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INORGANIC CHEMISTRY-II BSCCH-201

UNIT 1: CHEMISTRY OF THE ELEMENTS OF
FIRST TRANSITION (3 -d) SERIES

CONTENTS:

1.1 Objectives

1.2 Introduction

1.3 Characteristic Properties of d-Block Elements

1.4 Properties of the Elements of the First Transigeries
1.5 Binary Compounds and Complexes

1.6 Relative Stability of their Oxidation States

1.7 Coordination number and Geometry

1.8 Summary

1.9 Terminal Questions

1.10 Answers

1.1 OBJECTIVES

The objective of writing the text material of thigit is to acquaint the readers to the
characteristic properties of the d-block elemeimsgeneral, such as their general
electronic configuration and variable oxidationtesta complex formation tendency,
magnetic properties, formation of coloured ions/poonds, catalytic activity, etc.
and periodic propertiesjz., atomic radii, atomic volume, ionic radii, metjirand
boiling points, ionization energies and reactivisgandard electrode potentials and
reducing properties, etc. along with their periogiciation along the series. It is also
aimed at throwing light on the above propertiestité first transition series, in
particular, to illustrate the relative stability tife oxidation states of these elements
along with to discuss the coordination number agongetry of their complexes and

the binary compounds of these elements.

1.2 INTRODUCTION

The dblock elements have been defined as “the elemerhissev atoms
receive the last electron in thesdbshell belonging to the penultimate or (A-1)
shell”. The dblock elements are also called the transition efésher metals. This is

because they exhibit gradual transitional behavimiween highly reactive s-block
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INORGANIC CHEMISTRY-II BSCCH-201

(electropositive) and -plock (electronegative) elements, i.e. their prtpsrhave
been found to be intermediate between those ofthleck and p-block elements.
Thus these elements are located in the middle efpiriodic table and are the
members of the Groups 3 to 12 (llIB to VIl to I) Bh the modern periodic table.
According to IUPAC definiton, “a transition elemeist an element which has an
incomplete esubshell in either neutral atom or in ions in cheatly significant (or
common) oxidation state”. According to this defioit zinc (Zn), cadmium (Cd) and
mercury (Hg) are excluded from the list of tramsitielements as they neither have
partly filled d-subshell in their atoms or ions rtbey show the usual properties of
transition elements to an appreciable extent. Siillorder to rationalize the

classification of elements, they are studied aliig other d-block elements.

There are four series of elements which constituedl-block elements. Each series

comprises ten elements as given below:

1. Elements of the First Transition series or 3dransition series: The elements
from scandium (Sc, Z = 21) to Zinc (Zn, Z = 30)rfothe 3dseries.

2. Elements of the Second Transition series or 4bransition series: This series
consists of the elements from yttrium (Y, Z = 3®radmium (Cd, Z = 48).

3. Elements of the Third Transition series or 5d-Tansition series:The elements
lanthanum (La, Z= 57) and hafnium (Hf, Z= 72) tormey (Hg, Z = 80) constitute

the 5d-Transitionseries.

4. Elements of the Fourth Transition series or 6d-flansition series: The elements
actinium (Ac, Z = 89) and rutherfordium ( Rf, Z 84) to copernicum (Cn, Z =112)
are the members of this series. All these elemamtgadipoactive and do not occur

in nature. These have been artificially made inlaiberatory.

1.3 CHARACTERISTIC PROPERTIES OF D-BLOCK
ELEMENTS

Some of the important characteristics of the ddbleements are summarized as

follows:

1.3.1 Electronic Configuration and Variable Oxidation States

UTTARAKHAND OPEN UNIVERSITY Page 2
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The d-block elements have a valence shell electroonfiguration of (n-1)ths2
where (n-1) stands for inner shell whose d-orbitadsy have one to ten electrons and
the s-orbitals of the outermost shell (n) may hawelectron or one or two electrons.
The filling of d-orbitals takes place after therbital of next higher shell has already
filled as has been discussed in Aufbau principlgmit 1 (BCH-101). This is because
ns orbitals have lower energy than (n-1)d orbit&ést during ionization of the
elements (oxidation), the electrons are first l)sim ns level followed by the
expulsion from (n-1)d subshell (deviation from #wepected behaviour) because (n-
1)d subshell becomes of the lower energy than tsh&ll once the filling of

electrons commences in (n-1)d subshell.

Most of the d-block elements show several oxidatgtates (variable) in their
compounds due to the availability of d-electronshie valence shell which comprises
of the two subshellsjiz., (n-1)d and ns whose orbitals are quite closettoy in
energy and hence the electrons can be used framtihetsubshells for bonding and
under different conditions different number of ¢étens can be used by them. The
variability in the oxidation states increases ta¥gathe middle of the series from both
ends, i.e. left> middle < right. It has been observed that the d-block etgmean
form ionic bonds in their lower oxidation stateslahe ionic character of the bond
decreases as well as the covalent character ieseeth increasing oxidation state.
As a result, with decreasing ionic character theli@acharacter of the oxides and

chlorides increases.

1.3.2Complex Formation Tendency:

The cations of d-block elements are unique in ttexidency to form complexes with
several molecules such as ammonia, water, etdffereht ions such as cyanide, NO
2, halide ions, etc. These molecules or ions areddigands. The complex forming

tendency of these elements is attributed to tHeviihg factors:

(a) Small size and high positive charge density,
(b) Availability of vacant d-orbitals of right energy taccept the lone pairs of
electrons from the approaching ligands,

(c) Exhibition of variable oxidation states.
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The detailed account of this tendency will be giventhe respective sections
mentioned ahead.

1.3.3 Magnetic Properties:

Many compounds of d-block elements exhibit magnetioperties. Qualitatively
speaking, there are several kinds of magnetism. stistances which are weakly
repelled by the strong magnetic field are termediamagnetic while those which
are weakly attracted by the strong magnetic faelel calledparamagnetic. These
substances lose their magnetism on removing theetiagiield. Diamagnetism is the
property of the completely filled electronic subléhand is shown by all substances
to more or less extent. Paramagnetism is produgethé presence of unpaired
electrons and because most of the d-block metahsitand ions have unpaired

electrons, they are paramagnetic in behaviour.

In some transition metals (e.g. Fe, Co, Ni) unghieectron spins are more
pronounced and show much more paramagnetism teaotller d-block metals. Such
metals are callederromagnetic metals and magnetic property shown by them is
known as ferromagnetism. Such metals can be pemtlgmaagnetized. The detailed

account will be given in the section 1.4 of thistamd in subsequent units.

1.3.4 Formation of Coloured lons/ Compounds:

The majority of compounds of d-block elements, wketionic or covalent, are
coloured in solid or solution state. This propesfyd-block elements is in marked

difference from those of s or p-block elements Wwhace white or light coloured.

The colour of a substance arises from the propdrtiie substance to absorb light of
certain wavelength in the region of visible lighthjte light) when the latter interacts
with the substance. The coloure of the substantteisolour of the transmitted light
component and is complementary to the colour ditligomponent absorbed. The

colour of d-block metal ions is associated with

(a) an incomplete d-subshell in the metal ion,

(b) the nature of surrounding groups around the metal i
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The whole act of exhibition of colour by d-blockhglcompounds can be explained as
follows. In a free gaseous or isolated ion the fiverbitals are degenerate, i.e. of
same energy. Since five d-orbitals are orientefkdiftly in space, the surrounding

groups affect the energy of some orbitals more thihers in the compounds. This

destroys their degeneracy. For example, in the Isghpcase of an octahedral

complex, they form two groups of orbitals of diffat energy:

A =gy

Energy| ===l —________| | Yo Average energy level

(Bari centre)

"29
Average energy Metal ion
of metal ion in octahedral

in spherical fieid field

Fig. 1.1Bary centre

Thus, in d-block metal ions with partially filledsiibshell, it is possible to promote
electron(s) from one set of d-orbitals to anottetr(group) of higher energy by fairly
small energy absorbed from the visible light. Tlsoar of the compounds depends
on the energy difference (gap) between the two ggdsets) of d-orbitals. This in
turn depends on the nature of ligands and theamgement around the metal ion in

the compound / complex.

1.3.5 Catalytic Activity:

The catalytic activity of d-block elements and thebmpounds is associated with
their variable oxidation states and their capabiit forming interstitial compounds.
A number of d-block metals and their compounds larewn to catalyse various
reactions of industrial importance, e.g., vanadiyh oxide in the manufacture of
sulphuric acid by contact process, etc. An impdrtaew of the mechanism of
catalysis is that at solid surface of the catalgstids would be formed between the
molecules of the reactants and atoms of the casalyisereby increasing the
concentration of the reactants at the surface. Whizkens the bonds of the reactant

molecules due to lowering of the activation energy.
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1.3.6 Formation of Interstitial and Non-stoichiometric Compounds:

The d-block elements form interstitial compoundshwamall non-metal atoms such
as H, C, N, B, Si, etc. due to the ability of mdé&dtice to accommodate these non—

metal atoms between the metal atoms without distodf structure.

One of the striking properties of these metal$ésformation of non-stoichiometric
compounds which often exhibit semiconductivity, oflescence and behave as
heterogeneous catalysts. This non-stoichiometrgiuis to the defects in the solid

structures.

1.3.7 Metallic Character and Alloy Formation:

All the d-block elements are metals, good condsctfr heat and electricity, are
malleable and ductile. All are solids except Hg icney) which exists as liquid at

ordinary temperature.

These metals form alloys with each other due tooatnsimilar sizes of the atoms.
Thus the atoms of one metal can easily take ugiposiin the crystal lattice of the
other. The alloys are usually harder and have highglting points than the parent

metals, are more resistant to corrosion than tdweistituents.

1.3.8 Periodic Properties and Their Variation along the ®ries:

The atomic radii, atomic volumes, ionic radii, nrgdt and boiling points, ionization
energies and reactivity, standard electrode pateatid reducing properties, etc. are
the important periodic properties of the d—blockneénts which vary and have a

definite trend, in general, along each series. &@él be discussed below:
a) Atomic Radii, Atomic Volumes and lonic Radii.

The atomic radii generally decrease, with a fewegtions, on moving from left to
right in each series of the transition elementstduacreased nuclear charge at each
step and constant value of the azimuthal quantumbeu (i.e. I) receiving the last

electron.

The d-block elements have low atomic volumes as peosed to those of the

neighbouring s- and p-block elements. This is duéhé fact that in these elements
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(n-1) d-subshells are being filled and the incrdaseclear charge pulls the electron
cloud inwards.

The ionic radii of the d-block elements follow th@me trend as the atomic radii, i.e.
the radii of the ions having the same charge deereath increasing atomic number.

These properties will be discussed in detail farg\series.
b) Melting and Boiling Points

The melting and boiling points of these elemengsgamerally very high showing that
they are held by strong forces. The melting andiigppoints have the highest values
in the middle of the series because, perhaps te&gments have the maximum
number of unpaired d-electrons available for bogddetailed account of which will

be given ahead for every series.
c) lonization Energies and Reactivity

The ionization energy values of the d-block elerseate fairly high and lie in
between those of s- and p-block elements, i.eetlbémments are less electropositive
than s-block elements and more so than p-block &iésn Hence, these elements do
not form ionic compounds as readily as s-block elt®m and form covalent
compounds as well. Because of the existence ofleové&donding, they have high
heats of sublimation, i.e. a large amount of enésggquired to convert them from
solid to vapour state. The metal ions also do mbthydrated easily. Due to these
parameters, the metal ions have a small tendenmatti. Examples will be given in
each series.

d) Standard Electrode Potentials and Reducing Properés

The standard reduction potential values of tramsiglements are generally lower
(negative) than that of the standard hydrogen wldet (taken as zero). Thus they

evolve H gas from acids though most of them do that atrime.

These metals are poor reducing agents which areargrio the expected behaviour
because of the high heats of vaporisation, higleéiion energies and low heats of

hydration. Example, if available will be given iaah series.
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1.4 PROPERTIES OF THE ELEMENTS OF FIRST
TRANSITION SERIES

As has already been mentioned in the beginningttteafirst transition series is also
known as 3d-series because the last or the ditiatemg electron in the atoms of
these elements enters the 3d-subshell. This s&taes at scandium, the element of
Group 3 and ends at zinc, the element of Grougd2taining a total of ten elements.
Thus, this series of elements lies in between walc{Ca, Z=20) and gallium (Ga,
Z=31), the elements of Group 2 and Group 13. Thestements of the first transition
series are scandium (Sc, Z=21), titanium (Ti, Zz22nadium (V, Z=23), chromium
(Cr, Z=24), manganese (Mn, Z=25), iron (Fe, Z= 20halt (Co, Z= 27), nickel (Ni,
Z=28), copper (Cu, Z= 29) and zinc (Zn, Z= 30). deslements are much more
important than those of second transition seridisth& characteristics properties of
the d-block elements are shown by the elementsrif tfansition series which are

given below:

1.4.1 Electronic Configuration and Variable Oxidation States

The general valence shell electronic configuratibthese elements is 3t8' where
x=1to 10 and y= 1 or 2, i.e. the 3-d subshell éxas to ten electrons from Sc to Zn
and 4s-subshell, in general, has two electrons 4&e) except in Cr and Cu which
have only one 4s electron (i.e!3sThe exceptional valence shell configuration of C
and Cu is attributed to the exchange energy effect the extra stability of the
resulting half—filled and completely—filled subdisel“The shifting of an electron
from one subshell to another of similar or slightigher energy in order to achieve
the half-filled or completely-filled subshell is &wwn asexchange energy effett

The state of affairs can be shown as follows:
Cr (Z= 24): 344 (expected but unstable}—»  °&i(actual, more stable).
Cu (Z=29): 3d4< (expected but unstable}—»  '°ad" (actual, more stable).

As is evident, there is exchange of electrons fdsnto 3d subshell thereby increasing
the stability of the valence shell configurationGn and Cu atoms. Thus, among 3d-
series elements, only Cr and Cu exhibit irregufesfaalous electronic

configurations.
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The first transition series elements generally skaviable (many) oxidation states in
their compounds / ionic forms. The cause of showdifigrent oxidation states is that
these elements have several 3d electrons whiclgute close to 4s — electrons in
energy. The minimum oxidation state shown by ail ¢hements of this series is +2
except Cr and Cu which show +1 oxidation state a. Whe number of oxidation

states shown increases from Sc to Mn and then alseseill Zn which shows the +2
oxidation state only. As a result, among these etdsy Cr and Mn show the
maximum number of oxidation states from +1 to +@ &@ to +7, respectively. From

Sc to Mn, the highest oxidation state shown by elgynent is equal to the group
number but the latter elements do not follow thend. This is evident from the

following table:

Elements: Sc Ti vV Cr Mn Fe Co Ni Cu Zn

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

Lowest +2 | +2 +2 +1 +2 +2 +2 +2 +1 +2
oxidation

state

Highes +3 +4 +5 +6 +7 +6 +4 +3 +2 +2
oxidation
state

It has been observed that the lower (+2, +3, etddation states generally dominate
the chemistry of the first transition series. For element the relative stability of
various oxidation states can be explained on tiseslud the stability of 8, & and d°
configurations, e.g. 11 ion (3d4<) is more stable than ¥i(3d'4<”) because of the
presence of 3dsubshell. Similarly, Mfi" (3cP4d) ion is more stable than Nh
(3d*4<) ion since MA" ion has 3dsubshell.

It has also been observed that first transitiomeseglements form ionic oxides and
chlorides in the lower oxidation states which a&sib in nature. As the oxidation
state of the elements increases, covalent charastdr acidic nature of these
compounds also increases, e.g., MnO (+2) is basigO; (+3) and MnQ (+4) are
amphoteric and Mi©; (+7) is acidic. Similarly, CrO (+2) is basic, L£g (+3) is
amphoteric and Crgf+6) is acidic. Also VGI(+2) is basic and VOG(+5) is acidic.
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1.4.2 Complex Formation Tendency:

The elements of first transition series fulfill abbnditions of complex formation and
are, thus, most suitable for this purpose. As altethe cations of these elements
have a strong tendency to form complexes with oerteolecules (e.g. CO, NO, NH
etc.) or several ions (e.g.,FCI, CN etc.). These molecules and ions are called
ligands (L) and have one or more lone pairs oftedes on their donor atom (usually
central atom) which they donate to the metal i@mai{M) during the process of
complex formation via M-L coordinate covalent bonds. This happens becdese t
metal ions are electron deficient in most of tteiidation states or even the atoms
are electron acceptors. Small size and high chaegsity of the metal ions facilitate
the formation of the complexes which also depemdthe basicity of the ligands. The
complex formation tendency increases as the pesitkidation state of the metal ion

increases.

The nature of the complexes depends on the orlait@iable on the metal ion / atom
for bonding. These orbitals are s, p and d type. Sthuctures commonly found in the
complexes of the elements of first transition sersre linear, square planar,
tetrahedral and octahedral. This shows that thalnoebitals are hybridized before
bonding with the ligand orbitals, e.g. [Ni(C4d ion is square planar while [Nigf
ion is tetrahedral (detail of the complexes hawenbgiven ahead in this section).

1.4.3Magnetic Behaviour.

As has been mentioned earlier, there are sevardtlof magnetism observed in the
ions /compounds or complexes of transition metAlsiong the transition metal
compounds paramagnetism is common though some snetdhe elemental form

also show ferromagnetism.
Origin of Paramagnetism

The electrons being charged particles act as tiagnmats (or micro magnets) by

themselves and determine the magnetic propertifteeafubstances in two ways:

(a) Spin motion or spinning of the electron on its api®duces spin magnetic

moment and
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(b) Orbital motion or the movement of the electron mbuhe nucleus produces

orbital magnetic moment.

The resultant of the above two moments gives tha tmoment produced by an

electron. The observed magnetic moment of the comg® is the sum of the

moments of all the electrons present in them.dftthio electrons with opposite spins
are paired in the same orbital, the magnetic mompeotuced by one electron is
cancelled by that caused by the other electronusechoth the electrons will have
equal but opposite moment thereby giving zero tastiimagnetic moment. Such
substances which have paired electrons will notvgb@aramagnetism, rather they are

diamagnetic.

But if there are unpaired electrons in the ionsfetoof the substance it has the
moment produced by all the unpaired electrons. fEsaltant or total moment in
them is sufficiently high to overcome the magnetimment induced by an
approaching magnetic field. Hence, such substariostead of experiencing

repulsion, are attracted in a magnetic field ardcatled paramagnetic substances.

The magnetic moments of atoms, ions and molecules®ressed in units called

Bohr Magneton (B.M.) which is defined in terms of the fundamém@nstants as

where h = Planck’s constant, e = electronic chazgeyelocity of light and m = mass

of electron.

The magnetic moment of a single electron is givwethle expression

us (B.M.) = g,/S(S+ 1) (According to wave mechanics)

Where S= resultant spin quantum number gnd gyromagnetic ratio (called-

factor). The quantity/S(S + 1) is the value of the spin angular momentum of the
electron and thug is the ratio of magnetic moment to the angular moimm. For a

free electrong value is nearly 2 (i.e. 2.00023).

In transition metal compounds/complexes, the uepa&lectrons are present in the

outer shell of metal ions and in such cases the spmponent is much more
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significant than the orbital contribution because orbital motion of these electrons
is said to be quenched or suppressed. Therefoeelatter can be neglected in
comparison to the former. In such cases, the to&jnetic moment is, therefore,

considered entirely due to the spin of the unpagledtrons and dis given by

Us= 2//S(S + 1) =/45(S + 1) BM (By putting the value of = 2)

Now S= nxs where n= number of unpaired electrorts s spin quantum number

(irrespective of its sign)

S=n

INE

_n
2

Putting this value of S in the above expression

uS:\]4 ZC+1) :JZn =3 BM.

Or ys=+/n (n+2) B.M.

Usis also expressed asgsqlti.e. effective magnetic moment which is dependethy
on the number of unpaired electrons and their spiesice, this formula of magnetic

moment is also callespin only formula.

Thus, the permanent magnetic moment of 3d-tramsi@lements gives important
information about the number of unpaired electjoresent in them and it varies with

n. The calculated magnetic moments corresponding, t8, 3, 4 and 5 unpaired
electrons will be (using above formulg =1.73 B.M.,v/8 =2.83 B.M.,V15 =
3.87 B.M.,\/24 = 4.90 B.M. and/35 = 5.92 B.M. , respectively.

The number of unpaired electrons evaluated fromntagnetic moment value for a
compound/complex gives the valuable informatiorarding the type of orbitals that
are occupied as well as those available for hysaiittn and also the structure of the
molecules or complexes provided we have the idesstafngth of the ligands
(spectrochemical series). For example, here weussthe structure of [MnBf

complex ion in which Mn is in +2 oxidation statedats coordination number is 4.
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Mn atom (Z=25): [Ar] 384s 4p°

Ground state of Mn f f f f r H
Excited state of Mn r r r r r
Hybridization state f r r r f
of Mn*2 L !
SP Hybridization |

In the complex ion, Mfi ion is linked with four Brions as ligands which exert weak
ligand field on the metal ion orbitals. As a regtik five unpaired d-orbitals remain
unaffected and one s and 3p empty orbitals of metafonly four hybrid orbitals are
required) hybridise before bond formation producipy hybrid orbitals thus giving
tetrahedral structure to the complex ion. The dated magnetic moment of this
complex is nearly 5.92 B.M. which indicates thegemce of five unpaired electrons.
If that is the situation, the tetrahedral structofethe complex ion is confirmed

involving only s and p orbitals.

Similarly for the complexes with coordination numlée i.e. six ligands are attached
to the central metal ion, we can predict whetheradbmplex is outer or inner orbital
complex from the knowledge of weak and strong litmre.g. [Co(HO)s)*" is an
outer orbital complex and [Co(NJ]** is an inner orbital complex having the central

metal ion, C&" involving spd® and dsp® hybridisation, respectively.
1.4.4 Formation of Coloured lons/Compounds

The cause of the exhibition of colour by the iocosipounds/complexes of the d-
block elements has been discussed earlier. Thesalsof first transition series form
coloured ions/compounds/complexes due to the peceseh unpaired electrons in
them. For example, [Co@®)s)?" is pink, CU (d') ion and its salts are colourless but
Cuw?* (d) ion and its compounds are coloured, CuSB,0 is blue which actually is
represented as [CugB)j/SOs.H.0O and [Cu(NH)4* is dark blue (almost violet).
Similarly, [Ni(NO,)e]* is red and [Ni(NH)e]?* is blue. Among the other compounds
VO," is pale yellow, Cr@f is strongly yellow, Mn@ is purple in colour, and

[Ti(H»0)]*" is green coloured.
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The colour of the complex ion depends on the natiréhe ligands and type of
complex formed. The metal ions with completely gmpt completely filled d-

subshell (as well as their compounds) are colosyle®., S&" (3d), Ti**(3d),
Ccu'(3d"9), zr**(3d") etc.

1.4.5 Catalytic Activity

Elements of the first transition (3d) series andirtftompounds have been used in
many industrial processes. Their availability ivaxiety of oxidation states makes
them capable of forming intermediate products wiHrious reactants and their
tendency to form interstitial compounds which césab and activate the reacting
species facilitate their application as catalysi. €&ample, finely divided Ni is used
as a catalyst in hydrogenation reactions; Mo&talyses the decomposition of(®3;
TiCl, is used as a catalyst for polymerisation of ethendhe manufacture of
polythene; \¥Os is employed in the catalytic oxidation of 8@ SO; in the contact
process of manufacture of,80O; Fe is used in the manufacture of Ny Haber’s
process; Cu acts as a catalyst in the manufacfu@Hy),SiCl, during the synthesis
of silicones. Cu/V is used in the large scale potdm of Nylon-66. Fe(lll) ions

catalyse the reaction between iodide and peroxiptiate ions.
1.4.6 Formation of Interstitial and Non-stoichiometric Compounds

Elements of the 3d-transition series are capabl®whing interstitial compounds,
e.g., TiC, Vo.C, ScN, TiN, FgN etc. These compounds have the properties ofsalloy

being hard and good conductors etc.

These elements also form non-stoichiometric com@surror example, titanium
forms TiQ (x=0.65 - 1.25 and 1.998 - 2.000); vanadium fowma3, (x= 0.79 -
1.29); manganese forms M (x= 0.848 - 1.00); iron form K® (x = 0.833 - 0.957),
etc. These compounds have variable composition amedformed due to the
variability of oxidation states and solid defecdmetimes the interstitial and non-
stoichiometric compounds are the same.

1.4.7 Metallic Character and Alloy Formation

The metals of first transition series are hard,|@adlle and ductile. These exhibit face

centered cubic (fcc), body centered cubic (bcd)etagonal close packed (hcp) type
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of lattice structures. These metals are good cdnduof heat and electricity. Copper

and metals of the iron triad are softer than othetals.

The common alloys of these metals are as followasd(Cu-Zn), nichrome (Ni-Cr),
monel metal (Cu-Ni), german silver (Cu-Ni-Zn), slass steel (Fe-Cr-Ni-Mn),
alnico steel (Fe-Ni-Co-Al), etc. These alloys am@der and have higher melting
points than the parent metals. They are also mesistant to corrosion than their

constituents.
1.4.8 Periodic Properties and Their Variation along the ®ries

The melting and boiling points, atomic and ionidiraatomic volumes, ionization
energies and standard electrode potentials alothgreducing properties are the main
periodic properties of these metals along the sefiem Sc to Zn, which are
discussed below:

a) Atomic Radii, Atomic Volumes and lonic Radii

As has been discussed earlier for d-block elemémesatomic radii of the elements
of first transition series follow the same trend iasapplied for other d-block
elements. The values generally decrease alongdhessup to Ni then increase
slightly for Cu but pronouncely for Zn. Thus Zn hasceptional value only lower
than those for the first two elements and highantthose of others. This is evident

from the following table:

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

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

This happens due to the increased attraction betwke outer electrons and
increasing nuclear charge along the period. Theecl@alues of the atomic radii from
Cr to Cu are due to the existence of increasedsurg effect of 3d-electrons which
are added in each step and which shield the 4¢@bescfrom the inward pull though

the nuclear charge increases continuously in thiessom one element to the other.
The screening effect in Zn ($lis maximum and hence has exceptional value.
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The atomic volumes of these elements as given batevecomparatively low because
of the filling of 3d-orbitals instead of 4s which the subshell of the last shell. This
causes increased nuclear pull acting on the ou¢etrens. The densities of these
elements are very high. Atomic volumes decreas® @ and increase thereafter for
Zn.

Metal atoms | Sc Ti V Cr Mn Fe Co Ni Cu Zn
Atomic 15.0| 11.0| 83| 7.2 7.3 7.1 6.7 6.6 71 92
volume:(cnd)

The ionic radii of these elements follow the samead as the atomic radii, i.e. the
radii of the ions with the same charge generallygalecreasing as we move across
the series except only for the last element. Rafdihe bivalent and trivalent ions of

the elements of this series are listed below:

Bivalent st | Ti*t v et [ Mn®t [T | ot | Ni# | ekt | zn®t

ions

lonic radii| 95 90 88 84 80 76 74 72 72 74
(pm)

Trivalent st [T [V [t [Mn® | Fe | cot [ NPT | -- -

ions

lonic radii| 81 76 74 69 66 64 63 62 -- --
(pm)

b) Melting and Boiling Points

The melting and boiling points of these elements generally high and have

irregular trend in the values as given below:

Elements| Sc Ti V Cr Mn Fe Co Ni Cu Zn

Melting 1540 | 1670| 1900 1875 1245 1535 1495 1453 1083 (420
poinfC

As is evident from this table, the highest melamint is for V (190°C) and Zn, the

last element has exceptionally low melting poir2q4C). Among other elements
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Mn and Cu have lower melting points as comparedtb@r members. The boiling

points are very high, >2280 except for Zn (90&) as expected.

c) lonization Energies and Reactivity

The first ionization energy values of 3d-seriesnedats show irregular trend as

shown below:

Elements:

L.E. (KJ):
906

Sc

631

Ti

658

Vv

650

Cr

653

Mn

717

Fe

759

Co

758

Ni

Cu

737 746

Zn

But the second and third I.E. values generally shwmvincreasing trend from Sc to

Zn. The appreciably higher value of first I.LE. ion is attributed to the additional

stability associated with completely filled 3d-shbb (3d°%4<?). The variation or

irregularity occurring in the values of |.LE. acrab®e series are mainly due to the

changes in atomic radii because of the screeniegtedf extra electrons added to 3d-

subshell which is exerted on the nuclear charge.

On account of the factors given above, the elenaffisst transition series show less

reactivity.

d) Standard Electrode Potentials and Reducing Properés

The standard reduction potentials of the elemeht8deseries except copper are

lower than that of standard hydrogen electrode.

Element| Sc Ti V Cr Mn Fe Co Ni Cu Zn
E%: -2.10 -1.60| -1.20-0.74| -1.18| -0.41 -0.28 -0.25 +0.3 -0.7
(volts)

These elements evolve, fom acids though at very low rate. M + 2H-M?* + H,

(g). Cu does not react with acids. It has the ¢ang to get reduced. Sometimes the

metals are protected from the attack of acids Miyiraimpervious layer of an inert

oxide, e.g. Cr. These metals are oxidized easithéar ions and hence are reducing

agent though poor due to the obvious reasons gikiewe.
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1.5 THE BINARY COMPOUNDS OF FIRST TRANSITION
SERIES ELEMENTS

Those compounds which are formed by the combinaifamwo different elements /
ions are called binary compounds. For example, exidsulphides, halides,

phosphides, carbides, nitrides, etc.
1.5.1 Oxides

The elements of the 3d-transition series react witfgen at high temperature to give
oxides. These oxides are less basic and less solablvater. Oxides in lower
oxidation states are ionic and basic, in the inegtiate oxidation states their nature is
amphoteric and in higher oxidation states, ionitureadecreases and covalent nature
increases thereby increasing the acidic charattirecxides. It means the acidity of
a salt depends on its covalent nature which in isitmased on the oxidation state of
the element. Thus, oxidation stateovalent naturec acidic nature. Accordingly, the
oxides may be classified as (a) basic oxides, (preoteric oxides and (c) acidic

oxides.

(a) Basic oxidesare those which are formed by the metals in tlweetfooxidation
states. These are ionic in nature, soluble in nodiging acids, e.g. HCI. For
example, TiO, CrO, MnO, FeO, g, CoO, NiO, etc.

(b) Amphoteric oxides are the oxides containing the metals in the inteiate
oxidation states. These oxides are also solubl@moxidising acids, e.g., HCI.
Examples TiQ, VO,, Cr,03, MnzO4, MNO,, CuO, ZnO, etc.

(c) Acidic oxidesare of weak acidic nature and are formed by temehts in higher
oxidation states. These are soluble in bases. ekample, ¥Os, CrO;, MnQOs;,
Mn,Oy etc.

Reducing and oxidising nature of oxides.The electron exchange property
determines the redox nature of oxides. The oxidetatoing the metal is lower
oxidation state acts as electron donor and heneeréluctant (reducing agent). As
atomic number increases, the reducing propertyhe lbwer oxidation state also
increases, e.g., TiIO < VO < CrO. If the metal ia txide is in higher oxidation state,

the oxide is electron acceptor or oxidising agerg,, CrQ, Mn,O; etc.
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1.5.2 Halides

The elements of 3d-transition series react wittodpahs at high temperature to give
halides. The reactivity of halogens goes on deargasom F, to l,. Fluorides are
ionic, others have ionic as well as covalent nattta&ides are formed by many of

these elements in different oxidation states, B@ls, TiCl4,VCl3,VCls etc.
1.5.3 Sulphides

Metal sulphides may either be prepared by direetihg the mixture of metal and

sulphur or by treating metal salt solution witbS-br NaS:
Metal + S__"* | metal sulphide
Or metal salt solution + 1$/Ng&S —> metal sulphide

Metals in low oxidation state form sulphides whazle insoluble in water.
1.5.4 Carbides

Metal carbides are generally prepared by the fatigviwo methods:

Metal + carbon "3 metal carbide

Or metal oxide + carbon —"®3. metal carbide

The carbides of these metals are classified asvell

(a) Metallic or Interstitial carbides
These carbides are prepared as is given below.
V+C—» VC
TiO, +2C—>» TIiC+CQ
3Fe+C—>» RE

These are hard solids, have metallic properties likstre, are stable at high
temperature, chemically inert and are conductorgidés not form carbide. In solid

state, these have tetrahedral or octahedral vaiishvare occupied by carbon atoms.

(b) Salt-like carbides
These carbides are limited to Sc, Cu and Zn ondlyaar ionic in nature:
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SeO;+7C —»  2Se@ 3CO
ScG +2H0 —» GH, + Sc(OH)
Zn  +GH, — ZnG +H,
ZnC, +2HO —» GH, +Zn(OH)

1.6 RELATIVE STABILITY OF OXIDATION STATES OF
THE ELEMENTS OF FIRST TRANSITION SERIES

The stability of an element is determined by itec&lonic configuration. The
elements of the 3d-transition series, generallylgixtariable oxidation states and are
more stable in a particular oxidation state, €Tl > Ti*" and F&" > Fé&* etc.
Generally, lower oxidation states are less stdide the higher oxidation states. This
relative stability depends on many factors:

(a) Filled, half-filled and vacant d-orbitals presemtihe compound, i.ely cPandd
configurations are more stable than other configoma, e.g. T(d%) > Ti**(dY);
Mn?*(d®) > Mn*"(d*). However, it is not always true, e.g. '@d') is less stable
than Ca"(3d%) due to high lattice energy and solvation energfe€u’* in solid
state and in solution.

(b) Higher oxidation states become less stable amiatoumber increases. For
example, St > Ti¥"> V3> - > N > Cu™.

(c) In the binary compounds of elements of 3d-transisieries, it has been observed
that halogens and oxygen also illustrate the tnendtability. Generally, the
group oxidation state for many elements is brought more readily by oxygen
than fluorine, the strongest halogen. This maydmahse fewer oxygen atoms are
required than fluorine atoms to achieve the samdatinn state. For example,
the group oxidation state (+7) of Mn is achievedinO, , but MnF, has never
been prepared. In the d-block elements, the oxidagtates can be stabilised by
complex formation. Low oxidation states are lesblgt and ligands like CNNp,
NO, CO, GHes CHj etc. calledn-acceptors form complexes in these low
oxidation states to stabilise them. These complexesknown ast-complexes,
e.g. [Ni(CO)], [Cr(CeHe)2], [Fe(GHs),] etc. Higher oxidation states are

stabilized by complex formation with highly eleaiegative ligands.
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(d) The compounds in any oxidation state of the meatlragarded as stable if they
have free existence, are not oxidised by air, atehgdrolysed by water vapour,

do not disproportionate or decompose at normal ¢ézatpre.

1.7 THE COMPLEXES OF THE FIRST TRANSITION
SERIES ELEMENTS, THEIR COORDINATION
NUMBER AND GEOMETRY

The elements of first transition (3d) series fulill conditions of complex formation
and thus are most suitable for this purpose. Theermgé representation for the

complexes is as follows:

[M<+— L™ where n represents the number of lone pairs aedept the central
metal atom/ion from the ligands (L) and x is thargje on the metal complex which
may be positive or negative or even zero in newoahplexes. All the elements of
this series form complexes with a variety of ligagnde.g. [CrCi(H.0)4]",
[Fe(CN)Y*, [Ni(NH3)e]*’, [Co(H0)e]*", [CO(NHg)s(SCN)],  [Cu(NHa)4*",
[Ag(NH3),]" etc. The elements of this series form stable cergd with N, O, and
halogen donor ligands.

Coordination Number (CN)

The number of ligands (monodentate only) directtg@hed to the central metal atom
/ ion or more appropriately the number of lone paif electrons accepted by the
central metal atom / ion from the ligands (monoevall as polydentate) in the process
of the formation of the complexes (molecules orsjoiis known as the coordination
number (C.N.) of the metal. In the above examples,C.N. of Ad ion is 2, that of

CU* ion is 4, for C¥, Ni**, Co”*, Cd* and F&" ions it is 6. The central metal atom /
ion and attached ligands are kept within the squmeekets called coordination
sphere. With the polydentate ligands the metal dt@ns form ring type complexes

known aschelates(meaning claw).
Geometry of the Complexes

The coordination number of the central metal atombf the complex is intimately
related with its geometry. The relationship maysbewn as follows:

C.N. Geometry of the complex
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Linear: Cliand Ag complexes, e.g. [Ag(N®k]"

Tetrahedral: Mii, C&*, F&*, Ni**, CU#* complexes with weak
ligandsviz. H,0, CI, Br, I etc., e.g. [MnCJ|*, [MnBrJ?,
[NiCl4?%, [CuCL]?, [FeClL]? etc.

Square planar: Kii, CU** complexes with  strong ligands
viz. CN, NHs;, en, dmg etc., e.g. [Ni{dmg) [Cu(en}]?*,
[Cu(NHs)4)?", [Ni(CN),]* etc.

6 Octahedral: G, Cr', Mn**, F&', F€' Cd’, Co', Ni#
complexes with weak and strong field ligands, e.g.
[Cr(H0)d] ™,  IMn(H20)*",  [Ni(NH3)el*", [Co(NHs)s]™",
[Co(en)]®" etc.

It may be recalled that octahedral complexes of fetal ions with weak field
ligands are outer orbital (also called high spimelexes involving s
hybridisation and those with strong field ligands mner orbital (also known as low

spin) complexes, the central ion undergoifspdhybridisation.

1.8 SUMMARY

In contrast to main group elements, the last edecitn the atoms of d-block elements
enters the (n-1)d-subshell which influences therattaristics and periodicity in
properties of transition elements. Hence, the mexterial of this unit is related with
characteristic properties in general of d-blockrmedats such as their electronic
configuration, variable oxidation states, compleorniation tendency, magnetic
properties, formation of coloured ions / compouraigalytic activity, formation of
interstial and non-stoichiometric compounds, alfoymation, metallic character,
melting and boiling points, atomic and ionic radonization energies, reactivity,
standard electrode (reduction) potential and reduproperties. The above properties
have also been discussed for the elements of thietfansition (3d) series in brief
giving examples where ever possible. A brief buharete account of binary
compounds of elements of 3d-series along with iveadtability of their oxidation
states, their complexes, coordination number andngéry of the complexes has also

been given.
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1.9 TERMINAL QUESTIONS

1. Give a brief note on the factor responsible for raalus electronic
configuration of Cr and Cu.

What accounts for the complex formation tendencg-bfock elements?

Write a short note on the paramagnetism shown blpck elements.

Why do 3d-series elements form coloured ions amapoands?

What are the non-stoichiometric compounds?

What are alloys? Give any two examples.

N g M e D

“Mn and Cr have highest number of oxidation stateeng first transition (3d)

series elements”. Comment.

Which one is more stable: “Tior Ti**?

©

9. Mess for a metal ion with 3 unpaired electrons is
a) 1.73B.M.
b) 2.83 B.M.
c) 3.87 B.M.
d) 4.90 B.M.
10. Finely divided Ni is used in
a) The manufacture of 0,
b) The manufacture of HNO
c) The manufacture of NH
d) The hydrogenation reactions
11.Brass is an alloy of
a) Cu-Zn
b) Cu-Fe
c) Cr-Ni
d) Mn-Fe
12.MnO; is
a) An acidic oxide
b) An amphoteric oxide
c) A basic oxide

d) None of the above

1.10 ANSWERS

1 to 7: please refer to the text
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8. Ti**(3d") is more stable than ¥i(3d")

9.c

10.d

11.a4,12. b
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UNIT 2- CHEMISTRY OF THE ELEMENTS OF
SECOND TRANSITION (4d) SERIES

CONTENTS:
2.10bjectives

2.2Introduction

2.3General characteristics

2.4Comparative study with their 3d analogues in resfmec
lonic radii, oxidation state, magnetic behavior

2.5 Spectrial properties and stereochemistry

2.6 Summary

2.7 Terminal Questions

2.8 Answers

2.1 OBJECTIVES

The course material of this unit is being writteithwthe objective of making it easy
for the learners to understand the general charsiits of the elements of second
transition (or 4d) series such as their electrazvafiguration, variable oxidation
states, complex formation tendency, magnetic ptegseiformation of coloured ions /
compounds, catalytic activity, formation of intetiat and non-stoichiometric
compounds, metallic character and alloy formatian veell as other periodic
properties such as atomic and ionic radii, meltargl boiling points, ionization
energies and reactivity, standard electrode patieatid reducing properties, etc. with

their variation along the series.

The comparative study of some of the above peripdoperties,viz., ionic radii,

oxidation states and the magnetic behaviour ofetl@sments with those of their 3d
analogues is also aimed at. The spectral propedibestereochemistry of these
elements and their compounds or complexes is alsbetdiscussed to make the

readers familiar with these fascinating aspects.
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2.2 INTRODUCTION

The series of ten elements starting from yttriune, ¢lement of Group 3 and ending
at cadmium, the element of Group 12, constitutessttond transition series. These

elements with their symbols and atomic numbergjasen here:

Yttrium (Y, Z = 39), zirconium (Zr, Z = 40), niobia (Nb, Z = 41), molybdenum
(Mo, Z = 42), technetium (Tc, Z = 43), rutheniumu(RZ = 44), rhodium (Rh, Z =
45), palladium (Pd, Z = 46), silver (Ag, Z = 47)dacadmium (Cd, Z = 48). These
elements are also known as the elements of 4d iticansseries because the
differentiating or the last electron in the atonfstleese elements enters the 4d
subshell progressively giving 4dto 4d° configurations, respectively. All the
characteristic properties of d-block elements adeilgted by the members of this
series also. These elements are the next highdogues of first transition series
elements and are less important. This series gégden strontium (Sr, Z =38) of s-
Block (Group 2) and indium (In, Z = 49) of p-Blo¢&roup 13) so that the gradual

transition of properties may occur from s- to ped&d elements in the period.

2.3 GENERAL CHARACTERISTICS OF SECOND
TRANSITION (4D) SERIES ELEMENTS

All the general characteristics of the d-Block edents are applicable to the elements

of second transition series though to the lessenéxThese are discussed below:
2.3.1 Electronic Configuration and Variable Oxidation States

In yttrium 4d-subshell begins filling, its valenskell configuration being 48<°. The
filling of 4d-subshell continues as we move along $eries towards the last element,
Cd which has 45 valence shell configuration. There are observazhgunced
irregularities in the valence shell configuratianfsthese elements which have the
general valence shell configuration'4s"2 Except for the last three elements,
viz, Pd, Ag and Cd which have completely filled 4dshell (4d%, all have
incomplete d-subshells. Y, Zr, Tc and Cd have 2tedes in 5s-subshell (§sbut
Nb, Mo, Ru, Rh and Ag have only one electron, b6, in the last shell and Pd does
not have any 5s- electron {5sThe anomalous valence shell configuration ofird
4d1°5s°) is due to the shifting of both 5s-electrons tosétishell so that it has
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completely filled state (i.e., 4y and becomes stable, though no satisfactory
explanation is available for this shifting. For #lements which have partly filled 4d-
subshell but still have only one electron in 5sshigl (53), the anomalous behaviour
has not been explained with effective reasoninty, ibiis said for these elements that
the nuclear-electron and electron-electron intewastplay significant role for this
behaviour. In Mo (49 and Ag (4d°%, one electron is said to have shifted from 5s to
4d subshell to make the atoms of these elements stetble due to exchange energy

effect as has been given earlier for Cr and Cu eesnof 3d- transition series.

Like the elements of first transition (3d) serig® elements of this series also exist in
various oxidation states in their compounds. Thidbécause of the availability of

several electrons in 4d and 5s subshells whosgiesedre fairly close to each other.
Hence, under different experimental conditionsedéht number of electrons can be

used from both the subshells for bonding.

It has been found for second transition series etegthat the higher oxidation states
become more stable. This can be illustrated bywtakie and its next higher analogue,
Ru. Fe shows +2 and +3 stable oxidation statestdrehd +6 unstable states but Ru
has +2, +3, +4 and +6 as stable oxidation statekew®, +7 and +8 are unstable
states for this element. The first element Y (+3)l $he last element Cd (+2) exhibit
only one oxidation state ( though Sc in 3d trémsiseries has also been assigned a
very uncommon oxidation state of +2) because of sit@ble valence shell
configuration of the ionsyiz, Y3 [Kr]4d%5S and Cd" [Kr]4d'%<. All other
elements show a variety of oxidation states, btable and unstable, the variability
being the maximum towards the middle of the sesesappens in case of elements
of 3d-transitin series. Ruthenium, lying almosttle middle of the series, exhibits
maximum number of oxidation states (i.e. 7) amolghe& elements of the series,
including the unstable ones, ranging from +2 tdi#8+2, +3, +4, +5, +6, +7,+8). Up
to Ru, the next higher member of Fe group, thedsgbxidation state is equal to the
group number, e.g., Sc: + 3 (Group 3); Zr: +4 (GQrdy; Nb: +5 (Group 5), Mo: +6
(Group 6), Tc: +7 (Group 7) and Ru: +8 (Group 8} the latter members of the
series do not follow this trend. The lowest oxidatstate is +1 only for Ag, the next

congener of Cu. For Ru, Pd and Cd, the lowest dxidsstate is +2, and +3 is the
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lowest oxidation state for other members of theeserfThis has been shown in the

table below.

Element Y | Zr Nb Mo | Tc Ru Rh Pd Ag| Cd
Group number 3 4 5 6 7 8 9 10 11 12
Lowest oxidation +3 | +3 +3 |43 +4 +2 +3 +2 +1 | +2
state

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

oxidation state

Thus, it is concluded that the electronic structfrthe atoms of the second transition
series elements does not follow the pattern oktaments of the first transition series
and also among the 4d series elements, the higtidatmn states become more

pronounced and stable.
2.3.2Complex Formation Tendency

The availability of various oxidation states faates the complex formation
tendency. The complex formation tendency is foundthe elements of second
transition series also though it is less pronouncEdese metals are weakly
electropositive and do not form stable complexeth wiide range of ligands as is
found in case of first transition series elemerifese elements from stable
complexes with P, S and heavier halogens as ddoorsain the ligands in contrary
to the elements of 3d sereis. They also faroomplexes with CO as ligand. The 4d
series elements show the common as well as unasoallination numbers in their
complexes which may be 4, 6 and even more tharThix.examples are available for

most of the second transition series elementsriows oxidation states.

Yttrium forms complexes readily with NGSacac, EDTA etc.yiz, [Y(NCS)]*,
[Y(acack.H.O], [Y(EDTA)] , respectively. Its complexes with C.N. 8 are also

known.

Zirconium usually gives halo complexes of the t{/Zje(s]z' and [er7]3' (X = halide
ions), [Zr(acac), [Zr(C204)4]* , [Zr(bipy)s] and also [ZsF13> and [ZrCh]s(POCE),
type.
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Niobium forms clusters only, e.g. [W612]™", where n = 2, 3 or 4; [N&14], [NbeX15]
and [NyX¢], etc.

Molybdenum forms a variety of complexes having Modifferent oxidation states
and coordination numbers. For example, {I@]“', [MOZCI9]3', [MoCIe]Z',
[Mo(CO)]%,  [Moy(COXg®, [Mo(CO)], [Mo(CNR)]*,  [Mo(CN)g*,
[Mo(S,CNMey)4], etc.

Technitium also forms many complexes though notmesy as are formed by
manganese and rhenium. For example, [Tc(FQ)[Tc(COY], [Tco(CONd,
[Tc(CN)]*, [Tc(CN)],, [Tc(NCS), [TcHg]? etc.

Ruthenium forms a variety of complexes both withnmal andr-ligands, such as N
CO etc. For example, [Ru(NjN2]%*, [Ru(NHs)g]®*, [Ru(CO}], [Rus(CO)j] etc.
The first complex further gives ploynuclear comp{bls is weakn- ligand):

[Ru (NHs)s NoJ** + [Ru (NHy)s. H;0*"— [(H3N)s Ru-No-Ru (NHg)s]** + H;O
The complexes of Rh, Pd and Cd are as follows:

[RN(CO)]", [Rhy(CO)2, [Rhe(CONel, [PA(NHs)oCla], [Pd(NHg)a]*", [CA(CN)]%,
[Cd (NHs)4]?" and [[Pd(NH)s])*" etc.

2.3.3 Magnetic Properties

The elements of second transition series exhilv@mpagnetism due, obviously, to the
presence of unpaired d-electrons in elemental wiciforms. It has been observed
that the magnetic moment, a measure of magnetigheisubstances, increases with
the number of unpaired electrons (the relationsifipnagnetic momentyes and
number of unpaired electrons has been given in Unihder magnetic properties of
3d-series elements). The relationship is cadipith only formula because only spin
contribution towards the total magnetic moment ignsidered and orbital
contribution is regarded as quenched. Howeverhef arbital contribution is also
considered in its full capacity to the total magmenoment then the magnetic

moment of the substance can be calculated by theufa:

et =/4S (S+ 1) + L(L + 1)
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Where S is resultant spin angular momentum and thesresultant orbital angular

momentum.

In the ions/compounds/complexes of second tramsg@&ries elements, the spin only

formula is used to calculate the number of unpag@ledtrons fronues values.
2.3.4 Formation of Coloured lons / Compounds.

The elements of the second transition series a@lsa toloured ions / compounds /
complexes whether in solid or in solution statee do usual reasons as have been
given for those of first transition series as walfor general d-block elements. The
cations having vacant or completely filled d-orksité or d'% are colourless in the
case of this series also. But, those with partlgdid-orbitals (d, c?, c........ o) are
coloured. It means the cations having all the ebest paired in d-orbitals or no
electrons in this subshell are colourless but thoatons / compounds having
unpaired (some or all) in d-orbitals are colourddn is the number of unpaired
electrons in d-subshell, then the ions having naredcolourless while those having n
=1, 2,....,5 are coloured. In addition to the preseof unpaired electrons in d-
subshell or incomplete d-subshell, the nature @fnat(in the compounds) or ligands
(in the complexes) attached to central metal ioterd@nes the colour of the

compounds as a whole.

As has been explained earlier, the colour in tHessunces is developed due to the
movement of electrons from one d-orbital to anotineder the influence of visible
light falling on the substance. The colour is isenf the transition is allowed but
becomes dull if it is forbidden. If in place of émtorbital transition, inter atomic
transitions take place, intense colours are pratileEause such transitions are not
affected by the selection rulesiZ spin, Laporte and symmetry selection rules)

thereby allowing free transition of electrons.
2.3.5 Catalytic Activity

Like the elements of first transition series, thosecond transition series also show
catalytic activity, some of them being very impaottaand useful as catalysts in a
variety of reactions of industrial importance. Tlhssbecause these are capable of

forming inter mediate products with the reactantshave active centres on their
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surface in the activated state which can activlie feactants for the desired

reactions. For example,

(a) Pd is used in the hydrogenation of phenol to cyetaimol.

(b) Pd/Pt catalyses the hydrogenation of unsaturatdbbgrbons.

(c) Mo is used as a promoter in the manufacture of anmertmy Haber process.

(d) PYRh is used as catalyst in the oxidation ofsNBl NO (manufacture of
HNO3),

2.3.6 Formation of Interstitial and Non-stoichiometic compounds.

The metals of second transition series, in gengmah interstitial compounds
with small non-metallic elements such as H, N, € &he lattice of these metals is
capable of accommodating these small atoms betwlermmetal atoms with no
change in the lattice structure. Examples are:oRAEH; o5 ZrC, NbC, MoC, MeC,
ZrN, NbN, MoN etc. These compounds have conductivity propesgiab are hard,

thus behaving as alloys.

These elements also form non-stoichiometric comgswhich often exhibit
semi conductivity, fluorescence and have centreolafurs. Above examples of PdH

and ZrH also furnish the examples of non-stoichiomestyp#tently the molecular

formula of these compounds does not correspond tdHMatio of 1:1 and 1:2.

Actually, the M: H ratio in these compounds is B Oand 1:1.98, respectively.
2.3.7 Metallic character and Alloy Formation.

All the elements of second transition series ae¢afa which are hard, some
of them malleable and ductile (e.g., Ag), fairly ogoconductors of heat and
electricity. They crystallize in one of the follawg lattice structures: body centred
cubic (bcc), face centredcubic (fcc) or hexa gahade packed (hcp).

The elements of this series also form alloys thotgythe lesser extent than
the elements of first transition series due to ¢dheious reasons as given earlier.
These alloys are also usually harder and have higtadting points than parent

metals. They are also corrosion proof/resistant.

These metals are less important than those ofrgteahd third transition series.
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2.3.8 Periodic Properties and Their Variation alonghe Series

The periodic properties of second transition seglements such as the atomic
radii, ionic radii, atomic volumes, ionization egis, melting and boiling points,
standard electrode potentials, reactivity and reduproperties also vary along the
series from the first element Y to the last elem@dt These have been discussed

below along with their variation in the series.
(a) Atomic Radii, Atomic Volumes and lonic Radii

It has been observed that the atomic radii ofeleenents of second transition
series, though not known with certainty, decreasmfthe first element, Y to Rh, the
next congener of Co and increase thereafter upetdast element, Cd. The values are
very close from Mo to Pd because of the increasgdesing effect of the 4d
electrons which more or less counter balance thd@eau pull exerted on the 5s
electrons. Then the screening effect becomes muadenzore pronounced thereby
decreasing the attractive force between the nuchewsthe outer electrons. As a
result, atomic radii of Ag and Cd are increased.had next highest atomic radius

which is only lower than that for Y. These valuesd been given below:

Elements Y Zr | Nb| Mo| Tc Ru| Rh| Pd Ag Cd
Atomic radii | 162 | 145| 134| 130 127 12b 125 128 1348

(pm) 4

The atomic volumes of these elements which arerdégre on the atomic radii show

the same trend in their variation. The atomic vasrare being listed below:

Elements| Y Zr Nb Mo | Tc| Ru| Rh| Pd Ag Cd
Atomic 19.8 | 14.0| 10.8| 94 - 8.3 83 89 103 13.0
volume
(Cn’)

For Tc its value has artibrarily been calculated isutnot known with certainty. The
values decrease from the first element, Y, uptoaRd then increase due to the

obvious reason, i.e. increasing atomic radii values
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The ionic radii follow almost the same trend as dtomic radii at least for the
few elements. These elements form ions of variétyxalation states but only those
ions may be considered which bear the same chalge.analogy does not apply to

the ions of these elements. For various ions,dhie iradii are listed here:

lons Yol ze™ NP [ Mo™ | Tc™ | RU* | RE [ P | Ag® | Cd™
lonic radii| 104 | 86 70 79 - 81 80 80 123 97
(pm)

As is evident from this table, ionic radii valuese ashowing an irregular trend
particularly for the later elements.
(b) Melting and Boiling Points

The melting and boiling points of these elements generally very high,
almost similar to those of the elements of firgingition series except for a few
elements which have very high values, e.g., Nb to($te the table given below).
The last element Cd, has exceptionally low valuenefting point even lower than
that of Zn. This may be attributed to its high aitomolume, almost one and half
times to that of Zn. This results in weaker metdbonding in the metal lattice of Cd.

Melting point values of these elements are asvidlo

Element Y Zr Nb Mo | Tc Ru Rh Pd Ag| Cd
Melting point| 1490| 1860 | 2415/ 2620 2200 2450 1970 1560 960 B21
(C)
The highest melting point is for Mo followed by Rad other elements have
comparable values of melting point. Cd has the Biwalue. These elements have
very high boiling points, greater than 220except for Cd (76%).
(c) lonization Energies and Reactivity
The first ionization energies of these elementsegaly increase from the
first element to the last one with a marked drophi value for Ag. The values are
listed below:
Element Y Zr Nb Mo | Tc Ru Ph Pd Agl Cd
First ionization | 636 | 669 | 664 | 694 | 698| 724/ 745 8083 732 866

energy (kJ/mol)

UTTARAKHAND OPEN UNIVERSITY Page 33



INORGANIC CHEMISTRY-II BSCCH-201

These high values of first ionization energies lsarcorrelated with the values
of atomic radii which generally decrease along skdes and the screening effect
increases; therefore, the elements accordingly hayleer values. For Ag low value
is attributed to slightly higher atomic radius aadilability of a single 5s electron.
Appreciably higher value of ionization energy fad S due to the stability associated
with filled 4d and 5s subshells (#8<).

As discussed in section 1.3 above, various faet@sesponsible for low reactivity of
the elements of second transition series. Theywaea less reactive than those of the
first transition series.
(d) Standard Electrode Potentials and Reducing Properés
As is well known that the standard electrode pidérfreduction) is related

with the reducing properties of the elements, inegal. Metals with negative values
of standard electrode potential as compared talatdrhydrogen electrode for which
E° value is taken as zero, act as reducing agenth @etals can displace hydrogen
gas from dilute acids. For the metals with negafiYevalues but not reacting with
acids, some other factors also play an import spieh as formation of protective
coating on the metal surface and making it unreactstrong reducing properties of
metals make them displace other metal ions fronr g@utions. Though standard
electrode potential values are available only fdew elements of this series, these
are given below:

Cd** + 2e— Cd, P =- 0.40 V (can displaceHrom dilute acids)

Ag"+e— Ag, E°=+0.80V (does not react with dilute acids)
From the above, it can be concluded that'Gohs can give up the electrons and act
as reducing agents while Adons do not give the electrons, rather take up the
electrons easily. Hence, act as oxidizing ageneswkact with reducing ions, e.qg.,

Zn + 2Ag — Zn?* + 2Ag.

2.4 COMPARATIVE STUDY OF THE ELEMENTS OF THE
SECOND TRANSITION SERIES AND THOSE OF FIRST
TRANSITION SERIES

(a) Oxidation States
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The elements of both the transition series exhibiiable oxidation states.
Some of them are common and the others are unconumaomfamiliar oxidation
states. It may be recalled that for the elementdirsf transition (or 3d) series,
generally lower oxidation statesiZ +2, +3, etc.) are most stable while the higher
oxidation states are less stable. That is why t@impounds in the higher oxidation
states are less stable and more reactive. For dga@pO;> (Cr in +6 oxidation
state) and Mn@® (Mn in +7 oxidation state) are strong oxidisingeaty and in their
reactions get reduced toand Mrf* states, which are stable, respectively. We can
say that lower (+2 and +3) oxidation states geheddminate the chemistry of the
first transition series elements, e.g.,’Cion is quite stable in aqueous medium as
well as C38" in[Co(NHs)e]>* ion is highly stable. On the other hand?Rbn, next
congener of Co is hardly known. Similarly no sucmplex of RA" is known as is
formed by C8" ion with NHs.

For the elements of second transition series, Ho@#8 and +3) oxidation
states are of relatively little importance but thigher oxidation states (e.g., +5, +6,
+7, etc) are stable and important. For examplepamganese group (Group 7), Mn
ion is stable while T¢ ion is unstable; T¢ occurs in soma-complexes and clusters
only. In Group 6, Cr (Ill) forms a large numberad@mpounds and complexes, while
Mo (Ill) forms only a few. Cr (VI) ions are lessasle (as discussed above), but Mo
(V1) ions are highly stable: [Mog) ion is not easily reduced. In Group 7, again
[MnQO4] is unstable but [Tcg) is stable and very weak oxidising agent. Similarly
FeQ, CrCk and Nik are not known, while RuDMoClg etc. are quite stable. The
highest oxidation state for 3d-series elements7s(it MnOy,), but for 4d-series
members it is +8 (in Rug)

(b) lonic Radii

In terms of the ionic radii, it has been obsertiedt the radii of 3d-series
elements are smaller than those of 4d-series eksmee. gq ions < kg ions The

comparative table of ionic radii of the elementshaf two series is being given here:
lons: sé T crtt zn®

Radii (pm): 81 75 68 74
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lons: ¥z Mo*™ Ccd”

Radii (pm) 104 86 79 97
This is due to the change in the value of n frota 3 for the two series of elements.
(c) Magnetic Behaviour

It has been observed that the magnetic propestiéise first transition series
elements could be easily interpreted and the magmetment of their ions/atoms or
compounds can be represented by the spin only farmhich gives the idea of the
number of unpaired electrons in them. From this, deometry of the complexes of

these elements could be explained.

But the magnetic behaviour of the second transgiements is more complex
and difficult to use the spin-only formula to gbethumber of unpaired electrons or
the magnetic moment because the orbital contributauld not be ignored outrightly

for the compounds / complexes of these elements.

This is because 4d-orbitals are too much spreadnospace and as a result
the inter electronic repulsions in these are meds las compared to first transition
series orbitals. A given set of ligands producesy Marge crystal field splitting
energy in 4d-orbitals than in 3d-orbitals. Therefoheavier elements of this series
will tend to give low-spin or inner orbital compkex as compared to those of first

transition series which form mainly high-spin (ater orbital) complexes.

2.5 SPECTRAL PROPERTIES AND STEREOCHEMISTRY
OF THE ELEMENTS OF THE SECOND TRANSITION
SERIES

We know that the electromagnetic radiations oftevfight such as sunlight
consist of a continuous spectrum of wavelengthsesponding to different colours.
If such a light falls on a compound, the light-reatinteraction results in the
absorption of either all the radiations giving aolour to the compound, or that of
one radiation of a particular colour. In the lattase, the light of different colour is

transmitted or reflected which is the complementaiour of the absorbed colour
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and is the colour of the compound. If the compodods not absorb in the visible

region, it appears white.

The transition metal ions / compounds / complestesv a variety of colours
depending on the nature of metals and ligands.cblaur of a compound arises due
to the transition of electron(s) from ground stétsvest energy) to the excited state
(higher energy). When a photon having energy etpdhe difference between the
two states, i.e., ground and excited state, stilkescompound or the ion, electronic
transition (here promotion) takes place. In the plexes of the transition metals, this
transition occurs from.g to g level in octahedral field and from e tg level in
tetrahedral ligand environment. The energy diffeeerbetween the two states

involved in electronic transition is given by (asan in the figure 2.1) the following:
AE=B-E=hy =% =t (~v=)

WhereAE = energy, h = Planck’s constant, ¢ = velocityigiit, A = wavelength of

light absorbedy = frequency of light absorbed and wave number///////

E, Excited state

hv (light absorption)

Eq Ground state

Fig. 2.1

The colour of the compound / complex exhibited ttuthe above transition is
called the colour due to d-d transition. The exaspbf compounds / complexes
which are coloured due to d-d transitions are mlediby first transition (3d) series
elements and a few heavier elements. Great&y isore energy is required to cause
the d-d transition. For 4d-series elements, iningas value in octahedral field is:
Mo < RE* < RU* < Pd™ etc.
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The other types of electronic transitions whicé esponsible for the colours
of the ions / compounds / complexes, particulanfysecond transition (4d) series
elements are the charge transfer processes (@om) rhetal to ligand or ligand to
metal. The electronic spectra of the complexesmpmunds of second and third
transition series elements are less important thase of the complexes of first
transition series elments because in the formes teesd-d and C.T. bands can not be
separated but this is possible in the latter chsehe compounds / complexes of
heavier elements of 4d series because of the langgmitude ofA (Crystal field
splitting energy), the d-d bands are found at lowawve lengths and hence overlap
with the C.T. bands. The charge transfer processinmslar to the internal redox
process because electron transfer takes placegdhisiprocess from metal to ligand
or ligand to metal within a complex/compound. ImWer transition metal complexes
the latter is generally observed. Thus, it is gaedio classify and rank the metal ions
according to their oxidising power B> RU** > RUP* > PF* > RK, etc. Greater the
oxidising power of the metal ion and also greaber teducing power of the ligands,

lower the energy at which the C.T. bands appear.

Charge transfer transitions are Laporte and spgiowed, unlike d-d
transitions, i.e.Al = +1 andA s = 0 because in these transitions, there occurs a
transition of electron(s) between the orbitals iffedent atomsyiz, metal and ligand.
These give rise to more intense or strong absarptid/hen these transitions occur in

visible region, the compound / complex shows ingerour.
These transitions are of four types:

(@ Ligand to metal transitions
(b) Metal to ligand transitions
(c) Intervalence or metal to metal transitions

(d) Intra ligand charge transfer

Among the oxo ions of 4d series elements, the dsang order of energy of ligand to

metal charge transfer is as follows:

NbO,*> > MoOZ > TcQy
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But, the energy of charge transfer increaseshersimilar ions of 5d-series
elements. For the above ions. The energy differ&eteeen 2p-orbitals of oxide ion
and 4d-orbitals of the metal ions is very largendyin UV region and hence these

ions are colourless.

An example of metal-metal (or inter valence) chargasfer is the Ru-complex given
below: (Fig. 2.2)

- NH; i L
H3N \ I(H)/ NH3

HN 7~ NN NH,
B‘IH3 N l(m)/ NHZ

H3N/| \NH3
: =UMER e

or [(NH3)sRU' — Pyz — RU(NHs)s]>* where bridging ligand is pyrazine group. In this
complex electronic transition occurs from Ru(ll) Ru(lll) through Pyz-bridging
ligand and gives intense colour. The compounds Withl bonds also give intense
colour, e.g., [MeClg]* is red in colour. Also, the metal carbonyls withNbonds

are often intensely coloured (e.g., polynucleabaoayls).
Stereochemistry of the compounds and complexes

The stereochemistry of the compounds and complekt&se elements of this
series may be summarized groupwise. The elemehtbiegifferent stereochemistry
depending on the oxidation state, coordination remdnd ligand in the particular
compound / complex. For example, the stereochegmsdtizirconium (Group 4) is
tabulated below in Table 2.1.

Table 2.1: Oxidation states and stereochemistries mirconiium compounds

Oxidation | Coordination Geometry Examples
state number

zr°

6 Octahedral [Zr(bipy)

UTTARAKHAND OPEN UNIVERSITY Page 39



INORGANIC CHEMISTRY-II BSCCH-201

zr 6 Octahedral Zr¥(X = Cl, Brl)
zr* 4 Tetrahedral [ZrCly], [Zr(CH2CsHs)a]
6 Octahedral [ZrFe]?, [ZrCle]?, [Zr(acac)Cly]
7 Pentagonal [ZrF]*
bipyramidal
8 [Zr(acac)]

Sgnare antiprism

Dodecahedral | [£1(C204)4] ", [2rXa.(diars)]

The stereochemistry of niobium (Group 5 elementhpeing summarized below in
Table 2.2.

Table 2.2: Oxidation states and stereochemistried niobium compounds

Oxidation Coordination Geometry Examples
state number
3 5 Trigonal [Nb(COX]*
bipyramidal
-1 6 Octahedral | [Nb(CO)]
+3 6 Trigonal prism | [NbO,]

Octahedral | [Nb,Clg)*

8 Dodecahedral | [Nb(CN)g]*
+4 6 Octahedral | [NbClg]*
Distoted
pentagonal Ko[NDBF7]
7 bipyramidal
8 Square antiprism [Nb(SCN)(dipy)2]

Dodecahedral | K4Nb(CN)g]

+5 4 Tetrahedral [Nbg)Y
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5 Trigonal [NbCls], [Nb(NR2)s]
bipyramidal

Octahedral | [NPCls:OPCH], [NbCle]"

The stereochemistry of molybdenum (Group 6 elemsrgjven below in Table 2.3.

Table 2.3: Oxidation states and stereochemistried mmolybdenum compounds

Oxidation | Coordination Geometry Examples
state number
P 5 Trigonal bipyramidal | [Mo(CO)s]*
1 6 Octahedral [M2(COWd*
0 6 Octahedral [Mo(CO)sq, [Mo(CO)sl]
+2 6 Octahedral [Mo(diars) X5]
7 Capped trigonal prismatic[Mo(CNR);)**
9 Cluster compound | MoeCl2
+3 6 Octahedral [Mo(NCS)]*, [MoClg]*
8 Dodecahedral [Mo(CN)7(Hz0)]*
+4 6 Octahedral [Mo(NCS)]|*
8 Dodecahedral [Mo(CN)el*
+5 5 Trigonal bipyramidal | MoCls
6 Octahedral [M04Clyg], [MoOCls)*
8 Dodecahedral [Mo(CN)g]*
+6 4 Tetrahedral [MoQ?, [MoO,Cl,]
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Octahedral

[Mog]}, [MoF¢]

The stereochemistry of technetium (Group7 elemé&nt)ot much explored. Only

very few examples of this element are known. Stitihe of them are given in Table

2.4.

Table 2.4: Oxidation states and stereochemistried technitium compounds

Oxidation | Coordination Geometry Examples
state number

0 6 Octahedral [TACO)\q]

+2 6 Octahedral [Tc(diars)Cly]

+3 6 Octahedral [Tc(diars®ly]

+4 6 Octahedral [Tcx”

+5 5 Square pyramidal | [TcOXg4]
8 Dodecahedral [M(diars)Cly]"

+6 6 Octahedral [TcH
+7 4 Tetrahedral [Teq], [TcOsCl]

The stereochemistry of ruthenium (Group 8 elemisriteing given in Table 2.5.

Table 2.5: Oxidation states and stereochemistried cuthenium compounds

Oxidation | Coordination Geometry Examples
state number
) 4 Tetrahedral [Ru(Cqlf”
0 5 Trigonal [Ru(COY], [Ru(COR(PPH),]
bipyramidal
+2 6 Octahedral | [RUNOCE]%, [Ru(dipy)]**
+3 6 Octahedral [Ru(NB)sCI?*, [Ru(H0)Cls]*
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+4 6 Octahedral KRuClg]
+5 6 Octahedral K[Ruf], [RuFs]4
+6 4 Tetrahedral | [RuO4*
5 Trigonal [RUOs(OH),]*
bipyramidal
6 [RuFe]
Octahedral
+7 4 Tetrahedral [Rug].
+8 4 Tetrahedral [Rug)

The stereochemistry of rhodium (Group 9 elemens)ldeen given in Table. 2.6.

Table 2.6: Oxidation states and stereochemistried thodium compounds

Oxidation | Coordination Geometry Examples
state number

-1 4 Tetrahedral [Rh(C%)

+1 3 Planar [Rh(PP¥)3]CIO,4
4 Tetrahedral [Rh(PMey)4]”
5 Trigonal bipyramidal| [HRh(PFR)4]

+3 5 Square pyramidal | [Rhiy(CHg)(PPh),]
6 Octahedral [Rh(H,0)g %, [RhCK]*

+4 6 Octahedral KRhF]

+6 6 Octahedral [RhF

The stereochemistry of less explored element paladgroup 10) has been given in
Table. 2.7.
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Table 2.7: Oxidation states and stereochemistried palladium compounds

Oxidation | Coordination Geometry Examples
state number
0 3 Planar [PA(PPh)3]
4 Tetrahedral [PA(PF)4]
+2 4 Planar [PA(NE)]CI>
+4 6 Octahedral [PdCE*

The stereochemistry of silver (Group 11elemenbeisig given below: Table. 2.8.

Table 2.9: Oxidation states and stereochemistried silver compounds

Oxidation | Coordination Geometry Examples
state number
+1 2 Linear Ag(CN), Ag(NHz),"
4 Tetrahedral [Ag(SCNY]*, [Ag(pY)s]ClO4
6 Octahedral AgCl, AgF, Ag Br, (NacCl
structure)
+2 4 Planar [Ag(pyd®*
+3 4 Planar [AgF4]
6 Octahedral [Ag(106)", [AgFd]
2.6 SUMMARY

In this unit, an effort has been made to dischesgeneral characteristics of
the elements of the second transition series ssitheir electronic configuration and
variation in the oxidation states, magnetic behawi@omplex formation tendency,
colour of the compounds/complexes, catalytic astiviormation of interstitial and

non-stoichiometric compounds, metallic charactet altoy formation along with the

UTTARAKHAND OPEN UNIVERSITY Page 44



INORGANIC CHEMISTRY-II BSCCH-201

periodic properties and their variation across fgieéod. A comparative account of
these elements with their 3d analogues in respettteir ionic radii, oxidation states
and magnatic behaviour has also been given. A tiselussion of spectral properties
and a tabular account of the stereochemistry o€timepounds of the elements of this
series have also been recorded. It is hoped thatwihl enable the learners to

understand the subject matter in a better andreaaie

2.7 TERMINAL QUESTIONS

1. What are the transition elements? Why are thepdab?

2. Mention three main factors that enable transiti@ments to form complexes.

3. Write down the names and symbols of 4d and 5d awergeof element
manganese.

4. Which ion is more stable Agr Ad”* and why?

5. Write down the valence shell electronic configwatof Pd (Z = 46).

6. Write down two applications of Pd as catalyst.

2.8 ANSWERS

3. Technetium (Tc) and rhenium (Re)
4. Ag'ion due to 4% configuration
5. 4d°59

For Ans. 1, 2 & 6 please refer to the text.
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UNIT-3 CHEMISTRY OF THE ELEMENTS OF
THIRD TRANSITION (5d) SERIES

CONTENTS:

3.10bjectives

3.2Introduction

3.3General characteristics

3.4Comparative study with their 3d analogues
3.5 lonic radii, oxidation states, magnetic behavior
3.6 Spectral properties and stereochemistry

3.7 Summary

3.8 Terminal Questions

3.9Answers

3.10BJECTIVES

Objectives this unit are to make the learners widad the general
characteristics of the elements of the third ttamsi (5d) series such as their
electronic configuration, variable oxidation state®mmplex formation tendency,
magnetic properties, formation of coloured ionsompounds, catalytic activity,
formation of interstitial and non-stochiometric gqoounds, metallic character and
alloy formation, their periodic properties suchaasmic and ionic radii, melting and
boding points, ionisation energies and reactivéiandard electrode potential and

reducing property along with their variation in teries.

The comparative study of ionic radii, oxidatioatss and magnetic behaviour
of these elements with those of the 3d and 4d gonakwill also to be given so that
the learners may understand the similarities affdrdnces between the elements of
the three series. The learners will also be actg@ito the spectral properties and
stereochemistries of the compounds of these elenteninake them familiar with

these aspects.

3.2INTRODUCTION

The third transition series also contains ten elsisiand starts at lanthanum

(La, Z = 57), the element of Group 3, with'6¢f valence shell configuration. The
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next element of this series is hafnium (Hf, Z =, 7#Re element of Group 4, with
5¢#6” configuration in the valence shell. In betweenséhéwo d-block elements,
there occurs a series of 14 elements (from Z =05BL) which are called lanthanides
because they succeed La and are closely relatbditwikhese fourteen elements are
also known as elements of 4f series. Thus 5d set@went La precedes and Hf
succeeds the lanthanides. After Hf the filling of Subshell continues in tantalum
(Ta, Z = 73), tungsten (W, Z = 74), rhenium (Rex=Z5), osmium (Os, Z = 76),
iridium (Ir, Z = 77), platinum (Pt, Z = 78), golé\g, Z =79) and mercury (Hg, Z=80),
the element of Group 12, with ¥8<* valence shell configuration. All the elements of
this series have 2 electrons in 6s subshell arsibdhell is being progressively filled
with 1 to 10 electrons, except Au which has oneteta (6$) due to the shifting of
one s-electron to (n-1)d subshell to completely ifil(exchange energy effect).
Because the last or the differentiating electrothm atoms of these elements enters
the 5d subshell, the third transition series ofreets is also known as 5d transition

series.

These elements are much more important than thiodee second transition
series. This series of elements lies between batBay Z = 56), the elements of
Group 2, and thallium (TI, Z = 81), the elemenGobup 13 so the gradual transition
of the properties occurs in the period. These eftsnealso exhibit all the
characteristic properties of the d-block elemensts happens for those of first

transition and second transition series.

3.3 GENERAL CHARACTERISTICS OF THIRD
TRANSITION (5-d) SERIES ELEMENTS

The general characteristics of these elementssai@laws:

3.3.1Electronic Configuration and Variable Oxidation States

The elements of this series show a regular tremdthie electronic
configuration of the valence shell like those okffitransition series. The general
valence shell electronic configuration of thesereats is 58'%s"% The last two
elementsyiz, gold and mercury have completely filled 5d-substigl5d® whereas
all other elements have 1 to 8 electrons, i.e};?5d the d-subshell of penultimate
shell. As has been given in the introduction, oy has 65 configuration and all
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other elements have %sonfiguration in the last shell, In Au exchangermy effect
plays an important role to cause the sifting of 6aelectron to 5d-subshell so that it
has stable 5 configuration (i.e. 5t 6s' valence shell configuration) as was the case
with copper (3d series) and silver (4d series).

Like the elements of first and second transitienes, the elements of this
series also exist in various oxidation states @&rthbompounds, i.e., the variation of
the oxidation states is equally pronounced in {eenents of all the three series (i.e.,
3d, 4d- and 5d-). This is due to the availabilifyseveral electrons in 5d and 6s sub
shells whose energies are fairly close to eachr ditke the elements of other series
and under different conditions different numberetdctrons can be used from both
the subshells for chemical bonding.

It has been observed that like the members ofrgetransition series and in
contrany to those of first transition series, tlghbr oxidation states become more
stable and pronounced for the elements of thigseriso. The minimum oxidation
state varies from +1 to + 3 for these elementeimegal La and Hf have +3, elements
in the middle have +2 and the last two elemeviis,Au and Hg have +1 minimum
oxidation states. It is interesting to note thattfe elements up to the middle from
the left, the highest oxidation state of an elemg®tgual to the group number of the
element but this analogy does not apply to thedaiements as happens for elements
of second transition series. This has been shovawbe

Elements | La | Hf |Ta W Re Os Ir Pt Au | Hg

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

Lowest +3 | 43 +4 +2 +3 +2 +2 +2 +1 +1

OX. state

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

OX. state

From this table it is clear that the lowest oxidatstate is +1 for both Au and Hg and
the highest oxidation state is +8 for Os whichhe highest stable oxidation state

among all the transition elements.
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3.3.2Complex Formation Tendency

Most of the elements of this series also havectimeplex formation tendency
though to a lesser extent because of the weakrepeditive nature and non-
availability of wide range of ligands. Still somé them form the complexes with
halide, cyanide, NE H,O and =n-ligands (such as CO). The examples of the
complexes are given below:

Hafnium gives complexes of the type [HIQPOCY], [HfF6]2', [Hf(acac)],
[Hf(C204)4]*,etc. Ta forms complexes of the type [Ta(gQ)[TaCk)?, [TaR],
[TaF]%, [Ta(SCeHa)4) ,etc. and also gives clusters of {Xg]** type with halides.

Tungsten, like its 3d and 4d analogues chromiuth ranlybdenum, forms a
large number of complexes e.g. [W(GP) [Wo(COxd?, [W(CO)], [W-Clg]?,
[W(CN)g]*", [WF4] ,etc.

Rhenium gives various complexes with halides,giga and CO in different
oxidation states, e.g., [R€O)d, [ReCI(CO)], and [ReCi(Py)], [ReLlg?,
[ReRs]%, [ReHy]?, etc.

The complexes of Ir, Pt and Au in different oxidatistates with various ligands are

given below:
[Ir (CON2, [IrClg)?, [IrCla(H20)s] ", [IrCla(H20)], [Ir(C204)s]*

Pt gives complexes in two coordination numberscitare related with the
oxidation states, i.e., oxidation state +2, coaton number 4 and oxidation state
+4, coordination number 6. For example, [RIG| [Pt(NHs).Cls], [PtClg?,
[Pt(NH3)4Cl,]**, etc. Similarly, gold forms complexes such as KBN),] (oxidation
state +1, coordination number 2), K[Au[oxidation state +3, coordination number

4), [Auly(diars)]” ( oxidation state +4, coordination number 6), etc.

The complex formation in the lower oxidation statey these elements
provides an excellent tool for stabilisation of sbeoxidation states which are

otherwise unstable.
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3.3.3Magnetic Properties

As has been discussed earlier, chemical substamessbe diamagnetic,
paramagnetic or ferromagnetic. Diamagnetism is rigiite in every substance
irrespective of the presence or absence of tharametism and ferromagnetism. s-
and p-block elements always give diamagnetic comgsuthe compounds or the
ions of ferrous metalsjiz, iron, cobalt and nickel have ferromagnetism andethg
attraction between these substances and the madmddi. Ferromagnetic ions are
permanently magnetized and are not demagnetized ater their removal from the
applied magnetic field. Most of the d-block elenseeither in the elemental or ionic
form (in the compounds/complexes) are paramagaeticthis is due to the presence
of unpaired d-electrons in them. The property ofapsagetism, in particular, is
expressed in terms of magnetic moment, expressedebiermp which has the unit
of Bohr magneton, B.M. This is related with the raenof unpaired electrons, n by

the expression:
Leff=/n(n+2) B.M.

Based on this expression the magnetic momentgafious substances can be
calculated and compared with those obtained expetafly. It is clear that the
substance containing the metal ion with the highastber of unpaired electrons will

have the maximum magnetic moment.

The above formula qgf has been arrived at by taking into consideratioly o
spin motion of the electrons assuming that in trapounds or complexes of d-block
elements, the orbital motion is quenched (or sugg@®). If the orbital motion of the
electrons is also considered and taken into acctlumtformula fonu is given as has
been mentioned in point 2.3.3 (magnetic propertéssecond transition series

elements).
3.3.4Formation of coloured lons/compounds

The analogy given for the elements of first trdosi series as well as for
those of second transition series to exhibit coldao applies to the elements of this
series. In solid state or in solution, the compauodcomplexes are coloured though

only a few such compounds or the complexes are kndWhe elements of 5d-
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transition series which have unpaired electrony @an exhibit colour due to the

usual reasons as has been discussed above fon@®ddaransition series elements.
The attached atoms (in the compounds) or ligandstié complexes) are also
responsible for the type of colour of the compobedause these affect the transition
of electron (s) within the subshell or between shbshells. The selection rules for
electronic transitions also play an important rioledetermining the intensity of the

colour of the ions/complexes/compounds. If any led selection rules says that a
particular transition is forbidden but it occursedio the breakdown of the selection
rule, the intensity of colour produced is low, i@ull. But if the transition is allowed,

the intensity of the colour is high, i.e., fast.alhs why some compounds are dull

coloured but some others have very intense colour.
3.3.5Catalytic Activity

The elements of third transition series and tleeimpounds also show the
catalytic activity, some of them being very impaittand useful catalysts in a variety
of reactions used in industry. Some of the examipleghich these elements or their

compounds act as catalysts are given below:

(a) Pt/PtO is used as Radian’s catalyst in the oxidagactions.

(b) Pt gauze catalyses the oxidation of Nté NO at high temperature and the
process is used in the manufacture of nitric agi@btwald’s process.

(c) Mixture of Pt and Pd is used as a catalyst in tydrdgenation of unsaturated
hydrocarbons.

(d) Platinised asbestos catalyses the reaction bet®@eand Q in the manufacture
of H,SO, by contact process.

(e) Pt black is used to prepare formaldehyde from metitphol.

(f) Red hot finely divided Pt is used in the preparatad hydrogen halides from
hydrogen and halogens.

(9) Finely divided Pt is widely used in many hydrogématand dehydrogenation
reactions.

(h) Large quantities of Pt are also used in petrolindustry, synthetic fiber industry

and glass industry.

(i)
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3.3.6Formation of Interstitial and Non-stoichiometric compounds

The elements of third transition series also fambterstitial compounds with
small non-metallic elements such as hydrogen, cardnad nitrogen. During the
formation of these compounds, there is no changeerattice structure of the metal

because the non-metallic atoms just fit in the s@timetal lattice. Examples are:
TaH,.7s, HfC, TaC, WC, WC, HgN, TaN, VN etc.

Many of these compounds are non-stoichiometrie tige TaH.7s, etc. Such
compounds have semi-conductivity properties andiresnof colours. The non-
stoichiometry is, perhaps, due to the defects & dblid structures of transition
elements. The apparent molecular formula shows evhamber ratio but actually it
iS not so.

3.3.7Metallic Character and Alloy Formation

All the elements of this series are metals, méshem hard. Some of them
are malleable and ductile (e.g. Au, Pt etc.). A# elements of the series are solids
except Hg which among all the d-block elements texas a liquid at ordinary
temperature. These are good conductors of heaelaatticity. These elements also
crystallise in one of the close lattice structumeshas been given for 3d and 4d series

elements. Keeping aside Hg, all the metals of énes have high melting points.

In all the three series, it has been observedtiieametals of the Groups 8, 9,
10 and 11 (i.e. those of VIII and IB) are softedamore ductile which can be
explained in the light of their crystal structufdese metals crystallise to form face
centred cubic (fcc) lattice type close packed talykattice with large number of
planes where deformation can occur, while otheystallise with hexagonal close
packed (hcp) or body centred cubic (bcc) lattigeetclose packed structure. The
hardness of the d-block elements indicates theeppes of covalent bonding. The
number of covalent bonds gives the measure of tmyad-strength and hardness of
the metal. Because the unpaired d-electrons cam tale part in covalent bond
formation and their number increases from Groum & t{(n-1)cPns'}. Hence, the

metallic lattice becomes stronger and then stredgtineases progressively.
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These metals also form alloys but only a few albgve been prepared and
used because of the rare nature of these eleniartdg and Al-Hg alloys have been
used as reducing agents called amalgams. Pt-ly adloused to prepare coins,
standard weights etc. Pt-Ru & Pt-Cu alloys are atgmortant materials. The metals
like Pt, Au and Hg are very important, the firstoiw.z., Pt and Au are used in

jewellery. Gold is also used as coinage metal armgtéparing ornamental vessels.
3.3.8Periodic Properties and their variation along the ®ries

The periodic properties of the elements of thrahsition series such as the
atomic radii, atomic volumes, ionic radii, meltirand boiling points, ionisation
energies and reactivity, standard electrode peatsrdind reducing properties etc. vary
along the series (period) from the first elementh® last one. For some properties
the variation is regular and for the other it i®gular particularly at the end of the

series.
(a) Atomic Raddi, Atomic Volumes and lonic Radii

The values of atomic radii for these elements Hasen found to decrease
from La to Os, the element in the middle and thavehincreasing tendency up to the
last element, Hg. The values are very close frontoV®Pt because, perhaps, of the
increased screening effect of the 5d-electrons hvimeutralises the nuclear pull
exerted on the 6s- electrons. Then the screenfegtdifecomes more effective in the
later elements that too are still more pronouncethe last element, Hg which has
atomic radius only less than that of La and momntthat of any element of the

series. This trend has been shown below:

Elements | La | Hf |Ta W Re Os Ir Pt Au | Hg

Atomic 169 | 144 | 134 | 130| 128 126 127 130 136 150

radius(pm)

The atomic volumes of the elements also haveithdas trend as is found for
the atomic radii. The values first decrease ingbsges up to the middle and then
increase till the last element. Atomic volumes Yarious elements of the series are

being given below:
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Elements La Hf | Ta W Re | Os | Ir Pt Au Hg
Atomic 22.50| 13.60 10.90 9.52 8.85 8.44 8/54 910 10.228014
volume(crr)

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

the elements. lonic radii of the elements have b@#nined in different oxidation

states and the trend along the series can onlystableshed for the ions having the

same oxidation state. Some values have been galewhb

Metalion | L& [Hf* [Ta" [wW¥ [Re™ [os [Ir¥" [P [Au™ [HG™
lonic 117 85 70 80 72 77 82 77 85 106
radius (pm)

It has been observed that the ionic radii of thiéona of different elements in the

same oxidation state generally decrease with thee@sing nuclear charge or the

atomic number. The ionic radii of the elementshirftk transition series are almost the

same as those of the corresponding cations deficed the elements of second

transition series. The similarity in their ioniadiiais due to the presence of fourteen

lanthanides between La and Hf.

(b) Melting and Boiling Points

The melting and boiling points of these elemengs\very high except for Hg,

a liquid in physical state with very low melting foeezing point (-38.C). For these

elements, the values have been listed below:

Element| La | Hf Ta W Re Os Ir Pt Au Hg
Melting | 920 | 2222 | 2996| 3410 3180 2700 2454 1769 1063
point
(°C)

From the list, it is clear that Hf, Ta, W, Re, @sd Ir have very high melting points

in comparison to La, Pt, Au & ofcourse Hg. The lgjlpoints of all these elements

are above 300C leaving aside Hg which has low boiling point &f7%C.

(c) lonization Energies and Reactivity
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The first ionization energy values of these elemeéntrease gradually as we move

from left to right in the series from La to Hg. Thalues in kJ/mole have been given

below:

Elements

La

Hf

Ta

Re

Os

Pt

Au

Hg

First
ionization
energy
(kJ/mole)

538

684

761

770

760

840

880

87

89(

10

If compared with the first ionization energies thie elements of second

transition series, it can be observed that Y hgkdrivalue than La (both elements

are the members of Group 3) due to its smaller. $imem Hf to Hg, these elements

have higher values of first ionisation energiemthizose of the elements of second

transition series. This is attributed to the insexhnuclear charge in the elements of

this series though the atomic sizes of the elemeht®th the seriesjiz, 4d and 5d

series do not vary much. Thus, higher nuclear éeagises strong inward pull on the

outer electrons which are therefore, strongly heilth the nuclei and their removal

becomes difficult. This ultimately results in théglter values of first ionization

energies for these elements. Hg has exceptionigly\alue of first ionization energy

because more energy in required to remove an efedtom the stable 38

configuration of this element.

Due to high ionization energies and other facwiscussed in section 1.3

above, these elements show low reactivity, suchdbme of these elementsz, Ir,

Pt, Au, etc. are known as noble metals due to thassive nature towards the

chemical reactions with other elements and reagents

(d) Standard Electrode Potentials and Reducing Properéis

The two terms, i.e., standard electrode potentiatduction) and the reducing

properties of the elements are intimately relatét each other.

For 3d- and 4d-transitionseries elements some plemrhave been given

earlier and it has been stated that metals witlatineg values of standard electrode

potential as compared to standard hydrogen elestfod which E value is taken as

zero, act as reducing agents. Such metals caradesplydrogen gas from dilute acids
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as well as other metals from their solutions. Bwdre are metals, particularly
some d-block elements, which have positive valdestamdard electrode (reduction)
potentials with the tendency to get reduced byitself or the metals with negative
standard electrode potential values. Cu and Agach metals belonging to 3d- and
4d-transition series. Among the 5d-transition segkements, Pt, Au and Hg provide
the excellent examples of such metals as is gieémb

Au* +e— Au, E°=+1.68V
Au*" + 3e—Au E°=+1.42V
PE*+2e— PtE =+ 1.20V
Hg®* + 2e— Hg E°=+0.85V

These metals may thus, act as oxidising agentshamne a tendency to take up the

electrons. They hardly provide electrons for remunct

3.4 COMPARATIVE STUDY OF THE ELEMENTS OF
THIRD TRANSITION SERIES AND THE FIRST
TRANSITION SERIES

(a) Oxidation states

It has been observed that the elements of bosetlransition series exhibt
variable oxidation states including both common andommon. As has been stated
earlier that lower oxidation states are most state their chemistry is more
pronounced for the elements of first transition)(8eries while their higher oxidation
state are less stable. That is why their compoimdke higher oxidation states are
more reactive and less stable. This fact can benpkiéed by taking the strong
oxidising nature of dichromate (€%, oxidation state of Cr = +6) and
permanganate (MnQ oxidation state of Mn = +7) ions. These ions unsigtable
conditions take part in redox reactions and geticed to Cr(lll) and Mn(ll) states
which are stable.

Lower oxidation states are of relatively little pprtance for most of the
elements of third transition series. Thé*lion (5d) is hardly known but its 3d

analogue, CB is quite stable in aqueous medium. Similarl§; lon does not form
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complex with NH molecule while [Co(NH)e]** is highly stable in aqueous medium.
In manganese group (Group 7), Mion (3d) is stable; Réion (5d) is unstable and
occurs only in some complexes witHigands and metal clusters. Similarly,*Cion

(3d-trasition series) forms a large number of caxes and other normal

compounds, W ion (5d-transition series) forms only a few complex

The higher oxidation state is generally more stdbt the elements of third
transition series than that for the elements st thansition series. For example QsO
WCls, Ptk etc. are quite stable while FgQCrCk, NiFs, etc. are not known. Also
WO,* ion is highly stable and is not reduced easily nehe Cr@* is strong
oxidising agent and is readily reduced to +3 statimilarly, MnQ, is strong

oxidising agent but ReQis stable and very weak oxidising agent.

The highest oxidation state for 5d-transition seaements is +8 in Og@vhile that

for 3d-transition series elements is +7 in MnhiOns.
(b) lonic Radii

It has been observed that the ionic radii of 3tkseelements are smaller than
those of the 5d-series elements but there is osipall difference between the radii
of the ions of 4d- and 5d-series elements. Thus @d < 5d. This has been shown

below in the comparative table of the ionic raditree elements of the two series.

lons: Sét Ti* c zn’t
Radii (pm): 81 75 68 74
lons: L&* Hf** wH Ho™*
Radii (pm): 117 85 80 106

The change in the values after lanthanides is simedlause of the lanthanide

contraction.
(c) Magnetic Behaviour

As has been mentioned earlier that the magnetiggpties of the elements of
first transition series could be interpreted eaaityl the magnetic moments of their
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ions/atoms or compounds can be represented bythe®sly formula. The calculated
magnetic moment in this way gives an idea of thmlmer of unpaired electrons in
them as well as the type of geometry of the congdeaf these metals can be

predicted.

It has been observed that the magnetic behavibuineo elements of third
transition series is more complex and difficult émplain by using the spin only
formula. Thus, the magnetic moment from the numdbiemunpaired electrons is
difficult to find out in the compounds or complexafshese elements. This is because
5d orbitals are too much diffused or spread outspace and hence, the inter
electronic repulsions in these are much less inpaoison to 3d orbitals (of the
elements of first transition series) Hence, a gisenhof ligands produces very large
crystal field splitting energies in 5d orbitals thia 3d orbitals. The heavier elements
of this series will, therefore, tend to give inrmbital or low spin complexes as
compared to those of first transition series wigeherally form outer orbital or high

spin complexes.

3.5 SPECTRAL PROPERTIES AND STEREOCHEMISTRY
OF THIRD TRANSITION SERIES ELEMENTS

Most of the compounds/complexes of transition isesse highly coloured
because the metal ions are capable of absorbimgntagzhergy in the visible region of

the electromagnetic spectrum causing d-d transition

As has been discussed in Unit 1and 2, the d-dcsitrans (i.e., electronic
transition between two sets of d-orbitals) are oesfble for the electronic spectra
and colour of the ions/compounds/complexes of tti@nsmetals. But, this transition
only occurs when the radiation or photon of correaergy interacts with the
compound/complex having energy difference betweem d-orbital sets of central
metal ion equal to that associated with the photdis type of transition is called d-d
transition and the colours exhibited by the compslcomplexes of the elements of

first transition series are due mainly to thesaditions.

It has been observed that the d-d transitionsctfeleic spectra) of the
compounds/complexes of third transition (5d-) seekements are less important than

those of the complexes of first transition seriemments because more energy is
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required for causing d-d transitions due to greaadéue ofA, the crystal field splitting
energy. In the octahedral ligand field the incregsio is as follows: I < Ré" <
Pt etc.

The other types of electronic transitions whicle @&ncountered in the
complexes of the third transition series elementsrasponsible for their colours are
mainly the charge transfer spectra (C.T.) in whaddctronic transition occurs from
metal to ligand or ligand to metal preferably th&#dr. Sometimes M-M transition is
also observed in some polynuclear complexes. In dbhmpounds/complexes of
heavier elements of 5d-series, because of therlanggnitude ofA (crystal field
splitting energy), the d-d bands are found at lowavelengths or higher frequency
and hence, overlap with the charge transfer bahlis.charge transfer implies the
transfer of electron from one atom to another,fi@m metal to ligand atom or from
ligand atom to metal within the complex/compoundl dhus reflect the internal
redox tendencies of both the central metal atoms/gnd ligands. Thus, it is possible

to classify and rank metal ions according to tbheidising power:
os*> Ré" = 0s* = Pf* > PE*> Ir*

Greater the oxidising power of the metal ion arsbajreater the reducing power of

the ligand, lower the energy at which the chargesfer (-—M) bands appear.

The compounds with M-M bonds also give intens@unle.g., [ReClg)* is
royal blue. The metal carbonyls of these elemenith W-M bonds are often

intensely coloured.

Because the d-d transitions may be spin forbidaderwell as are Laporte
forbidden, the breakdown of the selection ruleggilight colours to the complexes.
But charge transfer transitions give rise to straigsorptions and when these
transitions occur in visible region, the complexipmund shows intense colour, This

is because the C.T. transitions are both spin ambite allowed.

Stereochemistry of the complexes and compounds
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It is easier to summarize the stereochemistry ld tompounds and
complexes of the elements of this series group .wispending on the oxidation
state, coordination number and type of ligandsemem the complexes or the atoms
The
stereochemistry of hafnium though less explore®(@r4 element) is tabulated here
Table. 3.1.

in the compounds, the elements show different ctdremistries.

Table 3.1: Oxidation states

Oxidation | Coordination Geometry Examples
state number
0 6 Octahedral [(arenghifPMe;]
3+
6 Octahedral [Hfl 3]
4+ 6 Octahedral [HfF¢]*, [Hf(acac)],
[Hf(C204)4*
Pentagonal bipyramidal | [HfF/]*
7
Monoclinic
N [HfO2]

The stereochemistry of tantalum (Group 5 elemeamtjlifferent oxidation states is

summarized in Table 3.2.

Table 3.2 Oxidation states and stereochemistries tdntalum compounds

Oxidation Coordination Geometry Examples
state number
-3 5 Trigonal bipyramidal| [Ta(CGQ)*
-1 6 Octahedral [Ta(CQ@)
+3 6 Octahedral [T&Cle(SMe)3]
+4 6 Octahedral [TaClipy], [TaClg)*
8 Square antiprism | [Ta;Clg(PMe3)4]
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+5 5 Trigonal bipyramidal | TaCk
6 Octahedral [TaOs] ,[TaxClyq],
[TaCle]
8 Square antiprism [TaRy®

The stereochemistry of tungsten (group 6 elemerdiffierent oxidation states) is
tabulated below: Table. 3.3.

Table 3.3 Oxidation states and stereochemistries tfngsten compounds

Oxidation Coordination Geometry Examples
state number
0 6 Octahedral [W(CQ)
+3 6 Octahedral [W(diars)(CO}Br,]*
+4 6 Octahedral [WBr;Me;]
8 Dodecahedral [W(CN)g]*
+5 6 Octahedral [WF¢]
8 Dodecahedral [W(CN)g]*
+6 4 Tetrahedral [WO,*
6 Octahedral [WClg]
8 Dodecahedral [WFel*

Stereochemistry of rhenium (Group 7 element) ifiedént oxidation states is more

pronounced than its 4d congener Tc which has kadandted below in Table.3.4.

Table 3.4 Oxidation states and stereochemistries dienium comp[ounds

Oxidation | Coordination Geometry Examples
state number
0 6 Octahedral [R€CO)q]
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+1 Trigonal bipyramidal | [ReCI(CO}(PPh),]
Octahedral [Re(COXCI], [Re(CN)|*
+2 Octahedral [ReCI()(PRs)4]",
[Re(bipy)]**
+3 Octahedral [ReChk(acac)(PP¥)2]
Pentagonal bipyramidal [Re(CN)]*
+4 Octahedral [Re¥”, [ReOChq*
+5 Trigonal bipyramidal | ReCk, Rek
Octahedral [ReOCh(PPh);], [ReOCH*
Dodecahedral [Re(diars)Cly]*
+6 Tetrahedral (distort.) | [ReOy*
Square pyramidal | [ReOCl]
Octahedral [ReR], [Re(CH)e]
Square antiprism | [ReRg]*
+7 Tetrahedral [ReQy]’, [ReOCH]
Pentagonal bipyramidal [ReF]
Tricapped trigonal | [ReHg]*
prismatic

Stereochemistry of osmium (Group 8 element) inowwioxidation states is being

given in Table 3.5.

Table 3.5 Oxidation states and stereochemistries obmium compounds
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Oxidation Coordination Geometry Examples
state number
0 5 Trigonal bipyramidal [Os(C@) [Os(CO) X]2
+2 6 Octahedral [Os(Chf
+3 6 Octahedral [0sCk]%, [Os(dipy}]®*
+4 4 tetrahedral [OsPhi]
6 Octahedral Ko[OsCl]
7 Distorted pentagonal | [OsH(PPh)4]*
bipyramidal
+5
6 Octahedral Na[OsF
+6 5 Square pyramidal [OsOCly]
6 Octahedral [OsRy], [0sQ.Cl,)?,
[OSO(OH)]*
+7 4 Tetrahedral [0sQy]
6 Octahedral [OsOF]
+8 4 Tetrahedral [OsOy]
6 Octahedral [OsOsF],
[OSOy(OH)]*

Stereochemistry of iridium (Group 9 element) inioas oxidation states has been

summarized in Table 3.6.

Table 3.6 Oxidation states and stereochemistries ofdium compounds

Oxidation Coordination Geometry Examples
state number
1 4 Tetrahedral [Ir(CQPPH]
+1 4 Planar [IrCI(CO)(PB):]
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5 Trigonal bipyramidal [HIr(CO)(PRy]
+3 5 Trigonal bipyramidal | [IrH 3(PRs)2]

6 Octahedral [IrtH3(PPh)4], [IrClg]*
+4 6 Octahedral [IrGJ?, [IN(C204)3]*
+5 6 Octahedral Csl[lIdf
+6 6 Octahedral [IrE]

The stereochemistry of platinum (Group 10 eleméntjifferent oxidation states is
being given in Table 3.7.

Table 3.7 Oxidation states and stereochemistries sbme platinum compounds

Oxidation Coordination Geometry Examples
state number
0 4 Tetrahedral [Pt(CO)(PRA]
+2 4 Square planar | [PtCL]*
6 Octahedral [Pt(NO)CE]*

+4 6 Octahedral [Pt(en}Cl]%*, [Pt(NHs)g]*",
[PtClg]*

+5 6 Octahedral [PUF

+6 6 Octahedral [P

The stereochemistry of gold (element of Group $Bding given in Table 3.8.
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Table 3.8 Oxidation states and stereochemistries eébme gold compounds

Oxidation Coordination Geometry Examples
state number

+1 2 Linear [AU(CN)2]"
3 Trigonal planar [AuCI(PPhy)2]
4 Tetrahedral [Au(diarsy]”

+3 4 Planar [AuBr4]’, [AuPhy]
5 Trigonal bipyramidal [Au(diars)l] 2+
6 Octahedral [AuBrg)¥,

3.6 SUMMARY

In this unit, you have studied the general chargstics of the elements of
third transistion seriesyiz., electronic configuration and variable oxidatisates,
magnetic behaviour, complex formation tendency, mition of coloured
compounds/complexes, catalytic activity, metallitaacter and alloy formation,
formation of interstitial and non-stoichiometricnepounds along with the periodic
properties such as atomic and ionic radii, meltamgl boiling points, ionisation
energy and reactivity, standard electrode (rednffimtential and reducing properties
etc with their variation along the transition serigffort has also been made to record
a comparative account of these elements with Beiranalogues in respect to their
ionic radii, oxidation states and magnetic behavidthe spectral properties and
stereochemistry of the elements in the form ofeslblave also been given to make it

easy to understand the subject.

3.7 TERMINAL QUESTIONS

1. Write down the names and symbols of the elementsiraf transition series.
2. The maximum oxidation state of osmium is

(@) 4
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(b) 6
(c) 8
(d) 10
3. The oxidation state of tungsten in [W0k
(@ +2
(b) +4
(c) +5
d) +6
4. The formation of coloured compounds/complexes by éements of 5d-
transition series is due to
(a) d-d transitions
(b) Charge transfer transitions
(c) Transitions in UV region
(d) None of above
5. The atomic radii of second and third transitiorieseelements are close to one
another. True/false

6. Write down two catalytic applications of Pt.

3.8 ANSWERS

1. Please see the text
2. C

3.d

4. b

5. True

6. Please see the text.
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UNIT-4 CHEMISTRY OF THE LANTHANIDE
ELEMENTS

CONTENTS:
4.1Introduction

4.2 Objectives

4.3 Electronic structure

4.4 Oxidation states and ionic radii
4.5Lanthanide contration
4.6 Complex formation

4.7 Occurrence and isolation
4.8 Lanthanide compounds
4.9 Summary

4.10Terminal Question

4.11Answers

4.1 OBJECTIVES

The objectives of this unit are to make the leernmderstand various aspects
regarding lanthanides or 4f-block elements suchth&sr electronic structure or
configuration, oxidation states, ionic radii andregponding lanthanide contraction,
complex formation by these elements, etc. It i® @sned at giving the readers an
idea of the occurrence and isolation of these efsralong with the discussion of the

lanthanide compounds.

4.2INTRODUCTION

Lanthanides, also sometimes called lanthanons, ttage elements which
constitute a distinct series of fourteen elemertmfcerium (Ce, Z = 58) to lutetium
(Lu, Z = 71). They are so called because theseasrsucceed lanthanum (La, Z
=57), the element of Group 3 and lie between it Aathium (Hf, Z = 72), the
element of Group 4, both belonging to third trapsitseries (or 5d-transition series).
That is why they are also known as inner transitedements. These fourteen
elements belong to f-block and are the membersf@kedes because the last or

differentiating electron in the atoms of these edata enters 4f-subshell, i.e., the f-
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subshell of ante-penultimate shell (here n=6). THudock elements have partly

filled f-subshells of (n-2) shell in the elementary or ionic state.

The first and the last elements of the 4f-serieseHaeen mentioned above (i.e., Ce
and Lu). The rest twelve elements along with tlkgmbols and atomic numbers are

given below:

praseodymium (Pr, Z = 59), neodymium (Nd, Z = g@fpmethium (Pm, Z = 61),
samarium (Sm, Z = 62), europium (Eu, Z = 63), geiloin (Gd, Z = 64), terbium
(Th, Z = 65), dysprosium (Dy, Z = 66), holmium (Hb= 67), erbium (Er, Z = 68),
thulium (Tm, Z =69) and ytterbium (Yb, Z = 70). &malogy with various series of d-
block elements, these elements are called firgritnansition series elements. All the
fourteen elements of the series resemble closellgaim electronic configuration and
chemical properties with one another as well ab Weihthanum which may be called
a prototype of lanthanide elements. All these eldmeaid to be the members of

Group 3 i.e., Sc group and have been allotted mggesposition in the periodic table.

These elements were originally called rare eaffments because the
elements then known occurred as oxides (earthsjvane available scarcely. All the
elements have similar physical and chemical praggehence are considered together
for their study.

It is interesting to note that the elements witrere atomic numbers are
relatively more abundant and also have a largerbeurof isotopes but those with
odd atomic numbers are less abundant and do na tere than two isotopes.

Promethium (Z = 61) has been made artificially caiyl does not occur in nature.

4.3 ELECTRONIC STRUCTURE OF LANTHANIDES

The electronic configurations of the lanthanidesehbeen derived from the
electronic spectra of the atoms of these elemehkese spectra have great
complexity thereby inferring to some doubt aboet tonfigurations. In the following
table, the expected and alternative probable cordigpns of the elements have been
listed. The expected configurations have been ddrivy taking into account the
electronic configuration of lanthanum and supposthgt in all the lanthanide

elements succeeding lanthanum, additional electrares filled in 4f-subshell

UTTARAKHAND OPEN UNIVERSITY Page 68




INORGANIC CHEMISTRY-II BSCCH-201

successively from cerium to lutetium. Thus the Kons are embedded in the
interior while 5d and 6s electrons are exposech& durroundings. The electronic

configurations of lanthanide elements are givehahle 4.1.

Table 4.1 Electronic structures of lanthanum and lathanides

Element At. number | Expected electronic Alternative
4 configuration probable
configuration
Lanthanum (La) 57 [Xe]56s -
Cerium (Ce) 58 [Xe]4bd'6< [Xe]4f’6<
Praseodymium (Pr 59 [Xe[Ed'6s [Xe]4f6<
Neodymium (Nd) 60 [Xe]46d'65 [Xe]4f'6s
Promethium (Pm) 61 [Xe]#d'6< [Xe]4f°6<
Samarium (Sm) 62 [Xe]2Bd'6< [Xe]4f’6<
Europium (Eu) 63 [Xe]4Bd'6< [Xe]4f'6&
Gadolinium (Gd) 64 [Xel4bd'6< [Xel4f'5d'65
Terbium (Tb) 65 [Xe]4Bd'6< [Xe]4f°6<
Dysprosium (Dy) 66 [Xe]4bd'6< [Xe]4f' %<
Holmium (Ho) 67 [Xe]4t’5d 65 [Xe]4ft6<
Erbium (Er) 68 [Xe]aF5d'6<? [Xe]4f%6<
Thulium (Tm) 69 [Xe]4t?sd'65 [Xe]4f6<
Ytterbium (Yb) 70 [Xe]4sd'6s [Xe]4f*6<
Lutetium (Lu) 71 [Xe]4t'5d'6s [Xe]af*‘5d'6s’
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According to the latter view, as is evident frohe ttable, the solitary 5d-
electron shifts into the 4f-subshell in all the ema®xcept in Gd (64) and Lu (71)
because it is favourable energetically to movesihgle 5d-electron into 4f-orbital in
most of the elements and give more appropriatetrel@ic configuration which in
widely accepted. In Gd such a shift would have rdgstd the symmetry of a half
filled f-subshell and the resulting configuratiomwd have been less stable than the
probable configuration i.e., 4fs more stable than 84{:onfiguration. In lutetium, the
f-subshell is already completely filed and canrsmicommodate any additional

electron.

From the above, it may be concluded that the gémdectronic configuration
of lanthanide elements could be written as [Xe)f-Z#(n-1)d"'ns® where n is the
principal quantum number, i.e., 6. The three sulbshéz, (n-2)f, (n-1)d and ns

together form the valence shell of these elemértsAf.5d.6s = valence shell.

4.4 OXIDATION STATES

It has been shown that the lanthanide elementkighty electropositive and
form essentially ionic compounds. It is observed tteese elements that +3 (i.e.
formation of tripositive ions, L) is the principal or common oxidation state
exhibited by all of them. This is said to be thesmstable oxidation state of the
lanthanides. Some of these elements also shownd 24 oxidation states but except
a few such ions, they have the tendency to getarted to +3 state. For example, Sm
and Ce form SAT and C&" ions but are easily converted to +3 states. ThatHy

Snt* is a good reducing agent while‘Cés a good oxidising agent, i.e.,
Snf*— Snt* + e (electron provider, a reductant)
Ce" + e— Ce"" (electron acceptor, an oxidant)

It means LA and LA" ions are less frequent than®(rions among the lanthanides.

+2 and +4 oxidation states are shown by the elesyanticularly when they lead to:

(a) Noble gas electronic configuration, e.g. qéf),
(b) Half-filled f-orbital, e.g., EG" and TH* (4f"), and
(c) Completely filled f-orbital, e.g., YB (4% in the valence shell.
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Among the above, +2 and +4 oxidation states, whidkt only in aqueous solutions,
are exemplified by SA, ELF*, Yb*" and C&".

There are some exceptions also, i.e., sometimeanél2+4 oxidation states are also
shown by the elements which are close’td’fand {* states, e.g., the valence shell

configurations of the ions given below aré, 4, 4f, 4f° and 4¥f, etc.:

Ce™": aft: CE: 4f2; Snf': 4f°; PP af'; PrY . 4f: Dy? 4f%; Nd*: 4f; Tm*™":
413,

No satisfactory explanation for these exceptioas het been given. These
oxidation states have only been explained on tséstzd thermodynamic and kinetic
factors, that too arbitrarily. Due to the only oseble oxidation state (i.e., +3),
lanthanide elements resemble each other much rhare do the transition (or d-
block) elements. It has also been observed thahitjeer oxidation states of the
lanthanides are stabilized by fluoride or oxidesiowhile the lower oxidation sates
are favoured by bromide or iodide ions. Among taethanides, in addition to +3
states, +2 states is shown by Nd, Sm, Eu, Tm, andoMy whereas +4 state is

exhibited by Ce, Pr, Nd, Tb and Dy elements. Restdlements show only +3 states.

4.5 IONIC RADII AND LANTHANIDE CONTRACTION

Here, ionic radii of tripositive ions (i.e., E) have only been considered
because +3 is the most stable and common oxidataie of all the lanthanides, in
general. It has been observed that the atomic Asaw¢he ionic radii of lanthanides
decrease steadily as we move from Ce to Lu. Thie iadii have been listed below

(for Ln*" ions):

Ln® | ce* | PP | N&® | P | St | EXY | G&** | TB® | Dy** | HO* | EFY | Tm® | YB* | LU

ions

lonic
radii | 103 | 101| 100 | 98 96 95 94 92 91 90 89 89 8 8
(pm)

From the above list it is clear that the ionicira@crease steadily all along
the series amounting in all to 18 pm. This shrigkim the ionic size of the Bfiions

with increasing atomic number is calle&hthanide contraction. The term steadily
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decrease means the values decrease regularly #md wery small difference though

the nuclear charge increases by +14 units fronfiitsteto the last element.

The atomic radii of these elements also decraase €e to Lu (Ce : 165 pm,
Lu : 156 pm) but the overall shift is only of 1656l= 9 pm. These values do not
decrease regularly like ionic radii rather there some irregularities at Eu and Yb
which have abnormally high atomic radii. (Eu : ¥88, Yb : 170 pm).

The atomic radii for the metats are actually thetatlic radii which are
recorded for the metal atoms surrounded by 8 ond&rest neighbors (in bulk).
Various metal atoms in metal crystal are bondedttogr by metallic bonding. In Eu
and Yb, only two 6s-electrons participate in metablonding, 4f-subshells being
stable. For other lanthanides, three electrongjanerally available for this purpose.
This results in larger atomic volumes for Eu and Médrause of weaker bonding
among atoms. The larger values ultimately give tisthe larger size to the atoms of

the elements.

Cause of Lanthanide Contraction

As we move along the lanthanide series from Cd.up the addition of
electrons takes place to the 4f-orbitals, one ah etep. The mutual shielding effect
of f-electrons is very little, being even smallaan that of d-electrons, due to the
scattered or diffused shape of these orbitals. Mewehe nuclear charge (i.e. atomic
number) goes on increasing by one unit at each(sepeach next element). Thus,
the attraction between the nucleus and the outdérstul electrons also goes on
increasing gradually at each step. The 4f-electaresnot able to shield effectively
the attraction of the nucleus (i.e. inward pull) flee electrons in the outer most shell
as the atomic number of lanthanide elements ines@hkis results in the increased
inward pull of the outer most electrons by the pusl| finally causing the reduction
in the atomic or ionic size of these elements. $tmm of the successive reductions

gives the total lanthanide contraction.

It may be concluded that the lanthanide contracamong the 4f-sereies
elements and their ions takes place due to the slieiding effect of 4f-electrons

and gradual increase in the nuclear charge.

UTTARAKHAND OPEN UNIVERSITY Page 72



INORGANIC CHEMISTRY-II BSCCH-201

Consequences of Lanthanide Contraction

Lanthanide contraction plays an important rola@é&termining the chemistry
of lanthanides and heavier transition series elésn€&Gome important consequences

of lanthanide contraction are discussed below:

(a) Basic character of lanthanide hydroxides, Ln(OH}

Because the size of tripositive lanthanide ions’{Ldecreases regularly with

increasing atomic number (or nuclear charge), thecgss being called

lanthanide contraction, therefore, the covalentattar between ¥ ion and

OH ions increases from La(Ogljo Lu(OH) (Fajans’ rules). As a result, the

beasic character of the hydroxides decreases natleasing atomic number.

Consequently, La(OH)s the most basic while Lu(OHlis the least basic.

(b) Resemblance between the atomic radii of the secoadd third transition

series elements

The lanthanide contraction is an important fagiaallowing the separation of
lanthanides from one another. Also it has significeffect on the relative properties
of the elements which precede and succeed thealaidigs. Normally in the same
group, the atomic (or covalent) radii increasetss talue of n (principal quantum
number) increases due to increased distance betiieemucleus and the outermost
shell of the electrons which counterbalances theeased nuclear charge. This fact is
evident when the values of atomic radii are comgpdioe the elements of first and
second transition series. On the same analogyatibraic radii of the elements of
third transition series should be greater than dhosthe second transition series
elements. This statement is valid only for the @erta of Group 3, i.e. Sc, Y and La
in terms of their atomic radii (see the table giefow). But, when these values are
compared for the elements of 4d and 5d seriebennext groupyiz. Group 4, 5
................. 12, it is observed that the values are ueetqdly almost equal. The
similarity in the values of atomic radii for theeglents of second and third transition
series is attributed to the inclusion of 14 lantas between La (Z = 57, Group 3)
and Hf (Z = 72, Group 4) of third transition seriegiich due to “lanthanide
contraction” cancel the increase in the valuestainé radii. Due to the similarity in
the size of the elements of the two series (iecpsd and third), the elements of a

particular Group resemble each other more closeltheir properties than do the
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elements of first and second transition series. &@mples of the pairs of elements

which show similar properties and hence are diffitm separate are Zr- Hf, Nb-Ta,
Mo-W, Ru-Os, Rh-Ir, Pd-Pt and Ag-Au. The atomicirafl the elements of the three

transition series are given below to justify theabstatement.

Groups 3 4 5 6 7 8 9 10 11 12
Elements of 3dy Sc Ti \% Cr Mn Fe Co Ni Cu Zn

sereis

Atomic radii (pm)| 144 | 132 122 117 117 117 116 115 117 12
Elements of 4d{Y Zr Nb Mo Tc Ru Rh Pd Ag Cd

sereis

Atomic radii (pm)| 162 | 145 134 130 127 125 125 128 134 14
Elements of 5-

sereis La-Ln Hf Ta W Re Os Ir Pt Au Hg

Atomic radii (pm) 169 144 134 130 128 126 127 130 361 | 150

From this table, it is evident that due to lantdancontraction, the atomic and ionic

radii of second and third transition series elemelat not differ much though they are

appreciably higher than those of first transiti@mies elements. It is also observed

that the atomic radii of the elements falling imnagely after the lanthanide series

are closer to those of their 4d-congeners and tieeteslowly decreases along the

series of 5d-elements as we move away from it.

(a) Densities of the elements of the three transitioresies
The density and atomic volume are inversely propoal to each other. All

the transition metals have low values for theindtovolumes and hence their

densities are high. In a given transition seriég, atomic volumes of the

elements first decrease on proceeding from lefigist and generally attain a

minimum value for the elements of group VIII (i.&youps 8,9,10). They

then start increasing further up to Group 12 eld@meAccordingly, the
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density of the elements increases from left totrigh to the elements of
Group VIII (Groups 8,9,10) and then decreases uprtup 12.

Down the group, the densities of the elements aswreregularly. But the
striking feature that has been observed on movimg the first element to the
last element in every group is that the densityfeth® elements belonging to
second transition series are only slightly highdant those of the
corresponding elements of 3d-series while the walaethe elements from Hf
(Z =72) to Hg (Z =80) (i.e., 5d-sereis) are almdsuble of those for the
elements from Zr (Z=40) to Cd (Z=48), respectiviglg-sereis). This analogy
does not apply to Y(Z=39) and La (Z=57). This carelzplained as follows:

Because of lanthanide contraction, the atomic sifethe elements of third
transition series after La (Z=57) i.e. form Hf omds become very small and
as a result, the packing of atoms in their metalligstals becomes much
compact which results in high densities. Alsoyghis only a small difference
in the atomic sizes of the elements of the twoeseviz.,, 4d-and 5d-series but
the atomic masses of the elements of 5d-seriesalanest double to the
corresponding elements of 4d-series. This makesdémsities of 5d-series
elements almost double to those of the elementsl-ceries.
(b) Similarities among lanthanides

There is very small change in the radii of lantdasi and hence their
chemical properties are quite similar. This makies separation of these
elements using the usual physical and chemical odsthdifficult.
Consequently new methods like ion exchange tecknigalvent extraction
etc. have now been used for their separation whieh based on slight

difference in the properties like hydration, conxplen formation, etc.

4.6 COMPLEX FORMATION BY LANTHANIDES

The lanthanides have low charge density due tw theger size in spite of
having high charge (+3). Hence, they do not caugehnpolarization of the ligands
and have a weak tendency for complex formation.s Theluctance for complex

formation may be attributed mainly to:
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() The unfavourable electronic configuration on thethanide ions.

(i) The larger size which leads to little attractiondtectron rich species.

Because of the above reasons, only the high ertg§s and 6p-orbitals are
available for coordination, the 4f-orbitals beirgeened, so that only strong (usually
chelating) coordinating groups can interact. Thasly a few complexes with
unidentate ligands are formed but stable complexesformed by L# ions with
chelating ligands such as (i) oxygen containng, EDTA, B-diketones, citric acid,
oxalic acid, acetyl acetone, oximes, (ii) nitrogamntaining,viz,, ethylene diamine,
NCS, etc. The Li{ ions do not form complexes witttbonding ligands such as CO,
NO, CNR, etc., at all. The complex forming tenderanyd the stability of the
complexes increases with increasing atomic numbes fact is taken as a basis to
take advantage in their separation from one ano@e(lVV) complexes are relatively
common, an example of high oxidation state ion isgelstabilization through

complexation.

The most important class of lanthanide complexes the anionic type.
Complexation with hydroxycarboxylic acids such @ga@and tartaric acid is used in
the separation procedure of lanthanides. The EDDMmpiexes have achieved
importance in the recent years. The coordinatiomlyer of lanthanide complexes is

usually six.

4.7 OCCURRENCE AND ISOLATION OF LANTHANIDE
ELEMENTS

Except promethium which is unstable and occurs anl traces, all the
lanthanides occur in nature to a considerable gxtenium being the most abundant
of all the elements. There are more than hundrederais known to contain
lanthanides but very few are of commercial imparearMonazite sand is the best
known and most important mineral of lanthanide epta which is essentially a
mixture of orthophosphates, LnP@ontaining upto 12% thorium, the element of 5f-
series, small amounts of Zr, Fe and Ti as silicdseghanum and about 3% yttrium.
Among lanthanides contained in monazite, the bsilafiCe, Nd, Pr and others occur

in minute quantities.
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Extraction of lanthanide metals

After conventional mineral dressing which givesnerals of more than 90
percent purity, the mineral is broken down by eitheidic or alkaline attack. By
making use of different solubilites of double salte(SOy)3.NaeSOy.xH,O for light
and heavy lanthanides and low solubility of hyddas&ide of thorium, the lanthanide
fractions and thorium containing portions are safeal in acidic medium.

Monazite is treated with hot conc..$0s when thorium, lanthanum and
lanthanons dissolve as sulphates and are sepafabed insoluble material
(impurities). On partial neutralisaion by NBIH, thorium is precipitated as ThO
Then NaSO, is added to the solution. Lanthanum and light Hanides are
precipitated as sulphates leaving behind the héanthanides in solution. To the
precipitate obtained as above, is added hot coa@HN The resulting hydroxides of
light lanthanides are dried in air at 2a0to convert the hydroxides to oxides. The
oxide mixture is treated with dil. HNOThis brings Ce@as precipitate and other
lanthanides in solution. From the solutions obtdias above for heavy and light
lanthanides, individual members of lanthanide sedee isolated by the following

methods:
Isolation of Individual Lanthanide Elements:

All the lanthanides have the same size and ch@fge3 unit). The chemical
properties of these elements which depend on tte &ind charge are, therefore,
almost identical. Hence, their isolation from omether is quite difficult. However,

the following methods have been used to separate from one another.

1. Fractional Crystallization Method:

This method is based on the difference in solybitif the salts such as
nitrates, sulphates, oxalates, bromates, percegraarbonates and double salts
of lanthanide nitrates with magnesium nitrate whicistallize well and form
crystals. Since, the solubility of these simple dodble salts decreases from La
to Lu, the salts of Lu will crystallize first folweed by those of lighter members.

The separation can be achieved by repeating cligatadn process a number of
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times. A non-aqueous solventiz., diethyl ether has been used to separate
Nd(NOs); and Pr(NQ)s.

2.  Fractional Precipitation Method:
This method is also based on the difference ishdldly of the precipitate
formed, which is formed on addition of the pre@pit, i.e. Precipitating agent.
If a little amount of precipitant is added, thetsaith lowest solubility is
precipitated most readily and rapidly. For exampleen NaOH is added to a
solution of Ln(NQ)s, Lu-hydroxide being the weakest base and havimg th
lowest solubility product is precipitated first whiLa-hydroxide which is the
strongest base and has the highest solubility mtoduprecipitated last. By
dissolving the precipitate in HNGnd reprecipitating the hydroxides a number
of times, it is possible to get the complete sefanaf lanthanide elements.

3. Valency change Method:

This method is based on the change of chemicalepties by changing the
oxidation state of the lanthanide elements. Thetrmportant application of
this method is made in the separation of cerium emn@pium elements from

mixture of lanthanides.

(i) The mixture containing L ions if treated with a strong oxidising agent
such as alkaline KMng only C€&" ion is oxidized to C& while other
Ln** jons remain unaffected. To this solution alkali aslded to
precipitate Ce(OH)only, which can be filtered off from the solution.

(ii) E?* can be separated almost completely froni'ians from a solution
by reducing it with zinc-amalgam and then precipita as EuS® on
adding HSO, which is insoluble in water and hence can be saedr

The sulphates of other Ehions are soluble and remain in solution.

4. Complex Formation Method:

This method is generally employed to separate kedenthanide elements
from the lighter ones by taking the advantage airgfer complexing tendency
of smaller cations with complexing agents. When BO3 added to L% ion

solution, lanthanides form strong complexes. Iflat@ions are added to the

solution containing EDTA and Ehions, no precipitate of oxalates is obtained.
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However, on adding small amount of acid, the Isteble complexes of lighter
lanthanides are dissociated and precipitated adatesa but the heavier

lanthanides remain in solution as EDTA complexes.

5. Solvent Extraction Method:

This method is based on the difference in the wbfepartition coefficient of
lighter and heavier lanthanides between two so$/emi., water and tri-butyl
phosphate (TBP). Heavier lanthanides are more olub TBP than lighter
ones whereas reverse trend of solubility is foundwater and other ionic
solvents. La(Ng)s and Gd(NQ); have been separated by this method
because the partition coefficient of Gd-nitratewater and TBP is different
from that of La-nitrate. Thus, Gd-nitrate can bpasated from La-nitrate by
continuous extraction with water from a solution tbese salts in TBP in
kerosene oil or by using a continuous counter-ciirepparatus which gives a

large number of partitions automatically.

6. Modern lon-Exchange Method:
This is the most rapid and most effective methadHe isolation of individual
lanthanide elements from the mixture. An aqueoustiso of the mixture of
lanthanide ions (L#iaq) is introduced into a column containing a sytithe
cation exchange resin such as DOWAX-50 [abbreviagedHR (solid)]. The
resin is the sulphonated polystyrene containingk6@s the functional group.
As the solution of mixture moves through the o LrF*aq ions replace H
ions of the resin and get themselves fixed on it:
Ln**aq + 3H(resin)— Ln(resin} + 3H'aq
The Haq ions are washed through the column. Th&dm ions are fixed at
different positions on the column. Since,3taq. is largest (L?I anhyd. is
smallest and is hydrated to the maximum extent) @eidag. is the smallest,
Lu**ag. ion is attached to the column with minimum fiess remaining at the
bottom and C&ag. ion with maximum firmness remaining at the aipthe
resin column. In order to move these’lay. ions down the column and recover
them, a solution of anionic ligand such as citrate2-hydroxy butyrate is
passed slowly through the column (called elutidif)e anionic ligands form

complexes with the lanthanides which possess |gwsitive charge than the
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initial Ln®"aq ions. These ions are thus displaced from thie eesl moved to
the surrounding solutions as eluant- Ln complexes.

For example, if the citrate solution (a mixture afric acid and ammonium
citrate) is used as the eluant, during elution @ss¢ NH" ions are attached to

the resins replacing Efaq. ions which form Ln-citrate complexes:

Ln (resin + 3NH;" — 3NH,- resin + Li*aq

Ln**aq + citrate ions~ Ln-citrate complex

As the citrate solution (buffer) runs down the ewim, the metal ions get
attached alternately with the resin and citrates ifn solution) many times and
travel gradually down the column and finally pasg of the bottom of the
column as the citrate complex. The®faq cations with the largest size are,
eluted first (heavier Lfiaq ions) because they are held with minimum firrsnes
and lie at the bottom of the column. The lighteflag ions with smaller size
are held at the top of the column (with maximunmfiess) and are eluted at
last. The process is repeated several times byutaantrol of concentration of
citrate buffer in actual practice.

4. 8LANTHANIDE COMPOUNDS

The lanthanides are very electropositive and nemaagnetals, the reactivity
depends on the size. Europium with the largest @zenost reactive. All the
lanthanides generally give normal and complex campgs.

Oxides:
If lanthanide elements are ignited in air of ey readily form the oxides of
Ln,O3 type except Ce which gives a dioxide, GeDhe oxides are ionic and
basic. The basic nature of oxides decreases almmgdries with decreasing
ionic size.

A

2Ln+3Q — LnO3

A

Ce+0Q— Ce
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Ytterbium resists the action of air even at 1M@ue to the formation of a

protective layer of oxide on its surface.
Hydroxides:
The lanthanides react slowly with cold water buatdigy with hot water:
2Ln+6 HO— 2Ln(OH) + 3H,

On adding aqueous ammonia to this aqueous solutigrpxides are precipitated as
gelatinous precipitate. These hydroxides are asiciand basic, the basic nature
decreasing with increasing atomic number. La(id)most basic and Lu(OHl)s
least basic. Their basic character is more thahdh&l(OH)s; but less than that of
Ca(OHy).

Oxo-salts:

Lanthanides form oxo-salts such as nitrates, sedpaterchlorates and salts of oxo-
acids which are soluble in water but carbonates axalates are insoluble. The
difference in basicity is responsible for the diffiece in thermal stability of the oxo-

salts which decreases along the series. Thus, Lgghmore stable than Lu(NR.
Halides and Hydrides:

The lanthanides also burn in halogens to producésligpe halides and combine
with H, at high temperature to give stable Mdr MH;3 type hydrides. Among

halides, fluorides are insoluble but other halidessoluble in water.

Ln also form complexes with chelating ligands, tletailed account has been given

earlier.

4.9 SUMMARY

The present unit covers all the important andr@siing aspects of lanthanides
such as their electronic structure, oxidation statenic radii and corresponding
lanthanide contraction, consequences of lanthaodgraction, complex formation

by lanthanides, their occurrence, extraction angoua methods employed for the
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isolation of the elements and a brief account & knthanide compounds. The

readers can understand well all these aspectsgaiiteg through the unit text.

4.10TERMINAL QUESTIONS

1. Why are the lanthanides grouped together?
2. Why the f-block elements are also called the inraarsition elements?
3.  Give a brief account of lanthanide contraction.
4. The number of f-electrons in Euand YB*ions is
(@) 7and 14
(b) 7 and 13
(c) 6and 14
(d) 6and13
5. Tb* ions are stable, explain.
Discuss the ion exchange method of isolation dhiamides.
Which one is more basic La(Of9r Lu(OH) and why?

4.11Answers

4. (a)

5. Due to 4f valence shell electronic configuration.
6. La(OH} due to larger cationic size

For answers to other questions, please refer ttettie
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UNIT-5 CHEMISTRY OF THE ACTINIDE
ELEMENTS

CONTENTS:

5.10bjectives

5.2Introduction

5.3General features

5.4Chemistry of actinides

5.5Separation of Np, Pu and Am from U

5.6 Similarities between the latter actinides andl#itier lanthanides
5.7 Summary

5.8 Terminal Questions

5.9 Answers

5.1 OBJECTIVES

The objectives of writing this unit are to make tteaders well acquainted
with various aspects of the actinide or 5f-blookne¢nts such as the general features
of these elements, e.g., their occurrence and aatiineir electronic structure,
oxidation states, complex formation tendency, m#gnand spectral properties,
atomic and ionic sizes, etc. as well as to thrghtlon the chemistry of the actinides
and the chemistry of separation of Np, Pu and AomfiUJ. It is also aimed at to

discuss the similarities between lanthanides atidides.

5.2 INTRODUCTION

The group of fourteen elements from thorium (Ths 20) to lawrencium (Lr,
Z=103) are called actinides, actinoids or actindrigese are named so because these
elements succeed the element actinium (Ac, Z =B%9se elements are also known
as inner-transition elements as they lie betweemiam and rutherfordium (Rf, Z
=104), i.e., the elements of fourth transition e&riThus, they constitute the second

inner-transiton series of which actinium is thetptgpe.

In these elements 5f-subshell of the antepenulérsbell (n=7) is successively filled
by the additional or differentiating electrons, catea time in each step, which are

embedded in the interior while 6d- and 7s-electaresexposed to the surroundings.

UTTARAKHAND OPEN UNIVERSITY Page 83



INORGANIC CHEMISTRY-II BSCCH-201

In the outermost and penultimate shell of thesenefds, the number of electrons
remains almost the same. That is why the actinldments resemble one another
very closely. The actinides lying beyond uranium,,ithe elements with Z = 93 to
103 are called transuranium elements. The firstthadast elements of 5f-series have
been mentioned above with their names and symbels;Th and Lr. The remaining

twelve elements are listed below:

protactinium (Pa, Z = 91), uranium (U, Z = 92), tnapum (Np, Z = 93), plutonium
(Pu, Z = 94), americium (Am, Z = 95), curium (Cmz=26), berkelium (Bk, Z = 97),
californium (Cf, Z= 98), einsteinium (Es, Z = 99ermium (Fm, Z= 100),
mendelevium (Md, Z = 101) and nobelium (No, Z= 102)

These elements of 5f-series are also said to gerGroup 3 and Period 7
and have been allotted a position below those @fedies in the periodic table and
thus the elements of both f-series have been plsepdrately below the main body

of table to avoid unnecessary expansion of theogeritable.

5.3 GENERAL FEATURES OF THE ACTINIDES

(1) Occurrence and Nature

Only the first four elementssiz, Ac, Th, Pa and U occur in nature in uranium
minerals that too only Th and U occur to any usediient. All the remaining
actinides, i.e. trans uranium elements are unstabte are made artificially. The
elements above Fm (Z =100) exist as short livedispesome of them existing only

for a few seconds. All the actinides are radioa&ctivnature.
(2) Electronic structure (or Configuration)

The electronic configuration of actinium (Z = 89hieh is followed by fourteen
actinides is [Rn]3Bd'7<, the last electron entering the 6d-subshell. la text
element, Th, the first member of the actinide setlee additional electron must enter
5f-subshell and the filling of 5f-subshell must tone progressively till the last
element, Lr. Thus, 6d-subshell in all the elementsst remain singly filled thereby
giving the expected valence shell configuration5éf*%d'7< for these elements.
Since, the energies of 6d- and 5f- subshells amostl the same and the atomic

spectra of the elements are very complex, it icdit to identify the orbital in terms
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of quantum numbers as well as to write down thefigoration. For chemical
behaviour, the valence shell electronic configoratof the elements is of great
importance and the competition betwee?6817s* and 5F6d'7< is of interest. It has
been observed that the electronic configurationacinides does not follow the
simple pattern as is observed for the lanthaniBesthe first four actinde elements,
viz., Th, Pa U and Np, due to almost equal energiésf ahd 6d, the electrons may
occupy the 5f or 6d subshells or sometimes botbmFPu (Z=94) onwards, &d
electron gets shifted to 5f-subshell except for (Zm96) and Lr (Z=103) in which
6d" electron does not shift to 5f due to stabledsid 5t* configurations. In view of
the above considerations, the general valence shegtronic configuration of the
actinide elements may be written as”6d’?7<". For individual elements the

observed or actual valence shell configurationdisted below:

Element (2) Valence shell Element (2) Valence shell
configuration configuration
Thorium (90) 5f6d 7 Berkelium (97) 5ted’7s”
Protactinium (91) 5f°6d' 7 Californium (98) 5t%d"7¢
Uranium (92) 5f°60'7<° Einsteinium (99) 5f6d’ 7
Neptunium (93) 5f'%6d 7 Fermium (100) 5f6d’7<
Plutonium (94) 5f°%60°7<° Mendelevium (101) 5fed’7s
Americium (95) 5f'6d’7s Nobelium (102) 5r6d’7s
Curium (96) 5f'6d 7 Lawrencium (103) Bf6d'7<

From the above valence shell configurations ofabenide elements, it is clear that
Th does not have any f-electron though this elentsiongs to 5f-series (i.e.,
actinides). For Pa, U, Np, Cm and Lr, both the eig and observed (actual)
configurations are same. For the rest of the atg®)i 6d-subshell does not contain

any d-electron.
(3) Oxidation States

The important oxidation states exhibited by actsidare compiled below in the
tabular form. Some of them are stable but moshe$e oxidation states are unstable.

It may be seen from these oxidation states that+thstate is shown by Th and Am
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only in the few compounds like ThBrThl,, ThS, etc. The +3 oxidation state is
exhibited by all the elements and it becomes maowt raore stable as the atomic
number increases. The +4 oxidation state is showthé® elements from Th to BK,

the +5 oxidation state by Th to Am, the +6 stateh®y elements from U to Am and
the +7 state is exhibited by only two elementsg,., Np and Pu. Np in the +7 state
acts as an oxidising agent.

The principal cations given by actinide elements lf*, M** and oxo-cations such
as MQ" (oxidation state of M = + 5) and M8 (oxidation state of M = +6). The
examples of oxo-cations are YOPUQ*, UG,** and Pu@* which are stable in acid
and aqueous solutions. Most of the’*Mons are more or less stable in aqueous
solution. Nf* and Pd" ions in solution are oxidized to Kfpand P&" by air. The
latter ions are further oxidized slowly to GOand Pu@"* by air. Various oxidation

states of the actinides are listed below:

Element Oxidation states Element Oxidation states
Th +2, 43, +4 Bk +3, +4
Pa +3, +4, +5 c +3
U +3, +4, +5, + 6 Es +3
Np +3, +4, +5, +6, +7 Fm +3
Pu +3, +4, +5, +6, +7 Md +3
Am +2, +3, +4, +5, +6, No +3
Cm +3, +4 Lr +3

The lighter elements up to Am show variable oxmiatstates, the maximum being

for Np, Pu and Am, but the heavier elements shawstzmt oxidation state of +3.
(4) Atomic and lonic Radii

The atomic (metallic) and ionic radii of cationsdammon oxidation states (i.e.>M
and M cations) of some of the actinide elements have leealuated. A look into
the values of the atomic radii reveals that theaftietradii first decrease from Th to
Np and then increase gradually up to Bk. For tlghd actinides the values are not
known. The values of ionic radii for both typesiafis go on decreasing. This steady

fall in the ionic radii along the actinide serisscialled actinide contraction which is
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analogous to lanthanide contraction found in lamithes. The cause of actinide
contraction is the same as has been discussedhéorianthanides. Here also,
increasing nuclear change and poor shielding etfeéf-electrons play an important
role. The atomic and ionic radii are listed below:

Element | Atomic radius | lonic radius of M** ion | lonic radius of M** ion
(pm) (pm) (pm)
Th 180 108 96
Pa 164 105 93
u 157 103 92
Np 156 101 91
Pu 160 100 90
Am 174 99 89
Cm 175 99 88
Bk 176 98 87
Cf - 97 -

It is clear from above table that there is onlyvah variation in the atomic and ionic

radii of the actinide elements; hence they showlamohemical properties.
(5) Magnetic and Spectral Properties

It has already been mentioned that the paramagmatiize of the substances is due to
the presence of unpaired electrons. The actinidenemts like lanthanides show
paramagnetism in the elemental and ionic stategavaent thorium (TH) and
hexavalent uranium @) ions are diamagnetic due to the absence of ugpair
electrons. TH = U** = Rn (Z= 86) structure (diamagnetic, paired etets). Since,
actinides constitute second f-series, it is natir&xpect similarities with lanthanides
(the first f series) in their magnetic and speatopsc properties. But, there are some
differences between the lanthanides and actini&gsn-orbit coupling is strong
(2000-4000cr) in the actinides as happens in the lanthanidésbecause of the
greater exposure of the 5f-electrons, crystal figditting is now of comparable
magnitude and J is no longer such a good quantunbeu It is also noted that 5f-

and 6d-subshalls are sufficiently close in eneaptlie lighter actinides to make 6d-
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levels accessible. As a result each actinide comghohas to be considered
individually. This must allow the mixing of J leebbtained from Russel-Saunders

coupling and population of thermally available ¢xdilevels.

Accordingly, the expressiom = g./J(J+ 1) is less applicable than for the
lanthanides and magnetic moment values obtainedoat temperature are usually
lower and are much more temperature dependenttiiose obtained for compounds

of corresponding lanthanides.

The electronic spectra of actinide compounds draa the following three types of

electronic transitions:

(a) f-f transitions: These are Laporte (orbitally) forbidden but thé&eston rule in
relaxed partially by the action of crystal field distorting the symmetry of the
metal ion. Because the actinides show greater, fieéthce the bands are more
intense. These bands are narrow and more compiexgbserved in the visible
and UV regions and produce the colours in aqueoligiens of simple actinide
salts.

(b) 5f-6d transitions: These are Laporte and spin allowed transitionsgarelrise to
much more intense bands which are broader. Theyraclower energies and
are normally confined to the UV region hence do aibéct the colours of the
ions.

(c) Metal to ligand charge transfer: These transitions are also fully allowed and
produce broad, intense absorptions usually foundJih region, sometimes
trailing in the visible region. They produce theteimse colours which are

characteristic of the actinide complexes.

The spectra of actinide ions are sensitive to tigstal field effects and may change
from one compound to another. It is not possibleléduce the stereochemistry of
actinide compounds due to complexity of the spedtast of the actinide cations
and salts are coloured due mainly to f-f transiiofhose with & f and #*

configurations are colourless. The colours of sahehe compounds in different

oxidation states are given below:

NpBrs: green; Npd : brown; NpCl : red-brown; NpE: brown
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PuFR; : purple; PuBy: green; Puk: brown; Puk: red brown
AmF; : pink; Amk: yellow; AmF, : dark tan.

The coordination chemistry of actinides is morea@ned with aqueous solutions.
Because of the wider range of oxidation states lavai in actinides, their
coordination chemistry is more varied. Most of tininide halides form complex
compounds with alkali metal halides. For exampleCIf with KCI forms complexes
such as K[ThG] and KjJThClg], etc. ThC} and ThBj also form complexes with
pyridine, e.g. ThGlpy Chelates are formed by the actinides with rdahiate

organic reagents such as oxine, EDTA, acetyl aegtetc.

The actinides with small size and high charge hidweegreatest tendency to form
complexes. The degree of complex formation for thgous ions decreases in the
order: M > MO,** > M®*" > MO,". The complexing power of different anions with

the above cations is in the order:
Monovalent anions = NGO >Cr

Bivalent anions : C& > G022 > SO

5.4 CHEMISTRY OF ACTINIDES

The actinide elements are highly electropositivel aeactive. They show
similar properties to those of lanthanides. Butséhelements have much higher
tendency to form complexes. They react with watet t&@rnish in air forming oxide
coating. They react readily with HCI but slowly tvibther acids. The metals show
basic nature and do not react with NaOH but thegtrevith halogens, oxygen and
hydrogen to form halides, oxides and hydrides. Sahéhe compounds of the

actinides are discussed below:

() Oxides: The metals on reacting with air or oxygen give @asi oxides
under different experimental conditions. Uraniumoige of the reactive
elements and gives the oxides: UO, 4J0;05 and UQ:

A
U+ O — UOg
A
UO;— UO,
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Similarly, the oxides of Np, Pu and Am are: NpO,NpNp:;Os, PuO,
PwOs;, PuO7, PuQ, AmO and AmQ.

(i)  Hydrides, nitrides and carbides:U and Pu form hydrides UHand PuH,
by the direct union of the elements. U reacts with even at room
temperature but the reaction is faster at 260as compared to room
temperature:
2U + 3H, — 2UH3
This compound is reactive and is hydrolysed by wate
2UH; + 4H,0 — 2UQ, + 7TH,

This also reacts with gIHF and HCI as follows:

2UH; + 4Ch — 2UCL, + 3H;

2UH3; + 8HF— 2UFR, + 7H,

UH3 + 3HCI— UCl; + 3H,

When treated with ammonia, the metals give nitridéshe type : UN,
U2N3, UN2 and PuN.

These metals also give carbides: UC and PuC.

All the MX type compounds where M = U, Np, BuAm and X = O, C or
N have the rook-salt (or NaCl) structure.

(i)  Halides: Actinide elements on reacting with halogens or bgeén halides
form halides, the most common being those of U Bpd Trihalides of
MX3 type are formed by the actinides which are isomougs with one
another. Some of the actinides also form the tgeata and hexa halides
as well. For example, U fluorides are obtainedsahown by the following
reactions:

HF F2, 24%3 HF
U0, —» UF;, — UR — UFsand UR>

0
900 C
UFR, —- UR

F2.400C
UF, — UR
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Np, Pu and Am are also reactive similar to U ang ghe analogous reactions and
products. Some examples of halides are § WA, UF,;, UFRs, UCl;, UCl;, UBTry,
UBr3, NpFs, NpF4 NpE NpC|3Nplgetc

5.5 CHEMISTRY OF SEPARATION OF NP, PU AND AM
FROM U

Although several isotopes of Np, Pu and Am elesiané known yet only a
few are obtained. But NP and P& are found in the uranium fuel elements of
nuclear reactors from which Pu is isolated on agkdm scale. N3 is also found in
substantial amounts and is recovered primarilyctorversion by neutron irradiation
of NpO; into P#>® which is used as a power source for satellites.photuced from
intense neutron irradiation of pure plutonium. Tinain problem involved in the
extraction of these elements includes the recoektlie expensive signatory material
and the removal of hazardous fission products #matformed simultaneously in
amounts comparable to the amount of the synthé&iments themselves. There are
various methods available for the separation of Rijp,and Am which are based on
precipitation, solvent extraction, differential aality of compounds and ion

exchange. The chemistry of the most important nastod separation is given below:

(a) Method based on stabilities of oxidation states
The stabilities of major ions of these element®ined are UF* > NpO>* >
PuG** > AmO,** and Ant* > P >> Np** > U*". By choosing a suitable
oxidising or reducing agent, it is possible to @bta solution containing the
elements in different oxidation states. The elesean then be separated by
precipitation or solvent extraction method. Forrapée, Pu can be oxidized to
PuQ?** whereas Am remains as AmThus PG can be easily removed by
solvent extraction or AR by precipitation as Amf

(b) Method based on extraction by using organic regents
It is a well known fact that M@" ions can be extracted from nitrate solutions
into organic solvents. The ¥ions can be extracted into tributyl phosphate in
kerosene from 6M-HN@solution. Similarly M* ions can be separated from
10-16M HNG. Thus, the actinides close to each other can parated by

changing the conditions.
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(c) Method based on precipitation
The actinide ions in B or M* state only give insoluble fluorides or
phosphates in acid solution. In the higher oxidastates these elements are
either soluble or can be prevented to get predgatdy complex formation
with sulphate or other ions.

(d) Method based on ion-exchange
This method has been found suitable for small amofmaterial. In this
method, both cationic and anionic ion ex changarshe used to separate the
actinide ions. The separation of the actinides doy-@xchange methods is
given below:

1. Isobutyl methyl ketone method:In this method the following scheme is used:

Cr2072' Al(N03)3
ug* + Ac* — UQ?* +AcO>* —  Aqueous portion + solvent
SQ Extract
portion (UZ* + AcO,*) — solvent (UG*) + Aqueous (AY)
+ HZO

The two layers are separated and colled¢tere A& represents the actinide
ions
such as Nfy Pd* and Anf".

2. Tributyl phosphate method: This method is dependent on the difference in
extraction coefficients from 6N-HN{Into 30% tributyl phosphate in kerosene.
The order of extraction is :

Pd* > Pu@*, Np*" > Np'O, >> Pi*and UQ?* > NpO,** > PuQ?".

The A&" ions have very low extraction coefficients in 6MNB; but in 12M-

HCI or 16M-HNQ the extraction increases. The order of extracisomp <
Pu

< Am < Cm, etc. In this method the schenetus as follows:

uQ* + Ac™ e Aqueous portion + Solvent portion (JO+ Ac*) —TZO
TBP HNO3
solvent portion (U or U*) + aqueous portion (A — Ac**"
Repeat extraction to get’A¢iere also, Ac = Actinide particularly Np and Pu.
3. Method Based on Lanthanum fluoride cycleThis method was developed for
the isolation of Np but has been found to be oagt#ility in the separation of

Pu from U. The scheme used for the separatiorvengbelow:
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Extract
AJ.HF
UQ* + Ac* — Solvent (UG*) + Aqueous soln (A€ + some UG?") —
with hexane
La®*
Boil with BrO; HF
Filtrate (UG + ppt (Lak + AcR) > A +Ac* > L& +AcO* —
S@ NaoH, dissolve in
HNO3
ppt(Lag) + Filtrate (AcQ®") — Ac** —Repeat the cycle to get more and
pure

Aé*, where Ac carries the usual meaning.

5.6 SIMILARITIES BETWEEN LANTHANIDES AND
ACTINIDES

() In the atoms of the elements of both the seriegetloutermost shells are
partially filled and remaining inner shells are quetely filled but the
additional or differentiating electron enters (nF8ubshell.

(i) The elements of both series exhibit +3 oxidati@testvhich is prominent and
predominant state.

(ii) Like Lanthanide contraction found in the lanthankelements, there occurs
contraction in size in the actinide elements cadletinide contration. Both the
contractions are due to poor shielding effect poeduby f-electron with
increasing nuclear charge.

(iv) The elements of both the series are quite reaatideare electropositive.

(v) The electronic absorption bands of the element®tf the series are sharp and
appear like lines. These bands are produced disettansitions within (n-2)f-
subshell though such transitions are orbital fatbid

(vi) Most of the lanthanide and actinide cations aramagnetic.

(vii) The nitrates, perchlorates and sulphates of tmxalenthanide and actinide
elements are soluble while the hydroxides, flu@ided carbonates of these
elements are insoluble.

(viii) The lanthanide and actinide elements show simjlamifproperties among their
series though the lanthanides are closer among #iewes in properties as

compared to actinides.
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5.7 SUMMARY

The text material of this unit contains the inotbry part which is quite
interesting and important from the view point of teaders and a detailed account of
the general features of the actinides such as dwmurrence, electronic structure,
oxidation states which have greater variabilitynthlaose of lanthanides, atomic and
ionic radii-the actinide contraction, their magoedind spectral properties along with

exhibition of colour, formation of complexes, ettstbeen given.

The chemistry of actinides including the formatioh various compounds, e.g.,
oxides, hydrides, nitrides, carbides and halidesanous oxidation states has also
been discussed. The unit also contains a detaibeduat of the chemistry of
separation of Np, Pu and Am from U including thetime used for separation. At
last the points of similarities between the lantlas and actinides have been

mentioned.

5.8 TERMINAL QUESTIONS

1. Why do actinides show higher oxidation states thathanides?

no

Oxocations MG@* are formed by U, Np, Pu and Am only wheras heavier

actinides do not form such ions, why?

3. The elements beyond atomic number 102 are unstak@ain.
4. Write the electronic configuration of Th, Cm and.No
5. Name the actinides along with their symbols andhatamumbers.
6. Which actinide ion in +3 oxidation state has jusifilled 5f-subshell?
(a) PU*
(b) Am**
(c) Cm™
(d) BK**

7. The first member of the post actinide transitioneseis:
(a) Rutherfordium
(b) Seaborgium
(c) Meitnerium
(d) Hahnium
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5.9 ANSWERS

1. Due to high charge density actinides are capabl®rofiing oxo cations in
which these elements show higher oxidation states.

2. Because the tendency of disproportionation of tles®eations increases with
increasing atomic number. Hence the oxocationsealvier actinides do not
exist.

3. Beyond atomic number 102, the size of nucleus as&s thereby decreasing
the nuclear stability. This causes lower probapitf existence of stable
elements beyond this atomic number.

4. & 5. Pl. refers to the text.
6.cC
7.a
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UNIT-6 COORDINATION COMPOUNDS

CONTENTS:

6.1 Objectives
6.2 Introduction
6.2.1 Ligand and their type
6.2.1.1 Type |- Based on electron accepter/dorapeties of the ligand.
6.2.1.2 Type lI- Based on the number of donor atamthe ligand.
6.2.1.3 Type llI- Based on size of ligand
6.2.1.4 Type IV- Based on their use in reactions
6.2.2 Complex ion
6.2.3 Coordination number
6.2.4 Coordination sphere
6.2.5 Counter ion
6.3 Werner’'s Coordination Theory and its experirabnérification
6.4 Effective Atomic Number concept
6.5 Chelates
6.5.1 Applications of Chelates
6.5.2 Stability of Chelates
6.6 Nomenclature of Coordination Compounds
6.7 Summary
6.8 Definitions
6.9 Questions for practice
6.9.1 Short answer guestions
6.9.2 True (T) or False (F)
6.10 Bibliography
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6.1 OBJECTIVES

By the end of this Unit, you will be able to defite following terms:
» Coordination compound,
* Ligand,
» Coordination number (CN),
* Complex ion,
» Coordination sphere,
* Chelate,
* Primary valency,
e Secondary valency,
» Effective Atomic Number (EAN),
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» Applications of coordination compounds,

» Name of coordination compounds,

* How to determine oxidation state of metal ion icoardination
compound.

6.2 INTRODUCTION

You have already studied in your earlier classes there are two types of
compounds. The compounds that can easily dissoeitietheir constituent ions in
aqueous medium are called simple salts and douwdite such as NaCl, Mggl
FeSQ.(NH).SOw.6H,0, KSOuAl(SOy)3.24H,0, etc. On the otherhand, the
compounds which donot dissociate into their comstit ions in any solvent are
known as coordination or complex compounds sucr[CRx{NHg)4]2+. Transition
metals have an ability to form a number of coortioracompounds due to their
small size, high charge and presence of empty datsbon the metal ion. A
compound formed from the union of metal ion (arceta deficient species, central
metal atom/ion; Lewis acid) and electron rich spediigand; Lewis base) which can
donate one electron pair is called coordinationmmund or complex compound. The
coordination compounds can be represented by thergkeformula, [ML]™™ , where
M is a metal ion, L is electron rich species; rthe number of L attached to the
metal atom/ion and m is the charge on complex ion.

Some metal complexes were prepared and used iaighéeenth century in
the form of metal salts and vegetable extracts @istp The first well known
coordination compound was Prussian blue,Fe{CN)]s: in the beginning of
eighteenth century. In 1798, Ce®INH; was discovered. Werner gave a theory to
understand the bonding in such compounds abounturgelater in 1893. We are
studying chemistry of coordination compounds beedahsy have many applications
in analytical / environmental chemistry, metallyrdyological systems, industries
and medicine.

6.3.2 Ligands and their types

The electron rich species, which may be chargeeciep, e.g. CICN, NO., etc or
neutral species e.g..8, NH;, NH,CH,C,NH,, CO, NO, etc., that can donate an
electron pair to the metal atom/ion are calledridm

6.2.1 Types of ligands

The ligands can be classified in the following ways

6.2.2.1 Type I- Based on electron accepter/donor gperties of the ligand
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* 6 (sigma) donor ligandsare those ligands which can only donate
electron pair to the meal ion, e.g2® NHs, F. These ligands are also
known as weak field ligands.

* o (sigma) donor andII (pi) accepter ligandsare those ligands which
can donate electron pair and also have a tenderagcept electron in
their empty antibonding molecular orbitals (MO). Such ligands can
involve in backbondinga( bond) with the metal ion. For example, CO,
CN, NO, etc. These ligands are also known as striedIfgands.

» 1II (pi) donor ligands are those liganddike benzene and ethylene,
which do not have lone pair of electrons but onlelectrons for
donation to the metal atom/ion.

6.2.2.2 Type II- Based on the basis of number of dor atoms in the ligand

* Monodentate or unidentate ligands
The ligands that bound to a metal ion through glsidonor atom are
called as monodentate or unidentate ligands, €.¢g.H3O or NH.
These ligands can be further divided into the feitg subclasses on
the basis of chargéigure 6.1).

* Ambidentate ligands
Some ligands have two or more than two differemadl@toms. These
ligands can attach through any of the donor atohhey are given
different names depending upon nature of the datwn linked to the
metal atom. These ligands are known as ambideigaieds e.g. N@
(donor atom may be either N or O), SGbonor atom may be either S
or N), CN (donor atom may be either C or NRC8> (donor atom
may be either S or N). These are also monoderngzieds.

Monodentate ligand

Negative monodentatg
ligand
Cl, CH,COO, CN,
SCN, I

Positive monodentatg
ligand

NO*, NH,NH,*

Neutral monodentate
ligand

H,0, NH,, NO, CO

Figure 6.1: Classification of monodentate ligands

» Polydentate (bidentate, tridentate, tetradentate, entadentate,
hexadentate) ligands
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These ligands bind to a metalatom/ion through tihiege, four, five and six donor
atoms, respectively. These ligands are also kn@aahalating ligands. These ligands

form ring type (chelates) compoundsble 6.7).

Table 6.1:Polydentate ligands

Ligand type Ligand name Ligand formula/structure

Bidentate oxalate ion

1,10-phenanthroline

ethylenediamine (en)

HsC——C——C——CHj
dimethylglyoxime || ||
N

|
O OH

8-hydroxyquinoline
AN

e
N

OH

Tridentate diethylenetriamine (H2C)> N— (CH2)»

/ \NHZ

HoN
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(EDTA)

Tetradentate triethylenetetramine | NH2(CHy),NH(CH,).NH(CH,),NH>
porphyrin ring
Pentadentate ethylenediaminetriacetato y 3
COoor (I-:|2 CZ—COO—*
N*—(CHZW\H
COO* —Hj
C
Hexadentate ethylenediaminetetraacetate

“0——C—CH, H,C—C—0"
\ Hy Hp
/N—C—C

O——c——cH, ﬁ_o'

o (0]

Red colour letter in the structure represents tredatom of the ligand.

6.2.2.3 Type llI- Based on size of ligand

* Chelating ligands are those ligands that bind via more than one aoth
form chelate complexes (ring complexes). These ¢exag are more stable
than complexes formed from monodentate ligands. driiteanced stability is
known as the chelate effect.

» Macrocyclic ligands are the chelating ligands that can form a largg and

surround the central atom or ion partially or fudpd bond to it. The central

atom or ion resides at the centre of the large. fiiigs complex formed is more

rigid and inert as compared to the chelate compoand is known as

macrocyclic complex. Heme is a macrocyclic complaxwhich the central

iron atom

is present

at

the centre of a porphyrtmocyclic

ring.

Dimethylglyoximate complex of nickel is a synthetiacrocycle formed from
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the reaction of nickel ion with dimethylglyoximdé-dure 6.2 in ammonical
medium.
H

HsC N
Ni
\N/ N/
HsC | | CHs
O\ \\O
H\\\

Figure 6.2: Nickel(ll) bisdimethylglyoximate

The order of ligands to form stable compounds

Macrocyclic > Chelate > Monodentate
6.2.2.4 Type IV- Based on their use in reactions

» Actor ligands arethose ligands which take part in chemical reaction.

e Spectator ligands are tightly coordinating polydentate liangd
which do not take part in a chemical reaction. Phoes, allyl groups
in catalysis,trispyrazolylborates(Tp), cyclopentadienyl ligands (Cp)
and many chelating diphosphines such as 1,2-bisédylphosphino)
ethane ligands (dppe) are spectator ligands.

6.2.2 Complex ion

A complex ion is an ion in which the metal ion iegent at the center and a
definite number of ligands surround it. The compiex is enclosed in a large
bracket. e.qg.

[Cu(NH)a]*", [Ni(CN)q]*

6.2.3Coordination number (CN)
The coordination number of a metal atom/ion isrtbeber of ligands attached

to it in a complex compound. Coordination numberyrba two, three, four,
five, six, seven, eight, nine or even higher inecatlanthanides and actinides
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(Table 6.2. Coordination number depends on size, chargeebautronic
configuration and nature of meal/ion and ligands. &xample,

— large metal atoms show high CN
— bulky ligands reduce coordination number
— Lewis bases easily donate electrons to metalsraatdls with lesser number

of electrons can easily accept electrons.

Table 6.2: Coordination numbers (CN) and geometry focoordination

compounds
S.N. | CN Metals Ligands Type of | Geometry of complex
geometry
1 2 d-electron rich Large ligands | Linear L M t
metals like CU, CHs
Ag®
[Ag(NH3)2]"
[Cu(NH3)2]"
(uncommon)
2 4 Small, high Large Tetrahedral L
oxidation state, A
lower d metals K L
L
d® metal atoms or | Pibonding | Square L
ions such as Ni, | ligands planar / ‘M//
RN, Ir+, PE", P, T
AU3+' 6+
[Cu(NH3)4]**
[Zn(CN)J*
3 5 Allows fluxionality Trigonal L L
and Berry bipyramida \!\
pseudorotation I M—=L
INI(CN)gl* Li/
(Rare)
M
/ \\
Square S —+
pyramidal
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[Fe(HO)s]** All types of | Octahedral L\
[Ni(NH2)d?* | ligands / [
4- Lz- -M _\L
[Fe(CN)] \L/‘///
(Very common) L
L
(Rare) Three Trigonal /
bidentate prismatic L/ -
ligands such -
as dithiolates
or oxalates
Generally shown by Capped |_7L
Z/-L
rare earths octahedron Lé\/
K<[NDOF] Y
(Very rare)
Capped S N
trigonal N_/M\//L
prism 1 —L
Uncommon 1 N D
Pentagonal| ', . ~>t
bipyramid \\I'_/
Generally shown byFor eight Dodecahed
rare earth metal | equivalent ron
ions (Very rare) | ligands
Large metal ions
(Rare) Cube
Uncommon
Square
antiprism
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Common

Hexagonal
bipyramida
I

Very rare

Three-face
centred
trigonal
prism
(Tricapped
trigonal
prism)

ol

4

10

Generally shown b
rare earth element

<

1v2}

Bicapped
square
antiprism

@

AA

11

Very rare

All-faced
capped
trigonal
prism
(Octadecah
edron)

/AN
N

VA2

A
\

10

12

Generally shown b
rare earths

<

Icosahedro
n

<@

6.2.4 Coordination sphere

The coordination sphere of a coordination compouaathprises the central metal
atom/ion and ligands attached to it. The coordamasiphere is enclosed in brackets [

I

Coordination sphere [Co(NJd]**

6.2.5 Counter ions:
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The ions excluding the coordination sphere areedads counter ions. Insfce(CN)]
compound, K is the counter ion.

6.3 WERNER’'S COORDINATION THEORY AND ITS
EXPERIMENTAL VERIFICATION

Alfred Werner in 1893 suggested a new theory f@laning the nature of
bonding in coordination compounds known as Wern#r&ory. According to this
theory, there are two kinds of valences of metairdion in coordination compounds:
primary and secondary valences

« The attachment of species that satisfy both primasy well as
secondary valences is shownby--- solid-broken line
Explanation of structure of Co(lll) complexes oe thasis of Werner’s
theory Figure 6.3).

Cr
NH3 cr i
/

'—NH 3N_

=,/=NH;, HaN =
f

NH, N——

(@) (b) (c) (d)

Figure 6.3 Structure of Co(lll) amine complexes on the basidVerner's
theory. In all the complexes the primary valencyGaf is 3 and secondary
valency is 6. (a) CoGBbNH; [Co(NHz)g]Cls (b) CoC4.5NH;
[Co(NH3)sCIICl;  (c) CoCh4NH; [Co(NH3)4Cl]Cl  (d) CoCk.3NH;s
[Co(NH3)sClg]

Werner’s theory can be explained on the basis of perimental evidences
* Molar conductivity measurement method

Compounds [Co(NK)e]Cls, [Co(NHs)sCl|Cly,  [Co(NHs)4Cl]ClI  and
[Co(NH3)sCl3] show decreasing order of conductivity due toftirenation
of 4 ions, 3 ions, 2 ions and no ions, respedtivekolution.
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[Co(NHs)e]Cls— [Co(NHs)g]** + 3CI (1 complex ion + 3 chloride
ions)

[Co(NHs)sCl]Cl, —» [Co(NHs3)sCl]?* +2CT (1complex ion +2chloride
ions)

[COo(NH3)4Cl,]JCl —  [Co(NH)4Cl3] * +CI (1 complex ion+1chloride
ion)

[CO(NH3)3C|3] > [CO(NH)3C|3] (NO iOﬂS)

* Precipitation method

When cobalt ammine chloride complexes react wittN®g some of the
Cl" ions get precipitated with AgNQto form AgCl. The number of ClI
ions that are ionisable and present outside thedowation sphere can
react with AgNQ. Thus, coordination compounds [Co(NCls,
[Co(NH3)sCI]Cl, and [Co(NH5)4Cl;]Cl react with 3, 2 and 1 mole of
AgNOsto form 3, 2 and 1 mole of AgCl, respectively asréhare 3, 2 and
1 ionisable Clions, respectively.
Defects of Werner’s theory
¢ Although the theory describes the structure of maasnpounds, it can't
explain the nature of bonding between metal atamdiod ligands.
« Werner's theory was unable to explain why 4- antbérdination numbers
are the preferred coordination numbers.

6.4 EFFECTIVE ATOMIC NUMBER CONCEPT (EAN
CONCEPT)

This rule is given by English Chemist Nevil V. §wick. Effective atomic
number (EAN) is the total number of electrons intah@tom/ion (atomic number)
plus the electrons gained from ligands. This EANhis atomic number of a noble
gas. Therefore, EAN decides stability of coordimatcompound. If a coordination
compound follow EAN rule, than it is stable one.

EAN= Atomic number of metal atom/ion + number ofdenated by ligands or 2 x
number of ligands (as each ligand can donate tectreins to metal atom/ion).

For [Co(NH3)g]**

Atomic number of Co=27; Atomic number of €824; there are six ligands hence
electrons donated by 6 ligands = 6 x 2

EAN = 24 + (6 x 2) = 36 (atomic humber of Kryptad{r)
For [Ni(CO) 4]

Atomic number of Ni=28; there are four ligands heletectrons donated by 4 ligands
=4x2
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EAN = 28 + (4 x 2) = 36 (atomic humber of Kryptad{r)
For [Fe(CN)g]*

Atomic number of Fe=26; Atomic number of?&e24; there are six ligands hence
electrons donated 6 ligands = 6 x 2

EAN = 24 + (6 x 2) = 36 (atomic number of Krypton;
For [Ag(NH 3)4]"

Atomic number of Ag=47; Atomic number of Ag46; there are four ligands, hence
electrons donated by 4 ligands =4 x 2

EAN =46 + (4 x 2) = 54 ( atomic number of Xenorg)X
= 54 (atomic number of Xenon; Xe)
For [V(CO)¢)

Atomic number of V=23; Atomic number of ¥ 24; there are six ligands hence
electrons donated 6 ligands = 6 x 2

EAN =24 + (6 x 2)
= 36 (atomic number of Krypton; Kr)
For [Mn(CN) 4*

Atomic number of Mn=25; Atomic number of ¥fhe 23; there are four ligands
hence electrons donated 4 ligands = 4 x 2

EAN =23 + (4 X 2)
=31

Not obeying EAN rule as 31 is not the atomic numbeof any noble gas

6.5 CHELATE

A chelate is a stable coordination compound incivha metal atom/ion
attached to lingand(s) with more than one donar pibducing one or more ring
(Figure 6.4). These compounds are also called as cyclic datdwcomplexes and
the formation of such rings is called as chelatwncyclisation. Classification of
chelates depends upon the type and nature of cigelidands such as bidentate
chelates (with bidentate ligands), tridentate desl@with tridentate ligands) etc
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2 /O O
X

Figure 6.4: Chelates of iron
6.5.1 Applications of chelates:

Chelates are useful in water softening, medicica analytical chemistry and
different industries such as chemical and food $tiguand agriculture.

In water softening:

Calcium (Cé*) and magnesium (M@) ions are responsible for hardening of
water. These ions on reaction with soaps precgitait. In the presence of
chelating ligands such as polyphosphates and polsitee amino acids, no

precipitation occurs as these ions form chelateptexes with polyphosphate

and polydentate ligands present in soap and tbétenswater.

In food industry:

Metal-amino acid chelates are helpful in enhanamgeral absorption such as
Ferrous bis-glycinate. Chelates are also usedeteepve fruits, fruit juices, food
stuffs etc.

In agriculture:

Metal chelates are used as common components tifzéss in agriculture.
Micronutrients such as manganese, iron, zinc ampe&oare required for the
overall health of the plants. These micronutrieatlsng with EDTA form
chelate fertilizers. Presence of chelates enhapiake of micronutrients by the
plants. Chelating ligands are also used to detgaigonous metal such
as mercury, arsenic and lead present in pollutadrwa

In medical field:
Tetracycline and quinolone can form chelate with'Fé&* and Md" ions and

thus, these chelates can be used as supplimetitesaf ions. As EDTA softens
the dentin, it is used in root canal treatmentmmsné&racanal irritant. Chelates
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of gadolinium are used as contrast agents in MRhscMetal poisoning can be
decreased by chelation with EDTA as toxic metalshsas mercury, arsenic,
lead and other radioactive metals can be excreiéiibut further interaction
with the body by converting them into chemicallyeithform (EDTA metal
complex). Chelation is also used in the treatmenatitism.

Chemical applications:

Homogeneous catalyst such as ruthenium(ll) chlartddated with BINAP (a
bidentate phosphine) is used in Noyori asymmetrigdréigenation and
asymmetric isomerisation for the manufacture oftlsgtic (-)-menthol. Bio-
Rust and Evapo-Rust are chelating agents usechéremoval of rust from
iron and steel. Metal chelates are also used imdyedustry.

Physiological chemistry (in human body):
In body fluids, citric, malic and tartaric acid$et natural chelating agents,
keep the metal ions away from precipitation. Théeot physiologically

important chelates are haemoglobin, vitamin, Bhrorophyll, cytochrome and
plastocyanine

6.5.2 Stability of chelates:
Stability of chelates can be explained on the ba$istandard free energy
change AGP?), standard entropy chang&SP), steric effect, size of ring and
number of rings.

» Change in thermodynamic variables:

Consider formation of coordination compounds of roamn with
monodentate and bidentate ligands, e.g.,

[Cd(H0)]?* + 4CHNH, —» [CA(CHNH)]?* + 4HO.....i, AHo=-

ve

Monodentate ligand Non-chelated compound
1 molecule 4 molecules 1 molecule 4 molecules
[Cd(H,0)]** + 2en—— [Cd(eld® + 4HO............. i AHO=-ve
1 molecule 2 molecules 1 molecule 4 molecule

Bidentate ligand Chelated compound
Stability of the product in a chemical reaction da@ explained by the
following reaction:

AGP® = (AHO) - (TAS®) where\H® is change in enthalpy and T is temperature
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You already know that a product will be stable if \alue of AG° is negative (-ve)
and value ofAS° is positive (+ve).

During the formation of a nonchelated compound witbnodentate ligands (i), the
number of molecules on both side is equal (5 mddsceach side), henees® will be
zero and the value &fG° will be negative.

With bidentate ligand (ii), number of product maléxs (5 molecules) is greater than
the number of reactant molecules (3 molecules)ckleantropy of product is greater
than reactants and thusS° will be positive and value ofG° will become more
negative. Thus, it may be concluded th&° has more negative value for chelates
which are formed by the reaction of bidentate dreotpolydentate ligands and
therefore, are more stable as compared to the etated compounds.

* Steric effect:

When a group is present on the donor atom or ieaglénor atom of a ligand,
the metal ligand bonds becomes week and thus, |ohesistability of that
compound. This effect is known as steric effecstaric hinderence. Among
complex compounds | and Il, compound Il will be mostable as in
compound I, there is one methyl group near the datmm N which causes
steric effect.

Donor atom roup causing steric effect
\ \
Ni Ni
= Z
N CH N
o -2 ©
— and — -2

(I (1

» Size of chelate ring:

Chelate ring having 5-members give stable compowms$ chelate rings
having more or less than 5-members are generally deable. This happens
because the stability constant for 5--membered thedahe highest.

* Number of rings:

Greater the number of rings, more will be the ditgbof chelate. As the
number of donor atoms in a chelating ligand inaeeastability increase due
to the increase in the number of chelate rings.

Stability order of the chelates with the bi- andentate ligands.
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en (number of rings=1) < trien (number of rirgy3)

6.6 NOMENCLATURE OF COORDINATION
COMPOUNDS

The coordination compounds are named accordingetéoilowing steps suggested
by IUPAC (International Union of Pure and Appli€tdemistry) Figure 6.5)
Step I: Naming of ions
* The positively charged metal ion is written firgllowed by the
negative ions imonic compounds
- FeCg: Iron (Il) chloride
- KCI : Potassium (I) chloride
» Name ofnon-ionic or molecular complexesare written as one word
without any gap.
- KyFe(CN)]: Potassium gositive ion) hexacyano(ligand)ferrate
(central ion)(lll) (non ionic compound)
- [Pt(NHs)4]**: TetraammineplatinunglV)
The name in red is one word without any gap as is a complex
ion.
Step II: Naming coordination sphere

In case of the complex ion (coordination spherajne of ligands written first
than only central metal atom/ion along with its dation number in
parenthesis should be written.

[Ni(CO)4] - Tetracarbonylnickel(0)

[Pt(NH)4]** - Tetraammineplatinum(1V)

Ending of name: If the complex is anionic, the suffiate is added to the
name of metal along with oxidation state in paresih

K2[HgCly Potassium tetrachloridomereue(ll)

Step Ill: At the last, the name of anion which is presenthenoutside of the
coordination sphere should be written, e.g.,

[Pt(NHs3)4]Cls - Tetraammineplatinum(I\Vghloride
[Co(NH3)6]Cl3- Hexaamminecobalt(llighloride

Names of some common ligands
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Ligands are named alphabetically along with a grédi, tri, tetra, penta etc
for simple ligands and bis, tris, tetrakis etc. fomplicated ligands) of their

number. Some of the common ligands are givehaible 6.3.

Table 6.3: Name and abbreviation of ligands

Type of ligands | Category  of | Formula Name
ligand
H>0 Aque
Neutral (written| NH3 Ammine
as a neutra
Simple ligands | molecule)
CO Carbony
NO Nitrosyl
F fluorido
Anionic (-0 at| CI chlorido
the end of
ligand’s name)
Br bromrido
I iodido
OH hydroxido
CN cyanido
C,04” oxalato
NO3 nitratc
COs” carbonat
NHy amidc
H hydrido
NO, nitrito-N
ONO nitrito-O
o* oxido
0, peroido
N3 azidc
s sulphido
CsHs phenyl
NH, amido
NH* imido
CsHs cyclopentadienyl
Cationic  -ium | NO" Nitrosoniun
at the end of NO, nitroniun
ligand’'s name)
er CoHgN, ethylendiamin
py CsHsN pyridine
oX C.04” oxalato
dmso (CH3)2SO dimethyl sulfoxide
EDTA CgH1oN,0g" | ethylenediamine
Complicated tetraacetato
ligands  with [ gly NH,CH,CO, | glycinato
abbreviation oxine CoH;,NO 8-hydroxyquinolinatc
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phen C1sHgN> 1,10-phenanthroline
dmg C4H7N20O, dimethylglyoximato
ur NH>CONH, urea

tu H,NCSNH, Thioures

Naming of bridging complexes

The bridging groups in the complexes are writtest fivith a prefix p by separating it
from the complex by hyphen (-). This p is used g\vane for each bridging ligand.
Thereafter, the other liands with number prefix (dior bis-, tris- etc.), metal with
oxidation state in bracket and at last the negatpecies outside the cordination

sphere.
Type of complex/ Formula of Name of compound
compound compound
(| [Ni(CO)4] Tetracarbonylnickel((
[Fe(GHs)7] Bis(cyclopentadienyl)iron (I
Complexes | | [Pt(en)Cl] Dichlorobis(ethylenediamine)platinum(
with neutral I1)
coordinatiofy | [H9(CHs)z] Dimethylmercury(ll)
sphere [Mn3(CO) 2] Dodecacarbonyltrimanganese (0)
[Ni(PF3)4] Tetrakis(trifluorophosphine)nickel(0)
\| K2[HgCl,] Potassium tetrachloromercurate(ll)
{ K4[Cu(CN)] Potassium hexacyanocuperate
/ Nag[Co(NO,)g] Sodiumhexanitrit--Ncobaltate(Il1
Ko[Fe(CN)NO] Potassium pentacyanonitosylferrate(lll
Na[Au(CN))] Sodium dicyanoaurate(l)
K3[Cr(CN)g] Potassium hexacyanochromate(lll)
Simple | Complexes K4[Ni(CN)4] Potassium tetracyanonickelate(0)
(one ion | with anioni¢ | Nag[Fe(G04)s] Sodium trioxalatoferrate(lll
is coordinatic%w Fe[Fe(CNy] Iron hexacyanoferrate(lll)
complex | sphere Ka[Fe(CN)] Potassium hexacyanoferrate(Il)
and Ks[Fe(CN)] Potassium hexacyanoferrate(lll)
other Nag[ZNnCl,] Sodium tetrachlorozincate(ll)
simple [Cr(C204)3]" Trioxalatochromate(ll!
ion
: \ [Co(N3)(NH3)5)]SO, | Pentaammineazidocobalt(lll) sulph
[Cr(H20)6]Cl3 Hexaaquachromium(lll) chloric
[Cr(NH2)g])** Hexaammine chromium(lll) ion
[Cr(H20)4CI;]JNO3 Tetraaquadichlorochromium(lil)
nitrate
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Complexes
with cationic
coordination
sphere

[Cu(NHz)2(en)]Br;

Diammine(ethylenediamine)copper(ll
bromide

~—

[PtCIBr(NHs)py]

Amminebromochloropyridinepalatinu
m(Il)

4%

Both cation and anion
are complex

[CuCl(CH3NHy),] Dichlorobis(methylamine)copper(ll)
Complex ligand ion

[Co(NH3)sONO]SQ, | Pentaamminenitritocobalt(l1l) sulphat
[Co(NH3)2(H20),(CN | Diamminediaquadicyanocolt(lIl)

)2]Cl chloride

[Cr(NHs)2(H20)3(OH | Diamminetriaquahydroxochromium(
)I(NO3), ) nitrate

[Pt(NHs)4][PtCly4] Tetraammineplatinum(ll

(Firstly complex
cation is named then
only the complex
anion)

tetrachloropalatinate(ll)

[Cr(NH3)s(NCS)][Zn
cly

Pentaammineisothiocyanatochromi
(1) tetrachlorozincate(ll)

Bridging complex
27?7

Octaaqu-p-dihydroxc-diiron(111)
sulphae
or
Tetraammineiron(l11)g-dihydroxo-
tetraammineiron(lll)
or
p-dihydroxo-octaaquadiiron(l11)
sulphate
or
pu-Hydroxo-tetraaquairon(l1[)-
hydroxo-tetraaquairon(lll) sulphate

p-Dihydroxc-octaamminedicobalt(lll
nitrate

p-Amido-p-hydroxc-
tetrakis(ethylenediammine)dicobalt(lI
sulphate

)

Calculation of oxidation number of metal atom/ion
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In coordination compound, [M(L)* or [M(L) ], oxidation state of M can be
calculated as Oxidation number of M + Oxidation twemof L x n =+ or 0
For example,
1) Oxidation number (ON) of Co in [Co(N}]**
ON of Co + 0 (ON of NHis 0) = +3
Hence, ON of Co will be +3.

2) Oxidation number (ON) of Ni in [Ni(CQ)
ON of Ni+ 0 (ONof COis0)=0
Hence, ON of Ni will be 0.

6.7 SUMMARY

In this Unit, you have studied the fillowing:

Simple or double salts dissociate into their caustit ions while
coordination compounds break up into complex iod #@s counter
charged ion.

Coordination compounds comprise of two main pace)tral metal
atom/ion and ligands coordinated to the metal atom/

Coordination number or secondary valency

Coordination spher L
C:_l/rlonlsable part
Co(NHy) \
Central metal ato/m/ion \igands Primary valency

A wide variety of ligands including monodentae, ymEntate, sigma
donor, chelating, macrocyclic, actor and spectigands are involved
in the formation of coordination compounds with alettom/ion.
Monodentate lingads can donate a pair of electtores central metal
atom while a polydentate ligand can donate more thiae pair of
electrons to the metal atom/iom. Bidentate or pefydte ligands form
cyclic compounds called chelats.

Coordination compounds have various applications different
industries.

Werner suggested that coordination number and tgidaumber of
metal depends on the nature of the metal.

EAN rule decides the stability of a coordinatiommgmund.
Nomenclature of coordination compounds is systemmati
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6.8DEFINITIONS

Chelate Chelate is a compound containing a ligand (typycaliganic) bonded
to a central metal atom at two or more points.

Complexion: A complexionis an ion formed by the coordinatiohcentral
metal ion with one or more ligands.

Coordination compound A compound in which a central atom/ion is bonded

to a definite number of ligands.

Coordination number: It is the number of ligands surrounding the centrakine
ion.

Effective Atomic Number: It is the sum of the electrons of metal atom/gom
electrons donated by ligand.

Ligand- Ligand is a charged or neutral molecule which dane electron pair to
the metal atom to form a coordination compound.

Primary valency: Primary valency in a coordination compound isrhenber of
negative ions that satisfy the positive chargehencentral metal ion.

Secondary valency Secondary valency in a coordination compoundeined
as the number of ligands that are coordinatetieacéntral metal ion. It is equal
to the coordination number.

6.9 QUESTIONS

6.9.1 Short answer questions

1. Which of the following ligands are weak or sg@n
CN, CO, HO, NH;
2. Classify the following ligands as pi acceptosigyma donor ligands.
NO, CI NH3 benzene
3. Give two examples of each neutral and positieaodentate ligands.
4. What is chelate effect?
5. Select monodentate and polydentate ligands artenfpllowing:
NCS, NHs, C,0,%, EDTA, en, Cl
6. Draw the structures of the following ligands:
EDTA, dmg, porphyrin, 8-quinoline, diethylenetriarai
7. Explain spectator ligand.
8. How chelates are useful?
9. What do you mean by complex ion?
10. Calculate oxidation state and coordination nemndi Fe in [Fe(CNJ* and
[Fe(C:04)3>?
11. Draw the geometry that describe five and-csigrdinate compounds.

Which structures are more common?
12. Give the geometry of the following compounds:
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(i) [Co(NHg)e]**
(i) [AG(NH3)2]"
(iif) [Fe(CN)g]*
(iv) [Fe(C0a)g*

13. Define coordination sphere.

14. What is primary valency?

15. What do you mean by secondary valency?

16. On the basis of Werner's theory, draw the $tmecof CoC}.6NH; and
CoChk.5NH;s,

17. Name the experimental methods to explain Wésrleeory?

18. Define EAN rule.

19. Who gave the concept of EAN rule?

20. Calculate EAN for [Ni(CQ).

21. Calculate the oxidation number of the metaihdtion in the following
coordination complexes:

a) [CoGJ*
b) [Fe(CN}|*
c) [Ni(CO)]
d) [Cr(CO}]

22. Name the following ligands:

CI, H, NO', H,0, NO;, ONO, NHy, CsHs'

23. Write down the abbreviation and formula of tf@lowing ligands:
ethylenedimmine, dimethyl sulphoxide, glycine, are 1,10-
phenanthroline, ethylenediammine tetraacetic acid.

24. Name the following coordination compounds:

a. Na[Co(NO,)¢]

K4[Ni(CN)4]

[Mn3(CO)]

Ks[Fe(CN)]

[Pt(NHs)4][PtCla]

N

(=7 e,
25. Write down the formula of hexamminecobalt (lIBhloride and
tetracarbonyl nickel (0).
26. Draw the structure of the following complexes:
a) Sodium hexafluoroslilicate (1V)
b) Ammonium diamminetetra(isothiocyanato)chromate(l
27. How does the conductivity of [Co(NH|Cl; and [Co(NH)sCI|Cl, differ
from each other?
28. Write the formula of the following compounds:
a) Octaammingt-amido+-nitridocobalt(lll) nitrate
b) Dichlorobis(ethylenediamine)cobalt(lll) chloride
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c) Hexaaquairon(ll) sulphate
d) Tetrachloroplatinate(ll)
29.Which of the following complexes follow EAN rule?v@ electron count in
each case.
a) [Cr(NHg)el*
b) [Ni(NH3)e]**
c) [Cr(CO))
Y [Mn(CN)gl*
e) [Fe(H0)l*
f) [Fe(CN)*
9) [Fe(CN)*
30. Explain the meaning of the terms monodentate, hiderand tetradentate.
31.Arrange the following complexes in the increasingdes of molar
conductivity:
a) [Co(NHs3)elCls b) [Co(NH)sCIICl2 c) [Co(NH)3Clg]

6.9.2 True (T) or False (F)

a) CO and NO are pi acceptor ligands.

b) Monodentate ligands are of three types: neutrgatiee and positive

c) Ethylenediammine is a monodentate ligand.

d) Monodentate ligands form more stable compoundsamspared to
polydentatte ligands.

e) Spectator ligands are those ligands that take para chemical
reaction.

f) Coordination number is also known as secondarynegle

g) Coordination number does not decide the geometrgoairdination
compound.

h) Octahedral and trigonal prismatic geometries arendo in 6
coordinated compounds.

i) Chelates are the cyclic compounds.

j) More positive the value afG°, more stable the chelate.

k) Primary valency is the oxidation number or the graalency of the
metal atom/ion.

I) The attachment of species that satisfy both primasy well as
secondary valences is shown by ----------- brokeea.|

m) Complex [Co(NH3)sCls] will ionize to give two ions.

n) Complex [Co(NH3)sCI]Cl, will react with three molecules of AgNO

0) EAN stands for Effective Atomic Nuclei.

p) Abbreviation for glycine is gly.

q) IUPAC name of [Cr(NH3)e]** complex is hexaamminechromate (llI).

r) Formula of the compound Tetrachloropalatingteis [PtCly]?.

6.10 LONG ANSWER QUESTIONS
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a) What is the difference between chelating and mactacligands?
Explain with the help of examples.

b) What are chelates? How are they important? Givenples.

c) Define ligand. Give detailed account on the clasaifon of ligands.

d) How are the coordination compounds named? Desuvitiethe help
of examples?

e) What is EAN rule? Give details with examples.

f) Explain Werner's theory.

g) What do you mean by coordination number? How isiséful in
deciding the geometry of coordination compoundspl&r with the
help of examples.

h) What are primary and secondary valencies? Exphigiving suitable
examples.

i) Discuss the basic postulates of Werner's theorycobrdination
compounds. Explain structure of C@®NHs;, CoCk5NH;,
CoChk.4NHs;, CoCk.3NH; on the basis of Werner’s theory.

j) Explain in detail about the stability of chelates.

6.11 ANSWERS TO SHORT ANSWER QUESTIONS

Short answer questions:

1.Weak ligands- kD, NH;g; strong ligands - CNCO

2.pi acceptor ligands- NO, ¢8s; sigma donor ligands- CNH3

3.Neutral monodentate ligands- BJHH,O; positive monodentate ligands-
NO*, NHoNH;".

4.Chelating ligands are those ligands that bindma@e than one atom and
form chelate complexes (ring complexes). These ¢exag are more stable
than complexes formed from monodentate ligands.eftianced stability is
known as the chelate effect.

5.Monodentate ligands: NGS\Hs, CI'; Polydentate ligands-0.>, EDTA,

en.
6. EDTA:
‘0O—C—CH, H,C—C—O
Ho  Hy
N——C —C
©—C—CH, ﬁ_o'
o (o]
dmg:

HsC——C——C——CH,

T T
O OH
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porphyrin:

8-hydroxyquinoline:
X

=

N

N

diethylene triamine:

(Hzc)z_H_(C{'z)z
H2N/ NH,

7. Spectatofigand, a tightly coordinating polydentate liantgt do not take
part in a chemical reaction.

8. Chelates are useful in water softening, medical analytical chemistry
and different industries such as agriculture, cleahand food.

9. A complex ion is an ion in which the metal iomgents at the centre and a
definite number of ligands surround it. The compien is enclosed in a
large bracket.

10. Oxidation state and coordination number of iF§Fie (CN)g]* is +2 and
six while in [Fe(GO4)3]% is +3 and six, respectively.

11. Geometry that describes five coordinated comgsu
Trigonal bipyramidal and Square pyramidal; Trigobglyramidal is the

most stable geometry.

Geometry that describes six coordinated compounds.

Octahedral and Trigonal prismatic; Octahedral i® timost stable
geometry.

12.

(i) Octahedral
(i) Linear

(iif) Octahedral
(iv) Octahedral

13. The coordination sphere of a coordination caommglo comprises the
central metal atom/ion and ligands attached t@he coordination sphere
is enclosed in brackets [ ].
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14. Primary valency is the oxidation number orgheup valency of the metal
atom/ion, for example +2 for copper (Cu).

15. Secondary valency is the coordination numbethernumber of ligands
coordinated to the metal aom/ion such as 6 for lt¢6a).

16. CoCi.6NHs CoCk.5NHs.
NH; -
/
/
HaN=[=,/= NH;
Cl=~=-=Co*
7|\
HaN=—7/—| NH;
/
4
4
cl NH3
cr
]
L}
- —
H,3N '//NH3
Cl====C0*="===CI
\/

H3N NH3

NH,

17. Molar conductivity measurement method and pretion method.

18. Effective atomic number (EAN) is the total numbéretectrons in metal
atom/ion (atomic number) plus the electrons gaifieth ligands. This
EAN is the atomic number of a noble gas. Theref@AN decides
stability of coordination compound. If a coordimaticompound follows
EAN rule, than it is stable one.

19. English Chemist Nevil V. Sidgwiakave the concept of EAN rule.

20. EAN for [Ni(CO)]

Atomic number of Ni=28; there are four ligands heetectrons donated by 4
ligands=4x2=8

EAN=28+8
= 36 (atomic number of Kryptorm) K

21. Oxidation number of the metal in the followicgordination complexes:
a) +2
b) +3
c)0
d) 0

22. CI = chloro; H = hydrido; NO = nitrosonium; HO = aqua; N@ =
nitrato; ONO = nitrito-N; NH," = amido; GHs = cyclopentadienyl.

23. ethylenedimmine = en; dimethyl sulphoxide = dnwgdycine = gly; urea
ur; 1,10-phenanthroline = phen; ethylenediammingaaeetic acid
EDTA.

24. a. NgCo(NO,)e] = Sodium hexanitrito-N cobaltate (l11)

b. KNi(CN)4] = Potassium tetracyanonickelate (0)
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c. [Mng(CO).5] = Dodecacarbonyltrimanganese (0)
d. Ks[Fe(CN)] = Potassium hexacyanoferrate (lI)
e. [Pt(NH)4][PtCl4 = Tetraammineplatinum(ll) tetrachloropalatinate

f. = u-Dihydroxo-octaamminedicobalt(lll) nitrate

25. Hexamminecobalt(lll) chloride = [Co(NM]Cl3
tetracarbonylnickel(0) = [Ni(CQ)

26. a) Na[SiFg]

b) NH4[Cr(NH3)2(NCS)]CrO4
27. Compounds [Co(N$k]Clzand [Co(NH)sCI]Cl, show decreasing order of

conductivity due to the formation of 4 ions andd®g, respectively in

solution.
28.

a.

(). (4.9

b. [Co(enyCl,ICI
c. [Fe(Hx0)e]SO4
d. [PtCl]*

20.

a. EAN = 37 (not follow EAN rule)
b. EAN = 38 (not follow EAN rule)

c. EAN = 36 (follow EAN rule)

d. EAN = 35 (not follow EAN rule)

e. EAN = 36 (follow EAN rule)

f. EAN = 36 (follow EAN rule)

g. EAN = 35 (not follow EAN rule)

0. The ligands that bound to a metal ion through alsidonor atom; two
donor atoms and four donor atoms are called as dwriate, bidentate
and tetradentate ligands, respectively.

31. c) [Co(NHg)sCls] b) [Co(NH;)sCIICI2 @) [Co(NH)e|Cls

30.

True (T) or False (F)

a. T
b. T
c. F
d F
e. F
f. T
g F
h. T
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UNIT 7-ISOMERISM OF COORDINATION
COMPOUNDS

CONTENTS:

7.1 Objectives

7.2 Introduction

7.3 Isomerism in coordination compounds
7.3.1 Structural isomerism

7.3.1.1 Linkage isomerism

7.3.1.2 lonization isomerism

7.3.1.3 Coordination isomerism
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7.3.1.4 Hydrate isomerism
7.3.1.5 Ligand isomerism
7.3.1.6 Coordination position isomerism
7.3.2 Methods for identification ofigttural isomers
7.3.3 Stereoisomerism
7.3.3.1 Geometrical isomerism
7.3.3.1.1 Four-coordinated compounds
7.3.3.1.2 Six-coordinated compounds
7.3.3.2 Optical isomerism
7.3.3.2.1 Four-coordinated compounds
7.3.3.2.2 Six-coordinated compounds
7.3.3.3 Importance of stereocisomerism
7.3.3.4 Methods for identification of stereocisomers
7.4 Valence bond theory of transition metal comple
7.5 Summary
7.6 Definitions
7.7 Questions for practice
7.6.1 True or false
7.6.2 Fill in the blanks
7.6.3 Short answer questions
7.8 Bibliography
7.9 Long answer questions
7.10 Answers

7.1 OBJECTIVES

At the end of this unit, you will be able to deberiwith the following:
* |somerism
* Isomer
* Cisisomer
* Transisomer
* Enantiomer
* Chirality
* Structural isomers
* Laevorotatory )
* Dextrorotatory ¢)
* Geometrical isomerism

* Optical isomerism

And also gain the knowledge of:
* The types of isomerism possible in coordinatiompounds
 Importance of isomerism
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7.2 INTRODUCTION

The objectives of this unit are to familiarize ysth the isomerism in
coordination compounds and its types. The coordinatompounds which have the
same chemical formula but different ways of attaehtmof ligands are called as
isomers. These isomers have different physical ahdmical properties. The
phenomenon that gives rise to the isomers is knasmsomerism. There are two
main types of isomerism in coordination compounds;uctural and stereo-
isomerism. Our focus will be on both structuralneyism and stereoisomerism.
Structural isomerism is due to the different bondamgement of atoms in
coordination compound around the central metal Atiom while sterecisomerism
arises due to different three-dimensional arranggrokatoms in space.

7.3 Isomerism in coordination compounds

The coordination compounds having the same maedaimula but different
arrangement of atoms/ groups around the centrallheh are called isomers and the
phenomenon which gives rise to isomers is calleis@merism. The isomers have
different physical and chemical properties. Them tawo main types of isomerism:
(1) Structural isomerism and; (2) Stereoisomeri$imese can be further sub-divided
into several types. Various types of isomerism leixédd by coordination compounds
are shown in Figure 7.1.
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I somers (Compounds with same formula
but different atom arrangement)

/7

Structural Isomers Compounds with Stereoisomers Compounds with same
different connections between atoms connectivity but different spatial
arrangement
Linkage isomers Same ligand Diastereomers (Geometric isomers)
connectedby different atoms = Non-mirror images OR different

L _ coordination polyhedra
lonization isomers Give

ifferent ions in solution Optical isomers (Enantiomers)

o = \irror image isomers
Polymerization isomers Same

empirical formula but different
molar mass

Coordination isomers Different
=8 |igand sets in complex cation
and anion

Hydration isomers Contain
different numbers of waters
inner/outer sphere

Figure 7.1: Types of isomerism in coordination compounds
7.3.1. Structural Isomerism

Structural isomerism is also known a®nstitutional isomerism The
molecules have same number of atoms which difféinéir structure or bonding. The
different chemical formulae of structural isomerg &ither due to difference in
ligands that are bonded to the central atoms omihde of bonding of individual
ligand (which atom of the ligand is bonded to tleatcal atom). Now we will discuss
the various types of structural isomerisms onery ia brief.

7.3.1.1 Linkage Isomerism

Complexes havingmbidentate ligandslike SCN / NCS, CN/NC" and NQ
/ ONO (capable of coordinating in more than one way)wshtiokage isomerism
The two isomers differ from each other by the liggatom attachment to the central
atom/ ion. The ligand can have more than two da@toms but should be joined to
the central atom/ ion via only one atom (unidentégand). The formula of the
compound is same but their properties are entdéfgrent. The name of the ligands
is also changed according to their donor atom. Wdmror atom is N NO,' is called
asnitro, while it is callednitrito if the donor atom is Oatom Eigure 7.2).
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2+ 2+

NH; NH3
H3N _NH3

H3N NH3 / CO/

/ Co / HaN—|-NH;

H3N_ -NH3
o\
N \ N
SN,
Pentaamminenitrocobalt(l11) nREemminenitritocobalt(l11)
Nitro isomer (N is the donor atom) Nitrito isomer (O is the donor
atom)

Figure 7.2: Linkage isomerism

7.3.1.2 lonization Isomerism

This is the phenomenon by which ligands presesidé the coordination
sphere and anion or neutral molecule present autifid coordination sphere can
exchange their place. The central metal / ion d&edother ligands except one that is
exchangeable are similar in both the isomers. Thaszation isomerism is the
exchange of ions between coordination sphere anidaton sphere. The physical
and chemical properties of the two isomers aredgtdifferent as they give different
ions on dissolving in suitable solvent. Two octalaédonization isomers will have
five identical ligands while the sixth ligand wilbe different. In case of tetra
coordinated isomers, three ligands will be identarad the fourth one will be the
different one. The different ligand in one isomeaiytbe outside of the coordination
sphere in the other isomer. The oxidation statehef central ion would not be
changed in the two isomerBigure 7.3).

A A
[Co(H0)s5(]CI [CO(H20)5Q]/
Pentaaquabromocobalt(ll) chloride Pentaalypiacobalt(ll) bromide

0] (1

Figure 7.3: lonization isomerism
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In isomer (1), the species generated from ionizatice Cland [Co(HO)sBr]* while
in isomer (l1), the ionized species are’ Bnd [Co(HO)sCl]*. The other ionization
isomers are:

One isomer [Co(NB)sBr]|SO, (Pentaamminebromocobalt(ll) sulphate) gives,S0
ions in solution and gives white precipitate witta@®, while the another isomer
[Co(NHz3)s SOy Br give Br ions in solution and gives light yellow precipitatgth
AgNOs;. [Pt(NH3)3Br]NO, (Triamminebromoplatinum(ll) nitrite) and
[Pt(NH3)3(NO,)|Br (Triamminenitritoplatinum(ll) bromide) are imation isomers
and produce N@and Br ions, respectively in solution.

7.3.1.3 Coordination isomerism

The coordination compounds in which both the e¢atiand anionic species
are complex ions, show coordination isomerism. Tis@merism occurs by the
interchange of ligands in between the cationic pad the anionic part. In another
words, you can define the coordination isomershasgomers in which the complex
anion and complex cation of a coordination compoexchange one or more ligands
(Figure 7.4).

[Co(NH3)g] [Cr(Cy04)4] [Co(C;04)3] [Cr(NH3)g]

Hexaamminecobalt(l11)
Hexaamminechromium(lll)
tris(oxalato)chromate(lll) tris(oxalato)cobaééll)

(A) (B)
Figure 7.4: Coordination isomerism

Another example of coordination isomers is [Zn@WHCuCl,] and
[Cu(NHg)4][ZNnCly).

7.3.1.4 Hydrate isomerism

In hydrate isomerism, there is exchange betweeernwaolecule inside the
coordination sphere and ions present in the iooisaphere. Composition of hydrate
isomers is the same but the number of water matésdukide the coordination sphere
is different Figure 7.5. For example, CrCI3.6H20 has the following thigelrate
isomers:

A. [Cr(H20)6]Cl3 Hexaaquachromium(lll) chloride (violet)

B. [Cr(H20)sCI|Cl2.H,0O-Pentaaquachlorochromium(lll) chloride monohydiiee
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green)
C. [Cr(H0)4CI]CI.2H0 Tetraaquadichlorochromium(lil) chloride dimgite
(green)

Figure 7.5: Hydrate isomerism

These isomers have different chemical propertielscgmnreaction with AgNg) they
produce 3, 2 and 1 mole of AgCl suggesting 3, 2&@d (chloride ions) in solution,
respectively.

7.3.1.5 Ligand isomerism

Certain ligands such as diamine derivatives ofpane show two isomeric
forms namely propylene diamine (pn) or 1, 2-diarpimopane and trimethylene
diamine (tn) or 1, 3-diaminopropane. When such tgpdigands forms complexes
with metals, two isomers are obtained. The phenameis known as ligand
isomerism and the isomers are called as ligandessifigure 7.6).

Ha Ha
HZC—C _CH3 HZC—C _CH2
NH, NH, NH, NH,

1,2-diaminopropane or 1,3-diaminopropane or

Propylenediamine (pn)

(A)

N

pn (\

Cl

[Co(pn}Cl2]”

Trimethylenediamine (tn)

(B)

(A) and (B) are two isomeric ligands that show tigasomerism.

tn (N\_ N_

Cl

[Co(tn),Cl,]"

Figure 7.6: Ligand isomerism
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7.3.1.6 Coordination position isomerism

This type of isomerism occurs in bridge compoumts @arises due to differently
placed non-bridging ligands round the central mataim/ion Eigure 7.7).

— - 2+

(=)o 7 ()

Tetraamminecobalt(lIl)-p-dihydroxodiamminedichloobalt(l11)

— - 2+

c|< NH3> . C<OH\/C° <NH3> 3Cl

Triamminechlorocoballil)-u-dihydroxotriamminechlorocobalflll) ion
Figure 7.7: Coordination position isomerism

Ammonia and chloride ligands are differently pladedthe above two different
isomers.

7.3.2 Methods for identification of structural isomers

(A) Conductivity method (lonization isomers and rgte isomers)
(B) Electrolysis method (Coordination isomers)

(C) Freezing point depression method (Hydrate igsjne

(D) Infrared spectroscopy (Linkage isomers)

7.3.3 Stereoisomerism

Compounds which have the same atoms/groups, saositiop of
atoms/groups and same sets of bonds, but difféneimr spatial arrangement around
the central atom/ ion are called as stereoisomedstlae phenomenon is known as
stereoisomerism. It is also calledsgmceisomerism It is of two typesGeometrical
isomerism and Optical isomerism Complexes of Co(lll) were the first known
coordination compounds to exist as stereoiomergpl®uand green salts of
[CoClx(en)]* were first observed by Jorgensen in 1889, whicheviater identified as
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thecis- andtrans- isomers by Werner. Werner and King (1911) reporbgdcal
isomers of the compleois-[CoX(NHs)(en)]*" (where X=Cl or Br) for the first time.

7.3.3.1. Geometrical isomerism

The compounds with differences in geometrical rageanent of the ligands
around the central atom/ ion are knowrgasmetrical isomersand the phenomenon
as geometrical isomerism This is also called a<is-trans isomerism The
geometrical isomers have the same empirical forniula different physical and
chemical properties due to different arrangementtref ligands in space. The
geometrical isomers can be easily separated frazh ether. When similar atoms/
groups (ligands) are adjacent to each other, thraes is calleatis-isomer (Latin, cis
= same) In trans-isomer, the similar ligands are present diagonally opjeo each
other (atin, trans = across) It is common in di-substituted square planar and
octahedral complexes with co-ordination number ahd 6, respectively. Tetrahedral
(coordination number 4) complexes do not show genoat isomerism because in
this geometry, all the ligands are presentim position (adjacent) with respect to
each other (all bond angles are same).

7.3.3.1.1Four-coordinated compounds (Square planar complexgs

Among four coordinated complexes, square planamptexes show
geometrical isomerism. The four coordinated comgdethat show/ do not show
geometrical isomerism are givenkigure 7.8

. ris!
:cal isom®
wgeomem [Ma4]ni’ [Magb]ni, [Mab?’]ni’ uan ]
Do nots\-\o/ and “b” are monodentate
Square planar complexes / ligands

l

(Coordination number 4)

K [Mazbz] ni, [Masz] ni,
Shoy, ge%\\ [Mabcd]™, where “a” and “b”

are monodentate ligands.

[M(AA) 5] ™, [M(AB) 5] ™, where
“AA” and “AB” are

symmetrical and
unsymmetrical bidentate
ligands respectively.

Figure 7.8: Geometrical isomerism isquare planar complexes
(A) Compounds of the type [Mab,]™

The compound with molecular formula [Pt(RE{CI)2], exists as two isomersis-
andtrans -. ds- isomer is called as cis-platin and ttrans- isomer as trans-platin.
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Both the isomers have different chemical and bicklg properties. is
[Pt(NH3).Cl;] is used as an anti-cancer agent in chemotheraspldtin) while
thetrans- isomer is inactive against canceis- andtrans- is the position of 2 atoms/
groups relative to each othdfigure 7.9. In thecis- isomer, two atoms/ groups are
at 90° angle with respect to the central metal atom or adjacent to each other,
whereas in thé&rans- isomer, the atoms/ groups are at 180° angle wipect to the
central metal atom/ ion or "opposite to each othier'the complex of type [M,]™,
both thecis- andtrans- isomers areis andtrans with respect to the position of both
the ligands & and “b”. Only two geometric isomersare possible for this type of
compound. The another example is [PAgNENO-)]:

- q Nt - q Nt
a\ b a\ b
L/ L/
£\ L\
a b b a
cis-[Pt(NHz)(Cl)2] tans-[Pt(NHs)2(Cl)2]
ds-diamminedichloroplatinum(ll) rans-

diamminedichloroplatinum(ll)
a=Cl; b=NH; M= Pt(Il)
Figure 7.9 cis- andtrans- isomers of [Mab,]™ type compound
(B) Compounds of the type [Mabc]™

In this type of compoundsis- andtrans- isomers are found with respect to the
similar atoms/ groups such a&.“Atom/ group ‘@’ is a neutral ligand such as NH
py and HO while “b” and “c” are anionic ligands like TBr, NO, etc Figure
7.10.

- 2 n+ -

as b a ;
/57 [T

a c c

a=NH;g; b= CI, c=Br; M= Pt (Il); n+ =0

Figure 7.1Q cis- andtrans- isomers of [Mabc]™ type compounds
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(C) Compounds of the type [Mabcd]*

Compounds of type [M#c]™ have three geometrical isomers. Il'ya Chernyaev
(1928) had given the first report on the three getnimisomers for complexes of the
type [Mabcd]*. He isolated and characterized all the three iseniehe three isomers
can be obtained by fixing one atom/ group and theroatoms/ groups in trans to the
fixed one. Platinum (Pt) shows a number of compswfdhis type Figure 7.17).

nx nx nx nxt

N a\—/C as — a; —
ARVAR RS

d—— d b C d

0 ) (1) (V)
a=NHs; b= CI; ¢c=Br; d=py (GHsN) or GH4; M= Pt(ll); n =0
Figure 7.11: Geometrical isomers of compounds of the type [M@lic

Structure lll and IV are similar as b and c aretrtexa’ in each. Therefore, overall
three isomers (I, Il and llI~IV) may exist in whichb and d are trans ta™

(D) Compounds of the type [M(AAY]™

Symmetrical bidentate ligands such asNHH(CHg).CH(CHs).NH; with platinum
metal ion showeis-transisomerism Eigure 7.12).

2+

HSC\ 2+
C N HJ ,CHg3
H/ 2 /NH2 H C/C H2N\7NH2_CsH
HsC : /Pt\
3C. — H. 4CH3
I-F H3C'C_H2N_NH2—C'H
cis-isomer tans-isomer

Figure 7.12: Geometrical isomerism in compounds of the typeAM)Y.]™

(E) Compounds of the type [M(AB}]™

When the similar atoms (A) of both the unsymmetrlgdentate ligands are near to
each other (at 90° angle with respect to centrabinehe isomer igis- and if the
similar atoms present at opposite position to eattier, the isomer will bérans-
(Figure 7.13.
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+

+

trans-isomer
AB = gly (NHCH,COQO); M = Pt(ll); n£=0
Figure 7.13: Geometrical isomerism in compounds of the typeABi,]™
7.3.3.1.2Six-coordinated compounds (octahedral complexes)
The types of six-coordinated compounds that camvghar cannot show geometrical
isomerism, are presentedfigure 7.14
erism

ical iso™ " . '
— “a” and “b” are monodentate

Octahedral complexes | =~ ligands

(Coordination number l
6)

[Mab;]™, [Magbs] ™,

Shoy, ge»k [Mabcdef]™, where “a” and

“b” are monodentate ligands.

[M(AA) 222] ™, [M(AA) ,ab] ™
[M(AA)a 2bs] ™, [M(AB) 3] ™,
where “a” and “b” are
monodentate ligands while
“AA” and “AB” are
symmetrical and
unsymmetrical bidentate
ligands respectively.

Figure 7.14: Geometrical isomerism in octahedral complexes
(A) Compounds of the type [Mab,]™

Two isomers are possible for such compougs:andtrans-. The two similar atoms
or groups are at 90° angle with respect to therakemtetal atom / ionKigure 7.15.
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nx nx

a cis-isomer b trans4somer
a=Ni b= CI, M= Co; n+ = +1
Figure 7.15: Geometrical isomerism in compounds of the type &
(B) Compounds of the type [Mabs]™

In case of [Mabs]™ type compounds, the two possible geometrical iseraeg called
asfacial andmeridional isomers. When the three same atoms or groupslaredoon
one face of the octahedrdhcial isomer is generated. The three similar atoms or
groups placed i plane passing through metal aotm/ ioraround the centre gives
rise to another isomer called meridional isomer. The isomers are named on the basis
of relative positions of the ligands around the@uoédron Figure 7.16.

a n+ n+
b:|[—- N
L/ L/
b a
cisisomer tans-{somer
(1, 2, 3)-isomer (1, 2, 6)-isomer
facial (fac-) isomer meridional (mer-) isomer

a=py; b= Cl, M= Rh(lll); n=0
Figure 7.16: Geometrical isomerism in compounds of the typeJdda*
(C) Compounds of the type [Mabcdef]*

This type of compounds may give rise to 15 isonodtained after exchanging all the
ligands Figure 7.17). [Pt(py)(NHs)(NO)(CI)(Br)(l)] is the only compound that
shows this type of geometrical isomerism.
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Avises due to exchange of "a'" with the other ifned,e,f) groups or atons (five isomers)

"i

a a a

) ) 14 1) 1)

d

Arises due to exchange of "b'" with the other todre,f) groups or atons (four isomers)

"|" nt |a et T‘ e Tl
fi[—b f|—b fl[—=b <|l—
| | L L7\
c e_| d C | e |-
d‘) c d d
Avrises due to exchange of "'c" with the other tiaiesf) groups or atons three isormers)
a
d'|7b
/

{é\/ ] ~|47 ] L/?Pc

Anseﬁduetoexchangeof a’ wthﬂ’ledhertvmpso’atorrs(tv\olsa’rers)
| nt
V 7|~ \/

Arises due to exchange of '€’ \Mthﬂ’lef(one'fss)rre

nt

nt nt

Figure 7.16:Fifteen geometrical isomers of compound [Mabctef]
(D) Compounds of the type [M(AA)ay]™

Two geometrical isomers are possible for [M(A#&)"™ type of compounds. lgis-
form monodentate ligandsa’s arecis to each other while itrans-isomer, ‘@’s are
trans to each otherHigure 7.17).
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Aw
R\

/‘M

/

A

o

A_

a

\

M

/A

N

BSCCH-201

- Nt

a

cisisomer trans4somer
AA =en;a=CI, M= Co(lll); nt = +1
Figure 7.17: Geometrical isomerism in compounds of the typeA)»a,] ™
(E) Compounds of the type [M(AA)ab,]™

[Co(en)(NH).Cl,]* Compound shows geometrical isomerism of this typgure
7.18.

n+ nt

b.

Vi

a-

a

>&\7>

D

cisisomer trans4somer
AA=en; a= CI'; b=NHs; M= Co(lll); n+ = +1
Figure 7.18: Geometrical isomerism in compounds of the typeAMasb,] ™
(F) Compounds of the type [M(ABY]™

One example of this type of compound is trisglytaicaromium (l11), [Cr(gly}],
(Figure 7.19.

_ — Nnx — (‘A — Nx
A A B'|—=s
LT LT
~ J ~ \_J
BY—|—¥¢ B -
B A
cisisomer frans4somer

AB=gly (NH,CH,COO); M=Cr (lll); nx =0

Figure 7.19: Geometrical isomerism in compounds of the typeABiz]™
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7.3.3.2 Optical isomerism

Certain complex compounds in solution form cantethe plane of polarized
light either in right or left direction. This progg of a compound to rotate plane of
polarized light is calledbptical activity and the compounds which possess this
property are called asptically active compounds The compound that can rotate
plane of polarized light towards right side ardezhlas dextrorotatoryd(of +) while
the compound that can rotate the plane of polardigdd towards left side is called as
laevorotatory I( or -). These optically active compounds are a&lsltled asoptical
isomers or enantiomorphs or enantiomers (Latin, enantio=opposite;
morphs=forms). Optical isomers have same physiodl éhemical properties but
have different property with respect to the rotatid the plane of polarized light and
the isomerism possessed by these isomers is cabedptical isomerism or
enantiomerism or chirality . The compounds that cannot rotate plane of padriz
light are called asptically inactive compoundsor racemic mixture (dl or * form;
50%d form and 509 form). The compounds that show optical isomeriiougd be:

- Asymmetric (no plane of symmetry). The moleculeantd be divided into
two equal parts when cut through an imaginary plgnieror plane) Figure
7.20. You can also call them chiral compounds.

/N

Mirror plane Mirror plane

Symmetric having plane of symmetry Asynmicehaving no plane of
symmetry

Figure 7.20:Examples showing symmetry and asymmetry

The mirror images are non-superimposablen each otheffFigure 7.21)

Mirror plane Non-superimposable

Figure 7.21:Examples showing nonsuperimposable mirror images
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7.3.3.2.1 Four-coordinate complexes

You should remember that tetrahedral and squaneapleomplexes such as [M4,
[Masb]™ and [Mak]™ type do not possesses optical isomerism becaliggosdible
arrangement of bonds around the central metal ardon are identicalRigure 7.22.

opﬁca\ 180 Square planar complexes
with formula [Ma 4™,
[Masb]™, [Mabs]™, “a” and
“b” are monodentate ligands

ponot ot

\

L

Complexes with
coordination number 4

|
|
|
|
|
W

Sho \

WOpIICa/. | Square planar complexes
ISOm , i ! h
e"ISm with iso-butylenediammine
and mesostilbenediammine
ligands.

Tetrahedral complexes of
[Mabcd] ™ type and

[M(AB) 2]™ type where a, b, ¢
and d are monodentate
ligands while AB is an
unsymmetrical bidentate
ligand.

Figure 7.22: Optical isomerism in four coordinate complexes

(A) Square planar complexes

Optical isomerism is rare in case of square plaanplexes even if all the four
ligands are different. In a complex of Pt(Il) wito-butylenediammine anoheso-
stilbenediammine ligands, optical isomerism waseoled. This is so because, both
the phenyl groups aheso-stilbenediammine ligand are present above theeptdn
the ring and H atoms below the plane of the ringeréfore, the compound has no
plane of symmetry and possesses optical isomerditls and Quibell (1935)
resolved the two optical isomers of this compouridire 7.23.
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_ oo 2H ~
||—| H H, ! ﬁl H, H
c—N’ N ¢ " e L
! e CeH ! e |
H I &% Ce Il
97/3 0 >t\ ) ||4/ \ﬂlfi () >m\ 0 H\
c——y N ¢ O
(IIH3 2 CeHs CeHs ? Ha
Mirror plane
() = iso-butylene diammine; (Il) smeso-diphenyl ethylene (stilbene)

diammine

Figure 7.23 Square planar complex showing optical isomerism

(B) Tetrahedral complexes

7.24).

n+

Tetrahedral complexes such as [MabBtdhow optical isomerisni{gure

n+

Mirror plane

a=CH; b=GHs, c =S d= GHsCOOF": M = As**
Figure 7.24: Optical isomerism in [Mabclf] type complexes

like Be(ll),

benzoylacetone possess optical isomerisiguie 7.295.

CHj3 H3C

\c_o\ /,o_c/ ; \c_o\
HC/ /e \CH i HC/
N\ AN 7 1 N\ /
C—oO O—C ! C—oO
/ : /
CeHs CeHs | CeHs
Mirror plane

Figure 7.25: Optical isomerism in tetrahedral complex with ungyetrical

bidentate ligand

) C/CH3
TN
N

CeHs
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7.3.3.2.2 Six-coordinate complexes

Octahedral complexes (six-coordinate complexes} tten show optical
isomerism are given iffigure 7.26 The details of optical isomerism of six-
coordinate compounds are further given in thisisact

[Mash]™, [Mabs]™, [Mag]™, “a”

show 0o :
po not // and “b” are monodentate

Complexes with ligands

coordination number 6

S

Show,
OPlicas s~ | [Masbsc]™; [Masbsed]™,
©rism, [Majbcde]™; [Mabcdef]™;
where “a” and “b” are
monodentate ligands.

/

[M(AA) 5] ™; [M(AA) -BB] ™
[M(AA) 222] ™ ; [M(AA) »ab];
[M(AA)a 2by] ™, where “a” and
“b” are monodentate ligands
while “AA” and “AB” are
symmetrical and
unsymmetrical bidentate
limands. resnectivel\

Figure 7.26: Optical isomerism in six coordinate complexes
(A) Compounds of the type [Mab,c,]™ (Figure 7.27)
b

VAN

cT|I—a

C
Mirror plane
Figure 7.27:Optical isomerism in [Mzb,c,]™* type compounds

(B) Compounds of the type [Mab.cd]™ (Figure 7.28)
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b b

n+

bv}a\\

C

a-

N
LK

a*™—

c

Mirror plane
Figure 7.28:Optical isomerism in [Mgb,cd]™ type compounds
(C) Compounds of the type [Mabcdel™ (Figure 7.29)

b

AV

d

nt

A
N

c

Figure 7.29: Optical isomerism in [Mzbcde]*type compound
(D) Compounds of the type [Mabcdef]*

Total thirty optical isomers are possible for thi®mpound. Each of fifteen
geometrical isomers has two enantiom@igure 7.30. The example of this type of

complex is [Pt(py)(NH)(NOs)(CI)(Br)(1)].

nx 1 n+

VAN

—|—b

d

N>
N

Mirror plane
Figure 7.30:Optical isomerism in [Mabcdéf]type compounds
(E) Compounds of the type [M(AAX]™
A number of coordination compounds of this typevstaptical isomerism(Figure
7.31). Metals like Co(lll), Pt(1V), Fe(ll), Ir(1V), RKIV), Co(ll and II1), Al(lll) and
Zn (Il) with symmetrical bidentate ligands suchedisylene diamine (en), oxalato and
propylene diamine (pn) show optical isomerism.

A

A D "
2P

|_A

)

Mirror plane

Figure 7.31:Optical isomerism in [M(AAJ]™ type compounds
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(F) Compounds of the type [M(AAL(BB)]™

In this type of compounds, AA and BB are two diffier kinds of symmetrical
bidentate ligands. The ligand AA is neutral symmcatrbidentate ligand while BB is
anionic symmetrical bidentate liganfigure 7.32.

ARt
)

A—
/
A

)
0%

2/

J

Mirror plane
AA = en; BB = GO,*; M = Co(lll); n+ = +1
Figure 7.32:Optical isomerism in [M(AA)(BB)]™ type compounds
(G) Compounds of the type [M(AAR(a),]™

These types of compounds have two geometrical isirdie- andtrans-. Thetrans-
isomer Figure 7.34 is mesomeric (optically inactive having planesgfmetry) in
nature while thecis-form exists as two optical isomers. These two f@mne mirror

image of each otheF{gure 7.33.

>

A

~

AV

nt nt

LY

A

L

aJ

Mirror plane
AA =en;a=Clt M=Co(lll); nt=+1

Figure 7.33:Optical isomerism in [M(AA)(a),]™ type compoundsc(s-isomer
with respect to “a”)
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(L17)

A.

&
|
Mirror plane
Figure 7.34:trans-isomer of [M(AA)(a)]™ complex which is mesomeric in nature

(H) Compounds of the type [M(AA)ab]™

This type of compound exists in three isomeric farifiwocis- forms EFigure 7.35
are optically active while thrans- form is optically inactive rfeso- form) (Figure
7.36).

QD

a

b\' 7A A< 'Ib
sy, 2N,
A/

\_A

Mirror plane
AA =en;a=NH; b =CI; M =Co(lll); nt =+2

Figure 7.35:Optical isomerism imis-[M(AA) ,ab]™ type compounds

nt

Mirror plane
Figure 7.36:meso form of [M(AA).ab[™ type compound
(I) Compounds of the type [M(AA)ab,]™
This type of compounds also exist in three isomfatms: two optically activeis-

forms (Figure 7.37) and one optically inactivekans-form (meso form with plane of

symmetry) Eigure 7.38.
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N~
P
Q
<7
s

Mirror plane
AA = C,047; a = NHs; b = NQy; Co (l1l); n+ =+1
Figure 7.37:Optically active form otis- [M(AA)ab,]™ type compound

a
+

b.

£7)

b__

Figure 7.38:meso form oftrans-[M(AA)ab,]™ compound
7.3.3.3 Importance of stereocisomerism

The chemistry of our body is controlled by steremuitally active molecules
and therefore, different stereoisomers of a mokegehct in different ways in our
body system. Different enantiomers of chiral drudibit different reactivity. Only
one chiral form of chiral molecules is presentiuinlg organisms. The amino acids
present in proteins are found as their L iosmerere&s glucose occurs as its D
isomer in human body. Most of the drugs are geheradmposed of a single
stereoisomer of a compound. One stereoisomer msijiyady affect our body or the
other isomer may have toxic effects. Thereforés & challenge today to synthesize
stereochemically pure drugs. S-enantiomer of git@m; an antidepression drug, is
thirty times potent as comparison to R-enantionTéralidomide, a very common
drug used for treatment of morning sickness in paag women in 1950s-1960s, was
found to be a racemic mixture (mixture of the tveomers: R- and S- which are
mirror image to each other) caused serious birfeaie R- isomer can treat morning

sickness while the other isomer S- causes birtbadef Even if the correct isomer is
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given for treatment, it underges racemisation whasults in the production of both
safe and harmful forms of thalidomide.

Cisplatin or cis-platinum, orcis-diamminedichloroplatinum (II) (CDDP), an
inorganic stereoisomer, is a chemotherapy drug dsedreatment of ovarian and

testicular cancers whil&rans-platin, thetrans stereoisomer otis-platin is toxic in

nature.
\\\\CI \\\\CI
CI—/Pt NH; HgN——Pt——NH;
H3N cl
cis-diamminedichloroplatinum (II) trans-diamminedichloroplatinum (I1)
(cis-platin) (rans-platin)

The activity of a particular isomer is due to thersospecific (the ‘fit’ in such must
be correct as a lock and key fit) nature of biataginteractions between molecules.

7.3.3.4 Methods for identification of stereocisomers
(A) Dipole moment methoctis andtrans isomers)

(B) Nuclear Magnetic Resonance (NMR) Spectroscopys @nd trans

isomers)
(C) Greinberg’s methodis andtrans isomers)
(D) Mass spectrometry (both optical ants andtrans isomers)

(E) Infrared Spectroscopyié andtrans isomers)

7.4 VALENCE BOND THEORY (VBT) OF TRANSITION
METAL COMPLEXES

Valence bond theory was given by Pauling and Slat&®35. According to this
theory:
v In coordination compounds, the ligands form covatmordinate bonds to the
metal atom/ ion. The central metal atom/ ion previdcant orbitals (s, p and

/or d atomic orbitals) equal to its coordinatiomrher. These vacant orbitals
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hybridize and form the same number of new hybridizebitals (atomic
orbitals overlap) of equal energy.
v' Ligands can donate at least one lone pairo(iarbital) of electrons to the
empty hybrid orbitals of the central metal atonm.io
v Each ligand with filleds orbital then overlap with the empty hybrid orbitdl
central metal atom/ ion.
This theory helps in predicting the shape, stabdind calculating magnetic moment
(magnetic property: u¥n(n+2) of the metal complexes.
Spectrochemical series of ligands
A spectrochemical series is the ordered arrangemmenigand strength from lower
strength (smallA,) to higher strength (largd,). The ligands on the left end are
weaker ligandsdq-donor) which can donate a pair the electrons it)¢horbitals of
metal/ion. The right end ligands are strongeag¢ceptor) ligands and can accept pair
of electrons from filled (n-1)d orbitals in the takatom/ion. The spectrochemical
series of ligands is given as:
I"<Br <S <SCN <CI'<NO; <N;” <F <OH < GO, =H,0 <NCS <
CH3CN < py < NH <en < phen < N@ <PPR <CN = CO
The position of ligand in the spectrochemical sedad nature of central metal atom/
ion affects the hybridization, structure, stabilityd magnetic moment of complexes.

(A) Four coordinate compounds (Tetrahedral complexes)

In case of tetrahedral complexes, the central negtah / ion provides four vacant
orbitals (one s and three p). These four orbitgkwildize to form four sphybridized
orbials. Each hybridized orbital then overlaps witle filled p orbitals of the each
ligand. The geometry of such complexes will beate¢dral. Hybridization and thus,
geometry of a complex depends upon the type ohdg@-donor orm-acceptor)
attached to the central metal atom / ion. Electadfmaetal atom / ion are shown gs

, Whereas those of the electron pair on ligaeddapicted as xx. For example,
a. [ZnCl)?%  zZn=3d%s and zA?=3d°
In this complex, the ligand is weak and the d aibibf Zrf"ion are filled. Hence,

it is a diamagnetic substance (no unpaired elertiamd the geometry is

tetrahedral. The central metal ion;?Zis sp hybridized.
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b. [NiCl4?: Electronic configuration of™ is 3d4< and hence, electronic
configuration of Ni? is 3d.

In this complex, the ligand is weak and no pairifigelectrons will occur. There
are two unpaired electrons in d orbitals of'NHence, it is a paramagnetic in

nature. The central metal ion; ZNiis sp hybridized and the geometry is

tetrahedral.
™ SRR R

. S yrdzed ororals,
S I e O O
wes [T 1 [=] <[=]=
TETT

ZAN

Cl é:l/CI
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c. [Ni(CO)4] : Ni=3d?4< . In this complex, Ni is in 0 oxidation state. Tligand is
strong and hence, pairing of electrons will ocdurere are no unpaired electrons
in d orbitals of Nf*. Hence, it is a diamagnetic in nature. The cemraial atom
Ni is sp’ hybridized and the geometry is tetrahedral.

v L
- Zfﬁﬂ‘?‘ﬁﬂ??%!@?‘ﬁ_:

e [ATHTHIT] [ [Tl

d. [MnCl )% : Electronic configuration of Mn (atomic number 25 8¢ 4<,
and hence, the electronic configuration of fis 3. In this complex, again
the ligand is weak and no pairing of electrons wilcur. There are five unpaired
electrons in d orbitals of Mfi Hence, it is a paramagnetic in nature. The ckentra
metal ion; M is sp hybridized and the geometry is tetrahedral.

v I [
. j:awbndzedahtals
e A N o
mead [ ] 4] $] 4] 1] [=] D[]
1Iit
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(B) Four coordinate compounds (Square planar complexes)

a. [Ni(CN)4*: As you know, theelectronic configuration of Ni = 3di<’, nickel
in this complex is in +2 oxidation state, hencé®Ni 3. You also know that
CN is a strong field ligand, hence pairing of elesgavill occur. There will be
no unpaired electrons in d orbitals of’NiHence, it is diamagnetic in nature.

The central metal ion; Ki provides one inner d orbital and thus, is “dsp

hybridized and square planar

v LD [
v QLT [
o e 4d5|5?sbndlzedo'btjlps
noor [T (=] [=[=
4 L4

CI}IJ\\'I_—/CN'

[

C/N'/—\C/N'

In 'dsg" hybridization,’d’ preceeds '$pindicating that the lower (inner) shell d-
orbital is used in hybridization that comes befibve 's’ and 'p’ orbitals. This is called
inner shell hybridization (form inner shell complexes). When outer shelrrbiitals
are used in hybridization, it is called asater shell (form outer shell complexes)

hybridization.

(C) Six coordinate compounds (Octahedral complexes)
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a. [Cr (NH3)g]*": Chromium (atomic no.24) has 3ts' as valence shell
configuration and is in +3 oxidation state in th@mplex. CF thus has 34
configuration.

In this complex, although NHis a strong field ligand, but no pairing of
electrons is required. There are three unpaireciretes in d orbitals of Cf.
Hence, it is a paramagnetic in nature. The cemtal ion; C¥ provides
inner d orbitals and thus, i$sp® hybridized (inner shell orbital complex) and

octahedral in shape.

of
&

< IR
- ....... 6cs|§hy|;:isdzedabtals .........
= [ 1] O T
SO Txxxxxx """" b xxxx
St bl LA

b. [CoF¢]* : Cobalt (atomic no. 27) has 3t configuration . In this complex
cobaly is in +3 oxidation state and thus the eteitr configuration of CB'is
3d®. In this complex, the ligands are weak, so naipgiof electrons will
occur. There are four unpaired electrons in d albibf CG*. Hence, it is
paramagnetic in nature. The central metal iof*@oovides outer d orbitals
and thus, is s hybridized (outer shell orbital complex) and oedtal in
shape.
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< UYL
Ui
y :'-';;-Gsp?dzhybridizedmbitals""";4d

[Co(F)e* lT ¢ T T T XX XX | oxx | x| | oxx | xx

c. [Co(NHa3)e**: In this complex also, cobalt is in +3 oxidationtstaand has
3d® configuration. As Nilis a strong field ligand, pairing of electrons Iwil
occur. There are no unpaired electrons in d oitdlCS*. Hence, it is a
diamagnetic in nature. The central metal ior**Qurovides inner d orbitals
for complex formation, is thus’sp’® hybridized (inner shell orbital complex)

and the complex is octahedral in shape:

O L A
Nt Lt
o """" 6cPsp’ ﬁy_/bji_sdi_z_e_d orbitals

[Co(NHg)g]* lT ‘T lT xx | xx XX XX | xx xxé

T Irt

NH NH NH_ NH_ NH;
3 3 3 3

d. [Fe(CN)g* : Iron (atomic no. 26) has 3d<’ as valence shell configuration,
with iron in +3 oxidation state; Féhaving 3@ configuration. In this
complex, the ligand CNs a strong field ligand, hence, pairing of elent
will takes place. There will be one unpaired elestin d orbital of F&.

Hence, it will be paramagnetic in nature. The cdntretal ion, F&, provides
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inner d orbitals and thus, i€sp® hybridized (inner shell orbital complex) and

octahedral in shape.

3d 4s 4p
S A I R
3d 4s 4p
S IR
"""" B hybiidized omitals
. - 4p
[Fe@\,&a”” Txxxxxx ¢ | oc | 3¢
ottt
JON ON ON ON OGN ON
e. [Fe(H:0)g]** : Iron (atomic no. 26) has 3d4s® as valence shell

configuration, with iron in +3 oxidation state; B&aving 3@ configuration.
In this complex, the ligand water is a weak fielgahd hence; pairing of
electrons does not take place. There are five vegh@lectrons in d orbitals of
Fe**. Hence, it is paramagnetic in nature. The cembetal ion F& provides

outer d orbitals and is thus,?dp hybridized (outer shell orbital complex) and

octahedral in shape.

SETNEEE

= Y [
N o B ppdzotiz
NN R EEERR

f. [Mn(CN)¢*: Manganese (atomic no. 25) has®®f as valence shell
configuration, with manganese in +2 oxidation statén®* having 3d

configuration. In this complex, the CNgand is a strong field ligand. Hence,
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pairing of electrons takes place. However, therenis unpaired electron in d
orbitals of Mrf*, it is a paramagnetic in nature. The central mietalMn?*
provides inner d orbitals and iésg® hybridized (inner shell orbital complex).

Therefore, the complex, [Mn(CN} has an octahedral structure:

W Y
we L
"""" %‘ﬁmfﬁﬁ'zédaﬁtars" !

o |} |1 P o] o] |

Limitations of VBT:
v Cannot explain colour of complexes.
v/ Cannot explain why magnetic moments of some metahplexes are
temperature dependent.

v' Cannot explain the structure of €aomplexes.

7.5 SUMMARY

In this unit, you have studied that:

» |Isomers are the molecules having the same numbetioofs/ groups and
thus, same chemical formula but have different cétmal formula
(different arrangement of atoms or groups).

* Isomers can be divided into two main categoriesicttiral isomers and
space or stereoisomers.

* In structural isomers, the atoms/ groups are aearg different ways
(pattern of bonding is different).

* In stereoisomers, the arrangement of atoms/ grouppace is different
and their pattern of bond is the same. These anemfypes: geometrical

isomerism and optical isomerism.
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» Stereoisomers are important as they control oury myd$tem and also

useful in drug designing.

7.6 DEFINITIONS

Cis-isomer. When identical ligands are present at positiond t® each other, the

compond is calledis —isomer.

Dextrorotatory (d-form): The enantiomer that can rotate the plane of padrlight
to the right side.

Enantiomers: Enantiomers are the optical isomers having clealres.

Isomerism: Isomerism is the phenomenon of position and /mreement of atoms
or groups around the central metal ion/ atom.

Isomers: Isomers are the compounds having same chemicadufarbut different
physical and chemical properties.

Laevorotatory (I-form): The enantiomer that can rotate the plane of pmdriight
to the left side.

Optical activity: Optical activity is the property of compounds hytue of which
they can rotate plane of polarized light.

Plane of symmetry: An imaginary plane when passes through a moledilales it
into two equal forms which are mirror image of eatiher.

Racemic mixture @l -form): The optically inactive compound that cannot rotate
plane of polarized light.

Stereoisomerism: This isomerism occurs in those compounds in wlatims or
groups are differently placed in space.

Structural isomerism - This isomerism occurs in compounds having diffet@nd
arrangements around the central metal ion/ atom.

trans4isomer- When identical ligands occupy positions oppositeeaich other, the
isomer is calledrans4isomer.

7.7 QUESTIONS FOR PRACTICE
7.7.1 State True (T) or False (F)

a. The structural isomers have different physical eimeimical properties.

. CN/NC' ligands show linkage isomerism.

. SCN is monodentate and ambidentate ligand.

. lonization isomer of [Pt (NEJ3(NO,)]Br is [Pt (NHs)3(Br)]NO».

b

c

d. lonization isomers give same ions in solution.

e

f. Coordination isomerism occurs in all coordinatiempounds.

Exchange of water molecule between inside and dritsihe

@

coordination sphere is called as hydrate isomerism.
h. Bridged complexes are the best examples of codidmagosition

isomerism.
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Stereoisomerism is also known as space isomerism.
cis-transisomerism is also called as optical isomerism.
Enantiomers are the superimposable mirror imageaoh other.

Tetrahedral complexes show geometrical isomerism.

. Cisplatin is used as a chemotherapeutic drug.

[Mabcd]™ occurs as three geometrical isomers.
[Masbs] ™ exhibit geometrical isomerism.

[Mabcdef]™ has thirty optical isomers.
trans-[M(AA)azby] is optically inactive.

Square planar complexes rarely show optical issneri
CN is a strong field ligand.

[Fe(H:0)s]*" is paramagnetic in nature.

[Ni(CN)4]* is square planar.

[Cr(NHs)g]*>* form inner shell orbital complexes.

7.7.2 Fill in the blanks

a.

®© 2 0o o

-

The coordination compounds which have the same icla¢iormula

but different ways of attachment of ligands are lechl as

Structural isomerism is also known as ......c...ccc....ouuu... isomerism.
Complexes having ambidentate ligands show ............. isomerism.
[Co(H20)5Br]ICl ShOWS .....ovvviiiiiiieeieiiii mserism.

The compounds in which both the cationic and aki@pecies are
complex ions, show .......................... samerism.

IN e, isomerism, there @gchange between water

molecule inside the coordination sphere and ioresqt in crystal

lattice.

................................... isomerism ocur bridge compounds.
Stereoisomerism is also known as .......... .. ISOMErism.
cistransisomerism is also known as ............ccc..ceeee. isomerism.

................. geometrical isomers are possibigPd(NHs)2(NO,),].
The three similar atoms or groups placed in a plaassing through

metal atom/ ion give rise to isomer called as................ isomer.
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I.  The optically active compounds are also called @gal isomers or

m. The compounds that cannot rotate the plane of igeldrlight are
called as .......ccccvvvveeeeeieie i (o] PP PR
TR , an inorganic

stereoisomer, is a chemotherapugused for the treatment of ovarian

and testicular cancers.

0. trans-platin, is ........cccceeevevvvvinnnne. in nagur
Po HS coiiiiie e memi
0. [NICIZIS coveeeeeeeee e inepe

spd® is the hybridization of central metal atom/ ion

-

............................ shell orbital complex.

7.7.3 Short answer questions
I. What is the coordination isomer of [Co(B)&][Cr(CN)e]?

ii. Write the corresponding ionization isomer of [Ce(hHsBr]CI.

iii. Write the structure of corresponding hydrate isoofdCr(H,O)s]Cl.

iv. Give one example of ligand isomerism.

v. Explain in brief coordination isomerism.

vi. What are the different methods for identificatidrstsuctural isomers?
vii. What is stereocisomerism?
viii. Write down the structure of geometrical isomerfRifNH;z).Cls].

ix. How many isomers are possible for [jdg™ complex?

x. Define the term enantiomer.

xi. Write the corresponding optical isomers for [M(ABJ.
xii. What are chiral compounds?

xiii. Which of the following complexes are optically aet?
@I[Cr(oxy*;  (b) cis[PtChen)]; (c) fac[CO(NO)s(py)l; (d)
mer-[Co(NQ)s(py)s]; ()  cis[Co(Cy04)(NH3)2(NO2)2); (f) trans
[Co(C204)(NH3)2(NO2),]

xiv. Identify the type of compounds showing geometrisamerism:

(@) [Masb]™; (b) [Magbg]™; (c) [Mabcdefl”; (d) [M(AB)]™; (e)
[Mazbc]™; (f) [M(AB) 2]™; (g) [Magb]™
xv. List the methods used for identification of stesemers?
xvi. What type of isomers are the following?
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(a) [Co(NHs)sNO2]*" and [Co(NH)sONOJ**

(b) [Zn(NH3)4][CuCls] and [Cu(NH)4][ZnCl 4]

(c) [Cr(H20)sCIICl,.H,0 and [Cr(HO)4Cl,]CI.2H,0
(d) [Co(pn}Cl,]" and [Co(tn),Cl5]*

(e) cis[Pd(NHs)2(NO,),] andtrans-[Pd(NH;z)2(NO,),]
(f) d-[Co(en}C,04]** andl-[Co(enyC,04] ™

xvii. Daw all the possible isomers of [M(Af]™ type complex.

xviii. Draw all isomers of an octahedral complex having wnidentate
ligands; three of type “a” and three of type “b”.

xix. Define chirality.
xx. What is plane of symmetry?
xxi. What are the full forms af and|?

xxii. What do you mean bgis-isomer?

xxiii. What do you mean hyans-isomer?

xxiv. Which kind of ligands shows linkage isomerism?

xxv. Write down the ionization products of [Co(NEBr]SO,and
[Co(NH3)s SO;|Br compounds.

xxvi. How many molecules of AgCl will be produced by [E50)s]Cls3,
[Cr(H20)sCI|Cl,.H,0 and [Cr(HO)4CI]Cl.2H,O compounds ,
respectively on reaction with AgN®@

xxvii. Ambidentate ligands show which kind of isomerism?

xxviii. Which type of compounds show coordination positsmmerism?

xxix. What is the other name of stereocisomerism?

xxX. Explain why tetrahedral complexes are not ablextolet geometrical
isomerism?

xxxi. What are outer shell complexes?

xxxii. How much unpaired electrons are present in [SoF
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7.9 LONG ANSWER QUESTIONS

. What do you mean by isomerism? Explain strutiscanerism in detail with

suitable examples.

. Define the term stereoisomerism. How it is int@ot in human life?

. What is geometrical isomerism? What type of dowtion compounds exhibit

geometrical isomerism?

. Explain optical isomers of six coordinated connpas with suitable examples.

. With the help of suitable examples, explain dlzssification of isomerism in

coordination compounds. Explain optical isomerism four coordinated

compounds.

f. Write notes on the followings:

- Coordination isomers
- Linkage isomers
- Ligand isomers

- Geometrical isomerism in four coordinated conmuizi

g. Draw all possible geometrical and optical isafer [Mabcdefl* complex.
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h. Sketch the isomers of both tetrahedral and sogolanar complexes which have
two types of unidentate ligands (two unidentatarids of each type).

i. Explain valence bond theory with especial refieeeto octahedral complexes.

j. With the help of suitable examples, explain bogd magnetic properties and
structure of [MnCJ]%, [Ni(CN)4]* and [CoR)]®.

7.10 ANSWERS TO SHORT ANSWER QUESTIONS

State True (T) or False (F)
a.

-~ ® o o0 o

J Q@

3 ~ =
4~ 4 4 4" A4 444 7mTAm T AAA7 A7 A A+

L T o >

=

u.
v. T

Fill in the blanks

a. structural isomerism

b. constitutional
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3

>
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-

linkage

ionization

coordination

hydrate

Coordination position

space

geometrical

Two

meridional

enantiomers or enantiomorphs
optically inactive or racemic mixture
cisplatin

toxic

magnetic

tetrahedral

outer

Short answer questions

iv.

[Cr(NHz)e][Co(CN)g]
[CO(H20)5C|]BT'
[CF(H20)5C|] H,0

BSCCH-201

pn (*

N

Cl

tn (N\_ "

Cl——

N

Cl

The coordination compounds in which both the catioand anionic

species are complex ions, show coordination is@meriThis isomerism

occurs by the interchange of ligands in betweenctt®nic part and the

anionic part.

vi. (A) Conductivity method (lonization isomers ahgdrate isomers)

(B) Electrolysis method (Coordination isomers)

(C) Freezing point depression method (Hydrabeniers)
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(D) Infrared spectroscopy (Linkage isomers)

vii. Compounds which have the same atoms/ grasgrse position of atoms/
groups and same sets of bonds, but differ in tbpatial arrangement
around the central atom/ ion are called as stevewss and the
phenomenon is known as stereoisomerism.

viii.

FN—=a HN—=¢

‘P/ \P/
// \O/ (:1// \Né
cis trans

iXx. Two geometrical isomersrer andfac
X. Optically active compounds which are nonsuperimplesanirror image
of each other are called as enantiomer.

Xi.

HsC, CH HsC, CH
3 \c o o c 3 i 3 \c o o c/ 3
N ’ 1 —_— N D —

HC/ é/ \CH E HC/ e \CH
N\ N 7 1 N\ AN J
c——0 0o——C | c——o0 0o——C
]

CeHs CeHs i CeHs CeHs

xii. The compounds which cannot be divided into two egaats when cut
through an imaginary plane (mirror plane) are chdls chiral.
Xiii.
(@) [Cr(ox}]* (e) cis[Co(C04)(NH3)2(NO2),]
Xiv.
(b) [Magbg] ™ (c) [Mabcdefl” (d) [M(AB)s] ™ (e) [Mahbc] ™ (f)
[M(AB) 2] ™

XV. (A) Dipole moment method i@€andtrans isomers)
(B) Nuclear Magnetic Resonance (NMR) Spectroscajg/gndtrans
isomers)
(C) Greinberg’s method igandtrans isomers)
(D) Mass spectrometry (both optical and &ndtrans isomers)

(E) Infrared Spectroscopyi&andtrans isomers)
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XVi.
(a) Linkage
(b) Coordination
(c) Hydrate
(d) Ligand
(e) Geometrical
(f) Optical
XVii.
— Aﬁ — n* a nt
A= Al
L D,
AF\ q nt i (‘A nt
/a\'M7A i A\—M',a\
“ _\/ ! VAR
oo &
Geometrical isomers Optical isomers
XViii.
a n T n+
b:{— b:l—
2 N\
M
a Va A
b a
fac-isomer mer-isomer

xix. Optical isomers have same physical and chemicglgrties but have
different property with respect to the rotationtbé plane of polarized

light and the isomerism possessed by these isameadled as chitality.

xX. Plane of symmetry is an imaginary plane that dizideompound into
two equal halves which are mirror images of eatleiot
xxi. Dextrorotatory and laevorotatory
xxii. When similar atoms/ groups (ligands) are adjacenédch other, the
isomer is calledis-isomer.
xxiii. In trans-isomer, the similar ligands are present diagonapiposite to

each other.
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xxiv. Ambidentate ligands.

xxv. [Co(NHa)sBr]** and SGQ% ; [Co(NH:)sSOy]* and BF compounds.

xxvi. 3, 2, 1 respectively.

xxvii. Linkage isomerism

xxviii. Bridged compounds

XXiX. Space isomerism

xxx. Tetrahedral (coordination number 4) complexes dot mshow
geometrical isomerism because in this geometry,tradl ligands are
present incis. position (adjacent) with respect to each other {ahd
angles are same).

xxxi. The complexes in which outer shell d-orbitals aediin hybridization,

it is called as outer shell complex.

UNIT 8- OXIDATION AND REDUCTION
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8.4.1 Oxidation cycle of alkali metals
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8.5.2 The compound can releaseod reaction with water

Latimer, Frost, Ebsworth and Pourbaix diagrams

8.6.1 Latimer diagram

8.6.2 Frost diagram

8.6.3 Ebsworth diagram

8.6.4 Pourbaix diagram

8.7 Principles involved in the extraction of elertsen
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8.8 Summary
8.9  Terminal questions
8.9.1 Fill in the blanks
8.9.2 State True (T) or False (F)
8.9.3 Long answer questions
8.10 Answers
8.10.1 Fill in the blanks
8.10.2 True (T) or False (F)

8.10 BJECTIVES

This unit deals with the oxidation-reduction praess different terminologies
involved and their application. When you study timst, you will be able to identify,
understand and answer the following terms and probi

» Oxidation,

* Reduction,

* Oxidation number,

» Standard potential,

» Electrochemical series,

» Redox cycles,

» Latimer, Frost and Pourbaix diagram,

» Extraction of elements and redox reactions,

And you can also get acquainted with the followiegms:

» Oxidizing agent,

* Reducing agent,

* Redox reactions,

+ Redox Potential

8.2. INTRODUCTION

We all know that oxidation-reduction processes odnuour daily life. The
various examples of oxidation-reduction reactioneur day-to-day life are rusting of
iron, use of lead acid batteries in inverters atiteo batteries used for different
purposes, photosynthesis, respiration and combustioredox reactions, oxidation
number of molecule, atom or ion (any species) ceary transfer of electrons (gain

or loss of electrons).
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The redox reactions involve two half reactionsg@uced half and an oxidized
half and these two always occur together. The redlualf reaction gains electrons
and called as oxidizing agent while the oxidatiaif is called as reducing agent.
There are different definitions and phenomena gif@noxidation and reduction
reactions. Here, in this unit, we will discuss thiéerent aspects of redox reactions.
8.2.1. Oxidation number
In case of ionic reactions, redox changes can haeed in terms of electron
transfer. However, in the case of covalent compsutite redox reactions can be
explained on the basis of oxidation number. Thelatdn number is a measure of
extent of oxidation (charge which appears whenctiver atoms are removed) of an
element and in its compounds.

8.2.2. Oxidation (De-electronation)

The process in which loss of electrons resulthéihcrease in oxidation number of
its atom / atoms is called oxidation reaction.

Oxidizing agent (O.A))

It accepts electrons (electron acceptor) or oxalatiumber of whose atoms or ions
decreases.

8.2.3. Reduction (Electronation)

Gain of electron or decrease in oxidation numbeitofaitom / atoms is known as
reduction.

Reducing agent (R.A.)

It donates electrons (electron donor) or oxidatiomber of whose atoms increases.
Oxd" no. decrease by 3

[ v
+6 +2 +3 +3
Cr,O, + Fe®—2Cr*" + Fe*
O.A. RA. %

Oxd" no. increase by 1

Here, oxidation of Fe and reduction of Cr takes@la

Oxidizing agent — GO,*~

Reducing agent — Ee
Thus, a reduction-oxidation (redox) reaction isharical reaction which comprises
transfer of electrons between two species viz.ipixig agent and reducing agent.
8.2.4. Oxidation Number
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It is the charge which an atom of an element hatsiion or appears to have when
present in the combined state. It is also knowoxédation state.
8.2.5. Electrode potential (E)
In metal-metal ion electrode, metal (M) immersedhie solution containing metal
ions (M™ ions). In the electrode, there exists a separatfooharges between the
metal and its salt solution. The separation of gaaresults in the development of net
(-)ve or (+)ve charge on the metal with respectdcsolution. The (-)ve or (+)ve
charge developed on the metal produces electrimi@npal difference between the
metal and its solution. This electrical potentiéfedence is called potential of the
electrode or electrode potential. Electrode po#éigia measure of the tendency of an
electrode in a half-cell reaction to gain or logectrons. It is denoted by E. Unit of
electrode potential is volt (V)olt is the potential, required to flow one coulomb
electric current per second, through a uniform abdref mercury 106.3 cm long,
containing 14.4521 g of mercury ato
Standard electrode potential (E°)
When the concentration of the ions and the pressiutiee gaseous species appearing
in the electrode reaction (half-cell reaction) dmmol dm® and 1 atmosphere,
respectively at 25°C temperature, the electrodentia is called standard electrode
potential. It is denoted by E°.

Types of electrode potential

Electrode potential may be of following types:-
8.2.5.10xidation electrode potential (E,,)
Oxidation potential of an electrode is for the @tidn reaction taking place at the
anode. Thus, oxidation electrode potential is tbeeqtial of the electrode at which
oxidation takes place and hence, is a measureeofetidency of the electrode in a
half-cell to get oxidized or to lose electrons.

Zn(s) - Zn** (aq) + 28, E°yx of E2nznas = +0.76 V

8.2.5.2Reduction electrode potential, (E.q)
Reduction potential of an electrode is for the mtidun reaction taking place at the
electrode. Thus reduction electrode potential ésgbtential of the electrode at which
reduction takes place and hence is a measure detiiency of the electrode in a
half-cell to get reduced or to gain electrons.

e.g. — Cl'aq)+ 26 — Cu(s), Efed0Or Ex?*/cu=+0.34 V
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Relation between oxidation potential and reducgotential of a given electrode
(Eox)elec. = — (Bed)elec.
— (Eoxetec.= (Eredelec.
Similarly, for standard electrode potentials —
(E%x)elec. = — (Eed)elec.
—(E%)elec. = (Eedelec.
An important convention
According to the present convention, the valueletteode potential is expressed as
reduction electrode potential. Thus, if we say ittt value of standard electrode
potential of zinc electrode is —0.76 volt, this meghat the given value is the value of

the standard reduction electrode potential of Zetebde, i.e., E*/ zn = - 0.76 volt

8.3 USE OF ELECTRODE POTENTIAL DATA -
ELECTROCHEICAL SERIES

The values of standard reduction potentials of nelagtrodes have been determined
at 25°C or (25 + 273) = 298K. These values have lageanged in their increasing

order, in the form of a series, which is callectc&lachemical series.
Reducing= Oxidizing + € E° (V)

agent agent

Li = Li‘+e -3.045
K = K'+e -2.925
Ca — Cd&'+2e —2.866
Na — Na +¢€ —2.714
Mg = Mg* +2e -2.363
Al = AP +3e ~1.662
Mn = Mn*" +2e -1.180
Zn = zZnt*+2€ —0.762
Cr = Cr*+3e —0.744
Cd = Cd*+2e -0.403
Fe — Fe&'+2e —0.400
Co = Cd&*+2¢e -0.277
Ni = Ni*+2¢e -0.250
Pb = PH"+2¢ -0.126
H, = 2H +2¢ +0.000

e ——
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CH;= C+4H +4e +0.132

CU— Cu'+e +0.153

Cu = CuU'+2e +0.337

20H — 10, + H,O + 26 +0.401

- = YLhL+e +0.536
Fe*— Fe'+e +0.771 -
Ag = Ag +e +0.799 8
Hg = Hg*" +2¢€ +0.854 §
Hg,?t =2Hg" + 2¢ +0.908 E
Pd = Pd +2¢ +0.987 8
Br = Bn+e +1.065
Pt = P +2¢e +1.200

CIr = %Ch+e€ +1.359

Aut = AU* +2e +1.402

Au = AU +3e +1.498
PB* = PH" +2e +1.800

Agt = Ag” +e +1.980

F — Y»%kr+e +2.870

HFag— Y2+ H'+ &  +3.060

The potential data can be utilized for the follogvipurposes:
8.3.1 To know the feasibility of a chemical reactio
With the help of potential data, we can determine teasibility of a redox
reaction. The electric pressure that makes cuffewtin a circuit is called as
electromotive force.

Electromotive force (E.M.F.) = EZhode— E%node

= ESnore — Eess

= ESight — Eftt

Suppose, we want to know feasibility of the follogriredox reaction:

S+ Cu— Sn + C" E°, 2+ = -0.136V and E2p+ ., =0.34

ICcu
As reduction potential of Ej2+, is higher as compared to £ the
oxidation potential, reduction will takes placecapper half cell. But in this
reaction, the two reaction halves are:

26 +Srf" - Sn (En2w/sn= —0.136 v) Cathode
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Cu- C' +26  (Buct =-0.34) Anode
E.M.F. = Eathode— Eanode
=-0.136 — (+0.34)
=-0.476V
Due to negative value of E.M.F. of the cell, inmt a feasible cell. Whereas if
the cell reaction is
CU* +Sn- Sit*+ Cu
Than, it will be feasible to occur, because now E.Mvill be positive.
E%en = E%athode— E%node
If we know EZamode@nd Enode We can easily calculate K. If K is very
high, the reaction will proceed towards forwarcedtron.
8.3.2 To calculate the redox potential and free engy change
There is the following relationship between E° &m@ energy change
(AG):
AGP° = —nE°F
If E° is positive, the value diG° will be negative and a reaction is generally
thermodynamically feasible if value Af5° is negative.
8.3.3 To calculate the value of reduction electrodpotential of a given
electrode in non-standard conditions
The value of (E)elec. Can be calculated by using the following Nernst
Equation:

Eodaec= Podeiec. - 2303 RT log Product of concentration of products

N~ Product of concentration of reactants

Here, (Eegelec = Reduction electrode potential in non-standanaditions,
(E%edelec. = Reduction electrode potential in standard coowmkt i.e.
(ESeq) is the standard electrode potential,
n = no. of electrons released in the electrodeatdoiu reaction.
8.3.4 To calculate the value of potential (e.m.fgf a given cell in standard
conditions
The value of Ejcan be calculated by using the equartion
E%ell = (E%ed) cathode— (E%ed) anode
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8.3.5 To calculate the value of &, by using Nernst equation

Ee= By - 2303 R-'I_og Product of concentration of products
Nk Product of concentration of reactants
8.3.6. To know oxidizing and reducing property of gbstances in aqueous

solution
The substance which has a (+)ve value qfgEPas a tendency to gain

electrons to undergo reduction and hence is cadlaleting as an oxidizing agent in
aqueous solution. The substance which has a (-9 \of E%4 has a tendency to
lose electrons to undergo oxidation and hence fmlda of acting as an reducing
agent in agueous solution. Higher the value qfgERigher the tendency of the
substance to accept electrons to undergo reduati@agueous solution and hence
higher the oxidizing power of the substance. Higther value of B2y lower is the
tendency of a substance to lose electrons to uadediglation in a aqueous solution
and hence lower is the reducing power of the suabstaSince, E& value increases
down the electrochemical series ~ O - +), the oxidizing power of oxidizing
agents also increases. Since.ffalue increases down the electro-chemical series,
the reducing power of the reducing agents decreéagbs series.
8.3.7. To calculate redox potential and equilibriunconstant

As redox reactions are reversible in nature, foeee there is equilibrium
between oxidizing and reducing agent. If we know tiedox potential, we can

calculate equilibrium constant for the reaction ethcan further decide the direction

of the reaction forward / backwardgp Cliag) (= Zntag + Cus)).

[2n*"] [cucs)]

(Equilibrium constant) K ) [CF]

As concentration of solids remains constant,d4[Zncg] will be constant (1) So,

[zn*']
K:—+
[cu]
K is related to E.M.F. of a cell by the followinglation :

2.303RT
ECen =
cell nF

8.4. ANALYSIS OF REDOX CYCLE

8.4.1. Oxidation cycle for alkali metals

Log K and at 25°C = 0.059/n log K.

M Oxidation M

m+aq = = +e E°
In aqueom solution

(aq)
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Tendency of a metal electrode to releases &nown as standard oxidation potential.
This reaction can occur by three different stepe:al

Sublimation €nergy (S)
()M, Seblimation

g)

energy (IE)

2 lonization
M, ———
M, +e

(i) M, +aq —» M+(aq) — Hydration energy (H)
Hence, electrode potential of the metal depends updblimation energy,
ionization energy and hydration energy, i.e.,
E°%«x=S+IE+H
In case of alkali metals, especially Li, sublimatenergy is very less and ionization
energy is also very low, but hydration energy isyM@gh. Hence, Li has the highest
positive value of g (+3.04 V).

aqueous solution

> Mmm+ e

S A

(s)
'3

(g

IE

|
|

+

(2 >

Oxidation cycle of metals
8.4.2. Reduction cycle of halogens
The tendency of halogens to accept electron in @guesolution to form

hydrated ion (X(aq)) is the standard reduction potentialJfE°

Reduction

—_—r

in aqueon
solution

This process also involves three /four/five steps :

Energy + 1 X(g) l,s) +e +aq X (aq)

i Fusion

() UXf) —00 . wX0

Heat of fusion
(Hf)

Gi) %X, Vaporisation % X(2)
Heat of vaporization

(Hv)
(i) 2 X(g) —m89 5 X(g)
Dissociation
energy
(I/ZD)

(@) € + X(g) » X(g)” + Electron affinity (EA)
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Hydration energy (H
(b) X, +aq ydration energy (H) Xo +H

e 5 X (s, lor g) L X(aq)
V2 HE 1
A

72X, (1)

Reduction cycle of halogens
E%eq = Y2Hf + ¥2Hv + %D + EA + H

As F, and C} are gas, Hf and Hv can be omitted. In the similay, heat of fusion
(Hf) can be omitted for Br(liquid). After putting all the values of energye get

E%eqVvalues as follows:

F, = — 768 (kJ/mole)
Cl, = — 607 (kJ/mole)
Br, = -575 (kJ/mole)
I = —494 (kJ/mole)

These values suggest that, in spite of lower eladffinity of F, its E%qis higher as
compared to that of €l Hence, F is more powerful oxidizing agent than,Cl
Therefore, oxidizing power of halogens in aquealst®on does not depend on the
value of EA but on the value of &P

8.5. REDOX STABILITY OF WATER

The compounds that are stable in water neitherizeidor reduce or disproportionate

in water (Figure 8.1). While, the substances, wlaoh unstable in water, they can

undergo the following reactions in aqueous medium:

8.5.1 The compound may release 4bn reaction with water

In these reactions, water is reduced $o H

Reduction

H’ +20H

2H,0 +2¢
H @+ € —s¥2Hg
This reaction is shown by some alkali metals ardhehts of first series
of transition elements like Sc, Ti, V, Cr, Mn, etc.
M + H,O - MOH + %2H,
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Sc +3H- S+ 1%
8.5.2 The compound can release ®n reaction with water

Here, water acts as an oxidizing agent:

2H,0 - 4H + O + 4€ %x =—1.23V or E3¢=+1.23V

Most of the species with more than 1.23V&an oxidize water into £3uch as k
Co*, Cé" etc.

4CC™ + 2H,0 - 4 CE + 4H + O,
4Cc" + 2H,0 - 4CS + 4H + O,

0, H0
04 4 Water stable towards oxidation and reduction
0 >
; >
044 : 3
s K
08— 7

E(V)

0 ; 4 l! :! |Io 12

—— pH

Figure 8.1: Redox stability of water
8.6 LATIMER, FROST AND POURBIX DIAGRAMS

8.6.1. Latimer diagram

Latimer diagram represents useful diagrammatic sane® of the relative
stabilities of a series of species. The numeriedlier of standard potential is
written over a horizontal line connecting speciethvhe element in different
oxidation states. The most highly oxidized formtioé element is on the left,
and to the right, the element is in successivelelooxidation states.

Latimer diagram of chlorine in an acidic solution

+1.20 1.18 1.65 disproportionates

e Ti +1.65 — s

Clo; —— ClO; —— HCIO,— HCIO + 1.67 cl,

+7 +5 +3 +1 x:
I* 1.36
Cl

=
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+1.20
2¢ +2H +ClO, — CIO,; + H,0O E°=1.20v
+1.67
2¢ +2H +2HCIO — CL, +2H,0 EP=1.67v

In basic medium (pH = 14), Latimer diagram of chieris

+0.49y
L1037 1 1030 1068 Y 4042 4136
Clo, — ClO, > CIO, > ClO > (l, » Cl
I t l t
+0.33v +0.89v

Potential around OCldo not decrease from left to right, and hence @ClI
unstable with respect to disproportionation.

clo; %43 c10~ 289, 1~
Potential around CI© and OCI do not decrease from left to right.
clo; 237 clo; 248 ocl-
So, CIQ" should disproportionate into CJOand OCT and OCI should
disproportionate to give Cand CIQ~

MnO; 4-()_5(1' MnO: +2.26 +0.95 > Mn" +1.15 Mn'’ ﬂ’ Mn®
+7 +6 +3 % 0

=

o

L—»

1.51
Latimer diagram of manganese (acidic medium)

Se + 8H + MnO, — Mn"" +4H,0
E°=151V;AG=-5x1.51
=-7.55
- Oxidizing agents have large positive E° values.
—. Powerfully reducing agents large —ve E° value (M#/ Mn°).
- Thermodynamically unstable species, generallygrdgortionate.
If the sum of reduction and oxidation potentialpdsitive , thel\G = —
ve and spontaneous disproportionation is possible.

+0.56

MnO, 2238 Mno: 2225 MnO,
- —>
Oxidation Reduction
(MnOs## - MnO4 +e; E°=-0.56V)

26 + 4H' + MO/ - MnO, + 2H,0 “22
If the sum of reduction and oxidation potentialspissitive, then the
standard free energy change for the disproportionatill have a

negative value and spontaneous disproportionasigossible.
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Manganese redox reactions in alkaline solutioraarfollows:

s , +0.6 +0.2 5
MnO, 228 Mn0? 228% Mno, 2225 Mn(oH), 2-Ls Mn(OH),

t T| flu.ssv

+0.59 +0.05

Mn
Latimer diagram for manganese in basic medium
Uses of Latimer diagrams
+1.20V +1.18V +1.65V +1.67V +1.36V

Clo; — ClO; » HCIO, » HCIO > Cl, > Cl,
+5 +3 +1 0 4

(i) Predict feasibility of a reaction

M EO M E°, Me
+2 +1 0
e +M —— M B3
difference
e +M — M° E?

(ii) Predict disproportionation reaction (unstabpecies)
IM — M*+ M (E%,—E°)
E°,>E°,  Positive value
Hence, disproportionation occurs at HCIO.
(iif) Calculate E° value for any non-adjacent ceupl
2¢'ClIO, —— HCIO, (n,=2)
2¢ HCIO—— HCIO  (n,=2)
AG® =AG®, + AG,
— (m + np) FE® = —n FEG + (—nFE%)
mE;+ mE, 2 x1.18+ 2 x1.65
(+np 4

o __

8.6.2 Frost diagram

Plot of product of oxidation number (N) and redantipotential (E°) against
oxidation number of the element (N) or plot betwstandard Gibbs energy against
oxidation number (Figure 8.2).

(1) The most stable oxidation state will lie lowesthe frost diagram.

(2) The slope of the line joining any two pointstire Frost diagram is equal to the
standard potential of the couple formed by the $pecies represented by the joints.

More positive the slope, the great the oxidizingvpoof the couple.
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Reduction

Stable oxidation state

— AG
Figure 8.2: Frost diagram in general
A species in a Frost diagram is unstable with retsfpedisproportionation, if its
point lies above the line connecting two adjacpetcss.
(3) N2O4 undergo disproportionation, Figure 8.3.
26 + NoOyg - 2NG;

— Oxidation number

Figure 8.3: Frost diagram showing disproportionation of N,O4
Reverse of disproportionation is called compropoidition (Figure 8.4):
20H + NO + NO4 —» 2NG; + HO
Two species will tend to comproportionate into ateimediate species that lies
below the straight line joining the terminal spaci&rost diagram showing

comproportionation is given in Figure 8.4.
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N,O
NO

NE

NO,

Oxidation number

Figure 8.4: Frost diagram showing comproportionatio

dis

#NO

Comp.

NH,On

— (Oxidation number

Figure 8.5: Frost diagram for nitrogen

Construction of Frost diagram from Latimer diagram (Figure 8.5.)

1.26V 0.34V
gL 1 =0.
TN ——— TI'

1 > T
| 4
+0.73
T -T"+e PBF=034V
T - TP + 3¢
NE° = 2.19

Thus, calculated NE along with oxidation can betplibto get frost diagram.

T

Tl

Tl

] il J
T T T I
+1 +2 +3 +4

Oxidation number
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Figure 8.5: Construction of Frost diagram for thallium from Latimer diagram

Consider the Frost diagram for manganese in aodidium (Figure 8.6). Mn(ll) is
the most stable oxidation state. ¥Mnand MnQ?* are unstable and undergo
disproportionation because both #mnd MnQ?™ species lie above the line joining
Mn* and MnQ and MnQ and MnQ’, respectively. Thus, disproportionate into the
respective species (Figure 8.6).

2HO + 2Mrt = MnO, + M2 + 4H"
4H" + 3MNOZ - MnO, + 2MnO + 2H,0

MnO,

N

Figure 8.6: Frost diagram for manganese in acidic edium

8.6.3. Ebsworth diagram

Free energy is plotted along the vertical axis rgfadxidation states horizontal
axis. The free energy changes between oxidatidesstre readily calculated
from reduction potential. The lower oxidation stattethe diagram is stable
oxidation state. Mfi more stable than MnObut not than Mfi" (Figure 8.7).

T MnO,

MnO,

Figure 8.7. Ebsworth diagram of manganese: Free energies afatan
states of manganese relative to oxidation statkeofmetal in aqueous solution
at pH =0.
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8.6.4. Pourbaix diagram: Possible stable phases of aaqueous
electrochemical system
Potential / pH diagrams are called as Pourbaixrdiag (Figure 8.8).

(1) Fe3*+ e - Feff,— E'= +0.77V Not depend on pH

(Horizontal line)

(2) Fely;y + 3H,0 (R) - Fe (OH)3 + 3H{,,y Not redox reaction, no

change in oxidation number but depends upon pH.

e Fe'
+0.7
+0.3Fe
T Fe(OH),
03T
%
0.7 1 E(o)S 7
) %
1 } l

—— pH
Figure 8.8: Pourbaix diagram of iron
(3) Fe(OH} + 3H' + € - F&* + 3H,0
pH increases, potential will change negatively.
Disproportionation reactions
These are the redox reactions in which the oxidatiomber of a species can increase
and decrease simultaneously.
2Cd - cu+cd

. oxidation half

Cu ———— Cu’' +e E° (oo =—0.16V
< Reduction half ., - s :
e +Ci' ——————Cu+e  E°(.o =+0.52V

Overall reaction 2Cu- CU** + Cu®; E° = +0.36V

E° is positive, hence the reaction is feasible.
Redox stability of water depends upon pH value. 3pecies with E° values greater
than [1.23V — (0.591pH) V] can oxidize,® to & and the species whose E° value is
more negative than (-0.0591pH) V can redutdd,.
Comproportionation reaction
This reaction is opposite of disproportionationctean and in this two oxidation
states convert into only one oxidation state:

CU" + Cu®- 2Cw° (-0.37V)

Autooxidation
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It is same as disproportionation reaction but iturs slowly without the action of
heat, light or electricity:

3HNO, - HNO3;+ 2NO
+3 +5 +2

8.7 PRINCIPLES INVOLVED IN THE EXTRACTION
OF ELEMENTS

Gibbs free energy changé&@), entropy changeAS) andAH of a
reaction are related as follows:

AG =AH - TAS

From this equation, you can observe thdtSfis positive, AS will also increase and
the valueAG will be negative4H < TAS). Thus, the reaction in the forward direction

will occurs spontaneously.
Equilibrium constant (K) andG®° are related as:
AG° = - RT Log K

From this equation, it can be concluded that highervalue of K, more negative will
be the value ofAG°® and thus, the reaction will again proceed towaimrward

direction.

When AG for a reaction is positive, it can be proceednsmaeously by
coupling with another reaction with larger (in néga) AG value so that the resultant
AG value should be negative. This type of couplir@ctions can be better

understood by Ellingham diagram.

8.7.1. Thermodynamic principle for the reduction of metal oxdes to
metal by carbon (Gg) or CO (g
Metal oxide on reduction with & converts into Cg) or CQyq) as

shown by the following redox reactions :

MxOg) + Gy XMg) +  CQy
MxOs) + %2Gs) Mg ¢ 7%CQq

Conversion of )to CQg) and Ms) to MO(s) are oxidation reactions :
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Cis) + ¥2Oy) » CQgy, AG® =AG°(c-.co)
XMs) + ¥2Oyg) » MxOyg, AG=AG M - mx0)
After subtracting these two equations, we get —
Cis) + MxOs) ~» XMgs) + CQy) ; AG® =AG(c.co) —=AG M - mx0)

Hence, ifAG°(C — CO) is more negative as compared@ . w20), then only the
reaction is feasible. The other reaction wherg €an be converted to Gf,
similarly the AG°c_coz) should be more negative as compared&F v .mxo) for
reaction to occur spontaneously. In the similar weas can understand the reaction of

MxO to xM on reaction with CO.
MxO + CQs) » XM + COyg) (Redox reaction)
The two oxidation reactions of ¢and M are
CQ) + ¥20y(g) » COy(gy; AG® =AG%(co-.coz)
XMgs) + ¥2Qyg) — MxOyg, AG"=AG xm - mx0)
The overall free energy change will be
AG co- co,) — AG M= Mx0)

If AGZCO_,COZ) AG°co.coxwill be more negative thaAG°w . wxo), the overall free

energy change will also be negative and reductioiMp — M with CO will be

feasible.
8.7.2. Reduction of a metal oxide by another metal
X + YO——XO+Y
(metal) (Metal oxide)

In the above reaction, X and Y are two differentais while YO and XO are oxides

of these metals.

Change in free energy = free energy change of pitsdd free energy change of
reactants
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Change in free energy of reactiod&°x . xo) —AG°yo v)
As X and Y are elemental form, the change in freergy of reaction becomes:
AG°xo0) —AG°vo)

The AG°xo) value should be negative so that the overall &eergy

change is negative.

8.8. SUMMARY

In this Unit, you have studied that

e Oxidation and reduction reactions occur simultasgowand are

called redox reactions.

Oxd" no. decrease by 3

I v
+6 +2 +3 43
Cr0, + F&—2Cr" + Fe"
0O.A. R.A.

Oxd" no. increase by 1

Here F&" has been oxidized to Fewhile CrO;> has been reduced toCr

* Oxidation state or oxidation number of an elementap atom is the
charge that appears when the particular elemgmesent in the combined
state.

* In oxidation reaction, loss of electron(s) or ie thcrease in oxidation
number takes place.

» Oxidizing agent is the species that accepts elesr@nd reduce itself.

* Reduction reaction is the process where either @gdirelectron/s or
decrease in oxidation number is observed.

* Reducing agent is a species which donates elestiamd oxidize itself
during the course of a redox reaction.

* The tendency of cathode to gain the electron/allea reduction potential
while the tendency of the other half electrode (Br)do lose the electron/s
is called as oxidation potential. Reduction potdns denoted by & and

oxidation potential by &. If reduction / oxidation potential of a
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compound is measured under standards conditiors, ithis called as
standard reduction (kg/standard oxidation potential (.

» Electrochemical series is arrangement of standaidation potentials in
their increasing order.

 The potential data can be utilized to know feasibibf a chemical
reaction, to calculate redox potential and freerggnehange, to calculate
the value of reduction potential of a given eled&roat non standard
conditions, to calculate e.m.f. of a given cellstandard conditions, to
calculate the value &g, to know the oxidizing and reducing property of
substances in aqueous solution and to calculaiél@mm constant.

* Oxidation cycle of alkali metals and reduction eyof halogens explain
pattern of their reduction potential data.

* Redox stability of water explains stability or iability of certain species
in water.

e Latimer diagrams show the standard reduction pitisntconnecting
various oxidation states of an element in a hoteloline with the most
oxidized form on the left and the elements with cassive lower
oxidation states on the right. Latimer diagram ldbdne in basic medium

is given below:

+0.49v
_ +0.37 ‘ _ +0.30 _ +0.68 J' _ +0.42 +1.36
Clo, > CIO; > CIO; » CIO > Cl, > Cl
l i | I t
+0.33v +0.89v

* Latimer diagram is useful to predict feasibility af redox reaction,
unstable species and help in calculatEfyvalue for any non-adjacent
couple.

 Frost diagrams are plot between Nghd oxidation state of an element.
This diagram is helpful in predicting the most &atxidation state of the
element, unstable species and oxidizing power opleal reactions. It also
tells about the species which can comproportionate.

» Ebsworth diagrams are the plots between oxidatiate sand free

energy.
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» Pourbaix diagrams are plotted between potentialpdhd

» Disproportionation reactions are redox reactionsvhrich the oxidation
number of a species increases and decreases siruutly.

» Comproportionation reactions are opposite of digprbonation reactions
in which two oxidation states converts into a stngkidation state.

e Autooxidation reaction is similar to disproportidioa reaction but occurs
without any external support like heat, light ceaticity.

« Free energy change, entropy change and enthalpygehaf a chemical

reaction control extraction of elements during itimeetallurgy.
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8.9. Terminal questions
8.9.1. Fill in the blanks
i. The redox reactions involve two half reactions, a......... half
andan .............. half and these two always occur togret
ii. Charge that appears when the other atoms are reh®ealled as
iii. The reaction in which, loss of electrons resultshi@ increase in
oxidation number of its atom / atoms is called ................
reaction.
iv. Gain of electron or decrease in oxidation numbeit®fatom /

atoms isSknown as ........cvvveevvinnnnnn.
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Vi.

Vii.

viii.

Xi.

Xii.

Xiil.

XiV.

XV.

XVi.

................................... is also known as oxidation state.
Electrode potential is a measure of the tenden@nadlectrode in
a half-cellto ................ Of ...oovvvvnevennn..... €lectrons.
............................................. potential is the potential of

the electrode at which oxidation takes place andcégeis a

measure of the tendency of the electrode in a dadlfto get

oxidized or to lose electrons.

The values of .................... Potentials have been arrdrige

their increasing order, in the form of a series,iolhis called

electrochemical series.

Relationship between redox potential and free gnetgnge is

In ......................... diagrams numerical value of the stamia
potential is written over a horizontal line connegtspecies with

the element in different oxidation state.

If sum of the reduction and oxidation potentigbasitive, then the

standard free energy change forthe ......................... thatve

a negative value and spontaneous ..............ccoevviiiinennn is
possible.

In ..................... diagram, free energy is plotted along thertical

axis against oxidation states horizontal axis.

..................... diagram is plot between potential and pH.

Plot of product of oxidation state (N) and reductmotential (E°)
against oxidation number of the element (N) or pbetween
standard Gibbs energy against oxidation number s
........................... diagram.

............................... reaction is opposite of
disproportionation reaction.

It is same as disproportionation reaction but iturs slowly

without the action of heat, light or electricity

8.9.2. State True (T) or False (F).
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Vi.

Vii.

viii.

Xi.

Xii.

Xiii.

XiV.

XV.

XVi.

Rusting of iron, use of lead acid batteries in s and other batteries
used for different purposes, photosynthesis, ragpir and combustion
are the examples of oxidation-reduction reactions.
The reduction half reaction gains electrons antkdas reducing agent
while the oxidation half is called as oxidizing age
Redox reactions are reduction reactions.
Loss of electrons results in the increase in oledatumber of its atom /
atoms is called oxidation reaction.
Gain of electron or decrease in oxidation numbeitsoatom / atoms is
known as electronation.
In metal-metal ion electrode, metal (M) immersed tive solution
containing metal ions (M ions).
Unit of electrode potential is volt per meter (V/m)
Standard electrode potential is denoted by E.
The tendency of the electrode in a half-cell to igeluced over to gain
electrons is reduction electrode potential.

If E° is positive, the reaction will be thermodymaally feasible if
value ofAG° is negative.
Nernst equation is

(E red) elec = (E° red) elec — 2.303RI log Conaeaitants
np Conc. of products

The substance which has a (+) ve value @fylEas a tendency to gain
electrons to undergo reduction and hence is capaiblcting as an
oxidizing agent in aqueous solution.

Since E2q4 value increases down the electro-chemical seties,
reducing power of the reducing agents increaséirseries.
Redox reactions are irreversible in nature.
In Latimer diagram, the most highly reduced fornanfelement is
written on the left and the most highly oxidizeesigs written on
the right side of the horizontal line.

The most stable oxidation state lies lowest inRfast diagram.

8.9.3. Long answer questions

What is electrochemical series? Discuss its apjiics.
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ii. Define the terms disproportionation, comproporti@mraand auto-
oxidation with example.

iii. Explain the main features of Latimer diagram. Aldscuss the
usefulness of Latimer diagram.

iv. Discuss oxidation and reduction cycle with examples

v. What do you mean by redox stability of water ?

vi. Discuss different principles involved in the extrag of
elements.

vii. Given that

St + 2¢ Srt*  E°=0.154V

Fe?* E°=0.771V

Fet+ e

Determine E° cell?

viii. Will it be possible to oxidize Cland C&* with acidic CpO;* ?
Given that E° (GI2CIN) = 1.3595V, E°(CE/Co*") = 1.81 V and E°
(Cr,0472Cr") = 1.33V.

ix. Will permanganate ion oxidize B to evolve Qin acidic medium?
Given that

MnO, + € MnO2  E°=0.56V

%U, + 2H" + 26 === H2U(e) E° =1.23V

X. The Latimer diagram for americium is:

AmO;' +1.70 AmO,’ +0.86 Am® 2.62 Am® 0:207 Am
t t
1.724
1.726

Predict the species which disproportionate intocilspecies?

Am** —— Am®*

AmO,*
AMO,F— Am®*
\ AmO,2*
xi. The reduction potentials are:
CU/* +2e- CU E°=0.15V
Cu +€ - Cu E° = 0.50V

Calculate the value for &u— Cu and draw Latimer diagram

UTTARAKHAND OPEN UNIVERSITY Page 190



INORGANIC CHEMISTRY-II BSCCH-201

Cuf" 0.15 Cu’ 0.50 Cu
2x0.15+1 x 050 0.45+0.50_ 0.95

ECL12+—>CU 3 3 T =0.31V
xii. Latimer Diagram of iron is:
Fe” 0771\/_ Fel* 0.44V . Fe
I |
0.04V
How would you derive the potential for iron?
e +Fe" - Fe&*
E&* + 26 _ Ftt> o.7713+ (+2x0.49 _ 0.77;+0.88: 1.251:0. 550V

xiii. The Latimer diagram for manganese system is:-

MnO, 236, MnO. 226, MnO, 995 , Mn*_0:51 | Mn>
26 + MnOs~ - MnO,
e + MNO, - Mn**

(2+(2:26 x2+ (095 xD+ (051 x1)_ 452+0.95+0.51 5.98

_ 3+
+ -
€ + Mn M 2 2 2

=1.49V

xiv. Show that disproporionation of .8, into O, and HO s
spontaneous under acidic conditions. Given that:
0. +0.70 4 H.O, +|.76= H.O

26 + 2H + O, - Hy,Oy; E° =0.70V
2¢ +2H + H,0, — 2H,0; E°=+1.76V
2H,0, - 2H,O + O, E° = 1.06V

8.10. ANSWERS
8.10.1. Fill in the blanks

i. reduced, oxidized
ii. oxidation number
iii. oxidation
iv. reduction
v. oxidation number
vi. gain, lose
vii. oxidation electrode
viii. reduction
ix. AG=-nEF
X. Latimer
xi. Disproportionation
xii. Ebsworth
xiii. Pourbaix
xiv. Frost
xv. Comproportionation
Xvi. autooxidation
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8.10.2. True (T) or False (F)

. T
i. F
iii. F
iv. T
v. T
vi. F
vii. F
vii. F
ix. T
X. T
xi. F
xi. T
xiii. F
xiv. F
xv. F
xvi. T
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UNIT 9- ACIDS AND BASES

CONTENTS:
9.1 Objectives

9.2 Introduction
9.3 General concept of acids and bases
9.4 Theory of acids and bases
9.4.1 Arrhenius theory
9.4.2 Bronsted-Lowry concept of acids and bases
9.4.3 Lux-Flood concept
9.4.4 Solvent system
9.4.5 Lewis concept of acids and bases
9.5 Relative strength of acids and bases
9.6 Summary
9.7 Terminal questions

9.8 Answers

9.1 OBJECTIVES

The main goal of this Unit is to broaden your uisteending about the
following issues:

+ Definitions of acids and bases,
+ Different theories of acids and bases,
« Acid and base strength,

» Periodic variations of acidic and basic properties,

9.2 INTRODUCTION

We all know that acids and bases play an essan@limportant role in our
everyday life. The knowledge of acid/base chemistelps in classifying daily
household substances and items. A substance caladsfied as an acid or a base
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depending on certain properties. There are sevbedries to define and classify
acids and bases that include Arrhenius theory, ashLowry acid/base concept,
Lux-flood acid/base theory and Lewis acid-base ephcThe strength of acids and
bases can be determined by measuring pH valueslufons. Every theory of acid
and base shows some advantages and some limit&tiowercome; the drawback of
each theory. A new theory was proposed which wasmied to be more advanced as
compared to the previous one. This unit will thrbght on different theories of

acids/bases, their drawbacks and relative stremjtasids and bases.

9.3 GENERAL CONCEPT OF ACIDS AND BASES

In general, acids and bases can be classifiedeobasis of their properties. The basic
concept of acids and bases can be summarizedasdol

Acids:

* They are sour in taste.
* They react with some metals and produce hydrogen:

2HC|(aq)+ Zn(s) -~ ZnCh + Hy

 They react with carbonate (p20O;) and bicarbonate
(NaHCQ) and produce C®

NaHCGQ; + HClaq) — NaCl + HO + CO

» Solution of acids in water conducts electricity.
* They change the colour of litmus from blue to red.

Base

* They have bitter taste.

* They change colour of litmus from red to blue.
» They are slippery in nature.

* Agueous base solution conducts electricity.

9.4 THEORY OF ACID AND BASES

The different theories to define acids and bases discussed along with their
advantages and drawbacks in this section.

9.4.1. Arrhenius theory (Water system concept, 1884):
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In 1884, the Swedish chemist Arrhenius defined asidhe species which ionize in
water to produce Hion or (HO" ions) and bases as the substances that ionize in
water to produce OHons. For example,

Acid _ HCl, 22 1+l

Base_, NaOH 2% Na. +OH

The H ion produced is always associated with a wateremié to form HO™(aq)
(hydronium) ion. Hence, Arrhenius acids are cadsdoroton donors / hydrogen ion
donors / hydronium ion donors. The complete reactidl be —

HC](») + Hlom_’ H}Om-q|+ Cl(l_r

9.4.2. Bronsted—-Lowry acids and bases (Protonic concepf23):

Arrhenius’s definitions of acids and bases aretéuohito aqueous solutions. Hence,
Bronsted in 1923 proposed that a substance camdibiionating a proton to any
substance is acid and a base can be defined ac®sgapable of accepting proton

from any other substance.

HCl (ag) — H'(aq)+ Claq)
Bronsted acid
NH3 + H+ - NH4Jr

Bronsted base

There are three types of acids and bases accdalBigpnsted-Lowry (Table 9.1).

Acids:

0] Molecular acids
HCI, H,:SO,, CH; COOH
HCl == (I +H
H.S0= HSO +H

CH,COOH == CH,CO0 +H

(i) Anion acids

HSO, == SO,” +H’
(Bisulphate)

HC,0, == C0, +H’
(bio-oxalate)
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(i)  Cation acids
HO =—HO+H
Hydroxonium

NHJ' : NH‘ + H‘
Ammonium

Bases

(1) Molecular bases

CH,NH,+ H' === CH,NH, (Cations)
NH,+ H== NH,

(i)  Anion bases (OH S, CO:*, CI, Br, NOy)
OH + H'== H,0 (Neutral molecule)
CH,COO +H == CH,COOH

(i)  Cationic bases

[Fe (10, 0HIZLS (Fe (10)

Acid-Base Neutralization reaction:

According to Arrhenius concept, acid-base neutailin reaction takes
place in water, where a compound containing or ngakivailable HO"
(or H") ions (acid) combines with a compound containing or mgkin
available OHions (base) to form the salt and water:

Acid Base Salt Water

HCl + NaOH —2%% NaCl + H,0

Mechanisn

Hol 220 frae

NaOH 22% Na'+OH
HCl + NaOH == Na'Cl + H' [OH]

Or HC1 + NaOH 22% NaCl1 + H,0

This reaction is also known as salt formation reacbecause salt formation takes
place in this reaction.

Application (advantages) of Arrhenius concept:
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(i) Aqueous solutions of non-metallic oxides (e.g.2£0Q, SG;, N,Os,
N,Os, P4Os, P4O1p etc.) are acidic in nature, since they giveibhs in
water:

SO, +H,0 = H,S0, = 2H' + 80,
N.O, + H,0 = 2HNO,= 2H + NO,

(i) Aqueous solutions of metallic oxides (e.g. CaO,Matc.) and the
compounds like N& NoH4, NH4,OH etc. are basic, since these substances
give OH ions in aqueous solution:

Ca0 + H.O == Ca(OH), = Ca’ +20H

+
NH, + H,0 === NH,0H == NH, + OH

(i) The strength of an acid (HA) and a base (BOH) caneRpressed
quantitatively in terms of the ionization (or disgdion) constant of the
acid and base in aqueous solution.

HA = H +A, ka=CH x CA
acid Cu

BOH = B +OH, kb=CB x COH
Base CIS(III

(iv) The catalytic property of acids in many reactiora de explained
because of Hions that become available from the acid in agseou
medium.

Limitations of Arrhenius concept:

(i) According to this concept, the acid or base prgpefta substance is not
supposed to inherit in the substance itself, bytedds on its aqueous
solution. For example, HCl is an acid, only wheisitlissolved in water,
but it is not considered as an acid in its gasstats.

(i) According to this concept, acid base neutralizatieactions take place
only in water and hence can’t explain the reactithva&d occur in other
solvents or in the gas phase. For example, thediom of NH,Cls) by
the combination of Nkjg and HC|; cannot be explained by Arrhenius
concept.

NH,(g) + HCl(g) == NH,Cl(s)

(iif) According to this concept, acids and bases undéiggociation only in
water (aqueous solvent). Thus, it is unable to arpthe dissociation of
acids and bases in non-aqueous solvents like k3, Ny. SG etc.
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Table 9.1 Bronsted—Lowry acids and bases

Type Acid Base
Molecular HCI, HBr, HCIQ, H.SO, | NH3, N>Hs amines,
HsPQy, HO H20
Cationic NH", [Fe(HO)**, | [Fe(H.O)s(OH)J?
[AI(H ,0)* [AI(H 20)5(OH)]**
Anionic HS, HCQO;, HSQM,|CI, Br, OH,
H.PO;~ HSO, , CO, SQ

Amphoteric substances / Amphiprotonic substances:

A substance which acts both as an acid as well lagsa in different
reactions is called amphoteric. Molecules or idva tan lose as well as
accept proton are called amphoteric substancegheemolecules or
ions that can act as Bronsted acids (loss of pyaerwell as Bronsted
bases (gain of proton) are callegnphoteric substances. For example,
HzoI

1) Acid; Base Basge
ACidz
H,0 +  NHs - NH, + OH
I
. H+ ——
HCl H,0 HsO" cl
i) Acidy Base Base Acid,
CH3sCOOH + H,0 HO" + CHCOO
HF + CHsCOOH T CH;COOH,' F

Conjugate acids and bases:
Bronsted-Lowry also gave the concept of conjugaté base pair. Conjugate base is
a species that remains when one proton has beaveenfrom the acid.

Acid, == H + base
Conjugate base
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Conjugate acid results from the addition of praima base
Base, =—=— H =— acid,

Conjugate acid

An acid base pair which is different by a protoadled conjugate acid
base pair.

Conjugate acid = Conjugate base + H'

li Conjugate pair—‘
CH,Coo,+HO =—H,0" + CH,Coo
Acid, Base, Acid, Base,

I

Conjugate pair
The sum of these two reactions is
Acid, + base, = Acid, + base,

Therefore, any acid-base reaction involves two sa@dd two bases.
These acids and bases are called conjugate pairs.

HCl + H,O s=H,0 + Cl
Acid, Base, Acid, Base,

Relative strength of conjugate acid — base pairs

([ Acid Conjugate base
HCIO,4 ClOs
HI I~
Strong acidé; HBr Br Increasing
HCI Cr base
\ H.SOy HSO, Strength
HNO3 NOs~
(
Hs0" H,O
HSQ,” sQ*
Wea { HF F
k HNO, NO,~
acid HCOOH HCOO
S \ CH;COOH HCOO
NH," NH3
HCN CN
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H.O OH
NH3 NHy™
« Acids stronger than 40", react with water to produces8" and their
conjugate bases.

HCl + H,0 == H,0" +Cl

(aq)

« Acids weaker than ¥D", react with water to a much smaller extent. Bases
like O*" (oxide) stronger than OHreact with water to produce OH
0* (ag) + HO — 20H (aq)
Therefore, oxide ion does not exist in solution.

NH; + O —» NH+ OH
Advantages of Bronsted—Lowry Concept:

1. This concept can explain the acidic/basic natura sfibstance in aqueous
(H20) as well as in other protonic solvents like N3, lig. HF.

2. This concept also explains acid base reaction gakiace in gaseous
phase.

Acid Base Acid Base
HCl(g) + NH,(g) = NH, + Cl orNH, Cl

Limitations of Bronsted—Lowry concept:

This concept cannot explain the acid-base reaxtiaking place in non-
protonic solvents, like lig. SQIiq. BFs, Brk;, AICI;, POC} etc. in which no
proton transfer takes place.

Acid Base Acid Base
SO, + SO, = SO* + SO,/

BrF, + BrF, = BrF, + BrF,
9.4.3 Lux-Flood concept

According to Lux-Flood concept, the base is amlexdonor and the acid is an
oxide acceptor. Lux-Flood definition is useful fiimited systems such as molten
oxides.
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CO, + BaO =—= BaCO, B=— 0" + A"
Acid Base Base Oxide acid
Si0, + Ca0 =— C(aSiO, Ton

Acid Base

3Na,O + P,O, — 2Na,PO,

Base

ZnO+S,0° —— Zn"+280,

Base

The Lux-Flood oxide transfer concept of acid-beesctions can be extended
to any negative and positive ion species. Baskdspecies that can form negatively
charged species and acid is the species that odnge positively charged species.

3NaF + AIF, — 3Na + (AIF,)"

EtNa + Et,Zn — Na' + ZnEt,
Base acid

9.4.4 Solvent system (auto-ionization) concept (1928)

The concept was introduced by Franklin in 1905 wad extended by Cady-

Esley in 1928. The definition of acids and basesmgiby this concept can be applied
for protonic as well as for non-protonic solvenégcording to this concept, the
solvents usually undergo self ionization (auto-zamion) and give rise to cations and
anions which are called solvent cations and solvemibns, respectively. The
substances which form solvent cations when disdolvehat solvent are called acids
while the substances which give solvent anions widlissolved in that solvent are
called bases. We can now also conclude that sobagiins can also be called acid
cations and solvent anions can also be calleddm@ises.

Auto-ionization of water —

Water (HO) undergoes self-ionization in the following threays:

HOe== Il (Hydroger 1ons or presons) b OH (Hydeoxd 1ong)
(@) (Solvent cations | sed o) (solvent anons | beseiom)
H,0 — H +OH
(b) H+HO = HO'

2H.) = H O (Hydroni vm jons) + OH (Hydroxyl ions)
(Solvent cations : acid wons)  (Solvent anons)
K =[HO+][OH]=1.0x 10" at 25"C
w

© 3H.0 == 2H,0 (Hydronium ions)+ O (oxide ions)

These three different modes of ionization sugghat, taccording to the solvent
system concept, the substance that giveoHH:O" ions in water, act as acid in
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aqueous solution, while the substances which far@4 or G~ ions in water,
behave as bases.

HCI gives H or HsO" ions in water, hence; it behaves as an acid ie@agisolution.

Water
HE iy H' Gl

Or Hel + HLO === H,0'+Cl
Similarly, NaOH, which furnish OHions in its aqueous solution, acts as a base.

Wat :
NaOH == Na'+OH

Likewise, for a solvent system of BfFhe autoionization reaction is-
2BrF, —— BrF, + BrF,

acidic base
Hence, according to solvent system concept, thetaobe which can give BfFin
BrF; is acid and the substance which can formsBid-base.
SbR;, + Bri; - Bri," + SbR~
Acid
KF + Bri; —» BrF, + K*
Base

Advantages of solvent system concept:

1. The definition of acids and bases given by solhsystem concept can be
used for both protonic (e.g..8, NH; etc.) as well as non-protonic (e.g.
SO, SOC} etc.) solvents.

2. The definition is applicable for aqueous»(®) as well as non-aqueous
solvents (NH, HF, HSQ, etc).

Disadvantages:

1. The definition of acids and bases is based on #tara of the solvent
cation and solvent anion obtained by auto-ionizatibthe solvent.

2. Acid base reaction taking place in the absence ablaent can't be
explained, i.e., acid-base reacttakes place only in presence of solvent.

3. The concept can’t account for the acid-base reaadiccurring in non-
ionizing solvents like gHs, CHCL etc.

9.4.5 Lewis concept: Electron pair acceptor-donorancept (1923)
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According to G.N. Lewis, a Lewis acid is an eleatpair acceptor and a
Lewis base is an electron pair donor.

Lewis acid Lewis base
Electrophile Nucleophile
Contain  vacant Contain lone pair of
orbitals electrons

Example — Bek Example—NH, H,O,
BHs, BF; etc. H™ etc.

Neutralization reaction according to Lewis concept:

Lewis acid reacts with Lewis base and forms a camgowhich is called
adduct or complex compound.
The compound contains (Lewis base — Lewis acid)rdinate bond.
Lewis acid + Lewis base - Adduct
BR + : NHs - [NH; - BF3]

Examples of Lewis acids:

1. Molecules whose central atoms have vacant p-orlmtaincomplete octet of

electrons in its valence shell.

Examples —
BeF, BF,

| -
(F— Be—F) (F>B—F)
[Be—>4 VE.] [Be—»6 V.E.]

The Arrhenius, Bronsted-Lowry and solvent systemtradization reactions
can be compared as follows:-

Arrhenius: acid + base salt + water

Bronsted-Lowry: acig+ base - base + acid
Solvent system: acid + base solvent
Lewis system : acid + base adduct / coordination compound.

2. Molecules whose central atoms have vacant d-ostitaheir valence shell.

e.g. AlR;, AICl;, GeXs, TeCl, SF, SbF; etc.

3. Molecules whose central atom is linked with melectronegative atom by double
bonds.
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e.g.
—5 +26 -5 —5 +25 —§

CO,[0=C=0], SO,[0=S=0]
4. Simple cations, with low lying empty orbitals.

e.g. Ad, CU*, Cd” etc.

5. Elements which have a sextant of electronseir thalence shell.

o0 o0
€.9. :o(o) :..S

Examples of Lewis base:

1. Molecules whose central atom has one or more uedhalectron pairs (lone pair
of electrons), e.qg.
(] 0 ,_ .00 _
e.g. :.f :g QH

2. Molecules containing C = C double bond — ??7?
3. Halides, e.g. — XeF XeF,, CsF, CoGletc.

Pearson’s classification of Lewis acids and Lewisases into hard and soft acids
and bases.

R. G. Pearson (1963) has classified the Lewis adisLewis bases as hard and soft
acids and bases

Third categories whose characteristics are inteimedetween those of hard and
soft acids/bases are called borderline acids/bases.

Hard acids Soft acids
d-orbitals are either vacant or non-existent Nefullyd-orbitals
Smaller in size Larger in size
Not so easily polarizable Easily polarizable

These are mostly light metal ions generalljnese are mostly heavy metal ions
associated with high positive oxidation state| generally associated with low (pr
even zero) positive oxidation state.

Hard Acids Borderline Acids Soft Acids
H*, Li*, Na', K*, B€*, c&*, S, | Fé, Cd*, Ni¥*, CU, | Cu', Ag', Au', TI,
Mn%, AI*Y, Ga*, In®*, La¥, Lu®, | zn** Hg", P¥*, cd*, PE,
cr’, co”, Fe’, AS™, S, Ti*', | P, Srf', SB*, Bi*Y, | Hg?', Pf*, TI**, BH;,
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u*, cé* si’, vO*, Uo*, | Rh*Y, SQ, NO', Gat | GaCk, InCls, carbenes
MoOs*, BF; T - acceptor ligands
I*, Br, O, Cl, Br, I, N
Zero valent metal

atoms.
Hard bases Soft bases
Donor atoms having low polarisabilitieonor atoms that can be easily polarized
and high electronegativity and have low electronegativity.
Hard Bases Borderline Bases Soft Bases
H,O, OH, F, CHCOO, PG, | CsHsNH,, R.S, RSH, RS I, SCN,

SO, CI, CQ%, ClO;, NOs, | CeHsN, N3, NO,, | S04, RsP, RiAs, CN,
ROH, RO, RO, NHs; NHy | SO, Ny, Br RCN, CO, GHg, CsHg, H™
NoH4
According to HSAB principle, hard acids form stabtemplexes with hard bases and
soft acids with soft bases.

Utility of Lewis Concept:
1. This concept includes those reactions also in whaprotons are involved.

2. It is more significant than Bronsted — Lowry concépcause according to this
concept, acid-base behavior is independent of sbf/presence or absence.

3. It explains basic properties of metallic oxides acdlic properties of non-metallic
oxides.

4. This concept also explains gas phase, high temperahd non-solvent reactions.
Limitations:

1. It is not possible to arrange Lewis acids and Ldvéses in order of their acid or
base strength.

2. Protonic acids like kFB5Oy and HCI are not covered under Lewis concept, ag th
do not establish a covalent bond by accepting agfaglectron (which a Lewis
acid ought to).

3. According to this concept, acid-base reaction sthdad fast but it is not so in
actual practice for many reactions due to kinetatdrs.
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4. The reactions catalyzed by Lewis acids are geryenall catalyzed by the protonic
acids.

Usanovich concept (1939):
Acid

* An acid is any chemical species which reacts witlase.
« It gives up cation or accepts anions or electrons.

Base

* A base is a species which reacts with acids.
* It gives up anion or electrons or combines withores.

All the oxidizing agents are acids and the redueiggnts as bases.

Example —

Fe* = Fe' +e¢

(Base) (Acid)
Limitations:
This concept is very general and all chemical reastare to be considered.
9.5. Relative strengths of acids and bases
9.5.1. Acidity and basicity of binary hydrogen compunds

* Higher the values of Kand K, stronger the acid or
base

» Higher the pK or pK;, values, weaker the acid or base.

» The greater bond strength, less acidic is the tgdi©n descending a
group, the change in bond strength is greater tharchange in the
decreasing electronegativity.

* In a period from left to right, the change in elenokegativity is greater
than the changes in bond strength and the trereleatronegativity
determines the trend in acidity.

Increasing order of acid strength as a result of
increase in electronegativity

»
>
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Increasing order of acid strength as a
result of decrease in bond energy

9.5.2.

9.5.3. Strength of oxoacids (Effect of electronegativity)

<
<«

CH < NH;
pKa 58 35
Bond energy 414 389
(kJ/mole)

PH

pKa 27
Bond energy 368
(kJ/mole)
PKa
Bond energy
(KJ/mole)
PKa
Bond energy
(KJd/mole)

Inductive effect (I-effect)
The strength of acids and bases can be explaineadigtive effect. In case
of electronegative groups, due to —I effect, awdity of electrons on the
central metal atom decreased and thus, basicitéybzse decreased. Electron
donor groups (+| effect) like methyl (-GHgroup, increase electron density
on central atom, thus, increase its basicity. lsecaf aliphatic amines, steric
factors are responsible for weak basicity of teytamine.

PR is weaker base than RH

Base strength order NHMe NHMe > NMe; > NHs.

< HO <

16

< HS

7

HSe

305

HTe<

238

464

<

431

HF

<

BSCCH-201

565

HCl
-7

HBr
-9
364

HI
-10
299

Boron halides do not follow this argument, acicesgth B < BClk <

BBrs. In such cases, the atom with empty orbitals ((kend Br), receive
electrons from filled valence orbitals (in borotl, the four orbitals are
filled), thus, create a double bond between bomuh lFalogen atom and
boron atom become more electron deficient. Brontag more easily
receive electrons from boron as compared to ctdorlimus, BBf is more

acidic as compared to BLI

I
N\ 7

1
B'n bond

j ¢ density on B decreases thus acidity increases
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A) Presence of electronegative atoms tends to attnacshared pair of é¢owards
themselves and thus, dissociation of O — H bonaies easier and the acid will be
stronger.

HCIO, > HCIO, > HCIO, > HOCI

P 0] 0
| I I
HfOflleO HO-Cl-O H-0-Cl H-0-CI

O

Order of acid strength

In HCIO,, the presence of maximum number of electronegatixggen atoms
increases its acidity. >

Cl-OH-<OCI-0OH < gCl-0OH < QCI-0OH

The other reason for the highest acidity of HEI® that the negative charge after
removing hydrogen can distribute over four oxygtmes.

0 i
©O=Cl) < [0—C1—0] <[0—Cl—0] < | o—di_o

I
0

Maximum stability of CIQ due to —ve charge distribution in four oxygen atpsats
minimum attraction of M for distributed —ve charge and Ean be removed easily.
While, in case of OCI -ve charge delocalized on only one oxygen atorndd,
shows minimum stability.

B) Among HCIO, HBrO and HIO, HCIO is the most acidicnature.
HCIO > HBrO > HIO
Electronegativity of | is lowest. Hence, the agidif HIO will be the least.

C) For oxoacids of phosphorus, having more than oneable hydrogen, the pKa
value increases with decrease in the number afadteé hydrogen.

ﬁ ﬁ ﬁ
L P

Ho™ T\OH Ho” |\0' HO/|\O_
OH OH o
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HPO, HPO, HPO,>

pK 2 7 12

The negative charge of the conjugate base is sppead all the nonhydrogenated
oxygens. The larger the number of these oxygen sittile more stable and weaker
the conjugate base and stronger the hydrogened acid

D) Acidity of cations in aqueous solution:

Metal ions with higher charges and smaller radé atronger acids. The order of
acidic strength is (Hydrated ions) alkali metalalkaline earth metals < + 3 < +4
(transition metals). High positive charge promotese hydrogen ion dissociation:

[Fe(H0)]*" + HO =" [Fe(H,O)s(OH)]** + HO"

more acidic less acidic

Solubility of metal hydroxide is also a measure caftion acidity. The stronger
cationic acid, the less soluble the hydroxide. $itaon metal +3 ions are acidic
enough to form hydroxides.

» Higher charged ions are so strong acids in aqusolugions
that they exist only as oxygenated ions

CrO”, MnOy, CrO/~, UG,"
« [Ni(OH)4]* is a stronger base than [Ni(QH)ion

Acidity increases with increase of positive chaage basicity increases with increase
in negative charge.

E) Steric effects:

Steric effects also influence acid-base behavi@madions of series of substituted
pyridines with hydrogen ions show the following eraf base strength:
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Hs

MU O

2,6-dimethylpyridine > 2-methylpyridine > 2-t- bijyridine >
pyridine

9.6 SUMMARY

A compound may be acid or base on the basis ddiogptoperties. There are

different theories which classify and define thempounds into acids and bases.
Some of the important theories are summaries below.

According to theArrhenius concept, acids are the compounds that give off H
ions in aqueous medium amdsesare the compounds that release Qdhs in
aqueous medium.

The Bronsted-Lowry acids are the compounds that give off kbns to the other
substances andasesare the compounds that accept frtbm other substances.
They also bring the concept of conjugate acidstases.

Lewis acidsare the compounds that are electron deficientcandeasily accept an
electron pair whildasesare the electron efficient compounds and can ddoate
pair of electrons to other substances (Lewis acids)

According to thesolvent concept, acidare the positive species donor whileses
are negative species donor in a solvent system.

Lux-Flood acids are those compounds which can accept oxide ionbasds are
oxide ion donor.

In general acids have pH values in between 0 {6(), bases between.1 — 14
(>7) and neutral substances have a value of 7.

The strength of acids and bases can be defineldeobatsis of pKand pk; values.
Higher the pK value, lower its acidity and similarly higher thK, values, weaker
will be the base andce-versa.
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» The different factors that affect acidity or basicare inductive effect, resonance,
steric effect, electronegativity and charge ongpecies.

* The hydrides of sl period viz. CH, NH3, H,O and HF become more acidic as we
move from CH to HF. As the basicity of their conjugate baserdases from Ckl
to F, the acidity of their conjugate acid increasesfi©H; to HF.

* Among the hydroacids of V or 15 Group elements W3, PHs, AsHs, SbH;,
BiH3, with the increase in size and decrease in eleetativity from N to Bi,
there is decrease in electron density, thus b&sitacter decreases.

NHs > PH > AsH; > SbH; > BiH3
Decreasing order of basic character
* The strength of hydrides as acids increases iorither
H,O < H:S < HSe < HTe
HF < HCI < HBr < HI

* For oxoacids containing the central atom, the #&cidncreases with
increasing oxidation number.

HCIO < HCIO, < HCIO; < HCIO,
Hence, basic strength of their conjugate base is —
ClO™ > CIO; > CIOs > CIOs

+ The acidic character of oxoacids of different elatean same oxidation
state decreases with the increase in atomic nuoflibe central atom.

HOCI > HOBr > HOI

« [Fe(H0)*" is stronger acid than [Fe§B)s]*" due to
increase in positive charge.

A) | Effect Electron Electron donating groups
withdrawing groups

LD L(+0)

increases acidic Decreases acidic
strength & Strength and
decreases Increases basic strength

basic strength
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(@]
1) H—@—CH Gt—C—>
Strong acid Weak acid
2) CHCOOH>CHCH,COOH>(CH;),CHCOOH

0

| —
4 Cl«—CH,+—C-0-H CH, COOH

Strong acid Weak acid

C_f; COO (Less stable)
CICH, COO" (more stable)
5) BMe; < BH3; < BFR;
6) CsHsCOOH > CHCOOH
(7) NHs < CHsNH; < RN < R;NH
(8) CeHsNH2 < NHs
(B) Magnitude of —I effect (Order of acidic strengh)
FCH, COOH > CICH COOH > BrCH COON > CHCOOH
CRCH,0OH > CCECH,0OH > CH;CH,OH
(C) Number of electron withdrawing groups
CH,CICOOH < CHC}COOH < CC}COOH

q cl cl

0 0 0
L I b
CIFCl"H(‘—O < Clkcl“«sC—o & C]«HLl‘«:'eC‘—O
H H Cl

NHz > NH;(CgsHs) > NH(CsHs)2 > N(CeHs)3

(D) Distance of electron withdrawing group from —CGDH in
aliphatic carboxylic acids
cl c cl
CH;-CH, - (‘lH —COOH > CH, - ('L[ — CH, - COOH > (‘!—L — CH, - CH, - COOH

(E) Steric effect
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(CH3)2 NH > CHNH, > (CH3)3N

(F) Charge on species
[M (H,0)]" + H,0 === [M (H,0).(OH)]"" + H,0
Charge to size ratio- more polar the hydrated cation, weaker
the O — H bond, more acidity.

[Be(Hz0)]>" > [Cu(H:0)y** > [Mg(H20)]*" > [Ca(HO)n]**
[Fe(H:0)e]** > [V(H20)g]** > [Cr(H;0)q] **
(G) Effect of Electronegativity
CH, < NH, < H,0 < HF
HClI
HBr
HI

HCI > HBrO > HIO
HCIO4 > HBrO; > HIO,
HiPO; > H3AO4 > HShOy

(H) Oxidation no of the central atom

o+ 5 4T
HCIO < HCIO, < HCIO, < HCIO,

HNO < HNG, < HNG;

(1) Number of —OH groups per unhydroxyl O atom

0 0 0
Il I Il

H— p— H—p— HO — P—
P~OH > H-P-OH P~OH
H OH OH

(J) Resonance effects
- CeHsCOOH more acidic as compared to {CKDOH.

- CgH4NOL,COOH {ortho (o-) , meta (m-), para (p-)} are more
acidic than GHsCOOH.

UTTARAKHAND OPEN UNIVERSITY Page 213



INORGANIC CHEMISTRY-II BSCCH-201

o/\o o/\o C/\O O/\o

- The order of acidic strength o§l@sNO,COOH is

o-nitrobenzoic acid > p-nitrobenzoic acid > mroltenzoic
acid

- Phenol is more acidic as compared 61§OH.

Resonance structure of phenoxide ion

CsHsOH ___, &0 + H
Less stable species More stable

C,HsOH —> £/HO + H
More stable species Less stable

- Order of basicity of hydrides of fifth group is N& PH; >
AsHs > SbH; > BiH3

As size of central metal increases, the lone petupies greater volume and hence,

electron density around the central atom decred$esefore, the hydride with small
sized central atom is more basic.
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9.7. TERMINAL QUESTIONS

9.7.1. Fill in the blanks

i. In 1884, the Swedish chemist Arrhenius defined asidhe species

which ionize in water to produce ........ or ........ ions.

ii. Arrhenius’'s definitions of acids and bases are téohi
to..

iii. Hence Bronsted in 1923 proposed that a substaapabte of
donating a proton to any substance is ............. and .a..

can be defined as a species capable of acceptaignpfrom any
other substance.

iv. Aqueous solution of ........................ . oxides is acidic.
v. Aqueous solution of ................. OXIdeS and is basic.
vi. The strength of an acid (HA) and a base (BOH) carexpressed
guantitatively in terms of the
. constant.

vil. A substance WhICh acts both as an aC|d as well askferent
reactionsiscalled .............coooii i,

viii. .........veviiiiiiiieieee.... also gave the concept of conjugate
acid base pair.

ix. Conjugate base is a species that remains when ane........ has
been removed from the acid.

X. An acid base pair which is different by a proton dalled

. acid base pair.
Xi. Acrd stronger than kD", react with water to produces8" and their
.. bases.

Xii. According to .................. concept, the base is an oxidaat and

the acid is an oxide acceptor.
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xiii. Base is the species that can form ............... chargedispe
and acid is the species that can produce ........................
charged species.

xiv.  Solvent system concept was introduced by . VDTN o O
1905 and was extended by .. .in 1928

xv. According to solvent system concept, the substamleh can
give Bri" in Brisis .................

xvi. According to G. N. Lewis, @ ...................e. is an electrpair
acceptor and a Lewis base is an electron pair donor

xvii. According to HSAB prlnC|pIe hard acids form stablmplexes

W|th e and soft acids

xviii. In  Hard acids, d-orbitals are either .............. or

xix. Higher the pK or pK, values, .................. the acid or base.

xX. PRIiS ................... base than PH

xxi.  Among HCIO, HBrO and HIO, .................. is the most acidic
in nature.

xxii. Metal ions with higher charges and smaller radiie ar

: .. acids.

XXiii. ngher charged ions are so strong acids in aqusolusions that

they exist only as . e . ions.

9.7.2. State True (T) or False (F)
I Solution of acids in water conducts electricity.

. Arrhenius acids are called as proton donors / lyeindon donors / hydronium
ion donors.

ii. HsO'is a Bronsted acid.

iv.  In the gas phase the formation of MHs) by the combination of Nig) and
HCl) can be explained by Arrhenius concept.

V. The molecules or ions that can act as Bronstedsasdvell as Bronsted bases
are called amphoteric substances.

vi.  Any acid-base reaction involves one acid and orse ba

vii.  The substances which form solvent cations wheroblied in that solvent are
called bases while the substances which give sbl@ons when dissolved in
that solvent are called acids.

viii. Lewis acid reacts with Lewis base and forms a camgowhich is called
adduct or complex compound.

iX.  Molecules whose central atom is linked with morecgbnegative atom by
double bonds are Lewis acids.

X. Pearson gave the classification of Lewis acids lagwlis bases into hard and

soft acids and bases.
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xi.  Base strength order of amine and substituted amméiHMe, < NH;Me <
NMes < NHa.
xii. [Fe(H.0)]®" is more acidic as compared to [Fe@(OH)]*".
xii. [Ni(OH)4]™ is more basic as compared to [Ni(QH).
xiv. Order of basic strength of substituted pyridine 256-
dimethylpyridine > 2-methylpyridine > 2-t- butylpgiine
9.7.3. Long answer questions
i.  What are the general characteristics of acids asd4?
ii.  Discuss Arrhenius theory of acids and bases.
iii.  Write short notes on the following:
a. Conjugate acid and base
b. Neutralization reaction
c. Lux-Flood concept
d. Solvent system concept
iv. Discuss Lewis acid and base concept
v. Differentiate between hard and soft acids and bases
vi. How electronegativity affect acid and base strehgth

vii. Discuss strength of oxoacids.

9.8. ANSWERS
9.8.1. Fill in the blanks
i. H" or HO"

ii. Aqueous solutions
iii. acid, base

iv. non-metallic

v. metallic

vi. ionization (or dissociation)
vii. amproteric

viii. Bronsted-Lowry
iX. proton

X. conjugate

xi. conjugate

xii. Lux-Flood

xiii. negatively, positively
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xiv. Franklin, Cady-Esley
Xv. acid
Xvi. a Lewis acid
xvii. hard bases, soft bases
xviii. vacant, non-existent
Xix. stronger
XX. weaker
xxi. HCIO
xxii. Stronger
xxiii. Oxygenated
9.8.2. True (T) or False (F)
i T
i. T
jii. T
iv. F
v. T
vi. F
vii. F
viii. T
ix. T
X. T
xi. F
Xii. T
xiii. F

xiv. T
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