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Chapter 1 Introduction

When one speaks of polymers, one is concerned with materials whose molecular weights may
reach into the hundreds of thousands or millions. For this reason, the term‘“macromolecules”is
frequently used when referring to polymer materials. More strictly, polymers are such materials
whose molecules are composed of a large number of low molecular weight compounds held
together by covalent bonds. The small molecules that combine with each other to form polymer
molecules are termed monomers, and the reactions by which they combined are termed
polymerizations. Through a polymerization, many monomers react together chemically to form
either linear chains or a three-dimensional network of polymer chains.

Over the past decades, people have witnessed a fast and enormous increase in production and
application of polymer materials. A hundred and thousand of new kinds of polymers have been
successfully synthesized and many of them have been used as plastics, rubbers, fibers in different fields.
The fast growing of polymer production and consumption is mainly attributed to the good performance
involved in their applications. In comparison with conventional materials such as metals and ceramics,
polymer materials demonstrate many excellent properties, such as ease of fabrication, low density,
chemical inertness, high electrical resistivity, etc. On the other hand, some of their properties are still
needed to be improved in order to fit the requirements in high-demanding applications.

Polymer science was born and grows with the rapid development of polymer production and
applications, in the need to make new kinds of polymers, to understand the interrelationships among
polymer structure, morphology and properties, to better use polymers, and to further extend their
applications. Perhaps because of its origins, polymer science tends to be more interdisciplinary than
most sciences, combining chemistry, chemical engineering, materials, and other fields as well. Therefore,
it is more suitable to name this discipline as polymer science and engineering.

1.1 Classification of polymerizations

In polymerization, monomers react with each other to give polymer molecules. During the
development of polymer science, different types of polymerizations are found and two types of
classifications have come into use. One classification is based on polymer structure and divides
polymerizations into condensation and addition polymerization. The other classification is based on
polymerization mechanism and divides polymerizations into step and chain polymerizations.

1.1.1 Condensation and addition polymerization

Polymerizations were originally classified by Carothers into condensation and addition
polymerization on the basis of the compositional difference between the polymer and the
monomers from which it was synthesized. Condensation polymerizations run with a serious of
condensation reactions from polyfunctional monomers and their intermediates by eliminating some
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small molecules such as water. An example of such a condensation polymerization is the polyamidation
from diamines and diacids with the elimination of water to form polyamides according to
nHEoN—R—NH,; -+ nHO,C —R'-—CO;H —>
H-NH—R— NHCO—R'—CO37OH + (2n-1)H,0 g
Where R and R’are aliphatic or aromatic groupings. The unit in parentheses in the polyamide
formula repeats itself many times in the polymer chain and it is termed the repeating unit. The
elemental composition of the repeating unit differs from that of the two monomers by the elements
of water. The polyamide synthesized from hexamethylene diamine, R = (CH,)s, and adipic acid,
R' — (CHy)s, is the extensively used fiber and plastic known commonly as nylon 66 or
poly(hexamethylene adipamide). Other example of condensation polymerizations is the
polyesterification from diacids and diols to generate polyester, with the elimination of water:
HHO— R+ 0H .t nHO,C—~R'7 COHi77>
H-0—R—O0CO —R'—CO37OH + (2n-1)H,0 i
Most condensation polymerizations are carried out by the reaction of functional groups in the
monomers. The polymers produced by condensation polymerizations always contain repeating
units joined together by functional units of one kind or another such as the ester, amide, and ether
linkages.

Unlike condensation polymerizations, addition polymerizations proceed without the loss of
small molecules, and in the polymer chains formed through addition polymerizations the repeating
unit has the same composition as the monomer. The simplest type of addition polymerizations is
the formation of polyethylene from ethylene monomer:

nCH,—=CHY —— —CH,—CHY» (1-3)

In the addition polymerization of ethylene, thousands of monomers (ethylene) add to a
growing chain sequentially and rapidly to form a polyethylene chain. The addition of ethylene
monomer to the growing chain is performed by conversion of its double bonds into saturated
linkages. For the most common forms of addition polymerization to occur, the monomer must
contain carbon—carbon double bond. Such monomers are referred to as vinyl monomers, such as
methyl methacrylate, vinyl chloride, and styrene.

With the development of polymer science, study of new polymerization processes and
polymers showed that this classification was not entirely adequate. For example, consider the
synthesis of polyurethanes, which are formed by the reaction of diols with diisocyanates without
the elimination of any small molecule:

NHO=—R—O0OH " + nOCN—R=—NCO" ——
HO—-R—OCONH —R'—NHCO—O —)(7_7)— Re—QCONH=——R"—NCO ()

Based on Carothers’classification, this reaction would be classified as addition polymerization,
since the polymer has the same elemental composition as the sum of the monomers. However, the
polyurethanes are structurally much more similar to the condensation polymers than to the addition
polymers. The urethane linkage (— NH — CO — O —) has much in common with the ester
(—CO— 0O —) and amide (— NH — CO —) linkages. It seems that the synthesis reaction of
polyurethanes could be classified into either addition polymerization or condensation

2
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polymerization. It is also true to the ring opening polymerization of e-caprolactam. No H,O
molecules are eliminated and chain growth takes place by successive additions of opening
monomeric rings to a chain end. However, when the reaction is initiated by adding a small amount
of water, the final product is identical to the polymer obtained by condensation polymerization of
g-aminocaproic acid with elimination of water.

1.1.2 Step and chain polymerizations

Flory suggested a new classification principle based on the mechanism by which polymer
molecules are built up. This system classifies polymerizations into step and chain polymerizations.
Chain and step polymerizations differ in several features, but the most important difference is in the
identities of the species that can react with each other. Another difference is the manner in which
polymer molecular size depends on the extent of conversion. Step polymerizations proceed by the
stepwise reaction between the functional groups of reactants as in reactions such as those described
by Egs. 1-1, 1-2. The size of the polymer molecules increases at a relatively slow pace in such
polymerizations. One proceeds from monomer to dimer, trimer, tetramer, pentamer, and so on, until
eventually large-sized polymer molecules have been formed. The reaction occurs between any of
the different-sized species present in the reaction system.

The situation is quite different in chain polymerization where the reaction occurs in three
stages. In the initiation step an initiator is used to produce an initiator species R* with a
reactive center. The reactive center may be a free radical, cation, or anion. It attacks and opens
the double bond of a molecule of the monomer, producing a new activated species. In the
propagation step, a growing chain is formed by the propagation of the reactive center through
the successive additions of large numbers of monomer molecules to the reactive center. Each
monomer molecule that adds to a reactive center regenerates the reactive center. The growth of
the polymer chain ceases when the reactive center is destroyed by one or more of a number of
possible termination reactions. The distinguishing characteristic of chain polymerization is that
polymer chain growth takes place by monomer reacting only with the reactive center. By far

the most common example of chain polymerization is that of vinyl monomers. The process can
be depicted as

H H H
CH,—CHY | cu,—cuy | | cn,—cuy
R* ———— R—CH,—C* ——— R—CHZ—Cl—CHz—C* ——————— -
Y Y Y
H H H G
| termination l
R CHp-sCrppa el 10322500 4 CHZ—Cl
Y|, Y Y|,

The typical step and chain polymerizations differ significantly in the relations between polymer
molecular weight and the percent conversion of monomer. If we start out step and chain
polymerizations side by side, the molecular weights of the polymers produced at any time after the
start of the reactions will always be very characteristically different for the two polymerizations. If
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the two polymerizations are stopped at 0.1%, 1%, 10%, 40%, 90% conversion, and so on, one will
always observe the same behavior. The chain polymerization will show the presence of
high-molecular-weight polymer molecules at all percents of conversion. There are no
intermediate-sized molecules in the reaction mixture — only monomer, high-molecular-weight
polymer, and initiator species. The only change that occurs with conversion (i.e., reaction time) is
the continuous increase in the number of polymer molecules [Fig. 1-1(a)]. On the other hand,
high-molecular-weight polymer is obtained in step polymerizations only near the very end of the
reaction [Fig. 1-1(b)]. Thus both polymer size and the amount of polymer are dependent on
conversion of functional groups in step polymerization. The characteristics of step and chain
polymerizations are summarized in Table 1-1.

Molecular weight
Molecular weight
Molecular weight

0 20 40 60 80

1 1 1 1 1 1

100 0 20 40 60 80 100 0 20 40 60 80

100

Conversion% Conversion% Conversion%

(a) (b) ©)

Fig. 1-1 Variation of molecular weight with conversion; (a) chain polymerization; (b) step polymerization; (c)

non-terminating chain polymerization and protein synthesis.

Table 1-1 Differences between step-growth and chain-growth polymerizations

Reaction steps Step-growth Chain-growth
Elimination of a small molecule often (e.g. H,0) never
Initiator (for starting reaction) not necessary necessary

Propagation (growth of polymer
chains)

Termination

Longer reaction time

Two complementary end groups condense
to form a linkage in the polymer chain thus
formed.

All complementary chain ends can react
with each other.

All chains can grow during the whole
reaction time.

Mostly not
Increase of average degree of polymerization

An active end group yields again an active
end group (chain reaction).

Only initiated chains react with monomer
exclusively.

Chain growth is fast and takes place in the
short period between initiation and
termination.

As arule

More polymer chains are formed, the
degree of polymerization diminish

The classification of polymers according to polymerization mechanism, like that by structure
and composition, is not without its ambiguities. Certain polymerizations show a linear increase of
molecular weight with conversion [Fig. 1-1(c)] when the polymerization mechanism departs from
the normal chain pathway. This is observed in certain chain polymerizations, which involve a fast
initiation process coupled with the absence of reactions that terminate the propagating reactive
centers. Biological syntheses of proteins also show the behavior described by Fig. 1-1(c), because
the various monomer molecules are directed to react in a very specific manner by an enzymatically
controlled process.

4



Chapter 1 Introduction

1.2 Classification of Polymers

“Polymer”is actually a general name given to a variety number of materials with
macromolecular structures. These materials exist in countless forms and numbers because of a very
large number and types of atoms present in their molecular chains. Polymers with different
chemical structures will show different physical and mechanical behavior. Therefore, it is necessary
to classify polymers based on their source, mechanical performance, polymerization mechanism,
and processing characteristic.

1.2.1 Classification by source

Depending on their source or origin, polymers can be classified as natural and natural
modified polymers, synthetic polymers, and biopolymers.

(1) Natural and natural modified polymers

Those isolated from natural materials are called natural polymers. The typical natural
polymers include cotton, silk, wool, lignin, and natural rubber. In practice, some of natural
polymers have experienced chemical modification in order to have more desirable properties. They
are called natural modified polymers. The examples are casein, cellulose, gelatin, etc.

(2) Synthetic polymers

Polymers obtained through synthetic reactions with low molecular weight compounds are
called synthetic polymers. Typical examples are polyethylene (PE), polyvinyl chloride (PVC),
nylon, and polyester. The original sources of this group of polymers are petroleum, coal, and
agricultural products. Synthetic polymers are the most important group of polymer materials,
because most polymeric materials used widely today belong to them.

For synthetic polymers, not all the molecular chains have the same length, i.e. the
molecular weight of synthetic polymers is polydisperse. Consequently, by the strict sense,
such polymers are not pure compounds but mixtures of polymer chains with different chain
lengths.

(3) Biopolymers

This case involves substances like proteins, polysaccharides (cellulose, starch), polyaminoacid
and several gums. The molecules of proteins contain many types of monomers (up to 20 amino
acids), linked in a specific sequence (according to the genetic code) to chains of definite length. So

these biopolymer molecules are identical, the polymer is monodisperse, and represents a single,
pure compound.

1.2.2 Classification by mechanical behavior and application

According to their ultimate forms and applications, polymers can be classified as
plastics, elastomers or rubbers, fibers, coatings and adhesives. When a polymer is shaped
into hard and tough utility articles by exerting heat and pressure, it is used as a“plastic”.
Some very important plastics are PE, PP, PS, PVC, PMMA. Elastomers are those polymers
which have flexible chains and exhibit long elongation and elasticity. Typical examples are
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natural rubber (polyisoprene), polybutadiene, polychlorobutadiene. As fibers we already
know nylon, polyester, polyacrylonitrile, etc. In the field of coatings and adhesives, some
linear and crosslinked polymers will be covered, they are polyvinyl acetate, polyacrylates,
epoxy resin, etc.

1.2.3 Classification by synthesis reaction

Polymers were classified into addition polymers and condensation polymers based on the
involved synthetic reaction of either addition polymerization or condensation polymerization. A
polymer is classified as a condensation polymer if its synthesis involves the elimination of small
molecules, or it contains functional groups as part of the polymer chain, or its repeating unit lacks
certain atoms that are present in the (hypothetical) monomer to which it can be degraded. Thus the
structure of condensation polymers has been defined by

— Rz —wes (1-6)

where R' and R’ are aliphatic or aromatic grouping unit and Z is a functional unit such
as 77OC0— . —NHEO-— - —S-stOCONH - O SO O— sand =Ss— .

Addition polymers are those obtained through addition polymerization. They do not contain
functional groups as part of the polymer chain. Such groups may, however, be present in addition
polymers as pendant substituents hanging off the polymer chain. According to this classification,
the polyurethanes are readily and more correctly classified as condensation polymers. However,
with or without functional groups in the polymer chain can not be taken as the only criterion for
polymer classification. Some condensation polymers do not contain functional groups such as ester
or amide in the polymer chain, such as phenol-formaldehyde polymers produced by the reaction of
phenol with formaldehyde. It really is condensation polymer, since water is split out during the
polymerization process. Another example is poly( p-xylene), which is produced by the oxidative
coupling (dehydrogenation) of p-xylene:

1.2.4 Classification by chain structure

Polymers can be classified as linear, branched, or crosslinked polymers depending on their
structure. In the previous discussion on the different types of polymers and polymerizations,
we have considered only those polymers in which the monomer molecules have been linked
together in one continuous length to form the polymer molecule. Such polymers are termed
linear polymers. Under certain reaction conditions or with certain kinds of monomers,
polymers would be generated with more than two chain ends per molecule, which are called
branched polymers. For branched polymer molecules, there are side branches of linked
monomer units protruding from various central branch points along the main polymer chain.
The difference between the shapes of linear and branched polymer molecules can be seen from
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the structural representations in Fig. 1-2. /\/\/\ I

The branch points are indicated by heavy
dots. The illustrations show that there are Branched (A)
several different kinds of branched polymers.

The branched polymer can be comblike in

structure with either long (A) or short (B) branches. /4}\/<< Branched (B)
When there is extensive branching, the polymer can

have a dendritic structure in which there are

branches protruding from other branches, that is, Branched (C)
branched branches (C). The presence of branching in

a polymer usually has a large effect on many

important polymer properties. The most significant

changes brought about by branching are the

crystallization capability and flow property. Crosslinked
Branched polymers do not pack as easily into a
crystal lattice as do linear polymers, leading to
decrease of crystallinity. It is important to point Fig. 1-2  Structure of linear, branched,
out that the term branched polymer does not and crosslinked polymers.

refer to linear polymers containing side groups that are part of the monomer structure. Only those
polymers that contain side branches composed of complete monomer units are termed branched
polymers.

When polymers are produced in which the polymer molecules are linked to each other at
points other than their ends, the polymers are said to be crosslinked (Fig. 1-2). Crosslinking can be
made to occur during the polymerization process by the use of appropriate monomers. It can also
be brought about after the polymerization by various chemical reactions. The crosslinks between
polymer chains can be of different lengths depending on the crosslinking method and the specific
conditions employed. One can also vary the number of crosslinks so as to obtain lightly or highly
crosslinked polymers. When the number of corsslinks is sufficiently high, a three-dimensional or
space network polymer is produced in which all the polymer chains in a sample have been linked
together to form one giant molecule. Light crosslinking is used to impart good recovery (elastic)
properties to polymers to be used as rubbers. High degrees of crosslinking are used to impart high
rigidity and dimensional stability (under conditions of heat and stress) to polymers such as the
phenol-formaldehyde and urea-formaldehyde polymers.

1.2.5 Classification by processing characteristics

Some polymers become soft and fluid upon heating, and then can be converted into any
desired shape, which is solidified by subsequent cooling. This cycle can be repeated several times
at will. Such polymers, which soften on heating and stiffen on cooling, are termed‘“‘thermoplastics”.
Thermoplastics are composed of polymers with linear or branched chain structures. They account
for almost 90 weight percent of the processed polymers. PE, PVC, nylon, PS are examples of



