
Test yourself
1 Write the electron confi guration of an Fe3+ ion.
2 Defi ne the term coordinate bond.
3 What is a titration used for?
4 Name the platinum-containing drug used in cancer therapy.

Introduction
The transition elements have great importance in both biological and chemical 
systems. Iron is the key element in haemoglobin, the red pigment in blood which 
carries oxygen round the body, and plays a role as an important catalyst in the Haber 
process. Platinum, in cis-platin, is used therapeutically in the treatment of cancer 
and is also used with rhodium and palladium in catalytic converters.

One striking feature of the transition metals is their brightly coloured compounds. 
Rubies are red due to the presence of chromium(III) ions, blue glass is made by the 
addition of cobalt(II), and turquoise gemstones owe their colour to traces of 
copper(II) ions. 

In this module, you will look more closely at the transition elements and explore 
their properties and uses. You will discover that reactions of transition metal ions in 
solution often result in changes in colour. Redox reactions of transition elements in 
titrations can be used to fi nd the iron content of iron tablets and the copper content 
of brass.

Module 3 
Transition elements

UNIT
2
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By the end of this spread, you should be able to …

✱	Deduce the electron confi gurations of atoms and ions of the d-block elements.
✱	Describe the elements Ti–Cu as transition elements.

What are transition metals?
The d-block
The d-block elements are found sandwiched between Group 2 and Group 3 in the 
Periodic Table. Across the d-block, electrons are fi lling d-orbitals and the highest energy 
sub-shell is a d sub-shell (see spread 1.2.4 in AS Chemistry). In this spread we will 
consider the chemistry of the elements titanium to copper in the fi rst row of the d-block.

Transition elements
A transition element is a d-block element that forms at least one ion with an incomplete d 
sub-shell. Scandium and zinc, the fi rst and last members of this row, are not actually 
classed as transition metals because they do not have any ions with partially fi lled 
d-orbitals:
•	 scandium	forms	only	the	Sc3+ ion, in which d-orbitals are empty.
•	 zinc	forms	only	the	Zn2+ ion, in which the d-orbitals are completely full.

Writing electron confi gurations
The electron confi guration of an element is the arrangement of the electrons in an atom 
of the element. Electrons occupy orbitals in order of energy level. Figure 2 shows the 
order of energy levels for the sub-shells making up the fi rst four shells.
•	 The	sub-shell	energy	levels	in	the	third	and	fourth	energy	levels	overlap.
•	 The	4s	sub-shell	fi	lls	before	the	3d	sub-shell.

Figure 1 First row of the d-block
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Key defi nition

A transition element is a d-block 
element that forms an ion with an 
incomplete d sub-shell.

Figure 2 Energy-level diagram 
showing the overlap of the 3d 
and 4s sub-shells
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Examiner tip

Remember that the 4s sub-shell has a 
lower energy than the 3d sub-shell. This 
means that the 4s orbital fi lls before the 
orbitals in the 3d sub-shell. The d-block 
metals will have fi lled their 4s orbital 
before electrons are added to the 3d 
sub-shell.

 2.3 1 Transition metals
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The rules for fi lling orbitals are covered in detail in AS Chemistry spread 1.2.3.

From scandium to zinc, the 3d orbitals are being fi lled. The pattern is regular except for 
chromium and copper, which do not follow the Aufbau principle for placing electrons in 
orbitals:
•	 chromium	–	the	3d	and	4s	orbitals	all	contain	one	electron	with	no	orbital	being	

completely fi lled
•	 copper	–	the	3d	orbitals	are	full,	but	there	is	only	one	electron	in	the	4s	orbital.

In these two elements it is suggested that electron repulsions between the outer electrons 
are minimised, resulting in an increased stability of the chromium and copper atoms.
•	 In	chromium	atoms,	the	4s	and	3d	orbitals	are	all	half-fi	lled.
•	 In	copper	atoms,	the	3d	orbitals	are	all	fi	lled.

The electron confi gurations of the elements from scandium to zinc are shown in Figure 3.

Module 3
Transition elements

Transition metals

Examiner tip

When writing the electron 
confi gurations, the offi cial way is to 
show all the n = 3 sub-shells before the 
n = 4 energy level. In this book, the 
energy levels have been shown in order 
of sub-shell fi lling with the 4s before 
the 3d. Either response is perfectly 
acceptable in exams, so cobalt can be 
shown as:

 1s22s22p63s23p64s23d7

or 1s22s22p63s23p63d74s2

The electron confi gurations of d-block ions
In their reactions, transition element atoms lose electrons to form positive ions. Transition 
metals lose their 4s electrons before the 3d electrons. This seems surprising because the 
4s orbitals are fi lled fi rst. The 3d and 4s energy levels are very close together and, once 
electrons occupy the orbitals, the 4s electrons have a higher energy and are lost fi rst.

When writing the electron confi gurations of the ions, it is easier to start with the electron 
confi guration of the elements and then remove the required number of electrons.

Questions
1 What is the difference between a d-block element and a transition element?
2 Write the electronic confi gurations of the following atoms and ions:
 (a) Cr; (b) Mn2+; (c) Sc3+; (d) Ti.

An iron atom has 26 electrons 
and has an electronic 
confi guration of 
1s22s22p63s23p64s23d6.
•	 To	form	the	3+ ion an iron 

atom has to lose three 
electrons.

•	 Fe3+ will have an electron 
confi guration of 
1s22s22p63s23p63d5.

•	 Fe	has	lost	two	electrons	from	
the 4s sub-shell and one 
electron from the d sub-shell.

A copper atom has 29 electrons 
and its electron confi guration is 
1s22s22p63s23p64s13d10.
•	 To	form	the	2+ ion a Cu atom 

has to lose two	electrons	–	
one from the 4s sub-shell and 
one from the 3d sub-shell.

•	 Cu2+ has an electron 
confi guration of 
1s22s22p63s23p63d9.

Worked example

Examiner tip

When forming ions in transition element 
chemistry, the 4s electrons are always 
removed before any electrons are taken 
from the 3d sub-shells.

Figure 3 Electron confi gurations of the elements scandium to zinc
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1s2 2s2 2p6 3s2 3p6 4s2 3d10
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[Ar] 4s2 3d1
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[Ar] 4s1 3d5
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[Ar] 4s2 3d6

[Ar] 4s2 3d7

[Ar] 4s2 3d8

[Ar] 4s1 3d10

[Ar] 4s2 3d10
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By the end of this spread, you should be able to …

✱	 Illustrate the existence of more than one oxidation state for a transition element in its compounds.
✱	 Illustrate the formation of coloured metal ions.

Physical properties
The transition elements are all metals and display all of the normal metallic properties. 
They are shiny in appearance and have high densities, high melting points and high 
boiling points. When solid, transition metals exist as giant metallic lattices containing 
delocalised electrons, which move to conduct electricity.

Metallic properties account for many of the uses of the transition elements. For example, 
nickel is alloyed with copper for extensive use throughout the world for making ‘silver’ 
coins; titanium is a component of joint replacement parts, including the ball-and-socket 
joints used in hip replacements; iron is cast to make telephone boxes and post boxes, or 
alloyed for use in the construction of buildings and bridges.

Figure 1 The Statue of Liberty is made 
of pure copper sheeting, hung on a 
framework of steel. The exception is the 
fl ame of the torch, which is coated with 
gold leaf. The green appearance of the 
copper comes from copper(II) carbonate, 
formed by reaction of copper with 
atmospheric gases

In addition, transition elements form compounds in which the transition metal has 
different oxidation states. These compounds form coloured solutions when dissolved in 
water and frequently catalyse chemical reactions. These properties are a result of the 
electron	confi	gurations	of	the	transition	elements	–	in	particular,	partially	fi	lled	d-orbitals.

Variable oxidation states
The transition elements from titanium to copper all form ions with two or more oxidation 
states. They all form compounds with ions in the +2 oxidation state. In most cases, this 
is the result of losing the two electrons from the 4s orbital. The 4s electrons are lost fi rst 
because they are in the highest occupied energy level. However, because the 3d and 4s 
energy levels are so close in energy, the 3d electrons can also be lost when an atom 
forms a stable ion.

Figure 3 Coloured compounds of iron in 
different oxidation states

 2.3 2  Properties of transition metal 
compounds

Figure 2 Transition metals are used in a wide variety of applications
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You need to be able to work out the oxidation numbers of the transition element ions 
found in compounds. To do this you need to use the rules for determining oxidation 
number introduced in AS Chemistry	spread	1.1.14	–	these	rules	are	summarised	in	
spread 2.2.9. The main oxidation numbers of the fi rst row of the d-block elements are 
shown in Figure 4; the colours of the commonest ions are also shown.

Module 3
Transition elements

Properties of transition metal 
compounds

Figure 5 Crystals of potassium 
manganate(VII) and potassium 
dichromate(VI)

Figure 4 Oxidation numbers and colours of the common 
d-block metal ions

Sc Ti V Cr Mn Fe Co Ni Cu Zn

�2 �2 �2 �2 �2 �2 �2 �2 �2

�3 �3 �3 �3 �3 �3 �3 �3

�4 �4 �4 �4 �4 �4

�5 �5 �5 �5 �5

�6 �6

�7

�6

�5

�4

�3

Examiner tip

You are not required to explain the 
colour of transition metal ions in 
solutions. However, you should know 
some of the colours associated with the 
transition metal ions in solution.

The highest oxidation state of a transition element is often found in a strong oxidising 
agent. Manganese forms a compound called potassium permanganate, KMnO4, a purple 
solid used as an oxidising agent in redox titrations. Chromium is found in potassium 
dichromate, K2Cr2O7, an orange crystalline solid that acts as an oxidising agent in the 
preparation of aldehydes and ketones from alcohols. In these compounds, manganese 
and chromium have their maximum oxidation states of +7 and +6, respectively.

The systematic names of these compounds show the oxidation states:
•	 potassium	manganate(VII),	KMnO4:  oxidation number of Mn = +7
•	 potassium	dichromate(VI),	K2Cr2O7:  oxidation number of Cr = +6.

Coloured compounds
When white light passes through a solution containing transition metal ions, some of the 
wavelengths of visible light are absorbed. The colour that we observe is a mixture of the 
wavelengths of light that have not been absorbed. For example, a solution of copper(II) 
sulfate appears pale blue because the solution absorbs the red/orange region of the 
electromagnetic spectrum and refl ects or transmits the blue.

Many coloured inorganic compounds contain transition metal ions. In fact, it is quite 
diffi cult to fi nd coloured inorganic compounds that do not contain transition metal ions. 
Colour in inorganic chemistry is linked to the partially fi lled d-orbitals of transition metal 
ions.

Scandium(III) has the electron confi guration 1s22s22p63s23p6 and is colourless in aqueous 
solution. Scandium(III) is formed from scandium (1s22s22p63s23p64s23d1) by the loss of 
two 4s electrons and one 3d electron. There is no partially fi lled d-orbital and there is no 
colour.

Questions
1 State three properties of the transition elements.
2	 Zinc	is	considered	to	be	a	d-block	element	and	forms	an	ion	Zn2+. Suggest and 

explain the colour of solutions containing this ion.
3 What is the oxidation state of vanadium in V2O5 and in VO2+?
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By the end of this spread, you should be able to …

✱	 Illustrate the catalytic behaviour of the transition elements and/or their compounds.
✱	Describe the simple precipitation reactions of Cu2+(aq), Co2+(aq), Fe2+(aq) and Fe3+(aq) with 

aqueous sodium hydroxide.

Transition metals as catalysts
A catalyst is a substance that increases the rate of a chemical reaction by providing an 
alternative	route	for	the	reaction	to	follow	–	the	alternative	route	has	a	lower	activation	
energy. You will have already met some examples of catalysts during your AS chemistry 
course, and the basic principles of catalysis can be found in AS Chemistry spread 2.3.11.

Transition metals and their compounds are very effective catalysts. There are two main 
ways in which this catalysis takes place.
•	 Transition	metals	provide	a	surface	on	which	a	reaction	can	take	place.	Reactants	

are adsorbed onto the surface of the metal and held in place while a reaction occurs. 
After	the	reaction,	the	products	are	desorbed	and	the	metal	remains	unchanged	–	
see AS Chemistry spread 2.4.6.

•	 Transition	metal	ions	have	the	ability	to	change	oxidation	states	by	gaining	or	losing	
electrons. They then bind to reactants forming intermediates as part of a chemical 
pathway with a lower activation energy.

Outlined below are some important chemical reactions that are catalysed by transition 
metals or their compounds.

Haber process
The Haber process is used to make ammonia, NH3, from the reaction of nitrogen and 
hydrogen.
•	 N2(g) + 3H2(g) Y 2NH3(g)
•	 The	catalyst	is	iron	metal	–	it	is	used	to	increase	the	rate	of	reaction	and	to	lower	the	

temperature at which the reaction takes place.

Much of the ammonia produced in the Haber process is used in manufacturing fertilisers.

Contact process
The contact process is used to convert sulfur dioxide, SO2, into sulfur trioxide, SO3, in 
the manufacture of sulfuric acid, H2SO4.
•	 2SO2(g) + O2(g) Y 2SO3(g)
•	 The	catalyst	used	is	vanadium(V)	oxide,	V2O5, in which vanadium has the +5 oxidation 

state.

Sulfuric acid is an important inorganic chemical with many uses, including the production 
of fertilisers, detergents, adhesives and explosives, and as the electrolyte in car batteries.

Hydrogenation of alkenes
Hydrogen can be added across the C=C double bonds in unsaturated compounds to 
make	saturated	compounds	–	the	process	is	called	hydrogenation.

Figure 1 View through the element of a 
catalytic converter from a car exhaust. 
The inner surface is coated with an alloy 
containing platinum, rhodium and 
palladium

 2.3 3 Catalysis and precipitation

•	 The	catalyst	is	nickel	metal	–	it	is	used	to	lower	the	temperature	and	pressure	needed	
to carry out the reaction.

Figure 3 Hydrogenation of the C=C bond in alkenes

C C

H

HH

H

C C H

H

H

H

H

H

H2�

Figure 2 Sample	of	vanadium(V)	oxide	–	
used as the catalyst in the contact 
process
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This process is used in the hydrogenation of unsaturated vegetable oils to make 
spreadable	margarines	–	see	AS Chemistry spread 2.1.17.

Decomposition of hydrogen peroxide
Hydrogen peroxide decomposes slowly at room temperature and pressure into water 
and oxygen. A catalyst is added to increase the reaction rate.
•	 2H2O2(aq) → 2H2O(l) + O2(g)
•	 A	suitable	catalyst	is	manganese(IV)	oxide,	MnO2, in which manganese has the +4 

oxidation state. Manganese(IV) oxide is commonly called manganese dioxide.

The catalytic decomposition of hydrogen peroxide is often used in the laboratory as a 
simple and convenient preparation of oxygen gas.

Precipitation reactions
A precipitation reaction is one in which soluble ions, in separate solutions, are mixed 
together	to	produce	an	insoluble	compound	–	this	settles	out	of	solution	as	a	solid.	
The insoluble compound is called a precipitate.

Transition metal ions in aqueous solution react with aqueous sodium hydroxide, 
NaOH(aq), to form coloured precipitates. A blue solution of copper(II) ions reacts with 
aqueous sodium hydroxide to form a pale blue precipitate of copper(II) hydroxide, as 
shown in Figures 5 and 6. The equation for the reaction is:

Cu2+ (aq) + 2OH–(aq) → Cu(OH)2 (s)
pale blue pale blue
solution precipitate

Cobalt(II), iron(II) and iron(III) ions also form precipitates with sodium hydroxide, and these 
reactions are detailed in the table below and in Figures 5 and 6.

Ion Observation with NaOH Equation

Co2+(aq) Pink solution containing Co2+(aq) reacts 
to form a blue precipitate – turning 
beige in the presence of air

Co2+(aq) + 2OH–(aq) → Co(OH)2(s)

Precipitate is cobalt(II) hydroxide

Fe2+(aq) Pale green solution containing Fe2+(aq) 
forms a green precipitate – turning a 
rusty brown at its surface on standing 
in air*

Fe2+(aq) + 2OH–(aq) → Fe(OH)2(s)

Precipitate is iron(II) hydroxide

Fe3+(aq) Pale yellow solution containing Fe3+(aq) 
forms a rusty-brown precipitate

Fe3+(aq) + 3OH–(aq) → Fe(OH)3(s)

Precipitate is iron(III) hydroxide

* The precipitate changes colour because green Fe2+ ions are readily oxidised to rusty-brown Fe3+ ions.

Questions
1 What do you understand by the term catalyst?
2 Give an example of a chemical reaction that uses a transition metal compound as a 

catalyst.
3 A solution of an iron salt reacts with aqueous sodium hydroxide to form a red-brown 

precipitate. What is the iron ion present? What is its oxidation number?
4 Nickel is a transition element that forms an ion with an oxidation state of +2. Write an 

equation for the reaction of an aqueous solution containing this ion with aqueous 
sodium hydroxide.

Module 3
Transition elements

Catalysis and precipitation

Figure 4 Hydrogen peroxide is rapidly 
decomposed into water and oxygen in 
the presence of manganese dioxide 
catalyst

Figure 5 Solutions of Co2+(aq), Fe2+(aq), 
Fe3+(aq) and Cu2+(aq)

Figure 6 Precipitates of Co(OH)2(s), 
Fe(OH)2(s), Fe(OH)3(s) and Cu(OH)2(s)
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By the end of this spread, you should be able to …

✱	Explain the term ligand and its role in coordinate bonding.
✱	Describe and use the terms complex ion and coordination number.
✱	State and give examples of complexes with six-fold coordination with an octahedral shape.

Complex ions
In solution, the ions of transition metals form complex ions. A complex ion consists of a 
central metal ion surrounded by ligands.
•	 A	ligand is a molecule or ion which donates a pair of electrons to the central metal ion 

to form a coordinate or dative covalent bond.
•	 A	coordinate bond is one in which one of the bonded atoms provides both electrons 

for the shared pair. A coordinate bond is the name commonly used in transition metal 
chemistry for a dative covalent bond.

•	 The	transition	metal	ion	accepts	the	pair	of	electrons	from	the	ligand	in	forming	the	
coordinate bond.

An example of a complex ion is [Cu(H2O)6]2+. The central metal ion is Cu2+ and the ligands 
are molecules of water, H2O. Each water molecule donates a lone pair of electrons from 
its oxygen atom to the Cu2+ ion to form a coordinate bond.

In a complex ion, the coordination number indicates the number of coordinate bonds to 
the central metal ion. In the complex ion [Cu(H2O)6]2+, the coordination number is 6 
because there are six coordinate bonds in total from the ligands to the Cu2+ ion.

In the formula of the complex ion:
•	 square	brackets	group	together	the	species	making	up	the	complex	ion
•	 the	overall	charge	is	shown	outside	the	brackets.

The overall charge is the sum of the individual charges of the transition metal ion and 
those of the ligands present in the complex. The six coordinate bonds in the complex ion 
Fe(H2O)6]2+ are shown in Figure 1.

Key defi nitions

A complex ion is a transition metal ion 
bonded to one or more ligands by 
coordinate bonds (dative covalent 
bonds).

A ligand is a molecule or ion that can 
donate a pair of electrons with the 
transition metal ion to form a coordinate 
bond.

The coordination number is the total 
number of coordinate bonds formed 
between a central metal ion and its 
ligands.

Name of 
ligand

Formula Charge

Water :OH2 None – 
neutral 
ligand

Ammonia :NH3 None – 
neutral 
ligand

Thiocyanate :SCN– –1

Cyanide :CN– –1

Chloride :Cl– –1

Hydroxide :OH– –1

Common ligands
All ligands have one or more lone pairs of electrons in their outer energy level. Some 
ligands	are	neutral	and	carry	no	charge	–	other	ligands	are	negatively	charged.	Each	of	
the ligands in Figure 2 is a monodentate ligand	–	this	means	that	the	ligand	donates	
just one pair of electrons to the central metal ion to form one coordinate bond.

 2.3 4 Transition metals and complex ions

Fe

2�

H2O

H2O OH2

OH2

OH2

OH2

Figure 1 Complex ion [Fe(H2O)6]2+	–	each	of	the	six	H2O 
ligands forms one coordinate (dative covalent) bond to 
the central metal ion. The shapes of six-coordinate 
complex ions are discussed on the next page

State the formula and charge of the complex ion made from one titanium(III) ion 
and six water molecules.

[Ti(H2O)6]3+

 The formula shows that six H2O ligands are bonded to one titanium(III) ion. 
As water is a neutral ligand, the overall charge on the ion is the same as the 
transition metal ion, which is +3.

Worked example
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Shapes of complex ions
Complex ions exist in a number of different shapes, but by far the most common is the 
octahedral shape. Octahedral complexes have six coordinate bonds attached to the 
central ion. The outer face of the shape is an eight-sided octahedron. In an octahedral 
complex, four of the ligands are in the same plane, one ligand is above the plane and 
the remaining ligand below the plane. All bond angles are 90°.

When cobalt(II) salts are dissolved in water, a pale pink solution is formed containing the 
octahedral complex ion [Co(H2O)6]2+	–	Figure	2	shows	its	shape.

Module 3
Transition elements

Transition metals and complex ions

In the diagram above:
•	 the	solid	wedge	bonds	come	out	of	the	plane	of	the	paper,	towards	you
•	 the	hatched	wedge	bonds	go	into	the	plane	of	the	paper,	away	from	you
•	 the	ligands	attached	by	the	wedge	bonds	are	at	the	corners	of	a	square,	with	each	

bond separated by 90°
•	 the	solid	lines	represent	bonds	in	the	plane	of	the	paper
•	 the	‘solid	bonds’	are	separated	from	each	wedge	bond	by	90°.

Questions
1 State the formula and charge of each of these complex ions:

(a) one cobalt(II) ion and four chloride ions;
(b) one iron(III) ion, fi ve water molecules and a chloride ion.

2 In the complex ion [Cu(NH3)4(H2O)2]2+, ammonia molecules and water molecules are 
both ligands. Why can water behave as a ligand?

3 Using any stated complex ion, show what is meant by the term coordination number.

Figure 2 [Co(H2O)6]2+ is an octahedral complex ion

2�

Co

H2O

H2O OH2

OH2

OH2

OH2

Examiner tip

In exams you are expected to be able 
draw a three-dimensional diagram for a 
complex ion, such as the diagram on 
the left in Figure 2.

Transition metal complex ions are 
drawn using wedge-shaped bonds, 
which indicate bonds coming out of the 
plane of the paper. Hatched lines show 
bonds going into the paper. Solid lines 
are in the plane of the paper.

What is the oxidation number of the transition metal in the complex ion 
[Co(H2O)5Cl]+?

This complex ion has fi ve neutral water ligands with no charge, and one chloride 
ligand	with	a	charge	of	–1.

Overall the complex ion has a 1+ positive charge. 

Co (H2O)5 Cl– Overall charge

? 5 × 0 –1 +1

In [Co(H2O)5Cl]+, cobalt must have the oxidation state +2 to give the overall 
charge of +1.

Worked example
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By the end of this spread, you should be able to …

✱	Describe stereoisomerism in transition metal complexes using examples of cis–trans and 
optical isomerism.

✱	Describe the use of cis-platin as an anti-cancer drug, and its action by binding to DNA.

What is a stereoisomer?
You met isomerism in AS Chemistry spread 2.1.7, and stereoisomerism and optical 
isomerism in spread 1.2.3 of this book. The focus there was on organic chemistry, but 
isomerism is also found among the complexes of the transition elements.

There are two types of stereoisomerism in transition element chemistry:
•	 cis–trans isomerism
•	 optical	isomerism.

The defi nition for stereoisomerism must be broadened to accommodate both organic 
molecules and transition metal complexes:
•	 stereoisomers	are	molecules	or	complexes	with	the	same	structural	formula	but	with	a	

different spatial arrangement of these atoms.

In transition element chemistry, it is possible to have stereoisomers from complexes 
containing	all	types	of	ligands	–	monodentate,	bidentate	and	multidentate.	You	will	meet	
bidentate and multidentate ligands in spread 2.3.6.

Cis–trans isomerism
Some octahedral complex ions contain two different ligands, with four of one ligand and 
two of another. These complex ions can exist as cis and trans isomers.

The earliest examples of stereoisomerism involved Co3+ complex ions. In 1889, Sophus 
Mads Jorgensen, a Danish scientist, observed that some complex ions could form salts 
that had different colours.

However it was Alfred Werner, a Swiss chemist, who succeeded in explaining the 
existence of two isomers of [Co(NH3)4Cl2]+. Werner proposed that there were two isomers 
of this ion, one of which was purple and the other green. He suggested that the cobalt(III) 
ion is surrounded by four NH3 ligands and two Cl– ligands at the corners of an octahedron.

He called the purple isomer ‘cis’:
•	 the	two	Cl– ligands are at adjacent corners of the octahedron
•	 the	two	Cl– ligands are at 90° to one another.

He called the green isomer ‘trans’:
•	 the	two	Cl– ligands are at opposite corners of the octahedron
•	 the	two	Cl– ligands are at 180° to one another.

The cis and trans isomers of [Co(NH3)4Cl2]+ are shown in Figure 2.Figure 1 Alfred Werner, one of the 
pioneers of transition element chemistry

 2.3 5 Stereoisomerism in complex ions

Key defi nition

Stereoisomers are species with the 
same structural formula but with a 
different arrangement of the atoms in 
space.

Figure 2 Cis–trans isomerism in [Co(NH3)4Cl2]+
Cis Trans

Ni

H3N

Cl NH3

NH3

Cl

NH3

Ni

H3N

H3N NH3

NH3

Cl

Cl
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Cis–trans isomerism in four-coordinate complexes
Cis–trans isomerism is also possible in some four-coordinate complexes with a square 
planar shape. In this shape, the ligands are arranged at the corners of a square. This 
structure is rather like an octahedral complex, but without the ligands above and below 
the plane. For cis–trans isomerism, the complex must contain two different ligands, with 
two of one ligand and two of another. Figure 3 shows the structures of the cis and trans 
isomers of [NiCl2(NH3)2].

Module 3
Transition elements

Stereoisomerism in complex ions

Figure 3 Cis–trans isomerism in [NiCl2(NH3)2]

Cis

Ni

Cl

H3N NH3

Cl

Trans

Ni

Cl

H3N Cl

NH3

Questions
1	 What	kind	of	stereoisomers	can	be	formed	by	the	complex	ion	[Ru(H2O)4Cl2]+? 

Draw diagrams to illustrate your answer.
2 Defi ne the term stereoisomers.

Cis-platin is one of the most effective drugs against many forms of cancer. Cis-platin is 
the cis-isomer of a platinum complex, [PtCl2(NH3)2].

Cells divide to make more cells of the same type. Before 
cell division, a copy is made of the DNA present in the 
cell. After cell division, two new cells are formed, each 
containing the same DNA. Cancer is spread throughout 
an organism by cell division of a cancerous cell that can 
reproduce itself. It is believed that cis-platin acts by 
binding to the DNA of fast-growing cancer cells. This 
alters the DNA in the cancerous cells. It is generally believed that the cells are 
prevented from reproducing by these changes to the DNA structure. Activation of a 
cell’s own repair mechanism eventually leads to the death of the cancer-containing cell. 
There are also several other theories for the action of cis-platin – showing that the 
science involved is currently uncertain.

The use of cis-platin is the basis for modern chemotherapy treatment of cancer. 
Unfortunately, treatment is associated with some unpleasant side effects.

Cis-platin is a very effective drug, but scientists have now developed a new generation 
of compounds with lower doses and fewer side effects. The most common of these is 
carboplatin, which was developed in the late 1980s to treat advanced ovarian cancer. It 
slows cancer growth by reacting with a cell’s DNA.

Transition metal complexes in medicine

Figure 4 Structure of cis-platin

Cis-platin

Pt

Cl

H3N NH3

Cl

Figure 5 Structure of carboplatin. Can you spot where the platinum is? 
Do some research to fi nd out what the other atoms are in the structure
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By the end of this spread, you should be able to …

✱	Explain and use the term bidentate ligand (e.g. NH2CH2CH2NH2, ‘en’).
✱	Describe stereoisomerism in transition element multidentate complexes using examples of 

cis–trans and optical isomerism.

Bidentate ligands
Some ligands are bidentate	–	this	means	that	the	ligand	can	donate	two	lone	pairs	of	
electrons to the central metal ion to form two coordinate bonds. The most common 
bidentate ligand is ethane-1,2-diamine, NH2CH2CH2NH2, often shortened to ‘en.’ Each 
nitrogen atom in a molecule of NH2CH2CH2NH2 donates its lone pair to the metal ion.

Bidentate ligands can also form octahedral complexes. Figure 1 shows [Ni(en)3]2+, an 
example of an octahedral transition metal ion containing a bidentate ligand:
•	 each	‘en’	ligand	forms	two	coordinate	bonds	to	the	central	metal	ion
•	 there	are	three	‘en’	ligands	giving	a	total	of	3	×	2	=	6	coordinate	bonds
•	 the	coordination	number	is	6.

Cis–trans isomerism from bidentate ligands
Octahedral complexes containing bidentate ligands can also show cis–trans isomerism. 
The complex ion [Cr(C2O4)2(H2O)2]– has cis and trans isomers.

Figure 2 shows the ethanedioate ion, C2O4
2–, which is the bidentate ligand present in this 

complex ion.

The cis and trans isomers of [Cr(C2O4)2(H2O)2]– are shown in Figure 3.
Figure 2 Structure of the ethanedioate 
ligand, C2O4

2–. Each O– in the ion can 
form a coordinate bond with a transition 
metal ion

C C

O–

OO

–O

 2.3 6 Bidentate and multidentate ligands

Figure 3 Cis and trans isomers of [Cr(C2O4)2(H2O)2]–
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Figure 1 Complex ion [Ni(en)3]2+ 
(or [Ni(NH2CH2CH2NH2)3]2+)

Ni

NH2

NH2

NH2

N
H2

H2N

H2N

H2
C

H2C

CH2

CH2

H2C

C
H2

2�

179 A2 chemistry.U2 M3.indd   212 12/11/08   17:29:56



213

A hexadentate ligand
A hexadentate ligand has six lone pairs of electrons, each forming a coordinate bond to 
a metal ion in a complex ion. One example of a hexadentate ligand is 
ethylenediaminetetraacetic acid, shortened to EDTA. EDTA exists in complexes as the 
ion EDTA4–.

EDTA is used to bind metal ions and is known as a chelating agent. This means that 
EDTA decreases the concentration of metal ions in solutions by binding them into a 
complex.

Module 3
Transition elements

Bidentate and multidentate ligands

Figure 4 EDTA4–	–	note	the	six	pairs	of	
electrons, each of which can form a 
coordinate bond

CH2COO�

N CH2CH2 N

CH2COO�

�OOCCH2

�OOCCH2

Question
1 The compound [Co(H2O)2(NH2CH2CH2NH2)2]2+ can form a pair of optical isomers. Draw 

diagrams to show the two isomers.

Optical isomers
Optical isomerism in transition element chemistry is associated with octahedral 
complexes that contain multidentate ligands.

The requirements for optical isomerism are:
•	 a	complex	with	three	molecules	or	ions	of	a	bidentate	ligand	–	e.g.	[Ni(en)3]2+

•	 a	complex	with	two	molecules	or	ions	of	a	bidentate	ligand,	and	two	molecules	or	ions	
of	a	monodentate	ligand	–	e.g.	[Co(en)2Cl2]

•	 a	complex	with	one	hexadentate	ligand	–	e.g.	[Cu(EDTA)]2–

Optical isomers are non-superimposable mirror images of each other (see spread 1.2.3). 
Optical	isomers	rotate	plane-polarised	light	differently	–	one	of	the	isomers	rotates	the	
light clockwise and the other rotates the light anti-clockwise. A mixture containing equal 
amounts of the two isomers has no effect on plane-polarised light because the rotations 
cancel out.

Optical isomerism can be seen in the structures of the two isomers of 
[Ni(NH2CH2CH2NH2)3]2+, shown in Figure 5.

The ability of EDTA to bind to metals is exploited in industry, and EDTA is used in many 
different consumer products:
•	 in detergents – it binds to calcium and magnesium ions to reduce hardness in water
•	 in some foods – as a stabiliser to remove metal ions that might catalyse the 

oxidation of the product
•	 in medical applications – it is added to blood samples to prevent clotting and used to 

treat patients suffering from lead and mercury poisoning.

Uses of EDTA

Figure 5 Optical isomers of [Ni(NH2CH2CH2NH2)3]2+
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By the end of this spread, you should be able to …

✱	Describe the process of ligand substitution.
✱	Describe examples of ligand substitution using [Cu(H2O)6]2+ and [Co(H2O)6]2+ with ammonia and 

chloride ions.

Ligand substitution reactions
A ligand substitution reaction is one in which a ligand in a complex ion is replaced by 
another ligand. In many ligand substitution reactions, water molecules in an aqueous 
solution of a complex ion are replaced by another ligand.

The reaction of aqueous copper(II) ions and ammonia
An aqueous solution of copper(II) ions contains [Cu(H2O)6]2+ complex ions which have a 
characteristic pale blue colour. When an excess of aqueous ammonia solution is added, 
the pale blue solution changes colour and a deep blue solution forms. This can be 
represented by the equilibrium equation:

[Cu(H2O)6]2+(aq) + 4NH3(aq) Y [Cu(NH3)4(H2O)2]2+(aq) + 4H2O(l)
pale blue solution deep blue solution

In the reaction, four of the water ligands are replaced by four ammonia ligands. Ligand 
substitution has taken place because one type of ligand has been replaced by another 
ligand.

The product, [Cu(NH3)4(H2O)2]2+, has six ligands is an octahedral complex ion. The shape 
of	the	product	is	shown	in	Figure	1.	The	copper–oxygen	bonds	are	longer	than	the	
copper–nitrogen	bonds,	so	the	shape	is	strictly	described	as	a	distorted	octahedral	shape.

If you carry out this experiment in the laboratory you will observe two changes. On 
addition of a small amount of ammonia, a pale blue precipitate of copper(II) hydroxide, 
Cu(OH)2, forms. This is the precipitation reaction that you saw in spread 2.3.3. On 
addition of an excess of aqueous ammonia, the pale blue precipitate dissolves and a 
deep blue solution is formed containing [Cu(NH3)4(H2O)2]2+ ions. These colour changes 
are shown in Figure 2.

Key defi nition

Ligand substitution is a reaction in 
which one ligand in a complex ion is 
replaced by another ligand.

Figure 1 Octahedral shape of 
[Cu(NH3)4(H2O)2]2+

2�

Cu
H3N

H3N NH3

NH3

OH2

OH2

 2.3 7 Ligand substitution in complexes

Figure 2 Stepwise reaction of aqueous copper(II) ions with aqueous ammonia

[Cu(H2O)6]2� [Cu(NH3)4(H2O)2]2�Cu(OH)2[Cu(H2O)6]2� [Cu(NH3)4(H2O)2]2�Cu(OH)2[Cu(H2O)6]2� [Cu(NH3)4(H2O)2]2�Cu(OH)2
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The reaction of copper(II) ions and hydrochloric acid
When concentrated hydrochloric acid is added to an aqueous solution containing 
copper(II) ions, the pale blue solution initially forms a green solution before fi nally turning 
yellow. This reaction exists in equilibrium and can be reversed by adding water to the 
yellow solution to return it to the original blue colour.

This can be represented by the equilibrium equation:

[Cu(H2O)6]2+(aq) + 4Cl–(aq) Y [CuCl4]2–(aq) + 6H2O(l)
pale blue solution yellow solution

Note that the [Cu(H2O)6]2+ complex ion has six ligands, but the [CuCl4]2– 
complex ion has only four ligands. This occurs because the chloride 
ligands are larger than the water ligands and have stronger repulsions, 
so fewer chloride ligands can fi t around the central metal ion. [CuCl4)2– 
has a tetrahedral shape, as in a CH4 molecule.

Because the reaction is an equilibrium system, you can apply le 
Chatelier’s principle to predict how the colour of the solution changes 
when the reaction conditions are modifi ed.

The colours in this equilibrium are shown in Figure 3.

The reaction of cobalt(II) ions and concentrated hydrochloric acid
An aqueous solution of cobalt(II) ions contains [Co(H2O)6]2+ complex ions, which have a 
characteristic pale pink colour. If concentrated hydrochloric acid is added, the solution 
forms a dark blue solution. The concentrated hydrochloric acid providing a high 
concentration of chloride ions. The six water molecules in the complex ion are replaced 
by four chloride ions.

The reaction is reversible and can be represented by the equilibrium equation:

[Co(H2O)6]2+(aq) + 4Cl–(aq) Y [CoCl4]2–(aq) + 6H2O(l)
pink solution blue solution

The changes in this equilibrium are shown in Figure 4.

Module 3
Transition elements

Ligand substitution in complexes

Examiner tip

The green solution often observed at the 
end of the reaction is the mixing of the 
blue and yellow colours in the 
equilibrium system. Some students are 
impatient and fail to add the chloride to 
excess. If excess chloride ions are 
added, the solution will appear yellow – 
and that is the correct observation!

Figure 3 Equilibrium reaction of aqueous copper(II) ions 
with chloride ions

Questions
1 What do you understand by the term ligand substitution?
2 A solution of ammonia was slowly added to an aqueous solution containing copper(II) 

ions until the ammonia was in excess. Initially a pale blue precipitate formed, followed 
by the formation of a deep blue solution.
(a) Identify the pale blue precipitate and write an equation for its formation.
(b) Write the formula of the complex ion in the deep blue solution.

3 A test tube holding the equilibrium system shown below was placed in a beaker of ice 
and the colour of the solution changed from blue to pink.

[Co(H2O)6]2+(aq) + 4Cl–(aq) Y [CoCl4]2–(aq) + 6H2O(l)

 On heating, the solution turned blue. Using these observations, state whether the 
forward reaction is exothermic or endothermic. Explain your answer.

Figure 4 Equilibrium reaction 
of aqueous cobalt(II) ions with 
chloride ions
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By the end of this spread, you should be able to …

✱	Explain the biochemical importance of iron in haemoglobin, including ligand substitution.
✱	Use and understand the term stability constant, Kstab.
✱	Deduce expressions for Kstab of ligand substitutions and understand that a large Kstab results in 

formation of a stable complex ion.

Haemoglobin and ligand substitution
A tiny drop of blood contains millions of red blood cells, which are responsible for 
carrying	oxygen	around	the	body.	Red	blood	cells	carry	oxygen	effi	ciently	because	they	
contain haemoglobin, a complex protein composed of four polypeptide chains.

Each protein chain contains four non-protein components called haem groups. Each 
haem group has an Fe2+	ion	at	its	centre	–	oxygen	can	bind	to	the	Fe2+ ion. This allows 
haemoglobin to carry out its function of transporting oxygen around the body.

When the Fe2+ ion in each haem group is bound to oxygen, the haem group is red in 
colour. As blood passes through the lungs, the haemoglobin picks up oxygen and 
carries	it	to	the	cells,	where	it	can	be	released.	Red	blood	cells	can	also	pick	up	carbon	
dioxide as a waste product to be transported back to the lungs, where it is released.

Figure 3 shows the coordinate bonds formed around the Fe2+ ions in a haem group.
•	 There	are	four	coordinate	bonds	between	the	Fe2+ ion and the nitrogen atoms in the 

haem structure.
•	 A	further	coordinate	bond	is	formed	to	the	protein	globin.
•	 A	fi	nal	coordinate	bond	can	form	to	an	oxygen	molecule,	which	is	then	transported.

Carbon monoxide – the silent killer?
Carbon monoxide and oxygen can both bind to haemoglobin at the same binding site. 
Unfortunately, carbon monoxide binds more strongly to the haemoglobin than oxygen. If 
both carbon monoxide and oxygen are present in the lungs, carbon monoxide will bind 
to	the	haemoglobin	–	leaving	fewer	haemoglobin	molecules	to	bind	to	oxygen	molecules.	
Tissues can then be starved of oxygen because carbon monoxide rather than oxygen is 
being carried round the body. The reaction is an example of ligand substitution because 
carbon monoxide molecules can replace oxygen molecules in haemoglobin.

To	make	matters	worse,	this	ligand	substitution	is	irreversible	–	once	on	a	haem	group,	a	
carbon monoxide molecule cannot be removed and the haemoglobin is useless.

Carbon monoxide is formed during the incomplete combustion of carbon-containing 
fuels. It is a colourless and odourless gas, so we have no warning if it is present in the air 
around us. Sensors, rather like smoke detectors, are available to give some warning of 
this silent killer. Low levels of carbon monoxide in the blood can cause headaches, 
nausea and potential suffocation. Burning tobacco releases the gas and this is one of the 
reasons why long-term smokers become short of breath.

Stability constants
In spread 2.1.8, you learned how to write expressions for the equilibrium constant, Kc, in 
terms of concentration. When chloride ions are added to an aqueous solution of some 
transition metal ions, an equilibrium is set up. This example involves [Co(H2O)6]2+ ions:

[Co(H2O)6]2+(aq) + 4Cl–(aq) Y [CoCl4]2–(aq) + 6H2O(l)

Figure 1 Scanning electron micrograph 
of	red	blood	cells	–	these	biconcave,	
disc-shaped cells transport oxygen from 
the lungs to all the cells in the body

Figure 2 Haemoglobin is an oxygen-
carrying molecule found in red blood 
cells. It consists of four polypeptide 
chains (blue); each chain carries a haem 
complex (purple) capable of reversibly 
binding oxygen. At its centre, the haem 
group contains an iron(II) ion, which binds 
one oxygen molecule

Examiner tip

For information only: a prosthetic group 
is a non-protein component of a 
complete protein that is important for 
the protein’s biological activity.

Figure 3 Part of the structure of 
haemoglobin showing the coordinate 
bonds formed to the central metal ion
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N
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 2.3 8  Ligand substitution and stability 
constants
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An expression for Kc can be written for this reaction. However, we use the term stability 
constant, Kstab, rather than Kc.

Kstab =   
[CoCl42–]

  ________________  
[[Co(H2O)6]2+][Cl–]4

  

Note that water has been left out of the expression for Kstab. This is common practice 
because all the species are dissolved in water, which is in large excess and its 
concentration is virtually constant.

Module 3
Transition elements

Ligand substitution and stability 
constants

Questions
1 How many molecules of oxygen can one molecule of haemoglobin 

carry?
2 Write an expression for Kstab for the following equilibrium system:

[Ni(H2O)6]2+(aq) + 6NH3(aq) Y [Ni(NH3)6]2+(aq) + 6H2O(l)

3 Which of the following complexes is the more stable?

[Co(NH3)6]2+, Kstab	=	1.34	×	105 dm18 mol–6, 
or [Ni(NH3)6]2+, Kstab	=	8.96	×	108 dm18 mol–6

Key defi nition

The stability constant, Kstab, is the 
equilibrium constant for an equilibrium 
existing between a transition metal ion 
surrounded by water ligands and the 
complex formed when the same ion has 
undergone a ligand substitution.

The value of Kstab

A large value of Kstab indicates that the position of an equilibrium lies to the right. Complex 
ions with high stability constants are more stable than those with lower values. A large 
value of a stability constant shows that the ion is easily formed.

Tables of Kstab values are available. These usually compare the stability of complexes with 
those containing H2O ligands.

It is possible to calculate values for Kstab and for the concentrations of the ions in a 
solution given appropriate data.

Write an expression for the stability constant, Kstab, for the following equilibrium 
and deduce the units for Kstab.

[Cu(H2O)6]2+(aq) + 4NH3(aq) Y [Cu(NH3)4(H2O)2]2+(aq) + 4H2O(l)

Kstab =   
[ [Cu(NH3)4(H2O)2]2+ ]

  __________________  
[ [Cu(H2O)6]2+ ] [NH3]4

      mol dm–3

  ___________________  
(mol dm–3)(mol dm–3)4

   = dm12 mol–4

Worked example 1

The following system is set up and allowed to reach equilibrium:

[Cu(H2O)6]2+(aq) + 4Cl–(aq) Y [CuCl4]2–(aq) + 6H2O(l)

At 25 °C,	the	equilibrium	mixture	contained	1.17	×	10–5 mol dm–3 
[Cu(H2O)6]2+ and 0.800 mol dm–3 Cl–. Kstab	=	4.17	×	105 dm12 mol–4.

Write an expression for Kstab and calculate the concentration of the 
[CuCl4]2– at equilibrium.

Kstab =   
[ [CuCl4]2– ]

  _________________  
[ [Cu(H2O)6]2+ ] [Cl–]4

  

4.17	×	105 dm12 mol–4	=   
[ [CuCl4]2– ]

   ____________________________________    
1.17	×	10–5 mol dm–3	×	(0.800	mol	dm–3)4

  

∴ concentration of [CuCl4]2– = 2.00 mol dm–3

Worked example 3

Two complexes [Co(NH3)6]3+ 
and [Ni(NH3)6]2+ have stability 
constants	of	1.34	×	1023 
and	8.96	×	108 dm18 mol–6, 
respectively. Explain which of the 
complexes is the more stable.

[Co(NH3)6]3+ is the more stable 
complex because it has the 
larger stability constant. This 
means that [Co(NH3)6]3+ is more 
easily formed than the 
[Ni(NH3)6]2+ complex.

Worked example 2

Why are multidentate complexes so stable?
Bidentate and multidentate ligands, such as EDTA, form 
particularly stable complex ions. The additional stability 
of these complex ions results from an increase in 
entropy.

Ligand substitution by EDTA is accompanied by a large 
increase in the total number of moles, which increases 
the entropy:

[Cu(H2O)6]2+ + edta4– Y [Cu(edta)]2– + 6H2O 

                    

 2 mol 7 mol 
Kstab = 6.3 ×1018 dm3 mol–1 or log K = 18.8 at 25 °C

The Kstab value is much greater than ligand substitution 
with NH3.

[Cu(H2O)6]2+ + 4NH3(aq) Y [Cu(NH3)4(H2O)2]2+ + 4H2O(l) 

                          

 5 mol 5 mol
Kstab = 1.2 ×1013 dm12 mol–4 or log K = 13.1 at 25 °C

STRETCH and 
CHALLENGE
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By the end of this spread, you should be able to …

✱	Describe redox behaviour in transition elements using suitable examples.
✱	Carry out redox titrations and carry out structured calculations involving MnO4

–.

Oxidation and reduction in transition element chemistry
In spread 2.3.2 you saw that transition elements form compounds with variable oxidation 
states. This means that transition metal ions can take part in oxidation and reduction 
reactions as their ions change from one oxidation state to another.

MnO4
– and Fe2+

Iron has two common oxidation states in its compounds, Fe2+ and Fe3+. The iron(II) 
oxidation state is less stable than the iron(III) oxidation state. In the presence of air, or 
when in contact with another oxidising agent, iron(II) is readily oxidised to iron(III):

Fe2+(aq) → Fe3+(aq) + e–

Manganese exists in a number of oxidation states, but the most important are the +2 
and +7 oxidation states. MnO4

– is a strong oxidising agent. In acidic solution, MnO4
– can 

be reduced to form Mn2+:

MnO4
–(aq) + 8H+(aq) + 5e– → Mn2+(aq) + 4H2O(l)

MnO4
– is commonly used to oxidise solutions containing iron(II), but is also used as an 

oxidising agent in many other chemical reactions. The reaction between iron(II) and 
acidifi ed manganate(VII) is shown below:

MnO4
– (aq) + 8H+(aq) + 5Fe2+ (aq) → Mn2+(aq) + 5Fe3+(aq) + 4H2O(l)

We can use these and other redox reactions to estimate the concentration of a transition 
metal ion in an unknown solution, or to calculate the percentage composition of a metal 
in a solid sample of a compound or alloy.

Carrying out redox titrations
Redox	titrations	are	carried	out	in	a	similar	way	to	acid–base	titrations.
•	 An	acid–base	reaction	involves	the	transfer	of	protons	from	the	acid	to	the	base	and	

the formation of water and a salt.
•	 A	redox	titration	involves	the	transfer	of	electrons	from	one	species	to	another.

Just as an acid can be titrated against a base, an oxidising agent can be titrated against 
a reducing agent. You can fi nd out more about titration techniques and the calculations 
that follow in AS Chemistry spread 1.1.13.

In	an	acid–base	reaction,	the	end	point	is	identifi	ed	using	an	indicator,	which	appears	as	
one colour in the acid solution and as a different colour in the alkaline solution. Indicators 
can	also	be	used	in	some	redox	titrations	–	but	in	some	reactions	there	is	a	colour	
change that provides the end point without the need for an indicator.

Aqueous potassium manganate(VII) contains MnO4
–(aq) and is a common oxidising agent 

that is self-indicating:
•	 MnO4

–(aq) → Mn2+(aq)
 purple almost colourless

Mn2+(aq) ions are very pale pink in colour. In manganate(VII) titrations, the solutions used 
are very dilute and the Mn2+(aq) ions are present in low concentrations. This means that 
the very pale pink colour from Mn2+(aq) cannot be seen and the solution appears 
colourless. The MnO4

–(aq) ions have such a deep purple colour that this masks any other 
colour present.

Key defi nition

Oxidation is loss of electrons, or an 
increase in oxidation number.

Reduction is gain of electrons, or a 
decrease in oxidation number.

Note

If you cannot remember how to write 
overall equations for a redox reaction 
from two half equations, look back to 
spread 2.2.9.

Figure 1 Colours of solutions containing 
MnO4

–(aq) (left) and Mn2+(aq) ions

 2.3 9 Redox titrations
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Redox titrations involving MnO4
– ions

MnO4
– is typically used to oxidise solutions containing iron(II) ions. The solution is acidifi ed 

with sulfuric acid. Hydrochloric acid cannot be used because it reacts with MnO4
–. This 

would	not	only	invalidate	the	titration	results	but	would	also	cause	you	some	distress	–	
chlorine gas is given off!

Typically these reactions are carried out with potassium 
manganate(VII) solution in the burette and the iron(II) 
solution in the conical fl ask. As the manganate(VII) solution 
is added to the iron(II) solution, it is decolourised. The end 
point of the titration is when excess MnO4

– ions are 
present	–	this	shows	up	as	the	fi	rst	hint	of	a	permanent	
pink colour in the solution in the conical fl ask.

Module 3
Transition elements

Redox titrations

Questions
1 MnO4

– is used as an oxidising agent in redox titrations.
(a) What do you understand by the term redox reaction?
(b) What is the oxidation state of Mn in MnO4

–?
2 25.0 cm3 of 0.150 mol dm–3 Fe2+ required 32.50 cm3 of potassium manganate(VII) for 

complete oxidation in acid solution. 
Calculate the concentration of the potassium manganate(VII) solution used in the reaction.

25.0 cm3 of a solution of an iron(II) salt required 23.00 cm3 of 0.0200 mol dm–3 
potassium manganate(VII) for complete oxidation in acid solution.
(a) Calculate the amount, in moles, of manganate(VII), MnO4

–, used in the 
titration.

(b) Deduce the amount, in moles, of iron(II), Fe2+, in the solution that was titrated.
(c) Calculate the concentration, in mol dm–3, of Fe2+ in the solution that was 

titrated.

(a) Calculate the amount, in mol, of MnO4
– that reacted.

n(MnO4
–) =   c	×	V _____ 

1000
			=	0.0200	×			23.00 ______ 

1000
			=	4.60	×	10–4 mol

(b) Calculate the amount, in mol, of Fe2+, that was used in the titration.

equation MnO4
–(aq) reacts with 5 Fe2+(aq)

moles 1 mol 5 mol
actual	moles	 4.60	×	10–4 mol	 2.30	×	10–3 mol

(c) Calculate the concentration, in mol dm–3, of Fe2+ in the solution.

c(Fe2+) =   n	×	1000 _________ 
V

   =   2.30	×	10–3	×	1000  _________________  
25.0

   = 0.0920 mol dm–3

Worked example

Examiner tip

For (a) we use amount, n = c ×   V _____ 
1000

  

For (b) we use the balanced equation 
(see previous page) to work out the 
reacting quantities of MnO4

– and Fe2+:

MnO4
–(aq) ≡ 5Fe2+(aq)

For (c), we rearrange: n = c ×   V _____ 
1000

   

 to get c =   n × 1000 ________ 
V
  

Figure 2 Measuring the concentration of iron(II) 
ions in a solution of iron(II) sulfate. You can see 
the purple colour forming as the MnO4

– runs into 
the acidifi ed Fe2+(aq) solution in the conical fl ask
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By the end of this spread, you should be able to …

✱	Understand how to carry out redox titrations and carry out structured calculations involving 
MnO4

– and I2/S2O3
2–.

✱	Perform non-structured titration calculations, based on experimental results.

Common examination questions based on MnO4
– and Fe2+ titrations include:

•	 calculating	the	molar	mass	and	formula	of	an	iron(II)	salt
•	 finding	the	percentage	of	iron	in	iron	tablets
•	 calculating	the	percentage	purity	of	iron	samples.

You may need to use the relevant half-equations and the overall equation introduced in 
the previous spread:

Fe2+(aq) → Fe3+(aq) + e–

MnO4
– (aq) + 8H+(aq) + 5e– → Mn2+(aq) + 4H2O(l)

MnO4
– (aq) + 8H+(aq) + 5Fe2+ (aq) → Mn2+(aq) + 5Fe3+(aq) + 4H2O(l)

In this section we will look at some of these types of questions.

Examiner tip

Redox titrations involving MnO4
– and 

Fe2+ are frequently tested in exams. You 
must be able to work with a fully 
balanced equation to work out the 
number of moles of MnO4

– and Fe2+. 
See spread 2.3.9 for more details.

A student weighed out 2.950 g of hydrated iron(II) sulfate, FeSO4·xH2O, and 
dissolved it in 50 cm3 of sulfuric acid. This solution was poured into a 250 cm3 

volumetric flask and made up to the mark with distilled water. 2.50 cm3 of this 
solution was titrated with 0.0100 mol dm–3 potassium manganate(VII), KMnO4, 
and 21.20 cm3 of the MnO4

– solution was used.
(a) Calculate the amount, in moles, of manganate(VII), MnO4

–, used in the titration.
(b) Deduce the amount, in moles, of iron(II), Fe2+, in the 25.0 cm3 solution used.
(c) Deduce the amount, in moles, of iron(II), Fe2+, in 250 cm3 of the solution.
(d) Determine the molar mass of the iron(II) salt.
(e) Determine the value of x and the formula of the hydrated iron(II) salt.

(a) Calculate the amount, in mol, of MnO4
– that reacted:

n(MnO4
–) = c ×   V _____ 

1000
			=	0.0100	×			21.20 ______ 

1000
			=	2.12	×	10–4 mol

(b) Calculate the amount, in mol, of Fe2+, that was used in the titration:

equation MnO4
– (aq) reacts with 5Fe2+ (aq)

moles from equation 1 mol 5 mol
actual	moles	 2.12	×	10–4 mol	 1.06	×	10–3  mol

(c) Calculate the amount, in mol, Fe2+, that was used to make up the 250 cm3 
solution:

25.0 cm3 Fe2+(aq)	contains	1.06	×	10–3 mol
So the 250 cm3	solution	contains	10	×	1.06	×	10–3 = 0.0106 mol

(d) Calculate the molar mass of the iron(II) salt:

M(FeSO4·xH2O) =   mass _____ n   =   2.950 _______ 
0.0106

   = 278.3 g mol–1

(e) Determine the value of x in the iron(II) salt:

Mass of FeSO4 in 1 mole of FeSO4·xH2O	=	55.8	+	32.1	+	(16	×	4)	=	151.9 g
Mass of H2O in 1 mole of FeSO4·xH2O	=	278.3	–	151.9	=	126.4 g

∴ value of x =   126.4 ______ 
18.0

   = 7. So the formula of the hydrated salt is FeSO4·7H2O

Worked example: calculating the molar mass and formula of an 
iron(II) salt

Examiner tip

For (a) we use amount, n = c ×   V _____ 
1000

  

For (b) we use the balanced equation to 
work out the reacting quantities of 
MnO4

– and Fe2+:

MnO4
– (aq) ≡ 5 Fe2+(aq)

For (c) the titration used 25.0 cm3 of 
solution, but the original solid was made 
up in 250 cm3 of solution. Therefore, we 
need to multiply the answer to (b) by 
10.

For (d) we rearrange n =   mass _____ 
M

  

to get M =   mass _____ n  

 2.3 10 Examples of redox titrations
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Sometimes you will be expected to apply your knowledge of titration calculations to 
unfamiliar situations. You will normally be given some additional information to help you.

Module 3
Transition elements

Examples of redox titrations

Questions
1 A sample of metal of mass 

2.50 g was thought to contain 
iron. The metal was reacted with 
sulfuric acid and the resulting 
solution made up to 250 cm3. 
25.0 cm3 of this solution was 
titrated against 0.0180 mol dm–3 
potassium manganate(VII) 
solution and 24.80 cm3 of the 
solution was required. Calculate 
the percentage by mass of iron 
in the metal sample.

2 The equation below shows the 
reduction of potassium 
dichromate(VI):

Cr2O7
2– (aq) + 6e– + 14H+(aq) 

→ Cr3+(aq) + 7H2O(l)

 What volume of 0.002 00 mol dm–3 
iron(II) sulfate will be oxidised by 
20.00 cm3 of 0.0150 mol dm–3 
potassium dichromate(VI) in acid 
solution?

Examiner tip

This is an unstructured titration 
calculation so you will need to think 
about the steps required. To fi nd the 
percentage of iron you will need to fi nd 
the mass of iron in the tablets. The 
titration result will enable you to 
calculate the number of moles, and the 
mass should then be calculated easily.

A multi-vitamin tablet contains vitamins A, B, C and D along 
with some iron. 0.325 g of a powdered tablet was dissolved 
in water and a little dilute sulfuric acid added. 12.10 cm3 of 
0.002 00 mol dm–3 potassium manganate(VII) solution was 
titrated until a permanent pale pink colour was observed. 
Calculate the percentage mass of iron in the tablets.

Amount of MnO4
– = c	×			 V _____ 

1000
			=	0.002	00	×			12.10 ______ 

1000
   

	 =	2.42	×	10–5 mol

Amount of Fe2+ =	5	×	2.42	×	10–5	=	1.21	×	10–4 mol

n =   mass _____ 
M

  

∴ mass = n	×	M	=	1.21	×	10–4	×	55.8	=	0.006 75 g

∴ % iron =   mass of iron  _____________  
mass of tablet

			×	100	=			0.006 75 ________ 
0.325

   = 2.08%

Worked example: calculate the percentage mass of iron 
in some tablets

Figure 1 Some 
multi-vitamins have 
traces of iron, which 
can be analysed by 
titration

A 25.0 cm3 portion of hydrogen peroxide was poured into a 250 cm3 volumetric 
fl ask and made up to the mark with distilled water. A 25.0 cm3 portion of 
this solution was acidifi ed and titrated against 0.0200 mol dm–3 potassium 
manganate(VII) solution. 38.00 cm3 of the MnO4

– solution was required for complete 
oxidation. Calculate the concentration of the original hydrogen peroxide solution.

The following equation represents the oxidation of hydrogen peroxide:

H2O2(aq) → O2(g) + 2H+ (aq) + 2e–

Step 1: You will need to write the fully balanced equation for the reaction to fi nd 
the molar relationship between the two reactants (see spread 2.2.9 on combining 
half-equations).

The equation for MnO4
– ions is:

MnO4
– (aq) + 8H+(aq) + 5e– → Mn2+(aq) + 4H2O(l)

The fully balanced equation is:

2MnO4
– (aq) + 6H+(aq) + 5H2O2(aq) → 2Mn2+(aq) + 8H2O(l) + 5O2(g)

Step 2: Calculate the amount of MnO4
– that reacted.

n(MnO4
–) = c	×			 V _____ 

1000
			=	0.0200	×			38.00 ______ 

1000
			=	7.60	×	10–4 mol

Step 3: Deduce the amount of H2O2 that was used in the titration.

equation 2MnO4
– (aq) reacts with 5 H2O2(aq)

moles from equation 2 mol 5 mol
actual	moles	 7.60	×	10–4 mol	 1.90	×	10–3 mol

Step 4: Calculate the concentration, in mol dm–3, of the hydrogen peroxide solution.

c =   n	×	1000 _________ 
V

   =   1.90	×	10–3	×	1000  _________________  
25.0

   = 0.0760 mol dm–3

Step 5: Remember	that	the	solution	was	diluted	by	a	factor	of	10	at	the	start	of	
the experiment, so the concentration of the original hydrogen peroxide solution is 
0.760 mol dm–3.

Worked example: oxidising hydrogen peroxide

Examiner tip

Remember that

amount, n =   
mass, m

 ____________  
molar mass, M

  

The molar mass of Fe2+ has the same 
numerical value as the relative atomic 
mass of Fe. (The mass of the two 
missing electrons is negligible.)
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By the end of this spread, you should be able to …

✱	Carry out structured calculations involving I2/S2O3
2–.

✱	Perform unstructured titration calculations based on experimental results.

The reaction between iodine, I2, and thiosulfate ions, S2O3
2–, is a redox reaction that is 

useful in chemical analysis:

2S2O3
2–(aq) + I2(aq) → 2I–(aq) + S4O6

2–(aq)

In this reaction, aqueous iodine is reduced to iodide ions, I–, by aqueous sodium 
thiosulfate, which forms the tetrathionate ion, S4O6

2–.

The concentration of iodine in a solution can be determined by titration with a solution of 
sodium thiosulfate of known concentration. This titration can be used to determine the 
concentration of a solution of an oxidising agent that reacts with iodide ions, I–, to 
produce iodine, I2. Examples of oxidising agents that can be analysed using this method 
include copper(II), Cu2+, dichromate(VI), Cr2O7

2–, and chlorate(I), ClO–.

The method for analysing an oxidising agent is outlined below.
•	 Iodide	ions	are	added	to	the	oxidising	agent	under	investigation	–	a	redox	reaction	

takes place, producing iodine.
•	 The	iodine	is	titrated	against	a	sodium	thiosulfate	solution	of	known	concentration.
•	 From	the	results,	you	can	calculate	the	amount	of	iodine,	and	hence	the	concentration	

of the oxidising agent.

30.0 cm3 of bleach was added to an excess of iodide ions, I–, in dilute sulfuric 
acid. Bleach contains chlorate(I) ions, ClO–(aq). In the presence of acid, 
chlorate(I) ions oxidise iodide ions, I–, to iodine, I2:

ClO–(aq) + 2I–(aq) + 2H+(aq) → Cl–(aq) + I2(aq) + H2O(l) Equation 1

The iodine formed was titrated against 0.200 mol dm–3 sodium thiosulfate and 
29.45 cm3 of the thiosulfate was needed:

2S2O3
2–	(aq) + I2(aq) → 2I–	(aq) + S4O6

2–	(aq) Equation 2

Calculate the concentration of chlorate(I) ions in the bleach.

(a) Calculate the amount, in mol, of S2O3
2– that reacted.

n(S2O3
2–) = c ×   V _____ 

1000
			=	0.200	×			29.45 ______ 

1000
			=	5.89	×	10–3 mol

(b) Calculate the amount, in mol, of I2, that was used in the titration.

Equation 2 2S2O3
2–	(aq) + I2(aq)

moles from equation 2 mol  1 mol
actual	moles	 5.890	×	10–3	mol		 2.945	×	10–3 mol

(c) Deduce the amount, in mol, of chlorate(I) ions, ClO–, needed to produce this 
amount of I2.

Equation 1 ClO–(aq) → I2(aq)
moles from equation 1 mol  1 mol
actual	moles	 2.945	×	10–3	mol		 2.945	×	10–3 mol

(d) Work out the concentration, in mol dm–3, of ClO–, in the bleach.

c =   2.945	×	10–3	×	1000  __________________  
30.0

   = 0.0982 mol dm–3

Worked example

LO-RES ONLY

 2.3 11  Redox titrations – iodine and 
thiosulfate

Figure 1 Household bleach contains 
‘sodium hypochlorite’, which is the 
common name for sodium chlorate(I), 
NaClO. A redox titration can be used to 
estimate the concentration of chlorate(I) 
ions, ClO–, in bleach

Examiner tip

For (a) we use amount, n = c ×   V _____ 
1000

  

For (b) we use the balanced equation to 
work out the reacting quantities of the 
S2O3

2– (aq) and I2(aq):

2 mol S2O3
2– (aq) reacts with 

1 mol I2(aq)

For (c) we use the fi rst equation to work 
out the reacting quantities of ClO– and I2:

1 mol ClO– (aq) produces 1 mol I2 (aq)

For (d) we rearrange n = c ×   V _____ 
1000

   

to get c =   n × 1000 ________ 
V
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Module 3
Transition elements

Redox titrations – iodine and 
thiosulfate

Questions
1 A piece of impure copper of 

mass 0.900 g was reacted with 
nitric acid. The copper(II) 
solution formed was neutralised 
and reacted with iodide ions to 
produce iodine. The iodine was 
titrated with 0.500 mol dm–3 
sodium thiosulfate, and 
23.70 cm3 were required. What 
is the percentage of copper in 
the sample?

2 A student weighed 5.95 g of an 
unknown copper(II) salt and 
dissolved it in distilled water. 
This solution was added to a 
250 cm3 volumetric fl ask and 
was made up to the mark with 
distilled water. 25.0 cm3 of the 
solution was transferred into a 
conical fl ask and 10 cm3 of 
potassium iodide (an excess) 
was added. The copper(II) ions 
reacts with iodide ions, I–. 

 The resulting solution was 
titrated against 0.100 mol dm–3 
sodium thiosulfate, and 
24.05 cm3 of sodium thiosulfate 
was used. 

 Calculate the molar mass of the 
copper(II) salt.

Figure 2 The famous bronze Champions 
Statue commemorating four of the 
players who won the 1966 World Cup

Estimating the copper content of solutions and alloys
If a solution containing Cu2+(aq) ions is mixed with aqueous iodide ions, I–	(aq):
•	 iodide	ions	are	oxidised	to	iodine,	2I– → I2 + 2e–

•	 copper(II) ions are reduced to copper(I) ions, Cu2+ + e– → Cu+

2Cu2+(aq) + 4I–	(aq) → 2CuI(s) + I2(aq)

•	 This	produces	a	light	brown/yellow	solution	and	a	white	precipitate	of	copper(I) iodide 
–	the	precipate	appears	to	be	light	brown	due	to	the	iodine	in	the	solution.

•	 This	mixture	is	then	titrated	against	sodium	thiosulfate	of	known	concentration.	As	the	
iodine reacts, the iodine colour gets paler during the titration. When the colour is a 
pale straw, a small amount of starch is added to help with the identifi cation of the end 
point. A blue/black colour forms.

•	 The	blue/black	colour	disappears	sharply	at	the	end	point	because	all	the	iodine	has	
reacted.

You can use the results to determine the concentration of iodine in the titration mixture, 
and then the concentration of copper(II) ions in the original solution can be determined. 
You can use this method to estimate the concentration of copper(II) ions in an unknown 
solution or the percentage of copper in alloys such as brass and bronze. The alloy is fi rst 
reacted with nitric acid. Brass and bronze can both be reacted to produce a solution 
containing copper(II) ions. This can then be reacted with potassium iodide solution. The 
iodine that forms is then titrated against sodium thiosulfate.

The	worked	example	below	is	an	unstructured	titration	calculation	–	you	are	provided	
with the titration results and relevant equations, but you need to work out how to tackle 
the problem yourself.

A sample of bronze was analysed to fi nd the proportion of copper it contained. 
0.500 g of the bronze was reacted with nitric acid to give a solution containing 
Cu2+ ions. The solution was neutralised and reacted with iodide ions to produce 
iodine. The iodine was titrated with 0.200 mol dm–3 sodium thiosulfate, and 
22.40 cm3 were required.
Calculate the percentage of copper in the bronze.

Cu(s) → Cu2+(aq) + 2e–

2Cu2+(aq) + 4I–	(aq) → 2CuI(s) + I2(aq)
2S2O3

2–	(aq) + I2(aq) → 2I–	(aq) + S4O6
2–	(aq)

Step 1: Calculate the amount of thiosulfate used.

n(S2O3
2–) = c	×			 V _____ 

1000
			=	0.200	×			22.40 ______ 

1000
			=	4.48	×	10–3 mol

Step 2: Calculate the reacting amounts.
2 mol Cu2+ produces 1 mol I2 which reacts with 2 mol S2O3

2–.
1 mol Cu reacted with nitric acid to produce 1 mol Cu2+

So 1 mol Cu is equivalent to 1 mol S2O3
2–

Step 2: Calculate the % copper.
n(Cu) = n(S2O3

2–)	=	4.48	×10–3 mol
Mass of copper = n	×	M	=	4.48	×10–3	×	63.5	=	0.28	448	g

% copper in bronze =   0.28 448 ________ 
0.500

	 		×	100	=	56.9%

Worked example

Examiner tip

Note that we have not rounded anything until the fi nal answer, which is given to three signifi cant 
fi gures to match the smallest number of signifi cant fi gures given in the question. If we had rounded 
the mass of copper to 0.284 g, we would have found the percentage of copper to be 56.8%.
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Redox titrationsStability constants

Ligand substitution

Precipitation

Shape: octahedral

Complex ions

Isomerism

Transition
metals ions

Properties

Definition

• A ligand is an electron pair
 donor to a metal ion
• Substitution: replacement
 of one ligand by another

• Fe2� Green
• Fe3� Brown
• Cu2� Blue
• Co2�  Pink

• Coordination numbers
• Central metal ions
• Ligands

• Coloured
 compounds
• Catalytic
 properties
• Variable
 oxidation states

• Ions with partially filled d-orbitals

NaOH(aq)

Reduction is gain of electrons or a
decrease in oxidation number
MnO4

�(aq) � 8H�(aq) � 5e� Mn2�(aq) � 4H2O(l)

Oxidation is loss of electrons or an
increase in oxidation number
Fe2�(aq) Fe3�(aq) � e�

[Cu(H2O)6]2�(aq) � 4Cl�(aq) [CuCl4]2�(aq) � 6H2O(l)

Kstab
[ [Cu(Cl4)]2�]

[ [Cu(H2O)6]2�] [Cl�]4

 2.3 Transition elements summary
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1   Write the electron configurations of the following atoms and 
ions:

 (a) Fe;   (b) Fe2+;

 (c) Cu+;  (d) Co.

2   What is the oxidation state of chromium in the following 
species?

 (a) K2Cr2O7;  (b) Cr2O2Cl2;  (c) [Cr(NH3)6]3+.

3   Iron is a typical transition element because it shows more 
than one oxidation state in its compounds and has catalytic 
properties.

 (a)  Write the electron configuration for iron(III) and use it to 
explain why iron is a transition metal.

 (b)  State one use of iron or one of its compounds in 
catalysis. State the name of the catalyst and write an 
equation for the reaction that is catalysed.

4   (a) (i)  What is meant by the term d-block element?

  (ii)  What is meant by the term transition element?

  (iii)  Write the electron configuration of a vanadium atom.

 (b)  Aqueous transition metal ions can react with aqueous 
hydroxide ions, OH–.

  Copy and complete the table below.

Metal 
ion

Formula and state symbol of the 
product formed with OH–(aq)

Colour of 
product

Fe2+

Fe3+

5   Copper ions, Cu2+, take part in a number of different ligand 
substitution reactions.

 (a)  What is meant by the terms:

  (i)  ligand;

  (ii) complex ion;

  (iii) ligand substitution?

 (b)  Copper(II) salts form aqueous solutions containing 
[Cu(H2O)6]2+ ions. A ligand substitution reaction 
involving [Cu(H2O)6]2+ is shown below:

  reagent Y
  [Cu(H2O)6]2+(aq) → [Cu(H2O)2(NH3)4]2+(aq)

  (i)  Identify reagent Y.

  (ii)  Write a balanced equation for this ligand 
substitution.

  (iii)  State the colours of the two complex ions involved 
in this ligand substitution.

  (iv)  Draw the shape of the [Cu(H2O)6]2+ complex ion, 
showing clearly any bond angles.

6   (a)  Explain what is meant by the term coordination 
number in a complex ion.

 (b)  State the formula and shape of the complex 
containing:

  (i)  Co(II) and six H2O ligands;

  (ii) Ni2+ and three (NH2CH2CH2NH2) ligands.

 (c)  Sketch and label the two isomers of:

  (i)  [Cr(H2O)4Cl2]+; (ii)  [NiCl2(NH3)2].

 (d)  Sketch and label all the isomers of the complex 
[Ni(NH2CH2CH2NH2)2Cl2].

7   The concentration of ethanedioic acid, (COOH)2, can be 
determined by its reaction with acidified manganate(VII) 
ions, MnO4

–. Ethanedioic acid is oxidised to carbon dioxide 
as shown in the equation:

  (COOH)2 (aq) → 2CO2(g) + 2H+(aq) + 2e–

 (a)  Write the half-equation for the reduction of acidified 
manganate(VII) ions.

 (b)  Construct a balanced equation for the reaction between 
ethanedioic acid and acidified manganate(VII) ions.

 (c)  25.0 cm3 of an aqueous solution of ethanedioic acid 
reacted exactly with 15.0 cm3 of 0.0200 mol dm–3 
manganate (VII) ions.

   Calculate the concentration, in mol dm–3, of the 
solution of ethanedioic acid.

8   A solution containing aqueous MnO4
– ions was titrated 

against 25.0 cm3 of 0.0500 mol dm–3 Fe2+(aq) ions in acid 
solution:

  MnO4
–(aq) + 8H+(aq) + 5Fe2+ (aq) → 

Mn2+(aq) + 5Fe3+(aq) + 4H2O(l)

  The volume of the solution containing aqueous 
manganate(VII) ions required to reach the end point was 
12.30 cm3.

 (a)  State the colour change at the end point.

 (b)  Calculate the concentration, in mol dm–3, of the 
aqueous manganate (VII) ion solution used in the 
titration.

9   A sample of copper(II) sulfate was dissolved in water to 
produce 250 cm3 of solution. An excess of aqueous 
potassium iodide, KI(aq), was added to 25.0 cm3 of this 
solution and iodine was formed in the reaction:

  2Cu2+(aq) + 4I–(aq) → 2CuI(s) + I2(aq)

  The iodine produced was titrated with 0.200 mol dm–3	

sodium thiosulfate, Na2S2O3(aq):

  I2(aq) + 2S2O3
2–(aq) → 2I–(aq) + S4O6

2–(aq)

 The average titre obtained was 20.15 cm3.

  Calculate the concentration of the copper(II) sulfate 
solution.

Practice questions
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 1 The compound FeSO4·7H2O can be used to kill moss in 
grass. Iron(II) ions in a solution of FeSO4·7H2O are slowly 
oxidised to form iron(III) ions.

 (a)  Describe a test to show the presence of iron(III) ions in 
a solution of FeSO4·7H2O. [1]

 (b)  The percentage purity of an impure sample of 
FeSO4·7H2O can be determined by titration against 
potassium dichromate(VI), K2Cr2O7, under acid 
conditions, using a suitable indicator.

   During the titration, Fe2+(aq) ions are oxidised to 
Fe3+(aq) ions.

   Stage 1 –  A sample of known mass of the impure 
FeSO4·7H2O is added to a conical flask.

   Stage 2 –  The sample is dissolved in an excess of dilute 
sulfuric acid.

   Stage 3 –  The contents of the flask are titrated against 
K2Cr2O7(aq).

  (i)  The reduction half-equation for acidified 
dichromate(VI) ions, Cr2O7

2–, is as follows.

    Cr2O7
2–(aq) + 14H+(aq) + 6e– → 2Cr3+(aq) + 7H2O(l)

    Construct the balanced equation for the redox 
reaction between Fe2+(aq), Cr2O7

2– and H+(aq). [2]
  (ii)  In stage 1, a student uses a 0.655 g sample of 

impure FeSO4·7H2O.
    In stage 3, the student uses 19.6 cm3 of  

0.0180 mol dm–3 Cr2O7
2– to reach the end point.

   One mol of Cr2O7
2– reacts with 6 moles of Fe2+.

    Calculate the percentage purity of the impure 
sample of FeSO4·7H2O. [4]

[Total: 7]
(OCR 2815/1 Jan06)

 2 Dilute aqueous copper(II) sulfate contains [Cu(H2O)6]
2+ ions.

 (a)  Concentrated hydrochloric acid is added drop by drop 
to a small volume of dilute aqueous copper(II) sulfate. 
The equation for the reaction taking place is as follows.

Cu(H2O)6]
2+(aq) + 4Cl–(aq) Y [CuCl4]

2–(aq) + 6H2O(l)

  (i)  Describe the observations that would be made during 
the addition of the concentrated hydrochloric acid. [1]

  (ii)  Describe the bonding within the complex ion, 
[CuCl4]

2–. [2]
 (b)  Concentrated aqueous ammonia is added drop by drop 

to aqueous copper(II) sulfate until present in excess. 
Two reactions take place, one after the other, to produce 
the complex ion [Cu(NH3)4(H2O)2]

2+(aq).
   Describe the observations that would be made during 

the addition of concentrated aqueous ammonia. [2]
 (c)  Ammonia is a simple molecule. The H–N–H bond 

angle in an isolated ammonia molecule is 107°.

   The diagram shows part of the 
[Cu(NH3)4(H2O)2]

2+ ion and the 
H–N–H bond angle in the 
ammonia ligand.

   Explain why the H–N–H bond 
angle in the ammonia ligand is  
109.5° rather than 107°. [3]

[Total: 8]
(OCR 2815/1 Jan06)

 3 In this question, one mark is available for the quality of use 
and organisation of scientific terms.

 Copper and iron are typical transition elements. One of the 
characteristic properties of a transition element is that it can 
form complex ions.

 Explain in terms of electronic configuration why copper is a 
transition element.

 Give an example of a complex ion that contains copper. 
Draw the three-dimensional shape of the ion and describe 
the bonding within this complex ion.

 Transition elements show typical metallic properties. Describe 
three other typical properties of transition elements. Illustrate 
each property using copper or iron or their compounds. [12]

[Total: 12]
(OCR 2815/1 Jun05)

 4 A moss killer contains iron(II) sulfate.
 Some of the iron(II) sulfate gets oxidised to form iron(III) 

sulfate. During the oxidation iron(II) ions, Fe2+, react with 
oxygen, O2, and hydrogen ions to make water and iron(III) 
ions, Fe3+.

 (a)  Complete the electronic configuration for Fe3+ and use it 
to explain why iron is a transition element.

  Fe3+:1s22s22p6 [2]
 (b)  State two typical properties of compounds of a 

transition element. [2]
 (c)  Describe how aqueous sodium hydroxide can be used to 

distinguish between aqueous iron(II) sulfate and 
aqueous iron(III) sulfate. [2]

 (d)  Construct the equation for the oxidation of acidified 
iron(II) ions by oxygen. [2]

 (e)  The percentage by mass of iron in a sample of moss 
killer can be determined by titration against acidified 
potassium manganate(VII).

   Stage 1 –  A sample of moss killer is dissolved in excess 
sulfuric acid.

   Stage 2 –  Copper turnings are added to the acidified 
sample of moss killer and the mixture is 
boiled carefully for five minutes. Copper 
reduces any iron(III) ions in the sample to 
give iron(II) ions.

 2.3 Examination questions

H
H

H

109.5�Cu2� N

179 A2 chemistry.U2 M3.indd   226 12/11/08   17:31:22



227

Module 3
Transition elements

Examination questions

   Stage 3 –  The reaction mixture is filtered into a conical 
flask to remove excess copper.

   Stage 4 –  The contents of the flask are titrated against 
aqueous potassium manganate(VII).

  (i)  Suggest why it is important to remove all the 
copper in stage 3 before titrating in stage 4. [1]

  (ii)  The ionic equation for the redox reaction between 
acidified MnO4

– and Fe2+ is given below.

 MnO4
–(aq) + 8H+(aq) + 5Fe2+(aq) → 

Mn2+(aq) + 4H2O(l) + 5Fe3+(aq)
    Explain, in terms of electron transfer, why this 

reaction involves both oxidation and reduction. [2]
  (iii)  A student analyses a 0.675 g sample of moss killer 

using the method described. In stage 4, the student 
uses 22.5 cm3 of 0.0200 mol dm–3 MnO4

– to reach 
the end point.

    Calculate the percentage by mass of iron in the 
moss killer. [4]

[Total: 15]
(OCR 2815/1 Jan05)

 5 Aqueous copper(II) sulfate contains [Cu(H2O)6]
2+ ions. 

Aqueous ammonia is added drop by drop to a small volume 
of aqueous copper(II) sulfate. Two reactions take place, one 
after the other, as shown in the equations.

[Cu(H2O)6]
2+(aq) + 2OH–(aq) → Cu(OH)2(s) + 6H2O(l)

Cu(OH)2(s) + 2H2O(l) + 4NH3(aq) →
[Cu(NH3)4(H2O)2]

2+(aq) + 2OH–(aq)

 (a)  Describe the observations that would be made as 
ammonia is added drop by drop until it is in an excess. 
 [2]

 (b)  Draw the shape for the [Cu(H2O)6]
2+ ion. Include the 

bond angles in your diagram. [2]
 (c)  Water is a simple molecule. The H–O–H bond angle in 

an isolated water molecule is 104.5°.
   The diagram shows part of the [Cu(H2O)6]

2+ ion and the 
H–O–H bond angle in the water ligand.

H

H

107�Cu2� O

   Explain why the H–O–H bond angle in the water ligand 
is 107° rather than 104.5°. [3]

[Total: 7]
(OCR 2815/1 Jan05)

 6 Copper is a typical transition element.
 It forms coloured compounds.
 It forms complex ions.
 It has more than one oxidation state in its compounds.
 (a)  State one other typical property of a transition element. 

 [1]
 (b)  Dilute aqueous copper(II) sulfate is a blue solution 

containing [Cu(H2O)6]
2+ ions. A ligand substitution 

involving [Cu(H2O)6]
2+ is shown below.

 reagent X
 [Cu(H2O)6]

2+ → [CuCl4]
2–

blue solution yellow

  (i)  Suggest a shape for the [CuCl4]
2– ion. Include the 

bond angles in your diagram. [2]
  (ii)  State the formula of the ligand in [CuCl4]

2–. [1]
  (iii)  State the name or formula of reagent X. [1]
  (iv)  Explain, with the aid of a balanced equation, what 

is meant by the term ligand substitution. [2]
[Total: 7]

(OCR 2815/1 Jan04)

 7 Aqueous hydrogen peroxide, H2O2, is used to sterilise 
contact lenses. H2O2 decomposes to make oxygen and water 
as shown in the equation.

2H2O2(aq) → 2H2O(l) + O2(g)

 (a)  Decomposition of hydrogen peroxide is a redox 
reaction. Use oxidation numbers to show that oxidation 
and reduction take place. [2]

 (b)  The concentration of an aqueous solution of hydrogen 
peroxide can be determined by titration. Aqueous 
potassium manganate(VII), KMnO4, is titrated against a 
solution of hydrogen peroxide in the presence of acid.

   The half-equation for the oxidation of H2O2 is as follows:

H2O2(aq) → O2(g) + 2H+(aq) + 2e–

   The half-equation for the reduction of acidified MnO4
– 

is as follows:

MnO4
–(aq) + 8H+(aq) + 5e– → Mn2+(aq) + 4H2O(l)

  (i)  Construct the equation for the reaction between 
H2O2, MnO4

– ions and H+ ions. [2]
  (ii)  A student takes a 25.0 cm3 sample of aqueous 

hydrogen peroxide and places this into a conical 
flask and then adds sulfuric acid to acidify the 
hydrogen peroxide.

    The student titrates this sample of acidified 
hydrogen peroxide against a solution containing 
0.0200 mol dm–3 MnO4

–(aq) ions. For complete 
reaction with the acidified hydrogen peroxide, the 
student uses 17.50 cm3 of this solution containing 
MnO4

–(aq) ions.
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    Calculate the concentration, in mol dm–3, of the 
aqueous hydrogen peroxide.

   2 mol MnO4
– reacts with 5 mol H2O2. [3]

 (c)  Acidified hydrogen peroxide oxidises Fe2+(aq) to 
Fe3+(aq). Describe a simple chemical test to show the 
presence of Fe3+(aq).

  Name of reagent used ……
  Observation …… [2]

[Total: 9]
(OCR 2815/1 Jan04)

 8 Ruthenium (Ru) is a metal in the second transition series. It 
forms complex ions with the following formulae.

 A = [Ru(H2O)6]
3+

 B = [Ru(H2O)5Cl]2+

 C = [Ru(H2O)4Cl2]
+

 (a)  (i)  What is the oxidation number of ruthenium in B? 
 [1]

  (ii)  One of the complex ions, A, B or C, shows 
stereoisomerism.

    Draw diagrams to show the structures of the two 
isomers. [2]

  (iii)  Name this type of stereoisomerism. [1]
 (b)  The complex ion [Ru(H2O)6]

3+ can be converted into 
[Ru(H2O)5Cl]2+.

  (i)  Suggest a suitable reagent for this conversion. [1]
  (ii)  What type of reaction is this? [1]

[Total: 6]
(OCR 2815/6 Jan07)

 9 Platinum forms complexes with a co-ordination number of 4.
 (a)  (i)  Explain the term co-ordination number. [1]
  (ii)  State the shape of these platinum complexes. [1]
 (b)  The tetrachloroplatinate(II) ion readily undergoes the 

following reaction.
  [PtCl4]

x + 2NH3 Y [Pt(NH3)2Cl2]
y + 2Cl–

  (i)  What type of reaction is this? [1]
  (ii)  Suggest values for x and y in the equation. [2]
 (c)  The complex [Pt(NH3)2Cl2]

y exists in two isomeric 
forms.

  (i)  Draw diagrams to show the structures of these 
isomers. [2]

  (ii)  What type of isomerism is this? [1]
  (iii)  One of the isomers of [Pt(NH3)2Cl2]

y is an important 
drug used in the treatment of cancer.

   How does this drug help in the treatment of cancer? 
 [2]

[Total: 10]
(OCR 2815/6 Jun06)

10 (a)  A complex ion contains one Fe3+ ion, four molecules of 
ammonia and two chloride ions.

  (i)  What is the formula of this complex ion? [1]
  (ii)  This complex shows cis–trans isomerism. Draw 

diagrams to show the structures of the cis and trans 
isomers. [3]

  (iii)  What is the co-ordination number of this complex 
ion? [1]

 (b)  Describe the role of cis-platin as an important 
therapeutic drug. [2]

[Total: 7]
(OCR 2815/6 Jan03)

11 The following is an account of a laboratory experiment.
	 •	 	A	solution	was	prepared	by	dissolving	some	copper(II)	

sulfate to give 250 cm3 of aqueous solution.
	 •	 	25.0	cm3 of this solution was treated with an excess of 

aqueous potassium iodide, KI. 
2Cu2+(aq) + 4I–(aq) → 2CuI(s) + I2(aq)

	 •	 	The	iodine	produced	was	titrated	with	0.100	mol	dm–3 
sodium thiosulfate. 
I2(aq) + 2S2O3

2–(aq) → 2I–(aq) + S4O6
2–(aq)

 The average titre obtained was 22.00 cm3 of the thiosulfate 
solution.

 (a)  State the oxidation number of S in S2O3
2–. [1]

 (b)  Calculate the amount of S2O3
2– ions in the titre. [1]

 (c)  Calculate the amount of I2 produced. [1]
 (d)  Calculate the amount of Cu2+ ions in 25.0 cm3 of 

solution. [1]
 (e)  Calculate the concentration of the aqueous copper(II) 

sulfate in mol dm–3. [1]
[Total: 5]

(OCR 2815/6 Jun02)
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12 This question is about complex ions of cobalt. 
 (a)  The equilibrium below exists between two complex 

ions of cobalt(II).
  [Co(H2O)6]

2+ + 4Cl– Y [CoCl4]
2– + 6H2O

  (i) What colour change occurs from left to right? [1]
  (ii) Suggest the shape of the [CoCl4]

2– ion? [1]
  (iii) What type of reaction is this? [1]
 (b)  Cobalt(III) forms a complex ion of formula [Co(en)3]

3+, 
where ‘en’ is ethane-1,2-diamine, H2NCH2CH2NH2.

   Draw a displayed formula for ethane-1,2-diamine, 
showing clearly any lone pairs of electrons. [1]

 (c) The [Co(en)3]
3+ ion shows a type of stereoisomerism.

  (i) What type of stereoisomerism does it show? [1]
  (ii)  Draw 3D diagrams to show the two stereoisomers 

of [Co(en)3]
3+.

    You may use ‘en’ to represent ethane-1,2-diamine. 
 [2]

[Total: 7]
(OCR 2815/6 Jun08)

13 Iron is a transition element. It forms compounds in which 
the oxidation number of iron is +2, +3 or +6. 

 (a)  Give the electronic configuration of Fe2+ and use it to 
explain why iron is a transition element. [1]

 (b) Transition elements form complex ions.
   Choose an example of a complex ion in which iron has 

the +2 oxidation state. 
  (i)  Write the formula for your chosen complex ion 

formed by iron.  [1]
  (ii)  Draw the shape of your chosen complex ion. 

Indicate clearly the three-dimensional shape and the 
bond angles.  [2]

  (iii)  Describe the bonding within your chosen complex 
ion. [2]

 (c)  Complex ions containing transition elements often 
undergo ligand substitution reactions. 

   Describe one ligand substitution reaction of a complex 
ion containing iron in the +3 oxidation state.   [2]

 (d)  Describe how aqueous sodium hydroxide can be used to 
distinguish between aqueous solutions of iron(II) 
chloride and iron(III) chloride. 

   Write an ionic equation, with state symbols, for one of 
the reactions you describe.  [2]

 (e)  FeO4
2– reacts with Cr3+ ions as shown in the following 

equation.
  FeO4

2– + Cr3+ → CrO4
2– + Fe3+

   Use oxidation numbers to explain why this reaction 
involves both oxidation and reduction. [2]

 (f)  FeO4
2– decomposes in the presence of hydrogen ions, 

forming iron(III) ions, oxygen and water. Construct the 
ionic equation for this reaction.  [2]

[Total: 14]
(OCR 2815/1 Jan08)

14 This question is about molybdenum and iron.
 Molybdenum steel is extremely hard.
 Molybdenum is made by heating molybdenum(VI) oxide 

and reducing to molybdenum metal by aluminium.
 (a)  Construct an equation to show the reduction of 

molybdenum(VI) oxide to molybdenum metal by 
aluminium.  [1]

 (b)  Molybdenum has the electronic configuration 
[Kr]4d55s1, where [Kr] represents the electronic 
configuration for krypton.

   Complete the electronic configuration for Mo3+ and 
use it to explain why molybdenum is a transition 
element. [1]

 (c)  Molybdenum(IV) oxide, MoO2, can be oxidised by 
dichromate(VI) ions, Cr2O7

2–, under acidic conditions.
  The relevant half-equations are as follows.
  MoO2(s) + 2H2O(l) → MoO4

2–(aq) + 4H+(aq) + 2e–

  Cr2O7
2–(aq) + 14H+(aq) + 6e– → 2Cr3+(aq) + 7H2O(l)

   Construct an equation for the oxidation of MoO2 by 
Cr2O7

2– ions under acidic conditions. [2]
 (d) Iron can form the ferrate(VI) ion, FeO4

2–.
  (i) What is the formula of potassium ferrate(VI)? [1]
  (ii)  Aqueous ferrate(VI) ions can be made by the 

oxidation of iron(III) oxide by chlorine in alkaline 
conditions.

   Fe2O3 + 3Cl2 + 10 OH– → 2FeO4
2– + 6Cl– + 5H2O

    A 1.00 g sample of Fe2O3 is added to 10.0 cm3 of 
4.00 mol dm–3 KOH.

    Which reagent, Fe2O3 or KOH, is in excess? 
Explain your answer. [3]

[Total: 8]
(OCR 2815/1 Jun08)
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