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Chemistry helps us
understand that we - and
all things around us - are
made up of particles.

INTRODUCTION
Nivaldo Tro

The core idea of chemistry is that the whole can be
explained by its parts. The properties of matter can be explained by the
bits that compose it. Understand the bits, and you understand the whole.
Philosophers call this idea reductionism. Reductionism has not always
been popular in the history of thought, nor is it clear that it is universally
true. But the stunning and ongoing success of chemistry in explaining the
behaviour of matter - even living matter - suggests that, at a minimum,
reductionism is a powerful and useful idea.

The ‘bits” in chemistry are atoms, ions and molecules. Although
the idea that matter has fundamental ‘bits’ is quite old - it was first
suggested more than 2,000 years ago - its broad acceptance is quite
recent, and occurred only about 200 years ago. Before that time, most
thinkers thought that matter was continuous, that it had no smallest
bits. The advent of the scientific revolution in the sixteenth century led
thinkers to correlate their ideas about nature more carefully with empirical
measurements. Since empirical measurements supported the particulate
model, the continuous model was discarded.




Once the particulate model was accepted in the 1800s, progress came
relatively quickly. Scientists began figuring out the structure of the basic
particles that compose matter, and by the early-to-mid twentieth century,
chemists had good models that explained how atoms bond together to
form molecules, and how the structures of atoms and molecules affect
the properties of the substances they compose. In fact, throughout
chemistry, the relationship between structure and properties is a key
unifying theme.

A second unifying theme of chemistry is the progression from simple
to complex. It turns out that, in nature, when you put together simple
particles in slightly different ways, you can get vast complexity. Just as the
26 letters of our alphabet can be combined in different ways to compose
many words, and just as you can combine those words in many ways to
form an even larger number of complex ideas, so the g1 elements that
compose matter can be combined to form many compounds, and those
compounds can be combined to form an even larger number of complex
substances, including all living things.




Graphene is a new,
carbon-based material
that is just one atom thick
but is stronger than steel.

How far can chemistry go in its explanations? We still don't really
know. We know that chemistry can explain how a gas behaves, but can
it explain how a human brain behaves? The second half of the twentieth
century saw the outgrowth of chemistry into biology with tremendous
success. We now know details about the structures of the complex
molecules at the core of life, and how those structures affect many
attributes of living things. We have been able to custom-make molecules
to fight disease, and even change the hereditary molecules (DNA) in
living organisms to alter the characteristics of those living organisms. The
twenty-first century has brought new challenges and new directions. On
one frontier, scientists are using the ideas in chemistry to try to explain
even more complex phenomena, such as human consciousness, for
example. On another frontier, scientists are using chemistry to build ever
smaller structures and machines, one atom at a time. Someday we may
have molecular submarines, capable of navigating the bloodstream to
fight invading cancer cells or viruses. On yet another frontier, scientists
have created new materials such as graphene, a two-dimensional
substance only one atom thick and stronger than steel. It seems that, at
least for the foreseeable future, the power of the particulate model of
matter to explain behaviour and produce new technology will continue.

8 O Introduction



A tour of this book

In this book, we present the 50 most important ideas in chemistry. Each

entry is broken up into several parts: the 30-secand chemistry is the body

of the explanation; the 3-second nucleus is the idea expressed in a single

sentence; the 3-minute valence describes how the idea fits within a wider

context, or can be applied to different circumstances. The book starts

with atoms, their structures and their properties. It then goes on to O
show how atoms bond together to form compounds, and how we can

understand bonding and the resulting molecules. From t

to the states of matter (gases, liquids and solids) and themmn H EADER
reactions. We then examine the energetics and describe the laws that

govern the flow of energy. Finally, we survey four subfields of chemistry:

inorganic chemistry, organic chemistry, biochemistry and nuclear

chemistry. Our goal throughout is not to provide exhaustive or detailed

. ) ) The position of electrons
accounts of chemistry, but rather to give you a flavour of the field - to P

. o . within an atom is central
show that behind all that happens around you and inside you, particles to understanding how
are doing a complex and beautiful dance that makes it all possible. atoms bond together.
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ATOMS, MOLECULES & COMPOUNDS



Heisenberg's Uncertainty Principle The
quantum mechanical principle that certain
quantities, such as position and momentum,
cannot be simultaneously specified to
arbitrary accuracy.

ionic bonding The joining of two atoms
by the transfer of an electron from one
to the other.

ionic compound A compound, usually
composed of a metal and one or more
non-metals, that contains atoms joined
by ionic bonds.

isotope An atom that has the same number
of protons as another atom, but a different
number of neutrans.

mass number The sum of the number of
protons and neutrons of an atom.

molecular compound A compound, usually
composed of two or more non-metals, that
contains atoms joined by covalent bonds.

Copyrighted material



quantum mechanics The realm of physics,
developed in the early twentieth century,
that deals with the very smallest particles
that exist.

Schrddinger’s Cat thought experiment

A thought experiment involving the
application of the uncertainty principle to a
cat in a box with a radioactive substance that
has a 50 per cent chance of decaying. If the
atom decays, then the cat dies, so the catis
in a strange state of being both dead and
undead, with a 50 per cent probability of
each. Schrodinger used this experiment to
show that quantum mechanical ideas are not
applicable to large scale objects (such as cats).

valence electrons The highest energy
electrons (and therefore the most important

in bonding) in an atom.

velocity A measure of how fast (and in what
direction) an object is moving.

Glossary @ 13
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MATTER IS MADE
OF PARTICLES

the 30-second chemistry

The Ancient Greek philosophers

believed that matter was infinitely divisible -

that matter had no fundamental particles. EEEE——
Subsequent thinkers followed suit for more than  peLaTED TOPICS

2,000 years. It was not until the eighteenth and ~ Seealso

nineteenth centuries that early chemists used m: ﬂg‘;ﬂ””“ oF
careful measurements — primarily the relative page16

weights of related samples of matter - to SEIDE THE ATOM
determine otherwise. And it wasn't until the page18

early twentieth century that the question was WHERE DID ATOMS COME
definitely settled: the 1926 Nobel Prize for FROM?

Physics was awarded to Jean Perrin for settling ~ P8¢2°
the matter. The Greeks were wrong - matter is EEEEEE—
particulate (it is made up of particles], and those  ;.seconp BloGRAPHIES

particles are called atoms. And that turns out JOHN DALTON

to be amang the most important ideas in all of 'Ei;?;fh::'nist who
human thought. Why? Because the idea that Z?Ag:'tat:‘:d the atomic theory
matter is made of particles has enabled us to

understand nature from the bottom up. What :i‘::ff:ﬂ”

we found was remarkable: as far as we can tell, French physicist who studied
the particles that compose matter - their ;:E;;:E':E i‘:.f"t;?{dp:: icles
composition and structure - determine the ::pez:?:2?:3:::2%?;.;
properties of matter. Matter does what the nature of matter

particles that compose it do. Water boils at

100°C (212°F) because the three atoms that 30-SECOND TEXT

compose a water molecule bond together in a Nivaldo Tro

certain order, at a certain angle and at certain

distances. Change any of these characteristics

and water would be a different substance. Jean Perrin won the
Nobel Prize essentially
for proving the
existence of atoms.

Copyrighted material






3-SECOND NUCLEUS
An atom consists of a
tiny nucleus - containing
protons and neutrons

- with electrons in a
diffuse cloud surrounding
the nucleus.

3-MINUTE VALENCE
Matter is particulate — it

is made of particles. But
what are those particles
like? What is their
structure? The earliest
models implied that the
distribution of matter
within an atom was

fairly uniform, but later
experiments suggested
otherwise. The atom itself
is mostly empty space with
nearly all of the mass
contained in a small space
called the nucleus.

16 @ Atoms, Molecules & Compounds

THE STRUCTURE
OF THE ATOM

the 30-second chemistry

In1897, J. J. Thomson discovered
anew type of particle - the electron - that was
much smaller than the atom itself. Thomson
demonstrated that electrons were negatively
charged, that they were present in all different
kinds of matter and that their mass was
1/2,000th the mass of the lightest atom.
Thomson's discovery implied that the atom
itself was composed of even smaller particles.
Based on his discovery, Thomson developed a
model for the atom called the ‘plum-pudding
model’. In this model, even the lightest atoms
were composed of thousands of electrons held
in a sphere of positive charge. In 1909, Ernest
Rutherford (pictured) set out to confirm
Thomson’s model, but he proved it wrong
instead. Rutherford accelerated particles (8,000
times more massive than electrons) at a thin
sheet of gold atoms. Most of these particles
were not deflected by the gold atoms, but a few
bounced back. Rutherford claimed that his
results were ‘about as credible as if you fired a
15-inch [38-cm] shell at a piece of tissue paper
and it came back and hit you.’ Rutherford
developed a new model for the atom - the
nuclear model - in which the mass of the atom
is concentrated in a small space called the
nucleus. Most of the volume of the atom is
empty space.

RELATED TOPICS

See also
INSIDE THE ATOM
page 18

WHERE DID ATOMS
COME FROM?
page 20

THE DUAL NATURE
OF THE ELECTRON
page 22

3-SECOND BIOGRAPHIES
J. 1. THOMSON

English physicist who
discovered the electron

ERNEST RUTHERFORD

New Zealand physicist whose
famous Gold Foil Experiment
established the nuclear model
for the atom

30-SECOND TEXT
Nivaldo Tro

The nuclear atom, with
the nucleus enlarged
to be visible. If drawn
to scale, the nucleus
would be a tiny dot,
too small to see.






INSIDE THE ATOM

the 30-second chemistry

The number of protons in the
nucleus of an atom is called the atomic number
(Z) and it determines the identity of the atom
and its corresponding element. For example,
helium (Z=2) has two protons in its nucleus and
sodium (Z=11) has eleven protons in its nucleus.
The number of known elements ranges from
Z=1to Z=118 - as shown in the periodic table
on the facing page. Each element has a name,

a symbol and a unique atomic number. The
number of neutrons in the nucleus of an atom
can vary within atoms of the same element.

For example, most helium atoms have two
neutrons, but some have three. Atoms with the
same number of protons but a different number
of neutrons are called isotopes. Since most of
the mass of an atom is due to its protons and
neutrons, the sum of the numbers of these
two particles is called the mass number (A).
Scientists specify isotopes with the following
notation: 5X, where X is the chemical symbol, Z
is the atomic number and A is the mass number.
For example, the helium isotope with 2 neutrons
is specified by “He.

Subatomic Particles

Mass [amu) Charge (relative)
Proton 1.0 +1
Neutron 1.0 o]
Electron 0.00055 -1

|
RELATED TOPICS

See also

WHERE DID ATOMS

COME FROM?

page 20

PERIODIC PATTERNS
page 26

RADIOACTIVITY
page 140

3-SECOND BIOGRAPHY
JAMES CHADWICK
1891-1974

English physicist who
discovered the neutron

30-SECOND TEXT
Nivaldo Tro

The periodic table lists
the 118 known elements
{91 naturally occurring
and 27 synthetic)
according to their
atomic number (top left
in each element box).
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3-SECOND NUCLEUS
Atoms form through
nucleosynthesis, which
began in the first few
minutes after the big bang
and happens to this day
within the core of stars
and supernovae.

3-MINUTE VALENCE
Our planet naturally
contains about 91 different
elements. Where did the
atoms that compose these
elements come from? How
did atoms form? They
formed through a process
called nucleosynthesis,
which began about 13.7
billion years ago at the
very birth of our universe.

20 @ Atoms, Molecules & Compounds

WHERE DID ATOMS
COME FROM?

the 30-second chemistry

According to the big bang model,
our universe began as a hot, dense callection of
matter and energy that rapidly expanded and
cooled. During the first 20 minutes of that
expansion, hydrogen and helium (the two most
abundant elements in the universe) formed
from the soup of subatomic particles. Then
nucleosynthesis stopped as the universe
continued to expand and cool. Eventually, after
about 500 million years, the first stars formed.
Stars are the nurseries in which all other
elements are made. As stars burn - through

a process called nuclear fusion - they fuse
together the nuclei of smaller atoms to form
larger atoms. Young stars fuse hydrogen atoms
to form helium. This fusion gives off tremendous
amounts of heat and light and can power a star
for billions of years. As a star ages, and if it is
large enough, fusion can continue to form larger
atoms such as carbon and oxygen - all the way
up to iron. The formation of elements beyond
iron requires the input of energy, and only
happens in the supernova stage of a star’s life.
A supernova is essentially a large exploding star.
The energy emitted by a supernova can power
the nucleosynthesis of elements up to uranium,
the heaviest naturally occurring element.

RELATED TOPICS

See also
RADIDACTIVITY

page 140

SPLITTING THE ATOM
page 142

NUCLEAR WEIGHT LOSS
page 144

3-SECOND BIOGRAPHIES
ARTHUR EDDINGTON

English astronomer and
physicist who first suggested
that stars are powered by
fusion

FRED HOYLE

English astronomer who
formulated the theory of
nucleosynthesis within stars

30-SECOND TEXT
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In stars, smaller atoms
fuse together to form
larger atoms. All atoms
beyond helium were
born in the core of stars
and supernovae.






3-SECOND NUCLEUS
For electrons and other
small particles, the
trajectories of classical
physics are replaced
with the probability
distributions of
quantum mechanics.

3-MINUTE VALENCE
Are the smallest particles
that exist, such as
electrons, just like those
that we can see with our
eyes only smaller? Does an
electron orbiting an atom
behave like a planet
orbiting the Sun? No.
Electrons behave
differently. Electrons, and
other small particles, have
a wave-particle duality that
makes it impossible to
predict exact trajectories
for them. Instead, we
describe their behaviour

in terms of probability.

22 @ Atoms, Molecules & Compounds

THE DUAL NATURE
OF THE ELECTRON

the 30-second chemistry

An electron travelling through
space behaves very differently from a baseball
flying towards the outfield. A baseball has a
definite trajectory — a deterministic path that

it follows. A good outfielder can predict where

a baseball will land. This prediction requires

the outfielder simultaneously to know two
properties of the flying baseball: its position
(where it is] and its velocity (how fast it is going).
If the outfielder only knew one of these two
properties, he or she could not predict the
baseball’s path. An electron behaves differently
because it has a dual nature: a wave nature
(associated with its velocity) and a particle
nature (associated with its position). The key

to understanding electron behaviour is
Heisenberg's Uncertainty Principle, which states
that ‘an electron never exists as both a wave
and a particle simultaneously’. It is either one or
the other, but not both. Although Heisenberg’s
principle solved a great paradox (how something
can be both a wave and a particle), it implied the
death of determinism. If you can’t abserve the
wave nature and particle nature of the electron
simultaneously, then you can’t simultaneously
know its velocity and its pasition, which means
you can't predict its future path.

RELATED TOPICS

See also
INSIDE THE ATOM
page 18

WHERE ELECTRONS ARE
WITHIN AN ATOM

page 24

PERIODIC PATTERNS
page 26

3-SECOND BIOGRAPHIES
ERWIN SCHRODINGER

Austrian physicist central to
the development of quantum
mechanics and known for the
thought experiment
‘Schrddinger's Cat’

WERNER HEISENBERG

German physicist who
articulated the "Uncertainty
Principle’

30-SECOND TEXT
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In an atom, electrons
do not orbit the nucleus
like planets orbit the
Sun. Instead, they exist
in clouds of probability.



