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Chiral chemistry
Where does enantiomerically 
pure material come from?
Russell Banta and 

Shane Daly

How did the first enantiomerically pure material 
arise? From outer space or from somewhere 
much closer to home?

2 Chemistry Review  April 2017
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A carbon atom (C) is often bonded to four other groups. If 
all four groups are different from each other, this type of 
molecule is termed chiral (see CHEMISTRY REVIEW, Vol. 10, 

No. 3, pp. 6–9). As it turns out, there are only two ways in which 
the four groups can be oriented such that they are different from 
each other. These two forms (termed enantiomers) are mirror 
images of each other. The mirror images are not superimposable 
on each other but their structures are related in a similar manner 
to our right and left hands. Our hands are mirror images of 
each other, yet do not superimpose (when placed on top of each 
other, our thumbs do not align, see Figure 1).

Ever since the discovery and separation of the two enantiomers 
of tartaric acid by Louis Pasteur in 1848, scientists have posed 
questions about the natural abundance of chiral molecules 
on Earth, as well as their chemical behaviour. Under normal 
circumstances chemical reactions will form a 50:50 mixture 
of both enantiomers. In a chiral environment, this ratio can 
be altered significantly. Ratios of over 99:1 are very difficult 
to achieve in a chemical laboratory. This is an important 
consideration, as the two enantiomers of a drug molecule can 
have completely different biological activities. One enantiomer 
can possess a therapeutic effect and the other can have little 
effect, or even a detrimental effect on the body (see p. 34). 

In contrast, biological systems are exceptionally good at 
producing exclusively one enantiomer of a molecule. In fact, 
when it comes to the prevalence of enantiomers on this planet, 
the results are not as expected. Rather than an equal mixture 
of both isomers, only one enantiomer is usually found (this 
is termed an enantiomeric excess). An example of this is the 
existence of only one naturally occurring enantiomeric form 
of amino acids, which are the building blocks of proteins and 

This article relates to the following topics in the AQA, Edexcel, OCR, 
WJEC, CCEA and SQA exam specifications:
• chirality
• racemic/non-racemic mixtures
• plane-polarised light

• enantiomers
• amino acids

Exam links 

Figure 1 Human 
hands are examples of 
non-superimposable 
mirror images

vital for life on Earth (see CHEMISTRY REVIEW, Vol. 25, No. 2, 
pp. 14–15). Additionally, RNA and DNA only exist in nature as 
right-handed helices (see Figure 2 and CHEMISTRY REVIEW, Vol. 10, 
No. 3, p. 34).

Which came first?
A chiral environment is needed to provide a specific enantiomer. 
Thus the question arises: how did the first enantiomerically pure 
material arise? What process occurred to give the dominant 
enantiomer? Given that enantiomerically pure amino acids join 
up to form proteins, the origins of the first enantiomerically 
pure compounds are inextricably linked to life on Earth.

For years, scientists have developed theories to try to explain 
the origin of enantiomeric purity in living systems. Most studies 

Right-handed double helix Left-handed double helix

Figure 2 DNA only exists in nature as a right-handed helix

3www.hoddereducation.co.uk/chemistryreview
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4 Chemistry Review  April 2017

involve the idea that one enantiomer (of an amino acid for 
example) emerged by chance. Statistically, an excess of one 
enantiomer should exist in any given mixture. To take it to its 
extreme, any odd number of enantiomeric molecules will by 
definition have an excess of one enantiomer. However, this 
imbalance should average out, unless something intervenes to 
sustain and amplify it. Thus, some process must have intervened.

Extraterrestrial?
A popular theory involves an extraterrestrial influence on 
the stereochemical properties of biomolecules, probably by 
meteorites impacting on the Earth’s surface millions of years 
ago (see CHEMISTRY REVIEW, Vol. 18, No. 1, pp. 2–6). Studies were 
carried out on a number of carbonaceous chondrites (a class of 
meteorite, see Figure 3). These meteorites show the presence of 

Figure 3 A carbonaceous chondrite meteorite may hold the answer 
to chirality on Earth

Are Earth’s enantiomerically enriched 
amino acids of extraterrestrial origin?
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over 60 amino acids, a substantially higher figure than the 20 
or so naturally occurring amino acids on Earth.

The startling result was that the majority of the amino acids 
were present in an enantiomeric excess. Although the results 
seem to indicate an extraterrestrial source of enantiomerically 
enriched amino acids on Earth, a counterargument is that the 
amino acids studied did not arrive from outer space, but are in 
fact contaminants of Earthly origin.

Circularly polarised light?
Another theory suggests that circularly polarised light (CPL, 
see Box 1) from stellar or star radiation may be why there are 

predominately L-amino acids in natural abundance (see Box 2 
and CHEMISTRY REVIEW, Vol. 23, No. 1, pp. 20–25). Terrestrial 
polarised light can be generated in a number of ways, such 
as the scattering of sunlight in deep water making it linearly 
polarised, or molecular atmospheric scattering, which also 
produces linearly polarised light.

The CPL could cause symmetry breakdown of chiral 
molecules into one optical isomer by either converting 
one isomer into the other, or preferentially destroying one 
enantiomer by asymmetric photolysis. Perhaps the non-racemic 
nature of the materials in the meteorites is due to CPL. Recent 
results show a record circular polarisation of high degrees up 

Electric �eld

Magnetic �eld

Figure 4 A plane electromagnetic wave. If all the light waves are 
in the same plane, the light is said to be linearly polarised

If this wave was approaching
an observer, its electric vector
would appear to be rotating
clockwise (right-circular 
polarisation)

Direction of
propagation

Direction of
propagation

Electric
�elds

z

y

90°

Figure 5 Circularly polarised light has two perpendicular electromagnetic plane waves of equal amplitude and 90° difference in phase. 
The light shown here is right-circularly polarised, as to an observer it would appear to be rotating clockwise

Box 1 Polarised light

Light travels as electromagnetic waves. Here we are considering 
the electric field component of the wave (the magnetic field is 
at right angles to the electric field, see Figure 4). A wave can be 
oriented in any direction and this orientation is known as its plane 
of propagation. Natural light is generally made up of waves oriented 
in all directions, as all planes of propagation are equally probable. 
Linear polarisation occurs when all the light waves are in the same 
plane.

Circularly polarised light is composed of two plane waves of equal 
amplitude but differing in phase by 90°. Imagine that you could see 
the top of the wave as it came towards you. You would see that the 
wave appears to rotate. As you look at the light source (i.e. from the 
point of view of an observer), if the electric field of the light wave 
appears to rotate clockwise, we say that it is right-circularly polarised 
light. If the wave appears to rotate anticlockwise, the light is left-
circularly polarised (Figure 5).
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to 22% from the star-forming region known as the Cat’s Paw 
Nebula.

CPT symmetry?
One of the most plausible explanations is magnetochiral dichroism 
by use of charge conjugation, parity and time reversal (CPT) symmetry. 
The idea goes back to Pasteur, who suspected that there must be 

some connection between chirality on Earth and the cosmos. 
However, although he was the first to isolate enantiomerically 
pure compounds, he was unable to get pure crystals by use of 
natural optical activity (NOA).

However, in 1845 Michael Faraday found that optical activity 
could be invoked in an inactive sample by use of a magnetic 
field. The phenomenon is known as Faraday rotation and involves 
the rotation of the plane of polarisation in a magnetic field. 
Here, the rotation is reversed upon reversing the direction of the 
magnetic field. This became known as magnetic optical activity 
(MOA).

The reason why MOA is able to produce homochiral 
molecules compared to NOA is due to the ability of MOA to 
break the T-symmetry in the CPT theorem. According to CPT 
symmetry, a mirror image of our universe exists, where matter 
is antimatter, time is reversed and molecules are mirrored but 
maintain physical laws. By breaking T-symmetry, time is being 
reversed, which violates charge parity, changing matter into 
antimatter and mirroring the three spatial coordinates of the 
molecule. This induces the optical change of the sample.

Conclusions
There are many other theories involving the origin of chiral 
molecules on Earth. While good scientific data exist suggesting 
the possibility that amino acids originated from high-energy 
systems containing gases such as ammonia, methane, carbon 
monoxide etc. it appears that the debate on the origin of the 
chirality of amino acids will continue for some time. Even 
theories which suggest that meteorites bestowed our first 
enantiomerically enriched molecules do not address the 
question of how the extraterrestrial molecules derived their 
enantiomeric excesses in the first place.

Russell Banta is a PhD student in the Materials Chemistry and 
Analysis Group at University College Cork. Shane Daly is a PhD 
student in the Institute for Climate and Atmospheric Science 
(ICAS) at the University of Leeds.

Box 2 Amino acids

In chemistry, an amino acid is any molecule that contains both 
amine (–NH2) and carboxylic acid (–COOH) functional groups. In 
biochemistry, the term is used specifically to refer to alpha-amino 
acids, in which the amine and carboxylic acid functional groups are 
attached to the same carbon (the α-carbon). Apart from glycine 
(which has hydrogen as its R group), all naturally occurring amino 
acids are chiral molecules, as they have four different groups around 
the α-carbon. The two enantiomeric forms of these molecules are 
referred to as L- and D-amino acids. All proteins on Earth are built 
from L-amino acids.

O

OH
R

NH2

L-amino aci d D-amino acid

H
O

HO
R

NH2

H

Chiral  Having the property of chirality, which is the geometric 
property of an object of being non-superimposable on its mirror 
image.

Enantiomers  A pair of molecules that are non-superimposable 
mirror images of one another. 

Homochiral  Refers to the property of a group of molecules that 
possess the same chirality. A substance is said to be homochiral 
if all the constituent units are molecules of the same chiral form 
(enantiomer). Homochirality is an important feature of life on Earth, 
because (with rare exceptions) only L-amino acids are found in 
proteins, and only D-sugars form the backbones of DNA and RNA.

Racemic  A racemic mixture (or racemate) contains equal quantities 
of both left- and right-handed enantiomers.

Glossary 

The Cat’s Paw Nebula, where high degrees 
of circular polarisation have been found
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 ■ tryptophan, which is an essential amino acid used in protein 
biosynthesis

 ■ Kevlar (see CHEMISTRY REVIEW, Vol. 22, No. 4, pp. 16–17), a 
high-performance polymer material used in protective clothing

Structure of the benzene ring
Benzene, C6H6, is a six-membered carbon ring that has a stable 
ring of delocalised electrons, formed by the overlap of six 

Electrophilic substitution  
of aromatic rings
William Stockburn takes you through what you need to know about 
electrophilic substitution reactions

A large part of synthetic organic chemistry involves 
aromatic compounds (molecules that contain at 
least one benzene ring). Aromatic compounds are an 

essential part of our society (Figure 1). They are found in:
 ■ all forms of pain relief (analgesic) medication, such as 

paracetamol, aspirin and ibuprofen
 ■ vanillin and cinnamaldehyde, which are used as flavourings 

and in perfume fragrances

 revision note

HO

N

H

O

Paracetamol

Aspirin

HO O

O

O

OH

O

Ibuprofen

O

Cinnamaldehyde

OH

O

OH

Vanillin

N
H

OH

O

NH2

Tryptophan

N

H

O

N

H

O N

O

H

Kevlar

Figure 1 Some useful aromatic compounds

Vanillin is used for 
flavouring and in perfumes
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p-orbitals, evenly distributed within its centre (Figure 2). This 
results in a region of high electron density, which gives benzene 
the ability to attract electrophiles and undergo electrophilic 
substitution.

Electrophilic substitution
A substitution (or displacement) reaction is one in which an atom 
or group of atoms is replaced by another atom or group of atoms. 
With electrophilic substitution, the first step of the reaction is 
attack by an electrophile. This distinguishes it from nucleophilic 
substitution, in which a nucleophile displaces another group (see 
CHEMISTRY REVIEW, Vol. 26, No. 3, pp. 7–9).

Electrophilic substitution reactions contain three main steps, 
which can be summarised using the general mechanism shown 
in Figure 3.

Step 1: approach of the electrophile
The electrophile, E+, approaches the electron-dense benzene 
ring. 

Step 2: bond forming
When the electrophile gets close enough, a pair of electrons 
from the centre of the benzene ring attacks the electrophile, 

forming a new bond. This partially breaks the delocalised ring 
of electrons and gives the molecule a positive charge.

When drawing the positive charge in the benzene ring, make 
sure it is clearly shown in the middle and the open ring starts at 
carbon 2 and finishes at carbon 6:

RH
1

2

3

4

5

6

Step 3: bond breaking
To stabilise the positive charge, the carbon bonded to the 
electrophile loses a hydrogen and the electrons from the bond 
move in to reform the ring of delocalised electrons.

The mechanisms for most electrophilic substitution reactions 
follow the above three steps. However, differences arise when we 
look at how the electrophile is made.

Benzene can undergo nitration, halogenation and acylation, 
which are all electrophilic substitution reactions. Each of 
the reactions uses a different catalyst, which is essential in 
generating the electrophile for the reaction.

Step 1 Step 2 Step 3 Step 4

E+ E+ EH E

+ H+

Figure 3 General mechanism for electrophilic substitution

H

H

H

H

H

H

H

H

H

p-orbital

H

H

H

Figure 2 Structure of benzene, showing the ring of delocalised 
electrons

All forms of pain relief 
contain aromatic compounds
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Nitration of benzene
The catalyst for this reaction is sulfuric acid and it helps in the 
formation of the electrophilic nitronium ion (NO2

+):

HNO3 + 2H2SO4 → NO2
+ + 2HSO4

– + H3O
+

Mechanism for the nitration of benzene

Substitution starts with a pair of electrons from the ring of 
delocalised electrons attacking the electrophilic NO2

+. 
As a result of the electron pair moving from the ring of 

delocalised electrons, a positive charge forms in the benzene 
ring that needs to be stabilised. To do this, a hydrogen is 
released from the carbon which the NO2 group bonded to, and 
the electrons from the C–H bond move to reform the ring of 
delocalised electrons (Figure 4). The H+ that is released is used 
in reforming the H2SO4 catalyst:

H+ + HSO4
– → H2SO4

Halogenation of benzene

Benzene won’t readily react with halogens because of the 
ring’s high level of stability. Therefore, to make the halogen 
more electrophilic, we use a halogen carrier, AlX3 (where X 
is the substituting halogen), which behaves as a Lewis acid 
catalyst (Figure 5). Once the halogen is more electrophilic, the 
delocalised electrons in the benzene ring become more attracted 
to it and substitution can take place.

Mechanism for the bromination of benzene
Similar to the nitration of benzene, the substitution reaction 
starts with a pair of electrons moving from the ring of delocalised 
electrons to the electrophilic bromine. As a result of this, a 
positive charge forms in the benzene ring. Then, the negatively 

charged AlBr4
– approaches the hydrogen that is bonded to the 

halogenated carbon and removes it, allowing the electrons from 
its bond to move into the centre to stabilise the ring (Figure 6). 

Acyl chloride  An acyl group is RCO–, where R is an organic group. 
An acyl halide (of which an acyl chloride is an example) has the 
general structure:

C O

X

R

where X is a halogen atom.

Carbocation  An organic ion formed as a reaction intermediate in 
which a carbon atom carries a positive charge.

Catalyst  A substance that makes a reaction occur faster, but that 
does not undergo a permanent chemical change during the reaction 
(i.e. is not used up in the reaction). Catalysts work by providing an 
alternative route for the reaction that is lower in energy.

Delocalised  Valence electrons are delocalised if they are spread 
over two or more bonds in a molecule. This particularly occurs when 
the molecule contains conjugated double or triple bonds (i.e. these 
bonds are alternating with single bonds). In this case the delocalised 
electrons are those in the π-orbitals. When molecules have 
conjugated bonds their electrons are free to move around throughout 
the entire conjugated system. The electrons in a benzene ring are 

delocalised and this is why all the carbon–carbon bonds are the same 
length.

Electrophile  A positively charged ion or a molecule that is 
electron deficient and so can accept electrons (e.g. a Lewis acid). An 
electrophile tends to attack negatively charged (electron-rich) parts 
of other molecules, forming a new bond by accepting an electron pair 
from the molecule that it attacks.

Essential amino acid  In chemistry, an amino acid is any molecule 
that contains both amine (–NH2) and carboxylic acid (–COOH) 
functional groups. In biochemistry, the term is used specifically 
to refer to alpha-amino acids (from which proteins are made). An 
essential amino acid is one that must be supplied in the diet, as it 
cannot be synthesised in the body.

Friedel–Crafts reaction  A reaction in which an alkyl group 
(e.g. – CH3) from a halogenoalkane (haloalkane, e.g. CH3Cl) or an acyl 
group (e.g. CH3CO–) from an acyl halide (e.g. CH3COCl) is substituted 
onto a benzene ring using aluminium chloride as a catalyst.

Lewis acid  A compound or atom that can accept a pair of electrons.

Nucleophile  An electron-rich species (a molecule, or negative ion, 
with a lone pair of electrons) that forms a covalent bond by donating 
a pair of electrons to an electron-deficient site.

Glossary 

BrH Br

 +  HBr  +  AlBr3

Br

Al– BrBr

Br

Br

Al– BrBr

Br

Brδ+

δ–

Figure 6 Mechanism for the bromination of benzene

Br

Al
BrBr

Br

Al BrBr

Br

Br Br Br
δ+

δ+
δ+δ–

δ–

δ–

δ–

δ–

δ– δ– Dipole

Electrophile

Figure 5 The AlBr3 causes a dipole in the Br2 molecule

NO2H NO2NO2
+

+ H+

Figure 4 Mechanism for the nitration of benzene
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Acylation of benzene
This Friedel–Crafts reaction is between a benzene ring and an 
acyl chloride. 

Role of the catalyst
The C–Cl bond in the acyl chloride is highly polarised, so as the 
catalyst (AlCl3) approaches, it takes the chlorine from the acyl 
chloride, forming a carbocation electrophile (Figure 7).

Mechanism for the acylation of benzene
The carbocation formed is an excellent electrophile and it 
quickly attracts a pair of electrons from the benzene ring. As 
we have seen in the previous mechanisms, this partially breaks 

the ring of delocalised electrons and forms a positive charge. 
The negatively charged AlCl4

– ion is attracted to the positively 
charged ring, and as it approaches it removes a hydrogen, 
forming HCl. The electrons from the C–H bond then move to 
restabilise the ring (Figure 8).

Summary
The key to understanding electrophilic substitution reactions of 
benzene is to notice the recurring patterns in the mechanisms. 
These can be simplified to three main steps:

 ■ Electrophile attacks benzene.
 ■ Cation forms in the centre of the benzene ring.
 ■ Hydrogen where electrophile was bonded to is released and 

its electrons move into the ring.
Once you understand the patterns, the mechanisms are easy.

William Stockburn is a chemistry lecturer at the University of 
Central Lancashire.

Below are three examples of electrophilic substitution reactions. 
For each example show how the electrophile is produced, and the 
electrophilic substitution reaction mechanism.
1 Nitration of methylbenzene (toluene).

CH3 CH3

NO2

H2SO4

HNO3

2 Chlorination of ethylbenzene.

CH2 CH2

AlCl3
Cl2

H3C

Cl

H3C

3 Acylation of methylbenzene using propanoyl chloride.

CH3 CH3

AlCl3

O

+
Cl

O

Check your answers at  
www.hoddereducation.co.uk/chemistryreviewextras

ChemistryReviewExtras

Revision questions Revision questions

Kevlar is used in protective clothing

O

Cl

Cl
Al

Cl

Cl

+C+

O

R

Cl

Al– ClCl

Cl

R

Figure 7 Formation of the acyl carbocation electrophile

H

+  HCl  +  AlCl3

C+

R

O
O

R

Cl

Al–Cl Cl

Cl OR

Figure 8 Mechanism for the acylation of benzene
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Sulfur can exist as several different allotropes (see CHEMISTRY 
REVIEW, Vol. 7, No. 4, pp. 2–5 and CHEMISTRY REVIEW, Vol. 9, 
No. 4, pp. 7–9) and in different oxidation states (Box 1). 

Sulfur-containing compounds are important in both biological 
and industrial contexts. Because sulfuric acid (H2SO4) is used to 
make so many things, it is often said that a nation’s consumption 
of sulfuric acid is a measure of the strength of its economy. 
Another sulfur-containing molecule that crops up in all sorts of 
places is dimethyl sulfide, (CH3)2S.

Shaping up
The shape of a molecule is determined by the repulsions between 
the electron pairs in bonds and lone pairs in the valence shell 
around each atom. In a molecule where there are four electron 

pairs in identical environments, as for example in methane, the 
bonds point towards the corners of a tetrahedron, with bond 
angles of 109.5°:

H

C
H H

H
109.5°

Although its sulfur atom only forms two bonds, the (CH3)2S 
molecule is not linear, because it also has two lone pairs, which 
have an influence on its shape:

H3C
S

CH3

Like (CH3)2S, a water molecule has two lone pairs as well as 
two bonding pairs of electrons, and since repulsions involving 
lone pairs are stronger than those involving bonding pairs of 
electrons, the H–O–H bond angle is reduced to 104.5° (see 
CHEMISTRY REVIEW, Vol. 20, No. 4, pp. 20–24). The bond angle is 
much lower in H2S (92.1°, see CHEMISTRY REVIEW, Vol. 13, No. 1, 
pp. 28–29) because the sulfur atom is significantly larger than 
oxygen, so the bond pairs are further from the central atom than 
in H2O, reducing the repulsion between them. The 99.1° angle 
in (CH3)2S is due to the greater size of the methyl groups, which 

The many aromas 
of dimethyl sulfide

This article links to the following topics in the AQA, Edexcel, OCR, 
WJEC, CCEA and SQA exam specifications:
• molecular shapes
• oxidation state (number)
• physical properties (boiling points)
• intermolecular forces
• hydrogen bonding

Exam links 

Simon Cotton
Dimethyl sulfide’s familiar aroma is found in Brussels sprouts, buried 
truffles and the smell of the seaside. A study of this molecule takes us from 
molecular shape to atmospheric chemistry

How much sulfuric acid a country uses is said 
to be a measure of its economic strength

11www.hoddereducation.co.uk/chemistryreview
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prevents them from approaching as closely as the two hydrogens 
in H2S (Figure 1).

While H2S is a gas at room temperature (relative molecular 
mass (Mr) = 34; boiling point (bp) = –60.3°C), (CH3)2S is a 
liquid (Mr = 62; bp = 37°C), on account of the stronger van 
der Waals forces associated with the larger molecule. Water 

is the lightest of the three molecules (Mr = 18) but has the 
highest boiling point (100°C) because it has strong additional 
intermolecular forces due to hydrogen bonds.

Cabbage, cheese, beer
Like hydrogen sulfide, dimethyl sulfide has an unpleasant smell, 
detectable at levels as low as 1 part per billion (ppb). It has been 
described as ‘rotting cabbage’ or ‘cooked cauliflower’. A source 
of it in cooking is the breakdown of the amino acids methionine 
and S-methylmethionine (Figure 2), which are present in large 
quantities in brassicas such as cabbage and Brussels sprouts.

At lower concentrations, dimethyl sulfide smells more 
pleasant. It can be found in some wines, and below a certain 
level it can enhance fruity flavours. Dimethyl sulfide contributes 

H
O

H H H
S

H3C
S

CH3
104.5° 99.1°92.1°

Figure 1 The bond angles in molecules are determined by 
repulsion between electron pairs as well as the relative sizes of 
the atoms and groups attached to the bonds

S

NH2

OH

O

S-methylmethionine

S

NH2

OH

O

Methionine

S

Figure 2 Methionine and S-methylmethionine can break down 
to form dimethyl sulfide

Box 1 Ten rules for assigning oxidation numbers

Oxidation state (or oxidation number) is the difference between 
the number of electrons associated with an element in a compound 
and the element itself. It is a measure of the extent of oxidation (or 
reduction) of a compound, i.e. how electron-deficient it is. Exam 
questions often ask you to assign oxidation numbers, so these simple 
rules should help you:
1 Elements are assigned an oxidation number of zero (0).
2 For simple ions, the oxidation number equals the charge on the 
ion, e.g. Cr2+ is +2; Cl– is –1.
3 In covalent compounds, it is necessary to assign oxidation 
numbers as if ions were present. Thus in HCl, H is +1, Cl is –1. In 
neutral molecules, the algebraic sum of the oxidation numbers is zero 
(0), e.g. in H2O: H is +1 and O is –2, so 2(+1) + (–2) = 0.
4 In ions, the algebraic sum of the oxidation numbers equals 
the charge on the ion. Thus for OH–, O is –2 and H is +1, so 
(–2) + (+1) = –1.
5 In any substance, the most electronegative atom has the 

negative oxidation number and the most electropositive atom has the 
positive oxidation number, so in HF, F is –1 and H is +1.
6 Fluorine is the most electronegative element known, so it always 
has an oxidation number of –1 in its compounds.
7 Oxygen has an oxidation number of –2 in all its compounds, 
except peroxides (–1) and compounds with fluorine, e.g. F2O.
8 Hydrogen has an oxidation number of +1 in all its compounds 
except metal hydrides like NaH or CaH2, where it is –1 (because H– 
ions are present).
9 In their compounds, metals in groups 1–3 have positive oxidation 
numbers equal to the group number or charge on the ion, thus Na 
(Na+) is +1 ; Mg (Mg2+) is +2; Al (Al3+) is +3.
10 When an atom is oxidised, its oxidation number increases 
(becomes more positive); when an atom is reduced, its oxidation 
number decreases (becomes more negative).

Use these rules to attempt the revision questions on the oxidation 
states in sulfur compounds (see p. 15).
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to the smell of cheeses, such as cheddar and camembert. When 
cheeses ripen, enzymes break down proteins (proteolysis) to 
give free amino acids (see CHEMISTRY REVIEW, Vol. 25, No. 2, 
pp. 14–15), and methionine is transformed into several sulfur 
compounds, especially dimethyl sulfide.

Dimethyl sulfide is an odour component of some beers, 
formed from precursors such as S-methylmethionine in 
germinating barley and drying malts, or in conversion of 
dimethyl sulfoxide to dimethyl sulfide by yeast in the actual 
brewing (see CHEMISTRY REVIEW, Volume 3, No. 1, pp. 2–7). Some 
breweries, like those in Burton-upon-Trent, produce beer with 
an ‘eggy’ note, and this may be due to high sulfate levels in the 
water supply.

Truffle pigs and dead horses
The smell of dimethyl sulfide appears in several processes in 
nature. Truffles, which are produced by a subterranean fungus, 
are mostly found in France (black truffles) and Italy (white 
truffles). Searching for the black truffles from the Dordogne 
region (Tuber melanosporum) traditionally involves smelling 
them out, using pigs or (more usually nowadays) dogs to pick 
up their scent.

Truffles produce a lot of volatile molecules, and for many 
years it was thought that the pigs might be responding to a 
steroid that resembles a pheromone, 5α-androst-16-en-3α-ol. 
Notice its four-ring structure, which is characteristic of a steroid:

CH3

CH3

HO
H

H H

H

This theory was tested 25 years ago by Thierry Talou, a French 
chemist who suspected that dimethyl sulfide was involved 
instead. He created a synthetic truffle aroma that contained 

(CH3)2S but which lacked the steroid. He buried samples of the 
synthetic aroma, real truffles and 5α-androst-16-en-3α-ol in 
different locations, before letting the pigs loose. They ignored 
the 5α-androst-16-en-3α-ol but made for either the real truffles 
or the synthetic truffle aroma containing dimethyl sulfide.

Talou’s research received support in 2010, when a group of 
European researchers completed their 5-year decoding of the 
genome of Tuber melanosporum. They discovered that the black 
truffle contained the genes for making dimethyl sulfide, so 
that it is made by the truffle and not by microbes in the soil, 
as some had thought. The truffle takes up sulfate from the soil 
and uses a sequence of enzyme-regulated reactions to make a 
series of S-containing molecules, including methionine, which 
leads to methanethiol (CH3SH) and 3-(methylthio)propanal, 
precursors of dimethyl sulfide itself (Figure 3). Dimethyl sulfide 

Allotrope  Different structural forms of the same element that can 
exist because of differences in bonding.

Electronegativity  Measure of the tendency of an atom in a stable 
molecule to attract electrons within bonds towards itself. In a 
chemical bond, the more electronegative atom will have a partial 
negative charge. Metals have low electronegativities, non-metals 
have high electronegativities.

Hydrogen bond  Electrostatic bond between a hydrogen atom 
covalently bonded to an electronegative atom (such as nitrogen, 
oxygen or fluorine) and an electronegative atom with a lone pair 
(e.g. N, O or F) on another molecule, or in another part of the same 
molecule. Molecules containing such bonds have an especially strong 
attraction to each other.

Van der Waals forces  Weak attractive forces between atoms or 
molecules caused by three factors: permanent dipole–permanent 
dipole interactions, permanent dipole–induced dipole interactions 
or instantaneous dipole–induced dipole interactions (see CHEMISTRY 
REVIEW, Vol. 13, No. 1, pp. 12–13).

Glossary 

[SO4]2–
S

NH2

OH

O

S

O

OH

O

S

O

H

SH

S

Sulfate in soil

Methionine

Methanethiol

3-(methylthio)-
propanalDimethyl sulfide

4-methylsulfanyl-2-
oxobutanoic acid

Figure 3 Enzyme-catalysed reactions in the black truffle (Tuber 
melanosporum) lead to the production of dimethyl sulfide

Truffles produce a lot of volatile molecules

6594_ChemRev_26_4_press2.indd   13 20/02/2017   15:39



is also an important volatile compound released by the Italian 
white truffle (Tuber magnatum), along with 2,4-dithiapentane 
(CH3SCH2SCH3):

S S

Some other natural sources of dimethyl sulfide  are not so 
attractive. The dead horse arum lily (Helicodiceros muscivorus) 
and many carrion-smelling Amorphophallus plants use a cocktail 
of molecules, including dimethyl sulfide and polysulfides, to 
attract insects for pollination. The insects are lured by a smell 
resembling rotting flesh. Research also shows that dimethyl 

sulfide is a key odour ingredient (along with H2S and CH3SH) 
of human flatulence, and that the same three molecules can be 
linked with halitosis (bad breath).

The smell of the sea
(CH3)2S plays a significant role in the climate. At low 
concentrations, dimethyl sulfide is the smell of the seaside 
(see CHEMISTRY REVIEW, Vol. 17, No. 3, pp. 14–16). Eco-guru and 
chemist James Lovelock was the first person to suggest that 
dimethyl sulfide helps regulate the whole global climate cycle, 
as it is responsible for 75% of the global sulfur cycle (Figure 4).

Atmosphere
Rain

Marine and terrestrial ecosystems
DMSP lyases in 
phytoplankton

Biosynthesis

DMSP

H2S SO4
2–

Biosynthesis Bacteria

Methionine

S O

⊕
O

S

H3N H

O

O

⊕

(CH3)2S (CH3)2SO (CH3)2SO2 SO2 H2SO4

(CH3)2S

[O] [O] [O] [O]

Figure 4 The global sulfur cycle

Dimethyl sulfide released by plankton attracts 
larger predators to oceanic feeding areas
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Phytoplankton are at the bottom of the oceanic food web. They 
are the ultimate source of food for everything that lives there, 
from tiny zooplankton up to the biggest whales. Phytoplankton 
produce a substance called dimethylsulfoniopropionate (DMSP). 
When phytoplankton are eaten by zooplankton or small fish, 
DMSP gets broken down to dimethyl sulfide, which attracts 
more zooplankton to feed.

About 90% of the dimethyl sulfide is decomposed before 
it reaches the atmosphere, but it is estimated that 50 million 
tonnes are released into the air each year. Oxygen in the 
atmosphere eventually oxidises the dimethyl sulfide successively 
to (CH3)2SO, (CH3)2SO2, SO2 and H2SO4, the last being the 
principal precursor of cloud-forming aerosols over oceans. 
Clouds have a role in controlling the temperature of the planet in 
that they reflect solar energy back into space, cooling the Earth. 

Dimethyl sulfide released by plankton attracts numerous 
larger predators to the oceanic feeding areas rich in zooplankton 
and the creatures (such as fish) that feed on the plankton. These 
predators include foraging seabirds, such as Leach’s storm-
petrels (Oceanodroma leucorhoa) and the wandering albatross 
(Diomedea exulans). Other large predators attracted to these 
feeding grounds include penguins and seals, which poke their 
noses above the water’s surface to smell the dimethyl sulfide.

A research team at the University of East Anglia, led by 
Professor Andy Johnston, has isolated a gene that turns DMSP 
into dimethyl sulfide. They inserted this gene into E. coli, and 
discovered that when grown on DMSP, the E. coli bacteria were 
able to produce the characteristic ‘rotten cabbage’ smell of 
(CH3)2S. On one occasion when they opened a bottle full of 
the dimethyl sulfide-producing bacteria out on a Norfolk salt 
marsh, the researchers were dive-bombed by hungry seabirds 
who smelled ‘food’.

So it isn’t just humans whose noses are familiar with the smell 
of dimethyl sulfide. A whole variety of animals — including 
seabirds, fish, penguins, pigs and dogs — can recognise it. But 
it is not just important to animals seeking food: (CH3)2S is 
absolutely vital to the world’s climate, as without the sulfur-
seeded clouds our planet would be a lot hotter.

Simon Cotton taught chemistry in schools for over 30 years 
and is currently an honorary senior lecturer in chemistry at 
the University of Birmingham. He has written several general-
interest chemistry books.

After reading Box 1 on p. 12, work out the oxidation state of the 
sulfur atoms in each of the following sulfur compounds:
1 S
2 SO2

3 SO3

4 H2SO3

5 H2SO4

6 MgS
7 MgSO4

8 H2S
9 SCl2
10 SF6

Check your answers at  
www.hoddereducation.co.uk/chemistryreviewextras

ChemistryReviewExtras

Revision questions Revision questions

Without sulfur-seeded clouds, 
the Earth would be a lot hotter
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Beakers are convenient for heating non-volatile liquids on a hotplate or using a Bunsen burner 
with a tripod and gauze. The contents can easily be stirred with a glass rod. The lip makes it 
easy to transfer liquids to other vessels. The graduations are only approximate, so beakers are 
unsuitable for measuring volumes

Conical flasks have narrow necks and so reduce losses of volatile 
liquids by evaporation. The flat bottom makes them suitable for 
heating on a hotplate. Their shape makes them ideal for mixing the 
contents by swirling, for example during titrations. The graduations 
only give approximate volumes. Vessels with ground glass joints 
(as shown here) can be sealed with stoppers or joined together as 
apparatus is assembled (for example when heating under reflux or 
during distillation)

Round-bottomed flasks can be heated in an oil/water/steam bath or 
using a heating mantle. Their shape allows the contents to be heated 
more uniformly than in a flat-bottomed vessel. When in use they 
should be clamped or supported using a cork ring

Download this poster at  
www.hoddereducation.co.uk/chemistryreviewextras

ChemistryReviewExtras

 in pictures

When handling, measuring 
and heating liquids in the 
laboratory it is important 
to use the right sort of 
container. You need to 
choose a vessel of a suitable 
size for the required volume 
of liquid. Do not overfill a 
container, especially if you 
are going to heat it — the 
expanding liquid could 
overflow or boil over
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Büchner flasks and funnels (with a close-fitting filter paper) 
are used for filtration under reduced pressure

Measuring cylinders are quick and convenient to use, and suitable for 
measuring volumes with a moderate level of accuracy. Choose the smallest 
available that will contain the whole volume you need to measure out

Volumetric flasks measure fixed volumes with a high level of 
accuracy

Glass volumetric pipettes 
measure volumes with a high 
degree of accuracy. They are 
filled and emptied using a 
pipette filler, such as a bulb 
pipette filler

When recording volumes measured with any type of glassware you should 
make a note of the level of accuracy. You will find an accuracy figure on 
the apparatus (e.g. a ± value as shown here)

Anne Hodgson teaches biological chemistry at the University of York 
and is the editor of CHEMISTRY REVIEW.
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    rate = k[A]2

An incomplete table of data for the reaction between A and B is shown 
in Table 1.

Table 1

Experiment
Initial [A]/ 
mol dm–3

Initial [B]/ 
mol dm–3

Initial rate/ 
mol dm–3 s–1

1 4.2 × 10–3 2.8 × 10–3 3.3 × 10–5

2 7.9 × 10–3 2.8 × 10–3

3 5.6 × 10–3 1.8 × 10–4

(a) Use the data from Experiment 1 to calculate a value for the rate 
constant, k, at this temperature.

 Deduce the units of k. (3 marks)
(b) Use your value of k from Question (a) to complete Table 1 for the 

reaction between A and B. (If you have been unable to calculate an 
answer for Question (a), you may assume a value of 2.3. This is not 
the correct answer.) (2 marks)

(c) The reaction is zero order with respect to B.
 State the significance of this zero order for the mechanism of the 

reaction. (1 mark)

Carol’s answer to (a)

rate
[A]2

 = k = 
3.3 × 10–5

(4.2 × 10–3)2 
 = 

 3.3 × 10–5

1.764 × 10–5
 = 1.871 = 1.9

rate
[A]2

 = 
mol dm–3 s–1

(mol dm–3)2
 = 

mol dm–3 s–1

mol dm–3 × mol dm–3
 = 

s–1

mol dm–3
 

 = mol–1 dm3 s–1

K inetics is an area of physical chemistry that is concerned 
with measuring and studying the rates of chemical 
reactions under carefully controlled conditions 

(including temperature and pressure). The results of experiments 
in which the concentrations of the starting materials are varied 
can help to elucidate the mechanism of a reaction. This question 
illustrates these principles by looking at the results of some 
experiments with an unspecified reaction.

The question was taken from the A-level chemistry Kinetics, 
Equilibria and Organic Chemistry paper set in June 2015 by 
AQA, which has given permission for its use here. Responsibility 
for both answers and comments rests solely with CHEMISTRY 
REVIEW. I recommend that you try answering the whole question 
before you look at the answers of the candidates and read the 
comments about them.

Question

Gases A and B react as shown in the following equation.

    2A(g) + B(g) → C(g) + D(g)

The initial rate of the reaction was measured in a series of experiments 
at a constant temperature. The following rate equation was determined.

Concentrate for  
�rst-rate answers
Maurice Carmody demonstrates  
how to score top marks in  
exam questions on rates  
of reactions

This ‘Answer back’ addresses the following A-level topics:
• kinetics
• reaction rate
• reaction mechanism

• rate equation
• rate constant

Exam links 

 answer back
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and as there is only 1 mark for each she will not gain any marks. 
She failed to square the concentration of A in experiment 2 and 
in experiment 3 she forgot to calculate the square root.

It is best to break the calculation into its separate steps, as 
Graham has done, rather than create one giant calculation to 
be evaluated at the end. Keep three or four significant figures 
throughout the calculation and only reduce to the correct 
number at the last step.

Neither Carol nor Graham have reduced their answers to 
standard form. For example Graham’s answer for experiment 3 
in standard form would be 9.8 × 10–3. This is a wise decision, 
as giving answers in standard form would create an extra step 
where an error could occur.

As the units of the answers were given in the question there 
are no marks allocated for them.

Carol’s answer to (c)

The concentration of B does not affect the rate.

Graham’s answer to (c)

B is not involved in the rate-determining step.

 ■ Carol scores 0/1
 ■ Graham scores 1/1

There are a number of possible answers to this part of the 
question. You are told that the reaction rate is zero order with 
respect to B. You are then asked: ‘What is the significance of this 
for the reaction mechanism?’

Graham has a correct answer. What Carol has said is true, 
but it is not an answer to the question. She has not mentioned 
reaction mechanism. Other possible correct answers would be:

 ■ ‘The slow (or rate-determining step) involves only A.’
 ■ ‘B is only involved after the slow step of the mechanism.’

Reaction mechanisms
The rate equation only tells us about the slow step (also known 
as the rate-determining step). In this case rate = k [A]2. This means 
that the slow step involves a collision between two A molecules.

Figure 1 shows a possible mechanism that illustrates these 
ideas. The first half of the slow step is the only thing we know. 
I have made up everything else to illustrate what is going on. 
The second step can only go as fast as the first step because it 
depends on X being formed. If there were more X, it could go 
faster. Its speed is determined by how fast the first step produces 
X. Thus the first step determines the rate: it is the rate-determining 
step. This is often called the ‘slow step’, which is not quite 
accurate. The two steps are going at the same rate. The difference 
is that the first step is going as fast as it can, while the second 
step is capable of going faster.

Graham’s answer to (a)

rate
[A]2

 = k = 
3.3 × 10–5

4.2 × 10–3)2
 = 

3.3 × 10–5

1.764 × 10–5
 = 1.871 = 1.90

rate
[A]2

 = 
mol dm–3 s–1

(mol dm–3)2
 = s–1

 ■ Carol scores 3/3
 ■ Graham scores 1/3

Carol has done the calculation correctly and has rounded 
her answer of 1.871 to give 1.9. This is the correct thing to do 
as all the data in the question was also given to two significant 
figures. She would have gained the mark even if she had left her 
answer as 1.871 as it is rare for examiners to penalise this unless 
they have made a point of asking for ‘the appropriate number of 
significant figures’ in the question. Graham, however, will lose 
a mark as although he has done an identical calculation he has 
given an answer of 1.90 as opposed to Carol’s 1.9. By putting 
a zero after the 9 he has given an answer to three significant 
figures, which in itself would have been acceptable, but he 
has done so incorrectly — 1.871 to three significant figures is 
1.87 not 1.90. For a discussion about the appropriate use of 
significant figures see CHEMISTRY REVIEW, Vol. 26, No. 1, p. 28.

In the last part of the question Carol has correctly worked 
out the units. Have a good look at how she has done this. She 
has carefully written out the units of rate and the concentration 
of A. She then squared the units of A, after which she cancelled 
one lot of mol dm–3 and simplified her final answer. This may 
seem long winded, but it is this systematic approach that leads 
to getting the correct answer. I recommend that you adopt this 
careful method. There is no rush. In recent years I have rarely, 
if ever, seen a candidate run out of time in a chemistry exam.

Although Graham has written (mol dm–3)2 he has ignored the 
fact that the concentration was squared when he was cancelling, 
which resulted in him getting an incorrect answer.

Carol’s answer to (b)

Experiment 2:  
Initial rate = k [A]2 = 1.871 × 7.9 × 10–3 = 14.78 × 10–3

Experiment 3:  

[A]2 = 
Rate

k
 = 

1.8 × 10–4

1.871
 = 0.962 × 10–4

Graham’s answer to (b)

Experiment 2:  
Initial rate = k [A]2 = 1.871 × (7.9 × 10–3)2 = 1.871 × 62.41 × 10–6 

= 116.8 × 10–6 mol dm–3 s–1 = 120 × 10–6 mol dm–3 s–1 (to 2 sig. figs.)

Experiment 3: initial concentration of A

[A]2 = 
Rate

k
 = 

1.8 × 10–4

1.871
 

[A] =   
1.8 × 10–4

1.871
 =     9.62 × 10–5 = 0.0098 mol dm–3

 ■ Carol scores 0/2
 ■ Graham scores 2/2

Graham has the correct answer to both experiments 2 
and 3. He will gain both marks. He has set out the steps of his 
calculation clearly. Carol has made an error in both experiments 

Maurice Carmody was head of chemistry at Simon Langton 
School, Canterbury. He has published several books and written 
numerous magazine articles

Step 1    A(g)    +    A(g)                         X(g)    Slow step

Step 2    X(g)    +    B(g)                          C(g)    +    D(g)    Fast step

Figure 1
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Plants are able to provide their own source of fuel through 
photosynthesis (see CHEMISTRY REVIEW, Vol. 23, No. 1, 
pp. 6–9), which involves the absorption of sunlight as an 

energy source to synthesise carbon-containing fuel (glucose) 
from water and carbon dioxide:

Carbon dioxide + Water → Glucose + Oxygen
  6CO2 6H2O C6H12O6 6O2  

The process has multiple steps involving the transfer of 
protons and electrons.

Photosynthesis can be broken down into two main stages. 
The first is dependent on the absorption of sunlight. The energy 
from photons absorbed by chlorophyll in photosystem II (PSII) 
causes an electron to move to an excited energy level. The 
energy absorbed from the light is used to extract protons and 
electrons from water, with the reaction taking place at the oxygen 
evolving centre (Figure 1). Oxygen is released as a product of 
this reaction and the extracted electrons are used to replace the 
excited ones that have been transported away. The transported 
electrons are further added to by more electrons that have 
become excited by light absorption at photosystem I (PSI). The 
protons extracted from the water are used to power the synthesis 
of ATP (adenosine triphosphate, a molecule used in biological 
systems to store energy). At the end of this transport chain, 
the electrons are used to reduce NADP+ (nicotine adenine 
dinucleotide phosphate, a biological reducing agent used in 
biosynthetic pathways) to NADPH, which is then used by the 
enzyme to carry out the second stage of photosynthesis. This 
part of the reaction is independent of light, and uses energy 

Fuel from 
sunshine

If harnessed effectively, the Sun has the potential to meet all our electrical energy needs. 
Unfortunately, it is not available as a constant energy source, so there needs to be an 
effective way of storing its energy until needed. Scientists have attempted to store the 
energy from sunlight by replicating the process of photosynthesis that is carried out by 
plants. Much of this work has focused on the part of photosynthesis where water is broken 
down into oxygen and protons

This column is relevant to the following A-level topics:
• enthalpy
• entropy
• Gibbs free energy
• semiconductors
• oxidation and reduction (redox reactions)

Exam links 

 energy and efficiency
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from ATP and electrons from NADPH to form sugars from water 
and carbon dioxide.

A crucial step of photosynthesis is the oxidation of water, 
affording protons, electrons and oxygen:

2H2O → O2 + 4H+ + 4e– (∆G = +237 kJ mol–1) 

This reaction is not thermodynamically favourable, owing 
to it being energetically ‘uphill’ (i.e. not spontaneous). The 
change in Gibbs free energy (∆G) for the reaction is +237 kJ mol–1 

(Box  1). The oxygen evolving centre is able to oxidise water 
at a high reaction rate (approximately 500 s–1), but at a low 
potential (roughly 0.18 V) using a manganese cofactor Mn4O5Ca 
(Figure 3). This low potential is a remarkable feat, as to make a 
reaction that is as thermodynamically disfavoured as this occur 
at such a rate, a significant potential would usually be needed.

Multistep
electron transport

chain

Oxygen 
evolving centre

Photosystem II

Photosystem I

P680

e–

acceptor

2e–

(from H2O)
P700

e–

acceptor

2e–

OEC

2H2O

O2 + 4e– + 4H+

2e–

Multistep
electron transport

chain

2e–

H+ + NADP+

ADP + Pi

ATP

NADPH

Figure 1 The light-dependent part of photosynthesis. ADP is 
adenosine diphosphate and Pi is phosphate

Figure 2 Gibbs free energy changes
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Figure 3 How the Mn4O5Ca cofactor extracts protons and electrons 
from water. S0 to S4 are the proposed intermediates within the 
catalytic cycle

Box 1 Thermodynamics

The enthalpy change (∆H) shows how much energy is consumed or 
given out by a reaction. When a reaction has a positive ∆H value, it 
is endothermic, meaning it consumes energy from its surroundings, 
so consumes heat. A negative ∆H value shows that the reaction is 
exothermic and releases energy as heat to its surroundings.

The second law of thermodynamics states that a closed system 
will progress to a greater degree of entropy (disorder). The entropy 
change (∆S) for a reaction can be calculated and used to predict if a 
reaction will proceed spontaneously or not. If the entropy change of 
a reaction (∆S) is positive, it is becoming more disordered so is likely 
to proceed spontaneously. A negative value for ∆S indicates that the 
system becomes more ordered during the reaction and so is unlikely 
to proceed spontaneously.

Gibbs free energy is a thermodynamic term determined by the 
temperature, entropy and enthalpy of a system. The change in Gibbs 
free energy (∆G) for a reaction can be determined by the following 
expression:

∆G = ∆H – T∆S 

where T is the temperature in kelvin.
The Gibbs free energy change for a reaction can be used to predict 

how energetically favourable a reaction is. A negative ∆G value shows 
that the products of the reaction are at a lower energy than the 
reactants, so the reaction is favourable, and vice versa (Figure 2).

A reaction with a positive ∆G value, although unfavourable, can 
still occur, but energy will need to be supplied to the system if it is to 
proceed. The overall reaction of photosynthesis involves transforming 
carbon dioxide and water to glucose and oxygen:

6CO2 + 6H2O → C6H12O6 + 6O2 (∆G = +2870 kJ mol–1)

The change in Gibbs free energy for the overall reaction is 
+2870 kJ mol–1, so it is not an energetically favourable process. The 
only reason this process can occur is because energy is supplied by 
the absorbed sunlight. 
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Early artificial photosynthesis
In 1972 it was reported that a titanium dioxide electrode 
absorbed energy when irradiated with light, and used this 
to decompose water into hydrogen and oxygen (this became 
known as the Honda–Fujishima effect). The TiO2 absorbs energy 
from the ultraviolet (UV) range of the spectrum (because 
here the wavelengths are shorter than its band gap), causing 
an electron to be excited from its valence band to a higher 
energy state in its conduction band (Figure 4). This electron 
is subsequently donated to another molecule (in this case, a 
proton), leaving an electron hole (a positive charge, h+) on the 
TiO2. This hole is able to oxidise a molecule, such as water, by 
removing an electron, replacing the one that was excited to the 
conduction band and then transferred to form hydrogen.

Two years later it was shown that a ruthenium-based dye 
could undergo changes when irradiated with light, which 
resulted in it having the potential to oxidise water by removing 
its electrons (Figure 5). Irradiation by light causes the excited 
state of the complex to form, and normally it relaxes back to its 
ground state through f luorescence. However, in the presence 
of methyl viologen (Figure 6), this fluorescence does not occur 
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Figure 4 Honda and Fujishima’s experiment demonstrated that 
TiO2 could produce oxygen and hydrogen from water
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Figure 5 The experiment with a ruthenium dye that demonstrated how light irradiation can be used to generate 
species to oxidise water
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(it is totally quenched). This is because instead of relaxing 
and giving out light, the electron that has been excited is 
transferred to a methyl viologen molecule, thereby reducing 
it. The resulting ruthenium(III) complex is a powerful enough 
oxidising agent to oxidise water. It has a redox potential 
of E0(RuIII/II) = 1.53 V relative to a standard hydrogen 

Adenosine triphosphate (ATP)  A biological molecule used by 
cells as an energy carrier. The energy is released when ATP is 
hydrolysed to give ADP (adenosine diphosphate) and phosphate. 
This energy is used to drive unfavourable reactions. ATP is formed 
from ADP and phosphate during energy-yielding reactions, such as 
the oxidation of glucose.

Band gap  The energy gap between a solid’s conduction band and 
valence band. The wavelength needed for the photoexcitation of 
an electron in a semiconductor is equal to Planck’s constant  
(h = 6.626 × 10–34 J s) multiplied by the speed of light (c) (hc 
can be expressed as 1240 eV nm) divided by the band gap. For 
example, TiO2 has a band gap of approximately 3.2 eV, so light 
with a wavelength of 388 nm is needed, which is in the UV region 
of the spectrum.

Cofactor  An organic molecule (not a protein) or inorganic ion 
essential for the normal catalytic activity of an enzyme. 

Conduction band  A group consisting of the combined bonding 
orbitals in a solid that contain no valence electrons. This is at a 
higher energy than the valence band.

Doping  The addition of an impurity to a material in order to alter 
its chemical behaviour. The material is described as having been 
doped.

Electron hole  The lack of an electron at a position where one could 
exist in an atom or atomic lattice — in effect a position is generated 
where an electron is missing. Holes are absent electrons — they 
behave as though they were positively charged particles.

Fluorescence  Emission of light by a substance caused by excited 
electrons returning to their ground state, following absorption of 
electromagnetic radiation of a shorter wavelength (i.e. higher energy) 
than that emitted.

Photocatalyst  A substance that generates catalytic activity using 
energy absorbed from light.

Redox potential  The tendency for a chemical species to acquire or 
lose electrons and therefore be oxidised or reduced.

Semiconductor  A material or substance with electrical conductance 
properties that lie between those of a good conductor and a good 
insulator (see CHEMISTRY REVIEW, Vol. 26, No. 1, pp. 11–15).

Standard hydrogen electrode (SHE)  Assigned a potential of 0.00 
volts and used as a reference electrode against which other redox 
potentials are compared. 

Valence band  A group of orbitals in a solid that are considered 
to be at the same energy, containing the outer orbitals of the atom 
involved in its bonding. Orbitals contained within it can be occupied 
or unoccupied by electrons.

Glossary 

N+N+

Cl–Cl–

Figure 6 Methyl viologen dichloride (1,1’-dimethyl-4,4’-
bipyridinium dichloride, also known as paraquat dichloride) 

Photosynthesis is not a very efficient process — biomass 
production efficiency in green plants is roughly 1%
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electrode (SHE), while the reduced methyl viologen is able 
to reduce protons (H+) to hydrogen under conditions below 
pH4. However, the electron is then transferred back from the 
methyl viologen to the ruthenium complex, and the energy is 
given out as heat. 

Unfortunately these two experiments were not suitable 
systems to use for sunlight-driven water splitting, as the TiO2 

was not able to absorb enough energy from sunlight and the 
ruthenium complex reverted back to its original state too 
quickly. However, these experiments demonstrated that the 
excitation of the TiO2 band gap could split water into hydrogen 
and oxygen when supplied with a slight electrical bias, and 

that light irradiation could be used to generate species with a 
potential to oxidise water.

The challenge
Photosynthesis itself is not a very efficient process. Biomass 
production efficiency in green plants is roughly 1%, making 
it unsuitable for use as a high energy density production 
source. However, despite this we can learn much from how 
photosynthesis is achieved in nature.

For example, in plants the oxygen evolving complex is 
separated from the site of the initially produced redox pair by 
approximately 5 nm (nanometres, 10–9 m) and a free energy 
gradient, making the back transfer of electrons slow enough to 
avoid hindering the oxidation of the water.

When a semiconductor absorbs photons with an energy 
higher than its band gap, an electron in its valence band is 
excited into its conduction band. The vacancy created by the 
electron being excited to the conduction band leaves a hole in 
the valence band. The excited electrons and holes are able to 
reduce and oxidise species if the reaction is thermodynamically 
favourable. For instance, a semiconductor for water splitting 
needs to have a band gap that spans the reduction and 
oxidation potentials of water, namely +0.00 and –1.23 V 
(relative to a SHE) respectively. Such a system that uses a single 
semiconductor to split water is known as a conventional, or 
one-step, photocatalyst (Figure 7a).

Owing to the need for the semiconductor to be chemically 
stable under the required conditions and have a suitable band 
gap for light absorption in the visible region (which spans the 
reduction and oxidation potentials of water), there are not many 
materials that are suitable for use in a one-step photoexcitation 
system. This problem of suitability is illustrated with several 
metal oxides, especially those of d0 or d10 metal cations, such as 
titanium in TiO2 and gallium in Ga2O3 respectively. Such metals 
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Figure 7 (a) Single-step and (b) Z-scheme photocatalytic water splitting (where CB is the conduction band and VB is the valence band)
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often have valence bands that reach potentials around +3 V 
relative to SHE or beyond, so if the bottom of their conduction 
band is negative enough to reach that of the water reduction 
potential (0 V relative to SHE), their band gap is going to be +3 eV 
or more, which is no longer in the visible part of the spectrum 
but in the ultraviolet region.

Even when the band gap is appropriate, such as with cadmium 
sulfide or cadmium selenide, these photocatalysts are unstable 
for the production of oxygen from water because the sulfur and 
selenium ions are more susceptible to the oxidation reaction 
than the intended water. Single-step systems often rely on 
one photocatalyst being doped with another. For example, the 
photocatalyst (Ga1–xZnx)(N1–xOx) is a yellow-coloured powder 
(so absorbs in the visible range) that has little photocatalytic 
activity. However, when doped with a small amount of mixed 
ruthenium oxide and chromium oxide, it is able to function as 
a single-step photocatalyst for water splitting. 

Two steps forward
A more promising tactic is to use a two-step photoexcitation 
system as used in nature, known as a Z-scheme, where two 
different photocatalysts of different band gaps are used with a 
redox shuttle mediator acting between them (Figure 7b). This 
allows one catalyst to be selected for the water oxidation side of 
the reaction and another to be selected for the proton reduction 
part of the process, making the overall process much easier to 
achieve, and allowing one part of the process to be focused on at 

a time. The two photocatalysts can be separated by a membrane 
or porous filter that allows only the redox mediator to pass, 
meaning that the produced oxygen and hydrogen can be kept 
separate and collected individually.

An example of one of the most successful Z-scheme systems 
for artificial water splitting is shown in Figure 8, which uses a 
tungsten trioxide (WO3) photocatalyst modified with platinum 
(Pt) as the oxygen evolution photocatalysts and a zirconium 
oxide (ZrO2)/tantalum oxynitride (TaON) photocatalyst, 
also modified with platinum, as the hydrogen evolution 
photocatalyst. The ZrO2/TaON photocatalyst has a band gap of 
approximately 2.4 eV, so absorbs light best for photoexcitation 
with a wavelength of roughly 520 nm.

It was found that the combination of ZrO2 with TaON 
resulted in drastically better production of hydrogen from water 
than when just using TaON on its own. The TaON part of the 
catalyst is able to oxidise the redox mediator from I– to IO3

– 
very effectively, but is not active for the evolution of oxygen 
from water. Tungsten trioxide is well established as an oxygen 
evolving photocatalyst under visible light, having a band gap of 
2.7 eV, which corresponds to 459 nm. The added platinum helps 
to prevent recombination of the electrons and electron holes (h+) 
by providing sites for the electrons excited into the conduction 
band to accumulate at.

Where next?
As well as improving the efficiency of photocatalysed water 
splitting, research is ongoing into coupling this to the other part 
of the natural photosynthesis process: making a carbon-based 
fuel. Like with photosynthesis, the aim is to use carbon dioxide, 
which is continuously produced by respiration and combustion, 
and reduce this greenhouse gas to products such as methanoic 
acid (HCO2H) or carbon monoxide. The carbon monoxide could 
be combined with hydrogen to produce hydrocarbon fuels such 
as methane.

CB

VB
h+

e–

O2

H2O
Band gap

hν > band gap
λ = 420.5 nm

e–

e–

Potential/
V vs SHE

H+/H2                     
0.0

O2/H2O                           
+1.23

CB

VB
h+

e– H2

H+Band gap

e– e–

e–

e–

Oxygen evolution 
photocatalyst made from 

WO3 doped with Pt

Hydrogen evolution 
photocatalyst made from ZrO2 

and TaON doped with Pt

I–

IO3
–

Pt dopant

Pt dopant
hν > band gap
λ = 420.5 nm

Figure 8 Example of a successful Z-scheme system (where CB is the conduction band and VB is the valence band)

Emma Dux assists with inorganic research in the Department 
of Chemistry at the University of York and is a sub-editor for 
CHEMISTRY REVIEW.

1 Write a balanced equation for the redox reaction between protons 
and Fe2+. Remember that the charges have to be the same on both 
sides of the equation.
2 Write a balanced equation for the reaction between water and 
oxidised iron ions to produce oxygen, reduced iron and hydrogen.

Check your answers at  
www.hoddereducation.co.uk/chemistryreviewextras

ChemistryReviewExtras

Revision questions Revision questions
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The main focus of the camp was to study pollution in 
cities around the world and discover how human actions 
can affect this. We learnt about the layers of the Earth’s 

atmosphere. The troposphere closely envelops the Earth and 
clouds, along with all of the harmful pollutants that we emit. 
Just above that, 20 km into our atmosphere, is the relatively 
thin yet critical ozone layer within the stratosphere (Figure 1). 
Ozone in the stratosphere is beneficial to the Earth and its 
inhabitants, as it protects our skin from harmful ultraviolet 
(UV) radiation emitted by the Sun (see CHEMISTRY REVIEW, Vol. 26, 
No. 1, pp  18–22 and the references therein). However, when 
ozone enters the troposphere, it can be harmful to humans, 
especially people with respiratory conditions such as asthma.

There is a naturally occurring low concentration of ozone 
at ground level, but human activities can increase this 
concentration to harmful levels. This crucial point introduced us 
to the main task of the three day camp: creating our own ozone 
sensors as part of air quality monitoring stations.

Atmospheric camp 
at York

This ‘Encounter’ links to the following A-level topics:
• atmospheric monitoring
• ozone
• air quality and health

Exam links 

Building the air quality monitoring stations

 encounter

Figure 1 Atmospheric layers
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In 2016 the University of York ran its first ever atmospheric 
science summer camp under the leadership of Professor 
Lucy Carpenter. Here, students from the camp reflect on their 
experience
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perhaps due to the high population density and the vast number 
of factories and forms of transportation.

We looked at the daily air quality index (DAQI) for each city, 
concentrating on the levels of ozone, nitrogen dioxide and 
PM2.5. Continuous monitoring of air quality means that health 
warnings can be issued if the DAQI rises above a safe level. 
The levels are designated colours: green (low levels), amber 
(medium) and red (high). With a green level everyone can 
continue physical activity outside. The advice for an amber 
warning is that people with asthma and other breathing 
conditions should reduce their physical activity outside, but 
other people can continue as normal. A red level means that 
everyone should reduce the amount of physical activity they do. 
This scale is crucial for forecasts, which inform people to reduce 
exercise and/or stay indoors when necessary. We were relieved 
to discover that York had almost consistently green levels for 
NO2 and PM2.5, but there are occasional amber ozone warnings.

On our third and final day, we presented our results to 
our families. We included a demonstration to show the effect 
of air temperatures on the air quality at ground level. We all 
thoroughly enjoyed learning about the atmosphere of our planet 
and the air that we breathe.

Air quality monitoring
The air quality monitoring stations were to be positioned at 
varying distances from the road to discover if the concentration 
of ozone is affected by the proximity of traffic and to measure 
the air quality around the university campus.

Our monitoring stations were based around an Arduino board, 
which is a programmable electronic device used to collect data 
from sensors. First we had to build the ozone sensors, soldering 
the wires to connect up the circuit. Then the Arduino board was 
attached to the bottom of the prefabricated 3D-printed box, 
along with the three other sensors, which measured density, 
wind speed, and PM2.5.

PM2.5 is particulate matter with a diameter of 2.5 μm or less. 
These microscopic particles are capable of blocking people’s 
respiratory systems, causing and provoking conditions such 
as asthma and bronchitis. When there is a high level of these 
particles in the air, people with respiratory-related illnesses are 
often advised to stay indoors. We positioned our monitoring 
stations about 3 metres above the ground and left them to 
collect data.

Urban pollution levels
On the second day of the camp we researched the air quality 
of some cities around the world, including York, London, 
Stockholm, Los Angeles and Beijing, recording and comparing 
the concentrations of pollutants in each area. As we had 
expected, we found that York was the least polluted of these five 
cities. We assumed from this that York has less traffic per square 
kilometre than the other cities, as traffic is one of the most 
prominent sources of pollution in an urban environment. We 
found that Beijing was by far the most polluted city we studied, 

Josie Lewis and Lorien Birch are students at Fulford School in 
York and Freya Brown attends Millthorpe School, York.

Box 1 Temperature inversion

Air temperature usually decreases with increasing altitude. As air 
warms it expands, becoming less dense. The warmer (lower density) 
air rises upwards by convection, carrying any ground-level pollutants 
and dissipating them by mixing with the cooler air mass above. Under 
certain weather conditions a temperature inversion occurs. In this 
case colder air is trapped at ground level beneath a layer of warmer 
air. Under these conditions pollution levels can build up and cause 
health problems. To demonstrate these phenomena we used coloured 
water to represent the hot and cold air.

We took four flasks and completely filled them to the brim with 
water. Two contained hot water with red food colouring added, and 
the other two had cold water with blue dye in. We firmly clamped 
two flasks (one hot, one cold), then with pieces of card held tightly 
over the necks of the other two flasks, we quickly inverted them over 
the first flasks so that there was a hot flask over a cold one and vice 
versa. Once we slid the card out from between the flasks, the liquids 
inside them were free to mix. The pair of flasks representing the 
normal atmospheric conditions had the hot water at the bottom and 
the cold at the top. The two dyes mixed immediately as the less dense 
hot water rose and the denser cold water sank by convection. The 
water in the flasks representing the temperature inversion (with the 
cold on the bottom and the hot on top) remained as distinct blue and 
red layers, demonstrating the lack of mixing under these conditions 
(Figure 2).

(a) (b)

Figure 2 (a) With hot water (red) below the cold water (blue), 
convection causes the two layers to mix rapidly. (b) With denser 
cold water below the hot water, two distinct stable layers are 
formed
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Paints are formulated according to their proposed use — 
primer, undercoat, special finishes such as matt and gloss 
(Figure 1), heat resistance, anti-corrosion or abrasion resistance. 
The pigment powder is broken down into individual particles, 
which are coated by and dispersed in the binder (resin) — 
known as ‘wetting out’. Solvent is added to give the required 
consistency. Each batch of ingredients is thoroughly mixed in 
large, stirred containers with the required additives. Quantities 
ranging up to 40 000 dm3 of paint may be made in a single batch.

The three most important binders (resins) used in modern 
paints are:

 ■ acrylic polymers (resins)
 ■ alkyd polymers (resins)
 ■ epoxy polymers (resins)

Acrylic polymers
The binder in many emulsion paints is based on homopolymers 
or copolymers of ethenyl ethanoate (vinyl acetate) and a 
propenoate (acrylic) ester. Ethenyl ethanoate is manufactured 
by passing a mixture of ethanoic acid vapour, ethene and oxygen 
over heated palladium(II) and copper(II) chlorides (Figure 2).

Ethenyl ethanoate and an acrylic ester (for example, methyl 
2-methylpropenoate) are then copolymerised by addition 
reactions (involving their alkene double bonds) into linear 
chains, in which these monomers occur in a random order 

Making 
paint
What makes a perfect paint, and what is the chemistry behind it?

Paint is used to decorate, protect and prolong the life of 
natural and synthetic materials, and acts as a barrier 
against environmental conditions. Paints may be broadly 

classified into:
 ■ Decorative paints: applied on site to decorate and protect 

buildings and other objects.
 ■ Industrial coatings: applied in factories to finish manufactured 

goods such as cars.

Constituents of paint
Paints have a number of components (Table 1). The binder 
(resin) and solvent together are sometimes known as the 
‘vehicle’. The binder may be dissolved as a solution or carried as 
a dispersion of microscopically small particles in a liquid. The 
additives used will depend on the type of paint and its intended 
purpose (Table 2).

This ‘Focus on industry’ explores the following A-level topics:
• solvents
• applications of chemistry
• polymers/polymerisation
• organic reactions, including esterification
• pigments

Exam links 

 focus on industry
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environment than paints in which the binders are in organic 
solvents. Emulsion paints are so called because they are made by 
a process known as emulsion polymerisation, in which the liquid 
monomers to be polymerised are first dispersed in water as an 
emulsion. The polymers produced by this process typically have 

(Figure 3). Other acrylic esters, used as comonomers with 
ethenyl ethanoate, are ethyl propenoate, butyl propenoates, or a 
copolymer of butyl propenoate and methyl 2-methylpropenoate.

The polymers used in acrylic paints are carried in water 
(waterborne emulsion paints), which is much better for the 

Table 1 Constituents of paint

Constituent Function

Pigment(s) Prime pigments to impart colour and opacity (see CHEMISTRY REVIEW, Vol. 26, No. 3, pp. 13–15)

Binder (resin) A polymer, often referred to as resin, forming a matrix to hold the pigment in place

Extender Larger pigment particles added to improve adhesion, strengthen the film and save binder

Solvent (sometimes called a 
thinner) 

Either an organic solvent or water is used to reduce the viscosity of the paint for better application. Waterborne 
(water-based) paints are replacing some paints that use volatile organic compounds, such as hydrocarbons, which 
are harmful to the atmosphere

Additives Used to modify the properties of the liquid paint or dry film

Table 2 Paint additives and their functions

Additive Function

Dispersants To separate and stabilise pigment particles

Silicones To improve weather resistance

Thixotropic agents To give paints a jelly-like consistency that breaks down to a liquid when stirred or when a brush is dipped into it

Dryers To accelerate drying time

Anti-settling agents To prevent pigment settling

Bactericides To preserve water-based paints in the can

Fungicides and algaecides To protect exterior paint films against disfigurement from moulds, algae and lichen

Extender
12%

Additives
5%

Solvent 
44%

Binder 
14%

Pigment
25%

Additives
5%

Solvent 
40%

Binder 
30%

Pigment
25%

White gloss (alkyd) paint

White matt emulsion paint

white matt emulsion paint

(a)

(b)

Figure 1 Comparing the contents of (a) a white gloss (alkyd) paint 
and (b) a white matt emulsion (acrylic) paint
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Figure 2 Production of ethenyl ethanoate using palladium(II)
chloride and copper(II) chloride catalysts

OO

OO
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OO

OO

Methyl 2-methylpropenoate

Figure 3 The products of addition polymerisation of ethenyl 
ethanoate (vinyl acetate) and methyl 2-methylpropenoate 
(methyl methacrylate). When they are copolymerised they occur 
in a random order in the product
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relative molecular masses of 500 000 to 1 000 000. As such they 
are useful only as dispersions, since they would be extremely 
viscous if they were carried in solution and this would make 
them unusable (Figure 4).

Acrylic resins may also be used in industrial paints, either as 
waterborne emulsion paints or as solvent-borne paints. Solvent-
borne industrial paints can have a tough protective finish and are 
widely used in industry as topcoats, for example on car bodies. 
The paint frequently comes as two components, which are 
mixed together just before use. The main paint portion typically 
consists of an acrylic resin produced by the polymerisation of a 
propenoate ester formed from a polyhydric alcohol (diols and 
triols). The resulting polyester has numerous hydroxyl groups 
(–OH) pendant from the polymer backbone. The hydroxyl 
groups react with the other compound, often consisting of a 
polymeric isocyanate such as a trimer of 1,6-diisocyanatohexane 
(hexamethylene diisocyanate, see Figure 5).

Such a compound is known as a cross-linker, for it produces, on 
reaction with the resin, a three-dimensional structure similar to 
the polyurethane formed from a polyol and an isocyanate. When 
these two components are mixed together, a chemical reaction 

takes place between the hydroxyl groups on the polymer (acrylic 
resin) and the isocyanate groups on the cross-linker (Figure 6).

This reaction proceeds relatively slowly at room temperature, 
allowing enough time for the paint to be applied, after which the 
solvent thinner evaporates and the painted item is placed in an 
oven to accelerate the chemical reaction. This greatly increases 
the molecular mass of the polymer, causing it to become a 
three-dimensional molecule and form a hard film, resistant to 
chemicals (Figure 7).
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Figure 4 Graph showing the relationship between relative 
molecular mass and viscosity for solution and dispersion polymers
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Figure 5 The 1,6-diisocyanatohexane trimer

Alicyclic  An organic compound (alkane, alkene, alkyne or a 
derivative of these) that has its carbon atoms in a closed ring, but is 
not a benzene (aromatic) ring.

Aliphatic  An organic compound that has its carbon atoms in a chain 
rather than in closed rings.

Copolymer  A polymer made from two or more different types of 
monomers.

Homopolymer  A polymer made from just one type of monomer.

Polyhydric  Polyhydric alcohols have more than one hydroxyl group 
(–OH).

Refractive index  When light travels from one medium to another, 
its path is bent as its velocity changes — this is refraction. The 
refractive index is the ratio of the velocity of light in a vacuum to its 
velocity in the specified medium.

Thermoset  A polymeric material that does not melt when heated, 
usually due to a highly cross-linked structure. If heated to a 
sufficiently high temperature, a thermoset material will char and 
undergo thermal decomposition.

Glossary 

CH2OH + O N CH2O N

H

Pendant
hydroxyl
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Cross-linker
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Figure 6 Reaction between a hydroxyl group and an isocyanate 
group

Cross-linker

Polymer

Figure 7 Three-dimensional polymer formed by cross-linking
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Alkyd polymers
Decorative gloss paints typically contain alkyd polymers 
(resins). A typical resin is produced from a polyol such as 
propane-1,2,3-triol (glycerol), with a dibasic acid (for example 
benzene-1,2-dicarboxylic anhydride (phthalic anhydride)) and 
a drying oil (e.g. linseed or soybean oil). On heating these 
ingredients together, ester linkages are formed and water is 
released as a by-product. The name alkyd is derived from alcohol 
and anhydride. The first step in making the alkyd polymer is 
the reaction between the triol and the drying oil to produce a 
monoglyceride (Figure 8). The monoglyceride then reacts with 
the anhydride to form the alkyd polymer (resin) (Figure 9).

The alkyd resins, which generally have relative molecular 
masses in the range of 10 000 to 50 000, are usually carried in 
organic solvents (solvent-borne paints). Turpentine, extracted 
from trees, was used in the past as the solvent, but this has 

been replaced by solvents from petrochemical feedstock, such 
as ‘white spirit’, which is a mixture of aliphatic and alicyclic 
hydrocarbons.

Once the alkyd resin is applied, the pendant oil drying 
groups react with oxygen in the air to form a cross-linked hard 
thermoset coating, with a high molecular mass.

Epoxy polymers
Epoxy resins are often used as the binder in industrial 
coatings (primers). They give the paint excellent adhesion, 
together with high resistance to chemicals (corrosion), and 
the physical resistance necessary for use on ships and chemical 
storage tanks.

The epoxy resins are made from 1-chloro-2,3-epoxypropane 
(produced from 3-chloro-1-propene) and substituted phenols, 
such as bisphenol A (Figure 10). The value of n can be controlled 
to give a range of resins, varying from viscous liquids to solids 
with high melting points. Epoxy resins can be carried in 
solvents such as aromatic hydrocarbons, alcohols, ketones and 
esters (solvent-borne paints) or as dispersions in water (water-
borne paints) as true emulsions. They are not normally used 
in topcoats for outdoors because they are susceptible to UV 
degradation, but they make excellent interior coatings and 
exterior primers. Epoxy resins are also used as adhesives (e.g. 
Araldite) and electrical insulators.

Pigments in paints
Pigments give colour and opacity to paints. Among the organic 
pigments, particularly important are azo-, phthalocyanine (see 
CHEMISTRY REVIEW, Vol. 26, No. 3, pp. 13–15) and anthraquinone 
derivatives.

The most common inorganic pigment is white titanium 
dioxide (titanium(IV) oxide, see CHEMISTRY REVIEW, Vol. 13, No. 3, 
pp. 13–16), which provides over 70% of total pigments used. It 
has a high refractive index and gives a ‘gloss’ to the paint.

Another widely used inorganic pigment is finely divided 
calcium carbonate (see CHEMISTRY REVIEW, Vol. 21, No. 1, 
pp. 26–29). This has a low refractive index and is used, together 
with titanium dioxide, to produce matt paints. Other pigments 
include iron oxides (black, yellow and red), zinc oxide and 
carbon black. Powdered metals (such as zinc) and some metal 
compounds (for example zinc phosphate) have corrosion-
inhibiting properties.
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Figure 9 Formation of an alkyd polymer (resin) by a 
condensation reaction
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Figure 10 The production of an epoxy resin
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Figure 8 Production of a monoglyceride from a triglyceride and 
glycerol (propane-1,2,3-triol)
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Application and environment
Lead compounds are no longer used in decorative paints and 
automotive paints. The quantity of lead compounds still being 
used in specialised industrial paints has been greatly reduced 
and eventually alternatives will be found. This also applies to 
chromates, which, although they perform well and in the past 
have been extensively used on motor vehicles, are very toxic. 

As volatile hydrocarbons can lead to pollution in the 
troposphere, coatings with lower organic solvent content are 
required. The routes to achieve this include:

 ■ water-based polymers (emulsion paints)
 ■ higher solids content polymers (using less solvent)
 ■ powder coatings

Water-based gloss paints are now available, but the initial 
gloss of the finish is usually not as high as that of organic 
solvent-based paints. The customer’s choice is between a high-
performance product and a more environmentally friendly one. 
Intense research efforts continue to improve these paints.

High solids paints (which are solvent-based) are now 
available, but not without compromises in cost and 
performance. The relative molecular masses of the polymer 
resins are reduced to a maximum of around 1000 compared to 
5000 in conventional paints. This allows the proportion of the 
polymer to be increased from 20–30% to 40%, hence the term 
high solids. The main problem is the need to maintain a low 
viscosity. As the relative amount of solids increases, so does the 
viscosity, reaching a point at which the paint cannot be applied 
properly. The lower proportion of solvent tends to slow down 
the drying and film-hardening process, so changes are made to 
the structure of the polymer. For example, increased polymer 
branching tends to reduce the viscosity for the same molecular 
mass. The application of these paints is more difficult. If applied 
by aerosol, the paint has to be under pressure. Sometimes the 
paint is applied hot. It is difficult to get as good a finish in 
appearance using a high solids paint.

Powder coatings are used for goods such as bicycles and 
‘white goods’ (e.g. refrigerators and washing machines). The 
powder is made up of a resin (often an epoxy resin), pigments, 
a catalyst to promote cross-linking when the powder is heated, 
and additives. The powder is sprayed onto the article using 
an electrostatic spray gun and is heat-cured to produce a hard 
coating. Recently, acrylic powder coatings have been introduced 
as clear-coats on car bodies. Although an ideal solution for 
many applications, curing is achieved at high temperature in 
an oven and is therefore not universally applicable (e.g. they are 
unsuitable for painting wood or plastics).

Research continues to produce more high-performance paints 
and coatings that provide the desired durable finish without 
damaging the environment.

Watching paint dry
As a paint dries, a film is formed that adheres to the surface of 
the material to which it is being applied.

Emulsion paints dry by a physical process. This involves the 
evaporation of water followed by coalescence of the polymer 
droplets and their subsequent integration into a hard polymer 
matrix, which acts as a binder for the pigment.

On applying gloss paints, the alkyd polymer cross-links 
by an oxidation reaction with oxygen in the air, once the 
solvent has largely evaporated. This reaction is accelerated using 
salts of transition metals (for example, cobalt and manganese 
naphthenates). The transition metal ion (with variable oxidation 
state) catalyses cross-linking of the polymer chains, producing a 
hard surface film to the paint.

What makes an ideal paint? The properties vary greatly 
according to the particular end use. The requirements for an 
automotive topcoat will be different to those for a decorative 
ceiling paint. Some of the typical attributes required are:

 ■ ease of application
 ■ good flow out of application marks (e.g. brush marking)
 ■ forming a continuous protective film
 ■ high opacity
 ■ quick drying
 ■ corrosion resistance
 ■ water resistance
 ■ heat resistance
 ■ colour stability (i.e. against visible and ultraviolet radiation)
 ■ abrasion and scratch resistance
 ■ durability
 ■ flexibility
 ■ easy to clean

Draw the structures of:
1 Butyl prop-2-enoate
2 1,6-diisocyanatohexane
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www.hoddereducation.co.uk/chemistryreviewextras
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The two sides 
of thalidomide

S enantiomer inhibits new blood vessel growth in the foetus, 
which is critical for the development of limbs and other organs. 
The specific form of abnormality in the foetus depends on 
the stage of development it had reached when its mother took 
the drug.

You may think that an easy solution to this problem would be 
to isolate the R enantiomer and sell this pure form as the drug. 
However, the liver contains an enzyme that is able to convert 
the R form into the S form of thalidomide. This means that 
even if an enantiomerically pure drug were administered, the 
body would convert it into a racemic mixture, still resulting in 
the harmful side effects, so this drug can never be taken safely 

by pregnant women.
However, this is not the end of the story for thalidomide. 

It is still a valuable drug today for certain conditions, such 
as treating multiple myeloma (a form of blood cancer) 

and complications of leprosy. One positive outcome 
is that the tragedy of the thalidomide babies has led 

to better regulations for drug testing, making the 
medicines we take today much safer.

The BBC series Call the Midwife recently featured the birth 
of babies with malformed limbs and other abnormalities, 
caused by their mothers taking the drug thalidomide 

during the early stages of pregnancy. But what is the chemistry 
behind this dark chapter in the history of medicine?

Thalidomide was hailed in the late 1950s as a wonder drug, 
prescribed as a mild sleeping pill, able to prevent morning 
sickness during pregnancy. Initially the connection between 
the drug and the birth defects wasn’t made, and around 10 000 
babies were affected before thalidomide was taken off the 
market as a treatment for morning sickness in the early 1960s.

Thalidomide is a chiral molecule (see pp. 2–6) as it has a 
chiral centre: a carbon with four different groups attached to 
it (although in this case two of the groups form part of a ring). 
The two enantiomers (designated as R and S forms) are mirror 
images of one another (Figure 1). 

The drug was sold as a racemic mixture of the two enantiomers. 
Research shows that the R form of thalidomide acts as a sedative 
and is effective in suppressing morning sickness. However, the 

Jessica Entwistle is an undergraduate chemistry 
student at the University of York and is the 
editorial assistant for CHEMISTRY REVIEW.
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Figure 1 The two enantiomers of thalidomide (the chiral carbons 
are marked *)

the harmful side effects, so this drug can never be taken safely 
by pregnant women.

It is still a valuable drug today for certain conditions, such 
as treating multiple myeloma (a form of blood cancer) 

and complications of leprosy. One positive outcome 
is that the tragedy of the thalidomide babies has led 

to better regulations for drug testing, making the 
medicines we take today much safer.
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