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Preface

This book is the first of two volumes aimed at a unified view of flexible-chain poly-
mer liquids and networks. The topics range from equilibrium properties, the subject
of the present book, to dynamical response, finite deformation behavior, and non-
Newtonian flow in Volume 2. Volume 2, subtitled “Dynamics and Rheology,” will
appear in about two years. These various aspects of the field were developed over the
past seventy years by researchers from many academic disciplines. The infusion of
fresh viewpoints continually invigorated and enriched the field, making polymeric lig-
uids and networks a truly interdisciplinary subject. The lack of a common terminology
and perspective, however, has led to compartmentalization, thus making it difficult
for a newcomer, even one technically trained, to gain a broad appreciation of the
field and to see the relationships among its various parts. I hope these two volumes,
without diluting the substance, will go some way toward achieving a desirable unity.

The development of the topic emphasizes fundamental principles and the molec-
ular viewpoint. The conceptual basis of the theories underlying each topical area is
explained with the derivations sometimes outlined briefly and sometimes in detail;
technical terminology is kept to the minimum necessary for a concise coherent pre-
sentation. The goal is informed understanding rather than detailed technical pro-
ficiency. Theory, experiment, and simulation are woven together as appropriate to
achieve a balanced view. Both volumes are aimed to serve academic and industrial
needs, consolidating the understanding of topics with both practical and fundamental
significance, and written from a technical but nonspecialized perspective.

The books deal primarily with nonpolar and weakly polar species and with the
results derived from experiments on structurally well-defined polymer systems. The
object is not, of course, to ignore the more complex systems, which are pervasive in
both nature and industry and important in their own right. Indeed, much space is de-
voted to structural distributions, their characterization, and their effect on properties.
The object of this book is rather to provide a framework for the better understanding
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of all polymeric liquids by identifying, in the simplest possible circumstances, the
universal attributes of a chainlike and flexible molecular structure.

Notable omissions from the books (aside from passing reference) are theories
of the glass transition, properties of the glassy state, flow properties of multiphase
liquids, crystallization phenomena, thermosetting resins, filled polymers, and highly
polar polymers. Other topics that would seem natural for volumes like these—block
copolymers, polyelectrolyte solutions, and elastically driven flow instabilities—are
treated in rather cursory fashion. One reason for this is the author’s inexperience in
many of these areas; another is the newness and still rapidly evolving character of
some topics. Still another is the lack of sufficient systematic experimental studies.
The need to keep the size of the books within some reasonable bounds and still do
justice to the subjects that are covered was another consideration. Even with the
scope narrowed in this way, the amount of relevant material is enormous.

I'have long felt that dynamics and flow behavior have been wrongfully neglected
in general textbooks on polymers, being regarded as somehow too mathematical, too
specialized, or perhaps simply less important in relation to other topics competing for
the space. The structure—property relationships for dynamics and rheology abound in
universal laws, especially those whose forms are independent of the polymeric species
and are of comparatively recent discovery. Many of these are interrelated and can
now be understood in quite simple terms. Others belong in introductory polymer
textbooks, and I hope these volumes will assist the writers of these future polymer
textbooks by giving them a place to find this information without the necessity of
digging through a diverse, unfamiliar, and sometimes old literature to find examples
and data.

I have also felt that the general subject of polymeric liquids and networks would
benefit pedagogically by being developed from a background and language common
with the molecular theory of liquids. Chapters 2 and 3 of this volume and the first chap-
ter of Volume 2 begin by summarizing the relevant background for small-molecule
substances in the dense liquid state. Many basic principles applied to polymeric
liquids grew naturally from earlier considerations of monomeric liquids. It is unfor-
tunate that these subjects are not part of the educational background of most people
with interests in the field. Making such commonalities of the liquid state evident
helps avoid the idea of polymeric liquids as things apart, somehow subject to differ-
ent rules than other liquids. The freedom from disciplinary restriction also helps to
make clear which features of behavior are unique to liquids and networks containing
flexible chainlike molecules—rubberlike elasticity and easily observable viscoelastic
response—and which are common to all liquids, such as the glass transition.

Some liberties have been taken, harmlessly I think, with the conventional subdi-
visions of topics, in order to proceed smoothly with the development while keeping
related subjects of similar difficulty as close to one another as possible. Thus, although
viscosity and diffusion in dilute polymer solutions are dynamic properties, they are
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considered along with the thermodynamic aspects of polymeric size in Chapters 5 and
6 of the present book. To do otherwise would have been artificial, the link between
static and dynamic measures of size being otherwise so clear. Other dynamic prop-
erties in dilute solution are treated in Volume 2, on dynamics and rheology. Also,
the chapters on flow behavior in simple shear histories, which includes nonlinear
viscoelastic response, are grouped with those on linear viscoelasticity and diffusion,
early in Volume 2. An alternative placement, with other aspects of nonlinear vis-
coelasticity, would have been formally more logical. However, when presented with
some theoretical preliminaries, simple shear behavior, including normal stress effects,
follows rather naturally after linear response. The alternative would have inserted
some chapters of continuum mechanics between the two, thus spoiling the smooth
progression.

I have assembled much of the material in both volumes while developing grad-
uate courses on the various topics. The students came mainly from chemical engi-
neering and materials science backgrounds but with a smattering of chemists and
physicists and even some precocious undergraduates as well, first at Northwestern
University and then at Princeton. A certain amount of background instruction was
always necessary. Based on that experience, I feel the two volumes will quite nicely
support a one-year graduate course. I have also written this first volume to stand
alone, as a one-semester course, useful in its own right as an introduction to the
nonrheologic aspects of the field.

Finally, I wish to thank the many people who have helped make this book possi-
ble: my students, associates and colleagues at Northwestern University and Princeton
University and my coworkers during employment at Exxon. I am also grateful for the
generous research support provided over the years by the National Science Founda-
tion, the United States Department of Energy, and the Petroleum Research Fund.
I particularly appreciate the advice of Buckley Crist, Jacques Roovers, Guy Berry,
Robert Johnston, and Ralph Colby, who read and commented extensively on the draft
of this book. I am also indebted to many others who generously contributed their
data and time to discuss various technical matters, including Lew Fetters, Nikos
Hadjichristidis, Gary Grest, Frank Bates, Chris Macosko, Scott Milner, Nitash
Balsara, Ramanan Krishnamoorti, Tim Lodge, Alan Gent, Tony Habenschuss, Rick
Register, David Lohse, Michael Rubinstein, Bruce Eichinger, Ben Chu, Ole Kramer,
Claude Cohen, Thomas Sun, Pat Cotts, and Greg Dee.

William W. Graessley
Montague, Michigan
September, 2003
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CHAPTER 1

Introduction

This chapter provides an introduction to the general subject of polymeric
liquids and networks, referring to both equilibrium and dynamic properties
for examples. It begins with the distinction between chemical microstructure
and macrostructure in polymer molecules, then specializes the discussion
to flexible chain macromolecules. The distinction between species depen-
dence and architectural dependence is considered next, with examples cho-
sen from among the dynamical properties. Polymeric heterogeneity ends the
chapter—molecular weight and molecular size averages, the effects of long-
chain branching, and crosslinking reactions on polydispersity and distribution
functions, both theoretically based and empirical.

1.1 Molecular Nature of Polymers

Polymeric materials consist of macromolecules, made up of many more-or-less identi-
cal molecular subunits, the mers or monomeric units or repeating units that define the
polymer species. Polymers are formed from monomers, substances whose molecules
have the capacity to link chemically with at least two other molecules. The number
of polymerizable substances is very large, as is the number of chemical reactions
that have been used to form polymers. Molecular size increases with polymerization,
and the material properties evolve away from those of the monomer, sometimes in
unique and useful ways.

Polymers have been categorized on such attributes as shared properties, synthetic
origin, or general areas of application, for example:

* Polymers of biological origin, such as proteins and polysaccharides.
* Covalent network solids, such as epoxy resins and phenolics.
* Flexible-chain polymers, such as acrylics and polyolefins.

Flexible-chain polymers are the substances of particular interest in this book.
Some examples of flexible-chain species are listed in Table 1.1. Except at chain



2 Chapter 1: Introduction

TABLE 1.1 Monomer, monomeric unit, and common name for selected polymer species

Monomer Monomeric Unit Common Name Acronym
H H i
N /
=C —[—C—C—— polyethylene PE
/ \
H H 1
N A ]I{ ?HT
=C c-C—— polypropylene PP
/ A | |
H H H H
H_ CH, —CH;,4 f,‘ ?2H5
Ple_oly c-C poly(1-butene) ‘ PB
H H &
H
H, IR |
c= €= i
H/ C\ : 'C polyisobutylene PIB
CHj H CH,
W ;
c=c i e=CH
C= 1 .
B \H e ,2 polybutadiene PVE
\H [
H H
H H HHHH
H c=C (I
A C—-C=C-C 1,4 polybutadiene PBD
C=C H I I
H/ \H H H
o S H CHH H
Cc=C [
7N M Cc—-C=cC-C 1,4 polyisoprene PI
H C=¢ | )
7 N
H H H H
H H H H
N\ / (.
C—C el | .
SN +IC (II O+ poly(ethylene oxide) PEO
H O H H H
N i
SR *{*C—C—}— poly(vinyl chloride) PVC
H H &

(Continued)



Molecular Nature of Polymers

TABLE 1.1 (Continued )

Monomer Monomeric Unit Common Name  Acronym
i
—f) — H C O—CH
i /7O~ CH, ’ poly(methyl PMA
/C=C\ *{—C C + acrylate)
H H
0 i
s H C‘ O—CHj,
i\ /7O~ CH, poly(methyl PMMA
=C ‘[‘C C‘}‘ methacrylate)
/ N\
H CH; H CH;
i 0
H i H O—C—CH,
b C/O Cen, Lo poly(vinyl PVAC
c= c—cC
% N i acetate)
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ends, or at relatively sparse branch points, each monomeric unit is covalently linked
with two others. The links define a molecular chain whose backbone, the skeletal
structure of the macromolecule, consists of atoms joined by covalent bonds. Side
groups complete the covalent bonding of the backbone atoms. These also serve to
define the polymer species and to control its properties.



