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Foreword

Today, synthetic polymers can be found everywhere and are used in nearly every device.
All computer chips used in our desktops, laptops, smartphones, or tablets are enabled by
polymers used as photoresistors in microlithographic processes or as organic light-
emitting diodes. Cutting-edge biomedical applications require polymers for tissue or
bone engineering, drug delivery, and tubing and containers for intravenous delivery of
medications. The interior of every automobile is almost entirely made from polymers,
and they are also used for automobile body parts and under-the-hood applications. New
lightweight and strong nanocomposite polymeric materials have enabled energy-efficient
Dreamliner and A380 aircrafts. The construction industry uses polymers as insulating
materials, sealants, adhesives, and coatings. Many new applications require smart poly-
mers that respond to external stimuli, which can be used in sensors, shape memory
materials, and self-healing systems. Thus, polymers are perhaps the most important
materials in our society today, and their annual production exceeds 200 million tons.
Although approximately 50% of chemists in the USA, Japan, and Western Europe work
with polymers, polymer education has not yet reached the appropriate level, and many
of those chemists neither take advantage of the unique properties of polymeric materials
nor fully comprehend the synthetic pathways to control precisely macromolecular archi-
tecture.

Polymer Chemistry by Koltzenburg, Maskos, and Nuyken covers all aspects of polymer
science, starting with fundamental polymer physical chemistry and physics, including
all classical and modern synthetic techniques, and ending by reviewing various applica-
tions including more specialized uses in energy, environment, biomaterials, and other
advanced fields. The authors present the material in 22 chapters in a very lucid and
attractive way and identify the most important references for each chapter. This textbook
is expected to be very helpful for all beginners in polymer science and also for more
experienced polymer scientist.

I read the book with great interest and believe that it will become an excellent introductory
polymer science textbook for senior undergraduate and graduate students.

Krzysztof Matyjaszewski

J.C. Warner University Professor of Natural Sciences
Carnegie Mellon University,

Pittsburgh, PA, USA

Fall 2015



Foreword to the German Edition

Small molecules such as drugs and food ingredients prolong human life, whereas macro-
molecules as versatile structural and functional materials are essential for a high quality
of life, making “high tech” products available to all mankind. Originally developed as
substitutes for natural materials such as ivory, silk, and natural rubber, highly versatile
modern synthetic polymers can readily be tailored and processed to meet the diverse
needs of our society and our modern technologies. Nowadays polymeric materials and
systems are indispensable in modern life. The wide spectrum of polymer applications
spans from food packaging to construction, textiles, automotive and aerospace engi-
neering, rubbers, paints, adhesives, and system-integrated functional polymers indis-
pensable in electronics, flexible microsystems, and energy and medical technologies.
Their unique versatility in terms of tailored property profiles, ease of processing, applica-
tion range, and recycling, coupled with their outstanding resource, ecological, energy,
and cost efficiency, is not met by any other class of materials. Today polymeric materials
play an important role in sustainable development. The success of polymer development
and the high demand for polymer products by the rapidly growing world population are
reflected by the surging polymer production capacity, which today exceeds 300 million
tons per annum. Following the Stone Age, the Bronze Age, and the Iron Age, in the
twenty-first century we are now living in the Polymer Age.

Anyone interested in sustainable development become increasingly confronted with
synthetic and natural macromolecules and their applications. In almost every facet of
modern technology and in innovative problem solutions, the development of engineer-
ing plastics and functional polymers plays a key role. In order to convert macromole-
cules into useful materials and sustainable products it is essential to understand the basic
correlations between molecular polymer design, polymer technology, processing, appli-
cations, and sustainability. Unlike most conventional textbooks with a rather narrow
focus on traditional chemistry and physics, this textbook clearly goes beyond the limits
of the individual disciplines and presents a fascinating view of the challenges and pros-
pects of modern interdisciplinary polymer sciences and engineering and their impact on
modern technologies. It is obvious that all three authors bring to bear their profound
experiences in teaching and research covering the broad field of polymer science and
engineering. Furthermore, they are highly skilled in didactics and have succeeded in
pointing out the relevance of tailoring polymers with respect to polymer applications.
This team of three authors has successfully merged their complementary skills, own
experiences, and different points of view. In 22 chapters the authors have impressively
managed to present a comprehensive view of the extensive and rapidly developing fields
of polymer sciences and technology in an appealing and easy-to-read format. In addition
to covering the fundamentals of polymer chemistry and physics, the book describes the
synthetic methods and polymer analytics as well as the technological aspects which are
essential for tailoring polymeric materials, including multicomponent and multiphase
polymer systems. Moreover, illustrated by carefully selected examples of specific applica-
tions, this text book gives an excellent view on the hot topics in polymer sciences as well
as on environmental aspects of polymers, recycling, bio-based polymers, and modern
research trends. The result of this remarkable and successful three-author co-production
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Foreword to the German Edition

is a methodically well-conceived and easy-to-read textbook that serves as a desk book
reference for polymer scientists, engineers, educators, and students. This textbook repre-
sents a valuable source of information for those who are already familiar with science.
Because of its clear and didactic style, this textbook represents an excellent choice of
reading for those who are approaching the subject of polymer sciences and engineering
for the first time. The length of the book is more than adequate to cope with the complex-
ity and breadth of this highly diversified and interdisciplinary field. Despite its high den-
sity of valuable information, this textbook reads well and I am firmly convinced that it is
certain to become one of the key reference textbooks in the field of polymer sciences.

Rolf Miilhaupt
Freiburg
June 2013
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2 Chapter 1 - Introduction and Basic Concepts

Among the many areas of chemistry, polymer science is a comparatively new field. The
empirical use of polymeric materials made from natural substances has been documented
for centuries; however, only the pioneering work of the late Hermann Staudinger (1926),
a Nobel laureate, in the 1920s provided the basis for a systematic understanding of this
class of materials. In the decades since then, polymer science has developed to become
both technically demanding and industrially extremely important. In particular, polymer
science is characterized by its interdisciplinary nature:

Most technologically relevant macromolecules! are based on a carbon backbone and

thus belong in the realm of organic chemistry.

Approximately half of all polymers produced today are synthesized using organo-

metallic catalysts.

A description of the behavior of both solid polymers and their solutions is now based

on well-established physical and physicochemical theories.

Because macromolecules are often used in the area of classical materials, processing

and molding of polymers is an essential step in the production of finished products.

Thus, engineering science is also important. In medical technologies, polymers are used

in highly specialized applications, such as artificial heart valves, eye lenses, or as

materials for medical devices.

Last but not least, as well as the vast and significant use of synthetic polymers, macro-
molecules are of crucial biological importance. Undoubtedly the most important polymer
in the world—without which human existence would not be possible—is DNA. Without its
polymeric nature, DNA could not fulfill its essential role as the memory molecule of living
systems. If the molecules were not linked to a polymeric strand, DNA would be nothing
more than a mixture of four different bases with no defined structure and therefore without
biological function. In addition to the millions of tons of natural rubber processed annu-
ally, further examples of biopolymers essential to life include proteins that catalyze chemi-
cal reactions as enzymes, form membranes, or act as antibodies differentiating between
friend and foe.

This chapter deals with the basic concepts and definitions of polymer science and
especially the most important question that a natural scientist can ask: “Why?” In particu-
lar, why should one take an interest in this field? It is shown that polymers constitute a
class of materials that not only make an essential contribution to the existence of life in the
form of biological macromolecules, but without which, thanks to their myriad technical
applications, our modern daily life would be no longer conceivable.

1.1 Polymers: Unique Materials

Even if we restrict ourselves to the field of non-biogenic, traditional materials, macro-
molecules are a material class of unparalleled versatility. However, the range of properties
covered by polymeric materials is much broader than that of traditional materials. Thus,
for example:

1 Originally, a distinction was made between macromolecular substances and polymers. This differentiation
has become unnecessary. In this book, these terms are used congruently.
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Glass fiber reinforced plastics can have tensile strengths that rival, e.g., steel, whereas
other polymers such as polyurethane foams can be used as soft cushions or mattresses.
Most plastics are electrical insulators, but highly conjugated polymers have also been
synthesized with specific conductivities of the same order of magnitude of those of
highly conductive metals (Naarmann and Theophilou 1987).

The density of porous polymeric materials can be varied across a very wide range. In
particular, from polymer foams such as Styrofoam®, extremely lightweight articles can
be produced.?

The melting point of polymers can also be greatly modified by varying the
macromolecular architecture. Some polymers can be physically described as highly
viscous melts even at room temperature, whereas other polymers have melting points
of several hundred degrees Celsius, and can be heated to red heat or sintered. Of course,
the temperature range of the melting or softening point is critical for the temperature at
which a material can be used or processed. On the one hand, a high melting point
allows a high service temperature but requires a lot of energy to process the molten
material into the final shape. For many materials in everyday life, which are only used
at room temperature, a low melting point is an advantage because they can be processed
much more resource-efficiently than materials with a high melting point. Here, too, the
unrivaled variability that polymers offer is often a decisive and advantageous factor.

Because of their great versatility and their resulting unique material properties, syn-
thetic polymeric materials have become indispensable in our daily lives. Many familiar
applications can only be realized using macromolecular materials:

The electrical and electronics industries in their current form are difficult to envisage

without polymers. This statement includes seemingly trivial applications such as the

sheathing for electric cables—no other non-polymeric substance class provides
materials that are both flexible and at the same time act as electrical insulators. Even in
technically much more demanding applications, such as the manufacture of solar cells,

LEDs, or integrated microchips, polymers play a crucial role, e.g., as etching masks,

protective coatings, dielectrics, or fiber optics.

The modern automobile would also be unthinkable without polymers. All motor

vehicles manufactured today are covered with a polymer layer—the so-called clearcoat.

In addition, polymers, from which, for example, the tires, dashboard, seat cushions,

and bumpers are constructed, make a major contribution to reducing the weight of the

vehicle, thus limiting the fuel consumption.

The construction industry has also benefited enormously from this relatively young

class of materials. Polymers in the form of insulating foams reduce the energy

consumption of buildings, serve as conduits for water supply and sanitation, and
provide a weather-resistant alternative to the use of exterior wood.

As packaging, polymers are now irreplaceable, especially for food packaging or as

shock absorbing material for goods in transit.

Polymers find applications not just as classical materials but also as, mostly soluble,
active ingredients and functional additives. As such, they often go unnoticed because

2 Low-density materials such as metal foams or ceramic aerosols can also be produced from non-polymeric
materials; these, however, do not have the same breadth of application in everyday life as polymers.



4 Chapter 1 - Introduction and Basic Concepts

they are not the actual material but rather, often in relatively small amounts, responsible
for the appearance of something. Thus, polymers can be found in modern detergents,
cosmetics, or pharmaceutical products. They are also used in water treatment and paper
production. In the latter capacity, macromolecules as functional polymers are discussed
in detail in » Chap.19.

1.2 Definition of Terminology and Basic Concepts

In the following section a brief introduction to the basic concepts of polymer science is
given.

1.2.1 Fundamentals

The term polymer refers by definition to molecules formed from a number of building
blocks, called monomers, usually connected by covalent bonds. The prefix “poly” comes
from the Greek word for “many” whereas the Greek prefix “mono” means “single” and
refers here to a single block. In the synthesis of many polymers, monomers are linked
together in the same manner to form a single chain consisting of covalently connected
repeating units (8 see Fig. 1.1).

There is no definitive limit on the number of repeating units required to meet the
definition of the polymer. In general, it is stipulated that the number n, also referred to as
the degree of polymerization, must be sufficiently high that the physicochemical properties
of the resulting molecule no longer change significantly with each addition of a further
repeating unit. This definition is not exact. Macromolecules that are composed of rela-
tively few repeating units do not meet this definition and the term oligomers (“oligo” = “few”)
is used for such molecules.

One example of a polymerization reaction is the reaction of ethene to form polyethyl-
ene (B see Fig. 1.2). In this reaction, the C=C double bond of the ethylene is converted into
a single bond.

From the definition of the term polymer, it follows that in principle any chemical mol-
ecule that can form two (or more) bonds can be used as a monomer for the synthesis of
macromolecules. This allows a huge variety of accessible structures which barely set a limit
to the imagination of the synthetic chemist.

B Fig. 1.1 Schematic
structure of a polymer of n n®» —— - DD

repeating units

1,

O Fig. 1.2 Polymerization of
ethene to polyethylene NHC=CH, —— """
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As already mentioned in the introduction to this chapter, the properties of polymers
can be varied within a broad range. For the control of these properties, a huge array of
adjustments is available to the polymer chemist. The most important are:

Type of monomers

The chemical bond between the repeating units—for example, ether vs amide bonds

Degree of polymerization

Architecture of the chain—for example, linear or cross-linked

Incorporation of chemically different monomers along the polymer chains

(copolymerization)

Sequence of monomers in a copolymerization—for example, alternately or in long

sequences which consist of only one type of monomer (> see Sect. 1.3.3)

Specific interactions between the components of the polymer chain, e.g., hydrogen

bonding or dipole-dipole interactions

In addition to these essential questions, many other factors, such as admixtures (addi-
tives) and material processing, also have an influence on the properties of macromole-
cules. The aim of this book is to provide, against the background of an almost infinite
variety of possible polymer structures, an overview of the essential principles that can be
used for the selective synthesis of structures with desired properties.

1.2.2 Polyreactions

In the following, a brief overview of the basic possibilities for the synthesis of polymers
(polyreactions) is given. These can be classified according to various criteria.

Depending on the manner in which the polymer chains are constructed in the course
of the polyreaction of the monomers, a distinction can be made between step-growth and
chain-growth reactions.

Step-Growth Reactions

This polymerization process can, in principle, be applied to all organic compounds which
have two functional groups capable of forming a chemical bond. Classic examples of this
are ester, amide, or urethane bonds (B see Fig. 1.3).

The resulting polymers here are referred to as polyesters, polyamides, or polyure-
thanes. Details on the nomenclature can be found in » Sect. 1.2.3.

Chain-Growth Reactions

In chain-growth reactions, the polymerization can ensue by an addition to a polymeriz-
able group, especially an olefinic double bond, or by the opening of a ring. The essential
criterion for chain growth is the existence of a (usually high energy and unstable) active
particle, which is able to add to a monomer unit and thereby transfers its active character
to the newly incorporated repeating unit. This leads—as with a falling row of dominoes—
to a chain reaction in which the growing chain continuously adds additional monomer
units until no more monomer is available or side reactions occur.

Vinyl compounds can often be polymerized by a chain-growth mechanism. Here, the
double bond is converted into two single bonds (B see Fig. 1.4). Because, in the case of car-
bon, two single bonds have less enthalpy than one double bond, the reaction is exothermic.
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nHO-R-OH + n HOOC-R'-COOH ———— > [ O R=O— R~
0

-(2n-1)H,0 0
-n
Polyester
b [H H ]
I I R
nH,N-R-NH, + n HOOC-R -COOH ————> [ N7R-N BINE
-(2n-1) H,0 o) o)
Polyamide
c [ H H

| |
NHO-R-OH + n OCN-R'-NCO —— > —‘O—R‘O—H—N-R'—N
L (0)

Polyurethane
B Fig. 1.3 Creation of (a) polyester, (b) polyamide, and (c) polyurethane

B Fig. 1.4 Polymerization of an
olefinically unsaturated

compound
P n/\R —_—
R
n

B Fig.1.5 Ring-opening
polymerization using the
example of ethylene oxide O
n/N\N —> °
n

Ring-opening polymerizations also generally involve a chain-growth mechanism
(B see Fig. 1.5). Here, the driving force is the release of the ring strain. Thus, for instance,
three membered rings, such as ethylene oxide (oxirane), undergo facile polymerization.

As with small molecule organic chemistry, chain-growth reactions are classified accord-
ing to whether they involve radical, positively, or negatively charged reactive species. In these
cases, one refers to a radical, cationic, or anionic polymerization, respectively. Another
important class of chain-growth polymerizations are those involving transition metal com-
pounds, referred to as transition-metal catalyzed (catalytic) or coordinative polymerizations.

It follows from B Figs. 1.3-1.5 that there are three basic possibilities for the formation
of a covalent chemical bond as the result of a polyreaction:

Addition to a multiple bond

Elimination of (mostly low-molecular) fragments

Opening of a ring

These are referred to as polyaddition, polycondensation, or ring-opening polymeriza-
tion, respectively.
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The latter differentiation makes a stringent subdivision of the different types of polym-
erizations difficult, in particular in the field of chain reactions. Thus, for example,
ring-opening polymerization is possible by both catalytic and ionic mechanisms. Likewise,
they can occur both via step-growth reactions and chain-growth reactions. However,
there is little value in making this distinction between polycondensation and polyaddition
and this is not being pursued further here.

This difficulty has been accounted for in this book by the inclusion of a separate chap-
ter on ring-opening polymerization (» see Chap.12), and the basic mechanisms are dis-
cussed in the preceding chapters.

A detailed overview of methods for synthesizing macromolecules can be found in
» Chaps.8-12.

1.2.3 Nomenclature of Polymers

The basic principle of polymer nomenclature rests on the designation of the monomer or
repeating unit set in brackets, in conjunction with the prefix “poly” For example,
poly(styrene) is produced from styrene. Whether one uses the name of the monomer or
the repeating unit is rather arbitrary. Thus, for example, the polymerization product of
styrene is mostly referred to as poly(styrene), whereas that of ethene, after the repeating
unit, usually as poly(ethylene). For reasons of clarity, the brackets are generally omitted
with polymers that consist only of a single monomer type (so-called homopolymers), and
are only used with copolymers, i.e., polymers composed of at least two chemically different
monomers (» see Sect. 1.3.3).

In the formula, the repeating unit is placed in square brackets (8 see Fig. 1.6). For more
complex structures it has also become common practice to indicate with dotted lines that
the molecule is further extended (8 see Fig. 1.9).

If the repeating unit is further altered after polymerization by a chemical reaction
(» see Chap.15), the resulting polymer is often designated according to a formal mono-
mer, but one that was not used in the polymerization. For example, the product of hydro-
lysis of polyvinyl acetate is referred to as polyvinyl alcohol, even though it is not accessible
via the direct polymerization of the (unstable) vinyl alcohol (8 see Fig. 1.7).

O Fig. 1.6 Polymerization of

styrene to polystyrene
Yy polysty " /\@ E j
n

@ Fig. 1.7 Synthesis of
polyvinyl alcohol from polyvinyl

at n =N { — N _ ot N
acetate o n -nCHyCO0" n
0 o\fo OH
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B Fig. 1.8 Synthesis of

polyethylene terephthalate

(PET) from ethylene glycol n HO /\/OH + n HOOC COOH
and terephthalic acid

-(2n-1)H,0

o/\/o

For polymers resulting from a reaction of a dicarboxylic acid with a diol, common
names, based on the name of the corresponding ester, have become usual. For example,
the polyester resulting from the complete esterification of ethylene glycol with terephthalic
acid (B see Fig. 1.8) is referred to as polyethylene terephthalate (abbreviated PET).

1.3 Polymer Architectures

An overview of the different structural principles according to which a polymer can be
built is provided below. Several structural variants need to be distinguished:

Unbranched (linear) and branched polymers

Isomerism of the repeating units

Copolymers

1.3.1 Linear and Branched Macromolecules

In addition to their chemical diversity, polymers can also differ substantially from each
other in their molecular architecture. The result, as can be readily seen, of the above-
discussed polycondensation of ethylene glycol and terephthalic acid (> see Sect. 1.2.3), isa
linear, unbranched macromolecule with exactly two ends.’ However, if one was to add, for
example, a small amount of trifunctional acid to the monomer mixture, a branching
point can develop at those locations where this molecule is incorporated into the polymer
(B see Fig. 1.9). When an excess of one functional group, for example the OH function, is
used, a molecule is produced after the complete reaction of the other functional group
which has only alcohol functions as terminal groups which cannot sustain further poly-
condensation—that is, the polymerization comes to a halt.

In this quite simple architecture it already becomes clear that there are limits to a plain
formula for polymers and that, for an exact description of the molecule, one requires more
accurate information than just the name(s) of the monomer(s).

3 To a lesser extent, macrocyclic rings can form when one terminal acid group reacts with the terminal
alcohol group of the same molecule.
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B Fig.1.9 Schematic
representation of (a) a linear & b
polymer chain and

(b) a branched macromolecule

g \

@ = Trifunctional monomer

O Fig. 1.10 Coexistence of

linear, terminal and branched Branched
segments in a highly branched

polymer (schematic)

Terminal

N

Linear

If the number of branches in the macromolecule is increased, one eventually
reaches a class of so-called highly branched polymers. These molecules can be notion-
ally divided into linear segments, branches, and so-called terminal end segments
(B see Fig. 1.10). An example of such a highly branched polymer is polyethyleneimine,
discussed in » Chap.19.

The greater the ratio of branched to linear segments, the greater the degree of branching
of the material. Ideally, there is a perfectly branched, symmetrical macromolecule which
grows outward from a central point, resembling a family tree, until the spatial density of
branches on the surface of the (generally in good approximation, spherical) molecule is so
high that further growth is no longer possible (B see Fig. 1.11). Because of the similarity
with trees, such molecules are referred to, after the Greek word “dendron” for “tree;” as
dendrimers (Buhleier et al. 1978).

Because of the branched polymer’s strong outward increase in segment density, its
interior contains cavities which can be used for the storage of guest molecules such as dyes
or agents. However, the loading density is quite low because of the small number of these
cavities. In addition, the synthesis of such perfectly branched systems is only possible in
multistep reaction sequences and therefore very time consuming, so dendrimers have, up
to now, achieved only limited technical significance (> see Chap.8).

Although highly branched or dendritic polymers represent individual, discrete macro-
molecules, the synthesis of polymer networks leads to the formation of a covalent, branched
network within which all of the molecules available in the system are incorporated.
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H,oN N
N~ N\/\/ NN N\/\/ \/\/N\/\/N/\/\NHZ
HNTNN KL H/ \/\/NH
2
HaN N/\/\/N /\/\NH
2
HzN/\/\ /\/\N\/\/NH
NN~ N 2
HzN\/\/N/\/\N/\/\N/\/\N % N/\/\ \/\_ AN
N NH,
ST \\L
H,N fN . S " N NH,
N
H,N N/\/\ \\\ \\\\ \\/\\i\NHZ
o ’\/\ NH,

N
N \ 7?‘ N N H\ NH
HN ( NH>
HoN }
NH NH

*NH2 NH, NH, NH, NH, NH2 NHz NH: ’

B Fig.1.11 Schematic representation of a dendrimer

Such a network emerges, for example, if higher-functional monomers (i.e., those with
more than two reactive groups) are caused to react and the reaction exceeds a certain level
of monomer conversion (> see Sect.8.3.4). Such a network can be described as a single

molecule which occupies the entire reaction space (8 see Fig. 1.12).

1.3.2 Isomerism in Polymers

As with small molecules, macromolecules can also exist as isomers. Here, the following
cases, which are particularly important from the viewpoint of the polymer chemist, are

structural-, stereo-, and conformational isomerism.

Structural Isomerism

With structural isomerism (also referred to as constitutional isomerism), the nature of the
covalent linkage of the atoms with each other differs, similar to the low-molecular isomers
acetone and propionaldehyde. For example, polyvinyl alcohol and polyethylene oxide

(B see Fig. 1.13) are structurally isomeric polymers.
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B Fig.1.12 Schematic
representation of a polymer /
network '

B Fig.1.13  Structural
isomerism using the example

b
of (a) polyvinyl alcohol and
(b) polyethylene glycol 0
n

An important case of structural isomerism occurs in the polymerization of conjugated
dienes such as isoprene (2-methylbut-1,3-diene). During the polymerization of this
monomer, as discussed in more detail in » Sect.14.10, each monomer unit can be added
to the macromolecule in different ways. These are shown in @ Fig. 1.14.

The isomers shown rarely occur as pure forms in practice. Most often the polymers formed
are composed of different structural variations within the same polymer chain. In addition to
the isomers shown here, 1,4-polyisoprene also exists as cis and trans isomers (see below).

Stereoisomerism

In analogy to small molecule organic substances, constitutionally identically macromole-
cules may differ in their spatial form. Notably relevant for polymers are cis-trans isomers
and enantiomers.
The cis-trans isomerism is particularly important for polymers with a double bond in the
main chain. The simplest example of this are cis- and trans-1,4-polybutadiene (8 Fig. 1.15).
As in the field of low-molecular organic chemistry, they differ in their physicochem-
ical properties. This effect is generally very pronounced in macromolecules. cis-1,4-
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B Fig.1.14 Structural

isomers of polyisoprene
> 1,2-Polyisoprene
=

1
n
)\/ I : :
2 /4 i 3,4-Polyisoprene
1 3
A
] N n 1,4-Polyisoprene

O Fig.1.15 cis-trans
isomerism using the example = = =
of (a) cis-1,4-polybutadiene and /
(b) trans-1,4-polybutadiene o N \

O Fig.1.16 Stereoisomerism
using the example of

polypropylene: isotactic, Polypropylene
syndiotactic, and atactic
polypropylene

Isotactic

Syndiotactic

Atactic

Polybutadiene (butadiene rubber), for example, is an amorphous, sticky material,
whereas the trans isomer is a (partially) crystalline material with a high melting point.
The situation is similar for the cis and trans isomers of isoprene (» see Sect.14.10.3). The
cis isomer is a soft and, in its non-vulcanized state, sticky material which is known as
natural rubber, whereas the trans isomer, which is referred to as gutta-percha, is a non-
sticky and much harder material.

A technically very important case of a polymer exhibiting enantiomerism is
polypropylene (PP). In the polymerization of propene (» see Chap.11) a macromolecule is
created whose main chain—the so-called polymer backbone—could formally be placed in
a plane, whereas the methyl groups of the C, carbon point upwards or downwards relative
to this plane (B see Fig. 1.16). Depending on whether the stereochemistry at the C, atom
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B Fig.1.17 Pseudo-asymmetry

using the example of a x b X
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(b) polypropylene oxide
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is regularly (stereoregular) or statistically configured, different stereoisomers result, which
are referred to as isotactic, syndiotactic, or atactic polypropylene.

Polypropylene is referred to as isotactic polypropylene (it-PP) if all of its tertiary car-
bon atoms are configured identically. Syndiotactic polypropylene (st-PP) has an alternating
configuration of its methyl groups along the chain, whereas in atactic polypropylene
(at-PP) the spatial orientation of the methyl groups is irregular.

The three types of polypropylene mentioned above are diastereomers. Whereas it-PP
is a highly crystalline material with a melting point of ca. 160 °C, at-PP cannot crystallize
because of its irregular structure and it is an amorphous, sticky material. The control of
stereochemistry is thus of considerable importance (> see Chap.11).

However, in contrast to substances composed of small molecules, stereoregular poly-
olefins are usually not optically active. This is because the two polymeric chains attached
to the chiral center are very large and thus indistinguishable from a physicochemical point
of view. A mirror plane can thus be placed approximately through the chiral center. This
is also referred to as pseudo-asymmetry. In contrast to this, no mirror plane can be placed
through the molecule of polypropylene oxide (8 see Fig. 1.17) because of the additional
oxygen atom. Therefore, this macromolecule can exhibit optical activity if one succeeds in
producing a stereoregular product and separating the stereoisomers.

Conformational Isomerism

Even with macromolecules, individual molecular groups can rotate around a single bond.
Consider the case of polyethylene as the simplest organic polymer. The trans conformation
is approximately 4 kJ/mol more favorable than the gauche conformation. Therefore, the all-
trans conformation is the enthalpically most favorable conformation. However, the number
of possible trans and gauche conformations of # single bonds is 3, i.e., a very large number
for polymers. For this reason, an all-trans conformation is enthalpically favorable, but
extremely unlikely, with the result that this conformation is entropically unfavorable. In
addition, the enthalpy difference of 4 kJ/mol, which corresponds to about 1.5 times kT (ky:
Boltzmann constant, T: absolute temperature) at room temperature, is not particularly
large. From simple considerations, it follows that at room temperature the trans configura-
tion is only approximately 1.6 times more likely than the gauche configuration. A signifi-
cant number of bonds therefore exist in the gauche configuration, and the molecule adopts
a spatial arrangement quite different from the extended form, which resembles rather a ball
of wool (B see Fig. 1.18).# Details of this are discussed further in » Chap.2.

4 Recent work shows that for isolated chains this picture becomes even more complex: additional forces
such as dispersion forces have to be considered, leading to substantial chain-length-dependent influence
on the chain architecture; see, e.g., Littschwager NOB, Wassermann TN, Mata RA, Suhm MA (2013) The
Last Globally Stable Extended Alkane. Angew. Chem. Int. Ed. 52:463-466.
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B Fig.1.18 All-trans

conformation a
(a) and “ball of wool” AN NG G G P NN
conformation
(b) of polyethylene
b

O Fig.1.19 Statistical copolymer consisting of two monomers M, and M,

1.3.3 Copolymers

Copolymers are polymers composed of at least two chemically different monomers. In
principle, with copolymerization of different monomers in various quantities, an infinite
variety of different macromolecules can be synthesized. This chemical diversity is increased
by the various possibilities available for incorporating the comonomers into the chain as
well as their sequences. These are discussed below.

Statistical Copolymers
If two chemically different monomers M, and M, are polymerized in a random, statisti-
cally determined sequence to each macromolecule, this is referred to as a statistical copo-
lymer (B see Fig. 1.19).

Here, the incorporation of the monomers into the polymer main chain is determined
by the relative reactivity of the monomers and obeys statistical laws (> see Chap.13). The
copolymer is referred to as poly(M, -stat-M,)°.

5 The expression of random copolymers (used mostly incorrectly) is often found instead of statistical
copolymers. The term statistical copolymer should, however, be preferred.
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O Fig. 1.21 Block copolymer consisting of two monomers M, and M,

Alternating Copolymers

With alternating copolymers, two monomers M, and M, are built into the polymer main
chain in regular alternation. This results in the structure shown in B Fig. 1.20.

These polymers are referred to as poly(M,-alt-M,). Such polymers result from the
polymerization of monomers that can react with one another but not with themselves.
One example is the polycondensation of a diol and a diacid (8 see Fig. 1.3). Alternating
copolymers result from vinyl polymerizations only when the reactivity of the individual
monomers with the other monomer is much greater than with itself. Details are discussed
in » Sect.13.3.

Block Copolymers
In block copolymers, the comonomers are arranged along the polymer backbone in blocks
of consecutive identical monomers (8 see Fig. 1.21).

Depending on the number of blocks in the polymer backbone, one refers to, for exam-
ple, di-, tri-, or multiblock copolymers. The nomenclature for these macromolecules is
PolyM, -block-PolyM,, as, for example, in polystyrene-block-polybutadiene. Colloquially,
the designation Poly(M,-block-M,) has become common; e.g., poly(styrene-block-
butadiene).

Graft Copolymers
Polymers in which a side chain of M, is linked to the main chain of M, are called graft
copolymers of the monomers M, and M, (B see Fig. 1.22). These macromolecules are
referred to as PolyM -graft-PolyB. Here, PolyM, is the main chain, the so-called graft
stock, and PolyM, is the grafted side chain.

Copolymers for which only the monomers are to be designated but in whose name no
particular copolymer architecture is to be specified are generally referred to as Poly(M,-co-M,).

The following chapters present a deeper discussion of the properties and the synthesis
of polymeric materials. This is structured as follows:

» Chapters2 and 3 present the size and shape of polymers, as well as methods for

determining their molar mass

In » Chapters4-7, the properties of solid polymeric materials are discussed

> Chapters8-13 are devoted to the synthesis of polymers

» Chapters 14-17 deal with important classes of polymers, chemical reactions of

polymers, and procedures for the manufacture and processing of macromolecules
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O Fig.1.22 Graft copolymer consisting of two monomers M, and M,

» Chapters 18-20 are dedicated to special classes of materials (elastomers, functional
polymers, and liquid crystalline polymers)

The textbook concludes with some environmental aspects of synthetic macromolecules
(» see Chap.21) and a brief presentation of current trends in polymer chemistry (> see
Chap.22)
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Polymers, especially when compared with the monomers from which they are built, have
a number of special properties. For example, polymers such as starch and polypropylene
oxide are much less soluble in water than their monomers, glucose and propylene oxide.
Another observation is that many polymers absorb solvents or water without themselves
dissolving. Thus, cotton socks, for instance, absorb water without disintegrating when
they are washed in a washing machine. To explain and to be able to describe such proper-
ties, this chapter is devoted to a description of the polymeric chain structure and the con-
sequences thereof for polymers in solution. Furthermore, the thermodynamics of polymer
solutions are discussed and compared with those of small molecules to develop an under-
standing of the differences in solubility mentioned above.

21 Chain Models

The structure of a polymer and the characteristics that can be derived from it can best be
visualized by using a chain model. In this model the repeating units are the chain links,
which are (in the simplest linear case) connected together to form a chain. In the case of a
polymer chain in which all elements are connected in a trans-conformation, the simplified
image in @ Fig. 2.1 emerges.

The “contour length;” I  —the complete length of a chain with # links of length [,
including all chain elements— is

l

cont

=nl (2.1)

If one considers solely the three most probable conformational possibilities of every
—CH,- entity relative to its direct neighbors, two gauche- and one trans-conformations,
this already gives 37! different conformations for the complete polymer chain. Only one
of these is the all-trans-conformation; thus its actual occurrence is highly improbable.
Despite this, statistical methods are used to describe the dimensions of polymer chains as
realistically as possible and thereby predict their behavior.

The so-called Gaussian chain is a random arrangement of the segments following the
erratic flight or random walk model and assuming free and unimpeded rotation. Every
repeat unit is thus connected to the next by an arbitrary angle. @ Figure 2.2 shows sche-
matically the basic features of this model. -

A statistical treatment is based on the size of the mean end-to-end distance R.! It follows
from this that

R= ZZ 22)
i=1

-
- -
-

O Fig. 2.1 Model of a polyethylene chain in which the ~CH,~ units are symbolized by kinks. The basis
of this representation is an all-trans-conformation (bond angle =109.47°)

1 For reasons of consistency with the most popularly used nomenclature, the symbol R is used for this
variable; needless to say, it should not be confused with the universal gas constant R.
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B Fig. 2.2 The Gaussian chain
model withﬁdiffererlt repeating
units (e.g, /; and /;), which are
described by vectors according to
their spatial position. R isa
measure of the distance between
the chain ends

If a chain end is randomly placed at the point of origin of a one-dimensional coordinate
system, the probability P(x,n) of finding the other end of the chain with » links of the
length [ at a distance x in the interval dx can be described by a Gaussian distribution. This
corresponds to the observation that, in the case of random walk, all directions are equally
probable. Thus it holds (without proof) that

2 x?
P(x,n)= /E exp[—mjdx (2.3)

Essentially, (2.3) includes the exponential term of a Gauss function as well as a pre-
exponential factor. The latter ensures that the integral of this probability distribution is 1
for all values of x because the probability of finding the second chain end somewhere is
obviously 1 or 100 %.

In three dimensions, this produces the following result (again without proof):

3
-5 2,2, 2
P(x,y,z,n):(zTnnlzj exp(—%%}dx-dydz (2.4)

This expression corresponds to the probability of finding the other chain end in a cubic
element of volume dx - dy - dz. However, if we observe the model not in the Cartesian sys-
tem but within spherical coordinates to establish the probability of finding the chain end
in a spherical shell of a sphere of thickness dr at a distance r from the center of the sphere
(B Fig. 2.3), it follows that

3
3 5
P(r,n) :(%nlzj exp[—%;?j4ﬂr2dr (2.5)

To be able to make statistically significant assertions, we calculate (comparable to an error
calculation) using the corresponding squared values. This can be visualized by looking at
P(r)dr (B Fig. 2.4).
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B Fig. 2.3 Spherical shell model
of a Gaussian chain

B Fig. 2.4 Representation of P(r)
drfor1=0.25 nm. (Dashed line:
n=100, solid line n=1000) 0.4

0.2

P(r)dr

In this case, a simple average would yield zero, which of course would not reflect real-
ity, because both chain ends cannot be in the same place—i.e., the origin of the coordinate
system—at the same time.

As can be seen in @ Fig. 2.4, the segment’s density tends to zero at the origin. It initially
increases outwards before decreasing again at very large distances, a progression that
would be intuitively expected.
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As the number of chain links 7 tends to infinity, the mean square end-to-end distance is

oo

<R2> = .[P(r,n)rzdr (2.6)

0

The solution of the integral in (2.6) yields (without proof)

2\ _ g2
(R*)=ni 2.7)
When (R?) is compared to the contour length I, it becomes clear that the coiling of the
polymer chain has an enormous effect on the dimensions of the chain. If we consider, for
example, a polyethylene chain with a repeat unit length /=0.25 nm and 10,000 units, the
contour length, as given by (2.1), I, =2500 nm, and the mean end-to-end distance

according to the random walk model, /< R? > =25nm. Thus, ¥< R* > isa factor of 100
shorter than [ .

A more realistic description of a polymer chain compared to that given by a Gaussian
chain can be obtained if both the fixed connecting angles and the limited and restricted
rotation around the bonds are taken into account. These considerations lead to an expan-
sion of the polymer coil as compared to the Gaussian chain.

If we consider a fixed bond angle 0 for the square of the mean square end-to-end dis-
tance in accordance with the so-called valence bond model (VBM), it follows (without

proof) that

1—cos@
R? =nl* —=~ 2.
< >VBM 1+cos@ 28)

In the case of a carbon-carbon main chain, a bond angle of 109.47° yields

<R2>VBM =2nl? (2.9)

Thus, taking a fixed bond angle into account leads to a doubling of the mean square end-
to-end distance. If one also takes into account the restricted rotation at the angle ® with
non-independent potential, i.e., the preference of trans and gauche states, one arrives at
the so-called Rotational-Isomeric-State-Model (RIS) (Flory 1953; Painter and Coleman
2009). In this model, the mean square end-to-end distance (without proof) is

) 5(1-cosf 1+<COSCD>

<R >RJS =l (1+cos9j 1-(cos @) (2.10)
Thus, compared to (2.8), taking account of the trans and gauche “wells of potential,” which
are expressed by the statistical mean value of the cosine @, leads to a further expansion of

the chain as compared to the valence bond model.
If these differing values of the mean square end-to-end distance are considered in rela-
tion to the Gaussian chain, one can derive fundamental information without having to
revert to the physically more correct, but mathematically considerably more complex,

models. However, with the current models a generally valid description of the dimensions
of real polymer chains in undisturbed states is not possible.
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An important value is the characteristic ratio ¢, which describes the expansion and
therefore the stiffness of the real polymer as compared to the Gaussian chain (2.10). The
influence of solvents is not considered and existing interactions are considered to be
mutually neutralized (unimpeded dimensions). The larger this characteristic ratio (and
thus the corresponding square of the mean square end-to-end distance (R?), _, of the real
polymer), the more rigid the polymer.

<R2 >real —

=G (2.11)

Of course the assumption of free bond angles makes the Gaussian chain model a gross
simplification of real polymers. By avoiding a more detailed structure, the model can serve
as a simplification. Where the characteristic ratio is known from experiments, such as size
exclusion chromatography (SEC) under € conditions (» Chap.3), the model is perfectly
adequate to give an approximate description of real polymers. In a development of this
model by Kuhn, the length /, no longer represents that of a repeat unit, but is generally
longer. Common to both the real chain and the so-called Kuhn chain, which is constructed
of n, <n segments of length [ >, are the contour length [ and the real chain end-to-end
distance. B Figure 2.5 shows the model schematically.
Thus, [ is given by

cont

lcont =n 'lk =n-l (2.12)

If one considers the real chain and compares the Kuhn model with the Gaussian chain,
one obtains

<R2>,ea; _ <R2>k el :liscw (2.13)

n-1? n-1? nl*> 1

The example of polyethylene (n>100, /=0.25 nm) provides a useful illustration. As a sim-
plification, one assumes that each segment exists independently of its neighboring segment

O Fig. 2.5 Schematic
representation of the Kuhn
model and the corresponding
real chain. Bold =segment length
I, (Kuhn model), not bold = the ele-
ments of the real chain
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in the gauche or trans state. In this case, the gauche-trans energy levels are statistically
independent (unconnected) and it follows from theoretical calculations that

2
% =37 2.14)

However, experiments yield

RZ
<n .1>2k =6.7 (2.15)

Thus, the mutual influence (coupling) of the conformations cannot be ignored. Only a
model considering the linked and restricted rotation is capable of describing the expan-
sion of the real polymer coil compared to the Gaussian chain. With (2.13) the Kuhn length
[ =1.68 nm.

k

In other words, it is possible to calculate the mean square end-to-end distance from
the contour length and the Kuhn length directly:

<R2>k =1 Lo (2.16)

2.2 Chain Stiffness

An additional unit of measure for the flexibility of a polymer bundle is the persistence length
I . The model describes a chain with an infinite number of bond vectors I, each of identical
length. The projection length of each of the bond vectors /; with j>i onto [ is given by
the average of all conformations, Icosf, . This can be graphically interpreted as the portion
of all /; that “point” in the direction of I, and can thus be used as a measure of the cor-
relation of the orientation of two independent segments of the polymer chain. Here 6,
denotes the angle between the two bond vectors. The so-called persistence length is define

as the sum of all the bond vector projections over all conformations on the first vector Z :

l, :li <cos0i,j> (217)

j=i+l1

The initial summands in this expression make a finite contribution to the persistence
length. After a certain separation between the bond vectors /. and l; they become inde-
pendently orientated in space. Thus (cost/; ;) converges for these bond vectors to zero and
the persistence length becomes a finite valte defined by those segments immediately fol-
lowing 7. For a stiff polymer, [ assumes a large value as a result of the considerably
restricted rotation. For a statistical coil, [ has a small value. The persistence length is thus
a measure for the stiffness of the coil.

For the limiting case of a bond angle of 6 =180°, the macromolecule forms a straight
chain and the mean end-to-end distance is equivalent to the contour length. A mathemat-
ical simplification suggests applying the angle complementary to 180°. For 6 =180° this
is 8" =0° . Although there are real polymers which have a small value for ', the angle is
always greater than zero. An example of this is a double-strand DNA helix. To describe the
characteristics of this chain, considerably fewer and correspondingly longer Kuhn seg-
ments would be required than would be necessary for a more flexible polymer.
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At this stage, the fundamental difference between the contour length [ . and the per-
sistence length lp should be noted. The persistence length basically depends on the chain
stiffness of the polymer in question. Hence, it is a material characteristic closely associated
with the chemical composition of the polymer; it does not depend on the molar mass of
the particular chain. For this reason alone is it possible, for example, to define the (single)
characteristic persistence length of a polymer such as polyethylene. In contrast to this, the
contour length is very heavily dependent on the number of repeat units making up the
polymer—as can be immediately seen from (2.1); a doubling of the molar mass leads to a
doubling of the contour length. Therefore in specific cases it can be that the persistence
length is greater than the contour length for a very stiff polymer with a relatively small
molar mass, even if this seems to be in conflict with (2.17) (persistence length as projec-
tion of all bond vectors onto the first).

The so-called wormlike-chain-model (WLC) is a simplified way of considering the
chain stiffness of semi-flexible polymers. This mathematical model was first described in
1949 (Kratky and Porod 1949). The persistence length lp was defined as

-2 218)
p 9/2 :
and the auxiliary parameter p :
P=l, /oy =(2/067) (2.19)

This auxiliary parameter allows a dimensionless description. This demonstrated that for
the mean square end-to-end distance, it holds (without proof) that

(R*), o =l {2 p —Gj -2p° [1 - exp[—%n:l (2.20)

It should be borne in mind that the persistence length is a mathematical paraphrase of the
stiffness of the polymer chain. In limiting cases, it tends towards zero (completely flexible
chains) or towards infinity (completely stiff rods). Given this, two limiting cases can be
distinguished. In the case of extremely stiff chains with a persistence length greater than
the contour length, it holds that p > 1. As a visual example, one could imagine uncooked
spaghetti (which could be even longer without doubling up as a chain does). If we imagine
spaghetti of immense length, the description would segue into the second case, as pre-
sented below. The exponential function can then be expressed as a Taylor development
and ignored after the second term. This gives the following relationship between the end-
to-end chain distance and contour length:

1 1
<R2 >WLC = 1020'” {21) N 2p2 [; - 2p2 ﬂ = lczont (2.21)

With this function, stiff chains, for example, rods can be described.

In the second case, we are concerned with molecules that are relatively stiff but have
such a large number of segments that the contour length far exceeds the persistence
length. An example of this is DNA, mentioned above. DNA is very stiff and has an
extremely high contour length. For such molecules p <1 which means that p* is much
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smaller than p and, because 7 is extremely large, 1/n is also very small so that (2.20) can be
simplified to
<R2 >WLC = 2plczont = 21plcont (2.22)

Making use of the results of the Kuhn chain statistics (2.16) and assuming that
2 _/p2
<R >WLC _<R >k:
Ly =21, (2.23)

This restates that the persistence length and the Kuhn length are a measure of the stiffness
of polymer chains.

23 Entropy Elasticity

The Gaussian chain is the (simplified) state of equilibrium for a chain and therefore repre-
sents the energy minimum. As a consequence, to expand a Gaussian chain, energy must be
introduced. By stretching the chain we bring it closer to the all-trans-conformation, which is
the most favorable for flexible chains with regard to the enthalpy, but the most unfavorable
formation in terms of entropy. As the number of possible conformations is less in stretched
states than before, the entropy decreases. If one takes the Gaussian model (with # chain links
of length [) as a basis, the change in entropy AS during expansion can (without proof) be
expressed with the assistance of the mean end-to-end distance R as follows:

2
AS(R) %kB [1—%} (2.24)
n

Herein, k denotes Boltzmann’s constant. It can be seen that the further the distance R
deviates from the result of the Gaussian model, the greater the loss of entropy associated
with chain expansion.

With use of the Gibbs-Helmholtz equation

AG = AH —-TAS, (2.25)
it follows that

3 3. R
AG(R)—AHOC—EICBT‘FEICBTW (2.26)

In practice, it can be assumed, as a reasonable approximation, that the contribution of the
change in enthalpy AH to the total free enthalpy AG during the stretching of a polymer
chain at room temperature (or above) is considerably less than the value T- AS associated
with the change in entropy. As a result, AH can be ignored for the following consideration
as a first approximation.

The returning force F of an elongated coil results from the change in the free energy
at the absolute temperature T as a function of R. Consequently, for small deflections we
find that
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Rxl,, =n-l;
T (2.27)
F= 0AG oc 3k32 R
OR nl

The resilience of a polymer chain, which in macroscopic terms corresponds to the resis-
tance of a polymeric material to deformation, depends on the entropy of the chain and is
thus proportional to the mean end-to-end distance between chain ends.

24 Thermodynamics of Polymer Solutions

In chemical terms, a polymer melt is composed of identically structured molecules. Moreover,
density fluctuations are small enough to be ignored. The chemical environment a molecule
“sees” is therefore the same throughout the whole melt. Such a situation can be described by
an averaged, so-called mean field. In this scenario, the dimensions of the polymer are not
affected by interactions, for example, with neighboring, chemically dissimilar molecules.

In contrast, in dilute polymer solutions, the density, chemistry, and especially the
chemical potential of the system fluctuate as a function of location. In such dilute solu-
tions, the polymer coils are separated by “empty;” solvent filled spaces. Moreover, as eluci-
dated in » Sect. 2.1, the segment density within the polymer coils is not homogeneously
distributed. In contrast to the melt, a “non-mean field” state prevails. As a result, interac-
tions are present that can influence the conformation of the polymer. To understand the
behavior of polymer solutions, it is necessary to consider their thermodynamics.

A polymer solution consists of the dissolved polymer and at least one solvent. Thus, in
the simplest case we are dealing with a two-component system. A system consisting of a
greater number of components might be a solvent mixture or a solution of more than one
polymer.

2.4.1 ldeal and Real Solutions

The characteristic ratio has already been introduced in » Sect.2.1. It can also be called the
ratio of the undisturbed dimension of a real polymer coil in relation to the ideal Gaussian
chain. The undisturbed dimension is derived directly from the molecular structure of the
polymer. This state is the one most probable in the melt, in which the polymer molecules
are only surrounded by essentially similar molecules. If, however, the polymer is dis-
solved in a solution, additional interactions are present that can influence its shape. In a
good solvent, the interactions between the polymer and the solvent are favored over the
interactions of the individual components. As a result, the polymer coil expands. In con-
trast, in a poor solvent the coil collapses. The transition from a good to a poor solvent, a
so-called @-solvent, presents a special case. In such solvents the interactions between the
polymer segments are equally prevalent as those between the polymer and solvent mol-
ecules. For any one set of substances this state is normally only present at a specific tem-
perature, the so-called 6-temperature. Details of this are discussed further below.

The thermodynamic properties of a polymer solution are determined by the interac-
tion between the solvent and the dissolved substance, the so-called solvent quality.
The solvent quality varies considerably for the same solvent, depending on the dissolved
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polymer. For example, water is a very good solvent for polyethylene oxide (PEO), whereas
polystyrene is barely soluble in water. To understand the thermodynamics of polymer
solutions, just as with small molecule solutions, one needs to consider the Gibbs-
Helmbholtz equation:

AG™ = AH™ —TAS™ (2.28)

Here AG is the Gibbs free enthalpy, AH the enthalpy, T the absolute temperature, and AS
the entropy. The index m refers to the respective values for the mixture.

For small molecule mixtures, depending on the quality of the solvent, the following
limiting cases can be identified.

Ideal Solution

The special case of an ideal solution arises if the process of mixing with the substance
being dissolved does not lead to any change in enthalpy (heat) and the entropy of the mix-
ture is expressible using the simple statistical approach of the so-called ideal entropy of
mixing. The latter is derived in detail further below. Thus

AH™ =0 and (2.29)
AS™ = ASD (2.30)

Athermal Solution

During the production of an athermal solution, no heat of reaction is observed (AH™=0).
However, the entropy change deviates from the statistically derived ideal entropy of mix-
ing AS,,, the deviation being denoted by AS” . Thus

excess

AH™ =0 and (2.31)
AS™ = AS])  + ASo (2.32)

excess

Regular Solution
The regular solution is associated with a heat of solution AH

" . but the change in entropy
is ideal:

AH™ = AH” = and (2.33)

excess

AS™ = ASD (2.34)

Real (Irregular) Solution
Finally, for real, sometimes called irregular solutions, a heat of solution and a deviation
from the ideal entropy of mixing can be observed:

AH™ = AH” and (2.35)

excess

AS™ = AS] A+ ASD s (2.36)
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0 Conditions

In this special case, the mixture behaves in a pseudo-ideal fashion. Under these condi-
tions, the free enthalpy of mixing is zero; the enthalpy of mixing and the term including
the temperature and the entropy of mixing are equal:

AH® =TAS™ (2.37)

The effect that the solvent quality has on the polymer coil’s dimensions is shown sche-
matically in B Fig. 2.6.

In the following section we concern ourselves with describing those regular solutions
which are especially important in practice.

2.4.1.1 Solutions of Lower Molecular Substances

A lattice model is suitable for describing a solution of a small molecule (8 Fig. 2.7).

If it is assumed that the respective values of molecular and cellular size are identical,
the respective volume fraction ¢, is equal to the corresponding mole fraction, given by the
respective number N,:

_ N (2.38)
Vi+V, N,+N,

;

Here the index i can either describe the solvent (index 1) or solute (index 2). For the case
shown in B Fig. 2.7, the ideal entropy of mixing can be determined from the number of
possible combinations of positions W:

ASijeas = kW (2.39)
Statistically, W amounts to (without proof)

N!
T N,IN,!

(2.40)

Because the sum of N is determined by N, and N,,, with the aid of the Sterling approximation
InN!'* NInN-N (241)

and the following simplification can be made:
N N.
AS  =kgN|InN-—LInN, ——2InN 2.42
ideal B ( N 1 N 2 j ( )

For 1 mol (corresponds to N, molecules, where N, is Avogadro constant) with the intro-
duction of the volume fraction and the universal gas constant R=kj N, it follows that

¢,N

aN PN
N

AS™ :R(lnN— g N -

Ine,N j (243)

AS} = R(IDN =@, In@, — @ InN — @, In @, —p,InN) (2.44)
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B Fig. 2.6 Schematic
representation of polymer coils
in solvents of different quality

B Fig. 2.7 Lattice model to
describe a solution of a solute
(dark points) in a solvent (light
points). Apart from the contents
the lattice cells are identical
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Because the sum of the volume fractions equals 1:

ASjeus = —R (‘Pl Ing, +¢,Ingp, )

Furthermore, because ¢, and ¢, are always less than 1 for mixtures, the ideal entropy of
mixing is always positive and the entropy of mixing always favors the mixture of sub-
stances. This should be obvious by considering entropy as a measure of the disorder of

a system).

To calculate enthalpies, we take account of the pair-interactions W, between the
neighboring cells in the lattice. To create two contacts between molecules 1 and 2 (with the
corresponding enthalpy of interaction W,,), the interactions between a pair of solvent
molecules (— W,,) and a pair of solute molecules (— W,,) must be ruptured. The enthalpy

change for this process is given by

(2.45)
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AW:Zle_(Wll"'sz) (2.46)
The total number of contacts N, between solvent and solute in the lattice can be obtained
by considering the coordination number z, which is given by the number of the neighbor-
ing lattice cells:

Ny, =Noy o,z (2.47)

Thus, the total enthalpy of mixing for the mixture is given by
AH" = %Ngol 0, AW (2.48)

The factor 1/2 results from the definition of AW (in relation to two interaction contacts).
This expression can be simplified by introducing the Flory-Huggins interaction parameter
. From the definition of this parameter

AW, (2.49)

it follows for the molar enthalpy of mixing:
AH"™ =RT-@,0, (2.50)

Thus, positive values for y indicate an endotherm (= unfavorable) interaction between
solvent and solute.
With the aid of (2.33), the free enthalpy of mixing AG™ can be formulated as

AG" =RT | ¢, Ing, + 0, Ing, + ¢,0,% (2.51)
| S S —— —
Entropy term Enthalpy term

The variation of AG™ with the volume fraction of one component is symmetrical over the
composition of the system (B Fig. 2.8), i.e., changing the indices for the solute and solvent
does not change (2.51).

@ Figure 2.8 shows plots of the free enthalpy of mixing as a function of the composition
for various values of y.

From B Fig. 2.8 it can be deduced that mixtures with smaller values of y are stable,
because for small values of y the free enthalpy of the mixing is always less than the free
enthalpy of the pure components. That is, mixing the components leads to a reduction
of the free enthalpy and is thus energetically favorable. This becomes obvious by con-
sidering that large, positive values of y would indicate a strongly endothermic mixing
process.

For smaller values of y, the free enthalpy of mixing is always negative. For y>2 the free
enthalpy of mixing goes through a maximum and the curve forms a “hump” for solutions
of equal volume fractions. For such solutions there are alternative compositions to the left
and the right of this maximum with lower energy levels, and such systems begin to sepa-
rate in the range of equal volume fraction compositions—the systems are unstable. This
effect increases with increasing values of y.
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O Fig. 2.8 Plot of the free

enthalpy of mixing as a function JAG™ ()

of the composition for various — o, -
values of the Flory-Huggins 0.1 4 2 2=3
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If one observes, for example, a system at ¢, =0.5 for y = 3, a separation takes place into
two phases with ¢,=0.07 and ¢, =0.93 corresponding to the minima of the energy curve.
A special case can be observed for mixtures that are between the minimum and the inflex-
ion point of the free enthalpy curve. Because the curve here also increases to the left, these
systems are metastable and additional (activation) energy is required to induce the process
of phase separation. This phenomenon can be compared with the processes of nucleation
and growth during crystallization.

The influence y has on the stability limits, stable-metastable—unstable, can be directly
determined by plotting AG™ as a function ¢ for different values of y and determining the
positions of the minima and inflection points. To this end, the minima and inflexion
points of the free enthalpy curves in @ Fig. 2.8 are joined for different values of y and trans-
posed to give B Fig. 2.9.

The transposition of the minima results in the so-called binodal, which separates the
stable area from the metastable one. The transposition of the inflexion points yields the
so-called spinodal, which separates the metastable from the unstable area. The critical
point is the point where binodal and spinodal curves converge.

2.4.1.2 Polymer Solutions

If one considers polymer solutions, the description in the lattice model according to Flory
and Huggins initially changes because monomers are linked together to form the polymer
chains (B Fig. 2.10).

The mathematical description of polymer solutions in analogy to that for small mole-
cules is given in (2.51), analogously to the lower molecular substances discussed so far. For
the free enthalpy of mixing AG™, it holds without proof:

AG™ =RT| ¢, Ing, +)9‘(’_21n(p2 + 00, X (2.52)
N

Entropy term

Enthalpy term




32 Chapter 2 - Polymers in Solution

o — JAG™  J2AGT  93AG™ 0
ritical point = = =
l Stable region 9, I, o9,
2.0 4
2.2 4
Two phase area
- - metastable
244 —> Connection
- between maxima
2.6- Spinodal Two phase area
J92AG™ —> unstable
99,7
2.8 2
—> Connection between
oints of inflexion
3.0 —Pomn , :
0 0.2 0.4 0.6 0.8 1.0

%)

B Fig. 2.9 Binodal and spinodal curves for small molecule mixtures

O Fig.2.10 Lattice model
representing a solution of a
polymer (dark circles) in a solvent
(light circles). Apart from their
contents the lattice cells are
identical
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In this model, X, denotes the relation of the size of the polymer molecule to that of the
solvent molecule. Assuming that the solvent molecules occupy the same volume as the
repeat units in the polymer, X, corresponds to the degree of polymerization of the poly-
mer being studied.

It is striking that only the entropy term is different for polymer solutions (cf. (2.51)).
Descriptively, the entropy gain is lower when diluting a polymer solution than when diluting
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B Fig.2.11 Entropy of mixing
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a corresponding amount of a small molecule solution because the polymer’s building blocks
cannot arbitrarily spread themselves over the lattice cells. This means that, compared to a
small molecule solution, the dissolution of a polymer is always less favorable with respect to
its entropy because of its smaller entropy of mixing whereas the enthalpy of mixing does not
change considerably to a first approximation (i.e., for regular solutions) whether it is a small
molecule or a polymer being dissolved.

@ Figure 2.11 shows the curve of the entropy of mixing as a function of solution com-
position for polymer solutes of different chain lengths.

In contrast to the corresponding curves for solutions of small molecules, (2.52) is no
longer symmetrical with respect to the two components; i.e., exchanging the component
indices would produce a different and new equation. This is also reflected in B Fig. 2.11.
The curves are no longer symmetrical about a vertical mirror axis running through a 1:1
mixture and the maximum shifts to higher polymer volume fractions for X,;> 1 as the size
of the polymer increases. The forms of the curves of the free enthalpy of mixing as a func-
tion of ¢, for different values of y are shown in B Fig. 2.12

As in B Fig. 2.8, the curves of AG™ for large values of y have 2 maxima. However, the
minimum at low polymer concentration (small value of ¢,) is only weakly developed (see
insert in @ Fig. 2.12). The curves in B Fig. 2.12, in contrast to those in B Fig. 2.8, are also
unsymmetrical.

If, in analogy to B Fig. 2.9, the binodals for various chain lengths are extrapolated,
@ Fig. 2.13 can be obtained.

From this representation a critical point can be recognized—that the composition
at which a miscibility gap is observed for the first time shifts to ever smaller polymer
concentrations as the degree of polymerization increases. Moreover, the miscibility gap
approaches a critical y-parameter of y_=0.5. This has two significant implications.

The curves in @ Fig. 2.13 document that polymers of greater molar mass dissolve less
easily than those of smaller molar mass; the solubility of polymers decreases with increas-
ing chain length. The miscibility gap broadens and starts at lower values of . For polymers
with very high molar mass, a miscibility gap is already evident at a y-parameter value of
0.5. For such polymers the required entropy of mixing even a much smaller (unfavorable)
enthalpy of mixing is necessary to compensate for the reduced (favorable) entropy of mix-
ing and thus to trigger phase separation. The reason for the decreasing solubility of poly-
mers as their degree of polymerization increases is the entropy of the system.
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AG™/RT

%)

O Fig. 2.12 Curves of the free enthalpy of mixing a polymer and a solvent as a function of ¢, for
different values of y at length y,,=10

Furthermore, it follows from this that at high degrees of polymerization the separation
leads to a solvent swollen polymer gel and an almost polymer-free solvent phase. Take,
for example, a chain with a degree of polymerization of 1000 (we are considering a single
lattice cell!) and an interaction parameter y of 1. In @ Fig. 2.13 a straight line for y =1 par-
allel to the x-axis intersects the binodal almost at the ordinate (¢,=0) and again at ¢, of
ca. 0.5. This implies that such a mixture separates into two phases, one containing polymer
soaked with 50% solvent (in reality a polymer gel) and the other an almost polymer-free
solvent phase. With the aid of the asymmetry of the curves, this explains why some poly-
mers absorb large quantities of a solvent without dissolving—think of cotton socks in the
washing machine.

For a system with X ;=100 at y=1.0 and a mid-range composition of ¢,=0.2, the
phase separation results in two phases with polymer volume fractions of ¢,=0.01 and
®,=0.5, respectively (B Fig. 2.13). From the mass balance it is clear that the volumes of the
two phases are not equal. The first phase (containing very little polymer) fills approx. 61%
of the total system volume whereas the polymer-rich phase occupies the remaining 39%.
These figures are obtained from the “difference” between the resulting phase compositions
and the original composition, ¢, =0.2. This can be generalized: the phases whose compo-
sition after phase separation is most similar to the overall composition occupy the largest
volume. The figures of 61 % and 39 % in our example can be calculated from the difference
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B Fig. 2.13 Binodal curves for
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between the phase composition and the overall composition (A¢,=0.2 - 0.01=0.19 or
0.5 - 0.2=0.3) relative to the difference between the compositions of the two phases
(Ap,=0.5 - 0.01=0.49). Because of the formal analogy to the principle governing
mechanical levers, this rule of separation is also referred to as the lever rule.

The Flory-Huggins interaction parameter is a central measure for understanding the
solubility of a polymer in a specific solvent. A negative interaction parameter indicates
that the polymer and the solvent molecules attract each other to a greater extent than they
attract their own kind. The polymer dissolves easily. On account of the good solvation, the
polymer coil expands compared to the undissolved state.

An interaction parameter of y =0 corresponds to an athermal solution. Graphically
speaking, this means that all the interactions taking place in the medium are equal, and it
does not matter for the enthalpy of the system whether the interacting neighbors are sol-
vent molecules or polymer segments.

When the Flory-Huggins interaction parameter becomes positive, the enthalpy favors
phase separation rather than solution. If, however, a degree of miscibility remains, this is
because of the contribution from the entropy of the system. As the entropy contributions
in polymer systems are much smaller than those with small molecule solutes, even a
slightly positive (unfavorable) enthalpy of mixing suffices to prevent the polymer from
dissolving. The properties of polymer solutions are therefore strongly dependent on the
value of the interaction parameter y.

If the interaction parameter has a value greater than 0.5 (for extremely high molar
masses), the polymer becomes more compact in the solution. The reason for this is a net
rejection between polymer and solvent molecules. The limiting case, y = 0.5, for polymers
with a high degree of polymerization reflects the transition between a homogeneous mix-
ture and separation into two phases. As the interaction parameter increases, attraction
between polymer and solvent is reduced, interaction becomes more repulsive in nature,
and the polymer precipitates.

Additionally, for y=0.5 (for the limiting case of infinite molar mass) there is a special
case. As mentioned above, this is the value of y at which a miscibility gap is observed for
the very first time. At this point, the contributions from the enthalpy and entropy of mix-
ing compensate each other and the solution acts as an ideal solution, i.e., quasi-ideal. As
already stated, this condition is referred to as the 6 state.
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If we compare this to the ideal solution (AH™ =0 and AS"=AS; ), the difference lies
in the fact that AH™ is not zero and AS™ also deviates from AS?7, ,, but both terms simply
compensate each other.

Because the free enthalpy of mixing depends on the temperature according to the
Gibbs-Helmbholtz equation (2.28), AH™ and AS,” . usually only compensate each other at
a single temperature. This is referred to as the f-temperature. From (2.28), conditions can
be found for instances where AH™ and AS™ differ from zero and AS7, , , respectively, usu-
ally by varying the temperature, and where the solution behaves in a quasi-ideal manner.
These conditions are referred to as 6 conditions.

The solubility of a polymer in a solvent therefore depends on the temperature. If a
single (homogeneously mixed) phase only exists above a certain temperature, this is
referred to as an upper critical solution temperature (UCST). Here the separation below
the UCST is an enthalpy-driven process—at lower temperatures the contribution of
the enthalpy of mixing to the free enthalpy of mixing is greater than the effect of
entropy (2.28).

However, if a solution is only thermodynamically stable below a certain tempera-
ture, the separation that occurs at this temperature must, by analogy, be driven by
entropy. When a thermodynamically stable phase of the polymer-solvent-mixture
occurs below a critical temperature, this is referred to as the LCST (lower critical solu-
tion temperature). This temperature denotes the maximum temperature at which the
polymer still dissolves.

Formally, this behavior can be explained by interpreting the Gibbs-Helmholtz equa-
tion and considering the signs of the enthalpy and entropy terms. Assuming a negative
enthalpy of mixing and a normal, positive entropy of mixing, the solution is completely
miscible at all temperatures. An LCST occurs when the entropy and enthalpy of mixing
take on negative values. As previously stated, because the entropy of mixing is usually
positive, this case is rare and is only observed for a few polymers. If the signs of both the
entropy and enthalpy of mixing are positive, the system has a UCST. This is often the case
in reality. If the enthalpy of mixing is positive and the entropy of mixing negative, the
system is not miscible at any temperature.

For real mixtures the situation is not so trivial, as both enthalpy and entropy of mixing
are not monotonically dependent on the temperature. A detailed investigation shows that
all polymer-solvent mixtures should display a UCST as well as an LCST. However, these
are not always observable by experiment. This can often be explained by the UCST and
LCST occurring at temperatures above or below the melting or the boiling point of the
solvent.

The theory discussed here can be further modified by taking the temperature depen-
dence of y and other possible influences into account. Such refinements are not included
in the present introductory description of the subject.

An approach comparable to the Flory-Huggins model for describing the characteris-
tics of solutions is offered by the Hildebrand solubility parameter. This is based on a con-
sideration of coherence energy densities, which are not discussed further here (Hildebrand
and Scott 1950).

Finally, a few limitations of the Flory-Huggins-model are briefly discussed:

The lattice model assumes that both the mixture’s components (solvent and repeat

unit) are of the same size and that the overall volume is composed additively from

both components; i.e., the mixing process does not lead to a volume contraction or
expansion.



37
References

The model only takes account of combinatory entropy. It is based on a statistical
mixture of the chains and segments. This makes sense for concentrated solutions but
poses difficulties in the case of dilute solutions.

Likewise, the model only accounts for non-polar molecules; the influence of, for
example, hydrogen bonding between the polymer and the solvent is not considered.

In spite of these limitations, the Flory-Huggins theory serves as an excellent basis for
a semi-quantitative understanding of the theory of polymer solutions. In detail, this sub-
ject is extremely complex.

The Flory-Huggins parameter can be determined by using various experimental
methods (> Sect.3.2.4). Such methods include osmosis as well as the enthalpy of vapor-
ization (making use of solubility parameters) and group contribution calculations based
on the results. Because the measurement of the heat of vaporization of a polymer is
impractical, swelling experiments are an alternative which is noted here. The reduced
solubility of polymers compared to the monomers from which the polymers are com-
posed results from an entropy effect. Knowing this, it is intuitive that the entropy of mix-
ing of two polymers is again considerably reduced. This leads to the important realization
that two polymers are generally immiscible.
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A key parameter for macromolecular substances is their molar mass or degree of
polymerization. This chapter focuses on the question of how to describe mathemati-
cally and measure experimentally the molar mass of polymers and their molar mass
distribution. A number of the methods presented have been developed exclusively for
this purpose and are thus not commonly found in laboratories unconcerned with poly-
mer chemistry. In addition to the molar mass, we discussed in » Chap. 2 that the polymer
size (e.g., of the entangled polymer coil in the melt or in solution) depends on the
degree of polymerization. Therefore some methods addressing this question are also
presented.

Experimental methods for defining molar mass can be divided into two basic catego-
ries: those referred to as “absolute methods,” the results of which can be directly converted
to a molar mass, and a second group of methods, the “relative methods,” from which the
results need to be calibrated with samples of known molar mass to infer the molar mass of
the unknown sample.

In what follows, the theory on which the methods are based is briefly introduced before
the most important absolute and relative methods are discussed in » Sects. 3.2 and 3.3.

3.1 Definition of Molar Mass Parameters

Small molecules can usually be characterized by a particular molar mass. All the mole-
cules of a sample of such a compound have the same molar mass. Anomalies are only
created by different isotopes, for example, in chlorinated compounds, and are normally
not considered further. The average value of the isotopic distribution is defined as the
molar mass. This simple method cannot be used for polymers. As described in Chap.8 and
subsequent chapters, most polymerization methods result in a mixture of molecules with
different chain lengths, each chain, in some cases, being made up of a very large variety of
monomer units. The molar mass of a polymer can also be defined by an average value, but
for a broad distribution the average can be calculated in several different ways. This can be
demonstrated by looking at a simple example.

Example

Assume that a polymer sample contains three separate molecules, two of which have a
molar mass of 10,000 g/mol and the third has a molar mass of 20,000 g/mol. If the average
molar mass of this sampleisrequired, the “intuitive” answeris 13,333 g/mol. Mathematically,
the weights of the individual molecules are weighted according to their number and added
together, and the sum is divided by the total number of molecules. Thus,

_ 2-10 kg/mol +1-20 kg/mol
2+1

Mean

=§-10 kg/mol+%~20 kg/mol 3.1
=~ 13.3 kg/mol

Generally, the number or amount 7, of the molecules that have a molar mass M, is multi-
plied with this molar mass M, and the sum of these products divided by the total number
of molecules or the total amount of the sample. Alternatively, the product of the molar
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mass M, and the mole fraction (x,=n,/2n;) can be used. The “average” calculated from this
formula is called the “number average” M, :

R
M, = S = S = S M, =zi:xi~Mi (3.2)
i i i

i

where m, is the total mass of all molecules with a molar mass M. This is given by the
product of the number of molecules with a molar mass M, n, and their individual molar
mass M..

In the following the index 7 is omitted from the summation (sigma) characters; all the
sums are valid over all 4.

In the preceding equations, all molecules were weighted according to their number
and these products used for building an average (thus the term “number average”, M, ).
This average is the one often used in daily life and has thus become intuitive. However,
other averages are just as mathematically valid and indeed provide different information
about the distribution of the individual items in the sample. To illustrate this, the sample
is not considered in terms of the number of molecules in the sample—as chemists mostly
do—but in terms of the mass of each molecule type (B Fig. 3.1).

From a material scientist’s point of view, the situation for the sample shown in 8 Fig. 3.1
is that half of the material consists of polymers with a molar mass of 10,000 g/mol and the
other half of polymers with a molar mass of 20,000 g/mol. From this perspective it makes
sense to assume a mean value of ((10+20)/2) = 15,000 g/mol. In analogy to the formula for
the number average molar mass, this so-called weight average molar mass M, can be cal-
culated as follows.

B Fig. 3.1 Sketch showing a
polymer sample emphasizing
the weight fractions (for an
explanation see text)

50% 50%
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The mass of all molecules with the molar mass M, is given by the product of #, and
their individual mass M,. Thus, if in (3.2) the amount of the molecules is replaced by their
mass m; or the mole fraction with the mass fraction w; :

1

where w, is the mass fraction of the molecules with a molar mass M, that is, their mass
divided by the total mass of the sample.

As the mass of the molecules in the sample is given by the sum of the products of the
amount of substance and molar mass, one can also write

_ Z(”z 'Mi)'Mi _ Z”i 'Mi2

M =

Y M) YoM,

In analogy with the above, it is possible to obtain further averages, although the derivations
are not as straightforward as those for the number and weight averages. The centrifugal
average M, is especially important and is defined by the following equation:

3 2
Z”‘i M, Zwi M,
MZ = 5 =
Z”i M, Zwi -M;
The term “centrifugal average” is derived from this average, being that determined from

ultracentrifuge measurements (> Sect. 3.2.5).
By definition, the mean molar mass increases in the following order:

(3.4)

(3.5)

M, <M, <M, (3.6)

From this it follows that these averages only take on the same value if all of the molecules
of a sample are of exactly the same length and composition. Such samples, homogeneous
with respect to their molar mass, are referred to as monodisperse. In practice, this is the
exception, one rare example being DNA. In non-monodisperse or so-called polydisperse
samples, the quotient of weight and number averages is a measurement of the breadth
of the molar mass distribution. This quotient is referred to as the polydispersity index
PDI

PDI = M, 3.7)
M

n

A monodisperse sample has PDI=1. The larger the PDI, the broader the molar mass
distribution.

Another measure, the molecular non-uniformity U of a sample, can be defined as in
(3.8) (» Sect.9.4.3):

M
U=PDI—1=VW—1 (3.8)

n
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Alternatively, the breadth of a molar mass distribution can also be characterized by its

variance 62

2
o2 = 2 (M -M,)
20
or its absolute standard deviation Vo

A relative standard deviation, normahzed with respect to M,, Vo 2 /M, can also be
defined:

Vol g
M

(3.10)

From these definitions it can be calculated that even for a polymer with a narrow molar
mass distribution, that is, PDI=1.04, the relative standard deviation is still substantial:
20 %.!

The number of repeating units in a polymer chain is referred to as the degree of polym-
erization P. If the end groups are neglected, P equals the quotient of the molar mass of the
polymer chain and the molar mass of the repeating unit M, . As with the molar mass, the
degree of polymerization of a polymer sample usually has the same (identical) distribu-
tion. Thus, the number and weight average degrees of polymerization can be defined as in
(3.11) and (3.12), respectively:

M

P =—" (3.11)
MRU
M

P, =—* (3.12)
MRU

1 Therelation ,/(72 /M. =+JU isaresult of the following calculation:
n

1 62 Zn- (M, =M, 1 2 (M7-2M M, + M)
) Zni - M} an-
Zn M Z”i 5 Zn
[ DYDY ]
L[Z” M2 2] _ 1 zniMiz ( Z” ]2 ZniMiz _
M n 2 Zni Zn M, Z"i

2
L2 My

ZnM ZnM _Mn
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3.2 Absolute Methods

3.2.1 End Group Analysis

If polymers always include a certain number £ of end groups, regardless of their size, and
if they do not contain rings or have branched chains, the molar mass of a polymer can be
calculated by quantitatively determining its end groups. The basic idea is to analyze the
amount of substance making up the end groups in a certain mass of polymer. The quanti-
tative analysis of the end groups can be carried out chemically or spectroscopically,
depending on whether the end groups have a well-defined spectroscopic characteristic or
are susceptible to a selective chemical reaction. A typical example of end group analysis
using a chemical method is a titration. Thus, a known mass m, of a polymer is titrated with
the measured amount of reagent 1, necessary to complete the reaction with all the end
groups. In this case, m,=Xn,M,and n, /{=2n; and from the quotient of these two values
the number average molar mass of the polymer can be calculated:
m,

M, = (3.13)
"onp &

Example

In the end group analysis of a polyester with exactly one acid group per chain, 0.7 mL of a
KOH solution with a concentration of 0.1 mol/L are consumed for the titration of m,=1g
of polymer. From (3.13) the number average molar mass of the polyester is

_m2~éj_ lg-1

M - -3
ng  0.7-10°L-0.1mol/L

n

~14,300g/mol (3.14)

With increasing molar mass, this method becomes increasingly inaccurate because of
the concurrent decreasing concentration of the end groups so that simple titration meth-
ods can only be used for end group analysis of molar mass up to a maximum of ca.
20,000 g/mol. Spectroscopic methods such as UV-, IR-, or 'H-NMR-measurements are
also frequently employed for the quantitative determination of the end groups and for
the definition of the number average molar mass. 1*C- or fluorescence labeling of the end
groups leads to increased sensitivity and thus to an increased measurement range for the
method.

End group analysis is sometimes referred to as the functional equivalence method. An
important precondition for the applicability of this method is an exact knowledge of the
well-defined end groups.

For the special case where the molar mass is determined from an analysis of the end
groups by 'H-NMR, the weight of the polymer sample and that of the end groups are not
required. In this case, the intensity of the 'H-NMR-signals resulting from the end group
are proportional to the amount of substance of the corresponding protons and these
signals can be compared with those identified as resulting exclusively from the repeating
unit of the chain. If the number of protons of the end group signal is given by {, and the
number of protons in each repeating unit by {; from the corresponding intensities, I,
and I, respectively, the number average degree of polymerization is given by
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P :]RU/CRU

" (3.15)
Iy /1Ck

It is worth mentioning MALDI-TOF-mass spectrometry as an additional method and
because this is now widely used for polymer analyses it is discussed separately in
Sect.3.2.7.

3.2.2 Colligative Properties

If a substance is dissolved in a solvent, the chemical potential of the solvent decreases.
This leads to changes in, for example, the vapor pressure, the freezing and boiling points,
and the osmotic pressure of the solvent. These properties are called the colligative
properties of the solution (from the Latin colligatus meaning bound together.) In a highly
diluted state, changes in the colligative properties are approximately proportional to the
volume fraction or the concentration of the solute. If such a dilute solution is separated
from pure solvent by a membrane through which the solvent but not the solute can pass,
an equilibrium can only be established by changing another thermodynamic parameter,
such as the temperature or pressure, of either the solution or the pure solvent.

Such a difference allows the mole fraction of the solute and, if the weight of the solute
is known, its molar mass to be determined. Changes in the colligative properties of a solu-
tion are proportional to the number of dissolved particles per volume, not their size nor,
provided there is no chemical reaction between the solute and the solvent, their chemistry.
Thus, the molar mass determined from the measurement of colligative properties is the
number average molar mass M, .

Boiling Point Elevation and Freezing Point Depression

If a non-volatile substance which isn’t incorporated into the solvent’s crystal structure
when the latter freezes is dissolved in a solvent, the decrease of the chemical potential of
the solvent causes the phase diagram boundaries between the liquid and the gas phase and
that between the solid and the liquid phase to shift in such a way that the liquid area
increases. Thus, at any pressure, the liquid-gas boundary moves to higher temperatures
and the liquid-solid boundary moves to lower temperatures (B Fig. 3.2). At a constant
temperature the vapor pressure decreases, whereas at constant pressure the boiling
temperature is elevated to a temperature T, and the melting temperature is lowered to a
temperature T

The solution boils when the chemical potential of the solvent in the solution is the
same as that of the chemical potential of the solvent in the gas phase:

w (gas)=pu!™ (f1)+ RT, -Inx, (3.16)

Here and in the following, 4,P*" (fl) is the chemical potential of the pure liquid and the
subscript 1 indicates the solvent. We explicitly presume that the solute (hereafter denoted
with the index 2) does not evaporate and therefore the solvent vapor is present in pure
form. Because the sum of the mole fraction of the solvent and that of the solute is 1,
x, =1-x,, so that
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pure A G
In(1-x,)= ”l(gas)mzll ) _ Rprm (3.17)

where A,,G,, s the molar free enthalpy of vaporization for the solvent. With

A,,,G,=A,,H PRVANNY (3.18)

vap ~'m vap*tm vap~m
(3.17) can be rearranged to give

A, G A, H A, S
In(1-x,) = =2 - 2 T S (319
b b

For the pure solvent, x,=0 and the boiling temperature is 7, . Because In1=0, (3.19)
for the pure solvent becomes

AGAHAS

vap ~'m vap**m vap~m

= - (3.20)
RT})pure RT})pure R
Subtracting (3.20) from (3.19) gives
At (11
In(l-x,)=—2"2.| —- (3.21)
R ]}) %pure
With x,<1, the approximation In(1-x, )~ —x, can be made and
Avap[-Im 1 1
X, = . - (3.22)
R %pure ]'})

B Fig. 3.2 Phase diagram
showing an increase of the
boiling point (AT,) and a
decrease of the freezing point
(AT,) as the result of adding a
solute; solution (dashed line) and
pure solvent (full line)

PEnvironment

Solid

Gaseous

T: T > T, T
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Additionally, for dilute solutions T, does not significantly differ from 7,/*"* and the term
in parentheses can be approximated by

1 1 7’}) _qure N AT})

Tpure T Tpure = purez (3.23)
b b b b Ty

Here the change in the boiling point 7, =T = AT} is what is measured so that it is
easier to rearrange the approximate form of (3.22) to give

R- Tpure2
AT, =—2"t .x, (3.24)
Avap]_Im
Interpreting (3.24):

The boiling point increases because the enthalpy of vaporization is positive

The increase (for solutions of non-volatile solutes) is directly proportional to the
mole fraction of the solute

The increase is greater, the higher the boiling temperature and the lower the enthalpy
of vaporization

Using this principle, the molar mass of the solute can be determined. To this end, the
mole fraction of the solute in (3.24) by the respective amounts of the components 7, is
n n

X, = ~—=, because n, <<n (3.25)
m+n, n

With the molar mass of the solvent and solute, M, and M,, the total mass m and the
approximation n; = m/ M, it follows that

2
R- TP M, n n
AT, =—b 7172 g 22
PN H, m

(3.26)
Here, n,/m is the number of moles of the solute in the solution and is also referred to as
the molality of the solution. K is the ebullioscopic constant for the solvent and exclusively
dependent on the properties of the solvent. K, can be seen as an empirical constant, a
characteristic of a solvent, and is often known. If this is the case, by measuring the change
in the boiling point for different concentrations of solute the molar mass of the solute can
be determined. If a weighed amount of polymer m, is the solute, the molar mass measured
in this way is number average M, :

1
Mn = Kbp EE (327)
m Al

The freezing point depression can be treated in analogy to the boiling point elevation. In
this case a solid solvent (1) is considered in equilibrium with the liquid solvent with the
solute (2). Mentioned above, it is assumed that the solute is not included in the crystal
structure of the solid solvent.
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At equilibrium:
wy (solid) = p"" (f1)+ RT -In x, (3.28)

By making use of the identical argumentation as for the boiling point elevation, one
obtains

2 2
_pure _pure
R Tf B R Tf M, ny

.xz =
Afus[—[m

il

=
AquHm m »

AT, = Tf”“’e -1, = (3.29)

The AT is defined in (3.29) inversely to the definition of AT} given above and is the
freezing point depression. Here, too, K, is an empirical constant specific to the solvent,
which is referred to as the cryoscopic constant and A \usH 18 the molar enthalpy of melting.
The index “fp” stands for freezing point.

3.2.3 Membrane Osmometry

Another important method for determining the number average molar mass is osmome-
try, which is based on the change in the osmotic pressure of a polymer solution as com-
pared to the pure solvent.

Osmometry is an absolute method which, in the same way as the boiling point eleva-
tion and the freezing point depression, relies on colligative properties. An osmotic pres-
sure is created when the solution and solvent are separated by a semipermeable
membrane, which ideally is only permeable for the solvent molecules, not for the solute.
If that part of the apparatus which contains the solution is sealed and connected to a
manometer, the solvent passes through the membrane until a pressure difference of I is
built up, which is as large as is necessary for the chemical potentials to be equal on both
sides of the membrane (8 Fig. 3.3). The hydrostatic pressure is given by the height change
in the manometer Ah.

In contrast to the boiling and freezing point measurements, carried out at a constant
pressure, the measurement of the osmotic pressure is carried out at a constant temperature
and this is important for the mathematical treatment of the results.

At equilibrium at a constant temperature, the chemical potential of the pure solvent at
a pressure p is equal to the chemical potential of the solvent of a solution whose mole frac-
tion is x| at a pressure p +I1:

pure

u" (p) = (x, p+10) (3.30)

The different terms g (x;, p+I1) need to be examined more closely. The free enthalpy
and thus the chemical potential is a function of state. To derive x;, =1-x, p+II from
x, =1, P one can conceptually increase the pressure and then add solute 2. Because
duldp= Vit follows for the chemical potential:

y (x, p+T1) = uf™™ (p+T1)+RT -Inx,
p+I1
=ul""(p)+RT-Inx, + IVrbdp'
P

(3.31)
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where V! is the molar volume of the solvent and p’ is an auxiliary variable for the pres-
sure to facilitate integration. Combining (3.30) and (3.31) and rearranging gives

p+I1
~RT-Inx, = [V,dp' (3.32)
p

If the molar volume is constant, with

—RT -In(1-x,) = RTx,, (333)
it follows that
RT-x, =V)11 (334)

With x, = n, /n, (dilute solution) and n,V’} =V, one obtains a variant of the van't Hoff
equation:

TV = n,RT (335)

However, for solutions of large molecules such as polymers, deviations from this equation
often arise even at low concentration. To account for such deviations, real solutions are
described, e.g., by a virial equation. For the case in hand, this is a polynomial of the con-
centration. Hereby the nonlinear portions of the concentration, which according to the
derivation above should not need to be accounted for, are mathematically included. In this
virial equation the quotient 1,/ V is expressed by the quotient of the mass concentration c,
and the molar mass M, and

1
II=RT| —c, + A2022 + A3c23 +... (3.36)
M,

B Fig. 3.3 Principle of an
osmometer (Pfeffer Cell)

Ah

Solvent

\ Solution

Semi-permeable membrane
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By taking measurements at various concentrations and extrapolating the results to c,=0,
the molar mass can be obtained from

lim {E} = RTL (3.37)
cp—0 c 2
The value obtained is the number average molar mass.

If, rather than a simple extrapolation which ignores the nonlinear terms, the results are
analyzed, one obtains a measure of the non-ideality of the system.

The parameters A, A,, ... are referred to as the virial coefficients of the osmotic pres-
sure. With the aid of the algebraic sign one can determine whether the solvent can be
considered as “good” (positive sign) or “poor”(negative sign). With this method a relation-
ship can be established to the experimental determination of the Flory-Huggins param-
eter (» Chap.2) for dilute solutions. Thus, it holds (without proof) that:

1

Ay =—
Mgy p,

(1-x) (3.39)

where M, is the molar mass of the repeating unit, p, the polymer density (or 1/p, the
specific volume of the polymer), and y the Flory-Huggins parameter.

Thus, with membrane osmometry the osmotic pressure between a polymer solution
and the pure solvent is measured. This can be accomplished by using a simple manometer
or, more usually, by direct pressure measurement in a closed system.

This absolute method can be used successfully in the molar mass range of 10* to10° g/mol.
The lower limit is given by the quality of the membranes, which usually become permeable for
smaller molecules. The upper limit is because of IT being proportional to x, (IT being inversely
proportional to M,). Thus, the effect being measured becomes smaller as the size of the mole-
cules increases and at some point the margin of error makes reliable measurement impossible.

Example

In a membrane osmometer, the pressure differences between pure water and polyethylene
oxide solutions are determined for a range of concentration. The results are then plotted
as a graph of I1/c, vs ¢, (B Fig. 3.4) to give a straight line. Standard osmometers are often
calibrated with a hydrostatic pressure difference so that the osmotic pressure

I1=pgh (3.39)

where p is the density of the solvent, g the gravitational acceleration, and / the mea-
sured height difference.

Often only the height difference / is provided rather than the osmotic pressure I1.

Extrapolation to ¢,=0 results in lim,, [A/c,] =256 cm* g7, from which, accord-
ing to (3.37), the medium molar mass M, =103 kg mol™! can be determined. From the
gradient one can obtain A,=8.7-10~* mol cm? g?.

3.2.4 Vapor Pressure Osmometry

As well as membrane osmometry, vapor pressure osmometry is also an important method for
determining the molar mass of polymers and this method is now discussed in more detail.
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B Fig. 3.4 Plot of the quotient

of osmotic pressure and the 600 4
polymer concentration vs |
polymer concentration, 500 4
normalized with the density -
of the solvent p and the 5 ] -
ventp < 400 - R
acceleration produced by = -
gravity g. The extrapolation to 9, USRSl oo
¢,=0 gives from the intercept ©3004 T
with the vertical axis. = -
lim |IT/(p-g-c = 200 -
c2—>0[ (prge )J = |
= lim [h/cz]:RT/Mn 100 -
cp—0 |
O T T T T T T T T T
0 1 2 3 4 5 6 7 8 9

¢, [g/L]

As explained in » Sect. 3.2.3, the vapor pressure of a solution is less than that of the
pure solvent. Thus, if, in a closed chamber, both a compartment of pure solvent and one
containing a solution are side by side in the same gas volume, solvent diffuses from the
compartment with pure solvent (higher vapor pressure) to that of the solution (lower
vapor pressure) via the gas phase. As the solvent condenses into the solution the heat of
vaporization warms the solution, leading to an increase in its vapor pressure. The diffusion
of solvent continues until the solution attains the same vapor pressure as the pure solvent.

Technical Setup

The floor of a tempered measuring cell (8 Fig. 3.5) is covered with solvent and equilibrated
to ensure a constant vapor pressure. In the vapor chamber of the measuring cell there are two
thermal sensors (e.g., thermistors). One drop of solution is applied to one of these tempera-
ture sensors, e.g., with a syringe and a drop of solvent to the other. As the vapor pressure of
the drop of solution is less than the vapor pressure of the pure solvent, solvent condenses on
the drop of solution. The temperature difference AT between the two sensors is measured.

To simplify, we can assume that this experiment corresponds to a boiling point eleva-
tion experiment—conducted with the partial pressure of the solvent—and that the exper-
imentally determined temperature difference is evaluated (in which the boiling point
temperature is to be replaced with the medium temperature of the chamber).

However, there is no real state of equilibrium inside the measuring chamber. A fixed state
prevails in which material transfer and heat conduction balance each other. Moreover, the tem-
perature of the chamber is often so distant from the boiling point that the assumption that the
enthalpy of vaporization is independent of temperature is not always justifiable. These effects
can be corrected, at least empirically, so that it is possible to determine reliably the medium
value of the molar mass M, of an unknown sample by calibrating the device as indicated by the
manufacturer or by calibrating with a substance of known molar mass. With this method, it is
also necessary to measure a concentration series and to extrapolate to c, (or m,/m, )=0. Using
a calibration constant K which has to be determined for each apparatus and each solvent:

M, =K. lim |™2/™
" mylm—0| T —T°
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1 Solvent
2 Thermistor with solvent droplet
2 3 3 Thermistor with solvent droplet

4 Analyzer for very small AT
5 Thermostatted measuring cell

B Fig. 3.5 Simplified sketch of a vapor pressure osmometer

or

M,=K- lim {mz—/ml} (3.40)
my/m—0| AT

This method also yields a number average molar mass and is less time consuming than
membrane osmometry. It also requires less sample and is suitable for molar masses (M,)
less than 10* g/mol. Although the exact recording of absolute temperatures is difficult, it is
comparatively easy to measure even minute temperature differences. Thus, vapor pressure
osmometry is also suitable for polymers of high molar mass.

3.2.5 Ultracentrifuge

The ultracentrifuge (UC) is a centrifuge which rotates at very high speeds and was origi-
nally developed by Svedberg for his research on inorganic and organic colloids (Svedberg
and Pedersen 1940). In a solid rotor made of light alloy, two cuvettes are embedded oppo-
site each other, normally within a few centimeters of the axis of rotation, Their top and
bottom walls consist of two parallel glass plates and the two sides are parallel to radial lines
originating from the axis of rotation to prevent the development of convection patterns. In
most cases a powerful optical imaging of the cuvette inside the rotor during the centrifu-
gal process is integrated into the ultracentrifuge.
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With an ultracentrifuge, essentially three types of experiment are possible, which allow
conclusions about the shape, conformational changes, and size distribution of dispersed
particles or dissolved macromolecules. (Maechtle and Boerger 2006).

3.2.5.1 Analysis of Sedimentation Velocity

Polymers usually have a density greater than that of smaller molecules. This can be easily
explained by considering that, during polymerization, the distances between the mono-
mer molecules determined by van der Waals forces are replaced by (shorter) covalent
bonds. In the ultracentrifuge, a centrifugal force F, is imposed on a dispersed particle or a
dissolved polymer chain and this force is dependent on the difference in density between
that of the particle and that of the surrounding liquid (p,—p,), its volume V,, and the
rotational speed of the rotor:

2
Fy=Vy-(py—p)-0°x (3.41)
w Angular velocity
X Distance to the axis of rotation

The particle is accelerated radially outwards by the centrifugal force. The resulting
movement induces a frictional force Fj, acting opposite to the centrifugal force and depen-
dent on the shape and size of the particle. It is usually also proportional to the viscosity of
the surrounding fluid ;7 and the velocity of the particle, dx/dt:

d.
Fr=f Ej (3.42)

Because the shape of the particle is usually unknown, in the first instance the shape depen-

dency is expressed by an unknown friction factor f. If the particles are spheres, the friction

factor f_, is proportional to the hydrodynamic radius R, of the particle according to
sphere

Stokes’ law and the viscosity of the surrounding liquid:

fSphere = 67”7Rh (3.43)

In the centrifuge, the particle is accelerated until the centrifugal force is balanced by the
frictional force and the particle moves outwards with a constant velocity. If the particles
are all the same size and shape they all move with the same velocity, and it is possible to
observe a ‘front’” moving outwards leaving a solution free of particles or polymer mole-
cules behind it and moving with a constant speed from the surface of the liquid towards
the bottom of the cuvette (8 Fig. 3.6).

The movement of the front can be determined, e.g., by so-called Schlieren optics which
can detect even small changes in the refractive index and thus also in the concentration
(dc/dx) (B Fig. 3.6). As soon as the particle has reached a constant velocity the forces are
in equilibrium, F_=F, so that

d
Vz'(pz—pl)-wzhf-i (3.44)
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s - o -

dc
dx
dc
dx
dc
dx
dc
dx

B Fig. 3.6 Four characteristic stages of sedimentation in the cuvette of an ultracentrifuge. (a) Uniformly
distributed particles. (b) Formation of a maximum in the concentration gradient. (c) Movement of the
gradient towards the base of the cuvette. (d) “Front” reaches the base of the cuvette

The ratio of the sedimentation velocity, dx/dt, and the strength of the centrifugal accelera-
tion, w?x, is denoted as the sedimentation coefficient S, so that

=dx/dt=V2'(P2—P1)

S
®°x f

(3.45)

The sedimentation coeflicient has the dimensions of time (s). In honor of the pioneer of
centrifugal technology, the sedimentation coefficient is usually expressed in the unit
‘Svedberg, =1071* s (abbreviated by the symbol S). Without the knowledge of the shape,
size, or density of the particle, this experiment alone does not allow an assertion extending
beyond the sedimentation coefficient. In many biopolymers, this assertion suffices and the
sedimentation coefficient becomes the identifier.

Notwithstanding, the diffusion coefficient D of the particle can be determined, e.g., via
dynamic light scattering (» Sect. 3.2.6.2), which is linked to the friction factor f by the
Einstein relation:

_ kT
f

D (3.46)

If the density p, of the particle is also known, its volumeV,, can be derived from its molar
mass M, and the Avogadros constant N, by using
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V,=—2=—2—, (3.47)
Py Nypy

and the molar mass can be obtained from

1 M D
S=Vy(pr=p)—=——"(Pr—P1) = (3.48)
S Nypy kgT
RT
M, :—-S(L] (3.49)
D P2 =P

Both the sedimentation coeflicient S and the diffusion coeflicient D depend on the
concentration so that measurements at different concentrations and the extrapolation of
the measured values to ¢, =0 are necessary.

For spherical particles for which the density is independent of the molar mass (e.g.,
inorganic particles or non-swollen polymer particles but not swollen polymer entangle-
ments), the volume is proportional to the cube of the radius. Thus, for such spherical
particles:

4 1 9 nS
S=—n-Ry-(p,-p)—— <R, = |~ n (3.50)
3 671R,, 2py=p

According to (3.50), a radius can be calculated which a solid sphere with an equivalent
sedimentation coefficient would have irrespective of the actual shape of the particle. This
radius is called the hydrodynamic radius.

Because the molar mass M, of non-swollen spherical particles is obtained by multiply-

ing the density p, with the molar volume [Vzm = iﬂR,‘:’ N AJ using M, = iﬂRi “N,-p,,
it follows for such particles that 3 3

3

2

M2:9\/§7rp2NA( ns j (3.51)
P2 =P

For particles or polymer chains having a distribution of molar mass, not all of the particles
at the same distance to the rotor have the same sedimentation velocity. Thus, a sharp front
which moves outwards without alteration is not observed. In a mixture of multiple, easily
distinguishable sub-groups of uniform particles (e.g., protein mixtures), concentration
stages can be recognized and evaluated individually. For particles or polymer chains with a
broad molar mass distribution, the border between the ‘particle-free’ and ‘particle-containing’
volumes becomes more diffuse within the cuvette as the duration of the centrifugation
increases. In this case, an average position for the border area can be determined and an
average molar mass determined from its movement. Depending on the method used to
determine the average border area, the number, weight, or centrifugal average molar mass is
determined; all three average values can be determined from ultracentrifuge measurements.
This is a considerable advantage of this method over the other methods discussed above.
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3.2.5.2 Measurement at Thermodynamic Equilibrium

In a centrifugal force field, a particle has a potential energy E which is dependent on its
distance from the rotor, its volume, and the difference between its density and that of the
surrounding fluid:

1
E(X)Z_EVZ (pr—py ) x> (3.52)

If the ultracentrifuge is rotated at a velocity at which the difference between the potential
energy of a particle at the bottom of the cuvette and that of a particle in the solution is of
the magnitude of the product of the Boltzmann constant kj and the temperature T, the
particles are not all spun outwards but become arranged in the cuvette according to a
Boltzmann distribution, so that the ratio of the concentration c(x) at some distance x from
the rotor axis to the concentration c, at a given point x, (e.g., the cuvette floor) is defined by

) )

, 2k,T (3.53)
c, 2kgT (3.54)

A descriptive analogy to this dependence is the barometric formula, which describes the
dependence of the density of our atmosphere on the height above sea level. However, this
is with the boundary conditions that, in this case, it is not the particles in solution but
rather the gas molecules in empty space which are involved and that the potential energy
is, in this case, a linear and not a quadratic function of the distance from the axis (height).

From (3.54) it follows that a graph of In(c(x)/c,) vs w’x*/(2k,T) should result in a
straight line with a gradient of -V, -(p, — p, ).

If the densities of the particle and the surrounding liquid are known, the molar mass
can be calculated from

:[Vz'(Pz_Pl)]NApz

M (Pz—Pl)

(3.55)

If the sedimentation coeflicient S is known from an analysis of the sedimentation velocity,
the friction factor f (from (3.45)), the hydrodynamic radius R, (from (3.43)), and the dif-
fusion coeflicient D (from (3.46)) can be calculated from

v, (p, —
f=22 U (p; A1) (3.56)
v, (p, —
R, _Np-p) (3.57)
6mnS
kT
p=— ks (3.58)

- Vz'(Pz—Pl)
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Compared to the analysis of the sedimentation velocity, the analysis of the sedimentation
equilibrium has the advantage that, although the densities of the particle and the surround-
ing solution still need to be known to calculate the molar mass, the diffusion coefficient is
no longer required. However, it has the disadvantage of being far more time consuming.
For the measurement of sedimentation velocity, rotor speeds of up to 70,000 rpm can be
selected. A single experiment suffices and one doesn't even need to wait for equilibrium to
be established. Equilibrium measurements usually require a variation of rotation speeds in
the region of a few thousand rpm and waiting until equilibrium is established in order to
approach incrementally a sedimentation equilibrium which can be evaluated.

According to (3.54), a semi-logarithmic graph of In ¢ vs x? should result in a straight
line. However, if the particles being analyzed are not of a single molar mass, the graph
deviates from a straight line. In such cases it is possible to obtain number, weight, and
centrifugal averages using appropriate equations. For more details, the interested reader is
referred to the specialist literature. (e.g., Maechtle and Boerger 2006).

3.2.5.3 Sedimentation Equilibrium in a Density Gradient

When a liquid mixture of two low molar mass substances, e.g., an aqueous cesium chlo-
ride solution, is centrifuged in an ultracentrifuge at a high rotation speed, the substance of
lower density moves to the volume facing the axis of rotation and the substance of higher
density moves to the outer volume. As described in » Sect. 3.2.5.2, a concentration gradi-
ent of the two low molar mass substances develops. If additional particles or polymer
chains are present in the mixture, they move to that part of the cuvette where there is no
difference between their density and that of the surrounding solution. The position of the
polymers in the density gradient can be determined by analyzing the refractive index at
different points with suitable imaging optics (e.g., Schlieren optics), and thus the density
of particles can be determined.

As far as it is justified to assume that the two low molar mass substances used in this
experiment do not influence the density of the particle or the polymer, the density
determined with this method can be used to define the molar mass in conjunction with
the method of sedimentation equilibrium already described (» see (3.55)).

A particularly nice example of such an experiment is shown in @ Fig. 3.7. The photo-
graphs of the UV spectra taken during a density gradient ultracentrifuge experiment show
that the genetic material in a living cell stays essentially unchanged during ‘normal’ meta-
bolic processes. During cell division exactly half of the genetic material is transferred to
each of the daughter cells and in each new cell the missing half is regenerated. For these
experiments, microorganisms were grown in a culture medium containing nutrients
enriched with the isotope '°N as the sole nitrogen source. These cells were then transferred
to a culture medium which only contained the lighter isotope N as its nitrogen source
and allowed to continue to multiply. At regular intervals organisms were removed, their
genetic material extracted, and their density determined in an ultracentrifuge. The
blackening in the bands seen in the figure is a measure of the concentration of genetic
material present in the cuvette, the position of a band reflecting the density of that mate-
rial (increasing from left to right). From top to bottom of the figure, the duration spent by
the organisms in the new culture medium increases. It is clear that the density does not
decrease with time but instead three discrete bands form: the original genetic material
with 100% '°N-labeling (right hand band), a middle band with 50% !°N-labeling, and a
third band (left hand band) which no longer contains any °N.
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B Fig. 3.7 UV-absorption
measurements of DNA-bands of a b
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3.2.6 Light Scattering

To describe electromagnetic radiation in a dielectric it is assumed that the dielectric con-
sists of polarizable entities stimulated and made to oscillate by an electromagnetic wave so
that these in turn emit electromagnetic radiation of a frequency identical to the initial
wave. The waves radially expanding from these individual sources of induced radiation
interfere with each other. If the polarizable entities are all identical and equally distributed
on a longitudinal scale of at least 1/20 of the wavelength, the interference of the induced
waves forms a wave which leads to constructive interference with the incident wave. Thus,
stimulation by an even wave also leads to an even wave or, in other words, a ray of light
shines through this medium without deflection. However, in polymer solutions the seg-
ments of the macromolecules are not homogeneously distributed within the solution
(» Chap.2). In this case, components can develop from the interference of the induced
radiation which deviates from the original direction of the incident wave. For a polymer
solution, the polarizable entities are the repeating units of macromolecules distinguishable
by their polarizability from their surroundings (the solution). On the other hand, pure
solvents also display a certain scattering behavior. This is caused by local fluctuations in
density and the associated inhomogeneities. In solutions of dissolved substances, addi-
tional density variations occur.
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Thus, an uneven distribution of polarizable entities can originate from the molecules
or particles being larger than 1/20 of the wavelength of the incident radiation used and
having a characteristic shape or from the molecules being unevenly distributed. A deflec-
tion of electromagnetic radiation by large objects of defined shape or from a regular
arrangement of objects is usually referred to as diffraction. It is usually distinguished by
sharp intensity maxima in characteristic directions. Examples of this are the opalescence
of opal, moonstone, and other semi-precious stones as well as the iridescent colors of
mother of pearl, insect wings, some liquid crystals, and modern effect pigments. A deflec-
tion of light by randomly arranged molecules, however, is called scattering. Examples of
this are the blue color of the cloudless sky or the softening of sunlight by mist.

As the intensity of the scattered light depends on the shape and distribution of the
particles or molecules of interest, one can draw conclusions concerning shape, distribu-
tion, and their molar mass from the angular dependence of this intensity

3.2.6.1 Static Light Scattering

In static light scattering, the time-average intensity as a function of the observation angle
is measured and time-averaged information about the form and distribution of the mol-
ecules is obtained.

A polymer solution is illuminated by a light beam (8 Fig. 3.8). The intensity of the scat-
tered light I_ is determined as a function of the observation angle 6. If a light beam of
intensity I, is sent through a medium, it is reduced by heat development and scattering.
Primary and scattered light are distinguishable by their intensity, the direction of
propagation, and their state of polarization.

The following section is concerned with the derivation of the relevant light scatter-
ing equations. For information concerning the experimental application and the evalua-
tion of measured data, please refer to » Sect.”Experimental Execution and Evaluation of the
Measurements”.

For reasons of length and complexity of the theoretical basics of light scattering, the
essential results of the derivation are again briefly summarized in » Sect. “Experimental
Execution and Evaluation of the Measurements” so that the following detailed discussion is not
absolutely necessary for understanding the subsequent sections.

Theoretical Basics

To begin with, it is first assumed that the stimulation occurs by a plane wave and that this
interacts with a scattering center (e.g., an isolated gas molecule or particle) which is situ-
ated in empty space. Additionally, it is assumed that the scattering centers are considerably

B Fig. 3.8 Principle of a light
scattering analyzer. Incident and
observation directions cross in
the cuvette and span a plane

Cuvette with
polymer solution

— =

Detector
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smaller than the wavelength of the incident light so that their shape has no influence on
the process and no interactions occur which could force them into preferred pattern. The
scattering centers can thus be described as being randomly distributed and without short
range order.

The stimulating plane wave produces an electrical field E at the site of the scattering
center, which oscillates with the frequency v:

E =E,-cos(2nv -1) (3.59)

E Electrical field of the light-wave
Eo Amplitude of the electrical field
v Frequency of the incident light
t Time

The intensity I of the incident wave, i.e., the time average of the ratio of the strength
of the radiation and the irradiated area, equals

2

Iy = ceo(E?) = cgyE,” <cos2 (27v t)> = ceg, ETO (3.60)

Permittivity of a vacuum

C Speed of light

The angular brackets ( ... ) denote the formation of the average value over a longer time.

If the electromagnetic wave encounters a scattering center, a dipole moment y is
induced by the electrical field of the light-wave E, whose strength is proportional to its
polarizability a:

u=a-E (3.61)
This induced dipole moment oscillates with the frequency of the incident light-wave:
p=a-E,-cos(2nv-t) (3.62)

The oscillating dipole creates an electromagnetic wave which spreads radially from
the dipole with velocity c. This electromagnetic wave contains components of both
electric and magnetic fields, which are perpendicular to each other and to the direc-
tion of propagation. At a large enough distance from the dipole, the strength of the
electrical field is given by the distance to the dipole, r, and the angle between the
direction of propagation and the dipole axis, J. If the field strength of the scattered
light is given by E:

1. d*
~-=—sind _f (3.63)

ES =
L NG dt

Substituting (3.62) in (3.63) gives
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2
av? 1.

E = —%—smS-Eo cos(27nv 1) (3.64)
€yC r

The detector of the light scattering apparatus registers the intensity, i.e., the ratio of the
strength of the light impacting on the detector and its area, or, more exactly, the time aver-

age of this intensity. This intensity is identical to the product of g,c and the square of the
wave’s electrical field strength. Thus, the intensity of the scattered light is given by

2
2
av? 1
I=¢,c- —%-—sm&l-Eocos(va-t) (3.65)
&yC r
2 2
1= %-—SinS -e?acEO2~<cos2 (27rv't)> (3.66)
&oC r
> 1 ’ 1
ooV .
]:[—2-—sm9J -800E02~— (3.67)
&oC r 2

The intensity of the stimulating wave equals 1/2¢ cE,* and the relation v/c is identical to
the reciprocal wavelength 1/4,. Thus, for the ratio of scattered to incident intensity, I/1,,

I z*a® 1 .
—=— -—2s1n2 9 (3.68)
I, ¢ r

i

In a light scattering experiment, the illuminating light beam and the connecting line from
the scattering volume to the detector form a plane. The stimulated wave can now take two
marked polarization directions relative to this plane. If the irradiated wave is polarized
vertical to the plane (B Fig. 3.9a), then the angle between the direction of observation and
the dipole axis 9 is always 90°, regardless of the angle 6 between the direction of irradia-
tion and that of observation. As a result, for the case of vertical polarization 7 :

i n*-a® 1

e (3.69)
1, .902 %1 2

~

If the irradiated wave is polarized parallel to this plane (8 Fig. 3.9b), then §=90°-6 . In
this case (scattering intensity for the case of parallel (horizontal) polarization [H ):

= —cos’ 0 (3.70)

If the scattering center is stimulated by non-polarized light, this corresponds to a simulta-
neous stimulation in both polarization directions and the scattered intensity corresponds
to the average of (3.69) and (3.70):

L_nz-az L 1+cos’ 0 371)
1, goz%‘ 2 2 '
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B Fig. 3.9 Dependence of the
intensity of the scattered light
on the observation angle 6.

(@) Vertical polarization.

(b) Parallel (horizontal) ¥=90°
polarization \

AN NN

VvV VUV
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If it is assumed that
Not only one, but N scattering centers are present in the stimulated volume V under
observation
The scattering centers are small enough to exclude interference occurring within the
scattering centers
The distances between the scattering centers are large enough
The centers are distributed arbitrarily in the volume

then the scattering processes can be considered to be mutually independent. In this case, the
intensity of the scattered light is given by (3.71) multiplied by the number of scattering centers

I 7%a® 1 l+cos’6

T 2,4 27 N (3.72)

1, N 2
If this is divided by those parameters that solely depend on the apparatus (r, 8, and V), one
obtains the so-called Rayleigh ratio R, which describes, for example, the scattering of
light through dilute gases:

P gl N
(1+00529)V 2e,%%g V

I
R, =—
0 ]0 (3.73)

Three conclusions can be drawn from (3.73):
The intensity of the scattered light increases linear to the concentration (number/
volume) of the scattering centers, N/V
The intensity is proportional to the polarizability « of the scattering centers
The intensity is inversely proportional to the wavelength 4
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The last point should be familiar from daily life: the sky or faraway mountains appear
to be blue because the atmosphere preferentially scatters the short-wavelength rays from
the sun laterally and the scattered radiation is superimposed by our perception onto dis-
tant objects. If one looks directly at the sun, for example during sunset, it appears to be
yellow or red because the scattering preferentially reduces the shorter wavelength parts of
the sun’s light.

With a knowledge of the polarizability of the scattering centers and their concentra-
tion (number), and therefrom the corresponding mass concentration, the molar mass of
the centers can be calculated. This is possible, for example, with dilute gases, for which it
can be assumed that each atom is a mutually independent scattering center. However, in
this case, (3.73) is more likely to be employed to determine the polarizability of the indi-
vidual molecules or atoms from a knowledge of their number concentration.

If light scattering is not applied to the scattering centers in a dilute gas but rather to a
polymer solution, the situation is different in two respects:

1. The electrical field polarizes not only the scattering center, but also its surroundings
2. It cannot be assumed that the scattering centers are mutually independent

To understand the first difference, the influence of a non-conducting medium on an
electrical field needs to be considered. If a dielectric is exposed to an external field E, it is
polarized and inside it a diminished field E, prevails:

E =—Y (3.74)

Here the relative permittivity ¢, is a material-specific and, usually, frequency-dependent
constant. According to Maxwell, in non-conducting materials, this is equal to the square
of the refractive index 7i:

_ =2
g, =1

(3.75)
When electromagnetic radiation encounters a non-conductor, the waves penetrate it. The
radiation retains the same frequency and its propagation velocity is reduced to a speed
v=c/ii=c/ /g, relative to the speed of light c in a vacuum.

Conceptually, a polymer solution can be divided into closely packed small units of volume
dV=VIN,, whose number N equals that of the scattering centers. It is assumed that fluctua-
tions in the composition lead to each of these individual elements having a relative permittiv-
ity &, + ¢ , which deviates from the permittivity of its surroundings by a small amount, ée . An
electrical field which interacts with this small volume causes it to be polarized so that, observed
from a suitably large distance, it appears as a simple dipole moment whose moment is propor-
tional to the difference of its permittivity and that of its surroundings:

u=gy-0¢.dV-E (3.76)

This means that each of these small volumes can act as scattering centers and that a? in
(3.73) can be replaced by (¢ 6¢,dV)> Considering a larger number of scattering centers,
the system has to retain the freedom that the permittivity of each and every scattering
center may differ from those of its neighbors. Thus, an average value for these deviations

needs to be employed and a? replaced by &; <58§ > dV? . Thus the intensity of the scattered
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light becomes a function of the variance of the relative permittivity. Next, the dependency
of the relative permittivity on composition needs to be defined.

562 | %5 2 <5c 2> 3.77)
r acz 2 .

However, it is rather time-consuming to determine relative permittivities at the frequencies
of the incident light directly. Experimentally, it is considerably easier to determine changes
in the refractive index with concentration dn/dc, so that for convenience the following
equation is employed:

(52

From (3.75) one obtains

56; 2 (3.79)

on

Inserting this into (3.73) gives

2

2 -4ils,] (a”j (5¢,2)(avy

Ry = ! L5 (3.80)
2‘902)‘04 4

N2
222 [Bn]

oc
Ry = —2.<5c22>dV (3.81)

2
From (3.81) it can be seen that the intensity of the scattered light is a function of the vari-
ance of the concentration of the dissolved component. At first glance it may appear irritat-
ing that the intensity is also dependent on the arbitrarily selected size of the small
scattering volume elements (dV). However, as shown below, this apparent dependency is
cancelled out by the variance of the composition increasing as the size of the elements
decreases. In almost all areas of chemistry it is an admissible simplification to assume that
the density of a gas or the composition of a solution within a given volume is identical and
independent of any chosen point within the volume. However, for an understanding of
light scattering and polymer solutions it is essential to go into more detail. A strictly even
distribution of molecules can only be achieved if they are somehow periodically arranged
but this would necessitate allocating the molecules to precisely defined positions in space
and would only allow a limited number of distribution possibilities. The highest number
of distribution possibilities of molecules in space and thus the largest entropy is attained if
we assume that we can find a molecule at every position of this space with the same
probability (independent of the proximity of another molecule). Such a purely random
distribution results in local variations in density and composition. These may be small
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compared to the average density or composition, but they can be exactly described using
statistical methods. We now turn again to the concept that the polymer solution is made
up of many;, closely packed small volume elements dV whereby the number concentration
or the molar concentration of the molecules or particles contained in each single sub-
volume can be described by a normal distribution whose breadth increases with decreas-
ing size of the sub-volume.

To obtain the variance of the deviation of the concentration from the average concen-

tration <5C§ > —the product of the square of the deviation ¢2 and the probability of this

deviation p(6c,)—must be integrated over all possible deviations:
<5622> = Ip (8¢,) 8¢, dée, (3.82)

We receive the probability p(6c,) of a deviation via the corresponding Boltzmann dis-
tributions of the changes of the free enthalpy of mixing 6AG™(dc,) inferred by the
deviation. To make the following equations easier to understand, G is used rather than

AG™ (écz):
oG
exp{—kBT}décz

jexp {— ]f(;} déc,
B

Because all the combined compositions of all the sub-volumes must equal the average
composition, the composition of some volumes deviates positively from the average
composition whereas others deviate negatively. To simplify, it is assumed that for every
sub-volume that deviates from the average composition by the amount dc, there exists
another sub-volume that deviates from the composition by the opposite amount, —dc,. The
free enthalpy of mixing of each of these volumes can be written as a Taylor series which is
terminated here after the second element. Thus, combining the deviations from the two
volumes considered one obtains

p(6cy)= (3.83)

1| 6G 18°G . , oG 10*G 2

5G==| =8¢, +———.8¢> +— (=8¢, )+ ——— (=S¢ 3.84
2l0e, P 208e2 g (-0¢2) 2 8¢, (-9c2) B8y
10°G .. ,

5G=-2".5¢ (3.85)
2 8c,” 2

Here the first two terms in the square bracket refer to the first sub-volume and the last
two refer to the second sub-volume with opposite deviation. The factor % in front of the
bracket arises because the change of the free enthalpy for each sub-volume is considered
but the terms in parentheses are the sum of the free enthalpies for two sub-volumes.

The two linear terms in the parentheses cancel each other so that, to a first approxima-
tion, the deviation of the free enthalpy from the average value is proportional to the square
of the deviation.
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2 2
exp {_;W.gc;}dgcz

kyT
p(6c)= 5 5 (3.86)
18%G/oc? - ,
fexp{— ST 502 Ldse,
2 kT

Thus, the function p(éc,) is described by a normal distribution with a variance given by

kT
Sty =—8- 3.87
< ) 0°G 1 dc,? 87

The next step requires the second derivative of the free enthalpy as a function of
concentration. To obtain this it, is assumed that the free enthalpy of the system is given by
the sum of the chemical potentials of the two substances y, and p, multiplied by their
amounts, N, and N,, respectively:

G =N, +,N, (3.88)

The derivative with respect to the concentration of the dissolved substance is given by

4 =N, M-ﬁ-‘u G —L4+N, 2 dby + 1y Ny (3.89)
a’c2 de, dc, dc, de,
According to the Gibbs-Duhem equation it holds that
N1 d'ul N2 d'u2 :0@%:_£% (3.90)
dc, dc, dc, N, dc,

Thus, the sum of the first and third terms on the right hand side of (3.89) equals zero.
Furthermore, for the scattering center at constant volume, dV, one gets:

dey __d MyN, My d My dN, dV (3.91)
dN, dN, dv  dV dN, ° dV  de, M, '
dey _ d MyNy My d M, d dV-Ihh, (3.92)

dN, dN, dv  dv dN, > dV dN, 7,

de, V,M, dN, V,dv
S arr % 2 47 (3.93)
AN, TV, dV T de, W M,

Thus, from (3.89)-(3.92):

dG Hy — Vz = d—V (3.94)
dcz 2 A 2

Differentiating (3.94) with respect to c, yields
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d’G [ d V_2dud_V
Vldc21

de,” \dey ™" W dey ' M,
Applying the Gibbs-Duhem equation (3.90) once more, one obtains

dz_G__(szd_V@__Md_Vm

dey? Ny VW JM, de, NV, M, dc,

deZ_NIVl+N2172d:V%=_Ld:V%
de,’ NoM, Wy dey V) dey
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(3.95)

(3.96)

(3.97)

Assuming that the chemical potential is dependent on the concentration, concentration-
dependent activity constants could be inserted. However, when deriving the theory for
osmometry, an alternative approach was used. Thus, deviation from ideal behavior was
described with the aid of virial coefficients. The same approach can be made in this case.

From the equation

—( 1
i =”1°+RT-VI[V'CZ +A2 '022+A3'023+...J,
2

it follows that

d —
ﬂ:RT.I/I(ML+2A2.c2+3A3-c22+...j

de, 5
and
2
%:d—VRT L+2A2 Cy 345 )" + ..
dCz Cy M2

If (3.100) is combined with (3.87) one obtains

‘s al
av

<5c2>:
NA(A;+2A2'62+3A3 ~c22+...j
2

Substituting (3.101) into (3.80) yields

an? L(on 1 ¢

o= " @zzv_;(l : ]

M—2+2A2-c2+3A3~(c2) Foo

(3.98)

(3.99)

(3.100)

(3.101)

(3.102)

The value of (3.102) can be more easily appreciated by introducing an optical constant K,

whereby
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~\2
- 4n’ 2 [a_”j (3.103)
)“(;‘NA oc)’

so that (3.102) becomes

KC—Z=L+2A2-c2+3A3-(c2)2+... (3.104)

R, M,

Not only does (3.104) corroborate the expectation that the ratio of the scattering intensity
and concentration should increase proportional to the size of the dissolved molecules; it
also permits the quantitative determination of the molar mass of the scattering particles.
Because solutions are rarely ideal, considerable dilution is necessary to ensure that the
non-ideal effects are negligible. For very dilute solutions (3.104) reduces to

K-tim |2 |- L (3.105)
cp—0 R@ M2

In practical experiments, the signal/noise ratio deteriorates with concentration so that the
scattering intensities are determined for a range of concentrations and the results fitted to
the above polynomial equation and this extrapolated to c,=0. In most cases, a straight line
fitted to the data points at lowest concentrations suffices for a useful result. This method not
only gives the molar mass of the dissolved substance; by determining the osmotic pressure
from the virial coefficient, information about the quality of the solvent can also be obtained.

If the polymer does not have a singular molar mass, it is interesting to consider the
following rearrangement of (3.105):

M
1= K- lim | 2222 (3.106)
cp—0 R@

For a polymer with a distribution of molar mass, the contribution of each of the compo-
nents to the scattering intensity can be considered as additive so that

=K-_lim [izc,.Mi}K- lim (izc—Mj (3.107)
RG

S0 R@ ZCI.

:Kz%lm (&MJ:Kth (& WJ (3.108)

1=K lim (C—ZMWJ:K~ lim (C—zj-MW (3.109)
-0\ Ry -0\ Ry

Thus, static light scattering does not yield a number average molar mass as the other meth-

ods described above, but a weight average molar mass.

Up to this point it has been assumed that the dissolved molecules are small compared
to the wavelength of the employed light. For particles whose size is larger than 1/20 it is
necessary to take into account that radiation is emitted from various regions of the particle
and that the different portions of radiation interfere with each other (B Fig. 3.10). Scattering
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in the same direction as the incident light, i.e., at a scattering angle of approximately zero,
all components of this scattered light are in phase and interfere constructively. Lateral
scattering leads to phase shifts between the different components and the scattered light is
reduced depending on the angle.

The dependency of the scattering intensity on the scattering angle is specific to the
shape of the molecule or particle. This can be expressed by multiplying the intensity of the
scattered light with an angle-dependent factor, the, so-called form factor.

At least for spherically symmetrical objects it is relatively easy to derive the form from
the dependence of scattering intensity on the scattering angle. If two waves of the same
amplitude E and identical wavelength 1 originate from two points offset against each other
in the direction of the direction of propagation x by a line segment S, they can be added
together using the rules of addition for trigonometric functions to give a wave whose
amplitude depends on the offset S according to

Esin Z—H(x—EJ + Esin 2—ﬂ(x+§) =2Fsin 2—ﬂx:|'COS|:2—ﬂ§:| (3.110)
A 2 A 2 A A2

The ratio of the amplitude at negligible offset, E*, and the interference reduced amplitude,
E, is given by

E {271 S}
— =COS| —— (3.111)
E 2

The geometry of light scattering by a large object can be explained as shown in (@ Fig. 3.11a).
It is observed that all waves which originate from a plane along a single line parallel with

B Fig.3.10 Scattered lightin
different regions because of a
"large” object. (a) Negligible
phase difference where the
scattering angle is close to
zero. (b) Dependent on the
angle and no longer negligible
when the scattering angle is
considerably larger than zero. b
This leads to destructive

interference so that the

scattering intensity is reduced

and dependent on the scattering \
angle

Pb(ase shift
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half the observation angle (dashed line), are in phase—the line segment PO has the same
length as the line segment PO'. Waves that originate from a plane lying parallel to this

plane, but shifted by a distance Ax (e.g., the dotted line), compared to waves which origi-
nate from the first plane, are phase shifted by an amount S:

§=0'0+00"=dsin(0/2)+dsin(6/2)=2dsin(0/2) (3.112)

The simplest symmetrical, spherical object is a hollow sphere with extremely thin walls
and uniform density (symbolized by the gray circle in @ Fig. 3.11b). Such a hollow
sphere can be divided into rings lying parallel to a plane which cuts the center of the
hollow sphere (represented by the dashed line in B Fig. 3.11b) and halves the observa-
tion angle. Two of these rings (symbolized by dotted lines in @ Fig. 3.11b) at an equal
distance in front of or behind this plane have an identical circumference. The interfer-
ence of the radiation scattered by each pair of rings leads to a radiation which is in
phase with the radiation scattered by the plane represented by the dashed line. Thus,
the amplitude of the radiation originating from each of the pairs can be initially deter-
mined and this can then be integrated over all rings. Each pair of rings contributes to
the scattering radiation with an intensity proportional to the ratio of the area of the
ring-pair to the total area of the sphere, multiplied by the reduction caused by interfer-
ence according to (3.110). If the radius of the sphere is designated as R and the half
apex angle of a cone connecting the center of the sphere with the ring, as @, then the
circumference of the ring is given by 2zRsina, its breadth by Rda, and its area by
R%sinada. As the geometry is mirror-symmetrical, the integration needs only to be
made over one hemisphere. The surface area of a hemisphere is equal to 2zR%. Therefore
for a hollow sphere:

p ) cos[zfi]ZnRsina ‘Rda 7, or S
- J' 5 = J‘ cos[—ﬂ—}sinawla (3.113)
E 27R 0 A2

a=0 a=|

T

E z [27: 2-2R-cosa -sin(6/2)
jcos =
S0

sinada 3.114
E p 2 } G

- =
a

7

E* = I cos[¢qR -cosa |sinada (3.115)
a=0
7

= j cos[gR -cosa |sinada (3.116)
a=0

where the value of the scattering vector g is given by

qz%sin(G/Z)z%Sin(G/Z) (3.117)
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B Fig.3.11 (a) Geometrical
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Although the integral in (3.116) looks quite complicated with its nested trigonometric
functions, it can be solved relatively easily by introducing the substitution

a=qR-cosa (3.118)
Because
d . 1
d—a = —qR -sina & da = —R—.da
a qR-sina (3.119)

and applying the integration limits

a(a=0)=gR, a(a=%)=0 (3.120)
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the integral in (3.116) reduces to

0 1 10
- = I cosa -sino (—+]da =—— I cosa-da (3.121)
a=gR gR-sina gR a=gR
E | . ingR
— = ——(smO - squ) - SIhaR (3.122)
E qR qR

The objective is to find a method to eliminate the effects of interference. It is known that
these effects become negligible in the limiting case when the angle of scattering is zero so
what is needed is an equation relating the scattering intensity and the angle of scattering
which can be extrapolated to zero, the value of which cannot be directly measured.
Obviously, it is the small scattering angles which need to be examined. In the limiting case,
qR approaches zero so that three approaches are possible.

The first approach is to expand singR as a series truncated after the third element:

. 1 3
singR = qR —E(qR) (3.123)
1 3
qR~—(4R)
E_T 377 gy (3.124)
E qR 6

Because the intensity is proportional to the square of the amplitude (/ = |E |2 ), the second

approach makes the approximation that gR is extremely small so that the form factor P(g)
can be given by

I 1 2 | 1 1
Z=|1-=R?>¢* | =1-—R*¢* +—R*¢* ~1--R*’¢*>=P (3.125)
s [ . qj SRa +3 R TR (9)

For the third approach, the approximation1/(1 —x) ~ 1 +x is made so that

s

I_:_l :1+1R2q2 (3.126)
I P(q) 3

The transition from a hollow sphere to any symmetrical spherical solid is now simple. The
sphere can simply be built up from concentric spheres in which the local concentration of
polymer segments, c(R), is a function of the radius, and integrate over the radii:

o0

[ RPc(R)4nR*dR
1 2 R0
el R’ (3.127)
P 37
(9) [e(R)4nR*dR
R=0

The quotient of integrals in (3.127) is called the square of the radius of gyration r.. Here
the radius of gyration—as is the norm in polymer science—is defined by the average
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square distance from the center of gravity of the object. However, in engineering it is the
norm to define the radius of gyration by the average square distance from a defined axis of
rotation. It is important not to confuse these two definitions.

By inserting the radius of gyration into (3.127) one obtains

P(q) ~1+3q g (3.128)
It can be shown that (3.128) is also valid for spherically asymmetrical objects, e.g.,
cylinders, ellipsoids, or discs, but the mathematical proof is not given here. The “trick” of
observing pairs of planes at equal distances from the center of the object and limiting
observations to small scattering angles serve as a logical explanation that all further
observations of the interferenceslead simply to additive combinations of the corresponding
intensities. In this way, the scattering of a number of different objects can be treated as the
scattering by uniform objects of an averaged shape. The sum of asymmetrical spherical
objects scattered in space with no predominant orientation act, on average, as symmetri-
cal spherical objects with identical radii of gyration.
With the form factor P(q), in analogy to (3.104) and (3.105):

cy 1 2
L= 424, ¢, +34;-(c;) +... (3.129)
Ry MZP(q)
and
. c 1
K-lm|—=|=——— (3.130)
-0 Ry MZP(q)

Inserting (3.128) leads to

c 1 1 2
K2 n—|14=¢%r2 +... |+ 24y, + 345 (cy ) +--- (3.131)
R, Mz( 3q G 262 3( 2)
. C 1
K- lim |—=|=—o (3.132)
cp)—0,q—0 R@ M2

Equations (3.128) and (3.131) are the quintessence of this section. To eliminate the effect
of interference by extrapolating to a zero scattering angle, a graph of Kc,/R, vs ¢* or sin?
(6/2) gives a straight line ably suitable for extrapolation to 8=0. For polydisperse samples,
light scattering yields a weight average molar mass M, .

Experimental Execution and Evaluation of the Measurements

As discussed above, with this method the light scattered by a polymer solution is mea-
sured at different observation angles. The refraction increment d7i/dc, is determined from
separate measurements. To eliminate non-ideal effects, measurements are made over a
range of concentrations.

From the results of the previous section, the following equation, the so-called Zimm
equation, can be derived for vertically polarized incident light using (3.73). This equation
describes the intensity of light scattered by polymer solution:
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2 ~2 ~\2 2 ~2
4”_2. dn) ¢ 1 1+16ﬂ—2n-sm2(%)-ré +24, ¢ (3.133)
N, A \de,) Ry M 32

w

For the purpose of clarity, the definitions of the symbols are listed again here:

A Refractive index of the solvent

N, Avogadro’s constant

Ao Wavelength of light in vacuum

dn/dc, Refractive index increment

[ Concentration of the dissolved substance

Re Experimentally defined Raleigh ration (see below)
M, Weight average molar mass

0 Scattering angle

I's Radius of gyration of the polymer chain

Second virial coefficient

The Raleigh ratio of the sample—the actual experimental measurement result of the
light scattering experiment—is usually obtained by subtracting the measured scattering
intensities of the solvent I, from those of the solution I ; additionally, the Raleigh ratio is
normalized using the ratio of a standard R, (nowadays generally toluene) determined
at the wavelength being employed:

stand

I, -1
Ry = 21 LR i (3.133a)
1

Furthermore, the parameters dependent on the device and the solvent are combined in
the optical constant K (cf. (3.103)):

4r? -2 (@) (3.133b)
2N, oc

If the scattering vector (cf. (3.117)) is also employed:

q=%sin(9/2)=47ﬂsin(9/2), (3.133¢)

The Zimm equation (cf. (3.104)) is now much simpler:

K
ﬁ:L(l.’.l.qz.erj_i_zAz.cz (3]34)
Ry M,\ 3

To obtain the molar mass of the substance being analyzed from light scattering data,
the Raleigh ratio R, at various concentrations and angles needs to be determined and
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B Fig. 3.12 Twofold extrapolation for a set of light scattering data. (a) Extrapolation to a zero
concentration ¢, =0. (b) Then to a scattering angle 6=0. c Polymer concentration c,, indices indicate
different polymer concentrations

extrapolated to =0 and ¢, =0; the sequence of the procedure is not important. This pro-
cedure is summarized in B Fig. 3.12.

As a “by-product” of this evaluation, the gradients of the linear extrapolations result in
the radius of gyration r and the second virial coefficient A,. The radius of gyration deter-
mined in this way is the z-average of the squares of the radii of gyration.

With the aid of modern data evaluation programs, the visualization of the light scattering
data as a perspective projection of a three-dimensional diagram is trivial and customizing a
plane directly onto the light scattering data according to (3.131) is easily achieved. However,
in this case it is easy to lose sight of any deviations of the experimental data from the expected
linearity. A good compromise is the so-called Zimm plot which comes close to the visual
appearance of the 3D projection but allows an exact graphical evaluation (@ Fig. 3.13). In
this diagram, Kc,/R, is plotted against the sum of sin?(6/2) and the polymer concentration c,,
whereby the latter is multiplied by a more or less randomly selected constant k to simplify
the extrapolation. The constant k is chosen in such a way that the data points are equally
distributed across the diagram but its value does not influence the result. All data points that
belong to different angles but the same concentration c,; are connected by one line. On this
line, the position at which the lateral position is k-c,; is marked. This corresponds to an
extrapolation to sin?(6/2)=0. The resulting dots are connected by a further line, which is
extended to the ordinate. The gradient of this line is 2A -k, its intercept with the ordinate is
identical to an extrapolation to ¢,=0 and sin%(0/2)=0 and has the value of 1/M .~ The same
procedure is then executed again in reverse. A line is drawn through all dots that belong to a
given angle @, but to different concentrations, on which the lateral positions of sin%(6/2) are
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O Fig. 3.13 Zimm-diagram from light scattering measurements on a polymer in toluene. The
extrapolations yield the molar mass M, =121 kg/mol, the radius of gyration r;=124 nm, and the second
virial coefficient A,=2.2-10~* mol cm? g~2. ¢ polymer concentration c,, indices refer to the different
polymer concentrations

marked. These markings are identical to an extrapolation onto ¢,=0 at a constant scattering
angle. A line is again drawn through thze resulting dots and extended to the ordinate. The
gradient of this line equals 7Z (4 / 1)~ (3My, ), its intercept with the ordinate should be

the same as that for the previously drawn line and has the value of 1/M,, .

Thus, not only information about the molar mass of the solute can be obtained from
the Zimm plot; the radius of gyration and the second virial coefficient of the osmotic pres-
sure can also be determined. The static light scattering thus offers with a single method the
molar mass and also information about the size of the polymer coil in the solution as well
as information about the quality of the solvent.

The scattering intensity is measured, e.g., with a photomultiplier or a photo diode. For
light scattering measurements the sample solution is irradiated with incident light in a
cylindrical cuvette. The intensity of the scattered light is then measured at selected scatter-
ing angles 6. In many cases, argon ion lasers (1, =488 nm), helium-neon lasers
(4, =633 nm), or NdYAG solid state lasers (4, = 532 nm) are used at light sources.

Typically, solutions with concentrations between 0.1 and 0.5 g/L are measured.
Interference from impurities, especially from dust particles, must be carefully prevented
and the measured values are compared to those of the dust-free solvent.
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3.2.6.2 Dynamic Light Scattering

In contrast to static light scattering, in which the scattered light is measured over relatively
long time periods and time averaged values of the scattering intensity obtained, for
dynamic light scattering the fluctuation of the scattering with time is measured—the
"noise." Because of the complexity of this measurement method we only elaborate the
basic principles here.

As shown in @ Fig. 3.8, the incident and the scattered light beams form a plane. The
detector therefore only determines the scattering intensity of those scattering centers
which are in the volume defined by the overlap of the incident and the scattered light
beams. This volume is comparatively small. The diffusion of the polymers in the scatter-
ing volume leads to fluctuations in intensity over time. Resolution of these intensity
fluctuations with respect to time gives a measure of the speed at which the polymers
diffuse through the solution and thus also within the scattering volume. Thus, this
method allows direct determination of the diffusion coeflicient of the dissolved macro-
molecules which has been discussed in connection with the ultracentrifuge
(» Sect.3.2.5.2).

For further information the interested reader is referred to the specialist literature
(e.g., Schaertl 2007).

3.2.7 MALDI-TOF-MS

3.2.7.1 General

The Matrix Assisted Laser Desoption Ionization Time of Flight Mass Spectroscopy
(MALDI-TOEF-MS) is a fast and sensitive absolute method for determining both the num-
ber average and weight average molar masses. It has a special status in the analysis of
polymers of biological origin. In an ideal case, molar masses of <300,000 g/mol can be
measured with an accuracy of £0.01% (Pasch and Schrepp 2003).

3.2.7.2 Basics

For the measurement the polymer is dissolved in a solution with an approx. 1000-fold
excess of an organic matrix. Typical matrix molecules are presented in (8 Fig. 3.14).

After that the solvent is evaporated and, as the matrix crystallizes, the polymer mole-
cules become isolated. This isolation is an important prerequisite for the success of the
molar mass determination with MALDI-TOF-MS. In a high vacuum (1076 to 107 mbar)
a short laser pulse is directed onto the sample via special optics. Typically, nitrogen lasers
with a wavelength of 1=337 nm are used. The matrix strongly absorbs at the wavelength
of the laser and the energy absorbed leads to an explosive phase transition of the matrix
and the macromolecules into the gas phase.

As well as facilitating the absorption of the energy, the matrix also induces ionization.
Electrically charged macromolecules are created by proton transfer in the gas phase.
Alternatively, a cation-generating salt (typically a silver, sodium or potassium salt) is often
added to the original solution, especially for measurements on synthetic polymers.

The ions generated are then accelerated in an electrostatic field with a strength of 10 to
a few 1000 V/mm (B Fig. 3.15). The mass analysis follows with the aid of a time-of-flight
analyzer (B Fig. 3.15). For this purpose, the time is determined which the ions need to
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COOH
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OH OH OH NO;
OH
Dithranol Sinapinic acid 9-Nitro-anthracene
O
COOH oLt OH
HO OH OH N
N
HO
OH
2,4,6-Trihydroxy- 2,5-Dihydroxy 2-(4-Hydroxyphenylazo)
acetophenone benzoic acid benzoic acid

O Fig. 3.14 Typical matrix molecules. Dithranol (also known as anthralin and Cignolin) is shown in its
enol-form which is in tautomeric equilibrium with the keto-form

travel across a defined, field-free flight distance between the accelerating electrode (3) and
the detector (4). From the flight time, the relation of mass to electric charge of the mole-
cules can be determined. As the MALDI-TOF-MS typically leads to singularly charged
ions (the detailed mechanisms are still being discussed), the result is the corresponding
molar mass.

Applying the voltage U, according to the principle of energy conservation, gives for the
kinetic energy of the ions E,, :

—2
=m2" —z.eU (3.135)

E, kin

Mass of the particles
Average particle velocity
lon charge number

Elementary charge

< ™ N <I 3

Velocity voltage
The velocity reached results from
v=at,, (3.136)

a Acceleration
Time of acceleration

~

acc
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B Fig. 3.15 Setup of a time-of-flight analyzer. (1) Laser, (2) sample holder, (3) accelerating electrode,
(4) linear-detector, (5) reflectron, (6) reflectron-detector, (7) vacuum chamber, d acceleration section,

L field-free flight distance (linear), (dashed line) flight routes (for the function of the optional reflectron,
ion mirrors — see text)

With an acceleration distance d where

d=27 (3.137)
2

acc

the time of acceleration is

lye =d 2m/z (3.138)
Ue

The resulting duration of the time taken ¢ arife 1O €TOSS the field-free distance L is given by

L m/z
tyin =— =L |—— (3.139)
i == M 20

For the total time of flight:

[m
t =10 T gy, = cOnSt - - (3.140)

from which, after rearrangement one obtains:

m
= =const'-t* (3.141)
z
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Equations (3.140) and (3.141) are the basic equations of the MALDI-TOF-MS. Because
m~12, heavy particles reach the detector later than light ones. Typical times of flight are of
the order of milliseconds.

A particularly successful mass resolution is achieved by applying optional reflectors
based on an electrical field. Because of the duration of a laser pulse, ions which leave the
ion source have neither the same initial energy nor the same kinetic energy. This reduces
the resolution. The reflectors help to compensate for the range of energies and for mole-
cules with the same mass to charge ratio. Thus, ions of higher energy penetrate the elec-
trostatic field to a greater depth than those of lower energy. Faster ions therefore take a
longer route. After being reflected (ion mirrors), ions of identical mass, but with different
velocity, are redirected and finally reach the detector at the same time. With this energy
focusing, considerable improvements in resolution can be obtained compared to instru-
ments without reflectors.

Example

The capability of MALDI-TOF-MS is best demonstrated by looking at an example.

O Figure 3.16 shows the analysis of a polystyrene from a dithranol (8 Fig. 3.14) matrix
containing a silver salt as cation generating agent.

The peaks are easily identified. They can be assigned to individual chains of different
mass (in this case, z equals 1). The molar mass of the individual chains are separated by the
mass of a single styrene unit. From these peaks and knowledge about the cation generating
salt, it is possible to determine the molar mass of the end groups. Furthermore, by integration
over all the peaks, an average molar mass can be obtained. When determining the average
molar mass it is important to note that the higher molar mass ions may be underrepresented,
especially for broader distributions, because of peak broadening and effects dependent on
the matrix and the cation generating salt so that the average value can be distorted.

3.3 Relative Methods

Molar mass determinations by methods which do not involve direct, physical-chemical
correlation which can be mathematically explained between the actual measurements and
the molar mass of the sample are referred to as relative methods. Such methods require a
calibration by samples of known molar mass. It is important for this calibration that,
among other things, it is known how the molar mass of the calibration standard has been
measured and which average value has been determined. Precision demands that
calibration should only be carried out using strictly monodisperse standards. However, in
practice, such standards are rarely available. It is worth remembering here that even a
sample with a polydispersity index of 1.04, which is seen in standard literature as a narrow
distribution and may even be considered as monodisperse, still has a molar mass standard
deviation of 20% (» Sect. 3.1) so that M, and M, are not identical. Thus, if the calibration
involves samples whose molar mass was determined by a method which generates, for
example, number average M, , the calibration is not the same as that obtained using sam-
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ples whose weight average is known.? Strictly speaking, the nature of the calibration sam-
ples and how their molar mass was determined belongs to the description of the calibration.
Such problems do not arise if strictly monodisperse standards are employed because for
such samples the number and weight average molar mass are identical. The most impor-
tant relative methods which are of greatest practical relevance are size exclusion or gel
permeation chromatography (SEC or GPC) and viscometry.

3.3.1 Viscometry

Compared to pure solvents, polymer solutions have higher viscosities. This effect
depends on both the concentration of the polymer and its molar mass and remains
measurable even for very dilute solutions in which the polymer chains are no longer
entangled.

Before evaluating the measured values, it is necessary to define a few terms.

The relative viscosity 77, of a polymer solution with a concentration c, is the quotient
of the viscosity of the polymer solution # and the pure solvent

t
Nyt = n_t (3.142)
Mo L

This quotient is identical to the quotient of the experimentally measured times ¢ and t,,
which a solution or the pure solvent require to flow through capillaries, respectively
(details can be found below). The relative viscosity, as can be seen from the definition, is
dimensionless. It is a measure of the increase in viscosity of a solution compared to that of
the pure solvent at a given temperature.

The specific viscosity (also dimensionless) is a measure for the contribution of the
polymer to the viscosity of a solution. It is calculated from the quotient of the difference in
viscosity and the viscosity of the pure solvent:

n-m _An
Mo Mo

Ny = (3.143)

The reduced viscosity (of unit mL/g and, in older literature, dL/g) is simply the specific

viscosity normalized with respect to the concentration of the dissolved polymer c,. Thus,

it is a measure of how much the viscosity is affected by dissolving, e.g., 1 g of polymer.
nsp

(%)

Nrea = (3.144)

Because the reduced viscosity depends on the concentration of the dissolved polymer and
is therefore influenced by deviation from ideal solution behavior, it is common practice to

2 One should not be tempted, however, to try to determine both M, and M, by using two calibration
curves to interpret the numbers derived as the number and weight averages and finally even to
determine a polydispersity index. The polydispersity obtained in this way would depend also on the
polydispersity of the calibration substance. The errors involved make such an approach of little value.
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extrapolate the measured values to zero concentration. The number so obtained is called
the Staudinger index [7]:

clzlglomed =[n] (3.145)

The Staudinger index, also referred to as the intrinsic viscosity, does not vary with
concentration as does the reduced viscosity. It is a measure of the volume of the polymer
molecules in a dilute solution and has the same units as the reduced viscosity, mL/g (or
dL/g).

In the theoretical description of this phenomenon we can view the polymer chains as
impenetrable spheres. If we disperse such spheres in a liquid with a viscosity 7, the
viscosity increases to a value . The specific viscosity for small volume fractions ¢, of the
dispersed spheres can be described with the Einstein equation:

Ny = 17N _ 259, (3.146)
Mo

In a dilute solution the volume fraction (V,+V,=V,), depends on the mass concentration
¢, the mass of a single sphere m, and its volume v, as follows:

_nh_mv

P 7 = m_cz (3.147)
1 2
v, Volume of all spheres
v, Volume of the solvent
v, Volume of one sphere
m, Mass of one sphere

It is assumed that the polymer chains in the dilute solution are swollen with solvent,
i.e., that the quotient v, c is not simply the inverse of the density of the pure polymer but
rather a larger value which depending on the quality of solvent.

By combining (3.146) and (3.147), one obtains

ML = 2_5.v_2 (3.148)
Mo & )

The term on the left hand side of (3.148) involves only experimentally measured values
and is referred to as the reduced specific viscosity (see above). In practice, deviations are
observed depending on the concentration of the solution. These can be eliminated by
assuming an infinitely diluted solution (c,=0, see Eq. 3.145) and use [5] instead of the
first term.

With (3.148), measuring the viscosity of a polymer solutions yields a measure for the
quotient of the volume of a (swollen) polymer chain and its molar mass. For hard, solid
spheres, e.g., highly cross-linked, sphere-shaped particles, v, ~ m, . Thus, for such parti-
cles, the Staudinger index doesn’t depend on the particle mass so that only information
about the density of the particles but not their mass can be derived.
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However, for solvent penetrated coils, Kuhn'’s square root law can be used whereby the
average end-to-end distance, i.e., the effective diameter of the coil d,, is proportional to

\/’”72 (» Chap.2).

Thus:
3
3
vy ~dy ~ mzé (3.149)
From (3.148) and (3.149) one obtains for the molar mass M,:
% 1 1
[n]~mi~m24 ~M24 (3.150)

ny

As a general case for the various structures of polymer molecules in solution, the so-called
Mark-Houwink equation, (3.151), is used:

[n]=Kypy-M* (3.151)
KM,H Solution-dependent and polymer-specific constant
a Exponent, between 0.5 (ideal sphere) and 2,0 (stick-like molecules)

The preparation for viscometry measurements is comparatively simple. The time ¢
is experimentally measured, for which a certain amount of a solution AV needs to
flow through a capillary of a known diameter d. According to Hagen and Poiseuille’s
Law:

_meg-Ahdt
128-AV -1

(3.152)

Here, g stands for the Earth’s acceleration produced by gravity, Ah for the difference in
height between the upper and lower reservoir of the liquid, ! for the length of the capillary,
and p for the density of the polymer solution. For a specific viscometer the quotient in
(3.152) is constant so that a device constant K, can be defined and (3.152) becomes

n=Kgz p-t (3.153)

The device constant can be determined (if not supplied by the device manufacturer) using
any pure solvent with a known viscosity and (3.154):

K¢ _ Mo (3.154)

Py Ly

Here the variables indicated with 0 represent the density, viscosity, and time required by
the pure solvent to flow through the capillary.

For dilute polymer solutions it can be assumed to a good approximation that the den-
sity of the polymer solution does not differ considerably from that of the pure solvent:
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B Fig. 3.17 Double logarithmic
plot of the Staudinger index vs
the molar mass

log [n]

logM

(3.155)

ho)
Q

o)

S

so that

n=ny — (3.156)
)

Thus, for a once calibrated apparatus the measurements are reduced to simply measuring
the time for a certain amount of sample liquid. In modern viscometers this is done auto-
matically. To reduce the error, multiple measurements are made. As the viscosity of poly-
mer solutions is largely dependent on the temperature, excellent temperature control of
the viscometer is extremely important to obtain reproducible results.

With the Mark-Houwink equation (3.151) a calibration with polymer probes of
various molar mass, determined with other (absolute) methods, can be performed. The
equation predicts that a double-logarithmic plot of the Staudinger index against the molar
mass for different samples results in a straight line with gradient a and an intercept of the
ordinate equal to the solvent and polymer dependent constant of the Mark-Houwink
equation(B Fig. 3.17).

From the value of the exponent a determined with this graph, important conclusions
can be drawn about the shape of the dissolved polymer. An exponent of 0.5 indicates a
solvent penetrated polymer in a #-solvent (» Chap.2). In thermodynamically better sol-
vents, higher values of around 0.8 are observed. Even higher values of around 2 indicate
that the polymer molecules are stiff or stick-shaped.

If the calibration—as explained in the introduction to » Sect. 3.3—was made with
monodisperse standards, the following average for the molar mass from the viscosity mea-
surements is obtained; this is referred to as the viscosity average molar mass:

Zml-Mi” Ja
u=| I

1
3.157
n Zmi ( )
i

At first glance, (3.157) looks rather complicated, but further consideration makes an inter-
pretation relatively simple. For the number and the weight averages, the molar mass M, is
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averaged over the number or the weight of the fraction, respectively. By analogy, for the
numerator in (3.157) for the viscosity average molar mass, the individual molar masses are
averaged according to their contribution to the viscosity of the solution. According to
(3.151), this is given by M?. This explains the exponent in the numerator of (3.157). The
denominator is explained by the viscosity of a polymer solution being proportional to the
total mass of the solute. Thus the viscosity average involves the mass of each molar mass
fraction. The exponent for the quotient serves to arrive at a correct unit for the average
molar mass. Also, if standards which are not strictly monodisperse are employed, a viscosity
average molar mass is obtained, the value of which depends on how the calibration was
performed.

A great advantage of the viscometry lies in the large range of molar mass which can be
determined. For samples having extremely large or small molar mass, the flow rates can be
varied by choosing a larger or smaller capillary. Even a molar mass >100 g/mol can be mea-
sured with a suitable solvent. The upper measurable molar mass limit is about 20 - 10° g/mol.

Because viscosity measurements to determine the Staudinger index require a concen-
tration series (c< 1 g/100 mL) to be measured, ca. 250 mg of material is necessary.

As well as exceptionally good thermal control, it should also be noted that the method
is extremely sensitive to dust particles and insoluble polymer. The solution should thus be
filtered before the measurements and it should be confirmed that the polymer is completely
soluble.

3.3.2 Size Exclusion Chromatography (SEC)

So-called Size Exclusion Chromatography is also referred to by the acronym SEC. In older
literature, and the name Gel Permeation Chromatography, abbreviated as GPC, can also be
found.

The apparatus preparation is, in principle, rather easy and similar to what is required
for HLPC known from small molecule organic chemistry. The sample is introduced into
the system with a syringe and carried by the mobile phase through one or more separation
columns with the help of a pump. Detection at the exit of the column(s) is achieved by
conventional methods, such as refractive index or UV /vis-detectors. However, in contrast
to HLPC, the separation does not rely on a different adsorption of molecules to the
stationary phase of the separation columns but rather on the different molecular size,
more precisely; their different hydrodynamic radii. To achieve this, a porous polymer gel,
i.e., a swollen, cross-linked polymer, is employed as the stationary phase. The size of the
gel’s pores is approximately equal to the size of the polymer molecules which can enter
these pores. (B Fig. 3.18) shows some electron micrographs of such a gel.

It is essential for the separation by size that the pores of the gel are of different sizes. As
a result, a polymer of a certain molar mass (and thus of a certain size) can only enter into
a certain proportion of these pores. The smaller the molecule, the larger the number of
pores that it can enter during the chromatographic process. Thus, the smaller polymer
molecules enter and exit a larger number of pores within the column and thus travel a
longer distance when inside the column, and they exit the column later than larger mol-
ecules (B Fig. 3.19).

The elution volume V, at which the polymer of a certain molar mass exits the separa-
tion column, can be described by the following equation:
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B Fig. 3.18 Electron micrographs at various magnifications of SEC-gels with various pore sizes. (By kind
permission of Polymer Standards Services GmbH, Mainz)

Ve =V, +V;- f(M,) (3.158)

Here, V, is the volume between the gel particles. V., is the pore volume inside the gel par-
ticles. The course of the function denoted as f(M,) represents the fraction of the available
pores that, because of their size, are able to accept macromolecules of molar mass M,. It
has a value between 0 (very large molecules) and 1 (very small molecules). The form of the
function defines the so-called upper and lower exclusion limit. Above a certain molar
mass, the molecules are so large that they do not fit into any gel pores (f(M,)=0). Above
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this molar mass, no further separation occurs (V= V[). All molecules leave the separation
column at the same time at the minimum elution time. In analogy, a minimum molar mass
also exists, below which the total pore volume of the stationary phase is available to the
molecules (f{M,)=1). Thus for molecules smaller than the lower exclusion limit, no further
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separation occurs (V;=V; +V,). The molecules exit the column simultaneously at a maxi-
mum elution time. The function f(M,) and thus also the exclusion limits depend on the
employed column as well as the eluent, the temperature, and the analyte. The calibration of
the SEC is usually executed with standards of narrow molar mass distribution (often poly-
styrene) (B Fig. 3.20).

The following equation is usually experimentally determined:

logM =a-b-Vy (3.159)

Here a and b depend on the experimental setup and the column’s stationary phase.
Assigning a molar mass to an elution time (or an elution volume) is normally made
simply from a calibration curve measured with standards having narrow molar mass
distributions and of known molar mass (relative method). With such a calibration, a
molar mass can be assigned to every elution volume. After recording the chromatogram
it is normally analyzed by suitable software. With the assumption that the intensity of
the detector signal corresponds to the concentration of the macromolecules, which is
usually accurate enough, this analysis yields the number of molecules n, for each
molar mass M,.

From this data set, all the average values can be calculated from the equations discussed
at the beginning of this chapter. Furthermore, as well as this numerical information, a
graphical representation of the molar mass distribution is directly available. This is espe-
cially important if the molar mass of the polymer being analyzed is not evenly distributed
around a defined molar mass average but, instead, the molar mass distribution has multiple
maxima. As opposed to the so-called monomodal samples in which the molar mass distri-
bution has only a single maximum, such samples are referred to as bimodal or polymodal,
depending on the number of maxima.

The separation of the macromolecules in SEC depends on their hydrodynamic volume
V,,. This depends on the molar mass in a different way for each polymer. To avoid needing
to consider dependence of the physical chemical properties on the particular polymer, the
following equation (without proof) can be employed:

log(M -[n]) < ¥, (3.160)

Thus, the hydrodynamic volume of a polymer should be independent of its chemical com-
position and its microstructure, so that for a given chromatography column and a certain
solvent it should be proportional to the logarithm of the product of the Staudinger index
and the molar mass. Indeed, this can be confirmed by experiment and a plot of the
logarithm of this product vs the elution volume results in a straight line to a good approx-
imation (B Fig. 3.21). (Grubisic et al. 1967; Wild and Guliana 1967).

A great advantage of SEC is the speed and simple execution of the measurement.
Only ca. 0.1 mg is injected onto the column as a dilute solution. The measurement of
different concentrations is unnecessary. The range of molar mass which can be measured
depends on the exclusion limits of the separation column. As opposed to most of the
methods presented in this chapter, the SEC delivers any desired molar mass average and
offers information about the shape of the molar mass distribution. These advantages
have led to great importance being placed on the molar mass definition with SEC in
practice. However, two key limiting conditions must be kept in mind when using this
method:
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1. The interactions between polymer, solvent and column packing should be approxi-
mately equal for all combinations, and preferably as minimal as possible. If the poly-
mer interacts with the stationary phase, for example, the separation according to
hydrodynamic volume is superimposed by effects common to adsorption chromatog-
raphy. Choosing a suitable column that meets all the criteria in the best possible way is
therefore crucial for meaningful results.

2. Because of the inherent influence of the solvent quality on the effective size of the
polymer (see above), the system of calibration standard and solvent has a great influ-
ence on the determined molar mass of the measured sample, especially if the poly-
mers being examined differ chemically from the standard. Thus, it is essential to
report the standard used. Because this is often polystyrene, the determined molar
mass should be given as a polystyrene equivalent molar mass (in the solvent used).
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3. In some co-polymerization processes it can happen that some comonomers are pref-
erentially incorporated in polymer molecules having greater or smaller molar mass
so that the chemical composition of the polymer is not the same over the molar
mass distribution. Such chemical inhomogeneity with respect to the molar mass can
indeed make the quantitative evaluation of the detector questionable. In such cases,
multidimensional chromatography techniques that combine the SEC with conven-
tional chromatography techniques can provide a solution (Rittig and Pasch 2008).

The combination of static light scattering and SEC and a concentration-dependent
detector (RI- or UV/vis) yields absolute molar mass information without the necessity of
a calibration and thus provides more information about the sample, simultaneously
retaining the advantages of SEC.

The speed and simplicity of SEC and viscometry have made these methods standard
practice in industrial polymerization processes where they are routinely employed to
verify adherence to product specification where molar mass is involved.

Both SEC and viscometry are relative methods. If an absolute molar mass is required,
a characterization by light scattering (if necessary, coupled with SEC) or analytical
ultracentrifugation is recommended. These methods are also convenient if no appropri-
ate, inert column material can be found.

For the characterization of comparatively small macromolecules, MALDI-TOF or
osmometry can be successfully employed.
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The vast majority of all polymers produced in the world are utilized in their solid
form—that is, as a classic material. Thus, a discussion of the solid-state properties of poly-
mers, their morphology, and the impact of this and their properties on their applications
is an essential part of this book.

Polymers in their solid state can be roughly divided into three categories, of which, in
practice, only two—the amorphous and the semicrystalline states—play a role (@ Fig. 4.1).
The single-crystalline state is of academic importance only.

Many polymers cannot crystallize. They exist in an amorphous state, similar to that
found, for example, in window glass. Substances with a low molar mass can also solidify
to amorphous solids, particularly complex molecules, such as certain pharmaceuticals.
Water can be shock-frozen to an amorphous solid. However, for substances with a low
molar mass this state is very unstable. Thus, many low molar mass amorphous phases tend
to re-crystallize, that is, transform into a crystalline state corresponding to the thermody-
namic equilibrium.

Under certain circumstances, however, polymers can at least partially crystallize. The
crystallization of polymers is a very complex process because the long chains must arrange
themselves into a defined crystalline structure. Because the intertwining of the polymer
coils—so-called entanglements—are an obstacle to crystallization, this is a relatively slow
process. Additionally, crystallization of the polymer is usually imperfect, resulting in the
creation of a partially crystalline or semicrystalline material in which both amorphous
and crystalline domains coexist.

Polymeric single crystals can be obtained by performing crystallization from very
dilute solutions. However, these are more of an academic interest and without importance
for industrial polymer chemistry.

As is known from the analysis of substances with a low molar mass, amorphous and
crystalline areas can be easily distinguished, for example, by X-ray spectroscopy. Here, one
observes so-called halos from the amorphous phases, whereas the crystalline phases
appear as peaks in an X-ray diffractogram. An analysis of the phase transitions upon heat-
ing a sample also provides valuable information about whether a sample is amorphous or
crystalline. The morphology of a solid greatly influences the properties (e.g., the optical,
mechanical, and thermal properties) of products made from polymers.

Before we discuss this in more detail, a number of fundamental physical concepts need
to be introduced. The mechanical properties of a solid are measured in terms of its so-
called “moduli” These include Young's modulus for uniaxial extension, and the shear mod-
ulus for shear deformation of a test piece (B Fig. 4.2).

According to Hooke’s law, the uniaxial stress of a test piece is given by

oc=E-¢ (4.1)

B Fig. 4.1 Schematic

representation of the Polymers in solid state
morphologies of polymeric

Amorphous Semi-crystalline Single crystal
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Uniaxial extension: Shear deformation ( AV =0):

I
A - Yy 4 o

Xo AX

B Fig. 4.2 Schematic representation of the shape change under uniaxial stress by Ax or shear stress
by a shear angle a

This means that the applied stress o (force per unit area) is proportional to the elongation of
the test piece e. The proportionality constant E is referred to as the Young’s or E-modulus.
Whereas, if a test piece is deformed under shear, the stress 6 —again defined as the force
applied to a given area—is proportional to the tangent of the shear angle a. In this case, the
proportionality constant is again referred to as a modulus, in this case, the shear modulus G:

o, =G tanc (4.2)

4.1 Phase T Transitions in Polymeric Solids

As mentioned above, amorphous and crystalline solids can be differentiated by their ther-
mal phase transitions. When crystalline substances are heated, a melting point is observed
in analogy familiar from low molar mass crystals. At the melting point, an abrupt
rearrangement occurs in the material. Below the melting point, there is crystalline order
and this disappears during the melting process. This is the reason why the properties such
as volume undergo a stepwise change at the melting point (B Fig. 4.3).

Thermal transitions of this type are referred to as first-order phase transitions; they can
be assigned an enthalpy, in this case, the enthalpy of melting. Because of the structural
change on melting, the entropy of the melted phase is greater than that of the crystalline
phase so that a AS can be defined for this transition as well as a corresponding free
enthalpy AG.

In contrast to this, amorphous solids are as disordered in the solid phase as they are in
their melts.! Vitreously solidified amorphous states are supercooled, disordered melts or
glasses. This means that they undergo no structural change when heated and transitioning
to the liquid phase. This process, which corresponds to the melting process of crystalline
compounds, is referred to as the glass transition, and the associated temperature T, as the
glass transition temperature. If we now consider the dependence of, for example, the vol-
ume on the temperature (8 Fig. 4.4), we can see that indeed the thermal expansion, i.e., the
slope of this line, is different above and below T, but that no abrupt change of volume
occurs at the glass transition.

This is because the structure of the material is identical—i.e., disordered—above and
below T

1 On closer inspection, there are subtle differences here as well, which are, however, not further
discussed in the present book.



926 Chapter 4 - Polymers in Solid State
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Transitions of this type are referred to as second-order transitions. In contrast to first-
order phase transitions, there is no transition enthalpy required here because no enthalpy
needs to be invested to break a crystal lattice. Nor is there any substantial change in
entropy, because both states are approximately equivalent in structure. As a consequence,
no AG can be assigned to a second-order transition. However, abrupt changes in other
properties, such as heat capacity, are observed. Because the melt generally has more trans-
lational degrees of freedom above T, stimulation requires more enthalpy and the addition
of a larger amount of heat is required to raise the temperature by one degree. Hence, a
sharp rise in heat capacity occurs across a glass transition, which can be measured as Ac .

Semicrystalline polymers consist, as already mentioned, both of crystalline and amor-
phous areas. In principle, polymers are, aside from the above-mentioned exceptions,
never crystalline to 100 %, so there is a co-existence of crystalline and amorphous domains.
Thus, when heating of a semicrystalline or partially crystalline polymer, both a glass
transition at a temperature T and a melting process at a temperature T, can be observed
(BFig. 4.5).

It is always the case that T is lower than T, . This should be obvious. If it were not so,
a substance would, when cooling from the melt, solidify to a glassy solid at the higher T,
and would then have to crystallize below T.. However, below T the molecules are insuf-
ficiently mobile to allow the reorientation necessary for crystallization.
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42 Methods for the Determination of Toand T

Below, the most important methods for determining the glass transition temperature and
the melting temperature are presented. These can be classified according to static and
dynamic procedures.

4.2.1 Static Procedures

Static procedures are based on the measurement of a material property, such as density,
volume, heat capacity, or refractive index, as a function of temperature. In these proce-
dures, the sample is slowly heated to maintain equilibrium, and the change of the respec-
tive intrinsic property is measured. Examples are dilatometry (» see Sect.5.3) and the
measurement of the refractive index, where discontinuities in the curves of the volume or
refractive index can be observed as a function of temperature at the glass transition
temperature (@ Figs. 4.5 and 4.6, respectively).

However, in general, the preferred method is differential scanning calorimetry (DSC).
The principle of DSC is that a sample is heated at a constant rate and the heat flow required
to maintain this defined rate is measured. The heat flow correlates with the heat capacity
c, of the sample, i.e., the amount of heat necessary to produce a given change in tempera-
ture. As mentioned above, we observe an abrupt increase in heat capacity c_ at the glass
transition temperature, whereas, at the melting point the latent heat AH, (the heat of
melting) is required. Thus, the temperature of the sample does not change during the
melting process, even though heat is absorbed. This is valid until the moment when the
crystal lattice is completely “broken” and the transition to an isotropic melt has occurred.
Formally, the heat capacity tends to infinity during the melting process so that a peak
results in the DSC (@ Fig. 4.7). From the area under this peak the heat of melting for the
sample can be calculated. Alternatively, if AH, is known, the degree of crystallization can
be determined.

DSC is a method frequently used both in industrial and academic laboratories. Its
advantages lie in the very small amount of sample material required (approximately 5 mg).
Furthermore, the technology is well established and the available devices are quite robust
and easy to use. In particular, sample preparation is also relatively simple. The sample has
to be placed in a measuring vessel—usually a disposable aluminum pan.
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The disadvantages of DSC lie in its limited sensitivity. Not every phase transition is
resolved. Moreover, the measuring curve is sometimes difficult to interpret. Thus, the
curve in @ Fig. 4.7 is an idealized DSC curve rarely generated by real polymers. Measured
DSC curves are often not parallel to the axes, but arched or curved, so that it is sometimes
hard to discern the individual transitions correctly.

DSC provides the possibility of varying the heating rate and hysteresis can be observed
for first-order phase transitions. Particularly large hysteresis is observed for the crystalli-
zation peak, associated with the transition from a melt to a crystalline phase. This is
because crystallization requires the formation of crystal-nuclei. This process requires a
certain time so that, at a very high cooling rate, the crystallization temperature can be
significantly undershot.

4.2.2 Dynamic Procedures

In dynamic mechanical thermal analysis (DMTA), a sample is subjected to periodic sinu-
soidal, mechanical stress, for example, by a periodic tensile or torsional movement. This is
accomplished at a frequency f and with a stress 6. During such measurements it is often
observed that the deformation of the material is delayed in time with respect to the applied
stress, so that the periodic oscillation of the material and the mechanical excitation are
phase-shifted (B Fig. 4.8).
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The angle of the phase shift is referred to as 6. Such a periodic oscillation can be—as
known from mathematics—represented in the form of complex numbers. Thus, we can
define the strain € as

g=gje”” 43)

and the stress o as

o=0, e—iwt+5 (4.4)

In doing so, £,
and ¢ the time.

Although Young’s modulus represents the ratio of stress and strain for simple systems
which obey Hooke's law, a complex E-modulus (E*) can be defined for these complex
cases. The rule is

or ¢, signify the respective amplitudes,  the angular frequency (w = 2= f),

= —O(cos 8 +isin ) (4.5)
&

The complex modulus E* thus consists of a real part and an imaginary part, which are
referred to as E; and E, (sometimes also as E’ and E”):

E =E, +iE, (4.6)

E, is referred to as the storage modulus and E, as the loss modulus. E, is a measure of
the energy that can be stored in the system and E, a measure of the energy that is lost
in the system. The quotient of the moduli E,/E, therefore is given by sind/cosd, i.e.,
tan 5—this is designated the loss factor, and describes the ratio of dissipated to stored
energy.

Without proof, it can be shown that the loss factor can be written as

E 1
tand = —2 = — 4.7)
E ot

Here, 7 denotes the relaxation time of the system.
If E| and E, are plotted as a function of temperature for materials going through the
glass transition, the typical graph shown in @ Fig. 4.9 is obtained.
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It can be seen that the storage modulus drops abruptly across the glass transition. This
becomes obvious by considering that the melt after the glass transition is a liquid and as
such is generally not able to store energy. By contrast, the loss factor passes through a
maximum at temperatures around the glass transition temperature. A maximum of the
loss factor is equivalent to the material being a damping element. This can easily be
explained graphically.

In a thought experiment, one imagines a polymer at low temperature as a hard metal
spring. At low temperature the polymer chains are in a glassy solid state, they are not very
mobile, and relatively large forces are required for small elongations. In other words, the
material can be represented by a hard spring with a relatively high modulus.

As this system passes through its glass transition, the chains become more flexible,
the material becomes softer, and the modulus of a spring representing the material is low.
A polymer above its glass transition temperature can be represented by a soft metal
spring.

Both hard and soft springs have their own resonance frequency. As is known from
physics, a spring can store a lot of energy in the region of its resonance frequency, and it
can be easily excited. With a hard spring, this resonance frequency is relatively high and
for a soft spring the frequency is low. However, at their respective resonance frequencies,
large oscillations can easily be induced in both springs.

What happens when a material passes through its glass transition? Because polymers
always have a certain molar mass distribution, and, in particular, amorphous phases are
heterogeneous with respect to their local order, there are both soft and hard springs pres-
ent in the material close to the glass temperature. Thus, the system no longer finds its
resonance frequency and any attempt to store energy in these materials results in a much
larger energy dissipation. As a consequence, energy dissipation is observed at tempera-
tures close to the glass transition, and thus a high damping of input energy. In an experi-
ment, one would find that a weight hanging on a hard and a soft spring, arranged in series,
cannot be excited to a greater, persistent oscillation.

DMTA measurements are designed to measure the storage and loss moduli of the
sample as a function of temperature whereby the glass transition can then be identified
from the position of the maximum in the loss modulus curve.

This can be achieved by heating a sample with a constant frequency and measuring the
phase shift between the stress and strain curves. However, in practice it is simpler to vary
the frequency rather than the temperature. This leads us to the so-called time-temperature
superposition principle. How are frequency and temperature related?
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Let us imagine that we are observing a sample at high temperature. If we put a load on
the sample, for example by denting it or pulling on it, then at high temperature the poly-
mer chains have sufficient mobility to respond to the strain by changing their conforma-
tion; the material appears soft. The same thing happens when we put a strain on a material
at low frequency. The duration of the strain is relatively long and the polymeric material
has a relatively long time to counteract the strain. Again, it appears soft. At low tempera-
tures or high strain frequencies the opposite is the case. At low temperatures, the mobility
of the material is not sufficient to react to the strain by changing its coil conformation. The
material appears hard. At high measuring frequencies, the material does not have enough
time to react to the strain and it appears hard.

This behavior—the dependence of the mechanical properties on the duration of the
applied strain—is by no means limited to polymers. Compare stepping into a water-filled
bathtub with a belly flop from a 5-m springboard. You can probably notice dramatically
the dependence of the mechanical effect on your body on the speed of your plunge.
Similarly, water behaves differently at a bathtub temperature of 37 °C than at —10 °C. Here,
low temperatures cause a similar effect to that of short strain durations.

Thus, there is an analogy between measurements at high frequencies and measure-
ments at low temperatures—and vice versa. Therefore DMTA measurements can either be
carried out at a constant measuring frequency when varying the temperature, or—which
is more often done technically—the temperature is kept constant and the measuring fre-
quency varied. The data are then converted into a temperature curve.

@ Figure 4.10 shows the dependence of the storage and loss moduli on the measuring
frequency, or more specifically on log(1/wz). The maximum of the loss modulus is
achieved when this logarithm becomes zero, i.e., when the relaxation time 7 is identical to
the reciprocal of the measuring frequency. Thus, when the time in which the material can
relax is approximately similar to the observation time, the sample is in an intermediate
state where the material cannot yet fully relax but the first movements have already started.
This state corresponds to the gradual transition from a hard to a soft spring. Exactly here,
analogous to the above thought experiment, high damping is observed.

The DMTA suits itself ideally for the detection of very fine phase transitions. This can
be shown by the example of polystyrene (B Fig. 4.11).

In the upper part of the figure, the dependence of the storage modulus, in this case the
shear modulus, on the temperature is shown for polystyrene. One can see a large transition
at a temperature of about 100 °C, which corresponds to the glass transition of polystyrene.
The curve at lower temperatures is, however, more difficult to interpret. This region is
easier to analyze if the logarithm of the loss factor tand is plotted as a function of the

O Fig.4.10 Graph of storage
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d: Phenyl groups rotate around their own axis

O Fig.4.11 DMTA measurement of polystyrene (Arridge 1975)

temperature (lower part of the diagram). Here we also see a very distinctive maximum at
about 100 °C, which can be assigned to the glass transition. However, three additional
transitions at lower temperatures can also be identified. These are referred to as the f, vy,
and d transitions. It has been shown that, at the p transition, the phenyl groups stop rotat-
ing around the polymer chain. If the sample is cooled below the y transition, the rotations
of head-to-head linkages also become frozen. At the d transition, the rotation of the phe-
nyl groups around their own axes also ceases. Thus, interestingly, we find further thermal
transitions in the material below the main glass transition temperature T'..

Dielectric thermal analysis (DETA) functions according to principles similar to
DMTA. Analogous to DMTA, in DETA an alternating electric field is applied to the
sample rather than an oscillating mechanical field. The polarization of the material is
measured. Analogous to the DMTA measurements, a phase shift between the polarization
and the applied alternating field is observed. At low frequencies or high temperatures, for
example, an entire dipolar moiety can orient itself in the electric field. At high frequen-
cies/lower temperatures, only the electrons within the group are displaced. At tempera-
tures around the glass transition temperature there is a non-uniform reaction and high
damping results.
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In principle, DETA can be used in the same way as DMTA; however, it can only be
applied to polymers with dipolar groups. Thus, in combination with DMTA, DETA allows
conclusions as to whether dipolar groups are involved in a particular transition. If they
are, the transition is observed using both techniques. If not, the transition is only identi-
fied using DMTA.

Reference

Arridge RGC (1975) Mechanics of polymers. Clarendon Press, Oxford University Press
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As a corollary to the basic introduction to polymers in their solid state, this chapter deals
with partially crystalline polymers. To begin, we need to ask ourselves which polymers are
able to crystallize.

Because crystallization involves the transition to a highly ordered state, the entropy
of crystallization is negative, that is, unfavorable. This has to be compensated for by a
favorable, and thus likewise negative, crystallization enthalpy. Exothermic crystalliza-
tion requires polymer chains that can interact energetically enough with one another in
their crystallized state. This can happen in two different ways: either through symmetri-
cal chains that allow a high packing density or through strong interactions between the
chains. Examples of polymers with symmetrical chains are polyethylene or isotactic
polypropylene. By contrast, atactic polypropylene cannot crystallize because of its
asymmetrical chain. An example of a polymer with strong interactions (in this case
hydrogen bonds) between its chains is the polyamide family, particularly polyamide 6.6.

Polymers with especially flexible chains tend to form random coils, as discussed in
» Chap. 2. This is obviously not favorable for crystallization. Therefore, these types of
polymers are either amorphous, or crystallization is very slow. Thus, for example, polyiso-
butene only crystallizes if it is annealed at its ideal crystallization temperature over a long
time period.

Crystallization takes place in two stages according to classical crystallization theory,
namely, nucleation and ensuing growth. For nucleation to take place, crystal nuclei with a
critical minimal size first have to form. This process can be induced, for example, by the addi-
tion of nucleation agents, and the rate of growth is largely dependent on the temperature.

Both steps significantly influence the morphology of the polymer crystals formed and
thus also influence their properties, such as the temperature at which they melt.

5.1 Factors that Influence Melting Temperature

The melting temperature of polymers is not a fixed constant, in contrast to that of small
molecules. For polymers it is influenced by various aspects of the polymer composition as
well as the thermal history of the material. The significant parameters are discussed in
detail from the following points of view:

Conditions of crystallization

Chain flexibility

Symmetry

Interactions between chains or chain segments

Tacticity

Branching

Molar mass

Comonomers

5.1.1 Influence of the Conditions for Crystallization

As a rule of thumb, polymers can crystallize in a temperature range from at least 30 °C
above the glass transition temperature to at least 10 °C below the melting temperature. At
temperatures that are too low, the mobility of the chain segments is insufficient to allow
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crystallization. At temperatures that are too high, the segments are too mobile for any
crystallization to take place.

Because of the entanglement of polymer chains with one another, polymers, in prin-
ciple, crystallize relatively slowly, especially when compared to most small molecular sub-
stances. Thus, it is possible to control the degree of crystallization by adjusting the rate of
cooling. As a general rule, very rapid cooling does not give the polymer enough time to
form a highly crystalline material. Indeed, by cooling a polymer extremely rapidly it is
even possible to quench polymers that would normally crystallize into a completely amor-
phous state.

Rapid cooling leads to the formation of many crystallization nuclei and thus also to a
large number of small crystals. Small crystals have a large surface to volume ratio and thus
have a relatively large surface energy. As a result, small crystals are energetically disadvan-
taged in comparison to large crystals. This leads to their melting at comparatively low
temperatures. Rapid cooling thus leads to the melting temperature being reduced by up to
30 °C. It also leads to polymers with a broad melting range because crystals of very differ-
ent sizes form, each of which have their own unique melting temperature. If the rate of
cooling is slower, this effect is less developed and the melting range is narrower and more
easily defined.

5.1.2 Influence of Chain Flexibility

The flexibility of the polymer chain has a substantial influence on its crystallization
entropy. As has already been stated, the crystalline state is more ordered than the
melted state. This loss of entropy is more pronounced the greater the number of
conformations that the polymer can adopt in its melted state. This number is, in turn,
dependent on the difference in energy between the trans and gauche conformations
(» see Chap.2). If this energy difference is small, the polymer tends strongly to coil up
on itself. Thus, the conformational entropy in the melt is large and the change in
entropy on crystallization very unfavorable. This is only overcompensated by the crys-
tallization enthalpy at lower temperatures. Polymer chains that have a small difference
in energy between their trans and gauche forms generally have low melting tempera-
tures (@ Table 5.1).

Because the crystallization enthalpies for high density polyethylene and
poly(tetrafluoroethylene) (PTFE) are very similar, the difference in their melting tempera-
tures is a result of the greater tendency of polyethylene to form coils and is thus an
entropy effect.

B Table 5.1 Energy difference between polymers in their trans and gauche forms
Polymer (high-density) Energy difference (trans/gauche) Melting temperature

Polyethylene Ae=3 kJ/mol T,=137°C

PTFE Ae=18 kJ/mol T,=372°C
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5.1.3 Influence of Chain Symmetry

Asymmetrical elements in the polymer backbone mean that the polymer chain can no
longer fit so well into the crystal structure. The resulting disturbance to the organization
of the crystals leads to a lowering of the melting temperature. This effect is especially
marked for structural units that lead to a kink in the polymer chain. Examples of this are
cis-double bonds, cis-connected rings or aromatic rings, which have a polymer backbone
chain linked to them at their ortho or meta positions (8 Fig. 5.1).

Symmetry-related disorder leads, for example, to trans-polybutadiene being crystalline
with a melting temperature of 148 °C, whereas cis-polybutadiene is amorphous.

5.1.4 Influence of Interactions Between the Chains

Examples of interactions between polymer chains and/or between different segments of
one and the same chain are dipole-dipole interactions and hydrogen bonds (8 Fig. 5.2).
Thus, as mentioned above, polyamide 6.6 forms a strong hydrogen bond network
throughout the whole material. In this polymer the alkylene chains between the groups
that operate either as donors or acceptors are of equal lengths and an ideal network
develops. As a result of this, polyamide 6.6 melts at a temperature of roughly 267 °C (com-
pared to high density polyethylene, which does not build any hydrogen bonds and melts
at temperatures as low as 137 °C).

B Fig.5.1 Chain elements that

lead to kinks in the polymer

‘ ortho meta
O Fig.5.2 Hydrogen bond
network in polyamide 6.6 0 H (0]
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5.1.5 Influence of Tacticity

Isotactic polymers usually arrange themselves into helical superstructures so as to mini-
mize the steric interactions between the substituents. In such helical structures, main
chain substituents are so arranged as to point away from the helix. The helices themselves
are then arranged in the crystal structure in a regular fashion.

In the case of syndiotactic polymers, the main chain substituents are further apart
from each other and the main chain takes on a zig-zag conformation (8 Fig. 5.3).

As a general rule, atactic polymers cannot crystallize because of their irregular struc-
tures. Because of this, atactic polystyrene (R=CH) is amorphous, whereas isotactic and
syndiotactic polystyrene are crystalline and melt at 240 °C and 270 °C, respectively.

5.1.6 Influence of Branching

A compact, branched side group generally leads to a stiffening of the polymer chain and
creates an increase in the melting temperature because of the effects that have been
explained above (crystallization entropy) (8 Fig. 5.4).

In contrast to this, long, flexible side chains interfere with the crystal lattice, and thus
cause the melting temperature to sink. An example of this can be found in the isotactic
a-polyolefins, where the melting temperature drops from polypropylene to poly-1-pentene
(B Table 5.2) (Jones 1964).

Initially, the melting temperature continues to drop with increasing side chain length.
However, after a certain length, it increases again, slightly. This can be observed for side
chains that are longer than eight methyl units long, such as poly-1-decene. The reason for

B Fig. 5.3 Zig-zag

conformation of a syndiotactic

O Fig. 5.4 Influence of

different branching of side
chains on the melting n n n
temperature.

T,=126°C T, =145C T, =326°C

B Table 5.2 Influence of length of the side chain on the
typical melting temperatures of isotactic a-polyolefins

a-Polyolefin Melting temperature 7, (°C)
Polypropylene 170
Poly-1-butene 126

Poly-1-pentene 80
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this is the increasing influence of the side chains to crystallize on the conformation of the
main chain.

Branching in the main chain also leads to a lowering of the packing density. This low-
ers the crystallization enthalpy and thus also the melting temperature. Good examples of
this are the various branched polyethylenes. As is shown in » Chap. 14, ethylene can be
polymerized, using radical polymerization, to a relatively highly branched material, so-
called low-density polyethylene (PE-LD). This material has a melting temperature of
110 °C, whereas linear-low-density-polyethylene (PE-LLD) produced by transition metal
catalysis, which has a lower degree of branching, only starts to melt at a higher tempera-
ture of around 122 °C.

5.1.7 Influence of Molar Mass

The ends of the chains are, in comparison to the segments within the chain, relatively
mobile. This mobility interferes with the crystal lattice and reduces the degree of crystal-
lization. The resulting drop in melting temperature at low molar masses is a thermody-
namic effect.

This thermodynamic effect can, however, be superimposed by kinetic effects, because
polymers with very large molar mass crystallize very slowly. It is possible, especially if the
rate of cooling is fast, that polymers with high molar masses show lower crystallinity than
their analogues of lower molar mass. @ Table 5.3 lists the melting temperatures of isotactic
polypropylene of differing molar masses (Natta et al. 1964).

5.1.8 Comonomers

Most partially crystalline, linear homopolymers are either characterized by a high melting
temperature and a high glass transition temperature or a low melting temperature and a
low glass transition temperature. A rule of thumb is that the glass transition temperature
(in Kelvin) is roughly 0.7 times the melting temperature. This relationship is also valid for

O Table 5.3 Influence of molar mass (M) on melting
temperature (T, ) using isotactic polypropylene as an example

M (g/mol) T, Q)
905 93
1050 105
1340 110
2000 114
14,000 154

30,000 170
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many small molecule substances in that they can also be converted into an amorphous
state, such as pharmaceuticals.

For some applications this relatively simple connection between the melting tem-
perature and the glass transition temperature is undesirable. There are some applica-
tions for which a material with a low glass transition temperature but a high melting
temperature would be considered desirable. The melting temperature of a polymer (as
an empirical observation) generally correlates to its E-module. Most partially crystal-
line polymers are packed in an ordered fashion and have strong interactions between
their polymer chains. These properties give rise to a high module. Thus, rigidity, melt-
ing temperature, and glass transition temperature are usually closely related to one
another.

In the following paragraph we discuss which polymer structures enable the above-
mentioned relationship between T, and T (at least within certain boundaries) to be cir-
cumvented. The question is, for example, how to produce a soft material (with a low
melting temperature) that nevertheless has a high glass transition temperature. The cru-
cial fundamental idea here is that the crystallinity of a material is dependent on whether
the chain segments in the crystal structure can arrange themselves in an ordered manner,
whereas the glass-liquid transition temperature is more dependent on how mobile the
molecules in the polymer chains are.

Let us consider the interactions between the chains of polyamide 6.6 (8 Fig. 5.2). The
polymer chains take on a regular zig-zag conformation in the solid state. It is immediately
apparent from @ Fig. 5.2 that because of the regularly ordered structure a very large num-
ber of hydrogen bonds can form. This network of hydrogen bonds makes this polyamide
very rigid and the melting temperature very high. However, if a certain amount of como-
nomer is incorporated, for example decane dicarboxylic acid, the regular sequence of
hydrogen bonds in the material is significantly disturbed. The resulting disturbance of the
crystalline order leads to a drop in both the melting temperature and the module. The
glass transition temperature T, which is essentially dependent on chain flexibility, is only
slightly influenced by the incorporation of this kind of comonomer. Therefore, it is pos-
sible, by producing a statistical copolymer, to lower the melting temperature and the mod-
ule without an equivalent lowering of the glass transition temperature.

One advantage of such materials is their lower processing temperature. As most poly-
mer materials are processed as melts (> see Chap.17), a lower processing temperature is
less aggressive to the material and uses less energy.

The general effect of the statistical incorporation of a comonomer into a polymer can
be seen in B Fig. 5.5.

The figure shows the change in the melting temperature and glass transition tempera-
ture of two homopolymers poly(A) and poly(B) when their composition is gradually var-
ied from 100% A to 100% B. Because of the disturbance of the crystal structure, the
melting temperature drops significantly, even if only relatively small amounts of comono-
mer are present. The disturbance can be so strong in materials where the comonomers
account for half of the composition that the material does not crystallize at all and remains
amorphous.

The linear interpolation of the glass transition temperatures shown in @ Fig. 5.5 is a
simplification and generally only approaches the real case when the comonomers are
chemically very similar to one another.

The effect of copolymerization on melting temperature can be approximately (without
proof) estimated as follows:
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X, Mole fraction of the homopolymer

A comparison between statistical and block copolymers can be found in » Sect.7.2.1.

The different variables that influence melting temperature mentioned above are
responsible for the slightly different melting temperatures listed in the literature for chem-
ically identical polymers. The differences can be ascribed especially to molar mass, the
degree of branching, tacticity, and the thermal history of the material (cooling rate, tem-
pering). Therefore, it is untrue that any one of the listed values is more or less correct than
any of the others.

5.2 Morphology of Partially Crystalline Polymers

A 100 % crystalline material is never produced after the cooling period because polymer
chains are so entangled in the molten state. Thus, in partially crystalline polymers there
are always both crystalline domains and amorphous domains present. Polymer single
crystals can only be obtained from very dilute (less than one per thousand) solutions but
this is not of technological relevance.

In practice, polymers are often processed from the melt and crystallization takes place
from a very viscous system. The entanglements prevent a perfect crystal structure from
being formed. This leads to the proportion of the amorphous domain varying in size.

The crystalline areas often form lamellae, typically less than 100 nm thick. The main
chain of the polymer is usually orientated orthogonally to the plane of the lamellae, result-
ing in an “accordion-like” structure.
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B Fig. 5.6 Lamella model for polymer crystallization

B Fig. 5.7 Switchboard-model of polymer crystallization. Segments that have been incorporated in the
crystal lamellae are highlighted

The question as to how the polymer chains fold at the ends of the lamellae has not been
conclusively resolved. There are essentially two models (8 Figs. 5.6 and 5.7).

According to current hypotheses, the first, regularly folded model (B Fig. 5.6) is
obtained from a dilute solutions, whereas the second model, also known as the “switch-
board model” (8 Fig. 5.7) is obtained from the melt (Dettenmaier et al. 1980).

The thickness of the crystal lamellae increases with the crystallization temperature.
Whereby the number of repeat units in the main chain is, as a general rule, markedly
below 100.
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Crystalline regimes Spherulite surface

=

i

O Fig. 5.8 Superstructure (spherulite) of a partially crystalline polymer

It is crucial for crystallization that the polymer coils cannot disengage themselves from
their entanglements with neighboring chains during the crystallization process. Thus one
should not envisage that a complete polymer chain separates from the melt and orders itself
into a regular crystal lattice. Instead, it should be assumed that the polymer chain must,
without significantly moving away from its position, fit itself into the crystal lamellae
alongside segments of other chains. This is often described as a solidification of the polymer
chain. This process itself does not require a long range reorientation of the polymer chain.

The physical chemistry of partially crystalline polymers in the solid state is fascinating.
As already explained in » Chap.4, the amorphous areas of a polymer above the glass transi-
tion temperature should be envisaged as a (highly viscous) liquid or melt. In contrast to this,
the transition to a liquid in the crystal domains only takes place at the melting temperature.
As the melting temperature is higher than the glass transition temperature, between T and
T, two phases coexist in partially crystalline polymers, one of which is liquid and one solid.
In terms of the right hand sketch in @ Fig. 5.7, this means that in this temperature range
there are solid crystal lamellae surrounded by a liquid, amorphous phase. We are dealing
with a stable, two phase system, in which crystallites coexist with a chemically identical
melt—and this below the melting temperature. This extremely unusual situation, which, of
course, is impossible to replicate with small molecules, leads to outstanding mechanical
properties. For example, if strain is applied to the material, such as some kind of impact, the
liquid phase dissipates the energy and the material does not break. This explains the ductil-
ity of many partially crystalline polymers between T, and T. We are thus dealing with a
material that in some respects is similar to a highly viscous liquid. However, of course, the
material as a whole cannot flow because, as can be seen in @ Fig. 5.7, the polymer chains are
generally integrated into more than one crystallite, which prevents any macroscopic flow.

The crystal lamellae of partially crystalline polymers often build superstructures, and
an example of this is the so-called spherulites (McCrum et al. 1988) with spherical super-
structures as shown in @ Fig. 5.8.
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B Fig. 5.9 Isotactic
polypropylene viewed through
a polarizing microscope (dark
regions: a-spherulite, light
regions: 3-spherulite)

As well as the structures shown here, one- or two-dimensional superstructures (fibers
or discs) are also observed. These superstructures can be analyzed by a polarizing micro-
scope because they are birefringent (8 Fig. 5.9).

This image shows isotactic polypropylene. Polypropylene forms two different kinds of
spherulites (called a- and p-spherulites) which can be seen in @ Fig. 5.9.

5.3 Crystallization Kinetics

An analysis and the knowledge of the crystallization kinetics are crucial requirements
for a rational processing of a polymer. During the manufacturing process, in which the
polymer is generally melted (» see Chap.17), the cooling rate, as has been explained,
determines the degree of crystallinity and thus the properties of the resulting material.
It is therefore important to know how a polymer crystallizes under any given processing
conditions.

The analysis of the crystallization kinetics can, for example, be carried out using a
dilatometer (B Fig. 5.10), whereby the change in volume of the sample as a function of
temperature is measured from the change in the height of a column of mercury
(which also serves to contain the sample). For such measurements, the material is
tempered above its melting temperature and then rapidly cooled to the desired
crystallization temperature. Because the density of the crystals is greater than that of
the amorphous domains, a volume contraction accompanies crystallization. By
measuring the change in volume with time the desired crystallization kinetics can be
determined.

The crystallization of polymers can be described by the Avrami equation:

Y=t _ exp(—kt” ) (5.2)

m,t=0
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B Fig.5.10 Schematic

diagram of the change in > Tempering
volume V of a polymer sample e —
over time t during
crystallization as measured in a Fast Measurement
dilatometer cooling h
........................................... .
oenerenn e T h.,
= t
O Table 5.4 Interpretation possibilities of the Avrami exponent n
Growth in the form of.... Slow nucleation (T~T,) Rapid nucleation (T<<T )
Fibers 2 1
Discs 3 2
Spherulites 4 3
Complex bundles/coils 6 5
w,, Weight of the non-crystalline melt as a function of time t
k Rate constant
n Avrami exponent

This equation describes the weight fraction of the non-crystalline melt at time t rela-
tive to the original mass of the melt at time ¢,. The relation between these two numbers is
a function, which, where n=2, corresponds to a Gaussian distribution.

To evaluate the results of dilatometric measurements, the Avrami equation is usually
transformed as follows:

h(t)-nh
(1)=h :exp(—kt”) (5.3)
hy—h,,
ho, h(t), h_ Height of the column of liquid at time t=0, tand t

From the value of the Avrami exponent, n, it is possible to predict what kinds of super-
structures form in the melt. The correlations are listed in @ Table 5.4. However, a difference
between slow and rapid nucleation must be taken into consideration.
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The fundamental principles of “amorphous” polymers were introduced in » Chap.4. Some
of their particular properties are described in more detail in this chapter.

6.1 Dependence of the Mechanical Properties of Amorphous
Polymers on Temperature

To understand the unique behavior of amorphous polymers, let us first consider their
behavior when they are heated. The change of the E-module of an amorphous polymer
with a large molar mass when heated is shown in B Fig. 6.1.

The polymer chains are frozen at a low temperature (@ Fig. 6.1, temperature range I);
that is, the molecules are immobile. If an applied force acts upon them, they cannot change
position, and the E-module, the force needed to stretch the sample, is very large. The
material behaves as if it was a glass-like solidified liquid. Even though the polymer is not
crystallized, its shape is macroscopically stable over this temperature range; it does not
flow. If the deformation force is large enough, the material simply breaks.

The first chain segments start to move as the temperature approaches the glass transi-
tion temperature (B Fig. 6.1, temperature range II). At this temperature the material can
react better to an external force; the polymer chains can rearrange and the material is less
brittle. The tenacity, the opposite of brittleness, of the material, increases. The material
behavior is similar to that of leather. Therefore, this temperature range is also referred to
as the leathery state.

The material can, theoretically, be considered as a melt above the temperature T.
Because of its high viscosity, however, and especially the numerous entanglements of the
polymer chains, the material (as long as the temperature is not that high) does not, mac-
roscopically, behave as a liquid. Instead the material appears, at first glance, to be a solid.
This changes, however, if mechanical force is applied to the material over a longer period
of time. In this case, the polymer chains have enough time to yield to the forces being
exerted upon them and to rearrange. The material flows and takes on a different shape.

The amount of time during which a force is applied to a sample determines whether the
material irreversibly changes its shape, whether flow actually takes place or not. A single
blow or other short application of force does not give the polymer chains time to yield to
the forces by flow. After the application of force, the material can, as long as it is not broken,
regain its original shape. If, however, the force is applied for a longer time, the material can
flow irreversibly. In this temperature range (8 Fig. 6.1, temperature range III) the material

B Fig.6.1 Change of the
E-module of an amorphous
polymer with a large molar
mass as a function of
temperature

log E
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exhibits both viscous and elastic mechanical behavior. This type of behavior is called
viscoelasticity and is discussed in more detail in » Sect. 6.6. Over temperature range III the
material is, theoretically, an extremely viscous melt, called the rubber-elastic state. In this
state the elasticity of the material still dominates over its viscosity.

If the temperature is increased even further (@ Fig. 6.1, temperature range IV), the
polymer chains in the material gain molecular mobility. As a result of this, the material
can flow more easily and its ability to react elastically decreases. That is, the ability of a
sample to take on its original shape after a force has been applied decreases.

If a mechanical stress is applied to the material and then released, part of the resulting
deformation is restored, whereas another part of it remains. The latter, at a molecular level,
involves the polymer chains reacting to the applied force by taking on a different confor-
mation. Because the newly assumed conformation is not the same as that of the undis-
turbed state, it is less favorable energetically (» Chap.2). By moving relative to one another,
the polymer chains can rearrange in an energetically more favorable conformation if the
applied stress acts over a longer period of time or the temperatures are higher.

In temperature range IV shown in B Fig. 6.1, we are dealing with two opposing effects:
on the one hand, an elastic component that is dependent upon the entanglements of the
polymer chains; on the other, a viscous component that is present if the polymer chains
have enough energy to move relative to one another, allowing the sample to flow macro-
scopically. This intermediate stage is referred to as rubber-elastic flow.

Temperature range V describes the gradual transition into a viscous melt that does not
possess a significant shape memory. The polymer is in a viscous state in this temperature
range.

The boundaries between temperature ranges III and V in @ Fig. 6.1 are not clearly
defined. The transitions from one stage to another are gradual. Elasticity and shape stabil-
ity decrease as temperature increases, whereas the ability to flow on a macroscopic level
increases.

6.2 Amorphous State

In an amorphous, glass-like solid state, a polymer is similar to a plate of frozen pasta.
Considerable force is necessary to deform the material. The chain segments are immo-
bile; in some cases there may be some mobility of the side chains. The latter leads to the
material being less brittle (i.e., tougher) than, for example, quartz glass. In this state, even
strains of a few percent lead to failure—brittle fracture. As already explained in » Chap.4,
at temperatures above T the material can yield to an external force without breaking.
The energy is dissipated by the molecules rearranging and the material is tough rather
than brittle.

As a first approximation, in the frozen state the polymer chains are not arranged in any,
sort or long range, regular pattern. At temperatures below T,, movement of the chain
segments is not possible and the molecules cannot change their relative positions. The only
movements possible are vibrations at an atomic level. If the temperature rises above T, the
movement of individual segments becomes possible. A transition to a melt state follows in
which the material can flow—even if the viscosity is very high.

A macroscopic flow of the material requires that the polymer chains do not have a high
packing density. This is, however, generally the case in the amorphous state. There is a
certain amount of free volume given by the imperfect packing of the irregularly arranged
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chains. This is the case both above and below T, and as a consequence the density of the
amorphous material is lower than that of the corresponding crystal. An increase in tem-
perature leads to a thermal expansion of the material, the free volume increases, and the
polymer chains become more mobile; the viscosity decreases and the melts flows more
easily.

6.3 Glass Transition

The changes in the mechanical properties of polymers at the glass transition can be
described by a transition from a hard (T<T_) to a soft (T>T) spring. A polymer chain
surrounded by enough free volume with enough thermal energy to allow significant
molecular movement is similar to a soft spring. A molecularly frozen polymer chain below
T, can be considered in terms of a hard spring. From physics it is known that both soft
and hard springs store elastic energy. The ability to store energy is greatest at the resonance
frequency of the spring, whereby the resonance frequency of a hard spring is higher than
that of a soft one—hard springs oscillate more rapidly than soft springs.

An amorphous material is, however, not completely homogenous. Generally it is made
up of polymer chains of different lengths, and, additionally, the distribution of the free
volume is not identical for each chain. Thus, if a polymeric material is heated, as the tem-
perature approaches that of the glass transition, initially only some of the polymer chains
transition from a hard to a soft state. This has a strong influence on the ability of the mate-
rial to store energy. In this temperature range the material is made up of a mixture of
'springs' of different resonance frequencies. Macroscopically, the whole system does not
have a homogenous resonance frequency. The result of this is a strong damping of mechan-
ical energy.

Using a material at temperatures close to the glass transition temperature is
problematic because of the radical and erratic variation of the mechanical properties
(moduli) (B Fig. 6.1).

Other properties of the material which change at the glass transition temperature are:

Specific volume

Heat capacity

Refractive index

These changes in properties can be used experimentally to measure the glass transition
temperature.

6.4 Factors that Influence the Glass Transition Temperature

The temperature at which the glass transition occurs is essentially determined by the
mobility of the polymer chains. In turn the chain mobility is most strongly influenced by
the following factors:

Chain flexibility

Steric effects

Tacticity
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Branching and crosslinking

Molar mass

6.4.1 Chain Flexibility

Fundamentally, flexible chains are more mobile and lead to a lower glass transition
temperature. Examples of flexible chain elements are alkyl, ether, or silicone moieties

(B Fig. 6.2).

In contrast, chain rigidity is increased by the incorporation of rigid segments such as

aromatic rings into the polymer backbone.

O Table 6.1 shows the influence of chain flexibility on the glass transition temperature
of some selected examples.

B Fig. 6.2 Examples of flexible

chain elements

B Table 6.1 Glass transition temperature (T;) of selected
polymers having chains of varying flexibility (decreasing from top
to bottom)

T, (°C)
-123
s
Si—0
CH,
n
-93
CH, —CH,
n
-85
HE=CH
H,C  CH,
n
-67
+CH2—CH2—O+
n

fot -
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Sterically demanding, stiff segments in the main polymer chain lead to a less mobile
polymer chain and the glass transition temperature increases. Thus, polyphenyl ether has
a glass transition temperature of +83 °C (bottom line of @ Table 6.1).

6.4.2 Steric Effects/Substituents

Flexible side chains increase the available free volume and thus the mobility of the polymer
chain. As a result of this the glass transition temperature is lowered (8 Table 6.2).

Polar substituents can form hydrogen bonds or dipole-dipole interactions which fix
the position of the polymer chains and decrease their mobility; the glass transition
temperature is increased (8 Table 6.3).

Additional methyl groups in an a-position relative to the substituent result in a
substantial stiffening of the polymer chain and so to an increase in the glass transition
temperature of 70-100 °C. A classic example of this is polymethacrylates, which have
higher glass transition temperatures than the corresponding polyacrylates.

6.4.3 Tacticity, Branching/Cross-Linking, and Molar Mass

The influence of the configuration or tacticity of polymers from vinyl monomers is only
pronounced if there is more than one substituent, such as an additional methyl group,
adjacent to the double bond—as is the case for the polymethacrylates mentioned above.
Such monomers are, however, usually radically polymerized, whereby the tacticity of the
polymer formed cannot be, or is only marginally, controlled. The glass transition

B Table 6.2 Influence of linear alkyl substituents on the glass
transition temperature (T;)) of polymers with the structure (CH,-CHX)

X T, (°C)
-H -93
~CH, -20
~C,H, -24
-C,H, -40
~C,H, -50

B Table 6.3 Influence of polar substituents on the glass transition
temperature (T;) of (CH,-CHX),

-X T, (°C)
~CH, -20
-Cl +81

-CN +105



125
6.4 - Factors that Influence the Glass Transition Temperature

temperature of typical polyolefins such as polypropylene is, in contrast, not (or only
marginally) dependent on the tacticity because of the missing second substituent.

If the material is cross-linked, the cross-links function as permanent entanglements
and chain movement is restricted. At low cross-link densities the glass transition
temperature increases almost linearly with the number of cross-links. Materials with a
high cross-link density tend to exhibit a broad, ill-defined glass transition.

The polymer chain ends are, in contrast to the other segments along the chain, relatively
mobile. Because of this they are able to 'create’ comparatively more free volume around them-
selves. By the same argument as that used above, polymers with lower molar mass have lower
glass transition temperatures. This effect can be described by Bueche’s empirical equation:

w CONSt.
T =T, -

(6.1)

n

T: Glass transition temperature for M, — oo

The equation can be applied to molar masses M, of above ~5000 g/mol. Thus, the glass
transition temperature asymptotically increases to a limiting temperature valid for very
high (infinite) molar mass.

Theories Describing Free Volume

The term ‘free volume’ has already been used several times when describing the glass tran-
sition temperature. It is assumed that the volume V of a polymer sample is made up of a
volume V/, that is occupied by the polymer molecules and an additional free volume V,
that is available for the rotational and translational movement of the molecules:

V=V,+V, (6.2)
4 Total volume

A Volume of the chains

Ve Free volume

Both Vand V|, as well as V,, are dependent on the temperature. For a polymer in its
fluid or a rubber-elastic state, the free volume increases with temperature. Visually, the
mobility of the molecules increases. However, if the temperature decreases, the free vol-
ume shrinks and below a critical temperature—the glass transition temperature—it
doesn’t change any more; the molecules are immobile.

The main difficulty of theoretically describing the glass state using free volume is that
free volume is not an equilibrium state. Basic approaches to a theoretical description of the
glass state that should be mentioned are:

Williams, Landel, and Ferry’s kinetic approach (WLF equation)

Gibbs and DiMarzio’s thermodynamic approach

Gibbs and Adam’s combination approach

For more details the interested reader is referred to the corresponding literature (Adam
and Gibbs 1965; DiMarzio et al. 1976; Eisele 1990; Williams et al. 1955). Estimating what
proportion of the material is free volume is both theoretically and experimentally difficult,
and estimates vary according to parameters such as polymer and temperature between
2.5% and 12 % of the total volume.
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6.4.4 Plasticizers

Plasticizers are low molar mass, non-volatile compounds added to a polymer to change its
properties. Generally these compounds have a ‘lubricating effect’ on the polymer chains.
The molecules can move more easily when surrounded by low molar mass material. The
addition of a plasticizer thus results in an increase in the mobility of the chains and con-
sequently to a lowering of the glass transition temperature. Plasticizers are therefore used
so that soft, flexible materials can be obtained from stiff, brittle base polymers.

A technically important material, which often has large quantities of plasticizers added
to it, is polyvinyl chloride (PVC). PVC without plasticizer has a glass transition tempera-
ture of 81 °C. If 30-40 % plasticizer is added, so-called soft-PVC is obtained, which has a
glass transition temperature of <0 °C. Important uses of this material are for the manufac-
ture of raincoats, curtains, and cable sheathing.

The effect of the addition of a plasticizer on the glass transition temperature can be
estimated using

L Wpol

w
- L
TG TG,Pol TG,W

7 Mass fraction of the polymer

W, Mass fraction of the plasticizer

T pol Glass transition temperature of the polymer

Tow Freezing point or glass transition temperature of the plasticizer
Ts Glass transition temperature of the plasticized polymer

Water can have a strong plasticizing effect on hydrophilic polymers. In these cases, the
properties of the material are very dependent on the surrounding conditions, especially
the humidity of the surroundings. This effect, which, for example, can be observed with
the biopolymer starch, means that using such materials is a challenge.

6.5 Rheological Behavior of Polymer Melts

The rheological behavior of polymer melts is complex but relevant for understanding
amorphous materials at temperatures above T, as well as for understanding the process-
ing of polymers (» Chap. 17), as processing usually involves polymer melts. For this reason,
the next part of this chapter deals with rheology, the science of flow behavior, and its rele-
vance to polymers.

6.5.1 Newtonian Fluid

According to Newton, the rheological behavior of a simple fluid can be described by
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B Fig. 6.3 Rheological
properties of a Newtonian fluid. A
The bottom plate remains static
and the top plate moves with a
velocity v and a separation x
relative to the bottom plate
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Equation (6.4) establishes a correlation between the shear rate (dv/dx) and the shear
stress o. For the simplest case, a Newtonian fluid, the shear rate is linearly proportional to
the shear stress. The proportionality constant 7 is the viscosity.

The flow properties of a Newtonian liquid between a static and moving plate are shown
schematically in @ Fig. 6.3.

Two smooth sheets, between which there is a layer of fluid of thickness x, are
moved relative to one another with a tangential velocity v. The top layer of fluid
adheres to the sheet above it and pulls a layer of fluid with it. The friction between the
fluid layers leads to a further layer of fluid following the one above it, albeit with a
slower speed. The layer of fluid next to the bottom sheet is at rest (v=0). The friction
Fy which opposes the movement is proportional to the shear rate dv/dx and the area
A (» see (6.5)). The proportionality constant 7 in this equation is also called the
dynamic viscosity for this reason.

d
Fy= A-n[d—VJ (6.5)

X
With the definition of shear stress

F,
c=-R (6.6)
A

(6.5) can be transformed into Newton’s law of friction (6.4).
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6.5.2 Non-Newtonian Fluids

By introducing a coefficient of viscosity # it is possible to take nonlinear relationships
between shear stress and shear rate into account:

o' =B 6.7)
dx

Substituting n=1 and B=p gives (6.4). Using n>1 the rheology of polymers can be
described. The coeflicient B decreases with an increasing shear rate. The gradient of the
curve decreases (upper curve in B Fig. 6.4). The fluid (polymer melt) initially behaves as an
elastic body and then begins to flow. This behavior can be explained by considering that,
at rest, the polymer chains are looped and entangled so that they resist displacement. As
the velocity gradient increases, the polymer chains become disentangled and aligned par-
allel to the applied stress; flow becomes increasingly easy. This effect is known as structural
viscosity or shear thinning.

The entanglement of the polymer chains are the main reason for the high viscosity of
polymer melts. However, they are effective when the chains are longer than a certain
length. Short chains are unable to form effective entanglements. The minimal chain length
needed for entanglements to form and viscosity to be affected is called the critical chain
length £ . As a rule of thumb, {_ corresponds to main chains consisting of about 100 units.
The critical chain length is generally longer for non-polar polymers than for polar poly-
mers. Because of the stronger interactions between the chains, polar polymers tend to be
more able to form effective entanglements.

With a plot of log 17 against log M, (B Fig. 6.5) it is often possible to observe that, below
a critical chain length, the logarithm of the viscosity varies with the logarithm of the molar
mass with a gradient of 1 (n in (6.7) = 1). Above the critical chain length, the viscosity
increases roughly with the cube of the molar mass in a way that is roughly proportional to

the cube of the molar mass (n in (6.7) = 3).

B Fig. 6.4 Comparison of a
Newtonian and a structurally A
viscous fluid Shear Thinning (Pseudoelastic)

’ Newtonian

Y

dvldx
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B Fig. 6.5 Determining the
critical chain length - above
which entanglements of the
polymer chains affect the
viscosity of a polymer melt

logn

e logM,

6.5.3 Process of Reptation

Being entangled with other chains, the movement of intact polymer coils through the melt
does not take place. Instead, the individual chains have to ‘wriggle’ around the
entanglements. This is effected by the movement of individual chain segments and allows
the polymer to be divided into independent kinetic units for a theoretical treatment. The
polymer melt flows when these units change their position. They can, for example, move
in a crankshaft-like movement in the melt (B Fig. 6.6).

This process is called reptation. In the reptation model the entanglements are
considered as fixed sites in the network which define the shape of a tube through which
the polymer chain moves (8 Fig. 6.7a).

The change in position in the tube takes place by a meandering of a few chain segments.
The movement can be visualized by thinking of the way a snake moves, or the way a carpet
slides over a smooth surface (B Fig. 6.7b).

Rate of the Reptation Process

The time that the polymer chain takes before it leaves the tube created by the entangle-
ments is defined as the relaxation time 7 and, without proof:

2
(n-1y)
2D,
7p Time the polymer requires to leave the ‘tube’
n Number of reptation units in the polymer chain

—

QO o

Length of a segment (under e-conditions, » Chap.2)
Diffusion coefficient within the reptation tube
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B Fig. 6.6 Crankshaft-like
movement of the segments
of a polymer chain in the melt

B Fig. 6.7 lllustration of the
reptation process. (a) Definition
of the reptation pathway by the
entanglements with neighboring
chains. (b) Meandering
movement of a macromolecule

The relaxation time is thus proportional to the square of the chain length and
indirectly proportional to the diffusion coefficient D, of the polymer chain within the
tube.

This diffusion coefficient is given by (also without proof)

kT kT
D, = Bt _ "B (6.9)
fi  ng
f, Friction factor of the chain

¢ Friction factor of a segment
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By introducing a theoretical relaxation time for the single segments 7,

lg 2 _ lg 3 _ 102 i C 3
= = ‘n = TPO ‘n
2D, 2Dn 2k,T

3

Tp= (6.10)

On account of the dependence of the diffusion coefficient on the chain length, if effective
entanglements exist, the relaxation time of the polymer chain is proportional to the chain
length cubed, consistent with the gradient of the line in @ Fig. 6.5 above the critical chain
length.

The relaxation time 7, defined in (6.10) is the hypothetical relaxation time of a poly-
mer chain with only one chain segment and is of the order of 107! s. Thus the relaxation
time for a polymer with 10,000 bonds is of the order of 100 s.

The reptation process can describe the diffusion of a polymer molecule under different
conditions. As well as describing the viscous flow process, it can also be used to describe
the solution of a polymer molecule at the surface between a solid polymer and a solvent.
This model can also be used to describe the welding of polymeric materials (» Chap.17).
In both latter cases the polymer diffuses over a boundary layer made up of either a solvent
or another polymer.

The viscosity of a polymer chain is temperature dependent and can be described by a
simple Arrhenius equation:

_EA
1 o< exp “B7 6.11)
E, Activation energy
kg Boltzmann constant
T Absolute temperature

This relationship is valid at temperatures that are at least 100 °C above the glass transi-
tion temperature. At lower temperatures the velocity of the reptation process and thus the
melt viscosity is not determined by the thermal energy available for movement but rather
by the shrinking of the free volume at low temperatures.

6.6 Viscoelasticity

6.6.1 Influence of Time on the Mechanical Behavior

As has already been discussed in » Sect. 6.1, amorphous polymers of large molar mass do not
suddenly transition into a low viscosity melt at their glass transition temperature but pass
through a range of states in which the material still exhibits a degree of elasticity, i.e., shape
memory. The requirement for this is that the molar mass is not too small. A rotation of the
individual chain segments around single bonds in the polymer chain is possible at tempera-
tures above the glass transition temperature, as has already been set out in » Sect. 6.1. Thus,
if a stress acts on the entangled polymer coil the individual segments can assume an alterna-
tive conformation without any bonds being broken. If the length of the macromolecule is
longer than the critical chain length introduced in » Sect. 6.5 then effective entanglements
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exist that counteract the deformation of the sample. Only at temperatures that are consider-
ably above the glass transition temperature do the polymer chains disentangle so fast that no
elastic behavior is observed; at such high temperatures the polymer melt behaves almost as a
‘normal’ low viscosity fluid.

Deformation of a polymer sample at temperatures that are not much higher than the
glass transition temperature leads to the polymer chains assuming an energetically less
favourable conformation. As a result, as has already been mentioned above, elastic energy is
stored in the material. What then happens is largely dependent on the duration of the stress.

Short Term Exertion of Force

If the externally applied force is only applied for a short period of time, then the polymer
chain takes on its original energetically favorable conformation again. The material springs
back completely and returns to its original shape; the deformation process is totally reversible.

Prolonged Exertion of Force

Alternatively, during a prolonged exertion of force, a reorientation (or at least a partial one)
of the polymer chains relative to one another occurs. Because of the externally applied forces,
the polymer chains are unable to take on their original entangled conformation. This leads
to a movement of the polymer chains relative to one another—the material starts to flow.

The same considerations apply to the temperature at which the exertion of force takes
place. The mobility of the polymer chains increases at a higher temperature so that the
polymer flows after shorter times under stress than at lower temperatures.

When considering polymers under these conditions, we are dealing with materials
that behave, depending on the duration of the force exerted upon them and the tempera-
ture, either as viscous fluids or as elastic materials. This characteristic is known as visco-
elasticity. The range of viscoelasticity is marked by two cases at the extremes of the
viscoelastic spectrum: a ‘free flowing (and elastic) fluid’ and an ‘elastic (non-flowing)
material! According to Hooke, for an elastic material follows:

o=FLE-¢ (6.12)
c Stress
E Elastic modulus
€ Elastic extension of the length / by the factor x
From Newton for viscous, free flowing liquids follows:
de
o=N— (6.13)
dt
n Viscosity

Thus, the resulting stress is proportional to the rate of extension but independent of
the extension itself.

These laws can either be visualized in terms of a damper (Newton) or a spring (Hooke).
In the case of a Hookean spring, the applied stress o is proportional to the expansion ¢ and
the elastic energy can be stored in the spring. A damper can be envisaged as the mechanical
equivalent of a plate that carries out work in a fluid with viscosity #. In this case the applied
stress is independent of the expansion; energy is dissipated (8 Fig. 6.8).
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B Fig. 6.8 o=f(¢): (a) for an elastic material (storage of energy); (b) for a viscous fluid (dissipation
of energy)

Neither of these models describes viscoelastic polymers correctly. To describe such
systems, combination models are necessary.

6.6.2 The Maxwell Approach

The Maxwell model is a serial arrangement of a spring and a damper (8 Fig. 6.9).
The total elongation is composed of an elastic (¢, ,) and a viscous (¢, ) component in
viscoelastic systems:

visc

E=E€ +E£ (6.14)

elast visc

Equations (6.12) and (6.13) (Hooke and Newton) can now be transformed as follows:

Hooke: %zl d—G Newton:ﬁ:g (6.15)

E dt dt n
and with (6.14) it follows:

de 1 do o
e _1,40.9 (6.16)
dt E dt n

. . de .
For a constant extension ¢, i.e., for d_ =0 it results (6.17):
t

E
0 =0, eXp[_ﬁt) (6.17)
G, Stress at the time t=0
E Module of elasticity

n Viscosity (B Fig. 6.11)
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B Fig. 6.9 Maxwell model
consisting of a spring and a
damper

O Fig.6.10 o=f(t) according to
the Maxwell model

f

{
o \
This means that the stress o, the force necessary to stretch a particular object,
decreases exponentially with time (B Fig. 6.10). The model describes the stress relaxation
of a viscoelastic system that has suddenly been stretched to a given length and is then
fixed. This can easily be demonstrated using a serial arrangement of spring and damper:
ifthe model is stretched quickly, in the first instance, the damper element is not stretched,
only the spring, because of the inertia of the damper element. If, at this moment, the
applied force is removed just as quickly as it was applied, the spring springs back com-
pletely. If the force is applied over a longer period of time—as is the case in the Maxwell
model—then the damper is irreversibly stretched, whereas the spring contracts back

into its original shape. As a result, over time, the applied tension decreases exponentially
to zero.
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This simple model describes the behavior of a viscoelastic polymer under constant
elongation. If the elongation is maintained over a longer period of time, then the polymer
chains have enough time (by moving relative to one another) to rearrange themselves into
an energetically more favourable conformation.

The quotient of viscosity 7 and module of elasticity E is defined as the relaxation time
71in (6.18):

T :i (6.18)

E

If t=7 then the applied stress has decreased to 1/e of the initial value.

The Maxwell model therefore describes the time dependency of stress at constant
elongation and the relaxation of stress that follows an elongation. From B Fig. 6.10 it can
be derived that for extremely short periods of elongation the system exhibits an (extremely
short) phase of elastic behavior followed by creep or flow. In contrast to what is actually
observed for viscoelastic systems, the model does not predict elastic behavior for an
extended, observable period. The model also does not predict that elongation under con-
stant stress is time dependent because it assumes that the constant elongation is indepen-
dent of time.

6.6.3 Voigt-Kelvin Model

Unlike the Maxwell model, the Voigt-Kelvin model defines elongation under constant
stress as a function of time. This model can be described mechanically by the parallel
arrangement of spring and damper (B Fig. 6.11).

In analogy with (6.16), the stress is the sum of the elastic and the viscous components:

O'=E£+T[d—8 (6.19)
dt

When applying a constant tension o, that has an immediate effect, for example by attach-
ing a weight, integration of (6.19) gives

Oy E
e=—"21- —=t 6.20

The change in elongation as a function of time according to (6.20) is shown in
@ Fig. 6.12.

The form of the curve in B Fig. 6.12 can also easily be explained using the mechanical
model from @ Fig. 6.11. If a parallel arrangement of a damper and a spring is stretched by
a constant force, initially, the damper prevents an elongation of the system because of its
inertia. After an elapse of time an elongation does occur but it is increasingly attenuated
by the resilience of the spring and eventually plateaus. Thus, this simple mechanical model
describes the delayed reaction of a viscoelastic polymer to an external force caused by the
polymer chains taking a certain length of time to rearrange.
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B Fig.6.11 The Voigt-Kelvin
model for a spring and a T
damper

B Fig.6.12 Elongation ¢ asa
function of time t according to
the Voigt-Kelvin model

Here too, in analogy with the treatment above, the retardation time 7z, of the
Kelvin—Voigt model can be defined by the quotient of 7 and E:

Tp=M/E (6.21)

If t=7, then the elongation & has increased to 63% (1-1/e) of its equilibrium
value.

As with the Maxwell model, the Voigt-Kelvin model does not offer a complete
description of viscoelastic behavior. It allows for delayed elongation, the delayed response
of a viscoelastic polymer to a constant applied force. It does not, however, describe the
irreversible flow that occurs in a viscoelastic system.
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B Fig.6.13 Set-up of springs
and dampers in the Burgers
model

> Voigt-Kelvin

6.6.4 The Burgers Model

The Burgers model is a combination of the Maxwell model with the Voigt-Kelvin model.
Thus, it can be described by the arrangement of two springs and two dampers shown in
@ Fig. 6.13.

To understand the model better, the following describes the reaction of the system if it
is suddenly stretched by a certain amount at a certain time #, this applied force then being
maintained for a given time and then removed. The dependence of the elongation on time
is shown in @ Fig. 6.14. This process can be divided into five phases:

a. From 0 to A no force is being applied to the sample and it is not stretched. This
conforms to the arrangement shown in @ Fig. 6.14a.

b. From A to B the force is suddenly applied to the sample at ¢,. In the mechanical
model the upper Hookean spring reacts to this force instantaneously. If the applied
force is removed just as quickly, then the system springs back completely to point A.
The bottom spring cannot follow this quick movement as it is linked to the damper.

c. From B to C the two dampers in the mechanical model only move if the stress is
maintained for a finite period of time. The second spring is then stretched. In this case
the bottom damper describes the irreversible flow of the model, and the energy that is
needed to stretch the upper damper is stored in the spring connected in parallel to it.
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B Fig.6.14 Elongation ¢ as a function of time t according to Burgers' model

d. From C to D, if the applied force is removed then the upper spring instantaneously
springs back to its original position but the lower spring cannot follow this
movement.

e. From D to E the second spring also springs back to its original position but with a
time delay determined by the relaxation of the damper coupled with it. The bottom
damper remains elongated.

The Burgers model describes the behavior of a viscoelastic system relatively well.
When a force is applied for a short period of time, for example by a short impact, the
entangled polymer chains are unable to rearrange relative to one another. Elastic behavior
is observed and a complete return to the original shape takes place. If the force is applied
over a longer period of time the polymer chains can detach themselves from one another
and can change their relative position, and the material starts to flow. If the applied force
is removed a partial return to the original shape takes place but a permanent deformation
remains.

To summarize the above, viscoelasticity is characterized by the following
phenomena:

1. A time and frequency of the material properties—either elastic or viscous behavior is
observed depending on the duration of the applied force

2. Hysteresis, i.e., irreversible processes resulting in the system not returning to its initial
state
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Important hysteresis effects are:

Creep or viscous flow

Stress relaxation

Time delayed reaction of the material (phase shift) if an oscillating force is applied

The latter is the basis for the dynamic-mechanical-thermal analysis (DMTA) discussed
in » Chap.4.

References

Adam G, Gibbs JH (1965) On the temperature dependence of cooperative relaxation properties in glass-
forming liquids. J Chem Phys 43:139-146

DiMarzio EA, Gibbs JH, Fleming PD lll, Sanchez IC (1976) Effects of pressure on the equilibrium properties
of glass-forming polymers. Macromolecules 9:763-771

Eisele U (1990) Introduction to polymer physics. Springer, Heidelberg

Williams ML, Landel RF, Ferry ID (1955) The temperature dependence of relaxation mechanisms in amor-
phous polymers and other glass-forming liquids. J Am Chem Soc 77:3701-3703



Polymers as Materials

7.1 Fracture Behavior — 142

7.2 Tailor-Made Plastics - 144

7.2.1 Mechanical Characteristics - 144

7.2.2 Optical Characteristics - 149

7.2.3 Materials for Lightweight Construction - 150
7.24 High-Temperature Materials — 151

7.3 Cross-Linked Materials - 154

7.3.1 Structure and Application of Networks — 155
7.3.2 Mechanical Characteristics of Networks — 155
733 Network Synthesis — 157

734 Typical Cross-Linking Reactions — 157

7.4 Polymer Additives - 159

7.4.1 Technological Requirements on Polymer Additives — 159
7.4.2 Function of Selected Additives — 160

743 “White Carbon Black” - 160

References - 162

© Springer-Verlag Berlin Heidelberg 2017
S. Koltzenburg et al., Polymer Chemistry, DOI 10.1007/978-3-662-49279-6_7



142 Chapter 7 - Polymers as Materials

Polymers as materials appear in myriad forms. Everyone is familiar with floor coverings
made of polyvinyl chloride (PVC) and with Plexiglas windows (polymethyl methacry-
late), and the latter’s particularly successful version: the roof-top of the Munich Olympic
Stadium. Many are equally familiar with the strengthening of polymers by compounding
them with glass fiber. Polymers are also increasingly being used in medical applications,
for instance as bone and organ prostheses. One can easily imagine that these must meet
completely different requirements than, for example, an ordinary PVC tube in a chemical
laboratory. These few examples amply demonstrate how diversified and partially contra-
dictory the requirements for a material in its specific application are, and that an ideal
material for all applications cannot exist.

The respective arguments for the application of plastics as an alternative to metals,
glass, wood, or ceramic are multifarious. Often, weight advantages, thermal insolation,
sound insulation, or electrical insulation are foremost. Depending on the size of the
production series, polymer articles can have comparatively low manufacturing costs.
Thermoplastics also offer a relatively large degree of design freedom. Complicated
parts can often be produced from a single piece, for instance, by injection molding
(» see Chap.17). Synthetic materials are typically also relatively corrosion-resistant.
Last but not least, the comparatively low temperatures at which synthetic materials are
usually processed leads to energy and, consequently, cost reduction during processing.

As a result, many polymer researchers spend their time on the development of macro-
molecules that can be customized to particular requirements. This involves trying to
incorporate as many desired attributes as possible into one polymer. Ideally, this would be,
for example, a polymer that is as hard as steel, as clear as glass, as light as a feather, as heat-
proof as quartz, and as cheap as possible.

When searching for a suitable material, some basic requirements need to be
considered:

Mechanical and thermal resilience

Resistance to chemicals, ultraviolet (UV) radiation, and electrical fields

Appearance (inherent color/colorability, transparency, and printability)

Cost of raw materials, production, rework, and assembly

Weight

Dimensional stability, and thus form constancy under different conditions

Resistance to fire

Clearly, deciding on the right material is a complex process. Therefore, only the basic
methods of customizing polymers are described in this chapter.

7.1 Fracture Behavior

As the material properties of polymers can be varied over a broad range, more than
just one mechanism can lead to material failure. B Figure 7.1 shows two characteristic
cases.

The left curve (B Fig. 7.1a) shows the dependence of the stress on the elongation for a
brittle polymeric material. For stiff materials (with a high Young’s modulus) a relatively
minor elongation ¢ already requires a high stress o. The curve is therefore rather steep.
Even a relatively minor elongation leads to fracture. This fracture behavior is referred to as
a brittle fracture. It is typical for brittle, rigid materials and is characteristic of polymers
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B Fig.7.1 Tension-elongation curves (6 =1(¢)) of (a) brittle and (b) viscoelastic polymers

below their glass transition temperatures. The Young’s modulus is given by the initial slope
of the curve shown and the energy needed for fracture by the area under the curve until
fracture. An everyday example of such behavior is glass.

The other curve (B Fig. 7.1b) shows the result of the same test for a tough, viscoelastic
material. These materials are generally less stiff than crystalline polymers, or polymers at
temperatures beneath their glass transition temperature. Thus, the curve becomes flatter.
In such cases the material typically starts to flow under the external stress at a particular
degree of elongation ¢. This elongation is referred to as the yield point. The shape of the
curve after exceeding the yield point is relatively poorly defined. Here, too, the material
eventually fractures whereby the mechanism is referred to as ductile fracture. The energy
leading to fracture is again given by the area under the curve. An everyday example of
such behavior is chewing gum.

The fracture behavior of a polymer is strongly dependent on temperature. That way,
for instance, a material that exhibits brittle fracture at low temperature can fracture in a
ductile manner at higher temperatures. This is depicted in @ Fig. 7.2.

In @ Fig. 7.2, the transition from brittle fracture to ductile fracture is clearly recogniz-
able. At low temperatures, only limited deformation is possible. The material is character-
ized by a high Young’s modulus, i.e., the material is very stiff and a great deal of force is
needed to stretch it. On the other hand, the material is able to sustain considerable stress
before it breaks. The material becomes softer with increasing temperature (from T, to T),
the Young’s modulus sinks, and the curves become flatter. The strength of the material, the
stress at which the material fractures, tends to decrease.

At even higher temperatures, the material reaches its yield point. Beyond the yield
point, the form of the curve is no longer well defined. The material becomes progressively
softer, which is reflected in a sinking Young’s modulus and relatively flatter curves.

It is important to note that the maximum toughness of the material, i.e., the maximum
energy required for fracture, is reached at an average temperature T,. The area below the
curve is smaller at lower temperatures because of a different fracture mechanism (brittle
fracture). At temperatures above T, the curves are, taken as a whole, flatter, so that the
integral of the curves are also smaller.
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B Fig.7.2 Stress-strain
curves for a polymer at different A
temperatures (increasing from
T, toTy)

7.2 Tailor-Made Plastics

7.2.1 Mechanical Characteristics

All polymers have approximately the same molecular main chain stability, no matter what
their particular structure, because they consist of covalent C-C-, C-O-, C-N-, or C-S-bonds
with bond strengths of between 330 and 420 kJ/bond. Important, distinctive differences are
produced by intermolecular interactions or cross-links (8 Fig. 7.3).

Intermolecular interactions between hydrocarbon chains such as in polyethylene and
polypropylene are primarily caused by van der Waals forces. Polar groups, such as the
nitrile groups in polyacrylonitrile, increase the stiffness and strength of the polymer
through dipole-dipole interactions. Hydrogen bonds are the reason for the exceptional
strength of polyamides. An interesting variant is the ionic interactions between carboxyl-
ate functions of a polymer and bivalent metal ions, such as Zn?*. A considerable improve-
ment in the mechanical characteristics can be achieved through cross-linking.

The mechanical characteristics of thermoplastics can be improved by increasing their
molar mass and by avoiding or removing low molar mass moieties or by crystallization.
When nonpolar sections along the chain are replaced by polar ones, for instance if a C-C- is
replaced by a CO-NH-function (an amide function), the stiffness, strength, and viscosity of
the polymer increase. Replacing nonpolar aliphatic groups by polar side groups, for example
CIL CN, or OH, works in a similar way. These polar groups do not necessarily need to be part
of every repeating unit, but can be introduced into the polymer chain by copolymerizing a
nonpolar monomer with a polar monomer in a controllable manner (» Chap.13), which can
be seen as fine tuning of the polymer characteristics (Nuyken 1987).

As already explained in » Chap.2, because of entropy effects, polymers have limited
solubility in low molecular solvents. Such effects are even more pronounced when two
polymers are mixed so that chemically different polymers are not, as a rule, miscible. For
this reason, when dealing with solid block copolymers, the two different polymer blocks
usually form separate phases. However, because both blocks are chemically bonded, a
macroscopic separation is impossible but the material is heterogeneous at a nanoscale.
This can lead to different morphologies depending on the volume ratio of the polymer
blocks whereby the minor component forms spherical or rod-like aggregates dispersed in
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B Fig.7.3 Typical examples of intermolecular interactions or cross-links between polymer chains
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O Fig.7.4 Schematic depiction of the morphologies of block polymers having different compositions
(see text)

a matrix of the major component. If both blocks are about equally distributed in the sys-
tem, lamellae can form. These morphologies are schematically shown in @ Fig. 7.4.

Spherical aggregates arise for strongly segregated block copolymers when the weight
fraction of the one component is less than ca. 15 % (B Fig. 7.4a). When the portion is
between about 15 % and 35 %, one-dimensional (rod-like) structures are formed
(B Fig. 7.4b). Between 35 % and 65 %, lamellae can be found (B Fig. 7.4c). For even higher
portions, the corresponding inverse structures are formed (8 Fig. 7.4d and B Fig. 7.4e). Of
course, these percentages should only be taken as a rough guide.

If the driving force for the phase separation of the blocks is relatively low, interpene-
trating co-continuous networks can form at certain compositions because of surface area
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B Fig.7.5 Electron-microscopies (TEM) of (a) a rod-like and (b) a lamellar morphology (seen
perpendicular to the plane of the page)

O Fig.7.6 Schematic
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considerations. These are also referred to as gyroide phases and lead to a minimum in the
surface area between the two phases.

The morphology of block copolymers can be very well visualized by transmission elec-
tron microscopy (TEM) (B Fig. 7.5).

The mechanical characteristics of block copolymers are very interesting and make
them useful for a wide variety of applications. One example would be the spherical mor-
phology as shown in @ Fig. 7.6.

If we assume that the continuous phase consists of a stiff polymer but that the dis-
persed spheres are composed of a soft, elastic material, then the combination of these two
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B Fig.7.7 Phase separation
in an A'B'A’-block copolymer via
physical cross-linking. Example:
A’ polystyrene segment,

B’ polybutadiene segment

materials exhibits very interesting characteristics: The continuous, so-called hard phase
makes the material seem stiff macroscopically. Stiff materials are characterized by a high
Young’s modulus, but often suffer from their brittleness. If a so-called soft phase made
from a soft, elastic polymer is embedded in such a stiff material, this phase can dissipate
energy, for example, impact energy. Thus, the material becomes substantially less brittle.
This principle is used industrially and is referred to as impact modification. It enables the
production of materials that are not only stiff, but tough.

This principle is applied technologically, for instance to styrene copolymers. Non-
transparent (opaque), high impact polystyrene (HIPS) consists of a mixture of neat poly-
styrene with a graft copolymer having a polybutadiene backbone and polystyrene side
chains. The incompatibility of these two components leads to phase separation whereby
the polystyrene forms the continuous (coherent) phase. Under stress cracks are generated
which propagate through the polystyrene phase until they meet a softer, polybutadiene
phase where the propagation halts. As a result, the mechanical resilience of the material is
considerably greater than that of pure polystyrene, which is relatively brittle at room tem-
perature because of its relatively high glass transition temperature of 100 °C.

One class of thermoplastic elastomers (TPE) is A'B'A’-block copolymers where A’, for
example, is a polystyrene segment and B’ a polybutadiene segment. The incompatibility of
these polymers also leads to phase separation. In this case, the continuous phase is gener-
ally the elastic polybutadiene (similar materials are also made using polyisoprene as the
elastomeric phase). Because of the hard polystyrene domains that are glassy at room tem-
perature, the polybutadiene behaves as if it were cross-linked (B Fig. 7.7). However, the
physical cross-links are only stable up to the glass transition temperature of the hard
phase, in these examples the polystyrene. The polystyrene transitions into a plastic state
when heated above its glass transition, and the material becomes malleable.

The thermal characteristics of block copolymers are different from those of homopolymers
or statistical copolymers. Because of the phase separation in the solid state, the material has two
melting and two glass transition temperatures at which the respective, separate polymer blocks
undergo the corresponding phase transitions. These can be observed, for example, by DSC.

However, practically, only two of these four transitions are important. The material
starts to flow and loses its form only if the temperature exceeds the highest of the melting
temperatures. In other words, it can be thermally strained up to the higher melting
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temperature without losing its form. This temperature is relevant for processing, and
defines the highest temperature at which the polymer can be used.

On the other hand, if the desired property is impact modification, it is the low glass
transition temperature of the soft phase that is critical and this defines the temperature at
which the article becomes brittle.

By combining a polymer with a very high glass transition temperature or melting
point with a polymer having a low glass transition temperature, a material can be obtained
with a broad range of useful impact resistant properties.

In summary, by using the concepts of statistical copolymers (» Sect.5.1.8) and those of
block copolymers, the practically relevant melting and/or glass transition temperatures
can be adjusted by using the rules of thumb mentioned in » Sect.5.1.8 over a wide range.
This is shown schematically in @ Fig. 7.8.

Another interesting way to influence the mechanical properties of a polymer is to mix
it with a solid filler such as carbon black, graphite, silica gel, glass fiber, or aluminum oxide
(» Sect.17.2). If unsaturated polyesters, epoxy resins, phenol formaldehyde resins, and
other materials are reinforced with minerals or chopped glass fibers, they can be pro-
cessed, for example, by injection molding as long as the polymers are not cross-linked.

As an example, the effect of short and long glass fibers on the tensile strength of poly-
amide and polypropylene is shown in @ Table 7.1.

The mechanical characteristics of polymer/GF-compounds can be further improved by
replacing the fiber by glass mats and three-dimensional structures. However, the properties
also depend on the fiber material (diameter, kind of glass), the kind of polymer, and the inter-
action between the polymer and the fiber. As well as the examples mentioned above, among
others, polystyrene, polyoxymethylene, polyester, polyether ether ketone (PEEK), polycar-
bonate, and epoxy and phenolic resins are also used in such composites. Such composites are
perfectly able to compete with metals in terms of their tensile strengths.
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B Table 7.1 Comparison of the effect of short and long glass fibers (GF) on the tensile strength
of polyamide 6 (PA) and polypropylene (PP). (Data kindly provided by G. Heinrich, IPF/Dresden)

Material Source Tensile strength (MPa)
PP + GF, short fibers (30 wt% GF) IPF/Dresden 920

PP +GF, UD? (50 wt% GF), 177 mm IPF/Dresden 884

PP+ GF, UD? (50 wt% GF), 12 mm IPF/Dresden 964

PP +GF, UD? (60 wt% GF) Twintex® R PP 60 760

PA + GF, short fibers (30 wt% GF) IPF/Dresden 183

PP+ GF, UD? (50 wt% GF) IPF/Dresden 983

aUD unidirectional

Alternatives to glass fibers are carbon fibers and SiC fibers. Spectacular applications of
such composites are the tail of the Airbus A380, the gripping arm of the Space Shuttle, and
various items of sports equipment.

Aramid yarn can be seen as a “self-reinforcing system”. The stiff chains of the aromatic
polyamide interact via intermolecular hydrogen bonds to give a composite-like system
with a very high tensile strength. Here, the stiff aramid yarn corresponds to a high-
modulus fiber (for instance, glass or carbon fiber) embedded in soft resin.

7.2.2 Optical Characteristics

Amorphous polymers usually appear optically transparent, whereas crystalline polymers
are generally opaque. This is because the light that falls through a crystalline polymer is
scattered by the crystal lamellae; it is unable to pass straight through the sample. Only a
few crystalline polymers, such as polycarbonate and poly(4-methyl-1-pentene), are trans-
parent because the crystallites are smaller than the wavelength of visible light. In addition,
the refractive indices and densities of the crystallites and the amorphous phases are almost
identical so that the light is not scattered and they appear transparent.

However, there are exceptions to this basic rule: amorphous polymers naturally appear
opaque if they contain chromophores that absorb the incoming light. Crystalline poly-
mers, on the other hand, can be optically transparent if the crystallites they contain are so
small that they do not scatter visible light. This can be achieved by strongly increasing the
formation of crystal nuclei by adding additives. Hereby, the number of crystallites increases
to such an extent that their size becomes limited. If the crystallites are made substantially
smaller than the wavelength of the incoming light, no scattering occurs.

Amorphous thermoplastics, such as polystyrene, polymethyl methacrylate, polyvinyl
chloride, or cellulose ester, are thus transparent, and used for glasses, frostings, photo-
graphic materials, and packaging. However, crystalline polymers, such as polyethylene,
polyamides, and polyacetals, are not suitable for glass production. To make such polymers
transparent the crystallization has to be prevented. This can be accomplished by, for
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example, introducing side chains; CH,-functions are often sufficient. In 8 Fig. 7.9 crystal-
line and amorphous polymer structures are compared to each other.

7.2.3 Materials for Lightweight Construction

Synthetic materials are usually specifically much lighter than metals. If the mechanical
strength is less critical than a lower specific weight for an article, polymer foams are a suit-
able solution, for example, for sound and heat insulation, foams have special advantages
(» Chap.17). Mechanically more demanding foams, such as furniture cushions, are also
available. Polymer foams can be obtained from many polymers, for instance, from
polyvinyl chloride, polystyrene, urea-formaldehyde and phenol-formaldehyde resins,
poly-urea, as well as from polyurethanes. Foams can also be obtained from polyvinyl ace-
tal and polyethylene.

Polymeric foams can be prepared by mixing at high shear and introducing gas by add-
ing low molecular mass additives which are then allowed to evaporate or chemically. For
more details, refer to » Sect.17.3.

Foaming a natural rubber is successtul if a foaming agent, such as soap, is added to an
initial volume of a mixture of latex rubber, extender, and vulcanization accelerator. The
mixture is then vigorously stirred, expanded, and afterwards solidified using foam stabi-
lizers. In this way, the density of the material can be reduced by up to 90%.

Viscose sponges can emerge when Na-cellulose xanthate is mixed with coarse
grained salts, such as Glauber’s salt, and coagulated in electrolyte solution. The material
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attains it porous structure because of the multiple salt inclusions which are later washed
out.

In many cases, chemical agents such as NH,NO,, NH,Cl+NaNO,, azo compounds,
sulfohydrazides, or azides that produce nitrogen when heated are employed as blowing
agents (B Fig. 7.10).

Chemical and physical agents are also used in the production of foams from isocya-
nates. For instance, the reaction of a carboxylic acid with an isocyanate to an amide, with
the elimination of CO,, is depicted in B Fig. 7.11. To enhance foam formation, physical
agents, such as volatile solvents, are frequently added to these systems.

The reaction of water with isocyanates to form a polyurethane foam also needs to be
mentioned here. More details of this reaction are given in » Sect.17.3.2.

7.2.4 High-Temperature Materials

One of the biggest disadvantages of plastics compared to other materials such as steel and
ceramic is their usually limited shape retention at higher temperatures. Crystalline
polymers keep their shape at temperatures approaching their melting point whereas
amorphous polymers tend to soften at much lower temperatures and over a wide range of
temperatures. Thus, syndiotactic and isotactic polymers which can crystallize can be used
at higher temperatures than their atactic or amorphous analogs.

Another way to improve the shape retention of polymers when they are heated is to
introduce intermolecular interactions or links (B Fig. 7.3) between functional compo-
nents of the main chains and the side chains. Such functions have a distinct influence on
the melting temperature and can be seen as a criterion for estimating heat stability as a
first approximation (8 Table 7.2).

If every second CH,-group in polyethylene is replaced by O, the polymer becomes
more polar, and the melting temperature rises from 137 °C (polyethylene) to 175 °C (poly-
oxymethylene). CONH-moieties in the main chain of polyamides lead to a further increase
of the melting temperature to 255-267 °C. Some side groups, e.g., CH,, Cl, C.H., or CN,
also increase the polymer’s melting temperature. In contrast, the melting temperature
is decreased by longer alkyl side chains (» Chap.5) (Brandrup et al. 1999). An impor-
tant means of increasing the temperature at which a polymer can be used is to include
aromatic structures in the main chain. Some typical examples are shown in @ Fig. 7.12.
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B Table 7.2 Influence of the polymeric structure on the melting temperature

(comments » Chap.5)

Structure
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Name

Polyethylene

Polyoxymethylene

Polyamide

Polypropylene

Polyvinylchloride

Polystyrene

Polyacrylonitrile

Poly(butene-1)

Melting
temperature (°C)

137

174-180

255-267

170-180

180-240

240-270

317

126

Polyimides are synthesized in a two-step process and are particularly well researched

(B Fig. 7.13).

These polymers are resilient until ca. 500 °C for short periods of time and can be used

long-term at temperatures of up to 270 °C.

Another concept for developing heat-stable polymers, which has proved successful, is the
systematic replacement of carbon atoms by heteroatoms, such as Si, Sn, Al, Ti, etc. (B Fig. 7.14).
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The transition from single-chain polymers to ladder polymers (B Fig. 7.15) is particu-
larly interesting. Evidently, polymers with a single main chain only sustain a decrease
in their molar mass if one bond of the main chain breaks, and thus their mechanical
and thermal characteristics deteriorate. In contrast, breaking a single bond in a ladder
polymer does not change the molar mass. Indeed, there is a good chance that the breakage
heals because the radicals initially formed by the bond breaking are held in close proxim-
ity by the rest of the molecule and they can recombine.

Ladder polymers such as those depicted in @ Fig. 7.15 can have thermal distortion
stabilities close to that of quartz. Carbon fibers (» Chap.4) also exhibit excellent heat
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resistance. Crucial characteristics of carbon fibers are their extraordinarily high
mechanical strength and their heat stability. Their manufacture is complex, and they
are made mainly from polyacrylonitrile fibers (8 Fig. 7.16). They can also be made
from pitch or cellulose fibers. At 150-350 °C an oxidation and partial cyclization takes
place. In a second stage the fibers are carbonized at temperatures up to 2000 °C and
ever more highly organized structures similar to graphite, which can be considered
simplistically as ladder structures, are formed. The strength and low density of carbon
fibers can best be exploited as composites with, e.g., epoxy resins or polyesters. They
are extensively applied in aircraft construction but also, e.g., in high performance
sports equipment.

7.3 Cross-Linked Materials

Connecting several polymer chains together via covalent bonds leads to 3D network
structures. These consist theoretically of a single molecule of which the molar mass is
essentially infinite. Cross-linking is one of the most important means of modifying the
material characteristics of a polymer. Cross-linking can take place either during the syn-
thesis of a polymer by copolymerizing a multi-functional monomer (» Chap.8) or by sub-
sequent reaction of a pre-prepared polymer (» Chap.15).
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B Fig.7.17 Schematic
depiction of a polymeric
network

7.3.1 Structure and Application of Networks

A network is characterized by network points of specific functionality f (f=3, 4, ...)
connected to other network points by f chains (8 Fig. 7.17).

Polymeric networks can be soft, rubber-like materials (elastomers, » Chap. 18) but also
very hard materials. They can also form swollen gels with solvents. The thermo-reversibly
cross-linked thermoplastic elastomers, discussed above, also belong to the class of poly-
meric networks.

Examples of applications for covalent networks include:

Vulcanized rubbers (elastomers, for example car tires)

Composite materials

Organic coatings, such as car paints

Separation media (ion exchange resins)

Prostheses, contact lenses

Carriers for the controlled release of active ingredients

Electronic systems for printed circuits

Biological gels, for example the lens of human eyes

This short list of examples emphasizes the numerous material requirements and par-
ticularly that these requirements can differ greatly. To fulfill these requirements the mate-
rials need to be specifically adapted.

Generally, one can say that networks can be differentiated from their linear analogues
by their insolubility and infusibility.

7.3.2 Mechanical Characteristics of Networks

Cross-linked materials are similar to semi-crystalline systems in some of their proper-
ties; neither semi-crystalline nor cross-linked polymers are viscoelastic. A macroscopic
flow of the material is either hindered by the crystal lamellae or by the cross-links. The
lamellae or cross-links act as anchor points and fix the macroscopic form of the article
even for temperatures above T .. However, the material appears softer and is tougher at
temperatures between T, and T, because the amorphous phase dissipates impact energy
(» Sect.7.2.1).
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With an increasing number of network points in an amorphous material:

The relaxation time and module increase

The yield point rises until it disappears when cross-linking is complete

The viscous flow and stress relaxation decrease; both these processes also cease when
cross-linking is complete

Both crystalline and amorphous polymers can be cross-linked whereby, to a first
approximation, cross-linking does not change the morphology of the material.

O Figure 7.18 shows the influence of the temperature on the mechanical characteristics
of the material using polystyrene as an example. In this diagram isotactic, atactic, and
cross-linked, atactic polystyrene are compared with each other.

The curve of the E-module with temperature for atactic polystyrene has already
been discussed above. If the material is cross-linked, the material characteristics—for
instance, the module—below the glass transition temperature are relatively independent
of whether the material is cross-linked or not. The module drops for both materials at
the glass transition but for the cross-linked material the module stabilizes at a higher
level (to a first approximation) until the material thermally decomposes. This happens
because the material cannot flow. The semi-crystalline, isotactic polystyrene also passes
through a glass transition but, because only the amorphous part of the material undergoes
a glass transition, the module decrease is not as large as that of the amorphous material.
Between T and T, the module is determined by the crystalline portion of the material
and changes very little with temperature; this also leads to a plateau in the log E vs. T
curve. The module only drops again significantly when the melting temperature of the
crystalline portion is reached.

The industrially very important, so-called elastomers are more or less soft, cross-linked
polymeric materials. Because of their considerable importance they are discussed sepa-
rately in » Chap.18.
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7.3.3 Network Synthesis

To form stable polymeric networks, any reaction in which covalent bonds are formed can
be used. The number of organic reactions that could be used is nearly infinite. In practice
the following inter alia are employed:

Reactions of epoxides

Reactions of isocyanates

Hydrolysis and condensation of alkoxy silanes and hydrosilylation

Reactions of phenol and formaldehyde

Reactions of urea, thiourea, and melamine with formaldehyde

Addition of SH- or NH -terminated molecules to C=C-bonds

Vulcanization of rubber by sulfur, peroxides, or phenol-formaldehyde resins

Radical copolymerization of poly-unsaturated monomers

Radical polymerization of a,w-telechelics

Because the direct synthesis of polymeric networks is independent of the mechanism

of the polymerization, some selected reactions are discussed here. The subsequent cross-
linking of pre-formed polymers is discussed in Chap. 15.

7.3.4 Typical Cross-Linking Reactions

Multi-functional Monomers
The stoichiometric reaction of bifunctional alcohols with trifunctional isocyanates results
in cross-linked polyurethanes (8 Fig. 7.19).

In a similar way, networks can be formed directly from monomers by radical chain
reactions. One example is the copolymerization of styrene with 1,4-divinyl benzene
(@ Fig. 7.20).

When the two vinyl groups of 1,4-divinyl benzene are incorporated into different
chains and when their incorporation exceeds a certain critical level, the resulting copoly-
mer consists (ideally) of a single macromolecule network.

CH,OH

|
2 HOH,C~C—CH,0H + 3 OCNOCHZONCO — > Network

CH,OH
i
Coupling reaction: v (CH,0OH + OCNww»  ——> W\MCHZ—O—C—I}IWV\A

Urethane

B Fig.7.19 Example of the formation of a network via a step-growth reaction
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B Fig.7.20 Cross-linking

during radical copolymerization = =
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B Fig.7.21 Cross-linking via
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v O—C
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O Fig.7.22 Elementary steps of the reaction of styrene with an unsaturated polyester

Reaction of Monomer with Polymer

A polymer network results from the radical polymerization of styrene in the presence of
unsaturated polyesters. Redox initiators are often used for such polymerizations so that
they can be started at room temperature (8 Fig. 7.21).

Here, the growing polystyrene chain reacts with a C=C-bond of the unsaturated poly-
ester. Thereby, it is connected with the polystyrene chain in a sort of copolymerization.
When several C=C-groups of the unsaturated polyester react in this way, a network inevi-
tably forms (B Fig. 7.22).

The addition of an a,w-dithiol to an unsaturated polymer belongs to this category of
network formation via reaction of a monomer with a polymer (@ Fig. 7.23).

In place of the thiol in @ Fig. 7.23, SiH- or NH,-functionalized molecules can be employed.

A cross-linking reaction frequently used is the stoichiometric hardening of a,w-di-
epoxides with amines (8 Fig. 7.24) or acid anhydrides.
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B Fig.7.23 Reaction of an

a,w-dithiol with an unsaturated % %
polymer
2 ~ww—CH=CH—»» + HS~SH —— HCl—Swv»S—(liH
HZE (%:Hz
R
X7 + RNH, ——> R—CH—CH,~NHR'
o OH
(*=""Y)
(0]
R Rt
|
R—CIH—CHZ—NHR' + W/ I R—$H—CH2—N—CH2—(IZH—R —> Network
OH 0 OH OH

B Fig.7.24 Fundamental step of the cross-linking of an epoxy resin with a primary amine

7.4 Polymer Additives

Polymer additives are substances that improve the characteristics of a polymer, often in
very small amounts. They are often necessary to convert a polymer into a useful material.
Such additives:

Improve the processability of the polymer

Improve the mechanical properties of the polymer

Reduce the costs

Modify the surface of the polymer

Influence the optical characteristics

Improve the aging resistance of the polymer (» Chap.15)

In addition, there are other additives which induce fire resistance or which act as
foaming agents (blowing agents).

7.4.1 Technological Requirements on Polymer Additives

Additives need to be effective and cost effective. They must be compatible with the poly-
mer matrix and not be removed from the polymer during processing. In addition, they
should not be hazardous to health. These requirements vary depending on the application.
Particularly strict requirements naturally exist for application in polymers for medical
engineering or for food packaging.
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An inevitable side effect is a deterioration of the electrical insulating effect because
additives are usually more polar than the polymer. For the same reason, the absorption of
water, and thus the hydrolysis susceptibility, can increase. The polymer and the additives
are compounded by solution, solid suspension, and melting, but also by mixing as dry
powders. The chosen mixing method depends on the inherent characteristics of the materi-
als, the requirements of the compound quality, and the mixing plant’s available equipment.

7.4.2 Function of Selected Additives

During processing, polymers experience both thermal and mechanical stress (» Chap.17).
Depending on the structure, bonds break or low molar mass entities are eliminated. For
example, HCI can be eliminated from polyvinyl chloride. Stabilizers (» Chap.15) help
to hinder or repress undesirable reactions. Their main task is to maintain the desired
characteristics of polymers over a longer time and to prevent the harmful influence of
atmospheric oxygen. Lubricants help to reduce friction between the polymer and the reac-
tor wall, or the inner wall of processing tools. These additives are similar to soap and
accumulate on the polymers surface.

Equally important are UV-stabilizers, which protect the organic material from the
negative effects of visible and UV light (» Chap.15). One of the most effective additives
against the negative effects of light is carbon black. The mechanical characteristics of the
polymers are influenced by plasticizers or reinforcing fillers (glass fiber, » Chap.17). Fillers
can also be used simply to stretch the polymer and make it more cost-effective, and to
modify the polymer’s specific weight. The surface characteristics of polymers are improved
by antistatic agents. In this way, the danger of the electrostatic charge on PVC-floors, for
instance, can be reduced. The optical characteristics are influenced by dyes and pigments,
and the above-mentioned carbon black also plays a role here.

Depending on their structure, polymers are more or less susceptible to attack by unwanted
microorganisms. To prevent this, fungicides, for example, are added to the polymer. Because
polymers are usually organic substances, their flammability needs to be reduced by adding
fire retardants. Blowing agents are used to transform the polymer into a foam.

The weakening of the polymer by radiation, temperature, oxygen and other reactive
gases, water, microorganisms, and by mechanical stress leads to discoloration, the loss of
optical clarity, the loss of insulation quality, and/or the deterioration of the mechanical
properties. The above-mentioned additives can delay the deterioration, but, as a rule, they
cannot prevent it, because they are used up as they act (for example, antioxidants react
with oxygen) or slowly diffuse out of the polymer.

7.4.3 “White Carbon Black”

Quartz powder has become a proven filler for casting resins. Casting resins are rela-
tively low molecular, uncross-linked precursors which usually consist of one or two
components to which, before being processed (hardened) to cross-linked polymers, an
additional reactant and fillers are added. The addition of quartz powder reduces the
heat development during the hardening (dilution effect), the volume shrinkage is
decreased, and the thermal conductivity is increased. Particularly those fillers that
bind chemically to the polymer influence its properties favorably, because a separation
of the components is thereby prevented and the problems that often result from the
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B Fig.7.25 Selected silanes
for the modification of silica Cl5Si —Alkyl
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O Fig.7.26 Si69° as a coupling agent between silica and a rubber matrix

interface between the polymer and the filler are reduced. Free OH-groups on the sur-
face of silica, for example, can take part in the hardening process of cast resins.
Furthermore, reacting these groups with silanes modifies the silica surface and
increases the range of applications where it can be usefully employed. Thus silica can
be specifically modified depending on which polymer it is to be compounded with. A
selection of modification reagents is listed in @ Fig. 7.25.

Attempts have been made for quite some time to replace carbon black, at least
partially, with quartz, i.e., to develop a “white carbon black” This initially rather
unsuccessful research was given a renewed fillip by the large increase in the raw mate-
rials for carbon black during the oil crisis. Because of their polarity difference, rubber
and silica are incompatible. The surface of the silica can be made hydrophobic by
reacting it with coupling agents such as Si69" (B Fig. 7.26). Subsequently, the tetrasul-
fan group of the Si69" reacts with the double bonds of the elastomer matrix. The par-
tial substitution of carbon black as filler by silica, combined with the use of such
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B Table 7.3 Example of a recipe for the tread of an automobile tire

Components Weight amount (phr)?
Styrene-butadiene rubber (SBR) 70
Butadiene rubber 30
Carbon black 55
Sio, 49
Specific coupling agent 12
ZnO 6
Stearic acid 2
Vulcanization accelerator 1-3
Sulfur 1-2
Stabilizers 1

aphr parts per hundred rubber; weight amounts based on the total amount of rubber

silanes, leads to an improvement of the rolling resistance and the wet traction, at the
same time maintaining acceptable abrasion resistance. Because of the fuel-saving
potential of reduced rolling resistance, the term “green tire” has been coined for silica-
silane-filled tires.

The recipe for the tread of an automobile tire shows how complex the transformation
of a polymer into a useful material can be (8 Table 7.3).

The additives have specific functions, which need to be carefully tuned (Eyerer et al.
2008). @ Table 7.3 shows that one cannot do completely without carbon black in this rec-
ipe. Carbon black not only improves the mechanical characteristics but is also an estab-
lished protection against UV-light (» Chap.15).
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8.1 - Differences Between Step-Growth and Chain-Growth Polymerizations

The synthetic processes of producing polymers from their monomers can be divided into
step-growth and chain-growth polymerization. These two polymer formation reactions
(B Figs. 8.1 and 8.2) are fundamentally different in their mechanisms, intermediate prod-
ucts, the way the molar mass increases as a function of monomer conversion, and the
activation energy of their elementary steps.

8.1 Differences Between Step-Growth and Chain-Growth
Polymerizations

The basic characteristics of these two reaction types are illustrated by reference to the
synthesis of polystyrene from styrene (8 Fig. 8.1) and nylon 6.6 from 1.6-hexamethylene
diamine and adipic acid (8 Fig. 8.2).

As already briefly introduced in » Chap. 1, one industrially significant polymerization
mechanism involves the transformation of a double bond into two single bonds, as shown
in @ Fig. 8.1.

Such polymerization of unsaturated compounds can be caused by radicals (» Chap.9),
ions (» Chaps.10 and 12), or transition metal catalysts (» Chap.11). During the radical
polymerization of styrene, an initiating radical adds to the double bond of monomeric
styrene and creates a styryl radical. This in turn can attack another styrene molecule.
Because the reaction always leads to a chain terminating with a styryl radical, it can occur
several thousand times before it ends. Because of its chain reaction character, such a pro-
cess is referred to as a chain-growth polymerization. Such chain-growth polymerization
have various distinguishing characteristics:

B Fig. 8.1 Polymerization of a
double bond using styrene
(polystyrene) as an example ~

n H,N— (CH,)s— NH, + n HOOC—(CH,),~COOH ——

9 9 7
HZN—(CHZ)é—l}l C—(CH,);,—C —l}l —(CH2)6—I}I C —(CH,)4—COOCH + (2n-1) H,0
H H H | na

B Fig. 8.2 Synthesis of a polyamide from 1.6-hexamethylene diamine and adipic acid
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O Fig. 8.3 A visualization of a polycondensation at 0%, 24 %, 48 %, and 80 % functional group
conversion. White balls represent monomers which have not reacted yet, gray balls those monomers
which have reacted at one of their two active groups, and black balls are those molecules which have
reacted at both ends

It is initiated by a highly reactive particle.

Only a small portion of the molecules in the process are actively involved in the
polymerization process (in this case, the growing styryl terminated radicals). The
remaining molecules are unreactive; that is, they can only react with radicals but not
with themselves.

The chain grows quickly (generally within a matter of seconds) to a high molar mass

A typical example of step-growth polymerization is the synthesis of nylon 6.6 from
1.6-hexamethylene diamine and adipic acid (8 Fig. 8.2). This polymerization is activated
by heat, which causes dehydration. There is no chemical initiator. In contrast to chain-
growth polymerization, it is impossible to differentiate between active and passive parti-
cles. A new monomer results from each individual reaction step and has the same
reactivity as the original monomers. Further monomer conversion depends solely on sta-
tistical probabilities. All intermediate products are stable and can be isolated. In contrast
to chain-growth polymerization, it takes considerable time for polymers with a high molar
mass to form. @ Figure 8.3 illustrates this. Step-growth polymerizations in which a small
molecule is a reaction byproduct are also termed “polycondensations.”

The example in B Fig. 8.3, shows that, even with a conversion of 80 % of the functional
groups, there are five “polymer chains” with “degrees of polymerization” of 3, 4, 5, 6, and
7. Not until very high conversions do the oligomers formed condense to chains with a high
molar mass. The quantitative details of such processes are given in » Sect. 8.2.

Step-growth polymerization is distinguished by the following characteristics:

An initiation in the sense of the radical polymerization described above does not take place.

All molecules are equally reactive and involved in the polymerization process. In

particular, there are no chain-carrying reactive species with limited stability.

Only at very high conversions are products with a high molar mass produced.

Step-growth polymerizations require that the monomers possess chemical functions
that can form covalent bonds with each other. These functions can be united in the same
molecule, such as w-hydroxyl carboxylic acid, which can produce a polyester via dehydra-
tion (B Fig. 8.4). Such a monomer is called an AB-monomer, where A and B represent the
reactive groups. Alternatively, two di- or multi-functional molecules can react with each
other to form the polymer (B Figs. 8.2 and 8.5). Using similar terminology, such mono-
mers are referred to as AA and BB.

A particular characteristic of the step-growth polymerization of two monomers
AA and BB is the need to accurately adjust the stoichiometry of the reacting molecules if
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nAB ——» — [AB], —

b (0]
I
nHO — (CH,),—COOH ——>» H-+0—(CH,),—C T OH + (n-1) H,0

n

B Fig. 8.4 Polymerization of an AB-monomer: (a) a general scheme and (b) the polymerization of a
w-hydroxyl carboxylic acid to a polyester as an example

B Fig. 8.5 Generic diagram of
the polymerization of AA- and n AA +n BB —> —[AABB],~
BB-monomers

high molar masses are required. For example, if there is an excess of BB monomer, all the
A-functionalities react and the oligomers are terminated with B groups, which cannot
react with each other.

Given the criteria described here, polymerization reactions can be unambiguously
classified into chain-growth and step-growth polymerization.

8.2 Molar Mass, Degree of Polymerization, and Molar Mass
Distribution

The most important factors used to characterize macromolecules are the molar mass, the
degree of polymerization, and the molar mass distribution. These characteristics depend
on the polymerization mechanism of the macromolecules and on the degree of monomer
conversion.

8.2.1 Degree of Polymerization and Molar Mass of Step-Growth
Polymerizations

During the stepwise transformation of an AB-monomer or of a stoichiometric AA/BB-
system into a polymer (B Fig. 8.6), the molar mass is calculated by multiplying the molar
mass of the components AB, AA and BB respectively, by the number # of repetitions in the
polymer molecule:

MPolymer =n (MAB ) (8.1)

MPolymer =n (MAA + MBB ) (8.2)

In (8.1) and (8.2), MPolymer represents the molar mass of the polymer, M, , the molar mass
of the monomer AB, and M AA and Mg, the molar masses of the monomers AA and BB,
respectively.
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B Fig.8.6 Aschemeofa
step-growth polymerization n AB » — [ABl,—

n AA + n BB —> — [AABB],—

In a typical condensation reaction, for example an esterification of a dicarboxylic acid
with a diol, the molar mass of the polymer decreases by (2n—1)-H,O (and with AB-
monomers such as a 6-hydroxy carboxylic acid by (n—1)-H,0).

The degree of polymerization, P, is identical to the number of repetitions n and is
calculated as follows (» Sect.3.1):

p =" (8.3)
nl

n, Initial number of molecules
n Number of molecules at time t
or:
C
p=2 (8.4)
G
[ Initial concentration of functional groups
¢ Concentration of functional groups' at time t
Because at a conversion, p:
Cy —C, C
p=—"—"1=1-1L (8.5)
0 €
or
¢ =(1-p)c (8.6)
then P _is given by
C 1
Pp=—r - (8.7)
¢(l-p) 1-p

This implies that only with high conversion rates (p almost 1) can sufficiently high degrees
of polymerization be achieved (@ Fig. 8.7).

If the concentration of the reactive groups is not stoichiometric, the degree of polym-
erization can be determined from the following considerations.

1 The concentration of the functional groups is the same as that of the existing molecules; the former
is experimentally easier to access.



169
8.2 - Molar Mass, Degree of Polymerization, and Molar Mass Distribution

B Fig. 8.7 Dependence of the
degree of polymerization on .
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| d ti
polycondensation 50
60
Q_E
40
20
0 >
0 0.2 0.4 0.6 08 1
Conversion p
Because
n
b= . (8.3)
nt

the ratio of shortfall (A) to excess (B) is defined as the non-stoichiometric factor r:

n
A r<l1 (8.8)
Lz

na Starting number of the functional groups A

Ng Starting number of the functional groups B

Npt Number of functional groups A at time t

n Number of functional groups B at time t

From this it follows that r is always less or equal to 1.
From (8.3) and (8.8) we obtain

1
i nA(1+)
p=—2""B _ 4 (8.9)

n
Mo, +Ng; Np,thyg,

Because p represents the conversion of the functions A, unconverted A is given by
np, =(1=p)ny (8.10)

Because the conversion of B is limited by the non-stoichiometric factor r, the number of B
functions is given by

ng, =(1-rp)ng (8.11)
The total number of functions n, ,+n, , that have not been converted at time ¢ is

np, tng, :(I_P)”A +(1—rp)nB (8.12)
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which, after rearrangement, gives
na
Ny, +ng, =—(r—2rp+1) (8.13)
. T,

Inserting this in (8.9) yields

1
nA(1+) fé(r+m
r r
P j—

)= =- (8.14)
—A(r—27p+l) —A(r—er+l)
r r

or the Carothers equation

o r+l 615
"or=2mp+1 '
In the case of exact stoichiometry of the functional groups, i.e., r =1, (8.7) derived above is
obtained:
2

})n :—:L
2-2p 1-p

With quantitative conversion of those active groups in the minority (p=1, r<1) it follows
that the degree of polymerization is given by

r+l1  1+r

- —_ (8.16)
r=2r+1 1-r

n

Thus, the degree of polymerization can be controlled by the conversion p, but also by the
non-stoichiometry r. To limit the molar mass, non-stoichiometry is often induced by
intentionally adding monofunctional elements. If [AA] < [BB], the degree of polymeriza-
tion P of the polymer can be adjusted by (8.16). Furthermore, if AA is completely
consumed, the polymer molecules are exclusively terminated by B groups which are avail-
able for subsequent reactions.

According to (8.16) or B Fig. 8.8, at a non-stoichiometry of r=0,975, despite complete
conversion (p=1), the degree of polymerization is only 79 (P =79). If the conversion is
reduced to p=0.95 with otherwise identical conditions, the degree of polymerization
decreases to P = 16.

The Dependence of the Conversion on the Equilibrium Constant K

Because the esterification reaction is a typical organic equilibrium, it is important to know
what conversion can actually be achieved. This is determined by the equilibrium constant
K, given in molar concentration terms by

« _ [RCOOR[1,0] 81
" [RCOOH|[R'OH] '
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B Fig. 8.8 Dependence of the
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with

_ [rcoorR]  [H,0]
P= [RCOOH], ~ [RCOOH], (818)

and

(RCOOH]  [ROH]
(1-p)= [rRCOOH), ~ [RCOOH], 819

([RCOOH],= [R’OH];: starting concentration of the educts; see also (8.6))
From (8.17)-(8.19):

« ___ PlRCOOH], - p[RCOOH], P2
~ (1-p)[RCOOH] -(1- p)[RCOOH], ~ (1- p)? (8.20)

Solving (8.20) for p yields

JK

b= (8.21)
144K
and, at equilibrium
P = ! = ! (8.22)

tl-p WK
1+\/E

As an example, for K=5 one can calculate p=0.69 and P, =3.

Higher degrees of polymerization (at a constant K) can only be reached by shifting the
equilibrium to the products side. The system adjusts, creating new products (reactants are
consumed) to establish equilibrium (8.17). As a result, higher conversions and higher
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B Fig. 8.9 Interfacial
condensation of a diacid
chloride with a diamine to a
polyamide

~<~— Fiber

Diamine in Water

Polymer film formation
at the interface

Diacid chloride in
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degrees of polymerization can be reached in accordance with the Carothers equation (see
(8.15) or (8.7)).

To achieve high degrees of polymerization it is necessary to remove, as completely as
possible, the water produced. Another option is to remove the resulting polymer, for
instance by interfacial (B Fig. 8.9) or precipitation polymerization.

At the interface between the aqueous (containing the diamine) and organic phases
(e.g., CCl, with diacid chloride) polyamide forms spontaneously and can be continuously
removed. The polymeric film in the boundary layer forms a barrier for the reactants so
that they only react with the chain ends of the polymers, and thus higher molar masses are
achieved than with the more commonly employed melt condensation.

8.2.2 Molar Mass Distribution of Step-Growth Polymerization

The conversion of an AB-monomer into an [AB], - polymer involves (P - 1) polymeriza-
tion steps (e.g., esterifications). The probability that an A-group has reacted by time ¢
corresponds to the conversion p (0<p<1). The probability that an A-group has not
reacted is thus 1—p. The probability that a polymer molecule forms, with exactly P
repeating units, requires not only (P — 1) reactions of the functional group A but also that
one A-group does not react. With this the number 7, of these polymers is given by the
product of the individual probabilities (in the following derivation note the distinction
between P and p):
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S

o Number of molecules with degree of polymerization P

Number of molecules remaining at time t

The sum of all n, equals the number of molecules remaining, 7,:

Z”‘p =n

(All sums (%) in this chapter are considered over all elements, P)
From (8.3) and (8.7) it also follows that

n =n0-(l—p)

where 1, is the initial number of molecules.

Applying (8.25) to (8.23) yields
np =n, _prl (1_p)
For the weight fraction m,, it follows that

_P-np  Pnp

Mp (1-p)

By ng

Zmpzl

Combining (8.26) and (8.27) gives

mp=P-p"(1-p)’
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(8.23)

(8.24)

(8.25)

(8.26)

(8.27)

(8.28)

(8.29)

@ Figure 8.10 shows how the ratio n,/n, and m_ shift with increasing conversion (p=0.96,

0.9875, 0.995) to higher degrees of polymerization P

With the definition of the number average degree of polymerization, P :

and from (8.23):
B=X(Pp")(1-p)

can be derived.
According to progression theory:

B

(1-p)

(8.30)

(8.31)

(8.32)
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O Fig.8.10 (a) ny/n,and (b)

m, as a function of the degree a
of polymerization P. Calculated

from (8.25) and (8.28)
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so that the familiar Carothers equation (8.7) is found for P,:

1
B =—
I-p

For the weight average degree of polymerization, P,

PWZZ(P'mP)

With (8.27) this gives
B, =Y (P*-P")-(1-p)’

Applying progression theory:

Z(Pz P—l)_ I+p
(1-p)
We obtain for P
p _1*tp

(8.33)

(8.34)

(8.35)

(8.36)
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For the polydispersity index (PDI) it follows:

ppr=te 1P

w__ F (1=-p)=1+ (8.37)
P 1oy p)=l+p

As p—1 it follows from (8.37) that the PDI for an ideal step-growth polymerization (no
secondary reactions, no ring formation) has the value 2 (8.38):

P
LT (8.38)
L,

This PDI is the same as the PDI for radical polymerizations where termination is via dis-
proportionation (» Sect.9.3).

8.3 Linear, Branching, and Crosslinking Step-Growth
Polymerizations

In this chapter, the extraction of linear polycondensates from AB-components and the
reaction of AA- and BB-monomers, as well as of branched polycondensates from A B-
components, is explained using the example of polyesters. Additionally, the conditions for
crosslinking step-growth polymerization is introduced.

8.3.1 Monomers with Two Different Functional Groups

In general notation, an [AB] - polymers originates from #n AB-monomers. Corresponding
to this schema, a polyester is derived from an w-hydroxy carboxylic acid (HO-(CH,) -
COOH). However, the condition x>4 must hold because for x<4 the competing and
alternative reactions shown in B Figs. 8.11-8.13 are possible.

For x=1 a lactide forms as the main product (8 Fig. 8.11).

By means of anionic and cationic initiation or in the presence of special metal com-
pounds (e.g., stannous octanoate), lactides undergo ring-opening polymerization
(» Chap.12).

When x =2, heating produces mainly acrylic acid via dehydration (8 Fig. 8.12).

When x=3 or x=4, lactones are the major products from the corresponding mono-
mers (B Fig. 8.13).

In contrast, 6-hydroxyhexanoic acid (x=5) can be converted into the corresponding
polyesters without any problems (cf. @ Fig. 8.4).

8.3.2 Reaction of Two Different Monomers Each Having Two
Identical Functional Groups

A typical example of this reaction type, where the respective polymer -[AABB] - is
formed from AA + BB, is shown in B Fig. 8.2. As described earlier, very high conversions
and strict adherence to the stoichiometry are required for high molar masses
(» Sect.8.2.1).
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O Fig.8.11 Synthesis of a
lactide from hydroxyacetic acid

00
2HO-CH,-COOH ——» \l\: L +2H,0

o ~0

O Fig.8.12 Reaction of

3-hydroxypropionic acid to A

acrylic acid HO-CH,—~CH,-COOH —> COOH
- Hzo pr—

B Fig. 8.13 Formation of the
corresponding lactones from
4-hydroxybutanoic acid (x=3)

0)
\
or 5-hydroxypentanoic acid Cc-0
(x=4)
HO-(CH,),~-COOH ———> +H,0
(CHyx

5-membered or
6-membered

lactone ring
B Fig. 8.14 Formation of an
AH-salt from 1.6-hexamethylene
diamine (H) and adipic acid (A) o~ NHy /_/_\_\
H,N HsN, +NH;
+ (0] _— B B
HO. AN C Q /O
1 OH ’/C_\_/_C\‘
0 (0) 0] l
AH - salt

The problem of the stoichiometry of the reactants 1.6-hexamethylene diamine (AA)
and adipic acid (BB) can be elegantly avoided by mixing the constituents beforehand and
converting them into a so-called AH-salt that can be isolated in its solid state (8 Fig. 8.14).
Here, both constituents are always exactly in the molar ratio 1:1.

By fusing in vacuo, the AH-salt can be dehydrated and converted into the correspond-
ing polyamide 6.6 (B Fig. 8.15).

Linear aliphatic polyamides are designated by numbering: either by using one number
(e.g., polyamide 6 or polyamide 12) which indicates the number of C-atoms in the starting
material (AB-monomer) or by using two digits (polyamide 6.6 or polyamide 6.12) when
two starting materials are employed (AA and BB). The convention is that the first number
gives the number of C-atoms in the diamine and the second number represents the num-
ber of C-atoms in the dicarboxylic acid.



177
8.3 - Linear, Branching, and Crosslinking Step-Growth Polymerizations

B Fig. 8.15 Synthesis of
polyamide 6.6 by fusion of the AH - Salt
AH-salt

Al -2n-1) H,0

(0) (0) (l?

1l I}
HaN~=(CHa)g ~NFC~ (CHa)g ~C-N~(CHy)g-N1C~(CH)4 ~COOH
H H H

n-1

8.3.3 Polymers from A B-Monomers (x=2)

A,B-monomers can be converted into hyperbranched polymers through self-
condensation. Such polymers have drawn not only scientific but also industrial attention
in recent times, particularly as the polymerization of such A B-monomers (x> 2) cannot
lead to crosslinking (» Sect.1.3) (Flory 1952; Turner et al. 1993). These hyperbranched
polymers are related to the so-called dendrimers. However, dendrimers have a perfect
architecture which hyperbranched polymers do not. The latter are cheaper to produce.
Schematically, an A B-monomer reacts as illustrated in @ Fig. 8.16.

The total number of free functionalities A (free A) in the polymer can be calculated
from the overall functionality f in the A B-monomer (f=3 for A,B) and the number of
links 7 with the formula (8.39) (B Table 8.1).

FreeA= (/- - (@+) - n =(n+1)-f-2n-1
bor of ne T (8.39)
Number of Repeating units ~ Number of
function A in each reacted A

in the monomer polymer molecule ~functional groups
The branching coefficient a specifies the probability of a functional group of one branching
unit linking with another branching unit and thus, in hyperbranched systems, corresponds
to the probability p, that a randomly chosen A has reacted:
a=p, (8.40)
Because the number of reacted A and B is equal, it follows that

pa(f=1)=pg=p (f-1=xinAB) (8.41)

Here py, is the probability that B has reacted and P is the probability of the reaction of A
with B. With (8.41), (8.40) can be transformed into (8.42):

o=—"— (8.42)
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A A A A
A A —as —(

A AB AB AB A etc.
B— — B~ —— B — 8 .

AB AB

A A
A A
n=1 n=2 n=3

O Fig. 8.16 Formation of hyperbranched polymers from A,B-monomers

B Table 8.1 Number of free A per polymer molecule as a
function of reacted A, n (A,B-monomer, f=3)

n Free A
1 3

2 4

3 5

4 6

20 22

For an A,B-monomer (f=3) the relation (8.43) can be obtained from (8.42) at complete
conversion (p=1):

a=— (for f=3andp=1) (8.43)

N | —

Only when B in A,B has completely reacted (this practically never happens) is a="'.
Because crosslinking only occurs when this limit value is exceeded, the resulting polymer
is not cross-linked and therefore soluble and fusible.

It must always be assumed that all functionalities of one type (A or B), independent
of the size of the molecule, are equally reactive and thus react statistically, and that no
intramolecular rings form. Macromolecules with a functionality B and (n+1)-f-2n -
1 unreacted A-positions then develop from A B, where n is the number of links
(see (8.39)).

O Figure 8.17 shows the result of the self-condensation of two dihydroxybenzoic acid
derivatives protected with different protecting groups (TMS protecting group/COCI;
CH,CO protecting group/ COOH).

Because of their multifunctionality and good solubility, their low solution viscosities
(resulting from the high degree of branching), and their low tendency to crystallization
and entanglement formation compared with linear polymers, these polymers have poten-
tial applications in catalytic converter technology and medicine as substrates, as well as
materials in their own right.
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TMSO OTMS
a o
Al- TMscl
0
OR OR
o £ o
RO o o) 0 o o o
0 o ¢
OR 0o 0__0
(0] (0] 3
R ° 0 ° ro 0
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0._0 RO o
o 0._0
™0 0 © o)
3 RO o”
OR 0
a1= Aoy
HO.__O
R=H,TMS,COCH; O
R'=0OHorCl o o

B Fig. 8.17 Structure of a hyperbranched polyester based on two different monomers
(TMS =trimethylsilyl)

8.3.4 Cross-Linking

The reaction of different monomers with more than two functional groups (e.g., the
reaction of trifunctional alcohols with difunctional acids, B Fig. 8.18) with suitable stoi-
chiometry of the functional groups eventually results in a three-dimensional network.
Such networks have become indispensable materials because of their insolubility and

their inability to melt.
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B Fig. 8.18 Formation of a

network from di- and OH
trifunctional monomers OH
m +n HOOC-(CH,),-COOH —> Cross-linking
OH

m:n=2:3

A cross-linked polymer is insoluble and does not melt; they can be distinguished from
linear and branched polymers by solubility and melting tests.

From simple considerations, information as to when the polymer becomes a network,
the so-called gel point can be obtained.

First, an average functionality f for the reaction mixture is defined as

anfj

f — e JT T (8.44)

Number of monomer molecules j

fj Functionality of the monomer j

For the reaction shown in B Fig. 8.18 (m=2 and n=3), (8.45) gives the average functionality:

= nycfutnf, 2:3+3-2

f= 24 (8.45)

n, +n, 2+3

With the definition for the conversion p of the difunctional reactant:

2(ny—n
p= M (8.46)
S -ng
n, Number of molecules (monomers) at time t=0
n, Number of molecules (monomers + polymers) at time t

2(”0_”t) Number of functional groups which have reacted at time t

f~n0 Average number of existent functional groups at time t=0.

With the definition, given above, for the degree of polymerization P,:

P = o (8.3)
n
it follows that

- — (8.47)
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At the gel point, it holds that P, — 0. The conversion required to reach the gel point can
be derived as

2

P77

(8.48)

The conversion at the gel point as a function of the functionality of the reaction mixture is
given in @ Table 8.2.

O Figure 8.19 clearly shows how the sharp rise of P, shifts to lower conversions with
increasing average functionality of the mixture.

Industrially important networks can be made, for example, from the reaction of diiso-
cyanates with multifunctional alcohols or from reaction of triisocyanates with diols
(@ Fig. 8.20).

By varying the isocyanates and alcohols both with regard to structure and functional-
ity, many and varied network properties can be achieved.

O Table 8.2 Conversion required to reach the gel point
depending on the functionality of the reaction mixture

f P
2 1.0000
2.1 0.9524
2.2 0.9091
23 0.8696
2.4 0.8333
3 0.6667
4 0.5000
B Fig. 8.19 Influence of the
functlonallt(y f on the degree 100 1
of polymerization P,
g4 j: =20
- f=21
60 - —f=22
<
Q
40 A
20 1
0 T T T T :
0 0.2 0.4 0.6 0.8 1

Conversion p
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OH
OH
n + m %—/ —> Cross-linking
OCN cO
OH

OCN
m O NCO + n HLOCHCHJOH —— Crossiinking
OCN n:m=3:2

B Fig.8.20 Formation of polyurethane networks

B Fig. 8.21 Condensation
reaction of a carboxylic acid
with an alcohol to give an ester R —C// + HO—R' =—— R- C// + H,0

OH 0-R'

8.4 Kinetics of Step-Growth Polymerization

The fundamental kinetic theories of step-growth polymerization date back to PJ. Flory.
These are based on the assumption that the individual reaction steps can be seen as reac-
tions between the functional groups, and that the activity of these groups is independent
of the size of the molecules. Using the example of the esterification, the processes and their
consequences are explained (B Figs.8.21 and 8.22). The fundamental propositions can also
be applied to other step-growth polymerizations.

The reaction between a carboxylic acid and an alcohol results in an ester (B Fig. 8.21).

The ester formation can be subdivided into the stages illustrated in @ Fig. 8.22.

The attack by the alcohol (k,) is the slowest and therefore determines the speed of the
overall reaction. Thus, the overall rate, v, is

d[ROH]|  d[RCOOH] ,
by == =Tk [RC* (on), |[ROH] (8.49)

From @ Fig. 8.22a it follows that

ki -[RCOOH[HA] =k, - [ RC™ (OH), | 4 ] (8.50)
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a Protonation of the COOH-group

k OH
/7 1 /
R-C + HA ~—— R-C+ 4 a-
\ k2 \
OH OH
b Addition of alcohol
OH ks oH
R-C+ + R—OH =——= R-C-OH
\ Ky I
OH O
H g
¢ Water elimination
IOH
- ks 2
i | ol —_— R—Ci ar H2O ar H*
ol ke O—R
H + R

B Fig. 8.22 (a—c) Mechanism of acid-catalyzed ester formation by reaction of a carboxylic acid with an

alcohol

which can be rearranged as

[RC* (om1), | = %% (8.51)

The term for the dissociation constant of the acid HA (8.52) can be rearranged to (8.53),
and substitution in (8.51) then gives (8.54):

o )

[HA] (8.52)
) 7]
[A_] K (8.53)
[rC* (0m1), | = L} M (8.54)

k2 KHA
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If (8.54) is combined with (8.49) one obtains (8.55) or (8.56):

d[RCOOH | e [RCOOH][R’OH][ H+]

dt ky Kya
d[RCOOH
—% = K'[RCOOH|[ROH][ H" |

whereby in (8.57)

k’: kl 'k3
kZ.KHA

(8.55)

(8.56)

(8.57)

Thus, the rate of the esterification depends linearly on the alcohol, carboxylic acid, and

proton concentrations.

Esterification can either be self-catalyzed or externally catalyzed. For self-catalysis it

holds:
[#* ]=[rCOOH | = [Kat]
Furthermore, with precise stoichiometry:
[RCOOH|=[R'OH ]
With (8.58) and (8.59), (8.56) becomes

d|RCOOH
—% = ]C,[RCVOOI‘]]3

For simplification we put
[RCOOH|=c
and (8.60) becomes

_de_pp
dt

By separating the variables and subsequent integration one obtains

(8.58)

(8.59)

(8.60)

(8.61)

(8.62)

(8.63)

(8.64)

(8.65)
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It has already been shown that for the conversion p:

p=0"G & (8.5)
€o €o
or
¢ =(1-p)c (8.6)
Thus, from (8.65):
1 1
LIy (8.66)
2 2
(1-p)-c <
2
1 1 ’
v | el e 8.67)
CO l_p
1 2
(—] =2k't-ct +1 (8.68)
I-p

Using Carothers’ equation (» Sect. 8.2.1) for the degree of polymerization (8.7) one obtains
(8.69):

1
P, = 1_ (8.7)

p
P, =2kt -cj +1 (8.69)

As a first approximation for the case of self-catalysis, the average degree of polymerization
increases with the square root of the time:

P, o<t (8.70)

For external catalysis, (8.56) and (8.59) also apply. If [H*] is replaced by [Kat] then one
gets:

d[RCOOH] ,
- = K[rcoon ][ roH [ Ka] ®77)

The catalyst concentration [Kat] and the rate constant k’ can be consolidated to a new
constant k”:

k'[Kat)=k" (8.72)

Thus, assuming the concentration of catalyst remains constant, the third-order, self-
catalyzed reaction (8.62) becomes a second-order reaction:

e (8.73)

By separating the variables and subsequent integration one obtains
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B Fig. 8.23 Comparison of an

externally catalyzed with a
self-catalyzed 104
polycondensation. Squares
externally catalyzed, triangles 8
self-catalyzed
6
Q
4]
2]
0
0 2 4 6 8 10
t/ min
de .,
- = k'dt (8.74)
c
c t
¢ dc ”
-[5= jdt (8.75)
[N ¢ 0
|
_[__] =[k t]; (8.76)
¢l
1 1 ”
+[———}=k (1-0) (8.77)
G G
Combining this with (8.6) one obtains
1 1 ”
—— =k (8.78)
(I-p)c <
1 1 ”
— | —=1|=k"t (8.79)
¢ (1-p
1 ”
—1=k"t-¢, (8.80)
—-p
1 ”
—=kcyt+1 (8.81)
I-p
Finally, combining (8.81) with (8.7) one obtains
P, =k"c,t+1 (8.82)

Because external catalysis leads to the average degree of polymerization increasing lin-
early with time, external catalysis is preferred over self-catalysis, where the degree of
polymerization is proportional to the square root of time (8 Fig. 8.23).
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B Fig. 8.24 Syntheses of PET

and PBT via (a) @ ) 0
polycondensation of n “C—@—C/’ + n HO—(CH,),—OH
terephthalic acid or (b) HO OH
transesterification of
terephthalic acid dimethyl ester ‘
with the respective diol
<LO\\ //()
/C@ Q + (2n-1)H,0
H O— (CH,)4rOH
n
b

Q\ //O
,c—@c\ + (2n-1)CH3OH
1O 0~(CH,)x L OH

x=2 PET
x=4 PBT

8.5 Typical Polycondensates

In this chapter the most important technological polycondensates, such as polyester, poly-
carbonates, and polyamides are introduced. Their synthesis, processing, and typical appli-
cations are described.

8.5.1 Polyester

Polyethylene terephthalate (PET) and polybutylene terephthalate (PBT) belong to the
most important polymers of this class. PET is used as a fiber and in the packaging sector,
in particular as plastic bottles. PBT is used for high-quality construction materials, e.g., in
the automobile and electrical industries. PET and PBT are available via reaction of tere-
phthalic acid with ethylene glycol or with 1.4-butandiol, respectively, or through trans-
esterification of terephthalic acid dimethyl ester with the respective diol (B Fig. 8.24).

Typical trade names for PET are Arnite A (DSM), Rynite (DuPont), and Valox (SABIC).

PET crystallizes very slowly and can be partially crystalline or amorphous depending
on the processing conditions.

A partially crystalline PET (PET-C) has medium strength, high stiffness and hardness,
but relatively poor impact strength. Areas of application are in electrical (e.g., telephones,
computers, switch parts, and spark plugs.) and mechanical engineering (e.g., bearings,
gears, and pump parts). Moreover, it is also processed to make zippers, buttons, and furni-
ture fittings. Amorphous PET (PET-A) is transparent at thicknesses up to 5 mm. Above
90 ° C it crystallizes and becomes opaque. Because of its good oxygen and carbon dioxide
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OH (0) (0)

OH

O Fig. 8.25 Structural formula of (a) cyclohexane-1,4-dimethylol, (b) isophthalic acid, and (c)
naphthalene-2,7-dicarboxylic acid

barrier properties, it is the preferred material for beverage containers. It is also used as a
support material for thermal and magnetic typewriter ribbons, photographic film, and
adhesive strips.

Typical trade names for PBT are Arnite T (DSM), Crastin (DuPont), Enduran (SABIC),
Pocan (Lanxess), and Ultradur (BASF).

High dimensional stability, rigidity, abrasion resistance, and low creep deforma-
tion properties are the special attributes of PBT. Typical applications include sliding
bearings, pulleys, couplings, and household appliances. By inclusion of bulky mono-
mers such as cyclohexane-1,4-dimethylol (cyclohexane-1,4-dimethanol), as well as by
partial substitution of terephthalic acid (benzene-1,4-dicarboxylic acid) with isoph-
thalic acid (benzene-1,3-dicarboxylic acid) or naphthalene 2,7-dicarboxylic acid
(B Fig. 8.25), the crystallization tendency of PET and PBT can be suppressed and their
transparency improved. This expands the range of applications to the packaging for
hot foods.

8.5.2 Polycarbonates (PC)

Polycarbonates are linear polyesters of carbonic acid. Well-known trade names of polycar-
bonates are Makrolon (Bayer Material Science), Lexan (SABIC), and Xantar (Mitsubishi).
The industrially most important polycarbonate is produced from bisphenol A and phos-
gene or from diphenyl carbonate (8 Fig. 8.26).

The reaction of bisphenol A with diphenyl carbonate can be performed as a melt con-
densation; the crucial reaction here is a transesterification.

The reaction between bisphenol A and phosgene is carried out as an interfacial con-
densation. In this case, the phosgene is in the organic methylene chloride phase and the
bisphenol A is present as the disodium salt in an aqueous alkaline solution. The reaction
occurs at the phase boundary. A variant is homogeneous polymerization in pyridine.

By complete replacement of bisphenol A with other bisphenols (8 Fig. 8.27), important
properties of the resulting polycarbonates, such as glass transition temperature and refrac-
tive index, can be varied. Polycarbonates from 0,0,0’,0’-tetramethyl-bisphenols are very
different from those with unsubstituted bisphenol constituents. They have higher glass
transition temperatures and lower melt viscosities and hence are easier to process.

Typical fields of application worth mentioning are terminal strips, special plugs, baby
bottles, parts for office machines, film and slide cassettes, optical data storage (CD), headlight
reflectors, canopies, soundproof walls, and the side and rear windows of trucks and tractors.
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HyC CH; HC_ cH,

n
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HO OH -2n RH 0 0
R=C|,o©

B Fig. 8.26 Synthesis of polycarbonates by polycondensation of bisphenol A with phosgene or
diphenyl carbonate

o 0

N

O QL
HO OH HO OH

1,1-Bis(4-hydroxyphenyl)-3,3,5- )
trimethylcyclohexane (BPTMC) Bisphenol S

H3C  CH,
7L,

Tetramethyl-bisphenol A

B Fig. 8.27 Some alternative bisphenols for the preparation of polycarbonates

8.5.3 Polyestercarbonate (PEC)

By co-condensation of bisphenol A with terephthaloyl dichloride and phosgene, a polyes-
tercarbonate is formed that has a higher heat resistance than the simple polycarbonate
from bisphenol A and phosgene possesses. This is because of the partial substitution of
CO by —-CO-Ar-CO- units (B Fig. 8.28).

Typical applications for PECs are curling tongs, microwave dishes, headlight reflec-
tors, and bobbins, where operating temperatures of 140-180 °C are possible and at the
same time higher strengths are required. Examples of trade names are Lexan PPC (SABIC)
and Ardel (BP-Amoco).

8.5.4 Aliphatic Polyamides (PA)

Polyamides can be prepared from a single component AB, e.g., 6-aminohexanoic acid or
from the corresponding e-caprolactam. Alternatively, they can be prepared from two
components AA +BB, e.g., 1,6-hexamethylene diamine (1,6-diamino hexane) and adipic
acid (butane-1,4-dicarboxylic acid) (B Fig. 8.29).
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H;C CHj
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B Fig. 8.28 Synthesis of a polyestercarbonate (m+qg=n)
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0
I
n HoN—(CH,)s—COOH ———> H l\ll—(CHz)S—C OH + (n-1)H,0
H n

n H;N—(CHy)s—NH, + n HOOC—(CH,),—COOH

0 0
| Il
H l\ll—(CHz)é—ll\l—C—(CH2)4—C OH + (2n-1) H,0
H H

B Fig. 8.29 Synthesis of (a) polyamide 6 and (b) polyamide 6,6

Polyamides are semi-crystalline. Hydrogen bonds between the amide groups of adja-
cent molecules are the reason for the elevated glass tranition temperatures compared to
other non-polar polymers. Their high resilience, low coefficients of friction, and excellent
wear properties are valued material properties. B Table 8.3 contains selected examples of
industrially interesting polyamides.

Polyamides are used in mechanical engineering, e.g., for gears, wheels, and bearings,
and in the automotive industry as headlight housings, fuel lines, fenders, and intake pipes.
In electrical engineering, they are indispensable as cable and wire sheathing. In the packag-
ing sector, polyamides find a variety of uses as roasting bags, sausage casings, and coatings.
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B Table 8.3 Selected examples of trade names and manufacturers of various polyamides

Polyamide (PA) Trade mame (manufacturer)

PA 6 Durethan B (Lanxess), Ultramid B (BASF), Akulon (DSM)
PA 11 Rislan B (Atofina)

PA 12 Grilamid (EMS), Rislan B (Atofina)

PA 4,6 Stanyl (DSM)

PA 6,6 Durethan A (Lanxess), Ultramid A (BASF), Minlon (DuPont)
PA 6,10 Ultramid S (BASF), Zytel (DuPont)

PA 6,12 Vestamid (Evonik), Zytel (DuPont)

The properties of the various types of polyamides are essentially determined by the
hydrogen bonds between the amide bonds of neighboring macromolecules. Thus, for
example, the melting temperature of elongated PA 6 is 222 °C, whereas the melting tem-
perature of PA 6,6 is almost 40 °C higher, 260 °C. As shown in @ Fig. 8.30, polymer chains
of PA 6,6 in a stretched state can form hydrogen bonds between the chains extremely
well. An optimal arrangement can be achieved by moving the chains relative to each
other during processing, for example, by drawing, until all the hydrogen bridges “snap”
together.

In contrast, the main chain of PA 6 is less symmetric—the mirror plane that is present
in PA 6,6 is missing. From @ Fig. 8.30 it is clear that the optimal formation of hydrogen
bonds between the chains is only possible if the chains are facing away from each other. If
both chains are facing in the same direction, the number of hydrogen bonds is reduced
compared with PA 6.6. However, a complete “turn” of the polymer chains does not occur
because of the high viscosity of the system as well as the entanglement of the individual
chains (» Chap.6).

8.5.5 Partially Aromatic and Aromatic Polyamides
and Polyimides

Polyamides in which aliphatic units are partially replaced by aromatic moieties (8 Fig. 8.31)
are known as partially aromatic polyamides. They are superior to purely aliphatic polyamides
with respect to their mechanical properties and their heat resistance. Typical commercial
products are Ultramid T (BASF) and Durethan T (Lanxess). As a general abbreviation the
convention is that, e.g., a polyamide synthesized from 1,6-hexamethylene diamine, adipic
acid, and terephthalic acid is called PA 6/6 T.

Simple aromatic polyamides (polyaramides) are formed from aromatic components,
e.g., from 1,4-, or 1,3-diaminobenzene and terephthalic acid (or terephthalic acid dichlo-
ride) or isophthalic acid (or isophthalic acid dichloride) (B Fig. 8.32).

These polymers are soluble in concentrated sulfuric acid and can be spun from it.
Polyaramide fibers excel in their high rigidity, high impact resistance, high elongation,
and good vibration absorption. The best-known applications are in the field of security
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B Fig. 8.31 Synthesis of a partially aromatic polyamide (m+qg=n)

and safety (bullet-proof vests, armor for vehicles), but they are also used as a replacement
for asbestos (in brake linings and gaskets) and as reinforcing agents (for fiber-optic cable,
rubber materials, and sporting goods).

Because of their structure and the possibility of forming hydrogen bonds, these poly-
mers have lyotropic liquid crystalline properties (8 Fig. 8.33; » Chap.20). This explains the
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strong directional dependence of their mechanical properties (high-strength and resis-

tance to bending in the direction of the polymer chains).

The synthesis of aromatic polyamides with an alternating sequence of NH- and CO-
functions can be accomplished by employing 4-aminobenzoic acid but such polymers can

also be synthesized indirectly via a Schotten-Baumann reaction (8 Fig. 8.34).

The direct path from 4-aminobenzoic acid to polymer is not useful because of partial

decomposition of monomers at higher temperatures.

In contrast to the polyamides, the polyimides contain tertiary nitrogen atoms (imides)
in the polymer chain. A polyimide is obtained, for example, by reaction of 1,3-diamino

benzene with pyromellitic acid in two steps (8 Fig. 8.35).
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In the first step, a still soluble polyamide acid is formed, which is converted into the
insoluble polyimide at elevated temperature. Polyimides, which are available in a vari-
ety of structural variations, are employed in the electronic industry as flexible cables
and insulating films. Noteworthy properties are their fire resistance and good heat
resistance.

8.5.6 Polymers of Isocyanates

Typical reactions of isocyanates which can be used for a stepwise synthesis of polymers are
summarized in @ Fig. 8.36.

The most commonly used diisocyantes are shown in B Fig. 8.37.

From the reaction of trifunctional isocyanates with di- or trifunctional alcohols,
amines, or carboxylic acids, cross-linked, i.e., insoluble polymers are formed.

The diisocyanate polymerization reactions are characterized by a wide variety of
available components (monomers and oligomers). The reactions often occur at room
temperature and without the formation of by-products. By adjusting the stoichiometry,
the molar masses can be controlled; the use of monomers with more than two func-
tional groups leads to the formation of crosslinking points (» Sect. 8.3.4). The main
areas of application are highly elastic foams (mattresses), rigid foams, and rigid and
flexible molded parts with a compact outer skin (window frames, skis, steering wheels,
shoe soles, etc.).
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B Fig. 8.36 Reaction of
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8.5.7 Polysiloxanes

The complete hydrolysis of dimethyl dichlorosilane results in a mixture of cyclic com-
pounds and hydroxyl-terminated oligomeric dimethyl siloxanes (8 Fig. 8.38).

By varying the hydrolysis conditions, the proportion of the cyclic compounds (n=3,
n=4) can be controlled. The starting materials for the so-called equilibrium polymeriza-
tion are cyclic compounds (> Chap.12), whereas polycondensation is only possible with
hydroxyl oligomers.

By adding a monchloro trialkyl silane, the molar mass of these polymers can be limited
(@ Fig. 8.39).

a,w-Dihydroxy polysiloxanes can be crosslinked by addition of trichloroalkyl silane or
tetrachlorosilane (8 Fig. 8.40).

By varying the proportions of the reactants and by using different R, the properties of
the networks can be widely varied.

Polysiloxanes are thermally stable and UV resistant. Because of the low intermolecular
forces and the rotational capability of the Si-O-Si bond, they have a low glass transition
temperatures.

Industrially used polysiloxanes are available as low-viscosity liquids, oils, fats, resins,
and rubbers. Oils and fats are used as dielectrics, hydraulic oils, lubricants, and water
repellents. Resins are required, for instance, for electrical insulation and protective coat-
ings. Molded and extruded products as well as wire and cable insulation are made from
silicone rubber.
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8.5.8 Selected Specialty Polymers

Here, examples of polymers that are also synthesized via a step-growth mechanism and which
have achieved a certain economic importance are described. These include polyalkylene poly-
sulfides, polyarylene sulfides, polysulfones, polyether ketones, and polyphenylene oxides.

8.5.8.1 Polyalkylene Polysulfides

The reaction of aliphatic dihalides with alkali metal polysulfides results in polymers with
rubber-like properties. A typical reaction example is presented in B Fig. 8.41.

Subsequently, when some of the S_groups are split by a reducing reaction, liquid oligo-
mers are formed that have SH groups at both ends and are can therefore be described as
telechelic? (B Fig. 8.42).

In the telechelic molecules, S_bonds remain that have not been split. The degree of
division and thus the molar mass of the telechelic polymers can be controlled by the
amount of reducing agent used.

By oxidation, for example with PbO, or quinone, the SH groups can be converted back
into polysulfide bonds. Such materials, which have become known by their trade name,
Thiokol, are used in large quantities for seals in the building industry, the automotive

2 Telechelics are oligomers with well-defined functional end groups, with which further chemical
reactions are possible.
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O Fig. 8.42 Synthesis of
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groups

O Fig. 8.43 Synthesis of

polyphenylene sulfide
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industry, and shipbuilding, where they are greatly appreciated for their oxygen and solvent
resistance.

8.5.8.2 Polyarylene Sulfides
By reacting 1,4-dichlorobenzene in N-methyl pyrrolidone with Na,S, polyphenylene sul-
fide (B Fig. 8.43) can be obtained.

This polymer has become known by its trade name, Ryton (Chevron Phillips), and is
very popular because of its exceptional mechanical properties, excellent dimensional sta-
bility, and insulating properties. The main fields of application are heat- and corrosion-
resistant metal coatings and glass fiber reinforced injection molded parts.

8.5.8.3 Polysulfones

Polysulfones are thermoplastic construction materials that have a high strength, hardness,
impact resistance, and chemical resistance. Their main fields of application are in the aero-
space and electronics industries and in the household sector.

They can also replace die castings of zinc, bronze, and lead. Polysulfones can be pro-
duced via nucleophilic and electrophilic substitution reactions. B Figure 8.44 shows the
nucleophilic attack of deprotonated bisphenol A on 4,4’-dichlorodiphenyl sulfone, i.e.,
one of the monomers already contains the sulfone group (8 Fig. 8.44).

Alternatively, polysulfones can be obtained by electrophilic substitution. Here, the sul-
fone group is formed by a Friedel-Crafts reaction of a sulfonic acid dichloride (B Fig. 8.45).

Both synthetic methods are very varied because of the possible reactants.

8.5.8.4 Polyether Ketones

Entirely analogous to the polysulfones are the polyether ketones (PEK), which are avail-
able either by nucleophilic or by electrophilic substitution reactions (8 Fig. 8.46).
Polyether ketones are resistant to many organic and inorganic chemicals. Applications of
PEK can be found in the automotive and aerospace industries and for high voltage as well as
medical engineering (reusable, sterilizable, biocompatible, and transparent to X-rays).

8.5.8.5 Polyphenylene Oxides
Polyphenylene oxides (PPO) can be obtained by the oxidative dehydrogenation of
2,6-disubstituted phenols (B Fig. 8.47).

Poly-2,6-dimethyl-1,4-phenylene oxide is completely miscible with polystyrene. This
PPO and PPO/PS blends are used for electrical components. PPO are ideal materials for
impellers, valves and flow meters. Surgical devices made of PPO can be easily sterilized in
superheated steam. Additionally, PPO is a base material for heat-resistant connectors,
insulators, and lamp bases.
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B Fig. 8.44 Synthesisof a
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substitution

D Fig. 8.45 Formation of a
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O Fig. 8.46 Synthesis of
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O Fig. 8.47 Synthesis of
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oxidative dehydrogenation
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8.6 Industrially Relevant Crosslinking Systems

As described in » Sect. 8.3.4, polymers that are built up gradually can be cross-linked by
using monomers with an average functionality of f > 2, allowing them to be converted

into insoluble three-dimensional networks. In this section, systems in which the cross-
linking is carried out in two stages by reaction of a prepolymer (first stage) with a cross-
linking agent (second stage) are discussed.

8.6.1 Phenolic Resins

Condensation of phenol with formaldehyde can yield low molar mass, soluble, often still
liquid intermediate materials (prepolymers). By further reactions (e.g., by heating), these
can be converted into networks that are insoluble and do not melt. These materials are
among the oldest industrially used polymers. The condensation of phenol with formalde-
hyde in aqueous solution is pH-dependent. The prepolymers obtained in an alkaline
medium are called resols (cross-linked products are called resins or resites) (B Fig. 8.48).
The prepolymers prepared in acidic solution are called Novolac (8 Fig. 8.49).

In an acidic environment, an excess of phenol is necessary, otherwise the polymeriza-
tion cannot be controlled and no stable and storable intermediates are obtained. Novolac
is usually solid at room temperature.

Cross-linking of resols is accomplished by heating. At 130 °C methylol phenols simply
dehydrate (8 Fig. 8.50).

By contrast, at 150 °C, methyl groups are predominantly formed as formaldehyde and
water are eliminated, (8 Fig. 8.51).

The crosslinking of Novolac is achieved by adding crosslinking agents, such as hexa-
methylene tetramine. This hydrolyzes to dimethylol amine and reacts with Novolac as
shown in @ Fig. 8.52.
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B Fig. 8.49 Synthesis of
Novolac (at pH < 3, ratio of OH OH
phenol:formaldehyde =1:0.8) (e}

D G OH

OH OH OH

jepeacs

O Fig.8.50 Elementary step in
the cross-linking of a resol by OH

OH OH
dehydration (T=130 °C)
2 OH (0)
-H,0

O Fig.8.51 Elementary step in
the cross-linking of a resol by OH OH OH

elimination of water and 0
formaldehyde (T=150 °C) 2 a
- HZO
C

O Fig. 8.52 The cross-linking
of Novolac with dimethylol

OH
amine @ PPN N N N
2 | + HO OH ——
X i 2o U h X
R R

Phenolic resins are used mainly as molding compounds with fillers. The hardened
(cross-linked) resins are tough construction materials with good resistance to stress
cracking. Webs of paper or tissues impregnated with phenolic resins can be processed into

laminates.

8.6.2 Urea Resins

The reaction products of formaldehyde with urea (carbamide) are called urea resins. This

reaction, which is a Mannich reaction, is pH-dependent.

In a neutral to slightly alkaline environment, well-defined products are created

(B Fig. 8.53).
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In an acidic environment, cross-linked structures rapidly form (8 Fig. 8.54).

The cross-linking can be continued to incorporate all the -NH, groups. In addition,
the carbenium ion can trimerize (B8 Fig. 8.55).

Thereafter, the NH, groups can react further (as described above) and cross-link. The
urea resins are similar in their properties and their applications to phenolic resins.

8.6.3 Melamine Resins

Melamine (1,3,5-triaminotriazine) and formaldehyde react stepwise to yield intermedi-
ates which have similar structures to those of urea resins (8 Fig. 8.56).
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At elevated temperatures (140-160 °C), the molecules bridge and form a network
(B Fig. 8.57).

Cross-linked melamine resins have slightly better mechanical and thermal properties
than both phenolic and urea resins. They are used especially for the production of light-
colored or white components, instead of phenolic and urea resins which have a dark,
natural color.

8.6.4 Epoxy Resins

Epoxy resins are produced by the reaction of low molar mass epoxy compounds with
phenols (B Fig. 8.58).

With a small excess of epichlorohydrin (epichlorhydrin:phenol <2:1), higher molar
mass epoxy resins are formed via multiple repetition of the reactions shown in @ Fig. 8.58
(B Fig. 8.59).

These prepolymers can be converted into networks either by stoichiometric reactions
with acid anhydrides (heat or latent curing) or with primary or secondary amines (cold
curing), but also catalytically with tertiary amines.

The first step of the cross-linking of the prepolymers is an esterification of the ~-OH
group with an acid anhydride (B Fig. 8.60a). In the second step, the resulting -COOH
function opens an epoxide ring and connects two chains together in the intermolecular
course of the reaction (B Fig. 8.60b).
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The first step of the curing of the prepolymers with primary amines is the opening of
the oxirane ring. In the second step, the resulting secondary amine opens another oxirane
ring (most likely from another chain). As with acid hardening (8 Fig. 8.60), primary amine
curing is a stoichiometric reaction (8 Fig. 8.61).

The curing of oxirane polymers with tertiary amines is a catalytic process. The basic
steps of this curing are shown in @ Fig. 8.62.

Epoxy resins are high-quality, indispensable materials, which are often used in con-
junction with reinforcing agents such as glass, carbon, or aramid fibers. The composites
have tensile strengths and moduli greater than or equal to steel alloys. Areas of applica-
tion are in electrical engineering (carrier material for printed circuit boards, printed cir-
cuits), the automotive industry (structural and body components), and sports articles
(e.g., bicycle frames, skis, hockey, tennis rackets). By varying the starting components,
the characteristic properties of these materials can be precisely adjusted to the particular
requirements.
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9.1 - Mechanism

This chapter introduces the fundamental concepts of radical polymerization. Typical
monomers, initiators, and transfer and termination reagents are discussed. Furthermore,
the kinetic equations, the degree of polymerization, and molar mass distribution are
derived.

9.1 Mechanism

During radical polymerization, initially (start) a radical (species with a single electron),
which arises from, for example, the decay of peroxides or azo compounds (8 Fig. 9.9),
adds to the C=C double bond of a monomer, resulting in a new radical extended by a
monomer unit (B Fig. 9.1). If the radical that was extended by a monomer unit is able to
add an additional monomer and to form a macro radical, it is referred to as chain growth
(B Fig.9.2).

This chain reaction is continued until two radicals meet and prohibit the addition of
another monomer (@8 Figs. 9.3 and 9.13d,) by, for example, forming a covalent bond (com-
bination). Alternatively, the two radicals can be individually deactivated by
disproportionation (B Fig. 9.13d,).

If the radical character of a macro radical is transferred to another moiety, and if this
then becomes able to add an additional monomer, it is referred to as a transfer reaction
(B Fig. 9.4).

These reaction types are discussed in detail in the following sections.

9.1.1 Typical Monomers

@ Figure 9.5 shows the general structure of radically polymerizable monomers, R!, R?, and
R3, which are mostly H (B8 Table 9.1). R* are usually substituents that stabilize the growing
radicals.

B Fig.9.1 Reaction of a radical
R with a monomer H,C=CHR’ H

|
R+HC=CH ——> R—CH,—C"
|

|
R' R'

i i
R—CH,—C+ + n H,C=CH ———> R—H,C—CH{-CH,—C-
| I | |
R' R' R' R'

B Fig. 9.2 Formation of a macro-radical
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H H
| |
R+ CH,—-CH+CH,—C- 4 +C—CH, TCH—CH, R
| | | |
R' R' R' R’
n m
o
R CHZ—CIH CH,— (II—(IZ —CH, (IZH— CH,—R
R' R" R R'
n m
B Fig. 9.3 Termination of chain growth by radical combination
i i
| o
R+CH,—CH+CH,—C- + RX ———> R+CH,—CH +CH,—C—X +R"
| | | |
R' R' R' R'
n n
i
R" + H,C :CIH - » R-— CHz—IC'
R' R'
B Fig. 9.4 Example of chain transfer
B Fig. 9.5 General structures
of monomers which polymerize 1 3
. R R
radically \ /
cC=C
2/ \ 4
R R

Generally, alkenes with other substitution patterns, such as 1,1- and 1,2-disubstituted
alkenes, are , apart from some exceptions such as methyl methacrylate (MMA), more
difficult to polymerize radically or they do not polymerize at all via a radical mechanism.
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B Table 9.1 Typical examples for radically polymerizable monomers of the structure H,C=CHR’

Monomer R’ Polymer

Ethene —H +C H,-C Hzt

FCH-CHY-

Styrene @
Acrylonitrile —C=N -[-CHZ_?Ht
CN
O
/ CH,-CH
Acrylic acid methyl ester —C\/ ek, ¢ t
O—CHs 0”  0-CHj
Y CH,—CH
Acrylic acid —C/\/ + ? CI -]7’
OH 07 ~OH
Vinyl chloride —cCl -[-CHZ_Q :+]Ty
C
0 -[-CHZ—(IZHt
Vinyl acetate —0—C 0
CH _C
3 0”7 “CHs

9.1.2 Radical Sources

Radical polymerizations are triggered by reactive species that have an unpaired electron
(radicals). Such radicals can result from, for instance, the influence of light (visible or ultra-
violet light) on neutral compounds (8 Fig. 9.6). Another means of creating radicals involves
the photochemical decay of special substances (photoinitiators) (B Figs. 9.7 and 15.7).

Radicals can also be created by y- and B-radiation (8 Fig. 9.8). In such a system, not
only radicals but also anions and cations are created, and the respective chain growth
reactions can proceed either via radicals, anions, or cations, or the different growing
mechanisms can compete with each other.

Compounds that decompose to yield radicals during moderate heating (50-100 °C) are
also frequently used as radical sources. The best-known radical sources are organic perox-
ides and azo compounds; industrially, organic peroxides are most often used (8 Fig. 9.9).
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B Fig. 9.6 Photochemical
activation of a monomer hv

B Fig. 9.7 Photochemical
decomposition of benzoin ether

'f' hv 'T'
@ﬁ‘?@ ﬁ‘*’?@
(0] OR

O OR

B Fig. 9.8 Creation of radicals

with high energy radiation. (a) v
y-Radiation. (b) p-Radiation AB ——> AB*' ——> A*4+B’
- e’
b
AB + e > AB’ > A"+ B

a

2 .. :

I A -2CO

C__O. . Cogo =2

(Y " (e F2:0

b

Chiz Gl A Chi3

H,C-C-N=N-C-CH, ——— 2 H,C-C +N,
1 1 1
N N N

B Fig. 9.9 Radicals from (a) dibenzoyl peroxide and (b) azo-bis-isobutyronitrile (AIBN)

Furthermore, redox reactions that proceed via radical intermediates can be used to
initiate a radical polymerization (8 Fig. 9.10). In the literature, particularly in the patent
literature, various combinations of oxidizing agents (e.g., peroxides, chlorates, hypochlo-
rites, and permanganates) and reducing agents (e.g., sulfites, thiosulfates, sulfinic acid,
and hydrazine) are suggested for this purpose. The major advantage of such redox systems
is their ability to function at lower temperatures. Such systems have become irreplaceable
for polymerizations where water is either the solvent or the dispersant.

It is also possible for monomers to polymerize simply by warming, known as thermal
polymerization. This is, however, restricted to two monomers, namely, styrene and
MMA. The list of thermally polymerizable monomers was originally longer. Upon closer
investigation, however, with the exception of styrene and MMA, impurities have been
identified as the radical source and thus responsible for the polymerization.
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B Fig.9.10 Radical formed dur-
ing a redox reaction (Fenton

Fe?* + H,0, ———————> Fe3 +OH +OH’
reagent) 272

\’W
/\,4 . .
a6
sosElensl
A B

B Fig.9.11 Primary steps of the thermal polymerization of styrene

The thermal polymerization of styrene proceeds via a Diels-Alder adduct from which
the radicals A and B emerge after reaction with an additional styrene molecule and
H-transfer. The radicals are then able to initiate radical polymerization (8 Fig. 9.11).

9.2 Kinetics of Radical Polymerization

On the basis of the most precise mechanism, a radical polymerization can be divided
into several individual reaction steps. A kinetic equation can be developed for every
step, and from these the overall kinetics can be derived. The key question for the kinet-
ics of radical polymerization is how the monomer concentration changes with time at a
given temperature.

9.2.1 Basic Processes

The basic processes—initiation, growth, and termination—can be formally summarized
by the scheme in @ Fig. 9.12. The initiator dissociates into two radicals at a given tempera-
ture with the rate constant k. These radicals, in the case of AIBN (azo-bis-isobutyro-
nitrile) (B Fig. 9.9b), sufficiently stabilized by the nitrile group, are reactive enough to add
to monomers (B Table 9.1) with the rate constant k.. The new radical RM* adds additional
monomers with the rate constant k,. Depending on the temperature, termination can
result from either radical combination (with k) or from disproportionation (with kt/) toa
saturated chain RMnH and an unsaturated chain RM, ~ (B Figs. 9.12 and 9.13), or both
termination reactions occur simultaneously. With an increase in temperature, termina-
tion by disproportionation generally becomes more important because E,, ;.. > E, .-

In @ Fig. 9.13 the individual steps—initiator decomposition, initiation, growth, and
termination - are illustrated using the example of the AIBN-initiated polymerization of
the monomer CH,=CHR'.

In the following paragraphs, several limiting cases for the kinetics of radical polymer-
ization are discussed.
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B Fig.9.12 Formal scheme for

a radical polymerization. ky .

I initiator, R" initiator radical, M Initiator decomposition | —— 2R
monomer, RM |r1|t|ator radical Start R+M ki RM"
extended by a single monomer K

unit, RM " initiator radical Propagation RM + (n-1) M P, RM,;
extended by n monomer units, o ke

RM.H polymer with a saturated Termination RM,"+ M R ———> RMp 4R

chain end, RM, = polymer with

k'
H =
an unsaturated chain end > RM; + ~ MR

9.2.2 R’ and P’ are Equally Reactive

With the simplified assumption that all radicals have the same reactivity independent of
their chain length (R*=RM*=RM, *=P"), the scheme in B Fig. 9.12 can be simplified as
follows (B Fig. 9.14).
We then have
d| P 2
%zzkd[l]—kt[P] (9.1)

With the assumption of a quasi-stationary state adapted from Bodenstein! it follows that

ar]_,
dt

(9.2)

The radicals are consumed at the same rate at which they are created. For the radical con-
centration [Pl the following applies:

[7]= \/%I[[] (93)

Because termination by combination and disproportionation cannot be kinetically distin-
guished, k, here is the average rate constant for both types of termination.

The monomer is only consumed by the growing chains, and thus the monomer con-
sumption over time is a direct measure of the rate of polymerization v, (» see (9.4)). (This
assumption is not completely correct because monomer is also consumed by initiation
(the first growth step) (B Fig. 9.12). However, the amount of monomer consumed in the
initial step of chain growth is very small compared with that consumed during polymer-
ization to give chains many hundreds of monomer units long.)

B

1 The concept of a quasi-stationary state involves the assumption that the change in the
concentration of intermediate products (here P’) can be neglected when compared with changes in
the concentration of educts (here M) and products (here P) (Frost and Pearson 1964)
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a. Initiator decomposition

CIH3 ICH3 A $H3
H3c—(|: —N:N—(IZ—CH3 > 2 H3C—$- +N,
CN CN CN
b. Start of chain reaction
CH, CH, H
| | |
H3C—(II- + H2C:(I:H —> H;C—C—CH, —C.
|
CN R' CN R'
c. Propagation
™ e B i
H3C—CI—CH2—IC- + n HyC =CIH ——> H3C—C CHz—IC CHZ—'IC
CN R R' CN R " R'
d. Termination
d1. Combination
e I oo I
H3C—CI CHz—CI CH, — IC + 'CI_CHz IC—CHZ CI—CH3
CN R' R' R' R' CN
m n
™| [
H3C—$ CH2—CI ?—CHZ IC—CH3
CN R' R' CN
m+1 n+1
d2. Disproportionation
% T | I I i
H3C—CI CHZ—CI = CHZ—CI- + -IC—CHZ IC—CHZ CI—CH3
CN R’ R’ R' R CN
- n
CHs H H CHs
| | | |
H3C—$ CHZ—IC—— CH = CIH + H2$—CH2 (IZ—CHZ (IZ—CH3
CN R' R’ R’ R’ CN
-m n
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B Fig. 9.13 Individual steps of the polymerization of a vinyl monomer CH,=CHR’ initiated by AIBN

(the elements of the last row correspond to RM,_"and RM_=in B Fig. 9.12)
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B Fig.9.14 Formal scheme for

a radical polymerization with kg
R=F | ————————> 2P
k,

ke

pP+p — > PP or PH+P™

Substituting (9.3) into (9.4) yields

d[M] 2k, (1]
ST =y =k, [ ] ©5)

t

This basic equation for radical polymerization describes the kinetics of polymerization for
most vinyl monomers very well. Thus, the rate of polymerization can be controlled via the
monomer and initiator concentrations as well as by the temperature (because of the tem-
perature dependence of the rate constant; see » Sect. 9.2.6).

9.2.3 Reactivities of R° and P’ are Different

When the simplifying assumptions do not apply and R*# P, but RM*=RM,"=RM, =P,
then @ Fig. 9.14 turns into @ Fig. 9.15.
The Bodenstein approach for the primary radical R* is given by

d[ K] _
——==2%[1]-k, [R](m]=0 ©.6)
This can