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General Properties and Reactions of The Actinides
The Actinide series contains elements with atomic numbers 89 to 103 and is the third group in the periodic table. The
series is the row below the Lanthanide series, which is located underneath the main body of the periodic table. Lanthanide
and Actinide Series are both referred to as Rare Earth Metals. These elements all have a high diversity in oxidation
numbers and all are radioactive. The most common and known element is Uranium, which is used as nuclear fuel when its
converted into plutonium, through a nuclear reaction.

History of the Actinides 
The first actinides to be discovered were Uranium by Klaproth in 1789 and Thorium by Berezelius in 1829, but most of
the Actinides were man-made products of the 20th century. Actinium and Protactinium are found in small portions in
nature, as decay products of 253-Uranium and 238-Uranium. Microscopic amounts of Plutonium are made by neutron
capture by Uranium, and yet occur naturally. Monazite is the principle Thorium ore. It is a phosphate ore that contains
great amounts of Lanthanides in it. The main Uranium ore is U O  and is known as pitchblende, because it occurs in
black, pitch-like masses. An example of pitchblende is located in the picture below. All elements past Uranium are man-
made. Actinides require special handling, because many of them are radioactive and/or unstable. The radiation in actinides
plays a large role in the chemistry and arrangement of particles in crystals.

*This is a picture of U O , a uranium, pitchblende ore, by Geomartin.

Common Properties 
All are radioactive due to instability.
Majority synthetically made by particle accelerators creating nuclear reactions and short lasting.
All are unstable and reactive due to atomic number above 83 (nuclear stability).
All have a silvery or silvery-white luster in metallic form.
All have the ability to form stable complexes with ligands, such as chloride, sulfate, carbonate and acetate.
Many of the actinides occur in nature as sea water or minerals.
They have the ability to undergo nuclear reactions.
The emission of radioactivity, toxicity, pyrophoricity, and nuclear criticality are properties that make them hazardous
to handle.

Emission of Radioactivity: The types of radiation the elements possess are alpha, beta, gamma, as well as when
neutrons are produced by spontaneous fissions or boron, beryllium, and fluorine react with alpha-particles.
Toxicity: Because of their radioactive and heavy metal characteristics, they are considered toxic elements.
Pyrophoricity: Many actinide metals, hydrides, carbides, alloys and other compounds may ignite at room
temperature in a finely divided state, which would result from spontaneous combustion fires and spreading of
radioactive contaminates.
Nuclear Criticality: If fissionable materials are combined, a chain reaction could occur resulting in lethal doses of
radioactivity, but it depends on chemical form, isotopic composition, geometry, size of surroundings, etc.

The interaction of Actinides when radioactive with different types of phosphors will produce pulses of light.

Table : Actinide Properties
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Oxidation States Year DiscoveredAtomic Number Symbol Name
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Configura

tion
Oxidation States Year Discovered

89 Ac Actinium [227] [Rn] 6d 7s +3 1899

90 Th Thorium 232.04 [Rn] 6d 7s +2?,+3,+4 1829

91 Pa Protactinium 231.04 [Rn] 5f 6d 7s +3,+4,+5 1913

92 U Uranium 238.03 [Rn] 5f 6d 7s +3,+4,+5,+6 1789

93 Np Neptunium [237] [Rn] 5f 6d 7s +3,+4,+5,+6,+7 1940

94 Pu Plutonium [244] [Rn] 5f 7s +3,+4,+5,+6,+7 1940

95 Am Americium [243] [Rn] 5f 7s +3,+4,+5,+6,+7? 1944

96 Cm Curium [247] [Rn] 5f 6d 7s +3,+4,+5,+6? 1944

97 Bk Berkelium [247] [Rn] 5f 7s +3,+4 1949

98 Cf Californium [251] [Rn] 5f 7s +2,+3,+4 1950

99 Es Einsteinium [252] [Rn] 5f 7s +2?,+3,+4? 1952

100 Fm Fermium [257] [Rn] 5f 7s +2,+3 1952

101 Md Mendelevium [258] [Rn] 5f 7s +2,+3 1955

102 No Nobelium [259] [Rn] 5f 7s +2,+3 1957

103 Lr Lawrencium [262] [Rn] 5f 6d 7s +3 1961

[#]-mass number of the longest living isotope is given when the element has no stable nucleotides.
(?)-oxidation state is unconfirmed

Actinides have been crucial in understanding nuclear chemistry and have provided valuable usage today, such as nuclear
power. These examples illustrate their importance in understanding key concepts in nuclear chemistry and related topics.

Transition Metal 

Actinides are in the f-block of the periodic table. The electron configuration of uranium is [Rn] 5f 6d  7s . The reason for
this arrangement unlike other conventional electron configurations such as Na with configuration of [Ne]3s . Results from
difference in energy levels due to the fact that some orbitals fill in faster than others and explains why Actinides are
transition metals. (see transition metals)

The electron configurations of the actinides are due to the following:

The energy in the 6d orbitals is lower in energy than in the 5f orbitals.
They fill 5f orbital, 6d orbital, then 7s orbital.
The 5f orbitals are not shielded by the filled 6s and 6p subshells.
There is a small energy gap between the 5f  7s  and 5f  6d 7s  configurations.
The 5f orbitals do not shield each other from the nucleus effectively.
The energies of the 5f orbital drop rapidly with increasing atomic number.

Chemistry 
Actinium

Its chemistry is dominated by (+3) O. S.
Its compounds are colorless.
There are 29 known isotopes.
It does not have absorption in the UV visible region between 400-1000nm.

Ac is strongly radioactive and so are its decay components.
Actinium metal is silvery solid; obtained by reduction of oxide, fluoride or chloride w/ Group 1 metals; and
oxidized rapidly in moist air.
It forms insoluble fluoride and oxalate (Ac (C O ) *10H O) compounds
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It exhibits the +4 O.S. exclusively.
The chemistry in the +2 and +3 O.S. is restricted to iodides like ThI and cyclopentadienyl Th(C H )
It has wide coordination chemistry with oxygen donor ligands.
Thorium metal is bright and silvery-white and tarnishes to a dull black color when exposed to air. It is soft enough
to be scratched with a knife and melts at 1750°. It slowly dissolves in dilute with hydrogen evolution and can be
pyrophoric as a powder.

Protactinium

It has been in existence longer than any other actinide.
Pa has a half-life of 3.28*10 which allows it to make chemical study easy for it.

It has α-emission, so it has appropriate radiochemical precautions.
The Pa metal is malleable, ductile, silvery, and has a melting point of about 1565°C. It is also a superconductor.

Uranium
Many compounds exist between the O.S. of +3 to +6.
The main O.S. are +4 and +6.
Stability of O.S.

U  reduces to hydrogen
U  stable in aqueous solution in the absence of air
U  disproportionates rapidly into a mixture of U  and U  in aqueous solutions
U stable in aqueous solutions

When pure it has a silvery appearance.
When attacked by air, yellow film then black coating develops, it is a mix of oxide and nitride.
Powder metal is pyrophoric in air.
Reacts readily with hot water to prevent substances from coming into contact in nuclear reactors

Neptunium
It was the first transuranium element to be discovered in 1940.
There are 15 known isotopes, only Np, w/ half-life of 2.14*10 years, is useful for chemical experiments.
It exhibits O.S. of +3 to +7 in compounds.
It is a silvery metal, with a melting point of 637°C and a boiling point of 4174°C.
It has surface oxidation when exposed to air.
It is converted to NpO at high temperatures.

Plutonium
There are 15 known isotopes.

The masses range from 232 to 246.
The most important isotope is Pu because it is fissionable and has a half-life of 24,100 years, which makes it
easy for chemists to study.

It exhibits O.S. from +3 to +7.
The +3 and +4 O.S. are the most important, but compounds of the ions are well defined.
Pu  only exists under very alkaline conditions.

It has 6 allotropic metal forms, which makes it unusual.

They can form at normal pressure between room temperature and its melting point, 640°C.
It is dense, silvery and a reactive metal; more reactive than uranium or neptunium.
When attacked by air, it forms a green-gray oxide coating.
It reacts slowly with cold water, faster with dilute H SO , and dissolves quickly in dilute hydrochloric acid or
hydrobromic acid.

Americium
It has 12 known isotopes.
It was first made in 1944-1945 by Seaborg and his coworkers, where they decayed Pu and Pu to Am,
which has a half-life of 433 years.

Am and Am, which has a half-life of 7380 years are the most important isotopes, because their half-lives
allow scientists to study their characteristics.

The metal is a slivery, ductile and very malleable.
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It tarnishes in air slowly and dissolves in dilute hydrochloric acid quickly.
It reacts with heating with oxygen, halogens, and other nonmetals

Later Actinides (Cm, Bk, Cf, Es, Fm, Md, No, and Lr)

Their chemistry is of mostly the M  state.
They all form binary compounds, such as trihalides.
Curium, berkelium, and californium have the following chemistry:

Oxidized by air to the oxide
Electropositive
Reacts with hydrogen on warming to form hydrides
Yields compounds on warming with group 5 and group 6 non-metals

Solubility and Precipitation 

Knowing about the solubility and precipitations of actinides, help chemists understand their properties better. Not all
Actinides have the same properties when it comes solubility and precipitation, but most of the Actinides have similar traits
and characteristics.

The fluorides, hydroxides and oxalates of actinides have low solubilities. The lighter trivalent, having a valence of three
electrons, are unstable in aqueous solutions, such as transplutonium elements. The actinides of light weight have a higher
valence; for example, oxidation states of 4, 5 and 6 where they are more stable; and they form compounds with low
solubility. Trivalent Actinides can be separated from slightly acidic solutions as phosphates, mildly acidic solutions as
oxalates, strongly acidic solutions as fluorides, and from basic solutions as hydroxides or hydrous oxides.

Hydrogen peroxide precipitates Pu , Th , Ce , U , Np  and Pa . Pu , Th , Np , UO and all trivalent actinides
are precipitated by carbonate-free ammonium hydroxide. The solubility of Actinide hydroxides or hydrous oxides in
strong ammonium carbonate solutions allow the separation or Uranium and Thorium from other members of the
Ammonium hydroxide group, such as Fe, Ti, Al and other rare earth metals. Thorium can be precipitated from ammonia
with aluminum or from aluminum as a fluoride or oxalate. Uranium is precipitated with hydrogen sulfide, unless a
complexing agent is present, such as Tartaric acid (C H O ), and can be precipitated with Ammonium sulfide, unless
Ammonium carbonate is present.

Halides 

A majority of actinides form halides with halogens at specific temperatures and trihalides are the most well known
halides. The following are examples of Actinide compounds forming with halide compound creating actinide halide
compounds:

The halides are very important binary compounds, sometimes the most important. Although they may have radioactivity
that causes problems, they are useful to study to understand the trends in the Actinide series. Below are some halide
characteristics of the actinide series from Actinium to Einsteinium.

Actinium:

forms halides in the oxidation state of +3 only.

Thorium:
forms in the 2, 3, and 4 oxidation states.
exists in black and gold forms.
has high conductivity.
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contains free electrons.
has all whites are solids.
forms many complexes with neutral donors.
has an eight coordination number (dodecahedron, sq antiprism).

Protactinium:

forms many different types of halides and several oxyhalides.
chlorides (PaCl ) are yellow-green, bromides (PaBr ) are orange-red, fluorides (PaF ) are brown, and iodides
(PaI ) are dark brown.
has six coordinate (dimeric), eight coordinate (dodecahedral and square antiprismatic), seven coordinate, and nine
coodrdinate.

Uranium:
forms halides in oxidation states from +3 to +6.
Uranium (VI): UF  (colorless, does not require use of elemental fluorine to be made, octahedral, volatile), UCl
(dark green, hydroscopic, octahedral, volatile).
Uranium (V): rare oxidation states, unstable, six and seven coordination.
Uranium (IV): most important uranium halides, U  does not have reducing tendencies, UI is stable but not to
hydrolysis.
Uranium (III): ease of oxidation of U , all made under reducing conditions, have typical structure of actinide
trihalides, UF  (green, 11-coordinate structure), UCl and UBr  (red, trigonal prism), UI ( 8-coordinate, black).

Figure 1: Uraninite, also known as pitchblende, is the most common ore mined to extract uranium. Image used with
permission (CC BY-SA 2.5; Joachimsthal).

Neptunium:
has a range of halides in different O.S. but only fluorides are in above +4.
has purple and blue-white fluorides, has green chlorides, has green and red-orange and dark red bromides and has
brown iodides.
NpF  forms a toxic and volatile vapor.
There also exists oxyhalides, such as NpOF  and NpOCl.

Plutonium:
Has a low stability of high O.S.
Only consists of trihalides and tetrahalides, but PuF  exists though; and it is very volatile, reactive, is best kept in
its gas state, does not exist in solid state, and is decomposed by its own radiation.
The trihalides have pastel colors: fluoride (violet-blue), chloride (blue-green), bromide (light-green), iodide (bright-
green); +2 state is inaccessible.
Its complexes are in the +4 state and are stable except for iodides.
Its oxyhalides include PuO Cl *H O.

Americium:

The dihalides become insoluble for the first time.
They are black solids.
Only the fluorides have higher than +3 O.S.
The trihalides are important and have pastel colors: fluoride and chloride are pink, bromide is white-pale yellow,
and iodide is pale yellow.

Curium(III) Chloride:
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Is made by Cm isotope which is converted to Cm then heated to 1200°C and converted to oxide then
chlorinated with HCl at 500°C to create CmCl

Californium:

The only oxidation state s are +3 and +2 and it only forms chloride and iodide halides.
The following are examples of Californium halides: CfCl , CfI , and CfI .

Einsteinium:
Its only oxidation state is +3 and it only forms with chloride, fluorine, and even oxygen.
The following are examples of Einsteinium halides: Es2O , EsCl , EsF .

Oxides 

All Actinides form oxides with different oxidation states. The most common oxides are of the form M O , where M
would be one of the elements in the Actinide series. The earliest actinides have a closer relation to the transition metals,
where the oxidation state is equal to the number of electrons on the outer shell. The +4 state is more stable in the Actinide
series than in the Lanthanides. The following are the different oxides of the Actinide elements:

M O :Ac, Pu-Es
MO :Th, U-Cf
M O :Pa, Np
MO : U, Np(?)

(?)-Neptunium is unknown in this oxide state, but scientists assume it does exist.

Oxyhalides 

The oxyhalides of Actinides are not binary but some are formed by earlier Actinides, for example, an aqueous
Protactinium fluoride reacts with air to make PaO F, Thorium can form ThOX , Neptunium can make NpOF , Plutonium
forms PuOF  and UO F is made by Uranium (III) oxide and Hydrofluoric acid.

Uranium Hydride ( ) 

The uranium in uranium hydride has an oxidation state of +3, which is strongly reducing, so it forms a stable hydride.
Uranium hydride reacts with hydrogen gas at 250 degrees and swells up into a fine black powder, which is pyrophoric in
air. It decomposes at higher temperatures to hydrogen and uranium powders. It can also react with many other compounds
at certain temperatures to make halides, oxides, and other compounds, including the following:

with  to make 
with  to make 
with  to make 
with  to make 
with  to make 

Nuclear Fission Reaction of Uranium 
U + n → U → fission fragments + neutrons + 3.20 x10  J.

235-Uranium is bombarded with neutrons and turns into 236-Uranium. The 236-Uranium then converts into smaller
pieces, 2-3 neutrons are released along with energy. These extra neutrons help create a chain reaction as more neutrons
come into contact with Uranium. This uncontrolled energy eventually leads to an explosion, which is the basis of the
atomic bomb. To see a lab presentation of what this reaction looks like click on the video below.
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Alpha Particles 
The nucleus of Uranium emits radioactivity in the form of alpha particles. Alpha particles are Helium atoms with the
atomic mass of 4 and an atomic number of 2. Alpha particles produce ions but have weak penetrating power that can
easily be stopped by sheets of paper. Alpha particles produce large numbers of ions because of their collisions and near
collisions with atoms, while traveling through matter. Their positive charge allows them to be deflected by electric and
magnetic fields.

By using a nuclear equation and following two rules:

1. The sum of mass numbers must be the same on both sides.
2. The sum of atomic numbers must be the same on both sides

we can write equations, such as the following, where  represents the alpha particle.

The rules for writing a nuclear equation can apply to other radioactive decay processes, such as beta particle or gamma ray
decay.

Beta Particles 
Beta particles are deflected by the electric and magnetic fields in the opposite direction from alpha particles. Because they
are not as big or massive as alpha particles, they are deflected more strongly than alpha particles are. Beta particles are
electrons that came from the nuclei of atoms in nuclear decay processes. Although beta particles do not have actual atomic
numbers, its charge is extremely close to the atomic number of -1. Many times a beta particle is small enough that its
charge could be ignored during calculations. When we think of beta decay processes, we can look at the following
equations and imagine a neutron within the nucleus of an atom converting to a proton or electron spontaneously. The
proton remains in the nucleus and the electron is produced as a beta particle. The extra proton causes the atomic number to
increase by one unit, but the mass number is unchanged.

beta particle-ejected electron from nucleus of U

beta particle-ejected electron from nucleus of Np

beta particle-ejected electron from nucleus of U

He2
4

→ +U238 Th234 He2
4 (5)

U Np+β239 →239 (6)

Np Pu+239 →239 β− (7)
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beta particle-ejected electron from nucleus of Pa

beta particle-ejected electron from nucleus of Th

Gamma Rays 
Gamma rays ( ) are radiation that is emitted when the nucleus is in an excited state due to excess energy. This energy is
then released in the form of gamma rays. Gamma Rays are a form of electromagnetic energy such as visible light and
hence are undeflected by electric and magnetic fields. The following are some examples of gamma ray reactions:

Applications 
Plutonium and Uranium are used as nuclear fuels and in weaponry.
Thorium (ThO ) is used as an incandescent gas mantle from the 1880s. They are now used for cooking, gas lanterns,
and for decorative gas lights.
The 238-Plutonium isotope…

Powered the Apollo-12 Lunar Mission’s left behind generator. It generated under 1.5 kW of heat converted to
electricity by thermoelectric elements.
Was a power source for orbiting satellites and missions to take pictures of Jupiter.
Powers pacemakers for the heart. The nuclear energy creates a longer lifetime use of the device.

The 241-Americium isotope is used as ionizing sources for smoke detectors.
Uranium is used in nuclear reactors in the form of fuel in rods suspended in water under a pressure of 70 to 150
atmospheres.

Problems 
1. Which Actinides were the first to be discovered? Which Actinides were discovered in nature? What makes the

Actinides you answered in the first questions different than the rest?
2. For the reaction of Actinium (III) hydroxide with hydrofluoric acid, a) write and balance the equation and b) explain

what makes the O.S. of Actinium different than the other Actinides.
3. Explain why isotopes, such as Am, Pu and Np extremely important and the main isotopes for their specific

element.
4. What evidence shows that Actinides are very reactive, for the most part?
5. Describe what is happening during a beta particle equation.

Answers 
1. The first Actinides to be discovered were Thorium and Uranium. The Actinides that were discovered in small portions

in nature were Actinium and Protactinium. What makes these different from the rest is they were discovered naturally,
and the Actinides all after Uranium were man-made.

2. a) Ac(OH) +3HF+700°Cà AcF +3H O and b) The difference between Actinium and the other Actinides involving
O.S. is Actinium only has one O.S. which is +3.

3. Those specific isotopes have various but extremely high half-lives, meaning they decay slowly, which makes it easy
for scientists to study and experiment with each of them over long periods of time.

4. The evidence that shows Actinides are very reactive are they have low solubilities as halide compounds; and the
lighter, trivalent Actinide compounds are unstable in aqueous solutions and can be easily precipitated out of acidic and
basic environments.

5. During a beta particle equation,a neutron within the nucleus of an atom is converted to a proton or electron
spontaneously. The proton remains in the nucleus and the electron is produced as a beta particle. The extra proton
causes the atomic number to increase by one unit, but the mass number is unchanged.

U Np+237 →237 β− (8)

Pa U +234 →234 β− (9)

Th Pa+234 →234 β− (10)

γ

+ → +γTh230 n0
1 Th231 (11)

+ → +γU238 n
0
1 U239 (12)

→ +γTh230 Th230 (13)

2

241 239 237

3 3 2
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23.1: General Properties of Transition Metals
We have daily contact with many transition metals. Iron occurs everywhere—from the rings in your spiral notebook and
the cutlery in your kitchen to automobiles, ships, buildings, and in the hemoglobin in your blood. Titanium is useful in the
manufacture of lightweight, durable products such as bicycle frames, artificial hips, and jewelry. Chromium is useful as a
protective plating on plumbing fixtures and automotive detailing.

Transition metals are defined as those elements that have (or readily form) partially filled d orbitals. As shown in Figure 
, 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. However, the group 12 elements do display some of the same chemical properties and are
commonly included in discussions of transition metals. Some chemists do treat the group 12 elements as transition metals.

Figure : Transition metals often form vibrantly colored complexes. The minerals malachite (green), azurite (blue),
and proustite (red) are some examples. (credit left: modification of work by James St. John; credit middle: modification
of work by Stephanie Clifford; credit right: modification of work by Terry Wallace)

The d-block elements are divided into the first transition series (the elements Sc through Cu), the second transition series
(the elements Y through Ag), and the third transition series (the element La and the elements Hf through Au). Actinium,
Ac, is the first member of the fourth transition series, which also includes Rf through Rg.

Figure : The transition metals are located in groups 3–11 of the periodic table. The inner transition metals are in
the two rows below the body of the table.

The f-block elements are the elements Ce through Lu, which constitute the lanthanide series (or lanthanoid series), and the
elements Th through Lr, which constitute the actinide series (or actinoid series). Because lanthanum behaves very much
like the lanthanide elements, it is considered a lanthanide element, even though its electron configuration makes it the first
member of the third transition series. Similarly, the behavior of actinium means it is part of the actinide series, although its
electron configuration makes it the first member of the fourth transition series

Properties and Trends in Transition Metals 
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 are: smaller atomic radius, increased first ionization energy, enhanced electronegativity and more nonmetallic
character. This trend continues until one reaches calcium (Z=20). There is an abrupt break at this point. The next ten
elements called the first transition series are remarkably similar in their physical and chemical properties. This general
similarity in properties has been explained in terms of their relatively small difference in effective nuclear charge over the
series. This occurs because each additional electron enters the penultimate 3d shell providing an effective shield between
the nucleus and the outer 4s shell.
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What is a Transition Metal?

Thus, the transition elements can be defined as those in which the d electron shells are being filled and so we generally
ignore Sc and Zn where Sc(III) is d  and Zn(II) is d .

It is useful, at the beginning, to identify the physical and chemical properties of transition elements which differ from
main group elements (s-block). Properties of transition elements include:

have large charge/radius ratio;
are hard and have high densities;
have high melting and boiling points;
form compounds which are often paramagnetic;
show variable oxidation states;
form coloured ions and compounds;
form compounds with profound catalytic activity;
form stable complexes.

Table  : Summary of select physical properties of transition elements:

Element Group
density
/g cm

m. p.
/ °C

b.p.
/ °C

radius
/ pm

free atom
configuratio

n

ionization
energy

/ kJ mol
Uses

Sc 3 2.99 1541 2831 164 [Ar] 3d 4s 631

Ti 4 4.50 1660 3287 147 [Ar]3d 4s 658

-
engines/aircr
aft industry-

density is
60% of iron

V 5 5.96 1890 3380 135 [Ar]3d 4s 650

-stainless
steel, 19%

Cr, 9% Ni the
rest Fe

Cr 6 7.20 1857 2670 129 [Ar]3d 4s 653

-alloys eg
with C steel,

the most
significant

use

Mn 7 7.20 1244 1962 137 [Ar]3d 4s 717 -alloys eg
with Cu

Fe 8 7.86 1535 2750 126 [Ar]3d 4s 759

-alloys eg
with C steel,

the most
significant

use

Co 9 8.90 1495 2870 125 [Ar]3d 4s 758

-alloys eg
with Cr and

W for
hardened drill

bits

Ni 10 8.90 1455 2730 125 [Ar]3d 4s 737

-alloys Fe/Ni
armor

plating,
resists

corrosion

Cu 11 8.92 1083 2567 128 [Ar]3d 4s 746

-high
electrical

conductivity
(2nd to Ag),

wiring
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Element Group
density
/g cm

m. p.
/ °C

b.p.
/ °C

radius
/ pm

free atom
configuratio

n

ionization
energy

/ kJ mol
Uses

Zn 12 7.14 420 907 137 [Ar]3d 4s 906

Densities and Metallic Radii 
The transition elements are much denser than the s-block elements and show a gradual increase in density from scandium
to copper. This trend in density can be explained by the small and irregular decrease in metallic radii coupled with the
relative increase in atomic mass.

Figure : Variations of the density (leff) and metallic radius (right) in the first row transition metals.

Melting and Boiling points 
The melting points and the molar enthalpies of fusion of the transition metals are both high in comparison to main group
elements. This arises from strong metallic bonding in transition metals which occurs due to delocalization of electrons
facilitated by the availability of both d and s electrons.

Figure : Variations of the melting point (blue curve) and boiling points (red) in the first row transition metals.

Ionization Energies 
In moving across the series of metals from scandium to zinc a small change in the values of the first and second ionization
energies is observed. This is due to the build-up of electrons in the immediately underlying d-sub-shells that efficiently
shields the 4s electrons from the nucleus and minimizing the increase in effective nuclear charge  from element to
element. The increases in third and fourth ionization energy values are more rapid. However, the trends in these values
show the usual discontinuity half way along the series. The reason is that the five d electrons are all unpaired, in singly
occupied orbitals. When the sixth and subsequent electrons enter, the electrons have to share the already occupied orbitals
resulting in inter-electron repulsions, which would require less energy to remove an electron. Hence, the third ionization
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energy curve for the last five elements is identical in shape to the curve for the first five elements, but displaced upwards
by 580 kJ mol .

Figure : Variations of the first ionization energy in the first row transition metals.

Oxidation States 
Transition metals can form compounds with a wide range of oxidation states. Some of the observed oxidation states of the
elements of the first transition series are shown in Figure . As we move from left to right across the first transition
series, we see that the number of common oxidation states increases at first to a maximum towards the middle of the table,
then decreases. The values in the table are typical values; there are other known values, and it is possible to synthesize
new additions. For example, in 2014, researchers were successful in synthesizing a new oxidation state of iridium (9+).

Figure :Transition metals of the first transition series can form compounds with varying oxidation states.

For the elements scandium through manganese (the first half of the first transition series), the highest oxidation state
corresponds to the loss of all of the electrons in both the s and d orbitals of their valence shells. The titanium(IV) ion, for
example, is formed when the titanium atom loses its two 3d and two 4s electrons. These highest oxidation states are the
most stable forms of scandium, titanium, and vanadium. However, it is not possible to continue to remove all of the
valence electrons from metals as we continue through the series. Iron is known to form oxidation states from 2+ to 6+,
with iron(II) and iron(III) being the most common. Most of the elements of the first transition series form ions with a
charge of 2+ or 3+ that are stable in water, although those of the early members of the series can be readily oxidized by
air.

The elements of the second and third transition series generally are more stable in higher oxidation states than are the
elements of the first series. In general, the atomic radius increases down a group, which leads to the ions of the second and
third series being larger than are those in the first series. Removing electrons from orbitals that are located farther from the
nucleus is easier than removing electrons close to the nucleus. For example, molybdenum and tungsten, members of group
6, are limited mostly to an oxidation state of 6+ in aqueous solution. Chromium, the lightest member of the group, forms
stable Cr  ions in water and, in the absence of air, less stable Cr  ions. The sulfide with the highest oxidation state for
chromium is Cr S , which contains the Cr  ion. Molybdenum and tungsten form sulfides in which the metals exhibit
oxidation states of 4+ and 6+.

Electronic Configurations 
The electronic configuration of the atoms of the first row transition elements are basically the same. It can be seen in the
Table above that there is a gradual filling of the 3d orbitals across the series starting from scandium. This filling is,
however, not regular, since at chromium and copper the population of 3d orbitals increase by the acquisition of an electron
from the 4s shell. This illustrates an important generalization about orbital energies of the first row transition series. At
chromium, both the 3d and 4s orbitals are occupied, but neither is completely filled in preference to the other. This
suggests that the energies of the 3d and 4s orbitals are relatively close for atoms in this row.

In the case of copper, the 3d level is full, but only one electron occupies the 4s orbital. This suggests that in copper the 3d
orbital energy is lower than the 4s orbital. Thus the 3d orbital energy has passed from higher to lower as we move across
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the period from potassium to zinc. However, the whole question of preference of an atom to adopt a particular electronic
configuration is not determined by orbital energy alone. In chromium it can be shown that the 4s orbital energy is still
below the 3d which suggests a configuration [Ar] 3d 4s . However due to the effect of electronic repulsion between the
outer electrons the actual configuration becomes [Ar]3d 4s  where all the electrons in the outer orbitals are unpaired. It
should be remembered that the factors that determine electronic configuration in this period are indeed delicately
balanced.

Redox Couple E°/V

Mn (aq.)/Mn(s) -1.18

H (aq.)/H (g) 0.00

This shows that elemental Mn is a stronger reductant than molecular hydrogen and hence should be able to displace
hydrogen gas from 1 mol dm  hydrochloric acid.

Example : Valence Electrons in Transition Metals

Review how to write electron configurations, covered in the chapter on electronic structure and periodic properties of
elements. Recall that for the transition and inner transition metals, it is necessary to remove the s electrons before the d
or f electrons. Then, for each ion, give the electron configuration:

a. cerium(III)
b. lead(II)
c. Ti
d. Am
e. Pd

For the examples that are transition metals, determine to which series they belong.

Solution

For ions, the s-valence electrons are lost prior to the d or f electrons.

a. Ce [Xe]4f ; Ce  is an inner transition element in the lanthanide series.
b. Pb [Xe]6s 5d 4f ; the electrons are lost from the p orbital. This is a main group element.
c. titanium(II) [Ar]3d ; first transition series
d. americium(III) [Rn]5f ; actinide
e. palladium(II) [Kr]4d ; second transition series

Exercise 

Check Your Learning Give an example of an ion from the first transition series with no d electrons.

Answer:

V  is one possibility. Other examples include Sc , Ti , Cr , and Mn .

Chemical Reactivity 
Transition metals demonstrate a wide range of chemical behaviors. As can be seen from their reduction potentials (Table
P1), some transition metals are strong reducing agents, whereas others have very low reactivity. For example, the
lanthanides all form stable 3+ aqueous cations. The driving force for such oxidations is similar to that of alkaline earth
metals such as Be or Mg, forming Be  and Mg . On the other hand, materials like platinum and gold have much higher
reduction potentials. Their ability to resist oxidation makes them useful materials for constructing circuits and jewelry.

Ions of the lighter d-block elements, such as Cr , Fe , and Co , form colorful hydrated ions that are stable in water.
However, ions in the period just below these (Mo , Ru , and Ir ) are unstable and react readily with oxygen from the
air. The majority of simple, water-stable ions formed by the heavier d-block elements are oxyanions such as  and 

.

Ruthenium, osmium, rhodium, iridium, palladium, and platinum are the "platinum metals". With difficulty, they form
simple cations that are stable in water, and, unlike the earlier elements in the second and third transition series, they do not
form stable oxyanions.
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Both the d- and f-block elements react with nonmetals to form binary compounds; heating is often required. These
elements react with halogens to form a variety of halides ranging in oxidation state from 1+ to 6+. On heating, oxygen
reacts with all of the transition elements except palladium, platinum, silver, and gold. The oxides of these latter metals can
be formed using other reactants, but they decompose upon heating. The f-block elements, the elements of group 3, and the
elements of the first transition series except copper react with aqueous solutions of acids, forming hydrogen gas and
solutions of the corresponding salts.

Example : Activity of the Transition Metals

Which is the strongest oxidizing agent in acidic solution: dichromate ion, which contains chromium(VI), permanganate
ion, which contains manganese(VII), or titanium dioxide, which contains titanium(IV)?

Solution

First, we need to look up the reduction half reactions (Table P1) for each oxide in the specified oxidation state:

A larger reduction potential means that it is easier to reduce the reactant. Permanganate, with the largest reduction
potential, is the strongest oxidizer under these conditions. Dichromate is next, followed by titanium dioxide as the
weakest oxidizing agent (the hardest to reduce) of this set.

Exercise 

Predict what reaction (if any) will occur between HCl and Co(s), and between HBr and Pt(s). You will need to use the
standard reduction potentials from (Table P1).

Answer

; no reaction because Pt(s) will not be oxidized by H

Contributors
Paul Flowers (University of North Carolina - Pembroke), Klaus Theopold (University of Delaware) and Richard
Langley (Stephen F. Austin State University) with contributing authors. Textbook content produced by OpenStax
College is licensed under a Creative Commons Attribution License 4.0 license. Download for free at
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CHAPTER -1

INTRODUCTION

The coordination chemistry of lanthanides attracts interest both as a 

field of study in its own right1'3 and for its wide range of applications in 

various fields such as nuclear magnetic resonance imaging4'22, synthetic 

organic chemistry23'26, biochemistry27'20, solvent extraction30-31, 

industrial applications32'36, radiopharmaceuticals36-37, lanthanide ion- 

selective reagents38'40 etc. We present here a brief account of lanthanide 

chemistry and a survey of various types of ligands that have been used in 

the preparation of lanthanide complexes.

Lanthanides

Lanthanum (Z=57) and the next fourteen elements (Z=58-71) which 

follow it are called lanthanides or lanthanons. These fifteen elements 

closely resemble one another and form a distinct group with lanthanum as 

the prototype, hence the name lanthanides or lanthanons. The reason 

why they resemble lanthanum so closely lies in their electronic 

configuration. The electronic configuration of lanthanum is [Xe] Sd^s2. 

In the succeeding fourteen elements, 14 electrons are successively added 

to the empty 4f subshell of the lanthanum configuration. The outer 

electronic configurations of lanthanide atoms and their ions (M3+) and the 

radii of M3+ ions are given41 in Table 1.1. All the lanthanides have been
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allotted one single position in the periodic table on account of similarity in 

their electronic configurations and chemical properties.

Oxidation states

The characteristic oxidation state of the lanthanide elements is +3. 

Lanthanum shows only +3 oxidation state by the loss of two 6s and one 

5d electrons, thereby attaining the stable electronic configuration of 

xenon. Other lanthanides exhibit other oxidation states, +2 and +4 in 

particular. But these states are always less stable than the +3 state. The 

+ 2 and +4 oxidation states are shown by those elements which by doing 

so attain the stable 4f°, 4f7 and 4f14 configurations. For example, cerium 

and terbium attain 4f° and 4f7 configurations, respectively, when they go 

into +4 oxidation state. Similarly, europium and ytterbium acquire the 4f7 

and 4f14 configurations, respectively, when they change into +2 oxidation 

state42.
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Table 1.1

Outer electronic configurations of lanthanide atoms and

ions

and radii of M3+ ions

Atomic
Number

Name Symbol Outer Electronic 
Configuration9

Radius of 
M3+ ion

(Z) Atom(M) M3+ ion (A)
57 Lanthanum La 5dl 6s2 4f° 1.061
58 Cerium Ce 4fl 5d* 6s2 

(or)
4f2 5d° 6s2

4fl 1.034

59 Praseodymium Pr 4f3 5d° 6s2 4f2 1.013
60 Neodymium Nd 4f4 5d° 6s2 4f3 0.995
61 Promethium Pm 4f5 5d° 6s2 4f4 0.979
62 Samarium Sm 4f6 5d° 6s2 4f5 0.964
63 Europium Eu 4f7 5d° 6s2 4f6 0.950
64 Gadolinium Gd 4f? 5b1 6s2 4f7 0.938
65 Terbium Tb 4f9 5d° 6s2 4f8 0.923
66 Dysprosium Dy 4fl° 5d° 6s2 4f9 0.908
67 Holmium Ho 4fH 5d° 6s2 4fl° 0.894
68 Erbium Er 4fl2 5d° 6s2 4fH 0.881
69 Thulium Tm 4f!3 5d° 6s2 4f 12 0.869
70 Ytterbium Yb 4f14 5d° 6s2 4fl3 0.858
71 Lutetium Lu 4fl4 5dl 6s2 4f 14 0.848

a Only the valence shell electrons, that is, those outside the [Xe] shell, are given.
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The M4+ ions in aqueous solution have a tendency to change readily 

into M3+ ions. But Ce4+ is stable (kinetically) in water. It is a very strong 

oxidising agent in aqueous solution (E°=1.74 V) and is used as a 

volumetric standard in redox titrations. Some of the salts find application 

in organic chemistry as oxidizing agents43.

Lanthanide contraction

The radii of M3+ ions of lanthanides (Table 1.1) indicate that the 

ionic size decreases from lanthanum to lutetium by about 0.21 A. The 

steady decrease all along the series is called the lanthanide contraction. As 

a consequence of the poor shielding of the 4f electrons, there is steady 

increase in effective nuclear charge and concomitant reduction in size with 

increasing atomic number.

Colour and absorption spectra43

The colours of tripositive lanthanide ions are shown in Table 1.2. 

Some of the tripositive lanthanide ions are coloured in the solid state as 

well as in aqueous solution. The colour appears to depend upon the 

number of 4f- electrons. The colour of ions containing xf- electrons is 

about the same as those with (14-x)f-electrons. These colours are due to f- 

f transitions when light is absorbed.
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Table 1.2

Colours of tripositive lanthanide ions

Ion Number of
4f electrons

Colour Ion Number of
4f electrons

Colour

La3+ 0 Colourless Lu3+ 14 Colourless
Ce3+ 1 Colourless Yb3+ 13 Colourless
Pr3+ 2 Green Tm3+ 12 Pale green
Nd3+ 3 Lilac Er3+ 11 Pink
Pm3+ 4 Pink Ho3+ 10 Pale yellow
Sm3+ 5 Yellow Dy3+ 9 Yellow
Eu3+ 6 Pale pink Tb3+ 8 Colourless
Gd3+ 7 Colourless

A remarkable characteristic of the absorption spectra of the 

tripositive lanthanide ions is the sharpness of the individual bands. Many 

of these bands are line-like and become even narrower as the temperature 

is lowered. This is due to the fact that the electrons in the 4f- orbitals are 

effectively shielded from the surroundings by the overlying electrons in the 

5s and 5p-orbitals of the lanthanide ions and hence absorption bands arise 

merely from electronic transitions within the 4f-level. Such transitions are 

more forbidden than the d-d transitions of the transition metal ions since 

4f electrons of lanthanide ions are much less affected by the ligand 

electrons than the d-electrons of transition metal ions in their complexes. 

Therefore, the selection rules are more strictly followed for transitions in
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the compounds of lanthanides than in the compounds of transition metals. 

Absorption spectra of the lanthanide cations are thus typically sharp and 

line-like as opposed to the broad absorptions of the transition metal 

cations.

Magnetic properties44'4^

The La3+, Lu3+, Ce4+ and Yb2+ ions which have 4f° or 4f14 

electronic configuration are diamagnetic. The rest of the trivalent 

lanthanide ions which contain unpaired electrons in the 4f orbitals are 

paramagnetic. The magnetic properties of the lanthanides are different 

from those of the transition elements. In general, the magnetic moments 

arise from two types of motion of the electrons. The spin motion of 

electron around its own axis produces magnetic moment called spin 

magnetic moment while the orbital motion of electron around the nucleus 

produces magnetic moment called orbital magnetic moment. The observed 

magnetic properties of a substance are thus the result of both the spin 

moment and the orbital moment.

In the case of compounds of transition elements, the d-electrons of 

the metal ions interact strongly with the electrons of the ligands 

surrounding the metal ion. Owing to the electric field of the ligands, the 

orbital motion of the electrons gets restricted and consequently, the orbital 

moment of these electrons gets almost quenched. Thus the magnetic 

moment of d-block elements arises mainly from the contribution of spin
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motion of the electrons. The magnetic moment only due to spin motion is 
given by the equation p « ^n(n +1) where n is the number of unpaired

electrons. However, for lanthanides, the 4f orbitals are well shielded from

the surroundings by the outer 5s and 5p-orbitals. As a result, the electric

field of the ligands surrounding the ion does not restrict the orbital motion

of the electrons. Thus, the orbital contribution cannot be ignored for f-

block elements. The magnetic moment, in this case, is given by the 
relationship p » +1) where g is the gyromagnetic ratio and J is the

total angular momentum quantum number. The theoretical and 

experimental magnetic moments of tripositive lanthanide ions are given in 

Table 1.3.

Table 1.3

Magnetic moments of tripositive lanthanide ions

Magnetic moment Magnetic moment
Ion Experimental Theoretical

n * g>/J(J + l)'
Ion Experimental Theoretical

H * g^J(J + 1)

La3+ 0 0 Tb3+ 9.5-9.8 9.72
Ce3+ 2.3-2.5 2.54 Dy3+ 10.4-10.6 10.65
Pp3+ 3.4-3.6 3.58 Ho3+ 10.4-10.7 10.60
Nd3+ 3.5-3.6 3.62 Er3+ 9.4-9.6 9.56
pm3+ — 2.68 Tm3+ 7.1-7.5 7.56
Sm3+ 1.4-1.7 1.60 Yb3+ 4.3-4.9 4.54
Eu3+ 3.3-3.5 3.60 Lu3+ 0 0
Gd3+ 7.9-8.0 7.94
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The calculated magnetic moments are in excellent agreement with 

the experimental values except for Sm3+ and Eu3+ ions. In the case of 

Sm3+ and Eu3+ ions, the first excited J state is sufficiently close to the 

ground state and in the case of Eu3+ ion even the second and third excited 

states are close to the ground state. These excited states are appreciably 

populated at ordinary temperatures. Since these excited states have higher 

J values than the ground state, the actual magnetic moments are higher 

than those calculated considering the ground states only. Calculations 

taking into account the population of excited states afford results in 

excellent agreement with experiment.

Lanthanide(IU) complexes

Lanthanide ions, in spite of high charge (+3), have low charge 

density because of their large size. Therefore, they cannot cause much 

polarization and consequently, they have a weak tendency to form 

complexes. Their complexes with unidentate ligands are very few. 

However, complexes with chelating ligands such as p-diketones and 

ethylenediaminetetraacetic acid (EDTA) are fairly common. The 

lanthanides do not form complexes with 71-bonding ligands such as CO, 

NO, CNR etc. The tendency to form complexes and their stability 

increases with increasing atomic number.

Lanthanides behave as typical hard acids. The coordination 

chemistry of lanthanides was limited initially to strongly chelating ligands
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with oxygen as donor atoms. The 4f-electrons of lanthanides are too well 

shielded to interact. Consequently, each lanthanide ion is effectively an 

inert gas type ion, like those of the alkaline earth metals that attracts 

ligands only by overall electrostatic forces. In presence of water, 

complexes with nitrogen, sulphur and halogen donors are not stable. The 

tendency of the anhydrous Ln111 ions to form complexes increases with 

increasing atomic number, whereas that of the hydrated Ln111 ions [LnJI! 

(aquo)] decreases in the same order. The difference is due to the fact that 

while the size of the Ln1J1 ions decreases, that of the Ln111 (aquo) increases 

with increasing atomic number.

The interactions of chelating agents ethylenediaminetetraacetic acid 

H^EDTA), N-hydroxyethylethylenediaminetriacetic acid H^fHEDTA) and 

1,2-diaminocyclohexanetetraacetic acid H^DCTA) with the rare-earth 

metal ions in solution have been explored extensively46'64. Infra-red data 

and dehydration studies suggest that in Ln(HEDTA)xH20 type compounds, 

five coordination positions are occupied by the chelating agent and the 

sixth by water.

CH2-N(CH2COOH)2 CH2-N(CH2C00H)(CH2CH20H)

CH2-N(CH2COOH)2 CHrN(CH2COOH)2

HEDTAEDTA
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DCTA

Another type of chedating agents with which trivalent lanthanides 

form stable complexes are p-diketones. Lanthanide p-diketonates have 

been found to have wide applications as pseudocontact NMR shift 

reagents55'57. The lanthanide p-diketonates are known to expand their 

coordination number by acquiring ligands with lone pairs as a consequence 

of their coordinate unsaturation. Hinckley58 showed that certain 

paramagnetic lanthanide complexes can be used as lanthanide shift 

reagents and these are now routinely used to simplify the NMR spectra of 

the organic molecules containing suitable heteroatom59, for example, to 

distinguish between N-bonded and S-bonded ligands59’60.

The preparation and characterization of mixed ligand complexes of 

trivalent lanthanide ions with p-diketones and heterocyclic amines have 

been carried out by Iftikhar et.al.,61>62 They prepared the diaquo 

bipyridyl adducts of tris(heptafluorooctanedionato)lanthanide(lll), 

[Ln(fod)3bpy2H20] and [Mffod^Phen] where M=Y, La or Lu. These 

complexes were found to be ten coordinate and retained this higher 

coordination number even in solution for several days without any trace of 

dissociation. Therefore [Pr(fod)3bpy.2H20] could not act as a lanthanide 

induced shift reagent because of the coordinative saturation. These
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complexes have higher magnetic moments because of higher coordination 

number. The values of interelectronic and spectral parameters (3, bVfe and 8 

have been computed and the higher values of 5 for the Pr, Nd and Er 

complexes indicate higher covalency. The imidazole adducts of 

tris(heptafluorooctanedionato)-lanthanide(III), [Ln(fod)3im] have also been

N-—a

Imidazole

synthesized and characterized62. The electronic spectra in the visible 
region have been analysed, spectral parameters (p, bVfe, 8 and TjJ and

oscillator strengths have been calculated and discussed. These complexes 

are more covalent than the analogous [Ln(fod)3.Pz] complexes63,

/N

Pyrazole
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Pz=Pyrazole. The covalency is more in solution than in the solid state. 

These compounds are not suitable for use as induced NMR shift reagents 

due to their poor solubility.

Lanthanide complexes containing heterocyclic p-diketones have also 

been synthesized. Okafor^4 reported the synthesis of a few lanthanide 

complexes of l-phenyl-3-methyl-4-benzoyl-2-pyrazoline-5-ones. Patel 

et.al.,65 synthesized and characterized 8-coordinated lanthanide(lll)

l-Phenyl-3-methyl-4-valeroyl-2-pyrazoline-5-one

complexes with l-phenyl-3-methyl-4-valeroyl-2-pyrazoline-5-ones. These 

complexes have the composition [Ln(PMVP)3H20.C2H50H]H20.. (where 

Ln=trivalent lanthanide such as La, Ce, Sm, Gd, Dy, Er and PMVP = 

l-phenyl-3-methyl-4-valeroyl-2-pyrazoline-5-one). The NMR spectra of 

these complexes revealed that the metal ions become eight coordinated by 

the inclusion of one solvent molecule.

The Lewis acidity and oxophilicity of the lanthanides can lead to 

experimental difficulties for the synthetic chemist attempting to prepare 

complexes of these metals with ligands other than chelating oxygen or 

nitrogen donors. Allen et.al.,66 have prepared 4-coordinated complexes of
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lanthanides containing benzophenone as one of the ligands. The 

complexes have the composition [Ln L3(Ph2CO)] where Ln = La, Eu, Tb, 

Yb or Y; L = N(SiMe3)2- They have determined the crystal and molecular 

structure of [TbL3(Ph2CO)] by X-ray diffraction. The X-ray analysis showed 

that the complex has a distorted tetrahedral arrangement of ligand atoms 

around terbium and Ph2CO is coordinated through oxygen. Other 

spectroscopic analyses NMR, 13C NMR, IR and UV-visible) are 

consistent with this structure for Ln = La, Eu, Yb or Y.

C6H5-CO-C6H5 HCON{CH3)2

Benzophenone N,N-Dimethylform amide

CH3CON{CH3)2 
N, N-Dimethylacetamide

N,N-Dimethylformamide (DMF) and N.N-dimethylacetamide (DMA) 

complexes of transition metals have been investigated by several 

authors67'74 in recent years and their spectral studies have shown that 

these tertiary amides coordinate through the oxygen. The DMF complexes 

of rare-earth iodides of the composition M(DMF)gl3 and DMF solvated 

rare-earth acetates have been reported by Moeller et.al.,75'77.

Schiff bases offer a versatile and flexible series of ligands capable of 

binding f-metal ions and to give the resulting complexes such properties as 

to make them suitable for theoretical studies and/or practical applications. 

Simple Schiff bases have been used for the synthesis of lanthanide 

complexes73'33. Singh and Sahai34 investigated the lanthanide complexes
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Acetone-2-thenoylhydrazone

R=CH3

2,2,6,6-Tetramethyl-3,5-heptanedione-2-theonylhydrazone

containing the Schiff bases acetone-2-thenoylhydrazone (ath) 

and 2,2,6,6-tetramethyl-3,5-heptanedione-2-thenoylhydrazon (thdth), 

Radhakrishnan et.al., have studied the Schiff base complexes of 

lanthanides85-89_ They also used^9 the Schiff base 4-N-(4’-antipyryl- 

methylidene)aminoantipyrine (AA) for the preparation of lanthanide nitrate 

complexes of the composition [Ln(AA)2(N03)2]N03 (where Ln=Y, La, Pr, 

Nd, Sm, Eu, Gd, Dy, Ho and Er). The spectral studies of these complexes
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H?r •CH3 H3C ■ch3

h5c6 C6H5

o o
4-N-(4’-Antipyrylmethylidene)aminoantipyrine

revealed that the Schiff base AA acts as a tridentate ligand, coordinating 

through the oxygen of both carbonyl groups and the azomethine nitrogen. 

Only two of the nitrate ions are coordinated monodentately to the central 

metal ion, while the third remains uncoordinated.

The partial Schiff base condensation reactions between 

2,6-diacetylpyridine and 1,8-diaminonaphthalene in the presence of

NH 9 NH?

2,6-Diacetylpyridine 1,8-Diaminonaphthalene

lanthanum(lll), praseodymium(III) and neodymium(III) nitrates produced the 

new hexadentate N402~open chain complexes and which were 

characterized by elemental, spectral and thermal analyses90.

Owing to their biological activity, especially as potent inhibitors for 

many enzymes, the coordination chemistry of aroylhydrazines and related 

compounds has been the subject of extensive investigation91’92. The
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coordination compounds of aroylhydrazones have been reported to act as 

enzyme inhibitors93 and are useful due to their pharmacological 

applications94*96. Agarwal and Sarin97 used hydrazones of isonicotinic 

acid hydrazide, namely, N-isonicotinamido-p-dimethylaminobenzaldimine 

(1NH-PDAB) and N-iosnicotinamido-3-methoxy-4-hydroxybenzaldimine 

(1NH-VAN) for the preparation of lanthanide complexes. Edwards98 and 

co-workers have shown that the replacement of the aromatic group by the 

ferrocenyl moiety in penicillins and cephalosporins improves their antibiotic

:0-NH-N=CH N(CH3)2

N
N-Isonicotinamido-p-dimethylaminobenzaldimine

N-Isonicotinamido-3-methoxyl-4-hydroxybenzaldimine

activity. Ma Yongxiang and Zhao Gang99*103 investigated a series of 

hydrazones containing the ferrocenyl moiety (l,l’-diacetylferrocene
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benzoylhydrazone) and their complexes with anhydrous lanthanide chlorides.

Fe

1,1 ’-Diacetyiferrocene benzoylhydrazone

Spectral and analytical evidences showed that the ligand coordinates with 

metal ion in the ketoform rather than in the enol form. The chelates were 

found to be more thermostable than the ligand.

Han Xiaojun and Wang Xintang*04 have prepared a ligand, acetone 

ferrocenecarbonyl hydrazone (HL) and the mixed ligand lanthanide 

complexes of it containing 1,10-phenanthroline (phen). The complexes have

1,10-Phenanthroline
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Acetone ferrocenecarbonylhydrazone

the composition Ln(HL)(phen)2Cl3.nH20, where n=4 or 5. Spectral and 

thermal studies showed that (i) the ligands (HL) and (phen) are bidentate, 

(ii) one molecule of HL (in the keto form), two molecules of phen, two 

chloride ions and one to three molecules of water coordinate with one 

lanthanide ion, (iii) water in these complexes exists in two different forms, 

crystal and coordinated and (iv) the coordination number is variable 

between 11 and 9.

Macrocyclic and macroacylic Schiff bases are currently under 

intense scrutiny as contrast media in magnetic resonance imaging105, as 

cleaving agents of RNA106 and as components in molecular devices based 

on photochemical processes10? or magnetic interactions103. They have 

also been considered as unconventional precursors in the preparation of 

new materials based on mixed oxides109. The use of 2,6-diformyl-4- 

substituted phenols110'113 as useful precursors in the preparation of 

macrocyclic and/or macroacyclic Schiff bases and related mononuclear, 

homo- and heterodinuclear complexes containing d- and/or f-metal ions
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was suggested114'116. Guerriero et.al.,117 reported the preparation and 

characterization of lanthanide complexes with Schiff bases obtained by the 

condensation of 2,6-diformyl-4-chlorophenol with polyamines of the type 

NH2(CH2)2 X(CH2)2 NH2 (X=NH,S). Recently, new lanthanide complexes 

[Ln(L)(dmf)2l with a podand Schiff base ligand H3L have been prepared by 

(3+1) condensation of 2,6-diformyl-4-chlorophenol and tris-(2-aminoethyl) 

amine in the presence of Ln(Cl)3.nH20) (Ln=La, Gd and Dy) and NE^11^.

OHC
OH

2,6-Dif ormyl-4-chlorophenol

A large number of lanthanide(III) carboxylates derived from aliphatic 

carboxylic acids are known1 10. Carboxylates of lanthanides derived from 

indole-3-acetic acid [AH] and indole-3-butyricacid have also been prepared 

and characterized120.
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The trivalent lanthanide complexes with anionic ligands containing 

oxygen as donor atoms12*-123 and the complexes with synthetic 

ionophores, stabilized by macrocyclic effect124»125 have been the most 

studied. In the absence of strong stabilizing ligands, the complex formation 

is often precluded by the competition for the coordination sites from the 

solvent molecules and the counter anions. Non-aqueous solvents with 

weak basic properties offer a powerful means for the synthesis of Ln(III) 

complexes with neutral ligands with nitrogen (or even S) as donor 

atoms121>122,126-128 The isolation of the first lanthanide complexes 

derived from the weakly basic nitrogen donor 1,10-phenanthroline (phen) 
was reported129>130 as early as 1963. The number of phen ligands 

coordinated to the lanthanide ion depends primarily upon the coordinating 

ability of the anion present. When the anion is strongly chelating 

diketonate61’131 or acetate132, only one phen molecule coordinates, 

indicating the inability of the weakly basic amine to displace a strongly 

coordinated anion. With nitrate as the anion, complexes containing two 

phen units, [Ln(N03),3(phen)2] are formed133 and the 1R spectra have 

been interpreted in terms of all nitrate groups being coordinated making 

the lanthanide ions ten-coordinated, which in a recent report134, has been 

verified by a crystal structure determination. Tris-phenanthroline 

complexes are obtained when the anion is thiocyanate135 or 

seienocyanate136. The IR spectra of the [Ln(phen)3(NCSe)3l species 

indicated coordinated seienocyanate groups (through N only), suggesting a 

nine-coordinate complex. In a recent report137, it has been shown that
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interaction of phen and thiocyanate with trivalent lanthanides in aqueous 

medium yield complex species of the type [Ln(phen)3{SCN)(H20)](SCN)2 in 

which both coordinated and non-coordinated isothiocyanate groups are 

present making the lanthanides eight-coordinate. The study of the 

[Ln(phen)3(NCS)3]135 species both in solution and in the solid phase are 

far from being complete and the complexes are likely to be nine- 

coordinate by analogy to [Ln(phen)3(NCSe)3]. Recently, Khan et.al.,133, 

have prepared and characterized the complexes of the type 

[Ln(phen)3(SCN)3] where Ln=La, Pr, Nd, Sm ar.d Eu and 

[Ln(phen)3(SCN)3H201, where Ln=Dy, Ho, Er and Yb. According to their 

observations, the lighter lanthanides are nine-coordinate and the heavier 

lanthanides are ten-coordirvate. This is contrary to the general observation 

that the coordination number of the larger lanthanides is greater than that 

of the smaller lanthanides. The reason for their observation has not been 

given.

4-Acyl-bis-pyrazolones, in which there are four oxygen atoms 

available for complexation, are ideal chelating agents for lanthanides and 

actinides and are able to form mononuclear, polynuclear or heteronuclear 

complexes under differing conditions. Some lanthanide ions when 

combined with 4-acyl-bis-pyrazolone exhibit excellent fluorescence139 

which provides an opportunity for studying their applications in analysis 

and optic materials. l,4-Bis(l’-phenyl-3’-methyl-5’-pyrazolone-4’)-l,4- 

butane-dione (BPMPBD) is a 4-acyl-bis-pyrazolone in which two acylated 

pyrazolones are present as end groups of the diketone. The first 4-acyl-
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bis-pyrazolone was synthesized by Dong et.al., in 1983140 and later some 

derivatives and their complexes with lanthanide ions were reported141-142.

1,4-Bis( 1 ’-phenyl-3’-methyl-5’-pyrazolone-4’)l ,4-butanedione

Mixed-ligand solid complexes of lanthanide ions with l,4-bis-(l’-phenyl- 

3’-methyl-5’-pyrazolone-4’)-l,4-butanedione (BPMPBD) and 1,10-phenan- 

throline (PHEN) have been synthesized by Xiaojing Li et.al143. These 

complexes have been regarded as binuclear on the basis of spectral and 

thermal studies. Xiaojing Li144 also reported the preparation of solid ion 

associated complexes of lanthanides having l,5-bis(l’phenyl-3’-methyl-5’- 

pyrazolone-4’)-l,5-pentanedione (BPMPPD) and cetyltrimethyl ammonium 

bromide (CTAB). The composition of these complexes was determined as 

CTA[Ln(BPMPPD)2l (where CTA=cetyltrimethyl ammonium cation and 

Ln=Y. La, Pr, Nd, Sm-Yb) and a suitable structure has been suggested.

Antipyrine and some of its derivatives such as 4-amino and 4-dimethyl 

aminoantipyrine are known to form stable complexes with a variety of 

lanthanides143. While antipyrine and 4-aminoantipyrine act as unidentate
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4-Aminoantipyrine 4-Dimethylaminoantipyrine

ligands donating thorough the oxygen of the carbonyl group of the 

antipyrine ring, 4-dimethylaminoantipyrine behaves as a bidentate ligand, 

donating through the oxygen of the ring carbonyl and nitrogen of the 

dimethylamino group. A report on the complexes of lanthanide perchlorates 

with a potentially bidentate ligand derived from antipyrine, namely, N,N- 

diethylantipyrine-4’-carboxamide (DEAP) is available in the literature146. The IR 

and 13C NMR spectral data of these complexes indicate the coordination

N,N-Diethylantipyrine-4-carboxamide

of diethylcarboxamide carbonyl and the antipyrine carbonyl. The IR 

spectral data also indicate the non-coordination of perchlorate 

groups. The complexes have the formula Ln2{DEAP)7(C104)6, 

where Ln = La-$m and Ln(DEAP)3(C10)4)3-3H20) where
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Ln=La-Sm and Ln(DEAP)3(C10)4)3.3H20) where Ln=Gd-Er, Y. The 

complexes of La-Sm have a seven coordinate environment with one of the 

DEAP molecules acts as a bridge between the two metal ions. The 

complexes of the heavier lanthanides (Gd-Er,Y) have a six coordinate 

geometry.

Imidazole and its derivatives are biologically significant. The ligand 

2-(2’-pyridyl)benzimidazole (PBH) has aroused considerable interest 

because of its structural similarity to the widely studied 2,2’-bipyridine, 

1,10-phenanthroline etc., in containing the -N=C-C=N-group. The ligand 

acts as a powerful bidentate chelating agent!47,148 ancj has been found to 

form stable complexes with various transition metal ions149'151. The 

preparation and characterization of lanthanide thiocyanate complexes of 

2-(2’-pyridyl) benzimidazole (PBH) and its N-methylate analogue 1-methyl 

2-{2’pyridyl) benzimidazole (MPB) have been reported1^

Swamy and Kumar*33 prepared chelates of lanthanides with N,N’- 

ethylene-bis-(2-aminobenzamide), EBAB. The complexes were found to be 

non-ionic with the formula Ln(EBAB)Cl3- The IR and NMR spectra
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O OII II

o :-nh-ch2-ch2-nh- o
h2n2

N.N’-Ethylenc-bi§-(2-aminobenzamide)

confirmed that EBAB acts as a tetradentate ligand coordinating through 

two amine and two amide nitrogen atoms. A structure of monocapped 

trigonalprism has been proposed for these seven coordinated complexes.

Di-2-pyridylketone (dpk), a ligand having three potential donor sites 

namely two nitrogens of the pyridine rings and an oxygen of the 

ketocarbonyl group, has been used to form complexes with lanthanide 

perchlorates154. Lanthanides being hard acids would be expected to show

Di-2-pyridyl ketone

preference to bonding via the ketocarbonyl oxygen unlike the complexes 

of transition metals with dpk155-155, where nitrogen chelation has been 

reported. But the IR spectral studies showed that the carbonyl group is not 

coordinated and only the ring nitrogens are coordinated.
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Nitrogen and sulphur donor ligands

There have been only limited efforts to study the coordination 

compounds of nitrogen and sulphur donor ligands with 

lanthanides157’158. The paucity of such lanthanide complexes is due to 

the problem of comparative donor strength and donor availability and 

their scope is further limited due to the lower electronegativity and greater 

atomic radius of sulphur atom in comparison to oxygen. However, it has 

been shown that the synthesis of nitrogen and sulphur donor complexes 

may be best effected either in the complete absence of the solvent or in an 

anhydrous solvent of reduced polarity and donor strength159’160.

Thiosemicarbazones are amongst the most widely studied nitrogen 

and sulphur donor ligands. They are capable of acting as neutral or 

charged ligands. The importance of these compounds is mainly due to 

their anticarcinogenic161, antibacterial16^ and antifungal activities157 

as well as their ability to form chelate complexes with transition 

metals168’16*1. In cancer treatment it has been shown that the metal 

chelates are more potent than chelating agents165. The donor 

properties and biological activities of thiosemicarbazones of 

benzaldehyde and substituted benzaldehyde have been investigated in 

detail166-167. The lanthanide complexes containing salicylidine- 

thiosemicarbazone(AH2), 2-hydroxy-1-naphthalidinethiosemicarbazone 

(BH2) and 2-hydroxy-l-acetophenoneiminethiosemicarbazone (CH2) 

have been prepared in presence of anhydrous solvents168. These
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Salicylidinethiosemicarbazone

OH

2-Hydroxy-1-naphthalidinethiosemicarbazone

OH

2-Hydroxyacetophenoneiminethiosemicarbazone

thiosemicarbazones act as doubly negatively charged tridentate ligands by 

losing the protons from both the phernolic and mercapto groups of the 

tautomeric form. Recently, 3,4-methylenedioxybenzaldehydethiosemi- 

carbazone (LH) has been used as a ligand in the preparation of lanthanide 

nitrate complexes169. The spectral studies of these complexes showed 

that two thiosemicarbazone ligands and two nitrate groups are bound to 

the lanthanide ion in a bidentate fashion.
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Dithiocarbamates have also been used in the preparation of 

lanthanide complexes. It has been reported that these complexes have 

been prepared in an inert atmosphere using anhydrous lanthanide 

salts170~172. Recently, the light lanthanide monoalkyldithiocarbamate 

complexes with the general formula RNH3.[Ln(RHDtc)4l (R=methyl, ethyl; 

Ln=La-Nd, Sm-Gd) have been prepared and characterized173. The studies 

indicate that the monoalkyldithiocarbamate anions act as bidentate 

ligands.

Ri

r2
:n- C

s
s

Alkylthiocarbamate

It is a notable feature of the chemistry of lanthanides that fewer 

complexes with unidentate ligands have been isolated than with 

multidentate ligands17*1. This behaviour arises from the thermodynamic 

instability of the complexes relative to the hydrated ion, coupled with their 

kinetic instability. This does not mean that the lanthanide complexes are 

weak in the sense of having a low metal-ligand bond energy. No numerical 

values for the latter quantity seem to have been determined but observed 

thermal stabilities of solid complexes are often very high and constitute 

strong evidence for the existence of a fairly high bond energy. There are, 

except for halide anions, apparently no data concerning stability constants 

of unidentate ligands with lanthanide ions. However, it is easy to infer that 

such complexes have low stability constants in water solution since only
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species which have extremely low water solubility have been isolated from 

this medium. Complexes of a unidentate ligand should provide a flexible 

system for the study of preferred coordination number and its variations 

along the lanthanide series and of dissociative equillibria. Phosphine and 

arsine oxides are suitable uncharged ligands for such studies because the 

ligand atom is oxygen, for which element the lanthanides are 

experimentally found to show their greatest affinity and the moderately 

high electric charge separation along the P-0 or As-0 bond will tend to 

increase the metal-ligand bond strength. A single complex of this type, 

EuCl3(OPPh3)3, has been isolated in connection with the studies of 

lanthanide fluoresence spectra178. The complexes of triphenylphosphine 

oxide with lanthanide and yttrium nitrates have been prepared in organic 

solvents178. The properties of these complexes have been discussed on 

the basis of the spectral evidences. The complexes of lanthanide nitrates 

and perchlorates with the p-ketophosphoryl

ligands. Ph2P(0)CH2C(0)Ph, phenacyldiphenylphosphine oxide and 

(Bu02)P(0)CH2C(0)Ph, dibutylphenacylphosphonate have been 

synthesized and studied by X-ray crystallography and infrared and NMR 

spectroscopies177. The synthesis and spectroscopy of lanthanide nitrate 

complexes of (Et0)2P(0)CH2C(0)0Et have also been reported178.

In recent years, there has been considerable interest in lanthanide 

complexes containing macrocyclic ligands. Macrocyclic polyethers, so- 

called crown ethers, have been used for the preparation of lanthanide
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complexes179'193. The lanthanide complexes with macrocyclic polyoxa- 

and polyaza-polycarboxylates have also been studied199'212.

Piperazines, the diheterocyclic nitrogen bases which exist in the chair 

form (A) in the free state, can form complexes with metal ions either in the

(B)(A)

chair form or in the boat form (B), giving polymeric bridged or chelated 

structures respectively. Manhas, Trikha and Singh213 have carried out 

investigations to explore the mode of coordination of piperizines and have 

found that with the exception of uranylchloride complexes, where at least 

some of them coordinate in the boat conformation, these ligands normally 

prefer to retain a chair conformation in majority of the complexes.

The synthesis and characterization of complexes of neodymium(III) 

with piperazines have been carried out by Trika214. These complexes have 

the general formula NdX3.xL.yROH where X=C1 and NO3; x-0.5, 1 and 

1.5; L=piperazine, 1-methyl-, 2-methyl-, 1-phenyl-, 1,4-dimethyl-, 2,5- 

dimethyl- and 2,6-dimethyl-piperazine and R=CH3 and C2H5. Spectral 

studies indicated the participation of piperazine ring in chair 

conformation. The X-ray diffraction studies of PdCl2(l,4-dimethyl- 

pierazine) showed the coordination of piperazine in boat form213.
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Venkappayya et.al.,216 studied the complexes of Cu(II) containing 

3-methyl-2,6-diphenylpiperidin-4-one(Li) and 3,5-dimethyl-2,6-diphenyl- 

piperidin-4-one (L2). These complexes have the composition 

CuL.2H2O.X2 (X = Cl, Br, NO3, CIO4 and V2SO4; L=Lj, L2). Based on 

the IR spectral studies, the following conclusions have been drawn: (i) the 

piperidinones behave as bidentate and chelating ligands and (ii) the 

piperidinones form chelates through boat conformation.

3-Methyl-2,6-diphenylpiperidin-4-one

3,5-Dimethyl-2,6-diphenylpiperidin-4-one

Ramalingam et.al.,217 reported dithiocarbamato complexes 

involving 2-aryldecahydroquiolin-4-ones and Ni(II) and Cu(II) metal ions. 

These complexes were characterized by microanalyses, IR, UV, TG and 

mass spectral studies. A representative nickel(Il) complex has also been 

subjected to an extensive NMR decoupling study along with ^C NMR and
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O

2-Aryl-3-alkyldecahydroquinolin-4-one

mass spectral analysis, clearly indicating the manifestation of 

complexation on the stereochemistry of the bicyclic ring of the ligand 

frame work. NMR spectral data indicated the significance of the 

‘thioureide’ structure contribution to the stability of the complexes. The 

downfield shift of the *H NMR signals and the upheld shift of the C(2) 

carbon in 13C NMR spectra of the complexes indicate that the 

heterocyclic ring deviates from the normal chair conformation on 

complexation.

Anions like halide, nitrate, sulphate, acetate, perchlorate etc., may

also act as ligands in the formation of coordination complexes. Forsberg

and Moeller154 proved that the ability of the anion to enter the 
coordination sphere is in the decreasing order, NO^COBOCIO^. Nitrate

group behaves both as a monodentate and a bidentate ligand. Generally, 

lanthanide nitrate complexes contain one or more nitrate groups within 

the coordination sphere. The possibility of the nitrate group acting as a 

chelate in lanthanide complexes has been suggested by some
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workers?2-127. presence of monodentate or bidentate nitrate groups 

in the complexes can be detected by IR spectroscopy.

The ionic nitrate group, which has D3h symmetry, has four 

fundamental vibrations, three of which are IR active218. The infrared 

spectrum of the nitrate ion in “ionic” compounds shows three bands, V£ 

(out-of-plane deformation), V3 (doubly degrenerate stretch) and V4 (doubly 

degenerate in-plane bending), vj (symmetric stretch) is normally inactive, 

but sometimes becomes weakly active through crystal interactions. The

infrared spectrum of coordinated nitrate has been described219"225. When 
the nitrate ion acts as a monodentate coordinating agent {(C2V symmetry),

all bands become active, shifts in band positions occur, and the 
degeneracy of V3 and V4 is lifted. The symmetry remains C2V for bidentate

coordination but band positions may be altered compared with 

monodentate nitrate compounds. The magnitude of V4-V1 decides the 

nature of the coordinating nitrate group. A difference of nearly 100 cm'1 

shows the presence of monodentate84-226 nitrate groups and for bidentate 

nitrate groups225"22?, this difference is nearly 200 cm"1.

Aim and scope of the present investigation

Piperidin-4-ones are heterocyclic ketones prepared by Mannich 

reaction. These compounds have two potential coordinating sites, namely, 

carbonyl oxygen and ring nitrogen. Literature survey reveals that 

piperidin-4-ones are subjected to detailed kinetic and conformational
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investigations228-240. Cockburn et.al.,241 have reported the studies of 

compounds of platinum and palladium containing metal-carbon ‘a’ bonds 

with a number of ligands, of which one type of ligand is N-benzylpiperidin- 

4-ones. The complexes of lanthanides with various heterocyclic 

compounds as ligands have been studied extensively. However, the work 

in lanthanide complexes using piperidin-4-ones as ligands is conspicuously 

missing. The only report available is on the studies of copper(II) complexes 

with only two piperidin-4-ones216. The piperidin-4-ones have been 

reported216 to act as bidentate ligands, coordinating through the ring 

nitrogen and carbonyl group. This would lead to severe steric strain as the 

piperidinone ring should adopt a boat conformation during simultaneous 

complexation through these sites. So one would expect that if piperidin-4- 

ones form complexes with metal ions at all, it should be through any one 

of the coordinating sites. Ramalingam et.al.217, have prepared 

dithiocarbamato complexes involving 2-aryldecahydroquinolin-4~ones as 

ligands which are similar to piperidin-4-ones. The spectral data217 

indicated the participation of only the ring nitrogen and not the carbonyl 

group. Hence, it was thought of interest to prepare and characterize 

lanthanide complexes with variously substituted piperidin-4-ones and to 

see whether piperidin-4-one acts as a monodentate or bidentate ligand. In 

the present investigation, lanthanide nitrate complexes with variously 

substituted 2,6-diphenylpiperidin-4-ones have been prepared and 

characterized by elemental analysis, molar conductance, magnetic and 

thermal studies, infrared, electronic and NMR spectra.
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Oxidation States of Transition Metals
The oxidation state of an element is related to the number of electrons that an atom loses, gains, or appears to use when
joining with another atom in compounds. It also determines the ability of an atom to oxidize (to lose electrons) or to
reduce (to gain electrons) other atoms or species. Almost all of the transition metals have multiple potential oxidation
states.

Introduction
Oxidation results in an increase in the oxidation state. Reduction results in a decrease in the oxidation state. If an atom is
reduced, it has a higher number of valence shell electrons, and therefore a higher oxidation state, and is a strong oxidant.
For example, oxygen (O) and fluorine (F) are very strong oxidants. On the other hand, lithium (Li) and sodium (Na) are
incredibly strong reducing agents (likes to be oxidized), meaning that they easily lose electrons. In this module, we will
precisely go over the oxidation states of transition metals.

Unpaired Electrons of d-orbitals
To fully understand the phenomena of oxidation states of transition metals, we have to understand how the unpaired d-
orbital electrons bond. There are five orbitals in the d subshell manifold. As the number of unpaired valence electrons
increases, the d-orbital increases, the highest oxidation state increases. This is because unpaired valence electrons are
unstable and eager to bond with other chemical species. This means that the oxidation states would be the highest in the
very middle of the transition metal periods due to the presence of the highest number of unpaired valence electrons. To
determine the oxidation state, unpaired d-orbital electrons are added to the 2s orbital electrons since the 3d orbital is
located before the 4s orbital in the periodic table.

For example: Scandium has one unpaired electron in the d-orbital. It is added to the 2 electrons of the s-orbital and
therefore the oxidation state is +3. So that would mathematically look like: 1s electron + 1s electron + 1d electron = 3
total electrons = oxidation state of +3. The formula for determining oxidation states would be (with the exception of
copper and chromium):

Highest Oxidation State for a Transition metal = Number of Unpaired d-electrons + Two s-orbital
electrons

The number of d-electrons range from 1 (in Sc) to 10 (in Cu and Zn). See
Periodic Table below:

In the image above, the blue-boxed area is the d block, or also known as transition metals.

Scandium is one of the two elements in the first transition metal period which has only one oxidation state (zinc is the
other, with an oxidation state of +2). All the other elements have at least two different oxidation states. Manganese, which
is in the middle of the period, has the highest number of oxidation states, and indeed the highest oxidation state in the
whole period since it has five unpaired electrons (see table below).

It was mentioned previously that both copper and chromium do not follow the general formula for transition metal
oxidation states. This is because copper has 9 d-electrons, which would produce 4 paired d-electrons and 1 unpaired d-
electron. Since copper is just 1 electron short of having a completely full d-orbital, it steals an electron from the s-orbital,
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allowing it to have 10 d-electrons. Likewise, chromium has 4 d-electrons, only 1 short of having a half-filled d-orbital, so
it steals an electron from the s-orbital, allowing chromium to have 5 d-electrons.

Rules About Transition Metals
1. Free elements (elements that are not combined with other elements) have an oxidation state of zero, e.g., the oxidation

state of Cr (chromium) is 0.
2. For ions, the oxidation state is equal to the charge of the ion, e.g., the ion Fe  (ferric ion) has an oxidation state of +3.
3. The oxidation state of a neutral compound is zero, e.g., What is the oxidation state of Fe in FeCl ?
4. Answer: Cl has an oxidation state of -1. Since there are 3 Cl atoms the negative charge is -3. Since FeCl3 has no

overall charge, the compound have a neutral charge, and therefore the oxidation state of Fe is +3.

In other words, it is: Fe  and 3Cl , which makes up FeCl  with a neutral charge.

Multiple Oxidation States
As stated above, most transition metals have multiple oxidation states, since it is relatively easy to lose electron(s) for
transition metals compared to the alkali metals and alkaline earth metals. Alkali metals have one electron in their valence
s-orbital and therefore their oxidation state is almost always +1 (from losing it) and alkaline earth metals have two
electrons in their valences-orbital, resulting with an oxidation state of +2 (from losing both). This is not the case for
transition metals since transition metals have 5 d-orbitals. The d-orbital has a variety of oxidation states. The s-orbital also
contributes to determining the oxidation states.

Example 

Iron has 4 unpaired electrons and 2 paired electrons. To find one of its oxidation states, we can use the formula:

Oxidation State of Fe = 4 + 2 = +6

Indeed, +6 is one of the oxidation states of iron, but it is very rare. Other possible oxidation states for iron includes: +5,
+4, +3, and +2.

Since there are many exceptions to the formula, it would be better just to memorize the oxidation states for the fourth
period transition metals, since they are more commonly used. Here is a chart which shows the most common oxidation
states for first row transition metals. See table in this module for more information about the most common oxidation
states.

Chromium and Copper Exceptions

Chromium and copper have 4s  instead of 4s . This is because chromium is 1 d-electron short for having a half-filled
d-orbital, therefore it takes one from the s-orbital, so the electron configuration for chromium would just be: [Ar]

3+

3

3+ -
3

1

1 2
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4s 3d . Similarly, for copper, it is 1 d-electron short for having a fully-filled d-orbital and takes one from the s-orbital,
so the electron configuration for copper would simply be: [Ar] 4s 3d .

To help remember the stability of higher oxidation states for transition metals it is important to know the trend: the
stability of the higher oxidation states progressively increases down a group. For example, in group 6, (chromium) Cr is
most stable at a +3 oxidation state, meaning that you will not find many stable forms of Cr in the +4 and +5 oxidation
states. By contrast, there are many stable forms of molybdenum (Mo) and tungsten (W) at +4 and +5 oxidation states.

Oxidation State of Transition Metals in Compounds
When given an ionic compound such as AgCl, you can easily determine the oxidation state of the transition metal. In this
case, you would be asked to determine the oxidation state of silver (Ag). Since we know that chlorine (Cl) is in the halogen
group of the periodic table, we then know that it has a charge of -1, or simply Cl . In addition, by seeing that there is no
overall charge for AgCl, (which is determined by looking at the top right of the compound, i.e., AgCl , where # represents
the overall charge of the compound) we can conclude that silver (Ag) has an oxidation state of +1. This gives us Ag  and
Cl , in which the positive and negative charge cancels each other out, resulting with an overall neutral charge; therefore +1
is verified as the oxidation state of silver (Ag).

Example 
Determine the oxidation state of cobalt (Co) in CoBr .
SOLUTION
Similar to chlorine, bromine (Br) is also in the halogen group, so we know that it has a charge of -1 (Br ). Since there are
two bromines, the anion (bromine) gives us a charge of -2. In addition, we know that CoBr  has an overall neutral
charge, therefore we can conclude that the cation (cobalt), Co must have an oxidation state of +2 in order to neutralize
the -2 charge from the two bromines. With this said, we get Co  and 2Br , which would result as CoBr .

Example 

What is the oxidation state of zinc (Zn) in ZnCO . (Note: CO in this example has an oxidation state of -2, CO )

SOLUTION

Knowing that CO has an oxidation state of -2 and knowing that the overall charge of this compound is neutral, we can
conclude that zinc (Zn) has an oxidation state of +2. This gives us Zn  and CO , in which the positive and negative
charges from zinc and carbonate will cancel with each other, resulting in an overall neutral charge, giving us ZnCO .

Polyatomic Transition Metal Ions
Consider the manganese (Mn) atom in the permanganate ( ) ion. Since oxygen has an oxidation state of -2 and we
know there are four oxygen atoms. In addition, this compound has an overall charge of -1; therefore the overall charge is
not neutral in this example. Thus, since the oxygen atoms in the ion contribute a total oxidaiton state of -8, and since the
overall charge of the ion is -1, the sole manganese atom (Mn) must have an oxidation state of +7. This gives us Mn  and
4 O , which will result as .

This example also shows that manganese atoms can have an oxidation state of
+7, which is the highest possible oxidation state for the fourth period transition
metals.

Real World Examples

Magnets are used in electric motors and generators that allow us to have computers, light, telephones, televisions, and
electric heat. Magnetism is a function of chemistry that relates to the oxidation state. The oxidation state determines if
the element or compound is diamagnetic or paramagnetic. Diamagnetic substances have only paired electrons, and
repel magnetic fields weakly. These substances are non-magnetic, such as wood, water, and some plastics. However,
paramagnetic substances become magnetic in the presence of a magnetic field. Paramagnetic substances have at least
one unpaired electron. Another stronger magnetic force is a permanent magnet called a ferromagnet. These are much
stronger and do not require the presence of a magnetic field to display magnetic properties. These are the type of
magnets found on your refrigerator.
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1. Periodic Table: http://commons.wikimedia.org/wiki/File:Periodic_table.svg
2. Ionic Compounds: http://lac.smccme.edu/New%20PDF%20No.../Ionrules2.pdf (Page 6 is useful)
3. List of Inorganic Compounds: http://en.wikipedia.org/wiki/List_of_inorganic_compounds
4. http://en.wikipedia.org/wiki/Manganate
5. http://www.chemicalelements.com/groups/transition.html
6. http://chemed.chem.purdue.edu/genchem/topicreview/bp/ch12/trans.php
7. http://en.wikipedia.org/wiki/Metal_Oxidation_States#Variable_oxidation_states
8. Munoz-Paez, Adela. "Transition Metal Oxides: Geometric and Electronic Stuctures: Introducing Solid State Topics in

Inorganic Chemistry Courses." J. Chem. Educ.1994, 71, 381.
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Problems
Determine the oxidation states of the transition metals found in these neutral compounds. Note: The transition metal is
underlined in the following compounds.

(A) Copper(I) Chloride: CuCl (B) Copper(II) Nitrate: Cu(NO ) (C) Gold(V) Fluoride: AuF

(D) Iron(II) Oxide: FeO (E) Iron(III) Oxide: Fe O (F) Lead(II) Chloride: PbCl

(G) Lead(II) Nitrate: Pb(NO ) (H) Manganese(II) Chloride: MnCl (I) Molybdenum trioxide: MoO

(J) Nickel(II) Hydroxide: Ni(OH) (K) Platinum(IV) Chloride: PtCl (L) Silver Sulfide: Ag S

(M) Tungsten(VI) Fluoride: WF (N) Vanadium(III) Nitride: VN (O) Zirconium Hydroxide: Zr(OH)

1. Determine the oxidation state of the transition metal for an overall non-neutral compound: Manganate (MnO )
2. Why do transition metals have a greater number of oxidation states than main group metals (i.e. alkali metals and

alkaline earth metals)?
3. Which transition metal has the most number of oxidation states?
4. Why does the number of oxidation states for transition metals increase in the middle of the group?
5. What two transition metals have only one oxidation state?

Solutions
See  File Attachment for Solutions. (You will probably need Adobe Reader to open the PDF file.)

Contributors
Joslyn Wood, Liza Chu (UCD)
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The d-block of the periodic table contains the elements

of the groups 3-12 in which the d orbitals are

progressively filled in each of the four long periods.
The elements constituting the f -block are those in

which the 4 f and 5 f orbitals are progressively filled
in the latter two long periods; these elements are formal

members of group 3 from which they have been taken

out to form a separate f-block of the periodic table.
The names transition metals and inner transition

metals are often used to refer to the elements of d-and
f-blocks respectively.

There are mainly three series of the transition

metals, 3d series (Sc to Zn), 4d series (Y to Cd) and 5d
series (La to Hg,  omitting Ce to Lu). The fourth 6d

series which begins with Ac is still incomplete. The two
series of the inner transition metals, (4f and 5f) are

known as lanthanoids and actinoids respectively.

Strictly speaking, a transition element is defined as
the one which has incompletely filled d orbitals in its

ground state or in any one of its oxidation states. Zinc,
cadmium and mercury of group 12 have full d

10

configuration in their ground state as well as in their

common oxidation states and hence, are not regarded
as transition metals. However, being the end members

of the three transition series, their chemistry is studied
along with the chemistry of the transition metals.

The presence of partly filled d or f orbitals in their

atoms sets the study of the transition elements and

The The The The The ddddd- and - and - and - and - and fffff-----

Block ElementBlock ElementBlock ElementBlock ElementBlock Elementsssss

The The The The The d- d- d- d- d- andandandandand f- f- f- f- f-

Block ElementBlock ElementBlock ElementBlock ElementBlock ElementsssssAfter studying this Unit, you will be

able to

• learn the positions of the d– and

f-block elements in the periodic
table;

• know the electronic configurations

of the transition (d-block) and the
inner transition (f-block) elements;

• appreciate the relative stability of
various oxidation states in terms
of electrode potential values;

• describe the preparation,
properties, structures and uses

of some important compounds
such as K2Cr2O7 and KMnO4;

• understand the general

characteristics of the d– and

f–block elements and the general

horizontal and group trends in
them;

• describe the properties of the

f-block elements and give a
comparative account of the

lanthanoids and actinoids with
respect to their electronic
configurations, oxidation states

and chemical behaviour.

Objectives

Iron, copper, silver and gold are among the transition elements that
have played important roles in the development of human civilisation.

The inner transition elements such as Th, Pa and U are proving

excellent sources of nuclear energy in modern times.

8
UnitUnitUnitUnitUnit

8
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their compounds apart from that of the main group

elements. However, the usual theory of valence as
applicable to the main group elements can also be

applied successfully to the transition elements.

Various precious metals such as silver, gold and

platinum and industrially important metals like iron,

copper and titanium form part of the transition metals.

In this Unit, besides introduction, we shall first deal

with the electronic configuration, occurrence and general
characteristics of the transition elements with special

emphasis on the trends in the properties of the first

row (3d) transition metals and the preparation and
properties of some important compounds. This will be

followed by consideration of certain general aspects such
as electronic configurations, oxidation states and

chemical reactivity of the inner transition metals.

THE TRANSITION ELEMENTS (d-BLOCK)

The d–block occupies the large middle section flanked by s– and

p– blocks in the periodic table. The very name ‘transition’ given to the
elements of d-block is only because of their position between s– and

p– block elements. The d–orbitals of the penultimate energy level in
their atoms receive electrons giving rise to the three rows of the transition

metals, i.e., 3d, 4d and 5d. The fourth row of 6d is still incomplete.

These series of the transition elements are shown in Table 8.1.

In general the electronic configuration of these elements is

(n-1)d1–10ns
1–2. The (n–1) stands for the inner d orbitals which may have

one to ten electrons and the outermost ns orbital may have one or two

electrons. However, this generalisation has several exceptions because

of very little energy difference between (n-1)d and ns orbitals.
Furthermore, half and completely filled sets of orbitals are relatively

more stable. A consequence of this factor is reflected in the electronic
configurations of Cr and Cu in the 3d series. Consider the case of Cr,

for example, which has 3d
5 4s

1 instead of 3d
44s

2; the energy gap between

the two sets (3d and 4s) of orbitals is small enough to prevent electron
entering the 3d orbitals. Similarly in case of Cu, the configuration is

3d
104s

1 and not 3d
94s

2. The outer electronic configurations of the
transition elements are given in Table 8.1.

8 . 18 . 18 . 18 . 18 . 1 Position in thePosition in thePosition in thePosition in thePosition in the
Periodic TablePeriodic TablePeriodic TablePeriodic TablePeriodic Table

8 .28 .28 .28 .28 .2 ElectronicElectronicElectronicElectronicElectronic
ConfigurationsConfigurationsConfigurationsConfigurationsConfigurations
of the d-Blockof the d-Blockof the d-Blockof the d-Blockof the d-Block
ElementsElementsElementsElementsElements

Sc Ti V Cr Mn Fe Co Ni Cu Zn

Z 21 22 23 24 25 26 27 28 29 30

4s 2 2 2 1 2 2 2 2 1 2

3d 1 2 3 5 5 6 7 8 10 10

1st Series

Table 8.1: Outer Electronic Configurations of the Transition Elements (ground state)
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211 The d- and f- Block Elements

The electronic configurations of Zn, Cd and Hg are represented by

the general formula (n-1)d10ns
2. The orbitals in these elements are

completely filled in the ground state as well as in their common

oxidation states. Therefore, they are not regarded as transition elements.

The d orbitals of the transition elements project to the periphery of
an atom more than the other orbitals (i.e., s and p), hence, they are more

influenced by the surroundings as well as affecting the atoms or molecules

surrounding them. In some respects, ions of a given d
n
 configuration

(n = 1 – 9) have similar magnetic and electronic properties. With partly

filled d orbitals these elements exhibit certain characteristic properties
such as display of a variety of oxidation states, formation of coloured

ions and entering into complex formation with a variety of ligands.

The transition metals and their compounds also exhibit catalytic
property and paramagnetic behaviour. All these characteristics have

been discussed in detail later in this Unit.

There are greater horizontal similarities in the properties of the

transition elements in contrast to the main group elements. However,

some group similarities also exist. We shall first study the general
characteristics and their trends in the horizontal rows (particularly 3d

row) and then consider some group similarities.

2nd Series

Y Zr Nb Mo Tc Ru Rh Pd Ag Cd

Z 39 40 41 42 43 44 45 46 47 48

5s 2 2 1 1 1 1 1 0 1 2

4d 1 2 4 5 6 7 8 10 10 10

3rd Series

La Hf Ta W Re Os Ir Pt Au Hg

Z 57 72 73 74 75 76 77 78 79 80

6s 2 2 2 2 2 2 2 1 1 2

5d 1 2 3 4 5 6 7 9 10 10

Ac Rf Db Sg Bh Hs Mt Ds Rg Uub

Z 89 104 105 106 107 108 109 110 111 112

7s 2 2 2 2 2 2 2 2 1 2

6d 1 2 3 4 5 6 7 8 10 10

4th Series

On what ground can you say that scandium (Z = 21) is a transition
element but zinc (Z = 30) is not?

On the basis of incompletely filled 3d orbitals in case of scandium atom
in its ground state (3d

1), it is regarded as a transition element. On the

other hand, zinc atom has completely filled d orbitals (3d
10) in its

ground state as well as in its oxidised state, hence it is not regarded
as a transition element.

Example 8.1Example 8.1Example 8.1Example 8.1Example 8.1

SolutionSolutionSolutionSolutionSolution
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Intext QuestionIntext QuestionIntext QuestionIntext QuestionIntext Question

8.1 Silver atom has completely filled d orbitals (4d
10) in its ground state.

How can you say that it is a transition element?

8.3.1 Physical Properties

Nearly all the transition elements display typical metallic properties

such as high tensile strength, ductility, malleability, high thermal and

electrical conductivity and metallic lustre.  With the exceptions of Zn,
Cd, Hg and Mn, they have one or more typical metallic structures at

normal temperatures.

8.38.38 .38 .38 .3 GeneralGeneralGeneralGeneralGeneral
Properties ofProperties ofProperties ofProperties ofProperties of
the Transitionthe Transitionthe Transitionthe Transitionthe Transition
ElementsElementsElementsElementsElements
(d-Block)(d-Block)(d-Block)(d-Block)(d-Block)

Sc Ti V Cr Mn Fe Co Ni Cu Zn

hcp hcp bcc bcc X bcc ccp ccp ccp X

(bcc) (bcc) (bcc, ccp) (hcp) (hcp) (hcp)

Y Zr Nb Mo Tc Ru Rh Pd Ag Cd

hcp hcp bcc bcc hcp hcp ccp ccp ccp X

(bcc) (bcc) (hcp)

La Hf Ta W Re Os Ir Pt Au Hg

hcp hcp bcc bcc hcp hcp ccp ccp ccp X

(ccp,bcc) (bcc)

Lattice Structures of Transition Metals

(bcc = body centred cubic; hcp = hexagonal close packed;

ccp = cubic close packed; X = a typical metal structure).

Fig. 8.1: Trends in melting points of
transition elements

The transition metals (with the exception
of Zn, Cd and Hg) are very much hard and

have low volatility. Their melting and boiling
points are high.  Fig. 8.1 depicts the melting

points of the 3d, 4d and 5d transition metals.

The high melting points of these metals are
attributed to the involvement of greater

number of electrons from (n-1)d in addition to
the ns electrons in the interatomic metallic

bonding. In any row the melting points of these

metals rise to a maximum at d
5
 except for

anomalous values of Mn and Tc and fall

regularly as the atomic number increases.
They have high enthalpies of atomisation which

are shown in Fig. 8.2.  The maxima at about

the middle of each series indicate that one
unpaired electron per d orbital is particularly

2015-16(20/01/2015)



213 The d- and f- Block Elements

favourable for strong interatomic interaction. In general, greater the
number of valence electrons, stronger is the resultant bonding. Since

the enthalpy of atomisation is an important factor in determining the
standard electrode potential of a metal, metals with very high enthalpy

of atomisation (i.e., very high boiling point) tend to be noble in their

reactions (see later for electrode potentials).

Another generalisation that may be drawn from Fig. 8.2 is that the

metals of the second and third series have greater enthalpies of
atomisation than the corresponding elements of the first series; this is an

important factor in accounting for the occurrence of much more frequent

metal – metal bonding in compounds of the heavy transition metals.

Fig. 8.2
Trends in enthalpies

of atomisation of
transition elements

In general, ions of the same charge in a given series show progressive

decrease in radius with increasing atomic number. This is because the

new electron enters a d orbital each time the nuclear charge increases
by unity. It may be recalled that the shielding effect of a d electron is

not that effective, hence the net electrostatic attraction between the
nuclear charge and the outermost electron increases and the ionic

radius decreases. The same trend is observed in the atomic radii of a

given series. However, the variation within a series is quite small. An
interesting point emerges when atomic sizes of one series are compared

with those of the corresponding elements in the other series. The curves
in Fig. 8.3 show an increase from the first (3d) to the second (4d) series

of the elements but the radii of the third (5d) series are virtually the

same as those of the corresponding members of the second series. This
phenomenon is associated with the intervention of the 4f orbitals which

must be filled before the 5d series of elements begin. The filling of 4f
before 5d orbital results in a regular decrease in atomic radii called

Lanthanoid contraction which essentially compensates for the expected

8.3.2 Variation in
Atomic and
Ionic Sizes
of
Transition
Metals

D
a
H

V

/
k
J

m
o
l–

1

2015-16(20/01/2015)



214Chemistry

increase in atomic size with increasing atomic number. The net result

of the lanthanoid contraction is that the second and the third d series
exhibit similar radii (e.g., Zr 160 pm, Hf 159 pm) and have very similar

physical and chemical properties much more than that expected on
the basis of usual family relationship.

The factor responsible for the lanthanoid

contraction is somewhat similar to that observed
in an ordinary transition series and is attributed

to similar cause, i.e., the imperfect shielding of
one electron by another in the same set of orbitals.

However, the shielding of one 4f electron by

another is less than that of one d electron by
another, and as the nuclear charge increases

along the series, there is fairly regular decrease
in the size of the entire 4f 

n orbitals.

The decrease in metallic radius coupled with

increase in atomic mass results in a general
increase in the density of these elements. Thus,

from titanium (Z = 22) to copper (Z = 29) the
significant increase in the density may be noted

(Table 8.2).
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Fig. 8.3: Trends in atomic radii of
transition elements
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10
4s

2

M
+

3d
1
4s

1
3d

2
4s

1
3d

3
4s

1
3d

5
3d

5
4s

1
3d

6
4s

1
3d

7
4s

1
3d

8
4s

1
3d

10
3d

10
4s

1

M
2+

3d
1

3d
2

3d
3

3d
4

3d
5

3d
6

3d
7

3d
8

3d
9

3d
10

M
3+

[Ar] 3d
1

3d
2

3d
3

3d
4

3d
5

3d
6

3d
7

– –

Enthalpy of atomisation, ∆aH
VVVVV

/kJ mol
–1

326 473 515 397 281 416 425 430 339 126

Ionisation enthalpy/∆∆∆∆∆iH
VVVVV

/kJ mol
–1

∆iH
V

I 631 656 650 653 717 762 758 736 745 906

∆iH
V

II 1235 1309 1414 1592 1509 1561 1644 1752 1958 1734

∆iH
V

III 2393 2657 2833 2990 3260 2962 3243 3402 3556 3829

Metallic/ionic M 164 147 135 129 137 126 125 125 128 137

radii/pm M
2+

– – 79 82 82 77 74 70 73 75

M
3+

73 67 64 62 65 65 61 60 – –

Standard

electrode M
2+

/M – –1.63 –1.18 –0.90 –1.18 –0.44 –0.28 –0.25 +0.34 -0.76

potential E
V

/V M
3+

/M
2+

– –0.37 –0.26 –0.41 +1.57 +0.77 +1.97 – – –

Density/g cm
–3

3.43 4.1 6.07 7.19 7.21 7.8 8.7 8.9  8.9 7.1

Element Sc Ti V Cr Mn Fe Co Ni Cu Zn

Table 8.2: Electronic Configurations and some other Properties of
the First Series of Transition Elements
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Why do the transition elements exhibit higher enthalpies of
atomisation?

Because of large number of unpaired electrons in their atoms they
have stronger interatomic interaction and hence stronger bonding

between atoms resulting in higher enthalpies of atomisation.

Example 8.2Example 8.2Example 8.2Example 8.2Example 8.2

SolutionSolutionSolutionSolutionSolution

Intext QuestionIntext QuestionIntext QuestionIntext QuestionIntext Question

8.2 In the series Sc (Z = 21) to Zn (Z = 30), the enthalpy of atomisation
of zinc is the lowest, i.e., 126 kJ mol

–1
. Why?

Due to an increase in nuclear charge which accompanies the filling

of the inner d orbitals, there is an increase in ionisation enthalpy
along each series of the transition elements from left to right. However,

many small variations occur. Table 8.2 gives the values for the first
three ionisation enthalpies of the first row elements. These values

show that the successive enthalpies of these elements do not increase
as steeply as in the main group elements. Although the first ionisation

enthalpy, in general, increases, the magnitude of the increase in the
second and third ionisation enthalpies for the successive elements,

in general, is much higher.

The irregular trend in the first ionisation enthalpy of the 3d

metals, though of little chemical significance, can be accounted for
by considering that the removal of one electron alters the relative

energies of 4s and 3d orbitals. So the unipositive ions have d
n

configurations with no 4s electrons. There is thus, a reorganisation

energy accompanying ionisation with some gains in exchange energy
as the number of electrons increases and from the transference of s

electrons into d orbitals. There is the generally expected increasing
trend in the values as the effective nuclear charge increases. However,

the value of Cr is lower because of the absence of any change in the
d configuration and the value for Zn higher because it represents an

ionisation from the 4s level. The lowest common oxidation state of
these metals is +2. To form the M2+ ions from the gaseous atoms, the

sum of the first and second ionisation energies is required in addition
to the enthalpy of atomisation for each element. The dominant term

is the second ionisation enthalpy which shows unusually high values
for Cr and Cu where the d5 and d10 configurations of the M+ ions are

disrupted, with considerable loss of exchange energy. The value for
Zn is correspondingly low as the ionisation consists of the removal

of an electron which allows the production of the stable d
10

configuration. The trend in the third ionisation enthalpies is not

complicated by the 4s orbital factor and shows the greater difficulty
of removing an electron from the d

5 (Mn2+) and d
10 (Zn2+) ions

superimposed upon the general increasing trend. In general, the
third ionisation enthalpies are quite high and there is a marked

break between the values for Mn
2+

 and Fe
2+

. Also the high values for

8.3.3 Ionisation
Enthalpies
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copper, nickel and zinc indicate why it is difficult to obtain oxidation
state greater than two for these elements.

Although ionisation enthalpies give some guidance concerning the

relative stabilities of oxidation states, this problem is very complex and
not amenable to ready generalisation.

One of the notable features of a transition element is the great variety
of oxidation states it may show in its compounds. Table 8.3 lists the

common oxidation states of the first row transition elements.

8.3.4 Oxidation
States

Sc Ti V Cr Mn Fe Co Ni Cu Zn

+2 +2 +2 +2 +2 +2 +2 +1 +2

+3 +3 +3 +3 +3 +3 +3 +3 +2

+4 +4 +4 +4 +4 +4 +4

+5 +5 +5

+6 +6 +6

+7

Table 8.3: Oxidation States of the first row Transition Metals
(the most common ones are in bold types)

The elements which give the greatest number of oxidation states

occur in or near the middle of the series. Manganese, for example,
exhibits all the oxidation states from +2 to +7. The lesser number of

oxidation states at the extreme ends stems from either too few electrons

to lose or share (Sc, Ti) or too many d electrons (hence fewer orbitals
available in which to share electrons with others) for higher valence

(Cu, Zn). Thus, early in the series scandium(II) is virtually unknown
and titanium (IV) is more stable than Ti(III) or Ti(II). At the other end,

the only oxidation state of zinc is +2 (no d electrons are involved). The

maximum oxidation states of reasonable stability correspond in value
to the sum of the s and d electrons upto manganese (TiIVO2, VVO2

+,

CrV1O4
2–, MnVIIO4

–) followed by a rather abrupt decrease in stability of
higher oxidation states, so that the typical species to follow are Fe II,III,

CoII,III, NiII, CuI,II, ZnII.

The variability of oxidation states, a characteristic of transition elements,
arises out of incomplete filling of d orbitals in such a way that their

oxidation states differ from each other by unity, e.g., VII, VIII, VIV, VV. This
is in contrast with the variability of oxidation states of non transition

elements where oxidation states normally differ by a unit of two.

An interesting feature in the variability of oxidation states of the d–block
elements is noticed among the groups (groups 4 through 10). Although in

the p–block the lower oxidation states are favoured by the heavier members
(due to inert pair effect), the opposite is true in the groups of d-block. For

example, in group 6, Mo(VI) and W(VI) are found to be more stable than

Cr(VI). Thus Cr(VI) in the form of dichromate in acidic medium is a strong
oxidising agent, whereas MoO3 and WO3 are not.

Low oxidation states are found when a complex compound has ligands
capable of π-acceptor character in addition to the σ-bonding. For example,

in Ni(CO)4 and Fe(CO)5, the oxidation state of nickel and iron is zero.

2015-16(20/01/2015)



217 The d- and f- Block Elements

Name a transition element which does not exhibit variable
oxidation states.

Scandium (Z = 21) does not exhibit variable oxidation states.

Example 8.3Example 8.3Example 8.3Example 8.3Example 8.3

8.3 Which of the 3d series of the transition metals exhibits the

largest number of oxidation states and why?

SolutionSolutionSolutionSolutionSolution

Intext QuestionIntext QuestionIntext QuestionIntext QuestionIntext Question

Table 8.4 contains the thermochemical

parameters related to the

transformation of the solid metal atoms
to M2+ ions in solution and their

standard electrode potentials. The
observed values of E

V and those

calculated using the data of Table 8.4

are compared in Fig. 8.4.

The unique behaviour of Cu,

having a positive E
V
, accounts for its

inability to liberate H2 from acids. Only

oxidising acids (nitric and hot

concentrated sulphuric) react with Cu,
the acids being reduced. The high

energy to transform Cu(s) to Cu2+(aq)
is not balanced by its hydration

enthalpy. The general trend towards

less negative E
V
 values across the

series is related to the general increase

in the sum of the first and second
ionisation enthalpies. It is interesting

to note that the value of E
V
 for Mn, Ni

and Zn are more negative than
expected from the trend.

8.3.5 Trends in the M
2+

/M Standard
Electrode Potentials

Intext QuestionIntext QuestionIntext QuestionIntext QuestionIntext Question

8.4 The E
V
(M2+/M) value for copper is positive (+0.34V). What is possible

reason for this? (Hint: consider its high ∆aH
V
 and low ∆hydH

V
)

Why is Cr2+ reducing and Mn3+ oxidising when both have d4 configuration?

Cr2+ is reducing as its configuration changes from d4 to d3, the latter

having a half-filled t2g level (see Unit 9) . On the other hand, the change
from Mn3+ to Mn2+ results in the half-filled (d5) configuration which has

extra stability.

Example 8.4Example 8.4Example 8.4Example 8.4Example 8.4

SolutionSolutionSolutionSolutionSolution

Fig. 8.4: Observed and calculated values for the standard
electrode potentials

(M2+ → M°) of the elements Ti to Zn
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Element (M) ∆∆∆∆∆aH
V
 (M) ∆∆∆∆∆iH1

V
∆∆∆∆∆1H2

V
∆∆∆∆∆hydH

V
(M

2+
) E

V
/V

Ti 469 661 1310 -1866 -1.63

V 515 648 1370 -1895 -1.18

Cr 398 653 1590 -1925 -0.90

Mn 279 716 1510 -1862 -1.18

Fe 418 762 1560 -1998 -0.44

Co 427 757 1640 -2079 -0.28

Ni 431 736 1750 -2121 -0.25

Cu 339 745 1960 -2121 0.34

Zn 130 908 1730 -2059 -0.76

Table 8.4: Thermochemical data (kJ mol
-1
) for the first row Transition

Elements and the Standard Electrode Potentials for the
Reduction of M

II
 to M.

The stability of the half-filled d sub-shell in Mn2+ and the completely

filled d
10

 configuration in Zn
2+

 are related to their E
V
 values, whereas

E
V
 for Ni is related to the highest negative ∆hydH

V
.

An examination of the E
V
(M

3+
/M

2+
) values (Table 8.2) shows the varying

trends. The low value for Sc reflects the stability of Sc3+ which has a
noble gas configuration. The highest value for Zn is due to the removal

of an electron from the stable d
10 configuration of Zn2+. The

comparatively high value for Mn shows that Mn2+(d5) is particularly

stable, whereas comparatively low value for Fe shows the extra stability
of Fe3+ (d5). The comparatively low value for V is related to the stability

of V
2+

 (half-filled t2g level, Unit 9).

Table 8.5 shows the stable halides of the 3d series of transition metals.
The highest oxidation numbers are achieved in TiX4 (tetrahalides), VF5

and CrF6. The +7 state for Mn is not represented in simple halides but
MnO3F is known, and beyond Mn no metal has a trihalide except FeX3

and CoF3. The ability of fluorine to stabilise the highest oxidation state is
due to either higher lattice energy as in the case of CoF3, or higher bond
enthalpy terms for the higher covalent compounds, e.g., VF5 and CrF6.

Although VV is represented only by VF5, the other halides, however,
undergo hydrolysis to give oxohalides, VOX3. Another feature of fluorides

is their instability in the low oxidation states e.g., VX2 (X = CI, Br or I)

8.3.6 Trends in
the M

3+
/M

2+

Standard
Electrode
Potentials

8.3.7 Trends in
Stability of
Higher
Oxidation
States

+ 6 CrF6

+ 5 VF5 CrF5

+ 4 TiX4 VXI
4 CrX4 MnF4

+ 3 TiX3 VX3 CrX3 MnF3 FeX
I
3 CoF3

+ 2 TiX2

III
VX2 CrX2 MnX2 FeX2 CoX2 NiX2 CuX2

II
ZnX2

+ 1 CuX
III

Oxidation

Number

Table 8.5: Formulas of Halides of 3d Metals

Key: X = F → I; X
I
 = F → Br; X

II
 = F, CI; X

III
 = CI → I
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and the same applies to CuX. On the other hand, all CuII halides are
known except the iodide. In this case, Cu2+ oxidises I– to I2:

( )
2

2 2 22Cu 4I Cu I Is
+ −
+ → +

However, many copper (I) compounds are unstable in aqueous

solution and undergo disproportionation.

2Cu+ → Cu2+ + Cu

The stability of Cu2+ (aq) rather than Cu+(aq) is due to the much
more negative ∆hydH

V of Cu2+ (aq) than Cu+, which more than

compensates for the second ionisation enthalpy of Cu.

The ability of oxygen to stabilise the highest oxidation state is
demonstrated in the oxides. The highest oxidation number in the oxides

(Table 8.6) coincides with the group number and is attained in Sc2O3

to Mn2O7. Beyond Group 7, no higher oxides of Fe above Fe2O3, are

known, although ferrates (VI)(FeO4)
2–, are formed in alkaline media but

they readily decompose to Fe2O3 and O2. Besides the oxides, oxocations
stabilise Vv as VO2

+, VIV as VO2+ and TiIV as TiO2+. The ability of oxygen

to stabilise these high oxidation states exceeds that of fluorine. Thus
the highest Mn fluoride is MnF4 whereas the highest oxide is Mn2O7.

The ability of oxygen to form multiple bonds to metals explains its

superiority. In the covalent oxide Mn2O7, each Mn is tetrahedrally
surrounded by O’s including a Mn–O–Mn bridge. The tetrahedral [MO4]

n-

ions are known for VV, CrVl, MnV, MnVl and MnVII.

+ 7 Mn2O7

+ 6 CrO3

+ 5 V2O5

+ 4 TiO2 V2O4 CrO2 MnO2

+ 3 Sc2O3 Ti2O3 V2O3 Cr2O3 Mn2O3 Fe2O3

Mn3O4

*
 Fe3O4

*
Co3O4

*

+ 2 TiO VO (CrO) MnO FeO CoO NiO CuO ZnO

+ 1 Cu2O

Table 8.6: Oxides of 3d Metals

* mixed oxides

Groups

3 4 5 6 7 8 9 10 11 12

Oxidation
Number

Example 8.5Example 8.5Example 8.5Example 8.5Example 8.5How would you account for the increasing oxidising power in the

series VO2

+
 < Cr2O7

2– 
< MnO4 

– 
?

This is due to the increasing stability of the lower species to which they

are reduced.

Intext QuestionIntext QuestionIntext QuestionIntext QuestionIntext Question

8.5 How would you account for the irregular variation of ionisation

enthalpies (first and second) in the first series of the transition elements?

SolutionSolutionSolutionSolutionSolution
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For the first row transition metals the Eo values are:

E o V Cr Mn Fe Co Ni Cu

(M2+/M) –1.18 – 0.91 –1.18 – 0.44 – 0.28 – 0.25 +0.34

Explain the irregularity in the above values.

The E
V
 (M2+/M) values are not regular which can be explained from

the irregular variation of ionisation enthalpies ( i i∆ + ∆
1 2

H H ) and also

the sublimation enthalpies which are relatively much less for
manganese and vanadium.

Why is the E
V
 value for the Mn3+/Mn2+ couple much more positive

than that for Cr
3+

/Cr
2+

 or Fe
3+

/Fe
2+

? Explain.

Much larger third ionisation energy of Mn (where the required change

is d5 to d4) is mainly responsible for this. This also explains why the
+3 state of Mn is of little importance.

8.3.9 Magnetic
Properties

Transition metals vary widely in their chemical reactivity. Many of

them are sufficiently electropositive to dissolve in mineral acids, although
a few are ‘noble’—that is, they are unaffected by single acids.

The metals of the first series with the exception of copper are relatively

more reactive and are oxidised by 1M H
+
, though the actual rate at

which these metals react with oxidising agents like hydrogen ion (H+) is
sometimes slow. For example, titanium and vanadium, in practice, are
passive to dilute non oxidising acids at room temperature. The EV values

for M
2+

/M (Table 8.2) indicate a decreasing tendency to form divalent
cations across the series. This general trend towards less negative E

V

values is related to the increase in the sum of the first and second

ionisation enthalpies. It is interesting to note that the E
V
 values for Mn,

Ni and Zn are more negative than expected from the general trend.
Whereas the stabilities of half-filled d subshell (d5) in Mn2+ and completely

filled d subshell (d
10

) in zinc are related to their E 
e
 values; for nickel, E

o

value is related to the highest negative enthalpy of hydration.

An examination of the E
V
 values for the redox couple M3+/M2+ (Table

8.2) shows that Mn3+ and Co3+ ions are the strongest oxidising agents

in aqueous solutions. The ions Ti
2+

, V
2+

 and Cr
2+ 

are strong reducing
agents and will liberate hydrogen from a dilute acid, e.g.,

2 Cr2+ (aq) + 2 H+(aq) → 2 Cr3+(aq) + H2(g)

8.3.8 Chemical
Reactivity
and E

VVVVV

Values

Example 8.6Example 8.6Example 8.6Example 8.6Example 8.6

Intext QuestionsIntext QuestionsIntext QuestionsIntext QuestionsIntext Questions
8.6 Why is the highest oxidation state of a metal exhibited in its oxide or

fluoride only?

8.7 Which is a stronger reducing agent Cr2+ or Fe2+ and why ?

When a magnetic field is applied to substances, mainly two types of

magnetic behaviour are observed: diamagnetism and paramagnetism
(Unit 1). Diamagnetic substances are repelled by the applied field while

the paramagnetic substances are attracted. Substances which are

SolutionSolutionSolutionSolutionSolution

Example 8.7Example 8.7Example 8.7Example 8.7Example 8.7

SolutionSolutionSolutionSolutionSolution
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attracted very strongly are said to be ferromagnetic. In fact,
ferromagnetism is an extreme form of paramagnetism. Many of the

transition metal ions are paramagnetic.

Paramagnetism arises from the presence of unpaired electrons, each
such electron having a magnetic moment associated with its spin angular

momentum and orbital angular momentum. For the compounds of the
first series of transition metals, the contribution of the orbital angular

momentum is effectively quenched and hence is of no significance. For

these, the magnetic moment is determined by the number of unpaired
electrons and is calculated by using the ‘spin-only’ formula, i.e.,

( )n n 2µ = +

where n is the number of unpaired electrons and µ is the magnetic

moment in units of Bohr magneton (BM). A single unpaired electron

has a magnetic moment of 1.73 Bohr magnetons (BM).

The magnetic moment increases with the increasing number of

unpaired electrons. Thus, the observed magnetic moment gives a useful
indication about the number of unpaired electrons present in the atom,

molecule or ion. The magnetic moments calculated from the ‘spin-only’

formula and those derived experimentally for some ions of the first row
transition elements are given in Table 8.7. The experimental data are

mainly for hydrated ions in solution or in the solid state.

Sc
3+

3d
0

0 0 0

Ti
3+

3d
1

1 1.73 1.75

Tl
2+

3d
2

2 2.84 2.76

V
2+

3d
3

3 3.87 3.86

Cr2+ 3d4 4 4.90 4.80

Mn
2+

3d
5

5 5.92 5.96

Fe
2+

3d
6

4 4.90 5.3 – 5.5

Co
2+

3d
7

3 3.87 4.4 – 5.2

Ni
2+

3d
8

2 2.84 2.9 – 3, 4

Cu2+ 3d9 1 1.73 1.8 – 2.2

Zn
2+

3d
10

0 0

Ion Configuration Unpaired

electron(s)

Magnetic moment

Calculated Observed

Table 8.7: Calculated and Observed Magnetic Moments (BM)

Calculate the magnetic moment of a divalent ion in aqueous solution
if its atomic number is 25.

With atomic number 25, the divalent ion in aqueous solution will have
d

5 configuration (five unpaired electrons). The magnetic moment, µ is

( )5 5.92BM5 2µ = =+

Example 8.8Example 8.8Example 8.8Example 8.8Example 8.8

SolutionSolutionSolutionSolutionSolution
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3d
0

Sc
3+

colourless

3d
0

Ti
4+

colourless

3d
1

Ti
3+

purple

3d
1

V
4+

blue

3d
2

V
3+

green

3d3 V2+ violet

3d3 Cr3+ violet

3d
4

Mn
3+

violet

3d
4

Cr
2+

blue

3d
5

Mn
2+

pink

3d
5

Fe
3+

yellow

3d
6

Fe
2+

green

3d
6
3d

7
Co

3+
Co

2+
bluepink

3d
8

Ni
2+

green

3d
9

Cu
2+

blue

3d10 Zn2+ colourless

Configuration Example Colour

Table 8.8: Colours of Some of the First Row (aquated)
Transition Metal Ions

8.3.11 Formation
of Complex
Compounds

Intext QuestionIntext QuestionIntext QuestionIntext QuestionIntext Question

8.8 Calculate the ‘spin only’ magnetic moment of M2+
(aq) ion (Z = 27).

When an electron from a lower energy d orbital is excited to a higher

energy d orbital, the energy of excitation corresponds to the frequency
of light absorbed (Unit 9). This frequency generally lies in the visible

region. The colour observed corresponds to the complementary colour
of the light absorbed. The

frequency of the light
absorbed is determined by

the nature of the ligand.
In aqueous solutions

where water molecules are
the ligands, the colours

of the ions observed are

listed in Table 8.8. A few
coloured solutions of

d–block elements are
illustrated in Fig. 8.5.

8.3.10 Formation
of Coloured
Ions

Fig. 8.5:  Colours of some of the first row
transition metal ions in aqueous solutions. From

left to right: V4+,V3+,Mn2+,Fe3+,Co2+,Ni2+and Cu2+ .

Complex compounds are those in which the metal ions bind a number

of anions or neutral molecules giving complex species with
characteristic properties. A few examples are: [Fe(CN)6]

3–, [Fe(CN)6]
4–,

[Cu(NH3)4]
2+

 and [PtCl4]
2–

. (The chemistry of complex compounds is
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dealt with in detail in Unit 9). The transition metals form a large

number of complex compounds. This is due to the comparatively

smaller sizes of the metal ions, their high ionic charges and the
availability of d orbitals for bond formation.

The transition metals and their compounds are known for their catalytic

activity. This activity is ascribed to their ability to adopt multiple

oxidation states and to form complexes. Vanadium(V) oxide (in Contact

Process), finely divided iron (in Haber’s Process), and nickel (in Catalytic

Hydrogenation) are some of the examples. Catalysts at a solid surface

involve the formation of bonds between reactant molecules and atoms

of the surface of the catalyst (first row transition metals utilise 3d and

4s electrons for bonding). This has the effect of increasing the

concentration of the reactants at the catalyst surface and also weakening
of the bonds in the reacting molecules (the activation energy is lowering).

Also because the transition metal ions can change their oxidation states,

they become more effective as catalysts. For example, iron(III) catalyses

the reaction between iodide and persulphate ions.

2 I – + S2O8
2– → I2 + 2 SO4

2–

An explanation of this catalytic action can be given as:

2 Fe3+ + 2 I– → 2 Fe2+ + I2

2 Fe
2+

 + S2O8

2–
 → 2 Fe

3+
 + 2SO4

2–

Interstitial compounds are those which are formed when small atoms

like H, C or N are trapped inside the crystal lattices of metals. They are

usually non stoichiometric and are neither typically ionic nor covalent,

for example, TiC, Mn4N, Fe3H, VH0.56 and TiH1.7, etc. The formulas

quoted do not, of course, correspond to any normal oxidation state of

the metal. Because of the nature of their composition, these compounds

are referred to as interstitial compounds. The principal physical and

chemical characteristics of these compounds are as follows:

(i) They have high melting points, higher than those of pure metals.

(ii) They are very hard, some borides approach diamond in hardness.

(iii) They retain metallic conductivity.

(iv) They are chemically inert.

An alloy is a blend of metals prepared by mixing the components.

Alloys may be homogeneous solid solutions in which the atoms of one

metal are distributed randomly among the atoms of the other. Such

alloys are formed by atoms with metallic radii that are within about 15

percent of each other. Because of similar radii and other characteristics

of transition metals, alloys are readily formed by these metals. The

alloys so formed are hard and have often high melting points. The best

known are ferrous alloys: chromium, vanadium, tungsten, molybdenum
and manganese are used for the production of a variety of steels and

stainless steel. Alloys of transition metals with non transition metals

such as brass (copper-zinc) and bronze (copper-tin), are also of

considerable industrial importance.

8.3.12 Catalytic
Properties

8.3.13 Formation
of
Interstitial
Compounds

8.3.14 Alloy
Formation
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Intext QuestionIntext QuestionIntext QuestionIntext QuestionIntext Question

8.9 Explain why Cu+ ion is not stable in aqueous solutions?

8.48 .48 .48 .48 .4 SomeSomeSomeSomeSome
ImportantImportantImportantImportantImportant
Compounds ofCompounds ofCompounds ofCompounds ofCompounds of
TransitionTransitionTransitionTransitionTransition
ElementsElementsElementsElementsElements

What is meant by ‘disproportionation’ of an oxidation state? Give an
example.

When a particular oxidation state becomes less stable relative to other
oxidation states, one lower, one higher, it is said to undergo disproportionation.

For example, manganese (VI) becomes unstable relative to manganese(VII) and

manganese (IV) in acidic solution.

3 MnVIO4 
2– + 4 H+ → 2 MnVIIO–

4 + MnIVO2 + 2H2O

Example 8.9Example 8.9Example 8.9Example 8.9Example 8.9

SolutionSolutionSolutionSolutionSolution

8.4.1 Oxides and Oxoanions of Metals

These oxides are generally formed by the reaction of metals with

oxygen at high temperatures. All the metals except scandium form
MO oxides which are ionic. The highest oxidation number in the

oxides, coincides with the group number and is attained in Sc2O3 to
Mn2O7. Beyond group 7, no higher oxides of iron above Fe2O3 are

known. Besides the oxides, the oxocations stabilise VV as VO2
+, VIV as

VO
2+

 and Ti
IV
 as TiO

2+
.

As the oxidation number of a metal increases, ionic character

decreases. In the case of Mn, Mn2O7 is a covalent green oil. Even CrO3

and V2O5 have low melting points. In these higher oxides, the acidic

character is predominant.

Thus, Mn2O7 gives HMnO4 and CrO3 gives H2CrO4 and H2Cr2O7.
V2O5 is, however, amphoteric though mainly acidic and it gives VO4

3– as

well as VO2
+ salts. In vanadium there is gradual change from the basic

V2O3 to less basic V2O4 and to amphoteric V2O5. V2O4 dissolves in acids

to give VO2+ salts. Similarly, V2O5 reacts with alkalies as well as acids

to give 3

4VO −  and
4VO+  respectively. The well characterised CrO is basic

but Cr2O3 is amphoteric.

Potassium dichromate K2Cr2O7

Potassium dichromate is a very important chemical used in leather
industry and as an oxidant for preparation of many azo compounds.

Dichromates are generally prepared from chromate, which in turn are
obtained by the fusion of chromite ore (FeCr2O4) with sodium or

potassium carbonate in free access of air. The reaction with sodium

carbonate occurs as follows:

4 FeCr2O4 + 8 Na2CO3 + 7 O2 → 8 Na2CrO4 + 2 Fe2O3 + 8 CO2

The yellow solution of sodium chromate is filtered and acidified
with sulphuric acid to give a solution from which orange sodium

dichromate, Na2Cr2O7.  2H2O can be crystallised.

2Na2CrO4 + 2 H
+
 → Na2Cr2O7 + 2 Na

+
 + H2O
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Sodium dichromate is more soluble than potassium dichromate.

The latter is therefore, prepared by treating the solution of sodium

dichromate with potassium chloride.

Na2Cr2O7 + 2 KCl → K2Cr2O7 + 2 NaCl

Orange crystals of potassium dichromate crystallise out. The
chromates and dichromates are interconvertible in aqueous solution

depending upon pH of the solution. The oxidation state of chromium

in chromate and dichromate is the same.

2 CrO4
2– + 2H+ → Cr2O7

2– + H2O

Cr2O7
2– + 2 OH- → 2 CrO4

2– + H2O

The structures of

chromate ion, CrO4
2– and

the dichromate ion, Cr2O7
2–

are shown below. The

chromate ion is tetrahedral
whereas the dichromate ion

consists of two tetrahedra
sharing one corner with

Cr–O–Cr bond angle of 126°.

Sodium and potassium dichromates are strong oxidising agents;

the sodium salt has a greater solubility in water and is extensively

used as an oxidising agent in organic chemistry. Potassium dichromate
is used as a primary standard in volumetric analysis. In acidic solution,

its oxidising action can be represented as follows:

Cr2O7
2– + 14H+ + 6e– → 2Cr3+ + 7H2O (EV = 1.33V)

Thus, acidified potassium dichromate will oxidise iodides to iodine,

sulphides to sulphur, tin(II) to tin(IV) and iron(II) salts to iron(III). The
half-reactions are noted below:

6 I– → 3I2 + 6 e– ; 3 Sn2+ → 3Sn4+ + 6 e–

3 H2S → 6H+ + 3S + 6e– ; 6 Fe2+ → 6Fe3+ + 6 e–

The full ionic equation may be obtained by adding the half-reaction for

potassium dichromate to the half-reaction for the reducing agent, for e.g.,

Cr2O7
2– + 14 H+ + 6 Fe2+ → 2 Cr3+ + 6 Fe3+ + 7 H2O

Potassium permanganate KMnO4

Potassium permanganate is prepared by fusion of MnO2 with an alkali

metal hydroxide and an oxidising agent like KNO3. This produces the
dark green K2MnO4 which disproportionates in a neutral or acidic

solution to give permanganate.

2MnO2 + 4KOH + O2 → 2K2MnO4 + 2H2O

3MnO4
2– + 4H+ → 2MnO4

– + MnO2 + 2H2O

Commercially it is prepared by the alkaline oxidative fusion of MnO2

followed by the electrolytic oxidation of manganate (Vl).

F dused with KOH, oxidise
with air or KNO 23

2 4MnO MnO ;

manganate ion

−
→

2
4 4

Electrolytic oxidation in
alkaline solution

MnO MnO

manganate permanganate ion

− −→
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O
–

O

O

O
–

Mn

O

O

O
–

O

Mn

Tetrahedral
manganate
(green) ion

Tetrahedral
permanganate
(purple) ion

In the laboratory, a manganese (II) ion salt is oxidised by
peroxodisulphate to permanganate.

2Mn2+ + 5S2O8
2– + 8H2O → 2MnO4

– + 10SO4
2– + 16H+

Potassium permanganate forms dark purple (almost black) crystals which
are isostructural with those of KClO4. The salt is not very soluble in water

(6.4 g/100 g of water at 293 K), but when heated it decomposes at 513 K.

2KMnO4 → K2MnO4 + MnO2 + O2

It has two physical properties of considerable interest: its

intense colour and its weak temperature dependent
paramagnetism. These can be explained by the use of

molecular orbital theory which is beyond the present scope.

The manganate and permanganate ions are

tetrahedral; the green manganate is paramagnetic

with one unpaired electron but the permanganate is
diamagnetic.

The π-bonding takes place by overlap of p orbitals of
oxygen with d orbitals of manganese.

Acidified permanganate solution oxidises oxalates to carbon dioxide,

iron(II) to iron(III), nitrites to nitrates and iodides to free iodine.
The half-reactions of reductants are:

COO–

COO–
5 10CO2 + 10e–

5 Fe2+ → 5 Fe3+ + 5e–

5NO2
– + 5H2O → 5NO3

– + 10H+ + l0e–

10I– → 5I2 + 10e–

The full reaction can be written by adding the half-reaction for

KMnO4 to the half-reaction of the reducing agent, balancing wherever

necessary.

If we represent the reduction of permanganate to manganate,

manganese dioxide and manganese(II) salt by half-reactions,

MnO4
– + e– → MnO4

2– (EV = + 0.56 V)

MnO4
– + 4H+ + 3e– → MnO2 + 2H2O (EV = + 1.69 V)

MnO4
– + 8H+ + 5e– → Mn2+ + 4H2O (EV = + 1.52 V)

We can very well see that the hydrogen ion concentration of the

solution plays an important part in influencing the reaction. Although
many reactions can be understood by consideration of redox potential,

kinetics of the reaction is also an important factor. Permanganate at

[H
+
] = 1 should oxidise water but in practice the reaction is extremely slow

unless either manganese(ll) ions are present or the temperature is raised.

A few important oxidising reactions of KMnO4 are given below:

1. In acid solutions:

(a) Iodine is liberated from potassium iodide :

10I
–
 + 2MnO4

–
 + 16H

+
 ——> 2Mn

2+
 + 8H2O + 5I2

(b) Fe2+ ion (green) is converted to Fe3+ (yellow):

5Fe2+ + MnO4
– + 8H+ ——> Mn2+ + 4H2O + 5Fe3+
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(c) Oxalate ion or oxalic acid is oxidised at 333 K:

5C2O4
2– + 2MnO4

– + 16H+ ——> 2Mn2+ + 8H2O + 10CO2

(d) Hydrogen sulphide is oxidised, sulphur being precipitated:

H2S —> 2H+ + S2–

5S2– + 2MnO–
4 + 16H+ ——> 2Mn2+ + 8H2O + 5S

(e) Sulphurous acid or sulphite is oxidised to a sulphate or

sulphuric acid:

5SO3
2– + 2MnO4

– + 6H+ ——> 2Mn2+ + 3H2O + 5SO4
2–

(f) Nitrite is oxidised to nitrate:

5NO2

–
 + 2MnO4

–
 + 6H

+
 ——> 2Mn

2+
 + 5NO3

–
 + 3H2O

2. In neutral or faintly alkaline solutions:

(a) A notable reaction is the oxidation of iodide to iodate:

2MnO4
–
 + H2O + I

–
 ——> 2MnO2 + 2OH

–
 + IO3

–

(b) Thiosulphate is oxidised almost quantitatively to sulphate:

8MnO4
– + 3S2O3

2– + H2O ——> 8MnO2 + 6SO4
2– + 2OH–

(c) Manganous salt is oxidised to MnO2; the presence of zinc sulphate

or zinc oxide catalyses the oxidation:

2MnO4
– + 3Mn2+ + 2H2O ——> 5MnO2 + 4H+

Note: Permanganate titrations in presence of hydrochloric acid are

unsatisfactory since hydrochloric acid is oxidised to chlorine.

UsesUsesUsesUsesUses: Besides its use in analytical chemistry, potassium permanganate is

used as a favourite oxidant in preparative organic chemistry. Its uses for the

bleaching of wool, cotton, silk and other textile fibres and for the decolourisation
of oils are also dependent on its strong oxidising power.

THE INNER TRANSITION ELEMENTS ( f-BLOCK)

The f-block consists of the two series, lanthanoids (the fourteen elements

following lanthanum) and actinoids (the fourteen elements following
actinium). Because lanthanum closely resembles the lanthanoids, it is
usually included in any discussion of the lanthanoids for which the

general symbol Ln is often used. Similarly, a discussion of the actinoids
includes actinium besides the fourteen elements constituting the series.

The lanthanoids resemble one another more closely than do the members
of ordinary transition elements in any series. They have only one stable
oxidation state and their chemistry provides an excellent opportunity to

examine the effect of small changes in size and nuclear charge along a
series of otherwise similar elements. The chemistry of the actinoids is, on

the other hand, much more complicated. The complication arises partly
owing to the occurrence of a wide range of oxidation states in these
elements and partly because their radioactivity creates special problems

in their study; the two series will be considered separately here.

The names, symbols, electronic configurations of atomic and some
ionic states and atomic and ionic radii of lanthanum and lanthanoids

(for which the general symbol Ln is used) are given in Table 8.9.

8.58.58.58.58.5 TheTheTheTheThe
LanthanoidsLanthanoidsLanthanoidsLanthanoidsLanthanoids
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La
3+

Ce
3+

Pr
3+

Nd
3+

Pm
3+

Sm
3+

Eu
3+

Gd
3+

Tb
3+

Dy
3+

Ho
3+

Er
3+

Tm
3+

Yb
3+

Lu
3+

Ce
4+

Pr
4+

Tb
4+

Yb
2+

Tm
2+

Sm
2

Eu
2+

110

100

90

57 61 6559 63 67 69 71

Io
n

ic
 r

a
d
ii
/
p
m

Atomic number

+

8.5.1 Electronic
Configurations

8.5.2 Atomic and
Ionic Sizes

It may be noted that atoms of these elements have electronic
configuration with 6s

2 common but with variable occupancy of 4f level

(Table 8.9). However, the electronic configurations of all the tripositive
ions (the most stable oxidation state of all the lanthanoids) are of the

form 4f 
n (n = 1 to 14 with increasing atomic number).

The overall decrease in atomic and ionic radii from lanthanum to
lutetium (the lanthanoid contraction) is a unique feature in the

chemistry of the lanthanoids. It has far reaching
consequences in the chemistry of the third

transition series of the elements. The decrease

in atomic radii (derived from the structures of
metals) is not quite regular as it is regular in

M3+ ions (Fig. 8.6). This contraction is, of
course, similar to that observed in an ordinary

transition series and is attributed to the same

cause, the imperfect shielding of one electron
by another in the same sub-shell. However, the

shielding of one 4 f electron by another is less
than one d electron by another with the increase

in nuclear charge along the series. There is

fairly regular decrease in the sizes with
increasing atomic number.

The cumulative effect of the contraction of
the lanthanoid series, known as lanthanoid

contraction, causes the radii of the members

of the third transition series to be very similar
to those of the corresponding members of the

second series. The almost identical radii of Zr
(160 pm) and Hf (159 pm), a consequence of

the lanthanoid contraction, account for their

occurrence together in nature and for the
difficulty faced in their separation.

In the lanthanoids, La(II) and Ln(III) compounds are predominant
species. However, occasionally +2 and +4 ions in solution or in solid

compounds are also obtained. This irregularity (as in ionisation

enthalpies) arises mainly from the extra stability of empty, half-filled
or filled f subshell. Thus, the formation of CeIV is favoured by its

noble gas configuration, but it is a strong oxidant reverting to the
common +3 state. The E

o value for Ce4+/ Ce3+ is + 1.74 V which

suggests that it can oxidise water. However, the reaction rate is very

slow and hence Ce(IV) is a good analytical reagent. Pr, Nd, Tb and Dy
also exhibit +4 state but only in oxides, MO2. Eu2+ is formed by losing

the two s electrons and its f 7 configuration accounts for the formation
of this ion. However, Eu2+ is a strong reducing agent changing to the

common +3 state. Similarly Yb2+ which has f 
14 configuration is a

reductant. Tb
IV
 has half-filled f-orbitals and is an oxidant. The

behaviour of samarium is very much like europium, exhibiting both

+2 and +3 oxidation states.

8.5.3 Oxidation
States

Fig. 8.6: Trends in ionic radii of lanthanoids
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Electronic configurations* Radii/pm

Atomic  Name Symbol  Ln Ln
2+

Ln
3+

Ln
4+

Ln Ln
3+

Number

57 Lanthanum La 5d
1
6s

2
5d

1
4f 

0
187 106

58 Cerium Ce 4f15d16s2 4f 2 4f 1 4f 0 183 103

59 Praseodymium Pr 4f 
3
6s

2
4f 

3
4f 

2
4f 

1
182 101

60 Neodymium Nd 4f 
4
6s

2
4f 

4
4f 

3
4f 

2
181 99

61 Promethium Pm 4f 
5
6s

2
4f 

5
4f 

4
181 98

62 Samarium Sm 4f 
6
6s

2
4f 

6
4f 

5
180 96

63 Europium Eu 4f 76s2 4f 7 4f 6 199 95

64 Gadolinium Gd 4f 
7
5d

1
6s

2
4f 

7
5d

1
4f 

7
180 94

65 Terbium Tb 4f 
9
6s

2
4f 

9
4f 

8
4f 

7
178 92

66 Dysprosium Dy 4f 
10

6s
2

4f 
10

4f 
9

4f 
8

177 91

67 Holmium Ho 4f 
11

6s
2

4f 
11

4f 
10

176 89

68 Erbium Er 4f 126s2 4f 12 4f 11 175 88

69 Thulium Tm 4f 
13

6s
2

4f 
13

4f 
12

174 87

70 Ytterbium Yb 4f 
14

6s
2

4f 
14

4f 
13

173 86

71 Lutetium Lu 4f 
14

5d
1
6s

2
4f 

14
5d

1
4f 

14
– – –

Table 8.9: Electronic Configurations and Radii of Lanthanum and Lanthanoids

* Only electrons outside [Xe] core are indicated

All the lanthanoids are silvery white soft metals and tarnish rapidly in air.
The hardness increases with increasing atomic number, samarium being

steel hard. Their melting points range between 1000 to 1200 K but
samarium melts at 1623 K. They have typical metallic structure and are

good conductors of heat and electricity. Density and other properties
change smoothly except for Eu and Yb and occasionally for Sm and Tm.

Many trivalent lanthanoid ions are coloured both in the solid state

and in aqueous solutions. Colour of these ions may be attributed to
the presence of f electrons. Neither La3+ nor Lu3+ ion shows any colour

but the rest do so. However, absorption bands are narrow, probably
because of the excitation within f level. The lanthanoid ions other than
the f 0 type (La3+ and Ce4+ ) and the f 

14 type (Yb2+ and Lu3+ ) are all

paramagnetic. The paramagnetism rises to maximum in neodymium.

The first ionisation enthalpies of the lanthanoids are around

600 kJ mol
–1

, the second about 1200 kJ mol
–1 

comparable with those
of calcium. A detailed discussion of the variation of the third ionisation
enthalpies indicates that the exchange enthalpy considerations (as in

3d orbitals of the first transition series), appear to impart a certain
degree of stability to empty, half-filled and completely filled orbitals

f level. This is indicated from the abnormally low value of the third
ionisation enthalpy of lanthanum, gadolinium and lutetium.

In their chemical behaviour, in general, the earlier members of the series

are quite reactive similar to calcium but, with increasing atomic number,
they behave more like aluminium. Values for EV for the half-reaction:

Ln3+ (aq) + 3e– → Ln(s)

8.5.4 General
Characteristics

2015-16(20/01/2015)



230Chemistry

LnC2

w
it

h
 C

2
7
7
3
 K

NLn

h
e
a
te

d
w
it
h

N w
ith

H
O2

Ln O2 3 H2

w
it
h
 a

ci
d
sb

u
rn

s
in

O
2

heated with S with halogens
LnX 3

Ln(OH)3 + H2

Ln S2 3

Ln

8.68 .68 .68 .68 .6 The ActinoidsThe ActinoidsThe ActinoidsThe ActinoidsThe Actinoids

are in the range of –2.2 to –2.4 V
except for Eu for which the value is

– 2.0 V. This is, of course, a small
variation. The metals combine with
hydrogen when gently heated in the

gas. The carbides, Ln3C, Ln2C3 and LnC2

are formed when the metals are heated

with carbon. They liberate hydrogen
from dilute acids and burn in halogens
to form halides. They form oxides M2O3

and hydroxides M(OH)3. The
hydroxides are definite compounds, not

just hydrated oxides. They are basic
like alkaline earth metal oxides and
hydroxides. Their general reactions are

depicted in Fig. 8.7.

The best single use of the

lanthanoids is for the production of alloy steels for plates and pipes. A
well known alloy is mischmetall which consists of a lanthanoid metal
(~ 95%) and iron (~ 5%) and traces of S, C, Ca and Al. A good deal of

mischmetall is used in Mg-based alloy to produce bullets, shell and
lighter flint. Mixed oxides of lanthanoids are employed as catalysts in

petroleum cracking. Some individual Ln oxides are used as phosphors
in television screens and similar fluorescing surfaces.

The actinoids include the fourteen elements from Th to Lr. The names,

symbols and some properties of these elements are given in Table 8.10.

Table 8.10: Some Properties of Actinium and Actinoids

Electronic conifigurations* Radii/pm

Atomic Name Symbol M M
3+

M
4+

M
3+

M
4+

Number

89 Actinium Ac  6d
1
7s

2
5f 

0
111

90 Thorium Th  6d27s2 5f 1 5f 0 99

91 Protactinium Pa  5f 
2
6d

1
7s

2
5f 

2
5f 

1
96

92 Uranium U  5f 
3
6d

1
7s

2
5f 

3
5f 

2
103 93

93 Neptunium Np  5f 46d17s2 5f 4 5f 3 101 92

94 Plutonium Pu  5f 
6
7s

2
5f 

5
5f 

4
100 90

95 Americium Am  5f 77s2 5f 6 5f 5 99 89

96 Curium Cm  5f 
7
6d

1
7s

2
5f 

7
5f 

6
99 88

97 Berkelium Bk  5f 
9
7s

2
5f 

8
5f 

7
98 87

98 Californium Cf  5f 107s2 5f 9 5f 8 98 86

99 Einstenium Es  5f 
11

7s
2

5f 
10

5f 
9

– –

100 Fermium Fm  5f 127s2 5f 11 5f 10 – –

101 Mendelevium Md  5f 
13

7s
2

5f 
12

5f 
11

– –

102 Nobelium No  5f 
14

7s
2

5f 
13

5f 
12

– –

103 Lawrencium Lr  5f 146d17s2 5f 14 5f 13 – –

Fig 8.7: Chemical reactions of the lanthanoids.
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The actinoids are radioactive elements and the earlier members have

relatively long half-lives, the latter ones have half-life values ranging from

a day to 3 minutes for lawrencium (Z =103). The latter members could be

prepared only in nanogram quantities. These facts render their study

more difficult.

All the actinoids are believed to have the electronic configuration of 7s
2

and variable occupancy of the 5f and 6d subshells. The fourteen electrons

are formally added to 5f, though not in thorium (Z = 90) but from Pa

onwards the 5f orbitals are complete at element 103. The irregularities in

the electronic configurations of the actinoids, like those in the lanthanoids

are related to the stabilities of the f 0, f 7 and f 14 occupancies of the 5f

orbitals. Thus, the configurations of Am and Cm are [Rn] 5f 
77s

2 and

[Rn] 5f
 76d

17s
2. Although the 5f orbitals resemble the 4f orbitals in their

angular part of the wave-function, they are not as buried as 4f orbitals

and hence 5f electrons can participate in bonding to a far greater extent.

The general trend in lanthanoids is observable in the actinoids as well.
There is a gradual decrease in the size of atoms or M3+ ions across the

series. This may be referred to as the actinoid contraction (like lanthanoid

contraction). The contraction is, however, greater from element to element

in this series resulting from poor shielding by 5f electrons.

There is a greater range of oxidation states, which is in part attributed to

the fact that the 5f, 6d and 7s levels are of comparable energies. The

known oxidation states of actinoids are listed in Table 8.11.

The actinoids show in general +3 oxidation state. The elements, in the

first half of the series frequently exhibit higher oxidation states. For example,

the maximum oxidation state increases from +4 in Th to +5, +6 and +7
respectively in Pa, U and Np but decreases in succeeding elements (Table

8.11). The actinoids resemble the lanthanoids in having more compounds

in +3 state than in the +4 state. However, +3 and +4 ions tend to hydrolyse.

Because the distribution of oxidation states among the actinoids is so

uneven and so different for the former and later elements, it is unsatisfactory

to review their chemistry in terms of oxidation states.

8.6.1 Electronic
Configurations

8.6.2 Ionic Sizes

8.6.3 Oxidation
States

Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr

3 3 3 3 3 3 3 3 3 3 3 3 3 3

4 4 4 4 4 4 4 4

5 5 5 5 5

6 6 6 6

7 7

Table 8.11: Oxidation States of Actinium and Actinoids

The actinoid metals are all silvery in appearance but display

a variety of structures. The structural variability is obtained

due to irregularities in metallic radii which are far greater
than in lanthanoids.

8.6.4 General
Characteristics
and Comparison
with Lanthanoids
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The actinoids are highly reactive metals, especially when finely divided.
The action of boiling water on them, for example, gives a mixture of oxide

and hydride and combination with most non metals takes place at

moderate temperatures. Hydrochloric acid attacks all metals but most are
slightly affected by nitric acid owing to the formation of protective oxide

layers; alkalies have no action.

The magnetic properties of the actinoids are more complex than those

of the lanthanoids. Although the variation in the magnetic susceptibility

of the actinoids with the number of unpaired 5 f electrons is roughly
parallel to the corresponding results for the lanthanoids, the latter have

higher values.

It is evident from the behaviour of the actinoids that the ionisation

enthalpies of the early actinoids, though not accurately known, but are

lower than for the early lanthanoids. This is quite reasonable since it is to
be expected that when 5f orbitals are beginning to be occupied, they will

penetrate less into the inner core of electrons. The 5f electrons, will therefore,
be more effectively shielded from the nuclear charge than the 4f electrons

of the corresponding lanthanoids. Because the outer electrons are less

firmly held, they are available for bonding in the actinoids.

A comparison of the actinoids with the lanthanoids, with respect to

different characteristics as discussed above, reveals that behaviour similar
to that of the lanthanoids is not evident until the second half of the

actinoid series. However, even the early actinoids resemble the lanthanoids

in showing close similarities with each other and in gradual variation in
properties which do not entail change in oxidation state. The lanthanoid

and actinoid contractions, have extended effects on the sizes, and
therefore, the properties of the elements succeeding them in their

respective periods. The lanthanoid contraction is more important because

the chemistry of elements succeeding the actinoids are much less known
at the present time.

Name a member of the lanthanoid series which is well known

to exhibit +4 oxidation state.

Cerium (Z = 58)

Example 8.10Example 8.10Example 8.10Example 8.10Example 8.10

SolutionSolutionSolutionSolutionSolution

Intext QuestionIntext QuestionIntext QuestionIntext QuestionIntext Question

8.10 Actinoid contraction is greater from element to element than
lanthanoid contraction. Why?

8.78 .78 .78 .78 .7 SomeSomeSomeSomeSome
ApplicationsApplicationsApplicationsApplicationsApplications
of d- andof d- andof d- andof d- andof d- and
f-Blockf-Blockf-Blockf-Blockf-Block
ElementsElementsElementsElementsElements

Iron and steels are the most important construction materials. Their
production is based on the reduction of iron oxides, the removal of

impurities and the addition of carbon and alloying metals such as Cr, Mn
and Ni. Some compounds are manufactured for special purposes such as

TiO for the pigment industry and MnO2 for use in dry battery cells. The

battery industry also requires Zn and Ni/Cd. The elements of Group 11
are still worthy of being called the coinage metals, although Ag and Au
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are restricted to collection items and the contemporary UK ‘copper’ coins
are copper-coated steel. The ‘silver’ UK coins are a Cu/Ni alloy. Many of

the metals and/or their compounds are essential catalysts in the chemical

industry. V2O5 catalyses the oxidation of SO2 in the manufacture of
sulphuric acid. TiCl4 with A1(CH3)3 forms the basis of the Ziegler catalysts

used to manufacture polyethylene (polythene). Iron catalysts are used in
the Haber process for the production of ammonia from N2/H2 mixtures.

Nickel catalysts enable the hydrogenation of fats to proceed. In the Wacker

process the oxidation of ethyne to ethanal is catalysed by PdCl2. Nickel
complexes are useful in the polymerisation of alkynes and other organic

compounds such as benzene. The photographic industry relies on the
special light-sensitive properties of AgBr.

The d-block consisting of Groups 3-12 occupies the large middle section of the periodic
table. In these elements the inner d orbitals are progressively filled. The f-block is placed
outside at the bottom of the periodic table and in the elements of this block, 4f and

5f orbitals are progressively filled.

Corresponding to the filling of 3d, 4d and 5d orbitals, three series of transition

elements are well recognised. All the transition elements exhibit typical metallic properties
such as –high tensile strength, ductility, malleability, thermal and electrical conductivity
and metallic character. Their melting and boiling points are high which are attributed

to the involvement of (n –1) d electrons resulting into strong interatomic bonding. In
many of these properties, the maxima occur at about the middle of each series which

indicates that one unpaired electron per d orbital is particularly a favourable configuration
for strong interatomic interaction.

Successive ionisation enthalpies do not increase as steeply as in the main group

elements with increasing atomic number. Hence, the loss of variable number of electrons
from (n –1)d orbitals is not energetically unfavourable. The involvement of (n –1) d electrons

in the behaviour of transition elements impart certain distinct characteristics to these
elements. Thus, in addition to variable oxidation states, they exhibit paramagnetic
behaviour, catalytic properties and tendency for the formation of coloured ions, interstitial

compounds and complexes.

The transition elements vary widely in their chemical behaviour. Many of them are

sufficiently electropositive to dissolve in mineral acids, although a few are ‘noble’. Of the
first series, with the exception of copper, all the metals are relatively reactive.

The transition metals react with a number of non-metals like oxygen, nitrogen,

sulphur and halogens to form binary compounds. The first series transition metal oxides
are generally formed from the reaction of metals with oxygen at high temperatures. These

oxides dissolve in acids and bases to form oxometallic salts. Potassium dichromate and
potassium permanganate are common examples. Potassium dichromate is prepared from
the chromite ore by fusion with alkali in presence of air and acidifying the extract.

Pyrolusite ore (MnO2) is used for the preparation of potassium permanganate. Both the
dichromate and the permanganate ions are strong oxidising agents.

The two series of inner transition elements, lanthanoids and actinoids constitute
the f-block of the periodic table. With the successive filling of the inner orbitals, 4f, there
is a gradual decrease in the atomic and ionic sizes of these metals along the series

(lanthanoid contraction). This has far reaching consequences in the chemistry of the
elements succeeding them. Lanthanum and all the lanthanoids are rather soft white

metals. They react easily with water to give solutions giving +3 ions. The principal
oxidation state is +3, although +4 and +2 oxidation states are also exhibited by some

SummarySummarySummarySummarySummary
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occasionally. The chemistry of the actinoids is more complex in view of their ability to

exist in different oxidation states. Furthermore, many of the actinoid elements are radioactive
which make the study of these elements rather difficult.

There are many useful applications of the d- and f-block elements and their

compounds, notable among them being in varieties of steels, catalysts, complexes,
organic syntheses, etc.

8.1 Write down the electronic configuration of:

(i) Cr3+ (iii) Cu+ (v) Co2+ (vii) Mn2+

(ii) Pm3+ (iv) Ce4+ (vi) Lu2+ (viii) Th4+

8.2 Why are Mn2+ compounds more stable than Fe2+ towards oxidation to their

+3 state?

8.3 Explain briefly how +2 state becomes more and more stable in the first half

of the first row transition elements with increasing atomic number?

8.4 To what extent do the electronic configurations decide the stability of
oxidation states in the first series of the transition elements? Illustrate

your answer with examples.

8.5 What may be the stable oxidation state of the transition element with the

following d electron configurations in the ground state of their atoms : 3d
3
,

3d
5
, 3d

8
 and 3d

4
?

8.6 Name the oxometal anions of the first series of the transition metals in

which the metal exhibits the oxidation state equal to its group number.

8.7 What is lanthanoid contraction? What are the consequences of lanthanoid

contraction?

8.8 What are the characteristics of the transition elements and why are they
called transition elements? Which of the d-block elements may not be

regarded as the transition elements?

8.9 In what way is the electronic configuration of the transition elements different

from that of the non transition elements?

8.10 What are the different oxidation states exhibited by the lanthanoids?

8.11 Explain giving reasons:

(i) Transition metals and many of their compounds show paramagnetic
behaviour.

(ii) The enthalpies of atomisation of the transition metals are high.

(iii) The transition metals generally form coloured compounds.

(iv) Transition metals and their many compounds act as good catalyst.

8.12 What are interstitial compounds? Why are such compounds well known for
transition metals?

8.13 How is the variability in oxidation states of transition metals different from
that of the non transition metals? Illustrate with examples.

8.14 Describe the preparation of potassium dichromate from iron chromite ore.

What is the effect of increasing pH on a solution of potassium dichromate?

8.15 Describe the oxidising action of potassium dichromate and write the ionic

equations for its reaction with:

(i) iodide  (ii) iron(II) solution and (iii) H2S

Exercises
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8.16 Describe the preparation of potassium permanganate. How does the acidified
permanganate solution react with (i) iron(II) ions  (ii) SO2 and  (iii) oxalic acid?
Write the ionic equations for the reactions.

8.17 For M
2+
/M and M

3+
/M

2+
 systems the E

V
 values for some metals are as follows:

Cr
2+

/Cr -0.9V Cr
3
/Cr

2+
-0.4 V

Mn
2+

/Mn -1.2V Mn
3+

/Mn
2+

+1.5 V
Fe

2+
/Fe -0.4V Fe

3+
/Fe

2+
+0.8 V

Use this data to comment upon:

(i) the stability of Fe3+ in acid solution as compared to that of Cr3+ or Mn3+
 and

(ii) the ease with which iron can be oxidised as compared to a similar process

for either chromium or manganese metal.

8.18 Predict which of the following will be coloured in aqueous solution? Ti
3+

, V
3+

,
Cu+, Sc3+, Mn2+, Fe3+ and Co2+. Give reasons for each.

8.19 Compare the stability of +2 oxidation state for the elements of the first
transition series.

8.20 Compare the chemistry of actinoids with that of the lanthanoids with special
reference to:

(i) electronic configuration (iii) oxidation state

(ii) atomic and ionic sizes and (iv) chemical reactivity.

8.21 How would you account for the following:

(i) Of the d4 species, Cr2+ is strongly reducing while manganese(III)
is strongly oxidising.

(ii) Cobalt(II) is stable in aqueous solution but in the presence of

complexing reagents it is easily oxidised.
(iii) The d1 configuration is very unstable in ions.

8.22 What is meant by ‘disproportionation’? Give two examples of disproportionation
reaction in aqueous solution.

8.23 Which metal in the first series of transition metals exhibits +1 oxidation

state most frequently and why?

8.24 Calculate the number of unpaired electrons in the following gaseous ions: Mn3+,

Cr
3+

, V
3+
 and Ti

3+
. Which one of these is the most stable in aqueous solution?

8.25 Give examples and suggest reasons for the following features of the transition
metal chemistry:

(i) The lowest oxide of transition metal is basic, the highest is
amphoteric/acidic.

(ii) A transition metal exhibits highest oxidation state in oxides
and fluorides.

(iii) The highest oxidation state is exhibited in oxoanions of a metal.

8.26 Indicate the steps in the preparation of:

(i) K2Cr2O7 from chromite ore. (ii) KMnO4 from pyrolusite ore.

8.27 What are alloys? Name an important alloy which contains some of the
lanthanoid metals. Mention its uses.

8.28 What are inner transition elements? Decide which of the following atomic

numbers are the atomic numbers of the inner transition elements : 29, 59,
74, 95, 102, 104.

8.29 The chemistry of the actinoid elements is not so smooth as that of the
lanthanoids. Justify this statement by giving some examples from the
oxidation state of these elements.

8.30 Which is the last element in the series of the actinoids? Write the electronic
configuration of this element. Comment on the possible oxidation state of

this element.
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Answers to Some Intext Questions

8.1 Silver (Z = 47) can exhibit +2 oxidation state wherein it will have
incompletely filled d-orbitals (4d), hence a transition element.

8.2 In the formation of metallic bonds, no eletrons from 3d-orbitals are involved
in case of zinc, while in all other metals of the 3d series, electrons from
the d-orbitals are always involved in the formation of metallic bonds.

8.3 Manganese (Z = 25), as its atom has the maximum number of unpaired
electrons.

8.5 Irregular variation of ionisation enthalpies is mainly attributed to varying
degree of stability of different 3d-configurations (e.g., d

0
, d

5
, d

10
 are

exceptionally stable).

8.6 Because of small size and high electronegativity oxygen or fluorine can
oxidise the metal to its highest oxidation state.

8.7 Cr
2+

 is stronger reducing agent than Fe
2+

Reason: d
4 →  

d
3 
occurs in case of Cr

2+
 to Cr

3+

But d
6
 →

 
d

5
 occurs in case of Fe

2+
 to Fe

3+

In a medium (like water) d3 is more stable as compared to d5 (see CFSE)

8.9 Cu
+
 in aqueous solution underoes disproportionation, i.e.,

2Cu
+
(aq) → Cu

2+
(aq) + Cu(s)

The E0 value for this is favourable.

8.10 The 5f electrons are more effectively shielded from nuclear charge. In other
words the 5f electrons themselves provide poor shielding from element to

element in the series.

8.31 Use Hund’s rule to derive the electronic configuration of Ce
3+

 ion, and calculate
its magnetic moment on the basis of ‘spin-only’ formula.

8.32 Name the members of the lanthanoid series which exhibit +4 oxidation states

and those which exhibit +2 oxidation states. Try to correlate this type of
behaviour with the electronic configurations of these elements.

8.33 Compare the chemistry of the actinoids with that of lanthanoids with reference to:

(i) electronic configuration  (ii) oxidation states and  (iii) chemical reactivity.

8.34 Write the electronic configurations of the elements with the atomic numbers

61, 91, 101, and 109.

8.35 Compare the general characteristics of the first series of the transition metals

with those of the second and third series metals in the respective vertical
columns. Give special emphasis on the following points:

(i) electronic configurations  (ii) oxidation states  (iii) ionisation enthalpies

and  (iv) atomic sizes.

8.36 Write down the number of 3d electrons in each of the following ions: Ti
2+

, V
2+

,

Cr
3+
, Mn

2+
, Fe

2+
, Fe

3+
, Co

2+
, Ni

2+
 and Cu

2+
. Indicate how would you expect the five

3d orbitals to be occupied for these hydrated ions (octahedral).

8.37 Comment on the statement that elements of the first transition series possess

many properties different from those of heavier transition elements.

8.38 What can be inferred from the magnetic moment values of the following complex

species ?

Example Magnetic Moment (BM)

K4[Mn(CN)6) 2.2

[Fe(H2O)6]
2+

5.3

K2[MnCl4] 5.9
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In the previous Unit we learnt that the transition metals
form a large number of complex compounds in which

the metal atoms are bound to a number of anions or
neutral molecules. In modern terminology such

compounds are called coordination compounds. The

chemistry of coordination compounds is an important
and challenging area of modern inorganic chemistry.

New concepts of chemical bonding and molecular
structure have provided insights into the functioning of

vital components of biological systems. Chlorophyll,

haemoglobin and vitamin B12 are coordination
compounds of magnesium, iron and cobalt respectively.

Variety of metallurgical processes, industrial catalysts
and analytical reagents involve the use of coordination

compounds. Coordination compounds also find many

applications in electroplating, textile dyeing and
medicinal chemistry.

CoorCoorCoorCoorCoordinationdinationdinationdinationdination

CompoundsCompoundsCompoundsCompoundsCompoundsAfter studying this Unit, you will be
able to

• appreciate the postulates of

Werner’s theory of coordination
compounds;

• know the meaning of the terms:
coordination entity, central atom/
ion, ligand, coordination number,

coordination sphere, coordination
polyhedron, oxidation number,

homoleptic and heteroleptic;

• learn the rules of nomenclature
of coordination compounds;

• write the formulas and names
of mononuclear coordination

compounds;

• define different types of isomerism
in coordination compounds;

• understand the nature of bonding
in coordination compounds in

terms of the Valence Bond and
Crystal Field theories;

• learn the stability of coordination

compounds;

• appreciate the importance and

applications of coordination
compounds in our day to day life.

Objectives

Coordination Compounds are the backbone of modern inorganic and

bio–inorganic chemistry and chemical industry.

CoorCoorCoorCoorCoordinationdinationdinationdinationdination

CompoundsCompoundsCompoundsCompoundsCompounds

Alfred Werner (1866-1919), a Swiss chemist was the first to formulate

his ideas about the structures of coordination compounds. He prepared
and characterised a large number of coordination compounds and

studied their physical and chemical behaviour by simple experimental
techniques. Werner proposed the concept of a primary valence and a

secondary valence for a metal ion. Binary compounds such as CrCl3,

CoCl2 or PdCl2 have primary valence of 3, 2 and 2 respectively. In a
series of compounds of cobalt(III) chloride with ammonia, it was found

that some of the chloride ions could be precipitated as AgCl on adding
excess silver nitrate solution in cold but some remained in solution.

9.19.19.19.19.1 Werner’Werner’Werner’Werner’Werner’sssss
Theory ofTheory ofTheory ofTheory ofTheory of
CoordinationCoordinationCoordinationCoordinationCoordination
CompoundsCompoundsCompoundsCompoundsCompounds

9
UnitUnitUnitUnitUnit

9
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1 mol CoCl3.6NH3 (Yellow)  gave 3 mol AgCl

1 mol CoCl3.5NH3 (Purple)  gave 2 mol AgCl

1 mol CoCl3.4NH3 (Green)  gave 1 mol AgCl

1 mol CoCl3.4NH3 (Violet)  gave 1 mol AgCl

These observations, together with the results of conductivity

measurements in solution can be explained if (i) six groups in all,
either chloride ions or ammonia molecules or both, remain bonded to

the cobalt ion during the reaction and (ii) the compounds are formulated

as shown in Table 9.1, where the atoms within the square brackets
form a single entity which does not dissociate under the reaction

conditions. Werner proposed the term secondary valence for the
number of groups bound directly to the metal ion; in each of these

examples the secondary valences are six.

Note that the last two compounds in Table 9.1 have identical empirical
formula, CoCl3.4NH3, but distinct properties. Such compounds are

termed as isomers. Werner in 1898, propounded his theory of

coordination compounds. The main postulates are:

1. In coordination compounds metals show two types of linkages

(valences)-primary and secondary.

2. The primary valences are normally ionisable and are satisfied by

negative ions.

3. The secondary valences are non ionisable. These are satisfied by
neutral molecules or negative ions. The secondary valence is equal to

the coordination number and is fixed for a metal.

4. The ions/groups bound by the secondary linkages to the metal have

characteristic spatial arrangements corresponding to different

coordination numbers.

In modern formulations, such spatial arrangements are called

coordination polyhedra. The species within the square bracket are
coordination entities or complexes and the ions outside the square

bracket are called counter ions.

He further postulated that octahedral, tetrahedral and square planar
geometrical shapes are more common in coordination compounds of

transition metals. Thus, [Co(NH3)6]
3+, [CoCl(NH3)5]

2+ and [CoCl2(NH3)4]
+

are octahedral entities, while [Ni(CO)4] and [PtCl4]
2– are tetrahedral and

square planar, respectively.

Colour Formula Solution conductivity

corresponds to

Table 9.1: Formulation of Cobalt(III) Chloride-Ammonia Complexes

Yellow [Co(NH3)6]
3+

3Cl
–

1:3 electrolyte

Purple [CoCl(NH3)5]
2+
2Cl

–
1:2 electrolyte

Green [CoCl2(NH3)4]
+Cl– 1:1 electrolyte

Violet [CoCl2(NH3)4]
+
Cl

–
1:1 electrolyte
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(i) Secondary 4 (ii) Secondary 6

(iii) Secondary 6 (iv) Secondary 6 (v) Secondary 4

On the basis of the following observations made with aqueous solutions,

assign secondary valences to metals in the following compounds:

SolutionSolutionSolutionSolutionSolution

Difference between a double salt and a complex

Both double salts as well as complexes are formed by the combination
of two or more stable compounds in stoichiometric ratio. However, they

differ in the fact that double salts such as carnallite, KCl.MgCl2.6H2O,
Mohr’s salt, FeSO4.(NH4)2SO4.6H2O, potash alum, KAl(SO4)2.12H2O, etc.

dissociate into simple ions completely when dissolved in water. However,

complex ions such as [Fe(CN)6]
4– 

of K4 [Fe(CN)6] do not dissociate into
Fe2+ and CN– ions.

WernerWernerWernerWernerWerner was born on December 12, 1866, in Mülhouse,

a small community in the French province of Alsace.

His study of chemistry began in Karlsruhe (Germany)
and continued in Zurich (Switzerland), where in his

doctoral thesis in 1890, he explained the difference in
properties of certain nitrogen containing organic
substances on the basis of isomerism. He extended vant

Hoff’s theory of tetrahedral carbon atom and modified
it for nitrogen. Werner showed optical and electrical differences between

complex compounds based on physical measurements. In fact, Werner was
the first to discover optical activity in certain coordination compounds.

He, at the age of 29 years became a full professor at Technische

Hochschule in Zurich in 1895. Alfred Werner was a chemist and educationist.
His accomplishments included the development of the theory of coordination

compounds. This theory, in which Werner proposed revolutionary ideas about
how atoms and molecules are linked together, was formulated in a span of
only three years, from 1890 to 1893. The remainder of his career was spent

gathering the experimental support required to validate his new ideas. Werner
became the first Swiss chemist to win the Nobel Prize in 1913 for his work

on the linkage of atoms and the coordination theory.

( 1866-1919)( 1866-1919)( 1866-1919)( 1866-1919)( 1866-1919)

Formula Moles of AgCl precipitated per mole of

the compounds with excess AgNO3

(i) PdCl2.4NH3 2

(ii) NiCl2.6H2O 2

(iii) PtCl4.2HCl 0

(iv) CoCl3.4NH3 1

(v) PtCl2.2NH3 0

Example 9.1Example 9.1Example 9.1Example 9.1Example 9.1
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(a) Coordination entity

A coordination entity constitutes a central metal atom or ion bonded

to a fixed number of ions or molecules. For example, [CoCl3(NH3)3]
is a coordination entity in which the cobalt ion is surrounded by

three ammonia molecules and three chloride ions. Other examples
are [Ni(CO)4], [PtCl2(NH3)2], [Fe(CN)6]

4–, [Co(NH3)6]
3+.

(b) Central atom/ion

In a coordination entity, the atom/ion to which a fixed number

of ions/groups are bound in a definite geometrical arrangement
around it, is called the central atom or ion. For example, the
central atom/ion in the coordination entities: [NiCl2(H2O)4],

[CoCl(NH3)5]
2+ and [Fe(CN)6]

3– are Ni2+, Co3+ and Fe3+, respectively.
These central atoms/ions are also referred to as Lewis acids.

(c) Ligands

The ions or molecules bound to the central atom/ion in the
coordination entity are called ligands. These may be simple ions
such as Cl–, small molecules such as H2O or NH3, larger molecules

such as H2NCH2CH2NH2 or N(CH2CH2NH2)3 or even macromolecules,
such as proteins.

When a ligand is bound to a metal ion through a single donor
atom, as with Cl–, H2O or NH3, the ligand is said to be unidentate.

When a ligand can bind through two donor atoms as in

H2NCH2CH2NH2 (ethane-1,2-diamine) or C2O4
2– (oxalate), the

ligand is said to be didentate and when several donor atoms are

present in a single ligand as in N(CH2CH2NH2)3, the ligand is said
to be polydentate. Ethylenediaminetetraacetate ion (EDTA4–) is
an important hexadentate ligand. It can bind through two

nitrogen and four oxygen atoms to a central metal ion.

When a di- or polydentate ligand uses its two or more donor

atoms to bind a single metal ion, it is said to be a chelate ligand.
The number of such ligating groups is called the denticity of the
ligand. Such complexes, called chelate complexes tend to be more

stable than similar complexes containing unidentate ligands (for
reasons see Section 9.8). Ligand which can

ligate through two different atoms is called
ambidentate ligand. Examples of such
ligands are the NO2

– and SCN– ions. NO2
– ion

can coordinate either through nitrogen or
through oxygen to a central metal atom/ion.

Similarly, SCN
–
 ion can coordinate through the

sulphur or nitrogen atom.

(d) Coordination number

The coordination number (CN) of a metal ion in a complex can be

defined as the number of ligand donor atoms to which the metal is
directly bonded. For example, in the complex ions, [PtCl6]

2– and

[Ni(NH3)4]
2+

, the coordination number of Pt and Ni are 6 and 4
respectively. Similarly, in the complex ions, [Fe(C2O4)3]

3– and
[Co(en)3]

3+, the coordination number of both, Fe and Co, is 6 because

C2O4

2–
 and en (ethane-1,2-diamine) are didentate ligands.

9.29.29.29.29.2 Definitions ofDefinitions ofDefinitions ofDefinitions ofDefinitions of
SomeSomeSomeSomeSome
ImportantImportantImportantImportantImportant
TermsTermsTermsTermsTerms
Pertaining toPertaining toPertaining toPertaining toPertaining to
CoordinationCoordinationCoordinationCoordinationCoordination
CompoundsCompoundsCompoundsCompoundsCompounds
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It is important to note here that coordination number of the central
atom/ion is determined only by the number of sigma bonds formed by

the ligand with the central atom/ion. Pi bonds, if formed between the
ligand and the central atom/ion, are not counted for this purpose.

(e) Coordination sphere

The central atom/ion and the ligands attached to it are enclosed in

square bracket and is collectively termed as the coordination
sphere. The ionisable groups are written outside the bracket and

are called counter ions. For example, in the complex K4[Fe(CN)6],
the coordination sphere is [Fe(CN)6]

4– and the counter ion is K+.

(f) Coordination polyhedron

The spatial arrangement of the ligand atoms which are directly

attached to the central atom/ion defines a coordination
polyhedron about the central atom. The most common

coordination polyhedra are octahedral, square planar and
tetrahedral. For example, [Co(NH3)6]

3+ is octahedral, [Ni(CO)4] is

tetrahedral and [PtCl4]
2–

 is square planar. Fig. 9.1 shows the
shapes of different coordination polyhedra.

9.39.39 .39 .39 .3 NomenclatureNomenclatureNomenclatureNomenclatureNomenclature
o fo fo fo fo f
CoordinationCoordinationCoordinationCoordinationCoordination
CompoundsCompoundsCompoundsCompoundsCompounds

(g) Oxidation number of central atom

The oxidation number of the central atom in a complex is defined

as the charge it would carry if all the ligands are removed along
with the electron pairs that are shared with the central atom. The

oxidation number is represented by a Roman numeral in parenthesis
following the name of the coordination entity. For example, oxidation

number of copper in [Cu(CN)4]
3– is +1 and it is written as Cu(I).

(h) Homoleptic and heteroleptic complexes

Complexes in which a metal is bound to only one kind of donor
groups, e.g., [Co(NH3)6]

3+, are known as homoleptic. Complexes in

which a metal is bound to more than one kind of donor groups,
e.g., [Co(NH3)4Cl2]

+, are known as heteroleptic.

Nomenclature is important in Coordination Chemistry because of the
need to have an unambiguous method of describing formulas and
writing systematic names, particularly when dealing with isomers. The

formulas and names adopted for coordination entities are based on the
recommendations of the International Union of Pure and Applied

Chemistry (IUPAC).

Fig. 9.1: Shapes of different coordination polyhedra. M represents
the central atom/ion and L, a unidentate ligand.
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The formula of a compound is a shorthand tool used to provide basic

information about the constitution of the compound in a concise and
convenient manner. Mononuclear coordination entities contain a single

central metal atom. The following rules are applied while writing the formulas:

(i) The central atom is listed first.

(ii) The ligands are then listed in alphabetical order. The placement of
a ligand in the list does not depend on its charge.

(iii) Polydentate ligands are also listed alphabetically. In case of

abbreviated ligand, the first letter of the abbreviation is used to
determine the position of the ligand in the alphabetical order.

(iv) The formula for the entire coordination entity, whether charged or

not, is enclosed in square brackets. When ligands are polyatomic,
their formulas are enclosed in parentheses. Ligand abbreviations

are also enclosed in parentheses.

(v) There should be no space between the ligands and the metal
within a coordination sphere.

(vi) When the formula of a charged coordination entity is to be written

without that of the counter ion, the charge is indicated outside the
square brackets as a right superscript with the number before the

sign. For example, [Co(CN)6]
3–

, [Cr(H2O)6]
3+

, etc.

(vii) The charge of the cation(s) is balanced by the charge of the anion(s).

The names of coordination compounds are derived by following the

principles of additive nomenclature. Thus, the groups that surround the
central atom must be identified in the name. They are listed as prefixes

to the name of the central atom along with any appropriate multipliers.
The following rules are used when naming coordination compounds:

(i) The cation is named first in both positively and negatively charged

coordination entities.

(ii) The ligands are named in an alphabetical order before the name of the
central atom/ion. (This procedure is reversed from writing formula).

(iii) Names of the anionic ligands end in –o, those of neutral and cationic

ligands are the same except aqua for H2O, ammine for NH3, carbonyl
for CO and nitrosyl for NO. These are placed within enclosing marks

( ) when written in the formula of coordination entity.

(iv) Prefixes mono, di, tri, etc., are used to indicate the number of the
individual ligands in the coordination entity. When the names of

the ligands include a numerical prefix, then the terms, bis, tris,
tetrakis are used, the ligand to which they refer being placed in

parentheses. For example, [NiCl2(PPh3)2] is named as

dichloridobis(triphenylphosphine)nickel(II).

(v) Oxidation state of the metal in cation, anion or neutral coordination
entity is indicated by Roman numeral in parenthesis.

(vi) If the complex ion is a cation, the metal is named same as the

element. For example, Co in a complex cation is called cobalt and
Pt is called platinum. If the complex ion is an anion, the name of

the metal ends with the suffix – ate. For example, Co in a complex
anion, ( )

2

4Co SCN
−

   is called cobaltate. For some metals, the Latin

names are used in the complex anions, e.g., ferrate for Fe.

9.3.2 Naming of
Mononuclear
Coordination
Compounds

Note: The 2004 IUPAC

draft recommends that
ligands will be sorted

alphabetically,
irrespective of charge.

Note: The 2004 IUPAC

draft recommends that
anionic ligands will end

with–ido so that chloro
would become chlorido,

etc.

9.3.1 Formulas of
Mononuclear
Coordination
Entities
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(vii) The neutral complex molecule is named similar to that of the
complex cation.

The following examples illustrate the nomenclature for coordination
compounds.

1. [Cr(NH3)3(H2O)3]Cl3 is named as:

triamminetriaquachromium(III) chloride

Explanation: The complex ion is inside the square bracket, which is

a cation. The amine ligands are named before the aqua ligands
according to alphabetical order. Since there are three chloride ions in

the compound, the charge on the complex ion must be +3 (since the

compound is electrically neutral). From the charge on the complex
ion and the charge on the ligands, we can calculate the oxidation

number of the metal. In this example, all the ligands are neutral
molecules. Therefore, the oxidation number of chromium must be

the same as the charge of the complex  ion, +3.

2. [Co(H2NCH2CH2NH2)3]2(SO4)3 is named as:

tris(ethane-1,2–diamine)cobalt(III) sulphate

Explanation: The sulphate is the counter anion in this molecule.
Since it takes 3 sulphates to bond with two complex cations, the

charge on each complex cation must be +3. Further, ethane-1,2–

diamine is a neutral molecule, so the oxidation number of cobalt
in the complex ion must be +3. Remember that you never have to

indicate the number of cations and anions in the name of an
ionic compound.

3. [Ag(NH3)2][Ag(CN)2] is named as:

diamminesilver(I) dicyanidoargentate(I)

Write the formulas for the following coordination compounds:

(a) Tetraammineaquachloridocobalt(III) chloride

(b) Potassium tetrahydroxidozincate(II)

(c) Potassium trioxalatoaluminate(III)

(d) Dichloridobis(ethane-1,2-diamine)cobalt(III)

(e) Tetracarbonylnickel(0)

(a) [Co(NH3)4(H2O)Cl]Cl2 (b) K2[Zn(OH)4] (c) K3[Al(C2O4)3]

(d) [CoCl
2
(en)

2
]+ (e) [Ni(CO)

4
]

Write the IUPAC names of the following coordination compounds:

(a) [Pt(NH3)2Cl(NO2)] (b) K3[Cr(C2O4)3] (c) [CoCl2(en)2]Cl

(d) [Co(NH3)5(CO3)]Cl (e) Hg[Co(SCN)4]

(a) Diamminechloridonitrito-N-platinum(II)

(b) Potassium trioxalatochromate(III)

(c) Dichloridobis(ethane-1,2-diamine)cobalt(III) chloride

(d) Pentaamminecarbonatocobalt(III) chloride

(e) Mercury (I) tetrathiocyanatocobaltate(III)

Example 9.2Example 9.2Example 9.2Example 9.2Example 9.2

SolutionSolutionSolutionSolutionSolution

Example 9.3Example 9.3Example 9.3Example 9.3Example 9.3

SolutionSolutionSolutionSolutionSolution

Notice how the name of

the metal differs in
cation and anion even

though they contain the
same metal ions.
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9.4.1 Geometric Isomerism

Intext QuestionsIntext QuestionsIntext QuestionsIntext QuestionsIntext Questions

9.1 Write the formulas for the following coordination compounds:

(i) Tetraamminediaquacobalt(III) chloride

(ii) Potassium tetracyanidonickelate(II)

(iii) Tris(ethane–1,2–diamine) chromium(III) chloride

(iv) Amminebromidochloridonitrito-N-platinate(II)

(v) Dichloridobis(ethane–1,2–diamine)platinum(IV) nitrate

(vi) Iron(III) hexacyanidoferrate(II)

9.2 Write the IUPAC names of the following coordination compounds:

(i) [Co(NH3)6]Cl3 (ii) [Co(NH3)5Cl]Cl2 (iii) K3[Fe(CN)6]

(iv) K3[Fe(C2O4)3] (v) K2[PdCl4] (vi) [Pt(NH3)2Cl(NH2CH3)]Cl

Isomers are two or more compounds that have the same chemical
formula but a different arrangement of atoms. Because of the different

arrangement of atoms, they differ in one or more physical or chemical
properties. Two principal types of isomerism are known among
coordination compounds. Each of which can be further subdivided.

(a) Stereoisomerism

(i) Geometrical isomerism (ii) Optical isomerism

(b) Structural isomerism

(i) Linkage isomerism (ii) Coordination isomerism

(iii) Ionisation isomerism (iv) Solvate isomerism

Stereoisomers have the same chemical formula and chemical
bonds but they have different spatial arrangement. Structural isomers
have different bonds. A detailed account of these isomers are

given below.

This type of isomerism arises in heteroleptic

complexes due to different possible geometric
arrangements of the ligands. Important examples of
this behaviour are found with coordination numbers

4 and 6. In a square planar complex of formula
[MX2L2] (X and L are unidentate), the two ligands X

may be arranged adjacent to each other in a cis
isomer, or opposite to each other in a trans isomer
as depicted in Fig. 9.2.

Other square planar complex of the type

MABXL (where A, B, X, L are unidentates)

shows three isomers-two cis and one trans.

You may attempt to draw these structures.

Such isomerism is not possible for a tetrahedral

geometry but similar behaviour is possible in
octahedral complexes of formula [MX2L4] in

which the two ligands X may be oriented cis

or trans to each other (Fig. 9.3).

9.49 .49 .49 .49 .4 Isomerism inIsomerism inIsomerism inIsomerism inIsomerism in
CoordinationCoordinationCoordinationCoordinationCoordination
CompoundsCompoundsCompoundsCompoundsCompounds

Fig. 9.2: Geometrical isomers (cis and

trans) of Pt [NH
3
)
2
Cl

2
]

Co

Cl

ClN H3

N H3 N H3

N H3

+

Co

Cl

Cl

N H3

N H3
N H3

N H3

+

cis trans

Fig. 9.3: Geometrical isomers (cis and trans)
of [Co(NH

3
)
4
Cl

2
]+
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This type of isomerism also
arises when didentate ligands

L –L [e.g., NH2 CH2 CH2 NH2 (en)]

are present in complexes of formula
[MX2(L– L)2] (Fig. 9.4).

Another type of geometrical
isomerism occurs in octahedral

coordination entities of the type

[Ma3b3] like [Co(NH3)3(NO2)3]. If
three donor atoms of the same

ligands occupy adjacent positions
at the corners of an octahedral

face, we have the facial (fac)
isomer. When the positions are
around the meridian of the

octahedron, we get the meridional
(mer) isomer (Fig. 9.5).

Fig. 9.4: Geometrical isomers (cis and trans)
of [CoCl

2
(en)

2
]

Why is geometrical isomerism not possible in tetrahedral complexes
having two different types of unidentate ligands coordinated with

the central metal ion ?

Tetrahedral complexes do not show geometrical isomerism because

the relative positions of the unidentate ligands attached to the central

metal atom are the same with respect to each other.

SolutionSolutionSolutionSolutionSolution

Optical isomers are mirror images that

cannot be superimposed on one

another. These are called as
enantiomers. The molecules or ions

that cannot be superimposed are
called chiral. The two forms are called

dextro (d) and laevo (l) depending

upon the direction they rotate the
plane of polarised light in a

polarimeter (d rotates to the right, l to
the left). Optical isomerism is common

in octahedral complexes involving

didentate ligands (Fig. 9.6).

In a coordination

entity of the type
[PtCl2(en)2]

2+, only the

cis-isomer shows optical

activity (Fig. 9.7).

9.4.2 Optical Isomerism

Fig.9.6:  Optical isomers (d and l) of [Co(en)
3
] 3+

Fig.9.7

Optical isomers (d
and l) of cis-

[PtCl
2
(en)

2
]2+

Fig. 9.5
The facial (fac) and
meridional (mer)

isomers of
[Co(NH

3
)
3
(NO

2
)
3
]

Example 9.4Example 9.4Example 9.4Example 9.4Example 9.4
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Linkage isomerism arises in a coordination compound containing

ambidentate ligand. A simple example is provided by complexes
containing the thiocyanate ligand, NCS–, which may bind through the

nitrogen to give M–NCS or through sulphur to give M–SCN. Jørgensen

discovered such behaviour in the complex [Co(NH3)5(NO2)]Cl2, which is
obtained as the red form, in which the nitrite ligand is bound through

oxygen (–ONO), and as the yellow form, in which the nitrite ligand is
bound through nitrogen (–NO2).

This type of isomerism arises from the interchange of ligands between

cationic and anionic entities of different metal ions present in a complex.
An example is provided by [Co(NH3)6][Cr(CN)6], in which the NH3 ligands

are bound to Co3+ and the CN – ligands to Cr3+. In its coordination
isomer [Cr(NH3)6][Co(CN)6], the NH3 ligands are bound to Cr3+ and the

CN– ligands to Co3+.

This form of isomerism arises when the counter ion in a complex salt
is itself a potential ligand and can displace a ligand which can then

become the counter ion. An example is provided by the ionisation
isomers [Co(NH3)5(SO4)]Br and [Co(NH3)5Br]SO4.

9.4.3 Linkage
Isomerism

9.4.4 Coordination
Isomerism

9.4.5 Ionisation
Isomerism

Out of the following two coordination entities which is chiral
(optically active)?

(a) cis-[CrCl2(ox)2]
3– (b) trans-[CrCl2(ox)2]

3–

The two entities are represented as

Draw structures of geometrical isomers of [Fe(NH3)2(CN)4]
–

SolutionSolutionSolutionSolutionSolution

Out of the two, (a) cis - [CrCl2(ox)2]
3- is chiral (optically active).

Example 9.5Example 9.5Example 9.5Example 9.5Example 9.5

SolutionSolutionSolutionSolutionSolution

Example 9.6Example 9.6Example 9.6Example 9.6Example 9.6
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This form of isomerism is known as ‘hydrate isomerism’ in case where
water is involved as a solvent. This is similar to ionisation isomerism.

Solvate isomers differ by whether or not a solvent molecule is directly

bonded to the metal ion or merely present as free solvent molecules
in the crystal lattice. An example is provided by the aqua

complex [Cr(H2O)6]Cl3 (violet) and its solvate isomer [Cr(H2O)5Cl]Cl2.H2O
(grey-green).

9.4.6 Solvate
Isomerism

Intext QuestionsIntext QuestionsIntext QuestionsIntext QuestionsIntext Questions
9.3 Indicate the types of isomerism exhibited by the following complexes and

draw the structures for these isomers:

(i) K[Cr(H2O)2(C2O4)2 (ii) [Co(en)3]Cl3

(iii) [Co(NH3)5(NO2)](NO3)2 (iv) [Pt(NH3)(H2O)Cl2]

9.4 Give evidence that [Co(NH3)5Cl]SO4 and [Co(NH3)5(SO4)]Cl are ionisation

isomers.

Werner was the first to describe the bonding features in coordination
compounds. But his theory could not answer basic questions like:

(i) Why only certain elements possess the remarkable property of
forming coordination compounds?

(ii) Why the bonds in coordination compounds have directional

properties?

(iii) Why coordination compounds have characteristic magnetic and

optical properties?

Many approaches have been put forth to explain the nature of
bonding in coordination compounds viz. Valence Bond Theory (VBT),

Crystal Field Theory (CFT), Ligand Field Theory (LFT) and Molecular
Orbital Theory (MOT). We shall focus our attention on elementary

treatment of the application of VBT and CFT to coordination compounds.

According to this theory, the metal atom or ion under the influence of
ligands can use its (n-1)d, ns, np or ns, np, nd orbitals for hybridisation

to yield a set of equivalent orbitals of definite geometry such as octahedral,
tetrahedral, square planar and so on (Table 9.2). These hybridised orbitals

are allowed to overlap with ligand orbitals that can donate electron pairs
for bonding. This is illustrated by the following examples.

9.59.59.59.59.5 Bonding inBonding inBonding inBonding inBonding in
CoordinationCoordinationCoordinationCoordinationCoordination
CompoundsCompoundsCompoundsCompoundsCompounds

9.5.1 Valence
Bond
Theory

Table 9.2: Number of Orbitals and Types of Hybridisations

4 sp3 Tetrahedral

4 dsp
2

Square planar

5 sp
3
d Trigonal bipyramidal

6 sp
3
d

2
Octahedral

6 d
2
sp

3
Octahedral

Coordination

number

Type of

hybridisation

Distribution of hybrid

orbitals in space
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It is usually possible to predict the geometry of a complex from
the knowledge of its

magnetic behaviour on

the basis of the valence
bond theory.

In the diamagnetic
octahedral complex,

[Co(NH3)6]
3+, the cobalt ion

is in +3 oxidation state
and has the electronic

configuration 3d
6. The

hybridisation scheme is as

shown in diagram.

Orbitals of Co ion
3+

sp d
3 2

3+

hybridised
orbitals of Co

[CoF ]

(outer orbital or
high spin complex)

6

3–

Six pairs of electrons
from six F ions

–

3d 4s 4p

sp d
3 3

hybrid

4d

3d

3d

Six pairs of electrons, one from each NH3 molecule, occupy the six
hybrid orbitals. Thus, the complex has octahedral geometry and is

diamagnetic because of the absence of unpaired electron. In the formation

of this complex, since the inner d orbital (3d) is used in hybridisation,
the complex, [Co(NH3)6]

3+ is called an inner orbital or low spin or spin
paired complex. The paramagnetic octahedral complex, [CoF6]

3–
 uses

outer orbital (4d ) in hybridisation (sp
3
d

2). It is thus called outer orbital
or high spin or spin free complex. Thus:

In tetrahedral complexes

one s and three p orbitals

are hybridised to form four
equivalent orbitals oriented

tetrahedrally. This is ill-
ustrated below for [NiCl4]

2-.

Here nickel is in +2

oxidation state and the ion
has the electronic

configuration 3d
8. The

hybridisation scheme is as

shown in diagram.

Each Cl
–
 ion donates a pair of electrons. The compound is

paramagnetic since it contains two unpaired electrons. Similarly,

[Ni(CO)4] has tetrahedral geometry but is diamagnetic since nickel is in
zero oxidation state and contains no unpaired electron.
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Orbitals of Ni ion
2+

dsp hybridised
orbitals of Ni

2

2+

[Ni(CN) ]

(low spin complex)
4

2–

3d 4s 4p

Four pairs of electrons
from 4 CN groups

–

dsp
2
hydrid3d 4p

3d 4p

9.5.2 Magnetic
Properties
of
Coordination
Compounds

In the square planar complexes, the hybridisation involved is dsp
2
.

An example is [Ni(CN)4]
2–. Here nickel is in +2 oxidation state and has

the electronic configuration 3d
8. The hybridisation scheme is as shown

in diagram:

Each of the hybridised orbitals receives a pair of electrons from a
cyanide ion. The compound is diamagnetic as evident from the absence
of unpaired electron.

It is important to note that the hybrid orbitals do not actually exist.
In fact, hybridisation is a mathematical manipulation of wave equation

for the atomic orbitals involved.

The magnetic moment of coordination compounds can be measured
by the magnetic susceptibility experiments. The results can be used to

obtain information about the structures adopted by metal complexes.

A critical study of the magnetic data of coordination compounds of

metals of the first transition series reveals some complications. For
metal ions with upto three electrons in the d orbitals, like Ti3+ (d1); V3+

(d2); Cr3+ (d3); two vacant d orbitals are available for octahedral

hybridisation with 4s and 4p orbitals. The magnetic behaviour of these
free ions and their coordination entities is similar. When more than

three 3d electrons are present, the required pair of 3d orbitals for
octahedral hybridisation is not directly available (as a consequence of
Hund’s rule). Thus, for d4 (Cr2+, Mn3+ ), d5 (Mn2+, Fe3+), d

6 (Fe2+, Co3+ )

cases, a vacant pair of d orbitals results only by pairing of 3d electrons
which leaves two, one and zero unpaired electrons, respectively.

The magnetic data agree with maximum spin pairing in many cases,
especially with coordination compounds containing d6 ions. However,
with species containing d4 and d5 ions there are complications. [Mn(CN)6]

3–

has magnetic moment of two unpaired electrons while [MnCl6]
3– has a

paramagnetic moment of four unpaired electrons. [Fe(CN)6]
3– has magnetic

moment of a single unpaired electron while [FeF6]
3–

 has a paramagnetic
moment of five unpaired electrons. [CoF6]

3– is paramagnetic with four
unpaired electrons while [Co(C2O4)3]

3– is diamagnetic. This apparent

anomaly is explained by valence bond theory in terms of formation of
inner orbital and outer orbital coordination entities. [Mn(CN)6]

3–, [Fe(CN)6]
3–

and [Co(C2O4)3]
3–

 are inner orbital complexes involving d
2
sp

3
 hybridisation,

the former two complexes are paramagnetic and the latter diamagnetic.
On the other hand, [MnCl6]

3–, [FeF6]
3– and [CoF6-]

3– are outer orbital

complexes involving sp
3
d

2
 hybridisation and are paramagnetic

corresponding to four, five and four unpaired electrons.
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The spin only magnetic moment of [MnBr4]
2–

 is 5.9 BM. Predict the
geometry of the complex ion ?

Since the coordination number of Mn2+ ion in the complex ion is 4, it

will be either tetrahedral (sp
3
 hybridisation) or square planar (dsp

2

hybridisation). But the fact that the magnetic moment of the complex

ion is 5.9 BM, it should be tetrahedral in shape rather than square
planar because of the presence of five unpaired electrons in the d orbitals.

Example 9.7Example 9.7Example 9.7Example 9.7Example 9.7

SolutionSolutionSolutionSolutionSolution

9.5.3 Limitations
of Valence
Bond
Theory

9.5.4 Crystal Field
Theory

While the VB theory, to a larger extent, explains the formation, structures
and magnetic behaviour of coordination compounds, it suffers from

the following shortcomings:

(i) It involves a number of assumptions.

(ii) It does not give quantitative interpretation of magnetic data.

(iii) It does not explain the colour exhibited by coordination compounds.

(iv) It does not give a quantitative interpretation of the thermodynamic

or kinetic stabilities of coordination compounds.

(v) It does not make exact predictions regarding the tetrahedral and
square planar structures of 4-coordinate complexes.

(vi) It does not distinguish between weak and strong ligands.

The crystal field theory (CFT) is an electrostatic model which considers

the metal-ligand bond to be ionic arising purely from electrostatic
interactions between the metal ion and the ligand. Ligands are treated

as point charges in case of anions or dipoles in case of neutral molecules.
The five d orbitals in an isolated gaseous metal atom/ion have same
energy, i.e., they are degenerate. This degeneracy is maintained if a

spherically symmetrical field of negative charges surrounds the metal
atom/ion. However, when this negative field is due to ligands (either

anions or the negative ends of dipolar molecules like NH3 and H2O) in
a complex, it becomes asymmetrical and the degeneracy of the d orbitals
is lifted. It results in splitting of the d orbitals. The pattern of splitting

depends upon the nature of the crystal field. Let us explain this splitting
in different crystal fields.

(a) Crystal field splitting in octahedral coordination entities

In an octahedral coordination entity with six ligands surrounding

the metal atom/ion, there will be repulsion between the electrons in
metal d orbitals and the electrons (or negative charges) of the ligands.

Such a repulsion is more when the metal d orbital is directed towards

the ligand than when it is away from the ligand. Thus, the 2 2x y−
d

and 2z
d  orbitals which point towards the axes along the direction of

the ligand will experience more repulsion and will be raised in

energy; and the dxy, dyz and dxz orbitals which are directed between
the axes will be lowered in energy relative to the average energy in

the spherical crystal field. Thus, the degeneracy of the d orbitals
has been removed due to ligand electron-metal electron repulsions

in the octahedral complex to yield three orbitals of lower energy, t2g

set and two orbitals of higher energy, eg set. This splitting of the
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degenerate levels due to the
presence of ligands in a

definite geometry is termed as
crystal field splitting and the

energy separation is denoted

by ∆o (the subscript o is for
octahedral) (Fig.9.8). Thus, the

energy of the two eg orbitals
will increase by (3/5) ∆o and

that of the three t2g will

decrease by (2/5)∆o.

The crystal field splitting,

∆o, depends upon the field
produced by the ligand and

charge on the metal ion. Some

ligands are able to produce
strong fields in which case, the

splitting will be large whereas
others produce weak fields

and consequently result in

small splitting of d orbitals. In
general, ligands can be arranged in a series in the order of increasing

field strength as given below:

I – < Br– < SCN – < Cl– < S2– < F – < OH– < C2O4
2– < H2O < NCS–

< edta4– < NH3 < en < CN – < CO

Such a series is termed as spectrochemical series. It is an
experimentally determined series based on the absorption of light

by complexes with different ligands. Let us assign electrons in the d
orbitals of metal ion in octahedral coordination entities. Obviously,

the single d electron occupies one of the lower energy t2g orbitals. In

d
2
 and d

3
 coordination entities, the d electrons occupy the t2g orbitals

singly in accordance with the Hund’s rule. For d4 ions, two possible

patterns of electron distribution arise: (i) the fourth electron could
either enter the t2g level and pair with an existing electron, or (ii) it

could avoid paying the price of the pairing energy by occupying the

eg level. Which of these possibilities occurs, depends on the relative
magnitude of the crystal field splitting, ∆o and the pairing energy, P

(P represents the energy required for electron pairing in a single
orbital). The two options are:

(i) If ∆o < P, the fourth electron enters one of the eg orbitals giving the

configuration 3 1

2g gt e . Ligands for which ∆o < P are known as weak

field ligands and form high spin complexes.

(ii) If ∆o > P, it becomes more energetically favourable for the fourth

electron to occupy a t2g orbital with configuration t2g
4
eg

0. Ligands
which produce this effect are known as strong field ligands and

form low spin complexes.

Calculations show that d
4
 to d

7
 coordination entities are more

stable for strong field as compared to weak field cases.

Fig.9.8:  d orbital splitting in an octahedral crystal field

2015-16(20/01/2015)



252Chemistry

In the previous Unit, we learnt that one of the most distinctive
properties of transition metal complexes is their wide range of colours.

This means that some of the visible spectrum is being removed from
white light as it passes through the sample, so the light that emerges

is no longer white. The colour of the complex is complementary to
that which is absorbed. The complementary colour is the colour

generated from the wavelength left over; if green light is absorbed by
the complex, it appears red. Table 9.3 gives the relationship of the

different wavelength absorbed and the colour observed.

9.5.5 Colour in
Coordination
Compounds

Coordinaton
entity

Wavelength of light

absorbed (nm)
Colour of light

absorbed
Colour of coordination

entity

Table 9.3: Relationship between the Wavelength of Light absorbed and the

Colour observed in some Coordination Entities

[CoCl(NH3)5]
2+

535 Yellow Violet

[Co(NH3)5(H2O)]
3+

500 Blue Green Red

[Co(NH3)6]
3+ 475 Blue Yellow Orange

[Co(CN)6]
3–

310 Ultraviolet Pale Yellow

[Cu(H2O)4]
2+

600 Red Blue

[Ti(H2O)6]
3+

498 Blue Green Violet

The colour in the coordination compounds can be readily explained

in terms of the crystal field theory. Consider, for example, the complex
[Ti(H2O)6]

3+, which is violet in colour. This is an octahedral complex
where the single electron (Ti3+ is a 3d

1 system) in the metal d orbital is

in the t2g level in the ground state of the complex. The next higher state
available for the electron is the empty eg level. If light corresponding to

the energy of blue-green region is absorbed by the complex, it would
excite the electron from t2g level to the eg level (t2g

1
eg

0 → t2g
0
eg

1).
Consequently, the complex appears violet in colour (Fig. 9.10). The

crystal field theory attributes the colour of the coordination compounds
to d-d transition of the electron.

(b) Crystal field splitting in tetrahedral coordination entities

In tetrahedral coordination

entity formation, the d orbital
splitting (Fig. 9.9) is inverted

and is smaller as compared to
the octahedral field splitting.

For the same metal, the same
ligands and metal-ligand

distances, it can be shown that
∆t = (4/9) ∆0. Consequently, the

orbital splitting energies are
not sufficiently large for forcing

pairing and, therefore, low spin
configurations are rarely

observed.
Fig.9.9: d orbital splitting in a tetrahedral crystal field.

Not in visible
region
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   It is important to note that
in the absence of ligand,

crystal field splitting does

not occur and hence the
substance is colourless. For

example, removal of water
from [Ti(H2O)6]Cl3 on heating

renders it colourless.

Similarly, anhydrous CuSO4

is white, but CuSO4.5H2O is

blue in colour. The influence
of the ligand on the colour

of a complex may be illustrated by considering the [Ni(H2O)6]
2+ complex,

which forms when nickel(II) chloride is dissolved in water. If the
didentate ligand, ethane-1,2-diamine(en) is progressively added in the

molar ratios en:Ni, 1:1, 2:1, 3:1, the following series of reactions and
their associated colour changes occur:

[Ni(H2O)6]
2+ (aq) + en (aq) = [Ni(H2O)4(en)]2+(aq) + 2H2O

green      pale blue

[Ni(H2O)4 (en)]2+(aq) + en (aq) = [Ni(H2O)2(en)2]
2+ (aq) + 2H2O

          blue/purple

[Ni(H2O)2(en)2]
2+ (aq) + en (aq) = [Ni(en)3]

2+ (aq) + 2H2O

           violet

This sequence is shown in Fig. 9.11.

Fig.9.11
Aqueous solutions of
complexes of

nickel(II) with an
increasing number of

ethane-1,
2-diamine ligands.

[Ni(H O) ] (aq)2 6

2+

[Ni(H O) ] (aq)2 4

2+
en [Ni(H O) ] (aq)2 4

2+
en2

[Ni(en) ] (aq)3

2+

Colour of Some Gem Stones
The colours produced by electronic transitions within the d orbitals of a
transition metal ion occur frequently in everyday life. Ruby [Fig.9.12(a)] is

aluminium oxide (Al2O3) containing about 0.5-1% Cr3+ ions (d3), which are
randomly distributed in positions normally occupied by Al3+. We may view

these chromium(III) species as octahedral chromium(III) complexes incorporated

into the alumina lattice; d–d transitions at these centres give rise to the colour.

Fig.9.10: Transition of an electron in [Ti(H
2
O)

6
]3+
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The crystal field model is successful in explaining the formation,
structures, colour and magnetic properties of coordination compounds

to a large extent. However, from the assumptions that the ligands are
point charges, it follows that anionic ligands should exert the greatest

splitting effect. The anionic ligands actually are found at the low end

of the spectrochemical series. Further, it does not take into account
the covalent character of bonding between the ligand and the central

atom. These are some of the weaknesses of CFT, which are explained
by ligand field theory (LFT) and molecular orbital theory which are

beyond the scope of the present study.

9.5.6 Limitations
of Crystal
Field
Theory

Intext QuestionsIntext QuestionsIntext QuestionsIntext QuestionsIntext Questions
9.5 Explain on the basis of valence bond theory that [Ni(CN)4]

2–
 ion with square

planar structure is diamagnetic and the [NiCl4]
2– ion with tetrahedral

geometry is paramagnetic.

9.6 [NiCl4]
2–

 is paramagnetic while [Ni(CO)4] is diamagnetic though both are
tetrahedral. Why?

9.7 [Fe(H2O)6]
3+ is strongly paramagnetic whereas [Fe(CN)6]

3– is weakly
paramagnetic. Explain.

9.8 Explain [Co(NH3)6]
3+ is an inner orbital complex whereas [Ni(NH3)6]

2+ is an

outer orbital complex.

9.9 Predict the number of unpaired electrons in the square planar [Pt(CN)4]
2– ion.

9.10 The hexaquo manganese(II) ion contains five unpaired electrons, while the
hexacyanoion contains only one unpaired electron. Explain using Crystal

Field Theory.

The homoleptic carbonyls (compounds containing carbonyl ligands
only) are formed by most of the transition metals. These carbonyls

have simple, well defined structures. Tetracarbonylnickel(0) is

tetrahedral, pentacarbonyliron(0) is trigonalbipyramidal while
hexacarbonyl chromium(0) is octahedral.

Decacarbonyldimanganese(0) is made up of two square pyramidal
Mn(CO)5 units joined by a Mn – Mn bond. Octacarbonyldicobalt(0)

has a Co – Co bond bridged by two CO groups (Fig.9.13).

9.6 Bonding in9.6 Bonding in9.6 Bonding in9.6 Bonding in9.6 Bonding in
MetalMetalMetalMetalMetal
CarbonylsCarbonylsCarbonylsCarbonylsCarbonyls

In emerald [Fig.9.12(b)], Cr3+

ions occupy octahedral sites
in the mineral beryl

(Be3Al2Si6O18). The absorption
bands seen in the ruby shift

to longer wavelength, namely

yellow-red and blue, causing
emerald to transmit light in

the green region.

Fig.9.12: (a) Ruby: this gemstone was found in

marble from Mogok, Myanmar; (b) Emerald:
this gemstone was found in Muzo,

Columbia.

(a) (b)
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Fig. 9.13

Structures of some
representative

homoleptic metal
carbonyls.

The metal-carbon bond in metal carbonyls

possess both σ and π character. The M–C σ bond

is formed by the donation of lone pair of electrons
on the carbonyl carbon into a vacant orbital of

the metal. The M–C π bond is formed by the
donation of a pair of electrons from a filled d orbital

of metal into the vacant antibonding π* orbital of

carbon monoxide. The metal to ligand bonding
creates a synergic effect which strengthens the

bond between CO and the metal (Fig.9.14).

The stability of a complex in solution refers to the degree of association

between the two species involved in the state of equilibrium. The

magnitude of the (stability or formation) equilibrium constant for the
association, quantitatively expresses the stability. Thus, if we have a

reaction of the type:

M + 4L �  ML4

then the larger the stability constant, the higher the proportion of ML4

that exists in solution. Free metal ions rarely exist in the solution so

that M will usually be surrounded by solvent molecules which will
compete with the ligand molecules, L, and be successively replaced by

them. For simplicity, we generally ignore these solvent molecules and
write four stability constants as follows:

M + L � ML K1 = [ML]/[M][L]

ML + L � ML2 K2 = [ML2]/[ML][L]

ML2 + L � ML3 K3 = [ML3]/[ML2][L]

ML3 + L � ML4 K4 = [ML4]/[ML3][L]

where K1, K2, etc., are referred to as stepwise stability constants.
Alternatively, we can write the overall stability constant thus:

M + 4L �  ML4 β4 = [ML4]/[M][L]
4

The stepwise and overall stability constant are therefore related as follows:

β4 = K1 × K2 × K3 × K4 or more generally,

9.79.79.79.79.7 Stability ofStability ofStability ofStability ofStability of
CoordinationCoordinationCoordinationCoordinationCoordination
CompoundsCompoundsCompoundsCompoundsCompounds

Fig. 9.14: Example of synergic bonding

interactions in a carbonyl complex.
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Intext QuestionIntext QuestionIntext QuestionIntext QuestionIntext Question

9.11 Calculate the overall complex dissociation equilibrium constant

for the Cu(NH3)4
2+ ion, given that β4 for this complex is 2.1 × 1013.

9.89.89 .89 .89 .8 ImportanceImportanceImportanceImportanceImportance
andandandandand
ApplicationsApplicationsApplicationsApplicationsApplications
o fo fo fo fo f
CoordinationCoordinationCoordinationCoordinationCoordination
CompoundsCompoundsCompoundsCompoundsCompounds

βn = K1 × K2 × K3 × K4 ....... Kn

If we take as an example, the steps involved in the formation of the

cuprammonium ion, we have the following:

Cu2+ + NH3 �  Cu(NH3)
2+

K1 = [Cu(NH3)
2+]/[Cu2+][NH3]

Cu(NH3)
2+ + NH3 �  Cu(NH3)2

2+
K2 = [Cu(NH3)2

2+]/[ Cu(NH3)
2+ ][NH3] etc.

where K1, K2 are the stepwise stability constants and overall stability
constant.

Also β4 = [Cu(NH3)4
2+

]/[Cu
2+

][NH3)
4

The addition of the four amine groups to copper shows a pattern

found for most formation constants, in that the successive stability

constants decrease. In this case, the four constants are:

logK1 = 4.0, logK2 = 3.2, logK3 = 2.7, logK4 = 2.0 or log β4 = 11.9

The instability constant or the dissociation constant of coordination
compounds is defined as the reciprocal of the formation constant.

The coordination compounds are of great importance. These compounds

are widely present in the mineral, plant and animal worlds and are
known to play many important functions in the area of analytical

chemistry, metallurgy, biological systems, industry and medicine. These

are described below:

• Coordination compounds find use in many qualitative and

quantitative chemical analysis. The familiar colour reactions given
by metal ions with a number of ligands (especially chelating ligands),

as a result of formation of coordination entities, form the basis for

their detection and estimation by classical and instrumental methods
of analysis. Examples of such reagents include EDTA, DMG

(dimethylglyoxime), α–nitroso–β–naphthol, cupron, etc.

• Hardness of water is estimated by simple titration with Na2EDTA.

The Ca2+ and Mg2+ ions form stable complexes with EDTA. The

selective estimation of these ions can be done due to difference in
the stability constants of calcium and magnesium complexes.

• Some important extraction processes of metals, like those of silver and
gold, make use of complex formation. Gold, for example, combines with

cyanide in the presence of oxygen and water to form the coordination

entity [Au(CN)2]
–
 in aqueous solution. Gold can be separated in metallic

form from this solution by the addition of zinc (Unit 6).

• Similarly, purification of metals can be achieved through formation
and subsequent decomposition of their coordination compounds.

For example, impure nickel is converted to [Ni(CO)4], which is

decomposed to yield pure nickel.
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• Coordination compounds are of great importance in biological
systems. The pigment responsible for photosynthesis, chlorophyll,

is a coordination compound of magnesium. Haemoglobin, the red

pigment of blood which acts as oxygen carrier is a coordination
compound of iron. Vitamin B12, cyanocobalamine, the anti–

pernicious anaemia factor, is a coordination compound of cobalt.
Among the other compounds of biological importance with

coordinated metal ions are the enzymes like, carboxypeptidase A

and carbonic anhydrase (catalysts of biological systems).

• Coordination compounds are used as catalysts for many industrial

processes. Examples include rhodium complex, [(Ph3P)3RhCl], a
Wilkinson catalyst, is used for the hydrogenation of alkenes.

• Articles can be electroplated with silver and gold much more

smoothly and evenly from solutions of the complexes, [Ag(CN)2]
–

and [Au(CN)2]
– than from a solution of simple metal ions.

• In black and white photography, the developed film is fixed by
washing with hypo solution which dissolves the undecomposed

AgBr to form a complex ion, [Ag(S2O3)2]
3–.

• There is growing interest in the use of chelate therapy in medicinal
chemistry. An example is the treatment of problems caused by the

presence of metals in toxic proportions in plant/animal systems.
Thus, excess of copper and iron are removed by the chelating ligands

D–penicillamine and desferrioxime B via the formation of coordination

compounds. EDTA is used in the treatment of lead poisoning. Some
coordination compounds of platinum effectively inhibit the growth

of tumours. Examples are: cis–platin and related compounds.

SummarySummarySummarySummarySummary
The chemistry of coordination compounds is an important and challenging

area of modern inorganic chemistry. During the last fifty years, advances in this
area, have provided development of new concepts and models of bonding and
molecular structure, novel breakthroughs in chemical industry and vital insights

into the functioning of critical components of biological systems.

The first systematic attempt at explaining the formation, reactions, structure

and bonding of a coordination compound was made by A. Werner. His theory
postulated the use of two types of linkages  (primary  and secondary) by a metal
atom/ion in a coordination compound. In the modern language of chemistry

these linkages are recognised as the ionisable (ionic) and non-ionisable (covalent)
bonds, respectively. Using the property of isomerism, Werner predicted the

geometrical shapes of a large number of coordination entities.

The Valence Bond Theory (VBT)  explains with reasonable success, the
formation, magnetic behaviour and geometrical shapes of coordination compounds.

It, however, fails to provide a quantitative interpretation of magnetic behaviour
and has nothing to say about the optical properties of these compounds.

The Crystal Field Theory (CFT) to coordination compounds is based on the
effect of different crystal fields (provided by the ligands taken as point charges),
on the degeneracy of d  orbital energies of the central metal atom/ion. The

splitting of the d  orbitals provides different electronic arrangements in strong
and weak crystal fields. The treatment provides for quantitative estimations of

orbital separation energies, magnetic moments and spectral and stability
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parameters. However, the assumption that ligands consititute point charges
creates many theoretical difficulties.

The metal–carbon bond in metal carbonyls possesses both σ and π character.

The ligand to metal is σ bond and metal to ligand is π bond. This unique synergic
bonding provides stability to metal carbonyls.

The stability of coordination compounds is measured in terms of stepwise
stability (or formation) constant (K) or overall stability constant (βββββ). The
stabilisation of coordination compound due to chelation is called the chelate

effect. The stability of coordination compounds is related to Gibbs energy, enthalpy
and entropy terms.

Coordination compounds are of great importance. These compounds provide
critical insights into the functioning and structures of vital components of
biological systems. Coordination compounds also find extensive applications in

metallurgical processes, analytical and medicinal chemistry.

Exercises
9.1 Explain the bonding in coordination compounds in terms of Werner’s postulates.

9.2 FeSO4 solution mixed with (NH4)2SO4 solution in 1:1 molar ratio gives the
test of Fe

2+
 ion but CuSO4 solution mixed with aqueous ammonia in 1:4

molar ratio does not give the test of Cu2+ ion. Explain why?

9.3 Explain with two examples each of the following: coordination entity, ligand,
coordination number, coordination polyhedron, homoleptic and heteroleptic.

9.4 What is meant by unidentate, didentate and ambidentate ligands? Give two
examples for each.

9.5 Specify the oxidation numbers of the metals in the following coordination entities:

(i) [Co(H2O)(CN)(en)2]
2+

(iii) [PtCl4]
2–

(v) [Cr(NH3)3Cl3]
(ii) [CoBr2(en)2]

+
(iv) K3[Fe(CN)6]

9.6 Using IUPAC norms write the formulas for the following:

(i) Tetrahydroxidozincate(II) (vi) Hexaamminecobalt(III) sulphate

(ii) Potassium tetrachloridopalladate(II) (vii) Potassium tri(oxalato)chromate(III)

(iii) Diamminedichloridoplatinum(II) (viii) Hexaammineplatinum(IV)

(iv) Potassium tetracyanidonickelate(II) (ix) Tetrabromidocuprate(II)

(v) Pentaamminenitrito-O-cobalt(III) (x) Pentaamminenitrito-N-cobalt(III)

9.7 Using IUPAC norms write the systematic names of the following:

(i) [Co(NH3)6]Cl3 (iv) [Co(NH3)4Cl(NO2)]Cl (vii) [Ni(NH3)6]Cl2
(ii) [Pt(NH3)2Cl(NH2CH3)]Cl (v) [Mn(H2O)6]

2+ (viii) [Co(en)3]
3+

(iii) [Ti(H2O)6]
3+

(vi) [NiCl4]
2–

(ix) [Ni(CO)4]

9.8 List various types of isomerism possible for coordination compounds, giving

an example of each.

9.9 How many geometrical isomers are possible in the following coordination entities?

(i) [Cr(C2O4)3]
3– (ii) [Co(NH3)3Cl3]

9.10 Draw the structures of optical isomers of:

(i) [Cr(C2O4)3]
3–

(ii) [PtCl2(en)2]
2+

(iii) [Cr(NH3)2Cl2(en)]
+
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9.11 Draw all the isomers (geometrical and optical) of:

(i) [CoCl2(en)2]
+

(ii) [Co(NH3)Cl(en)2]
2+

(iii) [Co(NH3)2Cl2(en)]
+

9.12 Write all the geometrical isomers of [Pt(NH3)(Br)(Cl)(py)] and how many of

these will exhibit optical isomers?

9.13 Aqueous copper sulphate solution (blue in colour) gives:

(i) a green precipitate with aqueous potassium fluoride and

(ii) a bright green solution with aqueous potassium chloride. Explain these
experimental results.

9.14 What is the coordination entity formed when excess of aqueous KCN is
added to an aqueous solution of copper sulphate? Why is it that no precipitate

of copper sulphide is obtained when H2S(g) is passed through this solution?

9.15 Discuss the nature of bonding in the following coordination entities on the
basis of valence bond theory:

(i) [Fe(CN)6]
4–

(ii) [FeF6]
3–

(iii) [Co(C2O4)3]
3–

(iv) [CoF6]
3–

9.16 Draw figure to show the splitting of d  orbitals in an octahedral crystal field.

9.17 What is spectrochemical series? Explain the difference between a weak
field ligand and a strong field ligand.

9.18 What is crystal field splitting energy? How does the magnitude of  ∆o decide

the actual configuration of d orbitals in a coordination entity?

9.19 [Cr(NH3)6]
3+

 is paramagnetic while [Ni(CN)4]
2–
 is diamagnetic. Explain why?

9.20 A solution of [Ni(H2O)6]
2+

 is green but a solution of [Ni(CN)4]
2–
 is colourless.

Explain.

9.21 [Fe(CN)6]
4–
 and [Fe(H2O)6]

2+
 are of different colours in dilute solutions. Why?

9.22 Discuss the nature of bonding in metal carbonyls.

9.23 Give the oxidation state, d orbital occupation and coordination number of
the central metal ion in the following complexes:

(i) K3[Co(C2O4)3] (iii) (NH4)2[CoF4]

(ii) cis-[CrCl2(en)2]Cl (iv) [Mn(H2O)6]SO4

9.24 Write down the IUPAC name for each of the following complexes and indicate

the oxidation state, electronic configuration and coordination number. Also
give stereochemistry and magnetic moment of the complex:

(i) K[Cr(H2O)2(C2O4)2].3H2O (iii) [CrCl3(py)3] (v) K4[Mn(CN)6]

(ii) [Co(NH3)5Cl-]Cl2 (iv) Cs[FeCl4]

9.25 What is meant by stability of a coordination compound in solution? State

the factors which govern stability of complexes.

9.26 What is meant by the chelate effect? Give an example.

9.27 Discuss briefly giving an example in each case the role of coordination

compounds in:

(i) biological systems (iii) analytical chemistry

(ii) medicinal chemistry and (iv) extraction/metallurgy of metals.

9.28 How many ions are produced from the complex Co(NH3)6Cl2 in solution?

(i) 6 (ii) 4 (iii) 3 (iv) 2

9.29 Amongst the following ions which one has the highest magnetic moment value?

(i) [Cr(H2O)6]
3+ (ii) [Fe(H2O)6]

2+ (iii) [Zn(H2O)6]
2+

9.30 The oxidation number of cobalt in K[Co(CO)4] is

(i) +1 (ii) +3 (iii) –1 (iv) –3
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Answers to Some Intext Questions

9.1 (i) [Co(NH3)4(H2O)2]Cl3 (iv) [Pt(NH3)BrCl(NO2)]
–

(ii) K2[Ni(CN)4] (v) [PtCl2(en)2](NO3)2

(iii) [Cr(en)3]Cl3 (vi) Fe4[Fe(CN)6]3

9.2 (i) Hexaamminecobalt(III) chloride

(ii) Pentaamminechloridocobalt(III) chloride

(iii) Potassium hexacyanidoferrate(III)

(iv) Potassium trioxalatoferrate(III)

(v) Potassium tetrachloridopalladate(II)

(vi) Diamminechlorido(methanamine)platinum(II) chloride

9.3 (i) Both geometrical (cis-, trans-) and optical isomers for cis can exist.

(ii) Two optical isomers can exist.

(iii) There are 10 possible isomers. (Hint: There are geometrical, ionisation
and linkage isomers possible).

(iv) Geometrical (cis-, trans-) isomers can exist.

9.4 The ionisation isomers dissolve in water to yield different ions and thus
react differently to various reagents:

[Co(NH3)5Br]SO4 + Ba
2+ → BaSO4 (s)

[Co(NH3)5SO4]Br + Ba2+ → No reaction

[Co(NH3)5Br]SO4 + Ag
+ → No reaction

[Co(NH3)5SO4]Br + Ag
+ → AgBr (s)

9.6 In Ni(CO)4, Ni is in zero oxidation state whereas in NiCl4
2–, it is in +2 oxidation

state. In the presence of CO ligand, the unpaired d electrons of Ni pair up
but Cl– being a weak ligand is unable to pair up the unpaired electrons.

9.7 In presence of CN
–
, (a strong ligand) the 3d electrons pair up leaving only

one unpaired electron. The hybridisation is d
2
sp

3
 forming inner orbital

complex. In the presence of H2O, (a weak ligand), 3d electrons do not pair

up. The hybridisation is sp
3
d

2
 forming an outer orbital complex containing

five unpaired electrons, it is strongly paramagnetic.

9.8 In the presence of NH3, the 3d electrons pair up leaving two d orbitals
empty to be involved in d

2
sp

3
 hybridisation forming inner orbital complex

in case of [Co(NH3)6]
3+.

In Ni(NH3)6

2+
, Ni is in +2 oxidation state and has d

8
 configuration, the

hybridisation involved is sp3d2 forming outer orbital complex.

9.9 For square planar shape, the hybridisation is dsp
2
. Hence the unpaired

electrons in 5d orbital pair up to make one d orbital empty for dsp
2

hybridisation. Thus there is no unpaired electron.

9.11 The overall dissociation constant is the reciprocal of overall stability
constant i.e. 1/ β4 = 4.7 × 10–14

9.31 Amongst the following, the most stable complex is

(i) [Fe(H2O)6]
3+

(ii) [Fe(NH3)6]
3+

(iii) [Fe(C2O4)3]
3–

(iv) [FeCl6]
3–

9.32 What will be the correct order for the wavelengths of absorption in the

visible region for the following:

[Ni(NO2)6]
4–
, [Ni(NH3)6]

2+
, [Ni(H2O)6]

2+
?
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