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Preface

I hope to open your eyes and show you a fascinating, intellectually 
and economically important world, that of chemistry. Chemistry, 
I have to admit, has an unhappy reputation. People remember 
it from their schooldays as a subject that was largely 
incomprehensible, fact-rich but understanding-poor, smelly, and 
so far removed from the real world of events and pleasures that 
there seemed little point in coming to terms with its grubby 
concepts, spells, recipes, and rules. In later life that unhappy 
reputation is often rendered unhappier still by an awareness of the 
environmental impact of nasty chemicals escaping into the wild 
and bringing disaster to softly green clover-clad bucolic meadows 
that were home to the glowing poppy and the dancing butterfly, 
rendering into inhospitable mud the banks where the wild thyme 
once grew, generating toxic sludge and noxious slime where 
limpid streams had rippled, replacing air fragrant with aeolian 
delight with pungency, and generally messing things up.

I want to change all that. I want to encourage you to look 
anew at chemistry, through modern unprejudiced eyes, with 
those memories and attitudes swept away and replaced by 
comprehension and appreciation. I want to show you the world 
through a chemist's eyes, to understand its central concepts, and 
see how a chemist contributes not only to our material comfort 
but also to human culture. I want to explain how chemists think 



and how what they reveal about matter—all forms of matter, from 
rocks to humans—adds pleasure to our perception of the world. 
I want to show you how chemists take one form of matter, perhaps 
sucked or dug from the ground or plucked from the skies, and 
turn it into another form, perhaps to clothe us, feed us, or 
comfort us.

I want to share with you the thought that chemistry provides the 
infrastructure of the modern world. There is hardly an item of 
everyday life that is not furnished by it or based on the materials 
it has created. Take away chemistry and its functional arm the 
chemical industry and you take away the metals and other 
materials of construction, the semiconductors of computation 
and communication, the fuels of heating, power generation, 
and transport, the fabrics of clothing and furnishings, and the 
artificial pigments of our blazingly colourful world. Take away its 
contributions to agriculture and you let people die, for the industry 
provides the fertilizers and pesticides that enable dwindling lands 
to support rising populations. Take away its pharmaceutical wing 
and you allow pain through the elimination of anaesthetics and 
deny people the prospect of recovery by the elimination of 
medicines. Imagine a world where there are no products of 
chemistry (including pure water): you are back before the Bronze 
Age, into the Stone Age: no metals, no fuels except wood, no 
fabrics except pelts, no medicines except herbs, no methods of 
computation except with your fingers, and very little food.

Advances in technology demand the availability of materials with 
new and sophisticated properties, be it better electrical, magnetic, 
optical, or mechanical properties or just greater purity. Advances 
in the maintenance of human health that can reduce the demand 
on the physical infrastructure of hospitals and their sophisticated, 
expensive equipment depend on the discovery and manufacture of 
better, more sophisticated medicines. There will be no advances in 
the generation, deployment, and conservation of energy without 
chemistry to provide its material infrastructure.
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It goes without saying, however, that the extraordinary difference 
between raw nature and what chemistry transforms it into to 
enhance and extend our lives comes at a price, and it is that price 
that disconcerts us and is rightly the basis of our apprehension of 
chemistry's environmental impact. At its crudest, the products of 
chemistry enhance our ability to kill and maim, for weaponry is 
improved when new explosives and other agents are perfected. 
Often of more permanent and vocal concern is the undeniable 
environmental impact of what is produced and the processes of 
production. Chemistry puts into societies’ hands the ability by 
governmental choice to wage war more effectively, through 
commercial pressures to produce artefacts more aggressively, 
and through personal choice to squander more profligately and 
thereby harm our unique and irreplaceable ecosystem.

I shall confront that concern in these pages, for it has been a 
corollary of progress in chemical manufacturing and the presence 
not only of its products but also of its manufacturing waste in the 
environment. It is important, though, to bear in mind a rounded 
picture of chemistry, not a single black facet. Without chemistry 
life would be nasty, brutish, and short. With chemistry, it can be 
comfortable, entertaining, and well fed. Transport can be efficient; 
clothes alluring. Lives can be longer. Without ignoring the dark 
and negative side of chemistry, I shall encourage you to appreciate 
the illuminating and positive side, too.

There is another dimension to all these contributions: 
understanding. Chemistry provides insight into the heart of 
matter by showing how things are. A chemist can look on a rose 
and understand why it is red and look on a leaf and understand 
why it is green. A chemist can look on glass and understand why it 
is brittle and look on a fabric and understand why it is supple. The 
glories of Nature, of course, can be experienced without this inner 
knowledge, just as music can be enjoyed without analysis; but the 
insight that chemistry brings into the properties of matter, in all 
its forms, can be brought to bear if the moment is apt, and deeper 
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enjoyment thereby achieved. I seek to share some of this insight 
with you and show that even a little chemistry will add to your 
daily pleasure.

That, in broad terms, is the journey I shall take you on. I shall try 
to dislodge you from your half-remembered, perhaps unpleasant 
memories of your early encounter with chemistry. You will not 
have a degree in chemistry when you have read through these 
chapters, for chemistry is deep as well as wide, it is quantitative as 
well as qualitative, it is subtle as well as superficial. You will, 
however, I hope, appreciate its structure, its core concepts, and its 
contributions to culture, pleasure, economy, and the world.

In conclusion, I would like to thank Professor David Phillips, 
Imperial College, for a number of helpful remarks.

Peter Atkins
Oxford, 2014
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1

Greed. Greed inspired humanity to embark on an extraordinary 
journey that touches everyone today. The particular variety of 
greed I have in mind was jointly the quest for immortality and the 
attainment of unbounded riches. The supposed route to both was 
the manipulation of matter to provide elixirs to overcome bodily 
ills for the realization of immortality and recipes for the 
conversion of more or less anything resembling gold—either in 
colour, as in urine and sand, or heft, as in lead—into gold itself. 
Neither aim was ever achieved, but the ceaseless tinkering with 
matter by the alchemists provided them with a considerable 
familiarity with it and provided the compost, often literally, from 
which a real science—chemistry—was to emerge.

The principal instrument of the transition from alchemy to 
chemistry was the balance. The ability to weigh things precisely put 
into humanity’s hands the potential to attach numbers to matter. 
The significance of that achievement should not go by unremarked, 
for it is in fact quite extraordinary that meaningful numbers can be 
attached to air, water, gold, and every other kind of matter. Thus, 
through the attachment of numbers, the study of matter and the 
transformations that it can undergo (the current scope of chemistry) 
was brought into the domain of the physical sciences, where 
qualitative concepts can be rendered quantitatively and tested 
rigorously against the theories that surround and illuminate them.

Chapter 1

Its origins, scope, and 

organization
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Weighing matter before and after it had undergone 
transformation from one substance to another led to the principal 
concept that underlies all explanations in chemistry: the atom. 
The concept of the ‘atom’ had floated around groundlessly in 
human consciousness for over two millennia, ever since the 
ancient Greeks had speculated, without an iota of evidence, for 
some kind of ultimate indivisible particulate graininess of the 
world. Their speculation became grounded in science in the hands 
of John Dalton (1766–1844), who through the analysis of the 
weights of substances before and after reaction drew the 
conclusion that the elements, the fundamental building blocks of 
matter, are composed of unchangeable atoms, and that track could 
be kept of them as one substance changed into another by the 
simple expedient of weighing.

Atoms are now the currency of chemistry. Almost every 
explanation in chemistry refers to them, either as individuals or 
strung together in the combinations we call molecules. Atoms are 
the constituents of all matter: everything you can see and touch is 
built of atoms. As small as they are it is quite wrong to say that 
they are invisible to the naked eye. Look at a tree: you are seeing 
atoms. Look at a chair: you are seeing atoms. Look at this page: 
you are seeing atoms (even if this page is on a screen). Touch your 
face: you are touching atoms. Touch a fabric: you are touching 
atoms. Of course, an individual atom is too small to see: but 
matter is built from battalions of them, and the swarming 
battalions are visible to the naked eye as the substances that 
surround us. Later, however, in Chapter 5, I shall explain how 
chemists can now even see images of individual atoms.

There are just over 100 different types of atom. Quite what I mean 
by ‘type’ I shall explain in Chapter 2 when together we look  
inside them and identify their differing internal structures that 
render them distinct. Each different type of atom corresponds to a 
different element. Thus, just as there are the elements hydrogen, 
carbon, iron, and so on, so there are hydrogen atoms, carbon 



Its o
rig

in
s, sco

p
e, an

d
 o

rg
an

izatio
n

3

atoms, iron atoms, and so on, all the way up to the most recently 
discovered element, which in 2013 is the wholly useless and 
exceedingly short-lived 114th element, livermorium. (To be 
precise: it is element 116, but two that precede it await discovery). 
The key idea in chemistry is that when one substance changes into 
another, the atoms themselves do not change: they simply 
exchange partners or enter into new arrangements. Chemistry is 
all about divorce and remarriage.

Although ‘atom’ means uncuttable, atoms are cuttable. Even 
armchair speculation leads to that conclusion, for the existence 
of different types of atom implies the possession of different 
structures, so with sufficient ingenuity it is likely that an atom 
can be blasted apart and the so-called subatomic particles from 
which it is formed identified. Experiment confirms this 
speculation, and we shall see something of the interior of atoms 
and thereby the origins of their different personalities in 
Chapter 2. It is here that chemistry draws most strongly on 
physics, for physicists unravelled the structures of atoms and 
chemists use this information to account for the molecules they 
form and the reactions they undergo.

That last remark hints at the scope of chemistry. It implies that to 
understand chemistry it is necessary to import concepts from 
physics. That is indeed the case, and chemistry draws heavily on 
numerous concepts developed by physicists (in return, we 
chemists provide the matter for them to conjure with). Among 
all this trade there are two hugely important imports, one 
relating to the behaviour of individual atoms and their subatomic 
components and the other relating to bulk, that is tangibly large 
versions of matter, such as a jug of water or a block of iron. More 
technically, these are the microscopic and macroscopic worlds, 
respectively.

The crucial import from physics to account for the properties of 
the microscopic world of individual atoms and molecules is 
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quantum mechanics. Although much of chemistry was developed 
during the 19th century, there was little understanding of why 
some things occurred and others did not. At that time, Isaac 
Newton’s ‘classical mechanics’, the mathematical procedures for 
accounting for the motion of bodies, was king, for it was so 
successful at accounting for the orbits of planets and the flight of 
balls, and there was the expectation that when planets and balls 
were slimmed down to atoms, explanations of chemistry would be 
found and Newton’s domain would encompass chemistry too. 
Newton’s fruitless focus on alchemical manipulation was perhaps 
a sign that he thought so too. However, at the end of the  
19th century and early in the 20th it was found that this slimming 
down of planets and balls to atoms resulted in the complete 
failure of classical mechanics: even the concepts on which 
Newton’s mechanics was based crumbled when applied to atoms 
and their constituents. Such are the dangers of uncircumspect 
extrapolation.

Then, early in the 20th century, around 1927, a new mechanics 
was born that has proved to be hugely successful for explaining 
how atoms and subatomic particles go about their business. To 
this day the theory, quantum mechanics, has not been superseded 
in predictive power and numerical precision. That it remains 
largely incomprehensible is admittedly an irksome deficiency, but 
in due course I shall do my best to distil from it what is necessary 
for understanding the behaviour of atoms and hence the whole of 
chemistry. We shall see that when chemists stir and boil their 
fluids, they are coaxing atoms to behave according to the weird 
laws of quantum mechanics.

The other crucial import from physics, in this case to account 
for the properties of the macroscopic world of bulk matter, is 
thermodynamics. Thermodynamics is the science of energy and 
the transformations it can undergo. It arose in large part through 
the Victorian era’s dependence on the steam engine for driving 
societies forward both literally and economically, but soon proved 
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to be a key part of the fabric of chemistry. The material fabric of 
our subject is atoms, but the changes they undergo are under the 
control and impetus of energy. We shall see that not only is energy 
released when a fuel burns—an obvious, useful but primitive 
aspect of the involvement of energy with chemistry—but also that 
it governs how atoms behave in general, what structures they can 
form, what changes in organization they can undergo, and at what 
rate those changes can occur. Energy also, in a subtle way, turns 
out to be the driving power of chemistry in the sense that 
reactions are impelled forward by it in a manner that I shall 
explain in Chapter 3. Because energy is so intimately coiled into 
the very structure of chemistry, it should not be surprising that 
thermodynamics plays a role despite its engineering origins.

Whereas chemistry reaches down into physics for its explanations 
(and through physics further down into mathematics for its 
quantitative formulation), it reaches upwards into biology for 
many of its most extraordinary applications. That should not be 
surprising, for biology is merely an elaboration of chemistry. 
Before biologists explode in indignation at that remark, which 
might seem akin to claiming that sociology is an elaboration of 
particle physics, let me be precise. Organisms are built from atoms 
and molecules, and those structures are explained by chemistry. 
Organisms function, that is, are alive, by virtue of the complex 
network of reactions taking place within them, and those 
reactions are explained by chemistry. Organisms reproduce by 
making use of molecular structures and reactions, which are both 
a part of chemistry. Organisms respond to their environment, 
such as through olfaction and vision, by changes in molecular 
structure, and thus those responses—all our five or so senses—are 
elaborations of chemistry. Even that hypermacroscopic 
phenomenon, evolution and the origin of species, can be regarded 
as an elaborate working out of the consequences of the Second 
Law of thermodynamics, and is thus an aspect of chemistry. Some 
organisms, I have in mind principally human beings, cogitate on 
the nature of the world, and the mental processes that underlie 
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and are manifest as these cogitations are due to elaborate 
networks of chemical reactions. Thus, biology is indeed an 
elaboration of chemistry. I shall not press the view, whatever 
I actually think, that all matters of interest to biologists, such as 
animal behaviour in general, are also merely elaborated chemistry, 
but confine myself to the assertion that all the structures, 
responses, and processes of organisms are chemical. Chemistry 
thus pervades biology, and has contributed immeasurably to our 
understanding of organisms.

We socially elaborate organisms, we humans, build things. We 
fabricate artefacts. We mine the stones of the Earth, pump the 
fluids from the deep, and harvest the gases of the skies and aim to 
turn all this raw material into whatever we desire. The conversion 
of those raw materials into substances that can be moulded, 
hammered, spun, glued together, eaten, or simply burned, is a part 
of chemistry. Chemists might step aside and allow moulders to 
mould, hammerers to hammer, shapers to shape, and in general 
fabricators to fabricate, to create the final artefact, but it is they 
who have provided the raw material, the infrastructure of our 
modern technological society, and have contributed hugely 
thereby to world economies and the deportment of individuals 
and nations.

As I have emphasized in the Preface, there are, of course, speckles 
and blotches of black amid all this light. Chemistry has certainly 
contributed to mankind’s ability to maim and kill, and it would 
be inappropriate in this survey of what chemistry is to sweep 
under the carpet of its pages its provision of explosives, of nerve 
gases, and its accidental and intentional impositions on our 
fragile environment. I shall confront these issues later, but at this 
stage—to emphasize the importance of personal judgement—I 
invite you to eliminate all the contributions of chemistry to the 
modern world, which will take you back to the painful, dangerous, 
uncomfortable, aspirationally restricted era of the Stone Age, and to 
ask yourself then whether the current darkness outweighs the light.
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The divisions of chemistry

The scope of chemistry, then, is so enormous that my introduction 
to it, and the subject itself, would wallow amorphously like a 
stranded spineless whale without the imposition of some kind of 
structure. Chemists have drifted into a structure that helps them 
to carry out their activities, congregate in like-minded assemblies, 
and develop their procedures much like individual states develop 
their policies and economies. Unlike most states, the boundaries 
are blurred, and often striking advances are made where two 
cultures overlap. That is especially the case when the subject is as 
mature as chemistry currently is, where each domain of activity is 
thoroughly explored and inspiration might most fruitfully come, 
just like in art, at fertile overlapping boundaries and at the 
frontiers where chemistry overlaps other disciplines.

For our purposes, and to understand the general structure of 
chemistry for the sake of this introduction, it is helpful to 
appreciate its division into various branches and to see in broad 
terms their concerns. The divisions of chemistry still pervade 
university departments, courses, and the journals where 
discoveries are reported, and so a description of them is still an 
important component of a visitor’s guidebook. But be warned: 
frontiers both intellectual and departmental are melting.

The broadest, most important and conventional, and still widely 
observed division of chemistry is into its physical, organic, and 
inorganic branches.

Physical chemistry lies at the interface of physics and chemistry 
(hence its name) and deals with the principles of chemistry which, as 
we have seen, consist largely of quantum mechanics for explaining 
the structures of atoms and molecules and thermodynamics for 
assessing the role and deployment of energy. It is also concerned 
with the rates at which reactions take place, both at the macroscopic 
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level and the microscopic. In the latter it seeks to follow the intimate 
lives of individual molecules as they are ripped apart and then 
reconstituted as different substances in reactions. A major activity 
of physical chemistry is its contribution to the interpretation of 
investigative techniques, particularly ‘spectroscopy’.

As we shall see in Chapter 5, spectroscopy uses various kinds of 
light to bring information from within molecules into the eyes, 
increasingly the synthetic eyes, of the observer. Such is the current 
sophistication of these techniques that physical chemists must 
bring all their armoury, particularly quantum mechanics, to bear 
on the interpretation of the data. Indeed, so blurred are the 
activities of chemists and physics in this domain that the name 
physical chemistry often elides into chemical physics for some 
who study the behaviour of individual molecules with an approach 
that lies close to a physicist’s.

Organic chemistry is the part of chemistry that is concerned with 
the compounds of carbon. That one element can command a 
whole division is a testament to carbon’s pregnant mediocrity. 
Carbon lies at the midpoint of the Periodic Table, the chemist’s 
map of chemical properties of the elements, and is largely 
indifferent to the liaisons it enters into. In particular, it is content 
to bond to itself. As a result of its mild and unaggressive character, 
it is able to form chains and rings of startling complexity. Startling 
complexity is exactly what organisms need if they are to be 
regarded as being alive, and thus the compounds of carbon are the 
structural and reactive infrastructure of life. So extensive are the 
compounds of carbon, currently numbering in the millions, that it 
is not surprising that a whole branch of chemistry has evolved for 
their study and has developed special techniques, systems of 
nomenclature, and attitudes.

Why ‘organic’ ? Such is the intricacy of the molecules to which 
carbon contributes (except for a few outliers, like simple carbon 
dioxide), that it was originally thought that only Nature could 
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form them. That is, according to this ‘vitalist’ view, they are the 
products of organisms. The beginning of the end of vitalism was 
in 1828, when it was shown that a simple mineral could be 
converted into a characteristic ‘organic’ compound (namely urea). 
Although dispute raged for some time, since then the ‘organic’ of 
organic chemistry has been an archaism; but convenient 
archaisms are hard to dislodge and the term survives but now 
means nothing more than ‘a compound of carbon’.

That leaves the rest of the elements, the hundred or so elements 
other than carbon. Their study is the domain of inorganic 
chemistry. As might be suspected about a branch of a subject that 
deals with over 100 elements with widely differing personalities, 
inorganic chemistry is a vital yet sprawling field of study. The 
sprawl is partly contained by the adoption of various subdivisions 
of the subject. A major subdivision is solid-state chemistry, where 
the object of study is inorganic solids, such as the materials that 
act as superconductors and the semiconductors that have made 
universal computation feasible. It is hard to resist the analogy 
between inorganic chemistry and a hundred-piece orchestra, with 
the chemist conductor–composer drawing out symphonies of 
combinations by ordering the instruments accordingly.

Carbon is not secure from an inorganic chemist’s Periodic- 
Table-scanning eyes. Some of the simpler compounds of carbon, 
such as the carbon dioxide that I have already mentioned, the 
killer gas carbon monoxide, and chalk and limestone that form 
our landscapes, are readily released by organic chemists from their 
domain as being of little interest to them and by convention are 
regarded as inorganic. On the frontier between the divisions, 
though, lie compounds that are intricate assemblies of carbon atoms 
yet include atoms of various metals. A number of these compounds 
are essential catalysts in the chemical industry; some are crucial to 
the functioning of organisms. Here lies the interdivisional field of 
organometallic chemistry, which at its best represents a highly 
fruitful collaboration between organic and inorganic chemists.
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Chemistry’s overlap with other disciplines

Such are the three principal divisions of chemistry. That list by no 
means exhausts all the ways in which chemists carve up their 
subject for better digestion, but all the others draw technique, 
concept, and inspiration from these three in various proportions 
and spice their mixture with aspects of other subjects. It would be 
a sizeable undertaking to list them all, but it is appropriate to be 
aware of the most common of them.

Analytical chemistry is the modern descendant of the age-old 
quest for finding out what is there. What is present in a mineral? 
Might there be gold or is it hafnium? What is present in crude oil? 
What is present in it other than the raw hydrocarbons, and which 
hydrocarbons? What is that compound you made? Can you 
deduce the arrangements of its atoms? These are all questions 
that analytical chemists might try to answer. Although test-tubes, 
flasks, and retorts still figure in their approaches, many of their 
investigations are now carried out in sophisticated machines, 
some of which use spectroscopy and others techniques developed 
by inorganic and physical chemists. I explore these techniques in 
Chapter 4. Stemming from analytical chemistry is forensic 
chemistry, in which the techniques of analytical chemistry are 
used for legal purposes, to track down or exonerate suspects, and 
to analyse the scenes of crimes.

Biochemistry is organic chemistry’s back-donation to biology, 
sometimes with a dash of inorganic chemistry thrown in. It is 
concerned wholly with the structures and reactions that 
constitute living things, resolving the metabolic pathways that 
turn food into action (including that action confined to the brain: 
thought). Organisms are still a hugely important reservoir of 
organic molecules, for Nature has had billions of years to explore 
structural niches, and biochemists play a central role in both 
discovering what is there and working out how it was made under 
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the control of the worker-bees of the body, the proteins we call 
enzymes. One anthropocentric but important concern about the 
extinction of species is that it wipes out sources of intricate 
molecules that have taken millions of years to emerge.

The name of industrial chemistry speaks for itself. Here chemist 
meets engineer, and reactions established in test-tubes and their 
kin are scaled up to enormous size and rendered fit to contribute 
to commerce. Industrial chemists contribute enormously to the 
economy and to trade between nations. In the United Kingdom 
alone, chemicals contribute 20 per cent to the gross domestic 
product, and in the United States over 96 per cent of all 
manufactured goods are directly touched by chemistry. Such 
figures relating to manufactured chemicals are almost literally not 
to be sniffed at. A principal concern of current industrial 
chemistry is green chemistry, the intention being to minimize 
waste, thereby enhancing economy, and to minimize impact on 
the environment, which enhances acceptability and sustainability.

The contribution of chemistry to other disciplines

Chemistry owes many debts to the subjects that surround it in the 
intellectual landscape, but they owe debts to chemistry too.

Physics owes debts, particularly in the field of electronics and 
increasingly of photonics (the use of light instead of electrons to 
convey information and manipulate data). Chemists create the 
semiconductors without which computation would be confined to 
the industrial scale from which it first emerged. They also 
formulate the glasses used in optical fibres, without which the 
transfer of information would be hobbled.

Biology owes an enormous debt to chemistry, especially since the 
emergence of molecular biology, springing largely from the 
identification of the structure of DNA and its interpretation as the 
carrier of genetic information from generation to generation. It is 
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almost no exaggeration to say that biology became a part of the 
physical sciences once the chemical component of its principal 
characteristic, reproduction, had been identified. Molecular 
biology is really a version of chemistry, and the current maturity of 
chemistry has enabled biology to become as lively as it has never 
been before. The collaboration of biology and chemistry that we 
call medicinal chemistry is one of chemistry’s great and 
unarguably acceptable contributions to society.

Society owes chemistry another huge debt too, for as I have said in 
the Preface, it deploys the material contributions of chemistry 
everywhere, in medicine, agriculture, communication, transport, 
and all forms of construction, fabrication, and decoration. We 
personally also owe a debt to chemistry, for as I claimed there too 
it gives us each an inner eye to enjoy the world.

All this stems from an understanding of chemistry, which I shall 
now start to unfold.
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Central to any discussion of chemistry is the Periodic Table, that 
masterpiece of organization formulated in the 19th century 
principally by Dmitri Mendeleev (1834–1907) and its basis 
understood in the 20th century once the structures of atoms had 
been explained. That the table is important is confirmed by its 
ubiquity: it hangs on laboratory and lecture room walls and is 
printed in every introductory chemistry textbook. There is a version 
towards the end of this book. Its importance, though, should not be 
overstated. Working chemists do not gaze at it each morning for 
inspiration or refer to it frequently during the day. Certainly they 
have it in mind, for its real importance is that it summarizes 
relationships between the elements and plays a crucial role in 
organizing information about them. Perhaps its most important 
role is in the teaching of chemistry, for instead of being confronted 
with the daunting task of learning the properties of a hundred 
elements, it enables their properties to be inferred from their 
location in the table and trends in properties to be identified and 
easily remembered. Indeed, Mendeleev was led to formulate his 
table as he prepared to write a textbook of introductory chemistry.

The Periodic Table portrays an extraordinary feature of matter: 
that the elements are related to one another. We are now so 
familiar with the table that that feature is easily forgotten. But 
imagine yourself in an era before the table had been formulated. 

Chapter 2

Its principles: atoms  

and molecules



Ch
em

is
tr

y

14

Then you would have known of the gas oxygen and the yellow solid 
sulfur, and would almost certainly not have dreamt that there 
could be any relation between them. You would have known of the 
largely inert gas nitrogen and the incandescent solid phosphorus, 
and would not have conceived that they were related. And what 
about red copper, lustrous silver, and glowing gold? A family? 
Surely not! How, indeed, is it even possible for different forms of 
matter to be brothers or cousins? Even the concept of family 
relationships between different substances was hardly conceivable.

The Periodic Table, though, reveals that the elements are indeed 
related to one another. Oxygen and sulfur are cousins and stand 
next to each other in the table; so are nitrogen and phosphorus; 
copper, silver, and gold are members of the same family and lie 
together. Their very different appearances are superficial 
differences, for when the reactions they take part in and the 
molecules they form are investigated, it turns out that there are 
deep similarities between these relatives. Those similarities 
stem from the structures of their atoms, and to understand 
them it is to these atoms that we must now turn.

The structure of atoms

It was perhaps a little disconcerting for me to mention in 
Chapter 1 that to understand the structures of atoms it would  
be necessary to turn to quantum mechanics and all its 
incomprehensibilities. However, I did also mention that I 
would distil from that extraordinary theory only concepts and 
information that concern us. With that restriction in mind, it 
turns out that atoms have a rather simple structure and that 
it is quite easy to understand relationships between the 
elements and to understand, as this account unfolds, why some 
combinations of atoms are allowed and others not.

The basic structure of an atom consists of a nucleus surrounded 
by a cloud of electrons. This is the ‘nuclear atom’, the model of an 
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atom first identified by Ernest Rutherford (1871–1937) in 1911. 
The nucleus is positively charged, the electrons are negatively 
charged, and it is the attraction between these opposite charges 
that is responsible for the existence and survival of the atom. As is 
well known, atoms are very small: there are over a million carbon 
atoms in (the printed version of ) the full stop at the end of this 
sentence. A nucleus is even smaller: if an atom were enlarged to 
the size of a football stadium, the nucleus would be the size of a  
fly at its centre.

I shall start at the centre of the atom and work out. A nucleus 
consists of two types of subatomic particle: protons and neutrons. 
As suggested by the p and n in their names, protons are positively 
charged and neutrons are electrically neutral. Apart from that, 
they are very similar, with almost the same mass. They are  
tightly gripped together in the nucleus, and it requires a major 
effort—something like a nuclear explosion—to shake them loose. 
In most of chemistry, with its relatively puny releases of energy, 
the nucleus remains unchanged and is a passive but important 
participant in the processes going on around it in test-tubes, 
beakers, and flasks.

The number of protons in the nucleus determines the chemical 
identity of the atom. Thus, an atom of hydrogen has one proton, 
an atom of helium has two, an atom of carbon has six, nitrogen 
seven, oxygen eight, and so on up to livermorium, with 116. The 
number of protons in the nucleus is called the atomic number of 
the element. At once, we arrive at the first extraordinary feature of 
elements: they can be put in order according to their atomic 
number. No longer are elements a random jumble. They lie in a 
definite sequence: hydrogen, helium, . . . livermorium. Moreover, 
because the atomic number can be used as a kind of roll-call, 
chemists and physicists know that they have identified the 
elements for every atomic number up to 116 apart from (in 2014) 
113 and 115. They know that none is missing except those two and 
whatever lies beyond 116.
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The neutrons are just passengers in this roll-call. A nucleus has 
about the same number of neutrons as protons in the nucleus, and 
that number can vary slightly. As the number of neutrons does not 
affect the atomic number, the same element can have atoms of 
slightly different numbers of neutrons and therefore different 
masses. These different versions of the atoms of the same element 
are called isotopes because they live in the same place (isos = 
‘equal’ + topos = ‘place’) in the Periodic Table. Thus, hydrogen has 
three isotopes: hydrogen itself (one proton, no neutrons), 
deuterium (one proton, one neutron), and tritium (one proton, 
two neutrons). The first of these isotopes of hydrogen is by far the 
most abundant; the nucleus of tritium barely holds together and is 
‘radioactive’, emitting radiation as it falls apart after a few years 
(its ‘half-life’ is 12.3 years). Deuterium is ‘heavy hydrogen’, with 
each atom weighing about twice that of ordinary hydrogen. In 
combination with oxygen, it forms ‘heavy water’, which, because 
deuterium atoms are heavier than hydrogen atoms, is about 10 per 
cent heavier than ordinary water.

The atomic number, the number of protons and hence the positive 
charge of the nucleus, determines the number of electrons that 
surround it. An electron has the same magnitude of electric charge 
as a proton, but opposite in sign. Therefore, for an atom to be 
electrically neutral the number of electrons outside the nucleus 
must be the same as the number of protons inside the nucleus. 
That is, the number of electrons is equal to the atomic number. 
Thus, hydrogen (atomic number 1) has one electron, carbon 
(atomic number 6) has six electrons, and so on, up to livermorium 
with its 116 electrons. Electrons are much lighter than protons 
and neutrons (by a factor of nearly 2,000), so their presence 
barely affects the mass of an atom. They have a profound effect on 
the chemical and physical properties of the element, and almost 
all chemistry can be traced to their behaviour.

Chemists have little interest in nuclei except for their role in 
determining how many electrons surround them. There is one 
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exception, the very special individual case of the nucleus of a 
hydrogen atom, a single proton. I shall explain its special role in 
Chapter 4.

As I have mentioned, all chemical reactions leave nuclei intact. In 
other words, chemical reactions do not change the identities of 
elements. At a blow, we can see why the alchemists’ desperate 
search for means of converting lead (element 82, with 82 protons 
in its nucleus) into gold (element 79, with 79 protons in its 
nucleus) was doomed to failure: heating, stirring, banging, and 
stamping in frustration could not extract the tightly bound three 
protons from the nucleus that was necessary for ‘transmutation’, 
the conversion of one element into another. Transmutation can 
occur, but that, the result of nuclear reactions, is the domain of 
nuclear energy and nuclear physics. Chemists have a vital role to 
play in dealing with the consequences of nuclear processes, 
especially in preparing nuclear fuel and dealing with nuclear 
waste, but chemical reactions leave all nuclei intact, and at this 
stage only chemical reactions are our concern.

Electrons in atoms

My focus now turns to the hugely important properties of the 
electron clouds that surround a nucleus. I need to make more 
precise the nature and structure of those clouds, for they are not 
just regions of swirling mist.

Electrons surround the nucleus in layers, rather like real clouds 
lying above each other, but encircling the entire atom. The 
concept of an electron being a ‘cloud’ needs a quick word of 
explanation. The cloud is really a cloud of probability: where it is 
dense, the electron is likely to be found; where it is sparse the 
electron is unlikely to be found.

The laws of quantum mechanics ordain that up to two electrons 
surround the nucleus in the lowest layer, up to a further eight in 
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the next surrounding layer, and then a further 18 in the next layer. 
We don’t need to go beyond that, but a similar pattern with 
variations continues indefinitely as the number of electrons grows. 
This pattern means that in hydrogen a single electron surrounds 
the nucleus. In carbon, with its six electrons, two electrons form 
the lowest-level cloud and four more form surrounding clouds 
in the outer layer. You could think of atoms as nuclei surrounded 
by onion-like layers of clouds, each inner layer being completed 
before the next layer begins. Why there are these characteristic 
numbers (2, 8, 18 . . .) for successive layers need not concern us, 
but is fully understood in terms of quantum mechanics.

You are now face-to-face with the explanation of the structure of 
the Periodic Table and the familial relationships of the elements. 
Keep an eye on the table at the end of this book and start at 
hydrogen with its single electron. Go to helium, with its two 
electrons. Now the first cloud layer is full and, simultaneously, we 
find ourselves on the far right of the table. The next electron, 
needed by lithium, has to become a cloud in the next surrounding 
layer. Stepping across the table as electrons are added, passing 
carbon, nitrogen, and oxygen on the way, we complete the layer at 
neon, another gas, like helium. The next added electron must start 
the next cloud layer, and brings us to sodium, on the far left of the 
table, an element strongly resembling lithium in the row above it, 
both with a single electron outside completed cores of clouds.

Everything should now be clear: the layout of the table represents 
the filling of the cloud layers, with one electron present in the 
layer on the left of the table and the layer completed on the 
right. For technical reasons that are fully understood, but which 
would be a distraction here, the order in which cloud layers are 
completed gets a little muddled after the first two rows of the 
table, and although the lengths of the rows are the numbers we 
have already seen, namely 2, 8, 18 . . . , and can be discerned, they 
lie in a funny but understood order (the pattern of the Periodic 
Table is 2, 8, 8, 18, 18 . . .).
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The crucial point is that elements that lie beneath each other have 
very similar patterns of cloud coverage. That is the origin of family 
relationships: oxygen and its cousin sulfur in the row below have 
the same pattern of clouds, it is just that sulfur’s final six electrons 
lie in a higher level than oxygen’s final six. Likewise phosphorus’s 
final five electrons lie at a higher-level layer than nitrogen’s final 
five in the row above it.

It is often said that atoms are mostly empty space. That simply 
isn’t true. The cloudlike distributions of electrons fill the whole of 
space around the tiny fly-in-a-stadium-sized nucleus. Admittedly 
the cloud is very thin in parts; but it is there and all-pervasive. The 
assertion that an atom is mostly empty space springs from the 
outmoded view that electrons are like tiny pointlike planets 
whizzing round the nucleus at great distances from it, with lots of 
emptiness in between. Quantum mechanics replaces that figure 
with the cloudlike distributions that I have described, clouds that, 
although greatly attenuated in parts, fill all space.

How atoms form bonds

The principal concern of chemistry is not so much with individual 
atoms but the compounds that they form by entering into a variety 
of liaisons with one another. There are literally millions of such 
liaisons that have been identified and many more that we know 
exist but have not been identified and named. The richness of our 
environment is due to this huge collection of compounds, and 
chemists spend most of their hours building new combinations of 
atoms or tearing compounds down to see how they are built. To do 
this effectively, they need to understand how atoms link together 
and what controls the links, the chemical bonds, that they can 
form to one another.

What holds atoms together to form identifiable compounds, such 
as water, salt, methane, and DNA? Can there be any combination 
of atoms, or are there reasons for Nature’s restraint which 
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chemists despite all their meddling cannot circumvent? Why 
is there variety in the world of substances, but apparently not 
random variety? These questions can be inverted: why don’t all 
the atoms of the universe just clump together in one huge  
solid mass?

The answer to all these questions lies in those layers of clouds. 
Broadly speaking, there are energy advantages in an atom 
acquiring a complete cloud layer. It can do that in a variety of 
ways. One is to shed electrons from the outermost layer. This it is 
likely to do if there are not many electrons in that layer to begin 
with, which means that it is more likely to happen with atoms of 
elements on the left of the Periodic Table, at the beginning of 
each new row and each new layer of cloud. Alternatively, if it 
already has a lot of electrons in its outermost layer, then it might 
gain electrons from somewhere and so complete its layer. That is 
likely to happen if the layer is almost full, which is the case for 
atoms of elements on the right of the Periodic Table towards the 
right-hand end of a row. There is another way to complete their 
layers: atoms could share electrons from each other’s outermost 
layer. That might happen when one atom is reluctant to release 
an electron fully because there is no energy advantage in it. That 
subtle mediocrity carbon forms most of its extraordinary liaisons 
this way.

As we have seen, atoms are electrically neutral, with the total 
negative charge of all its electrons matching and cancelling the 
total positive charge of all the protons in the nucleus. When an 
atom gains or loses an electron, the balance of charges is upset 
and the atom becomes an ion. An ion is simply an electrically 
charged atom; it is so called because it will move in response to an 
electric field, and ‘ion’ is the Greek word for going. An atom that 
has gained one or more electrons is negatively charged and is 
called an anion. One that has lost one or more electrons is 
positively charged and is called a cation (pronounced ‘cat ion’). 
The ‘an’ and ‘cat’ prefixes are from the Greek words for ‘up’ and 
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‘down’ and reflect the fact that oppositely charged ions move in 
opposite directions in the presence of an electric field. I can 
summarize the remarks in the preceding paragraph by saying that 
elements on the left of the Periodic Table are likely to lose their 
few outermost electrons and so become cations; those on the right 
of the table with nearly completed outermost clouds are likely to 
gain electrons and so become anions.

We have come across one of the great bonding mechanisms: 
because opposite charges attract one another, and cations and 
anions are oppositely charged, it follows that atoms that form 
these ions will clump together into a compound. Common salt, 
sodium chloride, is an excellent example of this type of compound 
formation. Sodium (Na, from its Latin name natrium) lies on the 
left of the table, and readily releases its single outermost electron 
to form a sodium cation, denoted Na+. Chlorine (Cl) lies on the 
right of the table, and happily accommodates an additional 
electron to complete its outer layer and thereby become a 
chloride anion, Cl–. (Note the tiny change of name from chlorine 
to chloride). The ions clump together, and form sodium chloride, 
a solid rigid mass of ions held together by their mutual attraction. 
I have already emphasized that atoms are very small, and that 
even tiny samples of a substance contain a lot of them. You are an 
Atlas among stars when it comes to ions, for when you pick up a 
grain of salt, you are holding more ions than there are stars in the 
visible universe.

You are now in a position to see why salt mined in one place or 
extracted from a sea somewhere has the same composition as 
another sample mined or obtained on the other side of the world. 
A sodium atom has one electron in its outer layer; a chlorine atom 
has a single vacancy in its; so the only combination possible is for 
one sodium atom to bond with one chlorine atom by this process 
of giving up and acquiring electrons to become ions. Universally, 
common salt is NaCl with sodium and chloride ions present in the 
ratio 1:1. Compounds like Na2Cl (ions present in the ratio 2:1) or 
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Na2Cl3 (ions present in the ratio 2:3) and so on simply can’t exist. 
It should be becoming apparent that Nature has rules about which 
liaisons can form and which cannot.

The type of bonding that I have described so far is called ionic 
bonding. It typically results in rigid, brittle solids that melt only at 
high temperatures. The granite and limestone of our landscapes 
are examples of materials composed of atoms held together by 
ionic bonds. That we do not sink through either when we stand 
on them can be traced to the fact that the layers of electrons round 
the nuclei of their atoms, now present as ions, are complete, 
and the clouds of our atoms cannot occupy the same space as the 
clouds of their atoms. Our bones are also largely ionic, and 
provide a reasonably rigid framework for our organs.

Our squishy organs, our flesh, the coating of our flesh in 
fabrics, the fabric-analogue coating of limestone by vegetation, 
the upholstering of our landscapes, are all clearly of a different 
character. Although ions might be present, they are not 
responsible for the major character of these structures. Here we 
are in the realm where atoms are held together by completing 
their cloud layers by sharing electrons. This type of bonding is 
called covalent bonding, the ‘co’ indicating cooperation and the 
‘valent’ derived from the Latin word for strength: Valete! was 
the Roman ‘Goodbye! Be strong!’.

A simple example of covalent bonding is that responsible for the 
structure of a water molecule, which just about everyone knows is 
H2O. Oxygen, with its six outermost electrons can accommodate 
two more electrons to complete its outermost cloud layer (which 
can hold, remember, a maximum of eight electrons). A hydrogen 
atom can provide one electron, and can complete its own outermost 
cloud layer (the only one it has) by acquiring one more electron 
(that first, innermost layer, remember, can accommodate only two 
electrons). Sharing can be complete provided two hydrogen atoms 
are content to share two electrons with oxygen: the hydrogen atoms 
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each get a share in two electrons and the oxygen atom gets a share 
in eight electrons. At once, we see that water cannot be H3O or 
HO2: H2O is the only bonding pattern that results in complete 
outermost cloud layers for all the atoms. Ammonia, NH3 (where N 
denotes nitrogen) also falls into place, because a nitrogen atom has 
five electrons in its outer layer, and so needs three more to complete 
its layer. That is satisfied by the presence of three hydrogen atoms 
willing to share an electron each. Methane, CH4, falls into place too, 
because carbon has four vacancies.

You, like chemists, need to be aware of one very important 
distinction between ionic and covalent bonding. Ionic bonding 
results in huge aggregates of ions: essentially chunks of 
substance. Covalent bonding commonly results in discrete 
atomic assemblies, like H2O. That is, covalent bonding results in 
individual molecules. This distinction is hugely important, and 
you need to keep it in mind. It is for this reason that all gases are 
molecular, such as oxygen (O2 molecules) and carbon dioxide 
(CO2 molecules); there is no such thing as an ionically bonded 
gas! Even if such a gas were formed, all the ions would 
immediately clump together as a solid. Just about all substances 
that are liquid at normal temperatures are molecular, as the 
molecules need to be able to move past one another and not be 
trapped in place by a strong attraction to their neighbours. 
Water is an obvious example; gasoline another.

Covalent bonding can result in solids, so you should not infer 
that every solid is ionic: all ionic compounds are solids at 
ordinary temperatures but not all solids are ionic. An example  
of a covalently bonded solid compound is sucrose, a covalent 
compound of carbon, oxygen, and hydrogen with the composition 
C12H22O11 with the atoms in each molecule linked together by 
covalent bonds into an intricate web.

One very important aspect of covalent bond formation is the 
overriding importance of pairs of electrons. One of the greatest 
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chemists of the 20th century, Gilbert Lewis (1875–1946), 
identified its importance, but it remained for quantum mechanics 
to provide an explanation. As far as we are concerned, each shared 
pair of electrons counts as one covalent bond, so it is easy to 
count the number of bonds that any atom has formed simply by 
counting the number of pairs of electrons that they share. One 
shared pair counts as a ‘single bond’ (denoted –), two shared pairs 
between the same two atoms counts as a ‘double bond’ (denoted =), 
and three shared pairs counts as a ‘triple bond’ (denoted ≡). Only 
very rarely does sharing proceed any further, and so these three 
types of sharing are all we need to know about. Each hydrogen 
atom in H2O is joined to the oxygen atom by a single bond. 
Carbon dioxide is a molecule with two sets of double bonds, and 
can be denoted O=C=O. Triple bonds are much rarer, and I shall 
not discuss them further except to mention that the gas acetylene 
of oxyacetylene welding, H–C≡C–H, is an example.

The question lurking behind this account is why two electrons (an 
‘electron pair’) are so fundamental to covalent bond formation. 
The explanation lies deep in quantum mechanics. A hint of the 
reason is that all electrons spin on their axis. If two electrons 
lock their spins together by rotating in opposite directions, then 
they can achieve a lower energy. Another manifestation of the 
importance of this spin-locking is the fact that, as we have seen, 
the cloud layers each hold an even number of electrons (2, 8, etc.). 
The French words for an unpaired electron, an electron célibataire, 
is a perhaps typically Gallic allusion to the importance of pairing.

Metals

I have concealed from view so far the existence of a third type of 
bond. The majority of elements are metals: think iron, aluminium, 
copper, silver, and gold, and metals play a very special role in 
chemistry, as we shall see. A block of metal consists of a slab of 
atoms, but are those atoms held together by ionic or covalent 
bonds? We are immediately confronted by a problem. All the 
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atoms in the block are the same, so it is unlikely that half will form 
cations and the other half anions, so ionic bonding is ruled out. If 
all the atoms were bonded covalently, we would expect a rigid 
solid (like diamond, in which the carbon atoms are in fact so 
bound); but metals can be beaten into different shapes (they are 
‘malleable’) and drawn out into wires (they are ‘ductile’). They  
are also lustrous (reflective of light) and conduct electric currents, 
a stream of electrons.

Metal atoms are bound together by metallic bonding. That is not 
just a tautology. The clue to its nature is the fact that all the metals 
lie towards the left-hand side of the Periodic Table where, as we 
have seen, the atoms of the elements have only a few electrons in 
their outermost cloud layers and which are readily lost. To 
envisage metallic bonding, think of all these outermost electrons 
as slipping off the parent atom and congregating in a sea that 
pervades the whole slab of atoms. The cations that are left behind 
lie in this sea and interact favourably with it. As a result, all the 
cations are bound together in a solid mass. That mass is malleable 
because, like an actual sea, it can respond readily to a shift in the 
positions of the cations in the mass when they are struck by a 
hammer. The electrons also allow the metal to be drawn out into 
a wire, by responding immediately to the relocation of the cations. 
As the electrons in the sea are not pinned down to particular atoms, 
they are mobile and can migrate through the solid in response to 
an electric field. Metals are lustrous because the electrons of the 
sea can respond to the shaking caused by the electric field of an 
incident ray of light, and that oscillation of the sea in turn 
generates light that we perceive as reflection. When we gaze into 
the metal coating of a mirror, we are watching the waves in the 
metal’s electron sea.

The chemistry lesson at this stage in our account is that the 
elements that are metals in their natural state are the ones that 
can readily lose electrons from their outer layers. These elements 
are therefore also the elements that form cations when  
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anion-formers are present and able to accept the discarded 
electrons. Elements on the far right of the Periodic Table are 
electron acquirers, as they have one or two gaps in their outer 
cloud layers and can accommodate incoming electrons, those 
donated by the atoms that form cations. Ionic compounds (bear in 
mind sodium chloride) are therefore typically formed between a 
metallic element on the left of the table with a non-metallic 
element on the right of the table.

With that summary in mind, you are starting to think like a 
chemist, being able to anticipate the type of compound that a 
combination of elements is likely to be, and beginning to 
anticipate its properties. You are also beginning to understand 
how the Periodic Table relates to the properties of the elements 
and the compounds they form, and how the family relationships 
between neighbours, which spring from the cloudlike electrons 
and the periodic repetition of analogous arrangements, are 
displayed in practice.

Where we are, and the next step

Such are the central principles of chemistry as far as structures  
are concerned. They boil down to the existence of atoms, an 
acknowledgement of their structures, and the behaviour of 
electrons. Our next concern is with the ‘carrot and the cart’ of 
chemistry: energy.
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Atoms are one great river of understanding in chemistry; the 
other river consists of energy. To understand why and how 
reactions take place and why and how bonds form in all their 
variety, chemists think about the energy changes that take place 
when processes occur. Chemists are also interested in energy for 
its own sake, as when a fuel is burned or food, a biological fuel, is 
deployed in an organism. As I remarked in Chapter 1, the study of 
energy and the changes that it can undergo is the world of 
thermodynamics, to which we now turn.

I have written extensively on the laws of thermodynamics and do 
not intend to reprise my discussion here. As I did for quantum 
mechanics in Chapter 2, I shall distil the essence of what is 
necessary and which chemists typically keep in mind or at least 
the back of their minds while going about their business.

Some thermodynamics

The essence of chemical thermodynamics is that there are two 
aspects of energy that it is necessary to keep in mind: its quantity 
and its quality. The First Law of thermodynamics asserts that the 
total energy of the universe is constant and cannot be changed. 
The energy can be parcelled out in different ways and converted 
from one form to another, but no process can change its total 

Chapter 3

Its principles: energy 

and entropy



Ch
em

is
tr

y

28

quantity. Thus, the First Law sets the legal boundaries for change: 
no change can occur that would alter the total amount of energy 
in the universe. The Second Law of thermodynamics asserts that 
the quality of energy degrades in any natural change. This law is 
expressed more formally in terms of the entropy, a measure of the 
quality of energy in the sense that the higher the entropy the lower 
is its quality, and stated as ‘the entropy of the universe tends to 
increase’. In a refined meaning of ‘disorder’, entropy is a measure 
of disorder, with greater disorder implying greater entropy. The 
Second Law can be regarded as a summary of the driving power of 
natural change, including chemical reactions, for only reactions 
that result in the degradation of the quality of the total energy of 
the universe can occur naturally. In short, with increasing disorder 
in mind, things get worse. A summary of thermodynamics, the 
core of its essence, is therefore that the First Law identifies the 
feasible changes from among all possible changes (no change in 
total energy) and the Second Law identifies the natural changes 
from among those feasible changes (the entropy must increase).

The role of energy

Chemists deploy these two concepts in a variety of ways. In 
their conventional thinking they adopt the view that bonds 
form or are replaced by new bonds in the course of a reaction 
if that reorganization of atoms results in a reduction in energy. 
That remark, though, to a fusspot like me, is quite wrong, 
but like many false statements it is a handy and memorable 
rule-of-thumb. It is wrong because the legal authority of the First 
Law rules against it: the total energy cannot change. The correct 
explanation is that if a process, such as bond formation, releases 
energy into the surroundings, then that represents a degradation 
of energy as it spreads and becomes less readily available: the 
release increases the entropy of the universe and so is a natural 
process. That the rule-of-thumb ‘it lowers the energy’ works most 
of the time is due to the fact that the spread of energy so released 
results in an increase in entropy. Working chemists quite sensibly 
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use the rule-of-thumb all the time and I shall follow them. 
However, I shall keep my fingers crossed when I use it, and 
inwardly say to myself, a little like Galileo’s whispered apocryphal 
eppur si muove (‘and yet it moves’) concerning the motion of the 
Earth around the Sun, that it is really entropy going up rather 
than energy going down.

A bond between atoms forms if (fingers crossed) it results in a 
reduction in energy. The type of bond that forms, ionic (attraction 
between ions) or covalent (shared electron pairs), depends on 
whether more energy is released by the total transfer of an 
electron from one atom to the other to result in ions, or by partial 
release and sharing. Thus, whether two elements form an ionic or 
a covalent compound can be assessed by considering the energy 
changes that accompany the various types of bond formation.

The same is true of the characteristic valence of an element, the 
typical number of covalent bonds that it can form. Valence is 
another aspect of its chemical personality and family relationship to 
its neighbours and is implied by its location in the Periodic Table. 
We saw in Chapter 2 that oxygen, with its two gaps in its outermost 
cloud layer, can complete that layer by reaching agreement with two 
hydrogen atoms to form H2O, specifically H–O–H, indicating a 
valence of 2. Any further attachment of hydrogen atoms would 
require electrons to occupy a new outer cloud layer far from the 
nucleus, and there would be no energy advantage in doing so. 
Forming fewer bonds would not reap the advantage of forming two. 
Therefore, on energetic grounds, the valence of oxygen is expected 
to be 2. Also in Chapter 2 we saw another example of that valence 
in oxygen’s combination with carbon in carbon dioxide, CO2, 
specifically O=C=O, where it also displays a valence of 2. As can be 
seen in this case too, carbon displays its typical valence of 4, just 
as it does in methane, CH4.

Now we can see how the location of an element in the Periodic 
Table indicates its characteristic valence: carbon’s typical valence 
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is 4, its neighbour nitrogen is 3, and nitrogen’s neighbour oxygen 
is 2. Much the same can be said of their neighbours in the row 
below: silicon’s valence is typically 4, phosphorus’s is 3, and 
sulfur’s is 2. Once again, we are seeing how energy considerations 
in collaboration with concepts of atomic structure—particularly 
the completion of their cloud like layer structure—accounts for 
similarities between neighbouring elements.

Keeping track of energy

Energy is released in many chemical reactions, as in the combustion 
of natural gas or gasoline. The process is not simply the release of 
energy when bonds form, because the starting materials, such as 
methane, already have atoms bonded together. In many reactions, 
and here I shall focus on combustion, bonds must be broken and 
new bonds formed. The energy released is the difference of the two 
contributions. For instance, in the combustion of methane, due to 
its reaction with oxygen, O2, the four carbon–hydrogen bonds of 
methane and the bonds linking the two oxygen atoms in oxygen 
must all be ripped apart, which takes a lot of energy, before new 
carbon–oxygen bonds in carbon dioxide and hydrogen–oxygen 
bonds in water are formed, which releases energy. Only if the 
energy released in the subsequent bond formation exceeds the 
energy required for initial bond-breaking will the combustion 
release energy as heat. If the balance were the other way round, 
burning methane would result in refrigeration!

Chemists use thermodynamics to keep track of these individual 
changes in energy, and to assess the net change that takes place in 
a reaction. For this purpose, they use an assessment of the quantity 
of energy available from a reaction as heat that is called the 
enthalpy. The name comes, evocatively, from the Greek words for 
‘heat inside’. There are good technical grounds for distinguishing 
enthalpy from energy, but for our purposes we can think of 
enthalpy as just another name for the energy trapped in 
compounds and available as heat.
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In a so-called exothermic reaction, energy is released as heat and 
the store of enthalpy decreases. All combustions are exothermic, 
and in the combustion of methane the enthalpy of methane + 
oxygen falls to the enthalpy of carbon dioxide + water, the 
difference escaping as heat. Chemists assess the efficiency of fuels 
by considering the enthalpy changes that accompany their 
combustion, with full reservoirs of enthalpy being preferred as 
more heat is available from a given amount of fuel. The study of 
enthalpy and the release of heat in chemical reactions is called 
thermochemistry. It makes a substantial contribution to our 
understanding of foods and fuels and is also used to gather data 
for more general thermodynamic discussions.

Most reactions, not only combustions, are exothermic, with the 
starting materials collapsing into the lower-enthalpy products of 
the reaction and thereby achieving lower enthalpy overall. It is 
perhaps easy to understand that many reactions proceed in the 
direction of lower enthalpy, just as the finger-crossing rule-of-thumb 
about energy suggests. However, here is a puzzle, a puzzle that left 
19th century chemists totally nonplussed: some reactions move 
upwards in enthalpy naturally. Reactions that absorb heat and 
increase their store of enthalpy are called endothermic reactions. 
There are not many common ones that occur naturally, but the 
fact that there is even one raised the collective puzzled eyebrows 
of the 19th century chemists, for how, they wondered, can 
anything run naturally uphill, in this case, uphill in enthalpy?

They didn’t know about entropy, and they took literally the 
rule-of-thumb about things falling naturally to lower energy. Chemists 
now know that entropy determines the direction of reactions,  
and provided the entropy increases, the reaction can either travel 
uphill or downhill in enthalpy. To understand why, we have to 
remember that entropy is a measure of the quality of energy.

When energy spreads into the surroundings of a reaction flask and 
becomes dispersed, the entropy goes up, so it should be easy to 
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understand why exothermic reactions are so common. However, 
we need to think about what is going on inside the flask. Suppose 
that in the course of a reaction energy flows into the flask: the 
entropy goes down because now the energy is localized, less 
dispersed, and more readily available: it has become of higher 
quality. Suppose, though, that at the same time a great deal of 
disorder is generated within the flask. Now the total entropy of the 
universe might increase despite the energy becoming more 
localized. If that happens, then the endothermic reaction will 
occur naturally.

Where the 19th century chemists went wrong was to suppose that, 
like Newton’s apple, reactions rolled down in enthalpy; what  
21st century chemists know is that reactions roll up in entropy: 
disorder increases; things get worse. Often the two lead to the 
same conclusion, but in all cases entropy is the property to 
consider. Increasing entropy is the signpost of change, and 
sometimes it points in an endothermic direction. If you still 
continue to want to think, from your familiarity with gravity, that 
the natural direction of change is ‘down’, then think that natural 
change it is invariably down in the quality of energy.

The rates of reactions

We now know where a reaction goes: the signpost of natural 
change is towards higher entropy of the universe, the degradation 
of energy. There are two associated questions. One is how fast it 
goes to wherever it is going, and the second is what route it takes 
to get there. I shall deal with the first question here and tackle the 
second in Chapter 4.

Chemists take a great deal of interest in the rates of chemical 
reactions as there is little point in knowing that they can, in 
principle, generate a substance in a reaction but that it would take 
them millennia to make a milligram. The study of reaction rates is 
called chemical kinetics. We shall see that energy is a crucial 
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component of the explanation of the wide range of rates that are 
observed. That range is indeed very wide: some reactions are 
complete in fractions of seconds (think explosions); others take 
years (think corrosion).

Chemists measure reaction rates in a straightforward way, by 
monitoring the change in amount of a product over time. They do 
these measurements for a variety of reasons. One, the most basic, 
is simply to know what concentration to expect at any given 
moment. More significantly, especially for industrial applications, 
they may wish to find the conditions that result in products being 
formed at the optimum rate. A third reason is to discover what is 
called the mechanism of the reaction, the sequence of changes at 
an atomic level that converts the starting materials, the ‘reactants’, 
into the final product. Very detailed information of the last kind is 
obtained by firing one stream of molecules at another and 
monitoring the outcome of the collisions that take place.

My concern here is with the role of energy in determining the rate 
of a reaction. We have seen that there may be a natural tendency 
for a reaction to occur, so the question arises why all reactions 
aren’t over in a flash. This question is supremely important, for 
the slow, restrained development of products in many cases allows 
for the subtle operations that constitute life: if biological reactions 
were all over in a flash we would all instantly be goo.

Chemists have identified the existence of a barrier to instant 
reaction. By making measurements on the effect of temperature 
on the rates of reactions, they have identified the need for 
molecules to acquire at least a minimum energy, called the 
activation energy, before the atoms of the reactants are able to 
rearrange into products. This requirement is easiest to understand 
for reactions in gases, where molecules are ceaselessly undergoing 
collisions with one another with various energies of impact. Only 
highly energetic impacts between really fast molecules bring 
enough energy to loosen the bonds holding atoms in their initial 
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arrangements and enabling them to settle into new ones. As the 
temperature is raised, molecules move faster and a higher 
proportion of the collisions occur with at least this minimum 
energy, so the rate of the reaction increases. Some activation 
barriers are very high, and hardly any collisions are sufficiently 
energetic to result in reaction at normal temperatures. The 
reaction of hydrogen and oxygen is an example: the two gases can 
be stored together indefinitely at normal temperatures but 
explode at high temperatures or when a spark provides sufficient 
energy locally to set the reaction in train.

Much the same requirement of a minimum energy applies to 
reactions in solution too, including those in the watery interiors of 
living things. In this environment, molecules do not hurtle 
through space and collide: they jostle through the fluid, meet, and 
might jostle away unchanged. However, there is a chance that 
when two reactant molecules are together, they are jostled so 
violently by the surrounding water molecules that their atoms are 
eased apart and can rearrange into products. The chance that 
sufficiently violent jostling will occur increases sharply with 
increasing temperature, so even reactions in fluid environments 
go faster when they are heated. Fireflies, for instance, flash more 
rapidly on warm nights than on cool nights; we heat to induce the 
reactions in the kitchen that we call ‘cooking’ foods.

In many instances a reaction can be made to go faster by 
introducing a catalyst, a substance that increases the rate of the 
reaction but is otherwise unchanged. The Chinese characters for 
catalyst form the word ‘marriage broker’, which captures the sense 
of its role very well. A catalyst acts by providing a different 
pathway—a different sequence of atom migrations and bond 
formations—for a reaction, a pathway with a lower activation 
barrier. Because the activation energy is lower, more successful 
encounters between reactants take place at ordinary temperatures 
and the reaction is faster. Catalysts are the lifeblood of the 
chemical industry, where the efficient, rapid production of desired 
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substances is essential and the success of an entire industry 
depends on the identification of the appropriate catalyst. A point 
to note is that there is no such thing as a ‘universal catalyst’, and 
each reaction must be studied individually and an appropriate 
catalyst devised. Another point is that not all reactions can be 
catalysed: in many cases we have to live with Nature’s decision 
about the rate.

Catalysts are essential for the functioning of our bodies. Enzymes 
(a word derived from the Greek word zyme, to leaven) are protein 
molecules that function as catalysts and control with considerable 
specificity and effectiveness just about all the chemical reactions 
going on inside us. Life is the embodiment of catalysis.

The nature of equilibrium

A very important aspect of reaction rates concerns what is going on 
when a reaction has completed and change is no longer apparent. 
Chemists say that the reaction has reached equilibrium. In many 
cases, barely a single molecule of the starting material remains, 
but in many cases the reaction seems to stop before the starting 
materials have all been used. An example of the latter is the hugely 
economically significant reaction between nitrogen and hydrogen 
for the synthesis of ammonia (NH3 ) in the ‘Haber–Bosch process’, 
which lies at the head of processes that include the manufacture of 
much of the world’s agricultural fertilizer. That reaction seems to 
come to a stubborn stop with only a small fraction of the nitrogen 
and hydrogen converted into ammonia, and however long we wait, 
and however much catalyst we shovel in, no further change occurs. 
The reaction has reached equilibrium.

Equilibrium is only an apparent cessation of reaction. If we could 
monitor an equilibrium mixture at an atomic level, we would find 
that it is still a turmoil of chemical activity. Products are still 
being formed when a reaction is at equilibrium, but they are 
decaying back into the starting material at a matching rate. That 
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is, chemical equilibrium is a dynamic equilibrium, in which 
forward and reverse processes are occurring at matching rates so 
that there is no net change. In the synthesis of ammonia, 
ammonia molecules are still being formed at equilibrium, but are 
being ripped apart into nitrogen and hydrogen at the same rate as 
they are being formed and there is no net change.

The important consequence of chemical equilibrium being 
dynamic and not just dead is that it remains responsive to 
changes in the conditions. Thus, even though certain reactions 
inside our bodies might have reached equilibrium, they are 
responsive to changes in temperature and other factors, and 
it is that responsiveness that keeps us alive. ‘Homeostasis’, 
the delicate and complex balance that keeps bodies alive and 
alert, is a manifestation of this dynamic, responsive, chemical 
equilibrium. As to the industrially all-important synthesis of 
ammonia, the fact that the equilibrium is dynamic rather 
than dead gives chemists and industry hope that perhaps the 
equilibrium can be manipulated and the yield of ammonia 
improved. That was the prospect confronting the chemist Fritz 
Haber (1868–1934) and the chemical engineer Carl Bosch 
(1874–1940) back at the beginning of the 20th century, who in 
due course discovered that with an adroit choice of catalyst and 
by working at high pressures and temperatures, they could bend 
the equilibrium to their will. In so doing, they fed the world.

Where we are, and where we are going

We have now seen that energy is both the carrot and the cart of 
chemical reactions, and so can finally unwrap the meaning of my 
delphic remark at the end of Chapter 2. Energy, its dispersal in 
disorder, is the carrot: the driving power of chemical reactions. 
Energy, the need to overcome the barriers between reactants and 
products, is also the cart, in the sense of holding back free 
unrestrained flight towards the carrot.



Its p
rin

cip
les: en

erg
y an

d
 en

tro
py

37

I have said hardly anything about how reactants actually undergo 
the atomic rearrangement that leads to products. Unravelling and 
understanding those changes, and making use of them to bring 
about amazing and almost magical transformations, lies at the 
heart of practical chemistry, and is the next step in our journey.
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Whenever anyone thinks of chemistry, they think of its reactions, 
reactions that flash, bang, change colour, or stink. They are aware 
that reactions go on in chemical plants, that the combustion of a 
fuel and the manufacture of plastic, paint, or pharmaceuticals are 
reactions. Perhaps some correctly think of cooking as causing 
reactions, and most are probably at least vaguely aware that we 
ourselves are elaborate test-tubes who are alive as a result of the 
myriad reactions within us. But exactly what are reactions? What 
is going on when chemists stir and boil their liquid mixtures, pour 
one liquid into another, and generally go about their seemingly 
arcane activities in laboratories?

They are coaxing atoms to exchange partners. The starting stuff, 
the ‘reactants’, consists of atoms in one state of combination; 
the stuff that is produced, the ‘products’, consists of the same 
atoms but in a different state of combination. The shaking, 
stirring, and boiling is bringing about that change from one 
state of combination to another, prising atoms apart in one kind 
of molecule and encouraging them to form different kinds of 
molecules. In some cases, the atoms of the reactants immediately 
tumble into the desired new arrangement, whereas in others, the 
chemist must scheme and seduce, devising elaborate coaxings 
through a sequence of subtle steps. Combustion and explosion 
might stem from a spark; to generate an intricate weblike 

Chapter 4
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pharmaceutical molecule might take thought, luck, time, and 
careful, sophisticated, erudite planning.

A chemical laboratory is full of specialized equipment, a lot of 
which is there to determine whether the product of a reaction is 
what the chemist hopes or thinks it is. I explain some of its 
functions in Chapter 5. A lot of it is directly involved in the 
business of atom-coaxing and separating the chemical wheat 
from the chaff, the desired product from the waste. There are 
test-tubes, flasks, beakers, distillation apparatus, filtering 
apparatus, and various heaters, shakers, and stirrers. Despite 
this bewildering (and expensive) array of apparatus, through a 
chemist’s eyes there are only a small number of processes going on 
at an atomic level: four, to be precise. It is in fact worth pausing at 
that remark, and to realize that all the wonders of the world, both 
natural and synthetic, are spun from a handful of elements and 
four ways of manipulating them.

In the rest of this chapter I shall introduce you to those four 
fundamental types of reaction. In some cases, they conspire 
together and their collaboration at first sight seems to be of a new 
type of reaction, but when that conspiracy is picked apart, there 
they are.

Proton transfer: acids and bases

Chemists discovered the fundamental particle known as the 
‘proton’ long before the physicists had pinned it down, but 
the chemists did not realize that they had done so. A proton, 
remember from Chapter 2, is the tiny, singly charged nucleus of a 
hydrogen atom. Its low charge (which means that it is often only 
loosely gripped by a neighbouring atom in a molecule) and low 
mass (which makes it nimble) mean that a hydrogen atom that 
is part of a molecule might suddenly find that its nucleus, the 
proton, has slipped away and become embedded in the electron 
clouds of a more welcoming nearby molecule. That—the transfer 
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of a proton from one molecule to another—in a nutshell, is one of 
the four great fundamental types of reaction.

We are in the world of acids and alkalis. Although the early 
chemists were familiar with acids, it took them a long time to 
realize that an acid is a compound with hydrogen atoms that have 
little control over their nuclei and are apt to lose them. Acids at 
one time were recognized, as their name suggests (Latin acidus: 
sour, sharp), by their sharp taste. Chemists who survived that 
hazardous test (now existing in a more palatable way in our 
response to the tang of vinegar, soda, and cola drinks) had no 
idea that what was tickling their tastebuds were protons. That 
recognition came as late as 1923, when the British chemist 
Thomas Lowry (1874–1936) and the Danish chemist Johannes 
Brønsted (1879–1947) independently proposed that an acid is 
any molecule or ion that contains hydrogen atoms that can 
release their proton nucleus to another molecule or ion. Not all 
molecules that contain hydrogen can act in this way, as the 
proton may be too heavily embedded in the electron clouds, but 
various classes of molecule can, especially if other atoms in the 
molecule can draw the electron cloud away from the proton and 
enable it to escape. Acetic acid, the acid in vinegar, is one such 
compound; others include hydrochloric acid (HCl) and sulfuric 
acid (H2SO4). If you ever see H written first in a formula, that is 
an indication that it can release its proton and act as an acid. 
(What about H2O?, you might be thinking: wait and see).

One hand cannot clap alone. If there is a proton donor (an acid), 
presumably there must be a proton acceptor, a molecule or ion to 
which the liberated proton can attach and burrow itself into the 
electron cloud. This is where alkalis come in (the name comes from 
the Arabic al qaliy, the ashes, for wood ash is a source of alkali).

The test for an alkali used to be just as hazardous as that for an 
acid: in this case, an alkali has a soapy feel. We now know that 
alkalis turn fats into soaps, so in the test the fats on the finger of 
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the tester were being turned into soap. Needless to say, chemists 
have more survivable and sophisticated tests now. The underlying 
reason for the ability of alkalis to turn fats into soap is the 
presence in them of hydroxide ions, OH–, which are species that 
can attract and keep protons, in the course of which becoming 
water molecules, H2O.

Here is a tiny technical point that I really do need to introduce. 
Chemists now refer to a proton-accepting molecule and ion as 
a ‘base’. Thus, OH– is a base. They keep the term ‘alkali’ for 
bases dissolved in water. So, for instance, sodium hydroxide, 
NaOH, dissolves in water, separating into Na+ ions and OH– ions. 
It is therefore a source of the base OH– and the solution is an 
alkali. I shall use the term ‘base’ from now on, because it is more 
general than alkali (a molecule or ion doesn’t need to be present 
in water to be a base).

Why the name ‘base’? When hydrochloric acid reacts with sodium 
hydroxide solution, salt (sodium chloride) and water are formed 
when the acid’s proton skips across on to the OH– ion provided by 
the sodium hydroxide. When instead sulfuric acid reacts with 
sodium hydroxide solution, sodium sulfate and water are formed 
when the acid’s proton skips across on to the OH– ion provided by 
the sodium hydroxide. We are building different compounds, 
sodium chloride and sodium sulfate, on foundations of the same 
base, sodium hydroxide: hence the name.

Incidentally, both sodium chloride and sodium sulfate are called 
salts, the general class of these ionic substances formed by the 
reaction of an acid and a base taking its name from a common 
exemplar, namely common salt, sodium chloride. That is a 
common feature in chemistry, where the name of one type of 
compound inspires the name of a whole related class.

A large number of reactions are reactions between acids and 
bases, their common feature being that a proton is transferred 
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from the acid to the base. Among the most important are 
reactions going on inside organisms, including corn, oak trees, 
flies, frogs, and us, for many enzyme-controlled biochemical 
reactions, such as those involved in the metabolism of food and 
respiration, are of this kind. In fact, you could regard life as one 
long, highly elaborate titration!

One reason for the importance of proton transfer, acid–base 
reactions is that the presence of the arriving proton with its 
positive charge distorts the electron cloud of the base, perhaps 
exposing an atom nearby in the molecule to attack by other atoms 
as the electron cloud around it is pulled away. Thus, proton 
transfer prepares atoms and the bonds that hold them to attack 
and then further reaction. This preparation for attack is a major 
role of acid–base reactions in our bodies, with enzymes preparing 
smaller molecules for digestion or modification.

I suspected earlier that you might worry about water and its 
formula H2O, which with its leading H atoms might suggest that 
it is an acid. It is. When you drink water you are drinking almost 
100 per cent acid. Water is also a base. You should know that 
when drinking water you are drinking almost 100 per cent pure 
base. I need to explain this alarming revelation. Although 
alarming, the acceptance of the fact that water is both an acid and 
a base is central to the way that chemists think about it, the 
solutions it forms, and the reactions it undergoes.

Think of yourself as a water molecule in a glass of water, 
surrounded by other water molecules in a dense, jostling crowd. 
One of your hydrogen atom’s protons can slip out of you and stick 
on to a neighbour. That transfer implies that, being a proton 
donor, you are an acid. Your neighbour, who accepted the proton, 
is behaving as a base. The loss of a proton leaves you as an  
OH– ion, a hydroxide ion; the gain of a proton makes your 
neighbour an H3O

+ ion, which is called a hydronium ion. The 
incoming proton is like a hot potato, and it is immediately passed 
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on to one of your neighbour’s neighbours. Likewise, your negative 
charge can pull a proton out of one of your neighbours, rendering 
you H2O again. This ceaseless turmoil of passing on a proton 
and flickering from OH– to H2O to H3O

+ goes on throughout the 
liquid. The actual concentrations of the OH– and H3O

+ ions is 
very, very small, so when you look at a glass of water you should 
think of it as overwhelmingly H2O molecules, but with just a 
few OH– and H3O

+ ions throughout it, with identities that are 
ceaselessly changing as protons hop around. Each H2O molecule, 
though, is an acid (a proton donor), and each H2O molecule is a 
base; that is why I said that water is a nearly pure acid and a 
nearly pure base.

Electron transfer: oxidation and reduction

The electron was discovered by the physicist J. J. Thomson in 1897. 
Chemists had unwittingly shifted it around for decades before that, 
with Michael Faraday (1791–1867) its arch-shifter: clearly, even he 
did not know what he was doing. The transfer of an electron from 
one molecule to another is the second of the four great fundamental 
reactions, with a great deal stemming from the migration of this 
little fundamental particle. Electron transfer, for instance, is the 
basis of great industries, such as steel-making. It is also responsible 
for the collapse of their artefacts through corrosion.

I need to introduce you to the terms ‘oxidation’ and ‘reduction’, 
and then explain how electron transfer plays a role in them. 
Oxidation sounds as though it means what it says: namely 
reaction with oxygen. However, although in science a term might 
have started life in common usage, it often captures more of the 
landscape by becoming generalized. We saw that a moment ago in 
the generalization of the term ‘salt’ from a single exemplar to a 
whole class of related compounds. So it is with oxidation too.

Let’s take a simple example. Most of us have seen the bright light 
emitted when a strip of magnesium (Mg) burns in air. In this 
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reaction, the magnesium metal combines with oxygen to form 
magnesium oxide, an ionic solid consisting of Mg2+ ions and 
O2– ions. The energy released in the reaction is emitted as light 
and heat. The crucial point to note, however, is that each Mg atom 
of the metal has lost two electrons and has become a doubly 
charged Mg2+ ion. A similar reaction, but one far less familiar, 
occurs when magnesium burns in chlorine gas, when the product 
is magnesium chloride. That compound consists of Mg2+ ions and 
Cl– ions. As in the first reaction, the crucial change is that each Mg 
atom has lost two electrons to become an Mg2+ ion. No oxygen is 
involved in the second reaction, but the same process, the removal 
of electrons, has occurred. Chemists now regard the second 
reaction simply as an oxidation of a general kind, and define 
oxidation as the loss of electrons. It is sometimes quite difficult to 
identify electron loss, such as in the combustion of a hydrocarbon 
fuel, but they have ways of doing so, and whenever electron loss 
takes place they call it an oxidation even though oxygen itself 
might not be involved in any way.

We saw when discussing the reactions between acids and bases 
that one hand cannot clap alone: if there is a proton donor (the 
acid), there must be a proton acceptor (the base). One hand 
cannot clap alone in an electron transfer reaction either, and the 
electrons lost in an oxidation must end up somewhere. That is 
where reduction comes in.

In the old days (I am being deliberately vague), reduction referred 
to the extraction of a metal from its ore: the ore was reduced to the 
metal. This process occurred, for instance, in that great hulking 
giant icon of the industrial revolution, the blast furnace, in which 
iron ore (an oxide of iron) reacts with carbon and carbon 
monoxide to form the molten iron (Fe, from the Latin ferrum) 
that dribbled out of the base of the furnace and went on for a 
future as various kinds of steel. Iron oxide consists of Fe3+ ions and 
O2– ions. Iron metal consists of Fe atoms. With that in mind it is 
easy to see what has happened in the reduction of the ore: 
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electrons have attached to each Fe3+ ion to neutralize its charge 
and form Fe atoms.

The attachment of electrons to an atom is now taken as the 
definition of reduction, even though the reaction might have 
nothing (except that feature) to do with the reduction of an ore to 
a metal. Thus, in the combustion of magnesium in oxygen, the 
oxygen molecules receive the electrons released in the oxidation of 
magnesium and become O2– ions: the oxygen is reduced. In the 
oxidation of magnesium by chlorine, the chlorine molecules 
receive the released electrons and become Cl– ions: the chlorine is 
reduced. Whenever electrons released are transferred to an atom, 
that atom is said to be reduced.

We now have both hands clapping in an electron transfer 
reaction: oxidation (electron loss) always occurs with reduction 
(electron gain). Chemists recognize the need for these two hands 
and commonly refer not to an oxidation reaction alone, nor to a 
reduction reaction alone, but to a ‘redox’ reaction. (They don’t, so 
far, extend that type of compressed naming to ‘basid’ reactions, 
combined base and acid hand-clapping).

Redox reactions are hugely important. We have already seen that 
they stand at the head of the steel chain, when iron is won from its 
ores. The reverse of that winning is the process of corrosion, when 
the ion artefacts are lost in the redox reactions that we call 
corrosion: when iron is oxidized by water and the oxygen of the air 
and reverts to its oxide. The combustion reactions that drive our 
vehicles are redox reactions, in which the hydrocarbon fuel is 
oxidized to carbon dioxide and water by reaction with oxygen 
(which is itself reduced).

The reactions that take place in the batteries that power our 
laptops, tablets, phones, and increasingly vehicles are redox 
reactions. Batteries are so important for the modern world as 
portable sources of electric current that it is worth a moment or 
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two to understand the general principle of their operation and 
how they harness redox reactions.

We have seen that in an oxidation electrons are released and that 
in a reduction they are acquired. In a battery, the release and 
acquisition are spatially separated. Electrons are released into 
an electrode, a metallic contact, in one region of the battery, 
travel through an external circuit, and then attach to the species 
undergoing reduction at a second electrode elsewhere in the 
battery. Thus, the redox reaction, the joint oxidation and reduction 
reactions, proceed, and in doing so, the flow of electrons from 
one electrode to the other is used to drive whatever electrical 
equipment is attached to the device. Modern batteries use a range 
of redox reactions to bring about this electron flow, ranging from 
the heavy lead–acid batteries in vehicles to the light lithium-ion 
batteries in laptops, tablets, and phones.

Redox reactions can also be forced to take place against their 
natural direction by driving electrons into a reaction mixture 
through an electrode. This is the process of electrolysis, the 
process of causing chemical reaction by passing an electric 
current. Electrolysis is the principal way of extracting aluminium 
(Al) from aluminium oxide. A powerful current is forced into a 
cell containing aluminium oxide dissolved in a special solvent, 
and the electrons that enter the cell are forced on to the Al3+ ions, 
forming Al atoms. Electrolysis is also used to purify copper and 
to deposit metals, such as chromium, on to the surfaces of 
other metals.

One feature that distinguishes the electron transfer of redox 
reactions from the proton transfer of acid–base reactions is 
that because electrons are intimately involved in bonding, the 
migration of an electron from one molecule to another can 
drag with it several other atoms. We have seen a little of that, 
without drawing attention to it, in combustion reactions, where 
in the course of the oxidation of a hydrocarbon molecule, 
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carbon, oxygen, and hydrogen atoms are dragged around as the 
electrons migrate between the molecules, and the hydrocarbon 
and oxygen molecules are reassembled into carbon dioxide and 
water molecules. This difference is hugely important in the 
reactions of organic chemistry, where clever use of atom-dragging 
redox reactions can be used to construct intricate structures.

It is partly due to this ability of migrating electrons to drag atom 
baggage with them that redox reactions are so important in 
biology: they keep the biosphere (including that small part, you) 
alive and vibrant. Photosynthesis, the process by which sunlight is 
captured and used to power the formation of carbohydrates in 
green plants, is a chain of electron transfer reactions, which have 
the overall effect, when atom-dragging is taken into account, of 
using the hydrogen atoms of water and the carbon and oxygen 
atoms of carbon dioxide, to construct carbohydrates, including 
starch and cellulose. In the form of organic corrosion we call 
digestion, those redox-formed carbohydrates are mined for their 
carbon and hydrogen atoms in a sequence of redox reactions we 
call respiration and metabolism.

Radical reactions

The third kind of reaction takes place when radicals meet. You 
need to know that a radical (or ‘free radical’ ) is a molecule with 
an odd number of electrons. We have seen that electrons pair 
together when bonds form, so a radical is a molecule in which 
all the electrons except one have paired and hold the atoms 
together, and there remains one unpaired electron. A radical 
is commonly denoted R· or ·R, the dot representing the 
unpaired electron.

Most radicals are aggressively reactive and do not survive for long 
in the wild. In some cases, two radicals might collide, and clump 
together as their unpaired electrons pair and bind the two radicals 
together to form a conventional molecule with an even number of 
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electrons: R· + ·R → R–R. This kind of process occurs in flames, 
which are environments rich in radicals because the stress of high 
temperatures rips molecules apart, sundering the electron-pair 
bonds. Indeed, one form of fire-retardant is a substance that gives 
rise to radicals when heated. These radicals, lets denote them ·X, 
latch on to the radicals that are propagating the flame and quench 
their chemical aggressiveness, R· + ·X → R–X, so that the flame 
peters out.

Other radicals are of great commercial importance, for they are 
involved in the formation of many plastics. The general idea 
behind this process, which is called polymerization, is that when 
a radical R· attacks an ordinary molecule M it might attach to it. 
However, the outcome is again a molecule, now RM·, with an 
odd number of electrons, so it is also a radical. That radical can 
go on to attack another M molecule and attach to it. The result is 
still a radical, now RMM·. In other words, there can be a chain 
reaction, a chain of processes that propagates indefinitely, to give 
a long snaking RMM . . . M· radical, or until two such radicals 
collide, stick together by electron pairing, and so terminate 
the chain.

Those ubiquitous plastics polythene (polyethylene), polystyrene, 
and PVC (polyvinyl chloride) are made in this way. In the case of 
polythene the molecule M, which in this context is called a 
monomer, is ethylene, H2C=CH2. The outcome of the polymerization 
is a long chain, a polymer, of hundreds of –CH2CH2– units. 
Chemists have found that by starting with different versions of 
ethylene, such as H2C=CHX, where X can be a group of atoms, 
they can form polymers with a wide range of properties. Thus, 
when X is a benzene ring, the polymer is polystyrene and when X 
is a chlorine atom the polymer is PVC. To obtain the non-stick 
Teflon® all the hydrogen atoms are replaced by fluorine atoms; 
that is why its more formal name is polytetrafluoroethylene 
(PTFE).
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Another variety of acids: Lewis acids

The fourth and final type of fundamental reaction might seem 
arcane at first sight, but it is a seriously important process. We 
have just seen that two radicals can form a bond with each other 
if each brings along one electron, which then pair. In this final 
type of reaction, one molecule provides both electrons of the 
bond that forms between them, the other partner in the reaction 
accommodating both electrons. We could represent this sort of 
reaction by A + :B → A–B, where the double dot on B represents 
the electron pair that is en route to be shared with A. Reactions of 
this kind are called Lewis acid–base reactions after the American 
chemist G. N. Lewis, who first identified them and was later killed 
by them. (He died after ingesting cyanide ions, CN–, a poison 
that acts by this kind of reaction). They are called ‘acid–base’ 
reactions because they show marked similarities to the acid–base 
reactions I discussed earlier, in which a proton migrates from an 
acid to a base. Indeed, they can be regarded as yet another 
generalization of the concepts of acid and base, but I will not 
take you down the fascinating scenery of that route.

One role of Lewis acid–base reactions is to bring colour to the 
world. This remark gives me the opportunity to introduce you to 
transition metal complexes, which are often brightly coloured 
and which are formed in what I shall call a Lewis way. The 
haemoglobin of your blood is an example.

A transition metal is one of the elements in the skinny central part 
of the Periodic Table, and includes iron (Fe), chromium (Cr, this 
name anticipates the colour to come as chroma is the Greek word 
for colour), cobalt (Co), and nickel (Ni). The ions these elements 
form, such as Fe2+ and Co3+, are commonly found surrounded 
by and bonded to six small molecules and ions that have an 
independent existence, such as H2O, NH3, and CN–. These species 
are called ligands and the complete clusters are called complexes. 
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A complex is held together by bonds formed by the sharing of a 
pair of electrons provided by each ligand, so the metal ion is 
acting as the Lewis acid (the A) and each ligand is acting as the 
Lewis base (the :B).

In water, transition metal ions are typically surrounded by six 
water molecules acting as Lewis bases. When another Lewis base 
is added to the solution, it might drive out one or more water 
molecules and take their place. The electronic structure of the 
resulting complex might be quite different from that of the 
original complex, and as a result be brightly coloured. Many 
pigments and dyes are complexes formed in this way.

Breathing is a Lewis acid–base reaction. The oxygen carrier in our 
blood is haemoglobin, a huge protein molecule that has embedded 
in it four iron ions. Each one is gripped in place by four nitrogen 
atoms belonging to the protein framework and lying round it at the 
corners of a square. The bonds between the iron and the nitrogen 
atoms are the result of Lewis acid–base interactions, with Fe2+ 
the acid and each :N a base. When you breathe in, this already 
Lewis-constructed entity takes part in another Lewis acid–base 
reaction when an oxygen molecule acting as a Lewis base uses a 
pair of electrons to form a bond to an Fe2+ ion in the haemoglobin 
molecule. Once captured, the precious oxygen is transported in the 
blood stream to take part in other reactions deep inside our body.

Suffocation by carbon monoxide poisoning is another Lewis  
acid–base reaction. Now the carbon monoxide molecule, CO, can 
usurp the place of oxygen and attach Lewis-like to the Fe2+ ions in 
haemoglobin. This attachment is stronger than oxygen is able to 
achieve, so the usurper blocks the attachment of oxygen, and 
there is none transported to where it is needed and the victim 
suffocates. This is suffocation at a molecular level, not just the 
blocking of an airway. The poisoning effect of the cyanide ion, 
CN–, I mentioned earlier is similar, but it blocks a cascade of 
electron transfer reactions later in the respiration process.
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The subtlety of organic chemistry

Organic chemists are magicians, or general officers commanding, 
when it comes to deploying these fundamental types of reactions. 
They need to be, because the molecules they aspire to build are 
often delicate traceries of atoms, and one atom out of place could 
render a pharmaceutical inactive or set back research for months. 
Over the decades of development of organic chemistry, chemists 
have accumulated a fund of experience in knowing how to coax 
atoms into the appropriate arrangement to suit their need, 
sometimes in sequences of reactions with dozens of steps, any one 
of which might reduce a hard-won compound to the chemist’s 
equivalent of rubble, a black, useless tar. The procedures often go 
by the names of the chemists who developed them. Computer 
software is also a help in devising strategies, just as it is used for 
establishing the workflow of a construction project.

The metaphor of a construction project can be taken further. Just 
as a partially completed component of the project might need to 
be protected while building goes on around it, so a partially 
constructed molecule might have tender regions that, without 
protection, would be centres of reaction and result in unwanted 
products. Thus, chemists sometimes might attach a small group of 
atoms to a region of the molecule either to shield a neighbouring 
region from attack or to conceal the atom to which it is attached. 
That protective group can later be stripped off, just like the 
protective shroud of a building.

I shall give just two examples of how organic chemists go about 
the business of building a molecule, perhaps one destined to be 
tested as a pharmaceutical, a dye, or an artificial flavour. Both are 
examples of a substitution reaction, in which an atom or group of 
atoms is substituted for one already present in a molecule. In each 
case the target atom is detected by the incoming reactant as a 
region of the molecule that has either a relatively thin or dense 
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electron cloud. If the cloud is thin, the positively charged nuclei 
shine through, and a negatively charged reactant molecule will 
home in on it like a guided missile. Reactions of this nuclear-
charge-detecting kind are called nucleophilic substitutions. If 
instead the cloud is dense, then the negative charges of the 
electrons will outweigh the positive charge of the nuclei, and an 
incoming missile that is positively charged will home in on the 
region. Such electron-rich-seeking reactions are called 
electrophilic substitutions.

When planning the construction of a molecule, a chemist needs to 
think about the way that the electron clouds are distributed in a 
molecule, and then choose the reactant molecule accordingly. 
They can be very subtle about the procedure, because it is possible 
to attach groups of atoms that suck electrons away from a region 
or alternatively push electrons on to it. By modifying the electron 
cloud in this way, a chemist can be reasonably confident that a 
reactant molecule will home in on the right atom and form a bond 
there.

I hope that, at this point, you are beginning to be able to sense the 
subtlety with which chemists go about the task of creating forms 
of matter that might not exist anywhere else in the universe. It will 
not be possible from this necessarily brief account to comprehend 
the details of how chemists contrive their reactions, but I hope 
that you will perceive the thoughtfulness behind their activities.
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Go into any modern chemical laboratory and you will find it a 
hybrid. An alchemist would recognize some of the apparatus; the 
rest would be wholly alien. There are only so many shapes for 
vessels to contain fluids and most of them have a clear ancestry in 
the past. But modern analysis, literally the breaking down of 
substances and in modern practice the identification of substances 
and the determination of their amounts and concentrations, 
makes use of sophisticated electronic and often automated 
equipment. Analysis is not the only pursuit in a laboratory, for its 
opposite, synthesis, literally the putting together but in practice 
the creation of desired forms of matter from simpler components, 
is a major component of a chemist’s endeavour.

Classical laboratory equipment

I shall not dwell on beakers, flasks, and test-tubes, for their use for 
containing and mixing fluids is obvious. Some containers, though, 
are designed to deliver known amounts of liquids either to accord, 
as in a kitchen, with a precise recipe or as part of a method of 
quantitative measurement. An example of the latter is the use of a 
pipette (US: pipet; a little pipe) and a burette (US: buret; a word 
derived from the French word for a small vase or jug, although 
except to the imaginative it is nothing like one) in one of the 
classic procedures of chemistry, the titration of an acid with a base 

Chapter 5

Its techniques



Ch
em

is
tr

y

54

to determine the concentration of one or the other of them. (Why 
‘titration’? Titre is the French word for assay or test). The pipette 
is used to deliver a fixed amount of the basic solution to a conical 
flask; the burette is used to dribble in the acid until a colour 
change or an electronic signal from a detector signals that the 
base has been exactly neutralized. By noting the volume of acid 
added from the graduated burette and knowing its concentration, 
the concentration of the base can be determined.

One other class of apparatus is concerned with the separation 
of substances, perhaps to purify or isolate a product. One 
straightforward technique, when the product is a solid that has 
been precipitated when two solutions are mixed, is ‘filtration’: 
passing the resulting solution through a fine mesh. Another, often 
used when liquids need to be separated, is ‘distillation’: boiling 
the liquid mixture and condensing the vapour; the more volatile 
component of the mixture boils off first, and may be collected 
or discarded.

One highly sophisticated separation technique is 
‘chromatography’. This technique was born and named when it 
consisted of little more than noting that a drop of solution, 
perhaps taken from a flowering plant, would spread across 
absorbent paper and form bands of different colours that could 
then either be identified or collected. The name survives, but the 
technique has been immeasurably elaborated. Now, in a typical 
procedure, the sample to be analysed is passed through many 
metres of narrow tubing, the interior of which is coated with an 
absorbent solid. The components of the mixture stick to (the 
technical term is ‘adsorb on’ ) the surface to different degrees, and 
although they all make it to the end of the tube, they emerge at 
different times and can thus be collected separately and identified 
by other procedures. This technique is used to separate the myriad 
compounds that contribute to the flavour of a fruit and, in a more 
specialized form, to sniff out explosives, such as at security 
installations.
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Spectroscopy

Much more interesting, and bewildering to the alchemist, is the 
electronic equipment in the room, showing only its screens and 
dials and not advertising immediately its purpose. Many of these 
procedures are forms of spectroscopy. The term is derived from 
the Latin word spectrum, or appearance, and the process of 
looking at the appearance; but ‘looking’ is now more sophisticated 
than visual inspection and ‘appearance’ far removed from its 
everyday meaning.

I shall begin with atomic spectroscopy. When an element is 
vaporized and heated, one or more of the electrons of an atom 
may be ejected from its normal distribution and briefly hang 
above the atom before collapsing back into its normal cloud again. 
That collapse gives an impulse to what we think of as the vacuum 
that surrounds the atom, and the impulse generates a pulse of 
light, a photon. The colour of the photon depends on the energy 
released in the collapse, with high-energy collapse giving a pulse 
of ultraviolet radiation and lower energy pulses giving visible light. 
The electrons of atoms can exist in a variety of energy states that 
are characteristic of the element, and as the electrons collapse 
from the state that they happen to have been promoted into they 
generate photons of the corresponding colours. We are all familiar 
with the yellow of street lighting, which is due to sodium atoms 
generating photons as they collapse into their normal state, and of 
red neon signs, which is due to the electron of a neon atom 
collapsing into its normal state. By noting the pattern of colours, 
by ‘recording the spectrum’, the element present can be identified.

The electrons of molecules behave in much the same way, but 
monitoring their possible energies is carried out in a somewhat 
different manner. Whereas the atomic spectroscopy that I have 
described makes use of the emission of light, molecular spectroscopy 
does the opposite: it makes use of the absorption of light.
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Light that is passed through a sample can be thought of as a 
stream of photons. One of those photons will be absorbed if it 
collides with a molecule that can be excited into a higher energy 
state with a matching energy. The removal of such photons, their 
‘absorption’, from the incoming stream will reduce the intensity of 
the beam, which will be recorded by a detector of some kind. To 
record the full absorption spectrum, the colour of the incident 
light is changed systematically, and the intensity that manages to 
survive passage through the sample is monitored. Because 
molecules have characteristic energy levels, their absorption 
spectra are unique, and can give a good indication of their identity.

I have focused on the absorption of photons by the excitation of 
electrons from their normal distribution in a molecule. That takes 
a lot of energy, and although many molecules absorb visible light 
(which is why the world is so colourful) the spectra I have 
described are commonly observed by using ultraviolet radiation. 
Thus, the technique is known as ‘UV-vis spectroscopy’. A closely 
related technique uses photons of infrared radiation, which have 
much lower energy than visible and ultraviolet photons. These 
photons can stimulate the vibrations of molecules, not their 
electron distributions. ‘Infrared spectra’ therefore show that 
vibrations can be stimulated. That is very helpful for analysing 
the groups of atoms present in a complex molecule because a 
CH3 group, for instance, can waggle around with one energy and 
a CO group can waggle around with a different energy.

Nuclear magnetic resonance

Perhaps the single most important analytical spectroscopic 
technique is ‘nuclear magnetic resonance’ (NMR). The word 
‘nuclear’ raises a red flag wherever it occurs, which is why it has 
been dropped from the medical investigatory technique of 
‘magnetic resonance imaging’ (MRI), a technique that is derived 
from NMR itself. Chemists on the whole are less squeamish 
than the public at large and retain the word ‘nuclear’, knowing 
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that in this usage it has nothing at all to do with the perils of 
radioactivity.

The ‘nuclear’ of nuclear magnetic resonance refers to any nucleus of 
any atom, but I shall focus on its most common target, the proton, 
the nucleus of a hydrogen atom. A proton spins on its axis, like the 
Earth, and that spinning charge behaves like a tiny bar magnet. It 
can spin either clockwise or anticlockwise, and the corresponding 
little bar magnet has its North pole either up or down according to 
the direction of spin. When the spinning proton is in a magnetic 
field (in practice, an intense one generated by passing a current 
through a superconducting coil) the two orientations have different 
energies, and an incoming photon of the appropriate frequency can 
flip an upward pointing (low energy) proton into a downward 
pointing (high energy) proton. The matching of the photon 
frequency to the energy separation is the ‘resonance’ of the name; 
we do the same thing when we tune a radio to the frequency of a 
distant transmitter. When that takes place, the incoming stream of 
photons is attenuated, and the decrease in intensity is detected. The 
energy separation is not very great, and photons of radiofrequency 
radiation, just off the high-frequency end of an FM radio signal 
(100 MHz or so), are used.

It might seem a rather pointless activity to flip a proton from one 
orientation to another. The power of the technique—and that 
power cannot be underestimated—is that the precise frequency at 
which resonance occurs depends on where the proton, specifically 
the hydrogen atom of which it is the nucleus, lies in the molecule. 
Hydrogen atom nuclei with carbon atoms as neighbours resonate 
at different frequencies from those with oxygen or nitrogen atoms 
as neighbours, and so the spectrum of resonant absorptions, the 
‘NMR spectrum’, portrays the neighbourhoods of all the hydrogen 
atoms in the molecule.

That’s not all. The little bar magnets at the heart of hydrogen 
atoms in the same molecule interact with one another and modify 
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each other’s energies. That modification affects the resonant 
frequencies and gives rise to characteristic patterns of absorption, 
which is a huge help when trying to identify a molecule.

A carbon nucleus does not spin and so does not behave like a bar 
magnet and is invisible in NMR. That is a blessing, because 
otherwise even a quite simple organic molecule would give an 
impossibly complex NMR spectrum. However, carbon atoms can 
be revealed cautiously by replacing ordinary carbon atoms, 
carbon-12, with an isotope, carbon-13, which has an extra neutron 
in its nucleus and is magnetic. Judicious replacement of carbon-12 
by carbon-13 can therefore be used to map the locations of carbon 
atoms too, and the identity and structure of the molecule can then 
be pinned down unambiguously.

Mass spectrometry

There is another totally different kind of spectrometer that does 
not use absorption or emission and gives an entirely different 
insight into the identity of a molecule. In a ‘mass spectrometer’ a 
molecule is blasted apart and its fragments weighed, the 
composition of the molecule then being inferred from the masses 
of the fragments.

The molecular shattering is carried out with a blast of electrons, 
which strike the molecule, distort the electron clouds holding it 
together, and give rise to a number of electrically charged 
fragments. These charged fragments are accelerated by an electric 
field and pass between the poles of a powerful magnet, which 
bends their paths to an extent that depends on their mass and the 
strength of the field. Fragments of a particular mass will fall on a 
detector and give a signal. As the magnetic field is changed, 
fragments of different masses will come into view by the detector, 
and the spectrum, now a ‘mass spectrum’ of masses of fragments, 
is interpreted in terms of the structure of the parent molecule 
rather as a smashed vase can be rebuilt from its fragments.
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X-ray diffraction

In biology, structure is crucial to function. Structure is almost 
everything in chemistry, and especially so where chemistry merges 
with biology and chemists contribute to the study and elucidation 
of the action of the big protein molecules we know as enzymes. 
Although enzymes are hugely important for regulating the 
chemical reactions that constitute all aspects of life, they are not 
the only crucial components of organisms (which include 
humans). Inheritance is enabled by DNA, scaffolding by rigid 
proteins and bone, and perception and thought by molecules that 
detect and convey messages. The mechanism of the whole body of 
an organism is modulated by its marinating molecules.

One of the most powerful tools for discovering structure is ‘X-ray 
diffraction’ or, because it is always applied to crystals of the 
substance of interest, ‘X-ray crystallography’. The technique has 
been a gushing fountain of Nobel prizes, starting with Wilhelm 
Röntgen’s discovery of X-rays (awarded in 1901, the first physics 
prize), then William and his son Laurence Bragg in 1915, Peter 
Debye in 1936, and continuing with Dorothy Hodgkin (1964), and 
culminating with Maurice Wilkins (but not Rosalind Franklin) in 
1962, which provided the foundation of James Watson’s and Francis 
Crick’s formulation of the double-helix structure of DNA, with all 
its huge implications for understanding inheritance, tackling 
disease, and capturing criminals (a prize shared with Wilkins in 
1962). If there is one technique that is responsible for blending 
biology into chemistry, then this is it. Another striking feature of 
this list is that the prize has been awarded in all three scientific 
categories: chemistry, physics, and physiology and medicine, such is 
the range of the technique and the illumination it has brought.

To understand the basis of the technique it is essential to know 
that X-rays are beams of very short wavelength electromagnetic 
radiation, like light, but with wavelengths a thousand times 
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shorter (around 100 pm (picometres), about the diameter of an 
atom). The second essential piece of information is that X-rays, 
like all waves, interfere with each other: where peaks coincide 
they are brighter; where peaks coincide with troughs, they are 
dimmer. When an object is put in the path of a beam of X-rays it 
scatters them, and scattering by different parts of a molecule 
results in beams that travel to a detector by different paths and 
so can interfere with each other in a variety of ways. This 
interference caused by an object in its path is the ‘diffraction’ 
part of the name.

In an X-ray diffraction determination, a tiny crystalline sample is 
rotated in the path of a beam of X-rays, and a detector is made to 
travel all over a surrounding sphere of locations, detecting the 
glints of constructive interference as it goes. From that huge 
number of observations a mathematical trick can be used to 
establish the arrangement of atoms in the sample. The technique 
is now extensively automated, with an integrated computer 
controlling the collection and interpretation of data.

The most challenging part of the determination is making the 
crystal that is essential to the technique, especially for the big 
molecules that are one of its principal targets of study. If, however, 
it is only identification of a substance, such as a mineral, that is 
required, then it is possible to use a simpler technique in which 
the sample is a powder spread on a plate. When a beam of X-rays 
is directed on to the powder, the resulting ‘powder diffraction 
pattern’ is characteristic of the substance, and it can be identified 
by referring to a library of patterns.

Why X-rays? Diffraction patterns are obtained when the 
wavelength of the radiation is comparable to the scale of the 
structures that cause it, in our case the atoms, causing the 
diffraction. It happens that X-ray wavelengths are comparable to 
atom–atom separations in molecules, so are ideal for the 
purpose.
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Picturing surfaces

The interior of solids is a fascinating place, but the action 
often takes place on the surface. For instance, in catalysis, 
the acceleration of reactions by the presence of an otherwise  
non-participating substance, often occurs through a mechanism 
involving the attachment of reactants to a solid surface, sometimes 
ripped apart, where they are rendered ripe for reaction with other 
reactants. The chemical industry owes its existence to catalysts, so 
the study of events at surfaces is of great importance.

Surfaces, despite being the outward show of a solid, were hard to 
study until a few years ago when a dramatic new technique burst 
on to the scene. This technique is so sensitive that it can portray 
the individual atoms on the surface and also molecules stuck to it. 
It comes in two forms: ‘scanning tunnelling microscopy’ (STM) 
and ‘atomic force microscopy’ (AFM).

At first sight, STM might seem rather unlikely. A needle is pulled 
out to form a very fine point, and then swept in successive rows 
across the surface being studied. The flow of electric current 
between the needle point and the surface is monitored and mapped 
on a screen: atoms that protrude from the surface lie close to the 
passing needle point and give rise to a surge in current, which is 
portrayed as a peak on the screen. The success of the method 
depends on a quantum mechanical effect called ‘tunnelling’ (hence 
the tunnelling in the name of the technique), in which electrons are 
able to cross forbidden regions, in this case the gap between the 
surface and the needle. Tunnelling is very sensitive to the width of 
the gap, so the scan across the surface can pick up atom-size 
variations in the surface itself, and also show up, and depict in 
compelling detail, the shapes of molecules stuck to the surface.

It is widely claimed that atoms are too small to be seen, however, 
provided we enlarge our vision of ‘seeing’ to the graphical 
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portrayal of the variation in tunnelling current, then STM denies 
that claim and provides us with the most extraordinarily compelling 
images of individual atoms and molecules. Even the clean surfaces 
themselves are compelling, with Mars-like mountains and cliffs 
where atoms pile high and chasms where they have been lost. 
Surfaces now are open to detailed, direct inspection.

Atomic force microscopy brings direct action to surfaces. Instead 
of passively observing, the tip is used to move atoms around on 
the surface by nudging them from place to place. Apart from 
allowing such entertainments as ‘nanosoccer’ by moving a C60 
‘buckyball’ over the surface, exquisite control can be exercised on 
the arrangement of individual atoms. If the tip is coated with 
molecules of a certain kind, then by moving the tip patterns can 
be written on to the surface and structures built up on a nanoscale 
(see Chapter 7).

Computational chemistry

An instrument that has transformed chemistry, just as it has 
transformed life in general, in recent decades is the computer. Just 
about all laboratory procedures, except the most primitive, are 
controlled by computers. As we have just seen, computers are 
intrinsic to X-ray crystallography, and are essential to the 
interpretation of diffraction patterns. They are also essential to 
modern NMR, where special techniques are used to observe the 
spectrum and need extensive mathematical manipulation to mine 
for the actual spectrum. There is, however, an application of 
computers in their own right, that of the computation and 
graphical portrayal of molecular structures. This is the field of 
‘computational chemistry’.

Together with weather forecasters and code breakers, chemists are 
among the most demanding users of powerful computers, although 
such is progress in computational hardware that much analysis can 
now also be carried out on a tablet or even a smartphone.
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One wing of computational chemistry takes the subject all the 
way back to the quantum mechanical description of the 
distribution of electron clouds in molecules, and sets out to 
calculate those distributions. Such calculations involve a great 
deal of numerical manipulation and a variety of approximations. 
Although the output is essentially just a list of numbers relating 
to the density of the electron cloud throughout the molecule, 
those numbers are brought to life and rendered digestible by 
graphical displays of the cloud that enable chemists to assess the 
likely behaviour of the molecule. One very important application, 
which is greatly helped by the ability to picture the regions of 
dense and sparse electron clouds, is in the assessment of the 
pharmaceutical activity of a molecule and the initial screening of 
likely pharmacologically active compounds before they are tested 
in vivo on animals.

The second, closely related wing of computational chemistry has 
to do with how a protein folds into its active shape. A protein 
molecule is just a long chain of chemically linked molecules 
(amino acids), yet it folds into helices and sheets and they in turn 
fold into a reasonably rigid structure that is essential to its 
function. Although the forces that act between different parts of 
the same molecule are well understood, it is still an elusive 
problem to see how all those varied forces conspire to twist the 
chain into its final shape. Nature does it: we do not yet understand 
how. As a part of the attack on the problem, computers are used to 
track the links in the molecular chain as they wriggle and writhe 
into their final shape in an attempt to understand how Nature 
does it without so much as a thought.

Computers are used to study the behaviour of little molecules 
too. One molecule is sent flying towards another (in the 
imagination of the software), and calculations are used to watch 
what happens in the most intimate moments of a chemical 
reaction, when molecules collide, old bonds weaken, and new 
bonds form.
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Modern approaches to synthesis

Now I would like to switch attention away from investigation 
towards synthesis and to a particular version of synthesis that is 
currently in vogue, where chemists do not always have a clue 
about what it is that they have made. I speak of ‘combinatorial 
chemistry’.

The traditional procedure for making compounds is to work on 
one at a time, with a target clearly in mind. In combinatorial 
chemistry hundreds, even thousands, are made simultaneously 
and then examined for the appropriate behaviour, sometimes in 
similar herds, and when promising candidates have become 
apparent only they are analysed, their identities determined, and 
then used as the basis for further work.

The procedure originated with the synthesis of short strips of 
protein-like molecules known as peptides, and I shall use them 
to illustrate how it is done. The same strategy has been developed 
for a range of other types of compound, and has provided an 
important boost to the throughput of ‘drug discovery’, the 
process of formulating medicinally active compounds.

Suppose we have three amino acids, A, B, and C. In Round 1 we 
prepare a container with A in it, and proceed to carry out a 
reaction with all three acids, which will result in the compounds 
AA, AB, and AC. We then bring these three compounds together, 
mix them up, and divide them into three equal portions, each 
one containing all three compounds. That is the end of Round 1. 
Round 2 repeats the process, and in one container, the one that 
reacts with A, we shall get the three compounds AAA, ABA, and 
ACA, in the second container, which reacts with B, we get AAB, 
ABB, and ACB, and similarly for the third container, where we 
make ACA, ACB, and ACC. These nine compounds are used as 
the starting point for the next round. In practice, all 20 naturally 
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occurring amino acids might be used rather than the miserly three 
of this illustration, and four successive rounds give 400, 8,000, 
160,000, and 5,200,000 compounds. Thus, millions of compounds 
can be made (by robots) in almost the twinkling of an eye.

Thus it is that chemists make substances, not always knowing or 
caring what they have made, and hoping that amid the plethora of 
products there lie pearls. Clearly, there is a considerable 
bookkeeping task needed to keep track of the possible substances 
in each mixture (for instance, in our three-amino-acid example, 
after the second round the first container has only three 
candidates present), and a computer keeps track of what the 
robots are up to. If in some subsequent test the contents of a 
mixing vessel show a certain biological activity, such as inhibiting 
a malfunctioning enzyme that is responsible for a disease, then 
those contents can be candidates for separation and identification, 
the rest being washed away as of no interest.

There was a stage, only a few years ago, when chemists were 
proud to have made and identified about 10,000,000 compounds. 
Now they might make several times that number in a month, and 
only occasionally bother to determine what they have made. Such 
is progress.
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I have already remarked that life without chemistry would see 
us back in the Stone Age. Almost all the infrastructure and 
comforts of the modern world have emerged from chemical 
research. In the primitive days of the subject, when curiosity, 
tradition, and alchemy were collaborators and science was still 
the merest green shoot, that research was unaided by correct 
theory and progress was haltingly slow. Now that the subject is 
mature, with curiosity in fruitful alliance with understanding 
and exploitation, the research is largely rational and its 
achievements substantial.

In the broadest possible terms, chemists have discovered how to 
take one form of matter and conjure from it a different form. In 
some cases they have discovered how to take raw material from 
the Earth, such as oil or ore, and to produce materials directly 
from them, such as petroleum fuels and iron for steel. They have 
also discovered how to harvest the skies, how to take the nitrogen 
of the atmosphere and convert it into fertilizer. They have also 
discovered how to make highly sophisticated forms of matter 
suitable for use as fabrics or as the substances needed for what 
currently we regard as high technology, knowing that there is still 
higher technology to come and which will be enabled, we can be 
confident, by chemistry.

Chapter 6

Its achievements
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Earth, air, fire, and water

I shall begin this account of chemistry’s numerous achievements 
by considering the famous four so-called elements of antiquity: 
earth, air, fire, and water.

First water, the absolutely essential enabler of life both at the 
level of individual organisms and at the level of global societies. 
Chemistry has made communal living possible through its use to 
purify water and rid it of pathogens. Chlorine is the principal 
agent for enabling cities to exist: without it, disease would be 
rampant and urban living a gamble and more akin to urban dying, 
just as it used to be. Chemists have found ways of extracting this 
element from an abundant source—sodium chloride, common 
salt—by using electrolysis to oxidize the chloride ions in the 
molten salt and by stripping off an electron from each one, so 
converting them to the element. The virile gas chlorine then goes 
on to attack the pathogens, rendering them harmless.

Chemists are at the forefront of the battle to obtain potable water 
from brackish water, from poisoned water in aquifers, and from 
that most abundant source of all, the oceans. They have contributed 
in direct ways to this crucial task by developing ‘reverse osmosis’, 
the process in which water is squeezed through membranes that 
filter out the ions that render it undrinkable. They contribute too in 
indirect ways by developing the membranes that can withstand the 
high pressures involved and contribute to the efficiency of the 
process. It goes without saying that chemists’ traditional skills of 
analysis, discovering what is present, what can be tolerated, and 
what it is essential to remove, are crucial to this endeavour.

Then take earth, food’s source. As the global population grows and 
the productive land area is eroded, so it becomes more and more 
important to coax crops into greater abundance and fecundity. 
Genetic engineering (a chemical technique, performed literally in 



Ch
em

is
tr

y

68

fruitful collaboration with biology) is one way to proceed, but 
remains controversial for a variety of reasons, some plausible, 
others not. The traditional way to encourage abundance is to 
apply fertilizers. Here, chemists have contributed substantially by 
finding economically viable sources of nitrogen and phosphorus 
and ensuring that they can be converted to a form that can be 
assimilated by plants.

Air supplies the earth. Nitrogen (N), one of the elements essential 
to agriculture, is astonishingly abundant, making up nearly three 
quarters of the atmosphere; but it is there in a form that cannot be 
assimilated by most plants. This stubborn inertness is due almost 
entirely to the fact that the two nitrogen atoms of a nitrogen 
molecule (N2 ) are strapped together by a powerful triple bond, 
three shared pairs of electrons, and are notoriously difficult to 
separate. Indeed, that is the principal reason why atmospheric 
nitrogen is so abundant in the air: it simply remains aloof from 
most attempts to react with it, requiring lightning bolts or the 
bacteria associated with certain leguminous plants to trap it 
chemically.

One of chemistry’s greatest achievements, made in the opening 
years of the 20th century under the impetus not of a humane 
desire to feed but of an inhumane desire to kill, was to discover 
how to harvest nitrogen from the air and turn it into a form that 
could be absorbed by crops (and used to make explosives). This 
achievement, by Fritz Haber and Carl Bosch, was a landmark in 
the chemical industry, for as well as depending on the discovery of 
appropriate catalysts to facilitate the reaction between nitrogen 
and hydrogen gases to form ammonia (NH3 ), it required the 
development of industrial plant that operated at temperatures and 
pressures never previously attained. But the process, which is still 
used globally today, remains energy intensive. It would be 
wonderful if the processes known to occur in the bacteria that 
inhabit the nodules of the roots of alfalfa, clover, beans, peas, and 
other legumes could be emulated on an industrial scale and 
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harnessed to harvest atmospheric nitrogen. Chemists have put 
decades of research into this possibility, dissecting in detail the 
enzymes that bacteria use in their quiet and energy-efficient, low 
pressure, low temperature way. There are glimmerings of success, 
but no method is yet commercially viable.

Phosphorus (P) is abundant too, being the remains of prehistoric 
animals. Their bones of calcium phosphate and their special 
internal power source, the molecules of ATP (adenosine 
triphosphate) that power every one of our and their cells, lie in 
great compressed heaps below the oceans of the world as 
phosphate rock. Here chemists help to mine the dead to feed the 
living, for they find ways to extract the phosphorus from these 
buried sources and use it again in the great cycle of sustainability.

After water, air, and the food that springs from the earth, we need 
energy, the representative of fire in this quartet. Nothing happens 
in the world without energy, and civilizations would collapse if it 
ceased to be available. Civilizations advance by deploying energy 
in ever greater quantities, and chemists contribute at all levels and 
in all aspects of the development of new sources and more 
efficient applications of current sources.

Petroleum is, of course, an extraordinarily convenient source of 
energy, as it can be transported easily, even in weight-sensitive 
aircraft. Chemists have long contributed to the refinement of the 
raw material squeezed and pumped from the ground. They have 
developed processes and catalysts that have taken the molecules 
provided by Nature and used them to cut the molecules into more 
volatile fragments and reshape them so that they burn more 
efficiently. But burning Nature’s underground bounty might by 
future generations be seen as the wanton destruction of an 
invaluable resource, akin to species extinction. It is also finite, and 
although economically viable new sources of petroleum are 
constantly, for the time being at least, being discovered, it is 
proving hazardous and increasingly expensive to extract it. We 
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have to accept that although an empty Earth is decades off, one 
day it will arrive and needs to be anticipated.

Where do chemists currently look for new sources? The Sun, that 
distant, furious, nuclear fusion furnace in the sky, is an obvious 
source, and the capture of its energy that Nature has adopted, 
namely photosynthesis, is an obvious model to try to emulate. 
Chemists have already developed moderately efficient photovoltaic 
materials, and continue to develop their efficiency. Nature, with her 
4 billion year start on laboratory chemists, has already developed a 
highly efficient system based on chlorophyll, and although the 
principal features of the process are understood, a challenge for 
chemists is to take Nature’s model and adapt it to an industrial 
scale. One route is to use sunlight to split water into its component 
elements, desirable hydrogen and already abundant oxygen, and to 
pipe or pump the hydrogen to where it can be burned.

I say ‘burned’. Chemists know that there are more subtle and 
efficient ways of using the energy that hydrogen and hydrocarbons 
represent than igniting them, capturing the energy released as 
heat, and using that heat in a mechanical, inefficient engine or 
electrical generator. Electrochemistry, the use of chemical 
reactions to generate electricity and the use of electricity to bring 
about chemical change, is potentially of huge importance to the 
world. Chemists have already helped to produce the mobile 
sources, the batteries, that drive our small portable devices, such 
as lamps, music players, laptops, telephones, monitoring devices 
of all kinds, and increasingly our vehicles.

Chemists are deeply involved in collaboration with engineers in 
the development of ‘fuel cells’ on all scales, from driving laptops to 
powering entire homes and conceivably villages. In a fuel cell, 
electricity is generated by allowing chemical reactions to dump 
and extract electrons into and from conducting surfaces while 
fuel, either hydrogen or hydrocarbons, is supplied from outside. 
The viability of a fuel cell depends crucially on the nature of the 
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surfaces where the reactions take place and the medium in which 
they are immersed.

Even nuclear power, both fission and one day fusion (the 
emulation on Earth of the Sun), depend on the skills of chemists. 
The construction of nuclear reactors depends on the availability 
of new materials, and the extraction of nuclear fuel in the form of 
uranium and its oxides from its ores involves chemistry. Everyone 
knows that one fear that holds back the development and public 
acceptance of nuclear energy, apart from political and economic 
problems, is the problem of how to dispose of the highly 
radioactive spent fuel. Chemists contribute by finding ways to 
extract useful isotopes from nuclear waste and by finding ways 
to ensure that it does not enter the environment and become 
a hazard for centuries.

Artefacts from oil

I have alluded to the seemingly wanton destruction of an 
invaluable resource when the complex organic mixture we know 
as oil is sucked from the ground where it has lain for millennia 
and then casually burned. Of course, not all the oil is used in 
engines and its combustion products spewed out through the 
exhausts of our cars, trucks, trains, and aircraft. Much is extracted 
and used as the head of an awesome chain of reactions that 
chemists have developed and which constitute the petrochemical 
industry.

Look around you and identify what chemists have achieved by 
taking the black, viscous crude oil that emerges from the Earth, 
subjecting it to the reactions that they have developed, and 
passing on the products to the manufacturers of the artefacts of 
the modern world.

Perhaps the greatest impact of these processes has been the 
development of plastics. A century ago the everyday world was 
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metallic, ceramic, or natural, with objects built from wood, wool, 
cotton, and silk. Today, an abundance of objects are built from 
synthetics derived from oil. Our fabrics have been spun from 
materials developed by chemists, we travel carting bags and cases 
formed from synthetics; our electronic equipment, our televisions, 
telephones, and laptops are all moulded from synthetics. Our 
vehicles are increasingly fabricated from synthetics. Even the look 
and feel of the world is now different from what it was a hundred 
years ago: touch an object today, and its texture is typically that of 
a synthetic material. For this transformation, we are in debt to 
chemists who have discovered how to chop up the long molecules 
exuded by the Earth and then reassemble them into very long 
chains in the process of polymerization. Thus, ethylene 
(CH2= CHX, with X = H) is spun into polyethylene and used for 
everything from shopping (as plastic bags, a mixed blessing) to 
helping win World War II (as cladding for radar cables). As I 
mentioned in Chapter 4, when X is chlorine, Cl, the monomers are 
spun into PVC, which has taken over from wood and metal in 
much construction work.

Although the convenience of plastic bags is perhaps outweighed 
by their blight on the environment, think of what we would not 
have if we had none of the polymeric materials invented by 
chemists and then fabricated in bulk. Think of a world without 
nylon and the polyesters of fabrics for clothing, upholstery, and 
decoration. Think of a world with only heavy metal containers for 
drinks, food, and household fluids. Think of a world without all 
the little plastic artefacts of everyday life, switches, plugs, sockets, 
toys, knife handles, keyboards, buttons . . . the list is almost literally 
endless, so ubiquitous is the presence of chemistry-generated 
polymeric materials.

Even if you mourn the passing of many natural materials, you can 
still thank chemists for their preservation where they are still 
employed. Natural matter rots, but chemists have developed 
materials that ensure that that decay is postponed. In short, 
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chemists both provide new materials when those are judged 
appropriate or desirable, and provide means of prolonging the 
lives of natural materials when judgement and choice leads to 
their adoption.

Plastics are but one face of the revolution in materials that has 
characterized the last one hundred years and is continuing 
vigorously today. Chemists develop the ceramics that are 
beginning to replace the metals that we use in vehicles, so 
lightening them and increasing the efficiency of our transport 
systems with the consequent lessening of its impact on the 
environment. Ceramics, of course, are materials of great antiquity, 
for they are the stuff of pots (another largely unacknowledged 
contribution to the viability of social life). Modern ceramics are 
tailored more systematically from purified clay and other 
materials, and sometimes exhibit surprising properties. Who, for 
instance, would have suspected that one class of ceramics baked 
from an almost witch’s brew of elements would have possessed the 
remarkable property of superconductivity, the ability to conduct 
electricity without resistance? This material, which operates at 
very low temperatures, but at much higher temperatures than the 
previously known superconducting materials and therefore more 
economically encouraging and acceptable, is still groping for 
applications, for fabricating wires and films from ceramics 
remains a challenging problem.

Ceramics include glass. Modern glass includes the optical fibre 
that constitutes the spine of our global communication system. 
Glass is fundamentally silica (silicon dioxide, SiO2 ) from sand that 
has been purified, rendered molten, and then allowed to cool. 
Over the centuries chemists have fiddled with this fundamental 
composition and have given us the richly coloured ‘stained’ glass, 
where enthralling hues are caused by impurities added cautiously 
and selectively. Certainly in the early days the colours were 
developed by the skill and wisdom of glassmakers, then not 
specifically chemists. But it is now chemists who formulate the 
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composition of glasses that in some cases are richly coloured but 
in others, for fibres in particular, are strikingly transparent and 
able to convey pulses of light over great distances with minimal 
attenuation.

The creation of colour

The world of human fabrication would be drab without the 
contributions of chemists. Vibrant colours were once the domain of 
the wealthy who could afford the expense of purchasing natural 
colours, such as Tyrian purple, extracted from the glandular mucus 
of certain sea-snails (Bolinus brandaris) where 12,000 snails are 
milked or wantonly squashed to derive little more than a gram of 
dye, barely enough to dye the hem of a cloak, or of lapis lazuli (the 
‘stone of heaven’) from distant Afghanistan for deep appealing 
ultramarine. Then along came William Perkin (1838–1907) who, 
when attempting unsuccessfully to synthesize quinine, without the 
advantage of knowing its structure, in an aim to save the empire’s 
armies and bureaucrats from malaria, stumbled instead on the dye 
he called mauveine, thereby saving sea-snails instead of soldiers 
from slaughter and incidentally founding the British chemical 
industry. Thus he laid the foundation for the generation of all his 
personal and much of Britain’s national wealth.

Chemists have added a whole spectrum of colours to the 
material world, which is no longer drab, except when needed 
(as in camouflage), but instead can be anything from vibrantly 
assertive or demurely subtle. Not only is the range of colours now 
enormous, with fluorescence and reflective sparkle added to the 
range, but the colours are lightfast and can withstand the rigours 
of the laundry.

Chemically created colours are not confined to cloth. Pigments 
in general have been developed; not only the colouring materials 
themselves but also the support medium, as in the paints used in 
buildings and the acrylics used by artists. Think of the advances 
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made in household paints, with improvements to their flow 
properties, their stability in aggressive atmospheres, and their 
range of colours, including colours that intentionally fade to show 
where paint is being applied.

Even the colours of television screens and computer monitors 
make use of solids that have been developed by chemists. Gone are 
the days of power-hungry, bulky cathode-ray tubes. Now we are in 
the world of liquid crystals, plasma displays, and OLEDs (organic 
light-emitting diodes). The liquid crystals and OLEDs are formed 
of molecules built by chemists that respond in special ways to 
electric fields and have made possible portable devices with visual 
displays.

The infrastructure of the everyday

Chemists are also responsible for developing the semiconductors 
that underlie the modern world of communication and 
computation. Indeed, one of the principal contributions of 
chemistry is currently the development of what could be regarded 
as the material infrastructure of the digital world. Chemists 
develop the semiconductors that lie at the heart of computation 
and the optical fibres that are increasingly replacing copper for the 
transmission of signals. The displays that act as interfaces with the 
human visual system are a result of the development of materials 
by chemists.

Currently chemists are developing molecular computers, in 
which switches and memories are based on changes in the 
shape of molecules. The successful development of such 
materials—and with the optimism so typical of science we 
can be confident that the endeavour will be successful—will 
result in an unprecedented increase in computational power 
and an astonishing compactness. If you are interested in the 
development of such smart materials, then you can expect to 
contribute to a revolution in computation. There is also the 
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prospect of the development of quantum computing, which will 
depend on chemists being able to develop appropriate new 
materials and will result in an almost unforeseeable revolution 
in communication and computation.

Medicinal chemistry

I have barely mentioned health. One of the great contributions of 
chemistry to human civilization (and, it must be added, to the 
welfare of herds) has been the development of pharmaceuticals. 
Chemists can be justly proud of their contribution to the 
development of agents that fight disease. Perhaps their most 
welcome contribution has been the development of anaesthetics 
and the consequent amelioration of the prospect of pain. Think of 
undergoing an amputation 200 years ago, with only brandy and 
gritted teeth to sustain you! Next in importance has been the 
development, by chemists, often by observing Nature closely, of 
antibiotics. A century ago, bacterial infection was a deadly 
prospect, but now, through the availability of penicillin and its 
chemically modified descendants, it is curable. We have to hope 
that it remains that way, but we need to prepare for the opposite 
as bacteria evolve to evade their nemesis.

The pharmaceutical companies often come under attack for what 
many regard as their profligate profits and exploitation. But they 
deserve cautious sympathy. Their underlying motive is the 
admirable aim (albeit with an eye on profit) of reducing human 
suffering by developing drugs that combat disease. Chemists are 
at the heart of this endeavour. It is highly regrettable that the 
development is so expensive. Modern computational techniques 
are helping in the search for new lines of approach and helping to 
reduce reliance on in vivo animal testing, but extraordinary care 
needs to be exercised when introducing foreign materials into 
living human bodies, and years of costly research can suddenly be 
ruined if at the last stage of testing unacceptable consequences are 
discovered.
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Closely allied with the contribution of chemists to the alleviation 
of disease is their involvement at a molecular level. Biology 
became chemistry half a century ago when the structure of DNA 
was discovered (in 1953). Molecular biology, which in large 
measure has sprung from that discovery, is chemistry applied to 
the functioning of organisms. Chemists, often disguised as 
molecular biologists, have opened the door to understanding life 
and its principal characteristic, inheritance, at a most 
fundamental level, and have thereby opened up great regions of 
the molecular world to rational investigation. They have also 
transformed forensic medicine, brought criminals to justice, and 
transformed anthropology.

The shift of chemistry’s attention to the processes of life has come at 
a time when the traditional branches of chemistry—organic, 
inorganic, and physical—have reached a stage of considerable 
maturity and are ready to tackle the awesomely complex network of 
processes going on inside organisms: human bodies in particular. 
The approach to the treatment, more importantly the prevention, of 
disease has been put on a rational basis by the discoveries that 
chemists continue to make. If you plan to enter this field, then 
genomics and proteomics will turn out to be of crucial importance 
to your work. This is truly a region of chemistry where you can feel 
confident about standing on the shoulders of the giants who have 
preceded you and know that you are attacking disease at its roots.

Warfare, and other evils

Then there is the dark side of chemistry. It would be inappropriate 
in this account of chemistry’s great achievements for no mention 
to be made of its ability to enhance humanity’s ability to damage 
and kill, for those achievements have come at a cost, in some cases 
to human life, in others to the environment.

First, the advances made in killing and maiming. Chemists have 
been responsible for the development of gases for warfare and the 
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optimization of explosives. Indeed, Fritz Haber, whom I have 
mentioned in connection with his invention of the process of the 
synthesis of ammonia that has led to the widespread availability of 
potent fertilizers, was also a leader in the development of poison 
gas. There is the hope that the elimination of such weapons will 
enable us to judge his net contribution to human life more kindly, 
despite how we judge his personality. Although governments have 
the responsibility for using such terrible weapons, the chemists 
who contributed to their development cannot, in my view, avoid 
our condemnation. No good has come from the development of 
chemical weapons that might be put in the opposite scale to 
mitigate our condemnation of them: they are pure evil. Numerous 
states, not all the most powerful but covering about 98 per cent of 
the world’s population, have rejected them as illegal weapons of 
warfare, and it is to be hoped that the rest will follow suit and join 
the treaty banning them.

Chemical warfare can be waged by accident. Such was the case 
at Bhopal, India, in 1984, when the Union Carbide plant there 
ran out of control with the result, according to official sources, 
of nearly 4,000 deaths directly related to the disaster and a 
further 8,000 within two weeks, and with over 500,000 injured. 
Intentional chemical warfare has never been so successful. The 
proximate cause of the disaster was the entry of water into an 
over-stocked, under-cooled tank of the compound methyl 
isocyanate (CH3NCO), an intermediate in the manufacturing 
process of a pesticide. The receding demand for the pesticide at 
the time had resulted in the accumulation of more than normal 
quantities of the intermediate. How the water entered remains 
disputed: the company maintains it was sabotage by a disgruntled 
employee; others maintain that it entered accidentally in a plant 
where the safety controls were disorganized, ineffectual, missing, 
inadequate, and disregarded. The ensuing reaction released 
30 tonnes of toxic gas into the atmosphere, visiting death and 
incalculable physical and emotional suffering on the inhabitants 
of the densely populated surrounding shanty town.
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Comments on the inherent dangers of chemical plants would be 
otiose, and suggesting that the risks outweigh the advantages 
would be banal. Only very rarely, however, do such catastrophes 
occur, and we have to hope that lessons learned from the awful 
price paid will instil better practice in design and operation of the 
plants that, in the main, contribute to our well-being.

The other dark facet of chemistry is its provision, improvement, 
and manufacture of explosives. Here the facet is not entirely 
black, for explosives are useful in quarrying and mining. The 
black facet is their use in bombs and in the provision of the 
impelling force of projectiles: bullets, mortars, and the like. 
Explosives are compounds that when detonated undergo a very 
fast reaction—essentially, the molecules fragment into tiny pieces 
that form a gas and the very fast generation of gas creates the 
destructive or impulsive shock of the explosion.

In the early days of explosives, gunpowder was king. Its action 
depends on the intimate intermingling of oxidizing agents (sulfur, 
potassium nitrate) and stuff that can be oxidized (charcoal, 
essentially an impure form of the element carbon). The migration 
of the electrons to the oxidizing agents from the carbon, dragging 
across atoms, results in a large number of little molecules, a gas. 
Since then, substances and mixtures have been developed that 
react more rapidly and accordingly give a sharper shock. Instead 
of the mingling of different components, chemists have worked 
towards the ultimate intimacy: ensuring that the oxidizing and 
oxidizable components are parts of the same molecule so that 
electron transfer and the ensuing atom rearrangement and 
molecular fragmentation are as fast as possible and that large 
numbers of small fragment molecules are formed to amplify the 
shock. Famous among such compounds is nitroglycerin. This 
highly unstable compound was tamed when Alfred Nobel 
(1833–96) discovered that it could be absorbed into a type of 
porous clay, so forming dynamite and in due course providing 
the funds for the establishment of one of the greatest  



Ch
em

is
tr

y

80

conscience-appeasing foundations, the Nobel Foundation, 
committed as its prizes are to the enhancement of the human 
condition and the propagation of peace.

Environmental issues

While we are in this embarrassingly negative corner of chemistry, 
I cannot avoid that other great pointed finger, the one directed at 
the environmental damage laid at the subject’s door, or at least at 
its drains. It is impossible to deny that the unwanted effluent of 
the chemical plant has wrought ecological havoc. Ever since 
Perkin’s factories turned the nearby canals red, green, and yellow 
according to the manufacturing priorities of the day, mankind’s 
aspiration for its own betterment has been at an environmental 
cost. In fact, the green shoots of environmental pollution, if that is 
not too ironical a term, can be traced back to the Greeks and 
Romans, for analysis of ice cores laid down in those eras show 
traces of the consequences of metal working.

The way forward is either legal or chemical. The legal constrains 
by the prospect of punishment; the chemical avoids by elimination 
at source. The latter, always the better mode of action, depends on 
developments of chemistry itself and has inspired the politico-
environmento-chemical movement of green chemistry. In broad 
terms, green chemistry aims to minimize the impact of chemical 
manufacturing processes on the environment by strict guidelines 
about the use of materials and the elimination of waste.

The protagonists of green chemistry begin with the plausible 
proposition that it is better to prevent waste than to clean it up 
after it has been generated. The implication of that fundamental 
principle is that whatever is used as starting materials in a process 
should appear in (as close as it is possible to) its entirety in the 
final product: whatever atoms go in should all appear in the 
molecules of the product, with as few as possible discarded as 
unwanted. It is in this implication that there are considerable 
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economic and technological impacts, and therefore commercial 
reluctance, for processes and plants need to be designed 
accordingly and specific raw materials acquired from inconvenient 
sources, possibly at great expense.

With the process optimized, and particularly if the optimization is 
beyond technological and economic grasp, the procedures should 
be designed to avoid or at least minimize the involvement, not just 
as waste but also as potentially escapable intermediates, of toxic 
compounds. That requirement is also required of the final 
product, which should offer minimum risk of toxicity for human 
life (as the formalizers of the principles identified, but it seems 
more than appropriate to add organisms in general) and the 
environment. The restraint also applies to auxiliary materials 
employed in the process, particularly the liquids that are used as 
solvents and might, perhaps ‘might’ for some current processes 
becomes ‘must’, be released into the environment, even in small 
amounts, as leaks develop in the recycling procedures. Chemists, 
even for their own miniscule laboratory procedures, are essential 
sniffers out of benign solvents and the development of reactions 
that take place in these unfamiliar novel environments.

Another ideal aspiration of the proponents of green chemistry is 
that the feedstock should be renewable. Renewability can take a 
variety of forms, but all avoid the gouging out of resources from 
the Earth. Nature furnishes crops each year, and they count as 
renewable due to the benevolence of the Sun and its powering 
of the recycling of carbon dioxide through the medium of 
photosynthesis. Materials other than carbon dioxide can be 
recycled and plans have been proposed for the treatment of 
landfill as mines, but that resource is hazardous and not open 
to geological judgement.

The proponents of green chemistry recognize another 
contribution to waste and pollution: the role of energy in a 
chemical process. All requirements of energy make demands on 
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the environment, either through the requirement of fuel or the 
impact of the exhaust on the atmosphere. Ideally, all procedures 
should take place without the need to heat and, even more 
expensively and destructively, cool.

Then there are a number of more technical requirements for the 
process to be as green as possible. Many procedures in organic 
chemistry, as in the fabrication of pharmaceuticals, require 
intermediate steps in which molecules are modified temporarily 
on their way to becoming the final product. Each step needs 
special conditions, its own reagents, and perhaps a variety of 
noxious solvents. The procedure shifts towards the green end of 
the production spectrum by minimizing these intermediates and 
looking for more direct routes from feedstock to product.

Bright green chemists look beyond the process itself to the whole 
lifetime span of its product and look for ways to ensure that at the 
end of its functional lifetime the product and anything into which 
it decays will not be toxic or degrade while in the environment 
into toxic remnants. The ‘whole lifetime’ consideration includes 
the anticipation of disaster during the manufacturing process 
itself (recalling Bhopal), with the precautionary implication that 
whatever is produced or stored should, in the event of accident, 
have a minimal effect on the environment. The mitigation of the 
possibility of catastrophe entails the ceaseless and reliable analysis 
of all the components and conditions of reaction and storage 
vessels and fail-safe monitoring procedures that cannot, as at 
Bhopal, be ignored or circumvented.

Such are the aspirations of green chemistry. The underlying 
consideration is that it is essential to appeal to chemistry to solve, 
and preferably avoid, the problems it might cause. There is always, 
of course, a tension between commercial profit and social and 
environmental responsibility, this tension not being helped by low 
levels of supervision in some environments which allows industry 
to get away, almost literally, with murder.
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Pandora’s box has always been thus: meddling with Nature 
invariably entails risk. Chemists meddle at the very roots of 
material Nature, taking the atoms she provides and recasting 
them into compounds that are alien to her and which, intruding 
into her ecosystem, can upset the fine balances of life. With this 
Merlin-like ability to conjure with atoms come responsibilities, 
which have not always been recognized in the past, but under 
social pressures are now high in the chemical industry’s awareness 
of its responsibilities.

The crucial consideration, however, is where reliable solutions 
to the world’s problems will come from if it is not further 
development of chemistry. Chemistry holds the key to the 
enhancement of almost every aspect of our daily lives, from the 
cradle to the grave and all points in between. It has provided the 
material foundation of all our comforts, not only in health but in 
illness too, and there is no reason to suppose that it has reached 
its zenith. It contributes to our communications, both virtual and 
physical, for it provides the materials along which our electrons 
and photons travel in the complex network of patterns and 
interactions that result in computation. Moreover, it develops our 
fuels, rendering them more efficiently combustible and through 
catalysis minimizing their noxious products, and helps in the 
migration from fossil fuels to renewable sources, such as in the 
development of photovoltaic substances. Chemistry is the only 
solution to the problems it causes in the environment, be it in 
earth, air, or water.

The cultural contributions of chemistry

There is another achievement of chemistry that it would be 
inappropriate to ignore in this survey: that it gives insight into the 
workings of the material world, insights that range from rock to 
organism. Insights are an enhancement of the human condition, 
for they lend understanding to wonder and thereby add to our 
delight.
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Through chemistry we understand the composition and structure 
of the minerals that constitute the landscape and can see into the 
structures of rocks and know why they are rigid, why they might 
glisten, why they might fracture and erode, and what they contain. 
We know why metals can be beaten into shape and drawn into 
wires, and through our knowledge of the arrangement of their 
atoms why some bend to our will but others snap. We understand 
the play that may be made with the properties of metals by 
forming alloys and steels. We understand the colours of gemstones 
and why we can see through glass but not through wood.

Through chemistry we can unravel and comprehend the once 
inscrutable mysteries of the natural world. We can understand the 
green of a leaf and the red of a rose, the fragrance of a herb and 
new-mown hay. We can understand, in a halting but increasing 
way, the intricate and complex reticulation of processes in the 
natural world that constitute the awesome and multifaceted 
property we know as life. We are beginning, even more haltingly, 
to understand the chemical processes in our brains that enable us 
to perceive, wonder, and understand.

Although chemistry does not deal with the ultimate fabric of the 
material world, the zoo of fundamental particles that lie in the 
domain of fundamental particle physics, it deals with combinations 
of them, atoms, that have distinguishing personalities. Through 
chemistry we have come to understand the personalities of the 
elements, understanding why they have these personalities 
through the structures of their atoms and why they enter into 
certain combinations but not others. Through chemistry, the very 
stuff of chemistry, we know how to make use of these personalities 
to build molecules and forms of matter that might not exist 
anywhere else in our galaxy.

We understand, through chemistry, the flavours of foods, the 
colours of fabrics, the texture of matter, the wetness of water, the 
changing colours of foliage in spring, summer, and autumn. Not 
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every moment of our lives do we need to turn on understanding, 
for lying back in animal delight can be a pleasure of its own, just 
basking in the pleasure of our surroundings. But chemistry adds 
a depth to this delight, for when the mood moves us and the 
inclination impels, we can look beneath the superficial pleasures 
of the world and enjoy the knowledge that we know how 
things are.
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New elements go on being discovered, currently at the rate of 
one every year or so, meaning that the Periodic Table is getting 
bigger with more scope, in principle, for chemists to explore. 
Unfortunately, all these new elements are multiply useless: they 
are radioactive and so unstable that they vanish within fractions of 
a second. Moreover, no more than a few atoms of them are ever 
made, and immediately vanish in a puff of fundamental particles.

The edge of the unknown

There are theoretical reasons for suspecting that just a little 
further along in the Periodic Table, at the yet-to-be-made 
elements numbered about 126 (in 2013 we are up to 116, 
livermorium, with one or two others as yet unnamed and their 
sighting not yet confirmed but hinted at through the mists) that 
they will form what is known as an ‘island of stability’ and survive 
for significantly longer than those around them. It is unlikely, 
though, that any of them will have any useful applications except 
as test-beds for theories of nuclear structure. Chemists have no 
reason to think that they will provide an impetus to chemistry.

They have plenty of elements to get on with. New techniques are 
being developed that promise to extend the sensitivity, precision, 
and scope of observations. The ability to detect extraordinarily 

Chapter 7

Its future
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small quantities of materials is both a blessing and a curse. To 
understand the composition of a sample in exquisite detail brings 
understanding closer, to detect the hint that bombs have been in a 
terrorist's hands helps us to survive, but to find contaminants 
everywhere, for in this ever churning world that will ever be so, 
can just confuse and perhaps unnecessarily alarm.

New worlds

Important techniques that are being developed include those 
where small numbers of atoms and molecules can be studied 
rather than having to infer their behaviour from observations on 
bulk samples. Chemists want to know the intimacies of molecular 
interaction and transformation, and being able to examine the 
properties of molecules in isolation or as they come together and 
react, with bonds loosening, atoms shaking free, and falling into 
new arrangements, is the holy grail of chemistry (of physical 
chemistry, at least). For some years now it has been possible to 
watch molecules evolve on timescales of the order of femtoseconds 
(10–15 s, 1/1,000,000,000,000,000 s) and progress has been made 
to extend that scale to attoseconds (10–18 s, a thousand times 
shorter), when even electrons are frozen in motion and chemistry 
has finally become physics.

When we encounter tiny groups of atoms, interesting questions 
and special rules come into play. Take water, for instance: what is 
the smallest possible ice cube? It has been discovered that you 
need at least 275 water molecules in a cluster before it can show 
ice-like properties, with about 475 molecules before it becomes 
truly ice. That is a cube with about eight H2O molecules along 
each edge. The importance of this kind of knowledge is that it 
helps us model the process of cloud formation in the atmosphere 
as well as understand how liquids freeze.

When dealing with tiny collections of atoms at low temperatures 
we have to accept that their behaviour is governed by quantum 
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mechanics and that we should expect weird properties. All matter, 
including everyday matter, is also governed by quantum 
mechanics, but we deal with such vast numbers of atoms even in a 
pinch of salt that the weirdness is washed away and we perceive 
only averages, the familiarities of behaviour of common matter. 
These new states of matter that are starting to be made might 
have consequences of little importance for chemistry, but perhaps 
not: they might be perfect for storing data and for the 
development of quantum computing.

Chemists are contributing hugely to one emerging field where 
small numbers of molecules are present: the world of nanoscience 
and nanotechnology. Nanosystems (from the Greek nanos, a 
dwarf) are composed of entities about 100 nm (10–7 m, 1/10,000 
of a millimetre) in diameter, and lie in the intermediate region 
between individual molecules (about a thousand times smaller) 
and bulk matter (about a thousand times larger). Frontiers are 
always fascinating places, and this notional frontier between the 
big and the small is no exception. The nanoparticles (notice how 
the prefix can be affixed to many nouns: there are more to come) 
are small enough for quantum effects to be relevant and for 
thermodynamics, once regarded as a finished theory, to be 
bewildered and in need of reconsideration.

Here is fruitful ground for physical chemists to explore, and to 
formulate and refine their conventional theories for application to 
these hitherto unconventional materials. Here too is where both 
organic and inorganic chemists have much to contribute, 
particularly in the fabrication of nanomaterials, for both organic 
and inorganic substances can be formulated to inhabit the 
nanoworld. Fabrication can be ‘top-down’, when nanostructures 
are carved out of macroscopic materials, like a sculptor at work on 
marble, or it can be ‘bottom-up’, when the nanostructures are built 
up brick by brick. The latter is particularly interesting, as the 
construction typically takes place by ‘self-assembly’. In this 
hands-off procedure, molecules are constructed that, when shaken 
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together, aggregate into the desired nanostructure, rather as we all 
might once have hoped that shaking a jigsaw puzzle would 
assemble the picture as the pieces interlocked spontaneously 
rather than going through the irksome business of linking them 
piece by piece by hand.

Nanotechnology, the development and application of 
nanomaterials, and nanoscience, their study in general, is 
currently all the rage in chemistry, and rightly so, for 
nanomaterials hold great promise. Whole institutes are being 
dedicated to their study. The potential applications of 
nanomaterials range across disciplines and are already central to 
many practical applications. For instance, they show superior 
light-harvesting characteristics compared to traditional silicon 
solar cells and have been incorporated into sensors for glucose in 
blood. Materials containing cadmium have been investigated 
extensively in the latter connection, with fears that the toxic 
element cadmium might be inappropriate to inject into human 
bodies; but recent results on primates seem to mitigate this fear. 
Nanorods, nanowires, nanofibres, nanowhiskers, nanobelts, and 
nanotubes have also been created, with potential applications in 
nanomachinery and nanocomputers.

Chemistry is preparing itself to play a major role in the 
miniaturization of computation. We have seen the impact of the 
reduction in size (and power consumption) between the early 
room-filling computers of the 1950s to the tiny, ubiquitous, 
powerful computers of today and their impact on society and daily 
life. That was a step from the scale of metres to centimetres, a 
hundredfold decrease in linear dimension and a millionfold 
decrease in volume and weight, scaling from room-size to 
pocket-size but accompanied by a huge increase in computational 
power. That decrease in size allied with an increase in capability 
and consequential increase in social impact can be repeated if 
current progress with the development of molecular computation 
bears fruit.
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Computational procedures depend on two features: memory and 
manipulation. Memory is quite easy to achieve at a molecular 
level by causing a molecule to undergo a change of shape that is 
preserved and accessible to some kind of observation. For 
instance, a molecule might be caused to bend into a certain shape 
to represent 1 and bend into a different shape to represent 0. 
A variety of conformational changes are now available, such as a 
ring-like molecule sliding to either end of a rod-shaped molecule 
and staying there. Manipulation is more difficult, but comes 
down to achieving a certain output from a certain input. 
Chemistry, though, is all about outputs from inputs in the form of 
chemical reactions, including the output of light when two 
reagents meet.

Nature has already solved the problem of data storage in her 
development of DNA, and has evolved methods of extracting that 
information and turning it into organisms. Our memories are 
chemically encoded in as yet unknown ways in the brain and 
provide an immense but fragile and imperfectly stored database. 
DNA molecules have been used to perform simple arithmetical 
operations and to ‘decide’ the treatment necessary if they 
encounter a damaged protein molecule. Growing computers 
rather than making them is still science fiction, but there are hints 
of it on the horizon.

New dimensions

One remarkable recent development has been chemistry's 
migration from three to two dimensions. The common  
pencil-filling material graphite is a form of the element carbon in 
which the carbon atoms form flat sheets like chicken wire that, 
when impurities are present, slide over each other perhaps to be left 
as a mark on a page or to act as a lubricant. The individual sheets 
are called graphene, and the fact that they can be plucked off solid 
graphite by a very simple procedure helped to earn Andre Geim and 
Konstantin Novoselov the 2010 Nobel Prize (for physics).
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Graphene itself is currently viewed as a great prize for physicists 
and potentially for engineers. It is one of the strongest materials 
known, with a breaking point 200 times greater than that of steel, 
yet is very light, weighing less than a gram per square metre. In 
the Nobel citation it is remarked that ‘a 1 square metre hammock 
would support a 4 kg cat but would weigh only as much as one of 
the cat's whiskers’. Its extraordinary electronic, thermal, and 
optical properties are also of great interest, with among other 
potential applications the creation of loudspeakers with no 
moving parts and which can be moulded to different surfaces, and 
achieving in effect the room-temperature distillation of vodka, 
essentially filtering off the water.

Where do chemists stand confronting this two-dimensional crock 
of gold? It is currently being developed for laboratory techniques, 
such as its use as a sieve for separating molecules of different 
kinds (the production of biofuels is a target) and in desalination 
(the rendering of seawater potable). Although graphene itself does 
not readily adsorb gas molecules, its surface—it is almost entirely 
surface—can be chemically modified to be responsive to gases of 
different kinds, and their attachment modifies the electrical 
properties of the underlying graphene sheets so that their 
presence can be detected.

Chemists naturally wonder whether this two-dimensional 
wonderland can be inhabited by other materials, and whether 
those materials can circumvent some of the deficiencies of 
otherwise seemingly miraculous graphene. New materials of a 
graphene-like form have been made electrochemically, with 
compounds like molybdenum sulfide, tungsten sulfide, and more 
exotic materials based on titanium carbide. Some of these 
two-dimensional materials show semiconducting properties, 
which graphene lacks, and have already been fabricated into 
minute integrated circuits. Graphene itself is open to chemical 
modification, one procedure being to oxidize it to form graphene 
oxide. Flakes of this material aggregate into sheets of  ‘graphene 
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paper’ which, materials scientists are hoping, can form the basis of 
a whole new class of materials with tunable electrical, thermal, 
optical, and mechanical properties.

New applications

So vast are the applications of the new materials developed by 
chemists in collaboration with materials scientists, physicists, 
biologists, and engineers that I can do no more than stand in this 
Aladdin's cave of wonders and point around at random, knowing 
that I will miss a crucial development or example, but hoping to 
convey through just a few examples the impression that life is 
being transformed by this collaboration.

Thus, I point to self-cleaning glass. This labour-saving development 
is based on photochemistry and an understanding of the forces of 
attraction or repulsion between molecules, in particular the 
property that renders a surface ‘hydrophobic’, or water repelling.  
A typical self-cleaning glass is coated with a thin transparent layer 
of titanium dioxide, which responds to sunlight by breaking down 
chemically any dirt that happens to be deposited on it. The 
water-repelling surface means that any water, rainwater in 
particular, washes away the products of this photocatalysed 
decomposition without leaving dirty streaks.

I can point to smart fabrics. Smart fabrics can glow with different 
colours, perhaps representing the wearer's distribution of 
temperatures and, in a crude way, their emotional state. Or they can 
respond to the ambient conditions or the whim of the wearer by 
changing their appearance electrically. Not only must the fabrics be 
entertaining, they must also withstand the rigours of passage through 
the laundry and the stress of being worn, crumpled, and creased.

Catalysis is hugely important, as I have already indicated for 
industry, but is vital for the elimination of pollution from internal 
combustion engines. The catalytic converter now built into all our 
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cars makes use of some highly sophisticated chemistry, for it must 
come into operation quickly as soon as the engine is started when 
it is cold (a significant proportion of pollution occurs then) yet 
continue to act when the engine is untouchably hot. Moreover, not 
only must the catalysts achieve reduction of nitrogen oxides to 
harmless nitrogen, they must also achieve the oxidation of carbon 
monoxide to carbon dioxide and complete the oxidation of 
unburned hydrocarbon fuel. Not only that, they also need to 
respond to the different conditions as the engine runs, such as the 
leanness or richness of the fuel/air mixture and sudden surges 
during acceleration. All this needs to be developed by chemists.

Perhaps nowhere is modern chemistry more important than in 
the development of new drugs to fight disease, ameliorate pain, 
and enhance the experience of life. Genomics, the identification of 
genes and their complex interplay in governing the production 
of proteins, is central to current and future advances in 
pharmacogenomics, the study of how genetic information 
modifies an individual's response to drugs and offering the 
prospect of personalized medicine, where a cocktail of drugs is 
tailored to an individual's genetic composition.

Even more elaborate than genomics is proteomics, the study of an 
organism's entire complement of proteins, the entities that lie at 
the workface of life and where most drugs act. Here computational 
chemistry is in essential alliance with medical chemistry, for if a 
protein implicated in a disease can be identified, and it is desired 
to terminate its action, then computer modelling of possible 
molecules that can invade and block its active site is the first step 
in rational drug discovery. This too is another route to the 
efficiencies and effectiveness of personalized medicine.

New discoveries

I do not want to give the impression that advances in chemistry 
are entirely confined to its applications. They are certainly 
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headline-grabbing and affect us all. However, chemists are also 
engaged in the fundamental business of discovering more about 
matter and how it may be modified. Increasingly, they are 
becoming familiar with the workings of Nature at a molecular 
level, learning her ways, and stumbling on to features that might 
be astonishing and not have any immediate application except for 
that most precious of entities, knowledge. Fundamental research 
is absolutely vital to this endeavour, for it leads on to unforeseen 
discoveries, unforeseen understanding, and unforeseen 
applications of extraordinary brilliance.

In order to introduce a certain closing flourish, here I mention a 
single, singular, particular, purely academic recent discovery: 
Nature, chemists have discovered, can tie herself into knots. 
A class of molecules, it has been discovered to the researchers’ 
astonishment and delight, can tie itself spontaneously into a 
trefoil knot. As a commentator (Fraser Stoddart) on this work 
remarked ‘the new research illustrates some of the finest aspects 
of synthetic and physical organic chemistry and is one of these 
rare instances where stereochemistry is being expressed at its 
most elegant’.

Such is the joy, the intellectual pleasure, that modern chemistry 
inspires. I hope these pages have erased to some extent those 
memories that might have contaminated your vision of this 
extraordinary subject and that you have shared a little of that 
pleasure.
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Glossary

Acid  A proton donor (see Lewis acid).
Alkali  A water-soluble base; a solution of a base in water.
Amino acid  An organic compound of formula NH2CHRCOOH 

(R denotes a group of atoms, such as –CH3, or something more 
complex).

Analysis  The identification of substances and the determination of 
their amounts and concentrations.

Anion  A negatively charged atom or group of atoms.
Atom  The smallest particle of an element; an entity composed of a 

nucleus surrounded by electrons.
Base  A proton acceptor (see Lewis base).
Bond  A shared pair of electrons lying between two atoms.
Carbohydrate  An organic compound of typical formula (CH2O)n.
Catalysis  The acceleration of a chemical reaction by a species that 

undergoes no net change.
Cation  A positively charged atom or group of atoms.
Chain reaction  A reaction in which a molecule, ion, or radical attacks 

another, the product attacks another, and so on.
Complex  A group of atoms consisting of a central metal atom to 

which are attached ligands.
Compound  A specific combination of elements bonded together.
Diffraction  Interference between waves caused by an object in their 

path.
Double bond  Two shared pairs of electrons lying between two atoms.
Electrochemistry  The use of chemical reactions to generate electricity 

and the use of electricity to bring about chemical change.
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Electrolysis  To achieve a chemical reaction by passing an electric 
current.

Electron  A negatively charged subatomic particle.
Electrophile  A species that is attracted to electron-dense (negative) 

regions.
Electrophilic substitution  A substitution reaction in which one 

reactant is an electrophile.
Element  A substance that cannot be broken down chemically into 

simpler substances; a substance composed of a single kind of atom. 
For a list of elements and their symbols, see the preceding Periodic 
Table.

Genomics  The identification of genes and their complex interplay in 
governing the production of proteins.

Green chemistry  The aim to minimize the impact of chemical 
manufacturing processes on the environment by strict guidelines 
about the use of materials and the elimination of waste.

Hydronium ion  H3O
+.

Hydroxide ion  OH–.
Intermediate  See Reaction intermediate.
Ion  An electrically charged atom or group of atoms (see Cation and 

Anion).
Isotopes  Atoms with nuclei with the same atomic number (number 

of protons) but different numbers of neutrons.
Lewis acid  An electron pair acceptor.
Lewis base  An electron pair donor.
Lewis acid–base reaction  A reaction of the form A + :B → A–B 

between a Lewis acid and a Lewis base.
Ligand  A group of atoms attached to a central metal atom in a complex.
Lone pair  A pair of electrons not involved directly in bond formation.
Mixture  A mingling of substances without the formation of new 

chemical bonds.
Molecule  The smallest particle of a compound; a discrete 

combination of atoms in a definite arrangement.
Monomer  A small molecule used in a polymerization reaction.
Nucleophile  A species that is attracted to electron-poor (positive) 

regions.
Nucleophilic substitution  A substitution reaction in which one 

reactant is a nucleophile.
Oxidation  The removal of electrons from a species; reaction with 

oxygen.
Photon  A particle of electromagnetic radiation.
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Polymer  The product of a polymerization reaction.
Polymerization  The linking together of small molecules to create 

long chains.
Product  The material produced by a chemical reaction.
Protein  A complex compound built from amino acids.
Proteomics  The study of an organism's entire complement of 

proteins.
Proton  The nucleus of a hydrogen atom.
Radical  A species with at least one unpaired electron.
Reactant  The starting material in a specified chemical reaction.
Reaction intermediate  A species other than the reactants and 

products that is proposed to be involved in a reaction mechanism.
Reagent  A substance used as a reactant in a variety of chemical 

reactions.
Redox reaction  A reaction involving oxidation of one species and 

reduction of another; an electron transfer reaction.
Reduction  The addition of electrons to a species.
Salt  An ionic compound formed by the reaction of an acid and a base.
Solute  A dissolved substance.
Species  Used here to denote an atom, molecule, or ion.
Spectroscopy  The observation of the absorption or emission of 

radiation by a sample.
Substitution reaction  A reaction in which an atom or group of atoms 

is substituted for one already present in a molecule.
Superconductivity  The ability to conduct electricity without 

resistance.
Synthesis  The creation of substances from simpler components.
Titration  The determination of the concentration of an acid (or base) by 

measuring the volume of an alkali (or acid) needed to neutralize it.
Transition metal  A member of Groups 3 to 11 of the Periodic Table.
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Further reading

For a survey of chemical thermodynamics, see my Four Laws that 
Drive the Universe (2007), reissued as The Laws of Thermodynamics: 
A Very Short Introduction, Oxford: Oxford University Press (2010).

For a broader introduction to the principles of chemistry, see my 
Physical Chemistry: A Very Short Introduction, Oxford: Oxford 
University Press (2014).

The variety of chemical reactions that is merely touched on in this 
volume is elaborated pictorially in my Reactions: The Private Life of 
Atoms, Oxford: Oxford University Press (2011).

For a broad survey of the principles and techniques of chemistry see 
my Chemical Principles: The Quest for Insight, with Loretta Jones and 
Leroy Laverman, New York: W.H. Freeman & Co (2013).

Others, of course, have written wonderfully and extensively on chemistry. 
The Very Short Introductions are particularly apposite, and include

Molecules, Philip Ball (2003)

The Elements, Philip Ball (2004)

The Periodic Table, Eric Scerri (2011)

For a survey of modern trends and applications of chemistry, see The New 
Chemistry, ed. Nina Hall, Cambridge: Cambridge University Press (2000).
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Absorption spectroscopy  56
Acetic acid  40
Acid  40
Activation barrier  34
Activation energy  33
Adenosine triphosphate  69
Adsorb  54
AFM  61
Air  67
Alchemy  1
Alfalfa  68
Alkali  40–1
Aluminium oxide  46
Amino acid  63
Ammonia  23, 35, 68
Amputation  76
Analysis  53
Analytical chemistry  10
Anion  20–1
Antibiotics  76
Atom transfer  46
Atomic force microscopy  61
Atomic number  15
Atomic spectroscopy  55
Atomic structure  14
Atoms  2

ATP  69
Attosecond timescale  87

B
Balance  1
Base  41
Basid reaction  45
Battery  46
Bhopal  78
Biochemistry  10
Biofuel  91
Biology as chemistry  5
Bolinus brandaris  74
Bond  24
Bond formation  19
Bosch, C.  36, 68
Bottom-up  88
Bragg, W. and L.  59
Breathing  50
Brønsted, J.  40
Burette  53–4
Burning  69

C
C60  62
Carbon  8
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Carbon dioxide  29
Carbon monoxide poisoning  50
Carbon valence  23
Carrot and cart  36
Catalysis  92
Catalyst  34–5
Catalytic converter  92
Cation  20
Ceramics  73
Chain reaction  48
Chemical equilibrium  35
Chemical kinetics  32
Chemical weapons  78
Chemistry, structure of  7
Chlorine  67
Chlorophyll  70
Chromatography  54
Classical mechanics  4
Clay  73
Cloud (of electrons)  17
Cloud layers  18
Combinatorial chemistry  64
Combustion  30
Common salt  21, 41, 67
Complex  49–50
Computational chemistry  62, 63
Cooking  34
Corrosion  43
Covalent bonding  22
Cyanide poisoning  50

D
Dalton, J.  2
Deuterium  16
Diffraction  60
Disease  76
Disorder  28
Distillation  54
DNA data storage  90
Double bond  24
Driving power  28
Drug development  93
Ductile  25

Dye  50
Dynamic equilibrium  36
Dynamite  79

E
Earth  66, 67
Electric conductivity  25
Electrochemistry  70
Electrode  46
Electrolysis  46
Electron  14–16, 43
Electron cloud  17
Electron pair  24
Electron sea  25
Electron shells  17–18
Electron spin  24
Electron transfer  43, 79
Electrophilic substitution  52
Element  2–3
Elements of antiquity  67
Elements, order of  15
Emission spectroscopy  55
Endothermic reaction  31
Energy  4–5, 27
Enthalpy  30
Entropy  28
Entropy increase  31
Enzyme  35
Equilibrium  35
Ethylene  72
Exothermic reaction  31
Explosives  78

F
Fabric  72
Faraday, M.  43
Femtosecond timescale  87
Fertilizer  66
Filtration  54
Fire  67
Fire-retardant  48
Fireflies  34
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