Introduction to
Polymers

Second Edition

R.J. Young

Professor of Polymer Science and Technology
Manchester Materials Science Centre
University of Manchester and UMIST

and

P.A. Lovell

Lecturer in Polvmer Science and Technology
Manchester Materials Science Centie
University of Manchester and UMIST

CHAPMAN & HALL
London - New York - Tokyo - Melbourne - Ma




Published by Chapman & Hall, 2-6 Boundary Row,
London SE1 8HN, UK

Chapman & Hall, 2-6 Boundary Row, London SE1 8HN, UK

Blackie Academic & Professional, Wester Cleddens Road,
Bishopbriggs, Glasgow G64 2NZ, UK

Chapman & Hall Inc., One Penn Plaza, 41st Floor, New York
NY 10119, USA

Chapman & Hall Japan, Thomson Publishing Japan, Hirakawacho
Nemoto Building, 6F, 1-7-11 Hirakawa-cho, Chiyoda-ku, Tokyo 102,
Japan

Chapman & Hall Australia, Thomas Nelson Australia, 102 Dodds
Street, South Melbourne, Victoria 3205, Australia

Chapman & Hall India, R. Seshadri, 32 Second Main Road, CIT East,
Madras 600 035, India

First edition 1981

Reprinted 1983 with additional material
Reprinted 1986, 1989

Second edition 1991

Reprinted 1992 (twice), 1994

© 1991 R.J. Young and P.A. Lovell

Typeset in 10/12 Times by Best-set Typesetter Ltd., Hong Kong
Printed in Great Britain at The University Press, Cambridge

ISBN 0 412 30640 9(PB) 0 412 30630 1(HB)

Apart from any fair dealing for the purposes of research or private
study, or criticism or review, as permitted under the UK Copyright
Designs and Patents Act, 1988, this publication may not be
reproduced, stored, or transmitted, in any form or by any means,
without the prior permission in writing of the publishers, or in the case
of reprographic reproduction only in accordance with the terms of the
licences issued by the Copyright Licensing Agency in the UK, or in
accordance with the terms of licences issued by the appropriate
Reproduction Rights Organization outside the UK. Enquiries concerning
reproduction outside the terms stated here should be sent to the
publishers at the London address printed on this page.

The publisher makes no representation, express or implied, with
regard to the accuracy of the information contained in this book and
cannot accept any legal responsibility or liability for any errors or
omissions that may be made.

A catalogue record for this book is available from the British Library
Library of Congress Cataloging-in-Publication Data available



Contents

2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
29

Preface to the second edition
Preface to the first edition

Introduction

The origins of polymer science and

the polymer industry

Basic definitions and nomenclature
Molar mass and degree of polymerization
Further reading

Synthesis

Classification of polymerization reactions
Linear step polymerization

Non-linear step polymerization
Free-radical polymerization

Ionic polymerization

Cationic polymerization

Anionic polymerization

Stereochemistry of polymerization
Ziegler—Natta coordination polymerization

2.10 Ring-opening polymerization

2.11 Solid-state polymerization

2.12 Metathesis polymerization

2.13 Group transfer polymerization

2.14 Other specialized methods of polymerization
2.15 Step copolymerization

2.16 Chain copolymerization

3.1
3.2
3.3
3.4
35

Further reading
Problems

Characterization

Introduction

Thermodynamics of polymer solutions

Chain dimensions

Frictional properties of polymer molecules in dilute solution
Methods for measurement of number-average molar mass

vii

1X

11
14

15

15
17
34
43
68
69
74
84
91
98

108

110

112

115

115

118

133

134

138
138
138
151
163
166



Vi Contents

3.6 Membrane osmometry
3.7 Vapour pressure osmometry
3.8 Ebulliometry and cryoscopy
3.9 End-group analysis
3.10 Effects of low molar mass impurities upon M,
3.11 Static light scattering
3.12 Dynamic light scattering
3.13 Small-angle X-ray and neutron scattering
3.14 Dilute solution viscometry
3.15 Ultracentrifugation
3.16 Fractionation
3.17 Gel permeation chromatography
3.18 Determination of chemical composition and
molecular microstructure
3.19 Infrared (IR) spectroscopy
3.20 Nuclear magnetic resonance (NMR) spectroscopy
3.21 Other spectroscopic methods
Further reading
Problems

4. Structure

4.1 Polymer crystals
4.2  Semi-crystalline polymers
4.3 Crystallization and melting
4.4  Amorphous polymers
4.5 Elastomers

Further reading

Problems

S.  Mechanical properties

3.1 General considerations
5.2 Viscoelasticity
5.3 Deformation of elastomers
5.4 Yield in polymers
5.5 Deformation mechanisms
5.6 Fracture
5.7 Toughened polymers
Further reading
Problems

Answers to problems
Index

167
173
176
176
178
178
190
193
195
201
203
211

221
222
227
235
236
237

241

241
260
276
290
300
306
306

310

310
322
344
356
371
393
417
424
424

429
433



Pretface to the second
edition

The decade that has passed since the first edition was written has seen
further growth in the uses of polymers. During this time much research
effort has been focussed upon the development of speciality polymers for
high-performance applications, and this has served to emphasize the
importance of polymer chemistry. It is partly for this reason that through
the introduction of a second author in the Second Edition, the first three
chapters have been reorganized, revised and expanded to give a broader
and more thorough coverage of the fundamental aspects of polymer
synthesis and polymer characterization. In particular, the sections upon
ionic polymerization, Ziegler-Natta polymerization, copolymerization,
static light scattering, phase separation, gel permeation chromatography
and spectroscopy have been substantially revised and expanded. Addi-
tionally, new sections upon ring-opening polymerization, specialized
methods of polymerization, dynamic light scattering and small-angle X-ray
and neutron scattering have been included to give brief introductions to
these topics which are of growing importance. Whilst Chapters 4 and 5 are
to a large extent as they appeared in the First Edition, they also have been
expanded. A more in-depth treatment of factors affecting glass transition
and melting temperatures is given, and new sections have been added to
introduce the important topics of thermoplastic elastomers and toughening
of brittle polymers.

The approach used, and the design and structure of the book are the
same as for the first edition. Thus a modern treatment has been used for
presentation of much of the subject matter, and the book seeks to fuse
together aspects of the chemistry, structure and mechanical properties of
polymers, thereby introducing important relationships between synthesis,
structure, and molecular and bulk properties. The book is designed
principally for undergraduate and postgraduate students who are studying
polymers, but also should be of use to scientists in industry and research
who need to become familiar with the fundamentals of Polymer Science. It
has been written to be, as far as is possible, self-contained with most
equations fully derived and critically discussed. Nevertheless, lists of books
are given at the end of each chapter for background and further reading.
Together with the problems which have been included, they will enable the
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reader to reinforee, extend and test his or her knowledge and understand-
ing of specific subjects.

In addition to the people and organizations who assisted in the
preparation of the First Edition, the authors would like to thank Mrs Susan
Brandreth and Mrs Jean Smith for typing the new manuscript. They are
also grateful to Dr Frank Heatley, Dr Tony Ryan, Dr John Stanford and
Dr Bob Stepto for useful comments on aspects of the new material.
Finally, they would like to express their sincere gratitude to their families
for the understanding and support they have shown during the writing and
preparation of the new edition.

ROBERT J. YOUNG
PETER A. LOVELL

Manchester Materials Science Centre
1990



Preface to the first edition

Polymers are a group of materials made up of long covalently-bonded
molecules, which include plastics and rubbers. The use of polymeric
materials is increasing rapidly year by year and in many applications they
are replacing conventional materials such as metals, wood and natural
fibres such as cotton and wool. The book is designed principally for
undergraduate and postgraduate students of Chemistry, Physics, Materials
Science and Engineering who are studying polymers. An increasing
number of graduates in these disciplines go on to work in polymer-based
industries, often with little grounding in Polymer Science and so the book
should also be of use to scientists in industry and research who need to
learn about the subject.

A basic knowledge of mathematics, chemistry and physics is assumed
although it has been written to be, as far as is possible, self-contained with
most equations fully derived and any assumptions stated. Previous books
in this field have tended to be concerned primarily with either polymer
chemistry, polymer structure or mechanical properties. An attempt has
been made with this book to fuse together these different aspects into one
volume so that the reader has these different areas included in one book
and so can appreciate the relationships that exist between the different
aspects of the subject. Problems have also been given at the end of each
chapter so that the reader may be able to test his or her understanding of
the subject and practise the manipulation of data.

The textbook approaches the subject of polymers from a Materials
Science viewpoint, being principally concerned with the relationship
between structure and properties. In order to keep it down to a
manageable size there have been important and deliberate omissions. Two
obvious areas are those of polymer processing (e.g. moulding and
fabrication) and electrical properties. These are vast areas in their own
right and it is hoped that this book will give the reader sufficient grounding
to go on and study these topics elsewhere.

Several aspects of the subject of polymer science have been updated
compared with the normal presentation in books at this level. For example,
the mechanical properties of polymers are treated from a mechanistic
viewpoint rather than in terms of viscoelasticity, reflecting modern
developments in the subject. However, viscoelasticity being an important
aspect of polymer properties is also covered but with rather less emphasis
than it has been given in the past. The presentation of some theories and
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experimental results has been changed from the original approach for the
sake of clarity and consistency of style.

[ am grateful to Professor Bill Bonfield for originally suggesting the book
and for his encouragement throughout the project. I am also grateful to my
other colleagues at Queen Mary College for allowing me to use some of
their material and problems and to many people in the field of Polymers
who have contributed micrographs. A large part of the book was written
during a period of study leave at the University of the Saarland in West
Germany. I would like to thank the Alexander von Humboldt Stiftung for
financial support during this period. The bulk of the manuscript was typed
by Mrs Rosalie Hillman and I would like to thank her for her help. Finally,
my gratitude must go to my wife and family for giving me their support
during the preparation of the book.

ROBERT J. YOUNG

Queen Mary College, London
1980



1 Introduction

1.1 The origins of polymer science and the polymer industry

Polymers have existed in natural form since life began and those such as
DNA, RNA, proteins and polysaccharides play crucial roles in plant and
animal life. From the earliest times, man has exploited naturally-occurring
polymers as materials for providing clothing, decoration, shelter, tools,
weapons, writing materials and other requirements. However, the origins
of today’s polymer industry commonly are accepted as being in the
nineteenth century when important discoveries were made concerning the
modification of certain natural polymers.

In 1820 Thomas Hancock discovered that when masticated (i.e.
subjected repeatedly to high shear forces), natural rubber becomes more
fluid making it easier to blend with additives and to mould. Some years
later, in 1839, Charles Goodyear found that the elastic properties of
natural rubber could be improved, and its tackiness eliminated, by heating
with sulphur. Patents for this discovery were issued in 1844 to Goodyear,
and slightly earlier to Hancock, who christened the process vulcanization.
In 1851 Nelson Goodyear, Charles’ brother, patented the vulcanization of
natural rubber with large amounts of sulphur to produce a hard material
more commonly known as hard rubber, ebonite or vulcanite. '

Cellulose nitrate, also called nitrocellulose or gun cotton, first became
prominent after Christian Schonbein prepared it in 1846. He was quick to
recognize the commercial value of this material as an explosive, and within
a year gun cotton was being manufactured. However, more important to
the rise of the polymer industry, cellulose nitrate was found to be a hard
elastic material which was soluble and could be moulded into different
shapes by the application of heat and pressure. Alexander Parkes was the
first to take advantage of this combination of properties and in 1862 he
exhibited articles made from Parkesine, a form of plasticized cellulose
nitrate. In 1870 John and Isaiah Hyatt patented a similar but more easily
processed material, named celluloid, which was prepared using camphor as
the plasticizer. Unlike Parkesine, celluloid was a great commercial success.

In 1892 Charles Cross, Edward Bevan and Clayton Beadle patented
the ‘viscose process’ for dissolving and then regenerating cellulose. The
process was first used to produce viscose rayon textile fibres, and sub-
sequently for production of cellophane film.

The polymeric materials described so far are semi-synthetic since they
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arc produced from natural polymers. Leo Backeland’s Bakelite phenol-
formaldehyde resins have the distinction of being the first fully-synthetic
polymers to be commercialized, their production beginning in 1910. The
first synthetic rubber to be manufactured, known as methyl rubber, was
produced from 2,3-dimethylbutadiene in Germany during World War I as
a substitute, albeit a poor one, for natural rubber.

Although the polymer industry was now firmly established, its growth
was restricted by the considerable lack of understanding of the nature of
polymers. For over a century scientists had been reporting the unusual
properties of polymers, and by 1920 the common belief was that they
consisted of physically-associated aggregates of small molecules. Few
scientists gave credence to the viewpoint so passionately believed by
Hermann Staudinger, that polymers were composed of very large
molecules containing long sequences of simple chemical units linked
together by covalent bonds. Staudinger introduced the word ‘macro-
molecule’ to describe polymers, and during the 1920s vigorously set about
proving his hypothesis to be correct. Particularly important were his
studies of the synthesis, structure and properties of polyoxymethylene and
of polystyrene, the results from which left little doubt as to the validity of
the macromolecular viewpoint. Staudinger’s hypothesis was further sub-
stantiated by the crystallographic studies of natural polymers reported by
Herman Mark and Kurt Meyer, and by the classic work of Wallace
Carothers on the preparation of polyamides and polyesters. Thus by the
early 1930s most scientists were convinced of the macromolecular structure
of polymers. During the following 20 years, work on polymers increased
enormously: the first journals devoted solely to their study were published
and most of the fundamental principles of Polymer Science were
established. The theoretical and experimental work of Paul Flory was
prominent in this period, and for his long and substantial contribution to
Polymer Science he was awarded the Nobel Prize for Chemistry in 1974. In
1953 Staudinger had received the same accolade in recognition of his
pioneering work.

Not surprisingly, as the science of macromolecules emerged, a large
number of synthetic polymers went into commercial production for the
first time. These include polystyrene, poly(methyl methacrylate), nyfon
6.6, polyethylene, poly(vinyl chloride), styrene-butadiene rubber, sili-
cones and polytetrafluoroethylene, as well as many others. From the 1950s
onwards regular advances, too numerous to mention here, have continued
to stimulate both scientific and industrial progress.

Whilst Polymer Science is now considered to be a mature subject, its
breadth is ever increasing and there are many demanding challenges
awaiting scientists who venture into this fascinating multidisciplinary
science.
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1.2 Basic definitions and nomenclature

Several important terms and concepts must be understood in order to
discuss fully the synthesis, characterization, structure and propertics of
polymers. Most of these will be defined and discussed in detail in
subsequent chapters. However, some are of such fundamental importance
that they must be defined at the outset.

In strict terms, a polymer is a substance composed of molecules which
have long sequences of one or more species of atoms or groups of atoms
linked to each other by primary, usually covalent, bonds. The emphasis
upon substance in this definition is to highlight that although the words
polymer and macromolecule are used interchangeably, the latter strictly
defines the molecules of which the former is composed.

Macromolecules are formed by linking together monomer molecules
through chemical reactions, the process by which this is achieved being
known as polymerization. For cxample, polymerization of ethylene yields
polyethylene, a typical sample of which may contain molecules with 50 000
carbon atoms linked together in a chain. It is this long chain nature which
sets polymers apart from other materials and gives rise to their characteris-
tic properties.

1.2.1 Skeletal structure

The definition of macromolecules presented up to this point implies that
they have a/inear skeletal structure which may be represented by a chain
with two ends. Whilst this is true for many macromolecules, there are also
many with non-linear skeletal structures of the type shown in Fig. 1.1.
Branched polymers have side chains, or branches, of significant length
which are bonded to the main chain at branch points (also known as

Linear Branched Network

Fig 1.1 Representive skeletal structiires o linear and non-linear polymers.
)
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Junction points), and are characterized in terms of the number and size of
the branches. Network polymers have three-dimensional structures in
which cach chain is connected to all others by a sequence of junction points
and other chains. Such polymers are said to be crosslinked and are
characterized by their crosslink density, or degree of crosslinking, which is
related directly to the number of junction points per unit volume.
Non-linear polymers may be formed by polymerization, or can be
prepared by linking together (i.e. crosslinking) pre-existing chains.
Variations in skeletal structure give rise to major differences in
properties. For example, linear polyethylene has a melting point about
20°C higher than that of branched polyethylene. Unlike linear and
branched polymers, network polymers do not melt upon heating and will
not dissolve, though they may swell considerably in compatible solvents.
The importance of crosslink density has already been encountered in terms
of the vulcanization (i.e. sulphur-crosslinking) of natural rubber. With low
crosslink densities (i.e. low levels of sulphur) the product is a flexible
clastomer, whereas it is a rigid material when the crosslink density is high.

1.2.2 Homopolymers

The formal definition of a homopolymer is a polymer derived from one
species of monomer. However, the word homopolymer often is used more
broadly to describe polymers whose structure can be represented by
multiple repetition of a single type of repeat unit which may contain one or
more species of monomer unit. The latter is sometimes referred to as a
structural unit.

The chemical structure of a polymer usually is represented by that of the
repeat unit enclosed by brackets. Thus the hypothetical homopolymer
MA—A—A—A—A—A—A—A mis represented by -A-; where n is
the number of repeat units linked together to form the macromolecule.
Table 1.1 shows the chemical structures of some common homopolymers
together with the monomers from which they are derived and some
comments upon their properties and uses. It should be evident that slight
differences in chemical structure can lead to very significant differences in
properties.

The naming of polymers or envisaging the chemical structure of a
polymer from its name is often an area of difficulty. At least in part this is
because most polymers have more than one correct name, the situation
being further complicated by the variety of trade-names which also are
used to describe certain polymers. The approach adopted here is to use
names which most clearly and simply indicate the chemical structures of
the polymers under discussion.

The names given to the polymers in Table 1.1 exemplify elementary
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TABLE 1.1 continued

Monomers

Polymer

Comments

(8) Ethylene glycol
HO—CH,—CH-—OH

(9) Ethylene glycol
HO—CH,—CH,—OH
and terephthalic acid

(@) O

[ I
HO—C C—OH

(10) Hexamethylene diamine
:uZ|Aﬁquv_:lz:u
and sebacic acid

(0] (0]

I [
HO—G(CH,),—C—O0H

Poly(ethylene glycol) (PEG)

Poly(cthylenc terephthalate) (PET)”
0 0]

I I
B OO0 Ci.

Poly(hexamethylene sebacate) (nylon 6.10)*
H H

| |
NACH I N—CHCHRC
[ __
9] O

-, A . -

6 carbons 10 carbons

Water-soluble packaging films, textile sizes,
thickeners, e.g. ‘Carbowax’.

Textile fibres, film, bottles, e.g. ‘Terylene’,
‘Dacron’, ‘Melinex’, ‘Mylar’.

Mouldings, fibres, e.g. *Ultramid 6.10°.

* The polymer has two monomer units in the repeat unit.



TABLE 1.1 continued

Monomers

Polymer :

Comments

(5) Methyl methacrylate

CH;
cH—C
d=o
oc,
(6) Vinyl chloride
CH,=CH
3

(7) Vinyl acetate
CH,==CH

Poly(methyl methacrylate) (PMMA)
CH;
_
+CH—Cr
|
C=0

_
OCH;

Poly(vinyl chloride) (PVC)
+CH,—CH+;

_
Cl

Poly(vinyl acctate) Av<>m
4CH-—CH}:

|
0

_
C=0
_

CH;

Transparent sheets and mouldings; used for
aeroplane windows; more expensive than PS,
e.g. ‘Perspex’, ‘Diakon’, ‘Lucite’, ‘Oroglass’,
‘Plexiglas’.

Water pipes and gutters, bottles, gramophone
records; plasticized to make PVC leathercloth,
raincoats, flexible pipe and hose, toys, sheathing
on electrical cables, e.g. ‘Darvic’, *Welvic’,
‘Vinoflex’, ‘Hostalit’.

Surface coatings, adhesives, chewing gum.
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aspects of nomenclature. Thus source-based nomenclature places the
prefix ‘poly’ before the name of the monomer, the monomer’s name being
contained within parentheses unless it is a simple single word. In
structure-based nomenclature the prefix poly is followed in parentheses by
words which describe the chemical structure of the repeat unit. This type of
nomenclature is used for polymers nine and ten in Table 1.1.

1.2.3 Copolymers

The formal definition of a copolymer is a polymer derived from more than
one species of monomer. However, in accordance with use of the word
homopolymer, it is common practice to use a structure-based definition.
Thus the word copolymer more commonly is used to describe polymers
whose molecules contain two or more different types of repeat unit. Hence
polymers nine and ten in Table 1.1 usually are considered to be homo-
polymers rather than copolymers.

There are several categories of copolymer, each being characterized by a
particular form of arrangement of the repeat units along the polymer
chain. For simplicity, the representation of these categories will be
illustrated by copolymers containing only two different types of repeat unit
(A and B).

Statistical copolymers are copolymers in which the sequential distribu-
tion of the repeat units obeys known statistical laws (e.g. Markovian).
Random copolymers are a special type of statistical copolymer in which the
distribution of repeat units is truly random (some words of caution are
necessary here because older textbooks and scientific papers often use the
term random copolymer to describe both random and non-random
statistical copolymers). A section of a truly random copolymer is
represented below

amaB—B—B—A—B—B—A—B—A—Aaw

Alternating copolymers have only two different types of repeat unit and
these are arranged alternately along the polymer chain

mrA—B—A—B—A—B—A—B—A—Bm

Statistical, random and alternating copolymers generally have properties
which are intermediate to those of the corresponding homopolymers. Thus
by preparing such copolymers it is possible to combine the desirable
properties of the homopolymers into a single material. This is not normally
possible by blending because most homopolymers are immiscible with each
other.

Block copolymers are linear copolymers in which the repeat units exist
only in long sequences, or blocks, of the same type. Two common block
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copolymer structures are represented below and usually are termed AB
di-block and ABA tri-block copolymers

A—A—A—A—A—A—A—A—A—A—B—B—B—B—B—B—B—B—B—B

A—A—A—A—A—A—A—A—B—B—B—B—B—B—B—B—A—A—A—A—A—A—A—A

Graft copolymers are branched polymers in which the branches have a
different chemical structure to that of the main chain. In their simplest
form they consist of a main homopolymer chain with branches of a
different homopolymer

B—B—B—B—B—B

B

A—A—A—A—A—A—A—A—A—A—A—A—A—A—A—A—A—A—A—A

B

B—B—B—B—B—B—B—B

In distinct contrast to the types of copolymer described earlier, block
and graft copolymers usually show properties characteristic of each of the
constituent homopolymers. They also have some unique properties arising
from the chemical linkage(s) between the homopolymer sequences
preventing them from acting entirely independently of each other.

The current principles of nomenclature for copolymers are indicated in
Table 1.2 where A and B represent source- or structure-based names for
these repeat units. Thus a statistical copolymer of ethylene and propylene

TABLE 1.2 Principles of nomenclature for copolymers

Type of copolymer Example of nomenclature
Unspecified Poly(A-co-B)

Statistical Poly(A-stat-B)

Random Poly(A-ran-B)
Alternating Poly(A-alt-B)

Block PolyA-block-polyB
Graft* PolyA-graft-polyB

* The example is for polyB branches on a polyA main
chain.
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Polymers
I :
Thermoplastics I
) 1
| Elastomers Thermosets

Crystalline Amorphous

Fig. 1.2 Classification of polymers.

is named poly(ethylene-stat-propylene), and an ABA tri-block copolymer
of styrene (A) and isoprene (B) is named polystyrene-block-polyisoprene-
block-polystyrene. In certain cases, additional square brackets are re-
quired. For example, an alternating copolymer of styrene and maleic
anhydride is named poly[styrene-alt-(maleic anhydride)].

1.2.4 Classification of polymers

The most common way of classifying polymers is outlined in Fig. 1.2 where
they are first separated into three groups: thermoplastics, elastomers and
thermosets. Thermoplastics are then further separated into those which are
crystalline and those which are amorphous (i.e. non-crystalline). This
method of classification has an advantage in comparison to others since it is
based essentially upon the underlying molecular structure of the polymers.

Thermoplastics, often referred to just as plastics, are linear or branched
polymers which can be melted upon the application of heat. They can be
moulded (and remoulded) into virtually any shape using processing
techniques such as injection moulding and extrusion, and now constitute
by far the largest proportion of the polymers used in industry. Generally,
thermoplastics do not crystallize easily upon cooling to the solid state
because this requires considerable ordering of the highly coiled and
entangled macromolecules present in the liquid state. Those which do
crystallize invariably do not form perfectly crystalline materials but instead
are semi-crystalline with both crystalline and amorphous regions. The
crystalline phases of such polymers are characterized by their melting
temperature (T,,). Many thermoplastics are, however, completely amor-
phous and incapable of crystallization, even upon annealing. Amorphous
polymers (and amorphous phases of semi-crystalline polymers) are
characterized by their glass transition temperature (T,), the temperature at
which they transform abruptly from the glassy state (hard) to the rubbery
state (soft). This transition corresponds to the onset of chain motion; below
T, the polymer chains are unable to move and are ‘frozen’ in position.
Both T, and T, increase with increasing chain stiffness and increasing
forces of intermolecular attraction.
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Llastomers arce crosslinked rubbery polymers (i.c. rubbery networks)
that can be stretched easily to high extensions (e.g. 3X to 10X their
original dimensions) and which rapidly recover their original dimensions
when the applied stress is released. This extremely important and useful
property is a reflection of their molecular structure in which the network is
of low crosslink density. The rubbery polymer chains become extended
upon deformation but are prevented from permanent flow by the cross-
links, and driven by entropy, spring back to their original positions on
removal of the stress. The word rubber, often used in place of elastomer,
preferably should be used for describing rubbery polymers which are not
crosslinked.

Thermosets normally are rigid materials and are network polymers in
which chain motion is greatly restricted by a high degree of crosslinking.
As for elastomers, they are intractable once formed and degrade rather
‘than melt upon the application of heat.

1.3 Molar mass and degree of polymerization

Many properties of polymers show a strong dependence upon the size of
the polymer chains, so that it is essential to characterize their dimensions.
This normally is done by measuring the molar mass (M) of a polymer
which is simply the mass of 1 mole of the polymer and usually is quoted in
units of g mol™! or kg mol™'. The term ‘molecular weight’ is still often used
instead of molar mass, but is not preferred because it can be somewhat
misleading. It is really a dimensionless quantity, the relative molecular
mass, rather than the weight of an individual molecule which is of course
a very small quantity (e.g. ~107" —~10""g for most polymers). By
multiplying the numerical value of molecular weight by the specific units
gmol~! it can be converted into the equivalent value of molar mass. For
example, a molecular weight of 100000 is equivalent to a molar mass of
100000 g mol~" which in turn is equivalent to a molar mass of 100 kg mol™'.

For network polymers the only meaningful molar mass is that of the
polymer chains existing between junction points (i.e. network chains),
since the molar mass of the network itself essentially is infinite.

The molar mass of a homopolymer is related to the degree of
polymerization (x), which is the number of repeat units in the polymer
chain, by the simple relation

M=XM(} (11)

where M, is the molar mass of the repeat unit. For copolymers the sum of
the products xM, for each type of repeat unit is required to define the
molar mass.
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Fig. 1.3 A typical molar mass distribution curve.

1.3.1 Molar mass distribution

With very few exceptions, polymers consist of macromolecules (or network
chains) with a range of molar masses. Since the molar mass changes in
intervals of M|, the distribution of molar mass is discontinuous. However,
for most polymers these intervals are extremely small in comparison to the
total range of molar mass and the distribution can be assumed to be
continuous, as exemplified in Fig. 1.3.

1.3.2 Molar mass averages

Whilst a knowledge of the complete molar mass distribution is essential in
many uses of polymers, it is convenient to characterize the distribution in
terms of molar mass averages. These usually are defined by considering the
discontinuous nature of the distribution in which the macromolecules exist
in discrete fractions i containing N; molecules of molar mass M,.

The number-average molar mass (M,) is defined as ‘the sum of the
products of the molar mass of each fraction multiplied by its mole fraction’
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ie. M,=> XM (1.2)

where X; is the mole fraction of molecules of molar mass M; and is given by
the ratio of N; to the total number of molecules. Therefore it follows that

Mn=zNiMl'/zNi (13)

showing this average to be the arithmetic mean of the molar mass
distribution. It is often more convenient to use weight fractions rather than
numbers of molecules. The weight fraction w; is defined as the mass of
molecules of molar mass M; divided by the total mass of all the molecules
present

ie. w;=NM,; / > NM,; (1.4)

from which it can be deduced that

E(Wffo)=zN:'/2N:'ME (1.5)

Combining Equations (1.3) and (1.5) gives M, in terms of weight
fractions

anl/z(wi/Mi) (16)

The weight-average molar mass (M) is defined as ‘the sum of the
products of the molar mass of each fraction multiplied by its weight
fraction’

ie. M= wM, (1.7)

By combining this equation with Equation (1.4) M,, can be expressed in
terms of the numbers of molecules

M, = > NiM; / > NiM; (1.8)

The ratio M,,/M, must by definition be greater than unity for a
polydisperse polymer and is known as the polydispersity or heterogeneity
index. Its value often is used as a measure of the breadth of the molar mass
distribution, though it is a poor substitute for knowledge of the complete
distribution curve. Typically M,,/M,, is in the range 1.5-2.0, though there
are many polymers which have smaller or very much larger values of
polydispersity index. A perfectly monodisperse polymer would have
M .IM, = 1.00.

Higher molar mass averages sometimes are quoted. For example,
certain methods of molar mass measurement (e.g. sedimentation equilib-

rium) yield the z-average molar mass (M) which is defined as follows
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M, = ZN,—M?/EN,-M;-" = EW,»M_?/EWI-M,- (1.9)

In addition, more complex exponent averages can be obtained (e.g. by
dilute solution viscometry and sedimentation measurements).

Degree of polymerization averages are of more importance than molar
mass averages in the theoretical treatment of polymers and polymeriza-
tion, as will be highlighed in the subsequent chapters. For homopolymers
they may be obtained simply by dividing the corresponding molar mass
average by M. Thus the number-average and weight-average degrees of
polymerization are given by

f”:M”/M“ (1.10)
and X,=M,/M, (1.11)
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2 Synthesis

2.1 Classification of polymerization reactions

The most basic requirement for polymerization is that each molecule of
monomer must be capable of being linked to two (or more) other
molecules of monomer by chemical reaction, i.e. monomers must have a
functionality of two (or higher). Given this relatively simple requirement,
there are a multitude of chemical reactions and associated monomer types
that can be used to effect polymerization. To discuss each of these
individually would be a major task which fortunately is not necessary since
it is possible to place most polymerization reactions in one of two classes,
each having distinctive characteristics.

The classification used in the formative years of polymer science was
due to Carothers and is based upon comparison of the molecular formula
of a polymer with that of the monomer(s) from which it was formed.
Condensation polymerizations are those which yield polymers with repeat
units having fewer atoms than present in the monomers from which they
are formed. This usually arises from chemical reactions which involve the
climination of a small molecule (e.g. H,O, HCI). Addition polymerizations
are those which yield polymers with repeat units having identical molecular
formulae to those of the monomers from which they are formed. Table 1.1
(Section 1.2.2) contains examples of each class: the latter three examples
are condensation polymerizations involving elimination of H,O, whereas
the others are addition polymerizations.

Carothers’ method of classification was found to be unsatisfactory when
it was recognized that certain condensation polymerizations have the
characteristic features of typical addition polymerizations and that some
addition polymerizations have features characteristic of typical condensa-
tion polymerizations. A better basis for classification is provided by
considering the underlying polymerization mechanisms, of which there are
two general types. Polymerizations in which the polymer chains grow
step-wise by reactions that can occur between any two molecular species
are known as step-growth polymerizations. Polymerizations in which a
polymer chain grows only by reaction of monomer with a reactive
end-group on the growing chain are known as chain-growth polymeriza-
tions, and usually require an initial reaction between the monomer and an
initiator to start the growth of the chain. There has been a tendency in
recent years to change these names to step polymerization and chain
polymerization, and this practice will be used here. The essential



