
(100) 

269 
(49,3) 

78 
(47) 

79 
39,3) 

132 
(38,6) 

228 
(33,6) 

107 
(31,8) 

91 
(30,7) 

3 
 

311 
(4,3) 

296 
(100) 

106 
(31) 

174 
(22,7) 

297 
(21,2) 

188 
(18) 

78 
(16,5) 

105 
(11,5) 

91 
(10) 

 
 

Considering the mass spectra of the hydrazido-hydrazones 1, 2 and 
3 the followings can be observe and discuss. 

 
Hydrazido-hydrazone 1 

The molecular ion, m/z 271 (10 %) presents a relative low stability 
close to that of the molecular ion of the citral, m/z 152 (8.3%) and lower 
than that of the molecular ion of the HIN, m/z 137 (54%).  

The base peak, m/z 69 is the same as in citral, while for the HIN is 
the fragment, m/z 78. The base peak, m/z 69 results from the molecular ion 
by an allylic cleavage able to afford two fragments stabilized by an allylic 
type resonance. Such fragmentation is supported by the presence in the 
mass spectrum of the corresponding ion, m/z 202 (Figure 1) This type of 
fragmentation is confirmed by the metastable transition, m/z 271 → m/z 202 
(Scheme 2). The high resolution measurements confirm the presence of 
the C11H12N3O

+ fragments, m/z 202 (Table 3). 
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In fact, the same fragmentation takes place in the mass spectrum of 
the citral, supported by the presence in the mass spectrum of the fragment 
m/z 83 (10%) (Table 1).  

In the mass spectrum of the HIN the base peak (pyridilium ion), m/z 
78 results from the acylium ion, m/z 106 (99%) by a decarbonylation 
process (Scheme 3). The abundances of the two fragments are very close. 

 
Table 3 .  

High resolution measurements of some fragments, m/z of the hydrazido- 
hydrazone 1, 2 and 3. 

High resolution Fragments, m/z 
measurements calculated 

m/z 78 
           - C5H4N + 

                 -  C5H2O + 

 
78.035 
78.035 

 
78.035172 
78.0105633 

m/z 108 

            - C8H12
.+ 

 
108.097 

 
108.098952 

m/z 161 

            - C8H7N3O .+ 

 
161.059 

 
161.0589077 

m/z 163 
            - C10H15N2 

+ 
 
163.124 

 
163.1235166 

m/z 202 
           - C11H12N3O + 

 
202.097 

 
202.0980307 

m/z 296 
           - C18H22N3O + 

 
296.175 

 
296.1762767 

 
 

N

CO NH N

.
+

C11H12N3 O
,

+

m/z 271 m/z 69m/z 202

* +

 
 

Scheme 2  
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N

C O +

N

+ + CO

m/z 106 m/z 78

*

 
 

Scheme 3 
 
 

The presence of fragment, m/z 78 can also be obtained by elimination 
of hydrogen cyanide and hydrogen from m/z 106, generating the C5H2O

+ 
ion. The high resolution measurements confirm the presence of the C5H4N

+ 
fragments, m/z 78 (Table 3). 

We note that in the mass spectrum of the hydrazido-hydrazone 1 there 
are present the same m/z 106 and m/z 78 fragments, respectively like as in the 
mass spectrum of HIN. Their decreased abundance is m/z 106 > m/z 78. 

 
Hydrazido-hydrazone 2 

The molecular ion, m/z 269 (49,3%) presents higher stability in 
comparison with the molecular ion of the (+)- carvone, m/z 150 (7,2%), 
closed to the molecular ion of the HIN, m/z 137 (54%). 

This stability allow us to suppose that blocking of the carbonyl group 
by the condensation with the izonicotinic acid hydrazide (HIN) disadvantages 
the braking up of the linkage in which it is directly involved. Taking into 
account the characteristic fragmentation of the α, β-unsaturated ketones [8], 

in the mass spectrum of the (+) carvone, the C8H12 .+ m/z 108 fragment (35%) 
is present (Table 1) (Scheme 4). 
 
 

O

.
+

C8H12
+

+     CH2 C O

m/z 150 m/z 108 m/z 42

* .

 
 

Scheme 4 
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If a similar cleavage takes place in the mass spectrum of the 

hydrazido-hydrazone 2 it is expected to find the C8H12 .+ m/z 108 fragment, 

and the C8H7N3O
 .+ m/z 161 fragment, respectively (Scheme 5). The high 

resolution measurements confirm the presence in the mass spectrum of the 

hydrazido-hydrazone 2 of the C8H12
.+  m/z 108 fragment and of the 

C8H7N3O
.+
 m/z 161 fragment, respectively (Table 3), but their abundance is 

small (Figure 2). The differences between the abundance of the m/z 108 
fragment, in (+)-carvone (35%) and in the hydrazido-hydrazone 2 (10%) 
confirm such a supposition. 

N NH CO

N

.
+

C8H12
+

, C8H7N3O

m/z 108               m/z 161m/z 269

* . +.

 
 

Scheme 5 
 

The base peak, m/z 106 (acylium ion) results from the molecular ion, 
m/z 269 by the fragmentation presented in Scheme 6.  

 

CO NH N

N

O

N

C+

C10 H15N2
+

m/z 269 m/z 106 m/z 163

,

.
+

*

 
 

Scheme 6 
 

Such fragmentation is supported by the presence in the mass 
spectrum of the corresponding ion, m/z 163 (Figure 2). The high resolution 
measurements confirm the presence of the C10H15N2

+ m/z 163 fragment, 
(Table 3). 
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We note that in the mass spectrum of the hydrazido-hydrazone 2 
there are present the same fragments, m/z 106 and m/z 78, respectively as 
observed in the mass spectrum of the hydrazido-hydrazone 1 and in the 
mass spectrum of the HIN. Their abundance decreased as m/z 106 > m/z 78. 

 
Hydrazido-hydrazone 3 

The molecular ion, m/z 311 presents a low abundance (4,3%) even 
lower than that of the corresponding ion of the β-ionone, m/z 192 (6,8%) 
and much lower than that of the molecular ion of the HIN, m/z 137 (54%). 

The base peak, m/z 296 results from molecular ion, m/z 311 by a 
demethylation process (M-CH3). 

A systematic previous reported study focus on the mass spectra of 
the doubly unsaturated carbonyl compounds A. F. Thomas et al. [9] shows 
the main characteristic feature of the mass spectrum of the β-ionone, 
namely the presence of the fragment M-15. It results from the molecular ion 
by loss of a methyl group linked to the double bond of the cycle, as proved 
by the behaviour of the properly deuterated compound. By this kind of 
fragmentation the base peak, m/z 177 stabilized by resonance (aromatization) 
(Scheme 7) results. 

 

O

.
+

O. +
O

+

m/z 192 m/z 177

+ CH3.o

 
 

Scheme 7 
 

Taking into account the literature data [9] we consider that in the 
mass spectrum of the hydrazido-hydrazone 3 a similar demethylation process 
takes place, yelding the cyclic aromatic system which has, in this case, the 
nitrogen as heteroatom (Scheme 8). The high resolution measurements 
confirm the presence of the C18H22N3O

+ fragment, m/z 296 (Table 3). 
We note the relative high abundance of the acylium ion, m/z 106 

(31%) like as in the mass spectra of the hydrazido-hydrazones 1 and 2.  
We also note that in the mass spectrum of the hydrazido-hydrazone 

3 there are present the same fragments, m/z 106 and m/z 78, respectively 
as observed in the mass spectra of the hydrazido-hydrazones 1 and 2 and 
in the mass spectrum of the HIN. Their abundance decreased in the same 
order, m/z 106 > m/z 78, in reversed than that order observed in the mass 
spectrum of HIN. 
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N

NH CO N

.
+

N

NH CO N

.
+

N

NH CO N

+
+  CH3 .

m/z 311

m/z 296

o

 
Scheme 8 

 
 
CONCLUSIONS 

We have presented and discussed the mass spectra of three new 
hydrazido-hydrazones issued from the condensation of the izonicotinic acid 
hydrazide (HIN) with citral, (+)-carvone and β-ionone, respectively. The 
molecular ions of the hydrazido-hydrazones exhibit low stability close to that 
of the starting terpenoids and much lower than that of the HIN’s molecular ion, 
except the hydrazido-hydrazone 2. The base peaks contain pyridine nucleus 
except hydrazido-hydrazone 1. In the mass spectrum of the hydrazido-
hydrazone 3 a very stable ion is observed as a result of a demethylation 
(M-15) and cyclization processes involving the nitrogen atom.  
 

 

 

EXPERIMENTAL PART  

The synthesis of the hydrazido-hydrazones 1, 2 and 3 we described 
in a previous paper [1]. Theirs purity was checked by TLC. 

The mass spectra were recorded by using a high resolution Varian-
MAT 312 mass spectrometer with double focalization equipped with an 
ionization source of 70 eV. 
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ABSTRACT. A short step synthesis of (7E,9Z)-7,9-dodecadien-1-yl acetate 
is reported. The route features are the cross-coupling reactions to assembly 
an enyne, which is then reduced to the desired (E,Z)-diene. 

 
 
 
INTRODUCTION 

 Lobesia botrana is the key pest of vineyard, it presents two to five 
generations per year which cause a direct damage to grapes by perforating 
berries and an indirect damage by favoring the installation of rot fungi like 
Botrytis cinerea. The major sex pheromone of the female grape vine moth 
has been identified as (7E,9Z)-7,9-dodecadien-1-yl acetate 7 by Roelofs [1]. 
The compound can be used as an attractant for monitoring, through selective 
trapping, the population of Lobesia botrana in a given area. Population counts 
thus obtained are used in determining the frequency and quantity of spray 
of insecticide or other insect control agent. 
 During the last years, various strategies have been developed for the 
stereoselective construction of the conjugated diene moiety in 7 [2-7]. Among 
them, the Wittig-type reaction [2] and its many modifications, represents 
one of the most classical approach to the synthesis of 7. An alternative to 
this reaction is the transition metal catalyzed C(sp)-C(sp2) and C(sp2)-C(sp3) 
cross-coupling reactions of alk-1-yne 3 or organometallic derivatives with 
vinyl halogenides. This “vinyl” cross-coupling approach offers high isomeric 
purity of products and reasonable yields in comparison with other synthetic 
paths. 
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RESULTS AND DISCUSSIONS 

In this paper we described a short-step synthesis of (7E,9Z)-7,9-
dodecadien-1-yl acetate 7, using 3, that can be easily prepared from 2 with 
lithium acetilyde, as key step [8]. As shown in (Scheme 1), the cross-coupling 
reaction of 3 with cis-1,2-dichloroethylene in the presence of PdCl2(PPh3)2, 
CuI and t-BuNH2 afforded 4 in high yield and isomeric purity [9].  

 
 

Br

OH TBME

H+ Br

OC(CH3)3

HC CLi

DMSO
0°C-r.t

OC(CH3)3
Cl Cl

PdCl2(PPh3)2
CuI, t-BuNH 2
r.t., THF

Cl

(CH2)6OC(CH3)3

EtMgBr
Pd(PPh3)4
C6H6:THF

Et

(CH2)6OC(CH3)3

Et

(CH2)6OC(CH3)3

FeCl3 / Ac2O

Et

(CH2)6OAc

(7E,9Z)-dodeca-7,9-dienyl acetate

1 2

3

4

5
6

7

LiAlH 4

Et2O 0°C - 35°C

 
 

Scheme 1 
 
 

 The Z-chloroenynene 4 was transformed into the corresponding            
Z-enyne 5 by reaction with ethyl magnesium bromide in the presence of 
Pd(PPh3)4 in C6H6: THF at reflux [10]. The reduction of 5 with LiAlH4 afforded    
6 in good yield and isomeric purity [11]. The structural analysis of the 
synthesized compounds was carried out using GC-MS and NMR investigations. 
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CONCLUSIONS 

A new method for the construction of the required carbon chain with 
a conjugated diene moiety in 7 is described, based on the Pd catalyzed 
cross-coupling reactions. Stereoisomeric purity of 7 was higher than 95% 
(GC). Overall yield was 19% based on the starting 6-bromohexan-1-ol.  
 
EXPERIMENTAL PART 

1H-NMR (300 MHz) spectra were recorded at rt in C6D6 on a Bruker 
300 MHz spectrometer, using the solvent line as reference. Electron impact 
(70 eV) mass spectra were obtained on Hewlett-Packard MD 5972 GC-MS 
instrument. GC analyses were performed on a Hewlett-Packard HP 5890 
gaz cromatograph. A HP-5MS capillary column (30 m x 0.25 mm x 0.33 µm) 
and helium gas were used for separations. 

All chemical reactions were run in dried glassware under nitrogen 
atmosphere. THF and DMSO were used as purchased. Pd catalysts were 
prepared as described in the literature10. 

 
1-Bromo-6-(tert-butoxy)hexane 2 
The compound 2 was prepared by a standard manner from 6-bromohexan-
1-ol (40.0 g, 0.22 mol) in the presence of catalytic amount of H2SO4 in t-butyl-
methyl-ether as solvent. Yield 90%, (47 g). C10H21BrO. Mol. Wt.: 237.18. 
1H-NMR  (300 MHz, C6D6 , δ ppm  ):  3.19-3.15 (2H, t, J = 6.3 Hz, -CH2-Br), 
2.95-2.91 (2H, t, J = 6.7 Hz, -CH2-OtBu), 1.5-1.17 (m, 8 H), 1.17 (9H, s). 
 
8-(tert-Butoxy)oct-1-yne 3 
To a stirred and cooled (0 ºC) suspension of lithium acetylide-ethylenediamine 
complex (2.52 g, 0.042 mol) in anhydrous dimethyl sulfoxide (25 mL) was 
slowly added compound 2 (5 g, 0.021 mol). The reaction mixture was stirred 
at room temperature for 6 h, then it was poured into ice water and extracted 
with hexane (4 x 25 mL). The combined hexane extracts were washed with 
water (3 x 25 mL), brine (2 x 25 mL) and dried over anhydrous MgSO4. The 
solvent was evaporated, and the oily residue was used further without 
purification. Yield 91%, (3.5 g). C12H22O. Mol. Wt.: 182.3. 1H-NMR  (300 MHz, 
C6D6 , δ ppm  ):  3.21-3.17 (2H, t, J = 6.3 Hz, -CH2-OtBu), 1.95-1.93 m (2H, m, 
-CH2-C≡), 1.78-1.76 (1H, t, J = 2.7 Hz, -C≡H), 1.48-1.23 (8H, m), 1.10 (9H, s). 
 
(Z)-10-tert-Butoxy-1-chlorodec-1-en-3-yne 4 
A mixture of PdCl2(PPh3)2 (0.3 g, 0.5 mmol, 0.05 % eq.), (Z)-1,2-dichloroethene 
(3.34 g, 0.034 mol), terminal alkyne 3 (2.1 g, 0.0115 mol) and t-butylamine 
(1.68 g, 0.023 mol) in absolute THF was stirred for 15 min. at room temperature 
under nitrogen atmosphere, and CuI (0.2 g, 1.15 mmol) was then added. 



STEFANIA TOTOS, IOAN OPREAN, FLAVIA PIRON 
 
 

 64 

The stirring was continued until TLC analysis indicated complete consumtion 
of the alkyne. The reaction mixture was treated with a saturated solution of 
NaHCO3 and extracted with diethyl ether. The organic layer was dried over 
MgSO4 and the solvent was removed in vacuo. The crude product was 
purified by column chromatography, using CH2Cl2 : petroleum ether = 1 : 1 
as eluent, to yield the desired chloroenyne. Yield 72%, (2.0 g). C14H23ClO. 
Mol. Wt.: 242.78. 1H-NMR  (300 MHz, C6D6 , δ ppm  ):  5.73-5.71 (1H, d, J 
= 7.3 Hz, Cl-CH=), 5.48-5.45 (1H, m, Cl-CH=CH-), 3.22-3.17 (2H, t, J = 6.3 Hz, 
-CH2OtBu), 2.11-2.09 (2H, m, -CH2-CH=), 1.55-1.11(8H, m), 1.11 (9H, s). 
 
(Z)-1-tert-Butoxydodec-9-en-7-yne 5 
To a mixture of Pd(PPh3)4 (0.23 g, 0.2 mmol) and chloroenyne 4 (1.0 g, 
4.12 mmol) in benzene : THF = 1 : 1 under nitrogen atmosphere was added 
dropwise a solution 1M in THF of EtMgBr (6.2 mL) at 0 ºC. The resulting dark 
brown reaction mixture was then refluxed for 8 h. The reaction mixture was 
diluted with diethyl ether (50 mL) and quenched with 2N HCl. The layers 
were separated and the aqueous layer was extracted with diethyl ether; the 
combined organic layers were washed with saturated brine and dried over 
anhydrous MgSO4. The solvent was removed in vacuo and the product was 
purified by column chromatography using CH2Cl2 : petroleum ether = 1 :1 as 
eluent to afford 5. Yield: 41 % (0.4 g). C16H28O. Mol. Wt.: 236.39.  1H-NMR  
(300 MHz, C6D6 , δ ppm  ): 5.67-5.59 (1H, m, -CH2-CH=), 5.56-5.49 (1H, m, 
-CH=CH-), 3.22-3.18 (2H, t, J = 6.7 Hz, -CH2-CH3), 2.19-2.11 (2H, m), 1.32-1.29 
(6H, m), 1.10 (m, 2H), 1.10 (9H, s), 0.93-0.88 (3H, t, J = 7.5 Hz, -CH2-CH3). 
 
(7E,9Z)-1-tert-Butoxidodeca-7,9-diene 6 
To a suspension of lithium aluminum hydride (32 mg, 0.83 mmol) in diethyl 
ether (10 mL) at -5 ºC under nitrogen atmosphere was added a solution of 
5 (0.4 g, 1.7 mmol) in diethyl ether (10 mL) dropwise over a period of 15 min. 
The reaction mixture was stirred for 2 h at 35 ºC and then cooled to 0 ºC.  

The reaction mixture was diluted with diethyl ether (20mL) and quenched 
with 2N HCl. The layers were separated and the aqueous layer was extracted 
with ether; the combined organic layers were washed with saturated brine 
and dried over anhydrous MgSO4. The solvent was removed in vacuo. The 
product was purified by column chromatography using CH2Cl2 : petroleum ether 
= 1 : 1 to afford 6. Yield: 70% (0.28 g). C16H30O. Mol. Wt.: 238.41. 1H-NMR  
(300 MHz, C6D6 , δ ppm  ): 6.39-6.34 (1H, m), 6.05-5.95 (1H, m), 5.63-5.54 
(1H, m), 5.30-5.28 (1H, m), 3.94-3.90 (2H, t, J = 7.5 Hz, -CH2-CH=), 2.12-2.06 
(2H, m, -CH2-CH3), 1.30-1.26 (6H, m), 1.09 (11H, m, s), 0.92-0.87 (3H, t, J = 
7.5 Hz, -CH2-CH3). 
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(7E,9Z)-7,9-Dodecadien-1-yl acetate 78 

To a solution of protected alcohol 6 (0.28 g, 1.18 mmol) in diethyl ether was 
added acetic anhydride (1 mL), and then anhydrous FeCl3 (18 mg, 0.11 mmol). 
The dark brown solution was stirred for 20 h at room temperature. A saturated 
aqueous solution of Na2PO4 (10 mL) was added, and the mixture was stirred 
for 2 h. The solid FePO4 was filtered off, and the aqueous layer was extracted 
with diethyl ether (3 x 10 mL). The collected organic phases were dried over 
anhydrous MgSO4 and then concentrated. The red oily residue was further 
purified on column chromatography to afford 7 using CH2Cl2 : petroleum 
ether = 1 : 1. Yield 80% (0.2 g). C14H24O2. Mol. Wt.: 224.34. 1H-NMR  (300 MHz, 
C6D6 , δ ppm  ): 6.41-6.36 (1H, m), 6.09-6.01 (1H, m), 5.62-5.54 (1H, m), 
5.33-5.29 (1H, m), 3.96-3.92 (2H, t, J = 6.7 Hz, -CH2-CH=), 2.14-2.09 (2H, m, 
-CH2-CH3), 1.99-1.97 (2H, m), 1.68 (5H, m), 1.68 (5H, m+s), 1.38-1.10 (6H, m), 
0.93-0.88 (3H, t, J = 7.6 Hz, -CH2-CH3). 
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ABSTRACT. Narrow rim functionalized calix[6]arene with 2-Butenyl, 
ethylacetate and N,N-diethylacetamide were synthesized and investigated 
by Elemental Analysis (EA) and various spectroscopic methods such as: 
UV-VIS, FT-IR and 1H and 13C NMR. These derivatives were tested for the 
extraction of Eu3+ ions from the aqueous phase.  
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INTRODUCTION  

 The coordination as well as extraction properties of calix[n]arenes is 
very well known for a long time [1]. Calixarene derivatives incorporating 
ionophoric functional such as amine, amide, organophosphoric and ester or 
acid groups at the “narrow rim” exhibit selective extraction/complexation 
properties [2, 3].  
 The high ability of these calixarenes to form coordination compounds 
offers large utilization possibilities in the manufacture of sensitive membrane 
for electrical and optical sensors [4-6], elaboration of extraction methods for 
various cations [7], utilization in modern recovery procedures [8] and for the 
environmental protection [9].  
 Many preparation procedures have been developed for specific 
synthesis of calix[n]arene derivatives with oxygen or/and nitrogen and oxygen 
or/and organo-phosphorous functional groups because of their extraction / 
coordination properties toward metallic ions. Calixarene derivatives with ester, 
acid, amide and organo-phosphorous moieties are effective for extraction/ 
complexation of alkaline[10], alkaline earth[11], as well as lanthanide [12, 13] 
and transition metals [14]. 
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 Our earlier work on extraction of precious metallic ions revealed that 
acylated calix[6] and calix[4]arene derivatives show a good extraction ability 
toward platinum(II) and palladium(II) ions but not for rhodium(III)ion [15]. 
This results encouraged us to extend our works on the synthesis of other 
calix[n]arene derivatives (n = 4, 6, 8) with possible extraction abilities [16-19]. 
 The aim of this study is to present our works referring to synthesis 
of calix[n]arene derivatives with alkenyl, ester and/or amide groups and to 
test their extraction properties.  
 

RESULTS AND DISCUSSIONS 

The parent calix[6]arene was treated in the first stage with crotyl bromide 
in order to obtain calixarene derivative which contains three crotyl groups: 
5,11,17,23,29,35-hexa-tButyl-37,38,39-tris[(but-2-enyloxy]-40,41,42-trihydroxy-
calix[6] arene (2) (scheme 1, pathway A).  

In the next stage 2 was treated with α-Chloro-N,N-diethylacetamide or 
Ethyl bromoacetate (scheme 1, pathway C) in order to obtain a calix[n]arene 
derivatives: 5,11,17,23,29,35–hexa-tButyl-37,38,39-tris[(N,N-diethylamino-
carbonyl)methoxy]-40,41,42-tris-(But-2-enyloxy)-calix[6]arene(4a) and 5,11,17, 
23,29,35 – hexa- tButyl-37,38,39-tris[(carbonyl ethoxy)methoxy]- 40,41,42-
tris-(But-2-enyloxy)-calix[6] arene (4b), with mixed functional groups at the 
narrow rim. On the other hand calix[6]arene was treated in the first stage with 
α-Chloro-N,N-diethylacetamide or Ethyl bromoaacetate (scheme 1, pathway 
B) to obtain calix[6]arene with amide, 5,11,17,23,29,35-hexa-tButyl-37,38,39-
tris[(N,N-diethylamino carbonyl) methoxy]-40,41,42-trihydroxy-calix[6]    
arene (3a), or ester functionality, 5,11,17,23,29,35-hexa-tButyl-37,38,39-tris-
[(ethoxycarbonyl)metoxy]-40,41,42-trihydroxy-calix[6]arene (3b), which reacts 
in the next stage with crotyl bromide to yield the same calixarene derivatives 
4a and 4b, respectively. 

The narrow rim functionalization is well illustrated by 1H-NMR spectra 
which show the expected differences in the chemical shifts, between 1 and 
3a, 3b. The chemical shift of the proton from the phenolic OH group appears 
at 10.55 ppm for compound 1 and between 7.09– 7.14 ppm for compounds 
3a and 3b.  

Infrared absorption spectra show that the band corresponding to OH 
stretching vibration of calixarene 1 appear at 3172 cm-1, while for the 
intermediates 2, 3a and 3b it is at: 3387(2) , 3248 (3a) and 3399 cm-1 (3b). 
In the FTIR spectrum of 3a and 3b, the band corresponding to the stretching 
vibration of carbonyl groups appears at 1644 (3a) and 1741 (3b) cm-1 , 
respectively (Fig. 1). 
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Scheme 1. Two pathways for the synthesis of calixarene compounds 2,3a,3b,4a, 4b. 
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Figure 1. FTIR spectral characterization of compounds 1, 2, 3a and 3b. 
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The UV-Vis spectra show the shift of the two specific absorption 
bands of the parent calix[n]arene towards shorter wavelengths. For 2, 3b 
and 4b the specific absorption bands appear at 272, 280 nm; 272, 279 nm 
and 271, 280 nm respectively in comparison with 284 and ~291 nm in the 
parent calixarene (Fig. 2). 
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Figure 2. UV-vis absorption spectra of compounds 1,2,3a and 3b. 
 
 
Extraction experiments were performed using 1x10-3 mol/l solution 

of calixarene in chloroform. The calixarene: metal ratio was varied between 
2:1 to 1:2 and the pH of the medium was kept constant at 2.8. Extraction 
yield was determined by comparing the metal content from the aqueous 
phase before and after extraction. The concentration of the metal was 
determined with an ICP-OES Spectrometer (Spectroflame).  

The ability of calixarene 3a, 3b, 4a and 4b to extract rare earth ions 
from the aqueous medium was estimated from the extraction yield values 
(Table 1).  

The extraction yield is influenced by the ratio between calixarene 
and metallic ions (Cx:Eu). Best results were obtained with 3b derivative, for 
Eu3+ ions. 
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Table 1.  
Extraction yield of Eu3+ using calixarene 1, 2, 3a-b, 4a-b. 

 
Extraction yield (%) 

Calixarene 
derivatives  Ratio Cx :Eu  

1:1 
Ratio Cx :Eu  

2:1 
Ratio Cx :Eu  

1:2 
1  23.85 26.14 13.16 
2  18.70 42.62 23.79 
3a  38.67 13.45 25.01 
3b  57.06 58.33 44.59 
4a  29.89 16.76 20.28 
4b  34.22 55.21 61.13 

 

EXPERIMENTAL PART 

The parent tert-butyl-calix[6]arene (compound 1) was prepared and 
purified by using the Gutsche technique [20]. 

Calixarene derivatives have been obtained from tert-butyl-calix[6]arene 
and 2-butenyl (crotyl) bromide, α-Chloro-N,N-diethyl acetamide or 
ethylbromoacetate, in acetonitrile or dimetylformamide-tetrahydrofuran 
mixture as solvent and K2CO3 or NaH as base.  

All reactions were performed under nitrogen atmosphere using oven-
dried glassware. Reagents were obtained from commercial suppliers and were 
used without further purification. All solvents were dried over standard drying 
agents and distilled prior to use. The complete conversion of the parent 
calix[n]arenes was checked up by thin layer chromatography on Kieselgell 
60F254 plates with detection by UV or iodine. Melting points (m. p.) were 
determined with KSP II apparatus in a sealed capillary and are uncorrected 
values. 

1H-NMR and 13C-NMR were recorded on Varian Gemini 320S (300 
MHz) spectrometer. Deuterated chloroform was used as solvent and TMS 
as internal standard. Infrared absorption spectra were recorded on FTIR 
(JASCO) 610 and UV-VIS spectra on UNICAM UV4 spectrometers.    

The main characteristics of the compound 2 were already reported 
[16] while the compounds 3a, 3b, 4a, 4b are described below:  
 

5,11,17,23,29,35-hexa-tButyl-37,38,39-tris[(N,N-
diethylaminocarbonyl) methoxy] - 40,41,42-trihydroxy-calix[6] arene (3a). 

M.p. = 272-3°C. 
M.W. calculated for C84H117N3O9 = 1312.82 
E.A.(%): Calcd:C = 76.85; H = 8.98; N = 3.20 / Found: C =75.57;H = 

8.44; N = 3.03 
UV-Vis: [ CHCl3 ; λmax (nm): 281 ; 288. 
FTIR : ( ν max. , KBr , cm-1): νC=O =1644 ; νOH =3248 . 
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1H-NMR(δppm,CDCl3):0.92-0.97 (t,18H,N-CH2-CH3); 1.09 (s,27H,C(CH3)3);  
1.26 (s,27H, C(CH3)3); 3.11 – 3.18 (q,12H, N-CH2-CH3) ; 3.62 (s,12H,Ar-CH2-Ar); 
4.33(s,6H,O-CH2-CO); 6.72 (s,6H, ArH) ;7.03 (s,6H, ArH), ]; 7.09 (s, 3H, OH). 

13C-NMR:(δppm ,CDCl3) :169.1, 151.8, 144.9, 1414.3, 125.9, 124.2, 
69.7, 40.3, 39.8, 32.9, 31.9, 31.4, 30.5, 12.0. 

 
5,11,17,23,29,35-hexa-tButyl-37,38,39-tris[(ethoxycarbonyl)methoxy]-

40,41,42-trihydroxy-calix[6] arene (3b). 
M.p. = 248-250°C. 
M.W. calculated for C78H102O12 = 1231,62 
E.A.(%): Calcd: C = 76.06; H = 8.35; O =15.59 / Found: C =75.90; H 

= 8.21; O = 15.89 
UV-Vis [CHCl3 ; λmax (nm): 272 ; 279. 
FTIR ( ν max. , KBr , cm-1): νC=O =1741 ; νOH =3399.  
1H-NMR; (δppm ,CDCl3): 0.92 (t,9H,CH2-CH3) ; 1.10 (s,27H,C(CH3)3); 

1.17 (s,27H, C(CH3)3); 3.84 (brs,12H,Ar-CH2-Ar); 4.12 (q,6H,CH2-CH3); 4.47 
(s,6H,O-CH2-CO); 6.91 ( s,6H, ArH); 6.95 (s,6H, ArH); 7.14 (s, 3H, OH). 

13C-NMR; (δppm ,CDCl3): 169.6; 151.8; 149.3; 147.7; 142.5; 132.9; 
125.84; 70.9; 61.4; 34.25; 33.95; 32.55; 29.71; 14.0. 
 

5,11,17,23,29,35–hexa-tButyl-37,38,39-tris[(N,N-diethylaminocarbonyl) 
metoxy]- 40,41,42-tris-(But-2-enyloxy)-calix[6] arene (4a).  

M.W. calculated for: C96H135O9N3 
M.p.:218-220ºC 
E.A (%): Calcd.C =78.18; H = 9.22; N=2.85/ Found C =79.39; H = 8.94; 

N=2.56  
UV-Vis [ CHCl3 ; λmax (nm)/ε(M-1cm-1 )]: 272/ε; 279/ε 
FTIR; (ν max. , KBr , cm-1): νC=O =1649; νCH=CH=966, 3016  
1H-NMR (δppm ,CDCl3) : 1.02 [t, 18H, -CH2-CH3] ; 1.14 [s, 27H, C(CH3)3]; 

1.18 [s, 27H, C(CH3)3]; 1.56 [d, 9H, =CH-CH3]; 3.32-3.39[brs, 12H, N-CH2-
CH3]; 3.87 [brs, 12H, Ar-CH2-Ar]; 3.99 [d, 6H, O-CH2-CH= ]; 4.42 [s, 6H, O-
CH2-CO-]; 5.45-5.67 [m, 6H, -CH=CH-]; 6.88 [s, 6H, ArH]; 7.08 [s, 6H, ArH] 

13C-NMR (δppm ,CDCl3):168.2; 152.2; 151.8; 144.9; 141.4;132.6; 131.7; 
126.6; 125.9; 75.7; 69.6; 40.3; 39.7; 31.5; 30.8; 17.7; 12.1. 

 
5,11,17,23,29,35 – hexa- tButyl-37,38,39-tris[(carbonylethoxy) methoxy] 

- 40,41,42-tris-(But-2-enyloxy)-calix[6] arene (4b).  
  M.W. calculated for: C90H120O12 
  M.p.:206-208ºC 
  E.A. (%): Calcd: C =77,55; H = 8,68; N=13,77/Found :C =78,18; H = 

8,87; N=12,96.  
 UV-Vis[ CHCl3 ; λmax (nm)/ε(M-1cm-1 )]: 271/ ε; 280/ ε. 
 FTIR; ( ν max. , KBr , cm-1): νC=O =1763, 1737; νCH=CH=966.  
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 1H-NMR: (δppm ,CDCl3) : 0.90 [t, 9H, -CH2-CH3] ; 1.01 [s, 27H, C(CH3)3]; 
1.19 [s, 27H, C(CH3)3]; 1.65 [d, 9H, =CH-CH3]; 3.51[brs, 12H, Ar-CH2-Ar]; 
4.13 [q, 6H, O-CH2-CH3]; 4.57 [d, 6H, O-CH2-CH= ]; 4.72 [s, 6H, O-CH2-
CO-]; 5.57-5.86 [m, 6H, -CH=CH-]; 7.04 [s, 6H, ArH]; 7.15 [s, 6H, ArH]. 

 13C-NMR :(δppm ,CDCl3):169.5; 153.1; 150.8; 149.3; 147.7; 132.8; 
126.0; 125.1; 75.7; 70.9; 61.4; 34.2; 33.8; 32.5; 31,2; 29.7; 17.7; 14.1. 
 
CONCLUSIONS 

The spectroscopical investigations confirm the formation of calix[6]arene 
derivatives with three ethylester (3b), three N,N-diethylacetamido (3a), three 
crotyl and three N,N-diethylacetamido (4a), three crotyl and three ethylester 
(4b) groups. These calixarenes show ability for the extraction of europium 
ions from slightly acid aqueous phase.  
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ABSTRACT. The Cu(II), Co(II) and Ni(II) metal complexes derived from          
1-(4'-hydroxy-6'-methyl-pyrimidin-2'-yl)-3-methyl-4-(4''-nitrophenylazo)-
pyrazolin-5-one were synthesized and characterized by elemental analysis, 
thermogravimmetry, as well as by FT-IR, UV-VIS and ESR spectrometry. 
The results indicate that the organic compound act as a bidentate ligand 
via the nitrogen of azo group and the oxygen bound to the pyrazole ring. All 
complexes correspond to the molar ratio M : L : H2O = 1 : 2 : 8. The local 
symmetry around the metal ions is pseudotetrahedral. 
 
Keywords: azo dyes, metal complexes, thermal behaviour, spectroscopic 
studies, 5-pyrazolone derivatives 

 
 
INTRODUCTION 

Pyrazolin-5-one azo derivatives and their complexes with several 
metal ions (Cu2+, Co2+, Ni2+, Cr3+, Fe2+ etc.) are important pigments for vinyl 
polymers and synthetic leather or dyes for textile [1 - 4]. The metal 
complexes of 5-pyrazolone derivatives applied also as analytical reagents 
for microdetremination of metals [5, 6]. Over the past years the complexes 
of azo dyes have drawn the attention of many researchers [7 - 10]. Recently, a 
series of 1-pyrimidinyl analogs of the azocoupling products of 1-phenyl-3-
methyl-pyrazolin-5-one has been prepared [11 - 13]. We intend to study the 
complexation of these new ligands with transition metal ions. 
 The present paper describes the synthesis and the structural 
investigation of three new metal complexes (1 - 3) obtained by the reaction of 
1-(4'-hydroxy-6'-methyl-pyrimidin-2'-yl)-3-methyl-4-(4''-nitrophenylazo)-pyrazolin- 
5-one (4) (H-PNPhP) with Cu (II), Co (II) and Ni (II) ions (Scheme 1). 
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RESULTS AND DISSCUSION 

The structure of the ligand (4) 
The azocoupling product (4) has several azo- and hydrazone-

tautomeric forms (e.g. 4a, 4b) [11, 13 - 15]. According to our previous 
spectral studies [13, 15] the ligand (4) appears as a hydrazone tautomer 
(4a) in common solvents (e.g. acetic acid, methanol, benzene, chloroform, 
aqueous or acidulate ethanol) which is also in good agreement with other 
literature data on the azocoupling products of pyrazolin-5-one derivatives 
[9, 10, 12, 16 - 19]. In certain solvents, such as alkalized ethanol or DMF the 
ligand (4), is probably deprotonated similar to other pyrazolin-5-one azocoupling 
products [9, 13, 15, 18 - 20]. The deprotonation of ligand was confirmed by the 
pH dependence of the UV-VIS absorption spectra of isomolar solutions of (4) 
recorded in aqueous ethanol (1v/1v).  

The absorption curves set, corresponding each to a certain pH-
range: a) 2.87 - 8.19 (Fig. 1a) and b) 9.50 - 12.80 (Fig. 1b) show the same 
isosbestic points that indicate an equilibrium [1, 16, 18 - 22]. The absorbance 
vs. pH at the analytical wavelength for (4) (Fig. 2) generates two sigmoidal 
curves that are characteristic to the acid-base equilibrium [1, 21]. The two 
sigmoidal curves indicate two acid dissociation steps [20], corresponding to 
a dibasic acid AH2, which is compatible with the structure (4), which has 
two mobile acidic hydrogens (Scheme 1). 

By derivation of the sigmoidal curves two pKa values are obtained, 
i.e. pKa1 = 5.84 and pKa2 = 10.56. The species (4a), (7), (8) involved in the 
equilibrium are characterized by different absorption bands registered at 
412, 442 and 490 nm.  

The identification of the forms that are present in the basic medium 
is important because even these forms (7 or 8) will react with the metal 
ions. 

As it is known other pyrazolin-5-one azocoupling products participate 
by complexation act as a bidentate ligand via the nitrogen of the azo group 
and the oxygen bound to the pyrazole ring [1, 6, 8 - 10]. In the case of the 
ligand (4), this oxygen atom should be corresponding to the form (7) or (8). 

The structure of the metal complexes 
The complexation reaction of Cu(II), Co(II) and Ni(II) salts with the 

ligand solution in each case yields a solid product. Higher melting points of 
these products as well as their different colours when compared to that of 
the ligand (4), indicate the formation of metal complexes. All complexes are 
coloured, microcrystalline and stable at room temperature. The complexes 
are insoluble in water and most usual organic solvents (chloroform, 
acetone, benzene, alcohol) but soluble in DMF. 
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Figure 1 a 
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Figure 1 b 

Figure 1 . The pH' dependence of the UV-VIS spectra of the isomolar solutions of (4) 
(c = 2.25 x 10-5 mol/L) in ethanol-water (1v/1v) at ionic strength of 0.01 mol/L KCl  

at 250C, in the pH' range 2.87-8.19 (1a), respectively 9.50-12.80 (1b). 
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Figure 2 .The plot absorbance at 490 nm vs. pH' corresponding  
to the spectra from Figure1 

 
 

Some physico-chemical and elemental analysis data of the ligand 
(4) and its metal complexes (1 - 3) are given in Table 1 - 3. 

The elemental analysis data (Table 1) and thermal analysis data 
(Table 3) indicate the molar ratio M : L : H2O = 1 : 2 : 8, for each complex.  

The UV-VIS spectra in DMF for the complexes (1 - 3) (Table 1) 
indicate a small hypsochromic shift and a low hypochromic effect comparative 
to the spectrum of the initial ligand (4), like the other similar complexes [9]. 
Since in DMF the UV-VIS spectrum of the ligand (4) (Table 1) corresponds 
to the dianion (8) (Fig. 1b) and the spectra of the complexes are only 
slightly shifted hipsochromically, the structure of the complexes in DMF 
solution should be (9), a situation that is to be expected for the initial 
structure (1 - 3) of the complexes in the presence of the basic impurities 
from DMF [17]. 

The structures (1 - 3) of the complexes are supported also by the 
fact that their UV-VIS spectra in ethanol correspond to the UV-VIS 
spectrum of more (7) or less (4a) deprotonated ligand (Fig.1a). Such a 
participation of the monodeprotonated species of pyrazolin-5-one 
azocoupling products to the complexation of metal ions occurs usually [9]. 
 The IR spectra of the metal complexes (1 - 3) (Table 2) comparative 
to the free ligand supported these structures.  
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Table 1 
Physico-chemical and elemental analysis data of the ligand (4)  

and metal complexes (1 - 3) 
 

Compound C15H13N7O4 

(4) 
C30H40CuN14O16 

(1) 
C30H40CoN14O16 

(2) 
C30H40NiN14O16 

(3) 
Molec. Weight 355.31 916.28 911.64 911.39 

Yield [%] 73.21 64.85 63.67 51.98 
Colour orange brown-yellow brown-red purple 

Melting point 
[oC] 

310 340 350 380 

Λmax. 
(nm) 

486 473.5 481.5 471.5 

ε 30,800 25,700 13,500 21,800 

Visible 
absorption 
spectrum 
data, in 
DMF A 0.8059 0.6655 0.5632 0.6815 

C 51.12 
(50.71) 

38.57 
(39.32) 

39.42 
(39.52) 

39.14 
(39.53) 

H 4.38 
(3.69) 

4.02 
(4.39) 

4.15 
(4.42) 

4.11 
(4.42) 

Elemental 
analysis 
data [%] 
found. 
(calcd.) N 27.47 

(27.59) 
21.04 

(21.40) 
21.37 

(21.51) 
21.01 

(21.51) 
 
 

Table 2 
IR absorption bands (cm-1) of the ligand (4) and its metal complexes (1 - 3) 

 

Assignment 
[cm-1] 

C15H13N7O4 

(4) 
C30H40CuN14O16 

(1) 
C30H40CoN14O16 

(2) 
C30H40NiN14O16 

(3) 
νOH, νO-H-O - 2912-3642 3283-3646 3282-3656 
νNH 3309-3633 wide band wide band wide band 
νC=O*

 1696 - - - 
νC=O** 1673 1635 1623 1627 
νC-NO2 as. 1556 1519 1517 1518 
νC-NO2 sim 1344 1334 1330 1331 
νM-N - 619 598 578 
νM-O - 472 473 476 

* γ-lactam from the pyrazolin-5-one entity 
** γ-lactam from the pyrimidin-2-one entity 

 
The absorption band of the free ligand (4) at 1696 cm-1, that may be 

assigned to the stretching νC=O vibration of γ-lactam type [23] from the 
pyrazolin-5-one entity, is not registered in the IR spectra of the metal 
complexes (Table 2). This is caused by the fact that in these complexes the 
ligand participates as anion (7) analogous to other similar ligands [9]. The 
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anions of the azocoupling products able of azo-hydrazone tautomerism 
have an azostructure (e.g. 7) in which the pyrazolin-5-one >C=O group is 
transformed in >C-O-- group. But in complexes (1 - 3) as well as in the 
ligand (4), an other band is present in the range 1620 - 1675 cm-1 which 
may be assigned to a stretching νC=O vibration of lactam type, namely a 
hexaatomic pyrimidin-one lactam [23]. The pyrimidin-2-one lactam form in 
the compounds (4) and (1 - 3) is possible on the basis of lactam- lactimic 
tautomerism of their 4-hydroxy-6- methyl-pyrimid-2-yl entity. 
 Another proof for the formation of the complexes are the new bands 
appearing in the range 472 - 476 cm-1, which correspond to stretching νM-O, 
vibration and in the range 578 - 619 cm-1, which could be assigned to 
stretching νM-N vibration [6, 9]. 
 

Thermal investigation  
The thermal behaviours of the ligand (4) and its metal complexes  

(1 - 3) are summarized in Table 3. 
The thermogravimetric analysis indicated that the ligand (H-PNPhP) 

is anhydrous and the decomposition involved two steps. 
In the temperature range 300 – 320oC an endothermic peak at 

310oC indicated the melting point of the ligand in good agreement to the 
literature data [11]. 

The first decomposition step occurred in the temperature range 320 
– 360oC and it has been accompanied by a strong exothermic effect (see 
the maximum peak at 340oC) with the loss of C6H4NO2 rest.  

The second step occurred in the temperature range 480 – 600oC, 
with an exo peak at 543oC which indicates the pyrolysis of organic rest. 

The recorded mass loss of 65.63% is in good agreement to the 
calculated data (65.15%).  

The aim of the thermal analysis of the metal complexes is to obtain 
information concerning their thermal stability of these and to decide 
whether the water molecules are inside or outside the coordination sphere. 

The decompositions of each metal complex occur in three steps. The 
first step is characterized by an endothermic peak at 115oC for the Cu(II) 
complex, at 130oC for the Co(II) complex and at 125oC for the Ni(II) complex 
and corresponds to the loss of water molecules (see also the ESR results). 

A comparison between the thermal behaviour of the ligand (H-PNPhP) 
and its metal complexes reveals that the melting points are growing up with 
the complexation. An endo peak in the DTA curves at 340oC for the Cu(II) 
complex, at 350oC for the Co(II) complex and at 380oC for the Ni(II) 
complex corresponds to the melting points. This phenomenon proves that 
the thermal stability is increased by the formation of coordination compounds 
with M-N and M-O bonds. The second step is accompanied by a strong 
exothermal effect and corresponds to the loss of 2 mole of C6H4NO2 rest of 
each metal complex. 
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Table 3 
Thermogravimetric analysis results of the ligand H-PNPhP (4) and its metal 

complexes (1 - 3) 
 

Compound Temp. 
range 
[OC] 

DTA peak 
[OC] 

 
Endo   Exo 

TG weight loss 
[%] 

 
Calcd.    Exp. 

Assignment 
 
 

H-PNPhP 
(4) 

300-320 
320-360 

 
480-600 

 

310 
- 
 
- 

- 
340 

 
543 

- 
34.36 

 
65.64 

- 
35.84 

 
64.15 

melting point 
- loss of 

C6H4NO2 rest 
- pyrolysis of 
organic rest 

[Cu(C15H12N7O4)2] 
•8H2O(1) 

80-160 
 

320-380 
 
 

400-460 
 
 

110 
 

340 
- 
 
- 
 
- 

- 
 
- 

375 
 

440 
 
- 

15.72 
 
- 

31.62 
 

34.04 
 

18.88 

15.23 
 
- 

32.38 
 

43.28 
 

18.09 

- 8 mole of 
hydrating water 

melting point  
- loss of  

2 C6H4NO2 rest 
- pyrolysis of 
organic rest 
CuO residue 

[Co(C15H12N7O4)2] 
•8H2O(2) 

100-200 
 

340-420 
 
 

420-560 
 
 

130 
 

350 
- 
 
- 
 
- 

- 
 
- 

380 
 

425 
 
- 

15.80 
 
- 

31.81 
 

42.17 
 

10.22 

15.89 
 
- 

31.68 
 

41.45 
 

10.98 

- 8 mole of 
hydrating water 

melting point 
- loss of 

2 C6H4NO2 rest 
- pyrolysis of 
organic rest 
CoO residue 
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Above 420oC a broad exothermic peak indicate the last step which 
correspond to the pyrolysis of the organic rest. The final products of the 
pyrolysis are metal oxide with the stoichiometric ratio M : O = 1:1. Figure 3 
displays the derivatograms of the ligand (H-PNPhP) and its Cu(II) complex (1). 
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a-H-PNPhP(4). 

 

b-[Cu(C15H12N7O4)2]•8H2O(1) 

Figure 3 . The simultaneous TG, DTG and DTA curves obtained by derivatograph 
for a- H-PNPhP (4) (sample mass = 50mg) and b-[Cu(C15H12N7O4)2]•8H2O(1) 

(sample mass=100mg) 
 
ESR spectra and magnetic properties 
The powder ESR spectrum of [Cu(C15H12N7O4)2]•8H2O(1), complex 

at room temperature (Fig. 4) is typical for monomeric species with 
pseudotetrahedral local symmetry around the metal ion. The principal 
values of the g tensor (gII= 2.178, g⊥= 2.117) correspond to a CuN2O2 
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chromophore [24]. The ordering of g values indicates the presence of an 
unpaired electron in the dx

2
-y

2 orbital. The calculated gav =2.137 value show 
a considerable covalent character of the complex [25]. The shape and the g 
values (gII= 2.213, g⊥= 2.026) for the Co(II) complex are typical for 
pseudotetrahedral species. 

 
Figure 4 . Powder ESR spectrum of [Cu(C15H12N7O4)2]•8H2O(1) complex  

at room temperature 
 

The magnetic susceptibility measurements indicate a Curie-Weiss 
behaviour (Fig. 5) with values of magnetic moments specific to monomeric 
species. The values of magnetic moments were calculated considering also 
the temperature independent contribution. The magnetic moments (µeff=1.91 
µB, µeff=5.21 µB, µeff=3.21 µB for Cu(II), Co(II) and Ni(II) complexes) confirm 
the pseudotetrahedral local symmetries around the metallic ions [26]. 

 

 

Figure 5 . Temperature dependence of 1/χm for [Cu(C15H12N7O4)2]•8H2O(1) 
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EXPERIMENTAL PART  

Materials and instrumentation 
 All reagents and chemicals were purchased from commercial 
sources and used as received. Elemental analyses were carried out at the 
Vario El III CHNS-analyzer. The electronic absorption spectra were performed 
on Jasco V-530-UV-VIS spectrophotometer. The IR spectra were recorded 
in KBr pellets with a FT-IR-615-spectrophotometer. The thermoanalytical 
curves were recorded on an OD-103 MOM derivatograph. The samples 
were heated at a constant rate of 5oC min-1 from 20-1000oC. Al2O3 was 
used as reference material in static air atmosphere. Powder ESR spectra at 
room temperature were recorded at 9.4 GHz (X band) using standard 
JEOL-RES-3S equipment. Magnetic susceptibility measurements were 
made on powdered samples with a Faraday balance. 
 

Synthesis of the metal complexes 
The azocoupling product (4) was prepared by using a standard 

procedure from 1-(4'-hydoxy-6'-methyl-pyrimidin-2'-yl)-3-methyl-pyrazolin-5-
one (5) and 4-nitrobenzenediazonium salt (6) [11 - 14]. The metal complexes 
(1 - 3) were synthesized by the following procedure: to a suspension of 
ligand (4) (1mmol) in 50 mL methanol was slowly added with stirring a 
solution of tetra-n-butylammonium hydroxide until the azocoupling product 
is completely dissolved. To this solution of ligand was added slowly, dropwise, 
a solution of the metal salt [CuSO4•5H2O, Co(NO3)2 •6H2O, Ni(NO3)2•6H2O] 
(0.5 mmol) in distilled water. The mixture was stirred for 2h. After standing 
at room temperature for 16h, the resulted precipitate was vacuum filtrated 
and washed on the filter with distilled water and methanol, dried in air 48h 
and kept in dark bottles. 

 

CONCLUSIONS 

The ligand (4) and its Cu(II), Co(II) and Ni(II) complexes (1 - 3) were 
characterized by elemental analysis, thermal behaviour and spectral 
studies. The results are in agreement with the corresponding formulae: 
C15H13N7O4(4), [Cu(C15H12N7O4)2]•8H2O(1), [Co(C15H12N7O4)2]•8H2O(2), 
respectively [Ni(C15H12N7O4)2•8H2O](3). 

The IR and UV-VIS spectra indicated that the organic compound act 
as a bidentate ligand via the nitrogen of the azo group and the oxygen 
bound to the pyrazole ring. 

The greater value of the melting point for complexes, as compared to 
the free ligand indicates that thermal stability is increased by the formation 
of complexes with M-N and M-O bonds. 
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The ESR spectra and magnetic susceptibility measurements confirm 
the pseudotetrahedral local symmetries around the metal ions. 
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ABSTRACT. New potential precursors for diphosphaallenes with C=P=C=P 
skeleton have been synthesized. Compounds 2-4 (bearing a 2,4,6-tri-tert-
butylphenyl group bound to phosphorus) are stabilized by the large steric 
hindrance which prevents the approach of monomers to form dimers or 
oligomers.  

 
Keywords: heteroallenes, diphosphaallenes, organophosphorus compounds 

 
 
 
INTRODUCTION 

Sterical protected heterocumulenes [1-5] containing multiple double 
bonds of the heavier main group elements, such phospha-, or 
diphosphaallenes [6a, 7] are currently the focus of many research groups. 
Using bulky substituents like Mes* (2,4,6-tri-tert-butylphenyl), C(SiMe3)2          
or t-Bu we have reported some precursors of diphosphaallenes with the 
C=P=C-P skeleton which are expected to be useful as starting materials for 
new organophosphorus compounds [6].  

Due to the multiple possibilities to coordinate the C=P=C-P unit to 
an organometallic MLn fragment, such systems are excellent ligands in 
coordination compounds with potential catalytic action. Thus, there were 
obtained complexes with P=C=P units attached to M(CO)n fragments, M = W, 
Cr [8-12] or Pd, Cr [12, 13]. Some of these systems have interesting catalytic 
properties, exhibited for example in the direct conversion of the alcohols in 
allylic compounds [14, 15]. 
 Herein we report the synthesis of diphosphaallenic systems 
(Me3Si)2C=P(Mes*)=C(Cl)-PCl2 2, (Me3Si)2C=P(Mes*)=C(Cl)-PCl(t-Bu) 3, 
and (Me3Si)2C=P(Mes*)=C(Cl)-P(O)Cl2 4, with C=P=C-P skeleton. Due to the 
polytopal coordination abilities, such ligands might be used in the synthesis 
of various interesting coordination compounds. 
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RESULTS AND DISCUSSION 

Diphosphaallene derivatives 2-4 have been prepared starting           
from phosphaallene 1 (Scheme 1) in the presence of butyl lithium and the 
corresponding dihalophospha derivatives RPCl2. 

Bis(trimethylsilane)phosphorane 1 was obtained with a very good 
yield (98 %) by resorting to a modified version [16] of Niecke’s method. 

Diphosphaallenes 2 and 3 were prepared by reaction of 1 with 
RPCl2 (R = Cl, t-Bu). Note however that if R = Mes*, due to the high steric 
demands, the formation of corresponding diphosphaalene has never been 
observed. 

Addition of phosphorus trichloride to the lithium derivative of 1 afforded 
the expected diphosphaallene (Me3Si)2C=P(Mes*)=C(Cl)-PCl2 2, (Scheme 1): 

 

Scheme 1
R = Cl (2)
R = t-Bu (3)

P CC
Me3Si

Me3Si

Mes*

Cl

Cl
n - BuLi

P CC
Me3Si

Me3Si

Mes*

Li

Cl
RPCl2

P CC
Me3Si

Me3Si

Mes*

Cl

P

Cl

R

1

 
 
The Z and E isomers, 2a and 2b are formed in a 5 : 1 ratio. Both 

isomers 2a and 2b have been characterized in solution by NMR spectroscopy. 
The 31P NMR spectra of 2a show two signals at 165.41 ppm (d) and at 
151.75 ppm (d) respectively.  

3 is obtained nearly quantitatively from 1, by the route shown in 
Scheme 1. (Me3Si)2C=P(Mes*)=C(Cl)-P(t-Bu)Cl 3 was characterized by 
NMR spectroscopy and mass spectrometry. The 31P NMR spectrum show 
two signals for the phosphorus atoms at 166.08 ppm (d) and 112.7 ppm (d) 
(Figure 1). The high-field shift in the 31P NMR is in the expected range for t-
Bu group bonded to a λ3σ2-P atom [6].  

Due to the presence of only one chlorine atom in 3 versus two 
chlorine atoms at λ3σ2-P phosphorus in 2, the 31P NMR shift in 3 is shifted 
by 40 ppm up-field. 

In the presence of air, compound 2 is oxidized at the λ3σ2-P 
phosphorus atom giving (Me3Si)2C=P(Mes*)=C(Cl)-P(O)Cl2 4 (31P NMR: 
195.17 ppm (d) and 69.48 ppm (d)) (Scheme 2).  
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Figure 1. 31P NMR (coupled with hydrogen) spectrum of 

(Me3Si)2C=P(Mes*)=C(Cl)-P(t-Bu)Cl 3 
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Cl

P

Cl

Cl

2 Z/E 4 Z/E

Scheme 2

P CC
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Cl

P
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The Z and E isomers, 4a and 4b are identified in the same ratio like 

the Z/E ratio for 2.  
 
 
CONCLUSION 

Three new diphosphaallenes have been synthesized and characterized 
by NMR spectroscopy. Their coordinative properties are under current 
investigation. 
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EXPERIMENTAL SECTION 

All experiments were carried out in flame-dried glassware under 
argon atmosphere using high-vacuum line techniques. Solvents were              
dried and freshly distilled from sodium benzophenone ketyl and carefully 
deoxygenated on the vacuum line by several freeze-pump-thaw cycles. 
NMR spectra were recorded in CDCl3 and C6D6 by using a Bruker AC300 
spectrometer (1H: 300 MHz; 13C: 75 MHz, reference TMS; 31P: 121.49 MHz, 
reference H3PO4). Mass spectra were obtained with Hewlett-Packard 
5989A spectrometer by EI at 70 eV. BuLi (1.6 M in hexane), PCl3 and          
t-BuPCl2 commercially available (Merck) were used. 

 Synthesis of (Me3Si)2C=P(Mes*)=CCl2 1 [14] 
To a solution of CHCl3 (1 mL, 1.3 g) in THF (50 mL) cooled at            

–90 °C were added 6.9 mL of a solution of n-BuLi (0 .7 g). After 1 h of stirring 
to –78 °C, the brown solution of CCl 3Li was frozen at -120 °C. A solution of 
Mes*P=C(SiMe3)2 (5.5 g) in THF (50 mL) cooled at – 78 °C was canul ated 
to the frozen CCl3Li. The reaction mixture was allowed to warm at room 
temperature. After removal of the lithium salts, recrystallization from pentane 
afforded a white powder of pure 1, the yield 98 % [14].  
 Synthesis of (Me3Si)2C=P(Mes*)=C(Cl)-PCl2 2 

To a solution of 1 (0.75 g) in THF (20 mL) cooled at –100 °C were 
added 1.9 mL of a solution of n-BuLi. After 1 h of stirring at –78 °C the brown 
liquid was canulated to a solution of trichlorophosphine (0.2 g, 0.13 mL) in 
THF (40 mL) cooled at –78 °C. After stirring the mi xture at 20 °C for 2h, 
LiCl was eliminated by filtration, the solvent was removed in vacuum and 
the residue dissolved in 15 mL of pentane. The product was unambiguously 
characterized by NMR spectroscopy but could not be isolated in pure form 
by crystallization. We obtained the mixture of 2a and 2b in 5 : 1 ratio. 
NMR 31P 2a: 165.41 ppm (d, 2JPP: 178.8 Hz, λ5

σ
3-P), 151.75 ppm (d, 2JPP: 

178.5 Hz, λ3
σ

2-P). 
NMR 31P 2b: 163.88 ppm (d, 2JPP: 179.9 Hz, λ5

σ
3-P), 150.26 ppm (d, 2JPP: 

179.9 Hz, λ3
σ

2-P). 
Oxidation of 2 to (Me3Si)2C=P(Mes*)=C(Cl)-P(O)Cl2 4 
In normal condition after 7 hours, compound 1 is oxidized to 

(Me3Si)2C=P(Mes*)=C(Cl)-P(O)Cl2 4. A mixture of 4a and 4b in the 5:1 ratio 
has been obtained. The reaction product was unambiguously characterized 
by NMR spectroscopy but could not be isolated in pure form by 
crystallization. 
NMR 31P 4a: 195.17 ppm (d, 2JPP: 342.6 Hz, λ5

σ
3-P), 69.48 ppm (d, 2JPP: 

342.6 Hz, λ5
σ

3-P=O). 
NMR 31P 4b: 195.30 ppm (d, 2JPP: 342.6 Hz, λ5

σ
3-P), 69.61 ppm (d, 2JPP: 

342.6 Hz, λ5
σ

3-P=O). 
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Synthesis of (Me3Si)2C=P(Mes*)=C(Cl)-PCl(t-Bu) 3 
To a solution of 1 (2.1 g, 4.06 mmol) in THF (50 mL) cooled at –100 °C 

were added 1.82 mL of a solution of t -BuLi 1.7 M. After 1h of stirring at -78 °C 
the brown solution of (Me3Si)2C=P(Mes*)=CClLi was canulated to a solution of 
dichloro-tert-butylphosphine (0.66 g, 4.2 mmol) in THF (50 mL) cooled at         
– 78 °C. After stirring the mixture at 20 °C for 10  h, LiCl was eliminated by 
filtration, the solvent was removed in vacuum and the residue dissolved in 
25 mL of pentane. The product was unambiguously characterized by NMR 
spectroscopy but could not be isolated in pure form by crystallization. 
NMR 31P (CDCl3) 2: 166.08 ppm (d, 2JPP:164.25 Hz, λ5σ3-P), 112 ppm (dm, 
2JPP:164.25 Hz,  3JPH: 13.4 Hz, λ3σ2-P). 
NMR 1H (CDCl3) 2: 7.57 (dd, J = 4.92, 1.63 Hz, 1H), 7.51 (dd, J = 4.70, 
1.88 Hz, 1H), 1.70 (d, J = 0.55 Hz, 1H 9H), 1.32 (s, 1H 9H), 1.67 (s, 1H 
9H), 1.24 (d, J = 14.70 Hz, 1H 9H), 0.39 (s, 1H 9H), -0.16 (s, 1H 9H) 
NMR 13C (C6D6): 155.41 (d, J = 7.81 Hz,1C, C orto), 154.69 (d, J = 3.15 
Hz,1C, C para), 125.47 (d, J = 13.24 Hz,1C, C meta), 121.07 (d, J = 93.29 
Hz,1C, C ipso), 90.04 (d, J = 156.10 Hz, 1C, PCCl2 CP2Cl), 54.36 (d, J = 
48.74 Hz, 1C, PC(SiMe3)2), 40.22 (d, J = 2.81 Hz,1C, orto C(CH3)3), 35.23 
(d, J = 0.92 Hz,1C, para C(CH3)3), 34.02 (s,1C, orto CH3), 30.96 (s, 1C, 
para CH3), 4.34 (dd, J = 44.09, 4.76 Hz,1C, C(SiMe3)2). 
MS (EI): m/z (%) = 604 (1) [M]+, 589 (1) [M – Me]+, 569 (20) [M – Cl]+, 547 
(18) [M – tBu]+. 
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ABSTRACT. The separation of thorium(IV) and lanthanides(III) (Ln(III)) 
using different stationary phases: silica gel, silica gel – zirconium(IV) silicate 
mixture, silica gel – titanium(IV) silicate mixture, and silica gel impregnated 
with NH

4
NO

3 
2.5M has been investigated. The solvent mixtures o,m,p-xylene – 

methyl-ethyl-ketone (MEK) - N,N-dimethylformamide (DMF) (16 + 2 + 1, v/v) 
and methyl-ethyl-ketone – tetrahydrofuran (THF) (6.8 + 3.2, v/v) containing 
di(2-ethylhexyl)dithiophosphoric acid (HDEHDTP) 0.04 M  as complexing 
agent were used as mobile phases. The results obtained show that the 
separation of Th(IV) from Ln(III) and Ln(III) from each other is achieved using 
silica gel impregnated with NH4NO3 2.5 M and MEK – THF (6.8 + 3.2, v/v) 
– HDEHDTP 0.04 M as mobile phase. 

 
 
INTRODUCTION 

Dialkyldithiophosphoric acids, well known as good complexing 
agents have been efficiently used for solvent extraction of metal ions [1-7]. 
Di(2-ethylhexyl) monothiophosphoric, di(2-ethylhexyl)dithiophosphoric and 
di(2,4,4-trimethylpentyl)dithiophosphinic acids were investigated as selective 
extractants impregnated on polymer supports [8-10]. The ammonium salt of 
diethyldithiophosphoric acid was used for preconcentration of heavy metals 
from water and biological material, using different sorbents [11]. 

In our earlier paper, we have studied the extraction of U(VI) by different 
dialkyldithiophosphoric acids (HDADTP) [5-7,12] and the separation of 
uranium and d transition metal dithiophosphates by TLC technique [13]. 
Later, we extended our investigation on the separation of U(VI), Th(IV), Ln(III) 
and other elements using dithiophosphoric complexants in solvent extraction 
and chromatographic systems [14-18]. 
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Donath Street, RO-400293 Cluj-Napoca, Romania 
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In several papers we described the use of dialkyldithiophosphoric 
acids for separation of metal cations mentioned by thin-layer chromatography 
on silica gel H [14-18]. In order to improve the separation conditions we 
investigated the TLC behavior of these cations on various stationary 
phases [16, 19]. 

The goal of this work is to obtain information about the separation  
of thorium(IV) and lanthanides(III) (Ln(III)) on silica gel H, silica gel H 
impregnated with 2.5M NH4NO3, silica gel H – Zr(IV) silicate and silica gel  
H – Ti(IV) silicate mixtures, using di(2-ethylhexyl)dithiophosphoric acid 
(HDEHDTP) in organic mobile phase. 
 
 
RESULTS AND DISCUSSIONS 

TLC separation of Th(IV) and Ln(III): La(III), Ce(III), Pr(III), Sm(III), 
Gd(III) and Er(III) on silica gel H, silica gel H impregnated with 2.5M NH4NO3, 
silica gel H – Zr(IV) silicate and silica gel H – Ti(IV) silicate mixtures was 
studied using HDEHDTP as complexing agent in the mobile phase. 

A mixture of organic solvents containing MEK, DMF or THF were used 
as mobile phase since previous studies have shown that the presence of a 
polar solvent with electron-donor properties in addition to dialkyldithiophosphoric 
ligand is crucial for actinides and lanthanides migration [22]. 

The results obtained using stationary phases mentioned above and 
o,m,p-xylene – MEK – DMF (16 + 2 + 1, v/v) mixture containing 0.4M 
HDEHDTP as mobile phase are presented in Table 1. 

 
Table 1 

RF values of the studied cations obtained on various stationary phases. 
 Mobile phase: o,m,p-xylene – MEK – DMF (16 + 2 + 1, v/v)  

mixture containing 0.4M HDEHDTP 

RF x 100 
No. 

Stationary 
phase 

La(III) Ce(III) Pr(III) Sm(III) Gd(III) Er(III) Th(IV) 

1. Silica gel H 17 23 23 20 8 15 14 

2. 
Silica gel H - 
Zr(IV) silicate 

18 14 17 18 18 14 9 

3. 
Silica gel H - 
Ti(IV) silicate 

24 19 20 16 5 14 21 
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It can be noticed that Th(IV) and the lanthanides migrate on all 
stationary phases investigated. The RF values show that on silica gel Th(IV) 
can be separated from La(III), Ce(III) Pr(III), and Gd(III) and a tendency of 
separation of Ln(III) from each other excepting for Ce(III) - Pr(III) pair. The 
separation of Th(IV) from Ln(III) studied is also observed when silica gel H-
Zr(III) silicate mixture is used as stationary phase. In this case the pairs 
La(III)-Ce(III), Ce(III)-Pr(III) and Gd(III)-Er(III) are separated too. The results 
obtained on silica gel H - Ti(IV) silicate mixture show that Th(IV) can be 
separated from La(III), Sm(III), Gd(III) and Er(III). The pairs La(III)-Ce(III), 
Pr(III)-Sm(III), Sm(III)-Gd(III) and Gd(III)-Er(III) can also be separated. 

Series of experiments were also carried out on different stationary 
phases using MEK – THF mixture (6.8:3.2, v/v) containing 0.4M HDEHDTP as 
mobile phase. Data presented in Figure 1 (curve 1) suggest the possibility of 
separation on silica gel H of Th(IV) from La(III), Gd(III), Er(III) and tendency of 
Ln(III) separation from each other excepting for Ce(III) – Pr(III) pair.  
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Fig. 1 - Retention factors of metal ions for various stationary phases 
Stationary phase: 1 – silica gel H; 2 – silica gel H impregnated with 2.5M 

NH4NO3;3 –silica gel H - Zr(IV) silicate mixture;  
4 – silica gel H - Ti(IV) silicate mixture. 

Mobile phase:    MEK – THF (6.8 : 3.2, v/v) – 0.4 M  HDEHDTP  
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A similar chromatographic behavior is observed on silica gel H -Zr(IV) 
silicate mixture as stationary phase (Fig 1, curve 3). In this case, Gd(III) 
and Er(III) can be separated from La(III), Ce(III), Pr(III), Sm(III) and Th(IV). 
Clear separation of Th(IV) from Ln(III) occurs on silica gel H impregnated 
with NH4NO3 when using this mobil phase. Ln(III) are also separated from 
each other (Fig 1, curve 2). Generally, the order of migration of Ln(III) is the 
order of increasing atomic number Z, on both plain silica gel H and silica 
gel H impregnated with NH4NO3, effect observed in Ln(III) separation by 
liquid-liquid extraction. 
 In order to asses the quality of separation of metal ions investigated 
on silica gel impregnated with 2,5M NH4NO3 the values of resolution factor 
Rf were calculated according to Ecuation (1) [23, 24]: 

)HRHR2(

zz∆R

2F21F1

0fF
S +

−
=R     (1) 

where 1FR  and 2FR  are retention factors of a neighboring pair of ions; zf -z0 

is the distance between the origin and mobile phase front; 
N

z
H 0f z−

=  is 

the theoretical plate height; 

2

x

0f
F

δ

zz
16N 







 −
= R  is the number of plates; 

xδ  is the spot diameter; and xz  is the distance of spot migration. 
 Data obtained are presented in Figure 2 (for simple and double 
development). RS values higher than 1,5 show that very good resolution is 
obtained on silica gel H impregnated with NH4NO3 especially by duble 
development with MEK-THF mixture containing HDEHDTP as complexing 
agent. For the pairs Ce(III)-Pr(III) and Er(III)-Th(IV) separation is poorer 
after double elution but is still suitable for quantitation (RS > 1,5). 
 Under these conditions separation of more lantanides (La(III), 
Ce(III), Pr(III), Nd(III), Sm(III), Gd(III), Dy(III), Hb(III), Er(III) and Yb(III) was 
attempted. The order of migration folowed that of increasing atomic 
number, but very close RF values were obtained for consecutive lantanides. 
Double development was therefore performed to achieve better separation. 
The RF values obtained for double development where used to calculate 

F

F*
M R1

R
logR

−
=  [23] where RF  is the retention factor of lanthanide (RM* is 

a quantity used to understand the correlation between the extraction 
chromatography and liquid-liquid extraction). 

The plots of RM* versus atomic number of lantanides a represented 
in Figure 3. The tetrad – effect very similar to that observed in liquid – liquid 
extraction is clearly seen after duble elution. It can be noticed that lanthanides 
a divided in four groups. 
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Fig. 2 - Resolution of separation of Th(IV) and Ln(III) on silica gel H  

impregnated with 2.5M NH4NO3;  
 Mobile phase: MEK – THF (6.8 : 3.2 , v/v)– 0.4 M HDEHDTP mixture;  
                      1 – simple elution; 2 – double elution. 

 

 

Fig. 3 - Dependence of *
MR  on Z for the investigated lanthanides. Stationary 

phase: silica gel H impregnated with 2.5 M NH4NO3;  
Mobile phase: MEK-THF (6.8 : 3.2, v/v)- 0.4 M  HDEHDTP  
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CONCLUSIONS 

 It has been found that separation of Th(IV) from Ln(III) and separation 
of certain lantanide (III) pairs can be achieved on silica gel H, silica gel          
H - Zr(IV) silicat and silica gel H - Ti(IV) silicat using o,m,p-xylene-MEK-DMF 
and MEK-THF mixtures containing HDEHDTP as mobile phase. When 
silica gel H impregnated with NH4NO3 is used as stationary phase there is a 
marked difference between TLC behavior of the metal ion investigated. By 
use of the binary mobil phas MEK-THF containing HDEHDTP the resolution 
is much improved and the separation of lanthanides from each other is also 
achieved. The tetrad – effect is observed in variation of Rm* versus atomic 
number of lantanides. 
 

EXPERIMENTAL PART 

Materials 

TLC plates coated with silica gel H, silica gel H impregnated with 
2.5M NH4NO3, silica gel H – Zr(IV) silicate and silica gel H – Ti(IV) silicate 
mixtures were prepared in laboratory as described elsewhere [20]. 

Metal nitrates and Arsenazo III were supplied by Aldrich Chemie 
(Germany). HDEHDTP was synthesized by published procedure [21] and 
its purity was higher than 95%. All other reagents were of analytical grade 
supplied by Chimopar, Bucharest (Romania). Standard solutions of metal ions 
(5 x 10-3 M) were prepared by dissolving of the metal salts in demineralized 
water. 

 
Procedure 

Silica gel H, silica gel H impregnated with 2.5M NH4NO3, silica gel      
H – Zr(IV) silicate and silica gel H – Ti(IV) silicate mixtures were tested as 
stationary phases. Mixtures of o,m,p-xylene – methyl-ethyl-ketone (MEK) – 
dimethylformamide (DMF) and MEK – tetrahidrofurane (THF) were used as 
mobile phase. 

Standard solutions of metal ions were spotted on the chromatographic 
plates by means of Brand micropipettes. The plates were developed in 
unsaturated normal chromatographic chambers; the development distance 
was 10 cm. After development the plates were dried for 15 min in a hood 
and then, the spots were visualized by spraying with an aqueous solution of 
Arsenazo III (0.05%). The metal ions were detected as blue-green spots. 
All separations were performed at room temperature. 

The evaluation of chromatograms was performed at 600 nm with a 
Desaga CD 60 densitometer. The results are means from 3 measurements. 
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SPECTRAL INVESTIGATION OF  

3-MERCAPTO-1,2,4-TRIAZOLE LIGANDS 
 
 

MONICA M. VENTERa, VALENTIN ZAHARIAb 
 
 

ABSTRACT. Preliminary spectral studies on 5-aryl-3-mercapto-1,2,4-
triazoles, Ar-C2H2N3S, Ar = C6H5- (1), 4-H3CC6H4- (2), 4-ClC6H4- (3) and 
4-BrC6H4- (4) and 5,5’-(1,4-phenylen)-bis(3-mercapto-1,2,4-triazole), 1,4-
C6H4(C2H2N3S)2 (5) are discussed. The FT-IR and 1H NMR spectra of 1-5 
are consistent with the structure of triazole rings and aromatic systems. 
The IR data recorded for 1-5 and Raman data recorded for 5 confirm the 
occurrence of the thiol tautomeric form of the heterocycle in solid state. 
The 1H NMR data are consistent with the presence of the thioamido 
(thione) form in solution. All spectra suggest a mixture of thione/thiol 
tautomers in both solid state and solution. 
 
Keywords: mercaptotriazole, FT-IR, FT-Raman, 1H NMR. 

 
 
INTRODUCTION 

 The N and N-S heterocyclic derivatives (i.e. mercapto-thiadiazoles, 
mercapto-triazoles and –tetrazoles, etc.) remain of great interest in 
coordination and supramolecular chemistry. The flat, rigid geometry of such 
heterocycles, along with their increased number of heteroatoms, encourage 
the association of these molecules into outstanding supramolecular structures. 
The self-assembly pattern and the resulting architectures depend – among 
other criteria – on the extension and nature of interacting atoms/groups. More 
specific, crystallographic evidences proved in several cases that heterocycles 
containing tihoamido groups (HN-C=S) generate multiple N-H⋅⋅⋅E (E = N, O, 
S) hydrogen bonding [1-5]. For example, the co-crystallization of 1,3,5-
triazine-2,4,6-trithione, C3N3S3H3 (also known as trimercaptotriazine or 
trithiocyanuric acid) with melamine, tricyanuric acid, 4,4’-bipyridine, etc. 
produced supramolecular structures with nanometric cavities and channels. 
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Many of these compounds have proved excellent zeolitic properties [1-3]. 
On the other hand, the thione sulfur atoms may involve in intermolecular 
S⋅⋅⋅S interactions, which have been found of great importance in the 
supramolecular construction of molecular electronics [6]. It is the case of 
dimercapto-thiadiazole, C2H2N2S3 and phenyl-dimercapto-thiadiazole, C6H5-
C2HN2S3 (also known as Bismuthiol I and II, respectively) that revealed 
short S⋅⋅⋅S interactions (3.4 – 3.7 Å) in metal complexes [7]. 
 Deprotonation of such heterocycles usually leads to anions in their 
thiolato tautomeric form. Coordination of the anionic ligand to metal centers 
through sulfur may generate a large variety of molecular structures, ranging 
from mono- and dinuclear units [i.e. trithiocyanuric complexes of Na and 
Cu(I) [4]; organotin(IV) complexes of Bismuthiol II [7], etc.] to infinite 1D or 
2D polymers [i.e. organotin(IV) complexes of Bismuthiol II [7], Au(I) complexes 
of Bismuthiol I,[8,9] etc.]. 

We have recently initiated the vibrational and crystallographic 
investigation of a new range of π-excessive heterocyclic systems derived 
from Bismuthiol I [10-13]. Due to the encouraging results concerning the 
involvement of the heterocycles in self-assembly and the increased role of 
heteroatoms in such interactions, we decided to vary the number of nitrogen 
vs. sulfur atoms. In this respect, we decided to focus on 5-aryl-3-mercapto-
1,2,4-triazoles as potential candidates for coordination and supramolecular 
chemistry, due to the lack of crystallographic evidences for such species [14]. 

Hence, the aim of this work is the preliminary spectral characterization 
of 5-aryl-3-mercapto-1,2,4-triazoles, 4-XC6H4-C2H2N3S, X = H (1), CH3 (2), 
Cl (3) and Br (4) (Scheme I.a) and 5,5’-(1,4-phenylen)-bis(3-mercapto-
1,2,4-triazole), 1,4-C6H4(C2H2N3S)2 (5) (Scheme I.b). Despite the possibility 
of several thione (thioamide) and thiol tautomers, the Scheme I illustrates 
only the thiol form for simplicity.  
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N
N

N N
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       (a)      (b) 

Scheme I 
 
RESULTS AND DISCUSSION 

Five mercaptotriazole derivatives 1 – 5 have been prepared and 
characterized by vibrational and 1H NMR.  

The FT-IR spectra of 1 – 5 were recorded in the 4000 – 400 cm-1 
spectral range. For the bis-mercaptotriazole (5), the Raman spectrum was 
recorded in the 3500 – 200 cm-1 spectral range. The most relevant spectral 
data are listed in Table 1 and 2.  
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Table 1 
Selected FT-IR data (cm-1) for compounds 1 – 4. 

 

C2H3N3S
 [17] 1 2 3 4 Assignment 

  3433 mw 3446 w 3446 mw ν(OH) 
3150 w* 3089 sh 3130 sh 3105 sh 3100 sh ν(NH) 
3080 w 3060 s 

3003 s 
3086 s  
3020 s 

3057 s 
3035 s 

3055 s 
2989 s 

ν(CH) 

 
2565 w 

2642 m 
2577 m 

2692 mw 
2594 w 

2665 m 
2580 mw 

2663 mw 
2582 w 

ν(SH) 

 1593 mw 
1582 w 

1618 m 
1593 s 

1608 s 
1588 m 

1604 s 
1581 m 

Ar quadrant 
stretching 

1559 s 1566 s 1565 s 1562 s 1560 s ν(CN) 
1460 vs 1508 vs 1525 vs 1506 vs 1504 vs ν(CN) 
 1485 s 

1453 m 
1485 s 
1460 s 

1484 s 
1439 m 

1481 ms 
1439 m 

Ar semicircle 
stretching + 
δ(CH) ip 

1430 vw 1423 mw  1426 m  ν(CN) 
 1290 w 1288 w 1294 w 1294 w δ(CH) ip 
1260 s 
1187 vs 

1225 ms 1234 s 1228 m 1228 m ν(NN) 
δ(NH) 

  1119 mw 1110 w 1106 w δ(CH) ip 
   1095 s  ν(CCl) 
944 vs 966 ms 976 m 968 ms 966 m ν(CS) 
 918 w 

785 ms 
818 m 835 s 

786 w 
833 s 
783 w 

δ(CH) op 

 699 s 715 m 727 m 725 ms Ar op bending by 
sextants 

701 ms 686 s 691 mw 690 w 688 w δ(CSH) ip 
526 w 540 m 538 m 552 w 557 mw δ(NCS) ip 
485 vw 469 vw 474 w 462 w 479 vw δ(CSH) op 

Abbreviations: w – weak, mw – medium weak, m – medium, ms – medium strong, 
s – strong, vs – very strong, br – broad, sh – shoulder, ν - stretching, δ - bending,   
ip – in plane, op – out of plane, Ar – aromatic ring. 
* IR data from reference 18. 
 

The following discussion is based on the comparison between our 
spectral data recorded for 1 – 5 and the known literature data published for 
the unsubstituted 3-mercapto-1,2,4-triazole, C2H3N3S [17,18]. 

The 4000 – 2000 cm-1 spectral range is relevant for the characterization 
of NH, CH and SH groups. The characteristic stretching modes give rise to 
a large and complex band in the IR spectra of all compounds. The best 
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described peaks are assigned to ν(CH) at 3086 – 3055 cm-1, while the 
ν(NH) mode can be hardly distinguished as a shoulder at 3130 – 3089 cm-1. 
However, the assignment of ν(NH) at 3150 (IR) [18] and 3156 cm-1 
(Raman) [17] for 3-mercapto-1,2,4-triazole support our interpretation.  
 

Table 2 
Selected FT-IR and Raman data (cm-1) for compound 5. 

 

IR Raman Vibrational Assign. 

3433 mw  ν(OH) 
3103 m 3109 vw, sh ν(NH) 
3068 m 
2997 m 

3063 vw 
2997 vw 

ν(CH) 

2683 w 
2596 w 

 
2577 vw 

ν(SH) 

1595 s 1592 w Ar quadrant 
stretching 

1527 s 1554 w ν(CN) 
1493 s 1496 s ν(CN) 
1458 m 1473 m 

 
Ar semicircle 
stretching + δ(CH) ip 

1436 m 1433 w ν(CN) 
1294 w 1300 w δ(CH) ip 
1236 s 1245 w ν(NN) 
1105 m 1106 vw δ(CH) ip 
964 ms 967 w ν(CS) 
858 w 
766 w 

863 vw 
749 vw 

δ(CH) op 

706 m  Ar op bending by 
sextants 

667 m 668 vw δ(CSH) ip 
528 m  δ(NCS) ip 
471 w  δ(CSH) op 

 

Vibrational investigations on various mercaptans have located the 
SH stretching in the approx. 2650 – 2500 cm-1 range, as a well defined, 
medium to weak band [15, 17, 19]. The IR spectra of 1 – 5 reveal distinctive 
peaks in the mentioned range, which may be assigned to the νas(SH) (2692 – 
2642 cm-1) and νs(SH) (2596 – 2577 cm-1) modes. In addition, the Raman 
spectrum of 5 shows a weak but very neat band at 2577 cm-1, which definitely 
support the previous assignment.  
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The 2000 – 1000 cm-1 spectral range is relevant mainly for the 
characterization of the heterocylic skeleton. The most important bands fall 
in the 1560 – 1527, 1525 – 1493 and 1436 – 1423 cm-1 regions for ν(CN), 
and 1234 – 1225 cm-1 range for ν(NN). In addition, at least one assignment 
should be made for the δ(NH) or δ(CNH) modes at approx. 1470 – 1420 
and/or 1200 cm-1 [17, 19]. However, this assignment proved very difficult 
due to the overlap with other bands. 

The 1000 – 400 cm-1 spectral range brings new evidences for the 
identity of the CS group. Thus, the assignment of the band located in the 
976 – 964 cm-1 region to the ν(CS) fundamental is in good agreement with 
the spectral data published for 3-mercapto-1,2,4-triazole in its thiol tautomeric 
form (944 cm-1) [17-18]. Moreover, this value is significantly lower than that 
found for thione CS groups in related heterocycles [i.e. thiadiazole-thiones, 
ν(CS) approx. 1060 – 1040 cm-1] [10-13]. The presence of the thiol tautomer in 
solid state is also suggested by the location of the δ(CSH) bands at 691 – 667 
and 479 – 462 cm-1. 

 
The 1H NMR spectra of compounds 1 – 4 were recorded in ordinary 

DMSO-d6 at room temperature and are largely unexceptional as it concerns 
the characterization of aryl groups (Tab. 3). The spectrum of 5 was of 
unsatisfactory quality due to its poor solubility. According to literature data, 
the thioamido (NH) and thiol (SH) protons should fall into the 8-11/13-14 
ppm and 2-6 ppm range, respectively [20-22]. The four spectra show small 
but clear broad singlets at 13.66-13.78 ppm, which may be assigned to 
thioamido protons. In addition, the spectra reveal singlets located at 3.48-
3.61 ppm for each compound. These peaks can be only tentatively 
assigned to SH protons as long as humidity is present in compounds and/or 
deuterated solvent. 

 
Table 3 

1H NMR data (δ in ppm, J in Hz) for compounds 1 - 5. 
 

1 δ 13.71 (s br, 1H, NH), 7.87 (m, 2H, 2-C6H5), 7.45 (m, 3H, 3,4-
C6H5), 3.61 (bs, H2O/SH). 

2 δ 13.66 (s br, 1H, NH), 7.78 (d, 2H, 2-C6H4, 
3J 8.1), 7.32 (d, 2H, 

3-C6H4, 
3J 8.4), 3.48 (s, H2O/SH), 2.35 (s, 3H, CH3). 

3 δ 13.77 (s br, 1H, NH), 7.90 (d, 2H, 2-C6H4, 
3J 8.7), 7.58 (d, 2H, 

3-C6H4, 
3J 8.5), 3.51 (bs, H2O/SH). 

4 δ 13.78 (s br, 1H, NH), 7.83 (d, 2H, 2-C6H4, 
3J 8.7), 7.73 (d, 2H, 

3-C6H4, 
3J 8.5), 3.48 (bs, H2O/SH). 
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CONCLUSIONS 

The preliminary spectral investigation of 1 – 5 brings evidences for 
the identity of heterocyclic and aryl fragments. The FT-IR and Raman spectra 
strongly suggest the presence of the thiol tautomers in solid state and 
suspect, with rather poor arguments, the presence of the thione (thioamide) 
forms. Alternatively, the 1H NMR spectra of 1 – 4 suggest the presence of the 
thioamide forms in solution and only suspect the thiol tautomers. Further 
Raman measurements, as well as complete 1H and 13C NMR investigations 
in dry deuterated solvent will be performed in order to elucidate the present 
ambiguities. 
 
EXPERIMENTAL PART 

 FT-Raman spectra on solid samples were recorded using a Bruker 
FT-IR Equinox 55 Spectrometer equipped with an integrated FRA 106 S 
Raman module. The excitation of the Raman spectra was performed using 
the 1064 nm line from a Nd:YAG laser with an output power of 250 mW. An 
InGaAs detector operating at room temperature was used. FT-IR spectra 
were recorded on KBr pellets, using a FT-IR JASCO 600 Spectrometer. The 
spectral resolutions were 2 cm-1. Room-temperature 1H NMR spectra were 
recorded in ordinary DMSO-d6 on a BRUKER AVANCE 300 instrument 
operating at 300.11 MHz. The chemical shifts are reported in ppm relative 
to the residual peak of the deuterated solvent (ref. DMSO: 1H 2.49 ppm). 

The starting materials were purchased from commercial sources as 
analytical pure reagents and were used with no further purification. 
Compounds 1 – 5 were prepared following a literature protocol [15,16]. The 
thiosemicarbazide was reacted with acyl chloride in 2N NaOH  solution and 
the resulting acyl-thiosemicarbazide was isolated in HCl medium, filtered and 
recrystallized from ethanol. The intermediate was re-dissolved in 2N NaOH 
solution and refluxed for approx. 1.5 hours. After filtering and diluting the 
reaction mixture, the mercapto-triazoles were precipitated with aqueous HCl, 
filtered and recrystallized from ethanol (1, 3, 4), water (2) or ethanol/dmfa (5). 
In all cases, the products were isolated as white microcrystalline solids. MP (°C): 
262-4 (1), 267-8 (2), 296-8 (3), 294-5 (4) and >300 (5). 
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ABSTRACT. The synthesis, spectral and thermal properties of four mixed 
ligand complexes of Zn(II) with deprotonated theophylline (th) are reported: 
[Zn(th)2(ba)2]·2H2O (1), [Zn(th)2(dmen)]·H2O (2), [Zn(th)2(ea)2]·H2O (3) and 
[Zn(th)2(pa)2]·H2O (4) (ba = benzylamine; dmen = N,N-dimethyldiamino-
ethane; ea = 2-aminoethanol; pa = 3-aminopropanol). The FTIR spectra of 
complexes indicate that theophylline acts as a monodentate ligand and 
coordinates via the N(7) nitrogen atom.  

 
Keywords: 2-aminoethanol, 3-aminopropanol, benzylamine, 
N,N-dimethyldiaminoethane, theophylline, mixed ligand complexes 

 
 
INTRODUCTION 

Transition metal complexes of theophylline (Scheme 1) are of 
considerable interest because they may serve as model compounds for the 
interaction between metal ions and oxopurine bases of nucleic acids. 
According to previous studies, theophylline coordinates as a monodentate 
ligand in neutral media via N(9), while in basic media it coordinates via 
N(7) [1–5]. 

 
 
 
 
 
 
 
 
 
 
 

Scheme 1 
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In some cases theophylline acts as a bidentate ligand, forming 
N(7)/O(6) chelates [6, 7]. In our research on coordination compounds with 
theophylline and various amines, we have reported the synthesis and 
characterization of some new mixed ligand complexes of Cu(II), Co(II) and 
Ni(II) containing the theophyllinato anion and 2-aminoethanol or benzylamine 
as co-ligands [8–11]. Here we report the synthesis of four new systems, 
corresponding to the general formula: [Zn(th)2Ln]·xH2O, where L: benzylamine 
(ba) (n=2, x=2), N,N-dimethyldiaminoethane (dmen) (n=1, x=1), 2-aminoethanol 
(ea) (n=2, x=1), 3-aminopropanol (pa) (n=2, x=1). The complexes were 
investigated and characterized by FTIR spectroscopy and thermoanalysis. 
 

EXPERIMENTAL PART 

 The Zn(II)-complexes were prepared in alkaline aqueous solution 
as previously reported [2, 8]. FTIR spectra were recorded on a Jasco FTIR 
600 spectrophotometer in the 4000–400 cm−1 range, using KBr pellets. 
Thermal decomposition was investigated with a 103 MOM Radelkis 
Derivatograph, by using sample of 100 ± 2 mg and α-Al2O3 as reference 
(for complexes 1 and 4) and with an Universal V2.3C TA Instruments, by 
using sample of 10–12 mg (for complex 3), respectively, at a heating rate 
of 10°C min −1. The composition of complexes was determined by elemental 
analysis (C, H, N).  
 
 

Synthesis of [Zn(th) 2(ba)2]·2H2O (1). To a suspension of theophylline 
(0.4 g, 2.02 mmol) in water (15 cm3), benzylamine (0.5 cm3) was added. The 
resulted clear solution was mixed with a second solution of ZnAc2·2H2O 
(0.2195 g, 1 mmol) in a benzylamine–water mixture (1 cm3 of benzylamine 
in 5 cm3 of water). The reaction mixture was heated at 50°C  for 30 min, 
under stirring and stored at room temperature over night. The resulted white 
polycrystalline powder was collected by filtration, washed with aqueous 
benzylamine (5%) and dried. M.W.: 673.69, Yield: 81.8%, M.P.: >320 °C 
(dec.). 
 
 

 Complexes 2–4, i.e. [Zn(th) 2(dmen)]·H 2O (2), [Zn(th) 2(ea)2]·H2O (3), 
[Zn(th) 2(pa)2]·H2O (4), were prepared by the described procedure, using 
the appropriate amine or aminoalcohol. Complexes 3 and 4 precipitated 
after two weeks as crystalline powder.  
 

The main data of complexes 2–4 are presented in Table 1. 
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Table 1.  
Analytical data of complexes 2–4 

Elemental analysis [%] 
Found (calc.)  Complexes M.W. M.P. 

(°C) 
Yield 
[%] 

C H N 
[Zn(th)2(dmen)]·H2O 

ZnC18H28N10O5 
2 

529.87 
295–
325 

(dec.) 
80 

42.05 
(40.80) 

4.65 
(5.33) 

26.83 
(26.43)  

[Zn(th)2(ea)2]·H2O 
ZnC18H30N10O7 

3 
563.88 278 70 

37.65  
(38.34) 

5.59 
(5.36) 

24.57 
 (24.84) 

[Zn(th)2(pa)2]·H2O 
ZnC20H34N10O7 

4 
591.94 

258–
259 

(dec.) 
68 

40.85 
(40.58) 

5.70 
(5.79) 

23.46 
(23.66) 

 
 

RESULTS AND DISCUSSION 

FTIR spectra 
The characteristic vibration bands of the ligands and complexes with their 
assignments are given in Table 2.  
 

Table 2.   
FTIR vibrations (cm−1) of the ligands and complexes 1–4 

Ligand/complex νννν(OH) νννν(NH) νννν(C=O) νννν(C=N) 

Theophylline  (th) – 3120m 
1714s 
1667s 

1566s 
 

Ethanolamine  (ea) 3642s 
3331m 
3286m 

– – 

Propanolamine  (pa) 3636s 
3351m 
3286m 

– – 

[Zn(th)2(ba)2]·2H2O 
1 3420b 3256m 

1687s 
1645s 

1530s 
 

[Zn(th)2(dmen)]·H2O 
2 

 3529m 
3446b 

3329m 
1693s 
1645s 

1531m 
 

[Zn(th)2(ea)2]·H2O 
3 3421b 3291m 

1695s 
1638s 

1530s 
 

[Zn(th)2(pa)2]·H2O 
4 3446b 3286m 

1694s 
1640s 

1530s 
 

Abbreviations: b - broad, m - medium, s – strong 
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FTIR spectra of the complexes exhibit obvious differences to the 
spectrum of theophylline. The two strong bands in the IR spectrum of 
theophylline, which are assigned to the stretching vibration of the carbonyl 
groups, are shifted after coordination toward lower wavenumbers, due to 
the deprotonation of theophylline and the participation of C(6)=O and C(2)=O 
groups to intra- or intermolecular hydrogen bonds [8–10]. In complexes, 
the C=N ring vibrations of theophylline are shifted toward lower values, 
suggesting that the ligand coordinates via the imidazole nitrogen atoms. The 
carbonyl C(2)=O stretching vibration at 1645 cm-1 suggests that the carbonyl 
group does not interact with the water molecules of the framework [9]. 

There are significant changes in the bands assigned to N−H 
vibrations, as a consequence of the deprotonation of theophylline at N(7) 
atom and coordination of the amine type ligands. In the spectra of complexes 
with a primary amine ligand the symmetric and antisymmetric stretching 
vibrations of the coordinated NH2 groups can be assigned in the 3329–
3256 cm-1 region. In spectrum of 2, the symmetric and antisymmetric 
vibrations are overlapped and the symmetric vibration is reduced to a 
shoulder, recorded at 3309 cm-1. The νCH vibrations of benzylamine are 
observed at 2954 cm-1 for the aliphatic CH2 and at 3027–3066 cm-1 for the 
aromatic CH. The νCH vibrations of coordinated N,N-dimethyldiaminoethane 
are recorded as a broad band centered at 2953 cm-1. The corresponding 
aliphatic CH2 vibrations of alcoholamine are registered at 2962 cm-1 for 
complex 3 and at 2953 cm-1 for complex 4.  

The strong broad bands of complexes 3 and 4, recorded at 3600–
3400 cm−1, may be assigned to different hydrogen bonds [11–14]. The 
water content of complexes with aminoalcohols was also confirmed by 
thermogravimetry.  

The FTIR spectra of complexes 1–4 suggest that theophylline acts 
as a monodentate ligand and coordinates the metal ion via the N(7) atom. 
 

Thermal analysis 

The investigated complexes undergo a gradual decomposition during 
heating in flowing air atmosphere. The thermogravimetric curves of complexe 
with benzylamine (1) and of complexes with bidentate ligands (2–4) are 
very different. 

The thermogravimetric curve of complex 1 indicates a stepwise 
decomposition. In the first step, two molecules of water are eliminated in 
the temperature range of 100–140°C (experimental we ight loss 7%, calculated 
5.3%), suggesting that both molecules are bonded similarly. The next step, 
which occurs in the temperature range 240–350°C, co rresponds to the 
elimination of two molecules of benzylamine, such as in the case of the 
related Cu(II) complex [10]. Above 350°C, the therm al decomposition is 
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similar to that of [Zn(th)2(NH3)2] [15], with the release and pyrolysis of two 
theophyllinato moieties. The DTG curve shows that the two theophylline 
molecules are eliminated in the range of 350–420°C and 420 –540°C, 
respectively. The last two decomposition steps are exothermic, showing 
maxima at 560 and 660°C, while the final decomposit ion product is ZnO 
(exp. solid residue 13%; calc. 12%). 

The water molecule of complex 3 is eliminated at 85°C (exp. weight 
loss 4%, calc. 3.1%) and demonstrates that the respective water is not 
involved in coordination. Above 200°C, two ethanola mine molecules are 
evolved in two separate steps, recorded in the range 215–250°C (exp. 
weight loss 11 %, calc. 10.8 %) and 285–310°C, resp ectively. The high 
decomposition temperatures suggest a bidentate binding mode of 
ethanolamine [6, 7]. Further weight loss corresponds to the release and 
pyrolysis of theophyllinato moieties. The final decomposition product is ZnO 
(exp. solid residue 14%, calc. 14.4%), in good agreement with the results of 
Zelenák for similar complexes [15]. 

The same decomposition pattern was observed for complex 4. 
 
CONCLUSIONS  

FTIR spectra and thermal data of complexes 1 and 2 suggest a 
tetrahedral, while in the case of 3 and 4 an octahedral coordination of the 
metal ions with bidentate bonding of aminoalcohol ligands. The theophylline 
coordinates via the N(7) nitrogen.  
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ABSTRACT. A new bismutho(III)polyoxometalate cluster with mixed addenda, 
which corresponds to the formula K8[BiIII2W20V

IV
2O70(OH)2(H2O)4]⋅23H2O, 

was synthesized. The cluster was investigated by FT-IR, UV-Vis-NIR and 
EPR spectroscopy. The FT-IR spectrum exhibits vibrations, which indicates 
the presence of Bi heteroatoms and of W and V addenda. The UV spectrum 
contains charge-transfer bands, which are specific to the polyoxometalate 
building. The Vis-NIR spectrum shows two heteronuclear intervalence 
charge-transfer bands 608 and 806 nm, due to the presence of V4+ metal 
centers. The EPR spectrum indicates non-interacting V4+ metal centers. 

 
KEYWORDS: polyoxometalate, metal cluster, FT-IR spectroscopy, UV-Vis-
NIR spectroscopy; EPR spectroscopy. 

 
 
 

INTRODUCTION 

Polyoxometalates, also called metal-oxygen clusters, are the most 
important representatives of the inorganic molecular nanoclusters. The 
continuous diversification of polyoxometalates through the synthesis of new 
substances, with interesting electronic structures, unexpected topologies, 
various electron-transfer processes and remarkable magnetic-exchange 
interactions, has triggered numerous applications, especially in catalysis, 
analysis, biochemistry, medicine and materials science [1-7]. 
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Polyoxometalates are polyoxoanions of the early transition elements, 
especially Mo, W and V, made up by linked MOn units. The M metal centers, 
which may belong to one or several atomic species, are called addenda. In a 
simplified classification, polyoxometalates are divided into isopolyoxometalates 
and heteropolyoxometalates. For isopolyoxometalates one or more atomic 
species act as addenda, while in the case of heteropolyoxometalates, beside 
the addenda, there are also one or several atomic species playing the role 
of X heteroatom(s) [8, 9]. 

Heteropolyoxometalates in which the X heteroatom has an unshared 
electron pair are of particular importance, showing special structural 
characteristics and specific properties. Due to the stereochemical activity of 
the lone pair, the primary group adopts an unusual XO3 trigonal pyramid 
shape. The role of the X heteroatom with an unshared electron pair is usually 
played by subvalent group 15 elements, i.e., As (III), Sb (III) or Bi (III).  

A very interesting heteropolyoxometalate series of this type contains 
22 addenda metal centers. It consists of two trivacant Bß-XW9O33 units     
(X = Sb3+, Bi3+), which are connected to each other by two WO2 and by          
two additional fac-WO2(OH) or M(H2O)3 connector groups. Several such 
polyoxometalates with the general formula [X2W22O74(OH)2]

12- and 
[X2W20M

(n+)
2O70(H2O)6]

(14-2n)- (M = Fe3+, Co2+, Ni2+, Ni2+, Mn2+) have been 
reported [10-17]. The general structure of the respective polyoxometalates 
with mixed addenda is displayed in Fig. 1. 
 

 
 

Figure 1. Ball-and-stick representation of the mixed addenda 
 [X2W20M

(n+)
2O70(H2O)6]

(14-2n)- polyoxometalate structure (X large dark spheres,  
W large gray spheres, M medium-sized dark spheres, O small white spheres,  

H2O small white spheres with crossing lines). 
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In this paper we describe the synthesis of (the potassium salt of) a 
new bismutho(III)heteropolyoxometalate with mixed addenda of this series, 
which corresponds to the formula K8[BiIII2W20V

IV
2O70(OH)2(H2O)4]⋅23H2O. 

The substance is abbreviated as K8[BiIIIW20V
IV

2] for the neutral salt and 
[BiIIIW20V

IV
2]

8- for the anion, respectively. The new cluster was investigated 
by vibrational (FT-IR), electronic (UV-Vis-NIR) and EPR spectroscopy.  
 
RESULTS AND DISCUSSION 

The new bismutho(III)heteropolyoxometalate with mixed addenda 
was prepared according to the following formal reaction of metal center/ 
addenda substitution: 

[BiIII2W22O74(OH)2]
12– +2VO2++6H2O

 → 
[BiIII2W20V

IV
2O70(OH)2(H2O)4]

8+2WO4
2- +4H+ 

 
The elemental analysis is consistent with the proposed formula for 

the synthesized substance, i.e., K8[BiIII2W20V
IV

2O70(OH)2(H2O)4]⋅23H2O. 
FT-IR spectra. The FT-IR spectra of K8[Bi2W20V2] polyoxometalate 

with mixed addenda and of the parent Na12[Bi2W22] polyoxometalate with 
unique addenda are displayed in Fig. 2. The main vibration bands and their 
assignment are listed in Table 1. 

The FT-IR spectra of K8[Bi2W20V2] and Na12[Bi2W22] are quite similar, 
suggesting that the two polyoxometalates belong to the same series. 

 

 
Figure 2. FT-IR spectra of K8[Bi2W20V2] (solid line) and Na12[Bi2W22] (dashed line). 
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The stretching vibration of the terminal W=Ot bonds is recorded at 
about 950 cm-1 for both polyoxometalates. This indicates that terminal 
oxygen atoms are not involved in the coordination of V4+ metal centers.  

The main stretching vibration of the Bi–Oi bonds is recorded at ca. 
840 cm-1 for the two substances. This shows that also internal oxygens are 
not involved in the coordination of V4+.  

 The vibrations of tricentric W-Oc-W bonds of the corner sharing WO6 
octahedra are recorded at 835, 796 and 738 cm-1 for Bi2W22 and 842, 794 
and 724 cm-1 for Bi2W2V2, respectively. The three peaks demonstrates the 
non-equivalence of W-Oc-W bonds, when linking octahedra from equatorial 
and polar regions of the BiW9 trilacunary fragments [18]. 

The vibration bands of tricentric W-Oe-W bonds of the edge-sharing 
WO6 octahedra are also splitted, being revealed at 648 and 593 cm-1 for 
Bi2W22 and 647 and 609 cm-1 for Bi2W20V2, respectively. The splitting evinces 
the presence of two non-equivalent bonds of this type in the oxo-cage [19, 20]. 

As expected, the Bi2W20V2 spectrum shows additional peaks, due to 
the new metal centers/addenda. These maxima are recorded at 1158 and 
1105 cm-1 and can be attributed to the stretching vibration νasV-O, which is 
also splitted.  

 

Table 1.  
Main vibrations of the FT-IR spectra of K8[Bi2W20V2] 

and Na12[Bi2W22O74]. 

ν (cm-1) Vibration 
Na12[Bi2W22] K8[Bi2W20V2] 

νasV-O - 1158 
1105 

νsW=Ot 953 951 
νasBi-Oi+ 
νasW-Oc-W 

835 842 

νasW-Oc-W 796 
738 

794 
724 

νasW-Oe-W 648 
593 

647 
609 

 
UV spectra. The UV spectra of Bi2W20V2 and Bi2W22 polyoxometalates 

(Fig. 3) exhibit the two charge-transfer bands, characteristic to the 
polyoxometalate structure [21, 22]. The ν2 band (~50,000 cm-1), due to dπ-pπ 
transitions of the M=Ot bonds, is recorded at identical frequencies (195 nm/ 
51,165 cm-1) in both spectra, which indicates that the terminal Ot atoms are 
not involved in the coordination of the V4+ metal centers. The ν1 band 
(~40,000 cm-1), due to dπ-pπ-dπ transitions from the tricentric M-Oc,e-M 
bonds, is also recorded practically at same frequencies in both spectra     
(254 nm/39,370 cm-1 for Bi2W20V2

 vs. 255 nm/39,215 cm-1 for Bi2W22).  
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Figure 3. UV absorption spectra of Bi2W20V2 (solid line) and Bi2W22 (dashed line)  

in aqueous solution (c = 5 · 10-5 mol dm-3). 
 

The higher intensity of Bi2W20V2 bands, when compared to Bi2W22, 
indicates a higher distortion and decrease in symmetry, due to the presence of 
two different types of metal centers/addenda. 

 Vis-NIR spectrum. In polyoxometalates with one or several reduced 
addenda, new intervalence charge-transfer (IVCT) bands arise in the visible 
and NIR. In most cases, three IVCT bands are observed, marked by A, B 
and C [23].  

 For Sb2W20V
IV

2 polyoxometalate, the reduced addendum is the V4+ 

metal center, which determines the presence of heteronuclear IVCT VIV-WVI 
(more precisely, VIV-O-WVI) bands. The recorded spectrum (Fig. 4) exhibits a 
strong absorption over the entire visible range, which extends in NIR and 
accounts for the brown color of the substance, in both solid state and solution.  

 The A IVCT band, located in NIR at 806 nm (12,410 cm-1), as well 
as the B IVCT band, recorded at 628 nm (15,915 cm-1), are each reduced 
to a shoulder. The two bands are related to the 2B2(dxy) → 2B1(dx

2
 − y

2) (for A) 
and 2B2(dxy) → 2E(dxz,yz) (for B) transitions in the Ballhausen and Gray 
molecular orbital theory for V4+ in a C4v local symmetry [24]. On the other 
hand, the broad C IVCT band is not recorded. 
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Figure 4. Vis-NIR absorption spectrum of Bi2W20V

IV
2 in aqueous solution  

(c = 10-4 mol dm-3). The Guassian components are shown with dashed lines. 
 
 

EPR Spectrum. Powder EPR spectrum of K8[Bi2W20V
IV

2], recorded 
at room temperature in the X band contains 8 components, both in the 
perpendicular and in the parallel bands, due to the hyperfine coupling of the 
spin of one unpaired electron with the nuclear spin of the 51V isotope (I = 7/2) 
(Fig. 5). The spectrum can be described by an axial spin Hamiltonian, 
characteristic for the S = 1/2 system with C4v local symmetry [25, 26]: 

)()]([ yyxxzzyyxxzzB ISISAISASBSBgSBgµH +++++= ⊥⊥ IIII   (1), 

where gII, g⊥ and AII, A⊥ are the axial principal values of the g and hyperfine 
tensors, µB is the Bohr magneton, Bx, By, Bz are the components of the 
applied magnetic field in direction of the principal g axes, Sx, Sy, Sz and Ix, 
Iy, Iz are the components of the electronic and nuclear spin angular 
momentum operators. This behavior suggests the equivalence of the two 
paramagnetic V4+ ions in the investigated substance. 

Parameters were estimated by using a DPPH standard as g-marker 
(g = 2.0037), gII = 1.908, g⊥ = 1.974, AII = 202.1 G, A⊥ = 71.6 G for 
K8[BiIII2W20V

IV
2]. The simulated EPR spectrum indicates no V-V coupling.  
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Figure 5. Simulated powder EPR spectrum of K8[Bi2W20V

IV
2].  

 
 
EXPERIMENTAL SECTION 

Synthesis. An amount of 6.76 g (1 mmol) Na12[Bi2W22O74(OH)2]⋅44H2O, 
prepared according to the procedure described in the literature [13], was 
dissolved in 100 mL AcONa/AcOH acetate buffer (pH 4) and heated at 
70°C. Then, 0.50 g (2.5 mmol) VOSO 4·2H2O were added slowly and under 
continuous stirring to the solution. The mixture was heated again for 1 h, at 
70°C, after which 0.90 g (12 mmol) of finely ground  KCl were added. The 
brown solution was purified by filtration and stored at room temperature. 
Brown-gray microcrystals of K8[BiIII2W20V

IV
2O70(OH)2(H2O)4]⋅23H2O precipitated 

after 3-4 days. The crystals were filtered off, washed with distilled water 
and dried. Eventually, they were recrystallized twice from hot distilled water. 
Yield: 4.95 g (0.885 mmol; 88.5 % based on W).  

Analysis. The synthesized substance was characterized by elemental 
and thermogravimetric analysis, as follows: 

 K was determined by FEP with an Eppendorf flame photometer.  
Bi, W and V were determined by OES-ICP with a Bird 2070 

spectrophotometer. 
Water content was determined by dehydration at 350 0C. 
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Results (wt %): found (calculated for K8[BiIII2W20V
IV

2O70(OH)2(H2O)4]⋅ 
23H2O; M = 6149.81) K 5.05 (5.09); Bi 6.91 (6.80); W 59.02 (59.79); V 1.61 
(1.66); H2O 7.95 (7.91).  

Investigation. FT-IR spectra were recorded in the 4000-400 cm-1 
range by means of a Jasco FT/ IR 610 spectrophotometer, using KBr pellets.  

Electronic spectra in aqueous solution were acquired in the 190-
1300 nm range on an ATI Unicam-UV-Visible spectrophotometer, by means of 
a Vision Software V 3.20.  

EPR spectra were obtained at room temperature and 9.6 GHz             
(X-band), with a Bruker ESP 380 spectrometer.  

 
CONCLUSION 

The paper reports the synthesis and investigation of a new 
polyoxometalate cluster, with the formula K8[BiIII2W20V

IV
2O70(OH)2(H2O)4]⋅23H2O. 

The substance is the neutral salt of a heteropolyoxometalate, which contains 
two Bi3+ heteroatoms with an unshared electron pair and mixed addenda, 
namely W6+ and V4+.  

 The main vibration of the FT-IR spectrum, νasBi-O, registered at    
835 cm-1, reveals the presence of Bi as a heteroatom. The νasV-O vibration, 
recorded at 1158 and 1105 cm-1, indicates the presence of the V4+ metal 
centers/addenda. 

 The UV spectrum exhibits two chage-transfer (CT) bands, recorded 
at 195 and 254 nm, specific to the polyoxometalate edifice.  

 The Vis-NIR spectrum contains two heteronuclear intervalence charge-
transfer (IVCT) bands, owing to the presence of the V4+ metal centers, as 
reduced addenda. The VIV-WVI IVCT bands are registered at 608 and 806 nm. 

 The EPR spectrum suggests the presence of non-interacting V4+ 
metal centers.  
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AN ALTERNATIVE MECHANISM FOR CATALASE ACTIVITY 

 
 

RADU SILAGHI-DUMITRESCUa 
 

ABSTRACT. The ferric heme active sites of enzymes such as catalases 
and peroxidases react with hydrogen peroxide to generate a “high-valent” 
(formally, Fe(V)) species, known as Compound I. In peroxidases, Compound  
I generally decays back to the ferric state by abstracting electrons from 
various organic substrates or redox proteins. In catalases, the electrons 
required for Compound I reduction are supplied by a second H2O2 molecule. It 
has long been implied that the reaction between Compound I and H2O2 in 
catalase implies either outer-sphere electron transfer and/or hydrogen/proton 
abstraction mechanisms. Recent DFT calculations have confirmed that such 
mechanisms may be viable. However, a recent experimental investigation 
by Obinger and co-workers now prompts us to investigate an alternative 
mechanism, whereby the oxygen atom in Compound I is substituted by a 
second peroxide molecule, generating a formally Fe(V)-peroxo adduct which 
by electromerism would convert to Fe(III) and liberate the final product, O2. 
Reported here are DFT calculations illustrating the theoretical viability of 
this newly proposed catalase mechanism. 
 
 

INTRODUCTION 

The ferric heme active site of enzymes such as catalases and 
peroxidases react with hydrogen peroxide to generate a “high-valent” 
(formally, Fe(V)) species, known as Compound I.[1,2] In peroxidases, 
Compound I generally decays back to the ferric state by abstracting 
electrons from various organic substrates or redox proteins.[3] In catalases, 
the electrons required for Compound I reduction are supplied by a second 
H2O2 molecule, which is in turn oxidized to molecular dioxygen, such that 
the overall reaction catalyzed is: 2 H2O2 → 2H2O + O2.[4,5] Experimental 
evidence for the mechanism of Compound I + H2O2 reaction has not been 
available. It has for a long time been implied that the reaction between 
Compound I and H2O2 in catalase implies either outer-sphere electron transfer 
and/or hydrogen/proton abstraction mechanisms. Recent DFT calculations 
have confirmed that such mechanisms may be viable.[6,7] However, a 
recent experimental investigation by Obinger and co-workers[8] has 
suggested an alternative mechanism (cf. Scheme 1), whereby the oxygen 
atom in Compound I is substituted by the second peroxide molecule, 
generating a formally Fe(V)-peroxo adduct which by electromerism would 
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convert to Fe(III) and liberate the final product, O2. Here we report DFT 
calculations illustrating the theoretical viability of the newly proposed 
catalase mechanism. 
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Scheme 1 
 

RESULTS AND DISCUSSION 

The models that we have investigated, shown in Scheme 2, would 
result following binding of hydroperoxide to Compound I by displacing the 
“oxo” atom. The nomenclature used in Scheme 2 and throughout the 
remainder of this discussion stems from the fact that these models can be 
formally described as containing an (Fe(V)-(hydro)peroxo moiety. Calculated 
geometrical and electronic parameters are shown in Table 1. 
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Scheme 2 
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Table 1.  
Calculated bond lengths (Å), partial atomic charges and spin densities (the latter 

shown in italics) for putative catalase catalytic intermediates. 
 

Model O-O Fe-O Fe-N Fe O1a O2b O2(H)c Hisd Pe 
S=1/2 
[FeO2]

3+ 
1.23 3.00 2.14 0.66 

2.57 
-0.01 
0.97 

0.01 
1.00 

0.00 
1.97 

0.23 
0.10 

0.11 
0.36 

S=5/2 
[FeO2]

3+ 
1.23 3.00 2.14 0.66 

2.57 
-0.01 
0.97 

0.01 
1.00 

0.00 
1.97 

0.23 
0.10 

0.11 
0.36 

S=3/2 
[FeOOH]4+ 

1.41 1.85 2.03 0.57 
1.25 

-0.17 
0.34 

-0.17 
0.19 

0.02 
0.53 

0.39 
-0.02 

1.01 
-0.76 

 airon-bound oxygen atom. bnon iron-bound oxygen atom. csum over the OO(H) ligand. 
d sum over the imidazole axial ligand. esum over the porphyrin ligand 
  

The OOH ligand in the protonated model features significant spin 
density and is essentially electrically neutral – thus being best described as 
superoxide. The spin density on iron is distinctly larger than 1, and thus 
consistent with an S=1 Fe(IV) centre. Likewise, there appears to be ~ 1 spin 
on the porphyrin. The model is thus best described as containing an Fe(IV) 
bound to superoxide and to a porphyrin cation radical. The S=3/2 state of 
the [Fe-O-OH]4+ model was lower in energy by ~20 kcal/mol compared to its 
cognate S=1/2 and S=5/2, which nevertheless featured essentially identical 
electronic and structural parameters and are therefore not further discussed.  
 For the non-protonated model, the S=1/2 and S=5/2 states were 
essentially degenerate, with the S=5/2 state slightly lower in energy (~5 
kcal/mol). This is in sharp contrast with “ferrous-dioxygen” heme complexes, 
where theory and experiment agree that the low-spin state is distinctly 
favoured.[9,10] Remarkably, for S=5/2 [Fe-O2]

3+ the Fe-O bond is already 
broken (i.e., 3 Å), and the O2 ligand is well described as molecular oxygen, 
with 2 unpaired electrons and essentially no overall electrical charge. 
Dissociation of O2 leaves behind an Fe(III) centre and thus completes the 
catalase catalytic cycle, cf. Scheme 1. The energy difference between [Fe-O-
OH]4+ and [Fe-O2]

3+ defines the (gas-phase) proton affinity of the latter. This 
value, at 163 kcal/mol, is lower than the proton affinities of water, hydroxide, 
or imidazole (171, 411, and 232 kcal/mol, respectively), calculated under the 
same conditions. This indeed suggests that, should the [Fe-O-OH]4+ species 
ever form, either solvent or an active site histidine side-chain might in 
principle serve as electron acceptors, removing a proton from [Fe-O-OH]4+ 
and forming [Fe-O2]

3+, which, as shown above, is best described as Fe(III) + 
“free” molecular oxygen. An [Fe-O-OH]4+ species has recently been observed 
experimentally in a non-heme iron complex.[8] The present data confirms 
that such a species would be competent in completing the newly proposed 
catalase catalytic mechanism, cf. Scheme 1. 
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CONCLUSIONS 

An alternative mechanism is proposed for catalases, whereby the 
oxygen atom in Compound I is substituted by a second peroxide molecule, 
generating a formally Fe(V)-peroxo adduct which by electromerism would 
convert to Fe(III) and liberate the final product, O2. DFT data supporting the 
viability of this newly proposed catalase mechanism have been presented. 

 
MATERIALS/METHODS 

Geometries were optimized at the DFT level in the Spartan software 
package. The BP86 functional, which uses the gradient corrected exchange 
functional proposed by Becke (1988) [11] and the correlation functional by 
Perdew (1986),[12] and the DN** numerical basis set (comparable in size to 
6-31G**) were used as implemented in Spartan. For the SCF calculations, a 
fine grid was used and the convergence criteria were set to 10-6 (for the 
root-mean square of electron density) and 10-8 (energy), respectively. For 
geometry optimization, convergence criteria were set to 0.001 au (maximum 
gradient criterion) and 0.0003 (maximum displacement criterion). Charges 
and spin densities were derived from Mulliken population analyses after 
DFT geometry optimization. 
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DIAZEPAM - ββββ-CYCLODEXTRIN COMPLEX FORMATION 

 
 

IRINA KACSOa, IOAN BRATUa*, ANDREEA FARCASb, MARIUS BOJITAb 

 
 

ABSTRACT. Solid state interactions between a bioactive substance-Diazepam 
and β-cyclodextrin (β-CD) - the so called inclusion compounds (obtained by 
different preparation methods: kneading, co-precipitation and freeze-drying) 
were investigated. The obtained compounds were investigated by FTIR 
spectroscopy to evidence their formation. The results revealed that the solid 
state inclusion compound, such as Diazepam/β-cyclodextrin has a good 
stability. The stoichiometry of the inclusion complexes of diazepam with β-CD 
is 1:1 was investigated in solution. The association constant of the complex 
was determined by UV spectrophotometry. The encapsulation might improve 
Diazepam stability and bioavailability of the drug.  

 
Keywords: FTIR, UV-Vis, stoichiometry, association constant, inclusion 
compound, β-cyclodextrin 

 
INTRODUCTION 

An antidepressant bioactive substance, diazepam (DZP)(7-Chloro-
1,3-dihydro-1-methyl-5-phenyl-2H-1,4-benzodiazepin-2-one,) (Fig. 1), is used 
in the treatment of severe anxiety disorders, as a hypnotic in the short-term 
management of insomnia, as a sedative and premedicant, as an anticonvulsant, 
and in the management of alcohol withdrawal syndrome. 

 

Cl

N

N

O
CH 3

 
Fig. 1. Diazepam molecule  
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In order to improve the solubility in water and the bioavailability this 
compound is encapsulated in cyclodextrins. Cyclodextrins (CDs) - cyclic 
oligosaccharides, are natural products obtained by enzymatic reaction of 
starch. Upon the addition of the CGT-ase enzyme to an aqueous solution of 
starch, every sixth or seventh of the eight α-1, 4-glycosilic linkages is split, 
reacting with their own non-reducing end. It results a six-, seven- or eight-
membered macro-ring. These cyclic maltodextrins are called α-, β-, and γ-
cyclodextrins [1]. The aim of the paper was to prepare and to evidence by 
different spectrophotometric methods some inclusion compounds of diazepam 
with β-CD.  

Two methods, FTIR and UV spectroscopy [2, 3] were employed to 
confirm inclusion compound formation.   
 

Materials and methods 

The inclusion compound was obtained by different methods: physical 
mixture (pm), kneading (kn) - grounded the amounts of diazepam and 
β-cyclodextrin in an agate mortar for 60 min, using ethanol 33% as the 
wetting agent and the paste thus obtained was dried at 38oC; co precipitation 
(co) - mixing the amounts of diazepam and β-cyclodextrin (15mM alcoholic 
solution 3:1 v/v) in 1:1 molar ratio, stirring for 48 hours at 40oC succeeded 
by evaporation and drying at room temperature; freeze-drying (fd) - the 
amounts of diazepam solved in β-cyclodextrin saturated alcoholic solution in 
molar ratio 1:1, the product was frozen and dried by immersion in freezer-
drier (Alpha 1-2 LD plus) for over 24 hrs. 

FTIR spectra were obtained with a JASCO 6100 FTIR spectrometer 
in the 4000 to 400 cm-1 with a resolution of 2 cm-1, using the KBr pellet 
technique.   
 UV-Vis absorption spectra were recorded on a V-550 JASCO UV/Vis 
spectrometer equipped with quartz cells having 1.0 cm optical path length. 
 

RESULTS AND DISCUSSION 

Inclusion compound of DZP with β-CD 
FTIR spectroscopy 

FTIR spectrum of the 1:1 physical mixture (pm), see Fig. 2, contains 
the absorption bands of each component so no inclusion compound was 
obtained in this case.  

In the 4000 to 2000 cm-1 spectral region the O-H stretching vibration 
are located at 3400 cm-1 for pm and 3384 cm-1 for β-CD whereas for kn this 
band is shifted to 3401 cm-1 and to 3390 cm-1 for fd products. One concludes 
that the hydrogen bonds are implied severely in the inclusion compound 
formation. In the 1800 to 1550 cm-1 spectral region, see Fig. 3, one identify the 
carbonyl group vibration (located at 1686 cm-1) for pure DZP and pm system.  
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Fig. 2. FTIR spectra of Diazepam and its inclusion compounds obtained by 

different methods, 4000-2700 cm-1 spectral region 
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Fig. 3. FTIR spectra of Diazepam and its inclusion compounds obtained by 

different methods, 1750-1550 cm-1 spectral region 
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UV-Vis spectroscopy 
 The investigated solutions of DZP at constant concentration 2.5x10-5 M 
and β-CD at increasing concentrations (1; 1.5; 2; 2.5; 3; 4; 5; 6; 7; 8)x10-3 M 
have been prepared. The obtained solutions were mixed for 6 hours at 30oC 
and then left for 24 hours for equilibration. This procedure was replicated         
in order to obtain two or more absorbance values for each of the β-CD 
concentration studied. The absorption spectra of the inclusion complex 
were showed in Fig.4.  
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Fig. 4. UV-Vis absorption spectra of 0.025 mM diazepam at different concentration 

of β-CD: 1, 1.5, 2, 2.5, 3, 4, 5, 6, 7, 8 mM in alcoholic solution (3:1 v/v) 
 

 The stoichiometric ratio of inclusion complex of host (β-CD) – guest 
(DZP) should theoretically be 1:1, according to their chemical reaction 
equation (1) [4]. A linear relationship should be obtained between 1/dA and 
1/[βCD] based on the Benesi-Hildebrand equation [5] (2): 
 

CDDZPCDDZP K ββ −→+   (1) 
 

0][

1

][][

11

GCDKGA o εε
+=   (2) 

 
where A is the absorbance of the DZP solution at each β-CD concentration; 
[G]0 the initial concentration of DZP; K the apparent formation constant; 
[CD] the concentration of β-CD and ε is the molar absorptivity. From the 
changes in the absorbance, an apparent formation constant value for the 
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inclusion complex can be determined. The result is shown in Fig. 5, a good 
linear relationship obtained proved that stoichiometric ratio of inclusion 
complex of host (β-CD) – guest (DZP) was 1:1. Fig. 6 presents the Scott plot, 
used as well as the Benesi-Hildebrand plot for the stability (association) 
constant determination.  
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Fig. 5. Benesi-Hildebrand plots for the  Fig.6. Scott plots for the DZP-βCD  
DZP-βCD systems   systems 

 
The values of the association constants calculated by the two 

methods [5, 6] (Table 1) differ from each other no more than by their errors. 
This fact suggests a satisfactory level of correlation between the obtained 
results. 

 
Table 1.  

Association constants for complexation of DZP with β-CD 
Method of binding 
constant calculation 

Ka(DZP- βCD) M-1 Correlation 
coefficient, R2 

Benesi-Hildebrand 264 0.9916 
Scott 227 0.9774 

 
 

CONCLUSIONS 

The inclusion compounds of DZP with β-CD were obtained and 
evidenced by FTIR spectroscopy. The 1:1 stoichiometry and the stability 
constants of approx. 264 M-1 and 227 M-1 were determined for aqueous 
solutions with UV-vis spectroscopy by using Benesi-Hildebrand and Scott 
methods, respectively. These association constant values show that the 
encapsulation might improve Diazepam stability and bioavailability of the 
drug. 
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ABSTRACT. Several mixed biosystems comprising a fibrous protein, namely 
type 1 collagen (COL), which co-assemble with an anti-cancer drug, such 
as fluorouracil (FLU), doxorubicin (DOX) or lipoic acid (LA), to form ordered 
films on glass substrate, were visualized by atomic force microscopy (AFM). 
The obtained nanostructures show different morphology and stability of 
mixed assemblies made of COL:FLU, COL:DOX and COL:LA. The anti-
cancer drugs appear to lead to supramolecular collagen structures with a 
remarkable level of nanoscale order on glass, which mimics natural protein 
assemblies. The obtained patterns, especially for COL:FLU biosystem, reflect 
a high level of internal order within the ordered molecules network. In these 
cases, the external order reflects high internal organization within these 
highly evolved systems. Using anti-cancer drugs to self assemble with 
collagen molecules we have more control over the collagen assembly 
process. This ability of anti-cancer drugs to control COL assembly brings 
further utility to the system as it allows additional compounds to be added 
to self assembly mixtures. In turn, it allows morphology and function of 
protein to be engineered. Due to current attention given to the design and 
production of novel bio-inspired materials for applications in nanoscience and 
nanobiotechnology our findings could offer a strong promise for nanoscale 
engineering of self-assembling systems. Direct incorporation of small 
molecules into the collagen assemblies represents a step toward rational 
design of nanostructured materials for potential applications in industry, 
medicine and synthetic biology, drug delivery systems and nanobiotechnology. 
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INTRODUCTION 

The organization of proteins at surfaces is of increasing importance 
[1-16] in a wide range of applications, including implant biocompatibility, cell 
adhesion and growth [5, 6], and biomaterials design [4, 5]. Such applications 
require a controlled morphology of the self-assembled dried layers of 
biomolecules at different surfaces, as in the case of biosensor devices, for 
which the distribution of proteins can influence the signal transduction [11] 
and the cellular response [11, 13]. Several factors drive the nano scale 
organization of protein layers, such as distribution of charged groups in the 
protein interfacial layer, the characteristics of the substrate surface, the 
structural rearrangements in the protein molecules [17, 18] and the spatial 
organization at the supramolecular scale [4, 7]. Among the various 
investigated parameters, the influence of the protein nature and of the solid 
substrate has received a considerable attention [1, 2, 4, 7-14]. 

In particular, type I collagen is the major fibrillar protein in the 
extracellular matrix and in connective tissues [7]. It is a protein of molecular 
mass about 300 Kg/mol, length about 300 nm, diameter around 1.5 nm, 
abundant in bone, cartilages, ligaments, tendons and skin [8]. Structurally, it 
consists of three chains, twisted to form a semi-rigid helical structure, the so 
called collagen monomer. Non-helical parts (telopeptides) are found at the 
extremities of each monomer. It contains regions which are specifically 
recognized by cell-surface receptors, being therefore involved in biorecognition 
processes. 

Chemically, each chain is constructed from repeated amino acid 
sequences glycine–X-Y, where X and Y positions may be occupied by any 
amino acid; frequently proline is in X position and hydroxyproline in Y position. 
A characteristic of type I collagen is that, among the three polypeptide 
chains, two (α1) are identical and one (α2 ) is different. For instance, in calf 
skin collagen, the α1 chains are made of 1056 amino acids residues each 
and the α2 chain of 1038 residues [7]. Telopeptides participation seems to 
be catalytic rather than constitutive and they facilitate the appropriate 
packing into fibers.  

By the assembly of collagen monomers, characteristic band 
patterns with a periodicity of 67 nm (D banding pattern) along the fibril 
length are formed. Further linear (end to end) and lateral association 
(entwining of the structures) gives rise to microfibrils which can further 
assembly into large fibrillar structures and finally into fibers [19]. 

Collagen presents different morphologies according to the sample 
history. For example, homogeneous layers of collagen molecules are observed 
after adsorption or layer by layer deposition on solid substrates from diluted 
acidic collagen aqueous solutions. In contrast, fibrillar or fiber structures 
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were obtained at high concentrations [19]. It was also indicated that the 
morphology of collagen films can be changed upon drying process [12] 
depending on the solid substrate characteristics, like roughness, hydrophilicity 
or the charge surface. 

The collagen supramolecular assembly plays an important role in 
mechanical reinforcement of tissues, and in proliferation, migration, and signal 
transduction of adjacent cells. Since only the fibril surface is available for cell-
collagen interactions, it is crucial to understand the physical and biochemical 
properties of the fibril surface. However, the surface structure of collagen 
fibrils and its implications in cellular interactions have not yet been fully 
understood, primarily due to technical limitations in analyzing in situ the 
collagen fibril surface at high resolution. 

During the last decade, it is recognized that atomic force microscopy 
(AFM) observations [1, 8, 12, 13, 16, 19] allow a better understanding of 
biomolecule layer organization. The atomic force microscope has received 
considerable attention due to its potential to analyze in situ a broad range 
of biological objects. It can be also expected that the AFM serves to gain 
deeper insight into the surface properties of collagen auto-associative 
properties. 

In this study, we explore how the anti-cancer drugs influence the 
formation of supramolecular organization and nano structuration of collagen 
adsorbed on glass surface using AFM. The preliminary AFM analysis of the 
following systems consisting of collagen (type I, COL) and anti-cancer drugs 
(fluorouracil: FLU, doxorubicin: DOX or lipoic acid: LA) indicates the presence 
of specific molecular interactions with the development of supramolecular 
associations. Thus, it is of great interest to deeply investigate the molecular 
and colloidal self association of collagen from aqueous solutions within 
these systems containing anti-cancer compounds.  

As an effect of self association of pure compounds (FLU, DOX, and 
LA), as well as of their supramolecular associations with collagen, the 
multifunctional bionanostructures are formed by molecular or colloidal self-
assembly on glass solid surfaces by adsorption from aqueous solutions on 
glass surface. The nanostructures obtained on glass were studied by AFM, 
in order to determine what kind of structures are formed in vitro under 
various conditions in the presence of anti-cancer drugs.  

AFM imaging offers the advantage of giving both topographic and 
phase images, as well as the surface roughness of the nanostructured mixed 
films obtained. In the following we will give an account of a systematic study 
using atomic force microscopy for collagen and anti- cancer drugs. 

By the use of AFM images, structure changes from a pure component 
to another are visualized (topographic images), and at the same time the 
structural characteristics of their supramolecular associates are shown. 
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Simultaneously, the phase images reveal the viscoelastic properties of        
the obtained bionanostructures and help to identify supramolecular self-
aggregates, which could modify the physical and chemical properties of 
biomolecules, with important biological and medical effects. 

The structure of collagen films is not yet well known. Here, we use 
AFM investigations for evidencing the 2- and 3-dimensional organization of 
collagen molecules in the presence of anti-cancer drugs. Collagen films might 
be used to cover the implants in nanomedicine, due to their biocompatibility 
with natural bone structures. Further, the collagen films mixed with anti-
cancer drugs could be new drug delivery systems for the treatment of bone 
cancer. 
  

EXPERIMENTAL PART  

A strategy in three stages was followed:  
• first: the use of collagen solutions presenting different states of aggregation; 
collagen solutions were prepared at different pH values  
• second: solutions were aged for varying periods of time; the aggregation 
of collagen in solution was monitored by using UV-Vis spectrophotometry 
• third: collagen solutions with different states of aggregation were used for: 
a) adsorption/deposition on hydrophilic glass substrates; b) the supramolecular 
organization of the obtained adsorbed collagen layers was investigated using 
a combination of self-assembly layers and atomic force microscopy (AFM). 

Type I collagen (COL, from bovine Achilles tendon) was purchased 
from Sigma-Aldrich Chemical, Co., St. Louis, MO. Collagen was dissolved 
in 0.167 M acetic acid solution at 4 oC and an acidic aqueous dispersion of 
collagen concentration of 0.5 mg/ml was obtained (pH ≈ 3). After sonication 
for 30 min, the collagen dispersion was filtered through a 0.45 µm Millipore 
filter, to remove pre-aggregated collagen oligomers.  

From this initial collagen solution, two series of stock collagen 
solutions were prepared, namely one in the absence and the other in the 
presence of an anti-cancer drug. The stock collagen solution was obtained 
starting from the initial collagen solution mixed at 37 oC with an equal volume 
of 0.3 M NaCl solution. Similarly, the stock mixed collagen solutions containing 
an anti-cancer drug were prepared, but in this case, the aqueous saline 
solution contained also 0.1 mM anti-cancer drug. 

The used anti-cancer drugs are doxorubicin hydrochloride (DOX, of 
purity >98% by TLC), 5-fluorouracil (FLU, minimum 99% by TLC) and lipoic 
acid, all purchased from Sigma- Aldrich Inc., St. Louis, MO. The aqueous 
solutions of DOX (in 0.3 M NaCl) and FLU (in ethanol:water, 1:1 v/v, 
containing 0.3 M NaCl), of the initial concentration in anti-cancer drug about 
0.1 mM, were obtained. A 0.1 mM solution of lipoic acid in ethanol was 
prepared. Ethanol was pro analysis purchased from Merck. Ultra pure 
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deionized water was used (pH 5.6) in all experiments. In the resulted final 
suspensions of collagen or of collagen and anti-cancer drugs, the collagen 
concentration of about 250 µg/ml was obtained. 

The final collagen suspensions both in the absence and in the 
presence of anti-cancer drugs were allowed to stand at 37 oC, for 48 h, 3 days 
or even 5 days, to let the association of collagen monomers in solution and 
probably the formation of collagen supramolecular assembly. 

The final suspensions of collagen were further used to prepare thin 
films deposited or adsorbed on glass surface at room temperature. By using 
the above experimental strategy, the aggregation of collagen was induced by 
increasing the ionic strength and the temperature of the initial cold collagen 
solution, in substantial agreement with findings on type I collagen, from calf 
skin [8, 12, 13].  

The used hydrophilic substrates are glass plates (2.5 x 2.5 cm2). 
The glass plates, optically polished, were sequentially cleaned with 
sulfochromic mixture and washed with methanol and water, before deposition 
of collagen layers with or without anti-cancer drugs.  

Then, at room temperature, the final collagen dispersion (about 2 ml) 
both in the absence and in the presence of anti-cancer drugs, was delivered 
onto the horizontal glass substrate. After the solvent evaporation the 
collagen, as well as the collagen with anti-cancer drug, are adsorbed and 
self assembled on substrate surface.  

Two series of samples were prepared starting from final stock 
collagen solutions, namely in the absence and in the presence of anti-
cancer drugs. For all samples the adsorption time lasted 30 min at room 
temperature, or otherwise specifically mentioned. Then, gentle water rinsing 
was performed on slightly tilted substrates, with said adsorbed layers on them, 
in order to eliminate the salt and other solution ingredients. The resulted 
samples were dried slowly in air for AFM examination.  

Atomic force microscopy (AFM) investigations were executed on 
collagen samples, without and with anti-cancer drugs, using a commercial 
AFM JEOL 4210 equipped with a 10 x 10 (x-y) µm scanner, operating in 
tapping (noted ac) mode. Standard cantilevers, non-contact conical shaped 
of silicon nitride, coated with aluminium were used. The tip was on a 
cantilever with a resonant frequency in the range of 200 - 330 kHz and with 
a spring constant between 17.5 and 50 N/m.  

AFM observations were repeated on different areas from 20 x 20 µm2 
to 0.5 x 0.5 µm2 of the same collagen sample. The images were obtained 
from at least ten macroscopically separated areas on each sample. All 
images were processed using the standard procedures for AFM. All AFM 
experiments were carried out under ambient laboratory conditions (about 
20 oC) as previously reported [1, 2]. 
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RESULTS AND DISCUSSION 

Self assemblies of collagen 
In Figs. 1-4 are given AFM images for the pure COL film deposited 

on glass from the 0.5 mg/ml aqueous solution, for a scanned area 1x1 µm2 
(Figs. 1, 3, 4) and 500 x 500 nm2 (Fig. 2).  

 
 

The topographic images of the nanostructured pure COL film, present 
the self-organization of the COL molecules as rows, linear or curved (Figs. 1A, 
2A, 3A), or assembled in star-shaped configurations (Fig. 4A). The organization 
of COL molecules is observed in the phase images, namely in linear rows 
(Figs. 1B, 2B), in round forms or circles (Fig. 3B), or star-shaped (Fig. 4B). 
Similar structures are also observed in 3D-topographies (Figs. 1C - 4C).  

From the cross-section profiles (Figs. 1D, 3D, 4D) one can identify 
formations of COL fragments about 60-70 nm in length (Fig. 1D), in good 
agreement with literature data, where a 67 nm size is reported for the 
ordered regions, axially repeated on the collagen micro-fibrils [19]. The 
height of collagen formations in the outermost film is in the range from 1.4 
to1.6 nm (Figs. 1D-4D), in good agreement with the 1.5 nm value reported 
in literature [7, 8, 19] for the diameter of the collagen molecule (triple helix)  

The film roughness (Table 1) estimated from the cross sections 
profiles (Figs. 1D-4D) presents low values, between 0.4 and 0.6 nm, 
suggesting  a high  supramolecular  organization in the surface  of  the COL 

 

Fig. 1. Collagen film on glass, zone 1. A) 2D – topography B) phase image           
C) 3D-topography, D) profile of the cross section along the arrow in Fig. 1A. 

Scanned area: 1 µm x 1 µm. 
 



SUPRAMOLECULAR ORGANIZATION AND NANO STRUCTURATION OF COLLAGEN AND … 
 
 

 143 

film deposited on glass. By the examination of the profile in Fig. 3D, large 
supramolecular associates up to 300 nm are visualized, formations referred 
as tropocollagen or simply collagen monomer. The collagen fragments are 
much shorter. The disposition of collagen fragments or collagen monomers 
can be linear, ramified or curved, even concentric.  
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Fig. 3. Collagen film on glass, zone 2: A) 2D – topography B) phase image            
C) 3D-topography, D) profile of the cross section along the arrow in Fig. 3A. 

Scanned area: 1 µm x 1 µm. 
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Fig. 2. Collagen film on glass, zone 1: A) 2D – topography B) phase image          
C) 3D-topography, D) profile of the cross section along the arrow in Fig. 2A. 

Scanned area: 0.5 µm x 0.5 µm. 
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The collagen fragments or monomers aggregate (associate) in a 
supramolecular lattice with an ordered zone of about 67 nm, axially repeated 
to finally form collagen assembly.  

This complex morphology suggests that the self-assemblies can 
order themselves into various arrangements, even in linear or concentric 
features; they are not always parallel to one another and cannot retain the 
same neighbours among arrangements. 

 
Self assembly of anticancer drugs 
Three anti-cancer drugs are studied and their formulas are given in 

Scheme A.  

          
         (1)                            (2)                                                        (3) 

Scheme A. Formulas of 5-fluorouracil (FLU, 1), doxorubicin· 
HCl (DOX, 2) and α-lipoic acid (LA, 3) 
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Fig. 4. Collagen film on glass, zone 3: A) 2D – topography B) phase image            
C) 3D-topography, D) profile of the cross section along the arrow in Fig. 4A. 

Scanned area: 1 µm x 1 µm. 
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AFM images are given for the pure anti cancer drugs as follows: pure 
fluorouracil (FLU) film (Fig. 5), deposited on glass from a 10-4 M solution in 
ethanol:water, by adsorption, for a scanned area 1x1 µm2; AFM images for 
the doxorubicin, (DOX film) are presented in Fig. 6. Finally, Fig. 7 shows the 
lipoic acid (LA) film, also deposited on glass from its ethanolic solution. 
 

 
 

The topographic images corresponding to the nanostructured films 
of 5-fluorouracil indicate the self aggregation of FLU molecules in self-
associations, in long parallel rows, apparently close-packed, as visualized 
in Fig. 5A. DOX molecules aggregates present a rather round shape, with a 
slight tendency to row arrangements (Fig. 6A). 

As for the lipoic acid (LA) film, it shows an association in large 
aggregates, arranged in distant rows (Fig. 7A). The phase images (Fig 5B-
7B), the 3-dimensional images (Figs. 5C-7C), as well as the cross sections 
profiles (Figs. 5D-7D) support the arrangements of supramolecular aggregates, 
as described by the topographic images (Figs. 5C-7C). The roughness of 
anti-cancer drugs films, as described by the rms values on the film surface 
(Table 1) is about 2.5 nm (FLU), 3.8 nm (DOX) and 1.4 nm (LA), and on the 
cross section profile 1.5 nm (FLU), 0.9 nm (DOX) and 0.8 nm (LA). It seems 
that FLU, DOX and LA films generally present a somewhat higher roughness 
than collagen films. 
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Fig. 5. Fluorouracil film on glass: A) 2D – topography; B) phase image;                   
C) 3D-topography; D) profile of the cross section along the arrow in Fig. 5A. 

Scanned area: 1 µm x 1 µm. 
 



G. TOMOAIA, V.-D. POP-TOADER, A. MOCANU, O. HOROVITZ, D.-L. BOBOS, M. TOMOAIA-COTISEL 
 
 

 146 

 

 
 
 

 
 

    

 

  

 

 
                   A                                 B                                             C 

 

 
D 

Fig. 6. Doxorubicin film on glass: A) 2D – topography; B) phase image;            
C) 3D-topography; D) profile of the cross section along the arrow in Fig. 6A. 

Scanned area: 1 µm x 1 µm. 
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Fig. 7. Lipoic acid film on glass: A) 2D – topography; B) phase image;              
C) 3D-topography; D) profile of the cross section along the arrow in Fig. 7A. 

Scanned area: 1 µm x 1 µm. 
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Nanostructured organization of collagen and anti cancer drugs 
In Fig. 8 AFM, images are given for the mixed COL + FLU film, 

deposited on glass from the liquid mixture, (see the experimental part), for 
a scanned area of 1x1 µm2. Similarly, in Fig. 9, AFM images for the COL + 
DOX film, deposited on glass from the mixture of solutions are given, while 
Fig. 10 presents the COL + LA film, also deposited on glass from their 
mixed solution.  

Fig. 8 (A, C) allows us to state that mixed COL+FLU films present 
an advanced fibril structure long over 1 µm and with a width over 0.5 µm, 
while the height fluctuates between 1.5 and 3.5 nm. 

From Fig. 9 (A, C) it is evident that mixed COL+DOX films show a 
different structure than the pure DOX film (Fig. 6) or the pure COL film    
(Fig. 1-4). In these figures we observe the presence of domains formed by 
high, rounded supramolecular associations, showing an apparent 
hexagonal packing. These domains are about 0.3 µm long and present             
a nanostructure, consisting of spherules about 60-70 nm in diameter. 
Between the domains there are bondings through these isolated spherules.  

The phase image in Fig. 9B indicates a rather uniform film, compact 
and with a good adherence to the glass support. 

The mixed COL+LA film in Fig. 10 (A, B, C) presents a 
homogeneous structure, quite different from that of the COL+FLU film (Fig. 
8) and the COL+DOX film (Fig. 9). The LA molecule includes a ring, 
containing two sulphur atoms and a hydrocarbon chain, presenting a 
carboxyl group (see formula).  The completely different structure built up by 
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Fig. 8. Collagen with 5-fluorouracil film on glass:  A) 2D – topography; B) phase 
image; C) 3D-topography; D) profile of the cross section along the arrow in               

Fig. 8A. Scanned area: 1 µm x 1 µm. 
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Fig. 9. Collagen with doxorubicin film on glass: A) 2D – topography; B) phase 
image; C) 3D-topography; D) profile of the cross section along the arrow în           

Fig. 9A. Scanned area: 1 µm x 1 µm. 
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D 

Fig. 10. Collagen with lipoic acid film on glass:  A) 2D – topography; B) phase 
image; C) 3D-topography; D) profile of the cross section along the arrow in                  

Fig. 10A. Scanned area: 1 µm x 1 µm. 
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Table 1. 

RMS values for collagen and collagen mixtures with anti cancer drugs, from AFM 
cross sections on glass, as a measure for surface roughness of the films 

 

Fig. Sample Support RMS area, 
nm 

RMS 
profile, nm 

1 Collagen 1/1 µm, zone 1 glass 1.8 0.6 
2 Collagen 0.5/0.5 µm, zone 1 glass 1.3 0.6 
3 Collagen 1/1 µm, zone2 glass 1.0 0.4 
4 Collagen 1/1 µm, zone 3 glass 1.1 0.5 
5 5-Fluorouracil 1/1 µm  glass 2.5 1.5 
6 Doxorubicin 1/1 µm glass 3.8 0.9 
7 Lipoic acid 1/1µm glass 1.4 0.8 
8 Collagen + 5-Fluorouracil,  

1/1 µm 
glass 3.4 1.2 

9 Collagen +Doxorubicin,1/1µm glass 1.9 1.4 
10 Collagen + Lipoic acid, 1/1µm glass 3.3 1.7 

 
 
LA with COL in comparison to COL+FLU or COL+DOX could be caused by 
the specific interaction between LA and COL, leading to the LA spreading 
on the COL surface, filling out the gaps between the COL fragments and 
building on oriented LA film on the COL surface. An arrangement of this 
kind could explain the greater thickness of the mixed COL+AL film against 
the COL+FLU or COL+DOX films. But this assumption will be verified, in 
future studies, by building a system containing a COL layer with a superposed 
LA layer. From the cross section profile (Fig. 10 D), domains are evidenced 
of about 35-40 nm width and about 3.5 - 4.2 nm high. We also suggest that 
in the COL+FLU and COL+DOX systems there are specific lateral interactions 
between components.  

Thus, the supramolecular organization of collagen molecules in 
presence of anti-cancer drugs molecules shows that the anti-cancer drug is 
strongly bound to collagen fragments. We suggest that the binding between 
collagen and anti-cancer drug takes place through molecular recognition 
between the least ordered zone of collagen, named telopeptides, and anti-
cancer drug leading to more ordered mixed networks.  

 
CONCLUSIONS 

The present study confirms the formation of supramolecular 
associations and their assembly in nanostructured collagen films deposited 
on glass support, both in pure state and mixed with anti-cancer drugs: FLU, 
DOX and LA. The specific interactions between the molecules in the oriented 
films on glass support could be explained by electrostatic interactions coupled 
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with molecular recognition interfacial phenomena. Evidently, the formation 
of hydrogen bonds between the anti-cancer drugs and the collagen matrix 
is also essential for the stability of the mixed networks observed in AFM 
images. 

This investigation is the basis for future investigations on various 
collagen structures in different conditions, with the aim to find out the 
formation of self assemblies and how they could be used in nanotechnology 
and nanomedicine. 
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ABSTRACT. The electrochemical reduction of 4-nitrophenol (4-NP) and 2,6-
dinitrophenol (2,6-DNP) in different conditions (0.2N H2SO4 and 0.1 M NaCl 
aqueous solution) were studied in  this work. In the case of 4-NP the cathodic 
materials were nickel and graphite, and the electrochemical reduction processes 
were performed in two different reactors (two compartment reactor type filter-
press, and undivided electrochemical reactor, both with electrolyte recirculation). 
In the case of 2,6-DNP the cathode was made from graphite using two 
compartment reactor with electrolyte recirculation. The experimental processes 
were pursued by different methods: cyclic voltammetry (BAS100), and 
spectrophotometry in UV-Visible (Unicam Helyos B and DR/2000 HACH); 
λmax = 318 nm for 4-nitrophenol and λmax = 440 nm for 2,6-DNP. The 
experimental determinations demonstrated practically 65-99% removal yield 
for the both nitro derivatives, depending on the experimental conditions. 
The best result have been obtained, in the case of 4-NP, in undivided 
electrochemical reactor with graphite electrode (90% of 4-NP removal), and in 
the case of 2,6-DNP the final removal was of 99% in two compartment 
reactor with graphite cathode. 
 
Keywords: 4-nitrophenol; 2,6-nitrophenol; electrochemical reduction; 
voltammetry. 
 
 

INTRODUCTION 

Phenolic compounds including nitrophenol are widely used in 
pharmaceutical, petrochemical, and other chemical manufacturing processes. 
Nitrophenols are considered as hazardous wastes and priority toxic pollutants 
by the U.S. Environmental Protection Agency [1]. The E.U. adopted Council 
Directive 67/544/EEC, classifying nitrophenols as toxic and dangerous for 
the environment. Due to its harmful effects, wastewaters containing phenolic 
compounds must be treated before being discharged to receiving water 
bodies. The secondary biological treatment processes are commonly used for 
domestic and industrial wastewaters, but they cannot treat phenolic 
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wastewaters at high concentrations successfully. Moreover, widely used 
organophosphorus pesticides yield nitrophenols as the initial and major 
degradation product [2].Therefore, new treatment technologies are still 
constantly researched and developed. Research efforts include biological 
degradation, chemical oxidation, solvent extraction, electrochemical treatment, 
and adsorption [3]. It is therefore important to assess the fate of these 
compounds in the environment and develop effective methods to remove 
them from water. The electrochemical treatment of waste water can be an 
interesting alternative to the chemical treatment for water containing toxic 
or non-biodegradable compounds. 

Nitroaromatic compounds undergo reductive transformation to 
aromatic amines. The reduction of nitroaromatics occurred through a series 
of electron-transfer reactions and protonations, with nitroso compounds and 
hydroxylamines as highly reactive intermediates. In the case of polynitroaromatic 
compounds, the location of the first nitro group reduced is influenced by 
regioselectivity [4]. 

The electrochemical reductions of nitrophenols were studied in 
aprotic solvents, such as DMF (N.N-dimethylformamide) [5], and DMSO 
(dimethylsulphoxide) [6, 7], but they have mainly been studied in protic 
solvents [8]. Even in so-called “aprotic” solvents, the radical anion of 4-NP 
is unstable, due to the acidic nature of the parent molecule, giving rise to a 
self protonation reaction, which is a very rapid step [9]. In literature is 
proposed a reaction mechanism for the reduction of 4-NP in DMSO, which 
give the nitrosophenol as the final product, which in this environment is 
thought to undergo further follow-up chemistry to yield 4-aminophenol (a 6 
electrons transfer reaction) [6].  

The dinitrophenols have been determinated by cyclic voltammetry 
and differential pulse voltammetry on the base of an irreversible reduction 
peak [11]. The first peak height was correlated with the pulse amplitude 
(correlation coeficient of 0.997) and there was also an increase of the peak 
potential with the pulse amplitude [12], in agreement with a practically 
irreversible behaviour. 

The aim of this paper is to reduce the concentration of some 
nitrophenols like as: 4-nitrophenol (4-NP), 2,6-dinitrophenol (2,6-DNP) from 
synthetic wastewaters, in the concentration range 10-5 - 10-2M, on nickel 
and graphite cathodes. 
 

RESULTS AND DISCUSSIONS 

Voltammmperometric behaviour of 4-NP and 2,6-DNP 
4-NP (Fig.1.a.) and 2,6-DNP (Fig.1.b.) present classical 

voltammperometric behavior characteristic for nitro derivatives. Due to the 
different reactivity of the two nitro groups, in the case of 2,6-DNP, two well 
separated (∆Є = 300 mV) reduction peaks have been obtained (Fig.1b).  
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Figure 1. Cyclic voltammograms for: (a) 4-NP solutions at different concentrations, 
in 0.2N H2SO4; (b) 2,6-DNP solutions at different concentrations, in 0.2N H2SO4; 

WE: GC; RE: Ag/AgCl,KCl; CE: Pt; v : 50mV s-1; s: 10 µA V-1. 
 
The radical anions of nitrophenols are unstable due to a fast self 

protonation reaction [10]. As it was expected, in protic medium the 
formation of radical anions during the first monoelectronic charge transfer is 
not easy to mark out, both for 4-NP and 2,6-DNP.  
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Scheme 1. Reaction scheme proposed for the reduction of 4-NP [10]. 
 
The 4e- reduction of nitro group to the corresponding hydroxylamine, 

Fig.1, is the representative intermediary step in the electroreduction to 
amines, reaction 5. 
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We can see from the examples in figure 2, that the reduction of 4-NP 
on glassy carbon takes place easier (E = - 0.5 V/Ag/AgCl,KCl) comparing to 
Ni electrode (E = - 0.88 V/Ag/AgCl,KCl). On Ni the potential is displaced to 
more negative values, but the involved current is more important, probably 
because the competitive reduction with electrochemically generated active 
hydrogen is also possible [13]. 
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Figure 2. Cyclic voltammograms for a (10-2 M) 4-NP solution in 0.2N H2SO4  
WE: GC and Ni; RE: Ag/AgCl,KCl; CE: Pt; v : 50mV s-1; s: 100 µA V-1.  

 

The reduction potential strongly depends on pH, both for 4-NP and 
2,6-DNP. The first peak potential, Ep1 for 2,6-DNP, shows two linear regions 
with different slopes, corresponding to an acid behavior specific to nitrophenols 
values (pKa = 4-5), figure 3.a.  
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Figure 3. The variation of: (a) the first reduction peak potential (Ep1);             
(b) current intensity, with the pH, for a 4.5 x 10-4 M 2,6-DNP solution in Britton-

Robinson buffer at different pH values WE: GC; RE: Ag/AgCl,KCl; CE: Pt;                        
v : 50mV s-1; s: 10 µA V-1. 

a b 
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The reduction current at –350mV/Ag/AgCl,KCl corresponding to the 
first electrochemicaly active nitro group, reaches the maximum value at 
pH= 5-7, figure 3b. The same behaviour is also presented in literature for 
other dinitrophenols [14].  

The variation of the peak intensity with the scan rate was studied. 
An approximately linear relationship was found between the reduction peak 
intensity and the square root of the scan rate, both for 4-NP (Fig.4a) and for 
2, 6-DNP (Fig.4b). The peak potentials were found to move slightly more 
negative when the scan rate increased in agreement with the irreversible 
behavior of these substances. 

 
Electrochemical reduction of 4-nitrophenol in electrochemical two 

compartment micro flow cel (A)  
In figure 5 is presented the variation of the reduction peak current 

for the electrochemical reduction process for 4-NP solution, in electrochemical 
two compartment micro flow cell (A).  

The reduction peak decreases during the electrochemical reduction 
of 10-3 M 4-NP, with 94% in 90 minutes of galvanostatic electrolyse (i = 20 
mA cm-2), (theoretical calculated time is 75 minutes, so it was used 120% of 
theoretical necessary time); the electrochemical reduction yield is 80%, Fig. 5. 
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Figure 4. The variation of current with the square root of the scan rate 
for: (a) 10-3 M 4-NP and (b) 4.5 x 10-4 M 2, 6-DNP solutions in in 0.2N H2SO4; 

WE: GC; RE: Ag/AgCl,KCl; CE: Pt; v : 50mV s-1; s: 10 µA V-1. 
 
The removal of 4-NF is quite total after 75 minutes of electrolysis.  
During electrolysis the solution becomes shining brown from colourless, 

probably due to the forming of some colorated condensation products. This 
phenomenon was mentionned in other works [15, 16], and is in good 
agreement with the characteristic of 4-aminophenol, which was reported to 
be the most possible intermediate accumulated from the reduction of 4-NP.  
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Figure 5. The variation of the reduction peak intensity at – 0.9 V/Ag/AgCl,KCl,  
for 10-3 M 4-NP in 0.2 N H2SO4, on Ni  (experimental set-up A); i:20 mA cm-2;  

WE: nickel; RE: Ag/AgCl,KCl; CE: Pt. 
 

For future experiments it is wanted that the electrochemical reduction 
obtained products to be identified.  

 
Electrochemical reduction of 4-nitrophenol in electrochemical mono-

compartmented reactor with electrolyte recirculation (B) 
In figure 6. it can be seen that, in case of electrochemical reduction 

of 10-2 M 4-NP in mono-compartmented reactor (B), the reduction peak 
intensity, which appears at approximate –0.9 V/Ag/AgCl,KCl, diminishes 
with approximately 90% comparative tot he initial value in 120 minutes, 
(theoretical calculated time is 100 minutes), so the electrochemical reduction 
yield is good enough. 
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Figure 6. The variation of the reduction peak intensity during electrochemical 

reduction process for 10-2 M 4-NP in 0.2 N H2SO4, on graphite cathode 
(experimental set-up B); i: 20 mA cm-2. 
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The decrease of the reduction current corresponding to reaction (5) 
during electrolysis can be used to appreciate the electrochemical removal of 4-
NP and 2,6-NP because, for both, quasi-linear variation with the concentration 
for large concentration range (from 10-5 to 10-2M) was found (relations 6 and 
7): 

 

 Ired = 0.5395 ▪ C4-NP; R2 = 0.9506     (6) 
 Ired.1 = 0.6448 ▪ C2,6-DNP + 0.4525; R2 = 0.9953   (7) 
 

The removal on nitrophenols during electroreduction was demonstrated 
also by spectrophotometric determinations in UV-Visible, as the second method 
of determination. 
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Figure 7. Spectrophotometric control of electrochemical reduction process for           
10-2 M 4-NP in 0.2 N H2SO4 on graphite cathode (B); λmax = 318 nm; log Є = 3.87. 

 

 

The calibration curve for the 4-NP in 0.2N H2SO4 is: A = 0.0923 ▪ C4-NP; 
R2 = 0.9839; where: A is the absorbance of the 4-NP solution; C4-NP represent 
the concentration of 4-NP. 

In figure7. it can be seen that, in case of electrochemical reduction 
of 10-2 M 4-NP on graphite cathode (experimental set-up B), the absorbance 
diminishes with approximately 70% comparative tot he initial value in 120 
minutes. For the same experimental conditions, using the voltammperometric 
determination, figure 6, the decrease of the current was about 90%. This 
difference is probably due to the dyeing of the solution from colourless to 
brown, during the electrolyse, problably due to the chemical reactions of the 
electrogenerated species [15,16]. 
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Electrochemical reduction of diluted solution (4.5 x 10-5 M) of 2,6-
dinitrophenol  

The electrochemical two compartmented reactor (experimental set-up 
C) has been used. As catholyte it was used 400 ml solution of 4.5 x 10-5 M of 
2,6-DNP in aqueous solution of 0.1N NaCl, and as anolyte it was used 300 ml 
aqueous solution of 0.1N NaCl.  

The absorbance of 2,6-DNP solution, figure 8, diminishes with 
approximately 75% in the first 15 minutes, comparative tot he initial value, 
(theoretical calculated time is 20 minutes) and the discouloration is continuing 
(99% after 100 minutes).  
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Figure 8. Spectrophotometric control of electrochemical reduction process            
for 4.5 x 10-5M 2,6-DNP in (0.1N) NaCl, on graphite cathode (experimental                   

set-up C). λmax = 440 nm; log Є = 3.58. 
 

The summarized average results (two determinations for every case) 
are presented in Table1. 

 
Table 1.  

Synoptic presentation of experimental determinations. 

 

Experimental 
set-up 

Treated 
nitrophenol 

Cathodic 
material 

Initial 
concentration  

(mol l-1) 

Flow rate of 
recirculation 

(l min-1) 

Nitrophenol 
removal 

(%) 
 A 4-NP nickel 10-3 3.3x 10-3 94.2 
 B 4-NP graphite 10-2 1.2  90.6 

2,6-DNP graphite 4.5 x 10-5 1.4  99.0 
 C 

2,6-DNP nickel 4.5 x 10-5 1.4  98.8 
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CONCLUSIONS 

Electrochemical removal of 4-NP and 2,6-DNP have been performed 
in different reactors, with different hydrodynamic conditions and using 
different type of electrodic material, with the aim to optimize the process.  

The best results (99% removal) have been obtained in diluted 
solutions (10-5 mol l-1). The nature of electrodes seems to be not very important 
but the high masse transfer (flow rate about 1 l min-1), favorised the 
nitrophenols removal. 

As perspectives, it is envisaged to perform some new electrochemical 
reduction experiments on 4-NP with the aim to settle the mechanism of 
electrodic processes, to optimize the experimental conditions for electrochemical 
reduction of 4-NP, to separate and to determine the products, and to extend 
the study on others mono and dinitrophenols. 

 
EXPERIMENTAL SECTION 

Reagents and solution preparation 
4-NP with purity greater than 98% (Merk, Germany), and 2,6-DNP with 

purity greater than 95% (calculated based on dry substance), moistened 
with 20% H2O (ALDRICH, Swizerland) were used to prepare the solutions, 
with desirable concentration, for the experiments in this study. Distilled 
water, in the case of 4-NP, and double distilled milliq water, in the case of 
2,6-DNP, were used to prepare the aqueous solutions. For electrochemical 
determinations, the solutions were prepared using Britton – Robinson buffer 
(1:1:1 mixture of 0.04 M boric acid, phosphoric acid and acetic acid; the pH 
was adjusted to the right pH with 0.1 M NaOH and 0.2 N H2SO4.  

 
Apparatus 
The electrochemical experiments were carried out using three different 

experimental set-up. In the case of 4-NP the experiments were performed in 
an electrochemical filter press cell commercialised by Electrocell AB (Sweden) 
as the microflow cell equipped with an DSA-O2 anode (20 cm2 area), an 
nickel cathode (20 cm2 area). Both compartments of the electrochemical cell 
are separated by a NAFION 350 millipore membrane. The electrochemical cell 
was inserted into a hydraulic circuit which comprises a GILSON MINIPULS 
3 peristaltic pump forcing the circulation of the electrolyte in the compartments 
of the filter press cell, with flow rates in the range 1 x 10-6 to 3.3 x 10-3 l min-1. 
The experimental setup (A) comprises two glass tanks containing anolyte and 
catholyte. The second experimental set-up (B) consist in a mono-compartment 
electrochemical reactor (with a capacity of 1500 cm3) equipped with a pump, 
which assure the electrolyte recirculation, with flow rate of 1.2 l min-1, two 
stainless steel anodes (212.3 cm2 area), and an graphite cathode (185.7 cm2 
area). In the case of 2,6-DNP the experimental set-up (C) consist in a glass 
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made electrochemical reactor, equipped with an Ti/Pt-Ir anode and a graphite 
cathode, both of 100 cm2, a NAFION 117 millipore membrane, and a WATSON 
MARLOW Mod.313 F/D peristaltic pump with two heads, operating under 
conditions of full recycle, with flow rates in the range 0.09 to 1.4 l min-1. In 
all experiments, the reactors were operated under galvanostatic conditions. 
Electrolysis efficiency was followed by regularly sampling the electrolyte 
and analysing the concentration of residual reagents, by voltammetric and 
spectrophotommetric measurements.  

Voltammetric measurements were made using a potentiostat-
galvanostat system – BAS 100B (Bioanalytical Systems, USA) with the 
specific software BAS 100W and a classic three electrode electrochemical 
cell. The electrochemical cell is comprised of a cell bottom of 20 mL capacity 
and a plastic cell top. The experimental design consist of a platinum plate 
auxiliary electrode, an Ag/AgCl,KCl reference electrode; the working electrodes 
were glassy carbon and nickel (2 mm diameter), inserted through the cell 
top into the cell.  

Spectrophotometric determinations were made using a Unicam Helyos 
B spectrophotometer with the specific software VISION 32, and a quartz vat 
of 2 ml, with optical route of 1 cm, and a Direct Reading Spectrophotometer 
type DR/2000 HACH with a glass vat of 25 ml, and with optical route of 2 cm. 

The pH measurements for the solutions were made with a pH-meter 
Basic 20 from Crison.  
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KINETIC STUDY OF CALCINATION FOR PRECIPITATE  

CALCIUM CARBONATE  
 
 

SIMION DRĂGANa, ADINA GHIRIŞAN 

 
 

ABSTRACT: In this paper, the calcination reaction of precipitate calcium 
carbonate (PCC) was investigated, using thermogravimetric analysis 
technique. All experiments were performed in isothermal conditions, within 
a temperature range of 1073-1223 K, with main diameters of granules 
between 0.063 mm and 0.45 mm. Two models were applied to the 
experimental results and it was found that the Avraami-Erofeev-
Kolmogorov is the best model which has fitted the experimental data.             

The equation of mathematical model is 
)()(1

TnTk
D e τη ⋅−= where 

TR
Tk

⋅
−= 3.68226

674.5)(ln  and 4803.20034.0)( −⋅= TTn .  

 
 
INTRODUCTION  

Thermal decomposition of limestone has been the subject of many 
studies over the years due to its importance in the cement industry and in 
the flue gas desulphurization processes [1, 2]. For the reactive dry 
adsorption of sulfur dioxide from flue gases, the most used adsorbents are 
different assortments of natural and synthetic calcium carbonate: limestone, 
dolomite, lime, dolomitic lime and precipitate calcium carbonate. Under 
identical experimental conditions, the reactivity of these adsorbents is 
significant influenced by there chemical structure and composition [3]. The 
optimal temperature for the dry injection of the adsorbent is a function of its 
origin, particle size and reaction type. Experimental determinations are 
always necessary in order to establish the optimal work conditions. 

The mechanisms and the rate expression for the calcination 
reactions were analyzed extensively by many investigators and several 
models, such as shrinking core model, homogeneous reaction model, and 
structural models, which include grain models proposed for gas-solid 
reaction, were tested [4]. 
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Since the microstructure of the solid adsorbent has an important influence 
over its reactivity, a kinetic study of precipitate calcium carbonate (PCC) 
decomposition will be presented in this paper. The decomposition process was 
realized at temperatures between 1073 -1223 K and atmospheric pressure. 
Evolution of the decomposition degree during the heating and calcination 
intervals of the (PCC) sample for three granulometric classes was established. 
 

RESULTS AND DISCUSSION 

Evolution of the PCC decomposition for all grain sizes was followed 
by means of decomposition degree Dη . On the basis of the material balance, 

the decomposition degree Dη  can be described by equation (1): 









−=

⋅
−

=
0000
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1
1

S

S

PCPCS

SS
D m

m

xxm

mmη     (1) 

where: −SS mm ,0  initial and at a given moment sample mass [mg]; 

           −0
PCx  mass fraction of the calcination losses (0,41427) determined 

as arithmetical average of four values obtained for four PCC samples 
subjected to calcination at 1323 K for two hours. 

The obtained results are presented in figures 2, 3 and 4. 
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Fig. 2. Particles sizes influence over the decomposition degree of PCC CaCO3 

 at Tc=1173 K. 
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Fig. 3. Temperature influence over the decomposition degree of PCC granules  

with dp=0.063mm. 
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Fig. 4. Temperature influence over the decomposition degree of PCC granules  
with dp=0.18mm. 
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The kinetic curves ηD-τ, plotted in figure 2 have shown a small 
influence of the grain size on the decomposition degree. The difference 
which appears between the studied samples was attributed to the different 
thermal conductivity of the granules layer in the nacelle. In all cases the 
decarbonation degree reached was higher than 0.95 at 30 minutes.  

The results presented in figures 3 and 4 have shown significant 
influence on the decomposition degree for low temperature and large 
granule size. With an increase in temperature, the decomposition degree 
increases also, reaching values higher than 0.95. 

The kinetic curves plotted in ln τ−1−1/Τ coordinates, figures 3 and 4 
as picture in picture, led to linear Arrhenius dependences at different 
decomposition degrees for granules with dp=0.063 mm and dp=0.180 mm. 
The apparent activation energies evaluated from the slopes are between 
61.4 and 64.4 kJ/mol, and indicate that decomposition of precipitate 
calcium carbonate is generally kinetically controlled.  

Model of the real decomposition process. In order to establish 
the appropriate model which describes better the PCC decomposition 
process we used the unreacted shrinking core model and Avraami-Erofeev-
Kolmogorov equation [5]. 

By processing experimental data obtained for granules with 0.063 
mm in diameter, within the same experimental set, in specific coordinates 
for unreacted shrinking core model : F(ηD)−τ were F(ηD)=1-(1-ηD)1/3 and in 
specific coordinate ln[-ln(1- ηD)]-ln τ for Avraami-Erofeev-Kolmogorov (AEK) 

model 
)()(1

TnTk
D e τη ⋅−= , we obtained the dependencies presented in 

figures 5 and 6.  
In the figure 5 it is easy to see that the graphic dependences are not 

linear. This means that the transformation model was not validated by the 
experimental data, which demonstrates that the macrokinetic model, 
unreacted shrinking core, do not describes the process in the entire 
variation range of the decarbonation degree. 
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Fig. 5. F(ηD)-time dependence for the unreacted shrinking core model  

for granules with dp =0.063 mm.  
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Fig. 6. ln[-ln(1-ηD)]-ln τ dependence for the PCC granules with dp=0.063 mm  

at different temperatures (AEK model equation). 



SIMION DRĂGAN, ADINA GHIRIŞAN 
 
 

 170 

Using graphical method to process the experimental results (ηD-τ), the 
dependence of the process rate constant k(T) and of the kinetic order on 
temperature n(T) with the temperature was established, figure 7and figure 8: 
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Fig. 7. ln k versus  1/T variation for PCC granules with dp=0.063 mm. 
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Fig. 8. n versus T dependence for PCC granules with dp=0.063 mm. 
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For the decomposition of PCC granules having 0.063 mm in diameter, the 
mathematical equation model (2) was obtained: 
 

)()(1
TnTk

D e τη ⋅−=     (2) 
 

where : lnk(T)= 5.674-68226.3/RT and n(T)= 0.0034 T- 2.4803 
In figure 9 is presented the validation of the model with experimental data. 
 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 5 10 15 20 25 30 35
Time [min]

ηηηηD

Experimental- T=1073 K

Experimental-T=1123 K

Experimental-T=1173 K

Experimental- T=1223 K

Model

 

Fig. 9. AEK model validation. 

The results given in figure 9 have shown that Avraami-Erofeev-
Kolmogorov model describes the decomposition of precipitate CaCO3 granules 
with dp=0.063 mm in good agreement with experimental data. Standard 
deviation was in all cases less than 10%. 
 

 
CONCLUSIONS 

1. The results obtained have indicated that the effect of temperature in the 
case of PCC calcination is more significant than the grain size. 

2. Apparent activation energy obtained, over 61.4 kJ/mol suggested that 
the global process of decomposition is kinetically controlled. 

3. The results obtained during the calcinations process of PCC showed 
that the unreacted core model is not valid for the entire domain of the 
decarbonation degree values. 
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4. The equation of Avraami-Erofeev-Kolmogorov model can describe the 
real process of PCC decomposition with good precision; the standard 
deviations were less than 10%. 

 

EXPERIMENTAL 

In order to elucidate the effect of the temperature and grain size on 
the rate of the decomposition process, the isothermal gravimetric method 
was employed. The experiments were carried out on an experimental 
installation presented in figure 1. 
 

 

Fig. 1. Experimental set-up for PCC calcination 
1-Gas cylinder with N2; 2- Gas flow meter; 3- Electric Furnace; 4- Nacelle with  
solid sample; 5-Tubular reactor; 6- Thermocouple; 7- Temperature controller;  

8- Absorbing vessel for gas ; 9- Thermo balance 
 

This installation contains a hand-made thermo balance, having a 30 mm 
diameter tubular reactor placed in a tubular electric furnace, with possibilities to 
operate in temperature range of 373-1473 K. The solid reactant placed in thin 
layer on a ceramic nacelle, was introduced in the tubular reactor and the 
experiments were carried out isothermally within the temperature range of 
1073-1223 K. We used samples of 0.4-0.5g (PCC) with main diameter of 
0.063 mm, 0.18 mm and 0.45 mm. The granulometric classes of the particles I n 
the considered samples were obtained by sizing of precipitate calcium 
carbonate with a Retzsch set of sieves, mesh between 0-1000 µm. 

To evaluate the decomposition process in the time the variation of 
sample mass was determined every five minute.  
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ADHESIVE INFLUENCE MODELING ON DOUBLE-LAP  

JOINTS ASSEMBLIES 
 
 

OVIDIU NEMEŞa 
 
 

ABSTRACT. The paper presents a numerical analysis of metal-composites 
plane assemblies joined with adhesive. After the CAD model, constraints 
and applied load definition, we made a stress field analysis. 

The aim of this work is to validate an analytical model, based on an 
energy method, developed by the author. Thus the analytical model makes 
it possible to determine the rigidity of the assembly and to obtain a simple 
formulation very rapidly which gives the total behavior of the assembly. 

 
Keywords: Stress Analysis, Adhesives, Numerical modeling 

 
 
 
INTRODUCTION 

The adhesive bonded joints assembling method distributes the stresses 
over the whole joining surface and removes the stress concentrations to the 
boundary of holes generated by bolting or riveting assemblies. The mechanical 
performance of an adhesive bonded joint is related to the distribution of the 
stresses in the adhesive layer. Consequently it is essential to know this 
distribution, which, because of its complexity, makes prediction of fractures 
difficult.  

From the first works of Volkersen [1] when only a distribution of the 
shear stress in the adhesive joint was taken into account to the more recent 
studies by finite elements, many formulations have made it possible to 
define the stress field in such assemblies better and better. 

Following Goland and Reissner [2], Volkersen [3] introduced into his 
new analysis the normal stress "stress of shearing" (peeling stress) which is 
variable in the thickness of the adhesive layer. This assumption enabled 
him to build a stress field observing the boundary conditions of the assembly. 
However, due to the complexity and difficulty of its implementation, this 
analytical formulation is not easily applicable. 
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Gilibert and Rigolot [4, 5] propose, based on the method of the 
asymptotic developments connected in the vicinity of the ends, an analytical 
formulation of the stress field over the entire covering length. If this formulation 
constitutes a clear improvement of the modeling of the field of the constraints 
on the level of the ends and represents experimental reality better, it is 
however not valid near the free edges. 

Adams and Peppiatt [6], in their finite element analysis, circumvented 
this difficulty by studying a joint modified by the addition of a regularizing 
part. However even this study is not satisfactory on the level of the ends. 

Tsai and Oplinger [7] develop the existing traditional solutions by the 
inclusion of shearing strains, neglected until there. The solutions obtained 
ensure a better forecast of the distribution and intensity of the shear stress. 

Mortensen and Thomsen [8, 9] developed the approach for the 
analysis and the design of the adhesive bonded joints. They held into 
account the influence of the interface effects between the adherents and 
they modeled the adhesive layer by assimilating it to a spring. 

Nemes [10, 11] use a technique based on the minimization of the 
potential energy. The first stage consists in building a statically acceptable 
stress field, i.e. verifying the boundary conditions and the equilibrium 
equations. Then, the potential energy generated by such a stress field is 
calculated. In the third stage, the potential energy is minimized in order to 
determine the stress distributions. As we have just seen, the analytical 
formulations and the finite element analysis provide a stress field satisfying 
for the median part of the joints. On the other hand, these two approaches 
provide results that do not satisfy the boundary conditions imposed at the 
ends of covering. The majority of the degradation phenomena are observed 
in the vicinity of joints end (non-linear behavior, damage, cracking, even 
fracture). The analytical study that follows gives a first solution of the stress 
field respecting the whole of these conditions. 

 

RESULTS AND DISCUSSION 

NUMERICAL MODELING BY FINITE ELEMENTS 

1. Meshing and boundary conditions 

The objective of this study is to compare our analytical models of 
the adhesive-bonded joints with models made of finite elements. 

For the numerical analysis by finite elements of the adhesive-bonded 
joints, we used the computer code SAMCEF from SAMTECH®. 

The diagram of the C.A.D., basis of the finite element model, is 
presented in figure 1. The diagram also describes the boundary conditions 
and the applied load. 
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Figure 1. CAD diagram of a double-lap adhesive-bonded joint. 
 

The double-lap assembly is modeled by 2D quadrangles of degree 
2 and interface finite elements (x → z, y → r, z → θ). The displacements 
along x and y on face � of the upper substrate and those along y on face 
� of the lower substrate are blocked. The load is applied as a pressure on 
face � (Figure 1). 

Figure 2 shows an example of the grid used in this study where all 
the finite elements are quadrangles. We imposed ten finite elements in the 
to the adhesive layer. 

 

  
a) b) 

Figure 2. Numerical modeling of a double-lap bonded joint with quadrangles 
elements: a) assembly; b) detail. 

 
Figure 3 shows an example of the grid used in this study where all 

the finite elements which mesh the adhesive are interface type. We imposed 1 
finite element row in the adhesive layer. 
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a) 
 

b) 
Figure 3. Numerical modeling of a double-lap bonded joint with interface elements: 

a) assembly; b) detail. 
 
 

2. Load transfer 

To compare the analytical model with the finite elements model we 
determine the load transfer in the middle of the bonded substrates, Figure 4. 

We can note some differences in the variation of the load given by 
the ideal model in the case of a metal-composite assembly (Adherent 1 – 
Aluminium AU 2024 T3, Adhesive – Araldite AV119, Adherent 2 – Glass 
fiber ± 45°), (Figure 4), while it still has a similar evolution. 

The point of equivalence in stress in the two substrates is shifted 
(according to the length of the join) from approximately 1 % in the finite 
element analysis. It should be noted that the position of this point varies 
according to the characteristics of the substrates: it is centered compared 
to the length of the join for substrates of equivalent total rigidities, and shifts 
on both sides as a function of the ratio of the rigidities of the bonded 
substrates.  

 
 

3. Stress distributions 

The stresses in the adhesive are very important to predict the failure 
moment. For that it is primordial to have their distributions. 

Figure 5 shows the stress distributions in the assembly in the form 
of cartography. 

We can observe that the distribution curves had the same shape 
like the curves obtained by the analytical model [11], and so the model is 
validated. 

 

Interface 
elements 
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Figure 4. Load transfer in an AU 2024 T3-AV 119-VE ±45° assembly. 
 
 
 

 

 
 

Figure 5. Stress distribution in double-lap bonded joint 
 

Adherent 1 (Analytical model) 

Adherent 2 (Analytical model) 

Adherent 1 (FE model) 

Adherent 2 (FE model) 
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CONCLUSION 

Adhesive joining is a simple method of assembly. Its interest lies in 
the fact that it minimizes the machining of the parts to be assembled. The 
performance of the adhesive bonded joints depends on the performance of 
the adhesive. The latest generations of adhesives, delivered in the form of 
film, make it possible to minimize the number of operations to make the join 
and greatly increase the mechanical resistance. However, the design engineer 
must have at his disposal methods and/or reliable computer codes for pre-
dimensioning with known margins. 

The objectives of our studies were to entirely develop analytical 
models for dimensioning adhesive-bonded joints. 

The basis of our analytical model was the analysis of the stresses 
applied to an elementary volume of the assembly under consideration, 
observing the boundary conditions, the geometry and materials of the 
assembly. The application of an energy method made it possible to obtain 
the stress distribution in any point of the structure [11]. The behavior             
law enabled us to obtain the deformations then, by integration, the 
displacements. The problem for stress, deformation and displacements was 
thus entirely defined. 

The validation of the analytical model is presented by comparison 
with finite elements models. For the assembly, the total force-displacement 
behavior is well defined. Thus, the analytical model makes it possible to 
determine the rigidity of the assembly and to obtain a simple formulation 
very quickly, which gives the total behavior of the assembly. 

The comparison was also carried out for the stress distribution in the 
substrates and the adhesive joint. We showed that the transfer of force by 
joining was well determined by the model. The distribution of stress in the 
adhesive remained very close to the solution given by finite elements. 

The analytical model underestimated the stresses in the adhesive 
leading to an over-estimate of the forces at rupture. However, this model is 
reliable and allows fast analysis of this type of assembly. 
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