SPRINGER LABORATORY



Springer-Verlag Berlin Heidelberg GmbH



Koichi Hatada - Tatsuki Kitayama

NMR Spectroscopy
of Polymers

With 110 Figures and 43 Tables

€ Springer



Prof. Dr. Koichi Hatada
Prof. Dr. Tatsuki Kitayama

Graduate School of Engineering Science
Department of Chemistry

Osaka University

Machikaneyama 1-3

Toyonaka

560-8531 Osaka, Japan

hatada@chem.es.osaka-u.ac.jp
kitayama@chem.es.osaka-u.ac.jp

ISBN 978-3-642-07293-2 ISBN 978-3-662-08982-8 (eBook)
DOI 10.1007/978-3-662-08982-8

Library of Congress Cataloging-in-Publication-Data applied for

A catalog record for this book is available from the Library of Congress.

Bibliographic information published by Die Deutsche Bibliothek

Die Deutsche Bibliothek lists this publication in the Deutsche Nationalbibliographie; detailed
bibliographic data is available in the internet at <http://dnb.ddb.de>.

This work is subject to copyright. All rights are reserved, whether the whole or part of the material is con-
cerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, broadcasting,
reproduction on microfilm or in any other way, and storage in data banks. Duplication of this publication

or parts thereof is permitted only under the provisions of the German copyright Law of September 9, 1965,

in its current version, and permission for use must always be obtained from Springet-Verlag Betlin Heidelberg GmbH
Violations are liable for prosecution under the German Copyright Law.

springeronline.com

© Springer-Verlag Berlin Heidelberg 2004

Originally published by Springer-Verlag Betlin Heidelberg New York in 2004

Softcover reprint of the hardcover 1st edition 2004

The use of general descriptive names, registered names, trademarks, etc. in this publication does not imply,
even in the absence of a specific statement, that such names are exempt from the relevant protective laws
and regulations and therefore free for general use.

Typesetting: Fotosatz-Service Kéhler GmbH, 97084 Wiirzburg
Coverdesign: Kiinkel & Lopka, Heidelberg

0/2/3020/ra~543210  Printed on acid-free paper



Laboratory Manual Series in Polymer Science

Editors

Prof. Howard G. Barth

DuPont Company

P.0. Box 80228

Wilmington, DE 19880-0228
USA
howard.g.barth@usa.dupont.com

Priv.-Doz. Dr. Harald Pasch
Deutsches Kunststoff-Institut
Abt. Analytik
Schlof3gartenstr. 6

64289 Darmstadt

Germany
hpasch@dki.tu-darmstadt.de

Editorial Board

PD Dr. Ingo Alig

Deutsches Kunststoff-Institut
Abt. Physik

Schlossgartenstr. 6

64289 Darmstadt

Germany
ialig@dki.tu-darmstadt.de

Prof. Josef Janca

Université de La Rochelle
Pole Sciences et Technologie
Avenue Michel Crépeau
17042 La rochelle Cedex 01
France

jianca@univ.lr.fr

Prof. W.-M. Kulicke

Inst. f. Technische u. Makromol. Chemie
Universitdit Hamburg

Bundesstr. 45

20146 Hamburg

Germany
kulicke@chemie.uni-hamburg.de

Prof. H. W. Siesler
Physikalische Chemie
Universitit Essen
Schiitzenbahn 70

45117 Essen

Germany
hw.siesler@uni-essen.de



Springer Laboratory Manuals in Polymer Science

Pasch, H.; Trathnigg, B.: HPLC of Polymers
ISBN: 3-540-61689-9 (hardcover)
ISBN: 3-540-65551-4 (softcover)

Mori, S.; Barth, H.G.: Size Exclusion Chromatography
ISBN: 3-540-65635-9

Pasch, H.; Schrepp, W.: MALDI-TOF Mass Spectrometry of Synthetic Polymers
ISBN: 3-540-44259-6

Kulicke, W.-M.; Clasen, C.: Viscosimetry of Polymers and Polyelectrolytes
ISBN: 3-540-40760-X

Hatada, K.; Kitayama, T.: NMR Spectroscopy of Polymers
ISBN: 3-540-40220-9



Preface

Nuclear magnetic resonance (NMR) spectroscopy is one of the most widely and
frequently used methods for structure analysis in chemical research. So many
books and monographs on NMR spectroscopy have been published aiming at the
fundamental understanding as well as the practical applications especially to
organic chemistry and biochemistry. Polymer chemistry has also been benefited
from NMR spectroscopy but in a somewhat different and specialized manner, such
as tacticity determination, monomer sequence analysis of copolymers, analysis of
end groups and irregular linkages, and chain dynamics of polymers and so on.
Therefore another NMR book which is oriented to practical use of the spectroscopy
in polymer chemistry should be added to the list of NMR text books.

This book places emphasis on the practical use of NMR spectroscopy in polymer
chemistry rather than on the theoretical treatments. In the first chapter, after the
description of fundamental aspects of NMR spectroscopy, experimental problems
such as preparation of sample solutions, selection of the solvent, internal standards
and tubing, and contaminants in the sample solution are discussed. The second
chapter is devoted to discussion on the accuracy and precision of NMR measure-
ments, since a much higher degree of accuracy and precision is required in the
analysis of polymer structures, such as tacticity, copolymer composition, and
chain-end structures. This chapter also includes the explanation of the coaxial
tubing method, which is very useful for quantitative analysis and determination
of volume magnetic susceptibility by NMR.

Chapters 3-5 describe structural analysis of polymers, dealing with the stereo-
chemistry of polymer chains (Chap. 3), chemical composition and comonomer
sequence distribution in copolymers including diene polymers (Chap. 4), and
end groups and irregular linkages (Chap. 5). The analysis of polymerization
reactions by NMR and the relationship between chemical shift and reactivity
for vinyl monomers are also described in Chap. 5. This information is quite useful
for the understanding of polymerization reaction, and is discussed in this con-
nection.

Two-dimensional NMR spectroscopy is introduced in Chap. 6 with examples
of the application to polymer and oligomer analysis, including conformational
analysis of methyl methacrylate oligomers.

NMR spectroscopy is also a powerful tool for the investigation of polymer chain
dynamics in solution by the aid of NMR relaxation parameters, including T, and
nuclear Overhauser enhancement (NOE). The problem is discussed in Chap. 7,
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in which the precision and effect of experimental conditions in the determinations
of relaxation times and NOE are discussed.

Combined use of spectroscopy and chromatography is one of the promising
trends in analytical chemistry and thus we add one chapter (Chap. 8) describing
on-line coupled size-exclusion chromatography (SEC)/NMR spectroscopy in which
an NMR spectrometer is set in the SEC system as a detector. The system allows
fast and facile determinations of the molecular weight dependence of polymer
characteristics, such as tacticity and copolymer composition as well as the molec-
ular weight itself.

The authors strongly hope that the basics in NMR measurements described in
this book will be helpful and useful for many NMR users as well as newcomers to
the field of NMR. An well-ordered index and a list of abbreviations are appended
for the reader's convenience.

The contents of this book largely come from the authors’ experiences in research
work in polymer chemistry carried out at the Faculty of Engineering Science,
Osaka University, where one of the authors (K.H.) first encountered a 100 MHz
NMR spectrometer in 1965. The NMR research in the Faculty of Engineering
Science has been cultivated by collaboration with the faculty members who have
been actively involved in obtaining high-quality NMR data from time to time:
Mr. Yoshio Terawaki (since 1965), Mr. Hiroshi Okuda (since 1968), and Dr. Koichi
Ute (since 1985). Thus our most sincere thanks should be extended first to these
people. We are particularly grateful to Mr. Terawaki, who has devoted himself to
collecting NMR data for this book and also in assisting in the preparation of the
manuscript.

The authors are also indebted to people who participated in round-robin tests
on polymer samples which were organized by the Research Group on NMR, the
Society of Polymer Science, Japan, the outcomes of which constitute important
parts of several chapters in this book. K. H. is particularly grateful to Professor
Riichiro Chij6 and Professor Yasuyuki Tanaka, who were the cofounders with K.H.
of the research group, for their continuous encouragement and friendship.

During the preparation of the manuscript, the members of the Hatada and
Kitayama laboratories were very helpful, and, in particular, Mrs. Fumiko Yano and
Mr. Takafumi Nishiura, who typed and prepared the manuscript, Dr. Takehiro
Kawauchi, who prepared many of the figures in this book, Mr. Ken-ichi Katsukawa,
and Dr. Hidetaka Ohnuma are greatly acknowledged.

The authors are grateful to Professor Isao Ando, Tokyo Institute of Technology,
who reviewed the entire manuscript and gave valuable advice on many problems.
They also thank the editors of Springer-Verlag for their friendly cooperation in
seeing this work through the throes of final production.

Osaka, November 2003 K. Hatada
T. Kitayama



List of Symbols and Abbreviations

ADC analogue-to-digital converter

AIBN azobis(isobutyronitrile)

AN acrylonitrile

B, static magnetic field

B, radio frequency field

BF broadening factor

BPO benzoyl peroxide

BuMA n-butyl methacrylate

COM complete decoupling condition

COSY correlation spectroscopy

cw continuous wave

DEPT distortionless enhancement of polarization transfer

DMSO dimethyl sulfoxide

DP degree of polymerization

DQF-COSY double-quantum filtered correlation spectroscopy

DSS 4,4-dimethyl-4-silapentane sulfonate

EMA ethyl methacrylate

EPDM ethylene-propylene-(2-ethylidene-5-norbornene) terpolymer

Eu(fod); tris[1,1,1,2,2,3,3-heptafluoro-7,7-dimethyloctanedionato(4,6)]-
europium(III)

Eu(tfmc), tris[(3-trifluoromethylhydroxymethylene)-(+)-camphorato]-
europium(III)

FID free induction decay

FT Fourier transform

GPC gel permeation chromatography, size exclusion chromatography
(SEC)

h Planck constant

HETCOR heteronuclear chemical shift correlation spectroscopy

HFA hexafluoroacetone

HMBC heteronuclear multiple-bond correlation spectroscopy

HMDS hexamethyldisiloxane

HMDS’ hexamethyldisilane

HMQC heteronuclear multiquantum correlation spectroscopy

HPLC high-performance liquid chromatography

HSC heteronuclear shift correlation spectroscopy

HSQC heteronuclear single-quantum correlation spectroscopy

I nuclear spin

INADEQUATE  incredible natural abundance double quantum transfer experiment

] spin-spin coupling constant

k Boltzmann constant



List of Symbols and Abbreviations

E® M QQ T o=

magnetization vector

magnetic quantum number

meso diad

methyl methacrylate

number-average molecular weight

molecular weight distribution

number of data points

nuclear magnetic resonance

gated decoupling mode with suppression of NOE
nuclear Overhauser enhancement

2D nuclear Overhauser enhancement spectroscopy
number of « spins (f spins) («: lower-energy state,
B: upper-energy state)
octamethylcyclotetrasiloxane

poly(ethyl methacrylate)

poly(methyl methacrylate)

poly(methyl vinyl ether)

parts per million

racemo diad

radio frequency

monomer reactivity ratios

refractive index

signal-to-noise ratio

size-exclusion chromatography, gel permeation chromatography

(GPC)
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spin-lattice relaxation time

spin-spin relaxation time

tetrahydrofuran

tetramethylsilane

sodium [2,2,3,3-d,]3-trimethylsilylpropanoate
vapor pressure osmometry

water suppression enhanced through T, effects
weight of sample (g)/volume of solution (ml) %
gyromagnetic ratio

chemical shift (ppm)

nuclear magnetic moment

frequency

shielding constant

standard deviation

correlation time

volume magnetic susceptibility

angular frequency
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