


CHEMICAL ENGINEERING 
OF POLYMERS

Production of  
Functional and Flexible Materials



http://taylorandfrancis.com


CHEMICAL ENGINEERING 
OF POLYMERS

Production of  
Functional and Flexible Materials

Edited by
Omari V. Mukbaniani, DSc

Marc J. M. Abadie, DSc

Tamara N. Tatrishvili, PhD



Apple Academic Press Inc.	 Apple Academic Press Inc.
3333 Mistwell Crescent	 9 Spinnaker Way
Oakville, ON L6L 0A2	 Waretown, NJ 08758
Canada	 USA

© 2018 by Apple Academic Press, Inc.
No claim to original U.S. Government works
Printed in the United States of America on acid-free paper
International Standard Book Number-13: 978-1-77188-445-7 (Hardcover)
International Standard Book Number-13: 978-1-315-36598-5 (eBook)

All rights reserved. No part of this work may be reprinted or reproduced or utilized in any form or by any 
electronic, mechanical or other means, now known or hereafter invented, including photocopying and re-
cording, or in any information storage or retrieval system, without permission in writing from the publisher 
or its distributor, except in the case of brief excerpts or quotations for use in reviews or critical articles.

This book contains information obtained from authentic and highly regarded sources. Reprinted material is 
quoted with permission and sources are indicated. Copyright for individual articles remains with the authors 
as indicated. A wide variety of references are listed. Reasonable efforts have been made to publish reliable 
data and information, but the authors, editors, and the publisher cannot assume responsibility for the validity 
of all materials or the consequences of their use. The authors, editors, and the publisher have attempted to 
trace the copyright holders of all material reproduced in this publication and apologize to copyright holders 
if permission to publish in this form has not been obtained. If any copyright material has not been acknowl-
edged, please write and let us know so we may rectify in any future reprint.

Library of Congress Control Number:  2017952488

Trademark Notice: Registered trademark of products or corporate names are used only for explanation 
and identification without intent to infringe.

Library and Archives Canada Cataloguing in Publication

International Caucasian Symposium on Polymers and Advanced Materials (4th : 2015 : Batumi, 
Georgia) Chemical engineering of polymers : production of functional and flexible  materials 
/ edited by Omari V. Mukbaniani, DSc, Marc J. M. Abadie, DSc, Tamara N. Tatrishvili, PhD. 
Papers presented at the 4th International Caucasian Symposium on Polymers and Advanced 
Materials held at Batumi Black sea beach, Georgia July 1-4, 2015. 
Includes bibliographical references and index. 
Issued in print and electronic formats. 

ISBN 978-1-77188-445-7 (hardcover).--ISBN 978-1-315-36598-5 (PDF) 
1. Polymers--Congresses.  2. Chemical engineering--Congresses. 
I. Mukbaniani, Omari V., editor  II. Abadie, Marc J. M., editor  III. Tatrishvili, Tamara N, editor  
IV. Title. 
TP1081.I58 2017	 668.9	 C2017-905795-2	 C2017-905796-0

CIP data on file with US Library of ​C​ongress

Apple Academic Press also publishes its books in a variety of electronic formats. Some content that appears 
in print may not be available in electronic format. For information about Apple Academic Press products, 
visit our website at www.appleacademicpress.com and the CRC Press website at www.crcpress.com

www.appleacademicpress.com
www.crcpress.com


List of Contributors..........................................................................................ix

List of Abbreviations..................................................................................... xvii

About the Editors........................................................................................... xxi

Preface.........................................................................................................xxiii

PART I: SYNTHESIS AND APPLICATION........................................................1

1. 	 Copolymerization of Aniline P-Phenylenediamine in an Acetic  
Acid Medium...................................................................................................3
A. H. Durgaryan, NA. Durgaryan, R. H. Arakelyan,  
and N. A. Miraqyan

2. 	 Free-Radical Frontal Polymerization of Acrylamide in the  
Presence of Nano and Micro Additives.......................................................15
A. O. Tonoyan and S. P. Davtyan

3. 	 Influence of Ph on the Structuring of Zetag 9014® Type of  
Cationic Polymers.........................................................................................23
E. Alvarenga, L. Hayrapetyan, S. Hayrapetyan, G. Pirumyan, 
E. Govasmark, and B. Salbu

4. 	 Aromatic Azides and Pentazenes in Multistep Radical  
Polymerization...............................................................................................41
V. G. Syromyatnikov, D. G. Vyshnevsky, and A. Yu. Kolendo

5. 	 Synthesis and Adsorption Properties of 4-Aminostyrene and  
Methacrylic Acid Copolymer, Immobilized in Situ on  
Silica Surface.................................................................................................49
E. Yanovska, L. Vretik, D. Sternik, O. Kychkiruk, O. Nikolaeva, 
and M. Melnyk

6. 	 Synthesis of Polyarylates Containing Ether Bonds in  
Macromolecules.............................................................................................61
G. Papava, N. Dokhturishvili, N. Gelashvili , M. Gurgenishvili,  
K. Papava, I. Chitrekashvili, and Z. Tabukashvili

CONTENTS



vi	 Contents

7. 	 Synthesis of Polyarylates on the Base of Nucleus Bisphenols  
in High Boiling Solvents ..............................................................................73
G. Papava, N. Maisuradze, E. Gavashelidze, Sh. Papava,  
M. Gurgenishvili, I. Chitrekashvili, and V. Sherozia

PART II: COMPOSITES AND NANOPARTICLES.........................................85

8. 	 Structure and Properties of the Polystyrene/Fullerene  
Composite Films............................................................................................87
O. Alekseeva, N. Bagrovskaya, and A. Noskov

9. 	 Composites on the Basis of Sawdust with Some Organic  
and Inorganic Binders................................................................................103
O. Mukbaniani, J. Aneli, G. Buzaladze, E. Markarashvili, 
and T. Tatrishvili

10. 	 Aging Process of Gold Nanoparticles Synthesized In Situ  
in Aqueous Solutions of Polyacrylamides.................................................119
Nataliya Kutsevol, Vasyl Chumachenko, Yuliia Harahuts, and 
Andriy Marinin

11. 	 Microscale Temperature Visualization in Silver  
Nanoparticle Doped Polymer Nanocomposite..........................................129
N. Ponjavidze and G. Petriashvili

12. 	 Polyaniline-Co3O4 Nanocomposites: Synthesis, Structural, 
Morphological, Optical and Electrical Properties...................................139
Z. Hesari and B. Shirkavand Hadavand

13. 	 Strategy for Nanohybridized Synthesis of MAMBOX Systems.............147
M. Donadze and T. Agladze

14. 	 New Composite Polymer Electrolyte Based on PVDF  
with the Addition of TiO2............................................................................165
G. S. Askarova, K. A. Ablayeva, A. P. Kurbatov, and Ye. S. Sivokhina

15. 	 Dextran-Polyacrylamide as Nanocarrier for Targeted Delivery  
of Anticancer Drugs into Tumor Cells.......................................................183
P. Telegeeva, N. Kutsevol, S. Filipchenko, and G. Telegeev

16. 	 Investigation Photothermal and Photooptical Energy Conversions  
in Silver and Gold Nanoparticles Doped Nanocomposites  
for the Modeling of Cancer Cells Visualization and  
Photothermal Cancer Therapy..................................................................195
K. Chubinidze and M. Chubinidze



Contents 	 vii

17. 	 Synthesis and Characterization of Conductive Polyurethane  
Composites Containing Polyaniline–CuO Nanocomposites....................207
Z. Hesari and B. Shirkavand Hadavand

PART III: MATERIALS AND PROPERTIES.................................................213

18. 	 Fundamentals and Challenges in Curing Process....................................215
Marc J. M. Abadie

19. 	 New Polymer Metal Complexes Based β-Diketone and  
Lanthanides for OLEDs.............................................................................231
I. Savchenko, A. Berezhnytska, and Ya. Fedorov

20. 	 Intergel Systems: Highly Effective Instruments for Rare  
Earth Elements Extraction from Industrial Solutions............................267
T. K. Jumadilov, Zh. A. Abilov, and R. G. Kondaurov

21. 	 Investigation of a Complex Formation Process of Copper  
with Fulvic Acids.........................................................................................281
T. Makharadze, G. Supatashvili, and G. Makharadze

22. 	 HgBa2Ca2Cu3Oy Superconductor Prepared by Vapor  
Diffusion Process.........................................................................................287
T. Lobzhanidze, I. Metskhvarishvili, G. Dgebuadze, B. Bendeliani,  
M. Metskhvarishvili, and V. Gabunia

23. 	 Study of Temperature Dependence of Specific Resistance of Nickel-
Tungsten Coating on Copper ....................................................................295
T. Marsagishvili, G. Mamniashvili, G. Tatishvili, N. Ananiashvili, M. 
Gachechiladze, and J. Metreveli

24. 	 Topology of Formation of Latexes in Heterogeneous Static  
Monomer-Water Systems ..........................................................................301
A. A. Hovhannisyan, M. Khaddazh, N. G. Grigoryan, G. K. Grigoryan, 
and O. A. Zhuravleva

25. 	 Synthesis and Research of Some Phtalocyaninic Dyes with 
Cu, Zn for Testing in the Systems of Solar Cells Type ............................309
S. Robu, G. Dragalina, A. Popusoi, N. Nasedkina, A. Covali, 
and T. Potlog

26. 	 Polymeric Recording Media Based on Carbazole Containing 
Copolymers and Benzoxyphthalocyanines of Transition Metals ...........319
S. Robu, M. Abadie, I. Andries, A. Chirita, N. Nasedchina, A. Ivancic, 
and O. Corsac



27. 	 Buckminsterfullerene-Pyrrolidines as Promising Antioxidants in 
Polymer Materials ......................................................................................329
Eldar B. Zeynalov and Matanat Ya. Magerramova

28. 	 Design and Photocatalytic Properties of  
Semiconductor/Dye//Polymer Thin Film Photocatalysts ........................345
O. Linnik, O. Nadtoka, N. Chorna, N. Smirnova, 
and V. Syromyatnikov

29. 	 Graded Zone Stretching of the Linear Polymers ....................................361
L. Nadareishvili, N. Topuridze, L. Sharashidze, and I. Pavlenishvili

30. 	 Possibilities of Current Carrying Superconducting  
Polymer-Ceramic Nanocomposites Obtainment .....................................371
S. P. Davtyan and A. O. Tonoyan

PART IV: GREEN CHEMISTRY AND RECYCLING...................................385

31. 	 The Influence of Rubber Recyclate Morphology on the  
Properties of Rubber-Asphalt Composite ................................................387
M. Sienkiewicz, H. Janik, K. Borzedowska, and Sz. Konkel

32. 	 Degradation of Modified TPS in the Natural and  
Industrial Compost.....................................................................................397
H. Janik, M. Sienkiewicz, M. Wawrowska, K. Wiecierzycka,  
and A. Przybytek 

33. 	 Renewable Resources for Polyurethanes and Polyurethane  
Composites: A Review ................................................................................407
J. T. Haponiuk, A. Hejna, Ł. Piszczyk, J. Datta, and K. Formela

34. 	 Modification of Polyethylene Films via Photochemical Reaction ..........433
V. Smokal, O. Krupka, A. Kolendo, and V. Syromyatnikov

Index..............................................................................................................443

viii	 Contents



LIST OF CONTRIBUTORS

Marc J. M. Abadie
Institute Charles Gerhardt of Montpellier – Agreggates, Interfaces and Materials for Energy (ICGM –  
AIME, UMR CNRS 5253), University Montpellier, Place Bataillon, 34095 Montpellier Cedex 5, 
France, E-mail: abadie@univ-montp2.fr & marc@ntu.edu.sg

Zh. A. Abilov
Al-Farabi Kazakh National University, Faculty of Chemistry and Chemical Technology, Al-Farabi ave, 
71, Almaty, Republic of Kazakhstan

K. A. Ablayeva
Center of Physical and Chemical Methods of Research and Analysis, Tole bi Str. 96a, 050012, Almaty, 
Kazakhstan

T. Agladze
Georgian Technical University, Kostava Str., 77, 0175, Tbilisi, Georgia, E-mail: tamazagladze@emd.ge

O. Alekseeva
G.A. Krestov Institute of Solution Chemistry, Russian Academy of Sciences, Akademicheskaya str., 1, 
Ivanovo, 153045, Russia, E-mail: avn@isc-ras.ru

E. Alvarenga 

NIBIO, Norwegian Institute of Bioeconomy Research, Pb 115, N-1431, Ås, Norway, E-mail:  
Emilio.Alvarenga@nibio.no

N. Ananiashvili
Ivane Javakhishvili Tbilisi State University, Rafiel Agladze Institute of Inorganic Chemistry and 
Electrochemistry. Mindeli str., 11, 0186, Tbilisi, Georgia

I. Andries
Moldova State University, 60 A. Mateevici str., MD-2009, Chisinau, Moldova

R. H. Arakelyan
Yerevan State University, Alek Manoogian 1, Yerevan, 375025, Republic of Armenia

G. S. Askarova
Center of Physical and Chemical Methods of Research and Analysis, Tole bi Str. 96a, 050012, Almaty, 
Kazakhstan

N. Bagrovskaya
G. A. Krestov Institute of Solution Chemistry, Russian Academy of Sciences, Akademicheskaya str., 1, 
Ivanovo, 153045, Russia

B. Bendeliani
Ilia Vekua Sukhumi Institute of Physics and Technology, Laboratory of Cryogenic Technique and 
Technologies, Mindeli Str. 7, 0186 Tbilisi, Georgia

A. Berezhnytska
V. I. Vernadsky Institute of General and Inorganic Chemistry NASU, Kyiv, Ukraine

A. Chirita
Moldova State University, 60 A. Mateevici str., MD-2009, Chisinau, Moldova

mailto:abadie@univ-montp2.fr
mailto:marc@ntu.edu.sg
mailto:tamazagladze@emd.ge
mailto:avn@isc-ras.ru
mailto:Emilio.Alvarenga@nibio.no


x	 List of Contributors

I. Chitrekashvili
Petre Melikishvili Institute of Physical and Organic Chemistry of Ivane. Javakhishvili Tbilisi, State 
University, I. Chavchavadze Ave. 1, 0179 Tbilisi, Georgia

N. Chorna
Chuiko Institute of Surface Chemistry, National Academy of Science of Ukraine, General Naumov str, 
17, 03164 Kyiv, Ukraine

K. Chubinidze
Tbilisi State University, 1 Ilia Chavchavadze Ave, Tbilisi 0179, Georgia, E-mail:  
chubinidzeketino@yahoo.com

Vasyl Chumachenko
Problem Research Laboratory, National University of Food Technology, 68, Volodymyrska Street 
01601, Kyiv, Ukraine

O. Corsac
Moldova State University, 60 A. Mateevici str., MD-2009, Chisinau, Moldova

A. Covali
Faculty of Physics and Engineering, Moldova State University, 60 A. Mateevici str., MD 2009, 
Chisinau, Moldova

J. Datta
Polymer Technology Department, Chemical Faculty, Gdansk University of Technology, Gabriela 
Narutowicza Street 11/12, 80-233 Gdansk, Poland

S. P. Davtyan
Armenian National Polytechnic University 105, Teryana Str., 105 375009 Yerevan, Armenia

G. Dgebuadze
Ilia Vekua Sukhumi Institute of Physics and Technology, Laboratory of Cryogenic Technique and 
Technologies, Mindeli Str. 7, 0186 Tbilisi, Georgia

N. Dokhturishvili
Petre Melikishvili Institute of Physical and Organic Chemistry of Ivane. Javakhishvili Tbilisi, State 
University, I. Chavchavadze Ave. 1, 0179 Tbilisi, Georgia

M. Donadze
Georgian Technical University, Kostava Str., 77, 0175, Tbilisi, Georgia

G. Dragalina
Faculty of Chemistry and Chemical Technology

A. H. Durgaryan
Yerevan State University, Alek Manoogian 1, Yerevan, 375025, Republic of Armenia, E-mail: 
durnar63@yahoo.com

N. A. Durgaryan
Yerevan State University, Alek Manoogian 1, Yerevan, 375025, Republic of Armenia

Ya. Fedorov
V. I. Vernadsky Institute of General and Inorganic Chemistry NASU, Kyiv, Ukraine

S. Filipchenko
Taras Shevchenko National University, Faculty of Chemistry, 60 Volodymyrska Str., Kyiv 0160, Ukraine

K. Formela
Polymer Technology Department, Chemical Faculty, Gdansk University of Technology, Gabriela 
Narutowicza Street 11/12, 80-233 Gdansk, Poland

mailto:chubinidzeketino@yahoo.com
mailto:durnar63@yahoo.com


List of Contributors 	 xi

V. Gabunia
Ilia Vekua Sukhumi Institute of Physics and Technology, Laboratory of Cryogenic Technique and 
Technologies, Mindeli str, 7, 0186 Tbilisi, Georgia

M. Gachechiladze
Ivane Javakhishvili Tbilisi State University, Rafiel Agladze Institute of Inorganic Chemistry and 
Electrochemistry. Mindeli str, 11, 0186, Tbilisi, Georgia

E. Gavashelidze
Petre Melikishvili Institute of Physical and Organic Chemistry of Ivane, Javakhishvili Tbilisi, State 
University, I. Chavchavadze Ave. 1, 0179 Tbilisi, Georgia

N. Gelashvili
Petre Melikishvili Institute of Physical and Organic Chemistry of Ivane. Javakhishvili Tbilisi, State 
University, I. Chavchavadze Ave. 1, 0179 Tbilisi, Georgia

E. Govasmark
Energy Recovery Agency of Oslo County, PO-BOX 54 Mortensrud, NO-1215, Oslo, Norway, E-mail: 
Espen.Govasmark@ege.oslo.kommune.no

G. K. Grigoryan
The Scientific Technological Centre of Organic and Pharmaceutical Chemistry NAS RA, Institute of 
Organic Chemistry, 26, Azatutyan STR, 0014, Yerevan, Armenia

N. G. Grigoryan
The Scientific Technological Centre of Organic and Pharmaceutical Chemistry NAS RA, Institute of 
Organic Chemistry 26, Azatutyan STR, 0014, Yerevan, Armenia

M. Gurgenishvili
Petre Melikishvili Institute of Physical and Organic Chemistry of Ivane, Javakhishvili Tbilisi, State 
University, I. Chavchavadze Ave. 1, 0179 Tbilisi, Georgia, E-mail: marina.gurgenishvili@yahoo.com

B. Shirkavand Hadavand
Department of Resin and Additives, Institute for Color Science and Technology, Tehran, Iran, E-mail: 
zeinab.hesari@yahoo.com

J. T. Haponiuk
Polymer Technology Department, Chemical Faculty, Gdansk University of Technology, Gabriela 
Narutowicza Street 11/12, 80-233 Gdansk, Poland, E-mail: jozef.haponiuk@pg.gda.pl

Yuliia Harahuts
Taras Shevchenko National University, Faculty of Chemistry, 60 Volodymyrska Str., Kyiv 0160, Ukraine

L. Hayrapetyan
Yerevan State University, A. Manookyan St. 1, 0025, Armenia, E-mail: Scirec@mail.ru

S. Hayrapetyan
 Yerevan State University, A. Manookyan St. 1, 0025, Armenia, E-mail: Scirec@mail.ru

A. Hejna
Polymer Technology Department, Chemical Faculty, Gdansk University of Technology, Gabriela 
Narutowicza Street 11/12, 80-233 Gdansk, Poland

Z. Hesari
Department of Chemistry, Faculty of Science, Science and Research of Tehran Branch Islamic Azad 
University, Tehran, Iran, E-mail: zeinab.hesari@yahoo.com

A. A. Hovhannisyan
The Scientific Technological Centre of Organic and Pharmaceutical Chemistry NAS RA, Institute of 
Organic Chemistry 26, Azatutyan STR, 0014, Yerevan, Armenia, E-mail: hovarnos@gmail.com

mailto:Espen.Govasmark@ege.oslo.kommune.no
mailto:marina.gurgenishvili@yahoo.com
mailto:zeinab.hesari@yahoo.com
mailto:jozef.haponiuk@pg.gda.pl
mailto:Scirec@mail.ru
mailto:Scirec@mail.ru
mailto:zeinab.hesari@yahoo.com
mailto:hovarnos@gmail.com


A. Ivancic
Moldova State University, 60 A. Mateevici str., MD-2009, Chisinau, Moldova

T. K. Jumadilov
JSC, “Institue of Chemical Sciences after A.B. Bekturov”, Sh. Valikhanov st. 106, Almaty, Republic of 
Kazakhstan, E-mail: jumadilov@mail.ru

M. Khaddazh
Peoples’ Friendship University of Russia, Scientific-Educational Centre of Nanotechnology, Miklukho-
Maklaya 10/2, 117198, Moscow, Russia

A. Kolendo
Kyiv Taras Shevchenko National University, Volodymyrska Str. 60, 01033, Kyiv, Ukraine

A. Yu. Kolendo
Department of Macromolecular Chemistry, Taras Shevchenko National University of Kyiv, 60 
Volodymyrska Street, 01033, Kyiv, Ukraine

R. G. Kondaurov
Al-Farabi Kazakh National University, Faculty of Chemistry and Chemical Technology, Al-Farabi ave. 
71, Almaty, Republic of Kazakhstan

O. Krupka
Kyiv Taras Shevchenko National University, Volodymyrska Str. 60, 01033, Kyiv, Ukraine

A. P. Kurbatov
Center of Physical and Chemical Methods of Research and Analysis, Tole bi Str. 96a, 050012, Almaty, 
Kazakhstan

N. Kutsevol
Taras Shevchenko National University, Faculty of Chemistry, 60 Volodymyrska Str., Kyiv 0160, 
Ukraine

Nataliya Kutsevol
Taras Shevchenko National University, Faculty of Chemistry, 60 Volodymyrska Str., Kyiv 0160, 
Ukraine, Email: kutsevol@ukr.net

O. Kychkiruk
Department of Sciences, Ivan Franko Zhytomyr State University, 40 Velyka Berdychivska Str., 10008 
Zhytomyr, Ukraine

O. Linnik
Chuiko Institute of Surface Chemistry, National Academy of Science of Ukraine, General Naumov Str. 
17, 03164 Kyiv, Ukraine, E-mail: okslinnik@yahoo.co.uk

T. Lobzhanidze
Iv. Javakhishvili Tbilisi State University, Department of Chemistry, I. Chavchavadze Ave, 1, 0179 
Tbilisi, Georgia

Matanat Ya. Magerramova
Nagiyev Institute of Catalysis & Inorganic Chemistry, Azerbaijan National Academy of Sciences,  
H. Javid Ave., 113, AZ1143 Baku, Azerbaijan

N. Maisuradze
Petre Melikishvili Institute of Physical and Organic Chemistry of Ivane, Javakhishvili Tbilisi, State 
University, I. Chavchavadze Ave. 1, 0179 Tbilisi, Georgia

G. Makharadze
Ivane Javakhishvili Tbilisi State University Chavchavadze Avenue 1, Tbilisi 0128, Georgia

xii	 List of Contributors

mailto:jumadilov@mail.ru
mailto:kutsevol@ukr.net
mailto:okslinnik@yahoo.co.uk


T. Makharadze
Ivane Javakhishvili Tbilisi State University Chavchavadze Avenue 1, Tbilisi, 0128, Georgia

G. Mamniashvili
Ivane Javakhishvili Tbilisi State University, E. Andronikashvili Institute of Physics, Tamarashvili str, 6, 
0162, Tbilisi, Georgia

Andriy Marinin
Problem Research Laboratory, National University of Food Technology, 68, Volodymyrska Street 
01601 Kyiv, Ukraine

T. Marsagishvili
Ivane Javakhishvili Tbilisi State University, Rafiel Agladze Institute of Inorganic Chemistry and 
Electrochemistry. Mindeli str, 11, 0186, Tbilisi, Georgia, E-mail: tamazmarsagishvili@gmail.com

M. Melnyk
Chemistry Faculty, Kyiv National Taras Shevchenko University, 12 L. Tolstogo Str., 01033 Kyiv, 
Ukraine

J. Metreveli
Ivane Javakhishvili Tbilisi State University, Rafiel Agladze Institute of Inorganic Chemistry and 
Electrochemistry. Mindeli str., 11, 0186, Tbilisi, Georgia

I. Metskhvarishvili
Ilia Vekua Sukhumi Institute of Physics and Technology, Laboratory of Cryogenic Technique and 
Technologies, Mindeli Str. 7, 0186 Tbilisi, Georgia

M. Metskhvarishvili
Georgian Technical University, Department of Engineering Physics, Kostava Str. 77, 0175 Tbilisi, 
Georgia

N. A. Miraqyan 
Yerevan State University, Alek Manoogian 1, Yerevan, 375025, Republic of Armenia

L. Nadareishvili
Georgian Technical University, V. Chavchanidze Institute of Cybernetics, 5 S. Euli, St, 0186 Tbilisi, 
Georgia

O. Nadtoka
Taras Shevchenko National University of Kyiv, Department of Chemistry, Volodymyrska Str., 60, 
01033 Kyiv, Ukraine

N. Nasedkina
Faculty of Physics and Engineering, Moldova State University, 60 A. Mateevici str., MD 2009, 
Chisinau, Moldova

O. Nikolaeva
Chemistry Faculty, Kyiv National Taras Shevchenko University, 12 L. Tolstogo Str., 01033 Kyiv, Ukraine

A. Noskov
G.A. Krestov Institute of Solution Chemistry, Russian Academy of Sciences, Akademicheskaya Str., 1, 
Ivanovo, 153045, Russia

G. Papava
Petre Melikishvili Institute of Physical and Organic Chemistry of Ivane, Javakhishvili Tbilisi, State 
University, I. Chavchavadze Ave. 1, 0179 Tbilisi, Georgia

K. Papava
Petre Melikishvili Institute of Physical and Organic Chemistry of Ivane. Javakhishvili Tbilisi, State 
University, I. Chavchavadze Ave. 1, 0179 Tbilisi, Georgia

List of Contributors 	 xiii

mailto:tamazmarsagishvili@gmail.com


Sh. Papava
Petre Melikishvili Institute of Physical and Organic Chemistry of Ivane, Javakhishvili Tbilisi, State 
University, I. Chavchavadze Ave. 1, 0179 Tbilisi, Georgia

I. Pavlenishvili
Georgian Technical University, V. Chavchanidze Institute of Cybernetics, 5 S. Euli, St, 0186 Tbilisi, 
Georgia

G. Petriashvili
Georgian Technical University, 68 Merab Kostava Street, Tbilisi, Georgia Tbilisi, 0175, Georgia

G. Pirumyan
 Yerevan State University, A. Manookyan St. 1, 0025, Armenia, E-mail: Scirec@mail.ru

Ł. Piszczyk
Polymer Technology Department, Chemical Faculty, Gdansk University of Technology, Gabriela 
Narutowicza Street 11/12, 80-233 Gdansk, Poland

N. Ponjavidze
Tbilisi State University, 1 Ilia Chavchavadze Ave, Tbilisi 0179, Georgia

T. Potlog
Faculty of Physics and Engineering, Moldova State University, 60 A. Mateevici str., MD 2009, 
Chisinau, Moldova

S. Robu
Moldova State University, 60 A. Mateevici str, MD-2009, Chisinau, Moldova, E-mail: s.v.robu@mail.ru

B. Salbu
Norwegian University of Life Sciences (NMBU), Department of Env. Sci., PO-Box 5003, No. 1432, 
Ås, Norway, E-mail: Brit.Salbu@nmbu.no

I. Savchenko
Kyiv National Taras Shevchenko University, Department of Chemistry, Kyiv, Ukraine, E-mail:  
iras@univ.kiev.ua

L. Sharashidze
Georgian Technical University, V. Chavchanidze Institute of Cybernetics, 5 S. Euli St, 0186 Tbilisi, 
Georgia

V. Sherozia
Petre Melikishvili Institute of Physical and Organic Chemistry of Ivane, Javakhishvili Tbilisi, State 
University, I. Chavchavadze Ave. 1, 0179 Tbilisi, Georgia

Ye. S. Sivokhina
Center of Physical and Chemical Methods of Research and Analysis, Tole bi Str. 96a, 050012, Almaty, 
Kazakhstan

N. Smirnova
Chuiko Institute of Surface Chemistry, National Academy of Science of Ukraine, General Naumov str, 
17, 03164 Kyiv, Ukraine

V. Smokal
Kyiv Taras Shevchenko National University, Volodymyrska Str., 60, 01033, Kyiv, Ukraine, E-mail: 
vitaliismokal@gmail.com

D. Sternik
Maria Curie-Skłodowska University, pl. Maria Curie-Skłodowskiej 3, 20-031 Lublin, Poland

G. Supatashvili
Ivane Javakhishvili Tbilisi State University Chavchavadze Avenue 1, Tbilisi, 0128, Georgia

xiv	 List of Contributors

mailto:Scirec@mail.ru
mailto:s.v.robu@mail.ru
mailto:Brit.Salbu@nmbu.no
mailto:iras@univ.kiev.ua
mailto:vitaliismokal@gmail.com


V. G. Syromyatnikov
Department of Macromolecular Chemistry, Taras Shevchenko National University of Kyiv, 60 
Volodymyrska Street, 01033, Kyiv, Ukraine, E-mail: svg@univ.kiev.ua

Z. Tabukashvili
Petre Melikishvili Institute of Physical and Organic Chemistry of Ivane. Javakhishvili Tbilisi, State 
University, I. Chavchavadze Ave. 1, 0179 Tbilisi, Georgia

G. Tatishvili
Ivane Javakhishvili Tbilisi State University, Rafiel Agladze Institute of Inorganic Chemistry and 
Electrochemistry. Mindeli str, 11, 0186, Tbilisi, Georgia

G. Telegeev
Institute of Molecular Biology and Genetics of Natl. Acad. of Sci. of Ukraine, 150 Zabolotnogo str.150, 
Kyiv 03680, Ukraine, E-mail: gtelegeev@ukr.net

P. Telegeeva
Taras Shevchenko National University, Faculty of Chemistry, 60 Volodymyrska Str., Kyiv 0160, 
Ukraine

A. Przybytek 
Polymer Technology Department, Chemical Faculty, Gdansk University of Technology, Gabriela 
Narutowicza Street 11/12, 80–233 Gdansk, Poland 

A. O. Tonoyan
Armenian National Polytechnic University, 105 Teryana Str., 375009 Yerevan, Armenia, E-mail: 
atonoyan@mail.ru

N. Topuridze
Georgian Technical University, V. Chavchanidze Institute of Cybernetics, 5 S. Euli, St, 0186 Tbilisi, 
Georgia

L. Vretik
Chemistry Faculty, Kyiv National Taras Shevchenko University, 12 L. Tolstogo Str., 01033 Kyiv, 
Ukraine, E-mail: lvretik@gmail.com

D. G. Vyshnevsky
Department of Macromolecular Chemistry, Taras Shevchenko National University of Kyiv, 60 
Volodymyrska Street, 01033, Kyiv, Ukraine

E. Yanovska
Chemistry Faculty, Kyiv National Taras Shevchenko University, 12 L. Tolstogo Str., 01033 Kyiv, 
Ukraine

Eldar B. Zeynalov
Nagiyev Institute of Catalysis & Inorganic Chemistry, Azerbaijan National Academy of Sciences, H. 
Javid Ave., 113, AZ1143 Baku, Azerbaijan, E-mail: zeynalov 2000@yahoo.com

O. A. Zhuravleva
Peoples’ Friendship University of Russia, Scientific-Educational Centre of Nanotechnology, Miklukho-
Maklaya 10/2, 117198, Moscow, Russia

List of Contributors 	 xv

mailto:svg@univ.kiev.ua
mailto:gtelegeev@ukr.net
mailto:atonoyan@mail.ru
mailto:lvretik@gmail.com
mailto:2000@yahoo.com


http://taylorandfrancis.com


LIST OF ABBREVIATIONS

AAM	 acrylamide
AIBN	 azoisobutyronitrile
AY	 acridine yellow
BHT	 3,5-di-tert-butyl-4-hydroxyphenyl
BPO	 benzoyl peroxide
CB	 conduction band
CD	 charge density
CPE	 composite polymer electrolyte
CPO	 cumyl peroxide
DCPC	 dicyclohexylperoxide carbonate
DLS	 dynamic light scattering
DMF	 dimethylformamide
DSA	 differential scanning analyzer
DSC	 differential scanning calorimetry
DSC	 dye-sensitised solar cells
DTA	 differential thermal analysis
EAS	 electronic absorption spectra
EOS	 epoxidized soybean oil
EP	 emulsion polymerization
EPC	 epoxypropyl carbazole
ES	 emeraldine salt
FAME	 fatty acids methyl esters
FFA	 free fatty acids
FTIR	 Fourier transform infrared
FTU	 turbidity
GA	 arabic gum
GZSD	 graded zone stretching device
HAuCl4	 thetrachloroauric acid
HCl	 hydrochloric acid
HCOOH	 formic acid
HDODA	 hexandiol diacrylate
HNO3	 nitric acid
HNPs	 hybrid nanoparticles



xviii	 List of Abbreviations

HOMO	 highest occupied molecular orbital
ITO	 indium-tin oxide
KOH	 potassium hydroxide
LAAP	 liquid acetylacetone peroxide 
LCHP	 liquid cyclo hexanone peroxide
LDPE	 low density polyethylene
LKP	 liquid ketone peroxide
LUMO	 lowest unoccupied molecular orbital
MEKP	 methy ethyl kentone peroxide
MHM	 multifunctional hybrid materials
MRO	 maintenace, repairing and overhall
MW	 molecular weight
NH4	 ammonium per-sulphate
NMP	 N-methylpyrrolidinone
NPs	 nanoparticles
OA	 surfactant
OC	 octene
OEDMA	 g,b-dimethacrylate
OH	 hydroxyl
OLEDs	 organic light emitting diodes
OMA	 octylmethacrylate
PAA	 polyacrylamide
PANi	 polyaniline
PDS	 peroxydisulphate
PDT	 photodynamic therapy
PE	 polyethylene
PEPC	 poliepoxipropil carbazole
PL	 photoluminescence
PMMA	 polymethylmethacrylate
PMP	 polymer-monomer particles
PPDA	 phenylenediamine
PS	 polystyrene
PSD	 particle size distribution
PTP	 photothermoplastic
PU	 polyurethane
PUF	 polyurethane foam
PVDF	 polyvinylidene fluoride
PVP	 polyvinylpyrrolidone



List of Abbreviations 	 xix

QELS	 quasy elastic light scattering
RAF	 rigid amorphous fraction
SAPF	 solid amorphous polymer fraction
SC	 superconducting
SEM	 scanning electron microscope
SPE	 solid polymer electrolyte
TAP	 technical advisory panel
TBO-Pc-Zn	 tetrabenzoxyphthalocyanine zinc
TEM	 transmission electron microscopy
TG	 thermogravimetric 
TGA	 thermal gravimetric analysis
TMS	 tetramethylsilane
TNF	 trinitrofluorenone
TPS	 thermoplastic starch
UP	 unsaturated polyester
UPR	 unsaturated polyeter
USA	 sigma aldrich
VB	 valence band
VC	 vinylcarbazole
VER	 vinyl ester resins
WPC	 wood polymer composites
XRD	 x-ray diffraction



http://taylorandfrancis.com


Omari V. Mukbaniani, DSc
Full Professor, Iv. Javakhishvili Tbilisi State University,  
Faculty of Exact and Natural Sciences, Department of Chemistry;  
Chair of Macromolecular Chemistry; Director, Institute of  
Macromolecular Chemistry and Polymeric Materials, Tbilisi, Georgia

Omari Vasilii Mukbaniani, DSc, is Professor and Head of the Macromolecular 
Chemistry Department of Iv. Javakhishvili Tbilisi State University, Tbilisi, 
Georgia. He is also the Director of the Institute of Macromolecular Chemistry 
and Polymeric Materials. He is a member of the Academy of Natural Sciences 
of the Georgian Republic. For several years he was a member of the advisory 
board of the Journal Proceedings of Iv. Javakhishvili Tbilisi State University 
(Chemical Series) and contributing editor of the journals Polymer News 
and the Polymers Research Journal. He is member of editorial board of 
the Journal of Chemistry and Chemical Technology. His research interests 
include polymer chemistry, polymeric materials, and chemistry of organo-
silicon compounds. He is an author more than 420 publication, 13 books, 
four monographs, and 10 inventions. He created in 2007 the “International 
Caucasian Symposium on Polymers and Advanced Materials,” ICSP, which 
takes place every other two years in Georgia. The last symposium, ICSP 5, 
was held in July 2017 in Tbilisi, Georgia.

Marc J. M. Abadie, DSc
Emeritus Professor, Institute Charles Gerhardt of Montpelier—Aggregates, 
Interfaces & Materials for Energy (ICGM-AIME, UMR CNRS 5253), 
University Montpelier, France

Professor Marc J. M. Abadie is Emeritus Professor at the University 
Montpellier, Institute Charles Gerhardt of Montpelier, Aggregates, Interfaces 
and Materials Energy (ICGM-AIME, UMR CNRS 5253), France. He was 
head of the Laboratory of Polymer Science and Advanced Organic Materials 

ABOUT THE EDITORS



– LEMP/MAO. He is currently “Michael Fam” Visiting Professor at the 
School of Materials Sciences and Engineering, Nanyang Technological 
University NTU, Singapore. His present activity concerns high performance 
polymers for PEMFCs, composites and nanocomposites, UV/EB coatings, 
and biomaterials. He has published 11 books and 11 patents. He has advised 
nearly 95 MS and 52 PhD students with whom he has published over 402 
papers. He has more than 40 years of experience in polymer science with 10 
years in the industry (IBM, USA – MOD, UK & SNPA/Total, France). He 
created in the 1980s the “International Symposium on Polyimides and High 
Temperature Polymers,” a.k.a. STEPI, which takes place every other three 
years in Montpellier, France. A recent symposium, STEPI 10, look place in 
June 5–8, 2016.

Tamara N. Tatrishvili, PhD
Senior Specialist, Unite of Academic Process Management  
(Faculty of Exact and Natural Sciences), Ivane Javakhishvili Tbilisi State 
University; Senior Researcher, Institute of Macromolecular Chemistry  
and Polymeric Materials, Georgia 

Tamara Tatrishvili, PhD, is Senior Specialist at the Unite of Academic 
Process Management (Faculty of Exact and Natural Sciences) at Ivane 
Javakhishvili Tbilisi State University as well as Senior Researcher of the 
Institute of Macromolecular Chemistry and Polymeric Materials in Tbilisi, 
Georgia.

xxii	 About the Editors



PREFACE

Increasing interest in lightweight and high performance materials is leading 
to significant research activity in the area of polymers and composites. One 
recent focus is to develop multifunctional materials that have more than one 
property tailored as per the design requirements in addition to achieving low 
density.

The possibility of simultaneously tailoring several desired properties is 
attractive but very challenging, and it requires significant advancements in 
the science and technology of high performance functional polymers and 
composites.

The structures and functions of these advanced polymer and composite 
systems are evaluated with respect to improved or novel performance, and 
the potential implications of those developments for the future of polymer-
based composites and multifunctional materials are discussed. 

The ensemble selected papers presented at the 4th International Caucasian 
Symposium on Polymers and Advanced Materials are collected, as original 
unpublished research, in this book. ICSP1AM-4 took place in Batumi Black 
sea beach, Georgia July 1–4, 2015. This book focuses exclusively on the 
latest research related to polymer and composite materials, especially new 
trends in frontal polymerization and copolymerization synthesis, function-
alization of polymers, physical properties and hybrid systems. A large part 
is devoted to composites and nanocomposites; their mechanical impact on 
their properties are evaluated and discussed. Applications in medicine as 
drug-release for cancer treatment or as development of green materials and 
as renewable resources with a particular emphasis on the research of the 
authors’ group(s) are presented. Coating and curing processes are also cov-
ered in this book in order to have a better control and understanding of the 
crosslinking reactions. 

The progress captured in the current set of articles shows promise for 
developing materials that seem capable of moving this field from laboratory-
scale prototypes to actual industrial applications.

This book serves as a valuable and informative reference for scientists, 
engineers, medical technologists and practioners engaged in the teaching, 
research, development and use of functional polymers and composites.
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CHAPTER 1

COPOLYMERIZATION OF ANILINE 
WITH P-PHENYLENEDIAMINE IN  
AN ACETIC ACID MEDIUM

A. H. DURGARYAN, N. A. DURGARYAN, R. H. ARAKELYAN,  
and N. A. MIRAQYAN

Yerevan State University, Alek Manoogian 1, Yerevan, 375025, 
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ABSTRACT

The oxidative copolymerization of aniline with p-phenylenediamine in an 
acetic acid medium has been investigated for the first time. It has been deter-
mined that as a result of copolymerization; a polymer having a structure 
analogous to the polyaniline called emeraldine is formed. The obtained copo-
lymer doped with 3N hydrochloric acid has an electrical conductivity five 
times higher than that of polyaniline prepared by the usual method. Aniline 
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polymerization proceeds more slowly at 273 K under the same copolymer-
ization conditions and the obtained polymer has low conductivity. However, 
in a mixture of acetic acid-methanol, the reaction proceeds faster and the 
obtained polymer has conductivity almost equal to that of emeraldine. It has 
been observed that the conductivity of polymers doped with formic acid is 
lower than that of polymers obtained by doping with hydrochloric acid by 2 
orders of magnitude.

1.1  INTRODUCTION

Among the electro active polymers, the emeraldine form of polyaniline 
(PANI) attracts intense interest [1, 2]. PANI occupies a particular place 
among the electro active conjugated polymers owing to its environmental 
stability, easy and cheap method of preparation and its unique properties. 
It is extensively used in various fields of technology [3–14]. To improve 
the properties of PANI, studies of aniline copolymerization with different 
monomers have been conducted [12–19]; however, the conductivity of the 
obtained copolymers is inferior to that of PANI in spite of high solubility.

According to the literature data, copolymer Ι[20] is formed during the 
copolymerization of p-phenylenediamine (PPDA) with aniline.

COPOLYMER Ι

In the formation of copolymer Ι, for 1 mole each of aniline and PPDA, 
3 moles of peroxydisulfate (PDS) are required [20] because when using 1 
mole of PDS for 1 mole of aniline, the calculated yield for aniline cannot be 
higher than 33%, while a yield of 62% to 75% was actually obtained [20]. It 
may be concluded from these data that the reaction does not proceed accord-
ing to Figure 4 given in the Ref. [20].

According to other literature data, in the case of a molar ratio of aniline/
PPDA of 50:1, the presence of PPDA greatly increases the rate of polymer-
ization and does not affect the structure and crystalline of PANI [21].

These data strengthen our opinion that the reaction mechanism differs 
from that described in the literature [20], and considering the scheme for the 
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oxidative polymerization of PPDA [22]; we have proposed that it proceeds 
with a mechanism similar to that depicted in Scheme 1[23].

SCHEME 1

If the reaction occurs according to Scheme 1, the maximum yield calcu-
lated for aniline will be 67%, while in the case of a ratio of PPDA-aniline in 
the copolymer of more than 1; the yield will be above 67%.

The purpose of the present work is to verify the possibility that the reac-
tion proceeds according to Scheme 1.

1.2  EXPERIMENTAL PART

1.2.1  MEASUREMENTS

The inherent viscosity of DMSO solution was determined at 25°C, using 
Ubbelohde viscometer.

The UV/vis spectra of the polymer samples were recorded in 1 cm quartz 
curettes with Secord 65 spectrometer. FT IR Nicolet Nexus spectrometer 
was served for obtaining FT-IR spectra in the range of 5000–600 cm–1(KBr 
pellets). 1H-NMR spectra were obtained in deutеra teddi methyl sulfoxide 
using Mercury 300 Varian NMR spectrometer.

Electrical conductivity was measured on the preliminarily prepared pel-
lets by two-probe method using Teraohmmeter E6–137.

1.2.2  MATERIALS

PPDA was purified by sublimation (mp 416–418 K) and PPDA sulfate was 
recrystallized from water. Aniline was used after double-distillation. All 
other chemicals were of analytical grade and were used as received without 
any further purification
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1.2.3  OXIDATIVE COPOLYMERIZATION OF PPHDA WITH 
ANILINE BY POTASSIUM PEROXYDISULFATE

•	 Potassium Peroxydisulfate in the hydrochloric acid medium [20]

	 To 1.08 g (10 mmol) of PPhDA and 0.91 ml (10 mmol) of aniline in 100 
ml (0.1N) of hydrochloric acid, solution of 2.7 g (10 mmol) potassium 
peroxydisulfate in 190 ml (0.1N) of hydrochloric acid has been added 
within 3 hours under continuous magnetic stirring at (273–275 K). The 
solution was kept in refrigerator (270 K) at night. Then, the solution 
was filtered and the precipitate was washed with distilled water until 
neutral pH. 190 ml of 0.1 N solution of ammonium hydroxide was 
added on the precipitate and the mixture was filtered after 13 hour stir-
ring. The precipitate was washed with distilled water until neutral pH 
and absence of SO4–

2ions, dried in vacuum(323 K/2 kPa) and stored in 
desiccators over phosphorus pentoxide.The yield is 1.02g (60%).After 
getting rid of water from the filtrate the ammonia was determined.

•	 Potassium Peroxydisulfate in the glacial acetic acid medium
a.	 Copolymer (series C-I). To a solution of 0.43 g (4.6 mmol) 

aniline, 0.93 g (4.3 mmol) PPDA sulfate in 8 ml acetic acid. 
1.44 g (6.45 mmol) potassium per sulfate was added under 
contentious magnetic stirring at 27 K, the mixture was stirred 
for 3.3 h. After that, the reaction mixture was kept in refrig-
erator at 270 K. Then the cooled water was added into the 
mixture. Subsequent procedure was similar to the mentioned 
above. The yield is 0.42 g (51%).

b.	 Copolymer (series C-II). The oxidative copolymerization 
was carried out by the above-mentioned procedure with the 
difference in the duration of the reaction (see Table 1.1).

c.	 Copolymer (series C-III). The oxidative copolymerization 
was carried out by the above-mentioned procedure using acetic 
acid (8 ml)-methanol (0.8 ml) medium (Table 1.1).

1.2.4  SEMI-QUANTITATIVE DETERMINATION OF AMMONIA

Ammonia was determined using distillation apparatus equipped with liq-
uid trap, receiver filled with 120 ml 0.1N hydrochloric acid for ammonia 
absorption and Tishchenko bottle filled with water.
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On a dry precipitate obtained after evaporation of the liquid from the 
filtrate, solution of 2.4 g of KOH in 6 ml of water was added through the 
dropping funnel. Heating was carried out so, that liquid distillation didn’t 
proceed. The ammonia content was determined by titration of hydrochloric 
acid with alkali and was found to be 8.96 mmol.

1.2.5  OXIDATIVE POLYMERIZATION OF ANILINE

•	 Aniline in acetic acid medium. About 4.01 g (15 mmol) of potas-
sium peroxidisulfate was added to the mixture of 1.04 g (11.16 
mmol) of aniline, 0.483 g (3.72 mmol) of aniline hydrochloride in 5 
ml of acetic acid under contentious magnetic stirring 15 hour within 
5 days, at 273–275 K. Every time when stirring was interrupted, the 
reaction mixture was kept in refrigerator at 270 K. Subsequent pro-
cedure was similar to the mentioned above. Yield is 0.11 g (8.6%) in 
the mixture of acetic acid-methanol.

	   About 3.64 g (0.012 mol) of ammonium peroxidisulfate was added 
to a solution of 1.11 g(0.012 mol) aniline, 0.523 g(0.004 mol) of 
aniline hydrochloride in 17 ml of acetic acid and 1.7 ml of meth-
anol under continuous magnetic stirring 36 hour within 8 days, at 

TABLE 1.1  Data for Yields, Specific Viscosities and Electrical Conductivities of Aniline 
Homopolymers (P) and Copolymers (C) with PPDA

Homopolymer, 
(P); copolymer(C)

Reaction time Yield 
%

[η] 
dl/g

σ; S/cm
Hours Days Dopant 

3 N hydrochloric 
acid

Formic 
acid

C-Ia 3,3 1 51 0,1

C-Ib 3,3 1 51 0.15

P-I 15 4 14.3 0.074 3.4×10–3

C-IIa 2.3 7 61 0.13

C-IIb 2.3 7 61 0.17

C-IIIb 9 2 54 0.20 0.56; 0.46 1×10–3

P-III 36 8 59 0.16 0.06; 0.052; 
0.0459

1.8×10–3

a, b see experimental section.
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273–275 K. Every time when stirring was interrupted, the reaction 
mixture was kept in freezer at 1–2°C. Further procedure was carried 
out as described above. Yield is 0.82 g (57%).

1.2.6  PROCEDURE FOR DOPING

•	 Doping with hydrochloric acid. About 1.9 ml of 3N hydrochloric 
acid was added on the fine powder of polymer and left 7 days at room 
temperature. Then the precipitate was filtered and washed twice with 
a small amount of ethanol. The precipitate was dried until constant 
weight under vacuum in desiccators over phosphorus pentoxide 
(0.2kPa).

•	 Doping with formic acid. About 0.05 g of fine powder of polymer 
was dissolved in 5 ml of formic acid at room temperature. The sol-
vent was removed at room temperature and the remained powder 
was dried until constant weight under vacuum in a desiccators over 
phosphorus pentoxide (0.2 kPa).

1.3  RESULTS AND DISCUSSION

During the course of the reaction according to Scheme, ammonia is formed 
as a result. For the purpose of checking these data, we have repeated the 
experiment described in the literature [20] and we have semi quantitatively 
determined the resulting ammonia content and found that 1.43 mmol of 
ammonia were formed from 10 mmol of PPDA.

If the reaction proceeds according to Scheme 1, a polymer analogous 
to that of emeraldine would be formed. However, the conductivity of the 
obtained chloride salt form of the polymer is equal to 2.719 × 10−5 S/cm [20], 
which is much lower than that of emeraldine. Because the mentioned value 
is related to the conductivity of the as-synthesized salt form of the polymer, 
and consequently, there are no data about doping levels, the as-synthesized 
polymer was converted to its base form and doped with 3 N hydrochloric 
acid to reveal conductivity of 2.9 × 10–7 S/cm, which is, as mentioned above, 
far inferior to that of emeraldine.

Moreover, PPDA-aniline copolymer solutions in methanol and DMSO 
exhibit absorption bands at 308 and 549 nm [20], and 320 and 585 nm 
(Figure 1.1), respectively. The emeraldine base in N-methylpyrrolidinone 
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(NMP) is characterized by two absorption bands at 320 and 634 nm [24], 
and the film shows absorption bands at 326 and 630 nm [25].

It follows from the presented data that the polymer obtained by chemical 
oxidative copolymerization of PPDA and aniline does not have a structure 
similar to that of emeraldine. These data could be explained by the occur-
rence of side reactions that occur during the oxidative polymerization of 
PPDA [26].

To reduce the proportion of side reactions, we performed the copoly-
merization reaction of PPDA and aniline in glacial acetic acid and acetic 
acid-methanol media. The reaction in glacial acetic acid was conducted in 
three variations designed to investigate the effect of reaction time on the 
yields and electrical conductivities of the obtained copolymers (Table 1.1). 
An acetic acid-methanol medium was applied to decrease the melting point 
of acetic acid.

The semi quantitative determination of ammonia content shows that 2.3 
mmol of PPhDA and 0.19 mmol of ammonia were formed.

Most likely, the reaction of PPDA with PDS takes place at first, and 
1,4-benzoquinonediimine is formed, which can participate in the sub-
sequent reaction (Scheme 2).Finally, as a result of copolymerization, 

FIGURE 1.1  (A) UV spectra (l, nm) of (B) PPDA-aniline copolymer, obtained in a mixture 
of acetic acid-methanol, in NMP, λmax = 320,611; (C) PPDA-aniline copolymer, obtained in 
hydrochloric acid, in DMSO, λmax = 320,585; (D) Polyaniline, obtained in a mixture of acetic 
acid-methanol, in NMP, λmax = 320,629.
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poly(1,4-benzoquinonediimine-N,N’-diyl-1,4-phenyleneimino-1,4-phenyl-
eneimino-1,4-phenylene), which has a structure analogous to emeraldine 
PANI, is formed (Scheme 1). The copolymers are soluble in formic acid, 
NMP and DMF, and partially soluble in DMSO.

SCHEME 2

The PMR, IR and UV spectra of the obtained copolymers are in close 
agreement with those published in the literature for emeraldine.

The UV spectrum of the copolymer obtained in a medium of acetic 
acid-methanol shows absorption bands at 320 and 611 nm in NMP (Figure 
1.1). Accordingly, as cited above, a solution of emeraldine in NMP exhibits 
absorption bands at 320 and 634 nm [23], while the film shows absorption 
bands at 326 and 630 nm [24]. Polyaniline obtained in a mixture of acetic 
acid-methanol, in NMP shows absorption bands at 320 and 629 nm.

The 1H NMR spectrum of the copolymer (Figure 1.2) is very similar to 
that reported in the literature for emeraldine [27], with the difference being 
that there is an additional very weak chemical shift at 6.6 ppm, which may 
most likely be assigned to the ortho protons of the terminal primary amino 
groups.

IR spectrum: 506,696,717,831,956, 1008, 1162, 1310, 1331, 1498, 1590, 
3033, 3331 cm–1. These data almost completely coincide with those reported 
in the literature for emeraldine [25].

To make a comparison with aniline-PPDA copolymerization, the polym-
erization of aniline in acetic acid and in a mixture of acetic acid-methanol has 
been investigated. The oxidative polymerization reaction of aniline proceeds 
at a much slower rate compared to copolymerization, and it depends on the 
medium in which the reaction occurs. The specific electro conductivity of 
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the copolymers doped with 3N hydrochloric acid changed, depending on 
the copolymerization conditions, from 0.1 to 0.51 S/cm. The PANI obtained 
in acetic acid (P-I) has an electrical conductivity of 3.4×10–4 S/cm, and that 
obtained in a mixture of acetic acid-methanol was 0.06 S/cm. The latter value 
is comparable to that obtained for the 3N hydrochloric acid-doped emeral-
dine PANI (0.09 S/cm) having been synthesized by the standard method (in 
a solution of hydrochloric acid at 0°C) and to that according to the literature 
data (0.1 S/cm)[20].

The great difference in the conductivities of P-I and P-II could mainly be 
caused by the low molecular mass of the former (see Table 1.1). It should 
be noted that the characteristic viscosities of the copolymer(C-III) and the 
polymer (P-III) differ only slightly. The obtained data hereby indicate that 
PPDA-aniline copolymers are, in fact, analogous to emeraldine PANI struc-
tures. The fact that the conductivity of the copolymer is slightly higher than 
that of PANI can be caused by fewer defects in the former compound’s 
structure.

FIGURE 1.2  1H NMR spectrum (DMSO-d6, δ, ppm) of the PPDA-aniline copolymer.
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According to the literature, the conductivity of PANI salts obtained in 
formic acid is higher than that obtained in hydrochloric acid [28]. It should 
be noted that, during the oxidative polymerization of aniline, ammonium or 
potassium bisulfate is formed from peroxydisulfate, and it also forms salts 
with the polymer, along with hydrochloric acid and formic acid [29].

The conductivities of both polymers and copolymers are two orders of 
magnitude lower in the case of doping with pure formic acid than in a 3N 
solution of hydrochloric acid (Table 1.1).
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ABSTRACT

The effect of different nanoparticles (bentonite, SiO2) and finely disperse 
fillers (chalk, diatomite) on peculiarities of acrylamide frontal free-radical 
polymerization initiated by azo-iso-butyronitrile and benzoyl peroxide was 
studied. It was determined that the increase in an order with respect to ini-
tiator is conditioned by influence of nano and micro additives not only on 
the mechanism of initiator decomposition but also on the reaction of chains 
bimolecular termination.
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2.1  INTRODUCTION

It has been known that according to the theory of heat waves propagation 
[1, 2] the velocity of vinyl monomers free-radical frontal polymerization 
depends on concentration of initiator as shown in the equation: u = [Ionf 
(xi)] 1/2 = Ion/2[f (xi)] 1/2. Where u is front velocity, Io and n are initial 
concentration of initiator and power of initiator, f(xi) is function depending 
on monomer concentration, temperature and polymerization thermal mode, 
heat effect, ultimate conversion, temperature of adiabatic heating-up and 
other parameters [2].

The numerical calculations [1] give 0.40 for the n value versus 0.48 
obtained from analytical evaluations [2]. However, earlier experimen-
tal studies of free-radical frontal polymerization of 3-(oxyethylen)—γ, 
β-dimethacrylate (OEDMA) and methyl methacrylate under high pres-
sure (up to 5 kbar) [3, 4] have shown that value of n depends both on 
initiator and monomer type. Thus in the case of frontal polymerization 
of OEDMA the orders with respect to initiator were 0.22, 0.32, 0.34 for 
t-butyl peroxide (t-BP), benzyl peroxide (BPO) and dicyclohexylper-
oxide carbonate (DCPC) respectively while the value of n for methyl 
methacrylate polymerization initiated by BPO was 0.36. Based on these 
results it could be assumed that such change of n value is conditioned by 
specific impact of high pressure on initiation efficiency and chains ter-
mination and etc. Later the frontal polymerization of methacrylic acid 
and triethylene glycol dimethacrylate without applying of high pres-
sure has been studied [5]. The study of methacrylic acid polymerization 
showed that power dependences of front velocity on concentration of 
initiators were 0.24, 0.25, 0.27, 0.26 for azoisobutyronitrile (AIBN), 
cumyl peroxide (CPO), lauroyl peroxide (LPO), t-butyl peroxides 
respectively, while in the case of triethylene glycol dimethacrylate the 
exponents were 0.2, 0.23, 0.31 for AIBN, BPO and LPO. Interestingly 
that in the case of acrylamide free-radical frontal polymerization the 
value of n for BPO was 0.43±0.02. The observed data indicate that the 
power dependence of front velocity on initiator concentration substan-
tially depends on the nature of the initiator. As a matter of course it is 
very important to ascertain the effect of different kind of finely disperse 
and nanosized fillers on the order with respect to initiator and accord-
ingly on the elementary reactions of chains initiation, propagation and 
termination. This problem becomes especially crucial if to consider the 
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formation of the solid amorphous polymer fraction (SAPF) at interface 
of nanocomposites due to strong interaction of macromolecules with 
nanoparticles surface taking place in the course of synthesis of poly-
mer nanocomposites by free-radical polymerization of vinyl monomers 
[6–9].

Thus in this study we focus on acrylamide (AAM) frontal polymeriza-
tion initiated by BPO and AIBN, in particular, on the effect of finely dis-
perse fillers (diatomite, chalk) and nanoparticles (SiO2, bentonite) on power 
dependence of front velocity on initiator concentration and mechanism of 
elementary reactions of chain initiation and termination.

2.2  EXPERIMENTAL PART

AAM (Aldrich) was purified following a protocol described elsewhere [5]. 
AIBN and BPO were used after double recrystallization from ethanol and 
drying in vacuum oven. Powdery SiO2 (Sigma Aldrich, 10 nm), bentonite 
(∼15 µm), diatomite (∼30 µm) and chalk (∼50 µm) were used as fillers. 
The necessary amounts of acryl amide, polymerization initiators (to pro-
vide steady-state regime of free-radical frontal polymerization) and speci-
fied additives were thoroughly mixed [8] and placed by small portions into 
glass tubes with further compacting. Frontal polymerization of AAM filled 
mixtures was carried out as we described previously. Reaction was carried 
out in 10 × 100-mm vertically set tubes. Frontal polymerization was initi-
ated by application of hot metal surface to the top (or bottom) of reaction 
mixture [8, 9].

2.3  RESULTS AND DISCUSSION

The frontal polymerization linear velocity dependence on AIBN concentra-
tion for acrylamide-bentonite mixture containing 30.0 wt% of filler is shown 
in Figure 2.1.

From the data presented in Figure 2.1 the ∼0.6-power dependence of the 
front velocity on the AIBN concentration was determined for AAM mixture 
containing 30.0 wt% of bentonite. By the same way the power dependences 
on initiators (BPO, AIBN) can be calculated for the filled mixtures of AAM 
containing different amounts of bentonite. These results are shown in Figure 
2.2a,b.
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The order with respect to initiator has complex dependence on compo-
sition of filled mixtures and nature of initiator as it follows from the data 
obtained. As it is shown in Figure 2.2, the order does not depends on direc-
tion of front propagating – vertically from top to bottom or vice versa. For 
both types of initiators the value of n increases with increasing the content 

FIGURE 2.2  Power of initiator dependence on filler loading for AAM-bentonite mixtures 
frontal polymerization initiated by BPO (a) and AIBN (b). ( ) and ( ) – ascending and 
descending heat waves, respectively.

FIGURE 2.1  Linear velocity of AAM-bentonite mixture polymerization front as a function 
of initiator (AIBN) concentration. Filler content is 30 wt%.
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of filler in mixtures. In the case of BPO the filler content increasing leads 
to increase in power of initiator up to 0.61±0.02 while for AIBN the order 
increases from 0.38 to 0.58±0.02. Observed increase in order with respect 
to initiator above 0.5 with filler loading increasing can be explained by 
interaction of initiator molecules with surface of bentonite separate layers. 
Further decomposition of initiators as well as the initiating and propaga-
tion of polymer chains take place on the surface of bentonite separate lay-
ers. It is assumed that the occlusion of polymerization reactive species can 
be promoted by interaction between binder macromolecules and separate 
layers of bentonite resulting in formation of the solid amorphous polymer 
fraction [9].

In order to clarify the influence of filler structure (layered or porous) 
on frontal polymerization behavior the similar studies were carried out for 
AAM mixtures with chalk fine powder using the same polymerization ini-
tiators. The obtained data are presented in Figure 2.3 and show the effect of 
filler loading on power of initiator.

Regardless of the filler absence or presence the orders of dependence 
of AAM frontal polymerization velocity on BPO and AIBN concentra-
tion coincide both for rising and descending heat waves in the all investi-
gated range of filler loading. However, the absolute values of exponents are 

FIGURE 2.3   Power of initiator dependence on filler loading for AAM-chalk mixtures 
frontal polymerization initiated by BPO (curve 1) and AIBN (curve 2).
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slightly different for each type of initiator. The front velocity dependence on 
BPO initial concentration for chalk filled AAM (filler content is from 20 to 
40 wt%) is described by following equation u ∼I00.43±0.02. In the case of 
using AIBN the order of dependence on initiator increases up to 0.48 (filler 
content is 50 wt.%).

Interestingly that for frontal polymerization of AAM with diatomite 
additives the following results were obtained: n = 0.65 ± 0.02 for BPO 
and n = 0.6 ± 0.02 for AIBN. The observed increase in n value can be 
explained by intercalation of polyacrylamide macromolecules into 
micro- and nanosized pores of diatomite, their interaction with surface 
of pores and occlusion of reactive species in the pores. The difference in 
absolute values of powers of initiators for mixtures filled with bentonite, 
diatomite and chalk is probably conditioned by both the filler structure 
and the nature of chemical compounds of the surface layers of specified 
fillers.

The results of impact of SiO2 spherical nanoparticles on the order with 
respect to initiator are not presented because they are similar to the data 
shown in Figure 2.2. It should be only noted that for BPO initiated AAM 
frontal polymerization the power of initiator concentration increases to 
0.68±0.03 with increasing SiO2 loading while in the case of AIBN the expo-
nent value reaches up to 0.6±0.02.

Thus the data obtained for considered fillers suggest that decomposi-
tion of initiators takes place not only in the bulk of reaction medium but 
also on the surface of nanoparticles and macro radicals termination occurs 
by bimolecular and monomolecular (occlusion of radicals) reaction mecha-
nisms. These facts are the main reason of marked increase in the power of 
initiator concentration observed for frontal polymerization of AAM mix-
tures with SiO2 and fine powders of chalk and diatomite. Thus, these experi-
mental and theoretical studies have both scientific and methodical interest 
and are aimed at ascertaining the influence of initiator nature, micro- and 
nanosized fillers and their geometrical shape on macro kinetic peculiari-
ties of vinyl monomers frontal polymerization, particularly, on n value and 
clarification of mechanism of such a typical phenomenon. The development 
of theoretical and experimental methods of frontal polymerization gives the 
possibility to get additional information concerning polymer chains initia-
tion and termination at high temperatures typical for frontal polymerization 
processes.
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ABSTRACT

The structure of the cationic polymer ZETAG 9014® under the influence of 
changes in pH of the medium was studied in an aqueous solution. Cationic 
polymer type ZETAG 9014® is structured under the influence of pH changes. 
When reducing the pH of the medium, there is a clear trend, in which the 
average particle size reduces and the size distribution narrows. Conversely, 
at higher pH values (alkaline region), the average particle diameter broadens 
the PSD. It is important to note that the type of pH modifying agent (in par-
ticular, acid) can also affect the polymer structuring process. The chemical 
agents used to modify the pH of the suspension (medium and polymer) were 
sodium hydroxide (NaOH), potassium hydroxide (KOH), hydrated lime 
(Ca(OH)2) and ammonium hydroxide NH4OH).

3.1  INTRODUCTION

Dewatering of wastewater treatment sludges is commonly used after the 
coagulation and flocculation steps. Organic polyelectrolytes are applied 
for the enhancement of the flocculation of organic matter and thus improv-
ing the dewatering performance of the solid‒liquid separation units. The 
latter are usually found in the wastewater industry as either sedimenta-
tion basins, filter or centrifugation steps of the process. A high water con-
tent prevails among sludge, which are obtained from different separation 
processes. The dry matter content must hence be increased in order to 
minimize transportation costs. Polymers have hence a relevant role in this 
sludge conditioning [1].

When compared with inorganic coagulants, there are advantages when 
using polymers in water treatment. Among these, there are for instance, 
lower coagulant dose requirements, a smaller volume of produced sludge, 
and a slight increase in the ionic load of the treated water, a reduced level 
of coagulants in the treated water and cost savings of up to 25–30% [1–5].

Water processing either of raw or wastewater, normally involves physi-
cochemical processes, in which suspended solids and colloids agglomerate 
due to destabilization of the suspension by means of coagulation and floc-
culation. The use of polymers for the aggregation of particles in water and 
wastewater treatment could have different mechanisms: (i) polymer bridg-
ing; (ii) charge neutralization, including ‘electrostatic patch’ effects; (iii) 
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depletion flocculation [15]. The water treatment chemicals including floccu-
lants and coagulants are particularly designed for the solid‒liquid separation 
processes in the industrial and municipal wastewater treatment sector [3–5]. 
Cationic polyacrylamide among other polymeric flocculants has been exten-
sively used in the sludge dewatering process.

Molecular weight (MW) is known as the main feature of polymeric floc-
culants and values vary broadly from a few thousand up to tens of millions of 
grams per mol.	  On the other hand, polyelectrolytes have the charge density 
(CD) as their main characteristic, which can be experimentally determined 
by the technique of colloid titration [8].A convenient measure of the “diame-
ter” of a polymer molecule is the root mean square (rms) value of the end-to-
end distance, r. The rms is roughly estimated (in nm) by 0.06M1/2 for many 
common non-ionic polymers, where M is the MW [3,6]. For M = 1 million, 
the rms end to-end distance value would be about 60 nm approximately. The 
extent of the random coil or the most likely configuration depends on the 
interaction between polymer segments. When the coil expands,itis limited 
by the repulsion between segments. This fact becomes even more remark-
able for polyelectrolytes in which the segments are charged. Important ionic 
strength effects could expand considerably or not the polymer coil [3].
However, it is not well understood how the ionic strength affects the struc-
turing of the polymer when different cations are present in the water. There 
is a knowledge gap as well on the effect of changes of chemical properties 
(i.e., pH) on the polymer structure in a suspension. Moreover, a polymer 
chain in a random coil configuration effectively occupies a much larger vol-
ume than the equivalent number of isolated monomer units. This is due to 
the aqueous solution which remains within the coil configuration. For this 
reason, polymer solutions can scatter light and show a significantly higher 
viscosity than water [7].

Among the varieties of cationic polymers available, the ones that contain 
quaternary ammonium groups have a formal positive charge independently 
of pH. These are called strong electrolyte polymers as reviewed in detail by 
Bolto[9]. One example of such cationic polymers are copolymers of acryl-
amide and the cationic ester acryloxyethyltrimethyl-ammonium chloride, 
which are extensively used in the water industry [10].

In alkaline conditions, hydrolysis of the ester groups is enhanced and 
consequent loss of cationic charge has been found to be CD and pH depen-
dent [3]. Degradation can occur to certain extent even at pH 6 for polymers 
having a CD of 24%, with a half-life of 24 h at pH 7 and 0.25 h at pH 8.5 
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[11]. However, stability of the polymer is reached at pH 4. There is no 
hydrolysis of acrylamide units up to pH 8.5. Smith-Palmer et al. [12] have 
investigated without specifying the pH of the suspension, ester hydrolysis 
on less ionic polymers having a CD of 6% with a half-life of 22 months. 
Charge densities of 30% have shown a significant decrease in hydrolysis 
rate, particularly for pure solutions. Whereas for pH levels above 8, a sub-
stantial degradation is caused that is not observed for a polymer of 100% 
charge [13]. Anionic carboxylate groups are formed in addition to the loss 
of cationic sites. There is hence a change in the chain conformation as 
a result of hydrolysis, which reduces the chain extension and makes the 
polymer less efficient as a flocculent. However, for the homopolymers, the 
corresponding methacrylate formed is resistant towards hydrolysis degra-
dation [14].

The goal of this study was to prepare to investigate the changes in the 
structure of the polyelectrolyte ZETAG® 9014 in an aqueous solution with a 
polymer concentration of 0.3 g/l in order to see the behavior of the particle 
size, particle size distribution (PSD) and turbidity in a broad alkaline range 
of pH. Such pH was modified with different bases (weak and strong), which 
increased the aggregation of particles in the polymeric suspension in order 
reach the iso-electric point at a certain pH value above 7.

3.2  MATERIALS AND METHODS

3.2.1  CONDITIONING OF THE SUBSTRATE

The substrate that was taken into account was deionized water. The polymer 
(ZETAG® 9014) content added to the substrate was 300 mg and dispersed 
in 1 liter of water. This polymer was produced by BASF SE(Germany). 
The substrate became a turbid suspension by addition of the polymer. The 
pH was modified by means NaOH, KOH, Ca(OH)2 and NH4OH addition 
by volume. The Ca(OH)2 was added to the suspension as a slurry due to its 
low solubility in water. The rest of the bases were completely solubilized 
in water prior to the addition to the suspension. The concentration of the 
reagents solutions was 0.1 N. The pH was measured at room temperature 
(25oC) with a pH meter Thermo Orion model Dual Star after mixing the 
polymer with the substrate with an exposition time of 1 min in a magnetic 
stirrer.
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3.2.2  TURBIDITY, ZETA POTENTIAL, AND SIZE DETERMINATION

The turbidity (FTU) was measured after exposition with acids or the bases 
in a Hanna turbid meter model HI 93703. In addition, an aliquot of 1 mL 
was taken and was diluted 10 times with the substrate. The purpose was to 
determine the size distributions in the diluted suspension as well as the zeta 
potential. For that purpose, a Mavelrn Zeta SizerNano Series instrument was 
utilized. A 12 mm polystyrene cell was used to expose the samples to the 
light beam for the further dynamic light scattering. A characterization of 
the particle sizes was intended due to the turbid suspension obtained by the 
addition of the polymer to the substrate.

3.3  RESULTS AND DISCUSSION

3.3.1  pH ADJUSTMENT WITH 0.1 N KOH

Figure 3.1 shows the PSD of an aqueous solution of a cationic polyelec-
trolyte ZETAG 9014®. PSD measurements were carried out immediately 
after dilution of the polyelectrolyte by means of deionized water to 0.3 
g/L. Apparently, the system is not fully stabilized as shown in Figure 
3.1–3.1a; thus there is not precise reproducibility of PSD. In this case, 
there are bi (tri) modal structure distributions ranging from 80‒105 nm 
and structured particle – 600‒900 nm. It is suggested that the initial size 
of the polymer particles is around 100 nm. The second size range from 
600‒900 nm suggest shows then structured particles 6‒9 times higher 
than the initial size.

In the initial state, cationic polyelectrolyte ZETAG 9014® diluted in water 
has bi (tri) modal PSD as seen from see Figure 3.1a. Moreover, it has 491 
FTU of turbidity at pH 4.06 (25oC). The third peak of PSD has the range 23.5 
± 6.5 nm most likely due to the destruction of the polymer chains as a result 
of dilution, which after a time the newly form aggregates of bigger size.

It is known that the most important characteristic of a polymer floccu-
lants is their MW and in the case of polyelectrolytes the CD as well. Usually 
the MW of these systems ranges from a few thousand to tens of millions 
Dalton (low molecular weight – <105, middle – 105–106 and high —> 106). 
In aqueous solution, the polymer solutions often take a random coil configu-
ration. For high MW polymers, the size of these coils is about 100 nm [3, 6].
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FIGURE 3.1  Particle size distribution of the aqueous solution (0.3 g/L) and charge 
distribution on the surface of the particles of cationic polyelectrolyte ZETAG9014® at 
different values of рН. The pH was adjusted by means of KOH 0.1 N.



Influence of pH on the Structuring of ZETAG 9014® Type 	 29

In order to increase the pH, KOH is added and the resulting pH is raised 
from 4.06 to 7.32. From Figures 3.1–3.2a, it is shown that the PSD becomes 
unimodal. In this case, as a result the turbidity values are reduced from 
491 to 337 FTU as seen in Table 3.1. This can be explained by the average 
particle size which is also increased from 580.7 nm (Figure 3.1) to 1057 
nm (Figure 3.2). There is a sharp decrease in the number of particles in the 
resulting structured system.

On the Figure 3.2b, it is presented the distribution of charges on the sur-
face of the particles of the cationic polyelectrolyte ZETAG 9014® at pH 
7.32. From Figure 3.2b, it follows that the z-potential on the surface of the 
polymer particles is 43.6±5.18 mV.

Figure 3.3a shows the PSD of the cationic polyelectrolyte ZETAG 9014® 
at pH 9.76. At pH 7.32, a monomodalPSD of 1057±200.8 nm does not 
change considerably in comparison with 1003±202.7 nm at pH 9.7.  Minor 
bimodality was observed for larger particles (5–6 microns). This is likely the 
result of a fluctuating cluster. The turbidity of the solution is increased from 
337 to 442 FTU as shown in Table 3.1, which most likely occurs due firstly 
to some reduction in the average particle size(from 1003 nm to 1057 nm) 
and secondly to a slight increase in the standard deviation from the average 
size of particle sizes (from 200.8 to 202.7 nm). It is important to note that 
in the pH range 7.32–9.76 the structuring of the polyelectrolyte does not 
undergo drastic changes and for instance this system in this pH range is quite 
stable. Moreover, in this pH range there is a change of sign of the surface 
charge (up from 43.6 to –14.8 mV) that explains such stability as shown in 
Figure 3.3b and Table 3.2.

A further increase in pH from 9.76 to 10.50 leads to the formation tri-
modal structuring in 111.2 ± 11.78 nm (peak intensity 9.2%), 2425±507.8 

TABLE 3.1  Turbidity of the Polymer Suspension when the pH was Adjusted with KOH 
0.1 N

pH (20oC) Turbidity (FTU)
7.32 337
9.76 442
10.50 385
11.04 320
11.41 326
12.16 303
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FIGURE 3.2  Particle size distribution of the aqueous solution (0.3 g/L) and charge 
distribution on the surface of the particles of cationic polyelectrolyte ZETAG 9014® at 
different values of рН. The pH was adjusted by means of NH4OH.
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FIGURE 3.3  Particle size distribution of the aqueous solution (0.3 g/L) and charge 
distribution on the surface of the particles of cationic polyelectrolyte ZETAG 9014® at 
different values of рН.pH was adjusted by means of Ca(OH)2.

nm (peak intensity 89.0%) and 5560 nm (peak intensity 1.8%). Increasing 
the average particle diameter of up to 2425 nm (see Figure 3.4a).

The appearance of a peak in the PSD at 112 nm in Figure 3.4a indicates 
that in this range of pH, there is some de-structuration of agglomerates to 
previous initial particle size(see Figure 3.3a) of the polyelectrolyte followed 
by the formation of larger aggregates. There is a decrease of turbidity values 
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TABLE 3.2  Distribution of Particle Intensity and Z-Potential for the pH Adjustment of the 
Polymer Suspension with KOH 0.1 N

KOH
Size Distribution by Intensity Zeta Potential Distribution
Size 
(d,nm)

% 
Intensity

St. Dev 
(d,nm)

St. Dev/ 
Size, K

pH Mean 
(mV)

Area (%) St. Dev 
(mV)

580.7 72.8 103.3 0.178 4.34 56.8 100 3.35
94.56 27.2 15.39 0.163
1057.0 100 200.8 0.190 7.32 43.6 100 5.18
1003.0 100 202.7 0.202 9.76 –14.8 100 3.98
2425.0 89.0 507.8 0.209 10.50 –41.4 98.3 4.93
112.0 9.2 11.78 0.105 –66.8 1.7 3.86
5560.0 1.8
1029 100 159 0.155 11.04 –53.8 100 3.93
947.1 56.6 151.3 0.160 11.41 –54.9 100 4.39
136.0 43.4 23.11 0.170
1030.0 70 245.9 0.238 12.6 –67.1 100 4.86
142.0 30 31.74 0.223

from 442 to 385 FTU by increasing average particle diameter. It follows 
from Figure 3.4b on the distribution of charges on the surface of the poly-
electrolyte ZETAG 9014® that at pH 7.32, the z-potential on the surface of 
the polymer particles is 41.4±4.93 mV. Bimodality occurred around the 50 
nm size by increasing the pH to 11.04. This can be explained by the destruc-
tion of some of the polyelectrolyte molecules at high pH values.

There is a change in the surface charge of −41.4 to −53.8mV in the tran-
sition from pH 10.5 to 11.04 as seen from Figure 3.5b. A further increase 
in pH leads to uncontrolled deagglomeration of particles and it is observed 
a pronounced bimodal structuring. However, this system appears to have 
some labile nature and no reproducibility of measurements as observed 
at pH 11.04 (see Figure 3.5a) and at pH 12.16. The system is more stable 
due to an average particle size that becomes larger (1030 nm and 142 nm). 
Moreover, there is a decrease in the value of turbidity to 303 FTU as seen 
from Table 3.1.

With the increase in pH from 9.76 to 10.5, the z-potential continues to 
decrease almost linearly and reaches from −14.8 to –41, 4 mV. The repro-
ducibility of the measurements is deteriorating as shown in Figure 3.4b. The 
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FIGURE 3.4  Particle size distribution of the aqueous solution(0.3 g/L) and charge 
distribution on the surface of the particles of cationic polyelectrolyte ZETAG9014®at different 

values of рН. The pH was adjusted by means of NaOH.

z-potential continues to decrease with a further increase in pH (from 10.50 
to 11.04) reaching values from −41.4 to −53.8 mV as seen from Figure 3.5b 
and Table 3.2.

In the pH range from 11.04 to 11.41 (Figures 3.5 and 3.6), the z-potential 
continues to decrease to a value difference of −1.1 at a difference of pH of 
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FIGURE 3.5  (a) Variation of the z-potential of the polymer suspension in water in all the pH 
range investigated for each base;(b) Changes in turbidity of the polymer suspension in water 
in all the pH range investigated for each base.

0.37 as seen in Table 3.2. The difference of z-potential is 11.9 mV when 
the difference of pH is 10.5–11.04 = 0.9. This means that at a higher pH 
changes, the z-potential becomes lower and tends to stabilize.

3.3.2  pH ADJUSTMENT WITH 0.1 N NH4OH

As compared with the starting polymer PSD(Figure 3.1a), aggregates can 
be formed due to uneven distribution of surface charge on the particles. The 
degree of structuring of the polyelectrolyte or agglomerated particles in the 
initial state is 72.58%, whereas at higher NH4OH doses to a pH 7.61, the 
degree of structuring increases and the background of the surface charge 
decreases to 32.2 mV and 83.5% as seen from Figure 3.1a. With further 
increase in pH from 7.61 to 9.01, the polyelectrolyte becomes fully structured 
as seen from Figure 3.2a. Thereby, the z-potential is reduced to −13.8 mV as 
shown in Figure 3.2b and hence this pH range is within the isoelectric point.

Some fluctuation pattern is observed at pH 9.32 where there is the most 
labile state of the polyelectrolyte. There is a dipolar structuring but PSD 
is very broad. A redistribution of charge occurs most likely, on the surface 
and as a result of this phenomena there is a broadening of the PSD as seen 
from Figure 3.3a and the z-potential is reduced to −21.2 mV as shown in 
Figure 3.3b.

Further increase in pH 9.62 leads to the complete re-structuring of the 
polyelectrolyte having an average particle diameter of 1102±214.7 nm as 
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seen from Figure 3.4a. De-structuring occurs when the polyelectrolyte is 
exposed to ammonia and thus by increasing the pH. Apparently, this behav-
ior occurs due to the fact that NH4OH is a weak base.

The greatest structuring is observed at pH 9.83. In this case, the particle 
size is up to 3813± 1058 nm(Figure 3.5a). In this case, the z-potential is 
reduced to −33.3mV as shown in Figure 3.5b. Afterwards, in the transition 
from pH 9.83 to pH 10.04 (Figures 3.6 and 3.7), a sharp de-structuring can 
be seen most likely due to secondary structures and the particle size obtained 
is 1230± 244.8 nm(see Figure 3.7a). Thereby, the z-potential decreases to 
−40.4mV (see Figure 3.7b). There is a narrowing of PSD and the value 
obtained is 1023±106.1 nm by increasing the pH to 10.68 as shown in Figure 
3.8a. In this pH level, the z-potential decreases to −44.2mV as seen from 
Figure 3.8b.

3.3.3  pH ADJUSTMENT WITH 0.1 N CA(OH)2

A trimodalPSD is achieved by increasing of the pH of the system by means 
of a slurry of lime to 7.9 as shown in Figure 3.1a. The intensity of the third 
peak is 11%. The intensity of the PSD starting polymer is about 26%. The 
greatest structuring of the system is observed at pH 9.66 as shown in Figure 
3.2. The average size is 2809±1108 nm. Some shift is observed in the initial 
polymer particles to larger sizes (instead of 115 nm these have 150.8 nm). 
Apparently, such change occurs as a result of the redistribution of particle 
aggregates as seen from Figure 3.2a. Such structuring shown in Figure 3.2b 
can be a result most likely of the occurrence of the isoelectric point at that 
pH. It is important to note that there is a bimodal distribution z- potential 
with 1.12 mV and 15.3 mV with an intensity of 68% and 32% respectively. 
It is assumed that the reason for this structuring shows a bimodal PSD, since 
it is at this pH that the system provides the polymer particles with such dif-
ferent z-potential values. Therefore, in these circumstances such structuring 
may occur. In other words, this behavior of the suspension is most probably 
closer to the isoelectric point rather than to the formation of structures with 
relatively large aggregates.

A further increase of the pH to 10.50 leads to a monomodalPSD in which 
the average diameter is 989.5±200.6 nm. Moreover, the standard deviation 
of the particle size is reduced more than 5 times (from 1108 nm to 200.6 
nm) as seen from Figure 3.3a. Furthermore, the PSD becomes narrower. The 
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system has already passed through the isoelectric point of the surface charge 
is equal to −16.2 mV, the particles responsible for the second peak PSD 
again shift to 989.5 nm, almost like at the pH 7.90 (955.9 nm).

Increasing the pH to 11.03, leads to de-structurization of agglomerates 
with an observed peak area of 31.2% intensity and 155±31.4 nm of average 
particle size. Apparently there is a partial de-agglomeration to form stable 
dimers (155±31.4/2 = 98 nm, which is in accordance with the size of the 
original polymer).

A further increase in the pH of 11.03–11.49 (Figures 3.3–3.4 and 3.3–
3.5) leads to some decrease in the average particle size of 1164±217.5 nm 
to 816.7±130.6 nm (about 1.5 times). There is also a reduction in the size of 
fine particles of 155±31.2 nm to 41.21±4.82 nm. Hence, the latter indicates 
the de-aggregation of the polymer molecules.

Since the polymer is a polyelectrolyte, it is possible to change the size of 
electrolytes via coil particles. For instance, if the initial size of the polymer 
is about 100 nm, then the increase in pH can have a denser deformation of 
the polymer chains and the size of the coil can be reduced. The question that 
arises is if 63.38 nm (peak with the lower intensity in Figure 3.6a) results 
from this deformation or partially it is the outcome of de-structuring by bases.

3.3.4  pH ADJUSTMENT WITH 0.1 N NAOH

In the Figure 3.1a is represented the PSD of the polyelectrolyte at pH 8.41 
in which the degree of structuring is 79.0% of intensity. A further increase 
leads to a sharp pH of 10.11 and hence de-structuring of the particles occurs. 
The 1452 nm particle size is reduced to 666.3 nm as presented in Figure 
3.2a. Such behavior of the polyelectrolyte in suspension is not observed with 
other bases including KOH. It is assumed that the structure of the already 
formed secondary particle size at pH 10.11, 663±285 nm formed larger par-
ticles (3535±740.4 nm) at a pH of 10.98 as seen from Figure 3.4a. The ini-
tial particles increased 5 times approximately. When the difference of pH is 
0.48 (from pH 10.11 to 10.59) there is not tendency of de-agglomeration as 
shown in Figures 3.3 and 3.4. On the contrary, by increasing the pH in this 
range, enlargement in size holds the particles rather than releasing them to 
the water as shown in Figure 3.3a. From Figure 3.3a, it also follows that, 
after the previous de-agglomeration it takes place unusual structuring of big-
ger particles (average size grows up to 3535 nm). Moreover, this structuring 
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behavior is observed when using ammonia at pH 9.83 (average particle size 
increases to 3813 ± 1058 nm).

The de-structuring process begins at a pH of 10.96 (Figure 3.4a). As a 
sign of de-structuring, associated polyelectrolyte molecules appear with 
a PSD around 50 nm. It is most likely at such pH level that a partial de-
agglomeration of polyelectrolyte molecules occurred. The degree of de-
agglomeration is 4% in terms of intensity as seen from Figure 3.3a. The 
enhancement of the secondary de-agglomeration occurs at a pH of 11.41, for 
instance the particle size decreases from 3134 ± 675 nm to 823 ± 110.4 nm 
(Figure 3.5) and further on to 499.5±95.42 nm at the pH level of 11.89 as 
seen from Figure 3.6a.

3.3.5  VARIATION OF THE Z-POTENTIAL

The variation of the z-potential is shown in Figure 3.5a. The agglomera-
tion occurs when the system is tends to stability for all the pH adjustments 
between pH 4 and 10. However, there is a cationic effect associated to such 
trend. Stability and hence agglomeration is achieved by increasing the pH 
to the respective isoelectric points and such tendency is reflected in Figure 
3.5b. The turbidity of the system for each alkali has a minimum when there 
is stability and aggregation of the polymer particles occurs. Otherwise, an 
increase of the turbidity takes place at high pH values for all the bases as an 
indicator of de-agglomeration.

3.4  CONCLUSIONS

In an alkaline environment, cationic polyelectrolyte ZETAG® 9014 is rela-
tively more stable, and only when using calcium hydroxide has been some 
degradation of the polymer molecule. By using all types of alkalis, there 
is an increase of the agglomerate size with respect to the initial particles. 
Decomposition of the base polymer particles is random and thus a change in 
the z-potential and its standard deviation is more moderate.

The zero charge depends on the type of cation. The lowest pH in which 
the zero charge on the surface is observed was with NH4OH whereas the 
highest value observed was with Ca(OH)2.

There was an increase in turbidity of the solution of the cationic poly-
electrolyte ZETAG® 9014 when getting away from the isoelectric points at 
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high pH values. This fact is attributed to de-agglomeration of the polymer 
particles that destabilize the suspension with a decrease of the average par-
ticle size.
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ABSTRACT

Products of transformation of nitrene radicals formed during decomposition 
of aromatic azides can initiate radical polymerization. This fact has been 
found firstly for carbonyl-containing azides, such as derivatives of acetophe-
none, xanthone, fluorane, anthraquinone, phenylphthalimides, etc. Diazides 
are more effective than monoazides as a rule. For some diazides double step 
mechanism of photoinitiation due to the direct energy supply (intramolecular 
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transfer) for differently positioned azidogroups with different values of pho-
tolysis quantum yields have been recently found.

Reaction of alkyl diamines with diazonium salts passes through two 
steps. Monopentazenes were found to be obtained as the first step of the 
reaction and after as the second step new type of organic compounds – bis-
pentazadienes, can be obtained. Mono- and bis-pentazadienes can produce 
free radicals of several kinds due to cleavage of chromophore pentazadiene 
group. Therefore, they can initiate multistep polymerization processes.

4.1  INTRODUCTION

Such unstable light-sensitive organic compounds as triazenes, azides, pen-
tazadienes etc., contain chains of nitrogen atoms. As well as diazonium salts 
they have bonds type Xe-O, formed owing to the interaction of completely 
occupied atom orbital of xenon and partially occupied orbital of triplet oxy-
gen. Such molecules are characterized by considerable activity in lower 
excited states or on the transfer of an additional electron into them. It pro-
vides the necessary conditions for the dissociation of the molecule [1]. This 
hypothesis was approved by the results of numerous quantum calculations.

4.2  RESULTS AND DISCUSSION

Nitrogene atoms can form chains containing from 2 to 6 atoms. Such com-
pounds are commonly unstable, high energetic and reasonably explosive. 
But some of them are more stable and can be used in physical experiments 
and practice due to their sensitivity to light exposure and heating [2]. We had 
synthesized and studied series of aromatic azides (3 nitrogen atoms in the 
chain) with such equilibrium of bonds in azido groups:

Aromatic azides can be obtained by the action of sodium azide on cor-
responding diazonium salts. They are photosensitive and form biradicals – 
nitrenes (singlet or triplet) [3].

ArN3→ArN: + N2
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The last ones can be transformed into active free radicals, which can cause 
the radical polymerization. This fact we had found out firstly [2, 4–9] for car-
bonyl-contained azides, such as derivatives of acetophenone, benzophenone, 
xanthone, phthalimide, fluorine, anthraquinone, phenylphthalimides[4–7]. 
All synthesized azides are able to initiate a radical polymerization of vinyl 
monomers. Their mixtures with ordinary photoinitiators were found to be 
more efficient than only last ones [8].

Diazides are more effective than monoazides as a rule [4]. For some dia-
zides (ex. 4-azido-N-4′-azidophenylphthalimide [7]) we have recently found 
double-step mechanism of photo initiation due to the direct energy supply 
(intramolecular energy transfer) [9] for differently positioned azido groups 
with different values of photolysis quantum yields. For MMA the polymer-
ization degree here is about 1000 (Figure 4.1).

Two steps of polymerization are obviously seen on the curve (2) in Figure 
4.1. From the curve 1 we can observe that the polymerization kinetics has 
a complex character, because of simultaneous formation of several prod-
ucts at the nitrene decomposition under irradiation. Some of them inhibit the 
polymerization process thus resulting in low conversions. Using as a mono-
mer 1,6-hexandiol diacrylate (HDODA) we had found that azides have ener-
gies of activation lower than well-known cross-linker IRGACURE-1700 
and can be applied in very small concentrations [10]. Experiments were 
made by method of differential scanning photocalorimetry(Photo-DSC) at 

FIGURE 4.1  Polymerization kinetics curves for 15% DMF solutions of MMA in the 
presence of 2% of 4-azidophenylphthalimide (1),4-azido-N-4′-azidophenylphthalimide (2).
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the University Montpellier 2 [11]. Investigated azides appeared themselves 
as good photo initiators of radical polymerization of vinyl monomers and 
their efficiency can be significantly increased by addition of electron donors.

Monopentazenes or pentazadienes can be obtained by action of monoal-
kylamines on diazonium salts [12]. They are also photosensitive and during 
photolysis reaction can form free radicals [13]:

We had firstly discovered that such compounds can initiate the radical 
polymerization (Figure 4.2) of vinyl monomers. Mechanisms of correspond-
ing processes were proposed and discussed. Polymerization activity was 
found to be correlated with values of their photolysis quantum yields [14, 15].

All polymerization kinetic curves support the common idea on multistep 
radical polymerization of MMA in a presence of all kinds of pentazadienes 
with different structures.

We also compared activity of obtained pentazenes with one of commonly  
used cross-linkers IRGACURE-1700.

FIGURE 4.2  Polymerization kinetics curves for 15% DMF solutions of MMA in 
the presence of 1% of 1,5-bisphenyl-3-(ethan-2-ol)pentazadiene-1,4)(▲), 1,5-bis(4-
butyloxycarbonylphenyl) – (*), 1,5-bis-(4-methoxyphenyl)—3-methyl pentazadiene-1,4 (□), 
1,5-bisphenyl-3-methyl pentazadiene-1,4 (●).
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We can see that IRGACURE-1700 has activation energy higher than 
pentazenes therefore last ones are more effective cross-linkers (Table 4.1).

Recently, as prolongation of these investigations we have studied an 
interaction of diazonium salts with diaminoalkanes. Monopentazenes were 
found to be obtained as the first stage of the synthesis and after as the second 
stage we can obtain new compounds – bis-pentazadienes with the common 
structure as below:

TABLE 4.1  Activation Energies for Polymerization of HDODA in Presence of Pentazenes 
and IRGACURE 1700

Compound Ea, kJ/mol Ea, kcal/mol Coefficient of 
correlation

9.6 2.3 0.952

5.6 1.3 0.999

8.5 2.0 0.978

IRGACURE 1700 10.1 2.4 0.982
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Structures of all products were proved by analytical and spectral methods. 
Photochemical studies and experiments on applications of obtained products 
as photocrosslinkers and photoinitiators have been carried out. During the 
photolysis they can produce free radicals of several kinds, due to cleavage of 
one (or both) pentazadiene groups and radicals transformations. Therefore, 
they can involve multistep polymerization processes.

In adsorption spectra of bis-pentazadienes we can see two adsorption 
bands at ~300 nm (corresponds to n→π* transition) and ~360–380 nm 
(corresponds to π→π* transition). During photolysis reaction in UV light 
(wavelength 354 nm) significant decreasing of adsorption in both bands can 
be observed (Figure 4.3).

The perspectives of their applications in the industry were evaluated as 
very high ones.

4.3  CONCLUSIONS

Some aromatic azides, diazides and pentazadienes were synthesized and their 
photochemical properties have been investigated. All of them are able to initi-
ate radical polymerization of vinyl monomers. It was discovered that in case 
of diazides and pentazadienes multistep radical polymerization kinetics are 

FIGURE 4.3  Adsorption spectra of 1,2-bis(1,5-di-m-tolylpentaaza-1,4-dien-3-yl) ethane 
in CHCl3 recorded every 1 second under irradiation of UV-luminescent lamp (λ = 354 nm).
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observed. Polymerization rate on each step depends on quantum yield of pho-
tolysis of differently positioned azidogroups (in case of diazides) and activity 
of initiating radical formed after photolysis (in case of pentazadienes).
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ABSTRACT

In situ immobilization of 4-aminostyrene and methacrylic acid copolymer 
has beenperformed on silica gel surface. 1H NMR, IR and mass spectroscopy 
as well as TG analysis have been used to elucidate the structure of immo-
bilized copolymer. An adsorption capacity of the synthesized composite 
towards Cu(II), Zn(II), Pb(II), Mn(II), Fe(III), Co(II), Ni(II) ions has been 
estimated. Adsorption activity to microquantity of Pb(II), Mn(II) and Fe(III) 
in a neutral aqueous medium has been observed.

5.1  INTRODUCTION

In the last two decades significant progress has been made in the study of 
complex formation processes on solid surfaces, in the compilation methods 
of purposeful synthesis of major groups of complex-forming adsorbents, 
including complex-forming chemically modified silica. To date, many 
examples of proven efficiency of complexes on solid carriers in catalytic 
processes have come to exist, these examples include the development of 
hybrid and combined methods in analytical chemistry that enhance the scope 
and accuracy of defining chemical elements, reduce the time of analysis, and 
are important for treatment technologies.

In particular, research efforts are aimed at finding methods of targeted 
one-step synthesis of adsorbents with monofunctional hard surface coating 
agents, capable of complex formation. To increase the adsorption capac-
ity of adsorbents, adsorption or chemical attachment to inorganic surfaces 
and nitrogen–oxygen containing polymeric materials is increasingly used; 
the latter have inherent both complex-forming and ion exchange properties 
(polyions, polyhexamethylene guanidine and its derivatives, polyaniline and 
polyacrylic acid) [1–4]. To synthesize such materials it is appropriate to use 
in situ formation of immobilized polymer layer in the presence of inorganic 
carrier particles as a promising way of creating nanocomposites with new 
valuable properties.

The most universal method of polymer synthesis is radical polymeriza-
tion. It allows you to implement sedimentary polymerization, for example, 
the process where polymer is formed in the polymerization solution as sedi-
ment precipitation. In the case of such polymerization polymerization rate of 
the polymer increases, moreover, the latter has a high purity [5]; the process 
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conducted in the presence of particles of inorganic nature is a simple method 
to create polymer composites – inorganic carriers.

4-aminostyrene, as well as methacrylic acid, is polymerized in an inert 
atmosphere with radical initiators. However, in contrast with methacrylic 
acid, products with low molecular weight are formed under direct polym-
erization of 4-aminostyrene[6–10]. For high molecular weight polymer for-
mation in conditions of radical polymerization, aminostyrene with blocked 
amino group is typically used (e.g., tert-butoxycarbonyl“protection”) [11].
Copolymerization of aminostyrenes with such active monomer as meth-
acrylic acid, gives reason to expect the formation of sufficiently high molec-
ular weight products.

This chapter deals with the in situ immobilization of 4-aminostyrene 
with methacrylic acid copolymer on the surface of silica gel, it concerns the 
research of the immobilized polymer structure and its absorption properties 
for ions of Cu (II), Zn (II), Pb(II), Mn(II), Fe (ІІІ), and Co (ІІ).

5.2  EXPERIMENTAL PART

4-aminostyrene and methacrylic acid copolymerization in the presence of 
silica (fraction of particles with a diameter of 0.1–02 mm, specific surface 
428.61 m2/g, Merck) has been carried out under the argon atmosphere. A solu-
tion of 1.18 g (0. 0.006 mol) methacrylic acid, 0.82 g (0.006 mol) 4-amino-
styrene and 0. 02 g of AIBN in 16 ml CCl4 (12.5 wt. %) were poured into a 
flask containing 10 g of silica gel. When argon blowing was finished after 25 
min, the reaction mixture was heated to 70°C; polymerization continued for 5 
hours with stirring. The reaction was stopped by cooling the reaction mixture. 
The resulting suspension was poured into a porcelain cup and left overnight 
to evaporate the solvent; the synthesized composite was washed 3 times with 
isopropyl alcohol, filtered and air-dried for 24 hours at room temperature.

A model sample of 4-aminostyrene and methacrylic acid copolymer 
obtained under identical conditions in the absence of silica gel was used for 
the estimation of copolymer composition by 1H NMR-spectroscopy.

1Н NMR: (400 MHz, DMSO-d6, TMS) δ (ppm): 6.99 (2H, Ar); 6.5 (2H, 
Ar); 1.89 (3H, CH3); 1.46–1.14 (5H, CH2, CH).

The fact of a heterophase polymerization was additionally confirmed by infra-
red spectroscopy. IR spectra of the composite and silica output were recorded 
with an infrared spectrophotometer Thermo Nicolet Nexus FT-IR, USA.
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The amount of copolymer on the surface of silica gel was evaluated by 
thermo gravimetric analysis with TG/DTA analyzer “Shimadzu DTG-60 H” 
(Japan) in the 15–1000°C temperature range. The heating rate of the samples 
was 10°/min.

To investigate composite surface, the BET method (low-temperature nitro-
gen adsorption-desorption) at the boiling point of liquid nitrogen was used 
with ASAP 2420 V1.01 (Micromeritics, USA) sorptometer. Before measure-
ments, samples were degassed at 60°С. According to the computer processing 
results of the adsorption-desorption isotherms of nitrogen, the surface area of 
the composite and pore distribution with regard to diameter was determined.

Adsorption characteristics of synthesized composite as to ions of Cu(II), 
Zn(II), Pb(II), Mn(II), Fe(III), Ni(II) Co(II) were studied in static mode. 
Thus 0.1 g of the composite contacted 25–100 ml of nitrates solutions of 
corresponding metals under the permanent stirring with a mechanical vibra-
tor at room temperature. Determination of the equilibrium concentration of 
the metals was performed by atomic absorption using a “Saturn” (Ukraine) 
atomic absorption spectrophotometer with flame atomizer in “air – propane 
– butane” flame mixture.

The adsorption degree (R) was calculated by the formula:

R = (mads/mo) ·100% = (mo–m) /mo·100%, 

where mo – mass of metal in the output solution, mads – mass of adsorbed metal, m 
– mass of metal in equilibrium solution after adsorption, which was calculated as 

m = [M]·V, 
where [M]·– is equilibrium concentration of metal and Visvolumeof equi-
librium solution.

Nitrate solutionsofCu (ІІ), Zn (ІІ), Pb (ІІ), Mn (ІІ), Fe (ІІІ), Ni (ІІ) Cо (ІІ) 
were prepared using sets “standard sample solutions” of these salts against 
the background of1 М НNO3 (manufacturedbyA. V. Bogatsky FHI Сo, in 
Odesa) with 1 and 10 mg/ml concentrations. To create the appropriate pH 
environment, standard buffer solutions (ISO 8.135:2009, manufacture red 
by RIAP JSC in Kyiv) were used.

Determination of the adsorption capacity of synthesized composite for the 
above mentioned transition metal ions included determining of the optimal 
range of pH environment, medium required phase contact time to achieve 
adsorption equilibrium in static mode and building sorption isotherms of the 
appropriate metal ions to establish the adsorption capacity.
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5.3  RESULTS AND DISCUSSIONS

Intergel intensities of proton signals near 6.99 ppm (2H, Ar, styrene) and 
1.89 ppm (3H, CH3 methacrylic acid) were estimated as 3.8:1. This suggests 
that the ratio of 4-aminostyrene and methacrylic acid contained in the copo-
lymer immobilized on the surface of silica is about 4:1. Then the chemical 
structure of in situ copolymer immobilization of 4-aminostyrene and meth-
acrylic acid on the surface of silica could be presented as follows:

Chemical structure diagram of in situ immobilization of 4-aminostyrene-
methacrylic acid copolymer on the silica surface (m = 4, n = 3).

Comparative analysis of IR spectra of synthesized composite and origi-
nal silica gel (Figure 5.1) shows that absorption bands are present at 3460 

FIGURE 5.1  The FTIR-spectra of the original silica gel (А) and synthesized composite (В).
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cm–1in the spectrum of the immobilized copolymer unlike the original car-
rier, which can be identified as valence vibrations of υ (N-H) – aminostyrene 
bonds. Absorption bands which can be attributed to the stretching vibration 
of aminostyrene aromatic systems are also present in the spectrum of the 
composite in the range of 1500 to 1600 cm–1, and so are bands of ca. 800 
cm–1 deformation vibrations of CH-polymer bonds [12, 13].

To determine the mass of immobilized copolymer thermo gravimetric 
analysis was performed (Figure 5.2). It can be seen from the thermo gram 
presented that most of the copolymer decomposes in the temperature range 
from 300 to 600°С. Approximately, 10.5% of the composite weight is lost, 
which suggests that this is exactly the mass of copolymer to be found on the 
surface of silica gel.

Mass spectral analysis showed that thermal destruction of copolymer 
occurs in two stages. When temperatures are close to 100°С (118°С) car-
boxyl group water is produced, according to Ref. [14] accompanied by the 
formation of anhydride fragments. Further destruction occurs at tempera-
tures above 300°С. The major products of the relative weight of 44 Da may 
be СО2 and N2O (Figure 5.3).

As seen in Figure 5.4, the forms adsorption-desorption isotherms of 
source silica gel nitrogen and composite are similar and belong to type IV 

FIGURE 5.2  Thermogram of synthesized composite.
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isotherms according to IUPAC classification. The received data indicate that 
immobilized copolymer has virtually no effect on the structure of the surface 
layer of silica gel. The value of the specific surface area of silica gel follow-
ing immobilization with polymer, calculated using the BET method, is 341.7 
m2/g. That is to say that the surface area decreases slightly after immobiliza-
tion, which is a logical result of the consolidation on the surface of small 
pore polymer.

For a more detailed study of changes in the structure of the silica gel 
surface after modification with copolymer its surface pore size distribution 
diagrams were built, calculated using the BET method (Figure 5.5). As seen 
in Figure 5.5, modification virtually no effect on the silica gel pore size 
which is before and after the modification is predominantly of macro porous 
nature. Such pore distribution is usually characteristic of “islet” placement 
of the polymer on the surface of silica gel matrix, which was confirmed by 
the data of scanning electron microscopy.

The study of synthesized composite adsorption capacity for ions Cu (II), 
Zn (II), Pb(II), Mn(II), Fe(III), Ni(II) and Co(II) at different values of pH 
environments has shown in Table 5.1. Data presented have shown an adsorp-
tion activity of the synthesized composite against all studied trace metals in 
neutral and slightly alkaline environment (In the absence of initial hydrolysis 

FIGURE 5.3  TG-MS-3D of synthesized composite.
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FIGURE 5.5  Pore size distribution curves of the original silica (1) and composite (2).

FIGURE 5.4  Adsorption–desorption isotherms of nitrogen of original silica (1) and 
composite (2).
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salts). But, as one can see, the quantitative adsorption recorded only for ions 
Pb(II) in neutral aqueous medium. In an acidic environment (0.1 M HCl) the 
synthesized composite was not stable and partial flushing of the immobilized 
polymer into solution was observed.

Adsorption isotherms of all metals studied have the same shape (Figure 
5.6.), which is typical for chelating modified silica [15].One can make a 
preliminary conclusion that the adsorption capacityfor research synthesized 
composite transition metal ion complexation of due process aminostyrene 
nitrogen and oxygen atoms methacrylic acid.

An investigation of the degree dependence of adsorption of transition 
metals ions upon contact time in static mode (Figure 5.7) shows that all 
ions are adsorbed most instantly thus indirectly confirming the complexation 
mechanism of adsorption.

However, calculations of adsorption capacity of the synthesized composite 
made on the basis of adsorption isotherms, suggest (Table 5.2) that only for 
ions of Pb(II), Mn(II) and Fe(III) adsorption capacity of the synthesized com-
posite is several times more than the adsorption capacity of source silica gel.

TABLE 5.1  Dependence of the Adsorption Degree of Metal Cations on Silica Gel with 
Immobilized Copolymer of 4-Aminostyrene and Methacrylic Acid

pH Degree of sorption, %

Cu2+ CO2
+ Ni2+ Mn2+ Pb2+ Fe3+ Zn2+

1 0.0 0.0 20.0 0.0 17.2 36.8 12.9

4.01 14.1 2.3 26.5 0.0 56.3 27.3 1.1

6.86 0 9.5 4.0 10.1 98.3 47.3 40.9

Distilled 
water

80.5 0.0 64.7 40.2 99.9 64.7 71.8

8.40 75.0 67.3 81.3 * * * 83.2

* – precipitation by hydrolysis of the salts of the сorresponding metals was observed.

Experimental Conditions: 0.1 g Sorbent Mass, Volume of Solutions − 25 mL, m0
Мe − 100 mcg.
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TABLE 5.2  Adsorption Capacity of the Synthesized Composite

Сation Sorption capacity
Source silica gel Composite
mmol/g mg/g mmol/g mg/g

Mn(ІІ) 0.010 0.55 0.020 1.10
Fe(ІІІ) 0.008 0.45 0.012 0.70
Pb(ІІ) 0.002 0.41 0.007 1.45
Ni(ІІ) 0.008 0.47 0.008 0.47

FIGURE 5.6  Adsorption isotherms of ions Fe(III) (a) and Pb(II) (b) on silica gel immobilized 
with copolymer of 4-aminostyrene and methacrylic acid from aqueous solutions of their 
nitrates (without addition of buffer solutions).
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FIGURE 5.7  Dependence degree of adsorption of aqueous complexes Pb2+(1), Cd2+(2), 
Mn2+(3), CO2

+(4) (Terms of experiment: sorbent mass, 0.1 g volume of solutions, −20 mL, 
m0Мe – 80 mg).

5.4  CONCLUSIONS

A new organic composite material has been synthesized by in situ immobi-
lization of 4 aminostyrene and methacrylic acid copolymer on the surface 
of silica. The fact of heterophase polymerization has been confirmed by 
H1NMR, IR and mass spectrometry. According to H1 NMR it has been found 
that the ratio of 4-aminostyrene and methacrylic acid containedin the copo-
lymer immobilized on the surface of silica is about 4:1. It has been found due 
to the results of thermo graphic analysis that in the synthesized composite 
is 10.5wt.% of copolymer. A comparison of the adsorption-desorption iso-
therms of nitrogen and source silica gel and composite shows that immobi-
lized copolymer has virtually no effect on the structure of the surface layer of 
silica gel. Adsorption activity of the synthesized composite for micro-ions of 
Pb(II), Mn(II) and Fe (III) in a neutral aqueous medium has been observed.
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ABSTRACT

Polyesters which contain ether bonds in the main polymer chain have been 
synthesized. Diphenyloxidedicarbonic acid was used as acid component. 
Polyesters are characterized by high heat and thermal stability. The presence 

mailto:marina.gurgenishvili@yahoo.com


62	 Chemical Engineering of Polymers

of an oxygen atom between the phenyl nucleus of diphenyloxidedicarbonic 
acid causes reduction of softening temperature and increase of elasticity.

6.1  INTRODUCTION

Dependency of some properties of polymers from their structure has been 
proved on the example of various class polymers which enables us to resolve 
successfully the tasks of synthesis of polymers of preliminarily focused 
properties. Knowing in advance such relations enabled us, in our case, by 
inculcation of aromatic nuclei in ether macromolecule, to synthesize new 
class of thermally stable polymers – polyarylates, which are distinguished 
by a set of high physical-mechanical and other interesting properties.

Endeavors of researchers to receive more thermally stable polymers than 
the existing ones, lead them to the creation of rigid structure polymers. In 
most cases softening temperature of polymers possessing such rigid macro-
molecules is higher than their destruction temperature. This is why repro-
cessing of such polymers from the melt becomes impossible, while their 
poor solubility in organic solvents makes difficult their reprocessing from 
the polymer solutions. Very often such situation greatly limits the possibili-
ties of at first sight very interesting practical application of polymers.

With this in view it was interesting to create polymers, in which it would 
be possible to fuse two as if reciprocally excluding properties, rigid structure 
of a macromolecule and good solubility of a polymer. But sometimes, some 
factors which determine increase of polymer softening temperature causes 
deterioration of its solubility. With this in view, the factor which would 
simultaneously condition increase of polymer softening temperature and 
improvement of its solubility seems very interesting. Such factor is inculca-
tion of card type groups of side cycle structure in a macromolecule.

This chapter pursued synthesis of polyarylateson the base of cyclic 
bisphenols containing norbornene-type non-coplanar substitutes at the cen-
tral carbon atom. Synthesis of polyarylates on the base of such bisphenols 
was interesting since presence of groups with volumetric non-coplanar 
structure at the central carbon atom in bisphenols molecules enabled us to 
hope that it would be possible to obtain the polymers which would be char-
acterized by precious properties, in particular by good solubility in organic 
solvents and at the same time, by high thermal stability. Polyarylates are 
namely such polymers.
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Due to the fact that properties of polyarylates greatly depend on their 
chemical structure, it is possible to alter polymer properties in desired direc-
tion by adequate selection of starting components.

Polyarylates obtained on the base of aliphatic dicarboxylic acid are 
characterized by lower softening temperature [1–4].If we replace aliphatic 
dicarboxylic acid by aromatic dicarboxylic acid, softening temperature of 
polyarylates sharply is increased because of increase of rigidity of a macro-
molecule [4–6].

By the increase of a number of aromatic nuclei in aromatic dicarbox-
ylic acid softening temperature of polyarylates suffers sharp increase [7–9]. 
At the infringement of symmetry of spreading of carboxyl groups in aro-
matic dicarboxylic acid the polyarylate softening temperature suffers sig-
nificant decrease since at this moment macromolecules arrangement density 
decreases [2, 4, 5, 10].

At the insertion of various groups between aromatic nuclei of biatomoc 
aromatic dicarboxylic acid flexibility of polymer chains increases resulting 
in decrease of polymer softening temperature and increase of polymer solu-
bility [11–13].

Polyarylates on the base of the bisphenols the central carbon atom of 
which simultaneously is in the main polymer chain and in the side cyclic 
groups, are characterized by especially interesting properties.Thus, the prop-
erties of polyarylates depend both on the structure of bisphenol as well as 
dicarboxylic acid.

Earlier conducted researches, dealing with polycarbonates [14] showed 
that for the synthesis of polycarbonates, application of bisphenols containing 
norbornene-type substitutes at the central carbon atom, leads to significant 
increase of thermal stability of polycarbonates. Considering this fact and 
also the above-referred data about chemical structure of bisphenols, as well 
as the impact of dicarboxylic acid on polymer properties, we had the right to 
suppose that polyarylates obtained on the base of norbornene-type groups-
containing polycyclic bisphenols and biatomic aromatic dicarboxylic acid 
would possess interesting properties.

6.2  MATERIALS AND METHODS

The following bisphenols were used for the synthesis of polymers:4,41-diphe-
nyloxide carboxylix acid dichloroanhydride was used as an acid component.
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Polymer synthesis was performed by the high-temperature polyconden-
sation method in ditolyl methane. Reaction of formation of homogeneous 
polyarylate by high-temperature polycondensation can be imagined as 
follows:

nHOAOH + nCIOCBCOCI = 2nHCI + [-OAOOCBCO-]n, 

where A is for remainder of bisphenol molecule, Bis for remainder of dicar-
boxylic acid molecule.

6.3  RESULTS AND DISCUSSIONS

IR spectral study of polymers showed absorption band characteristic for 
ester groups (1770 cm–1) and absorption band in 1460 cm–1 region character-
istic for bisphenol CH2 group.

Table 6.1 offers the properties of polyarylates obtained on the base of 
polycyclic bisphenols, their phenyl substituted derivatives and biatomic aro-
matic dicarboxylic acid – 4,41-diphenyloxide dicarboxylic acid.

All homo-polyarylates are characterized by high softening temperature. 
High softening temperature is conditioned by rigid structure of macromol-
ecules. Because of presence of volumetric norbornene-type substitutes of 
non-coplanar structure, free rotation of phenol nuclei bound to norbornene 
carbon atom is complicated. Due the same reason, migration of separate sec-
tions of macromolecules towards each other is hindered too. Besides, due to 
the fact that norbornene-type substitutes have non-coplanar structure, these 
cycles have significant dimensions in all directions. This is why such group 
is deprived of orientation in any definite direction, and hence, the ability of 
migration of separate fragments of macromolecules in small space, similar 
to the extent possessed for example by allyl or phenyl groups, which have 
insignificant size at least in one direction.

Due to the fact that polymer softening and melting is connected with 
movement of macromolecules, presence of non-coplanar polycyclic struc-
ture in a molecule contributes also to the increase of polymer softening tem-
perature. The size of a substitute linked at the central carbon atom is also 
important. Polymer softening temperature increases at the increase of a sub-
stitute size, which is well seen from the data of the Table 6.1. Presence of 
oxygen atom among the phenyl nuclei in diphenyloxide dicarboxylic acid 
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results in decrease of polymer softening temperature. Thus, for example, if 
softening temperature of a polymer obtained on the base of norbornene cycle-
containing bisphenols and diphenyl dicarboxylic acid is 345–350°C, at the 
substitution of diphenyldicarboxylic acid by diphenyloxidedicarboxylic acid, 
polymer softening temperature decreases to 260–280°C. Softening tempera-
ture of a polymer obtained on the base of indangroup containing bisphenol 
and diphenyldicarboxylic acid is 355–360°C. At the substitution of diphenyl-
dicarboxylic acid by diphenyloxidedicarboxylic acid, polymer softening tem-
perature falls to 310–315°C. Substitution of methyl group as well as chlorine 
atoms in phenyl nucleus also decreases softening temperature of a polymer.

Polymer thermal stability on air (heating rate 3°/min) was studied by the 
method of thermo gravimetric analysis. The results are given in Table 6.1. The 
Table data show that thermal stability of a polymer prepared on the base of 
diphenyl oxide dicarboxulic acid is lower than thermal stability of a polymer 
prepared on the base of diphenyl dicarboxylic acid, although these polymers 
too retain rather high thermal stability. All polymers obtained on the base of 
diphenyloxide dicarboxylic acid are characterized by amorphous structure.

In organic solvent solutions, thus, for example,in chloroform, polymers 
made on the base of diphenyloxide dicarboxylic acid and polycyclic (card 
type) bisphenols form transparent, solid films, which possess good mechani-
cal and dielectric properties. Thus, for example, tangent of angle of dielec-
tric losses for #9 and #14 polymers of the Table 6.1 approximately equals to 
6×10–3and 5×10–3, correspondingly. Tenacity is approximately 400 kg/cm2.

The advantage of the polymers is that they retail high mechanical and 
dielectric properties not only at common ambient temperature but also at 
high temperatures. Thus, for example, when heated at 200°C, they retain 
more than 50% of their strength. Specific volumetric resistance of polymers 
is within 1017 ohms/cm. When heated at 200°C it falls only to 10–13 ohms/
cm, which refers to the fact that card type polyarylates which contain nor-
bornene-type substitutes are good dielectrics and might be used successfully 
as insulation materials.

6.4  CONCLUSIONS

Polyesters containing ether bonds in the main polymer chain have been syn-
thesized. Diphenyl oxidedicarboxylic acid was used as acid component. The 
presence of an oxygen atom between the phenyl nucleus of diphenyloxide 
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•• aromatic

•• bisphenol

•• dicarboxylic

•• polyarylates

•• polycondensation

•• polycyclic

•• polyester
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dicarboxylic acid causes reduction of softening temperature and increase of 
elasticity. From the solutions polymers form transparent films, having good 
mechanical and dielectric properties which are preserved at high temperature.
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ABSTRACT

Card group-containing heterochain polyesthers were synthesized on the base 
of norbornene-type polycyclic bisphenols and diphenyldicarboxylic acid 
dichloroanhydride by the method of high temperature polycondensation. 
The obtained polymers are characterized by high heat- and thermal stabil-
ity, are well soluble in chlorinated hydrocarbons and they form transparent 
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films in solutions which are characterized by good mechanical and dielectric 
properties.

7.1  INTRODUCTION

Alongside with the progress of modern technologies demand on polymer 
materials has been increased sharply. Development of a series of branches 
of new technology, such as space engineering, aviation, rocket technology, 
radio electronics and others ask for the creation of new type materials, which 
should preserve high strength at strict conditions of exploitation at high tem-
perature, at high mechanical charges. With this in view the polymers, which 
are characterized by high heat- and thermal resistance, high strength and 
other significant indices are most interesting.

As has been shown by the researches, with the view of heat- and ther-
mal stability, the polymers with macromolecules which contain aromatic and 
heterocyclic rings are most perspective materials, but because of high rigid-
ity of recurrent cycles of such polymers, often it becomes impossible to use 
them for obtaining films, fibers and other articles, where materials must pos-
sess high plasticity, flexibility, high dielectric and other specific properties. 
General method to obtain such polymers is creation of the polymers, mac-
romolecules of which, together with aromatic and heterocyclic rings would 
contain relatively more flexible groups such as ester, ether and the like bonds; 
creation of such macromolecules can be achieved either in the process of 
polymer synthesis, when such bonds are formed in the reaction process, for 
example, polyarylates, polyimides, epoxy, silicon-containing or other poly-
mers, or by inculcation of such fragments into polymer chain by the use of the 
monomers, which contain such groups. With this in view the so-called card-
type polymers are perspective polymers, which in their recurrent ring contain 
side cyclic groups, one of the atoms of which simultaneously is in the compo-
sition of a macromolecule structure. Presence of such groups grants specific 
properties to the polymers, when high thermal stability of a polymer is fused 
with its good solubility [1–4]. It is especially important for aromatic hetero-
cyclic polymers of rigid structure, when softening temperature of such poly-
mers is close, or even is higher than polymer destruction temperature, which, 
of course complicates the process of obtaining articles from such materials.

Considering the above stated the card-type polymers, aromatic poly-
imides, polyamides, polyoxazoles, which in their polymer chain contain 
phthalide, norbornene and the like card-type groups [5, 6].
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In special literature there are rather scarce data about the polymers, which 
contain norbornene-type card groups, which are very interesting because of 
their original spatial structure, creating closed three dimensional, volumetric 
cycles. Such structure distinguishes them from other card groups. This is 
why it was expected that for building macromolecules, it would be interest-
ing and perspective to use the monomers, which as substituted groups con-
tain norbornene-type and other cyclic groups characterized by non -coplanar 
structure.

7.2  MATERIALS AND METHODS

For obtaining of heterochain polymers we used the norbornene type mono-
mers, which contain biatomic phenols in which phenol hydroxyl groups 
were in various nuclei of benzol. In their synthesis we used the easily acces-
sible material such as wastes of gas and petroleum treatment.

For the synthesis of polymers we used the following norbornene-type 
polycyclic bisphenols:4,41-(1-cyclopentyl)diphenol; 4,41-(1-cyclopentyl) di-
ortho cresol; 4,41-(cyclopentyl)-2-chloro phenol; 4,41-(cyclopentyl) bis-2,6 
dichlorophenol;4,41-(cyclohexyl)diphenol; 4,41-(cyclohexyl) di-ortho cresol; 
4,41-(cyclohexyl) bis-2-chlorophenol; 4,41-(cyclohexyl) bis-2,6-dichlorophe-
nol; 4,41-(2-norbornyliden)diphenol; 4,41-(2-norbornyliden) di-ortho-cresol; 
4,41-(2-norbornyliden) bis-2,6 dichloro phenol; 4,41-(hexahydro-4,7-methyl-
enindan-5-yliden)diphenol; 4,41-(hexahydro-4,7-methylenindan-5-yliden)dior-
tho-cresol; 4,41-(hexahydro-4,7-methylenindan-5-yliden)bis-2-chlorophenol;  
4,41-(hexahydro-4,7-methylenindan-5-yliden)bis-2,6-dichlorophenol; 
4,41-(decahydro-1,4,5,8-dimethylennaft-2-yliden) di ortho cresol; 4,41-(deca-
hydro-1,4,5,8-dimethylennaft-2-yliden) bis-2-chlorophenol and 4,41-(deca-
hydro-1,4,5,8-dimethylennaft-2-yliden) bis 2,6-dichlor phenol.

As an acid component we used 4,41-(diphenyl dicarboxylic acid dichlo-
roanhydride. Synthesis of polymers was performed by the method of high 
temperature polycondensation in ditolyl methane. Properties of the synthe-
sized polymers are given in Table 7.1.

7.3  RESULTS AND DISCUSSION

IR spectroscopic studies of the synthesized polymers showed an absorp-
tion band in the 1770 cm–1 zone in IR spectrum, which is characteristic for 
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polymer ester groups and an absorption band in the 1460 cm-1 zone, which 
is characteristic for bisphenol CH2 groups.

As is seen from the data of Table 7.1 the polymers obtained on the base 
of polycyclic bisphenols and aromatic dicarboxylic acid are characterized 
by high thermal stability. High softening temperature of the polymers is 
explained by high rigidity of polymer chain, which is conditioned by non-
coplanarity of norbornene-type cycles. These cycles have significant dimen-
sions in all directions. This is why these groups are not capable to orientate in 
any definite direction, hence they can’t move in a small space between mac-
romolecules similar to that taking place in case of alkyl or phenyl groups. 
By the same reason free circulation of two phenyl groups which are linked 
to norbornene cycle carbon atom is complicated. Due to the fact that the 
polymer softening and melting temperatures are associated with movement 
of certain definite zones of macromolecules towards each other, presence of 
non-coplanar polycyclic structure in polymer recurring ring conditions high 
softening temperature of polymers.

Polymer thermal stability was investigated by the method of thermo 
gravimetric analysis, at heating on air (sample heating velocity – 4.5°/min). 
As is seen from the data of Table 7.1, polymers are characterized by high 
thermal stability. Decrease of their mass at heating on air commences above 
300–400°C. Especially high heat resistance is inherent to the polymers 
obtained on the base of chlorine substituted bisphenols, destruction of which 
(e.g., polymers # 16 and 20) commences only at 470–480°C.

As has been shown by the studies polyarylates which contain the poly-
cyclic bisphenols are characterized by high resistance to water. Films pre-
pared on the base of these polymers are characterized also by high resistance 
to 20% sodium alkaline solution and to ultraviolet rays. At the long-term 
impact of ultraviolet rays polymers factually remain unchanged. Chlorine 
containing polymers are characterized also by refractory properties.

7.4  CONCLUSION

Card group-containing heterochain polyesters were synthesized on the base 
of norbornene-type polycyclic bishenols and diphenyl dicarboxylic acid 
dichloroanhydride by the use of high temperature polycondensation method.

The obtained polymers are characterized by high heat- and thermal-sta-
bility, are well soluble in chlorinated hydrocarbons. In solutions they form 
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transparent films, which are characterized by good mechanical and dielectric 
properties.
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ABSTRACT

This chapter includes the detailed study on the structural properties and biologi-
cal activity of both polystyrene films and polystyrene films filled with fullerene. 
The structural characteristics of polystyrene films modified by the incorporation 
of fullerenes were researched by the infrared spectroscopy and X-ray diffrac-
tion technique. According to IR-spectroscopy data it was suggested that inter-
molecular interaction between polymer’s phenyl ring and fullerene molecule 
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occurs in the composite material. Semi quantitative analysis of IR spectra of 
the studied films with application of a method of a base line and internal stan-
dard was carried out. By the X-ray diffraction technique it is shown that there 
is the intermediate-range order in these materials. Incorporation of fullerenes 
into polymer matrix does not change the value of the repetitive characteristic 
distance in structural arrangement, but increases a correlation length (a scale of 
the intermediate-range ordering) in the disordered phase.

The glass transition temperatures, Tg, in range of 293–423 K have been 
determined for the films by DSC technique. The plasticization of the poly-
mer is observed in thermal properties of the films under influence of small 
fullerene additions. The value of Tg decreases as fullerene content increases 
up to 0.02 wt.%. The effect of interaction between polymer and fullerene 
molecules on thermal properties becomes evident at higher fullerene content 
in range from 0.02 to 0.1 wt.%.

To assess bioactivity of pure polystyrene and filled composite with fuller-
ene the laboratory tests were conducted in biologic fluids (blood serum). We 
have studied the influence of polymer materials researched on free-radical 
processes in blood serum in vitro. Lipid per oxidation was evaluated by 
induced chemiluminescence. We supposed that fullerene-containing poly-
styrene films may inhibit peroxidation processes.

Antimicrobial activity of the polystyrene-fullerene composites was 
tested against gram-positives (Staphylococcus aureus) and gram-negative 
(Escherichia coli, Pseudomonas aeruginosa) microorganisms and mush-
rooms of the type Candida albicans. The test results showed absolute death 
of the microorganisms under the modified film. It should be noted that 
dynamics of the microorganism inactivation persists during a month.

8.1  INTRODUCTION

Polymer-matrix composites have attracted much attention of researchers 
because of the perspective using of these materials in instrument engineer-
ing, medicine, biology, etc. [1]. Insertion of fillers, such as fullerenes, results 
to modify the original polymer matrix, which can lead to creation of materi-
als with improved physical and chemical properties and the main service 
characteristics (mechanical and electrical). There are numerous publications 
deals with the mechanical, optical, tribological, thermo chemical properties 
and structure of polymers containing fullerene [2–8].
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Modification by carbon nanoparticles results to occurrence of new prop-
erties of the polymer, for example, biological activity. Biological activity of 
fullerenes are due to, firstly, lipophilic properties, so that they can penetrate 
into the cell membrane, secondly, electron deficit, promoting to react with 
free radicals, and, thirdly, capacity of excited C60 to generate active oxygen 
species [9].

However biological activity of polymer/fullerene composites studied not 
enough. It can be assumed that the insertion of fullerenes into a polymer 
matrix will result in creation of biocomposites, which may be used as agents 
for drug delivery, antiseptic preparations [9].

Polystyrene (PS) is well-known film-forming polymer often used for dif-
ferent modifications with low molecular compounds of special properties, 
including fullerenes. PS is well dissolved in benzene, toluene, o-xylene, etc., 
which are also solvents for fullerenes. This dissolution peculiarity allows 
to employ widespread procedure of polymer/fullerene composite formation 
that consists in casting of the solution containing polystyrene and fullerene 
followed by the evaporation of solvent. That such a procedure we used.

This chapter includes the study of the physicochemical properties, struc-
ture and antioxidant effect of both polystyrene films and polystyrene/fuller-
ene composite films. We also report results on intermolecular interactions of 
macromolecules of polystyrene and fullerene in polystyrene/fullerene com-
posite films. Findings have very important practical significance for materi-
als science, because polystyrene is used often for various modifications with 
low molecular compounds, including fullerenes.

8.2  EXPERIMENTAL PART

8.2.1  MATERIALS

Atactic polystyrene purchased from Aldrich, US, with molecular mass of 
140,000, polydispersity index of 1.64, and melt mass flow index of 6÷9 g/10 
min was used as a polymer matrix. Fullerenes C60 (NeoTechProduct Ltd, 
Russia) and fullerenes mix C60+C70 (Fullerene Technologies Ltd., Russia) 
were used as filler agents. For fabrication of films a solvent casting of per-
spective components from solutions was employed.

To produce the polystyrene films, a polymer batch was dissolved in 
o-xylene (17 wt. % of PS) and the solution was stirred for about 1 day. After 
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casting onto a glass substrate, the solvent was slowly evaporated at room 
temperature over several days until the thin film formation.

Polystyrene/fullerene composition films have been fabricated as follows. 
Fullerene batches were dissolved in solvent at various concentrations. Then 
polystyrene batches were dissolved in all obtained solutions (17 wt. % of 
PS) and the mixed solutions were stirred for about 1 day before being cast 
into thin films. After casting the solvent was slowly evaporated at room tem-
perature over several days to produce the composite films. By this technique, 
we prepared some of composites samples with various fullerene percentages 
in the form of film.

The samples obtained have been examined by optical microscope 
“Boetius” (Germany). We found both polystyrene films and fullerene-poly-
styrene composite films transparent, that is, the films are homogeneous on 
the optical level. Unmodified polystyrene samples were colorless, whereas 
the fullerene-polystyrene composite films were light purple. The intensity of 
color depended on the content of fullerene in the composite. The thickness 
of the films was in the range from 60 to 80 μm.

8.2.2  METHODS

Structure of both PS films and PS/C60 composite films was evaluated by 
X-ray diffraction (XRD) measurements on the base of Debay-Sherrer 
method. XRD patterns of film samples were obtained by X-ray diffractome-
ter DRON-UM1 (Russia) equipped with MoKα radiation that monochromate 
by the Zr-filter, λ = 0.071 nm. X-ray diffractometer was modernized for sub-
stances in condensed and polycrystalline state. The voltage and the current 
of the X-ray tubes were 40 kV and 40 mA, respectively. A scan rate of 0.04 
degree/s was used. We investigated structure of the original polystyrene and 
fullerene-containing composites by the X-ray diffraction technique in wide 
angles from 2 to 15 degrees.

IR spectra of films were recorded by Avatar 360 FT-IR ESP spectrometer 
(Termo Nicolet, US).

DSC measurements were performed using DSC 204 F 1 apparatus 
(Netzsch, Germany) in argon atmosphere (15 cm3∙min–1). A stack of films 
with a diameter of 5 mm was placed in a press-fitted aluminum crucible 
covered the pierced lid. The samples were undergone first heating up to 423 
K with a scan rate of 10 K∙min–1 to remove volatile substances from the 
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polymer and cooled down to 283 K by means of liquid nitrogen. Second 
heating of the simples was carried out according to the following sequence: 
heating up to 293 K; isothermal mode at 293 K for10 minutes; and heating 
up to 423 K with a scan rate of 10 K∙min–1. The glass transition temperatures 
were determined from data of the second heating. The reference aluminum 
crucible was empty. All measurements were performed relative to the base 
line obtained with two empty crucibles. Three measurements required for 
each composite (base line, sample and standard) were carried out on the 
same day.

Influence of the PS/C60+C70 nanocomposites on free-radical oxidation of 
lipids in biologic fluid (blood serum) was researched in vitro. Subject of 
research was native blood serum of 10 patients managed in V.N. Gorodkov 
Research Institute of Maternity and Childhood (Ivanovo, Russia). Specimen 
of pure PS or composite film (size 1.5 cm2, weight 5 mg) was put into 
blood serum (1 ml). System was incubated for 1 hour at 4°C. Then, the film 
specimen was removed from biologic fluid.

The parameters of lipid peroxidation in serum after exposure to the film 
nanomaterials were determined by chemiluminescent analysis. The induced 
chemiluminescence (ChL) tests were performed by BChL-07 luminometer 
(Medozons, Russia). We used hydrogen peroxide and ferric sulfate as induc-
tors of ChL. 0.1 ml of serum, 0.4 ml of phosphate buffer (pH 7.5), 0.4 ml 
of 0.01M ferric sulfate and 0.2 ml of 2% hydrogen peroxide were put into 
cuvette. Luminescence was registered for 40 s.

To estimate the intensity of lipid peroxidation we used following 
parameters:

•	 Jmax is maximum intensity of ChL during the experiment. Value of 
Jmax quantifies the level of free radicals, that is, gives an idea of the 
potential ability of the blood serum to free radical lipid peroxidation;

•	 tanα is tangent of maximum slope angle of ChL curve towards time 
axis. This value characterizes the decay rate of free radical oxidation, 
that is, quantifies an effectiveness of the antioxidant system;

•	 A is an area covered by intensity curve or total light sum. Value of A 
is inversely proportional to the antioxidant activity of the sample;

•	 Z = AJmax
–1 is normalized light sum.

Free radical processes in serum have been studied after exposure to pure 
polystyrene films and fullerene-containing polystyrene films. The mean val-
ues of ChL parameters in native serum without film adding were used as 
controls. 8–10 measurements required for each film were carried out on the 
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same day. The results have been expressed as percentages relative to con-
trols. A p-value of 0.05 was chosen as the significance limit.

Antimicrobial activity of both polystyrene films and polystyrene/fuller-
ene composites was tested against gram-positives bacteria (Staphylococcus 
aureus), gram-negative bacteria (Escherichia coli, Pseudomonas aerugi-
nosa) and fungi of the type Candida albicans. The essence of the tests is to 
storage the test samples under conditions optimal for growth and develop-
ment of bacterial and fungal cultures.

8.3  RESULTS AND DISCUSSION

8.3.1  X-RAY DIFFRACTION ANALYSIS

XRD patterns of both PS films and PS/C60 composite films with 0.03, 0.1, 
0.5, and 1 wt. % of C60 are given in Figure 8.1. XRD of solid C60 reported 
in Ref. [10]. Comparing these data it can be seen the reflexes associated 
with fullerene are absent in XRD patterns of composite films Figure 8.1. 
Apparently, this is due to the concentration of C60 in the studied films is 
inadequate for the occurrence of reflex. This finding correlates to the data of 
Ref. [11], in which there is a comparison of wide-angle diffraction patterns 

FIGURE 8.1  X-ray diffraction patterns for the films with various concentrations of C60, wt. 
%: 0 (1); 0.03 (2); 0.1 (3); 0.5 (4); 1 (5).
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of origin polymethylmethacrylate (PMMA), composites PMMA/C60 (1 wt. 
% of C60), and PMMA/C60 (10 wt. % of C60). It is found in Ref. [11] that 
diffraction pattern does not change under insertion of fullerene (up to 1 wt. 
%) into the polymer matrix. For opinion of the authors, the absence of these 
changes is due to the weak aggregation of C60. But in diffraction pattern of 
PMMA/C60 composite (10 wt. % of C60) there are additional peaks associ-
ated with fullerene aggregates [11].

It is shown in Figure 8.1, both PS films and PS/C60 composite films 
exhibit broad diffraction peak (halo). Its location does not depend on the 
film composition. Abscissa of maximum, 2θm, is equal to 5.2 degree. In the 
reciprocal space, the position of peak appears at 8.029 nm–1. We calculated 
the repetitive characteristic distance in structural arrangement, h, using the 
relation [12]:

	 2hsinθm=Kl 	 (1)

where K = 1.2÷1.3. We obtained the value of h is equal to 0.94÷1.02 nm for 
all studied composites.

The broad peak in the X-ray diffraction patterns of films is an indication 
of the existence of the intermediate-range order [13] in these materials. The 
full width at half maximum, ∆s, makes it possible to specify a correlation 
length (a scale of the intermediate-range ordering) in the disordered phase, 
L, using the relation:

	 	 (2)

where s = 4psinθ/l the modulus of dispersion vector.
The values of L calculated by Eq. (2) are given in Table 8.1. The obtained 

data demonstrate the following. When the concentration of fullerenes in the 

TABLE 8.1   X-Ray Diffraction Results of the PS and PS/C60 Films

C60 content, wt. % ∆s, nm–1 L, nm
0

0.03

0.1

0.5

1.0

15.53

16.12

8.80

9.29

8.98

0.40

0.39

0.71

0.68

0.69
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film does not exceed 0.03 wt. %, the value of L is 0.39÷0.42 nm. Greater 
correlation length (L = 0.68÷0.71 nm) occurs if concentration of C60 is 
0.1÷1 wt. %. Thus insertion of fullerenes into polystyrene promotes “local 
ordering in the disordered phase.” Note such conclusion is consistent with 
findings of Ref. [14]. It found in Ref. [14], if the content of fullerenes is 
more than 0.1 wt. %, the effects of the intermolecular interaction of fuller-
ene with polystyrene dominate, which may result to cross-linking of the 
polymer chains.

8.3.2  OPTICAL PROPERTIES RESEARCH

Identification of interaction nature between fullerene and polymer in films 
was carried out by IR-spectroscopy. As an example, we analyzed the IR 
spectra of the original PS film and the modified PS films formed by casting 
from o-xylene (Figure 8.2). In the polystyrene IR spectrum the bands of the 
C = C stretching vibrations of the benzene ring appear as doublets in ranges 
of 1600–1585 cm–1 and 1500–1400 cm–1. The bands corresponding to planar 
deformation vibrations of C-H bonds are in the region of 1300–1000 cm–1. 
Out-of-plane deformation vibrations of C-H bonds are at 900–675 cm–1 [15]. 
Bands corresponding to valent vibrations in the phenyl rings are usually very 
sensitive to the possibility of conjugation π-electron density of the ring with 

Figure 8.2. IR spectra for the films with various concentrations of 
C60+C70, wt. %: 0 (1); 0.02 (2); 0.035 (3).
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reactive groups. In the IR spectrum of the fullerene molecule four vibrations 
with the absorption bands corresponding to 527, 577, 1183, and 1429 cm–1 
are active [16]. Absorption bands at 1429 cm–1 are the most sensitive to the 
charge transfer.

When analysis of IR spectroscopy of the modified polystyrene samples 
we founded in spectra of the composites the new bands do not appear. 
However, in spectrum of film containing 0.035 wt. % of C60+C70 there are 
a change of contours of the absorption bands in the range of 700÷400 cm–1 
and displacement of the band maximum at 621 cm–1 by 7 cm–1 toward the 
higher frequencies. Quantitative interpretation of IR spectra is difficult due 
to overlapping of the bands corresponding to the vibrations of the phenyl 
ring and fullerene (1451 and 1429 cm–1, respectively). Therefore, semi quan-
titative analysis of IR spectra of the studied films by the method of a base 
line and internal standard [17] was carried out. We determined the ratios of 
absorbance for characteristic bands to absorbance for the C-H bond at 908 
cm–1 selecting as the internal standard (Table 8.2).

Analysis showed in the IR spectra of the composite a significant change 
in modes relative intensities compared to the same parameters in the spec-
trum of polystyrene film is observed. This indicates the electronic structure 
of the phenyl rings varies considerably. We can assume non-covalent inter-
action of donor polystyrene macromolecule with fullerene acceptor mol-
ecule occurs.

It is known [16] that the molecular chains of polystyrene possess helical 
conformation that attributes by doublet at 1330 and 1311 cm–1 in the vibra-
tional spectrum of the polymer. In the spectra of fullerene-containing films, 
change in the ratio of intensities of these bands occurs. The observed effect 
is probably associates with a change in helical conformation of polystyrene 
macromolecules under the influence of the fullerene.

TABLE 8.2  The Relative Intensities of the Absorption Bands in the IR Spectra of PS and 
Composite Films

С60+С70 content, wt. % D1452/D908 D1601/D908

0

0.01

0.035

0.10

1.0

2.44

2.19

3.16

2.81

3.45

2.13

2.08

2.28

2.31

2.40
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8.3.3  DIFFERENTIAL SCANNING CALORIMETRY

Typical DSC curves for the films of original polystyrene and filled compos-
ite with fullerene (C60+C70) are shown in Figure 8.3. It can be seen that for 
all examined polymeric materials there is a reversible phase transition from 
the glassy state to elastic one, which manifests itself as a step of heat flow in 
endothermic direction.

We have characterized this phase transition by the following parameters: 
T1 is the extrapolated temperature of the phase transition onset; T2 is the 
extrapolated temperature of the phase transition end; is the average tem-
perature of the phase transition; Tg is the temperature of DSC curve inflec-
tion taken as the glass transition point; ΔT = T2–T1 is the temperature interval 
in which the phase transition occurs.

The average characteristics of the glass transition obtained from tree 
experiments for each polymer films are presented in Table 8.3. It was found 
that the C60+C70 addition affects all characteristic temperatures and tempera-
ture range of phase transition, ΔT, for the composite materials.

It can be seen in Table 8.3 that small additions of fullerene sharply reduce 
the glass transition temperature of the composite in comparison with original 
polymer film. The minimum value of Tg is observed when the concentra-
tion of fullerenes is equal to 0.01 wt %. Apparently, in this case, there is the 

FIGURE 8.3  DSC curves of films: PS (1); PS/C60+C70 composite with 0.01 wt % of 
fullerene (2); PS/C60+C70 composite with 0.1 wt % of fullerene (3).



Structure and Properties of Polystyrene/Fullerene Composite Films	 97

plasticization of polystyrene with the fullerene [4, 14]. Molecules of C60+C70 
embed between the chains and weaken interchain interactions in the polysty-
rene. It results in increasing mobility of polymer chain segments and reduc-
ing value of Tg. The noticeable extension of the temperature range for phase 
transition, ∆T = T2–T1, at low concentration of fullerene (Table 8.3) confirms 
an evident plasticization effect of these additives on thermal properties of 
the composite.

The glass transition temperature increases with further increase in the 
C60+C70content. When the fraction of fullerene is equal to 0.1 wt %, the Tg 
value for the composite exceeds that for pure polystyrene.

It is known that fullerene molecules are capable of strong intermolecu-
lar interaction due to the large number of conjugated double bonds [14]. 
Intermolecular interactions of polystyrene and fullerene are emerged on the 
values of Tg in the films with additions of more than 0.01 wt %. When the 
concentration of fullerenes is equal to 0.1 wt % and above, the effect of inter-
molecular interactions is dominant, the probability of interaction between 
fullerene molecules in the composite increases, that is manifested in increas-
ing glass transition temperature as compared with the original polystyrene 
and, apparently, can lead to the physical cross-linking of polystyrene chains. 
Vice versa, at extremely low concentration (less than 0.01 wt %) the prob-
ability of interaction between fullerene and polystyrene molecules is very 
small because of there is one fullerene molecule per 55–60 polystyrene mac-
romolecules (or one fullerene molecule per 70,000–80,000 monomeric unit) 
in the composite material. In this regime, weakening of interchain interac-
tions in the polystyrene is dominant.

Early we researched the influence of the fullerene additives on structure 
of the polystyrene films formed by evaporation of the solvent [18, 19]. We 

TABLE 8.3  Parameters of Phase Transition from Glassy State to Elastic One for the Pure 
and Filled Polystyrene Films with Various Contents of C60+C70

Fullerene content, wt % T1, K , K Tg, K T2, K ΔT, K

0 357.0 361.5 363.8 365.8 8.8
0.01 328.1 343.8 335.8 355.1 27.0
0.02

0.035

341.6 348.6 345.0 359.3 17.7
347.0 358.4 357.4 366.5 19.5

0.1 365.3 369.1 371.6 373.5 8.2
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concluded in films without fullerenes, packing of straightened chains par-
allel to each other predominated. This shows that a polystyrene molecule, 
which had the shape of a coil in solution, straightened and stretched itself 
along the surface of an aggregate when attached to it. When the concentra-
tion of fullerenes is equal to 0.035 wt % (one fullerene per 7–10 polystyrene 
macromolecules), attachment to aggregates occurred similarly. However, at 
such concentrations the intermolecular interactions between polystyrene and 
fullerene are appreciable, and under the influence of fullerene molecules, 
polystyrene molecules straightened with the formation of ordering elements 
in the arrangement of chains [18].

8.3.4  EVALUATION OF ANTIOXIDANT ACTIVITY

Figure 8.4 shows kinetics of chemiluminescence in serum after exposure 
of pure polystyrene and nanocomposite films. Peak of chemiluminescence 
due to free radical production was in 2 s of reaction. This can be explained 
by production of active oxygen species (HO2

*, O2
*, O2-, OH-). The highest 

intensity, Jmax, was registered in case of nanocomposites with 0.01 and 0.03 
wt. % of fullerenes.

FIGURE 8.4  Kinetic chemiluminescence profiles of native blood serum (1) and after 
exposure to studied films (2–4): 2 – PS; 3 – PS/C60+C70 (1.0 wt. %); 4 – PS/C60+C70 (0.03 
wt. %).
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In Table 8.4 we represent the main ChL parameters for films prepared by 
casting of o-xylene solution. It can be seen in case of original polystyrene film 
the ChL parameters were approximate to controls. Value of Jmax in case of PS/
C60+C70composites is higher than for control serum samples. A light sum, A, 
was significantly increased only for films with 0.01 and 0.03 wt. % of fuller-
enes (p<0.05). For nanocomposite containing 1 wt. % of C60+C70 no signifi-
cant changes in value of A was revealed. In addition we found both significant 
growth in value of tanα and reduction in value of Z in case of all fullerene-
containing films (Table 8.4). So regardless of the fullerenes content the antioxi-
dant activity of PS/C60+C70 composites is higher than for original polystyrene. 
It seems nanocomposites containing fullerenes were easy to react with oxygen 
species, preventing lipid peroxidation. We suggest the fullerene molecules can 
cross the external cellular membrane and they localize to the mitochondrions. 
Formation of oxygen free radicals occur due to the electrons leakage in the 
mitochondrial electron transport chain. Therefore, the localization of fullerenes 
near mitochondrions may contribute to their antioxidant action.

Note similar assumption has been proven for fullerene derivative 
C61(CO2H)2 [20]. The authors of Ref. [20] researched distribution of the [14C] 
radioactivity in various cellular compartments and concluded C61(CO2H)2 
molecules localize preferentially to the mitochondrions.

8.3.5  STUDY OF ANTIBACTERIAL ACTIVITY OF THE FILM 
MATERIALS

The results of research of antimicrobial action of both polystyrene films and 
polystyrene-fullerene composites are shown in Figure 8.5 and Table 8.5.

TABLE 8.4  Chemiluminescence Parameters in Blood Serum after Exposure to Original 
Polystyrene Film and Fullerene-Containing Composites

C60+C70 content, wt. % A, % Jmax, % tanα, % Z, %

Controls

0

0.01

0.03

0.1

1.0

100.0

96.0

121.5 *

115.0 *

105.0

96.0

100.0

97.0

131.5 *

125.0 *

110.0 *

111.0 *

100.0

97.5

139.0 *

146.0 *

110.0 *

121.0 *

100.0

99.0

92.0 *

92.0 *

95.5

86.5 *

* – significant differences compared to control (p<0.05)
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As can be seen there is a distinct zone of lysis (zone in which there is 
no microbial growth) around the sample of fullerene-polystyrene composite 
film against Staphylococcus aureus and Escherichia coli. But for the origi-
nal polystyrene film there is no zone of lysis. Size of the lysis zone, R, that 
defines the inactivation degree of the material against bacteria, has been rep-
resented in Table 8.5.

From the data we can conclude that polystyrene becomes bacteriostatic 
action as a result of doping fullerenes. In addition we have found that poly-
styrene-fullerene composite films have been attributed by fungistatic action 
against fungi of the type Candida albicans. It is likely that one of the reasons 

FIGURE 8.5  Effect of the pure PS film (1) and the modified PS film (2) on Staphylococcus 
aureus Rosenbach.

Fullerene content, 
wt %

R, mm

E. coli Staph. Aureus E. coli+Staph. 
aureus

0 0 0 0
0.03 2 3 1÷2
0.1 3 2 2

TABLE 8.5  Antibacterial Activity of the Film Materials
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ABSTRACT

Novel composites on the basis of dry sawdust and different organic and inor-
ganic binders have been obtained in the spatial molds. Phenylethoxysiloxane 
of two types (PhES-50 and PhES-80), polyethylene, colophony, wood glue 
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and liquid glass were used as binders, concentrations of which varied in 
region 3–15 wt%. Spectroscopic investigations by method FTIR have shown 
a presence of some chemical bonds between components of the composites 
in result of reactions between active groups of the ingredients. These bonds 
may be the main reason of improving of physical mechanical and thermal 
properties of obtained composites and their water resistance. It is established 
that these properties in general depend on the concentration of the binders. It 
is shown that the maximal values of the noted parameters for the composites 
appearance at relatively low concentrations of binders. Especially in case 
of PhES-50 and PhES-80 improved properties of composites are reached 
already at their 3–5 wt%. With rather high values of these parameters are 
characterized the composites, containing polyethylene due to their good wet 
stability and composites containing 2 binders simultaneously. The experi-
mental results show that at right selection of the used ingredients and their 
concentrations the materials with rather high exploitation properties may be 
obtained.

9.1  INTRODUCTION

Creation of wood polymer composites (WPC) presents very actual prob-
lem today. Obviously it is due to very large perspectives of application of 
these products in the life. At this time there are many scientific articles and 
inventions in the sphere of synthesis of WPC on the basis of different wood 
materials and binders – thermoplastic and thermosetting polymers [1–7]. For 
example, different type of wood was combined with different combinations 
of hexandiol diacrylate, hydroxyethyl metacrylate and maleic anhydride 
[2]. In this work treatment slowed the rates of water vapor and liquid water 
absorption. It gives the hardest and most dimensionally stable WPC. WPC 
prepared using hydroxyethyl metacrylate were hardened than specimens 
made without hydroxyethyl metacrylate and excluded water and moisture 
more effectively. It was established the effect maleic anhydride (50%) treat-
ment on steam and water absorption of WPC prepared from wheat straw, 
cane bagasse and teak wood sawdust with sizes 425 mcm using novolac 
as matrix [3]. The values of shock viscosity and water absorption of the 
composite are 2–3 times better than that for analogous material obtained 
without treatment. WPC on the basis of cellulose, hemicelluloses and lignin 
impregnated with MMA, styrene, acrylonytril, vinyl chloride, acrylamide 
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after polymerization initiated with gamma-radiation and electron beams, 
from one side, and polymerization with different catalysts, from the other 
one, are characterized with improved physical properties [4]. In the work [5] 
hydrophobisity of maritime pine wood surfaces was modified by silicone. A 
generic method for the introduction of a variety of silicones at the surface of 
pre-treated wood was developed. The initial treatment of wood with maleic 
anhydride and allyl glycidyl ether resulted in oligoesterified wood bear-
ing terminal alkenes. The hydrosilylation of these groups, performed with 
hydride-terminated silicones, led to very hydrophobic surfaces, even after 
extensive soxhlet extraction with good solvents for silicones. The silicones 
appear to be attached to the wood by covalent bonds. The interest results 
were obtained in the work [6], where trembling aspen has been impregnated 
with the coupling agent γ-methaacryloxypropyltrimethoxysilane and the 
hygroscopicity and antishrink efficiency before and after water extraction 
were defined. There was a hygroscopicity depression with treatment, but 
not enough to account for the observed antishrink efficiencies. There was 
limited reversibility after water extraction. This indicated that the wood was 
interacting with part of the sorbed silane more strongly than with water and 
that was a diversity of sorption environments within the wood-silane com-
plex. Wood plastic composite was prepared with simul and MMA in the 
presence of methanol used as swelling agent at different proportions [7]. In 
this WPC Sulfuric acid was incorporated into the impregnating solution to 
investigate its effect on the polymer loading and tensile strength of the com-
posite. 1% acid solution induces the highest polymer loading.

In the work [8] it is established that PMMA does not form bonds with 
the hydroxyl groups of the cellulose fibers but simply bulks the void spaces 
within the wood structure Here it was used vinyl triacetoxysilane before 
impregnation with MMA in order to evaluate effects of the silane coupling 
agent on the physical properties of WPC. The composites were prepared 
using a catalyst accelerator method and polymerization process was initiated 
at room temperature. This method involves impregnation of wood samples 
using MMA, containing benzoil peroxide (1%), louril peroxide (0.5%) and 
accelerator N,N-dimethyl aniline (0.5%). This method requires no heating in 
the initiation process. The material obtained using this method has improved 
compression strength and hardness. Morphology of composite was exam-
ined with scan electron microscopy.

Various inorganic silicon compounds are used for the treatment of wood 
[9]. Among these compounds silico fluorides represent one of the long-known 
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classes of wood preservatives based on silicon. Data on an organic fluoro 
silicon compound (“silafluofen”) are additionally presented. The mode of 
action of these fluorides is based on their biocidal action. “Water glass,” 
an alkali silicate, was able to enhance the durability of wood but showed 
some important drawbacks. Because of its high hygroscopicity and its high 
pH values, increased moisture absorption and strength loss of wood was 
frequently observed. Wood treated with tetra alkoxy silanes showed an 
enhanced dimensional stability, especially when the hydrolysis and the con-
densation of the silanes was controlled to react within the cell wall. Positive 
results are obtained in the works devoted to creation of WPC at using of sili-
con- organic compounds and sol-gel systems [10], where some compounds 
as organofunctional silanes which are mostly applied in combination with 
tetra alkoxy sylanes (sol-gel process) as well as chlorosilanes and trimethyl-
silyl derivatives were proposed for a full impregnation treatment

of wood. The effects related to the various treatments vary from an 
increase in dimensional stability, durability and fire resistance to an enhanced 
hydrophobization of wood.

9.2  EXPERIMENTAL PART

9.2.1  MATERIALS

There were prepared the composites based on dry sawdust with different 
binders as alcoxysilanes (PhES-50 and PhES-80) and polyethylene. By way 
of dry mix of ingredients there were prepared the composites with both bind-
ers. The composites were prepared by using of method of hot pressing of 
high-dispersed (50 mcm) components under pressures about 150 kg/cm2 and 
130°C in the spatial molds during 15 min. It was prepared 2 types samples: 
cylinder (for investigations of water absorption) and rectangle forms (for 
conducting of mechanical investigations).

9.2.2  MEASUREMENT

Following characteristics were studied for the composites with straw: Furie 
transformation infrared spectra, The KBr pellets of samples were prepared 
by mixing (1.5–2.00) mg of samples, finely grounded, with 200 mg KBr 
(FT-IR grade) in a vibratory ball mixer for 20 s.
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Viscosity (by Sharpy), thermal stability (by Vicat), water absorption and 
investigations with use of optical microscope. The preliminary experiments 
have shown that the composite’s characteristics were essentially depended 
on the external temperature and pressure. Consequently we obtained the 
samples under conditions of optimal temperature and pressure, which the 
best characteristics of composites were ensured at variation of the types and 
concentrations of binders.

The micro-structure of the wood composites was studied on the opti-
cal microscope of type NMM-800RF/TRF. With aim of investigation of the 
structure of the materials we have prepared sample by following manipula-
tions: after polishing of the surface of sample with longevity about 1 cm 
we transferred it to the emery paper and continued this procedure during 1 
h, after which the sample was polished on the coarse calico. After this the 
sample was transferred to the object glass of the optical microscope. There 
were studied the separate parts of the sample by use of the noted optical 
microscope. Scanning electron microscopic investigation was carried out on 
high-performance devices (SEM) JSM-6510LV with high resolution of 3.0 
nm at 30 kV, for fast characterization and imaging of fine structures.

9.3  RESULTS AND DISCUSSION

The aim of our work is obtaining of new wood polymeric composites (WPC) 
on the basis of sawdust powders and ecologically friendly different organic 
binders.

It is known that the sawdust contains cellulose structural rings with 
hydroxyl groups. One of the used by us substances phenylethoxysilane 
(PhES-50and PhES-80) contains ethoxyl groups. The noted groups partici-
pate to the etherification reaction with a binder through the macromolecular 
and intra-molecular reactions. Processes that occur during the curing are 
complex and varied. A modern look at an overview of the curing liquid glass 
itself and in the various homogeneous and heterogeneous systems, the most 
widely encountered in practice, is presented in a number of reviews [1–3, 6]. 
Acting as an adhesive or binder liquid glass system goes from liquid to solid 
in many ways and may be divided into three types:

1.	 The loss of moisture by evaporation at ordinary temperatures;
2.	 The loss of moisture from the system, followed by heating above 

100°C;
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3.	 The transition to the solid state by introducing specific reagents, 
which is called hardeners. Naturally, these three types are used in 
combination.

In solution the polymerization degree depends on two factors – the silica 
modulus and the solution concentration. Each solution has a distribution 
of degree of polymerization of anions. Distribution is superimposed on the 
polymer distribution of anions on the charges, which is also determined by 
these two factors.

The processes occurring in the silicate solution, governed by two revers-
ible reactions:

≡SiOH + HO- —® ≡SiO- + H2O
≡SiOH + ≡SiO- —® ≡Si—О—Si≡ + HO-
On the intermediate stages it is possible the reactions between of ≡Si-OH 

band contained liquid glass and cellulose molecule, which are take place 
with dehydration reactions. These reactions go through obtaining of three 
dimension structures. Formation of such structures takes place also at use of 
Na2SiF6, which accelerates the processes.

The colophony is in the structure of different plants main structure con-
taining the isomeric acid rings. The noted structural ring can introduce to 
reaction both with PhES-50 or PhES-80 and with liquid glass. At presence 
of colophony it may be realized the donor-acceptor bond with straw matrix, 
which is connected with formation of additive intermolecular forces and 
leads to increasing of material strengthening.

9.3.1  FOURIER TRANSFORM INFRARED (FTIR) SPECTROSCOPY 
INVESTIGATION

For samples Fourier transform infrared spectroscopy investigation has been 
carried out in KBr.

We have investigated the FTIR spectra for pure sawdust, binders, two 
and threecomponents composites systems. It is interesting, that in com-
posites based on sawdust one can see the absorption pick characteristic 
for asymmetric valence oscillation of bonds ≡Si-О-Si≡ with maximum 
near 1066 cm–1, which possess to siloxane bond in the fragment of cyclo-
tetrasiloxane fragment. Besides of the sorption strips are coincided one to 
other. In the spectrum one can see the absorption strips 1267, 1373, 1429, 
1515, 1600–1650, 1733, 2800–2950, 3363 typical for methyl groups, C-H 
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bond absorption (-C/C-/CH3), CH2 cellulose –lignin, C = C aromatic, C = C 
alkene, (C = O etheric bond), C-H methyl, methylene and phenyl groups, 
O-H alcoholic group, respectively. In the spectrum of PhES-80 it is seen 
two maximums in the region of 1060 and 1132 cm–1 corresponding to asym-
metrical valence oscillations of the fragment Si-O-Si and absorption stripe 
in the zone 1349 and 1483 cm–1 of Si-OC2H5.

9.3.2  MECHANICAL STRENGTH OF THE COMPOSITES

To testing were underwent the composites obtained at different tempera-
tures and pressures. Testing on impact viscosity of the same samples was 
conducted on the apparatus of Sharpy type. Table 9.1 includes the numerical 
values of the mechanical strength on bending and impact viscosity.

Mechanical strength of the composites at bending deformation was inves-
tigated by mean of the standard method. On the Table 9.1, the numerical data 
of the bending strength for the obtained by us composites are presented.
1Average sizes of sawdust particles is no morethan 50 mcm.

On the basis of the table data it can be made the following conclusions:
1.	 The strength of composite on the basis of sawdust as filler (95 wt%) 

and PhES80 (5 wt%) as binder in general depends on the technologi-
cal parameters – temperature and pressure. Namely the strength of 
composites obtained at increasing temperature in the range 90–120°C 
and fixed pressure (17 MPa) monotonically increases in the range 
4.5 up to 21 MPa. The composites obtained at increasing pressure 
(8–15 MPa) and constant temperature (110°C) exhibit high value of 
this parameter at relatively low pressures (22 MPa at technological 
pressure 8 MPa). Probably more monolith structure in these materi-
als creates at optimal conditions of the technological regime. In this 
case high values of the bending strength (20–22 MPa) have com-
posites, obtained under two types of regimes: when temperature is 
about 120°C and pressure 17 Mpa or when T = 110°C and P = 12 
MPa. The level of dispersion play also significant role in formation 
of mechanical properties – mechanical strength of these composites 
is the higher the lower is the average diameter of sawdust particles 
(compare samples N20 and N21).

2.	 The composites, where PhES-50 is used instead of PhES-80 the 
dependence of the bending strength practically is analogical, but the 
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TABLE 9.1  Bending Strength and Impact Viscosity of Composites Obtained at Different 
Temperatures and Pressures with Exposition Time 10 min (Average Size of the Sawdust 
Particles is Less than 1 mm)

S. 
No.

Ingredients (wt%) Temperature 
of composite 
formation, 
°C

Pressure of 
composite 
formation, 
kg/cm2

Bending 
strength, 
MPa

Impact 
strength, 
kJ/M2

1 PhES80 (5) + sawdust (95) 90 17 4.5 16.3
2 PhES80 (5) + sawdust (95) 100 17 13.4 17.0
3 PhES80 (5) + sawdust (95) 110 17 12.6 19.4
4 PhES80 (5) + sawdust (95) 120 17 20.9 20.8

5 PhES80 (5) + sawdust (95) 110 8 12.6 18.8
6 PhES80 (5) + sawdust (95) 110 12 22.3 18.1
7 PhES80 (5) + sawdust (95) 110 13 12.6 17.2
8 PhES80 (5) + sawdust (95) 110 15 13.4 18.8
9 PhES50 (5) + sawdust (95) 110 8 13.4 21.6
10 PhES50 (5) + sawdust (95) 110 10 12.5 16.3
11 PhES50 (5) + sawdust (95) 110 12 14.6 18.9
12 PhES50 (5) + sawdust (95) 110 15 15.6 20.1
13 PhES50 (3) + sawdust(94)+ 

PE (3)
110 10 18.6 21.8

14 PhES50 (3) + sawdust(94)+ 
PE (3)

110 12 18.6 17.0

15 PhES50 (3) + sawdust(94)+ 
PE (3)

110 15 15.7 20.1

16 PhES50 (3) + sawdust(94)+ 
PE (3)

110 13 14.5 13.7

17 PhES50 (3) + sawdust(94)+ 
PE (3)

120 13 20.9 18.6

18 PhES50 (3) + sawdust(94)+ 
PE (3)

130 13 19.7 17.3

19 PhES50 (3) + sawdust(94)+ 
PE (3)

150 13 21.8 17.7

20 PhES50 (3) + sawdust(94)+ 
PE (3)

120 12 22.3 16.9

21 PhES50 (3) + sawdust(94)+ 
PE (3)

120 12 33.2 19.8
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conditions of obtaining of materials with high values of the bending 
strength are changed to definite extent. This parameter is changed in 
the range 12–15 MPa (composites were obtained at constant temper-
ature and different pressures) and 14–19 MPa (obtained at different 
temperatures and constant pressures).

3.	 The composites contained polyethylene (5 wt%) generally exhibit 
more high mechanical properties and depend on the regime weaker 
in comparison with ones don’t contenting polyethylene. Obviously 
the polyethylene in this composite plays the role of additive binder. 
By more high indexes are characterized the composites including 
high dispersive sawdust and polyethylene. So for composites based 
on high dispersive filler, polyethylene and PhES-80 the strength 
reaches 33 MPa. This result may be described with high value of 
the sawdust particles surface and, consequently to creation of high 
number of bonds between filler particles and binder molecules. The 
experimental results show that the technological conditions essen-
tially influence on the microstructure of composites. Obviously it is 
necessary to provide the optimization of thermo-dynamical condi-
tions for obtaining the composites with best technical parameters.

4.	 The samples obtained were tested on the impact strength. The sam-
ples 1–4 containing the composites based on PhES80 and sawdust 
(the particles sizes up to 1 mm) is characterized by increasing of 
this parameter at increasing of obtaining temperature (90–120°C) at 
constant pressure (17 Mpa). This fact shows that at fixed pressure 
the conditions of formation of the solid composites with high impact 
factor are improved. It is possible the passing of some heterogeneous 
chemical reactions between active groups on the surface of sawdust 
and PhES, which may be reason of increasing of the impact strength 
of these composites to some extent. However, for the composites 
obtained at constant temperature (110°C) and variable pressures 
(8–15 MPa) the impact strength changes for the samples obtained at 
15 MPa. These results show once more that formation of the com-
posites with high impact strength may be at optimal pressures and 
temperatures. Analogical results we obtain for composites based on 
PhES50 and sawdust with same relation of components as in case 
of composites based on PhES80. We tried improve the mechanical 
properties of the composites by introduction to them polyethylene 
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of high density. However, obtained results show some insignificant 
improve of the properties if the particles size of sawdust are about 
1 mm, while the composites containing more dispersive particles 
(up to 0.5 mm) the results are significantly better. In general obtain-
ing of wood composites with high mechanical strength is due to 
true selection of the ingredients of composites and optimal techno-
logical conditions effectively influencing on the microstructure of 
materials.

9.3.2.1  Measurement of Thermal Stability by Method of Vicat

There were conducted the investigations on study of thermal stability of 
composites by method Vicat. Temperature dependence of the softening of 
composites has monotonic increasing character with approaching to definite 
limit values (Figures 9.1–9.3). Analysis of the curves of these figures allow 
make the following conclusions:

1.	 The composites based on PhES-80 with sawdust are characterized 
with improved thermal stability, when the “technological” pressure 
increases till definite level. This result is obvious, because of two 
reasons: (a) the intergel volume of communicated micro-empties 
distributed chaotically in the composite body reduced at relatively 

FIGURE 9.1  Dependence of the softening of the sample on temperature for composite 
PhES80 (5) + sawdust (95), obtained under conditions of constant temperature 110°C and 
pressures: 10 (1), 12 (2), and 15(3) Mpa.
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FIGURE 9.2  Dependence of the softening of the sample on temperature for composites 
PhES50 (5)+ sawdust (95), obtained under conditions of constant temperature 110°C and 
pressures: 15(1), 12 (2), and 10 (3) Mpa.

FIGURE 9.3  Dependence of the softening of the sample on temperature for composites 
PhES80 (3 wt%) + sawdust (97 wt%) with particles sizes up to 1 mm + PE (3 wt%) (1) and 
the same composite containing sawdust with particles sizes up to 0.5 mm (2) obtained under 
conditions of constant temperature 120°C and pressure 12 MPa.
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high pressures and, consequently, the rigidity and thermal stability of 
the material increases; (b) PhES80 creates intensive heterogeneous 
chemical bonds in composites.

2.	 The composites based on PhES-50 with sawdust are characterized 
with rather high thermal stability in comparison with analogs based 
on PhES-80. Probably the composites based on PhES-50 contain 
non-great numbers of the micro-empties. Dependence of the com-
posite’s softening on the technological pressure is same as for com-
posites with PhES-80 (the higher is this pressure the higher thermal 
stability). So the molecular segments of PhES-50 have less mobil-
ity in comparison with PhES-80, which is characterized with high 
branching of the molecular fragments.

3.	 The effect of the particles sizes in the softening and thermal stabil-
ity of the composites clearly seen from Figure 9.3. The composite 
containing the particles with sizes up to 1 mm is less stable than 
the analog with same sawdust but with particles up to 0.5 mm. This 
result is interpreted in the same terms as in case of considered above 
(the intergel surface of the heterogeneous interaction is more in case 
of small particles and respective composite is more rigid than that 
containing big sawdust particles).

9.3.2.2  The Measurement of Water Absorption

Water absorption is one of the important characteristics of such materials as 
wood composites, because they are often used in conditions of damp climate. 
Products included in the wood structure in result of evaporation of the sec-
ondary products of these reactions. This phenomenon may be connected with 
formation of the associates on the basis of binder molecules and water ones.

With low water absorption is characterized the composites containing 
colophony. Here it is exhibited the ability of this binder to fill well of this 
empties. The composites containing binary binders are characterized with 
different water absorption, the amount of which depends on the character 
of interactions of them with water molecules. The experiment shows that 
the water of the wood composites may be changed by selection of type and 
concentration of the binders.

Another situation realized in case of the composites with LG. Here the 
weight of the composites after 24 h exposition in the water increases. In 
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this case it may be supposed that LG adsorbs the water molecules easily 
at relatively low concentrations. At increasing of concentrations of LG the 
micro-empties of the composites saturate and consequently the diffusion of 
the water molecules to all composites decreases.

TABLE 9.2  Water Absorption of the Composites Based on Saw Dust and Organic and 
Inorganic Binders (the Samples are Obtained under Conditions of t = 120°C and p = 12 MPa)

S. 
No.

Composite (wt. 
%) 

Weight, 
G

Volume, 
cm

Density, 
g/cm3

Weight 
after 
exposition 
in the 
water 
during 3 
h, G

Water 
absorption 
after 
exposition 
in the water 
during 24 
h, %

1. Sawdust (97), 
ES(3)

7.1 5.1 1.4 7.0 –1.1

2 Sawdust (94), ES 
(3), PE(3)

6.7 4.9 1.4 6.7 –0.8

3 Sawdust (90), 
ES(5), PE(5)

5.2 3.7 1.4 6.3 –0.7

4 Sawdust (92), 
PhES-80(3), PE(5)

4.0 3.4 1.4 3.9 –1.7

5 Sawdust (90), 
PhES-80(5), PE(5)

6.4 4.8 1.4 6.4 –0.5

6 Sawdust (95), 
PhES-80(5)

4.8 3.5 1.4

7 Sawdust (95), 
LG(5)

6.2 4.4 1.4 6.0 –2.46 

8 Sawdust (94), 
PhES-50(3), PE(3)

5.3 3.8 1.4

9 Sawdust (92), 
PhES-50(3), PE(5)

5.5 3.9 1.4

10 Sawdust (92), 
PhES-50(5), PE(5) 

5.1 3.9 1.3 5.1 0.1

11 Sawdust (90), 
PhES-50(5), PE(5)

4.8 3.7 1.3 4.7 –1.0

12 Sawdust (90), 
PhES-50(5), PE(5)

5.3 4.2 1.3 5.3 –0.6

13 Sawdust (95), 
PhES-50(5)

5.0 3.9 1.3 5.0 1.1
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With low water absorption is characterized the composites containing 
colophony. Here it is exhibited the ability of this binder to fill well of this 
empties.

The composites containing binary binders are characterized with differ-
ent water absorption, the amount of which depends on the character of inter-
actions of them with water molecules. The experiment shows that the water 
absorptionof the wood composites may be changed by selection of type and 
concentration of the binders.

9.4  CONCLUSIONS

Composites on the basis of dry sawdust and some organic (PhES, polyeth-
ylene) binders under conditions of optimal pressure and temperature in the 
molds with special forms have been obtained. Best results are achieved at 
relatively low concentrations of the binders. Structural investigations by 
means of FTIR show that with rather high physical–mechanical and ther-
mal properties are characterized the materials, in which a formation of new 
chemical bonds takes place in result of chemical reactions between active 
groups of composite’s ingredients. With more good properties are character-
ized the composites containing small particles of sawdust and both PhES 
and PE binders simultaneously.
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ABSTRACT

Gold sols were synthesized in polymer matrices. The star-like copolymers 
Dextran-graft-Polyacrylamide and linear Polyacrylamide were used. The 
influence of macromolecular structure of polymer matrix on size distribution 
gold nanoparticles in sols and their aging effect were studied by Dynamic 
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Light Scattering (DLS). It was shown that storage stability and nanoparticles 
size distribution are affected by molecular architecture of polymer matrix. 
Branched structure of polymer matrix provides higher sol stability in com-
parison with linear one.

10.1  INTRODUCTION

In recent years nanosystems based on gold nanoparticles (Au NPs) were 
proposed to be used as carriers for antitumor drugs for photothermal[1, 2] 
and photodynamic therapy (PDT) [3, 4]. Moreover, researches maintain for 
Au NPs to be not only passive carriers but allow to improve their activity. 
Targeted delivery offers the opportunity to increase the PDT efficiency to 
the cancer cells and minimize potential side effects to healthy tissues. For 
practical application it is important to use the sols having high storage stabil-
ity and high concentrations. Well-defined nanoparticles size distribution in 
the sols becomes significant because of quantum-sized effects determining 
nanosystem properties. Moreover, it is necessary to know what changes take 
place in high concentrated sols during its storage. Aggregation stability of 
sols can be reached by using water-soluble polymers [5].

In this chapter, the influence of macromolecular structure of polymer 
matrix on size distribution of Au NPs in sols were studied by Dynamic Light 
Scattering (DLS) during 6 months of sol storage. As it was shown in Ref. 
[6], DLS allows to measuresize distribution of multicomponent sols.

10.1.1  MATERIALS

Thetrachloroauric acid (HAuCl4), Sodium Borohydride(NaBH4) were purchased 
from Aldrich and used without further purification. Copolymers Dextran-graft-
polyacrylamide (D-g-PAA), its anionic derivative D-g-PAA (PE) and linear 
polyacrylamide (PAA) were used as polymer matrix for Au NPs synthesis. The 
stable sol was not synthesized in PAA(PE) linear matrix. In our previous work 
D-g-PAA polymers had been successfully used for Ag NPs synthesis [7].

Molecular parameters of the polymer matrices are represented in the 
Table 10.1. Polymer characteristics were determined by SEC and potenti-
ometer: Mw, the weight average molecular weight; I = Mw/Mn, the polydis-
persity index; Rg, the radius of gyration; A, the chemical charge fraction of 
polyelectrolyte’s obtained by alkaline hydrolysis of polyacrylamide.
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10.1.2  METHODS

10.1.2.1  Au NPs Synthesis

Au NPs were synthesized by in situ by reduction of HAuCl4 in aqueous 
polymer solution using NaBH4 as reducing agent.

10.1.2.2  Transmission Electron Microscopy (TEM)

For the sample preparation 400 mesh Cu grids with plain carbon film were ren-
dered hydrophilic by a glow discharge treatment (Elmo, Cordouan Technologies, 
Bordeaux, France). A 5µl drop was deposited and let adsorbed for 1 min then 
the excess of solution was removed with a piece of filter paper. The observa-
tions of the AgNPs were carried out on two TEMs, TecnaiG2 or CM12(FEI, 
Eindhoven Netherlands) and the images were acquired with anCCD Eagle 
camera on the Tecnai and a Megaview SIS Camera on the CM12.

10.1.2.3  Quasy Elastic Light Scattering (QELS)

DLS measurements were carried out using Zetasizer Nano ZS90(Malvern 
Instruments Ltd., UK). The apparatus contains a 4 mW He-Ne laser with a 
wavelength 632.8 nm and the scattered light is detected at an angle 60°.

10.1.2.4  UV-Visible Spectroscopy

UV-visible absorption spectra of silver sols were recorded by Varian Cary 
50 scan UV-visible spectrophotometer (Palo Alto, CA, USA) from 200 to 
800 nm.

TABLE 10.1  Molecular Parameters of Polymer Matrices

Sample Mw×10–

6[g·mol–1]
I = Mw/Mn Rg, nm A [%]

PAA 1.43 2.4 68 —
D-g-PAA 1.57 1.81 67 —
D-g-PAA(PE) 1.57 1.81 — 37
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10.2  RESULTS AND DISCUSSIONS

Images of aqueous Au NPs stabilized by polymers of different structures 
and UV vis spectra of these sols are shown in Figure 10.1a. A color of sols 

FIGURE 10.1  Image (a) and UV-vis spectra (b) of Au sols synthesized in different polymer 
matrices. 1 – polymer solution; 2 – HAuCl4in polymer solution; 3 – Au NPs in linear PAA; 
4 – Au NPs in D-g-PAA; 5 – Au NPs in D-g-PAA(PE).
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obviously depends on polymer matrix type, because other synthesis condi-
tions were the same. UV-visible spectroscopy was used for primary charac-
teristic of Au sols. Typical Surface Plasmon resonance for gold nanoparticles 
was observed (Figure 10.1b).

It is seen, the nature of polymer matrix influences on the form of extinc-
tion spectra and position of maxima. For linear PAA maximum position at 
530 nm may correspond to spherical particles of 10–12 nm in size [8, 9]. 
For branched nonionic matrix, plasmon peak at 518 nm and peak at 438 nm 
have been observed. The presence of two maxima may dedicate anisotropic 
shaped particles [10, 11]. It should be noted, that branched polyelectrolyte 
matrix allows to obtain lager particles (20 nm, maxima at 545 nm) in com-
parison with their nonionic polymer analog.

DLS analysishas been chosen to study the aging process. Nanoparticles 
hydrodynamic radii distribution in Au sols was analyzed during 2 months. 
Multimodal size distribution for all synthesized Au sols was observed. 
Dependences of nanoparticles number versus their radii in the sols stabilized 
by various polymers are shown in Figure 10.2. The first one maximum corre-
sponds to the smallest distinguished Au NPs, the second oneto larger specie 
of Au NPs, and the third one to Au NPs aggregates and macromolecules of 
polymer matrix. In the Table 10.2, the size analysis characteristics measured 
during 2 months are represented (peak 1, peak 2, and peak 3, respectively).

Just after sol synthesis the size distribution of Au NPs obtained in linear 
PAA included two types of scattering particles (12 nm and 26 nm for single 
particles and aggregates respectively). It should be noted that the depen-
dence of intensity of a scattering versus particles size revealed also the peak 
at 60–100 nm corresponding to macromolecules of polymer matrix (Figure 
10.3). The results represented in the Table 10.2 testified that in 7 days of stor-
age the peak corresponding to Au NPs had not shifted but number of the par-
ticles have reduced and one more maximum at 3.2 nm have been observed. 
The appearance of this fraction may be a result of dispersion process. On the 
other hand, broad peak with maximum at 235 nm may correspond to poly-
mer intermolecular aggregates. Finely, in 60 days the aggregation process 
becomes more significant, small particle peak disappeared.

The Au sol synthesized in branched D-g-PAA matrix appeared to be 
more stable during the observation time. Anionic derivative of D-g-PAA 
allows to synthesize larger Au NPs (approximately 20 nm), but aging pro-
cess for this nanosystems includes the stages similar to D-g-PAA(Figure 
10.2, Table 10.2). Intermolecular aggregation of polymer molecules hasn’t 
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FIGURE 10.2  Evolution in time of nanoparticles hydrodynamic radii in Au sols stabilized 
by linear PAA(a), D-g-PAA(b), D-g-PAA(PE)(c). Green line – 1st day, red line – 8th day, and 
blue line – 60th day.

taken place only for the systems obtained in branched polymer matrices 
(Table 10.2).

For both nanosystems synthesized in branched uncharged and polyelec-
trolyte matrices the aggregates were revealed in TEM images in 2 months 
(Figure 10.3). For Au sols obtained in D-g-PAA(PE) matrix the rod-like par-
ticles were observed along with spherical ones (Figure 10.4).
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TABLE 10.2  Size Characteristics Analysis of Au Sols Measured During Months

Sample Time, days Peak 1 Peak 2 Peak 3
PAA 1 — 12.1 26.2

8 3.2 11.9 235.1
60 — 27.2 247.4

D-g-PAA 1 — 23.4 72
8 — 23 —
60 — 7.02 22

D-g-PAA(PE) 1 — 25,9 71.8
8 — 17,3 62.7
60 — 35,9 71.2

FIGURE 10.3  Intensity of scattering versus hydrodynamic radii of nanoparticles in Au sol 
stabilized by linear PAA.

FIGURE 10.4  TEM image of Au NPs in D-g-PAA (a) and D-g-PAA (PE) (b).
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10.3  CONCLUSIONS

High aggregation stability of Au sols can be reached by using branched 
water-soluble polymers as matrices for gold nanoparticles synthesis. The 
linear uncharged polymer matrix is less efficient for this aim. The stable sol 
was not obtained in linear polyelectrolyte matrix. During Au sols storage 
the dispersion process as well as aggregation process was revealed, but the 
nanosystems were stable without any precipitation in 60 days after synthesis.
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ABSTRACT

The visualization and control of optical to thermal energy conversion in nano 
and microstructures is a key challenge in many fields of science with appli-
cations to areas as nanofluidics, nanocatalysis, photothermal cancer therapy, 
drug delivery, imaging and spectroscopy, information storage and process-
ing, nanoscale patterning and solar energy harvesting. In the presented work 
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a polymer nanocomposite incorporated with silver nanoparticles and organic 
luminescence dye has been fabricated, which exhibits thermo chromic prop-
erties. It was shown that this kind of composite dramatically changes its 
color when changes an environmental temperature and acts as a thermo 
chromic material with such improved parameters as temperature controlled 
fine-tuning of absorption. This combination of silver nanoparticles and 
organic luminescent dyes can find versatile application in the areas such 
as: fabrication thermo addressable luminescence displays and thermo opti-
cal printers, environmentally friendly thermo chromic clothes. In medicine: 
modeling, simulation and visualization of heat spreading to the surrounding 
biological medium, new possibilities for measuring the heat release at the 
nanoscale, fabricating nano sized storage media for quantum information 
devices, thermo controllable filters, windows and smart coatings, infrared 
image converters. A simple technology promises to fabricate thermo chro-
mic material based cost-effective devices.

11.1  INTRODUCTION

The development of nanoscience and nanotechnology has allowed to create 
new nano-sized materials having distinguished electronic and optical prop-
erties quite different from those of their bulk state [1]. An example of these 
materials is nanoparticles (NPs) that have unique electronic, magnetic, opti-
cal and photonic properties. NPs have many potential applications in elec-
tro-optics, as in ultrafast data communications, optical data storage [2], and 
in modern bio-nano-technology, as markers [3], biosensors [4] and actuators 
[5]. Recently, heat generation by NPs has attracted a lot of interest. As an 
example, in nano-medicine this could be a viable way to address the heat in 
specific parts of the human body to kill cancer cells [6]. The enhancement 
in the photothermal properties of metal NPs arises from the resonant oscilla-
tion of their free electrons in the presence of the oscillating electromagnetic 
field of the impinging light, also known as localized surface plasmon reso-
nance. The surface plasmon oscillation decays by radiating its energy result-
ing in light scattering or decays nonradiatively as a result of conversion of 
absorbed light into heat [7]. The heating effect is especially strong for metal 
NPs since they have many mobile electrons. Interestingly, noble metal NPs, 
gold and silver, exhibit plasmon resonances in the visible wavelength range. 
One of the major challenges is to measure the temperature in the medium 
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surrounding the NPs, which is a crucial parameter for applications in nano-
medicine. Govorov et al. [8] attempted to measure the temperature on the 
surface of gold NPs by embedding them into a matrix and exciting them 
optically. Using ice as a matrix, for its well-known thermodynamic proper-
ties, and observing the melting effect, the amount of heat generated by nano-
heaters was determined. At small light powers, it was possible to estimate an 
average number of Au NPs within the laser spot and with gradually increas-
ing power, the threshold melting intensity was determined which could be 
used to estimate the heat power generated by optically driven NP complexes. 
In another work, the same authors used a matrix composed of water, poly-
mers and a CdTe quantum dot surrounding a gold NPs. The detachment of 
the quantum dot from the NPs was obtained when the polymer shell was 
melted due to the heat released by the optical driven NPs [9]. In a more 
recent study, Carlson et al. used a thin film of Al0.94/Ga 0.06/N embedded 
with Er3+ ions as an optical temperature sensor to image the temperature 
profile around optically excited gold nanostructures [10]. 

Further, van de Broek et al. [11] showed how the NP temperature could 
be measured through the thermal influence on the gold lattice parameters 
(using X-ray absorption spectroscopy) . In 2009, Baffou et al. [12], reported 
on a technique based on fluorescence polarization anisotropy measure-
ments to map the temperature around nanometer sized heaters. The tech-
nique consisted in introducing fluorescent molecules inside a medium and 
mapping the emitted fluorescence polarization anisotropy, that is directly 
related to rotational diffusion induced by molecular Brownian dynamics. 
The key point of this technique was that an increase of the temperature 
contributed to lower the anisotropy since it gave rise to a faster rotation 
of the molecules. The technique has a temperature accuracy of 0.1°C and 
a spatial resolution of 300 nm. More recently, Baffou et al. [13] proposed 
a thermal microscopy technique that was sensitive to the thermal-induced 
variation of the refractive index of the medium. This technique used an 
optical microscope equipped with a CCD camera in combination with a 
modified Hartman diffraction grating. Their technique allowed to detect 
temperature variations of the order of 1 K and offered the advantage that 
no sample modification to the fluorescent target was needed. As noted 
above, heat generation becomes especially strong in the case of plasmon 
resonance. In the absence of phase transformations, temperature distribu-
tion around optically stimulated NPs is described by the usual heat transfer 
equation:
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	 P(r) C(r) = ∂T(r, t)/ ∂t = ∆K(r) × ∆T(r, t) +Q(r, t)	 (1)

where r and t are the coordinate and time, T(r, t) is the local temperature, 
and the material parameters P(r), c(r), and k(r) are the mass density, specific 
heat, and thermal conductivity, respectively. The function Q(r, t) represents 
an energy source coming from light dissipation in NPs:

	 Q(r, t) = J(r, t) ×E(r, t)	 (2)

where J(r, t) is the current density and E(r, t) is the stimulating electric field 
in the system. The heating effect can be strongly enhanced in the presence 
of number of NPs. The accumulative effect comes from the addition of heat 
fluxes generated by single NPs and is described by the thermal diffusion 
equation (1). The energy source in this equation should be written as a sum 
over all NPs:

	 Q(r, t) = ∑k Qk (r, t)	 (3)

where Qk (r, t) describes the heat generation by the kth NPs. The more NPs, 
the stronger the temperature increases that appears in the system. Here, we 
propose a novel method to map the temperature profile around silver NPs 
using thermo chromic compounds. These kinds of NPs, in which polymers 
are mixed with NPs, are of particular interest as they combine the properties 
of two or more different materials to obtain novel mechanical, electronic or 
chemical properties. A key challenge, however, remains the homogenous 
dispersion of the metal NPs and their stability within the matrix. Metal 
NPs are prone to aggregation because of their high surface free energy 
and oxidation by air or moisture. These factors can dramatically change 
the properties of the composite materials. The presented materials consist 
basically in homogeneously dispersed silver NPs in a polyvinylpyrrolidone 
(PVP) matrix and an organic dye, used in the form of thin film. The mix-
ture acquires thermo chromic properties when nitric acid is added to it. 
Actually thermo chromic properties already exist in polymer matrix doped 
with luminescent dye. This behavior is increased significantly after doping 
small quantity of nitric acid. When the nanocomposite is irradiated with 
visible light, it shows a color variation, that gives an instantaneous infor-
mation about the temperature change around the silver NPs. This provides 
a tool to estimate the temperature reached by the medium surrounding the 
nanoscale heaters.
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11.2  EXPERIMENTAL PART

11.2.1  MATERIALS, RESULTS, AND DISCUSSIONS

Thermo chromic materials, as liquid crystals or leuco dyes, are prone to 
change their color when changes in temperature occur. For the prepara-
tion of the thermo chromic mixture we used Oxazine-17 (Ox-17, NIOPIK) 
(Figure 11.1), PVP, and nitric acid (HNO3–67, 5%) (Sigma Aldrich). Ox-17 
and PVP, both soluble in ethanol (EtOH), were mixed according to the fol-
lowing proportions in weight: 99.98% {90% EtOH + 10% PVP} + 0.02% 
Ox-17.

The mixture was stirred for 1 hour at room temperature, the resulting 
solution was then deposited by drop coating onto a glass slide and stored 
at room temperature for 24 hours to evaporate the solvent. A homogeneous 
film of about 20 µm was obtained. A heating stage for optical bench (Series 
F, Calctec, Italy), and a multi-channel fiber optic spectrophotometer (AVS-
S2000 and DH-2000, Avantes) were used to investigate the optical proper-
ties of the sample at increasing temperatures. In Figure 11.2, the absorption 
spectra of the polymer film, varying the temperature from 25°C (black curve) 
to 150°C (green curve), are reported. The spectra showed that the thermal 
sensitivity of the mixture was weak, and it was observed a small blue shift 
of the absorption peak of about 30 nm in a temperature range from 25°C to 
150°C.

The Nitric acid (HNO3) was added to the mixture, according to the fol-
lowing proportions in weight: 89% {99.98% {90% EtOH + 10% PVP} 
+0.02% Ox-17} + 11% HNO3. As in the previous case, the solution was 
stirred for 1 hour at room temperature, and then drop coated onto a glass 
slide and left 24 h to dry.

FIGURE 11.1   Structural formula of luminescence dye Ox-17.
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After the preparation of polymer film, it was heated up and using a spec-
trometer was measured spectral tuning of absorption band. Figure 11.3 shows 
the absorption spectra of the material at different temperatures going from 
25°C (black curve) to 120°C (yellow curve). Measurements were stopped at 
120°C, when the blue shift of the absorption peak was already enough to cover 
the visible spectrum. The presence of nitric acid in the polymer/dye mixture 
substantially improved the sensitivity of the material to the temperature and a 
considerable blue shift of about 300 nm was observed in the above-mentioned 

FIGURE 11.3  Absorption spectra for the mixture 89% {99.98% {90% EtOH + 10% PVP} 
+ 0.02% Ox-17} + 11% HNO3 as a function of temperature.

FIGURE 11.2  Absorption spectra of the mixture 99.98% {90% EtOH + 10% PVP} + 
0.02% Ox-17 acquired at different temperatures.
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FIGURE 11.4  Temperature distribution of the thermo chromic film. Blue, red and yellow 
colors correspond to 25°C, 80°C, and 120°C, respectively.

range. Nitric acid acts as an oxidizing agent in the mixture, the dye molecule 
becomes protonated and a shift in its absorbance is observed. A blue shift is 
also observed varying temperature in a wider wavelength range.

A visualization of the temperature/color dependence of the thermo chro-
mic film upon heating is shown in Figure 11.4. Blue color corresponds to 
room temperature (25°C), red corresponds to 80°C, and yellow corresponds 
to 120°C. We observed that the color reversibility after the heating was 
depended mostly on factors as the maximum reached temperature, the film 
thickness and the concentration of the organic dye. Silver NPs were added 
to the thermo chromic mixture. Colloidal silver NPs were dispersed in PVP 
in an 8 mg/1 ml proportion, using water as a solvent, and the solution was 
stirred for 3 hours at room temperature. We found that a PVP matrix allows 
to obtain a good dispersion of the silver NPs.

In Figure 11.5, the absorbance of the water solution of PVP and silver 
NPs is shown. The surface plasmon resonance at about 420 nm, as for single 
particles, suggested that silver NPs were homogeneously dispersed in the 
medium, and we could infer that the formation of NP aggregates was mini-
mized. The solution containing silver NPs was mixed with the 89% {99.98% 
{90% EtOH + 10% PVP} + 0.02% Ox-17} + 11% HNO3 solution in 1/1 
ratio by volume and was stirred in a closed container for 24 hours at room 
temperature. The final blend was then drop coated onto a glass slide as previ-
ously described. To estimate the temperature around NPs we have irradiated 
samples with a 100 W mercury lamp HG 100 AS, (Jelosil), equipped with a 
390–450 nm band-pass filter. The distance from the lamp to the sample was 



136	 Chemical Engineering of Polymers

about 15 cm. The intensity of the light at the sample surface was about 0.2 
mW/cm2 and the total exposure time was 12 min. When the light hits the 
sample, if thermo chromic molecules are located in the close proximity of 
the silver NPs, the temperature variation causes a change in the color of the 
nanocomposite. Figure 11.6 shows the color distribution on the surface of the 
thermo chromic nanocomposite induced by light irradiation at different expo-
sure times. At t = 0 min the sample appeared blue, after 6 minutes it became 
red-brown, and at t = 12 min it becomes orange-yellow. The color distribution 
on the film was uniform and it could easily be approximated to the tempera-
ture. As an example, referring to the color of the sample of the central image 
in Figure 11.6 and to the absorption spectra in Figure 11.2 and the visualiza-
tion of the temperature/color dependence of the thermo chromic film upon 
heating in Figure 11.3, we can conclude that the temperature of the matrix 
surrounding the NPs was about 80°C, after 6 minutes of exposure time.

It must be pointed out that we have examined different species of organic 
luminescent dyes, such as coumarin, stilbene and rhodamine based ones, but 
the best thermo chromic sensitivities are obtained using oxazine based dyes.

11.3  CONCLUSIONS

Photothermal effects in metal NPs are important for many applications. For 
example, in biomedicine NPs may be used for hyperthermic destruction of 

FIGURE 11.5  Surface plasmon resonance of silver NP doped PVP.
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FIGURE 11.6  Temperature distribution of the polymer nanocomposite film. Blue 
corresponds to the not irradiated sample, red-brown corresponds to 6 minutes of irradiation, 
and orange-yellow corresponds to 12 minutes of irradiation.

cells, targeted protein denaturation and photothermal interference contrast 
imaging. In optics they can be used in smart windows and thermo opti-
cal printers. The temperature increase is the most important parameter for 
applications of heated NPs and this demands the development of sensors 
for temperature detection. Here, an approach for measuring temperature at 
micro-scales was investigated. We have obtained for the first time a map-
ping of the temperature around silver NPs using a thermo chromic mixture. 
The color change is induced by the temperature variation of the medium due 
to the light interaction with silver NPs and the consequent heat release. In 
general, thermo chromic mixtures, even prepared using commercial thermo 
chromic materials, can be considered as suitable candidates for the visual-
ization of the temperature distribution at the micro- and nano-scales.
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ABSTRACT

In this study, polyaniline-Co3O4 nanocomposite with different contents of 
Co3O4 nanoparticles (1, 2.5, 5 wt%) were prepared by in situ chemical 
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polymerization of aniline using ammonium persulfate as an oxidizing 
agent. Optical, electrical properties and morphological of the products 
were characterized by FTIR spectroscopy, X-Ray diffraction (XRD), 
electron microscopy (SEM), UV-vis spectroscopy and electrical conduc-
tivity measurements. UV-Vis and FT-IR spectra and X-Ray diffraction 
which offered the information about the chemical structure of the PANi 
and PANi-Co3O4 nanocomposite. The SEM images of the nanocompos-
ites showed uniform distribution of Co3O4 nanoparticles in PANi matrix. 
Electrical conductivity measurements of PANi-Co3O4 nanocomposites 
revealed that the conductivity of PANi increased with increasing content 
of Co3O4 nanoparticles.

12.1  INTRODUCTION

In recent years, intrinsic conducting polymers with conjugated double bonds 
attracted attention as functional materials, due to low cost, high environ-men-
tal stability, facility of processing, adaptability with flexible substrates and 
wide variety of applications in batteries, corrosion inhibition, super capaci-
tors, chemical sensor, separation membrane and electronic devices [1–3].

Among the existing conducting polymers, polyaniline has been extensively 
studied due to good environmental stability, facile synthesis, and high conduc-
tivity, low cost, unique electrochemical and physicochemical properties [4, 5].

Recently, the development of inorganic/organic composites have been 
receiving attention due to appropriate mechanical, electrical and optical 
properties and a wide range of potential applications in chemistry, medicine 
material science and biology [6].

Polymer nanocomposites synthesized from polymers and organic/
inorganic fillers at the nanometer scale that used in the different indus-
trial fields such as microwave absorption layers, membranes, aerospace, 
coatings, adhesives, fire-retardants, medical devices, gas sensors, super 
capacitors, etc. [7]. Among of nanocomposites, PANi-inorganic nano-
composites are considered because applications in many industrial fields 
[8]. In this study, polyaniline-Co3O4 nanocomposite with different con-
tents of Co3O4 nanoparticles was prepared [9] by in situ chemical polym-
erization of aniline using ammonium persulfate (Scheme 1) and then 
Optical, electrical and morphological properties of the products were 
characterized.
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12.2  EXPERIMENTAL PART

12.2.1  SYNTHESIS OF POLYANILINE (PANI)

Polyaniline (PANi) was synthesized by oxidative polymerization in the pres-
ence of ammonium per-sulfate ((NH4)2S2O8) as an oxidant. First aniline (2 
ml) in 100 ml of 1 M HCl solution at room temperature was stirred for ½ 
h afterward 1M (molar) APS solution (125 ml) was added at the rate of 15 
drops/min. After adding complete solution of APS the stirring was continued 
for 4.5 h and temperature was maintained 0°C and then mixture was kept 
overnight in the for complete reaction. The green precipitate was collected 
by filter and repeatedly rinsed with water and HCI solution. The product 
was dried in an oven for 10 h. Thus, finally obtained green precipitate of 
conducting form of polyanilines, emeraldine salt (ES).

12.2.2  SYNTHESIS OF PANI-CO3O4 NANOCOMPOSITES

PANI-Co3O4 nanocomposites was synthesized with different weight ratios 
(1, 2.5, and 5%) of Coo nanoparticles into PANi matrix. Co3O4 nanoparticles 
(0.025, 0.05 and 0.1 g) was added to 0.24 mol (2 g) of aniline monomer in 
HCl (1 M) solution and then APS solution (125 ml) was added slowly to 
mixture. The reaction mixture was stirred for 5 h at 0°C in ice bath and then 

SCHEME 1  Synthesis of PANi-Co3O4 nanocomposite.
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filtration. Obtained green precipitate washed several times with distilled 
water and HCI solution.

12.3  RESULTS AND DISCUSSIONS

12.3.1  UV-VIS SPECTROSCOPY ANALYSIS

The optical absorption spectrum is an important method to achieve optical 
energy band gap of crystalline and amorphous materials. At present, Co3O4 
nanoparticles as a filler semiconductor in PANI polymer have been used to 
make a red shift to the absorbed light.

The UV-visible absorption spectra of PANi (ES) and PANi-Co3O4 hybrid 
nanocomposites were recorded at room temperature are given in Figure 12.1.

Figure 12.1a shows that two distinctive peaks of polyaniline appear at 
about 285 nm, 390 nm which are attributed to π–π*-conjugated ring systems 

FIGURE 12.1  UV-Vis spectra of (a) PANI and (b) PANI-Co3O4 nanocomposite.
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and π–π*transition of the benzenoid ring. Figure 12.1b shows UV-visible 
spectra of PANi-Co3O4(5%) hybrid that shows two distinctive peaks at 330 
nm, 450 nm that shifting in the bands is noticed.

12.3.2  SCANNING ELECTRON MICROSCOPY ANALYSIS

The morphologies of PANi (ES) and PANi-Co3O4 (5 wt%) hybrid nanocom-
posite are as shown in Figure 12.2. The SEM image of polyaniline shows 
clearly nanofibers structure with many pores and gaps among the fibers in 
Figure 12.2a. Figure 12.2b shows SEM images of PANi-Co3O4 hybrid nano-
composites (5%). SEM images shows that the loading of Co3O4 nanopar-
ticles has a powerful effect on the polyaniline morphology and with the 

FIGURE 12.2  SEM images of a: PANi (ES), b: PANi- Co3O4 (5%) nanocomposite.
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increase of the amount of Co3O4 nanoparticles, a change in morphology of 
PANi is observed.

12.3.3  ELECTRICAL CONDUCTIVITY

Table 12.1 shows the variation of conductivity of pure PANi, and PANI-
Co3O4 (1–5wt%) hybrid composites.

Generally, the conductivity increase with the increase of Co3O4 nanopar-
ticles in the PANi matrix. The conductivity of these nanocomposites was 
found to be in the semiconducting range due to conductivity properties of 
PANi and Co3O4 nanoparticles.

12.3.4  XRD ANALYSIS

XRD analysis was used to examine the structure of the PANI and PANi-
Co3O4 nanocomposites and investigate the effect of Co3O4 nanoparticles 
on the PANi structure. Figure 12.3. The X-ray diffraction pattern of PANi 
shows amorphous nature in partially crystalline state with broad diffraction 
peaks of at about 25.5.XRD patterns of PANi-Co3O4 nanocomposite show 
diffraction peaks almost similar to the free PANi (Figure 12.3b), due to low 
concentr

12.4  CONCLUSIONS

PANi-CuO nanocoposite nanocomposite have been synthesized with 
different molar ratios of aniline:Co3O4 by in situ chemical polymeriza-
tion of aniline using ammonium persulfate as an oxidizing agent. The 

TABLE 12.1  Conductivity of Pure PANi, and PANI-Co3O4 (1–5wt%) Hybrid 
Nanocomposites Pellet

Sample σ (at 300 K) S cm–1

Pure PANI 1.5
PANI-5 wt% Co3O4 0.11
PANI-2.5 wt% Co3O4 0.9
PANI-1 wt%Co3O4 0.3
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FIGURE 12.3  X-ray diffraction pattern of a: PANi (ES) and b: PANi-Co3O4(5%) 
nanocomposites.

morphological studies (SEM) showed uniform distribution of the Co3O4 
nanoparticles in the PANi matrix. XRD, UV-Vis and FT-IR studies con-
firm that there is strong chemical interaction between PANI and Co3O4 
nanoparticles, which cause the red shift of UV and FT-IR characteristic 
bands. Electrical conductivity measurements of PANI-Co3O4 nanocom-
posites revealed that the conductivity of PANi increases with increasing 
content of Co3O4 NPs.
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ABSTRACT

Bottom-up design of hybrid nanomaterials requires individual nanosized 
building blocks to fuse together usually one building block to nuclate on the 
surface of another [1]. Hybridization process is frequently complicated by 
presence of a surfactant shell adjusted to a surface of nanocomponent cores 
to prevent agglomeration or corrosion. Maintenance of balance between 
reactivity and stability of nanocomponent cores in the process of heteroge-
neous nucleation frequently becomes critical for nanohybridized synthesis. 
Here, we describe alternative strategy for synthesis of MAMBOX nanohybrids 

mailto:tamazagladze@emd.ge
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which envisages surface fictionalization of electrochemically synthesized 
free standing core/shell metal (A) nanoparticles provided by direct chemical 
interaction of shell molecules with metal (B) oxide precursor. The strategy is 
implemented to synthesis Ag-MnO2 nanohybrid particles displayed diverse 
functions.

13.1  INTRODUCTION

Metal based core-shell nanoparticles (NPs) have attracted attention owing 
to their unique properties compared to their bulk counter parts. Integration 
of various nanoscale materials into a single nanoparticleyields multifunc-
tional hybrid materials (MHM) with the novel or improved functions of the 
constituents [2, 3].Colloidal metal-metal oxide hybrids were recently inten-
sively investigated owing to their potential application in a wide range of 
fields [4]. Coupling metal nanoparticles with metal oxides enhances elec-
tro catalytic activity of the metal center toward electrode reactions involved 
in energy conversion and storage as well ascatalytic conversion of various 
organic matters. The common strategy for the synthesis of MHM materials 
involves preparation of individual NPs stabilized by an organic shell and 
further use as seeds to deposit the other component. Though a number of 
successful synthesis of such heterostructures has been reported [5], synthe-
sis of hybrid nanoparticles (HNPs) consisting of components with strongly 
differing structural and chemical properties is still a challenging task; the 
desirable level of control over a particle size and homogeneity was achieved 
only in a limited number of cases because of complexity of heterodimers 
growth [6]. Among critical factors is a controversial role of a shell mate-
rial (usually molecules of organic surfactant), which prevents aggregation 
of a seed material but frequently blocks surface active sites and thus inhibits 
deposition of another component.

In this chapter, we focus on a novel bottom up strategy for the synthe-
sis of HNPs which involves an electrochemical formation of metal (core)-
surfactant (shell) NPs undergoing subsequent chemical coupling with metal 
oxide via interfacial reduction of a metal oxide precursor by surfactant mol-
ecules. The strategy provides a facile preparation of various MAMBOx-type 
hybrid nanomaterials.

A sequential electrochemical-chemical approach was applied to synthe-
sis of silver-manganese dioxide nanocomposite. We chose Ag-MnO2 hybrid 
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as a model system owing to useful properties of individual nanocompo-
nents of the system (strong biocide action of nanosilver NPs [7,8], catalytic/
electrocatalytic activity of nanostructured manganese oxides) and to poten-
tial synergy of properties provided by coupling of the components [9,10]. 
Ag-MnO2 NPs can be considered as promising material for application in 
the field of water treatment, heterogeneous catalysis, electrode materials, 
sensors, etc. [11–16]. Ag-MnO2 nanohybrids two-step synthesis is schemati-
cally illustrated in Figure 13.1.

13.1.1  ELECTROCHEMICAL STEP

The fundamentals of electrochemical fabrication of the individual metal 
core-surfactant shell nanoparticles are given in Ref. [17]. Here we present 
brief description of the basic principles of electro synthesis in bi-layer cell 
equipped by the rotated ring cathode. Upon rotation ring electrode crosses 
the layers of the immiscible liquid-no polar organic solvent (toluene, hex-
ane) with dissolved surfactant (oleic acid) and aqueous solution of metal 
salts (Figure 13.1a). The metal ions formed at the anode are discharged at the 
poisoned by adsorbed surfactant surface of the cathode. Molecules of oleic 

FIGURE 13.1  Schematic image for preparation of Ag-MnO2 NPs. (a) Sole of electro 
synthesized Ag-OA core-shell NPs; (b) Reduction of potassium permanganate to manganese 
dioxide via shell oxidation reaction; and (c) Formation of hybrid nanoparticles.
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acid predominantly occupy favorable sites for formation of the metal and 
atoms. Adsorbed surfactant molecules inhibit grows of nanoclasters, which 
being weakly adsorbed at poisoned surface and strongly bounded to amphi-
phile surfactant easily washed out from the surface upon rotation forming a 
solution of the free standing metal NPs in organic solvent. The size control 
of nanozoles is achieved by variation of residence time τR during which a 
segment of the ring electrode is in contact with each liquid phase. The lin-
ear relationship between τR and the position of liquid-liquid boundary (z) 
provide base for easy tuning of the size of metal NPsby variation in partial 
volumes of immiscible solvents. In present study we used 10–12 nm size 
silver building blocks (Figure 13.2).

13.1.2  CHEMICAL STEP

The chemical step involves partial substitution of oleic acid shell by a MnO2 
formed via interfacial reduction of precursor–potassium permanganate accom-
panied by broken of double bond in oleic acid molecule (Figure 13.1c) and for-
mation of pelargonic and azelaic acids according to the following reaction [18]:

3CH3 −(CH2)7−CH=CH−(CH2)7   →   3CH3 −(CH2)7−COOH  
−COOH + 4 KMnO4 + 2H2O	          + 3HOOC–(CH2)7 – COOH  
	             + 4 KOH	 (1)

    (Pelargonic Acid)		      (Azelaic Acid)

The hybrid properties of Ag-MnO2 NPs were assessed by probing bacte-
ricidal activity of the material toward gram-positive and gram-negative bac-
teria and catalytic ability to convert carbon monoxide to a carbon dioxide.

FIGURE 13.2  (a) TEM images of Ag-OA nanoparticles. (b) Histogram of particle size 
distribution.
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13.2  EXPERIMENTAL PART

13.2.1  CHEMICALS AND INSTRUMENTS

The reagents used in this study were purchased from Sigma-Aldrich unless 
otherwise specified and used without purification. Optical properties of 
a silver and Ag-MnO2NPs were characterized by UV spectroscopy in a 
range 200–600 nm (Carry 100, Varian). Chemical interactions of surfac-
tant with NPs and permanganate ions were studied by FT-IR spectroscopy 
in a range 400–4000 cm–1 with the resolution of 0.5 cm–1 (Thermo Nicolet, 
Avatar 370) using KBr technique. Size, shape and chemical composition 
of isolated NPs were estimated from the TEM (Tesla BS 500) and SEM 
(JSM-6510LV) images. The samples were prepared by placing small drops 
of a sole onto the carbon coated copper grid. The size distribution of NPs 
in a sole was evaluated from laser beam dynamic light scattering (DLS) 
data (Zetasizer-Nano, Malvern). Prior to sample placing in to a cuvette the 
as prepared soles were diluted with hexane 1:8. The structural and ther-
mal stability properties of the nanomaterials were characterized by XRD 
(Russian Dron 4) and the thermo-gravimetric analysis technique (TGA, 
Derivatograph Q-1500D).In both cases soles were initially evaporated at 
ambient temperature during 5 hours and 1 g powder was subjected to analy-
sis. Concentration of Ag and K in liquid and solid phases was measured by 
the inductively coupled plasma optical emission spectrometer (ICP-OES, 
Varian). Concentration of MnO2 in the reaction mixture was determined by 
the redox titration method [19]. The consumption of a permanganate ion in 
the reaction (1) was controlled by the measurement of optical absorbance 
of the solution using the photo colorimeter (Russian KFK 2) and light 
absorbance calibration curves.

13.2.2  PREPARATION OF SOLES OF AG NPS

The soles of silver NPs in a hexane were synthesized using the electro-
chemical reactor consisting of a sacrificial silver anode (99.9% purity), 
and aluminum (99.9%) ring cathode which upon rotation crosses immis-
cible layers of an aqueous (0.05 M AgNO3, doubled distilled water) and 
organic (Hexane, 1% oleic acid) solvents [17]. The experimental setup 
allows silver ions formed at the anode to discharge at the cathode surface 
poisoned by a surfactant (OA) which adsorbs at sites favorable for silver 
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and atoms and inhibits the growth of silver nanoclusters. The latter being 
weakly adsorbed at the surface and strongly bounded to amphiphile OA 
molecules are easily washed out from the cathode upon rotation form-
ing the stable soles of Ag-OA core-shell NPs in hexane. In the previous 
study, we demonstrated the ability to tune a particle size by variation in 
residence time τr, during which a metal cluster formed at a ring cathode 
in an aqueous electrolyte is allowed to adsorb amphiphile molecules of a 
surfactant from an organic phase [17]. In a present study, we carried out 
electro synthesis at the experimental conditions (cathode current density 
7500 A cm–1, ring cathode rotation rate 960 rev.min–1, electrolyte tem-
perature 20°C and τr = 36 s), which leads to the formation of an Ag-OA 
sole containing 0.54 gl–1 NPs with an average particle size of 10–12 nm 
(Figure 13.2).

13.2.3  PREPARATION OF AG-MNO2 HYBRIDS

For the preparation of a hybrid material 100 ml sole of Ag NPs in a hex-
ane was mixed with 40 ml 0.2 M KMnO4 aqueous solution under vigorous 
shaking during 1 h(until discoloring of permanganate solution) at ambient 
temperature. After the separation of organic and aqueous phases by centrifu-
gation (0.5 h, 8,000 rev min–1) a sole of spherical Ag-MnO2 particles with an 
average size of 38 nm was obtained (Figure 13.3).

The chemical analysis of a sole containing a fine fraction of a nanocom-
posite separated by centrifugation shows the following composition: 29, 2 
wt. % Ag 28, 16 wt. %, MnO2, 4, 4–5 wt. % K and 38, 19% OA oxidation 
products.

FIGURE 13.3  (a) SEM images of Ag-MnO2 particles;(b) Histogram of particle size 
distribution;(c) TEM images of Ag-MnO2 particles; and (d) EDX analysis of the sole obtained 
after centrifugation (8,000 rpm).
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13.2.4  PREPARATION OF WATER FILTER AND EVALUATION OF 
BACTERICIDAL ACTIVITY

Woven textile filters (FHRC10EMB) were impregnated by treatment in an 
ultrasonic bath (100 Watt, frequency 40 KHz) containing 100 ml Ag-OA-
MnO2 sole during 1 hour. Bactericidal activity of the material was tested 
against gram-positive (streptococcus and staphylococcus) and gram-negative 
(Escherichia coli, Pseudomonas aeruginosa, Proteus) bacteria introduced into 
the test water of drinking quality. Microbial strains (obtained from G. Eliava 
Institute of Bacteriophages, Microbiology and Virusology) were tested accord-
ing to standard method [20]. The kinetics of bacteria removal was evaluated 
from an analysis of bacteria concentration (lg cfu/100 mL) in a sample (10 
mL) extracted from the filtration loop. Water filtration rate was 3 L/h.

13.2.5  PREPARATION OF CATALYSTS AND EVALUATION OF 
CATALYTIC ACTIVITY

Samples for catalytic tests were prepared by 1-himpregnation of a 1 g cal-
cium aluminosilicate (CaAl2Si2O82.5 mm grain size) used as a supporting 
material in the ultrasonic bath (100 Watt, frequency 40 KHz) containing 5 
ml Ag-OA sole. The catalytic activity toward CO oxidation reaction was 
studied by a standard test procedure at a 0.6 g catalyst load of the support 
and continuous flow of CO/CO2 mixture at the rate of 30,000 h–1. The CO 
conversion degree αwas calculated according to the equation:

	 	 (2)

where a and b are respectively the concentrations (%) of CO and CO2, deter-
mined by gas chromatography (Gasochrom 3101).

13.3  RESULTS AND DISCUSSION

13.3.1  CHARACTERIZATION OF AG-OA AND AG-OA-MNO2 NPS

13.3.1.1  Optical Absorption Spectra

UV-vis spectra of an OA in a hexane with and without addition of the 
KMnO4 are shown at Figure 13.4. Soon after the permanganate addition 
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the characteristic for OA absorption peak at 233 nm (Figure 13.4a1) shifts 
to 368 nm and a number of new peaks in the red region characteristic of 
intermediate OA oxidation products are formed (Figure 13.4b). At the pro-
long action of permanganate ions the main peak splits to a series of peaks 
(386–361 nm) characteristic for the stable oleats and the manganese dioxide 
(360 nm)[21–24] are observed (Figure 13.4a2).

A UV-vis spectra of OA caped silver nanoparticles with and without 
addition of permanganate are shown at Figure 13.5. At the initial stage of 
a MnO4- – Ag-OA interaction depression and broadening of the charac-
teristic for 10–12 nm size Ag NPs peak (404 nm, Figure 13.5a.1) caused 
by overlapping of the MnO2 and Ag peaks and appearance of the peaks 
characteristic for oxidized organic products are observed (Figure 13.5b). 

FIGURE 13.4  UV spectra of OA: (a1) In hexane. (b) In hexane, 5 min after KMnO4 
addition. (a2) 20 min after addition.

FIGURE 13.5  UV-vis spectra: (a1) Ag-OA nanosoles in hexane,(b) 5 min after permanganate 
addition. (a2) 20 min after permanganate addition.
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After 20 min, contact of the reagents appearance of twin peaks at 359 and 
378 nm (Figure 13.5a.2) indicates the formation of an emerged Ag-MnO2 
nanocomposite.

13.3.2  FT-IR SPECTROSCOPY

The chemical bonding of OA molecules to silver nanoclusters in toluene 
was studied in the previous chapter[17]. It was shown that the most remark-
able effect of Ag-OA interaction is disappearance of the peak at 1712 cm–1, 
assigned to C = O stretch bound and appearance of the two new bounds at 
1635 and 1380 cm–1 which are characteristic of the asymmetric and sym-
metric carboxylate stretch. These effects were interpreted as the evidence of 
OA bonding to silver via two symmetrically coordinate oxygen atoms of the 
carboxylate head.

The FT-IR spectra of Ag-OA soles in a hexane with and without addi-
tions of permanganate ions are shown at Figure 13.6. It follows from these 
spectra that permanganate addition results in vanishing of the peak at 1712 
cm–1, and appearance of two new peaks at 1643, 13 and 1650 nm which only 
slightly change the position in time (Figure 13.6a–c). A new absorption peak 
appeared at 802, 28 cm–1is assumed to be associated with Mn-O bending 
vibrations of [MnO6] octahedral in MnO2[22]. The disappearance of a peak 
assigned to a C = O stretch and appearance of two new bounds indicates the 
rearrangement of the stretching modes of a carboxylate owing to the interac-
tion with both the silver and manganese oxide components of the composite. 
The formation of a peak at 1041, 42 cm–1 which disappears in time is in line 
with modification of UV-vis spectra in time, pointing to the formation of a 
short live intermediates accompanied OA oxidation.

13.3.3  XRD SPECTROMETRY

The structural properties of Ag NPs prior to and post oxidation of an OA 
shell as well as of a synthesized MnO2 were characterized by the XRD 
spectra (Figure 13.7a–d). The XRD patterns of as prepared silver sole dem-
onstrate the amorphous character of the material. The size of the silver 
particles calculated according to Debye Sheerer equation is about 18 nm 
(Figure 13.7a). After the calcinations at 400°C a fine dispersion of a crystal-
line phase with increased to 150 nm crystal size was observed (not shown). 
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The X-ray diffraction records of a MnO2 prepared by the interaction of an 
aqueous potassium permanganate (40 ml 0.2 M) and a 1% solution of an OA 
in a 100 ml hexane illustrates an amorphous character of a colloidal MnO2(a 
broad diffraction peak located around 20°C, Figure 13.7b). The diffraction 
maximum at 37°C is in agreement with the peak characteristic to ∆ MnO2 
(JCPDS № 80–1098)[23, 24]. The X-ray diffraction patterns of as prepared 
Ag-MnO2 shows that low crystallinity is characteristic also of the composite 
nanoparticles (18 nm size). A spectrum contains a peaks characteristic for 
both the individual MnO2 [15, 23, 25] and silver NPs (Figure 13.7c) proving 
the formation of chemical bounds between the components of the compos-
ite. After calcinations at 800°C the X-ray patterns show clear crystalline 
structure of a composite with increased particle size up to 95 nm (Figure 
13.7d). As expected, calcinations at elevated temperatures favor particles 
aggregation.

FIGURE 13.6  FT-IR spectra: (a) Ag-OA sole in hexane. (b) 5 min after addition of 
permanganate.(c) 20 min after permanganate addition.
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FIGURE 13.7  XRD patterns of: (a) As prepared Ag-OA NPs. (b) MnO2 prepared via 
permanganate reduction by bulk OA. (c) As prepared Ag-MnO2 NPs, (d) Ag-MnO2 NPs after 
calcinations at 800°C during 2 hour.
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13.3.4  THERMO GRAVIMETRIC ANALYSIS

The thermal gravimetric analysis (TGA) was performed to characterize the 
thermal stability of an Ag-MnO2 nanocomposites and to compare to that of 
Ag-OA NPs (Figure 13.8). It follows from these data that both particles lose 
about 40% of their weight at about 500°C owing to evaporation of the oleic 
acid molecules and products of its oxidation. A shift of exothermic DTA 
peaks at 350°C and 450°C to the higher temperatures in case of Ag-MnO2 
indicates stronger bonding of organic molecules to the core center of the 
composite nanoparticles.

13.3.5  KINETICS OF PERMANGANATE REDUCTION

Kinetics of MnO2 formation was studied by tracing decrease of the per-
manganate concentration in a reaction mixture containing Ag-OA sole in 
hexane and aqueous solution of potassium permanganate. To evaluate the 
effect of OA bonding to Ag core kinetics of-reduction of a permanganate 
ion by OA molecules dissolved in hexane was also studied. Time courses 
of both systems are presented at Figure 13.9. It follows from these data that 
reduction of permanganate ions is quite fast reaction and that both homo-
geneous (curve 1) and heterogeneous (curve 2) reactions follow the same 

FIGURE 13.8  TGA (1, 2) and DTA (3, 4) curves of Ag-OA NPs (1, 3) and Ag-MnO2 
nanocomposites (2, 4).
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kinetic regulations. The overall process involves three consecutive stage 
characterized by different rate constants. The silver core displays clear 
catalytic properties toward permanganate reduction reaction. The highest 
rate constant for heterogeneous formation of MnO2 evaluated from curve 
2 (Figure 13.9) under assumption on the first order reduction kinetics, khet 
= 1.10, exceeds almost 1.6 times rate constant for homogeneous reduction 
reaction.

It is interesting to compare the kinetic data obtained in our study with 
studies performed in similar systems. The majority results relate to iden-
tification of the intermediates of OA oxidation. While there is consensus 
on composition of the final products (manganese dioxide, pelargonic and 
azelaic acids) views on the nature and composition of the intermediates 
diverge [18, 26–28]. The detailed study of oxidation kinetics of a monolayer 
of oleic acid spread over aqueous permanganate solution performed by the 
use of radiotracers reveals the complex character of OA oxidation reaction 
which involves rapid formation of the intermediate cis-epoxy acid in the OA 
monolayer (rate constant – k1) and its farther fission yielding azelaic and 
nonionic acids (rate constant – k2) instantaneously dissolved into an aque-
ous sub phase [28]. It is assumed that the overall rate of oxidation reaction 
is determined by the rate (k3) of a parallel step of desorption of intermedi-
ate acid into an underlying sub phase. Though above conclusions relates to 
conditions differed from that of the present study an assumption on a slow 
transfer of intermediates through the organic-aqueous interface seems appli-
cable to the system under investigation.

FIGURE 13.9  Time courses of potassium permanganate concentration in OA solution in 
hexane (1) and Ag–OA sole in hexane (2) at 25°C.
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13.3.6  KINETICS OF BACTERIA REMOVAL

Figure 13.10 represents time courses of concentration of gram-positive 
(streptococcus and staphylococcus) and gram-negatives (Escherichia coli, 
Pseudomonas aeruginosa,Proteus) bacteria in a water passed though the 
woven filter impregnated by hybrid nanoparticles. The results indicate that 
Ag-MnO2 hybrid material displays strong antibacterial activity resulting in 
almost 100% removal of all tested pathogens from the water.

13.3.7  CATALYSIS OF CO CONVERSION

The results of comparative assessment of the catalytic activity of Ag NPs 
and Ag-MnO2 composites toward CO oxidation reaction are shown at Figure 
13.11. Both oxidation curves follow almost similar patterns indicating the 
similarity of reactor kinetics. The composite catalyst displays higher activ-
ity: CO oxidation starts below the ambient temperature and the full conver-
sion degree is achieved at lower temperatures. The beneficial action of the 
manganese oxide additives to the noble metal catalysts is commonly attrib-
uted to the ability of the MnOx to supply mobile oxygen for reoxidation of 
the core catalyst [29]. In the same way an improvement of catalytic activity 

FIGURE 13.10  Antibacterial activity of the Ag-MnO2 hybrid NPs.
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of silver nanoparticles by introduction into the composite of MnO2 compo-
nent can be reasonable explained byfacilitation of oxygen transfer from the 
manganese oxide shell to the silver core.

13.4  CONCLUSION

Ag-MnO2 hybrid nanoparticles were synthesized following the novel bottom 
up two-step strategy which involves the electrochemical formation of oleic 
acid caped silver nanoparticles and partial substitution of the oleic acid shell 
by the MnO2 via interfacial chemical reduction of a precursor, the potassium 
permanganate, by the oleic acid shell. At elevated temperatures amorphous 
Ag-MnO2 nanocomposite loses organic components and acquires crystallin-
ity.The kinetic study reveals the three step reduction process catalyzed by the 
silver core. The bactericidic and catalytic properties of the Ag-MnO2 hybrids 
were also tested. The results revealed that filters composed from the hybrid 
materials removes almost 100% gram-negative and gram-positive bacteria 
from the contaminated water and converts CO to CO2 with improved activity 
owing to the ability of MnO2 to provide rapid supply of oxygen for reoxida-
tion of the silver core. The proposed strategy can be successfully applied for 
the preparation MAMBOx nanocomposites involving metal oxides, which can 
be prepared via oxide precursor – nanoparticle shell interactions.

FIGURE 13.11  Temperature dependence of CO conversion catalyzed by as prepared 
catalyst: (1) Ag NPs. (b) Ag-MnO2 NPs.
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ABSTRACT

Nowadays, lithium ion batteries become one of the most important energy 
storage technologies in all fields of development in the contemporary world. 
The most promising direction in the optimization of lithium batteries is 
the synthesis of a solid polymer electrolyte (SPE). This type of electrolyte 
can exclude the majority of the safety and ecological hazards, due to its 
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construction. The main disadvantage of all types of the SPE is a low ionic 
conductivity at ambient temperature. One of the ways to improve its con-
ductivity is the incorporation of inorganic fillers into SPE to obtain a novel 
composite polymer electrolyte (CPE).

Membranes were prepared by casting of an organic polymer solution 
(solvent casting technique), followed by drying to evaporate the solvent. 
CPE based on PVdF were obtained to enhance their electrochemical proper-
ties. Micro- and nano-particles of titanium oxide (IV) was used as a filler, 
lithium per chlorate as a doping salt.

The effect of the filler was investigated by SEM, TG-DSC, Tensile 
strength and Galvanostatic pulse method. The CPE showed good results in 
ionic conductivity (1.01 mS/cm), thermal stability (range from 25–165°C) 
and mechanical strength (4.5% at 6.9 MPa).

14.1  INTRODUCTION

With the increasing safety demands on the lithium-ion battery solid polymer 
electrolytes are widely regarded as promising electrolytes in a new technical 
era. In comparison with traditional toxic liquid electrolytes they have supe-
rior performance in terms of no-leakage, high flexibility to cell geometry and 
high physical and chemical stability [1]. Composite polymer electrolytes 
have received a special attention as one of perspective types of SPE. These 
heterogeneous materials are composed of polymer matrix having distributed 
lithium-conducting solid electrolyte in the form of a separate phase [2]. The 
stability at the electrode/electrolyte interface, mechanical strength, safety 
features of lithium batteries and even ionic conductivity might be improved 
due to CPE construction. The main problem of SPE is still low ionic conduc-
tivity at room temperature, due to difficulties of migration of lithium cation 
in the volume of the polymer membrane. However, the incorporation of inert 
filler into the matrix is greatly being enhanced the amorphous region of the 
electrolyte medium which is helped for easy ionic motion [3].

Semi crystalline polyvinylidene fluoride (PVdF) is considered to be a 
perfect polymer matrix having high mechanical and thermal strength as 
well as sufficient electrochemical inertness. Furthermore, its high dielec-
tric nature (ε = 8.4) helps for dissolving more ionic species in the polymer 
matrix. Nevertheless, membranes on pristine PVdF have low ion conductiv-
ity within 10–9–10–10 S/cm at ambient temperature [3].
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Among the several fillers in polymer electrolyte membranes, nano-sized 
titanium oxide (TiO2) supports the ionic mobility due to its substrate char-
acteristics, such as shape and surface nature, which effectively disturbs the 
order packing tendency of the host polymer chains [4–5]. Recently, the par-
ticle characteristics of the fillers are found to have a tremendous influence on 
the electrochemical properties of polymer electrolyte membranes. Indeed, in 
lithium battery studies, nano-sized fillers have exhibited higher ionic con-
ductivity than the micro-sized particles [6].

In the present study, we have aimed to improve the ambient temperature 
ionic conductivity of the polymer electrolyte and show influence of fillers 
properties on it. This has been achieved by adding TiO2 particles in different 
size and formation method. Many researches on the polymer electrolyte con-
taining various fillers have been reported for a long time, however, there has 
been limited work where the comparison of electrochemical effect on poly-
mer electrolytes of variously obtained nanoparticles of filler is performed.

14.2  EXPERIMENTAL PART

14.2.1  MATERIALS

Polyvinylidene fluoride (PVdF) (MW: ~534,000), titanium dioxide (TiO2) 
and acetone were purchased from Sigma Aldrich (USA) and used without 
further purification. Titanium tetrachloride (TiCl4), dimethylformamide 
(DMF), lithium per chlorate (LiClO4) under purification by recrystallization 
and vacuum drying, 10 M sodium hydroxide, 37% ammonia solution were 
also used in this work.

14.2.2  PREPARATION OF FILLER PARTICLES

Two methods of preparation of titanium dioxide nanoparticles were used for 
composites synthesis.

14.2.2.1  First Method of Synthesis of Nanoparticles of the Filler

Nanoparticles of titanium dioxide in the form of aqueous suspension 
were prepared by the following procedure. To do this, 1 ml of titanium 
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tetrachloride was diluted in 25 mL of distilled water with constant vigorous 
stirring. Volatile titanium salt is hydrolyzed in water to form a titanium oxide 
by the following equation:

	 TiCl4 + H2O → TiO2 + 4H+ + 4Cl–	 (1)

Stirring was continued for about four hours, resulting in the hydrolysis 
reaction solution turned colloidal titanium oxide particles. In order to wash 
slurry, concentrated ammonia solution was added to the system, and further 
stirred for another 4 h. The resulting slurry with large aggregates was filtered 
from the larger particles and filtrate was used for the further work. The pre-
pared aqueous slurry was further ultrasonically dispersed. For the synthesis 
of a new series of composites procedure is repeated completely.

14.2.2.2  The Second Method of Synthesis of Nanoparticles of the 
Filler

Nanoparticles of titanium oxide in the form of a dry powder were prepared 
by a hydrothermal method. In this case, 3 g of titanium oxide TiO2 powder 
was added to an aqueous solution of 10 M NaOH, with further vigorous stir-
ring for 20 minutes. Subsequently, the solution was dispersed with ultrasonic 
waves for 30 minutes, and reaction was carried out hydrothermal treatment 
in a sealed Teflon autoclave for 48 hours at 150°C. The process was divided 
into stages for a week for ease of synthesis. The reaction products were 
washed with an aqueous solution 0.1 M HCl to pH = 7, to wash off the sub-
stance from a concentrated alkali. Titanates dried for 24 hours at 100°C and 

SCHEME 1  Preparation of CPE.
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treated to thermal annealing in air for 4 hours at 300–400°C. The result was 
a white powder.

14.2.3  PREPARATION OF COMPOSITE MEMBRANES BASED ON 
PVDF

Two series of samples synthesis were performed. According to the 
first one membranes were prepared by casting a solution of an organic 
polymer in advance by dissolving PVdF in a solvent mixture of N,N-
dimethylformamide:Acetone = 1:1, with a measured amount of the prepared 
inorganic filler in the solid phase, followed by drying at 50°C to complete 
removing of the solvent. Alternative method of forming membranes has per-
formed more complicated step of preparing a polymer solution. The inclu-
sion of filler in the liquid phase in a form of a highly dispersed suspension 
is accompanied by the implementation of complete homogenization of the 
heterogeneous agent in the bulk of membranes. In addition, a lithium salt is 
added as a dopant.

14.2.4  OBJECTS OF STUDY

Composite polymer electrolyte based on polyvinylidene fluoride with vari-
ous ways of filler addition as well as physic-chemical properties of the filler 

SCHEME 2  Preparation of organic solution.
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particles were the objects for investigation of electrochemical properties in 
dependence on concentration and filler type. There was obtained a compos-
ite polymer electrolyte based on PVdF, which was carried functionalization 
by distribution of high dispersion titanium dioxide and dissolution of lithium 
per chlorate in the resulting system.

14.2.5  CHARACTERIZATIONS AND MEASUREMENTS

The scanning electron microscope (SEM, Quanta 200i 3D) was used to 
observe the morphologies of polymer membrane and surface structure. The 
pictures were taken on the basis of the National Nanotechnology Laboratory 
of the open type.

Galvanostatic pulse method investigated the effect of different concentra-
tions of the filler on the ionic conductivity of the CPE. Analysis of the results 
was carried out by pulse galvanostatic curves obtained from AUTOLAB 
PGSTAT-30.

Thermo gravimetric (TG) measurement and DSC analysis were performed 
on simultaneous thermogravimetry – differential scanning calorimetric-STA 
“NETZSCH STA 449F3 Jupiter” at 10°C min−1 under N2 atmosphere in the 
temperature ranged 25–300°C under laboratory of inorganic chemistry of 
al-Farabi Kazakh National University.

The mechanical properties of PVdF and PVdF nanocomposite mem-
branes were measured using a dynamometer TTM-50, allowing the sample 
to obtain stress-strain diagrams, the interpretation of which can receive a 
certain value of mechanical strength.

14.3  RESULTS AND DISCUSSION

14.3.1  CHARACTERIZATION OF COMPOSITES

Nanoparticles of titanium dioxide by the first method were introduced as an 
aqueous suspension in an organic polymer solution, and it was also subjected 
to intense agitation. However, the addition of titanium dioxide nanoparticles 
in the form of an aqueous slurry difficult process of complete dissolution of 
the polymer, so initially failed to receive only two samples with low filler 
content: 5% and 10% mass content. However, in the optimization method of 
producing nanoparticles, namely introduction sonication slurry, this problem 
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has been eliminated. Due to the high intensity of the small volume of slurry 
dispersion quickly heated up to the evaporation of water, whereby the air 
foam formed product with some water remains, which is not a hindrance to 
the dissolving of the polymer in solution in the presence of titanium oxide 
nanoparticles.

Nanoparticles of titanium dioxide using the second method have been 
made in the form of a dry powder, which accordingly does not cause any 
problems and the need for revision techniques. Figure 14.1 shows the nano-
composite drying step in an oven, one can observe the characteristic opales-
cent hue as for nanoparticles solution.

14.3.2  MORPHOLOGIES OF COMPOSITES

The morphologies of the pure PVdF and PVDF-TiO2 films were observed 
using SEM, as shown in Figure 14.2. The pure PVdF film (Figure 14.2a) 
showed a porous surface and homogeneous phase, whereas the addition 
of TiO2 caused changes in the morphologies of the PVdF films, indicating 
structural changes in the composites. The porosity of PVdF-TiO2 films that 
contained TiO2 decreased with the increase of filler content. Moreover, sur-
plus titanium dioxide particles deposited on the surface of the membrane 
and block the path of the lithium ion transport (Figure 14.2d). In the picture 
(d) you can see that a large excess of titanium oxide microparticles cause the 
destruction of the membrane. In samples with filler content fewer than 10% 

FIGURE 14.1  The composite polymer electrolyte of nanoparticles obtained using the 
second method, in step solvent evaporation.
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FIGURE 14.2  (Continued)
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nanoparticles distributed in volume of polymer, the surface is detected only 
occasionally traced small fragments (Figure 14.2e–k).

When comparing the effect of the shape of titanium oxide particles incor-
porated in the form of a dry powder (Figure 14.2b), in the form of a water-air 
mass (Figure 14.2e), in dry powder form of nanoparticles (Figure 14.2h), 
there is a tendency to form a more developed at the membrane surface mem-
branes with the introduction of dry filler, which is an important factor. When 
assembling the finished cell from the cathode, anode and CPE is required 
close contact, which can be ensured developed surface of the electrolyte.

Using SEM micrographs was determined approximate particle size of 
the polymer membrane manufactured according to the methods described 
above. The sample (Figure 14.2g), particles which were obtained by hydro-
lysis of the filler dimensions were equal to 300 nm, and the sample (Figure 
14.2k), using a hydrothermal treatment in an autoclave – 800 nm. However, 
the sizes were determined by acting on the surface of the fragments of the 
heterogeneous phase at a magnification of 20,000 times.

SEM micrographs at the apparent porosity is not a key factor in improv-
ing the transport of lithium cation in the solid polymer electrolyte, but one 

FIGURE 14.2  SEM images of the PVdF-TiO2 films with different TiO2 contents; (a) 0 
wt.%, (b) 5 wt.% micro-TiO2, (c) 10 wt.% micro-TiO2, (d) 50 wt.% micro-TiO2, (e) 5 wt.% 
nano-TiO2, (f, g) 10 wt.% nano-TiO2, (h) 5 wt.% nano-TiO2, (i, j) 10 wt.% nano-TiO2.

J
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cannot deny that it has on the beneficial effect. However, the transport mech-
anism of the lithium cation becomes quite complex, since in this case, the 
additional contribution to the ionic conductivity of the porosity, pore filling 
filler particles forced in homogeneity in the bulk of the membrane.

14.3.2.1  Electrochemical Investigations

In order to enhance the Li ion conductivity, the effect of TiO2 in various 
forms and concentrations as a filler on ion conducting behaviors of CPE 
systems was s investigated. Dependences of ionic conductivity of the CPE 
prepared with different TiO2 contents are presented in Figure 14.3.

As can be seen from the resulting graph (Figure 14.3) membrane com-
positions with the highest ionic conductivities were composites, which con-
tained PVdF and 5 wt.% of micro-particles of TiO2 (6.89 · 10–5 Sm/cm), 
PVdF – 5 wt.% water-air nanoparticle TiO2 (6.40 · 10–5 Sm/cm) PVdF – 5 
wt.% of dry nanoparticles TiO2 (1.35 · 10–4 Sm/cm). This dependence shows 
that the ion conductivity increases as the filler concentration increases 
to a certain point, and after reaching the threshold concentration sharply 
decreases and remains constant. This phenomenon can be explained as fol-
lows. With the introduction of small amounts of additional filler the lithium 
ion transport paths are formed, in relation with which the ion conductivity 
increases. After overcoming a threshold concentration of filler it blocks the 

FIGURE 14.3  The dependence of ionic conductivity of composite polymer electrolyte 
based on the PVdF of content by mass of the filler particles at 25°C temperature.
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active centers over the transfer of lithium, significantly reducing the ability 
of the membrane to carry out its ions. Comparing the impact of micro- and 
nanoparticles of titanium dioxide, it can be seen that the nanoparticles con-
tribute to better coordination of the lithium ion in the polymer membrane 
than micro-particles. There is a possibility that during the synthesis of the 
polymer electrolyte composite with water and air particles, the aggregation 
of nanoparticles could occur, causing the deterioration of the electrochemi-
cal properties of the membrane. The ionic conductivity of pure PVdF is in 
104 times less than CPE, so the real improvement was seen.

The titanium dioxide is a dielectric material, and it is not directly involved 
in the conduction process, but only facilitates the coordination of lithium 
ions inside the membrane, and facilitates the transfer of them, it was decided 
to increase the concentration of lithium ions of lithium per chlorate introduc-
tion into the composite polymer electrolyte. In this case, inert filler particles 
increase the amorphous polymer matrix, and it acts as a polymer-solvent for 
the lithium salt. On the basis of earlier work on this subject, it was decided 
to doping concentration of salt at 25%.

An interesting fact is noticed acquired softness membranes containing 
a lithium salt, compared with previous designs. This is probably due to the 
fact that for the formation of bonds between the polymer and salt, the first is 
more able to absorb the organic solvent or to absorb moisture from the air. 
Given seen especially by us, it was agreed that it is necessary to introduce an 
additional step in the method of preparation of the CPE. Therefore, drying in 
the convection-drying conditions has been added in a vacuum oven drying, 
to completely evaporate the solvent. These membranes were stored in a spe-
cial container in an argon atmosphere prior to the measurement of the ionic 
conductivity in an organic electrolyte. Next composite polymer electrolytes 
with lithium perchlorate added were examined.

According to Figure 14.4, it can be seen that the filler concentration of 
5% shows the greatest value of the ionic conductivity for all three types of 
membranes. This fact was confirmed in Figure 14.3, which shows the cor-
responding dependence without lithium salts. Thus, this concentration can 
be called optimal, however, in some theoretical considerations it is of inter-
est. Nanoparticles, due to their higher specific surface according to theory 
should produce a different effect on the ionic conductivity at equal con-
centration of micro-particles. In other words, the smaller concentration of 
nanoparticles should produce the same effect as a large concentration of 
micro-particles. Furthermore, when comparing Figures 14.3 and 14.4 clearly 
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drawn regular increase in ionic conductivity with the addition of CPE in 
their structure of the lithium salt, and the results are improved by one to two 
orders of magnitude.

Upon further examination of Figure 14.4, we have determined that the 
greatest ionic conductivity at room temperature showed a membrane con-
taining 5% of nanoparticles of titanium oxide, 25% of lithium per chlorate 
(1.01 Sm/cm), which stands out the peak stresses.

Hence, from the above results of ion conductivity, it can be concluded 
that the measured value greatly depends on the qualitative and quantita-
tive composition of the composite. The most successful have samples in 
the composition which contained as an inert phase filler – TiO2 (5 wt.%), 
and an active phase – LiClO4 (25 wt.%). In addition, to the filler particles 
are preferably introduced into the CPE in the form of a dry powder of 
nanoparticles.

To start the membrane in an industrial conveyor belt their electrochemi-
cal stability is very demanding. This will run the battery for a long time. 
In this work, we have studied the electrochemical stability on the basis of 
cycling polymer electrolyte with the best characteristics of ionic conductiv-
ity. The experiment was carried out in an organic solvent in a glove box 
under argon.

A more detailed review of the relaxation curves (Figure 14.5) and 
polarization (Figure 14.6) from galvanostatic curves shows that the curves 

FIGURE 14.4  The dependence of ionic conductivity of composite polymer electrolyte based 
on the PVdF of content by mass of the filler particles with lithium salt at 25°C temperature.
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FIGURE 14.5  The relaxation curves of Faraday component in the polarization current 
0.01 A.

FIGURE 14.6  The relaxation curves resistive component in the polarization current 0.01 A.
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of the relaxation process with each cycle are reversible, indicating that 
the unhindered passage of charged particles in the polymer membrane. 
The polarization curve after the first cycle of the polarization (Figure 14.6, 
curve 1) differs slightly from the polarization curves subsequent cycles. 
This may be due to processes occurring at the interface of the polymer 
membrane.

Thus, one can conclude that upon reaching thermodynamic equilibrium 
CPE electrochemical stable. Side processes in addition to the passage of the 
charge of the lithium ions are not observed.

14.3.2.2  Thermal Physical Investigations

An important factor for the Lithium batteries is the temperature stability 
of its components. This provides the desired degree of safety and battery 
performance. Therefore, we analyzed thermo gravimetric curves obtained 
membranes shown in Figures 14.7–14.9.

The comparison of the thermo gravimetric curves for pure PVdF (Figure 
14.7) with the composite containing the filler nanoparticles (Figure 14.8) 
and a composite of the same composition, but with the addition of lithium 
per chlorate (Figure 14.9) was noticed an interesting pattern. The polymer 
membrane PVdF-nanoTiO2 (5%) contained the least amount of moisture, 
so the weight loss was only 0.02% at the end of the test. This attests to the 

FIGURE 14.7  Thermo gravimetric curves TG-DSC for the pristine PVdF.
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FIGURE 14.9  Thermo gravimetric curves TG-DSC for the polymer membrane PVdF-
microTiO2 (5%) – LiClO4 (25%).

FIGURE 14.8  Thermo gravimetric curves TG-DSC for the polymer membrane PVdF-
microTiO2 (5%).

efficiency of drying in a vacuum oven, and this gives greater importance 
this synthesis stage. The pristine PVdF is not subjected to drying and stored 
in a normal atmosphere, so its weight loss was 1.84%. The greatest weight 
loss suffered sample PVdF- nanoTiO2 (5%) – LiClO4 (25%), which was 
dried out in a vacuum oven. As expected, the lithium salt influenced the 
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FIGURE 14.10  Diagram of stretching polymer membranes, where curve 1 – pristine PVdF 
film; curve 2 – PVdF-nanoTiO2 (5%)-LiClO4 (25%).

ability of the polymer matrix to absorb moisture, the evaporation of which 
was about 10%

The shaded area corresponds to the specific heat of fusion at which 
indirectly can judge the crystalline of the polymer membrane. In the 
sample with pure PVdF shaded area larger than the other two samples, 
hence, one may suppose that crystalline of other two is less than in pris-
tine sample.

From further analysis of the curves, one can see the characteristic groove 
is at temperature about 165°C for all three samples, but especially for the 
first two. This endothermic process is characteristic of the membranes in 
the composition containing PVdF and evidence of the immutability of the 
composition and the internal ordering of the polymer. In the third sample one 
can notice already two endothermic and one exothermic process at different 
temperatures, it is possible the formation process of a complex between the 
polymer chains and a lithium salt.
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14.3.3  MECHANICAL TENSILE STRENGTH TESTS

The mechanical strength of the membrane can be measured by various meth-
ods, which should be considered when directional property of this parameter 
in the spatial directions in the membrane. A common method of measuring 
this parameter is to determine the tensile strength of membrane. Diagram 
of the experiment is shown in Figure 14.10. The maximum of the diagram 
corresponds to the rupture of the sample, the point of maximum strength. 
Comparing the maximum value of the supplied strain to the sample, one 
can say that CPE withstand more stress (6.9 MPa) compared to pure PVdF 
(6.5 Mpa), however, showed less significant stretch (4.5–7%). Hence, given 
values of the tensile strength of these membranes and comparing them with 
references, can be regarded as a synthetic CPE strong enough.

Comparing electrochemical studies and mechanical characteristics of 
the membrane, it can be concluded that good CPE should be mechanically 
strong, but at the same time sufficiently soft and flexible.

14.4  CONCLUSIONS

It was established that introducing the inorganic filler – TiO2 in the polymer 
matrix creates additional coordination centers for lithium cation and sup-
presses polymer crystallization.

The research of membranes electrochemical properties showed a 10,000-
fold increase of the ionic conductivity of the second series of membranes 
in comparison of first series composites at the room temperature. We found 
that the ionic conductivity of the polymer membrane is directly depending 
on particle shape and distribution of lithium-conductive agent in the matrix. 
The optimal ratio of composition accounted for 5% TiO2 + 25% LiClO4 in 
PVdF matrix. This CPE has high ionic conductivity (1.01 mSm/cm), ther-
mally (range from 25–165°C) and electrochemically stable, mechanically 
strong (4.5% at 6.9 MPa) and safe.
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ABSTRACT

Drug targeting to specific organs and tissues is one of the crucial endeavors 
of modern pharmacotherapy. Controlled targeting at the site of action and 
reduced time of exposure of non-targeted tissues increase the efficacy of 
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the treatment and reduce toxicity and side effects, improving compliance 
and convenience. Nanocarriers based on the branched copolymers dextran-
graft-polyacrylamide were synthesized and characterized and were tested on 
phagocytic cells. It was shown that these nanoparticles are actively captured 
by phagocytic cells, and that they are not cytotoxic (90% ± 2% live cells at 
0.01 mkg/ml).

The polymer nanoparticles loaded with cisplatinum at different con-
centrations from 0.01 to 0.1 mkd/ml yielded a percentage of living cells 
between 28% and 76%. Taking into account that our nanoparticles will act 
mainly on malignant phagocytic cells and do not affect healthy cells, they 
can thus potentially be used for the therapeutic treatment of tumor cells hav-
ing phagocytic activity.

15.1  INTRODUCTION

Hybrid organic-inorganic materials, where molecular organic and inorganic 
fragments are combined, have been considered potentially attractive for the 
purpose of developing of new materials [1] with a broad spectrum of inter-
esting properties. In comparison with organic and inorganic constituents and 
polymers separately, hybrid organic-inorganic materials have a lot of advan-
tages [2–4].

15.2  EXPERIMENTAL PART

15.2.1  POLYMER NANOCARRIERS

As a nanocarrier we used a branched copolymer obtained by grafting poly-
acrylamide (PAA) chains onto dextran (Mw = 7 × 104 g mol−1) backbone [16] 
using a ceric-ion-reduce initiation method. This redox process initiates free 
radical sites exclusively on the polysaccharide backbone, thus preventing 
from the formation of homopolymer (PAA) [17, 18].

The detail of synthesis, identifications and analysis of internal polymer 
structure were described in Refs. [16, 17]. The theoretical number of graft-
ing sites per polysaccharide backbone for the sample we used as polymer 
nanocarrier in the present work was equal to 5, and the related dextran-graft-
polyacrylamide copolymer was referred as D70-g-PAA. The choice of this 
copolymer among the series of the branched samples synthesized based on 
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our previous research. Namely this sample was the most efficient polymer 
matrices for Ag-sol in situ synthesis as well as for the nanoscale catalyst 
preparation [16, 19–21].

The D70-g-PAA copolymer was saponified by alkaline hydrolysis using 
NaOH to obtain branched polyelectrolyte, referred as D70-g-PAA(PE) 
throughout [16, 19]. The degree of saponification of carbamide groups to 
carboxylate ones onto PAA-granted chains determined by potentiometric 
titration was equal to 43% [19].

All polymer samples (the nascent and hydrolyzed ones) were precipitated 
into an excess of acetone, dissolved in bidistillated water, then freeze-dried 
and kept under vacuum for preventing them from additional hydrolysis. 
Potentiometric titration curves obtained for bidistilled water and for the non-
ionic copolymer D70-g-PAA were the same. Thus, it can be concluded that 
the degree of the hydrolysis of the PAA moiety in the nascent copolymer was 
virtually zero.

15.2.2  SIZE-EXCLUSION CHROMATOGRAPHY

SEC analysis was carried out by using a multi-detection device consisting 
of a LC-10 AD Shimadzu pump (throughput 0.5 mL min−1; Nakagyo-ku, 
Kyoto, Japan), an automatic injector WISP 717+ from Waters (Milford, MA, 
USA), three coupled 30-cm Shodex OH-pak columns (803HQ, 804HQ, and 
806HQ; Munich, Germany), a multi-angle light scattering detector DAWN F 
from Wyatt Technology (Dernbach, Germany), and a differential refractom-
eter R410 from Waters. Distilled water containing 0.1 M NaNO3 was used 
as fluent. Dilute polymer solutions (c = 3 g L−1 < c* = 1/[η]) were prepared, 
allowing for neglect of intermolecular correlations in the analysis of light 
scattering measurement.

15.2.3  POTENTIOMETRIC TITRATION

Potentiometric titration of polyelectrolyte samples was performed using 
a pH meter pH-340 Economic Express, St. Petersburg, Russia). HСl (0.2 
N) and NaOH (0.2 N) were used as titrants. Polymer concentration was 
2 g L−1. The polymer solution was titrated with HCl up to pH 2 and then 
with NaOH up to pH 12. Previously, a fine blank titration (titration of 
non-hydrolyzed polymer) was made. The absorption of OH− anions was 
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calculated through the analysis of the titration curves and then the limits of 
these values were used to determine the conversion degree of carbamide 
groups into carboxylate ones. The measurements were performed at T = 
25°C under nitrogen.

15.2.4  FTIR SPECTROSCOPY

FTIR spectra were obtained on a Nicolet NEXUS-475 (USA) spectropho-
tometer in the range 4000–400 cm–1 using thin films (l = 6–9 µm). The films 
were cast from aqueous solutions of polymer without adding of cisplatin and 
with cisplatin.

15.2.5  THE BIOLOGICAL TEST FOR POLYMER-NANOCARRIERS 
EFFICIENCY

The cells culture of murine macrophage J774 and U-937 (hystocytic lym-
phoma) were used as the biological object for studying the efficiency of 
the polymer nanocarriers loaded with cisplatin as an anticancer agent. The 
cell culture was obtained from culture collection of Institute of Molecular 
Biology and Genetics of National Academy of Science of Ukraine.

The pharmaceutical cisplatin dosage form from “EBEVE” (Austria) was 
used for further encapsulation into polymer nonocarrier.

15.2.6  PHAGOCYTIC INDEX AND CELLS SORTING

The efficiency of absorption of the nanocarrier by a cell culture was deter-
mined by evaluating phagocytic index. Phagocytic index (PI) is the percent-
age of cells that have entered in the phagocytosis out of the total number.

The distribution of the phases of the cell cycle and apoptosis level was 
assessed using aFACS Calibur flow cytometer (“Becton Dickinson”, USA) 
by the method described in [22].

15.2.7  TEST FOR CELL SURVIVAL

About 100 μl of cell was added to a culture plate in the nutrient medium. 
Cisplatin was added to nanocarriers at various concentrations. Cells were 
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cultivated in an incubator with cisplatin as and also with nanoсarriers loaded 
with cisplatin in a gaseous phase (5% CO2) for one day. The number of live 
cells was analyzed using the inverted microscope Ulab XD 30 (China) in a 
Goryaev chamber, staining the cells with try pan blue following the standard 
procedure [23].

15.3  RESULTS AND DISCUSSION

The branched water-soluble copolymers dextran-graft-polyacrylamide in 
non ionic and anionic form was used as nanocarriers for targeted delivery of 
an anticancer drug into tumor cells.

The molecular parameters of the D70-g-PAA copolymer, as determined 
by size-exclusion chromatography (SEC), are reported in the Table 15.1.

SEC indicates that this sample possesses relatively low molecular weight 
polydispersity and the size of macromolecules relatively large. It is known 
that cells-phagocytes can trap the objects of 100–250 nmin size. Thus, the 
D70-g-PAA copolymer can be used for loading the therapeutically agents 
capable of killing the damaged cells-phagocytes. The peculiarities of the 
molecular structure of branched copolymers dextran-graft-polyacrylamide 
in nonionic and ionic forms are discussed in notes [16, 17, 19]. These 
copolymers are star-like, consisting of the compact dextran core and long 
polyacrylamide arms. As was reported in Refs. [16, 17], the average con-
formation of grafted PAA chains is controlled by the grafting ratio. For the 
D70-g-PAA copolymer used in the present research the PAA-grafted chains 
are highly extended, approaching their tethering point, and recover to a ran-
dom conformation quite distant from this point.

The branched polyelectrolyte D70-g-PAA (PE) is characterized by an 
extremely expanded conformation of the grafted chains in solution. Alkaline 
hydrolysis of D70-g-PAA copolymers was not accompanied by irrelevant 
processes (the breaking or cross-linking of macromolecules), as was con-
firmed by SEC analysis of source and saponified samples [19].

The branched polymers, due to their more compact molecular structure, 
have a higher local concentration of functional groups in comparison to 

TABLE 15.1  The Molecular Parameters of Polymer-Nanocarrier

Sample Mw × 10–6 Rg, нм Mw/Mn

D70-g-PAA 2.15 85 1.72
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their linear analogs. These structure peculiarities of branched polymers are 
advantageous for application in nanotechnologies [16, 20, 21].

The D70-g-PAA and D70-g-PAA (PE) copolymers consist of biocompat-
ible components – dextran and polyacrylamide, which are nontoxic, water 
soluble, their macromolecules are approximately 100 nm in size with ligands 
capable of coordinating multivalent metal ions [24], that is why our idea was 
to test them as nanocontainers-carriers for targeted delivery of the highly 
toxic therapeutic anticancer agent cisplatin.

It was shown that the D70-g-PAA nanocontainers which were absorbed 
by macrophages (Figure 15.1) and were not cytotoxic. The phagocytic index 
was equal to 84%. This fact permitted the testing of nanocontainers loaded 
with the cytotoxic chemotherapy drugs cisplatin on the cells.

Complexes of copolymer D70-g-PAA and an anionic derivative with cis-
platin were synthesized. FTIR spectra analysis in Amide 1(1650–1660 cm–1, 
С = О stretching) and Amide 2 (1615 cm–1, N-H bending) region showed 
no strong interaction of the non-ionic copolymer with cisplatin (Figure 
15.2). The spectra of the reaction product of cisplatin with D70-g-PAA 
(PE) revealed the drastic changes in the intensity of the absorption within 
the Amide 1 and Amide II bands, and for a band with a peak at 1570 cm–1 
(COO-, stretching), respectively, indicating the complex formation of cis-
platin with the copolymer carboxyl groups.

According to the FTIR data, the system D70-g-PAA(PE) + cisplatin were 
used in the experiments in vitro. Dose-dependent cytotoxicity of platinum 
complexes for J774 cells is shown in (Figure 15.3).

The nanoparticles loaded with cisplatin at different concentration in the 
range from 0.01 to 0.1 mkg/ml revealed a percentage of living cells between 
28% and 76%.

FIGURE 15.1  Nanocontainers D70-PAA5 tested on marine macrophages: nanocontainers 
D70-PAA5. (a) Murine macrophages microphotograph; (b) Murine macrophages under 
fluorescent microscope without nanocontainers. (c) Murine macrophages with nanocontainers 
in phagosomes under fluorescent microscope, stained with Acridine Orange.
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The distribution of the phases of the cell cycle and apoptosis level was 
assessed using a FACS Calibur flow cytometer. It has been shown that the 
effectiveness of growth inhibition on U937 culture (histolytic lymphoma) 
under the action of cisplatin in sub toxic concentration of 3 mol/l is the same 
as for the soluble form of the drug and for cisplatin encapsulated into poly-
mer nanoparticles. Thus, cisplatin-containing nanoparticles does not lose its 
growth-inhibitory effect on these cells.

FIGURE 15.3  Cytotoxicity of nanocontainers with cisplatin for the J774 cells.

FIGURE 15.2  FTIR spectra for systems: 1 – cisplatin, 2 – D70-g-PAA, 3 – D70-g-PAA + 
cisplatin.
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The effects of cisplatin on the cell cycle were also identical to the sol-
uble form of the drug, and the drug in nanoparticulate form (increasing 
fraction of cells in phases S and G2/M). However the level of induction of 
apoptosis in the preparation form of nanoparticles was somewhat inferior 
to that under the action of an equimolar concentration of cisplatin solution 
(Figure 15.4).

Combining these data with the kinetics of growth culture under treatment 
with different drugs platinum [25], it could be argued that the effect of cis-
platin in the form of nanoparticles on leukemia cells leads to a change in the 
ratio between the growth-inhibitory and proapoptotic efficacy of platinum at 
an equimolar content of the active component. In addition, we must take into 
account that our nano particles will act mainly on phagocytic cells and will 
not affect healthy cells, thus realizing targeted orientation of nanoparticles 
with cisplatin.

FIGURE 15.4  Histograms of distribution of U937 cells in content of DNA with the influence 
of cisplatin in solution or in conjunction with dextran containing nanoparticles. (a) control; 
(b) cisplatin solution of 3 µmol/l; (c) nanocontainers loaded with cytotoxic chemotherapy 
drugs cisplatin, 3 µmol/l.
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ABSTRACT

We present two methods to calibrate light-to-heat and light-to-light conver-
sions in the nanocomposites incorporated with silver and gold nanoparticles. 
First method relies on the optical properties of cholesteric liquid crystals, 
confined into microdroplets dispersed in the medium, and combines the 
advantages of high spatial resolution and good temperature accuracy with 
fast readout. The method can be used for any nanoparticles, disregarding 
their size or shape, for instance silver or gold based. In the second method, 
we demonstrate that the emission of visible light from the polymer matrix 
doped with luminescent dye and gold nanoparticles can be enhanced with 
the use of surface plasmon coupling. The visualization and control of opti-
cal and thermal energy conversions in nanostructures are key challenges 
in many fields of science with applications in areas as molecular sensing, 
detection and visualization cancer cells at the early stage of development, 
and photothermal cancer therapy.

16.1  INTRODUCTION

16.1.1  THERMOSENSITIVE LIQUID CRYSTAL MICRO 
THERMOMETERS FOR THE VISUALIZATION LIGHT-TO-HEAT 
CONVERSION

Systems of nanoparticles (NPs) dispersed in liquid crystals (LCs) have 
attracted attention to the possible development of novel materials based on 
the controlled assembly of the particles. An attractive way to satisfy this 
conformational freedom requirement would be to hosting the NPs within 
flexible, tunable and organic medium as LCs. LC phases are found in DNA, 
proteins, lipids and polysaccharides. Therefore, it is very important to know 
the properties of LC materials in order to better understand biological pro-
cesses [1]. Due to this unique property of LC materials, the NP doped LCs 
are assumed to have many advanced optical characteristics, quite different 
from those of NP doped isotropic liquids, semiconductors and solid state 
systems [2–4]. The method of the visualization of light-to-heat conversions 
in the LC doped nanocomposites relies on the optical behavior of choles-
teric liquid crystals (CLCs), confined into microdroplets dispersed in the 
medium, and combines the advantages of high spatial resolution and good 
temperature accuracy with fast readout (Figure 16.1).
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FIGURE 16.1  Emulsion of CLC microdroplets dispersed in water matrix.

In this work, we propose the idea to use thermotropic CLC microdrop-
lets for the non-intrusive visualization and measurement of the temperature 
distribution at the micro scale. In particular, we focus on the visualization of 
the optical energy conversion to heat caused in metal NPs. Gold and silver 
NPs can efficiently release heat under optical excitation. When excited with 
a laser beam, the laser electric field strongly drives charge mobile carriers 
inside the NPs, and the energy gained by carrier turns into heat. Heat gen-
eration becomes especially strong in the regime of plasmon resonance [5]. 
The NPs temperature may rise significantly and the heat can propagate to 
the surrounding medium. In our method, the temperature surrounding the 
nanoparticles can be estimated monitoring the spectral shift of the selective 
reflection peak of a CLC. For this purpose, an emulsion of water, CLC and 
nanoparticles were investigated and the temperature in the environment sur-
rounding silver NPs, as a function of the exposure time to laser radiation, 
was monitored (Figure 16.2).

16.2  EXPERIMENTAL PART I

16.2.1  MATERIALS

An emulsion of the cholesterol mixture in water and glycerol is prepared 
with the following percentage in weight: 95% (90% water + 10% glycerol) 
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+ 5% CLC. Glycerol was added in order to reduce the evaporation rate 
of the emulsion. A cuvette with 1 mm gap was filled with the emulsion 
and stirred at 600 rpm, at room temperature for 25 min. As a result, a 
homogeneous distribution of CLC microdroplets suspended in an aqueous 
glycerol matrix was obtained. The diameter range of CLC microdroplet 
was 10–15 μm. Depending on the CLC concentration and stirring speed, 
CLC microspheres with different diameter sizes and packing density may 
be obtained. To visualize the temperature distribution inside the cuvette 
when the emulsion was heated up from room temperature, the cuvette was 
placed on a heating stage. Figure 16.3(a) shows the local temperature at 
different heights in the cuvette, also showing the vertical temperature gra-
dient. Blue color at the bottom of the cuvette corresponds to the highest 
temperature, and it turns to green, yellow, red and brown as we move to 
the top of the cuvette, indicating a decrease in temperature. Figure 16.3(b, 
c) shows the same microscopic area of a liquid crystal cell at 25°C (b) and 
42°C (c). The final nanocomposite emulsion (NCE) is obtained mixing 
cholesterol liquid crystal, glycerol and the NP aqueous solution in the fol-
lowing concentrations in weight: 95% (90% Silver NP suspension + 10% 
glycerol) + 5% CLC. As in the previous case, glycerol is used to reduce the 
evaporation rate of water during experiments. Finally, the NCE is stirred at 

FIGURE 16.2  Schematic representation of CLC micro thermometer suspended in 
nanocomposite consisting of water doped silver NPs.
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FIGURE 16.3  (a) Temperature distribution in a cuvette containing CLC microdroplets in 
a water and glycerol mixture. Optical microscope images of CLC microdroplets in a liquid 
crystal cell. Red color (b) is visible at room temperature, 25°C, while blue (c) is visible at 
42°C.

600 rpm, at room temperature to produce homogeneously distributed CLC 
microdroplets.

To visualize the effect of energy harvesting from silver nanoparticles, the 
experimental setup sketched in Figure. 16.4 was used.

FIGURE 16.4  Experimental setup: cuvette (1), impinging laser beam @ 457 nm (2), CLC 
micro thermometers (3), the optical shutter (4), edge filter (5), light source (6), fiber-coupled 
spectrometer (7). The laser beam travels inside the cuvette, parallel to its larger faces.
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The “heat trace” penetrates inside the cuvette, highlighting the profile of 
the temperature distribution. In Figure 16.5, the color distribution inside the 
cuvette (a) before and (b) immediately after the switching off of the laser 
beam is shown. The red arrow indicates the area exhibiting a larger tem-
perature (green) than the surroundings (yellow-red). The highest tempera-
ture was obviously reached along the previous laser beam propagation path. 
An high-pass filter can be added in front of the camera to cut the impinging 
laser light, in order to follow the dynamics of the heat propagating inside the 
sample.

16.1.2  GOLD NANOPARTICLES STIMULATED LIGHT EMISSION 
ENHANCEMENT

In this section, we present gold nanoparticles (GNPs) formed and incorpo-
rated together with luminescent dye Nile blue (Nb) into a film of polyvinyl 
alcohol (PVA). Light enhancement of a luminescent dye strongly depends 
on the factors that can be manipulated to obtain a desired luminescence: the 
distance between the luminescent dye and the GNPs and the spectral overlap 
between the wavelength of pumping light source and GNPs plasmon reso-
nance peak. GNPs are among the most extensively studied nanomaterials. 
They are known to be the most stable metal nanoparticles [6, 7]. Numerous 

FIGURE 16.5  (a) Image of the laser beam propagating inside the cuvette, and (b) red 
arrow indicating the highest local temperature in correspondence of the previous laser beam 
propagation path immediately after switching off the laser beam.
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studies have been reported on the synthesis, property and application devel-
opment of gold clusters, colloids, and nanoparticles [8–11]. In addition, 
combining the properties of gold nanoparticles with those of known organic 
dyes has already led to many interesting applications including sensing of 
biologically relevant molecules [12, 13].

16.3  EXPERIMENTAL PART II

16.3.1  MATERIALS

As the initial components we utilized next materials: macro monomer 
PVA with a number average molecular weight (Mw) 85,000–124,000, 
99% hydrolyzed. Colloidal mono dispersed GNPs with 40 nm in size, with 
concentration 7.15 × 1010 nanoparticles/ml and molecular weight 196.97 
g/Mol dispersed in an aqueous buffer (0.02 mg/ml), and glycerol solu-
tion 86–89% (T), with density 1.252 g/ml at 25°C. All components were 
purchased from Sigma-Aldrich. As the luminescent dye we used Nile Blue 
(Nb) (Figure 16.6).

We have, therefore, chosen the PVA because of its ease of process abil-
ity, solubility, mechanical and thermal stability. Light enhancement of a 
luminescent dye strongly depends on the factors that can be manipulated 
to obtain a desired luminescence: the distance between the luminescent dye 

FIGURE 16.6  Structural formula of luminescent dye Nb.
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and the GNPs and the spectral overlap between the wavelength of pump-
ing light source and GNPs plasmon resonance peak. The Figure 16.7 shows 
single GNP, which is surrounded by Nb molecules.

We have prepared and investigated two nanocomposites. First one, PVA 
matrix doped with Nb and another one is the PVA matrix doped with Nb and 
GNPs. Absorbance and luminescence spectra of the samples were recorded 
by multi fiber optic spectrometer (Avaspec-2048, “Avantes”). Photoexitation 
of the nanocomposites were performed at λ = 532 nm, using MSL-III-532 
diode laser, with 5 mW power. The optical (“LOMO”), and confocal scan-
ning microscopes (“Leica”), were involved to investigate a polymer nano-
composites at micro scale. In the description of the nature of the energy 
transfer from an organic luminescent dye to a GNP a crucial role plays the 
distance dependence between the luminescent dye and the surface of a GNP. 
The altered electromagnetic field around the metal nanoparticle changes the 
properties of a dye that is placed in the vicinity. It can cause two enhance-
ment effects: the first is an increase in the quantum efficiency of the dye and 
the second is an increase in the excitation rate of the dye. The induced col-
lective electron oscillations associated with the surface plasmon resonance, 
give rise to induce local electric fields near the nanoparticle surface. Energy 

FIGURE 16.7  Image of GNPs surrounded by Nb molecules.
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transfer from luminescent organic dyes to GNPs is generally considered to 
be the major process leading to the excited-state activation/deactivation of 
the dyes. As the result we obtained a strong enhancement of the lumines-
cence, when by the laser light was irradiated a nanocomposite PVA/GNPs/
Nb. Figure 16.8, displays the luminescence spectra emitted from PVA/Nb 
and from PVA/GNPs/Nb. It is obvious that the light intensity emitted from 
the nanocomposite PVA/GNPs/Nb 690 is much stronger than the light inten-
sity emitted from PVA/Nb composite.

Finally, based on the experimental results and calculated data from the 
equations, we found the distance between the dye molecules and GNPs, 
which are statistically distributed in the polymer medium, was equal 0.5 ± 
0.15 nm. To visualize the distribution of GNPs/Nb pairs in PVA matrix we 
used polarized light microscope and confocal microscope. We found that 
some amount of GNPs/Nb 690 is prone to aggregate and form the clus-
ters, which are the condensed quantity of GNPs and Nb 690 dyes. The vivid 
“halos” surrounding the clusters demonstrate the enhancement of light 
brightness, which confirms the strong energy transfer between GNPs and 
Nb (Figure 16.9).

At the end of our experiments we have demonstrated an advances of the 
proposed concept in biology, in particular for the cell labeling and tracking 
in biological tissues. For this reason we used pieces of lungfish tissues. One 

FIGURE 16.8  Induced light emission from PVA/Nb and PVA/Nb/GNPs polymer 
composites when pumped by laser with wavelength coincide to the absorption of GNPs.
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FIGURE 16.10  Labeled biological cells (a) with Nb, and (b) with GNP/Nb.

was labeled with Nb luminescent dye and other with Nb luminescent dye/
GNPs. As shown in Figure 16.10, a light emission from tissue labeled with 
Nb/GNPs, is much stronger, than from the tissue labeled just with Nb/lumi-
nescent dye.

16.4  CONCLUSIONS

We describe two novel methods that describe optical to thermal and opti-
cal to optical energy conversions in metal nanoparticles doped nanocom-
posites. First method enables to evaluate the temperature of the medium 
surrounding silver NPs as a function of the exposure time to light radia-
tion. This method relies on the optical properties of cholesterol liquid 

FIGURE 16.9  Images of GNPs/Nb clusters under (a) optical, and (b) confocal microscopes.



Investigation Photothermal and Photooptical Energy Conversions	 205

crystals, confined into microdroplets dispersed in the medium, and com-
bines the advantages of high spatial resolution and good temperature 
accuracy with fast readout. The proposed method can be used for any 
NPs, disregarding their size or shape, for instance silver or gold based. 
The micron size droplets act as micro thermometers, providing a local 
visualization of the temperature, which is well suitable for applications 
in the biological field, in particular for the visualization and calibration 
of temperature distribution near the biological cells, for the application 
in plasmonic photo-thermal therapy. Photodynamic therapy can cause 
burns, swelling, pain, and scarring in nearby healthy tissue. CLC micro 
thermometers allow us to adjust and calibrate the irradiated light inten-
sity and exposure time, which must be controlled carefully so that, to 
destroy the cancer cells and left alive, healthy cells. In the second method 
is described an enhancement in luminescence intensity, using GNPs and 
luminescent dye complex, which will lead to many applications in bimo-
lecular labeling to produce novel optical contrast agents with high sen-
sitivity and specificity. Obtained results may have a great importance in 
chemotherapy and cancer diagnosis.
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ABSTRACT

In this chapter, we synthesized conductive urethane acrylate with added 
PANi-CuO nanocomposites into urethane acrylate matrix. PU-PANi-CuO 
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composites were prepared and then curing of the composites were completed 
in the ultraviolet curing device. The morphological studies (SEM) showed 
uniform distribution PANi-CuO nanocomposites in polyurethane matrix. 
Glass transition temperature (Tg) value of the PU-PANi-CuO composites to 
higher value which indicates that PU-PANI-CuO composites are more stable 
than PANi-CuO. Electrical conductivity of urethane acrylate increased with 
increasing content of PANi-CuO nanocomposites.

17.1  INTRODUCTION

Conducting polymers have attracted significant attention in recent decades 
because of their potential applications in various fields such as electromag-
netic interference (EMI) shielding, rechargeable battery, chemical sensor, 
corrosion devices and microwave absorption [1–5].

Polyurethane (PU) is one of the most important polymers and widely 
used in commercial applications, including construction, automotive, 
food packaging, storage, transportation, textiles, foot-wear and wound 
dressing materials. Polyurethanes have appropriate mechanical proper-
ties such as film-formation, so with the preparation of composites of 
polyaniline and polyurethane can improve the mechanical properties of 
polyaniline [6, 7]. PANi-CuO nanocomposite is a conductive nanocom-
posite. Therefore, with added PANi-CuO nanocomposites into other non-
conductive polymers such as polyurethane created a conductive polymer 
nanocomposite.

In this research, urethane acrylate was synthesized and then PU-PANi-
CuO composites were fabricated with different contents of PANi-CuO nano-
composites and then curing of the films was completed in the ultraviolet 
curing device. Morphological, electrical conductivity, thermal properties 
of the products were characterized by electron microscopy (SEM), thermo 
gram analysis (DSC) and four point probe resistivity measurements.

17.2  EXPERIMENTAL PART

17.2.1  SYNTHESIS OF PU-PANI-CUO COMPOSITES

PU-PANi-CuO composites was synthesized with PANi-CuO nanocompos-
ites into PU matrix. First step, 4.44 gr sophorone diisocyanate (IPDI) and 
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1.18 gr 1,6-Hexanediol mixing and then added acetone (20 ml) as solvent 
and two drops of catalyst (DBTDL) at 45°C and 1 h stirred. In second step, 
2.6 gr Hydroxy ethyl methacrylate (HEMA), 2 cc trimethylol propan tri-
acrilat (TMPTA) and 0.05 gr of PANi-CuO nanocomposites was added to 
reaction mixture and 3 h stirred. Finally, 0.33 gr benzophenone and 0.33 gr 
tripropylamine as initiator poured into reaction mixture, after 15 minutes 
reaction completed and product obtained.

17.2.2  PREPARATION OF PU-PANI-CUO COMPOSITE FILMS

PU-PANi-CuO nanocomposite films were preparation by coating device on 
glass substrates to thick 12 microns. Afterward, films under UV light were 
irradiated in Ultraviolet curing device and curing processing of the films 
completed.

17.3  RESULTS AND DISCUSSIONS

17.3.1  SCANNING ELECTRON MICROSCOPY ANALYSIS

The morphologies of PU-PANi and PU-PANi-CuO (5 wt%) nanocomposites 
films are shown in Figure 17.1. The SEM images showed that PANi-CuO 
nanocomposites have been distributed in the urethane matrix and the films 
structure was modified by increasing nanocomposites.

FIGURE 17.1  SEM images of (a) PU-PANi, (b) PU-PANi-CuO (5%) nanocomposite films.
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17.3.1.1  Electrical Conductivity

Table 17.1 shows the variation of conductivity of pure PU, and PU-PANi-
CuO (1–5wt%) hybrid nanocomposites films. The conductivity of the 
films increases with the increase PANi-CuO nanocomposites of in the PU 
matrix.

17.3.2  THERMAL STABILITY

Differentiating scanning calorimetric (DSC) analysis of PU-PANi and 
PU-PANi-CuO composites showed glass transition temperature (Tg) value. 
Glass transition temperature (Tg) value of the PU-PANi-CuO compos-
ites to higher value (95°C for PU-PANi-CuO nanocomposites, 87°C for 
PU-PANi) which indicates that PU-PANi-CuO composites are more stable 
than PU-PANi.

17.4  CONCLUSIONS

In this study, we synthesized conductive urethane acrylate with added 
PANi-CuO nanocomposites into urethane acrylate matrix. Urethane acry-
late -PANi-CuO composites synthsized and then PU-PANi-CuO composites 
films were prepared and curing of the films is completed in the ultraviolet 
curing device. The morphological studies (SEM) showed uniform distribu-
tion of the PANi-CuO nanocomposites in the PU matrix. Electrical conduc-
tivity measurements of PU increase with increasing content of PANi-CuO 
nanocomposites. Differentiating scanning calorimetric (DSC) analysis 
showed that glass transition temperature (Tg) value of the PU-PANi-CuO 
composites to higher value which indicates that PU-PANi-CuO composites 
are more stable than PU-PANi.

TABLE 17.1  Conductivity of Pure PU, and PU-PANi-CuO (1–5 wt%) Composites Films

Sample CuO nano particles (wt%) σ 10–3 (at 300 K) S cm–1

Pure PU 0 1.5
PU-PANi-CuO 5 0.11
PU-PANi-CuO 2.5 0.9
PU-PANi-CuO 1 0.3
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ABSTRACT

In structural materials and composites based on thermo set matrices, it is 
important to control reactions related to the cross-linking network. A fully 
cured system appears when a physical properties become non-variable and 
reach a plateau such as Tm, Tg, hardiness, etc.
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The gel time is defined as the time when a liquid resin (open time) starts 
to form micro gels, before the gelatin (initial cure) and the formation of 
solid state (final cure). Above this time, processing cannot be properly done. 
Therefore, it is important, when processing a composites, to be able to mea-
sure and control the gel time.

We discuss on this chapter about the possibility to regulate the gel time 
according the domain concerned, that is, Marine and Aerospace applications.

18.1  INTRODUCTION

Matrices play a crucial role in the formation of a controlled and homogeneous 
3D structure for assuring good properties to the materials [1, 2]. Most of the 
polymer networks belong to the imperfect network type; thus they are: inho-
mogeneous, contain cycles or loops, contain dangling ends, entanglements 
of molecular chains between cross-links (Figure 18.1). Nowadays, with the 
development of composites and nano-composites, the presence of reinforcing 
agents or nano-fillers may have influence in the development of the network 
of thermo sets and therefore affect the mechanical properties [3–5].

Unsaturated polyester (UPR) and Vinyl ester resins (VER) are widely 
used for fabricating small to large FRP structures (boat hulls, decks, and 
other marine applications) due to their cost and their facility to process at 
room temperature (SCRIMP™ technology) [6].

FIGURE 18.1  Insight into a 3 D.
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18.2  EXPERIMENTAL PART

18.2.1  MATERIALS

1.	 For Marine applications, we have used two types of industrial res-
ins, UPR and VER in solution of styrene, which are cross-linked by 
different type of peroxides.

	   UPR – TOROLITHE® 4004 ISO T [7] was provided by Reich 
hold and VER – DERAKANE® 411 [8, 9] from Dow Chemicals. 
These products are formulated for curing with methyl ethyl kentone 
peroxide (MEKP) initiator (improperly called “catalyzor”) and may 
be used for fabrication of general FRC [10].

	   The resins are dissolved in styrene which react as co-reactive sol-
vent, respectively 42% wt. and 45% wt. Different peroxides such as 
methyl ethyl ketone peroxide (MEKP), liquid cyclo hexanone per-
oxide (LCHP), liquid ketone peroxide (LKP) or liquid acetylacetone 
peroxide (LAAP) have been used, all of them in solution in dimeth-
ylphthalate @ 63%. The cobalt octoate in solution @ 6% in phthalate 
is used as accelerator.

2.	 For Aerospace applications we have studied some flexible resins 
such as commercial sealants based on Polysulfides modified ure-
thanes epoxies – qualified to Boeing BMS 5–63 for their MRO pro-
cesses and cross-link by hardener (Table 18.1).

18.2.2  CHARACTERIZATION

Kinetics is made of viscosity or temperature vs. time curves for Marine 
applications and by hardness (Vickers) vs. time curves for Aerospace appli-
cations. In both cases, the gel time define the time beyond which the matrix 
cannot be processed anymore.

TABLE 18.1  Chemical Class and Name of Materials of Certified Aviation Seal Ants

Materials Name Chemical Class
DAPCO 18–4F (BMS 5–63) Polysulfide (100 parts)
Hardener B4 Polysiloxane (7 parts)
Pro-Seal 870 (BMS 5–95) Polysulfide (100 parts)
Hardener Manganese dioxide (7 parts)
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Characterization of cure kinetics of thermosetting resins is obtained 
by TROMBOMAT (TROMBOTECH) actually RHEOTECHTR proposed 
by Material Engineering (France) [7, 8, 9] (Figure 18.2a). This equipment 
allows to determine the cure kinetics reliably and without damaging the 
measuring system, the characteristic points of a cross-linking resin as the gel 
time (viscosity), conventional and thermal reactivity, the exothermic peak, 
and some other job characteristics such as the reactivity of the system con-
sidered (Figure 18.2b).

FIGURE 18.2  (a) TROMBOMAT, and (b) Kinetics curves for the determination of Gt.
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18.2.3  OBJECTS OF STUDY

The gel time is defined as the time when a liquid resin (open time) starts 
to form microgels, before the gelatin (initial cure) and the formation of 
solid state (final cure). Above this time processing cannot be properly done. 
Therefore, it is important, when processing a composites, to be able to mea-
sure and control the gel time. The objects for the investigations were con-
cerned by two domains: Marine where we need to increase gel time to be 
able to process the composite; and Aerospace where the gel time has to be 
reduced to assure fast and effective curing of resins and composites.

18.2.4  METHODS OF MEASUREMENTS OF ELECTRIC 
CONDUCTING CHARACTERISTICS OF MATERIALS

For Marine application, gel time was determined by TROMBOMAT® and 
for Aerospace application, the completion of the cross-linking reaction was 
measured by hardness (Vickers) vs. time.

18.3  RESULTS AND DISCUSSION

18.3.1  MARINE APPLICATION

Different parameters have been investigated to increase the gel time in opti-
mizing the system resin/accelerator/initiator. The unsaturated polyester res-
ins react by their double bond along the backbone chain due to the use of 
maleic anhydride during their synthesis.

The initiator system is symmetric peroxide containing hydro peroxides 
(MEKP, LCHP) or peroxides (LAAP) groups in their structure for most of 
them. The active centers are created by a red/ox reaction of the hydro per-
oxide (Scheme 1).

RO° radicals can react on styrene/UPR but not ROO° engaged in chain 
hydro peroxidation reactions. In the case of symmetric or non-symmetric 
peroxide, the reaction is slower and need to be initiated by hydro peroxides 
(Scheme 2).

We have investigated the influence of different parameters on the gel 
time, such as, the effect of the concentration of hydro peroxide (MEKP) 
(Figure 18.2a), the effect of the nature of peroxide (Figure 18.2b), the effect 
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of temperature on the gel time (Figure 18.2c) and the effect of [MEKP] on 
the gel time at different temperatures (Figure 18.2d).

Therefore, the kinetic results show that:
•	 when the temperature T°C and the accelerator [CoNaphth] are fixed, 

the gel time Gt increases when peroxide [MEKP] decreases;
•	 when the temperature T°C and the peroxide [MEKP] are fixed, the 

gel time Gt increases when the accelerator [CoNaphth] decreases;
•	 when the peroxide [MEKP] and the accelerator [CoNaphth] are 

fixed, the gel time Gt increases when the temperature T°C decreases.

SCHEME 1  Decomposition of hydro peroxide.

SCHEME 2  Decomposition of peroxide.

FIGURE 18.2A  T°C vs. Time w. MEKP.
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FIGURE 18.2B  T°C vs. Time for different peroxides.

FIGURE 18.2C  Gel time vs. T°C w. MEKP.

FIGURE 18.2D  Gel time vs. [MEKP] at different °C.
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We have also studied the influence of the double bonds on the kinetics 
by comparing two resins UPR and VER of similar molar mass, respectively 
3,200 Da and 3,300 Da. We do observed that the gel time is much higher for 
the VER than the UPR (Figures 18.3a and 18.3b).

The data in Figure 18.3a do not permit to define with precision the gel 
time, the one given by taking the slope of the curves is not the beginning of 
the crosslink reaction which appears since the formation of micro gels (see 
Figure 18.2b). However, we clearly observe that the UPR cross-link faster 
than the VER.

FIGURE 18.3A  T°C vs. time.

FIGURE 18.3B  Viscosity vs. time.
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In Figure 18.3b, where we plot the “poiseuille” viscosity in Pa.s vs. time 
(determination of the gel time much accurate), the respective curves confirm 
that the gel time is lower for the UPR. These results are related to the number 
of double bonds, respectively ≈ 5.84 (along the backbone chain) and 2 (at 
each end of the chain).

The degree of cross-linking Xc (*) for the UPR is higher than the VER, 
respectively 3.75×10–3 and 12.1×10–3, due to the difference of the number of 
double bonds DB (Table 18.2).

Xc is calculated according the following equation:

(*) Xc = 1/Mc

with Mc = M0/(ƒ0–2); M0 and ƒ0 being respectively the average molar mass 
and the functionality of the resin considered.

We also have investigated not only the effect of complexing agent but 
also the effect of different solvents mixed with styrene or used alone. All 
experiments have been conducted on a VER, the Derakane® 411–45 with 
styrene 45% wt.

•	 Influence of complexing agent
	 We have tested different complexing agents such as Pedersen crown 

ether compounds, Kryptates and retarding agent as well (tertio butyl 
catechol). Penta-2,4-dione and Hepta-2,6-dione have been consid-
ered. The penta-compound plays the role of pince of the Co salt in its 
cis conformation (Figure 18.4a), whereas the hexa one cannot com-
pletely complex the cobalt salt due to the size of the pince (Figures 
18.4a and 18.4b).

	   This difference in the size of the pince explains that the effect of 
penta-2,4-dione on the cobalt salt is higher than the hepta-2,6-dione. 

TABLE 18.2  Comparison Between UPR and VER Properties

UPR VER
MW (Da) 3,200 3,300
Gel time* (min) 15.5 25.0
Nbr DB 5.84 2
M0 3,200 3,300
f0 11.68 4
Xc 3.75x10-3 1.21x10-3

*Gel time according Figure 18.3b.
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Therefore, the gel time is increased two times for 0.4 ‰wt. Going 
from 30 min for hepta-2,4-dione to 60 min for the penta-2,6-dione.

•	 Influence of different solvents
	 Different solvents- methyl methacrylate MMA, dicyclopentadiene 

DCPD, diaalyl phthalate DAP or vinyl toluene VT – have been tested 
on a VER Derakane® 411–45 with 45%wt. styrene St, 2%wt. of 
MEKP and 0.2%wt of CoNaphth @ RT.

	   The addition of a small amount of co-solvent 10%wt. and 
20%wt.—MMA, DCPD, DAP or VT to styrene leads to the decrease 
of the gel time – Table 18.3.

FIGURE 18.4A  Cis-conformer of Penta-2,4-dione.

FIGURE 18.4B  Trans-conformer of Hepta-2,6-dione.

FIGURE 18.5  Gel time vs. Complexing agent.
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	   However, when the co-solvent is pure, we see from Figure 18.6 
that the VT has a low gel time compared to St. The highest value 
of the Gt is given with a mixture MMA/VT 50%wt. as co-solvent 
(Figure 18.6; Table 18.4).

•	 Aerospace Application
	 If in Marine application it is interesting to increase the gel time for 

processing, before the apportion of micro-gels, in Aerospace applica-
tion, it is interesting to minimize the gel time. Therefore, we need in 
Maintenance, Repairing and Overall (MRO) to:

TABLE 18.3  Effect of Co-Solvent Mixed to Styrene on Gel Time Gt

Co-solvent Gel time (min) 
Styrene 90 wt.%

Gel time (min) 
Styrene 80 wt.%

MMA 49.8 66.2
DCPD 57.7 68.9
DAP 65.8 74.7
VT 66.7 85.9

FIGURE 18.6  Effect of the solvent on the gel time Gt.
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•	 find solutions for repairing structural damages of composite;
•	 assure fast and effective curing of resins and composites;
•	 shorten delivery time, as aircrafts are grounded and off of service 

until structural damages are not repaired;
•	 new technologies and processes has to be developed.

The curing behavior of two certified aviation sealants: DAPCO 18–4F 
silicone firewall (qualified to Boeing BMS 5–63) and Pro-Seal 870 
(qualified to Boeing BMS 5–95) with respective hardeners have been 
investigated.

The objective was to reduce the curing time for these sealants to less than 
2 h without its chemical modification of the formulation.

We have exposed the two sealant formulations to a 250 Watts Xe lamp 
doped with Ytrium. Wide infrared emission spectrum – similar to the rapid 
curing device, 28Vdc Thermo reactor made by SunAero, which perfectly 
matches the infrared absorption spectrum of Aircraft Sealants and Paints – 
Optimum energy transfer.

Hardness vs. cure time results for DAPCO 18–4F and for Pro-Seal 870 
sealants cured @ room temperature are presented Figure 18.7.

DAPCO 18–4F sealant cured at 60°C, cross-links at a shorter time, going 
up to 7 days @ RT to 10h @ 65°C (Figure 18.8).

With the 250 W Xe/Yt lamp the time to crosslink the sealant is reduced 
to 90 min (Figure 18.9).

Similar results are observed with sealant BMS 5–95 B2. Plateau obtained 
after 14 days (Hardness = 50 S) without IR compared to plateau reached 
after 2 h (Hardness = 76 S) with the used of condensed IR.

TABLE 18.4  Optimization of the Gel Time Gt

Co-solvent (wt.%) Gel time (min)
Vinyl toluene (100%) 12
Styrene (100%) 41
MMA/VT 0.50 wt.% 63
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FIGURE 18.7  (a) DAPCO 18–4F sealant; (b) Pro-Seal 870 sealant.

FIGURE 18.8  Hardness vs. Time for DAPCO 18-4F
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FIGURE 18.9  Harness vs. Time for DAPCO 18-4F

18.4  CONCLUSIONS

The gel time Gt is an important control parameter for the optimization of 
the 3D structure for the matrix of a composite. This parameter can be tuned 
either for Marine or Aerospace applications.

In Marine application, the gel time Gt can be increased either by decreas-
ing the concentration of catalysor [MEKP] and/or the concentration of 
activator [CoNaphth], using complexing agent or by adding an adequate co-
solvent (MMA, VT) to the styrene.

However, in Aerospace application, the gel time has to be reduced for 
repairing structural damages of composite and therefore shorten the delivery 
time when grounded for the new generation of civil air planes with around 
50% of the primary structure – including the fuselage and wings, are made 
of composite materials (Airbus 350 XWB and Boeing 787 Dream Liner).
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ABSTRACT

The complexes of Nd, Er, Eu, Gd, Yb, Sm, Pr, Lu, Ho with 2-methyl-5-
phenylpenten-1-3,5-dion (mphpd) and allyl-3-oxo-butanoate (allyl) were 
synthesized. The polycomplexes on their basis and copolymers with sty-
rene and N-vinylcarbazole in ratio 5:95 were obtained by free-radical 

mailto:iras@univ.kiev.ua


232	 Chemical Engineering of Polymers

polymerization and the kinetics of polymerization was studied by dilatomet-
ric method at the first time. The results of above studies have shown that the 
configuration of the chelate unit is unchanged during the polymerization. The 
similarity of monomers electronic absorption spectra with polymers spectra 
confirms the identical coordinative environment of lanthanide ions in both 
cases. The method of dynamic light scattering and the results of electronic 
microscopy showed that the obtained polymer systems are nanoscale. The 
luminescent spectra of obtained metal complexes in solid state and solutions 
are investigated and analyzed. The solubilization of europium β-diketonate 
complexes with phenanthroline was shown to change luminescence inten-
sity in such complexes.

19.1  INTRODUCTION

Efficiency is crucial for organic light emitting diodes (OLEDs) to be 
energy-saving and to have a long lifetime for display and solid state lighting 
applications. Numerous approaches have been proposed to attain high effi-
ciency OLEDs through the synthesis of novel organic materials, the design 
of light extraction structures and the design of efficiency-effective device 
architectures.

There has been increasing recent interest in light-emitting devices 
based on thin organic films of electroluminescent polymers or small mol-
ecules. Such systems offer several potential advantages over the more 
traditional inorganic light-emitting devices, including relative ease of 
production and processing [1–3]. While many different systems have 
been examined, all are essentially variations on a theme. Typically, these 
devices consist of one or more organic layers situated between a low 
work function metal cathode such as calcium and a higher work func-
tion anode, often transparent indium-tin oxide (ITO). When a sufficient 
potential bias is applied across the electrodes, electrons are injected from 
the cathode into the conduction band of the luminescent layer, and holes 
are injected from the anode into the valence band. Under the influence 
of the applied potential, electrons and holes migrate to a plane within 
the organic film, where they meet. In an electroluminescent film, there 
is a reasonably high probability of photon emission due to electron hole 
recombination. When this occurs, photons of an energy determined by 
the band gap (or HOMO/LUMO gap, as the case may be) are produced. 
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The number of charge carriers injected from the two electrodes is gener-
ally not equal. In this case, the current passed through the film will be 
determined by the majority carriers, while the emission of light will be 
limited by the minority carriers. Optimum emission efficiency is thus 
obtained when the rates of hole and electron injection are matched. The 
exact mechanism whereby charge injection occurs is a matter of some 
controversy and, indeed, may vary for different materials and device con-
struction motifs. That point notwithstanding, there is at least an empirical 
relationship between the rates of charge carrier injection and the proxim-
ity of the Fermi level energies of the respective electrode to the energy 
of the band (or orbital) into which charge is injected. In other words, 
the Fermi energy of the anode should match the valence band energy, 
while the Fermi energy of the cathode should match the conduction band 
energy. The simplest class of OLEDs is those composed of a single poly-
mer layer between the two electrodes.

The trivalent lanthanide ions are well known for their unique optical prop-
erties such as line-like emission band and high quantum efficiency owing to 
the special 4f electron configuration [4–6]. Nevertheless, the f–f electron 
transition belongs to the forbidden transition, which results in the relatively 
low-absorption coefficient. Thereby, researchers construct the complexes of 
lanthanide ions with organic ligands, which can not only strongly absorb the 
energy and transfer the energy to central lanthanide ions but also expel water 
molecule from the first coordination sphere and protect lanthanide ions from 
vibrational coupling through “antenna effect” [7, 8] (Scheme 1).

Due to their unique photo physical properties that aid in shielding 4f 
electrons from interactions with their surroundings by the filled 5s2 and 

SCHEME 1  The processes of energy transfer in lanthanides complexes (“antenna effect”).
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5p6 orbital, lanthanide ions have been well known as important com-
ponents in phosphors, lasers and optical amplifiers [9–11]. However, 
the direct Ln3+ photo excitation is not very efficient, with the low molar 
absorption coefficients limiting the light output. Some organic legends 
such as aromatic carboxylic acids etc. are well known to be efficient sen-
sitizers for the luminescence of lanthanide ions, whose organic chromo-
phores typically present effective absorption and a much broader spectral 
range than the corresponding Ln3+ ions can absorb energy to be trans-
ferred to nearby Ln3+ ions by an effective intramolecular energy transfer 
process. These chelates possessing the effective emission in the near-UV, 
visible and NIR spectral regions are of great interest for a wide range of 
optical applications, such as tunable lasers, amplifiers for optical com-
munications, components of the emitter layers in multilayer organic 
light-emitting diodes, light concentrators for photovoltaic devices and 
so on [12–20].

Using the monomer complex has a number of disadvantages connected 
with aggregation or crystallization of the film. Therefore, there is a neces-
sity of the polymeric materials synthesis. It is well known that metal poly-
mers are mainly produced by intercalation of metals in the polymer ligand 
matrix. This method has a lot of disadvantages such as partial degradation 
of the polymer chain and low yield of the synthesized polymers as well as 
low coordination level which results in composition heterogeneity. All these 
shortcomings have an influence upon physical characteristics of obtained 
compounds.

The aim of this work were synthesis of Nd, Er, Eu, Gd, Yb, Sm, Pr, 
Lu, and Ho with 2-methyl-5-phenylpenten-1-3,5-dion (mphpd) and allyl-
3-oxo-butanoate (allyl) and phenanthroline as well as copolymers based 
on them with styrene and investigations of optical properties of metal-
containing polymeric systems depending on influence of phenanthroline 
configured-in the complex coordination sphere on the luminescence prop-
erties and concentration of rare earth elements complexes in polymeric 
materials. With aim of the simplification of the layers incorporation in the 
electroluminescent cell can be superposed the emission layer (rare earth 
elements complex), hole conduction layer (such as N-vinylcarbazol) and 
electronic conduction layer (1,10-phenanthroline) in one macromolecule.
We report our findings on the synthesis and photo physical properties of 
N-vinylcarbazolecopolymers with Pr, Nd, Er, and Eu with 1,10-phenanth-
roline complexes.
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Ln(mphpd)3 Ln(mphpd)3 * phen Ln(allyl)3 Me – Nd, Er, Eu, 
Gd, Yb, Sm, Pr, Lu, Ho

Me – Er, Pr, Nd

Me – Nd, Er, Yb, Sm, Pr, Lu

 

SCHEME 2    Chemical structures of obtained compounds.

19.2  EXPERIMENTAL PART

19.2.1  MATERIALS

We synthesized two kinds of monomeric ligands: allyl-3-oxo-butanoate and 
2-methyl-5-phenylpentene-1-3,5-dione. NMR (mphpd): 1Н (D2O) δ (ppm): 
3.27 (singlet, 3Н, CH3); 3.47(singlet, 1H, = CH-); 5.27 (singlet, 1H, = CH2); 
5.58 (singlet, 1H, = CH2); 7.15–760 (multiplet, 5H, Ph).
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19.2.2  CHARACTERIZATION

Complexes obtained by an exchange reaction between equimolar amounts 
of lanthanide acetate and sodium 2-methyl-5-phenylpentene-1–3,5-dione-
salt or allyl-3-oxo-butanoatein a water-alcohol solution at pH9–95 with a 
slight excess of the ligand.

The polymerization was carried out in 10 wt.% DMF solution of mono-
mers with 2,2′-azobisisobutyronitrileAIBN as free radical initiator (1 wt.% 
with respect of monomers mass) at 80°C for more than 8 hours in thermo-
stat. The polymerization mixture was poured into methanol. The solid pre-
cipitate was filtered, dissolved in DMF, and reprecipitated into methanol and 
then dried at 20°C overnight.

19.2.3  OBJECTS OF STUDY

Complexes on the basis of some diketones and lanthanides were the objects 
for the investigations of some optical properties in dependence of additional 
ligand configured-in the complex coordination sphere and concentration of 
rare earth elements complexes in polymeric materials.

19.2.4  METHODS OF MEASURES OF CHARACTERISTICS OF 
MATERIALS

The synthesized compounds have been studied by NMR, IR-, and electronic 
absorption, diffuse reflectance spectroscopy and thermal analysis. The infra-
red spectra were recorded in KBr tablets at a range of 4000–400 cm–1 with 
Spectrum BX II FT – IR manufactured by Perkin Elmer, Nicolet Nexus 
670 FTIR spectrometer. Thermo grams were recorded on a TA instruments 
Q-1500 D apparatus by system of Setsys evolution-1750 at a heating rate of 
5°C/min from room temperature up to 500°C in platinum capsule in pres-
ence carrier Al2O3(anhydrous).

The electronic absorption spectra were recorded using spectrophotom-
eter Shimadzu “UV-VIS-NIR Shimadzu UV-3600” and the diffuse reflec-
tance spectra were obtained using the Specord M-40 spectrophotometer in 
the range of 30,000–12,000 cm–1. The excitation and luminescence spec-
tra of solid samples were recorded on a spectrofluorometer “Fluorolog FL 
3–22,” “Horiba JobinYvon” (Xe-lamp 450W) with the filterOS11. The 
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InGaAs photo resistor (DSS-IGA020L, Electro-Optical Systems, Inc., USA) 
cooled to the temperature of liquid nitrogen was used as a radiation detector 
for infrared region. The excitation and luminescence spectra were adjusted 
to a distribution of a xenon lamp reflection and the photomultiplier sensitiv-
ity. The particle size studying was performed at 25°Causing the equipment 
from “Zeta Sizer Nano by Malvern.” Photomicrographs were obtained by 
scanning electron microscope “Hitachi H-800” (SEM).

19.3  RESULTS AND DISCUSSION

The monomeric complexes of lanthanides were prepared in an aqueous alco-
hol solution at pH 8–10.

Ln(NO3)3 + 3Na(mphpd) →Ln(mphpd)3 + 3NaNO3

The monomeric and polymeric complexes of Nd, Er, Eu, Gd, Yb, Sm, 
Pr, Lu, and Ho with 2-methyl-5-phenylpenten-1–3,5-dion, allyl-3-oxo-
butanoate(allyl) were synthesized at the first time. The metallopolymers 
on their basis, copolymers-2-methyl-5-phenylpentene-1-dione-3,5with 
N-vinylcarbazole in ratio 5:95, which containing Pr, Nd, Er, and Eu with 
1,10-phenanthroline and copolymers of 2-methyl-5-phenylpentene-1-di-
one-3,5 with styrene in ratio 5:95, which containing Eu, Yb and Eu, Yb with 
1,10-phenanthrolinewere obtained by free-radical polymerization with the 
initiator AIBN.

The elemental analysis was carried out to establish the composition 
of the complex (e.g., Eu(mphpd)3⋅2H2O – 20.18% Eu, (theor (20, 29)); 
Eu(mphpd)3⋅Phen – 16.91% Eu, (theor (17, 2))).The elemental analysis-
formetal ionswas carried outwith ICPE Shimadzu 9000 atomicemission 
spectrometer.

The kinetics of polymerization of obtained monomeric complexes was 
studied by dilatometric method and kinetic parameters of radical polymer-
ization of complexes were calculated (Table 19.1).

The kinetic parameters of radical polymerization have very good agree-
ment with literature data the rate constant is somewhat overstated [21]. Since 
no literature data for lanthanide complexes polymerization, the obtained 
results were compared with similar complexes for 3d metals. Probably, 
the growth rate constant due to the high resistance of polymeric lantha-
nide compared to metallopolymers of 3d metals. The kinetic parameters of 
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polymerization depend on electronic and steric properties of β-diketonates. 
The influence of nature of organic ligand on polymerization rate are deduced, 
in case allyl the polymerization rate above mphpd are observed owing to ste-
ric restrictions under polymerization of complexes.

With the aim of the identification of ligand functional groups coordina-
tion method to metal ions were studied the IR spectra of synthesized com-
pounds (Table 19.2).

In the IR spectra of the synthesized complexes and polymetallo com-
plexes in 1500–1600 cm–1, there are bands corresponding to stretching 
vibrations of the ν (C-O) and ν (C-C), which confirms the bidentate cyclic 
coordination of the ligand to the metal ions (Table 19.2). At the same time 
a higher frequency band should be attributed to the stretching vibrations ν 
(CC) and a lower frequency to the stretching vibrations of the ν (CO). The 
region of 1680–1710 cm–1 contains stretching vibrations ν (C = C). In the 
case of polycomplexes this band disappears or is significantly reduced in 
intensity, indicating the presence of only the terminal unsaturated groups. 
Fairly broadband of coordinated water molecules is observed in the region 
3300–3500 cm–1.

In IR spectra of the polycomplexes comparatively with monomeric com-
plexes the location of main absorption bands are shifted in short-wave spec-
trum region, their intensity is lower significantly, the intensity is decreased 
especially which corresponds to vibration of the double bond. Presented 
results are confirmed of the polymer complex formation.

The differential thermal analysis (DTA) of obtained compounds for the 
identification of the complexes hydrated composition and their temperature 
behavior was performed.

TABLE 19.1  The Kinetic Parameters of Radical Polymerization of Metal Complexes

Er(mphd)3∙ 
2H2O

Pr(mphd)3∙ 
2H2O

Ho(mphd)
3
∙ 

2H2O
Eu(mphd)3∙ 
2H2O

Nd(allyl)2∙ 
3H2O

Ho(allyl)3 
· H2O

Vpol × 
104, mol/
(l∙s)

0.28 1.18 0.22 0.27 1.52 0.54

Vred × 
104, s–1

2.10 8.80 3.4 5.43 9.36 4.88

KΣ × 
103, l1/2/
(mol1/2∙s)

2.70 11.27 4.35 7.77 12.03 6.84
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TABLE 19.2  Some Distinctive Absorption Bands of Metallic Complexes and 
Metallopolymers and Copolymers with N-Vinylcarbazole (VC)

Complex ν(M-O) νas(C-O) νas(C-C) νs(C-O) νs(C = C)
Nd(mphpd)3·3H2O 420 1466 1559 1580 1671

[Nd(mphpd)3]n 430 1465 1557 1557 1654

Er(mphpd)3·H2O 420 1465 1557 1594 1676

[Er(mphpd)3]n 425 1470 1575 1575 —

Eu(mphpd)3·3H2O 420 1467 1554 1594 1666

Eu(mphpd)3·(phen) 409 1419 1556 1593 1660

[Eu(mphpd)3·(phen)]n 418 1421 1557 1594 —

[Eu(mphpd)3]n 430 1470 1560 1560 1667

Pr(mphpd)3∙2H2O 420 1418 1554 1592 1679

[Pr(mphpd)3]n 413 1467 1552 1600 1666

Lu(mphpd)3·2H2O 406 1470 1555 1590 1671

[Lu(mphpd)3]n 412 1459 1560 1590 1679

Lu(mphpd)3·(phen) 418 1422 1560 1595 1660
[Lu(mphpd)3·(phen)]n 435 1426 1566 — —
Ho(mphpd)3∙2H2O 416 1421 1556 1596 1676
[Ho(mphpd)3]n 419 1461 1558 1570 1661

Er(OH)(allyl)2·H2O 416 1420 1518 1640 1720

[Er(OH)(allyl)2]n 418 1412 1518 1638 —

Pr(allyl)3∙2H2O 415 1411 1516 1638 1717

[Pr(allyl)3]n 412 1410 1516 1638 —

[Nd(ally)3]∙3H2O 416 1420 1518 1640 1720

[Nd(allyl)3]n 418 1412 1518 1638 —

Ho(allyl)3 · H2O 417 1414 1520 1624 1636

[Ho(allyl)3]n 419 1416 1520 1630 —

Er(mphd)3-co-VC 420 1454 1557 1595 —

Eu(mphpd)3(phen)-co-VC 420 1452 1560 1598 —

Nd(mphpd)3-co-VC 420 1420 1552 1594 —
Pr(mphd)3-co-VC 420 1418 1554 1596 —
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In the case of praseodymium complex with endothermic and weight loss 
5.1% (∆mtheor. = 4.9%), corresponds to two water molecules, respectively. 
Weak endothermic at 215°! caused by melting complex mass loss observed 
in this case, a small (2.5%). The process of decomposition of the complex 
starts with the cleavage of one molecule of ligand corresponding exother-
mic at 257°C and 26% weight loss (∆mtheor. = 25.3). The following heating 
is attended by exoeffects at temperature 337, 384, 419, 460°C, 484°C, and 
results in the total complex decomposition ∆m = 29%. The total weight is 
72% loss for praseodymium complex.

Based on the mass loss curve and DTA for complex Pr(allyl)3⋅2Н2О at 
106°C detached one uncoordinated water molecule corresponding endo-
effect and weight loss while 3% approximately, ∆mtheor. = 2.91%. Further 
heating to 126°C endothermic and accompanied by mass loss 6.7%, which 
corresponds to the two molecules of water (∆mtheor. = 6.0%). Decomposition 
of complexes begins with cleavage of two allyl (C2H3O) substituents at the 
temperature range 180–270°C exothermic and mass loss 14.7% (∆mtheor. = 
14.3%). Further heating in the range 267–847°C accompanied by a set of 
exothermic 333, 390, 425, 650, 780°C and endothermic 567, 720°C. This 
is due to the destruction of organic molecules. Weight loss is 23.5% in this 
temperature range.

The presented results allow to assume that the complexes composition 
corresponds to the formula, Pr(mphpd)3⋅2H2O, Pr(allyl)3·2H2O.

The mass loss is 5.3% (∆mtheor = 4.7%) for the erbium complex 
Er(mphpd)3⋅2H2O at 125°C, which corresponds to the decoupling of two 
coordinative water molecules accordingly. The small exoeffect in the region 
190°C can be conditioned by the polymerization process but the complex 
melting. The process of the complex decomposition begins with the removal 
of one ligand molecule, which corresponds of the exoeffect at 248°C and 
the mass loss 28% (∆mtheor = 24.5). The following heating is attended by 
exoeffects at temperature 337, 384, 419, 460°C, 484°C and results in the 
total complex decomposition ∆m = 15%. The total weight loss is 66% for 
the erbium complex. The presented results allow to assume that the com-
plexes composition corresponds to the formula, Er(mphpd)3⋅2H2O, Er(OH)
(allyl)2·H2O.

Based on the results of thermal analysis, the dehydration of unsaturated 
complexes occurs at higher temperatures 120–150°C than in the case of ace-
tyl acetonates. The neodymium complex dehydration occurs at the tempera-
ture 130°С and is attended by the small endoeffect with the mass loss 7% 
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(∆mтеор. = 7.13%), which corresponds to the decoupling of three coordina-
tive water molecules. The small endoeffect at the temperature 210°! prob-
ably is conditioned of the complex melting temperature, the mass loss is 
insignificant (2%). The further temperature increase is attended by the small 
exoeffect at the 225°!, which corresponds to the beginning of the complex 
polymerization. The significant exoeffect and the mass loss 25.5% (∆mтеор. 
= 25%) at 285°! correspond to the removal of one ligand molecule. The fol-
lowing heating is attended by exoeffects at temperature 340, 360, 385, 425, 
457°C and results in the total complex decomposition ∆m = 18%. The total 
weight loss is 76% in investigated temperature interval.

Electronic absorption spectra (EAS) of metallopolymers are analogous 
to EAS of monomeric complexes (Figures 19.1 and 19.2). But, main absorp-
tion bands of polycomplexes undergo the long-wavelength shift 10–110 
сm–1 that is indicated about the decay of the metal bond with ligand in the 
polymer. The decrease of the intensity of all absorption bands for metallo-
polymers and their bathochromic shift in comparison with monomeric spec-
tra indicates about polymer structure formation. The similarity of monomers 
EAS with polymers spectra confirms of the identical coordinative environ-
ment of lanthanide ions in both cases.

Electronic absorption spectra of Er(OH)(allyl)2 demonstrate (Figure 
19.1) transitions are shifted at the short-wave region of spectrum relatively 
with aquaion which are indicated about the complex formation with less 
coordination number of central atom and enhancement of ionic component 
in bond erbium oxygen.

Thus, coordination number is 8 for Er(mphpd)3
.2H2O and [Er(mphpd)3]

n, coordination number is 7 for Er(OH)(allyl)2·H2O and [Er(OH)(allyl)2]n.
The shift of the main absorption bands in the long-wavelength region, 

compared with the spectrum of aqua-ion, and increase their intensity indi-
cates the formation of a complex.

The electronic spectra of Nd (III) complexes (Figure 19.2a) it corre-
sponds to the ion Nd3+, and have a set of transitions from the 4I9/2 main (quan-
tum) state. The shift of the main absorption bands in the case of monomeric 
complex in the long wavelength region, compared with the spectra of aqua-
ions, and increase in intensity indicates the formation of metal complexes, as 
well as indirectly confirms increasing in the covalence of the metal–ligand 
bond (Table 19.3).

The electronic spectra of Pr (III) complexes (Figure 19.1b) it corresponds 
to the ion Pr3+, and composed of four absorption bands, which is founded 
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FIGURE 19.1  Electronic absorption spectra (a) 1 – Er(OH)(allyl)2,2 – [Er(OH)(allyl)2]n;(b) 
1 – Pr(mphpd)3, 2 – [Pr(mphpd)3]n.

in visible spectrum part. The absorption bands of monomer metal complex 
(3Н4→

3Р0) compared with aqua-ions shifted to the longer wavelengths, 
which indicates a formation of compounds with greater coordination num-
ber than Pr inorganic salt.

Electronic spectra of the monomer as well as metal polymeric complexes 
have a set of bands corresponding to europium ion (Table 19.4). Shift of 
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the main absorption bands in the long wavelength region in comparison 
with the spectra of aqua-ions, and their increase in intensity indicates the 
formation of metal complexes. Electronic spectra of the Yb(mphpd)3·2H2O 
have a singular transition band 2F7/2→

2F5/2 corresponding to ytterbium ion. A 
slight shift of the maximum which is observed in absorption spectra of the 

FIGURE 19.2  Electronic absorption spectra of (a) 1 – Nd(mphpd)3·2H2O and 2 – 
[Nd(mphpd)3]n; (b) Yb(mphpd)3·2H2O.
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complex Yb (mphpd)3·2H2O in comparison with the spectra of aqua-ions 
indicates the formation of metal complex and a weakening of the metal–
ligand bond (Figure 19.2b).

Similarity of electronic absorption and diffuse reflectance spectroscopy 
(Figure 19.3) show a similar structure of the complexes in solution and poly-
crystalline state. A slight shift of the maximum which is observed in absorp-
tion spectra of the complex Eu(mphpd)3

.Phen indicates a replacement of 
water molecules in the nearest coordination environment without significant 
changes in the coordination polyhedron geometry.

For the europium complex in the visible spectrum it is set of bands at 
corresponding to the transition 7F0 main (quantum) state. Absorption bands 
for complexes of erbium and europium are shifted in the long wavelength 
region, compared with the spectra of corresponding metal salts on account 
of the complexation (Table 19.5).

TABLE 19.3  Energy Transition in Nd Electronic Absorption Spectrum

Transition Nd3+, cm–1 Nd(mphpd)3, cm–1 ∆, cm–1

4I9/2→
2P1/2 23,064 23,255arm 200

4I9/2→
4G9/2 19,560 19,520 40

4I9/2→
4G7/2 19,160 19,050 90

4I9/2→
4G5/2 17,360 17,152 200

4I9/2→
4F9/2 14,720 14,700 20

4I9/2→
4F7/2 13,480 13,400 80

4I9/2→
4H9/2 12,560 12,470 90

4I9/2→
4F3/2 11,560 11,430 130

TABLE 19.4  Energy Transition in Er Electronic Absorption Spectrum

Transition Er3+, cm–1 Er(mphpd)3, 
cm–1

[Er(mphpd)3]n,  
cm–1

Er(OH)
(allyl)2, cm–1

[Er(OH)
(allyl)3], cm–1

4I15/2→
4D7/2 39,215 — — 38,834 38,460

4I15/2→
4G11/ 26,370 26,350 26,350 26,420 26,490

4I15/2→
4F7/2 20,480 20,523 20,450 20,480 20,480

4I15/2→
4H11/2 19,160 19,120 19,120 19,160 19,160

4I15/2→
4S3/2 18,400 18,382 18,420 18,420 18,420

4I15/2→
4F9/2 15,320 15,270 15,320 15,320 15,320

4I15/2→
4I9/2 12,480 12,450 12,500 12,500 12,500
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FIGURE 19.3  Diffuse reflection spectra: a) Nd(mphpd)3  b) Er(mphpd)3.

The luminescence spectra of the synthesized compounds were recorded 
in the solid state and in a solution.

The praseodymium complex Pr(mphpd)3⋅2H2O emit the visible lumines-
cence (Figure 19.4a) from two existed states 3P0 and 1D2 in solid state at room 
temperature, like β-diketonate and carbochelates [22]. A band pattern of the 
Pr3+ ion transition with the 3Н4 main (quantum) state is observed.
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The luminescent spectra of the erbium complex Er(mphpd)3
.2H2O and 

metallo polymer are analogous, the band, which corresponds 4I13/2 4I15/2 tran-
sition, is observed (Table 19.2; Figure 19.4b).

19.3.1  THE INFLUENCE OF ADDITIONAL LIGAND AND 
AGGREGATE STATE ON LUMINESCENT PROPERTIES OF NEW 
COMPLEXES

The luminescence spectra of europium β-diketonatescomplexes in all sam-
ples are similar to each other and approving the structure similarity of coor-
dination polyhedrons which are distorted anti prism. All the samples have an 
equal number of the magnetic and electric dipole transitions as well as the 
forbidden transitions.

The transition and5 D0
7F0in luminescence spectra of Eu compounds 

appears as a symmetrical single line andindicates a presence of one lumi-
nescence center. High-intensity lines caused by electric dipole transi-
tion 5D0

7F2compared with relatively low intensity magnetic dipole 
transition5D0

7F1suggests not center-symmetric nature of the environment 
for all investigated compounds. The luminescence intensity of complexes 
based on Eu(III) and Yb(III)-phenanthroline is greater in comparison with 
complex without additional ligand (Figure 19.5). The phenanthroline dis-
places the coordinate water out of the coordinate sphere which is quenching 
agent.

The Sm3+ ion with 4f5configuration has complicated energy levels and 
different conceivable transitions inter f levels. It can be seen that the red 

TABLE 19.5  Energy Transition in Eu Luminescence Spectrum

Transition Eu(mphpd)3,cm–1 [Eu(mphpd)3]
n,cm–1

Eu(mphpd)3(Phen)], 
cm–1

[Eu(mphpd)3(Phen)]
n, cm–1

5D0→
7F0 17,331 17,301 17,331 17,331 

5D0→
7F1 16,978 16,920 16,977

16921

16949

16,849 16844
5D0→

7F2 16,287

16234

16340

–

16340

16233

16313

–
5D0→

7F3 15,408 15,385 15,384 15,385
5D0→

7F4 14,468

14347

14535

14327

14490

14347

14556

14327
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light of Sm3+ ion consists of three emission peaks in the visible region at 562, 
599, and 645 nm, which are ascribed to the intra-4f-shell transition from 
the excited level 4G5/2 to the ground levels 6H5/2,6H7/2, and 6H9/2, respectively 
(Figure 19.6b).

FIGURE 19.4  Luminescence spectra of a) Pr(mphpd)3·2H2O in solid state (λex = 364 nm, 
298K) b) Er(mphpd)3·2H2O (1) and [Er(mphpd)3]n; (2) in solid state (λex = 362 nm, 298 K).
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FIGURE 19.5  Luminescence spectra of (a) 1 – Eu(mphpd)3⋅Phen; 2 – Eu(mphpd)3, in solid 
state, T = 298 K, λ = 362 nm; (b) 1 – Yb(mphpd)3, 2 – Yb(mphpd)3Phen.

The excitation spectrum of Nd(mphpd)3 in the solid state consists of a 
single band with maximum at 363 nm. In the excitation spectrum of the 
solution is observed long-wavelength shift of the band (Δλ = 15 nm) is 
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observed (Figure 19.6a). In the excitation at the maximum of this band a 
4f-luminescence of samples is observed in the solid state and in the solution. 
The luminescence spectrum consists of the three bands corresponding to the 
transitions from the excited level of ion Nd(III) 4F3/2 into the multiples of the 

FIGURE 19.6  Luminescence spectra of (a) 1 – Nd(mphpd)3, 2 – Nd(mphpd)3Phen; (b) 1 – 
Sm(mphpd)3, 2 – Sm(mphpd)3Phen.
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FIGURE 19.7  Luminescence spectra of (a) 1 – [Eu(mphpd)3]n, 2 – [Eu(mphpd)3⋅Phen]n in 
solution CHCl3, T = 77 K, λ = 362 nm; (b) 1 – Eu(mphpd)3, 2 – Eu(mphpd)3⋅Phen in solid 
state, T = 298 K, λ = 362 nm.

main (quantum) level 4Ij, j = 9/2 (I, 875 and 888 nm), 11/2 (II, 1061 nm) and 
13/2 (III, 1332 nm).

The excitation spectrum of the sample Nd(mphpd)n is similar to the above 
spectra. In the excitation at 362 nm for the solid samples a 4f-luminescence 
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FIGURE 19.8  Luminescence spectra of (a) Eu(mphpd)3⋅Phen-co-styrene in solid state, T = 
298 K, λ = 358 nm; (b) 1 – Yb(mphpd)3⋅3H2O-co-styrene; 2 – Yb(mphpd)3⋅Phen-co-styrene 
in solid state, T = 298 K, λ = 336 nm.
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of Nd (III) is observed, with almost the same intensity compared to the solid 
sample Nd(mphpd)3.

The bands maxima corresponding to the transitions 4F3/2→
4I11/2, 

и4F3/2→
4I13/2,undergo a long-wavelength shift of 2 nm in comparison with 

the spectra of the solid state monomers.
The intensive red luminescence is observed for europium complex and 

metallopolymer. The most intensive band corresponds to transition 5D0→
7F2 

in region 610–630 nm. The band with considerably less intensity are in spec-
trum region 575–580, 585–600, 650–670 and 680–705 nm which correspond 
to transitions 5D0→

7Fj, j = 0, 1, 3, and 4 accordingly. The band corresponding 
to transition 5D0→

7F0 show in the image of the symmetric single line (Figure 
19.7) that allows to assume of the one-luminescence center.

As forphenantroline complexes, obviously phenantroline is a part of the 
complex and forms an adduct but not a mixed-complex due to spaciousness 
of the diketonate fragment. Based on the number of the splitting components 
we can assume a significant rhombic distortion.

The near-term environment influences weakly on the level position of 
4fn-electronic coordination of lanthanides ions. However, these levels split 
under the influence of crystal field that allow to determine the environ-
ment symmetry of the luminescence center, the splitting value was stud-
ied. Symmetry type can be estimated qualitatively in concordance with the 

FIGURE 19.9  Luminescence spectrum of Nd(mphpd)3·2H2O-co-VK in solid state (λex = 
350 nm, 298K).
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shtarks splitting of the europium ion transition in luminescence spectra. The 
qualitative appearance of transition splitting of energy levels (Shtarks effect)  
for presented compounds indicates about appreciable hexagonal deforma-
tion inside of the crystal field, that corresponds to presence of two com-
ponents 5D0→

7F1-transition and two components 5D0→
7F2-transition in the 

spectrum. The symmetry type without measurement of polarized character-
istics no established definitely.

The luminescence intensity of metallopolymer with Eu is lesser in solu-
tion than in frozen solution or solid state because of the water molecules in 
solvent as OH-oscillator quenchers (Figure 19.7). Europium luminescence 
spectra at 77 K allow to establish the short-range coordination environment 
symmetry.

The luminescence intensity of complexes based on Eu(III) Sm(III) 
Nd(III) Yb(III)-phenanthroline is greater in comparison with complex with-
out additional ligand (Figures 19.6 and 19.7). The phenanthroline displaces 
the coordinate water out of the coordinate sphere which is quenching agent.

The solubilization of Eu(III), Sm(II), Yb(III) β-diketonate complexes 
with phenanthroline, was shown to change luminescence intensity in these 
complexes. The luminescence intensity of these complexes is greater in 
comparison with complex without additional ligand.

19.3.2  THE INFLUENCE OF CONCENTRATION OF EMISSION 
COMPONENTS ON LUMINESCENT PROPERTIES OF NEW 
COMPLEXES

The luminescence intensity of copolymer of styrene with Eu(III)-
phenanthroline complex (Figure 19.8a) is identical practically with homo-
polymer of Eu(mphpd)3 Phen [6].

The luminescence intensity of copolymer of styrene with Yb(III)-
phenanthroline complex is greater in several times in comparison with copo-
lymer with Yb(mphpd)3⋅3H2O (Figure 19.8b) and respective monomeric 
complexes.

The luminescence intensity of copolymer VK with Nd(mphpd)3 complex 
is greater in comparison with respective monomeric and polymeric com-
plexes (Figure 19.9).

Thus, obtained copolymers which containing 5% emission components 
(lanthanide complex) in polymer chain only are comparably with suitable 
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TABLE 19.6  The Luminescence Quantum Yield of Monomeric and Polymeric 
Metallocomplexes

Complex The luminescence quantum yield, ϕ×103

Eu(mphpd)3 · Н2О Solution 32
[Eu(mphpd)3]n Solution 38
Eu(mphpd)3(Phen) Solution 34
[Eu(mphpd)3(Phen)]n Solution 24
[Nd(mphpd)3]n Solid 1.72

Solution 0.86

1.21 (CHCl3–d6)
Nd(mphpd)3 · H2O Solid 0.31

Solution 0.12
0.26 (CHCl3–d6)

Yb(mphpd)3 · 2H2O Solid 0.22
Solution 0.13

Yb(mphpd)3 · Phen Solid 0.32
Solution 0.15

gomopolymers concerning luminescence properties and can be perspective 
for optical application.

Luminescence quantum yield of monomeric and polymeric metallo-
complexes were calculated (Table 19.5), without erbium. The 4f-lumines-
cence of erbium is weak relatively and is detected in the range 1450–1560 
nm, what corresponds to the bandwidth (the maximum half-height) for 
Er(mphpd)3⋅2H2O – 18 FWHM, and Er(mphpd)n − 19 FWHM, therefore the 
luminescence quantum yield of its complexes no established definitely. The 
luminescence quantum yield of polycomplex based on Eu(III) is maximum 
(Table 19.6), which out numbers the values for known low-molecular Eu 
complexes on several exponents.

Decreasing of φ for [Eu(mphpd)3(Phen)]n takes place probably due to the 
fact that the phenantroline in the polymer matrix rather shields emission cen-
ters of europium ions and then reduces the number of non-emission losses 
and displaces the solvent molecules from the metal coordination sphere.

Investigations of a particle size were performed at 25°C on the Zeta 
Sizer Malvern instrument. The results showed (Figures 19.10–19.13) that 
the systems obtained are polydisperse with a predominance of particles 6–12 
nm for Er(mphpd)3·2H2O,10–170 nm for Er(OH)(allyl)2 and 10–50 nm for 
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FIGURE 19.10  The polydisperse assignment of particles in system: (a) Pr(mphpd)3, (b)
[Pr(mphpd)3]n.

metallopolymer [Er(mphpd)3]n, 20–200 nm for [Er(OH)(allyl)2]n, 6–10 nm 
for Pr(mphpd)3·2H2O, and 4–9 nm for metal complex [Pr(mphpd)3]n.

Monomeric complex Er(OH)(allyl)2 and metallopolymer based of them 
were fixed in chloroform what the large size of particles of these compounds 
was explained.

Since the primary purpose of these studies is associated with obtain-
ing of new nanomaterials which can be used as layers in the organic light 
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emitting diodes, it is necessary to choose a solvent which promotes good 
spreading, and therefore high adhesion of the complex to the substrate sur-
face, allowing to obtain homogeneous films by deposition from solutions. 
Studies of particle size of themonomeric and polymeric complexes (25°C) 
in the dimethylformamide, chloroform and ethyl alcohol were conducted. 
The results showed that the smallest particle size observed in the chloroform 
solution.

FIGURE 19.11  The polydisperse assignment of particles in system: (a) Er(mphpd)3, (b) 
[Er(mphpd)3]n.
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FIGURE 19.12  The polydisperse assignment of particles in system: (a) Er(OH)(allyl)2 (b) 
[Er(OH)(allyl)2]n.

The system is homogeneous in terms of uniform distribution of metal 
throughout the polymer matrix as seen from the micrographs of powdered 
samples (Figures 19.14 and 19.15).

The method of dynamic light scattering and the results of electronic 
microscopy showed that the obtained polymer systems are nanoscale (the 
copolymer excepted).

Present electron diffraction (Figure 19.16) confirms the absence of a 
short-range and long-range order so the metal polymer is X-ray amorphous.
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FIGURE 19.13  The polydisperse assignment of particles in system [Eu(mphpd)3] and 
[Eu(mphpd)3]n.
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19.3.3  LIGHT-EMITTING ORGANIC PLANAR HETERO 
STRUCTURES

Multilayer semiconductor structures with their thick several orders smaller 
than their linear dimensions were fabricated on the basis of the synthesized 
metal polymers [Sm(mphpd)3]n and [Eu(mphpd)3]n.

This device consists of two organic layers situated between a low 
work function metal cathode such as calcium and a higher work func-
tion anode, often-transparent indium-tin oxide (ITO). The emission layer 

FIGURE 19.14  SEM micro photo of metallopolymers powders: (a) Er(mphpd)3, (b) 
[Er(mphpd)3]n, (c) Er(OH)(allyl)2, (d) [Er(OH)(allyl)2]n.
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FIGURE 19.15  SEM micro photo of powders: (a) Pr(mphpd)3.2H2O, (b) [Pr(mphpd)3]n,(c) 
Pr(mphd)3-со-styrene,(d) scale 500 nm (a, b, c), 1 µm.

– polycomplexes[Eu(mphpd)3]n, [Sm(mphpd)3]n, hole conduction layer – the 
mixture PEDOT:PSS were used.

Emission layer ([Eu(mphpd)3]n, [Sm(mphpd)3]n) was applied to the 
surface (PEDOT:PSS) by spin-coating in nitrogen filled sealed box from 
chloroform solutions (with concentration 10–2 –10–3 М). Cathode (Al) was 
applied by magnetron metal spraying. All devices have the structure with two 
organic layers ITO/ PEDOT:PSS/metal complexes/Al. The current–voltage 
characteristics of samples are exponential dependences which characterized 
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for р-n transition. The weak electroluminescence (the voltage 21–22 V) of 
obtained devices was observed.

19.4  CONCLUSIONS

In conclusion, a nowel structures – complexes of Nd, Er, Eu, Gd, Yb, Sm, 
Pr, Lu, and Ho with 2-methyl-5-phenylpenten-1–3,5-dionand allyl-3-oxo-
butanoate, polycomplexes on their basis and copolymers with styrene and 
N-vinylcarbazole in ratio 5:95 has been proposed. The investigations con-
ducted in the present work-allowed to determine the composition, structure 
and symmetry of coordination polyhedron of the monomeric complexes and 
polycomplexes on their basis obtained for the first time. The results of the 
above study showed that the configuration of the chelate unit is unchanged 
during the polymerization.

FIGURE 19.16  TEM micro photo of metallopolymer[Eu(mphpd)3]n: powder (а, b), film (c) 
and electron diffraction, (d) U = 150 кV, cursor – 50 nm.
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FIGURE 19.17  Electroluminescence spectrum (a) and voltammetry of the ITO/
PEDOT:PSS/[Sm(mphpd)3]n/Al: Rotational speed 1000 rpm (b).
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ABSTRACT

Intergel system polymethacrylic acid hydrogel (gPMAA) and poly-2-methyl-
5-vinylpyridine hydrogel (gP2M5VP) behavior in aqueous medium and 
solution of 10-water lanthanum sulfate in dependence from time was stud-
ied. During sorption of La3+ ions electrochemical properties of solutions and 
volume-gravimetric properties of hydrogels change significantly. Under 
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affect of mutual activation sorption capacity of initial hydrogels in intergel 
system increases.

20.1  INTRODUCTION

Production of rare metals, rare earth metals and their compounds in Republic 
of Kazakhstan can be characterized as unstable, not corresponding to its 
potential. In some enterprises production of these metals decreased sharply 
and suspended. However, the world demand for rare earth products increases 
every day. Due to this fact production of clean rare and rare earth metals 
and their compounds is highly profitable. Consequently, production of pure 
rare and rare earth metals and their compounds may be priority direction in 
future for Republic of Kazakhstan.

Previous studies showed that in result of remote interaction hydrogels, 
which are in intergel systems, have significant changes in volume-gravimet-
ric, sorption properties [1–7]. In this regard, the goal of the work is to com-
pare electrochemical and volume-gravimetric properties of intergel system 
polymethacrylic acid hydrogel (gPMAA) – poly-2-methyl-5-vinylpyridine 
hydrogel (gP2M5VP) in an aqueous medium and in lanthanum sulfate solu-
tion and their change during lanthanum sorption.

20.2  EXPERIMENTAL PART

20.2.1  MATERIALS

Hydrogels of polymethacrylic acid and poly-4-vinylpyridine are initial 
hydrogels for intergel system. Distilled water and 0.005 M 10-water lantha-
num sulfate are medium of investigation of electrochemical and conforma-
tional properties.

20.2.2  CHARACTERIZATION

Hydrogels of polymethacrylic acid were synthesized in the presence of 
cross-linking agent N,N-metilen-bis-acrylamid and redox system K2S2O8, 
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Na2S2O3. The hydrogel of poly-2-methyl-5-vinylpyridine (gP2M5VP) was 
synthesized from a linear polymer in dimethylformamide in presence of epi-
chlorohydrin at 60°C.

Hydrogels synthesized in an aqueous medium is an intergel pair poly-
methacrylic acid gel – poly-2-methyl-5-vinylpyridine gel (gPMAA-
gP2M5VP). Swelling coefficients of hydrogels are Кsw(gPMAA) = 10.1 g/g, 
Кsw(gP2M5VP) = 0.46 g/g.

20.2.3  OBJECTS OF STUDY

Intergel system on the basis of polymethacrylic acid and poly-2-methyl-
5-vinylpyridine in water medium and in 10 lanthanum sulfate solution were 
the objects for investigations of electrochemical and conformational proper-
ties in dependence of hydrogels molar ratio in time.

20.2.4  METHODS

For measurement of electro conductivity conductometer “MARK 603″ (Russia) 
was used, рН of solutions was measured on рН meter “Seven Easy” (METTLER 
TOLEDO, China). Swelling coefficient Кs was defined by weighting of hydro-
gel swollen samples on electronic scales “SHIMADZU AY220” (Japan).

Experiments were carried out at room temperature. Study of intergel sys-
tems was made by this way: each hydrogel was located in separated glass 
weighing filter pores of which are permeable for low-molecular ions and 
molecules, but it is not permeable for hydrogels dispersion.

Then weighing filter with hydrogels were located in glasses with distilled 
water and lanthanum sulfate solutions. Electric conductivity and pН of over gel 
liquid were measured in absence of weighing filters with hydrogels in the glass. 
Swelling coefficient was calculated as the difference of weights of weighing 
bottle with hydrogel and empty weighing filter according to this equation:

Ksw = m2 – m1/m1

where m1 – weight of dry hydrogel, m2 – weight of swollen hydrogel.
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20.3  RESULTS AND DISCUSSION

20.3.1  STUDY OF ELECTROCHEMICAL AND VOLUME-
GRAVIMETRIC PROPERTIES CHANGE OF POLYMETHACRYLIC 
ACID HYDROGEL (GPMAA) AND POLY-2-METHYL-5-
VINYLPYRIDINE HYDROGEL (GP2M5VP) INTERGEL SYSTEM IN 
AN AQUEOUS MEDIUM

Obtained dependencies of specific electric conductivity show (Figure 20.1) 
that electric conductivity of solutions increases with time for all ratios of 
gPMAA:gP2M5VP. However, character of electric conductivity change is 
different for various ratios. With increase of contact time with water areas of 
maximum and minimum electric conductivity appear. At gPMAA:gP2M5VP 
ratios 4:2 and 2:4 areas of maximum conductivity are found. Minimum elec-
tric conductivity is due to binding of cleaved proton from carboxyl group by 

Curves’ description (molar ratio of gPMAA:gP2M5VP, mol:mol):
1–6:0; 2–5:1; 3–4:2; 4–3:3; 5–2:4; 6–1:5; 7–0:6

FIGURE 20.1  Dependence of water solutions specific electric conductivity in presence of 
intergel system gPMAA-gP2M5VP from time.
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nitrogen heteroatom of vinyl pyridine. High conductivity values point that 
at certain ratios of hydrogels in intergel system carboxyl group dissociation 
prevails over proton association process by nitrogen heteroatoms.

Based on the results of hydrogen ions concentration change (Figure 20.2) 
in aqueous medium in presence of intergel systems gPMAA:gP2M5VP it can 
be concluded that cleaving rate of H+ during polyacid dissociation is higher 
than H+ binding rate by polybasis. At ratio 5:1 pH of medium increases, and 
this phenomenon is consequence of the fact that with decrease of swelling 
rate there is decrease of –COOH groups dissociation rate. With polybasis 
share increase solutions pH decreases gradually, minimum point of pH is 
seen at gPMAA:gP2M5VP ratio 4:2 (at 6 hours of interaction). Low con-
centrations of hydrogen ions are also observed at ratio 5:1, which almost 
corresponds with results of electric conductivity.

In result of polymer hydrogels long-range effect polyacid swelling coef-
ficient (Ksw) change occurs (Figure 20.3). Significant increase of swelling 

Curves’ description (molar ratio of gPMAA:gP2M5VP, mol:mol):
1–6:0; 2–5:1; 3–4:2; 4–3:3; 5–2:4; 6–1:5; 7–0:6

FIGURE 20.2  Dependence of water solutions pH in presence of intergel system gPMAA-
gP2M5VP from time.
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is observed at gPMAA:gP2M5VP = 4:2 ratio. Also swelling coefficient 
increase is observed at ratio 2:4. This phenomena’s point that conforma-
tional state of internode links is determined predominantly by ionization, not 
by concentration of charged groups, which were formed during functional 
groups dissociation.

Measurement of polybasis swelling coefficient in an aqueous medium 
point to its increase with polyacid share (Figure 20.4), what occurs due to 
additional swelling of gP2M5VP. As it is known, poly-2-methyl-5-vinylpyr-
idine swells weakly as weak polybasis. Increase of gP2M5VP Ksw point to 
additional activation of polybasis links. It can be only due to cleaved proton 
binding by nitrogen atoms of polybasis.

Curves’ description (molar ratio of gPMAA:gP2M5VP, mol:mol):
1–6:0; 2–5:1; 3–4:2; 4–3:3; 5–2:4; 6–1:5

FIGURE 20.3  Dependence of polymethacrylic acid hydrogel swelling coefficient in 
presence of poly-2-methyl-5-vinylpyridine hydrogel in an aqueous medium from time.
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20.3.2  STUDY OF ELECTROCHEMICAL AND VOLUME-
GRAVIMETRIC PROPERTIES CHANGE OF POLYMETHACRYLIC 
ACID HYDROGEL (GPMAA) AND POLY-2-METHYL-5-
VINYLPYRIDINE HYDROGEL (GP2M5VP) INTERGEL SYSTEM 
AT LANTHANUM IONS SORPTION FROM LANTHANUM 
SULPHATE 10-WATER

Situation during lanthanum sorption is similar to intergel system behavior 
in an aqueous medium – specific electric conductivity increases with time 
(Figure 20.5). Areas of maximum and minimum electric conductivity appear 
with time. After 1 hour of interaction minimum point at gPMAA:gP2M5VP 
ratio 3:3 becomes noticeable, also minimum is observed in presence of only 
polyacid (ratio 6:0). At 3 hours of remote interaction maximums appear at 
ratio 4:2, and at 6 hours there is predominance of maximum conductivity 
noticeable when there is a complete domination of basis hydrogel (ratio 
0:6); while the minimums are observed in both cases in the presence of 

FIGURE 20.4  Dependence of poly-2-methyl-5-vinylpyridine hydrogel swelling coefficient 
in presence of polymethacrylic acid hydrogel in an aqueous medium from time.
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polymethacrylic acid individual hydrogel (ratio 6:0) and for hydrogels ratio 
5:1, respectively. After 24 hours there is conductivity increase at ratios 4:2 
and 2:4. After that further increase of electric conductivity with pronounced 
maximum can be observed in presence of poly-2-methyl-5-vinylpyridine 
hydrogel (ratio 0:6).

For detailed explanation of low and high values of electric conductivity 
it is necessary to study processes of hydrogels ionization and dissociation. 
During carboxyl group dissociation a proton is formed, further binding of 
what is implemented by vinyl pyridines nitrogen heteroatom. This phenom-
enon is main reason of low conductivity. Hydrogels swelling in lanthanum 
sulfate solutions occurs due to their interaction with water molecules. At 
first there is an ionization of carboxyl groups, after that – dissociation to 
carboxyl at anions –СОО– and hydrogen ions H+. At carboxyl group and 
water molecules dissociation H+ and OH- ions are formed. Proton bind-
ing causes ionization of poly-2-methyl-5-vinylpyridine cationic hydrogel. 

Curves’ description (molar ratio of gPMAA:gP2M5VP, mol mol):
1–6:0; 2–5:1; 3–4:2; 4–3:3; 5–2:4; 6–1:5; 7–0:6

FIGURE 20.5  Dependence of 10-water lanthanum sulfate solutions specific electric 
conductivity in presence of intergel system gPMAA-gP2M5VP from time.
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Ionized carboxyl group of polymethacrylic acid binds lanthanum ions. All 
these interactions lead to decrease of total concentration of positive charges 
in solution.

At hydrogels certain ratios in intergel system there is a predominance of 
carboxyl groups dissociation over proton binding by nitrogen heteroatoms, 
what, in turn, may be the main reason of high conductivity values. Rate of 
polybasis proton binding decreases due to conformational changes in poly-
2-methyl-5-vinylpyridine hydrogel internode links. Consequently, forma-
tion of intermolecular cross-links like ≥N…Н+…N≡ at charged NH+ groups 
causes to polymer coils folding, and, as a result, proton binding degree 
decreases. Also it should be noted that there is an increase of conductivity 
due to formed SO4

2- ions in lanthanum sulfate dissociation.
In Figure 20.6, the dependence of lanthanum sulfate solutions pH in 

presence of intergel system gPMAA – gP2M5VP from time is shown. With 

Curves’ description (molar ratio of gPMAA:gP2M5VP, mol:mol):
1–6:0; 2–5:1; 3–4:2; 4–3:3; 5–2:4; 6–1:5; 7–0:6

FIGURE 20.6  Dependence of 10 water lanthanum sulfate solutions pH in presence of 
intergel system gPMAA-gP2M5VP from time.
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predominance of polyacid there is an increase of hydrogen ions concentration 
with time. With polybasis share increase solutions pH gradually increases 
and reaches maximum at hydrogels ratio 0:6. There is a pH decrease with 
time, what may point to additional proton release. Comparing hydrogen 
ions concentration low values and high conductivity values at gPMAA: 
gP2M5VP ratios 1:5 and 0:6 it can be concluded that conductivity increase 
occurs due to ОН– and SO4

2– anions concentration increase.
For description of obtained results it is necessary to analyze ionic equi-

librium in solutions. In lanthanum sulfate solutions the following processes 
occur:

1.	 Dissociation of internode links –СООН groups:

–СООН → СОО–…Н+ → –СОО– + Н+

It should be taken to attention that at first there is ionization with ionic 
pairs formation, after that ionic pairs partly dissociate to separate ions.

2.	 Nitrogen atom in pyridine ring undergoes ionization and dissociates 
partially:

≡N + H2O → ≡NH+ … OH– → ≡NH+ + OH–

3.	 Further nitrogen atom interacts with proton, which was cleaved from 
carboxyl group:

≡N + Н+ → ≡NH+

4.	 Н+ and ОН– ions, formed as a result of functional groups interaction 
with water molecules, form water molecules:

Н+ + OH– → H2O

5.	 La3+ and SO4
2– ions form during lanthanum sulfate dissociation:

La2 (SO4)3 ↔ 2La3+ + 3SO4
2-

6.	 Formed La3+ ions are binded by –COO- groups:

La3+ + 3–COO– → (–COO) 3La

In result of these interactions there is a state, where counter ions of some 
part of hydrogels charged functional groups are absent. Concentration of 
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ionized groups without counter ions is in dependence of initial molar ratios 
of polymer networks and other factors.

Appearance of hydroxyl ions high concentration is possible in case of 
vinyl pyridine links interaction with water molecules.

Ions concentration in solutions is in direct dependence of swelling rate 
and hydrogels concentration in salt solutions. Swelling and deprotonization 
rate are in dependence of hydrogels nature, crosslink degree, dispersion and 
the longitudinal size of polymer hydrogels.

Appearance of Н+ ions excess is due to high rate of swelling, СООН dis-
sociation and low swelling rate of polybasic functional groups and their low 
concentration. ОН– ions concentration increase occurs due to low swelling 
rate and low concentration of COOH groups, and high swelling rate and 
interaction of basic functional groups with Н+ ions. This is possible in case 
of occurring of 2nd reaction, where hydroxyl anions are released in solution. 

Curves’ description (molar ratio of gPMAA:gP2M5VP, mol:mol):  
1–6:0; 2–5:1; 3–4:2; 4–3:3; 5–2:4; 6–1:5

FIGURE 20.7  Dependence of polymethacrylic acid hydrogel swelling coefficient in 
presence of poly-2-methyl-5-vinylpyridine hydrogel in 10 water lanthanum sulfate solution 
from time.
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In parallel there is an occurrence of 3rd reaction as a result of which free 
proton is binded by pyridines ring and positively charged ions concentration 
in solution decreases sharply.

Lanthanum sulfate dissociation leads to La3+ ions binding by acid hydro-
gel and SO4

2– ions have no counter ions, and, as a result, value of electric 
conductivity increases.

Hydrogels remote interaction effect provides significant changes in 
polyacid swelling coefficient (Figure 20.7). Intensive increase of poly-
methacrylic acid swelling is observed with poly-2-methyl-5-vinylpyridine 
share increase. As it can be seen from figure at gPMAA:gP2M5VP ratio 
1:5 at all time of remote interaction intensive swelling of polyacid occurs. 
Dissociation of acid groups leads to repulsion of similarly charged –COO– 
groups, and, as a result, polymethacrylic acid polymer chain unfolds.

Curves’ description (molar ratio of gPMAA:gP2M5VP, mol:mol):
1–6:0; 2–5:1; 3–4:2; 4–3:3; 5–2:4; 6–1:5

FIGURE 20.8  Dependence of poly-2-methyl-5-vinylpyridine hydrogel swelling coefficient 
in presence of polymethacrylic acid hydrogel in 10 water lanthanum sulfate solution from time.
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After hydrogels mutual activation poly-2-methyl-5-vinylpyridine hydro-
gel swelling coefficient increases significantly. With polyacid share increase 
there is a strong increase of gP2M5VP. The main reason of it is ionization of 
structure links of polybasis by cleaved proton. Maximum swelling of basic 
hydrogel is observed at gPMAA:gP2M5VP ratio 5:1. General type of curves 
shows that Ksw increase occurs with polyacid share increase. However, in 
time interval 1–6 hours there is maximum, which point to significant increase 
of polybasis swelling. Such effect may be due to destruction of intermolecu-
lar associates ≡NH…N≡, which were formed by ≡NH groups.

20.4  CONCLUSIONS

1.	 Based on obtained results of specific electric conductivity, pH of 
solutions and Ksw of hydrogels it can be concluded that there is a 
result of remote interaction of hydrogels a significant change in their 
electrochemical, conformational and sorption properties occur.

2.	 Result of hydrogels long-range effect is additional activation of 
hydrogels due to what internode links obtain additional charge with-
out counter ions.

3.	 Additional hydrogels swelling occur due conformational changes in 
internode chains during remote interaction of polymer networks.

4.	 Based on results of electric conductivity and solutions pH it can 
be assumed that maximum sorption capacity for intergel system 
gPMAA:gP2M5VP appears at ratio 5:1.
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ABSTRACT

Fulvic acids were separated from the water of the river by the adsorption-
chromotographic method. The charcoal was used as a sorbent. The complex 
formation process of fulvate complexes of copper were studied by using 
sephadex G-25 on different values of pH. The parameters of sephadex G-25: 
the mass of dry gel – 17 g, the height of swelled layer of gel – 42 sm, the 
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inner diameter of column – 16 sm. It was calculated the average meanings 
of the conditional stability constants of fulvate complexes of copper. It was 
established that b(pH9) ≈b(pH8)>b(pH6)>b(pH5).

21.1  INTRODUCTION

Fulvic acids are one of the first geopolymers, which were found in natural 
waters. They have functional groups and that’s why they take an active place 
in complex formation and sorption processes and stipulates migration forms 
of toxic metals [1–16].

In spite of researches, experimental data on stability constants of com-
plex compounds of fulvic acids are heterogeneous and they differ in several 
lines from each other. Therefore, it’s difficult to investigate complex for-
mation processes, taking place in natural waters, identify migration forms 
of heavy metals and evaluate and assess chemical-ecological condition of 
natural waters.

Our objective was to obtain the pure samples of fulvic acids, the inves-
tigation of complex formation processes between the pure samples of ful-
vic acids and Cu(II) on different pH by the gel-chromotographic method. 
According to the data, found in the literature about the fulvate complexes 
of copper are heterogeneous. Value of lgb changes from 3.8 to 9.3 [8–15].

21.2  EXPERIMENTAL PART

To obtain pure samples of fulvic acids the authors concentrated the water of 
the river Mtkvari by the frozen method. Filtered water samples were acidi-
fied to pH 2 and were put for 2 hours on water bath at 60°C, for coagulation 
of humin acids. Then, the solution was centrifuged for 10 min at 8,000 rpm. 
To isolate FA from centrifugate, the adsorption- chromotographic method 
was used [16, 17]. The charcoal (BAU, Russia) was used as a sorbent. 
Desorption of amino acids and carbohydrates were performed by means of 
0.1N HCl. For the desorption of polyphenols, the 90% acetone water solu-
tion was used. The elution of FA fraction was performed with 0.1N NaOH 
solution. The obtained alkali solution of FA for the purification was passed 
through a cation-exchanger (KU-2–8, Russia) and dried under the vacuum 
until the constant mass was obtained. Then, model solutions of FA was 
prepared.
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The main solution of fulvic complexes were obtained by the solubility 
method. The same quantity of standard solution of fulvic acids and suspen-
sions of Cu(OH)2, were placed in fluoroplast cylinders. The constant ionic 
strength was made by adding 0.1M potassium nitrate. The final volume was 
40 ml.

The concentration of hydrogen ions was regulated by 0.01M potas-
sium hydroxide and 0.01M nitric acid, pH = 8 in model solutions (pH 
meter pH2O06). The solution was put on a mechanical mixer for 60 hours 
(until the balance was achieved) and then suspension was filtered through 
the membrane filters (Sinpor N6). In filtrates, the concentration of copper 
was measured by Atomic Absorption Spectrophotometer (Perkin almer 
200).

The main solution of obtained fulvate complexes was divided into 4 
parts, which differs from each other only by the value of pH (9.02; 8.00; 
6.03; 5.01). The formation of fulvate complexes were studied on different 
pH by the gel filtration method. For the investigation of complex formation 
process, taking account the associates of fulvic acids, various pH and the 
average molecular weight, for the optimal determination we used sephadex 
G-25(the limits of Fractionating 100–5000).

The parameters of sephadex G-25: the mass of dry gel - -17 g, the height 
of swelled layer of gel – 42 sm, the inner diameter of column – 1,6 sm. 
For the calibration of sephadex G-25 was used blue dextran, polyethylene 
glycols with molecular weights 300, 600, 1000 and glucose. The titer of 
standard substances – 1 mg/ml, transmission speed 3 ml/min, apply volume 
of solution – 2 ml.

The results of calibration: free volume 31–36 ml (I fraction), releasing 
volume of standard substances according to molecular weights (Mw) 1000 
= 36–46 ml (II fraction), (Mw) 600 = 46–51 ml (III fraction), (600) Mw 300 
= 51–56 (IV fraction), Mw 300 = 56–61 ml.(V fraction) Mw 180 = 61–67 
ml (VI fraction).

We took the aliquots of different solutions with different pH (2–2 ml) 
which were placed in the top part of the column. The elution process was 
done by bidistilled water that has the same pH as the aliquots of solution.

We determined the quantity of metals connected with fulvic acids in I-V 
fractions. These are the fractions, which releasing volume fits substances 
with molecular weight 300≤ Mw>5000. For this reason, I-V fraction was all 
gathered, then were concentrated up to 10 ml and the quantity of metals was 
measured by Atomic Absorption Spectrophotometer.
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21.3  RESULTS AND DISCUSSIONS

Taking account the conditional diagrams of copper [10], the formation reac-
tions of fulvate complexes of copper and their stability constants on different 
pH can be written in the following way:

Me2+ + mFA2
_ 
D [Me (FA)m]2m_2 pH = 5–6 	 (1)

b = [Me (FA)m]2m_2/{ [ Me2+] [FA2_
]m}	 (2)

[Me(OH)2]0 + mFA2_ 
D [Me(OH)2 (FA)m]2m_

    pH = 8–9	 (3)

b = [Me(OH)2 (FA)m]2m_
/{ [ Me(OH)20] [FA2_

]m}	 (4)

In solution, the concentration of fulvate complex (C"
Me) equals to the 

difference between final (∑
Me

) and initial (C'
Me

) concentrations of metal 
received after formation of complex. The concentration of metal as ionic and 
hydroxocomplex concentration equals to the initial concentration of metal in 
solution (C'

Me
). As we have already mentioned [8], in given systems, com-

plexes with structure 1:1, or the stechiometral coefficient (m) equals to 1. 
Therefore, we can write (2) and (4) equations as the one equation:

b = [∑
Me

– C'
Me

]/{[ C'
Me

][FA]} = [C "Me]/{[C'
Me

][FA2-]}	 (5)

During the gelchromotographic investigation of fulvate complexes, these 
characteristics will be calculated very easy: C'

Me
 = ∑

Me
C"Me[FA] = CFA-C"Me 

where C'
Me 

is the quantity of metals which were not being in complex mol/l; 
∑

Me
 is the total quantity in main solution, mol/l, C"Me is the quantity of met-

als connected with fulvic acids determined in the fractions 300≤ Mw>5000, 
mol/l; [FA] – free ligand, mol/l; CFA. The total quantity of fulvic acids in the 
system, mol/l.

The results of investigation fulvate complexes by the gel filtration method 
are given in Table 21.1.

21.4  CONCLUSIONS

The pure samples of fulvic acids were separated from the water of the river 
by the adsorption-chromotographic method. By the using of sephadex G-25 
it was studied the complex formation process between copper and fulvic 



Investigation of a Complex Formation Process 	 285

REFERENCES

	 1.	 Raewvn, M., Town, R. M., Van Leeuwen, H. P., Buffle, J., (2012). Chemo dynamics 
of Soft Nanoparticulate Complexes: Cu(II) and Ni(II) Complexes with FA and Aquatic 
Humic Acids. Environmental Science and Technology, 46(19), 10487–10498. 

	 2.	 Glaus, M. A., Hummel, W., Van Loon, L. R. (2000). Trace Metal-Humate Interaction. 
Experimental Determination of Conditional Stability Constants. Applied Geochemistry, 
15(7), 953–973. 

acids on various pH. It was studied the average meanings of stability con-
stants of fulvate complexes of copper. It was established, that on pH = 9.02, 
b = 2.89 × 104, on pH = 8.00 b = 3.43 × 104, on pH = 6.03, b = 7.18 × 103; 
on pH = 5.01, b = 2.22 × 103.

ACKNOWLEDGMENTS

The financial support of Georgian Research and Development Foundation 
(#A60768) and Shota Rustaveli National Science Foundation (04/35) is 
gratefully acknowledged.

KEYWORDS

TABLE 21.1  The Conditional Stability Constants Calculated on the Basis of the Results, 
Obtained by the Gel filtration Method b = [MeFA]/{[Me][FA]} = [C “Me]/{[C'

Me
][FA2-]}

pH C'Cu C"Cu [FA] β

9.02 0.38 × 10–5 1.65 × 10–5 1.50 × 10–4 2.89 × 104

8.00 0.33 × 10–5 1.7 × 10–5 1.50 × 10–4 3.43 × 104

6.03 0.93 × 10–5 1.1 × 10–5 1.56 × 10–4 7.18 × 103

5.01 1.48 × 10–5 0.55 × 10–5 1.62 × 10–4 2.22 × 103

•• average stability constant

•• copper

•• fulvic acids

•• geopolymers

•• molecular weight

•• sephadex



286	 Chemical Engineering of Polymers

	 3.	 Rey-Castro, C., Mongin, S., Huidobro, C., David, C., Salvador, J., Garces, J., (2009). 
Effective Affinity Distribution for the Binding of Metal Ions to a Generic Fulvic Acid 
in Natural Waters. Environmental Science and Technology, 43(19), 7184–7191. 

	 4.	 Claret, F., Schaver, T., Rabung, T., Wolf, M., Bauer, A., Buckau, G. (2005). Differences 
in properties and Cm(III) complexation behavior of isolated humic and fulvic acid 
derived from. Opalinus clay and Callovo-Oxfordian argillite. Applied Geochemistry, 
20, 1158–1168. 

	 5.	 Joris, W. J., Van, S., Dan, B. K., Jon, P. G. (2010). Acid-Base and Copper-Binding 
Properties of Three Organic Matter Fractions Isolated from a Forest Floor Soil Solution. 
Geochimica at Cosmochimica Acta, 74, 1391–1406. 

	 6.	 Orsetti, S., Marco-Brown, J. L., Andrade, E. M., Molina, F. V. (2013). Pb(II) Binding 
to Humic Substances: An Equilibrium and Spectroscopic Study. Environmental Science 
and Technology, 47(15), 8325–8333. 

	 7.	 Tinacher, R. M., Begg, J. D., Mason, H., Ranville, J., Powel, B. A., Wong J. C., Karst-
ing, A. B., Zavarin, M., (2015). Effect of Fulvic Acid Surface Coatings on Plutonium 
Sorption and Desorption Kinetics on Goethite. Environ. Sci. Technol., 49(5), 2776–
2785. 

	 8.	 Mantoura, R. F. C., Dixon, A., Rilly, J. P. (1978). The Speciation of Trace Metals with 
Humic Compounds in Natural Waters. Thalassia Jugoslavica, 14(1–2), 127–145. 

	 9.	 Qing, D., Zhong, X. S., Willis, F., Tang, H. X. (1999).Complexation in Illite-Fulvic 
Acid Cu2+ Systems. Water Res., 33, 693–706. 

	 10.	 Makharadze, G., Makharadze, T., (2014). Method of Calculation of Stability Constants 
of Fulvic Complexes on the Example of Copper. Journal of Chemistry and Chemical 
Engineering, USA, 8, 108–111. 

	 11.	 Gamble, D. S., Schnitzen, M., Hoffman, I. (1970). Cu2+-Fulvic Acid Chelation Equilib-
rium in 0.1N KCl at 25°C. Can. J. Chemistry, 48, 3197–3204. 

	 12.	 Schnitzer, M., Hansen, E. H. (1970). An Evaluation of Methods for the Determination 
of Stability Constants of Metal-Fulvic Acid Complexes. Soil Science, 109, 333–340. 

	 13.	 Cheam, V., Gamble, D. S. (1974). Metal-Fulvic Acid Chelation Equilibrium in Aqueous 
NaNO3 Solution Hg(II), Cd(II) and Cu(II) Fulvate Complexes. Can. J. Soil Science, 54, 
413–417. 

	 14.	 Shizuko, H., (1981). Stability Constants for the Complexes of Transition-Metal Ions 
with Fulvic and Humic Acids in Sediments Measured by Gel-Filtration. Talanta, 
28(11), 809–815. 

	 15.	 Schnitzer, M., Skinner, S. J. M. (1966). Organo-metallic interactions in soil. Stability 
constants of Cu2+, Fe2+ and Zn2+ fulvic acid complexes. Soil Science, 102, 361–365. 

	 16.	 Varshal, G. M., Kоsheеvа I. Y., Sirotkina, I. S., Velukhanova, T. K., Intskirveli, L. N., 
Zamokina, N. C. (1979). The Study of Organic Substances in Surface Waters and Their 
Interaction with Metal Ions. Geochemistry (Russia), 4, 598–607. 

	 17.	 Revia, R., Makharadze, G., (1999). Cloud-Point Preconcentration of Fulvic and Humi-
cacids. Talanta, 48(2), 409–413. 



CHAPTER 22

HgBa
2
Ca

2
Cu

3
O

Y
 SUPERCONDUCTOR 

PREPARED BY VAPOR DIFFUSION 
PROCESS

T. LOBZHANIDZE,1 I. METSKHVARISHVILI,2 G. DGEBUADZE,2  
B. BENDELIANI,2 M. METSKHVARISHVILI,3 and V. GABUNIA2

1Iv. Javakhishvili Tbilisi State University, Department of Chemistry,  
I. Chavchavadze Ave. 1, 0179, Tbilisi, Georgia
2Ilia Vekua Sukhumi Institute of Physics and Technology, Laboratory 
of Cryogenic Technique and Technologies, Mindeli Str. 7, 0186 Tbilisi, 
Georgia, E-mail: metskhv@yahoo.com
3Georgian Technical University, Department of Engineering Physics, 
Kostava Str. 77, 0175 Tbilisi, Georgia

CONTENTS

Abstract......................................................................................................288
22.1  Introduction.....................................................................................288
22.2  Experimental Part............................................................................289
22.3  Results and Discussion...................................................................289
22.4  Conclusions.....................................................................................291
Acknowledgments......................................................................................292
Keywords...................................................................................................292
References..................................................................................................292

mailto:metskhv@yahoo.com


288	 Chemical Engineering of Polymers

ABSTRACT

Arsenic free and arsenic doped HgBa2Ca2Cu3AsxOy superconductors were 
synthesized in sealed silica tubes by the solid-state reaction method. The 
Hg vapor pressure can be controlled by a small addition of As2O3 in the 
reactant bars. A series of experimental results obtained from the As-doped 
and As-free superconductors by ac susceptibility measurement techniques 
shows that a small addition of As2O3 increases the volume fraction of the 
(HgAs)-1223 superconducting phase and thermal stability of this supercon-
ducting phase.

22.1  INTRODUCTION

Among all of the known high-Tc superconductors the Hg-based cuprate 
superconductors HgBa2Ca2Cu3O8+δ(Hg-1223) have the highest critical 
temperature Tc≈135 K, if these samples are prepared in normal conditions 
Tc≈135 K [1, 2] and Tc≈165 K under the external pressure (30 GPa) [3, 4]. 
This peculiar property makes the Hg-1223 phase as an invaluable material 
for its practical utilization.

Additives or substituent of the Hg-based superconductors by the appro-
priate metals or oxides can improve the nature of the grain boundaries, as 
well as promote the formation of the superconducting phase or introduce the 
effective pinning centers. Several scientific groups have studied the effect of 
the partial substitution of Hg by Sb (Hg1-x Sbx) [5, 6] in Hg-1223. They have 
founded that small substitution of Hg by Sb, improved the intergrain critical 
current density in Hg-1223. Besides, partial substitution of Hg by Pb(Hg1-

xPbx) expedites the formation of nearly single-phase of Hg-1223 compound 
and enhances the irreversible magnetic fields [7–9]. Li et al. [10] have studied 
and optimized an influence of the synthesis and processing parameters on the 
phase purity and grain growth of Pb-doped HgBa2Ca2Cu3O8+δ cuprate super-
conductor. Goto [11] showed that in case of F-doped HgBa2Ca2Cu3Re0.2Oy 
prepared by the diffusion method the maximal significance of critical current 
density J can reach Jc≈104 A/cm2 at 77 K in zero fields.

Unlike the above-mentioned works, the aims of our studies are inves-
tigations of the effect of As2O3 addition on superconductive properties of 
Hg-1223 system. As far as we know, the effects of doping of arsenic oxide 
have not been studied yet for Hg-based polycrystalline superconductor.
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22.2  EXPERIMENTAL PART

Arsenic free and arsenic doped HgBa2Ca2Cu3AsxOy (x = 0.0–08 wt.%) were 
prepared by the two-step solid-state reaction method. In the first step highly 
pure powders of BaO (99% Oxford Chem Serve), CaCO3 (99.9% Oxford 
Chem Serve) and CuO (98% Sigma-Aldrich) were mixed in the stoichiomet-
ric ratio Ba:Ca:Cu = 2:2:3 and then they were mixed and ground carefully 
in an agate mortar. The resulting powder mixture was calcined in an alu-
mina crucible in air by using of the temperature programmed muffle furnace 
(KSL-1100X-S, MTI-corporation, temperature accuracy ±1°C) with four 
intermediate grindings at 900°C for 60 h.

The resulting powders were ground and pressed into the pellets by a hydrau-
lic press (Holzmann-Maschinen, Type: WP10H) with about 500 MPa. The 
obtained pellet is annealed in home made a programmable tube type furnace 
(temperature accuracy ±1°C) at 900°C in flowing oxygen partial pressure of 
0.3 bar for 15 h. In the second step the Ba–Ca–Cu–O precursor was mixed with 
HgO and As2O3 powders according to the composition HgBa2Ca2Cu3AsxO8+δ 
(the concentrations of As2O3 were in the range of x = 0.000, x = 0.004 and x = 
0.008 identified as 0.0, 0.4, and 0.8 wt.%.) and After final grinding the powder 
was pressed into a disc-shaped pellet 6 mm in diameter, and 5 mm thick, by 
using a hydraulic press under a pressure of 400 MPa. The pellets were put in 
a quartz tube and from quartz tube was evacuated up to 10–3 Torr and sealed.

Thereafter, a quartz tube was inserted into a programmed muffle furnace. The 
temperature of the furnace was raised at a rate of 300°C/h up to 700°C and there-
after at a rate of 120°C/h up to 860°C and held at this temperature for 15 h. The 
furnace was cooled at the rate of 60°C/h to room temperature. Finally, the sam-
ples were oxygenated in tube type furnace at 300°C in flowing oxygen for 15 h.

The prepared patterns were characterized by X-ray diffraction (XRD, 
Dron-3M) with CuKa radiation. The phase method was used to study the real 
parts of the linear susceptibility [12]. The errors in the determination of χ’ at higher 
frequencies than 1 kHz does not exceed 1%. For the measurements of intergranu-
lar critical current densities we used the method of high harmonics [13].

22.3  RESULTS AND DISCUSSION

An important step of the preparation of high pure phases HgBa2Ca2Cu3Oy 
superconductors is the sintering of the Ba2Ca2Cu3Oy multiphase precursor. To 
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obtain the superconducting phase with optimal properties there are two, crit-
ical precursor parameters: the cation homogeneity and the oxygen content. 
The thermal annealing at the oxygen partial pressure provides homogeneity 
and stipulates an elimination of the carbonates, remained in the multiphase 
precursor sample [14]. The X-ray diffraction pattern of Ba2Ca2Cu3Oy pre-
cursor powder is plotted in Figure 22.1. As one can see, the sample consists 
only two phases of BaCuO2 and Ca2CuO3. The existence of BaCuO2 and 
Ca2CuO3 phases only is a good indicator for qualitative preparation precur-
sor powder with Ba:Ca:Cu = 2:2:3 cation ration [15].

Figure 22.2 shows the temperature dependences of the real (–4πχ’) part 
of ac susceptibility for un-doped and doped samples, measured on zero mag-
netic fields (H = 0) at h = 1 Oe, f = 20 kHz. The diamagnetic onset tempera-
ture of the superconducting transition for 0.0 wt. %, 0.4 wt. % and 0.8 wt. % 
samples are T≈131 K, T≈135 K and T≈125 K, respectively.

As we see un-doped sample clearly show a two-step decrease with T, 
which reflects the flux shielding from and among the grains. The high-
temperature peak could be caused by the penetration of the field into the 
crystallites and be associated with intragranular critical current density, jcg, 
while the low-temperature maximum is due to the penetration only into the 
Josephson medium formed by weak links between the crystallites. The latter 

FIGURE 22.1  X-ray diffraction pattern of Ba2Ca2Cu3Oy precursor powder after calcinations 
at 900°C at flowing oxygen partial pressure of 0.3 bar for 15 h.
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is associated with intergranular critical current density jcJ. Unlike the un-
doped sample the Arsenic doped samples do not show two steps and full 
screening of applied ac magnetic fields for samples, whose As2O3 doping is 
in the range 0.4 wt.%, is observed at T~110 K.

By high harmonics methods we measured value of intergranular critical 
current densities [13] in liquid nitrogen temperature at h = 1 Oe and H = 0. 
We find for un-doped sample jcJ≈100 A/cm2 and for As-doped samples: 0.4 
wt.%–165 A/cm2 and 0.8 wt.%–40 A/cm2.

22.4  CONCLUSIONS

The effect of As2O3 doping on Hg-1223 system has been studied by the low 
field’s ac susceptibility and the high harmonic response. Temperature depen-
dences of χ’ show a two-step process, for un-doped sample. It is important 
to note that the As-doped samples do not show two steps. The absence of 
two-step behavior could be explained in terms of smaller grain size in the 
As-doping samples, so that grains are fully penetrated at a lower field value. 
We found that in the low level doped sample, Arsenic enhances the value of 

FIGURE 22.2  Temperature dependences of the real χ’ parts of ac susceptibility.
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the transport critical current densities from 110 A/cm2 (0.0 wt.%) to 170 A/
cm2 (0.4 wt.%).
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ABSTRACT

Nickel-tungsten coatings on copper are obtained by electrodeposition 
method. Dependences of specific resistance on temperature for samples 
before and after thermal treatment are studied.

23.1  INTRODUCTION

Copper is widely used among metal structural materials in many industrial 
sectors. Copper is characterized by high thermo- and electro conductivity, 
but often during operation such properties are needed from copper, which 
this metal does not have. So, frequently copper must be protected by special 
galvanic coatings, which does not change appreciably mechanical character-
istics of basic metal, but gives it additional functional signification.

In case, when during operation, besides high electro conductivity high 
thermo stability is needed for copper, coating of copper by nickel may 
be used (melting temperature of copper is 1085°C, specific resistance – 
1.72×10–8 ohm·m; melting temperature of nickel is 1455°C, specific resis-
tance – 6.84×10–8 ohm·m).

At the present time, one can see trend of supplanting of individual met-
als by their alloys, obtained by electrolytic method, which often have much 
higher characteristics in comparison with pure components and even metal-
lurgical alloys.

Introduction of rare metals, particularly tungsten (melting temperature of 
which is 3422°C, and specific resistance is 5.5  × 10–8ohm·m), in alloys of 
non-ferrous metals ensures obtaining of more heat-resistant materials having 
also high mechanical strength and other assets.

Tungsten is most refractory metal. It has also one of the highest density 
among metals. That endows tungsten with radiation-protective properties. 
High-melting and high density – these two basic properties determined its 
extraordinary importance in modern technologies and direction of its use.

Electro conductivity of tungsten can’t be compared with electro con-
ductivity of copper, but it is impossible to use copper contacts at high 
temperatures.

Electrolytic alloys are used in various fields of science and technology at 
present (tungsten alloys are widely used for fabrication of electrical contacts 
and components of production of defense industry), at that, range of their 
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use permanently increases, what is explained by special physical and chemi-
cal properties of rare metals.

Tungsten does not precipitate from aqueous solutions. However, in pres-
ence of other metals, especially elements of subgroup of iron, tungsten pre-
cipitates together with them inconsiderable quantities.

23.2  EXPERIMENTAL PART

Study of electrical properties of nickel-tungsten alloy, obtained by electro-
chemical deposition on copper base before and after thermal treatment is 
proposed in the present work.

Pyrophosphate electrolyte [1], the main advantage of which is stability of 
composition and absence of complex former on the anode, was selected for 
deposition of nickel-tungsten alloy. Given electrolyte was prepared by defi-
nite methodology [2]. Copper plates of needed sizes, which were cut out on 
electro sparking machine tool with special accuracy were used as cathodes 
for obtaining of nickel coatings.

Standard four-point contact method was used for study of electrical 
properties of obtained samples. Specific resistance of substrate material and 
samples coated by nickel-tungsten was measured at different temperatures, 
before and after thermal treatment. The entity of burning was – impact ther-
mal heating of the sample (during one minute) at the temperatures 600 and 
950°С (in the atmosphere of helium). Afterwards the samples were cooled 
up to room temperature and measurement of temperature dependence of spe-
cific electrical resistance [ρ = f(t)] was carried out.

Content of tungsten and nickel in alloy was defined by roentgen-fluo-
rescent spectral analysis method. Current yield was calculated by method 
adduced in Ref. [3].

23.3  RESULTS AND DISCUSSION

Obtained depositions contain 23–28% (weight) of tungsten, with current 
output 21–30%, thickness of coating is 12–15 mkm. Depositions are fine-
crystalline, dense, without visible cracks.

Temperature dependences of specific resistances of copper [4], nickel [5] 
and tungsten [4] are adduced on Figure 23.1.
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Specific resistance of nickel behaves rather unusually, at first it increases, 
but only up to temperature 358°С (Curie point), and then sharply decreases 
and at temperature 400°С becomes less than at room temperature [5].

One can see from Figure 23.2, that specific resistance of copper sample, 
coated by Ni-W at room temperature is slightly more than specific resistance 
of pure copper and at 130°C is equal to 6.5 × 10–8 ohm·m.

After heat treatment of the same sample this dependence extremely dif-
fers from previous one and is analogous to ρ = f(t) of nickel. At heating 
from 20°С up to 130°С specific resistance permanently increases. At further 

FIGURE 23.1  Changes of specific resistances of copper (1), nickel (2) and tungsten (3) at 
heating.

FIGURE 23.2  Temperature dependence for copper samples coated by Ni-W. (1) Without 
thermal treatment; (2) after burning at 600°C; (3) after burning at 950°C.
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increase of temperature (up to 160°С) specific resistance decreases, prob-
ably because of relaxation of internal tensions, which promotes increase of 
electro conductivity.

23.4  CONCLUSIONS

Electro conductivity of copper sample coated by nickel-tungsten alloy is 
nearer to electro conductivity of copper. The obtained samples stand high 
temperature (previous to melt state ∼1,000°С) and are characterized by good 
adhesion.
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ABSTRACT

In the static model system styrene–aqueous solution of potassium persul-
fate was shown that the boundary layer of the monomer phase is one of the 
areas of the emulsion polymerization processes in which monomer phase 
is dispersed. It is proposed that the high rate of conversion of the monomer 
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in the polymerization of monomers in emulsions is also associated with the 
polymerization reaction of the monomer in the boundary layer area.

24.1  INTRODUCTION

Emulsion polymerization (EP) has at least two particular properties which 
strongly distinguish it from other polymerization processes: (i) the high rate 
of the process, and (ii) a direct relationship between the rate and the degree 
of polymerization [1, 2]. A classical example is EP in micellar styrene-water 
emulsion where polymerization is initiated efficiently by a water-soluble ini-
tiator. In the initial stage of EP micelles begin to disappear [3]. At the same 
time monomer microdroplets begin to appear in the system. These micro-
droplets transfer to particles containing a polymer molecule and the growing 
radical. These droplets are then called polymer-monomer particles (PMP). 
After 5–10% of monomer conversion micellar emulsion is transformed to a 
dispersion consisting of two sets of particles of the monomer droplets and 
PMP, the diameter of which reaches 20–50 nm. After the disappearance of 
the micelles the quantity of PMP does not change, and their diameter will 
grow steadily to reach at 60% monomer conversion around 100 nm.

The fact of the disappearance of the micelles and the constancy of PMP 
after their disappearance became the basis for the creation of micellar model 
of EP [3], according to which the PMP originate in the aqueous phase when 
primary or oligomeric radicals falling into the micelles.

Other mechanisms of PMP initiation, according to which polymer mol-
ecules are formed in the aqueous phase as nuclei of the new phase, were also 
suggested by chemists [4–6]. Further, the polymer molecules associated and 
dissolving monomer converted into PMP. Such a homogeneous nucleation 
mechanism of particulate matter is considered to be more likely in the cases 
of EP of polar monomers (e.g., vinyl acetate). Disappearance of micelles 
in this case is explained by adsorption of molecules of emulsifier from the 
aqueous phase to the surface of dispersed particles. However, it is easy to 
show that the growth of the chain polymerization of styrene in the aqueous 
phase is up to a maximum of 3 or 4 monomer units. These surface-active 
oligomers with sulfate ion end groups are accumulated in the water phase, 
and that soon leads to the emergence of new micelles, rather than the disap-
pearance of the existing ones.

The disappearance of the micelles is not justified thermodynamically in 
Harkins’ micellar model of EP.



Topology of Formation of Latexes 	 303

According to the theory of micelle formation micelles in water appear 
when the concentration of dissolved molecular emulsifier is what is called 
the critical micelle concentration. A necessary condition for the disappear-
ance of the micelles is the creation of a new phase separation interface and 
adsorption of the emulsifier from the aqueous phase on that surface takes 
place.

Both micellar and homogeneous models do not take into account the het-
erogeneity of EP system and require a sophisticated phase boundary, which 
has bulk properties. Polymerization in this zone of the heterogeneous system 
may significantly influence both the kinetics of EP, and the process of dis-
persed particles forming.

According to the theory of heterogeneous systems, new surface inter-
face can be created by elastic deformation of the interface, transfer a certain 
amount of substances from one phase to another and creating at the interface 
protuberances or depressions. New surface can also be obtained by dividing 
each of the phases into small particles. If both phases are liquid ones, the 
minimum unit of work to create a surface with all the above methods is the 
same – it is determined only by the temperature and the chemical potential of 
the contacting phases. It follows that if the released heat of polymerization 
is able to transfer a certain amount of the monomer from the interface to the 
volume of water, it can be assumed that the polymerization reaction can also 
deform the interface and fragment the system. Fragmentation of the system 
will inevitably lead to the disappearance of the micelles.

By means of numerical of calculations, it is shown that the heat of the 
polymerization reaction is sufficient for breaking heterogeneous system 
monomer – water [7]. In these calculations the value of the surface tension 
(γ) at the interface between the monomer-water is used. For the styrene – 
water system:

	 γ = 33 mJ/m2	 (2)

The area occupied by the molecule at the interface is equal to 1/4 of 
the surface [8], therefore, the surface free energy per molecule of styrene is 
equal to

	 E = γ/4πr2 ≈ 4 × 10–18 mJ = 4 × 10–14 erg, 	 (3)

where r – radius of styrene molecules ≈ 2 × 10–10 m.
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For the styrene molecule to leave the interface surface and to diffuse 
into the aqueous phase an energy three times higher than 4 × 10–14 erg (its 
remaining portion is 3/4 the area associated with the styrene molecule adja-
cent molecules in the bulk monomer phase) is required. Radical polymeriza-
tion evolves heat of reaction which is approximately equal to 20 kcal/mol, 
or about 1.4 × 10–12 erg per one molecule. Thus, in the emulsion at each 
occurrence of polymerization active center at the monomer – water inter-
face, about 10 monomer molecules leave the surface and can get into satu-
rated monomer aqueous phase. In water non-polar hydrocarbons molecules 
tend to the association and super saturation is necessary for the emergence 
of sustainable small droplets. Therefore, the polymerization reaction at the 
interface will certainly lead to the ingress of new monomer molecules in 
water and the formation of stable microdroplets.

Different mechanisms of fragmentation are possible. But in all cases, the 
work of fragmentation is spend on the polymerization reaction

In the following we demonstrate an experiment indicating that hetero-
geneous systems monomer – water polymerization reaction occurring at the 
monomer – water interface can disperse the monomer phase and form PMP.

24.2  EXPERIMENT AND DISCUSSION

On an aqueous solution of potassium persulfate in the tube we carefully 
layer styrene and then thermostat the system, after a certain time, we can 
watch the turbidity of the system, which subsequently converted into stable 
latex. Such a system is essentially a model of monomer droplets in the aque-
ous phase of the monomer – water emulsion.

Figure 24.1 shows a schematic latex formation in a static system styrene 
– water in the absence of an emulsifier [7–9].

FIGURE 24.1  Schematic representation of the conversion of the monomer- water static 
system in the latex.
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To determine the nature of the system introduced in the disperse par-
ticles, we have paid attention to the fact that after the lamination the aqueous 
monomer phase, the diffusion process begins in the system, the density of 
the aqueous phase drops upwards. The diffusion rate of dispersed particles 
is much less than the rate of diffusion of the molecules. A density gradient 
along the aqueous phase and accumulation of particles can be localized in 
the zone of the aqueous phase below of which the medium density is higher 
than the density of dispersed particles. In this way, by measuring the density 
of the aqueous phase we can estimate the density of dispersed particles. The 

FIGURE 24.2  Topological picture of turbidity of the aqueous phase in the solution of 
styrene in ethanol – 0.4% aqueous solution of potassium persulfate.

FIGURE 24.3  Topological picture of turbidity of the aqueous phase in the solution of 
styrene in ethanol – 0.4% aqueous solution of potassium persulfate in different time intervals 
of observation (1 – 30 min., 2 – 90 min., 3 – 120 min).
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density gradient is created by introducing liquid alcohol (methanol, ethanol) 
to the monomer phase.

Polymerization was conducted in thermostatic tubes. Temperature of 
experiments was 60°C. Static monomer system – 0.4% aqueous solution of 
potassium persulfate was set by gently layering an aqueous monomer solu-
tion in ethanol. Volumes of monomer, ethanol, and aqueous phases were 2, 
5, and 30 ml, respectively.

Topological picture of turbidity of the aqueous phase is shown in Figure 
24.2.

Figure 24.3 clearly shows the dynamics of the process: the dispersed 
particles, created during the polymerization process are initially localized 
in a narrow zone of water phase near the monomer – water interface, then 
gradually sink deep into the aqueous phase.

At the time of turbidity, density of the upper, middle and lower zones 
of the aqueous phase were respectively 0.86, 0.92, 0.98 g/cm3. Comparing 
densities in different zones of the aqueous phase with the values of the den-
sity of polystyrene (1.06 g/cm3) we can notice that in the initial stages of 
formation the density of the dispersed particles is much less than the density 
of polymers, and therefore, they are the monomer microdroplets containing 
a certain amount of polymeric molecules.

In the boundary layer parameters of the monomer are substantially dif-
ferent from its bulk values [10, 11]. The thickness of the boundary layer can 
be determined by various physical parameters and it is obvious that it will 
depend on the selected parameter. Using the method of statistical mechanics, 
Rusanov [11] got asymptotic formula describing the change in the density 
of the liquid on the distance from the boundary surface and he used this for-
mula to determine the thickness of the boundary layer (Δh)

	
	 (1)

where ρо and Xо are, respectively, the density and isothermal compressibil-
ity of a liquid, B and B1 are van der Waals interaction constants of liquid 
molecules with each other and with molecules of a neighboring phase, ρ’ 
is the density of the neighboring phases, ρ is the density of the liquid in the 
boundary layer.

When Вρ’ > Вρo monomer at the interface – monomer density of water 
must be larger than its bulk density and polymerization of this layer should 



Topology of Formation of Latexes 	 307

occur with a high speed. It is obvious that the kinetic effect is expected at a 
significantly small radius of particles, which is achieved in micro emulsions.

Almost all monomers are capable of being polymerized in an emulsion 
have a permanent dipole moment and in contact with water dipole–dipole 
interaction between the molecules of the monomer and water should lead 
to such an arrangement of molecules corresponding to a maximum of their 
interaction energy. Such an attraction between monomer and water molecules 
prevents thermal motion, but the tendency to orient the molecules of liquids 
at the interface is one of the qualitative differences between molecules in the 
above-mentioned case and those in bulk phases. It follows that in the polym-
erization of micro emulsions we can also find significant orientation effects.

24.3  CONCLUSIONS

The experimental results show that in a heterogeneous system monomer – 
water boundary layer monomer at the interfacial is a separate polymerization 
area and, under the influence of elementary acts of polymerization in this 
area monomer phase is dispersed.

Obviously, the presence of the surfactant in the water will flow dispersion 
irreversibly, leading to the formation of stable monomers of microdroplets.

It can be assumed that EP high speed is also associated with the polymer-
ization reaction of the monomer in the boundary layers, because the density 
of the monomer in this area higher than its bulk value.
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ABSTRACT

In this chapter, copper (Cu) and zinc (Zn) phthalocianines was synthesized 
in nitrobenzene solution at a temperature of 200°C to 300°C. Firstly, Cu and 
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Zn salts-acetates were subject to dehydratation and then were purified by 
recrystallization from mixture of nitrobenzene and methanol. On the basis of 
the synthesized (Cu, Zn) Pc powders were obtained thin films by spin coat-
ing and thermal evaporation in high vacuum. The poliepoxipropil carbazole 
(PEPC) was used to improve the photoconductivity of the (Cu, Zn)Pc thin 
films. Annealing is a common method to improve the physical properties of 
thin films. We investigated the morphology and optical properties of (Cu, 
Zn) Pc thin films before and after thermal annealing using scanning electron 
microscope (SEM) and UV-Vis spectroscopy. Current–voltage characteris-
tics demonstrated the formation of the ITO/CuPc hetero junctions.

25.1  INTRODUCTION

The actuality of these researches consists in the development of new meth-
ods of synthesis or optimization of described methods and their applica-
tion in the synthesis of phthalocyaninic derivatives and carbazole containing 
polymers, to be used as the basis for producing luminescent and photocon-
ductive materials. They are of concern for photonic, medicinal technique 
(x-ray films), optical fibers.

Phthalocyanines are of great interest as organic nanomaterials because 
of their exceptional properties [1, 2]. However, their application is lim-
ited due to their low solubility in organic solvents. The difficulties can be 
overtaking if in the aromatic ring are placed various derivatives, able to 
enhance the solubility of phthalocyanines and accordingly modify their 
properties [3–6].

25.2  EXPERIMENTAL PART

At each researches stage were applied various methods of organic synthesis, 
chromatography, modern methods of purifying of substances, optimal and 
economical ways of synthesis of copolimers, confirming the structure of the 
intermediates and final compounds, including elemental analysis, infrared 
spectroscopy, NMR spectroscopy, and X-ray analysis.

Research on synthesis of some derivatives of metal phthalocyanines 
showed that the introduction of electron or donor substitutes has a positive 
effect on the physical process of dissolution. For example, the introduction of 
hydroxyl or alkyl groups has allowed an increase in metallophtalocyanines 
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solubility in organic solvents, but also ensuring their compatibility with cer-
tain polymers for the production of photosensitive materials.

For the purpose of developing new materials, photoconductive in the field 
of infrared and visible, we are synthesized metallophtalocyanines of transi-
tion metals Cu and Zn the compositions with different carbazolic polymers.

Synthesis of copper, cobalt and zinc phthalocianines (Figure 25.1) was 
achieved in nitrobenzene solution at a temperature of 200°C to 300°C. Firstly, 
Cu and Zn salts-acetates were subject to dehydratation. Phthalocianinic 
colors were purified by recrystallization from mixture of nitrobenzen and 
methanol.

From synthesized Cu, Zn phtalocyanines (Pc) powders were obtained 
CuPc and ZnPc thin films with thickness varied in the (2,0–10) μm interval. 
Photopolymer-layers were deposited by spin-coating method on glass sub-
strates covered with a conductive layer of SnO2 with resistance ~100 Ω. The 
layers were dried in the air, and then annealed in a vacuum at T ~ (60–80)°C. 
Simultaneous were obtained CuPc-thin films by thermal deposition in high 
vacuum with thicknesses of about 3–4 μm.

25.3  RESULTS AND DISCUSSIONS

The properties of metal phthalocyanines strongly depend on the structure 
of their molecules. As it is known, a change in the molecular structure as a 
result of the chemical modification of a peripheral part of the molecule leads 
to significant changes in the physic-chemical properties of compounds. It 
is known that poliepoxipropil carbazole (PEPC) is the most widely used 
compound among carbazole containing oligomeric photoconductors. (Cu, 
Zn)Pc organic compounds phthalocyanine presents a particular interest and 
they are perspective to be introducing in PEPC and to form a composite film 

FIGURE 25.1  The structure of synthesized metallophtalocyanines.
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with photosensitive properties due their structure with conjugated double 
bond [7] and to their strong absorption in ultraviolet and visible regions. 
Thin films of PEPC/(Cu, Zn) Pc nanocomposites were prepared from chemi-
cal solutions. CuPc and ZnPc thin films were obtained introducing PEPC 
and CuPc, ZnPc powders, respectively in proportion 1:1. The photolumines-
cence (PL) spectra of these nanocomposites were measured using the exci-
tation with a nitrogen laser operating at 337 nm. All the PL measurements 
were performed at room temperature. As seen in Figure 25.2 the poliepoxi-
propil carbazol (PEPC) layer has photoluminescence peak at λ = 442 nm.

Spectra of photoluminescence of the nanocomposites in all cases show a 
well pronounced maximum which is considered to be attributed to the pres-
ence of the CH = CH double bond in the polymer and in CuPc and ZnPc 
compounds. Regretfully, the implementation of PEPC/CuPc and PEPC/
ZnPc films obtained by spin coating method in fabrication of the photo-
voltaic devices was unsuccessfully. Therefore, we tried to obtain CuPc thin 
films by thermal evaporation in high vacuum. In our study an CuPc source 
and a substrate are separated by a 20 mm distance in a controlled atmosphere 
5×10–6 Torr, and the source is maintained at a higher constant temperature at 
670°C. The substrate temperature Tsub was fixed at ~50°C. The mean depo-
sition time was approximately 6 minutes. The SEM micrographs of CuPc 
treated in vacuum at 90°C on glass/ITO substrate are shown in Figure 25.3. 
SEM image shows the branches of CuPc nanoribbons with different lengths. 
The UV-VIS optical transmission spectra results were analyzed in the strong 
absorption-edge region (Figure 25.4). Differences in the transmittance of the 

FIGURE 25.2  Photoluminescence spectra of (1) poliepoxipropil carbazol (PEPC) layer, (2) 
PEPC/ZnPc (1:1) and (3) PEPC/CuPc (1:1) layers.
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films under examination can be attributed to differences in film thickness. 
CuPc thin films treated in vacuum show a typical absorption bands, namely 
the Q band in the visible region at 739.2 nm. The Q band can be attributed to 
the allowed highest occupied molecular orbital (HOMO)-lowest unoccupied 
molecular orbital (LUMO) (π–π*) transitions.

A study on the photo response in the thin films was done by placing a 
monochromator between the lamp and the quartz window of the conduc-
tivity chamber. The photo response spectra of as-deposited and treated in 
vacuum at 150°C CuPc thin films are shown in Figure 25.5. Significant 

FIGURE 25.3  The morphology (left) and the cross section (right) of thermal treated CuPc 
film deposited on ITO/glass substrate by thermal evaporation in high vacuum.

FIGURE 25.4  The transmittance of CuPc thin films deposited by thermal evaporation in 
high vacuum.
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response is observed in the energy region, between 450 nm and 860 nm 
in both spectra, especially in the film treated in vacuum. The transition 
energies at the critical points which correspond to the maxima in the 
spectra are analyzed. The untreated CuPc thin film exhibits maxima at 
1.51, 1.72, and 2.21 eV. When the film is subjected to thermal treatment 
in vacuum at 150°C the intensity of the photosensitivity increases and 
the position of the maxima located at 1.51, 1.72, and 2.21 eV shifted at 
1.52 eV and 1.76 eV, respectively. The electron-hole pears are created. 
They drift under the influence of the applied field, giving rise to photo-
current. The threshold of light absorption normally corresponds to exci-
tation of electrons from valence band to conduction band which in turn 
corresponds to the maxima in the photo response spectrum. The photoac-
tive transitions are assumed to take place within the π electron system 
of the phthalocyanine molecule. Since the CuPc thin film is p-type, their 
transport characteristics involve electron traps. So it is assumed that the 
net effect of photoconduction is to increase the population of holes in the 
valence band and each of the maxima corresponds to an energy level in 
the valence band [8].

The valence band is generally derived from the p-states of the constitu-
ent elements, and the energy depends not only on the angular momentum, 
but also on the direction of the spin of the electrons. The interaction of the 
directed spin with the orbital angular momentum causes the valence bands 
to split [9].

FIGURE 25.5  Photo response spectra of CuPc films deposited by thermal evaporation in 
high vacuum.
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The ITO/CuPc thin-film heterojunction photovoltaic devices were fab-
ricated on glass substrates covered with ITO with transparency ~ 90% and 
a sheet resistance ~ 40 Ω. In this device the ITO acts as electron transport 
layer and CuPc as absorber. The Al back contact to the CuPc was deposited 
by the thermal evaporation. As ohmic contact to the ITO was used thermal 
evaporated indium. The dark and light current–voltage characteristics were 
measured by conventional methods. Photovoltaic characteristics were car-
ried out on a solar simulator with the spectrum AM1.5. Figure 25.6 shows 
the dark and light current–voltage characteristics of the ITO/CuPc hetero-
junction solar cell at T = 300 K.

In heterojunctions, it is well known that, if the current transport is domi-
nated by a thermal process, the current–voltage relationship takes the form:

FIGURE 25.6  Current–voltage characteristics of ITO/CuPc and ln I = f(U) curves for this 
heterojunction solar cell.
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where Io – the saturation current, A – the ideality factor. To estimate the satu-
ration current Io, the ideality factor A and the diffusion potential Uc for these 
characteristics was plotted ln I versus U. Io is obtained by extrapolating ln I 
versus U curves to zero and the values of A and Uc are calculated from the 
slopes. The estimated parameters are illustrated in Table 25.1.

25.4  CONCLUSIONS

We have investigated the effect of the annealing on the optical properties 
and photoconductivity of (Zn, Cu) Pc thin films obtained from (Cu, Zn) Pc 
powders synthesized in the laboratory of the Moldova State University. An 
attempt to build the ITO/CuPc heterojunction solar cells from home (Cu, 
Zn) Pc powders synthesized was carried out. The obtained results can help 
us in future to design photoconductive or solar cells with a high efficiency of 
charge carrier generation by improving the photoelectrical properties of (Cu, 
Zn)Pc thin films. Therefore, studies are necessary for a clear decision about 
real photoconductivity of polymeric phthalocyanines.

KEYWORDS

TABLE 25.1  The Electrical Parameters of ITO/CuPc Heterojunction Solar Cell

Sample 
CuPc/ITO

K, rectification 
coefficient, (U = 1V)

Io, µA Uc,  V A Rd, kΩ 
(U = 0.8V)

100 mW/cm2 27.59 1.52 0.379 1.95 1.26
Dark 19.83 2.41 0.165 3.91 1.55

•• (Cu, Zn) phthalocyanines

•• carbazolyl methyl acrylate

•• copolymers

•• photovoltaic devices

•• thin films
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ABSTRACT

In this work we study the problem of N-vinylcarbazole copolymers sensiti-
zation using classical sensitizers like 2,4,7-trinitrofluorenone and addition-
ally metallo-phthalocyanine such as benzoxy phthalocyanine zinc, readily 
soluble in organic solvents such as chloroform, toluene and others. Using 
the composition of N-vinylcarbazole copolymer, 2,4,7-trinitrofluorenone 
and benzoxyphthalocyanine copper were obtained photosensitive optical 
transparent layers suitable for registration of holographic images in the vis-
ible and near-infrared spectrum. Studies of the developed photopolymers 
photosensitivity have showed that the activation with 3–6 mass% of ben-
zoxyphthalocyanine zinc does not reduce the photosensitivity in the range 
λ = 500–700 nm, but shift the spectral photosensitivity curve to IR domain 
850–900 nm. On these photopolymers coated with a thin layer (0.6–0.8 μm) 
of thermoplastic were obtained high quality holographic gratings.

26.1  INTRODUCTION

Organic polymers are increasingly attractive alternatives to inorganic mate-
rials in optoelectronics [1, 2, 5–7]. They offer flexibility, low cost fabrication 
and simplicity of application in various optical devices. Among the different 
polymeric and co polymeric compounds the carbazole-containing polymers 
enjoy a unique combination of properties well suited for optical applica-
tions such as electro photographic and holographic materials. The problem 
of creation the new photosensitive media based on carbazole-containing 
polymers, especially for registration of holographic information, are actual 
and very necessary for solving of many technical (physics, photonics) and 
economical problems, for example, protection of industrial and agrarian pro-
duction from falsification.

Wide distribution of carbazole-containing polymers in optical applica-
tions [1] is not only due to their technological, economical and ecological 
properties. We consider more important being the appearance of large pos-
sibilities to manipulate their electrical and optical properties in a designed 
manner. It can be achieved either by exploring large range of organic com-
pounds or by exploring ways of doping them with small amounts of con-
ductive metals. Finally, we have to note that photopolymers are the most 
suitable materials for optical registration of information where materials 
with high omic resistance are needed.
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The recording functional materials predominantly are in form of thin-
layer sets and functionally are of two kinds: multilayer compositions for pho-
tographic and holographic recording in presence of electric corona discharge 
and recording compositions of photo resistive materials. Separate thin layers 
can be of the following kind [1, 3, 4, 8]: optic transparent substrate layers 
(polyethylenetereftalat or glass); adhesive layers; metalized electrode lay-
ers (Cr, Ni, SnO2); polymeric electro photoconductive, photo resistive and 
thermoplastic layers. The most important of them are electro photoconduc-
tive and thermoplastic layers for photo thermoplastic(PTP) recording pro-
cess and photorefractive layer for photo structural transformations method. 
Materials for these layers can be synthesized from the following classes of 
organic carbazole-containing polymers: polymers with pendant carbazolyl 
groups, polymers containing electronically isolated carbazole moieties in 
the main chain, polymers with π-conjugated main chain, and σ-conjugated 
polymers.

In order to elaborate new photoresistive and electrophotographic mate-
rials with advanced properties in this chapter, several tercopolymers of 
N-vinylcarbazole (VC), 1-octene (OC-1) and n-octylmethacrylate (OMA) 
were synthesized and characterized. These compositions have good record-
ing characteristics in visible and near-infrared region of spectrum. Studies 
have shown that activation them with a small addition of phthalocyanine 
dyes of metal (Zn, Cu, Co) does not reduce photosensitivity in visible range, 
but considerable shifts the spectral photosensitivity curve to IR domain. The 
detailed evaluation of this effect is given.

26.2  EXPERIMENTAL PART

In our search of electro photographic and holographic materials with 
advanced registering characteristics we have used binary copolymers of 
N-vinylcarbazole (N-VC) with 1-octene (OC-1) and ternary copolymers 
of N-VC:OC-1 and octyl methacrylate (OMA) with following structural 
formulas:

All copolymers were synthesized using the radical polymerization 
method in toluene. The polymerization was done in glass ampoule, sealed in 
inert argon atmosphere, at t ~ 80°C for 4–6 hours (Table 26.1) in the pres-
ence of 2 mol% initiator azo-bis-isobutyronitrile (AIBN). In the copolymers 
N-vinylcarbazole concentration ranged from 50 to 70 mol%.
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Obtained copolymers were purified by sedimentation in methanol and 
then dried in the vacuum oven (P~200 mmHg) at t ~ 40°C. For all copo-
lymers was determined characteristic viscosity [η] and glass transition 
temperature (Tg). The composition and other characteristics of synthesized 
copolymers are presented in Table 26.1.

As we can see from the table the characteristic viscosity of copolymers 
ranges from 0.14 up to 0.19 Dl/g and the glass transition temperature from 
72–73°C up to 90°C. For the development of bistratic carriers more acces-
sible are copolymers of III group that have Tg> 72°C.

Sensitization of these polymers was done with 2,4,7-trinitrofluorenone 
(TNF). As an activating agent was used tetrabenzoxyphthalocyanine zinc 

TABLE 26.1  Composition and Some Characteristics of Synthesized Copolymers

Nr Composi-
tion 
groups

Composition, mol % Characteristic 
viscosity, Dl/g

Glass transi- 
tion temp-
erature, °C

Fluidity-
tempera-
ture, °C

N-VC OC-1 OMA

1 I 50 50 — 0.15 75–76 97–98
2 I 60 40 — 0.17 82–83 106–107

3 I 70 30 — 0.18 >90 —
4 II 50 30 20 0.14 72–73 92–93
5 II 60 20 20 0.15 78–79 96–97
6 II 70 20 10 0.19 86–87 >100

FIGURE 26.1  Structure formula of metal benzoxyphthalocyanines.
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(TBO-Pc-Zn). For this purpose were synthesized a series of phthalocyanine 
dyes of zinc and cobalt benzoxyphthalocyanines with structure like that 
from the Figure 26.1

All synthesized dyes are well soluble in organic solvents: toluene, chlo-
roform and others, which is why they can be used for obtaining nanocom-
posite and thin films (0,5–2,0 μm) from composite material with copolymers 
of N-vinylcarbazole and 1-octene and others.

From this copolymers prepared were solutions in chloroform of 10 
mass% concentration with additions of 15% TNF and 0; 2.5; 5.0 and 10.0% 
of TBO-Pc-Zn. From the prepared solutions the photopolymer layers were 
deposited on flexible metalized support by the “meniscus” method. In turn, 
the optical glass support was coated with conductive layer through the “spin 
coating” method. The obtained layers thicknesses ranged ~ 2.0–2.5 μm. 
Semiconductor layers, also named as photopolymers (see Figure 26.2) were 
dried to the air and in the vacuum oven at t ~ 40°C, for 6–12 hours.

The recording layer (layer 4 in Figure 26.2) was made by the “spin coat-
ing” method from thermoplastic polymers. Recording layer thickness was 
0.8–1.0 μm.

26.3  RESULTS AND DISCUSSIONS

The spectral photoconductivity of the photopolymer layers was investigated 
through an installation that allows variation of optical wavelength (λ) through-
out the spectral range 400–800 nm. The results are shown in Figure 26.3.

As shown in Figure 26.3 all layers of the copolymer N-VC:OC-1 (II), 
sensitized with 12 mass% of TNF, possesses maximum photosensitivity in 
range λ = 540–600 nm (Figure 26.3, curve 1). In the some range maximum 
sensitivity show samples of copolymer II, additionally activated with 1.5–3.0 
mass% phthalocyanine dye (curve 2). As shown in Figure 26.3, increasing 

FIGURE 26.2  A two-layer structure of the photo thermoplastic carrier.
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the concentration of TB-Pc-Zn in semiconductor reduces the maximum 
value of spectral photosensitivity, but moves the curve I = I(λ) to the infrared 
part of spectrum λ = 800–850 nm (curve 4). The most illustrative case we 
have in case of the copolymers sensitization only with phthalocyanine dye 
(Figure 26.3, curve 5). The maximum spectral photosensitivity evidenced 
in the range λ = 680–720 nm. Photosensitivity tail moves up to λ = 850 nm.

The appearance of photo sensitivity in the visible spectrum for these 
photopolymers when sensitizing them with 2,4,7-trinitrofluorenone related 
to the formation of charge-transfer complexes, was studied in detail by the 
authors [4, 9]. If layers are sensitizing only with phthalocyanine dyes, com-
plex formation occurs too, which is confirmed by “Vis” spectra by appear-
ance of a new absorption band at λ ~ 700 nm (Figure 26.4).

Recording of holographic data on the photo thermoplastic double-layer 
carrier from copolymers N-VC:OC-1 or N-VC:OC-1:OMA was done using 
equipment presented in the Figure 26.5.

Recording of holographic gratings on the PTP carrier with BMA-50 or 
PEPC recording layer was done via green light of laser λ = 532 nm at t ~ 
85–92°C and corona potential 9.0–9.5 kV. Charging time varied from 2 up to 
5 seconds. Results of the recording the holographic gratings have shown that 
carriers photosensitivity was ranged 10–4–10–5 J/cm2; diffraction efficiency 

FIGURE 26.3  The spectral sensitivity of obtained polymeric materials.
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FIGURE 26.4  “Vis” transmission spectrum for solutions: 1 – copolymer II sensitized 
only with TNF; 2 – copolymer II sensitized with TNF+3 mas% TB-Pc-Zn; 3 – copolymer II 
sensitized only with TB-Pc-Zn.

FIGURE 26.5  Optical scheme for electro photographic data recording: (1) laser (λ = 532 
nm), (2) a set of neutral filters, (3) electro-optical shutter, (4) micro objective, (5) micro-
aperture, (6) collimator, (7) prism, (8–9) plane-parallel laser beams, (10) PTP carrier, (11) 
PTP process control unit, and (12) photo-detector.
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up to 8–10% and resolution R ~ 2000 mm–1. Grooving deformation structure 
registered by the AFM method is shown in Figure 26.6. At the level of AFM 
resolution it can be seen that deformation structure has a pronounced trench 
character. This makes the optical material especially suitable for recording 
of the ruled objects, such as the holographic diffraction gratings.

Recording of holographic gratings was done also at λ = 633 nm. On the 
photo thermoplastic carriers of information with photosensitized layers of 
prepared compositions in the red light of He-Ne laser at λ = 633 nm, regis-
tered were holographic gratings with diffraction efficiency up to 10%, with 
resolution up to 1000 mm–1 and with low noise.

FIGURE 26.6  The thermoplastic surface deformation structure registered by the AFM.
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26.4  CONCLUSIONS

1.	 Were synthesized and analyzed the binary and ternary compounds of 
N-vinylcarbazole copolymers with 1-octene and octylmethacrilate. 
The glass transition temperature of copolymers containing from 50 
to 70 mol% of N-VC is above 70°С. Semiconductor layers obtained 
from these copolymers sensitized with different donor-acceptor addi-
tives are transparent in the spectral region 400–700 nm.

2.	 Photoconductive layers of the copolymers sensitized with 12 mass% 
of 2,4,7-trinitrofluorenone, possesses photosensitivity in large spec-
tral range 400–700 nm with the maximum values in range λ = 540–
600 nm.

3.	 It was shown that additional sensitization of photo polymeric layers 
with 10–50 mass% of copper tetrabenzoxyphthalocyanine leads to 
appearance of spectral photosensitivity in the range 400–800 nm.

4.	 Developed was photo thermoplastic belayed optical carrier from TNF 
and TB-Pc-Zn sensitized photopolymers, that allow holographic data 
recording through the laser red light. The microstructure of the sur-
face layer deformation under the action of light in the FTP method 
of recording has a pronounced trench character, which is particularly 
important when recording holographic gratings.
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ABSTRACT

The intrinsic efficiency of fullerenes can be significantly activated by means 
of a connection with hydrogen donating groups of antioxidants such as phenol 
or secondary amine The developed system of conjugated s–p bonds arranged 
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in the fullerene molecule in a closed shape can promote a strong resonance 
effect on the grafted units and increase the hydrogen atom abstraction effi-
ciency. In this case the known ability of fullerene to trap alkyl radicals might 
be combined with an additional antioxidant functionality to afford a new 
class of antioxidants with bimodal action. Explorations in the field of fuller-
ene derivatives on their antioxidant performance provide novel information 
on the potential stabilization properties of this type of molecular structure.

This chapter describes an anti-oxidative influence of fullerene-alkyl pyr-
rolidines on the model hydrocarbon and polymer oxidation environment. 
The antioxidant activity of the investigated derivatives was studied by mea-
suring the inhibition rate constants for their reaction with alkyl and peroxy 
radicals in a model cumene initiated (2,2′-azobisisobutyronitrile, AIBN) oxi-
dation experiments and compared to that recorded under identical experi-
ments for buckminsterfullerene itself and commercial stabilizers.

The results indicate that linking the alkyl pyrrolidine groups directly 
to the fullerene core gives rise to an additional antioxidative power to the 
buckminsterfullerene: – they heighten the inherent rate constant of buck-
minsterfullerene for scavenging alkyl radicals due to the additional antioxi-
dant contribution promoted by the radical-quenching ability of the formed 
nitroxyl intermediates.

This novel C60-amine conjugates may be considered as promising mole-
cules for broad-spectrum radical scavenging antioxidants to use purposely in 
polymer materials, in particular in low-density polyethylene (LDPE) com-
posite formulations.

27.1  INTRODUCTION

Pristine fullerenes C60 and C70 are now widely known as effective scaven-
gers of carbon-centered radicals [1–10]. They are recommended in practi-
cal end-use applications as inhibitors of chain radical polymerization and 
thermal stabilizers for polymer materials [2, 5, 6, 11–27]. However, along 
with this advantage there is certain limit to the use fullerenes as antioxidants 
because of their insusceptibility towards proxy radicals [2, 28, 29]. In order 
to gain this important ability, essential for effective antioxidative function-
ing, fullerenes may be further modified, especially since the fullerene mol-
ecule, is essentially a fertile framework to obtain some derived molecular 
design with high antioxidative capacity.
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So far there are only a few publications in the literature regarding the 
antioxidative efficiency of such fullerene derivatives. Notably this concerns 
the polyhydroxylated fullerene C60(OH)24 in biological systems [30–33]. The 
fullerenol has shown excellent efficiency to scavenging stable 2, 2′-diphe-
nyl-1-picrylhydrazyl, reactive hydroxyl (OH)-O·, nitric oxide NO· radicals, 
superoxide anion-radicals O2-· and other reactive oxygen species [34–39].

The hydrogen atom donation was proved by ESR detection of the fullerenol 
radical C60(OH)23. In addition it was established that the interaction between a 
hydroxyl radical and fullerenol is also based on a radical-addition reaction of 2n 
(·OH) (n = 1–12) radicals to the remaining olefinic bonds of a fullerenol core.

Fullerene derivatives incorporating one or two 3,5-di-tert-butyl-4-hy-
droxyphenyl (BHT) units were synthesized and investigated for their antiox-
idative activity in controlled auto oxidation experiments. The results showed 
that grafting of the BHT structure does not qualitatively alter the thermo 
chemistry and kinetics of its reaction with peroxy radicals but the adducts 
exhibit an interesting dual mode of antioxidative action [28, 40].

Oil-soluble amine derivatives of buckminsterfullerene showed more anti-
oxidative properties than zinc dialkyl dithiophosphate as described in Ref. [41].

The antioxidant assay of fullerene substituted phenyl aniline was deter-
mined in DMSO/PBS buffer to be significantly more potent than the alpha-
tocopherol [42].

Thus, the field of antioxidative properties of fullerene derivatives may be 
envisioned as a new area with a promising future outlook.

In this work we report the results of the determination of inhibition rate 
constants of fullerene C60 amine derivatives by means of a model reaction 
of cumene-initiated oxidation. This model oxidation has repeatedly demon-
strated high resolving power on the kinetic analysis of both chain-breaking 
antioxidants and radical scavengers. Nowadays the model reaction serves as 
one of the best tools for the preliminary quantification of antioxidant effi-
ciency and allows basically the transfer of such knowledge to a polymer 
system. Next step of the investigation is devoted to a behavior of the (ful-
lero)pyrrolidines in low-density polyethylene (LDPE) composite materials

27.2  THEORETICAL PREREQUISITES FOR THE MODEL 
OXIDATION

In our previous work we have clearly shown that the model oxidation relates 
to the onward assays which is effectively used for the determination of the 
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kinetic parameters of both chain breaking antioxidants acting as acceptors 
of alkyl R˙ and/or peroxy RO2˙ radicals [1, 43–48]. To make the determina-
tion of kinetic parameters the model reaction of cumene initiated (initiator 
is 2,2′-azo-bisisobutyronitrile (AIBN)) oxidation was designed to proceed 
under steady state conditions with long kinetic chains at moderate tempera-
tures (40–80°C) where cumyl hydro peroxide does not contribute addition-
ally to the initiation of oxidation and air oxygen pressure is sufficient not to 
limit the process [Po2 = 20 kPa (≈10–3 mol O2 l

–1)] [49, 50].
The scheme of oxidation represented for the chain breaking antioxidants 

[fullerene C60, hindered amine stabilizer based on 2,2,’6,6′-tetramethylpi-
peridine (HALS)] has been shown to proceed according to the following 
mechanism:

Scheme 1. General scheme of the model cumene initiated oxidation in 
the presence of chain-breaking antioxidants (the generally accepted oxida-
tion stage numbering is used:

Chain initiation: АIBN → r· (rО2) + RH → R· (initiation rate is Wi)

	 R· + C60 →·C60 R (rate constant k1)	 (1)

R1-NH → R1-NO· + R· →R1-NOR + inert products (rate constant k1′)	 (1′)

Chain propagation: 

	 R· + О2 →RO2·+RH→ROOH + R· (rate constant k2/k3)	 (2)–(3)

	 Chain termination: R· + R· → R – R	 (4)

	 R· + RO2·→ ROOR	 (5)

	  2 RO2·→ inactive products (rate constant k6)	 (6)

where, RH: cumene, R·: cumyl alkyl radical, RO2·: cumyl peroxy radical, 
ROOH: cumyl hydro peroxide), C60: buckminsterfullerene, ·C60 R: radical 
adduct of buckminsterfullerene; R1-NH: hindered amine stabilizer (HALS), 
R1-NO·: nitroxyl radical. 

A system of derived kinetic expressions, fitting this scheme are as follows:

	 Wo2 (C60) = k3 [RO2·] [RH] = Wi (1)
1/2 k3 k6–

1/2[RH] 	 (7)
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	 Wo2 (HALS) = k3[RO2·] [RH] = Wi (1′)
1/2 k3 k6–

1/2 [RH] 	 (8)

where Wo2 (C60), Wo2(HALS) – rates of oxidation in the presence buckminster-
fullerene and sterically hindered amine antioxidants, respectively; Wi (1), Wi 

(1′) – initiation rates promoted by AIBN in the presence of buckminsterfuller-
ene and sterically hindered amine antioxidants, respectively; k3, k6 – rate 
constants of the chain propagation and termination, respectively.

	 Wi (1) = Wi (AIBN) – W(C60) 	 (9) 

	 W(C60) = k(1)[R·] [C60]	 (10)

where /10/ is the rate of interaction between fullerene and alkyl radical.

	 Wi (1′) = Wi (AIBN) – W(HALS) 	 (11)

	 W(HALS) = k (1′) [R·][HALS(-NO·)] 	 (12)

where /12/ is the rate of interaction between HALS and alkyl radical.

27.3  EXPERIMENTAL PART

27.3.1  AMINE DERIVATIVES OF BUCKMINSTERFULLERENE

The compounds used in this work were synthesized in the laboratory envi-
ronment. The procedure of synthesis and their chemical structures are given 
in Table 27.1. The amine derivatives can be conditionally subdivided into 
two types: C60-AmAO-1 and C60-AmAO-2. And they are fullerene deriva-
tives with grafted sterically hindered pyrrolidine fragments.

27.3.2  CHARACTERIZATION OF C60-AMAO-1 AND C60 -AMAO-2 
COMPOUNDS [51]

(a) C60-AmAO-1: C60: glycine: benzaldehyde
The infrared spectra shows a single peak around 3300 cm–1 which indicates 
the presence of a secondary amine group, with C-H stretching vibrations 
for the aromatic and aliphatic (–CH and –CH2) parts of the pyrrolidine ring 
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TABLE 27.1  Features of Amine Derivatives of Buckminsterfullerene Used in the Work

Symbolic 
notation/
chemical name

Synthesis procedure Chemical structures  
(molecular weight, MW)

1. C60 -AmAO-1
Fullerene-phenyl- 
pyrrolidine

C60:glycine: p-benzaldehyde = 
0.07:0.14:0.35(mmol), under N2, 
refluxed in toluene, purified in 
column chromatography

MW = 879

2. C60 -AmAO-2
Fullerene-
diphenyl 
pyrrolidine

C60:phenylglycine:benzaldehyde 
= 0.07:0.14: 0.35(mmol), under 
N2, refluxed in toluene, purified 
in column chromatographyw

MW = 941

seen at 3020, 2921 and 2850 cm–1, respectively. The skeleton absorptions of 
fullerene [60] have changed, however the peak at 527 cm–1 is clearly present 
showing that the fullerene cage is intact and that no additional groups have 
bonded to the cage and a mono adduct has been synthesized.

The UV spectrum of the derivative in cyclohexane shows a single 
descending curve with a small inflection near 260 nm, characteristic of cova-
lent derivatives of C60. There is also a shoulder present at around 420 nm due 
to the fullerene being present as an adduct rather than pristine [60] fullerene.

The 13C NMR spectrum exhibits a set of well resolved lines in the 140–
150 ppm region typical of a mono adduct, where the initial fullerene has a 
narrow peak at 143 ppm and poly adducts exhibiting a broad maximum at 
140–150 ppm. The signals at 63–72 ppm, characteristic of sp3 atoms of the 
modified fullerene, appear upon addition of amines at double bonds of the 
fullerene. Signals at 29 and 30 ppm are attributed to the carbon atoms of the 
CH3 and CH2 groups in the piperidine ring.
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Analysis by MALDI mass spectrometry gave rise to a peak at m/z 839 
which corresponds to the molecular ion with a peak at m/z 720 which is the 
M+ for [60] fullerene.

(b) C60-AmAO-2: C60: phenylglycine: benzaldehyde
Infrared via KBr disc, showed a single prominent peak at 3320 cm–1 indi-

cating the presence of a secondary amine, C-H stretching vibrations attrib-
uted to the aromatic and aliphatic (-CH) portions of the pyrrolidine ring can 
be seen at 3028, 2901 and 2850 cm–1, respectively. As expected for the pres-
ence of a mono adduct, the skeleton absorptions which are seen for pristine 
[60] fullerene at 1428, 1183, 577 and 527 cm–1, have changed, with the only 
peak remaining unchanged being observed at 527 cm–1, showing that the 
fullerene cage is intact, no additional groups have bonded to the cage, and a 
mono adduct has been synthesized.

Comparisons between the UV-Vis spectra of pristine [60] fullerene and 
2,5-diphenylpyrrolidino [60] fullerene shows almost identical spectra’s, with 
2,5-diphenylpyrrolidino [60] fullerene exhibiting an additional characteris-
tic peak around 430 nm which is attributed to the presence of a 6,6-closed 
mono-adduct.

The 13C NMR spectrum exhibits a set of well resolved lines in the 140–
150 ppm region typical of a mono adduct, where the initial fullerene has a 
narrow peak at 143 ppm and poly adducts exhibiting a broad maximum at 
140–150 ppm. The signals at 63–75 ppm, characteristic of sp3 atoms of the 
modified fullerene, appear upon addition of amines to the double bonds of 
fullerene. Signals at 21, and 27 ppm are attributed to the carbon atoms of the 
CH3 and CH2 groups in the piperidine ring.

Analysis by MALDI mass spectrometry gave rise to a peak at m/z 915 
which corresponds to the molecular ion with a peak at m/z 720 which is the 
M+ for [60] fullerene.

27.3.3  MODEL REACTION OF CUMENE OXIDATION

To study the chain-breaking antioxidants the model cumene oxidation was 
undertaken at initiation rates: Wi = 1.7×10–8−6.8×10–8Ms–1, temperatures: 60 
and 80 (± 0.02)°C and oxygen pressure: Po2 = 20 kPa (air). The employed 
cumene was 98% purity (“Aldrich”).

2,2′-azobisisobutyronitrile (AIBN) was used as the initiator. The volume 
of the reaction mixture was 10 cm3 (25°C). To achieve the assigned initiation 
rates 0.72–10 mg (at 60–80°C) of AIBN had to be added [49, 50, 52].
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The rate constants of chain propagation and termination for the cumene 
oxidation at 60 and 80°C have the following values: k3 = 1.75 and 4.05; k6 = 
1.84×10–5 and 3.08×10–5 M–1s–1, respectively; concentration of cumene [RH] 
= 6.9 (60°C) and 6.76 (80°C) mol l–1. The rates of oxidation were evaluated 
by considering the amount of oxygen consumed, which was measured volu-
metrically with the simple equipment as described in [43, 50]. Oxidation 
rates were assessed both from slopes of the kinetic curves of oxygen con-
sumption in the case of steady rate values and also by means of differentiat-
ing the curve in the case of an observed induction period. 

Induction periods were graphically evaluated from kinetic curves [49, 
50]. From the experimentally observed values of oxidation rates, using the 
known rate constants for cumene oxidation it is possible to determine inhi-
bition rate constants k1 (or k1′) for the trapping cumylalkyl radicals by the 
fullerene or HALS type compounds:

k1[R·] [C60] { k1′[R·] [HALS]} =  
Wi (AIBN) – [Wo2 (C60)] 

2{Wo2 (HALS) } k6 (k3)
— 2 [RH] −2 	 (7)

Experiments were carried out at least in triplicate and the correctness in 
determining the kinetic parameters was within the range 1–10%.

Commercial LDPE (0.9185 g/cm3) was employed as polymer matrix for 
preparation of composites. The polyolefine is large-tonnage products and the 
problem of its stabilization is of a great practical importance.

The LDPE and the fullerene derivatives compounding was made on lab-
oratory rollers at temperatures 150–160°С for 5–7 minutes.

The dried polymer samples with antioxidants have been studied by dif-
ferential scanning calorimetry (DSC) and thermogravimetry (TGA).

The thermic analysis of composites was conducted in a dynamic mode 
on derivatograph Q-1500D of “Paulik-Paulik-Erdei” system, amount of a 
sample = 100 mg, rate of heating was 5°С/min., the reference sample was 
α-Al2O3.

27.4  RESULTS AND DISCUSSION

27.4.1  KINETIC STUDY OF C60-AMAO-1 AND C60-AMAO-2

The compound structures are composed of a directly grafted buckminster-
fullerene with pyrrolidine fragments having sterically hindered bulky phenyl 
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substituents. Apparently such propriety head to tail structure is a good real-
ization for the mechanism of alkyl radical scavenging. Figure 27.1 represents 
the kinetic dependences of oxygen uptake in the model oxidation reaction in 
the presence of C60-AmAO-1 and C60-AmAO-2.

The initiator is 2,2′-azobisisobutyronitrile (AIBN), initiation rate: Wi = 
6.8×10–8 Ms–1, reaction mixture volume: 10 ml, oxygen pressure: Po2 = 20 
kPa (air), temperature: 60°C.

Concentration of the fullerene derivatives – [C60 -AmAO-1]: (1) = 0, (2) 
= 2.5×10–5, (3) = 4×10–5, (4) = 7.5×10–5, (5) = 1.0×10–4, mol/l; [C60 -AmAO-
2]: (1) = 0, (6) = 1.0×10–5, (7) = 3×10–5, (8) = 1.3×10–4, mol/l.

It is seen from Figure 27.1 that over a sufficient wide range of concen-
trations of added amine derivatives the kinetic curves of oxygen consump-
tion do not exhibit any induction period and the model oxidation proceeds 
with a retarded steady oxidation rate. Such a behavior pattern is consistent 
with scheme 1 and the related Eqs. (1), (2) and (8): Wo2 (C60-AmAO-1/2) = k3 
[RO2·] [RH] = Wi (C60-AmAO-1/2)

1/2 k3 k6–
1/2[RH] (8). The dependence plotted 

in the Figure 27.1(B) manifests quite a good linearity between the experi-
mentally observed oxidation rates Wo2 (C60-AmAO-1/2) and the square root of 

FIGURE 27.1  Kinetic dependences of oxygen oxygen-uptake (A) for initiated oxidation 
of cumene in the absence (1) and presence of different amounts of amine derivatives of 
fullerene C60 (2–8); B: is plot of induction period versus concentration of the compounds.
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TABLE 27.2  Rate Constants for the Addition of Cumyl Alkyl Radicals to the 
Buckminsterfullerene, Amine Derivatives of Buckminsterfullerene and Some Alkyl Radical 
Accepting Stabilizers

Antioxidant/stabilizer The inhibition rate 
constant, k(333 K) M

–1 s–1
Reference

C60 (1.9 ± 0.2) ×108 [1]
C60-AmAO-1 (3.4 ± 0.5) ×108 [51]
C60 –AmAO-2  (5.4 ± 0.8) ×108 [51]
Cyasorb 3529

(1,6-Hexanediamine, N,N’-bis 
(2,2,6,6-tetramethyl-4-piperidinyl)-, 
Polymers with morpholine-2,4,6, -trichloro-
1,3,5,-triazine)

(2.0 ± 0.8) ×108 [46]

Chimassorb 119
(1,3,5-Triazine-2,4,6, -triamine, N,N”’-
[1,2-ethane-diyl-bis [[[4,6-bis-[butyl 
(1,2,2,6,6-pentamethyl-4-piperidinyl)
amino]-1,3,5-triazine-2yl-]imino]-3,1-
propanediyl]]bis [N,’ N”-dibutyl-N,’N”-bis 
(1,2,2,6,6-pentamethyl-4-piperidinyl)

(1.2 ± 0.2) ×108 [45]

Chimassorb 119FL (1.4 ± 0.2) ×108 [45]
Chimassorb 2020

(1,6-Hexanediamine, N,N’-bis 
(2,2,6,6-tetramethyl-4-piperidinyl)-polymer 
with 2,4,6-trichloro-1,3,5- triazine, reaction 
products with N-butyl-1-butanamine 
an N-butyl-2,2,6,6-tetramethyl-4-
piperidinamine)

(1.5 ± 0.2) ×107 [43]

the concentration of the compounds over the range 1×10–5 – 1.3×10–4 mol/l, 
e.g.,Wo2 (C60-AmAO-1/2)~ [C60 -AmAO-1/2]1/2.

The inhibition rate constants for the C60-AmAO-1 and C60-AmAO-2 may 
be calculated from Eq. (9): 

k(C60-AmAO-1/2) = 10–6{ Wi (AIBN0 – [Wo2 (C60-AmAO-1/2)]
2 k6 (k3)

–2 [RH]−2}  
[C60 -AmAO-1/2]–1 [Wo2 (C60-AmAO-1/2)]

−1 				           (9)

Values of the inhibition rate constants found for the buckminsterfuller-
ene amine derivatives C60-AmAO-1 and C60-AmAO-2over the concentration 
range 1×10–5–1.3×10–4 mol/l are given in Table 27.2.

The evaluated rate constants appear to be considerably higher than 
those of fullerene and given commercials stabilizers, confirming the 
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existence of a synergistic effect promoted by the fullerene component and 
the tethered amine units. It is possible also to infer that the more the steric 
hindrance in the grafted cyclic amines the higher the values of inhibition 
rate constants.

TABLE 27.3  Heat-Oxy Resistance of Different LDPE Composites

No LDPE composites 
with 0.5  wt% additive 
LDPE

Weight loss at %:

220 225 250 275 300 325 350 375 400

0 Without additives  0  0 2.8 3.8 4.5 7.0 14 22  57

1

Fullerene С60/С70

 0  0  0  2  3  6  15  35  53

2

Irganox 1010

 0  0  0  1 1.5  3  6 10  37

3
Agerite White 

 0  0  1 1.5 3.5  6  10 15  42

4  0  0  0 0 1.0 1.2  4 12  42

5  0  0  0 0 0.5 1.0  3 10  40
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•• amine derivatives

•• antioxidative efficiency

•• buckminsterfullerene

•• fuller pyrrolidines

•• inhibition rate constant

•• model oxidation

•• physical-mechanical properties

•• thermal analysis

27.4.2  THERMAL ANALYSIS OF LDPE COMPOSITES

Results of the model oxidation obtained are verified by thermo-gravimetric 
analysis data where decomposition temperatures onset, and points of 10, 
20, and 50% weight loss as well as half-decay period τ/2 of composites are 
adduced (Table 27.3).

The data given in the Table 27.3 specify (i) LDPE resistance to oxidation 
is low and the polymer decomposition starting point is near 200°С; and (ii) 
the stabilizing activity of the fullerene-pyrrolidines observed is purely com-
parable with that for the commercial stabilizers.

27.5  CONCLUSIONS

Results obtained in the work are evidence of the fact that the buckminster-
fullerene derivatives containing grafted antioxidative units exhibit higher 
efficiency than conventional antioxidants. The found values of inhibition rate 
constants also corroborate that the grafted alkyl pyrrolidine groups are able to 
iteratively increase the inherent radical scavenging efficiency of the fullerene.

Thermo gravimetric and differential thermal analysis of the LDPE compos-
ites showed that fullerene-alkyl pyrrolidines exhibit high stabilizing activity 
comparable with action of strong commercial basic stabilizers-antioxidants.

Thus the fullerene derivatives may be recognized as a new promising 
class of antioxidants. However, many challenges are pending and therefore, 
the formulated inference requires further thorough explorations.
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ABSTRACT

The semi conductive films contained 10 and 30% of TiO2 in titania/silica 
nanocomposite were synthesized by sol-gel method using concentrated 
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anatase titania colloid. Acridine Yellow (AY) was adsorbed onto the sur-
face from its aqueous solution. The film with adsorbed AY was covered by 
polyepoxypropylcarbazole(PEPC) dissolved in benzene. The semiconduc-
tor/dye/polymer composites were tested for the stability in several solvents 
(water, ethanol/water mixtures and pure ethanol). The amount of adsorbed 
AY as well the concentration of PEPC influenced on the level of desorbed 
AY from the composites. Photo catalytic performance in the process of 
dichromate ions reduction and tetracycline degradation under UV and visi-
ble light was performed. Among tested materials, the most perspective photo 
catalytic system was the composite containing 10% TiO2/SiO2/AY/PEPC.

28.1  INTRODUCTION

Surface modification of titania or other semiconductors places a key role 
on the yield of photo induced electron transfer processes. A great attention 
is paid for a creation of photosensitized semi conductive materials as they 
find applications as a photoactive material in photovoltaic, optoelectronics 
and photo catalysis. Since 1980s the photovoltaic investigation of nanostruc-
tured TiO2 observing the efficient charge injection from dyes into a conduc-
tion band of the semiconductor has been reported [1]. It was a basis for 
development of dye-sensitized solar cells (DSC)that directly convert solar 
energy to electrical energy without any permanent chemical transforma-
tion[2]. The principle is based on the photo excitation oftris(2,2-bipyridyl-
4,4-carboxylate) ruthenium(II) resulting in the injection of an electron into 
the conduction band of the titania. In turn, the dye is restored by electrons 
from the electrolyte(the iodide/triiodide couple). The iodide is regenerated 
by the reduction of triiodide at the counter electrode the circuit being com-
pleted via electron migration through the external load. The voltage gen-
erated under illumination corresponds to the difference between the Fermi 
level of the electron in the solid and the redox potential of the electrolyte. 
Such sensitized electrochemical photovoltaic device exhibited a conver-
sion efficiency of 7.1% under solar illumination. The evolution in the DSC 
research was intensively continued reaching the conversion efficiency of 
15% employing an organic-inorganic hybrid perovskite(CH3NH3PbI3) as a 
sensitizing dye [3].

Two dyes were used to construct dye-sensitized solid-state solar cell 
exhibiting higher efficiency than the cells based on these individual dyes. 
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The monolayer of two dyes wereseparated by a thin layer of a semiconduc-
tor transparent to visible light. It is avoided the quenching and the carriers 
injected by the photo excited dyes tunnel through the thin barrier to n- and 
p-regions [4]. Later, a semiconductor—dye heterostructure containing 
n-TiO2/Fast Green/p-CuSCN/Rhodamine6G/p-CuSCN/Acridine Yellow/p-
CuSCN layers was found to generate photovoltaic response to light absorp-
tion by all the three dyes. The mechanism involved is suggested to be 
transfer of electrons to n-TiO2 and holes to p-CuSCN via tunneling. The 
positioning of the excited level of Acridine Yellow allowing the electron tun-
neling to TiO2 through a thicker barrier was more suitable comparing with 
Rhodamine6G. This technique could be a strategy to broaden the spectral 
response and enhance the efficiency of dye-sensitized solar cells [5].

Several polymethine dyes with indoline end groups were used to satu-
rate Degussa P-25 titania with the following coating by polyepoxypropyl-
carbazole to protect the dye molecules to be removed from the surface of 
titania. The calculated LUMO energies of the tested dyes are higher than the 
conduction band edge of anatase TiO2. The most active sensitizer was the 
dye without any substituent in the chain during photo catalytic oxidation of 
iodide to triiodide anions [6].

Titania is the most wide-spreadphoto catalyst absorbing only 4% of solar 
light and it is completely inert in the whole visible range of the solar spec-
trum. In addition, titania in anatase modification offers appropriate optical 
properties meaning the enhanced light trapping, it is also cheap and non-
toxic. The challenge is therefore to extend the sensitivity of TiO2 towards 
the visible range of the spectrum by modifying of TiO2 with inorganic ions 
(metal or/and nonmetal)[7, 8] or organic compounds (dyes)[9].

Mixed oxide composite materials can often be more efficient photo cata-
lysts than pure substances as a result of the generation of new active sites 
and improved mechanical strength, thermal stability and surface area of tita-
nia[10, 11]. The active surface area and adsorption capacity to the molecular 
sensitizer (dye) are greatly increased in such systems resulting in an effec-
tive light absorption [12, 13]. When Acridine Yellow molecule is adsorbed, 
its pyridine-type nitrogen atom forms bonds with both Brønsted and Lewis 
surface acidic sites of the substances mentioned above. The recently 
reported results of calculations [14] show that the highest adsorption energy 
of the molecular state of AY was obtained for the complex with titania–silica 
where Lewis acidic sites are present while the lowest one being related to the 
complex with titania corresponded to the experimental data [15].
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To utilize the broad spectrum of visible region of solar radiation, 
we constructed a photo catalytic system based on TiO2/SiO2 mesopo-
rous thin films with adsorbed Acridine Yellow (AY) dye and covered with 
polyepoxypropylcarbazole(PEPC). To investigate the photo catalytic perfor-
mance of the systems, the processes of dichromate reduction and destruction 
of antibiotics tetracycline hydrochloride (TiO2/SiO2/AY/PEPC) were used. It 
shown [16–19] that the photo catalytic efficiency of pollutant transformations 
to the less toxic and dangerous compounds is strongly depended on the numer-
ous points such as level of dopant in TiO2, its nature, particle size and others.

28.2  EXPERIMENTAL PART

28.2.1  MATERIALS

Unless otherwise specified the reagents were obtained from Aldrich and used 
as received without further treatment. Carbazole(analytical grade) was used 
after recrystallization. Poly-(N-epoxypropylcarbazole) was synthesized by the 
reaction N-epoxypropylcarbazole with anhydrous N,N-dimethylformamide 
and further anion polymerization according to the literature [20].

28.2.1.1  Synthesis of N-EpoxypropylCarbazole(EPC)

Carbazole(0.167 g, 1 mmol), sodium methoxide(0.16 g, 3 mmol) and 23 mL 
of anhydrous N,N-dimethylformamide were added to a three necked flask. 
The solution was heated to 40°C and drop wise added epichlorohydrin(1.28 
g, 13 mmol), then stirred for 1 h and was allowed to cool to room tempera-
ture. After removal of the solvent, the remaining crude product was isolated 
by flash chromatography (silica gel, hexane/dichloromethane: 5/l) to isolate 
1 as a white solid in 53% yield. 1HNMR(CDCl3, 400 MHz) δ (ppm) 8.12 (d, 
2H); 7.48 (d, 4H); 7.24 (t, 2H); 4.66 (d, 1H); 4.40 (d, 1H); 3.35 (d, 1H); 2.81 
(d, J = 4.0 Hz, 1H); 2.58 (t, J = 4.8 Hz, 1H).

28.2.1.2  Synthesis of Poly-(N-EpoxypropylCarbazole)(PEPC)

Potassium hydroxide (0.0176 g, 0.3 mmol), 18-crown-6 (0.1170 g, 0.4 mmol) 
and 8 mL methanol were added to a flask. When the solid dissolved, 8 mL 
toluene was added. The mixture was heated in vacuum until the volume of 
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the distillate became half that of the volume of the original solution. Then 
a new portion of toluene was added and distilled again. This procedure was 
repeated five times. The solution was then cooled down to room temperature 
and filtered. Polymerization of EPC was carried out in a flask equipped with 
nitrogen purge. 8 mL of the mentioned solution and EPC(0.8741 g) were 
added to the flask. The solution was heated at 90°C for 12 h. The resulting 
polymers were isolated by precipitation in hexane or in methanol and dried 
in vacuum at ambient temperature.

28.2.2  OBJECTS OF STUDY

The chemical structure of used dye and semiconductor polymer is presented 
in Figure 28.1.

28.2.3  CHARACTERIZATION

The XRD spectrum of TiO2 sol was recorded with DRON-4-07 
diffractometers(CuKα radiation). Calculation of apparent crystallite size 
for titania has been performed by Debye-Scherrer formula β(2θ) = 0.94 λ/
(Dcosθ), using (1–0 1) reflections employing the FWHM procedure.

Optical spectra of the composites were recorded with a double beam 
spectrophotometer (Lambda 35, PerkinElmer) within the wavelength range 
of (190–1200) nm.

28.2.4  METHODS

Acid catalyzed silica sols were obtained using tetraethoxysilane Si(OC2H5)4, 
aqueous solution of hydrochloric acid (used as a catalyst), de-ionized 

FIGURE 28.1  Structural formula of dye (AY)and semiconductor polymer (PEPC).
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water for hydrolysis, and commercially available triblock copolymer 
polyethylene oxide – polypropylene oxide PluronixP123(BASF)(as tem-
plate). To control hydrolysis-condensation reaction rates and to prevent 
oxides precipitation, acetylacetone was used as a complexing agent. 
Silica-titania films (10 and 30 wt% TiO2) were prepared via addition 
of TiO2 in anatase crystalline form (6–7 nm, Figure 28.2)[21] to SiO2 
sol. Dip-coating procedure was used for film formation on the clean and 
dried glass substrates (withdrawal rate was 1.5mm/s). Thermal treat-
ment of films was performed at 350°C. Acridine Yellow (AY) dye (1x10–

6mol/L) was left for adsorption onto the films for 24 hours. After drying 
on the air, the polymer (5% PEPC in benzene) was twice covered onto 
the films with adsorbed AY. The composites were left for 48 hours at 
room temperature.

The investigated composites are sign as 10%TiO2/SiO2/AY/PEPCand 
30%TiO2/SiO2/AY/PEPC consisting of 10 or 30 wt% of titania in silica 
mesoporous thin films with adsorbed AY dye and covered with PEPC(the 
structural formula are given in Figure 28.1)

TiO2/SiO2/AY/PEPC composite was immersed in 40 ml of an aqueous 
solution of potassium dichromate (in all experiments, the initial concentra-
tion of dichromate ions was 2×10–4 M) and the reducing agent (disodium 
salt of ethylenediaminetetraacetic acid (Na2EDTA)) in the molar ratio 1:1 
adjusted to pH≥2 by perchloric acid. The change of Cr(VI) ions concentra-
tion was monitored with a Lambda 35 UV-vis spectrophotometer (Lambda 
35, PerkinElmer) every 20 min at λ = 350 nm.

In the case of TC degradation, 40  ml of 2×10–5mol/L of TC aqueous 
solution was used. The change of TC concentration was monitored with a 
Lambda 35UV-vis spectrophotometer (PerkinElmer) every 20  min at λ = 
357 nm.

TiO2/SiO2/AY/PEPC composite was immersed in the solution until com-
plete adsorption in the dark occurred, and then irradiated by 1000 W middle-
pressure mercury lamp for 90 min. For testing the visible light sensitivity, a 
filter transmitting light with λ > 380 nm was inserted in the photo catalytic 
setup. The distance lamp-reactor was set at 90 cm. The reaction tempera-
ture was kept constant (20°C). A blank experiment was carried out where 
a bare glass was used instead of the composite. The reaction conversion 
means the percentage of photo-reduced amount of dichromate ions or photo-
degradated TC.
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28.3  RESULTS AND DISCUSSION

In applied science, the photo catalysts in the film form are more convenient 
comparing to the powders due to the avoidance of the technical stage such as 
the sedimentation and/or ultra filtration of the solid form from liquid phase.

The titania sol used for the film synthesis is composed on the anatase 
particles due to the presence of 2θ peaks at 25.5, 37.8, 48.1, 54.3, and 63.2 
as shown by XRD spectrum (Figure 28.2). The average crystallite size of 
the particle was 6–7 nm and was calculated from the most intense diffrac-
tion peak (101) using the Scherrer’s equation through fitting the peak by a 
Lorentzian function.

Analyzing FTIR and XPS data of TiO2, SiO2 and TiO2/SiO2 we have con-
cluded [22] that molecular scale mixing for sol–gel derived titanosilicates 
with formation of Ti-O-Si bonds is a key factor affecting surface properties 
such as level of surface hydroxylation and surface acidity as well as the 
catalytic function of silica–titania. Freshly prepared TiO2/SiO2 films showed 
high hydrophylic properties with the water contact angles being ca. 12 before 
and 5° after UV irradiation. In addition, the enhanced adsorption of AY on 
SiO2/TiO2 film (1.5–2 time higher)in comparison with that on the parent 
oxide: SiO2or TiO2 film surfaces, coincides with high acidity, surface area 
and hydrophilicity of synthesized films. Thus, strong adsorption of AY on 

FIGURE 28.2  XRD pattern of TiO2 precursor.
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specific surface sites of SiO2/TiO2 films is responsible for its high efficiency 
of light absorption and its stability.

The semiconductor/dye/polymer composites were tested for the stabil-
ity in several solvents (water, ethanol/water mixtures and pure ethanol). No 
penetration of AY molecules through PEPC layer in aqueous media was 
noted for the films with the amount of adsorbed AY corresponded to the 
intensity about 0.57–060 (Figure 28.3).

However, desorption of AY and consequently the decrease in the intensity 
of the absorption band at 443 nm was observed when the mixture of ethanol 
and water in the ratio 1:1 and pure ethanol were applied (not shown here). 
No stable systems were also obtained when the amount of adsorbed AY was 
doubled and when the TiO2/SiO2/AY was covered by a single layer of PEPC.

Photo catalytic activity of the films was assessed via TC degradation and 
dichromate ions reduction. TC is one of the most frequently prescribed groups 
of antibiotics. Residues of TC and their metabolites were detected in eggs, 
meat and animals based on different exposure methods [23]. Their accumula-
tion in human organism can produce arthropathy, nephropathy, central nervous 
system alterations, spermatogenesis anomalies, possible mutagenesis and pho-
tosensitivity in human beings. In turn, chromium-containing ions are recog-
nized as a pollutant derived from the chrome-plating and electronic industries.

FIGURE 28.3  Absorption spectra of the 30%TiO2/SiO2/AY/PEPC composite before contact 
(black) and after 8 hours in water (red).
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When visible light was applied, the conversion percentage was increased 
slightly for 10% TiO2/SiO2/AY/PEPC and doubled for 30% TiO2/SiO2/AY/
PEPC comparing with the AY free composites in dichromate reduction pro-
cess (Figure 28.4a). The efficiency of the photo catalysts was enhanced in 2 
and 4 times for 10% and 30% in TiO2/SiO2/AY/PEPC, respectively during 
TC destruction (Figure 28.4b). It must be noted that the AY free composites 
were completely inert under visible light (Figure 28.4 A and B columns 1 
and 3). Upon visible light, the exciting of AY molecule takes place with the 
following charge carrier transfer from the excited (AY*) molecules to the 
CB of TiO2 known as dye-sensitization process (Eqs. (1) and (2), and Figure 
28.5, pathway 1.1). Further steps should implicate the reduction of the oxi-
dized species (AY•+) by electron donor such as EDTA or TC(Eq. (3); Figure 
28.5, pathways 1.3 and 1.5) and processes involving electrons from the CB 
as namely dichromate or oxygen reduction (Eqs. (5) and (7); Figure 28.5, 
pathways 1.2 and 1.4).

When light with energy higher than 3.2 eV interacts with titania particles, 
an electron transition from the valence band (VB) of semiconductor to the 
conduction band (CB) occurs (Eq. 4). As the photo catalyticactivity of AY 
free TiO2/SiO2/PEPC enhances comparing with the blank experiment and 
depends on TiO2 amount for both processes (Figure 28.4 C, D columns 1, 
3), it leads to the conclusion that the photo generated electrons became to be 
trapped and/or directly move through PEPC layer to the redox couple.

FIGURE 28.4  Photo catalytic activity of the composites tested in the reduction of 
dichromate ions (A and C) and degradation of TC (B and D): 1 − 10% TiO2/SiO2/PEPC, 2 − 
10% TiO2/SiO2/AY/PEPC, 3 − 30% TiO2/SiO2/PEPC, 4 − 30% TiO2/SiO2/AY/PEPC.
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Almost no influence on the photo catalytic performance under UV light 
was observed for TiO2/SiO2/AY/PEPC. Even the decrease in conversion per-
centage of dichromate reduction is noted (Figure 28.3 C, column 4). While 
the TC conversion is slightly raised or unchanged for TiO2/SiO2/AY/PEPC 
(Figure 28.3 D, columns 2 and 4).

Figure 28.6 shows the change in the absorption spectra of 30% TiO2/
SiO2/AY/PEPC composites after light exposure. The intensity of adsorbed 
AY molecules is obviously lowered as a result of AY destruction by UV 
light. It is assumed that the photo formed electrons in CB of semiconduc-
tor are involved in the reaction with newly formed AY residues making the 
pathways 2.1 impossible. However, the destruction process with the holes 
participation follows freely (Figure 28.4D, columns 2 and 4; Figure 28.5, 
pathways 2.2). Based on this, we assumed the fate of the pathways 2.2 and 
2.3 (Figure 28.5).

Dye-Sensitization Process

AY+ hν(≤3.2eV) → AY*+ e-→AY•+	 (1)

ТіО2 + e- → ТіIVО2/Ti3+(e-CB,)	 (2)

AY•+ + TC/EDTA → AY + TC•+/EDTA+	 (3)

Direct photo catalysis

ТіО2 + hν(≥3.2eV) → ТіО2 (e-CB + h+
VB)	 (4)

Photo catalytic reduction of dichromate ions

Сr2O7
2- + 14 H+ + 6е-

CB/trapped→2Cr3+ + 7 H2O	 (5)

RCOOH(EDTA) + h+
VB/trapped → RCOO• + H+(H2O) → CO2 + R•	 (6)

Photo catalytic destruction of TC

O2 + е-
CB/trapped → O2

•– → H2O2 + H+	 (7)

TC + h+
VB/trapped→TC∙+ → CO2 + NH3 + H2O	 (8)
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FIGURE 28.5  The proposed mechanism of dichromate reduction (pathways 1.2, 2.1, 1.5 
and 2.2) and TC destruction (pathways 1.4, 2.3, 1.3 and 2.4) under visible (blue) and UV (red) 
light over TiO2/SiO2/AY/PEPC composite.

FIGURE 28.6  Absorption spectra of 30% TiO2/SiO2/AY/PEPC composites: 1 – before 
irradiation; 2 – after 90 min of visible light exposure; 3 – after 90 min of full light irradiation.



Design and Photocatalytic Properties	 357

REFERENCES

	 1.	 Vlachopoulos, N., Liska, P., Augustynski, J., &Gratzel, M., (1988). Very efficient vis-
ible light energy harvesting and conversion by spectral sensitization of high surface 
area polycrystalline titanium dioxide films. J. Am. Chem. Soc., 110(4), 1216–1220. 

	 2.	 O’Regan, B. C., &Gratzel, M., (1991). A Low-Cost, High-Efficiency Solar Cell Based 
on Dye- sensitized Colloidal TiO2 Films. Nature, 353, 737–740.

	 3.	 Burschka, J., Pellet, N., Moon, S., -J., Humphry-Baker, R., Gao, P., Nazeeruddin, M. K., 
Grätzel, M., (2013). Sequential deposition as a route to high-performance perovskite-
sensitized solar cells. Nature, 499, 316–319. 

	 4.	 Tennakone, K., Kumara, G. R. R. A., Kottegoda, I. R. M., Perera, V. P. S. (1999). An 
efficient dye-sensitized photo electrochemical solar cell made from oxides of tin and 
zinc.Chem. Commun., 1, 15–16. 

28.4  CONCLUSIONS

Hence, the complex composites based on the mesoporous TiO2/SiO2 thin 
films with adsorbed AY dye and PEPC layer are designed. The double PEPC 
covering prevents the penetration of AY molecules to the liquid phase when 
aqueous solution is applied.

The presence of acidic surface sites in TiO2/SiO2 thin films, amount of 
adsorbed AY as well the number of PEPC layers influenced on the stability 
of the composites. The TiO2/SiO2/AY/PEPC films can be used as the new 
type of photo catalytic systems in Ecological Photo catalysis as the signifi-
cant increase in the photo activity under visible light for both reduction and 
destruction processes is reported.

The low photo catalytic efficiency of the tested composites is observed 
upon UV light. In turn, the new approaches have to be done to improve the 
photo catalytic activity and stability to the more aggressive media.

KEYWORDS

•• composite

•• dye

•• photo catalysis

•• polyepoxypropylcarbazole

•• semiconductivity

•• titania



358	 Chemical Engineering of Polymers

	 5.	 Perera, V. P. S., Pitigala, P. K. D. D. P., Senevirathne, M. K. I., Tennakone, K., (2005). 
A solar cell sensitized with three different dyes. Solar Energy Materials & Solar Cells 
85, 91–98. 

	 6.	 Gusiak, N. B., Kobasa, I. M., Kurek, S. S. (2013). Nature inspired dyes for the sensitiza-
tion of titanium dioxide photo catalyst, Chemik, 67(12), 1191–1198. 

	 7.	 Linnik, O., Petrik, I., Smirnova, N., Kandyba, V., Korduban, O., Eremenko, A., Socol, 
G., Stefan, N., Ristoscu, C., Mihailescu, I. N., Sutan, C., Malinovski, V., Djokic, V., 
Janakovic, D., (2012). TiO2/ZrO2 thin films synthesized by PLD in low pressure N-, 
C- and/or O-containing gases: structural, optical and photo catalytic properties. Digest 
Journal of Nanomaterials and Biostructures, 7(3), 1343–1352. 

	 8.	 Linnik, O., Shestopal, N., Smirnova, N., Eremenko, A., Korduban, O., Kandyba, V., 
Kryshchuk, T., Socol, G., Stefan, N., Popescu-Pelin, G., Ristoscu, C., Mihailescu, I. N. 
(2015). Correlation between electronic structure and photo catalytic properties of non-
metal doped TiO2/ZrO2 thin films obtained by pulsed laser deposition method. Vacuum, 
114, 166–171. 

	 9.	 Zakharenko, V. S., Parmon, V. N. (1987). Efficiency of sensitization of titanium dioxide 
by adsorbed acridine yellow in photo catalytic hydrogen evolution.React. Kinet. Catal. 
Lett., 4, 389–394. 

	 10.	 Bach, U., Lupo, D., Comte, P., Moser, J. E., Weissortel, F., Salbeck, J., Spreitzer, H., 
Gratzel, M., (1998). Solid-state dye-sensitized mesoporous TiO2 solar cells with high 
photon-to-electron conversion efficiencies.Nature, 395, 583–585.

	 11.	 Kumar, D. A., Shyla, J. M., Xavier, F. P. (2012). Synthesis and characterization of TiO2/
SiO2nanocomposites for solar cell applications.Appl. Nanosci., 2, 1–8. 

	 12.	 Worrall, D. R., Williams, S., Eremenko, A., Smirnova, N., Yakimenko, O., Staruch, G. 
(2004). Coll. and Surfaces A: Physico Chem. Eng. Aspects. 230, 45–55. 

	 13.	 Imamura, S., Ishida, S., Tarumoto, H., Saito, Y., Ito, T. (1993). Effect of the composition 
of titania-silica on its physical and photo catalytic properties.J. Chem. Soc. Faraday 
Trans. 89, 757–762. 

	 14.	 Smirnova, N. P., Surovtseva, N. I., Fesenko, T. V., Demianenko, E. M., Grebenyuk, A. 
G., Eremenko, A. M. (2015). Photo degradation of dye acridine yellow on the surface 
of mesoporous TiO2, SiO2/TiO2 and SiO2 films: spectroscopic and theoretical studies.
Journal of Nanostructure in Chemistry, DOI10.1007/s40097–015–0165-y.

	 15.	 Fesenko, T. V., Pokrovskiy, V. A., Surovtseva, N. I., Eremenko, A. M., Smirnova, N. P., 
Boryak, O. A., Selkovsky, V. S., Kosevich, M. V. (2009). Laser desorption/ionization 
mass-spectrometry of acridine dyes adsorbed on the surface of TiO2 and SiO2 films. 
Surface, 1(16), 125–135. 

	 16.	 Smirnova, N., Vorobets, V., Linnik, O., Manuilov, E., Kolbasov, G. (2010). Рhoto elec-
tro chemical and photo catalytic properties of mesoporous TiO2 films modified with 
silver and gold nanoparticles. Sur. Interface Anal., 42, 1205–1208. 

	 17.	 Eremenko, A., Smirnova, N., Gnatiuk, I., Linnik, O., Vityuk, N., Mukha, Y., Korduban, 
A., (2011). Silver and Gold Nanoparticles on Sol-Gel TiO2, ZrO2, SiO2 Surfaces: Opti-
cal Spectra, Photo catalytic Activity, Bactericide Properties. Chapter in Book 3: Com-
posite Materials, 2–32. 

	 18.	 Linnik, O., Smirnova, N., Korduban, O., Eremenko, A., (2013). Gold nanoparticles in 
Ti1xZnxO2Films: synthesis, structure and application. Materials Chemistry and Physics. 
142, 318–324.



Design and Photocatalytic Properties	 359

	 19.	 Linnik, O., Smirnova, N., Zhukovskiy, M., Orekhovskaya, T., Asharif, A., Borisenko, 
V., Gaponenko, N., (2013). Influence of Support Nature on Photo catalytic Activity of 
TiO2 Film.Advanced Science, Engineering and Medicine, 5, 281–286. 

	 20.	 Leiqiang Qin, Shimin Zhang, JingkunXu, Baoyang Lu, XueminDuan, Danhua Zhu, 
Yao Huang. (2013). Novel poly(ethylene oxide) grafted polycarbazole conjugated free-
standing network films via anionic and electrochemical polymerization, Int. J. Electro-
chem. Sci., 8, 5299–5313. 

	 21.	 Pavlova-Verevkina, O. B., Politova, E. D., Nazarov, V. V. (1999). Preparation and struc-
ture of stable dispersions of uniform TiO2 nanoparticles. Colloid Journal. 61, 359–362. 

	 22.	 Andrulevicˇius, M., Tamulevicˇius, S., Gnatyuk Yu, Vityuk, N., Smirnova, N., Ere-
menko, A., (2008). XPS investigation of TiO2/ZrO2/ SiO2 films modified with Ag/Au 
nanoparticles. Mater Sci. (Medziagotyra). 14, 8–14. 

	 23.	 Zurhelle, G., Muller-Seitz, E., Petz, M. J. (2000). Automated residue analysis of tetra-
cyclines and their metabolites in whole egg, egg white, egg yolk and hen’s plasma uti-
lizing a modified ASTED system. Chromatogr. B: Biomed. Sci. Appl., 739(1), 191–203. 



http://taylorandfrancis.com


CHAPTER 29

GRADED ZONE STRETCHING  
OF THE LINEAR POLYMERS

L. NADAREISHVILI, N. TOPURIDZE, L. SHARASHIDZE,  
and I. PAVLENISHVILI

Georgian Technical University, V. Chavchanidze Institute of Cybernetics, 
5 S. Euli St., 0186 Tbilisi, Georgia, E-mail: levannadar@yahoo.com

CONTENTS

Abstract......................................................................................................361
29.1  Introduction.....................................................................................361
29.2  Gradually Oriented (Stretched) State..............................................362
29.3  Graded Zone Stretching Device (GZSD)........................................364
Keywords...................................................................................................368
References..................................................................................................369

ABSTRACT

A new method of uniaxial zone drawing of thermoplastic polymers-con-
trolled graded zone stretching method is developed. The description and 
principles of operation of the appropriate device are given. The experimental 
data illustrating the possibilities of the proposed method are presented.

29.1  INTRODUCTION

Uniaxial oriented stretching is a widespread method of the structural modifi-
cation of the linear polymers [1]. Various approaches of uniaxial orientation 
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stretching are known: cold/hot drawing, solid state extrusion, rapid drawing 
from melts or solutions. Structural modification is possible also by zone 
stretching of polymers [2].

As a result of stretching at the above glass-transition temperature iso-
tropic polymer passes into specific, so-called oriented state, which is char-
acterized by preferential location of the structural elements (fragments of 
macromolecules and permolecular structures) in the stretching direction.

The oriented state can be quantitatively characterized by the degree of 
orientation which gives information about conformations and orientation 
of macromolecules. For these purposes research methods such as polarized 
IR-spectroscopy, birefringence, etc., are used.

The most common value used to quantitative characterization of the 
degree of orientation is the standard deviation of the macromolecules sec-
tion’s orientation – 2cos θ  (θ is the angle between stretching direction and 
section of the macromolecule). This value is changed in the range of 

 
≤ 

2cos θ  θ ≤1. 
2cos θ  depends linearly on the value of the relative elongation, 

which can be written as

2cos θ  = ƒ (λ)

where λ = ∆ι/ι (∆ι is the real elongation and l is the initial length of the 
sample. The degree of orientation depends uniquely on the extension value 
under the immutability of other factors of stretching mode (temperature, 
stretch velocity) [3–5].

Degree of orientation may be characterized also by the average angle of 
disorientation Θ1/2 and Herman’s factor of orientation F= (3 

2cos θ –1)/2. 
These values vary respectively in the range 0≤Θ1/2≤∞ and 0≤F≤1.

29.2  GRADUALLY ORIENTED (STRETCHED) STATE

Structural anisotropy arising as a result of orientation stretch leads to 
changes in many physical and mechanical properties. The samples with dif-
ferent properties may be obtained by means of the variation of the orienta-
tion degree depending on:

•	 stretching temperature;
•	 stretching rate;
•	 cooling rate of the heated polymer;
•	 relative elongation – λ.
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Throughout the volume of the sample oriented in conventional (non-gra-
dient) mode (such as films obtained in industry) anisotropy, and therefore the 
physical and mechanical properties are practically identical.

If in the stretching process a gradient of at least one of the four above men-
tioned parameters is provided, this should lead to the gradient of anisotropy (ori-
entation degree) and hence to the gradient of physical and mechanical properties.

Earlier we have established the conception about new structural state 
of the thermoplastic polymers – about gradually oriented (stretched) state 
(GOS) [6–11].

In GOS 2cos θ  (as well as Θ1/2 and F) is not the same in throughout the 
entire volume of the oriented polymer sample. In GOS there are continuous 
sequence of changing values of COS2 θ that vary from one area of the sample 
to another in the 

 
≤ 2cos θ  ≥ 1 range.

GOS may be characterized in terms of relative elongation. In GOS there 
are continuous sequence of changing values of λ that vary from one area of 
the sample to another in 

0 ≤λ≤n range, wherein the maximum value of n for the currently exist-
ing thermoplastic polymers may be 8 ÷10. For a complete description of the 
GOS is also necessary to specify the length and profile of these changes.

Therefore, quantitative parameters of graded stretched polymers (poly-
mers in GOS) are:

•	 range of change in relative elongation;
•	 length of this change;
•	 profile of this change (linear, hyperbolic, parabolic, logarithmic, etc.).
According to this conception as a result of transformation of isotropic 

polymers and their composites to GOS (in other words – by graded oriented 
stretching) in materials the gradient of all the properties are generated that 
depend on the value of relative elongation/orientation’s degree. These prop-
erties are: optical, electrical, magnetic, acoustic, thermal, mechanical, sorp-
tion, etc. The validity of this argument proved by the relationship between 
the birefringence and relative elongation:

Dn = n1 – n2 = gl

where n1 and n2 are respectively index of refraction of ordinary and extraor-
dinary rays; 

γ– optical coefficient of deformation; λ– relative elongation (∆ι/ι). From 
this equation it follows that gradient of relative elongation should causes 
gradient of birefringence.
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Transition into GOS is realized by the graded oriented stretching – by 
action of inhomogeneous mechanical field on the isotropic linear polymers 
or by uniaxial managed graded zone stretching that is implemented on 
graded zone stretching device (GZSD) which is a standard tensile-testing 
machine equipped  with additional technical units. 

Both technical approaches (especially graded zone stretching method) 
ensures the predetermined changes in relative elongations at predetermined 
areas of the polymer samples, that is, allows to manage the such quantita-
tive parameters of gradually oriented polymers as a range of change in rela-
tive elongation/orientation degree, length of this change and profile (linear, 
hyperbolic, parabolic, logarithmic, etc.).

29.3  GRADED ZONE STRETCHING DEVICE (GZSD)

In Figure 29.1, the GZSD scheme is presented (a – side view, b – front view). 
The clip 1 is immovable practically, the active clip 9 is connected with elec-
tric motor 10. The arrow indicates the displacement direction for the clip 9 
at stretching. 

The investigated sample, for example the film 2, is fixed between clips 
1 and 9. The thermal insulators 4 and 13 are located equidistantly on both 

FIGURE 29.1  GZSD scheme:(a) side view, (b) front view.
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sides of the film face to face perpendicularly to stretching direction. The 
tubular heaters 5 and 12 are fixed in insulators 4, 13. The thermal insulators 
are provided with heat flow directing channels, shape and size of which are 
regulated by the gap width regulators 3 and 14. The thermal isolators 4 and 
13 and also the heaters 5 and 12 are fastened to the electric motor 6. The 
arrow indicates the displacement direction of thermal isolators and heaters at 
stretching. Between the thermal insulators 4 and 13 and active clip 9 on the 
both side of the film 2 the cooler tubes like air blowers 8 and 11 are located.. 
The blowers are connected with electric motor 7. The arrow indicates the 
displacement direction of the blowers 8, 11 at stretching of the film 2. 

The GZSD works as follows: The selected distance between the clips is 
set. The dimensions and profile of the thermal channels are selected. The 
thermal insulators 4, 5 with inserted in them heaters 5, 12 and blowers 8, 11 
are installed near clips 9 on the selected distances. They switch the heaters 
5, 12. When the temperature reaches the desired value, the motor 6, blow-
ers 8, 11, electric motors 7, 10 turn on. At this moment the temperature of 
the selected zone of film 2 is higher than one for other parts of the film and 
therefore the forces for stretching of this region of the film is minimal (in 
comparison with other regions of the film). Consequently the film 2 will 
be elongated practically only in the selected region. Because of shift of the 

FIGURE 29.2  GZSD. Cooler – the sylphon bellows with liquid:(a) initial position;(b) 
stretching process.
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heaters 6, 7 the selected zone in dependence on its height and rate of shift of 
heaters and clip 2 comes out from heated zone gradually and enters to the 
cold zone, where the film stretching is practically ceases (due to the high 
tensile yield point). At simultaneous shift of air blowers 8, 11 and clip 10 the 
described process spreads to heaters 5, 12 shift direction.

The process may be continued till reaching of heaters 5, 12 to the clip 
1, or finished at any stage. The stretching regime (temperature and moving 
speed of heaters 5, 12, air blowers 8, 11 and clip 9) may be changed at any 
stage. 

The Figure 29.2 shows the GZSD scheme, in which the sylphon bellows 
are used as a cooler. Sylphon bellows 6 is  filled with liquid, for example 
with water. The clip 1 is practically immovable. The clip 10 is active and 
connected with electric engine 8. Investigated sample, for example film 2 
is fixed in the clips 1 and 10. The arrow indicates the shift of clip 10. The 
clip 10 is fixed hermetically at the bottom of the sylphon bellows 6, which 
is connected with an electric motor 8. The arrow indicates the direction of 
movement of the bottom of sylphon bellows 6 and the clip 10, respectively, 
at stretching of film 2. On both sides of the film 2 perpendicularly to the 
stretching direction the heat insulators are placed.

Figure 29.2 shows only one heat insulator 3. In the heat insulators tubu-
lar heaters are fixed (as shown in Figure 29.1, the positions 4,5, 12,13). The 
thermal insulators are provided with heat flow directing channels, shape and 
size of which are regulated by the gap width regulators (as shown in Figure 
29.1, the positions 3, 14). The thermal insulator 3 is connected with electric 
engine 4. The arrow indicates the replace direction of heat insulator 3 (heat 
insulators and heaters) at stretching. The sylphon bellows 6 is provided with 
pipes 7 and 9 for inputting and outputting the liquid. The upper part of the 
sylphon bellows 6 is connected with electric engine 5. Arrow indicates the 
displacing of the top part of the sylphon bellows 6 at stretching of sample 
2. The sylphon bellows 6 is provided with pipes 7 and 9 for the liquid inlet 
and outlet.

The GZSD works as follows: The preliminary operations are the same 
as in the previous case. When the temperature reaches the desired value, 
the electric motors 4, 5 and 8 turn on. Temperature of the selected zone 
of the film 2 is higher than one for other parts  and therefore the forces 
for stretching of this region of film is minimal (in comparison with other 
regions of the film). Consequently the film 2 will be elongated practically 
only in the selected region. Because of shift of the heaters the elongated zone 
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comes out from heated zone gradually and enters the sylphon bellows 6, 
where it is cooled by running water. Due to the increasing tensile yield point 
strength elongation of the film is stopped. At simultaneous shift of open end 
of sylphon bellows 6, heaters and clip 10 the described process spread to 
heaters shift direction.

GZSD makes it possible to implement a very wide range of stretching 
modes, in particular:

•	 the possibility of creating different front of stretching;
•	 stretching of sample in the continuous and/or jumping regime with 

constant rate and/or acceleration;
•	 conducting of stretching in homogeneous or gradient regime;
•	 realization of uniaxial stretching of different selected region of the 

same sample in the different regime (temperature, rate and value of 
deformation) at temperature higher than room temperature without 
taking out of the sample from clips;

•	 in accordance with above item at temperature higher than room tem-
perature it is possible to define the influence of deformation rate and 
temperature on such mechanical parameters of separate regions of 
the sample, investigation of which do not requires the destruction 
of whole sample. These characteristics are: mechanical stress and 
deformation according to the Hooke’s region; modulus of elasticity; 
flow modulus; mechanical stress at the fixed deformation; relaxation 
of mechanical stresses.

The stretch degree of the sample is determined by the speed ratio of the 
displacement of active clamp and a heater. The gradient stretching mode is 
achieved by varying this ratio in stretching process. Preselected experiment 
mode is carried out via the control unit. Some illustrative materials are pre-
sented below.

Figure 29.3 shows the gradually oriented rectangular PVAL-films 
stretched at 358 K  using GZSD. The overlay parallel lines are applied to 
register the elongation distribution of the film.

Figure 29.4 shows the distribution of relative elongations along the 
length of the same gradually oriented films. In Figure 29.4(a) the relative 
elongation over the length of the film varies linearly within 0 ÷ 225% in case 
of a total lengthening of 213%. In Figure 29.4(b) the distribution of relative 
elongation first increases and then decreases along the length of the film. In 
case of a total film lengthening of 195% the relative elongation varies over 
the length within 0 ÷ 220% ÷ 0.
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•• graded zone stretching

•• graded zone stretching device

The uniaxial graded oriented stretching method can be considered as 
technological innovation for the creation of a new type of FGMs on the base 
of linear polymers/copolymers and its composites [12].

KEYWORDS

FIGURE 29.4  Relative elongations distribution in the gradually oriented rectangular film: 
(a) Figure 29.3(a); (b) Figure 29.3(b).

FIGURE 29.3  Gradually stretched rectangular PVAL-films. The arrow indicates the 
direction of propagation of the stretch front.
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ABSTRACT

With the use of yttrium and bismuth ceramics’ powders (Y1Ba2Cu3O6.97 and 
Bi2aSr2Ca2Cu2O8), on the basis of super-high molecular polyethylene binder, 
current-carrying polymer-ceramic nanocomposites are obtained. It is shown 
that the implementation of the proximity effect between the ceramics’ grains 
leads to obtaining superconducting polymer-ceramic nanocomposites with 
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a transport current. Additives of silver and aluminum nano-scale powders 
cause significant increase of current density, and the application of acoustic 
fields during the formation of samples allows to further increase the density 
to ~ 4–103A·cm–2. Physical and mechanical properties of current-carrying 
polymer-ceramic nanocomposites have been investigated and it is shown 
that nano-sized aluminum additives increase the breaking strength and the 
elasticity modulus of the samples. The morphological features of current-
carrying polymer-ceramic nano-composites’ interphase layer on the basis of 
various binders (polymethylmethacrylate, polystyrene, super-high molecu-
lar polyethylene and isotactic polypropylene) have been studied.

30.1  INTRODUCTION

In the Refs.[1–10] in order to obtain high-temperature superconductive 
product with a transport current, the various metals as binders, particu-
larly silver [1–3,10] and metals of transitive row Mo, Zn, Sr [8], etc. have 
been used.

For polymer-ceramic composites’ obtainment in the literature there are 
descriptions of using as binders both thermoplastics [11,12] and reacto-
plastics [12]. In Ref.[11], polymer additives are used to protect high-tem-
perature superconductors from moisture, whereas in [13–21] for obtaining 
polymer-ceramic samples of different geometries (rods, tubes, rings, etc.) 
both methods of hot pressing [13, 15, 16, 18, 19] and polymerization filling 
[14, 15, 17, 20, 21] were used. In the Refs.[14, 15, 17, 18, 20, 21] supercon-
ducting, physical-mechanical, thermo chemical, thermo physical properties 
of polymer-ceramic nanocomposites were studied. It was shown [14–21] 
that for high temperature SC nanocomposites, the critical temperature of 
transition to superconducting state is 2–30 higher than that of the original 
ceramics.

It becomes obvious that the burning of organic part of polymer-
ceramic nanocomposites, their sintering and recovering at any particu-
lar thermal regime in the analogy with Ref. [11], as a rule, give rise 
to a transport current. However, polymer-ceramic nanocomposites with 
a superconducting (SC) transport current can be obtained without the 
stages of burning and sintering. This is achievable via so-called nearing 
effect thus effectively shielding dielectrization of near-to-surface layers 
of the ceramic’s grains.
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The purpose of this study—based on yttrium and bismuth ceramics, fine 
dispersed powder of super-high molecular polyethylene as a binder and 
nano-sized additives of aluminum and silver—is to obtain polymer-ceramic 
nanocomposites with a transport current.

30.2  EXPERIMENTAL PART

In thischapter, a high temperature as ceramic powder were used to synthesized 
yttrium and bismuth oxide ceramics (Y1Ba2Cu3O6.97 and Bi2aSr2Ca2Cu2O8), 
with dispersion less than 50 µm and the critical transition temperature to 
superconducting state of 93 K and 109 K, respectively. As polymer bind-
ers in the form of fine dispersed powders were used super-high molecular 
(HMPE)(brand U506–000) and branched (BPE) polyethylene with melting 
temperature Tm = 128–135°C, 105–108°C, respectively, isotactic polypro-
pylene (IPP) with Tm = 167–171°C, polymethylmethacrylate (PMMA) with 
the temperature of nitrification point Tv = 110–115°C and polystyrene(PS) 
with Tv = 98–102°C [22].

For finding-out the influence of nano-sized powders of aluminum and sil-
ver on the transport current of received composites were made experiments 
where in one case the powders of polymers (HMPE, BPE, IPP, PMMA, poly-
anilin) and superconducting ceramics (Y1Ba2Cu3O6.97 and Bi2aSr2Ca2Cu2O8) 
were pre-mixed in an agate mill while in others to this mix nano-sized pow-
ders of aluminum (40 nm) and silver (3O nm) were added. From the obtained 
homogeneous mixtures by the method of hot pressing HMPE (~150°C under 
the pressure of 100 MPa) tablets with a diameter of 10 mm and thickness 
of 2 mm were molded. The golden contacts by thermo compression method 
were deposited on the tablets. Resistance of the samples was determined 
by the conventional 4-lead method. In some cases forming of the samples 
was carried out under the influence of acoustic fields, which causes deag-
glomeration of the agglomerated nano-particles (sonofication at 500W was 
kept on for the entire process of samples’ formation).The start of the super-
conducting transition (Ts) and its width are determined by measuring the 
magnetic susceptibility at the frequency 1 kHz with amplitude of the mag-
netic field 10 me. Physical-mechanical properties and heat of sample fusion 
of SC polymer-ceramic nanocomposites were measured on the instruments: 
Differential Scanning Analyzer (DSA) and differential scanning calorimeter 
(DSC) made by the firm Perkin-Elmer.
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30.3  RESULTS AND DISCUSSION

30.3.1  REGULATION OF THE CURRENT DENSITY IN 
SUPERCONDUCTING POLYMER-CERAMICS

Characteristic change of resistance of the samples from temperature (curve 
1) for polymer-ceramic nanocomposites of Y1Ba2Cu3O6.97:HMPE:Al = 
80:10:10 (% mass) is shown in Figure 30.1.

It is seen that up to the critical temperature of superconducting transition, 
the course of the resistance curve (curve 1) has a semi-conducting character. 
Further, at the SC transition temperature 96 K, a decrease in resistance is 
noticed, and at 78 K, the transition ends and the sample resistance turn to 
zero.

Unexpected results obtained during repeated thermal cycling of the very 
samples. The behavior of the samples resistance up to the critical transition 
temperature to the superconducting state again remains semi-conductive 
(Figure 30.1, curves 2,3).

However, as it can be seen the level of residual resistance increases with 
every next cycle, and after the transition to the superconducting state, zero 
resistance is not achieved. Here, there is a plateau, up to 8–5°K. Moreover, 
after four thermo-cycling SC transition disappears altogether (Figure 30.1, 
curve 4).

These results are explicable either by the accumulation of residual strains 
on the binder-ceramic phase boundary, as a result of the micro-cracks forma-
tion while thermo-cycling, or by the poor contacting which tend to deteriorate 

FIGURE 30.1  Change of the Y1Ba2Cu3O6.97 + HMPE nanocomposite’s resistance with the 
additives of nano-sized aluminum powder.
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as the cycling progresses. Developing current creates its own magnetic field, 
which eventually destroys the SC temperature transitions.

Similar results we obtained on the composites consisting of bismuth 
ceramic – polyaniline – HMPE with the addition of nano-sized silver pow-
der. Consequently, to be stated that here, in the temperature range 109–115 
K, “SC-step” is observed as well (Figure 30.2), without reaching resistive 
zero.

In the nano-composites with bismuth ceramics,’ in contrast to the above 
discussed case, repeated thermal cycling (5–6 cycles) does not affect the 
curve of resistance from temperature. To be noted that in this case until the 
transition temperature to the superconducting state, the resistance curve’s 
course depending on temperature is semi-conductive.

It is obviously that the increase in current density can be achieved by 
the implementation of proximity effect, for example, decrease in the share 
of the binder in SC polymer-ceramic nanocomposites. For this purpose, by 
hot pressing method were formed a number of polymer-ceramic nanocom-
posites, in which nanopowders weren’t added, and the proportion HMPE 
was from 1 to 5 wt. %. The dependence of current density on the amount of 
binder is shown in Figure 30.3 (curve 1).

Indeed, as it is seen from the figure, the implementation of the prox-
imity effect leads to a substantial increase in current density. In this case, 
with the increase of the share of binder the current density decreases mono-
tonically and at 5% of the content of HMPE becomes zero. Additives in the 
same nanocomposite of nano aluminum powder in the proportions HMPE: 

FIGURE 30.2  The change in resistance of nanocomposites with bismuth ceramics with 
aniline, with HMPE binder and with the addition of nano-sized silver powder.
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nano-additives = 1:1 (wt%) increases the current density else more (Figure 
30.3, curve 2).

As it is seen from curve 2 of Figure 30.3, increasing of the quantity of 
HMPE also reduces the current density from −1.5·103 A·cm–2(1% mass 
content of binder) and already at 10% content of HMPE it becomes equal 
to ~ 150 A⋅ cm–2. The critical transition temperature into superconducting 
state is 96 K and the width is 6°. Probably relatively low current density in 
the nanocomposites is determined by the agglomerated state of aluminum 
nanoparticles.

Therefore, the further shaping of the joint venture superconducting nano-
composites was carried out under the influence of acoustic fields. Indeed as 
it is seen from curve 3 in Figure 30.3 application of acoustic fields in the 
pressing process leads to rather sharp increase in current density, which is 
associated with deagglomeration of aggregated particles and their uniform 
distribution over the volume of samples. As it is seen from curve 3 in Figure 
30.3, at 1% binder content of HMPE current density reaches 4·103A·cm–2.

30.3.2  PHYSICAL-MECHANICAL PROPERTIES OF POLYMER-
CERAMIC NANOCOMPOSITES WITH TRANSPORT CURRENT

Samples with low content of HMPE are quite fragile, in connection with 
which difficulties arose when applying contacts by thermo-compressing. 
For example, superconducting polymer-ceramic nanocomposites with 5% 
HMPE have the following physical and mechanical characteristics: ultimate 

FIGURE 30.3  Dependence of current density on the amount of polymer binder.
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tensile strength of −0.7 MPa, modulus of elasticity of −1.4 MPa and elonga-
tion –3%.

It is interesting that the addition of nano-sized aluminum powder in 
superconducting polymer-ceramic nano-composite with nearly constant 
critical transition temperature into superconducting state (Meissner effect) 
and of the current density leads to significant improvement in physical – 
mechanical properties (Table 30.1).

Increasing of the critical transition temperature into superconducting 
state is evidently associated with the processes of intercalation of binders’ 
macromolecule fragments into the layered structures of ceramic grains [19–
21]. As to noticeable improvement in physical – mechanical properties of 
SC polymer-ceramic nanocomposites, it is possible that such a fact is asso-
ciated with the introduction of nano aluminum particles into the polymer 
matrix HMPE, as well as their uniform distribution in the volume of binder 
and the formation of a rigid amorphous fraction of the polymer on the sur-
face of nano-particles [23–26].

Thus, on the basis of these results we can conclude that the simultaneous 
implementation of the proximity effect, additives of nano-sized powders of 
aluminum and their uniform distribution over the samples’ volume under the 
influence of acoustic fields provide a current-carrying SC polymer-ceramic 
nanocomposites with current density to ~ 4·103 A·cm–2 with simultaneous 
improvement of physical and mechanical properties.

TABLE 30.1  Impact of the Initial Composition of Polymer-Ceramic Nanocomposites on 
Physical–Mechanical and Superconducting Properties

The weight 
ratio HMPE: 
nanoadditive 
ceramics, mass. 
%

σ, MPa E, MPa ε, % Tc, K Tk, K

1:1:98 0.27 0.4 2.0 95 88
2:2:96 0.33 0.56 3.5 95 88
3:3:94 0.68 1.2 5.0 96 88
4:4:92 1.00 2.0 7.0 96 88
5:5:95 1.50 5.0 9.0 95 88
10:10:80 3.80 9.0 11.0 96 88
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30.3.3  MORPHOLOGIC PECULIARITIES OF CURRENT-CARRYING 
SC POLYMER-CERAMIC NANOCOMPOSITES

To study the morphological features of current-carrying polymer-ceramic 
nanocomposites the melting temperature (Tm) and the enthalpy (ΔHm) 
of nanocomposites containing 5% nano-sized aluminum (mass relative to 
HMPE) by differential scanning calorimetry are defined. A wide range of 
the nanocomposites composition (the ratio of HMPE with an oxide ceramic 
Y1Ba2Cu3O6.97) was studied. The results are shown in Table 30.2.

It is seen that with increasing of the filling degree in nano-composites the 
enthalpy of melting is increasing.

The observed increasing in enthalpy value is associated either with the 
degree of crystallization (Tables 30.2 and 30.3) or with a change in morphol-
ogy of the binder in the surface layers of the phase.

However, on the basis of the obtained results it is impossible to establish 
unambiguously the decisive role of any of these factors. To do this, by DSC 
methods in regime of scanning temperature the influence of oxide ceramic 
quantities Y1Ba2Cu3O6.97 on the heat of melting and electron-microscopic 
investigations of samples of polymer-ceramic nanocomposites with trans-
port current were carried out.

The dependence of the samples’ melting heats from temperature for the 
SC polymer-ceramic nanocomposites, obtained by varying the initial tem-
perature of samples’ molding, and its content with a binder of BPE is shown 
in Figure 30.4.

From the curves on Figure 30.4 it is seen that the maximum values of 
the melting heats (curves 1–4, Figure 30.4) SC polymer-ceramic products 
are practically independent of the initial forming temperature (curves 1,2, 3, 
Figure 30.4), whereas quite strongly depend on the amount of ceramics in the 

TABLE 30.2  Impact of Filling Degree on Temperature and Enthalpy of Melting of Binder 
in Nanocomposites HMPE + Y1Ba2Cu3O6.97

The weight ratio 
HMPE: Y1Ba2Cu3O6.97

Tm start ΔHm, per gram HMPE The degree of 
crystalline, %

100:0 140 115.0 39.1
80:15 151 121.5 41.4
45:50 140 128.5 43.7
10:85 138 130.0 44.2
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composite (curves 4–5, Figure 30.4). Temperature of melting and enthalpy 
determined from the data in Figure 30.4 are presented in Table 30.3.

Thus, in the case of a binder of BPE with the increase of the filler amount 
the enthalpy and the degree of crystalline are increasing. Therefore, based 
on obtained data we can suppose that a fairly strong increase of the value 
of ΔHm(calculated per gram HMPE and BPE) could be due to two reasons:

•	 increase of the amount of SC ceramics leads to an increase in the 
degree of crystalline;

•	 intercalation of fragments or individual elements of macromolecu-
lar binding into the interlayer spaces of the ceramic grains alters 
the morphology of super-high-molecular or branched polyethylene 
on the boundary of phase section of ceramic-binder, which is more 
likely [18–21].

Indeed, the study of the structural features of the current-carrying SC 
polymer-ceramic nanocomposites by scanning electronic microscopy in 
case of using of both amorphous and crystalline polymers, with complete 
and uniform enveloping of ceramic grain by polymer binders (Figure 30.5a, 
b), indicates that there is quite strong interaction on the boundary of ceramic-
polymer’s phase.

Interaction of macromolecular binder of PMMA and PS with the surface 
of the ceramic grains Y1Ba2Cu3O6.97 may contribute to the formation of rigid 
amorphous fraction (RAF) of polymer binder.

FIGURE 30.4  Impact of temperature on the variation of the melting heats for SC polymer-
ceramic nanocomposites obtained at different initial temperatures (T0) and initial ratios of 
BPE with ceramics: T0, 0C 130 (1), 140 (2), 160 (3) Y1Ba2Cu3O6.97:BPE = 90:10 (1–3), 97:3 
(4), 99:1 (5). The quantity of nano-sized aluminum 5% of the weight of Y1Ba2Cu3O6.97.
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In current-carrying SC nanocomposites with binders HMPE, PP, regardless 
of the amount of SC-ceramics, by analogy with [23–26], there are fibers struc-
tures formations. For example, in Figure 30.6 are given electron microphoto-
graphs’ photos of samples with the HMPE binder. As it can be seen from the 
figure the formation of fibers structures, not typical for polyethylene, takes place.

As it has already been noted in Refs. [18–21], fibers formations are the 
result of intercalation of macromolecule fragments of HMPE in the layered 
structure of ceramic grains. Such a binding of macromolecules affects the 
mobility of macro-chains of super-high molecular polyethylene, reduces 
their flexibility. Consequently, the crystallization of macromolecules, asso-
ciated in this way, takes place via cooperative interaction between them.

It should be specially noted that in case of current-carrying polymer-
ceramic nanocomposites with a binder of IPP, the above mentioned phe-
nomena are more emphasized. Indeed, as it is seen from the change of the 
dependences of heat capacity from temperature (Figure 30.7), a splitting of 
peaks into two components is observed.

Possibly, the splitting is a result of the presence of two various structures 
in polymer-ceramic nanocomposites with IPP binder.

TABLE 30.3  Impact of Filling on the Temperature of Melting and Enthalpy in the 
Nanocomposites BPE + Y1Ba2Cu3O6.97

The weight ratio of 
BPE: Y1Ba2Cu3O6.97

Tm start ΔHm, per gram BPE The degree of 
crystalline, %

90:10 107 84 29
97:3 107 97 33
99:1 105 133 45

FIGURE 30.5  EM Microphotography of nanocomposite SC samples with binders of the 
PMMA (a) and PS (b). Ratio of binder:Ceramics = 15:85.
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As a proof of such an assertion can be the electron-microscopic investi-
gations. Indeed, as it is seen from the microphotographs of samples with IPP 
binder (Figure 30.8), here the number of fibers formations is much larger 
than in HMPE binder.

A large number of formed fibers structures are probably to be the cause of 
splitting (Figure 30.8) peaks of melting temperatures in SC polymer-ceramic 
nano-composites with a binder of isotactic propylene.

Thus, the obtained results permit to conclude that the introduction of 
nano-sized aluminum powders allows to obtain SC polymer-ceramic 

FIGURE 30.6  EM Microphotographs of polymer-ceramic nanocomposites with HMPE 
binder. Ratio of binder: ceramics: nanoaluminum – 5:90:5.

FIGURE 30.7  Temperature impact on the variation character of melting heats for the SC 
polymer-ceramic nanocomposites obtained at different initial ratios of PP with ceramics. 
Y1Ba2Cu3O6.97:PP = 85:15 (1) 70:30 (2), 50:50 (3).



382	 Chemical Engineering of Polymers

nanocomposites with a transport current with current density up to ~ 
4·103A·cm–2. A natural question arises regarding the possibility of increas-
ing the current density. The answer is positive, and it is possibly with use of 
other binders and nano-fillers of a different nature with varying average size 
of nano-particles.

KEYWORDS

FIGURE 30.8  EM microphotography of polymer-ceramic nanocomposite with IPP 
binderof binder:Ceramics:nanoaluminum = 15:80:5.

•• current density
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•• high-temperature superconductors

•• interphase space

•• laminar structure

•• physical-mechanical properties

•• polymer-ceramic nanocomposites
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ABSTRACT

Rubber products, particularly those used in the automobile industry, are 
responsible for a vast amount of wastes, mostly in the form of used tires. 
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One of the methods of waste tires application use them as a modifier of 
asphalt. However, the properties of rubber-asphalt composites depend on 
the morphology of waste tiregranulate and kind of tire recycled (car/truck). 
In thischapter, the influence of grinding methods of waste tire on the prop-
erties of rubber-asphalt composites were studied. SEM analysis indicates 
that waste tire granulate obtained using granulator with flat-die granulation 
process has a higher specific surface area. In this case the higher quality of 
the rubber-asphalt composite may be achieved.

31.1  INTRODUCTION

Worldwide, the amounts of used polymer products are increasing by the 
year: most of them are created by automobile tires. Numerous postconsumer 
rubber products are a challenge not only for environmentalists, but also for 
engineers in the world. Rubber products are composed of long polymer 
chains, mostly cross-linked by sulfur bridges. Their lifetime is estimated for 
about 100 years. Reprocessing products due to their mechanical strength, 
thermal and solvent resistance, would be too laborious and therefore expen-
sive [1–3].

The progress made in recent years in waste management of polymers 
means that postconsumer tires came to be seen as a potential source of 
valuable raw materials. Development of research on improving methods 
of recovery and recycling and regulations implementing the principle of 
extended producer responsibility in the field of life tires led to solutions 
that enable the transformation of rubber waste into energy or new polymer 
products [1, 4].

One of the methods of waste tires management use them as a modifier 
of asphalt. The addition of recycled rubber to asphalt improves tenacity, 
mechanical properties, fatigue life, flexibility, resistance to rutting, abrasion 
resistance, low temperature cracking, reduce noise during contact tire with 
the ground [5–12].

Rubber-asphalt composites obtained with the use of rubber wastes were 
described by many scientists [13–17]. Airley showed that the density of 
recycled rubber-composite is changing when dust rubber is added to asphalt. 
It was also proved that grains of rubber wastes swell when they are com-
bined with asphalt and then the dust mass of the rubber wastes increases up 
to 140% by weight. This is due to absorption of aromatic hydrocarbon by the 
rubber granulate [14].
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Absorption of light hydrocarbon fractions by rubber dust depends on 
asphalt content and the value of its penetration: the higher those parameters, 
the greater absorption. On the other hand, as it was noted before, rubber 
granulate is easily swelled by asphalt what causes also increasing the viscos-
ity of the rubber-asphalt composite, compared to the viscosity of the virgin 
asphalt [15].

The interaction between the components of the rubber granules and 
asphalt depends on molecular weight of both components. The interaction is 
stronger when molecular weight of asphalt is lower. This is due to the pos-
sibility to spread the light fraction between the grains of the rubber dust [14].

Morphology of rubber-asphalt composites was also investigated. SEM 
analysis showed that pure asphalt is characterized by a smooth surface. 
Addition of recycled rubber changes the surface homogeneity: the larger 
particle of recycled rubber the higher heterogeneity[14, 15].

In this chapter, we present the results of research characterizing the 
influence of the grain surface morphology of recycled rubber for physical 
properties of rubber-asphalt composite. The studies were conducted on the 
example of asphalt modified by the rubber granules, which were obtained 
on the warm grinding processes of waste tires by using of a flat die pelleting 
press (modifier I) or knife granulator (modifier II).

31.2  EXPERIMENTAL PART

31.2.1  MATERIALS

Asphalt 70/100 used in our studies was delivered by LotosAsfalt Sp. z o.o. 
in Gdansk (Poland). Two types of rubber granulate were analyzed. Waste tire 
granulate grinded via innovative flat die pelleting press (modifier I) came 
from Gumeko Sp. z o.o. fromChwaszczyno(Poland). The granulate size was 
0.2–08 mm. Waste tire granulate grinded via standard granulate process on 
the knife granulator (modifier II) was delivered by Orzeł S. A. from Lublin 
(Poland). The granulate size was 0–08 mm.

31.2.2  PREPARATION OF RUBBER-ASPHALT COMPOSITES

Rubber-asphalt composites were prepared with stirrer powered by “IKA RW 
16 basic” in a metal container with a volume of approx. 1.2 dm3. Firstly, 
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pure asphalt was heated to a temperature of 180°C. Then appropriate quan-
tities of the rubber granulate were added maintaining constant tempera-
ture to eliminate the destruction of the compounds present in the asphalt. 
Homogenization of the mixture was carried out for 1 hour at 180°C. The 
next stage of the study consisted a three-hour “maturation” of rubberized 
asphalt composition at 180°C in the oven. Table 31.1 shows the amounts of 
the individual ingredients used in all the performed modification processes 
using asphalt 70/100 and rubber granules.

31.2.3  SOFTENING POINT MEASUREMENTS

Samples were tested after “maturation” at 180°C for 3 h. The softening point 
was tested by“the ring and ball” method. The first step is filling two rings 
with rubber-asphalt composites then put balls on them. Then the rings are 
arranged on a special stand and put in a water which is heated at a rate 
of 5°C. The temperature at which the rubber-asphalt composite touches the 
base of the stand is considered as the softening temperature.

31.2.4  PENETRATION MEASUREMENTS

To determine the consistency of rubber-asphalt composites, penetration 
was determined; the harder composite, the higher value of penetration is 
noticed. Penetration measurements consist of insertion needle penetrometer 
into a sample with constant load for needle applied. Measurement time is 5 
seconds; the measurement temperature is 25°C. Before testing, the samples 
should be placed at 25°C for at least 1h. In this study we used a semi-auto-
matic penetrometer PNR12 from Petrotest.

TABLE 31.1  Ingredients used to Obtain Rubber-Asphalt Composite and Codes of the 
Samples

Type of 
composite

Type of granulate 
(modifier)

Amount of granulated 
rubber wastes [% by 
mass]

Amount of asphalt 
70/100 [% by mass]

A I 5 95
10 90

B II 5 95
10 90
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31.3  RESULTS AND DISCUSSION

31.3.1  MORPHOLOGY OF RUBBER GRANULATE

Figure 31.1 presents SEM micrographs of waste tire granulates grinded via 
innovative flat-die granulation process (modifier I) and standard granulation 
process (modifier II). The SEM micrographs of both granulates made at the 
corresponding magnification of the image show differences in the morphol-
ogy of waste tire granulate.

In the case of waste tire granulate shredded via standard granulation pro-
cess, more regular shapes of particles are observed. The walls of the grains 
are mostly completely smooth, what results in minimal specific surface area 
of the granules. There exist a few jags which are created probably by fric-
tion of rubber pieces during shredding of rubber wastes. However, they do 
not have much influence on development of the specific surface area of the 
grains.

In the case of waste tire granulate shredded via innovative flat die granu-
lation process, spongy shaped particles are observed. The product has mostly 
jagged walls of particles comparing to the granules shredded via standard 
granulation process. This effect was achieved by using a granulator with a 
flat die and thickening rollers. As a result, the rubber material is squeezed 
through openings of a perforated plate granulator, allowing to obtain par-
ticles with high specific surface area.

FIGURE 31.1  Morphology of surfaces of two types of waste tire granulates (shredded via 
flat die granulation process – right, shredded via standard granulation process – left).
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31.3.2  SOFTENING POINT

Table 31.2 and Figure 31.2 present results of softening point of rubber-
asphalt composite modificated by two kinds of waste tire granulate. It can be 
concluded that with an increasing amount of modifier content the softening 
point becomes higher. It should be noted that the increase in the softening 
temperature is relatively proportional to the increase of granulate content. 
As can be seen in Figure 31.2, there are rather slight differences in soft-
ening point value depending on type of granulates(I or II) used as asphalt 
modifiers.

TABLE 31.2  Softening Point of Rubber-Asphalt Composite

Type of composite Granulation 
process

Amount of 
modifier [%]

Softening point [°C]

A Flat die granulation 
process

0 45.7

5 49.6
10 54.8

B Standard 
granulation process

0 45.7

5 50.2

10 55.2

FIGURE 31.2  Softening point of rubber-asphalt composites (A – containing rubber 
granulate shredded via flat die granulation process, B – containing rubber granulate shredded 
via standard granulation process).
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31.3.3  PENETRATION

As can be seen from Table 31.3 and Figure 31.3, penetration in the rubber-
asphalt-composite changes when rubber granulate is added. It is observed 
for both types of granulates. The more rubber granulate is added the lower 
penetration value is achieved. In addition, smaller decline in the penetration 
value was observed in compositions modified by granulate (I) compared 
to compositions modified by granulate (II). Thus waste tire granulatation 

TABLE 31.3  Penetration of Rubber-Asphalt Composites

Type of 
composite

Granulation process Amount of 
modifier [%]

Penetration [0,1 
mm]

A Flat die granulation process 0 83

5 71
10 68

B Standard granulation process 0 83

5 72

10 64

FIGURE 31.3  Penetration of rubber-asphalt composites (A – containing rubber granulate 
shredded via flat die granulation process, B – containing rubber granulate shredded via 
standard granulation process).
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•• modified asphalt

•• morphology

•• rubber granulates

•• standard granulation process

•• flat-die granulation process

•• rubber-asphalt composite

•• waste tires

process via innovative flat die pelleting press appeared more effective to 
improve penetration value of rubber-asphalt composites.

31.4  CONCLUSIONS

It has been shown that the morphology of ground tire rubber used to pre-
pare rubber-asphalt composite has the influence on the properties of the final 
product.

1.	 Both softening temperature and penetration were improved by add-
ing to asphalt some modifiers obtained by grinding of waste tires.

2.	 Softening point of rubber-asphalt composites increased when rubber 
granulate was added to asphalt. Softening temperature measurements 
showed comparable improvement in properties of rubber-asphalt 
composites modified by granulate shredded via flat die granulation 
process (modifier I) and granulate shredded via standard granulation 
process (modifier II).

3.	 Penetration value studies revealed that more effective modifier to 
improve penetration of rubber-asphalt composites was granulate 
obtained via flat die granulation process (modifier I) especially in 
case of adding 10% of rubber granulate.
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ABSTRACT

Nowadays, there is a big interest in a new class of polymeric materials that 
can be degradable after usage in natural environment or industrial com-
posting. Biodegradable/composting polymers are converted by the action 
of micro-organisms(bacteria, fungi, algae) to carbon dioxide, water and 
biomass. The aim of the study was to determine in the pilot studies the 
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degree of decomposition of modified by us thermoplastic starch (TPS) 
by epoxidized soybean oil and gum arabic in the environment of compost 
consisting of sewage sludge. Commercial foils for packaging advertised 
as compostable (Castorama, BioBag) were tested for comparison as well 
The samples were placed in an open roofing at normal weather condi-
tions. The degree of sample degradation was analyzed by examining the 
change in weight loss and visual view of the samples. The tests were car-
ried out for 2 weeks in July, in the north of Poland (Władysławowo). For 
the comparison standardized test of industrial composting overworked 
for biodegradable polymers were done as well for new prepared foils. 
Studies have shown more visible changes in surface view in the samples 
of modified TPS by epoxidized soybean oil and arabic gum in compari-
son to commercial samples. Both new prepared foils and commercial 
ones did not change their mass after incubation in the compost after 7 
days.

32.1  INTRODUCTION

Conventional plastic packages are post-consumer wastes which are difficult 
for disposal and constitute a burden to the environment, due to their large 
volume and inability to biodegrade or to compost [1–3]. Due to the cur-
rent environmental requirements, in the mid-90s of the twentieth century, 
innovative technologies for obtaining polymer materials from renewable 
raw materials, and also technologies/biotechnologies leading to the manu-
facture of biodegradable or compostable plastics started to be implemented 
[4–12].

Starch obtained from potato, corn, wheat and rice is of industrial impor-
tance [2–4]. Starch may be used to modify many polymers in the form of 
thermoplastic starch (TPS). TPS is biodegradable, can be manufactured by 
means of conventional technologies (extrusion, thermoforming, high pres-
sure injection) which are used for the manufacturing of the first generation, 
non-biodegradable, synthetic polymers.

In our studies, we used commercial compostable samples and new pre-
pared in our laboratory foils [4] from potato TPS, epoxidized soybean oil 
(EOS) and Arabic gum. The introduction of epoxidized soybean oil – EOS, 
as an additive modifying TPS will allow in the future improving the compat-
ibility of TPS with other polymers like PLA[4–6].
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On the other hand, the introduction of the modifying additive, which is 
arabic gum (GA), being a natural thickening and emulsifying compound pre-
vents flocculation and coalescence of epoxidized vegetable oils used in the 
modification of TPS. Arabic gum also often leads to formation of a durable 
coating on the surface of polymer composition, which provides a high bar-
rier capacity for oxidation processes of its components and improvement of 
adhesion of the composition to overprints, without disturbing its glossiness.

The aim of the experiments was to determine the effect of natural addi-
tives on the degree of degradation of thermoplastic starch by registration of 
surface and mass changes of the samples incubated in degradation condi-
tions and compare those results with some commercial samples denoted as 
compostable.

32.2  EXPERIMENTAL PART

32.2.1  MATERIALS

32.2.1.1  Commercial Foils

•	 Samples cut out from shopping bag (Figure 32.1a), sold in supermar-
ket chains Castorama(thickness 0.020 mm)

•	 Samples cut out from the film produced by BioBag(thickness 0.031 
mm, Figure 32.1b)

•	 The above products are claimed by the manufacturers as biodegrad-
able in compost conditions

•	 (Biobag. after 45 days and Castorama after 42–63 days).
Laboratory foils (samples obtained according to a new idea [4] of prepa-

ration polymer composition for biodegradable polymer material). Each type 
of laboratory sample was characterized by a thickness of the order of 0.7 mm 
and was cut out from the following materials prepared in our laboratory:

FIGURE 32.1  The view of commercial foils (a)BioBag, (b)Castorama.
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•	 thermoplastic starch (TPS);
•	 thermoplastic starch modified with epoxidized soybean oil – TPS/

EOS (0.5% and 1% w/w of modifier added to TPS);
•	 thermoplastic starch modified with epoxidized soybean oil and ara-

bic gum (TPS/05% EOS were modified with 1% w/w of Arabic gum) 
– TPS/0.5%EOS/1% GA.

32.2.2  PREPARATION OF THE LABORATORY NEW FOILS

In a first step, native potato starch is mixed at room temperature, using a 
mechanical mixer, with a plasticizer in the form of glycerol and an additional 
modifying component [epoxidized vegetable oil (EOR) or/and arabic gum 
(GA)]. The resulting mixture is subjected to conditioning in closed vessels 
for a period of 6–24 hours. In a second step, the mixture from the first step 
is subjected to extrusion using a single-screw, while maintaining the head 
temperature in the range of 120–2109°C and the temperature of the heating 
zones of the plasticizing unit in the range of 100°C to 210°C, with simultane-
ous degassing of volatile matter. The thermoplastic extradite is cooled down 
with air to room temperature and subjected to granulation, thus obtaining a 
modified thermoplastic starch (mTPS) granulate with a diameter of approx. 1 
mm. Then the proper foil is obtained by melt press procedure at the tempera-
ture of 180°C.

32.2.3  DEGRADATION TEST

32.2.3.1  Composition of the Compost

We used for the studies the compost from the sewage treatment plant “Water 
and Sewage Company Swarzewo”(Pomerania district in Poland). According 
to the definition proposed by the European Committee for Standardization 
(CEN) sludge is called as a mixture of water and solids separated from vari-
ous types of water as a result of natural or artificial processes. The compost 
used for testing was characterized by the presence of micro-organisms like 
aerobic bacteria, nematodes, thermophilic bacteria, annelids and molds.pH 
was 6.7, moisture content 40–70%.
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32.2.3.2  Procedure of Degradation Test

The specimens were placed in the plastic frames with a size of 10x7 cm free 
surface of polymer for studies and put to the compost at room temperature in 
sheltered outdoor conditions. Samples were covered with several centime-
ters thick layer of compost (Figure 32.2). Each type of sample was divided 
into 3 series. The samples from every series were drawn out from degrada-
tion environment after 2, 6 and 7 days. Then they were cleaned out from 
remnants of compost and analyzed.

Standardized test of composting was also carried out according to PN-EN 
14806:2010.

32.2.4  VISUAL EVALUATION OF SAMPLE

To estimate the degree of degradation of polymer samples in the compost 
environment visual evaluation of the samples was performed twice: before 
inserting the samples into compost and after the proper time of incubation. 
It was estimated the general view, the color of the samples and the texture 
on the surface.

FIGURE 32.2  The view of the set prepared for incubation of the samples in the compost.
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32.2.5  WEIGHT CHANGES AFTER THE INCUBATION OF THE 
SAMPLES IN THE COMPOST

Calculated weight changes of samples were based on the measured weights 
before and after incubation in the environment. Measurements were made 
using an analytical balance WPS 510/C/2. The mass loss in percentage was 
determined from the following formula:

where:Δm – percentage of mass loss of the polymer sample [%]; m1 – mass 
of the polymer sample before the start of the experiment [g]; m2 – mass of 
the sample after a specified period of incubation time in the compost [g].

32.3  RESULTS AND DISCUSSION

32.3.1  VISUAL OBSERVATION OF COMMERCIAL SAMPLES

No clear changes were observed in the surface view after incubation in 
compost.

32.3.2  VISUAL EVALUATION OF THERMOPLASTIC STARCH (TPS) 
FOILS (FIGURE 32.3)

There were noted changes in texture and color of the material. There are 
visible numerous small cracks after 2 days of composting, which became 
bigger after farther incubation time. No mold on the sample surface was 
observed.

32.3.3  VISUAL EVALUATION OF TPS/0.5% EOS (FIGURE 32.4)

There were observed changes in the color and texture of the sample TPS/0.5% 
EOS starting from the second day of incubation. Big cracks appeared on the 
surface of the sample after 6 days of composting. Moreover the presence of 
mold was observed after 7 days of composting.
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FIGURE 32.3  The TPS sample’s view after incubation in the compost for a period of 2, 6 
and 7 days.

FIGURE 32.4  The TPS/0.5%EOS samples’ view after incubation in the compost for a 
period of 2, 6 and 7 days
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32.3.4  VISUAL EVALUATION OF TPS/1% EOS (FIGURE 32.5)

There were observed changes in the color and texture of the sample TPS/1% 
EOS after 2 days of incubation. Huge cracks appeared on the surface after 6 days 
of incubation. The presence of mold was also visible after 7 days of composting.

32.3.5  VISUAL EVALUATION OF TPS/0.5% EOS/GA1%

The foil obtained from granulate of TPS modified by epoxidized soybean 
oil in a weight ratio of 0.5%, and 1% of gum arabic clearly lost the contem-
porary flexibility after 2 days of composting, many small cracks appeared 
after 6 days which became bigger after 7 days of composting (Figure 32.6).

32.3.6  THE DEGREE OF DEGRADATION – WEIGHT CHANGES

32.3.6.1  Commercial Samples

No weight changes were registered after the incubation in compost environ-
ment for both commercial samples studied.

FIGURE 32.5  The TPS/1.0%EOS samples’ view after incubation in the compost for a 
period of 2, 6 and 7 days.
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32.3.6.2  Laboratory Samples

No weight changes were registered after the incubation in compost environ-
ment for laboratory new foils prepared according to the procedure described 
in this chapter.

32.3.6.3  The Degree of Degradation – Standardized Test

The laboratory samples were composted in 100% according to the demand 
of PN-EN 14806:2010 (no residue on the sieves after 60 days).

32.4  CONCLUSIONS

1.	 All new laboratory prepared foils passed the test of composting 
according to PN-EN 14806:2010 (commercial composting).

2.	 No weight changes were noted for all samples (commercial and new 
laboratory foils) incubated in outdoor conditions for 7 days in the 
compost having sewage sludge in its composition.

3.	 No visible changes were observed in the surface view of commer-
cial samples after the incubation for 7 days in compost environment 
(sewage sludge, outdoor conditions).

FIGURE 32.6  The TPS/0.5%, 0%EOS/1%GA samples’ view after incubation in the 
compost for a period of 2, 6 and 7 days.
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4.	 Clear changes in surface view were registered for all new laboratory 
foils even after 2 days of incubation in compost having sewage sludge in 
its composition (outdoor conditions). The modified TPS by epoxidized 
soybean oil (0.5%) and Arabic gum (1%) appeared the most vulnerable 
to degradation in compost having sewage sludge (outdoor conditions).

5.	 Epoxidized soybean oil and Arabic gum are promising modifiers to 
speed up degradation of biodegradable/compostable foils, which at 
present are mostly compostable at elevated temperature.
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ABSTRACT

Each year, more than two million tons of polyurethane is produced in the 
EU by reacting isocyanides with polyols made from fossil fuel. In addi-
tion, there are appreciable quantities of petroleum based functional addi-
tives applied in the industry nowadays for both polyols and polyurethane 
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materials. It is therefore of key importance to develop sustainable economi-
cally viable polyols with enhanced functionalities, and thereby reducing 
the need for polyols and additives made from non-renewable fossil fuel. 
By basing polyurethanes on biomaterials, the carbon footprint is reduced, 
and using biomass waste/byproducts will further improve the environmen-
tal profile. Relatively new materials from renewable resources that can be 
incorporated into polyurethane technology are glycerol and its polymeric 
form. Incorporation of these compounds is related to the production of bio-
fuels, based on fatty acid methyl esters. Glycerol is a by-product in biodiesel 
production; 100 kg of glycerol is obtained for each tone of fuel. According 
to European Biodiesel Board, consumption of biodiesel in EU will exceeds 
yearly 15 Mt, what gives 1.5 Mt of waste glycerol to utilize which can be 
polymerized and successively used in PU. This work, based on the literature 
and personal research, presents the status of knowledge about application in 
the synthesis of polyurethanes of renewable raw materials and waste materi-
als, mainly derived from natural oils, waste glycerol from biodiesel produc-
tion and biomass.

33.1  INTRODUCTION

Nowadays, global trends on sustainable development and environmental pro-
tection are strongly related to the reduction of greenhouse effect through the 
limitation of harmful gases’ emission. There has been implemented number 
of law regulations, which should help in achieving this goal, such as Kyoto 
Protocol, European Union Directives or EU Climate Package 3x20. All these 
regulations have one thing in common – they are created to fight the exces-
sive emission of carbon dioxide and to promote the use of energy and raw 
materials from renewable resources. For example, EU Directive 2009/28/
WE is obligating the member countries to reach the 10% share of biofuels in 
transport sector [1]. Climate Package 3x20 states that the emission of CO2 
in 2020 should be 20% lower than in 1990; the share of renewable energy 
should reach 20%; and consumption of energy should be decreased by 20% 
[2]. With such obligations, all the branches of chemical industry and many 
researchers have focused their attention and resources on the development of 
environmentally friendly technologies based on ecological materials. Such 
trend applies especially to oleo chemicals industry, which is rapidly growing 
over the last years. More and more chemicals derived from plant and animal 
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fats are appearing on the market and they are not only ecologically, but also 
economically competitive to petrochemical analogs. Similar situation is 
observed in polymer industry, market offers increasing number of different 
products based on renewable materials; however the majority of polymer 
products are still manufactured using petrochemical materials.

Nowadays, polyurethane (PU) industry is strongly depending on petro-
leum, because the majority of polyols – main components used in PU 
manufacturing is petroleum-based. However, petroleum is not a renewable 
material, so its availability will become lower simultaneously increasing its 
price, which together with the previously mentioned global trends related 
to sustainable development and various law regulations will make compa-
nies pay more attention to polyols from renewable raw materials. Materials, 
which are less expensive and available almost all year round, because of their 
year-to-year regeneration. In terms of their chemical structure, biopolyols 
are generally esters of glycerol and unsaturated fatty acids [3]. Depending on 
the location, the most common oils used in biopolyols manufacturing are: in 
Europe – rapeseed and sunflower oils [4], in Asia – palm and coconut oil [5], 
and in USA – soybean oil [6–8]. Moreover, researchers were investigating 
application of other oils such as linseed oil or chestnut oil [9].

Biopolyols can be manufactured by number of various processes, includ-
ing oxidation of unsaturated fatty acids, epoxidation of double bonds and 
further ring opening reactions, hydroformylation, ozonolysis and esterifi-
cation of natural oils. Each of the processes shows some advantages and 
disadvantages.

Oxidation of fatty acids is generally simple process, although it is hard to 
control, except alcohols there are also obtained other products of oxidation, 
such as peroxides, aldehydes, ketones or carboxyl compounds, whose pres-
ence can have unfavorable influence on the properties of final products, such 
as discoloration, odor or uneven mechanical properties [10].

Epoxidation of natural oil guarantees better control over creation of 
hydroxyl groups in the molecules. Application of proper hydrogen donors 
can lead to high yield of process [12,13]. Polyols prepared through this pro-
cess show hydroxyl values from tens to even 400 mg KOH/g and are quite 
resistant to oxidation and environmental influence due to the low content of 
double bonds, however it is often related to their high viscosity, which can 
be a problem from the technological point of view [14–16].

Petrovic et al. [17] prepared polyols by epoxidation of soybean oil and 
further ring opening assisted by methanol, hydrogen chloride and hydrogen 
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bromide. Authors found out that chemical compound used for ring opening 
have significant influence on the density, mechanical properties, thermal sta-
bility and flammability of resulting polyurethane material. Incorporation of 
chlorine and bromine atoms to the structure of polyol led to preparation of 
self-extinguishing materials, without the incorporation of additional flame 
retardants.

Hydroformylation process includes reaction of oils with mixture of 
hydrogen and carbon oxide, and further conversion of aldehyde groups to 
hydroxyl groups by hydrogenation [18]. The main disadvantage of this pro-
cess is the cost of used catalysts [19, 20]. The most effective catalysts are 
rhodium compounds allowing almost 100% conversion, however in order to 
use them in economically feasible way they need to be restored after reaction, 
which requires very expensive methods. Other, less expensive, potential cata-
lysts are cobalt compounds, but they are not guarantying as high selectivity 
and yield of the process, it is estimated that they allow only 65% conversion 
[21]. Polyols obtained through hydroformylation are generally used for the 
manufacturing of rigid polyurethane foams or polyurethane coatings, how-
ever, their functionality can be decreased by partial esterification [22].

Ozonolysis is based on the conversion of unsaturated bonds into hydroxyl 
groups. This process allows almost quantitative conversion, although results 
also in generation of by-products – low molecular weight glycols and mono-
hydroxyl alcohols. Alternatively, process can be also performed in the pres-
ence of glycols, causing simultaneous esterification of formed by-products 
with polyol[23, 24]. Generally, compounds prepared through the ozonolysis 
show noticeably lower molecular weight and viscosity comparing to polyols 
resulting from epoxidation or hydroformylation[25].

FIGURE 33.1  The hydroformylation process scheme as an example of the triglyceride-
containing residues of oleic, linoleic and linolenic acids.
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Although all methods mentioned above can result in polyols showing 
very satisfactory properties, the most popular process in manufacturing of 
polyols is esterification of natural oils with alcohols containing at least two 
hydroxyl groups, most of the with glycerol [26–28]. This method of produc-
tion requires the use of catalysts in order to obtain high yields, however vari-
ous low-cost and commonly available inorganic bases and acids might be 
applied [29]. Polyols obtained through esterification of glycerol with natural 
oils are often characterized by high hydroxyl values, which is very beneficial 
for manufacturing or rigid polyurethane foams, coatings and other materials 
with high crosslink density [30]. Moreover, except glycerol, different bi-
functional glycols can be used, leading to bi-functional polyols suitable for 
production of flexible foams or thermoplastic polyurethane elastomers [31].

Although natural oils are important compounds in production of biopoly-
ols, their production and technology is well known and analyzed. Nowadays 
more emphasis is put on the incorporation of biodiesel-based glycerol into 
production of biopolyols for polyurethane materials. Crude glycerol is a by-
product of biodiesel production, which becomes more and more popular. 
Diesel is considered one of the two most important or even the most impor-
tant (e.g., in Europe) transportation fuel. Nowadays cars with diesel engine 
account for more than 55% of total numbers of produced cars [32]. Moreover, 
the European Union law regulations require the reduction of carbon dioxide 
emission for new cars to the level of 95 g/km in 2021 (there are proposals for 
further reduction to 68–78 g/km till 2025)[33]. Under those circumstances, 
popularity of the biodiesel as a replacement for petroleum-based fuel will be 
constantly growing. Over the last decade, European production of biodiesel 
growth from around 3 million tons to more than 9 million tons and according 

FIGURE 33.2  Transesterification of triglycerides resulting in crude glycerol and fatty acid 
methyl esters.



412	 Chemical Engineering of Polymers

to forecasts it will exceed 15 million tons in 2020. Great enlivenment of bio-
diesel market has been also observed outside of Europe [34, 35].

Around 100 kg of crude glycerol is obtained for each tone of produced 
biodiesel [36]; it means that almost 1 Mt of biodiesel-based glycerol is 
generated annually in Europe. Crude glycerol contains various impurities, 
such as methanol, water, soaps, residual catalyst, free fatty acids (FFA) 
or fatty acids methyl esters (FAME)[37, 38]. Detailed composition obvi-
ously depends on the type of used oils, type and amount of catalyst and 
potential treatment applied to final product. Purification of crude glycerol 
is often very expensive and economically unavailable for smaller biodiesel 
producers, and at the same time is often essential in order to utilize it in 
various branches of industry, such as food or pharmaceuticals [39]. That is 
why, at this moment, it is very important to develop economically-effec-
tive methods of purification or possibilities of crude glycerol utilization 
without complicated purification steps. Such actions could cause enliven-
ment of the crude glycerol market and improve the quality of final product, 
simultaneously decreasing the cost of biodiesel production [40]. The most 
obvious way of crude glycerol utilization is the combustion resulting in 
energy production, however such method does not use the whole potential 
of this by-product. During the last few years, very popular topic among the 
researchers is the incorporation of biodiesel-based glycerol into polymer 
technology. Polymer industry, in contrast to food or pharmaceutical indus-
try does not require complicated and often expensive purification processes 
in order to utilize crude glycerol [41, 42]. Among many types of plastics 
which can be manufactured with the use of crude glycerol the most popu-
lar are polyurethanes. Glycerol obtained from biodiesel production might 
be incorporated into polyols and PU production by many different ways, 
indirectly, by the use of materials derived from glycerol, or directly, by 
incorporation glycerol or its polymeric form into processes. Indirect uses 
may include incorporation of low-molecular weight compounds such as 
propanediol or butanediol obtained through microbial conversion of crude 
glycerol [43, 44] or hydrogenolysis of glycerol [45, 46] and glycerol car-
bonate derived from carboxylation of glycerol [47, 48], esterification of 
glycerol with organic carbonates [49, 50] or glycerolysis of urea [51, 52]. 
Direct ways of biodiesel-based glycerol incorporation into PU manufactur-
ing include biomass liquefaction and oligomerization and polymerization 
of glycerol and those two methods will be described in more details in this 
chapter.
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33.2  BIOMASS LIQUEFACTION

Liquefaction—next to combustion—pyrolysis and gasification are one of 
the most common method of biomass utilization. It is based on solvoly-
sis reactions and results in generation of low molecular weight compounds, 
which can be soluble in water or other solvents and re-polymerize with them-
selves and with solvent particles leading to oil compounds with vast range 
of molecular weight [53]. Such compounds can be further incorporated into 
manufacturing of different polymeric materials, such as polyesters, epoxy 
resins, phenolic resins or polyurethanes, because of their high content of 
hydroxyl groups [54–56]. Various types of biomass have been subjected 
to liquefaction, such as wood [57, 58], corn bran, corn stover or corncobs 
[59–62], wheat straw [63], soybean straw [64], cork [65], bamboo residues 
[66–68], palm kernel cake [69] or biodiesel production solid residues [70]. 
Many researchers have been also analyzing the liquefaction of neat biomass 
components, such as cellulose or lignin [71–73]. The structure of biomate-
rial shows great influence on the liquefaction process, obviously the highest 
rate of liquefaction is observed for amorphous materials, such as lignin or 
amorphous cellulose and hemicellulose, which are due to the high entropy 
of their structure. The slowest part of process is considered to be liquefaction 
of crystalline materials, for example,cellulose, because penetration of their 
structure by solvents is very limited. Generally, all the biomass components 
are decomposed into glucose particles and their low molecular weight deriv-
atives, which can subsequently re-polymerize and combine with solvent 
particles leading to glycoside compounds [74, 75]. D’Souza and Yan [76] 
analyzed the influence of the liquefaction temperature on the chemical com-
position of resulting polyol using spectroscopic and chromatographic tech-
niques (NMR, FTIR, GPC). They found out that lower reaction temperature 
(in that case 90°C) resulted in low yield, hardly exceeding 20%, which was 
related to only partial conversion of sugars and practically no conversion 
of lignin. Increasing of the temperature up to 160°C noticeably increased 
biomass conversion. Spectroscopic analysis revealed also that liquefaction 
process converted the phenolic structures present in biomass into aliphatic 
alcohols, which is very important for the stability of urethane linkages.

Because of these structural dependences and the necessity of using the 
excess of the solvent leading to its high content in final product, the selec-
tion of the proper solvent or mixture of solvents is crucial for the yield of the 
process. Moreover, solvent not only has to enable possibly fast and effective 
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liquefaction of biomaterial, but also needs to show beneficial properties as 
a potential polyol. That is why so many compounds have been analyzed as 
potential solvents for biomass liquefaction. According to literature reports 
there have been used phenolic compounds [77, 78], supercritical ethanol 
[79], subcritical water [80], however by far, the two most popular com-
pounds among the researchers are polyethylene glycol and glycerol, very 
often used in combination to provide the proper degree of branching of 
resulting polyol[81–83], which is essential for the manufacturing of poly-
urethane materials.

Jin et al. [84] analyzed the liquefaction of lignin isolated from the enzy-
matic hydrolysis residues of the biomass, with the mixture of polyethylene 
glycol (with molecular weight of 400, 600 and 1000 g/mol) and glycerol. 
Authors noticed that the increase of PEG molecular weight resulted in the 
reduction of hydroxyl number of liquefaction product, which can be very 
useful for preparation of polyols for flexible materials. Moreover, the influ-
ence of the catalyst content, reaction time and solvent: biomass ratio on the 
effectiveness of the process was analyzed. According to presented data, for 
high hydroxyl value of resulting polyol and satisfactory yield of liquefaction, 
content of catalyst and biomass in reaction mixture should be kept at lower 
levels, temperature should not exceed 140°C and reaction time should not 
exceed 1 hour. Increasing of reaction time resulted in noticeable lowering of 
hydroxyl numbers, which was also confirmed by other researchers [85].

Yana et al. [86] investigated cork liquefaction with glycerol and its mix-
tures with polyethylene glycol. Authors analyzed the influence of the type 
and concentration of catalyst (acidic or alkaline), reaction time and tempera-
ture, cork content and addition of PEG 400 on the yield of process. Higher 
yields were obtained in case of alkaline catalysis; authors suggest that it was 
strongly related to the chemical composition of cork. Replacement up to 50 
wt. % of glycerol with polyethylene glycol noticeably increased yield under 
acidic conditions, simultaneously confirming results presented by Zhang et 
al. [87]. Further optimization of the liquefaction process and should result in 
increasing the attractiveness of the process for potential applications.

Xu et al. [88] prepared polyols with hydroxyl number exceeding 1000 
mg KOH/g, by liquefaction of sawdust with glycerol and methanol as 
mix solvents. Next, they used these polyols to prepare rigid polyurethane 
foams which met the requirements of Chinese specification for rigid foams. 
Authors suggested that liquefaction of biomass results in higher reactivity 
of the polyols, comparing to other manufacturing methods, because of the 
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increased content of primary hydroxyl groups in polyol structure, which 
confirms suggestions of D’Souza and Yan regarding transition of phenolic 
groups into aliphatic alcohols [89].

Chen and Lu [90] performed wheat straw liquefaction with combination 
of polyethylene glycol and glycerol. Prepared polyols were characterized 
and then used for preparation of rigid polyurethane foams. Replacement 
up to 30 wt. % of petroleum based polyol with wheat straw liquefaction 
product allowed the increase of compressive strength from 173 to 208 kPa 
and enhanced thermal stability of prepared material. In case of higher addi-
tions of biopolyol, in homogeneity of morphology was observed, resulting 
in deterioration of foam performance.

Liquefaction process can be also enhanced by application of microwave 
radiation, which generally accelerates the decomposition of biomaterials 
[91, 92].

Xue et al. [93] obtained bio-based polyols by liquefaction of lignin with 
mixture of glycerol and polyethylene glycol. Authors applied sulfuric acid as 
a catalyst and microwave radiation in order to reduce the reaction time. After 
liquefaction prepared polyol was neutralized using 40% solution of NaOH 
and then the influence of reaction time (5, 10, 20 and 30 minutes) on yield of 
process and properties of final product was analyzed. Properties of polyols 
are prepared in Table 33.1.

As it can be seen, incorporation of both, catalyst and microwave radia-
tion allowed to obtain very high yields of the process at short reaction times. 
It can be seen that the viscosity of prepared polyols were increasing with 
reaction time, which can be related to the increase in molecular weight. 
However, the rate of viscosity increase was much lower, because of the 
high polydispersity of materials obtained with longer reaction times. Those 

TABLE 33.1  Properties of Polyols Obtained Liquefaction of Lignin [93]

Polyol P5 P10 P20 P30

Reaction time, min 5 10 20 30

Yield, % 97.5 98.3 98.8 97.2

Viscosity, mPas 1035 1116 1161 1266

Molecular weight, g/mol 525 673 725 1108

Polydispersity 1.13 1.44 1.51 2.43

Hydroxyl value, mg KOH/g 863 861 846 821
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differences are related to the shift of the balance between degradation of 
cellulose, hemicellulose, lignin and other compounds present in biomaterial 
and re-polymerization processes occurring during lignocellulose biomass 
liquefaction [94, 95]. Degradation results in decomposition to simpler, low 
molecular weight compounds which are able to react with solvents, while 
the opposite effect, production of insoluble material, occurs through re-
polymerization of various compounds. At the early stages of the process, the 
main mechanism of liquefaction is decomposition of biomass and reaction 
with solvent particles, resulting in polyol production. It occurs because at 
the beginning of the process solvent is present in the system in great excess, 
however in later stages balance begins to shift towards re-polymerization of 
low molecular weight compounds, which significantly affects the polydis-
persity of obtained polyol[96, 97].

Xie et al. [98] also synthesized bio-polyols through the microwave-
assisted liquefaction. Bamboo residues were liquefied in the mixture of 
glycerol and methanol and using sulfuric acid as a catalyst. Prepared polyols 
were analyzed by FTIR and GC-MS techniques. Hydroxyl values of crude 
and fractionated polyol were respectively 564 and 824 mg KOH/g. Both 
types of material were used subsequently for the synthesis of rigid polyure-
thane foams.

Cinelli et al. [99] prepared polyols using microwaves to liquefy the 
Kraft lignin. Biomass was dried for 24 hours in 80°C and then, the specific 
amount of lignin and solvents (glycerol and polyethylene glycol) was placed 
in glass flasks and subjected to microwave radiation (180 W, 135°C, 3 min). 
Hydroxyl values of prepared polyols, depending on the used ratio of sub-
strates, varied from 645 to 661 mg KOH/g. Authors used prepared polyols 
to synthesize different types of polyurethane foams. Depending on the used 
chain extender (polypropylene glycol triol or castor oil) foams showed glass 
transition temperature around −50°C or in the range of 10–40°C, which 
obviously have a great impact on the mechanical performance of prepared 
foams [100].

Other consequence of application of solvent in excess is the large use 
of petroleum-based compounds, which significantly increases the cost of 
resulting polyols and successfully disqualify the biomass liquefaction as a 
commercial method of polyols manufacturing. For this reason, researchers 
are constantly looking for alternative solvents, which will make this process 
economically feasible. Crude glycerol obtained from biodiesel production 
can be employed instead of pure glycerol, which will obviously decrease the 
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cost of final product, because of the noticeable difference in price of these 
materials (see Table 33.2)[101].

Hu et al. [103] analyzed the influence of liquefaction parameters on the 
preparation and properties of biopolyols and rigid polyurethane foams. They 
found out that the most beneficial conditions for liquefaction do not have to 
be preferential for further preparation of foamed material. Although conver-
sion of biomass was constantly increasing with the temperature of the process 
changing from 120 to 240°C, foam obtained from resulting polyol showed 
decreasing compressive strength above 200°C. Such phenomenon was 
related to the increase in polyol chemical structure and viscosity. Analysis 
performed by the authors suggested that the liquefaction temperature has the 
statistically significant effect on the density and mechanical performance 
of resulting foams. By investigating other parameters, preferential condi-
tions for production of PU foams with suitable properties were determined – 
240°C, 3h, and 3% of sulfuric acid as catalyst. Presented results suggest that 
materials obtained through lignocellulosic biomass liquefaction with crude 
glycerol can be promising alternative for petroleum-based polyols.

Wang et al. [104] prepared biopolyols by liquefaction of corn stover with 
an industrial biodiesel glycerol as a solvent and compared the results with 
ones obtained for pure glycerol. Although the impurities present in crude 
glycerol decreased the liquefaction yield (around 52% for different crude 
glycerol/corn stover ratio, around 83% for pure glycerol), and increased the 
insoluble residue content, resulting polyols showed comparable parameters 
to those of polyol based on crude glycerol. Differences in the yield of the 
process could be compensated by the differences between crude and pure 
glycerol cost (see Table 33.2).

Hu and Li [105] used Box-Behnken experimental design method to 
investigate the effect of crude glycerol organic impurities on the proper-
ties of liquefaction-derived polyols and polyurethane foams. Although free 
fatty acids and fatty acids methyl esters showed negative effect on biomass 
conversion, they were found to be very important in producing polyols with 

TABLE 33.2  Annual Average Price of Glycerol from 2007 to 2012 [102]

Type of 
glycerol

Price ($ per ton)

2007 2012 2009 2010 2011 2012

Refined 1551 748 902 836 814 748

Crude 220 88 132 154 44 88
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appropriate molecular weight and hydroxyl number for rigid foam applica-
tions. Presence of at least 20 wt.% of both, FFA and FAME in starting glyc-
erol reduced apparent density of rigid foams from 71 to around 40 kg/m3, 
simultaneously increasing their compressive strength from 127 to more than 
140 kPa. On the other hand, increasing of content of glycerides resulted in 
deterioration of foams’ properties. Changing the concentration of glycerides 
from 5 to 10 wt. % resulted in the increase of apparent density with simul-
taneous drop of compressive strength. Results suggest that crude glycerol 
containing impurities may be potentially applied in polyurethane industry, 
which is related to the reduction of the secondary hydroxyl group’s content 
in prepared polyol. Such groups are less reactive than primary hydroxyls, 
which could lead to slow or even incomplete curing of resulting polyure-
thane foam.

As it can be seen, comparing to pure glycerol, the impurities present 
in crude glycerol show negative influence on the yield of the process and 
biomass conversion, which can be solved by application of proper catalytic 
system.

Hu and Li [106] presented two-step sequential liquefaction process 
resulting in preparation of biopolyols, using different types of crude glyc-
erol as solvent. Applied solvents varied in the content of impurities – free 
fatty acids, fatty acids methyl esters and glycerides, which accounted for 26 
to 40 wt.%. During the first stage of the process, concentrated sulfuric acid 
was applied as a catalyst, what resulted in high yield of liquefaction and 
esterification of fatty acids and glycerol or other hydroxyl compounds. In the 
second step, detailed amount of sodium hydroxide, based on the previously 
determined acid number, was added to the reaction mixture to reach the 
desired NaOH content. During this step, there have been observed mainly 
condensation reactions, such as transesterification or etherification, resulting 
in the increase of molecular weight of resulting polyol. Method proposed by 
authors successfully combined advantages of both types of catalysis, how-
ever obvious drawback of presented solution is the complexity of the pro-
cess and necessity of application of two types of catalysts.

33.2.1  OLIGOMERIZATION AND POLYMERIZATION

Oligomerization and polymerization of glycerol, are responsible for the fact 
that glycerol resulting from transesterification of triglycerides is treated as 
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a by-product. Because of its polymerization in high temperatures it cannot 
be directly added to fuels to avoid clogging of the engine [107]. Cosmetics 
and food industries are mainly interested in di- and triglycerols, which are 
used in production of toothpastes or deodorant sticks, but also as emulsi-
fiers in chocolate products [108, 109]. On the other hand, plastics industry 
is rather interested in high molecular weight polyglycerols. These are very 
versatile and useful compounds with high degree of branching, high func-
tionality and high reactivity of hydroxyl groups. They have been repeat-
edly reported as valuable compounds, which can be successfully applied in 
production of polyurethanes, but also polyesters [110, 111], polycarbonates 
[112], epoxy resins [113–115] and other types of polymeric materials [116, 
117]. Thanks to their biocompatibility, assessed by in vitroand in vivoexperi-
ments, they can be also used in various biomedical applications [118, 119]. 
Polyglycerols are known for a decades and number of them is already com-
mercially available, although traditionally their production is related to the 
polymerization of glycidol, considered carcinogenic to humans [120, 121]. 
Other factor, which makes replacement of glycidol with crude glycerol very 
attractive is high price of glycidol-based polyglycerols, resulting from com-
plexity of the process. Glycidol-based oligomerization is considered neither 
selective nor quantitative process, so resulting mixture has to be distilled 
in order to obtain satisfactory level of purity [122]. To avoid such treat-
ment, glycidol can contain in its structure protective groups, which should 
be removed after the process, which obviously generates additional costs 
[123]. Lately, number of attempts of glycerol polymerization have been 
reported in the literature [124, 125]. Nowadays, the attention is focused on 
the development of process parameters and catalysts resulting in satisfac-
tory selectivity and yield of high molecular weight polyglycerol in order 
to reduce post process complicated purification steps [126, 127]. Various 
type of catalysts have been investigated in order to provide the best reac-
tion pathway for etherification, such as oxides, [128, 129], acids [130] metal 
hydroxides [131], carbonates [132], ion-exchange resins [133, 134]], zeo-
lites [135] or mesoporous materials [136, 137]. Each type of catalyst has 
advantages, but also some drawbacks. Application of acidic catalyst results 
in high degree of polymerization, but at the same moment promotes forma-
tion of cyclic isomers, which is affecting the selectivity of desired product 
[138, 139]. Salehpuor and Dubé[140] used sulfuric acid in order to obtain 
polyglycerols with high molecular weight. Performed NMR spectroscopic 
studies revealed that branched structure was successfully formed and the 
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catalyst concentration had only little influence on the degree of branching. 
Moreover, during the use of acidic catalysts at elevated temperatures color 
properties of the product are affected [141]. Incorporation of basic catalysts 
reduce the formation of cyclic isomers, so they are more commonly used 
in industry, especially carbonates, whose solubility in glycerol is higher in 
comparison to oxides and hydroxides, leading to higher catalytic activity 
[142]. In order to avoid the complex and often expensive separation steps, 
researchers are obviously looking for the possibility of application of het-
erogeneous catalysts, which are much easier to recover after the process 
[143, 144]. NikSiti et al. [145] performed microwave assisted crude glycerol 
polymerization without the use of catalysts. The highest yield of polyglyc-
erol exceeded 94% for crude glycerol containing 12.5 wt. % of soap.

Klukowska-Majewska et al. [146] patented the method of light colored 
polyglycerol production with use of sodium hydroxide as catalyst at 200–
260°C, under inert gas flow. Solid sodium hydroxide should be crumbled into 
particles with the diameter of 0.2–05 mm. Such low size of catalyst particles 
allows its use in low concentrations, without the decrease of polyglycerol 
yield. Moreover, low concentration of catalyst results in low condensation 
degree of obtained product. Resulting polyglycerol shows hydroxyl number 
of 1320–1620 mg KOH/g and acid number lower than 1.1 mg KOH/g.

Wirpsza and Banasiak [147] patented the method of crude glycerol-
based polyols manufacturing. According to patent, polyols were obtained 
from biodiesel-based glycerol containing also impurities such as water, fatty 

FIGURE 33.3  Potential structure of polyglycerol prepared by crude glycerol polymerization.
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acids salts, natural oil, methanol, glycerides and catalyst of the biodiesel 
production process. Polymerization should be carried out at 260–300°C 
under atmospheric pressure and should be catalyzed by 1–6 wt.% of sodium 
or potassium hydroxide. Obtained product, after cooling, should be neutral-
ized with sulfuric acid and purified from residual water and inorganic salts. 
Depending on applied conditions, resulting polyglycerols were character-
ized by hydroxyl number of 250–430 mg KOH/g and molecular weight of 
1500–1700 g/mol.

Soi et al. [148] also patented the method of manufacturing of polyglycerol 
from unpurified crude glycerol. Fatty acid salts of alkaline metals were used 
as a catalyst so preferably crude glycerol should contain at least 10 wt.% of 
soaps formed during transesterification. Reaction parameters were similar 
to those proposed by Wirpsza and Banasiak[149], temperature in the range 
of 200–290°C and atmospheric pressure. After 3–5 hours of reaction, soaps 
should be removed from the polyglycerol by acidification with mineral acid 
and centrifugation in order to separate solid products and fatty acids. HPLC 
analysis revealed that there is very little or no evidence of cyclic diglycerol, 
so process can be claimed to be selective for linear polyglycerols.

Hu [150] investigated thermochemical polycondensation of crude glyc-
erol. Author analyzed the influence of time and temperature of the pro-
cess and soap content of glycerol on the composition and properties of 
final polyol. Under optimized conditions (120 min, 190°C, 6.6% of soap) 
obtained polyglycerol contained less than 1% of residual FFA and less 
than 2.5% of residual FAME, indicating high conversion of crude glycerol. 
Resulting polyol showed hydroxyl value of 378 mg KOH/g, acid value 
lower than 5 mg KOH/g, functionality of 4.7 and molecular weight around 
700 g/mol, which is quite similar to commercially available products such as 
RokopolRF551(PCCRokita S. A.).

33.2.2  APPLICATIONS OF POLYGLYCEWROL IN 
POLYURETHANES

Polyglycerols, because of their branched structure can be considered very 
interesting substrates for synthesis of highly cross-linked polyurethane 
materials, such as adhesives or rigid polyurethane foams.

Gómez et al. [151] investigated biodegradability of polyurethane foams 
made from crude glycerol- and petroleum-based polyols during composting, 
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anaerobic digestion and soil incubation. They found out that replacement on 
petrochemical polyol with biodiesel glycerol-based one, resulted in faster 
degradation of the material. Basing on spectroscopic analysis, the main sites 
of microbial attack are ester segments of the material. However, major deg-
radation of bio-based foams was attributed to the decomposition of FFA and 
FAME present in the polyol part of the polymer.

Ionescu and Petrovic[152] prepared polyether polyols based on polyg-
lycerol and used them to prepare rigid polyurethane foams. Polyglycerols, 
obtained by polycondensation of glycerol, were combined with propylene 
oxide or sucrose. Residual potassium alcoholate of polyglycerol was used 
as a catalyst for ring opening polymerization of propylene oxide. Process 
resulted in high functionality polyols(from 5 to 7), with hydroxyl numbers 
at the range 400–500 mg KOH/g. Polyols were successfully used to produce 
rigid polyurethane foams, which showed satisfactory physical and mechani-
cal properties, especially dimensional stability and low friability.

Luo et al. [153] analyzed the influence of time (60–180 min), tempera-
ture (150–210°C) and catalyst concentration (0–4 wt.%) on the properties 
of crude glycerol-based biopolyols. Under preferential conditions (90 min, 
200°C, 3 wt.% of sulfuric acid loading) authors obtained polyol, which 
showed hydroxyl number of 481 mg KOH/g, acid number of 5 mg KOH/g 
and viscosity 25 Pa·s. Subsequently, authors prepared rigid polyurethane 
foams, which showed apparent density of 43 kg/m3 and compressive strength 
of 184.5 kPa, which is comparable to petroleum-based materials.

Li et al. [154] performed thermochemical conversion of crude glycerol. 
Authors obtained bio-polyols through non-catalytic condensation of bio-
diesel-based glycerol under vacuum conditions. Resulting polyols, prepared 
at 2.5 and 5 hours, showed hydroxyl numbers of 391 mg KOH/g and 346 mg 
KOH/g, respectively. Acid number of first polyol was 7 mg KOH/g, while 
in case of second one was below the detection limit. According to presented 
results, incorporation of prepared polyols into polyurethane foams resulted 
in the improvement of cell morphology and enhancement of thermal insula-
tion properties. Authors attributed these changes to the increased content of 
monoglycerides in applied bio-polyols.

Piszczyk et al. [155] used two types of commercially available polyg-
lycerols from Eco Innova, produced by thermocatalyticpolycondensation of 
crude glycerol, according to previously mentioned patent [149]. In Table 
33.3, properties of rigid polyurethane foams obtained by replacement of 35 
wt.% of commercial RokopolRF551 by polyglycerols Pole and PGK are 
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presented. Such modification hardly affects the cellular structure of prepared 
foams, which show very similar cell size, closed cell content and thermal 
conductivity coefficient. Changes in apparent density of the material, are 
related to the differences in the molecular weight and density of applied 
polyols. Increase of apparent density simultaneously enhanced compressive 
strength of foams, since during compression the stiffness of the material 
arises from buckling of cell walls and higher density is obviously related 
to the more compact cellular structure. Moreover, incorporation of crude 
glycerol-based polyol into rigid foam resulted in enhanced thermal stability, 
with the increase of the onset temperature of degradation by 15°C.

Piszczyk et al. [156] used crude glycerol-based polyols to prepare poly-
urethane/ground tire rubber composite foams. Foams were characterized 
with satisfactory mechanical and thermal properties. Simultaneously, incor-
poration of ground tire rubber into bio-based polyurethane matrix could fur-
ther enhance the ecological aspect of material.

33.3  CONCLUSIONS

Many studies show that materials from renewable resources can almost fully 
substitute their petrochemical analogs. Also polyurethane industry shows 
increasing interest in polyols derived from renewable resources, from which 
crude glycerol and biomass are the most economical, but further scientific 
and technological studies are needed aimed at obtaining of polyols with well 
defined structure and properties.

TABLE 33.3  Properties of Rigid Polyurethane Foams Prepared with Crude Glycerol-
Based Polyglycerol[155]

Properties Foam symbol
P0 PPole 35 PPGK 35

Apparent density, kg/m3 21,7±1,2 30,3±0,9 25,5±1,2
Compressive strength at 20% 
deformation, kPa

140±3 170±4 164±3

Thermal conductivity coefficient, 
mW/m·K

26,1±0,8 25,8±0,7 26,3±0,8

Closed cell content, % 82 83 82
Average pore diameter, µm 110±9 111±8 107±8



424	 Chemical Engineering of Polymers

KEYWORDS

•• biocomposites

•• biopolyols

•• crude glycerol

•• polyurethanes

REFERENCES

	 1.	 Directive 2009/28/EC of the European Parliament and of the Council of 23 April 2009 
on the promotion of the use of energy from renewable sources and amending and sub-
sequently repealing Directives 2001/77/EC and 2003/30/EC.

	 2.	 The 2020 climate and energy package. Available from: http://ec.europa.eu/clima/poli-
cies/package/index_en.htm.

	 3.	 Datta, J., Głowińska, E., (2014). Effect of hydroxylated soybean oil and bio-based pro-
panediol on the structure and thermal properties of synthesized biopolyurethanes. Ind. 
Crop. Prod., 61, 84. 

	 4.	 Prociak, A., (2007). Properties of polyurethane foams modified with natural oil-based 
polyols. Cell. Polymer., 26, 381–392. 

	 5.	 Pawlik, H., Prociak, A., Pielichowski, J., (2009). CzasopismoTechniczne, 1-Ch., 111. 
	 6.	 Zhang, L., (2008).Dissertation, Graduate School of The University of Minnesota, Min-

neapolis, Minnesota.
	 7.	 Yeganeh, H., Mehdizadeh, M. R., (2004). Eur. Polym. J., 40, 1233. 
	 8.	 Zlatanic, A., Lava, C., Zhang, W., Petrovic, Z. S., (2004). J.Polym. Sci B: Polym. Phys., 

42, 809.
	 9.	 Sharma, V., Kundu, P. P., (2008). Prog. Polym. Sci., 33, 1199.
	 10.	 Wilkes, G. L., Pechar, T. W., (2005). Structure-Property Studies of Polyurethane Net-

works that Incorporate Soy-Based Polyols; United Soybean Board, Technical Advisory 
Panel (TAP) Meeting: Detroit, April 27. 

	 11.	 Ionescu, M., (2005). Chemistry and Technology of Polyols for Polyurethanes, Rapra 
Technology Limited, Shawbury, Shrewsbury, Shropshire.

	 12.	 Prociak, A., (2007). RynekChemiczny, 7–8, 17. 
	 13.	 Głowińska, E., Datta, J., (2012). Przem. Chem., 91, 1234.
	 14.	 Ionescu, M., Petrovic, Z. S., Javini, I., Stojadinov, J., (2005). Polyurethane Technical 

Conference and Trade Fair, 17–19 October 2005, Houston.
	 15.	 Petrovic, Z. S., Zlatanic, A., Lava, C. C., Sinadinovic-Fiser, S., (2002). Eur. J. Lipid Sci. 

Technol., 104, 293. 
	 16.	 Vlcek, T., Petrovic, Z. S., (2006). J. Amer. Oil Chem. Soc., 83, 247. 
	 17.	 Petrovic, Z. S., Guo, A., Zhang, W. (2000). J. Polym. Sci. Part A: Polym. Chem., 38, 

4062.
	 18.	 Guo, A., Demydov, D., Zhang, W., Petrovic, Z. S., (2002). J. Polymers and Environ-

ment, 10, 49. 

http://ec.europa.eu/clima/policies/package/index_en.htm
http://ec.europa.eu/clima/policies/package/index_en.htm


Renewable Resources for Polyurethanes  	 425

	 19.	 Kandanarachchi, P., Guo, A., Petrovic, Z., (2002). Journal of Molecular Catalysis, A., 
184, 65.

	 20.	 Kandanarachchi, P., Guo, A., Demydov, D., Petrovic, Z. J. (2002). Amer. Oil Chem. 
Soc., 79, 1221. 

	 21.	 Petrović, Z., (2008). Polym. Review., 48, 109. 
	 22.	 Petrovic, Z. S., Guo, A., Javni, I., Cvetkovic, I., Hong, D. P., (2008). Polymer Interna-

tional, 57, 275.
	 23.	 Tran, P., Graiver, D., Narayan, R. (2005). J. Amer. Oil Chem. Soc., 82, 653. 
	 24.	 Graiver, D., Tran, P., Laura, P., Farminer, K. W., Narayan, R., (2005). Degradable Poly-

mers and Materials. Principles and Practice, Oxford Univ. Press: New York, USA. 
	 25.	 Graiver, D., Narayan, R., (2006). Lipid Tech., 17, 31.
	 26.	 Pat. JP2004083695. (2002). 
	 27.	 Desai, S. D., Patel, J. V., Sinha, V. K., (2003). Int. J. Adhesion and Adhesives, 23, 393. 
	 28.	 Pat. EP1260497. (2002). 
	 29.	 Hoydonckx, H. E., Vos, D. E. D., Chavan, S. A., Jacobs, P. A., (2004). Topics in Cataly-

sis, 27, 83.
	 30.	 Petrovic, Z. S., Lukic, M., Zhang, W., Shirley, W., (2005). Fatty Acid-Based Polyols 

And Polyurethanes, Academy of Science and Arts of Serbian Republic, Scientific Ses-
sions vol VII, Section of natural, Mathematical and Technical Sciences: Banja Luka. 

	 31.	 Petrovic, Z. S., Xu, Y., Zhang, W., (2007). Polymer Preprints, 48, 852. 
	 32.	 European Commission. [updated 2015 Mar 9; cited 2015 Jun 25]. Energy from renew-

able sources. Available from: http://ec.europa.eu/eurostat/statisticsexplained/index.
php/Energy_from_renewable_sources.

	 33.	 The International Council of Clean Transportation. [updated 2015 Jun 24; cited 2015 
Jun 25]. CO2 Standards. Available from: http://www.theicct.org/issues/co2-standards.

	 34.	 Puri, M., Abraham, R. E., Barrow, C. J. (2012). Biofuel production: prospects, chal-
lenges and feedstock in Australia. Renew Sust. Energ. Rev., 16, 6022–6031. 

	 35.	 Energy Information Administration. [updated 2012 Oct 31; cited 2015 Jun 25]. Biofu-
els Issues and Trends. Available from: http://www.eia.gov/biofuels/issuestrends/pdf/bit.
pdf.

	 36.	 Choi, W. J. (2008). Glycerol-based biorefinery for fuels and chemicals.Recent Pat. Bio-
technol. 2, 173–180.

	 37.	 Hu, S., Luo, X., Wan, C., Li, Y., (2012). Characterization of crude glycerol from bio-
diesel plants.J. Agric. Food Chem., 60, 5915–5921. 

	 38.	 Yazdani, S. S., Gonzalez, R., (2007). Anaerobic fermentation of glycerol: A path to 
economic viability for the biofuels industry. Curr. Opin. Biotech. 18, 213–219.

	 39.	 Siricharnsakunchai, P., Simasatitkul, L., Soottitantawat, A. A. (2012). Use of reactive 
distillation for triacetin production from crude glycerol: Simulation and performance 
analysis. In: Karimi, I. A., Srinivasan, R., Eds. 11th International Symposium on Pro-
cess System Engineering.Proceedings of the 11th International Symposium on Process 
System Engineering; 2012 Jul 15–19; Singapore, Singapore. Amsterdam: Elsevier, 
165–169. 

	 40.	 Yang, F., Hanna, M., Sun, R., (2012). Value-added uses for crude glycerol—a by prod-
uct of biodiesel production. Biotechnol. Biofuels, 5, 13–22. 

	 41.	 Saifuddin, N., Refal, H., Kumaran, P., (2014). Rapid Purification of Glycerol by-
product from Biodiesel Production through Combined Process of Microwave Assisted 
Acidification and Adsorption via Chitosan Immobilized with Yeast, Res. J. Appl. Sci. 
Eng. Technol., 7, 593–602. 

http://ec.europa.eu/eurostat/statisticsexplained/index.php
http://www.theicct.org/issues/co2-standards
http://www.eia.gov/biofuels/issuestrends/pdf/bit.pdf
http://ec.europa.eu/eurostat/statisticsexplained/index.php
http://www.eia.gov/biofuels/issuestrends/pdf/bit.pdf


426	 Chemical Engineering of Polymers

	 42.	 Tan, H. W., Abdul Aziz, A. R., Aroua, M. K., (2013). Glycerol production and its appli-
cations as a raw material: A review. Renew. Sust. Energ. Rev., 27, 118–127.

	 43.	 Petrov, K., Petrova, P., (2010). Enhanced production of 2, 3-butanediol from glycerol 
by forced pH fluctuations, Appl. Microbiol. Biotechnol., 87, 943–949. 

	 44.	 Szymanowska-Powałowska, D., (2014). 1,3-Propanediol production from crude glyc-
erol by Clostridium butyricumDSP1 in repeated batch. Electronic Journal of Biotech-
nology, 17, 322–328.

	 45.	 Zhu, S., Qiu, Y., Zhu, Y., Hao, S., Zheng, H., Li, Y., (2013). Hydrogenolysis of glyc-
erol to 1, 3-propanediol over bifunctional catalysts containing Pt and heteropolyacids, 
Catal.Today, 212, 120–126.

	 46.	 Lee, C. S., Aroua, M. K., Daud, W. M. A. W., Cognet, P., Pérès-Lucchese, Y., Fabre, P. 
L., et al. (2015). A review: Conversion of bioglycerol into 1, 3-propanediol via biologi-
cal and chemical method. Renew. Sust. Energ. Rev., 42, 963–972. 

	 47.	 Casiello, M., Monopoli, A., Cotugno, P., Milella, A., Dell’Anna, M. M., Ciminale, F., 
et al. (2014). Copper(II) chloride-catalyzed oxidative carbonylation of glycerol to glyc-
erol carbonate. J. Mol. Catal. A-Chem; 381, 99–106. 

	 48.	 Ezhova, N. N., Korosteleva, I. G., Kolesnichenko, N. V., Kuzmin, A. E., Khadzhiev, S. 
N., Vasileva, M. A., et al., (2012). Glycerol carboxylation to glycerol carbonate in the 
presence of rhodium complexes with phosphine ligands, Petrol. Chem., 52, 91–96. 

	 49.	 Algoufi, Y. T., Hameed, B. H., (2014). Synthesis of glycerol carbonate by trans esteri-
fication of glycerol with dimethyl carbonate over K-zeolite derived from coal fly ash, 
Fuel. Process. Technol., 126, 5–11. 

	 50.	 Esteban, J., Fuente, E., Blanco, A., Ladero, M., Garcia-Ochoa, F., (2015). Phenomeno-
logical kinetic model of the synthesis of glycerol carbonate assisted by focused beam 
reflectance measurements. Chem. Eng. J., 260, 434–443. 

	 51.	 Nguyen, N., Demirel, Y., (2013). Economic Analysis of Biodiesel and Glycerol Car-
bonate Production Plant by Glycerolysis.Journal of Sustainable Bioenergy Systems, 3, 
209–216.

	 52.	 Jagadeeswaraiah, K., Kumar, C. R., Sai Prasad, P. S., Loridant, S., Lingaiah, N., (2014). 
Synthesis of glycerol carbonate from glycerol and urea overtin-tungsten mixed oxide 
catalysts.Appl. Catal. A-Chem., 469, 165–172.

	 53.	 Liang, L., Mao, Z., Li, Y., Wan, C., Wang, T., Zhang, L., et al., (2006). Liquefaction of 
crop residues for polyol production, Bioresources, 1, 1–9.

	 54.	 Yoshioka, M., Nishio, Y., Saito, D., Ohashi, H., Hasbhimoto, M., Shiraishi, N., (2013). 
Synthesis of Biopolyols by Mild Oxypropylation of Liquefied Starch and Its Applica-
tion to Polyurethane Rigid Foams, J. Appl. Polym. Sci., 130, 622–630. 

	 55.	 Hassan, E. M., Shukry, N., (2008). Polyhydric alcohol liquefaction of some lignocel-
lulosic agricultural residues.Ind Crop Prod 27, 33–38. 

	 56.	 Lee, W. J., Lin, M. S., (2008). Preparation and application of polyurethane adhesives 
made from polyhydric alcohol liquefied Taiwan acacia and China fir, J. Appl. Polym. 
Sci., 109.

	 57.	 Alma, M. H., Basturk, M. A., Digrak, M., (2003). New polyurethane-type rigid foams 
from liquified wood powders, J. Mater. Sci. Lett., 22, 1225–1228. 

	 58.	 Zhang, H. R., Pang, H., Zhang, L., Chen, X., Liao, B., (2013). Biodegradability of Poly-
urethane Foam from Liquefied Wood Based Polyols, J. Polym. Environ., 21, 329–334. 

	 59.	 Lee, S. H., Yoshioka, M., Shiraishi, N., (2000). Liquefaction of corn bran (CB) in the 
presence of alcohols and preparation of polyurethane foam from its liquefied polyol.J. 
Appl. Polym. Sci., 78, 319–325.



Renewable Resources for Polyurethanes  	 427

	 60.	 Zhang, H., Ding, F., Luo, C., Xiong, L., Chen, X., (2012). Liquefaction and character-
ization of acid hydrolysis residue of corncob in polyhydric alcohols, Ind. Crop Prod., 
39, 47–51. 

	 61.	 Wang, Y., Wu, J., Wan, Y., Lei, H., Yu, F., Chen, P., et al., (2009). Liquefaction of corn 
stover using industrial biodiesel glycerol.Int. J. Agric. Biol. Eng., 2, 32–40. 

	 62.	 Hu, S., Li, Y., (2014). Two-step sequential liquefaction of lignocellulosic biomass by 
crude glycerol for the production of polyols and polyurethane foams, Bioresource Tech-
nol., 161, 410–415. 

	 63.	 Wang, H., Chen, H. Z., (2007). A novel method of utilizing the biomass resource: Rapid 
liquefaction of wheat straw and preparation of biodegradable polyurethane foam (PUF). 
J. Chin. Inst. Chem. Eng., 38, 95–102. 

	 64.	 Hu, S., Wan, C., Li, Y., (2012). Production and characterization of biopolyols and poly-
urethane foams from crude glycerol based liquefaction of soybean straw. Bioresource 
Technol., 103, 227–233. 

	 65.	 Soares, B., Gama, N., Freire, C., Barros-Timmons, A., Brandão, I., Silva, R., et al., 
(2014). Ecopolyol Production from Industrial Cork Powder via Acid Liquefaction 
Using Polyhydric Alcohols.ACS Sustainable Chem. Eng., 2, 846–854.

	 66.	 Xie, J., Hse, C., Shupe, T., Qi, J., Pan, H., (2014). Liquefaction behaviors of bamboo 
residues in a glycerol-based solvent using microwave energy, J. Appl. Polym. Sci., 131, 
402–407. 

	 67.	 Xie, J., Qi, J., Hse, C., Shupe, T. F., (2015). Optimization for microwave-assisted direct 
liquefaction of bamboo residue in glycerol/methanol mixtures.J. Forest Res., 26, 261–
265. 

	 68.	 Xie, J., Qi, J., Hse, C. J., Shupe, T. S. (2014). Effect of lignin derivatives in the bio-
polyols from microwave liquefied bamboo on the properties of polyurethane foams, 
Bioresources, 9, 578–588. 

	 69.	 Jo, Y. J., Ly, H. V., Kim, J., Kim, S. S., Lee, E. Y., (in press). Preparation of biopolyol by 
liquefaction of palm kernel cake using PEG 400 blended glycerol. J. Ind. Eng. Chem, 
doi: 10.1016/j.jiec.2015.04.010.

	 70.	 Briones, R., Serrano, L., Llano-Ponte, R., Labidi, J., (2011). Polyols obtained from sol-
volysis liquefaction of biodiesel production solid residues, Chem. Eng. J., 175, 169–175. 

	 71.	 Bernardini, J., Cinelli, P., Anguillesi, I., Coltelli, M. B., Lazzeri, A., (2015). Flexible 
polyurethane foams green production employing lignin or oxypropylated lignin. Eur. 
Polym. J., 64, 147–156. 

	 72.	 Cinelli, P., Anguillesi, I., Lazzeri, A., (2013). Green synthesis of flexible polyurethane 
foams from liquefied lignin, Eur. Polym. J., 49, 1174–1184. 

	 73.	 Xue, B. L., Wen, J. L., Sun, R. C., (2015). Producing Lignin-Based Polyols through 
Microwave-Assisted Liquefaction for Rigid Polyurethane Foam Production, Materials, 
8, 586–599. 

	 74.	 Yamada, T., Ono, H., (2001). Characterization of the products resulting from ethylene 
glycol liquefaction of cellulose, J. Wood Sci., 47, 458–464. 

	 75.	 Yamada, T., Aratani, M., Kubo, S., Ono, S., (2007). Chemical analysis of the product in 
acid-catalyzed solvolysis of cellulose using polyethylene glycol and ethylene carbon-
ate. J. Wood Sci. 53, 487–493. 

	 76.	 D’Souza, J., Yan, N., (2013). Producing Bark-based Polyols through Liquefaction: 
Effect of Liquefaction Temperature. ACS Sustainable Chem. Eng., 1, 534–540.

	 77.	 Ono, H., Yamada, T., Hatano, Y., Motohashi, K., (1996). Adhesives from Waste Paper 
by Means of Phenolation.J. Adhes., 59, 135–145. 



428	 Chemical Engineering of Polymers

	 78.	 Mun, S. P., Jang, J. P., (2009). Liquefaction of cellulose in the presence of phenol 
using p-toluene sulfonic acid as a catalyst.J. Ind. Eng. Chem., 15, 743–747.

	 79.	 Brand, S., Susanti, R. F., Kim, S. K., Lee, H., Kim, J., Sang, B., (2013). Supercritical 
ethanol as an enhanced medium for lignocellulosic biomass liquefaction: Influence of 
physical process parameters. Energy, 59, 173–1 82.

	 80.	 Harry, I., Ibrahim, H., Thring, R., Idem, R., (2014). Catalytic subcritical water liquefac-
tion of flax straw for high yield of furfural.Biomass Bioenerg., 71, 381–393. 

	 81.	 Krzan, A., Zagar, E., (2009). Microwave driven wood liquefaction with glycols.Biore-
source Technol., 100, 3143–3146. 

	 82.	 Demirbas, A., (2008). Liquefaction of Biomass Using Glycerol, Energ.Source Part, A., 
30, 1120–1126. 

	 83.	 D’Souza, J., Yan, N., (2013). Producing Bark-based Polyols through Liquefaction: 
Effect of Liquefaction Temperature. ACS Sustainable Chem. Eng., 1, 534–540.

	 84.	 Jin, Y., Ruan, X., Cheng, X., Lu, Q., (2011). Liquefaction of lignin by polyethylenegly-
col and glycerol.Bioresource Technol., 102, 3581–3583. 

	 85.	 Lee, S. H., Yoshioka, M., Shiraishi, N., (2000). Liquefaction of corn bran (CB) in the 
presence of alcohols and preparation of polyurethane foam from its liquefied polyol.J. 
Appl. Polym. Sci., 78, 319–325.

	 86.	 Yona, A. M. C., Budija, F., Kricej, B., Kutnara, A., Pavlic, M., Pori, P., et al. (2014). 
Production of biomaterials from cork: Liquefaction in polyhydric alcohols at moderate 
temperatures. Ind. Crop Prod., 54, 296–301. 

	 87.	 Zhang, H., Ding, F., Luo, C., Xiong, L., Chen, X., (2012). Liquefaction and character-
ization of acid hydrolysis residue of corncob in polyhydric alcohols, Ind. Crop Prod., 
39, 47–51. 

	 88.	 Xu, J., Jiang, J., Hse, C., Shupe, T. (2014). Preparation of polyurethane foams using 
fractionated products in liquefied wood. J. Appl. Polym. Sci., 131, DOI:  10.1002/
app.40096. 

	 89.	 D’Souza, J., Yan, N., (2013). Producing Bark-based Polyols through Liquefaction: 
Effect of Liquefaction Temperature. ACS Sustainable Chem. Eng., 1, 534–540.

	 90.	 Chen, F. G., Lu, Z. M., (2009). Liquefaction of wheat straw and preparation of rigid poly-
urethane foam from the liquefaction products.J. Appl. Polym Sci. 111, 508–516. (2013). 

	 91.	 Xie, J., Hse, C., Shupe, T., Qi, J., Pan, H., (2014). Liquefaction behaviors of bamboo 
residues in a glycerol-based solvent using microwave energy, J. Appl. Polym. Sci. 131, 
402–407. 

	 92.	 Xie, J., Qi, J., Hse, C., Shupe, T. F., (2015). Optimization for microwave-assisted direct 
liquefaction of bamboo residue in glycerol/methanol mixtures, J. Forest Res., 26, 261–
265.

	 93.	 Xue, B. L., Wen, J. L., Sun, R. C., (2015). Producing Lignin-Based Polyols through 
Microwave-Assisted Liquefaction for Rigid Polyurethane Foam Production, Materials, 
8, 586–599. 

	 94.	 Yamada, T., Ono, H., (1999). “Rapid Liquefaction of Lignocellulosic Waste by Using 
Ethylene Carbonate, “ Bioresour.Technol., 70, 61.

	 95.	 Yamada, T. Y., Hu, H., Ono, H., (2001). “Condensation Reaction of Degraded Ligno-
cellulose during Wood Liquefaction in the Presence of Polyhydric Alcohols,” Nippon 
SetchakuGakkaishi, 37(12), 471.

	 96.	 Hui Wang, Hong-Zhang Chen, (2007). A novel method of utilizing the biomass resource: 
Rapid liquefaction of wheat straw and preparation of biodegradable polyurethane foam 
(PUF), Journal of the Chinese Institute of Chemical Engineers 38, 95–102. 



Renewable Resources for Polyurethanes  	 429

	 97.	 Chen, F., .G, Lu, Z. M., (2009). Liquefaction of wheat straw and preparation of 
rigid polyurethane foam from the liquefaction products.J. Appl. Polym. Sci. 111, 
508–516. 

	 98.	 Xie, J., Qi, J., Hse, C. J., Shupe, T. S., (2014). Effect of lignin derivatives in the bio-
polyols from microwave liquefied bamboo on the properties of polyurethane foams. 
Bioresources, 9, 578–588.

	 99.	 Cinelli, P., Anguillesi, I., Lazzeri, A., (2013). Green synthesis of flexible polyurethane 
foams from liquefied lignin, Eur. Polym. J., 49, 1174–1184. 

	100.	 Bernardini, J., Cinelli, P., Anguillesi, I., Coltelli, M. B., Lazzeri, A., (2015). Flexible 
polyurethane foams green production employing lignin or oxypropylated lignin, Eur. 
Polym. J., 64, 147–156. 

	101.	 Jo, Y. J., Ly, H. V., Kim, J., Kim, S. S., Lee, E. Y., (in press). Preparation of biopolyol by 
liquefaction of palm kernel cake using PEG 400 blended glycerol. J. Ind. Eng. Chem, 
DOI: 10.1016/j.jiec.2015.04.010.

	102.	 Talebian-Kiakalaieh, A., Amin, N. A. S., Hezaveh, H., (2014). Glycerol for renewable 
acrolein production by catalytic dehydration.Renew. Sust. Energ. Rev., 40, 28–59. 

	103.	 Hu, S., Wan, C., Li, Y., (2012). Production and characterization of biopolyols and poly-
urethane foams from crude glycerol based liquefaction of soybean straw, Bioresource 
Technol., 103, 227–233. 

	104.	 Wang, Y., Wu, J., Wan, Y., Lei, H., Yu, F., Chen, P., et al., (2009). Liquefaction of corn 
stover using industrial biodiesel glycerol, Int. J. Agric. Biol. Eng., 2, 32–40. 

	105.	 Hu, S., Li, Y., (2014). Polyols and polyurethane foams from base-catalyzed liquefaction 
of lignocellulosic biomass by crude glycerol: Effects of crude glycerol impurities, Ind. 
Crop Prod., 57, 188–194. 

	106.	 Hu, S., Li, Y., (2014). Two-step sequential liquefaction of lignocellulosic biomass by 
crude glycerol for the production of polyols and polyurethane foams.Bioresource Tech-
nol. 161, 410–415. 

	107.	 Pagliaro, M., Ciriminna, R., Kimura, H., Rossi, M., Della Pina, C., (2007). From Glyc-
erol to Value-Added Products.Angew. Chem. Int. Ed., 46, 4434–4440. 

	108.	 Martin, A., Richter, M., (2011). Oligomerization of glycerol – a critical review, Eur. J. 
Lipid Sci. Technol., 113, 100–117. 

	109.	 Sunder, Krämer, M., Hanselmann, R., Mülhaupt, R., Frey, H., (1999). Molecular Nano-
capsules Based on AmphiphilicHyperbranchedPolyglycerols, Angew. Chem, Int. Ed., 
38, 3552–3555. 

	110.	 Parzuchowski, P., Grabowska, M., Jaroch, M., Kusznerczuk, M., (2009). Synthesis and 
Characterization of Hyperbranched Polyesters from Glycerol-based AB2 Monomer, J. 
Polym. Sci. Part A: Polym. Chem., 47, 3860–3868. 

	111.	 Zhao, X., Liu, L., Dai, H., Ma, C., Tan, X., Yu, R., (2009). Synthesis and application of 
water-soluble hyperbranchedpoly(ester)s from maleic anhydride and glycerol., J. Appl. 
Polym. Sci., 113, 3376–3381. 

	112.	 Parzuchowski, P., Jaroch, M., Tryznowski, M., Rokicki, G., (2008). Synthesis of New 
Glycerol-Based Hyperbranched Polycarbonates.Macromolecules 41, 3859–3865. 

	113.	 Parzuchowski, P., Kiźlińska, M., Rokicki, G., (2007). New hyperbranched polyether 
containing cyclic carbonate groups as a toughening agent for epoxy resin. Polymer, 48, 
1857–1865. 

	114.	 Shibata, M., Teramoto, N., Takada, Y., Yoshihara, S., (2010). Preparation and Properties 
of Biocomposites Composed of Glycerol-Based Epoxy Resins, Tannic Acid, and Wood 
Flour, J. Appl. Polym. Sci., 118, 2998–3004. 



430	 Chemical Engineering of Polymers

	115.	 Auvergne, R., Caillol, S., David, G., Boutevin, B., Pascault, J. P., (2014). Biobased 
Thermosetting Epoxy: Present and Future, Chem. Rev., 114, 1082−1–115. 

	116.	 Mamiński, M. Ł., Witek, S., Szymona, K., Parzuchowski, P., (2013). Novel adhesive 
system based on 1, 3-dimethylol-4, 5-dihydroxyethyleneurea (DMDHEU) and hyper-
branchedpolyglycerols, Eur. J. Wood. Prod., 71, 267–275. 

	117.	 Oudshoorn, M. H. M., Rissmann, R., Bouwstra, J. A., Hennink, W. E., (2006). Syn-
thesis and characterization of hyperbranchedpolyglycerol hydrogels.Biomaterials 27, 
5471–5479. 

	118.	 Son, S., Shin, E., Kim, B. S., (2015). Redox-Degradable Biocompatible Hyper-
branchedPolyglycerols: Synthesis, Copolymerization Kinetics, Degradation, and Bio-
compatibility, Macromolecules, 48, 600–609. 

	119.	 Kim, Y. J., Kim, B., Hyun, D. C., Kim, J. W., Shim, H. E., Kang, S. W., et al., (2015). 
Photo-cross-linkable Poly(ε-caprolactone)-b-HyperbranchedPolyglycerol (PCL-b-
hbPG) with Improved Biocompatibility and Stability for Drug Delivery, Macromol. 
Chem. Phys., 216, 1161–1170. 

	120.	 Gholami, Z., Abdulla, A. Z., Lee, K. T., (2014). Dealing with the surplus of glycerol 
production from biodiesel industry through catalytic upgrading to polyglycerols and 
other value-added products, Renew. Sust. Energ Rev., 39, 327–341.

	121.	 Sunder, A., Hanselmann, R., Frey, H., Mulhaupt, R., (1999). Controlled Synthesis of 
HyperbranchedPolyglycerols by Ring-Opening Multibranching Polymerization. Mac-
romolecules, 32, 4240–4446. 

	122.	 Ciriminna, R., Katryniok, B., Paul, S., Dumeignil, F., Pagliaro, M., (in press,). Glyc-
erol-Derived Renewable Polyglycerols: A Class of Versatile Chemicals of Wide Poten-
tial Application. Org. Process Res. Dev, DOI: 10.1021/op500313x.

	123.	 Thomas, A., Müller, S. S., Frey, H. (2014). Biomacromolecules, 15, 1935–1954.
	124.	 Barrault, J., Clacens, J. M., Pouilloux, Y., (2006). Methods for etherifying glycerol, and 

catalysts for implementing said methods, Pat. EP1292557. 
	125.	 Salehpour, S., Dubé, M. A., (2012). Reaction monitoring of glycerol step-growth 

polymerization using ATR-FTIR spectroscopy.Macromol. React. Eng., 6, 85–92. 
	126.	 Gandini, A., Lacerda, T. M., (in press,). From monomers to polymers from renew-

able resources: Recent advances, Prog. Polym. Sci., DOI: 10.1016/j.progpolym-
sci.2014.11.002.

	127.	 Lemke, D. W., Nivens, S., (2008). Process for preparing polyglycerol and mixed ethers. 
Pat. US20080306211. 

	128.	 García-Sancho, C., Moreno-Tost, R., Mérida-Robles, J. M., Santamaría-González, J., 
Jiménez-López, A., Torres, P. M., (2011). Etherification of glycerol to polyglycerols 
over MgAl mixed oxides.Catal. Today 167, 84–90. 

	129.	 Ruppert, A. M., Meelkijk, J. D., Kuipers, B. W., Erné, B. H., Weckhuysen, B. M., 
(2008). Glycerol etherification over highly active CaO-based materials: new mechanis-
tic aspects and related colloidal particle formation, Chem. Eur. J., 14, 2016–2024. 

	130.	 Uda, S., Takemoto, E., (1986). Production of polyglycerol. Pat. JP61140534. 
	131.	 Lemke, D. W., (2003). Processes for preparing linear polyglycerols and polyglycerol 

esters. Pat. US6620904. 
	132.	 Stuhler, H., (1985). Process for the preparation of polyglycerol. Pat. US4551561. 
	133.	 Behr, A., Obendorf, L., (2002). Development of a process for the acid-catalyzed etheri-

fication of glycerin and isobutene forming glycerin tertiary butyl ethers, Eng. Life Sci., 
2, 185–189. 



Renewable Resources for Polyurethanes  	 431

	134.	 Klepáčová, K., Mravec, D., Bajus, M., (2005). Tert-Butylation of glycerol catalyzed by 
ion- exchange resins. Appl. Catal. A-Chem., 294, 141–147.

	135.	 Eshuis, J. I., Laan, J. A., Potman, R. P., (1997). Polymerization of glycerol using a zeo-
lite catalyst. Pat. US5635588. 

	136.	 Barrault, J., Clacens, J. M., Pouilloux, Y., (2001). Procedesd’etherification du glycerol, 
etcatalyzeurs pour la mise en oeuvre de cesprocedes. Pat. WO0198243. 

	137.	 Clacens, J. M., Pouilloux, Y., Barrault, J., (2000). Synthesis and modification of basic 
mesoporous materials for the selective etherification of glycerol, Stud. Surf. Sci. Catal., 
143, 687–695. 

	138.	 Gholami, Z., Abdulla, A. Z., Lee, K. T., (2014). Dealing with the surplus of glycerol 
production from biodiesel industry through catalytic upgrading to polyglycerols and 
other value-added products, Renew. Sust. Energ. Rev., 39, 327–341. 

	139.	 Hasenhuettl, G. L., (2008). Synthesis and Commercial Preparation of Food Emulsifiers. 
In: Hasenhuettl, G. L., Hartel, R. W., editors. Food Emulsifiers and Their Applications, 
New York: Springer Science + Business Media, pp. 11–37.

	140.	 Salehpour, S., Dubé, M. A., (2011). Towards the sustainable production of higher-
molecular-weight polyglycerol, Macromol. Chem. Phys. 212, 1284–1293. 

	141.	 Uda, S., Takemoto, E., (2004). Preparation of polyglycerol with slight coloration. Pat. 
JP6143627. 

	142.	 Aslan, N., (2008). Application of response surface methodology and central composite 
rotatable design for modeling and optimization of a multi-gravity separator for chro-
mite concentration, Powder Technol., 185, 80–86.

	143.	 Mat, R., Samsudin, R. A., Mohamed, M., Johari, A., (2012). Solid catalysts and their 
application in biodiesel production, Bull. Chem. React. Eng. Catal., 7, 142–149. 

	144.	 Chopade, S. G., Kulkarni, K. S., Kulkarni, A. D., Topare, N. S., (2012). Solid hetero-
geneous catalysts for production of biodiesel from trans-esterification of triglycerides 
with methanol: a review. ActaChim. Pharm. Indica, 2, 8–14.

	145.	 NikSiti, M. N. M. D., Idris, Z., Shoot, K. Y., Hassan, H. A. (2013). Preparation of poly-
glycerol from palm-biodiesel crude glycerin, J. Oil Palm. Res., 25, 289–297.

	146.	 Klukowska-Majewska, Z., Mroczek, T., Osiejuk, E., Kulczycka, A., Chmielarz, B., 
(1986). Sposóbotrzymywaniapoliglicerolu o jasnejbarwie. Pat. PL176878. 

	147.	 Wirpsza, Z., Banasiak, S., (2012).  Sposóbwytwarzaniaoligoeteroli. Pat. PL210779. 
	148.	 Soi, H. S., Bakar, Z. A., Mat Din, N. S. M. N., Idris, Z., Kian, Y. S., Abu Hassan, H., et 

al. (2014).Process of producing polyglycerol from crude glycerol. US8816132, 
	149.	 Wirpsza, Z., Banasiak, S., (2012). Sposóbwytwarzaniaoligoeteroli.PL210779B1. 
	150.	 Hu, S., (2013).Production and Characterization of Bio-based Polyols and Polyure-

thanes from Biodiesel-derived Crude Glycerol and Lignocellulosic Biomass [disserta-
tion]. Columbus: The Ohio State University.

	151.	 Gómez, E. F., Luo, X., Li, C., Michel Jr., F. C., Li, Y., (2014). Biodegradability of crude 
glycerol-based polyurethane foams during composting, anaerobic digestion and soil 
incubation, Polym. Degrad. Stabil., 102, 195–203. 

	152.	 Ionescu, M., Petrovic, Z. S., (2010). High Functionality Polyether Polyols Based on 
Polyglycerol. J. Cell. Plast., 46, 223–237. 

	153.	 Luo, X., Hu, S., Zhang, X., Li, Y., (2013). Thermo chemical conversion of crude glycerol to 
biopolyols for the production of polyurethane foams.Bioresource Technol., 139, 323–329. 

	154.	 Li, C., Luo, X., Li, T., Tong, X., Li, Y., (2014). Polyurethane Foams Based on Crude 
Glycerol-Derived Biopolyols: One-Pot Preparation of Biopolyols with Branched Fatty 



432	 Chemical Engineering of Polymers

Acid Ester Chains and Its Effects on Foam Formation and Properties, Polymer, 55, 
6529–6538. 

	155.	 Piszczyk, Ł., Strankowski, M., Danowska, M., Hejna, A., Haponiuk, J. T. (2014). Rigid 
polyurethane foams from a polyglycerol-based polyol. Eur. Polym. J., 57, 143–150. 

	156.	 Piszczyk, Ł., Hejna, A., Danowska, M., Strankowski, M., Formela, K., (2015). Polyure-
thane/ground tire rubber composite foams based on polyglycerol: processing, mechani-
cal and thermal properties. J. Reinf. Plast. Comp., 34, 708–717. 



CHAPTER 34

MODIFICATION OF POLYETHYLENE 
FILMS VIA PHOTOCHEMICAL 
REACTION

V. SMOKAL, O. KRUPKA, A. KOLENDO, and V. SYROMYATNIKOV

Kyiv Taras Shevchenko National University, Volodymyrska Str. 60, 
01033, Kyiv, Ukraine, E-mail: vitaliismokal@gmail.com

CONTENTS

Abstract......................................................................................................433
34.1  Introduction.....................................................................................434
34.2  Experimental Part............................................................................435
34.3  Results and Discussion...................................................................437
34.4  Conclusions.....................................................................................440
Acknowledgments......................................................................................440
Keywords...................................................................................................440
References..................................................................................................441

ABSTRACT

New azidobenzenesulfonamides were synthesized and their photochemi-
cal properties were investigated. The surface modification of polyethyl-
ene (PE) films by using new azidobenzenesulfonamides was carried out. 
Antimicrobial activity of PE films with sulfonamide moiety was screened 
for vitro in the following bacterials: Staphylococcus aurous, Escherichia 
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coli, and Mycobacterium luteum. Preliminary screening of PE films with 
sulfonamide moiety revealed their inhibitory action against some kinds of 
bacteria and fungi.

34.1  INTRODUCTION

Surface modification is a convenient and sometimes the only way of poly-
mer materials acquiring necessary properties since it does not change the 
polymer structure in mass. The development of modern technologies enables 
us to create polymer materials with a number of properties which would be 
impossible to realize in a single polymer. A polymer can acquire special 
properties either in the course of inter-chain polymer alloying by adding 
certain monomer units to the basic monomer being polymerized [1] or by 
modifying the ready-made sample [2–4].

Designing the structure of a modified surface with various biologically 
active groups is one of the issues of current importance in polymer chemistry.

The chemistry of azides and nitrenes has attracted the attention of chem-
ists since the discovery of phenyl azide by Griess [5] and the first proposal 
of nitrenes as reactions intermediates by Tiemann. Since then, many deriva-
tives are the subject of extensive investigation because of their important 
biological and industrial applications as photoaffinity labeling agents [6, 7], 
cross-linking reagents in photo resists [8], the formation of conducting poly-
mers [9], and the light induced activation of polymer surfaces [10, 11]. In the 
other hand, it is well known that sulfonamides are widely used for therapeu-
tic and prophylatic purpose in humans and other animals and sometime as 
additives in animal feed [12]. Therefore, the aim of our work was syntheses 
new sulfonamides and modeling compounds based on them with biologi-
cal active groups. The ability of azides to the photochemical decomposition 
with resulting active biradical can be used for modification of the polymer 
surface [13, 14–16]. In our work, PE films were used as a polymer surface. It 
is well known that PE is one of the widespread polymers used for industrial 
and biomedical applications due to their special properties that include low 
density, flexibility and high chemical resistance [17–19]

In this chapter, we turn attention to the investigation of the influence dif-
ferent moiety on the biocide property of polymer surface. In order to obtain 
pharmacologically active properties, the azidobenzenesulfonamides were syn-
thesized and biologically active compounds introduced on the polymer surface.
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34.2  EXPERIMENTAL PART

34.2.1  MATERIALS

34.2.1.1  N-(3-acetylphenyl)-4-azidobenzenesulfonamide(a1)

The mixture of concentrated hydrochloric acid (2 ml) and water (10 ml) 
was added to a solution of 0.95 g (0.00327 mol) of N-(3-acetylphenyl)-4-
aminobenzenesulfonamide in 5 ml of ethanol. The reaction mixture was 
stirred for 15 min at 0°C and a solution of 0.225 g (0.00327 mol) of NaNO2 
in 5 ml of water was added drop wise to the solution, keeping the tempera-
ture of the reaction mixture −5–10°C. The reaction mixture was stirred for 
30 min at −5°C. The cooled solution of 0.6376 g (0.00981 mol) of NaN3 in 
3 ml of water was added drop wise to the reaction mixture. After this, the 
reaction mixture was stirred for 1 h at room temperature. The product was 
recrystallized from ethanol, m.p. 135°С (white crystals), yield 53%.

1HNMR (400 MHz, DMSO-d6), % (ppm): 7.18 (d, Ar, 2H), 7.76 (d, Ar, 
2H), 3.84 (s, CH3, 3H), 10.44 (s, SO2 NH, 1H). UV-vis (ethanol) λmax: 265 
nm. IR (KBr, cm–1): 2100, 1630, 1580, 1500, 740.

34.2.1.2  N-(1-naphthalenyl)-4-azidobenzenesulfonamide(a2)

a2 was prepared by the route of a1 preparation. The light yellow crystals 
were collected by filtration and recrystallized from ethanol. Yield 48%, m.p. 
138°С.

1HNMR (400 MHz, DMSO-d6), %(ppm): 7.15 (d, Ar, 2H), 7.40 (d, Ar, 
2H), 10.08 (s, SO2NH, 1H), 7.14–8.04 (m, 7H). UV- VIS (ethanol) λmax: 264 
nm. IR (KBr, cm–1): 2080, 1580, 1270.

34.2.1.3  4-azidobenzenesulfonamide(a3)

This compound was obtained according to the method described for a1, 
m.p. 145°С (white crystals), yield 63%. The product was recrystallized from 
ethanol.

1HNMR (400 MHz, DMSO-d6), %(ppm): 7.18 (d, Ar, 2H), 7.83 (d, Ar, 
2H), 7.21 (s, SO2NH2, 2H). UV-Vis (ethanol) λmax: 260 nm. IR (KBr, cm–1): 
2100, 1600.
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The general structures of azidosulfonamides are shown in the Scheme 1.

34.2.2  CHARACTERIZATION

1HNMR (400 MHz) spectra were recorded on a “Mercury-400” spectrom-
eter using DMSO-d6 as solvent. Chemical shifts are in ppm from the internal 
standard tetramethylsilane (TMS). UV-VIS measurements were performed 
at room temperature in ethanol in quartz curve (С = 10–5 mol/L) with a 
Specord UV-VIS spectrometer. The IR spectra were obtained on a UR-20 
spectrometer in KBr. FT-IR-ATR spectroscopy was done over a range of 
4000–800 cm–1 at room temperature.

34.2.3  OBJECTS OF STUDY

The solution of agar media 2% (beef-extract agar) was added to the sterile 
“Petri dishes”. The media cooled and after the solidification the modificated 
PE films were added. The surface of the films were treated by bacterial sus-
pensions with 0.7% solutions of nutrient agar. The plates were incubated at 
37°C for samples with bacteria. The time of incubation is 36 h. The results 
were analyzed by evaluation of the death rate of bacteria after the incu-
bation with azidobenzenesulfonamides–modified PE films. The standard 
microbiological technique was used in order to estimate the concentration 
(colony counting) of micro-organism species, in the details was described 
by Meynell at all [20].

SCHEME 1  Chemical structures of azidobenzenesulfonamides.
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The antibactericidal screening has been done for bacteria namely 
Staphylococcus aureus, Escherichia coli, Mycobacteriumluteum. The 
results of evaluation the death rate of microorganisms in comparison with 
non-modificated films are presented in the Table 34.1.

34.3  RESULTS AND DISCUSSION

34.3.1  PHOTOCHEMICAL PROPERTIES OF 
AZIDOBENZENESULFONAMIDES

Phenyl azides are known to undergo the photo-reaction under UV irradia-
tion. The reaction of photolysis with formation active nitrenes (either singlet 
or triplet) has been observed [21]. Singlet phenylnitrene is primary reactive 
intermediate formed upon the photolysis of phenyl azide. Although trip-
let phenylnitrene, as well as didehydroazepine, has been directly observed 
by means of IR and UV spectroscopy in matrices and in solutions and the 
3H-azepinederivative, respectively [22, 23]. Nitrenes possess high reaction 
ability and take part in photoreactions.

The photolysis process with strong spectral changes which took place 
during UV irradiation (313 nm) of the solution of a1, a2and a3 in ethanol 
was shown in Figure 34.1. A strong decrease of the absorption in the region 
in 245–290 nm (a1), 250–300 (a2), 238–292 (a3) and their increase in the 
region 295–400 nm (a1), 220–235 nm (a3), 230–250 nm, 308–385 nm (a2) 
were observed.

In order to investigate photoactive abilities of new azidobenzenesul-
fonamides photolysis quantum yields were determined. High photochemi-
cal activity of azidobenzenesulfonamides was confirmed by the received 
results a1ϕ = 0.48 and fora3ϕ = 0.51. In the case of a2 more low value of 

TABLE 34.1  The Evaluation of the Death Rate of Microorganisms in Relation to  
Non-modificated Film

The modified 
PE films 

The evaluation of the death rate of microorganisms in relation to 
non-modificated film, %
Escherichia coli Staphylococcus aureus Mycobacterium luteum

PE-a1 25 13 30
PE-a2 30 34 90
PE-a3 50 49 90
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FIGURE 34.1  Changes of the absorption spectrum of a1 (a), a2 (b), anda3 (c) in ethanol (С 
= 10–5 mol/L) during 30 min of UV-irradiation (313 nm).
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photolysis quantum yield (ϕ = 0.14) was explained by existence of effective 
singlet-triplet and triplet-triplet conversion of the excitation energy on the 
naphthalene π-electron system. This was described with details previously 
[24].

34.3.2  MODIFICATION OF PE FILMS

The possibilities of surface photo-modification of PE films LDPE (low 
density polyethylene, manufactured by Lyondell Basell Industries, product 
name – GGNX 18 D003) by new azides containing biological active sulfon-
amide groupa1, a2, a3 have been studied. PE films (size 4×7 cm) were pre-
pared. Polymer films were sheeted by 1% azidobenzenesulfonamides using 
acetone as solvent and dry samples were irradiated by UV lamp DRT-1000 
during 30 minutes at 20°C. The properties of modified polymer surface were 
established by IR-spectroscopy and direct contact angle measurement [13].

FT-IR-ATR (PE films after irradiation): The important bands in examin-
ing degradation mechanisms include the broad υ (С = С) between 1585 and 
1600 сm–1, δ (C-H) at 1000 сm–1, δ (SO2N) at 1360 and 1280 сm–1, υ (С = O) 
at 1676 сm–1

, δ (C-H) at 840 сm–1.

34.3.3  BIOCIDE PROPERTIES OF PE FILMS

The syntheses have proceeded in two stages: preparation of the sulfonamides 
and azides based on them. New azidobenzenesulfonamides were synthe-
sized by diazotization of corresponding amines and treatment by diazonium 
salt with aqueous solution of sodium azide [25]. The additional procedure 
of surface photo-modification of PE was used. For microbiological analysis 
of the modificated films, bacteria Staphylococcus aureus, Escherichia coli, 
Mycobacterium luteumwere chosen.

The films were screened for their inhibition activity against Gram-positive 
and Gram-negative bacteria. The film PE-a1 exhibited practically the identi-
cal activity against Escherichia coli (Gram- negative) and Mycobacterium 
luteum (Gram-positive) bacteria. In the same time, PE-a2 film showed 
high inhibition activity against Gram-positive (Staphylococcus aureus and 
Mycobacterium luteum) bacteria. PE-a3 exhibited the highest biocide prop-
erties against Mycobacterium luteum. Finally, based on these preliminary 
results, it was found that modified films by azidobenzenesulfonamides are 
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very promising material for practical application, but further consider inves-
tigation of toxic effect towards the mammalian cells is needed.

Statistical analysis of the results showed that the antimicrobial properties 
of modificated films were significantly more effective in comparison with 
non-modificated film. All the modificated films demonstrated a high activity 
against bacteria Mycobacterium luteum in comparison with non-modificated 
film. It is important to note that the activity of the modificated films was dif-
ferent for different type of bacteria. A modificated film PE-a3contains the 
amino group in the structure and more active than others samples against 
bacteria. The same principle of the structure–activity relationship for other 
models was observed in research [22].

34.4  CONCLUSIONS

The experimental procedures were standardized for obtaining optimum yield. 
The modificated PE films with anti-microbial activity have been prepared. All 
sulfonamide derivatives were characterized by NMR- and IR-spectroscopy. 
The investigation of photochemical properties has been shown ability new 
azidobenzenesulfonamides for polymer surface modification. New modifi-
cated PE films (PE-a1, PE-a2, PE-a3) have higher antimicrobial activity in 
vitrothan the initial non-modificated PE film. The PE surface modificated 
by a3 is shown higher antimicrobial activity in comparison with PE surfaces 
modificated by a1 anda2 against Escherichia coli in vitro.

The achieved results confirmed, that modification of polymer surfaces 
by azides based on benzenesulfonamides enables to use them as perspective 
materials, for example, as biostabilizers for plastic masses.
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