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INTRODUCTION

Coordination Chemistry involves the study of coordination compounds,
their structures, properties and applications. The term ‘Coordination’ is
used to describe compounds that stems from the nature of chemical bond.
This chemical bond called coordinate covalent bond involves donation of
electron pair(s) by a molecule or negatively charged ion, a Lewis base, to
a neutral metal or positively charged ion, a Lewis acid. These compounds
are known, from spectroscopic studies, to exist in various structures based
on the number of ligands i.e. Lewis base that coordinates to the metal.

The unique ability of the coordination compounds to exist in diverse
shapes provides them to exhibit properties which make them to be useful
in living systems (e.g. Haemoglobin, an important biological molecule in
transportation of oxygen), medicine (e.g. Cisplatin, used in treatment of
cancer) and in industries (e.g. Petroleum Industry where a number of
coordination compounds are used as catalysts involved in chemical
processes such as hydrogenation, aromatisation etc).

Many coordination compounds have been in use before their
classification and characterisation; for example Prussian blue [Fe(CN)6]3-

, a coordination compound, has been used for decades in textile industry
as a pigment before the chemistry of coordination compounds began
historically with Alfred Werner (1866-1919). The contributions of Alfred
Werner to coordination chemistry served as the foundation upon which
other chemists built to explain the nature, structures, properties and
application of these compounds.

WHAT YOU WILL LEARN IN THIS COURSE

Coordination chemistry provides the information on the mode of action
of biological molecules based on their structural studies. With such
knowledge, scientists have been able to design and modify several
important biological molecules. This course will expose you to the
applications of previous knowledge acquired in spectroscopic techniques,
chemical kinetics, thermodynamics and reaction mechanisms. The course
will open a new world to students with interest in medicine, where
knowledge of coordination chemistry is employed in the extraction of
metal poison in living systems, and petrochemical industry, where the
knowledge of coordination chemistry is important in catalyst design and
application.

In coordination chemistry, you will acquire knowledge on the
nomenclature, preparation, classification, stereochemistry, bonding,
reaction kinetics and mechanisms, chemical equilibrium and
thermodynamics of reactions of metal complexes. Also, in this course,
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you are expected to know how various spectroscopic techniques (such as
absorption and vibrational spectroscopy) and other physical methods
(such as magnetic properties) are employed in characterisation of metal
complexes.

COURSE AIMS

The aims of this course are to:

 introduce the chemistry of coordination compounds (definition,
recognition, preparation and application)

 provide you with knowledge on how to; name coordination
compounds using IUPAC system of naming (nomenclature),

 classify coordination compounds based on their coordination
numbers (coordination formula) and identify number and types of
various isomers possible with each coordination compound
(isomerism)

 identify various structures and hybridisation(s) possible with each
coordination compound based on its coordination number
(stereochemistry)

 expose you to the physical methods (magnetic properties,
vibrational and electronic spectroscopy) used in structural analysis
of coordination compounds

 explain the various bonding theories (valence bond theory, crystal
field theory, ligand field theory and molecular orbital theory) and
modifications resulting into spectrochemical series (due to trend
observed in crystal field splitting) and nephelauxetic series (due to
trend observed in cloud expansion)

 explain how complex formation can assist in stabilisation of
unusual oxidation states

 provide details of reaction kinetics and mechanisms,
thermodynamics and stability constants as well as chelate
formation and effect.

COURSE OBJECTIVES

In order to achieve the aims set out above, the course sets overall
objectives. In addition, each unit also has specific objectives. The unit
objectives are always given at the beginning of a unit; you should read
them before you start working through the unit. You may also want to
refer to them during your study of the unit so as to check on your progress.
You should always look at the unit objectives after completing a unit. In
this way, you can be sure that you have done what was required of you by
the unit.
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Below are the wider objectives of the course, as a whole. By meeting these
objectives, you should have achieved the aims of the course as a whole.
On successful completion of the course, you should be able to:

 identify coordination compounds, explain the methods used in
preparing them and state areas of their applications

 name, classify and identify the possible number of isomers of any
given coordination compound.

 describe the structures and hybridisations of coordination
compounds

 apply physical techniques in characterisation of coordination
compounds

 explain the nature of bonding in coordination compounds through
the various bonding theories

 apply the knowledge of coordination chemistry in stabilisation of
unusual oxidation states

 describe various types of reaction mechanism, kinetics and
thermodynamics possible in coordination chemistry.

WORKING THROUGH THIS COURSE

The course content of CHM 423 (Coordination Chemistry) is presented
in four (4) modules subdivided into various units. A list of textbooks is
provided at the end of each module for further reading. Each unit contains
SAQs and ITQs. At certain points in the course you would be required to
submit assignments for grading and recording purposes. You are also to
participate in the final examination at the end of the course. Each unit
ends with worked examples and assignments to enable students have
better understanding and perform excellently in this course. Having
provided this much information on this course, it is expected that you
should study the course material in details, organise and attend tutorial
classes.

COURSE MATERIALS

The major components of the course include the following:

1. Course Guide
2. Study Units
3. In-Text Questions
4. Self-Assessment Questions
5. Conclusion
6. Summary
7. Assignment File
8. Textbooks and References



CHM 423 COURSE GUIDE

vii

STUDY UNITS

This course consists of the following study units grouped into four
modules.

Module 1

Unit 1 Introduction to Coordination Chemistry
Unit 2 Nomenclature and Coordination Number of Complexes
Unit 3 Isomerism in Complexes
Unit 4 Preparation and Reactions of Complexes

Module 2

Unit 1 Theories of Structure and Bonding

Module 3

Unit 1 Physical Methods of Structural Investigation

Module 4

Unit 1 Thermodynamic Stability and Reaction Kinetic of
Complexes

TEXTBOOKS AND REFERENCES

Textbooks suggested for further reading are listed below. Some of these
textbooks can be found online and in the libraries. In addition, related
information is also available on the internet but you should identify and
study information relevant to the Course.

Cotton, F. A. & Wilkinson, G. (1972). Advanced Inorganic Chemistry
(3rded.). Inter-Science Publishers, a Division of John Wiley and
Sons.

Cox, P. A. (2004). Inorganic Chemistry (2nd ed.). BIOS Scientific
Publishers Taylor and Francis Group.

Geoffrey, A. L. (2010). Introduction to Coordination Chemistry. John
Wiley and Sons, Ltd.

Housecroft, C. E.& Sharpe, A. G. (2005). Inorganic Chemistry (2nded.).
Pearson Education Limited.
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Miessler, G. L. &Tarr, D. A.(2010).Inorganic Chemistry.(3rded.).Pearson
Education Int.

Primer (2019). Coordination Chemistry. Available online at:
https://sitesmedia.s3.amazonaws.com/chem/files/2013/01/Coordi
nation_chemistry_Primer.pdf.

ASSESSMENT

There are two aspects to the assessment of the course. First are the Tutor-
Marked Assignments (TMA) and there is a written examination. It is
essential that you attempt all exercises and assignments and submit
appropriately to the course facilitator for grading. You are advised to be
sincere in attempting the exercises. In attempting the assignments, you are
expected to apply the information, knowledge and techniques gathered
during the course.

The TMAs shall constitute the continuous assessment component of the
course and it shall constitute 30% of the total course score. You will be
given a number of TMAs to answer. You may do yourself good by reading
and researching well before you attempt to answer the questions. Nearly
all of them must be answered before you are allowed to sit for the end of
the course examination. The end of course examination shall constitute
70% of the total course score.

FINAL EXAMINATION AND GRADING

The end of the course examination for Inorganic Chemistry III will be for
about 3 hours with maximum score of 70% of the total course work. The
examination will be made up of questions which normally reflect on what
you have learnt in the course materials/further reading. In addition, these
questions may be prototype of the self-assessment questions and the
TMAs or not. The end of the course examination is intended to cover the
whole course.

COURSE OVERVIEW

In all, this course is presented in four (4) modules.
Module 1 contains introduction to coordination chemistry, IUPAC system
of naming complexes, Alfred Werner’s contribution to coordination
chemistry, coordination number and isomerism in complexes. This
module explains the fundamentals of coordination chemistry.

Module 2 explains the bonding schemes (Valence Bond Theory, Crystal
Field Theory, Adjusted Crystal Field theory and Molecular Orbital
theory) used to
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describe the nature of bonding in metal complexes and the limitation(s)
of each scheme leading to its modification to account for certain
properties of metal complexes.

Module 3 describes the electronic and vibrational properties of bonds in
metal complexes through which the structural elucidation of complexes
can be made with the aid of electronic and vibrational spectroscopic
methods. It also explains the magnetic nature of complexes, which also
provides information on the structure of metal complexes.

Module 4 provides information on the kinetics (rate of reaction of metal
complexes), thermodynamic and stability constant (i.e. equilibrium). It
also provides information on unique stability associated with Chelate
formation.

HOW TO GET THE MOST FROM THIS COURSE

In order to obtain an excellent grade in this course, you must study each
unit of the course in details and carefully practice the worked examples at
the end of each unit. You should also take advantage of group discussion
and tutorials to solve the assignment at the end of each unit. In doing so,
you will be able to compare your understanding of the course contents
with your colleagues. Each unit contains SAQs and ITQs. At certain
points in the course you would be required to submit assignments for
grading and recording purposes. You are also to participate in the final
examination at the end of the course.

SUMMARY

CHM 423 (Coordination Chemistry) explains the concept of formation of
metal complexes, their nomenclature, characterization and applications.
The course includes review of crystal field theory, crystal field
stabilisation energies: origin and effects on structures and thermodynamic
properties. Also included in the course are introduction to absorption
(electronic states of partly filled quantum levels, selection rules for
electronic transitions, splitting of the free ion energy levels in octahedral
and tetrahedral complexes, Orgel and Tanabe-Sugano diagrams) and
vibrational spectroscopy and magnetism (magnetic susceptibilities
transition metal complexes, effect of orbital contributions arising from
ground and excited states, deviation from the spin-only approximation).
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MODULE 1

Unit 1 Introduction to Coordination Chemistry
Unit 2 Nomenclature and Coordination Number of Complexes
Unit 3 Isomerism in Complexes
Unit 4 Preparation and Reaction of Complexes

UNIT1 INTRODUCTION TO COORDINATION
CHEMISTRY

CONTENTS

1.0 Introduction
2.0 Intended Learning Outcomes
3.0 Main Content

3.1 Definition and Recognition of Coordination Compounds
(Complexes)

3.2 Werner’s Contributions to Coordination Chemistry
3.2.1 Electrolyte and Non-Electrolyte Complexes

3.3 Ligands
3.4 Application and Importance of Coordination Compounds

4.0 Conclusion
5.0 Summary
6.0 Tutor-Marked Assignment
7.0 References/Further Reading

1.0 INTRODUCTION

Coordination chemistry is the foundation of modern inorganic and
bioinorganic chemistry, both of which have contributed immensely to the
development of the chemical industry and medicine. The knowledge of
coordination chemistry has provided insight into the mode of actions
(kinetics and mechanisms) of biological molecules in living systems.
Important biological molecules such as vitamin B12, chlorophyll,
haemoglobin and myoglobin are coordination compounds of cobalt,
magnesium and iron respectively. The comprehensive understanding of
the mode of actions of these complex molecules has been made possible
through the knowledge of coordination chemistry. Coordination
chemistry has also contributed to the growth of textile industry where
dyeing involves the use of coordination compounds. The tremendous
growth in the petrochemical industry would not have been made possible
without catalysts design which requires the knowledge of coordination
chemistry. From this background, the knowledge of coordination
chemistry is inevitable to chemists if not all scientists.
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2.0 OBJECTIVES

By the end of this unit, you should be able to:

 define and recognise coordination compounds or complexes
 explain Werner’s contributions and distinguish between primary

and secondary valencies in complexes
 differentiate between electrolyte and non-electrolyte complexes
 recognise different types of ligands
 state the difference between homoleptic and heteroleptic

complexes
 state areas of application of coordination compounds.

3.0 MAIN CONTENT

3.1 Definition and Recognition of Coordination Compounds
(Complexes)

Complexes or coordination compounds are molecules that possess a metal
center that is bound to ligands (atoms, ions, or molecules that donate
electrons to the metal). These complexes can be neutral or charged. When
the complex is charged, it is stabilized by neighboring counter-ions.

Coordination compounds are formed by the reaction between Lewis acids
and Lewis bases. By definition, Lewis acids are electron pair acceptors
while Lewis bases are electron pair donors. Thus, a Lewis acid must have
empty suitable orbitals to accommodate the donated electron pairs. The
presence of empty suitable orbitals in transition metals (Cu, Co, Fe etc)
and some compounds (BF3, BeCl2 with empty p-orbital) and ions (H+) of
main block elements makes them to act as Lewis acids. However, the
chemistry of coordination compounds is restricted to compounds in which
the Lewis acid is a transition metal or d-block elements.

A molecule can function as a Lewis base provided it has heteroatom(s)
with lone pair(s) on them. Examples of such molecules are H2O, NH3 and
CO. Anions such as halides (F-, Cl- and Br-), cyanide (CN-) are also Lewis
bases. The chemical interaction between a Lewis acid and a Lewis base
results in coordinate bond formation; hence, the product of the interaction
is called coordination compound.

By definition, coordination compound is compound formed when a
central metal atom or ion is surrounded (coordinated) to a number of
anions or molecules in such a way that the number of the coordinated
anions or molecules exceeds the normal covalency of the central atom or
ion. The compound is also referred to as complex because on ionisation,
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it exists as an independent species without dissociation, unlike normal or
double salt which dissociates on ionisation. Complexes are enclosed in
square brackets to distinguish them from other types of salts.

Coordination Compounds (Complexes)
Complex Central

Atom/Ion
Anion/molecule Number

coordinated
Valence
of the
metal

[Ni(CO)4] Ni CO 4 0

[Fe(CN)6]3- Fe3+ CN- 6 +3

[Ag(NH3)2]+ Ag+ NH3 2 +1

[Co(NH3)4Cl2]+ Co3+ NH3 and Cl- 6 +3

[Cu(H2O)6]2+ Cu2+ H2O 6 +2

3.2 Werner’s Contributions to Coordination Chemistry

Coordination chemistry emerged from the work of Alfred Werner, a
Swiss chemist who examined different compounds composed of
cobalt(III) chloride and ammonia. Upon the addition of hydrochloric acid,
Werner observed that ammonia could not be completely removed. He
then proposed that the ammonia must be bound more tightly to the central
cobalt ion. However, when aqueous silver nitrate was added, one of the
products formed was solid silver chloride. The amount of silver chloride
formed was related to the number of ammonia molecules bound to the
cobalt(III) chloride. For example, when silver nitrate was added to
CoCl3·6NH3, all three chlorides were converted to silver chloride.

However, when silver nitrate was added to CoCl3·5NH3, only 2 of the 3
chlorides formed silver chloride. When CoCl3·4NH3 was treated with
silver nitrate, one of the three chlorides precipitated as silver chloride. The
resulting observations suggested the formation of complex or
coordination compounds. In the inner coordination sphere, which is also
referred to in some texts as the first sphere, ligands are directly bound to
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the central metal. In the outer coordination sphere, sometimes referred
to as the second sphere, other ions are attached to the complex ion.

Alfred Werner (1866-1919) became the first Swiss Chemist to receive the
Nobel Prize in Chemistry due to his contribution to coordination
chemistry. He prepared, characterised and studied both physical and
chemical properties of some coordination compounds by simple
experimental techniques such as precipitation. From his findings, he made
the following conclusions:

i. Central metal atom or ion in a complex possesses two kinds of
valencies named primary and secondary valencies.

ii. The primary valency is ionisable and can be satisfied by anions
only. It can be considered as the oxidation state of the central
metal.

iii. The secondary valency is not ionisable and can be satisfied by both
molecules and anions. It gives rise to the coordination number.

iv. The spatial arrangement of the anions and molecules satisfying the
secondary valency determines the shape of the complex.

The complex species is enclosed in square bracket while the anions
satisfying only the primary valency lie outside the coordination sphere
(square bracket). Note that anions in the coordination sphere satisfied both
primary and secondary valencies but the molecules only satisfy secondary
valency.

From Werner’s postulates geometries have been assigned to complexes
based on the number of the secondary valencies.

Complex, Primary and Secondary Valencies, Possible Shape

Complex Primary
Valency

Secondary
valency

Possible
Shape

[Ni(CO)4] 0 4 Tetrahedral or square planar

K4[Fe(CN)6] +2 6 Octahedral

[Ag(NH3)2]Cl +1 2 Linear

[Co(NH3)4Cl2]Cl +3 6 Octahedral

[Cu(H2O)6]2+ +2 6 Octahedral
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3.2.1 Electrolyte and Non-Electrolyte Complexes

By precipitation of chloride ions (Cl-) using silver nitrate (AgNO3)
solution on complexes of cobalt with similar chemical composition
(CoNH3Cl3), Werner was able to distinguish two different kind of
complexes which he classified as non-electrolytes and electrolytes.

From his experiment, a complex containing chloride(s) which gave
precipitate on reacting with AgNO3 solution was said to be an electrolyte,
while non-electrolyte gave no precipitate. The precipitated chloride
satisfied only primary valency, i.e. it was outside the coordination sphere
while un-precipitated chloride satisfied both primary and secondary
valencies, i.e. it was in the coordination sphere.

With improvement in technology, complexes containing other forms of
anions can now be classified as electrolyte or non-electrolyte by
measuring their electrical conductivity. It is worthy to note that for
complexes with net negative charge ([Fe(CN)6]4-), cations can balance out
charge resulting to electrolyte complexes (K4[Fe(CN)6]). Therefore, a
complex is said to be an electrolyte if it has counter ion (cation or anion)
outside coordination sphere while a complex with zero net charge is called
non-electrolytes because no counter ion will be present.

Electrolyte and Non-Electrolyte Complexes
Complex Colour Mole of Cl-

precipitated
Class Electrolyte

Ratio
[Co(NH3)6]Cl3 Yellow 3 Electrolyte 1:3

[Co(NH3)5Cl]Cl2 Purple 2 Electrolyte 1:2

Trans-
[Co(NH3)4Cl2]Cl

Green 1 Electrolyte 1:1

Cis-
[Co(NH3)4Cl2]Cl

Violet 1 Electrolyte 1:1

[Co(NH3)3Cl3] 0 Non-
Electrolyte

-

3.3 Ligands

Ligands are Lewis bases which coordinate to central metal atom or ion in
a complex. They may be molecules with heteroatom (e.g. H2O, NH3,
PPH3 etc) having lone pair(s), anions (e.g. CN-, F-, Cl-, SCN-), unsaturated
hydrocarbons (H2C=CH2, C4H4), aromatics(C6H6) or macromolecules
like proteins, vitamins, porphyrin etc.
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Ligands can be group into different classes based on the number of donor
atoms (sites) they possess. A ligand with one donor site is called
monodentate (e.g. H2O, NH3, CN-, Cl-). Bidentate ligands are those with
two binding sites e.g. ethylenediamine (H2NCH2CH2NH2), oxalate
(C2O4)2- etc. These ligands are capable of forming ring structure (Chelate)
with central metal. Tridentate ligands possess three donor atoms e.g.
diethylenetriamine (H2NCH2CH2NHCH2CH2NH2). They have the
capacity to form two ring structures around the central metal. Ligands
with four donor sites are said to be quadridentate e.g.
(H2NCH2CH2NHCH2CH2NHCH2CH2NH2) triethylene tetraamine, they
are capable of forming complexes with four ring structures. Polydentate
ligands have many donor sites e.g. ethylenediaminetetra acetate (EDTA).
Another category of ligands are called ambidentate ligands because they
have two heteroatoms and any can be used to coordinate to metal
depending on the reaction conditions e.g. SCN- (it can either coordinate
through S or N), NO2

- (it can coordinate through O or N).

Structures of Ligands

3.4 Application and Importance of Coordination Compounds

i. Inorganic Analysis
Coordination compounds are employed in quantitative and
qualitative analyses of metals. The presence of metal can be
detected by using aqueous ammonia to form complex of the metal
if present. An example is the deep blue colour given by aqueous
solution of Cu2+ on addition of ammonia solution. Estimation of
the quantity of a metal e.g. Cu2+, Zn2+, Ni2+etc can be carried out
using EDTA solution in the presence of a suitable indicator. This
can be used to quantify the hardness of a given water sample
caused by Ca2+ and Mg2+.

ii. Purification of Metals
Metals such as Gold and Nickel can be purified by complexation
reaction. Gold in a given sample can be complexed with CN- to
give [Au(CN)2]-. By reacting the complex with Zn, the Gold can
be recovered in a pure state. Also, Nickel purification involves
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formation of [Ni(CO)4] from a given impure sample. The complex
can be easily decomposed to obtain pure Nickel.

Pure titanium metal is made by chlorination of the oxide TiO2 to
form the tetrahedral complex TiCl4. This is then reduced in a redox
reaction with magnesium metal to yield free titanium metal as a
powder. To provide a continuous loop of reagents, the MgCl2 also
formed in this reduction step is electrolysed to produce chlorine
and magnesium metal. With the chlorine and magnesium re-used
fully, this is a good example of an industrial process with little
environmental pollution.

iii. Industry
In the petrochemical industry, Nickel, Platinum and Rhodium
complexes are used as catalyst in hydrogenation reaction, Cobalt
and rhodium complexes are used in hydroformylation (conversion
of alkene to aldehyde) reaction. EDTA is used in production of
cream, food etc as preservative to trap any metal that may cause
discoloration of the products. Brilliant and intense colours of many
complexes make them of great value as dyes and pigments.
Examples are copper phthalocyanine and Prussian blue.

iv. Medicine
In medicine, metal poison, such as Lead poison, can be treated by
the use of ligands like EDTA as sequestering agent to form
harmless complex with the toxic metal. Major breakthrough has
been reported in the use of Cis-Platin, [PtCl2(NH3)2] and other
related drugs in cancer treatments. Technetium complexes are used
in imaging of internal organ in living organisms. Auranofin (gold
complex) is used in treatment of arthritis. Budotitane and
titanocene dichloride (anticancer drugs) are titanium complexes.

v. Important Biological Complexes
Photosynthesis is made possible in green plant due to the presence
of Magnesium complex chlorophyll used to trap the required light
energy. Iron complex called Haemoglobin helps in transportation
of Oxygen within the body while Myoglobin another Iron complex
helps to store Oxygen.

These are some of the areas where complexes play important role in our
lives.
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SELF-ASSESSMENT EXERCISE

i. The chemistry of coordination compounds is restricted to
compounds in which the Lewis acid is a …………… element

ii. What are the primary and secondary valencies of [Co(NH3)4Cl2]Cl
?

iii. What is possible shape of the [Cu(H2O)6]2+ according to Werner's
postulation

4.0 CONCLUSION

The chemistry of coordination compounds is an important aspect of
modern inorganic chemistry. It helps in transformation of many industries
and explains the ways in which biological molecules function in living
systems. Many of these transformations are made possible due to the
contributions of Alfred Werner and other notable Scientists to
coordination chemistry.

5.0 SUMMARY

Werner’s contribution provided information on the unique characteristics
of coordination compounds. From his findings, it was concluded that
complexes possessed two kinds of valencies called primary and secondary
valencies. The primary valency is only satisfied by anions but both
molecules and anions can satisfy the secondary valency which influences
the geometry of the complex unlike primary valency.

The anions and molecules are called ligands which can be monodentate,
bidentate, tridentate, quadridentate or polydentate depending on the
number of available donor sites. The multidentate have capacity to form
multiple rings around the central metal.

6.0 TUTOR-MARKED ASSIGNMENT

1. Based on the number of moles of chlorides precipitated with
AgNO3 solution in the complexes below, assign secondary
valencies to the metals and write the composition of each complex
in square bracket (Time allowed: 10 mins)

2. List and draw the structures of five (5) examples of each of the
following types of ligands
i. Monodentate ligands
ii. Bidentate ligands
iii. Tridentate ligands
iv. Polydentate ligands
v. Ambidentate ligands (Time allowed: 10 mins)
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3. Write the Chemical formula of five complexes used in cancer
treatment. (Time allowed: 5 mins)

4. Classify the underlisted complex as either first or second sphere:
K3[Fe(SCN)6]; CoCl3.6NH3 ; PdCl2.4NH3 (Time allowed: 6 mins)

7.0 REFERENCES/FURTHER READING

Cotton, F. A. & Wilkinson, G. (1972). Advanced Inorganic Chemistry
(3rd ed.). Interscience Publishers, a Division of John Wiley and
Sons.

Cox, P. A. (2004). Inorganic Chemistry (2nd ed.). BIOS Scientific
Publishers Taylor and Francis Group.

Geoffrey, A. L. (2010). Introduction to Coordination Chemistry. John
Wiley and Sons, Ltd.

Housecroft, C. E. & Sharpe, A. G. (2005). Inorganic Chemistry (2nd ed.).
Pearson Education Limited.

Miessler, G. L. & Tarr, D. A. (2010). Inorganic Chemistry (3rd ed.).
Pearson Education Int.

LibreText (2019). Introduction to Coordination Chemistry. Anushweta
Asthana (Contributor). Updated June 5, 2019. Available online at:
https://chem.libretexts.org/Bookshelves/Inorganic_Chemistry/Su
pplemental_Modules_(Inorganic_Chemistry)/Coordination_Che
mistry/Structure_and_Nomenclature_of_Coordination_Compoun
ds/Introduction_to_Coordination_Chemistry
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UNIT 2 NOMENCLATURE AND COORDINATION
NUMBER OF COMPLEXES

CONTENTS

1.0 Introduction
2.0 Objectives
3.0 Main Content

3.1 IUPAC System of Naming Metal Complexes
3.2 Coordination Number of Metal Complexes

4.0 Conclusion
5.0 Summary
6.0 Tutor-Marked Assignment
7.0 References/Further Reading

1.0 INTRODUCTION

Nomenclature in coordination chemistry has undergone several
modifications. While some of the old and trivial names are still in use for
some complexes, International Union of Pure and Applied Chemistry
(IUPAC) provides the modern and most acceptable system of naming
complexes. The IUPAC naming system put into consideration the nature
of the complex whether cationic or anionic, the number and nature of the
ligands as well as the bonding mode (bridging and non-bridging mode)
adopted by the ligand. It is worthy to note that isomeric complexes can
also be identified from their nomenclature. The IUPAC naming system
has many features that make it unique and widely acceptable.

2.0 OBJECTIVES

By the end of this unit, you should be able to:

 name metal complexes
 identify coordination number of metal complexes
 state possible geometry associated with a given coordination

number.

3.0 MAIN CONTENT

3.1 IUPAC System of Naming Metal Complexes

Many coordination compounds have very complex structures due to the
nature of their ligands. This may give rise to their name being long and
complicated. With IUPAC system of naming, the complication in naming
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is not removed but the naming process is organised in a way that it can be
easily comprehended by anybody who understand the rules behind it.

Rules for Naming Complexes
The following rules must be observed in naming complexes:
Rule 1: For negative complex the positive counter ion (cation) is named
first if present, followed by the complex. This is the common way of
naming simple salts as well e.g. NaCl Sodium Chloride. For positive
complex, the complex is named first before naming the negative counter
ion (anion).

Examples:
Complex Name
K2[Ni(CN)4] Potassium tetracyanonickelate(II)
[Co(NH3)6]Cl3 Hexamminecobalt(III)chloride

Rule 2:In the coordination sphere, the ligands are named before the metal
in alphabetical order of the ligands’ names; however, the metal ion is
written first in formula. The coordination sphere is enclosed in square
brackets in the formula.

Examples:
Complex Name
[Cu(NH3)4(H2O)2]SO4 Tetraamminediaquacopper(II) sulphate
[Co(NH3)5Cl]Cl2 Pentaamminechlorocobalt(III) chloride

Rule 3: The number of ligands in a complex is indicated by one or both
of the prefixes listed below. If the name of the ligand contains the first
prefix or is complicated, it is enclosed in parenthesis and the second set
of prefix is used. Examples below will show how these prefixes are used.

Number First prefix Second prefix
2 Di Bis
3 Tri Tris
4 Tetra Tetrakis
5 Penta Pentakis
6 Hexa Hexakis
7 Hepta Heptakis
8 Octa Octakis
9 Nona Nonakis
10 Deca Decakis

Complex Name
[Co(H2NCH2CH2NH2)2Cl2]Cl Dichlorobis(ethylenediammine)cobalt
(III) chloride
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[Fe(NH4C5-C5H4N)3]Cl2 tris(bipyridine)iron(III) chloride

Rule 4: Anionic ligands e.g. Br-, Cl-, F-, SO4
2-etc are named with a suffix

“o” while neutral ligands retained their usual name except H2O called
aqua, NH3 called ammine. Note also that the name of the metal in an
anionic complex ends with a suffix “ate”

Ligand Name Metal
Name in

anionic complex
Br- (Bromide) Bromo Copper

Cuprate
SO4

2- (Sulphate) Sulphato Iron Ferrate
C2O4

2- (Oxalate) Oxalato Nickel Nickelate
CN- (Cyanide) Cyano Platinum

Platinate
-SCN- (Thiocyanate) Thiocyanato-S Titanium

Titanate
-SCN-(Isothiocyanate) Thiocyanato-N Gold

Aurate

Complex Name
K4[Fe(SCN)6] Potassium hexathiocyanatoferrate(II)
[Ni(C2O4)2]2- bis(oxalato)nickelate(II)
[Ti(C2O4)2] bis(oxalato)titanium(IV)
K[Au(CN)2] Potassium dicyanoaurate(i)

Rule 5: For complexes with geometric isomers, these isomers are
indicated using prefix “cis” and “trans”. For example [PtCl2(NH3)2]

Rule 6: A bridging ligand (a ligand joining two or more metal centers) is
indicated with a prefix “μ” and a subscript to indicate the number of the
metal centers bridged by the ligand. Examples
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μ2-amido-μ2-hydroxobis(pentaamminecobalt (III)) cation

bis(tetraaqua-μ2-hydroxo iron (II)) cation

3.2 Coordination Number of Metal Complexes

The coordination number of a metal ion in a complex is the number of
ligand donor atoms to which the metal is directly bonded. It is determined
by counting the number of the donor atoms or site directly attached to the
metal. The ions or molecules that bind to transition-metal ions to form
these complexes are called ligands (from Latin, "to tie or bind"). The
number of ligands bound to the transition metal ion is called the
coordination number. Coordination number varies from 1 to 8, though the
two extremes are rare. The structure of a ligand strongly depends on the
coordination number as it determines the number of spatial orientation
possible in any given complex.

Coordination compounds, such as the FeCl4
– ion and CrCl3 6NH3, are

called such because they contain ions or molecules linked, or coordinated,
to a transition metal. They are also known as complex ions or coordination
complexes because they are Lewis acid-base complexes. Although,
coordination complexes are particularly important in the chemistry of the
transition metals, some main group elements also form complexes.
Aluminum, tin, and lead, for example, form complexes such as the AlF6

3-

, SnCl4
2– and PbI4

2– ions. The various coordination numbers will be
considered and the possible structures discussed.

Coordination Number1: complexes having coordination number 1are
rare and little is known of their chemistry.

Coordination Number 2: The complex with coordination number 2 well
established are silver complexes e.g. [Ag(NH3)2]+ where the electronic
configuration of Ag + is d10. The hybridisation of Ag+ is sp with bond angle
1800 and the possible shape is linear structure. Other examples are
[Hg(CN)2], [Au(CN)2] etc.
[H3N→Ag←NH3]+. The arrows point from the donors to the acceptor.
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Coordination Number 3: Complexes with coordination number 3 are
few. Metals with d10 configuration are commonly found with this
coordination number. The hybridisation is sp2 bond angle 1200, which
gives rise to trigonal planar structure. [HgI3]-, [AuCl(PPh3)2],
[Au(PPh3)3]+ etc. Coordination number 3 is favoured by bulky ligand that
can induce steric hindrance and prevent further coordination.

Coordination Number 4: This is a common coordination system which
can give rise to two different geometries i.e. Tetrahedral and square
planar, depending on the orbital of the central metal that received the
donor pairs. Divalent ions such as Zn2+, Cd2+, Hg2+and Cu+ with d10

electronic configuration and zero crystal field stabilisation energy will
give rise to tetrahedral complexes with sp3hybridisation with bond angle
1090 examples [CdCl4]2-, [Zn(OH)4]2-and [Hg(Br)4]2-.Similarly, few
metals with d0 and d5 are known to form tetrahedral complexes MnO4

-,
MnCl4

2-,TiCl4. Metals with other d-configurations have very limited
number of tetrahedral complexes e.g. [NiCl4

2-] and [Ni(CO)4]with d8

configuration.

Square Planar Complexes are common with metals d8 electronic
configuration. Examples are [PtCl2(NH3)2], [Ni(CN)4]2- and PdCl4

2-. The
hybridisation in these complexes is dsp2 with bond angle of 900.
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Coordination Number 5: Two possible structures with coordination
number 5 are square based pyramidal and trigonal bipyramidal with the
metal having sp3d hybridisation. In square planar, dx2-y2 orbital in the
metal will receive one of the donated pairs while in trigonal bipyramidal,
dz2 orbital of the metal will receive one of the donated pairs. The energy
difference between the two configurations is small hence they are
interconvertible. Examples are [Fe(CO)5] and [Cu(bipy)2I]+, [VO(acac)2]
and [VO(SCN)4]2-.

Coordination Number 6: This is the most common coordination number
with two possible geometries i.e. octahedral and trigonal prismatic.
Octahedral is the most common with metal centre having sp3d2 or d2sp3

hybridisation with bond angle 900. Examples [Cu(H2O)6]2+, [Co(en)3]3+

and [Fe(CN)6]3-.

Cu

OH2

OH2

H2O
OH2

H2O OH2

2+

Fe

CN

NC

NC
NC

NC CN

3-

Higher coordination numbers are possible but not common e.g.
coordination 7[ZrF7]3-and [HfF7]3-, coordination number 8 [ZrF8]4- and
[Mo(CN)8]4-.

SELF-ASSESSMENT EXERCISE

i. Write the formulas for Sodium monochloropentacyanoferrate (III)
ii. Briefly explain how to determine coordination number
iii. Square based pyramidal and trigonal bipyramidal are

interconvertible, why?
iv. According to the IUPAC system of nomenclature for complexes,

what is named before naming the negative counter ion?
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4.0 CONCLUSION

Nomenclature in coordination chemistry may be complicated but the rules
stated by IUPAC provide a way of having a well-organized and neatly
structured naming system that is widely embraced. Another important
aspect of coordination chemistry apart from nomenclature is the
coordination number which influences the possible geometries complexes
can adopt. From coordination number, the shape, bond angle and
hybridisation of a complex can be predicted.

5.0 SUMMARY

In this unit, you learnt that:

 Coordination compounds can be named with IUPAC system of
naming.

 Coordination number can be used to predict the shape, bond angle
and hybridisation of complexes.

 Coordination numbers 1, 2, 3, 7, 8, 9 and 10 are not as common as
coordination numbers 4, 5 and 6.

6.0 TUTOR-MARKED ASSIGNMENT

1. Write the formulas for the following coordination compounds and
predict possible shape(s), hybridisation(s) and bond angle(s) of
each:

(i) Tetraamminediaquacobalt(III)chloride
(ii) Potassiumtetracyanonickelate(II)
(iii) Tris(ethylenediamine)chromium(III)chloride
(iv) Iron(III) hexacyanoferrate(II)
(v) Hexaammineiron(III) nitrate (Time allowed: 7½ mins)

2 Write the IUPAC names of the following coordination compounds
and predict possible shape(s), hybridisation(s) and bond angle(s)
of each:

(i) [Co(NH3)6]Cl3

(ii) [Co(NH3)5Cl]Cl2

(iii) K3[Fe(CN)6]
(iv) K3[Fe(C2O4)3]
(v) K2[PdCl4] (Time allowed: 5 mins)
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1.0 INTRODUCTION

Just as an infinite number of ways exist to arrange large number of
different coloured shoes, there exists different ways on the molecular
scale in which a given number of ligands can be arranged in three-
dimensional array round a central metal. This is the basic concept of
isomerism in coordination chemistry. Different coordination numbers,
shapes and points of attachment of ligands provide an almost infinite
number of three-dimensional structurally related complexes generally
called isomers. Isomerism does not exist in complexes with identical
monodentate and common donor atom ligands. However, wherever more
than one type of ligand is bound, and even where either one type of ligand
with a set of more donor atoms than required, or a number of identical
chelating ligands bind, the possibility of isomerism needs to be
considered. It is important to note that the number of isomers increases
with increase in coordination. The concept of isomerism is well developed
in complexes with coordination numbers 4 and 6 while no established
cases of isomerism is associated with coordination numbers 1, 2 and 3.
The concept of isomerism is very important in drug design as different
isomers have certain differences in reactivity, especially optical isomers.
For instance, an anticancer drug, Budotitane (Titanium complex), lost its
market value when it was discovered to possess optical isomers. This is
because only one isomer may be effective in the treatment of cancer and
the other isomer may cause damaging effect. This underscores the need
to understand the concept of isomerism.
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2.0 OBJECTIVES

By the end of this unit, you should be able to:

 define isomerism in coordination chemistry
 differentiate between structural isomerism and stereoisomerism
 identify different structural isomers of a given complex
 differentiate between geometric and optical stereoisomerism.

3.0 MAIN CONTENT

3.1 Isomerism

The existence of coordination compounds with the same formula but
different arrangements of the ligands were crucial in the development of
coordination chemistry. Two or more compounds with the same formula
but different arrangements of the atoms are called isomers. Because
isomers usually have different physical and chemical properties, it is
important to know which isomer we are dealing with if more than one
isomer is possible. Isomerism is a phenomenon used to describe
complexes with the same molecular weight and molecular formula but
different structural and/or spatial arrangement of donor atoms around the
central metal in the coordination sphere. These complexes are called
isomers.

In coordination chemistry, isomers are of different kinds, they include
hydrate or solvent isomers, ionisation isomers, and coordination isomers
having the same overall formula but with different donor atoms of the
same or different ligands attached to the central metal atom or ion. The
nomenclature of different kinds of isomerism is an indication of whether
solvent, anions, or other coordination compounds imposes the isomerism
in the structure. The terms linkage (ambidentate) isomerism is used when
ambidentate ligands impose structural differences in complexes due to use
of different donor atoms on a ligand. Stereoisomers have the same ligands
with the same donor atoms, but differ in the geometric or (spatial)
arrangement of the ligands. Some stereoisomers are optically active
hence, they are classified as optical isomers.

Isomerism in coordination chemistry is divided into structural isomerism
and stereoisomerism. Structural isomers differ in the way ligands or donor
atoms of ligands are arranged round a central metal. Stereoisomers differ
in the spatial arrangement of ligands round the central metal. The figure
below shows different forms of isomerism.
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3.1.1 Structural Isomerism

Isomers that contain the same number of atoms of each kind but differ in
which atoms are bonded to one another are called structural isomers,
which differ in structure or bond type. Structural isomers are also known
as constitutional isomers, structural isomers have the same empirical
formula but differ in the arrangement of their constituent atoms. This
results in difference in physical properties such as colour. Many different
kinds of structural isomerism occur in coordination chemistry and some
of them will be discussed.

i. Ionisation Isomerism
Ionisation isomers give different ions in aqueous solution. This is
because different anions coordinated to the metal in the
coordination sphere. The isomeric pairs differ in that there is an
exchange of two anionic groups within and outside the
coordination sphere. Ionization isomers occur when a ligand that
is bound to the metal center exchanges places with an anion or
neutral molecule that was originally outside the coordination
complex.

Examples; [Co(NH3)5Br]SO4 (violet) and [Co(NH3)5SO4]Br (red).
Note that in [Co(NH3)5Br]SO4, the sulphate is the counter ion and
can be detected by treating the solution of the complex with BaCl2

to precipitate the sulphate in the form of BaSO4 (qualitative test for
sulphate). The bromide ion is coordinated and will not precipitate
with silver nitrate because it is not free.
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In [Co(NH3)5SO4]Br, the test for bromide will be positive since Br-

is not coordinated to the metal while the test for sulphate will be
negative since the sulphate is in the coordination sphere and not
free.

[Pt(en)2Cl2]Br2 and [Pt(en)2Br2]Cl2

[Cr(NH3)4ClBr]NO2 and [Cr(NH3)4ClNO2]Br
[Cr(NH3)5Cl]NO2 and [Cr(NH3)5NO2]Cl
[Co(NH3)4Br2]Cl and [Co(NH3)4ClBr]Br

The difference between the ionization isomers can be view within
the context of the ions generated when each are dissolved in
solution. For example, when pentaammine bromocobalt(II)
chloride is dissolved in water, Cl− ions are generated:

CoBr(NH3)5Cl(s) →    CoBr(NH3)+
5(aq)+  Cl−

(aq)

whereas when pentaammine chlorocobalt(II) bromide is dissolved,
Br− ions are generated:

CoCl(NH3)5Br(s)→  CoCl(NH3)+
5(aq)+  Br−

(aq)

ii. Hydrate Isomerism
As many complexes are prepared in aqueous solutions where water
is abundant, complexes can precipitate or crystallise with water of
crystallisation outside the coordination sphere or with coordinated
water (ligand) inside the coordination sphere. There are many
isomers which differ in the position of water molecules in their
formula. For example, there are three known hydrate isomers of
CrCl3(H2O)6: [Cr(H2O)6]Cl3 (violet), [Cr(H2O)5Cl]Cl2.H2O (pale
green) and [Cr(H2O)4Cl2]Cl.2H2O (dark green).

The isomers can be distinguished by the mole of silver chloride
precipitated by using silver nitrate on molar solution of the
isomers. In [Cr(H2O)6]Cl3, 3 mole of silver chloride will be
precipitated indicating that none of the Cl- ion is in the
coordination sphere, 2 moles will be precipitated in
[Cr(H2O)5Cl]Cl2.H2O and 1 mole in [Cr(H2O)4Cl2]Cl.2H2O
indicating the number of Cl- not coordinated to the metal ion. The
water of crystallisation outside the coordination sphere can be
detected on dehydration of the complexes.

Other examples are:
[Co(NH3)4(H2O)Cl]Cl2 and [Co(NH3)4Cl2]Cl.H2O
[Co(NH3)5(H2O)](NO3)3 and
[Co(NH3)(NO3)](NO3)2.H2O
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iii. Coordination Isomerism
These isomers contain pairs of ionic complexes that exchange
ligands with each other. Many isomeric pairs are possible by
redistribution of ligands between two metal centres. Examples are:

[Co(NH3)6][Cr(CN)6] and [Cr(NH3)6][Co(CN)6]
[Co(NH3)5(CN)][Cr(CN)5(NH3)] and
[Cr(NH3)5(CN)][Co(CN)5(NH3)]
[Co(en)3][Cr(CN)6] and [Cr(en)3][Co(CN)6]
[Cu(NH3)4][PtCl4] and [Pt(NH3)4][CuCl4]
Note that the cationic complex is written first.

A very similar type of isomerism results from replacement of a
coordinated group by a solvent molecule (Solvate Isomerism),
which in the case of water is called Hydrate Isomerism.

A compound with associated water of crystallization is known as
a hydrate. The structure of hydrates can be quite elaborate, because
of the existence of hydrogen bonds that define polymeric
structures.

iv. Linkage Isomerism
This type of isomerism is observed in complexes containing
ambidentate ligands which can coordinate through at least two
different binding sites. Example of such ligand is nitrite (NO2

-)
which can coordinate through nitrogen or oxygen.

[Co(NH3)5(NO2)]2+(red) and [Co(NH3)5(ONO)]2+

(yellow)
The yellow complex, [Co(NH3)5(ONO)]2+, is unstable and it is
converted into [Co(NH3)5(NO2)]2+ both in solution and the solid
state either by heating or by exposure to ultraviolet light. The two
isomers can be distinguished through Infrared spectroscopy, for
the O-bonded ligand, characteristic absorption bands at 1065 and
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1470 cm-1 are observed, while for the N-bonded ligand, the
corresponding vibrational wave numbers are 1310 and 1430 cm-1.
Other examples are [Co(CN)5(SCN)]3-and[Co(CN)(NCS)]3-,
where the sulphur and nitrogen of the thiocyanate ligand imposes
the observed linkage isomerism.

v. Polymerisation Isomerism
Polymerisation isomers are isomers with the same simplest unit
called monomer. The combination of two or more monomer units
results in polymeric complex isomer. An example is the unit
[Pt(NH3)2Cl2] which on combination can give; [Pt(NH3)4][PtCl4],
[Pt(NH3)3Cl]2[PtCl4] and [Pt(NH3)4][Pt(NH3)Cl3]2. Also the unit
[Co(NH3)3Cl3] on combination will produce [Co(NH3)6][CoCl6],
[Co(NH3)4Cl2][Co(NH3)2Cl4] and [Co(NH3)5Cl][Co(NH3)Cl5].

vi. Ligand Isomerism
This is a form of isomerism due to the isomeric nature of the
ligands. Typical examples are [Pt(NH2CH2CH2CH2NH2)2]2+ and
[Pt(NH2CH(CH3)CH2NH2)2]2+

The ligand propane-1,3-diamine and its isomer,
methylethylenediamine impose the isomerism.

3.1.2 Stereoisomerism

Stereoisomerism occurs in complexes due to difference in spatial
arrangement of ligands round the central metal. Stereoisomerism is
divided into geometric and optical isomerism.

Geometric Isomerism
The most common type of geometrical isomerism involves cis and trans
isomers in square planar and octahedral complexes. In square planar
complex [Pt(NH3)Cl2], the cis- and trans- isomers are shown below. Note
that in the trans-form, identical ligands are separated by bond angle of
1800 while in cis-form the bond angle between identical ligands is 900.

In octahedral complex [Co(NH3)4Cl2]+,cis- and trans- isomers occur
while in [Co(NH3)3Cl3], facial and meridional isomers occur. These are
shown below.
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Optical Isomerism
Optical isomers exist in complexes that are not superimposable on their
mirror images. These isomers have ability to rotate the plane of polarised
light in opposite direction. A mixture of optical isomers of the same
quantity will not rotate the plane of polarised light because the effect of
one isomer is cancelled out by the other. Such a mixture is called racemic
mixture. Optical isomerism is possible in tetrahedral and octahedral
complexes (cis-isomers) where centre of symmetry is absent but not in
square planar complexes. Optical isomers are called enantiomers. A
solution of enantiomer that rotates the plane of polarised light in
clockwise direction is designated as positive (+) or dextrorotatory
(d)enantiomer while the isomer that rotates the plane of polarised light in
anticlockwise direction is designated as negative (-) or laevorotatory (l)
enantiomer. Example is dichlorobis(ethylenediammine)cobalt (III). The
optical isomers have identical chemical and physical properties but differ
in their ability to rotate the plane of polarised light unlike diastereoisomer
that differ in both chemical and physical properties and lacks ability to
rotate the plane of polarised light.


