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CRYSTALS 
 
 

Section 2A.1 
 
Depth of Treatment: 
Ionic, molecular, metallic and covalent macromolecular crystals – physical 
properties related to the crystal binding forces. 
Crystal structure is determined by scattering of X-rays by the crystal (non-
mathematical treatment only). 
 
Activities: 
Use of models. 
 
Social and Applied: 
Contributions of (1) Braggs: development of x-ray technique for determining 
crystal structure; (2) Dorothy Hodgkin: determination of the crystal structure 
of complex organic molecules e.g. vitamin B12, penicillin (structures not 
required). 
 
The discovery of buckminsterfullerene (structure not required). 
 

 
 
CRYSTALS 
 
A crystal is any solid in which the atoms, ions or molecules from which it 
is made are arranged in a regular three-dimensional structure. The 
surfaces of a crystal are planar and intersect at angles characteristic of the 
substance. 
 
The ordered arrangement of the particles in the crystal is called the crystal 
structure; this is based on a geometrical arrangement of points in space 
known as a lattice. The regular external appearance of a crystal is a 
reflection of the geometrical arrangement of the particles of which it is 
composed. 
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METALLIC CRYSTALS 
A metal consists of a close-packed regular arrangement of positive ions, 
which are surrounded by a ‘sea’ of delocalised electrons that bind the ions 
together. 
 
It is a property of metal atoms that their outermost electrons are relatively 
easy to remove. When two metal atoms are arranged side by side as in a 
metallic crystal, their outer shells overlap.  When many metal atoms are 
arranged closely, a considerable amount of overlap occurs. As a result of 
this the outer electrons of any one metal atom are no longer under the 
exclusive influence of just one nucleus. They are free to move throughout 
the crystal and are no longer located in the outer shell of any one atom. 
They are said to be delocalised. 
 
The movement of the electrons away from their original position leaves 
behind positive ions. These positive ions are not pushed apart by 
repulsion because each cation is attracted to the delocalised electron 
cloud, which surrounds them. 
 
This arrangement often gives great strength to a metal as all of the 
particles are held together tightly. It does however allow the structure to 
change in shape without fracturing. Thus metals are malleable (can be 
hammered) and ductile (can be drawn out under tension). They are also 
good conductors of heat, as when a metal is heated the kinetic energy of 
the electrons is increased and this increase is transmitted through the 
system of delocalised electrons to other parts of the metal. Because the 
outer electrons can move freely, metals are good conductors of electricity. 
Metallic crystals are insoluble in polar covalent and non-polar covalent 
solvents. They are however soluble in mercury – the only liquid metal. 
 

 
The Physical Sciences Initiative                       
 



 
The Physical Sciences Initiative                       
 
 
Type of crystal Strength Melting 

points 
Electrical 
conductivity 

Solubility 

Ionic Hard 
though 
brittle 

High Will conduct 
in the 
molten state 
or in 
solution 

Usually 
soluble in 
polar 
solvents 

Molecular Relatively 
weak 

Low Unable to 
conduct 

Depends on 
the type of 
molecules 

Covalent 
macromolecular

Usually 
hard 

High Unable to 
conduct 

Insoluble 

Metallic Most are 
hard though 
malleable 
and ductile 

Variable Good 
conductors 

Insoluble 
except in 
mercury 

 
CRYSTAL STRUCTURE / X-RAYS 
 
One of the methods by which the structure of a substance may be 
determined is to allow light to shine on it and then examine the light 
which is scattered. This is how we see the world around us. However to 
examine structures at the atomic or molecular scale, the wavelength of the 
radiation used must be comparable to the distances between atoms in a 
substance. The wavelengths of X-rays are suitable for this job. When X-
rays are directed at the surface of a crystal they are scattered from the 
surface and the pattern that is detected can be used to work out the 
structure. 
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History 
 
The exact nature of X-rays was not determined until some time after their 
discovery in 1895 by Wilhelm Rontgen. Some scientists argued that they 
were particulate in nature, while others held that they behaved as waves 
of radiation. If they were wave-like, they should behave in the same way 
as light when passed through a grating of several slits. When light is 
passed through a grating of several slits, the waves will interfere with 
each other and produce a pattern. 
 
Constructive interference occurs when the peaks and troughs of two 
waves coincide. 
Destructive interference occurs when the peaks of one wave coincide with 
the troughs of another. 
 
 
In 1912 the physicist Max von Laue reasoned that if X-rays did behave 
like waves their wavelengths would be very short. Hence the spacings of 
the atoms in a crystal would make a suitable diffraction grating for X-
rays. When Laue and his colleagues fired X-rays at a crystal of copper 
sulfate they found an ordered pattern of spots of differing intensity on a 
photographic plate. Thus they had shown that X-rays behaved as waves. 
 
The British father and son team of William and Lawrence Bragg 
developed the use of the diffraction patterns produced by the Germans to 
elucidate the structure of a crystal.  
 
William Bragg was Professor of Physics at Leeds University and his son 
Lawrence was a research student under J.J. Thompson at Cambridge. 
They were able to construct a simple mathematical relationship between 
the intensity of the spots on the photographic plates, the wavelength of 
the X-rays and the positions of the atoms in a crystal. 
 
They thought of the atoms in the crystal as a series of layers, like oranges 
in a box. Each layer, or plane, could reflect the X-rays like a mirror, if 
they happened to hit an atom. Some X-rays would pass through the 
surface and be reflected from deeper layers. Bragg realised that the 
strongest spots in the diffraction patterns would result when the reflected 
X-rays coincided with each other (constructive interference).  
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If the reflected X-rays were out of phase they would cancel each other out 
(destructive interference). The reflections from the different layers would 
only be in phase if the extra distance travelled by the X-rays reflected 
from the deeper layers is a multiple of their wavelength. This could be 
achieved by adjusting the angle at which the X-rays struck the crystal. 
The positions of the planes of atoms could be deduced from the position 
and intensity of the spots on the photographic plate, the angle at which 
the X-rays struck the plane and the wavelength of the X-rays. 
 
The Braggs used this new technique to show the structure of sodium 
chloride, an achievement that was to win them the Nobel Prize for 
Physics in 1915. 
 
The use of X-ray crystallography, as this new technique became known, 
was linked with the awarding of another Nobel Prize in 1964 to Dorothy 
Hodgkin. Born in Egypt, but educated in England, she obtained her PhD  
at Cambridge in 1937. For her doctoral thesis she studied the X-ray 
diffraction of crystals of the digestive enzyme pepsin. During World War 
II she tackled the problem of penicillin structure. Using an electronic 
computer to carry out the complex calculations the final structure of 
penicillin was determined in 1949. During the 1950s she worked on 
finding the structure of vitamin B12, a molecule which is four times as 
large as penicillin. Despite the use of computers the work took many 
years.  
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BUCKMINSTERFULLERENE 
Until the discovery of fullerenes, textbooks of chemistry said that the 
element carbon had two allotropes, diamond and graphite. 
 
In September 1985 Harry Kroto (University of Sussex) Robert Curl and 
Richard Smalley (Rice University, Texas) used a laser to vaporise atoms 
from a solid graphite disc. The atoms were allowed to cool and condense 
into clusters in the vapour phase, which could then be studied, using mass 
spectrometry. Because peaks corresponding to C60 and C70 dominated the 
spectra obtained, these forms of carbon must have a particular stability. 
The researchers came to the conclusion that C60 was a closed spherical 
cage of carbon atoms similar in shape to the geodesic domes designed by 
the American architect Richard Buckminster Fuller.  
 
C60 consists of a hollow spherically shaped polyhedron composed of 20 
hexagons and 12 pentagons with carbon atoms sitting at the 60 vertices. 
The shape has been compared to a soccer ball. The shape of C70 is more 
elongated like a rugby ball and consists of 25 hexagons. 
 
C60 was named buckminsterfullerene – later shortened in the media to 
‘buckyballs’ after the architect while the new class of molecules was 
given the family name of fullerenes. 
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