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P R E F A C E  

Polymer Science and Technology, Third Edition, provides new and expanded cov-
erage in a number of areas of contemporary interest in polymer science and tech-
nology. In particular, Chapter 2 on polymer synthesis provides new coverage of 
controlled radical polymerization, polymerization in ionic liquids, and the use of 
click chemistry and green chemistry. Chapter 4, on solid-state properties, includes 
added coverage on the use of microscopy and scattering methods in solid-state 
characterization. Chapter 7, on additives, blends, and composites, includes a new 
section on block copolymers as well as expanded coverage of nanocomposites in-
cluding the use of buckyballs, carbon nanotubes, graphene, and POSS as nano-
fillers. Electrospinning has been added to the discussion of fiber-spinning opera-
tions in Chapter 8. Coverage of biomedical engineering and drug delivery, solar 
cells, and sensors has been included in Chapter 12, on polymers for advanced tech-
nologies. In addition, an entirely new chapter on correlations and simulation meth-
ods in polymer science has been added. This new chapter includes expanded treat-
ment of group-correlation methods to predict polymer properties that has previously 
appeared in a number of earlier chapters in the second edition. Totally new is the 
inclusion of topological indices and artificial neural networks to predict properties. 
For the first time in an introductory polymer textbook, the fundamentals and appli-
cations of computational polymer science including the use of molecular dynamics 
and Monte Carlo methods are presented with a number of examples and exercise 
problems. 

Joel R. Fried 
Tallahassee, Florida 
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ABOUT THE COVER ILLUSTRATION 
The cover illustration shows a molecular simulation of a blend of 37 wt% of func-
tionalized C60 fullerene, PCBM, (space-filling representation) in an amorphous cell 
containing a thiophene copolymer. This system has been reported to provide attrac-
tive photovoltaic properties for polymeric photovoltaic cells. Simulations of poly-
meric systems are described in Chapter 13 of this third edition. 
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P R E F A C E  T O  T H E  
S E C O N D  E D I T I O N  

The second edition provides new and expanded coverage of important topics in 
polymer science and engineering and includes additional example calculations, 
homework problems, and bibliographic references. Additional topics in the treat-
ment of polymer synthesis (Chapter 2) include metallocene catalysis, atom transfer 
radical and plasma polymerization, the genetic engineering of polymers, and the use 
of supercritical fluids as a polymerization medium. The new field of dynamic calo-
rimetry (temperature-modulated DSC) has been added to the coverage of polymer 
viscoelasticity in Chapter 5. Chapter 6 provides expanded coverage of biodegrada-
ble polymers while Chapter 7 introduces the important new area of nanocomposites. 
Chapter 8 has been totally revised to include coverage of biopolymers and naturally 
occurring polymers including chitin and chitosan, while material on commodity 
thermoplastics has been moved to Chapter 9. In Chapter 10, new engineering and 
specialty thermoplastics including dendrimers, hyperbranched polymers, and amor-
phous Teflon are discussed. Examples of polymer-processing modeling have been 
expanded to include wire-coating operations in Chapter 11. The topic of drag reduc-
tion has been moved from Chapter 12 to the coverage of polymer rheology in Chap-
ter 11, which now also includes an introduction to melt instabilities. The discussion 
of the electrical and optical applications of engineering polymers has been enhanced 
and new coverage of barrier polymers has been provided in Chapter 12. 

Although the intended audience for this text is advanced undergraduates and 
graduate students in chemical engineering, the coverage of polymer science funda-
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mentals (Chapters 1 through 5) is suitable for a semester course in a materials sci-
ence or chemistry curriculum. Chapters 6 and 7 discuss more specialized topics 
such as polymer degradation, recycling, biopolymers, natural polymers, and fibers. 
Sections from this coverage can be included to supplement the basic coverage pro-
vided by the earlier chapters. Chapters 9 and 10 survey the principal categories of 
polymers—commodity thermoplastics, elastomers, thermosets, and engineering and 
specialty polymers. Material from these chapters may be included to supplement 
and reinforce the material presented in the chapters on fundamentals and provides a 
useful reference source for practicing scientists and engineers in the plastics indus-
try. Polymer engineering principles including rheology and processing operations, 
introduced in Chapter 11, can be used as the basis of a short course on polymer en-
gineering at the senior undergraduate and graduate level. Chapter 12 describes   
polymers used in areas of advanced technology including membrane separations, 
electrolytes for batteries and fuel cells, controlled drug release, nonlinear optical 
applications, and light-emitting diodes and displays. This coverage may be used as 
reference material for scientists and engineers and provides a basis for short courses 
in such areas as membrane science and technology and polymer physics. 

Joel R. Fried 
Cincinnati, Ohio
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P R E F A C E  T O  T H E  
F I R S T  E D I T I O N  

At least dozens of good introductory textbooks on polymer science and engineer-
ing are now available. Why then has yet another book been written? The decision 
was based on my belief that none of the available texts fully address the needs of 
students in chemical engineering. It is not that chemical engineers are a rare breed, 
but rather that they have special training in areas of thermodynamics and transport 
phenomena that is seldom challenged by texts designed primarily for students of 
chemistry or materials science. This has been a frustration of mine and of many of 
my students for the past 15 years during which I have taught an introductory course, 
Polymer Technology, to some 350 chemical engineering seniors. In response to this 
perceived need, I had written nine review articles that appeared in the SPE publica-
tion Plastics Engineering from 1982 to 1984. These served as a hard copy for my 
students to supplement their classroom notes but fell short of a complete solution. 

In writing this text, it was my objective to first provide the basic building 
blocks of polymer science and engineering by coverage of fundamental polymer 
chemistry and materials topics given in Chapters 1 and 7. As a supplement to the 
traditional coverage of polymer thermodynamics, extensive discussion of phase 
equilibria, equation-of-state theories, and UNIFAC has been included in Chapter 3. 
Coverage of rheology, including the use of constitutive equations and the modeling 
of simple flow geometries, and the fundamentals of polymer processing operations 
are given in Chapter 11. Finally, I wanted to provide information on the exciting 
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new materials now available and the emerging areas of technological growth that 
could motivate a new generation of scientists and engineers. For this reason, engi-
neering and specialty polymers are surveyed in Chapter 10 and important new ap-
plications for polymers in separations (membrane separations), electronics (con-
ducting polymer), biotechnology (controlled drug release), and other specialized 
areas of engineering are given in Chapter 12. In all, this has been an ambitious un-
dertaking and I hope that I have succeeded in at least some of these goals. 

Although the intended audience for this text is advanced undergraduates and 
graduate students in chemical engineering, the coverage of polymer science funda-
mentals (Chapters 1 through 7) should be suitable for a semester course in a materi-
als science or chemistry curriculum. Chapters 8 through 10, intended as survey 
chapters of the principal categories of polymers—commodity thermoplastics and 
fibers, network polymers (elastomers and thermoplastics), and engineering and spe-
cialty polymers—may be included to supplement and reinforce the material pre-
sented in the chapters on fundamentals and should serve as a useful reference 
source for the practicing scientist or engineer in the plastics industry. 

Joel R. Fried 
Cincinnati, Ohio 
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C H A P T E R  1  

Introduction to Polymer Science 

The word polymer is derived from the classical Greek words poly meaning 
“many” and meres meaning “parts.” Simply stated, a polymer is a long-chain mole-
cule that is composed of a large number of repeating units of identical structure. 
Certain polymers, such as proteins, cellulose, and silk, are found in nature, while 
many others, including polystyrene, polyethylene, and nylon, are produced only by 
synthetic routes. In some cases, naturally occurring polymers can also be produced 
synthetically. An important example is natural (Hevea) rubber, known as polyiso-
prene in its synthetic form. 

Polymers that are capable of high extension under ambient conditions find im-
portant applications as elastomers. In addition to natural rubber, there are several 
important synthetic elastomers including nitrile and butyl rubber. Other polymers 
may have characteristics that enable their fabrication into long fibers suitable for 
textile applications. The synthetic fibers, principally nylon and polyester, are good 
substitutes for naturally occurring fibers such as cotton, wool, and silk. 
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In contrast to the usage of the word polymer, those commercial materials other 
than elastomers and fibers that are derived from synthetic polymers are called plas-
tics. A typical commercial plastic resin may contain two or more polymers in addi-
tion to various additives and fillers. These are added to improve a particular proper-
ty such as processability, thermal or environmental stability, or mechanical proper-
ties. 

The birth of polymer science may be traced back to the mid-nineteenth centu-
ry. In the 1830s, Charles Goodyear developed the vulcanization process that trans-
formed the sticky latex of natural rubber into a useful elastomer for tire use. In 
1847, Christian F. Schönbein reacted cellulose with nitric acid to produce cellulose 
nitrate. This was used in the 1860s as the first man-made thermoplastic, celluloid. In 
1907, Leo Hendrik Baekeland [1] produced Bakelite (phenol−formaldehyde resin). 
Glyptal (unsaturated-polyester resin) was developed as a protective coating resin by 
General Electric in 1912. 

By the 1930s, researchers at DuPont in the United States had produced a vari-
ety of new polymers including synthetic rubber and more “exotic” materials such as 
nylon and Teflon. By 1938, Dow had produced polystyrene in commercial scale for 
the first time and, in 1939, polyethylene (low-density) was made by scientists at ICI 
in England. Efforts to develop new polymeric materials, particularly synthetic rub-
ber, were intensified during World War II when many naturally occurring materials 
such as Hevea rubber were in short supply. In the 1950s, Karl Ziegler and Giulio 
Natta independently developed a family of stereospecific transition-metal catalysts 
that made possible the commercialization of polypropylene as a major commodity 
plastic. The 1960s and 1970s witnessed the development of a number of high-
performance engineering plastics polymers that could compete favorably with more 
traditional materials, such as metals, for automotive and aerospace applications. 
These included polycarbonate, poly(phenylene oxide), polysulfones, polyimides, 
aromatic polyamides such as Kevlar, and other high-temperature rigid-chain poly-
mers. More recently, specialty polymers with electrically conducting, photocon-
ducting, and liquid-crystalline properties have appeared for a variety of applica-
tions. 

Today, polymeric materials are used in nearly all areas of daily life and their 
production and fabrication are major worldwide industries. The annual U.S. produc-
tion of plastics and synthetic fibers in 2012 and the average annual change in pro-
duction over the decade from 2002 to 2012 are given in Table 1-1. In 2012, the total 
U.S. production of synthetic fibers (principally non-cellulosic) and plastics was 2.81 
and 34.1 million metric tons, respectively. Among plastics, the largest shares of the 
total production in 2012 were the polyethylenes, followed by polypropylene, 
poly(vinyl chloride) (PVC), and polystyrene. Although not specifically listed by the 
data given in Table 1-1, thermosetting resins (principally phenolic, urea, and mela-
mine resins) typically represent around 10% of the total plastics production while 
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synthetic rubbers, such as styrene–butadiene rubber (SBR) and polybutadiene, rep-
resent only about 6% of the total production in recent years. 

Table 1-1 U.S. Production of Major Plastics and Synthetic Fibers in 2012a 

 Thousands of 
Metric Tonsb 

Annual Change 
(%), 2002−12 

PLASTICS   
   Polyethylene   
      Low-density 3123 -1.5 
      Linear low-density 8098 1.7 
      High-density 8046 1.1 
   Polypropylene 7405 -0.4 
   Polystyrene 2473 -2.0 
   PVC & copolymers 6944 0.0 

SYNTHETIC FIBERS   
   Non-cellulosic   
      Nylon 562 -6.6 
      Olefin 1021 -3.1 
      Polyester 1203 -2.2 
   Cellulosic   
      Acetate & rayon 27 -10.3 

a Data reported in Chemical and Engineering News, July 1, 2013, p. 44. 
b Conversion: 2,206.6 lbs per metric ton. 

1.1  Classification of Polymers 

Thousands of different polymers have been synthesized and more will be produced 
in the future. Conveniently, all polymers can be assigned to one of two groups 
based upon their processing characteristics or the type of polymerization mecha-
nism. A more specific classification can be made on the basis of polymer structure. 
Such groupings are useful because they facilitate the discussion of properties. 

1.1.1  Thermoplastics and Thermosets 

All polymers can be divided into two major groups based on their thermal pro-
cessing behavior. Those polymers that can be heat-softened in order to process into 
a desired form are called thermoplastics. Waste thermoplastics can be recovered 
and refabricated by application of heat and pressure. Polystyrene is an important 
example of a commercial thermoplastic. Other major examples are the polyolefins 
(e.g., polyethylene and polypropylene) and poly(vinyl chloride). In comparison, 
thermosets are polymers whose individual chains have been chemically linked by 
covalent bonds during polymerization or by subsequent chemical or thermal treat-
ment during fabrication. Once formed, these crosslinked networks resist heat soft-
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ening, mechanical deformation, and solvent attack, but cannot be thermally pro-
cessed. Such properties make thermosets suitable materials for composites, coat-
ings, and adhesive applications. Principal examples of thermosets include epoxy, 
phenol–formaldehyde resins, and unsaturated polyesters that are used in the manu-
facture of glass-reinforced composites such as Fiberglas (see Section 7.4). 

1.1.2  Classification Based upon the Mechanism of 
Polymerization 

In addition to classifying polymers on the basis of their processing characteristics, 
polymers may also be classified according to their mechanism of polymerization. 
An early scheme classifies polymers as either addition or condensation—a scheme 
attributed to Wallace Carothers [2], a pioneer of the polymer industry working at 
DuPont from 1928 until his untimely death in 1937. Polystyrene, which is polymer-
ized by a sequential addition of styrene monomers (see Figure 1-1), is an example 
of an addition polymer. Most important addition polymers are polymerized from 
olefins and vinyl-based monomers. A few other polymers that are traditionally rec-
ognized as belonging to the addition class are polymerized not by addition to an 
ethylene double bond but through a ring-opening polymerization of a sterically 
strained cyclic monomer. An example is the ring-opening polymerization of triox-
ane to form polyoxymethylene (an engineering thermoplastic), which is illustrated 
in Figure 1-2. Table 1-2 lists the chemical structure of the repeating units and the 
commonly used nomenclature of some of the most important addition-type poly-
mers derived from substituted ethylene. 

 
CHH2C CH2 n

n

styrene polystyrene

CH

 

Figure 1-1 Polymerization of styrene. 

 
Figure 1-2  Ring-opening polymerization of trioxane. 
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Table 1-2 Examples of Some Important Addition Polymers Derived from Ethylene 
 

C C
R2

R3

R4

R1

 

Polymer R1 R2 R3 R4 Repeating Unit 

Polyethylene H H H H 
 

CH2 CH2

Polypropylene H H H CH3 
 

CH2 CH

CH3  
Poly(vinyl chloride) H H H Cl 

 
CH2 CH

Cl  
Polyacrylonitrile H H H 

 
C N  

 
CH2 CH

C N  
Poly(vinyl acetate) H H H 

 

O

C

CH3

O

 

 
CH2 CH

O

C

CH3

O

 
Polystyrene H H H 

 

 

 
CH2 CH

 
Poly(methyl methacrylate) H H CH3 

 

C

O

O

CH3  

 

CH2 C

CH3

O

O

C

CH3

 
Poly(vinylidene chloride) H H Cl Cl 

CH2 C

Cl

Cl
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Condensation polymers are obtained by the random reaction of two molecules. 
A molecule participating in a polycondensation reaction may be a monomer, oligo-
mer, or higher-molecular-weight intermediate each having complementary func-
tional end units, such as carboxylic acid or hydroxyl groups. Typically, condensa-
tion polymerizations occur by the liberation of a small molecule in the form of a 
gas, water, or salt. Any high-yield condensation reaction such as esterification or 
amidation can be used to obtain a high-molecular-weight polymer. An example of a 
condensation polymerization is the synthesis of nylon-6,6 by the polycondensation 
of adipic acid and hexamethylenediamine as illustrated in Figure 1-3A. This 
polymerization is accompanied by the liberation of two molecules of water for each 
repeating unit. Another important example of a polycondensation, illustrated in Fig-
ure 1-3B, is the preparation of polycarbonate from bisphenol-A and phosgene. In 
this case, two molecules of hydrogen chloride are formed for each repeating unit. 
Alternatively, if the sodium salt of bisphenol-A was used in the polymerization, the 
by-product of the condensation would be sodium chloride rather than hydrogen 
chloride. The salt will precipitate out of the organic solvent used for the polymeriza-
tion and, therefore, can be easily and safely removed. Some other examples of con-
densation polymers are given in Table 1-3. 

A          
 

H2N (CH2)6 NH2

nylon-6,6

hexamethylenediamineadipic acid

2n H2O+(CH2)4 C NH

O

(CH2)6 NHC

O

nn +C OH

O

HO C (CH2)4

O

n
 

B

        

 

n

n

polycarbonate

HCl2n+

bisphenol-A phosgene

Cl C Cl

O

+n OHHO

CH3

CH3

C

O C O

O

CH3

CH3

C

 
Figure 1-3 Two examples of a condensation polymerization. A. Polyamidation of ny-

lon-6,6. B. Polymerization of bisphenol-A polycarbonate. 
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Table 1-3 Examples of Some Condensation Thermoplastics 

Polymer Repeating Unit 

 
Polysulfone 

 

OO

CH3

CH3

C

O

O

S

 
Poly(ethylene             
terephthalate) 

 

C O

O

CH2CH2

O

CO
 

Poly(hexamethylene             
sebacamide) (nylon-6,10) 

 

NH (CH2)6 NH C (CH2)8

O

C

O

 
 
Poly(ethylene                 
pyromellitimide) 

 

NN CH2CH2

O

OO

O  

More recently, another classification scheme based on polymerization kinetics 
has been adopted over the more traditional addition and condensation categories. 
According to this scheme, all polymerization mechanisms are classified as either 
step growth or chain growth. Most condensation polymers are step growth, while 
most addition polymers are chain growth; however, a number of important excep-
tions exist, as will be discussed in Chapter 2. During chain-growth polymerization, 
high-molecular-weight polymer is formed early during the polymerization, and the 
polymerization yield, or the percent of monomer converted to polymer, gradually 
increases with time. In step-growth polymerization, high-molecular-weight polymer 
is formed only near the end of the polymerization (i.e., at high monomer conver-
sion, typically >98%). Details of the mechanisms for chain-growth and step-growth 
polymerizations are discussed in Chapter 2. 

1.1.3  Classification Based upon Polymer Structure 

In addition to classification based upon processing and polymerization characteris-
tics, polymers may also be grouped based upon the chemical structure of their 
backbones. For example, polymers having all carbon atoms along their backbone 
are important examples of homochain polymers. They may be further classified de-
pending upon whether there are single or double bonds along their backbone.    
Carbon-chain polymers with only single bonds along the backbone are called poly-
alkylenes (or polyalkylidenes). Examples of polyalkylenes include polystyrene, the 
polyolefins (e.g., polyethylene and polypropylene), and poly(vinyl chloride). Car-
bon-chain polymers with double bonds along the chain such as the diene            
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elastomers—polyisoprene and polybutadiene—are called polyalkenylenes. Another 
example of a polyalkenylene is polyacetylene, an electrically conducting polymer 
(see Section 10.2.7). 

Heterochain polymers that contain more than one atom type in their backbone 
are grouped according to the types of atoms and chemical groups (e.g., carbonyl, 
amide, or ester) located along the backbone. The most important classes of organic 
heterochain polymers are listed in Table 1-4. Another important class of hetero-
chain polymers includes polysiloxanes. These have a –Si–O– backbone with methyl 
or other substituent groups attached to silicon. 

Table 1-4 Backbone Structures of Some Important Organic Heterochain Polymers 

Polymer Classification Backbone Group 

Carbon–Oxygen Polymers  
 Polyethers 

 
C O  

 Polyesters of carboxylic acids 
 

C O

O

 
 Polyanhydrides of carboxylic acids 

 

C O

O

C

O

 
 Polycarbonates 

 

O C O

O

 
Carbon–Sulfur Polymers  
 Polythioethers 

 
S C  

 Polysulfones 
 

S C

O

O  
Carbon–Nitrogen Polymers  
 Polyamines 

 
C N  

 Polyimines 
 

C N  
 Polyamides 

 

C N

O

 
 Polyureas 

 

N C N

O

 

1.2  Polymer Structure 

The properties of polymers are strongly influenced by details of the chain structure. 
These details include the overall chemical composition and the sequence of mono-
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mer units in the case of copolymers, the stereochemistry or tacticity of the chain, 
and the geometric isomerization in the case of diene-type polymers for which sever-
al synthesis routes may be possible. 

1.2.1  Copolymers 

Often, it is possible to obtain polymers with new and desirable properties by linking 
two or three different monomers or repeating units during the polymerization. Poly-
mers with two different repeating units in their chains are called copolymers. When 
there are three chemically different repeating units, the resulting polymer is termed 
a terpolymer. Commercially, the most important copolymers are derived from vinyl 
monomers such as styrene, ethylene, acrylonitrile, and vinyl chloride. 

The exact sequence of monomer units along the chain can vary widely de-
pending upon the relative reactivities of each monomer during the copolymerization 
process. At the extremes, monomer placement may be totally random or may be 
perfectly alternating, as illustrated in Figure 1-4. The actual sequence of monomer 
units is determined by the relative reactivities of the monomers as will be described 
for free-radical copolymerization in Section 2.2.1. Under special circumstances, it is 
possible to prepare copolymers that contain a long block of one monomer (A) fol-
lowed by a block of the other monomer (B). These are called AB-block copolymers. 
ABA-triblock copolymers have a central B block joined by A blocks at both ends. 
A commercially important ABA-triblock copolymer is polystyrene-block-
polybutadiene-block-polystyrene or SBS, a thermoplastic elastomer (see Section 
9.2.3). In addition to these copolymer structures, graft copolymers can be prepared 
by polymerizing a monomer in the presence of a fully formed polymer of another 
monomer. Graft copolymers are important as elastomers (e.g., SBR) and high-
impact  polymers (e.g., high-impact polystyrene and acrylontrile−butadiene−styrene 
or ABS resin). 

1.2.2  Tacticity 

In addition to the type, number, and sequential arrangement of monomers along the 
chain, the spatial arrangement of substituent groups is also important in determining 
properties. The possible steric configurations of an asymmetric vinyl-polymer chain 
can be best represented by drawing the chain in its extended-chain or planar zigzag 
conformation, as illustrated in Figure 1-5. A conformation describes the geometrical 
arrangement of atoms in the polymer chain while configuration denotes the stereo-
chemical arrangement of atoms. Unlike the conformation, the configuration of a 
polymer chain cannot be altered without breaking chemical bonds. For long, flexi-
ble polymer chains, the total number of conformations is nearly infinite. The ex-
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tended-chain conformation for vinyl polymers is often the lowest-energy confor-
mation. 

A A B A B A B B A B A A A B A B

B A B A B A B A B A B A B A B A

A A A A B B B B B B B B A A A A

A A A A A A A A A A A A A A A A
B
B
B
B
B

B
B
B
B

GRAFT

ABA-TRIBLOCK

ALTERNATING

RANDOM

 
Figure 1-4 Possible structures of copolymers containing A and B repeating units. 

As illustrated in Figure 1-5, several different placements of the asymmetric 
substituent group, R, are possible. As examples, a substituent group may be a me-
thyl group as in polypropylene, a chlorine atom as in poly(vinyl chloride), or a phe-
nyl ring as in polystyrene. In one configuration, all the R groups may lie on the 
same side of the plane formed by the extended-chain backbone. Such polymers are 
termed isotactic. If the substituent groups regularly alternate from one side of the 
plane to the other, the polymer is termed syndiotactic. Polymers with no preferred 
placement are atactic. More complicated arrangements of substituent groups are 
possible in the case of 1,2-disubstituted polymers; however, these are commercially 
less important and will not be discussed here. 
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Figure 1-5 Two forms of stereochemical configuration of an extended-chain vinyl 

polymer having a substituent group R other than hydrogen. 

In general, tactic polymers (i.e., isotactic or syndiotactic) are partially crystal-
line, while atactic polymers are amorphous indicating the absence of all crystalline 
order. In addition to crystallinity, other polymer properties, such as thermal and 
mechanical behavior, can be significantly affected by the tacticity of the polymer as 
later examples will show. Whether a specific polymer will be atactic, isotactic, or 
syndiotactic depends upon the specific conditions of the polymerization, such as the 
temperature and choice of solvent, as will be discussed in Chapter 2. Commercial 
polypropylene is an important example of an isotactic polymer. Atactic and syndio-
tactic forms of this polymer can also be prepared by controlling the polymerization 
conditions. Atactic polypropylene is an amorphous, tacky polymer with no com-
mercial importance. Commercial poly(vinyl chloride) (PVC) is an example of a 
polymer with imperfect tactic structure. Although the overall structure of commer-
cial-grade PVC can be reasonably characterized as atactic, there are populations of 
repeating units whose sequences are highly syndiotactic and that impart a small de-
gree of crystallinity to the commercial resin. Space-filling (CPK) models of a short 
PVC chain having eight repeating units with all isotactic and all syndiotactic place-
ments of the chlorine atoms are shown in Figure 1-6. Using special polymerization 
methods, PVC with very high syndiotactic or isotactic content can be made (see 
Section 9.1.2); however, these crystalline stereoisomers of PVC offer no important 
advantage compared to the commercial plastic. In the case of polystyrene, syndio-
tactic polystyrene has been obtained by metallocene polymerization (see Section 
2.2.3) and is being studied as an alternative to the atactic “crystal grade” plastic for 
some applications (see Section 9.1.2). 



12 Chapter 1 Introduction to Polymer Science 

 

 

 
Figure 1-6 Views of computer-generated chains of eight repeating units (octamer) of 

vinyl chloride with isotactic (top) and syndiotactic (bottom) structures are 
shown. These views are looking down on the chain with the chlorine at-
oms (large spheres) sitting at the base of each chain. Small light gray 
spheres represent hydrogen atoms while larger dark gray spheres identify 
the carbon atoms. 

1.2.3  Geometric Isomerism 

When there are unsaturated sites along a polymer chain, several different isomeric 
forms are possible. As illustrated by Figure 1-7, 1,3-butadiene (structure A) can be 
polymerized to give 1,2-poly(1,3-butadiene) (B) or either of two geometric isomers 
of 1,4-poly(1,3-butadiene) (C and D). The numbers preceding the poly prefix desig-
nate the first and last carbon atoms of the backbone repeating unit. 1,2-poly(1,3-
butadiene) has a vinyl-type structure, where the substituent group (ethene) contains 
an unsaturated site; therefore, this geometric isomer can be atactic, syndiotactic, or 
isotactic. In the case of the commercially more important 1,4-poly(1,3-butadiene), 
all four carbons in the repeating unit lie along the chain. Carbons 1 and 4 can lie 
either on the same side of the central double bond (i.e., cis-configuration, C) or on 
the opposite side (i.e., trans-configuration, D). The structure of polybutadiene used 
in SBR rubber (i.e., a copolymer of styrene and butadiene) is principally the trans-
1,4 isomer with some cis-1,4- and 1,2-poly(1,3-butadiene) content. 
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Figure 1-7 Alternative pathways for the polymerization of 1,3-butadiene (A) to give 

1,2-poly(1,3-butadiene) (B), cis-1,4-poly(1,3-butadiene) (C), or trans-1,4-
poly(1,3-butadiene) (D). 

1.2.4  Nomenclature 

As the preceding examples illustrate, a very large number of different polymer 
structures are possible. In order to identify these as unambiguously as possible, it is 
important to have a robust nomenclature system. As is already evident, simple vinyl 
polymers are designated by attaching the prefix poly to the monomer name (e.g., 
polystyrene, polyethylene, and polypropylene); however, when the monomer name 
consists of more than one word or is preceded by a letter or number, the monomer is 
enclosed by parentheses preceded by the prefix poly. For example, the polymer ob-
tained from the polymerization of 4-chlorostyrene is poly(4-chlorostyrene) and that 
from vinyl acetate is poly(vinyl acetate). Tacticity may be noted by prefixing the 
letter i (isotactic) or s (syndiotactic) before poly as in i-polystyrene. Geometric and 
structural isomers may be indicated by using the appropriate prefixes, cis or trans 
and 1,2- or 1,4-, before poly, as in trans-1,4-poly(1,3-butadiene). 

Nomenclature rules for non-vinyl polymers such as condensation polymers are 
generally more complicated than for vinyl monomers. These polymers are usually 
named according to the initial monomer or the functional group of the repeating 
unit. For example, the most important commercial nylon, commonly called nylon-
6,6 (66 or 6/6), is more descriptively called poly(hexamethylene adipamide) denot-
ing the polyamidation of hexamethylenediamine (alternatively called 1,6-hexane 
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diamine) with adipic acid (see Figure 1-3A). Similarly, the aliphatic nylon obtained 
by the polyamidation of hexamethylenediamine with a 10-carbon dicarboxylic acid, 
sebacic acid, is nylon-6,10 or poly(hexamethylene sebacamide) (see structure 
shown in Table 1-3). 

In some cases, “common” names are used almost exclusively in place of the 
more chemically correct nomenclature. For example, the polycondensation of phos-
gene and bisphenol-A—the common name for 2,2-bis(4-hydroxyphenyl)propane—
produces the engineering thermoplastic, polycarbonate (Figure 1-3B). Often, the 
prefix bisphenol-A is placed before polycarbonate to distinguish it from other poly-
carbonates that can be polymerized by using bisphenol monomers other than bis-
phenol-A, such as tetramethylbisphenol-A. 

For many years, the International Union of Pure and Applied Chemistry 
(IUPAC) and the American Chemical Society (ACS) have developed a detailed, 
structure-based nomenclature for polymers. In addition, an industrial standard 
(ASTM D-4000) for specifying specific commercial grades of reinforced and non-
reinforced plastics has been offered by the American Society for Testing and Mate-
rials (ASTM). 

The IUPAC structure-based rules for naming organic, inorganic, and coordina-
tion polymers have been compiled in several publications [3–8]. Although such 
nomenclature provides an unambiguous method for identifying the large number of 
known polymers (more than 60,000 polymers are listed in the Chemical Abstracts 
Service (CAS) Chemical Registry System, semi-systematic or trivial names and 
sometimes even principal trade names (much to the displeasure of the manufactur-
er) continue to be used in place of the sometimes unwieldy IUPAC names. As ex-
amples, the IUPAC name for polystyrene is poly(1-phenylethylene) and that for 
polytetrafluoroethylene  

C C

F

F

F

F  
is poly(difluoromethylene)—a polymer more typically recognized by its trademark, 
Teflon. The IUPAC name for the polycarbonate of bisphenol-A mentioned earlier is 
poly(oxycarbonyloxy-1,4-phenyleneisopropylidene-1,4-phenylene). 

For convenience, several societies have developed a very useful set of two-, 
three-, and four-letter abbreviations for the names of many common thermoplastics, 
thermosets, fibers, elastomers, and additives. Sometimes, abbreviations adopted by 
different societies for the same polymer may vary, but there is widespread agree-
ment on the abbreviations for a large number of important polymers. These abbre-
viations are convenient and widely used. As examples, PS is generally recognized 
as the abbreviation for polystyrene, PVC for poly(vinyl chloride), PMMA for 
poly(methyl methacrylate), PTFE for polytetrafluoroethylene, and PC for bis-
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phenol-A polycarbonate. A listing of commonly accepted abbreviations is given in 
Appendix A at the end of this book. 

Following IUPAC recommendations, copolymers are named by incorporating 
an italicized connective term between the names of monomers contained within pa-
rentheses or brackets or between two or more polymer names. The connective term 
designates the type of copolymer as indicated for six important classes of copoly-
mers in Table 1-5. 

   Table 1-5 Scheme for Naming Copolymers 

Type Connective Example 

Unspecified -co- Poly[styrene-co-(methyl methacrylate)] 
Statisticala -stat- Poly(styrene-stat-butadiene) 
Random -ran- Poly[ethylene-ran-(vinyl acetate)] 
Alternating -alt- Poly[styrene-alt-(maleic anhydride)] 
Block -block- Polystyrene-block-polybutadiene 
Graft -graft- Polybutadiene-graft-polystyrene 
a A statistical polymer is one in which the sequential distribution of the monomeric 
units obeys statistical laws. In the case of a random copolymer, the probability of 
finding a given monomeric unit at any site in the chain is independent of the neigh-
boring units in that position. 

1.3  Molecular Weight 

1.3.1  Molecular-Weight Distribution 

A typical synthetic polymer sample contains chains with a wide distribution of 
chain lengths. This distribution is seldom symmetric and contains some molecules 
of very high molecular weight. A representative distribution is illustrated in Figure 
1-8. The exact breadth of the molecular-weight distribution depends upon the spe-
cific conditions of polymerization, as will be described in Chapter 2. For example, 
the polymerization of some olefins can result in molecular-weight distributions that 
are extremely broad. In other polymerizations, polymers with very narrow molecu-
lar-weight distributions can be obtained. As will be shown in subsequent chapters, 
many polymer properties, such as melt viscosity, are dependent on molecular 
weight and molecular-weight distribution. Therefore, it is useful to define molecu-
lar-weight averages associated with a given molecular-weight distribution as de-
tailed in this section. 
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Figure 1-8 A representation of a continuous distribution of molecular weights shown 

as a plot of the number of moles of chains, N, having molecular weight M, 
against M. 

1.3.2  Molecular-Weight Averages 

For a discrete distribution of molecular weights, an average molecular 
weight, ,M may be defined as 

 1

i i
i

i i
i

N M
M

N M

�

���
�
�

 (1.1) 

where Ni 
indicates the number of moles of molecules having a molecular weight of 

Mi and the parameter � is a weighting factor that defines a particular average of the 
molecular-weight distribution. The weight, Wi, of molecules with molecular weight 
Mi is then 

 i i iW N M� . (1.2) 

Molecular weights that are important in determining polymer properties are the 
number-average, nM  (� = 1), the weight-average, wM  (� = 2), and the z-average, 

zM  (� = 3), molecular weights. 
Since the molecular-weight distribution of commercial polymers is normally a 

continuous function, molecular-weight averages can be determined by integration if 
the appropriate mathematical form of the molecular-weight distribution (i.e., N as a 
function of M as illustrated in Figure 1-8) is known or can be approximated. Such 
mathematical forms include theoretical distribution functions derived on the basis of 
a statistical consideration of an idealized polymerization, such as the Flory, Schultz, 
Tung, and Pearson distributions [9] (see Example 1.1 and Problem 1.3) and stand-
ard probability functions, such as the Poisson and logarithmic-normal distributions. 
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It follows from eq. (1.1) that the number-average molecular weight for a dis-
crete distribution of molecular weights is given as 

 
� �

1 1
n

1 1

� �

� �

� �
� �

� �

N N

i i i
i i

N N

i i i
i i

N M W
M

N W M
 (1.3) 

where N is the total number of molecular-weight species in the distribution. The 
expression for the number-average molecular weight of a continuous distribution 
function is 

 0
n

0

NM dM
M

N dM

�

�� 	
	

. (1.4) 

The respective relationships for the weight-average molecular weight of a dis-
crete and a continuous distribution are given by 
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and 
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NM dM
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NMdM

�
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 (1.6) 

In the case of high-molecular-weight polymers, the number-average molecular 
weight is directly determined by membrane osmometry, while the weight-average 
molecular weight is determined by light-scattering and other scattering techniques 
as described in Chapter 3. As mentioned earlier, a higher moment of the molecular-
weight distribution is the z-average molecular weight � �zM where � = 3. As dis-
cussed later in Chapter 3 (Section 3.3.3), a viscosity-average molecular weight, 

v ,M can be obtained from dilute-solution viscometry. The viscosity-average molec-
ular weight falls between nM  and wM  depending upon whether the solvent is a 
good or poor solvent for the polymer. In the case of a good solvent, v w .M M�  

A measure of the breadth of the molecular-weight distribution is given by the 
ratios of molecular-weight averages. For this purpose, the most commonly used ra-
tio is w n ,M M called the polydispersity index or PDI [9]. Recent IUPAC recom-
mendations suggest the use of the term molar-mass dispersity, DM, for this ratio 
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[10]. The PDIs of commercial polymers vary widely. For example, commercial 
grades of polystyrene with a nM  of over 100,000 have polydispersity indices be-
tween 2 and 5, while polyethylene synthesized in the presence of a stereospecific 
catalyst may have a PDI as high as 30.* In contrast, the PDI of some vinyl polymers 
prepared by “living” polymerization (see Chapter 2) can be as low as 1.06. Such 
polymers with nearly monodisperse molecular-weight distributions are useful as 
molecular-weight standards for the determination of molecular weights and molecu-
lar-weight distributions of commercial polymers (see Section 3.3.4). 

Example 1.1 

A polydisperse sample of polystyrene is prepared by mixing three monodisperse 
samples in the following proportions: 

1 g   10,000 molecular weight 
2 g   50,000 molecular weight 
2 g 100,000 molecular weight 

Using this information, calculate the number-average molecular weight, weight-
average molecular weight, and PDI of the mixture. 

Solution 
Using eqs. (1.3) and (1.5), we obtain the following: 

� �

3 3
1 2 21 1 31, 250n 3 3 1 2 2

10,000 50,000 100,0001 1

N M Wi i ii iM
N W Mi i ii i

� �

 
� �� � � �


 
� �
� �  

� � � �
3 32

10,000 2 50,000 2 100,0001 1 62,000w 3 3 5
1 1

N M W Mi i i ii iM
N M Wi i ii i

� � 
 
� �� � � �
� �
� �  

62,000w 1.98
31, 250n

PDI
M
M

� ��
 

                                                           

* New metallocene-catalyzed polymerizations can produce polyolefins and other polymers with very 
controlled structures and narrow-molecular-weight distributions (see Section 2.2.3). 
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Example 1.2 

A polymer is fractionated and is found to have the continuous molecular-weight 
distribution shown below as a plot of the weight, W, of molecules having mo-
lecular weight, M, versus M. Given this molecular-weight distribution, calculate 

nM  and w .M  

 
Solution 
Using eqs. (1.4) and (1.6), we obtain the following: 

� � � �

5

3

5

3

10
5 3

10
n 5 310

10

10 10 21,498
ln 10 101

dM
M

M dM

�
� � �	
	  

� �
5 5

3 3

5

3

10 102

10 10
w 410

10

2
50,500

9.9 10

MdM M
M

dM
� � �

�
	
	  

Example 1.3 
The single-parameter Flory distribution is given as 

� � � �2ln XW X X p p�  
where X is the degree of polymerization and p is the fractional monomer conversion in 
a step-growth polymerization. Using this equation, obtain expressions for the number-
average and weight-average degrees of polymerization* in terms of X and p.† 

Solution 

Using the following geometric series: 

                                                           

* Note that on nM M X�  and ow wM M X� where Mo is the molecular weight of one repeat unit. 
† For a comprehensive treatment of molecular-weight distributions, see Chapter VIII in Paul J. Flory’s 
Principles of Polymer Chemistry. 
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Since it can be shown that � � � �1 1B p A p� � 
 , it follows that 
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1.4  Chemical Structure and Thermal Transitions 

As the previous discussion has shown, many important synthetic polymers such as 
polystyrene and poly(methyl methacrylate) consist of long, flexible chains of very 
high molecular weight. In many cases, individual chains are randomly coiled and 
intertwined with no molecular order or structure. Such a physical state is termed 
amorphous. Commercial-grade (atactic) polystyrene and poly(methyl methacrylate) 
are examples of polymers that are amorphous in the solid state. Below a certain 
temperature called the glass-transition temperature (Tg), long-range, cooperative 
motions of individual chains cannot occur; however, short-range motions involving 
several contiguous groups along the chain backbone or substituent group are possi-
ble. Such motions are called secondary-relaxation processes and can occur at tem-
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peratures as low as 70 K. By comparison, glass-transition temperatures vary from 
150 K for polymers with very flexible chains such as polydimethylsiloxane  

Si O

CH3

CH3  
to well over 600 K for those with highly rigid aromatic backbones such as the high-
modulus fiber poly[2,2'-(m-phenylene)-5,5'-bibenzimidazole] (PBI) (see Section 
10.2.1)  

N

N N

N
H H

 
with a Tg reported in the range from 700 to 773 K. 

Polymer chains with very regular structures, such as linear polyethylene and 
isotactic polypropylene, can be arranged in highly regular structures called crystal-
lites. Each crystallite consists of rows of folded chains. Since sufficient thermal en-
ergy is needed to provide the necessary molecular mobility for the chain-folding 
process, crystallization can occur only at temperatures above Tg. If the temperature 
is too high, chain folds become unstable and high thermal energy disorders the crys-
tallites—a crystalline–amorphous transition then occurs. The temperature that 
marks this transition is called the crystalline-melting temperature or Tm. Crystalline 
melting temperatures can vary from 334 K for simple, flexible-chain polyesters 
such as polycaprolactone  

(CH2)5 C O

O

 
to over 675 K for aromatic polyamides such as poly(m-phenylene isophthalamide) 
(Nomex)  

HN NH C

O

C

O

. 
As an approximate rule of thumb, Tg is one-half to two-thirds of Tm expressed in 
absolute temperature (Kelvins). The glass-transition and crystalline-melting temper-
atures can be determined by a wide range of techniques including measurement of 
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volume (dilatometry), specific heat (calorimetry), and mechanical properties, par-
ticularly modulus (e.g., dynamic mechanical analysis), as discussed in Chapter 4. 

SUGGESTED READING 

Furukawa, F., Inventing Polymer Science: Staudinger, Carothers, and the Emergence of 
Macromolecular Chemistry. 1998, Philadelphia: University of Pennsylvania Press. 

Harris, F. W., Introduction to Polymer Chemistry. Journal of Chemical Engineering, 1981. 
58: p. 837. 

Hermes, M. E., Enough for One Lifetime: Wallace Carothers, Inventor of Nylon. 1996, 
Washington, DC, and Philadelphia: American Chemical Society and Chemical Heritage 
Foundation. 

Mandelkern, L., An Introduction to Macromolecules. 1983, New York: Springer-Verlag. 
Mark, H. F., Polymer Chemistry: The Past 100 Years. Chemical Engineering News, April 6, 

1976, p. 176. 
Morawetz, H., Polymers: The Origins and Growth of a Science. 1985, New York: John 

Wiley & Sons. 
Ober, C. K., S. Z. D. Cheng, P. T. Hammond, M. Muthukumar, E. Reichmanic, K. L. 

Wooley, and T. P. Lodge, Research in Macromolecular Science: Challenges and Op-
portunities for the Next Decade. Macromolecules, 2009. 42(2): p. 465. 

Rogošic, M., H. J. Mencer, and Z. Gomzi, Polydispersity Index and Molecular Weight Dis-
tributions of Polymers. European Polymer Journal, 1996. 31(11): p. 1337. 

Schnöll-Bitai, I., A Comparative Study of the Properties of Different Distribution Curves. 
Macromolecular Chemistry and Physics, 2002. 203: p. 1754. 

Seymour, R. B., Polymer Science Before and After 1899: Notable Developments During the 
Lifetime of Maurits Dekker. Journal of Macromolecular Science—Chemistry, 1989. 
A26(8): p. 1023. 

Seymour, R. B., and C.  E. Carraher, Giant Molecules. 1990, New York: John Wiley & 
Sons. 

Stepto, R., K. Horie, T. Kitayama, and A. Abe, Mission and Challenges of Polymer Science 
and Technology. Pure and Applied Chemistry, 2003. 75(10): p. 1359. 

Tonelli, A. E., and M. Srinivasarao, Polymers from the Inside Out. 2001, New York: John 
Wiley & Sons. 

Ward, T. C., Molecular Weight Distributions in Synthetic Polymers. Journal of Chemical 
Education. 1981. 58(11): p. 867. 

PROBLEMS 
1.1 A polymer sample combines five different molecular-weight fractions of equal weight. 
The molecular weights of these fractions increase from 20,000 to 100,000 in increments of 
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20,000. Calculate n ,M w ,M and z .M Based upon these results, comment on whether this 
sample has a broad or narrow molecular-weight distribution compared to typical commercial 
polymer samples. 

1.2 A 50-g polymer sample was fractionated into six samples of different weights given in 
the table below. The viscosity-average molecular weight, v ,M of each was determined and 
is included in the table. Estimate the number-average and weight-average molecular weights 
of the original sample. For these calculations, assume that the molecular-weight distribution 
of each fraction is extremely narrow and can be considered to be monodisperse. Would you 
classify the molecular-weight distribution of the original sample as narrow or broad? 

Fraction Weight (g) 
vM  

1 1.0 1500 
2 5.0 35,000 
3 21.0 75,000 
4 15.0 150,000 
5 6.5 400,000 
6 1.5 850,000 

1.3 The Schultz–Zimm [11] molecular-weight-distribution function can be written as 

� � � � � �
1

exp
1

b
baW M M aM

b




� �
 


 

where a and b are adjustable parameters (b is a positive real number) and  is the gamma 
function (see Appendix E) that is used to normalize the weight fraction. 

(a) Using this relationship, obtain expressions for nM  and wM  in terms of a and b and an 
expression for max ,M  the molecular weight at the peak of the W(M) curve, in terms of n .M   

(b) Derive an expression for Mmax, the molecular weight at the peak of the W(M) curve, in 
terms of n .M  
(c) Show how the value of b affects the molecular-weight distribution by graphing W(M) 
versus M on the same plot for b = 0.1, 1, and 10 given that n 10,000M �  for the three dis-
tributions. 

� � � � 1 1

0
Hint: exp 1 !  (if  is a positive integer).n n nx ax dx n a n a n

� 
 
� �  
 �	  
1.4 The following requested calculations refer to Examples 1.1, 1.2, and 1.3 in the text: 

(a) Calculate the z-average molecular weight, z ,M  of the discrete molecular weight distri-
bution described in Example 1.1. 

(b) Calculate the z-average molecular weight, z ,M  of the continuous molecular-weight dis-
tribution shown in Example 1.2. 
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(c) Obtain an expression for the z-average degree of polymerization, ,zX for the Flory dis-
tribution described in Example 1.3. 
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chemical structure of, 343
graft copolymerization using ATRP of, 61
as natural and abundant biopolymer, 76
polysaccharides, 342
preparing cellulose acetate from, 76

Cellulose diacetate (CA)
intrinsic viscosity measurements, 140–143
low-angle laser light scattering of, 139–140
preparing from cellulose, 76
properties of, 347

Cellulose nitrate development, 2
Cellulose triacetate (CTA), 349–350
Cellulosics, 347, 349–350
CG (coarse-grained) simulations, 582–583, 587–588
Chain dimensions, polymer conformation, 102–109
Chain entanglements, 154–156, 202
Chain expansion factor, 108
Chain flexibility, 177
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Chain scission reactions, polymer degradation, 
263–265

Chain transfer, cationic polymerization, 52
Chain-growth polymerization

chain-extension reaction in, 25
controlled radical polymerizations, 57–64
coordination polymerization, 53–57
free-radical copolymerization, 43–49
free-radical polymerization, 32–43
free-radical polymerization kinetics, 28
ionic copolymerization, 53
ionic polymerization, 49–52
overview of, 31–32

Chain-transfer agent
bulk polymerization, 64–65
free-radical polymerization kinetics, 40–41
suspension polymerization, 66

Chain-transfer coefficient, 40
Characteristic pressure for mixture, Flory equation 

of state theory, 121
Characteristic ratios, 108
Characteristic temperature for mixture, Flory equa-

tion of state theory, 121
Charpy tests, 185, 198
Chemical blowing agents (CBAs), 292–293
Chemical modification, reactions of polymers, 74–75
Chemical structure determination

nuclear magnetic resonance spectroscopy, 89–92
overview of, 86
structure–property relationships, 177–179
and thermal transitions, 20–22
vibrational spectroscopy, 86–89

Chitin, 343–344
Chitosan, 343
Chlor-alkali cell, caustic production, 504–505
Chlorination, commercial PVC, 370
Chloromethylation, polystyrene, 74
4-chlorostyrene, 44–49
Cholesteric state, liquid-crystal structures, 425
cis-polyacetylene, 427
Classification of polymers

mechanism of polymerization, 4–7
polymer structure, 7–8
thermoplastics and thermosets, 3–4

Click chemistry, 74, 79–80
Clot (thrombus) formation, artificial organs, 533
Cloud-point curve, polymer blends, 295–296
Clusters, ionic polymers, 421
CNF (carbon nanofiber), 319
CNTs (carbon nanotubes), 319, 323–324
Coarse-grained (CG) simulations, 582–583, 587–588
Coated asymmetric membranes, 521–523
Coating, 445–446
Cohesive energy density (CED), solubility parame-

ter, 127–129, 593–594

Cold drawing, stress/strain testing, 192
Colorants, as additives, 291–292
Combinatorial (entropy) term, UNIFAC-FV, 566–568
Commercial blends, 300–301
Commodity thermoplastics

as largest share of market, 361
overview of, 362
polyolefins, 362–367
thermoplastic polyesters, 372–374
vinyl polymers, 367–372

Common names, nomenclature for polymers, 14
Comonomer distribution, 90
COMPASS force field, 587, 592–593
Compatibilizers, as additives, 293
Composite membranes, 521–523
Composites

benefits of, 282
dynamic-mechanical properties, 314–316
fabrication of, 316–317
filament winding in fabrication of, 317–318
interfacial adhesion and coupling agents, 

313–314
modulus of, 311–312
overview of, 310–311
pultrusion in fabrication of, 317–318
strength of, 312–313
suggested reading, 327

Compressibility coefficient, Flory equation of state 
theory, 119

Compression
molding, 438
processing composites, 310
as section of extruders, 436–437
testing mechanical properties, 190–191

Condensation polymers
nomenclature rules, 13–14
overview of, 6–7
RIM suited only for, 442
step growth polymerization of, 7, 26–27

Conductive polymers, 427–429, 533–535
Cone-and-plate rheometer, 475
Configuration

of polymer chain, 102
stereochemical/geometrical arrangement of 

atoms, 9–11
Conformation and chain dimensions

overview of, 102–109
references, 150
review problems, 146–150
suggested reading, 146

Connectivity indices, 575–576
Consistency, power-law index and, 461–462
Constitutive equations, 456–457, 461–468
Continuity equations

defined, 462
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for incompressible fluids, 463
polymer processing, 486–487

Controlled drug delivery (release), 527–530
Controlled living radical polymerizations (CRP), 51, 

58, 73
Controlled radical polymerizations

atom transfer radical polymerization, 59–61
miniemulsion techniques of, 69
nitroxide-mediated polymerization, 58–59
overview of, 57–58
RAFT polymerization, 61–64

Conversion factors, 632
Coordination polymerization

metallocene polymerizations, 56–57
overview of, 53–56
for polyethylene with reduced branching, 364–365

Copolyesters, thermoplastic, 386
Copolymerization

free-radical, 43–49
ionic, 53

Copolymers
in low-density polyethylene production, 363–364
overview of, 9
possible structures of, 9–10
scheme for naming, 15
of vinyl chloride, 369–371

Copper halide, 60
Copper-catalyzed Huisgen Cu(I) 1,3-dipolar cyclo-

addition, 79
Correlations and simulations

group-contribution. See Group-contribution 
methods

molecular simulation applications. See Molecular 
simulation applications

molecular simulations. See Molecular 
simulations

overview of, 553–554
references, 612–616
review problems, 612
suggested reading, 611–612
topological indices and Bicerano’s method, 

574–581
Cotton, 346–347
Couette rheometer, 472–474
Coulombic expression, 586–587
Coupling agents, composites, 313–314
Cox–Merz rule, 230
Cp2MX2 (cyclopentadienyl ligands), as metallocene 

catalysts, 57
CPDB (2-cyanoprop-2-yl dithiobenzoate), 62–63
CPK (space-filling) representation

of PVC chain, 11–12
of PVT simulation, 592

CPK (space-filling) representation, PVT simula- 
tion, 592

Cracking, solvent, 269–270
Crankshaft rotation model, 158
Crazing, 183–184, 269–270
Creep resistance, acetal, 405
Creep tests

Maxwell model and, 222
overview of, 185
time-temperature superposition, 242–245
transient tests of mechanical properties, 195–196
Voigt model and, 225

Critical concentration regions, solution viscosity, 
452–455

Critical micelle concentration, emulsions, 67
Critical molecular weight (Mc), 154–155
Critical point, phase equilibria, 124
CROP (cationic ring-opening polymerization), 51–52
Cross coupling, molecular force fields, 585–586
Cross talk, dielectrics, 541
Crosslinks

effect on glass-transition temperature, 182
hydrogels, 80
of polystyrene, 369
rubber elasticity and, 254
unsaturated polyesters, 387–388

Cross-terms, molecular force fields, 585
CRP (controlled living radical polymerizations), 51, 

58, 73
Cryogenic separation, 498
Crystalline kinetics, 164–165
Crystalline polyoxymethylene, 70
Crystalline state

crystalline kinetics, 164–165
crystalline-melting temperature, 163–164
ordering of polymer chains, 159–162
overview of, 159
techniques for determining crystallinity, 165–167

Crystalline-melting temperature (Tm)
crystalline state and, 160
heat-distortion temperature, 176–177
overview of, 163–164
structure–property relationships, 177–179
thermal transitions and, 21–22, 161

Crystallinity
isotactic polypropylene, 54
low-density polyethylene, 53
Raman spectroscopy studying, 89
suggested reading, 202
of tactic polymers, 11
using FTIR to follow development of, 87–88

Crystallites, thermal transitions and, 21
CTA (cellulose triacetate), 349–350
CTFE (polychlorotrifluoroethylene), 377, 411–412
Cull, transfer molding process, 438–439
Curing agents, as additives, 291–292
CVFF force field, 587
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Cyclic tests. See Fatigue tests
Cycloalkene, 82
Cyclohexane, 131–132
Cyclopentadienyl ligands (Cp2MX2), as metallocene 

catalysts, 57
Cyclopentene, ring-opening metathesis of, 82
Cylindrical coordinates

equations for, 487
expressing elastic response, 458
polymer rheology, 447
using Couette rheometer, 473–474

D
D (diffusion coefficient), estimating permeability, 

605–610
de Gennes, Pierre-Gilles, 156
Debye, Peter, 237
Debye equation, 139–140
Definite integrals, 635
Deformation mechanisms

crazing, 183–185
dynamic, 212–213
elastic recovery of solutions after shear,  

457–460
overview of, 183
shear banding, 184
testing compression or shear strain, 190–191
testing stress or strain, 186–190

Degradation of polymers
additives for preventing, 288
biodegradation, 275–278
chain scission reactions, 263–265
environmental strategies for managing plastics, 

272–273
hydrolytic effects, 269–271
incineration of plastics, 274
mechanodegradation, 272
non-chain scission reactions, 265–266
overview of, 261
oxidative and UV stability, 267–269
radiation effects, 271–272
recycling plastics, 273–274
references, 279–280
solvent crazing and cracking, 269–270
stability and, 262
strategies for thermal stability, 266–267
suggested reading, 279
thermal degradation, 262–263

Degree of polymerization, as molecular weight, 29
Dehydrohalogenation, in degradation, 265
Delaunay tessellation, free volume, 610–611
Dendrimers

defined, 430
in polymeric nanomedicines, 527–528
as specialty plastics, 430–431

Density
crystallinity measures, 165–166
polymerization in ionic liquids and, 73

Density functional theory (DFT), 581, 584
Deoxyribonucleic acid (DNA), 336–339
Depolymerization

chain scission reactions in degradation, 263–264
thermodynamics of free-radical polymerization, 

41–42
Derivatives

mathematical functions of, 634
preparing polymer, 76–77

Detector, gel-permeation chromatography, 144
Determination of interaction, 125–126
Devolatilization process, extrusion, 437
DFT (density functional theory), 581, 584
Dialysis, 505, 533
Die

extrusion operations, 436–437
flow through capillary, 465
injection molding process, 440–441
modeling extrusion process, 477–479
modeling wire coating process, 482–485

Die swell, elastic response, 457–460
Dielectrics

analysis, 237–239
overview of, 541
relaxational strength, 235
suggested reading, 255

Diels-Alder diene + olefin cycloaddition reaction, 79
Diene elastomers

butadiene-based elastomers, 376–377
metathesis elastomers, 377
polychloroprene, 377
polyisoprene, 377
polymerization of, 374–376
vulcanization, 377–379

Differential refractometer, gel-permeation chroma-
tography, 144

Differential scanning calorimetry (DSC), 170, 
174–176

Diffusion coefficient (D), estimating permeability, 
605–610

Diffusion control, of drug release, 529
Diffusivity, solution-diffusion transport, 509–515
Diisocyanates, 381–383
Dilatometry, 169, 172–174
Dilute polymer solution, Flory–Krigbaum theory, 

116–117
Dimethyl terephthalate (DMT), 273
Dipolar correlation function, 598–599
Dissociation of initiator, 32, 37–39
Dissociation rate constants, free-radical polymeriza-

tion, 32–33
Dissolving power, supercritical fluids, 71
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Dissymmetry method, molecular weight, 138–139
Distribution, molecular weight, 15–16
DMT (dimethyl terephthalate), 273
DNA

in conjugated polymeric nanomedicines, 527–528
in gene therapy, 530–531
using genetically engineered protein-like 

polymers, 85
Double extrapolation, Zimm plot, 137–138
Drag flow

axial annular Couette flow, 467–468
extrusion process, 477–482
plane Couette flow, 467
wire coating process, 484–485

Drag reduction, polymer rheology, 460–461
Draw stress, 192
DREIDING force field, 587
Drug conjugates, polymeric nanomedicines, 

527–528
Drug delivery, controlled, 527–530
Dry process, asymmetric-membrane formation, 520
Dry spinning, fibers, 355
DSC (differential scanning calorimetry), 170, 

174–176
Dual-mode model, solution-diffusion transport, 510–

511, 513
Dynamic calorimetry, 239–242
Dynamic deformation, 212–213
Dynamic equations

defined, 462
flow through capillary, 464–465
plane Couette flow, 467
polymer processing, 486–487
solution to flow problems, 462–464
wire coating, 485

Dynamic viscosity, 230
Dynamic-mechanical analysis, viscoelasticity

activation energies, 220–221
experimental techniques, 213–214
forced-vibration methods, 218–220
free-vibration methods, 214–218
theory, 208–212
work in dynamic deformation, 212–213

Dynamic-mechanical properties, composites, 314–316
Dynamic-mechanical spectroscopy, 255

E
Eccentric rotating-disk (ERD), 231–232
Ehrenfest second-order transition, 169
Einstein coefficient, viscosity of suspensions, 455
Ejector pin, transfer molding, 438–439
Elastic properties of polymeric fluids, 457–460
Elastin, 344–345
Elastomers. See also Rubber elasticity

birth of polymer science, 2

from copolymers of TFE/perfluoroalkyl vinyl 
ethers, 412

diene, 375–379
graft copolymers as, 9
naturally occuring, 344–346
nondiene, 379–384
obtained from metathesis, 81–82
overview of, 374–375
principle feature of, 361–362
references, 395
review problems, 394
RIM-produced polyurethane used for, 442
suggested reading, 394
suitable polymers for, 1
thermoplastic, 384–386

Electrically conductive polymers, 533–535
Electrodialysis, 504–505
Electromagnetic interference (EMI) shielding, 540
Electron acceptors, OPV solar cells, 538–539
Electron beams, radiation effects on polymers, 

271–272
Electron spectroscopy for chemical analysis  

(ESCA), 70
Electron-donating monomers, polymerizing by 

catonic pathway, 31–32
Electronic encapsulation, 541
Electronic shielding, 540
Electronics and energy applications

dielectrics, 541
electrically conductive polymers, 533–535
electronic encapsulation, 541
electronic shielding, 540
organic photovoltaic polymers, 537–540
overview of, 533
polymeric batteries, 535–537
review problems, 550
suggested reading, 547–549

Electron-withdrawing monomers, 31
Electro-osmosis, 505
Electrospinning, fibers, 357–358
EMI (electromagnetic interference) shielding, 540
Emissions, burning plastic, 274
Emulsion polymerizations, 67–69
Encapsulation, electronic, 541
Endurance limits, fatigue tests, 199
Energy, laws of thermodynamics and, 248–251
Energy equations, 462
Engineering plastics

ABS, 401–402
acetal, 405–406
engineering polyesters, 409–410
fluoropolymers, 411–412
modified poly(phenylene oxide), 404–405
polyamides, 399–401
polycarbonates, 402–403
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Engineering plastics (continued)
poly(p-phenylene sulfide) (PPS), 408–409
polysulfones, 406–408
properties of important, 398
references, 433–434
review problems, 433
specialty plastics vs., 397–398
suggested reading, 431–432

Engineering polyesters, 409–410
Engineering shear stress, 190
Engineering strain, 186
Engineering stress, 186
Ensembles, molecular simulations, 590–591
Entanglements

effect of shear on, 449–450
solution viscosity, 454–455

Enthalpy of mixing, Flory–Huggins theory, 114–115
Entropy, laws of thermodynamics and, 248–251
Entropy of mixing, 111–115
Environment

agents impacting polymers, 262
biodegradation, 275–278
green chemistry and hazards of, 86
incineration of plastics, 274
recycling plastics, 273–274
strategies for managing plastics, 272–273

EOS. See Equation of state (EOS), Flory
Epoxies

cure of, 387–388
overview of, 386–387
producing using RIM, 442
as thermosets, 4

EPS (expandable PS), 367
Equation of state (EOS), Flory

Flory–Huggins theory, 297–298
interaction parameter determination, 125–126
overview of, 118–122
predicting activity coefficients, 566, 570
thermodynamics of polymer solutions, 117–118

ERD (eccentric rotating-disk), 231–232
ESCA (electron spectroscopy for chemical  

analysis), 70
Ester interchange, step-growth polymers, 26
Esterification, step-growth polymers, 26
Ethylene

addition polymers derived from, 4–5
free-radical polymerization of, 53
gas-phase polymerization of, 69
in low-density polyethylene production, 363–364
polymerizing. See Polyethylene (PE)
and propylene (EPM/EPDM) rubber, 384
Unipol process for, 366

Euler’s identity, 210–211, 633
EVA (vinyl acetate), 363, 370–371
Evapomeation process, membranes, 502–503

EVOH (vinyl alcohol), 363
Exchange interaction parameter, Flory, 121
Excitons, OPV solar cells, 538
Excluded volume, real polymer chain bonds, 106–108
Expandable PS (EPS), 367
Explosives detection, chemical sensors, 546
External degrees of freedom, Flory EOS theory, 

118–119
External plasticization, 284–286
Extruder

extrusion blow-molding process, 443–444
extrusion operations, 436–437

Extrusion
blow-molding process, 443–444
defined, 436
modeling of, 476–482
process, 436–437

F
Fabrication of composites, 316–318
Facilitated and coupled transport, 515–516
Failure envelope, testing stress or strain, 193
Fast-scanning calorimetry (FSC), 176
Fatigue life, 199
Fatigue tests, 186, 199–200
Feed section, extruders, 436–437
FEP (fluorinated ethylene–propylene copolymer), 412
Fiberglass, 4, 310
Fibers

cellulosics, 349–350
in composite materials, 310
fiber-reinforced composites, 313
filler and reinforcer additives, 287–288
naturally occuring, 346–347
non-cellulosic, 350–354
overview of, 331–332, 346
references, 359–360
spinning, 354–358
suggested reading, 359
synthetic, 1–2, 347–348
U.S. production of synthetic, 2–3

Fiber-spinning operations
dry spinning, 355
electrospinning, 357–358
melt spinning, 354
wet spinning, 356–357

Fibroin, 347
Fick’s first law, 512–513
Filament winding, 310, 317–318
Fillers, as additives, 287–288
Filtration membranes, 495–498
Finite (van der Waals) volume, 106
First (or primary) normal-stress difference, 459
First-order transitions, thermodynamic relationships, 

167–169
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Flame retardants
as additives, 288, 290–291
improving polymer by adding, 74
strategies for thermal stability, 266

Flash
compression molding process, 438
rotational molding producing little/no, 444

Flexibility, chains, 177
Flory, Paul

equation of state theory. See Equation of state 
(EOS), Flory

Flory–Huggins theory. See Flory–Huggins theory
Fox–Flory parameters, 179–180
liquid-crystalline polymers and, 424

Flory constant, 143
Flory–Huggins theory

estimating activity of solvents, 566
membrane osmometry, 130
modified, 117
predicting activity coefficients, 567–568
predicting blend behavior, 296–298
solution-diffusion transport, 509–510
thermodynamics of polymer solutions, 110–115
weaknesses of, 116–118

Flory–Krigbaum theory, 116–117
Flowing afterglow plasma reactor, 70
Fluids

drag flow, 467–468
drag reduction, 460–461
elastic properties of polymeric, 457–460
generalized Newtonian fluid model, 448–450
melt instabilities, 460
modeling polymer-processing operations, 476–485
rheometry. See Rheometry
supercritical, 71
thixotropic vs. antithixotropic, 452

Fluorinated ethylene–propylene copolymer (FEP), 412
Fluoroelastomers, 380–381
Fluoropolymers, 411–412
Flux, asymmetric-membrane formation, 518–519
Force field parameterization, CG systems, 582, 

587–588
Force fields, molecular, 583–588
Forced-vibration methods, dynamic-mechanical 

analysis, 218–220
Formaldehyde resins

acetal, 405–406
aminoplasts, 391–393
overview of, 389–390
phenoplasts, 390–391

Fourier transform infrared (FTIR) spectroscopy, 
86–88

Fox equation, 181–182
Fox–Flory parameters, 179–180
Fractional monomer conversion, 29

Free radical polymerization, with step growth, 28
Free radicals, oxidative and UV stability, 268
Free volume, molecular simulation applications, 

610–611
Freely jointed chains, 102–105
Freely rotating chain models, 107–108
Free-radical copolymerization, 43–49
Free-radical polymerization

of commercial-grade PVC, 370
controlled. See Controlled radical 

polymerizations
of ethylene and polyethylene, 53–54
initiation step, 32–33
kinetics, 37–41
of low-density polyethylene, 364–365
overview of, 32
propagation step, 34
termination step, 34–37
thermodynamics of, 41–43
using bulk polymerization, 65

Free-vibration methods, dynamic-mechanical analy-
sis, 214–218

Free-volume contribution, predicting activity coeffi-
cients, 570, 573–574

FSC (fast-scanning calorimetry), 176
FTIR (Fourier transform infrared) spectroscopy, 86–88
Fuel cell membranes, 506–507
Functional group, macromers, 84

G
G (guanine), 337
Gage length (Lo), static testing, 186
Gamma function, 635
Gas permeability, predicting, 559–560
Gas sensors, conjugated polymers as, 546
Gas separations, polymeric membranes in, 498–501
Gas-phase polymerization, 69
Gaussian distribution, 102–103
Gauss’s flux theorem, 233
GCMC (Grand Canonical Monte Carlo) simulations, 

602–605
Gel effect, 65
Gel-permeation chromatography (GPC), 129–130, 

143–146
Gene therapy, 530–531
Generalized Newtonian fluid (GNF) model, 448–450
General-purpose styrenic polymers (GP-PS), 

367–369
Genetic engineering, 85–86
Geometric isomerism, 12–13
Geometric series, 635
Geometrical arrangement of atoms, conformation, 9
Gibbs free energy (G)

first derivative applied to thermal properties, 
167–168
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Gibbs free energy (G) (continued)
of mixing, 112, 122–125
polymer blends and, 294
second derivative applied to thermal properties, 

169–170
Glass-transition temperature (Tg)

crystalline state and, 160
defined, 154
heat-distortion temperature, 176–177
molecular simulation applications, 594–595
molecular weight, composition, pressure and, 

179–182
overview of, 20–21
predicting by group contributions, 558–559
of sample amorphous polymers, 158
structure–property relationships and, 157, 

177–179
suggested reading, 202
thermal transitions of semicrystalline poly- 

mers, 161
views of, 156–157

Glassy domains, SBS elastomers, 385–386
Glycogen, 341–342
Glyptal, 2
GNF (generalized Newtonian fluid) model, 448–450
Goodyear, Charles, 2
Gordon–Taylor equation, 283–284
Gossamer Albatross aircraft, 26
Gough–Joule effect, 248
GPC (gel-permeation chromatography), 129–130, 

143–146
GP-PS (general-purpose styrenic polymers), 367–369
γ-radiation, 271–272
Gradient IPNs, 306
Graft copolymers, 9, 61, 70
Graft polymerization, 84
Graham, Thomas, 498
Grand Canonical Monte Carlo (GCMC) simulations, 

602–605
Grand canonical (µVT) ensemble, molecular simula-

tions, 591
Graphene, 324–325
Green chemistry, 86
Group-contribution methods

activity coefficients, 566–574
glass-transition temperature, 558–559
overview of, 554
permeability, 559–562
predicting polymer properties with, 553–554
solubility parameter, 562–565
volumetric properties, 554–558

Group-interaction parameters, UNIFAC, 569–570
Group-transfer polymerization (GTP), 83–84
GTP (group-transfer polymerization), 83–84
Guanine (G), 337

Guar, as drag-reducing agent, 461
Guth–Smallwood equation, 253

H
Hagen–Poiseuille equation, 465
Halogen atom transfer promoter, 60
Halpin–Tsai equation, 311–312
HALS (hindered-amine light stabilizers), 405
HDPE. See High-density polyethylene (HDPE)
HDT. See Heat-distortion temperature (HDT)
Head-to-head monomer placement, 34, 90
Head-to-tail monomer placement, 34, 90
Heat capacity, thermal conductivity, 65
Heat dissipation, in bulk polymerization, 65
Heat distortion modifiers, as additives, 292

Hp), 42–43
Heat-distortion temperature (HDT)

heat distortion modifiers, 292
measuring thermal transitions, 176–177
polymerizing polycarbonates, 403
PPO, 404
properties of blends, 303

Heating rate, effect on Tg, 182
Helium–neon (He-Ne) lasers, light scattering instru-

ments, 139–140
Helmholtz free energy, 252
Henry’s law, solution–diffusion transport,  

509–511, 513
Heterochain polymers, backbone structure of, 8
Heteropolymers, proteins as, 332
Hevea rubber

as natural elastomer, 346
as natural occuring polymer, 1
synthetic rubber and short supply of, 2
vulcanization of, 377–379

High-impact polymers, 9
High monomer conversion, 29–30
High monomer purity, 30
High reaction yield, 29–30
High yield, of bulk polymerization, 64–65
High-density polyethylene (HDPE)

commercial applications, 366
development of, 54–55
polypropylene vs., 367
properties, 362–363

High-impact polystyrene (HIPS)
overview of, 302–303
production of, 369
properties of, 367

High-molecular-weight polymers, 25
High-performance fibers, 429–430
Hindered-amine light stabilizers (HALS), 405
HIPS (high-impact polystyrene), 302–303, 369
Hollow-fiber modules, 524
Homochain polymers, 7–8
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Hooke’s law
applied to strain rate of elastic spring, 221
determining mechanical properties, 600–602
dynamic-mechanical analysis and, 210
shear deformation, 190
stress and strain in tensile deformation, 188

Huggins equation, 141
Huggins, Maurice. See Flory–Huggins theory
Hyatt, John Wesley, 440, 443
Hydrogels, controlled drug release, 529
Hydrolysis, 262, 269–271
Hydroxyl groups, 76
Hyper-filtration membranes, 497–498

I
IGC (inverse gas chromatography), 125–126
Immiscibility, polymer blends and, 296–297
Impact modifiers, as additives, 292
Impact tests, 186, 198–199
Incineration of plastics, 274
Indefinite integrals, 634
Infrared spectroscopy, 86–89
Iniferters, 58
Initiation step

anionic polymerization, 49–50
free-radical polymerization, 32–33
free-radical polymerization kinetics, 37–39

Initiators
anionic polymerization, 49–50
bulk polymerization, 64–65
controlled “living” radical polymerization, 58
emulsion polymerization water-soluble, 67–69
free-radical, 32–33
group-transfer polymerization, 83
RAFT polymerization, 63
solution polymerization, 66
suspension polymerization, 66

Injection blow-molding process, 443
Injection molding, 438, 440–441, 452
Inorganic photovoltaic (IPV) solar cells, 537–538
Instantaneous copolymerization equation, 44
Instrumentation

gel-permeation chromatography, 143–144
He-Ne lasers in light scattering, 139–140
light-scattering, 136–137

Interaction parameter
determination of, 125–126
Flory, 115–116
Flory exchange, 121

Interfacial adhesion, composites, 313–314
Internal degrees of freedom, Flory EOS theory, 

118–119
Internal plasticization, 284
Internal rotational angle, real polymer chain bonds, 

105–106

International Union of Pure and Applied Chemistry 
(IUPAC), 14–15

Interpenetrating polymer networks (IPNs), 304–306, 
326–327

Intrinsic viscosity measurements, molecular-weight 
determination, 140–143

Inverse emulsion polymerization, 69
Inverse gas chromatography (IGC), 125–126
Inverse rule of mixtures, 181
Ion-exchange resins, 75
Ionic addition, 28
Ionic copolymerization, 53
Ionic liquids, 72–73
Ionic polymerization

anionic polymerization, 49–51
cationic polymerization, 51–52
overview of, 49

Ionic polymers, as specialty plastics, 421–422
Ionization, radiation effects on polymers, 271–272
Ionomers, 421–422
IPNs (interpenetrating polymer networks), 304–306, 

326–327
i-PP (isotactic polypropylene), 54–55, 367–368
i-PS (isotactic PS), 368
IPV (inorganic photovoltaic) solar cells, 537–538
IR analysis, FTIR spectroscopy, 87
Isobutylene polymerization, 51
Isocyanates, elastomeric polyurethane, 381
Isoentropic state, glass transition, 157
Isofree volume, glass transition, 157
Isomeric forms, 12–13
Isotactic polymers, 10–13
Isotactic polypropylene (i-PP), 54–55, 367–368
Isotactic PS (i-PS), 368
Isothermal compressibility coefficient (β), 170–172
Isothermal flow, wire coating, 484–485
Isothermal-isobaric (NPT) dynamics

defined, 591
glass-transition temperature, 594–595
PVT simulation, 591–593

Isoviscous state, glass transition, 156–157
Italicized connective terms, naming copolymers, 15
IUPAC (International Union of Pure and Applied 

Chemistry), 14–15
Izod tests, 185, 198–199

K
K2SO4 (persulfate-ferrous) redox initiator, 67
Kapton (DuPont), 413–414
Kel (or CTFE), 377, 411–412
Kelley–Bueche equation, 180–181
Keratin, in naturally occuring fibers, 347
Kidney dialysis, 533
Kinetics

crystalline, 164–165

FriedIndex.indd   647



648 Index

Kinetics (continued)
free-radical emulsion polymerization, 68–69
free-radical polymerization, 28, 37–41
step-growth polymerization, 30–31

Knudsen flow, 508–509
Knudsen number, 508

L
Ladder polymers, 418
LALLS (low-angle laser light scattering), 139–140
Lamé constants, 601–602
Lamellae, 159, 164
L-amino acids, 332–335
Langmuir-type hole-filling, solution-diffusion trans-

port, 510–513
Laplace transforms, 247, 636
Latex, 455
Lattice model

Flory–Huggins theory, 110–116
modified Flory–Huggins, 117
weaknesses of, 117–118

LCP (liquid-crystalline polymers), 424–426
LCST (lower critical solution temperature), 125, 

294–297
LDPE. See Low-density polyethylene (LDPE)
LEDs (light-emitting diodes), 543–544
Lennard-Jones model, 506–508, 511
Letters, nomenclature system, 13–15
Lewis acid, 51, 55
Lewis–Randall law, 112
Light-emitting diodes (LEDs), 543–544
Light-scattering measurements

determining molecular-weight with, 17, 134–147
dissymmetry method of, 138–139
low-angle laser light scattering method of, 

139–140
Zimm plot for, 137–138

Limiting-property relationships, 179–180
Liquid separation membranes, 502–504
Liquid-crystalline polymers (LCP), 424–426
Liquid–liquid equilibrium (LLE), predicting, 566
Lithium-polymer batteries, 535–537
Living cationic polymerization, 52
Living polymerization, 49–51
LLDPE (low-pressure, low-density PE), 366
LLE (liquid-liquid equilibrium), predicting, 566
Log decrement, dynamic-mechanical analysis, 

215–216
Logarithmic rule of mixtures, 182
Low-angle laser light scattering (LALLS), 139–140
Low-density polyethylene (LDPE)

commercial applications, 363
development of, 53
LLDPE advantages over, 366
production of, 363–366

properties of, 362–363
Lower critical solution temperature (LCST), 125, 

294–297
Low-pressure, low-density PE (LLDPE), 366
Low-pressure, low-density polyethylene  

(LLDPE), 366
Lubricants, as additives, 291–292
Lyotropic polymers, 424

M
Macromers, 84
Magic-angle spinning (MAS) NMR, 91
MAO (methylaluminoxane), 55–56
Market forecasting, using ANNs, 579
Mark–Houwink constants, GPC universal calibra-

tion, 145–146
Mark–Houwink-Sakurada equation, 140
MARTINI force field, 587–588
MAS (magic-angle spinning) NMR, 91
Mastication, mechanodegradation, 272
Mathematical relationships

definite integrals, 635
derivatives, 634
Euler’s identity, 633
gamma function, 635
geometric series, 635
indefinite integrals, 634
Laplace transforms, 636
quadratic equation, 633
Taylor series, 635
trigonometric functions, 633

Maxwell elements
limitations of simple Maxwell model, 225–226
Maxwell–Wiechert multielement modeling, 

226–228
modeling viscoelastic behavior, 221–224
relaxation and retardation spectra, 228–229

MC. See Monte Carlo (MC) simulations
MCMC (Monte Carlo Markov chain) method, 582
MD. See Molecular dynamics (MD)
MD_REACT force field, 587
MDMO-PPV/fullerene BHV, 538–539
Mean free path, through porous media, 508
Mean-square end-to-end distance

calculating for polymer chain, 103–104
light-scattering measurements, 136
in real polymer chain bonds, 104–105

Mean-square radius of gyration, light-scattering, 136
Measurement techniques, thermal transitions

calorimetry, 174–176
dilatometry, 172–174
heat-distortion temperature, 176–177
overview of, 172

Mechanical models, viscoelastic behavior
Maxwell model, 221–224
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multi-element models, 226–228
overview of, 221
relaxation and retardation spectra, 228–230
simple models, 225–226
Voigt model, 225

Mechanical properties
commercial polymers, 626
composites, 311–312
creep tests, 195–196
fatigue testing, 199–200
impact testing, 198–199
mechanisms of deformation, 183–185
molecular simulation applications, 600–602
static testing, 186
stress-relaxation measurement, 196–198
stress-strain behavior curves, 191–194
suggested reading, 202–203
testing compression or shear strain, 190–191
testing methods overview, 185
testing stress or strain, 186–190
transient testing, 194–197

Mechanodegradation, 272
Mediating nitroxides, 59
Medical applications. See Biomedical engineering 

and drug delivery
Melamine–formaldehyde (MF) resins, 389–393
Melt fracture, 460
Melt index, LDPE, 364
Melt instabilities, polymer rheology, 460
Melt spinning, fibers, 354
Melts, rheometry of polymer, 475–476
Membrane osmometry, 17, 130–133
Membrane preparation

asymmetric-membrane formation, 518–521
coated asymmetric and composite membranes, 

521–523
microporous membranes, 517–518
module fabrication, 523–526
overview of, 517

Membrane science and technology
mechanisms of transport. See Transport 

mechanisms
membrane preparation. See Membrane 

preparation
membrane separations. See Membrane 

separations
overview of, 494
review problems, 550
suggested reading, 547–549

Membrane separations
barrier polymers, 494–495
filtration, 495–498
fuel cells, 506–507
gas separations, 498–501
liquid separations, 502–504

mechanisms of transport. See Transport 
mechanisms

other separations, 504–505
Merrifield synthesis of proteins, 74
Mesogens, liquid-crystalline polymers, 424–425
Metallocene polymerizations

coordination polymerization using, 56–57
of ethylene, 365–366
syndiotactic polypropylene (s-PP), 367

Metals, conductivity of polymers and, 534
Metastable region, phase equilibria, 123
Metathesis elastomers, 377
Metathesis polymerization, 427
Metathesis reactions, 81–82
Metering section, extruders, 436–437, 476–482
(Meth)acrylates, 59–61
Methacrylic acid, 363–364, 421–422
Methanol crossover, fuel cell membranes, 506
Methyl methacrylate

as chain-transfer constant, 41
group-transfer polymerization of, 83–84
heat of polymerization and ceiling tempera-

tures, 43
pathways of, 32

Methylaluminoxane (MAO), 55–56
Metropolis algorithm, 582, 602–605
MF (melamine–formaldehyde) resins, 389–393, 

524
Micelles, 67–69, 527–528
Microcanonical ensemble, molecular simulations, 

590–591
Microfiltration membranes, 496–498
Microporous membranes

for composite membranes, 522–523
overview of, 517–518
thermally induced phase separation of, 521

Microscopy, 200–201
Miniemulsion polymerization, 69
Miscibility

and phase equlibria, 122–125
of polymer blends, 300–301

Mixtures, Flory EOS theory for, 120–121
MMT (Montmorillonite), 319–322
Modeling of polymer-processing operations

extrusion, 476–482
wire coating, 482–485

Models. See Mechanical models, viscoelastic 
behavior

Modified Flory–Huggins, 117
Modified poly(phenylene oxide), 404–405
Module fabrication, 523–526
Modulus, 301, 311–312
Moisture. See Hydrolysis
Molar attraction constants, solubility parameters, 

562–564

FriedIndex.indd   649 5/1/14   10:26 AM



650 Index

Molar energy of vaporization of pure liquid (DEv), 
127–129

Molar Gibbs free energy, 112
Molar volume of liquid (Vi), 127–128
Molar-mass dispersity (DM), 17–20
Molding

blow, 443–444
compression, 438
defined, 436
grades of PET, 373–374
injection, 440–441
reaction injection molding (RIM), 441–443
rotational, 444
thermoforming, 443
transfer, 438–439

Mole fraction of monomer, free-radical copolymer-
ization, 46–48

Molecular dynamics (MD)
cohesive energy density from, 593–594
early applications of, 581–582
molecular mechanics force fields in, 583–588
Monte Carlo methods of, 588–591
obtaining permeability coefficient, 605–610
overview of, 581
velocity autocorrelation function in, 597

Molecular mechanics force fields, 583–588
Molecular sieving, through porous media, 508–509
Molecular simulation applications

cohesive energy density and solubility parame-
ter, 593–594

free volume, 610–611
glass-transition temperature, 594–595
mechanical properties, 600–602
overview of, 591
pair correlations, 595–597
permeability, 605–610
PVT simulation, 591–593
scattering functions, 599–600
sorption isotherms, 602–605
time-correlation coefficients, 597–599

Molecular simulations
CG force fields, 587–588
molecular dynamics and Monte Carlo methods, 

588–591
molecular mechanics force fields, 583–588
Monte Carlo simulations, 582–583
overview of, 581–582
predicting polymer properties, 554
reactive force fields, 587

Molecular weight
in anionic polymerization, 50
critical, 154–155
determining, 15–20
effect on Tg, 179–180
of epoxies, 386–387

of isotactic polypropylene, 367–368
of low-density polyethylene, 364
polymer viscosity and increasing, 450
RAFT polymerization and, 63–64
references, 150
in step-growth polymerization, 28–29
ultrahigh-molecular-weight PE, 366

Molecular weight, measurement
gel-permeation chromatography, 143–146
intrinsic viscosity, 140–143
light-scattering, 134–140
osmometry, 130–133
overview of, 129–130
review problems, 146–150
suggested reading, 146
vapor-pressure osmometry, 133–134

Monoethylolphenol, phenolic resins, 390
Monomers

of copolymers, 9–10
macromers as macromolecular, 84
in polymer synthesis. See Polymer synthesis

Monte Carlo Markov chain (MCMC) method, 582
Monte Carlo (MC) simulations

introduction to, 581
molecular dynamics and, 588–591
molecular dynamics vs., 597
molecular mechanics force fields in, 583–588
obtaining permeability coefficient, 605
obtaining sorption isotherms, 602–605
overview of, 582

Montmorillonite (MMT), 319–322
Mooney–Rivlin equation, rubber elasticity, 253–255
Multi-element models, viscoelastic behavior, 

226–228
Multi-impression molds, 440–441
Multiplets, ionic polymers, 421

N
Nafion perfluorinated ionomer, 422, 516–517
Nanocomposites

buckyballs, 322–323
carbon nanotubes, 323–324
graphene, 324–325
montmorillonite, 319–320
overview of, 318–319
polyhedral oligomeric silsesquioxane (POSS), 

325–326
processing, 321
properties of, 321–322
suggested reading, 327

Nanofiltration (NF) membranes, 497–498
Nanomedicines, polymeric, 527–528
Naphthalene dicarboxylate (NDC), 410
Natta, Giulio, 2, 54–55
Natural polymers, 331–332
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Natural rubber (NR)
development of elastomer for, 2
as electrical insulator, 533
as natural elastomer, 346
as natural occuring polymer, 1
polyisoprene in, 377
synthetic rubber and short supply of, 2
vulcanization of, 377–379

Naturally occuring polymers, 1
Navier–Stokes equations, 463–464
NBR (nitrile rubber), 377
Nematic state, liquid-crystal structures, 425
Neutron scattering, 598–599
Newton’s law of motion, 589
Newton’s law of viscosity, 221, 231, 446–450
NF (nanofiltration) membranes, 497–498
Nitrile rubber (NBR), 377
Nitroaromatic explosives, detecting, 546
Nitroxide-mediated polymerization (NMP), 51, 58–59
NLO (nonlinear optical) polymers, 542–543
NMP (nitroxide-mediated polymerization), 51, 58–59
NMR (nuclear magnetic resonance) spectroscopy, 

89–92
Nodes, artificial neural networks, 578–581
Nomenclature system, polymers, 13–15
Nomex (poly(m-phenylene isophthalamide)), 21,  

26, 400
Non-bonded terms, force fields, 583–584, 586–587
Non-cellulosics, 350–354
Non-chain scission reactions, polymer degradation, 

265–266
Non-condensation-type, step-growth polymers, 27–28
Nondiene elastomers

fluoroelastomers, 380–381
overview of, 379
polyisobutylene or butyl rubber, 379–380
from polyolefins, 384
polysiloxanes, 380
polyurethanes, 381–384
properties of, 375

Nonlinear optical (NLO) polymers, 542–543
Non-Newtonian flow or apparent viscosity

analysis of simple flow, 461–468
constitutive equations, 461–462
overview of, 448–450
solution viscosity and, 454–455

Non-Newtonian fluid, capillary rheometry data for, 
469–470

Non-vinyl polymers, nomenclature rules for, 13–14
Normal stresses, elastic response, 458–460
Norrish–Smith effect, 65
Novolac formation, phenolic resins, 390–391
NR. See Natural rubber (NR)
Nuclear magnetic resonance (NMR) spectroscopy, 

89–92

Nucleation track etching, microporous membranes, 
518

Nuclei, in polymer NMR, 89–92
Number-average molecular weight (Mn), 129

determining, 16–20
membrane osmometry, 133
vapor-pressure osmometry, 133–134

Number-average (Xn ) degree of polymerization
free-radical polymerization, 39–40
RAFT polymerization, 63
step-growth polymerization, 29

Numbers, nomenclature system for polymers, 13–15
NVE ensemble, molecular simulations, 590–591
Nylons (aliphatic polyamides)

development of, 331
improving with aromatic polyamides, 400–401
nomenclature rules for, 13–14
non-cellulosic synthetic fibers, 351
polyamidation of, 6
as step-growth polymers, 26
synthetic fibers, 348

O
Olefins

olefinic elastoerms, 386
olefinic fibers, 353–354
undergoing metathesis to yield elastomers, 81–82

Open discharge condition, modeling extrusion, 477
Optical storage of computer data, photonic poly-

mers, 541–544
Order–disorder transition, 307
Organic halide, 60
Organic light-emitting diodes (OLEDs), 543–544
Organic photovoltaic (OPV) polymers, 537–540
Orientation hardening, testing stress or strain, 192
Osmometry

membrane, 130–133
molecular-weight determination, 130
vapor-pressure, 133–134

Osmotic pumps, controlled drug release, 529–530
Ostwald-de Waele-Nutting (power-law index) 

model, 461–462
Ostwald-Fenske capillary viscometers, 142–143
Oxidation, stability of polymers and, 267–269
Oxidative pyrolysis, 290
Ozone, 261–262, 268
Ozonolysis, 268

P
P (permeability coefficient), 605–610
PAEK (polyaryletherketones), 419–420
PAI (poly(amide-imide)), 414, 416–417
Pair correlation functions (PCFs), 595–597
PAN (polyacrylonitrile), 265–266, 494
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PANI (polyaniline), 427–428
PAR (polyarylate), 409
Parison, blow molding process, 443–444
Partial immobilization theory, solution-diffusion 

transport, 513
Partial-molar Gibbs free energy, 112, 114
Particle-scattering function, light-scattering, 135–136
Partition functions, Flory EOS theory, 118–119
Pattern recognition, using ANNs, 579
PBD. See Polybutadiene (PBD)
PBI (poly[2,2'-(m-phenylene)-5,5'-bibenzimid-

azole]), 20
PBI (polybenzimidazole), 417–418, 429–430
PBO (polybenzobisoxazole), 430
PBT (polybenzobisthiazole), 430
PBT (poly(butylene terephthalate)), 373, 409
PCFF force field, 587
PCFs (pair correlation functions), 595–597
PCL (polycaprolactone), 21, 277
PCT (poly(dimethylene cyclohexane terephthalate)), 

409–410
PE. See Polyethylene (PE)
PEEK (polyimidazopyrrolones), 419–420
PEG (poly(ethylene glycol)), 527, 530
PEI (polyetherimide), 414, 416–417
PEN (poly(ethylene naphthalate)), 410
PEN (poly(ethylene oxide)), 461
Perfluorosulfonate ionomers (PFSI)

commercial applications, 422
fuel-cell applications, 506
transport through, 516–517

Periodic boundary conditions, molecular simula-
tions, 589–590

Permachor method, predicting permeability, 494, 
560–562

Permeability
barrier polymers and, 494–495
molecular simulation applications, 605–610
polymers for gas-separation applications, 499–500
predicting by group contributions, 559–562

Permeability coefficient (P), 605–610
Permeate, liquid separations, 502–503
Permselectivity, 499–500
Persulfate-ferrous (K2SO4) redox initiator, 67
Pertraction, liquid separations, 502
Pervaporation process, membranes, 502–504
PES (polyethersulfone), 406–407
PET. See Poly(ethylene terephthalate) (PET)
PFSI. See Perfluorosulfonate ionomers (PFSI)
PGA, in controlled drug delivery, 527
Phantom chain approximation, rubber elasticity, 254
Phase equilibria, thermodynamics of solutions, 

122–125
Phase inversion, asymmetric-membrane forma- 

tion, 519

Phase-separated blends, 302–304
PHEMA (poly(2-hydroxyethyl methacrylate)), 529
Phenol–formaldehyde resins, as thermosets, 4
Phenomenological model, rubber elasticity, 253–254
Phenoplasts or (phenolic) PF resins, 389–391
Philips-type catalysts, PE with reduced branching, 

364–365
Photoconductive polymers, 428–429
Photooxidative degradation, of polystyrene, 368
Photovoltaic polymers, organic, 537–540
Physical constants, symbols and units, 632
Physical properties, of commercial polymers, 625
PIB (polyisobutylene), 379–380, 461
PLA (poly(lactic acid)), 276–277
PLA, controlled drug delivery using, 527
Plane Couette flow, 467–468
Plant oils, polymer synthesis, 86
Plasma polymerization, 70–71
Plasticizer efficiency, 284
Plasticizers

antiplasticization and, 286–287
determining composition of polymer mix- 

ture, 284
external and internal plasticization, 284–286
list of common PVC, 286
overview of, 282–284

Plastics
ASTM standards for, 627–629
high-performance engineering, 2
U.S. production of, 2–3

Plastisol, 455
PLF. See Power-law fluid (PLF) model
PLGA (poly(lactide-co-glycolide)), 277, 529
Plunger, transfer molding process, 438–439
PMAN structure 1 (polymethacrylonitrile), 494
PMMA. See Poly(methyl methacrylate) (PMMA)
PMP (poly(4-methylpentene-1)), 420
Poiseuille (pressure) flow, 464–466
Poisson’s ratio, 187–188, 601–602
Poly (prefix), nomenclature for vinyl polymers, 13
Poly[1-(trimethylsilyl)-1-propyne] (PTMSP), 500–501
Poly[2,2'-(m-phenylene)-5,5'-bibenzimidazole]  

(PBI), 20
Poly(2,6-dimethyl-1,4-phenylene oxide) (PPO), 

404–405
Poly(2-hydroxyethyl methacrylate) (PHEMA), 529
Poly(4-methylpentene-1) (PMP), 420
Polyacetal, as engineering plastic, 405–406
Polyacetylene, 8, 534–535

cis-polyacetylene, 427
Polyacrylamide, 461
Polyacrylonitrile (PAN), 265–266, 494
Polyalkenylenes, 8
Polyalkylenes (or polyalkylidenes), 7–8
Polyallomers, 386
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Poly(amide-imide) (PAI), 414, 416–417
Polyamides

aromatic, 400–401
chemical structures of, 399–400
non-cellulosic synthetic fibers, 351–353
producing using RIM, 442

Polyaniline (PANI), 427–428
Polyarylate (PAR), 409
Polyaryletherketones (PAEK), 419–420
Polybenzimidazole (PBI), 417–418, 429–430
Polybenzobisoxazole (PBO), 430
Polybenzobisthiazole (PBT), 430
Polybismaleimides, 417
Polybutadiene (PBD)

ABS polystyrene developed from, 401
effects of ozone on, 262
GPC calibration curve, 145
improving impact strength of brittle plastics, 

302–303
obtaining polystyrene using, 369
polymerization of, 374, 376

Poly(butylene terephthalate) (PBT), 373, 409
Polycaprolactone (PCL), 21, 277
Polycarbonates, 26, 402–403
Polychlorotrifluoroethylene (CTFE), 377, 411–412
Polycondensations, step-growth, 26–27
Poly(dichlorophosphazene), 78
Poly(diethyleneglycol adipate), 382
Poly(dimethylene cyclohexane terephthalate) (PCT), 

409–410
Polydimethylsiloxane, 20
Polyelectrolytes, 421
Polyesters

engineering, 409–410
non-cellulosic synthetic fibers, 350–351
polyurethanes based on, 382–383
as step-growth polymers, 26
synthetic fibers, 348
thermoplastic, 372–374
unsaturated, 387–389

Polyetherimide (PEI), 414, 416–417
Polyethersulfone (PES), 406–407
Polyethylene (PE)

as barrier polymer, 494–495
as commercial thermoplastic, 3
conformation of small chain, 106–107
free-radical polymerization of, 53–54
high-density (HDPE), 54–55
isotactic polypropylene (i-PP), 54
low-density (LDPE), 53
overview of, 363–366
as polyalkylene, 7
UHMWPE, 420
Unipol process for, 69–70
U.S. production of, 2–3

Poly(ethylene glycol) (PEG), 527, 530
Poly(ethylene naphthalate) (PEN), 410
Poly(ethylene oxide) (PEO), 461
Poly(ethylene terephthalate) (PET)

as barrier polymer, 494
commercial production of, 372–374
crystalline kinetics, 164–165
improving with PEN, 410
liquid-crystal polyester properties vs., 426
modified grades of, 409
recycling plastics, 273–274

Polyfluorenes, 429
Polyformaldehyde, 405–406
Polyfuran, 70
Polyhedral oligomeric silsesquioxane (POSS), 319, 

325–326
Polyimidazopyrrolones (PEEK), 419–420
Polyimides

poly(amide-imide) and polyetherimide, 416–417
polybenzimidazole, 417–418
polybismaleimides, 417
properties of, 414
synthesis of, 413–416

Polyisobutylene (PIB), 379–380, 461
Polyisoprene, 345–346, 377
Poly(lactic acid) (PLA), 276–277
Poly(lactide-co-glycolide) (PLGA), 277, 529
Polymer

abbreviations, 621–623
derivation of term, 1
solubility parameters, 129

Polymer blends
benefits of, 281–282
commercial blends, 300–301
Flory–Huggins theory predicting behavior of, 

296–298
free-energy considerations in, 294
immiscibility and, 296–297
interpenetrating networks, 304–306
LCST and UCST phase behavior, 294–297
overview of, 293
properties of, 301–302
references, 293
suggested reading, 326
ternary, 299–300
thermodynamics and, 293–294
toughened plastics and phase-separated, 302–304

Polymer processing
analysis of simple flow, 461–466
basic operations, 436
calendering, 445
coating, 445–446
dynamic and continuity equations, 486–487
extrusion, 436–437
extrusion, modeling, 476–482
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Polymer processing (continued)
molding. See Molding
references, 491
relationship between WLF parameters and free 

volume, 485–486
review problems, 488–491
rheology. See Polymer rheology
rheometry. See Rheometry
suggested reading, 487–488
wire coating, modeling, 482–485

Polymer rheology
constitutive equations, 456–457
drag reduction, 460–461
elastic properties of polymeric fluids, 457–460
introduction to, 446–448
melt instabilities, 460
non-Newtonian flow, 448–452
references, 491
review problems, 488–491
suggested reading, 487–488
viscosity of polymer solutions/suspensions, 

452–456
Polymer science, introduction to

birth of, 2
chemical structure/thermal transitions, 20–22
classifications, 3–8
copolymers, 9
geometric isomerism, 12–13
introduction to, 1–3
molecular weight, 15–20
nomenclature, 13–15
references, 24
review problems, 22–24
structure, 8–15
suggested reading, 22
tacticity, 9–12

Polymer structure
classification based on, 7–8
copolymers, 9
geometric isomerism, 12–13
nomenclature, 13–15
properties, 8–9
tacticity, 9–12

Polymer synthesis
chain-growth polymerization. See Chain-growth 

polymerization
chemical structure determination, 86–92
genetic engineering in, 85
green chemistry in, 86
group-transfer polymerization in, 83–84
macromers in, 84
metathesis reactions in, 81–82
overview of, 25
polymerization techniques. See Polymerization 

techniques

reactions of polymers, 74–80
references, 98–100
review problems, 95–98
step-growth polymerization, 26–31
suggested reading, 92–95

Polymer-assisted membrane formation, 521
Polymeric batteries, 535–537
Polymeric solar cells (PSCs), 538
Polymerization

classifying polymers by, 4–7
determining tactic or atactic polymers, 11
in ionic liquids, 72–73
molecular-weight determination, 15–16
in supercritical fluids, 71–72

Polymerization rate (Ro)
free-radical polymerization kinetics, 37–41
step-growth polymerization kinetics, 30–31

Polymerization techniques
bulk polymerization, 64–65
emulsion polymerizations, 67–69
gas-phase polymerization, 69
plasma polymerization, 70–71
polymerization in ionic liquids, 72–73
polymerization in supercritical fluids, 71–72
solid-state polymerization, 69–70
solution polymerization, 66
suspension polymerization, 66–67

Polymer-sensitive detector, gel-permeation chroma-
tography, 144

Polymethacrylonitrile (PMAN, structure 1), 494
Poly(methyl methacrylate) (PMMA)

amorphous in solid state, 20
commercial-grade, 371
properties of, 14
universal GPC calibration curve, 145
using NMR to study tacticity of, 91–92

Poly(m-phenylene isophthalamide) (Nomex), 21,  
26, 400

Polynorbornene, 377
Polynucleotides

heterocyclic bases, 337
molecular weight/structure of DNA, 338–340
protein synthesis and, 340–341
types of, 336

Poly(N-vinyl-2-pyrrolidinone) (PVP), 372
Poly(N-vinylcarbazole) (PVK), 428–429
Polyoctenamer, 377
Polyolefins

as barrier polymers, 494–495
as commercial thermoplastic, 3
elastomers from, 384
medical applications of, 526
metallocene polymers, 55–56
as nondiene elastomers, 384
overview of, 362–363
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polyethylene, 363–366
polypropylene, 366–367
specialty, 420
synthetic fibers of, 348

Poly(organophosphazenes), 78, 422–423
Polyoxymethylene (POM), 405–406
Polyphenylsulfone, 406
Poly(p-phenylene) (PPP), 428
Poly(p-phenylene sulfide) (PPS), 408–409
Poly(p-phenylene terephthalamide) (PPT)  

(Kevlar), 401
Polypropylene (PP)

atactic, 11
as barrier polymer, 494–495
as commercial thermoplastic, 3
development of, 2
isotactic polypropylene, 54
medical applications of, 526
overview of, 366–367
as polyalkylene, 7
U.S. production of, 2–3

Poly(propylene glycol), 382
Polypyrrole (PPy), 428
Polysaccharides

cellulose, 342
chitin, 343–344
overview of, 341–342
reactions of, 344
starch, 342–343

Polysilanes or polysilylenes, 423
Polysilastyrene, 423–424
Polysiloxanes, 8, 380
Polystyrene (PS)

abbreviation for, 14
ABS as high-HDT grade of, 401–402
as addition polymer, 4
amorphous in solid state, 20
chloromethylation of, 74
commercial applications, 367
as commercial thermoplastic, 3
GPC chromatogram of, 144–145
HIPS as high impact, 302–303, 367, 369
medical applications, 526–527
as polyalkylene, 7
syndiotactic, 11
topological calculations for properties,  

574–578
universal GPC calibration curve, 145
U.S. production of, 2–3

Polysulfones (PSF), 26, 406–408
Polysulfurnitride (SN), 534
Polytetrafluoroethylene (PTFE or Teflon)

dielectric constants of, 541
engineering plastic, 411
as good electrical insulator, 533

Polythiophene (PT), 70, 428
Polyurethane (PUR)

producing using RIM, 442
as step-growth polymer, 26
synthesizing elastomeric, 381–384

Poly(vinyl acetate) (PVAC), 76, 371
Poly(vinyl alcohol) (PVAL), 76, 371
Poly(vinyl butyral) (PVB), 76, 371
Poly(vinyl chloride) (PVC)

calendering process for, 445
commercial grades of, 369–370
commercial production/properties of, 370–371
as commercial thermoplastic, 3
dehydrohalogenation, 265–266
development of crystallinity, 87–88
electronic shielding applications, 540
imperfect tactic structure of, 11–12
list of common plasticizers, 286
medical applications of, 526
plasticizers for, 282
recycling plastics, 273
softening temperature/blending properties, 74
universal GPC calibration curve, 145
U.S. production of, 2–3

Poly(vinyl fluoride) (PVF), 412
Poly(vinylidene chloride) (Saran), 494
Poly(vinylidene fluoride) (PVDF), 412
POM (polyoxymethylene), 405–406
Pore structure, microporous membranes, 518
Porous media transport, 508–509
POSS (polyhedral oligomeric silsesquioxane), 319, 

325–326
Potable water, 288–289
Power-law fluid (PLF) model

analysis of simple flow, 462
axial annular Couette flow, 467–468
constitutive equations and, 456–457
extrusion process, 482
flow through capillary, 464–466
wire coating process, 483

Power-law index (Ostwald-de Waele-Nutting) 
model, 461–462

PP. See Polypropylene (PP)
PPO (poly(2,6-dimethyl-1,4-phenylene oxide)), 

404–405
PPP (Poly(p-phenylene)), 428
PPS (Poly(p-phenylene sulfide)), 408–409
PPT (Poly(p-phenylene terephthalamide))  

(Kevlar), 401
PPy (polypyrrole), 428
Precipitation threshold, supercritical fluids, 71
Predictions of solubilities, thermodynamics of poly-

mer solutions, 126–129
Pressure, effect on Tg, 182
Pressure dependence, and viscosity, 452
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Pressure flow
capillary rheometer determining, 469–473
drag flow, 467–468
modeling extrusion process, 477–482
modeling wire coating process, 484–485
through capillary, 464–466

Pressure-swing adsorption (PSA), 498
Primary (first) normal-stress difference, 459
Process modeling, using ANNs, 579
Processing. See Polymer processing
Processing agents, as additives, 291
Propagation step

free-radical copolymerization, 43–44
free-radical polymerization, 34, 36–37
free-radical polymerization thermodynamics, 

41–43
Properties

atomistic modeling determining mechanical, 
600–602

of blends, 301–302
of important commercial polymers, 625–626
predicting polymer. See Correlations and 

simulations
of supercritical fluids, 71

Proportional limit, stress-strain relations, 188
Protein synthesis

overview of, 336
polynucleotides and, 340–341

Proteins
biocompatibility depending on adsorption of, 526
biological functions of, 334
cell structure and, 334–335
in conjugated polymeric nanomedicines, 527–528
fibrous and globular, 335
naturally occuring amino acids, 332–336
proteomics, 335–336
synthesizing, 336

PSA (pressure-swing adsorption), 498
PSCs (polymeric solar cells), 538
PSF (polysulfones), 26, 406–408
PT (polythiophene), 70, 428
PTFE or Teflon (polytetrafluoroethylene)

dielectric constants of, 541
engineering plastic, 411
as good electrical insulator, 533

PTMSP (poly[1-(trimethylsilyl)-1-propyne]), 500–501
Pultrusion, 310, 317–318
PUR. See Polyurethane (PUR)
Purines, in nucleic acids, 337
PVAC (poly(vinyl acetate)), 76, 371
PVAL (poly(vinyl alcohol)), 76, 371
PVB (poly(vinyl butyral)), 76, 371
PVC. See Poly(vinyl chloride) (PVC)
PVDF (poly(vinylidene fluoride)), 412
PVK (poly(N-vinylcarbazole)), 428–429

PVP (poly(N-vinyl-2-pyrrolidinone)), 372
PVT simulation, 591–593
Pyrimidines, nucleic acids, 337–339
Pyrolysis, flame retardant, 290

Q
Q-e values, 45–46
Quadratic equation, 633
Quality of polymer–solvent interactions, membrane 

osmometry, 131
Quartic expression, modern force fields, 584

R
Radial distribution function (RDF), 103–104, 594–595
Radiation, degradation of polymers, 271–272
Radiation stabizers, as additives, 290
Radio frequency (RF)

energy, 70
shielding, 540

Radiolysis, 271–272
RAFT (reversible addition-fragmentation chain 

transfer) polymerization, 51, 61–64
Raleigh ratio, light-scattering measurements, 135
Raman spectroscopy, 89
Random degradation, 263
Random flight chain, conformation, 102
Random reactions, step-growth polymerization, 25
Raoult’s ideal solution law, 109–110
RATTLE algorithm, MD simulations, 589
Rayleigh scattering, 89
Rayon (as cellulose fiber)

processes in making, 344
synthetic fibers, 347–348
viscose process of obtaining, 76

RDF (radial distribution function), 103–104, 594–595
RDRP (reversible deactivation radical polymeriza-

tion), 58
Reaction injection molding (RIM), 381, 441–443
Reaction-controlled systems, drug release, 529
Reactions of polymers

chemical modification, 74–75
click chemistry, 79–80
overview of, 74
preparation of polymer derivatives, 76–78
in step-growth vs. chain-growth polymeriza- 

tion, 25
Reactive force fields, 587
Reactivity ratios, free-radical copolymerization, 

44–45
ReaxFF force field, 587
Receptor sites, sensor applications, 545
Reciprocating-screw injection-molding machine, 

440–441
Recycled PET, 373–374
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Recycled plastics, 273–274
Reduced viscocity, 141
Reinforcers, as additives, 287–288
Relative viscosity increment, 141
Relaxation-time distribution function, viscoelastic 

behavior, 228–230
Repeating units of identical structure, polymers, 1
Reptation, theory of, 155–156
Residual (enthalpic) term , UNIFAC-FV, 568–569
Resins

ABS, 401–402
epoxy, 386–388
formaldehyde, 389–393
molding. See Molding
unsaturated polyester, 387–389

Resin-transfer molding, composites, 310
Resole formation, phenolic resins, 390–391
Retardation spectrum function, 229–230
Retentate, liquid separations, 502
Reverse osmosis membranes, 497–498
Reversible addition-fragmentation chain transfer 

(RAFT) polymerization, 51, 61–64
Reversible deactivation radical polymerization 

(RDRP), 58
RF (radio frequency)

energy, 70
shielding, 540

Rheology. See Polymer rheology
Rheometry

capillary rheometer, 469–473
cone-and-plate rheometer, 475
Couette rheometer, 473–474
overview of, 468–469
of polymer solutions and melts, 475–476

Ribonucleic acid (RNA), 336–339
RIM (reaction injection molding), 381, 441–443
Ring-opening metathesis polymerization (ROMP), 

81–82
Ring-opening polymerization of trioxane, 4
RNA (ribonucleic acid), 336–339
Roll coating operation, 445–446
ROMP (ring-opening metathesis polymerization), 

81–82
Root-mean-square end-to-end distance, polymer 

chains, 104, 107–108
Rotatable side-group bonds, polymer properties, 575
Rotational molding (rotomolding), 444
Rotations of polymer chains, steric interference 

with, 105
Rubber. See also Natural rubber (NR)

ASTM standards for, 629
development of synthetic, 2
ethylene and propylene (EPM/EPDM), 384
slush molding of, 444
thermodynamics of polymer solutions, 109–110

Rubber elasticity. See also Elastomers
development of elastomer, 2
introduction to, 248
phenomenological model, 253–254
recent developments in, 254–255
references, 259
review problems, 256–259
statistical theory, 252–253
suggested reading, 255–256
thermodynamics and, 248–251

Rubbery plateau, stress-strain relation, 189–190
Rule of mixtures, 180–182
Runners, injection molding, 441

S
S. See Solubility coefficient (S)
Salts

ionic liquids as, 72–73
in polymeric batteries, 535–536

SAN (styrene–acrylonitrile copolymer), developing 
ABS, 401–402

Saran (Poly(vinylidene chloride)), 494
SAXS (small-angle X-ray scattering), 167
SBR (styrene–butadiene rubber). See Styrene-

butadiene rubber (SBR)
SBS elastomers

commercial applications/properties, 385–386
glassy domains in, 385
introduction to, 385–386
overview of, 375

SBS triblock copolymer, 53–54
Scaffold structure, tissue engineering, 532
Scanning electron microscopy (SEM), 200
Scanning tunneling microscopy (STM), 200
Scatchard–Hildebrand equation, 128
Scattered light. See Light-scattering measurements
Scattering functions, molecular simulation, 

599–600
SCFs (supercritical fluids), polymerization in, 71–72
Schering impedance bridge, dielectric analysis, 

237–238
Schönbein, Christian F., 2
Screw characteristic, flow through capillaries, 466
Screw pot, injection molding, 441
Screw-driven extruders, 436–437, 477–482
SEC (size-exclusion chromatography), 129–130, 143
Secant modulus, stress-strain relations, 188
Second normal-stress difference, 459
Secondary methods, molecular-weight determina-

tion, 129–130
Secondary-relaxation processes

amorphous glassy state, 158–159
defined, 154
thermal transitions, 20–22
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Second-order transitions, thermodynamic relation-
ships, 169–172

SEM (scanning electron microscopy), 200
Semi-IPNs, 306
Sensor applications, 544–546
Separations. See Membrane separations
SHAKE algorithm, MD simulations, 589
Sharkskin, melt fracture, 460
Shear

Boltzmann superposition principle, 245–246
mechanodegradation due to, 262, 272
testing mechanical properties, 190–191

Shear banding, 184–185
Shear flow

analysis of simple, 461–468
apparent viscosity, 448–450
melt instabilities, 460
modeling extrusion process, 477
Newton’s law of viscosity for, 446–448

Shear strain rate (or shear rate)
analysis of simple flow, 461–468
apparent viscosity, 448–450
determining with rheometry. See Rheometry
Newton’s law of viscosity, 447–448
solution viscosity and, 454–455

Shear-thickening behavior, 449, 452
Shear-thinning behavior

apparent viscosity, 449
molecular-weight dependence and, 450
solution viscosity and, 454–455
time dependence and, 452

Sheet-molding compound (SMC), composites, 
316–317

Shielding, electronic, 540
Shinoda force field, 587–588
SI units, 631–632
Silicon dioxide (SiO2), dielectrics, 541
Simple flows

analysis of, 461–464
constitutive equations for modeling, 456–457
drag flow, 467–468
Newton’s law of viscosity, 447–448
pressure (Poiseuille) flow, 464–466

SIMS (static secondary ion mass spectroscopy), 70
Simultaneous interpenetrating networks (SINs), 306
SINs (simultaneous interpenetrating networks), 306
SiO2 (silicon dioxide), dielectrics, 541
Site fraction, Flory EOS theory, 121
Site-directed drug delivery, 527, 530
Size exclusion, transport mode in membrane separa-

tions, 506
Size-exclusion chromatography (SEC), 129–130, 143
Slush molding, 444
Small-angle X-ray scattering (SAXS), 167
Small’s method, 562–565

SMC (sheet-molding compound), composites, 
316–317

Smectic state, liquid-crystal structures, 425
SN (polysulfurnitride), 534
Sodium naphthalenide, ionic copolymerization, 53–54
SOG concept, UNIFAC, 569
Solar cells, 537–540
Solid-state NMR, 91
Solid-state polymerization, 69–70
Solid-state properties

amorphous state, 154
calorimetry measurements, 174–176
creep tests, 195–196
critical molecular weight, 154–155
crystalline kinetics, 164–165
crystalline state, 159
crystalline-melting temperature, 163–164
determining crystallinity, 165–167
dilatometry, 172–174
fatigue tests, 199–200
first-order transitions in thermodynamics, 

167–169
glass-transition temperature, 156–158
heat-distortion temperature, 176–177
impact tests, 198–199
measurement techniques, 172
mechanisms of deformation, 183–185
microscopy characterizing, 200–201
molecular weight, composition, pressure on Tg, 

179–182
ordering of polymer chains, 159–162
overview of, 153–154
reptation, 155–156
review problems, 203–204
scattering methods in characterizing, 201
secondary-relaxation processes, 158–159
second-order transitions in thermodynamics, 

169–172
static tests, 186
stress-relaxation measurement, 196–198
stress-strain behavior curves, 191–194
structure–property relationships, 177–179
suggested reading, 202–203
testing compression or shear strain, 190–191
testing mechanical performance, 185
testing stress or strain, 186–190
transient tests, 194

Solubility
predictions of, 126–129
solution-diffusion transport, 509–515

Solubility coefficient (S)
estimating permeability coefficient, 605, 609–610
obtaining sorption isotherms, 602–603

Solubility parameter (δ)
cohesive energy density and, 593–594
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predicting by group contributions, 562–565
predictions of solubilities, 127–129

Solution polymerization, 66
Solution–diffusion transport, 509–515
Solutions

analysis of simple flow, 461–468
drag flow, 467–468
drag reduction, 460–461
elastic properties of polymeric, 457–460
melt instabilities, 460
references, 150
rheometry of polymer, 475–476
thermodynamics of. See Thermodynamics of 

polymer solutions
viscosity of, 452–455

Solvent-controlled delivery, drug release, 529
Solvents

cationic polymerizations, 52
gel-permeation chromatography, 143–144
group-transfer polymerization, 84
ionic liquid as, for polymerization, 73
membrane osmometry, 130–133
solubility parameters of, 129, 564
in solution polymerization, 66
vapor-pressure osmometry, 133–134

Sorption
isotherms, 602–605
solution-diffusion transport, 510

Space-filling (CPK) representation
of PVC chain, 11–12
of PVT simulation, 592

Spatial arrangement, determining properties, 9
Specialty plastics

conductive polymers, 427–429
dendritic polymers, 430–431
engineering plastics vs., 397–398
high-performance fibers, 429–430
inorganic polymers, 422–424
ionic polymers, 421–422
ladder polymers, 418
liquid-crystalline polymers, 424–426
poly(amide-imide) and polyetherimide, 416–417
polyaryletherketones, 419–420
polybenzimidazole, 417–418
polybismaleimides, 417
polyimides, 413–416
polyolefins, 420
references, 433–434
review problems, 433
suggested reading, 432

Spectroscopic methods
of chemical structure determination, 86
nuclear magnetic resonance spectroscopy, 89–92
suggested reading, 255
vibrational spectroscopy, 86–89

Speech recognition, using ANNs, 579
Spherulites, 160–161, 164–165
Spinneret, fibers, 354
Spinning, fibers, 354–358
Spinodal curve, phase equilibria, 124–125
Spinodal decomposition, asymmetric-membranes, 

520–521
Spiral-wound membranes, 525
Sprue, injection molding process, 441
s-PS (stereospecific polystyrene), 368
Stability

degradation of polymers and, 262
oxidative and UV, 267–269
thermal, 266–267

Stabilizers, as additives, 289–290
Standards. See American Society of Testing Meth-

ods (ASTM)
Starch, 278, 342–343
Static secondary ion mass spectroscopy (SIMS), 70
Static tests, 186
Statistical theory, rubber elasticity, 252–253
Steady-shear viscosity, 230
Steady-state concentration, free-radical polymeriza-

tion kinetics, 37–39
Step-growth polymerization

with bulk polymerization, 65
kinetics, 30–31
molecular weight in, 28–29
overview of, 26–28
random reaction in, 25

Stereochemistry
arrangement of atoms, 9
controlling in metathesis, 82

Stereospecific polystyrene (s-PS), 368
Stereo–styrene–butadiene copolymers (stereo  

SBR), 377
Steric interference, rotations of polymer chains, 105
Stirling approximation, Flory–Huggins theory, 111
STM (scanning tunneling microscopy), 200
Strain

analysis of simple flow, 461–468
Boltzmann superposition principle, 245–246
crazing, cracking and, 269–270
determining mechanical properties, 600–601
dynamic-mechanical analysis, 208–209
stress-strain behavior curves, 191–194
testing mechanical properties, 186–190
work expressed as stress and, 212–213

Strain softening, 192
Strength

properties of blends, 301
properties of composites, 312–313

Stress
analysis of simple flow, 461–468
Boltzmann superposition principle, 245–246
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Stress (continued)
crazing, cracking and, 269–270
determining for polymer solutions and melts, 

231–232
determining mechanical properties, 600–601
determining with rheometry. See Rheometry
dynamic-mechanical analysis, 208–209
elastic response of polymeric fluids, 457–460
mechanodegradation, 272
stress-strain behavior curves, 191–194
testing mechanical properties, 186–190
tests, 187–190
work expressed as strain and, 212–213

Stress-at-break (σb), 192
Stress-relaxation measurement

experiment in, 223
overview of, 185
time-temperature superposition, 242–245
transient tests of mechanical properties,  

196–198
Structure factor, PCF, 596
Structure–property relationships, 157, 177–179
Styrene

atom transfer radical polymerization of, 59–61
in controlled drug delivery, 527–528
in free-radical copolymerization, 44–49
in free-radical polymerization. See Free-radical 

polymerization
nitroxide-mediated polymerization of, 58–59
pathways of, 32
polymerization of, 4

Styrene copolymers, 368–369
Styrene–acrylonitrile copolymer (SAN), developing 

ABS, 401–402
Styrene–butadiene rubber (SBR)

commercial applications/properties, 376–377
producing high-impact PS, 369
YSBR vs., 385–386

Sulfonyl chlorides, 407
Sulfur, 377–378
Sunlight, stability of polymers and, 262
Supercritical fluids (SCFs), polymerization in, 71–72
Surface area, Flory EOS theory, 121
Surface modification, 70–71, 74
Surface properties, in plasma polymerization, 70
Surlyn, 421–422
Suspension polymerization, 66–67
Suspensions, viscosity of, 455
Symbols, units and, 631
Syndiotactic polymers, 10–13
Synthetic fibers, 347–348
Synthetic polymers, 1
Synthetic rubbers

development of, 2
types of, 374

U.S. production of, 3
Synthia software program, 574

T
Tacticity, 9–12, 90–91
Taylor series, 635
TBA (torsional-braid analysis), 216–218
Technologies. See Advanced technologies
Teflon or PFTE (polytetrafluoroethylene), 411,  

533, 541
TEFLON-AF (amorphous Teflon), 411
TEM (transmission electron microscopy), 200
Temperature dependence. See Arrhenius depen-

dence on temperature
Temperature-modulated DSC (TMDSC)

dynamic calorimetry, 239–242
measuring thermal transitions, 176
suggested reading, 256

Termination step
cationic polymerizations, 52
free-radical polymerization, 34–37
“living” polymerization, 49–50
rate of termination, 38–41
termination by chain transfer, 36
termination by combination, 34–35
termination by disproportionation, 35–36

Ternary blends, polymer blends, 299–300
Terpolymer, 9
Tertiary recycling, 273
Testing methods, mechanical properties

creep tests, 195–196
fatigue tests, 199–200
impact tests, 198–199
overview of, 185
static tests, 186
stress-relaxation measurement, 196–198
stress-strain behavior curves, 191–194
testing compression or shear strain, 190–191
testing stress or strain, 186–190
transient tests, 194

Tetrabromobisphenol-A polycarbonate  
(TMBPC), 403

Tetrafluoroethylene (TFE), in PFTE, 411
Tetramethylbisphenol-A polycarbonate (TMPC), 403
Textiles, polymers suitable for, 1
TFE (tetrafluoroethylene), in PFTE, 411
Tg. See Glass-transition temperature (Tg)
Thermal conductivity

heat capacity and, 65
in solution polymerization, 66
in suspension polymerization, 66–67

Thermal degradation
chain scission reactions, 263–265
non-chain scission reactions, 265–266
overview of, 262–263
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Thermal process, asymmetric-membrane forma- 
tion, 520

Thermal properties, of commercial polymers, 625
Thermal stability, 266–267
Thermal stabilizers, as additives, 288
Thermal transitions, and chemical structure, 20–22
Thermal transitions and properties

calorimetry measurement, 174–176
dilatometry measurement, 172–174
first-order transitions, 167–169
heat-distortion temperature measurement, 

176–177
measurement techniques, 172
molecular weight, composition, pressure and Tg, 

179–182
second-order transitions, 169–172
of semicrystalline polymers, 161
structure–property relationships, 177–179

Thermal-expansion coefficient, 119, 170–172
Thermally induced phase separation (TIPS), asym-

metric-membrane formation, 520
Thermally stimulated current (TSC) analysis, dielec-

trics, 238–239
Thermal-oxidative degradation, flame retardants, 290
Thermal-pressure coefficient, Flory EOS theory, 119
Thermid resin, 415
Thermistors

calorimetry measurements, 174
vapor-pressure osmometry, 133–134

Thermodynamic relationships, 167–172
Thermodynamics

of crystalline polymers, 161
free-radical polymerization, 41–43
polymer blends and, 293–294
rubber elasticity and, 248–251

Thermodynamics of polymer solutions
determination of interaction parameter, 125–126
equation of state theories, 117–122
Flory–Huggins theory, 110–116
Flory–Krigbaum theory, 116–117
modified Flory–Huggins, 117
overview of, 109–110
phase equilibria, 122–125
predictions of solubilities, 126–129

Thermoforming process, 443
Thermoplastic copolyesters, 386
Thermoplastic elastomers

copolyesters, 386
olefinic elastoerms, 386
overview of, 384–385
properties of, 375
SBS elastomers, 385–386

Thermoplastic polyesters, 372–374
Thermoplastics. See also Commodity 

thermoplastics

condensation, 6–7
overview of, 362
polyolefins, 53
references, 395
review problems, 394
suggested reading, 393–394
thermosets vs., 3–4

Thermoset PIs, 415
Thermosets

composites and, 310
epoxies, 386–387
formaldehyde resins, 389–393
molding resins, 439
principle feature of, 361–362
references, 395
thermoplastics vs., 3–4
unsaturated polyesters, 387–389

Thermostats
for ensembles, 591
PVT simulation, 591–593

Thermotropic polymers, 424
Thiol-ene reaction, click chemistry, 79
Thixotropic fluid, 452
Thomson formula, crystallinity, 166
Thrombus (clot) formation, artificial organs, 533
Time dependence, and viscosity, 452
Time-correlation coefficients, 597–599
Time-temperature superposition, 197, 242–245
TIPS (thermally induced phase separation), asym-

metric-membrane formation, 520
Tissue engineering, 532
TMBPC (tetrabromobisphenol-A polycarbonate), 403
TMDSC. See Temperature-modulated DSC 

(TMDSC)
TMPC (tetramethylbisphenol-A polycarbonate), 403
TNT (trinitrotoluene), detection of, 546
Topological indices and Bicerano’s method

artificial neural network, 578–581
overview of, 574–578
predicting polymer properties with, 554

Torsion pendulum, 214–216
Torsional-braid analysis (TBA), 216–218
Tortoise shells, thermoforming, 443
Toughened plastics, 302–304
Transfer (or plunger) molding, 438–439
Transient tests

creep tests, 195–196
overview of, 186
stress-relaxation, 196–198
testing mechanical properties, 194

Transition State Theory (TST) method, 607, 610
Transition-metal catalyst, 60
Transmission electron microscopy (TEM), 200
Transport mechanisms

facilitated and coupled, 515–516
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Transport mechanisms (continued)
in membrane separations, 506–508
solution-diffusion, 509–515
through perfluorosulfonate ionomers, 516–517
through porous media, 508–509

Trinitrotoluene (TNT), detection of, 546
Trommsdorff effect, 65
True strain, 187
True stress, 187
TSC (thermally stimulated current) analysis, dielec-

trics, 238–239
TST (Transition State Theory) method, 607, 610
Tubular-membrane modules, 525–526
Twin-screw extruders, 436–437
Two-stage screw, injection molding, 441

U
Ubbelohde capillary viscometers, 142–143
UDEL polysulfone, 408
UF (Urea–formaldehyde) resins, 389–393, 524
Ultimate stress, 192
Ultrafiltration membranes, 496–498
Ultrahigh-molecular-weight PE (UHMWPE),  

366, 420
Ultraporous membranes, preparation of, 517–518
Ultraviolet (UV) light, 261–262, 267–269
UNIFAC-FV method, 566–574
Unipol process, ethylene, 366
UNIQUAC Functional-group Activity  

Coefficients, 566
United-atom (UA) simulations, MD applications, 

581–582
Units, and symbols, 631
Universal calibration curve, GPC, 144–146
Unsaturated polyesters, 387–389
Upper critical solution temperature (UCST)

phase equilibria, 123, 125
polymer blends and, 294–297

Urea–formaldehyde (UF) resins, 389–393, 524
UV degradation, stabilizing acetal against, 405–406
UV stabizers, as additives, 288, 290

V
VACF (velocity autocorrelation function), 597
Vacuum-forming operation, 443
Valence angles, chain bonds, 104–105
Valence atomic indices, topological calculations, 

575–577
van der Waals volume

calculating properties of molecule, 556–558
as finite in real chain bonds, 106
free volume, 610–611
predicting activity coefficients, 566–567

van Krevelen

glass-transition temperature, 558–559
predicting volumetric properties, 553–556
values for van der Waals volume increments, 

557–558
van’t Hoff equation

membrane osmometry, 130
sorption isotherms, 603

Vapor–liquid equilibrium (VLE), 566
Vapor-pressure osmometry, 133–134
Vectorial or orientational autocorrelation function, 

597–598
Vectors, in gene therapy, 530–531
Velocity

analysis of simple flow, 463–464
drag flow, 467–468
flow through capillary, 464–466

Velocity autocorrelation function (VACF), 597
Vibrational spectroscopy, 86–89
Vinyl acetate (EVA), 363, 370–371
Vinyl alcohol (EVOH), 363
Vinyl monomers, polymerization of, 31
Vinyl polymers

nomenclature rules for, 13
poly(methyl methacrylate), 371
poly(N-vinyl-2-pyrrolidinone), 372
polystyrene, 367–368
poly(vinyl acetate), 371
poly(vinyl chloride), 369–371
stereospecific polystyrene, 368
styrene copolymers, 368–369

Viral coefficients, membrane osmometry, 131
Viruses, as vectors in gene therapy, 530
Viscoelasticity

activation energies, 220–221
Boltzmann superposition principle, 245–246
dynamic calorimetry, 239–242
experimental methods of dielectric analysis, 

237–238
experimental techniques, 213–214, 231–232
forced-vibration methods, 218–220
free-vibration methods, 214–218
introduction to, 208
Maxwell model, 221–224
mechanical models, 221
multi-element models, 226–228
of polymer solutions and melts, 230
references, 259
relaxation and retardation spectra, 228–230
review problems, 256–259
simple models, 225–226
suggested reading, 256
theory of dielectric analysis, 233–237
theory of dynamic-mechanical analysis, 

208–212
thermally stimulated current analysis, 238–239
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time-temperature superposition, 242–245
transient and dynamic properties, 247–248
viscoelastic properties of polymer solutions and 

melts, 230
Voigt model, 225
work in dynamic deformation, 212–213

Viscometric flow, 467–468
Viscose process, 76
Viscosity

capillary rheometer determining, 471
cone-and-plate rheometer determining, 475
Couette rheometer determining, 473–474
of dilute suspensions in Newtonian liquid, 455
dynamic viscosity, 230
increasing molecular weight and polymer, 450
measuring intrinsic, 140–143
modeling wire coating process, 482–485
Newton’s law of, 221, 231, 446–448
non-Newtonian flow or apparent, 448–450
of polymer solutions/suspensions, 452–456
polymerization in ionic liquids and, 73
pressure dependence and, 452
temperature dependence and, 451–452
time dependence and, 452
viscous flow region, 189

Viscosity-average molecular weight (Mv), 17, 130
Viscous flow, 189, 508–509
VLE (vapor-liquid equilibrium), 566
Voigt elements

limitations of simple Voigt model, 225–226
modeling viscoelastic behavior, 225
relaxation and retardation spectra, 229–230
Voigt–Kelvin approach to multielement model-

ing, 228
Volume

finite (van der Waals), 106
Flory–Huggins theory, 113, 117–118
thermodynamics of polymer solutions, 109–110

Volumeless chain, conformation, 102
Volumetric properties, group contributions,  

554–558
Voorintholt method, 610–611
Voronoi tesselation, 610–611
Vulcanization process, 377–379, 384–386

W
Waste thermoplastics, refabricating, 3

Water-soluble initiator, emulsion polymerization, 67
WAXS (wide-angle X-ray scattering), 167–168, 201
Weak-link degradation, 263
Weathering, 262
Webster, Owen, 83
Weight-average molecular weight (Mw), 129

determining, 16–20
light-scattering measurements, 134–140

Weight-average degree of polymerization (Xw), 29
Weighting, artificial neural networks, 579
Wet process, asymmetric-membrane formation, 520
Wet spinning, fibers, 356–357
Wheatstone bridge, 237–238
Wide-angle X-ray scattering (WAXS), 167–168, 201
Wire coating, 482–485
WLF equation

free volume and, 485–486
temperature dependence of melt viscosity, 

451–452
time-temperature superposition, 242–245

Work (W)
expressed in terms of stress and strain, 212–213
laws of thermodynamics and, 248–251
naturally occuring fibers, 346–347

X
Xanthan, as drag-reducing agent, 461
X-ray

diffraction, 166–167, 598–599
radiation effects on polymers, 271–272
scattering in polymer characterization, 201

Y
Yield stress, 192
Young’s modulus

determining mechanical properties, 601–602
of layered silicate-elastomer nanocomposites, 

321, 323
time-temperature superposition, 244–245

YSBR, and SBS elastomers, 385–386

Z
z-average, 16–20, 129
Ziegler, Karl, 2, 54
Ziegler–Natta (Z-N) catalysts, 55–56
Ziegler-type catalysts, 364–365, 367
Zimm plot, 137–138
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