
polymerisation
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addition polymerisation 
Addition polymerisation involves adding together 
many alkene monomers to form a long polymer chain.  

There is no loss of small molecules when monomers 
join, and the resulting polymer contains repeating 
units joined by carbon–carbon single bonds, e.g. 
poly(ethene). 

�2

condensation polymerisation
Condensation polymers are formed when monomers 
link together to form a long chain in which each link 
is accompanied by the loss, or condensation, of a
small molecule such as H2O or HCl.  

The two main types of condensation polymer are 
polyesters and polyamides. 

�3

polyesters
Polyesters contain ester linkages formed between 
the alcohol and carboxylic acid/or acyl chloride 
functional groups. 

�4

Condensation polymerization
Condensation polymers are formed by a reaction that joins monomers 
and also produces small molecules as a condensation product. The 
formation of an ester from an alcohol and a carboxylic acid (sub-topic 10.2) 
is an example of a condensation reaction: as well as the ester, water 
is formed as the condensation product. In condensation polymerization, 
many monomers are joined by condensation reactions to form the polymer.

For two monomers to be joined by condensation polymerization they 
must each contain two functional groups, for example, a dicarboxylic 
acid and a diol:

O

C R
a dicarboxylic acid a diol

Ŕ ́HO OH HO+
O

C OH

a polyester
n

Ŕ ́
O

C R O O

O

C

In the polyester product shown the carboxyl group on the left can react 
with a further alcohol molecule and the hydroxyl group on the right can 
react with a further carboxylic acid molecule, and so the polymer chain can 
continue to grow.

A.9 Condensation polymers (AHL)
Understandings
➔ Condensation polymers require two functional 

groups on each monomer.
➔ NH3, HCl, and H2O are possible products of 

condensation reactions.
➔ Kevlar® is a polyamide with a strong and 

ordered structure. The hydrogen bonds 
between O and N can be broken with the use of 
concentrated sulfuric acid.

  Nature of science
➔ Speculation – we have had the Stone Age, Bronze

Age, and Iron Age. Is it possible that today’s age 
is the Age of Polymers, as science continues to 
manipulate matter for desired purposes?

  Applications and skills
➔ Distinguishing between addition and 

condensation polymers. 
➔ Completion and descriptions of equations to 

show how condensation polymers are formed.
➔ Deduction of the structures of polyamides and 

polyesters from their respective monomers.
➔ Explanation of Kevlar’s strength and its 

solubility in concentrated sulfuric acid.
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),(&%��DG<6C>8�8=:B>HIGN

=AJhZh�d[�ZhiZgh
Esters often have a sweet, fruity smell and are used as artifi cial flavours and 
odours (see Figure 10.25). Other uses are as plasticisers (added to polymers 
to make them easier to process and reduce brittleness) and as solvents.

Fats and oils are esters of propane-1,2,3-triol (glycerol) and long-chain 
carboxylic acids (fatty acids).

EdanZhiZgh
Polyesters may be formed in a condensation polymerisation reaction 
when a dicarboxylic acid reacts with a dihydric alcohol (an alcohol with 
two –OH groups). It is the presence of two functional groups on each 
monomer that allows the production of a polymer chain, as an ester is 
formed on both sides of both monomers.

Condensation polymerisation: a water molecule is eliminated each 
time two monomers are joined together.

The reaction scheme in Figure 10.26 shows a representation of the 
reaction of two dicarboxylic acid molecules with two dihydric alcohol 
molecules.
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Two functional groups required 
on each monomer.
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The functional group joining the monomers together is the ester
functional group, and so this is the beginning of a polyester chain.
The chain can continue at both sides, as the two functional groups in 
the original monomers means that there will either be a free alcohol or 
carboxylic acid group on each end of the chain.

It can be seen from this reaction that when four monomer molecules 
join together, three water molecules are produced.The total number of 
water molecules is always one less than the total number of monomer 
molecules that join together.
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polyesters: terylene (PET)�6

terylene (PET)
Terylene® (or PET, polyethylene terephthalate) is a 
common polyester used in synthetic fibres and in 
containers for food and beverages.  

It is one of the most important raw materials of 
synthetic fibres. 

�7

terylene (PET)
It is made by reacting the monomers benzene-1,4-
dicarboxylic acid and ethane-1,2-diol: 

�8

),)

The polymer chain as a whole can be represented by the unit shown 
in brackets in the equation. This is called the repeat unit or repeating 
unit of the polymer. The whole polymer chain could be built up by just 
joining these units together:
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In general, the repeat unit for a condensation polymer may be 
generated as shown in Figure 10.27.

=A Let us look at a specifi c example:

terylene (PET)�9
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Introduction to polymers
Synthetic polymers are chain-like molecules made from small individual 
units called monomers. Many polymers are plastics that play an important 
part in everyday life. The amount of plastic we use is enormous and 
growing. Plastics are easy to make, easy to colour and can be chemically 
tailored to have specific properties. They are often cheaper to produce than 
the materials that they replace. There are many instances where plastic is 
used instead of wood, metal, stone, glass, leather or a natural fabric, such 
as cotton or silk. However, there are problems with their disposal and there 
is growing concern over the environmental consequences.

In this course, two categories of polymer are important:

● addition polymers

● condensation polymers.

Addition polymers
Addition polymers are formed when alkenes undergo a reaction in which 
one alkene molecule joins to another and a long molecular chain is built up. 
The individual alkene molecule is referred to as a monomer; the long chain 
molecule is known as the polymer. 

Condensation polymers 
Condensation polymers are formed when monomers link together to 
form a long chain in which each link is accompanied by the loss, or 
condensation, of a small molecule such as H2O or HCl. The two main types 
of condensation polymer are polyesters and polyamides.

Polyesters
Terylene® (or PET, polyethylene terephthalate) is a common polyester used 
in synthetic fibres and in containers for food and beverages. It is one of the 
most important raw materials of synthetic fibres. It is made by reacting the 
monomers benzene-1,4-dicarboxylic acid and ethane-1,2-diol:

C

O

OH

C

HO

O

C +    H2O

O

O

C

HO

O

Benzene-1,4-dioic acid Ethane-1,2-diol

HO CH2CH2 OH

CH2CH2 OH

The acid on this end can 
react with another alcohol 
to form another ester link

The alcohol on this end can 
react with another acid to 
form another ester link

Loss of water

Both monomers react at each end, building up a long-chain molecule 
held together by a large number of ester linkages – hence, producing a 
polyester.

Tip

Common monomers and their 
addition polymers were discussed 
the Year 1 book (page 218).

Tip

It is important to be able to 
identify the simplest repeat unit of 
a polymer.

terylene (PET)�10

6.3 Condensation polymerisation
Condensation polymers are produced by a series of condensation reactions in
which small molecules such as water or hydrogen chloride are split off
between the functional groups of the monomers.

Condensation reactions are sometimes described as ‘addition-plus-
elimination’ reactions because the monomers undergo addition but this occurs
only by elimination of a small molecule between each repeating unit.

There are two important classes of condensation polymers – polyesters and
polyamides. When each monomer has two functional groups, polymerisation
produces chains. Cross-linking is possible if one of the polymers has three
functional groups.

Polyesters
Polyesters are polymers formed by condensation polymerisation between:
● either acids with two carboxylic acid groups and alcohols with at least two

−OH groups
● or monomers which have both a carboxylic acid group and an −OH group.

The repeating units in the polyester chains are linked by a series of ester
bonds.

The most common polyester is Terylene, used widely in fabrics. It is usually
referred to simply as ‘polyester’. Terylene is made by condensation reactions
between benzene-1,4-dicarboxylic acid and ethane-1,2-diol (Figure 6.10). The
traditional names for these two compounds are terephthalic acid and ethylene
glycol – hence the commercial name, Terylene. An alternative name for the
polymer is polyethylene terephthalate, which gives rise to the name PET
when the same polymer is used to make plastic bottles for drinks.

The condensation reactions shown in Figure 6.10 can be repeated again and
again to produce a polymer with the repeat unit shown in Figure 6.11.

Polyesters have high tensile strength and, because of this, they are widely used
as fibres in clothing and as the bonding resin in glass fibre plastics.

Perhaps the most important development in polyester chemistry in recent
years concerns poly(2-hydroxypropanoic acid), commonly called poly(lactic
acid) or PLA. Poly(lactic acid) is possibly the most useful and most versatile
of the new biodegradable plastics. It is already used in such diverse goods as
plant pots, disposable nappies and absorbable surgical sutures (stitches). 67

Definitions

Polyesters are polymers with ester
links between monomer units.

Polyamides are polymers with amide
links between monomer units.

Figure 6.10 !
Condensation polymerisation to produce
the polyester Terylene.
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The repeat unit and structure of Terylene.repeat unit
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Condensation polymerisation
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As explored in Section C3 on page 12, the structure of a polymer 
has a signifi cant impact on its physical properties – e.g. atactic vs 
isotactic polypropene. The same is true for many polymers formed by 
condensation reactions.

@ZkaVg
Kevlar is a para-aramid polymer (‘aramid’ is short for ‘aromatic amide’) 
created by the reaction between 1,4-diaminobenzene and terephthaloyl 
chloride (the diacyl chloride of benzene-1,4-dioic acid) (Figure C22).

The polymer chains align themselves in such a way that allows for 
the formation of comparatively strong intermolecular hydrogen bonds 
between amide groups (C=O to H–N) along the whole chain (Figure 
C23). Additional intermolecular interactions arise in the form of extensive 
van der Waals’ forces. These hold the polymer chains together very tightly 
and contribute to Kevlar’s high tensile strength.
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An acyl chloride has a similar 
structure to a carboxylic acid, 
except that the OH group has been 
replaced with a Cl. This means that 
in the formation of Kevlar, HCl, 
rather than water, is eliminated.

Kevlar is used in protective 
clothing, including armour, 
synthetic ropes and sporting 
equipment.
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In Kevlar, intermolecular forces hold the polymer chains together. As we 
saw in Figure C19, in phenol–methanal plastics there are covalent bonds, 
called cross-links, between chains. As covalent bonds are much stronger 
than intermolecular forces, cross-linked phenol–methanal plastics are 
harder and more rigid than Kevlar; hence their use in making items such 
as pool balls.
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To create a polymer with diff ering 
levels of cross-linking, the 
methanal : phenol ratio is varied. If 
the molar ratio of methanal : phenol 
is less than one, few cross-links 
form. However, when the molar 
ratio rises to about 1.5, the 
incidence of cross-linking is much 
higher and the plastic produced is 
far more rigid, thermostable and 
resistant to chemicals.

=A

type 2 polymers
Starts with two different monomers,  

one containing two carboxylic acid groups or two 
acyl chloride groups,  

and the other containing two alcohol groups.

�12

type 2 polymers�13
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 28 Addition and condensation polymers

The second strategy, forming type II polymers, starts with two different 
monomers, one containing two carboxylic acid groups or two acyl chloride 
groups, and the other containing two alcohol groups or two amine groups (see 
Figure 28.8).
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Figure 28.8 Formation of type II 
condensation polymers

The two types of polymer differ in the direction of successive functional groups along 
the chain. In type I polymers, the direction of each ester or amide linkage is the same 
(see Figure 28.9a), whereas in type II polymers, the direction of the ester or amide 
linkages alternates (see Figure 28.9b).

Table 28.2 lists some common condensation polymers. The different nylons 
(polyamides) are named according to the number of carbon atoms contained within 
each monomer: the fi rst number is the number of carbon atoms in the diamine, and 
the second is the number of carbon atoms in the diacid.
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type 1 polymers
starts with a monomer containing two different 
functional groups that can condense together to 
form either ester or amide groups. 
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Worked example 2
The following are sections of addition polymers. Draw the monomer(s) from which they are 
formed.

a pCH2¬ CH(CN)¬ CH2¬ CH(CN)¬ CH2
p

b pCH2¬ C(CN) “ CH¬ CH(CN)¬ CH2¬ C(CN) “ CH¬ CH(CN)¬ CH2
p

Answer

a CH2 “ CH(CN)  b CH2 “ C(CN)¬ CH “ CH(CN)

Now try this
Suggest the monomer(s) from which the following polymers have been made.

1 2

 28.2  Condensation polymers
There are two strategies for making condensation polymers. Each strategy results in a 
different type of polymer.

The fi rst strategy, producing type I polymers, starts with a monomer containing 
two different functional groups that can condense together to form either ester or 
amide groups (see Figure 28.7).
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Figure 28.7 Formation of type I 
condensation polymers
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type 1 polymers�15Poly(lactic acid) is manufactured by the condensation polymerisation of a
single monomer which contains both a carboxylic acid group, −COOH, and
an alcohol group, −OH (Figure 6.13).

Figure 6.13 !
The synthesis of poly(lactic acid) by condensation polymerisation.

Polyamides
Polyamides are polymers in which the monomers are linked by an amide
bond. This is exactly the same as the amide bond in proteins, in which it is
usually called the peptide bond (Figure 6.14). So, proteins and polypeptides
are naturally occurring polyamides.

Earlier work in Topic 5 showed that polypeptides and proteins are
synthesised in living things by condensation reactions between amino acids.
In these reactions, the amine group, −NH2, of one amino acid reacts with the
carboxylic acid group, −COOH, of another amino acid to split out water and
form an amide link (Figure 5.5).

This process is then repeated time after time to produce a polymer (protein)
with tens, hundreds or, in some cases, thousands of units.
The first synthetic and commercially important polyamides were various forms
of nylon. However, these were not produced from amino acids. Instead, they
were formed by condensation polymerisation between diamines and
dicarboxylic acids. One of the commonest forms of nylon is nylon-6,6. This is
made by a condensation reaction between 1,6-diaminohexane and
hexanedioic acid (Figure 6.15). The product is called nylon-6,6 because both
monomers contain six carbon atoms.

68

Figure 6.14 !
The amide bond is usually called the
peptide bond in proteins.

peptide
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Figure 6.15 "
Condensation
polymerisation to make
nylon-6,6.
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Figure 6.12 !
The blazer, tie, shirt and trousers that this
schoolboy is wearing may all contain
polyester (Terylene). The fabrics are hard
wearing, washable and relatively cheap.

Poly(lactic acid) is manufactured by the condensation polymerisation of a
single monomer which contains both a carboxylic acid group, −COOH, and
an alcohol group, −OH (Figure 6.13).
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Polyamides are polymers in which the monomers are linked by an amide
bond. This is exactly the same as the amide bond in proteins, in which it is
usually called the peptide bond (Figure 6.14). So, proteins and polypeptides
are naturally occurring polyamides.

Earlier work in Topic 5 showed that polypeptides and proteins are
synthesised in living things by condensation reactions between amino acids.
In these reactions, the amine group, −NH2, of one amino acid reacts with the
carboxylic acid group, −COOH, of another amino acid to split out water and
form an amide link (Figure 5.5).

This process is then repeated time after time to produce a polymer (protein)
with tens, hundreds or, in some cases, thousands of units.
The first synthetic and commercially important polyamides were various forms
of nylon. However, these were not produced from amino acids. Instead, they
were formed by condensation polymerisation between diamines and
dicarboxylic acids. One of the commonest forms of nylon is nylon-6,6. This is
made by a condensation reaction between 1,6-diaminohexane and
hexanedioic acid (Figure 6.15). The product is called nylon-6,6 because both
monomers contain six carbon atoms.
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type 1 vs type 2
The two types of polymer differ in the direction of 
successive functional groups along the chain. 

In type I polymers, the direction of each ester or 
amide linkage is the same, whereas in type II 
polymers, the direction of the ester or amide 
linkages alternates.

�16

type 1 vs type 2�17
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 28 Addition and condensation polymers

The second strategy, forming type II polymers, starts with two different 
monomers, one containing two carboxylic acid groups or two acyl chloride 
groups, and the other containing two alcohol groups or two amine groups (see 
Figure 28.8).
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Figure 28.8 Formation of type II 
condensation polymers

The two types of polymer differ in the direction of successive functional groups along 
the chain. In type I polymers, the direction of each ester or amide linkage is the same 
(see Figure 28.9a), whereas in type II polymers, the direction of the ester or amide 
linkages alternates (see Figure 28.9b).

Table 28.2 lists some common condensation polymers. The different nylons 
(polyamides) are named according to the number of carbon atoms contained within 
each monomer: the fi rst number is the number of carbon atoms in the diamine, and 
the second is the number of carbon atoms in the diacid.
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 28 Addition and condensation polymers

The second strategy, forming type II polymers, starts with two different 
monomers, one containing two carboxylic acid groups or two acyl chloride 
groups, and the other containing two alcohol groups or two amine groups (see 
Figure 28.8).
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Figure 28.8 Formation of type II 
condensation polymers

The two types of polymer differ in the direction of successive functional groups along 
the chain. In type I polymers, the direction of each ester or amide linkage is the same 
(see Figure 28.9a), whereas in type II polymers, the direction of the ester or amide 
linkages alternates (see Figure 28.9b).

Table 28.2 lists some common condensation polymers. The different nylons 
(polyamides) are named according to the number of carbon atoms contained within 
each monomer: the fi rst number is the number of carbon atoms in the diamine, and 
the second is the number of carbon atoms in the diacid.
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The amide functional group is:

A nitrogen atom is joined directly 
to C=O.

6b^YZh
An amide may be formed when a carboxylic acid is heated with an amine. 
As an amine is a base and a carboxylic acid is an acid, the initial reaction 
is an acid–base reaction to form a salt. Upon strong heating, this is then 
converted slowly to an amide. Overall the general reaction is: 

 heat
amine + carboxylic acid ~n amide + water

For example:

 39 Draw two repeat units of the polymer formed when the following molecules react:

V

W

 40 From which monomers could the following polymers be formed?
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This is not a very good method for 
making amides, and they are more 
usually prepared by reacting an acyl 
chloride or acid anhydride with an 
amine.
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This is a condensation reaction, as water is eliminated when the 
two molecules are added together. The reaction is equivalent to the 
esterifi cation reaction shown previously.
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To work out the monomers from a polymer chain the following 
procedure is followed:

=AGiven a polymer chain, the repeat unit may be generated:
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To work out the monomers from a polymer chain the following 
procedure is followed:

=AGiven a polymer chain, the repeat unit may be generated:
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To work out the monomers from a polymer chain the following 
procedure is followed:

=AGiven a polymer chain, the repeat unit may be generated:

generating repeat units from polyesters�22
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The amide functional group is:

A nitrogen atom is joined directly 
to C=O.

6b^YZh
An amide may be formed when a carboxylic acid is heated with an amine. 
As an amine is a base and a carboxylic acid is an acid, the initial reaction 
is an acid–base reaction to form a salt. Upon strong heating, this is then 
converted slowly to an amide. Overall the general reaction is: 

 heat
amine + carboxylic acid ~n amide + water

For example:

 39 Draw two repeat units of the polymer formed when the following molecules react:
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 40 From which monomers could the following polymers be formed?
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This is not a very good method for 
making amides, and they are more 
usually prepared by reacting an acyl 
chloride or acid anhydride with an 
amine.
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This is a condensation reaction, as water is eliminated when the 
two molecules are added together. The reaction is equivalent to the 
esterifi cation reaction shown previously.
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The amide functional group is:

A nitrogen atom is joined directly 
to C=O.

6b^YZh
An amide may be formed when a carboxylic acid is heated with an amine. 
As an amine is a base and a carboxylic acid is an acid, the initial reaction 
is an acid–base reaction to form a salt. Upon strong heating, this is then 
converted slowly to an amide. Overall the general reaction is: 

 heat
amine + carboxylic acid ~n amide + water

For example:

 39 Draw two repeat units of the polymer formed when the following molecules react:
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This is not a very good method for 
making amides, and they are more 
usually prepared by reacting an acyl 
chloride or acid anhydride with an 
amine.
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This is a condensation reaction, as water is eliminated when the 
two molecules are added together. The reaction is equivalent to the 
esterifi cation reaction shown previously.

polyamides
Polyamides contain amide linkages formed 
between the amine and carboxylic acid/or acyl 
chloride functional groups.

�24

polyamides
Polyamides are polymers in which the monomers 
are linked by an amide bond. This is exactly the 
same as the amide bond in proteins, in which it is 
usually called the peptide bond.  

The first synthetic and commercially important 
polyamides were various forms of nylon.

�25
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An example of a reaction involving the formation of a polyamide is:
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The repeat units and monomers for polyamides may be worked out in 
basically the same way as described on pages 474 and 475 for polyesters.

=A

1,6-diaminohexane can also be 
called hexane-1,6-diamine.

A general scheme for the polymerisation reaction showing the 
formation of the repeat unit is shown in Figure 10.28.

type 2 polyamides�27

Poly(lactic acid) is manufactured by the condensation polymerisation of a
single monomer which contains both a carboxylic acid group, −COOH, and
an alcohol group, −OH (Figure 6.13).

Figure 6.13 !
The synthesis of poly(lactic acid) by condensation polymerisation.

Polyamides
Polyamides are polymers in which the monomers are linked by an amide
bond. This is exactly the same as the amide bond in proteins, in which it is
usually called the peptide bond (Figure 6.14). So, proteins and polypeptides
are naturally occurring polyamides.

Earlier work in Topic 5 showed that polypeptides and proteins are
synthesised in living things by condensation reactions between amino acids.
In these reactions, the amine group, −NH2, of one amino acid reacts with the
carboxylic acid group, −COOH, of another amino acid to split out water and
form an amide link (Figure 5.5).

This process is then repeated time after time to produce a polymer (protein)
with tens, hundreds or, in some cases, thousands of units.
The first synthetic and commercially important polyamides were various forms
of nylon. However, these were not produced from amino acids. Instead, they
were formed by condensation polymerisation between diamines and
dicarboxylic acids. One of the commonest forms of nylon is nylon-6,6. This is
made by a condensation reaction between 1,6-diaminohexane and
hexanedioic acid (Figure 6.15). The product is called nylon-6,6 because both
monomers contain six carbon atoms.

68

Figure 6.14 !
The amide bond is usually called the
peptide bond in proteins.

peptide
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Figure 6.15 "
Condensation
polymerisation to make
nylon-6,6.
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Figure 6.12 !
The blazer, tie, shirt and trousers that this
schoolboy is wearing may all contain
polyester (Terylene). The fabrics are hard
wearing, washable and relatively cheap.

nylon�28
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An example of a reaction involving the formation of a polyamide is:

C
8

D

D

8
D

C

=

Vb^YZ�\gdje

X]V^c�XVc
Xdci^cjZ

X]V^c�XVc
Xdci^cjZ

Y^XVgWdmna^X�VX^Y

Y^Vb^cZ

XdcYZchVi^dc
gZVXi^dc

8
D

D=
8

D

D

=

CC

= =

==

= = =

;^\jgZ�&%#'-� <ZcZgVi^dc�d[�V�gZeZVi�jc^i�^c�V�edanbZg^hVi^dc�gZVXi^dc�id�[dgb�V�
edanVb^YZ#

8

=

=

88

=

=

8dd

&!+"Y^Vb^cd]ZmVcZ ]ZmVcZY^d^X�VX^Y

]ZVi

gZeZVi�jc^i�d[�edanbZg��cnadc�+!+�

 

 ��'dÄ&�='D

8

=

=

=

= D =

D

D=

D

8

8

=

=

88

=

=

8 8

=

=

8

=

=

D

D=

C

=

=

8

=

=

8

=

=

8

=

=

8

=

=

8

=

=

8C

C

=

=

8

=

=

8

=

=

8

=

=

8

=

=

8

=

=

8

=

C=

D

d

=

=

=

=

=

The repeat units and monomers for polyamides may be worked out in 
basically the same way as described on pages 474 and 475 for polyesters.

=A

1,6-diaminohexane can also be 
called hexane-1,6-diamine.

A general scheme for the polymerisation reaction showing the 
formation of the repeat unit is shown in Figure 10.28.

kevlar
Kevlar is created by the reaction between 1,4-
diaminobenzene and the diacyl chloride of 
benzene-1,4-dioic acid.

�29
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As explored in Section C3 on page 12, the structure of a polymer 
has a signifi cant impact on its physical properties – e.g. atactic vs 
isotactic polypropene. The same is true for many polymers formed by 
condensation reactions.

@ZkaVg
Kevlar is a para-aramid polymer (‘aramid’ is short for ‘aromatic amide’) 
created by the reaction between 1,4-diaminobenzene and terephthaloyl 
chloride (the diacyl chloride of benzene-1,4-dioic acid) (Figure C22).

The polymer chains align themselves in such a way that allows for 
the formation of comparatively strong intermolecular hydrogen bonds 
between amide groups (C=O to H–N) along the whole chain (Figure 
C23). Additional intermolecular interactions arise in the form of extensive 
van der Waals’ forces. These hold the polymer chains together very tightly 
and contribute to Kevlar’s high tensile strength.
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An acyl chloride has a similar 
structure to a carboxylic acid, 
except that the OH group has been 
replaced with a Cl. This means that 
in the formation of Kevlar, HCl, 
rather than water, is eliminated.

Kevlar is used in protective 
clothing, including armour, 
synthetic ropes and sporting 
equipment.
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In Kevlar, intermolecular forces hold the polymer chains together. As we 
saw in Figure C19, in phenol–methanal plastics there are covalent bonds, 
called cross-links, between chains. As covalent bonds are much stronger 
than intermolecular forces, cross-linked phenol–methanal plastics are 
harder and more rigid than Kevlar; hence their use in making items such 
as pool balls.
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To create a polymer with diff ering 
levels of cross-linking, the 
methanal : phenol ratio is varied. If 
the molar ratio of methanal : phenol 
is less than one, few cross-links 
form. However, when the molar 
ratio rises to about 1.5, the 
incidence of cross-linking is much 
higher and the plastic produced is 
far more rigid, thermostable and 
resistant to chemicals.
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As explored in Section C3 on page 12, the structure of a polymer 
has a signifi cant impact on its physical properties – e.g. atactic vs 
isotactic polypropene. The same is true for many polymers formed by 
condensation reactions.

@ZkaVg
Kevlar is a para-aramid polymer (‘aramid’ is short for ‘aromatic amide’) 
created by the reaction between 1,4-diaminobenzene and terephthaloyl 
chloride (the diacyl chloride of benzene-1,4-dioic acid) (Figure C22).

The polymer chains align themselves in such a way that allows for 
the formation of comparatively strong intermolecular hydrogen bonds 
between amide groups (C=O to H–N) along the whole chain (Figure 
C23). Additional intermolecular interactions arise in the form of extensive 
van der Waals’ forces. These hold the polymer chains together very tightly 
and contribute to Kevlar’s high tensile strength.
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An acyl chloride has a similar 
structure to a carboxylic acid, 
except that the OH group has been 
replaced with a Cl. This means that 
in the formation of Kevlar, HCl, 
rather than water, is eliminated.

Kevlar is used in protective 
clothing, including armour, 
synthetic ropes and sporting 
equipment.
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In Kevlar, intermolecular forces hold the polymer chains together. As we 
saw in Figure C19, in phenol–methanal plastics there are covalent bonds, 
called cross-links, between chains. As covalent bonds are much stronger 
than intermolecular forces, cross-linked phenol–methanal plastics are 
harder and more rigid than Kevlar; hence their use in making items such 
as pool balls.
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To create a polymer with diff ering 
levels of cross-linking, the 
methanal : phenol ratio is varied. If 
the molar ratio of methanal : phenol 
is less than one, few cross-links 
form. However, when the molar 
ratio rises to about 1.5, the 
incidence of cross-linking is much 
higher and the plastic produced is 
far more rigid, thermostable and 
resistant to chemicals.
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As explored in Section C3 on page 12, the structure of a polymer 
has a signifi cant impact on its physical properties – e.g. atactic vs 
isotactic polypropene. The same is true for many polymers formed by 
condensation reactions.

@ZkaVg
Kevlar is a para-aramid polymer (‘aramid’ is short for ‘aromatic amide’) 
created by the reaction between 1,4-diaminobenzene and terephthaloyl 
chloride (the diacyl chloride of benzene-1,4-dioic acid) (Figure C22).

The polymer chains align themselves in such a way that allows for 
the formation of comparatively strong intermolecular hydrogen bonds 
between amide groups (C=O to H–N) along the whole chain (Figure 
C23). Additional intermolecular interactions arise in the form of extensive 
van der Waals’ forces. These hold the polymer chains together very tightly 
and contribute to Kevlar’s high tensile strength.

8>

D
C='

C='

8>

D
8

8

V W

;^\jgZ�8''� I]Z�ild�bdcdbZg�jc^ih�
[dg�i]Z�egdYjXi^dc�d[�@ZkaVg/��V��
&!)"Y^Vb^cdWZcoZcZ�VcY��W��iZgVe]i]Vadna�
X]adg^YZ#

An acyl chloride has a similar 
structure to a carboxylic acid, 
except that the OH group has been 
replaced with a Cl. This means that 
in the formation of Kevlar, HCl, 
rather than water, is eliminated.

Kevlar is used in protective 
clothing, including armour, 
synthetic ropes and sporting 
equipment.
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In Kevlar, intermolecular forces hold the polymer chains together. As we 
saw in Figure C19, in phenol–methanal plastics there are covalent bonds, 
called cross-links, between chains. As covalent bonds are much stronger 
than intermolecular forces, cross-linked phenol–methanal plastics are 
harder and more rigid than Kevlar; hence their use in making items such 
as pool balls.
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To create a polymer with diff ering 
levels of cross-linking, the 
methanal : phenol ratio is varied. If 
the molar ratio of methanal : phenol 
is less than one, few cross-links 
form. However, when the molar 
ratio rises to about 1.5, the 
incidence of cross-linking is much 
higher and the plastic produced is 
far more rigid, thermostable and 
resistant to chemicals.
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kevlar
The exceptional properties of Kevlar® have led to 
its use in making bullet-proof vests, ropes, re-
protective clothing (as used by Formula 1 racing 
drivers) and modern ‘leathers’ worn by motorcycle 
riders. It is also used to reinforce other materials, 
such as the rubber in tyres. 
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kevlar
The polymer chains align themselves in such a way 
that allows for the formation of comparatively 
strong intermolecular hydrogen bonds between 
amide groups (C=O to H–N) along the whole chain. 
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As explored in Section C3 on page 12, the structure of a polymer 
has a signifi cant impact on its physical properties – e.g. atactic vs 
isotactic polypropene. The same is true for many polymers formed by 
condensation reactions.

@ZkaVg
Kevlar is a para-aramid polymer (‘aramid’ is short for ‘aromatic amide’) 
created by the reaction between 1,4-diaminobenzene and terephthaloyl 
chloride (the diacyl chloride of benzene-1,4-dioic acid) (Figure C22).

The polymer chains align themselves in such a way that allows for 
the formation of comparatively strong intermolecular hydrogen bonds 
between amide groups (C=O to H–N) along the whole chain (Figure 
C23). Additional intermolecular interactions arise in the form of extensive 
van der Waals’ forces. These hold the polymer chains together very tightly 
and contribute to Kevlar’s high tensile strength.
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An acyl chloride has a similar 
structure to a carboxylic acid, 
except that the OH group has been 
replaced with a Cl. This means that 
in the formation of Kevlar, HCl, 
rather than water, is eliminated.

Kevlar is used in protective 
clothing, including armour, 
synthetic ropes and sporting 
equipment.
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In Kevlar, intermolecular forces hold the polymer chains together. As we 
saw in Figure C19, in phenol–methanal plastics there are covalent bonds, 
called cross-links, between chains. As covalent bonds are much stronger 
than intermolecular forces, cross-linked phenol–methanal plastics are 
harder and more rigid than Kevlar; hence their use in making items such 
as pool balls.
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To create a polymer with diff ering 
levels of cross-linking, the 
methanal : phenol ratio is varied. If 
the molar ratio of methanal : phenol 
is less than one, few cross-links 
form. However, when the molar 
ratio rises to about 1.5, the 
incidence of cross-linking is much 
higher and the plastic produced is 
far more rigid, thermostable and 
resistant to chemicals.

=A

kevlar
Additional intermolecular interactions arise in the 
form of extensive van der Waals’ forces. These hold 
the polymer chains together very tightly and 
contribute to Kevlar’s high tensile strength. 
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 42 Name the following amides:

V W X

 43 Write an equation for the formation of a polymer from the monomers shown.

 44 Give the structures of the monomers that could be used to produce the polymer shown:
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 42 Name the following amides:

V W X

 43 Write an equation for the formation of a polymer from the monomers shown.

 44 Give the structures of the monomers that could be used to produce the polymer shown:
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Hydrolysis
The ester link in a polyester and the amide link in a 
polyamide are both polar and are subject to acid-
catalysed and base-catalysed hydrolysis. 

�36

219
Condensation polym

ers 

Hydrolysis of condensation polymers
The ester link in a polyester and the amide link in a polyamide are both 
polar and are subject to acid-catalysed and base-catalysed hydrolysis.

δ–

δ–

δ–

δ–
δ+ δ+

δ+

Ester
link

Amide
link

C

O

O

O

H

H C N

Acid hydrolysis of a polyester results in the formation of a diol and a dioic 
acid:

Polyester + H O Diol + Dioic acid2
H (aq) catalyst+

⎯ →⎯⎯⎯⎯

Test yourself

1 Nylon is a generic name for aliphatic polyamides.
a)  What is meant by aliphatic?
b) What is an amide?
c) Draw two repeat sections of nylon-6,10.
d) Name the nylon below:

N
N N

N

H

H

OO

H

H

OO

2 Draw two repeat units of the polymer that could be formed from each  
of the following monomers.

NH2C

O

HO

a)
C

O Cl

OH

c)CHCH2
b)

3 A section of a polymer is shown below:

O

C CH2 CH2

CH2 CH2

C

O

O O

C C

O

O

O

O

a) What type of polymerisation will produce the polymer above.
b) Identify the repeat unit in the polymer.
c) Identify the two monomers used to produce the polymer.

Hydrolysis of polyesters
Polyesters can be hydrolysed in a similar way to 
simple esters forming products with carboxylic 
acid and alcohol groups.
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6.5 The hydrolysis of polyesters and polyamides

Esters and polyesters
In Topic 3, we found that an ester can be hydrolysed to form an acid and an
alcohol.

Both acids and alkalis can catalyse the hydrolysis. Hydrolysis catalysed by acid
is the reverse of the reaction used to synthesise esters from carboxylic acids
and alcohols.

Base catalysis is generally more efficient because it is not reversible. This is
because the acid reacts with the base as soon as it is produced to form its
carboxylate salt, which does not react with the alcohol.

CH3COOH(aq) + OH−(aq) → CH3COO−(aq) + H2O(l)
ethanoic acid ethanoate

Polyesters can be hydrolysed in a similar way to simple esters forming products
with carboxylic acid and alcohol groups (Figure 6.23).

If the reaction is catalysed by an acid, the product is lactic acid
(2-hydroxypropanoic acid). If the reaction is catalysed by a base, the lactic
acid produced reacts with the base to form a salt.

HO−CH(CH3)−COOH(aq) + NaOH(aq) 
→ HO−CH(CH3)−COONa(aq) + H2O(l)

Polyamides
In Topic 5, we found that peptides and proteins could by hydrolysed to form
amino acids, and that the hydrolysis was catalysed by both acids and bases.
However, when the reaction is catalysed by acid, H+ ions from the acid react
with −NH2 groups in the amino acids produced to form cations containing the
−NH3

+ group.
But, when the reaction is catalysed by base, ions such as OH− from the base

react with −COOH groups in the amino acids produced to form carboxylate
anions containing the −COO− group.

Polyamides which contain the amide group, , like proteins, are
hydrolysed in the same way.

The products are compounds containing
carboxylic acid groups, −COOH, and amine groups, −NH2. If the hydrolysis is
catalysed by acid, the −NH2 groups are converted to −NH3

+; and if the
reaction is catalysed by base, the −COOH groups are converted to −COO−

(Figure 6.24).

O

NC

H

72

Figure 6.22 !
The hydrolysis of a simple ester, ethyl
ethanoate.

ethanoic acid ethanolethyl ethanoate

+ H2O + CH3CH2OHCH3

O

C

O

CH3

OH

C

O

CH2CH3

Figure 6.23 !
The hydrolysis of poly(lactic) acid.

lactic acid
(2-hydroxypropanoic acid)

OH

O

C +     (n – 1)H2O

n

OH

CH3 CH3

H

C

OH

CO

O

n H

H

C
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C

O

C

O

O

C

+    H2O

H+(aq) catalyst

O

OH

C

HO

O

Polyester (terylene)

Ethane-1,2-diol

HO CH2CH2 OH

CH2CH2O

Benzene-1,4-dioic acid

Base hydrolysis of a polyester also forms a diol, but the dioic acid formed 
then reacts with the base catalyst to form the dioate salt. The products of 
refluxing Terylene® with an aqueous solution of NaOH(aq) are:

C

O

O–Na+

C

Na+O–

O

HOand CH2CH2 OH

Polyamides can also be hydrolysed:

● Acid-catalysed hydrolysis results in the formation of the dioic acid and 
the di-salt of the diamine.

● Base-catalysed hydrolysis results in the formation of the diamine and 
the di-salt of the dioic acid.

Hydrolysis of polyamides is summarised in the reaction scheme below.

Nylon-6,6

Acid hydrolysis

Base hydrolysis

Acid catalyst forms a 
salt with the diamine

Base catalyst forms a 
salt with the dioic acid

H

N (CH2)6

H

N

O

C(CH2)4

O

C

H

N (CH2)6

H3N
+ +

(CH2)6 NH3 

O

CHOand (CH2)4

O

C OH

H2N (CH2)6 NH2 

O

C–Oand (CH2)4

O

C O–

H

N

O

CH(CH2)4

O

C

Polyamides, such as nylon, and polyesters containing aromatic groups are 
fairly resistant to hydrolysis (Figure 11.7), unless the reaction is catalysed 
by acid or base. But polyesters made from purely aliphatic monomers 
hydrolyse slowly at pH 7 without acid or base catalysts. This has led to the 
use of poly(glycolic) acid for stitching internal wounds. Once the stitches 
(sutures) have been inserted and the surgical incision closed, the stitches 
dissolve slowly in the patient’s tissue fluid.

Hydrolysis of polyamides
Polyamides are hydrolysed in the same way. The 
products are compounds containing carboxylic acid 
groups, −CO2H, and amine groups, −NH2.  

If the hydrolysis is catalysed by acid, the −NH2 groups 
are converted to −NH3+; and if the reaction is catalysed 
by base, the −CO2H groups are converted to −COO− 
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Hydrolysis of polyamides
Simple amides are easily hydrolysed by reacting 
with dilute acids and alkalis.  

Hydrolysis is faster at high temperatures.  

Kevlar is far more resistant to hydrolysis than nylon. 
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Figure 6.24 !
The hydrolysis of nylon-6,6 by acid and base.

6.6 The development of degradable polymers
As it becomes more and more expensive to dump waste in landfill sites,
plastics are seen as an increasing problem. The major problem with most
plastic waste is that it is non-biodegradable. This means that the only choices
for dealing with plastic waste are recycling and energy recovery.

Although some progress has been made, the separation, sorting and
recycling of different plastics is difficult to mechanise and automate.

Modern incinerators, which burn plastic waste in order to recover the
energy from its combustion, have to meet tough environmental standards.
Despite these higher standards, many people remain suspicious of the
emissions from incinerators and worry that they are a health risk.
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10 A bottle made of poly(phenylethene) can be used to store dilute potassium
hydroxide, but holes gradually appear in a polyester lab coat which has soaked
up splashes of the same reagent. Account for the difference in the behaviour of
the two polymers.

11 Suggest a reason why many polyesters and polyamides are degradable while
poly(alkenes) are not.

12 a) Which type of plastic makes up most of the plastic waste from households –
condensation or addition polymers?

b) What are the implications of this when it comes to disposing of the waste?
13 Explain the difference between a co-polymer and a composite.
14 Nylon-6 contains the repeat unit shown below.

Draw the structures of the products formed when it is hydrolysed by refluxing
with:
a) dilute hydrochloric acid
b) sodium hydroxide solution.

N

H

( CH2 )5 C

O

Test yourself

The development of degradable polymers

Figure 6.25 !
The managing director of a Dutch
recycling company standing in a pile of
plastic bottle tops and holding a roll of
recycled plastic made from them.
Separation and sorting was no problem
in this case!

addition polymers: skill check
Draw two repeat units of the polymer formed from 
each of the following monomers or pair of 
monomers. 
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Figure 28.6 Products made from rubber, SBR and ABS

Addition polymerisation of other ethene 
derivatives
Most compounds containing the >C “ C< group will undergo polymerisation. Several 
important polymers are made from monomers in which some or all of the hydrogen 
atoms in ethene have been replaced by other atoms or groups. Some of them, with 
their uses, are listed in Table 28.1.

Monomer Polymer Uses

chloroethene
CH2 “ CHCl

poly(chloroethene)
(polyvinylchloride, PVC)

guttering, water pipes, 
windows, fl oor coverings

tetrafl uoroethene
CF2 “ CF2

poly(tetrafl uoroethene)
(Tefl on, PTFE)

non-stick cookware, bridge 
bearings

methyl 2-methylpropenoate
CH2 “ C(CH3)CO2CH3

poly(methyl 2-methylpropenoate)
(Perspex)

protective ‘glass’, car rear 
lights, shop signs

methyl 2-cyanopropenoate
CH2 “ C(CN)CO2CH3

poly(methyl 2-cyanopropenoate)
(cyanoacrylate)

instant ‘superglue’

cyanoethene
CH2 “ CH¬CN

poly(cyanoethene)
(acrylic)

co-polymerised with 
components of ‘acrylic’ 
fi bres, ABS

Worked example 1
Draw two repeat units of the polymer formed from each of the following monomers or 
pair of monomers.

a CH2 “ CH¬OCOCH3

b CH2 “ CCl¬CH “ CH2

c CH2 “ CHCl and CH2 “ CH¬CH3

Answer
a

b

c
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CH
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Table 28.1 Structures and uses of some 
addition polymers
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addition polymers: skill check
draw the structures of the monomers of the 
following polymers.
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Figure 28.6 Products made from rubber, SBR and ABS
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a

b

c
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Worked example 2
The following are sections of addition polymers. Draw the monomer(s) from which they are 
formed.

a pCH2¬ CH(CN)¬ CH2¬ CH(CN)¬ CH2
p

b pCH2¬ C(CN) “ CH¬ CH(CN)¬ CH2¬ C(CN) “ CH¬ CH(CN)¬ CH2
p

Answer

a CH2 “ CH(CN)  b CH2 “ C(CN)¬ CH “ CH(CN)

Now try this
Suggest the monomer(s) from which the following polymers have been made.

1 2

 28.2  Condensation polymers
There are two strategies for making condensation polymers. Each strategy results in a 
different type of polymer.

The fi rst strategy, producing type I polymers, starts with a monomer containing 
two different functional groups that can condense together to form either ester or 
amide groups (see Figure 28.7).
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Figure 28.7 Formation of type I 
condensation polymers
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dienes
When a diene undergoes addition polymerisation, 
a double bond is still present in the product. 
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rubber
Rubber is an addition polymer of 2-methylbutadiene.

�45

471

 28 Addition and condensation polymers

Rubber – natural and synthetic co-polymers
The rubber tree is indigenous to South America, but large plantations have been 
established in India and Malaysia. When its bark is stripped, it oozes a white 
sticky liquid called latex, which is an emulsion of rubber in water. Purifi cation 
of this produces rubber. In its natural state, rubber is not particularly useful. It 
has a low melting point, is sticky and has a low tensile strength. In 1839, Charles 
Goodyear discovered the process of vulcanisation, which involves heating 
natural rubber with sulfur. This produces a substance with a higher melting point 
and of greater strength. Rubber is an addition polymer of 2-methylbutadiene 
(isoprene) (see Figure 28.3).

Note that when a diene undergoes addition polymerisation, a double bond is still 
present in the product. This double bond may be cis or trans. In natural rubber, the 
long chain is cis across all the double bonds. From different trees, a naturally occurring 
substance called gutta percha can be obtained; this is an isomer of rubber in which all 
double bonds are trans. Gutta percha is harder than rubber, and in the 19th century 
was used as a coating for golf balls.
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C or

isoprene
(2-methylbutadiene)

rubber

C

HCH3

CH2 CH2

Figure 28.3 Isoprene undergoes addition 
polymerisation to form rubber.

Figure 28.4 A rubber tree being tapped. The 
white latex is converted to rubber suitable for 
tyres by the process of vulcanisation.

Poly(phenylethene) is used for packaging (for example, egg boxes), and model kits 
(because when it is moulded it can depict fi ne details exactly). When an inert gas is 
bubbled through the phenylethene as it is being polymerised, the familiar white, very 
light, solid known as expanded polystyrene is formed. This is used as a protective 
packaging, and for sound and heat insulation. 

Figure 28.2 In phenylethene, the monomer 
units line up head to tail.
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CH2R O    + CH

CH2R O +CH CH2 CH CH2R O CH CH2 CH

CH2R O CH

RO OR RO +
heat
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Rubber – natural and synthetic co-polymers
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addition polymers: skill check
The following are sections of addition polymers. 
Draw the monomer(s) from which they are formed. 
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Worked example 2
The following are sections of addition polymers. Draw the monomer(s) from which they are 
formed.

a pCH2¬ CH(CN)¬ CH2¬ CH(CN)¬ CH2
p

b pCH2¬ C(CN) “ CH¬ CH(CN)¬ CH2¬ C(CN) “ CH¬ CH(CN)¬ CH2
p

Answer

a CH2 “ CH(CN)  b CH2 “ C(CN)¬ CH “ CH(CN)

Now try this
Suggest the monomer(s) from which the following polymers have been made.

1 2

 28.2  Condensation polymers
There are two strategies for making condensation polymers. Each strategy results in a 
different type of polymer.

The fi rst strategy, producing type I polymers, starts with a monomer containing 
two different functional groups that can condense together to form either ester or 
amide groups (see Figure 28.7).
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condensation polymers
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Suggest the monomer(s) from which the following polymers have been made.
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co-polymers
A co-polymer is formed when two or more different 
alkenes are polymerised together. 

Even if the ratio of monomers is 50:50, there is no 
guarantee that the monomer fragments will 
alternate along the chain. The order is fairly random 
(in contrast to condensation co-polymerisation).
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The presence of the double bond in rubber allows further addition reactions 
to take place. If liquid rubber is heated with sulfur, sulfur atoms add across some 
of the double bonds in different chains, cross-linking the rubber molecules (see 
Figure 28.5). This is what happens during the vulcanisation process. It stops the 
chains from moving past each other, and gives the material more rigidity.

Not all double bonds have sulfur added to them. That would make the substance too 
hard. About 5% sulfur by mass is adequate to give the desired properties. Many millions 
of tonnes of vulcanised rubber are made each year for the manufacture of car tyres.

Synthetic rubber-like polymers were developed when rubber was in short supply 
during the Second World War. The one most commonly used today is a co-polymer 
of phenylethene and butadiene, called SBR (styrene–butadiene rubber).

A co-polymer is formed when two or more different alkenes are polymerised 
together. Even if the ratio of monomers is 50 : 50, there is no guarantee that the 
monomer fragments will alternate along the chain. The order is fairly random (in 
contrast to condensation co-polymerisation – see sections 28.2 and 28.3).

styrene butadiene SBR

n

The product SBR still contains a double bond, and so can be vulcanised just like 
natural rubber.

Another co-polymer involving phenylethene and butadiene as reagents, along with 
acrylonitrile, is the tough, rigid plastic ABS, or acrylonitrile–butadiene–styrene:

phenylethene butadiene acrylonitrile ABS

n

CN
CN

Once again, the monomers join together in a fairly random manner, so the drawing 
of a particular ‘repeat unit’ does not imply a regular order. ABS is used for suitcases, 
telephones and other objects that need to be strong and hard, but not too brittle.
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Figure 28.5 Vulcanisation of rubber
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skill check
Q. Suggest the monomer(s) from which the 
following polymers have been made.
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Worked example 2
The following are sections of addition polymers. Draw the monomer(s) from which they are 
formed.

a pCH2¬ CH(CN)¬ CH2¬ CH(CN)¬ CH2
p

b pCH2¬ C(CN) “ CH¬ CH(CN)¬ CH2¬ C(CN) “ CH¬ CH(CN)¬ CH2
p

Answer

a CH2 “ CH(CN)  b CH2 “ C(CN)¬ CH “ CH(CN)

Now try this
Suggest the monomer(s) from which the following polymers have been made.

1 2

 28.2  Condensation polymers
There are two strategies for making condensation polymers. Each strategy results in a 
different type of polymer.

The fi rst strategy, producing type I polymers, starts with a monomer containing 
two different functional groups that can condense together to form either ester or 
amide groups (see Figure 28.7).
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condensation polymers
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conducting polymers
Some long-chain polymer molecules act as 
‘molecular wires’. 

 They contain conjugated double bonds, which 
means that the π bonds on adjacent alkene units 
overlap, and the π electrons become delocalised 
throughout the whole length of the polymer chain.
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The uses of PLA include replacing conventional plastics in the manufacture of 
bottles, disposable cups and textiles, but it is also used in applications where its slow 
biodegradability is an advantage. For example, in medicine it has found uses as a 
component of self-dissolving stitches and for implants in the form of screws and pins 
to keep bones in place whilst they heal (see Figure 28.17).

Conducting polymers
Graphite is a conductor of electricity because within each of its layers of carbon 
atoms there are delocalised electrons covering every atom within the layer. Thus, 
when a potential difference is applied at opposite ends of the layer, the delocalised 
electrons will fl ow from one end to the other.

Some long-chain polymer molecules act as ‘molecular wires’. They contain 
conjugated double bonds, which means that the π bonds on adjacent alkene units 
overlap, and the π electrons become delocalised throughout the whole length of the 
polymer chain (see Figure 28.18).
Just as with the three-dimensional delocalised electrons in metals, or the two-
dimensional delocalised electrons in the sheets of graphite or graphene, these one-
dimensional delocalised electrons can conduct a current when a potential difference 
is applied to the ends of the polymer. An eventual aim is to construct micro-miniature 
circuits that can lead electrical signals to ‘molecular microchips’ in the heart of computing 
devices that will be thousands of times smaller than today’s silicon-based units.

Three main classes of conducting polymers are the polyacetylenes, the 
polyphenylene vinylenes and the polythiophenes (see Figure 28.19).
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The uses of PLA include replacing conventional plastics in the manufacture of 
bottles, disposable cups and textiles, but it is also used in applications where its slow 
biodegradability is an advantage. For example, in medicine it has found uses as a 
component of self-dissolving stitches and for implants in the form of screws and pins 
to keep bones in place whilst they heal (see Figure 28.17).

Conducting polymers
Graphite is a conductor of electricity because within each of its layers of carbon 
atoms there are delocalised electrons covering every atom within the layer. Thus, 
when a potential difference is applied at opposite ends of the layer, the delocalised 
electrons will fl ow from one end to the other.

Some long-chain polymer molecules act as ‘molecular wires’. They contain 
conjugated double bonds, which means that the π bonds on adjacent alkene units 
overlap, and the π electrons become delocalised throughout the whole length of the 
polymer chain (see Figure 28.18).
Just as with the three-dimensional delocalised electrons in metals, or the two-
dimensional delocalised electrons in the sheets of graphite or graphene, these one-
dimensional delocalised electrons can conduct a current when a potential difference 
is applied to the ends of the polymer. An eventual aim is to construct micro-miniature 
circuits that can lead electrical signals to ‘molecular microchips’ in the heart of computing 
devices that will be thousands of times smaller than today’s silicon-based units.

Three main classes of conducting polymers are the polyacetylenes, the 
polyphenylene vinylenes and the polythiophenes (see Figure 28.19).
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conducting polymers
Just as with the three-dimensional delocalised 
electrons in metals, or the two- dimensional 
delocalised electrons in the sheets of graphite or 
graphene, these one- dimensional delocalised 
electrons can conduct a current when a potential 
difference is applied to the ends of the polymer.
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Cross-linked polymers
A cross-link is a bond that links one polymer chain 
to another. They can be covalent bonds or ionic 
bonds. 

The cross-linking of the chains of the rubber 
molecules makes the rubber harder, stronger, less 
flexible and less ‘sticky’. 
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Figure 28.22 The sulfur bridges between polymer chains make rubber more resilient.

Non-solvent-based adhesives
Traditional adhesives (glues) use an organic solvent to 
dissolve a polymer that will stick two surfaces together. 
After applying the adhesive, the solvent evaporates off and 
the solid polymer is left behind and acts as the glue. The 
solvent used is often the ester, ethyl ethanoate, as it has a 
low toxicity and is volatile. However, it is flammable and 
other organic solvents used in adhesives are harmful to 
health. Therefore chemists have developed glues that do 
not rely on organic solvents that are a source of pollution.

The main component of non-solvent-based adhesives 
is often a polymer that contains silicon bonded to oxygen. 
They set (or cure) by reacting with the moisture present 
in air. The water hydrolyses the silicon–oxygen parts of 
the polymer chain, which form cross-linkages between 
each other. This effectively bonds the polymer chains 
to each other with strong covalent bonds. The cross-
linking siloxane grouping is   Si    O    Si   , which is 
the equivalent of an ether functional group in carbon 
chemistry (see Figure 28.23).

2RSi(OCH3)2R’  +  H2O → [RSi(OCH3)R’]2O  +  2CH3OH

The polymers are called ‘silyl modified polymers’ (SMPs) 
and are non-toxic and environmentally friendly, and they 

set quickly. They perform well with most materials under a 
wide range of conditions (see Figure 28.24).

siloxane
cross-linkage

hydrolysis

Si

Si

OCH3

OCH3

Si

OCH3

Si

OCH3

O

OCH3

+2CH3OH

H2O+

Figure 28.23 This shows how hydrolysis of a Si  O  CH3 
grouping can form a siloxane cross-link between polymer 
chains. As an adhesive sets (cures) many of these strong 
covalent links will be formed to produce a giant network.
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condensation polymers

PTFE
The opposite effect is noticed with polytetrafl uoroethene, PTFE (see Topic 14). Here, 
all of the hydrogen atoms in the polymer have been replaced by fl uorine atoms. 
Fluorine is the most electronegative element in the Periodic Table, and strongly 
attracts the electrons in covalent bonds attached to it. This means that the electrons 
are held fi rmly and are not easily polarised. This results in very weak van der Waals’ 
forces between PTFE molecules and each other and, more importantly, between PTFE 
molecules and other molecules. It is the intermolecular forces that cause molecules to 
stick together, and so PTFE is used as a non-stick surface on cookware, and also for 
the bearings at the ends of bridges that might expand and contract with changes in 
the environment’s temperature.

‘Ecopolymers’
Until recently, the raw materials for most polymers came from the products of the 
refi ning of crude oil, which is a fi nite, non-renewable and diminishing resource. 
Also, the disposal of polymeric materials after their useful life has caused problems 
of pollution, since many are non-biodegradable. Both of these problems have been 
partially overcome by an increase in the recycling of polymers: thermal cracking 
of polyethene can convert it into its monomer, ethene, which can then be reused; 
the polyethylene-terephthalate (PET) from plastic bottles can be converted into a 
wool-like material for fl eeces and other clothing.

An alternative solution is to use renewable plant material to make polymers that 
are also biodegradable. The most commonly used is poly(2-hydroxypropanoic acid) 
(poly(lactic acid), PLA).

Hydroxypropanoic acid is a naturally occurring compound, which is made industrially 
by the fermentation of corn starch or sugar. PLA is easily hydrolysed, either 
chemically or by esterase enzymes, to re-form hydroxypropanoic acid, which is 
readily metabolised by all living matter into CO2 and water.
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Breaking down condensation polymers
Condensation polymers are formed from two monomers, releasing a 
small molecule in the process. These polymers can be broken down by 
the reverse reaction. Proteins, for example, are hydrolysed (a reaction 
that adds water) to amino acids during digestion. Polyamides with 
strong hydrogen bonding such as Kevlar can dissolve in sulfuric acid: 
the acid donates a proton to the oxygen and nitrogen atoms involved 
in hydrogen bonding. This breaks hydrogen bonds between chains of 
Kevlar fibres and the substance dissolves. 
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▲  Figure 3 Strong hydrogen bonds between polymer chains in Kevlar. Care must be taken to 
avoid interfering with hydrogen bond formation during production; for example the solvents 
must be free of ion impurities

Nylon, another polyamide, reacts readily with dilute acids in a hydrolysis 
reaction. The amide linkages in Kevlar are somewhat more resistant to 
acid attack than is nylon, but acids break the hydrogen bonds reducing 
the strength of the polymer. In breaking down amides to amines and 
carboxylic acids the condensation product, water, must be added and 
the reaction proceeds faster at high temperatures. Steam at a pH much 
greater or less than 7 can be used to break down a polyamide as an H+ or 
OH- ion will initiate the hydrolysis reaction.

Structural property Physical property Example

Chain length The longer the chain, the stronger the 
polymer. 

Longer polymer chains have higher 
melting point, increased strength, and 

increased impact resistance due to 
increased van der Waals’ forces.

Branching and packing structures Straight unbranched chains can pack 
more closely. A higher degree of 

branching keeps strands apart and 
weakens intermolecular forces.

HDPE with no branching is more rigid 
than the more branched LDPE. Use 
of plasticizers in PVC to soften the 

polymer.

Side groups on monomers Hydrogen bonding can increase 
strength, eg Kevlar. Atactic and 

isotactic placement can influence 
strength, eg polystyrene.

Polystyrene

Cross-linking Extensive covalently bonded cross-
linkage increases polymer strength. 

Vulcanized rubber, Bakelite

▲  Table 1 Summary of polymer properties
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Table 11.2 A comparison of addition and condensation polymerisation.

Differences Addition polymers Condensation polymers

The type of reaction Addition reaction only Addition reaction followed by elimination reaction, 
resulting in the condensation of a small molecule such 
as H2O or HCl

Type of links along the 
central chain

C-C single bonds only, which are  
non-polar

Short aliphatic or aryl sections linked by either ester 
groups or amide groups, which are polar

The type of monomer 
involved

All monomers have C=C double bond The monomers have molecules with at least two 
functional groups, which may be the same or different

Hydrolysis Resistant to hydrolysis Undergo hydrolysis

Conditions for preparation Require an initiator, together with high 
temperature and high pressure, unless 
a catalyst is involved

Do not require initiators and usually occur at much 
lower temperatures and atmospheric pressure

Polymer properties Non-polar and resistant to attack Polar and subject to hydrolysis

As polymer science has grown, chemists and material scientists have learnt 
how to develop new materials with particular properties. Some of the ways 
of modifying the properties of polymers include:

● altering the average length of polymer chains

● changing the structure of the monomer to one with different side groups 
and different intermolecular forces, thereby varying the extent of cross-
linking between chains

● selecting a monomer which produces a polymer that is biodegradable or 
photodegradable 

● adding fillers and pigments.

The development of degradable polymers
As it becomes more and more expensive to dump waste in landfill sites, 
plastics are seen as an increasing problem. The major problem with most 
plastic waste is that it is non-biodegradable. This means that the only 
choices for dealing with plastic waste are recycling and energy recovery. 

Although some progress has been made, the separation, sorting and 
recycling of different plastics is difficult to mechanise and automate. 

Modern incinerators, which burn plastic waste in order to recover the 
energy from its combustion, have to meet tough environmental standards. 
Despite these higher standards, many people remain suspicious of the 
emissions from incinerators and worry that they are a health risk.

These concerns over incineration and the difficulties in recycling have led 
chemists to look for other ways of minimising the waste from plastics. 
The most promising approach involves the development of biodegradable 
polymers, such as poly(lactic acid), see page 215. 

Another important approach is the development and use of condensation 
polymers that are either:

● photodegradable, in which the C=O bonds in condensation 
polymers absorb radiation that has sufficient energy to facilitate the 
decomposition of the polymer

● readily degraded by hydrolysis, such as poly(glycolic acid), see page 223. 

enviromengtal concerns
As it becomes more and more expensive to dump 
waste in landfill sites, plastics are seen as an 
increasing problem. The major problem with most 
plastic waste is that it is non-biodegradable. This 
means that the only choices for dealing with plastic 
waste are recycling and energy recovery. 
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degradable polymers 
Chemists are now developing degradable plastics 
that break down when they are discarded: 
biodegradable plastics and photodegradable 
plastics. 
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biodegradable polymers 
Scientists have developed plastics that contain 
small amounts of starch granules that the bacteria 
and fungi in moist soil can break down. So the 
plastic is broken into smaller pieces, with a larger 
surface area for decomposition to occur faster. 
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photodegradable polymers 
Polymer chains also have been designed that incorporate 
carbonyl groups (C=O) at intervals down their length. 
These carbonyl groups absorb uv radiation which causes 
the bonds in the region of the carbonyl group to weaken 
and break down. As the polymer breaks into smaller 
fragments, the plastic will biodegrade much more quickly 
if it is not chemically inert. 
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PLA
The most commonly used degradable polymer is 
poly(2-hydroxypropanoic acid) (poly(lactic acid), 
PLA). 
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PTFE
The opposite effect is noticed with polytetrafl uoroethene, PTFE (see Topic 14). Here, 
all of the hydrogen atoms in the polymer have been replaced by fl uorine atoms. 
Fluorine is the most electronegative element in the Periodic Table, and strongly 
attracts the electrons in covalent bonds attached to it. This means that the electrons 
are held fi rmly and are not easily polarised. This results in very weak van der Waals’ 
forces between PTFE molecules and each other and, more importantly, between PTFE 
molecules and other molecules. It is the intermolecular forces that cause molecules to 
stick together, and so PTFE is used as a non-stick surface on cookware, and also for 
the bearings at the ends of bridges that might expand and contract with changes in 
the environment’s temperature.

‘Ecopolymers’
Until recently, the raw materials for most polymers came from the products of the 
refi ning of crude oil, which is a fi nite, non-renewable and diminishing resource. 
Also, the disposal of polymeric materials after their useful life has caused problems 
of pollution, since many are non-biodegradable. Both of these problems have been 
partially overcome by an increase in the recycling of polymers: thermal cracking 
of polyethene can convert it into its monomer, ethene, which can then be reused; 
the polyethylene-terephthalate (PET) from plastic bottles can be converted into a 
wool-like material for fl eeces and other clothing.

An alternative solution is to use renewable plant material to make polymers that 
are also biodegradable. The most commonly used is poly(2-hydroxypropanoic acid) 
(poly(lactic acid), PLA).

Hydroxypropanoic acid is a naturally occurring compound, which is made industrially 
by the fermentation of corn starch or sugar. PLA is easily hydrolysed, either 
chemically or by esterase enzymes, to re-form hydroxypropanoic acid, which is 
readily metabolised by all living matter into CO2 and water.
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PLA
PLA is easily hydrolysed, either chemically or by 
esterase enzymes, to re-form hydroxypropanoic 
acid, which is readily metabolised by all living 
matter into CO2 and water.
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PLA
The uses of PLA include replacing conventional 
plastics in the manufacture of bottles, disposable 
cups and textiles, but it is also used in applications 
where its slow biodegradability is an advantage. 
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definitions
Plastics are materials made of long- chain 
molecules, which at some stage can be moulded 
into shapes which are retained.  

Biodegradable materials break down due to the 
action of microorganisms. 
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definitions
Photodegradable materials break down when 
exposed to sunlight.  

Co-polymers are polymers made from two or more 
monomers, each of which could produce a 
polymer. 
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