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INTRODUCTION

Inorganic chemistry is the study of the structures, properties and reactions of all
chemical elements and compounds except for organic compounds, such as
hydrocarbons and their derivatives. The principles of inorganic chemistry are
typically used for studying the synthesis, reactions, structures and properties of
compounds of the elements. Inorganic chemistry is fundamental to many practical
technologies including catalysis and materials (structural, electronic, magnetic, etc.),
energy conversion and storage, and electronics. Inorganic compounds are also
found in biological systems where they are essential to life processes. Significant
classes of inorganic compounds are the oxides, the carbonates, the sulphates, and
the halides. Many inorganic compounds are characterized by high melting points.
Inorganic salts typically are poor conductors in the solid state. Other important
features include their high melting point and ease of crystallization.

Descriptive inorganic chemistry focuses on the classification of compounds
based on their properties. Partly the classification focuses on the position in the
periodic table of the heaviest element, the element with the highest atomic weight
in the compound, partly by grouping compounds by their structural similarities.

Many inorganic compounds are ionic compounds, consisting
of cations and anions joined by ionic bonding. Examples of salts (which are ionic
compounds) are magnesium chloride MgCl

2
, which consists of magnesium cations

Mg2+ and chloride anions Cl”; or sodium oxide Na
2
O, which consists

of sodium cations Na+ and oxide anions O2". In any salt, the proportions of the
ions are such that the electric charges cancel out, so that the bulk compound is
electrically neutral. The ions are described by their oxidation state and their ease
of formation can be inferred from the ionization potential (for cations) or from
the electron affinity (anions) of the parent elements. Important classes of inorganic
compounds are the oxides, the carbonates, the sulfates, and the halides. Many
inorganic compounds are characterized by high melting points. Inorganic salts
typically are poor conductors in the solid state. Other important features include
their high melting point and ease of crystallization. Where some salts, such as NaCl
are very soluble in water, while others, such as FeS are not.

Acids and bases are popular chemicals which interact with each other
resulting in the formation of salt and water. Fundamentally, an acid is any hydrogen-
containing substance that is capable of donating a proton (hydrogen ion) to another
substance while a base is a molecule or ion able to accept a hydrogen ion from an
acid. Generally, the acidic substances are identified or recognised through their
sour taste. In contrast, the bases are characterized or categorized through their
bitter taste and a slippery texture. A base that can be dissolved in water is termed
as an alkali. When these substances chemically react with acids then they yield
salts.

The acid-base reactions in non-aqueous solvents are typically described by
means of the solvent-system definition, although the regular Bronsted-Lowry theory
may be applied for the protic solvents, which possess a hydrogen atom that can
dissociate. According to the solvent-system definition, acids are the compounds
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that increase the concentration of the solvonium (positive) ions, and bases are the
compounds that result in the increase of the solvate (negative) ions, where solvonium
and solvate are the ions found in the pure solvent in equilibrium with its neutral
molecules.

Fundamentally, the inorganic chemistry deals with the synthesis and behaviour
of inorganic and organometallic compounds. It has applications in every aspect of
the chemical industry, including catalysis, materials science, pigments, surfactants,
coatings, medications, fuels, and agriculture.

This book, Inorganic Chemistry, is designed to be a comprehensive and
easily accessible book covering the basic concepts of inorganic chemistry. It will
help readers to understand the basics of chemistry of elements of first transition
series, chemistry of elements of second and third transition series, coordination
compounds, oxidation and reduction, chemistry of lanthanides and actinides, acids,
bases and non-aqueous solvents.

The book is divided into five units that follow the Self-Instruction Mode
(SIM) with each unit beginning with an Introduction to the unit, followed by an
outline of the Objectives. The detailed content is then presented in a simple but
structured manner interspersed with Check Your Progress to test the student’s
understanding of the topic. A Summary along with a list of Key Terms and a set of
Self-Assessment Questions and Exercises is also provided at the end of each unit
for understanding, revision and recapitulation. The topics are logically organized
and explained with related text, figures and examples, analysis and formulations to
provide a background for logical thinking and analysis with good knowledge of
inorganic chemistry. The examples have been carefully designed so that the students
can gradually build up their knowledge and understanding.
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UNIT 1 CHEMISTRY OF ELEMENTS OF
FIRST TRANSITION SERIES
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1.0 Introduction
1.1 Objectives
1.2 Characteristics Properties of d-Block Elements

1.2.1 General Characteristics of d-Block Elements
1.2.2 Periodic Properties and Variations of Elements of First Transition Series

1.3 The Binary Compounds of First Transition Series
1.3.1 Carbides of 3d-Transition Elements
1.3.2 Oxides of First Transitional Series Elements
1.3.3 Sulphides of First Transition Series Elements

1.4 The Stabilization of Oxidation States by Complex Formation
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1.4.2 Coordination Number and Geometry/Stereochemistry

1.5 Answers to ‘Check Your Progress’
1.6 Summary
1.7 Key Terms
1.8 Self-Assessment Questions and Exercises
1.9 Further Reading

1.0 INTRODUCTION

In chemistry, the term transition metal or transition element has following possible
definitions: The IUPAC definition defines a transition metal as an element whose
atom has a partially filled d sub-shell, or which can give rise to cation with an
incomplete d sub-shell. In chemistry, the English chemist Charles Bury (1890–1968)
first used the word transition in this context in 1921, when he referred to a transition
series of elements during the change of an inner layer of electrons for example
n = 3 in the 4th row of the periodic table from a stable group of 8 to one of 18, or
from 18 to 32. These elements are now known as the d-block. Many scientists
describe a transition metal as any element in the d-block of the periodic table, which
includes Groups 3 to 12 on the periodic table. Transition metals have the ability to
form complexes this is due to small size, highly charged ions and availability of vacant
d orbitals. Compounds of first transition series show high spin nature whereas the
compound of second and third are low spin nature. There are a number of properties
shared by the transition elements that are not found in other elements, which results
from the partially filled d shell. These include the formation of compounds whose
colour is due to d–d electronic transitions, the formation of compounds in many
oxidation states, due to the relatively low energy gap between different possible
oxidation states and the formation of many paramagnetic compounds due to the
presence of unpaired d electrons. A few compounds of main group elements are
also paramagnetic (For example, nitric oxide and oxygen). Most transition metals
can be bound to a variety of ligands, allowing for a wide variety of transition metal
complexes. In general, transition metals possess a high density and high melting
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points and boiling points. These properties are due to metallic bonding by
delocalized d electrons, leading to cohesion which increases with the number of
shared electrons. However, the group 12 metals have much lower melting and
boiling points since their full d sub-shells prevent d–d bonding, which again tends
to differentiate them from the accepted transition metals.

In this unit, you will study about the concept of evaluating the characteristic
properties of d-block elements, properties of the elements of the first transition
series, their binary compounds, such as carbides, oxides and sulphides, complexes
illustrating relative stability of their oxidation states, coordination number and
geometry.

1.1 OBJECTIVES

After going through this unit, you will be able to:

 Describe the various properties of d-block elements

 Explain the characteristic features and the properties of elements of the first
transition series

 Analyse the concept of first transition series

 Define the binary compounds of first transition series, such as carbides,
oxides and sulphides

 Discuss the complexes illustrating relative stability of their oxidation states

 Elaborate on the use of the coordination number and geometry

1.2 CHARACTERISTICS PROPERTIES OF
d-BLOCK ELEMENTS

The d- and f-block elements are included as transition elements in the periodic
table. In case the d-subshell in partly filled, the elements are called d-block elements;
and when f-subshell is partly filled, the elements are called as f-block elements
(inner transition elements). In d-block elements, the incomplete sub-shells are
(n – 1) d subshells while in case of f-block elements the incomplete subshells are
(n – 1) f and (n – 1) d subshells. The elements of the Group 12 (Zn, Cd and Hg)
have completely filled (n – 1) d subshell in their elementary state as well as in the
combined state. Thus according to the definition, these cannot be included in
d-block elements. This is also further evident by the fact that they do not show
much resemblance with other d-block elements except for their ability to form
complexes with the ligands like ammonia, amines and halide ions. So they are
studied with d-block elements in order to maintain a rational classification of
elements. Further, the elements of Group 3 (Sc, Y, La and Ac) differ markedly in
their properties from other transition elements, viz. their compounds are uniformly
trivalent, diamagnetic and colourless. But since they have partly filled d-subshell
these are considered as d-block elements as transition elements. Thus elements of
Group 3 and Group 12 are referred to as non-typical transition elements while
the other transition elements are called typical transition elements.
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d- Block Elements

The general electronic configuration of d-block elements is (n – 1) d1-10 ns2. On
the basis of the number of partly filled d-orbitals, d-block elements are broadly
classified into following three series.

(i) First or 3d-Series of 10 Elements: These have incomplete 3d-orbital,
although the 4s-orbital has two electrons, Sc

21
 to Zn

30
 are present in this

series.

(ii) Second or 4d-Series of 10 Elements: These have incomplete 4d-orbital,
although the 5s-orbital has two electrons. Yttrium

39
 to Cd

48
 are present in

this series.

(iii) Third or 5d-Series of 10 Elements: These have incomplete 5d-orbital,
although the 6s-orbital has two electrons. La

57
, Hf

-72 
to Hg

50
 are present in

this series.

1.2.1 General Characteristics of d-Block Elements

The members of a given transition series does not differ much from one another in
the same period. This is because the electronic configuration of transition elements
differ one another only in the number of electrons in (n – 1) d subshell, i.e., the
number of electrons in the outer most shell (n) remains the same. The outer most
configuration is invariably ns2 where n2 is the number of the period to which the
given transition element belong.

Important characteristic properties of the d-block elements are discussed below:

1. All the Transition Elements are Metals: Among the first transition series,
elements with even atomic numbers are more abundant than those with odd
atomic numbers. The second and third transition series are generally less
abundant. All the transition metals are ductile and good conductor of
electricity and heat. They form alloys with other metals.

Unlike non-transition metals, they are hard and brittle except Hg which is
liquid and soft. Hardness and brittleness are associated with covalent
bonding. However, since the transition metals are good conductor of heat
and electricity, metallic bonding is also present in transition metals. Hence,
covalent and metallic bonding both exist amongst the atoms of the transition
elements. The covalent bonding is due to the presence of unfilled d-
orbitals.

2. Unlike s-block elements, atomic volume of the transition elements are
low because as the inner orbitals are filled the increased nuclear charge pulls
the electrons in and hence the atomic volume is decreased and density is
increased.

3. These have high melting and boiling points. With the exception of Zn,
Cd, Hg (where the d-orbital is complete and hence no possibility for covalent
bonding), La and Ag all other transition elements melt above 1000°C.

4. The atomic radii of the transition metals decrease with increase in the atomic
number. This is due to the fact that increase in nuclear charge tends to attract
the electron cloud inward with the result atomic radii decreases.
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5. Since atoms of the transition elements are small in size, their ionization energies
are fairly high; the value generally lie in between those of s and p block
elements.

6. Electronic Configuration: As described earlier in the various transition
elements of a series the configuration of the outermost shell remains while
one electron is added continuously till its fully capacity (i.e. 10) to then
(n – 1)d orbitals. On the basis of the number of (n – 1)d orbital, the whole
of the transition elements have been divided into three series, viz., when
(n – 1)d orbitals  are 3, 4 and 5. The three series are respectively known as
3d (first), 4d (second) and 5d (third) series. Following points must be kept
in mind while going through the electronic configuration of the various
transition elements.

(i) The orbitals are filled in order of their increasing energy, i.e., an orbital
of lower energy is filled first followed by orbital of higher energy. Thus
4s orbital having lesser energy is filled first to its capacity (4s2) than
the 4d orbital, having higher energy. Thus when 3p orbitals are filled
to their capacity as in Ar (Z = 18), the 19th and 20th electrons in K
and Ca respectively go to 4s orbital rather than 3d orbital. The 3d
orbital starts filling at scandium (Z = 21) only when 4s orbital is full to
its capacity.
Elements Symbol Atomic No. Electronic Configuration

Argon Ar 18                   1s2, 2s2p6, 3s2p6

Potassium K 18                   1s2, 2s2p6, 3s2p6, 4s1

Calcium Ca 20                   1s2, 2s2p6, 3s2p6, 4s2

Scandium Sc 21                   1s2, 2s2p6, 3s2p6d1, 4s2

(ii) The exactly half-filled and completely filled d-orbitals are extra stable.
This explains the electronic configuration of chromium (Atomic
No. 24) as

[Ar] 3d5, 4s1 and not as [Ar] 3d4, 4s2

Similarly, electronic configuration of Cu (Z = 29) is

[Ar] 3d10, 4s1 and not [Ar] 3d9, 4s2

Table 1.1 Electronic Configuration of Elements of the First Transition Series

Elements Symbol At. No. Electronic Configuration

Scandium  Sc  21 1s2, 2s2p6, 3s2p6d1, 4s2

Titanium Ti 22 1s2, 2s2p6, 3s2p6d2, 4s2

Vanadium V 23  1s2, 2s2p6, 3s2p6d3, 4s2

*Chromium Cr 24 1s2, 2s2p6, 3s2p6d5, 4s2

Manganese Mn 25 1s2, 2s2p6, 3s2p6d5, 4s2
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Iron Fe  26 1s2, 2s2p6, 3s2p6d5, 4s2

Cobalt Co 27 1s2, 2s2p6, 3s2p6d7, 4s2

Nickel Ni 28 1s2, 2s2p6, 3s2p6d8, 4s2

*Copper Cu 29 1s2, 2s2p6, 3s2p6d10, 4s1

Zinc Zn 30 1s2, 2s2p6, 3s2p6d10, 4s2

The anomalous electronic configuration of Cr and Cu is due to extra stability of the
exactly half-filled and completely filed d-orbitals.

Table 1.2 Electronic Configuration of Transition Elements (Groupwise)

Group Elements Electronic Configuration

3 Scandium, Sc [Ar] 3d14s2

Yttrium, Y [Kr] 4d15s2

Lanthanum, La [Xe] 5d16s2

 Actinium, Ac [Rn] 6d17s2

4 Titanium, Ti [Ar] 3d14s2

Zirconium, Zr [Kr] 4d15s2

Hafnium, Hf [Xe] 4f145d26s2

5 Vanadium, V [Ar] 3d24s2

Niobium, Nb  [Kr] 4d35s2

Tantalum, Ta [Xe] 4f145d36s2

6 Chromium, Cr [Ar] 3d54s1

Molybdenum, Mo [Kr] 4d55s1

7 Manganese, Mn [Ar] 3d54s2

Technetium, Tc [Kr] 4d55s2

Rhenium, Re [Xe] 4f145d56s2

8 Iron, Fe [Ar] 3d54s2

Ruthenium, Ru [Kr] 4d75s1

Osmium, Os [Xe] 4f145d56s 2

9 Cobalt, Co [Ar] 3d7 4s2

Rhodium, Rh [Kr] 4d85s1

10 Nickel, Ni  [Ar]3d84s2

Palladium, Pd [Kr] 4d10

Platinum, Pt [Xe] 4f145d96s1

11 Copper, Cu [Ar]3d104s1

Silver, Ag [Kr] 4d105s1

Gold, Au [Xe]4f145d106s1

12 Zinc, Zn [Ar] 3d104s2

Cadmium, Cd [Kr]4d105s2

Mercury, Hg [Xe]4f145d106s2



Chemistry of Elements
of First Transition Series

NOTES

Self - Learning
8 Material

7. Variable Oxidation States: All transition metals except the first and the last
member of each series exhibit variable oxidation state. The cause of showing
variable oxidation state is due to the fact there is very small difference between
the energies of electrons in the ns orbitals and (n – 1) d orbitals with the
remit both ns as well as (n –1) d electrons can be used for compound
formation. Thus the variable oxidation states of transition elements are related
to their electronic configurations which is evident from the following table of
the oxidation states of elements of the first transition series.

Table 1.3 Relation between Outer Electronic Configuration and Oxidation States
of the Elements of the First Transition Series

Element Outer Electronic Configuration Oxidation States

Se  3d1  4s2  +2, +3

Ti 3d2  4s2  +2, +3, +4

V  3d3 4s2  +2, +3, +4, +5

Cr  3d5  4s1  +1, +2, +3, +4, +5, +6

Mn  3d5  4s2  +2, +3, +4, +5, +6, +7

Fe  3d5  4s2  +2, +3, +4, +5, +6

Co  3d7  4s2  +2, +3, +4

Ni  3d8  4s2  +2, +3, +4

Cu  3d10  4s1  +1, +2

Zn 3d10  4s2  +2

Let us illustrate the relation between outer electronic configuration of a
transition element and its various possible oxidation states by taking the
example of Mn (3d5, 4s2) which shows oxidation states from +2 to +7.

Formation of Mn2+ involves only two 4s electrons.

Formation of Mn3+ involves two 4s and one 3d electrons.

Formation of Mn4+ involves two 4s and two 3d electrons.

Formation of Mn5+ involves two 4s and three 3d electrons.

Formation of Mn6+ involves two 4s and four 3d electrons.

Formation of Mn7+ involves two 4s and five 3d electrons.

It must be noted that in some transition elements all of the (n – 1)d electrons
are not involved during bond formation, for example boron (3d6, 4s2) should
have +8 as its highest oxidation state, but actually it is only +6 which is also
known only in rare cases (+2 and +3 are the common oxidation states of
iron). The +6 (and not +8) as the highest oxidation state of iron is explained
on the basis that only the unpaired electrons of the 3d subshell take part in
bond formation. In iron there are 4 unpaired and 2 paired 3d electrons and
hence the effective electrons in 3d orbitals are only four which may give +6
as the highest oxidation state. Similarly, nickel has +4 as the highest oxidation
state because here again only two of its eight 3d electrons are unpaired.
The same is applied to all the transition elements.
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8. Complex Formation: The cations of the transition metals have great
tendency to form complexes with several molecules as ions called ligands.
This is due to following two facts:

(i) The cations are relatively very small in size and have high effective
nuclear change. Thus they have a high positive change density which
facilitates the acceptance of low pairs of electrons from the ligands.

(ii) The transition metal cations have vacant inner d-orbitals which can easily
accept electrons from the ligands.

The bonds involved in the formation of complexes are coordinate, hence
the complexes are called coordinate complexes. The structure commonly
found in such complex ions in linear, square planar, tetrahedral or octahedral
depending upon the nature of hybridisation of the metal ion.

The weak ligands like CO, NO, C
2
H

4
,
 
etc., form complexes only when

transition metals are in zero or low or oxidation states. This is because the
donation of these ligands have vacant orbitals in addition to the lone pain.
The highly electronegative and basic ligands like F–, Cl–, NH

3
, etc.

Can form complexes with transition metals even when they are in high oxidation
states.

This is because the small, highly charged or neutral ligands with a lone pair
of electrons can form strong -bonds by donating a lone pair of electrons.
The complexes formed are stable enough to have an independent existence.
This is due to greater attraction of metal ion for ligand electrons. This explains
why Co3+ ion forms a stable complex with ammonia, [Co (NH

3
)

6
]2+ while

Co2+ ion does not form stable complex with ammonia.

Trends in Transition Series for Complex Formation

(i) In each transition series, the stability of complexes increases with
increasing atomic number of the element and in a particular oxidation
state with decreasing size of its atoms.

(ii) When the transition metal atom exhibits more than one oxidation state,
the higher valent ion forms more stable complexes.

9. Colour: Most of the d-block compounds are coloured in solid or in solution
states. The colour of transition metal ions is due to the presence of unpaired
or in-complete d-orbitals. When visible height (x = 4000 – 7000Å) falls on
a coloured substance, the latter absorbs certain radiation of white light and
Trans unit the remaining ones. The transmitted light has the complimentary
colour to that of the absorbed light. This complimentary colour which is
actually the colour of the reflected (transmitted) light is the colour of the
substance. For example, hydrated Cn2+ ion absorbs radiations corresponding
to red light and hence it transmits radiations of wavelength corresponding to
blue colour which is complimentary to red colour.

The absorption of visible light and hence coloured nature of the transition
metal cations is due to the promotion of one or more unpaired d-electron
from a lower to a higher level within the same d-subshell. This promotion
requires small amount of energy which is available in the visible light.
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Colours exhibited by hydrated ions of the elements of the first transition series
are tabulated in Table 1.4.

Table1.4 Colours of Hydrated Ions of the First Transition Series

Ion Outer Electronic No. of Unpaired Colour Magnetic
Configuration Electrons Moment

(BM)

Sc3+  3d0  0  Colourless  0

Ti3+  3d1  1  Purple  1.75

V3+  3d2  2  Green  3.86

Cr3+  3d3  3 Violet 4.80

Mn3+  3d4  4  Violet  5.92

Fe3+  3d5  5  Yellow  5.96

Mn2+  3d5  5  Pink 5.0-5.2

Fe2+  3d5 4 Green 4.4-5.2

Co2+  3d7  3  Pink  2.9

Ni2+  3d8  2  Green 2.9-3.4

Cu2+  3d9  1  Blue 1.4-2.2

Cu+  3d10  0  Colourless  0

Zn2+  3d10  0  Colourless  0

Note that d-block metal cations like Sc3+, Ti4+, and Cu+ have either
completely empty or fully filled 3d-orbital, i.e., they do not have any unpaired
d-electron, and hence appear colourless.

10. Magnetic Properties: On the basis of magnetic properties, substances
are classified into the following two types:

(i) Paramagnetic Substances: Substances which are weakly attracted
into the magnetic field are called paramagnetic. These substances lose
their magnetism on removing the magnetic field. Paramagnetic is caused
by the presence of unpaired electron(s) and since most of the transition
metal atoms have unpaired d-electrons, they are paramagnetic in
behaviour.

(ii) Diamagnetic Substances: Substances which are repelled by
magnetic field are called diamagnetic. It is the property of the completely
filled electronic subshells.

Since most of the transition metal ions have unpaired d-electrons, they show
paramagnetic behaviour. The exceptions are Sc3+, Ti4+, Zn2+, Cu+, etc., which
do not contain any unpaired d electron and hence these are diamagnetic.
The presence of an unpaired electron in an element causes it to behave like
a permanent magnet. As a result of permanent magnet, a paramagnetic
substance when placed in an applied magnetic field, takes up a parallel
position to the field.



Chemistry of Elements
of First Transition Series

NOTES

Self - Learning
Material 11

In case of Fe, Co and Ni, the unpaired electron spins are exceptionally
more pronounced. As a result these elements are much more paramagnetic
than the rest of elements. Hence these are said to be ferromagnetic, i.e.,
they can be magnetised.

11. Non-Stoichiometric Compounds: Certain transition elements from
compounds of indefinite structure and proportion (non-stoichiometric
compounds) with group 16 elements (O, S, Se and Te). The formation of
non-stoichiometric compounds is partly due to the variable valency of the
element and partly due to the variable valency of the element and partly due
to defects in the solid structures. The non-stoichiometric compounds are
generally written with a bar over the formula, for example the formula FeO
indicates that Fe and O are not present exactly in the ratio of 1 : 1; actually
its formula varies between Fe

0.94
 and Fe

0.84
O.

12. Interstitial Compound Formation: Transition elements have remarkable
power to combine with atoms of relatively small size to form interstitial
compounds, for example hybrids with hydrogen, carbides with carbon, etc.
The steel and cast iron and hard because of interstitial compound formation
with carbon.

13. Catalytic Properties: Various transition elements and their compounds are
frequently used as catalysts, the most important being Fe, Pt, Pd, Ni and
V

2
O

5
.  In some cases the transition elements provide unpaired d-electrons

to form the unstable intermediate compound with the reactant, while in other,
the transition metals provide a large surface area for the reactants to be
absorbed.

14. Except iron, other transition metals are resistant to corrosion. Chromium is
a very important corrosion resisting metal. High heats of sublimation, high
ionization potentials, and low heats of hydration of their ions, make there
metals to unreactive or noble. Within a transition series, the noble character
generally increases with the increase in atomic number. This tendency is
pronounced in platinum and gold.

15. Alloy Formation:  Since d-block elements are quite similar in atomic size,
they can mutually substitute one another in crystal lattices. This gives solid
solution and smooth alloys.

An alloy is a metallic intimately mixed solid mixture of two or more
different elements, at least one of which is a metal. Alloys are
homogeneous in molten state but they may be either homogeneous or
heterogeneous in solid state. Alloys containing mercury (a liquid at ordinary
temperature) as one of the constituent elements are called amalgams. In
alloys, chemical properties of the component elements are retained, but
certain physical properties are improved. Actually, the purpose of making
alloys is to develop some useful characteristics which are absent in the
constituent elements. Important alloys along with their corporation and uses
are summarised in Table 1.5.
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                             Table 1.5 Few Important Alloys

Metal  Alloy  Composition

Aluminium  Duralumin  95% Al + Cu, Mg, Mn

Magualium  90% Al + 10% Mg

Copper  Brass  Cu and Zn

 Bronze  Cu and Sn

Gun Metal  Cu (88), Sn (10), Zn (2)

Bell Metal  Cu (80), Sn (20)

German Silver  Cu, Zn and Ni

Lead  Solder  Pb (67%) % Sn (33%)

Type Metal  Pb, Sb and Sn

Wood’s Metal  Bi, Pb, Sn, Cd

Magnesium  Electron  Mg and Zn

Nickel  Monel Metal  Ni and Cu

 Nichrome Wire  Ni and Cr

Steel  Stainless Steel  Steel, Cr + Ni

Invar  Steel and Ni

Tool Steel  Steel, Ti, V, W

Tin  Babbitt Metal  Sn, Pb and Cu

White Metal  Sn, Sb, Cu

Mischmetal (alloy of rare earth elements with iron and traces of S, C, Ca
and Al) improve workability of steel.

Pyrophoric alloys (alloy of rare earths with Fe, Al and C) are used in the
preparation of ignition devices or several ions (for example, F –, Cl –,
CN –, etc.). These molecules and ions are called ligands (L). These have a
near more lone pairs of electrons on the central atom which they donate to
the metal ion/atom (m) during the process of complex formation. This happens
because the metal ions are electron deficient in most of their oxidation states
or even the atoms are electron acceptors. Small size and high charge density
of the metal ions facilitate the formation of the complexes which also depends
on the basicity of the ligands. The complex formation tendency increases as
the positive oxidation state of the metal ion increases.

The nature of the complexes depends on the orbitals available on the metal
ion ‘[/ atom for bonding. These orbitals are s, p and d type. The structures
commonly found in the complexes of the elements of first transition series
are linear, square planar, tetrahedral and octahedral. This shows that the metal
orbitals are hybridized before bonding with the ligand orbitals, for example
[Ni (CN)

4
]2– ion is square while [NiCl

4
]2– ion is tetrahedral.

3. Magnetic Behaviour: As mentioned earlier, there are several types of
magnetism observed in the ions/compounds or complexes of transition metals.
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Para magnetism is most common among transition metal compounds through
some metals in the elemental form also show ferromagnetism.

Cause of Magnetic Character: We know that electrons are changed
particles and act as tiny magnets by themselves and determine the magnetic
properties of the substances in two ways.

(a) Spin motion or spinning of the electron on its axis produces spin
magnetic moment.

(b) Orbital motion on the movement of the electron around the nucleus
produces orbital magnetic moment.

The resultant of the above two moments gives the total moment produced
by an electron. The observed magnetic moment of the compounds is the
sum of the moments of all the electrons present in them. If the two electrons
with opposite spins are paired in the same orbital, the magnetic moment
produced by one electron is cancelled by that caused by the other electron
because both the electrons will have equal but opposite moment thereby
giving zero resultant magnetic moment. Such substances which have paired
electrons will not show paramagnetism, rather-they are diamagnetic.

But if there are unpaired electrons in the ions/atoms of the substance it has
the moment produced by all the unpaired electrons. The resultant or total
moment in them is sufficiently high to overcome the magnetic moment
induced by an approaching magnetic field. Hence, such substances instead
of experiencing repulsion, are attracted in a magnetic field and are called
paramagnetic substances.

The magnetic moments of atoms, ions and molecules are expressed in units
called Bohr Magneton (B.M.) which is defined in terms of the

fundamental constants as 1 B.M. = 
eh

4 mc

Where h = Planck’s constant, e =Electronic Charge, c =Velocity of Light
and m. = Mass of Electron.

The magnetic moment of a single electron is given by the expression µ
s
 (B.

M.) = g S(S 1)  (According to wave mechanics)

Where S= resultant spin quantum number and g = gyromagnetic ratio (called
g factor).

The quantity g S(S 1)  is the value of the spin angular momentum of

the electron and thus g is the ratio of magnetic moment to the angular
momentum. For a free electron, g value is nearly 2 (i.e., 2. 00023).

In transition metal compounds/complexes, the unpaired electrons are
present in the outer shell of metal ions and in such cases the spin component
is much more significant than the orbital contribution because the orbital
motion of these electrons is said to be quenched or suppressed. Therefore,
the latter can be neglected in comparison to the former. In such cases, the
total magnetic moment is, therefore, considered entirely due to the spin of
the unpaired electrons and µ

s
 is given by
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µ
s
 = 2 S(S 1) 4S(S 1)  (By putting the value of g = 2)

Now S= n x s where n= Number of Unpaired Electrons and s= Spin
Quantum Number (irrespective of its sign)

1 n
S n

2 2

Putting this value of S in the above expression,

s

n n n 2
4 1 2n B.M.

2 2 2

Or µ
s
 = n(n 2)  B.M.

µ
s
 is also expressed as µ

eff
, i.e., effective magnetic moment which is

dependent only on the number of unpaired electrons.

The permanent magnetic moment of 3d-transisters elements gives
important information about the number of unpaired electrons and it varies
with n. The calculated magnetic moments corresponding to 1, 2, 3, 4 and
5 unpaired electrons will be 1.73 BM, 2.88BM, 3.87BM, 4.90BM and
5.92 BM respectively using the above formula.

The number of unpaired electrons gives the valuable information regarding
the type of orbitals that are occupied as also these available for hybridisation
and also the structure of the complexes. For example, consider the care
of [MnBr

n
]2– complex ion in which Mn is in +2 oxidation state and its

coordination number is 4.

Ground state of Mn

Excited state of Mn

Hybridization state
of Mn +2

SP  Hybridization3

In the complex ion, Mn2+ ion is linked with four Br– ions as ligands which
exert weak ligand field on the metal ion orbitals. As a result the five unpaired
d-orbitals remain unaffected and 1s and 3p empty orbitals of metal ion
(only four hybrid orbitals are required) hybridise before bond formation
producing sp3 hybrid orbitals thus giving tetrahedral structure to the complex
ion. The calculated magnetic moment of this complex is nearly 5.92 B.M.
which indicates the presence of five unpaired electrons. If that is the
situation, the tetrahedral structure of the complex ion is confirmed involving
only s and p orbitals.

Similarly for the complexes with coordination number 6, i.e. six ligands
are attached to the central metal ion, we can predict whether the complex
is outer or inner orbital complex from the knowledge of weak and strong
ligands, for example [Co(H

2
O)

6
]2+ is an outer orbital complex and



Chemistry of Elements
of First Transition Series

NOTES

Self - Learning
Material 15

[Co(H
2
O)

6
]2+ is an inner orbital complex having the central metal ion, Co2+

involving sp3d2 and d2sp3 hybridisation, respectively.

4. Formation of Coloured Ions/Compounds: The cause of colour by
transition metal complexes has been discussed earlier. The elements of first
transition series form coloured ions/compounds/complexes due to the
presence of unpaired electrons in them. For example, [Co(H

2
O)

6
)2+ is pink,

Cu+ (d10) ion and its salts are colourless but Cu2+ (d9) ion and its compounds
are coloured, CuSO

4
.5H

2
O and [Cu(NH

3
)

4
]2+ is dark blue (almost violet).

Similarly, [Ni (NO
2
)

6
]4– is red and [Ni(NH

3
)

6
]2+ is blue. Among the other

compounds VO
2
+ is pale yellow, CrO

4
2– is strongly yellow, MnO

4
– is purple

in colour, and [Ti(H
2
O)

6
]3+ is green coloured.

The colour of the complex ion depends on the nature of the ligands and type
of complex formed. The metal ions with completely empty or completely
filled d–subshell (as well as their compounds) are colourless, viz., Sc3+(3d0)]
Ti4+(3d 0), Cu+(3d10), Zn2+ (3d10), etc.

5. Catalytic Behaviour: Elements of the first transition series and their
compound form a good resonance as catalysts for many industrial processes.
This is due to their ability to exist in variable oxidation states which makes
them capable of forming intermediate products with various reactants and
their tendency to form interstitial compounds which can absorbs and activate
reacting species. For example, finely divided nickel (Ni) is used as a catalyst
in hydrogenation reactions; MnO

2
 catalyses decomposition of H

2
O

2
; TiCl

4

is used as a catalyst for polymerisation of ethane in the manufacture of
polythene; V

2
O

5
 is employed in the catalytic oxidation of SO

2
 to SO

3
 in the

contact process of manufacture of H
2
SO

4
; Fe is used in the manufacture of

NH
3
 by Haber’s process; Cu acts as a catalyst in the manufacture of

(CH
3
)

2
SiCl

2
 during the synthesis of silicones. Cu/V is used in the large scale

production of Nylon-66. Fe (III) ions catalyse the reaction between iodide
and peroxodisulphate ions.

6. Interstitial and Non-Stoichiometric Compounds: Elements of 3d-
transition series are capable of forming intestitial compounds like Ti

2
C, V

2
C,

ScN, TiN, Fe
4
N etc. These compound have the properties of alloys and

are hard and good conductors.

These elements also form non-stoichiometric compounds. For example,
titanium forms TiO

x
 (x = 0.65 – 1.25 and 1.998 – 2.000); vanadium forms

VO
x
 (x = 0.79 – 1.29); manganese forms Mn

x
O (x = 0.848 – 1.00); iron

form Fe
x
O (x = 0.833 – 0.957), etc. These compounds have variable

composition and are formed due to the variability of oxidation states and
solid defects. Sometimes the interstitial and non-stoichiometric compounds
are the same.

7. Metallic Character and Alloy Formation: The metals of first transition
series are hard, malleable and ductile. These exhibit fact centred cubic (fcc),
body centred cubic (bcc) or hexagonal close packed (hcp) type of lattice
structures. These metals are good conductors of heat and electricity. Copper
and metals of the iron triad are softer than other metals.
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The common alloys of these metals are as follows: brass (Cu – Zn), nichrome
(Ni – Cr), monel metal (Cu – Ni), german silver (Cu – Ni – Zn), stainless
steel (Fe-Cr-Ni-Mn), alnico steel (Fe – Ni – Co – Al), etc. These alloys
are harder and have higher melting points than the parent metals. They are
also more resistant to corrosion than their constituents.

1.2.2 Periodic Properties and Variations of Elements
of First Transition Series

The main periodic properties of these metals include the melting and boiling points,
atomic and ionic radii, atomic volumes, ionization energies and standard reduction
potential. The periodicity in these properties is discussed below.

1. Atomic Radii, Atomic Volumes and Ionic Radii: The values of atomic
radii of the elements of first transition series generally decrease along the
series up to Ni then increase slightly for Cu and pronouncely for Zn. Thus
Zn has exceptional value only lower than those for the first two elements
and higher than those of others as shown below:

Metal Atoms                Sc   Ti     V   Cr     Mn    Fe     Co    Ni     Cu    Zn

Atomic Radii: (pm)     144        132  122 118   117   117    116   115   117   125

This is due to the increased attraction between the outer electrons and
increasing nuclear charge along the period. The close values of the atomic
radii from Cr to Cu are due to the existence of increased screening effect of
3d-electrons which are added in each step and which shield the 4s-electrons
from the inward pull though the nuclear charge increases continuously in the
series from one element to the other. The screening effect in Zn (3d10) is
maximum and hence has exceptional value.

The atomic volumes of these elements are comparatively law is given below.
This is because of filling of 3d orbitals instead of 4s orbitals. This causes
increased nuclear pull acting on the outer elections. The densities of these
elements are very high. Atomic volumes decrease up to Cu and increases
thereafter for Zn.

Metal Atoms                Sc       Ti        V      Cr      Mn    Fe      Co     Ni     Cu     Zn

Atomic Volume: (cm3) 15.0  11.0  8.3     7.2      7.3    7.1     6.7     6.6    7.1    9.2

The ionic radii of these elements follow the same trend as the atomic radii,
i.e. the radii of the ions with the same charge generally go on decreasing as
we move across the series except only for the last element. Radii of the
bivalent and trivalent ions of the elements of this series are listed below:

Bivalent Ions Sc2+   Ti2+   V2+  Cr2+  Mn2+   Fe2+  Co2+  Ni2+ Cu2+ Zn2+

Ionic Radii (pm) 95     90     88   84     80     80     76  42  72 74

Trivalent Ions Sc3+    Ti3+    V3+  Cr3+ Mn3+  Fe3+  Co3+  Ni3+   –  –

Ionic Radii (pm) 81      76     74   69    66      64     63    62   –
 –



Chemistry of Elements
of First Transition Series

NOTES

Self - Learning
Material 17

2. Melting and Boiling Points: The melting and boiling points of these
elements are generally high and have irregular trend in values as given below:

Elements      Sc   Ti   V   Cr  Mn   Fe   Co   Ni
Cu Zn

Melting Point C 1540 1670 1900 1875 1245 1535 1495 1453
1083 420

The highest melting point in the series is for V (1900°C) whereas Zn has
low melting point of 420°C. Among other elements Cn and Mn have
comparatively lower melting points. The boiling points are very high, more
than 2200°C except for Zn (906°C).

3. Ionization Energies and Reactivity: The first ionization energy values of
3d-series elements show irregular trend as shown below:

Elements Sc Ti V Cr Mn Fe Co Ni Cu Zn

I.E. (kJ): 631 658 650 653 717 759 758 737 746 906

The second and third I.E. values generally show the increasing trend from
Sc to Zn. The appreciably higher value of first IE for Zn is due to the
additional stability associated with completely filled 3d-subhell (3d104s1). The
variation or irregularity occurring in the values of I.E. across the series are
mainly due to the changes in atomic radii because of the screening effect of
extra electrons added to 3d-subshell. Due to the above factors, the elements
of first transitions series show less reactivity.

4. Standard Electrode Potentials and Reducing Properties: The standard
reduction potentials of the elements of 3d-series copper are lower than that
of standard hydrogen electrode.

Element     Sc      Ti      V    Cr   Mn    Fe   Co   Ni   Cu   Zn

E0R     –2.10 –1.60  –1.20  –0.74 –1.18 –0.41 –0.28 –0.25 +0.34 –0.76

These elements evolve H
2
 from acids though at very low rate. M +2H+ –

M2+ + H2 (g). Cu does not react with acids. It has the tendency to get reduced.
Sometimes the metals are protected from the attack of acids by a thin
impervious layer of an inert oxide, for example Cr. These metals are oxidized
easily to their ions and hence are reducing agent though poor due to the
obvious reasons given above.

Check Your Progress

1. Define inner transition elements.

2. Classify d-block elements on the basis of number of partly filled
d-orbitals.

3. State the electronic configuration for Cu.

4. Why do transition metal ions achieve colour?

5. Define the term alloy.

6. How do we formulate the total magnetic moment of the unpaired
electrons?
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1.3 THE BINARY COMPOUNDS OF FIRST
TRANSITION SERIES

The compounds which are formed by the combination of two different elements
ions are called binary compounds. For example, oxides, sulphides, halides,
phosphides, carbides, nitrides, etc.

1.3.1 Carbides of 3d-Transition Elements

Carbides are binary compounds in which carbon has combined with elements
which are more electropositive than carbon. Metallic carbides are generally
prepared by the following two methods:

heatMetal + Carbon Metal Carbide

HeatMetal Oxide Carbon Metal Carbide

Metal carbides are classified as follows:

1. Metallic or Interstitial Carbides: These are chemically inert and extremely
hand like diamond. They possess metallic lusture, high electrical conductivity.
These carbides are formed by the transition metals of the periodic table.
These are of two types:

MC (m = Ti, Zr As, Nb, Ta, Mo, W) and M
2
C (M = V, Mo and W)

The metals of first transition series like, Cr, Fe, Ni and Co possess smaller
atomic radii and therefore do not form typical interstitial carbides. These
form the carbides which are intermediary between ionic and typical interstitial
carbides.

Preparation: These are prepared by heating the powdered metal to a high
temperature at about 2200°C with carbon. For example,

V + C  VC

TiO
2
 + 2C  TiC + IO

2

3Fe + C  Fe
3
C

3Cr
2
O

3
 + 13C  2Cr

3
C

2
 + 9CO

3Mn + C  Mn
3
C

3Fe + C  Fe
3
C

Properties

(i) These carbides are extremely, hard, some similar to diamond in
hardness and have high melting point.

(ii) They have high electrical conductivity.

(iii) Many of these show extreme chemical inertness even under drastic
conditions.
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(iv) In solid state, these have tetrahedral on octahedral voids which are
occupied by carbon atoms.

(v) Ni does not farm carbides.

2. Salt like Carbides: These carbides are formed by Sc, Cu and Zn and are
ionic in nature.

Sc
2
O

3
 + 7C  2ScC

2
 + 3CO

Sc
2
C + 2H

2
O  C

2
H

2
 + Sc(OH)

2

Tn + C
2
H

2
  ZnC

2
 + H

2

ZnC
2
 + 2H

2
O  2NH

4
Cl + Cu

2
C

2
 + 2NH

3

1.3.2 Oxides of First Transitional Series Elements

The elements of first transition services react with oxygen at high temperature to
form oxides. The nature of bonding in these oxides is determined by the oxidation
state of the metal. Oxides with low oxidation states tend to be move ionic, whereas
those with higher oxidation states are move covalent. These variations in bonding
are because the electronegativities of the elements do not have fixed values. The
electro negativity of an element increase with increasing oxidation state transition
metals in low oxidation states have lower electro negativity values than oxygen, so
there are ionic in nature. Transition metals in very high oxidation states have
electronegativity values close so that of oxygen, so these oxides are covalent.

There oxides of their metals are broadly classified as:

(i) Basic Oxides: there are formed by metals in low oxidation states.
There are ionic in nature, soluble in non-oxidising acids, for example,
HCl. There include TiO, CrO, MnO, FeO, Cu

2
O

3
, CoO, NiO, etc.

(ii) Amphoteric Oxides: There oxides contain the metals in the
intermediate oxidation states. These oxides are also soluble in non-
oxidising acids, for example, HCl. Examples TiO

2
, VO

2
, Cr

2
O

3
,

Mn
3
O

4
, MnO

2
, CuO, ZnO, etc.

(iii) Acidic Oxides: There oxides of weak acidic nature and are formed
by the elements in higher oxidation states. These are soluble in bases
For example, V

2
O

5
, CrO

3
, MnO

3
, Mn

2
O

7
, etc.

Reducing and Oxidising Nature of Oxides: The electron exchange property
determines the redox nature of oxides. The oxide containing the metal is lower
oxidation state acts as electron donor and hence is a reductant (reducing agent).
As atomic number increases, the reducing property in the lower oxidation state
also increases, for example, TiO < VO < CrO. If the metal in the oxide is in higher
oxidation state, the oxide is electron acceptor or oxidising agent, for example,
CrO

3
, Mn

2
O

7
, etc.

Preparation: These oxides can be prepared by heating the corresponding
hydro oxides, carbonate and oxalates in inert atmosphere. For example,

2 4 2FeC O (S) FeO CO CO

2 2 2C (OH) CoO H O
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Properties: Except CrO
3
 and Mn

2
O

3
, transition metal oxides are not soluble

in water. They can react with acids an in few cases with bases. For example,

3 3 2 2CaO 2HNO Co(NO ) H O

2 3 3 2Sc O 6HCl 2ScCl H O

1.3.3 Sulphides of First Transition Series Elements

Metal sulphides have the advantage over the corresponding oxides that most of
them are good electronic conductors and hence sulphide-based cathodes do not
usually require the addition of carbon. Batteries based on cupric sulphide cells
(three in series) were originally developed and used with cardiac pacemakers.
The most important ores of copper contain copper sulphides (such as covellite,
CuS), although copper oxides (such as tenorite, CuO) and copper
hydroxycarbonates [such as malachite, Cu

2 
(OH)

2
CO

3
] are sometimes found. In

the production of copper metal, the concentrated sulphide ore is roasted to remove
part of the sulphur as sulphur dioxide. The remaining mixture, which consists of
Cu

2
S, FeS, FeO, and SiO

2
, is mixed with limestone, which serves as a flux (a

material that aids in the removal of impurities), and heated. Molten slag forms as
the iron and silica are removed by Lewis acid-base reactions:

CaCO
3
(s) +SiO

2
(s)  CaSiO

3 
(l) +CO

2 
(g)

FeO(s) +SiO
2
(s)  FeSiO

3 
(l)

In these reactions, the silicon dioxide behaves as a Lewis acid, which accepts
a pair of electrons from the Lewis base (the oxide ion).

Reduction of the Cu
2
S that remains after smelting is accomplished by blowing

air through the molten material. The air converts part of the Cu
2
S into Cu

2
O. As

soon as copper (I) oxide is formed, it is reduced by the remaining copper (I)
sulphide to metallic copper:

2Cu
2
S (l) + 3O

2 
(g)  2Cu

2
O (l) + 2SO

2 
(g)

2Cu
2
O (l) + Cu

2
S (l)  6Cu (l) + SO

2 
(g)

The copper obtained in this way is called blister copper because of its
characteristic appearance, which is due to the air blisters it contains. This impure
copper is cast into large plates, which are used as anodes in the electrolytic refining
of the metal.

1.4 THE STABILIZATION OF OXIDATION
STATES BY COMPLEX FORMATION

It is observed that in a large number of cases the oxidation states of an element
which are otherwise unstable or less stable than the other oxidation states are
stabilised by coordination with suitable complexing agent. For example, +2 and
+3 oxidation states of cobalt. In strong HClO

4
 medium both Co2+ and Co3+ can

be prepared and it is found that the +2 state is stable but the +3 state in nature.

(i) Co3+ rapidly and completely oxidises Fe2+, 2
3SO  and even Cl–, producing

Co2+.
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(ii) In the absence of reducing agent, Co3+ slowly oxidises the solvent water,
producing oxygen.

(iii) In the presence of ethylenediamine, [Co(en)
2
]3+ is both kinetically and

thermodynamically more stable than [Co(en
3
)]2+. The former will not

oxidise most reducing agents, while the latter will reduce Fe+2 and many
other oxidising agents.

This can be explained by crystal field theory.

Fig. 1.1 Shows the d-Splitting in a Tetrahedral Crystal Field.

Fig. 1.2 Shows the d-Splitting in an Octahedral Crystal Field.

Neglecting the electron pairing energy and the electron ionisation energy, since they
will be essentially constant for both ligands, the Crystal Field Stabilisation Energy

(CFSE) for the +2 ion is [5(–0.4)+2(+0.6)] 0  =–0.8 0  and for the +3 ion is

[6(–0.4)+0(+0.6) 0  =–2.4 0 . The large negative value of the CESE for the

state at any 0  value suggests that the +3 state is more sensitive to the ligand field

and as D0 increases 
2(H O en)  the +3 state would show a larger CFSE

change than the +2 state. Therefore, the +3 oxidation state of cobalt would be
stabilised (compared to Co+2) with ethylene diamine ligands.

Now we shall discuss some uncommon states and show how these are stabilised
through complex formation.

1. Stabilisation of Co (III) and Co (I): The unusual oxidation states of cobalt
are +3 and +1. However, there can be stabilised by forming complexes.
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Stabilisation of Co (III): Simple cobalt (III) salts are difficult to make,
and unstable when made, because it is difficult to oxidise Co2+ to Co3+ even
using electrolytic methods. However, Co (III) gets stable by forming complex
like [Co (NH

3
)

6
]3+ and [Co (CN)

6
]3– ions which are very stable. So much

so, that even air will oxidise Co2+ to Co3+ in the presence of cyanide ions or
ammonia and the resulting cobalt (III) complexes are much more stable than
the corresponding cobalt (II) ones.

This may be due to the fact that cobalt (III) complexes involving d2sp3

hybridisation would have the 3d–, 4s– and 4p– orbitals just filled, whereas
the cobalt (II) complexes would have one electron in the higher 5s level if
they were to form d2sp3 hybrid bonds.

Fig.1.3 Structure of [Co (NH
3
)

6
]3+ is Octahedral.

Stabilisation of Cobalt (I): The oxidation state can be stabilised by forming
octahedral and square pyramidal complexes. For example, cobalt carbonyl
reacts with isonitrities, disproportionation to Co (I) and Co (–I).

2 8 5 4CO (CO) 5RNC [Co(CNR) ] [Co(CO) ] 4CO

There are several cases in which Co (II) complexes add NO to form
substances conventionally formulated No4—Co (I) complexes. Example is
Co (S

2
CNEt

2
)

2
 where a square pyramidal structure has been established

by X-ray work.

2. Stabilisation of Ni(III), Ni(I), Ni(0), Ni(–I): Ni can exist in +3, +1, 0
and –1 oxidation states, but only the state (II) is table and most common
state. However, the other states are uncommon.

Stabilisation of Ni (III): This state can be stabilised by forming complexes.
For example, when certain complexes of the type Ni (R

3
P)

2
X

2
(X=Cl, Br)

are treated with CINO or BrNO, the compounds Ni(R
3
P)

3
 are obtained.

These are intensely coloured substances easily soluble in common organic
liquids which are monomeric in solution and have one unpaired electron.
Since there electric dipole moments are effectively zero, they are believed
to have symmetrical trigonal bipyramidal structures.
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Stabilisation of Ni (I), Ni (0) and Ni (–I): The compound of Ni(0) are
definitely the most numerous. The example of Ni (0) is Ni (CO)

4
 in which

the nickel atom is surrounded by four -acid type ligands.

The oxidation state (–I) is represented by the carbonylate anion [Ni
2 
(CO)

6
]2–

of unknown structure. There is also a carbonylated anion [Ni
4 
(CO)

9
]2– in

which the formal oxidation state of Ni is –1/2.

The reduction of [Ni (CN)
4
]2– with potassium metal dissolved in liquid NH

3

produces either a dark yellow precipitate K
4
[Ni(CN)

4
], or a deep red

compound K
2
Ni(CN)

3
, depending on conditions. These compounds

correspond to the 0 and +1 oxidation states respectively.

3. Stabilisation of Fe (II) and Fe (III), Fe(IV) and Fe(VI): Iron can exist
in +2, +3, +4 and +6 oxidation states but only first two are commonly
observed.

Stabilisation of Fe(II) and Fe(III): Many simple iron (II) compounds are
readily oxidised, sometimes on exposure to air. However, formed by iron
(II) ions with phenanthroline are much more stable, Ortho-phenanthroline
iron (II) sulphate (which is orange, red in colour) is oxidised to the iron (III)
state (which is pale blue in solution) by strong oxidising agents.

Complexing with phenanthroline stabilises the divalent state of iron, but
complex formation with cyanide ion stabilised the trivalent state. The extent
of such stabilisation, when oxidation – reduction reactions are involved can
be measured in terms of redox potentials, the following values illustrate the
points:

[Fe (H
2
O) 

6
]5+  [Fe(H

2
O)

6
]3+ + Ie- ;E*= -0.77 Volt

[Fe (phen) 
3
]2+  [Fe (phen) 

3
]3+ + Ie- ; E*= -6.14 Volt

[Fe (CN) 
6
]4+  [Fe (CN) 

6
]3- + Ie- ; E*= -0.3 Volt

Stabilisation of Fe (IV): The best known compounds of iron in this oxidation
state are Sr

2
FeO

4
 and Ba

2
FeO

4
. Both are made by oxidation of the

oxohydroxoferrates (III) with molecular oxygen at elevated temperatures.

800 900 C
3 6 3 2 2 2 4 2

1
M [Fe(OH) ] M (OH) O 2M FeO 7H O

2

Another example is the salts of the ions[FeIV(diars)
2
X

2
]2+, X = Cl, Br, which

are obtained by oxidation of the corresponding [FeIII(diars)
2
X

2
]+ ions by 1.5

M nitric acid. They have magnetic moments indicating two unpaired electrons,
consistent with a spin paired d4 octahedral configuration having a large
tetragonal distortion as is expected from the transpositions of the halogens.

Stabilisation of Fe (VI): The ferrate (VI) ion, 2
4FeO can be obtained by

oxidising suspensions of Fe
2
O

3
, nH

2
O is concentrated alkali with chlorine

or by anodic oxidation of metallic ion in concentrated alkali. The ferrate (VI)
ion is relatively stable in basic solution, but in neutral or acidic solution if
decomposes according to the equation.

2 3
4 2 22FeO 10H 2Fe 3/ 2O 5H O
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1.4.1 Complexes of First Transition Series Elements

The elements of first transition series satisfies all conditions of complex formation
and thus are most suitable for this purpose. The general representation of complexes
can be shown as:

x
n[M L ] , where ‘n’ represents the number of lone pairs accepted

by the central metal atom/ion from the ligands (L) and ‘n’ is the charge on the metal
complex which may be positive, negative an even zero in neutral complexes. All
the element of this series form complexes with variety at ligands, for example,
[CrCl

2
(H

2
O)

4
]+, [Fe(CN)

6
]3–, [Ni(NH

3
)

6
]2+, [Co(H

2
O)

6
]2+, [Co(NH

3
)

3
(SCN)

3
],

[Cu(NH
3
)

4
]2+, [Ag(NH

3
)

2
]+, etc. The elements of this series from stable complexes

with N, O, and halogen donor ligands.

Coordination Number: It may be defined as the maximum number of groups
(neutral molecules or negative ions) which can be arranged or coordinated around
a central metal ion. It is usually abbreviated as CN. In K

3 
[Fe (CN)

6
], six cyanide

ligands are coordinated to Fe3+ and hence coordination of Fe3+ is 6. Similarly, in
[Pt (NH

3
)

4
Cl

2
], CN of Pt2+ is 4 and in [Co (NH

3
)

6
], CN of Co3+ in six.

Coordination number at metal varies from 2 to 10, but the most common
coordination numbers are 4 and 6, but may be 2 or 8 or an old number in rare
case.

The coordination number is previously considered to be a fixed number for
a particular metal but many complexes are known in which the metal ion has more
than one coordination number. Some examples are tabulated below:

Metal Ion C.N. Metal Ion C.N. Metal Ion C.N.

Ag+ 2 Cu2+ 4, 6 Os3+ 6
Au+ 2, 4 Zn2+ 4 Ir3+ 6
TI+ 2 Pb2+ 4 Au3+ 4
Cu+ 2, 4 Pt2+ 4 Pt4+ 6
V2+ 6 Sc3+ 6 Pd4+ 6
Fe2+ 6 Cr3+ 6 Nb5+ 7
Co2+ 4, 6 Fe3+ 6 Mo5+ 8
Ni2+ 4, 6 Co3+ 6 Hg2+ 4

The Maximum coordination number of elements in the second row of
elements of the periodic table is four, for the elements in the third and fourth rows
it is six, and for the elements in the fifth or sixth row, six or eight are more commonly
seen and in some cases it is ten. For the seventh row of the periodic table there
seems to be some possibility of coordination number of twelve.

Factors Affecting the Coordination Number and Geometry of the
Complex: The coordination number of a metal ion depends on its nature, its
oxidation state and on the ligands which are arranged around it. The coordination
number is also influenced by the environmental factors such as temperature, pressure
or solvent.
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The geometry of the complex depends upon the coordination number of its
central metal ion. If its coordination number is 6, the ligands are usually directed
toward the corners of an octahedron and the shape of the complex is octahedral.
Thus, it means that the ligands are coordinated to the central metal ion in a fixed
geometry. Same is true for other coordination numbers.

1.4.2 Coordination Number and Geometry/
Stereochemistry

In a complex compound, the CN and the geometry (stereochemistry) are dictated
by the metal and the ligand. However, it is necessary to point out that the CN and
the resulting stereo chemistry are not always predictable. Certain features, however,
may be outlined.

(i) As an attraction between a metal ion and dipolar molecules or anions is,
involved the coordination number will tend to be as large as possible.

(ii) The arrangement of the co-ordinated ligands must be such that the
electrostatic repulsion between ligands is minimised.

The ML
2
 (coordination number 2) type complex, therefore, should be linear because

such a geometry maximises the L-L distance and so minimises the repulsion between
the two L groups In ML

3
 (coordination number 3) complex, the three L ligands

are present at the vertices of an equilateral triangle. In ML
4
 complex (coordination

number 4) the four L groups are placed at the corners of a regular tetrahedron or
at the corners of a square plane, both stereochemistries assuming minimisation of
repulsive forces; ML

5
 type complexes have two stereochemistries namely, square-

pyramid and a trigonal-bipyramid. In coordination number six, this type of
complexes admits three stereochemistries, an octahedron, a hexagon or a trigonal
prism, but in reality the octahedron is preferred. The Table 1.6 illustrates
stereochemistries with examples:



Chemistry of Elements
of First Transition Series

NOTES

Self - Learning
26 Material

Table 1.6 Stereochemistries of Different Complexes

Co-Ordination 
Number 

Examples Stereochemistry 

1 
2 
3 
4 
5 
6 
 

3 2 2Ag(NH ) ,[CuCl ]  

[HgI3]– 
[COCl4]2– [NiCl2(OPPh3)2] 
[Pt(NH3)4]2+, [Ni(DMG2)] 
[Ru(dipy)2I]I 
[CO(NH3)6]2+, [Cr(en)3]3+ 
Dipy=dipyridyl; en=ethylenediamine 
OPPh3=trihenylphosphine oxide 
DMG=dimethylglyoximate ion. 

Linear 
Distorted equilateral triangle 
Tetrahedral 
Square Planar 
Trigonal bipyramidal 
Octahedral 

1. Complexes with CN
2
: Complexes with CN

2 
are generally formed by Cu(I),

Ag(I), Au(I) and Hg(II), such complexes possess linear stereochemistry.

2. Complexes with CN
3
: The geometrical arrangements, planar and non-

planar (trigonal), are possible in the type of complexes with uncommon CN
3
.

Examples of this CN are few. The [HgI
3
]– anion is best studied. In this, anion

iodide ions are arranged at the corners of an equilateral triangle with Hg(II)
at its centre.

3. Complexes with CN
4
: These are most common complexes with tetrahedral

and square planar geometries

 For examples,

(i) Tetrahedral: Mn2+, Co2+, Fe2+, Ni2+, Cu2+ complexes with weak ligands
viz., H

2
O, Cl–, I–, etc., [MnCl

4
]2+, [MnBr

4
]2–, [NiCl

4
]2–, [CuCl

4
]2–,

[FeCl
4
]2–, etc.

(ii) Square Planar: Ni2+, Cu2+ complexes with strong ligands viz., CN–,
NH

3
, en, dmg, etc., for example [Ni(dmg)

2
], [Cu(en)

2
]2+,

[Cu(NH
3
)

4
]2+, [Ni(CN

4
)2–, etc.

4. Complexes with CN
5
: This CN has been extensively studied nowadays.

A large number of Ni(II) and Co(II) complexes with Schiff’s bases
complexes. For example, the complexes such as, Fe(Co)

5
, Mn(Co)

5
 have

trigonal bipyramidal configurations.

5. Complexes with CN
6
: Complexes with CN

6
 show octahedral geometry.

For example, Cr2+, Cr3+, Mn2+, Fe2+, Fe3+, Co2+, Co3+, Ni2+ from complexes
with weak and strong field ligands having octahedral geometries. For
example, [Cr(H

2
O)

6
]3+, [Mn(H

2
O)

6
]2+, [Ni(NH

3
)

6
]2+, [Co(NH

3
)

6
]2+,

[Co(en)
3
]3+, etc.

The octahedral complexes the metal ions with weak field ligands are outer
orbital (high spin) complexes involving sp3d2 hybridisation and those with
strong field ligands an inner orbital (low spin) complexes, the central ion
showing d2sp3 hybridisation.
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Check Your Progress

7. State reasons why the variation occurs in the value of ionization energy
across the transition series.

8. What do you understand by carbides of the 3d transition elements?

9. Classify the oxides of first transition series elements.

10.  What do you mean by stabilisation of Cobalt(I)?

11. Define coordination number.

12.  What are the factors on which the coordination number of the metal ion
in transition series elements depends?

13.  State few examples for complexes with CN
6
 geometry.

1.5 ANSWERS TO ‘CHECK YOUR PROGRESS’

1. The d- and f-block elements are included as transition elements in the periodic
table. In case the d-subshell in partly filled, the elements are called d-block
elements; and when f-subshell is partly filled, the elements are called as f-
block elements (inner transition elements).

2. On the basis of the number of partly filled d-orbitals, d-block elements are
broadly classified into three series.

(i) First or 3d-Series of 10 Elements: These have incomplete 3d-orbital,
although the 4s-orbital has two electrons, Sc

21
 to Zn

30
 are present in

this series.

(ii) Second or 4d-Series of 10 Elements: These have incomplete 4d-
orbital, although the 5s-orbital has two electrons. Yttrium

39
 to Cd

48

are present in this series.

(iii) Third or 5d-Series of 10 Elements: These have incomplete 5d-orbital,
although the 6s-orbital has two electrons. La

57
, Hf

-72 
to Hg

50
 are present

in this series.

3. Electronic configuration of Cu (Z = 29) is

[Ar] 3d10, 4s1 and not [Ar] 3d9, 4s2

4. Colour: Most of the d-block compounds are coloured in solid or in solution
states. The colour of transition metal ions is due to the presence of unpaired
or in-complete d-orbitals. When visible height (x = 4000 – 7000Å) falls on
a coloured substance, the latter absorbs certain radiation of white light and
Trans unit the remaining ones. The transmitted light has the complimentary
colour to that of the absorbed light. This complimentary colour which is
actually the colour of the reflected (transmitted) light is the colour of the
substance. For example, hydrated Cn2+ ion absorbs radiations corresponding
to red light and hence it transmits radiations of wavelength corresponding
to blue colour which is complimentary to red colour.
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5. An alloy is a metallic intimately mixed solid mixture of two or more different
elements, at least one of which is a metal. Alloys are homogeneous in molten
state but they may be either homogeneous or heterogeneous in solid state.
Alloys containing mercury (a liquid at ordinary temperature) as one of the
constituent elements are called amalgams.

6. The total magnetic moment is, therefore, considered entirely due to the spin
of the unpaired electrons and µ

s
 is given by

µ
s
 = 2 S(S 1) 4S(S 1)  (By putting the value of g = 2)

Now S= n x s where n= Number of Unpaired Electrons and s= Spin
Quantum Number (irrespective of its sign)

1 n
S n

2 2

Putting this value of S in the above expression,

s

n n n 2
4 1 2n B.M.

2 2 2

Or µ
s
 = n(n 2)  B.M.

µ
s
 is also expressed as µ

eff
, i.e., effective magnetic moment which is dependent

only on the number of unpaired electrons.

7. The variation or irregularity occurring in the values of I.E. across the series
are mainly due to the changes in atomic radii because of the screening effect
of extra electrons added to 3d-subshell. Due to the above factors, the
elements of first transitions series show less reactivity.

8. Carbides are binary compounds in which carbon has combined with elements
which are more electropositive than carbon. Metallic carbides are generally
prepared by the following two methods:

heatMetal + Carbon Metal Carbide

HeatMetal Oxide Carbon Metal Carbide

9. There oxides of their metals are broadly classified as:

(i) Basic Oxides: there are formed by metals in low oxidation states. There
are ionic in nature, soluble in non-oxidising acids, for example, HCl.
There include TiO, CrO, MnO, FeO, Cu

2
O

3
, CoO, NiO, etc.

(ii) Amphoteric Oxides: There oxides contain the metals in the intermediate
oxidation states. These oxides are also soluble in non-oxidising acids,
for example, HCl. Examples TiO

2
, VO

2
, Cr

2
O

3
, Mn

3
O

4
, MnO

2
, CuO,

ZnO, etc.

(iii) Acidic Oxides: There oxides of weak acidic nature and are formed
by the elements in higher oxidation states. These are soluble in bases
For example, V

2
O

5
, CrO

3
, MnO

3
, Mn

2
O

7
, etc.
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10. Stabilisation of Cobalt (I): The oxidation state can be stabilised by forming
octahedral and square pyramidal complexes. For example, cobalt carbonyl
reacts with isonitrities, disproportionation to Co (I) and Co (–I).

2 8 5 4CO (CO) 5RNC [Co(CNR) ] [Co(CO) ] 4CO

There are several cases in which Co (II) complexes add NO to form
substances conventionally formulated No4—Co (I) complexes. Example is
Co (S

2
CNEt

2
)

2
 where a square pyramidal structure has been established

by X-ray work.

11. Coordination Number: It may be defined as the maximum number of groups
(neutral molecules or negative ions) which can be arranged or coordinated
around a central metal ion. It is usually abbreviated as CN. In K

3 
[Fe (CN)

6
],

six cyanide ligands are coordinated to Fe3+ and hence coordination of Fe3+

is 6. Similarly, in [Pt (NH
3
)

4
Cl

2
], CN of Pt2+ is 4 and in [Co (NH

3
)

6
], CN of

Co3+ in six.

12. Factors Affecting the Coordination Number and Geometry of the Complex:
The coordination number of a metal ion depends on its nature, its oxidation
state and on the ligands which are arranged around it. The coordination
number is also influenced by the environmental factors such as temperature,
pressure or solvent.

The geometry of the complex depends upon the coordination number of its
central metal ion. If its coordination number is 6, the ligands are usually
directed toward the corners of an octahedron and the shape of the complex
is octahedral. Thus, it means that the ligands are coordinated to the central
metal ion in a fixed geometry. Same is true for other coordination numbers.

13. Complexes with CN
6
: Complexes with CN

6
 show octahedral geometry. For

example, Cr2+, Cr3+, Mn2+, Fe2+, Fe3+, Co2+, Co3+, Ni2+ from complexes
with weak and strong field ligands having octahedral geometries. For
example, [Cr(H

2
O)

6
]3+, [Mn(H

2
O)

6
]2+, [Ni(NH

3
)

6
]2+, [Co(NH

3
)

6
]2+,

[Co(en)
3
]3+, etc.

The octahedral complexes the metal ions with weak field ligands are outer
orbital (high spin) complexes involving sp3d2 hybridisation and those with
strong field ligands an inner orbital (low spin) complexes, the central ion

showing d2sp3 hybridisation.

1.6 SUMMARY

 The d- and f-block elements are included as transition elements in the periodic
table. In case the d-subshell in partly filled, the elements are called d-block
elements; and when f-subshell is partly filled, the elements are called as
f-block elements (inner transition elements).

 In d-block elements, the incomplete sub-shells are (n – 1) d subshells while
in case of f-block elements the incomplete subshells are (n – 1) f and
(n – 1) d subshells. The elements of the Group 12 (Zn, Cd and Hg) have
completely filled (n – 1) d subshell in their elementary state as well as in the
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combined state. Thus according to the definition, these cannot be included
in d-block elements.

 The general electronic configuration of d-block elements is (n – 1) d1-10 ns2.

 The members of a given transition series does not differ much from one
another in the same period. This is because the electronic configuration of
transition elements differ one another only in the number of electrons in
(n – 1) d subshell, i.e., the number of electrons in the outer most shell (n)
remains the same. The outer most configuration is invariably ns2 where n2 is
the number of the period to which the given transition element belong.

 The atomic radii of the transition metals decrease with increase in the atomic
number. This is due to the fact that increase in nuclear charge tends to attract
the electron cloud inward with the result atomic radii decreases.

 On the basis of the number of (n – 1)d orbital, the whole of the transition
elements have been divided into three series, viz., when (n – 1)d orbitals
are 3, 4 and 5. The three series are respectively known as 3d (first), 4d
(second) and 5d (third) series.

 All transition metals except the first and the last member of each series exhibit
variable oxidation state. The cause of showing variable oxidation state is
due to the fact there is very small difference between the energies of electrons
in the ns orbitals and (n – 1) d orbitals with the remit both ns as well as
(n –1) d electrons can be used for compound formation.

 The cations of the transition metals have great tendency to form complexes
with several molecules as ions called ligands.

 The weak ligands like CO, NO, C
2
H

4
,
 
etc., form complexes only when

transition metals are in zero or low or oxidation states. This is because the
donation of these ligands have vacant orbitals in addition to the lone pain.
The highly electronegative and basic ligands like F–, Cl–, NH

3
, etc.

 In each transition series, the stability of complexes increases with increasing
atomic number of the element and in a particular oxidation state with
decreasing size of its atoms.

 Since most of the transition metal ions have unpaired d-electrons, they show
paramagnetic behaviour. The exceptions are Sc3+, Ti4+, Zn2+, Cu+, etc., which
do not contain any unpaired d electron and hence these are diamagnetic.
The presence of an unpaired electron in an element causes it to behave like
a permanent magnet. As a result of permanent magnet, a paramagnetic
substance when placed in an applied magnetic field, takes up a parallel
position to the field.

 Transition elements have remarkable power to combine with atoms of
relatively small size to form interstitial compounds, for example hybrids with
hydrogen, carbides with carbon, etc. The steel and cast iron and hard because
of interstitial compound formation with carbon.

 An alloy is a metallic intimately mixed solid mixture of two or more different
elements, at least one of which is a metal. Alloys are homogeneous in molten
state but they may be either homogeneous or heterogeneous in solid state.
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Alloys containing mercury (a liquid at ordinary temperature) as one of the
constituent elements are called amalgams.

 Mischmetal (alloy of rare earth elements with iron and traces of S, C, Ca
and Al) improve workability of steel.

 Pyrophoric alloys (alloy of rare earths with Fe, Al and C) are used in the
preparation of ignition devices or several ions (for example, F –, Cl –, CN –

, etc.). These molecules and ions are called ligands (L). These have a near
more lone pairs of electrons on the central atom which they donate to the
metal ion/atom (m) during the process of complex formation. This happens
because the metal ions are electron deficient in most of their oxidation states
or even the atoms are electron acceptors.

 In transition metal compounds/complexes, the unpaired electrons are present
in the outer shell of metal ions and in such cases the spin component is much
more significant than the orbital contribution because the orbital motion of
these electrons is said to be quenched or suppressed. Therefore, the latter
can be neglected in comparison to the former. In such cases, the total magnetic
moment is, therefore, considered entirely due to the spin of the unpaired
electrons and µ

s
 is given by

µ
s
 = 2 S(S 1) 4S(S 1)  (By putting the value of g = 2)

 The elements of first transition series form coloured ions/compounds/
complexes due to the presence of unpaired electrons in them. For example,
[Co(H

2
O)

6
)2+ is pink, Cu+ (d10) ion and its salts are colourless but Cu2+ (d9)

ion and its compounds are coloured, CuSO
4
.5H

2
O and [Cu(NH

3
)

4
]2+ is dark

blue (almost violet). Similarly, [Ni (NO
2
)

6
]4– is red and [Ni(NH

3
)

6
]2+ is blue.

Among the other compounds VO
2
+ is pale yellow, CrO

4
2– is strongly yellow,

MnO
4
– is purple in colour, and [Ti(H

2
O)

6
]3+ is green coloured.

 Finely divided nickel (Ni) is used as a catalyst in hydrogenation reactions;
MnO

2
 catalyses decomposition of H

2
O

2
; TiCl

4
 is used as a catalyst for

polymerisation of ethane in the manufacture of polythene; V
2
O

5
 is employed

in the catalytic oxidation of SO
2
 to SO

3
 in the contact process of manufacture

of H
2
SO

4
; Fe is used in the manufacture of NH

3
 by Haber’s process; Cu

acts as a catalyst in the manufacture of (CH
3
)

2
SiCl

2
 during the synthesis of

silicones. Cu/V is used in the large scale production of Nylon-66. Fe (III)
ions catalyse the reaction between iodide and peroxodisulphate ions.

 The values of atomic radii of the elements of first transition series generally
decrease along the series up to Ni then increase slightly for Cu and
pronouncely for Zn. Thus Zn has exceptional value only lower than those
for the first two elements and higher

 The standard reduction potentials of the elements of 3d-series copper are
lower than that of standard hydrogen electrode.

 The metals of first transition series like, Cr, Fe, Ni and Co possess smaller
atomic radii and therefore do not form typical interstitial carbides. These
form the carbides which are intermediary between ionic and typical interstitial
carbides.
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 The electro negativity of an element increase with increasing oxidation state
transition metals in low oxidation states have lower electro negativity values
than oxygen, so there are ionic in nature. Transition metals in very high
oxidation states have electronegativity values close so that of oxygen, so
these oxides are covalent.

 The electron exchange property determines the redox nature of oxides. The
oxide containing the metal is lower oxidation state acts as electron donor
and hence is a reductant (reducing agent). As atomic number increases, the
reducing property in the lower oxidation state also increases, for example,
TiO < VO < CrO. If the metal in the oxide is in higher oxidation state, the
oxide is electron acceptor or oxidising agent, for example, CrO

3
, Mn

2
O

7
,

etc.

 Metal sulphides have the advantage over the corresponding oxides that most
of them are good electronic conductors and hence sulphide-based cathodes
do not usually require the addition of carbon. Batteries based on cupric
sulphide cells (three in series) were originally developed and used with
cardiac pacemakers.

 In a large number of cases the oxidation states of an element which are
otherwise unstable or less stable than the other oxidation states are stabilised
by coordination with suitable complexing agent. For example, +2 and +3
oxidation states of cobalt. In strong HClO

4
 medium both Co2+ and Co3+

can be prepared and it is found that the +2 state is stable but the +3 state in
nature.

 Neglecting the electron pairing energy and the electron ionisation energy,
since they will be essentially constant for both ligands, the Crystal Field

Stabilisation Energy (CFSE) for the +2 ion is [5(–0.4)+2(+0.6)] 0  =–0.8

0  and for the +3 ion is [6(–0.4)+0(+0.6) 0  =–2.4 0 . The large negative

value of the CESE for the state at any 0  value suggests that the +3 state is

more sensitive to the ligand field and as D0 increases 
2(H O en)  the

+3 state would show a larger CFSE change than the +2 state. Therefore,
the +3 oxidation state of cobalt would be stabilised (compared to Co+2)
with ethylene diamine ligands.

 Many simple iron (II) compounds are readily oxidised, sometimes on
exposure to air. However, formed by iron (II) ions with phenanthroline are
much more stable, Ortho-phenanthroline iron (II) sulphate (which is orange,
red in colour) is oxidised to the iron (III) state (which is pale blue in solution)
by strong oxidising agents.

 The elements of first transition series satisfies all conditions of complex
formation and thus are most suitable for this purpose. The general
representation of complexes can be shown as:
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x
n[M L ] , where ‘n’ represents the number of lone pairs accepted

by the central metal atom/ion from the ligands (L) and ‘n’ is the charge on
the metal complex which may be positive, negative an even zero in neutral
complexes. All the element of this series form complexes with variety at
ligands, for example, [CrCl

2
(H

2
O)

4
]+, [Fe(CN)

6
]3–, [Ni(NH

3
)

6
]2+,

[Co(H
2
O)

6
]2+, [Co(NH

3
)

3
(SCN)

3
], [Cu(NH

3
)

4
]2+, [Ag(NH

3
)

2
]+, etc. The

elements of this series from stable complexes with N, O, and halogen donor
ligands.

 The coordination number of a metal ion depends on its nature, its oxidation
state and on the ligands which are arranged around it. The coordination
number is also influenced by the environmental factors such as temperature,
pressure or solvent.

 In a complex compound, the CN and the geometry (stereochemistry) are
dictated by the metal and the ligand. However, it is necessary to point out
that the CN and the resulting stereo chemistry are not always predictable.

 The geometrical arrangements, planar and non-planar (trigonal), are possible
in the type of complexes with uncommon CN

3
. Examples of this CN are

few. The [HgI
3
]– anion is best studied. In this, anion iodide ions are arranged

at the corners of an equilateral triangle with Hg(II) at its centre.

1.7 KEY TERMS

 First or 3d-series of 10 elements: These have incomplete 3d-orbital,
although the 4s-orbital has two electrons, Sc

21
 to Zn

30
 are present in this

series.

 Second or 4d-series of 10 elements: These have incomplete 4d-orbital,
although the 5s-orbital has two electrons. Yttrium

39
 to Cd

48
 are present in

this series.

 Third or 5d-series of 10 elements: These have incomplete 5d-orbital,
although the 6s-orbital has two electrons. La

57
, Hf

-72 
to Hg

50
 are present in

this series.

 Paramagnetic substances: Substances which are weakly attracted into
the magnetic field are called paramagnetic.

 Diamagnetic substances: Substances which are repelled by magnetic field
are called diamagnetic. It is the property of the completely filled electronic
subshells.

 Mischmetal (alloy of rare earth elements with iron and traces of S,
C, Ca and Al): It improves workability of steel.

 Pyrophoric alloys (alloy of rare earths with Fe, Al and C): They are
used in the preparation of ignition devices or several ions (e.g., F –, Cl –,

CN –, etc.).
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1.8 SELF-ASSESSMENT QUESTIONS AND
EXERCISES

Short-Answer Questions

1. What are the inner and outer transition series elements?

2. State the general characteristics of d-block elements.

3. What are the reasons due to which the cations of the transition metals have
great tendency to form complexes with several molecules as ions?

4. How do you formulate the non-stoichiometric compounds?

5. What are the ways to determine the magnetic properties of the transition
elements?

6. Define the term pyrophoric alloys.

7. Briefly define the formation of coloured ions/ compounds by transition metal
complexes.

8. What are the properties of the carbides of 3d transition elements?

9. State the reducing and the oxidising nature of oxides of 3d transition elements.

10.  Explain the method of stabilisation of Co (III).

11.  Write the uses of coordination number of first transition series elements.

12.  Define stereochemistry of the transition complexes.

Long-Answer Questions

1. Briefly discuss the characteristic properties and advantages of d-block
elements. Support your answer giving appropriate examples.

2. Explain the concepts of electronic configuration of first transition elements
along with the significance of having variable oxidation states by giving suitable
examples.

3. Discuss briefly about the trends in transition series for complex formation
and discuss the catalytic properties of transition elements.

4. Elaborate on the significance of alloys under transition metals series and the
varieties of alloys found in the market giving appropriate examples.

5. Discuss the role of Bohr Magneton in the formulation of total magnetic
moments of the transition metal complexes. Give the entire formulation of it.

6. Explain briefly about the period properties and variations of elements of the
first transition series along with the suitable examples.

7. Elaborate the significance of carbides, sulphides and oxides of the first
transition complexes.

8. What do you mean by stabilization of oxidation states of a transition elements?
Distinguish between tetrahedral crystal field and octahedral crystal field with
an appropriate example of each one of them.
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9. Describe briefly about the features of the coordination number of the
transition series elements along with suitable examples.

10.  Explain geometry and its types defining all the features of stereochemistry.
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UNIT 2 CHEMISTRY OF ELEMENTS OF
SECOND AND THIRD
TRANSITION SERIES

Structure

2.0 Introduction
2.1 Objectives
2.2 General Characteristics of Second Transition Series
2.3 Periodic Properties and Their Variation in the Series

2.3.1 Comparison of Elements of Second Transition and First Transition Series
2.4 Spectral Properties of Second Transition Series

2.4.1 Stereochemistry of the Elements of Second Compound Series
2.5 General Characteristics of Third Transition Series
2.6 Periodic Properties and Their Variation Along the Series

2.6.1 Comparison of Elements of 3d-Series with 5d-Series
2.7 Spectral Properties of 5d-Series Elements

2.7.1 Stereochemistry/Geometry of Complexes of 5d-Series Elements
2.8 Answers to ‘Check Your Progress’
2.9 Summary

2.10 Key Terms
2.11 Self-Assessment Questions and Exercises
2.12 Further Reading

2.0 INTRODUCTION

Transition metals are defined as those elements that have or readily form partially
filled d orbitals. The d-block elements in Groups 3–11 are transition elements.
The f-block elements, also called inner transition metals (the lanthanides and
actinides), also meet this criterion because the d orbital is partially occupied before
the f orbitals. The d orbitals fill with the copper family (Group 11); for this reason,
the next family (Group 12) are technically not transition elements. The elements of
the second and third rows of the Periodic Table show gradual changes in properties
across the table from left to right as expected. Electrons in the outer shells of the
atoms of these elements have little shielding effects resulting in an increase in effective
nuclear charge due to the addition of protons in the nucleus. Consequently, the
effects on atomic properties include the smaller atomic radius, increased first
ionization energy, enhanced electronegativity and more nonmetallic character. This
trend continues until one reaches calcium (Z=20).

The key difference between first, second and third transition series is that
the outermost d orbital of first transition series elements is 3d while the outermost
d orbital second transition series is 4d and the outermost d orbital in third transition
series is 5d. A transition metal is a chemical element that has a partially filled d
orbital. In the ‘Periodic Table of Elements’, there are three series of transition
elements; we name them as first, second and third transition series. These are
chemical elements of three different periods in the periodic table. Therefore, they
contain different outermost orbitals.
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In actual practice, the magnetic movements are closed to spin only value, in
first transition series but elements of second and third transition metal ions often
observed a complex behaviour. The elements belonging to the second and third
transition series generally are more stable in higher oxidation states than the elements
of the first series. In general, as the atomic radius increases down a group, ions of
the second and third series become larger than the ions in the first series. In the
third transition series after lanthanum, there is lanthanide contraction. Due to this
contraction, the size of any atom of the third transition series is almost the same as
that of the element lying just above in the second transition series. Cahn-Ingold-
Prelog priority rules are part of a system for describing a molecule’s stereochemistry.
They rank the atoms around a stereocenter in a standard way, allowing the relative
position of these atoms in the molecule to be described unambiguously. A Fischer
projection is a simplified way to depict the stereochemistry around a stereocenter.
Lanthanide ions have notable luminescent properties due to their unique 4f orbitals.
Laporte forbidden f-f transitions can be activated by excitation of a bound ‘antenna’
ligand. This leads to sharp emission bands throughout the visible, NIR, and IR and
relatively long luminescence lifetimes.

In this unit, you will study about the concept, chemistry and general
characteristics of elements of second and third transition series, comparative analysis
of their 3d analogues with respect to ionic radii, oxidation states, magnetic behaviour,
their spectral properties and stereochemistry.

2.1 OBJECTIVES

After going through this unit, you will be able to:

 Analyse the general characteristics of elements of second and third transition
series

 Describe the 3d comparative analysis of second and third transition series
elements

 Elaborate on terms ionic radii of second and third transition series

 Discuss about the oxidation states and magnetic behaviour of second and
third transition series elements

 Explain the significance of spectral properties in the chemistry of second
and third transition series elements

 Understand the concept of stereochemistry with respect to the second and
third transition series elements

2.2 GENERAL CHARACTERISTICS OF
SECOND TRANSITION SERIES

The second transition series lies between Strontium (Sr, Z = 38) of s-block
(Group 2) and Indium (In, Z = 49) of p-block (Group 13). It consist of ten elements
starting from yttrium, the element of Group 3 and ending at cadmium, the element
of Group 12. These elements are higher analogues of first transition series and are
less important.
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The members of this series include Yttrium (Y, Z = 39), zirconium
(Zr, Z = 40), niobium (Nb, Z = 41), molybdenum (Mo, Z = 42), technetium
(Tc, Z = 43), ruthenium (Ru, Z = 44), rhodium (Rh, Z = 45), palladium
(Pd, Z = 46), silver (Ag, Z = 47) and cadmium (Cd, Z = 48). These elements are
also known as the elements of 4d transition series because the differentiating or
the last electron in the atoms of these elements enters the 4d subshell progressively
giving 4d1 to 4d10 configurations, respectively. All the characteristic properties of
d-block elements are exhibited by the members of this series also.

Elements of second transition series show characteristic properties of
d-block elements though to the lesser extent. These characteristics are discussed
below.

1. Electronic Configuration: The general valence shell configuration of these
elements in [Kr]4d1-105s1-2. In yttrium 4d-subshell begins fillings its valence
shell configuration is 4d15s2. The filling of 4d-subshell continues as we more
along the series towards the last element, Cd which has 4d105s2 configuration.

There are pronounced irregularities in the valence shell configurations of
these elements, except for the last three elements, viz., Pd, Ag and Cd, all
have incomplete d-subshells. The electronic configuration of elements of
second transition series are shown in Table 2.1.

Table 2.1 Electronic Configuration of Elements of Second Transition Series

Elements Atomic 
Number 

Symbol Electronic 
Configuration 

Yttrium 39 Y [Kr] 4d15s2 

Zirconium 40 Zr [Kr] 4d25s2 

Niobium 41 Nb [Kr] 4d45s1 

Molybdenum 42 Mo [Kr] 4d55s1 

Technetium 43 Tc [Kr] 4d55s2 

Ruthenium 44 Ru [Kr] 4d75s1 

Rhodium 45 Rh [Kr] 4d85s1 

Palladium 46 Pd [Kr] 4d105s0 

Silver 47 Ag [Kr] 4d105s1 

Cadmium 48 Cd [Kr] 4d105s2 

The anomalous valence shell configuration of Pd (e.g., [Kr]4d105s0) is due
to the shifting of both 5s-electrons to 4d-subshell so that it has completely
filled state (i.e., 4d10) and becomes stable, though no satisfactory explanation
is available for this shifting. For the elements which have partly filled
4d-subshell but still have only one electron in 5s subshell (5s1), the anomalous
behaviour has not been explained with effective reasoning, only it is said for
these elements that the nuclear-electron and electron-electron interactions
play significant role for this behaviour. In Mo(4d5) and Ag(4d10), one electron
is said to have shifted from 5s to 4d subshell to make the atoms of these
elements extra stable due to exchange energy effect as has been given earlier
for Cr and Cu elements of 3d-transition series.

2. Oxidation States: The elements of this transition series like the 3d-series
also exist in various oxidation states in their compounds. This is because of
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availability of electrons in 4d and 5s subshells whose energies are fairly
close to each other.

It is observed for second transition series elements that the higher oxidation
states become more stable. For example, Fe shows +2 and +3 stable
oxidation states and +4 and +6 unstable states but Ru, its higher analogue
has +2, +3, +4 and +6 as stable oxidation states while +5, +7 and +8 are
unstable oxidation states for this element. The first element Y(+3) and the
last element Cd(+2) exhibit only one oxidation state because of the stable
valence shell configuration of ions, viz., Y3+[Kr]4d05s0 and Cd2+[Kr]4d105s0.
All other elements show variety of oxidation states.

Ruthenium, lying almost in the middle of the series, exhibits maximum number
of oxidation states (i.e., 7) among all the elements of the series, including the
unstable ones, ranging from +2 to +8 (i.e. +2, +3, +4, +5, +6, +7, +8). Up to
Ru, the next higher member of Fe group, the highest oxidation state is equal
to the group number, e.g., Sc: +3 (Group 3); Zr: +4 (Group 4); Nb: +5
(Group 5); Mo: +6 (Group 6); Tc: +7 (Group 7) and Ru: +8 (Group 8) but
the latter members of the series do not follow this trend. The lowest oxidation
state is +1 only for Ag, the next congener of Cu. For Ru, Pd and Cd, the
lowest oxidation state is +2 and +3 is the lowest oxidation state for other
members of the series as shown below Table 2.2.

Table 2.2 Oxidation State

Element Y Zr Nb Mo Tc Ru Rh Pd Ag Cd 

Group Number 3 4 5 6 7 8 9 10 11 12 

Lowest 
Oxidation State 

+
3 

+3 +3 +3 +4 +2 +3 +2 +1 +2 

Highest 
Oxidation State 

+
3 

+4 +5 +6 +7 +8 +6 +6 +3 +2 

So, the electronic structure of the atoms of the second transition series
does not show the pattern of the first transition series and among 4d series
elements, higher oxidation states become move stable.

3. Complex Formation: Less pronounced complex formation tendency in
seen for 4d series elements as compared to 3d series elements. These metals
are weakly electropositive and do not form stable complexes with wide
range of ligands as in case of 3d-series elements. These elements form
stable complexes with phosphorous, sulphur and heaviers halogens as donor
atoms in the ligands. They also form complexes with coordination numbers
4, 6 and even more than six. Some of the examples of complexes of 4d-
elements are discussed below.

(i) Yttrium forms complexes readily with NCS–, acac, EDTA, etc., viz.,
[Y(NCS)

6
]3–, [Y(acac)

3
.H

2
O], [Y(EDTA)]–, respectively. Its

complexes with C.N. 8 are also known.

(ii) Zirconium usually gives halo complexes of the type [ZrX
6
]2– and

[ZrX
7
]3– (X = Halide Ions), [Zr(acac)

4
], [Zr(C

2
O

4
)

4
)4–, [Zr(bipy)

3
]

and also [Zr
2
F

13
]5– and [ZrCl

4
]

3
(POC

3
)

2
.
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(iii) Niobium forms clusters only, for example [Nb
6
X

12
]n+, where n = 2, 3

or 4; [Nb
6
X

14
], [Nb

6
X

15
] and [Nb

6
X

16
], etc.

(iv) Molybdenum forms a variety of complexes having Mo in different
oxidation states and coordination numbers. For example, [Mo

2
Cl

8
]4–,

[Mo
2
Cl

9
]3–, [MoCl

6
]2–, [Mo(CO)

5
]2, [Mo

2
(CO)

10
]2–, [Mo(CO)

6
],

[Mo(CNR)
7
]2+, [Mo(CN)

8
]4–, [Mo(S

2
CNMe

2
)

4
], etc.

(v) Technetium also forms many complexes though not as many as are
formed by manganese and rhenium. For example, [Tc(CO)

4
]3–,

[Tc(CO)
5
]–, [Tc

2
(CO)

10
], [Tc(CN)

7
]4–, [Tc(CN)

6
]–, [Tc(NCS)

6
]–,

[TcH
9
]2–, etc.

(vi) Ruthenium forms a variety of complexes both with normal and -
ligands, such as N

2
, CO, etc., For example, [Ru(NH

3
)

5
N

2
]3+,

[Ru(NH
3
)

6
]3+, [Ru(CO)

5
], [Ru

3
(CO)

12
], etc.

The first complex further gives polynuclear complex (N
2
 is weak

-ligand):
[Ru(NH

3
)

5
N

2
]3++ [Ru(NH

3
)

5
.H

2
O]3+ [(H

3
N)

5
Ru-N

2
-Ru(NH

3
)

5
]4+

+ H
2
O

The complexes of Rh, Pd and Cd are as follows:
[Rh(CO)

4
]–, [Rh

4
(CO)

12
], [Rh

6
(CO)

16
], [Pd(NH

3
)

2
Cl

2
],

[Pd(NH
3
)

4
]2+, [Cd(CN)

4
]2–, [Cd(NH

3
)

4
]2+ and [Pd(NH

3
)

6
]2+, etc.

4. Magnetic Properties: The elements of second transition series show
paramagnetism due to the presence of unpaired electrons in elemental and
ionic form. Magnetic moment which increases with the number of unpaired
electrons as according to spin only formula, where the orbital contribution
is regarded as quenched. However, then the total magnetic moment is
calculated as follows:

eff 4S(S 1) (L 1)

Where S is the resultant spin angular momentum and L is the resultant orbital
angular momentum.

5. Formation of Coloured Ions or Compounds: The elements of second
transition series also form coloured ions or compounds similar to d-block
elements. The cations having vacant or completely filled d-orbitals
(d1 to d9) are colourless while those with partly filled d-orbitals (d1to d9) are
colourless while those with partly filled d-orbitals (d1 to d9) are coloured.
This is due to the movement of electrons from one d-orbital to another
under the influence of visible light falling on the substance.

6. Catalytic Activity: Similar to the elements of first transition series, those
of second transitions series also show catalytic activity. This is because they
are capable of forming intermediate products with the reactants or have
active centres on their surface in the activated state. For example,

(i) Pd is used in the hydrogenation of phenol to cyclohexanol.
(ii) Pd/Pt catalyses the hydrogenation of unsaturated hydrocarbons.
(iii) Mo is used as a promoter in the manufacture of ammonia by Haber

process.
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(iv) Pt/Rh is used as catalyst in the oxidation of NH
3
 to NO (Manufacture

of HNO
3
).

7. Formation of Interstitial and Non-Stoichiometric Compounds: The
metals of second transition series, in general, from interstitial compounds
with small non-metallic elements, such as H, N, C, etc. The lattice of these
metals is capable of accommodating these small atoms between the metal
atoms with no change in the lattice structure. Examples are PdH

0.6
, ZrH

1.98
,

ZrC, NbC, MoC, Mo
2
C, ZrN, NbN, Mo

2
N, etc. These compounds have

conductivity properties and are hard, thus behaving as alloys.

These elements also form non-stoichiometric compounds which often exhibit
semi conductivity, fluorescence and have centres of colours. Above examples
of PdH and ZrH

2
 also furnish the examples of non-stoichiometry. Apparently

the molecular formula of these compounds does not correspond to M:H
ratio of 1:1 and 1:2. Actually, the M:H ratio in these compounds is 1:0.6
and 1:1.98, respectively.

8. Metallic Character and Alloy Formation: Elements of second transition
series are metals which are hard, some are malleable and ductile (Ag), good
conductors of heat and electricity. These elements also form alloys but to a
lesser extent as compared to the elements of first transition series. These
alloys are usually harder and have high melting points than the parent metals.
These metals are less important than those of the 3d- and 5d- series metals.

2.3 PERIODIC PROPERTIES AND THEIR
VARIATION IN THE SERIES

1. Atomic Radii, Atomic Volumes and Ionic Radii: The atomic radii of the
elements of second transition series decrease from the first element, Y to
Rh, thereafter increase up to the last element, Cd. The values of Mo and Pd
are very close because of the increased screening effect of the 4d electrons.
After Pd, the screening effect becomes more and more pronounced thereby
decreasing the attractive force between the nucleus and the outer electrons.
As a result, atomic radii of Ag and Cd increases. The atomic radii of these
elements are given below (Refer Table 2.3).

Table 2.3 Atomic Radii of Elements

Elements Y Zr Nb Mo Tc Ru Rh Pd Ag Cd 

Atomic 
Radii (pm) 

162 145 134 130 127 125 125 128 13 
4 

148 

The atomic volumes of these elements which are dependent on the atomic
radii show the same trend in their variation. The atomic volumes are being
listed below (Refer Table 2.4):
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Table 2.4 Atomic Volumes

Elements Y Zr Nb Mo Tc Ru Rh Pd Ag Cd 

Atomic 
Volume 
(Cm3) 

19.8 14.0 10.8 9.4 – 8.3 8.3 8.9 10.3 13.0 

For Tc its value has arbitrarily been calculated but is not known with certainty.
The values decrease from the first element, Y, upto Rh and then increase
due to the increasing atomic radii values. The ionic radii for various ions are
given below (Refer Table 2.5)

Table 2.5 Ionic Radii of Ions

Ions Y3+ Zr4+ Nb5+ Mo4+ Tc4+ Ru3+ Rh3+ Pd2+ Ag+ Cd2+ 

Ionic Radii 
(pm) 

104 86 70 79 – 81 80 80 123 97 

As is evident from this table, ionic radii values are showing an irregular
trend particularly for the later elements.

2. Melting and Boiling Points: The elements of 4d series have very high
melting and boiling points similar to the elements of 3d-series. Nb to Ru
have very high exceptional values of melting points. Cd the last element has
exceptionally low value of melting point even lower than that of zinc. Melting
point values of these elements are as follows:

Table 2.6 Melting Points

Elements Y Zr Nb Mo Tc Ru Rh Pd Ag Cd 

Melting 
Point (°C) 

1490 1860 2415 2620 2200 2450 1970 1550 960 321 

These elements have very high boiling points, greater than 2200°C except
for Cd (765°C).

3. Ionization Energies and Reactivity: The first ionization energies of 4d-
elements is shown in Table 2.7. These values generally increase from the
first elements to the last one, except for the value of Ag, which shows marked
drop in the value.

Table 2.7 First Ionization Energy of 4d-Elements

Elements 
Y Zr Nb Mo Tc Ru Rh Pd Ag Cd 

First Ionization 
Energy (kJ/mol) 

363 669 664 694 698 724 745 803 732 866 

The elements of 4d-series show low reactivity, even less than those of the
first transition series.

4. Standard Electrode Potentials and Reducing Properties: Metals with
negative values of standard reduction potential, act as reducing agents. Such
metals can displace hydrogen gas from dilute acids. For example,

Cd2+(aq) + 2e– Cd(s); E°= – 0.40V
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Since the value of E° is –ve, so it can displace H
2
 from dilute acids.

Ag+(aq) + e– Ag(s); E° = + 0.80V

Since, E° is positive, so it does not react with dilute acids.

2.3.1 Comparison of Elements of Second Transition
and First Transition Series

1. Oxidation States: Both, the elements of 3d and 4d-series show variable
oxidation states. As discussed earlier, elements of 3d-series in lower
oxidation states (+2, +3, etc.) are more stable while in higher oxidation
states are less stable. So, their compounds in higher oxidation state are less
stable and more reactive. For example, Cr

2
O

7
 (+6 oxidation state of Cr)

and 
4MnO  (Mn in +7 oxidation state) are strong oxidizing agents and in

their reactions get reduced to Cr3+ and Mn2+ states which are stable.

Whereas, the elements of 4d-series are more stable in higher oxidation
states (e.g., +5, +6, +7, etc.). For example, Mn2+ ion is stable while Tc+2

ion in unstable. In group 6, Cr(III) forms a large number of compounds,
while Mo(III) forms only a few. Cr(VI) ions are less stable, but Mo(VI)
ions are highly stable, [MoO

4
]2– ion is not easily reduced.

2. Ionic Radii: The radii of 3d-series elements are smaller than the 4d-series
elements. For example (Refer Table 2.8).

Table 2.8 Ions and Radii

Ions Radii (pm) 
Sc3+ 
Ti4+ 
Cr4+ 
Zu2+ 
Y3+ 
Zn4+ 
Mo4+ 
Cd2+ 

81 
75 
68 
74 
104 
86 
79 
97 

This is due to the change in the value of n from 3 to 4.

3. Magnetic Behaviour: The magnetic character of 3d-elements can be
interpreted easily by spin only formula, whereas the magnetic behaviour of
4d-elements is more complex and requires the use of spin-only formula as
well as the orbital contribution to the magnetic moment.

2.4 SPECTRAL PROPERTIES OF SECOND
TRANSITION SERIES

The spectral properties of transition elements can be explained on the basis of
colour of these compounds. These metal ions/complexes show variety of colours
due to the transition of electrons from ground state (lowest energy) to the excited
state (higher energy).

When a photon having energy equal to the difference between the two
states, i.e., ground and excited state, strikes the compound or the ion, electronic
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transition (here promotion) takes place. In the complexes of the transition metals,
this transition occurs from t

2g
 to e

g
 level in octahedral field and from e to t

2
 level in

tetrahedral ligand environment. The energy difference between the two states
involved in electronic transition is given by (as given in the Figure 2.1) the following:

2 1

h
E E E h h

c
v v

1
v

Where E = Energy, h = Planck’s Constant, c = Velocity of Light,
 = Wavelength of Light Absorbed, v = Frequency of Light Absorbed and
v = Wave Number.

E2

E1

Excited State

Ground State

h  (Light Absorption)v

Fig. 2.1 Electronic Transition

The colour of the complex exhibited due to the above transition series is
due to d-d transitions. Greater is , more energy is required to cause d-d transition.
For 4d elements, increasing  value in octahedral field is as follows:

MO3+ < Rh3+ < Ru3+ < < Pd4+, etc.

The other type of electronic transition that occur in second transition series
(4d) is due to the Charge Transfer (CT) process from metal to ligand or ligand to
metal.

Precomplexes of heavier elements of 4d series due to the larger magnitude of
 (Crystal field splitting energy), the d-d bonds are found at lower wave lengths and
hence overlap with C T bands. The charge transfer process is similar to the internal
redox process because electron transfer takes place during this process from metal
to ligand or ligand to metal with a complex/compound. In heavier transition metal
complexes the latter is generally observed. Thus, it is possible to classify and rank
the metal ions according to their oxidising power Rh4+ > Ru4+ > Ru3+ > Pd2+ > Rh3+,
etc. Greater the oxidising power of the metal ion and also greater the reducing power
of the ligands, lower the energy at which the C.T. bands appear.

Charge transfer transitions are Laporte and spin allowed, unlike d-d
transitions, i.e., l = + and  s = 0 because in these transitions, there occurs a
transition of electron(s) between the orbitals of different atoms, viz., metal and
ligand. These give rise to more intense or strong absorptions. When these transitions
occur in visible region, the compound, complex shows intense colour.

Among the Oxo ions of 4d series elements, the decreasing order of energy
of ligand to metal charge transfer is as follows:

3 2
4 4 4NbO MoO TcO

An example of metal-metal (inter valence) charge transfer complex is
[(NH

3
)

5
RuII–Pyz-RuIII(NH

3
)

5
]5+ where bridging ligand is pyrazine group. In this

complex electronic transition occurs from Ru(II) to Ru(III) through Pyz-bridging
ligand and gives intense colour.
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2.4.1 Stereochemistry of the Elements of Second
Compound Series

The elements exhibit different stereochemistry depending on the oxidation state,
coordination number and ligand in the particular complex. Groupwise
stereochemistry of elements of this series are given in Table 2.9 to Table 2.15.

Table 2.9 Stereochemistry/Geometry of Zirconium Compounds

Oxidation 
State 

Coordination 
Number 

Geometry Examples 

Zr0 6 Octahedral [Zr(bipy)3] 

Zr3+ 6 Octahedral ZrX3(X = Cl, Br, I) 

Zr4+ 4 
6 
7 
 
8 

Tetrahedral 
Octahedral 
Pentagonal 
Bipyramidal 
Square Antiprism 
Dodecahedral  

[ZrCl4], [Zr(CH2C6H5)4] 
[ZrF6]2–, [ZrCl6]2–, [Zr(acac)2Cl2] 
[ZrF7]3– 
 
[Zr(acac)4] 
[Zr(C2O4)4]4–, [ZrX4(diars)2] 

Table 2.10 Stereochemistry/Geometry Niobium Compounds

Oxidation 
State 

Coordination 
Number 

Geometry Examples 

–3 5 Trigonal Bipyramidal [Nb(CO)5]3– 

–1 6 Octahedral [Nb(CO)6]– 

+3 6 
 
8 

Trigonal Prism 
Octahedral 
Dodecahedral 

[NbO2]– 
[Nb2Cl9]3– 
[Nb(CN)8]5– 

+4 6 
7 
 
8 

Octahedral 
Distorted Pentagonal 
Bipyramidal 
Square Antiprism 
Dodecahedral 

[NbCl6]2– 
K3[NbF7] 
 
[Nb(SCN)4(dipy)2] 
K4[Nb(CN)8] 

+5 4 
5 
6 

Tetrahedral 
Trigonal Bipyramidal 
Octahedral 

[NbO4]– 
[NbCl5], [Nb(NR2)5] 
[NbCl5. OPCl3], [NbCl6]– 

Table 2.11 Stereochemistry/Geometry Molybdenum Compounds

Oxidation 
State 

Coordination 
Number 

Geometry Examples 

–2 5 Trigonal Bipyramidal [Mo(CO)5]2– 

–1 6 Octahedral [M2(CO)10]2– 

0 6 Octahedral [Mo(CO)6s], [Mo(CO5)I]– 

+2 6 
7 
9 

Octahedral 
Capped Trigonal Prismatic 
Cluster Compound 

[Mo(diars)2X2] 
[Mo(CNR)7]2+ 
Mo6Cl12 

+3 6 
8 

Octahedral 
Dodecahedral 

[Mo(NCS)6]3–, [MoCl6]3– 
[Mo(CN)7()H2O]4– 

+4 6 
8 

Octahedral 
Dodecahedral 

[Mo(NCS)6]2– 
[Mo(CN)8]4– 

+5 5 
6 
8 

Trigonal Bipyramidal 
Octahedral 
Dodecahedral 

MoCl5 
[Mo2Cl10], [MoOCl5]2– 
[Mo(CN)8]3– 

+6 4 
6 

Tetrahedral 
Octahedral 

[MoO4]2–, [MoO2Cl2] 
[MoO6], [MoF6] 
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Table 2.12 Stereochemistry/Geometry of Ruthenium Compounds

Oxidation 
State 

Coordination 
Number 

Geometry Examples 

–2 4 Tetrahedral [Ru(CO)4]2– 

0 5 Trigonal Bipyramidal [Ru(CO)5], [Ru(CO)3(PPh3)2] 

+2 6 Octahedral [RuNOCl5]2–, [Ru(dipy)3]2+ 

+3 6 Octahedral [Ru(NH3)5Cl]2+, [Ru(H2O)Cl5]2– 

+4 6 Octahedral K2[RuCl6] 

+5 6 Octahedral K[RuF6], [RuF5]4 

+6 4 
5 
6 

Tetrahedral 
Trigonal Bipyramidal 
Octahedral 

[RuO4]2– 
[RuO3(OH)2]2– 
[RuF6] 

+7 4 Tetrahedral [RuO4] 

+8 4 Tetrahedral [RuO4] 

Table 2.13 Stereochemistry/Geometry of Rhodium Compounds

Oxidation 
State 

Coordination 
Number 

Geometry Examples 

–1 4 Tetrahedral [Rh(CO4)]– 

+1 3 
4 
5 

Planar 
Tetrahedral 
Trigonal Bipyramidal 

[Rh(PPh3)3]ClO4 
[Rh(PMe3)4]+ 
[HRh(PF3)4] 

+3 5 
6 

Square Pyramidal 
Octahedral 

[RhI2(CH3)(PPh3)2] 
[Rh(H2O)6]3+, [RhCl6]3– 

+4 5 Octahedral K2[RhF6] 

+6 6 Octahedral [RhF6] 

Table 2.14 Stereochemistry/Geometry of Palladium Compounds

Oxidation 
State 

Coordination 
Number 

Geometry Examples 

0 3 
4 

Planar 
Tetrahedral 

[Pd(PPh3)3] 
[Pd(PF3)4] 

+2 4 Planar [Pd(NH3)4]Cl2 

+4 6 Octahedral [PdCl6]2– 

Table 2.15 Stereochemistry /Geometry of Silver Compounds

Oxidation 
State 

Coordination 
Number 

Geometry Examples 

+1 2 
4 
6 

Linear 
Tetrahedral 
Octahedral 

2 3 2Ag(CN) , Ag(NH )  

[Ag(SCN)4]3–, [Ag(py)4]ClO4 
AgCl, AgF, Ag Br, (NaCl 
structure) 

+2 4 Planar [Ag(py)4]2+ 

+3 4 
6 

Planar 
Octahedral 

[AgF4]– 
[Ag(IO6)2]7–, [AgF6] 
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Check Your Progress

1. Define the term second transition series.

2. What do you mean by the electronic configuration of second transition
series elements?

3. State the reason why the second transition series elements have higher
oxidation states.

4. List few examples of 4d element complexes.

5. Define the catalytic activity of the second transition series elements.

6. Differentiate between the first and the second transition series elements
in terms of ionic radii.

7. What are the major reasons of the change in colour of the complexes of
second transition series elements?

8. Define the reasons why the second transition elements exhibits different
stereochemistry.

2.5 GENERAL CHARACTERISTICS OF THIRD
TRANSITION SERIES

The third transition series (5d) consists of elements Lanthanum (Z = 57) and from
Hafnium (Z = 72) to Mercury (Z = 80). These elements in the sixth period. The
elements of this series in volume the gradual filling of 5d orbitals. In between La

57

and Hf
72

, there are 14 elements, viz., Ce
58

 to Lu
71

 which are called lanthanoids or
lanthanides. These 14 elements involve the progressive filling of 4f orbitals and
hence do not belong to 5d series. Thus at Lu

71
, 4f orbitals are completely filled.

Consequently at La
57

, 4f orbitals are vacant (4f°) while in the remaining nine
elements (Hf

72
 to Hg

80
) 4f orbitals are completely filled (4f14).

These elements are much more important than those of the second transition
series. This series of elements lie between barium (Z = 56), the elements of Group
2, Z = 81) and thallium (Tl, Z = 81), the element of Group 13 the gradual transition
of the properties occurs in the period. These elements also exhibit all the
characteristics properties of the d-block elements.

1. Electronic Configuration: The general valence shell electronic configuration
of these elements in 5d1–10 6s1,2. The last two elements, viz., gold and mercury
have completely filled 5d-subshell (5d10) whereas all other elements have 1 to 8
electron, i.e., 5d in the d-subshell of penultimate shell.
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The electronic configuration of 5d-transition series is shown in Table 2.16

Table 2.16 Electronic Configuration of 5d-Series Elements

Element Atomic 
Number 

Symbol Electronic 
Configuration 

Lanthanum 57 La [Xe] 5d16s2 

Hafnium 72 Hf [Xe] 4f145d26s2 

Tantalum 73 Ta [Xe] 4f145d36s2 

Tungstun 74 W [Xe] 4f145d46s2 

Rhenium 75 Re [Xe] 4f145d66s2 

Osmium 76 Os [Xe] 4f145d66s2 

Iridium 77 Ir [Xe] 4f145d76s2 

Platinum 78 Pt [Xe] 4f145d96s1 

Gold 79 Au [Xe] 4f145d106s1 

Mercury 80 Hg [Xe] 4f145d106s2 

 
2. Oxidation States: Similar to the elements of first and second transition series,
the elements of this series also exist in various oxidation states in their compounds.
This is due to the availability of electrons is 5d and 6d sub shells whose energies
are fairly close to each other like the elements of other series.

Similar to the second transition series, the higher oxidation states become
more stable and pronounced for the elements of this series and contrary to the first
transition series. The minimum oxidation state varies from +1 to +3 for these
elements. The various oxidation states of the elements of this series is shown in
Table 2.17.

Table 2.17 Oxidation States of Third Transition Series

Elements La Hf Ta W Re Os Lr Pt Au Hg 
Group Number 3 4 5 6 7 8 9 10 11 12 
Lowest 
Oxidation State 

+3 +3 +4 +2 +2 +2 +2 +2 +1 +1 

Highest 
Oxidation State 

+3 +4 +5 +6 +7 +8 +6 +4 +3 +2 

It is clear from the table that the lowest oxidation state is +1 for both Au and
Hg and the highest oxidation state is +8 for Os which is the highest stable oxidation
state among all the transition elements.

3. Complex Formation: Because of the weak electropositive nature and non-
availability of wide range of ligands, the elements of this series have weak complex
formation tendency. Some of these elements still form complexes with ligands like
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halide, cyanide, NH
3
, H

2
O and  ligands (CO). Some of the examples of complexes

of these elements are:

(i) Hafnium forms complexes of the type [HfCl
4
.2POCl

3
], [HfF

6
]2–,

[Hf(acac)
4
], [Hf (C

2
O

4
)

n
]4–, etc.

(ii) Tantalum (Ta) forms complexes of the type [Ta(CO)
6
]–, [TaCl

6
]2–, [TaF

6
]–

, [TaF
7
]2–, [Ta(S

2
C

6
H

4
)

3
]–, etc.

(iii) Tungsten (W), like its 3d and 4d analogues chromium and molybdenum,
forms a large number of complexes, for example  [W(CO)

6
]2–,

(W
2
(CO)

10
)2–, [W(CO)

6
], [W

2
Cl

9
]3–, [W(CN)

8
]4–, [WF

6
]–, etc.

(iv) Rhenium (Re) gives various complexes with halides, pyridine and CO in
different oxidation states, e.g. [Re

2
(CO)

10
], [ReCl(CO)

5
], and [ReCl

2
(Py)

2
],

[Re
2
Cl

8
]2–, [ReF

8
]2–, [ReH

9
]2–, etc.

(v) The complexes of Iridium (Ir) in different oxidation states with various ligands
are:

[Ir
4
(CO)

12
], [IrCl

6
]2–, [IrCl

3
(H

2
O)

3
]+, [IrCl

4
(H

2
O)

2
], [Ir(C

2
O

4
)

3
]2–.

(vi) Platinum (Pt) forms complexes like, [PtCl
4
]2–, [Pt(NH

3
)Cl

2
],[PtCl

8
]2–,

[Pt(NH
3
)

4
Cl

2
]2–, etc.

(vii) Gold (Au) forms complexes, such as, K[Au (CaX)]
2
, K[AuCl

4
),

[AuI
2
(diars)

2
]+,  etc.

4. Formation of Coloured Ions/Compounds: Similar to the elements of first
and second transition series, the 5d- series elements form coloured compounds/
complexes in solid state or solution. Although only a few compounds or complexes
are known. The elements of 5d series which have unpaired electrons only can
exhibit colour due to the reasons already discussed for 3d- and 4d- transition
series elements.

5. Catalytic Activity : Some of the important catalysts used in variety of reactions
used in industry belong to 5d- series elements and their compounds.

Some of the examples in which there elements on their compounds act as
catalysts are:

(i) Pt/PtO is used in Radian’s catalyst in the oxidation reactions.

(ii) Pt guaze catalyses the oxidation of NH
3
 to NO at high temperature

and the process is used in the manufacture of nitric acid by Ostwald’s
process.

(iii) Mixture of Pt and Pd is used as a catalyst in the hydrogenation of
unsaturated hydrocarbons.

(iv) Platinised asbestos catalyses the reaction between SO
2
 and O

2
 in the

manufacture of H
2
SO

4
 by contact process.

(v) Pt black is used to prepare formaldehyde from methyl alcohol.

(vi) Red hot finely divided Pt is used in the preparation of hydrogen halides
from hydrogen and halogens.

(vii) Finely divided Pt is widely used in many hydrogenation and
dehydrogenation reactions.
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(viii) Large quantities of Pt are also used in petroleum industry, synthetic
fiber industry and glass industry.

6. Formation of Interstitial and Non-Stoichiometric Compounds: The
elements of third transition series also form interstitial compounds with non-metallic
elements such as hydrogen, carbon and nitrogen. During the formation of these
compounds, there is no change in the lattice structure of the metal because the
non-metallic atoms just fit in the voids of metal lattice. For example, TaH

0.78
,

HfC, TaC, WC, W
2
C, HgN, TaN, W

2
N, etc.

Many of these compounds are non-stoichiometric type like TaH
0.78

, etc.
Such compounds have semi-conductivity properties and centres of colours. The
non-stoichiometry is, perhaps, due to the defects in the solid structures of transition
elements. The apparent molecular formula shows whole number ration but actually
it is not so.

7. Metallic Character and Alloy Formation : Metals of 5d- series of metals
(except Hg which is liquid at room temparature) most of these are hard and some
are malleable and ductile (Au, Pt). These are good conductors of heat and electricity.
Except Hg, all the metals of the series have high melting points.

These metals also form but only a few alloys have been prepared and used
because of the rare nature of these elements, Na-Hg and Al-Hg alloys have been
used as reducing agents called amalgams. Pt-Ir alloy is used to prepare coins,
standard weights, etc. Pt-Ru and Pt-Cu alloys are also important materials. The
metals like Pt, Au and Hg are very important, the first two, i.e., Pt and Au are used
in jewellery. Gold is also used as coinage metal and in preparing ornamental vessels.

2.6 PERIODIC PROPERTIES AND THEIR
VARIATION ALONG THE SERIES

Periodic properties of the elements of 5d-series such as the atomic radii, atomic
volumes, ionic radii, melting and boiling points, ionisation energies and reactivity,
standard electrode potentials and reducing properties, etc., vary along the period.
These are discussed below.

1. Atomic Radii, Atomic Volumes and Ionic Radii: The values of atomic radii
for these elements decreases from La to Os and then increases upto the last element,
Hg. This trend is shown in Table 2.18.

Table 2.18 Atomic Radivs

Elements La Hf Ta W Re Os Ir Pt Au Hg 

Atomic 
Radius 
(pm) 

169 144 134 130 128 126 127 130 136 150 

 
The atomic volumes of the elements show the similar trend as found for the

atomic radii. The values first decrease in the series up to the middle and then
increase till the last element. Atomic volumes for various elements of the series are
being given below in Table 2.19.
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Table 2.19 Atomic Volumes

Elements La Hf Ta W Re Os Ir Pt Au Hg 

Atomic 
Volumes 

(cm3) 

22.5
0 

13.6
0 

10.9
0 

9.52 8.85 8.44 8.54 9.10 10.2
2 

14.8
0 

 
The ionic radii follow almost the same trend as the atomic radii for most of

the elements. Ionic radii of the elements have been obtained in different oxidation
states and the trend along the series can only be established for the ions having the
same oxidation state. Some values have been given below in Table 2.20:

Table 2.20 Ionic Radiis

Metal Ion La3+ Hf4+ Ta5+ W4+ Re5+ Os4+ Ir3+ Pt4+ Au3+ Hg2+ 

Ionic 
Radius 
(pm) 

117 85 70 80 72 77 82 77 85 106 

 
2. Melting and Boiling Points: All the elements of 5d series have high melting
points, except mercury which is liquid in physical state with very low melting or
freezing point (–38.4°C). The melting points of these elements is shown in Table
2.21.

Table 2.21 Melting  Point

Element La Hf Ta W Re Os Ir Pt Au Hg 

Melting 
Point (°C) 

920 222
2 

299
6 

341
0 

318
0 

270
0 

245
4 

176
9 

106
3 

–
38.4 

 
It is clear that Hf, Ta, W, Re, Os, and Ir have very high melting points in

comparison to La, Pt, Au and Hg. The boiling points of all these elements are
above 3000°C except for Hg which has low boiling point of 357°C.

3. Ionisation Energies and Reactivity: The first ionisation energies of these
elements increase gradually from left to right side of the series from La to Hg.
There values are shown in Table 2.22.

Table 2.22 First Ionisation Energy

Elements  La Hf Ta W Re Os Ir Pt Au Hg 

First 
Ionization 

Energy  
(kJ/mole) 

538 684 761 770 760 840 880 870 890 100
08 

 
On comparing with ionization energies of the elements of second transition

series, Y has higher value than La due to its smaller size. From Hf to Hg these
elements have higher value of ionization energies than those of second transition
series. This is due to the increased nuclear charge in the elements of second
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transition series, though the atomic sizes of elements of 4d- and 5d- series does
not vary much. Hg has exceptionally high value of first ionization energy due to its
stable 5d106s2 configuration.

Due to high ionization energies and other factors, these elements show low
reactivity and some of these elements, viz. Ir, Pt, Au, etc., are noble metals due to
their passive nature.

4. Standard Electrode Potential and Reducing Properties: The elements
belonging to this series have positive values of standard reduction potential and
have the tendency to get reduced by H

2
 itself or the metals with negative standard

reduction potential values. For example,

Au+ + e–  Au; E° = +1.68 V

Au3+ + 3e–  Au; E° = +1.42 V

Pt2+ + 2e–  Pt; E° = +1.20 V

Hg2+ + 2e–  Hg; E° = +0.85 V

These metals thus act as oxidising agents and have a tendency to take up
the electrons.

2.6.1 Comparison of Elements of 3d-Series with 5d-Series

1. Oxidation States: Elements of both 3d- and 5d- series exhibit variable
oxidation states including both common and uncommon. As discussed earlier
in 3d-series lower oxidation states are most stable and pronounced while
higher oxidation state is less stable. So, the compounds in higher oxidation
state are more reactive and less stable. For example, the strong oxidizing
nature of Cr

2
O

7
2 – (Os + 6) and MnO

4
– (Os +7) ions. For 5d- series elements

lower oxidation state is of less significance. For example, Ir3+ ion (5d) is
hardly known but its 3d-analogue Co3+ is quite stable. Similarly, Ir3+ ion
does not form complex with NH

3
 while [Co(NH

3
)

6
]3+ is highly stable.

2. The higher oxidation states is generally more stable for the elements 5d
series than that for the 3d-series elements. For example, OsO

4
, WCl

6
,

Pt F
6
, etc., one quite stable while FeO

4
, CrCl

6
, NiF

6
, etc., are not known.

Also WO
4
2– ion is highly stable and is not reduced easily whereas CrO

4
2– is

strong oxidising agent and is readily reduced to +3 oxidation state. Similarly,
MnO

4
– is strong oxidising agent but ReO

4
– is stable and weak oxidizing

agent.

3. Ionic Radii: The ionic radii of 3d-series elements are smaller than those of
the 5d- series elements but there is very small difference between the radii
of the ions of 4d- and 5d- series elements. Comparison of these ionic radii
is given below (Tables 2.23 and 2.24).

Table 2.23 Ionic Radii of 3d-Series Elements

Ions Sc3+ Ti4+ Cr4+ Zn2+ 

Radii (pm) 81 75 68 74 
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Table 2.24 Ionic Radii of 5d-Series Elements

Ions  La2+ Hf4+ W4+ Hg2+ 

Radii (pm)  117 85 80 106 

The change in the values after lanthanides is small because of the lanthanide
contraction.

4. Magnetic Character: As stated earlier that the magnetic properties of the
elements of the 3d-series can be interpreted easily and the magnetic moments
of their ions and compounds can be represented by spin only formula. The
calculated magnetic moment gives an idea about the number of unpaired
electrons in them as well as the type of geometry of complexes but the
magnetic behaviour of the elements of third transition series is more complex
and difficult to explain by using the spin only formula. Thus, the magnetic
moment from the number of unpaired electrons is difficult to find out in the
compounds or complexes of these elements. This is because 5d orbitals are
too much diffused or spread out in space and hence, the inter electronic
repulsions in these are much less in comparison to 3d orbitals (of the elements
of first transition series). Hence, a given set of ligands produces very large
crystal field splitting energies in 5d orbitals than in 3d orbitals. The heavier
elements of this series will, therefore, tend to give inner orbital or low spin
complexes as compared to those of first transition series which generally
form outer orbital or high spin complexes.

2.7 SPECTRAL PROPERTIES OF 5d-SERIES
ELEMENTS

We have discussed earlier that d-d transition (electronic transition between two
sets of d-orbitals) and CT are responsible for electronic spectra in transition metals.
It is observed that the d-d transitions of the compounds in complexes of third
transition (5d-) series is of less significance as compared to those of the complexes
of first transition series elements because more energy is required here due to
greater value of  , the crystal field splitting energy. In octahedral ligand field, the
increasing  is as Ir3+ < Re4+ < Pt4+, etc.

The other types of electronic transitions which are encountered in the
complexes of the third transition series elements and responsible for their colours
are mainly the Charge Transfer (C.T.) spectra in which electronic transition occurs
from metal to ligand or ligand to metal preferably the latter. Sometimes M-M
transition is also observed in some polynuclear complexes. In the compounds/
complexes of heavier elements of 5d-series, because of the larger magnitude of 
(crystal field splitting energy), the d-d bands are found at lower wavelengths or
higher frequency and hence, overlap with the charge transfer bands. The charge
transfer implies the transfer of electron from one atom to another, i.e., from metal
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to ligand atom or from ligand atom to metal within the complex/compound and
thus reflect the internal redox tendencies of both the central metal atoms/ions and
ligands. Thus, it is possible to classify and rank metal ions according to their oxidizing
power:

Os4+ > Re4+ = Os3+ = Pt4+ > Pt2+ > Ir3+

Greater the oxidising power of the metal ion and also greater the reducing
power of the ligand, lower the energy at which charge transfer (L M) band
appear. The compounds with M–M band also give intense colour, e.g., [Re

2
Cl

8
]2–

is royal blue.

2.7.1 Stereochemistry/Geometry of Complexes of 5d-
Series Elements

Stereochemistry/geometry of the compounds of 5d-series element is discussed
conveniently group wise. Depending upon the oxidation state, coordination number
and type of ligand present in the complexes, the elements show different geometries
stereochemistry, tabulated in Table 2.25 to Table 2.26.

1. The stereochemistry of Hafnium (Group 4) is shown in Table 2.25.

Table 2.25 Oxidation States and Stereochemistry of Hf Compounds

Oxidation Coordination number Geometry Examples 

0 6 Octahedral [(arene)2 HfPMe3] 

3+ 6 Octahedral [Hfl3] 

4+ 6 
7 

Octahedral 
Pentagonal 
bipyramidal 
Monoclinic 

[HfF6]2–, [Hf(acac)4], 
[Hf(C2O4)4]4– [HfF7]3– 

[HfO2] 

 
2. The stereochemistry of Tantalum (Group 5 Element) in different oxidation

states is summarized in Table 2.26.

Table 2.26 Oxidation States and Stereochemistry of Tantalum Compounds

Oxidation 
State 

Coordination 
Number 

Geometry Examples 

–3 5 Trigonal Bipyramidal  [Ta(CO)5]3– 

–1 6 Octahedral [Ta(CO)6]– 

+3 6 Octahedral [Ta2Cl6(SMe2)3] 

+4 6 
8 

Octahedral 
Square Antiprism 

[Ta2Cl4py2][TaCl6]2–  
[Ta2Cl8(PMe3)4]3– 

+5 5 
6 
 

8 

Trigonal Bipyramidal 
Octahedral 

 
Square Antiprism 

TaCl5 

[TaO3]; [Ta2Cl10][TaCl6] 
[TaF8]3– 

 
3. The stereochemistry of Tungsten (Group 6 Elements in different oxidation

states) is tabulated below: Table 2.27.
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Table 2.27 Oxidation States and Stereochemistry of Tungsten Compounds

Oxidation State Coordination 
Number 

Geometry Examples 

0 6 Octahedral [W(CO)6] 

–3 6 Octahedral [W(diars) (CO)3Br2]+ 

+4 6 
8 

Octahedral 
Dodecahedral 

[WBr4Me2] 
[W(CN)8]4– 

+5 6 
8 

Octahedral 
Dodecahedral 

[WF6]– 

[W(CN)8]3– 

+6 4 
6 
8 

Tetrahedral 
Octahedral 

Dodecahedral 

[WO4]2– 

[WCl6] 

[WF8]2– 

 4. Stereochemistry of Rhenium (Group 7 Elements) is in different oxidation
states is more pronounced than its 4d analogue. It is tabulated in
Table 2.28.

Table 2.28 Oxidation States and Stereochemistry of Rhenium Compounds

Oxidation 
State 

Coordination 
Number 

Geometry Examples 

0 6 Octahedral [Re2(CO)10] 

–1 5 
6 

Trigonal Bipyramidal 
Octahedral 

[ReCl(CO)2(PPh3)2] 
[Re(CO)5Cl], 
[Re(CN)6]5– 

+2 6 Octahedral [ReCl(N2)(PR3)4]+, 
[Re(bipy)3]2+ 

+3 6 
7 

Octahedral 
Pentagonal 

Bipyramidal 

[ReCl2(acac)(PPh3)2] 

[Re(CN)7]4– 

+4 6 Octahedral [ReX6]2–, [Re2OCl10]4– 

+5 5 
6 
 

8 

Trigonal Bipyramidal 
Octahedral 

 
Dodecahedral 

ReCl5, ReF5 

[ReOCl3(PPh3)2], 
[ReOCl5]2– 

[Re(diars)2Cl4]+ 

+6 4 
5 
6 
8 

Tetrahedral (Distort.) 
Square Pyramidal 

Octahedral 
Square Antiprism 

[ReO4]2– 
[ReOCl4] 

[ReF6]–, [Re(CH3)6]– 
[ReF8]2– 

+7 4 
7 
9 

Tetrahedral 
Pentagonal 

Bipyramidal 
Tricapped Trigonal 

Prismatic 

[ReO4]–, [ReOCl3] 
[ReF7] 

[ReH9]2– 

 
5. Stereochemistry of Osmium (Group 8) in various oxidation states in given

in Table 2.29.
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Table 2.29 Oxidation States and Stereochemistry of Osmium Compounds

Oxidation 
State 

Coordination 
Number 

Geometry Examples 

0 5 Trigonal bipyramidal [Os(CO)5], [Os(CO)4X]2 

–2 6 Octahedral [Os(CN)6]4+ 

+3 6 Octahedral [OsCl6]3–, [Os(dipy)3]3+ 

+4 4 

6 

7 

Tetrahedral 

Octahedral 

Distorted Pentagonal 
Bipyramidal 

[OsPh4] 

K2[OsCl6] 

[OsH3(PPH3)4]+ 

+5 6 Octahedral Na[OsF6] 

+6 5 

6 

Square Pyramidal 

Octahedral 

[OsOCl4] 

[OsF6], [OsO2Cl4]2– 

[OsO2(OH)4]2– 

+7 4 

6 

Tetrahedral 

Octahedral 

[OsO4]– 

[OsOF5] 

+8 4 

6 

Tetrahedral 

Octahedral 

[OsO4] 

[OsO3F3]–, 

[OsO4(OH)2]2– 

 6. Stereochemistry of Iridium (Group 9) in various oxidation states in given in
Table 2.30.

Table 2.30 Oxidation States and Stereochemistry of Iridium Compounds

Oxidation 
State 

Coordination 
Number 

Geometry Examples 

–1 4 Tetrahedral [Ir(CO)3PPh3] 

+1 4 Planar [IrCl(CO)(PR3)2] 

 5 Trigonal Bipyramidal [HIr(CO)(PPH3)3] 

+3 5 Trigonal Bipyramidal [IrH3(PR3)2] 

 6 Octahedral [IrH3(PPh3)3], [IrCl6]3– 

+4 6 Octahedral [IrCl6]2–, [Ir(C2O4)3]2– 

+5 6 Octahedral Cs[IrF6] 

+6 6 Octahedral [IrF6] 

 
7. Stereochemistry of Platinum (Group 10 Elements) in different oxidation states

is being given in Table 2.31.

Table 2.31 Oxidation States and Stereochemistry of Some Platinum Compounds

Oxidation 
State 

Coordination 
Number 

Geometry Examples 

0 4 Tetrahedral [Pt(CO)(PPh3)3] 

+2 4 Square planar [PtCl4]2– 

 6 Octahedral [Pt(NO)Cl5]2– 

+4 6 Octahedral [Pt(en)2Cl2]2+, 
[Pt(NH3)6]4+, [PtCl6]2– 

+5 6 Octahedral [PtF6]– 

+6 6 Octahedral [PtF6] 
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8. Stereochemistry of Gold (Group 11 Elements) is being given in Table 2.32.

Table 2.32 Oxidation States and Stereochemistry of Some Gold Compounds

Oxidation 
State 

Coordination 
Number 

Geometry Examples 

+1 2 
3 
4 

Linear 
Trigonal Planar 

Tetrahedral 

[Au(CN)2]– 
[AuCl(PPh3)2] 
[Au(diars)2]+ 

+3 4 
5 
6 

Planar 
Trigonal Bipyramidal 

Octahedral 

[AuBr4]–, [AuPh4]– 
[Au(diars)2I]2+ 

[AuBr6]3– 

 

Check Your Progress

9. Name the elements that are included in third transition series elements.

10. Explain the term complex formation with the help of appropriate
examples.

11. How the alloys of third transition series elements are formed?

12. Give the definition of melting and boiling points for third transition series
elements.

13. What do you mean by standard electrode potential and reducing
properties of third transition series elements?

14. Define the spectral properties of 5d series elements.

2.8 ANSWERS TO ‘CHECK YOUR PROGRESS’

1. The second transition series lies between strontium (Sr, Z = 38) of s-block
(Group 2) and indium (In, Z = 49) of p-block (Group 13). It consist of ten
elements starting from yttrium, the element of Group 3 and ending at
cadmium, the element of Group 12. These elements are higher analogues of
first transition series and are less important.

2. The general valence shell configuration of these elements in [Kr]4d1-105s1-2.
In yttrium 4d-subshell begins fillings its valence shell configuration is 4d15s2.
The filling of 4d-subshell continues as we more along the series towards the
last element, Cd which has 4d105s2 configuration.

There are pronounced irregularities in the valence shell configurations of
these elements, except for the last three elements, viz., Pd, Ag and Cd, all
have incomplete d-subshells.

3. It is observed for second transition series elements that the higher oxidation
states become more stable. For example, Fe shows +2 and +3 stable
oxidation states and +4 and +6 unstable states but Ru and its higher analogue
has +2, +3, +4 and +6 as stable oxidation states while +5, +7 and +8 are
unstable oxidation states for this element. The first element Y(+3) and the
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last element Cd(+2) exhibit only one oxidation state because of the stable
valence shell configuration of ions, viz., Y3+[Kr]4d05s0 and Cd2+[Kr]4d105s0.
All other elements show variety of oxidation states.

4. Some of the examples of complexes of 4d-elements are discussed below.

(i) Yttrium forms complexes readily with NCS–, acac, EDTA, etc., viz.,
[Y(NCS)

6
]3–, [Y(acac)

3
.H

2
O], [Y(EDTA)]–, respectively. Its

complexes with C.N. 8 are also known.

(ii) Zirconium usually gives halo complexes of the type [ZrX
6
]2– and

[ZrX
7
]3– (X = halide ions), [Zr(acac)

4
], [Zr(C

2
O

4
)

4
)4–, [Zr(bipy)

3
] and

also [Zr
2
F

13
]5– and [ZrCl

4
]

3
(POC

3
)

2
.

(iii) Niobium forms clusters only, e.g., [Nb
6
X

12
]n+, where n = 2, 3 or 4;

[Nb
6
X

14
], [Nb

6
X

15
] and [Nb

6
X

16
], etc.

5. Catalytic Activity: Similar to the elements of first transition series, those of
second transitions series also show catalytic activity. This is because they
are capable of forming intermediate products with the reactants on have
active centres or their surface in the activated state. For example,

(i) Pd is used in the hydrogenation of phenol to cyclohexanol.

(ii) Pd/Pt catalyses the hydrogenation of unsaturated hydrocarbons.

(iii) Mo is used as a promoter in the manufacture of ammonia by Haber
process.

(iv) Pt/Rh is used as catalyst in the oxidation of NH
3
 to NO (Manufacture

of HNO
3
).

6. The radii of 3d-series elements are smaller than the 4d-series elements as
shown below in the table.

Ions Radii (pm) 
Sc3+ 
Ti4+ 
Cr4+ 
Zu2+ 
Y3+ 
Zn4+ 
Mo4+ 
Cd2+ 

81 
75 
68 
74 
104 
86 
79 
97 

This is due to the change in the value of n from 3 to 4.

7. The energy difference between the two states involved in electronic transition
is given by the following:

2 1

h
E E E h h

c
v v

1
v

Where E = Energy, h = Planck’s Constant, c = Velocity of Light,
 = Wavelength of Light Absorbed, v = Frequency of Light Absorbed and
v = Wave Number.
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E2

E1

Excited State

Ground State

h  (light absorption)v

The colour of the complex exhibited due to the above transition series is
due to d-d transitions. Greater is , more energy is required to cause d-d
transition. For 4d elements, increasing  value in octahedral field is: MO3+

< Rh3+ < Ru3+ < < Pd4+, etc. The other type of electronic transition that
occur in second transition series (4d) is due to the Charge Transfer (CT)
process from metal to ligand or ligand to metal.

8. The elements exhibit different stereochemistry depending on the oxidation
state, coordination number and ligand in the particular complex.

9. The third transition series (5d) consists of elements Lanthanum (Z = 57)
and from hafnium (Z = 72) to mercury (Z = 80). These elements in the sixth
period. The elements of this series in volume the gradual filling of 5d orbitals.
In between La

57
 and Hf

72
, there are 14 elements, viz., Ce

58
 to Lu

71
 which

are called lanthanoids or lanthanides. These 14 elements involve the
progressive filling of 4f orbitals and hence do not belong to 5d series. Thus
at Lu

71
, 4f orbitals are completely filled. Consequently at La

57
, 4f orbitals

are vacant (4f°) while in the remaining nine elements (Hf
72

 to Hg
80

) 4f orbitals
are completely filled (4f14).

10. Some of the examples of complexes of these elements are:

(i) Hafnium forms complexes of the type [HfCl
4
.2POCl

3
], [HfF

6
]2–,

[Hf(acac)
4
], [Hf (C

2
O

4
)

n
]4–, etc.

(ii) Tantalum (Ta) forms complexes of the type [Ta(CO)
6
]–, [TaCl

6
]2–,

[TaF
6
]–, [TaF

7
]2–, [Ta(S

2
C

6
H

4
)

3
]–, etc.

(iii) Tungsten (W), like its 3d and 4d analogues chromium and molybdenum,
forms a large number of complexes, e.g., [W(CO)

6
]2–, (W

2
(CO)

10
)2–

, [W(CO)
6
], [W

2
Cl

9
]3–, [W(CN)

8
]4–, [WF

6
]–, etc.

(iv) Rhenium (Re) gives various complexes with halides, pyridine and CO
in different oxidation states, e.g., [Re

2
(CO)

10
], [ReCl(CO)

5
], and

[ReCl
2
(Py)

2
], [Re

2
Cl

8
]2–, [ReF

8
]2–, [ReH

9
]2–, etc.

(v) The complexes of Iridium (Ir) in different oxidation states with various
ligands are:

[Ir
4
(CO)

12
], [IrCl

6
]2–, [IrCl

3
(H

2
O)

3
]+, [IrCl

4
(H

2
O)

2
], [Ir(C

2
O

4
)

3
]2–.

(vi) Platinum (Pt) forms complexes like, [PtCl
4
]2–, [Pt(NH

3
)Cl

2
],[PtCl

8
]2–,

[Pt(NH
3
)

4
Cl

2
]2–, etc.

(vii) Gold (Au) forms complexes, such as, K[Au (CaX)
2
, K[AuCl

4
),

[AuI
2
(Diars)

2
]+, etc.

11. Metals of 5d- series of metals (except Hg) which is liquid at room temparature
most of these are hard and some are malleable and ductile (Au, Pt). These
are good conductors of heat and electricity. Except Hg, all the metals of the
series have high melting points.
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12. Melting and Boiling Points: All the elements of 5d series have high melting
points, except mercury which is liquid in physical state with very low melting
or freezing point (–38.4°C).

13. Standard Electrode Potential and Reducing Properties: The elements
belonging to this series have positive values of standard reduction potential
and have the tendency to get reduced by H

2
 itself or the metals with negative

standard reduction potential values. For example,

Au+ + e–  Au; E° = +1.68 V

Au3+ + 3e–  Au; E° = +1.42 V

Pt2+ + 2e–  Pt; E° = +1.20 V

Hg2+ + 2e–  Hg; E° = +0.85 V

These metals thus act as oxidising agents and have a tendency to take up
the electrons.

14. d-d transition (electronic transition between two sets of d-orbitals) and CT
are responsible for electronic spectra in transition metals. It is observed that
the d-d transitions of the compounds) complexes of third transition (5d-)
series is of less significance as compared to those of the complexes of first
transition series elements because more energy is required here due to greater
value of  , the crystal field splitting energy. In octahedral ligand field, the
increasing  is as Ir3+ < Re4+ < Pt4+, etc.

2.9 SUMMARY

 The second transition series lies between strontium (Sr, Z = 38) of s-block
(Group 2) and indium (In, Z = 49) of p-block (Group 13). It consist of ten
elements starting from yttrium, the element of Group 3 and ending at cadmium,
the element of Group 12. These elements are higher analogues of first
transition series and are less important.

 The general valence shell configuration of these elements in [Kr]4d1-105s1-2.
In yttrium 4d-subshell begins fillings its valence shell configuration is 4d15s2.
The filling of 4d-subshell continues as we more along the series towards the
last element, Cd which has 4d105s2 configuration.

 There are pronounced irregularities in the valence shell configurations of
these elements, except for the last three elements, viz., Pd, Ag and Cd, all
have incomplete d-subshells.

 It is observed for second transition series elements that the higher oxidation
states become more stable. For example, Fe shows +2 and +3 stable
oxidation states and +4 and +6 unstable states but Ru, its higher analogue
has +2, +3, +4 and +6 as stable oxidation states while +5, +7 and +8 are
unstable oxidation states for this element. The first element Y(+3) and the
last element Cd(+2) exhibit only one oxidation state because of the stable
valence shell configuration of ions, viz., Y3+[Kr]4d05s0 and Cd2+[Kr]4d105s0.
All other elements show variety of oxidation states.
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 Complex Formation: Less pronounced complex formation tendency in seen
for 4d series elements as compared to 3d series elements. These metals are
weakly electropositive and do not form stable complexes with wide range
of ligands as in case of 3d-series elements. These elements form stable
complexes with phosphorous, sulphur and heaviers halogens as donor atoms
in the ligands. They also form complexes with coordination numbers 4, 6
and even more than six.

 Magnetic Properties: The elements of second transition series show
paramagnetism due to the presence of unpaired electrons in elemental and
ionic form. Magnitic moment increase with the number of unpaired electrons
as according to spin only formula, where the orbital contribution is regarded
as quenched. However, then the total magnetic moment is calculated as:

eff 4S(S 1) (L 1)

Where S is the resultant spin angular momentum and L is the resultant orbital
angular momentum.

 Formation of Coloured Ions or Compounds: The elements of second
transition series also form coloured ions or compounds similar to d-block
elements. The cations having vacant or completely filled d-orbitals
(d1 to d9) are colourless while those with partly filled d-orbitals (d1to d9)
are colured. This is due to the movement of electrons from one d-orbital to
another under the influence of visible light falling on the substance.

 Formation of Interstitial and Non-Stoichiometric Compounds: The metals
of second transition series, in general, from interstitial compounds with small
non-metallic elements, such as H, N, C, etc. The lattice of these metals is
capable of accommodating these small atoms between the metal atoms
with no change in the lattice structure. Examples are: PdH

0.6
, ZrH

1.98
, ZrC,

NbC, MoC, Mo
2
C, ZrN, NbN, Mo

2
N, etc. These compounds have

conductivity properties and are hard, thus behaving as alloys.

 Metallic Character and Alloy Formation: Elements of second transition series
are metals which are hard, some are malleable and ductile (Ag), good
conductors of heat and electricity. These elements also form alloys but to a
lesser extent as compared to the elements of first transition series. These
alloys are usually harder and have high melting points than the parent metals.
These metals are less important than those of the 3d- and 5d- series metals.

 Atomic Radii, Atomic Volumes and Ionic Radii: The atomic radii of the
elements of second transition series decrease from the first element, Y to
Rh, thereafter increase up to the last element, Cd. The values of Mo and Pd
are very close because of the increased screening effect of the 4d electrons.
After Pd, the screening effect becomes more and more pronounced thereby
decreasing the attractive force between the nucleus and the outer electrons.
As a result, atomic radii of Ag and Cd increases.

 The elements of 4d series have very high melting and boiling points similar
to the elements of 3d-series. Nb to Ru have very high exceptional values of
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melting points. Cd the last element has exceptionally low value of melting
point even lower than that of zinc.

 The spectral properties of transition elements can be explained on the basis
of colour of these compounds. These metal ions/complexes show variety
of colours due to the transition of electrons from ground state (lowest energy)
to the excited state (higher energy).

 The energy difference between the two states involved in electronic transition
is given by the following:

2 1

h
E E E h h

c
v v

1
v

Where E = Energy, h = Planck’s Constant, c = Velocity of Light,
 = Wavelength of Light Absorbed, v = Frequency of Light Absorbed and
v = Wave Number.

 An example of metal-metal (inter valence) charge transfer complex is
[(NH

3
)

5
RuII–Pyz-RuIII(NH

3
)

5
]5+ where bridging ligand is pyrazine group.

In this complex electronic transition occurs from Ru(II) to Ru(III) through
Pyz-bridging ligand and gives intense colour.

 The third transition series (5d) consists of elements Lanthanum (Z = 57)
and from Hafnium (Z = 72) to Mercury (Z = 80). These elements in the
sixth period. The elements of this series in volume the gradual filling of 5d
orbitals. In between La

57
 and Hf

72
, there are 14 elements, viz., Ce

58
 to Lu

71

which are called lanthanoids or lanthanides. These 14 elements involve the
progressive filling of 4f orbitals and hence do not belong to 5d series. Thus
at Lu

71
, 4f orbitals are completely filled. Consequently at La

57
, 4f orbitals

are vacant (4f°) while in the remaining nine elements (Hf
72

 to Hg
80

) 4f orbitals
are completely filled (4f14).

 The general valence shell electronic configuration of these elements in
5d1–10 6s1,2. The last two elements, viz., gold and mercury have completely
filled 5d-subshell (5d10) whereas all d-subshell of penulti mote shell.

 Oxidation States: Similar to the elements of first and second transition series,
the elements of this series also exist in various oxidation states in their
compounds. This is due to the availability of electrons is 5d and 6d sub
shells whose energies are fairly close to each other like the elements of
other series.

 Complex Formation: Because of the weak electropositive nature and non-
availability of wide range of ligands, the elements of this series have weak
complex formation tendency. Some of these elements still form complexes
with ligands like halide, cyanide, NH

3
, H

2
O and  ligands (CO).

 Formation of Coloured Ions/Compounds: Similar to the elements of first
and second transition series, the 5d- series elements form coloured
compounds/complexes in solid state or solution. Although only a few
compounds or complexes are known. The elements of 5d series which
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have unpaired electrons only can exhibit colour due to the reasons already
discussed for 3d- and 4d- transition series elements.

 Formation of Interstitial and Non-Stoichiometric Compounds : The elements
of third transition series also form interstitial compounds with non-metallic
elements, such as hydrogen, carbon and nitrogen. During the formation of
these compounds, there is no change in the lattice structure of the metal
because the non-metallic atoms just fit in the voids of metal lattice. For
example, TaH

0.78
. HfC, TaC, WC, W

2
C, HgN, TaN, W

2
N, etc.

 Metals of 5d- series of metals (except Hg) which is liquid at room temparature
most of these are hard and some are malleable and ductile (Au, Pt). These
are good conductors of heat and electricity. Except Hg, all the metals of the
series have high melting points.

 Periodic properties of the elements of 5d-series, such as the atomic radii,
atomic volumes, ionic radii, melting and boiling points, ionisation energies
and reactivity, standard electrode potentials and reducing properties, etc.,
vary along the period.

 On comparing with ionization energies of the elements of second transition
series, Y has higher value than La due to its smaller size. From Hf to Hg
these elements have higher value of ionization energies than those of second
transition series. This is due to the increased nuclear charge in the elements
of second transition series, though the atomic sizes of elements of 4d- and
5d- series does not vary much. Hg has exceptionally high value of first
ionization energy due to its stable 5d106s2 configuration.

 d-d transition (electronic transition between two sets of d-orbitals) and CT
are responsible for electronic spectra in transition metals. It is observed
that the d-d transitions of the compounds) complexes of third transition
(5d-) series is of less significance as compared to those of the complexes of
first transition series elements because more energy is required here due to
greater value of  , the crystal field splitting energy. In octahedral ligand
field, the increasing  is as Ir3+ < Re4+ < Pt4+, etc.

 Stereochemistry/geometry of the compounds of 5d-series elements depend
upon the oxidation state, coordination number and type of ligand present in
the complexes, the elements show different geometries.

2.10 KEY TERMS

 Second transition series: The second transition series lies between
Strontium (Sr, Z=38) of s-block (Group-2) and Indium (In, Z=49) of
p-block (Group-13).

 Third transition series: The third transition series (5d) consists of elements
Lanthanum (Ln, Z=57) and from Hafnium (Hf, Z=72) to Mercury
(Hg, Z=80).
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2.11 SELF-ASSESSMENT QUESTIONS AND
EXERCISES

Short-Answer Questions

1. Define the term oxidation states in terms of second transition series elements.

2. Explain the terms complex formation and magnetic properties.

3. Define the significance of formation of coloured ions or compounds.

4. Explain the ionic radii and atomic volumes of second and third transition
series elements.

5. Why are the features, such as ionization energies and the reactivity of 4d
elements important in both second and third transition series?

6. Define the spectral properties of third transition series elements.

Long-Answer Questions

1. Discuss briefly about the general characteristics of second transition series
elements.

2. Briefly explain the general characteristics of third transition series elements.

3. Explain the anomalous behaviour of valence shell configuration of Palladium
giving appropriate examples.

4. How does complex formation differ from second transition series to third
transition series elements? Explain giving examples.

5. Differentiate between magnetic properties of second transition series elements
and third transition series elements with the help of suitable examples.

6. Elaborate on the formation of interstitial and non-stoichiometric compounds
in second transition series elements. Give appropriate examples.

7. Give the comparative study of the periodic properties and their variation in
the second and third transition series giving suitable examples.

8. Illustrate briefly on the spectral properties of second and third transition
series elements with the help of appropriate examples.

9. Briefly discuss the significance of stereochemistry in the elements of the
second and third transition series.
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UNIT 3 COORDINATION COMPOUNDS,
OXIDATION AND REDUCTIONS

Structure
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3.8.1 Latimer Diagrams
3.8.2 Frost Diagrams
3.8.3 Pourbaix Diagrams
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3.9.1 Galvanic Cell
3.9.2 Standard Electrode Potential

3.10 Principle Involved in the Extraction of Elements
3.10.1 Metallurgy

3.11 Answers to ‘Check Your Progress’
3.12 Summary
3.13 Key Terms
3.14 Self-Assessment Questions and Exercises
3.15 Further Reading

3.0 INTRODUCTION

A coordination complex consists of a central atom or ion, which is usually
metallic and is called the coordination centre, and a surrounding array of bound
molecules or ions, that are in turn known as ligands or complexing agents. In
1893, Werner was the first to propose correct structures for coordination
compounds containing complex ions, in which a central transition metal atom is
surrounded by neutral or anionic ligands. A coordination complex whose centre
is a metal atom is called a metal complex of d block element. The atom within
a ligand that is bonded to the central metal atom or ion is called the donor atom.
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In a typical complex, a metal ion is bonded to several donor atoms, which can
be the same or different. Polydentate or multiple bonded ligands is a molecule
or ion that bonds to the central atom through several of the ligand’s atoms;
ligands with 2, 3, 4 or even 6 bonds to the central atom are common. These
complexes are called chelate complexes; the formation of such complexes is
called chelation, complexation, and coordination. Coordination isomerism is a
form of structural isomerism in which the composition of the coordination complex
ion varies. In a coordination isomer the total ratio of ligand to metal remains the
same, but the ligands attached to a specific metal ion change. In chemistry,
Valence Bond (VB) theory is one of the two basic theories, along with molecular
orbital theory, that were developed to use the methods of quantum mechanics
to explain chemical bonding. It focuses on how the atomic orbitals of the
dissociated atoms combine to give individual chemical bonds when a molecule
is formed. Redox (reduction-oxidation) is a type of chemical reaction in which
the oxidation states of atoms are changed. Redox reactions are characterized
by the actual or formal transfer of electrons between chemical species, most
often with one species or the reducing agent undergoing oxidation, i.e., losing
electrons while another species or the oxidizing agent undergoes reduction (gains
electrons). The chemical species from which the electron is removed is said to
have been oxidized, while the chemical species to which the electron is added
is said to have been reduced. In other words: oxidation is the loss of electrons
or an increase in the oxidation state of an atom, an ion or of certain atoms in
a molecule; whereas reduction is the gain of electrons or a decrease in the
oxidation state of an atom, an ion or of certain atoms in a molecule. The
processes of oxidation and reduction occur simultaneously and cannot happen
independently of one another, similar to acid–base reactions.

In this unit, you will study about the concept of coordination compounds,
Werner’s coordination theory and its experimental verification, effective atomic
number concept, chelates, nomenclature of coordination compounds, isomerism
in coordination compounds, valence bond theory of transition metal complexes,
use of redox potential data, analysis of redox cycle, redox stability in water,
Frost, Latimer and Pourbaix diagrams and principles involved in the extraction
of elements.

3.1 OBJECTIVES

After going through this unit, you will be able to;

 Understand what coordination compounds are

 Analyse the concept of Werner’s coordination theory and its experimental
verification

 Describe the effective atomic number concept in coordination compounds

 Explain the significance of chelates

 Discuss the nomenclature of coordination compounds

 Analyse the role of isomerism in coordination compounds

 State the valence bond theory of transition metal complexes
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 Elaborate on the redox potential data and analyse the redox cycle

 Understand the significance of the redox stability in water with respect to
the Frost, Latimer and Pourbaix

 Explain the principles involved in the extraction of elements

3.2 WERNER’S COORDINATION THEORY

The coordination compounds were known since 18th century but no satisfactory
theory was available to explain the properties of these compounds.

Alfred Werner was the first to put forward in 1893 about the theory of
coordination compounds, followed by Sidgwick’s theory, valence bond theory
and molecular orbital theory. In this section we shall discuss some theories put
forward for the study of coordination compounds.

3.2.1 Werner’s Theory of Coordination Compounds

Alfred Werner, regarded as the father of coordination chemistry put forward a
theory to explain the structure and properties of Co(III) and Pt(IV) amines. The
theory proposed is known as ‘Werner’s Theory of Coordination Compounds’.
The main postulates of this theory are discussed in this section.

1. The central metal atom possess two types of valencies, namely Primary
(principal) or Ionizable and Secondary (auxiliary) or Non-Ionizable valency.

2. The secondary valency possessess the following characteristics:
(i) It is equal to the coordination number of the metal.
(ii) It is satisfied either by anions or by metal molecules alone or by both.

According to the modern concept, the species satisfying the secondary
valency are called ligands.

(iii) While writing the structure of a complex compound, the species
satisfying the secondary valency and the metal are written inside the
coordination sphere. For example, in CoCl

3
.4NH

3
, since four NH

3

molecules and two Cl- ions satisfy the secondary valency of Co-atom,
its structure is written as [CoCl

2
.4NH

3
]Cl or [Co(NH

3
)

4
Cl

2
]Cl.

(iv) The secondary valencies have directional nature, since the species
satisfying the secondary valency (i.e., ligands) are directed towards
the fixed positions in space.

(v) The number of species satisfying the secondary valency gives a definite
geometry to the complex compound.

(vi) The species satisfying the secondary valency cannot be obtained in
the free state, when the aqueous solution of the complex compound
undergoes ionization. This means that they are non-ionizable.

3. Characteristics of primary valency are as follows:
(i) In modern terminology, the primary valency of the metallic atom in a

complex compound is equal to the oxidation state (or oxidation
number) of that metal, for example, the primary valency of Co-atom
in all the four Co(III) ammines is equal to +3.
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(ii) Primary valency of a metal in a complex compound is always satisfied
by anions, for example, the primary valency of Co-atom in each of
the four ammines is equal to +3 and is satisfied by three Cl- ions.

(iii) The anions satisfying the primary valency are written outside the
coordination sphere while the anions which satisfy both the valencies
(dual character) are written inside the coordination sphere. Thus the
species satisfying primary valency may be present inside and/or outside
the coordination sphere.

(iv) The species satisfying both the valencies (i.e., the species placed inside
the coordination sphere) are directed towards specific directions in
space and hence they have directional characteristics. The species
which satisfy primary valency and are placed outside the coordination
sphere have no directional characteristics.

(v) The species satisfying the primary valency do not give any geometry
to the complex compound.

(vi) The species satisfying the primary valency can be obtained either

completely or partially in their free state, when the complex compound

undergoes ionization in aqueous solution.

4. The attachment between the metal and the species which satisfy both the
valencies in shown by a combined solid-broken line (). For example, in
CoCl

3
.5NH

3
 or [Co(NH

3
)

5
Cl]Cl

2
, since one Cl- ion satisfies primary as

well as secondary valency of Co-atom, the attachment of this Cl- ion to
Co-atom is shown as Co3+  Cl-.

3.2.2 Explanation of Structure of Co(III) Ammines on
the Basis of Werner’s Theory

The structures of Co(III) ammines, viz., CoCl
3
.6NH

3
, CoCl

3
.5NH

3
, CoCl

3
.4NH

3

and CoCl
3
.3NH

3
 can be well explained with the help of Werner’s theory.

1. CoCl
3
.6NH

3
: According to Werner theory, the compound CoCl

3
.6NH

3

may be formulated as [Co(NH
3
)

6
]Cl

3
, i.e., it is called hexamminecobalt

(III) chloride. Since there are six ammonia molecules in the compound,
they alone satisfy the six secondary valencies of cobalt (CN of cobalt is 6).
They are directly attached to the cobalt atom and are shown by thick lines
(Refer Figure 3.1). The oxidation state (+3) of cobalt (or primary valencies)
is satisfied by three chloride ions. These are shown by dotted lines and are
kept outside the coordination sphere, i.e., these are present in ionizing sphere.
The three chloride ions present in ionizing sphere are loosely bound and are
thus precipitated on the addition of silver nitrate. Thus the complex will
ionize in solution as below.
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Fig. 3.1

[Co(NH
3
)

6
]Cl

3
 [Co(NH

3
)

6
]3+ + 3Cl-

Thus the number of moles of ions produced per mole of the complex in a
solution will be 1 + 3 = 4.

2. CoCl
3
.5NH

3
: This complex has only 5 ammonia molecules and thus one

chloride ion must be present inside the coordination sphere so as to satisfy
the 6 secondary valencies of cobalt. The six secondary valencies (5 by
NH

3
 and one satisfied by Cl) are shown by thick lines in Figure 3.2. The

three primary valencies of cobalt (Co3+) are satisfied by three chloride ions
(shown by dotted lines). So here note that one chloride ion assumes a dual
behaviour, i.e., it satisfies both the primary as well as secondary valency of
cobalt. Hence such chloride ion is shown by thick as well as by dotted lines
in the structure. Remember that an ion having a dual behaviour is not ionized,
i.e., it is present in the coordination sphere and hence not precipitated by
the reagent [AgNO

3
 in the present case]. Thus the complex CoCl

3
.5NH

3

may better be written as below.

Fig. 3.2

[Co(NH
3
)

5
Cl]Cl

2
 [Co(NH

3
)

5
Cl]2+ + 2Cl-

Thus on ionization it will give three ions, only two of which are Cl- ions
although the complex has three chlorine.
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3. CoCl
3
.4NH

3
: The primary valency of Co-atom which is equal to 3 is

satisfied by three Cl- ions and hence it may be formulated as
[Co(NH

3
)

4
Cl

2
]Cl and is shown in Figure 3.3(b). It has one ionizable Cl-

ion.

4. CoCl
3
.3NH

3
: The primary valency of Co-atom which is equal to 3 is

satisfied by three Cl- ions and hence it may be formulated as [Co(NH
3
)

3
Cl

3
]

and is shown in in Figure 3.3(a). It has no ionisable Cl- ion and hence it
behaves as a non-electrolyte.

 

(a) (b)
Fig. 3.3

Complexes of PtCl
4
 with Ammonia

Thus the important aspect of structures of five different complexes of PtCl
4
 with

ammonia prepared by Werner can now be tabulated in Table 3.1. In all these
compounds, platinum exhibits a primary valency (oxidation number) of four and
secondary valency (coordination number) of six.

Table 3.1 Coordination Compounds of PtCl
4
 with NH

3

Complex Modern Formula No. of Cl- Ions 
Precipitated 

Total Number of 
Ions 

PtCl4.6NH3 [Pt(NH3)6]Cl4 4 5 

PtCl4.5NH3 [Pt(NH3)5Cl)Cl3 3 4 

PtCl4.4NH3 [Pt(NH3)4Cl2]*Cl2 2 3 

PtCl4.3NH3 [Pt(NH3)3Cl3]Cl 1 2 

PtCl4.2NH3 [Pt(NH3)2Cl4] 0 0(Non-Electrolyte) 

 

3.2.3 Evidence for Werner’s Theory

1. Chloride Ion Activity: Werner’s theory of coordination compounds of
Co(III) and Pt (IV) with ammonia explains different number of ionisable
chloride ions in different complexes. He was also able to assign correctly
whether a particular chloride ion only satisfied the primary valency or it had
a dual role.

2. Total Number of Ions Formed: The total number of ions formed by a
complex proposed by Werner is found to be in accordance with the molar
conductivity of its solution.
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3. Number and Type of Isomers: The number and structure of isomers
proposed by Werner were found to be in accordance with the observed
fact.

3.2.4 Applications of Werner’s Theory

1. It predicts the exact structure of each complex.

2. It explains why a particular metal atom and particular ligand form different
complexes. It also explains the different properties of each complex.

3. It predicts the structure of different complexes with CN (Coordination
Number) 4 and 6.

4. The last postulation of Werner’s theory did not only provide an explanation
of isomerism, but also predicted the existence of isomers of types which
had not previously been observed. Werner showed that the complex of
divalent platinum [Pt(NH

3
)

2
Cl

2
]; exists in cis- and trans- isomers as shown

below.

cis trans

The existence of the isomers also established the proof of the geometric
structures of these complexes, viz., the existence of the cis- and trans-isomers
of the above complex indicates the planar arrangement of the coordinating
groups around platinum since if the arrangement were tetrahedral the groups
could be interchanged and hence isomerism would not have been possible.
Similarly, Werner suggested that the two compounds (violet and green) of
the composition CoCl

2
.4NH

3
 is due to the existence of cis- and trans-

iosmerism (Refer Figure 3.4). The six coordinating groups are at the corners
of an octahedron.

The Werner’s contribution is unique one. The fundamental postulates
proposed by Werner are as valid today as when they were presented over
70 years ago, despite of the tremendous advances in theory, the remarkable
increase in the number of coordination compounds and enormous data of
such compounds.

Fig. 3.4
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3.3 EFFECTIVE ATOMIC NUMBER CONCEPT

When Werner put up his theory of coordination compounds, electronic theory of
valency was unknown. But later on it was considered very important to bring Werner’s
theory of coordination inline with the electronic concept of valency. Sidgwick made
notable contribution in this field. According to Sidgwick and Lowry (1923) theory,
the Werner’s primary valencies were regarded as formed  by electron transfer and
his secondary or nonionic valencies were regarded as formed by electron pair sharing.
Further, Sidgwick observed that all the molecules or ions which coordinate to metal
ions have atoms with at least one unshared electron pair in their structure which is
donated to the central metal in the formation of the bond; the atom furnishing the
electron is called the donor and the metal ion accepting it is called the acceptor. Thus
according to Sidgwick the Werner’s secondary valencies are the special form of
covalent bonds to which he called coordinate or semipolar bonds. Such bond is
always indicated by an arrow, the head representing the acceptor atom and the tail
the donor atom. The coordinate bond is not different from a covalent bond, except
the mode of formation. Thus according to Sidgwick the cobaltic ammonia complex
is represented.

Fig. 3.5

3.3.1 Sidgwick’s Effective Atomic Number (EAN) Rule

Sidgwick Suggested that after the ligands have donated a certain number of electrons
to the central metal ion through L  M bonding, the total number of electrons on
the central atom, including those gained from ligands in the bonding, is called the
Effective Atomic Number (EAN) of the central metal ion and in many cases this
total number of electrons (i.e., EAN) surrounding the coordinated metal ion is
equal to the atomic number of the inert gas which follows the central metal atom in
the periodic table. This is called Effective Atomic Number Rule or Noble Gas
Rule. When the EAN is 36 (Kr), 54(Xe) or 86 (Rn), the rule is said to be followed.

To Calculate EAN of the Central Metal Atom in Complex Ions

EAN of the central metal atom/ion in a given complex ion is given by:

EAN = (Z – x) + n × y
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Here Z = Atomic number of the central metal atom, x = Oxidation state of
the central metal ion, n = Number of ligands and y = Number of electrons donated
by one ligand. With the help of this formula, EAN of the central metal atom or ion
of some 2-, 4- and 6-coordinated complex ions has been calculated as shown in
Table 3.2.

Table 3.2 shows that many complex ions do not obey EAN rule, i.e., in
case of many complex ions, the EAN of the central metal in some units can be
more or less than the atomic number of the next inert gas.

Table 3.2 Calculated EAN of the Central Metal Atom of Some Complex Ions

Complex Ion Atomic 
Number of 
the Central 
Metal Atom 

(Z) 

Oxidation 
State of the 

Central 
Metal Atom 

(x) 

Electrons 
Donated by 

Ligands = n × y 

EAN of the Central 
Metal Ion = (Z – x) + 

n× y 

(A) Complex Ions Whose Central Metal Ion Obeys EAN Rule 

[Pd(NH3)6]4+ Pd = 46 +4 (Pd4+) 6 x 2 = 12 (46-4)+12=54 (Xe54) 

[Fe(CN)6]4- Fe = 26 +2 (Fe2+) 6 x 2 = 12 (26-2)+12=36 (Kr36) 

[Co(NH3)6]3+ Co = 27 +3 (Co3+) 6 x 2 = 12 (27-3)+12=36 (Kr36) 

[Pt(NH3)6]4+ Pt = 78 +4 (Pt4+) 6 x 2 = 12 (78-4)+12=86 (Rn86) 

[Ag(NH3)4]+ Ag = 47 +1 (Ag+) 4 x 2 = 8 (47-1)+8=54 (Xe54) 

[Cu(CN)4]3- Cu = 29 +1 (Cu+) 4 x 2 = 8 (29-1)+8=36 (Kr36) 

(B) Complex Ions Whose Central Metal Ion Does Not Obey EAN Rule 

[Fe(CN)6]3- Fe = 26 +3 (Fe3+) 6 x 2 = 12 (26-3)+12=35 

[Cr(NH3)6]3+ Cr = 24 +3 (Cr3+) 6 x 2 = 12 (24-3)+12=33 

[Ni(NH3)6]2+ Ni = 28 +2 (Ni2+) 6 x 2 = 12 (28-2)+12=38  

[Ni(en)3]2+ Ni = 28 +2 (Ni2+) 3 x 4 = 12 (28-2)+12=38  

[Mn(H2O)6]2+ Mn = 25 +2 (Mn2+) 6 x 2 = 12 (25-2)+12=35  

[Co(CN)6]4- Co = 27 +2 (Co2+) 6 x 2 = 12 (27-2)+12=37  

[Pt(NH3)2Cl2]0 Pt = 78 +2 (Pt2+) 6 x 2 = 8 (78-2)+8=84  

[Cu(NH3)4]2+ Cu = 29 +2 (Cu2+) 4 x 2 = 8 (29-2)+8=35  

[FeCl4]- Fe = 26 +3 (Fe3+) 4 x 2 = 8 (26-3)+8=31  

[Ni(CN)4]2- Ni = 28 +2 (Ni2+) 4 x 2 = 8 (28-2)+8=34 

[PdCl4]2- Pd = 46 +2 (Pd2+) 4 x 2 = 8 (46-2)+8=52 

[Pt(NH3)4]2+ Pt = 78 +2 (Pt2+) 4 x 2 = 8 (78-2)+8=84 

[AgX2]- Ag = 47 +1 (Ag+) 2 x 2 = 4 (47-1)+4=50 

[Ag(NH3)2]+ Ag = 47 +1 (Ag+) 2 x 2 = 4 (47-1)+4=50 

[CuCl2]- Cu = 29 +1 (Cu+) 2 x 2 = 4 (29-1)+4=32 
 

Applications of EAN Rule

With the help of EAN rule, the magnetic property of the complex ions can be
predicted. It has been observed that the complex ions whose central metal atom
obeys EAN rule are diamagnetic. For example, since the EAN of Co3+ ion in
[Co(NH

3
)

6
]3+ ion is equal to [(27 – 3) + 6 × 2 = 36], this ion obeys EAN rule and
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hence [Co(NH
3
)

6
]3+ ion is diamagnetic. Experimentally this ion has also been found

to be diamagnetic.

Sidgwick and Bose have suggested that the complex ions whose central
metal atom does not obey EAN rule are generally paramagnetic. The number of
unpaired electrons present in the complex ion is equal to the difference between
the EAN of the central metal atom and the atomic number of the inert gas which
follows the central metal atom in the periodic table. With the help of these unpaired
electrons the value of magnetic moment () can be calculated. Calculated value of
 (

cal
) has been found to be almost equal to the experimental value (

exp
).

Drawbacks of Sidgwick’s Theory

1. The donation of electron pairs to a central cation would produce an
improbable accumulation of negative charge on this ion, for example, in the
case of [Co(NH

3
)

6
]3+ the donation of six electron pairs from the six nitrogen

atoms of the ammonia molecules to the cobalt would cause the latter to
become negative with respect to ammonias. Such a condition is unlike.

2. The lone pairs of electrons that is being donated in many cases, (for example,
H

2
O, NH

3
, amines, and many other neutral molecules) are 2s2 pairs. Since

these electron pairs have no bonding characteristics, they must be excited
to a higher level where it might have bonding character. But since the
excitation would require more energy than is usually available in bond
formation, it does not appear as a correct solution to the problem.

3.  As explained earlier, many well-known complexes do not follow Sidgwick’s
EAN rule. For example, all metal ions which exhibit more than one
coordination number, depending upon the nature of the ligand, such as Ni(II),
Co(II), Fe(III), etc., do not obey EAN rule.

4. The theory does not predict the type of metal orbitals which may be involved
in bonding.

5. The theory does not predict the magnetic behaviour of complexes.

6. The theory does not explain satisfactorily the geometrical shapes of the
complexes.

7. The theory does not explain why certain metal ions exhibit more than one
coordination number.

8. Metals by nature are electropositive; then how they accept many electron
pairs from ligands?

Due to the above drawbacks, this theory was soon replaced by other theories
which had better theoretical justifications for coordination compounds.

Chelate, any of a class of coordination or complex compounds consisting of a
central metal atom attached to a large molecule, called a ligand, in a cyclic or
ring structure. A chelate is a chemical compound composed of a metal ion and
a chelating agent. An example of a simple chelating agent is.  Ethylenediamine.
Chelation is a type of bonding of ions and molecules to metal ions. It involves
the formation or presence of two or more separate coordinate bonds between
a polydentate (multiple bonded) ligand and a single central atom. These ligands
are called chelates, chelators, chelating agents, or sequestering agents. They are
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usually organic compounds, but this is not a necessity, as in the case of zinc and
its use as a maintenance therapy to prevent the absorption of copper in people
with Wilson’s disease. In the 1960s, scientists developed the concept of chelating
a metal ion prior to feeding the element to the animal. They believed that this
would create a neutral compound, protecting the mineral from being complexed
with insoluble salts within the stomach, which would render the metal unavailable
for absorption. Amino acids, being effective metal binders, were chosen as the
prospective ligands, and research was conducted on the metal–amino acid
combinations. The research supported that the metal–amino acid chelates were
able to enhance mineral absorption. During this period, synthetic chelates, such
as EthyleneDiamineTetraAcetic (EDTA) acid were being developed. These
applied the same concept of chelation and did create chelated compounds; but
these synthetics were too stable and not nutritionally viable. If the mineral was
taken from the EDTA ligand, the ligand could not be used by the body and
would be expelled. During the expulsion process the EDTA ligand randomly
chelated and stripped another mineral from the body.

Chelation is useful in applications, such as providing nutritional supplements, in
chelation therapy to remove toxic metals from the body, as contrast agents in
MRI scanning, in manufacturing using homogeneous catalysts, in chemical water
treatment to assist in the removal of metals, and in fertilizers. An example of a
chelate ring occurs in the ethylenediamine-cadmium complex, Chelate, i.e., a
single molecule of ethylenediamine can form two bonds to a transition-metal ion,
such as Nickel (II), Ni2+.

3.4 CLASSIFICATION OF COORDINATION
COMPOUNDS

Due to large variety of coordination compounds, a proper classification is difficult.
These compounds are classified in many ways but name of the method stands out
clearly as best and none of them is totally satisfactory some possible ways of
classifying coordination compounds are discussed here.
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1. Blitz Classification

Blitz (1927) classified complexes on the basis of their stability in solution as follows:

(i) Normal Complexes: These complexes are reversibly dissociated in solution
into their constituent species, for example,

Thus the complex ions, such as [Cd(CN)
4
]2- and [Co(NH

3
)

6
]2+ constitue

normal complexes because in solution sufficient Cd2+ and Co2+ ions will
exist and can be detected with suitable reagents and test.

The normal complexes are characterized by relatively weak bonds between
the central atom and the donor groups. Magnetic susceptibility neasurements
of normal complexes reveal that these complexes do not have any deep
seated electronic arrangements.

Sometimes the normal complexes are also referred to as ionic complexes.

(ii) Penetration Complexes: These are the coordination compounds which
have sufficient stabilities to retain their identity in solution, i.e., they are not
reversibly dissociated in solution lie normal complexes [Fe(CN)

6
]4,

[Cu(CN)
4
]3- and [Co(NH

3
)

6
]3+ are examples of penetration complexes.

[Fe(CN)
6
]4- Fe2+ + 6CN-

[Cu(CN)
4
]3- Cu+ + 4CN-

[Co(NH
3
)

6
]3+Co3+ + 6NH

3

Thus the ions like [Fe(CN)
6
]4-,[Cu(CN)

4
]3- and [Co(NH

3
)

6
]3+ are

penetration complexes because these can be detected as such and there is
hardly any evidence of the existence of free Fe2+, Cu+ and Co3+ ions,
respectively.

The penetration complexes are characterized by a short bond distance
between the central ion and donor groups, deep seated electronic
arrangement and are not readily and reversibly dissociated either in the
solid or in solution state.

This classification is more for convenience than of any fundamental
importance.

2. Second Method of Classification

In this method complexes are classified into following two groups.

(i) Pefect Complexes:  These compounds retain their complex character in
solid as well as in solution state complexes, such as Ku[Fe(CN)

6
],

[Co(NH
3
)

6
] Cl

2
, [Cu(NH

3
)

4
SO

4
], K

3
[Fe(CN)

6
], etc., are included in this

type of complexes.

(ii) Imperfect Complexes: These are the coordination compounds which
remain as complexes either in solution state but not in the solid phase or
which exists as complexes in the solid phase of which exists as complexes
in the solid state but break up when dissolved in the solvent. For example,



Coordination Compounds,
Oxidation and Reductions

NOTES

Self - Learning
Material 79

complexes, such as K
2
[Cd(CN)

4
], [Cu(NH

3
)

2
] Cl, K

2
 [CuCl

4
],

K
2
[Ni(CN)4], etc., exist only in solution phase while the complexes which

exist in solid phase only are  K
2
[CoCl

4
], Cu

2
Cl

2
2CO.

3. Third Method of Classification

This is the most general precise and convincing classification. In this method various
complexes are grouped into following three classes:

(i) Class I: These are the compounds which contain complex cations or are
formed by the union of metal ions (cations) with inorganic molecules, such
as H

2
O and NH

3-
 complexes which contain such complex cations as the

ammoniates are [Zn(NH
3
)

4
]2+, [Cu(NH

3
)

6
]2+,[Ni(NH

3
)

6
]2+, [CD(NH

3
)

4
]2+,

[Ag(NH
3
)

2
]+ and hydrated complex ions like [Be(H

2
O)

4
]2+,[ Cr(H

2
O)

6
]3+,

[Al(H
2
O)

6
]3+, etc.

(ii) Class II: This class of complex contains only complex anion and are obtained
by the combinations of cations with inorganic anions in such a way that the
number of anions is invariably greater than the number of anions required to
satisfy the electrovalence of the cation. The familiar examples are the halide
complexes like K

2
HgI

4
, K

2
PtCl

6
, (NH

4
)

2
 SnCl

6
, NaCuCl

2
, (NH

4
)

2
PbCL

6
,

the cyanide complexes K
2
Cd(CN)

4
, Na[Ag(CN)

2
], K

2
[Ni(CN)

4
], the

thiocyanate complexes K[Ag(CNS)
2
], K

2
[Hg(CNS)

4
], the sulphide

complexes, such as (NH
4
)

2
, [AsS

3
], (NH

4
)

2
SnS

3
, etc.

(iii) Class III: The coordination compounds belonging to this type are made
up of a complex cation and complex anion. This complex cation is obtained
by the combination of the organic or inorganic molecules or both with the
metal ion. Examples representing the class are such compounds as
[Cr(NH

3
)

6
], [Cr(NSC)

6
], [Co(NH

3
)

6
] [Cr(NSC)

6
], [Pt(NH

3
)

4
] [Pt(Ci

4
)],

etc.

(iv) Class IV: This is the largest group of complexes formed by metal ions with
organic anions and organic molecules. Majority of complexes of this class
contain one or more rings in their molecules. Generally the complexes
containing five or six membered rings are very stable. They are known as
chelates. Nickel complex with dimethylglyoxime is the most familiar example
of this class of compounds.

Here nickel atom has a coordinaton number of 4 and is attached to two
molecules of dimethylglyoxime by two covalent and two coordinate bonds (Refer
Figure 3.6). Also Fe(III) on treatment with oxalate ions yields complex ion
[Fe(C

2
O

4
)

3
]3-.

Fig. 3.6 Nickel Dimethygloximate Ferric Oxalate
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4. Fourth Method of Classification

This method involves the use of electronic configuration of the metal for classification.
According to this method, complexes are categorized as follows:

(i) Category I: This include complexes of all metal ions which possess a
valence shell with inert gas configuration, i.e, 1s2 or ns2p6 where n has
values from 2-6. These ions are spherically symmetrical with the element
being in the highest possible oxidation state.

1+ 2+  
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6+ 

 
 
 
 
 
 

7+ 

 
 
 
 
 
 

8+ 

 
 

+3 

 
 

4+ 

 
 

5+   

Li Be B C N 

Na Mg Al Si P 

K Ca Sc Ti V Cr Mn     

Rb Sr Y Zr Nb Mo Tc Ru    

Cs Ba La Hf Ta W Re Os    

Fr Ra Ac Th Pa U      

Fig. 3.7 Stereochemistry of the Complexes

The stereochemistry of the complexes formed by these metal atoms (Refer
Figure 3.7) is in general similar to that predicted by VSEPR theory and all
complexes are diamagnetic.

(ii) Category II: This includes complexes of metal atoms which have a valence
shell with pseudo-inert gas configuration, i.e., (n–1) d10 where n is 4, 5 or
6. These central atoms are also spherically symmetrical species and are
including some metals in negative oxidation states. All complexes formed
by these species (Refer Figure 3.8) are highly covalent. The stereochemistry
of the complexes formed by these metal atoms is also explained by VSEPR
theory and all complexes are diamagnetic.

Mn Fe Co Ni Cu Zn Ga Ge As 

 Ru Rh Pd Ag Cd In Sn Sb 

 Os Ir Pt Au Hg Tl Pb Bi 
 

Fig 3.8 Complexes of Metal Atoms

(iii) Category III: This includes the complexes of such metal atoms which
have pseudo-inert gas plus two configuration, i.e., (n–1) d10, ns2 where n is
4, 5 or 6. These are shown in Figure 3.9 these complexes possess certain
geometries.

1+ 2+ 3+ 4+ 5+  

Ga Ge As Se Br  

In Sn Sb Te I He 

Tl Pb Bi Po At Rn 

Fig. 3.9 Complexes of Metal Atoms with Pseudo-Inert Gas
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For example, (Se, Te) X
4
 compounds have geometries based upon the

lone pair occupying a stereochemical site, and the same is true of compounds
of Br(V), I(V), Xe(VI), etc., even though these are not generally considered
to be central metal atoms.

(iv) Category IV: This includes complexes of metal atoms which possess
incompletely filled d orbital, (n–1) d1 to 9 where n is 4, 5 or 6. This group of
central atoms, as shown in Figure 3.10, is by far the largest and most diverse
since it includes all of the transition metals in all of their many oxidation
states except those which would place them in Categories I and II. The
complexes have perfectly regular structures predicted by VSEPR theory.

Ti V Cr Mn Fe Co Ni Cu 

Zr Nb Mo Tc Ru Rh Pd Ag 

Hf  Ta W  Re Os Fr Pt Au 

Th Pa U      
 

Fig. 3.10 Category IV Complexes

3.5 NOMENCLATURE OF COORDINATION
COMPOUNDS

The International Union of Pure and Applied Chemistry (IUPAC) has laid down
the rules for the systematic naming of the coordination compounds. These rules
are summarized below :

1. Non-ionic or molecular complexes are given one word name, for example,

[Pt(NH
3
)

2
Cl

4
] Tetrachlordiamine Platinum (IV)

2. The cation is named first and then the anions in accordance with the usual
nomenclature rules applied to ionic salts. For example,

FeCl
2

Iron (II) Chloride

FeCl
3

Iron (III) Chloride

K
4
[Fe(CN)

6
] Potassium Hexacyanoferrate (II)

3. The ligands are listed in alphabetical order regardless of their charge. For
example,

K
3
[Fe(CN)

5
NO] Potassium Pentacyanonitrosoferrate (II)

[Pt(NH
3
)

5
Cl]Cl

3
Pentamminechloroplatinum (IV) Chloride

[Cr(H
2
O)

4
 Br

2
]Br 2H

2
O

Dibromotetrachromium (III) Bromide Dihydrate

[Co(NH
3
)

3
 NO

2
 Cl CN] Triamminechlorocyanonitrocobalt (III)

[Co(NH
3
)

4
 NO

2
 Cl]Cl Tetramminechloronitrocobalt (III) Chloride

4. It the name of the ligand ends in ‘ide’ change ide into o, and if ends in ‘ate’
or ‘ite’ change the e into o. the neutral ligands have no special ending. The
positive ligands end –ium, for example,
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Negative Ligands Neutral Ligands Positive Ligands

Cl- Chloro H
2
O Aquo NO+  Nitrosonium

Br- Bromo NH
3

Ammine Nitronium

I- Iodo NO Nitrosyl C
5
H

6
N+ Pyridinium

OH- Hydroxo CO Carbonyl NH
2

Hydrazinium

CN- Cyano CH
2
NH

2
Ethylenediamine

 2
4SO Sulphato CH

2
NH

2
(en)

2
2 3S O Thiosulphato C

5
H

5
N Pyridine

2
2 4C O Oxalato Nitrato

5. The prefixes di(2), tri(3), tetra(4), penta(5), hexa (6), hepta (7), octa (8),
nona (9) and deca (10) are used to indicate the number of ligands of that
type, for example,

K
4
[FeO

4
] Potassium Tetraoxoferrate (IV)

Ni(CO)
4

Tetracarbonylnickel(0)

Fe(CO)
5

Pentacarbonyliron(0)

[Co(NH
3
)

3
 (NO

3
)

3
] Triamminetrinitratocobalt(III)

[Co(NH
3
)

5
 H

2
O]Cl

3
Pentammineaquocobalt(III) Chloride

[Cr(H
2
O)

4
Cl

2
]NO

3
Tetraquodichlorochromium(III) Nitrate

6. When the name of ligand includes a number like di in dipyridyl (dipy) or
ethylene diamine (en) then bis-, tris- or tetrakis- prefix is used. For
example,

Fe(C
5
H

5
)

2
Bis(Cyclopentadienyl) Iron(II)

Cu(acac)
2

Bis(Acetylacetonato) Copper(II)

[Co(en)
3
]Cl

3
Tris(Ethylenediamine) Cobalt(III) Chloride

[Co(en)
2
Cl(NO

2
)]Cl

Chlorobis(Ethylenediamine) Nitrocobalt(III) Chloride

7. The oxidation state of the central metal is shown by Roman numeral is
bracket immediately following its name. For example,

[Ag(NH
3
)

2
]Cl Diamminesilver(I) Chloride

[Co(NH
3
)

6
]Cl

3
Hexamminocobalt(III) Chloride

[Al(H
2
O)

6
]3+   Hexaaquoaluminium (III) Ion

[Pt(py)
4
] [PtCl

4
]

Tetra(Pyridine) Platinum(II) Tetrachloroplatinate (II)

K
5
[V(CN)

5
NO]H

2
O

Potassiumpentacyanonitrosylvanadate(0) Hydrate

8. When the complex ion is anionic, then the name of the central metal ends in
–ate, and for cationic neutral or non-ionic complexes the name of the central
metal ion is used as usual, for example,
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Cr ……… Chromate Ga ……… Gallate

Cd ……… Cadmiate Co ……… Cobaltate

Zn ……… Zincate Cu ……… Cuperate

Si ……… Silicate Pd ……… Palladate

Ni ……… Nickelate Re ……… Rhenate

Al ……… Aluminate Ir ……… Iridinate

B ……… Borate Os ……… Osmate

Pt ……… Platinate

For certain metals, their latin names are used, for example,

Fe ……… Ferrate

Ag ……… Argentate

Sn ……… Stannate

Pb ……… Plumbate

Au  ……… Aurate

K
3
[Fe(CN)

6
] Potassium Hexacyanoferrate(III)

K[Ag(CN)
2
] Potassium Dicyoargenatate(I)

K
2
[PtCl

6
] Potassium Hexachloroplatinate (IV)

[Co(NH
3
)

5
Cl]SO

4
Pentaamminechlorocobalt(III) Sulphate

K[Co(EDTA)]

Potassium Ethylenediaminetetraacetatocobaltate(III)

Na[Al(OH)
4
] Sodium Tetrahydroxoaluminate(III)

[Co(NH
3
)

4
 SO

4
]+ Tetraamminesulphatocobalt(III) Ion

[CrCl
4
(H

2
O)

2
]- Diaquotetrachlorochromate(III) Ion

[Ga(OH)Cl
3
]- Trichlorohydroxogallate(III) Ion

9. It the complex compound having the negatively charged coordination sphere
is an acid, then the name of the metal ends in ic. For example,

H
2
[PtCl

6
] Hexachloroplatimic Acid

10. When a complex contains two or more metal atoms, it is known as
polynuclear complex. Ligands linking the two metal atoms are called bridge
atoms and are usually separated from rest of the complex by hyphens (-)
and denoted by the prefix (µ), for example
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11. The terms cis and trans are used to designate adjacent position and opposite
position, respectively, for the complexes.

For example,
cis [PtBrCl(NO

2
)

2
]2- cis-Bromochlorodinitroplatinate(II) Ion

trans [Co(OH)Cl (en)
2
]+

trans-Chlorohydroxobis (Ethylenediamine) Cobalt
(III) Ion

trans [CoCl
2
 (en)

2
]Cl

trans-Dichlorobis(Ethylenediamine) Cobalt(III)
Chloride

12. The optically active complexes are designated by (+) and (–) or by d or l–,
respectively.

13. If any lattice components, such as water as solvent of crystallization are
present, these follow the name, and are preceeded by the number of these
groups in Arabic numerals.

These rules are illustrated by the following examples.

Complex Anions

[Co(NH
3
)

6
]Cl

3
Hexaamminecobalt(III) Chloride

[CoCl(NH
3
)

5
]2+ Pentaamminechlorocobald(III) Ion

[CoSO
4
(NH

3
)

4
]

4
]NO

3
Tetraamminesulphatocobalt(III) Nitrate

[Co(NO
2
)

3
(NH

3
)

3
] Triamminetrinitorcobalt(III)

[CoCl CN NO
2
 (NH

3
)

3
] Triamminechlorocyanonitrocobalt(III)

[Zn(NCS)
4
]2+ Tetrathiocyanato-N-Zinc(II)

[Cd(SCN)
4
]2+ Tetrathiocyanato-S-Cadmium(II)

Complex Cations

Li[AlH
4
] Lithium Tetrahydridoaluminate(III)

(Lithium Aluminium hydride)

Na
2
[ZnCl

4
] Sodium Tetrachlorozincate(II)

K
4
[Fe(CN)

6
] Potassium Hexacyanoferrate(II)

K
3
[Fe(CN)

5
NO] Potassium Pentacyanonitrosylferrate(II)

K
2
[OsCl

5
N] Potassium Pentachloronitridoosmate(VI)

Na
3
[Ag(S

2
O

3
)

2
] Sodium bis(Thiosulphato) Argentite(I)

K
2
[Cr(CN)

2
O

2
(O

2
)NH

3
]

Potassium Amminedicyanodioxoperoxo
Chromate(VI)

Organic Groups

[Pt(py)
4
][PtCl

4
] Tetrapyridineplatinum (II)

Tetrachloroplatinate (II)
[Cr(en)

3
]Cl

3
d or l Tris (ethylenediamine) Chromium (III)
Chloride
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[CuCl
2
(CH

3
NH

2
)

2
] Dichlorobis(Dimethylamine) Copper (II)

Fe(C
5
H

5
)

2
Bis(Cyclopentadienyl) Iron (II)

[Cr(C
6
H

6
)

2
] Bis(benzene) Chromium (0)

Bridging Groups

[(NH
3
)

5
Co NH

2
 Co(NH

3
)

5
](NO

3
)

5
µ-Amidobis
[Pentaamminecobalt (III)]
Nitrate

[(CO)
3
Fe(CO)

3
Fe(CO)

3
] Tri-µ-Carbonyl-bis

(Tricarbonyliron (0))

(Di Ironenneacarbonyl)

[Be
4
O (CH

3
COO)

6
] Hexa--Acetato (O,O’) – 

4
–

Oxotetraberyllium (II)

(Basic Beryllium Acetate)

Tetrakis(Ethylenediamine) -
Amido--Peroxodicobalt (III)
Ion

Hexa--Acetato (O,O)-
4
-

Oxotetraberyllium (II)

(Basic Beryllium Acetate)

Tetrachloro--Di-
Chlorodicopper(II)

Hydrates

AlK(SO
4
)

2
12H

2
O Aluminium Potassium Sulphate

12 Water

3.6 ISOMERISM IN COORDINATION
COMPOUNDS

The existence of coordination compounds with the same formula but different
arrangements of the ligands was 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. As we will see, coordination
compounds exhibit the same types of isomers as organic compounds, as well as
several kinds of isomers that are unique. Isomers are compounds with the same
molecular formula but different structural formulas and do not necessarily share
similar properties. There are many different classes of isomers, like stereoisomers,
enantiomers, and geometrical isomers. There are two main forms of isomerism:
structural isomerism and stereoisomerism (spatial isomerism). Some of the uses of
coordination compounds includes:
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l. Dyes and Pigments: Coordination compounds have been used from the
earliest times as dyes and pigments, for example, madder dye which is red,
was used by the ancient Greeks and others. It is a complex of
Hydroxyanthraquinone. A more modern example is the pigment copper
phthalocyanine, which is blue.

2. Analytical Chemistry: You have already encountered many such uses
during the laboratory course.

(a) Colour Tests: Since many complexes are highly coloured they can
be used as calorimetric reagents, for example, formation of red 2, 2'-
bipyridyl and l, l0-phenanthroline complexes as a test for Fe (II).

(b) Gravimetric Analysis: Here chelating ligands are often used to form
insoluble complexes, for example Ni (DMG) 

2
 and Al(Oxine)

3
.

(c) Complexometric Titrations and Masking Agents: An example
of this is the use of EDTA in the volumetric determination of a wide
variety of metal ions in solution, for example, Zn2+, Pb2+, Ca2+,Co2+,
Ni2+, Cu2+, etc. By careful adjustment of the pH and using suitable
indicators, mixtures of metals can be analysed, for example Bi3+ in the
presence of Pb2+. Alternatively, EDTA may be used as a masking
agent to remove a metal ion which would interfere with the analysis of
a second metal ion present.

3. Sequestering Agents: Related to their use as masking agents is the use of
ligands for ‘Sequestering’, i.e., for the effective removal of objectionable
ions from solution in industrial processing, for example, EDTA is used to
‘Soften’ water. The addition of EDTA to water is used in boilers etc., to
prevent ‘Scaling’ or build-up of insoluble calcium salts.

4. Extraction of Metals: Sometimes certain metals can be leached from
their ores by formation of stable complexes. For example, Ag and Au as
complexes of cyanide ion.

5. Bio-Inorganic Chemistry: Naturally occurring complexes include
haemoglobin, chlorophyll, vitamin B

12
, etc.

EDTA and other complexing agents have been used to speed the elimination
of harmful radioactive and other toxic elements from the body, for example
Pb2+. In these cases soluble metal chelate complexes are formed.

 Isomerism is very common in organic compounds but is less common in
organic compounds.

However, coordination compounds not only possess usual isomerism but
also give rise to unusual isomerism which occurs only in these compounds. Such
isomerism arises in coordination compounds due to :

(i) Variety of bonds
(ii) Multiplicity of molecular arrangements
(iii) Complexity of stereochemical relationships

Coordination compounds exhibit following two main types of isomerism:
(i) Structural Isomerism
(ii) Stereo Isomerism or Space Isomerism
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3.6.1 Structural Isomerism and Geometrical Isomerism

This isomerism arises due to the difference in structure of coordination compounds.
This isomerism is further classified in following types :

1. Hychate Isomerism: This type of isomerism is due to different positions
of a water molecule in a complex, for example, three isomers of CrCl

3

6H
2
O are known,

(i) [Cr(H
2
O)

6
]Cl3 Violet Hexa-Aquochromium (III) Chloride

(ii) [Cr(H
2
O)

5
Cl]Cl

2
[H

2
O] Light Green

Chloropentaquochromium
(III) Chloride

(iii) [Cr(H
2
O)

4
Cl

2
]Cl[2H

2
O] Green Dichlorotetraaquochrormium

(III) Chloride

The violet coloured compound (i) does not lose any water molecule on
dehydration over sulphuric acid and all the three Cl- ions are precipitated by
silver nitrate as silver chloride. The compound (ii), light green, loses one
water molecule on dehydration over sulphuric acid and only two Cl- ion are
precipitated as silver chloride. The compound (iii), dark green loses two
water molecules on dehydration over sulphuric acid and only one chloride
ion is precipitated as silver chloride. Another example of hydrate isomerism
is [Co(NH

3
)

4
(H

2
O) Cl] Cl

2
: [Co(NH

3
)

4 
Cl

2
]Cl.H

2
O

2. Ionization Isomerism: The compounds which have the same stoichiometric
composition but on ionization give different ions in solution are called
ionization isomers.

This type of isomerism occurs due to the inter change of position of ligands
inside and outside the complex, for example, the violet bromopentammine
sulphate of cobalt with a formula of [Co(NH

3
)
4
Br]SO

4
 is an ionization isomer

of the red sulphatopentammine bromide with a formula of [Co(NH
3
)

4
SO

4
 ]

Br. Both of these compounds have the similar empirical formula but the first
complex reacts with BaCl

2
 to precipitate immediately BaSO

4
 and no

precipitate with AgNO
3
. On the other hand sulphatopentammine cobalt gives

a precipitate of AgBr with AgNO
3
 and no precipitate with BaCl

2
. Other

illustrations of ionization isomerism are,

[Co(NH
3
)

4
Cl

2
]NO

2
and [Co(NH

3
)

4
Cl(NO

2
)]Cl

[Pt(NH
3
)

4
(OH

2
)]SO

4
and [Pt(NH

3
)

4
SO

4
] (OH

2
)

[Pt(NH
3
)

4
Cl

2
]Br

2
and  [Pt(NH

3
)

4
Br

2
] Cl

2

3. Coordination Isomerism : This type of isomerism is found in compounds
where both the cation and anion are coordinated. This is caused by the
interchange of ligands between the complex ions. For examples,

[Cu(NH
3
)

4
]2- [PtCl

4
]2- and [Cu(NH

3
)

4
]2- [CuCl

4
]2-

[Co(NH
3
)

6
]3- [Cr(CN)

6
]3- and [Cr(NH

3
)

6
]3- [Co(CN)

6
]3-

[Pt(NH
3
)

4
]2- [PtCl

6
]2- and [Pt(NH

3
)

4
Cl

2
]2- [PtCl

4
]2-

[Co(en)
3
] [Cr(C

2
O

4
)

3
] and [Cr(en)

3
] [Co(C

2
O

4
)

3
]



Coordination Compounds,
Oxidation and Reductions

NOTES

Self - Learning
88 Material

4. Coordination Position Isomerism:  This type of isomerism occurs in
polynuclear complexes where the coordinating groups may be present in
the same number but may arrange themselves differently with respect to the
different metal ions present, for example,

Thus, ammonia molecules and chloride ions are differently placed relative
to the two cobalt ions.

5. Linkage Isomerism: Certain ligands contain more than one atom which
could donate an electron pair. Such ligands can coordinate to the metal
atom through any of their donor atoms and hence are given different names
corresponding to the nature of donor atom linked to the metal atom. Such
ligands are called ambidentate or ambident ligands. When such a ligands
coordinates to the metal atom through either of its two donor atoms, two
different complex compounds are obtained. These compounds are different
because of different linkages. Such different compounds are called linkage
isomers and the phenomenon is called linkage isomerism (Refer Figure 3.11).
The less stable form of a pair of linkage isomers often reverts to the more
stable form. The less stable form is likely to exist at low temperature, for
example,

Fig 3.11 Linkage Isomers

Some other examples are given below:

6. Ligand Isomerism: This isomerism occurs when ligands themselves are
capable of showing isomerism. For example,
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Diaminopropane is another ligand which can exist both as 1, 2-Diamino-
propane (p

n
) and 1, 3-Diaminopropane (t

n
).

When p
n
 and t

n
 are associated into complexes, the so obtained complexes

are isomer of each other. One example of isomeric complexes having this
ligand is (Co(p

n
)

2
 Cl

2
)+ and [Co(t

n
)

2
Cl

2
]+ ions. This structural formulae of

these complexes are shown in Figure 3.12.

Fig. 3.12 Isomeric Complexes

7. Valence Isomerism: This type of isomerism occurs in polynuclear
complexes. They have the same molecular composition but differentiate
from each other with respect to the bonding present in them. The typical
example of this type is given as,

Where  X = Uninegative Ion, en = Ethylenediamine

8. Nuclear Coordination Polymerisation Isomerism: This is present in
bridged complexes and take place due to different number of nuclei present
in them. The isomers differ in their ionic weight. Examples are,
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9. Polymerisation Isomerism: When molecular compositions are multiples
of the simplest stoichiometric arrangements then we get polymerisation
isomers. For example,

[Pt(NH
3
)

2
Cl

2
], [Pt(NH

3
)

4
] [PtCl

4
]  and  [Pt(NH

3
)

3
Cl]

2
[PtCl

4
]

[Cr(NH
3
)

3
(CNS)

3
]  and  [Cr(NH

3
)

5
(CNS)]

3
 [Cr(CNS)

6
]

2

[Co(NH
3
)

3
 (NO

2
)

3
]  and  [Co(NH

3
)]

6
 [Co(NO

2
)

6
]

10. Electronic Isomerism: The complex [Co(NH
3
)

5
 NO]- exist in two forms.

The chloride of one is black and paramagnetic while the chloride of other is
pink and diamagnetic. The black complex contains neutral NO and Co(II)
while pink complex contains NO– and Co (III).

3.6.2 Stereoisomerism

Stereoisomerism arises on account of the different arrangement of atoms or groups
in a molecule in space. These different isomers are known as stereoisomers.

Stereoisomerism in inorganic compounds relates to the central atoms having
coordination number 2 to 9. Spatial arrangements for central atoms with
coordination numbers 2 to 9 have observed in metal complexes but coordination
numbers 4 and 6 are more common. Whereas, the four coordination number may
give rise to either the square planar or tetrahedral complexes, the six coordination
number gives rise only to octahedral complexes. Stereoisomeriem is also called
spaceisomerism.

Stereoisomerism is broadly classified as : Geometrical Isomerism and Optical
Isomerism.

A. Geometrical Isomerism

This type of isomerism arises due to ligands occupying different positions around the
central ion. These positions may be either adjacent to one another (cis) or opposite
to each other (trans). So it is also known as cis-trans isomerism. It is characterized
by compounds having the same structure but different configurations. Their molecular
symmetry is such that, they are unable to rotate the plane of polarized light but if their
structure satisfies the requirements for optical isomerism, they can also exhibit optical
isomeris. The cis-trans isomers differ in all their physical and in many of their chemical
properties. Hence, they are usually easily separated by chemical processes.

Geometrical isomerism is not shown by the complexes having coordination
number 2 and 3; it has also not been found in tetrahedral (coordination number 4)
complexes. In all these cases ligands occupy adjacent positions. Geometrical
isomerism is of frequent occurrence in square planar (4-coordinate) and octahedral
(6-coordinate) complexes.
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Geometrical Isomerism is Square Planar Complexes

Complexes of the type MA
4
, MA

3
B, MAB

3
 have no geometric isomers because

energy possible arrangement for any of these compounds will be exactly the same.

Following types of square planar complexes show cis-trans isomerism.

(a) (Ma
2
b

2
)n± Types Complexes: In these complexes, M is a metal ion and a

and b are monodentate ligands. Such types of complexes exist in cis-and
trans-isomers as shown in Figures 3.13(a) and 3.13(b).

Following Figure 3.13(a) illustrates the cis-and trans-isomers.

Fig. 3.13 (a) Cis and Trans Forms

In cis-form, the two a groups or the two b groups occupy neighbour
positions while in transform they occupy the distant most positions. Examples
of this type of complexes are [Pt(NH

3
)

2
Cl

2
] AND [Pdt(NH

3
)

2
(NO

2
)

2
]. Cis-

trans isomers of [Pt(NH
3
)

2
Cl

2
] are shown in Figure 3.13(b).

Fig 3.13 (b) Cis-Trans Isomers

(b) [Ma
2
bc]± Type Complexes: These also exist in cis- and trans-isomers.

For example, [Pt a
2
 bc] type complexes exhibit cis-trans isomerism. Here a

is a neutral ligand, such as NH
3
, py, H

2
O and, b and c are the anionic

ligands, such as Cl-, Br-,, SCN-, etc. (Refer Figure (3.14)).

Fig. 3.14 Cis-Trans Arrangement

(c) [Mabcd]± Type Complexes: These exist in the isomeric forms which are
shown in Figure 3.15.
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Fig. 3.15 Isomeric Forms

An interesting example of this type is [Pt(NO
2
) (Py) (NH

3
) (NH

2
OH)]+.

This complex exists in three isomers. This complex ion possesses a plane of
symmetry but it has no rotational symmetric axis because four groups are
different.

Another interesting example is [Pt(NH
3
) (Py) (Cl) (Br)]0. This compound

exists in three isomeric forms as shown in Figure 3.16.

Fig. 3.16 Three Isomeric Forms

(d) Square Planar Complexes having Unsymmetrical Bidentate
Chelating Ligands: These complexes are of the type [M(ab)

2
]n±. Here M

denotes the central metal ion and ab denotes an unsymmetrical bidentate
ligand. Such types of complexes exhibit cis-and trans-isomerism as shown
in Figure 3.17.

Fig. 3.17  Square Planar Complexes

An example is [Pt(gly)
2
]0 which exists in cis- and trans-isomers as shown in

Figure 3.18.

Fig. 3.18 Cis and Trans Isomers

(e) Square Planar Complexes Having Symmetrical Bidentate Chelating
Ligands: These complexes are of the type [M(aa)

2
]n±. These also exist in

cis- and trans-isomers. An example of this is [Pt(NH
2
CH(CH

3
). CH

(CH
3
)NH

2
)

2
]. This exists in cis- and trans-isomers as shown in Figure 3.19.
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Fig. 3.19  Symmetrical Square Planar Complexes

(f) Bridged Binuclear Planar Complexes: These exist in cis- and trans-
isomers as well as in the unsymmetrical isomers (Refer Figure 3.20). For
example, [Pt(PEt

3
)Cl

2
]

2
 exists in cis and trans and unsymmetrical isomers.

Fig. 3.20 Unsymmetrical Form

Geometrical Isomerism in 6-Coordination Compounds

It is the most popular and studied form among the coordination compounds. The
6-coordinated groups can be arranged around the central metal in three forms as
(a) Plane Hexagon, (b) Trigonal Prism and (c) Regular Octahedron, as depicted in
Figure 3.21. But the physical and chemical evidences have proved that the
arrangement of six ligands in a 6-coordination compound is always octahedral,
and the other two forms, i.e., plane hexagonal and trigonal prism are of historical
interest only.

A regular octahedron has eight faces and six equivalent vertices. In an
octahedral complex the metal is at the centre and the ligands are placed at the
vertices.

Fig. 3.21 Geometrical Isomerism
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No geometrical isomers are possible for complexes of the type Ma
6
, Ma

5
b

and Mab
5
. However the following types of octahedral complexes show cis-trans

isomerism.

1. Octahedral Complexes Containing Monodentate Ligands
(a) In (Ma

4
b

2
)n± type complexes, two isomers are possible. Cis-isomer

in which two b’s have adjacent positions [Refer Figure 3.22(a)], while
in trans isomer two b’s are opposite to each other Figure 3.22(b).

Fig. 3.22 Cis and Trans Forms

An important example of geometrical isomerism in (Ma
4
b

2
)n± is

dichlorotetraammine cobalt (III) ion, [Co(NH
3
)6 Cl]+. This complex

exists in cis- and trans-isomers as shown in Figure 3.23. In the cis-
form the two Cl- ions are in (any) two adjacent positions whereas in
the trans form the two Cl- ions are in (any) two opposite positions.
Cis-isomer has blue-violet colour while trans-isomer has green colour.

Fig. 3.23 Geometrical Isomerism Exhibited by [Co(NH
3
)

4
Cl

2
]+ Ion

(b) Complexes of the type (Ma
2
b

4
) exist in two geometrical forms although

the structures of such isomers have not yet been fully established (Refer
Figure 3.24). Typical examples are [Co(NH

3
)

3
(NO

2
)

3
] and [Co(NH

2
-

CH
2
-COO)

3
]. For compounds with general formulae Ma

4
b

2
 and

Ma
2
b

4
 two isomers are possible of each.

Fig.3.24 Isomers
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(c) The complexes of the type [Ma
3
b

3
]n± exist in the cis- and tran-isomers

as shown in Figure 3.25. An interesting example of this is trichloro
tripyridine rhodium (III), [Rh (Py)

3
 Cl

3
].

Fig 3.25 Isomerism

(d) [Mabcdef] type complexes can exist in 15 different isomers each of
which would have an optical isomer. For example, [Pt(Py) (NH

3
)

(NO
2
)(Cl)(Br)(I)].

2. Octahedral Complexes Containing Monodentate and Symmetrical
Bidentate Chelating Ligands.

(a) The complexes of the type [M(AA)
2
a ]n±, (where AA is a symmetrical

bidentate chelating ligand and a is monodentate ligand). These exist in
cis- and trans-isomers as shown in Figure 3.26.

Fig. 3.26 Cis and Trans Form

Examples of this type of complexes are [Co(en)
2
Cl

2
]+, [Co(en)

2

(NO
3
)

2
]+, [Ir(C

2
O

4
)

2
 Cl

2
]2- and [Ir (C

2
O

4
)

3
Cl

2
]3-.

(b) The complexes of [M(AA)
2
ab]n± type, (where AA=Didentate Ligand

and a= Monodentate and b= Monodentate Ligand). These exist in
cis- and trans-isomers as shown in Figure 3.27. Examples are
[Co(en)

2
(NH

3
)Cl]2+ and [Ru(py)(C

2
O

4
)NO]-

Fig. 3.27 Cis-and Trans-Isomers of [M(AA)
2
ab]n± Type Octabhedral Complex Ion

(a) Cis-Form (b) Trans-Form
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Examples are [Co(en)
2 

(NH)
3
Cl]2+ (Refer Figure 3.28)and

[Ru(Py)(C
2
O

4
)NO]-.

Fig. 3.28 Cis-and Trans-Isomers of [Co(en)
2
 (NH)

3
 (Cl)]2+

(c) The complexes of [M(AA)a
2
b

2
]n± type exist in cis- and trans-isomers

as shown in Figure 3.29.

Fig. 3.29 Cis-and Trans-Isomers of [M(AA)a
2
b

2
]n± Type Complexes

An important example of these type is [Co(en) (NH
3
)

2
 (Cl)

2
]+ which

exist as cis- and trans- isomers as shown in Figure 3.30.

Fig. 3.30 Cis and Trans-Isomers of [Co(en) (NH
3
)

2
 (Cl)

2
]+

3. Octahedral Complexes Containing Unsymmetrical Bidentate
Chelating Agents

An important example of these is [M(AB)
3
]n± in which AB is an

unsymmetrical bidentate chelating agent (here A and B represent the two
coordinating atoms of the ligand).

Another example of these is [M(AB)
3
]n± which exists in cis- and trans-

isomers is shown in Figure 3.31.
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Fig. 3.31 Cis-and Trans-Isomers of [M(AB)
3
]n Complex Ion

An example of [M(AB)
3
]n± is [Cr(gly)3]° which exists in cis- and trans-

isomers of triglycinato chromium (III); each of the these forms is optically
active, as shown in Figure 3.32.

Fig. 3.32 Cis-and Trans-Isomers of [Cr(gly)3]°

4. Octahedral Complexes Containing Optically Active Bidentate
Ligands

An important example of these is [Co(en) (pn) (NO
2
)

2
]+. Here en and pn

denote ethylene diamine and 1, 2-diamino propane, respectively.

CH
2
–NH

2
CH

2
–CH–CH

3

  | |        |

CH
2
–NH

2
NH

2
  NH

2

(en) (pn)

Distinction between Cis- and Trans- Isomers

Following methods can be used to distinguish between cis- and trans- isomers.

(i) Dipole Moment Method: Jensen showed that dipole moment of the
complexes (Ma

2
b

2
) is large for cis-isomers and zero for trans isomers. But

the dipole moment of trans isomers of thioether is not zero this is due to
the distortion of the complex.

(ii) Infra-Red Spectral Method: Since the dipole moment of the trans-isomers
is almost zero hence no band corresponding to this vibration is observed in
the infra-red spectrum while the cis isomers have certain dipole moment
therefore a large number of bands appeared in the infra-red spectrum.

(iii) X-Ray Method: X-ray studies reveal that whether the complex is
tetrahedral or square planar. If the complex is square planar then we can
know the cis- and trans- isomers of the complex.
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(iv) Optical Activity Measurement: Since trans isomers possess plane of
symmetry hence it cannot be resolved into optical isomers, in other words
such isomers are optically inactive. On the other hand cis isomers are optically
active.

(B) Optical Isomerism

This type of isomerism occurs mainly in transition metal complexes. This isomerism
occurs in molecules having an asymmetric atom, i.e., it can exist it two forms that
are mirror images of each other, just as the right hand and left hand.

The two forms are identical in all respects. The only difference is that while
the one rotates plane of polarized light to the left while the other does so to the
right. These are called optical isomers.

The isomer, which rotates the plane of polarized light towards right, i.e., in
clockwise direction, is said to be dextrorotatory or d form. The form may also be
represented by placing +ve sign before its name or formula. The isomer which
rotates the plane of polarized light towards left, i.e., in anticlockwise direction is
termed as laevorotatory or l-from. This form is also represented by putting –ve
sign before its name or formula. The extent of rotation of the plane of polarized
light by the two isomers is exactly same. Hence when a solution contains equal
concentration of the two isomers, i.e., d- and l-isomers, the rotations cancel each
other and the resulting solution does not rotate the plane of polarized light. Such a
d, l-mixture which is optically inactive is called racemic mixture.

The d-and l-isomers of a compound are always mirror image to each other
and are called enantiomorphs. In Latin, enantia  opposite, morphs  forms or
enantiomers. In general, for a molecule or ion to be optically active, it must not
have plane of symmetry. Stereoisomerism is generally observed in complexes with
coordination number 4 and 6.

Optical Isomerism in 4-Coordination Compounds

1. Square Planar Complexes– Optical isomerism is rarely observed in
square planar complexes because they have all the four ligands and the
central metal ion is the same plane and hence possess a plane or axis of
symmetry. However Mills and Quibell in 1935 has succeeded is rerolling
optical isomers of Isobutylene Diaminestilbenediamineplatinum (II) Ions
as shown in Figure 3.33. This complex ion has square planar shape and
highly stable isomesic forms.

Fig. 3.33 Square Planar Structure of Isobutylene Diaminestilbenediamineplatinum (II)
Cation
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2. Tetrahedral Complexes– On a tetrahedral model a molecule containing
two asymmetrical chelating agents should exhibit optical activity, a-b is the
asymmetrical chelating group.

Fig. 3.34 Not Superimposable Optical Isomers

A compound of the type [Mabcd], on tetrahedral arrangement gives mirror-
image enantiomorphs (Refer Figure 3.35(a)). Mirror-image isomers of As3+

ion complex, [As(CH
3
) (C

2
H

5
) (S) (C

6
H

4
COO)]2+ with tetrahedral structure

are shown in Figure (3.35 (b)).

Fig. 3.35(a) Two Optical Isomers (Mirror-Image Isomers of a Tetrahedral Complex of
[Mabcd] (Type))

Fig. 3.35(b) Mirror Image Isomers of [As(CH
3
) (C

2
H

5
)(C

6
H

4
COO)]+2 Ion Having

Tetrahedral Structure

Optical Isomerism in 6-Coordination Compounds – Optical isomerism is very
common is the coordination number 6. It is observed in following type of octahedral
complexes.
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1. Octahedral Complexes Containing Monodentate Ligands

(i) Complexes of the type [Ma
2
b

2
c

2
]. Optical isomers of this type can be

represented as shown in Figure 3.36.

Fig. 3.36 Two Optical Isomers of an Octahedral Complex of [Ma
2
b

2
c

2
] Types

(ii) In the complex of the type [Mabcdef] containing six different ligands, the
central atom is asymmetric. Fifteen isomers are possible for such a
compound and total optical isomers are 30 because each would exist in
d-and l-forms. For example, two optical isomers of [Pt (py)
(NH

3
)(NO

2
)(Cl)(Br)(I)] are shown in Figure 3.37.

Fig. 3.37 Two Optical Isomers

2. Octahedral Complexes Containing Symmetrical Bidentate Chelating
Ligands Only

(i) The complexes of the type [M(AA)
3
]n±, (where AA is a symmetrical bidentate

ligand). For example, [Co(en)
3
]3+, [Pt(en

3
)]4+, [Fe(dipy)

3
]2+, [Co(C

2
O

4
)

3
]3-

, [Fe(C
2
O

4
)

3
]3-,[Cr(C

2
O

4
)

3
]3-, etc. The two forms of these complexes,

d- and l-, are not superimposable hence they show optical isomerism. (Refer
Figure 3.38).

Fig. 3.38 Two Optical Isomers Forms of [Co(en)
3
]3+ and [Al(C

2
O

4
)

3
]3- Ions
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(ii) The complexes of the type [M(AA)
2
BB]±n, where AA and BB are two

different bidentate groups, for example [Co(en)
2
 CO

3
]+, [Co(en)

2
 C

2
O

4
]+,

etc., belong to this class of complexes as shown in Figure 3.39.

Fig. 3.39 Two Optical Isomers Forms of [Co(en)
2
 CO

3
]+Ion

3. Octahedral Complexes Containing Monodentate and Symmetrical
Bidentate Chelating Ligands

(i) The complexes of the type [M(AA)
2
X

2
], where AA is a bidentate ligand

and X is ion atom or unidentate ligand, for example,

[Ir(C
2
O

4
)

2
Cl

2
]2-, [Co(en)

2
 Cl

2
]+, [Co(en)

2
 (NO

2
)

2
]+,

[Rh(SO
2
(NH

2
)

2
)(H

2
O)], etc. belong to this class as shown in Figure 3.40.

Fig. 3.40 Optical Isomers of [Co(en)
2
Cl

2
]+ Ion

(ii) The complexes of the type [M(AA)
2
XY], where AA is a bidentate ligand

and X, Y are two different unidentate ligands, e.g., [Co(en)
2
 Cl. NH

3
]2+,

[Ru(py) (NO) (C
2
O

4
)

2
]-, etc., belong to this class. Refer Figure 3.41.

Fig. 3.41 Optical Isomers of [Co(en)
2
 Cl. NH

3
]2+Ion

4. Octahedral Complexes Containing Optically Active Bidentate
Unsymmetrical Ligands

(i) The complexes of the type [M(AA)(BB)X
2
] where AA and BB are two

different bidentate ligands and X is a unidentate ligand, such as
[Co(en)(pn)(NO

2
)]+ belongs to this class (Refer Figure 3.42).
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Fig. 3.42 Optical Isomers of [Co (NO
2
)

2
(en)(pn)]+

(ii) The complexes of the type [M(AA)X
2
Y

2
] where AA is a bidentate ligand

and X, Y are two different unidentate ligands, for example
[Co(en)(NH

3
)

2
Cl

2
]+, [Co(C

2
O

4
)(NH

3
)

2
(NO

2
)

2
]–, etc., belong to this class

(Refer Figure 3.43).

Fig. 3.43 Optical Isomers of [Co(en)(NH
3
)

2
Cl

2
]+Ion

5. Octahedral Complexes Containing Polydentate Ligands

The complex compounds containing polydentate ligands have been resolved for
example, [Co(EDTA)]- exist in two optical isomers, i.e., d- and l- forms  as shown
in Figures 3.44 and 3.45.

Fig. 3.44 Simpler Representation of d- and l-Forms of [Co(EDTA)]- Ion



Coordination Compounds,
Oxidation and Reductions

NOTES

Self - Learning
Material 103

Fig. 3.45 d- and l-Forms

Check Your Progress

1. Define the characteristics of the term secondary valency in Werner's
theory of coordination compounds.

2. What are the applications of the Werner's theory of coordination
compounds?

3. Write the formulation to calculate EAN of the central metal atom in
complex ions.

4. What are the advantages of performing chelation in coordination
compounds?

5. Differentiate between the perfect and imperfect complexes of
classification of coordination compounds.

6. Define the significance of coordination position isomerism.

7. What do you mean by stereoisomers?

8. What are the major methods that are used to distinguish between cis-
and trans-isomers?

3.7 VALENCE BOND THEORY OF
COORDINATION COMPOUNDS

Valence bond treatment of bonding in complexes was mainly developed by Pauling.
It is the simplest of the three theories and explains satisfactorily the structure and
magnetic properties of a large number of coordinate compounds. The salient
features of the theory are summarized below.

(i) The central metal ion has a number of empty orbitals for accommodating
electrons donated by the ligands. The number of empty orbitals is equal to
the coordination number of the metal ion for the particular complex.

(ii) The metal orbitals and ligand orbitals overlap to form strong bonds. Now
we know that greater the extent of overlapping stronger will be the bond
and hence more stable will be the complex. In order to achieve greater
stability, the atomic orbitals (s, p or d) of the metal ion hybridize to form a
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new set of equivalent hybridized orbitals with definite directional properties.
These hybrid orbitals now overlap with the ligand orbitals to form strong
chemical bonds.

(iii) The d-orbitals involved in the hybridization may be either inner (n – 1) d
orbitals or outer nd-orbitals. The complexes formed in these two ways are
referred to as low spin and high spin complexes, respectively.

(iv) The non-bonding metal electrons occupy the inner d-orbitals which do not
participate in hybridization and thus in bond formation with the ligand.

(v) Each ligand contains a lone pair of electrons.

(vi) A covalent bond is formed by the overlap of a vacant hybridized metal
orbital and a filled orbital of the ligand. The bond is also sometimes called
as a coordinate bond.

(vii) If the complex contains unpaired electrons, it is paramagnetic in nature,
while if it does not contain unpaired electrons, it is diamagnetic in nature.

(viii) The number of unpaired electrons in the complex points out the geometry of
the complex and vice-versa. In practice, the number of unpaired electrons in
a complex is found from magnetic moment measurements as illustrated below.

Table 3.3 Relation between Unpaired Electron and Magnetic Moment

Magnetic Moment (Bohr Magnetons) 0 1.73 2.83 3.87 4.90 5.92 

Number of Unpaired Electrons 0 1 2 3 4 5 
 

Thus the knowledge of the magnetic moment can be of great help in
ascertaining the type of complex.

(ix) Under the influence of a strong ligand, the electrons can be forced to pair
up against the Hund’s rule of maximum multiplicity.

Let us consider a few example to illustrate the valence bond theory.

3.7.1 Octahedral Complexes

These complexes are most common and have been studied most extensively. In
all these complex ions the coordination number of the central metal atom or ion is
six and hence these complex ions have octahedral geometry. This octahedral
geometry arises either due to d2sp3 or sp3d2 hybridization of the central metal
atom or ions octahedral complexes in which central metal atom is d2sp3 hybridized
are called inner orbital octahedral complexes, while the octahedral complexes is
which central metal atom is sp3d2 hybridized are called outer orbital octahedral
complexes. These are discussed below.

1. d2sp3 Hybridization/Inner Orbital Octahedral Complexes: This type
of hybridization occurs in those complexes which contain strong ligands on
the basis of the orientation of the lobes of d-orbitals in space. These are
classified into two sets viz., t

2g
 and e

g
 sets. t

2g
 set consists of d

xy
, d

yz
 and d

zx

orbitals while e
g
 set has d

z
2 and d

x
2
-y

2 orbitals. In the formations six d2sp3

hybrid orbitals, two (n – 1) d-orbitals of e
g
 set [i.e., (n – 1)d

z
2 and

(n – 1)d
x
2

-y
2 orbitals], one ns and three np (np

x
, np

y
 and np

z
) orbitals
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combine together and form six d2sp3 hybrid orbitals. Thus we see that
the two d-orbitals used in d2sp3 hybridisation are from penultimate shell
[i.e. (n – 1)th shell] while s and three p-orbitals are from ultimate shell
(i.e., nth shell). This discussion shows that in case of octahedral complex
ions of 3d transition series elements, two d-orbitals used in d2sp3 hybridisation
are 3d

z
2 and 3d

x
2
–y

2 orbitals (e
g
 set of orbitals) while s- and p-orbitals are

4s and 4p orbitals. Thus d2sp3 hybridisation taking place in such complexes
can be represented as 3d

x
2

–y
2, 3d

z
2, 4s, 4p

x
, 4p

y
 4p

z
(d2sp3).

Since two d-orbitals used in d2sp3 hybridisation belong to inner shell [i.e.,
(n–1)th shell], the octahedral complex compounds resulted from d2sp3

hybridisation are called inner orbital octahedral complexes.

Since these complexes have comparatively lesser number of unpaired
electrons than the outer-orbital octahedral complexes, these complexes are
also called low spin or spin paired octahedral complexes. It is due to the
presence of strong ligands in innerorbital octahedral complexes of 3d transition
series that the electrons present in 3d

z
2 and 3d

x
2

–y
2 orbitals (e

g
 set) are

forced to occupy 3d
xy

, 3d
yz
 and 3d

xz
 orbitals ( t

2g
 set) and thus 3d orbitals of

e
g
 set become vacant and hence can be used in 3d

x
2

–y
2.3d

z
2.4s.4p

x
.4p

y
.4p

z

(d2sp3) hybridization.

Common examples of this type of hybridization are discussed below.
(i) Ferricyanide Ion, [Fe(CN)

6
]3-

In this ion the coordination number of Fe is six and hence the given
complex ion is octahedral in shape. In this ion, Fe is present as Fe3+

ion whose valence-shell configuration is 3d5 or t3
2g

 e2
g
 (Fe = 3d64s24p0,

Fe3+  = 3d5 = t3
2g

 e2
g
) as shown in Figure 3.46. According to Hund’s

rule, each of the five electrons in 3d orbitals is unpaired in free Fe3+

ion (uncomplexed ion) and hence the number of unpaired electrons
(n) is equal to 5 (Refer Figure 3.46). However, magnetic study of
[Fe(CN)

6
]3- ion has shown that this ion has one unpaired electron

(n = 1) and hence, is paramagnetic. Thus, in the formation of this ion,
two electrons of e

g
 set of 3d orbitals (i.e., 3d

z
2
 
and 3d

x
2

–y
2 orbitals)

pair up with the three electrons of t
2g 

set of orbitals (i.e., 3d
xy

, 3d
yz

 and
3d

zx
 orbitals). This results in that e

g
 set of orbitals becomes vacant and

is used in d2sp3 hybridisation. This also results in that the valence-shell
configuration of Fe3+ ion gets changed from t3

2g
 e2

g
 to t5

2g
 e0

g
 and thus

the number of unpaired electrons in 3d orbital now becomes equal to
1. Now 3d

x
2

–y
2, 3d

z
2 (e

g
 set), 4s and three 4p (4p

x
, 4p

y
 and 4p

z
)

orbitals combine together and give rise to the formation of six
3d

z
2.3d

x
2
–y

2.4s.4p
y
.4p

z
 hybrid orbitals (d2sp3 hybridisation). Each of

these hybrid orbitals is vacant. Each of the six CN– ions (ligands)
donates its lone pair of electrons to d2sp3 hybrid orbitals and six
NCFe3+ coordinate bonds are established (Refer Figure 3.46). The
above discussion shows that [Fe(CN)

6
]3– ion has one unpaired electron

and hence is paramagnetic. It is an inner orbital octahedral complex
ion, since it is formed by d2sp3 hybridisation.
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Fig. 3.46 Formation of [Fe(CN)
6
]3- Ion by d2sp3 Hybridisation. Indicates Election Pair

Donated b Each CN- Ion (Ligand). (Inner-Orbital Octahedral Complex Ion).

2. Ferrocyanide Ion, [Fe(CN)
6
]4-: In this ion, since the coordination

number of Fe is six, the given complex ion has octahedral geometry.
In this ion, Fe is present as Fe2+ ion whose valence-shell configuration
is 3d6 4s0 4p0 or t4

2g
 e2

g
 4s0 4p0 which shows that Fe2+ ion has 4

unpaired electrons. Magnetic studies have, however, shown that the
given complex ion is diamagnetic and hence it has no unpaired electrons
(n = 0). Hence in order to get all the electrons in the paired state, two
electrons of e

g
 orbitals are sent to t

2g
 orbitals so that n becomes equal

to zero. Since CN- ions (ligands) are strong ligands, they are capable
of forcing the two electrons of e

g
 orbitals to occupy t

2g
 orbitals and

thus make all the electrons paired. Now for the formation of
[Fe(CN)

6
]4- ion, two 3d orbitals of e

g
 set, 4s orbital (one orbital) and

three 4p orbitals (all these six orbitals are vacant orbitals) undergo
d2sp3 hybridisation as shown in Figure 3.47. It is due to d2sp3

hybridisation that [Fe(CN)
6
]4- ion is an inner orbital octahedral complex

ion. The electron pair donated by CN- ion (ligand) is accommodated
in each of the six d2sp3 hybrid orbitals as shown in Figure 3.47.

Fig. 3.47 Formation of [Fe(CN)
6
]4- Ion by d2sp3 Hybridisation. Indicates Electron Par

Donated by Each CN- Ion (Ligand) (Inner-Orbital Octahedral Complex Ion).
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In the same way we can explain the formation of [Fe(H
2
O)

6
]2+,

[Co(NH
3
)

6
]3+, [Cr(NH

3
)

6
]3+, [Mn(CN)

6
]3-, [Cr(CN)

6
]3-, etc.

2. sp3d2 Hybridization/Outer Orbital Complexes: This type of hybridization
occurs in complex ions which contain weak ligands. The weak ligands are
those which cannot force e

g
 set electrons of the inner shell to occupy t

2g
 set

of the same shell. Thus in this hybridization (n-1) d-orbitals are not available
for hybridization. In place of these orbitals, d-orbitals belonging to outer
shell are used. This hybridization shows that all the six orbitals involved in
hybridization belong to the higher energy level (outer shell). Since two d-
orbitals are from the outer shell, so the octahedral complexes resulted from
sp3d2 hybridization are called outer orbital octahedral complexes. Since
these complexes have comparatively greater number of unpaired electrons
than the inner orbital octahedral complexes, so these are also called high
spin complexes. Some common examples at these complexes are discussed
below.

(i) Hexafluoroferrate (III) Ion, [FeF
6
]3-: In this ion, the coordination

number of Fe is six and hence the given complex ion has octahedral
geometry. Here iron is present as Fe3+ whose valence shell electronic
configuration is 3d54s04p0 or t3

2g
 e2

g
 4s0 4p0. Each of the five electrons

is unpaired and hence n = 5 as shown in Figure 3.48.

Fig. 3.48 Formation of [FeF
6
]3- Ion by sp3d2 Hybridisation (Outer-Orbital Octahedral

Complex Ion).

(ii) [Ni(NH
3
)

6
]2+ Ion: Octahedral complexes of Ni2+ ion are outer-orbital

octahedral complexes (sp3d2 hybridisation). The formation of inner-orbital
octahedral complexes of Ni2+ Ion (Ni2+ ion (Ni2+ = 3d8 = t6

2g
 e2

g
) is not

possible, since the two unpaired electrons present in e
g
 set of orbitals

cannot be sent to t
2g

 orbitals which are already completely filled. Thus e
g

orbitals cannot be made empty for d2sp3 hybridisation. Outer orbital
complexes of Ni2+ ion are paramagnetic corresponding to the presence of
two unpaired electrons present in e

g
 orbitals.

As an example let us see how sp3d2 hybridisation takes place in
[Ni(NH

3
)

6
]2+ ion. (Refer Figure 3.49).
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Fig. 3.49 Formation of [Ni(NH
3
)

6
]2+ Ion by sp3d2 Hybridisation (Outer-Orbital

Octahedral Complex Ion).

Some of the examples of inner and outer orbital octahedral complexes are
given in Table 3.4. Differences between these orbitals are summarized in Table 3.5.

Table 3.4 Examples of Inner-Orbital Octahedral (d2sp3 Hybridisation) and Outer-
Orbital Octahedral (sp3d2 Hybridisation) Complex (n= Number of Unpaired Electrons)

Complex ion Configuration of the central 
atom/ion 

n 

Inner-Orbital Octahedral 
Complex Ions (d2sp3 
Hybridisation) 

  

[Cr(H2O)6]3+ Cr3+ = 3d3 = t32g e0
g 3 

[Cr(NH3)6]3+ Cr3+= 3d3 = t3
2g e0

g 3 

[Cr(CN)6]3- Cr3+ = 3d3 = t32g e0
g 3 

[CrF6]3- Cr3+ = 3d3 = t32g e0
g 3 

[Cr(NH3)4Cl2]+ Cr3+ = 3d3 = t32g e0
g 3 

[Cr(CN)6]4- Cr2+ = 3d4 = t42g e0
g 2 

[Fe(CN)6]3- Fe3+ = 3d5 = t52g e0
g 1 (1.73 BM) 

[Mn(CN)6]5- Mn+ = 3d54s1 = 3d64s0 = t6
2g e0

g 0 

[Fe(CN)6]4- Fe2+ = 3d6 = t62g e0
g 0 

[Co(NH3)6]3+ Co3+ = 3d6 = t62g e0
g 0 

[Co(NO2)6]3- Co3+ = 3d6 = t62g e0
g 0 

[Co(CN)6]3- Co3+ = 3d6 = t62g e0
g 0 

[PtCl6]2- Pt4+ = 4f145d6 = 4f14 t62g e0
g 0 

[Co(NO2)6]4- Co2+ = 3d7 = t62g e1
g 1 (in 5s orbital) 

[Co(CN)6]4- Co2+ = 3d7 = t62g e1
g 1 (in 5s orbital) 

Outer-Orbital Octahedral Complex Ions (sp3d2 Hybridisation) 

[Cr(H2O)6]2+ Cr2+ = 3d4 = t32g e1
g 4 

[Cr(NH3)6]2+ Cr2+ = 3d4 = t32g e1
g 4 

[FeF6]3- Fe3+ = 3d5 = t32g e1
g 5 

[Fe(H2O)6]3+ Fe3+ = 3d5 = t32g e2
g 5 

[Fe(NH3)6]2+ Fe2+ = 3d6 = t42g e2
g 4 

[CoF6]3- Co3+ = 3d6 = t42g e2
g 4 

[Co(NH3)6]2+ Co2+ = 3d7 = t52g e2
g 3 

[Ni(NH3)6]2+ Ni2+ = 3d8 = t62g e2
g 2 

[Cu(NH3)6]2+ Cu2+ = 3d9 = t62g e3
g 1 
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Table 3.5 Differences Between Inner and Outer Orbital Complexes

Inner Orbital Octahedral  

Complexes 

Outer Orbital Octahedral  

Complexes 

1. In these complexes inner orbitals of the 
metal ions are involved in complexation, 
e.g., (n-1)d2 ns np3 

1. In these complexes outer orbitals of the 
metal ions are involved in complexation 
e.g., ns np3 nd2 

2. The are known as covalent, inert or non 
labile complexes. 

2. They are known as ionic, more reactive 
or labile complexes. 

3. They are formed by strong ligands. 3. They are formed by weak ligands. 

4. They are also known as Low Spin (LS) 
complexes. 

4. They are also known as High Spin (HS) 
complexes. 

5. These complexes are generally 
diamagnetic (all electrons are paired up) 
or weakly paramagnetic (less number of 
unpaired electrons), for example, K4 
[Fe(CN)6], K4 [Co(CN)6]. 

5. These complexes are generally highly 
paramagnetic because of more number 
of unpaired electrons, for example, 
K3[FeF6], [Fe(H2O)6]2+. 

 

3.7.2 Square Planar Complexes

Complexes with coordination number 4 may either have square planar or
tetrahedral geometry depending on whether the central metal atom is dsp2 or sp3

hybridized (Refer Table 3.6). Consider some square planar complex ions.

1. [Ni(CN)
4
]2- Ion: To get square planar geometry, Ni2+ ion should be dsp2

hybridized. In this hybridizations, due to the energy made available by the
approach of four CN- ions (ligands), the two unpaired 3d-electrons are
paired up, thereby, making one of the 3d orbitals empty. This empty 3d
orbital (which is 3d

x
2
-y

2 orbital) is used in dsp2 hybridisation. This
hybridization makes all the electrons paired (n=0) as shown in Figure  3.50.

Fig. 3.50 Formation of [Ni(CN)
4
]2- Ion by dsp2 Hybridisation (Square Planar Complex

Ion with n=0) Experiments have shown that [Ni(CN)
4
]2- Ion has no Unpaired Electron

(n=0) and hence is Diamagnetic. This Magnetic Property confirms the fact that
[Ni(CN)

4
]2- ion has Square Planar Geometry with n=0 and not Tetrahedral Geometry

with n = 2.

2. [Cu(NH
3
)

4
]2+ Ion: The coordination number of Cu2+ ion is 4, so the given

complex may have either square planar or tetrahedral geometry. Square
planar geometry arises due to dsp2 hybridization of Cu2+ ion as shown in



Coordination Compounds,
Oxidation and Reductions

NOTES

Self - Learning
110 Material

Figure 3.51 while tetrahedral geometry is due to sp3 hybridisation of Cu2+

ion as shown in Figure 3.52.

Fig. 3.51 dsp2 Hybridisation of Cu2+ Ion in [Cu(NH
3
)

4
]2+  Ion which has Square Planar

Geometry with n=1.

Fig. 3.52 sp3 Hybridisation of Cu2+ Ion in [Cu(NH
3
)

4
]2+ Ion which has Tetrahedral

Geometry with n =1

From Figures 3.51 and 3.52 it is clear that in both the geometries,
[Cu(NH

3
)

4
]2+ ion has one unpaired electron (n = 1). In square planar geometry,

the unpaired electron resides in 4p orbital while in tetrahedral geometry this electron
is present in 3d orbital.

The above discussion shows that the magnetic property of [Cu(NH
3
)

4
]2+

ion cannot be helpful in deciding as to what is the exact geometry of [Cu(NH
3
)

4
]2+

ion. However, physical measurements have indicated that the tetrahedral geometry
for [Cu(NH

3
)

4
]2+ ion is not possible.

Now if the square planar geometry for [Cu(NH
3
)

4
]2+ ion is supposed to be

correct, the unpaired electron electron present in the higher energy 4p orbital
(dsp2 hybridisation) should be expected to be easily lost to form (Cu(NH

3
)

4
]3+.

However experiments have shown that above oxidation does not occur. Hugin’s
explanation. Huggin suggested that [Cu(NH

3
)

4
]2+ ion has square planar geometry

and Cu2+ Ion is sp2d [(4s)(4p)2(4d)] hybridized as shown in Figure 3.53. The
unpaired electron resides in 3d orbital.
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Fig. 3.53 sp2d Hybridization of Cu2+ Ion in Square Planar [Cu(NH
3
)

4
]2+ Ion with n=1

3.7.3 Tetrahedral Complexes

Consider the structure of following complexes having tetrahedral geometry.

1. [CuCl
4
]3- Ion- The electronic configuration of copper atom 1s2, 2s2p6,

3s2p6d10, 4s1 and the Cu+ ion has 3d10 configuration. Now 4Cl– ions
approach to Cu+ ion, here all the 3d orbitals are completely filled hence
sp3-hybridisation takes place to accommodate 4Cl– ions as shown below
in Figure 3.54. Since there is no unpaired electron in the complex hence it is
diamagnetic in nature. Some other examples are [ZnCl

4
]2-, [Zn(NH

3
)

4
]2+,

[MnCl
4
]2-, etc.

Fig. 3.54 Tetrahedral Diamagnetic

2. Ni(CO)
4
 Molecule: In this complex compound Ni is in zero oxidation

state and has its valence-shell configuration as 3d84s2. This compound has
tetrahedral geometry which arises due to sp3 hybridisation of Ni atom.

The magnetic studies of Ni(CO)
4
 molecule has tetrahedral structure as shown

in Figure 3.55.
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Fig. 3.55 sp3 Hybridisation of Ni-Atom in Ni(CO)
4
 Molecule which has  Tetrahedral Shape

3. [NiCl
4
]2- Ion: – This complex ion has Ni2+ ion whose valence-shell

configuration as 3d84s0. Magnetic measurement reveal that the given ion is
paramagnetic and has two unpaired electrons (n=2). This is possible only
when this ion is formed by sp3 hybridisation and has tetrahedral geometry
as shown in Figure 3.56.

Fig. 3.56 sp3 Hybridisation of Ni2+ Ion in [NiCl
4
]2- Ion which has Tetrahedral Geometry

Table 3.6 Examples of 4-Coordinated Complex Ions (Square Planar and Tetrahedral
Complex Ions)

Complex Ion Configuration of the 
Central Metal Atom/Ion 

Number of Unpaired 
-Electron (n) 

Square Planar Complex Ions  

(dsp2 or sp2d hybridization) 
  

[Ni(CN)4]2- Ni2+ = 3d8 (dsp2) 0 

[Ni(NH3)4]2+ Ni2+ = 3d8 (dsp2) 0 

[Ni(dmg)2]0 Ni2+ = 3d8 (dsp2) 0 

[Cu(NH3)4]2+ Cu2+ = 3d9 (sp2d) 1 (in 3d orbital) 

[Cu(py)4]2+ Cu2+ = 3d9 (sp2d) 1 (in 3d orbital) 

[Cu(en)2]2- Cu2+ = 3d9 (sp2d) 1 (in 3d orbital) 

[Cu(CN)4]2- Cu2+ = 3d9 (sp2d) 1 (in 3d orbital) 

[CuCl4]2- Cu2+ = 3d9 (sp2d) 1 (in 3d orbital) 

[PdCl4]2- Pd2+ = 4d8 (dsp2) 0 

[Pt(NH3)4]2+ Pt2+ = 5d8 (sp2d) 1 (in 3d orbital) 

[PtCl4]2- Pt2+ = 5d8 (sp2d) 1 

[Pt(gly)2]0 Pt2+ = 5d8 (sp2d) 1 
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Tetrahedral Complex Ions (sp3 Hybridisation) 

[Zn(NH3)4]2+ Zn2+ = 3d10 0 

[MnCl4]2- Mn2+ = 3d5 5 

[FeCl4]2- Fe2+ = 3d6 4 

[FeCl4]- Fe3+ = 3d5 5 

[CoCl4]2- Co2+ = 3d7 3 

[Ni(CO)4]0 Ni0 = 3d84s2 = 3d10 0 

[NiCl4]2- Ni2+ = 3d8 2 

[NiL4]2+ (L = H2O, NH3) Ni2+ = 3d8 2 

[Cu(CN)4]2- Cu2+ = 3d9  1 

[CuX4]2- (X= Cl, Br, I, CNS) Cu2+ = 3d9 1 

[Cu(CN)4]3- Cu+ = 3d10 0 
 

3.7.4 Limitations of Valence Bond Theory

This theory is unable to explain a number of facts that are summarized below.

1. It offers no possibility of predicting magnetic behaviour except the number
of unpaired electrons in the complex.

2. Complex formation of certain metal ions is totally unsatisfactory, such as
Cu2+ forms complex in a d9 species, dsp2 hybridisation is obtained by the
promotion of one 3d-electron to a higher level (4d orbital). Hence this should
lead to ready oxidation of Cu2+ to Cu3+ a process which occurs rarely.

3. The theory does not explain why a particular structure is preferred, such as
d8 ion form square planar complexes (dsp2-hybridisation) after maximum
pairing in the excited state. d8-ions may also form tetrahedral (sp3-
hybridisation) complexes which involves no excitation.

4. The theory offers no convincing explanation of causes of maximum pairing.

5. In this theory too much stress has been given on the metal ion while the
nature of the ligand is not properly stressed.

6. This theory cannot explain reaction rate and mechanism of the reactions.

7. It does not predict any distortion in symmetrical complexes whereas all the
Cu(II) and Ti(III) complexes are distorted.

8. It does not explain thermodynamic properties of the complexes.

9. It does not attempt to explain the spectra of the complexes.

10. It cannot explain the temperature dependent paramagnetism of the
complexes.

3.8 ANALYSIS OF REDOX CYCLE

Repetitively coupled reduction and oxidation reactions constitute a redox cycle.
Some redox cycles are discussed below:



Coordination Compounds,
Oxidation and Reductions

NOTES

Self - Learning
114 Material

1. Oxidation Cycle for Alkali Metals

The oxidation of metals can be represented as:

ox

Oxidation
M s aq M oq e E

Inaqueous Solution

Tendency of a metal electrode to release e– is known as standard oxidation
potential. This reaction can occur in three steps:

(i) 
Sublimation

M s M g
Energy s

(ii) 
Ionization

M g M g e
Energy IE

(iii)
Hydration

M g ag M aq
Energy H

Hence the electrode potential of the metal depends upon sublimation
energy, ionization energy and hydration energy, i.e.,

oxE S IE H

In case of alkali metals, especially lithium, sublimation energy is very less
and ionisation energy is also very low, but the hydration energy is very high.
Hence Li has the highest positive value of E

ox
 (+3.04V).

Oxygen Cycle of Metals can be shown as:

M(s) 
aqueous solution

M (aq) + e+ –

S

M(g)

M (g)+

y

2. Reduction Cycle of Halogens

The tendency of halogens to accept elections in aqueous solution to forms hydrated

ion X aq  is the standard reduction potential (E°
red

).

Reduction in
X g, l,s  Energy e X aq

Aqueous Solution

This process involve following steps:

(i) 2 2

1 Fusion 1
X s X l

2 Head of Fusion Hf 2
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(ii) 2 2

1 Vapourisation 1
X l X g

2 Heat of Vapourisation Hv 2

(iii) 
22 Dissociation energy Y D

1
X g X g

2

(a) gX g e X Electron affinity EA

(b) aq

Hydration
X g Aqueous X H

energy H

This reduction cycle can be shown as:

e + – X (s,l,g)2

1
2

DH X (aq)–

1/2 Hf

1
2

X (l)2

1/2 HV

1
2

X (g)2

Y D2

X(g) –EA
e– X (g)–

red f v

1 11E H H D EA H22 2

As F
2
 and Cl

2
 are gas H

f
 and H

v
 can be omitted. In the similar way, Heat

of Fusion (H
f
) can be omitted for Br

2
 (Liquid). After putting all the values of

energy, we get E°
red

 values as follows:

F
2

= –768 (kJ/mole)

Cl
2

= –607 (kJ/mole)

Br
2

= –575 (kJ/mole)

I
2

= –494 (kJ/mole)

These values suggest that, in spite of lower electron affinity of F
2
, its E°

red

is higher as compared to that of Cl
2
. Hence, F

2
 is more powerful oxidizing agent

than Cl
2
. Therefore, oxidizing power of halogens in aqueous solution does not

depend on the value of EA but on the value of E°
red

.

Redox Stability of Water

The compounds that are stable in water neither oxidize nor reduce or
disproportionate in water. Whereas the compounds which are unstable in water,
they can undergo the following reactions in aqueous medium:
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(i) The compound may release H
2
 on reaction with water. In these

conditions, water is reduced to H
2
.

–
2

Reduction
2H O 2e 2H 2OH

2

1
H aq e H g

2

This reaction is shown by some alkali metals and elements of first transition
series like Sc, Ti, V, Cr, Mn, etc.

2 2

1
M H O MOH H

2

2Sc H O  Sc(OH)
3
 + H

2

2. The compound can release O
2
 on reaction with water. Here, water

acts as an oxidizing agent:

2 2 OX

red

2H O 4H O 4e     E 1.23V

E 1.23V

Most of the species with more than 1.23V, E°
red

 can oxidize water into
O

2
, such as F

2
, Co3+, Ce4+, etc.

3 2
2 24Co 2H O 4Co 4H O

4 3
2 24Co 2H O 4Co 4H O

Redox Stability Diagrams

There are three redox stability diagrams named Latimer, Frost and Pourbaix
diagrams. Each of these diagrams contains similar information but one representation
may be more useful in a given situation than the others.

Latimar and Frost diagrams help predict stability relative to higher and
lower oxidation states, usually at one fixed pH. Pourbaix diagrams help understand
pH-dependent equilibria, which are often coupled to solubility equilibria and
corrosion.

3.8.1 Latimer Diagrams

Latimer diagrams are the oldest and most compact way to represent
electrochemical equilibria for substances that have multiple oxidations states. The
numerical value of standard potential is written over a horizontal line connecting
species with the element in different oxidation states. The most highly oxidized
form of the element is on the left, and to the right, the element is in successively
lower oxidation states. For example,

1. Latimer diagram of chlorine in an acidic solution can be written as:
1.20 1.18 1.65

4 3 2
( 1)( 7) ( 3)( 5)

ClO ClO ClO HClO

disproportionation 1.36
2+1.67 ( 1)(0)

Cl Cl
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1.20
4 3 2ClO 2H 2e ClO H O E 1.20V

1.67
2 22HClO 2H 2e Cl 2H O E 1.67V

In basic medium (pH = 14), Latimer diagram for chlorine can be written
as:

ClO ClO ClClO ClO Cl
– –– – –
4 2 23

+0.33V +0.89V

+0.49V

+0.37 +0.68+0.30 +0.42 +1.36

Potential around OCl do not decrease from left to right, and hence OCl

is unstable with respect to disproportionation.

0.49 0.89
3ClO ClO Cl

Potential around 3ClO  and do not decrease from left to right.

So,  should disproportionate into  and  and  should disproportionate to
give Cl- and ClO

4
–

2. Latimer diagram for Manganese in acidic medium can be shown as:

2 2 n
0.56 2.2 6 0. 95 1.15 1.184 4 2Mn O Mn O Mn O Mn Mn Mn

7 6 4 3 2 0

 
        

    

E0 = 

Following inferences can be made:

(i) Oxidizing agent have large positive E0 values.

(ii) Powerful reducing agents have large negative E0 value .

(iii) Thermodynamically unstable species, generally disproportionate.

(iv) If the sum of reduction and oxidation potentials is positive, then DG
is negative and spontaneous disproportionation is possible.

2.262
4 4 20.56

Oxidation Reduction

Mn O Mn O Mn O

2 0
4 4Mn O Mn O e ; E 0.56V

2 0
4 6 2Mn O 4H 2e Mn O 2H O E 2.26V
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Manganese redox reaction in basic medium are as follows:
0.58 0.2 0.12

4 4 3 2Mn O Mn O Mn(OH) Mn(OH)

.55 V

Mn
Applications of Latimer Diagrams

(i) Predict feasibility of a reaction.
0 0
1 2E E2 0

( 2) ( 1) (0)

2 0
1

2 0 0
2

M M M

M e M E
Difference

M e M E

(ii) Predict disproportionation reaction (unstable species).

2 0 0
2 1

0 0
2 1

2M M (E E )

(E E ) ( ve value)

Hence, disproportionation is possible.
(iii) Calculating E0 value of any non-adjacent couple.

3 2 2

2 2

ClO 2e HClO (n 2)

HClO 2e HClO (n 2)

0 0 0
1 2G G G

0
1 2(n n )FE  = 0 0

1 1 2 2n FE ( n )FE

E0 = 
0 0

1 1 2 2

1 2

n E n E 2 1.18 2 1.65

(n n ) 4 = 1.415

3.8.2 Frost Diagrams

In Frost diagram we plot standard Gibbs free energy (DG0) against oxidation
number as shown in Figure 3.57. This plot gives following informations:

(i) The most stable oxidation state will lie lowest in the Frost diagram.

(ii) The slope of the line joining any two points in the Frost diagram is equal to
the standard potential of the people formed by the two species represented
by the joints. More positive the slope, the great the oxidising power of the
couple.

Stable oxidation state

Oxidation

Reduction

G

NE

Fig. 3.57 Frost Diagram
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A species in a frost diagram is unstable with respect to disproportionation,
if its point lies above the line connecting two adjacent species.

(iii) N
2
O4 undergo disproportionation as shown in Figure 3.58.

2 4 2N O 2e 2NO

NO
NO–

–

2
3

Oxidation number

EN

N O2 4

Fig. 3.58 Frost Diagram Showing Disproportionation of N
2
O

4

Reverse of disproportionation is called comproportionation

2 4 2 22OH NO N O 2NO H O

Two species will tend to comproportionate into an intermediate species
that lies below the straight line joining the terminal species. Frost diagram
showing comproportionation is given in Figure 3.59.

NO
–
2

Oxidation number

NE

NO

N O2 4

Fig. 3.59 Frost Diagram Showing Comproportionation

(iv) Consider the Frost diagram for manganese in acidic medium as shown in

Figure 3.60. Mn(II) is the most stable oxidation state. Mn3+ and 2
4MnO

are unstable and undergo disproportionation because both Mn3+ and
2
4MnO  species lie above the line joining Mn2+ and MnO

2
 and MnO

2
 and

MnO
4
, respectively. Thus, disproportionate into the respective species

(Refer Figure 3.60).
3 2

2 2 n2Mn 2H O MnO M 4H

2
4 n 2 23MnO 4H M O 2MnO 2H O

O

N

MnO2

MnO4

2–

MnO4

–

Mn

Mn

3+

Mn2+

EN

Fig. 3.60 Frost Diagram for Manganese in Acidic Medium
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Construction of Frost Diagram from Latimer Diagram

1. Consider the Latimer diagram.

1.26v 0.343

0.73

Tl Tl Tl

0

3

Tl Tl e ; E 0.34v

Tl Tl 3e

NE0 = 2.19

The calculated NE can be plotted with oxidation number to get the Frost
diagram, as shown in Figure 3.61.

+1

NE
Tl

Tl+

Tl3+

+2 +3

Oxidation number

+4

Fig. 3.61 Construction of Frost Diagram for Thallium from Latimer Diagram

3.8.3 Pourbaix Diagrams

Pourbaix diagram plot electrochemical stability for different redox states of an
element as a function of pH. These diagrams are phase diagrams that map the
conditions of potential and pH, mostly in aqueous solutions where different redox
species are stable.

For example, consider the Pourbaix diagram for iron. It consist of following
parts:

(i) Areas in the Pourbaix diagram mark regions where a single species
Fe2+(aq), Fe

3
O

4
(S), etc., is stable.

Move stable species tend to occupy larger areas.

(ii) Lines mark places where two species exist in equilibrium.

(iii) Pure Redox Reactions are horizontal lines. These lines are not
pH dependent.

(iv) Pure Acid-Base Reactions are vertical lines. These do not depend
on potential.

Pourbaix diagram for iron at ionic concentrations of 1.0 mm is shown in
Figure 3.62 and discuss below.
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1.6 —

1.2 —

0.8 —

0.4 —

–0 —

–0.4 —

–0.8 —

–1.2 —

 —

 —

 —

 —

 —

 —

 —

|

0

| | |

4 8 12 16

3

2
4

1 5

O  + 4H  + 4e  = 2H O

2

2

+

–Fe3+

Fe2+

2H  + 2e  = H

+

–

3

FeOH+

Fe(S)

–2

Fe(OH) (S)2

Fe O (S)3 4

Fe O (S)2 3

FeO2
2

E
 /

 V

Fig. 3.62 Pourbaix pH Diagram of Fe

(i) 2Fe 2e Fe(S)  is pure redox reaction and show no pH

dependence.

(ii) 3 2Fe e Fe ; is pure redox reaction and show no pH

dependence.

(iii) 3
2 2 32Fe 3H O Fe O (S) 6H ; pure acid-base reaction, no

redox reaction.

(iv) 2
2 2 32Fe 3H O Fe O (S) 6H Fe

Slope = 
6

59.2
2

= –178 mv/pH

(v) 3 4 2 3 42Fe O (S) H O 2Fe O (S) 2H 2e

Slope = 
2

59.2
2

 = –59.2 mV/pH

The water redox lines have special significance on a Pourbaix diagram for iron.
Liquid water is stable only in the region between the dotted lines. Below the H

2

line, water is unstable relative to hydrogen gas, and above the O
2
 line, water is

unstable with respect to oxygen. For active metals such as Fe, the region where
the pure element is stable is typically below the H

2
 line. This means that iron metal

is unstable in contact with water undergoing reactions,
2 2

2

2 2 2

Fe(s) 2H Fe (aq) H (in acid)

Fe(s) 2H O Fe(OH) H (in base)

Iron and most other metals are also thermodynamically unstable in air saturated
water, where the potential of the solution is close to the O

2
 line in the Pourbaix

diagram. Here the spontaneous reactions are:
3

2 2

2 2 3

4Fe(s) 3O 12H 4Fe 6H O (in acid)

4Fe(s) 3O 2Fe O (S) (in base)
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3.9 OXIDATION AND REDUCTION

The phenomenon of oxidation and reduction are observed in our daily life. For
example, formation of rust, combustion of C, S and fading of colour of our
clothes, extraction of metals from their over removal of stains, etc.

According to the classical concept, oxidation is a process which in
values addition of oxygen or removal of hydrogen, for example,

(i) S + O
2
  SO

2

] Addition of Oxygen

(ii) 2Mg + O
2
  2 MgO

(iii) HHCl + MnO
2
 MnCl

2
 + Cl

2
 + 2H

2
O

] Removal of Hydrogen

(iv) H
2
S + Cl

2
 2HCL + S

The substance which is used to carry out oxidation in called oxidising
agent. For example, in reaction (i) and (ii) O

2
 is the oxidising agent and in

reactions (iii) and (iv) MnO
2
 and Cl

2
, respectively, are oxidising agents. So, an

oxidising agent in that substance which provides oxygen or remove hydrogen in
a chemical reaction.

Reduction is a process which involves addition of hydrogen or removal
of oxygen. For example,

(i) Br
2
 + H

2
S  2HBr + S

] Addition of Hydrogen

(ii) Cl
2
 + H

2
  2HCl

(iii) CnO + C  Cn + Co

] Removal of Oxygen

(iv) Fe
2
O

3
 + 3CO   2Fe + 3CO

2

Thus, a substance which is used to carry out reduction is called reducing
agent.

Both the oxidation and reduction processes go side by side, i.e., no
oxidation can take place without reduction and vice versa as explained by the
following examples:

(i) 
Fe O  + 2 Al2 3 Al O  + Fe2 3

(OA) (RA)

Reduction

Oxidation

(ii) 
H S + Cl2 2 2 HCl + S
(RA) (OA)

Reduction

Oxidation
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Where, OA and RA are oxidising and reducing agents, respectively.

Electronic Concept of Oxidation and Reduction

According to the electronic concept, oxidation and reduction processes involve
transfer of electrons between the reactants.

Oxidation is defined as a process which involves in loss of electrons by
an atom or an ion. The loss of electrons may result in increase in positive charge
or decrease in negative charge. For example,

(i) Mg  Mg2+ + 2e-–

(ii) Sn2+ Sn4 + 2e– ] Increase in Positive Charge

(iii) Fe2+ Fe3+ + e–

(iv) S2– S + 2e–

(v) MnO
4
2– MnO

4
– + e– ] Decrease in Negative Charge

(vi) [Fe(CN)
6
]4–   [Fe(CN)

6
]3– + e–

Reduction is defined as a process which involves in gain of electrons by
an atom or an ion. The gain of electrons may result in decrease in positive
charge or increase in negative charge reduction. For example,

(i) Hg2+ + e– Hg+

(ii) Cu2+ + 2e– Cu ] Decrease in Positive Charge

(iii) Sb5+ + 2e– Sb3+

(iv) Cl
2
 + 2e– 2Cl–

(v) H
2
O

2
 + 2e– 2OH– ] Increase in Negative Charge

(vi) MnO
4
– + e– MnO

4
2–

Reactions which involve both reduction and oxidation are abbreviated by
the term redox reactions. For example,

2e  Lost Oxidation–

H S + 2 FeCl2  3 2 FeCl + 2 HCl + S 2 

Reduction

Zn + Cu2+ Zn  + Cu2+

Reduction
(2e  gained)–

Oxidation
(2e  lost)–

2Mg + O2 2MgO

Reduction
(4e  ga ined)–

Oxidation (4e  lost)–
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Above given redox reaction may further be understood by considering
the reaction between magnesium and oxygen.

2M g (s) + O
2
(g) 2MgO(s)

Here each magnesium atom has undergone oxidation by loss of 2e– each.

Mg Mg2+ + 2e–

Or 2Mg 2Mg2+ + 4e–

These electrons, released by magnesium, are accepted by oxygen which
is simultaneously reduced.

O + 2e– O2–

Or O
2
 + 4e–  2O2–

The balanced equation having no net loss or gain of electrons may be
written as

2Mg + O
2
 2MgO

Here, magnesium atom is a reducing agent and oxygen is an oxidising
agent. Thus, according to electronic concept, oxidising agent is a substance
which accepts electrons whereas reducing agent is a substance which involves
in loss of electrons during a redox reaction. Therefore, oxidising and reducing
agents can be summarized by the following equilibrium system.

Oxidation
Reducing agent  Oxidising agent + Electrons

Reduction

Oxidation Number

The oxidation number is defined as the charge which an atom appears to
possess when all other atoms are removed from it a ions. Oxidation number of
an atom can be zero, positive, negative as a fraction. For the same atom,
oxidation number various from compound and thus it differs from valency. For
example,

(i) Oxidation Number of Mn in KMnO
4

Let the oxidation number of Mn in KMnO
4
 is x. Therefore,

+ 1 + x + 4 × (–2) = 0

1 + x – 8 = 0

Or x = + 7

Hence, Oxidation Number of Mn in KMnO
4
 is + 7

(ii) Oxidation Number of Cr in K
2
Cr

2
O

7
.

Let the oxidation number of Cr be x.

2 × (+ 1) + 2 × x + 7 × (– 2) = 0

2 + 2x – 14 = 0

x = + 6

 Oxidation number of Cr in K
2
Cr

2
O

7
 is + 6.
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(iii) Oxidation Number of S in Na
2
S

2
O

3
 (Hypo)

Let the oxidation number of S be x

2 × (+ 1) + 2 × x + 3 x (– 2) = 0

2 + 2x – 6 = 0

x = 2

 Oxidation Number of S in hypo is + 2.

(iv) Oxidation Number of Nitrogen in NH
4
+.

Oxidation Number of hydrogen is + 1

x + 4 × (+ 1) = + 1

x = – 3

 Oxidation Number of N in NH
4

+ is – 3.

(v) Oxidation Number of Al in NaAlH
4

Oxidation Number of Hydrogen as hydride is – 1

 + 1 + x – 4 = 0

x = + 3

Oxidation State of Al in NaAlH
4
 is + 3.

Electrolytes and Electrodes

An electrolyte may be defined as the substance which is in the form of its
solution or in fused state conducts electricity and simultaneously undergoes
chemical decomposition. On the contrary, the substances which in the form of
their solution or in their molten (fused) state do not conduct electricity are called
non-electrolytes, for example, all organic compounds and pure water.

Electrodes may be defined as the rods, plates or foils through which
electric current enter or leave the electrolyte. The electrode connected to negative
terminal of the battery is called cathode, while the electrode which is connected
to the positive terminal of the battery is called anode.

The current enters through the cathode and leaves the electrolyte through
anode. Electrolyte may be inert (for example, platinum and carbon),  passing
electron into or out of the electrolyte without change or they may be reactive,
dissolving or depositing material during electrical conductance.

3.9.1 Galvanic Cell

It is a device in which chemical energy of a redox reaction is converted into
electrical energy. A simple galvanic cell is shown in the Figure 3.63 in which
redox redox reaction is carried out in an indirect manner and the change in free
energy during the chemical process appears as electrical energy. The cell consists
of a Zn rod (anode) placed in ZnSO

4
 solution in the left container and a bar

of  Cu (cathode) immersed in CuSo
4
 solution in the right container. A salt bridge

containing semisolid paste of either KCl, KNO
2
 or NH

4
Cl in gelatin or agar-

agar connects the two solutions.
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The overall net redox reaction Zn(s) + Cu2+ (aq)  Zn2+ (aq) + Cu(s)
may be split into two half cell reactions.

(i) Oxidation reaction occurring in the anode half cell

Zn(s)  Zn2+ (aq) + 2e– ... (Oxidation)

(ii) Reduction reaction taking place in the cathode half cell

Cu2+ (aq) + 2e– Cu(s) ... (Reduction)

When the cell is set up, electrons flow from Zn electrode to Cu electrode
and the current flows from Cu to Zn electrode.

The electrode at which oxidation occurs is anode (–) and the one at
which reduction occurs is cathode (+). Due to redox reaction, zinc dissolves in
the anode solution to form Zn2+ ions while the Cu2+ ion in the cathode half cell
is converted to copper atom and is deposited on the cathode by accepting
these two electrons. To maintain the electrical neutrality in the two half cells, the
Zn2+ ions from anode moves to cathode while the SO

4
2– from cathode moves

to anode through the salt bride (Refer Figure 3.63).

Fig. 3.63 A Simple Galvanic Cell

As the cell operates, the weight of copper rod will increase while that of
Zn rod will decrease. As a remit the cell will function till either zinc metal an
copper ion is completely used up.

Electrode Potential

When a mental strip(M) is placed in a solution of its own ions (Mn+) to constitute
half cell, either of the following cases can occur as shown in Figure 3.64.
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Fig. 3.64 Electrode Equilibrium

(i) Metal ion Mn+ may collide with the electrode but undergoes no
change.

(ii) Metal atom (M) on the electrode may lose n electrons and changes
to Mn+ ion, i.e., the metal M is oxidised.

(iii) Metal ion Mn+ may collide with the electrode and by gaining n
electrons may be converted to metal atom M, i.e., the Mn+ ion is
reduced.

According to the above stated second possibility, if the metal M has a
high tendency to lose electrons (oxidation) and passes into the solution as Mn+

ions, then the released electrons are accumulated on the electrode. This develops
negative charge on the electrode which subsequently reattract the metal ions
Mn+ from the solution and gets neutralised. This shows the establishment of a
state of equilibrium between the metal M and its ions Mn+ on the surface of the
electrode.

nOxidation
M s M aq ne

Reduction

For example, 2Oxidation
Zn s Zn aq 2e

Reduction

However, when the metal ion Mn+ has greater tendency to gain electrons
(reduction) and charges to metal M at the metal electrode then a positive charge
is developed on the electrode. U timately a state of equilibrium is attained
between the metal ions Mn+ and metal atom M.

n Reduction
M aq ne M s

Oxidation

For example, 2 Reduction
Cu aq 2e Cu s

Oxidation
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In either of the two processes, potential is developed between the metal
electrode and solution. Therefore, the electrode potential may be defined as the
tendency of an electro to either lose or gain electrons when it is in contact with
the solution of its own ion.

The electrode potential of the half cell may be termed as oxidation potential
when oxidation takes place at the electrode with respect to standard hydrogen
electrode or reduction potential when reduction takes place at the electrode
considering standard hydrogen electron as reference electrode.

3.9.2 Standard Electrode Potential

The electrode potential developed in the half cell when an electrode is suspended
in a solution of one molar concentration of its ion at 298K is called as standard
electrode potential.

The determination of the standard value of the potential of a simple
electrode is not possible. But it can be conveniently determined by coupling it
with Standard Hydrogen Electrode (SHE) to constitute a cell.

Electrochemical Services (Use of Electrode Potential Data)

As discussed, using SHE, the standard electrode potential of a large number of
electrodes have been determined. It an electrode functions as cathode, when
coupled with SHE, the potential of the electrode is called as reduction potential
and given a positive sign. On the other hand, if electrode acts as anode on
connecting with SHE, the potential of the electrode is called as the oxidation
potential and given a negative sign. According to the latest convention, following
signs are adopted by IUPAC. The electrode at which reduction takes place
with reference to SHE is given a positive sign while the electrode at which
oxidation takes place with respect to SHE is assigned a negative sign.

The arrangement of metal ions in order of increasing values of standard
reduction potentials is known as electrochemical series (Refer Table 3.7).

Table 3.7 Standard Electrode Potentials

 Elements Electrode reaction E0
red (volts) 
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The electrode potential data given in Table can be used for following purposes:

1. Calculation of Standard EMF of Cell (E°
Cell

): Frame the standard
electrode potential data of the two half cells, the standard EMF can be
calculated as follows:

E°
Cell

 = E°
Cathode

 — E°
Anode

By convention the cathode is written on the right and anode on the left
in a electrochemical cell. Thus E°cell may be written as

E°
cell

 = E°
right

 – E°
left

Example 3.1: For the cells shown below:

(a) 2Cd s | Cd || Ag | Ag s

(b) 4 4Zn s | ZnSO aq || CdSO aq | Cd s

(c) 2 3Fe s | FeCl aq || AuCl aq | Au s

Calculate standard cell potential, if standard reduction potentials are:

2
2 2Cd Fe

cd Fe

Zn

Zn

E 0.76V;E 0.40V;E 0.44V

3Au Ag

Au Ag

E 1.42V;E 0.80V

Solution: (a) Anodic Reaction: Cd(s)  Cd2+ + 2e–

Cathodic Reaction 
–

2

2Ag 2e 2Ag s

Cd s 2Ag aq Cd aq 2Ag s

 Cell Reaction:   cell cathode anodeE E E
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Standard Cell Potential, = 0.80 – (– 0.40) = 1.4 V

(b) Balanced Cell Reaction

4 4Zn s CdSO aq ZnSO aq Cd s

Standard Cell Potential, cell right leftE E – E

= 0.40 – (– 0.76) = 1.16 V

(c) Balanced Cell Reaction

3 23Fe s 2AuCl aq 3FeCl aq 2Au s

Standard Cell Potential, cell right leftE E – E

= 1.42 – (– 0.44) = 1.86 V

2. Predicting Feasibility of a Redox Reaction: A redox reaction is feasible
or occurs spontaneously when following conditions are met:

(i) The species which has higher reduction potential undergoes reduction
and the one with lower reduction potential is oxidised.

(ii) If value of the E°
cell

 is positive, the reaction is spontaneous. However,
if E°

cell
 comes out to be negative, the forward reaction is not feasible.

Example 3.2: Predict about the feasibility of reaction between Ag+ (aq) and Cu
(s). Given,

2Ag Cu

Ag Cu

E 0.80V E .34V

Solution: In this cell, copper electrode will function as anode and silver as
cathode. Thus, the cell will be

2Cu s | Cu aq || Ag aq | Ag s

and the EMF of the cell is

2cell Ag Cu

Ag Cu

E E E 0.80 0.34 V 0.46V

Since E° cell is positive, therefore, the reaction occurs between the reacting
species. The cell reaction is

2Cu s 2Ag aq 2Ag s Cu aq

Example 3.3: Standard oxidation potential of Cd/Cd2+ and Pb/Pb2+ electrodes
are –0.40 V and – 0.13 V respectively. State whether the following cell is
feasible.

2 2Pb | Pb || Cd Cd

Solution: The standard reduction potentials of the electrodes will have sign
opposite to oxidation potentials

 2 2Pb /Pb Cd /Cd
E 0.13V and E 0.40V
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cell red oxidE E E 0.40 0.13 0.27V

Since calculated value E°
cell

 is positive, the cell is feasible.

3. Predicting Whether a Metal can Liberate Hydrogen from the Acid
Solution or Not: The metals having lesson reduction potential compare to
SHE can liberate hydrogen from the acids (HCl, H

2
SO

4
, etc.). For example,

Zn, Fe, Mg and Ni releases hydrogen when placed in HCl or H
2
SO

4
.

However, metals which have their reduction potential positive can not liberate
hydrogen from acid, for example, copper, silver, gold, etc. In other words
hydrogen will be liberated when metal has a tendency to lose electrons (get
oxidised) and H+ ions have tendency to get reduced (by accepting electrons).

Example 3.4: Predict reaction of 1N N
2
SO

4
 with the following metals.

(i) Zn (ii) Fe

Given, 2 2+
°

Zn Fe

Zn Fe

E 0.76V,              E 0.44V

Solution: The reduction potential of H+ is H

H

E 0.0V

(i) The reduction potential of Zn is lower than reduction potential of H+ ions.
Therefore, zinc will be oxidised and H+ will undergo reduction. Hence
reaction will be spontaneous and H

2
 gas will be released.

(ii) Since 2Fe

Fe

E
 is lower than H

H

E
, thus iron will be oxidised to Fe2+. Hence

the reaction is spontaneous and H
2
 gas is formed.

4. To Calculate EMF of Cell by Nernst Equation: The emf of the cell by
Nernst equation is given by

cell cell nt

M s2.303RT
E E log

nF M

Where,

E°
cell

= Standard EMF of the Cell for 1M Solution of the Metal
Ion, Mn+(aq), at 298K.

R = Gas Constant (8.314T JK–1 mole–1)

T = Temperature in Kelvin

n = Number of Electrons Invalued in the Cell Reaction

M = Molar Concentration

F = Faraday Constant of Electricity, i.e., 96500 Coulomb Change

Substituting the values,

R = 8.314 JK–1 mole–1

T = 298 K

F = 96500 C
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The Nernst equation becomes,

cell cell n

M s2.303 8.314 298
E E log

96500 n M

cell

M s0.059
E log

n Mn

For pure solids, liquids or gases (at 1 atm), the molar concentration is
taken as unity, i.e., [M(s)] = 1, therefore, the Nernst equation for a single
reduction electrode is,

cell cell n

0.059 1
E E log

n M

Example 3.5: Find the EMF of the cell

2 2Mg s | Mg 0.001M || Cu 0.0001M | Cu s

Given, 2 2Mg /Mg Cu /Cu
E 2.37V;E 0.34V

Solution: Cell Reaction is,

2 2Mg s Cu aq Mg aq Cu s

 2 2

2

cell 2Cu Mg

Cu Mg

Mg0.059
E E E log

2 Cu

0.059 0.001
0.34 2.37 log

2 0.0001

0.059
2.71 log10 2.71 0.0295 2.68V

2

Example 3.6: Calculate the EMF of the cell

3 2Cr | Cr 0.1M || Fe 0.01M | Fe

Given 2 2Cr /Cr Fe /Fe
E 0.75V;E 0.45V

Solution: Chemical Reaction Involved in the Given Cell is:

2 32Cr s 3Fe aq 2Cr 3Fe s

 2 3

23

cell 3Fe Cr 2
Fe Cr

Cr0.059
E E E log

6 Fe
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2

3

0.10.059
0.45 0.75 log

6 0.01

40.059
0.3 log10 0.3 0.04 0.26V

6

5. Calculation of Equilibrium Constant (K
c
) from Newest Equation:

During the functioning of a cell, the EMF of cell continuously decreases
and a stage is reached when the EMF of the cell becomes zero. Under
others conditions, the cell reaction is said to have attained equilibrium, for
example, for galvanic cell,

2 2Zn s | Zn aq || Cu aq | Cu s

The state of equilibrium may be written as,

2 2Zn s Cu aq Zn aq Cu s

In equilibrium state, the concentration of Zn2+ (aq) and Cu2+ (aq) will be
the equilib concentrations and EMF of the cell will be zero.

Therefore, the Nernst equation is modified as

2

equilib
cell 2

equilib

Zn aq2.303RT
0 E log

nF Cu aq

2

equilib
cell c c 2

equilib

Zn aq2.303RT
E log K      (i)  K

nF Cu aq

Where K
c
 = Equilibrium constant at 298 K.

The value of K
c
 can be obtained by substituting the standard EMF value

in equation at 298 K, the equation takes the form

cell c

0.0591
E log K

n

Or cell
c

nE
log K

0.0591

0
cell

c

nE
K Anti log

0.0591

The value of K
c
 for galvanic cell is found to be about 2 × 107, which

shows that has proceeded almost to completion.

Example 3.7: For the cell reaction

2
iNi s | N aq || Ag aq | Ag s
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Calculate the equilibrium constant at 25°C.

2

0 0

Ni / Ni Ag /Ag
E 0.25V;E 0.80V

Solution: 0 0 0
cell R LE E E 0.80 0.25 1.05V

Substituting the data in Nernst equation

c

0.0591
1.05 log K

2

c

1.05 2
log K 35.533

0.0591
35

cK Antilog 35.533 3.41 10

6. To Calculate the Redox Potential and Free Energy Change: The
electrical work is equal to the product of EMF of the cell and the electrical
change that flows through the external circuit.

W
max

 = nF E
cell

(1)

Where,

n= Number of Moles of Electrons Transferred through the Wire

F = One Faraday, i.e., 96500 Coulombs

E
cell

= EMF of the Cell

According to thermodynamics, the free energy change (DC
1
) for a process

is equal to the maximum wonk that can be derived from a cell, i.e.,

(–)W
max

 = DG (2)

From equation (1) and (2)

DG = –nF E
cell

(3)

In order to compare the free energy change of different cells, standard
cell potential (E°

cell
) are used. Thus, the corresponding free energy change is

called the standard free energy change (DG). So,

DG° = –nF E°
cell

(4)

Example 3.8: Calculate the maximum work that can be obtained from the cell

2Zn | Zn 1M || Ag 1M | Ag

Given that 2

0 0

Zn Ag

Zn Ag

E 0.76V;E 0.80V

Solution: 0
cell R LE E E 0.8 0.76 1.56V

Here n = 2       F = 96500 Coulombs

0
cellE 1.56V

Substituting the given values in the equation

0
max cellW nFE 2 96500 1.56V 301080J 301.08kJ
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3.10 PRINCIPLE INVOLVED IN THE
EXTRACTION OF ELEMENTS

Form the ancient times, elements have been classified into metals and non-
metals. According to modern views, on element which forms positively charged
in (cation) by the loss of electrons from its atom is called a metal, while the
element which forms negatively charged ion (anion) by gain of electrons from
its atom in called non-metal. But this division between metals and non-metals
is not sharp because certain elements exhibit the properties of metals and non-
metals. Such elements are named as metalloids.

Occurrence of Metals

Metals occur in two states in nature depending upon their electropositive character.

1. In Free or Native State: A few metals mainly the noble metals having
least electropositive character occur in nature in Free State. For example,
silver, gold, platinum, etc.

2. In Combined State: Most of the metals occur in nature as their compounds
in the earth’s must along with a number of rocky and other impurities and
are known as minerals. A mineral may be a single compound or complex
mixture. Those minerals from which the metal can be economically extracted
are called ores. Ores may be divided into four major groups.

(i) Native Ores: These ores contain the metal in free or metallic state,
for example, silver, gold and platinum. These are usually found in the
company of rock or alluvial impurities like clay, sand, etc. Sometimes
lumps of almost metals (nuggets) are also found.

(ii) Oxidised Ores: These ores consist of oxides or oxysalts, for
example, carbonates, sulphates, phosphates and silicates of the metals.

Important oxide ores are haematite (Fe
2
O

3
), bauxite (Al

2
O

3
, 2H

2
O),

tinstone (SNO
2
), zincite (ZnO), pyrolusite (Mn

2
O

3
) Important

carbonate ores are limestone (CaCO3), dolomite (CaCO
3
. MgCO

3
),

magnesite (MgCO
3
), calamine (ZnCO

3
), malachite [CuCO

3
.

CU(OH)
2
].

Important sulphate ores are sypsum (CaSO
4
. 2H

2
O), barytes

(BaSO
4
) and anglesite (PbSO

4
).

(iii) Sulphurised Ores: These ores consist of sulphides of the metals
like iron, lead, mercury, coper, zinc, etc. Important sulphide ores
are iron pyrites (FeS

2
), galena (PbS), copper pyrites (CuFeS

2
), zinc

blends (ZnS) and cinnabar (HgS).

(iv) Halide Ores: Metallic halides are very few in nature. However,
among the halide ores, chlorides are the most common. Important
halide ores are sodium chloride (NaCl), horn silver (AgCl), Carnallite
(KCl.MgCl

2
.6H

2
O), fluorspar (CaF

2
) and cryolite (AlF

3
.3NaF).
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3.10.1 Metallurgy

The process of extracting a metal in pure form from its ores is known as
metallurgy. The ore is generally associated with earthy impurities, like sound,
rocks and limestone known as gangue or matrix.

The having metallurgical operations used in the extraction of pure metals from
these respective ores given below:

1. Crushing and Grinding: The big stares of the are first crushed into small
pieces in gyratory crushers. The crushed ore is then grinded with the help of
rollers to powder form. The powdered ore is passed through sieves of
particular size and the remains from sieves are further pulverised to get
ultimately fine dust like powder.

Fig. 3.65 Gravity Separation

2. Concentration (Dressing) of the Ore: Since the ores are obtained
from the earth crust, these are generally associated with a large number
of impurities like sand, limestone, quartz, silicates, etc. These impurities
are known as gangue or matrix. The removal of these impurities from the
powdered ore is known as dressing. Since dressing of the ore gradually
increases the percentage of the metal, it is also known as concentration
of the ore; and the purified ore is known as concentrate. Concentration
of the ore can be carried out in the following ways depending upon the
nature of the ore.

(i) Gravity Separation: This method of concentrating the ore is based
on the difference in specific gravities of the ore and impurities. The
powdered ore is agitated with a running stream of water (Refer
Figure 3.65). The heavier ore particles settle down rapidly at the
bottom, while the lighter impurities are washed away with water.
Generally, oxide and carbonate ores are concentrated by this method.

(ii) Magnetic (Electromagnetic) Concentration: This method is
adopted when either the ore or the impurities are magnetic in nature.
The two can be separated by means of magnetic separators. A
magnetic separator consists of a brass or leather belt moving over
two rollers, one of which is magnetic. Electromagnets are usually
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used. The thin layer of the powdered ore is allowed to fall on the
belt at one end. As the ore goes to the end having magnet, the
magnetic part of the ore is attracted by the magnetic roller and falls
nearer to the roller while the non-magnetic part falls away from the
magnetic roller due to the influence of centrifugal force.

By this method chromite (an ore of chromium), Fe(CrO
2
)

2
, being

magnetic can be separated from the siliceous gangue. A mixture of
two minerals (one magnetic and another non-magnetic) can also be
separated by magnetic separation method. For example, wolframite,
FeWO

4
 (magnetic) and cassiterite, SnO

2
 (non-magnetic); and

similarly, rutile, TiO
2
 (magnetic) and chlorapatite, 3Ca

3
(PO

4
)

2
.CaCl

2

(non-magnetic) are separated by this method.

Fig. 3.66 Electromagnetic Separation

(iii) Froth-Floatation Process: This process is used for sulphide ores.
The process is based on the different wetting characteristics of the
ore and gangue particles with water and oil; the former is preferentially
wetted by oil and the latter by water.

The finely divided ore, mixed with water (slurry) and a small amount
of crude oil (a foaming agent) is taken in a floatation tank. The
whole mass is then agitated by parsing compressed air through it.
The oil forms a foam (or froth) with air. The ore particles which are
preferentially wetted by oil rise to the surface along with froth. On
the other hand, the gangue particles wetted by water become heavier,
settle down slowly to the bottom. As the heavy metallic material is
floated upward with the forth, this process is known as froth
floatation process. The froth carrying ore particles overflows the
floatation tank and collected into the settling tank, where the ore
particles settle down after some time.
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Fig. 3.67 Froth Floatation Process

In certain cases, other chemical compounds are also added during
the process. There regents act with as collectors, activators or
depressants.

Collectors: These compounds attach themselves by polar groups
to grains of minerals which then become water repellent and thus
pass into the froth. For example, ethyl xanthate and potassium ethyl
xanthate.

Activators and Depressants: These compounds activate or
depress the floating property of ore of the components of the ore
and thus help in the separation of different minerals present in the
same ore. Copper sulphate is an example of activate, while sodium
and potassium cyanides are the examples of depressants.

(iv) Electrostatic Concentration: This method is based upon the fact
that the particles which are good conductors of electricity become
electrically charged under the influence of an electrostatic field and
thus are repelled by the electrode carrying the like change.

This method is used for the separation of lead sulphide and zinc
sulphide which are found together in nature.

(v) Chemical Method: This method issued in cases where ore is
required in a very pure form, for example, in the concentration of
bauxite (Al

2
O

3
, an ore Al) containing ferric oxide, titanium oxide

and silica as impurities.

The finely divided powdered ore is digested with an aqueous solution of
sodium hydroxide at about 150°–170°C under pressure for several hours.
Alumina (Al

2
O

3
) present in the ore dissolves in NaOH to form soluble sodium

meta-aluminate, while the other oxides (Fe
2
O

3
, TiO

2
 and SiO

2
) remain undissolved

as insoluble red mud. The latter is removed by fitration.



Coordination Compounds,
Oxidation and Reductions

NOTES

Self - Learning
Material 139

2 3 2 2
Sod. meta-aluminate

Al O 2NaOH 2NaAlO H O

The filtrate containing sodium meta-aluminate is diluted with water and
stirred to give a precipitate of aluminium hydroxide. The latter is filtered off and
ignited to get highly pure alumina.

2 2 3
NaAlO 2H O Al OH 2NaOH

2 3 23
2Al OH Al O 3H O

Calcination and Roasting: Calcination is a process in which ore is
heated, generally in the absence of air, to expel water from a hydrated oxide
or carbon dioxide from a carbonate at temperature below their melting points.
For example,

2 3 2 2 3 2Al O 2H O Al O 2H O

2 3 2 2 3 22Fe O 3H O 2Fe O 3H O

3 2CaCO CaO CO

3 2 22
CuCO Cu OH 2CuO CO H O

Roasting is a wider term used to denote the process in which ore (usually
sulphide) alone or mixed with other materials is heated, usually in the presence
of air, at temperatures below their melting points.

2 22ZnS 3O 2ZnO 2SO

2 4ZnS 2O ZnSO

2 4CuS 2O CuSO

2 2Ag S 2NaCl 2AgCl Na S

AgCl 2Hg Ag Hg HgCl

Calcination proceeds only with the expulsion of some small molecules like
water, CO

2
, SO

2
, etc., without any other chemical change while in roasting

definite chemical changes like oxidation, chlorination, etc., take place.

Calcination and roasting are carried ort in various types of furnaces, most
important at which is reverberatory furnace.

Reverberatory Furnace: In this type of furnace, the charge is placed
on the hearth and heated by the flames deflected from its concave roof. The fuel
is placed on grate. Air supply can be controlled by vents and direct blast.
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Fig. 3.68 A Reverberatory Furnace

In reverberatory furnace, since the fuel does not come in direct contract
with the charge, it can be used for reduction as well as oxidation processes. For
reduction the material is mixed with a reducing agent like coke and heated while
for oxidation it is heated in a current of air. Thus calcination and roasting are
usually done in a reverberatory furnace. It has been used in copper, tin, lead
and wrought iron.

3. Reduction to Free Metal: The calcined or roasted are is then reduced to
the metallic state in either of the following methods.

(i) Smelting (Reduction by Carbon): The oxides of less electropositive
metals like Pb, Zn, Fe, Sn, Cu, etc., are reduced by strongly heating
them with coal or coke. Production of oxide with carbon at high
temperature is known as smelting. In practice the calorized or roasted
are is mixed with coal or coke and flux and heated in a reverberatory
or blast furnace in presence of controlled supply of air.

Blast furnace is a huge chimney like structure about 30 m high and
5-10 m in diameter. It is made of steel plated lined inside with fire
bricks. It has a double up and cone arrangement at the tap for the
introduction of charge. This arrangement prevents the exit of gases
during the charging of the furnace. The charge in led at the top and
when it is full, the cane is depressed so that the charge automatically
goes down into the furnace and subsequently the throat of the
furnace is automatically closed. Air is heated by combustion of
waste gases and a blast of this air is introduced under pressure
through 8-20 nozzles called tuyers, served by a bustle pipe which
encircles the furnace at about 2.5 m from the base. The down
coming charge mets the upward moving hot air blast.

From the furnace, the products are coming out at three places.
Molten metal is tapped from the base of the hearth, the less dense
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molten slag floating on it is tapped though the separate outlet just
above the molten metal outlet the waste gases are collected  at the
top of the furnace. The waste gases (CO + N

2
) are purified prior

to combustion.

Fig. 3.69 Blast Furnace

The temperature range in the furnace drops from about 1500°C at
the tuyers to 200–300°C at the top. Carbon and carbon monoxide
reduce the metallic oxides to the free metals, for example,

2 3Fe O 3C 2Fe 3CO

2 3 2Fe O 3CO 2Fe 3CO

Similarly,

PbO C Pb CO

2PbO CO Pb CO

The flux reacts with the impurities to form easily fusible material,
known as stag which is higher and hence forms the upper layer. The
nature of the flux used depends upon the nature of the impurity to
be removed.

(ii) Reduction by Heating in Air: The oxides and sulphides of the
less active metals like Hg, Cu and Pb are unstable to heat and
hence no reducing agent is required during their reduction. In such
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cases, the are is converted into metallic state during roasting (heating
in excess of air). For example, cinnabar (HgS) is reduced to mercury
by this method.

2 2

heat
HgS O Mg SO

Similarly, cuprous oxide formed during roasted of cuprous sulphide
(ore) and heated in a reverberatory furnace to get metallic copper.

2 2 2 22Cu S 3O 2Cu O 2SO (Roasting)

2 2 2Cu S 2Cu O 6Cu SO (Auto Reduction)

(iii) Electrolytic Reduction (Electro Metallurgy): Highly electro-
positive metals like Na, K, Ca, Mg, Al, etc., are extracted by the
electrolysis of their oxides, hydroxides or chlorides in fused state.
The metal is liberated at cathode. For example, sodium is obtained
by the electro lysis of fused NaCl.

On Fusion: NaCl Na Cl (Ions be come Mobile)

On Electrolysis: Na e Na (At Cathode)

2

Cl Cl e

Cl Cl Cl
(At Anode)

Similarly, aluminium is obtained by the electrolysis of alumina mixed
with cryolite which acts as electrolyte.

2 3 2
at Cathode at  AnodeAlu min a

2Al O 4Al 3Q

(iv) Reduction by Aluminium: Certain oxides like CrO
3
, Mn

3
O

4
, etc.,

are not satisfactorily reduced by carbon. In such cases, aluminium
is used as a reducing agent. A mixture of the metallic oxide and
aluminium powder, commonly known as thermite, is taken in a
steel crucible placed in a bed of sand. A mixture of aluminium
powder and barium peroxide (BaO

2
) is placed over the charge in

the form of a heap and magnesium wire is embedded in it. The
charge is covered by a thick layer of carbon followed by a thin
layer of feldspar to avoid loss of heat and to protect the mass from
oxidation. The magnesium ribbon which acts as a fuse is lighted. It
starts buring and in turn causes burning of the mixture.

2 3 2 3Cr O 2Al Al O 2Cr

3 4 2 33Mn O 8Al 4Al O 9Mn
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Since the reaction is highly exothermic, once it starts it goes on till
all the oxide is converted into metal.

Fig. 3.70 Alumino-Thermic Process

(v) Reduction by Precipitation (Hydrometallurgy): This method is
based on the fact that the more electropositive metals displace less
electropositive metals from their salt solutions. In practice, the
concentrated ore is suspended in a dilute solution of sodium cyanide
and air is blown through it when the silver present goes into solution
as sodium argentocyanide complex from which the metal is
precipitated by adding zinc turnings.

2 2 2
4Ag 8NaCN O air H O 4Na Ag CN 4NaOH

2
AgCl 2NaCN Na Ag CN NaCl

22 4
2Na Ag CN Zn Na Zn CN 2Ag

Similarly, copper is precipitated from copper sulphate solution by
adding iron.

4 4CuSO Fe FeSO Cu

(vi) Amalgamation Method: This method is used for the extraction of
noble metals like Ag and Au from their nature state. The finely
crushed are is brought in contact with mercury which takes up the
metal forming its amalgam. The metal is then recovered by distilling
its amalgam.



Coordination Compounds,
Oxidation and Reductions

NOTES

Self - Learning
144 Material

Fig. 3.71 Liquation Process

4. Purification or Refining: The methods obtained from the ores by any
one of the above methods are generally impure and are known as crude
metals. The crude metals obtained contains impurities like their respective
oxides, non-metals like Si or P, sulphides of metals, residual slog, flux,
etc. To remove these impurities, the crude metal is subjected to refining
or purification. Refining is done by following methods.

(i) Liquification Process: This process is used when the impurity is
less fusible than the metal itself (for example, Pb, Sn, etc.). The
impure metal is heated on the sloping hearth of a furnace. The metal
melts and flows down leaving behind the infusible material on the
hearth.

(ii) Distillation Process: This process is used for the purification of
volatile metals like Hg, Zn and Cd. The crude metal is heated in a
retort and its vapours are separately condensed in a receiver. The
pure metal distills over leaving behind the non-volatile impurities in
the retort.

(iii) Oxidation Processes: Oxidation processes are employed when
the impurities have a greater affinity for oxygen than the metal itself.
The impure metal is exposed in a molten state to air in a suitable
furnace. The oxidised impurities escape either as vapour or form
scum,

Over molten metal, which is removed by skimming. Sometimes, the
oxide of the metal (to be purified) is added to provide oxygen to
the impurities, for example, copper oxide is added to copper, and
iron oxide to steel.

(iv) Electro-Refining: Most of the metals are refined by this method.
The impure metal, in the form of blocks, is made the anode of an
electrolytic cell, while the cathode is a thin plate of the pure metal.
A solution of a soluble salt of the metal is used as the electrolyte.
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On parsing the electric current, pure metal from the anode dissolves
and in deposited an the cathode. The soluble impurities go into the
solution while the insoluble impurities settle down below the anode
as anode mud.

Check Your Progress

9. Define octahedral complexes in coordination compounds.

10.  State the electronic configuration of [CuCl4]3- ion.

11. What are the limitations of valence bond theory?

12.  What do you mean by standard oxidation potential?

13.  What do you understand by standard reduction potential?

14.  What are the features of the Latimer diagram of the coordination
complexes?

15. Define the construction process of the Frost diagram from a Latimer
diagram.

16.  Distinguish between oxidation and reduction along with the difference
between oxidising and reducing agents.

17.  Explain the significance of standard electrode potential.

18.  State the formulation to calculate the EMF of the cell by Nernst
equation.

19.  What do you understand by metallurgy and state the role of matrix in it?

20.  Differentiate between the process of calcination and roasting method for
ore extraction.

21.  Define the distillation process.

3.11 ANSWERS TO ‘CHECK YOUR PROGRESS’

1. The secondary valency possessess the following characteristics:
(i) It is equal to the coordination number of the metal.
(ii) It is satisfied either by anions or by metal molecules alone or by both.

According to the modern concept, the species satisfying the secondary
valency are called ligands.

(iii) While writing the structure of a complex compound, the species
satisfying the secondary valency and the metal are written inside the
coordination sphere. For example, in CoCl

3
.4NH

3
, since four NH

3

molecules and two Cl- ions satisfy the secondary valency of Co-atom,
its structure is written as [CoCl

2
.4NH

3
]Cl or [Co(NH

3
)

4
Cl

2
]Cl.

(iv) The secondary valencies have directional nature, since the species
satisfying the secondary valency (i.e., ligands) are directed towards
the fixed positions in space.

(v) The number of species satisfying the secondary valency gives a definite
geometry to the complex compound.
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(vi) The species satisfying the secondary valency cannot be obtained in
the free state, when the aqueous solution of the complex compound
undergoes ionization. This means that they are non-ionizable.

2. Applications of Werner’s Theory are as follows:

(i) It predicts the exact structure of each complex.

(ii) It explains why a particular metal atom and particular ligand form
different complexes. It also explains the different properties of each
complex.

(iii) It predicts the structure of different complexes with CN 4 and 6.

(iv) The last postulation of Werner’s theory did not only provide an
explanation of isomerism, but also predicted the existence of isomers
of types which had not previously been observed. Werner showed
that the complex of divalent platinum [Pt(NH

3
)

2
Cl

2
]; exists in cis- and

trans- isomers

3. To Calculate EAN of the Central Metal Atom in Complex Ions

EAN of the central metal atom/ion in a given complex ion is given by:

EAN = (Z – x) + n × y

Here Z = Atomic number of the central metal atom, x = Oxidation state of
the central metal ion, n = Number of ligands and y = Number of electrons
donated by one ligand. With the help of this formula, EAN of the central
metal atom or ion of some 2-, 4- and 6-coordinated complex ions.

4. Chelation is useful in applications, such as providing nutritional supplements,
in chelation therapy to remove toxic metals from the body, as contrast agents
in MRI scanning, in manufacturing using homogeneous catalysts, in chemical
water treatment to assist in the removal of metals, and in fertilizers. An
example of a chelate ring occurs in the ethylenediamine-cadmium complex,
Chelate, i.e., a single molecule of ethylenediamine can form two bonds to a
transition-metal ion such as nickel (II), Ni2+.

5. In this method complexes are classified into following two groups.

(i) Pefect Complexes:  These compounds retain their complex character
in solid as well as in solution state complexes, such as Ku[Fe(CN)

6
],

[Co(NH
3
)

6
] Cl

2
, [Cu(NH

3
)

4
SO

4
], K

3
[Fe(CN)

6
], etc., are included in

this type of complexes.

(ii) Imperfect Complexes: These are the coordination compounds which
remain as complexes either in solution state but not in the solid phase
or which exists as complexes in the solid phase of which exists as
complexes in the solid state but break up when dissolved in the solvent.
For example, complexes, such as K

2
[Cd(CN)

4
], [Cu(NH

3
)

2
] Cl, K

2

[CuCl
4
], K

2
[Ni(CN)4], etc., exist only in solution phase while the

complexes which exist in solid phase only are  K
2
[CoCl

4
], Cu

2
Cl

2
2CO.

6. Coordination Position Isomerism:  This type of isomerism occurs in
polynuclear complexes where the coordinating groups may be present in
the same number but may arrange themselves differently with respect to the
different metal ions present, for example,
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Thus, ammonia molecules and chloride ions are differently placed relative
to the two cobalt ions.

7. Stereoisomerism arises on account of the different arrangement of atoms or
groups in a molecule in space. These different isomers are known as
stereoisomers.

8. Following methods can be used to distinguish between cis- and trans-
isomers.

(i) Dipole Moment Method: Jensen showed that dipole moment of the
complexes (Ma

2
b

2
) is large for cis-isomers and zero for trans isomers.

But the dipole moment of trans isomers of thioether is not zero this is
due to the distortion of the complex.

(ii) Infra-Red Spectral Method: Since the dipole moment of the trans-
isomers is almost zero hence no band corresponding to this vibration
is observed in the infra-red spectrum while the cis isomers have certain
dipole moment therefore a large number of bands appeared in the
infra-red spectrum.

(iii) X-Ray Method: X-ray studies reveal that whether the complex is
tetrahedral or square planar. If the complex is square planar then we
can know the cis- and trans- isomers of the complex.

(iv) Optical Activity Measurement: Since trans isomers possess plane of
symmetry hence it cannot be resolved into optical isomers, in other
words such isomers are optically inactive. On the other hand cis isomers
are optically active.

9. In all these complex ions the coordination number of the central metal atom
or ion is six and hence these complex ions have octahedral geometry. This
octahedral geometry arises either due to d2sp3 or sp3d2 hybridization of the
central metal atom or ions octahedral complexes in which central metal
atom is d2sp3 hybridized are called inner orbital octahedral complexes, while
the octahedral complexes is which central metal atom is sp3d2 hybridized
are called outer orbital octahedral complexes.

10. [CuCl
4
]3- ion- The electronic configuration of copper atom 1s2, 2s2p6,

3s2p6d10, 4s1 and the Cu+ ion has 3d10 configuration.

11. Limitations of Valence Bond Theory

This theory is unable to explain a number of facts that are summarized below.

(i) It offers no possibility of predicting magnetic behaviour except the
number of unpaired electrons in the complex.

(ii) Complex formation of certain metal ions is totally unsatisfactory, such
as Cu2+ forms complex in a d9 species, dsp2 hybridisation is obtained
by the promotion of one 3d-electron to a higher level (4d orbital).
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Hence this should lead to ready oxidation of Cu2+ to Cu3+ a process
which occurs rarely.

(iii) The theory does not explain why a particular structure is preferred,
such as d8 ion form square planar complexes (dsp2-hybridisation) after
maximum pairing in the excited state. d8-ions may also form tetrahedral
(sp3-hybridisation) complexes which involves no excitation.

(iv) The theory offers no convincing explanation of causes of maximum
pairing.

(v) In this theory too much stress has been given on the metal ion while
the nature of the ligand is not properly stressed.

(vi) This theory cannot explain reaction rate and mechanism of the
reactions.

(vii) It does not predict any distortion in symmetrical complexes whereas
all the Cu(II) and Ti(III) complexes are distorted.

(viii) It does not explain thermodynamic properties of the complexes.

(ix) It does not attempt to explain the spectra of the complexes.

(x) It cannot explain the temperature dependent paramagnetism of the
complexes.

12. The oxidation of metals can be represented as:

ox

ovidation
M s aq M oq e E

inaquens solution

Tendency of a metal electrode to release e– is known as standard oxidation
potential.

13. The tendency of halogens to accept elections in aqueous solution to

forms hydrated ion X aq  is the standard reduction potential (E°
red

).

Reduction in
X I, l,s  Energy e X aq

aqueous solution

14. Latimer diagrams are the oldest and most compact way to represent
electrochemical equilibria for substances that have multiple oxidations
states. The numerical value of standard potential is written over a horizontal
line connecting species with the element in different oxidation states. The
most highly oxidized form of the element is on the left, and to the right,
the element is in successively lower oxidation states.

15. Construction of Frost Diagram from Latimer Diagram

Consider the Latimer diagram

1.26v 0.343

0.73

Tl Tl Tl
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0

3

Tl Tl e ; E 0.34v

Tl Tl 3e

NE0 = 2.19

The calculated NE can be plotted with oxidation number to get the Frost
diagram.

+1

NE
Tl

Tl+

Tl3+

+2 +3

Oxidation number

+4

16. Oxidation is a process which in values addition of oxygen or removal of
hydrogen, for example,

(i) S + O
2
  SO

2

] Addition of Oxygen

(ii) 2Mg + O
2
  2 MgO

(iii) HHCl + MnO
2
 MnCl

2
 + Cl

2
 + 2H

2
O

] Removal of Hydrogen

(iv) H
2
S + Cl

2
 2HCL + S

The substance which is used to carry out oxidation in called oxidising
agent. For example, in reaction (i) and (ii) O

2
 is the oxidising agent and

in reactions (iii) and (iv) MnO
2
 and Cl

2
, respectively, are oxidising agents.

So, an oxidising agent in that substance which provides oxygen or remove
hydrogen in a chemical reaction.

Reduction is a process which involves addition of hydrogen or removal
of oxygen. For example,

(i) Br
2
 + H

2
S  2HBr + S

] Addition of Hydrogen

(ii) Cl
2
 + H

2
  2HCl

(iii) CnO + C  Cn + Co

] Removal of Oxygen

(iv) Fe
2
O

3
 + 3CO   2Fe + 3CO

2

Thus, a substance which is used to carry out reduction is called reducing
agent.

17. The electrode potential developed in the half cell when an electrode is
suspended in a solution of one molar concentration of its ion at 298K is
called as standard electrode potential.
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The determination of the standard value of the potential of a simple
electrode is not possible. But it can be conveniently determined by coupling
it with Standard Hydrogen Electrode (SHE) to constitute a cell.

18. To Calculate EMF of Cell by Nernst Equation: The EMF of the cell by
Nernst equation is given by

cell cell nt

M s2.303RT
E E log

nF M

Where,

E°
cell

= Standard EMF of the Cell for 1M Solution of the Metal
Ion, Mn+(aq), at 298K.

R = Gas Constant (8.314T JK–1 mole–1)

T = Temperature in Kelvin

n = Number of Electrons Invalued in the Cell Reaction

M = Molar Concentration

F = Faraday Constant of Electricity, i.e., 96500 Coulomb
Change

19. The process of extracting a metal in pure form from its ores is known as
metallurgy. The ore is generally associated with earthy impurities, like
sound, rocks and limestone known as gangue or matrix.

20. Calcination is a process in which ore is heated, generally in the absence of
air, to expel water from a hydrated oxide or carbon dioxide from a carbonate
at temperature below their melting points. For example,

2 3 2 2 3 2Al O 2H O Al O 2H O

2 3 2 2 3 22Fe O 3H O 2Fe O 3H O

3 2CaCO CaO CO

3 2 22
CuCO Cu OH 2CuO CO H O

Roasting is a wider term used to denote the process in which ore (usually
sulphide) alone or mixed with other materials is heated, usually in the
presence of air, at temperatures below their melting points.

2 22ZnS 3O 2ZnO 2SO

2 4ZnS 2O ZnSO

2 4CuS 2O CuSO

2 2Ag S 2NaCl 2AgCl Na S

AgCl 2Hg Ag Hg HgCl
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Calcination proceeds only with the expulsion of some small molecules like
water, CO

2
, SO

2
, etc., without any other chemical change while in roasting

definite chemical changes like oxidation, chlorination, etc., take place.

21. Liquification Process: This process is used when the impurity is less
fusible than the metal itself (for example, Pb, Sn, etc.). The impure metal
is heated on the sloping hearth of a furnace. The metal melts and flows
down leaving behind the infusible material on the hearth.

3.12 SUMMARY

 Alfred Werner was the first to put forward in 1893 about the theory of
coordination compounds, followed by Sidgwick’s theory, valence bond
theory and molecular orbital theory.

 The central metal atom possess two types of valencies, namely Primary
(principal) or Ionizable and Secondary (auxiliary) or Non-Ionizable valency.

 While writing the structure of a complex compound, the species satisfying
the secondary valency and the metal are written inside the coordination
sphere. For example, in CoCl

3
.4NH

3
, since four NH

3
 molecules and two

Cl- ions satisfy the secondary valency of Co-atom, its structure is written as
[CoCl

2
.4NH

3
]Cl or [Co(NH

3
)

4
Cl

2
]Cl.

 In modern terminology, the primary valency of the metallic atom in a complex
compound is equal to the oxidation state (or oxidation number) of that metal,
for example, the primary valency of Co-atom in all the four Co(III) ammines
is equal to +3.

 The anions satisfying the primary valency are written outside the coordination
sphere while the anions which satisfy both the valencies (dual character) are
written inside the coordination sphere. Thus the species satisfying primary
valency may be present inside and/or outside the coordination sphere.

 The structures of Co(III) ammines, viz., CoCl
3
.6NH

3
, CoCl

3
.5NH

3
,

CoCl
3
.4NH

3
 and CoCl

3
.3NH

3
 can be well explained with the help of

Werner’s theory.

 Werner’s theory of coordination compounds of Co(III) and Pt (IV) with
ammonia explains different number of ionisable chloride ions in different
complexes. He was also able to assign correctly whether a particular chloride
ion only satisfied the primary valency or it had a dual role.

 Sidgwick Suggested that after the ligands have donated a certain number of
electrons to the central metal ion through L  M bonding, the total number
of electrons on the central atom, including those gained from ligands in the
bonding, is called the Effective Atomic Number (EAN) of the central metal
ion and in many cases this total number of electrons (i.e., EAN) surrounding
the coordinated metal ion is equal to the atomic number of the inert gas
which follows the central metal atom in the periodic table. This is called
Effective Atomic Number Rule or Noble Gas Rule.

 The donation of electron pairs to a central cation would produce an
improbable accumulation of negative charge on this ion, for example, in the
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case of [Co(NH
3
)

6
]3+ the donation of six electron pairs from the six nitrogen

atoms of the ammonia molecules to the cobalt would cause the latter to
become negative with respect to ammonias. Such a condition is unlike.

 The lone pairs of electrons that is being donated in many cases, (for example,
H

2
O, NH

3
, amines, and many other neutral molecules) are 2s2 pairs. Since

these electron pairs have no bonding characteristics, they must be excited
to a higher level where it might have bonding character. But since the
excitation would require more energy than is usually available in bond
formation, it does not appear as a correct solution to the problem.

 Chelate, any of a class of coordination or complex compounds consisting
of a central metal atom attached to a large molecule, called a ligand, in a
cyclic or ring structure. A chelate is a chemical compound composed of a
metal ion and a chelating agent.

 Chelation is a type of bonding of ions and molecules to metal ions. It involves
the formation or presence of two or more separate coordinate bonds between
a polydentate (multiple bonded) ligand and a single central atom.

 The complex ions, such as [Cd(CN)
4
]2- and [Co(NH

3
)

6
]2+ constitue normal

complexes because in solution sufficient Cd2+ and Co2+ ions will exist and
can be detected with suitable reagents and test.

 The penetration complexes are characterized by a short bond distance
between the central ion and donor groups, deep seated electronic
arrangement and are not readily and reversibly dissociated either in the
solid or in solution state.

 Pefect Complexes:  These compounds retain their complex character in
solid as well as in solution state complexes, such as Ku[Fe(CN)

6
],

[Co(NH
3
)

6
] Cl

2
, [Cu(NH

3
)

4
SO

4
], K

3
[Fe(CN)

6
], etc., are included in this

type of complexes.

 Imperfect Complexes: These are the coordination compounds which remain
as complexes either in solution state but not in the solid phase or which
exists as complexes in the solid phase of which exists as complexes in the
solid state but break up when dissolved in the solvent.

 The cation is named first and then the anions in accordance with the usual
nomenclature rules applied to ionic salts.

 It the name of the ligand ends in ‘ide’ change ide into o, and if ends in ‘ate’
or ‘ite’ change the e into o. the neutral ligands have no special ending.

 The prefixes di(2), tri(3), tetra(4), penta(5), hexa (6), hepta (7), octa (8),
nona (9) and deca (10) are used to indicate the number of ligands of that
type.

 The terms cis and trans are used to designate adjacent position and opposite
position, respectively, for the complexes.

 The optically active complexes are designated by (+) and (–) or by d or l–,
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 Coordination compounds not only possess usual isomerism but also give
rise to unusual isomerism which occurs only in these compounds.

 The compounds which have the same stoichiometric composition but on
ionization give different ions in solution are called ionization isomers. This
type of isomerism is found in compounds where both the cation and anion
are coordinated. This is caused by the interchange of ligands between the
complex ions.

 Certain ligands contain more than one atom which could donate an electron
pair. Such ligands can coordinate to the metal atom through any of their
donor atoms and hence are given different names corresponding to the
nature of donor atom linked to the metal atom. Such ligands are called
ambidentate or ambident ligands.

 Stereoisomerism in inorganic compounds relates to the central atoms having
coordination number 2 to 9. Spatial arrangements for central atoms with
coordination numbers 2 to 9 have observed in metal complexes but
coordination numbers 4 and 6 are more common. Whereas, the four
coordination number may give rise to either the square planar or tetrahedral
complexes, the six coordination number gives rise only to octahedral
complexes. Stereoisomeriem is also called spaceisomerism.

 A regular octahedron has eight faces and six equivalent vertices. In an
octahedral complex the metal is at the centre and the ligands are placed at
the vertices.

 An important example of geometrical isomerism in (Ma
4
b

2
)n± is

Dichlorotetraammine Cobalt (III) ion, [Co(NH
3
)6 Cl]+. This complex exists

in cis- and trans-isomers. In the cis-form the two Cl- ions are in (any) two
adjacent positions whereas in the trans form the two Cl- ions are in (any)
two opposite positions.

 Dipole Moment Method: Jensen showed that dipole moment of the
complexes (Ma

2
b

2
) is large for cis-isomers and zero for trans isomers. But

the dipole moment of trans isomers of thioether is not zero this is due to the
distortion of the complex.

 Optical Activity Measurement: Since trans isomers possess plane of
symmetry hence it cannot be resolved into optical isomers, in other words
such isomers are optically inactive. On the other hand cis isomers are optically
active.

 The isomer which rotates the plane of polarized light towards left, i.e., in
anticlockwise direction is termed as laevorotatory or l-from. This form is
also represented by putting –ve sign before its name or formula.

 Optical isomerism is rarely observed in square planar complexes because
they have all the four ligands and the central metal ion is the same plane and
hence possess a plane or axis of symmetry.

 The central metal ion has a number of empty orbitals for accommodating
electrons donated by the ligands. The number of empty orbitals is equal to
the coordination number of the metal ion for the particular complex.
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 The d-orbitals involved in the hybridization may be either inner (n – 1) d
orbitals or outer nd-orbitals. The complexes formed in these two ways are
referred to as low spin and high spin complexes, respectively.

 Complexes with coordination number 4 may either have square planar or
tetrahedral geometry depending on whether the central metal atom is dsp2

or sp3 hybridized.

 Latimer diagrams are the oldest and most compact way to represent
electrochemical equilibria for substances that have multiple oxidations states.
The numerical value of standard potential is written over a horizontal line
connecting species with the element in different oxidation states. The most
highly oxidized form of the element is on the left, and to the right, the element
is in successively lower oxidation states.

 Oxidation is defined as a process which involves in loss of electrons by an
atom or an ion. The loss of electrons may result in increase in positive
charge or decrease in negative charge.

 Reduction is defined as a process which involves in gain of electrons by an
atom or an ion. The gain of electrons may result in decrease in positive
charge or increase in negative charge reduction.

 The oxidation number is defined as the charge which an atom appears to
possess when all other atoms are removed from it a ions. Oxidation number
of an atom can be zero, positive, negative as a fraction. For the same atom,
oxidation number various from compound and thus it differs from valency.

 An electrolyte may be defined as the substance which is in the form of its
solution or in fused state conducts electricity and simultaneously undergoes
chemical decomposition. On the contrary, the substances which in the form
of their solution or in their molten (fused) state do not conduct electricity
are called non-electrolytes, for example, all organic compounds and pure
water.

 It is a device in which chemical energy of a redox reaction is converted into
electrical energy.

 The electrode potential developed in the half cell when an electrode is
suspended in a solution of one molar concentration of its ion at 298K is
called as standard electrode potential.

 The determination of the standard value of the potential of a simple
electrode is not possible. But it can be conveniently determined by coupling
it with Standard Hydrogen Electrode (SHE) to constitute a cell.

 The arrangement of metal ions in order of increasing values of standard
reduction potentials is known as electrochemical series

 Calculation of standard EMF of Cell (E°
Cell

): Frame the standard electrode
potential data of the two half cells, the standard EMF can be calculated
as follows:

E°
Cell

 = E°
Cathode

 — E°
Anode
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 To Calculate EMF of Cell by Nernst Equation: The EMF of the cell by
Nernst equation is given by

cell cell nt

M s2.303RT
E E log

nF M

 To Calculate the Redox Potential and Free Energy Change: The electrical
work is equal to the product of EMF of the cell and the electrical change
that flows through the external circuit.

W
max

 = nF E
cell

(1)

Where,

n = Number of Moles of Electrons Transferred through the Wire

F = One Faraday, i.e., 96500 Coulombs

E
cell

= EMF of the Cell

 The process of extracting a metal in pure form from its ores is known as
metallurgy. The ore is generally associated with earthy impurities, like
sound, rocks and limestone known as gangue or matrix.

 Froth-Floatation Process: This process is used for sulphide ores. The
process is based on the different wetting characteristics of the ore and
gangue particles with water and oil; the former is preferentially wetted by
oil and the latter by water.

 Activators and Depressants: These compounds activate or depress the
floating property of ore of the components of the ore and thus help in the
separation of different minerals present in the same ore. Copper sulphate
is an example of activate, while sodium and potassium cyanides are the
examples of depressants.

 Calcination is a process in which ore is heated, generally in the absence
of air, to expel water from a hydrated oxide or carbon dioxide from a
carbonate at temperature below their melting points. For example,

2 3 2 2 3 2Al O 2H O Al O 2H O

2 3 2 2 3 22Fe O 3H O 2Fe O 3H O

 Reverberatory Furnace: In this type of furnace, the charge is placed on
the hearth and heated by the flames deflected from its concave roof. The
fuel is placed on grate. Air supply can be controlled by vents and direct
blast.

 Reduction by Precipitation (Hydrometallurgy): This method is based on
the fact that the more electropositive metals displace less electropositive
metals from their salt solutions. In practice, the concentrated ore is
suspended in a dilute solution of sodium cyanide and air is blown through
it when the silver present goes into solution as sodium argentocyanide
complex from which the metal is precipitated by adding zinc turnings.

 Amalgamation Method: This method is used for the extraction of noble
metals like Ag and Au from their nature state. The finely crushed ore is
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brought in contact with mercury which takes up the metal forming its
amalgam. The metal is then recovered by distilling its amalgam.

 The crude metals obtained contains impurities like their respective oxides,
non-metals like Si or P, sulphides of metals, residual slog, flux, etc.

3.13 KEY TERMS

 Chloride ion activity: Werner’s theory of coordination compounds of
Co(III) and Pt (IV) with ammonia explains different number of ionisable
chloride ions in different complexes.

 Effective Atomic Number (EAN): When the Ligands have donated a
certain number of electrons to the central metal ion through L  M bonding,
the total number of electrons on the central atom, including those gained
from ligands in the bonding, is called the Effective Atomic Number (EAN)
of the central metal ion and in many cases this total number of electrons
(i.e., EAN) surrounding the coordinated metal ion is equal to the atomic
number of the inert gas which follows the central metal atom in the periodic
table.

 Chelate: Chelate is any of a class of coordination or complex compounds
consisting of a central metal atom attached to a large molecule, called a
ligand, in a cyclic or ring structure, i.e., a chelate is a chemical compound
composed of a metal ion and a chelating agent.

 Chelation: Chelation is a type of bonding of ions and molecules to metal
ions. It involves the formation or presence of two or more separate coordinate
bonds between a polydentate (multiple bonded) ligand and a single central
atom.

 Perfect complexes:  These compounds retain their complex character in
solid as well as in solution state complexes, such as Ku[Fe(CN)6],
[Co(NH3)6] Cl2, [Cu(NH3)4SO4], K3[Fe(CN)6], etc. These complexes
are termed as perfect complexes.

 Imperfect complexes: These are the coordination compounds which
remain as complexes either in solution state but not in the solid phase or
which exists as complexes in the solid phase of which exists as complexes
in the solid state but break up when dissolved in the solvent.

 Isomers: Two or more compounds with the same formula but different
arrangements of the atoms are called isomers.

 Ionization isomerism: The compounds which have the same stoichiometric
composition but on ionization give different ions in solution are called
ionization isomers.

 Coordination isomerism: This type of isomerism is found in compounds
where both the cation and anion are coordinated. This is caused by the
interchange of ligands between the complex ions.
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 Stereoisomerism: Stereoisomerism arises on account of the different
arrangement of atoms or groups in a molecule in space. These different
isomers are known as stereoisomers.

 Geometrical isomerism: This type of isomerism arises due to ligands
occupying different positions around the central ion. These positions may
be either adjacent to one another (cis) or opposite to each other (trans), so
it is also known as cis-trans isomerism.

 Optical isomerism: This type of isomerism occurs mainly in transition metal
complexes, typically in molecules having an asymmetric atom, i.e., it can
exist it two forms that are mirror images of each other, just as the right hand
and left hand. The two forms are identical in all respects. The only difference
is that while the one rotates plane of polarized light to the left while the other
does so to the right.

 Latimer diagrams: These are the oldest and most compact way to
represent electrochemical equilibria for substances that have multiple
oxidations states. The numerical value of standard potential is written over
a horizontal line connecting species with the element in different oxidation
states. The most highly oxidized form of the element is on the left, and to the
right, the element is in successively lower oxidation states.

 Electrodes: Electrodes may be defined as the rods, plates or foils through
which electric current enter or leave the electrolyte. The electrode connected
to negative terminal of the battery is called cathode, while the electrode
which is connected to the positive terminal of the battery is called anode.

 Galvanic cell: Galvanic cell is a device in which chemical energy of a

redox reaction is converted into electrical energy.

3.14 SELF-ASSESSMENT QUESTIONS AND
EXERCISES

Short-Answer Questions

1. Give definitions and specific properties of coordination compounds.

2. What do you mean by the term Werner’s coordination theory?

3. Explain about the Werner’s coordination theory and its experimental
verification.

4. What is Effective Atomic Number?

5. State the properties of chelates.

6. How the nomenclature of coordination compounds is done?

7. Explain about the isomerism in coordination compounds.

8. Elaborate on valence bond theory of transition metal complexes.

9. Why redox potential data is used?

10. How the analysis of redox cycle is done?

11. Define the redox stability in water.
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12. Why the Frost, Latimer and Pourbaix diagrams are used?

13. What is the significance of extraction of elements?

14. Explain the principles involved in the extraction of elements.

Long-Answer Questions

1. Elaborate on the concept of coordination compounds giving appropriate
examples.

2. Briefly describe the Werner’s coordination theory and its experimental
verification giving relevant examples.

3. Explain the evidences and applications of Werner’s coordination theory.

4. Discuss about the effective atomic number concept with the help of
appropriate examples.

5. Explain the concept of chelates and chelation giving appropriate examples.

6. Discuss about the nomenclature of coordination compounds giving
appropriate examples.

7. What are isomerism compounds? Describe the method of isomerism in
coordination compounds giving appropriate examples.

8. Elaborate on the significance of valence bond theory of transition metal
complexes with the help of relevant examples.

9. Explain briefly about the usage of redox potential data with the help of
examples.

10. How the analysis of redox cycle is done? Support your answer with the
help of examples.

11.  What is the significance of Frost, Latimer and Pourbaix diagrams? Support
your answer giving examples.

12.  Explain the oxidation and reduction concept giving appropriate reactions
and examples.

13.  Briefly explain the significance of Galvanic cell and standard electrode
potential giving appropriate figures and examples.

14.  Discuss briefly about the extraction process of elements giving appropriate
figures and examples.

15.  Elaborate on the principles involved in the extraction process and metallurgy
of elements. Support you answer by giving appropriate examples.
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UNIT 4 CHEMISTRY OF LANTHANIDES
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4.11 Comparative Assessments of Actinides and Lanthanides
4.12 Answers to ‘Check Your Progress’
4.13 Summary
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4.0 INTRODUCTION

In presentations of the periodic table, the lanthanides and the actinides are
customarily shown as two additional rows below the main body of the table, with
placeholders or else a selected single element of each series (either lanthanum and
actinium, or lutetium and lawrencium) shown in a single cell of the main table,
between barium and hafnium, and radium and rutherfordium, respectively. This
convention is entirely a matter of aesthetics and formatting practicality; a rarely
used wide-formatted periodic table inserts the lanthanide and actinide series in
their proper places, as parts of the table’s sixth and seventh rows or periods.

The lanthanide or lanthanoid series of chemical elements comprises the 15
metallic chemical elements with atomic numbers 57–71, from lanthanum through
lutetium. These elements, along with the chemically similar elements scandium and
yttrium, are often collectively known as the rare earth elements. The informal
chemical symbol ‘Ln’ is used in general discussions of lanthanide chemistry to
refer to any lanthanide. All but one of the lanthanides are f-block elements,
corresponding to the filling of the 4f electron shell; depending on the source, either
lanthanum or lutetium is considered a d-block element, but is included due to its
chemical similarities with the other 14. All lanthanide elements form trivalent cations,
Ln3+, whose chemistry is largely determined by the ionic radius, which decreases
steadily from lanthanum to lutetium.

They are called lanthanides because the elements in the series are chemically
similar to lanthanum. Both lanthanum and lutetium have been labelled as Group 3
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elements, because they have a single valence electron in the 5d shell. However,
both elements are often included in discussions of the chemistry of lanthanide
elements. Lanthanum is the more often omitted of the two, because its placement
as a Group 3 element is somewhat more common in texts and for semantic reasons,
since ‘Lanthanide’ means ‘Like Lanthanum’, it has been argued that lanthanum
cannot logically be a lanthanide, but IUPAC acknowledges its inclusion based on
common usage. Lanthanides are used in optical devices, such as night vision goggles,
petroleum refining, and alloys.

The actinoid (as per the IUPAC nomenclature, also called actinide) series
encompasses the 15 metallic chemical elements with atomic numbers from 89 to
103, actinium through lawrencium. The actinoid series derives its name from the
first element in the series, actinium. The informal chemical symbol ‘An’ is used in
general discussions of actinoid chemistry to refer to any actinoid. Strictly speaking,
actinium has been labelled as Group 3 element, but is often included in any general
discussion of the chemistry of the actinoid elements. Since ‘Actinoid’ means
‘Actinium Like’ (cf. humanoid or android), it has been argued due semantic reasons
that actinium cannot logically be an actinoid, but IUPAC acknowledges its inclusion
based on common usage.

All but one of the actinides are f-block elements, with the exception being
either actinium or lawrencium. The series mostly corresponds to the filling of the
5f electron shell, although actinium and thorium lack any 5f electrons, and curium
and lawrencium have the same number as the preceding element. In comparison
with the lanthanides, also mostly f-block elements, the actinides show much more
variable valence. They all have very large atomic and ionic radii and exhibit an
unusually large range of physical properties. While actinium and the late actinides
(from americium onwards) behave similarly to the lanthanides, the elements thorium,
protactinium, and uranium are much more similar to transition metals in their
chemistry, with neptunium and plutonium occupying an intermediate position.

All actinides are radioactive and release energy upon radioactive decay;
naturally occurring uranium and thorium, and synthetically produced plutonium are
the most abundant actinides on Earth. These are used in nuclear reactors and nuclear
weapons. Uranium and thorium also have diverse current or historical uses, and
americium is used in the ionization chambers of most modern smoke detectors.

In this unit, you will study about the chemistry of lanthanide elements,
electronic structure, oxidation states, ionic radii and lanthanide contraction, complex
formation, occurrence and isolation, lanthanide compounds, general features and
chemistry of actinides, separation of Np, Pu and Am from U, similarities between
the later lanthanides and the later actinides.

4.1 OBJECTIVES

After going through this unit, you will be able to;

 Explain the chemistry of lanthanide elements

 Analyse the electronic structures, oxidation states and ionic radii of
lanthanides
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 Discuss what the lanthanide contraction is

 State the complex formation, occurrence and isolation of lanthanide
compounds

 Describe the significance and chemistry of actinides

 Elaborate on the general features of actinides

 Understand the chemistry of separation of Np, Pu, and Am from U

 Evaluate the similarities between the later lanthanides and the later actinides

4.2 CHEMISTRY OF LANTHANIDE ELEMENTS

The lanthanide or lanthanoid series of chemical elements comprises the 15 metallic
chemical elements with atomic numbers 57–71, from lanthanum through lutetium.
These elements, along with the chemically similar elements scandium and yttrium,
are often collectively known as the rare earth elements. The informal chemical symbol
‘Ln’ is used in general discussions of lanthanide chemistry to refer to any lanthanide.

In Lanthanide elements, the differentiating electron enters 4f-orbitals. This
series starts with Lanthanum (z = 57) and the next fourteen elements (z = 58 to
71). If this definition is strictly followed, only thirteen elements from Ce

58
(4f1 5d1

6s2) to Yb
70

(4f13 5d1 6s2) should be the members of this series because Lanthanum
La

57
 (5f0 5d1 6s2) and Lutetium Lu

71
(4f14 5d1 6s2) are having either completely

empty or completely filled f-orbital. However, the fourteen elements from Ce
58

 to
Lu

71
 are generally regarded as 4f-block elements. As the number of electrons in

the outermost, as well as in the penultimate shells remains the same, the fourteen
elements resemble one another.

The 4f elements are also called lanthanides, lanthanons or Rare Earth. The
first two names are given due to their resemblance to lanthanum.

Klemm has divided lanthanides into two groups of seven elements each.
These are

(i) From Ce (58) to Gd (64)

(ii) From Tb (65) to Lu (71)

In case of (i) The half-filling of 4f-orbitals takes place and in case of (ii) The
pairing of electrons in the ‘f’ sub-shell takes place.

The name Rare Earth was given to them because they were originally
extracted from oxides for which ancient name was Earth and which were considered
to be Rare. The term Rare Earth is avoided now because many of these elements
were divided into following three groups.

(i) Cerium Group: It includes Ce, Pr, Nd and Sm in addition to La; Pm
is not included in this family. The double sulphates of these elements
with K

2
SO

4
 are soluble in water but these are insoluble in cold saturated

solution of H
2
SO

4
.

(ii) Terbium Family: Eu, Gd and Tb are included in this family. The
double sulphates of these elements with K

2
SO

4
 are moderately soluble

in cold saturated solution of K
2
SO

4
.
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(iii) Yttrium Family: Dy, Ho, Er, Tm, Y, Yb, Lu are included in this family.
The double sulphates of these elements with K

2
SO

4 
are soluble in

cold saturated solution of K
2
SO

4
.

4.3 ELECTRONIC STRUCTURE OF
LANTHANIDE ELEMENTS

The electronic configuration of La
57

 which is followed by 14 Lanthanides is [X3]
54

4f0

5d1 6s2 in which 5d sub-shell is singly-filled and 4f sub-shell is vacant. We move
in the series of 14 lanthanides (Ce

58 
 to Lu

71
), the additional electron should occupy

the vacant 4f orbitals and 5d orbitals should remain singly-filled, i.e., the expected
configurations of the atoms of lanthanides should be those in which 5d orbitals are
singly-filled and 4f orbitals are progressively filled up with electrons. In other words,
we can say that the expected configuration of the atoms of lanthanides should be
[Xe]

54
 4f1–14 5d1 6s2. But, since the energies of 5d and 4f orbitals are closely

similar, in all the lanthanides, excepting Gd
64

, and Lu
71

, 5d1 electron gets shifted to
4f orbitals and hence 5d orbitals remain vacant. In Gd

64
, the shifting of 5d1 electron

to 4f orbitals does not take place, since this type of shifting gives unstable
configuration, viz., [Xe]

54
 5f85d06s2 to Gd64. In Lu

71
 the shifting of 5d1 electron to

4f orbitals is also not possible because 4f orbitals are already filled to their maximum
capacity of 14 electrons.

Observed (Actual) as well as expected configuration of lanthanide atoms are
given in Table 4.1. The configuration of La

57
 is also given. [Xe]

54
  = 2, 8, 18, 18, 8.

Table 4.1 Expected and Observed (Actual)
Electronic Configurations of Lanthanide Atoms

Lanthanide 
Element 

Expected 
Configuration 

Observed (Actual) 
Configuration 

Lanthanum, La57 [Xe]54 4f1 5d0 6s2 [Xe]54 4f0 5d1 6s2 

Cerium, Ce58 [Xe]54 4f1 5d1 6s2 [Xe]54 4f2 5d0 6s2 

Praseodymium, Pr59 [Xe]54 4f2 5d1 6s2 [Xe]54 4f3 5d0 6s2 

Neodymium, Nd60 [Xe]54 4f3 5d1 6s2 [Xe]54 4f4 5d0 6s2 

Promethium, Pm61 [Xe]54 4f4 5d1 6s2 [Xe]54 4f5 5d0 6s2 

Samarium, Sm62 [Xe]54 4f5 5d1 6s2 [Xe]54 4f6 5d0 6s2 

Europium, Eu63 [Xe]54 4f6 5d1 6s2 [Xe]54 4f7 5d0 6s2 

Gadolinium, Gd64 [Xe]54 4f7 5d1 6s2 [Xe]54 4f7 5d1 6s2 

Terbium, Tb65 [Xe]54 4f8 5d1 6s2 [Xe]54 4f9 5d0 6s2 

Dysprosium, Dy66 [Xe]54 4f9 5d1 6s2 [Xe]54 4f10 5d0 6s2 

Holmium, Ho67 [Xe]54 4f10 5d1 6s2 [Xe]54 4f11 5d0 6s2 

Erbium, Er68 [Xe]54 4f11 5d1 6s2 [Xe]54 4f12 5d0 6s2 

Thulium, Tm69 [Xe]54 4f12 5d1 6s2 [Xe]54 4f13 5d0 6s2 

Ytterbium, Yb70 [Xe]54 4f13 5d1 6s2 [Xe]54 4f14 5d0 6s2 

Lutetium, Lu71 [Xe]54 4f14 5d1 6s2 [Xe]54 4f14 5d1 6s2 
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4.4 OXIDATION STATES OF LANTHANIDE
ELEMENTS

In Lanthanides, the principal oxidation state is +3 although these also show +2
and +4 oxidation states (Refer Table 4.1). The +3 is the most stable oxidation
state for all the Lanthanides since some of the M2+ and M4+ Cations are converted
into M3+ ions, for example, Sm2+ is a good reducing agent while Ce4+ is a good
oxidising agent, since both these ions are converted into M3+ ions which are the
most stable ions. This is evident from the following reactions:

2Sm2+ + 2H
2
O  2Sm3+ + 2OH– + H2

(H = +1)                          (H = 0)

Ce4+ + Fe2+ Ce3+ + Fe3+

For some lanthanides, +2, +3 and +4 oxidation states are explained on the
basis of the fact that M2+ and M4+ ions attain 4f 0, 4f 7 and 4f 14 configurations,
respectively, which are very stable configurations. For example,

(i) La and Ce attain 4f 0 configuration when they are in +3 and +4 oxidation
states, respectively.

   La3+ = [Xe]
54 

4f 0;   Ce4+ = [Xe]
54

 4f 0

(ii) Eu, Gd and Tb get 4f 7 configuration in +2 and +3 oxidation states,
respectively.

  Eu2+ = [Xe]
54 

4f 7;   Gd3+ = [Xe]
54

 = 4f 7; Tb4+ = [Xe]
54

 4f 7

(iii) Yb and Lu show +2 and +3 oxidation states, since these oxidation
states have 4f 14 configuration.

     Yb2+ = [Xe]
54 

4f 14; Lu3+ = [Xe]
54

 4f 14

Oxidation Potential and Oxidation States

The ease of formation of the various oxidation states in solution can be revealed
by the values of the standard electrode potential, E0. These values for different
couples of lanthanides, such as,  Ln0  Ln3+. + 3e–, Ln2+  Ln3+ + e— and
Ln3+  Ln4+ + e–, for 1M Per Chloric Acid at 25C are shown in Table 4.2. Here
Ln represents the elemental Lanthanide, such as, Ln2+, Ln3+ and Ln4+ refers to its
di–, tri– and tetra positive ions, respectively.

Table 4.2 Various Oxidation States Shown by Lanthanides and Standard Oxidation
Potentials, E (in Volts) for Various Couples of Lanthanide Elements

in 1M Per Chloric Acid at 25°C.

Lanthanide 
Elements 

Oxidation States (Less 
Stable States are 

shown in Brackets) 

E* Values (in Volts) for Various 
Coupling (Estimated Values are given 

in Brackets) 

La57         + 3 La0/La3+ = 2.52 volts 

Cc58         + 3,           (+4) Ce0/Ce3+ = 2.48 

Pr59         + 3,           (+4) Pr0/Pr3+ = 2.46, Pr3+/Pr4+ = –1.74 

Nd60         +2             +3 Nd0/Nd3+ = 2.43, Nd3+/Nd4+ = (–2.86) 
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Pm61         +3 Pm0/Pm3+ = (2.42) 

Sm62       (+2)            +4 Sm0/Sm3+ = 2/41, Sm2+/Sm3+ = 1.55 

Eu63       (+2),           +3 Eu0/Eu3+ = 2.40, Eu2+/Sm3+ = 0.43 

Gd64         +3 Gd0/Gd3+ =2.39 

Tb65          +3,           (+4) Tb0/Tb3+ = 2.39 

Dy66           +3,          (+4)  Dy0/Dy3+ = 2.35 

Ho67            +3 Ho0/Ho3+ = 2.32, Ho2+/Ho3+ = 0.57 

Er68            +3 Er0/Er3+ = 2.30 

Tm69          (+2),         +3 Tm0/Tm3+ = 2.28 

Yb70           (+2),         +3 Yb0/Yb3+ = 2.27, Yb2+/Yb3+ = 1.15 

Lu71             +3 Lu0/Lu3+ = 2.25 

From the Table 4.2 we can conclude:

(i) The high positive values of the oxidation electrode potentials for the
couple Ln* (s)   Ln3+(Aq) + 3e– reveal that the elemental
lanthanides are powerful reducing agents, i.e., oxidation of the
lanthanide metals to the tri-positive state takes place readily and
vigorously. The gradual decrease, though very slow, in the values of
E* reveals very slight decrease in chemical activity from one element
to the next one.

(ii) The enhanced stabilities associated with the empty, half-filled and
completely filled 4f-orbitals is also revealed by these values. Thus
Ce3+ (4f) is much less readily reduced to the tri-positive ion. Ce3+(4f1)
than Pr4+ ion (4f1). Furthermore, the 4f7 species (for example, Eu2+

ion) and the 4f14 species (for example, Yb2+ ion) are the weakest
reducing agents of the di-positive species.

(iii) The values of E* for couple Ln*(s) Ln3+(Aq) +3e– get decreased
with the increase of atomic number, as is evident from Table 4.2. The
high values of E* have been found to be in accordance with the electro-
positive character of lanthanides. The decrease in the values of E*

with the increase in atomic number (i.e., a decrease in the electro-
positive character) is evidently inconsistent with the corresponding
decrease in the ionic radius, i.e., lanthanide contraction (to be described
subsequently).

+3 Oxidation States of Lanthanides

Lanthanides, in general behave like active metals. Their electrode potential values
are comparable to those of Alkaline Earth Metals.

Nearly all the known amines form compounds with Lu3+ cation. These
compounds are stable in solid as well as in solution state. Compounds of Lu3+ with

the amines, such as OH–, 2 2 2
3 4 2 4 3CO ,SO ,C O , NO , etc., get decomposed on

heating, yield first basic salt and finally oxides.

1. Oxides, Ln
2
O

3
: The oxides Ln

2
O

3
 get formed by heating the metal in

oxygen or by the thermal decomposition of the Ln(OH)
3
 as oxy salts like
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Ln
2
(CO

3
)

3
 and Ln (NO

3
)

3
. The oxides have been found to resemble those

of alkaline earth oxides. All the oxides are almost in soluble in water. They
absorb CO

2
 and H

2
O from air to form carbonates and hydroxides,

respectively.

2. Hydroxides, Ln (OH)
3
: The hydroxides get precipitated as gelatinous

precipitates from aqueous of these hydroxides on the addition of an alkali
or ammonia to their salts has been found to be as - Sc, Lu, Yb, Tm, Er, Ho,
Dy, Tb, Sm, Gd, Eu, Y, Nd, Pr, Ce, La.

These hydroxides are not amphoteric. These are definite compounds having
hexagonal structure and are not merely hydrous oxides. They absorb CO

2

to from normal carbonates.

The oxides and hydroxides are basic. Their basicity gets decreased with
increasing atomic number. Thus La

2
O

3
 and La(OH)

3
 are the most basic

where as Lu
2
O

3
 is a strong base and slakes like CaO on addition of water.

The hydroxides get decomposed on heating to form oxides.

3. Oxy Salts: Lanthanide salts of most oxy acids (called oxy salts) Like
Sulphates, Nitrates, Perchlorates, Bromates, etc., are also known. These
are generally soluble and crystalize as Hydrates. It is possible to prepare
soluble oxy salts, such as Sulphates, Nitrates and Perchlorates by dissolving
the Oxides, Hydroxides or Carbonates in the appropriate Oxy Acids. From
the solution, hydrated salts can be crystallized out. The nitrates are often
deliquescent and crystallize with 6H

2
O. Solutions of oxy salts yield hydrated

cations, [Ln (H
2
O)

x
]3+ which tend to undergo slight hydrolysis in aqueous

solution:

[Ln (H
2
O

2
)

x
]3+ + H

1
O  [Ln(H

2
O)

x–1
 (OH)]2+ + H

3
O+

The smaller is the ionic radius of Ln3+ ion, the greater would be the tendency
of the ion, [Ln (H

2
O)

x
]3+, to hydrolyze.

Hence the tendency of the [Ln (H
2
O)

x
]3+ ion to hydrolyze gets increase with

increasing atomic number, because on passing from La3+ to Lu3+ there is
contraction in their ionic radii.

4. Halides, LnX
3
: Fluorides get precipitated by the additions of HF or a

soluble fluoride to a LnIII
 
salt solution. The fluorides of heavier lanthanides

are sparingly soluble in HF because of the formation of Fluoro-complexes.

It is possible to prepare the anhydrous chlorides by the direct combination
of the elements on heating. These are best prepared by heating the oxides
with Carbonyl Chloride (COCl

2
) or NH

4
Cl.

LN
2
O

3
 + 3COCl

2
  2LnCl

3
 + 3CO

2

Ln
2
O

3
 + 6NH

4
Cl 

300
 2LnCl

3
 + 3H

2
O + 6NH

3

It is not possible to prepare the anhydrous chlorides from the hydrated
chlorides, because these lose HCl on heating to give the oxy chlorides,
(LnOCl), more readily than they lose H

2
O (ScCl

3
, 3H

2
O and CeCl

4 
2H

2
O,

however, give Sc
2
O

3
 and CeO

2
). The chlorides are non-volatile, deliquescent

solids soluble in H
2
O and alcohol. The Hydrated chlorides are obtained by
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dissolving the oxides or carbonates in HCl and concentrating the solution to
crystallizing, point. They crystallize from solution usually as hexahydrates,
LnCl

3
, 6H

2
O.

Bromide and iodides are more or less similar to the chlorides. Iodides of
the first few lanthanides are orthorhombic while those of the remaining
lanthanides are hexagonal.

5. Carbonates, Ln
2
(CO

3
): It is possible to prepare the normal carbonates

by passing CO
2
 into an aqueous solution of Ln(OH)

3
. They are also prepared

by adding Na
2
CO

3
 solution to LnIII salt solution. The carbonates are

insoluble in H
2
O, but dissolve in acids with liberation of CO

2
 and forming

LnIII salts.

6. Phosphates and Oxalates: These are also insoluble in water. All lanthanides
get quantitatively precipitated as oxalates from Ln3+ solution containing
C

2
O42– ion. The precipitate on drying and ignition yields Ln

2
O

3
.

+2 Oxidation States of Lanthanides

It is an anomalous oxidation state. The lanthanides exhibiting this oxidation state
can be divided into two categories:

(a) Sm
62

, Eu
63 

and Yb
70

: The di-positive ions of these lanthanide (i.e., Sm2+,
Eu2+ and Yb2+) exist in solution. The standard oxidation potentials at 25C,
in acid solution, of these cations have been given below:

From these values it follows that Sm2+, Eu2+ and Yb2+ ions are strong reducing
agents and their reducing strength is in the following order:

Sm2+ > Yb2+ > Eu2+

Sm2+ and Yb2+ ions are rapidly oxidised by H
3
O+ ions (acidic solution),

whereas Eu2+ ion is fairly stable and gets only slowly oxidised by H
3
O+ ion.

2Sm2+ (or Yb2+) + 2H
3
O+  2Sm3+ (or 2Yb3+) + 2H

2
O + H

2

All these cations rapidly get oxidised in presence of oxygen, for example,

4Ln2+ + 4H
3
O+ + O

2
 4Ln3+ + 6H

2
O.

Where Ln2+ can be Sm2+, Eu2+ or Yb2+

The compounds of Sm2+, Eu2+ and  Yb2+ where have been insoluble in H2O
do not get oxidised by H2O while hydrated water-soluble compounds of
Sm2+ and Yb2+ get oxidised by their water. Hydrated water-soluble
compounds Eu2+ have been more stable.

(b) Ce
58

, Nd
60

 and Tm
69

: The compounds having these elements in +2
oxidation state are known only as solid halides. These immediately get
oxidised with air.

Of the divalent compound of lanthanides, those of Eu2+ ion have been found
to be most stable. The compounds of Ln2+ ion have been not stable in
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solution. All the Ln2+ compounds are able to decompose water with evolution
of H

2
.

2Ln2+ + 2H
2
O  2Ln3+ + 2OH– + H

2

The reaction has been, however, sluggish; with Eu the reaction has been so
retarded that Eu2+ compounds may be considered as fairly stable in aqueous
solutions at an ordinary temperature.

+4 Oxidation States of Lanthanides

This oxidation state is an anomalous oxidation state. Double salts like
Ce(NO

3
)

4
.2NH

4
NO

3
 and Ce(SO

4
)

2
.2(NH

4
)

2
SO

4
.2H

2
O have also been obtained.

The standard oxidation potentials at 25ºC, in acid solution of Ce4+ and Pr4+

ions may be put as follows:

From these values, it is evident that Ce(IV) are strong oxidising agents, the
latter being by far the stronger of the two. Ce(SO

4
)
2
 generally finds use in volumetric

analysis. Ce4+ ion is readily reduced to Ce3+ ion.

The tetravalent ions of Ce have been found to be stable in the solid states as
well as in solution; PrIV, NdIV, TbIV and DyIV are stable only in solution.

4.5 IONIC RADII

The size of ions is determined by the attractive force exerted on the outerelectrons
by the effective nuclear charges, i.e., the true nuclear charge diminished by the
effect of the inner or screening electrons. When a neutral atom is converted into a
positive ion, its size is expected to decrease since there has been a net increase in
effective nuclear charge. On the other hand, there should be an increase in size
when a negative ion is formed from the neutral atom. The distance between
neighbouring positive and negative ions in a crystal is called ionic radii.

If we subtract the interionic distance in a sodium halide from the interionic
distance in the corresponding potassium compound, we get an almost constant
value for the difference, D, as shown in Table 4.3(a).

Table 4.3(a) Interionic Distances

Interionic Distance/pm (KF-NaF, etc.)

KF 266 33

NaF 233

KCl 314

NaCl 281 33

KBr 329

NaBr 298 31

KI 353 30
NaI 323
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This constancy can be explained if each ion acts as sphere of constant
radius; the measured interionic distance between two ions in an ionic structure is
assumed to be equal to the sum of the radii of two spheres in contact, i.e.,

d = r
+
 + r

–

Thus, if we know the interionic distance and the radius of one of the ions,
that of the other ion can thus be computed. It is thus, possible to have a table of
ionic radii.

r
–
 = d – r

+

The interionic distances in case of crystals can be measured by the X-ray
diffraction method. A discussion of trends in chemical properties in relation to the
periodic classification can often be linked with trends in ionic radii. A knowledge
of ionic radii may be a guide to the structure of an ionic crystal.

Properties of Ionic Substances

There are several properties which distinguish ionic compounds from covalent
compounds. These may be related rather simply to the structure of ionic compounds
namely, a lattice composed of positive and negative ions such that the attractive
ions forces between oppositely charged ions are maximized and the repulsive
forces between ions of the same charge minimized.

1. Ionic compounds do not conduct electricity in solid state but conduct
electricity quite well when molten. The conductivity in the molted state is
attributed to the presence of ions, atoms charged either positively or
negatively, which are free to move under the influence of electric field. In
the solid the ions are bound tightly into lattice and are not free to migrate
and carry electrical current.

2. Ionic compounds show high melting and boiling points. Ionic bonds usually
are quite strong and they are non-directional. Since in ionic solids, the ions,
are held together tightly, considerably amount of energy is needed to dislodge
them from the crystal lattice. For example high melting point of sodium
chloride is due to strong electrostatic attraction between sodium cations
and the chloride anions, and the lattice structure which results in each sodium
ion attracting six chloride ions which in turn attracts six sodium ions throughout
the crystal. The strong electrostatic forces existing in ionic solids also explain
the low volatility and high boiling point.

3. The strong electrostatic forces between the ions cause ionic crystals to be
relatively hard. The hardness depends on ionic charge and the interionic
distance. The hardness depends on:

(i) Hardness increases with decreasing ionic distance for crystals with
similar structures and the same ionic charge. This is illustrated in
Table 4.3(b).
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Table 4.3(b) : Variation of Hardness with M–X Distance for Ionic Crystals with NaCl
Structure

Anion Metal Mg Ca Sr Ba

O2– M–X Distance (Å) 2.10 2.40 2.57 2.77

Hardness 6.5 4.5 3.5 3.3

S2– M–X Distance 2.59 2.84 3.00 3.18

Hardness 4.5 4.0 3.3 3.0

Se2– M–X Distance 2.74 2.96 3.12 3.31

Hardness 3.5 3.2 2.9 2.7

(ii) Hardness increases with increase in ionic charge for crystals with similar
structures and similar interionic distance as shown in Table 4.3(c).

Table 4.3(c) Variation of Hardness with Ionic Charge for
some Crystals with the NaCl Structure

LiF MgO NaF GaO LiCl SrC

M–X Distance (Å) 2.02 2.10 2.31 2.40 2.57 2.57

Hardness 3.3 6.5 3.2 4.5 3.0 3.5

LiCl MgS NaCl CaS LiBr MgSe

M–X Distance (Ab) 2.57 2.59 2.81 2.84 2.75 2.73

Hardness 3 4.5 2.5 4.0 2.5 3.5

M–X Distance (Ar) CuBr ZnSe GaAS GaSe

2.46 2.45 2.44 2.43

Hardness 2.4 3.4 4.2 6.0

(iii) Hardness is greater for substances which contain inert gas type cations
than for those with psedo inert gas type configurations, other factors
are assumed to be constant.

Table 4.3(d) Variation of Hardness of some Crystals which Differ in Clectronic
                             Configuration of Cations

CaSe PbSe CaTe PbTe

M–X Distance (Å) 2.96 2.97 3.17 3.22

Hardness 3.2 2.8 2.9 2.3

CaF
2

CdF
2

SrF
2

PbF
2

M–X Distance (Ab) 2.36 2.34 2.50 2.57

Hardness 6.0 4.0 3.5 3.2

AlP GaF AlAs GaAs

M–X Distance (Ao) 2.36 2.35 2.44 2.44

Hardness 5.5 5.0 5 4.2
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4.6 LANTHANIDE CONTRACTION

Atomic and ionic radii of M3+ ions of Lanthanides are given in Table 4.4. As we
move from Ce to Lu and from Ce3+ to Lu3+, it is seen that there is a steady decrease
in these values. This steady decrease in the atomic and ionic radii (M3+ Ions) of
Lanthanide elements with increasing atomic number is called Lanthanide
Contraction. Table 4.4 illustrates the oxidation states, atomic radii and ionic radii
of M3+ ions of Lanthanides.

Table 4.4 Oxidation States, Atomic Radii and Ionic Radii of M3+ Ions of Lanthanides

Lanthanides Oxidation 
States 

Atomic 
Radii (pm) 

Ionic Radii  
(M3+ Ions) (pm) 

La +3 169 106 

Ce +3, +4 165 103 

Pr +3, +4 165 101 

Nd +2, +3, +4 164 100 

Pm +3 - 98 

Sm +2, +3 166 96 

Eu +2, +3 185 95 

Gd +3 161 94 

Tb +3, +4 159 92 

Dy +3, +4 159 91 

Ho +3 158 89 

Er +3 157 88 

Tm +2, +3 156 87 

Yb +2, +3 170 86 

Lu +3 156 85 

 
Cause of Lanthanide Contraction: When we proceed from one element

to the next one in Lanthanide series, the nuclear charge, i.e., atomic number is
increases by +1 at each next element. Thus as we move from Ce to Lu, the attraction
between the nucleus and the outermost shell electron increases gradually at each
step. It is also known that as we move from Ce to Lu, the addition of extra electron
takes place of 4f orbitals. Since 4f orbitals have very diffused shape, the electrons
in these orbitals are not able to shield (decrease) effectively and hence the attraction
of the nucleus for the electrons in the outer-most shell as the atomic number of
Lanthanides increases. Thus it is only due to the gradual increase in the nuclear
charge, i.e., increase in the attraction between the nucleus and the outer-most shell
electrons, that the size of the Lanthanide atoms and M3+ ions decreases gradually
with atomic number. The above discussion shows that it is due to the poor shielding
effect of 4f electrons and gradual increase in the nuclear charge that the Lanthanide
contraction takes place among Lanthanides.

Consequences of Lanthanide Contraction; Lanthanide contraction plays
an important role in determining the chemistry of Lanthanides and heavier transition
series elements. Some, important consequences of Lanthanide contraction are
discussed here.
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(i) Basic Character of Lanthanide Hydroxides, M(OH)
3
: Due to

Lanthanide contraction, the size of +3 Lanthanide Ions (M3+ Ions)
decreases regularly with increase in atomic number. As a result of this
decrease in size, the covalent character between M3+ ion and OH

ions increases from La(OH)
3
 to Lu(OH)

3
, as per the Fajan’s Rules.

Therefore, the basic character of the Hydroxides decreases with
increase in atomic number. Consequently, La(OH)

3
 is most basic while

Lu(OH)
3
 is the least basic.

(ii) Similarities among Lanthanides: Because of very small change in
the radii of Lanthanides, their chemical properties are quite similar. It
is due to their similar properties that the Lanthanides cannot be
separated from each other in pure state. Recently, methods based on
repeated fractional crystallisation or ion exchange techniques, which
take the advantage of slight differences in their properties like solubility,
complex ion formation, hydration, etc., arising from very slight size
differences of their trivalent ions have been used.

4.6.1 Properties of Lanthanides

Following are the physical and chemical properties of Lanthanides.

1. Physical Properties: All the Lanthanides are soft, malleable and ductile
and have low tensile strength. They are not good conductor of heat and
electricity. In general, the atomic volumes and densities of these elements
increase with the increase in atomic number.

2. Chemical Reactivity of Lanthanides. All the Lanthanides are almost
equally chemical reactive. Their similar chemical reactivity is due to the fact
that since 4f electrons in Lanthanides are very effectively shielded from the
interaction with other elements by the overlapping 5s, 5p and 6s electrons
(5d orbitals do not contain any electron), these elements have very little
difference in their chemical reactivity. It is because of similarity in their chemical
reactivity that Lanthanides occur together in nature and hence it is difficult
to separate these elements from each other.

The Lanthanides have been highly reactive which has been in agreement
with the values of their ionisation energy and electro negativity. The ionisations
energies of Lanthanides have been found to be somewhat comparable with
those of Alkaline Earth Metals particularly Calcium. Hence, like Alkaline
Earth Metals, Lanthanides are highly electropositive and very reactive metals
which are clear from the following points.

(i) Although they are silvery white metals, they get tarnished readily on
exposure to air.

(ii) All of them burn in air yielding the Sesquioxide, Ln
2
O

2
 except Cerium

which gives CeO
2
. Ytterbium resists the action of air even at 1000°C

because of the formation of a protective coating of its Oxide. A
Sesquioxide is an Oxide containing three atoms of Oxygen with two
atoms of another element, for example, Aluminium Oxide is a
Sesquioxide.
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(iii) They dissolve slowly in cold water but more rapidly in the warm water
liberating Hydrogen.

(iv) They react with Hydrogen forming non-stoichiometric Hydrides
approaching L

n
H

2
 and L

n
H

3
 in composition.

(v) They react with Nitrogen (especially when warmed) to form
corresponding Nitride, L

n
N.

(vi) Lanthanides also react with non-metals, such As Halogens, Sulphur,
Phosphorus, Carbon and Silicon to form corresponding compounds.

(vii) Their high oxidation potentials reveal their strong electropositive
character. Thus, they act as strong reducing agents.

(viii) All get attacked by acids liberating Hydrogen.

3. Colour of M3+ Ions: Most of the M3+ ions of Lanthanide elements are
coloured in solid as well as in aqueous solution while only a few ions are
colourless (Refer Table 4.5).

Table 4.5  Colour of Trivalent Cations (M3+) of Lanthanide Ions

M3+ Ions Colour Valence-Shell 
Configuration and 
the Number of 4f-

Electrons = n 

M3+ Ions Colour Valence-Shell 
Configuration and the 

Number of 4f-
Electrons = x = (14 – n) 

La3+ Colourless 4f0 (n = 0) Lu3+ Colourless 4f14 (x = 14 – 0 = 14) 
Ce3+ Colourless 4f1 (n = 10) Yb3+ Colourless 4f13 (x = 14 – 1 = 13) 
Pr3+ Green 4f2 (n = 2) Tm3+ Pale Green 4f12 (x = 14 – 2 = 12) 
Nd3+ Bright Pink 4f3 (n = 3) Er3+ Pink 4f11 (x = 14 – 3 = 11) 

Pm3+ Pink Yellow 4f4 (n = 4) Ho3+ Pale Yellow 4f10 (x = 14 – 4 = 10) 
Sm3+ Yellow 4f5 (n = 5) Dy3+ Yellow 4f9 (x = 14 – 5 = 9) 
Eu3+ Pale Pink 4f6 (n = 6) Tb3+ Pale Pink 4f8 (x = 14 – 6 = 8) 
Gd3+ Colourless 4f7 (n = 7)    

 

It may be seen from the table that the colour depends on the number of
electrons present in 4f orbitals. The ion having n electrons in 4f orbitals has
the same colour as the ion which has (14 – n) electrons in 4f orbitals. For
example, La3+ (4f0) which has no electron in its 4f orbitals (n = 0) is colourless
and Lu3+ ion (4f14) which has (14 – 0) = 14 electrons in 4f orbitals is also
colourless. Similarly Pr3+ ion (4f2) which has two electrons in its 4f orbitals
(n = 2) and Tm3+ ion (4f12) which has (14 – 2) = 12 electrons in its 4f
orbitals have the same colour (green).

4. Magnetic Properties of M3+ Ions: Due to the presence of unpaired
electron in 4f orbitals, all the Lanthanides ions except those of La3+, Lu2+,
Yb3+ and Cu3+, show paramagnetic behaviour. The magnetic moments of

those ions do not obey the ‘Spin Only’ formula  . This
formula was able to explain the magnetic moments to transition elements.
The ‘n’ in this formula represents the number of unpaired electrons present
in the ion.
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According to modern view paramagnetism is contributed by spin of the
electron as well as by its orbital motion. In d-type transition elements, d-
orbitals are not well shielded and they can participate in bond formation. In
such a case magnetic moment is due to electron spin only and so depends
mostly on the number of unpaired electrons. In case of Lanthanides 4f-
electrons are well shielded and cannot participate in bond formation so they
are well shielded from one quenching effect of the environments, so the
magnetic moments of Lanthanides are calculated by taking into consideration
spin and orbital contributions, a more complex formula is used.

Where L is the orbital quantum number and S is the spin quantum number.
The results calculated using this formula is found to be in agreement with
experimental values. This is shown in Figure 4.1.

Fig. 4.1 Magnetic Moments of Lanthanides and Atomic Numbers

It can be seen from the figure that La3+ is diamagnetic (due to f) the values
of magnetic moments increase from La to neodymium, which has maximum
value. Then a decrease is observed for Sm ( = 1.47). Magnetic moment
values again increase and dysprosium and holmium have maximum values.
These again fall and reach Lu which is diamagnetic (due to f14).

5. Complex Formation of Lanthanides: Although the Lanthanide ions are
having a high charge (+3), their large size (0.85-1.03) imparts them low
charge density (charge to size ratio) with the result they cannot bring about
much polarisation and hence are not having much tendency to form
complexes. Their complexes with unidentate ligands are very few. However,
complexes with a few chelating ligands such as -Diketone, Oximes and
EthyleneDiamire Tetra Acetate (EDTA) are fairly common.
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The following points are of interest regarding complex formation.

(i) The tendency to form complexes and their stability tends to increase
with increasing atomic number. This property finds use in the separation
of Lanthanides from one another. However, this order becomes reverse
in case of hydrated ions, Ln3+ (Aq), i.e., the tendency of complex
formation among the hydrated lanthanide ions gets decreased with
increasing atomic number.

(ii) With a specific ligand, the order of complex formation for the Ln2+,
Ln3+ and Ln4+ ions has been as follows:

Ln4+ > Ln3+ > Ln2+

4.6.2 Applications of Lanthanides

The applications of lanthanides may be studied as under:

1. In Atomic Energy (Nuclear Applications)

(i) Some of the Lanthanides are able to stop or absorb neutrons are used in
atomic reactors to control the rate of fission. Long rods made of these
materials are introduced into the core of a reactor before it is fuelled. After
the addition of fuel, if some of the rods are withdrawn the fission begins,
and with the removal of more rods the fission rate accelerates. If all the
control rods are introduced in the core, the fission stops. Gadolinium has
the largest known nuclear cross-section, or neutron stopping capability,
samarium comes next and is followed by europium and dysprosium.

(ii) A number of Lanthanide Isotopes have desirable properties for special
applications. They have some potential uses in atomic batteries as gamma
ray or X-ray sources; as radioactive materials for treatment of cancer and
in tracer studies.

(iii) Lanthanides also find some application as diluents of atomic fuels, materials
to contain fuels and materials to separate undesirable fission products from
atomic fuels.

2. Commercial Uses

(i) As Metals and Alloys: They have hardly any use in the elemental state.
They are used mostly as alloys (Misch metals) containing predominantly
Ce(30-50%) along with small quantities of other cerium group metals and
non-lanthanides. The typical composition of Misch metal is cerium 45-20%,
La22-25%, Nd18%, Pr5% Sm 1% and smaller quantities of other
lanthanides. Misch metal has strong reducing property. It is a very good
scavenger for oxygen and sulphur in several metallurgical operations.

Magnesium alloys with Misch metal (3%) and Zr (1%) possesses high
strength and resistance and are useful in jet engines. Misch metals also
increase the resistance of nickel alloys and working ability of stainless steel
and vanadium. When alloyed with 30% iron, it is pyrophoric and hence
useful for lighter flints.
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(ii) In the Form of Compounds: The CeO
2
 is used for grounding and polishing

optical glass, La
2
O

3
 is added to camera lenses to reduce the chromatic

aberration (the spreading of colours as they pass through the lens). As
fluorides about one-fourth of lanthanides are used in cored carbons for
improving the intensity and colour balance, i.e., uniformity in arc search
lights and motion picture projectors. Lanthanide oxides are dissolved in
glass to impart beautiful colours to glass windows and glass vases.

3. As Catalysts

The oxides of lanthanides are used in hydrogenation, dehydrogenation and oxidation
of various organic compounds, for example their anhydrous chlorides in poly-
esterification processes, and the chlorides and serum phosphate in petroleum
cracking. They have lot of scope in catalysis, since heterogeneous catalysis is
usually characterized by unpaired electrons and variable oxidation states, etc.

4. Magnetic and Electronic Applications

Their paramagnetic and ferromagnetic properties find applications in this field also.
They find use in micro wave devices due to the low electrical and eddy current
losses of the ferromagnetic garnets 3Ln

2
O

3
.5Fe

2
O

3
. Some compounds of these

elements have potential use as semiconductors or thermo-electrics. Due to large
dielectric constant and small temperature coefficients of capacitance of their titanates
and stannates, they are useful ceramic capacitors.

Check Your Progress

1. What are the different names of 4f elements?

2. State the oxidation states of lanthanide elements.

3. Define the formation of Ln
2
O

3
 oxide complex.

4. What is the best way to prepare the anhydrous chloride without using
direct combination of the elements on heating?

5. Define the term ionic radii.

6. What do you understand by the term lanthanide contraction?

4.7 OCCURRENCE AND ISOLATION OF
LANTHANIDES

The lanthanides are potentially available in unlimited quantities. Because of
similarities in crystal, radii, oxidation state and general properties each known
lanthanide minerals contains all members of the series (except promethium).
However, it is observed that certain minerals rich in the cerium group and other
rich in the yttrium group. Important cerium and yttrium group minerals, together
with their compositions and geographical locations of their most important deposits
are summarized in Table 4.6.
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Table 4.6 Important Minerals of Lanthanides

Minerals Composition Location of Significant 
Deposits 

(1) Cerium Group Minerals 

(i) Monazite Sand-
Mixture of 
Orthophosphates of  
Ce-Earths, (Ce)PO4 

5-070% Ce-Earths (i.e., 
Elements of At. No. 57 to 62 
calculated as Oxides) 

1-4% Y-Earths (i.e., 
Elements of At. No. 63 to 71 
calculated as Oxides) 

5-10% ThO2 

1-2% SiO2 

22-30% P2O5 

Traces of U 

Occurs in the Sand 
Branches of Travancore 
(India) 

 

 

 

 

Brazil 

South Africa 

U.S.A. 

(ii) Bastnaesite-Cerium 
Earth Fluoro-Carbonate, 
(Ce)FCO3 

65-70% Ce-Earths 

< 1% Y-Earths 

Sweden, California, New 
Mexico 

(iii) Cerite-A Hydrate 
Silicate of the 
Composition, 

(Ce)3M11H3Si3O11 

(M-Ca,Fe) 

Traces of Thorium 

51-72% Ce-Earths 

7.6 Y-Earths 

Traces of Th, U, Zr 

Sweden  

Caucasus 

(2) Yttrium Group Minerals 

(i) Gradolinite or 
Ytterbite-A Ytterium-
Earth, Iron and  
Beryllium Silicate, 

(Fe, Be)3 (Y2) Si2O10 

35-48% Y-Earths 

(Calculated as Oxides) 

 

2-17% Ce-Earths  

Up to 11.6% BeO 

Traces of ThO2 

Sweden, Norway 

 

 

USA (Taxas and 
Colorado) 

 

(ii) Xenotime - An 
Orthophosphate of Y 
Earth (Analogous to 
Monazite), (Y) PO4 

54-65% Y-Earths 

-0.1% Ce-Earths 

Up to 3% ThO2,  
Up to 3.5% U3O8 

2-3% ZrO2 

Norway 

Brazil 

(iii) Euxenite-Mixture of 
Titanates, Niobates and 
Tantalates of Y-Earths, 

(Y) (Nb, Ta) TiO6.xH2O 

13-35% Y-Earths 

(Calculated as Oxides) 

2-8% Ce-Earths 

(Calculated as Oxides) 

20-30% TiO2, 25-30%  
(Nb, Ta)2O5 

Australia, Idaho (U.S.A.) 

 

4.8 LANTHANIDE COMPOUNDS

The lanthanide series of chemical elements comprises the 15 metallic chemical
elements with atomic numbers 57–71, from lanthanum through lutetium. These
elements, along with the chemically similar elements scandium and yttrium, are
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often collectively known as the rare earth elements. All but one of the lanthanides
are f-block elements, corresponding to the filling of the 4f electron shell; depending
on the source, either lanthanum or lutetium is considered a d-block element, but is
included due to its chemical similarities with the other 14. All lanthanide elements
form trivalent cation, Ln3+, whose chemistry is largely determined by the ionic
radius, which decreases steadily from lanthanum to lutetium. They are called
lanthanides because the elements in the series are chemically similar to lanthanum.
Both lanthanum and lutetium have been labelled as Group 3 elements, because
they have a single valence electron in the 5d shell. However, both elements are
often included in discussions of the chemistry of lanthanide elements. Lanthanum
is the more often omitted of the two, because its placement as a Group 3 element
is somewhat more common in texts and for semantic reasons: since ‘Lanthanide’
means ‘Like Lanthanum’, it has been argued that lanthanum cannot logically be a
lanthanide, but IUPAC acknowledges its inclusion based on common usage.

In presentations of the periodic table, the lanthanides and the actinides are
customarily shown as two additional rows below the main body of the table, with
placeholders or else a selected single element of each series (either lanthanum and
actinium, or lutetium and lawrencium) shown in a single cell of the main table,
between barium and hafnium, and radium and rutherfordium, respectively. This
convention is entirely a matter of aesthetics and formatting practicality; a rarely
used wide-formatted periodic table inserts the lanthanide and actinide series in
their proper places, as parts of the table’s sixth and seventh rows or periods. The
1985 International Union of Pure and Applied Chemistry “Red Book” recommends
that ‘Lanthanoid’ is used rather than ‘Lanthanide’. The ending “-ide” normally
indicates a negative ion. However, owing to wide current use, “Lanthanide” is still
allowed. Lanthanide oxidation states that all of the lanthanide elements are
commonly known to have the +3 oxidation state and it was thought that only
samarium, europium, and ytterbium had the +2 oxidation readily accessible in
solution. Now, it is known that all of the lanthanides can form +2 complexes in
solution. The ionization energies for the lanthanides can be compared with aluminium.
In aluminium the sum of the first three ionization energies is 5139 kJmol–1, whereas
the lanthanides fall in the range 3455 – 4186 kJmol–1. This correlates with the
highly reactive nature of the lanthanides.

Coordination Chemistry and Catalysis

When in the form of coordination complexes, lanthanides exist overwhelmingly in
their +3 oxidation state, although particularly stable 4f configurations can also give
+4 (Ce, Tb) or +2 (Eu, Yb) ions. All of these forms are strongly electropositive
and thus lanthanide ions are hard Lewis acids. The oxidation states are also very
stable; with the exceptions of SmI

2 
and Cerium (IV) salts, lanthanides are not used

for redox chemistry. 4f electrons have a high probability of being found close to
the nucleus and are thus strongly affected as the nuclear charge increases across
the series; this results in a corresponding decrease in ionic radii referred to as the
lanthanide contraction. The low probability of the 4f electrons existing at the outer
region of the atom or ion permits little effective overlap between the orbitals of a
lanthanide ion and any binding ligand. Thus, lanthanide complexes typically have
little or no covalent character and are not influenced by orbital geometries. The
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lack of orbital interaction also means that varying the metal typically has little effect
on the complex (other than size), especially when compared to transition metals.
Complexes are held together by weaker electrostatic forces which are Omni-
directional and thus the ligands alone dictate the symmetry and coordination of
complexes. Steric factors therefore dominate, with coordinative saturation of the
metal being balanced against inter-ligand repulsion. This results in a diverse range
of coordination geometries, many of which are irregular, and also manifests itself in
the highly fluxional nature of the complexes. As there is no energetic reason to be
locked into a single geometry, rapid intramolecular and intermolecular ligand
exchange will take place. This typically results in complexes that rapidly fluctuate
between all possible configurations.

Many of these features make lanthanide complexes effective catalysts. Hard
Lewis acids are able to polarise bonds upon coordination and thus alter the
electrophilicity of compounds, with a classic example being the Luche reduction.
The large size of the ions coupled with their labile ionic bonding allows even bulky
coordinating species to bind and dissociate rapidly, resulting in very high turnover
rates; thus, excellent yields can often be achieved with loadings of only a few
mole%. The lack of orbital interactions combined with the lanthanide contraction
means that the lanthanides change in size across the series but that their chemistry
remains much the same. This allows for easy tuning of the steric environments and
examples exist where this has been used to improve the catalytic activity of the
complex and change the nuclearity of metal clusters. Despite this, the use of
lanthanide coordination complexes as homogeneous catalysts is largely restricted
to the laboratory and there are currently few examples them being used on an
industrial scale. Lanthanides exist in many forms other that coordination complexes
and many of these are industrially useful. In particular lanthanide metal oxides are
used as heterogeneous catalysts in various industrial processes.

4.9 GENERAL FEATURES AND CHEMISTRY
OF ACTINIDES

The actinoid (as per the IUPAC nomenclature, also called actinide) series
encompasses the 15 metallic chemical elements with atomic numbers from 89 to
103, actinium through lawrencium. The actinoid series derives its name from the
first element in the series, actinium. The informal chemical symbol ‘An’ is used in
general discussions of actinoid chemistry to refer to any actinoid.

In actinides the extra electron enters 5f-orbitals of (n–2) the main shell.
These are also known as 5f-block elements and as actinones. Actinide includes
the fifteen elements from Ac

89
 to Lw

103
 because all these elements have similar

physical and chemical properties.

Position of Actinides in Periodic Table

Before the discovery of transuranic elements, the naturally occurring heaviest known
elements namely Th

90
, Pa

91
, and U

92
 were placed below Hf

72
, Ta

73
 and W

74
 in IV B,

V B and VI B groups of the periodic table, because there elements showed +4, +5
and +6 oxidations states and resembled Hf, Ta and W, respectively, in many of their
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properties. Then the undiscovered Trans-Uranium elements with atomic numbers
93 to 100 were thus expected to occupy the positions in the periodic table below
the Re

75
, Ir

77
, Au

79, 
Hg

80, 
Tl

81 
and Pb

82
, respectively.

IVB VB VIB VIIB VIII IB IIB IIIA IVA 

– – – – – – – – – – – 

Hf72 Ta73 W74 Re75 Os76 Ir77 Pt78 Au79 Hg80 Tl81 Pb82 

Th90 Pa91 U92 93 94 95 96 97 98 99 100 

 

The discovery of the element Neptunium (Np
93

) came in 1940 and this
discovery was followed shortly by the discovery of Plutonium (Pu

94
) in 1941. The

tracer chemical experiments with Np
93

 and Pu
96

 showed that the chemical prop-
erties of these two elements very much resemble those of U

92
 and not at all those

of Re
75

 and Os
76

. On this basis in 1944, all the three elements namely U
92

, Np
93

and Pu
94

 in their chemical properties, and hence the elements with atomic num-
bers 95 and 96 were also placed along with U

92
, Np

93
 and Pu

94
 below W

74
 in

group VI B as shown below:

IVB 

– 

Hf72 

Th90 

VB 

– 

Ta73 

Pa91 

VIB 

– 

W74 

U92, Np93, Pu94, 95, 96  

 

This assumption, however, proved to be wrong, since the experiments
directed towards the discovery of elements with atomic numbers 95 and 96 on
the pattern of discovery of Np

93
 and Pu

94 
failed. Later on, in the same year (1944)

Seaborg suggested that all the elements having atomic number greater than 89
(Ac

89
) constitute a second series of inner-transition elements. This series is similar

to lanthanide series. The elements of this new series which have atomic number
greater than 89 were called actinides. The elements of this series were placed
below lanthanides out of the main body of the periodic table as shown below:
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The position of actinides shown above was confirmed by the discovery of
the elements from atomic numbers 95 to 1961 and by the electronic configuration
of these elements.

Electronic Configuration of Actinides

We know that the electronic configuration of Ac
89

 which is followed by 14 actinides
is [Rn]

86 
5f0 6d’ 7s2 in which 5d subshell is singly filled and 5f subshell is vacant. This

configuration shows that as we move in the series of 14 actinides (Th
90

 to Lw
103

),
the additional electron should occupy the vacant 5f orbitals and 6d orbitals should
remain singly-filled, i.e., the expected configuration of the atoms of actinides should
be those in which 6d orbitals are singly-filled and 5f orbitals are progressively filled
up with electrons. This means that the expected configuration should be [Rn]

86

5f1–14 6d1 7s2. But, since the energies of 6d and 5f orbitals are almost the same, in
Th

90 
5f electron gets shifted to 5d oribtals and in Pu

94
, Am

95
, Bk

97
, Cf

98
, Es

99
, Fm

100

Md
101

 and No
102

, 6d1
 
electron gets shifted to 5f orbitals. In Cm

96
 the shifting or 6d1

electron to 5f orbitals does not take place, since this type of shifting gives unstable
configuration viz. [Rn]

86
 5f8 6d0 7s2 to Cm

96
. In Lw

103
, the shifting of 6d1 electron to

5f orbitals is also not possible, since 5f orbitals are already having 14 electrons.

Observed (actual) and expected configurations are given in Table 4.7.
Observed configurations show that the complete and valence-shell configuration
can be written as:

Complete Configuration: 2, 8, 18, 32, 18 to 32, 8 to 10, 2

Or                                    2, 8, 18, 32, 5s2p6d10f 0–14, 6s2p6d0–2, 7s2

Or                                     [Rn]
86

 5f 0–14 6d0–2 7s2

Valance-Shell Configuration: 5f 0–14 6d0–2 7s2

Table 4.7 Expected and Observed (Actual) Electronic
Configuration of the Atoms of Actinides

Actinide Element Expected Configuration Observed (Actual) 
Configuration 

Actinium, Ac89 [Rn]86 5f 1 6d0 7s2 [Rn]86 5f 0 6d1 7s2 

Thorium, Th90 [Rn]86 5f 1 6d1 7s2 [Rn]86 5f 0 6d2 7s2 

Protactinium, Pa91 [Rn]86 5f 2 6d1 7s2 [Rn]86 5f 2 6d1 7s2 

Uranium, U92 [Rn]86 5f 3 6d1 7s2 [Rn]86 5f 3 6d1 7s2 

Neptunium, Np93 [Rn]86 5f 4 6d 7s2 [Rn]86 5f 4 6d1 7s2 

Plutonium, Pu94 [Rn]86 5f 5 6d1 7s2 [Rn]86 5f 6 6d0 7s2 

Americium, Am95 [Rn]86 5f 6 6d1 7s2 [Rn]86 5f 7 6d0 7s2 

Curium, Cm96 [Rn]86 5f 7 6d1 7s2 [Rn]86 5f 7 6d1 7s2 

Berkelium, Bk97 [Rn]86 5f 8 6d1 7s2 [Rn]86 5f 9 6d0 7s2 

Californium, Cf98 [Rn]86 5f 9 6d1 7s2 [Rn]86 5f 10 6d0 7s2 

Einsteinium, Es99 [Rn]86 5f 10 6d1 7s2 [Rn]86 5f 11 6d0 7s2 

Fermium, Fm100 [Rn]86 5f 11 6d1 7s2 [Rn]86 5f 12 6d0 7s2 

Mendelevium, Md101 [Rn]86 5f 12 6d1 7s2 [Rn]86 5f 13 6d0 7s2 

Nobelium, No102 [Rn]86 5f 13 6d1 7s2 [Rn]86 5f 14 6d0 7s2 

Lawrencium, Lw103 or 
Lr103 

[Rn]86 5f 14 6d1 7s2 [Rn]86 5f 14 6d1 7s2 
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The configuration of Ac89 is also given. [Rn]
86

 = 2, 8, 18, 32, 18, 8

Oxidation States of Actinides

Important oxidation states exhibited by actinides are given in Table 4.8. Most
stable oxidation states are shown in squares while unstable ones are given in
brackets.

It is observed from these oxidation states that +2 state is shown by two
elements namely Am and Th in its few compounds like Th Br

2
, Th I

2
, Th S, etc. +3

oxidations state is shown by all the actinides. +3 state becomes more and more
stable as the atomic number increases. +4 oxidation state is shown by Th, Pa, U,
Np, Pu, Am and Cm while +5 state is shown by Th, Pa, U, Np, Pu and Am. +6
oxidation state is exhibited by U, Np, Pu and Am while +7 oxidation state is
shown by Np and Pu.

Table 4.8 Important Oxidation States shown by Actinides

The principal cations given by actinide elements are M3+, M4+ and
oxo-cations like MO+

2
 (Oxidation State of M = +5) and MO

2
2+(Oxidation State

of M = +6). Examples of MO+
2
 ion are UO+

2
 and PuO

2
+ while those of MO

2
2+

are UO
2
2+ and PuO

2
2+. These oxo-cations are stable in acid and aqueous solutions.

U3+ ion in aqueous solution liberates H
2
 on standing. Np3+ and Pu3+ are

stable in water but are readily oxidised by air to Np4+ and Pu4+, respectively. All
the remaining M3+ ions up to Md3+ are stable in aqueous solution. U4+ and Np4+

ions are stable in aqueous solution but are slowly oxidised by air to UO
2
2+ (U=+6)

and PuO
2
2+ (Pu = +6) ions, respectively.
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Oxidation Potentials and Oxidation States

The oxidation states and oxidation potentials of actinide elements is given in Table
4.9. This Table 4.9 includes the various oxidation states shown by actinides and
standard oxidation potentials, E* (in Volts) for various couples in 1M per chloric
acid at 25°C.

Table 4.9 Various Oxidation States shown by Actinides and Standard Oxidation

Potentials, E* (in Volts) for Various Couples in 1M Per Chloric Acid at 25°C

Actinides 
with 
Atomic 
Numbers 

Oxidation 
States (Less 
Stable States 
have been 
given in 
Brackets) 

E* Values (in Volts) for Various Couples (Estimated 
Values have been given in Brackets) 

Ac83 +3  

Th90 +4  

Pa91 (+4),+5 
 

U92 (+3), (+4), 
(+5), +6 

 

Np93 (+3), (+4), 
+5, (+6), 
(+7) 

 

Pu94 (+3), +4, 
(+5), (+6), 
(7) 

 

Am95 +2 (+3), 
(+4), (+5), 
(+6) 

 

Cm96 +3, (+4)  

Bk97 +3, (+4)  

Cf98 +3 – 

Es99 +3 – 

Fm99 +3 – 

Fm100 +3 – 

Md101 +3  

No102 +3  

Lw103 +3 – 
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When the oxidation states of lanthanides are compared with those of actinides,
we find that +3 oxidation state is the most common for both the series of elements.
This oxidation state would become increasingly more stable as the atomic number
gets increased in the actinide series. The increasing stability of +3 oxidation state
can be seen from the increasing difficulty of oxidation above +3 oxidation state.
This is clearly evident from the values of oxidation potentials (E* values) given in
the same Table E* values have been recorded in 1M per chloric acid at 25°C.
The standard electrode potentials for the lanthanides couple, Ln* /Ln3+ have been
found to become steadily more positive with the increase of atomic number (due
to lanthanide contraction), while for the actinides couple An*/An3+ these values
have been found become more positive from Ac to U and have been found to
become less positive till Am. Am4+ is thus more powerful oxidizing agent than
Ce4+, when Pu4+, Np4+ and U4+ are less powerful. U3+ has been a strong reducing
agent.

Chemistry of Various Oxidation States

As 5f-electrons can be move easily removed from than the 4f-electrons, for the
Actinide metals the lower oxidation states are less important while the higher ions
are more important compared to lanthanide metals.

1. +2 Oxidation State: Only americium (analogous to europium) forms a
stable +2 state. This state has been stable in CaF

2
 only and has been

confirmed by optical and electron spin resonance spectra. +2 state is
uncommon for other actinides. An 2+ ions have been found to resemble Ln2+

ions in their general chemistry.

2. +3 Oxidation State: +3 state is a general oxidation state for most of the
actinides. For Th and Pa, +4 and +5 states, respectively, has been important.
An4+ ions resemble Ln4+ ions in their properties. Many isomorphous salts
are given by the elements of both the series. Trichlorides and trifluorides of
Ac, U, Np, K, Pu and Am are isomorphous. On hydrolysis all the halides
yield oxyhalides.

Ac, Pu and heavier elements are known to form the oxides of An
2
O

3
 type

which are isomorphous with Ln
2
O

3
 oxides.

3. +4 Oxidation State: This is the main oxidation state for Th and is a stable
oxidation state up to Am. Am4+ and Cm4+ are known to form only complexes
is concentrated fluoride solution of low acidity.

General chemistry of An4+ ions has been found to be similar to that of Ln4+

ions. The hydrated fluorides and phosphates of both An4+ and Ln4+ ions
have been insoluble. ThO

2
, PaO

2
, UO

2
, NpO

2
, AmO

2
, CmO

2
 and BkO

2

are having fluorite structure. The tetrachlorides and tetrabromides of Th,
Pa, U and Np are well known characterised compounds while tetraiodides
of Th, Pa and U have been isolated. Oxyhalides of Th, U and Np can be
obtained by heating AmX

4
 with Sb

2
O

3
. An4+ ions are known to form

complexes with anionic ligands like HSO
4
, NO

3
, Cl4, etc.
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4. +5 Oxidation State: This state is quite important for Pa, Pa5+ resembles
very much Nb5+ and Ta5+, U, Np, Pu and Am also exhibit +5 state, but
these are less characterised. The only pentahalides are found for those of
Pa5+ and U5+.

Fluoroanions of Pa, U, Np and Pu of the types AnF
6
, AnF2

8
 and AnF3–

8
  exist

in the solid state. Oxychlorides AnOCl
3
 (An=Pa, U and Np) are also known.

AnO2+ has been the most important ion which is having An5+ cation. It is
having linear structure both in solid and solution. This monovalent dioxo
cation is known to form many complexes with anionic and neutral ligands.

5. +6 Oxidation State: U, Np, Pu and Am show +6 oxidation state in divalent
dioxo cation, AnO2

2
. This cation has been linear both in solid and solution.

The simple molecular halide, UP
2
F

2
 is having the linear O-U-O group with

fluorine bridges. The O-U bond distance is 1.75 to 2.00 A. The overall
structure is flattened octahedron. Although AnO2+

2 
cation is linear in shape,

it is known to from complexes with exceptional geometries, for example,
four, five and six coordinated complexes are given by this cation.

6. +7 Oxidation States: +7 oxidation state is exhibited only by Np and Pu.
Electrolysis or Ozone Oxidation of Np5+ or Np6+ in NaOH yield a green
solution of NpO3

5 
which slowly gets reduced to Np6+ at 25°C (E* for Np7+/

Np6+ = 0.58 Volts in NaOH). The existence of Np7+ ion is confirmed by
Mossbauer Spectra.

Pu7+ ion can be obtained by exposing a mixture of PuO
2
 and Li

2
O to oxygen

at 430°C when Li
5
PuO

5
 gets formed. The chemistries of Np7+ and Pu2+ have been

found to resemble those of Re7+ and Te7+.

4.10 CHEMISTRY OF  SEPARATION OF
ACTINIDES

Trans-Uranium elements, produced by nuclear reactions can be isolated from the
target materials and irradiated nuclear fuels by the following methods.

Precipitation Method

Tri- and tetra-positive actinides are made to precipitate as fluorides or phosphates
from acidic solutions. Actinides in higher oxidation states either do not from a
precipitate or form complexes. This method has been found to especially useful
for the separation of the actinide elements of U-Am group. If the quantity of the
actinide ion is not sufficient to precipitate by itself, co-precipitation with a carrier
like LaF

3
 or BiPO

4
 is adopted. The LiF

3
 co-precipitation method is used for the

separation of Np and P (obtained by neutron irradiation of Uranium) from Uranium
and other fission products. The BiPO

4
 co-precipitation method was devised by

Thomson and Seaborg and is still used for the large scale preparation of Pu from
U and fission products. This is summarised in Figure 4.2.
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Fig. 4.2 BiPO
4
 Co-Precipitation Method for the Separation of Pu and

from U and Fission Products (FP’s)

Solvent Extraction Method

This method is mainly used in the recovery of U and Pu from used up nuclear fuels.
This method is based on the distribution of a metal between the aqueous solution
and an organic solvent when treated with hexane Np4+, Np5+, Pu6+ and U6+ are
extracted where Pu3+ is not extracted. Diethyl Ether and Tri-n-Butyl Phosphate
(TBP) are other solvents which find use as extractants. Due to the high viscosity
and density TBP finds use as 20% solution in Kerosene. This method is preferentially
applied to Nitrate systems, since other ions, such as Sulphate Perchlorate, Fluoride,
etc., are strongly complex and tend to retain the metal in aqueous solution. Hexane
and Diethyl other need a high concentration of NO–

3
 ions in the aqueous phase

and it is achieved by adding Al(NO
3
)

3
 which is having a high salt-out action. TBP

is resisted to Nitric Acid solution and acts by itself as a Salt Agent. Solvent extraction
of Pu and U by Hexane and TBP is shown in Figure 4.3.

Fig 4.3 Separation of Pu and U from Fission Products (FP’s) by
Involving Solvent Extraction with Hexone (Redox Process)
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Ion Exchange Method

This method is used to separate the actinide ions and is best suited for separation
of Trans-Americium elements. The method involves following two steps:

(i) Lanthanide-Actinide Separation: The actinides as a group can be
separated from lanthanides by using a cation-exchange resin. Strong HCl
finds use as the eluting agent. The actinide ions tend to form chloride
complexes more readily and hence get eluted first.

Separation of actinides from lanthanides is now carried out on an anion-
exchange resin by using 10M LiCl as eluent at elevated temperatures up to
–90°. With the exceptions of Gd, Ho and of Cm, the elution sequences
follow the order of increasing atomic number. Hence, La gets absorbed
least strongly.

Fig 4.4 Separation of Pu and U from Fission Products (FP’s) by using Solvent
Extraction with Tributyl Phosphate TBP (Pyrex Process)

(ii) Separation of Individual Actinide Elements: In general the actinide ions
can be separated from each other by removing from the cation exchange
resin by carrying out elution with Ammonium Citrate, Lactate, -Hydroxy
Isobutyrate and Ethylene Diamine Tetra-Acetate. When the activity is made
to plot against the number of drops of eluent, elution curves will be obtained
as depicted in Figure. 4.5, Lw (Atomic Number, Z = 103) is expected to
leave the column first, to be followed by No (Z = 102), and so on, down
the scale of Atomic Numbers, Elution Positions for Md (Z = 101), Fm
(Z=100) and down to Am (Z = 95) have been depicted in the typical elution
curves. Elution curves for lanthanides have been depicted in the given Figure
for comparison. A very striking similarity can be observed in the spacing of
the corresponding elements in the two series (for example, Am and Eu, Cm
and Gd, Bk and Tb, etc.). This similarity has helped scientists to predict the
elution positions of the elements from Bk to Md before their discovery, and
which also makes possible today to predict the elution positions of elements
with Z = 102, 103, 104, 105 and 106.
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Fig. 4.5 Elution Curves Exhibiting the Elution Positions of Ln3+ and Am3+ Ions
which are Eluted from Dowex-50 Ion-Exchange Resin with

Ammonia Alpha-Hydroxy Isobutyl Rate

Figure 4.5 illustrates the elution curves exhibiting the elution positions of
Ln3+ and Am3+ ions which are eluted from Dowex-50 ion-exchange Resin with
Ammonia Alpha-Hydroxy Isobutyl rate. The dotted elution curves reveal the
predicted elution positions of the then undiscovered elements with Atomic Numbers
102 and 103.

A distinct breakdown between Gd and Tb (Lanthanide Series) and between
Cm and Bk (Actinide Series) can be seen. This is ascribed to the small change in
ionic radius occasioned by the half-filling of the 4f and 5f shells, respectively. The
elution order is not always same as depicted in Figure 4.5.
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4.11 COMPARATIVE ASSESSMENTS OF
ACTINIDES AND LANTHANIDES

There are many points of similarities between Actinides and Lanthanides. In both
these series (n–2) f-shells are progressively filled. There is Actinide Contraction
similar to Lanthanide Ions, many Actinide Ions are coloured and show paramagnetic
behaviour. They also differ in some respects. Actinides have a far greater tendency
to form complex than Lanthanides. The difference is due to relatively lower energies
of Actinides.

Various points of similarities and differences are summarised below.

Points of Similarities

(i) The elements of both the series show +3 oxidation state.

(ii) Like Lanthanide contraction seen in case of lanthanides, we also have
Actinide contraction in actinides. Both the contractions are due to the poor
shielding effect between the electrons residing in (n – 2)f orbitals.

(iii) The absorption bands of the elements of both the series are so sharp that
they appear to the almost line-like bands. Both the bands are produced
due to the jump of an electron from one energy level to the other within (n
– 2) f orbitals.

(iv) Elements of both the series have low electro-negativities and are very
reactive.

(v) The Nitrates, Perchlorates and Sulphates of Trivalent Actinides as well as
Lanthanides are soluble while the Hydroxides, Fluorides and Carbonates
of both cations are insoluble.

(vi) Most of the Lanthanide and Actinide cations are paramagnetic.

(vii) In the atoms of the elements of both the series, three outermost shells are
partly-filled while the remaining inner-shells are completely-filled.

Points of Dissimilarities

The points of dissimilarities are given in Table 4.10.

Table 4.10 Differences Between Lanthanides and Actinides

 Lanthanides  Actinides 
(i) Due to large energy difference between 

4f and 5d orbitals, the properties of 
lanthanides are fairly similar. 

(i) Due to small energy difference between 
5f and 6d orbitals, the properties of 
actinides are considerably different from 
each other. 

(ii) Binding energies of 4f orbitals are higher. (ii) Binding energies of 5f orbitals are lower. 

(iii) The additional electron enters 4f orbitals. (iii) The additional electron enters 5f orbitals. 
(iv) These elements show only +2, +3 and +4 

oxidation states. 
(iv) These elements show a variety of 

oxidation states like +2, +3, +4, +5, +6 
and +7. 

(v) The mutual shielding effect between two 
electrons residing in 4f orbitals is greater. 

(v) The mutual shielding effect between two 
electrons residing in 5f orbitals is poor. 

(vi) Most of the tri-positive Lanthanide 
cations are colourless. 

(vi) Most of the tri-positive and tetra-positive 
Actinide cations are coloured. 

(vii) The paramagnetic character of (vii) The paramagnetic character of Actinides 
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(vii) The paramagnetic character of 
Lanthanides can easily be explained. 

(vii) The paramagnetic character of Actinides 
cannot be explained easily. 

(viii) They do not form complex compounds 
easily. They do not form complexes with 
-bonding ligands like Alkyl Phosphines, 
Thio-Ethers. etc. 

(viii) They form complex compounds 
comparatively more easily. They do form 
complexes with -bonding ligands. 

(ix) Except Pm, all the remaining Lanthanides 
are non-reactive. 

(ix) All the Actinides are radioactive. 

(x) The compounds of Lanthanides are less 
basic. 

(x) The compounds of Actinides are more 
basic. 

(xi) Lanthanides do not form oxo-cations. (xi) Some Actinides form oxo-cations of 
MO2

+ (for example, UO2
2+, PuO2

+) and 
MO2

2+ (for example, UO2
2+, PuO2

+) type. 

(xii) The atoms of Lanthanides have a total of 
six shells. Out of these first three shells, 
viz., 1st, 2nd and 3rd are completely 
filled while the remaining three shells 
namely 4th, 5th and 6th are partially-
filled. 

(xii) The atoms of Actinides have a total of 
seven shells. Out of these, first four 
shells, viz., 1st, 2nd, 3rd and 4th are 
completely-filled while the remaining 
three shells, viz., 5th, 6th and 7th are 
partially-filled. 

 

Check Your Progress

7. Define the term lanthanide compounds.

8. What do you mean by actinides?

9. State the complete configuration and valence-shell configuration of
actinides.

10.  Name the scientists who devised the Bi PO
4
 co-precipitation method.

11. Define the lanthanide-actinide separation methods.

12.  List down the points of similarities of lanthanides and actinides.

4.12 ANSWERS TO ‘CHECK YOUR PROGRESS’

1. The 4f elements are also called Lanthanides, Lanthanons or Rare Earths.

2. In Lanthanides, the principal oxidation state is +3 although these also show
+2 and +4 oxidation states. The +3 is the most stable oxidation state for all
the Lanthanides since some of the M2+ and M4+ Cations are converted into
M3+ ions, for example, Sm2+ is a good reducing agent while Ce4+ is a good
oxidising agent, since both these ions are converted into M3+ ions which are
the most stable ions.

3. Oxides, Ln
2
O

3
: The oxides Ln

2
O

3
 get formed by heating the metal in oxygen

or by the thermal decomposition of the Ln(OH)
3
 as oxy salts like Ln

2
(CO

3
)

3

and Ln (NO
3
)

3
. The oxides have been found to resemble those of alkaline

earth oxides. All the oxides are almost in soluble in water. They absorb
CO

2
 and H

2
O from air to form carbonates and hydroxides, respectively.

4. The anhydrous chlorides are best prepared by heating the oxides with
Carbonyl Chloride (COCl

2
) or NH

4
Cl.

LN
2
O

3
 + 3COCl

2
  2LnCl

3
 + 3CO

2

Ln
2
O

3
 + 6NH

4
Cl 

300
 2LnCl

3
 + 3H

2
O + 6NH

3
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5. The distance between neighbouring positive and negative ions in a crystal is
called ionic radii.

6. Atomic and ionic radii of M3+ ions of Lanthanides are given in standard
periodic table. As we move from Ce to Lu and from Ce3+ to Lu3+, it is seen
that there is a steady decrease in these values. This steady decrease in the
atomic and ionic radii (M3+ Ions) of Lanthanide elements with increasing
atomic number is called Lanthanide Contraction.

7. The lanthanide series of chemical elements comprises the 15 metallic chemical
elements with atomic numbers 57–71, from lanthanum through lutetium.
These elements, along with the chemically similar elements scandium and
yttrium, are often collectively known as the rare earth elements or lanthanide
compounds.

8. Seaborg suggested that all the elements having atomic number greater than
89 (Ac

89
) constitute a second series of inner-transition elements. This series

is similar to lanthanide series. The elements of this new series which have
atomic number greater than 89 were called actinides.

9. The complete and valence-shell configuration of actinides can be written as:

Complete Configuration: 2, 8, 18, 32, 18 to 32, 8 to 10, 2

Or                                    2, 8, 18, 32, 5s2p6d10f 0–14, 6s2p6d0–2, 7s2

Or                                     [Rn]
86

 5f 0–14 6d0–2 7s2

Valance-Shell Configuration: 5f 0–14 6d0–2 7s2

10. The BiPO
4
 co-precipitation method was devised by Thomson and Seaborg

and is still used for the large scale preparation of Pu from U and fission
products.

11. This method is used to separate the actinide ions and is best suited for
separation of Trans-Americium elements. The method involves following
two steps:

(i) Lanthanide-Actinide Separation: The actinides as a group can be
separated from lanthanides by using a cation-exchange resin. Strong
HCl finds use as the eluting agent. The actinide ions tend to form
chloride complexes more readily and hence get eluted first.

(ii) Separation of actinides from lanthanides is now carried out on an
anion-exchange resin by using 10M LiCl as eluent at elevated
temperatures up to –90°. With the exceptions of Gd, Ho and of Cm,
the elution sequences follow the order of increasing atomic number.
Hence, La gets absorbed least strongly.

12. Points of Similarities of Lanthanides and Actinides are as follows:

(i) The elements of both the series show +3 oxidation state.

(ii) Like Lanthanide contraction seen in case of lanthanides, we also have
Actinide contraction in actinides. Both the contractions are due to the
poor shielding effect between the electrons residing in (n – 2)f orbitals.

(iii) The absorption bands of the elements of both the series are so sharp
that they appear to the almost line-like bands. Both the bands are
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produced due to the jump of an electron from one energy level to the
other within (n – 2) f orbitals.

(iv) Elements of both the series have low electronegativities and are very
reactive.

(v) The Nitrates, Perchlorates and Sulphates of Trivalent Actinides as
well as Lanthanides are soluble while the Hydroxides, Fluorides and
Carbonates of both cations are insoluble.

(vi) Most of the Lanthanide and Actinide cations are paramagnetic.

(vii) In the atoms of the elements of both the series, three outermost shells
are partly-filled while the remaining inner-shells are completely-filled.

4.13 SUMMARY

 In Lanthanide elements, the differentiating electron enters 4f-orbitals. This
series starts with Lanthanum (z = 57) and the next fourteen elements (z =
58 to 71). If this definition is strictly followed, only thirteen elements from
Ce

58
(4f1 5d1 6s2) to Yb

70
(4f13 5d1 6s2) should be the members of this series

because Lanthanum La
57

 (5f0 5d1 6s2) and Lutetium Lu
71

(4f14 5d1 6s2) are
having either completely empty or completely filled f-orbital. However, the
fourteen elements from Ce

58
 to Lu

71
 are generally regarded as 4f-block

elements. As the number of electrons in the outermost, as well as in the
penultimate shells remains the same, the fourteen elements resemble one
another.

 Klemm has divided lanthanides into two groups of seven elements each.
These are,

(i) From Ce (58) to Gd (64)

(ii) From Tb (65) to Lu (71)

 The term Rare Earth is avoided now because many of these elements were
divided into following three groups.

(i) Cerium Group: It includes Ce, Pr, Nd and Sm in addition to La; Pm is
not included in this family. The double sulphates of these elements
with K

2
SO

4
 are soluble in water but these are insoluble in cold saturated

solution of H
2
SO

4
.

(ii) Terbium Family: Eu, Gd and Tb are included in this family. The double
sulphates of these elements with K

2
SO

4
 are moderately soluble in

cold saturated solution of K
2
SO

4
.

(iii) Yttrium Family: Dy, Ho, Er, Tm, Y, Yb, Lu are included in this family.
The double sulphates of these elements with K

2
SO

4 
are soluble in

cold saturated solution of K
2
SO

4
.

 The electronic configuration of La
57

 which is followed by 14 Lanthanides is
[X3]

54
4f0 5d1 6s2 in which 5d sub-shell is singly-filled and 4f sub-shell is

vacant. We move in the series of 14 lanthanides (Ce
58 

 to Lu
71

), the additional
electron should occupy the vacant 4f orbitals and 5d orbitals should remain
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singly-filled, i.e., the expected configurations of the atoms of lanthanides
should be those in which 5d orbitals are singly-filled and 4f orbitals are
progressively filled up with electrons.

 In Lanthanides, the principal oxidation state is +3 although these also show
+2 and +4 oxidation states. The +3 is the most stable oxidation state for all
the Lanthanides since some of the M2+ and M4+ Cations are converted into
M3+ ions, for example, Sm2+ is a good reducing agent while Ce4+ is a good
oxidising agent, since both these ions are converted into M3+ ions which are
the most stable ions.

 The ease of formation of the various oxidation states in solution can be
revealed by the values of the standard electrode potential, E0. These values
for different couples of lanthanides, such as,  Ln0  Ln3+. + 3e–, Ln2+ 
Ln3+ + e— and Ln3+  Ln4+ + e–, for 1M Per Chloric Acid at 25C. Here
Ln represents the elemental Lanthanide, Ln2+, Ln3+ and Ln4+ refers to its
di–, tri– and tetra positive ions, respectively.

 Hydroxides, Ln (OH)
3
: The hydroxides get precipitated as gelatinous

precipitates from aqueous of these hydroxides on the addition of an alkali
or ammonia to their salts has been found to be as - Sc, Lu, Yb, Tm, Er, Ho,
Dy, Tb, Sm, Gd, Eu, Y, Nd, Pr, Ce, La.

 Halides, LnX
3
: Fluorides get precipitated by the additions of HF or a soluble

fluoride to a LnIII
 
salt solution. The fluorides of heavier lanthanides are sparingly

soluble in HF because of the formation of Fluoro-complexes.

 Sm
62

, Eu
63 

and Yb
70

: The di-positive ions of these lanthanide (i.e., Sm2+,
Eu2+ and Yb2+) exist in solution. The standard oxidation potentials at 25C,
in acid solution, of these cations have been given below:

From these values it follows that Sm2+, Eu2+ and Yb2+ ions are strong reducing
agents and their reducing strength is in the following order:

Sm2+ > Yb2+ > Eu2+

 The size of ions is determined by the attractive force exerted on the
outerelectrons by the effective nuclear charges, i.e., the true nuclear charge
diminished by the effect of the inner or screening electrons. When a neutral
atom is converted into a positive ion, its size is expected to decrease since
there has been a net increase in effective nuclear charge. On the other hand,
there should be an increase in size when a negative ion is formed from the
neutral atom. The distance between neighbouring positive and negative ions
in a crystal is called ionic radii.

 Basic Character of Lanthanide Hydroxides, M(OH)
3
: Due to Lanthanide

contraction, the size of +3 Lanthanide Ions (M3+ Ions) decreases regularly
with increase in atomic number. As a result of this decrease in size, the
covalent character between M3+ ion and OH ions increases from La(OH)

3
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to Lu(OH)
3
, as per the Fajan’s Rules. Therefore, the basic character of the

Hydroxides decreases with increase in atomic number. Consequently,
La(OH)

3
 is most basic while Lu(OH)

3
 is the least basic.

 All the Lanthanides are soft, malleable and ductile and have low tensile
strength. They are not good conductor of heat and electricity. In general,
the atomic volumes and densities of these elements increase with the increase
in atomic number.

 Complex Formation of Lanthanides: Although the Lanthanide ions are having
a high charge (+3), their large size (0.85-1.03) imparts them low charge
density (charge to size ratio) with the result they cannot bring about much
polarisation and hence are not having much tendency to form complexes.
Their complexes with unidentate ligands, are very few. However, complexes
with a few chelating ligands such as -Diketone, Oximes and
EthyleneDiamire Tetra Acetate (EDTA) are fairly common.

 Seaborg suggested that all the elements having atomic number greater than
89 (Ac

89
) constitute a second series of inner-transition elements. This series

is similar to lanthanide series. The elements of this new series which have
atomic number greater than 89 were called actinides.

 It is observed from these oxidation states that +2 state is shown by two
elements namely Am and Th in its few compounds like Th Br

2
, Th I

2
, Th S,

etc. +3 oxidations state is shown by all the actinides. +3 state becomes
more and more stable as the atomic number increases. +4 oxidation state is
shown by Th, Pa, U, Np, Pu, Am and Cm while +5 state is shown by Th,
Pa, U, Np, Pu and Am. +6 oxidation state is exhibited by U, Np, Pu and
Am while +7 oxidation state is shown by Np and Pu.

 The principal cations given by actinide elements are M3+, M4+ and oxo-
cations like MO+

2
 (Oxidation State of M = +5) and MO

2
2+(Oxidation State

of M = +6). Examples of MO+
2
 ion are UO+

2
 and PuO

2
+ while those of

MO
2
2+ are UO

2
2+ and PuO

2
2+. These oxo-cations are stable in acid and

aqueous solutions.

 Pu7+ ion can be obtained by exposing a mixture of PuO
2
 and Li

2
O to oxygen

at 430°C when Li
5
PuO

5
 gets formed. The chemistries of Np7+ and Pu2+

have been found to resemble those of Re7+ and Te7+.

 Separation of actinides from lanthanides is now carried out on an anion-
exchange resin by using 10M LiCl as eluent at elevated temperatures up to
–90°. With the exceptions of Gd, Ho and of Cm, the elution sequences
follow the order of increasing atomic number. Hence, La gets absorbed
least strongly.

 There are many points of similarities between Actinides and Lanthanides. In
both these series (n–2) f-shells are progressively filled. There is Actinide
Contraction similar to Lanthanide Ions, many Actinide Ions are coloured
and show paramagnetic behaviour. They also differ in some respects.
Actinides have a far greater tendency to form complex than Lanthanides.
The difference is due to relatively lower energies of Actinides.
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4.14 KEY TERMS

 Cerium group: It includes Ce, Pr, Nd and Sm in addition to La; Pm is not
included in this family. The double sulphates of these elements with K

2
SO

4

are soluble in water but these are insoluble in cold saturated solution of
H

2
SO

4
.

 Terbium family: Eu, Gd and Tb are included in this family. The double
sulphates of these elements with K

2
SO

4
 are moderately soluble in cold

saturated solution of K
2
SO

4
.

 Yttrium family: Dy, Ho, Er, Tm, Y, Yb, Lu are included in this family. The
double sulphates of these elements with K

2
SO

4 
are soluble in cold saturated

solution of K
2
SO

4
.

 Lanthanide: The lanthanide (or lanthanoids) series of chemical elements
comprises the 15 metallic chemical elements with atomic numbers 57–71,
from lanthanum through lutetium.

 Actinides: The actinoid (IUPAC nomenclature, also called actinide) series
encompasses the 15 metallic chemical elements with atomic numbers from
89 to 103, actinium through lawrencium.

4.15 SELF-ASSESSMENT QUESTIONS AND
EXERCISES

Short-Answer Questions

1. Give definitions and specific properties of lanthanides and actinides.

2. What do you mean by the oxidation state of lanthanide elements?

3. Write the electronic configurations of lanthanides and actinides.

4. Define the Rare Earth elements.

5. Explain the term solid halides.

6. What are the causes of lanthanide contraction?

7. State the physical properties of lanthanides.

8. What are the magnetic properties of M3+ ions?

9. Why lanthanides have less tendency to make complexes?

10. Explain the commercial uses of lanthanide compounds.

11. Define the positioning of actinides in the periodic table.

12. What is the significance of oxidation potentials of actinide elements?

13. Explain the precipitation and solvent extraction methods of separation of
actinides.

14. How the separation of individual actinide elements is done?

15. Differentiate between lanthanides and actinides on the basis of their physical
and chemical properties.
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Long-Answer Questions

1. Elaborate on the chemistry of lanthanide elements giving appropriate
examples.

2. Briefly describe the real life and commercial uses of lanthanides with reference
to atomic energy and as a catalyst giving relevant examples with formulas
and chemical names.

3. Discuss about the magnetic and electronic applications of lanthanides with
the help of appropriate examples.

4. Explain the concept of complex formation, occurrence and isolation of
lanthanide compounds giving appropriate examples.

5. Discuss about the electronic structures, oxidation states and ionic radii of
lanthanide compounds.

6. Describe the method of lanthanide contraction.

7. Prove that lanthanide contraction is the greater-than-expected decrease in
ionic radii of the elements in the lanthanide series from atomic number 57,
lanthanum, to 71, lutetium.

8. Elaborate on the significance of magnetic moments and atomic numbers in
lanthanides.

9. Explain briefly about the general features and chemistry of actinides with
the help of examples.

10.  Prove that the actinides show much more variable valence.

11.  Elaborate on the nanotechnology and supramolecular chemistry of actinides.

12.  Why all actinides release energy upon radioactive decay? Give examples.

13.  Why the actinides extraction is complex? Support your answer giving
examples.

14.  Illustrate briefly the general features and the chemistry of separation of Np,
Pu, and Am from U.

15.  Analyse the similarities and the dissimilarities between the later lanthanides
and the later actinides. Support you answer by giving appropriate examples.
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UNIT 5 ACIDS, BASES AND NON-
AQUEOUS SOLVENTS

Structure
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5.4.1 Bronsted-Lowry New Concept of Acids and Bases
5.4.2 Advantages and Limitations of Bronsted-Lowry Concept

5.5 The Lux-Flood Concept
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5.6.1 Lewis Acids
5.6.2 Lewis Bases
5.6.3 Comparative Assessment of Arrhenius, Bronsted-Lowry and Lewis Acids

and Bases
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5.7.1 Relation between the Ions Given by the Auto-Ionisation of H
2
O, Liquid

NH
3
 and Liquid SO

2

5.7.2 Applications of Solvent System Concept
5.7.3 Advantages of Solvent System Concept
5.7.4 Physical Properties of a Solvent
5.7.5 Types of Solvents and Their Characteristics

5.8 Reactions in Non-Aqueous Solvents
5.8.1 Liquid Ammonia (Liquid NH

3
) as Solvent

5.8.2 Liquid Sulphur Dioxide (Liquid SO
2
) as Solvent

5.9 Answers to ‘Check Your Progress’
5.10 Summary
5.11 Key Terms
5.12 Self-Assessment Questions and Exercises
5.13 Further Reading

5.0 INTRODUCTION

Acids and bases are popular chemicals which interact with each other resulting in
the formation of salt and water. The word acid comes from a Latin word ‘Acere/
Acidus’ which means ‘Sour’. Fundamentally, an acid is any hydrogen-containing
substance that is capable of donating a proton (hydrogen ion) to another substance
while a base is a molecule or ion able to accept a hydrogen ion from an acid.
Generally, the acidic substances are identified or recognised through their sour
taste. An acid is basically a molecule which can donate an H+ ion and can remain
energetically favourable after a loss of H+. Acids can turn the blue litmus into red.
In contrast, the bases are characterized or categorized through their bitter taste
and a slippery texture. A base that can be dissolved in water is termed as an alkali.
When these substances chemically react with acids then they yield salts. Bases
can turn the red litmus into blue.
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The term acid and base have been defined in different ways depending on
the particular way of looking at the properties of acidity and basicity. Arrhenius
first defined acids, “As compounds which ionize to produce hydrogen ions, and
bases as compounds which ionize to produce hydroxide ions” or “An acid generates
H+ ions in a solution whereas a base produces an OH– ion in its solution”. According
to the Bronsted-Lowry definition, “An acid is a proton donor and a base is a
proton acceptor”. According to the Lewis definition, “Acids are molecules or ions
capable of coordinating with unshared electron pairs, and bases are molecules or
ions having unshared electron pairs available for sharing with acids” or “Acids are
electron-pair acceptors and bases are electron-pair donors”. Therefore, according
to Lewis, for any substance to be acidic a molecule must be electron deficient.

According to the Lux-Flood acid-base theory, it was a revival of the oxygen
theory of acids and bases proposed by the German chemist Hermann Lux in
1939 and further improved by Håkon Flood circa 1947. It is still used in modern
geochemistry and for the electrochemistry of molten salts. This definition describes
that, “An acid is an oxide ion (O2-) acceptor and a base as an oxide ion donor”. 

The acid-base reactions in non-aqueous solvents are typically described by
means of the solvent-system definition, although the regular Bronsted-Lowry theory
may be applied for the protic solvents, which possess a hydrogen atom that can
dissociate. According to the solvent-system definition, acids are the compounds
that increase the concentration of the solvonium (positive) ions, and bases are the
compounds that result in the increase of the solvate (negative) ions, where solvonium
and solvate are the ions found in the pure solvent in equilibrium with its neutral
molecules. An inorganic non-aqueous solvent is a solvent other than water that is
not an organic compound. Common examples are liquid ammonia, liquid sulphur
dioxide, sulfuryl chloride, sulfuryl chloride fluoride, phosphoryl chloride, dinitrogen
tetroxide, antimony trichloride, bromine pentafluoride, hydrogen fluoride, pure
sulfuric acid and other inorganic acids. These solvents are used in chemical research
and industry for reactions that cannot occur in aqueous solutions or require a
special environment.

In this unit, you will study about the acids and bases, Arrhenius, Bronsted-
Lowry, the Lux-Flood, solvent system and Lewis concept of acids and bases,
non-aqueous solvents, physical properties of a solvent, types of solvents and their
general characteristics, reactions in non-aqueous solvents with reference to liquid
NH

3
 and liquid SO

2
.

5.1 OBJECTIVES

After going through this unit, you will be able to:

 Understand what acids and bases are

 Discuss about the Arrhenius concept of acids and bases

 Analyse the Bronsted-Lowry theory of acids and bases

 State the Lux-Flood concept of acids and bases

 Describe the significance of the solvent system
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 Explain the Lewis concept of acids and bases

 Elaborate on the general features and chemistry of non-aqueous solvents

 Understand the  physical properties of a solvent

 Define different types of solvents and their general characteristics

 Explain the reactions involved in non-aqueous solvents with reference to
liquid NH

3
 and liquid SO

2

5.2 ACIDS AND BASES

Acids and bases are popular chemicals which interact with each other resulting in
the formation of salt and water. The word acid comes from a Latin word ‘Acere/
Acidus’ which means ‘Sour’. Fundamentally, an acid is any hydrogen-containing
substance that is capable of donating a proton (hydrogen ion) to another substance
while a base is a molecule or ion able to accept a hydrogen ion from an acid.
Generally, the acidic substances are identified or recognised through their sour
taste. An acid is basically a molecule which can donate an H+ ion and can remain
energetically favourable after a loss of H+. Acids can turn the blue litmus into red.
In contrast, the bases are characterized or categorized through their bitter taste
and a slippery texture. A base that can be dissolved in water is termed as an alkali.
When these substances chemically react with acids then they yield salts. Bases
can turn the red litmus into blue.

An acid is a molecule or ion capable of donating a proton, i.e., hydrogen ion
or H+, a Bronsted–Lowry acid or alternatively capable of forming a covalent bond
with an electron pair (a Lewis acid). The first category of acids are the proton
donors, or Bronsted–Lowry acids. In the special case of aqueous solutions, proton
donors form the hydronium ion H

3
O+ and are known as Arrhenius acids. Bronsted

and Lowry generalized the Arrhenius theory to include non-aqueous solvents. A
Bronsted or Arrhenius acid usually contains a hydrogen atom bonded to a chemical
structure that is still energetically favourable after loss of H+.

The second category of acids are Lewis acids, which form a covalent bond
with an electron pair. An example is boron trifluoride (BF

3
), whose boron atom

has a vacant orbital which can form a covalent bond by sharing a lone pair of
electrons on an atom in a base, for example the nitrogen atom in ammonia (NH

3
).

Lewis considered this as a generalization of the Bronsted definition, so that an acid
is a chemical species that accepts electron pairs either directly or by releasing
protons (H+) into the solution, which then accept electron pairs. However, hydrogen
chloride, acetic acid, and most other Bronsted–Lowry acids cannot form a covalent
bond with an electron pair and are therefore not Lewis acids. Conversely, many
Lewis acids are not Arrhenius or Bronsted–Lowry acids. In modern terminology,
an acid is implicitly a Bronsted acid and not a Lewis acid, since chemists almost
always refer to a Lewis acid explicitly as a Lewis acid.

In chemistry, there are three definitions in common use of the word base,
known as Arrhenius bases, Bronsted bases and Lewis bases. All definitions agree
that bases are substances which react with acids as originally proposed by G. F.
Rouelle in the mid-18th century.
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Arrhenius proposed in 1884 that a base is a substance which dissociates in
aqueous solution to form hydroxide ions OH. These ions can react with hydrogen
ions (H+ according to Arrhenius) from the dissociation of acids to form water in an
acid-base reaction. A base was therefore a metal hydroxide, such as NaOH or
Ca(OH)

2
. Such aqueous hydroxide solutions were also described by certain

characteristic properties. They are slippery to the touch, can taste bitter and change
the colour of pH indicators, for example they can turn red litmus paper blue.

In water, by altering the auto-ionization equilibrium, bases yield solutions in
which the hydrogen ion activity is lower than it is in pure water, i.e., the water has
a pH higher than 7.0 at standard conditions. A soluble base is called an alkali if it
contains and releases OH” ions quantitatively. Metal oxides, hydroxides, and
especially alkoxides are basic, and conjugate bases of weak acids are weak bases.

Bases and acids are seen as chemical opposites because the effect of an
acid is to increase the hydronium (H

3
O+) concentration in water, whereas bases

reduce this concentration. A reaction between aqueous solutions of an acid and a
base is called neutralization, producing a solution of water and a salt in which the
salt separates into its component ions. If the aqueous solution is saturated with a
given salt solute, any additional such salt precipitates out of the solution.

Characteristically, the term acid and base have been defined in different
ways depending on the particular way of looking at the properties of acidity and
basicity. Arrhenius first defined acids, “As compounds which ionize to produce
hydrogen ions, and bases as compounds which ionize to produce hydroxide ions”
or “An acid generates H+ ions in a solution whereas a base produces an OH– ion
in its solution”. According to the Bronsted-Lowry definition, “An acid is a proton
donor and a base is a proton acceptor”. According to the Lewis definition, “Acids
are molecules or ions capable of coordinating with unshared electron pairs, and
bases are molecules or ions having unshared electron pairs available for sharing
with acids” or “Acids are electron-pair acceptors and bases are electron-pair
donors”. Therefore, according to Lewis, for any substance to be acidic a molecule
must be electron deficient.

According to the Lux-Flood acid-base theory, it was a revival of the oxygen
theory of acids and bases proposed by the German chemist Hermann Lux in
1939 and further improved by Håkon Flood circa 1947. It is still used in modern
geochemistry and for the electrochemistry of molten salts. This definition describes
that, “An acid is an oxide ion (O2-) acceptor and a base as an oxide ion donor”. 

The acid-base reactions in non-aqueous solvents are typically described by
means of the solvent-system definition, although the regular Bronsted-Lowry theory
may be applied for the protic solvents, which possess a hydrogen atom that can
dissociate.

In order to find the numeric value of the level of acidity or basicity of a
substance, the pH scale (wherein pH stands for ‘Potential of Hydrogen’) can be
used. The pH scale is the most common and trusted method to measure how
acidic or basic a substance is. A pH scale measure can vary from 0 to 14, where
0 is the most acidic and 14 is the most basic a substance can be.
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5.3 ARRHENIUS CONCEPT

In the Arrhenius theory, acids are defined as substances that dissociate in aqueous
solution to give H+ (hydrogen ions) and the bases are defined as substances that
dissociate in aqueous solution to give OH– (hydroxide ions). But in the Brønsted–
Lowry theory, the acids and bases are defined by the way they react with each
other, which allows for greater generality. The definition is expressed in terms of
an equilibrium expression as follows.

Acid + Base  Conjugate Base + Conjugate Acid

With an acid, HA, the equation can be symbolically written as:

HA + B  AA– + HB+

The equilibrium sign, , is used because the reaction can occur in both
forward and backward directions. The acid, HA, can lose a proton to become its
conjugate base, A–. The base, B, can accept a proton to become its conjugate
acid, HB+. Most acid-base reactions are fast so that the components of the reaction
are usually in dynamic equilibrium with each other.

Arrhenius defined acids as any species that gives H+ ions (or H
3
O+ ions) in

water and base as a substance which furnishes OH– ions in water. Thus according
to this concept, the substances like HCL, HNO

3
, H

2
SO

4
, CH

3
COOH, etc., are

acids, since they give H+ ions when dissolved in water.

2H O
HCl H Cl ….(1)

H+ ion produced in Equation (1), gets hydrated by one molecule of water
(H

2
O) and gives hydronium ion H

3
O+.

2 3H H O H O ….(2)

On adding the Equations (1) and (2), we get Equation (3) which represents
the acidic behaviour of HCI in water.

HCI + H
2
O  H

3
O+ + CI– ….(3)

Equation (3) can also be written as:

HCI + Water  H+ (aq) + CI– (aq)

Some chemists believe that H+ produced in Equation (1) gets associated
with four molecules of water and gives [H(H

2
O)

4
]+ or [H

9
O

4
]+ ion.

H+ + 4H
2
O  [H(H

2
O)

4
]+ [H

9
O

4
]+

The substances like NaOH, KOH, Ca(OH)
2
, etc., are bases, since they

give OH– ions in water.

NaOH    Na+ + OH–

NaOH + Water   Na+ (aq) + OH– (aq)

Acid-Base Neutralisation Reaction in Water: According to this concept, the
acid-base neutralisation reaction in water consist of available H

3
O+ or H+ ions

(acid) which combines with a compound containing OH– ions (base) to form the
salt and water.
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HCI + NaOH 2H O  NaCl + H
2
O

Acid Base Salt Water

The above reaction occurs in following steps:

HCI 2H O
H+ + CI–

NaOH 2H O Na+ + OH–

HCI + NaOH 2H O  Na+CI– + H+ [OH]–

Or HCI + NaOH 2H O  NaCI + H
2
O

The formation of salt (NaCI) and H
2
O can also be shown as follows:

HCI 2H O  H+ + CI–

H+ + H
2
O 2H O  H

3
O+

NaOH 2H O  Na+ + OH–

HCI + H
2
O + NaOH 2H O  Na+ CI– + [H

3
O]+ [OH]–

Or HCI + H
2
O + NaOH 2H O  NaCI + 2H

2
O

Or HCI + NaOH 2H O  NaCI + H
2
O

Due to the formation of a salt, acid-base neutralisation reaction is also called
salt formation reaction. This shows that in neutralisation reaction, H

2
O is

produced by the combination of H+ and OH–. Thus we can say that neutralisation
reaction, according to Arrhenius concept of acids and bases, is the combination of
H+ OH– ions, which are produced by the dissociation of the acid and base,
respectively, in aqueous medium.

Advantages

(i) Arrhenius concept has been invaluable in elucidating the behaviour of
aqueous solutions. The constant heat of neutralization of a strong acid by a
strong base can be readily explained in the light of this concept.

(ii) The theory correlated the catalytic action of acids with the concentration of
hydrogen ions.

(iii) Aqueous solution of non-metallic oxides (e.g., CO
2
, SO

2
, SO

3
, N

2
O

3
,

N
2
O

5
, P

4
O

6
, P

4
O

10
, etc.) is acidic, since it gives H+ ions in water.

SO
3
 + H

2
O  H

2
SO

4
,  2H+ + 2

4SO 

N
2
O

5
 + H

2
O  2HNO

3
  2H+ + 3NO

(iv) Aqueous solution of metallic oxides (e.g., CaO, Na
2
O, etc.) and the

compounds like NH
3
, N

2
H

4
, NH

2
OH, etc., are bases, since these substances

give OH– ions in water.

CaO + H
2
O  Ca(OH)

2
  Ca2+ + 2OH–
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NH
3
 + H

2
O  NH

4
OH  NH

4
+ + OH–

N
2
H

4
 + H

2
O  [N

2
H

5
]+[OH]–  N

2
H

5
+ + OH–

NH
2
OH + H

2
O  [NH

3
OH]+[OH]–  NH

3
OH+ + OH–

(v) The strength of an acid (HA) and a base (BOH) can be expressed
quantitatively in terms of the ionization (or dissociation) constant of the acid
and base in aqueous solution.

Acid
HA   H+ + AA–,  H A

a
HA

C C
K

C

 


Base
BOH  B+ + OH–, B OH

b
BOH

C C
K

C

 


Limitations

(i)  Arrhenius concept lacks in generality.

(ii)  This theory deals with dissociation and acid-base reactions in aqueous
medium only and does not explain their behaviours in non-aqueous solvents
in dissociation of acids and bases.

(iii)  This concept restricts bases to hydroxides only.

(iv)  According to this concept, acid-base neutralization reactions take place only
in water and hence cannot explain such reactions occurring in other solvents
or in the gas phase, for example, the formation of NH

4
CI (s) by the combination

of NH
3
 (g) and HCI (g) cannot be explained by Arrhenius concepts.

NH
3
 (g) + HCI (g)  NH

4
CI (s)

(v) According to this concept, acids and bases undergo dissociation only in
water (aqueous solvent). Thus, it cannot explain the dissociation of acids
and bases in non-aqueous solvents like liquid NH

3
, liquid SO

2
, etc.

5.4 BRONSTED-LOWRY CONCEPT

The Brønsted–Lowry theory is an acid–base reaction theory which was proposed
independently by Johannes Nicolaus Brønsted and Thomas Martin Lowry in 1923.
The fundamental concept of this theory is that when an acid and a base react with
each other, the acid forms its conjugate base, and the base forms its conjugate
acid by exchange of a proton (the hydrogen cation, or H+). This theory is a
generalization of the Arrhenius theory.

Principally, according to the Brønsted–Lowry scheme a substance can
function as an acid only in the presence of a base; similarly, a substance can function
as a base only in the presence of an acid. Furthermore, when an acidic substance
loses a proton, it forms a base, called the conjugate base of an acid, and when a
basic substance gains a proton, it forms an acid called the conjugate acid of a
base. Thus, the reaction between an acidic substance, such as hydrochloric acid,
and a basic substance, such as ammonia, may be represented by the equation:
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In the above equation, the ammonium ion (NH+
4 
) is the acid conjugate to the

base ammonia, and the chloride ion (Cl–) is the base conjugate to hydrochloric acid.

The Brønsted–Lowry theory enlarges the number of compounds considered
to be acids and bases to include not only the neutral molecules, for example
sulphuric, nitric, and acetic acids, and the alkali metal hydroxides, but also certain
atoms and molecules with positive and negative electrical charges (cations and
anions). The ammonium ion, the hydronium ion, and some hydrated metal cations
are considered acids. The acetate, phosphate, carbonate, sulphide, and halogen
ions are considered base.

The concept of acidity originated from the ancient Greeks who defined
sour tasting substances as ‘Acids’. These substances were also found to change
the colour of litmus paper and corrode metals. On the other hand bases were
defined and studied by their ability to counteract acids. Acids and bases possess
the characteristics that are opposite to each other. With the availability of large
experimental data, the need for proper definition and classification arose from
time to time. The concepts of acids and bases developed one after another tend to
make the definitions more and more broad based.

5.4.1 Bronsted-Lowry New Concept of Acids and Bases

Bronsted-Lowry in 1923 proposed a new concept of acids and bases which is
independent of solvent. According to this concept, an acid is a species (molecule
or ion) that can lose a proton (H+) and base is a species (molecule or ion) that can
accept a proton. In other words an acid is a proton donor and base is a proton
acceptor.

(i) HCI can lose a proton (H+) to give CI– ion, so HCI is an acid according to
Bronsted-Lowry concept.

HCl  
+–H  Cl– …(4)

(Bronsted Acid)

Similarly, since CI– ion can accept a proton (H+) to form HCI, so it is a
base.

Cl– +H  HCl …(5)

 (Bronsted Base)

On combining Equations (4) and (5), we get,

HCl 
+

+

–H

H
 Cl–

Bronsted Acid Bronsted Base

(ii) The following reaction shows that NH
3
 acts as a Bronsted base and 4NH

ion acts as a Bronsted acid.

NH
3
 

+

+

H

–H
 4NH

Bronsted Base Bronsted Acid
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Examples of Bronsted Acids and Bronsted Bases

Table 5.1 illustrates some examples of Bronsted acids and Bronsted bases.

Table 5.1 Bronsted Acids and Bronsted Bases

Bronsted Acids Bronsted Bases
(These can Lose one (These can Accept One

or More Protons) or More Protons)

H X
+

+

–H

H
X–

NH
4

+
+

+
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Conjugate Acid-Base Pairs

Conjugate means related. To understand the concept of conjugate acid-base pairs,
consider the reaction between HCl(aq) and NH3(aq).

3 4HCl+ NH ClNH …(6)
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The above reaction occurs through the following two steps:

(i)
+

BaseAcid
HCl Cl H

Here HCl (acid) –Cl– (base) pair is called conjugate acid-base pair.

(ii) The proton lost by HCl in Step (i) is accepted by NH
3 
, so that NH

4
+ ion is

obtained.

3 4

Base Acid

NH H NH

Here, NH
4
+ (acid) – NH

3
 (base) pair is also called conjugate acid-base

pair.

On adding the above two equations,

–
3 4

Acid BaseBaseAcid

HCl NH NH Cl …(7)

This Equation (7) is same as Equation (6).

Equation (6) shows that it consists of two conjugate acid-base pairs, which

are HCl – Cl– and 4NH  - NH
3.
 Thus, if in HCl – Cl– pair, HCl is designated as

Acid
1
, then its conjugate base Cl– may be designated as Base

1
. Similarly, if in

4NH  – NH
3
 pair,, 4NH  is designated as Acid

2
, then NH

3
 may be represented

as Base
2
. Thus, Equation (6) can be written as:

Hence, the general equation representing acid-base reaction can be written as:

Acid
1
 + Base

2
 Acid

2
 + Base

1

It also indicates that in order to get the conjugate base from a given acid,
one proton has to be removed from that acid, i.e.,

HCI –H  Cl– + H+

Similarly in order to get a conjugate acid from a given base one proton has
to be added to that base, i.e.,

3 4
Base Conjugate acid

HNH NH

Examples of Conjugate Acid-Base Pairs

Some examples of conjugate acid-base pairs are given in Table 5.2.
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Table 5.2 Examples of Conjugate Acid-Base Pairs

Acid
1

Base
2

Acid
2 
(Conjugate Base

1 
(Conjugate

Acid to Base
2
) Base to Acid

1
)

3HCO + H
2
O H

3
O+ + 2

3CO 

HCN + H
2
O H

3
O+ + CN–

H
2
S + H

2
O H

3
O+ + HS–

H
2
O + 2

3CO 
3HCO + OH–

H
2
O + H

2
O H

3
O+ + OH–

4NH + H
2
O H

3
O+ + NH

3

HCl + CH
3
COOH 3 2CH COOH + Cl–

HClO
4

+ H
2
SO

4 3 4H SO + 4ClO

HCOOH + H
2
N.CO.NH

2 2 3H NCONH + HCOO–

Amphoteric Substances

The substances which can act as Bronsted acids (loss of proton) as well as Bronsted
bases (gain of proton) are called amphoteric substances, consider the example,

In reaction (a), H
2
O molecule loses a proton (H

2
O H  OH–) and

hence acts as an acid while in reaction (b) this molecule gains a proton from HCl

(H
2
O H  H

3
O+) and hence behaves as a base. Thus since H

2
O can lose as

well as gain a proton, it behaves as an acid as well as a base. In other words, we
can say that H

2
O is an amphoteric substance.

Examples of amphoteric species (molecules and ions) are given in acid-base
reactions, shown in Table 5.3. These substances have been shown in a rectangle.

Table 5.3 Acid-Base Reactions in Which the Species Shown in Rectangle Behave as
Amphoteric Substances

Acid
1

Base
2

Acid
2

Base
1

(i) (a) CH
3
COOH + H

2
O  H

3
O+ + CH

3
COO–

(b) HF + CH
3
COOH  23 CH COOH + F–

(ii) (a) H
2
SO

4
+ 2H

2
O  2H

3
O+ + 2

4SO 

(b) HF + H
2
SO

4  43H SO + F–

(iii) (a) H
2
N.CO.NH

2
+ NH3  4NH + H

2
N.CO.NH–

(b) H
2
SO

4
+ H

2
N.CO.NH

2  2 3H N.CO.NH  + 4HSO

(iv) (a) HNO
3

+ H
2
O  H

3
O+ + 3NO

(b) HF + HNO
3  2 3H NO + F–
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5.4.2 Advantages and Limitations of Bronsted-Lowry
Concept

Following are the advantages and limitations of the Bronsted-Lowry Concept.

Advantages

(i) This concept is superior to Arrhenius concept, since Arrhenius concept can
explain the acidic/ basic character of a substance only in aqueous medium
(H

2
O) while Bronsted-Lowry concept can explain the acidic/ basic nature

of a substance in aqueous (H
2
O) as well as in other protonic solvents like

liquid NH
3
, liquid HF. For example, since H

2
N. CO.NH

2
 (urea) loses a

proton in liq. NH
3
, it behaves as a Bronsted acid in this solvent. On the

other hand, HNO
3
 gains a proton in liq. HF, it behaves as a Bronsted base

in this solvent.

Acid Base   Acid Base

H
2
N.CO.NH

2
+ NH

3
  4NH + H

2
N.CO.NH–

HF +HNO
3
  2 3H NO + F–

(ii) Acid-Base reactions taking place in gaseous phase can also be explained
by Bronsted-Lowry concept for example in the reaction between HCl (g)
and NH3 (g), HCI (g) acts as an acid and NH3 (g) behaves as a base.

Acid Base Acid Base

HCI (g) + NH
3
 (g)  4NH + CI– or 4NH  CI–

Limitations

The most important limitation of this concept is that it cannot explain the Acid-
Base reactions taking place in non-protonic solvents, like liquid SO

2
, liquid BF

3
,

BrF
3
, AICI

3
, POCI

3
, etc., in which no transfer of protons take place.

Acid Base Acid Base

SO
2

+ SO
2
  SO2+ + 2

4SO 

BrF
3

+ BrF
3
  4BrF + BrF–

5.5 THE LUX-FLOOD CONCEPT

According to the Lux-Flood acid-base theory, it was a revival of the oxygen
theory of acids and bases proposed by the German chemist Hermann Lux in
1939 and further improved by Håkon Flood circa 1947. It is still used in modern
geochemistry and for the electrochemistry of molten salts. This definition describes
that, “An acid is an oxide ion (O2) acceptor and a base as an oxide ion donor”. 

According to the concept, a base is any material which gives up oxide ions
and an acid is any material which gains oxide ions. Some typical reactions include
the following:
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2—

2– 2+
4 4

2 2+

Base Acid +xO

SO  SO +O

CaO  Ca O

Hence according to this concept, an acid is an oxide or O2" acceptor and a
base is an oxide or O2" donor.

This view is particularly useful to high temperature chemistry, as in the fields
of ceramics and metallurgy. For example, consider the following reactions:

2 3

2–
4 3 4

CaO + SiO CaSiO

SO SO PbSO

Involving basic oxides (CaO, PbO) and acidic oxides (SO
3
, SiO

2
) are

evicting to form salts.

Also according to Lux-Flood acid-base theory, amphoteric substances are
those which show both a tendency to take up or give up oxide ions depending
upon the circumstances, i.e.,

2–
2 2Na O ZnO 2Na ZnO

Acid

The oxide transfer picture due to Lux can be extended to any negative ion,
i.e., halide, sulphide, etc.

high 3–
3 6temperature3NaF AlF 3Na AlF

The Lux-Flood definition can be extended to include transfer of any anion,
for example halide, sulphide, etc.

The limitations of this concept are obvious. This view can be reduced to
one part of the more general theories of Lewis and Usanovich.

Check Your Progress

1. What are acids and bases?

2. State the characteristic features of acids and bases.

3. Define the first category of acids.

4. What the second category of acids?

5. Give the Arrhenius definition for acids and bases.

6. Define the Bronsted-Lowry concept for acids and bases.

7. What is the Lewis concept for acids and bases?

8. State the Lux-Flood concept for acids and bases.

9. Explain the acid-base neutralization reaction.

10.  What is the Bronsted-Lowry new concept for acids and bases?

11.  What are amphoteric substances?

12.  Give the Lux-Flood concept for amphoteric substances.



Acids, Bases and Non-
Aqueous Solvents

NOTES

Self - Learning
212 Material

5.6 LEWIS CONCEPTS OF ACIDS AND BASES

In 1923, Gilbert N. Lewis suggested another way of looking at the reaction between
H+ and OH- ions. In the Bronsted model, the OH- ion is the active species, in this
reaction it accepts an H+ ion to form a covalent bond. In the Lewis model, the
H+ ion is the active species, it accepts a pair of electrons from the OH- ion to form
a covalent bond.

In the Lewis theory of acid-base reactions, bases donate pairs of
electrons and acids accepts pairs of electrons. A Lewis acid is therefore any
substance, such as the H+ ion, that can accept a pair of nonbonding electrons. In
other words, a Lewis acid is an electron-pair acceptor. A Lewis base is any
substance, such as the OH- ion, that can donate a pair of nonbonding electrons. A
Lewis base is therefore an electron-pair donor.

Principally, a Lewis acid is a chemical species that contains an
empty orbital which is capable of accepting an electron pair from a Lewis base to
form a Lewis adduct. A Lewis base, then, is any species that has a filled orbital
containing an electron pair which is not involved in bonding but may form a dative
bond with a Lewis acid to form a Lewis adduct. For example, NH

3
 is a Lewis

base, because it can donate its lone pair of electrons. Trimethylborane (Me
3
B) is

a Lewis acid as it is capable of accepting a lone pair. In a Lewis adduct, the Lewis
acid and base share an electron pair furnished by the Lewis base, forming a dative
bond. In the context of a specific chemical reaction between NH

3
 and Me

3
B, the

lone pair from NH
3
 will form a dative bond with the empty orbital of Me

3
B to

form an adduct NH
3
•BMe

3
.

An ‘Adduct’ (from the Latin adductus, ‘Drawn Toward’ alternatively, a
contraction of “Addition Product”) is a product of a direct addition of two or
more distinct molecules, resulting in a single reaction product containing all atoms
of all components. The resultant is considered a distinct molecular species.
Examples include the addition of sodium bisulfite to an aldehyde to give a sulfonate.
Adducts often form between Lewis acids and Lewis bases. A good example is
the formation of adducts between the Lewis acid borane and the oxygen atom in
the Lewis bases, 

TetraHydroFuran (THF): BH
3
O(CH

2
)

4
 or diethyl ether: BH

3


O(CH
3
CH

2
)

2
.

Although the Bronsted-Lowry theory was more general than Arrhenius theory
of acid and bases but it could not explain acid or bases reactions which do not
involve transfer of protons. Gilbert N. Lewis proposed a broader concept of
acids and bases from the proton. Although Lewis first proposed his system in
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1923, he did little to develop in until 1938. Lewis defined an acid as a molecule or
an ion that can accept an electron pair from some other substance and a base as a
molecule or an ion which can donate an electron pair (lone pair of electrons) to
some other substance. In other words, a Lewis acid is an electron pair acceptor
and a Lewis base is an electron pair donor. Since Lewis acid is an electron pair
acceptor, it is an electron-deficient species. Similarly, since Lewis base is an electron
pair donor, it is an electron pair rich species. Lewis acid should contain one or
more vacant orbitals into which electron pair(s) donated by the Lewis base can be
accommodated.

Neutralisation Reaction for Lewis Acid with a Lewis Base

According to Lewis concept of acids and bases, the neutralization reaction is that
in which a Lewis acid reacts with a Lewis base and forms a compound which is
called an adduct or complex compound. This compound contains (Lewis Base
 Lewis Acid) coordinate bond. For example,

Lewis Acid Lewis Base Adduct

BF
3

+ : NH
3

 [H
3
N  BF

3
]

(Lewis Base  Lewis Acid) coordinate bond result by the overlap of the
filled orbital on the Lewis base with the vacant orbital on the Lewis acid.

5.6.1 Lewis Acids

Lewis definition of an acid does not attribute acidity to any particular element but
rather, to a unique atomic arrangement. Lewis acid is often considered as an
acceptor or an electrophite. The property of an acid might be to the availability of
an empty orbital for the acceptance of a pair of electrons. According to the concept
of Lewis, acids are classified as follows.

1. Molecules whose central atom has vacant p-orbitals or incomplete octet of
electrons in its valence shell.

For example, BeF
2
, BX

3
 (X = H, F, Cl, Me), etc., the valence shell of Be-

atom (central atom) in BeF2 molecule (F – Be – F) has only 4 electrons
(incomplete octet of electrons). Similarly the valence-shell of B-atom is
BX

3
 molecule has only 6 electrons (incomplete octet). The central atom of

these molecules contains four orbitals namely 2s, 2p
x
, 2p

y
 and 2p

z
 but all

these orbitals are not filled, e.g., in BeF
2
 molecule two orbitals viz., 2p

y
 and

2p
z
 are vacant while in BX

3
 molecule one orbital namely 2p

z
 is vacant. Thus

these molecules are electron-deficient molecules. Due to the presence of
vacant p-orbitals in the valence-shell of the central atom of these molecules,
these molecules can accept one or more electron pairs from Lewis bases,
since Lewis bases are electron pair donor species and hence act as Lewis
acids. By accepting the electron pair(s) the central atom of the Lewis acid
molecules completes its octet. Following Lewis Acid – Lewis Base reaction
illustrates this point.
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2. Molecules whose central atom has vacant d-orbitals in its valence shell.
Such type of molecules include AlF

3
, AlCl

3
, GaCl

3
, SiX

4
, GeX

4
, SnX

4
,

PX
3
, PF

5
, AsF

5
, SbF

3
, SbF

5
, TeCl

4
, XeF

6
, etc. Due to the presence of

vacant d-orbitals these molecules can accept the electron pair(s) donated
by Lewis bases. This is explained in following Lewis acid-Lewis base
reactions.
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3. Molecules whose central atom is linked with more electronegative atom by
double bonds. For example, molecules like CO

2
, CS

2
 , etc., in CO

2
, the

oxygen atoms are move electronegative than the carbon atom. As a result
the electron density due to -electrons is displaced away from the central
atom carbon and towards oxygen atoms. The carbon atom is electron
deficient and can accept electrons from a Lewis base, such as OH–. This
can be illustrated as follows.

4. Cations: This class of Lewis acids is made up of positively charged heavy
metal ions with in complete stable orbitals. Theoretically, all cations are
potential Lewis acids because they are electron deficient.

This property is negligible for alkali metal cations and is weak for the alkaline
each cations. Examples of some Lewis acid- Lewis base reactions, in which
metal cations act as Lewis acids are given below.
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Since H+ ion has empty 1s orbital, it is able to accommodate an electron
pair donated by the electron pair donors. Thus, in the following reactions
H+ ion acts as a Lewis acid.

5. Elements which have extent of electron in their valence shell. Oxygen and
Sulphur atoms contain six electron in their valence shells and therefore, act
as Lewis acids.

Variation of Lewis Acid Strength of Simple Cations

Lewis acid strength is defined as the tendency to accept electron pair(s). The
Lewis strength acid of a cation depends on the following properties of the cation.

(i) Size of the Cation: Smaller the size of the cation, greater is its tendency to
accept the electron pair(s) and hence stronger is the Lewis acid. So, the
Lewis strength of cations decreases on moving down the group and increases
on moving left to right in a period.

For example,

H+> Na+> K+ (Cations of the same group)

Li+< Be2+ (Cations of the same period)

(ii) Oxidation State of the Cation: Lewis strength of the cations of the same
metal atom increases with the increase in oxidation number. For example,
the Lewis acid strength of Fe2+< Fe3+.
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Variation in Lewis Acid Strength of Boron Halides

All trihalides of boron namely BF
3
, BCl

3
, BBr

3
 and BI

3
 are obtained by sp2

hybridization of central atom B(2s1, 2p
x
1, 2p

y
1, 2p

z
0). B-atom in its excited state

uses only one 2s and two 2p orbitals in sp2 hybridization, 2p
2
 remains vacant and

thus can accept electron pair donated by the donor molecules (ROH, NH
3
, H

2
O,

etc.) or ions (OH–, F–, Cl–, etc.). So, trihalides of boron acts as Lewis acids. This
can be illustrated as follows.

Relative Order of Lewis Acid Character of Boron Halides

Experimentally, the Lewis acid character of Boron trihalides is found to be in the
order BF

3
< BCl

3
< BBr

3
< BI

3
. This means that BBr

3
 will give more stable adducts

than BBCl
3
 and BCl

3
 will yield more stable adducts than BF

3
.

The above order can be explained on the basis of Boron-Halogen -back
bonding. We know that each of the given molecules has a trigonal planar geometry
which arises due to sp2 hybridisation of B-atom in its excited state. In sp2

hybridisation, one 2p orbital, say 2p
z
, of B-atom remains unhybridised and vacant.

The halogen atom has valence-shell configuration as ns2 np
x
2 np

y
1 np

z
2. The singly

filled np
y
 orbital of halogen atom overlaps with the singly-filled sp2 hybrid orbital

of B-atom and forms B-X -bond, while each of the remaining three orbitals of
halogen atom contains one lone pair of electrons. Thus the structure of BF

3
 molecule

can be shown, as depicted below in Figure 5.1. Now the filed 2p
z
 orbital of F-

atom makes a lateral overlap with the vacant 2p
z
 orbital of B-atom and gives rise

to the formation of an additional F  B -bond, called p -p back bond.
Figure 5.2 illustrates the formation of p -p back bond in BF

3
 molecule by the

lateral overlap between the filled 2p
z
 orbital of F-atom and vacant 2p

z
 orbital on

B-atom.

Fig. 5.1 Structure of BF
3
 Molecule
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Fig. 5.2 Formation of p -p Back Bond in BF
3
 Molecule

The formation of p -p back bonding results in the following:

Due to the formation of extra F  B -bond, B–F bond acquires some
double bond character. Thus B–F bond should be shown as BF. Since any one
of the three F-atoms can take part in the formation of BF bond, the structure of
BF

3
 can be supposed to be a resonance hybrid of the following three equivalent

resonating structures.

On similar lines the resonating structures of BCl
3
, BBr

3
 and BI

3
 molecules

can also be written. It is because of the resonance that all the three B–X bond
lengths in a given trihalide are equal.

The tendency of back bonding is maximum in BF
3
 molecule. This tendency

falls rapidly on passing from BCl
3
 to BI

3
. This means that the tendency of BF

3

molecule to accept electron pair given by Lewis base (e.g., NH
3
, PH

3
, F-, etc.) is

minimum and this tendency increases as we move from BF
3
 to BI

3
, i.e., the Lewis

acid character of BX
3
 molecules is in the order :

BF
3
< BCl

3
< BBr

3
< BI

3

5.6.2 Lewis Bases

Lewis bases are the substances which can donate a pair of electrons. Lewis bases
are broadly classified as:

1. Molecules Whose Central Atom has Lone Pair of Electrons: These
include hydrides of Group 15 (NH

3
, PH

3
, AsH

3
, etc.), Group 16 (H

2
O,

H
2
S, etc.) and Group 17 (HF, HCl, etc.).

2. Almost All Negative Ions: Typical examples are F-, Cl-, I-, OH-, O2-, etc.
These can be illustrated as follows.
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3. Molecules Containing C=C Double Bond: The donation of an electron
pair from a -bond to a Lewis acid like metal ion, BF

3
, AlF

3
, etc., results in

the formation of -complexes. In complexes of ethane with Ag, Pt and Rh,
the metal atoms are bonded not to any simple carbon atom but to the -
bond directly.

4. Halides: The halides that can make halide ion available behave like Lewis
bases. For example, halides like XeF

2
, XeF

4
, CsF, NOF, COCl

2
, etc. The

reactions can be illustrated as follows.

Relative Variation in Basic Strength of NH
3
, H

2
O, HF and Ne Period

The basic strength an electron releasing power of the substances depend upon the
number of lone pairs in them. Greater the number of Lewis pairs, lesser is the
tendency of the substance to donate the electron pair and hence lesser is its basic
strength.

Since the number lone pairs in these substances increases as we move from
NH

3
 to Ne (NH

3
=1, H

2
O=2, HF=3, Ne=4) while the basic strength decreases as

NH
3
> H

2
O > HF > Ne.

Variations of Basic Strength in a Group

Consider the hydrides of group 15 NH
3
, PH

3
, AsH

3
, SbH

3
 and BiH

3
. We know

that the central atom in each of the hydrides has one-lone pair of electrons. These
molecules can donate this lone pair to the molecule (Lewis acid) and hence act as
Lewis base.

Lewis Base Lewis Acid

NH
3

+ H+  H
3
N H+ or 4NH 

NH
3

+
D
F

3
 H

3
NBF

3

The basic strength of these molecules decreases in the order
NH

3
> PH

3 
> AsH

3
> BiH

3
.

Thus, NH
3
 is strongly basic and forms salts with weak as well as strong

acids:

NH
3
 + HCl  NH

4
Cl

2NH
3
 + H

2
CO

3
  (NH

4
)

2
 CO

3

PH
3
 is less basic than NH

3
, which AsH

3
, SbH

3
 and BiH

3
 have no basic

character and are neutral. The above order of basic character of hydrides of Group
15 has been explained on the basis of relative size of the central atom. As we
move down the group, the size of the central. The size of the central atom increases
from N to Bi. Since N-atom is the smallest in size, the electron density of lone pair
of electrons on it is concentrated over a small region. This electron pair can,
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therefore, be donated to the Lewis acid quite easily. As the size of the central atom
increases down the group, the electron density of lone pair on the central atom
gets diffused over a large region and hence the ability of the central atom to donate
the lone pair to the Lewis acid decreases. Thus we find that with the increase in
the size of the central atom, the electron density of lone pair on the central atom
decreases and hence the ability of the central atom to donate the lone pair to the
Lewis acid also decreases, i.e., the basic character of AH

3
 molecules decreases

as we move from NH
3
 to BiH

3
.

Advantages and Limitations of Lewis Concept

Following are the advantages and limitations of Lewis concept.

Advantages of Lewis Concept

(i) Lewis concept is a broader interpretation of acid-base behaviour.

(ii) This theory is not dependent on the presence of one particular element,
upon any given combination of elements, upon the presence of ions, or
upon the presence or absence of a solvent.

(iii) The Lewis approach is of great value in case where protons concept is not
applicable.

(iv) Lewis theory is frequently employed to interpret reaction mechanism.

(v) It explains the long accepted basic properties of metal oxides and acidic
properties of non-metallic oxides.

Limitations of Lewis Concept

(i) In Lewis approach there is a lack of uniform scale of acid and basic strength.
The strength of acid and base in term of Lewis approach is variable and
dependent on the reaction considered. In this respect, it is inferior to
Arrhenius concept and the Bronsted-Lowry concept.

(ii) The reactions catalyzed by the Lewis acids are generally not catalyzed by
the protonic acids.

(iii) The connectional protonic acids Vi
2
, H

2
SO

4
 and HCl are not covered under

Lewis concept, as they do not establish a covalent bond by accepting a
pair of electrons.

5.6.3 Comparative Assessment of Arrhenius, Bronsted-
Lowry and Lewis Acids and Bases

The comparative assessment between Arrhenius, Bronsted-Lowry and Lewis
concepts of acids and bases can be summarized in the following points.

(i) On the Basis of Definition

(a) Arrhenius acid is a compound that gives H+ or H
3
O+ ions in water and

Arrhenius base is a compound that provides OH- ions in water.

(b) Bronsted acid is a molecule or an ion that can donate one or more
protons (H+), i.e., Bronsted acid is a proton-donor. Bronsted base is
a molecule or an ion that can accept one or more protons, i.e., Bronsted
base is a proton acceptor.
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(c) Lewis acid is a molecule or an ion that can accept one or more electron
pairs, i.e., a Lewis acid is an electron pair-acceptor. Lewis base is a
molecule or an ion that can accept one or more electron pairs, i.e., a
Lewis base is an electron pair-donor.

(ii) Arrhenius acids and Lewis acids are the same substances, i.e., the substances
that act as Arrhenius acids also act as Lewis acids. This fact can be illustrated
by considering the behavior of HCl in the following two reactions:

(a) HCl + H
2
O  H

3
O+ + Cl-

(b) HCl + NH
3
  NH

4
+Cl-

Reaction (a). Since HCl gives H
3
O+ ion when dissolved in water, this acid

acts as an Arrhenius acid in this reaction.

HCl  H+ + Cl-

H
2
O + H+  H

3
O+

HCl (Arrhenius Acid) + H
2
O  H

3
O+ + Cl-

Reaction (b). The formation of NH
4
+Cl- takes place through the following

two steps:

HCl  H+ + Cl-

H
3
N : + H+  H

3
N  H+ or NH

4
+

HCl (Bronsted Acid) + NH
3

 NH
4

+ + Cl- or NH
4

+Cl-

In Reaction (b), HCl undergoes ionization and gives H+ and Cl- ions. H+ ion
thus obtained, has empty 1s orbital and hence accepts an electron pair from
NH

3
 and thus forms NH

4
+ ion. Now NH

4
+anCl- ions combine together to

form NH
4
+Cl-. Thus, we see that since H+ ion obtained by the ionization of

HCl accepts an electron pair from NH
3
 molecule, HCl, according to Lewis

concept acts as a Lewis acid.

The above discussion clearly shows that HCl, which acts as an Arrhenius
acid, also behaves as a Lewis acid. In general, we can say that the substances
that act as Arrhenius acids also act as Lewis acids, i.e., Arrhenius acids and
Lewis acids are the same substances.

(iii) Bronsted bases and Lewis bases are the same substances, i.e., the substances
that behave as Bronsted bases also behave as Lewis bases. This can be
illustrated by considering the formation of NH

4
+ ion by the combination of

H+ ion and NH
3
 molecule, according to Bronsted and Lewis concepts.

According to Bronsted concept, the formation of NH
4
+ ion can be shown

as follows.

H+ + NH
3
 (Bronsted Base)  NH

4
+

In this reaction, since NH
3
 molecule accepts a proton (H+) to form NH

4
+

ion, this molecule acts as a Bronsted base.

According to Lewis concept, the combination of H+ and NH
3
 takes place

as follows.
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H+ + :  NH
3
 (Lewis Base)  [H+  NH

3
] or NH

4
+

Here, since NH
3
 molecule loses one electron pair, this molecule acts as a

Lewis base.

The above discussion shows that NH
3
 molecule which act as a Bronsted

base, also acts as a Lewis base. In general, we can say that the substances that act
as Bronsted bases, also act as Lewis bases, i.e., Bronsted bases and Lewis bases
are the same substances.

5.7 NON-AQUEOUS SOLVENTS

The acid-base reactions in non-aqueous solvents are typically described by means
of the solvent-system definition, although the regular Bronsted-Lowry theory may
be applied for the protic solvents, which possess a hydrogen atom that can
dissociate. According to the solvent-system definition, acids are the compounds
that increase the concentration of the solvonium (positive) ions, and bases are the
compounds that result in the increase of the solvate (negative) ions, where solvonium
and solvate are the ions found in the pure solvent in equilibrium with its neutral
molecules.

An inorganic non-aqueous solvent is a solvent other than water, i.e., not an
organic compound. Common examples are liquid ammonia, liquid sulphur dioxide,
sulfuryl chloride, sulfuryl chloride fluoride, phosphoryl chloride, dinitrogen tetroxide,
antimony trichloride, bromine pentafluoride, hydrogen fluoride, pure sulfuric acid
and other inorganic acids. These solvents are used in chemical research and industry
for reactions that cannot occur in aqueous solutions or require a special environment.

Most of the reactions that we come across take place in aqueous solution
because of its ability to dissolve a large number of organic and inorganic compounds
and due to high dielectric constant. However, there are many reactions that cannot
be carried out in aqueous solution but can be studies in non-aqueous solutions. A
large number of non-aqueous solvents are now known which can dissolve many
substances. For example, anhydrous liquid ammonia, liquid SO

2
, anhydrous HF,

liquid N
2
O

4
, etc.

The protonic definition of acids and bases given by Bronsted can be extended
to the reactions occurring in non-aqueous solvents containing hydrogen, such as
NH

3
, N

2
H

4
, HF, H

2
SO

4
, CH

3
COOH, HCN and Alcohols. There are more general

definition of acids and bases which can be appropriate for both the protonic and
non-protonic solvents. One of these is due to Cady and Elsey (1928), according
to whom an acid is solute that, either by direct dissociation or by reaction with the
solvent gives the anion characteristic of the solvent and a base is a solute that,
either by direct association or by reaction with the solvent, gives the cation
characteristic of the solvent. For example, consider the solvent H

2
O, its

characteristic cation and anion are H
3
O+ and OH–, respectively.

This concept was introduced by Franklin (1905) and was extended by
Cady-Elsey (1928). Franklin extended the dissociation principles to non-aqueous
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solvents and realised that non-aqueous solvent molecules may also dissociate into
two compositely charged ions. According to this concept, the solvents undergo
self-ionisation (auto-ionisation) and give cations and anions which are called solvent
cations and solvent anions, respectively.

The definition of acids and bases given by the solvent system concept is
based on the nature of the cations and anions, which the acid or base produces,
either by its self-ionisation or when it (i.e., acid or base) is dissolved in the solvent.
Thus, according to this concept, the substances which give solvent cations when
dissolved in that solvent are called acids, while the substances which give solvent
anions when dissolved in that solvent are called bases. It follows from this discussion
that solvent cations can also be called acid cations and solvent anions thus can
also be called base anions. The solvent system concept would be clear, if we
consider the auto-ionisation of some solvents, such as water, liquid NH

3
, liquid

SO
2
, liquid BrF

3
, HF, liquid N

2
O

4
, etc., as discussed below.

1. Auto-Ionization of Water: Water (H
2
O) undergoes self-ionization in the

following three ways:

(i) H
2
O  H+ (Hydrogen Ions or Protons) + OH– (Hydroxyl

Ions)

(Solvent Cations: Acid Ions) + (Solvent Anions:
Base Ions)

(ii) H
2
O  H+ + OH–

H+ + H
2
O  H

2
O+

2H
2
O  H

3
O+ (Hydronium Ions) + OH– (Hydroxyl Ions).

(Solvent Cations: Acid Ions) + (Solvent Anions:
Base Ions)

(iii) 3H
2
O  K

w
 = [H

3
O+] [OH–] = 1.0 × 10–14 at 25°C

2H
3
O+ (Hydronium Ions) + O2– (Oxide Ions)

(Solvent Cations: Acid Ions) + (Solvent Anions:
Base Ions)

According to solvent system concept, the compounds that give H+ or H
3
O+

ions in water act as acids in aqueous solution, while the compounds which
furnish OH– or O2– ions in water behave as bases in water. Thus, since HCl
gives H+ or H

3
O+ ions in water it behaves as an acid in aqueous solution.

HCl water H+ + Cl–

Or HCl + H
2
O  H

3
O+ + Cl–

Similarly NaOH, which furnishes OH– ions,

NaOH water Na+ + OH–
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2. Auto-Ionisation of Liquid NH
3
: Liquid NH

3
 ionises in the following three

ways:

(i) NH
3

 H+ + NH–
2

H+ + NH
3
 NH+

4

NH
3
 + NH

3
 NH+

4
 + NH+

2

Or 2NH
3
 NH+

4 
(Ammonium Ions) + NH–

2
 (Imide Ions)

Solvent (Solvent Cations: Acid Ions)+(Solvent Anions: Base
Ions)

Kb = [NH+
4
] [NH+

2
]= 1.9 × 10–33 at – 50°C.

(ii) 3NH
3

 2NH+
4
 (Ammonium Cations)+NH2–(Amide Ions)

Solvent (Solvent Cations: Acid Ions) (Solvent Anions:
Base Ions)

(iii) 4NH
3

 3NH+
4
 (Ammonium Cations) + N3– (Nitride Ions)

Solvent (Solvent Cations: Acid Ions) + (Solvent Anions:
Base Ions)

Different modes of auto-ionisation of liquid NH
3
, given above, indicate that,

according to solvent system concept, in liquid NH
3
, while that which

produces NH+
2
 or NH2+ or N3– ions (which are solvent anions) will behave

as a base in liquid NH
3
. The compounds which give NH+

4
  ions in liquid

NH
3
 are called ammono acids, while those which give NH–

2
 NH2– or N3–

ions in this solvent are called ammono bases.

An ammono acid is a compound which in solution in liquid ammonia conducts
itself in a manner analogous to the conduct of ordinary acids in water, such
as acetamide, CH

3
CONH

2
, which reacts with the ammono base, KNH

2
,

giving potassium acetamide, CH
3
CONHK, and Ammonia.

An ammono base is a compound which conducts itself in a solution in liquid
ammonia as an ordinary base conducts itself in aqueous solution and which
contains the group—NH

2
 in place of the hydroxyl, OH, of an ordinary

base, such as potassium amide, KNH
2
.

Reactions of ammono acids and ammono bases are discussed under the
section reaction in liquid NH

3
.

3. Auto-Ionisation of Liquid SO
2
: Self-ion section of liquid SO

2
 takes place

as follows:

Liquid SO
2
 SO2+ + O2–

SO
2
 + –

2S  2–
3SO
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SO
2
 + SO

2
 SO2+ + 2–

3SO

Thionyl Ions, Sulphate Ions Solvent.

Acid Solvent Anion: Base Ions

Cations Ions

When we compare the self-ionisation of liquid SO
2
 with that of water and

liquid NH
3
, we find that SO2+ ion is analogous to H

3
O+ and 4NH  ions

while 2–
3SO  ion is analogous to OH– and –

2NH  ion produced by the self-

ionisation of H
2
O and liquid NH

3
, respectively. Thus all those compounds

which contain or make available SO2+ ions (solvent cations-acid ions) will
act as acids in liquid SO

2
. Similarly all those compounds which contain or

make available 2–
3SO ions, will behave as bases in liquid SO

2
.

The above discussion shows that since SOCl
2
, SOBr

2
, SO(SCN)

2
, etc.,

give SO2+ ions in liquid SO
2
, they behave as acids in this solvent. On the

other hand, the substances, viz., Cs
2
SO

3
, [N(CH

4
)]

2
 SO

3
, K

2
SO

3
 which

give 2–
3SO ions in this solvent act as bases.

5.7.1 Relation between the Ions Given by the Auto-
Ionisation of H

2
O, Liquid NH

3
 and Liquid SO

2

The equations representing the auto-ionisation of H
2
O, liquid NH

3
 and liquid SO

2

indicate that 4NH  and SO2+ ions, which are obtained by the self-ionisation of

liquid NH
3
 and liquid SO

2
, respectively, are analogous to H

3
O+ (or H+) ions,

which are obtained by the ionisation of H
2
O. Similarly –

2NH  and NH2– ions,

obtained by the ionisation of liquid NH
3
 and 2–

3SO ions.

1. Auto-Ionisation of Liquid BrF
3
: Liquid BrF

3
 has high specific conductance

and hence undergoes auto-ionisation to produce 2BF  and –
4BrF  ions.

–
3 2 42BrF BrF BrF

2. Auto-Ionisation of Liquid HF: The high specific conductance liquid HF
suggests a relatively high degree of auto-ionisation as shown below.

–

2

HF H F

HF H H F




2HF HF H F + F–
Solvent Cations Solvent Anions
(Acid Ions) (Base Ions)

Or 23HF H F + F–.HF or –
2HF

Solvent Cations Solvent Anions
(Acid Ions) (Base Ions)
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Thus any substance that can give H
2
F+ ions would behave as an acid in

liquid HF and any substance that can furnish F– or –
2HF ions would act as

a base in this solvent.

5.7.2 Applications of Solvent System Concept

1. To Explain the Acidic/Basic Nature of a Given Substance in a Given
Solvent with the help of Solvent System Concept: We can predict whether a
given substance will behave as an acid, as base, as an amphoteric substance or as
a neutral substance in a given solvent.

For example,

(i) Behaviour of CH
3
COOH in H

2
O, Liquid HF and H

2
SO

4
: In water

CH
3
COOH ionises to a small extent to produce H

3
O+ ions (solvent cations-

acid ions). Due to the feeble ionisation of CH
3
COOH in water, the

concentration of H
2
O+ ions obtained is very low and hence, according to

solvent system concept, CH
3
COOH acts as a weak acid in water.

CH
3
COOH    + H

2
O  H

3
O+ + CH

3
COO–

Weak Acid Solvent Solvent Cations - Acid Ions

(Low Concentration)

The longer half arrow pointing towards left indicates that CH
3
COOH

undergoes partial ionisation in water or in other words the above equilibrium
lies mostly towards the left.

(ii) When Dissolved in Liquid NH
3
: When dissolved in liquid NH

3
,

CH
3
COOH is completely converted into 4NH ions which are solvent cations

or acid ions. CH
3
COOH, therefore, behaves as a strong acid in liquid NH

3
.

CH
3
COOH (Strong Acid) + NH

3
 (Solvent)  4NH    +     CH

3
COO–

[Solvent Cations - (Acid Ions)]

(iii) When CH
3
COOH is Dissolved in Liquid HF: When CH

3
COOH is

dissolved in liquid HF, it ionises to produce F– ions (Solvent Anions-Base
Ions) and hence behaves as a base in liquid HF.

CH
3
COOH (Base)  +  NH (Solvent)  CH

3
COOH+

2

 [(Solvent Anions (Base Ions)]

(iv) When CH
3
COOH is Dissolved in H

2
SO

4
: When CH

3
COOH is

dissolved in H
2
SO

4
, the concentration of HS –

4O  ions (Solvent Anions, Base

Ions) is increased and hence CH
3
COOH behaves as base in H

2
SO

4
.

CH
3
COOH (Base) + H

2
SO

4
 (Solvent)  CH

3
COOH+

2     
+   –

4HSO

          [(Solvent Anions (Base Ions)]

If follows from the above discussion that according to solvent-system
concept CH

3
COOH acts as a weak acid in water, in liquid NH

3
 it behaves

as a strong acid but in both liquid HF and H
2
SO

4
 it shows basic character.
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2. To Explain Amphoteric Character of Compounds in Different Solvents:
A compound that overacts both with acids and bases in strid to show amphoteric
character. For example,

To Explain Amphoteric Character in Water: In water, Zn (OH)
2
 and

Al(OH)
3
 both react with acids and bases and exhibit amphoteric character in this

medium.

Zn(OH)
2
 + 2HCl 2H O ZnCl

2
 + 2H

2
O

         Acid Salt

Zn(OH)
2
 + 2NaOH   2H O Na

2
[Zn(OH)

4
]

Base   Solution Complex

3. To Explain the Acid-Base Neutralisation in Different Solvents.

(i) Acid-Base Neutralisation Reaction in Water: In water, acid
neutralisation is that in which a compound containing or making available
H

3
O+ or H+ ions combines with a compound containing or making available

OH– ions to form the salt and the solvent (i.e., H
2
O), for example,

HCl (Acid) + KOH (Base) Qqueous KCl (Salt) + H
2
O (Solvent)

(ii) Acid-Base Neutralisation Reactions Taking Place in Liquid NH
3
: In

liquid NH
3
 acid-base neutralisation reaction is that in which a compound

containing or making available 4NH ion (ammono acid) combines with a

compound containing or making available 4NH , NH2– or 3–
3N ion (ammono

base) to form the salt and the solvent (i.e., NH
3
), for example,

NH
4
Cl (Acid) + KNH

2
 (Base) 3liq.NH KCl (Salt) + 2NH

3
 (Solvent)

(iii) Acid-Base Reaction Taking Place in Liquid SO
2
: In liquid SO

2
, acid-

base reaction is that in which a compound containing or making available
2
2SO ion (Acid) combines with a compound containing or making available

2–
3SO ion (Base) to form that salt and the solvent (i.e., SO

2
), for example,

SOCl
2
 (Acid) + Cs

2
SO

3
 (Base) 2liq.SO 2CsCl (Salt) + 2SO

2
 (Solvent)

5.7.3 Advantages of Solvent System Concept

The definition of acids and bases given by solvent concept can be used for proteomic
(for example, H

2
O, NH

3
, N

2
H

4
, HF, H

2
SO

4
, CH

3
COOH, HCN, etc.) solvents.

This definition is applicable to aqueous (i.e., H
2
O) as well as non-aqueous solvents

(for example, NH
3
, N

2
H

4
, HF, H

2
SO

4
, CH

3
COOH, HCN, COCl

2
, BrF

3
, etc.

(i) According to this concept, the definition of acids and bases is based on the
nature of the solvent cation and solvent anion obtained by the auto-ionisation
of the solvent.

(ii) According to this concept, acid-base reactions taking place in the absence
of a solvent cannot be explained, i.e., acid-base reactions take place only in
the presence of a solvent.
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(iii) This concept cannot account for the acid-base reactions occurring in non-
ionising solvents, such as C

6
H

6
, CHCl

3
, etc.

5.7.4 Physical Properties of a Solvent

Some of the physical properties of some ionising solvents in given below in table 5.4.

Table 5.4 Physical Properties of Some Ionising Solvents

Solvent Viscosity 
(Millipore) 

Dipole Moment 
(in Debye Units) 

Dielectric Constants 

Water 
Ammonia 
Hydrogen Fluoride 
Hydrogen Cyanide 
Sulphur Dioxide 

10.08 
2.65 
2.40 
2.00 
2.28 

1.84 
1.46 
1.90 
2.93 
1.61 

78.5 (25°C) 
22.9 (–33.5°C) 
83.6 (0.0°C) 
106.8 (25°C) 
17.27 (–16.5°C) 

Auto-Ionisation Ionic Product

2 32H O H O OH 10–14

3 4 22NH O NH O NH 10–13

2 22HF H F HF 10–14

22HCN H CN CN 10–19

2 2
2 32SO SO SO 10–13

(i) Dipole Moment: It may be defined as the product of charge and distance
between the two charges. Greater is the polarity of bend, greater will be the
charge separation and higher will be the dipole moment solvents having higher
values of dipole moment are because of the fact that greater the polarity of a
solvent molecule, greater would be the solvation energy released an dissolution
of a solute. Dipole moment value of solvent also provides an idea about the
extent of association in the liquid state and hence its liquid temperature range.

(ii) Dielectric Constant and Dissolution of Ionic Compounds in Polar
Solvents: Coulombic force of attraction, F between a cation and an anion
in an ionic crystal is given by the following expression:

F = 2

q q

r
Where q+ and q– represent Charges on the Cation and Anion, respectively;
r = Distance between the Cation and Anion and D = Constant, called
Dielectric Constant which depends on the nature of the solvent in which the
ionic crystal is kept. The above expression reveals that for the same values
of q+, q– and r, if F is small, D will be large, i.e., a solvent having a high value
of D will reduce F. In other words, it means that a solvent with a high value
of D will weaken the force holding the ions of ionic crystal together and
ultimately will dissolve the ionic crystal in it, for example, Water which is
having greater value of Dielectric Constant (= 78.5) than Liquid NH

3

(= 22.0) is a better solvent for dissolving ionic compounds like NaCl.
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(iii) Electrical Conductance: These solvents are self-ionising hence electrical
conductance provides an idea about the extent of such ionisation.

(iv) Viscosity: Viscosity is regarded to be an important property of a liquid
solvent. Some solvents are highly fluid, for example, water, low molecular
weight alcohols, liquid NH

3
, while some are viscous, for example, anhydrous

H
2
SO

4
, high molecular weight alcohols, etc. Solvents having low viscosity

can be handled rather easily. Precipitation, crystallisation and filtration are
carried out, on the other hand with considerable difficulty in solvent having
high viscosity.

(v) Proton Affinity: It has been applicable for protonic solvents only. It greatly
influences the behaviour of a solute in a given solvent system, such as NH

3

has greater proton affinity than water. Acetamide which behaves as a very
weak base, its aqueous solution exhibits acidic properties in liquid NH

3
.

3 2 2 3 3CH .CO.NH H O CH .CO.NH OH

3 2 3 3 4CH .CO.NH NH CH .CO.NH NH

5.7.5 Types of Solvents and Their Characteristics

Solvents have been classified in a number of ways. All such classifications are
based on some particular chemical or physical properties. Following are the three
types of classification.

1. Protic and Aprotic Solvents

(i) Protic or Protonic Solvents: These are those solvents which contain
replaceable hydrogen or which can either lose or gain protons or can show
both tendencies. These solvents are of three types:

(a) Acidic (Proto-Genic) Solvents. These can lose protons readily.
Examples are HF, H

2
SO

4
, HCOOH, HCN, C

6
H5COOH,

CH
3
COOH, etc.

(b) Basic (Protophilic) Solvents. These can accept proton, for example,
NH

3
, N

2
H

4
, NH

2
OH

4
, Amines, etc.

(c) Amphiprotic or Amphoteric Solvents. These show dual character,
i.e., they can lose as well as accept protons, depending on the nature
of the reacting species, for example, H

2
O, alcohols, liquid NH

3
,

CH
3
COOH, etc. Amphoteric solvents undergo auto-ionisation (self-

ionisation) in which a proton transfer between two similar neutral
molecules takes place and a cation-anion pair of the solvent is obtained,
for example,

Acid Base Acid Base

H
2
O + H

2
O H

2
O+ + OH–

NH
3
(l) + NH

3
(l) 4NH + 2NH

CH
3
COOH+ CH

3
COOH 3 2CH COOH + 3CH COO
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(ii) Non-Protic or Non-Protonic or Aprotic Solvents: These can neither
lose nor gain the protons, for example, C

6
H

6
, CHCl

3
, CH

2
Cl

2
, CCl

4
, etc.

2. Ionising and Non-Ionising Solvents

This classification is based on the polar and non-polar nature of the solvents.

(i) Ionising or Polar Solvents: These include solvents like H
2
O, NH

3
, HF,

etc. These possess following characteristics.

(a) These have high polarity and high dielectric constants.

(b) They dissolve ionic compounds and initiate ionic reactions.

(c) They can undergo auto-ionisation. Auto-ionisation of H
2
O and NH

3

has already been shown while that of HF and SO
2
 is shown below:

Acid Base Acid Base

HF + HF 2HF + F–

SO
2

+ SO
2

SO2+ + 2
3SO

(d) Polar solvents tend to associate due to the dipole-dipole interactions.
The association is more effective in case of protonic solvents. The
protonic solvents are those which contain hydrogen due to hydrogen
bonding and leads to a higher boiling point which increases the liquid
state range of the solvents.

(ii) Non-Ionising or Non-Polar Solvents: There include solvents like, C
6
H

6
,

CCl
4
, etc.

(a) These have low dipole moment and low dielectric constants.

(b) They dissolve non-ionic (covalent) compounds and cannot initiate ionic
reactions.

3. Aqueous and Non-Aqueous Solvents

Water is called aqueous solvent while all others, for example, NH
3
, SO

2
, HF,

C
6
H

6
, CHCl

3
, etc., are called non-aqueous solvents.

5.8 REACTIONS IN NON-AQUEOUS
SOLVENTS

The effect of the solvent on the dissociation of acids or bases depends principally
upon the basic or acidic properties of the solvent, respectively. Since many acid–
base reactions involve an increase or decrease in the number of ions, they are also
influenced by the dielectric constant of the solvent, for a higher dielectric constant
favours the formation of ions.

As already discussed, the solvents are classified as amphoteric (both acidic
and basic), acidic (in which the acidic properties are much more prominent than
the basic), basic (in which the reverse is true), and aprotic (in which both acidic
and basic properties are almost entirely absent). The only basic solvent that has
been examined is liquid ammonia or liquid NH

3
, which has very low ion product

while the liquid sulphur dioxide or liquid SO
2
 is an inert solvent for both organic

and inorganic compounds.
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5.8.1 Liquid Ammonia (Liquid NH
3
) as Solvent

Liquid ammonia is one of the most comprehensively studied water like solvents. It
is a protonic solvent and is able to dissolve a wide variety of substances. It gives a

proton (H+) on ionisation 3 2(NH H NH ) . It is highly useful solvent and a

number of chemical reactions are carried out in this medium.

The value of dielectric constant of liquid NH
3 
(22.0 at –34°C) is much

smaller than that of water (78.5 at 25°C) and hence liquid NH
3
 has decreased

ability to dissolve ionic compounds.

The liquid range for liquid NH
3
 is from –34.0°C to –77.7°C (bp = –34.0°C,

mp = –77.7°C).

Solubility of Various Substances in liquid NH
3

1. Solubility of Ionic Compounds (Inorganic Compounds): Ammonia has
a low value of dielectric constant (22 at –34°C). This value suggests that
liquid NH

3
 has a poor ability to dissolve ionic compounds. Ammonium,

such as NH
4
NO

3
, NH

4
SCN, etc., and most of the nitrites, nitrates, cyanides,

thiocyanates, perchlorates, are soluble in liquid NH
3
. Salts containing highly

charged ions (for example, oxides, sulphides, sulphates, phosphates and
carbonates) are insoluble. Fluorides and chlorides (except Be2+ and Na+

chlorides) are practically insoluble, bromides are less soluble while iodides
are freely soluble. Thus, the solubility of the halides of a given metal increases
in going from fluoride to iodide (MF < MCl < MBr < MI). Most of the
metal amides (except those of alkali metals) are insoluble. The salts of some
metals (for example, Ni2+, Cu2+, Zn2+, etc.) react with liquid NH

3
 and from

ammine complexes.

2. Solubility of Non-Ionic Compounds (Organic Compounds): Halogen
compounds, alcohols, ketones, esters, simple ethers, amines, phenol and
its derivatives, etc., are soluble. Alkanes are insoluble and alkenes and
alkynes are slightly soluble. In this sense, liquid NH

3
 is a better solvent for

non-ionic and non-polar compounds (organic compounds).

3. Solubility of Non-Metals: The non-metals like S, P, I
2
, Se, etc., are soluble

and they react with the solvent.

4. Solubility of Alkali Metals and Alkaline Earth Metals: All the alkali
metals and alkaline earth metals (except Be) are soluble in liquid NH

3
. 100g

of liquid NH
3
 dissolves 10.9g of Li. Solubility of alkali metals in liquid NH

3

increases as we pass from Li to Cs.

Auto-Ionisation of Liquid NH
3

Liquid NH
3
 ionises in the following three ways:

(a)

3

3 4

3 3 4 2

NH H NH

H NH NH

NH NH NH NH
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(b)
3 4 2

Ammonium (Amide Ions)Solvent
Ions (Solvent an ons: Base Ions)

(Solvent Cations!
Acid Ions)

2NH NH NH

33
b 4 2K [NH ][NH ] 1.9 10  at –50°C

(c)
3

3 4
(Nitride Ions)Ammonium IonsSolvent

(Solvent Anions: Base Ions)(Solvent Cations: Acid Ions)

4NH 3NH N

Different modes of auto-ionisation of liquid NH
3
, given above, indicate that,

according to solvent system concept, in liquid NH
3
, any substance that gives 4NH

ions (which are solvent cations) will act as an acid in liquid NH
3
, white that which

produces 2NH or NH2– or N3– ions (which are solvent anions) will behave as a

base in liquid NH
3
. The compounds which give 4NH  or NH2– or N3– ions in this

solvent are called ammono bases.

Examples of Ammono Acids

Ammonium salts [for example, NH
4
Cl, NH

4
Br, NH

4
I, NH

4
NO

3
, (NH

4
)

2
S, etc.],

organic amides (for example, urea, acetamide, sulphamide, etc.), acetic acid,
sulphamic acid, etc., all act as ammono acids in liquid NH

3
, since they produce

4NH  ions in this solvent, as shown below:

4 4
(X Cl,Br,I)

NH X X NH

2 2 3 2 4
Urea

H N.CO.NH NH H N.CO.NH NH

3 2 3 3 4
Acetamide

CH CONH NH CH CONH NH

2 2 2 3 2 2 4H N.SO .NH NH H N.SO .NH NH

3 3 3 4
Acetic acid

CH COOH NH CH COO NH

2 2 3 2 4
Sulphamic acid
(Dibasic acid)

H N.SO .OH 2NH H N.SO .O 2NH

It may be noted that since H
2
N.SO

2
.OH produces two ions, this acid

behaves as a dibasic acid in liquid NH
3
.

Examples of Ammono Bases

KNH
2
, PbNH and BiN are the examples of ammono bases, since these compounds

give 2NH ,  NH2– and N3– ions, respectively, in liquid NH
3
.

3liq. NH
2 2KNH K NH ( )Amde ion

3liq. NH 2 2PbNH Pb NH ( )Imide ion

3liq. NH 3 3BiN Bi N ( )Nitride ion
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Chemical Reactions in Liquid NH
3

1. Precipitation Reaction shown by Ammono Acid in Liquid NH
3

When an ammono acid like NH
4
Cl, NH

4
Br, NH

4
I, etc., is mixed with the liquid

NH
3
 solution of a metallic salt, then the salt of the metal is precipitated. NH

4
I is the

Bronsted acid. For example,

4 3 2 2 4 3
(X Cl,Br)

2NH X Sr(NO ) SrX 2NH NO

3liq. NH

4 3 2 2 4 32NH I Zn(NO ) ZnI 2NH NO

3liq. NH

4 4NH I KI KCl NH I

2. Precipitation Reactions by Ammono Bases in Liquid NH
3

When an ammono base like KNH
2
 is mixed with liquid NH

3
 solution of a metallic

salt, like AgNO
3
, PbI

2
, BiI

3
, etc., the amide and  the imide as nitride of the metal

is precipitated. For example,

3liq. NH
2 3 2 2

Ammono Base Amide

KNH AgNO KNO AgNH

3liq. NH
2 2

Imide

KNH PbI KI HI Pb(NH)

3liq. NH
2 3

Nitride
KNH BI KI 2HI BiN

3. Acid-Base Neutralisation Reaction

In liquid NH
3
 acid-base neutralisation reaction is that in which a compound

containing make available 4NH  in (Ammono Acid) combines with a compound

containing as make available 2NH or 3
3N ion (Ammono Base) to form the salt

and the solvent (i.e., NH
3
). For example,

3liq. NH
4 2 3

Ammono Acid Ammono Base Solvent

NH Cl KNH KCl 2 NH

3

3

liq. NH
4 2 3

(X = Cl, NO )

NH X NaNH NaX 2NH

3liq. NH
4 3 3

(X = Cl, I)

NH X BiN BiX 4NH

4. Solvolysis Reactions in Liquid NH
3 
: Ammonolysis

The solvolysis reactions taking place in liquid NH
3
 are called ammonolysis reaction.

There reactions are analogous to hydrolysis that take place in aqueous medium.

Some examples of ammonolysis reactions taking place in liquid NH
3
 are

given below:

(a) 4 3 2 4 4
Ammono base

SiCl 8NH Si(NH ) 4NH 4Cl
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Actually the above reaction takes place through the following steps:

4
4

3 4 2

4 3 2 4 4

SiCl Si 4Cl

[2NH NH NH 4____________________________________
SiCl 8NH Si(NH ) 4NH 4Cl

On the same lines the following reactions can also be explained.

(b) 2 2 3 2 4Hg Cl 2NH Hg(NH )Cl Hg NH Cl

(c) 2 3 2 4HgCl 2NH Hg(NH )Cl NH Cl

(d) 3 3 2 3 4BX 6NH B(NH ) 3NH 3X

(e) 3 3 2 2 4AlCl 2NH AlCl (NH ) NH Cl

(In water, 3 2 2 3AlCl 2H O AlCl (OH) H O Cl )

5. Solvation Reactions in Liquid NH
3
: Formation of Ammoniates

Solvation reaction is a general reaction in which a solute (a cation, an anion or a
neutral molecule) reacts with one or more molecules of a solvent (for example,
H

2
O, liquid NH

3
, SO

2
, etc.) to form a product in which the solute and solvent

species are attached to each other by a H-bond or by a coordinate bond. The
product formed is called solvate. Solvation is an addition compound and hence is
also called ‘An Adduct’. The addition compound contains solvent of crystallisation.

In the formation of ammoniates liquid NH
3
 (solvent) salts behave as a Lewis

base and the solute behaves like a Lewis acid. The formation of ammoniates in
liquid NH

3
 has been shown below. The ammoniates may be 1 : 2 or 1 : 1 adducts.

Solute Solvent

(Lewis Acid) (Lewis Base)

SO
3

+ 2NH
3
  SO

3
.2NH

3
 (1 : 2 adduct)

SiF
4

+ 2NH
3
  SiF

4
.2NH

3
 (1 : 2 adduct)

BF
3

+ NH
3
  BF

3
.NH

3
 (1 : 1 adduct)

6. Complex Formation Reactions

When Zn(II), Mg(II), Al(III), Ag(I) compounds combine with an ammono base in
liquid NH

3
, soluble amido or imodo complex compound of the metal is formed.

For example,

(i) (a) 3liq. NH
3 2 2 2 2 4 3

ammono base Amido complex
(excess) soluble

Zn(NO ) 4KNH K [Zn(NH ) ] 2KNO

(b) 3liq. NH
3 2 2 2 2 3 3

ammono base Imido complex
(soluble)

Zn(NO ) 4KNH K [Zn(NH )] 2NH 2KNO
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(ii) (a) 3liq. NH
3 2 4 2 4 2 2 4 4 3

ammono base Amido complex
(excess) (soluble)

Zn(NO ) 4NH NH (NH ) [Zn(NH ) ] 2NH NO

(b) 3liq. NH
3 2 4 2 4 2 2 4 3 3

Imido complex
(soluble)

Zn(NO ) 4NH (NH ) (NH ) [Zn(NH )] 2NH NO 2NH

7. Redox Reactions

Redox reactions in which the liquid NH
3
 is involved can be studied under the

following heads:

(i) Redox Reactions Where Liquid NH
3
 Acts as a Medium Only: Liquid

NH
3
 provide a medium for the redox reactions, for example,

3liq. NH
4 2 2 4 3 2

(n = +7) (N –3) (Mn = +6) (N 0)

6KMnO 6KNH 6K MnO 6NH N

(ii) Redox Reactions in Which Liquid NH
3
 Itself Acts as Reducing Agent:

For example,

(a)
Pt

3 2 2
(N 2)(O 0) (O –2)(N –3)

4NH SO 4NO 6H O

(b)
Pt

3 2 2
(Cu 2) (Cu 0)(N 0)(N –3)

2NH 3CuO N 3Cu 3H O

(c)
Pt

3 2 3 2
(Mg 0) (H 0)(H 1) (Mg 2)

2NH 3Mg 3H Mg N

(iii) Redox Reactions in Which Alkali Metals in Liquid NH
3
 Acts as

Reducing Agent: Common examples include the following:

(a) Sodium in liquid NH
3
 reduces ammonium salts (for example, NH

4
Br)

to H
2
.

2Na    +    2NH
4
Br 3liq.NH 2NaBr + 2NH

3
 + H

2

(Na = 0)  (H = +1)    (Na = +1)   (N = 0)

(b) Potassium in liquid NH
3
 reduces nitrous oxide (N

2
O) to N

2
.

2K     +   NH
3
 3liq.NH KNH

2
    +   KOH

    
+   N

2

(K = 0)  (N = +1)      (K = +1)                      (N = 0)

(c) Sodium in liquid NH
3
 reduces elemental sulphur to sodium sulphide

(Na
2
S)

 S    +    2Na     3liq.NH     Na
2
S

(S = 0)   (Na = + 0)      (Na = +1, S = –2)

Advantages of using Liquid Ammonia as a Solvent

(i) We have seen above that alkali metals, without reacting with liquid HN
3
,

are soluble in this solvent. The dissolved alkali metals can be recovered by
evaporating the alkali metal-liquid NH

3
 solution.
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(ii) The alkali metal-liquid NH
3
 solution contain ammoniated electron and hence

these solutions act as strong reducing agents.

(iii) We have seen under the study of precipitation reactions taking place in
liquid NH

3
 that these reactions can be used to precipitate metallic halides,

sulphides, alcoholates, amides, imides and nitrides.

5.8.2 Liquid Sulphur Dioxide (Liquid SO
2
) as Solvent

Liquid SO
2
 is a non-proteomic solvent, because it cannot give a proton on self-

ionisation. Under normal temperature and pressure conditions, SO
2
 is a gas but

can be easily liquefied. It has a wide liquid range from –10.0°C to 75.5°C. Because
it has bp = –10.0 and mp = –75.5°C and hence it can be used as a solvent. Its
dielectric constants is low (17.4 at –20°C) and hence it is a poor solvent for ionic
compounds but acts as a good solvent for covalent compounds.

Solubility of Substances is Liquid SO
2

(i) Solubility of Ionic Compounds (Inorganic Salts): Iodides and
thiocyanates are the most soluble compounds. Sulphates, sulphides, oxides
and hydroxices are practically insoluble. Many of the ammonium, thallium
and mercuric salts are soluble.

(ii) Solubility of Non-Ionic Compounds (Inorganic and Organic Covalent
Compounds): Covalent halides like IBr, BCl

3
, AlCl

3
, AsCl

3
, PBr

3
, CCl

4
,

SiCl
4
 and SnCl

4
 are soluble in liquid SO

2
. Organic compounds like ammines,

ethers, alcohols, benzene, alkenes, pyridine, quinolone, halogen derivatives
and acid chlorides are soluble. Alkanes are insoluble.

(iii) Solubility of Metals: Metals are insoluble in liquid SO
2
.

Self-ionisation of liquid SO
2
 takes place as follows:

SO
2

 SO2+ + O2–

SO
2
 + O2–   2–

3SO

SO
2
 + SO

2  SO2+ + 2–
3SO

Thionyl Sulphite
Ions Ions

Chemical Reactions in Liquid SO
2

1. Precipitation Reactions: When a substance which acts as an acid in liquid
SO

2 
then (SOCl

2
) reacts with the metallic salt in liquid SO

2
, and chloride of

the metal is precipitated.

Metallic Salt Acid Precipitate

2KBr + SOCl
2

2Liq.SO 2KCl + SOBr
2

2KI + SOCl
2

2Liq.SO 2KI + SOI
2
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SbCl
3

+ 3LiI 2Liq.SO SbI
3
 + 3LiCl

AlCl
3

+ NaI 2Liq.SO AlI
3
 + 3NaCl

2. Acid-Base Neutralisation Reaction: In liquid SO
2
, acid-base reaction

is that reaction in which a compound containing or making available 2–
3SO

ion (Acid) combines with a compound containing or making available
2–
3SO ion (Base) to form the salt and the solvent (i.e., liquid SO

2
), for

example,

(i) SOCl
2
 + Cs

2
SO

3
2Liq.SO 2CsCl  +  2SO

2

 Acid  Base Salt Solvent

(ii) SOBr
2
 + [N(CH

3
]

4
SO3

2Liq.SO [N(CH
3
]

4
Br   +  2SO2

(iii) SO(SCN)
 2
 + K

2
SO

3
2Liq.SO 2K(SCN)  +   2SO

2

3. Solvolysis Reactions: For example,

(i) 2CH
3
COONH

4
 +2SO

2 
(l) (NH

4
)

2
SO

3
 + (CH

3
CO)

2 
O + SO

2

Base

(ii) PCl
5
 + SO

2
 (l) POCl

3
 + SOCl

2

(iii) 4Cl
6
 + 2SO

2
 (l) ClO

2
Cl

2
 + 2SOCl

2

(iv) Zn(C
2
H

5
)

2
 + 2SO

2
 (l) ZnSO

3
 + SO(C

2
H

5
)

2

4. Formation of Solvates: Like liquid NH
3
 and water, the liquid SO

2
 also

forms addition compounds with solutes. Common examples are,

(i) 2AlCl
3
 + 6K

2
SO

3
2Liq.SO 6KCl + K

2
[Al(SO

3
)

3
]

          (Base Excess) (Sulphite Complex)

(ii) ZnCl
2
 + 2K

2
SO

3 2Liq.SO 2KCl + K
2
[Zn(SO

3
)

2
]

(Sulphite Complex)

(iii) SbCl
3
 + 2KCl 2Liq.SO K

3
[SbCl

6
]

(iv) SbCl
5
 + 5KCl 2Liq.SO K[SbCl

6
]

                                                                           (Hex Halo Complexes)

5. Redox Reactions: Liquid SO
2
 does not act as any strong acidizing or

reducing agent. It seems only as a medium form for any redox reaction. For
example,

(i) 2R
2
SO

3
   +   I

2
2Liq.SO R

2
SO

4
   +   2RI   +   SO

2

(S = +4)      (I = 0) (S = +6)    (I = –1)

(ii) 2FeCl
3
    +    2KI 2Liq.SO FeCl

2
     +    I

2
     +    2KCl

(Fe = +3)     (I = –1) (Fe = +2)    (I = 0)
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Check Your Progress

13.  Define the principles of Lewis acid and Lewis base.

14.  Give the neutralization reaction for Lewis acid with a Lewis base.

15.  What is the relative order of Lewis acid character of boron halides?

16.  What are the advantages of Lewis concept?

17.  State the acid-base concept on the basis of solvent system.

18.  What is dielectric constant?

19.  Define the term basic (Protophilic) solvent.

20.  Why liquid ammonia is used as a solvent?

21.  What is the value of dielectric constant of liquid ammonia? Why it
shows decreased ability to dissolve ionic compounds?

22.  Define why liquid sulphur dioxide is a poor solvent for ionic compounds
but good solvent for covalent compounds?

5.9 ANSWERS TO ‘CHECK YOUR PROGRESS’

1 Acids and bases are popular chemicals which interact with each other
resulting in the formation of salt and water. The word acid comes from a
Latin word ‘Acere/Acidus’ which means ‘Sour’. Fundamentally, an acid is
any hydrogen-containing substance that is capable of donating a proton
(hydrogen ion) to another substance while a base is a molecule or ion able
to accept a hydrogen ion from an acid.

2 Generally, the acidic substances are identified or recognised through their
sour taste. An acid is basically a molecule which can donate an H+ ion and
can remain energetically favourable after a loss of H+. Acids can turn the
blue litmus into red. In contrast, the bases are characterized or categorized
through their bitter taste and a slippery texture. A base that can be dissolved
in water is termed as an alkali. When these substances chemically react
with acids then they yield salts. Bases can turn the red litmus into blue.

3. The first category of acids are the proton donors, or Bronsted–Lowry acids.
In the special case of aqueous solutions, proton donors form the hydronium
ion H

3
O+ and are known as Arrhenius acids. Bronsted and Lowry generalized

the Arrhenius theory to include non-aqueous solvents. A Bronsted or
Arrhenius acid usually contains a hydrogen atom bonded to a chemical
structure that is still energetically favourable after loss of H+.

4. The second category of acids are Lewis acids, which form a covalent bond
with an electron pair. An example is boron trifluoride (BF

3
), whose boron

atom has a vacant orbital which can form a covalent bond by sharing a lone
pair of electrons on an atom in a base, for example the nitrogen atom in
ammonia (NH

3
). Lewis considered this as a generalization of the Bronsted

definition, so that an acid is a chemical species that accepts electron pairs
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either directly or by releasing protons (H+) into the solution, which then
accept electron pairs.

5. Arrhenius first defined acids, “As compounds which ionize to produce
hydrogen ions, and bases as compounds which ionize to produce hydroxide
ions” or “An acid generates H+ ions in a solution whereas a base produces
an OH– ion in its solution”.

6. According to the Bronsted-Lowry definition, “An acid is a proton donor
and a base is a proton acceptor”.

7. According to the Lewis definition, “Acids are molecules or ions capable of
coordinating with unshared electron pairs, and bases are molecules or ions
having unshared electron pairs available for sharing with acids” or “Acids
are electron-pair acceptors and bases are electron-pair donors”. Therefore,
according to Lewis, for any substance to be acidic a molecule must be
electron deficient.

8. According to the Lux-Flood acid-base theory, it was a revival of the oxygen
theory of acids and bases proposed by the German chemist Hermann Lux
in 1939 and further improved by Håkon Flood circa 1947. It is still used in
modern geochemistry and for the electrochemistry of molten salts. This
definition describes that, “An acid is an oxide ion (O2-) acceptor and a base
as an oxide ion donor”. 

9. Due to the formation of a salt, acid-base neutralisation reaction is also called
salt formation reaction. This shows that in neutralisation reaction, H

2
O is

produced by the combination of H+ and OH–. Thus we can say that
neutralisation reaction, according to Arrhenius concept of acids and bases,
is the combination of H+ OH– ions, which are produced by the dissociation
of the acid and base, respectively, in aqueous medium.

10. Bronsted-Lowry in 1923 proposed a new concept of acids and bases which
is independent of solvent. According to this concept, an acid is a species
(molecule or ion) that can lose a proton (H+) and base is a species (molecule
or ion) that can accept a proton. In other words an acid is a proton donor
and base is a proton acceptor.

11. The substances which can act as Bronsted acids (loss of proton) as well as
Bronsted bases (gain of proton) are called amphoteric substances.

12. Also according to Lux-Flood acid-base theory, amphoteric substances are
those which show both a tendency to take up or give up oxide ions depending
upon the circumstances, i.e.,

2–
2 2Na O ZnO 2Na ZnO

Acid

13. Principally, a Lewis acid is a chemical species that contains an
empty orbital which is capable of accepting an electron pair from a
Lewis base to form a Lewis adduct. A Lewis base, then, is any species that
has a filled orbital containing an electron pair which is not involved
in bonding but may form a dative bond with a Lewis acid to form a
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Lewis adduct. For example, NH
3
 is a Lewis base, because it can donate

its lone pair of electrons. 

14. According to Lewis concept of acids and bases, the neutralization reaction
is that in which a Lewis acid reacts with a Lewis base and forms a compound
which is called an adduct or complex compound. This compound contains
(Lewis Base  Lewis Acid) coordinate bond. For example,

Lewis Acid Lewis Base Adduct

BF
3

+ : NH
3

 [H
3
N  BF

3
]

(Lewis Base  Lewis Acid) coordinate bond result by the overlap of the
filled orbital on the Lewis base with the vacant orbital on the Lewis acid.

15. Experimentally, the Lewis acid character of Boron trihalides is found to be
in the order BF

3
< BCl

3
< BBr

3
< BI

3
. This means that BBr

3
 will give more

stable adducts than BBCl
3
 and BCl

3
 will yield more stable adducts than

BF
3
.

16. Advantages of Lewis Concept:

(i) Lewis concept is a broader interpretation of acid-base behaviour.

(ii) This theory is not dependent on the presence of one particular element,
upon any given combination of elements, upon the presence of ions,
or upon the presence or absence of a solvent.

(iii) The Lewis approach is of great value in case where protons concept
is not applicable.

(iv) Lewis theory is frequently employed to interpret reaction mechanism.

(v) It explains the long accepted basic properties of metal oxides and
acidic properties of non-metallic oxides.

17. The definition of acids and bases given by the solvent system concept is
based on the nature of the cations and anions, which the acid or base
produces, either by its self-ionisation or when it (i.e., acid or base) is
dissolved in the solvent. Thus, according to this concept, the substances
which give solvent cations when dissolved in that solvent are called acids,
while the substances which give solvent anions when dissolved in that solvent
are called bases.

18. Dielectric Constant and Dissolution of Ionic Compounds in Polar Solvents:
Coulombic force of attraction, F between a cation and an anion in an ionic
crystal is given by the following expression:

F = 2

q q

r
Where q+ and q– represent Charges on the Cation and Anion, respectively;
r = Distance between the Cation and Anion and D = Constant, called
Dielectric Constant which depends on the nature of the solvent in which the
ionic crystal is kept.

19. Basic (Protophilic) Solvents. These can accept proton, for example, NH
3
,

N
2
H

4
, NH

2
OH

4
, Amines, etc.
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20. Liquid ammonia is one of the most comprehensively studied water like
solvents. It is a protonic solvent and is able to dissolve a wide variety of

substances. It gives a proton (H+) on ionisation 3 2(NH H NH ) . It is

highly useful solvent and a number of chemical reactions are carried out in
this medium.

21. The value of dielectric constant of liquid NH
3 
(22.0 at –34°C) is much

smaller than that of water (78.5 at 25°C) and hence liquid NH
3
 has

decreased ability to dissolve ionic compounds.

The liquid range for liquid NH
3
 is from –34.0°C to –77.7°C (bp = –34.0°C,

mp = –77.7°C).

22. Liquid SO
2
 is a non-proteomic solvent, because it cannot give a proton on

self-ionisation. Under normal temperature and pressure conditions, SO
2
 is

a gas but can be easily liquefied. It has a wide liquid range from –10.0°C to
75.5°C. Because it has bp = –10.0 and mp = –75.5°C and hence it can be
used as a solvent. Its dielectric constants is low (17.4 at –20°C) and hence
it is a poor solvent for ionic compounds but acts as a good solvent for
covalent compounds.

5.10 SUMMARY

 Acids and bases are popular chemicals which interact with each other
resulting in the formation of salt and water. The word acid comes from a
Latin word ‘Acere/Acidus’ which means ‘Sour’. Fundamentally, an acid is
any hydrogen-containing substance that is capable of donating a proton
(hydrogen ion) to another substance while a base is a molecule or ion able
to accept a hydrogen ion from an acid.

 Generally, the acidic substances are identified or recognised through their
sour taste. An acid is basically a molecule which can donate an H+ ion and
can remain energetically favourable after a loss of H+. Acids can turn the
blue litmus into red. In contrast, the bases are characterized or categorized
through their bitter taste and a slippery texture. A base that can be dissolved
in water is termed as an alkali. When these substances chemically react
with acids then they yield salts. Bases can turn the red litmus into blue.

 The first category of acids are the proton donors, or Bronsted–Lowry acids.
In the special case of aqueous solutions, proton donors form the hydronium
ion H

3
O+ and are known as Arrhenius acids. Bronsted and Lowry generalized

the Arrhenius theory to include non-aqueous solvents. A Bronsted or
Arrhenius acid usually contains a hydrogen atom bonded to a chemical
structure that is still energetically favourable after loss of H+.

 The second category of acids are Lewis acids, which form a covalent bond
with an electron pair. An example is boron trifluoride (BF

3
), whose boron

atom has a vacant orbital which can form a covalent bond by sharing a lone
pair of electrons on an atom in a base, for example the nitrogen atom in
ammonia (NH

3
). Lewis considered this as a generalization of the Bronsted
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definition, so that an acid is a chemical species that accepts electron pairs
either directly or by releasing protons (H+) into the solution, which then
accept electron pairs.

 Bases and acids are seen as chemical opposites because the effect of an
acid is to increase the hydronium (H

3
O+) concentration in water, whereas

bases reduce this concentration.

 A reaction between aqueous solutions of an acid and a base is called
neutralization, producing a solution of water and a salt in which the salt
separates into its component ions. If the aqueous solution is saturated with
a given salt solute, any additional such salt precipitates out of the solution.

 Arrhenius first defined acids, “As compounds which ionize to produce
hydrogen ions, and bases as compounds which ionize to produce hydroxide
ions” or “An acid generates H+ ions in a solution whereas a base produces
an OH– ion in its solution”.

 According to the Lewis definition, “Acids are molecules or ions capable of
coordinating with unshared electron pairs, and bases are molecules or ions
having unshared electron pairs available for sharing with acids” or “Acids
are electron-pair acceptors and bases are electron-pair donors”. Therefore,
according to Lewis, for any substance to be acidic a molecule must be
electron deficient.

 According to the Lux-Flood acid-base theory, it was a revival of the oxygen
theory of acids and bases proposed by the German chemist Hermann Lux
in 1939 and further improved by Håkon Flood circa 1947. It is still used in
modern geochemistry and for the electrochemistry of molten salts. This
definition describes that, “An acid is an oxide ion (O2-) acceptor and a base
as an oxide ion donor”. 

 The acid-base reactions in non-aqueous solvents are typically described
by means of the solvent-system definition, although the regular Bronsted-
Lowry theory may be applied for the protic solvents, which possess a
hydrogen atom that can dissociate.

 In order to find the numeric value of the level of acidity or basicity of a substance,
the pH scale (wherein pH stands for ‘Potential of Hydrogen’) can be used.
The pH scale is the most common and trusted method to measure how acidic
or basic a substance is. A pH scale measure can vary from 0 to 14, where 0
is the most acidic and 14 is the most basic a substance can be.

 In the Arrhenius theory, acids are defined as substances that dissociate in
aqueous solution to give H+ (hydrogen ions) and the bases are defined as
substances that dissociate in aqueous solution to give OH– (hydroxide ions).

 The equilibrium sign, , is used because the reaction can occur in both
forward and backward directions.

 Acid-Base Neutralisation Reaction in Water: According to this concept,
the acid-base neutralisation reaction in water consist of available H

3
O+ or

H+ ions (acid) which combines with a compound containing OH– ions (base)
to form the salt and water.
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 Due to the formation of a salt, acid-base neutralisation reaction is also called
salt formation reaction. This shows that in neutralisation reaction, H

2
O is

produced by the combination of H+ and OH–. Thus we can say that
neutralisation reaction, according to Arrhenius concept of acids and bases,
is the combination of H+ OH– ions, which are produced by the dissociation
of the acid and base, respectively, in aqueous medium.

 Arrhenius concept has been invaluable in elucidating the behaviour of
aqueous solutions. The constant heat of neutralization of a strong acid by a
strong base can be explained in the light of this concept.

 The strength of an acid (HA) and a base (BOH) can be expressed
quantitatively in terms of the ionization (or dissociation) constant of the acid
and base in aqueous solution.

Acid
HA   H+ + AA–,  H A

a
HA

C C
K

C

 


Base
BOH  B+ + OH–, B OH

b
BOH

C C
K

C

 


 The Brønsted–Lowry theory is an acid–base reaction theory which was
proposed independently by Johannes Nicolaus Brønsted and Thomas Martin
Lowry in 1923. The fundamental concept of this theory is that when an acid
and a base react with each other, the acid forms its conjugate base, and the
base forms its conjugate acid by exchange of a proton (the hydrogen cation,
or H+). This theory is a generalization of the Arrhenius theory.

 Bronsted-Lowry in 1923 proposed a new concept of acids and bases which
is independent of solvent. According to this concept, an acid is a species
(molecule or ion) that can lose a proton (H+) and base is a species (molecule
or ion) that can accept a proton. In other words an acid is a proton donor
and base is a proton acceptor.

 The substances which can act as Bronsted acids (loss of proton) as well as
Bronsted bases (gain of proton) are called amphoteric substances.

 Also according to Lux-Flood acid-base theory, amphoteric substances are
those which show both a tendency to take up or give up oxide ions depending
upon the circumstances, i.e.,

2–
2 2Na O ZnO 2Na ZnO

Acid
 The oxide transfer picture due to Lux can be extended to any negative ion,

i.e., halide, sulphide, etc.
high 3–

3 6temperature3NaF AlF 3Na AlF

The Lux-Flood definition can be extended to include transfer of any anion,
for example halide, sulphide, etc.

 In 1923, Gilbert N. Lewis suggested another way of looking at the reaction
between H+ and OH- ions. In the Bronsted model, the OH- ion is the active
species, in this reaction it accepts an H+ ion to form a covalent bond. In the
Lewis model, the H+ ion is the active species, it accepts a pair of electrons
from the OH- ion to form a covalent bond.
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In the Lewis theory of acid-base reactions, bases donate pairs of electrons
and acids accepts pairs of electrons. A Lewis acid is therefore any substance,
such as the H+ ion, that can accept a pair of nonbonding electrons. In other
words, a Lewis acid is an electron-pair acceptor. A Lewis base is any
substance, such as the OH- ion, that can donate a pair of nonbonding
electrons. A Lewis base is therefore an electron-pair donor.

 Principally, a Lewis acid is a chemical species that contains an
empty orbital which is capable of accepting an electron pair from a
Lewis base to form a Lewis adduct. A Lewis base, then, is any species that
has a filled orbital containing an electron pair which is not involved
in bonding but may form a dative bond with a Lewis acid to form a
Lewis adduct. For example, NH

3
 is a Lewis base, because it can donate

its lone pair of electrons. 

 An ‘Adduct’ (from the Latin adductus, ‘Drawn Toward’ alternatively, a
contraction of “Addition Product”) is a product of a direct addition of two
or more distinct molecules, resulting in a single reaction product containing
all atoms of all components. The resultant is considered a distinct molecular
species.

 According to Lewis concept of acids and bases, the neutralization reaction
is that in which a Lewis acid reacts with a Lewis base and forms a compound
which is called an adduct or complex compound. This compound contains
(Lewis Base  Lewis Acid) coordinate bond. For example,

Lewis Acid Lewis Base Adduct

BF
3

+ : NH
3

 [H
3
N  BF

3
]

(Lewis Base  Lewis Acid) coordinate bond result by the overlap of the
filled orbital on the Lewis base with the vacant orbital on the Lewis acid.

 Molecules whose central atom has vacant p-orbitals or incomplete octet of
electrons in its valence shell.

 Molecules whose central atom has vacant d-orbitals in its valence shell.
Such type of molecules include AlF

3
, AlCl

3
, GaCl

3
, SiX

4
, GeX

4
, SnX

4
,

PX
3
, PF

5
, AsF

5
, SbF

3
, SbF

5
, TeCl

4
, XeF

6
, etc. Due to the presence of

vacant d-orbitals these molecules can accept the electron pair(s) donated
by Lewis bases.

 Molecules whose central atom is linked with more electronegative atom by
double bonds. For example, molecules like CO

2
, CS

2
 , etc., in CO

2
, the

oxygen atoms are move electronegative than the carbon atom. As a result
the electron density due to -electrons is displaced away from the central
atom carbon and towards oxygen atoms. The carbon atom is electron
deficient and can accept electrons from a Lewis base, such as OH–.

 Cations: This class of Lewis acids is made up of positively charged heavy
metal ions with in complete stable orbitals. Theoretically, all cations are
potential Lewis acids because they are electron deficient.
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 All trihalides of boron namely BF
3
, BCl

3
, BBr

3
 and BI

3
 are obtained by sp2

hybridization of central atom B(2s1, 2p
x
1, 2p

y
1, 2p

z
0). B-atom in its excited

state uses only one 2s and two 2p orbitals in sp2 hybridization, 2p
2
 remains

vacant and thus can accept electron pair donated by the donor molecules
(ROH, NH

3
, H

2
O etc.) or ions (OH–, F–, Cl–, etc.).

 Experimentally, the Lewis acid character of Boron trihalides is found to be
in the order BF

3
< BCl

3
< BBr

3
< BI

3
. This means that BBr

3
 will give more

stable adducts than BBCl
3
 and BCl

3
 will yield more stable adducts than

BF
3
.

 In Lewis approach there is a lack of uniform scale of acid and basic strength.
The strength of acid and base in term of Lewis approach is variable and
dependent on the reaction considered. In this respect, it is inferior to
Arrhenius concept and the Bronsted-Lowry concept.

 Arrhenius acid is a compound that gives H+ or H
3
O+ ions in water and

Arrhenius base is a compound that provides OH- ions in water.

 Bronsted acid is a molecule or an ion that can donate one or more protons
(H+), i.e., Bronsted acid is a proton-donor. Bronsted base is a molecule or
an ion that can accept one or more protons, i.e., Bronsted base is a proton
acceptor.

 Lewis acid is a molecule or an ion that can accept one or more electron
pairs, i.e., a Lewis acid is an electron pair-acceptor. Lewis base is a molecule
or an ion that can accept one or more electron pairs, i.e., a Lewis base is an
electron pair-donor.

 An inorganic non-aqueous solvent is a solvent other than water, i.e., not an
organic compound. Common examples are liquid ammonia, liquid sulphur
dioxide, sulfuryl chloride, sulfuryl chloride fluoride, phosphoryl chloride,
dinitrogen tetroxide, antimony trichloride, bromine pentafluoride, hydrogen
fluoride, pure sulfuric acid and other inorganic acids.

 The protonic definition of acids and bases given by Bronsted can be extended
to the reactions occurring in non-aqueous solvents containing hydrogen,
such as NH

3
, N

2
H

4
, HF, H

2
SO

4
, CH

3
COOH, HCN and Alcohols. There

are more general definition of acids and bases which can be appropriate for
both the protonic and non-protonic solvents.

 The definition of acids and bases given by the solvent system concept is
based on the nature of the cations and anions, which the acid or base
produces, either by its self-ionisation or when it (i.e., acid or base) is
dissolved in the solvent. Thus, according to this concept, the substances
which give solvent cations when dissolved in that solvent are called acids,
while the substances which give solvent anions when dissolved in that solvent
are called bases.

 According to solvent system concept, the compounds that give H+ or H
3
O+

ions in water act as acids in aqueous solution, while the compounds which
furnish OH– or O2– ions in water behave as bases in water. Thus, since HCl
gives H+ or H

3
O+ ions in water it behaves as an acid in aqueous solution.
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 The equations representing the auto-ionisation of H
2
O, liquid NH

3
 and liquid

SO
2
 indicate that 4NH  and SO2+ ions, which are obtained by the self-

ionisation of liquid NH
3
 and liquid SO

2
, respectively, are analogous to H

3
O+

(or H+) ions, which are obtained by the ionisation of H
2
O. Similarly –

2NH

and NH2– ions, obtained by the ionisation of liquid NH
3
 and 2–

3SO ions.

 A compound that overacts both with acids and bases in strid to show
amphoteric character.

 The definition of acids and bases given by solvent concept can be used for
proteomic (for example, H

2
O, NH

3
, N

2
H

4
, HF, H

2
SO

4
, CH

3
COOH, HCN,

etc.) solvents. This definition is applicable to aqueous (i.e., H
2
O) as well as

non-aqueous solvents (for example, NH
3
, N

2
H

4
, HF, H

2
SO

4
, CH

3
COOH,

HCN, COCl
2
, BrF

3
, etc.

 Dielectric Constant and Dissolution of Ionic Compounds in Polar Solvents:
Coulombic force of attraction, F between a cation and an anion in an ionic
crystal is given by the following expression:

F = 2

q q

r
Where q+ and q– represent Charges on the Cation and Anion, respectively;
r = Distance between the Cation and Anion and D = Constant, called
Dielectric Constant which depends on the nature of the solvent in which the
ionic crystal is kept.

 Polar solvents tend to associate due to the dipole-dipole interactions. The
association is more effective in case of protonic solvents. The protonic
solvents are those which contain hydrogen due to hydrogen bonding and
leads to a higher boiling point which increases the liquid state range of the
solvents.

 Water is called aqueous solvent while all others, for example, NH
3
, SO

2
,

HF, C
6
H

6
, CHCl

3
, etc., are called non-aqueous solvents.

 Liquid ammonia is one of the most comprehensively studied water like
solvents. It is a protonic solvent and is able to dissolve a wide variety of

substances. It gives a proton (H+) on ionisation 3 2(NH H NH ) . It is

highly useful solvent and a number of chemical reactions are carried out in
this medium.

 The value of dielectric constant of liquid NH
3 
(22.0 at –34°C) is much

smaller than that of water (78.5 at 25°C) and hence liquid NH
3
 has

decreased ability to dissolve ionic compounds.

The liquid range for liquid NH
3
 is from –34.0°C to –77.7°C (bp = –34.0°C,

mp = –77.7°C).

 Liquid SO
2
 is a non-proteomic solvent, because it cannot give a proton on

self-ionisation. Under normal temperature and pressure conditions, SO
2
 is

a gas but can be easily liquefied. It has a wide liquid range from –10.0°C to
75.5°C. Because it has bp = –10.0 and mp = –75.5°C and hence it can be
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used as a solvent. Its dielectric constants is low (17.4 at –20°C) and hence
it is a poor solvent for ionic compounds but acts as a good solvent for
covalent compounds.

5.11 KEY TERMS

 Acids and bases: An acid is any hydrogen-containing substance that is
capable of donating a proton (hydrogen ion) to another substance while a
base is a molecule or ion able to accept a hydrogen ion from an acid. The
acids and bases are popular chemicals which interact with each other
resulting in the formation of salt and water.

 Acid: An acid is basically a molecule which can donate an H+ ion and can
remain energetically favourable after a loss of H+, can turn the blue litmus
into red. Generally, the acidic substances are identified or recognised through
their sour taste.

 Alkali: A base that can be dissolved in water is termed as an alkali.

 Base: The bases are characterized or categorized through their bitter taste
and a slippery texture, can turn the red litmus into blue.

 Arrhenius concept: Arrhenius first defined acids, “As compounds which
ionize to produce hydrogen ions, and bases as compounds which ionize to
produce hydroxide ions” or “An acid generates H+ ions in a solution whereas
a base produces an OH– ion in its solution”.

 Bronsted-Lowry concept: According to the Bronsted-Lowry definition,
“An acid is a proton donor and a base is a proton acceptor”. A Bronsted–
Lowry acid or alternatively capable of forming a covalent bond with an
electron pair (a Lewis acid).

 Lewis concept: According to the Lewis definition, “Acids are molecules
or ions capable of coordinating with unshared electron pairs, and bases are
molecules or ions having unshared electron pairs available for sharing with
acids” or “Acids are electron-pair acceptors and bases are electron-pair
donors”.

 Lux-Flood acid-base theory: According to the Lux-Flood acid-base
theory, it was a revival of the oxygen theory of acids and bases proposed
by the German chemist Hermann Lux in 1939 and further improved by
Håkon Flood circa 1947. This definition describes that, “An acid is an
oxide ion (O2-) acceptor and a base as an oxide ion donor”. 

 Solvent system concept: The compounds that give H+ or H
3
O+ ions in

water act as acids in aqueous solution, while the compounds which furnish
OH– or O2– ions in water behave as bases in water. Thus, since HCl gives
H+ or H

3
O+ ions in water it behaves as an acid in aqueous solution.

 Auto-ionisation of liquid NH
3
: According to solvent system concept, in

liquid NH
3
, while that which produces NH+

2
 or NH2+ or N3– ions (which

are solvent anions) will behave as a base in liquid NH
3
. The compounds

which give NH+
4
  ions in liquid NH

3
 are called ammono acids, while those
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which give NH–
2
 NH2– or N3– ions in this solvent are called ammono bases.

 Dipole moment: It may be defined as the product of charge and distance
between the two charges. It provides an idea about the extent of association
in the liquid state and hence its liquid temperature range.

 Proton affinity: It has been applicable for protonic solvents only. It greatly
influences the behaviour of a solute in a given solvent system, such as NH

3

has greater proton affinity than water.

 Protic or protonic solvents: These are those solvents which contain
replaceable hydrogen or which can either lose or gain protons or can show
both tendencies.

 Non-protic or non-protonic or aprotic solvents: These can neither lose
nor gain the protons, for example, C

6
H

6
, CHCl

3
, CH

2
Cl

2
, CCl

4
, etc.

 Aqueous and non-aqueous solvents: Water is called aqueous solvent
while all others, for example, NH

3
, SO

2
, HF, C

6
H

6
, CHCl

3
, etc., are called

non-aqueous solvents.

 Liquid ammonia: Liquid ammonia is a protonic solvent and is able to
dissolve a wide variety of substances. It gives a proton (H+) on

ionisation 3 2(NH H NH ) . It is highly useful solvent and a number

of chemical reactions are carried out in this medium.

 Solvation reaction: Solvation reaction is a general reaction in which a
solute (a cation, an anion or a neutral molecule) reacts with one or more
molecules of a solvent (for example, H

2
O, liquid NH

3
, SO

2
, etc.) to form a

product in which the solute and solvent species are attached to each other
by an H-bond or by a coordinate bond.

 Liquid SO
2
: Liquid SO

2
 is a non-proteomic solvent, because it cannot

give a proton on self-ionisation. Under normal temperature and pressure
conditions, SO

2
 is a gas but can be easily liquefied.

5.12 SELF-ASSESSMENT QUESTIONS AND
EXERCISES

Short-Answer Questions

1. Give definitions and specific properties of acids and bases.

2. What is the Arrhenius concept of acids and bases?

3. Define the Bronsted-Lowry concept of acids and bases.

4. Explain the Lux-Flood concept of acids and bases.

5. State the Lewis concepts of acids and bases.

6. What is a solvent system?

7. Elaborate on the applications of solvent system.

8. Explain the term non-aqueous solvents.



Acids, Bases and Non-
Aqueous Solvents

NOTES

Self - Learning
Material 249

9. Why the non-aqueous solvents are used?

10. Explain the physical properties of a solvent.

11. Define the types of solvents and their general characteristics.

12. What is the significance of non-aqueous solvents?

13. Explain the advantages of using liquid NH
3
 as a solvent.

14. State the solubility of substances in liquid SO
2
 solvent.

Long-Answer Questions

1. Briefly describe the concept of acids and bases giving definitions and relevant
examples with formulas and chemical names.

2. Discuss about the Arrhenius concept of acids and bases with the help of
appropriate reactions and examples.

3. Explain the Bronsted-Lowry concept of acids and bases giving appropriate
reactions and examples.

4. Describe the Lux-Flood concept of acids and bases giving appropriate
reactions and examples.

5. Elaborate on the significance of Lewis concepts of acids and bases giving
appropriate reactions and examples.

6. “For any substance to be acidic a molecule must be electron deficient”.
Prove this statement on the basis of Lewis theories of acid and bases.

7. Explain briefly about the general features and chemistry of solvent system
with the help of examples.

8. Briefly discuss the significance and the physical properties of non-aqueous
solvents.

9. Give the detailed description of various types of solvents and their general
characteristics.

10. Discuss about the relation between the ions given by the auto-ionisation of
H

2
O, liquid NH

3
 and liquid SO

2
. Give appropriate reactions and examples.

11. Give the properties and reactions for the non-aqueous solvents.

12. Explain the reactions in non-aqueous solvents with reference to liquid NH
3

and liquid SO
2
.
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