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Chapter 2 – The substances of the 
world 
 

Section 1: Types of matter 
In our everyday life, we have a pretty clear 
understanding of what is solid, what is a liquid, 
and what is a gas. When we sit on a chair, it 
keeps its shape and we don’t fall through it. 
When we pour ourselves a cup of tea, it flows 
from the pot into our cup, changing shape as it 
moves. When we do some baking, soon the whole 
house has the enticing aroma of the cake to 
come. 

 
We can explain how these different materials 
behave by looking at the type of particles making 
up the material, and how they are held together. 
We use the word property for anything we can 
observe or measure about the material (e.g. how 
strong it is, what temperature it melts at). We 
use the word bonding to describe how the 
particles are held together. 

Keeping particles together 
A bond is the word chemists use to describe a 
force (or forces). We experience forces all the 
time. When we drop a ball, it is gravity that pulls 
the ball towards the Earth. When we place a 
magnet on a fridge door, it is magnetism that 
holds the magnet in place. When we rub a 

balloon on our hair, it is electrostatics that makes 
our hair stand on end. 

 

Bonding is all about this last force, electrostatics. 
When we have a positive particle and a negative 
particle, they will pull towards each other – we 
call this an attraction. If we have two positive 
particles, they will push away from each other – 
we call this a repulsion. The same happens for 
two negative particles – they will repel each 
other. 

The three states of matter 
At its simplest, we can divide the world of 
materials into three types: solids, liquid, gases. 
We call these the three states of matter. Looking 
at a solid, the particles are arranged neatly, held 
in position by bonds. The particles vibrate in their 
place, but don’t have enough energy to move 
away from their neighbours. If the bonds are 
strong, then the solid material tends to be hard 
and melts at high temperatures. 

 

The particles in liquids are much more chaotic – 
randomly arranged and continually moving 
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around past each other. The bonds holding the 
particles together are the same as in the solid. 
However, the bonds are weaker as the particles 
are further apart. This allows liquids to move and 
flow, filling the bottom of containers. 

The particles in a gas are moving fast enough to 
get away from each other. There are no bonds 
between the particles now. The particles keep 
spreading out until stopped by something, like a 
door. 

Moving between the states of matter 
When we think of matter changing state (e.g. 
from solid to liquid), water is the substance that 
most often comes to mind. Ice, water and steam 
seem very different – however they are all the 
same chemical substance, water. 

In everyday language, solid water is called ice, 
liquid water is called water, and gaseous water is 
called steam. 

When an ice cube sits in a glass, over time the ice 
melts (solid to liquid) to water. The (liquid) water 
can then be heating in a kettle until it boils (liquid 
to gas) forming steam. The steam hits the 
window, and condenses (gas to liquid) into water. 
We could take this water and place it in a freezer, 
where the water freezes (liquid to solid) 
reforming the ice. 

 

These changes of state are called physical 
changes, as no new chemical substance is made. 
The only difference is how the particles are 
arranged, and how much the particles move 
around. 

Important temperatures 
We define two important temperatures based on 
these changes of state. Firstly, the melting point 

– the temperature at which a solid turns into a 
liquid. For water this is 0°C. Secondly, the boiling 
point – the temperature at which a liquid turns 
into a gas. For water, this is 100°C. If these 
temperatures seem suspiciously exact, it is 
because the Celsius temperature scale is based 
on the melting and boiling of water. 

Moving the other way, steam condenses back to 
(liquid) water at 100°C, and water turns back to 
ice at 0°C. 

 

Other substances have different melting and 
boiling points. For example, iron melts at 1538°C, 
and boils at 2862°C. This is why we can use iron 
to make our cooking pots without them melting 
on the stove. Another example is argon, which 
make up about 1% of the air we breathe. If we 
cooled pure argon down to –186°C it would 
condense into a liquid. Taking it further down to 
–189°C, it would freeze into a solid. 

 

Section 2: Holding individual atoms 
together 
There is a big difference between the melting and 
boiling points of water, iron and argon. To 
understand why, we need to look at the particles 
making up these substances, and the forces 
between the particles. This will also highlight the 
limitations of the particle model discussed in 
Chapter 1. 

Some questions to support discussion 
 What different kinds of forces are there in 

the world? 
 How are the three states of matter 

different? 
 What is the link between temperature 

and how particles are moving? 
 What do we mean by condensation and 

freezing? 
 Why is special about melting and boiling 

temperatures? 
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Simply put, the stronger the bond between the 
particles, the more energy is needed to break the 
bond. We see this as higher melting and boiling 
points. Put another way, we have to heat the 
substances up to higher temperatures to melt or 
boil the substance, as more energy is needed to 
separate the particles from each other. 

Noble gases 
Think again about the particle model, which 
describes all the particles as solid spheres. The 
closest substances to this model are the noble 
gases – for example argon. Because the noble 
gases are so unreactive, the atoms don’t even 
bond to each other. We find them in nature as 
individual atoms.   

 

As a solids, liquids and gases, the noble gases 
would look like the particle model – well-ordered 
in a solid, randomly ordered in liquids, spread 
apart as gases. The main difference is there must 
be some very weak attraction between the 
atoms, as otherwise these elements wouldn’t 
stay as solids or liquids – the atom would just 
drift away from each other. We call this bond an 
interatomic attraction, as there is an attraction 
between the atoms. Very little energy is required 
to overcome this attraction, so the noble gases 
melt and boil at very low temperatures.  

 

 

 

Section 3: Holding metals together 
Iron, a solid metal at room temperature, will also 
look a lot like the particle model – layers and 
layers of atoms stacked on top of each other. We 
call this regular structure a lattice. Because the 
iron atoms go on and on and on (there are 
trillions of atoms even in a small piece of iron) we 
call this a giant lattice. 

 

However, something different must be holding 
the iron atoms together. If we look at the outer 
shell electrons from each iron atom, we see the 
electrons are no longer confined to one atom. 
Instead, these electrons move around throughout 
the whole piece of iron. We call these delocalised 
electrons. As the iron atoms have effectively lost 
their outer shell electrons, the atoms are now 
positively charged ions – the slightly confusing 
iron ion! 

What holds the piece of iron together is the 
strong attractions between the iron ions and the 
delocalised electrons. We call these attractions 
metallic bonds. Because every ion is attracted to 
every electron, and vice versa, there are many 
bonds and this makes metals very strong. This 
also explains the high melting and boiling points 
of metals. 

 

Properties of metals 
Other properties of metals can be explained by 
this structure and bonding. Firstly, we can bend 
metals into new shapes without the material 
breaking – metals are malleable. This is because 

Some questions to support discussion 
 How are particles held together in a solid?  
 What do we mean by interatomic 

attractions? 
 Why are noble gases so unreactive? 
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the layers of ions can slide past each other 
without losing the attractions to the electrons. 
We can make metals harder to prevent this 
bending by adding other elements. This is called 
alloying.  Alloys are some of the most important 
metals we use – e.g. steel (an alloy of iron and 
carbon) and brass (an allow of copper and zinc). 

Secondly, we can pass electricity through metals, 
allowing us to light our streets, turn on our TVs 
and communicate instantly with people on the 
other side of the world.  

Electricity is the flow of charged particles. The 
delocalised electrons in metals can flow if we use 
a power source, e.g. a battery.  

 

Lastly, we can pass heat through metals. We use 
this commonly in cooking, allowing the heat from 
a flame to pass through the cooking pot and into 
the food. The delocalised electrons are involved 
here too. The faster the particles in a material are 
moving, the hotter the material is. Because the 
delocalised electrons can move around relatively 
freely in metals, they can collide with other 
electrons and ions relatively easily. This allows 
heat (movement of particles) to be passed 
through the material quickly. 

Section 4: Holding non-metals together 
The shininess of metals have long made them 
attractive for making jewellery. Gemstones have 
also long been added to jewellery. Light will enter 
highly polished gemstones and be reflected back 
out at many different angles.  

Other than their aesthetic properties, gemstones 
have other properties that make them useful. For 
example, diamond is the hardest natural 
substance known, and is often used in cutting 
tools. 

As with metals, this hardness can be explained by 
looking at how the particles are arranged and 
bonded together. In the case of diamond, the 
particles are atoms of carbon. The atoms are 
arranged neatly in a regular arrangement, also 
called a lattice. However, the bonding is different 
from that found between metal atoms. 

Covalent bonding 
In diamond, each carbon atom shares its outer 
shell electrons with four other surrounding 
carbon atoms. This sharing of electrons is called 
covalent bonding. Unlike with metals, where 
these outer-shell electrons can move throughout 
the material, in covalent bonding the shared 
electrons stay (are localised) between the two 
atoms. 

 

As with metals, the carbon atoms go on and on 
and on. The structure of diamond is therefore a 
giant covalent lattice.  

As with metallic bonding, this covalent bonding is 
very strong. A lot of energy is required to break 
the bonds and move the atoms apart. This energy 
is usually supplied as heat, so we see diamond 
having a very high boiling point.  

Some questions to support discussion 
 What does it mean that substances are in 

a lattice structure.? 
 Describe how electrons are arranged in a 

piece of metal. 
 What is a metallic bond? 
 Why does adding other elements to a 

metal make the metal stronger? 
 Why can metals conduct electricity? 
 Why do we use metals to make cooking 

pans? 
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Other substances have similar structure and 
properties to diamond. For example, silicon 
dioxide, which is the main component of silicate 
rocks. These types of rocks can be gradually 
broken down, ending up as sand. This takes a 
long time - silicon dioxide is strong, but not quite 
as strong as diamond.  

 

Different forms of pure carbon 
There are other substances that are also made 
from carbon, but have very different properties. 
Graphite, found in pencil leads, is made from 
pure carbon. Where diamonds are transparent 
and hard, graphite is opaque and soft. These 
difference in properties comes from the 
difference in the bonding between the carbon 
atoms. 

The bonding in graphite is an interesting mix of 
the bonding found in diamond and that found in 
metals. Carbon atoms are arranged in layers with 
each atom surrounded by three others. The 
atoms form covalent bonds, with one electron 
left over. This left-over electron becomes 
delocalised over the layer. 

 

The result of this bonding is that the layers 
themselves are very strong, like diamond, and 
can conduct electricity, like metals. In fact, just 
one layer of graphite is called graphene, and has 

possible uses in building materials and next 
generation mobile phones. 

There are weak bonds that hold the layers 
together in graphite. However, these bonds are 
easily broken, and the layers can slide past each 
other. We see this when we write with a pencil, 
and layers of graphite are rubbed off onto the 
paper. 

We can take pure carbon structures one stage 
further. If graphene were wrapped up into tubes 
or balls we make the materials called fullerenes. 
The most famous is called buckminsterfullerene, 
or the Buckyball. These are made from sixty 
carbon atoms (no more, no less) arranged in a 
sphere. Imagine a football with one carbon atom 
at the vertex of each hexagon and pentagon. This 
is what a buckyball looks like. 

 

Fullerenes conduct electricity and are very strong 
for their weight. They have possible future uses in 
medicine and microelectronics – making mobile 
phones even smaller! 

 

Section 5: Molecules 
A key difference between buckyballs and graphite 
is the number of carbon atoms involved. While 
graphite can have many trillions of atoms, 
buckyballs have a fixed number of atoms – 60. 

Some questions to support discussion 
 What is a covalent bond? 
 Why are covalent bonds so strong? 
 What does diamond and sand have in 

common? 
 How can substances like graphite and 

diamond both be made out of carbon? 
 Why is graphite so weak when diamond is 

so strong? 
 What happens if we take sixty carbon 

atoms and put them all together? 
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When we form a substance like this, with a fixed 
known number of atoms, we have formed a 
molecule. 

Molecules are collections of specific numbers of 
atoms of elements bonded together. They are 
like a half-way house between individual atoms, 
and giant structures, like graphite. 

Chemical formulas – the recipes of molecules 
Many other substances are held together by this 
sharing of electrons between atoms. Typically, 
this happens when all the elements in the 
substance are non-metals. Carbon, hydrogen, 
oxygen etc can all make huge numbers of 
different molecules when bonded together. The 
exact number of atoms of each element in these 
compounds is shown by the chemical formula.  

Starting with one that almost everyone knows – 
water or H2O. This formula is a shorthand for 
saying “Take two atoms of hydrogen (H2) and one 
atom of oxygen (O) and bond them together to 
make a water molecule (H2O)”. Notice that when 
we don’t write a number after an element this 
means just one atom is needed. 

Another 
commonly known example is carbon dioxide or 

CO2. This time “take one carbon atom (C) and two 
oxygen atoms (O2) and bond them together to 

make one carbon dioxide molecule (CO2)”. 

A slightly more complex example, sulfuric acid or 
H2SO4. “Take two hydrogen atoms (H2), one sulfur 
atom (S) and four oxygen atoms (O4) and bond 
them together to make one sulfuric acid molecule 
(H2SO4).  

Finally a bigger one: glucose or C6H12O6. “Take six 
carbon atoms (C6), twelve hydrogen atoms (H12) 
and six oxygen atoms (O6) and bond them 
together to make one glucose molecule 
(C6H12O6)”. 

All these molecules have an exact number of 
atoms of exactly proscribed elements. Change 

just one atom, or one element, and you have a 
different molecule, and so a different compound. 

For example, add an extra oxygen atom to a 
water molecule, H2O2, and you now have 
hydrogen peroxide – a very good bleach. Take 
one oxygen atom away from a carbon dioxide 
molecule, CO, and you now have carbon 
monoxide, a colourless, odourless, toxic gas. 

Some questions to support discussion 
 What is the difference between a 

compound and a molecule? 
 How can I use a chemical formula to work 

out what a substance is made from? 
 Why can’t I find water on the Periodic 

Table? 
 Why is water not explosive if its got 

hydrogen and oxygen in it? 
 

Models of molecules 
Just like giant covalent substances, such as 
diamond and graphite, these simple molecules 
are held together by sharing of electrons. Each 
atom in a molecule shares one or more of the 
outer shell electrons with neighbouring atoms. 
This leads to each atom having a full outer shell 
of electrons, either shared or unshared with 
other atoms.  

We show this arrangement and sharing of 
electrons when we draw models of molecules. 
We use dots (O) and crosses (X) to represent 
electrons from different atoms – so we call these 
dot-and-cross diagrams. When two atoms share 
electrons to make a covalent bond, we show a XO 
between the atoms in the model. When atoms 
have electrons that aren’t shared, we show this 
as either XX or OO. We can also replace these 
symbols with straight lines connecting the atoms 
together.  
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Properties of molecular substances 
Molecules overall have an equal number of 
protons and electrons. Therefore, molecules have 
no overall charge. Also, the electrons are all 
localised to individual atoms, or between atoms if 
they are shared. Because of this, substances 
made of molecules don’t conduct electricity – 
there are no free charged particles that can move 
around. 

Holding molecules together 
Substances made from molecules tend to have 
quite low melting and boiling points – at least 
compared with metals or diamond. This is 
because the molecules are only attracted to each 
other weakly. This is like the weak attractions 
between the noble gas atoms. However, because 
we are talking about molecules now, we call 
these intermolecular forces (or intermolecular 
bonds). 

When we melt or boil a substance made from 
molecules, we overcome these intermolecular 
forces, and this doesn’t require much energy. 
Even when we turn these substances into gases, 
with the molecules widely spread apart, the 
bonds within the molecules remain intact. All we 
have overcome are the intermolecular forces.  

 

Imagine this process like a tray of marbles. Sitting 
still the marbles are just like a solid. Jiggle the 
tray and the marbles start to move past each 
other, just like in a liquid. Throw up the tray and 
the marbles scatter everywhere, just like a gas. 
However, the marbles themselves are still whole 
and complete – they haven’t broken apart. Just as 
molecules don’t break apart when we boil a 
molecular substance. 

Polymers – very large molecules 
There is a very important group of substances 
held together with covalent bonds. We know 

these as plastics, although chemists tend to use 
the term polymer to describe them. As with 
many scientific words, this word is made from 
putting two other words together. In this case, 
poly meaning ‘many’, and mer meaning ‘unit’. So 
a polymer is made up of many units bonded 
together. An individual unit is referred to as a 
monomer, with mono meaning one. 

Polymers make many of the common materials in 
our everyday life: plastic bags, food containers, 
clothing, mobile phone cases, covering for 
chairs…  

An individual polymer molecule may be made of 
only a few dozen monomers, or many hundreds 
of thousands. The longer these polymer chains 
are, the stronger the final material tends to be. 
This is because the chains are held together by 
intermolecular forces, and the longer the chains, 
the more forces there are holding the chains 
together. 

The chains can also become tangled and knotted 
together, much like a mass of spaghetti brought 
out of the pot of boiling water. 

 

Somequestions to support discussion 
 How can I draw a diagram showing what 

sugar looks like? 
 Why doesn’t electricity pass through a 

covalent substance? 
 What is holding simple molecules 

together in a solid? 
 When I melt ice, what is happening to the 

water molecules? 
 What is a polymer? 
 How are polymer molecules different 

from other molecules? 
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Section 6: Holding metals and non-metals 
together 
The final type of substance we look at are made 
when metals react with non-metals – these are 
called ionic substances. We saw in metallic 
bonding, the outer shell electrons are lost from 
the individual atoms, and spread out over the 
whole piece of metal. In covalent structures, we 
saw non-metals sharing electrons with the 
electrons localised between two atoms. In ionic 
substances we see an extreme version of this loss 
of electrons by metals, and capture of electrons 
by non-metals. 

When metals react with non-metals, the metal 
atoms lose their outer shell electrons, and the 
non-metals take hold of these electrons – no 
sharing is involved. With this transfer of electrons 
from metal atoms to non-metal atoms, we end 
up with positive metals ions, and negative non-
metal ions. 

Structure and properties of ionic substances 
As positive and negative particles attract each 
other, the positive metal ions become 
surrounded by the negative non-metal ions, and 
vice versa. This pattern of alternating positive and 
negative ions repeats over and over in all three 
directions, so we form a giant ionic lattice. 
Because the attraction is between ions, we call 
this ionic bonding – i.e. strong electrostatic 
attraction between oppositely charged ions.  

 

Ionic substances have some similar properties to 
other substances that have giant structures. 
Because the ionic bonds are strong, a lot of 
energy is needed to overcome the bonds. 
Therefore ionic substances have high melting and 
boiling points. 

Ionic substances only conduct electricity when 
melted or dissolved in water. In these two states, 

the ions can move around. In the solid state, ions 
are fixed in position, so electricity cannot flow.  

We don’t experience electricity being conducted 
through ionic substance often, unlike metals. 
However when we receive a static shock, the 
electricity is flowing through us quite effectively, 
because of all the salty water that make up our 
body! 

 

Section 7: When bits of materials get 
really small 
As we have seen, the properties of a substances 
can be explained quite well by knowing the 
particles making the substance, and the bonding 
between these particles. However, other factors 
can affect properties. One of these is the size of 
the ‘bits’ of the substance. We saw this earlier 
when thinking about silicon dioxide, or sand. In 
very large ‘bits’ or rock, we have a very hard 
material that we wouldn’t want to spend too 
much time lying on. Break the rock into tiny 
pieces, or sand, and we have a nice soft surface 
to while away a summer’s day on. 

If we take this breaking down even further, we 
can get to bits that are measured in billionths of 
meters across. This tiny length is often called a 
nanometer, written as nm. If the bits are 2500 to 
10000 nm across, we call them coarse particles, 
or just dust. If the bits are 100 to 2500 nm across, 
we call them fine particles. If the bits are smaller 
than 100 nm, we call them nanoparticles.  

 

Some questions to support discussion 
 How can I tell a metal from a non-metal? 
 What happens to electrons when an ionic 

substance is made? 
 Why do ionic substances form lattices? 
 Why do I need to melt or dissolve an ionic 

substance to make it conduct electricity? 
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At the size of nanoparticles, each bit is only made 
up of a few hundred atoms. As most of these 
particles are on the surface of the bit, the 
particles can react with the outside world. This 
tends to make nanoparticle much more reactive 
than larger particles.  

Smaller particles in our lives 
This would be like how we would start a good 
campfire. We would never get a log to light by 
itself- it’s too big, and most of the wood is hidden 
inside. Instead we break the log into smaller 
pieces, kindling, so more of the wood is exposed 
to the heat and air. This lets us get the fire going. 
Chemists use the term high surface area to 
volume ratio to describe the properties of these 
very small particles. 

We make use of nanoparticles of many 
substances. For example, nanoparticles of silver 
have antimicrobial properties, and so we find 
them in socks. Titanium dioxide is a very white 
substance, so commonly used in the white lines 
on roads. Nanoparticles of titanium dioxide, on 
the other hand, can be coated on glass to add a 
self-cleaning layer without preventing sunlight 
from passing through. 

 

It’s not all good news though. As we haven’t been 
using nanoparticles for very long, we aren’t 100% 
sure of their long-term effect on the environment 
and our health. Just like microplastics that were 
commonly used in cosmetics for some time, but 
are now being phased out, continual study of the 
health and environmental effects of 
nanoparticles will be required. 

 

 

Some questions to support discussion 
 What is a nanomaterial? 
 Why are nanomaterials so much more 

reactive? 
 Can you give me an example of how a 

nanomaterial can be used? 
 Are there any down-sides to using 

nanomaterials? 
 

 

 

 


