Edited by A. Dieter Schliiter, % WILEY-VCH
Craig ). Hawker and Junji Sakamoto pimEeme=——

Synthesis
of Polymers

New Structures and Methods




Edited by A. Dieter Schliiter, Craig J. Hawker, and

Junji Sakamoto

Synthesis of Polymers

New Structures and Methods

Volume 1

WILEY-
VCH

WILEY-VCH Verlag GmbH & Co. KGaA




The Editors

Prof. Dr. A. Dieter Schliiter
ETH Zirich

Department of Materials
Wolfgang-Pauli-Str. 10
8093 Ziirich

Switzerland

Prof. Dr. Craig J. Hawker
University of California
Chemistry & Biochemistry
3009 Bldg. 576 (MRL)
Santa Barbara, CA 93106
USA

Dr. Junji Sakamoto

ETH Ziurich
Department of Materials
Wolfgang-Pauli-Str. 10
8093 Ziirich
Switzerland

All books published by Wiley-VCH are
carefully produced. Nevertheless, authors,
editors, and publisher do not warrant the
information contained in these books,
including this book, to be free of errors.
Readers are advised to keep in mind that
statements, data, illustrations, procedural
details or other items may inadvertently be
inaccurate.

Library of Congress Card No.: applied for

British Library Cataloguing-in-Publication
Data

A catalogue record for this book is available
from the British Library.

Bibliographic information published by the
Deutsche Nationalbibliothek

The Deutsche Nationalbibliothek

lists this publication in the Deutsche
Nationalbibliografie; detailed bibliographic
data are available on the Internet at
<http://dnb.d-nb.de>.

© 2012 Wiley-VCH Verlag & Co. KGaA,
Boschstr. 12, 69469 Weinheim, Germany

All rights reserved (including those of
translation into other languages). No part
of this book may be reproduced in any
form — by photoprinting, microfilm, or any
other means — nor transmitted or translated
into a machine language without written
permission from the publishers. Registered
names, trademarks, etc. used in this book,
even when not specifically marked as such,
are not to be considered unprotected by law.

Cover Design  Grafik-Design Schulz,
FuRgonheim

Typesetting Laserwords Private Limited,

Chennai, India

Printing and Binding Markono Print Media Pte Ltd,
Singapore

Printed in Singapore

Printed on acid-free paper

Print ISBN: 978-3-527-32757-7
ePDF ISBN: 978-3-527-64409-4
oBook ISBN: 978-3-527-64407-0
ePub ISBN: 978-3-527-64408-7
Mobi ISBN: 978-3-527-64410-0



Edited by A. Dieter Schliiter,
Craig J. Hawker, and
Junji Sakamoto

Synthesis of Polymers

Volume 1



Related Titles

Mathers, Robert T./Meier, Michael A. R. (eds.)

Green Polymerization Methods

Renewable Starting Materials, Catalysis and
Waste Reduction

2011
Hardcover
ISBN: 978-3-527-32625-9

Knoll, Wolfgang/Advincula, Rigoberto C. (eds.)
Functional Polymer Films

2 Volume Set

2011
Hardcover
ISBN: 978-3-527-32190-2

Barner-Kowollik, Christopher/Gruendling,
Till/Falkenhagen, Jana/Weidner, Steffen (eds.)

Mass Spectrometry in Polymer
Chemistry

2011
Hardcover
ISBN: 978-3-527-32924-3

Harada, Akira (ed.)

Supramolecular Polymer
Chemistry

2011
Hardcover
ISBN: 978-3-527-32321-0

Kumar, Challa S. S. R. (ed.)

Polymeric Nanomaterials

Series: Nanomaterials for the Life Sciences
(Volume 10)

2011
Hardcover
ISBN: 978-3-527-32170-4

Mittal, Vikas (ed.)
Optimization of Polymer
Nanocomposite Properties

2010
Hardcover
ISBN: 978-3-527-32521-4

Matyjaszewski, K., Miiller, A. H. E. (eds.)

Controlled and Living
Polymerizations

From Mechanisms to Applications

Hardcover

ISBN: 978-3-527-32492-7

Dubois, P., Coulembier, O., Raquez, .-M. (eds.)
Handbook of Ring-Opening

Polymerization

2009
Hardcover
ISBN: 978-3-527-31953-4

Barner-Kowollik, C. (ed.)

Handbook of RAFT Polymerization

2008
Hardcover
ISBN: 978-3-527-31924-4



List of Contributors

Wilco P. J. Appel

Eindhoven University of
Technology

Institute for Complex Molecular
Systems

P.O. Box 513

Den Dolech 2

5600 MB Eindhoven

The Netherlands

Christopher Barner-Kowollik
Institut fiir Technische Chemie
und Polymerchemie

Karlsruhe Institute of Technology
(KIT)

Preparative Macromolecular
Chemistry

Engesserstrafle 18

76128 Karlsruhe

Germany

Erik B. Berda

University of New Hampshire
Department of Chemistry and
Materials Science Program
Durham

NH 03824

USA

XV

Christopher W. Bielawski

The University of Texas at Austin
Department of Chemistry and
Biochemistry

1 University Station

A1590 Austin

TX 78712

USA

James P. Blinco

Institut fiir Technische Chemie
und Polymerchemie

Karlsruhe Institute of Technology
(KIT)

Preparative Macromolecular
Chemistry

Engesserstrafie 18

76128 Karlsruhe

Germany



XvI

List of Contributors

Michael R. Buchmeiser
Universitdt Stuttgart

Institut fiir Polymerchemie
Lehrstuhl fiir Makromolekulare
Stoffe und Faserchemie
Pfaffenwaldring 55

70569 Stuttgart

Germany

and

Institut fiir Textilchemie und
Chemiefasern
Kérschtalstrasse 26

73770 Denkendorf

Germany

Daniel Crespy

Max Planck Institute for Polymer
Research

Ackermannweg 10

55128 Mainz

Germany

Priyadarsi De

University of Massachusetts
Lowell

Department of Chemistry
One University Avenue
Lowell, 01854 Massachusetts
USA

Antoine Debuigne

University of Liége (ULG)
Center for Education and
Research on Macromolecules
(CERM)

Bat B6A Sart Tilman

4000 Liege

Belgium

Christophe Detrembleur
University of Liege (ULG)
Center for Education and
Research on Macromolecules
(CERM)

Bat B6A Sart Tilman

4000 Liege

Belgium

Ravinder Elupula

Tulane University
Department of Chemistry
6400 Freret Street

New Orleans

LA 70118

USA

Rudolf Faust

University of Massachusetts
Lowell

Department of Chemistry
One University Avenue
Lowell, 01854 Massachusetts
USA

Xinliang Feng

Max Planck Institute for Polymer
Research

Ackermannweg 10

55128 Mainz

Germany

Aaron D. Finke

University of Illinois
Urbana-Champaign

Department of Chemistry

Box 55-5 Roger Adams Laboratory
600 S. Mathews

Urbana, IL 61801

USA



Harry W. Gibson

Virginia Polytechnic Institute and
State University

Department of Chemistry
Blacksburg

VA 24060

USA

Scott M. Grayson

Tulane University
Department of Chemistry
6400 Freret Street

New Orleans

LA 70118

USA

Akira Harada

Osaka University

Graduate School of Science
Department of Macro-
molecular Science

1-1 Machikaneyama, Toyonaka
560-0043 Osaka

Japan

Craig J. Hawker

University of California

Santa Barbara

Department of Chemistry and
Biochemistry

Office 3005 Materials Research
Laboratory (MRL)

Santa Barbara

California 93106-9510

USA

Martin Heeney

Imperial College London
Department of Chemistry
Exhibition Road

SW?7 2AZ London

UK

List of Contributors

Hugo F. Hernandez
Andercol S.A.

Cra 64C 95-84
050040 Medellin
Colombia

Andreas Herrmann

University of Groningen Zernike
Institute for Advanced Materials
Department of Polymer
Chemistry

Nijenborgh 4

9747 AG Groningen

The Netherlands

Akira Hirao

Tokyo Institute of Technology
Graduate School of Science and
Engineering

Polymeric and Organic Materials
Department

2-12-1, S1-13, Ohokayama
Meguro-ku, Tokyo 152-8552
Japan

Stefan Immel

Darmstadt University of
Technology

Ernst-Berl-Institute for Chemical
Engineering and Macromolecular
Science

Petersenstrafde 22

64287 Darmstadt

Germany

XVii



xvin

List of Contributors

Takashi Ishizone

Tokyo Institute of Technology
Graduate School of Science and
Engineering

Polymeric and Organic Materials
Department

2-12-1, S1-13, Ohokayama
Meguro-ku, Tokyo 152-8552
Japan

Christine Jéréme

University of Liege (ULG)
Center for Education and
Research on Macromolecules
(CERM)

Bat B6A Sart Tilman

4000 Liege

Belgium

Robert Jérome

University of Liege (ULG)
Center for Education and
Research on Macromolecules
(CERM)

Bat B6A Sart Tilman

4000 Liege

Belgium

Anzar Khan

ETH-Zirich

Institute of Polymers
Department of Materials
HCI H-515
Wolfgang-Pauli-Strasse 10
8093 Ziirich

Switzerland

Susumu Kitagawa

Kyoto University

Graduate School of Engineering
Department of Synthetic
Chemistry and Biological
Chemistry

Katsura

Nishikyo-ku

Kyoto 615-8510

Japan

Milan Kivala

Max Planck Institute for Polymer
Research

Ackermannweg 10

55128 Mainz

Germany

Felix P. V. Koch

ETH Zurich

Department of Materials
Wolfgang-Pauli Strasse 10
8093 Zurich

Switzerland

Sebastian Koltzenburg
BASF SE

Polymer Research Division
67056 Ludwigshafen
Germany

Hartmut Komber
Leibniz-Institut fir
Polymerforschung Dresden e.V.
Hohe Strafle 6

01069 Dresden

Germany



Minseok Kwak

University of Groningen Zernike
Institute for Advanced Materials
Department of Polymer
Chemistry

Nijenborgh 4

9747 AG Groningen

The Netherlands

Meir Lahav

Weizmann Institute of Science
Department of Materials and
Interfaces

76100 Rehovot

Israel

Katharina Landfester

Max Planck Institute for Polymer
Research

Ackermannweg 10

55128 Mainz

Germany

Erica L. Lanni

University of Michigan
Department of Chemistry
930 North University Avenue
Ann Arbor

MI 48109-1055

USA

Boyd A. Laurent

Tulane University
Department of Chemistry
6400 Freret Street

New Orleans

LA 70118

USA

List of Contributors

Albena Lederer

Leibniz-Institut fiir
Polymerforschung Dresden e.V.
Hohe Strae 6

01069 Dresden

Germany

Chen Li

Max Planck Institute for Polymer
Research

Ackermannweg 10

55128 Mainz

Germany

Michael Malkoch

KTH Royal Institute of
Technology

School of Chemical Science and
Engineering

Department of Fibre and Polymer
Technology

Teknikringen 56-58

100 44 Stockholm

Sweden

Anne J. McNeil

University of Michigan
Department of Chemistry
930 North University Avenue
Ann Arbor

MI 48109-1055

USA

E. W. Meijer

Eindhoven University of
Technology

Institute for Complex Molecular
Systems

P.O. Box 513

Den Dolech 2

5600 MB Eindhoven

The Netherlands

XIX



XX

List of Contributors

Christian Melzer

Darmstadt University of
Technology

Institute of Materials Science
Department of Electronic
Materials

Petersenstrafle 23

64287 Darmstadt

Germany

Jeffrey S. Moore

University of Illinois
Urbana-Champaign

Department of Chemistry

Box 55-5 Roger Adams Laboratory
600 S. Mathews

Urbana, IL 61801

USA

Klaus Miillen

Max Planck Institute for Polymer
Research

Ackermannweg 10

55128 Mainz

Germany

Axel H. E. Miiller

Universitit Bayreuth
Makromolekulare Chemie I1
Naturwissenschaften I1
Universititsstrale 30

95447 Bayreuth

Germany

Bethany M. Neilson

The University of Texas at Austin
Department of Chemistry and
Biochemistry

1 University Station

A1590 Austin

TX 78712

USA

Serena Nickel

Darmstadt University of
Technology

Ernst-Berl-Institute for Chemical
Engineering and Macromolecular
Science

Petersenstrafle 22

64287 Darmstadt

Germany

Marko M. L. Nieuwenhuizen
Eindhoven University of
Technology

Institute for Complex Molecular
Systems

P.O. Box 513

Den Dolech 2

5600 MB Eindhoven

The Netherlands

Zhenbin Niu

Virginia Polytechnic Institute and
State University

Department of Chemistry
Blacksburg

VA 24060

USA

Sébastien Perrier

The University of Sydney
Key Centre for Polymers and
Colloids

Sydney

NSW 2006

Australia

Matthias Rehahn

Darmstadt University of
Technology

Ernst-Berl-Institute for Chemical
Engineering and Macromolecular
Science

Petersenstrafie 22

64287 Darmstadt

Germany



Maxwell J. Robb

University of California

Santa Barbara

Department of Chemistry and
Biochemistry

Office 3005 Materials Research
Laboratory (MRL)

Santa Barbara

California 93106-9510

USA

Junji Sakamoto

ETH Ziirich

Laboratory of Polymer Chemistry
Institute of Polymers
Department of Materials

HCI, J541

Wolfgang Pauli Strasse 10

8093 Zirich

Switzerland

A. Dieter Schliiter

ETH Zirich

Laboratory of Polymer Chemistry
Institute of Polymers
Department of Materials

HCI, ] 541

Wolfgang Pauli Strasse 10

8093 Ziirich

Switzerland

Arend Jan Schouten

University of Groningen
Laboratory of Polymer Chemistry
Zernike Institute for Advanced
Materials

Nijenborgh 4

9747 AG Groningen

The Netherlands

List of Contributors

Heinz von Seggern
Darmstadt University of
Technology

Institute of Materials Science
Department of Electronic
Materials

Petersenstrafle 23

64287 Darmstadt

Germany

Lawrence R. Sita

University of Maryland
Department of Chemistry and
Biochemistry

College Park

MD 20742

USA

Katja Stegmaier

Darmstadt University of
Technology

Institute of Materials Science
Department of Electronic
Materials

Petersenstrafle 23

64287 Darmstadt

Germany

Mehmet Atilla Tasdelen
Istanbul Technical University
Chemistry Department
Faculty of Science and Letters
Maslak

TR-34469 Istanbul

Turkey



XXl

List of Contributors

Daniel Taton

Université Bordeaux 1

Ecole Nationale Supérieure de
Chimie

Biologie et Physique, and Centre
National de la Recherche
Scientifique

Laboratoire de Chimie des
Polymeres Organiques

16 Avenue Pey-Berland
Pessac 33607

France

Klaus Tauer

Max Planck Institute of Colloids
and Interfaces

Department of Colloid Chemistry
Am Miihlenberg

14476 Golm

Germany

Yasuyuki Tezuka

Tokyo Institute of Technology
Department of Organic and
Polymeric Materials
O-okayama

Meguro-ku

Tokyo 152-8552

Japan

Takashi Uemura

Kyoto University

Graduate School of Engineering
Department of Synthetic
Chemistry and Biological
Chemistry

Katsura

Nishikyo-ku

Kyoto 615-8510

Japan

Hiroshi Uyama

Osaka University

Graduate School of Engineering
Department of Applied Chemistry
Suita 565-0871

Japan

Nicole Vilbrandt

Darmstadt University of
Technology

Ernst-Berl-Institute for Chemical
Engineering and Macromolecular
Science

Petersenstrafle 22

64287 Darmstadt

Germany

Brigitte Voit

Leibniz-Institut fiir
Polymerforschung Dresden e.V.
Hohe Strafle 6

01069 Dresden

Germany

Kenneth B. Wagener
University of Florida

George and Josephine Butler
Polymer Research Laboratory
Department of Chemistry
Gainesville

FL 32611

USA

Marie Valerie Walter

KTH Royal Institute of
Technology

School of Chemical Science and
Engineering

Department of Fibre and Polymer
Technology

Teknikringen 5658

100 44 Stockholm

Sweden



Isabelle Weissbuch

Weizmann Institute of Science
Department of Materials and
Interfaces

76100 Rehovot

Israel

Kyle A. Williams

The University of Texas at Austin
Department of Chemistry and
Biochemistry

1 University Station

A1590

Austin, TX 78712

USA

Donggqing Wu

Max Planck Institute for Polymer
Research

Ackermannweg 10

55128 Mainz

Germany

Yusuf Yagci

Istanbul Technical University
Chemistry Department
Faculty of Science and Letters
Maslak

TR-34469 Istanbul

Turkey

List of Contributors

Hiroyasu Yamaguchi

Osaka University

Graduate School of Science
Department of Macro-
molecular Science

1-1 Machikaneyama, Toyonaka
560-0043 Osaka

Japan

Takuya Yamamoto

Tokyo Institute of Technology
Department of Organic and
Polymeric Materials
O-okayama

Meguro-ku

Tokyo 152-8552

Japan

Jiayin Yuan

Max Planck Institute of Colloids
and Interfaces

Department of Colloid Chemistry
Am Muehlenberg 1

14424 Potsdam

Germany

Baozhong Zhang

ETH-Zurich Institute of Polymers
Department of Materials

HCI H-515
Wolfgang-Pauli-Strasse 10

8093 Zirich

Switzerland

XX



Al
2.2
2.3

2.4

2.5
2.5:1
2.5:2

2.5.3

2.6

3.1
3.2

33
33.1
3311
3.3.0.2

Contents

List of Contributors XV
Content of Volume 1

Foreword 1
References 6

Polymer Synthesis: An Industrial Perspective 7

Sebastian Koltzenburg

About this Chapter 7

Why? 8

Thesis: There Are No Limits to the Fantasy of a Synthetic Polymer
Chemist 8

Antithesis: We May Be Able to Synthesize Millions of New Polymers
—But Why Should We Do So? 11

Synthesis 13

Polymer Chemistry in Two Dimensions: Coatings 13

Polymer Chemistry Going Broad: Effects of Molar Mass
Distribution 16

Polymer Chemistry Meets The Life Sciences: Polymeric Drug-Delivery
Systems 19

Conclusions 22

Acknowledgments 23

From Heterogeneous Ziegler—Natta to Homogeneous Single-Center
Group 4 Organometallic Catalysts: A Primer on the Coordination
Polymerization of Olefins 25

Lawrence R. Sita

Introduction 25

Chapter Prospectus 28

Fundamentals of Coordination Polymerization 30

Ziegler—Natta Catalysts 30

First-Generation ZN Catalysts 31

Second-Generation ZN Catalysts 31



VI | Contents

3.3.13 Third-Generation ZN Catalysts 32
3314 Fourth-Generation ZN Catalysts 33
3.3.15 Fifth-Generation ZN Catalysts 34

3.3.2 Cossee—Arlman Mechanism 34

3.33 Stereocontrol 35

3.3.4 Regiocontrol 39

3.35 Chain Termination 40

3.3.6 Molecular Weight Distributions and Branching 43
3.4 Homogeneous Single-Center Coordination Polymerization 44
3.4.1 Molecular Catalysts 44

3.4.2 Metallocenes 44

3.4.3 Stereocontrol 46

3.4.4 Stereochemical Microstructure Analysis 54

3.4.5 Cocatalysts 60

3.5 Conclusions 63

Acknowledgments 63
References 63

4 Cobalt-Mediated Radical Polymerization 67
Antoine Debuigne, Robert [érome, Christine Jérome, and
Christophe Detrembleur

4.1 Introduction 67

4.2 Mechanistic Considerations 67

4.3 Key Parameters of CMRP 69

431 The Cobalt Complex Structure 69

4.3.2 Polymerization Conditions 71

4.4 Macromolecular Engineering 73

4.5 Cobalt-Mediated Radical Coupling (CMRC) 75
4.6 Summary and Outlook 76

Acknowledgments 77
References 77

5 Anionic Polymerization: Recent Advances 81
Takashi Ishizone and Akira Hirao
5.1 Background 81
5.2 Living Anionic Polymerization of Various Monomers 84
5.2.1 Styrene Derivatives 84
5.2.2 1,3-Diene Monomers 87
5.2.3 2- and 4-Vinylpyridines 89
5.3 (Meth)acrylate Derivatives 90
5.4 Acrylamide Derivatives 94
5.5 Cyclic Monomers 96
5.6 Other Monomers 99
5.7 Reaction of Living Anionic Polymers with Electrophiles: Synthesis of

Chain-Functionalized Polymers 101



5.8

5.8.1
5.8.2
5.8.3
5.84
5.9
5.10

6.1
6.2
6.3
6.4
6.5

7.1
7.2
7.3
7.3.1
7.3.2
7:3.3
7.3.4
7.3.5
7.3.6
7.4
7.4.1
7.4.2
7.5

8.1
8.2

Contents

Synthesis of Architectural Polymers via Living Anionic
Polymerization 106

Block Copolymers 107

Graft Copolymers 111

Star-Branched Polymers 115

Complex Architectural Polymers 119

Anionic Polymerization: Practical Aspects 124
Concluding Remarks 124

References 125

Alkyne Metathesis Polymerization (ADIMET) and Macrocyclization
(ADIMAC) 135

Aaron D. Finke and Jeffrey S. Moore

Introduction 135

Catalyst Development 136

Poly(Phenylene Ethynylene)s via ADIMET 138
ADIMAC-Acyclic Diyne Metathesis Macrocyclization 143
Conclusions 149

References 151

The Synthesis of Conjugated Polythiophenes by Kumada
Cross-Coupling 155

Felix P. V. Koch and Martin Heeney

Introduction to Polythiophene 155

Kumada Cross-Coupling 157

Polythiophenes by Kumada Cross-Coupling 158
Initiation and Catalyst Transfer Propagation 165
Summary of Mechanistic Studies 172

Influence of the Catalyst on Regioregularity 174
Thiophene-Based Monomers 174
Non-Thiophene Monomers 184

End Group Modification 186

Copolymers 188

Random and Alternating Copolymers 188

Block Copolymers 190

Summary and Outlook 193

References 194

“Absolute” Asymmetric Polymerization within Crystalline
Architectures: Relevance to the Origin of Homochirality 199
Isabelle Weissbuch and Meir Lahav

Introduction 199

“Through-Space” Asymmetric Polymerization in Inclusion
Complexes and Liquid Crystals 200

vil



