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I stand at the seashore, alone, and start to think. ..

There are the rushing

waves mountains of molecules

each stupidly minding its own business
trillions apart

yet forming white surf in unison.

Ages on ages before

any eyes could see

year after year

thunderously pounding the shore as now.
For whom, for what?

On a dead planet

with no life to entertain.

Never at rest

tortured by energy

wasted prodigiously by the sun
poured into space.

A mite makes the sea roar.

Deep in the sea

all molecules repeat

the pattern of one another

till complex new ones are formed.
They make others like themselves
and a new dance starts.

Growing in size and complexity
living things

masses of atoms

DNA, protein

dancing a pattern ever more intricate.

Out of the cradle

onto dry land

here it is

standing:

atoms with consciousness;
matter with curiosity.

Stands at the sea,
wonders at wondering: I
a universe of atoms

an atom in the universe.

Richard P. Feynman (1955)
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This book is intended for those who work on practical problems in the field of polymers
and who are in need of orienting numerical information on polymer properties; for the
organic chemist who is faced with the task of synthesizing new polymers and wonders
if the structures he wants to realize will actually have the properties he has as a target; for
the chemical engineer who is often forced to execute his designs without having enough
data at his disposal and who looks in vain for numerical values of the quantities needed
under the conditions of the process; for the polymer processer who tries to predict and
understand how certain physical parameters will react to changes in process conditions;
for the polymer technologist who tries to a get a better insight into the interrelations of
the many disciplines in his branch; and finally for all students who are interested in the
correlation between chemical structure and properties and in the mutual relation of
the properties.

With the chemical constitution as the basis, our aim has consistently been to show that
each functional group in the molecular structure actually performs a function that is
reflected in all properties. Ample use has been made of the empirical fact that a number
of quantities and combinations of quantities have additive properties — within certain
limits of precision - so that these quantities can be calculated in a simple manner from
empirically derived group contributions or increments. Many readers will be surprised to
see how far one can get by setting out from this simple starting point.

Theoretical expositions have purposely been omitted, except where some elucidation is
indispensable for a proper understanding of quantities that are less widely known.

It follows that this book has not been written for the polymer scientist proper, notably
the polymer physicist and physical chemist, its design being too empirical for him and too
much directed to practice. In this book the expert will find no data that are not available
elsewhere. Many experts may even have great objections, some of them justified, to the
design of this book and its approach.

Unfortunately, the gap between polymer scientists and practicians is not narrowing
but constantly widening. The work in the field of polymer science is becoming increas-
ingly sophisticated, in the experimental as well as in the theoretical disciplines.

This book is meant to be a modest contribution towards narrowing the gap between
polymer science and polymer practice. Time will have to show whether this attempt has
been successful.

vii
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On its appearance this book was given such a good welcome that a second edition proved
to be necessary within four years. For this purpose the book was completely revised,
updated and considerably extended. The scope of the chapters dealing with the mechani-
cal and rheological properties was much enlarged, as where the sections discussing
polymer solutions. An improved system for the assessment of the transition temperatures
was introduced. SI units are used throughout the book.

While the first impression confined itself to the intrinsic properties, the second edition
also covers the processing and product properties, if to a limited extent and on a selective
basis.
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Fourteen years passed since the second edition of this book appeared. Since then four new
prints were made. As a source of data and for estimations it is now widely used all over the
world.

The present Third Edition required a thorough revision and updating, and conse-
quently a certain extension.

The existing subdivision of the book in seven Parts and 27 Chapters remained the
same, with one exception: chapter 14. This deals now with a new subject: the Acoustic
Properties; its original subject, properties of oriented polymers, is now divided over the
chapters 13 and 19.

Xi
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In the year 2000, Dr Kostas Marinakis, senior acquisitions editor at Elsevier, asked my
father to consider the preparation of a revised edition of his Properties of Polymers, the
handbook that was first published in 1972 and later revised by him twice, in 1976 and in
1990. The proposal pleased him greatly, as this book was still very dear to him.

The unorthodox, practice oriented set-up which he had chosen for the book, by arran-
ging the research findings according to properties, while giving prominence to predict-
ability of properties on the basis of chemical structures, had been very productive and
successful. During his long career as a chemical scholar working in industrial research and
management, my father had always dedicated himself to bridging technological practice
with scientific research, and to combining the insights of all relevant sub-specialties of
science and technology.

His other well-known handbook, Coal (Elsevier 1961, 1993: 3rd Edition) - fruit of the
first twenty years of his professional career - is another clear example of his comprehen-
sive and nearly encyclopaedic approach. He was very much aware of the fact that he still
belonged to the generation of classic science authors who aimed at a broad, systematic,
coherent presentation of the subject matter. He once said to me that in the future such
handbooks like Coal and Properties of Polymers would not be written anymore by a single
person, assuming that there would still be any need for such books in the digital era. Not
without nostalgia, he spoke about the things that he had helped to build up, and that had
disappeared under his eyes. The glorious coal research activities of DSM, where he had
worked from 1940 till 1959, had completely vanished, and the same was true for the
innovative research into polymers of AKZO, his pride from 1960 till his retirement in
1976. His two successful handbooks are the only witnesses of those exciting periods of his
scholarly life.

The idea that Properties of Polymers would get a new life cycle pleased my father
immensely therefore, although he was very much aware that he would not be capable to
achieve such a huge task alone at the age of 86 years. So he decided to look for a co-author
and consulted some of his professional friends. One of them, Dr. Ger Challa, former
professor in polymer chemistry at Groningen University, suggested Dr. Ir. Klaas te
Nijenhuis to him as a possible co-author. Te Nijenhuis was at that time associate-professor
at Delft University of Technology, where he had specialized in polymers.

Te Nijenhuis and my father got very well together, and they agreed to co-operate as
soon as possible in the revision of the book. Te Nijenhuis would retire from the university
by the end of 2003, so from then on he would have sufficient time to work on his share of
the revision. On the 3" of September 2001, the joint publishing agreement with Elsevier
was signed.

Eight days later, however, on the catastrophic 117 of September, my father was struck
by a bad brain haemorrhage from which he did not recover. He died on 27 of October
2001.

In the hard weeks of his suffering, he clung to the few moments of hope and joy. Such a
moment was the visit of Klaas te Nijenhuis. They discussed the intended revision
of Properties of Polymers, and Te Nijenhuis told him that in the mean time he also had
signed the contract and he promised my father that the 4™ edition would be prepared

1 th
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Xiv Introduction of the Present Author

by him anyway. In the face of death, my father was utterly happy to know that his book
would survive.

Dr. te Nijenhuis has kept his word, and he has even managed to do the enormous
job alone - brushing aside the sceptical remark of my father that after him nobody could
or would do such a thing alone. I want to express my deep gratitude to Dr. te Nijenhuis,
also on behalf of my sister Irene and my brothers Hans and Frits, for his marvellous
achievement. May this 4™ edition of Properties of Polymers find its way to many readers
and users!

Laurens van Krevelen, LL M Bloemendaal, The Netherlands
August 2008



Eighteen years have passed since the third edition of this book appeared. Since then it has
been reprinted twice and has appeared in a paperback edition (1977). As a source of data
and estimations it is still widely used all over the world.

In the early 2000’s there was a feeling within “Polymer-The Netherlands” that a revised
edition of “PROPERTIES OF POLYMERS” was needed. This was already preceded by a
suggestion from Elsevier Science B.V. to Prof. Van Krevelen to consider the preparation of
a revised edition of his book. However, because of his age Prof.Van Krevelen did not feel
capable of doing all the effort for the preparation of a new edition alone. For that reason he
invited me in May 2001 to cooperate in the preparation of the fourth edition. I accepted this
honourable invitation hesitantly, knowing that it would be a tremendous amount of work.
Our joint discussions with Elsevier Science B.V. resulted in a contract that was signed in
the autumn of 2001. Prof. Van Krevelen would support me with his fabulous amount of
knowledge and experience. Unfortunately, this was not to be, because on 27" of October of
the same year he passed away after a brief illness. I will never forget his radiant face when
I'told him, visiting him in the hospital on 4™ of October, together with his son Laurens, that
I also had signed the Elsevier contract. Anyhow, I now had to do the work alone and,
indeed, it appeared to be a long and lonesome activity. But the mere thought of his radiant
face in all his distress, proved to be a stimulus not only to start, but in particular also to
continue this huge task.

The present Fourth Edition has been updated and also, when necessary, extended.
However, I did not take the opportunity to change the plan of the book: the existing
subdivision of the book in seven parts and 27 Chapters has not been changed.
The following shows where small changes were made or where the text was extended
greatly.

Partl  General Introduction: A bird’s-eye view of polymer science and engineering. Chapter 1,
dealing with approach and objectives of polymer properties, remained almost
unchanged. In Chapter 2, where the typology of polymers is discussed, the
milestones (Appendix I) are extended and updated, Nobel prize winners
concerning Polymers are added and the development of commercial polymers
(Appendix II) is updated. In Chapter 3, where the typology of properties is
discussed, only small changes and extensions are made.

Part I Thermophysical properties of polymers. In Chapters 4 and 5, that deal with volu-
metric properties and calorimetric properties, respectively, only marginal
extensions are made. In Chapter 6, on transition temperatures, more attention
is paid to the thermodynamics of the glass-rubber-transition. Moreover, the
treatment of the calculation of the melting temperature of polymer families
with two functional groups in the repeating units is changed in such a way
that the agreement between calculated and experimental melting temperatures
is better. In Chapter 7, on cohesive properties and solubility, the solubility
parameter is compared with the Flory Huggins interaction parameter. Further,
temperature dependence of the solubility parameter and the solubility parame-
ter of solvent mixtures are added. In Chapter 8, on interfacial energy properties,
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a correction term in the equations for the surface energy and more refined
approaches of surface energy contributions with the aid of Lifschitz-Van der
Waals interactions are added. In Chapter 9, on conformation aspects and
conformation statistics, the Kuhn length, the persistence length and the worm-
like chain are added. More attention is paid to the limiting viscosity number of
branched polymers and in particular of polyelectrolytes.

Properties of polymers in fields of force. In Chapter 10, on optical properties, much
more attention is paid to reflection and transmission of light. Chapter 11, on
electrical properties, is greatly extended with the relationships between the
dielectric constant and (1) polarization and (2) refractive index and with Debye
relaxation. Some attention is paid to Thermally Stimulated Discharge (TSD)
and electrets. Also electric conductivity, doping of polymers and non-linear
optics are greatly extended. In Chapter 12, on magnetic properties, the intro-
duction of magnetism is extended. The introduction of the NMR phenomenon
is greatly extended, just as the detection of NMR and the relaxation mechan-
isms (spin-lattice and spin-spin). Chapter 13, on mechanical properties, still the
most important class of polymer properties, is extended greatly, in particular
the subchapters Rubber elasticity, Viscoelasticity, Ultimate mechanical proper-
ties and Mechanical properties of uniaxially oriented polymers (fibres). In
Chapter 14, on acoustic properties, the dependence of sound speed on various
parameters is extended.

Transport properties of polymers. Chapter 15, on rheological properties of poly-
mer melts, is greatly extended, in particular the subchapters Modes of defor-
mation and definition of viscosity, Newtonian shear viscosity of polymer
melts, Non-Newtonian shear viscosity and first normal stress coefficient of
polymer melts, Extensional viscosity of polymer melts, Elastic effects in poly-
mer melts and Rheological properties of thermotropic liquid crystalline poly-
mers. Also Chapter 16, on rheological properties of polymer solutions, is
extended quite greatly, in particular the subchapters Viscoelastic properties
of polymer solutions in steady shear flow, Extensional flow of polymer solu-
tions and Solutions of lyotropic liquid crystalline polymers. In Chapters 17 and
18, on transport of heat and mass, respectively, the introduction of thermal
transport and permeability is extended slightly. In Chapter 19, on crystalliza-
tion and recrystallization, the Avrami equation and the Critical size of crystal
nuclei are paid more attention to. The subsection Aspects of structure forma-
tion in processing is completely revised. In the subchapter Crystallization
phenomena in uniaxial drawing: fibre spinning, several smaller parts are
extended.

Properties determining the chemical stability and breakdown of polymers. In Chapter
20, on thermomechanical properties, some thermodynamics of the reaction
from monomer to polymer are added, included the ceiling and floor tempera-
tures of polymerization. Chapters 21 and 22, on thermal decomposition and
chemical degradation, respectively, needed only slight extensions.

Polymer properties as an integral concept. Chapter 24, on processing properties, is
extended slightly. Chapter 25, on mechanical product properties, remained
almost unchanged. The three subchapters of Chapter 26, on environmental
product properties, are extended quite greatly. Chapter 27 on examples of end
use properties remained unchanged.

Comprehensive tables Only marginal changes are made.
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The Bibliographies of the chapters are updated and extended greatly.

I'sincerely hope that also this “fourth” edition of “PROPERTIES OF POLYMERS” will
find (following the preface to the third edition) "a good acceptance in the polymer world
and that it will prove a useful guide and aid to many users", notwithstanding that
the present author is not the well-known Prof. D.W. van Krevelen, but somebody
who attended many of his various lectures on “PROPERTIES OF POLYMERS” at Delft
University of Technology.

K. te Nijenhuis Dronten, The Netherlands
August, 2008
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This edition of PROPERTIES OF POLYMERS would not have been appeared as such,
without the assistance of a number of scientists, each with her or his expertise.

In particular I have to mention Dr.H.Boerstoel (Teijin, Arnhem), Prof. A .D. Gotsis
(Crete, Greece), Prof. H. Janeschitz-Kriegl (Linz, Austria), Dr. M. G. Northolt (formerly
AKZO, Arnhem), Prof. S. J. Picken (Delft) and Dr. J. Spévacek (Institute for Macromolecu-
lar Chemistry, Prague). Their criticism, suggestions, improvements, provisional drafts and
extensions are gratefully acknowledged.

Other suggestions, comments and help in any way are, first from former colleagues
at Delft University: Dr. T. W. De Loos, Prof. W. J. Mijs, Prof. J. van Turnhout, Prof. J. A.
Wesselingh (now at Groningen), Prof. M. Wiibbenhorst (now at Leuven, Belgium) and Dr.
J. Zuidema and secondly from Dr. J. B. Helms (formerly Shell Amsterdam), Prof. S. Hvidt
(Roskilde, Denmark), Prof. E. W. Meijer (Eindhoven), Prof. R. J. M. Nolte (Nijmegen), Prof.
J. W.M. Noordermeer (Enschede and DSM Geleen), Prof. A. J. Schouten (Groningen), Prof.
R. P. Sijpesma (Eindhoven), Prof. L. C. M. Struik (Enschede and DSM Geleen), Dr. C. J. M.
Van den Heuvel (Teijin, Arnhem), Dr. H. Van der Werff (DSM Geleen) and Prof. W. Van
Saarloos (Leiden). Also their help is gratefully acknowledged.

In the preface I already mentioned that rewriting this book would be a long and
lonesome activity, but in a family consisting of only two persons this activity is also long
and lonesome for the other. I am deeply grateful to my wife Laura that I got the opportu-
nity to do this work and for her stimulus and incredible patience: it has been a very special
way to spend together a retirement time.
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GENERAL INTRODUCTION: A BIRD’S-EYE
VIEW OF POLYMER SCIENCE
AND ENGINEERING

“It is the lone worker who makes the first advance in a subject,
the details may be worked out by a team”

Alexander Fleming, 1881-1955
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Polymer Properties

1.1. APPROACH AND OBJECTIVE

The continuous development of the modern process industries has made it increasingly
important to have information about the properties of materials, including many new
chemical substances whose physical properties have never been measured experimen-
tally. This is especially true of polymeric substances. The design of manufacturing and
processing equipment requires considerable knowledge of the processed materials and
related compounds. Also for the application and final use of these materials this knowl-
edge is essential.

In some handbooks, for instance the “Polymer Handbook” (Brandrup et al., 1966, 1975,
1989, 1999), “Physical Constants of Linear Homopolymers” (Lewis, 1968), “International
Plastics Handbook for the Technologist, Engineer and User” (Saechtling, 1988), “Polymer
Data Handbook” (Mark, 1999) and similar compilations, one finds part of the data
required, but in many cases the property needed cannot be obtained from such sources.

The major aim of the present book is twofold:

1. To correlate the properties of known polymers with their chemical structure, in other words: to
establish structure—properties relationships.

2. To provide methods for the estimation and/or prediction of the more important properties of
polymers, in the solid, liquid and dissolved states, in cases where experimental values are not to
be found.

Thus, this book is concerned with predictions. These are usually based on correlations of
known information, with interpolation or extrapolation, as required. Reid and Sherwood
(1958) distinguished correlations of three different types:

— Purely empirical; on extrapolation these correlations are often unreliable, or even
dangerous to use.

— Purely theoretical; these are seldom adequately developed or directly usable.

— Partly empirical but based on theoretical models or concepts; these “semi-empirical”
correlations are the most useful and reliable for practical purposes.

Among scientists there is often a tendency to look down upon semi-empirical approaches
for the estimation of properties. This is completely unjustified. There are almost no purely
theoretical expressions for the properties in which practice is interested.

One of the great triumphs of theoretical physics is the kinetic theory of gases. On the
basis of an interaction-potential function, e.g. the Lennard-Jones force function, it is

Properties of Polymers © 2009 Elsevier B.V.
DOI: 10.1016/B978-0-08-054819-7.00001-7 All rights reserved.



4 Properties of Polymers

possible to develop theoretical expressions for all the important properties of gases, such
as the p—v-T relationships, viscosity, molecular diffusivity, thermal conductivity and
thermal-diffusion coefficient. The predicted variations of these properties with tempera-
ture are in excellent agreement with experimental data. But it should be realized that this
extremely successful theoretical development has a purely empirical basis, viz. the force
function. Except for the simplest cases, there is no sufficiently developed theory for a
quantitative description of the forces between molecules. Whereas the theory of gases is
relatively advanced, that of solids is less well understood, and the theory of liquids is still
less developed.

In the relatively new field of macromolecular matter the semi-empirical approach is mostly
necessary, and sometimes even the only possible way.

Fundamental theory is generally too remote from the phenomena, which have to be
described. What is needed in practice is a formulation that is designed to deal directly with the
phenomena and makes use of the language of observation. This is a pragmatic approach that is
designed specifically for use; it is a completely non-speculative procedure.

In the low-molecular field Reid et al. (1977) have performed this task in a most
admirable way, as far as gases and liquids are concerned. For molecular crystals and
glasses Bondi (1968) gave a similar contribution, which partly covers the polymeric field,
too.

In the macromolecular field the amount of literature is extremely large. Nevertheless
the researcher is often confronted with the problem that neither directly measured proper-
ties, nor reliable methods to calculate them, can be found. This is the justification of the
present book. The value of estimation and correlation methods largely depends, however,
on their simplicity. Complicated methods have to be rejected. This has been one of our
guiding principles.

The simplest and yet very successful method is based on the concept of additive group
contributions.

The underlying idea in this concept is the following: There are thousands of chemical
compounds of interest in science and practice; however, the number of structural and
functional groups, which constitute all these compounds, is very much smaller. The
assumption that a physical property of a compound, e.g. a polymer, is in some way
determined by a sum of contributions made by the structural and functional groups in
the molecule or in the repeating unit of the polymer, forms the basis of a method for
estimating and correlating the properties of a very large number of compounds or poly-
mers, in terms of a much smaller number of parameters which characterize the contribu-
tions of individual groups. These group contributions are often called increments.

Such a group contribution- or increment-method is necessarily an approximation, since
the contribution of a given group in one surroundings is not necessarily the same as that in
another environment.

The fundamental assumption of the group-contribution technique is additivity. This
assumption, however, is valid only when the influence of any one group in a molecule or
in a structural unit of a polymer is not affected by the nature of the other groups. If there is
mutual interaction, it is sometimes possible to find general rules for corrections to be made
in such a case of interaction (e.g. conjugation of double bonds or aromatic rings). Every
correction or distinction in the contribution of a group, however, means an increase in the
number of parameters. As more and more distinctions are made, finely the ultimate group
will be recovered, namely the molecule or the structural unit of the polymer itself. Then
the advantage of the group-contribution method is completely lost.

So the number of distinct groups must remain reasonably small, but not so small as to
neglect significant effects of molecular structure on physical properties. For practical
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utility always a compromise must be attained; it is this compromise that determines the
potential accuracy of the method.

It is obvious that reliable experimental data are always to be preferred to values
obtained by an estimation method. In this respect all the methods proposed in this book
have a restricted value.

The first edition of the present book appeared in 1972, i.e. almost 40 years ago. The
approach then proposed found a growing number of applications.

That the approach is useful has been demonstrated in a variety of ways in the literature,
including a Russian translation of the book and a book by Askadskii and Matvyeyev (1983,
in Russian), which is also devoted to the group contribution method and its applica-
tion in polymer science and engineering. In 2002 the 3rd edition of Bicerano’s book
“Prediction of Polymer Properties” appeared; it is based on a different way of group
contributions; nevertheless in the preface of this edition he mentions: “Much of the
information provided by Van Krevelen’s classic textbook, “Properties of Polymers” was
extremely valuable in our work”.
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Typology of Polymers

2.1. INTRODUCTION

Macromolecules are giant molecules in which at least a thousand atoms are linked together
by covalent bonds. They may be linear, branched chains or three-dimensional networks.
Many natural substances, especially the biological construction materials, are macromo-
lecules. Of these, proteins and cellulose are the most important. While cellulose (being
made up of B-p-glucose units) has a relatively simple chemical structure, proteins are built
up from many amino acids (varying from four to about twenty five), in a fixed sequence.
This gives the proteins a very marked identity. In some cases the whole protein macro-
molecule is one single chemical unit, characterised by the nature and sequence of its amino
acids. In contrast with these complex natural macromolecules, many synthetic macromo-
lecules have a relatively simple structure, since they consist of identical constitutional
repeating units (structural units or monomers). This is the reason why they are called
polymers.

If the basic units are identical we have a homo-polymer; if there are more kinds of basic
units (e.g. two or three) we have a copolymer. In that case the composition of the macro-
molecule may vary from ordered repetition to random distribution. In this book we
confine ourselves to these synthetic macromolecules or polymers.

In essence there are only two really fundamental characteristics of polymers: their
chemical structure and their molar mass distribution pattern.

The chemical structure (CS) of a polymer comprises:

a. The nature of the repeating units

b. The nature of the end groups

c. The composition of possible branches and cross links
d. The nature of defects in the structural sequence

The molecular weight distribution (MWD) or molar mass distribution (MMD) informs
us about the average molecular size and describes how regular (or irregular) the molec-
ular size is. The MMD may vary greatly, depending on the method of synthesis of the
polymer.

These two fundamental characteristics, CS and MMD, determine all the properties of
the polymer. In a direct way they determine the cohesive forces, the packing density (and
potential crystallinity) and the molecular mobility (with phase transitions). In a more
indirect way they control the morphology and the relaxation phenomena, i.e. the total
behaviour of the polymer.

Properties of Polymers © 2009 Elsevier B.V.
DOI: 10.1016/B978-0-08-054819-7.00002-9 All rights reserved.
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In the geometrical arrangements of the atoms in a polymer chain two categories can be
discerned:

a. Arrangements fixed by the chemical bonding, known as configurations. The configu-
ration of a chain cannot be altered unless chemical bonds are broken or reformed.
Examples of configurations are cis- and trans-isomers or p- and L-forms.

b. Arrangements arising from rotation about single bonds, known as conformations.

In dilute solutions the molecules are in continuous motion and assume different conforma-
tions in rapid succession (random coils). In the solid state many polymers have typical
conformations, such as folded chains and helical structures. In polypeptides helical struc-
tures containing two or three chains (double and triple helices, respectively) are found.

There have been a lot of quarrels in the early years of the twentieth century about the
reality of what now are called polymers. It is the great merit of Staudinger (1920) to have
proposed, contrary to the prevailing ideas, that rubber and other biological substances,
such as starch, cellulose and proteins, are long chains of short repeating units linked by
covalent bonds. He also coins the name “macromolecule”. Since then it became clear that
polymer molecules are “normal” molecules and that only their chainlike nature is “differ-
ent” and imposes restrictions, but also provides new properties.

In this chapter we shall consider the main aspects of polymer typology, viz. the
chemical structure, the MWD, the phase transition temperatures, the morphology, and
the relaxation phenomena. Furthermore a short survey will be given on multicomponent
polymer systems.

2.2. POLYMER STRUCTURE

The polymer molecule consists of a “skeleton” (which may be a linear or branched chain or
a network structure) and peripheral atoms or atom groups.

Polymers of a finite size contain so-called end groups, which do not form part of the
repeating structure proper. Their effect on the chemical properties cannot be neglected,
but their influence on the physical properties is usually small at degrees of polymerisation
as used in practice. Sometimes use is made of these end groups to increase molecular
weight (telechelic polymers).

2.2.. Structural groups

Every polymer structure can be considered as a summation of structural groups. A long
chain may consist mainly of bivalent groups, but any bivalent group may also be replaced
by a trivalent or tetravalent group, which in turn carries one or two monovalent groups,
thus forming again a bivalent “composed” group, e.g.

—CH,— may be replaced by >CH-CHj; or by >C(CHj;),

Table 2.1 gives the most important structural groups.
Sometimes it is better to regard a composed unit as one structural group. It is, e.g. often
advisable to consider

F O
' 7
—C—and —C N
OH

Cl



TABLE 2.1 Main structural groups

Groups Monovalent Bivalent Trivalent Tetravalent
1. Hydrocarbon groups -CH; -CH,- >C- >C<

—-CH = CH, —-CH = CH- >CH =C- >C=C<
2. Non-hydrocarbon groups -OH -O-

-SH —S-

-NH, -NH-

—F o -N< >Si<

|

—Cl —C—

—Br (ﬁ

-1 J— ﬁ_

-C=N o

(continued)
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TABLE 2.1 (continued)

oL

Groups Monovalent Bivalent Trivalent Tetravalent
3. Composed groups Tl)
(@)
| |
—HN—C— N
—-COOH (|)| g
—o0—C—0— HIY - NH
_C. .C~
o ANTNTIEN
Il H
—O0—C—NH—
O
|
—HN—C—NH—
O @)
| |
—C—0—C—
-CONH, (|3| o)
|
—0—C—0—C—0—
(0]
| Il
C C
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as individual structural groups and not as combinations of

|
—C—with —F, —CIl and of —C|Z=O with —OH

2.2.2. Linear chain polymers
Linear chain polymers can be distinguished into two main classes:

1. Homochain polymers, containing only carbon atoms in the main chain. These polymers
are normally prepared by addition or chain-reaction polymerisation.

2. Heterochain polymers, which may have other atoms (originating in the monomer func-
tional groups) as part of the chain. These polymers are usually prepared by polyconden-
sation or step-reaction polymerisation.

Tables 2.2 and 2.3 give a survey of the principal polymer families belonging to these two
classes.

Most of the homochain polymers are built up according to the following schemes (per
structural unit):

CH,
—CH—CH,— |
| or —C—CH,—
R’ [
R

where R’ is a monovalent side group. R may be composed of several structural groups, e.g.:
—("3—0—(CH2)2_CH3

¢}
Heterochains are usually built up according to the following scheme (per structural unit):

—-AB—-R’- or —R —-AB-R'BA-

where R’ and R” are bivalent hydrocarbon groups and —~AB-is a bivalent group originating
from the original monomer functional groups (e.g. -NH-CO- from -NH, and ~-COOH).

2.2.3. Configurations of polymer chains

It may be useful to describe at this point the several stereoregular configurations, which are
observed in polymer chains. The possible regular structure of poly-a-olefins was recognised
by Natta et al. (1955), who devised a nomenclature now accepted to describe stereoregular
polymers of this type. Fig. 2.1 shows the different possibilities. In general atactic polymers
cannot crystallise, but if the pending group is only small, like OH in polyvinylalcohol,
crystallisation is also possible.

Polymers of 1,3-dienes containing one residual double bond per repeat unit after
polymerisation can contain sequences with different configurations (Fig. 2.2).

For further stereoregular configurations we refer to Corradini (1968).

Stereoregularity plays a very important role in the structure of proteins, nucleic acids
and other substances of biological importance and also in polypropylene that derives its
right for application on its crystallinity.

2.2.4. Copolymers

Copolymers can be distinguished into alternating-, random-, graft-, and block copolymers.



—CH,

TABLE 2.2 Class of homochain polymers [R' = (CH,), —B with B = —CH(CH;),

—C(CH;s),

Derivatives of a-substituted

Polymer families Basic unit a-Substituted basic unit Derivatives of basic unit basic unit
Polyolefins Polyethylene Polypropylene
cH ] G
—CH,—CH,- —C-CH,— —C-CH,— —C-CHy—
H R R
] cHs
Polystyrenes H CHs —C-CH,— —C-CH,—
—C-CH,— —C-CH,—
R R
Polyvinyl ethers
A
—C-CH,—
i
R
“Polyvinyls” Poly (vinyl alcohol)
A
—C-CH,—
OH

Polyvinyl esters

—C-CH,—
?
c=o0

4}
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“Polyacrylics”

“Polyhalo-olefins”

Polydienes

Poly(acrylic acid)”

A
—C-CH,—
COOH

Polyacrylamide

H

|
—C-CH,—
°
NH,

X1 %o

—C-C— X=H,F,CI,Br,CN
I

Xz X,
Polybutadiene

-CH,—CH = CH-CH,-

Poly(methacrylic acid)’

s
—C-CH,—
COOH

Polymethacrylamide

Hs

—C-CH,—
°
NH,

Polyisoprene

CHy
—CH,—C=CH—CH,—

Polyacrylates

H
_cl:_CHz_

=

OR

N-substituted
Polyacrylamides
A
—C-CH,—
C=0

|
NHR

R

|
—CH,—C=CH—CH,—

Polymethacrylates
s

- CI: - CHZ_
C=0

|
OR

N-substituted
Polymethacrylamides
cHs
—C-CH,—
C=0

|
NHR

x4 Often also polyacrylonitrile and polymethacrylonitrile (-COOH replacéd by ~CN) are included in this family.
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TABLE 2.3 Class of heterochain polymers

Main polymer families

Smallest basic unit

(often obtained by ring-opening polymerisation)

Bi-composed basic unit

(obtained by condensation Polymerisation)

Polyoxides/ethers/acetals

Polysulphides
Polyesters
Polyamides
Polyurethanes

Polyureas

Polyimides

Polyanhydrides

Polycarbonates

Polyimines

Polysiloxanes

_O-R-
_S_R-

—O0—C—R— polylactones

@)
—NH—C—R— polylactams
o}
—NH—C—O0—R—
O
—NH—C—NH—R—

~O-R; ~O—Rp—
~S—R; —~S—R,—
—O0—R;—0—C—R,—C—
0 0
—NH—R;—NH—C—R,—C—
o) o)

—O0—R;—0—C— NH—R,—NH—C—
o
—NH—R;—NH—C— NH—R,—NH—C—

g 9
C C
Ve N
—R"N R> N—
1 \(,?> \9/

O O
_E_Rl_ﬁ_o_ﬁ_RZ_ﬁ_o_
(6] O (6] O
—O0 —Rl—O—E—O—Rz— (III—O—

(0] O
R —
R R
Rl R
—Sli-O—Si—O—R—

R R

(6]

4!
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W syndiotactic

a)

b) /L\/K/M isotactic
0 Wﬂ\ atactic

1
R R R

FIG. 21 Configurations in vinyl polymers. (The main carbon homochain is depicted in the fully extended
planar zigzag conformation. For clarity, hydrogen atoms are omitted.)
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a)

(e T Wa VY —
b) trans 1-4

\/‘l\k/L\J/l\;/l\c,/Kc,/L isotactic 1-2

c)

d) E E / syndiotactic 1-2

i i i

FIG. 2.2 Configurations involving a carbon—carbon double bond.

Alternating copolymers may be considered as homopolymers with a structural unit
composed of the two different monomers. Random copolymers are obtained from two or
more monomers, which are present simultaneously in one polymerisation reactor. In graft
polymerisation a homopolymer is prepared first and in a second step one or two mono-
mers are grafted onto this polymer; the final product consists of a polymeric backbone
with side branches. In block copolymerisation one monomer is polymerised, after which
another monomer is polymerised on to the living ends of the polymeric chains; the final
block copolymer is a linear chain with a sequence of different segments.

All types of copolymer have found industrial application. Some examples are shown in
Table 2.4.
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TABLE 2.4 Examples of copolymers

Type of copolymers Examples of commercial systems
Alternating copolymers Vinylacetate-maleic anhydride-copolymers
-A-B-A-B-A-B- Condensation polymers of diamines and diacids
Random copolymers Styrene-butadiene rubber
Styrene-acrylonitrile rubber
-A-A-A-B-A-B-B-A-A- Ethylene—vinyl acetate copolymer
Graft copolymers Rubber—styrene graft copolymers (high-impact
olystyrene)
A polysty
|
A
|
A
|
—-B-B-B-B-B-B-B-B- Acrylonitrile-butadiene-styrene graft
| copolymer (ABS)
A
|
A
|
A
Block copolymers Styrene-butadiene diblock copolymers
Styrene-butadiene-styrene triblock
copolymers
-A-A-A-A-A-A-B-B-B-B- Polyurethane multiblock copolymers

(elastomeric yarns)

2.2.5. Branched polymers

Polymers obtained by condensation polymerisation of purely bifunctional monomers,
must be linear. The chains produced in addition polymerisations may have a number of
short or long branches attached at random along their axes. Especially in radical poly-
merisation, branching is probable and cannot be easily controlled. Branching affects the
properties of a polymer in the molten state and in solution. Viscometric, nuclear magnetic
resonance (NMR) and infrared absorption (IR) studies provided the most promising
methods for the measuring of branching properties of a polymer in the molten state and
in solution. Methods for the measurement of chain branching are viscosimetry, NMR,
infrared absorption, gel permeation chromatography/size exclusion chromatography
(GPC/SEC), size exclusion chromatography/multiangle laser light scattering (SEC/
MALLS), etc.

2.2.6. Network polymers

Network polymers are formed either if tri-functional or even tetra-functional monomers
are present during the polymerisation reaction or by cross linking of high molecular
weight polymers, like vulcanisation of rubber.
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A widely used type of network polymers is the formaldehyde resin, in which the
following groupings are frequent:
—CH;~R—CHy~
T
Other network polymers are the so-called unsaturated polyester resins, epoxy resins,
polyurethane foams and vulcanised rubbers.

2.3. MOLAR MASS AND MOLAR MASS DISTRIBUTION

Normally a polymeric product will contain molecules having many different chain
lengths. These lengths are distributed according to a probability function, which is gov-
erned by the mechanism of the polymerisation reaction and by the conditions under which
it was carried out.

The processing behaviour and many end-use properties of polymers are influenced not
only by the average molar mass but also by the width and the shape of the MMD or MWD.
The basic reason is that some properties, including tensile and impact strength, are
specifically governed by the short molecules; for other properties, like solution viscosity
and low shear melt flow, the influence of the middle class of the chains is predominant; yet
other properties, such as melt elasticity, are highly dependent on the amount of the longest
chains present.

M is the molar mass or (relative) molar mass, as recommended by IUPAC. The older
expression, molecular weight, is still widely used in the literature and still recognised as
an alternative name. Both of them will be used in this book.

Fig. 2.3 shows a MMD curve. In this figure also the characteristic molar mass averages are
indicated; their definition is given in Table 2.5.

A MMD curve is reasonably characterised when at least three different molar masses
are known, by preference M,, M, and M.

The most important mass ratios are:

M M
¥  and Q = z

=, M,

(2.1)

Q = Q' =1 would correspond to a perfectly uniform or monodisperse polymer.
Most of the thermodynamical properties are dependent on the number-average molar mass.
Many of these properties can be described by an equation of the type:
A
X=X M, (2.2)
where X is the property considered, X, is its asymptotic value at very high molar mass,
and A is a constant.

For a number of properties in this group, including density, specific heat capacity,
refractive index, etc., X attains its limiting value X, already at molar mass below the real
macromolecular range. For these properties the configuration of the structural unit alone
is the preponderant factor determining the property.
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Number average

Viscosity average

Weight average

zZ-average

——— Weight of polymer in size interval

——— Length of chain

FIG.2.3 Distribution of molar mass in a polymer with a Schultz—Flory distribution with M:M,,:M, = 1:2:3.

TABLE 2.5 Definition of molar mass averages

Average molar mass Symbol and definition

Number-average molar mass Z niM; Z w;
M = ]2:711‘ N lei/Mi -
Z:l n;M? zl: w:M;
B ZZ n;M; - lz: w;

SomM Y wiM?
M= Z nM2 Z wiM;
Xl: niMj El: w;M;
i M Z WM

1 1
S [ ]
i i

L L
> m D> wi
i i

zl=

Weight-average molar mass M,

z-Average molar mass

(z + 1)-Average molar mass M1 =

Viscosity-average molar mass M, =

Where the symbols used have the following meaning: M; = molar mass of the component molecules of kind i; n; = number-fraction of
the component molecules i; w; = weight-fraction of the component molecules i; N = total number of moles of all kinds; W = total
weight of moles of all kinds; a = exponent of the Mark-Houwink relationship relating intrinsic viscosity to molar mass.



Typology of Polymers 19

Typical mechanical properties, such as tensile strength, vary significantly with molecular
weight within the range of the real macromolecules. As Eq. (2.2) applies to these properties
(number-average molar mass being important), it indicates that the number of chain ends is a
preponderant factor.

Bulk properties connected with large deformations, such as melt and solution viscosity,
are largely determined by the weight-average molar mass, i.e. by the mass to be trans-
ferred. Branching and cross linking have a very pronounced effect in this case.

Typical viscoelastic properties, such as melt elasticity, depend on the z- and z + 1-
average molar masses.

23.1. Experimental determination of the MM-averages

Table 2.6 gives a survey of the classical methods for the determination of the different
averages of the molar mass. For the detailed description we must refer here to the hand-
and textbooks.

2.3.2. Determination of the full molar mass distribution

During the last decades several methods for the determination of the complete MMD have
been developed. Table 2.7 gives a survey of these methods, the principles of which will be
shortly discussed.

Gel-permeation Chromatography (or better: Size-exclusion chromatography) is a technique,
which separates the molecules according to their dimensions. The separation method
involves column chromatography in which the stationary phase is a heteroporous, solvent
swollen polymer gel varying in permeability over many orders of magnitude. As the liquid
phase, which contains the polymer, passes through the gel, the polymer molecules diffuse
into all parts of the gel not mechanically barred to them. The smaller molecules permeate
more completely and spend more time in the pores than the larger molecules, which pass
through the column more rapidly. The instrument has to be calibrated by means of narrow
fractions of known molecular weight (determined by some absolute method).

TABLE 2.6 Determination of MM-averages (M,)

Principle of the method M, determined Upper limit of method
L. Chemical analysis
End-group Analysis M, 10*
Do., with radioactive labelling 10°
II. Measurement of colligative properties
Lowering of vapour pressure M, 10*
Ebulliornetry and cryoscopy 10°
Vapour pressure osmometry 10°
Membrane osmometry 10°
III. Viscometry of dilute solutions
Intrinsic viscosity measurement M, 107
IV. Light Scattering My
Laser-light scattering 107
(X-Ray- and neutron scattering) ?

V. Sedimentation
Ultra-centrifuge My, M;, M, 1 107
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TABLE 2.7 Methods for determination of the complete MMD

Principle of the method Upper M,,-limit
I. Chromatographic methods
Gel-permeation chromatography (GPC) 107
II. Light scattering

Dynamic Laser-light scattering 107

1ML Field flow fractionation (FFF)
Sedimentation FFF 107
Cross-flow FFF
Electric FFF up to particles of 100 pm in diameter

(colloidal)

Thermal FFF

Fig. 2.4 gives an example of a calibration curve where the hydrodynamic volume (a
quantity directly related to the molar mass, and proportionally denoted by [n]M), is
plotted versus the retention volume (the retention volume is the volume of liquid passed
through the column from the middle of the sample injection to the peak maximum. as
measured by a suitable detector, e.g. a differential refractometer).

[ [ [
109 — ]
108 — ]
=
=
107 — —
e Linear polystyrene
o Branched polystyrene
(comb type)
+ Branched polystyrene
106 || (startype) _
A Branched block copolymer
PS/PMMA
x Poly (methyl methacrylate)
o Poly (vinyl chloride)
v Graft copolymer PS/PMMA
= Poly (phenyl siloxane)
o Polybutadiene
| | | |
10°
80 100 120 140

Retention volume, ml

FIG.2.4 Example of a universal calibration curve for GPC. From Billmeyer (1984), Courtesy John Wiley & Sons.
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Dynamic light scattering (DLS), also called photon correlation spectroscopy (PCS) or laser
light scattering (LLS) is a technique based on the principle that moving objects cause a
frequency shift due to the Doppler effect. If a solution of macromolecules with random
Brownian motion is illuminated with monochromatic laser light, the scattered light should
contain a distribution of frequencies about the incident frequency; the spectral line is
virtually broadened. The width of the distribution is related to the MMD.

Since the velocities of the dissolved macromolecules are far less than the velocity of
light, the Doppler shift will be extremely small and thus the frequency shifts are very small.
The high intensity of the laser source makes it possible, however, to measure weakly
scattered light and to observe very small frequency shifts. Like conventional light scatter-
ing, DLS can be used successfully to determine the molecular weight, size and shape of
macromolecules. Moreover, DLS is such a powerful tool that also the diffusion coefficient
can be measured, and that in a more elegant manner than many other classical tools (Sun,
1994, 2004).

The principles and applications of this method were described and discussed by
Blagrove (1973), Burchard (1985) and Chu (1985).

Field flow fractionation (FFF) comprises a family of techniques that have demonstrated,
over more than two decades, the ability to characterise supra molecular species in a size
range spanning many order of magnitude, from macromolecules to micron-sized particles.
The discovery of FFF dates back to the late 1960s due to Giddings and Myers (1957-1993).

In the FFF a field or gradient is applied in a direction, perpendicular to the axis of a
narrow flow channel. At the same time a solvent is forced steadily through the channel
forming a cross-sectional flow profile of parabolic shape. When a polymer sample is
injected into the channel, a steady state is soon reached in which the field induced motion
and the opposed diffusion are exactly balanced. The continuous size-distribution of the
polymer will migrate with a continuous spectrum of velocities and will emerge at the end of
the flow channel with a continuous time distribution. When processed through a detector
and its associated electronics, the time distribution becomes an elution (retention) spectrum.

This technique and its application were invented and developed by Giddings and
Myers (1966-1988). Giddings’ review in Science (1993) is an excellent description of FFF
techniques; see also Schimpf et al. (2000).

Of the many kinds of interactive fields or gradients possible, five principal types have
proved the most practical: sedimentation (Sd-FFF), electrical (EI-FFF), thermal (Th-FFF),
steric (St-FFF) and lateral cross flow (F-FFF). A commercial high-spin-rate sedimentation
FFF instrument was developed by Kirkland and Yau, the SF> technique (1982).

2.3.3. The polydispersity index Q

The width of a MMD curve is characterised by the ratios of averages of the molar mass,
combined with one absolute value of in average mass.

Usually the ratio Q = M,,/M,, is applied, in combination with M,,. The term Q is called
the polydispersity index. Also (Q-1) = U is used, and U is called non-uniformity index. The
larger the values of Q and U, the broader the MMD. U is directly connected with the
standard width of the distribution (o, (Elias, 1971):

As mentioned already, the numerical value of Q is determined by the reaction mechanism
of the polymerisation and by the conditions (p, T, etc.) under which it was carried out.

Table 2.8 gives a survey of the empirical values of index Q for different types of
polymerisation.
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TABLE 2.8 Values of the polydispersity index Q(= M, /M)

Type of polymer Mechanism of polymerisation Value of Q
“Living polymers” Anionic 1.0-1.05
Group-transfer
Condensation Step reaction of bifunctional monomers ~2 in a batch reactor
polymers
>>2 in a continuous
reactor
Addition polymers Radical addition 1.5-10
Kationic addition 2-10
Coordination-pol. by means of 2-30
metal-organic complexes
Branched polymers Radical addition 2-50
Network polymers Step reaction in the presence of tri- or 2-00 (0o at gel-point)

tetrafunctional monomers

2.3.4. The index Q as the key parameter for the full MMD

A crucial question is the following: “is the index Q really the key parameter for the
full MMD?” Or, in other words: does a sufficiently universal relationship exist between
Q(=M,,/M,,) and the other important ratios M,/ M., and M, 1/M,?

If this question can be answered in the affirmative, then dimensionless relationships
where Q is used as the key parameter for the MMD (e.g. in rheological master graphs) will
have a general validity. If not — one can hardly expect any generally valid set of master
curves (e.g. viscosity versus shear rate) even for one polymer!

Van Krevelen et al. (1977) studied this problem by means of very accurate Gel-
permeation experiments on 13 structurally very different polymers; they also compared
their results with reliable MMD/GPC-data in the literature. The latter were assembled for
six different polymers and were obtained by 10 different authors. The results of Van
Krevelen et al. are presented in Table 2.9 those of the other authors are given in Figs. 2.5
and 2.6.

The most important conclusions are the following;:

(1) All reliable data available indicate the approximate relationships given in Table 2.10.

(2) The spread in the data of Table 2.9 proved to be within the experimental accuracy of
the (experimental) MMD determination.

(3) Within the range of experimental accuracy there is no justification for the use of parameters
other than My, and Q, to characterise the MMD of polymers, on condition that they are
unblended.

(4) This means that any mechanical or rheological property of polymers may be described
as a function of M, and Q, and this for any MMD.

(5) None of the commonly used theoretical MMDs, such as Gaussian, Log-normal, Lan-
sing-Kraemer, Schulz-Flory, Tung, Poisson, etc., are in exact agreement with the
experimental relationships given in Table 2.9.

It should be mentioned that the width of the MMD is also highly dependent on the
production process: there are big differences in MMDs by polymer production in contin-
uous or batch reactors.



TABLE 2.9 Experimentally determined molar mass distributions, as obtained from GPC-curves

Polymer M,, (kg/mol) M,, (kg/mol) M, (kg/mol) M, 1 (kg/mol) M, /M,  M,/M,, M, /M, MM, 1/M?
1. Polyisobutylene 171 597 1730 5012 3.5 2.9 2.9 24.3
565 3382 10930 24372 6.0 3.2 2.2 233
2. Polystyrene 74 165 304 479 2.2 1.8 1.58 5.3
3. Poly(vinylidene fluoride) 75 191 409 689 2.6 21 1.68 7.7
4. Poly(vinyl alcohol) 66 294 941 1846 4.5 3.2 1.96 20.1
5. Poly(vinyl acetate) 217 611 1821 5287 2.8 3.0 2.90 25.8
6. Poly(vinyl pyrrolidon) 10 24 54 100 2.5 2.3 1.85 9.4
7. Poly(methyl methacrylate) 252 481 766 1196 1.9 1.6 1.56 4.0
8. Polyacrylonitrile 38 116 249 405 3.1 21 1.63 7.5
9. Polybutadiene 142 443 1076 1745 3.1 24 1.6 9.6
10. Poly(2,6-dimethyl-1, 26 56 88 117 2.2 1.6 1.33 3.3
4 -phenylene oxide)
11. Poly(2,6-diphenyl-1, 297 550 875 1319 1.9 1.6 151 3.8
4 -phenylene oxide)
12. Poly(ethylene 27 62 116 198 2.3 1.9 1.71 6.0
terephthalate)
13. Poly(6-aminohexanoic acid) 50 118 233 371 2.4 2.0 1.59 6.2
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TABLE 2.10 Experimentally determined “Universal Ratios” of MM-averages (data of
Van Krevelen et al.1977)

Ratios of the form: M,/M,, My, _ M ~ Q75 ~ QP
Mn Mn Mn

Ratios of adjacent averages Mo _ M ~ QU7 M: ~ QU5
M, M M,
M. M M. M MM

Ratios, being Ratio-products ZT{H ~ Qe Nin szl ~ Q306 ;VI {H ~ Q06
M M M

Ratios of the form: M,,/M,, Q0 — Q0 QY
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2.4. PHASE TRANSITIONS IN POLYMERS

Simple molecules may occur in three states, the solid, the liquid and the gaseous state. The
transitions between these phases are sharp and associated with a thermodynamic equilib-
rium. Under these conditions, phase changes are typical first-order transitions, in which a
primary thermodynamic function, such as volume or enthalpy, shows a sudden jump.

In the case of polymer molecules the situation is much more complex. Polymers
cannot be evaporated since they decompose before boiling. In the solid state a polymer
is only exceptionally purely crystalline (so-called single crystals), but generally it is
partially or totally amorphous. Furthermore a very high viscosity characterises the
liquid state.

It is impossible to understand the properties of polymers without knowledge of
the types of transition that occur in such materials. Primarily these transitions and the
temperatures, at which they occur, determine nearly all the properties of polymers.

The only “normal” phase state for polymers, known from the physics of small mole-
cules, is the liquid state, though even here polymers show special properties, like viscoe-
lasticity. The typical states of polymers are the glassy, the rubbery and the semi-crystalline
state, all of which are thermodynamically metastable.

An interesting classification of phase states is that based on two parameters: the degree
of order (long- and short range) and the time dependence of stiffness (long- and short
time). Each state can be characterised by a matrix of the following form:

Short-range order (SRO) Long-range order (LRO)

Short-time stiffness (STS) Long-time stiffness (LTS)

If “4+” means present and “—" means absent, we get the picture shown in Fig. 2.7 for the
possible phase states; “+” means a transition case.

None of the phase states of polymers shows perfect long-range order. The basic
difference of a glass and a (super cooled) liquid is the presence of short- and long-time
stiffness (and therefore absence of the short-time fluidity) in the glass. The rubbery state,
on the other hand, has all the properties of the liquid, except the short-time fluidity.

Fig. 2.7 holds for non-oriented polymers. Orientation in semi-crystalline polymers
gives the material a long-range order, which is important for many product properties.

+ p—
S - \
- - + - + + + +
Rubbery state
- - - - + + + +
P
—— \ + - .
Gas Liquid 4 Semi-Cryst. Perfect
Para-Cryst. Crystal
+ +
Glass

FIG. 2.7 Characterisation of phase states in non-oriented polymers.
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2.41. Linear thermoplastic amorphous polymers

The situation for amorphous linear polymers is sketched in Fig. 2.8a. If a polymeric glass
is heated, it will begin to soften in the neighbourhood of the glass—rubber transition
temperature (Tg) and become quite rubbery. On further heating the elastic behaviour
diminishes, but it is only at temperatures more than 50° above the glass—rubber transi-
tion temperature that a shear stress will cause viscous flow to predominate over elastic
deformation.

The glass-rubber transition temperature, commonly known as glass transition temper-
ature (Ty), is a phase change reminiscent of a thermodynamic second-order transition. In
the case of a second-order transition a plot of a primary quantity shows an abrupt
change in slope, while a plot of a secondary quantity (such as expansion coefficient and
specific heat) then shows a sudden jump.

In fact T, is not a thermodynamic second-order transition, but is kinetically con-
trolled. The exact position of T, is determined by the rate of cooling; the slower the
cooling process, the lower T,. Yet, for practical purposes one can say that every polymer
is characterised by its own T,.

If the molar mass is sufficiently high, the glass—rubber transition temperature is almost
independent of the molar mass. On the other hand, the very diffuse rubbery-liquid transition
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FIG. 2.8 T—M Diagram for polymers. (a) Amorphous polymers; (b) (semi) crystalline polymers.
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heavily depends on the molar mass, whilst the decomposition temperature tends to
decrease slightly with increasing molar mass.

As is well known, the glass—-rubber transition is of considerable importance technolo-
gically. The glass transition temperature (T) determines the lower use limit of a rubber
and the upper use limit of an amorphous thermoplastic material. With increasing molar
mass the ease of “forming” (shaping) diminishes.

Below the glass—rubber transition temperature glassy polymers also show other, sec-
ondary transitions. Their effects are smaller and often less obvious, although they are
important to the mechanical behaviour (to diminish brittleness). Secondary transitions
can be detected by studies of mechanical damping, by NMR or by electric loss measure-
ments over a range of temperatures.

While the main transition occurs as soon as large segments of the polymer backbone
chain are free to move, secondary transitions occur at temperatures where subgroups, side
chains, etc., can freely move or oscillate.

2.4.2. Linear thermoplastic semi-crystalline polymers

Many polymers show regions of high order and may be considered (semi-) crystalline. The
major factor determining whether a polymer can crystallise is the occurrence of successive
units in the chain in a configuration of high geometrical regularity. If the chain elements
are small, simple and equal, as in linear polyethylene, crystallinity is highly developed. If,
however, the chain elements are complex, containing bulky (side) groups, as in polysty-
rene, the material can crystallise only if these substituent groups are arranged in an
ordered or tactic configuration.

In these cases it is possible to identify a melting temperature (T,,). Above this melting
temperature the polymer may be liquid, viscoelastic or rubbery according to its molar
mass, but below it, at least in the high molar mass range, it will tend to be leathery and
tough down to the glass transition temperature. (The lower-molecular-mass grades will
tend to be rather brittle waxes in this zone.)

The crystalline melting point, T,, is (theoretically) the highest temperature at which
polymer crystallites can exist. Normally, crystallites in a polymer melt in a certain temper-
ature range.

Secondary crystalline transitions (below T,,) occur if the material transforms from one
type of crystal to another. These transitions are, like the melting point, thermodynamic
first-order transitions.

Suitable methods for studying the transitions in the crystalline state are X-ray
diffraction measurements, differential thermal analysis and optical (birefringence) mea-
surements. The situation for crystalline linear polymers is sketched in Fig. 2.8b. Though
in crystalline polymers T, rather than T, determines the upper service temperature of
plastics and the lower service temperature of rubbers, T is still very important. The
reason is that between T, and T, the polymer is likely to be tough; the best use region of
the polymer may therefore be expected at the lower end of the leathery range. This,
however, is an oversimplification, since in these polymers other (secondary) transitions
occur which may override T, in importance. Below the glass transition temperature
many polymers tend to be brittle, especially if the molecular weight is not very
high. Secondary transitions may be responsible if a rigid material is tough rather than
brittle.

Fig. 2.9 gives a schematic survey of the influence of the main transition points on some
important physical quantities.
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FIG. 2.9 Behaviour of some polymer properties at transition temperatures.

2.43. Linear non-thermoplastic polymers

Some polymers, such as cellulose, although linear in structure, have such a strong molec-
ular interaction, mostly due to hydrogen bridges and polar groups that they do not
soften or melt. Consequently, the transition temperatures as such are less important to
this class of polymers. Normally they are highly crystalline, with a crystalline melting
point (far) above the decomposition temperature. Their physical behaviour — except for
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the melting — is that of crystalline polymers. Therefore they are suitable raw materials for
fibres (via solution spinning).

Many of these polymers are “plasticized” by water, due to the strong influence of water
on the molecular interaction. The polymers can therefore be called “hydroplastics” in
contradistinction to thermoplastics. Moisture may cause a tremendous depression of the
glass transition temperature.

2.4.4. Cross-linked polymers

If an amorphous polymer is cross linked, the basic properties are fundamentally changed.
In some respects the behaviour at a high degree of cross linking is similar to that at a high
degree of crystallinity. (crystallisation can be considered as a physical form of cross link-
ing). The influence of the glass transition temperature becomes less and less pronounced as
cross-linking progresses; T, increases with decreasing molecular weight between cross
links.

2.4.5. Classification of polymers on the basis of their mechanical behaviour

On the basis of the general behaviour described in the preceding sections it is possible to
develop a classification of polymers for practical use. This is given in Table 2.11. The
nomenclature is to agreement with a proposal by Leuchs (1968).

2.5. MORPHOLOGY OF SOLID POLYMERS

As discussed earlier, solid polymers can be distinguished into amorphous and the semi-
crystalline categories. Amorphous solid polymers are either in the glassy state, or — with
chain cross linking — in the rubbery state. The usual model of the macromolecule in the
amorphous state is the “random coil”. Also in polymer melts the “random coil” is the
usual model. The fact, however, that melts of semi-crystalline molecules, although very
viscous, show rapid crystallisation when cooled, might be an indication that the confor-
mation of a polymer molecule in such a melt is more nearly an irregularly folded molecule
than it is a completely random coil.

The traditional model used to explain the properties of the (partly) crystalline poly-
mers is the “fringed micelle model” of Hermann et al. (1930). While the coexistence of small
crystallites and amorphous regions in this model is assumed to be such that polymer
chains are perfectly ordered over distances corresponding to the dimensions of the crystal-
lites, the same polymer chains include also disordered segments belonging to the amor-
phous regions, which lead to a composite single-phase structure (Fig. 2.10).

The fringed micelle model gives an extremely simple interpretation of the “degree of
crystallinity” in terms of fractions of well-defined crystalline and amorphous regions.
Many excellent correlations have evolved from this model through the years, so that it has
long been popular.

Later events have made it necessary to re-examine the concept of the polymeric solid
state. The most important of these events was the discovery and exploration of polymer
single crystals (Schiesinger and Leeper, 1953; Keller, 1957). It had long been believed
that single crystals could not be produced from polymer solutions because of the molecu-
lar entanglements of the chains. Since 1953 the existence of single crystals has been
reported for so many polymers that the phenomenon appears to be quite general. These
single crystals are platelets (lamellar structures), about 10 nm thick, in which perfect order
exists, as has been shown by electron diffraction patterns. On the other hand, dislocations



TABLE 2.11 Classification of polymers on the basis of mechanical behaviour (nomenclature according to Leuchs, 1968)

Range of use Degree of Degree of cross
Polymer class General properties temperatures crystallinity linking Example
L. Molliplasts Elasto-viscous liquids T>T, 0 0 Polyisobutylene
II. Mollielasts Soft and flexible rubbery T>T, 0 Low Polybutadiene
(Elastorners)
I1I. Fibroplasts Tough, leathery-to- T<T,(T>T,) 20-50 0 Polyamide
hornlike solids
IV. Fibroelasts Tough and flexible T>Te(T<Ty) 0 Intermediate Cross-linked
leathery solids polyethylene
V. Duroplasts Hard and stiff solids T<T, 0 0 Polystyrene
Hard and tough, stiff T < Ty Intermediate to 0 Poly(4-methyl
high pentene-1)
VI. Duroelasts Hard solids T<T, 0 Intermediate to Phenofic resin

high
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FIG. 210 Diagrammatic representation of the fringed micelle model.

exactly analogous to those in metals and low-molecular crystals have been found in these
polymeric single crystals.

A second important event was the development by Hosemann (1950) of a theory by
which the X-ray patterns are explained in a completely different way, namely, in terms of
statistical disorder. In this concept, the paracrystallinity model (Fig. 2.11), the so-called
amorphous regions appear to be the same as small defect sites. A randomised amorphous
phase is not required to explain polymer behaviour. Several phenomena, such as creep,
recrystallisation and fracture, are better explained by motions of dislocations (as in solid
state physics) than by the traditional fringed micelle model.

These two insights, viz. lamellar, perfectly ordered structures — composed of folded
chain molecules — and paracrystallinity, were of preponderant importance in the concept
of polymer morphology.

In most solid crystalline polymers spherical aggregates of crystalline material, called
spherulites, are recognised by their characteristic appearance under the polarising micro-
scope. Electron microscopy of fracture surfaces in spherulites has shown that here, too,
lamellar structures persist throughout the body of the spherulites. The latter seem to be the
normal results of crystal growth in which the spherulites originating from a nucleus (often
a foreign particle) grow at the expense of the non-crystalline melt.

In the present concept of the structure of crystalline polymers there is only room for the
fringed micelle model when polymers of low crystallinity are concerned. For polymers of
intermediate degrees of crystallinity, a structure involving “paracrystals” and discrete
amorphous regions seems probable. For highly crystalline polymers there is no experi-
mental evidence whatsoever of the existence of discrete amorphous regions. Here the
fringed micelle model has to be rejected, whereas the paracrystallinity model is acceptable.

It is now generally accepted that the morphology of a polymer depends on the
contributions of three different macro-conformations: (a) the random coil or irregularly
folded molecule as found in the glassy state, (b) the folded chain, as found in lamellar
structures and (c) the extended chain. The fringed micelle (d) may be seen as mixture of
(a), (b) and (c) (see Fig. 2.12) with paracrystallinity as an extreme.



A = Amorphous phase

4| CF = Clustered fibrils (hot stretched)
CG = Crystal growth in bulk material
E =End of a chain

I|MF = Migrating fold

P = Paracrystalline layer lattice

S = Straight chains

SB = Short backfolding (Keller)

SC = Single crystals

SF = Single fibrils (cold stretched)
SM = Shearing region

V = Voids

FIG. 211 Diagrammatic representation of the paracrystallinity model (after Hosemann, 1962).

FIG.212 Schematic drawing of the different macro-conformations possible in solid linear macromolecules.
(a) Random, glassy; (b) folded chain, lamellar; (c) extended chain equilibrium: (d) fringed micelle, mixture
of (a) to (c) (after Wunderlich, 1970).
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2.5.1. The amorphous phase in semi-crystalline polymers

In the 1970s a model for semi-crystalline polymers was presented by Struik (1978); it is
reproduced here as Fig. 2.13. The main feature of this model is that the crystalline
regions disturb the amorphous phase and reduce its segmental mobility. This reduction
is at its maximum in the immediate vicinity of the crystallites; at large distances from
the crystallites will the properties of the amorphous phase become equal to those of the
bulk amorphous material. This model is similar to that of filled rubbers in which the
carbon black particles restrict the mobility of parts of the rubbery phase (Smith, 1966).

The main consequence of this reduced mobility is an extension of the glass
transition region towards the high temperature side; it will show a lower and an
upper value, viz. T,(L) and T (U), the values of the undisturbed amorphous region
and that of regions with reduced mobility. By means of this model, Struik could
interpret his measurements on volume relaxation (physical ageing) and creep in semi-
crystalline materials.

2.5.2. The composite structure of fibres in the oriented state

A few words have to be said about the concept of the composite structure of fibrous
material in the oriented state. The basic element in this concept (Peterlin, 1971) is the
micro-fibril, a very long (some um) and thin (10-20 nm) structure composed of alternating
amorphous layers and crystalline blocks (see Fig. 2.14). The micro-fibrils are formed during
the orientation process (mainly in the “necking” zones); the stacked lamellae of the starting
material are transformed into densely packed and aligned bundles of micro-fibrils, the
fibrils. During the further phases of the drawing operation the fibrils may be sheared and
axially displaced. The shearing of the fibrils displaces the micro-fibrils in the fibre direction
and enormously extends the inter-fibrillar tie molecules by some chain unfolding without
substantial change of the micro-fibrillar structure. Thus this enhanced volume fraction of
taut tie molecules connecting the micro-fibrils is responsible for the strength and modulus of
the fibrils, in the same way as the intra-fibrillar tie molecules between subsequent crystal
blocks are responsible for the strength and modulus of the micro-fibril.

There is evidence that by a heat treatment both the crystalline and amorphous regions
grow in length and in width, thus forming a definite two-phase system. On the other hand,
in cold drawing at high draw ratios the regions become very small and approach the
paracrystalline concept.

This picture also illustrates the mechanical behaviour of semi-crystalline polymers and
the role of the small percentage of tie molecules (see Fig. 2.15).
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filler particle
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FIG. 213 Extended glass transition in semi-crystalline polymers (reproduced from Struik, 1978).
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MICRO FIBRILS

i

CRYSTALLITES

EXTENDED DISORDERED
NON-CRYSTALLINE DOMAINS
MOLECULES ‘J“ “A”

FIG. 214 Structural model of a drawn polyester fibre, fibre axis vertical (after Prevorsek and Kwon, 1976;
by permission of Marcel Dekker, Inc.).

BT 3T T

a b c

FIG. 215 Tie molecules in the “amorphous” layer between subsequent crystal blocks of the
micro-fibril. At low strain (a) a single tie molecule (A), at medium strain (b) two tie molecules (B), and at
the highest strain (e) three molecules (C) are stretched up to the rupture point (after Peterlin, 1971).

2.6. POLYMERIC LIQUID CRYSTALS

A relatively recent field in polymer science and technology is that of the polymeric liquid
crystals. Low molecular liquid crystals have been known for a long time already: they
were discovered almost simultaneously by Reinitzer (1888) and Lehmann (1889). These
molecules melt in steps, the so-called mesophases (phases between the solid crystalline and
the isotropic liquid states). All these molecules possess rigid molecular segments, the
“mesogenic” groups, which is the reason that these molecules may show spontaneous
orientation. Thus the melt shows a pronounced anisotropy and one or more thermody-
namic phase transitions of the first order.
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Different types of mesophases can be distinguished: nematic (from Greek “néma”,
thread) with order in one direction; smectic (from Greek “smegma”, soap) with a molecular
arrangement in layers, so order in two directions; chiral or cholesteric, with a rotating order
(from “kheir”, hand, and from “khole” and “stereos”: bile and firm); and a fourth category:
the discotic with piles of disclike molecules. Fig. 2.16 gives a schematic representation of
some of the more than 35 liquid crystalline mesophases (see also Chap. 15).

If monomeric liquid crystals are polymerised, the polymers also show in many cases
the liquid-crystalline effects. In addition, their viscosity during flow is unexpectedly low
in the anisotropic phase state.

There is no consensus yet as far as the name of these materials is concerned. Some
investigators use the name polymer(ic) liquid crystals (PLCs), others call them liquid crystal-
line polymers (LCPs) or mesogenic macromolecules.

PLCs, which melt without decomposition, are called thermotropic; those who decom-
pose on heating before melting but can be dissolved in liquids, are called Iyotropic.
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FIG. 216 Schematic representation of the four main types of mesophases. Smectic with ordered
(a) and unordered (a’) arrangement of the molecules in layers; b) nematic; c) cholesteric and
d) discotic (from Platé and Shibaev (1987), Courtesy Plenum Press).
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SCHEME 2.1 Classification of polymeric liquid crystals®

Classes of polymeric

liquid crystals General chemical structure of the molecule Physical behaviour
Mesogenic groups Vvl Thermotropic (e.g.
S S

in Main Chain arylates) or
lyotropic (e.g.

aramids)

Mesogenic groups
in SIDE Chains

Usually thermotropic

Mesogenic groups Usually lyotropic
both in Main and M, M, M, Ma
Side chains

) e ) )

“ Based on schemes of Finkelmann (1982) and Ringsdorf (1981).

Finally there exists a structural classification on the basis of the position of the
mesogenic groups; these may be found in the main chain, in the side chain or in both.
Scheme 2.1 gives a representation of this classification. A more elaborate classification
was developed by Brostow (1988). A full description of structures and textures of the most
important LC phases is given by Demus and Richter (1980). Smectic phases are treated by
Gray and Goodby (1984) and discotic phases by Demus (1994). Excellent reviews
concerning structure-property—application relations of low and high molecular weight
LC materials are presented by Meier et al. (1975), by Prasad and Williams (1991) and by
McArdle (1989).

2.7. MULTIPLE COMPONENT POLYMER SYSTEMS

Polymeric materials consisting of more than one component are produced in even larger
quantities and their practical importance increases. These materials are usually stronger
and/or tougher than one-component systems. In the field of metallurgy this fact has been
known for centuries already: metal alloys are often as old as metals themselves. For
polymers the same empirical fact proved to be true.

One can distinguish between real more-component polymeric systems (Class A), which do
not contain anything else than polymeric materials, and polymer-based systems (Class B) in
which isotropic polymeric materials are present together with either non-polymeric com-
ponents or with already preformed oriented polymeric components (fibres or filaments)

One can also make a distinction based on the nature of the blend of the components. This
may be (1) homogeneous on a molecular or a microscopic scale or (2) heterogeneous on a
macroscopic and/or microscopic scale.
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SCHEME 2.2 Classification of multiple component polymer systems (based on a less elaborate scheme

of Platzer, 1971)

Subgroups
Homogeneous Heterogeneous
Classes Subclasses (molecular/micro-scale)  (micro/macro-scale)
A Al All Al2
Multiple Intramolecular blends ~ (Co)polymers with Block-copolymers with
component or copolymers rigid segments or large difference in T,
polymeric (alternating, polymeric liquid between
materials (no random, block-, crystals (self- components
other than graft-, network-or reinforcing) Thermoplastic
polymeric cross linked) elastomers
components)
A2 A21 A22
Intermolecular blends ~ Homogeneous polymer — Heterogeneous polymer
or polymer alloys alloys molecular alloys, e.g. impact
composites (if one resistent materials
component rigid) (rubber particles!)
B Bl Bl1 B12

Polymer-based

Polymers with

Plasticized polymers

Filled polymers Fillers:

systems (often non-polymeric (containing carbon black, silica,
containing added materials compatible talc, ZnO
non-polymeric (functional solvent, e.g.
components) composites) plasticized PVC)
B2 B21 B22
Reinforced polymers Blends of polymer with  Fibre-reinforced
(structural compatible Polymer systems
composites) antiplasticizer (fibre or filament:

carbon, glass, steel,
textile)

Scheme 2.2 gives an elaborate classification of the multicomponent polymer systems.
Basically this scheme is an extension of the more restricted classification given by Platzer

(1971).

Scheme 2.2 requires some explanation.

Class A is subdivided into two subclasses: the intramolecular blends or copolymers (Al)
and the intermolecular blends (A2) or Polymeric Alloys. Both subclasses can be subdivided
again on the basis of homogeneity or heterogeneity.

Subclass A1l obtains the so-called self-reinforcing polymers viz. the polymeric liquid

crystals (reinforcement by orientation in the mesophase followed by quenching below the
solidification temperature). Subgroup A12 contains the thermoplastic elastomers, block
copolymers in which the segments have very different T, values, giving the possibility
of intermolecular segregation and formation of physical networks

Subgroup A21 are the really homogeneous alloys, in which the components are fully
compatible. True compatibility is relatively rare; more often we have quasi- or partial
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compatibility. Examples of compatibility are the systems: poly(vinylidene fluoride) with
poly(methyl methacrylate); poly(vinylidene fluoride) with poly(ethyl methacrylate); and
poly(2,6-dimethylphenylene oxide) with polystyrene. If the blend consists of a compatible
rigid component, dispersed with a flexible one at the molecular level, the system is called a
molecular composite (which must well be distinguished from the traditional composites!).
The heterogeneous polymeric alloys form subgroup A22. To this subgroup belong the
impact-resistant polymer systems (rubber particles in amorphous matrix; however, these
may also be based on copolymerisation with dienes).

Polymers blended with non-polymeric additives form subclass Bl. It can be distinguished
into subgroup B11, the plasticized or “soft” PVC and subgroup B12, the filled polymers, with
fillers such as carbon black, silica, zinc oxide, etc. A filler usually is cheaper than the
polymeric main component; it can constitute as much as 40% by weight of the material.
Other additives, such as pigments, accelerators, hardeners, stabilisers, flame-retardants,
lubricating agents, etc. are used in much lower concentrations (functional composites).

Subclass B2 is formed by the so-called structural composites, in which an outspoken
mechanical reinforcement is given to the polymer. Subgroup B21 consists of blends of
polymers with compatible anti-plasticizers; subgroups B22 are the most important: the
fibre-reinforced polymer systems. The two components, the polymer matrix and the reinfor-
cing fibbers or filaments (glass, ceramic, steel, textile, etc.) perform different functions: the
fibrous material carries the load, while the matrix distributes the load; the fibbers act as
crack stoppers, the matrix as impact-energy absorber and reinforcement connector. Inter-
facial bonding is the crucial problem.

The gap between pure polymers and multicomponent polymer systems is not as large
as it looks.

In some respects semi-crystalline polymers are similar to filled reinforced systems
(crystallites, embedded in amorphous matrix); in the same way highly oriented semi-
crystalline polymers are similar to fibber-reinforced systems (micro-fibrils embedded in
amorphous matrix).

So paracrystalline polymers are nearly identical with liquid-crystalline polymers, filled
with amorphous defect domains. And network polymers or copolymers may be compared
with filled materials, cross links playing the same role as sub microscopic filler particles.

It is understandable that the properties of these multicomponent polymer systems are
related to those of the homopolymers is a very complex way. In some case, e.g. in random
copolymers and homogeneously filled polymer systems, additivity is found for certain
properties.

2.8. RELAXATION PHENOMENA

In all non-equilibrium systems relaxation phenomena can be observed. Relaxation is the
time-dependent return to equilibrium (or to a new equilibrium) after a disturbance.

Relaxation processes are universal. They are found in all branches of physics: mechan-
ical relaxation (stress and strain relaxation, creep), ultrasonic relaxation, dielectric
relaxation, luminescence depolarisation, electronic relaxation (fluorescence), etc. Also
the chemical reaction might be classified under the relaxation phenomena. It will be
readily understood that especially in polymer science this time-dependent behaviour is
of particular importance.

The relaxation process is characterised by a driving force and by a rate constant. The
driving force is always connected with the surplus of free energy in the non-equilibrium



Typology of Polymers 39

state. Sometimes the rate is directly proportional to the driving force; in this case the rate
process is a first order process (cf. the first order chemical reaction). The reciprocal value of
the rate constant is called relaxation time, t.

If P is the driving force, one gets:

dP P
_ 24
dt 24)
which after integration gives:
P(t) = P, exp(—t/1) (2.5)

The equation shows that relaxation is strong if ¢t > 7, whereas practically no relaxation
takes place if t < 7. The relaxation time is temperature dependent; it is an exponential
function of temperature:

T="To eXp(Eact/RT) (26)

The ratio relaxation time/observation time = 1/t is called the Deborah number. It is zero for
ideal fluids and infinite for ideal solids.
Frequently, however, relaxation is not a first order process. In that case

P(t)
5 =f(®) 27)

Often f(t) is approximated by the summation ) C; exp(—f/7;) in which the combination
of t;-values is called the relaxation time spectrum.

Sometimes the deviation from the equilibrium state is a periodical or cyclic process.
If the latter is of the sinusoidal type,

P(t) = P, sin(wt) (2.8)

where w is the angular frequency, the response R to the driving force P will be:
R(t) = R, sin(wt — 9) (2.9)

d is the so-called loss angle, it is defined as the angle over which the response lags behind
the driving force due to energy loss. If P is a stress, the response R will be a strain; if P is an
electric field strength, R will be the dielectric displacement, etc.

Using the “complex notation”, this situation can be described by the equation:

P* =P, exp(iwt) (2.10)
R* = R, expli(wt — 0)] (2.11)
So
P* P, .. P, .
R, exp(id) = R, (cos 0 +1 sin 0) (212)

If P/R = S, where S is the response coefficient
S* = Sy(cos 6 +isin ) =S +iS’ (2.13)
where S* = the complex response coefficient;
S =S, cos & = real component or storage component;

" . . .
S =S5, sin 6 = imaginary component or loss component.



40 Properties of Polymers

Furthermore it is obvious that:

"

% =tan J (2.14)
| 5% |=So =[S+ ()" (2.15)
From the above equations, one can derive for a system with only one relaxation time ¢
’ (,Usz ” wT
_ 5, =5y 2.1
S (w) 15 oie and S (w)=S T oe (2.16)

It follows that S” shows a maximum when w = 1/1. In general, but not always, tan é shows
a maximum, as a function of frequency, which in many cases practically coincides with
that of S”.

Between the static (time-dependent) and the dynamic (frequency-dependent) beha-
viour the following correlation exists:

S n/dInR n(dInP
tam:?”i(dlnt)”_i(dlnt) (217)

Very important phenomena in polymer behaviour, such as viscoelasticity, stress, strain,
volume and enthalpy relaxation. ageing, etc., are characterised by time-dependence of the
polymer properties.

APPENDIX |

Milestones in the history of polymer science (Morawetz, 1985, Percec, 2001, Hawker and
Wooley, 2005)

1516 Discovery of ca-hu-chu, natural rubber during the second journey of Columbus
to the Americas

1769 Development of the first application of ca-hu-chu into a “rubber” by Priestley in
the UK

1832 Berzelius coins the term polymer for any compound with a molecular weight
that is a multiple of the MW of another compound with the same
composition

1839 Discovery of vulcanisation of Natural Rubber with sulphur by Goodyear

1860-1880 Bouchardat’s work on natural rubber; he demonstrates the thermal
depolymerisation to isoprene and the reverse polymerisation of isoprene

1862 Definitive report on Polyaniline (PANI), but at that time not recognised as a
conducting polymer

1863 Berthelot coins the terms dimer, trimer, tetramer, etc.

1872 Von Bayer discovers the acid-catalysed condensation of phenol with formal
ehyde

1880-1900 The great inventions of the first man-made fibres by chemical manipulation of

natural materials has a great impact on the interest in their chemical nature
(1883 De Chardonnet: nitrocellulose

1890 Frémery and Urban: “copper cellulose”; 1892 Cross and Bevan: viscose process,
regenerated cellulose; 1894 Cross and Bevan: cellulose acetate.)
1889 Brown demonstrates the very high “molecular weights” of starch (20,000

30,000 g/mol) by means of cryoscopy



1907
1900-1930
1907
1910
1913
1913
1914-1918

1920

1925

1925

1928

1930

1930
1930-1936

1930-1937.

1930-1940

1934

1938/40

1939-1943

1941
1942

1942-1947

1943

1944
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Emil Fischer synthesises polypeptide chains containing as many as 18 amino
acid residues

Profound controversial disputes on the nature of polymers: colloidal associates
(“micelles”) or giant molecules

Hofmann starts his work on synthetic rubber

Baekeland makes the first synthetic industrial plastic (Bakelite)

X-ray diffraction shows cotton, silk and asbestos to be crystalline products
(Nishikawa and Ono, later confirmed by Herzog and Polanyi, 1920)

X-ray diffraction shows cotton, silk and asbestos to be crystalline products
(Nishikawa and Ono, later confirmed by Herzog and Polanyi, 1920)

Production of “methyl-rubber” on commercial scale in Germany due to lack of
natural rubber during World War I

Staudinger starts his epoch-making work on polymers; he coins the term
macromolecule

Svedberg proves unambiguously the existence of macromolecules by means of
the ultracentrifuge; he also develops the first precise method for obtaining
the molecular weight distribution

Katz demonstrates by X-ray diffraction that natural rubber is amorphous in the
relaxed state and crystalline upon stretching

Meyer and Mark show that the crystallographic and the chemical evidence for
the chain concept are in agreement

Hermann’s concept of “fringed micelles” formulated (chain molecules pass
through crystalline and amorphous regions)

First study of co-polymerisation by Wagner-Jauregg

Early theories of rubber-elasticity (Mark, Meyer, Guth, Kuhn and others)

Carothers’ famous work proves by means of organic synthesis that polymers
are giant, stable molecules. He first proves it by the discovery of neoprene
(polychloro-butadiene), then by the condensation polymerisation of amino
acids and esters. As a consequence the first fully synthetic textile fibre, nylon,
is developed. In Carothers’ group Flory elucidates the mechanisms of radical
and condensation polymerisation

Development of polybutadiene, polychloroprene and especially copolymers of
butadiene andstyrene, as best replacements for natural rubber for tire-
applications. Sodium used as catalyst

Ring-opening polycondensation of caprolactam discovered by Schlack

Formulation of the well-known Mark-Houwink equation for the viscometric
determination of the molecular weight (mass)

Redox- and photo-initiation of free radical polymerisation found (Melville,
Logemann, Kern, et al.)

Roche discovers polycondensation of siloxanes

Formulation of the thermodynamics and statistics of the polymer chain in
dilute solution by Flory and Huggins

Further development of the theory of rubber elasticity (based on networks) by
Flory, James, Guth, et al.

Otto Bayer discovers the polyaddition synthesis of polyurethanes and
proves that some form of cross linking is necessary for reversible
elasticity

Introduction of two very important physical techniques in polymer science, viz.
Light Scattering for molecular weight determination (by Debye) and Infra-red
Spectroscopy for structural analysis (by Thompson)
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1947

1948

1950

1951
1953

1953
1953
1954
1955
1955
1956
1957
1957
1959-1965
1959
1959
1959
1960
1960
1961
1963
1963
1969-1983

1970-1985

1970-1985

1970-1980

1970-1980

Alfrey and Price develop a semi-quantitative theory of “reactivity-ratios” in co-
polymerisation

Theory of emulsion polymerisation developed by Harkins and by Smith and
Ewart

Further development of the theory of polymer solutions by Flory and
Krigbaum

Sanger develops his sequence analysis for amino acids in proteins

Nobel Prize Chemistry to Hermann Staudinger for contributions to the
understanding of macromolecular chemistry

Watson and Crick discover the double helix conformation of DNA, the
break-through in bio-polymer science

Synthesis of linear polyethylene and coordinate polymerisation (combination of
trialkyl aluminium and titanium chloride as catalyst) by Ziegler

Isotactic and syndiotactic polymerisation (polypropylene and polydienes)
discovered by Natta

Williams, Landel and Ferry introduce their famous WLF-equation for
describing the temperature dependence of relaxation times as a universal
function of T and T,

Interfacial polycondensation discovered (Morgan)

Szwarc discovers the living polymers by anionic polymerisation

Theory of paracrystallinity developed by Hosemann

Discovery of single crystals of polymers and of folding of chain molecules, leading
to a revision of the concept of semi-crystallinity (Keller)

Introduction of new techniques of instrumental analysis

Gel-permeation or Size-exclusion Chromatography (Moore)

Magnetic resonance techniques (ESR and NMR)

Thermo gravimetric analysis

Differential thermal analysis

Discovery of thermoplastic elastomers by block-copolymerisation (rubbery
blocks flanked by glassy or crystalline blocks in one chain)

Discovery of oxidative coupling of phenols (Hay)

Nobel Prize Chemistry to Karl Ziegler and Giulio Natta for their discoveries in
the field of the chemistry and technology of high polymers (Ziegler—Natta
catalysis)

First report on a conducting polymer, viz oxidised iodine doped polypyrrole by
D.E. Weiss et al., a polyactetylene derivative

Development of Thermoplastic Vulcanizates, a new class of thermoplastic
elastomers by Gessler, Fisher, Coran and Patel.

Development of heat resistant matrix polymers for composites (aromatic poly-
sulphides, -ether ketones, -sulphones and -imides) and of high strength
reinforcing polymers (arylates, ther-motropic liquid crystalline polymers)

Further development of sophisticated techniques for instrumental analysis and
characterisation (Fourier Transformed IR Spectroscopy; Dynamic Light
Scattering; Fourier Transformed NMR Spectroscopy with Cross Polarisation
and Magic Angle Spinning; Secondary Ion Mass Spectroscopy; Neutron
Scattering Spectroscopy; etc.)

De Gennes’ scaling concepts for polymer solutions and melts and the concept of
reptation movement of polymer chains in melts

Pennings’ discovery of chain extension and shish-kebab formation in stirred
solutions of very high MW polyethylene; this eventually led to the
ultra-high modulus gel-spinning process of polyethylene



1971

1974

1974

1978

1982

1983
1984

1990

1991

1991

1992

1992
1993

1994/1995

1997

1998

1998
2000

2002
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Introduction of ring-opening metathesis as a versatile polymerisation
technique (ROMP) by Chauvin and Hérisson

Nobel Prize Chemistry to Paul J. Flory for his fundamental achievements, both
theoretical and experimental, in the physical chemistry of the macromolecules

Fully aromatic polyamides developed: Aramids, being lyotropic liquid
crystalline polymers of high strength, due to extended molecular chains
(Morgan and Kwolek)

Introduction of Dendrimers and Hyperbranched Polymers by, e.g. Vogtle,
Tomalia and Newkome

Discovery of the group transfer polymerisation of acrylates, initiated by a complex
(trimethylsilylketene acetal); it has the same characteristics as the Ziegler—
Natta polymerisation: the polymer “grows like a hair from its root” (the
complex) and the polymer has a “living” character with narrow molecular
weight distribution; control of end groups- and thus of chain length- is a
built-in advantage (Webster)

Development of metallocene catalysed polymerisation (Kaminsky)

Polyolefin ketone synthesis (the alternating copolymer of ethylene and carbon
monoxide; E. Drenth, Shell) later marketed as Carilon by Shell and BP

First commercial use of PA6/clay nano-composites for timing belt covers by
Toyota, Japan

Nobel Prize Physics to Pierre-Gillis de Gennes for discovering that methods
developed for studying order phenomena in simple systems can be
generalised to more complex forms of matter, in particular to liquid crystals
and polymers

Report of graphitic carbon nano-tubes by Sumio lijiama of NEC (SWCNT had
been reported earlier but remained unnoticed at the time)

Synthesis of M5 (PIPD) by Sikkema and Lishinsky (Akzo-Nobel); a fibre was
produced in 1993

Introduction of supramolecular polymers by Lehn

Introduction by Michelin et Cie. of the “Green Tyre”, with a silica-reinforced
tread, rather than with carbon black, and using solution-polymerised rather
than emulsion-polymerised SBR, for 30% reduced rolling resistance and
corresponding energy saving

Development of ATRP (Atom Transfer Radical Polymerisation) by Wang,
Matyjaszewski and Sawamoto

Realisation of synthesis supramolecular polymers with useful material
properties by E.-W. Meijer and R.P. Sijpesma

Development of Radical Addition-Fragmentation Chain Transfer (RAFT) by the
Australian Commonwealth Scientific and Industrial Research Organisation
(CSIRO)

Marketing of Zylon (PBO) fibre by Toyoba

Nobel Prize Chemistry to Alan J. Heeger, Alan G. MacDiarmid and Hideki
Shirakawa for their discovery and development of conductive polymers (i.e.
electro-luminescent conjugated polymers)

Melt processable PTFE reported by P. Smith

Nobel prizes related to polymers

1953

1963

(Chemistry) Hermann Staudinger for contribution to the understanding of
macromolecular chemistry

(Chemistry) Karl Ziegler and Giulio Natta for contributions in polymer
synthesis (Ziegler-Natta catalysis)



44 Properties of Polymers

1974 (Chemistry) Paul J. Flory for contributions to theoretical polymer chemistry

1991 (Physics) Pierre-Gillis de Gennes for discovering that methods developed for
studying order phenomena in simple systems can be generalised to more
complex forms of matter, in particular to liquid crystals and polymers

2000 (Chemistry) to Alan J. Heeger, Alan G. MacDiarmid and Hideki Shirakawa for
the discovery and development of conductive polymers

APPENDIX II

Chronological development of commercial polymers

Date Material

1839/44 Vulcanisation of rubber

1846 Nitration of cellulose

1851 Ebonite (hard rubber)

1868 Celluloid (plasticized cellulose nitrate)

1889 Regenerated cellulosic fibbers

1889 Cellulose nitrate photographic films

1890 Cuprammonia rayon fibres

1892 Viscose rayon fibres

1907 Phenol-formaldehyde resins

1907 Cellulose acetate solutions

1908 Cellulose acetate photographic films

1912 Regenerated cellulose sheet (cellophane)

1923 Cellulose nitrate automobile lacquers

1924 Cellulose acetate fibres

1926 Alkyd polyester

1927 Poly(vinyl chloride) sheets (PVC) wall covering

1927 Cellulose acetate sheet and rods

1929 Polysulfide synthetic elastomer

1929 Urea-formaldehyde resins

1931 Poly(methyl methacrylate) plastics (PMMA)

1931 Polychloroprene elastomer (Neoprene)

1935 Ethylcellulose

1936 Poly(vinyl acetate)

1936 Polyvinyl butyral safety glass

1937 Polystyrene

1937 Styrene-butadiene (Buna-S) and styrene-acrylonitrile
(Buna-N) copolymer elastomers

1938 Nylon-66 fibres

1939 Melamine-formaldehyde resins

1940 Isobutylene-isoprene elastomers (butyl rubber)

1941 Low-density polyethylene

1942 Unsaturated polyesters

1943 Fluorocarbon resins (Teflon)

1943 Silicones

(continued)
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Appendix Il (continued)
Date Material
1943 Polyurethanes
1943 Butyl rubber
1943 Nylon 6
1947 Epoxy resins
1948 Copolymers of acrylonitrile, butadiene and styrene (ABS)
1950 Polyester fibres
1950 Poly(acrylo nitrile) fibres
1955 Nylon 11
1956 Poly(oxy methylene) (acetals)
1957 High-density (linear) polyethylene
1957 Polypropylene
1957 Polycarbonate
1959 cis-Polybutadiene and polyisoprene elastomers
1960 Ethylene-propylene copolymer elastomers
1962 Polyimide resins
1964 Ionomers
1965 Poly(phenylene oxide)
1965 Polysulphones
1965 Styrene-butadiene block copolymers
1965 Polyester for injection moulding
1965 Nylon 12
1970 Poly(butylene terephthalate); Thermoplastic elastomers
1971 Poly(phenylene sulfide)
1974 Aramids — Aromatic polyamides
1974 Poly(arylether-sulphones)
1976 Aromatic Polyesters (Polyarylates)
1982 Poly(arylether-ketones)
1982 Poly(ether imides)
1983 Polybenzimidazoles
1984 Thermotropic liquid crystal polyesters
1984 Ethylene and carbon monoxide alternating copolymer (PECO)
1990 Polyethylene ultra-high molecular weight
1990 Nylon 4,6
1998 PBO fibre
1992-1993  PIPD fibre
2007 Nylon 4,T
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3

Typology of Properties

3.1. THE CONCEPT “POLYMER PROPERTIES”

The properties of materials can always be divided into three distinct, though inseparable,
categories: intrinsic properties, processing properties and product or article properties.
Fig. 3.1 (Van Krevelen, 1967) gives a survey. It should be emphasised that these three
categories of properties are strongly interrelated. Whereas intrinsic properties always
refer to a substance, product properties refer to an entity; they also depend on size and
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I
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ARTICLE
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AT THE LABORATORY IN PRACTICE
(OBJECTIVE STANDARDS) (SUBJECTIVE STANDARDS)

FIG. 3.1 The concept “property’.
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shape. One speaks of the conductivity of iron (an intrinsic property) and of the conduc-
tance of an iron wire of a certain size (a product property). Processing properties occupy
an intermediate position. Here, too, the “form factor” may have an influence.

The intrinsic properties lend themselves to almost exact reproducible measurement. The
Processing properties are combinations of some intrinsic properties that determine the possi-
bility of processing materials and the efficacy of this operation. During processing a
number of properties are added, e.g. form and orientation. It is the combination of certain
intrinsic properties and the added properties that constitutes the product properties.

A distinctive feature of polymeric materials is that the properties can be influenced
decisively by the method of manufacturing and by processing. The sensitivity of polymers
to processing conditions is much greater than that of other materials. This is because at a given
chemical composition a polymeric material may show considerable differences in physical
structure (e.g. orientation, degree and character of crystallinity). The physical structure is
very much dependent on processing conditions. Moreover, both chemical composition and
physical structure changes with time owing to degradation or relaxation processes.

3.11. Intrinsic properties

As the actual material properties are anchored in the chemical and physical structure of
the material, all intrinsic properties relate to a material with a distinct processing history.
Usually the change in chemical structure during processing is small compared with the
change in physical structure.

This poses a typical problem for the determination of intrinsic properties. A specimen
prepared for the testing of its mechanical properties, for instance, has gone through a
number of processing stages during which the structure may have been altered. Yet it is
possible to systematise the sample preparation and the methods of measuring in such a
way that an impression is obtained of the intrinsic material properties as such, hence
largely unaffected by influences.

3.1.2. Processing properties

Fig. 3.2 presents a survey of processing techniques based on rheological aspects. Practically
all polymers are processed via a melt or a (rather concentrated) solution. In every processing
technique four phases may be distinguished, which are often closely connected:

— Transportation of the material to the forming section of the processing machine (trans-
port properties important)

— Conditioning (mostly by heating) of the material to the forming process (thermal proper-
ties important)

— Forming proper (rheological properties important)

— Fixation of the imposed shape (thermal and rheological properties and especially trans-
fer properties, like thermal conductivity, rate of crystallisation, etc., are important)

In each of these phases the material is subject to changing temperatures, changing external
and internal forces and varying retention times, all of which contribute to the ultimate
structure. It is this fluctuating character of the conditions in processing which makes it so
difficult to choose criteria for the processing properties.

In order to find answers to the problems of processability and to bridge the gap
between research data (i.e. the behaviour expected) and the behaviour in practice, usually
simulation experiments are carried out. As regards processing, the simulation experiment
has to approach actual practice as closely as possible.
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RAW MATERIAL (MONOMER OR PRE-POLYMER) STAGE
IN SITU
POLYMERIZATION POLYMERIZATION
MOBILE
POLYMER LIQUID
H CASTING
H INJECTION r_NJECTION
- SPREADING VISCOUS
- SPREADING
H  DIPPING
INJECTION | EXTRUSION
MOULDING
M SPINNING ELASTICO
|  MOULDING VISCOUS
H CALENDERING
SEMI-MANUFACTURED
ARTICLE
STRETCHING
PROCESSES ELASTO
: PLASTIC
Blowing
Blow moulding
Vacuum forming
Foaming, Drawing
Deep drawing,
VISCO
H SINTERING | WELDING ELAGTIC
| CUTTING
H ASSEMBLING
SOLID
\ 4 4 v
END PRODUCT (ARTICLE)

FIG.3.2 Unit processes and operations.

3.1.3. Product (article) properties

For a product (article) “permanence” may be regarded as the most important aspect,
whether this permanence relates to shape (dimensional stability), mechanical properties
(tensile and impact strength, fatigue) or environment (resistance to ageing). Not enough is
as yet known about the fundamental background of these permanence properties.
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FIG. 3.3 The concept “article properties.”

The article (product) properties can be distinguished into three subgroups (Fig. 3.3):

— Aesthetic properties
— Performance properties
— Maintenance properties

Most of these are extremely subjective and depend on — often as yet unexplored -
combinations of intrinsic and added properties. Nearly all the article (product) properties
are connected with the solid polymeric state.

Since all the article properties depend on choice of materials, processing and applica-
tion, it may be said that there are no bad materials as such, but only bad articles (products).

Bad products result from the wrong choice of material, poor processing, wrong appli-
cation and often poor design. What we ultimately need are methods of predicting use
properties from intrinsic material properties and processing parameters. In this book
attention will mainly be paid to the intrinsic material properties of polymers.

3.2. PHYSICAL QUANTITIES AND THEIR UNITS

A property can usually be expressed numerically by a physical quantity or by a combina-
tion or a function of physical quantities. The concept “physical quantity” was created by
Maxwell (1873). Since then it has obtained a central position in the mathematical formal-
ism of science and technology. In general one may write (Maxwell, 1873):

Physical quantity = numerical value x unit
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The unit of a physical quantity is in essence a reference quantity in which other quantities
of the same kind can be expressed.

A well-organised system of units forms an essential part of the whole system of
physical quantities and the equations by which they are interrelated. Many different
unit systems have been in use, which has given rise to much confusion and trouble.
Here we confine ourselves to two of these units systems.

Among scientists the so-called dynamic or absolute system of units has been widely used.
It is founded on the three base quantities of mechanics: length, mass and time, with the
corresponding units centimetre, gram-mass and second. The derived unit of force is called
dyne (=g cm s %), which is the force that gives the unit mass (g) a unit acceleration
(1 cm s ?); the derived unit of energy is called erg (=dyn cm = g cm? s~ 2). Physical and
chemical thermodynamics required the introduction of two additional base quantities, viz.
the temperature and the amount of substance; as corresponding base units the Kelvin (K)
and the gram-molecule (mol) were introduced. Further complications arise if also the field
of electricity is included in this unit system.

Nowadays the so-called practical unit system is in general used. It is a really coherent
system, which means that no multiplication factors are introduced in the definition of
derived units as soon as the base units have been defined. In 1969 this coherent system was
recommended by the International Organisation for Standardisation as International Sys-
tem of Units (SI = Systéme International d’Unités) and in 1973 it was accepted as such,
according to International Standard ISO 1000.

The International System of Units is founded on seven base quantities (Table 3.1) that
cover the whole field of natural science. Again, the system of quantities and equations of
mechanics rests on the three base quantities length, mass and time, for which the units
meter, kilogram and second are now internationally accepted. The derived unit of force is the
Newton (N), being the force that gives the unit mass (kg) a unit acceleration (1 m s7?). The
derived unit of energy is the Newton meter (N m).

Combination of the mechanical system with electric phenomena requires an additional
base quantity of an electrical nature. As such the Ampere has been chosen as basic unit. The
derived unit of electrical energy, the Joule (= Volt Ampere second = Watt second) is equal
to and identical with the unit of mechanical energy, the N m:

INm=1]=1VAs=1Ws
It follows that 1 N = 10° dyn and 1] = 107 erg

TABLE 3.1 Sl base units

Base quantity Name Symbol
Length Meter m
Mass Kilogram kg
Time Second s
Electric current Ampere A
Thermodynamic Temperature Kelvin K
Amount of substance Mole mol
Luminous intensity Candela cd

! Those who were born after 1960 are in general not familiar with this system: they do in general not know the dyne and the erg.
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It is clear that with the definition of the Ampere also the other electrical quantities are
defined. Thermodynamics required the introduction of the base quantities temperature
and amount of substance, with the Kelvin and the mol as units. The unit of energy is the
Joule, so that no conversion factor is involved here either.

Finally in the field of light the base unit candela is introduced as unit of luminous
intensity.

In the international system every physical quantity is represented by an appropriate
symbol (which often is internationally agreed upon), printed in italics. The symbols of the
units are printed in normal (straight) type, e.g. a force F is expressed in N.

3.3. CATEGORIES OF PHYSICAL QUANTITIES

Physical quantities may be divided into different categories, according to their nature. The
following groups may be distinguished:

1. Extensive quantities, which are proportional to the extension of the system consid-
ered. Examples are: mass, volume, enthalpy, entropy, etc. When subsystems are
combined, the values of the extensive quantities are summed up.

2. Intensive quantities, these are independent of the extension of the system, but, as the
name suggests, determine an “intensity” or a “quality” of the system. Examples are:
temperature, pressure, density, heat capacity, compressibility, field strength, etc.
When subsystems are combined, the intensive quantities are “averaged” in accor-
dance with the composition. An intensive quantity may nearly always be regarded
as the quotient of two extensive quantities.

force
pressure =
area
. mass
density = ———
volume

enthalpy difference
entropy difference

transition temperature =

3. Specific quantities. These, two, are independent of the extension of the system under
consideration. They result from extensive quantities when these are related to the
unit of mass. So these quantities are also quotients of two extensive quantities and
consequently have all the characteristics of intensive quantities. For mixtures the
numerical value of these specific quantities is determined by the composition and
averaged in accordance with it. Examples:

volume

specific volume =
mass

specific heat = heat capacity etc.

mass
Molar quantities are related to the specific quantities, but now numerically related to one
mole as unit of amount of substance. These quantities are, inter alia, obtained by
multiplication of the specific quantities (related to the unit of mass) by the molar mass.
These molar quantities will play an important role in the considerations that are to
follow.
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Extensive and intensive quantities are characterised in that together they can form
parameter couples having the dimensions of an energy. For instance:

Parameter couple (product)

Kind of energy Intensive quantity Extensive quantity
Mechanical energy Pressure Volume
Tensile stress Elongation
Torque Torsion angle
Surface tension Area
Electrical energy Potential Charge
Magnetic energy Field strength Magnetisation
Thermal energy Temperature Entropy

3.4. DIMENSIONLESS GROUPS OF QUANTITIES

Dimensionless groups of quantities or “numerics” occupy a unique position in physics. The
magnitude of a numeric is independent of the units in which its component physical proper-
ties are measured provided only that these are measured in consistent units. The numerics
form a distinct class of entities, which, though being dimensionless, cannot be manipulated
as pure numbers. They do not follow the usual rules of addition and multiplication since they
have only a meaning if they are related to a specific phenomenon.

The laws of physics may all be expressed as relations between numerics and are in their
simplest form when thus expressed. The use of dimensionless expressions is of particular
value in dealing with phenomena too complicated for a complete treatment in terms of the
fundamental transport equations of mass, energy and angular momentum. Most of the
physical problems in the process industry are of this complicated nature and the combi-
nation of variables in the form of dimensionless groups can always be regarded as a safe
start in the investigation of new problems.

A complete physical law expressed as an equation between numerics is independent of the
size of the system. Therefore dimensionless expressions are of great importance in problems of
change of scale. When two systems exhibit similarity, one of them, and usually the smaller
system, can be regarded as the “model”. Two systems are dynamically similar when the ratio
of every pair of forces or rates in one system is the same as the corresponding ratio in the other.
The ratio of any pair of forces or rates constitutes a dimensionless quantity. Corresponding
dimensionless quantities must have the same numerical value if dynamical similarity holds.

The value of dimensionless groups has long been recognised. As early as 1873, Von
Helmholtz derived groups now called the Reynolds and Froude “numbers”, although
Weber (1919) was the first to name these numerics.

The standardised notation of numerics is a two-letter abbreviation of the name of the
investigator after whom the numeric is named: Xy

3.4.1. Categories of dimensionless groups
Engel (1954, 1958) has divided dimensionless groups into five categories:

1. Those that can be derived from the fundamental equations of dynamics. Engel calls these
the groups that form the model laws of dynamic similarity. This is the most important
category in engineering practice; we come back to it later.
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Examples of numerics of this group are*:

Reynolds'number (Re) — polL _wL _ transport of angular momentum b.y convecti.or.l
7 v transport of angular momentum by internal friction
(3.1)

i cp,oL vl heat transport of convection
Péclet's number (Pe) = Pop- _ 0% _ P :
A h  heat transport of conduction

(3.2)

2. Dimensionless ways of expressing an experimental result. This category forming
dependent variables, but not model laws, can be derived from the boundary con-
ditions of the model laws.

Examples are:
hL heat transport by transfer

/ = —=
Nusselt's number (Nu) = /. heat transport by conduction (33)

Sherwood’s number (Sh) = Kl _ mass transport by tFansf.er (3.4)
D  mass transport by diffusion

3. Dimensionless combinations of quantities, which describe the properties of a material
(intrinsic numerics). Examples:
A thermal diffusivity

L ig’ L = = — = .
ewis'number (Le) pe.D D diffusivity (3.5)

n v kinematic viscosity

hmidt’ =—T=—== .
Schmidt's number (Sc) DD diffusivity (3.6)
cpn v kinematic viscosity  Pe
Prandtl’ ber (Pr)=-"t-=_= =— 3.7
randtl's number (Pr) /4 h  thermal diffusivity Re (37)
ible heat CoAT
Stefan number (Ste) = sensible fiea S (3.8)
latent heat of melting L
4. Ratios of two quantities with the same dimension. These may be:
4a. Reduced quantities, i.e. ratios of quantities and chosen standard values:
locit
Mach's number (Ma) = v - veody (3.9)
Usound  Velocity of sound
Furthermore: T/T,,T/Th,, etc.
4b. Ratios of forces:
pgLl  gravitational pressure
fom _ : (3.10)
Ap pressure gradient
pgL? _ grav‘itational force (3.11)
nv viscous force
nv _ viscous force (3.12)

y  surface tension

2 For nomenclature see Scheme 3.2.
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v shear force
S . 1
E elastic force’ etc (3.13)

4c. Ratios of characteristic times

residence time(in reactor)

kitres = 3.14
1'res ™ Characteristic reaction time ( )
Dtres residence time (3.15)
L2~ characteristic diffusion time '
tural ti f material
Deborah’s number(De) = z natira’ e of materla (3.16)

T~ characteristic time of deformation
characteristic time of viscoelastic deformation
reciprocal time of deformation

Weissenberg's number(We) = jt =

(3.17)

7y, time needed for thermal equilibration

hitz-Kriegl ==
Janeschitz-Kriegl's number(Jk) T time needed by crystallization process

(3.18)

4d. “Intrinsic” ratios. These are quantities such as:

4. "Trivial” ratios. These are only trivial in the sense that they are simple ratios of
quantities with the same dimensions but their effects may be far from trivial. The
most important representatives in this category are the geometric shape factors, which
are often of primary importance.

5. Derived groups, which are simply combinations of the above.

3.4.2. Dimensionless groups derived from the equations of transport

The most important category of dimensionless groups is that of the numerics connected
with transport (of mass, energy and angular momentum). Scheme 3.1 shows the three
fundamental equations of conservation, written in their simplest form (i.e., one-dimen-
sional). A complete system of numerics can be derived by forming “ratios” of the different
terms of these three equations, as was suggested by Klinkenberg and Mooy (1943). This
system is reproduced in Scheme 3.2.

3.5. TYPES OF MOLAR PROPERTIES

Polymer properties may (from the molar point of view) be placed in three categories:

1. Colligative properties
Per mole of matter these properties have the same value, independent of the special
constitution of the substance. The numerical value of the quantity measured experimen-
tally therefore depends on the number of moles.

Real colligative properties are only found in ideal gases and ideal solutions. Examples
are: osmotic pressure, vapour pressure reduction, boiling-point elevation, freezing-point
depression, in other words: the osmotic properties.



SCHEME 3.1 The three fundamental equations of conservation

| 1l ] v \'
Equation of Local change +  Changeby 4+  Changeby +  Change by = Boundary condition
conservation of convection diffusion production
2
Mass % + U% — D % + r = Mass transfer = k,aAc
oT T :
Energy PP 5 + PPV - ) s + q = Heat transfer = haAT
2
Angular 0 o + pv o n g + f = Shear force = °sh®
ot Ox ox? .
momentum Surface tension force = yl
Corresponding Quantities Diffusive Boundary
(per unit of volume) Unit transport Production transfer
Mass c D r knAc
Energy pcpT A q hAT Meaning of symbols:
Angular momentum pv n f oen Or pL71 see Scheme 3.2
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SCHEME 3.2 System of dimensionless groups (numerics)

Ratio of terms in

Scheme 3.1 -1 Iv/I Vv/I 141l Iv/Il A4l Iv/il v/I \'74%
Dt rt kmt vl rL k rL? kmL rL
Mass Iz - % 5= Bo = Day 7’“ = Me e~ Day % = Sh e
. o
Energy L = Fo gt ht CP[TUL = Pe 4L = Dayyy L = St ﬂ = Dayy ML = Nu %
cppL? cppT cppL A cppTo Cppv T ) hT
2
Angular it il omf kg, S g S p, ol _p, S
momentum pL po pouL n pv pU o no Osh
Meaning of symbols Numerics (see general references)
a = surface per unit of volume y = surface tension Bm = Bingham
¢ = concentration 71 = viscosity Bo = Bodenstein
¢, = specific heat A = heat conductivity Da = Damkohler
D = diffusivity p = density Fa = Fanning
e = electric charge o, = shear stress Fo = Fourier
E = modulus of elasticity o = angular frequency Me = Merkel
fe1 = electric field per unit of volume r = reaction rate per unit of volume Nu = Nusselt
g = gravitational acceleration first order r = kc Pe = Péclet
h = heat transfer coefficient second order r = kc?, etc. Po = Poiseuille
k = reaction rate constant g = heat production rate per unit of volume Re = Reynolds
k,, = mass transfer coefficient f = force per unit of volume Sh = Sherwood
I = length per unit of volume gravitational f = gp St = Stanton
L = characteristic length centrifugal f = w’Lp We = Weber
p = pressure pressure gradient f = Ap/L
t = time elastic f = E/L
T = temperature surface tension f = y/L?
v = velocity electric f = efq

x = length coordinate
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2. Additive properties
Per mole these properties have a value, which in the ideal case is equal to the sum of
values of the constituent atoms. Only the molar mass is strictly additive.

By approximation other quantities are additive as well, such as the molar volume,
molar heat capacity, molar heat of combustion and formation, molar refraction, etc.

3. Constitutive properties
These properties are largely determined by the constitution of the molecule, without there
being any question of additivity of colligativity. Typical constitutive properties are selec-
tive light absorption, magnetic resonance absorption, etc. Often these properties are the
“fingerprints” of the substance.

Intramolecular and intermolecular interactions sometimes have a very great influence
on colligativity and additivity, and often accentuate constitutive properties. Our coming
considerations will deal in particular with the field of the additive properties and the borderland
between the additive and the constitutive properties

3.6. ADDITIVE MOLAR FUNCTIONS

A powerful tool in the semi-empirical approach in the study of physical properties in
general, and of polymer properties in particular, is the use of the additivity principle. This
principle means that a large number of properties, when expressed per mole of a sub-
stance, may be calculated by summation of either atomic, group or bond contributions,
where molar properties are expressed in bold:

F= ZniFi (3.19)

where F is a molar property, n; is the number of contributing components of the type i, and F;
is the numerical contribution of the component i. Due to their sequential structure, polymers
are ideal materials for the application of the additivity principle. End groups play a minor
part in general. Therefore the molar quantities may be expressed per mole of the structural unit.

Discrepancy between numerical values calculated by means of the additivity principle
and experimental values is always caused by interactions.

3.6.1. Additivity and interaction, intrinsically polar concepts, are basic
in physical sciences

Chemistry became a real science when the first additivity concept was introduced: the mass of
a molecule as the sum of the additive masses A; of the composing atoms (based on the law of
conservation of mass). But from the beginning it was clear that interaction is the second pillar
of chemistry and physics. Additivity is valid as long as interaction is weak or follows simple
laws; discrepancies arise when interactions become strong or follow complicated laws.

In the field of polymers two ways of interactions exist. In the first place we have
intramolecular interactions. Steric hindrance of backbone groups in their torsional oscillation
or of side groups in their rotation is a well-known example; through it the stiffness of the
chain is increased. Another example is conjugation of m-electrons (“resonance”) between
double bonds and/or aromatic ring systems; this also increases the stiffness and thus
decreases the flexibility of the chain backbone. The second way is intermolecular interaction;
entanglements of long side-chains, precise intermolecular fitting, and physical network
formation by hydrogen bonding, are typical examples.

The concept of additivity has proved extremely fruitful for studying the correlation
between the chemical constitution of substances and their physical properties. Its usefulness
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applies both to individual compounds and to their mixtures, even if these mixtures are of
considerable complexity such as mineral oils (Van Nes and Van Westen, 1951) or coals (Van
Krevelen, 1961). Properties of homogeneous mixtures can be calculated very accurately by
means of additive molar quantities.

Sometimes the discrepancies between numerical values calculated by means of the
additivity principle and experimental values form an extremely important key to the
disclosure of constitutional effects.

3.6.2. Methods for expressing the additivity within structural units

According to the nature of the structural elements used, three additive methods should be
mentioned.

1. Use of “atomic” contributions. If the additivity is perfect, the relevant property of a
molecule may be calculated from the contributions of the atoms from which it is
composed.

The molar mass (molar weight) is an example (the oldest additive molar quantity).
This most simple system of additivity however, has a restricted value. Accurate
comparison of molar properties of related compounds reveals that contributions
from the same atoms may have different values according to the nature of their
neighbour atoms. The extent to which this effect is observed depends upon the
importance of outer valence electrons upon the property concerned.

2. Use of “group” contributions. More sophisticated models start from the basic group
contributions and hence have inbuilt information on the valence structure associated
with a significant proportion of the atoms present. This is the most widely used method.

3. Use of “bond” contributions. A further refinement is associated with bond contribu-
tions in which specific differences between various types of carbon—carbon, carbon-
oxygen, carbon-nitrogen bonds, etc., are directly included.

The use of atomic contributions is too simplistic in general; the use of bond contributions
leads to an impractically large number of different bond types, and so to a very compli-
cated notation.

For practical proposes the method of group contributions is to be preferred.

Discovery of Additive Functions and Derivation of Additive Group Contributions (=Group
Increments)

Additive Functions are discovered, sometimes by intuitive vision, sometimes along theo-
retical lines.

A typical example is the Molar Refraction Function of organic compounds, based on
the refractive index n.

In 1858 Gladstone and Dale (1858) found that the product (n — 1)-M/p, when
calculated for series of aliphatic organic compounds with increasing chain lengths
grows with a constant increment for the CH,-group; they also found that other
non-polar groups gave a characteristic increase. This resulted in the purely empirical
additive function: molar refraction. Later Lorentz and Lorenz (independently of each
other, 1880) derived from Maxwell’s electromagnetic theory of light another form of the
molar refraction:

[(n* = 1)/(n* +2)]M/p (3.20)

This more complex form of the refractive index function resulted from theoretical studies.
In the hands of Eisenlohr and others this additive function became the basis of a system of
increments. Many years later Vogel (1948) found that the simplest combination, viz. n-M is
also additive, though not temperature independent. Finally Looyenga (1965) showed that
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the combination (7*/® - 1)-M/p has advantages over the former ones: it is nearly tempera-

ture-independent and can be used for pure substances and for homogeneous and hetero-
geneous mixtures.

So the additive functions must be discovered; the values of the atom group contributions or
increments must be derived. This derivation of group contributions is relatively easy when
the shape of the additive function is known and if sufficient experimental data for a fairly
large number of substances are known. The derivation is mostly based on trial and error
methods or linear programming; in the latter case the program contains the desired group
increments as adjustable parameters. The objective function aims at minimum differences
between calculated and experimental molar quantities.

3.6.3. Survey of the additive molar functions

A survey of the Additive Molar Functions (AMFs), which will be discussed in this book, is
given in Scheme 3.3. There the names, symbols and definitions are given of the 21 AMFs
from which the majority of the physical and physicochemical properties of polymers can
be calculated or at least estimated. Scheme 3.3 is at the same time a condensed list of the
Nomenclature used.

Seven Classes of Additive Molar Functions can be distinguished, each containing three
AMFs:

I. Those which are “exact” and “fundamental”, since they are based on the Mass and on
the “hard” Volume of the constituting atom groups; they are completely independent
of temperature and time (age) (Chap. 4).

II. Those, which are connected with Phase Transitions and Phase States and thus are of
paramount importance for nearly all properties (Chaps. 4 and 6).

III. Those connected with the different forms of Internal Energy (Chaps. 5 and 7).

IV. Those connected with the Interplay between polymers and liquids or gases: solubil-
ity, wetting and repulsion (Chaps. 7 and 8); permeability, sorption and diffusivity
(Chaps. 9 and 18).

V. Those connected with Elastic Phenomena and Molecular Mobility: elasto-mechanical
properties (Chaps. 13 and 14): viscometric and rheological properties (Chaps. 9, 15
and 16).

VI. Those connected with Electromagnetic Phenomena (Chaps. 10, 11 and 12).

VII. Those connected with Thermal Stability and Decomposition (Chaps. 20 and 21).

3.6.4. Calculation of required physical quantities

A Catalog of the (bivalent) group contributions or group increments is given in the
comprehensive Table IX of Part VIL

3.6.5. Improvement of the accuracy of estimation

If a molar property can be calculated by means of the additivity principle, the relevant
physical quantity can be calculated from the information on chemical structure only. For
instance, surface tension follows from:

)= (%)4 (3.21)

where Pg is the so-called parachor (see Chap. 8); V is the molar volume.



Typology of Properties 63




64 Properties of Polymers




Typology of Properties 65

The accuracy of such a numerical value is limited, of course, since the additivity of a molar
property is never exactly valid. Generally the accuracy is sufficient for practical use.

There are two ways to improve the accuracy of the calculation, viz. by using a “standard
property” or by using a “standard substance”. We shall explain what is meant by these
terms.

1. Method of Standard Properties

Let us assume that the required physical property of a substance, e.g. its surface tension,
is unknown, but that another property, e.g. its refractive index, has been measured
with great accuracy. Then we can use the latter as a standard property and apply the
formula

Ps 2 —1\"
V= (RLLn2 n 2> (3.22)

The attraction is twofold: first of all Eq. (3.22) has the advantage that the absolute value of
the molar volume V, often the least reliable additive quantity, is not used, secondly,
Eq. (3.22) can easily be transformed into a dimensionless group, viz.:

7t Ru
(i~ 1)/(i2 1 2) Ps

(3.23)

with all the advantages of the dimensionless expressions.

2. Method of Standard Substances

This method may be applied if a physical property of the substance in question is
unknown, but if the same property has been measured accurately in a related substance.
In this case one may use the related substance as a “model” or a “standard” (symbol o) and

apply the rule:
1 _ (s Vo> !
L (=8 2e 3.24

Yo <PSO Vv ( )

Also this equation is dimensionless.

Especially by the possibility of these two refinements, the principle of additivity
becomes even more useful for practice and permits us to estimate physical quantities
with an accuracy, which could hardly be expected.

3.6.6. Comparison with Huggins’ interaction-additivity method

The group additivity methods described in this chapter may be considered a special form
of the more general method proposed by Huggins (1969, 1970). The latter method might be
called an interaction additivity method. It assumes that a number of properties of a liquid
(or a mixture) is equal to the sum of the contributions of every interaction P between the
groups present.

In its most general formulation this theory assumes that a property F may be calculated by

i= =

where w; = a weight factor taking into account the relative importance of the contacts
between groups i and j; F;; = the contribution to property F, attributed to a contact between
groups i and j; n = the number of groups present.
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In the theory of Huggins, the weight factors w are supposed to be proportional to the
area of contact between the groups i and j.
For a ditonic system, containing the groups A and B, Eq. (3.25) reduces to:

F= waaFaa + wbbeb + wabFab (326)
If the factors w are expressed in fractions of the numbers of moles 11, and ng:
2 2
4 g 2nang
w. =, w =, = —
P A tng O matng 0 na g
and if it is assumed that
1 1
Fab = EFaa + Ebe
then, Eq. (3.26) reduces to:
F.p = naFaa + ngFpp (3.27)

which is the equation of a group additivity method for a ditonic system.

A ditonic system is defined as a system consisting of a mixture of two different
molecules, both containing only one kind of atoms or groups with regard to intermolecu-
lar actions, e.g. CCly, where only the chlorine atoms are assumed to be involved in
intermolecular actions (see, e.g. Huggins, 1970)
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THERMOPHYSICAL PROPERTIES
OF POLYMERS

“Discovery consists of seeing what everybody has seen,
and thinking what nobody has thought”.

Albert Szent-Gyorgi, 1893-1986
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4

Volumetric Properties

The volumetric properties are extremely important for nearly every phenomenon or
process. The main volumetric properties are:

(1) Specific and molar volumes and the related reciprocals of specific volumes, the
densities; these quantities are different for the glassy, rubbery and crystalline states

(2) Specific and molar thermal expansivities, again dependent on the physical state

(3) Specific and molar melt expansion for crystalline polymers

It will be shown that the molar volumetric properties can be calculated with a remark-
able accuracy from additive group contributions. Furthermore there exist interesting
correlations with the Van der Waals volume.

4.1. INTRODUCTION: MASS AND PACKING OF MATTER

Mass and Packing are the most important fundamental properties of matter. Nearly all
other properties are eventually determined by these two. Whereas Mass is unambiguously
defined and measurable, Packing is by no means a simple property; it is highly influenced
by the electronic structure of the atoms, by the type of bonding forces and by structural
and spatial variations.

Some properties are directly connected with mass and packing: density (or its recipro-
cal: specific volume), thermal expansibility and isothermal compressibility. Especially the
mechanical properties, such as moduli, Poisson ratio, etc., depend on mass and packing.
In this chapter we shall discuss the densimetric and volumetric properties of polymers,
especially density and its variations as a function of temperature and pressure. Density is
defined as a ratio:

molar mass

P = nolar volume

Because of the sequential nature of polymers we may also use the molar mass and volume
of the structural unit:

<<
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The chapter will be divided into the following parts:

1. Fundamental quantities of mass and volume

2. Standard molar volume and density (at room temperature)
3. Thermal expansion

4. Isothermal compression

4.2. FUNDAMENTAL QUANTITIES OF MASS AND VOLUME

4.21. Mass and volume of atoms

Molecules are composed of atoms, so that eventually mass and volume of molecules are
determined by mass and volume of the atoms. Whereas the mass of molecules is the
simple sum of the masses of the composing atoms, the volume of molecules is not just the
sum of the atomic volumes.

In Table 4.1 the (molar) masses of the atoms of the elements, normally occurring in
polymers, are given in g/mol. Table 4.1 also shows two characteristic spatial dimensions:
the Van der Waals radius and the covalent atomic radius.

The Van der Waals radius is determined by the outer electron shell of the atom. If two
neutral atoms (in the simplest case atoms of noble gases) approach each other — without
reacting chemically — the sum of the Van der Waals radii will be their closest distance.

TABLE 4.1 Fundamental data on atoms

Van der Waals Radius (nm), according to:

Covalent atomic Slonimskii
Element Atomic mass Radius (nm) Pauling (1940) Bondi (1968) et al. (1970)
-H 1.008 0.031 0.120 0.120 0.117
-F 19.00 0.064 0.135 0.147 0.150
—Cl 35.45 0.099 0.180 0.175 0.178
—Br 79.90 0.114 0.195 0.185
-O- 16.00 0.066 0.136 0.150 0.136
=0 16.00 0.062
-S- 32.07 0.104 0.185 0.180
=S 32.07 0.094
-N< 14.01 0.070 0.157 0.155 0.157
Nar 14.01 0.065
=N- 14.01 0.063
= 14.01 0.055
-P< 30.97 0.110 0.190 0.180
=P- 30.97 0.100
=P 30.97 0.093
>C< 12.01 0.077 0.180 0.170 0.180
Car 12.01 0.070 0.170
=C< 12.01 0.067
=C- 12.01 0.060

>Si< 28.09 0.117 0.210
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Similarly, if two molecules approach each other the sum of the van der Waals radii of the
outer atoms determines the closest distance of the molecules.

If reaction takes place, however, the combined atomic volumes of the atoms are
strongly reduced: now the sum of the adjacent covalent atomic radii determines the
inter-atomic distance. The consequence is that the Van der Waals volume of a molecule
is much smaller than the sum of the van der Waals volumes of the composing atoms.

4.2.2. Molar mass of polymeric structural units and of structural groups

If the elemental formula of the structural unit of a polymer is known, the molar mass per
structural unit can be calculated directly by addition (=summation) of the atomic masses.
The molar mass is the oldest Additive Function; it is additive by definition, since it is based
on a fundamental law of chemistry: the law of “Conservation of mass”.

Since structural units consist of a number of characteristic structural groups, the mass
of the structural unit can also be calculated as sum of the masses of the structural groups.
Table 4.2 gives the masses of the main structural groups in polymers.

4.2.3. Van der Waals volumes of structural units and structural groups

The Van der Waals volume of a molecule may be defined as the space occupied by
this molecule, which is impenetrable to other molecules with normal thermal energies (i.e.
corresponding with ordinary temperatures). For comparison with other quantities discussed
in this chapter, the Van der Waals volume will be expressed in cm® per mole of unit structure.

For an approximate calculation, the Van der Waals volume is assumed to be bounded
by the outer surface of a number of interpenetrating spheres. The radii of the spheres are
assumed to be (constant) atomic radii for the elements involved and the distances between
the centres of the spheres are the (constant) bond distances.

The contribution of a given atom A with radius R to the Van der Waals volume is then
given by

4 4 0y hy
VW,A ZNA |:§7ER - E Tchi <R—§):| (4.1)
with
L R* r?
hW=R-5-5 "2

where N, is Avogadro’s number, 7; is the radius of atom i, covalently bonded to A, and /; is
the bond distance between the atoms A and i.

According to this definition, the volume contribution Vy A of the atom considered is
not constant, as its value depends on the nature of the surrounding atoms i.

On the other hand, the volume contribution of structural groups already contains
inbuilt information on the influence of the atomic surroundings. As a consequence the
Van der Waals volume of the structural units can approximately be calculated as the sum
of the Van der Waals volumes of the composing structural groups. Bondi (1964, 1968) was
the first to calculate the contributions of about 60 structural groups to Vyy. Later Slonimskii
et al. (1970) and Askadskii (1987) calculated about 100 values of atomic increments in
different surroundings. Since the two approaches used the same method of calculation,
and nearly equal basic data on the atomic radii, the calculated values for the structural
units are approximately equal. In Table 4.2 also the group increments of Vyy are shown,
next to those of M. By means of these data the Van der Waals volumes of the Structural
Units are easily calculated.
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TABLE 4.3 Atomic and structural constants for V°(0) in cm®/mol

Atomic constants Atomic constants Structural constants

H=67 =283 Triple bond = 15.5

c=11 P=127 Double bond = 8.0

N =36 S=143 3-Membered ring = 4.8
0=50 O (in alcohols) = 3.0 4-Membered ring = 3.2
F=103 N (in amines) = 0.0 5-Membered ring = 1.8
Cl=193 6-Membered ring = 0.6

Br =221 Semipolar double bond = 0.0

4.2.4. Zero point molar volume (V°(0))

Timmermans (1913) and Mathews (1916) introduced the concept of zero point density
based on the extrapolation of densities of crystalline and liquid substances to 0 K. Sugden
(1927) and Biltz (1934) developed an additive system for deriving values of V°(0) from
chemical constitution. The zero point volume is closely related to the Van der Waals
volume. According to Bondi (1968a) a good approximation is given by the following
expression:

V2(0) _ Ve(0)

= ~ 1. 4.2

For the sake of completeness we give in Table 4.3 Sugden’s list of atomic and structural
constants (increments) for the zero-volume of liquids (in cm®/mol)

4.3. STANDARD MOLAR VOLUMES AT ROOM TEMPERATURE (298 K)

4.31. Molar volumes of organic liquids at room temperature

The molar volume at room temperature is one of the first physical quantities, for which
group contribution methods have been proposed. Atomic contribution methods were
derived by Traube (1895) and by Le Bas (1915). A characteristic difference between the
two approaches was that Traube added to the sum of atomic contributions for a given
compound an additional value called “residual volume” (Q), so that

V1(298) =) " Vi(298) + Q (4.3)

Q is a constant with an average value of 24 cm®/mol. The existence of a residual volume
has been confirmed by a number of other investigators. As Le Bas disregarded this effect,
his values for the atomic contributions are always larger than the corresponding values of
Traube, and of little practical value. Nevertheless the method of Le Bas can still be found in
a number of textbooks.

In the 1960s Davis and Gottlieb (1963) and Harrison (1965, 1966) improved the method
of Traube. It appeared that the atomic contribution of a given element is not constant, but
dependent on the nature of the surrounding atoms. This leads to a considerable increase of
the number of “atomic” contribution values. For this reason group contributions are to be
preferred to atomic contributions.
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TABLE 4.4 Group contribution of CH, to molar volume of liquids

CH, contribution to molar volume

Investigators (cm3/mol =10"° m3/mol)
Traube (1895) 16.1
Kurtz and Lipkin (1941) 16.3
Van Nes and Van Westen (1951) 16.5
Simha and Hadden (1956) 16.5
Li et al. (1956) 16.5
Huggins (1958) 16.5
Tatevskii et al. (1961) 16.1
Davis and Gottlieb (1963) 16.6
Harrison (1965, 1966) 16.4
Exner (1967) 16.6
Rheineck and Lin (1968) 16.5
Fedors (1974) 16.1

In the following sections, exclusively group contributions will be used. Literature data
originally expressed in atomic contributions will be converted into group contribution
values.

The best confirmations of the additivity of molar volume were obtained from the
studies of homologous series. Studies of several series of compounds with increasing
numbers of CH, groups have led to rather accurate values for the contribution of this
group to the molar volume. Values found by several investigators are summarised in
Table 4.4. The mean value is 16.45 cm®/mol with a standard deviation of 0.2 cm®/mol.

For other groups, the contributions mentioned by different authors show larger varia-
tions. This appears from Table 4.5 where published values of the contributions for a number
of groups are compared. All the results are expressed in the form of bivalent groups. This
has been done because a number of authors did not make a clear distinction between the
contributions of monovalent end groups and the above-mentioned residual volume.

The contributions of several hydrocarbon groups are rather accurately known and can
be predicted with an accuracy of about 1 cm®/mol. For other groups, variations range
from 2 to 4 cm®/mol. Tt must be concluded that on the basis of these literature data
the molar volume of an organic liquid can be predicted with an accuracy of, at best,
some percent. Fedors (1974) proposed an extensive system of group contributions to the
molecular volume of liquids. These values, though not very accurate, can be used for a
first orientation. They are given in Chap. 7 in Table 7.4, in combination with group
contributions for the cohesive energy.

4.3.2. Molar volumes of rubbery amorphous polymers

The rubbery amorphous state of polymers has the greatest correspondence with the liquid
state of organic compounds. So it may be expected that the molar volume per structural
unit of polymers in this state can be predicted by using the averaged values of the group
contributions mentioned in Table 4.5 (Van Krevelen and Hoftyzer, 1969).

V:(298) = > Vi(298) (4.4)

Owing to the very high molecular weight, the residual volume Q (Eq. (4.3)) may be
neglected.
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At room temperature, those amorphous polymers are in the rubbery state of which
the glass transition temperature is lower than 25 °C. The available literature data on the
densities for this class of polymers are mentioned in Table 4.6. For each polymer, the molar
volume V, has been calculated from the density. These values of V, have been compared
with Eq. (4.3), using group contributions mentioned in Table 4.4. Although there was an

TABLE 4.6 Molar volumes of rubbery amorphous polymers at 25 °C

Pr Vr VW
Polymer (g/cm?) (cm®/mol) (cm®/mol) V./Vw ()
Polyethylene 0.855 32.8 20.5 1.60
Polypropylene 0.85 49.5 30.7 1.61
Polybutene 0.86 65.2 40.9 1.59
Polypentene 0.85 82.5 51.1 1.61
Polyhexene 0.86 97.9 61.4 1.59
Polyisobutylene 0.84 66.8 40.9 1.63
Poly(vinylidene chloride) 1.66 58.4 38.0 1.53
Poly(tetrafluorethylene) 2.00 50.0 32.0 1.56
Poly(isopropyl vinyl ether) 0.924 93.2 54.9 1.69
Poly(butyl vinyl ether) 0.927 108.0 65.1 1.65
Poly(sec-butyl vinyl ether) 0.924 108.3 65.1 1.65
Poly(isobutyl vinyl ether) 0.93 107.6 65.1 1.65
Poly(pentyl vinyl ether) 0.918 124.4 75.3 1.65
Poly(hexyl vinyl ether) 0.925 138.6 85.5 1.62
Poly(octyl vinyl ether) 0.914 171.0 106.0 1.61
Poly (2-ethylhexyl vinyl ether) 0.904 172.9 106.0 1.65
Poly(decyl vinyl ether) 0.883 208.7 126.3 1.62
Poly(dodecyl vinyl ether) 0.892 238.1 146.9 1.62
Poly(vinyl butyl sulphide) 0.98 118.6 78.9 1.50
Poly(methyl acrylate) 1.22 70.6 459 1.54
Poly(ethyl acrylate) 1.12 89.4 56.1 1.56
Poly(butyl methacrylate) 1.053 135.0 86.8 1.56
Poly(hexyl methacrylate) 1.007 169.1 107.3 1.58
Poly(2-ethyl butyl methacrylate) 1.040 163.8 107.2 1.53
Poly(1-methylpentyl 1.013 168.1 107.2 1.57
methacrylate)
Poly(octyl methacrylate) 0.971 204.2 127.7 1.60
Poly(dodecyl methacrylate) 0.929 273.8 168.6 1.62
Polybutadiene 0.892 60.7 37.5 1.62
Poly(2-methylbutadiene) 0.91 74.8 47.3 1.58
Polypentadiene 0.89 76.5 47.3 1.62
Poly(chlorobutadiene) 1.243 71.2 45.6 1.56
Poly(ethylene oxide) 1.13 38.9 24.2 1.61
Poly(tetramethylene oxide) 0.98 73.5 44.6 1.65
Poly(propylene oxide) 1.00 58.1 344 1.69
Poly[3,3-bis(chloromethylene) 1.386 111.8 71.2 1.57
oxacyclo butane]
Average 1.60 £ 0.035
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obvious correspondence between the experimental and calculated values, the inaccuracy
of this calculation was too large to provide a prediction of polymer densities that is of any
practical value.

Thus another approach proved necessary. This new approach was found by plotting
the values of V, (298) versus the molar Van der Waals volume V. Fig. 4.1A shows
the result: the molar volumes V, and Vy, show a simple linear relationship. The ratio
V.(298)/V has a value of 1.60 & 0.035 (see for the numerical values Table 4.6).

4.3.3. Molar volume of glassy amorphous polymers

Those amorphous polymers, for which the glass transition temperature is higher than
25 °C, are in the glassy state at room temperature. Table 4.7 gives a survey of the available
literature data on the densities of these polymers. For each polymer the molar volume per
structural unit has been calculated from the density.

Encouraged by the success with the rubbery polymers, we have also plotted the
Vg(298) values versus the molar Van der Waals volumes. The result is shown in
Fig. 4.1B. Again a good linear relationship was found. The ratio V(298)/V,, is almost
identical with that for rubbery polymers; its value is 1.60 £ 0.045 (see for the numerical
values Table 4.7).

4.3.4. Volume relaxation

With respect to the values of V, mentioned it should be noted that a glassy polymer is
not in thermodynamic equilibrium below its glass transition temperature T,. Therefore
glassy polymers show wvolume relaxation; the volume gradually changes with time.
As amorphous glassy polymers are usually prepared by cooling at a certain rate to
below Ty, this relaxation will usually be a contraction. It is a non-linear process that will
continue for extremely long periods, except at temperatures in the immediate vicinity
of Ty.

"fghe values of V(298) should therefore be considered to represent practical conditions
of polymer preparation, i.e. “normal” cooling rates. It is possible to prepare glassy poly-
mers with varying molecular volumes by varying the thermal history.

We intend to come back on the phenomenon of volume relaxation in Chap. 13, where it
will be discussed and also in context of physical ageing and creep.

4.3.5. Molar volumes of crystalline polymers at 298 K

Fully crystalline polymers do not exist, except in the special case of single crystals.
Therefore the density of crystalline polymers cannot be measured directly.

It is, however, possible — by means of modern X-ray analysis — to determine the crystal
system of the crystalline domains and also the dimensions of the unit cell as well as the
number of the constitutional base units in the unit cell. From these data the real crystalline
density can be exactly calculated:.

_ Molar mass of the structural unit

Pe = Volume of the unit cell NA
Number of structural units in unit cell

where N, is Avogadro’s number.
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TABLE 4.7 Molar volumes of glassy amorphous polymers at 25 °C

Pr \{ vW

Polymer (8/cm’) (cm®/mol) (ecm®/mol) V,./Vw (-)
Poly(4-methylpentene) 0.84 100.2 61.4 1.63
Polystyrene 1.05 99.0 62.9 1.58
Poly(a-methylstyrene) 1.065 111.0 73.0 1.52
Poly(o-methylstyrene) 1.027 115.1 74.0 1.56
Poly(p-methylstyrene) 1.04 113.7 74.0 1.54
Poly(p-tert.butylstyrene) 0.95 168.7 104.6 1.61
Poly(m-trifluoromethylstyrene) 1.32 130.5 81.6 1.60
Poly(4-fluoro-2- 1.43 132.9 84.9 1.57
trifluoromethylstyrene)
Poly(3-phenylpropene) 1.046 113.0 73.0 1.55
Poly(vinyl chloride) 1.385 45.1 29.2 1.54
Poly(chlorotrifluoroethylene) 1.92 60.7 36.9 1.65
Poly(3,3,3-trifluoropropylene) 1.58 60.8 38.3 1.59
Poly(vinylcyclohexane) 0.95 116.0 73.8 1.57
Poly(vinyl acetate) 1.19 724 459 1.58
Poly(vinyl chloroacetate) 1.45 83.1 54.1 1.54
Poly(tert. butyl acrylate) 1.00 128.2 76.6 1.67
Poly(methyl methacrylate) 1.17 86.5 56.1 1.54
Poly(ethyl methacrylate) 1.119 102.0 66.3 1.54
Poly(propyl methacrylate) 1.08 118.7 76.6 1.55
Poly(isopropyl methacrylate) 1.033 124.1 76.6 1.62
Poly(sec. butyl methacrylate) 1.052 135.2 86.8 1.56
Poly(tert. butyl methacrylate) 1.022 139.1 86.8 1.60
Poly(isopentyl methacrylate) 1.032 1514 97.0 1.56
Poly(1-methylbutyl methacrylate) 1.030 151.7 97.0 1.56
Poly(neopentyl methacrylate) 0.993 157.3 97.0 1.62
Poly(1,3-dimethyl butyl 1.005 169.5 107.2 1.58
methacrylate)
Poly(3,3-dimethyl butyl 1.001 170.1 107.2 1.59
methacrylate)
Poly(1,2,2-trimethylpropyl 0.991 171.9 107.2 1.60
methacrylate)
Poly(cyclohexyl methacrylate) 1.10 152.9 99.2 1.54
Poly(p-cyclohexylphenyl 1.115 219.1 142.6 1.54
methacrylate)
Poly(phenyl methacrylate) 1.21 134.0 88.3 1.52
Poly(benzyl methacrylate) 1.179 149.5 98.5 1.52
Poly(1-phenylethyl methacrylate) 1.129 168.5 108.7 1.55
Poly(diphenylmethyl methacrylate) 1.168 216.0 142.7 1.51
Poly(1,2-diphenylethyl methacrylate) 1.147 232.2 147.7 1.57
Poly(2-chloroethyl methacrylate) 1.32 112.6 74.5 1.51
Poly(2,2,2-trifluoro-l-methylethyl 1.34 134.4 80.8 1.66
methacrylate)

(continued)
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TABLE 4.7 (continued)

Pr vr vW
Polymer (g/cm?) (cm®/mol) (cm*/mol) V./Vw (-)
Poly(1-o-chlorophenylethyl 1.269 177.1 117.8 1.50
methacrylate)
Poly(ethyl chloroacrylate) 1.39 96.8 64.3 1.51
Poly(isopropyl chloroacrylate) 1.27 117.0 74.6 1.57
Poly(butyl chloroacrylate) 1.24 131.1 84.8 1.55
Poly(sec.-butyl chloroacrylate) 1.24 131.1 84.8 1.55
Poly(cyclohexyl chloroacrylate) 1.25 151.0 97.2 1.55
Poly(dimethyl phenylene oxide) 1.07 1123 69.3 1.62
Poly(diphenyl phenylene oxide) 1.14 214.3 133.7 1.60
Polypivalolactone 1.097 91.2 56.1 1.63
poly(ethylene terephthalate) 1.33 144.5 94.2 1.53
Poly(ethylene phthalate) 1.338 143.6 94.2 1.52
Poly(ethylene isophthalate) 1.335 144.0 94.2 1.53
Poly(tetramethylene isophthalate) 1.268 173.7 114.6 1.52
Poly(cyclohexylenedimethylene 1.19 230.5 147.5 1.56
terephthalate)
Nylon 6 1.084 104.4 64.2 1.63
Nylon 8 1.04 135.8 84.6 1.60
Nylon 11 1.01 1815 115.3 1.57
Nylon 12 0.99 199.3 125.1 1.59
Nylon 6,6 1.07 211.5 128.3 1.65
Nylon 6,10 1.04 271.5 169.2 1.60
Poly(4,4-methylenediphenylene 1.24 182.4 115.8 1.58
carbonate)
Poly(4,4-isopropylenediphenylene 1.20 2119 136.2 1.56
carbonate)
Poly(thiodiphenylene carbonate) 1.355 180.2 116.3 1.55
Average 1.60 £ 0.05

There remains one complication: often the polymeric crystallites may occur in
several polymorphic forms (e.g. hexagonal, tetragonal, ortho-rhombic, triclinic, etc.)
with somewhat different densities. In those cases we have chosen an “average” crystalline
density.

Table 4.8 gives a survey of the available data on the density of fully crystalline
polymers. From these densities the molar volumes V.(298) have been calculated.

Also for the crystalline state it was found that the molar volume is directly propor-
tional to V., (see Fig. 4.1C). The average ratio V.(298)/V is 1.435 £ 0.045, as is seen in
Table 4.8.
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TABLE 4.8 Molar volumes of fully crystalline polymers at 25 °C (calculated from X-ray data
of crystalline domains)

Pr \{ VW

Polymer (g/cm®)  (ecm*/mol) (cm®/mol) V,/Vy (-)
Polyethylene (linear) 1.00 28.1 205 137
Polypropylene (isotactic) 0.95 444 30.7 145
Polybutene 0.94 59.5 40.9 1.45
Poly(3-methylbutene) 0.93 75.3 51.1 1.47
Polypentene 0.92 76.3 51.1 1.49
Poly(4-methyl-pentene) 0.915 92.0 61.4 1.50
Polyhexene 091 92.5 614 1.50
Polyoctadecene 0.96 263 184.1 1.43
Polyisobutylene 0.94 59.2 409 143
Polystyrene 1.13 92.0 64.3 1.43
Poly(o-methyl styrene) 1.16 102.0 78.0 1.40
Poly(2-methyl styrene) 1.07 110.5 74.0 1.49
Poly(vinyl fluoride) 1.44 32.0 228 141
Poly(vinyl chloride) 1.52 41.0 292 140
Poly(vinylidene fluoride) 2.00 32.0 256 125
Poly(vinylidene chloride) 1.95 49.7 38.0 1.31
Poly(trifluoro-ethylene) 2.01 40.8 27.3 1.49
Poly(tetrafluoro-ethylene) 2.35 41.2 320 129
Poly(trifluoro-chloro-ethylene) 2.19 53.2 369 149
Poly(vinyl cyclohexane) 0.98 112.5 743 152
Poly(vinyl alcohol) 1.35 33.6 25.1 1.34
Poly(vinyl-methyl ether) 1.18 50.0 357 140
Poly(vinyl-methyl ketone) 1.13 62.2 434 143
Poly(vinyl acetate) 1.34 64.5 459 1.42
Poly(methyl methacrylate) 1.23 81.8 56.1 1.46
Poly(ethyl methacrylate) 1.19 96.0 66.3 1.45
Polyacrylonitrile (isotactic) 1.28 41.5 30.7 1.35
Poly(N-isopropyl acrylamide) 1.12 101.5 699 145
Polybutadiene 1.01 53.5 37.1 1.44
Polyisoprene(cis) 1.00 68.1 475 1.44
Polyisoprene (trans) 1.05 64.7 47.5 1.37
Polychloroprene (trans) 1.36 65.0 456 143
Poly(methylene oxide) 1.54 19.3 13.9 1.39
Poly(ethylene oxide) 1.28 34.5 24.2 1.40
Poly(tetramethylene oxide) 1.18 61.0 44.6 1.37
Poly(acetaldehyde) 1.14 38.7 242  1.60
Poly(propylene oxide) 1.15 50.5 344 147
Poly(trichloro propylene oxide) 1.46 63.1 42.6 1.48
Poly[2,2-bis(chloromethyl)trimethylene 147 105.0 71.2 147

Oxide] (=Penton®)

(continued)
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TABLE 4.8 (continued)

Pr \{ VW

Polymer (g/cm®)  (cm*/mol) (cm*/mol) V,/Vy (-)
Poly(2,6-dimethyl-1,4-phenylene oxide) 1.31 92.0 693 133
Poly(2,6-diphenyl-1,4-phenylene oxide) 1.21 202.0 133.7 1.51
Poly(1,4-phenylene sulfide) 1.44 75.3 54.1 1.39
Poly(ethylene succinate) 1.36 100.1 71.3 149
Poly(ethylene isophthalate) 1.40 137.0 94.2 1.45
Poly(ethylene terephthalate) 1.48 130.0 942 138
Nylon 6 1.23 92.0 642 143
Nylon 8 1.18 120 846 142
Nylon 12 1.15 17.1 1153  1.49
Nylon 6,6 124 183 1283 143
Nylon 6,10 1.19 238 1692 144
Poly [bis(4-amino cyclohexyl)methane-1,10  1.14 388 260.0 1.49
decanecarboxamide] (trans) (=Qiana)
Poly(para-phenylene terephthalamide) 1.48 160 112.6 1.42
(=Kevlar®, Twaron®)
Poly[methane bis(4-phenyl)carbonate] 1.30 173 1158  1.49
Poly[2,2-propane bis(4-phenyl)carbonate] 1.31 195 1362 146
Poly[thio-bis(4-phenyl) carbonate] 1.50 170 116.3 1.46
Poly(paraxylylene) 1.2 87.5 63.8 1.39
Poly[N,N,(p,p’-oxydiphenylene) 1.42 247 184.1 1.36
pyromellitide] (=Kapton®)
Poly(dimethyl-siloxane) 1.07 69.1 476 145
Poly(pivalo lactone) 1.23 81.5 56.1 1.45
Poly(methylene p-phenylene) 1.17 77.0 53.6 1.45
Average 1.435 4+ 0.045

43.6. Molar volume of semi-crystalline polymers

For a small number of polymers, the densities of both the purely amorphous and the
purely crystalline states are known. These data have been collected in Table 4.9. The ratio
pc/pa shows a considerable variation; the mean value of this ratio is 1.13 4 0.08.

For the highly crystalline polymers the ratio is in the neighbourhood of 1.2, whereas for
the low-crystalline polymers it is lower than 1.1.

If semi-crystalline polymers would just be a simple mixture of crystalline and
amorphous domains, the following relationship would be valid (with x. = degree of
crystallinity):

Vee = x Ve + (1 — x.)V, (4.5)
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TABLE 49 Data of crystalline polymers

Polymer pe (8/cm’) pa (8/cm’) pe/Pa
Polyethylene 1.00 0.85 1.18
Polypropylene 0.95 0.85 1.12
Polybutene 0.95 0.86 1.10
Polyisobutylene 0.94 0.84 1.12
Polypentene 0.92 0.85 1.08
Polystyrene 1.13 1.05 1.08
Poly(vinyl chloride) 1.52 1.39 1.10
Poly(vinylidene fluoride) 2.00 1.74 1.15
Poly(vinylidene chloride) 1.95 1.66 1.17
Poly(trifluorochloroethylene) 2.19 1.92 1.14
Poly(tetrafluoroethylene) 2.35 2.00 1.17
Poly(vinyl alcohol) 1.35 1.26 1.07
Poly(methyl methacrylate) 1.23 1.17 1.05
Polybutadiene 1.01 0.89 1.14
Polyisoprene (cis) 1.05 091 1.10
Polyisoprene (trans) 1.05 0.90 1.16
Polyacetylene 1.15 1.00 1.15
Poly(methylene oxide) 1.54 1.25 1.25
Poly(propylene oxide) 1.15 1.00 1.15
Poly(tetramethylene oxide) 1.18 0.98 1.20
Poly(pivalo lactone) 1.23 1.08 1.13
Poly(ethylene terephthalate) 1.50 1.33 113
Nylon 6 1.23 1.08 1.14
Nylon 6,6 1.24 1.07 1.16
Nylon 6,10 1.19 1.04 1.14
Poly(ethylene oxide) 1.33 1.12 1.19
Poly(bisphenol A carbonate) 1.31 1.20 1.09
Average 1.1340.08

Substitution of the observed equations for V. and V,(298) (=V(298) = V,(298))

gives

Ve = %1435V + (1 — x)1.60Vw
or Ve = 1.60Viy[1 — (0.165/1.60)x.]
SO Vs = V(1 —0.103x.)

with the final result

psc/pa = Va/Vsc = 1/<1 - 0103XC)

(4.6)

(4.7)

This would imply p./p. = 1.115. The variable value 1.13 + 0.08 confirms the fact
that crystallites disturb the structure of the amorphous state, as was mentioned in

Chap. 2.
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4.3.7. Summary of the correlations between the various molar volumes
The following mean values for the molar volume ratios have been found:

Since the value of the molar Van der Waals volume of a polymer is derived from universal
values of atomic radii and atomic distances, it may be concluded that the method of
calculation of the different standard molar volumes (1298 K) as given by Eq. (4.8) provides
a sound basis for the estimation of polymer densities under standard conditions.

Table 4.10 gives our recommended values for the group contributions (increments) to
the various molar volumes at 298 K.
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4.4. THERMAL EXPANSION

4.4]1. Definitions

A number of different but related notations are used to describe the thermal expansion of
matter:

1. The specific thermal expansivity:

e= (g—;) (dimension: cm®/g/K or m®/kg/K)
P

2. The temperature coefficient of density:

q= (g—;> (dimension: cm?/ g/K or m’/ kg/K)
P

3. The coefficient of thermal expansion:

1 /0v . .
u:;(a—T)p (dimension: K™7)

4. The linear coefficient of thermal expansion:

_1/oL : o -1
p= I (8_T)P (dimension: K™)
5. The molar thermal expansivity:
ov . . 3 3
E= T (dimension: cm”/mol/K or m”/mol/K)
P

The quantities are interrelated in the following way:

4.4.2. Phenomenology

Experimental data available suggest that the thermal expansivity of a glass is of the same
order as that of the crystal and that no great error is made by putting:

ag o or eg~e. or Eg~E (4.10)

The expansivity of a solid polymer is not exactly independent of temperature, but gener-
ally shows a gradual increase with temperature (perceptible if the temperature range
covered is large). However, it is convenient to ignore this gradual increase compared
with the jump in expansivity on passing through the glass transition, and to represent the
volume-temperature curve by two straight lines intersecting at the transition point.

It is common practice to report the expansivities immediately below (e;) and above (e))
the transition.
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TABLE 4.11 Some empirical rules

Rule Proposed by Equations
n—og~ 5 x 107* K™} Tobolsky /Bueche (1960/1962) (4.11)
Ty =~ 0.16 Boyer and Spencer (1944) (4.12)
oTm ~ 0.11 Bondi (1968d) (4.13)
(oq—0g)Tg =~ 0.115 Simha and Boyer (1962) (4.14)

Empirically it has been found that often g (= —2p = —¢p?) is practically independent of
temperature over a wide range (see Bondi, 1968c).

The expansivity of the rubbery or liquid polymer is always larger than that of the
glassy or crystalline polymer.

A number of interesting rules are summarised in Table 4.11. It has to be mentioned,
however, that these rules are approximate rules and that they are not to be used to find
new equations by substitution of the one in the other!

4.43. Theory

The expansion of a material on heating is a phenomenon that depends on internal — mostly
intermolecular — forces. Bond lengths between atoms are virtually independent of
temperature. This also holds for bond lengths between segments of a polymer
chain. Polymer systems, therefore, have lower expansivities than related low-molecular
liquids.

Below the glass temperature the expansivity is reduced still further. When passing the
glass transition point, the structural changes contributing to the expansion in liquids
disappear.

4.4.4. The molar thermal expansion model of polymers (MTE-model)

One of the most useful — though simplified — models to visualise thermal expansion
phenomena is based on a concept of Simha and Boyer, and is reproduced in Fig. 4.2.
When a liquid is cooled below a potential crystalline melting temperature, two things may
happen: it either crystallises or becomes an undercooled liquid; the latter occurs when
crystallisation is impeded, e.g. by high viscosity and low molecular symmetry. From
Fig. 4.2. it follows that Vi(0) = V,(0) and dV,/dT ~ dV./dT. Undercooling of the
liquid may occur until a temperature is reached at which the free volume of the molecules
becomes so small that molecular movements of the whole molecule or of large chain
segments are no longer possible: then the glassy state is reached. The temperature at which
this occurs is the glass transition temperature (Tj).

4.45. Inferences from the thermal expansion model

4.4.5.1. Numerical values of the molar thermal expansivities
On the basis of Fig. 4.2 some simple relationships may be derived. From Fig. 4.2 it is
obvious that
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FIG. 4.2 Thermal expansion model of polymers (based on a concept of Simha and Boyer, 1962).

Vi(T) — V1(0) _ Vy(298) — V(0) _ V,(298) — V(0)
T - 298 - 298

E = = E (4.15)

Likewise

_ Vi(T) — Vi(0) _ Ve(T) ~ Ve(0) _ Ve(298) ~ Ve(0) _

E; = T ~ T = 208 =E. (4.16)
Values of E(=E;) and Eg(=E,) are assembled in Table 4.12. Upon plotting these values
against Vy, we obtain an interesting result, as shown in Fig. 4.3. Although there is a
considerable amount of scatter, the relationship between E;, E; and V,, is evident and may
approximately be represented by two straight lines, corresponding to the following mean
values for the coefficients:

E(=E;) = 1.00 x 10 °Vyy (4.17)
Ey(= E.)=0.45 x 10> Vy (4.18)
Eqgs. (4.17) and (4.18) enable us to calculate the numerical values of the molar expansion

coefficients. In Table 4.12 the values calculated in this way are compared with
the experimental values. The agreement is fair (average deviation for E; 8% and for
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TABLE 412 Thermal expansivity of polymers

eg exp. e| exp. E; exp.
2% (1o~* (10~* (10~*
M(g/ (ecm®/ cm®/ cm®/ cm®/
Polymer mol) mol) g/K) g/K) mol/K)
Polyethylene 28.0 20.46 24/36 75/9.6  67/101
Polypropylene 42.1 30.68 22 55/94 93
Poly(1-butene) 56.1 40.91 3.8 8.8 214
Poly(1-pentene) 70.1 51.14 - 9.2 -
Polyisobutylene 56.1 40.90 1.6/20  56/69  90/112
Poly(4-methyl-l-pentene) 84.2 61.36 3.85 7.6 324
Polystyrene 104.1 62.85 17/27 43/68  177/281
Poly(vinyl chloride) 62.5 29.23 14/21  42/52  88/131
Poly(vinylidene fluoride) 64.0 25.56 1.2 21/46 77
Poly (chlorotrifluoroethylene) 116.5 36.90 1.0/1.5 20/35 117/175
Poly(vinyl alcohol) 44.0 25.05 3.0 - 132
Poly(vinyl acetate) 86.1 45.88 1.8/23 50/6.0 155/198
Poly(methyl acrylate) 86.1 45.88 1.8/2.7 4.6/56  155/232
Poly(ethyl acrylate) 100.1 56.11 2.8 6.1 280
Poly(isopropyl acrylate) 114.2 66.33 22/26 61/63  251/297
Poly(butyl acrylate) 128.2 76.57 2.6 6.0 333
Poly(sec-butyl acrylate) 128.2 76.56 2.75 6.1 353
Poly(2,2-dimethylpropyl acrylate) 142.2 86.78 2.0 6.5 284
Poly(1-ethylpropyl acrylate) 142.2 86.79 3.3 5.9 469
Poly(methyl methacrylate) 100.1 56.10 2.3 52/55 230
Poly(ethyl methacrylate) 114.1 66.33 2.8 54/57 319
Poly(propyl methacrylate) 128.2 76.56 3.15 5.8 404
Poly(isopropyl methacrylate) 128.2 76.55 2.0/2.4 6.2 256/308
Poly(butyl methacrylate) 142.2 86.79 - 59/63 -
Poly(isobutyl methacrylate) 142.2 86.78 22/25 58/6.1  313/356
Poly(sec-butyl methacrylate) 142.2 86.78 3.4 6.3 483
Poly(tert-butyl methacrylate) 142.2 86.77 2.7 6.9 384
Poly(hexyl methacrylate) 170.3  107.25 - 6.3/6.6 -
Poly(2-ethylbutyl methacrylate) 170.3  107.24 - 5.8 -
Poly(octyl methacrylate) 1984 127.71 - 5.8 -
Poly(dodecyl methacrylate) 2544  168.63 3.8 6.8 967
Poly(2-methoxyethyl methacrylate) 144.2 80.26 - 5.45 -
Poly(2-propoxyethyl methacrylate) 1722 100.72 - 6.1 -
Poly(cyclohexyl methacrylate) 168.2 99.23 2.7 - 454
Polybutadiene 54.1 37.40 2.0 6.4/77 108
Polyisoprene 68.1 47.61 - 6.0/83 -
Polychloroprene 88.5 45.56 - 42/50 -
Polyformaldehyde 30.0 13.93 1.8 - 54
Poly(ethylene oxide) 441 24.16 - 6.2/6.6 -
Poly(tetramethylene oxide) 72.1 44.62 - 6.9 -
Polyacetaldehyde 441 24.15 2.1 6.3 93
Poly(propylene oxide) 58.1 34.38 - 70/73 -

Polyepichlorohydrin 92.5 42.56 - 5.6 -
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E calc. E, calc.

(10 E, exp. (107* (10

cm®/ cm®/ cm®/ e —eg (0™ o (o — o) T
mol/K) mol/K) mol/K)  cm*/g/K) T (K) (g/cm’)  (x10%

92 210/269 205 3.9/7.2 195 0.87 660/1220
138 232/396 307 3.3/7.2 263 0.85 740/1610
184 494 409 5.0 249 0.85 1060
230 645 511 - - - -
184 314/388 409 3.6/5.3 198 0.87 620/910
276 640 614 3.75 302 0.84 950
283 448/708 629 2.6/5.1 373 1.06 1030/2020
132 262/325 292 2.1/3.8 358 1.38 1040/1880
115 134/294 256 09/3.4 235 1.74 370/1390
166 233/408 369 0.5/2.5 325 2.03 330/1650
113 - 251 - - - -
206 413/517 459 2.7/4.2 303 1.19 970/1510
206 396/482 459 1.9/3.8 282 1.22 650/1310
252 611 561 3.3 252 1.12 930
298 697/719 663 35/4.1 270 1.08 1020/1190
345 769 766 3.4 224 1.08 820
345 782 766 3.35 256 1.05 900
391 924 868 4.5 295 1.04 1380
391 839 868 2.6 267 1.04 720
252 520/550 561 29/3.2 387 1.17 1310/1450
298 616/650 663 2.6/29 339 1.12 990/1100
345 744 766 2.65 310 1.08 890
345 795 766 3.8/4.2 354 1.04 1400/1540
391 839/896 868 - - - -
391 825/867 868 3.3/39 320 1.04 1100/1300
391 896 868 29 333 1.04 1000
390 981 868 42 380 1.03 1640
483 1073/1124 1073 - - - -
483 988 1072 - - - -
575 1151 1277 - - - -
759 1730 1686 3.0 218 0.93 610
361 786 803 - - - -
453 1050 1007 - - - -
447 - 992 - - - -
168 346/417 374 44/5.7 171/259 0.89 670/1310
214 409/565 476 - - - -
205 372/443 456 - - - -

63 - 139 - - - -
109 273/291 242 - - - -
201 497 446 - - - -
109 278 242 4.2 243 1.07 1090
155 407/424 344 - - - -
192 518 426 - - - -

(continued)



94 Properties of Polymers

TABLE 4.12  (continued)

eg exp. e| exp. E; exp.
Vy (10~* (10~* (10~*
M(g/ (cm*/ cm’/ cm’/ cm’/
Polymer mol) mol) g/K) g/K) mol/K)
Poly(ethylene terephthalate) 192.2 94.18 22/24 6.0/7.4  423/461
Poly(decamethylene terephthalate) 3044  176.02 - 53 -
Poly(ethylene phthalate) 192.2 94.18 1.7 59 327
Poly(ethylene isophthalate) 192.2 94.18 2.0 3.8/53 384
Poly[ethylene (2,6 —naphthalate)] 2422 119.86 - 49 -
Poly[ethylene (2,7-naphthalate)l 2422  119.86 - 5.0 -
Nylon 6 113.2 70.71 - 5.6 -
Nylon 7 127.2 80.94 3.5 - 445
Nylon 8 141.2 91.17 3.1 - 438
Nylon 9 155.2  101.40 3.6 - 559
Nylon 10 169.3  111.63 3.5 - 593
Nylon 11 183.3  121.86 3.6 - 660
Nylon 12 1973  132.09 3.8 - 750
Nylon 10,9 3245 213.03 - 6.6 -
Nylon 10,10 338.5 22326 - 6.7 -
Poly(bisphenol carbonate) 2543 136.21 24/29  48/59  610/737

Eg 12%) in view of the fact that the accuracy of the experimental data will also be in the
order of £5%.

4.45.2. The excess volume of the glassy state
The difference in molar volume of the two solid states of the polymer: the glassy and the
crystalline states, is called “excess volume”:

AVg = Vy(T) — V(T) (4.19)

Since the thermal expansivity of the two solid states is equal (E; ~ E,) it may be presumed
that AV is constant in the whole temperature region below the glass transition, which
means:

AV,4(0) = AVy(T < Tg) = AVy(Ty) (4.20)

The numerical value of AV, can easily be calculated; since at T,; the molar volumes of the
glassy and the liquid state (melt) are equal, so V(Tg) = Vg(Ty),

or V.(0) + ETg = V4(0) + EgTg
Hence AV, = (E; — E;)T = (1.0 — 0.45) x 10°Vy T,
so that

AVg =055 x 10 °Vy T (4.21)
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E calc. E, calc.
(10 E, exp. (107* (0™
cm®/ cm?/ cm®/ e —eg (0™ p (o0 = og) T
mol/K) mol/K) mol/K)  cm®/g/K) T (K) (g/cm®)  (x10%
424 1153/1422 942 3.6/5.2 342 1.33 1640/2360
792 1613 1760 - - - -
424 1134 942 4.2 290 1.34 1630
424 730/1019 942 1.8/3.3 324 1.34 780/1430
539 1187 1199 - - - -
539 1211 1199 - - - -
318 634 707 - - - -
364 - 809 - - - -
410 - 912 - - - -
456 - 1014 - - - -
502 - 1116 - - - -
548 - 1219 - - - -
594 - 1321 - - - -
959 2142 2130 - - - -
1005 2268 2233 - - - -
613 1220/1500 1362 1.9/3.5 423 1.20 960/1780

4.4.53. Derivation of the basic volume ratios from the MTE model

The numerical values of the molar expansion coefficients provide an independent method
to derive the basic volume ratios. We have seen already that V.(0) ~ 1.30Vy (Eq. (4.2)).
Substitution of the Egs. (4.2), (4.17) and (4.18) in (4.15) and (4.16) gives

V;(298) — 1.30Vw

508 =E =10x103Vy (4.22)
V°(298)2;81'30VW =E. =045 x107%Vy (4.23)
which leads to
V:(298) = 1.60Vyy (4.24)
V(298) = 1.435Vyy (4.25)

These equations are identical with (4.8a) and (4.8c). The equivalent expression for V,(298)
is derived as follows.

| Vg(298) — Vy(0)  Ve(298) — (Vc(O) + AVg)
8 298 B 298

=045 x 10 Vy (4.26)

Substitution of AV, (Eq. (4.18)) gives, after some arrangement,

Vg(298) = [1.43 + 0.55 x 10T, Vyy (4.27)
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or
Vg(298) =[143+ C(Tg)]VW (4.28)
where

C(Tg) = 0.165 at T, =300 K or V4(298) = 1.595Vyy
—0.220 at T, =400 K or V,(298) = 1.650Vy
—0.275at T, =500 K or V,4(298) = 1.705Vy

Earlier we derived from density data
V(298) = 1.6V (4.8D)

Compared with Eq. (4.27) this is on the low side; for, e.g. PMMA (T, = 387 K) and PS
(Tg = 373 K) Eq. (4.27) yields V4(298)/Vw = 1.643 and 1.635, respectively. The reason
may be twofold. First of all, the T’s of the polymers in Table 4.12 are in majority between
300 and 400 K. Secondly, it may be that a number of these glassy amorphous polymers
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(which are thermodynamically unstable) have already undergone some volume relaxation
at the time of the density measurement.

Summing up we may say that the ratios V./Vw, V;/Vw and V./Vy have been derived
in two independent ways from quite different experimental data, densities and thermal
expansion coefficients respectively.

At the same time we may consider the mutual agreement as a verification of the
quantitative applicability of the molar thermal expansion model, given in Fig. 4.2.

4.4.5.4. General expressions for the molar volumes as a function of temperature
We first summarise the basic volumetric correlations:

(4.29)

From these values the following general expressions for the molar volumes as a function
of temperature have been derived:

(4.30)

A nice illustration of the value and usefulness of the Eqs. (4.29) and (4.30), in estimating
and predicting molar volumes, is shown in Fig. 4.4. This figure was kindly forwarded by
Professor R.S.Porter (Amherst).

4.4.5.5. Melting expansion
A quantity that is important both practically and theoretically is the increase in molar
volume accompanying the melting process:

AV = Vi(Tm) = Vo(Tm) (4.31)
If it is assumed that Fig. 4.2 is valid up to the melting point, AV, can be calculated if p,, p,

E; and E. are known. If one of these data is lacking, it can be estimated with the methods
given in this chapter. (Calculation 1, using Eq. (4.30)).
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The numerical value of AV, can be derived directly from Fig. 4.2 (calculation 2):

AVg/AViy = Tg/Tm

Hence
Eg(=E) =045 x 10°Vyy
AV, = AVgT—m =0.55 x 10*3VV\,TCD,T—m
Tg Tg
or
AV, =055 x 103V Ty (4.32)

Another approximation is via the Eqs. (4.8a)-(4.8c)

V1(298) = V,(298) = 1.6Vyy; V.(298) = 1.435Vyy

and

V1(298) — V(298) AVp, .
- from Fig. 4.2.
298 T, (rom Fig. 4.2

Substitution gives

0.165 AV,
" Vw = 0. 1073 Vy = — ™
98 W 0.55 x 10 w T
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TABLE 4.13 Calculated and experimental values of AV,

AVm (cm®/mol)

Calc. (1) Calc. (2)

Polymer Eq. (4.30) Eq. (4.32) Found References

Polyethylene 6 4.7 3.1/59  Starkweather and Boyd
(1960) /Robertson
(1969)

Polypropylene 8 7.7 9.6 Allen (1964)

Polybutene 9 8.6 8.4 Allen (1964)

Poly(4-methyl pentene) 16 17.4 9.8 Kirshenbaum (1965)

Polyisobutylene 8 6.3 6.7 Allen (1964)

Polystyrene 12 18.3 11.4 Allen (1964)

Poly(tetrafluoroethylene) 11 104 7.3/14.5 Starkweather and Boyd
(1960)/ Allen (1964)

Polyformaldehyde 6 3.7 3.5/5.1  Starkweather and Boyd
(1960)/ Fortune and
Malcolm (1960)

Poly(ethylene oxide) 6 4.5 5.3 Allen (1964)

Poly(ethylene terephthalate) 25 28.8 11.5/16.9 Allen (1964)

Nylon 6,6 44 42 24.8 Allen (1964)

In Table 4.13 values of AV,,, calculated according to both methods, are compared with
published experimental values. The only conclusion that can be drawn is that the calcu-
lated values of AV,, are of the correct order of magnitude. The deviations between
calculated and experimental values do not exceed the deviations between values men-
tioned by different investigators.

4.45.6. Derivation of the empirical rules from the model
The simple model of Fig. 4.2 may also be used to derive relationships equivalent with
Egs. (4.11)—(4.14) mentioned above.

a. The Tobolski-Bueche rule. Eq. (4.11)
If E; = 10.0 x 10™*Vy; E; =45 x 10~*Vy; V(298) = 1.60Vyy and Vg (298) ~ 1.6Vw:

EL 1.0x10°Vy

298) = = =625 x 107*K™!
4(29) = G 598) = 1.60Vwy x
E 0.45 x 103V
298) = — & =281 x107*K!
25(298) V,(298) 1.60Vy 8110
and
21(298) — 04(298) ~ 3.5 x 10 *K* (4.11a)

Eq. (4.11a) corresponds to the Tobolsky—Bueche equation, Eq. (4.11), except for the much
smaller coefficient (i.e. 3.5 versus 5).
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b. The Simha-Boyer rule. Eq. (4.14)
The Simha—-Boyer rule may be derived if it is assumed that the fractional excess volume @, at
T, is a universal constant for all polymers. In this case we have

Vi(Tg) = Vc(0) + EiTg
Vg(Tg) = Vg(0) + E;Tg
Since at T, Vi = V,, there results

(Bi — Eg)Tg = Vc(0) — V4(0) = AV,4(0) = AV,

(B —E)Ty ET, EJT, AV,

= - = = @, = const.
Vg(Tg) Vl(Tg) Vg(Tg) Vg(Tg)
so that
(B — Eg)T,
‘,ngg)g = (OC[ — OCg)Tg = sﬁe = const. (433)

In Table 4.12 Eq. (4.33) is confronted with the available experimental data. The mean
value of ¢. = 0.115 (with a mean deviation of 37%). This is in good correspondence with
the value ¢, = 0.115 proposed by Simha and Boyer.

c. The Boyer-Spencer rule. Eq. (4.12)
In Sect. 4.4.5.6(a) we derived numerical values for ;(298) and %4(298); so ay/0y = 0.45.
Substitution of this value in (4.33) leads to

(o — )Ty = 0.11

So 0Ty ~ 0.2, which is very approximately the Boyer—Spencer rule.

d. The Bondi rule. Eq. (4.13)
The Bondi rule is related to the Boyer-Spencer rule (Eq. (4.12)). Since oz /0y = o/ 0y = 0.45,
substitution of this expression in Eq. (4.12) gives

Oc

OC]Tg == m

Ty = 0.16

For semi-crystalline polymers Ty is normally about 2 /3T, so that
e

0.45

0.667Ty = 0.16

or

~0.45x 0.16

O = 0667 =0.11



Volumetric Properties 101

4.5. ISOTHERMAL COMPRESSION: EQUATIONS OF STATE

Besides the volume increase by thermal expansion also the volume reduction by compres-
sion is an important data for the processing of polymers.

4.51. The Tait equation

On of the most useful expressions to represent the V(P,T)-behaviour of liquids, including
polymeric liquids, is the Tait-relation (Tait 1888, 1898 and Dorsey 1940):
V(07 T) — V(p7 T)
V(0,T)

p
=Cln( 14—+ 4.34
(1+55) i
where C is a dimensionless constant and B(T) is a temperature dependent constant with
the same dimension as pressure. For practical calculations V(0,T) may be approximated by
V(T, p =1 bar).
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This purely empirical relation was derived by Tait as long ago as 1888; it is still one of
the best approximations of the actual PVT-behaviour. Reference is usually made to the
voyage made by HMS Challenger and the report of experiments undertaken by Tait into
the compression of water.

Simha et al. (1973) have shown that C is indeed almost constant (best average value:
C = 0.0894) and that the temperature dependent factor B(T) can be expressed by

B(T) = biexp(—bT") (4.35)
where by and b, are empirical constants and T" is the temperature in °C. Substituting (4.35)

into (4.34) gives:

Vip=1)—-V(p) _ p ,
B 0.0894 In (1 + by exp(b,T )) (4.36)

If we substitute T" = T — 273 (T in K) in Eq. (4.35) we then obtain

B(T) = bz exp(—b2T) (4.37)
with b3 = by exp(273b,), so that
Vip=1)-V(p) _ 13
V=1 0.0894In( 1+ b exp(b2T) (4.38)

Table 4.14 exhibits the experimental data of Quach and Simha (1971), Simha et al. (1973),
Beret and Prausnitz (1975) and Zoller et al. (1977-1989). The constant b, has an average
value of 4.5 x 1072 (°C) !, whereas b; and b; are obviously dependent on the nature of the
polymer. Further analysis showed that b, is proportional to the bulk modulus K (the latter
will be treated in Chap. 13); roughly

by =6 x 107K (4.39)

TABLE 414 Constants of the Tait-equation for polymer melts

b, (10 bar) °C b (10° bar) K b, (1072 (°C) "
Polymer as basis as basis or107K™)
Polyethylene (1d) 1.99 8.01 5.10
Polyisobutylene 191 5.93 4.15
Polystyrene 244 7.56 4.14
Poly(vinyl chloride) 3.52 16.46 5.65
Poly(methyl methacrylate) 3.85 24.11 6.72
Poly(vinyl acetate) 2.23 5.69 3.43
Poly(dimethyl siloxane) 1.04 5.14 5.85
Poly(oxy methylene) 3.12 10.17 4.33
Polycarbonate 3.16 9.63 4.08
Poly(ether ketone)(PEK) 3.88 11.95 4.12
Polysulfone 3.73 10.41 3.76
Polyarylate (Ardel®) 3.03 7.62 3.38
Phenoxy-resin (045C) 3.67 12.13 4.38

Average £ SD 4.54 £0.95
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Simha et al. (1973) showed that the Tait relation is also valid for polymers in the glassy
state. In this case the value of b, is about the same as for polymer melts, but b, is smaller
(by = 3 x 10). Even nowadays frequently use is made of the Tait equation.

4.5.2. Theoretical approaches

It is not surprising that attempts have been made to derive equations of state along purely
theoretical lines. This was done by Flory, Orwoll and Vrij (1964) using a lattice model,
Simha and Somcynsky (1969) (hole model) and Sanchez and Lacombe (1976) (Ising fluid
lattice model). These theories have a statistical-mechanical nature; they all express the
state parameters in a reduced dimensionless form. The reducing parameters contain
the molecular characteristics of the system, but these have to be partly adapted in order
to be in agreement with the experimental data. The final equations of state are accurate,
but their usefulness is limited because of their mathematical complexity.

4.53. Semi-empirical equations

Several semi-empirical equations have been proposed, out of which we shall discuss two:
the Spencer-Gilmore and the Hartmann-Haque equations.

4.5.4. The Spencer—Gilmore equation (1949)
This equation is based on the Van der Waals equation. It has the following form:
(p+mn)(v—w)=RT/M (4.40)

where 7 = internal pressure; o = specific volume at p = 0 and T = 0; M = molar mass of the
interacting unit, usually taken identical to the structural unit of the polymer.

Since the internal pressure is closely related to the cohesion energy density, we shall
postpone further discussion to Chap. 7 (Cohesive Properties).

4.5.5. The Hartmann—Haque equation

A very interesting semi-empirical equation of state was derived by Hartmann and Haque
(1985), who combined the zero-pressure isobar of Simha and Somcynsky (1969) with the
theoretically derived dependence of the thermal pressure (Pastime and Warfield, 1981).
This led to an equation of state of a very simple form:

577 =T"7 _Ino (4.41)

where p = reduced pressure = p/B,; & = reduced specific volume = v/v,; T = reduced
temperature = T/T,,.

This equation was verified by application of the p—v-T-data of the melts of 23 polymers
of very different structure, adapting the reducing parameters B,, v, and T, to the closest
fit with the experiments. The obtained values are shown in the left part of Table 4.15.
The average deviation between calculated and experimental v(P, T) data is the same as
obtained with the Tait relation. The advantage of Hartmann’s equation is that it contains
only three constants, whereas the Tait equation involves 4.

Hartmann and Haque applied their equation also on solid polymers, and with success.
The reducing parameters appeared to be of the same order as for polymeric melts, but
different, as would be expected. Their values are given in the right side part of Table 4.15.



TABLE 4.15 Reducing parameters in equation of state of various polymers (from Hartmann and Haque, 1985)

Melts Solids

Polymer B, (GPa) Vo (cm®/g) To (K) B, (GPa) Vo (cm®/g) To (K)
Polyethylene 2.80 1.036 1203 5.59 0.959 1829
Polypropylene 2.05 1.087 1394 - - -

Poly(l-butene) 2.10 1.077 1426 - - -

Poly(4-methyl pentene-1) 1.67 1.118 1423 2.61 1.121 1658
Poly(vinyl fluoride) - - - 4.86 0.754 1972
Poly(vinylidene fluoride) - - - 5.78 0.589 1490
Poly(trifluoro chloro ethene) - - - 4.97 0.447 2373
Poly(tetrafluoro ethene) 3.64 0.359 875 - - -

Poly(vinyl alcohol) - - - - - -

Poly(ethylene terephthalate 4.14 0.677 1464 - - -

Poly(vinyl acetate) 3.82 0.738 1156 449 0.796 1955
Poly(methyl methacrylate) 3.84 0.757 1453 4.17 0.813 2535
Poly(butyl methacrylate) 3.10 0.854 1284 3.62 0.885 1781
Poly(cyclohexyl methacrylate) 3.14 0.816 1449 443 0.876 2567
Polystyrene 2.97 0.873 1581 425 0.919 2422
Poly(o-methyl styrene) 311 0.887 1590 4.19 0.936 2301
Poly(dimethyl phenylene ether) 3.10 0.784 1307 3.74 0.913 2947
Polyarylate (Ardel) 3.71 0.738 1590 4.58 0.798 2702
Phenoxy resin 4.27 0.776 1459 5.87 0.817 2425
Polycarbonate 3.63 0.744 1473 4.55 0.804 2476
Polysulfone 3.97 0.720 1585 5.33 0.782 2727
Poly(dimethyl siloxane) 1.85 0.878 999 - - -

0L

s1awA|od jo sanadoid
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Hartmann already pointed out that the reducing parameter B, is equal to the compres-
sion modulus or bulk modulus K, extrapolated to zero temperature and pressure and that
T, is related to the glass transition temperature.

Analysing the data of Hartmann and Haque we found the results shown in Table 4.16.
The equations given in Table 4.16 are graphically represented in Figs. 4.54.7, together
with the experimental values. If no values are available from experiments, the equations
are recommended as a first approximation.

Hartmann and Haque also gave some useful equations for estimations:

RT,
B()V() o

(4.42)

where C = 5.4 + 0.65 for amorphous solid polymers; C = 4.2 &+ 1.25 for semi-crystalline
solid polymers, both in the dimension g/mol.

TABLE 4.16 Relationships of the reducing parameters B,, v, and T,

Parameter For melts For solid polymers

B, (GPa)= 2/3 K(298) (dynamic) K(298) (dynamic)

o (cm®/g)= 1.425V,,/M 1.50 V,/M for glasses
1.40 V,,/M for semi-cryst.

T, (K)= 2.0T; + 700 5.0T, + 500"

? Hartmann mentions as an average: T, = 4.92 T, + 528.

SOLIDS
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FIG. 45 Reducing parameter B, versus bulk modulus K (298).
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From the Hartmann-Haque equation the following expressions for « and K can be
derived:

3 <T>1/2
5\ 73
<@> _2\T5) (4.43)
P
K__1<8_V) :B; (4.44)
v 8}9 T o +5
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5

Calorimetric Properties

The following properties belong to the calorimetric category: (1) specific and molar heat
capacities, (2) latent heats of crystallization or fusion. It will be shown that both groups of
properties can be calculated as additive molar quantities. Furthermore, starting from these
properties the molar entropy and enthalpy of polymers can be estimated.

5.1. HEAT CAPACITY

5.1.1. Definitions

The specific heat capacity is the heat that must be added per kg of a substance to raise the
temperature by one Kelvin or one degree Celsius. The molar heat capacity is the specific
heat multiplied by the molar mass (the molar mass of a structural unit in the case of
polymers). Specific and molar heat capacity may be defined at constant volume or at
constant pressure. The heat added causes a change in the internal energy (U) and in the
enthalpy (heat content, H) of the substance. The following notations can be formulated:
1. Specific heat capacity at constant volume:

oy = (8_11) (dimension: ] kg ' K1) (5.1
aT /),
2. Specific heat capacity at constant pressure:
_(oU+pV)\ _ (0H . . A1
Cp = ( T ) =\ a7 ) (dimension: ] kg™ K™) (5.2)
3. Molar heat capacity at constant volume:
ou . . 11

Cy =M, = a7 (dimension: J mol " K™) (5.3)

where U is the internal energy per mol.
4. Molar heat capacity at constant pressure:

Cp =Mc, = (?)_Ij_"l> (dimension: J mol ' K1) (5.4)
p

where H is the enthalpy (heat content) per mol.

Properties of Polymers © 2009 Elsevier B.V.
DOI: 10.1016/B978-0-08-054819-7.00005-4 All rights reserved.
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5. Molar heat capacity of solid and liquid polymers at 25°C:

Reliable values for the molar heat capacity in the solid and the liquid state are available for
a limited number of polymers only. This emphasizes the importance of correlations
between C}(298) and C;(298) and the structure of polymers.

For compounds of low molar mass, correlations are available. Satoh (1948) proposed
a method for the prediction of between C; at 200, 300 and 400 K by the addition of
group contributions. Shaw (1969) used the same method for C}l3 (298) whereas Johnson
and Huang (1955) used it for C} 5(293). The question was whether these increments are applicable
to polymers.

A survey of the group contributions to C}(298) by Satoh and to C; (298) by Shaw is
given in Table 5.1. Satoh does not mention values for some important groups: -COO-,
—CONH-, -SO,— and -F, while Shaw omits values for —Cl, —-F and -CONH-. The most
probable values for these groups, according to the available experimental data, are
mentioned in parentheses in Table 5.1. The value for the contribution of -CONH- to C;,
is still dubious.

In Table 5.2 the available experimental values for C; (298) and Cll3 (298) for polymers
are compared with values predicted by the methods of Satoh and Shaw. In general,
the correspondence between experimental and calculated values is quite satisfactory.
The standard deviation between experimental and calculated values is 2% for c! (298)
and 3.5% for C! 5(298). Values for Cllg calculated with Johnson’s method show greater
deviations from the experimental values than those according to Shaw. For the temper-
ature region of 50-240 K, Wunderlich and Jones (1969) published group contributions
for the calculation of C;. If the uncertainty in the extrapolation of these data to 300 K is
taken into account, these group contributions correspond with those of Satoh.

Example 5.1
Calculate the heat capacity of polypropylene with a degree of crystallinity of 30% at
25°C.

Solution
C;(298) and Cllj(298) may be calculated by the addition of group contributions accord-
ing to Satoh and to Shaw, respectively (Table 5.1):

S 1
C(298)  CL(298)

(-CH,y) 2535 304

(>CH-) 15.6 20.95

(-CHs) 30.9 36.9
71.9 88.3

It is assumed that the semi-crystalline polymer consists of an amorphous fraction
with heat capacity C1 and a crystalline fraction with heat capacity of C,. For a polymer
with 30% crystalhmty the estimated molar heat capacity is C,(298) = 0. 3 x 71.9 + 0.7 x
88.3 = 83.4 ] mol ' K. The specific heat capacity is C,/M=1985] kg~ ' K ™!

We may conclude that C}, and C}Dare additive molar functions; their group contributions, also
valid for polymers, are given in Table 5.1.
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5..2. Specific heat as a function of temperature

The complete course of the specific heat capacity as a function of temperature has been
published for a limited number of polymers only. As an example, Fig. 5.1 shows some
experimental data for polypropylene, according to Dainton et al. (1962) and Passaglia and
Kevorkian (1963). Later measurements by Gee and Melia (1970) allowed extrapolation to
purely amorphous and purely crystalline material, leading to the schematic course of
molar heat capacity as a function of temperature shown in Fig. 5.2.




TABLE 5.2 Experimental and calculated heat capacities of polymers

Solid Liquid

c(298) C(298)  C(298) «cl(298) Cl(298) CL(298)  C}(298)/ c(Tw)/

Exp. Exp. Satoh Exp. Exp. Shaw s s

0 Eg-‘ 0 r":r)mol_l Omol™ ¢ Eg-‘ 0 5101_1 0 mol™ (2% 1. C(Tm)  C(Tm) Cp(Tm)
Polymer K™) K™) K™) K™) K™) K™ () mol™'K™
Polyethylene 1550/1760 44/49 51 2260 63 61 1.28/1.46 410 65 71 1.09
Polypropylene 1630/1760 69 72 2140 91 88 1.31 450 100 107 1.07
Polybutene 1550/1760 >87 97 2140 120 119 - 400 127 134 1.06
Poly (4-methylpentene) 1680 141 144 - - 176 (1.26) 500/520 - - -
Polyisobutylene 1680 94 93 1970 111 112 1.18 320 100 114 1.14
Polystyrene 1220 128 127 1720 178 175 1.40 513 211 223 1.06
Poly(vinyl chloride) 960/1090 60/68 68 1220 76 (91) - - - - -
Poly(vinylidene chloride) - - 86 - - (117) (1.37) 463 - - -
Poly(tetrafluoroethylene) ~960 96 (98) 960 96 (99) ~1.00 463 96 96 1.00
Poly 920 105 (104) - - (117) (1.12) 490 165 159? -

(chlorotrifluoroethylene)

Poly(vinyl alcohol) 1300 57 58 - - 96 (1.69) 505/535 - - -
Poly(vinyl acetate) ~1470 ~127 (118)  ~1930 ~166 153 ~1.31 - - - -
Poly(methyl acrylate) 1340 115 (118) 1800 155 153 1.35 - - - -
Poly(ethyl acrylate) 1450 145 (143) 1820 182 184 1.26 - - - -
Poly(butyl acrylate) 1640 210 (194) 1790 230 245 1.10 320 224 236 1.05
Poly(methyl methacrylate) 1380 138 (139) ~1800 ~182 177 ~1.32 433 194 212 1.09
Poly(ethyl methacrylate) 1450 166 (165) - - 207 - - - - -

Poly(butyl methacrylate) 1680 239 (215) 1860 264 268 1.10 - - - -



Polyacrylonitrile 1260 67 (66) - - - - 590 - - -

Polybutadiene 1630 88 88 1890 102 104 1.16 370 107 111 1.04
Polyisoprene 1590 108 111 1930 131 135 1.22 309/340 122 132 1.08
Polychloroprene - - 107 - - (138) (1.29) 343 - - -
Poly(methylene oxide) 1420 43 42 ~2100 63 66 ~1.47 460 64 75 1.17
Poly(ethylene oxide) ~1260 <70 68 2050 91 96 >1.30 340 79 95 1.20
Poly(tetramethylene oxide)  ~1590 ~118 118 2100 150 157 ~1.27 310 122 152 1.25
Poly(propylene oxide) ~1420 ~83 89 1930 111 124 ~1.35 350 96 118 1.23
Poly(2,6-dimethylphenylene 1260 148 144 ~1760 ~212 202 ~1.43 530 251 271 1.08
oxide)
Poly(propylene sulphone) 1170 123 (122) - - - - 570 - - -
Poly(butylene sulphone) 1220 147 (148) - - - - - - - -
Poly(hexene sulphone) 1380 205 (198) - - - - - - - -
Poly(ethylene sebacate) - - (346) ~1930 ~442 434 (1.28) 345 - - -
Poly(ethylene terephthalate) 1130 218 (222) ~1550 298 304 1.36 540 376 385 1.02
Nylon 6 1470 164 (164) 2140/2470 242 (242) 1.48 496 261 299 1.15
Nylon 6, 6 1470 331 (329) - - (484) 1.47 - - - -
Nylon 6, 10 ~1590 ~448 (430) 2180 616 (606) ~1.37 496 714 762 1.07
Poly(bisphenol — A 1170 303 (289) 1590 410 (408) 1.35 500 487 508 1.05
carbonate)

Diamond - 6 6 - - -

Graphite - 9 6 - - -

Sulphur - 24 24 - - -

Silicon - 21 - - - -

Conversion factors: 1 J kg 'K™' = 0.239 x 10 cal g ' K™ '; 1 T mol ™' K~' = 0.239 cal mol ' K.
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FIG. 51 Molar heat capacity of polypropylene.
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FIG. 5.2 Schematic curve of the molar heat capacity of isotactic polypropylene.

According to this figure a crystalline polymer follows the curve for the solid state to the
melting point. At T, the value of C,, increases to that of the liquid polymer. The molar heat
capacity of an amorphous polymer follows the same curve for the solid up to the glass transition
temperature, where the value increases to that of the liquid (rubbery) material.

In general a polymer sample is neither completely crystalline nor completely
amorphous. Therefore, in the temperature region between Ty and Ty, the molar heat
capacity follows some course between the curves for solid and liquid (as shown in
Fig. 5.1 for 65% crystalline polypropylene). This means that published single data for
the specific heat capacity of polymers should be regarded with some suspicion. Reliable
values can only be derived from the course of the specific heat capacity as a function
of temperature for a number of samples. Outstanding work in this field was done by
Wunderlich and his co-workers. Especially his reviews of 1970 and 1989 have to be
mentioned here.

Examination of the available literature data showed that, for all the polymers investi-
gated, the curves for the molar heat capacity of solid and liquid might be approximated by
straight lines, except for the solid below 150 K. So if the slopes of these lines are known, the
heat capacity at an arbitrary temperature may be calculated approximately from its value
at 298 K. For a number of polymers the slopes of the heat capacity curves, related to the
heat capacity at 298 K, are mentioned in Table 5.3.
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TABLE 5.3 Temperature function of the molar heat capacity (K)

1 dc 1 dC‘p
Polymer C.(298) dT CL(298) dT
Polyethylene 3.0 x 107° 1.0 x 1073
Polybutene 31x107° 14 x 1072
Poly(4-methylpentene) 3.0 x 107° -
Polyisobutylene 33 x107° 22 x107°
Polystyrene 34 x 1072 12 x 1073
Poly(vinyl chloride) 2.8 x 1073 -
Poly(vinyl acetate) 29 x 1072 -
Poly(methyl acrylate) 2.6 x 1077 1.1 x 107
Poly(ethyl acrylate) 2.7 x 1073 15 x 1073
Poly(butyl acrylate) 3.0 x 1072 1.5 x 1073
Poly(methyl methacrylate) 30x107° 1.5 x 1072
Poly(ethyl methacrylate) 3.0 x 107° -
Poly(butyl methacrylate) 32 x107° 1.9 x 1072
Polybutadiene 31x107° -
Polyisoprene 3.0 x 102 1.8 x 1072
Poly(ethylene oxide) 26 x107° 05x 1072
Poly(tetramethylene oxide) 29 x107° 1.0 x 107
Poly(propylene oxide) 29 x107° 14 x 1072
Poly(phenylene oxide) 2.7 x 1077 0.9 x 1072
Poly(ethylene sebacate) - 12 x107°
Poly(hexamethylene adipamide) 3.0 x 1072 0.5 x 1072
Poly(bisphenol-A carbonate) 32x10°° 14 x 1072
Average 3.0 x 10°° 1.3 x 107
Standard deviation 7% 34%

The slopes of the heat capacity lines for solid polymers show an average value

1 dG gt

with a standard deviation of 7%.
For liquid polymers, an analogous expression may be used, but much larger deviations
occur. In this case )
dC
: L T _13x10°K! (5.6)
C,(298) dT

with a standard deviation of 34%.
Nevertheless, if experimental data are lacking, the temperature function of the heat
capacity may be approximated with these average values, so that, with T in K:

C(T) = C3(298)[1 + 3 x 10>(T — 298)] = C;,(298)[0.106 + 3 x 10°T] (5.7)
CL(T) = C,,(298)[1 + 1.3 x 10~%(T — 298)] = C;(298)[0.61 + 1.3 x 10~°T] (5.8)
With the aid of Egs. (5.7) and (5.8) the specific heat capacity in the solid and the liquid state

at temperatures of practical interest may be predicted approximately from their values at
room temperature.
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As derived from Table 5.2, the ratio r = C (298)/C(298) shows a standard deviation of
7% from the average value r = 1.32. This ratlo will decrease, however, with increasing
temperature, as the slope of C,, is steeper than that of CL. The linear approximations of
the curves for C3 and C! as a function of temperature (Egs. (5.7) and (5.8)) may
be used for estimating C}, and CL at the melting point. The ratio C! »/C}, at the melting
point shows a standard deviation of 7% from the average value r = 110. This can also be
seen from Table 5.2.

Wunderlich et al. (1988) have confirmed the linear temperature dependence of the
liquid heat capacities and derived group contributions for the whole temperature range of
250-750 K. His values are reproduced in Table 5.4.

51.3. Theoretical background

Our discussion of the specific heat capacity of polymers on the preceding pages has been
quite empirical. There are, in fact, few fundamental rules that can be used for the
prediction of specific heat capacity. At very low temperatures, the equations of Debye
and Einstein may be used.

On the basis of the equipartition of the energy content of a molecule over the degrees of
freedom, the maximum value of the molar heat would correspond to 3R per atom. In
reality, part of the degrees of freedom are always frozen in, which results in a lower value
of the molar heat capacity. The increase of the specific heat capacity with temperature
depends on an increase of the vibrational degrees of freedom.

Empirically it has been found that for polymers at room temperature the molar heat
capacity is of the order of R per atom. This may be seen from Table 5.1, where the value of
C/R per atom has been calculated for the group contributions to the molar heat. For
hydrocarbon groups C; /R per atom is somewhat lower than unity: the average value of
C./R is about unity. Groups containing other elements show higher values for C,/R.

It is interesting to note that for some groups C,/R per atom is greater than the
maximum value of 3, which corresponds to all vibrational degrees of freedom of the
group. This means that the presence of these groups influences the degrees of freedom
of adjacent groups. This is one of the reasons why linear additivity rules do not hold
exactly for these groups.

TABLE 5.4 Relationships between liquid C, and temperature T for different
structure groups in linear macromolecules

Group C. 0 mol 'K
Methylene, -CH,— 0.0433T+ 17.92
Phenylene, -CcHy - 0.1460T+ 73.13
Carboxyl, -COO- 0.002441T+ 64.32
Carbonate, -OCOO- 0.06446T+ 84.54
Dimethylmethylene, -C(CHs),— 0.2013T+ 18.79
Carbonyl, >CO 0.07119T+ 32.73
Naphthylene, —-C;0He— 0.2527T+ 114.49
Dimethylphenylene, -CsH,(CHj3)— 0.2378T+ 111.41
Oxygen, -O- —0.00711T+ 28.13

Sulphur, -S- —0.02028T+- 46.59
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On the basis of the hole theory of liquids, Wunderlich (1960) concluded that the
difference C. — CS at the glass transition temperature should be constant per structural
bead in the polymer. A structural bead in this sense is defined as the smallest section of the
molecule that can move as unit in internal rotation.

Equations (5.7) and (5.8) allow the calculation of approximate values for CL(Tg) and
C.(Ty) for a number of polymers. The difference in C,, per bead calculated in this way
shows a variation from 8.0 to 13.0 J mol ' K', which corresponds reasonably well to the
value of 11.3] mol ' K™! mentioned by Wunderlich for small beads. Table 5.5 gives data
from Wunderlich et al. (1988) on polymers with “large beads” which give a double or
triple increase.

Bicerano (2002) calculated the heat capacity at 298 K for solid as well as soft polymers
on the basis of the so-called connectivity indices y and of rotational degrees of freedom in
the backbone (Npp.rot) as well as in the side groups (Ng.rot)- He found a close relationship
between many calculated and experimental values of both C; (298) and CL (298).

514. C,/C, relationships

So far only ¢, and C,, the specific and the molar heat capacities at constant pressure, have
been discussed. Obviously, these quantities are always dealt with in normal measure-
ments. For the calculation of the specific heat capacity at constant volume, ¢, some
relationships are available. An exact thermodynamic derivation leads to the equation:

Cp — Cy = VT /x (5.9)

where V is the molar volume (mol m ), « is the expansion coefficient (K™), and K is the
compressibility (m* N™%).

If insufficient data for the evaluation of Eq. (5.9) are available, a universal expression
proposed by Nernst and Lindemann (1911) may be used:

Cp — Cy = 0.00511C(T/T) Jmol 'K (5.10)

Approximative relationships for polymers were derived by Warfield et al. (1969, 1974);
their results are shown in Figs. 5.3 and 5.4. In Fig. 5.3 C,/C, of amorphous polymers is

TABLE 5.5 Heat capacity (AC,, increase at the glass transition (T,))

Polymer Tg (K) AC, () mol 'K ™) Number of beads? ACp/beadb () mol 'K
PC 424 56.4 242 94

PET 342 77.8 4+1 13.0

PEEK 419 78.1 143 11.2

PO 358 25.7 0+1 12.8

PPS 363 33.0 1+1 11.0

PPO 483 322 0+1° 10.7

PEN 391 81.3 4+1° 11.6

PBT 248 107 6+1 13.4

Average 11.6 £1.3

PC = polycarbonate; PET = poly(ethylene terephthalate); PEEK = poly (aryl-ether-ether-ketone); PO = poly(oxy-1,4-phenylene); PPS = poly

(thio-1,4-phenylene); PPO = poly(oxy-2,6-dimethyl-1,4-phenylene); PEN = poly(ethylene-2,6-naphthalenedicarboxylate); PBT = poly

(butylene terephthalate). From: Cheng SZD, Pan R, Bu HS, Cao M and Wunderlich B (1988).

“ The first number refers to “small” beads such as CH,, O, COO, etc. Their AC, isabout 11.3] mol ™' K. The second refers to “large”
beads such as CsHy, CH4O, etc. Their AC,, is double that of a “small” bead.

¥ Calculated per mole of small beads.

¢ The second number refers to “large” beads of CsHg and CyoH,, etc. Their AC,, is triple that of a small bead.
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FIG. 53 Corresponding state relationship between C,/C, and T/T, for amorphous polymers (after
Warfield et al,, 1969).
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FIG. 54 Corresponding state relationship between C,/C, and T/T,, for semi-crystalline and crystalline
polymers (after Warfield et al., 1969).

plotted vs. T/ T (in fact vs. 298/T,). The authors fitted these results (dashed line) with an
equation of the type
Cp/Cy = a +b(T/Ty) +c(T/Ty)? (5.11)

in such a way that for T/ Tg = 0 the value of G /Cyis equal to 1. In Fig. 5.4 Cp/ C, of semi-
crystalline and crystalline polymers is plotted vs. T/ Ty, (in fact vs. 298/Ty,). The authors
fitted these results (dashed line) with a linear equation in such a way that for T/ T, = 0 the
value of C,/C, is equal to 1.

5.2. LATENT HEAT OF CRYSTALLIZATION AND FUSION (MELTING)

The latent heat of fusion (crystallization) or the enthalpy difference
Hi(Tm) — Ho(Tm) = AHp(Thm) (5.12)

is an important quantity for the calculation of other thermodynamic functions. Further-
more, knowledge of AH,, is necessary for the design of a number of polymer processing
apparatuses.
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Reliable experimental values for AH,, are available, however, for a limited number of
polymers only. This is probably due to difficulties arising in the experimental determina-
tion of AH,. In a direct determination, the degree of crystallinity of the sample has to be
taken into account, while indirect determination (e.g. from solution properties) is depen-
dent on the validity of the thermodynamic formulae used. In this connection, a large
scatter in published values for AH,, may be observed. Another problem might be that
many crystals are so small that the surface energy also plays some role; in that case the
melting temperature will be lower and the measured AH,,, will be too small. (This also
follows from the gradual decrease of the Young modulus between T, and Ty, as is shown
in Chap. 13). As a general rule, the highest value of AH,,, mentioned for a given polymer is
the best or the most probable one. Table 5.6 gives a survey of the available literature data
for AH,,. It is very improbable that a method can be derived for the calculation of accurate
values of AH,, by a simple addition of group contributions. Even for compounds of low
molecular weight for which a large number of experimental values of AH,, are available,
such a method could not be derived (Bondi, 1968).

This is in agreement with the experience acquired in another field of thermodynamics.
Redlich et al. (1959) tried to calculate the interaction energy between non-electrolyte
molecules in a solution as the sum of contributions of the constitutional groups. Instead
of attributing a certain contribution to each group present, they had to add contribu-
tions corresponding with each pair of interacting groups. This might be called a second-
order additivity rule and is the only way to account for the heat of solution.

Application of this method to the heat content of homologous series of organic
compounds in the liquid state would result in a non-linear course of the heat content
as a function of the number of methylene groups. This is exactly what is found
experimentally for the heat of fusion as a function of the number of methylene groups.
A second order additivity rule, however, is too complicated for practical application if a
large number of structural groups is involved. It would require the compilation of
innumerable group pair contributions.

As was stated by Bondi (1968) the entropy of fusion, ASy, shows a more regular relation
with structure than the enthalpy of fusion. At the melting point T}, the entropy of fusion may
be calculated as:

ASpy = (5.13)

The available experimental values of AH,, for a number of polymers, mentioned in
Table 5.6, permit the calculation of AS,, for these polymers; group contributions can be
derived according to the equation:

ASm = niASp; (5.14)

where n; is the number of groups of type i, AS; is the entropy contribution per group i.

The (partly still tentative) values of AS,,; are given in Table 5.7. This table also shows
tentative values for AH,,,.

In the derivation of the AH,,; and AS,, ;-values, homologous series with increasing
numbers of methylene groups played an important role.

Using the derived AH,,; and AS,, ;-increments, the values of AH,, and AS,, of the
polymers in Table 5.6 were calculated; the last two columns of Table 5.6 give these values:
AH,, (estim.) and AS,,(estim.). The agreement between experimental and estimated
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TABLE 5.6 Enthalpy and entropy of melting of various polymers

AS,,
AS,, (exp.) AH, (estim.)
AH,, (exp.) () mol™ (estim.) () mol™
Polymer (k) mol”) Tm (K) Kil) (k) molq) Kq)
Polyethylene 8.227 515 19.8 8.0 19.8
Polypropylene 8.70" 461 18.9 8.7 18.9
Poly(1-butene) 7.00" 411 17.0 7.0 17.3
Poly(1-pentene) 6.30" 403 15.6 6.3 15.8
Polyisobutylene 12.0 317 37.8 12.6 28.9
Poly (4-methyl-1-pentene) 10.0" 523 19.1 10.0 19.1
Polycyclopentene 12.0° 307 39.1 12.0 41.7
Polycyclooctene 23.8° 350 68 24.0 714
Polycyclodecene 32.9° 353 93.5 32.0 91.2
Polycyclododecene 41.2¢ 357 115 40.0 113
Poly(1,4-butadiene) cis 9.20" 285 32.3 9.0 32.3
Poly(1,4-butadiene) trans 7.5" 415 18.1 8 17.8
Poly(1,4-isoprene) cis 8.7 301 28.9 8.5 28.9
Polystyrene 10.0" 516 19.3 10.0 19.4
N L I T
Poly(vinyl fluoride) 7.54" 503 15.0 7.5 14.9
Poly(vinylidene fluoride) 6.70" 483 13.9 8.0 16.9
Poly(vinyl chloride) 11.0° 546 20.1 11.0 21.0
Poly(trifluoroethylene) 5.44" 495 11.0 7.5 12
Poly(tetrafluoroethylene) { ggg { 2(1)3 { igg 8.0 14
Poly(trifluoro-chloro 5.02° 493 10.2 6.0 16.0
ethylene)
Poly(chloroprene) 8.37° 383 21.9 8.5 21.8
Poly(vinyl alcohol) 6.87° 521 13.2 7.0 13.2
Polyacrylonitrile 5.2° 614 8.5 6.0 9.9
Poly(methyl methacrylate) 9.60" 453 21.2 9.5 21.2
Poly(oxy-methylene) (POM) {1?;1? {jgz {;éé (5.1) (15)
Poly(oxy-ethylene) 8.67" 346 25.1 9 24
Poly(oxy-trimethylene) 9.44° 309 30.6 13 33
Poly(oxy-tetramethylene) 14.4° 333 432 17 42
Poly(oxy-octamethylene) 29.3" 347 84.4 33 78
Poly(bischloromethyl-oxy-tri- 32" 463 69.1 32 69
methylene) (Penton®)
Poly(oxy-propylene) 8.4" 348 241 9.7 24.0
Poly(oxy-1,4-phenylene) 7.82" 535 14.6 6 11
Poly(oxy-2,6-dimethyl-1, 5.95" 580 10.3 3) 11
4-phenylene) (PPO)
Poly(oxy-2,6-diphenyl-1, 12.2° 757 16.1 11 16
4-phenylene) (PPPO)
Poly (oxy-1,4-phenylene-oxy- {37.4’Z 668 {56.0 1 63
1,4-phenylene-carbonyl- 46.5" 69.0
1,4-pheny-lene) (PEEK)
Poly(thio-trimethylene) 10.4° 363 28.6 10.5 29

(continued)
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AS,,
AS., (exp.) AH,, (estim.)
AH,, (exp.) () mol™ (estim.) () mol™
Polymer (k) mol ™) T (K) K™ (k) mol ™) K™
Poly(propiolactone) (PE 3) 8.52° 366 22.5 6.5 22
Poly(butyrolactone) (PE 4) 11.4° 337 33.8 10.5 31
Poly(valerolactone) (PE 5) 16.0" 331 48.3 14.5 40
Poly(caprolactone) (PE 6) 16.9" 342 494 18.5 49
Poly(undecanolactone) (PE 11) 38.2° 365 104.7 38.5 94
Poly(tridecanolactone) (PE 13) 46.1° 368 125.3 455 112
Poly(pivalolactone) 14.9° 513 29.0 10.1 33
Poly(ethylene adipate) (PE 2-6) 21.0° 335 62.7 19.0 54
Poly(ethylene suberate) 26.5° 348 76.1 19 72
(PE 2-8)
Poly(ethylene sebacate) 35.0° 356 89.6 27 88
(PE 2-10)
Poly(decamethyl adipate) 45.6° 350 130.3 51 120
(PE 10-6)
Poly(decamethyl azeleate) 50.7° 343 147.8 63 142
(PE 10-9)
Poly(decamethyl sebacate) 56.5° 353 160.1 67 152
(PE 10-10)
Poly(ethylene terephthalate) 269" 550 489 25 48
Poly(butylene terephthalate) 32.0 518 61.8 33 64
Poly(hexamethylene 35.3¢ 434 81.3 41 80
terephthalate)
Poly(decamethylene 46.1° 411 112.2 57 112
terephthalate)
Poly(ethylene-2,6- 25.0 610 41.0 25 43
naphthalene dicarboxylate
(PEN)
Poly(bisphenol carbonate) (PC) {gng 608 { 2;; 35 53.5
Poly(caprolactam) (PA-6) 26.0" 533 48.8 22 47
Poly(undecanolactam) (PA-11) 41° 473 86.7 42 92
Poly(pivalolactam) 13° 546 23.8 14.6 31.2
Poly(hexamethylene 67.9° 122.8
adipamide) (PA 6-6) {43b 553 { 79.6 M 84
Poly(hexamethyl sebacamide) 59¢ 506 116.6 60 116
(PA 6-10)
Poly(decamethyl azelamide) 68.2" 489 139.4 72 140
(PA 10-9)
Poly(decamethyl sebacamide) 72° 489 147.2 76 144
(PA 10-10)
Poly(dimethyl siloxane) 2.58" 230 11.2 2.9 11
Poly(diethyl siloxane) 1.71" 276 6.2 1.5 7.8

? Data, selected by Wunderlich (1989).
b Data of Starkweather et al. (1982-1989).
¢ Data from Polymer Handbook.
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(“predicted”) values is fair, especially in view of the considerable deviations between the
experimental values of different investigators; deviations of the order of 10% are quite
normal, and even the values given by renowned experts, such as Wunderlich and Zoller,
show differences of this order of magnitude (see the examples given in Table 5.6).

The “predicted” values in Table 5.6 have average deviations from the experimental
values of 11% for AH,, and of 7% of AS,,. In accordance with Bondi’s statement the
“additivity” of AS,, is better than that of AH,,.

It must be remarked that the AS,, ;-increments of the methylene groups in linear
polymers with functional hetero-groups in the main chain, are smaller than the
corresponding value for polyethylene, being 9.9 ] mol ' K™'; they are also variable with
the number of hetero-groups per structural unit. The value of 9.9 J mol ' K™ again differs
from the still higher values for methylene groups, about 11.1, observed in homologous
series of low-molecular compounds (Bondi, 1968). For some series of compounds of low
molar mass, however, a contribution for the methylene group of about 9.8 was found.

It may be wise to make the estimations of AH,, and AS,, by using both sets of
increments, with application of Eq. (5.13) for comparison of the results.

5.3. ENTHALPY AND ENTROPY

In determining the course of enthalpy and entropy of a substance with temperature it is
usual to start from very accurate specific heat measurements. Enthalpy and entropy may
then be calculated by integration:

T

H(T) = H(0) + JdeT +) AH; (5.15)
0
T

S(T) = S(0) + J%dT +) AS; (5.16)
0

where H(0) and S(0) are the enthalpy and entropy at 0 K and AH; and AS; are the enthalpy
and entropy changes at first order phase transitions.

If this method is applied to thermodynamic data of polymers, the same difficulty arises
as mentioned in Sect. 5.1 for the determination of the specific heat: most polymer samples
are partly crystalline, only. The thermodynamic quantities have values somewhere
between those for purely crystalline and purely amorphous polymer. A large number of
measurements are needed to derive the data for these two idealized states. Only for a
limited number of polymers have data of this kind been published.

As an example, in Figs. 5.5 and 5.6 enthalpy and entropy as a function of temperature
are plotted for polypropylene, according to the data of Gee and Melia (1970), Dainton et al.
(1962) and Passaglia and Kevorkian (1963).

The corresponding data for some other polymers may be found in a series of articles by
Dainton et al. (1962).

As appears from Fig. 5.5, the enthalpy curves for crystalline and amorphous polypro-
pylene run parallel up to the glass transition temperature. The distance between these
curves is called AH(0) = the enthalpy of the amorphous polymer at 0 K. From the glass
transition temperature on the curve for the amorphous polymer gradually approaches the
curve for the melt, while the curve for the crystalline polymer shows a discontinuity at the
melting point. The distance between the curves for crystal and liquid at the melting point
is the latent heat of fusion, AH,,.
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FIG. 5.5 Enthalpy of polypropylene in the glassy, rubbery and crystalline state.
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FIG. 5.6 Entropy of polypropylene in the glassy, rubbery and crystalline state.

The curves for the entropy of crystalline and amorphous polymer in Fig. 5.6 show an

analogous course.
Application of Eq. (5.15) to crystalline and liquid polymers leads to:

T
H.(T) = H.(0) + JC;dT, (T < Tm)
0

Tm T
Hi(T) = Hc(0) + Jc;dT + JC;dT +AHp, (T > Tn)
0 Tm

and for amorphous and liquid polymers:
T
H,(T) = Hc(0) + AH(0) + JC;dT, (T < Ty)
0

Ty

T
H(T) = H.(0) + AH(0) + JC;dT + JCLdT, (T > T,)
0 T,

(5.17)

(5.18)

(5.19)

(5.20)



Calorimetric Properties 125

According to Fig. 5.5, Hi(Tg) = Hc(Tg) + AH(0). Combination of these equations, substitu-
tion of Egs. (5.7) and (5.8) and assuming C; = C}S) for T < T gives:

AHyp, — AH(0) = [0.61C},(298) — 0.106C;,(298)] (T — T)
(5.21)
1 S 2 2
+[0.00065C},(298) — 0.0015C3,(298)] (T2, — T2)

Although Egs. (5.7) and (5.8) are certainly not valid at very low temperatures, the devia-
tions cancel out for the greater part, because the curves for H, and H run parallel at low
temperatures.

Application of Eq. (5.21) to a number of polymers gave the correct order of magnitude
for AH,,—AH(0). The equation cannot be used for an accurate prediction of AH,,,, however,
because of lack of data for AH(0) and the approximate character of Egs. (5.7) and (5.8). But
Eq. (5.11) suggests that AH,,, will increase with increasing values of CIID (298) and of (T, —
T). This is proved in Fig. 5.7, where the ratio AHp, / Cl},(298) is plotted against (T, — T) for
a number of polymers, for which values of AH,, have been published. As a first approxi-
mation (least squares fit for the curve through the origin: correlation coefficient = 0.98 and
a standard deviation of about 25%):

AHy,
C,(298)

— 0.55(Tpm — Ty) (5.22)

An equation analogous to (5.21) can be derived for the entropy:

ASy, — AS(0) = [0.61C}(298) — 0.106C5 (298)]In(Tpm /T)
5.23
+1[0.0013C} (298) — 0.003C, (298)] (T — T) 52

This equation can be checked more accurately than Eq. (5.21) because the order of
magnitude of AS(0) can be estimated. The data given by Bestul and Chang (1964) corre-
spond to a contribution to AS(0) of about2.9 | mol ' K™ per chain atom. With these values
for AS(0), AS,,, may be calculated according to Eq. (5.23). Fig. 5.8 shows calculated values
of AS,,, for a number of polymers plotted against experimental values of AS,,,. The dashed
line represents AS,,(calc) = AS,,(exp), whereas the average of AS,(calc)/AS(exp) = 0.96
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FIG. 5.7 Approximate correlation for AH,,.
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FIG. 5.8 Calculated and experimental values of AS,,

with a standard deviation of 0.21 (= 22%). Considering the inaccuracy of the data used, the
result is satisfactory.

Finally, reference is made to a series of articles by Griskey et al. (1966, 1967) mentioning
values for enthalpy and entropy as a function of temperature and pressure for a number of
commercial plastics.
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Transition Temperatures

In this chapter it will be demonstrated that the two main transition temperatures, viz. the
glass—rubber transition temperature and the crystalline melting temperature can be corre-
lated with the chemical structure by means of a method based on group contributions.

6.1. INTRODUCTION

As was stated in Chap. 2, it is impossible to understand the properties of polymers if the
transitions that occur in such materials and specifically the temperatures at which these
occur are not known. The main transitions are the glass—rubber transition and the crystal-
line melting point. These two will be discussed in this chapter.

However, several other transitions of secondary importance may often be observed. As
to the denomination of these transitions there is a complete lack of uniformity. Usually the
symbols T,, Tg, etc., are used, but different authors use different symbols for the same
transition.

There may be at least three transitions in the glassy state below T, viz. in the tempera-
ture ranges from 0.5T; to 0.8T, from 0.35T, to 0.5T; and at very low temperatures (4-40 K).
Between T, and Ty, transitions may be observed in the rubbery amorphous state and in
the crystalline state. Even in the liquid state of the polymer transitions may be observed,
e.g. the temperature of melting of “liquid crystals”.

Transition temperatures are extremely “structure-sensitive”, partly due to steric
effects, partly due to intra- and inter-molecular interactions.

In order to make the discussion as clear as possible, we shall distinguish the structural
groups in two main types:

a. The non-functional structural groups, which are the real “building blocks” of the poly-
meric chain. To these groups are counted (as extremes) the methylene group (-CH,-)
and the phenylene groups (—-C¢Hs-); in both groups hydrogen atoms may be substi-
tuted by other elements or groups;

b. The functional structural groups, originating from the condensation reactions of the
functional groups in the “monomers” (such as -OH, -NH,, -COOH, —-COC(], etc.).
These groups give the characteristic names to the polymer families, such as poly-
oxides, -sulphides, -carbonates, -esters, -amides, -urethanes, etc. It are also these groups
on which the polymer can be selectively “depolymerised” by smooth chemical treat-
ment, such as hydrolysis, aminolysis, etc. (This is in contrast to the thermal decompo-
sition, in which also the non-functional groups are attacked).

Properties of Polymers © 2009 Elsevier B.V.
DOI: 10.1016/B978-0-08-054819-7.00006-6 All rights reserved.
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6.2. THE GLASS TRANSITION TEMPERATURE

Several authors have proposed correlations between the chemical structure and the glass
transition temperature of polymers. Their methods are usually based on the assumption
that the structural groups in the repeating units provide weighed additive contributions to
the T,. In the case of ideal additivity the contribution of a given group is independent
of the nature of adjacent groups. Although this ideal case is seldom encountered in
practice, additivity can often be approximated by a proper choice of structural groups.
We will revert to this point later.
The general form of the correlations for Ty is

Tgy si=» siTg (6.1)

so that

T, = > siTyg

2si
where Ty; is the specific contribution to T, of a given structural group, and s; is a weight
factor attributed to that structural group.

Different assumptions for s; were proposed in the literature. Barton and Lee (1968)
suggested s; to be equal to the weight- or mole fraction of the relevant group in relation to
the structural unit. Weyland et al. (1970) put s; equal to Z;, the number of backbone atoms
of the contributing group. Becker (1978) and Kreibich and Batzer (1979) identified s; with
the number of freely and independently oscillating elements in the backbone of the
structural unit. In general s; is held as a kind of “entropy of transition”.

With regard to the sum Xs;T,; most authors see it as proportional to the cohesion
energy, so, e.g. Hayes (1961), Wolstenholme (1968) and Kreibich and Batzer (1979, 1982).

It should be annotated that the form of the aforementioned equation is the same as the
well-known thermodynamic expression for phase transitions of the first order:

AGtr =0 so that AHtr = TtrAStr

(6.2)

A serious objection against such a thermodynamic analogy, however, for identifying
% 5iTg; with the molar cohesion energy is twofold:

First, the glass—rubber transition is not a real thermodynamic phase transition, neither
a first- nor a second-order transition, as was proved by Staverman (1966) and Rehage et al.
(1967, 1980, 1984), (see Scheme 6.1); the glassy state is not thermodynamically stable and
thus not defined by the normal state variables; also its history and its age play a part.
At the very best the Tg-transition may be seen as a quasi-second-order transition but
certainly not as a first-order one.

A second, even more serious, objection against the use of the cohesion energy is
that the glass transition is the change from one condensed state (glass) to another
condensed state (liquid) whereas the cohesion energy belongs to the change of the
condensed state to the completely free state of the molecules (e.g. in ideal diluted solutions
or even gas).

A quite different method for calculating T,; was proposed by Marcincin and Romanov
(1975). They developed the formula (also based on cohesive energy):

A%
Tg — 7 X 10kEc0h/(pVS) (6.3)

S
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SCHEME 6.1 Scheme of the change of Thermodynamic Data for transformations of first and second
order and for the glass transition. (After Rehage, 1967, 1984).
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where V = molar volume of polymer unit; k = constant; E.,, = cohesive energy;
p = density; V; = parameter with additive properties.

The authors applied Eq. (6.3) to a limited number of polymers; rather large deviations
were found, however.
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6.2.1. An additive molar function for the calculation of T,

We come to reach the conclusion that it is wiser not to load the additive function of the glass
transition with quasi-theoretical assumptions and to use a pragmatic, empirical approach.

It became evident in work of Van Krevelen and Hoftyzer (1975) that the product Tg-M
behaves in general as an additive function, which was called the Molar Glass Transition
Function.

Yy =) Yu=TgM (6.4)
i
so that
Y, DY
T, =8 _—~="8 6.5

Eq. (6.4) has been applied to the available literature data on Tg's of polymers, in all
nearly 600; from this study the correlation rules for Y, have been derived. It appeared that
the Ygi-values of the relevant groups are not independent of some other groups present in
the structural unit.

The group contributions and structural corrections found are summarised in Table 6.1.
We shall discuss these data step by step.

6.2.2. Derivation of the group contributions to Y,

6.2.2.1. The unbranched polymethylene chain

Considerable confusion exists in the literature concerning the real glass transition temper-
ature of polymethylene, i.e. of ideal linear polyethylene. Values between 140 and 340 K
have been reported (see Boyer, 1973, 1975). In agreement with Boyer we are convinced, for
a variety of reasons (see Boyer, 1973), that the correct T,; of amorphous polymethylene is
195 + 10 K. This gives for the basic contribution of -CH>~ to Y

Yq(—CH,—) = (195 4 10) x 14.03 = 2736 + 140 Kgmol ' = 2.74 +0.14 Kkgmol '
We shall apply a round value of 2.7 K kg mol

6.2.2.2. Aliphatic carbon main chains with “small” side groups (substituted
polymethylene chains)

The main representative polymer family of this class are the simplest vinyl polymers. The

group contributions of the groups OCHXO and -CH,O are given in Table 6.1.

6.2.2.3. Aliphatic carbon main chains with “long” paraffinic side chains
(“comb-polymers”)
The main representatives are the vinyl polymers, viz. of the type

+CHy T4
(CHa)n
E

where T stands for a trivalent structural group, e.g. >CH- or >C(CHj)-; the polymer with
N = 0 will be called the “basic” polymer. A side chain is thus considered as a univalent
end group E (e.g. methyl, isobutyl, tert-butyl, neo-pentyl, etc.) plus an inserted sequence of
CH»-groups between T in the main chain and E.
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“ The values between brackets should be used if these groups are conjugated with the -COO- group, due to the weakness of conjugation of the latter group.
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The Yg-values of the different “basic polymers” (=Yj,,) are determined by the chemical
structure of the groups T and E; they can be calculated by means of the increments given in
Table 6.1.

In the calculation of the Yg-values of comb-polymers with different lengths of side
chains (i.e. varying values of Ncp,) we meet a difficulty that is “structure determined”.
If we plot the empirical Y-values (=T,-M) as a function of Ncp, (Fig. 6.1), we immedi-
ately see that the increment of the CH, group in the side chain is not constant but varies
with the length of the side chain. This is understandable because the side chain starts
perpendicularly to the main chain and has to be “fitted” in the eventual ordering: at
short lengths the side chain has a disordering effect, whereas at high values of Ncy, the
side chains mutually contribute to inter-molecular ordering (a kind of “side chain
crystallization”).

With increasing length of the methylene chain T at first decreases, passes through a
minimum and then increases again. This behaviour may be approximately described
by starting from the lucky fact that for each series of comb-polymers a minimum value
of Ty = 200 K is reached at N = 9 (see Fig. 6.1). T for each member of the series may be
predicted with the aid of the equations:

N=9, Yg~02My="Yg (6.6)
N
N<9 Yg~Ypt+y (Ygo — Ygo) (6.7)
N>9, Yg="Yp+75N-9) (6.8)
150 - T
» = polyolefins
3 Yq + = polyacrylates
(10%.g/mol) & = polymethacrylates
a = polyalkylstyrenes //

100+

50+

0 5 10 15 20
— Ny,

FIG. 6.1 Y, values of vinyl polymers with side chains.



138 Properties of Polymers

Table 6.2 summarises values of Yg, and Ygo for some series of comb-polymers. In Fig. 6.2
glass transition temperatures of poly(alkyl methacrylates), calculated with the aid of
Egs. (6.6)—(6.8), and experimental values are shown. In the calculated curve a sharp
minimum is present for N = 9, due to the change of slope of Y, in Fig. 6.1 at N = 9. The
increase of the glass temperature above N = 9 might be attributed to the possibility of
ordering, but also to the possibility of crystallization of side groups above N = 9: in poly
(alkyl methacrylates) with higher values of N, synthesized in our laboratory at Delft
University of Technology, phase separation was observed clearly (they looked like

honey where some crystallization of sugar has occurred).

TABLE 6.2 Basic data for vinyl polymers with long paraffinic side chains (end-group E = methyl)

Trivalent
Series Basic polymer group T Yoo Yo Mo My
Polyolefins Polypropylene >CH- 10.7 33.6 42.0 168.3
Polyalkylstyrenes Poly(p-methylstyrene) >CH(C¢Hy)-  44.7 488 1182 2444
Polyvinyl ethers  Poly(vinyl methyl ether) >CH(O-)- 146 36.8 58.1 184.3
Polyvinyl esters ~ Poly(vinyl acetate) >CH(OCO-)- 26.0 424 86.1 2123
Polyacrylates Poly(methyl acrylate) ~ >CH(COO-)- 26.0 424 86.1 2123
Polymethacrylates Poly -C(CHj) 37.8 452 100.1 226.3
(methyl methacrylate) (COO-)-
100
] ® o
50 . ol
1", 2"
g 5l o o"
= o’ &
] = H
y a o
=50 1 o o.
] o
] u
T -
0 5 10 15 20
NCH2

FIG. 6.2 Glass transition temperature of poly(methyl methacrylate) with paraffinic side groups.

O Estimated values: Eqs. (6.6)—(6.8); ® Experimental values.
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FIG. 6.3 (A) Y, as a function of the number of —~CH,O groups in the main chain (polymer families without
hydrogen bonding groups). (B) Yg as a function of the number of —~CH,O groups in the main chain (polymer
families containing hydrogen bonding groups). The empirical values are indicated by the different symbols.
The drawn lines are calculated by means of group contributions. The dashed line is the base line, indicating
the slope. Note that for all polymer families the relationship between Y; and Ny, is a linear function
(straight line); for polymers without hydrogen bonds the slope is 2.7 (standard value), whereas with inter-
molecular hydrogen bonds the slope increases to 4.3 (due to hydrogen bonded network formation).

The meaning of the symbols is the following: (A) @, Aliphatic poly(oxides); O, Aliphatic poly(sulphides);

A, Aliphatic poly(disulfides); A, Aliphatic poly(carbonates); B, Aliphatic poly(anhydrides); O, Aliphatic poly
(di-esters); @, Aliphatic poly(sulphones); &, Poly(terephthalates). (B) ®, Aliphatic poly(lactams), O, Aliphatic
poly(di-amides); A, Aliphatic poly(di-urethanes); A, Aliphatic poly(di-urea); W, Aliphatic poly(terephthala-
mides); O, Poly(xylylene diamides) and Poly(phenylene diethylene diamides).

6.2.2.4. Linear unbranched condensation polymers containing CH, groups and single
aromatic rings'

Fig. 6.3 shows the empirical Y, values of the different series of condensation polymers
characterised by their functional groups as a function of the number of the CH, groups in
the structural unit (Ncp,). It is evident that for all series, except the polyamides, polyur-
ethanes and polyurea’s, the slope of the lines is constant, viz. 2.7, the increment of the CH,
group (Fig. 6.3a). Only for the polymers mentioned — all containing hydrogen bonding
groups — the slope is 4.3. Networks of inter-molecular hydrogen bonds obviously cause an
apparent increase of the CH, increment from 2.7 to 4.3 (Fig. 6.3b).

! In the second edition of this book an extra parameter I, was introduced in order to describe the interactions between some functional
groups and especially that of intermolecular hydrogen bonding.

In the fourth and this fifth edition we have preferred to use two increments for the CH, group, one for the case that no polar interaction
between the chains plays a part, the other for the case that strong hydrogen bonding groups are present.

All calculations of Y become much easier in this way; the result remains practically unchanged.
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From the intercepts on the Y, axis in Fig. 6.3 the increments of the functional groups and
also those of the aromatic groups have been derived.

Besides the already discussed inter-molecular interaction by hydrogen bonding, there
is another effect that stiffens the main chain and thus increases the Y, value, viz. the intra-
molecular interactions.

Two types of intra-molecular interactions enlarge the Y, values of the increments and
hence those of the structural unit: n-electron conjugation and steric hindrance by bulky groups.
Some examples will be given:

First example: the Yg-increment of the group —C(CHj),—~O-1is 8.5 (according to Table 6.1.).
This value is valid for purely flexible chains. If the same group is found between two
aromatic rings, its free rotations are suppressed, the chain is locally stiffened and the
increment is enlarged to 15.0 (Table 6.1A);

Second example: the group contribution of a solitary, non-conjugated p-phenylene
group is 29.5. If the aromatic ring is conjugated (with another double bonded
group) on one side, its increment increases to 35; if it is conjugated on both sides, the
stiffening increases and with it the increment of the phenylene group, viz. to 41.0
(Table 6.1B).

6.2.2.5. Aromatic condensation polymers with special structures

The most important representatives of this group are the fully aromatic rigid chains, such
as: polyphenylenes, the fully aromatic polyesters (“arylates”) and the fully aromatic
polyamides (“aramides”).

In these cases the increments of both the aromatic groups and the functional groups are
enlarged.

The most spectacular member of this group is the poly(p-phenylene-terephthalamide),
better known under its commercial names ®Kevlar and ®Twaron. Here we have the
combined effects of intra-molecular n-electron conjugation between aromatic rings and
CONH-groups and the inter-molecular hydrogen-bonding of the CONH-groups. The
increment of the latter is, hence, elevated from 15.0 to 30.0 (Table 6.1B).

Frequently occurring combinations of p-phenylene groups with other, mostly func-
tional groups, are given — with their Y, increments — in Table 6.3.

6.2.2.6. Heterocyclic condensation polymers
The number of reliable T, data on heterocyclic polymers is restricted. Tentative values of
Y, increments are given in Table 6.1C.

6.2.3. Comparison between calculated and experimental values

Table 6.4 gives a comparison of experimental and calculated values for a selection of
polymers. The agreement is satisfactory.

The method of estimation described made it possible to calculate the T, values of the
600 polymers whose T, values were measured. About 80% of the T, values calculated
differed less than 20 K from the experimental values. A certain percentage of the literature
values is probably unreliable. So as a whole the result may be considered very satisfactory.

Some examples will now illustrate the use of the sketched method of calculating Y, and
estimating Tg
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TABLE 6.4 Experimental and calculated values of T, for a number of polymers (K)

T, exp. T, calc.
Poly(1-butene) 228/249 238
Poly(1-pentene) 221/287 227
Poly(1-octene) 208/228 210
Poly(1-octadecene) 328 312
Poly(p-methylstyrene) 366/379 379
Poly(p-ethylstyrene) 300/351 342
Poly(p-hexylstyrene) 246 250
Poly(p-decylstyrene) 208 200
Poly(p-nonadecylstyrene) 305 314
Poly(vinyl methyl ether) 242 /260 252
Poly(vinyl ethyl ether) 231/254 237
Poly(vinyl hexyl ether) 196/223 210
Poly(vinyl decyl ether) 215 200
Poly(methyl acrylate) 279/282 279
Poly(ethyl acrylate) 249/252 260
Poly(hexyl acrylate) 213/216 219
Poly(nonyl acrylate) 184/215 204
Poly(hexadecyl acrylate) 308 295
Poly(methyl methacrylate) 366/399 378
Poly(ethyl methacrylate) 281/338 339
Poly(hexyl methacrylate) 256/268 247
Poly(decyl methacrylate) 203/218 200
Poly(hexadecyl methacrylate) 288 290
Poly(vinyl fluoride) 253/314 338
Poly(vinylidene fluoride) 238/286 206
Poly(1,2-difluoroethylene) 323/371 388
Poly(vinyl chloride) 247/354 354
Poly(vinylidene chloride) 255/288 254
Poly(trifluorochloroethylene) 318/373 330
Poly(vinyl alcohol) 343/372 357
Poly(methylene oxide) 188/243 223
Poly(ethylene oxide) 206/246 213
Poly(trimethylene oxide) 195/228 207
Poly(tetramethylene oxide) 185/194 205
Poly(ethylene adipate) 203/233 228
Poly(ethylene dodecate) 202 216
Poly(decamethylene adipate) 217 213
Poly(ethylene terephthalate) 342/350 361
Poly(decamethylene terephthalate) 268/298 299
Poly(diethyleneglycol malonate) 244 232
Poly(diethyleneglycol octadecanedioate) 205 211
Poly(methaphenylene isophthalate) 411/428 392
Poly(4,4'-methylene diphenylene carbonate) 393/420 368
Poly(4,4'-isopropylidene diphenylene carbonate) 414/423 412
Poly(4,4'-tetramethylene dibenzoic anhydride) 319 322
Poly(4,4'-methylenedioxy dibenzoic anhydride) 357 336
Poly(hexamethylene adipamide) 318/330 323
Poly(decamethylene sebacamide) 319/333 318
Poly(heptamethylene terephthalamide) 383/396 435
Poly(paraphenylene diethylene sebacamide) 378 373
Poly(tetramethylene hexamethylene diurethane) 215/332 328

(continued)
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TABLE 6.4 (continued)

T, exp. Tg calc.
Poly(phenylene dimethylene hexamethylene diurethane) 329 338
Poly(hexamethylene dodecamethylene diurea) 322 319
Poly[methylene bis(oxydiparaphenylene)sulphone] 453 441
Poly[oxy bis(oxydiparaphenylene) ketone] 423 417
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6.2.31. Pressure dependence of T,
Zoller (1982, 1989) found that the glass transition temperature is a linear function of the
pressure:

Tg(p) = Tg(0) + sgp (6.9)

The number of numerical values of the constant s, is very small. Zoller found for semi-
rigid aromatic polymers (polycarbonate, polysulphone, polyarylates and polyetherke-
tone) as an average s; ~ 0.55 K MPa~'. This means, roughly speaking, that the glass
transition temperature increases with approximately 1°C by increasing the pressure with
20 bar (i.e. 50°C kb !). It is probable, in analogy to the pressure dependence of the melting
point, that the value of s, for flexible aliphatic polymers is lower (s, ~ 0.2 K MPa™").
Aharoni (1998) reported some values for s, (see Table 6.5), with an average of 0.28 and
0.20 K MPa™' for amorphous polymers and semi-crystalline polymers, respectively.

6.2.3.2. The influence of molar mass
The influence of molecular mass on T, can be approximately described by an equation of
the type of Eq. (2.1):

Ty = Ty(o0) — —& (6.10)

where T,(c0) is the value of T, for very high molecular mass (Fox and Flory (1950)).
According to Cowie (1968), however, Ty shows no further increase if the molecular
mass is above a certain critical value. This value corresponds roughly with the critical
molecular mass found in melt viscosity experiments, which will be discussed in Chap. 15.
Bicerano (2002) gathered data from literature to find a relationship between K, and
T,(o0) and came to the conclusion that Tg(00) is larger than the commonly accepted values
of T, at ordinary molecular weights. He suggested, from considerations of chain stiffness
and statistics of chain conformations, that the term K in Eq. (6.10) should be proportional

TABLE 6.5 Changes in T, of some amorphous and semi-crystalline polymers as function of applied
pressure (after Aharoni, 1998).

T, (°Q) P T (°Q) dT,/dP
Polymer (at 1atm.) (MPa) (at P MPa) (K MPa™)
Polystyrene 108 100 131 0.23
Polystyrene 100 200 182 0.41
Poly(methyl methacrylates) 103 100 121 0.18
Poly(vinyl chloride) 75 100 89 0.14
Poly(vinyl acetate) 32 80 49 0.21
Amorphous poly(ethylene 70 100 93 0.23
terephthalate)
Semi-cryst. poly(ethylene 70 100 93 0.23
terephthalate)
Poly(butylene terephthalate) 69 200 89 0.10
Polyamide-6 52 200 99 0.24
Polyamide-6,6 60 200 109 0.25

Polyamide-6,9 60 200 102 0.21
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FIG. 6.4 Experimental values of K, as a function of Tg(cc). The drawn line represents the equation
Kg = 0.0002715Tg(oo)3 (after Bicerano, 2002).

to a power of Tg(oco), most likely between Tg(oo »> and T g (00 )* and from a statistical
analysis of a data set containing 35 polymers, he concluded that K should be proportional
to Tg(oco ) His results are shown in Fig. 6.4, where the drawn hne presents the best fit
for Tg( o0)® dependence®:

Kg = 0.002715T4(00)’ (6.11)

so that Bicerano’s analysis leads to

Tg(oo)3
M

n

T, = Ty(o0) — 0.002715 (6.12)

6.2.3.3. The influence of tacticity
Karasz and Mac Knight (1968) collected the available data for glass transition tempera-
tures of vinyl polymers of the general formula

P

|
~CH, -C—,

Q

They observed that steric configuration affects T,; only if P # Q and neither P nor Q is
hydrogen. Table 6.6 gives glass temperatures for syndiotactic, isotactic and atactic poly-
mers. It shows that for Polystyrene and Poly(alkyl acrylates) Ty; ~ T (Tgs—Tg; varies from
8 to 18 K in Table 6.6), whereas for Poly(alkyl methacrylates) and Poly(a-chloro acrylates)
Tgi<Tgs (Tgs—Tg; varies from 69 to 117 K in Table 6.6). The explanation seems to lie in the
added steric repulsion to rotation due to the presence of the asymmetric double-sided
groups on alternate chain backbone atoms. There is no possibility for extended planar
zigzag configurations and different helical forms of highly isotactic and syndiotactic
chains are present and apparently their stiffness differs significantly (Plazek and Ngai,
1996). From Table 6.6 it also follows that T of atactic polymers lies approximately halfway
the Ty's of the corresponding syndiotactic and isotactic polymers.

2 Upon plotting Bicerano’s results in a log Ky vs. log Ty(c0) plot linear regression yields: Ky = 0.01T,(c0)*%+2
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TABLE 6.6 T, of stereoregular and atactic polymers (K)

Polymer T, (syndio) T, (iso) T, (atact)
Poly(methyl methacrylate) 433 316 378
Poly(ethyl methacrylate) 393 281 324
Poly(i-propyl methacrylate) 412 300 327
Poly(n-butyl methacrylate) 361 249 293
Poly(isobutyl methacrylate) 393 281 321
Poly(cyclohexyl methacrylate) 436 324 377
Poly(2-hydroxyethyl methacrylate) 377 308 359
Poly(methyl acrylate) - 283 281
Poly(ethyl acrylate) - 248 249
Poly(i-propyl acrylate) 270 262 267
Poly(sec-butyl acrylate) - 250 251
Poly(cyclohexyl acrylate) - 285 292
Poly(methyl a-chloroacrylate) 450 358 416
Poly(ethyl a-chloroacrylate) 393 310 366
Poly(i-propyl a-chloroacrylate) 409 341 363
Polystyrene 378 360 373
Poly(a-methyl styrene) 453 390 441
Polypropylene 269 255 267
Poly(N-vinyl carbazole) 549 399 423

Data from Karasz and McKnight (1968) for the acrylates and methacrylates and Bicerano (2002) for the other polymers

A theoretical derivation based on the Gibbs-Di Marzio (1958) theory of the glass
transition leads to the conclusion that for the series of poly(alkyl methacrylates)

T, (syndiotatic) — T,(isotatic) = constant ~ 112K

6.2.4.4. The influence of cross-linking
Cross-linking increases the glass transition temperature of a polymer; the change in T,
depends upon the degree of cross-linking.

Nielsen (1969) gave an interesting review of the effect of cross-linking on the physical
properties of polymers. At low degrees of cross-linking the shift in T, is very small,
but at high degrees it may be very large indeed. As more and more cross-linking
agent is incorporated into the network structure, the chemical composition of the
polymer gradually changes and the cross-linking agent can be considered as a type of
co-polymerizing unit.

Thus the shift in T, is made up of two, nearly independent, effects:

1. The “real” effect of cross-linking; this always increases T, and is largely independent of
the chemical composition of the polymer and the cross-linking agent.

2. The copolymer-effect; this may either increase or decrease T,, depending upon the
nature of the cross-linking agent. Quantitatively this effect is difficult to predict. The
degree of cross-linking is defined as:

_ number of cross-links
" number of backbone atoms

Xerl

In a representative part of the polymer network 4-functional cross-links are counted
double compared with 3-functional cross-links. If the structure of the network is known,
e.g. from the structure and functionality of the building blocks (components) in the
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polymer synthesis, the value of x.; and thus of My, i.e. the average molecular weight
between cross-links, can easily be determined

One may expect that at low degrees of cross-linking the shift (upwards) of T will be
proportional to x.; and thus to the reciprocal values of M. Accordingly an empirical
equation was mentioned by Nielsen

Ken
Toerl —Tgo = 6.13
gcrl 8.0 Moy ( )
with Keg = 3.9 x 10* Kmol g !
Nielsen also quotes a (unpublished) theoretical formula of DiBenedetto:
Xerl
Toerl — Tgo =1.2T 14
g.crl 8,0 8071 _ Xerl (6 )

From both equations T, ;i becomes very large if x. tends to unity or when M, goes to
small values.

From data on copolymers of styrene and divinylbenzene (Bicerano et al. 1996) we
constructed a plot of Ty vs. 1/My in order to determine the constant K. Results are
shown in Fig. 6.5 and it follows a value of 5.2 x 10* K mol g{1 for K. Of course, the value
of term K. depends on the system of consideration.

Also data of Fox and Loshaek (1955) on polystyrene, cross-linked by divinylbenzene and
of Loshaek (1955) on poly(methyl-methacrylate) cross-linked by glycol-dimethacrylate, are
in fair agreement with Eq. (6.13). The same is true for the data of Kreibich and Batzer (1979)
on epoxy-resins, cross-linked by diamines and diacid-anhydrides; in the latter case AT,
tends to a constant value at high degrees of cross-linking (AT; = 80). Berger and Huntjens
(1979) demonstrated that Eq. (6.13) describes the cross-linking of polyurethanes with di-
isocyanates in a very satisfactory way. According to Nielsen the same is true for older
literature data on cross-linked elastomers (Ueberreiter and Kanig (1950) and Heinze,
Schmieder, Schnell and Wolf (1961).

It may be concluded that for low and moderate degrees of cross-linking Egs. (6.13) and
(6.14) lead to fairly reliable results.

500
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o
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o
o
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1000/M, (mol/g)

FIG. 6.5 Glass transition temperature, T,, of styrene-divinylbenzene copolymers as a function of
the reciprocal value of the molecular weight between cross-links, 1/M, (constructed from results
presented by Bicerano, 2002).
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6.2.3.5. The influence of plasticizer

It is well-known that by the addition of plasticizers the glass temperature of polymers
decreases severely: the glass temperature of PVC, e.g. decreases from 90 to 0 °C by the
addition of 30% dioctyl phthalate and plasticized PVC finds many applications. We will
come back to this important subject in Chap. 16.

6.2.4. Thermodynamics of the glass—rubber transition

In contradiction to the melting point, the glass-rubber transition temperature is not a
thermodynamic transition point. It shows some resemblance, however, to a second order
transition. For a second-order transition, the following relationships derived by Ehrenfest
(1933) hold:

thr o Ak
%)%
(ﬂ> _ Tl (6.16)
dp Ju  Acp
or
Tu(Aw)®
Anhc, = 1 (6.17)

where T, =second order transition temperature; p = pressure; Ax = oy —a, = difference in
thermal expansion coefficient at Ty; Ac, = C;(Ttr) - c}zj(Ttr) = difference in molar heat
capacity at Tyy; Ax = k1—K, = difference in compressibility at Ti,.

Staverman (1966) and Breuer and Rehage (1967) extensively discussed the thermody-
namics of the glass—rubber transition. They concluded that it is not a real second-order
transition, mainly because the glassy state is not completely defined by the normal state
variables p, V and T.

It would be interesting to test the validity of Egs. (6.15)—(6.17) against experimental
data. Unfortunately, the available data show large deviations, so that the calculations
merely lead to the correct order of magnitude. Accurate data are those for polystyrene as
determined by Breuer and Rehage. They lead to the following results:

Ao =33 x10"*K™!
Ak =1.65 x 10 ""m?N""
Acp(Tg) =2.63 x 10°] m 3K
dTy/dp =25x 10 "K m*N!
T, = 375K
so that

Ak 1.65x 107"

T —5x107 Km?N ' =05KMPa!
A 33x107*

T, A . —4
gA% _ 375 x 33 x io —47 %107 Km® N! = 0.47 K MPa~"
Acp 2.63 x 10
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Tg(Aw)? 375 x (3.3 x 107%)
AkAc, — 1.65 x 1010 x 2.63 x 10

If we assume that the glass rubber transition is a second order transition, then accord-
ing to Egs. (6.15)—(6.17):
Ak TAx dTy
Ao Acp, dp

Experimental results above show, however, that

Ak TAo dTg N ~
Aa~ Be, 2 x & (0.5~ 047 ~2 x0.25)
so that we can conclude that the glass rubber transition is not a second order transition.
These values are slightly different from those published earlier by Gee (1966).
The data on polyisobutylene, poly(vinyl acetate), poly(vinyl chloride) and poly(methyl
methacrylate) mentioned by Bianchi (1965) and Kovacs (1963) show effects of the same
order of magnitude.

6.2.5. The nature of the glass transition

The glassy state is a widespread phenomenon. Besides polymers, also organic liquids, bio-
materials, inorganic melts and even certain metallic elements and alloys can exist in the
glassy state. Research of the real nature of the glassy state is important for the understand-
ing of the modes of state in which matter can exist.

The first theoretician of the vitrification process was Simon (1930), who pointed out that
it can be interpreted as a “freezing-in” process. Simon measured specific heats and entropies
of glycerol in the liquid, crystalline and glassy state; below T, the entropy of the super-
cooled liquid could, as a matter of fact, only be estimated. Linear extrapolation would lead
to a negative entropy at zero temperature (paradox of Kauzmann, 1948) which would be in
contradiction with Nernst’s theorem. So one has to assume a sharp change in the slope of the
entropy, which suggested a second order transition as defined by Ehrenfest.

This has been the starting point of the theory of Gibbs and Di-Marzio (1958); these
authors considered the glass transition “in fact, as the experimental manifestation of the
second-order transformation Ty in the Ehrenfest sense”. They concluded to a second order
glass transition temperature 50K below the “normal” T,. This, of course is difficult
to determine in a normal way, because the equilibrium time (retardation time) 50K
below T, is something like 10" years (see Table 6.7), as estimated by Rehage (1970) from
refractive index relaxation.” However, from careful experiments on highly concentrated
Polystyrene solutions, as reported by Rehage (1973), a glass transition temperature even
down to 70 K below the “normal” Ty was not established. In later work Gibbs (with Adam,
1965) took both the equilibrium behaviour of the second order transition and rate effects
into account. Most authors at present assume that the glass transition is a kinetically
controlled process. The best known experimental evidence in support of the kinetic theory
is obtained when the glass transition is studied in cooling runs: T always decreases with a
decrease in cooling rate; samples which are previously cooled show a hysteresis

3 A straight line with correlation coefficient 0.99994 is obtained by plotting log 7 vs. 1/T (K™).
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TABLE 6.7 Retardation time 7, as a function of temperature for polystyrene with a glass transition
temperature of 89°C. After Rehage (1970).

T (°C) 100 95 91 90 89 88 865 8 8 79 77 50 20
Tret 1072s 1s 40s 2min 5min 18min 1h 5h 50h 60d 1la 102%a 10*a

phenomenon. Also results of dynamic mechanical and dielectric measurements show,
without exception, transition peaks moving to lower temperatures at decreasing
frequency.

Important work on the kinetically interpreted vitrification process was done by
Volkenshtein and Ptitsyn (1957), Wunderlich and coworkers (1964-1974) and Moynihan
(1974-1978). They considered the vitrification process as a “chemical reaction” involving
the passage of “kinetic units” (e.g. “holes”) from one energy level to another.

A comparative study of the kinetic and thermodynamic approaches to the glass
transition phenomenon was made by Vijayakumar and Kothandaraman (1987).

A very interesting approach to the thermodynamics of the glassy state was made by
Rehage (1980), who pointed out that the non-validity of the Ehrenfest equations results in
a path difference of the thermodynamic properties in the glassy state. A new concept, viz.
that of “ordering parameters” was introduced by Rehage (1973), which allows a thermody-
namic treatment of the glass transition and the glassy state. Addition of one ordering
parameter ({), in addition to the conventional variables T and P, is sufficient to describe the
behaviour of conventional polymers such as polystyrene in the glassy state nearly quanti-
tatively (see also Haward, 1975, Chap. 1). In polymer liquid crystals the glass transition is
more complicated and requires at least two ordering parameters.

Rehage’s approach combines the thermodynamic theory of second order transitions
with the concept of a “freezing-in” of a kinetically determined order.

6.3. THE CRYSTALLINE MELTING POINT

It is remarkable that practically no Ty,-structure relationships have been proposed in the
literature, although there are more experimental data available for Ty, than for T,.

Many years ago a certain correspondence was already observed between Ty and Ty,
for the same polymer, which suggests that a treatment analogous to that proposed for
T, could also be used for the prediction of Ty,. This leads to a formula equivalent to

Eq. (6.1):
Tm Z Si = Z SiTmi (618)

There is a fundamental difference between Ty and Ty, however, in that the melting
point is a real first-order transition point, at which the free energies of both phases in
equilibrium are equal. Thus:

TASm = AHp, (6.19)

where AS,, is entropy of fusion, AH,, is enthalpy of fusion.

Eq. (6.19) suggests that a method for predicting Ty, could be based on calculation of both
AH,,, and AS,,, by group contribution methods. As was stated in Chap. 5, however, the lack
of sufficient data for AH,, makes this method impracticable.
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6.3.1. An additive molar function for the calculation of T,

In analogy to the Molar Glass Transition Function, defined by Eq. (6.4), we shall define the
equivalent Molar Melt Transition Function by:

Y =Y Ymi = ToM (6.20)
i
so that
Ym Z le
T = 2 = &4 21
m = 3 M (6.21)

The function Yy, (like Y;) has the dimension (K kg mol ™ 1). The group increments for this
function could be derived from the available literature data on crystalline melting points
of polymers, totalling nearly 800. The quantity Y, (like Y;) does not show simple linear
additivity due to intra- and inter-molecular interactions between structural groups. The
available group contributions and their structural corrections are summarised in Table 6.8.
We shall again discuss these data step by step.

6.3.2. Derivation of the group contributions to Y,

6.3.2.1. The unbranched polymethylene chain
It is known from the literature that the melting point of pure polymethylene is 409 K. This
gives for the contribution of -CH>— to Y,

Y (—CH,—) = 409 x 14.03 = 5738 Kg mol ' = 5.738 Kkgmol .
We shall apply a round value of 5.7 K kg mol .

6.3.2.2. Aliphatic carbon chains with “small” side groups (substituted

polymethylene chains)
The main representatives of this class are the simplest vinyl polymers. The group con-
tributions of the groups -CHX-, -CX,— and —C(X)(Y)- are given in Table 6.8.

6.3.2.3. Aliphatic carbon (main-) chains with “long” side chains (“comb” polymers)
The main type is already mentioned:

~CHy T

(?H2)N
E

where T is a trivalent main chain group and E a monovalent end group.

Polymers with N = 0 are again called the “basic” polymers of this class. Their Y,,-value
has the symbol Y,, For T, we observe a phenomenon, similar to that mentioned for T,:
with increasing N the T,,-values first decrease, pass through a minimum and increase
again. In contradistinction to the T, behaviour the minimum is now located at N = 5; for
each series the minimum value of T}, is near 235 K. For N > 5, the CH, increment has again
its normal value of 5.7 K kg mol ' (see Fig. 6.6).



Properties of Polymers




=
o
>
Q.
=
o
5
a'
3
o
@
x
B
=g
c
]
@
1%

qal

n = non conjugated (isolated in aliphatic chain); ¢ = one sided conjugation with aromatic ring; cc = two sided conjugation.
“between two aromatic rings (rigid).




156 Properties of Polymers
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FIG. 6.6 Y., values of vinyl polymers with side chains.

So the following formulae may be applied:

N =5, Ym ~ 0.235Ms = Yins (6.22)
N

N <5, Y ~ Yino + 5 (Yins — Yino) (6.23)

N > 5,Ym ~ Yms + 5.7(N — 5) (6.24)

In Table 6.9 values of Yy, and Yy, are given for the most important vinyl polymers.

The qualitative explanation of this phenomenon is the same as in the case of Tg: small
side chains make the fitting into a lattice arrangement more difficult, whereas longer side
chains may enhance a secondary inter-molecular order.

6.3.2.4. Linear unbranched condensation polymers containing —CH,— (or substituted
—CH,—) groups and solitary aromatic rings
Fig. 6.7 shows a survey of the experimental Y, values of several series of condensation
polymers, each of them characterised by their functional groups. The Y,,,’s are plotted
versus the total number of CH,-groups in the structural unit. The experimental values are
indicated by different symbols, each of them belonging to the polymer series concerned.
If we compare Fig. 6.7 with the corresponding Fig. 6.3 for Y, the difference of the shape
of the graphs is striking. In Fig. 6.3 the relationship is a straight linear function; in Fig. 6.7
one sees curves tending to straight lines at higher Ncyy, values.

* In the second edition of this book the curvatures in Fig. 6.7 were described by means of it specially introduced interaction I,. The use
of this extra parameter proved to give some disadvantages: it caused extra calculatory work and it obscured the comparison of the
increments of the functional groups. In the fourh and present edition we have abandoned the use of I,.. Instead of it the use of a tabular
or graphical device must be preferred (Table 6.9 or Fig. 6.5). The numerical results of the Y,,, estimation are practically the same as by
means of I,.



Transition Temperatures 157

TABLE 6.9 Basic data for vinyl polymers with longer chains (end-group E = methyl)

Series Basic polymer T Yo Y5 M, M;
Polyolefins Polypropylene —G= 18.7 26.3 42.0 112.2
I
Polyvinyl ethers Poly(vinyl —=C= 24.4 30.1 58.1 1282
methyl ether) o
I
Polyvinyl esters Poly(vinyl acetate) —C— 44 36.7 86.1 156.2
O
Polyacrylates Poly(methyl —Cc— 48 36.7 86.1 156.2
acrylate) (::=O
O
I
Polymethacrylates  Poly(methyl CHs 473 400  100.1 170.2
methacrylate) Sl
¢-0
O
I

The Yy, vs. Ncn, curves belong to two types, similar but different. The first type,
Fig. 6.7a, is identical in curvature for all polymer families containing only one functional
group per repeating unit; poly-oxides, -sulphides, -carbonates, -lactams, -lactones and
-sulphones belong to this type.

The second type encompasses the polymer families that possess two functional groups
in the repeating unit (Fig. 6.7b); polydiesters, polydiamides, polydiurethanes and poly-
diurea are in this class. In this type of polymers there are two sets of CH,-groups: one
between, e.g. the ester groups of the dicarboxylic acid and the other one originated from the
diol. This apparently causes the less accurate results in Fig. 6.7b, where the total number of
CHy-groups is plotted. The most probable explanation is, that the Y,,(CH,) increment
depends quantitatively on the distance of the relevant CH, group from the functional
groups enclosing the CH, sequence(s). If the positional distance of the CH, group to the
nearest functional group is defined in atom bond lengths (a.b.l) in the chain, and o corre-
spondstolab.l, fto2ab.1,yto3,dto4, etc., itis easy to derive the values of Y,,,(CH,) from
the curves through the experimental points. The following values are found:

Position Value of Y,(CH,)

o 1.0
p 3.0
Y 4.6
0 5.7

>0 5.7 (standard increment)
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FIG. 6.7 Y, as afunction of the number of —CH,— groups in the main chain. The meaning of the symbols is
the following: (A) @, Aliphatic poly(oxides); O, Aliphatic poly(sulphides);, A, Aliphatic poly(carbonates);

A, Aliphatic poly(anhydrides); B, Aliphatic poly(lactams); O, Aliphatic poly(sulphones); ®, Partly aromatic
poly(lactams). (B) ®, Aliphatic poly(di-esters); O, Aliphatic poly(di-urethanes); A, Aliphatic poly(di-amides);
A, Poly(terephthalates); W, Aliphatic poly(di-ureas); O, Poly(terephthalamides); @, Poly(xylylene diamides)
and poly(phenylene diethylene diamides).

Hence, for the polymer polyamide-n, i.e. H,N-(CHj),;0-[CONH-(CH,)2],~COOH,
with in the repeating unit 2 CH,-groups in the o-position, two in the f-position, two in
the y-position and two in the §-position and four in higher positions, ZY,(CH,) =2 x 1 4
2x3+2x46+6x57=>514

In Table 6.10 the influence of functional groups on the Y,,(CH,) increments are given:
m = 0 means no functional goups in aliphatic carbon chains and m = 1 means with one
functional group, like in polycaprolactams, polyoxides, etc.(see Fig. 6.7a).

On the other hand for, e.g. polyamide-p,q, with two functional groups in the repeating
unit and p+q CHy-groups, ie. HOOC—(CH;);~[CONH—(CH,),-NHCO~(CH;)q]n~
CONH-(CH),—-NH,, there are p + g-1 possibilities: p varying from 1 to p + g-1 and
q varying from p + q-1 to 1.

In Table 6.11 all values for XY, (CHy), + ZYn(CHy)q are given for all polymers
containing two functional groups in the repeating unit, like polydiesters, polydiamides,
etc. (see Fig. 6.7b), with p and q varying from 1 to 20. It appears that for p + q = constant
not always constant values for £Y,(CH,), ;4 are found and accordingly different melting
points will be found for polymers with the same total number of CH,-groups.

Tables 6.9 and 6.10 are very useful for a quick calculation of Y,, (=XY,,(CH,) +
XY (funct.gr.)). The structural interaction mentioned is undoubtedly connected with



Transition Temperatures 159

molecular lattice fitting. Another phenomenon connected herewith is the well-known
“Odd-Even Effect”. Odd numbers of CH, groups in the repeating unit involve a lower,
even numbers a higher T, (and Y,,) value than the average curve predicts. The magnitude
of this structural effect is given in Table 6.12.




TABLE 6.11

Atomic bonds lengths (abl’s) of —CH,—groups in polymers with repeating units with two functional groups
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9.0
13.6
18.2
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3.0

4.0

7.0
10.0
14.6
19.2
249
30.6
36.3
420
47.7
53.2
59.1
64.8
70.5
76.2
81.9
87.6
93.3
99.0

6.0
7.0
10.0
13.0
17.6
222
27.9
33.6
39.3
45.0
50.7
56.2
62.1
67.8
73.5
79.2
84.9
90.6
96.3
102.0

9.0
10.0
13.0
16.0
20.6
25.2
30.9
36.6
42.3
48.0
53.7
59.2
65.1
70.8
76.5
82.2
87.9
93.6
99.3

105.0

13.6
14.6
17.6
20.6
252
29.8
35.5
41.2
46.9
52.6
58.3
64.0
69.7
754
81.1
86.8
92.5
98.2
103.9
109.6

18.2
19.2
222
25.2
29.8
34.4
40.1
45.8
51.5
57.2
62.9
68.6
74.3
80.0
85.7
91.4
97.1
102.8
108.5
114.2

239
249
279
30.9
35.5
40.1
45.8
51.5
57.2
62.9
68.6
74.3
80.0
85.7
914
97.1
102.8
108.5
114.2
119.9

29.6
30.6
33.6
36.6
41.2
45.8
51.5
57.2
62.9
68.6
74.3
80.0
85.7
914
97.1
102.8
108.5
114.2
119.9
125.6

35.3
36.3
39.3
42.3
46.9
51.5
57.2
62.9
68.6
74.3
80.0
85.7
91.4
97.1
102.8
108.5
114.2
119.9
125.6
131.3

41.0
42.0
45.0
48.0
52.6
57.2
62.9
68.8
74.3
80.0
85.7
91.4
97.1
102.8
108.5
114.2
119.9
125.6
131.3
137.0

46.7
47.7
50.7
53.7
58.3
62.9
68.6
74.3
80.0
85.7
91.4
97.1
102.8
108.5
114.2
119.9
125.6
131.3
137.0
142.7

52.4
53.4
56.4
59.4
64.0
68.6
743
80.0
85.7
914
97.1
102.8
108.5
114.2
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131.3
137.0
142.7
148.4
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59.1
62.1
65.1
69.7
74.3
80.0
85.7
914
97.1
102.8
108.5
114.2
119.9
125.6
131.3
137.0
142.7
148.4
154.1

63.8
64.8
67.8
70.8
75.4
80.0
85.7
914
97.1
102.8
108.5
114.2
119.9
125.6
131.3
137.0
142.7
148.4
154.1
159.8

69.5
70.5
73.5
76.5
81.1
85.7
91.4
97.1
102.8
108.5
114.2
119.9
125.6
131.3
137.0
142.7
148.4
154.1
159.8
165.5

75.2
76.2
79.2
82.2
86.6
91.4
97.1
102.8
108.5
114.2
119.9
125.6
131.3
137.0
142.7
148.4
154.1
159.8
165.5
171.2

80.9

81.9

84.9

87.9

92.5

97.1
102.8
108.5
114.2
119.9
125.6
131.3
137.0
142.7
148.4
154.1
159.8
165.5
171.2
176.9

86.6

87.6

90.6

93.6

98.2
102.8
108.5
114.2
119.9
125.6
131.3
137.0
142.7
148.4
154.1
159.8
165.5
171.2
176.9
182.6

92.3

93.3

96.3

99.3
103.9
108.5
114.2
119.9
125.6
131.3
137.0
142.7
148.4
154.1
159.8
165.5
171.2
176.9
182.6
188.3

98.0

99.0
102.0
105.0
109.6
114.2
119.9
125.6
131.3
137.0
142.7
148.4
154.1
159.8
165.5
171.2
176.9
182.6
188.3
194.0
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TABLE 6.12 Even/odd effect of the CH, sequence on the value of Y,

Numerical even(+)/odd (—)

Functional group Effect per functional group
-O- +0.3

—S- +1.0

S-S

—-CO-O-

-O0-CO-0O- +1.5
—CO-0O-CO-

—CO-NH-

-O-CO-NH- +2.5
—NH-CO-NH-

We may conclude that the structure-property relationship of Ty, is more complicated
than that of T;. On the other hand it is less complicated, since there is no influence of
hydrogen bonding by groups, like -CONH- on the value of the CH, increment. Besides
information on structural interaction effects as regards the CH, increment, Fig. 6.7 gives
other very important information. From the intercepts on the Y,,, axis in Fig. 6.7 it is possible
to determine the Y, increments of all functional groups and also those of aromatic ring
systems if present. So from the intercept of the curve of polylactams one obtains the
Yn(CONH) value. From the intercept of the polydiamides curve one gets twice the
Y,(CONH) value. From the curves of partly aromatic polydiamides twice the Y,,,(CONH)
value plus that of the aromatic ring system in the repeating unit can be obtained.

Besides intra-molecular interactions based on the skeleton structure of the chain there are
interactions between groups based on n-electron conjugation (“resonance” of groups with
double bonds). As anillustration we may use the 1,4-phenylene group. If this group occurs in
anon-conjugated position its Y, increment is 38; if it is conjugated on one side the increment
increases to 47; if it is conjugated on both sides (which is mostly the case in conjugation) it is
further increased to 56. The conjugation causes stiffening of the adjacent part of the chain.

TABLE 6.13 Results of calculations of Example 6.5

P:q ZYm(CHZ)p 2:Ym(CHZ)q ZYm(CHZ)lz Ym,tot Tm (K)
1,13 1.0 57.1 58.1 148.1 — 5 509
2,12 2.0 51.4 53.4 1434 + 5 526
3,11 5.0 45.7 50.7 140.7 — 5 481
4,10 8.0 40.0 48.0 138.0 + 5 507
5,9 12.6 34.3 46.9 1369 — 5 468
6,8 17.2 28.6 45.8 135.8 + 5 499
7,7 229 229 45.8 135.8 — 5 464
8,6 28.6 17.2 45.8 135.8 + 5 499
9,5 34.3 12.6 46.9 136.9 — 5 468
104 40.0 8.0 48.0 138.0 + 5 507
11,3 45.7 5.0 50.7 140.7 — 5 481
12,2 51.4 2.0 53.4 1434 + 5 526

13,1 57.1 1.0 58.1 148.1 — 5 509
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An analogous effect (stiffening) is caused by steric hindrance. The -C(CHs),— group in
a flexible chain, e.g. has a group contribution of 12.1 (Table 6.8); if it occurs between two
aromatic rings, the increment increases to 24.

6.3.2.5. Aromatic condensation polymers with special structures

In rigid aromatic systems we also meet special effects. The most spectacular examples
are the Arylates and Aramides. In arylates (fully aromatic polyesters) the stiffening is so
pronounced that the -COO- increment is raised from 25 to 35; in aramides (fully aromatic
polamides) the -CONH- increment is increased from 45 to 60. Frequently occurring
combinations of p-phenylene groups with other, mostly functional groups are shown —
with their Y,,, contributions — in Table 6.14.

6.3.2.6. Heterocyclic condensation polymers

The number of reliable data on Ty, in this class of polymer families is still smaller than
those for Ty. So only a very restricted number of increments could be derived. They are
included in Table 6.8.

6.3.3. Comparison between calculated and experimental values

Table 6.15 gives a comparison of experimental and calculated values for a random
selection of polymers. The agreement is good. Of the nearly 800 polymers whose melting
points are reported about 75% gave calculated values which differed less than 20 K from
the experimental ones. Part of the experimental values of the other 25% is not fully reliable.
The result may be considered satisfactory for the method presented.

We shall now illustrate the method again by some typical examples.

Example 6.6
Estimate the crystalline melting point of poly(vinyl 1-decyl ether). The formula of the
structural unit is:

—CHy CHy—
o
((|3H2)9
CHs3

Solution
Egs. (6.22)—(6.24) give for N > 5:

Y = Yms + 5.7(N — 5)
Table 6.9 gives for poly(ethers): Yn5 = 30.1 and M,, = 58.1. So
Yms =30.1+5.7 x4 =529
M =58.1+9 x 14.02 = 184

529 x 1000

m 131 = 288K

The literature value is T, = 280 K, in fair agreement.
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TABLE 6.15 Experimental and calculated values of T, for a number of polymers (K)

Polymer Ten €XP. T calc.
Polyethylene 410 (268/414) 407
Polyethylidene 463 464
Polypropylene 385/481 445
Polyisobutylene 275/317 318
Polystyrene 498/523 516
Polybutene 379/415 361
Polyoctene 235 235
Polyoctadecene 314/383 330
Poly(vinyl methyl ether) 417/423 420
Poly(vinyl ethyl ether) 359 354
Poly(vinyl heptadecyl ether) 333 329
Poly(propyl acrylate) 388/435 360
Poly(butyl acrylate) 320 309
Poly(docosyl acrylate) 329/345 336
Poly(vinyl dodecanoate) 274/302 288
Poly(methyl methacrylate) 433/473 433
Poly(docosyl methacrylate) 328/334 341
Poly(vinyl fluoride) 503 502
Poly(vinylidene fluoride) 410/511 488
Poly(tetrafluoroethylene) 292/672 510
Poly(vinyl chloride) 485/583 531
Poly(vinylidene chloride) 463/483 461
Poly(trifluoro-chloroethylene) 483/533 494
Poly(ethylene oxide) 335/349 352
Poly(trimethylene oxide) 308 319
Poly(tetramethylene oxide) 308/333 299
Poly(ethylene sulphide) 418/483 407
Poly(decamethylene sulphide) 351/365 363
Poly(decamethylene disulphide) 318/332 343
Poly(ethylene adipate) 320/338 348
Poly(decamethylene adipate) 343/355 345
Poly (decamethylene sebacate) 344/358 349
Poly(ethylene terephthalate) 538/557 563
Poly(decamethylene terephthalate) 396/411 480
Poly(paraphenylene dimethylene adipate) 343/354 395
Poly(tetramethylene anhydride) 350/371 335
Poly(hexadecamethylene anhydride) 368 369
Poly(tetramethylene carbonate) 332 327
Poly (decamethylene carbonate) 328/378 350
Poly(hexamethylene adipamide) 523/545 518
Poly(decamethylene sebacamide) 467/489 469
Poly(6-aminocaproic acid) 487/506 510
Poly(11-aminoundecanoic acid) 455/493 464
Poly(nonamethylene azelamide) 438/462 436
Poly(ethylene terephthalamide) 728 752
Poly(hexamethylene terephthalamide) 623/644 634
Poly (octadecamethylene terephthalamide) 528 542
Poly(paraphenylene dimethylene adipamide) 606/613 598

(continued)
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TABLE 6.15 (continued)

Polymer T €Xp. T calc.
Poly (hexamethylene-4,4'-oxydibutyramide) 460 513
Poly(tetramethylene hexamethylene diurethane) 446/462 435
Poly(decamethylene hexadecamethylene diurethane) 401 417
Poly(paraphenylene dimethylene tetramethylene diurethane) 500 486
Poly(hexamethylene octamethylene diurea) 498/526 531
Poly(paraphenylene dimethylene hexamethylene diurea) 579 579

6.3.4. Other factors influencing the value of T,

6.3.4.1. Pressure dependence of T,
Zoller et al. (1988, 1989) found the following relationship for the pressure dependence of
the melting point:

Tim(p) = Tim(0) + Smp. (6.25)

For flexible aliphatic polymers, e.g. poly(oxy methylene), s, has a value of 0.175 K MPa ™ ;
for semi-rigid aromatic polymers (such as PEEK) the value of s,, is much larger, viz. 0.5 K
MPa",
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6.3.4.2. The influence of molecular mass on the crystalline melting point
Flory (1953, 1978) derived the following useful equation for the depression of the melting
point by lower molecular constituents of the polymer:

1 1 R 2

T = M (6.26)

where x, = degree of polymerisation; AH,, = heat of fusion per structural unit;
Tm(c0) = melting point of the real “high” polymer.

This formula may also be written as follows

(6.27)

6.3.4.3. The influence of tacticity
For the structures
P
(—CHyC—),
Q
some, probably general, rules could be derived.

For P = H we normally find:

T (isotactic) > Ty, (syndiotactic)
For P # H and # Q the opposite effect is found:

T, (isotactic) < Ty, (syndiotactic)

Hence for Polystyrene Tp,; > Trs, Whereas for Poly(methyl methacrylate) Ty < Trns.
The difference between T,,; and T, is in both cases of the order of 60 K.

6.3.4.4. The influence of molecular asymmetry
Symmetry in the structural unit elevates, asymmetry depresses the melting point. If, e.g.

the group combinations

are present in such a way that the structural unit becomes asymmetrical, Y,,, may decrease
by 10 points.

6.4. RELATIONSHIP BETWEEN GLASS TRANSITION TEMPERATURE
AND MELTING POINT OF POLYMERS

It has been observed that the ratio of glass transition temperature to melting point (both of
course expressed in K) has about the same value for many polymers: T,/ T, ~ 2/3. This
feature was first reported by Boyer (1952) and, independently, by Beaman (1953) and Bunn
(1953). In later work Boyer (1954, 1963) discussed the subject more fully (Fig. 6.8) and gave
the following rules:
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1 .
Efor symmetrical polymers

8~ 2 (6.28)

gfor unsymmetrical polymers

Unsymmetrical polymers were defined as those containing a main-chain atom that does
not have two identical substituents. Other polymers are regarded as symmetrical. Since
then many workers have used this relationship as a rule of thumb.

In an extensive study Lee and Knight (1970) investigated the relationship for 132 poly-
mers and found the ratio to vary widely. In Fig. 6.9 their results are graphically represented.
The integral distribution curves show the number N of polymers, for which Tg/Tr, is
smaller than or equal to a given value, as a function of the value of T,/ Tp,. About 80% of
both symmetrical and unsymmetrical polymers have values in the range 0.5-0.8 with a
maximum number around 0.66, while 20% of the polymers have ratios outside this range.
According to these authors there is no real basis for distinguishing between symmetrical
and unsymmetrical polymers. They also argue that it is unlikely, from a thermodynamical
point of view, that a simple relationship between T, and Ty can be formulated; the
molecular mechanisms of the two phenomena differ fundamentally.

The truth probably lies between these two opinions: the two phenomena show both
points of correspondence and points of difference. Thus a constant T,/ Ty, ratio may be

80
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70 += asymmetrical L
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FIG. 6.9 Integral distribution curves of T,/T,,.
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considered as a general rule with a number of exceptions, to be attributed to structural
details of the polymers. This is in agreement with the fact that the methods for predicting
Tm and Ty described in this chapter, show many points of correspondence, but differ in
details (see Appendix II in this chapter).

In conformity with these considerations, the following general rules for the T;/ Ty, ratio
may be formulated:

1. Polymers with T/ Ty, ratios below 0.5 are highly symmetrical and have short repeating
units consisting of one or two main-chain atoms each, carrying substituents consisting
of only a single atom (polymethylene, polyethylene, polytetrafluoroethylene, poly-
methylene oxide). They are markedly crystalline.

2. Polymers with Tg/ Ty, ratios above 0.67 are unsymmetrical. They can also be highly
crystalline if they have long sequences of methylene groups or are highly stereo regular;
all have a much more complex structure than the polymers with ratios below 0.5.

3. The majority of the polymers have T, /T, ratios between 0.56 and 0.76 with a maximum
number around 2/3; both symmetrical and unsymmetrical polymers belong to this group.

These rules may be considered as a modification of Boyer’s rules and are useful in
practical estimations.

6.4.1. T,/T,, for co-polymers

In some cases quite different values for the T/ T, ratio may be observed in copolymers. In
this connection, random copolymers and block copolymers should be distinguished.
Owing to the irregularity of the structure, crystallization is more difficult in random
copolymers than in each of the pure homopolymers. Therefore the melting point is
depressed, while the glass transition temperature may have a normal value between
those for the homopolymers. This results in a high value for the Tg/ Ty, ratio.

In block copolymers, on the other hand, long sequences of equal structural units may
crystallize in the same way as in the homopolymer. In some cases, a block copolymer may
be obtained that combines a high crystalline melting point (corresponding with the value
of one component as a homopolymer) with a low glass transition temperature
(corresponding with the other pure homopolymer). This results in a low Tg/ Ty, ratio. A
schematic plot is given in Fig. 6.10.

6.5. RELATIONSHIP BETWEEN Tg, T,y AND OTHER TRANSITION
TEMPERATURES

In some papers Boyer (1973-1985) discussed the other transition temperatures which are
often encountered in polymers, and the relationships between these transitions and the
two main transitions: Ty and Tp,.

We shall give here Boyer’s main conclusions.

6.5.1. The local mode relaxation, T (<T,) in Boyer’s notation

This relaxation involves a very short section of a polymer chain. It is often called the
B-relaxation. As a general rule

Tp ~0.75T, (at 100 Hz) (6.29)

It is found in both glassy amorphous and semi-crystalline polymers.
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FIG. 610 A schematic plot of T, versus T, for some types of polymers (from Alfrey and Gurnee, 1967).

6.5.2. A liquid-liquid relaxation above Ty, viz. T

This relaxation has been discovered in some non-vulcanized amorphous polymers and
copolymers. It tends to fall at approximately 1.2T;. Because it appears to be connected with
the change from the viscoelastic to the normal viscous state it will also depend on the
molecular weight and accordingly increases with M.

6.5.3. A second glass transition in semi-crystalline polymers

In some semi-crystalline polymers, two glass transitions can be distinguished: a lower
glass transition, Tg(L) and an upper glass transition, Tg(U). It may be assumed that Tg(L)
arises from purely amorphous material, while Tg(U) arises from amorphous material
which is under restraint due to the vicinity of crystallites. Frequently T,(U) increases
with the degree of crystallization. Some general rules are:

To(U) ~ (1.2 +0.1)T,(L) (6.30)
Ty(L) ~ (0.575 + 0.075)Tp, (6.31)
Tg(U) ~ (0.7 £0.1)Tp, (6.32)

6.5.4. A premelting transition (Ty)

Some semi-crystalline polymers show a mechanical loss peak just below Ty,,. This T, is the
temperature at which hindered rotation of polymer chains inside the folded crystals can
occur. As a general rule
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Tye ~ 0.9Tm (6.33)

Table 6.16 gives a survey of these transitions and their ratios for a number of polymers.

6.5.4.1. The B-relaxation

The first secondary transition below T, the so called p-relaxation, is practically
important. This became evident after Struik’s (1978) finding that polymers are
brittle below Ty and establish creep and ductile fracture between Ty and T,. The
B-relaxation is characteristic for each individual polymer, since it is connected
with the start of free movements of special short sections of the polymer chain.
In view of more recent data of Ty Boyer’s relation, Eq. (6.29), is very approximate
and fails completely for amorphous polymers with high T,’s (e.g. aromatic polycar-
bonates and polysulphones). Some rules of thumb may be given for a closer
approximation.

For semi-crystalline polymers the following relation is proposed here:

Tp ~ 08Ty —40 ~ 0.5T, — 25 (6.34)

This equation is illustrated by Fig. 6.11.
For non-crystallisable glassy polymers another tentative rule is proposed:

Ty + Ty ~ 635 K (6.35)

In Table 6.17 a comparison is given between experimental and estimated Tg-values of
this type of polymers. It seems that the value for T/Tg ~ 0.8 for the aliphatic polymers and
Tp/Tg ~ 0.35 for the aromatic polymers.

6.5.4.2. Liquid—crystalline transitions
Other transitions that may occur in the case of liquid crystal polymers will be treated in
Sect. 6.6.

6.6. TRANSITIONS IN THERMOTROPIC LIQUID CRYSTAL POLYMERS

For polymers which, on heating, yield Mesophases (liquid crystal melts), the so-called
mesogenic polymers or liquid crystal polymers (LCPs), the situation of phase transitions
is much more complex. In this case the simple Volume-Temperature diagram, given in
Fig. 4.2 is not valid anymore and has to be substituted by a more complicated one, which is
shown in Fig. 6.12.

The liquid crystal melt, which comes into being at the glass-rubber transition or at the
crystal-melt transition, may have several phase states (Mesophases): one or more smectic
melt phases, a nematic phase and sometimes a chiral or cholesteric phase; the final phase will
be the isotropic liquid phase, if no previous decomposition takes place. All mesophase
transitions are thermodynamically real first order effects, in contradistinction to the glass—
rubber transition. A schematic representation of some characteristic liquid crystal phase
structures is shown in Fig. 6.13, where also so-called columnar phases formed from disc-
like molecules is given.

The designation of the different phase transitions in the literature is confusing. We prefer —
as proposed by Wunderlich and Grebowicz (1984) — to reserve the symbol Ty, for the “normal”
polymers, which do not give mesophases on heating, but a direct transition into the isotropic



TABLE 6.16 Transition temperatures and their ratios for a number of polymers, according to Boyer (1975)

Degree of T<Tg T4 (V) Tg(L) T(U) Toc
Polymer crystallinity T<T, Tg(L) T,(V) Toc Tm Tg Tg(L) T Tm T
Polyethylene 0) 145 195 (243) 378 410 0.75 (1.25) 0.475 0.60 0.92
0.3 200 220 1.10
0.5 203 235 1.16
0.7 206 253 1.23
Polyoxymethylene (178) (235) (295) 408 471 (0.75) (1.25) (0.50) (0.63) 0.88
{ 433 { 0.92
Poly(ethylene oxide) (140) (173) (215) 323 342 (0.80) (1.25) (0.51) 0.72 0.94
Polypropylene (iso) 212 258 300 391 445 0.82 1.18 0.58 0.675 0.89
Polybutene 0.75 236 278 343 370 1.29 0.64 0.75 0.925
{ 323 { 407 { 0.79
Polypentene 221 263 1.19
{ 291 { 1.26
Poly(4-methylpentene) 0.05 291 403 443 522 1.36 0.555 0.775 0.88
{ 302 { 463 { 551
Polybutadiene (trans) 253 308
Polyisoprene (guta-percha)
(trans) 210 265 1.26
Polyisoprene (cis) 0.2-0.25 202 233 1.15
Poly(vinyl fluoride) 423 490 0.86
Poly(vinyl chloride) 236 340
Poly(trifluorochloroethylene) 253 (253) 433 493 (0.71) 0.72 0.88
Poly(vinylidene fluoride) 0.77 176 221 286 363 443 0.78 1.29 0.51 0.65 0.82
{ 373 { 0.85
Poly(vinylidene chloride) 288 353 1.23
Poly(tetrafluoroethylene) 160 220 (300) 400? 470? 0.73
Poly(vinyl alcohol) 353 393 403 505 1.11 0.80
{ 473 { 538 { 0.75
Nylon 6 (140) 323 (405) 473 498 0.65 (0.81) 0.945
{353 { 398 1.13
Polysulphide (iso) 363 433 1.18
Polyacrylonitrile 378 413 (1.09)

Poly(ethyleneterephthalate) 0.7 339 388 1.14
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FIG. 6.11 Relationship between Ty and T, (open points) and between T and Ty, (filled points) for

semi-crystalline polymers.

TABLE 6.17 Some Tgand T, data of glassy polymers in comparison with estimation

Polymer Tg (exp.) Tp (est) Te T/ T
Polystyrene (atactic) 290 290 373 0.77
Poly(vinyl chloride) (atactic) 250 281 354 0.71
Poly(methyl methacrylate) (atactic) 300 260 378 0.80
Poly(cyclohexyl methacrylate) 311 315 377 0.82
Poly(bisphenol carbonate) 155/243 217 418 0.37/0.58
Polysulphone 173 170 465/499 0.36
Poly(2,6-dimethyl phenylene oxide) <173 152 483/500 <0.35
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Rehage (1984); Courtesy Springer-verlag).
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melt. The symbol Ty will be used for the “disordering temperature” of the crystalline state into
the first liquid crystal state; the symbol T; will be used for the final transition into the isotropic
melt (the latter is often called “clearing temperature”, designated by T or T). The symbols Ty
and Ty,, may be used as a refinement (if necessary) to designate the transition of the crystalline
phase into the smectic or directly to the nematic phase. Furthermore Ty, may be used for the
transition of the smectic into the nematic phase. If necessary, Tg; and T,,; may be used for the
final transition into the isotropic liquid. As a matter of fact all mesophases can be quenched into
a glassy state; the glass transitions involved may be designated as Ty s and Ty, in contrast to T ;
the normal T. These different T’s are usually fairly close together, so that a restriction to one
symbol T appears to be allowed. Since in 1.c. polymers usually only one smectic phase can be
distinguished, the final designation may be more confined, as visualised in Scheme 6.2.
Investigation of about 300 LCPs described in the literature led us to the values given in
Table 6.18 for the ratios of the characteristic transition temperatures.

The method of estimation of the numerical values of these characteristic temperatures
will now be described.

— ; :
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SCHEME 6.2 Designations of the most important transition temperature (thermotropy).

TABLE 6.18 Ratios of characteristic transition temperatures of thermotropic LCPs

Location of mesogenic

Functional type of

group Polymer T/ Ty T/ T, Ten/ T /T
Aromatic polyesters 0.69 0.64 - 0.92

Main chain Azo-benzene type 0.75 0.69 - 0.925
Siloxanes - 0.68 - 0.92
Weighted average 0.72 0.67 - 0.92
Poly-acrylates 0.91 0.79 0.98 0.87
and

Side chain Poly-siloxanes
Poly-methacrylates 0.91 0.86 0.98 0.95
Weighted average 0.91 0.82 0.98 0.90

NB, Due to the strong influence of the “thermal history” of LCPs the notion of precise temperature transition must be treated with reservation.
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All Liquid Crystal Polymers are characterised by the fact that they contain stiff meso-
genic groups, often inserted in flexible chain systems (so called “spacers”) and connected to
them by linking functional groups; the mesogenic unit is inserted either in the main chain
or in the side chains or (in exceptional cases) in both. We shall discuss MCLCPs and
SCLCPs. A schematic representation of common structures of LCPs is displayed
in Fig. 6.14 (Jansen, 1996). An example of a SCLCP with disc-like mesogens is displayed
in Fig. 6.15 (Franse et al., 2002, 2004).

6.6.1. Polymers with mesogenic groups in the main chain (MCLCPs)

This type of polymers has the general structure sketched in Fig. 6.16. The usual situation is
that the mesogenic group consists of cyclic units (usually para-phenylene groups,
interconnected by functional groups containing double bonds, so that conjugated cyclic
units are formed). These stiff mesogenic groups are often linked to flexible spacers
(usually -CH,-, -CH,CHO- or siloxane sequences) by means of other functional groups.

Side-Chain LCP Combined Side-Chain/Main-Chain LCP Main-Chain LCP

m o U s L s e T L

LCP network

{—J : mesogenic group L‘(:"’T“(_—_J"“ —
~w . flexible spacer/tail E E E
—x * functional group w‘:;}

FIG. 6.14 Schematic representation of some common structures of liquid crystalline polymers (From
Jansen, 1996).
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FIG. 6.15 Chemical structure of a discotic side-chain polyacrylate copolymer (from Franse et al., 2002,
2004).
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——@— M M

X

FIG. 616 Schematic structure of liquid crystalline polymer with mesogenic group in the main chain.

M = stiff mesogenic group, consisting of cyclic units (usually 1,4-phenylene groups), linked by conjugating
connector groups (such as =N=N-, -CH=N-, -COO-, —-CONH-, —-CH=C(R)-, —C(R)=N-N=C(R)-, etc.);
S = flexible spacer (usually a sequence of —CH,—, — CH,—CH,—0O—, —Si(CH;),—O—, etc.); F = functional group,
linking the mesogenic group to the spacer (“linking” z group).

In essence these are normal polymers with normal, be it rather complex structural units, on
which the technique of additive group contributions can be applied, if the Y- and Y,,-values
of the mesogenic groups are known or can be estimated. However, there is a difficulty due to
the fact that the melting process is now spread into a stepwise transition region with Ty, and T;
as starting and end-points respectively. Empirically we have found that the “fictive” T,-value,
calculated from the group increments is in the middle of Ty, and T;, and that the following
relationships exist:

Tx = 0.95Tm(calc.); T; = 1.05Tm(calc.) (6.36)

Eq. (6.36) is, as a matter of fact, no guarantee that an anisotropic phase will really be
observable. In the present state of the art, it is impossible to predict the nature and even the
possible existence of a mesophase from the structural formula of a polymer.

6.6.2. Polymers with mesogen groups in the side chain (SCLCPs)

The situation looks more complicated for polymers with mesogenic groups in the side chain,
but in fact it is rather simple too. All these polymers can be represented by a general structural
formula: structure I in Fig. 6.17. This structure can immediately be derived from the general
structure of comb-polymers (structure II in Fig. 6.17): the SCLCP is a comb-polymer with an

FIG. 6.17 Schematic structure of liquid crystalline polymer with mesogenic group in the side chain (l), in
comparison with a normal comb-polymer (l1) and their “Basic Polymer” (Ill). T = trivalent main chain
Group (>CH-, >C(CHs)—, >CH(COO-)-, etc.); E = univalent end group of side chain (- CHs;, —CN, —C¢Hs,
etc.); M = mesogenic group; S = spacer (—(CH,),,—, etc.); F = linking functional group.
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inserted mesogenic group (with linking groups) within the sequence of CHy-groups. The
comb-polymer itself may be considered as a “basic” polymer (IIT) with inserted CH,-groups
between the main chain and an end group (usually -CHjz, -CN or —-C¢Hs).

So the logical result of this reasoning is:

Y, (1) = Yg(II) + Yg(M + F) (6.37)
Yo (D) = Yo (I) + Y (M + F) (6.38)

The calculation of Y, (IT) and Yr,(I) was described earlier in this chapter.

Values for Yg(M + F) and Y,(M + F), derived from the experimental data in the
literature, are given in Table 6.19. In principle they may be derived from the increments
in the Tables 6.1 and 6.6, but a closer connection with the experimental background
(Table 6.22, see later) is preferable.

* Es = ester group (-COO-).
¥ Mostly side chain mesogenic groups.
€ Mostly main chain mesogenic groups.
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As examples some calculations of T, Ty, and T; will be given for main-chain-, side-
chain- and combined main- and side-chain-l.c. polymers.
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APPENDIX |

Rules of thumb for substituting an H-atom by a group X

If an H-atom in a structural group is substituted (replaced) by a group X, the numerical
values of Y, and Yy, do increase. Rules for the effects of these substitutions have been
derived and are shown in Table 6.20. They are handy when the lists of group increments
(Table 6.1 for Y, and Table 6.8 for Y,,) do not contain the desired values of the substituted
group, since its occurrence is rare or occasional. The accuracy of the obtained group
contribution is — as a matter of course — somewhat less than listed values.
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Y, Y.,
1 mesogenic group (85) 125
1 linking group (-COO-) 12.5 25
1 H substituted by tert-butyl 24 40
1 H substituted by phenyl 33 42
with —(CH,),—inserted in the side chain (0) (—6)
1545  (226)

so that the calculated values become:
Ty = 1000 x 154.5/400 = 386, Tr, = 1000 x 226/400 = 565 and Tg/ T = 0.68.

The polymer was investigated by Briigging, Kampschulte, Schmidt and Heitz (1988);
they found a Tg-value of 373/383 K and a T,,-value of >513 K and remarked that no
clearing point was detectable up to 513 K; the polymer started to decompose in air
before the T; could be reached. The agreement of T, (exp.) and T (est.) is good.

APPENDIX Il

Similarities and differences between Y, and Y,

After our separate discussions on the two main transitions in polymers it looks worth-
while to overview the similarities and differences of Y, and Yp,.

Similarities

The main transition temperatures have in common that they are both characteristic markings
of a collapse of the mechanical stiffness of the polymer. There are many more similarities.

A. Effects of intra-molecular interaction, which usually are the cause of chain stiffening.
These are:

1. Steric hindrance of group rotations or oscillations. If, e.g. the groups —C(CHj),— and-
Si(CHj),— are located between two aromatic rings, the group increments are
increased by about 10 points.

2. m-Electron conjugation, which is very marked for the phenylene groups, connected to
“double bond” groups, one or two sided. Table 6.21 gives a survey.

TABLE 6.21 r-Electron conjugation effect on the group contribution of phenylene (Y, and Y,,)

Yg increment Y., increment
Type of Elevated by Evaluated by
phenylene Standard (no conjugation Standard (no conjugation
group conjugation) onesided two sided conjugation) one sided  two sided
1.4-Phenylene
29.5 35 41 38 47 56

—@— A 5.5 11.5 A 9 18

1.3-Phenylene
26 31 36 28.5 35 (42)

\©/ A 5 10 A 6.5 13.5

A = difference with Standard-increment (no conjugation).
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TABLE 6.22 Influence of the nature of the chain (the “environment”) on the increments
of the -COO- and —CONH- groups

Glass Melt
transition transition

Nature of the chain Yg(-COO-) Yg(—CONH-) Ym(-COO-) Ym (—FCONH-)

Full-Aliphatic chain 12.5 15 25 45
(flexible)

Mixed aliphatic/ (13.5) (21.5) (30) (51)
aromatic chain
(flexible with
rigid elements)

Full-aromatic chain 15 30 35 60
(rigid rod)

3. The “chemical nature” of the polymer chain: strictly aliphatic (and fully flexible),
mixed aromatic/ aliphatic or full-aromatic; this effect is especially clear for the
—COO- and -CONH- groups. Table 6.22 gives some data.

B. Structural isomer effects.
Similarity of influence on both Y, and Yy, is observed for:

1. cis- versus trans-isomers. Always Y(trans) > Y(cis).

2. Para/meta-(or tere-/iso-, or 1.4/1.3-) in phenylene groups. The magnitude of this effect
depends on the extent of the r-electron conjugation of phenylene with its connected
groups. Table 6.23 gives a survey of the available data.

The most striking example are two polymer series with very large conjugated aromatic
systems, prepared by Stille et al. (1968). The structural unit of these polymers is the
following:

CeHs CeHs

et e

CeHs CeHs CgHs  CgHs

where the central -C¢H4— group is para- or meta-.

The Y,’s of the para-series are about 40 points higher than those of the meta-series.
Evidently the structure of the central phenylene group in such an “extended” conjugated
system determines the Y values of the whole system.

It is recommended in such a case to estimate (by means of Tables 6.7 and 6.13) first of all
the value of the system with 1.4. phenylene in the centre, and to apply thereafter the
following rules of thumb:

Yg(1.3.ext.) = 0.9Yg(1.4.ext.) (6.A1)
Ym(1.3.ext.) = 0.75Yy (1.4.ext.) (6.A2)

C. Side chain effects.
Both Ty and Ty, of comb-polymers pass through a minimum with increasing length of the
side chain, resulting in a kink in Yg and Yy, (see Figs. 6.1 and 6.3).



“ Type 1.4 = Tere- or Para-substituted; Type 1.3 = Iso- or Meta-substituted.
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D. Effects of the average molecular mass (or length).
Below a critical mass (or chain length) the transition temperatures are depressed, often
according to simple rules, such as

Ty = Tg(00) — A/Mp, 1/Tm =1/Tim(00) + B/xn (6.A3)

where M,, = average mol. mass; x, = average degree of polymerisation; index(co) = very
long chain length; A and B are constants.

Differences

There are also a number of marked differences between Y, and Y,, partly connected
with the completely different nature of the two transitions.

These differences can best be formulated in tabular form. Table 6.24 gives the complete
survey.

TABLE 6.24 Difference in behaviour between glass/rubber- and crystal/melt transition

Quasi-second order First order
A. Nature of transition Influence of “history” Thermodynamically
and “age” of the glassy  strictly defined
state
B. Main chain effects
1. Shape of plot Y vs Ncg, Strictly linear Curved (see Fig. 6.7)
(length of CH, sequence (see Fig. 6.3)
per structural unit)
2. Even/odd effect Absent Present; see Table 6.12
3. Influence of hydrogen bond Strong; (Y4(CHy) Absent
network on the CH, increment increases
from 2.7 to 4.3)
4. Influence of number of Absent Strong; see Table 6.10
functional groups per structural
unit on value of CH,— increment
5. Influence of asymmetry within ~ Small Strong; depressing
structural unit influence (about —10)
C. Side group/chain effect
1. Effect of length T, passes through Tm passes through
minimum when CH, minimum when CH,
sequence = 9 (see sequence = 5 (see
Fig. 6.1) Fig. 6.6)
2. Limiting value of CH, Abnormal; above vs Normal; above vs Ncy, =5
increment at high length Ncy, =9

Increment ~7.5 (Fig. 6.1) Increment reaches normal
value of 5.7 (Fig. 6.6)
3. Effect of stereoregularity IfP=H: IfP=H:
of side groups, for
T, (atact.) =~ T, (iso) ~ T, (iso) > Ty (syndio)

T (syndio)
p If P # Q # H: IF P+ Q # H:
—(CHZ-(lj—)p T, (atact.) ~ Ty (syndio) Ty, (syndio) > Ty, (iso)
o > T, (iso)

AT, ~ 100 AT, ~ 60
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7

Cohesive Properties and Solubility

A quantitative measure of the cohesive properties of a substance is the cohesive energy. The
cohesive energy per unit of volume is called cohesive energy density. The latter is closely
related to the internal pressure, a quantity appearing in the equation of state.

The square root of cohesive energy density is called solubility parameter. It is widely used for
correlating polymer solvent interactions. As a refinement, three solubility parameter compo-
nents can be distinguished, representing dispersion, polar, and hydrogen bond interactions.

Although rigorous additivity rules are not applicable in this case, a fair estimation of
the cohesive energy and the solubility parameter of polymers can be made by group
contribution methods.

7.1. INTRODUCTION

The cohesive properties of a polymer find direct expression in its solubility in organic
liquids. The cohesive properties of a substance are expressed quantitatively in the cohe-
sive energy. This quantity is closely related to the internal pressure, a parameter appearing
in the equation of state of the substance.

As early as 1916 Hildebrand pointed out that the order of solubility of a given solute in
a series of solvents is determined by the internal pressures of the solvents. Later Scatchard
(1931) introduced the concept of “cohesive energy density” into Hildebrand’s theories,
identifying this quantity with the cohesive energy per unit volume. Finally Hildebrand
(1936) gave a comprehensive treatment of this concept and proposed the square root of the
cohesive energy density as a parameter identifying the behaviour of specific solvents. In
1949 he proposed the term solubility parameter and the symbol ¢.

The solubility of a given polymer in various solvents is largely determined by its
chemical structure. As a general rule, structural similarity favours solubility. In terms of
the above-mentioned quantities this means that the solubility of a given polymer in a
given solvent is favoured if the solubility parameters of polymer and solvent are equal.
The solubility parameter of the polymer is always defined as the square root of the
cohesive energy density in the amorphous state at room temperature. The greater part
of this chapter will be devoted to the cohesive energy and the solubility parameter, and to
the correlation of these quantities with chemical structure.

Besides the chemical structure, also the physical state of a polymer is important for its
solubility properties. Crystalline polymers are relatively insoluble and often dissolve only
at temperatures slightly below their crystalline melting points.

Properties of Polymers © 2009 Elsevier B.V.
DOI: B978-0-08-054819-7.00007-8 All rights reserved.
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As a general rule, the solubility decreases as the molar mass of the solute increases.
This property can be used to fractionate polymers according to molar mass.

7.2. COHESIVE ENERGY

72.1. Definitions

The cohesive energy E.,, of a substance in a condensed state is defined as the increase
in internal energy U per mole of substance if all the intermolecular forces are eliminated:
The cohesive energy = E.,n = AU (dimension: J/mol).

Directly related to the cohesive energy are the quantities

E
i(;h (at 298 K) in: J/cm?® or MJ/m?® or MPa

Cohesive energy density: e.on =

Eop) 2
Solubility parameter § = (—h> = ei(/)i (at 298 K) in (J/cm®)? or MJ/m®)'/? or
MPa'’? v

72.1.1. Determination of e..p,
For liquids of low molar weight, the cohesive energy is closely related to the molar heat of
evaporation AH,,;, (at a given temperature):

Ecoh = AUyap = AHyop — pAV ~ AH,qp — RT (7.1)

Therefore, for low-molar-mass substances E ., can easily be calculated from the heat of
evaporation or from the course of the vapour pressure as a function of temperature. As
polymers cannot be evaporated, indirect methods have to be used for the determination of
their cohesive energy, e.g. comparative swelling or dissolving experiments in liquids of
known cohesive energy density. The method is illustrated in Fig. 7.1.

linear polymer |
infinitely miscible |
with solvent

linear polymer linear polymer

= Equilibrium swelling

network polymer

§ of polymer
| |

— = ¢ of solvent

FIG. 71 Equilibrium swelling as a function of the solubility parameter of the solvent for linear and
cross-linked polymer. The cross-link density of 2 is larger than that of 1.
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72.2. Prediction of the cohesive energy by means of additive functions

For a prediction of the cohesive energy of substances some group additivity methods have
been developed. For substances of low molar weight, E..,, was considered as an additive
property many years ago by Dunkel (1928), who derived group contributions for the
cohesive energy of liquids at room temperature. Rheineck and Lin (1968), however,
found that for homologous series of low-molar-weight liquids, the contribution to the
cohesive energy of a methylene group was not constant, but depended on the value of
other structural groups in the molecule.

Hayes (1961), Di Benedetto (1963), Hoftyzer and Van Krevelen (1970) and Fedors (1974)
have applied Dunkel’s original method to polymers.

Bunn (1955) dealt with the cohesive energy at the boiling point, while Bondi (1964,
1968) investigated the cohesive energy properties at 0 K (Hp).

Table 7.1 gives a survey of the contributions of the most important structural groups to
E.on (Values between brackets are not given as such in the literature but have been
calculated by addition and subtraction.)'

The values given by the different authors show a rough correspondence. Since the
cohesive energy will decrease with increasing temperature, the following rule is obeyed in
general, as could be expected:

Hg > Ecoh(298) > Echo(Tb)

When applied to low-molecular substances, the values of Bunn proved to give by far the
best prediction of the cohesive energy. But they can only be applied to substances at the
boiling point, so that these values have no direct significance for the cohesive energy of
polymers. A good correlation is obtained by the method of Rheineck and Lin, but the
disadvantage of their system is that many corrections due to vicinal groups have to be
applied. The systems of Di Benedetto and Hayes have the restriction that only values for a
limited number of groups are given by these authors.

Although the work of Rheineck and Lin showed that the additivity principle does not
apply exactly to the cohesive energy at room temperature, a reasonably good prediction
of the cohesive energy of polymers can nevertheless be obtained by this method. The
values to be used for the group contributions need not be identical, however, with those
for low-molar-weight compounds. Hoftyzer and Van Krevelen (1970) showed that from
the available E.-data on polymers a new set of group contribution values could be
obtained that gives the best possible correlation with all available data. Updated values
are mentioned in Table 7.1.

Earlier, Small (1953) had demonstrated that the combination (Econ/V(298))!/% = F, the
molar attraction constant, is a useful additive quantity for low-molecular as well as for high-
molecular substances. His set of values is very frequently applied. Accordingly, the
corresponding solubility parameter is dsman = F/V. Later Hoy (1970) proposed group
contributions to F, slightly different from those of Small.

Van Krevelen (1965) derived a set of atomic contributions to calculate F. Via F it is
possible to derive in an indirect way the value of E ., for polymers. The group contribu-
tions to F, proposed by Small, Hoy and Van Krevelen, are mentioned in Table 7.2.

The system of group contributions published by Fedors (1974) gives a less accurate
prediction of E..n. As Fedors calculated contributions to E., for a great number of
structural groups, however, these data together with Fedors” group contributions to the

' The values in the literature are normally based on the calorie as unit of energy; here (as a matter of system) the Joule is used as unit of
energy.
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 In the list of Hoy a “base value” has to be added in the summation of increments, viz. 277.0, if the system is used for small
molecules, e.g. monomers or solvent molecules (correction for terminal end groups).

molar volume V are reproduced in Table 7.3. Values of E., for a series of 41 polymers,
calculated by different methods are presented in Table 7.4, in comparison with the
experimental data. The experimental data of E ., for some polymers show large variations
and the predicted values according to each of the methods mentioned in Table 7.4 fall
within the experimental limits of accuracy. There is some evidence, however, that the
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lower limits of the experimental values are often more reliable. If this effect is taken into
account, the methods of Hayes, Small, Hoy, and Hoftyzer and Van Krevelen are superior
to the other methods and each of them predicts the cohesive energy with a mean accuracy
of about 10%.



TABLE 74 Cohesive energy of polymers

\'
0 (cm*/ E.on (from §)
(0"%/em*?)  mol) ()/mol) E.on (calculated) (J/mol)
Hoftyzer

Di Van and Van
Polymer From To From To Dunkel Benedetto Hayes Fedors  Small Krevelen Hoy Krevelen
Polyethylene 158 171 329 8200 9600 8300 7200 8300 9880 9000 9500 8800 8380
Polypropylene 168 188 49.1 13900 17,400 10,020 - 11,270 13,080 12,000 14,400 11,400 14,250
Polyisobutylene 16.0 16.6 66.8 17,100 18,400 11,730 13,990 16,050 15,830 13,700 18,800 13,300 17,890
Polystyrene 174 19.0 98.0 29,700 35400 33,480 41,060 34,270 40,310 34,300 38,300 34,700 35,610
Poly(vinyl chloride) 192 221 452 16,700 22,100 16,810 16,930 21,660 19920 17,200 17,600 16,500 17,600
Poly(vinyl bromide) 194 - 48.6 18,300 - - - - 23,860 21,600 22,000 19,500 20,110
Poly(vinylidene chloride) 203 250 58.0 23,900 36,300 25,310 - 15460 25,670 24,300 25,700 23,800 24,590
Poly(tetrafluoroethylene) 127 - 49.5 8000 - 19,840 - 9640 17,180 7800 8700 4400 6720
Poly 147 162 618 13,400 16,200 25,460 - - 23,250 13,800 15,000 10,500 15,240

(chlorotrifluoroethylene)
Poly(vinyl alcohol) 258 291 35.0 23,300 29,600 32940 - - 38,170 - 39,400 23,500 -
Poly(vinyl acetate) 191 226 722 26,300 36,900 26,030 28,990 25,430 31,080 27,200 25,300 27,800 27,660
Poly(vinyl propionate) 180 - 90.2 29,200 - 30,180 32,590 29,580 36,020 31,000 29,500 31,500 31,850
Poly(methyl acrylate) 199 213 701 27,800 31,800 26,030 28,990 25,430 31,080 28,000 26,100 28,600 27,660
Poly(ethyl acrylate) 188 192  86.6 30,600 31,900 30,180 32,590 29,580 36,020 32,300 30,800 32,800 31,850
Poly(propyl acrylate) 185 - 103.1 35,300 - 34,330 36,190 33,730 40,960 36,700 35,500 37,000 36,040
Poly(butyl acrylate) 18.0 18.6 1195 38,700 41,300 38,480 39,790 37,880 45900 41,100 40,200 41,400 40,230
Poly(isobutyl acrylate) 178 225 1193 37,800 60,400 36,050 - 36,700 44,160 39,400 40,300 39,300 41,910
Poly(2,2,3.3,4,4,4- 13.7 - 148.0 27,800 - 61,110 - - 56,860 39,400 37,600 31,800 36,760
heptafluorobutyl

acrylate)



Poly(methyl methacrylate)  18.6
Poly(ethyl methacrylate) 18.2
Poly(butyl methacrylate) 17.8
Poly(isobutyl methacrylate) 16.8

Poly(tert.-butyl 17.0
methacrylate)
Poly(benzyl methacrylate)  20.1
Poly(ethoxyethyl 18.4
methacrylate)
Polyacrylonitrile 25.6
Polymethacrylonitrile 21.9
Poly(a-cyanomethyl 28.7
acrylate)
Polybutadiene 16.6
Polyisoprene 16.2
Polychloroprene 16.8
Polyformaldehyde 20.9
Poly(tetramethylene oxide) 17.0
Poly(propylene oxide) 15.4
Polyepichlorohydrin 19.2
Poly(ethylene sulphide) 18.4
Poly(styrene sulphide) 19.0
Poly(ethylene 19.9
terephthalate)
Poly(8-aminocaprylic acid)  26.0
Poly(hexamethylene 27.8
adipamide)

26.2
18.7
18.4
21.5

20.5
20.3
31.5
29.7
17.6
20.5
18.9
22.5
17.5
20.3
19.2

219

86.5
102.4
137.2
135.7
138.9

151.2
145.6

448
63.9
82.1

60.7
75.7
713
25.0
74.3
57.6
69.7
47.9
115.8
143.2

135.9
208.3

29,900
33,900
43,500
38,300
40,100

61,100
49,300

29,400
30,600
67,600

16,700
19,900
20,100
10,900
21,500
13,700
25,700
16,200
41,800
56,700

91,900
161,000

59,400
35,800
46,500
62,700

63,500
60,000

44,500
72,400
18,800
31,800
25,500
12,700
22,800
23,700
17,700

68,700

27,740
31,890
40,190
37,760
35,320

55,350
47,020

16,600
18,320
25,110
10,980
23,430
16,850
27,790

96,930
177,260

30,210
34,360
42,660
41,480
42,110

49,490

28,280

15,800
19,780
20,910
10,980
23,430
18,110

60,500

73,800
131,000

33,830
38,770
48,650
46,910
44,720

66,000
52,000

33,900
36,650
54,650

18,500
23,210
30,050
8290

23,110
16,430
28,210
24,030
54,460
77,820

68,070

29,300
33,900
42,300
41,000
37,400

56,500
44,700

30,500
28,900
48,400

16,400
20,600
26,600
6900

20,400
14,400
24,100
21,000
45,400
69,600

116,380 -

30,800
35,700
44,500
45,000
44,000

59,600
51,100

43,900
44,300
58,600

16,600
21,800
25,000
11,500
25,500
20,900
29,200
21,700
49,600
61,200

74,800
132,600

29,900
34,500
42,600
41,000
37,500

58,200
48,300

30,600
29,100
50,300

17,700
21,100
26,700
10,200
23,100
16,800
26,900
19,500
44,600
76,800

57,100
97,300

31,300
35,490
43,870
45,550
45,000

56,850
50,160

29,610
33,250
46,660

18,580
22,880
26,230
10,480
23,050
20,540
28,080
17,180
44,410
60,340

90,090
163,420

Conversion factors: 1 J**/em®? = 0.49 cal”*/em®?; 1 em®/mol = 10—°m®/mol; 1 J/mol = 0.24 cal/mol
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The cohesive energy is an important quantity for characterizing the physical state of a
given polymer. It is related to other polymer properties for which cohesive forces are
important, as will be discussed in other chapters. The cohesive energy has found its most
important applications, however, in the interactions between polymers and solvents. For
this purpose the solubility parameter ¢ is generally used. Therefore the greater part of this
chapter will be devoted to properties and applications of the solubility parameter.

7.3. SOLUBILITY

73.1. The solubility, parameter

At first sight it is rather unpractical to use a quantity § with dimension J'/?/cm®/? instead
of the cohesive energy. The definition of ¢ is based, however, on thermodynamic con-
siderations, as will be discussed below. In the course of time the values of J, expressed in
cal'’?/cm®/? have become familiar quantities to many investigators. In this connection the
change to SI units has some disadvantages. Conversion of (cal/cm®)'/? into (J/cm®)/? or
(MJ/m®?'/2 or MPa'/? is simple, however, as it only requires multiplication by a factor of
2 (2.045 to be exact).

The thermodynamic criteria of solubility are based on the free energy of mixing AG.
Two substances are mutually soluble if, at least, AGy; is negative. By definition,

AGy = AHy — TASy (7.2)

where AH); is enthalpy mixing; ASy, is entropy of mixing.

As ASy is generally positive, there is a certain limiting positive value of AHy; below
which dissolution is possible.
As early as 1916 Hildebrand tried to correlate solubility with the cohesive properties of the
solvents. In 1949 he proposed the term solubility parameter and the symbol ¢, as defined
in the beginning of this chapter. According to Hildebrand, the enthalpy of mixing can be
calculated by

AHy

Ay = ——
M VS

= 192(01 = 82 (7.3)
where Ahy; = enthalpy of mixing per unit volume; ¢; and ¢, = volume fractions of
components 1 and 2; d; and J, = solubility parameters of components 1 and 2.

On the other hand, the Flory-Huggins lattice theory (Flory, 1953) predicts for polymer
solutions:

AGy = AHy — TASy = nRT %hup +(1—)n(1— )+ 10(1 — @) (7.4)

with
AHwm = nRTyp1p5 = nRTz0(1 — ¢) (7.5)

and
TASy = nRT %lrup +(1-¢)n(1 - go)} (7.6)

where 1 = number of lattice moles (i.e. #solvent + Mmonomeric units); © = @2 = volume fraction
of polymer; 1 — ¢ = (1 = volume fraction of solvent; x = degree of polymerisation; y = the
so-called Flory Huggins interaction parameter.

Dissolution of high molar weight polymers in a solvent is only possible for y < 0.5 and
molecular mixing of low molar weight liquids for y <2.In Fig. 7.2 AGy;/ (nRT) for is shown
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FIG.7.2 Reduced Gibbs’ energy for a solution of a low molecular weight solute (x = 1) for various values
of y (left) and for a solution of a polymer with a degree of polymerisation x = 100 for various values of
¥ (right). For x =1and 100 y.: = 2 and 0.605, respectively.

for low-molar weight solvents (left) and for a solution of a polymer with a degree of
polymerisation of 100 (right). According to thermodynamics phase separation occurs if it
is possible to construct a straight line with two tangent points at the AGy; curve. In Fig. 7.2-
left this is the case for y = 3 at ¢’ and ¢” and accordingly phase separation takes place in
the region ¢’ < ¢ < ¢". For polymer solutions the value of ¢’ is extremely small, (e.g.
<<107®), so that phase separation occurs in such a way that only an extremely low
concentrated polymer solution (i.e. practically pure solvent) coexists with a polymer that
is swollen with solvent (¢"), as shown in Fig. 7.2-right. The critical value of y, below which
no phase separation occurs, is given by:

1 1 1

Kerit = 5+ 7 T (7.7)
and the critical value of ¢, where ¢’ and ¢” coincide
1
Perit =70 7% (7.8)

Critical values y and ¢ are shown in Table 7.5 for various degrees of polymerisation, x. It
follows that for high molar weight polymer jit and @it tend to 0.5 and 0, respectively. In
general y-parameters are determined from swelling experiments of cross-linked, i.e. non-
soluble, polymers.

The concentration and temperature dependence of y is

d
v = |d,+ 71 + dyIn(T) + dgT:| [1 +b1(1 — @) + by(1 — )? (7.9)

where d,, dy, dy, d3, by and b, are fitting parameters (Bicerano, 2002 and Qian et al., 1991).

Comprehensive tables of Flory-Huggins interaction parameters and their concentra-
tion and temperature dependences have been published, e.g. by Schuld and Wolf (1999)
and by Orwoll and Arnold (1996).

TABLE 7.5 Critical values of v and y

X 1 10 100 1000 10,000 00

Perit 0.5 0.240 0.091 0.031 0.010 0
1 2 1.125 0.605 0.532 0.510 0.5
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73.1.1. Correlation between the polymer—solvent interaction parameter

and the solubility parameters
The polymer—solvent interaction parameter, y, is considered to be the sum of two
components:

A= u T Is (7.10)

where yp; is the enthalpic component of polymer-solvent interactions, given by Eq. (7.5),
and ys is the entropic component or free-volume dissimilarity (see, e.g. Bristow and
Watson and Patterson, 1958 and Patterson and Delmas, 1970). The relationship between
yu and the solubility parameters follows from Egs. (7.3) and (7.5)

a —_ VS

TH=RT

The entropic contribution, ys, is usually taken to be a constant of the order 0.35 + 0.1 and

for non-polar systems ys = 0.34 is generally used (Scott and Magat, 1949 and Blanks and
Prausnitz, 1977), so that

(01 — 82)° (7.11)

Vs .
7~ 034 + R—; (6p — d5)* (7.12)

It follows from Eq. (7.12) that only positive values of y are permitted, whereas it was
mentioned above that the criterion for complete solvent-polymer miscibility is yy < 0.5.
The conclusion is that the difference in solubility parameters of solvent and polymer must
be small. If we assume that Vi ~ 80 cm®/mol = 0.8 x 107* m®/mol, then at room
temperature, the maximum value of |6p—ds| would be 4 (M]/ m?)/2 = 2 (cal/ecm®)!/%
This number, of course, depends strongly on the liquid molar volume.

We can conclude that two substances with equal solubility parameters should be
mutually soluble due to the negative entropy factor. This is in accordance with the general
rule that chemical and structural similarity favours solubility. As the difference between ¢,
and J, increases, the tendency towards dissolution decreases.

The solubility parameter of a given material can be calculated either from the cohesive
energy, or from the molar attraction constant F, as 6 = F/V

In the derivation of Eq. (7.3) it was assumed that no specific forces are active between
the structural units of the substances involved. Therefore it does not hold for crystalline
polymers. Also if one of the substances involved contains strongly polar groups or
hydrogen bridges, AHy; may become higher than predicted by Eq. (7.3), so that AGy
becomes positive even for 6; = J, and dissolution does not occur. Conversely, if both
substances contain polar groups or hydrogen bridges, solubility may be promoted.

For these reasons a more refined treatment of the solubility parameter concept is often
necessary, especially for interactions between polymers and solvents. Nevertheless, the
solubility parameters of polymers and solvents are important quantities in all phenomena
involving interactions between polymers and solvents.

Table 7.6 gives d-values for some polymers (experimental and calculated) and Table VI,
Part VII, gives solubility parameter values for a number of solvents.

Evidently, the most important application of the solubility parameters to be discussed
in this chapter is the prediction of the solubility of polymers in various solvents. A first
requirement of mutual solubility is that the solubility parameter of the polymer ép and that
of the solvent ds do not differ too much. This requirement, however, is not sufficient. There
are combinations of polymer and solvent for which solvent for which dp ~ Js, but yet do
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TABLE 7.6 Experimental and calculated values of 6 for some polymers

5 . M/ 3\1/2
exp- (Mi/m’) 5 cale. (H. + v. K))

Polymer from to (M)/m?)'2
Polyethylene 15.8 17.1 16.0
Polypropylene 16.8 18.8 17.0
Polyisobutylene 16.0 16.6 16.4
Polystyrene 17.4 19.0 19.1
Poly(vinyl chloride) 19.2 22.1 19.7
Poly(vinyl bromide) 19.4 - 20.3
Poly(vinylidene chloride) 20.3 25.0 20.6
Poly(tetrafluoroethylene) 12.7 - 11.7
Poly(chlorotrifluoroethylene) 14.7 16.2 15.7
Poly(vinyl alcohol) 25.8 29.1 -

Poly(vinyl acetate) 19.1 22.6 19.6
Poly(vinyl propionate) 18.0 - 18.8
Poly(methyl acrylate) 19.9 21.3 19.9
Poly(ethyl acrylate) 18.8 19.2 19.2
Poly(propyl acrylate) 18.5 - 18.7
Poly(butyl acrylate) 18.0 18.6 18.3
Poly(isobutyl acrylate) 17.8 22.5 18.7
Poly(2,2,3,3,4,4,4-heptafluorobutyl acrylate) 13.7 - 15.8
Poly(methyl methacrylate) 18.6 26.2 19.0
Poly(ethyl methacrylate) 18.2 18.7 18.6
Poly(butyl methacrylate) 17.8 18.4 17.9
Poly(isobutyl methacrylate) 16.8 21.5 18.3
Poly(tert.-butyl methacrylate) 17.0 - 18.0
Poly(benzyl methacrylate) 20.1 20.5 19.3
Poly(ethoxyethyl methacrylate) 18.4 20.3 18.6
Polyacrylonitrile 25.6 31.5 25.7
Polymethacrylonitrile 21.9 - 22.8
Poly(a-cyanomethyl acrylate) 28.7 29.7 23.8
Polybutadiene 16.6 17.6 17.5
Polyisoprene 16.2 20.5 17.4
Polychloroprene 16.8 18.9 19.2
Poly(oxy methylene) 20.9 22.5 20.5
Poly(tetramethylene oxide) 17.0 17.5 17.6
Poly(propylene oxide) 154 20.3 18.9
Polyepichlorohydrin 19.2 - 20.1
Poly(ethylene sulphide) 18.4 19.2 18.9
Poly(styrene sulphide) 19.0 - 19.6
Poly(ethylene terephthalate) 19.9 21.9 20.5
Poly(8-aminocaprylic acid) 26.0 - 25.7
Poly(hexamethylene adipamide) 27.8 - 28.0

not show mutual solubility. Mutual solubility only occurs if the degree of hydrogen
bonding is about equal. This led Burrell (1955) towards a division of solvents into three
classes, viz. poorly, moderately and strongly hydrogen bonded. In combination with the
total solubility parameter ¢ a considerably improved classification of solvents is obtained.
The system of Burrell is represented in Table 7.7.
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Poorly Moderately Strongly
Hydrogen-Bonded Hydrogen-Bonded Hydrogen-Bonded
1 N 1 r T ethylene glycol N
3 ] L ] C ] L
] r T ethylene carbonate N ] r
30 - 30 - 30 - 30
1 N 1 r T~ methanol N
J L 1 butyrolactone - o
28 L 28 L 28 ] L 28
] C i propylene carbonate C ] C
E E E E E— ethanol E
26 - 26 - 26 - 26
4+ nitromethane - E 3 E -
—: 5 —:— DMF :— —:— formic acid 5
] [ T acetonitrile toT n-propanol C
24 - 24 - 24 - L 24
] L] [ 1 isopropanol L
] [ 1 HWPT ] C
] itroeth R L m-cresol E
:— nitroethane : :_ DMA : : :
22 F 22 ] L 22 ] F 22
] L I ™™MU C ] L
] L] dioxane L] C
] N 1= acetone N ] N
T+ hloroeth [ o ] [ oo ] r
20 tetrachloroethane - 20 , tetrahydrofuran - 20 - 20
F chlorobenzene N - cyclohexanone r 1 N
1 ™ Tetralin L N methyl acetate L i -
+ chloroform -+ methyl ethyl ketone I C
1 benzene 3 + ethyl acetate F g 3
1 toluene L] L] L
18+ pxylene 18 - 18 - 18
T carbon tetrachloride - L] L
T n-butyl chloride L T butyl acetate N ] r
T cyclohexane - L] L
16 L 16 L 16 ] L 16
] C 1 diethyl ether C ] C
1 heptane = E o E =
DMA - dimethylacetamide
DMF - dimethylformamide
HMPT — hexamethyl phosphoramide
NMP — N-methylpyrrolidone
TMU - tetramethyurea

73.1.2. Refinements of the solubility parameter concept

In the derivation of Eq. (7.3) by Hildebrand only dispersion forces between structural units
have been taken into account. For many liquids and amorphous polymers, however, the
cohesive energy is also dependent on the interaction between polar groups and on
hydrogen bonding. In these cases the solubility parameter as defined corresponds with
the total cohesive energy.
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Formally, the cohesive energy may be divided into three parts, corresponding with the
three types of interaction forces

Ecoh = Ed + Ep + Eh (713)

where Eq = contribution of dispersion forces; E, = contribution of polar forces;
E;, = contribution of hydrogen bonding.
The corresponding equation for the solubility parameter is

& =05+ + 5 (7.14)
The equivalent of Eq. (7.3) becomes
Ahy = 199 [(5d1 —8q2)” + (0p1 — 5pz)2 + (On1 — Ona)’ (7.15)

Unfortunately, values of d4, 6, and Jy, cannot be determined directly. There are, in
principle, two ways for a more intricate use of the solubility parameter concept:

a. The use of other measurable physical quantities besides the solubility parameter for
expressing the solvent properties of a liquid
b. Indirect determination of the solubility parameter components d4, d, and Jy,

The first method was used by Beerbower et al. (1967), who expressed the amount of
hydrogen bonding energy by the hydrogen bonding number Av. This quantity was defined
by Gordy and Stanford (1939-1941) as the shift of the infrared absorption band in the
4 pm range occurring when a 