
Solids 
 
INTRODUCTION 
 

Most of the materials we encounter are solids at normal temperature and pressure conditions.  
Only 13 of the 109 elements are not solids.  Materials, which are not normally found as solids can be 
converted into solids by applying pressure and decreasing the temperature sufficiently.  Thus, our study of 
solids is really a study of the materials which make up our universe.  The arguments which we apply to 
solids can easily be adapted to liquids and gases. 

 
We believe that solids are composed of tiny particles held together by forces at attraction.  Our 

approach to studying solids will be to examine the particles which build them up and to understand the 
nature of the forces which hold these particles together.  In order to simplify our task, we begin by 
classifying solids into "groups". 
 
CLASSIFICATION 
 

Solids are classified into two main categories: 
i) Amorphous Solids: In this type of solid, the attractive forces holding the particles of the solid  
   together have various strengths. 
ii)Crystalline Solids: In this type of solid, the forces of attraction holding the particles together  
   are all identical.   
 
Crystalline solids can be further subdivided into four sub-categories depending upon the type of 

particles involved and the attractive forces between them.  We will deal with these sub-categories in detail 
later. 
 

Because of the variation in bond strengths within any amorphous solid, it's difficult to 
subcategorize these solids.  An outline of the general characteristics of amorphous solids, as an attempt 
to provide general information about this class of materials, will have to suffice. 
 

As an outline of the material to be covered in this unit, we provide the following flowchart: 

solids 
 

amorphous solids     crystalline solids 
 
(non uniform attractive forces exist between the particles)  (uniform attractive forces exist between particles) 

 
      covalent ionic   metallic   molecular  

solids   solids  solids     solids 
 

At this point, it is important to emphasize that many real solids are actually combinations of two of 
the above types of solids. 
 
What Holds a Single Molecule Together? 
 

 These bonds are called intramolecular bonds 

 There are 2 basic types of bonds that do this: 
o Ionic and covalent (pure/non-polar, polar and coordinate) 

 
 
 
 
 
 
 



What Holds a Bunch of Molecules Together? 
 

 Bonds that hold many molecules together are called intermolecular bonds 

 There are 6 types: 
o Ionic bond (same bond as the intramolecular ionic bond) 
o Covalent bond (pure, polar or coordinate) 
o Metallic bond 
o Dipole-dipole bond 
o Hydrogen bond 
o Van der Waals/dispersion/London forces 

 

 INTRAMOLECULAR BONDS ARE MUCH STRONGER THAN INTERMOLECULAR BONDS 
(dipole-dipole, Van der Waals, and hydrogen) 

o When boiling water, the intermolecular bonds break at 100°C while the H-O bonds that 
make up water are maintained 

o These H-O bonds break at around 2500°C 
 

SOME INTERMOLECULAR BONDS 
 

Metallic bond 
 Found in most metals 

 Consists of the attractions between the semi-
positive metallic nuclei and the cloud of 
valence electrons free to move around the 
nuclei 

 This bond exists because of the low ionization 
energy of metals 

 If you imagine a metallic solid as a Rice 
Krispie square, the atoms would be the actual 
Rice Krispies and the marshmallows would be 
the sea of mobile electrons that holds the 
whole thing together 

 
 

 

 

 

 

Dipole-Dipole Bond 
 This bond is found between polar molecules where the δ+ end of one polar molecule is attracted 

to the δ- end of another polar molecule 

 This bond is about 1% as strong as a covalent bond 

 
 
 
 
 
 
 

 

 

 
 
 

 



 

Hydrogen bond 
 This bond is a strong dipole-dipole attraction between 

neighbouring polar molecules when hydrogen is covalently 
bonded to a highly electronegative atom such as O, Cl, F 
and N 

 The bond is due to the large ΔE’neg 

 The larger the difference in ΔE’neg, the greater the dipole 
and the stronger the bond 

o H2O (polar molecule) bp = 100°C and has a ΔE’neg 
= 1.4 

o NH3 (polar molecule) bp = -33.4°C with a ΔE’neg = 
0.9 

 This bond is about 5% as strong as a covalent bond 

 
 
 
 
 

 

Van der Waals/Dispersion/London Forces 
 This bond is the electrostatic force of attraction between 

momentary δδδ- end of a non-polar molecule and the δδδ+ 
end of another non-polar molecule 

 The δδδ- and δδδ+ charges arise because the motion of 
electrons in one molecule affect the motion of electrons in 
adjacent molecules 

 The electron density works like a pendulum involving all the molecules so that they are all 
attracted 

 Instantaneous dipoles are created 

 These forces are quite weak (about 0.1% as strong as a covalent bond) 

 Molecules or atoms with large electron clouds experience stronger VDW because the electrons 
are more easily moved since they are further away from the nucleus 

o C3H8 bp = -42°C 
o C10H22 bp = 174.21°C (has more spots for VDW) 

 
 
 
 
 
 
 
 
 
 



 

 
 



 
STRUCTURE AND PROPERTIES 
 

An understanding of the relationship between the structure of a material and the chemical and 
physical properties of that material is a very important asset in the study of chemistry.  This section on 
solids has been developed to foster an understanding between "structure" and "properties".  Some of the 
properties we will be discussing are listed below, along with a brief note explaining their relationship to 
structure. 

 
STRENGTH 
 

We usually associate the strength of a material with its ability to resist force (ie. with its ability to 
be pushed or pulled without breaking).  Thus, a steel wire is stronger than a thread of the same diameter 
because the thread easily breaks when pulled upon and the wire does not. 
 

Undoubtedly, you have heard the adage, "A chain is only as strong as its weakest length."  This is 
a good analogy to use here for a solid can only be as strong as the weakest of the forces that hold its 
particles together.  We can conclude the following" 
 
i)   If the forces at attraction between the particles are all strong then the solid will be strong. 
 
ii)   If the forces of attraction between the particles are all weak then the solid will be weak. 
 
ii If some of the forces of attraction between the particles are strong and some are weak then the 

solid will only be as strong as the weakest forces holding any of its particles together. 
 
HARDNESS 
 

Hardness is defined as the ability of a material to resist penetration.  A pound of very cold butter is 
hard because it is very difficult to penetrate a knife into it.  Warm butter is a very soft material because the 
knife penetrates through it very easily.  We will explain how a material can be hard at one temperature and 
soft at a higher temperature when we discuss amorphous solids.  (Can you suggest an explanation now?  
It isn't that difficult.) 
 

Hardness is often measured by trying to scratch a material.  (You may have heard of Mohs' 
hardness scale.  If not see what you can find out about it.)  In order to scratch a material with a knife's 
edge, the knife's edge has to push the particles of that material out of its way.  When it does this a scratch 
is left behind.  Hardness, therefore, is related to the ability of the particles within a solid to be moved form 
their normal positions. 
 

Consider the attractive forces between the particles of a solid.  If these attractive forces hold the 
particles rigidly, in one position, then the solid will be hard.  If however, the attractive forces are flexible 
and allow the particles to be moved from their normal positions, then the solid will be soft.  Hardness then, 
is understood in terms of the rigidity or flexibility of the attractive forces between the particles of a solid. 

 
DUCTILITY 
 

Ductility is defined as the ability of a material to be bent, twisted, or molded into a different shape. 
 If a material can be easily molded (like the Play Doh that children play with), it is said to be ductile.  If a 
material breaks before it will bend, it is said to be brittle.  The candy "peanut butter brittle" is a good 
example of a brittle substance. 
 

Ductility, like hardness, can be understood in terms of the flexibility of the attractive forces 
between the particles which make up the solid.  If these forces are very flexible, they will allow the 
particles to move from their normal position and occupy new positions.  When this happens, the solid 
would take on a new shape.  It will be ductile.  However, if the particles are held very rigidly in one position 



the solid cannot bend and will retain its original shape until it breaks.  It will be brittle. 
 

In conclusion, the forces of attraction holding the particles of a ductile solid together are very 
flexible and easily bent; and the attractive forces between the particles of a brittle solid are very rigid. 
 
BREAKAGE PROPERTIES 
 

The manner in which a solid breaks under stress will be determined by the nature of the attractive 
forces between the particles of that solid.  If the attractive forces hold the particles in a rigid position the 
solid will shatter on breaking.  If the attractive forces between particles are flexible and allow the solid 
particles to move the material will become thinner when force is applied and eventually tear.  If the 
attractive forces between particles are strong, a great deal of energy will be required in order to break or 
tear the solid.   
 
MELTING AND BOILING PROPERTIES 
 

When a solid is heated, the heat energy is absorbed by the particles within the solid and 
converted into kinetic energy.  The particles vibrate with increased energy and strain the forces of 
attraction holding them in the solid structure.  Eventually, if the heating continues, the motion energy of the 
particles will increase to a level which exceeds the ability of the attractive forces to hold the particles in 
their original positions.  The particles begin to move with respect to each other and the solid melts.  In a 
similar fashion, at a higher temperature, the particles absorb sufficient energy to completely overcome the 
attractive forces between them; the particles separate and the material boils. 
 

High melting or boiling points occur with materials that have strong attractive forces between their 
particles.  A great deal of energy is required to overcome these strong attractive forces.  Conversely, if the 
attractive forces are weak, the melting and boiling points will be low.  If the inter- particular forces are not 
uniform, melting and boiling occurs over a range of temperatures. 
 
 
CONDUCTION OF ELECTRICITY, HEAT AND SOUND 
 
Electricity 
 

Electricity can be defined as the movement of electrically charged particles within a material.  
Usually, these electrically charged particles are electrons, however, they may be positive and negative 
ions.  In order to have electrical conduction in a material, either electrons that are free to move or ions that 
are free to move must be present.  If the attractive forces between the particles of a solid hold the 
electrons or positive and negative ions) of that material in a fixed position, electrical conduction cannot 
occur.  Such materials are called non-conductors or insulators. 
 
Heat 
 

The conduction of heat in a solid can be related to vibrations of particles.  If one end of a solid is 
heated, the particles in that end of the solid absorb heat energy and transform it into vibrational energy.  
The particles with high vibrational energy at the heated end of the solid collide with particles adjacent to 
them and pass on some of this vibrational energy.  In this manner, the vibrational energy of the particles is 
passed through the solid.  As the particles vibrate within the solid, they rub against each other and 
generate friction and heat.  In this manner, heat is conducted through a solid.  Only solids that contain 
particles that can vibrate easily will be good conductors of heat.  If the solid consists of particles that are 
held rigidly in one position by strong rigid attractive forces then the solid will be a poor conductor of heat. 
 
Sound 
 

Conduction of sound in a solid occurs when particles within that solid are made to vibrate in 
predetermined fashions.  If the attractive forces between the particles of a solid hold all the particles in one 



position and do not allow them to move, the material will be a non-conductor of sound. 
 

From the above discussions, we can conclude that conduction of electricity, heat and sound within 
a solid occurs if the attractive forces between the particles are such that they allow movement of particles 
to occur. 
 
SOLUBILITY PROPERTIES 
 

The general rule for solubilities is: "LIKE DISSOLVE LIKE" 
 

The closer the materials are in similarities of their structural properties, the better they will dissolve 
in each other.  Thus polar liquids will dissolve solids with a polar nature; and, non-polar materials dissolve 
will in each other. 
 

The above relationship is a handy one to remember.  We are all faced, at some time, with the 
removal of stains of some form.  The above rule help in finding appropriate solvents.  For example, 
chewing gum is soluble in cooking oil, grass stains dissolve in turpentine (both are derived from living 
plants) and grease or tars dissolve well in gasoline (both are produced from crude oil). 
 
AMORPHOUS SOLIDS 
 

As previously mentioned, the attractive forces between the particles in an amorphous solid are not 
all the same.  They range from very weak to very strong forces of attraction.  Thus, the main structural 
characteristic of amorphous solids is non-uniformity of the attractive forces between particles.  We shall 
see that the physical properties of amorphous solids are also characterized by non-uniformity. 
 

Strong attractive forces between particles result in a strong solid.  Weak inter-molecular forces 
yield a solid with little strength.  Amorphous solids have wide ranges of attractive force strengths.  
Normally, small clusters of particles are held together by fairly strong attractive forces (this is called short 
range order).  Yet,  the clusters of particles are held together by weaker attractive forces (called long 
range disorder).  An amorphous solid then, consists of numerous small strong regions held together by 
weaker forces. 
 

When an amorphous solid undergoes impact, it will break along lines of weak forces.  The result 
is a shattering of the material into many pieces of various size. 
 

When heat is added to an amorphous solid, the particles absorb the heat energy and convert it to 
kinetic energy (i.e. vibrational motion of the particles).  As the particles vibrate with increasing energy, they 
will begin to overcome the weakest forces which hold them together.  As the temperature is increased, 
more and more attractive forces between the particles will break down.  This results in fewer and fewer 
forces holding the particles in the solid state.  The solid state continues to break down (melt) until it no 
longer exists.  Thus amorphous solids melt and boil over a large temperature range. 

 
When cold, an amorphous solid can be very hard and brittle.  All the attractive forces between the 

particles are holding the particles rigidly in the solid state.  As heat is applied the solid becomes softer and 
more ductile.  Fewer attractive forces are actually holding the particles together.  As more and more heat 
is applied, the solid becomes softer and softer; and more ductile, until it eventually slumps into a pool of 
semi-solid, semi-molten liquid.  Thus, amorphous solids are hard and brittle when cold but soft and ductile 
at higher temperatures. 
 

Since there are no free moving electrons/ions in amorphous solids, these solids are non-
conductors of electricity. 
 

Since the particles in amorphous solids are held in one position by rigid attractive forces, these 
solids are poor conductors of heat and sound. 
 



Answer the following questions on a sheet of loose leaf paper and insert your answers in your notebook 
adjacent to these questions. 
 
1. List several common examples of amorphous solids. 

butter, glass 

2. Explain why a cold glass rod shatters into pieces if you try to bend it but a hot glass rod will bend 
easily into almost any shape wanted. 

As warmed, forces of attraction weaken and allows movement of the particles. 

 
3. Why doesn't butter have a definite melting point? 

It's amorphous - some areas have strong bonds while other areas have weak bonds therefore melt  at different 
temperatures. 

 
4. Explain why warm butter spreads easily on bread but cold butter does not spread. 

At higher temperatures, the attractive forces are weaker therefore malleable. 

 
5. Explain why very fine fibres of glass have been found to be many times stronger that steel fibres 

of the same diameter. 
These glass fibres have a strong force of attraction between the particles whereas steel is a malleable item 
(metallic bond.  The weaker bonds found in glass were broken in making the small glass fibres (all that is left is 
the very strong bonds. 

 
6. List evidence that shows that glass is a poor conductor of heat. 

On a very sunny day in the summer time, it may be quite hot outside and inside the house where the sun is 
shining but the glass remains cool to the touch. 

 
Questions 7 and 8 require a knowledge of the technique used to make glass.  Glass is usually formed in a 
molten state and allowed to cool into the desired shape. 
 
7. How would you cool a pane of glass to make it very hard and strong on the surface that will face 

the outside? 
  Refer to the internet on tempered glass. 

 
8. How would you cool a glass tube so that it will be very strong and resist impact of the outside 

surface?  The inside surface? 
  See tempered glass. 

 
9. Why is glass used as an insulator to fasten high voltage electrical lines to poles?  Explain why 

glass is useful in this application. 
Amorphous solids are poor electrical conductors; no free moving electrons/ions. 

 
10. Many plastics are amorphous solids.  Using this information explain how plastics can be 

converted from raw materials into the many thousands of plastic objects we use every day.  What 
economic advantage do plastics have over metals in the production of these objects? 

Being amorphous, plastics have both strong and weak bonds.  By manipulating the weak bonds, we can shape 
plastic into almost anything.  By manipulating the strong bonds, we can give strength to most plastics.  Plastics 
can be recycled more easily than steel and requires much lower temperatures to melt it (then injecting it into a 
mold to obtain the required shape). 

 
11. Butter is often used in frying food.  Soon after a spoonful of butter is added to a hot frying pan, the 

strong odour of  butter is easily detectable; yet, the solid butter has not completely melted yet.  
Explain how the butter can exist in both the gas and solid states at the same temperature. 

Variable forces of attraction.  The weak bonds break first and a change of state occurs yet the stronger bonds 
remain a solid. 

 

Answer the questions from the aggregate homework sheet. 
 
 
 



CRYSTALLINE SOLIDS 
 
LATTICE STRUCTURES 
 

Particles in a crystalline solid are held together by uniform attractive forces in definite 
arrangements of patterns called LATTICE STRUCTURES.  Lattice structures consist of a basic building 
pattern called a "unit cell" which is repeated again and again throughout the solid. 
 

The simplest "unit cell" is called the simple cubic cell.  It consists of particles placed at the corners 
of a cube.  The simple cubic lattice structure consists of these simple cubic cells placed side by side 
throughout the structure in three dimensions.  Just as blocks can be stacked together to form a pattern, 
unit cells can be arranged together to form a lattice structure. 

 
Some points to remember: 
i)   All crystalline solids have lattice structures 
ii)   The points within the lattice structure that are occupied by the particles are called 

"LATTICE POINTS" 
iii)   The forces of attraction holding these particles together in the lattice structure are called 

"LATTICE FORCES" (intermolecular bonds) 
 
 

 
 
 



 
 



 
 
 

THREE DIMENSIONAL COVALENT CRYSTALS (NETWORK SOLIDS) 
 

Lattice points = atoms 

Intramolecular bond = pure or polar covalent bond 

Intermolecular bond = pure or polar covalent bond 
 

Covalent crystals are composed of atoms held together by strong covalent bonds.  Recall that 
covalent bonds involve the direct sharing of electrons between two positive nuclei.  This direct sharing of 
electrons between nuclei results in very strong bonds. 

 
In covalent crystals, every atom is bonded into a network of strong covalent bonds which holds all 

the atoms together.  Thus the entire solid becomes one giant molecule with all the atoms covalently 
bonded together. 
 

The fact that the atoms are all joined together by strong covalent bonds explains the following 



properties of covalent crystals. 
 
STRENGTH 
 

Covalent crystals are the strongest materials known to man.  The very strong covalent bonds 
between the atoms makes the solid very strong. 
 
HARDNESS 
 

The hardness of a material is determined by considering the nature of the forces which hold the 
particles of a solid together.  If the particles are held rigidly, in one position, by inflexible forces of 
attraction, the material is very hard. 
 

Because of the rigid directionalized nature of the covalent bond, covalent crystals are very hard. 
 
MELTING OR BOILING PROPERTIES 
 

If all the forces between the particles are identical then all particles are held in the solid structure 
to the same extent.  When the solid is heated to an energy level which is sufficient to breakdown (or melt) 
the solid structure, all particles are capable of breaking away from the solid structure.  This type of solid 
will melt at a definite energy level; that is, at a definite temperature. 

Since every atom in a covalent crystal is attached to the solid structure to the same extent (by 
network of covalent bonds), covalent crystals have definite melting and boiling points. 
 

Since the covalent bond represents a very strong attractive force between the particles, the 
melting and boiling points of these solids are very high. 
 
DUCTILITY 
 

Because of the very rigid nature of covalent bonds, the particles at the lattice points are held firmly 
in one position.  This makes covalent solids very brittle. 
 
BREAKAGE PROPERTIES 
 

Because covalent crystals are very brittle, they tend to shatter under stress.  They cleave. 
 
CONDUCTION OF ELECTRICITY 
 

Electricity is normally a result of the movement of electrons from one position in a conductor to 
another.  In order to get conduction of electricity, you must have electrons within the lattice structure that 
are free to move.  In covalent bonds all the electrons are kept within the bonds, in the region between the 
two positive nuclei.  Thus, they are NOT free to move and covalent crystals are non-conductors of 
electricity. 
 
CONDUCTION OF HEAT 
 

Recall that, to a large extent, heat conduction is determined by considering vibration of particles.  
If the particles are free to move their vibrational energy will increase considerably when the solid is heated. 
 This causes the particles to rub against each other, generating friction and producing heat.  As this 
vibrational energy is transferred from particle to particle, heat is conducted through the solid. 
 

Since the particles in a covalent crystal are held rigidly in one position, their motion does not 
increase significantly upon heating and covalent crystals are insulators of heat. 
 
 
 



CONDUCTION OF SOUND 
 

Conduction of sound in a solid results from a systematic vibration of particles according to some 
desired pattern.  If the particles are not free to move or vibrate, sound cannot be conducted.  Thus, 
covalent solids are non-conductors of sound. 
 
RELATED QUESTIONS 
 
1. List examples of covalent crystals. 
 
2. Describe the structure of diamond. 
 
3. Explain why diamonds can "cut" glass. 
 
4. Describe and explain the properties of diamond.  (ie. strength, hardness, melting and boiling 

points, ductility, breakage properties, conduction of electricity, heat and sound) 
 
5. Explain how diamonds can be made. 
 
6. Both diamonds and coal are made out of carbon atoms.  Yet, diamonds are rare and expensive 

but coal is cheap and plentiful.  Considering the structure of both, why is there an abundance of 
coal in the earth's crust but a shortage of diamond? 

 
7. Explain how adhesives (glue) can be used to form a bond between two pieces of wood that is 

stronger than the wood itself. 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



IONIC CRYSTALS 
 

Lattice points = positive and negative ions 

Intramolecular bond = ionic bond 

Intermolecular bond = ionic bond 

 
Ionic crystals are composed of both positive and negative ions held together by electrostatic 

forces of attraction.  In an ionic solid each positive ion is surrounded, in three dimensions, by negative ions 
and each negative ion is surrounded, in three dimensions, by positive ions. 
 

Consider, as an example, salt (sodium chloride) which is composed of positive sodium ions and 
negative chloride ions.  The two dimensional crystal structure would be as shown: 
 

Na+Cl-Na+Cl-Na+Cl-Na+Cl- 
Cl-Na+Cl-Na+Cl-Na+Cl-Na+ 
Na+Cl-Na+Cl-Na+Cl-Na+Cl- 
Cl-Na+Cl-Na+Cl-Na+Cl-Na+ 
Na+Cl-Na+Cl-Na+Cl-Na+Cl- 
Cl-Na+Cl-Na+Cl-Na+Cl-Na+ 
Na+Cl-Na+Cl-Na+Cl-Na+Cl- 

 
Note that each Na+ is surrounded by 4 Cl- ions and vice versa.  Extended to three dimensions we 

note that each Na+ ion would be surrounded by 6 Cl- ions (one in front and one in back in addition to the 
other 4) and each Cl- ion would be surrounded by 6 Na+ ions. 
 

The positive-negative force of attraction between the ions will be a fairly strong attractive force; 
but, not as strong as a direct sharing of electrons between two atoms.  Thus, ionic crystals will exhibit 
properties similar to but not as pronounced as covalent crystals. 
 
MELTING AND BOILING POINTS 
 

Since the attractive forces between any two ions is identical to the attractive force between any 
other pair of ions, ionic crystals have a definite melting point.  No ion is held in the crystal structure to a 
larger extent than any other ion.  From physics, we know that the attractive force between charged 
particles is given by Coulomb's law: 

 
F= Q(q1q2/d

2
)   where  F is the force of attraction 

Q is a constant of proportionality 
q1 is the charge on the first ion 
q2 is the charge on the second ion 
d is the distance between the ions 

 
Since the inter-ionic distances do not vary considerably between solids, the attractive force 

between ions will depend largely on the charges on those ions.  Since these forces will be fairly strong, the 
melting points for ionic crystals will be fairly high.  An approximate range is 400-1000

o
C. 

 

 
 



 

 
 

STRENGTH 
 

Because of the fairly strong attractive forces between the ions, ionic solids are fairly strong (but 
not as strong as covalent crystals). 
 
HARDNESS 
 

These are fairly hard materials because the positive-negative attractive forces do not allow the 
ions to move but rather to hold them in one position in the crystal lattice structure.  Since the ions on the 
surface of the crystal cannot move ionic solids resist penetration. 
 
DUCTILITY 
 

The ions in an ionic solid are held in one position by the attractive forces in the crystal lattice 
structure and cannot move.  Therefore, the solid itself cannot be bent or shaped into different forms.  Ionic 
crystals are brittle. 
 
 
 
 



BREAKAGE PROPERTIES 
 

Ionic crystals cleave.  Cleavage is the ability of a material to fracture along a plane.  Consider the 
following: 
If a sharp force is applied to a crystal of NaCl at some point, 
 

Na+Cl-Na+Cl-Na+Cl-Na+Cl- 
Cl-Na+Cl-Na+Cl-Na+Cl-Na+ 
Na+Cl-Na+Cl-Na+Cl-Na+Cl- 
Cl-Na+Cl-Na+Cl-Na+Cl-Na+ 

----->   Na+Cl-Na+Cl-Na+Cl-Na+Cl- 
    Cl-Na+Cl-Na+Cl-Na+Cl-Na+ 

Na+Cl-Na+Cl-Na+Cl-Na+Cl- 
 
It may cause the ions to shift 1 ionic diameter. 
 

Na+Cl-Na+Cl-Na+Cl-Na+Cl- 
Cl-Na+Cl-Na+Cl-Na+Cl-Na+ 
Na+Cl-Na+Cl-Na+Cl-Na+Cl- 
Cl-Na+Cl-Na+Cl-Na+Cl-Na+ 

                                  ----->   Na+Cl-Na+Cl-Na+Cl-Na+Cl- 
     Cl-Na+Cl-Na+Cl-Na+Cl-Na+ 
     Na+Cl-Na+Cl-Na+Cl-Na+Cl- 

 
The repulsive forces that exist between ions of like charges cause the crystal to split or cleave into two 
parts.  Note that the cleavage has occurred along a plane of ions.  Breakage occurs along a flat plane. 
 

Na+Cl-Na+Cl-Na+Cl-Na+Cl- 
Cl-Na+Cl-Na+Cl-Na+Cl-Na+ 
Na+Cl-Na+Cl-Na+Cl-Na+Cl- 
Cl-Na+Cl-Na+Cl-Na+Cl-Na+ 

   
Na+Cl-Na+Cl-Na+Cl-Na+Cl- 
Cl-Na+Cl-Na+Cl-Na+Cl-Na+ 
Na+Cl-Na+Cl-Na+Cl-Na+Cl- 

 
CONDUCTION OF ELECTRICITY 
 

In an ionic bond, electrons are lost by metallic atoms which become positive ions and the 
electrons are gained by the nonmetallic atoms which became negative ions.  The positive-negative 
attraction between unlike charges forms the bond.  Since there are no electrons which are free to move, 
ionic solids are non-conductors of electricity.  However, ionic crystals conduct electricity well when melted 
or when dissolved in water to form a solution. 
 
CONDUCTION OF MOLTEN SALTS 
 

When salt is melted, it decomposes into its ions as follows: 
 

NaCl(s)  Na
+
  +  Cl

-
 

 
Since these ions are in the liquid state, we have free moving ions.  These free moving ions will be 

attracted to the electrodes as follows: 
 
 
 
 



Positive electrode (anode)              Negative electrode (cathode) 
 
The negative chloride ion Cl

-
 is       The positive sodium ion Na

+
 is 

attracted.  Cl- has a surplus of        attracted.  Na+ has a shortage 
electrons.  The anode is positive      of electrons.  The cathode is 
and has a shortage of electrons.       negative and has a surplus of 
At the anode the Cl- ions loses        electrons.  At the cathode  
electron to form a chlorine             the Na+ ion gains an electron 
atom.        to form a sodium atom. 
 
Cl

-
 - e

-1
  Cl       Na

+
 + e

-1
  Na  

 
Two chlorine atoms join to form chlorine gas. 
Cl + Cl  Cl2 
In this manner, electrons are deposited on the anode and removed from the cathode.  The circuit is 
completed and conduction occurs. 
 
CONDUCTION IN WATER SOLUTION 
 

Conduction in water solution is very similar to conduction in the molten state but is modified 
slightly because water self ionizes to form hydronium and hydroxide ions.  When two water molecules 
collide as shown in step 1 below, the positive-negative dipole attraction tends to draw these molecules 
together.  If there is enough energy in the collision, the H-O bond can be broken as shown in step 2.  A 
positive hydrogen ion H+ attached to a water molecule is formed: 
 
This is called the "hydronium ion" (H3O

+
).  The hydroxide ion (OH

-
) is also formed. 

 
Thus, water self ionizes according to the equation: 

 
2HOH  (H3O

+
) + (OH

-
) 

 
Self ionization of water is a natural event.  It only occurs to a small extent but every sample of water 
contains some H+ and OH- ions.  Thus in a salt-water solution, we have 2HOH --> (H3O

+
) + (OH

-
) from 

the self ionization of water and NaCl --> Na
+
 + Cl

-
 from the dissolving of the salt.  

 
The reactions which take place at the electrodes are: 

 

at the anode      at the cathode 
 
The Cl- and the OH- ions are          The H+ and the Na+ ions are 
attracted.  The Cl- ions react         attracted.  The H+ reacts 
to produce chlorine gas.    before the sodium ion to  

produce hydrogen gas 
Cl - e

-1
  Cl     H

+
 + e

-1
  H 

Cl + Cl  Cl2     H + H  H2 
 
In this manner, the circuit is completed and current can flow. 
 
 
 
 
 
 
 
 
 



RELATED QUESTIONS 
 
1. List several examples of ionic compounds. 
 
2. Explain why solid salt is a non-conductor of electricity but a salt solution or molten salt will conduct 

electricity well. 
 
3. What determines the amount of conduction that will occur in a solution of an ionic salt? 
 
4. Explain why ionic crystals are the only type of crystals that display the property of cleavage. 
 
5. What would happen to a covalent solid if you attempted to cleave it? 
 
6. Why do ionic crystals have definite melting points? 
 
7. A diamond will melt at around 3500

o
C.  A salt crystal melts at 801

o
C.  Explain why diamond has a 

much higher melting temperature than salt. 
 
8. Which substance would you expect to have the highest melting point, NaCl or MgO?  Why? 
 
 
 
 



 



 

METALLIC CRYSTALS 
 

Lattice points = atoms/semi-positive ions 

Intramolecular bond = metallic bond 

Intermolecular bond = metallic bond 

 
These solids are made up of positive ions only (that is the lattice points are occupied by positive 

ions).  The forces of attraction between these positive ions are described as a sea or atmosphere or cloud 
of free moving electrons.  This is sometimes referred to as the electron gas. 
 

To understand metallic bonding, consider some common metals. 
Aluminum 1s

2
 2s

2
 2p

6
 3s

2
 3px

1
 wants to lose 3 electrons to become stable. 

Calcium 1s
2
 2s

2
 2p

6
 3s

2
 3p

6
 4s

2
 wants to lose 2 electrons to become stable. 

Similarly, all metals have a tendency to lose their loosely held valence electrons when they react to 
become stable. 
 

Consider an isolated sodium atom.  The outside valence electron is only affected by one positive 
center, the nucleus of the atom.  Hence, it is held in it's normal shell by the attractive force of that nucleus. 
 

However, as more and more sodium atoms are packed into the crystal, the valence electrons 
become affected by many positive centers, the nuclei of all the atoms present.  Each valence electron is 
attracted to all the positive nuclei.  This is illustrated in the diagram below. 
 

Since the valence electrons of metals are loosely held to begin with, they leave the atom to which 
they belonged originally, and travel freely between the positive ions formed.  This "atmosphere" of free 
moving electrons forms the attractive or bonding force which holds the particles together.  the basic nature 
of this force is positive-negative attraction between mobile electrons and stationary positive ions.  It IS 
NOT as strong a force as the ionic attraction between positive and negative ions. 
 
MELTING PROPERTIES 
 

Since all metallic ions are held in the metallic crystal by the same "atmosphere of electrons", they 
are held in by identical forces, and each metallic solid has a definite melting point.  Metallic solids have 
melting points between 100 and 400 degrees Celsius. 
 
BOILING POINTS 
 

Boiling properties are similar to melting properties but occur at higher temperature ranges. 
 
STRENGTH 
 

Because the attractive forces holding metallic solids together are not very strong, "pure" metallic 
crystals are not strong materials.  Do not become confused at this point, most metals have some degree 
of covalent nature.  This covalent nature explains the great strength of metals like steel.  We will discuss 
this in more detail later. 
 
HARDNESS 
 

Metallic solids tend to be fairly soft because of the flexible nature of the attractive forces between 
the positive ions.  The cloud of free moving electrons allows the particles to move from their normal 
positions; thus, the metallic crystal can be scratched or penetrated easily (the particles easily move out of 
the way of the scratching object). 
 
 
 



DUCTILITY 
 

 
These are very ductile materials because of the flexible nature of the attractive forces.  The free 

flowing electron gas will surround the positive ions regardless of what position they adopt. 
 
CONDUCTION 
 

Metallic solids are excellent conductors of electricity, heat and sound.  Explain why this is so. 
 
BREAKAGE PROPERTIES 
 

When stress is applies to a metallic solid, the solid becomes thinner and thinner as the ions are 
drown apart and the electron cloud becomes thinner too.  Eventually, the solid tears apart. 
 
 
REAL METALS 
 

Now that we have examined the structure and properties of metallic solids and of covalent 
crystals, we are in a position to understand the properties that real metals have.  As mentioned earlier, 
most real metals have both metallic and covalent characteristics.  The relative amount of metallic and 
covalent characteristics present in a metal determines the properties of the metal. 
 

Recall that covalent bonds form when atoms with half-filled orbitals share electrons between 
them.  This sharing of electrons between the nuclei of two atoms forms a very strong bond.  Atoms 
bonded in this way are held rigidly in the crystal structure.  Furthermore, the shared electrons are kept 
between the two nuclei and have very little motion.  Finally, it is important to remember that covalent 
bonds can form whenever atoms have half-filled orbitals. 
 

Also recall that metallic bonding occurs when atoms of a metal lose control over the electrons in 
their outermost energy levels. these electrons move freely around the positive ions forming the metal 
crystal.  Usually, the electrons which form the free moving electron cloud are the outermost "s" electrons 
of an atom. 
 

Keeping these factors in mind, we can now examine the structure and properties of a few real 
metals.  You should then be able to extend your knowledge to an understanding of the properties of any 
metal. 
 
ZINC  

Zinc has the electron configuration 1s
2
 2s

2
 2p

6
 3s

2
 3p

6
 4s

2
 3d

10
.  In a zinc crystal, the 4s electrons 

leave the atom to which they originally belonged and move freely throughout the crystal.  These free 
moving electrons give zinc its metallic properties.  Zinc is an excellent conductor of electricity.  It is a soft 
ductile metal with a fairly low melting point (419

o
C).  It has a low strength when compared to metals like 

iron. 
 
 
 



IRON 
Iron has an electron configuration 1s

2
 2s

2
 2p

6
 3s

2
 3p

6
 4s

2
 3dI

2
 3dII

1
 3dIII

1
 3dIV

1
 3dV

1
.  As in zinc, the 

4s electrons give iron its metallic properties.  However, iron has 4 half-filled d orbitals.  Each iron atom can 
from as many a 4 covalent bonds with other iron atoms.  Because of the problems involved in getting 
atoms close enough to form covalent bonds, it is improbable that any iron atom would form 4 covalent 
bonds in an iron crystal.  However, many covalent bonds will form between iron atoms.  These covalent 
bonds will make iron very covalent in its nature.  Iron is classifies as a metallic crystal with strong covalent 
characteristics.  It is a very strong, very hard metal.  It is not very ductile (cast iron, a form of iron is quite 
brittle).  The melting point of iron is 1535

o
C.  Iron is a poor conductor of electricity too. 

 
SUMMARY 
 

The strength, hardness, ductility and melting point of a metal depends directly on the number of 
covalent bonds which form in the metallic crystal.  Increasing the number of covalent bonds increases the 
strength, hardness and melting point of the metal and decreases the ductility and electrical conductivity of 
the metal. 
 

Metals with many half-filled orbitals will be covalent in nature.  They will be strong, hard, brittle and 
have high melting points.  They will be poor conductors of electricity and will have low ductility. 
 

Metals with few half-filled orbitals will be metallic in nature. they will have low strength. they will be 
soft, ductile and have low melting points.  They will be good conductors of electricity, heat and sound. 
 
TRY THIS! 
 

Use the information discussed in this article to describe the properties of each of the following 
metals: 
 

Name  Symbol  Atomic Number 
tungsten W   74 
gold  Au   79 
cadmium Cd   48 
manganese Mn   25 
osmium  Os   76 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



NON-POLAR MOLECULAR CRYSTALS 

 

Lattice points = non-polar molecules 

Intramolecular bond = non-polar and/or polar covalent bond 

Intermolecular bond = Van der Waals 
 

Molecular crystals are composed of molecules held together by very weak forces of attraction 
called Van der Waal forces.  Van der Waal forces consist of weak dipole-dipole attractions and even 
weaker forces called "instantaneous dipole-induced dipole attractions" or London forces. 
 

To understand London forces, let us consider the forces that exist between two oxygen 
molecules. 
 

In O2 gas, each oxygen atom becomes stable by forming two pure covalent bonds with another 
oxygen atom.  The dash diagram for the molecule would be: O=O 
 

Since pure covalent bonds are formed and there is no shifting of the shared electrons towards 
either oxygen atom, no permanent dipoles exist on the ends of the oxygen molecule.  Thus, there should 
be no attraction between oxygen molecules and these molecules would move independently of each other 
forming a gas. 
However, oxygen becomes a liquid at -183

o
C and a solid at -219

o
C.  Therefore, there must be some very 

weak force of attraction which holds these molecules together at these very low temperatures.  These 
forces are called London forces.  
 

To explain these forces, it is important to remember that electrons are not stationary but are 
constantly moving at very high speeds.  At any instant in time the shared pair of electrons in the bond may 
be moving towards one end of the oxygen molecules.  This would result in an uneven distribution of 
negative charge for an instant in time.  Instantaneous positive and negative dipoles would form on the 
ends of the molecule.  The existence of this dipole would affect electrons in an adjacent molecule causing 
a dipole of opposite polarity to form.  This type of dipole is called an induced dipole.  The electrostatic 
attraction between instantaneous dipoles and induced dipoles represents a very weak force of attraction 
which is capable of holding very low energy particles together. 
 

Because electrons have random motions, instantaneous dipoles are very short lived.  At the next 
instant in time, the shared electrons may be moving in the opposite direction forming an opposite 
instantaneous dipole, which in turn would induce a series of dipoles in adjacent molecules.  The net result 
of the formation - then disappearance - then reformation of these instantaneous dipoles would result in a 
molecule that has no permanent dipoles; but results in a very weak attractive force that would be capable 
of holding molecules together in the liquid or solid state at low temperatures. 
 

London forces can also exist between atoms of an inert gas.  In these cases, the electrons in the 
outer orbitals shift to create the instantaneous dipoles.  The existence of these instantaneous dipole-
induced dipole attractions explains why helium, a monatomic inert gas can be liquifies at  
-269

o
C. 

 
It is important to note that London forces exist in non-polar, polar and ionic crystals.  However, 

they are such weak forces that they do not became significant when compared to the much stronger ionic 
bonds. 
 

Examples of molecular solids include iodine, moth balls, solid room deodourizers, sulphur 

 



POLAR MOLECULAR CRYSTALS 

 

Lattice points = polar molecules 

Intramolecular bond = polar and possibly some non-polar covalent bonds 

Intermolecular bond = dipole-dipole or hydrogen bond 

 

 If the molecules being held are polar, then the intermolecular bond present will either be dipole-
dipole forces or hydrogen bonds 

 These crystals will have slightly higher melting and boiling points compared to the molecular 
crystals held together by London forces 

 
MELTING AND BOILING POINTS 
   
 Since the attractive forces between the molecules are fairly weak, molecular crystals (polar and 
non-polar) will have low melting and boiling points. 
 
STRENGTH 
 
 Because of the weak attractive forces between the molecules, molecular crystals are quite brittle. 
 They will shatter if enough force is applied. 
 
HARDNESS 
 
 These crystals are fairly soft materials because of the weak attractive forces present. 
 
CONDUCTION OF ELECTRICITY AND HEAT 
 
 In a molecular crystal, the molecules and electrons are held firmly in place therefore molecular 
crystals are poor electrical and heat conductors. 
 
RELATED QUESTIONS 
 
1. Study pages 358 and 359 in your text and do question #5 on page 362. (old OAC textbook) 
 
2. Using your knowledge of molecular crystals and the information contained in the notes above, 

describe the following properties of molecular crystals: 
strength 
hardness 
ductility 
melting and boiling points 
conduction of electricity 
solubility in water 

 
3. Molecular crystals are weak and brittle.  Explain how a crystal could be both weak and brittle at 

the same time. 
 
4. Explain why many molecular crystals sublime at room temperature. 
 
5. As the size of atoms (molecules) increase, the strength of the London force changes.  Does the 

strength of the London force increase or decrease?  Explain your answer. 
 


