
Trioxane is formed when the trimer cyclizes instead of continuing to polymerize. All the
oligomers and polymers of formaldehyde have this potential as there is a hemiacetal group at each
end of the chain.

Polymerization by carbonyl substitution reactions
In general, carbonyl compounds do not polymerize by themselves. It is only the exceptional reactivi-
ty of formaldehyde as an electrophile that allows repeated nucleophilic addition of hemiacetal inter-
mediates. A more common way to polymerize carbonyl compounds is to use two different
functional groups that react together by carbonyl substitution to form a stable functional group such
as an amide or an ester. Nylon is just such a polymer.

Polyamides
You may have carried out the nylon rope trick in a practical class. The diacid chloride of adipic acid
is dissolved in a layer of a heavy organic solvent such as CCl4 and a layer of aqueous hexane-
1,6-diamine is carefully placed on top. With a pair of tweezers you can pick up the film of polymer
that forms at the interface and draw it out to form a fibre. The reaction is a simple amide formation.

After the first amide is formed, one end of the new molecule is nucleophilic and the other elec-
trophilic so that it can grow at both ends. The polymer is made up of alternating –NH(CH2)6NH–
and –(CH2)4CO– units, each having six carbon atoms, and is called ‘nylon 6.6’. Another and much
simpler way to make nylon is to polymerize caprolactam. This monomer is a cyclic amide and the
polymer does not have alternating units—instead, each unit is the same.
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!
There is no exact limit to the
terms oligomer and polymer. You
have just seen us refer to
paraformaldehyde— on average
an octomer— as a polymer. The
terms monomer, dimer, trimer,
tetramer, etc. do have exact
meanings. Oligomer usually
means > 3 and < 25 but different
authors will use the term in
different ways.

HO O O OH HO O O OH2
O

O

OH O

O

O O

O

OH
–H

trimer
trioxane

H

• Summary of what we know so far

Not much, you might think. Actually we have mentioned some important things
about polymerization, which we will discuss further in the pages that follow.
• Polymerization tends to occur at low temperature
• Depolymerization tends to occur at high temperature
• Polymerization competes with cyclic oligomer formation
• Different polymers of the same monomer can have different chain lengths
• The chain length varies about a mean value in a given polymer
• The properties of polymers depend on chain length (among other things!)
Check back over these last few pages to make sure you see which pieces of evidence
establish each of these points.
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So how is this polymerization initiated? A small amount of water is added to hydrolyse some of the
caprolactam to 6-aminohexanoic acid. The amino group can then attack another molecule of capro-
lactam and so on. The amount of water added influences the average chain length of the polymer.

These synthetic polyamides are made up of the same repeating unit but will inevitably have a
range of molecular weights as the polymer length will vary. This is a different story from that of the
natural polyamides—peptides and proteins—that you met in Chapter 49. Those polymers were
made of twenty or so different monomers (the amino acids) combined in a precise order with a pre-
cise stereochemistry and all molecules of the same protein have the same length. Nonetheless, some
of their uses are almost identical: both nylon and wool are polyamides, for example.

Polyesters
Much the same act can be carried out with dicarboxylic acids and diols. The most famous example is
the polymer of ethylene glycol (ethane-1,2-diol) and terephthalic acid, which can be made simply by
melting the two components together so that water is lost in the esterification reaction. The mecha-
nism is obvious.

This linear polymer, like nylon, is well shaped for making long fibres and is now so important for
making clothes that it is usually just called ‘polyester’ rather than by the older names such as ‘Terylene’.

Polycarbonates
These too are made by carbonyl substitution reactions, but this time the nucleophile is aromatic and
the electrophile is an aliphatic derivative of carbonic acid such as phosgene (COCl2) or a carbonate
diester [CO(OR)2]. The aromatic nucleophile is a diphenol but the two OH groups are on separate
rings joined together by an electrophilic aromatic substitution. This compound is called bisphenol A
and has many other applications.
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Caprolactam

Caprolactam can be made by the
Beckmann rearrangement of the oxime
of cyclohexanone. (Check that you can
draw the mechanisms, of both these
reactions and look at Chapters 14 and
37 if you find you can’t.) Cyclohexanone
used to be made by the oxidation of cyclohexane with molecular oxygen until the explosion at Flixborough in Lincolnshire
on 1 June 1974 that killed 28 people. Now cyclohexanone is made from phenol.
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!
Make sure that you can draw the
mechanism for this reaction— two
electrophilic aromatic substitutions are
involved (Chapter 22). If you need a hint,
look at the synthesis of Bakelite on the
next page.


