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Preface

More than ten years have passed now since the first printing of this book, and
I am happy to say that it is a success. Many thousands of volumes can today
be found worldwide in libraries, laboratories of polymer science and private
hands, with a special edition for China and an edition in Japanese. The book
obviously filled a gap. After such a period the time had come for a revision
and moderate expansion of the book’s contents and I continuously worked on
it during the last years. The basis of the new sections and chapters were again
lectures given to students of physics and chemistry in Freiburg. Proceeding in
this manner, the original ‘pedagogical style’ of the writing was continued. The
results of the effort are presented here and they include some major changes:

e The electro-optically active conjugated polymers have attracted many sci-
entists during the last decade and approach commercial uses as display
materials. The newly written Chap. 7 deals with the physical basis of the
electrooptic response and in addition discusses the spectacular electrical
conduction properties of conjugated polymers created by doping.

e Quite peculiar properties are also shown by polyelectrolytes. They became
popular in particular by their use as superabsorbers. Many researchers,
both theoreticians and experimentalists, are fascinated by the ordering
phenomena caused by the Coulomb forces. Polyelectrolyte properties are
now discussed in different chapters of the book, in Sects. 3.3, 8.4.2 and 9.2.

e The basic understanding of melt crystallization, a classical field of polymer
physics, has changed during the last decade; new experiments have pro-
vided novel insights. As a consequence, Chap. 5 was completely rewritten.
It presents the new results in a selection of figures, formulates the deduced
laws and also includes in Sect. 5.3.1 the —not yet generally accepted — ‘mul-
tistage model’ developed as an explanation of all the new observations.

o Chapter 10 also includes some substantial changes, again triggered by
progress in understanding. Some principles governing shear deformation
in semicrystalline polymers were revealed and enabled the construction of
a mechanic-rheological model (Sect. 10.1).



VI Preface

In addition to these major changes, which resulted in an increase of the book
volume by more than one hundred pages, many minor corrections and modifi-
cations have been made. Many of them are reactions to remarks from readers,
and I would like to express here my high appreciation for the constructive crit-
icism. I hope that it will continue, because it is a real help. There were also
a few changes in the choice of symbols, necessitated by additional variables
introduced in the new parts. The changed symbols appear in the updated
Glossary in the Appendix.

When writing the new chapters I obtained advice by my renowned col-
leagues Prof. Heinz Bissler (Marburg), Prof. Jiirgen Heinze (Freiburg), Prof.
Manfred Schmidt (Mainz) and Prof. Stephan Férster (Hamburg), and I would
like to express my gratitude to them here.

Last but not least, many thanks go to my secretary Christina Skorek.
Without her most effective support in processing the TEX file and preparing
all figures, the book with all its three editions would not have come into being.

Gert Strobl
Freiburg, November 2006



Preface to the First Edition

In our faculty, we offer to the graduate students in physics a course on ‘Con-
densed Matter Physics’ which goes beyond the usual lectures on solid state
physics, by also including the physics of simple liquids, liquid crystals and
polymers. While there is a large selection of textbooks on solid state physics
and also a choice of excellent treatises on the physics of liquids and liquid
crystals, a book on a comparable level covering the major parts of the physics
of polymers apparently does not exist. The desire is to have a textbook on
polymer physics which, ideally, would stand in line with the ‘Kittel’, the ‘Egel-
staff’ and ‘de Gennes’ books on the physics of liquid crystals, to cite only some
of the best known volumes. This book is a first attempt to comply with these
needs and to fill the gap. Certainly the aim is high, too high to be reached with
this first approach, but hopefully other polymer physicist will also take on the
task in future and then do better, once a frame is set and a first trial exists.
For me personally, writing such a textbook was indeed highly valuable and
a worthwhile experience. In a time when science has such a strong tendency
for diversification, there is a great danger of losing contact even with the
neighboring branches and simultaneously the ability to see and assess the
relevance of one’s own activities. Students have this sensitivity and often have
a better feeling about the importance of a topic. When teaching students as
a lecturer, it is of primary importance always to provide the motivation and
to make clear the role and relevance of a certain problem. Indeed, for me this
amounts to a true check which helps me to discriminate between the major
phenomena. and secondary effects. Senior scientists with time tend to become
acquainted with complicated, sometimes even artificial concepts; the young
student, however, being confronted for the first time with an explanation,
reacts naturally and distinguishes intuitively between reasonable, illuminating
concepts and less attractive complicated ways of thinking. Hence, writing
a textbook also means to put the state of the art of polymer physics to the
test. If it is possible to present this field coherently and to explain convincingly
the main properties with the aid of clear and appealing concepts, then it is in
good shape. It is my impression, already gained in the lectures and now further



X Preface to the First Edition

corroborated during writing, that this is the case. The level of understanding is
quite satisfactory and compares well with the understanding of simple liquids
or liquid crystals. Therefore, the goal to write a coherent textbook on polymer
physics can be reached, I am only rather uncertain if I have succeeded in
demonstrating it.

As T am not sufficiently familiar from own experience with all the topics
treated in the various chapters I am certainly not in a position to eliminate
all errors. Hopefully, the ones I have made, are only minor ones. In any case,
I would be grateful for reactions and comments from readers and any indi-
cation of faults in the treatment. Some incorrect conclusions have already
been eliminated, after comments by Professor M.H. Wagner (Stuttgart) and
Dr. L. Konezol (Freiburg), who were kind enough to go through Chaps. 7
and 8 and I wish to thank them here once again for their advice.

Even if all of us in the scientific community use the English language, for
a non-native speaker, the writing of a book is a different matter. As I do not
like to read something in bad German I guess that Anglo-American scien-
tists must feel the same. I received help at the beginning of my writing from
Dr. Sandra Gilmour, who was working at this time as a postdoctoral stu-
dent in Freiburg, and would like to express my gratitude again. Then, after
completion, the manuscript was thoroughly revised by the copy editor, but
he remarked that ‘the sentence structure is very German which often makes
it sound strange to a native speaker’. So I can only hope that this does not
amount to a problem in understanding and offer my apologies.

In the first version produced two years ago the manuscript was dictated im-
mediately after given lectures. This is the reason for the ‘pedagogical style’ of
the writing. The emphasis is on the various concepts which have successfully
established the present-day understanding of polymer physics. The focus is
on the major phenomena, both in the formation of structures and the behav-
ior under forces applied externally, mainly mechanical ones. This implies that
many further effects, although important in certain cases, remain untouched.
Hence, this textbook does not represent a comprehensive treatise and, there-
fore, should be better considered as an ‘interface’, providing help to enter into
the various fields of polymer science, emanating from a basis which shows the
interrelations. The recommendations given under the ‘Further Readings’ at
the end of each chapter, the selected works included as figures, and the bibli-
ography supplied in the Appendix are meant to open the way for more detailed
studies.

One active area of research is completely missing. These are the optical
and electrical properties, with effects such as the high conductivity of doped
conjugated polymers, electro-luminescence in polymeric light emitting diodes,
or the ferro- and piezoelectricity of poly(vinylidene fluoride), to cite only a few
examples. There is no good reason for this omission, only that I did not want
to overload the book with another topic of different character which, besides,
mostly employs concepts which are known from the physics of semi-conductors
and low molar mass molecules.
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As already mentioned, this book is primarily written for students of physics
and physicists wishing to enter into polymer science for the first time. Inter-
ested macromolecular chemists and chemical engineers may also find it useful.
The prerequisite for an understanding is not a special one, all that is needed
is a background in phenomenological and statistical thermodynamics on the
level of the respective courses in physical chemistry, together with the related
mathematical knowledge.

Of course, I will be happy if the book finds many readers. It is a matter of
fact that polymer physics is largely unknown to the majority of physicists. As
a consequence, it is only rarely included in university courses on condensed
matter behavior. This is difficult to comprehend considering the widespread
uses of polymeric materials and in view of the appealing physical concepts
developed for the description of their properties. It is therefore my wish that
this book will contribute a little to change the present situation by helping to
widen the physicists’ general knowledge with a better understanding of the
physics of polymers.

Gert Strobl
Freiburg, November 1995



=] xR
Contents

H AR U EA

HEF

Preface (HiE)

Preface to the First Edition/2 1 A&

1 Constitution and Architecture of Chains/EEBIZH G --c-cerevercececnrennes 1
2 Single Chain Conformations / BAGEMZR oo 15
2.1 Rotational Isomeric States /JEFE FFAZT »vorerrererrrceniiiniin, 15
2.2 Helices/BRJJE ++evvvvvvvrereereremeemmnrreeereiett e ee et e s aaeneaes 19
2.3 Coils /ZBH] «rrerrereerrrrerernrereieni e e 22
2.3.1 The Ideal Chain/TEAEEE «-vvvverrerrerreermmsmrrmmeoieriniieennernnannn 26
2.3.2 The Expanded Chain/[EREE < vverermreeermrnnninininnii, 45
2.4 The Persistent Chain/FREEHE ---covvvrerrrermmiemniiinreecaens 55
2.5 The Ising Chain/ ARERE o oerem e 59
3 Polymer Solutions /EEGHITEIR -rrrrrrereerrererssmssrsrnreiiiiriieressiriisnne 69
3.1 Dilute and Semidilute Solutions/FRZEE -SHFEUEIR orerrerrrrerrancecnnne 70
3.1.1 Osmotic Pressure/IR [ «+evrvreerrrererrrrrsrernreniannrieiiinininiinn. 71
3.2 Screening of Excluded Volume Forces/HEB AT ST UG MT -oveoevevmenree 82
3.3 Polyelectrolyte Solutions/BREMRIRIE +-vveeerrmrmereerrrrersmsinnnnnnnnns 89
3.3.1 Condensation and Screening of Charges /BB HIHI R G - 89
3.3.2 Chain Stretching, Salt Effects and Interchain Ordering/
BB . ERUN SHEIIR - ovverrvereeereremememininessesesscesenens 95
3.3.3 Osmotic Pressure/IREIE --oereeererermresrsserrertumuniaenanaeiinnann 100
4  Polymer Blends and Block Copolymers/ILiB#) SHxBrILEY  ---vevveveenees 105
4,1 The Flory-Huggins Treatment of Polymer Mixtures/ 3§ &4
RS YIHY Flory-Huggins AbBEFHE  +erseeeersrsersesssmnsassasassensesennes 106
4.1.1 Phase Diagrams: Upper and Lower Miscibility Gap/# :
FHE RS TUGTIRIEAPE  corerererreerneerersrnmsssesiessnnessensnnens 117
4.2 Phase Separation Mechanisms/ A4 BIALIE --ooovvereeresmininnininnnnn, 122
4.3 Cntical Fluctuations and Spinodal Decomposition/ [ S
HEATLRAME  oveveereeneesermssesssessmesseie e st 129

4.3.1 Critical Scattering/ I FEHET «--o-evmerrmerer e 132



B® Contents Xl

4.3.2 Decomposition Kinetics/ SMIEFIEE ++erererrsersrsrresnserassrasasnenns 143
4.4 Block Copolymer Phases/ SR EEIEBMAIMGER ~rrorvreereressmsanerees 151
4.4.1 Layered Structures/JEARGEHT -+« -ereeereerereresemesencninssinmenninineses 155
4.4.2 Pretransitional Phenomena/BFEARFLER  --ververremrerreraeranaineen. 157
5 The Semicrystalline State/MEEFLZS -+-vereresrerrrararssssesssesarasasseasacasans 165
5.1 Structure Characteristics/ GEHMIAFIE  +--vveveeererrersronenserersniinaininnans 167
5.1.1 Morphological Elements /ZEATEA -eeoveeeserrssrssinsinssninisnns 167
5.1.2 Structure Parameters/Z5HZE - revveeereresrsmrnemnenmiiiianiinnns 173
5.2 Kinetics of Crystallization and Melting/%5 5 SEEREBY JJ2E cooverererrenes 181
5.3 Laws for the Structure Development/ZEHJARfLHLAR «ocoverrenrrinnnannnnns 190
5.3.1 The Multistage Model/ % mg{ﬁﬂ .................................... 199
5.4 Mechanisms of Secondary Crystallization/ — 2% %5 ShHLIR <« oevveereeeeeens 205
5.4.1 The Insertion Mode/JERMER rrereervrrecrmrmmirmmiiiiinniniincnne, 208
5.4.2 Surface Crystallization and Melting/ TR &5 fh 5 FERl ~---voeveeeeee 212
5.5 Crystallization from Oriented Melts/BRAIJFRLERR -c-oorrermemeececnnnees 216
6 Mechanical and Dielectric Response/ JJ2£ 5 HIMARL  creeecueerrevecneneenes 223
6.1 Response Functions/[HREEEEL -revverrerersemssssmisnsnessnnissiinisiisiens 224
6.1.1 Viscoelasticity/BEBAPE «oseerermrssreemiuimiiesiinnctiniiiisienenn 224
6.1.2 Orientational Polaﬁzation/ﬁl[fﬂﬁﬂg .................................... 228
6.1.3 General Relationships/3HFIATE -rooreeererrsssemmemmisnnineenn, 229
6.2 Relaxatory Modes/BRHIAETR ++roverrerermrssressinmiinneninnen s 236
6.2.1 Single-Time Relaxation Process/ BFF R ARSHITHR  -oooormeevereerees 237
6.2.2 Retardation and Relaxation Time Spectra/#EiR S#AGHEFIE] «+vev -+ 242
6.3 Specific Relaxation Processes and Flow Behavior/ B ST 2
LGRIFNETH  orerereereereesrinnnns e e a st e 245
6.3.1 Local Processes/f%%%ﬂﬁ ................................................ 246
6.3.2 Glass-Rubber Transition and Melt Flow/B{ 8- et A
REKTEE]]  ovovrervrversoesesesessrssnssmmsatsetsnst sty 250
6.3.3 The Glass Transition Temperature/ B BEALEAERE  --oooeveeeeeee 269
6.3.4 Relaxation in Partially Crystalline Systems/ ¥ f{& RIS --- 277
7 Conjugated Polymers/%%%%% ................................................... 287
7.1 Electrooptic Activity/EHLIEHE «reoveeeerrersrainsrersn s, 289
7.1.1 Excitons and Free Charges/#{& 5 B BHLAT --oovreeeermmrrmeeeees 289
7.1.2 Electroluminescence/ B A Y cvcorrrererrerersemenonianianianiicinnae, 297
7.2 Effects of Doping/%f“—j:i)‘( AL seveeecereerretetesntatitiititiitia it ataans 302
7.2.1 Electrical Conductivity JELERHE cronenisaiiintiiiiii e 302

7.2.2 Magnetism and Reflectivity/BEPESRGFHR -oooveeerererereeeeeesee 306



¥ HB# Contents

8  Microscopic Dynamics/ BB BHEE +rreeererssrererremisreininessieeiinssncenes 313
8.1 The Fluctuation-Dissipation Theorem/ FIE-FEHURTE «cvcoverervrnininnns 313
8.2 The Rouse Model/Rouse BEF]  «vevererrermniiaiiiesiineeiiinnnneniinnenenenes 317

8.2.1 Stress Relaxation/ W FIFRTH «oveeerernmmiiiniin e 325
8.2.2 The Dielectric Normal Mode /4 H FE AR, «--oovveeereeninnnnnn, 330
8.3 Entanglement Effects in Polymer Melts/ R&- Y5 AR ML -+ 333
8.3.1 The Reptation Model/JBAFRETY -+ - vvvvevmrucerernmnreaasnaneniinnanns 338
8.4 Solution Viscosities/TEMEGHE werrerreererrroririsserrensnniseninnniminninn 343
8.4.1 Neutral Polymers: Hydrodynamic Interaction/ 1544 .
WRTIZEAER oo 344
8.4.2 Polyelectrolytes: Coulomb Interaction/ S H ## 5. FeB/EH - 352

9 Non-Linear Mechanics /5[';%1@7‘]% ................................................ 357

9.1 Rubber Elasticity/*%i}féﬁ'ﬁ‘ﬁ ................................................... 361
9.1.1 The Fixed Junction Model of Ideal Rubbers/FHAE#R B¢ (Y

FERELE AL evvenereesmseoseseseenmmseereenessessesseesensesssneens 364

9.1.2 The Cauchy Strain Tensor/ Cauchy FZAEGREE «eoverereerrsranniennns 371

9.1.3 Finger’s Constitutive Equation/ Finger ZH TR «--cvevorrverennnnnn 376

9.2 Swelling of Neutral and Electrolytic Gels/Hi4: 5 HL R

BRRRHGIEIK  wveeveeeremmemeerereeeeseees seesrssnsentesetensesesaesaasessenees 384

9.3 Non-Newtonian Melt Flow/3E4-Si4B AR BRI - oovveeveerereeoniinninn, 390

9.3.1 Rheological Material Functions /FLAEABIRREL  -oovereerererennceens 391

9.3.2 The Lodge Liquid/ Lodge JEAA -----«vreeremrmemmienininiinn 3908

9.3.3 The Stress-Optical Rule/ [ J71-YE2EFLMY coeeerverrnrenieniini, 404

10 Deformation, Yielding and Fracture/T7F . JHARSHIRL -ovveveveennnnnnnens 415

10.1 Shear Deformation in Semicrystalline Polymers/2 &8 &4
BRI BETTEAE «veerreoreeereessnneieee e easieesaessaneeobeesseeeseesrneesnns 418
10.1.1 Critical Strains/ I LR AR -« vvensrassserereireeaneririeeine e 418
10. 1.2 Constituents of the Drawing Stress/ AL R ST --coveverrerens 426
10. 1.3 The Mechanics of Neck Formation/ 4HZRTE ATLIE «+vovvereernrenns 429
10. 1.4 Fibrillar State of Order/£F LA FFAR  covererrrmmerrrrrrniinnn seee 435
10.2  Crazing/ARLL --oerosrsemrmreerreetteteet e e a e e 444
10.3 Brittle Fracture/BEHERTZE  «oveeerrvrriirrererriiiee e 450
10.3.1 Linear Fracture Mechanics /2RSS /15 -orvveereeneniniannne. 453
10.3.2 The Slow Mode of Crack Growth/ 24454 K HIFE B, ---veoeer 455

A Scattering Experiments/ BLETEEHE -+ ccovvrrrrrresreranisie 463
A1 Fundamentals/ FEASHE S, crovrrereerermin 463

A.1.1 Basic Equations/ZEZRTTHR  revverrrmmrarnrvimin 464



BH% Contents XV

A. 1.2 Time-Resolved Scattering Experiments/ BRI R B SR - 468

A.2  Absolute Intensities/%xffﬁﬁ ................................................ 471
A.3 Low Angle Scattering Properties/ /N HHEER cocererermeneniiisiniie 474
A.3.1 Guiniers Law/ Guinier /A\ﬁ ............................................. 474
A.3.2 Forward Scattering/ﬁfjﬁﬁir ............................................. 476
A.4 Special Polymer Systems JERRPIESMIIEZR -oeerererarersrsnincninin... 477
A.4.1 Binary Mixtures and Block Copolymers/ “JLIR SIS
BRERFEIRB] ooeeeenrnneie e 477
A. 4.2 Two-Phase Layer Systems/ﬁ*ﬂ FEARIRZR covvvrerrrmmenecmiinienes 484
B Glossa.ry of Symbols /*iﬁ. l_:‘,-ﬁ_%'. ................................................... 493
C Bibliography/’é?é‘:f’} E ............................................................... 501
References /é{%iﬁk ..................................................................... 505

Index/Z 8]



1

Constitution and Architecture of Chains

Polymers, also known as macromolecules, are built up of a large number of
molecular units that are linked together by covalent bonds. Usually they rep-
resent organic compounds, containing carbon atoms together with hydrogen,
oxygen, nitrogen, and halogens, etc. In this first chapter, we briefly survey the
main characteristics of their chemical constitution and molecular architecture
and introduce the notions employed for their description, using examples for
the explanation.

Let us begin with a look at polyethylene (PE), which has a particu-
larly simple structure. It is depicted in Fig. 1.1. The chemical repeat unit
or monomeric unit building up the chain is the CHa-(methylene)group and
their number determines the degree of polymerization, denoted by the
symbol N. Macromolecules are generally obtained by a polymerization process
starting from reactive low molar mass compounds. The name ‘polyethylene’ in-
dicates that here the process is usually based on ethylene. Figure 1.2 shows,
as a second example, the chemical composition of another common polymer,
that of polystyrene (PS). Here phenyl groups are attached as sidegroups to
the C—C backbone chain. Table 1.1 presents a selection of further conven-
tional polymers, giving the chemical constitution of the repeat units and com-
monly used short forms. The majority (from polypropylene to polycarbonate)
has a flexible backbone set-up of carbon atoms, in some cases in combination
with some heteroatoms. The four polymers following in the listing (poly(ether
ether ketone) to polyimide) are examples for polymers with a stiff backbone.

H H H H H H

N I 1

/C—C\ iiiem C—C—C—C—- -
I T

H H H H H H

Fig. 1.1. Ethylene and polyethylene
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H H H H
L

Fig. 1.2, Polystyrene

Rather than being carbon-based, the backbone chain can also be composed
of silicon atoms, again together with other elements. The last two materi-
als, poly(dimethylsiloxan) and poly(tetramethyl-p-silphenylene-siloxane) are
corresponding examples.

All these polymers are electrically neutral. If chains are built up of
monomers that contain an ionizable group, i.e., a group that can dissociate
into a chain-fixed kation or anion and a mobile counter-ion bearing the op-
posite charge, a polyelectrolyte is obtained. Table 1.2 collects a few typical
examples. The first three compounds are synthetic polymers, the other two
samples are biopolymers; cellulose and starch in the form of derivatives which
include ionizable substitutes. :

Charges on a chain can also be created by doping processes. For con-
jugated polymers, i.e., chains with conjugated C-C double bonds, this is
particularly easy. Even more importantly, the produced charges are mobile
and thus provide electrical conductivity. Table 1.3 compiles some of these
special materials.

Rather than leading to polymers with a unique degree of polymerization,
reactions usually result in a mixture of macromolecules with various molar
masses. Therefore, for a full characterization, the molar mass distribution
function has to be determined, and this is usually accomplished by gel per-
meation chromatography. We choose the symbol M for the molar mass and
introduce the distribution function p(M) as a number density, adopting the
definition that the product

p(M)dM

gives the fraction of polymers with molar masses in the range from M to
M + dM. As a distribution function p(M) must be normalized

/p(M)dM =1. (1.1)
0
The average molar mass follows by

M, = 0/ p(M)MAM . (1.2)



