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Introduction Course Guide

Inorganic Chemistry Il course (CHM 303) is one tbe core courses for the
Bachelor of Science degree programe in Chemidtiig. d three credits course at
300 level of the National open University of Nigerdesigned for students with a
fair background knowledge in inorganic Chemistrgdurse. This course gives an
over view of the physical and chemical propertiethe elements of the periodic
table.

The chemical properties of the representative emtsne/ere highlighted along
side some of their important compounds, and thedustrial applications. The
transition and inner transition elements are dissedi including some of their
features. One of the most significant property lo# transition elements is its
ability to form coordination compound. The theoribghind this will be
examined. The instability of some heavy element&chviieads to radioactivity

will be introduced.

This course

This course of inorganic chemistry 1ll, deals witle study of the elements of the
periodic table and the compounds formed from tekments with exception of
those formed between carbon and hydrogen. Thereliftes and similarities
between the main groups will be examined. The cbamproperties of the
transition and inner transition elements will beadiursed, with emphancies on its
coordination property. Thus the nature of bondingcoordination compounds
will be treated. An introduction to the nature afdiactivity is also been
presented. The course is made up of six units. Wdu find several self
assessment questions (SAQ) as well as terminakignegTMA) in each units,
with answers provided at the end of the course.

This course guide introduces you to the course magtef its usage for study. It
suggest how much time to be spent on each uniteofdurse and on your TMA



Aim

This course aims at the understanding of the ctigno$ the noble gases and the
halogens. It also discourses the differences amilasities of the main group
elements, and the chemistry of transition elemenmith an introduction to
coordination compound and radioactivity.

Objectives

In order to achieve the aim of this course as Beva At the beginning of each
units are some objectives, which you should reddreavorking the unit, during
your study and after completing a unit. In this weould have achieved the aims
of the course as a whole.

On successful completion of the course you shoeldhe to

-list the elements of the noble gas, group IA,IIRA/and transition elements.
-describe the chemistry of the noble gas, haloggnesip IA and IIA elements.
-discuss the similarities and differences betwesian and silicon, nitrogen and
phosphorous, and oxygen and sulphur.

-discuss the chemistry and extraction of transiéind inner transition elements
-explain the valence bond, molecular orbital andta field theories.

-describe the nature of radioactivity

Units

The following are the study units contained in tasirse

UNIT1 ELEMENTS OF GROUP 18

UNIT 2 : CHEMISTRY OF REPRESENTATIVE ELEMENTS

UNIT 3 TRANSITION ELEMENTS

UNIT 4 INNER-TRANSITION ELEMENTS

UNIT 5 ISOLATION AND PURIFICATION OF METALS

UNIT 6: INTRODUCTION TO COORDINATION CHEMISTRY ANDRADIO
CHEMISTRY

This course consist of six units. In unit 1 the roigry of group VIII elements

were described including their electronic configimas. Unit 2 deals with the



chemistry of group IIA to VIIA. The similarities dndifferences in their chemical
properties were highlighted.

In unit 3 and 4 we consider the chemistry of tremdition and inner transition
elements, while unit 5 deals with isolation and&stion of metal.

The unit 6 introduces the chemistry of the coortiomcompounds and that of the

radioactivity.

Self text books
Chemistry: Facts, Patterns and Principlé4.R. Kneen, M J.W. Rogers and P.
Simpson, ELBS, London, 4th ed., 1984.

Comprehensive Inorganic Chemistrif,A. Cotton and G. Wilkinson, Wiley
Eastern Ltd., New Delhi, 9th reprint, 1986.

Principles of Inorganic Chemistr3.R. Pun and L.R. Sharma, Shohan Lal Nagin
Chand & Co., New Delhi. 19th ed., 1986.

Theoretical Inorganic Chemistri¥).C. Day, Jr and J. Selbin, Affiliated East-West
Press Pvt. Ltd. 1985.

Advanced Chemistry (physical and industridPhilip Mathews Cambridge
university press 2003

Theoretical principles of inorganic chemis@85 Manku Tata McGraw-Hill 1981
Modern Inorganic Chemistry\GF Liptrot ELBS 1971



UNIT 1 ELEMENTS OF GROUP VIl

Structure

1.1 Introduction

Objectives
1.2 Discovery of Noble Gases

Position of Noble Gases in the Periodic Table
1.3  Occurrence, Isolation and Uses of Noble Gases
1.4  General Characteristics
1.5  Compounds of Noble Gases

Compounds of Xenon

Clathrates of Noble Gases

Structure and Bonding in Xenon Compounds

Structure of Noble Gas Compounds and VSEPR Theory
1.6 Summary
1.7 Terminal Questions

1.8 Answers

1.1  INTRODUCTION

In the preceding unit, you have learnt about thenabtry of a group of highly

reactive elements, viz., the halogens. This uratdeith the chemistry of a group
of elements which were considered to be rathet irlerecently. These elements
are helium, neon, argon, krypton, xenon and raddmese elements constitute
Group 18 of the modern periodic table. If you conepgdlendeleev's periodic table
of 1871 with the modern periodic table, you wilegdat it is remarkably similar

in its coverage to the modern periodic table, \thign exception that the Group VII

(18) is missing. Elements of Group 18 were not knatthat time and have been
discovered only about a hundred years back. Simegetelements have very low

reactivity, they were called inert. However, thentanert is no longer applicable



to the group as a whole, as the heavier elementiiofgroup form compounds
and, thus, are not inert. These elements havebakso called the rare gases, but as
argon forms nearly 1 % of the atmosphere, and #segycan be readily isolated
by the fractional distillation of liquid air at lotemperatures, this name is also not
very appropriate. They are now called the noblegdy analogy with the noble
metals, like gold and platinum which are not vesgative. The unique chemical
inertness of the noble gases is well reflectedhm history of their discovery
which was followed by a long gap of a few decadefete xenon could be made
to combine with only the most electronegative eletsiefluorine and oxygen. In
this unit you will study the discovery, isolatiomses, general characteristics and

the compounds of noble gases.

Objectives

After studying this unit, you should be able to:

. describe the discovery of noble gases,

. discuss their electronic configuration awdipon in the periodic table,

. enumerate the properties of the noble gasdgheir uses, and

. describe the important compounds of the e@alses, particularly xenon,

especially the bonding in these compounds.

1.2 REDISCOVERY OF NOBLE GASES

The story of the discovery and investigation of anble gases is one of the most
brilliant and interesting chapters in the histofysadence. Their discoveries can be
traced back to 1785, when Henry Cavendish investigthe composition of air.
He mixed excess oxygen with air and then passedrielesparks through the

mixture. The oxides of nitrogen thus formed, weeenoved by dissolving in



alkali solution and the excess of oxygen was remownvgh potassium sulphite.
The residual gas, which was always left behind, mether nitrogen nor oxygen.
It did not form more than 1/120th part of the amaivolume of air. Time was not
yet ripe for the discovery of noble gases. Whatedaish had actually isolated
was, of course, a mixture of the noble gases, éwdlild not characterise them. It
would be interesting for you to know that his figarabout the volume of residual
gas are remarkably close to the proportion of tiidengases in the atmosphere as
we now know it. It was almost a century after tineeistigation of the composition
of air by Cavendish that advances in spectroscopsrodic classification and the
study of radioactive elements made possible theodesy of all six noble gases.

Of all the noble gases, first came tiliscovery of helium which is unique in
being the first element to be discovered extreettrially before being found on
the earth. In 1868 the French astronomer Pierresgancame to India to study the
total eclipse of the sun. Using a spectroscopeblsersed a new yellow line close
to the sodium D lines in the spectrum of the sehi®mosphere. This led two
Englishmen, chemist E. Frankland and astronomerJSiNorman Lockyer to
suggest the existence of a new element, whichoppptely, they named helium,
from the Greek word helios meaning the sun. Theeséial existence of helium
was established by Sir William Ramsay in 1895. Heweed that a gas present in
trace amounts in the uranium mineral, cleveite,dapectrum identical with that
of helium. Five years later, he and Travers isdldtelium from air. Cady and
McFarland discovered helium in natural gas in 190%n they were asked to

analyse a sample of natural gas that would not.burn

Most developments in noble gas chemistry date fraord Rayleigh's
observations in 1894. In order to test Prout's typas, that the atomic weights
of all elements are multiples of that of hydrogdtayleigh made accurate
measurements of the densities of common gasesoand,fto is surprise that the
density of nitrogen obtained from air by the removBO,, CO, and HO was

consistently about 0.5% higher than that of nitrogdtained chemically from



ammonia. He observed that a litre of nitrogen aladifrom air weighed 1.2572
grams while a litre of nitrogen obtained from ammoweighed only 1.2506
grams under the same conditions. This small diffezeof 0.0066 gram in a gram
and a quarter made Rayleigh to suspect an undismbvelement in the

atmosphere. This reflects not only the extraordireperimental skill of Lord

Rayleigh but also his scientific and objective noetiof thinking and working

which led to the discovery of a whole new grougl@iments.

Ramsay treated atmospheric nitrogen repeatedly taited magnesium and
found that a small amount of a much denser gadeftasehind which would not
combine with any other element. Lord Rayleigh amdV8. Ramsay found that
the residual gas showed spectral lines which weteobserved earlier in the
spectrum of any other element. In 1894, they anoedithe isolation of the noble
gas which they nameargon, from the Greek word argos meaning idle or lazy,
because of its inert nature. They also realisetdatgon could not be put with any

of the other elements in the groups already idiectiih the periodic table.

In 1898, Sir William Ramsay and his assistant Mokl. Travers isolatedeon
(from the Greek word meaning new) by the fractiaiatillation of impure liquid
oxygen. Shortly thereafter, they showed that tke i®latile fractions of liquid air
contain two other new elemeniksypton (from the Greek word meaning hidden)

andxenon (from the Greek word meaning stranger).

Element 86, the last member of the group is a dhad radioactive element. It
was isolated and studied in 1902 by Rutherford Sodidy and has been named as
radon as it is formed by radioactive decay of radium.

1.2.1 Position of Noble Gases in the Periodic Tabl
Due to their almost inert chemical nature, the eajdses occupy a peculiar
position in chemistry. Mendeleev had not left aracant spaces for the noble

gases in his periodic table although he had lethsspaces for several other



elements which were not known at that time. Thesgravas that he could not
imagine the existence of a whole group of elemeldgoid of all chemical
reactivity under ordinary conditions. Thereforeg tiscovery of the noble gases

at the outset seemed to upset Mendeleev's scheahessification of elements.

After studying the chemical nature of the nobleegafkamsay introduced a new
group in. Mendeleev's periodic table to accommotlagse elements. He placed
this group after the halogens and before the atkatials in the periodic table. As

you have studied in Unit 1, in the long form of fheriodic table, the noble gases
occupy the last column of the table. The inclusibthe noble gases has actually
improved the periodic table because it providesidgbe between the strongly

electronegative halogens and the strongly electitipe alkali metals.

As you have studied in CHM 121 initially the groapnsisting of noble gases
used to be termed as the Group zero or the GrolipAVIBut according to the
latest IUPAC convention, number 18 has been asdigmehis group. However,
the position of the group in the periodic table agm unchanged, that is, after the

halogens at the end of each period.

In the next section, you will study the occurreniselation and uses of noble

gases. Before that you may like to try the follogvBAQ.

SAQ 1
a) What were the reasons for late discovemoble gases?

b) What made Lord Rayleigh suspect that theag be an additional element
in air?
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1.3 OCCURRENCE, ISOLATION AND USES OF NOBLE GASES

The noble gases constitute about 1.18% by voluntbeoflry air at sea level. Of
all the noble gases, argon is the most abundarstibating 0.93% by volume of
the dry air. As shown in Table 1.Be, Ne Ar and Rn are also found occluded,
though in very minute quantities, in igneous rodRertain natural spring waters
contain small amounts of dissolved He, Ne and Arge reserves of helium have
been recently discovered in hot water springs dir@&war and Tantloi in West
Bengal. The gas coming out of these springs cositabbout 1.8% of helium.
Natural gas in certain parts of the world, paréeiyl in U.S.A., contains as high

as 7% of helium.

The principal source of Ne, Ar, Kr and Xe is aiuéto the difference in their
boiling points (Table 1.3)these gases are separated by fractional distitlaifo
liquid air. Although the concentration of heliumtime air is five times that of Kr
and sixty times that of Xe, recovery of He fromstBburce is uneconomical. The
main source of helium is natural gas which consiptedominantly of
hydrocarbons and nitrogen. These arc liquefied dwlicg under pressure. The
residual helium is purified by passing it over aated charcoal cooled with liquid
air. The charcoal absorbs traces of heavier nobkeg leaving pure helium.
Radon is obtained by allowing radium or any ofsiédts to decay for some weeks

in a sealed vessel.

Helium, being very light and non-inflammable is dige lift weather balloons and
to inflate the tyres of large aircrafts, therebgreasing their payload. A mixture
of 80% He and 20% £is used in place of air for breathing by deep-diears.
Because He is much less soluble in blood thanitNloes not cause sickness by
bubbling out when the pressure is released as ither domes to the surface.
Boiling point of helium is the lowest of any knowsubstance. Hence, it is
extensively used in cryoscopy as a cryogen. You tmumve heard of

superconductivity which is expected to bring revolutionary changesun life.
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So far, helium provides the only practical meanstoflying and utilising such
low temperature phenomena as superconductivityygindntensive research is
going on and claims have been made of achievingrsopductivity in some
materials at 125 K. Again, heat generated in tigh bemperature reactor (HTR)
must be extracted by means of a suitable coolasliuM serves as an excellent
coolant in these reactors. It is also used as a figas in gas liquid
chromatography and in microanalysis.

Helium and argon are used to provide an inert gbme&® in some chemical
reactions, in welding operations of Mg, Al, Ti asthinless steel and in zone-
refining of silicon and germanium. Argon is exteredy used in place of nitrogen
in incandescent electric bulbs and radio tubes rewvgnt the oxidation and
evaporation of the metal flament. Neon, argon,pkoyp and xenon are used in
discharge tubes—the so called neon lights for ddweg, the colour produced
depending upon the particular mixture of gases.uadon finds a limited use in
cancer treatment.

Table 1 : composition of dry air

Gas % BLP.
by volume (K)
N 78.03 77.2
O, 20.99 90.1
Ar 0.93 87.2
Ch 0.033 194.7
Ne 0.0018 27.2
H> 0.0010 20.2
He 0.0005 4.2
Kr 0.0001 119,6
Xe 0.00000¢ 165.1
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Superconductivity is a phenomenon in which the neteffers no resistance to

the flow of electricity. It would, therefore, allotkansmission of electrical energy

with practically no loss.

1.4

GENERAL CHARACTERISTICS

All the noble gas elements are colourless, odosireesl tasteless monoatomic

gases. Indeed, they are the only elements that&xisncombined gaseous atoms

at room temperature and one atmosphere presswhb.df@m, behaves as if it is

effectively isolated. Some properties of noble game summarised in Table 1.4

Table 1.4 : Some properties of the noble gases

Property

Atomic number
Electronic configuration

Atomic weight

van der Waals radius (pm)

Boiling point (K)
Melting point (K)
Density of liquid at b.n.
(1°xkgm™)
lonisation energy

(kJ mol™)

Electron affinity
(kJmol™)

Abundance in dry air
(ppm by volume)
Abundance in igneous

rocks (ppm by weight)

Helium
He

15

4.0026

4.2
1 at 26 atm

0.126

2372

54

Neon
Ne

10
(He]2s* 2
218
131
22
4
120

2081

182

7% 107

Argon
Ar

18

(Ne) 3533/)0

39.948
174
872
84

1520

93.40

4x 107

Krypton

Kr
36

(Ar]3d" 4s24p°

83.80
189
119.6
116

1350

Xenon
Xe

54
(Kr] 4d'%525p®
131.30
210
165.1
161
3.06

170

0.087

Radon
_Rn

86
(Xel4r™ 5a"%6s%6p®
()
25
21
0
a4

1037

17x 10710
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You can see from the Table that all the noble gaseg eight electrons in their
valence shell except helium which has only two tetexs. Till 1962, the noble
gases were considered to be inert as their compowace not known. Lewis and
Kossel in formulating their electronic theory of l¢iace in 1916 stipulated that a
grouping of eight electrons or an octet in the neéeshell represents a very stable
configuration. Hence, they proposed the octet rd#lecording to this, the
reactions of elements can be explained in terntkedf tendency to achieve stable
electronic configuration of the nearest noble genp®, by gaining, losing or

sharing of electrons.

As all the noble gases have the stabfedrss-np® configuration, they have the
highest ionisation energies compared to other eiesnan their periods. This
reflects their reluctant for chemical reactivityn@logously, the electron affinity
of these elements is either zero or has a smailiposalue. Therefore, they are
unable to accept electrons to form unions. As wedgwn the group, the
ionisation energy of the noble gases decreasess, Tthere is an increase in
chemical reactivity of the noble gases as we gordtvwe group from helium to

radon.

Since, there are no usual electron pair interastlmetween the noble gas atoms,
the only interactions are weak van der Waals for¢éerefore, they have very
low melting and boiling points in comparison withose of other elements of
comparable atomic or molecular weights. In fact/timg and boiling points of
helium are the lowest of any known substance. Tée der Waals attraction
between the molecules atoms increases with thesaser in the number of
electrons per molecule or atom, Heavy moleculestatoing more electrons
attract one another more strongly than the lightetecules. Thus, the van der
Waals forces between the noble gas atoms increage anove down the group
from helium to xenon. Consequently, melting andibgipoints increase with the

increase in atomic number.
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Helium has two isotopes, 'He afiHe. The latter constitutes almost 100% of
atmospheric helium. WhiléHe behaves normallyHe has strange properties.
When cooled below 2.2 K at one atmosphere presstdimary liquid*He, called
helium-l. changes to an abnormal form called hellumThe temperature at
which this transition of He-l to He- Il takes plae known as Lambda point.
Below this temperature, its thermal conductivitgremses a million fold and the

viscosity becomes effectively zero, hence it iscdeed as a superfluid.

All the noble gases, especially helium, have trethoes ability to diffuse through

almost all types of glass, rubber, PVC, etc.

SAQ 2

You have read above that boiling point is relatedthie binding forces in
atoms/molecule: In noble gases, the atoms areldyeléin der Waals forces. Can

you now explain in the space given below as to,

a) What is the relationship between the boilpmnt and van der Waals

forces?

b) Why there is a steady increase in boilingpysafrom He to Rn?

1.5 COMPOUNDS OF NOBLE GASES
Xenon difluoride, Xek can now be made by a simple reaction of xenon and

fluorine gases in a pyrex bulb in sunlight. Butlgstie compounds of the noble

gases were unknown until 1962. Is it not surprishg a compound which can be
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prepared so easily eluded the world of sciencesdolong? One reason for this is
that most of the reactions were carried out onmgrgdhich was the most readily
available, and the results of experiments on argore thought to apply to all
noble gases. Moissan, in 1986, found that argonldvoat react with fluorine
under any conditions. Secondly, attempts at regctenon with fluorine using
electric discharge methods did not meet with sig;cefthough Pauling had
predicted that some noble gas fluorides should tables Chemists were
discouraged by these failures and also by the pmesteed notion that the noble

gases must be inert because of their stable coafigu.

The first breakthrough in the noble gas compounds achieved in 1960 by an
English chemist Neil Banlett. He was trying to matkee newly discovered

compound Pt§; instead he obtained a deep red compound congaixiygen. The

X-ray diffraction picture of the red solid showedto be the first known salt of
dioxygennyl cation, i.e. |§p+|PtR|. This showed that PgFoxidises the oxygen

molecule. Hurtled realised that xenon should form analogous compound
because the ionisation energy of xenon, 1170 kJ' nwIslightly lower than that

of the oxygen molecule, 1180 K.J nfolWhen he brought xenon and PtF
together, he obtained an orange yellow solid, xermxafluoroplatinate,

(Xe]'[PtR] . This opened the field for the study of the chéryisf noble gases.

True chemical bonding in the noble gases seems tedtricted to krypton, xenon
and radon with fluorine or oxygen as ligands. Nonewever, combines with

oxygen directly.

The oxides are made from the fluorides when thegctrevith water. Krypton

chemistry is limited tehe difluoride, Krk;, which is stable only below 353 K, and
one or two complexes with fluorine bridges betwkepton and another element.
Radon is known to form at least one Chloride, &itfoarmula has not yet been
established because of the vigorous disintegratidhe nucleus. Thus, the noble

gas chemistry is effectively limited to the compdsif xenon.
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1.51 Compounds of Xenon

The chemistry of xenon is the most extensive irs toup and the known
oxidation states of Xe range from +2 to +8. Struaitdetails of some of the more

important compounds of Xe are listed in Table 1.4

Xenon reacts directly with fluorine on heating theses in a nickel vessel. The

products depend upon the amount of fluorine presedthe reaction conditions:

2:1 mixture
Xe+FR Xek
700 K, sealed vessel

1:5 mixture
Xe + 2k, XeF
700 K, 6 atmosphere

1:20 mixture
Xe + 3k XeFs
500-600 K, 50-60 atmosphere

The compounds XeFXeF, and Xek are white solids which can be sublimed at
room temperature. The lower fluorides react withoflne on heating under
pressure forming higher fluorides. The fluoridee axtremely strong oxidising

and fluorinating agents. They react quantitativeith hydrogen.
Xek +H;, ——> 2HF + Xe

XeR+H;, ———— > 4HF + Xe
XeR, +H, ———> 6HF + Xe

17



They oxidise chlorides to chlorine, iodides to fw&li cerium (111) to cerium (1V),
Ag(l) to Ag(ll), Cr(lll) to Cr(VI) and Br(V) to Bri/ll):

Xek +2HCI —> Xe +2HF + C}
XeF, + 4Kl —> Xe+4HF + 2
Xek + BrO;+ ————> Xe + BrQy + 2HF

They fluorinate many compounds as well as elements:

XeF+ 2SR ———> Xe + 2SK
Xek, + Pt —> Xe+ Ptk
Xek + 2GHg ———>  Xe + 2GHsF + 2HF

The fluorides differ in their reactivity with wateKeF, dissolves unchanged in
water or acidic solutions, but on standing, decaositpn occurs slowly.

Decomposition is more rapid with alkali.

2Xeh +2H0 ——> 2Xe+4HF+ Q@

Reaction of XeF, with water is violent since xenmioxide, XeQ, formed is
highly explosive:
3
3Xek + 6HLO —> 2Xe + XeO3 +12HF+ 0O
2

XeFsalso reacts violently with water and hydrolysisabgnospheric

2Xeks + 6HLO —> 2XeQ + 12HF

With small quantities of water, partial hydrolysiscurs giving a colourless liquid
xenon oxofluoride, XeOf The same product is formed when Xe€acts with

18



silica or glass. Because of the stepwise reactitictwfinally produces the

dangerous Xeg) XeFs; cannot be handled in glass or quartz apparatus.

Xeks+ H,O —> Xek+2HF
2Xeks + SpO  ——> 2Xeh + Sik
2XeOF + SbO ———> 2XeQF; + Sik
2XeQFs + SpO — > 2XeQ + Sik

XeQO; does not ionise in aqueous solution, but in afieafolution above pH 10.5,
it forms the xenate ion HXeQ

XeO; + NaOH — > 2XeQ+ Sik
sodium xenate
Xenates slowly disproportionate in alkaline solatitm form perxenates and Xe
gas:
2HXeQ+ 20H ——> XeG; + Xe + Q@ + 2H,0
Perxenate ion

Alkaline hydrolysis of XeFalso forms perxenates

2Xeks+ 160H ——— > XeOs+ Xe + @ + 12F+ 8H,0

Perxenates are extremely powerful oxidising ageartd, can oxidise HC1 to €1
H,O to @ and Mn(ll) to Mn(VH). With concentrated J80,, they give xenon
tetroxide XeQ, which is volatile and explosive:

BapXcOg + 2H,SO, XeO, + 2BaSQ + 2H,0

XeF; acts as a fluoride donor and reacts with pentdafles such as, RFAsH;,
Sbk, Tak, RuF, RhR, IrFs and Ptk to form salts of the types [XeHMFg]
[XeF]" [M2F14]- and [XeFs [MF¢]". XeFR,; is much less reactive in this respect and
reacts only with the strongest Bcceptors such as SpBnd Biks. But Xeks
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combines with pentafluorides to yield 1: 1 compkesech as, [Xeff [AsFs]” and
[XeFs]'IPtRy] .

Before proceeding to clathrates of noble gasesth&yfollowing SAQ related to

xenon compounds.

SAQ 3
Complete the following reactions by writing the ¢gan conditions/products in
the blank spaces given for each reaction.

?

i) Xe+hk Xek,
1:20 ratio oKe: F2
i) Xe + R ?
Nickel crucible
iii) XeF, + H20 Xe + ? + ?

1.5.2 Clathrates of Noble Gases

Crystalline clathrates or inclusion complexes obleogases have long been
known. In these complexes the noble gas atomsrapped in cavities in the
crystal lattice of certain other '‘compounds suclyj@sol or water. The formation
of clathrates seems to depend on relative moleditaensions rather than on any
particular chemical affinity. The atoms or molecutd any substance, which are
of a suitable size to fit in the cavities in theshlattice, can form clathrates. Thus,
Oy, SO, H,S and MeOH are examples of other substances warah ¢lathrates

with quinol.
When quinol is crystallised from its aqueous solutin the presence of heavier

noble gases like Ar, Kr or Xe under a pressure®@#Q atmosphere, crystals of

clathrates of the composition G.3Quinol are obthifde crystals are quite stable
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and can persist for several years. However, whatetleor dissolved in water, the
gas escaped leaving behind quinol. Similarly, wiveter is allowed to freeze in
the presence of Ar, Kr or Xe under pressure, atohmoble gas get trapped in the
crystal lattice of ice giving clathrates correspoigd to the composition,
8G.46H0. These clathrates are also known as the nobldygdstes. You can
see the hydrates may not be stoichiometric sinealégree to which the cavities

are filled depends on the partial pressure of tresgmaterial.

The hydrates increase in thermal stability down gheup as the noble gases
become more polarisable. With xenon, at a partieggure of one atmosphere, the
hydrate is stable up to 275 K. Because of theiy \@w polarisability, small size
and low boiling points, no hydrates of helium anebm have been prepared.
Clathrates provide a means of storing noble gasdso& handling the various

radioactive isotopes of Kr and Xe which are prodicenuclear reactors.

The crystal lattice with cavities is called the th@sibstance entrapped in it is called guest.

SAQ 4

Explain briefly:
i) Why no compounds of He and Ne are known?
i)  Why noble gas compounds are formed onhhv% and K?
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1.5.3 Structure and Bonding in Xenon Compounds

You would recall that prior to 1962, it was widddglieved that the noble gases
are chemically inert because of the stability adithelectronic configurations.
However, the discovery that their compounds coelgtepared made it necessary
that some description be given of the nature ofdbanin the compounds they
form. The nature of the bonds and the orbitals digetionding in the compounds
of noble gases is of great interest. It has been dhbject of considerable
controversy as will be evident from the discusbmonding in some individual

xenon compounds.
Xenon Difluoride

It is a linear molecule. Bonding in Xgknay be explained with the help of
Valence Bond Theory (cf. Unit 4, Block 1, Aton& Molecules course). An
electron from the 5p level of Xe is promoted to Httlevel, followed bysp’d

hybridisation.

ﬁ‘)' SJ‘,J 5(!

J wl 1 1

Xe atom in ground state { u 1 _ B
Xe atom in excited state L b E 1l K —,[ ’_'T{: ] |

sp3d-hybridisation

The two Unpaired electrons in axial orbitals foronds with two fluorine atoms
and three lone pairs occupy the equatorial positions of thgohal bipyramid

giving rise to a linear molecule as shown in Fid. 1
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Figure 1.1 Linear structure of XgF

The objection to this model is that the &bital of Xe appears to be too large and
too high in energy to participate in hybridisatibiowever, it has been suggested
that the highly electronegative atoms like fluorgaise a large contraction in the

size of thed orbitals enabling them to participate in bonding.

Molecular orbital approach involving three-centoairf electron bonds has been
found more acceptable. The outer electronic cordion-of the atoms involved

in bonding are:

Ss ap. ap, 5p. 25 2p, 2p, 2p..

e (0] mlnlwl:x[w] [Elnlsi]

It is assumed that thsp, orbital of xenon and th2p, orbital of the two fluorine
atoms are involved in bonding. These three atombdals combine to give three
molecular orbitals, one bonding, one nonbonding @mel antibonding which can

be represented as shown in Fig. 1.2
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@@ @@ @@ contributing, since the

bonding effects in one half is
cancelled by the antibonding

effects in the other half).

Q@ ®@ ®® bonding (orbitals have

symmetry for overlap).

correct

Fig. 1.2 Molecular orbital representation of thec8ntre 4-electron bond in XgF

The three original atomic orbitals contained folecgons. These occupy the

molecular orbitals of lowest energy as shown in Ei§

Atomic orbitals Molecular Atomic orbital
of two F atoms orbitals of Xe atom
Antibonding

Non bonding
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Fig. 1.3: Molecular orbital energy level diagram fo XeF, molecule
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A linear arrangement of the atoms gives the bestlap of orbitals, in accordance
with the observed structure. The situation is @mib that in the boron hydrides
where there are three-centre B-H-B bonds (refer QIAE except that in XeF

there are four electrons involved compared with éleztrons in the boranes.

Xenon Tetrafluoride

The structure of XefFis square planar (Fig. 1.4The Valence Bond Theory
explains this by promoting two electrons resultingp’d® hybridisation. Two of
the positions on the octahedron are occupied byldwe pairs. This gives rise to
a square planar structure.

5s 5p 5d

Xe atom in excited state Il_i_&_Jl l ‘1-i' [ 4 - [ i 1 ] E 1 l 1 { l ]

spd®- hybridisation

The alternative explanation is that in Xefhe Xe atom binds to four F atoms by
using two of itsp orbitals to form two three-centre molecular orlstalt right

angle to each other, thus giving a square plaregesh

Fig. 1.4 Structure of XeR

Xenon Hexafluoride

According to Valence Bond approach, 3 electrons premoted and the
hybridisation is sp’d® which predicts a pentagonal bipyramidal or capped

octahetral structure as shown in Fig. 1.5

25



S Sp 5d

Xeatominexcitcdstatel A¥ ‘ | HEREK I | 1 I‘I f‘l { J

spd®- hybridisation

According to M.O. theory, the structure of Xetan be explained by considering
three three-centre molecular orbitals mutuallyigtitrangles and giving a regular
octahedral shape. Thus, M.O. theory fails hereréalipt the correct structure. A
more detailed discussion regarding this can be domnhigher courses in the

subject.

Fig. 1.5: Structure of XeFs
1.5.4 Molecular Shapes of Noble Gas Compounds an&aMnce
Shell Electron Pair Repulsion (VSEPR) Theory

Thus, we have seen above that neither the Valerw®l Bapproach nor the
Molecular Orbital theory is able to explain the Hdowg in all the noble gas
compounds. The approach which has given the mtishah explanation about
the stereochemistry of noble gas compounds andidadvthe most readily
visualised description of their shapes is the Ve¢eBhell Electron Pair Repulsion
Theory (VSEPR) of Gillispie and Nyholm. You may lagome across this in
CHM 101. To recollect, this theory assumes thaesthemistry is determined by

the repulsions between valence shell electron paisth bonding and
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nonbonding, and that the latter exert the stroeffect. Thus in Xe}; the valence
shell of Xe atom has ten electrons, eight fromXkeatom and one each from the
two F atoms. These are distributed in five paimsp tbonding and three
nonbonding, which are directed to the corners toiganal bipyramid. Because of
their greater mutual repulsion, the three nonbamdiairs are situated in the
equatorial plane at 120° to each other, leaving tiv® bonding pairs

perpendicular to the plane and so producing alliReée-F molecule.

In the same way, XaFwith six electron pairs is considered as pseudakmcral
with its two nonbonding pairs opposite to each ptbaving the four F bonds in a

plane around Xe.

More distinctively, the seven electron pairs arouxe in Xek suggest the
possibility of a non-regular octahedral geometrd @anply a distorted structure
based on either monocapped octahedral or a pergbggramidal arrangement of
electron pairs, with the Xe-F bonds bending awagmfrthe protruding

nonbonding pair.

It will be interesting to devise similar rationatgns for the xenon oxides. Three
electron pairs of the Xe atom can be used to cample octet of three oxygen
atoms, leaving on lone pair on xenon. This givasgonal pyramidal shape to
XeO; molecule (Fig. 1.6 Similarly in xenon tetroxideuf electron pairs from
xenon can coordinate with each of the lour oxygémsning a tctrahedral
molecule (Fig. 1.7). Such coordination, howeveavés a rather high positive
charge on the central atom. The tetrahedral s#jgathosphate and sulphate ions,
which are isoelectronic with Xefare stabilised bg -d back bonding in which
lone-pair electrons on oxygen spend some time anbitals on the central atom.
This helps to even out the charge distribution. Baitorbitals of xenon are ill-
matched with2p orbitals of oxygen, thus weak Xe-O bond is consistsith
rather littlep -d bonding and considerable polar character. Strulctletails of

some xenon compounds based on VSEPR theory ane igivieable 1.5. Although
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chemists were taken by surprise by the noble gagpoands but as you can see,

these were soon found to be readily accommodateditsgnt bonding theories.
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Fig 1.6: Structure of XeQ

Fig. 1.7: Structure of XeQy
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Table 1.5 : Structure of some of Xenon compounds

Compound Oxidation No. of electron Remarks
State of pairs around Xe Structure
Xe

Bond Lone Total
__pairs _ pairs

XeF, +I1 2 3 5 Linear Lone pairs occupy
equatorial positions of
trigonal bipyramid

XeF, +IVv -l 2 6 Square One lone pair above and the
planar other below the plane of
molecule

eF,, +V1 6 1 7 Distorted Lone pair cither at the
octahedral centre of a face or at the
midpoint of an edge

XeO, +VI 6 1 7 Trigonal Bond pairs are in three
pyramidal double bonds, lone pair
protruding from the apex of
the pyramid

XeOy +VIII 8 — 8 Tetrahedral Bond pairs arc in
four double bonds

XCOIFZ‘ +V1 6 1 7 sCe-saw Four bond pairs in two
Xe=0 bonds. tlwo bond
pairs in two Xe—F bonds,
lone pair occupying onc
cquatorial site

XceOF, +VI 6 1 7 Square Two bond pairs in
pyramidal Xe=0 bond. four bond pairs
in four Xe—F bonds, lone
pair protruding from the
base

XcOF, +IV 4

[

6 *T" shaped Two bond pairs in Xe=0
bond. two bond pairs in
two Xe—F bonds. lone
pairs occupying two
cquatorial sites of trigonal
Lpryramid.

SAQ 5
Given below in Column | are the few expected conmaisuof noble gases. Write
down in Column Il the shapes of these compound$fiemasis of VSEPR theory.
Column | Column I
(i) Xek () e
(i) XeOR () e
(i) XeOy (i) e
(i) Xeks (V) e
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1.6

Let us

1.7

SUMMARY
now recall what you have learnt in this unit

The atmosphere surrounding the earth is>dun@ of gases consisting of
nitrogen (78%), oxygen (21%), noble gases (1%),esother gases like

CO, and air pollutants.

Noble gases were discovered in the ordeliumein 1868, then neon,
argon, krypton and xenon in the 1890s and finatjon in 1902.

The characteristic stable electronic configion of noble gases is 2lsr

ns'np?
They have the highest ionisation energies anddivedt electron affinity,

melting and boiling points and heat of vaporisaiiotheir periods.

Noble gases have various applications l&e@olants and for providing
inert atmosphere. Their chemistry is limited due the exceptional
stability of their closed valence shells. Only xen®acts directly with

fluorine forming fluorides. Oxides may be prepaiteg the reaction of

water with fluorides.

The shapes of xenon compounds can usuakxplkained with the help of

Valence Shell Electron Pair Repulsion Theory.
TERMINAL QUESTIONS
How did the terrestrial helium originate?

What are the factors which led Bartletthimk that Xe can be oxidised by
PtFs.
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1.8

+

Would you expect nitrogen to form a compowhdhe type N [PtR] ?
Give reason for your answer. (lonisation energi®fis 1403 kJ ma)

Would you expect radon to form more stalol@pgounds than xenon? If so

why ?

Work out the oxidation states of xenon ifFXeXeFk and Xek.

ANSWERS

Self-assessment Questions

1 a)

b)

2 a)

b)

Chemical inertness of lighter noble gase., He, Ne and Ar, and rare
abundance of comparatively reactive noble gasesKr, Xe and Rn

were the reasons for the late discovery of nobsega

Lord Rayleigh found that the density ofogten isolated from air was
consistently about 0.5% higher than that of theog#n obtained
chemically from ammonia. This observation made LdRdleigh

suspect that there may be an additional gaseonsertean air.

Boiling point is directly propomial to the van der Waals forces
between the atoms/molecules. More is theefof attraction, higher is
the temperature required to owere these binding forces and higher

will be the boiling point

As w move down the group from He to Rn,\the der Waals force of
attraction between the noble gas atoms increaseggise to a steady

increase in boiling points.
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i)

ii)

5 i)
i)
ii)

iv)

2: 1 ratio of Xe: £ nickel crucible

Xek
2HF + 1/20

Valence shells of He and Ne are pletely filled, so they have no
tendency to lose, gain or share electroesaBse of these reasons,
compounds of He and Ne are not known.
Because the noble gases have extretoelyeactivity, they need the
strongest oxidising agents to form compounds.
In clathrates, the noble gases are held ®akvvan der Waals forces
which increase with the increase in the polarigigbdf the noble gas
down the group. Therefore, the tendency to fornthcédes increases

down the group.

Square planar
Square pyramidal
Tetrahedral

Distorted octahedral

Terminal Questions

Terrestrial helium originated from the dead radioactive elements in
rocks.

The very fact that the first ionisation egyeof xenon is slightly less than
that of oxygen, led Bartlett to think that like @an, xenon can also be
oxidised by Ptk

Oxygen and xenon which have ionisation giesy 1180 kJ mdi ' and

1170 KJ mol}, respectively, can be oxidised by pPtwhile nitrogen
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having comparatively much higher ionisation energ$#03 kJ mot
cannot be oxidised, so a compound of the type’ INPIRs]” cannot be

formed.

On the basis of comparatively high poldmksiy and low ionisation
energy, radon is expected to form more stable comg® But because of

very short half-life, its compounds are highly waide.

Oxidation state of xenon in XgBE + 2.
Oxidation state of xenon in Xgks + 4.

Oxidation state of xenon in Xgks + 6.
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UNIT 2 : CHEMISTRY OF REPRESENTATIVE ELEMENTS
Structure
2.1 Introduction
Objective
2.2 Hydrogen
Properties of Hydrogen
Active Hydrogen
Uses of Hydrogen
2.3 Comparative study of Group IA and Gropdlements
Chemistry of Group 1A
Chemistry of Group IIA
2.4 Boron
Chemical properties
2.5 Carbon and Silicon
Chemistry of Carbon and Silicon
2.6 Nitrogen and Phosphorous
Chemistry of Nitrogen and Phosphorous
2.7 Oxygen and Sulphur
Chemistry of Oxygen and Sulphur
2.8 The halogens
Chemistry of halogens
2.9 Summary
2.10 Terminal Questions
2.11 Answers

2.1 INTRODUCTION

During the course of CHM 101 and CHM 205, you weargoduced to the
properties of the Group IA to Group IVA elementhieTrepresentative elements
are made of S and P block elements of the peri@diie, in which their valence
shell is either S or P orbitals
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In this unit, you we will focus our attention on &histry of Hydrogen. Group 1A
and Group lIA elements, Boron, and compare betwkerchemistry of carbon
and silicon, nitrogen and phosphorus and oxygersaftghur.
Objective

- Describe the electronic configuration of the eletaen

- Chemical properties of the element.

- Comparative study of the chemistry of the elements.

2.2 HYDROGEN
Lavoister gave the name hydrogen to inflammableagdieted by reacting iron
with sulphuric acid. Hydrogen occurs in the fresetin some volcanic gases and
in the outer atmosphere of the sun. Other starc@mposed almost entirely of
hydrogen.
The main source of hydrogen are water, and petmoland natural gas, where it
occurs in combination with carbon. The elementniseasential ingredient in all
living matter, being found in proteins and fats.
The hydrogen atom consists of one proton and ogsetreh, with electronic
configuration of 1& Most of the chemistry of hydrogen can be explaiimeterms
of its tendency to acquire the electronic configioraof the noble gas helium, this
it can do by gaining an additional electron to gike hydride ion, H by sharing
its electron and accepting a part share of anreleétom atom as in the hydrogen
molecule H — H, and by accepting a lone pair ottetms, which it does as a
proton when combined with, for example water andmama to give the
hydroxonium HO" and ammonium N ions respectively.
Hydrogen can readily be obtained by the actioneofain metal on water or steam
and dilute acids. Nitric acid and concentrated lsutiz acid must be avoided.
Na+H,0 ® 2NaOH + H(g)
and by action of steam on coke or hydrocarbon.
C(s) + KO ® 2NaOH + CO(g) + klg)
There are three isotopes of hydrogen of relativases, 1, 2 and 3. They are

called ordinary hydrogen, deuterium and tritiumpesgively and differs in that

35



whereas ordinary hydrogen has no neutrons, deuotehnias one and tritium has
two neutrons in the nucleus. Tritium is the onlyedhat is radioactive. The ratio
of ordinary hydrogen to deuterium in hydrogen coomms is about 6000:1,
tritium occurs in even smaller amounts.

Deuterium is slightly less reactive than ordinarydtogen but otherwise its
properties are almost identical. Deuterium is uasda tracer for elucidating a
wide range of reaction mechanisms, and so areoitgpounds. Many of these
compounds can be readily obtained from deuteriuideofD,O-heavy water), for

example DCI, an equivalent of hydrogen chloride.

2.2.1 Properties of Hydrogen
Hydrogen is a colourless gas without taste or snielcan be liquefied by
compression and cooling in liquid nitrogen, follaléy sudden expansion.
Liquid hydrogen boils at — 26 and becomes solid at —2&9
Hydrogen burns in air and, under certain conditiomcts explosively with
oxygen and the halogens e.g.

2Hz(g) + Oxg) ® 2H:0q)
It reacts partially with boiling sulphur to give drpgen sulphide.

H2(0) + Q) —= HS
and with nitrogen at elevated atmosphere and pressuthe presence of a
catalyst to form ammonia. It forms ionic hydrideghamost metals of Group IA
and 2A. It form covalent hydrides with the elemédntsn Group 4B and 7B in the
periodic table, and are gaseous at ordinary tertyrerawith exception of a few,
and with transition metals a series of rather défidled compounds — interstitial

hydrogen- is formed.

2.2.2 Active Hydrogen
Atomic hydrogen can be generated by dissociatindrdgen molecules into
atoms using high energy sources, such as dischalbgecontaining hydrogen at
low pressure, or a high current density arc at béghperature. Thus, dissociation
is highly endothermic

H2(g) 2H(g)DH (298k) = +435.9Kjmot
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Many metals are able to catalyse the recombinatibrinydrogen atoms e.g.
platinum and tungsten, which results in liberatodrthe same quantity of energy
as is needed to effect the dissociation. This efeased in the atomic hydrogen
blowlamp for welding metals. Hydrogen is a powertdlucing agent e.g. it will
reduce metallic oxides and chlorides to metals,@ydien to hydrogen peroxide.
The nascent hydrogen is an hydrogen at the insténformation. Nascent
hydrogen can reduce elements and compounds thaiotoeadily react with

normal hydrogen.

2.2.3 Uses of Hydrogen
Before now, only small quantities of hydrogen wezguired as a fuel in the form
of town gas and water gas, for filling balloons amdhe oxyhydrogen blowlamp
for welding. Recently, however, large quantitiesttod gas are employed in the
process listed below:

- Manufacture of ammonia by harber process.

- Manufacture of hydrogen chloride and hydrochlodda

- Manufacture of organic chemicals e.g. methanol.

- Manufacture of margarine.

- Extraction of some metals from their oxide.

- Liquid hydrogen has been used as a rocket fuel.
SAQ: 1 — Nascent Hydrogen.

2.3.0 CONPARATIVE STUDY OF Group IA and Group IIA E LEMENTS

The elements of Group IA includes,INa, k, Rb, Cs, and Fr, the first four are
metals. Indeed, from a chemist point of view, thegde an excellent set because
they have a large number of properties in commdahium is the only member of
the group that is not completely typical. They aliehighly electropositive metals.
Indeed, the tendency for them to lose their outstretectron and change into a
positive ion is the most important feature of trediemistry. This is due to the fact
that the outer S electron is very well shieldedtbg inner electrons. The S
electron feels only a fraction of the nuclear cear§s we do down the group,

shielding wins over the effect of the increasingibers of protons in the nucleus.
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Caesium, for example is a much more powerful regyeigent than sodium. The
metals are so reactive that in nature they areyavi@und combined with other
elements. They do exist as chlorides, nitrogemhaies and carbonise.

It is difficult to convert Group IA metal ions inteeutral atoms, so if we need to
obtain the pure metal we have to use electrolyfli® pure metals are silvery
white and apart from Li, soft and easy to cu. Hogvethey rapidly tarnish in air
giving a layer of oxide, peroxide, or sometimesesupxide. They will also react
violently with water. For both reasons they aretkepder a layer of oil.

The elements of Group IIA; Be, Mg, Ca, Sr and Baa metals. They show the
properties we would expect, e.g. they are goodadieduagents, they give ionic
compounds, their oxides and hydroxides are basid,tley give hydrogen with
acids. The alkaline nature of the elements is nesipte for them being known as
the alkaline earth metals. The exception of the rmom pattern is the first
member, beryllium. One reason why beryllium is eliéint is that its elements are
not strongly shielded from its nucleus. The radifi8e** ion is extremely small,
and it represents a very dense centre of positharge with an immense
polarising power. This ability to draw electronsveods itself is responsible for
the covalence of many of its compounds. Anothertufea of chemistry of
beryllium is that in solution its compounds tendstaffer from hydrolysis, and
some are amphoteric rather than completely bagte the Group IA metals, the

reaction of the elements makes it difficult to extrthem by chemical means.

2.3.1 Chemistry of Group IA.
a. Reaction with oxygen
Lithium oxidises less rapidly than the other methlst they all give ionic oxides
and peroxides. In a plentiful supply of oxygen teactions can be violent.

2K(s) + O(9) ® Kz04(g)
They are all basic. They dissolve in water to gstengly alkaline solutions
containing hydroxide ions for example

NaO(s) + HO1) ® NaOHaq)
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b. Reaction With Water

Li, Na and K all float on water. Li reacts only slly, but Na and K reacts more

quickly. Hydrogen is given off and the solution @@mng is alkaline. The

reactions of Rb and Cs with water should not bengtted, because of explosions.
2Na(s) + 2HOu) ® 2HaOHaq+ Hy(Q)

C. The Hydroxides
The hydroxides of the Group IA metals are amongdinengest bases known.
They exist as ionic solids and are very solublevater. With exception of LiOH,
which is slightly soluble and is also the only dhat will convert to an oxide on
heating.
d. The Carbonates and Hydrogen Carbonates
The carbonates are all soluble in water, and thgarogen carbonates exist as
solids. The exception once again is lithium, whaibes not give a hydrogen
carbonate.
Sodium carbonate is useful substance; it is soldwashing soda crystals
N&COs.10H,0O. In water it gives a slightly alkaline solutiorwing to salt
hydrolysis.

N&CO; + H;O® NaHCQag+ NaOHag)
The case with which hydrogen carbonates give ablaradioxide is made use of
in fire extinguishers and baking powders.
2 SAQ what would you expect to happen if you heataghing soda crystals
e. The Halides
All the metals give fluorides, chlorides, bromidemd iodides. Apart from
caesium they have the same crystal structure asmsaxhloride.
f. The Nitrogen and Nitrides
Sodium nitrate, NaNg) and sodium nitrites, NaNGre the most important salts.
In common with all other nitrates, sodium nitragesoluble in water. Chemically,
the Group IA nitrates are a little different to sieoof other metals. In particular,

when they are heated, they give off oxygen and ghamto a nitrite.
2KNOs(s)® 2KNOy(s) + Q(9)
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Most nitrates are energetically stable. Howeves,ritrogen in a nitrate ion is in a
high oxidation state (+5) and the ions containghlpercentage of oxygen. With
the right chemicals, the ions will show a consibéraability to act as oxidising
agents. Especially, KNOnixed with sulphur and carbon is used as a gurdeow
Sodium nitrite is used in the manufacture of dyed m increasing the shell life
of raw meat sold in supermarkets.
g. The Sulphates, Hydrogen Sulphases and Sulphites
All the members of the group gave sulphates anddyah sulphates. They are all
soluble in water.
Sulphites, such as sodium sulphite, ,81&, are more reactive than either
sulphates or hydrogen sulphates e.g. if you wasulghite with an acid, you will
find sulphur dioxide is given off.

NaS0j(aq + 2HCI® 2NaCl + SQ(g) + HOp)
Sodium thiosulphate is produced by boiling a solutof sodium sulphate with
powdered sulphur. Sodium thiosulphate is used @® ly photography. In the
laboratory it is used in iodine titrations.
h. The Hydrides
All the hydrides of the group are ionic, with theetal being positive and the
hydrogen being negative.
2.3.2 Chemistry of Group IIA
a. Beryllium oxide, BeO, is more like the oxide atiminium in Group Il
rather than the oxides of the other element in @rbult has a high degree of
covalence, which is lacking in the other oxidess linsoluble in water and it will
dissolve only with great difficulty in acids. Theactivity of BeO depends on its
treatment. If it is heated to a high temperatutoya 806C) it becomes almost
completely inert
The other oxides will dissolve in water with incse®y ease down the group. The
resulting solutions are slightly alkaline owingreactions between the oxides and
water e.g.

MgO(s) + HOw ~ __~ MGOH (aq)
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b. The Halides
The elements all give fluorides, bromides and iedids well as chlorides. They
are all soluble in water, but the fluorides are mlass soluble than the others.
C. The Carbonates and Hydrogen Carbonates
The Group IlA carbonates are different to thos¢hefalkali metals of Group IA
in two major respects. First they are only verglslly soluble in water, with the
solubility decreases down the Group. Secondly they decomposed by heat,
giving off CO, and leaving an oxide.

MgCOs(s)® MgO(s) + CQ(g)
d. The Sulphates
The solubilities of the sulphates decreases dovengioup. Be, Mg, and Ca
sulphates are often found as hydroxide crystads,BeSQ.4H,0, MgSQ..7H,0,
CaSQ .2H,0. The crystals of magnesium sulphates have arrathi®rtunate
reputation. They are better known as epsom satsd(as laxative). Crystals of
CaSQ.2H,0 are found in nature as the mineral gypsum. Antwysircalcium
sulphate also occurs naturally as anhydrite. Whgmsgm is heated to about
100°C, it looses three quarters of its water of cryis@ion. The powder

remaining is plaster of paris.

2.4.0 BORON

Boron belongs to Group I1IB, elements which matke, beginning of the P-block
elements. All these elements exhibits a group sler three, but because of the
very large input of energy that is necessary tenftre 3-valent ions — the sum of
the first three ionisation energies — their commgtsuwhen anhydrous are either
essentially covalent or contain an appreciable arhoficovalent character.

Boron never forms a B ion since the enormous amount of energy requived t
remove three electrons from a small atom canno¢paid with the formation of a
stable crystal lattice, even with the most electgative fluorine atom.

Boron occurs principally, as borates e.g. sodiumateoin which the boron storm
is part of an anionic complex. Boron can be obthias an amorphous brown

powder by treating borax with hydrochloric acidqiting the baric acid sBOs, to
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give the oxide, BOs, and finally reducing the latter with magnesiumaahigh
temperature.

B,0s(s) + 3Mg(s)y® 2B(s) + 3MgO(s)
It is used in the construction of high impact resis steel and, since it absorbs
neutrons, in reactor rods for controlling atomiaa®ons.
A crystalline form of boron can be obtained by thermal decomposition of
boron trioxide on a tantalum filament.

2BI3(s)® 2B(s) + 3(s)

2.4.1 Chemical Properties

Amorphous boron is a very reactive element compirdirectly with oxygen,
sulphur, nitrogen and the halogens to give respagtan oxide, sulphide, nitride
and halide with covalent bonds running completetptigh the structure.

a. Halides of Boron

The volatility of the halides decreases with insieg relative molecular mass,
thus BR and BC} are gases, BBiis a liquid and BJ is a white solid. They are
covalent and exist as BXnolecules, their structures being planar.

The halides react vigorously with water to give taogen hydride, with
exception of boron trifluoride which gives fluorabo acid, HBFR, which in
solution contains the tetrahedral B#on, boric acid is also formed, e.g.

BCls(g) + 3HO(1)® H3BOs3(aq)+ 3HCI(Q)
4BR(g) + 3HO(1)® 3BR(aq) + HBOs(aq)
Boron trifluoride is used as a friedel-crafts cgdal in organic chemistry,

particularly for polymerisation reactions.

b. Diborane

This compound, which is an inflammable and veryctiga gas, is the simplest
hydride of boron. It can be produced by the reaductf boron trichloride with

Lithium aluminium hydride and must be handled inciam systems which

employ mercury valves, since it attacks tap-grease
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4BCls(g) + 3LiAIH, ® 2B,Hg(g) + 3LICI(s) + 3AICK(S)
Physical evidence shows that the structure can dmsidered to involve
something resembling boron — boron double bonds, dktra two electrons
required for this being provided by two of the sydrogen atoms which bridge
the boron atoms as protons.
H H H

\ /

B =— B
/ \
H H H

Other hydrides of boron aresBo, BsHg, BsHg, BsHi1 and BgHi4, they are all
electron deficient.
C. Boron Trioxide
Boron trioxide can be obtained by burning boronoxygen or by fusing
orthoboric acid.

2H3BO3(1) ® By03(1) 3H:0()
It is usually obtained as a glassy material whdséctire consist of randomly
orientated three-dimensional networks of B§doups, each oxygen atom uniting

two boron atoms.

|
(90  O(%)

(¥2) \
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Boron trioxide is an acid oxide and slowly reacithwvater, forming orthoboric
acid. When fused with metallic oxides it forms herglasses which are often
coloured, this in the basis of borax based tequaditative analyses.
3 SAQ Is BeO ionic
d. Orthoboric Acid
Orthoboric acid is formed when the boron halides laydrolised or when dilute
hydrochloric acid is added to a solution of borax.

B40s*(aq) + 2H(aq) + 5HO() ® 4H;BOs(aq)
It is obtained as a white solid on subsequent alysdtion. Orthoboric acid is a
weak monobasic acid and in aqueous solution therbatom completes its octet
by removing OH from water molecule.

B(OH)(aq)+ 2H0) ® B(OH)aq + H:O"(aq)
It therefore functions as a lewis acid and not pso#&on donor.
The structure of orthoboric acid is based on tla@gl B(OH) unit.
e. Borates
Boron, like silicon, has a great affinity for oxygand a multitude of structures
exist containing rings of alternating boron and gety atoms. The single BY
ion is rather uncommon but does occur in tifg(BOs>), the ion, as expected,
has a planar structure.
The more complex borates are based on triangular B@s e.g. (Na+Bs;0¢>
has the structure as given below

-0 O O-

\ /N
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f. Borazine and Boron Nitride
When ammonia and diborane, in the ratio of two mulks to one, are reacted
together at high temperature the volatile compobodazine is formed, the

molecule has a cyclic structure reminiscent of baez

H I
\ /
B—N
/ \
6NH 3BHHs® 2 —H—N B-H+12H
\ /
B—N
/ \
H I

The structure of the borazine is considered to besanance hybrid of the two

structures. H H
I I
N H N H
/! \ \ \ /
H-B B-H <——> B B
I - | I I
N N N: N
I\ /N [\ [\
H B H H B H
I I
H H

It is isoelectronic with benzene and resemblesldtter in some of its physical
and chemical properties; its boiling point is’65and forms addition compounds
more readily than benzene e.g. it forms additiompound with hydrogen

chloride, whereas benzene is unreactive towardgdaigent.
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Boron nitride (BN) is formed by direct union of loorand nitrogen at white heat,
it has a structure similar to that of graphite @athus a giant molecule but differ

from graphite in only being a semiconductor of #leity.
QAS. In what respect is the chemistry of boron kinto that of silicon.

2.5.0 CARBON AND SILICON

Carbon and silicon belongs to Group IVA elementleyl show many of the
properties that are characteristic of non metals,as we move down the group,
the metallic nature of the elements increases.

The normal valency of the elements is four, butrtafsam carbon, the elements
can make more than four bonds. This is because rieke use of a set of d
orbitals in bonding, that is the empty d orbitalgh® outer electron shell, e.g. the
3d set for silicon. The availability of the d oddg is responsible for the ability of
silicon to make complex ions such as ¢SiFwith exception of carbon. Another
feature of the chemistry of the Group IV is thatgocarbon compounds are less

reactive than the corresponding compounds of ther maembers of the group.

2.5.1 Chemistry of Carbon and Silicon
a. The hydrides:
Carbon and silicon gives a variety number of hyesiduch as CH CH,, SHa,
SioHs, etc. The geometries of the hydrides follow thoEenethane and are based
on a tetrahedral arrangement around the central.ato
The carbon hydrides will not ignite in air unlesfiaane is put to them. Apart of
silicon, SiH, the silicon hydrides are less well behaved. B@n®le, $3Hs is
spontaneously flammable in air.

SisHg1) + 5Ox(g) ® 3SiOy(s) + 4HO)
Like the carbon hydride, silicon hydrides are ngtrolysed by water alone.
However, traces of alkali will convert them intodngted silica, SighH,O and
hydrogen gas. Carbon hydride are not hydrolysealksfi.
b. The Halide
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Carbon and silicon forms various halides such af,CECl, Sik>. There is a
tendency for the elements to make four bonds, atidantetrahedral arrangement.
As with the hydrides there is a tetrachloromethame silicon tetrachloride. C¢l
will not react with water but Si¢ls immediately converted into silica

SiCL(1) + 2HO(1)® SiO,(s) + 4H+(aq) + 4Claq)
C. The Oxides
The oxides of carbon and silicon are predominatilyalents, but the chief oxide
of silicon, SiQ, unlike the small gaseous molecules CO and,@@s a giant
molecular structure that is better representedbydrmula (SiQ)n.
Carbon and silicon oxide are definitely acidic. lexample, silica behaves like
CO, when it reacts with hot and concentrated alkali

SiOy(s) + 20H(aq)® Si0:*(aq) + HOp)
Silica will also react with metal carbonates givioifyCO,.

SiOy(s) + NaCO; ® NaSiOs(s) + CQ(9)
Silica are not destroyed by hydrogen ions as arkooates. Rather if you add
dilute acid to sodium silicate solution, the saatiwill turn to a gel. It is a
colloidal and an example of hydrosed silica, SX0H,0.
C. Organic Compound
Carbon and silicon form many interesting organimpounds, made up of chains
of representing units e.g. organo-silicon compounds

-(Si(CH;)2—O

2.6.0 NITROGEN AND PHOSPHORUS

As a member of Group VA elements, nitrogen and phosis show the typical
properties of non-metals. For example, they arer mmmductors of heat and
electricity and give acidic oxides. Their compourde predominantly covalent.

Phosphorus have allotrope.

47



2.6.1 Chemistry of Nitrogen and Phosphorus
a. The Hydrides
Both of them form hydrides with unpleasant sourd@é®y have pyramidal shape,
but the bond angle in hydrocarbon and the hydradegoup IV differ from that
of ammonia.
Like ammonia, phosphine, BHcan accept a proton out its lone pair and giee th
phosphorium ion PH and it will combine to make phosphornium iodidéi,P
Like the analogous ammonium salts it is ionic.
However, phosphine will not accept protons as igadi ammonia.
b. The Halides and Oxohalides
Nitrogen and phosphorus form trihalide with F, Bi,and | and pentahalides such
as PE, PCE, PBr, while those of nitrogen do not exist.
Phosphorus penta chloride fumes in air. It reactgdter to gives the oxochloride
PCk(s) + HO(1)® PoCk(1) + 2HCI(g)
and in excess of water it gives
PCE(s) + 5SHO(1)® HiPOy(aq) + 5HCI(Q)
C. The Oxides
Nitrogen form various oxides such ag\N NO, NO3z, NO,, N,O, and NOs. The
oxides of phosphorus arg@®® and RO;o, which was once given as®; and RBOs
respectively, before their structure, were foundkbrgy diffraction.
d. The Oxoacides
Phosphorous forms various oxoacids likg?By, HsPO;, H3PO,, H3PO, etc. The
structure of phosphoric(V) acid is shown below

HO | OH
OH
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d. The Sulphides

The sulphides of nitrogen is;8,, while those of phosphorus argSk PS5, PiS;

and RS,o Particularly BS;, have been used in making matches. To make the
match head the sulphide is mixed with an oxidisiggnt, e.g. potassium chloride
(v), and a little ground glass, and the mixturéasind together with a glue. The

match boxes usually have a strip of sand papegdlmside.

2.7.0 OXYGEN AND SULPHUR
Oxygen exists as diatomic molecules, @ has three isotope$%O or the main
one, and the others at&0 and*%0, both of about 0.3%. Oxygen also exist in
triatomic molecules as ozone; With a triangular shape.
The one chemical property that dominates the chigyrog oxygen is its ability to
combine with both metals and non-metals to makeesxiOxides can be of four
types: neutral, basic, acidic or amphoteric.
The Group | and Il metals combine directly with gepn to give basic oxides.
Especially, Na and K have to be kept under oilriceeo to stop them converting
into oxides. The reactivity of Group Il metal isseemarked, but a coating of
oxides will soon give the otherwise shiny metafaces a dull grey appearance.
The oxides of sulphur and phosphorus are typicali@oxides in that they all
react with HO to give acidic solutions e.g.

PO+ 4H0® HPONag) ==  2PH(aq) + 6H(aq)
The most important peroxide is hydrogen peroxidgDH When pure, it is a
colourless liquid, but it is too dangerous to usehis form in the laboratory,
instead, it is kept in solution with water.
Sulphur posses allotropes and another major difterdo oxygen comes about
through the use of d orbitals in bonding. In maalpkur compounds the bond to
sulphur are shorter than expected. This sudjealegree of double character,
which can occur if sulphur makes use of its emputyfitals as well as its S and
P orbitals. Unlike oxygen, sulphur and other Graipelements can make up to

six covalent bonds by using d orbitals e.gs.SF

49



2.7.1 Chemistry of Sulphur and Oxygen
The majority of sulphur is used to make sulphuadiclaSulphuric acid is regarded
as a strong acid in water. It dissociates in tvageas:
H.SOy(aq) + HOu) ® HSO4(aq) + HO'(aq)
HSQ/(ag) + HO == SQ(ag) + HO'(aq)
The acid shows its oxidising nature when it is @mated, for example
a. The Hydrides
Of the hydrides of Group VI, water is by far theshomportant, and is not typical
of the others. Water is liquid at room temperatulee to hydrogen bonding,
while others are gases.
Hydrogen sulphide is very poisonous, with a rotégig smell. The gas can be
made by mixing hydrochloric and with a metalsulghidften iron (Il) sulphide.
FeS(s) + 2HCI(sq® FeClk(aq) + HS(Q)
Unlike water, but like ammonia, hydrogen sulphide be a good reducing agent.
b. The halides and Oxohalides
Oxygen forms halide with all the halogens, whilégpbur forms halides with all
the haloogens with exception of iodine.
Fluorine brings out the highest oxidation staténaSFs. The fact that these atoms
can actually make six bonds is due to their ust abitals in bonding.
Of the oxohalides, the most important are thossuphur, e.g. thionylchloride,
SOC} and sulphurylchloride, S@I,. The former is a colourless liquid that is
easily hydrolysed.
SOCly + 2H01) ® HSOs(aq) + 2HCI(aq)
C. The Oxides
SO, and SQ are gaseous. They are both highly soluble in watih the reaction
between S@and water being explosive.
d. Sulphides, Sulphates and Other Oxoanions
Sulphates contain the $0ion. Most sulphides are soluble in water, andasct

reducing agents. When they are warmed with acid,i$@iven off.
SO;*(aq) + 2H(agq)® SOx(g) + HOp
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Sulphates contain the $0ion. The sulphates of Group Il metals tend to be
insoluble e.g. CaS{5ulphates usually decomposes when heated to &isnffy
high temperature

Fe(SQ) ® FeSQ(s) + 3SQ(9g)
Thiosulphates contain the ion,GB>. The structure of the ion is like that of a
sulphate ion, except that one of the oxygen at@meplaced by a sulphur atom.
Sodium thiosulphate solution is widely used asxan@ agent in photography. It
has the ability to dissolve the silver salts thatdrnot been affected by light. In
the laboratory, thiosulphate solutions are usaddime titrations.

l2(ag) + 2805 (aq)® 2I(aq) + SO6°(aq)
peroxodisulphates have the io08 and are found in salts such asSpOg. They
are oxidising agents and behave according to ttieeaation

S0¢7(aq) + 2~ ® 2SQ(aq)
They will for example, oxidise iodide to iodine aimdn (II) to iron (111).
e. The Sulphides
The sulphides of Group | metals are ionic, e.g.JM8. The sulphides of other

metals, especially the B metals are covalent assdr extent.

2.8.0 THE HALOGENS
The halogens are members of Group VIIA elementsl iacludes; fluorine,
chlorine, bromine, iodine. Fluorine and dioxide ges, Bromine is a liquid, while

iodine occurs as a solid at room temperature.

2.8.1 The Chemistry of the Halogens

Fluorine has the lowest energy as a result it seauire readily than the other
halogens. Reactively decreases down the group.

a. Halogens as Oxidising Agents

All the halogens have a tedency to accept electfbms only type of negative ion
they all give is the halide ion"X

They all readily form alkalihalides with group IA atals. The alkali metals

towards the bottom of Group | can react violentlthwWluorine and chlorine.
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They reaction readily with hydrocarbon, produciagbon
CioH22(s) + 11CH(g) ® 10C(s) + 22HCI(Q)
b. Reactions With Water and Alkali
Both fluorine and chlorine are able to oxidise wakduorine can give a mixture
of oxygen and trioxygen

2R(9) + 2HO(1)® Ox(9g) + 4HF(aq)
Chlorine does not release oxygen, instead, solutiontaining a mixture of
hydrochlorous and chloric (1) acid (hypochlorousljats produced

Ch(g) + LO(1)® HCl(aq) + HC10(aq)
Chlorate (1) ions, C10Qin a solution of chlorine are responsible forhtsaching
action.
The halogens reacts with cold dilute alkali as gitzelow

X2(g) + 20H(aq)® X'(aq) + XO(aq) + HO(1)
and when heated with concentrated alkali as

3X2(g) + 60H(aq)® 5X(aq) + XG'(aq) + 3HO(1)
C. The Halide lons
Often, when a halogen reacts, each atom gainseatr@h to give a halide ion. It
is possible to distinguish between chloride, braradd iodide ions. The simplest
test involves adding silver nitrate solution tocdusion of the halide. This should
be done in the presence of dilute nitric acid, otliee other ions may give
precipitates. Silver ions react with halide ionsgiee precipitate. These in turn
can be identified by their colour, or by their réac with ammonia solution.

Chloride ions, is white.

2.9.0 SUMMARY

- The Group IA and IIA metals are all good reducirggras (highly electro
positive), with reducing power increasing down gineup. With an exception
of Li & Br due to the very small size of their ians

- Group IA and IIA form ionic compounds with non mista

- Group IA react vigorously with water giving off hyajen gas.

- The Group IA sulphate are all soluble in water
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- The Group IA metals oxides and hydroxide that ass lsoluble in water than
those of Group I.

- Boron is amphoteric and it forms many electrondefit hydrides, e.g. Bis.

- Boron form basic oxides that are insoluble in water

- Carbon and silicon are non metal.

- Carbon and silicon forms compounds with oxygenaridrides.

- Nitrogen and phosphorus forms compounds with oxydealides and
hydrochloride.

- Both oxygen and sulphate are non metallic. Theyoenwith hydrogen,
halogens to give interesting compounds.

- All the halogens are oxidising agents, fluorinenigeihe most vigorous.

- The halogens exist as diatonic molecules.

2.11 Terminal Questions
1 The endpoint of a borax-acid titration is at abpH=4. Which indicator
would you use in the titration
2 a- The formula of boric acid does not represensiructure. What is its
formula
b- The formula could be written in a differersyv What is it?
c- How might you classify boric acid if this foula were used?

3 what type of bonding holds the layer togethegriaphite

2.12 Answer to SSA Questions
1- Nascent Hydrogen is a reactive form of hydrogeregsed inside the
reaction mixture
2- The crystal dissolve in their own water of crysation and then steam
is given off
3- No, but covalent
2.13 Answers to Terminal questions
1- Screened methyl orange
2- a- bBO3
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b- Boric acid could be written as B(OH)
c- It looked like a hydroxide

3- Van der waals bonding

54



UNIT 3 TRANSITION ELEMENTS

Structure
3.1 Introduction
Objectives
3.2 Electronic Configuration
3.3  General Characteristics
3.4 Periodic Trends in Properties
Atomic Radii, Atomic Volume and Density
Melting and Boiling Points
lonisation Energy
Electrode Potential
Electronegativity
General Reactivity
Oxidation Stales
3.5  Formation of Complexes
3.6 Colour of Transition Metal Compounds
3.7 Magnetic Properties
3.8 Catalytic Properties
3.9 Interstitial Compounds
3.10 Summary
3.11 Terminal Questions

3.12 Answers

3.1 INTRODUCTION

As you already know, elements are classified onliasis of their electronic
configuration into s-blockp-block, d-block andf-block elements. The- and p-

block elements together represent one of the ngagmiIps of the elements and are

called main group elements. ThHeblock and the-block elements represent the
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transition and the inner-transition elements repely. Most of the discussion so
far has centered around the chemistry of main gmlements having valence
electrons in s and/gp orbitals only. From this unit onwards, we will sténe
study of rest of the elements of the periodic talslamely, thed-block or
transition elements and thkeblock or inner-transition elements. The name
transition is given to the elements on the basigheir position in the periodic
table and their properties, that is, they occuppgoaition between the highly
electropositive elements on the left and the ebeetgative elements on the right.
Their properties are also intermediate of$handp-block elements. Thus, in this
unit we will describe the general features of thengition elements with the

emphasis on thad series and also the periodic trends in their prtogser

Here we would like to draw your attention to thetfdnat some chemists consider
as transition elements only those which, eitheneagral atoms or in any of their
common oxidation states, have partly filled d-alsit According to this
definition, the elements Zn, Cd and Hg are excluftech the list of transition
elements. However, for the sake of completion afcdssion on thel-block
elements, the elemen#&n, Cd and Hg will also included in the discussion on

transition elements in this unit.

Objectives

After studying this unit, you should be able to:

. describe the electronic configuration ohsiéion elements and their ions,

. outline the general properties of transitiomeats,

. describe the periodic trends in the propertfgsamsition elements,

. explain the colour, magnetic and catalytic props of transition
elements.
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3.2 ELECTRONIC CONFIGURATION

Electronic configuration of the elements has besnussed in detail in Unit 1 of
this course. Hence, we will concentrate here onlytlre features relevant to
transition elements. You already know that the tedetc configuration of the
argon atom is f2ssp’3p°. In atoms of the successive elements from potasgiu
zinc, electrons can enter eithet 8r 4s levels. In potassium and calcium atoms
the differentiating electrons enter the 4.v lewal,the electronic configuration of
calcium can be written as [ArJ4sAt scandium th&d level begins to fill instead
of 4p and the resulting configuration of the atoms ofsidaon elements is shown
in Table 3.1 The electronic configuration of thesaan be obtained by removing
first the outers electrons of the atom and then the outetectrons until the total
number of electrons removed is equal to the chargée ion. For example Mi

the configuration as [Ar]3d

Table 3.1 Electronic configurations of the free atoms and dipsitive ions of

the first transition series

Eiement Free Free Element Free Free
atom M?* ion R DR 7&172‘7}(:7@1 .
TR [Ar]3d" 4s? (Ar)3d’ Fe (Ar)3d® 45° (Ar)3d°
Ti [Ar]3d%4s? [Ar)3d® - "Co [Ar]3d’4s [Ar]3d’
% [Ar]3d 45" [Ar]3d® Ni [Ar]3d*as’ [Ar]3d
Cr [Ar)3d 45! (Ar)3d* Cu [Ar]3d'%s" [Ar]3d’
Mn [Ar]3d’4s? (AR o Zn [Arj3a'%s®  [Anad'®

Now you may ask as to why the electrons in potas®uater4dslevel rather man

3dand then later (from Sc to Cu) wBd levels are filled prior t@plevel.

The radial dependence of tdeorbitals is responsible for this order of filling o
electrons in these elements. Fig. 3.1 shows theopl@adial probability functions
introduced in Unit 2f Atoms and Moleculescourse for é8d and4s electron in
the hydrogen atom. Let us assume that the radulatility functions for3d and

57



4s electron in a multi electron atom follow the sanat@rn as in the hydrogen

atom.

2
anPy
1.5

1.0
0.5

(4] L L 1
5 10 15 20 25

r/ae

Fig. 3.1 Radial probability functions for 3d and 4s orbitals in hydrogen atom.
o, the radius of first Bohr orbit is 53.9 pm.

You can see from Fig. 3.] that significant humpshe 4s probability function
occur close to the origin, and well inside the maxn of the3d probability
function. This suggests that ths electron penetrates significantly into the argon
core and spends an appreciable portion of its those to the nucleus. The
average nuclear charge experienced by theldctron is, therefore, higher than
that experienced by tf8d electron and thus after argon, in potassium andural
the electrons enter th&s orbital rather than thed3 As these two electrons are
added the nuclear charge is also increased by twis.uAs the3d orbitals
penetrate thds orbital more than thdp orbitals can penetrate the drbital, the
net result is that the effective nuclear chargettie!3d orbitals increases abruptly
and they now drop well below thp orbitals to about the level of thks orbital.
Moreover, as the atomic number increases, &de probability maximum
progressively moves closer to the core and theyiruom to drop in energy. The

next electron, therefore, enters Bekorbital prior to thedp orbital. The variation
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.of the energies of the orbitals with increasingnat number is shown very
clearly in Fig. 3.2.

Principal quantum number

0 25 850, ... W -] 100
Atomic number
Fig. 3.2: The variation of the energy of atomic orltals with increasing

atomic number in neutral atoms

This process continues until the entd@shell is filled. Thus at Zn we have the
configuration [Ar]4$ 3d™. Thereafter, the next lowest available orbitals 4pe
which get filled in the next six elements. This sasequence of events for the
filling of 5sand 4l orbitals is repeated again in the elements follgwirypton in
the second transition series. This series starts Wiand is completed at Cd
having the configuration [Krid'%s”. After xenon, (Kr]j4i'%s?5p® , the next
available orbitals aref45d, 6s and @ orbitals. The # orbitals are so slightly
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penetrating with respect to the xenon core thay teve scarcely gained any
stability, while the more penetrating 6s argllévels have gained a good deal of
stability. Hence, in the next two elements, elatdrare added tas@®rbitals giving
Cs and Ba, respectively. However, theetectrons do not shield thd drbitals
effectively, so the latter abruptly feel an increas effective nuclear charge and
thus suffer a steep drop in energy (Fig. 2.2).h&tsame time, with the addition of
electrons in the $orbital, the 8l orbitals also drop in energy in the same manner
as the 8 ones. This creates a situation in which@nd4f orbitals are of almost
the same energy. The next electron in lanthanum ¢inters théd orbital, but in
the following element cerium, the electronic configtion is [Xe]68 5d" 4f*. The
electrons then continue to be added to therlital till we reach ytterbium which
has the configuration [Xe]8g' . Now with the 6s andf4shells full, the next
lowest levels are thBd's. Hence from lutecium onwards, the electrons enter th
5d orbital. This continues till we reach mercury whibs the configuration
[Xe]6? 4f** 5d'° . The electronic configurations of transition elensent4d and5d

transition series are given in Table 3.2.

Table 3.2 : Electronic configuration of 4d and Eahsition elements

i

[ Elements of o Elements of

second transition series . third transition series

Y (Krdd'ss La [Xe)5d'6s*
7r [Krladss? Hf [Xeldf *5d%65
Nb [Kr4d*ss' Ta [Xelaf s 65t
Mo (Krjdd*ss' w [Xcl4r'*sc6s
Te (Krj4dss' Re {Xelar'*5d%6s?
Ru [Krl4d'ss' Os [Xeldf 45 65>
Rh [Krlad'ss' Ir [Xel4rs5d"6s
-Pd [Krjad"ss" Pt [Xej4f*5d%s'
Ag [Kr}dd'"ss' Au [Xel4r 5" %6s'
cd [Kr)4d"'ss? : Hg (XeJ4f 5" %65

If the filling of the orbitals in transition elementakes place through the above
scheme, then you may wonder why in the case of sermaents e.g., Cr & Cu
(belonging to the first transition sends) and MoA§ (belonging to the second
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transition series) the electronic configuratiomistten as [Ar]34s & [Ar]3d™°
4s' and [Kr]4d'%s', respectively. This is because these configuratiane
considered to give more stability to the elemerzther than [Ar] 8 45° & [Ar]

3d° 45 and [Kr] 4d° 5% respectively. This apparent stability can be astedi
with the high stability of exactly half filled ancbmpletely filled orbitals. Half-
filled and completely-filled orbitals have an exoga energy considerably greater
than the exchange energies associated with anyr atbefiguration. This
exchange energy is the driving force for these igondtions to take an electron
out of turn in order to achieve or maintain theffiled or completely-filled
configuration. Also these configurations providee thmost symmetrical

distribution of electrons which suffer the minimumnutual repulsion.

Exchange Energy

The exchange energy for any configuration is propoal to the total number of
possible pairs of electrons with parallel spin imy arbital, i.e., Bx = K x P,
whereK is a constant andP is the number of possible pairs of electrons with
parallel spin. If n is the number of electrons wigarallel spin for any
configuration,P will be equal td'C,. Accordingly values oP for different values

of n are given below :

n 1 2 3 4 5 6 7
p 0 1 3 6 10 15 21

Let us compare the exchange energy for two possiméigurations &* 4s” and
3d°4s' for chromium.

3d 3d 4s

L) ]« Gl [

3d'as? 3d 45!
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Electrons present ins4orbital in two configurations contribute nothing to
exchange energy as they do not constitute any \p#ir parallel spin. Four
unpairedd-elections in first configuration can make six paaf electrons with
parallel spin and thus contributK towards exchange energy whereas five
unpairedd-electrons in second configuration contributeKlidwards exchange
energy because they can constitute 10 combinatbnmirs of electrons with
parallel spin. This gain of K4 in exchange energy would favour the&s'
configuration for chromium. But, you should rememlbieat in achieving this
configuration, there would be loss of energy inmpoting an electron froms4o

3d orbital. In case of chromium the gain in exchangergy is more than the loss

in energy and therefored34s' is the favoured configuration.

Similarly you can compare the exchange energiesaforpossible configurations
3d%s’and 31*° 4s" for copper.

3d 4s . 3d 4s

[win]nnul ] [n]e [nuln]ninln, [1]

3d°4s? ‘ 3d'%4s!

The former configuration has two sets of electrofith parallel spin — one set
has five electrons represented by upward arrowsttamather has four electrons

represented by downward arrows.

These two sets of electrons will contributeKl@nd & i.e. a total 16K towards
exchange energy. On the other hand, the latteiguration has two sets of live
electrons each with parallel spin which will cobtrie a total 2R towards
exchange energy. Thus, there is a net gairkKah4exchange energy if copper has
the configuration3d'%s. However, in achieving this configuration, there Iwil
again be a loss in energy in promoting an electrom 4s orbital to 3d orbital,
which happens to be less thdK, the gain in exchange energy. Hence, 3d¥

4si1configuration becomes more stable tBah4<.
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It is also worth mentioning here that though 4is®rbitals are occupied befoBel
orbitals, we cannot say that they are always mtgles In fact, the ionisation of
the transition elements takes place by the lossetectrons first. What happens
actually is that when the electron is ionised frany transition element, say the
one from3d series, the effective nuclear charge experiencetiddd electrons is
greatly-enhanced over that of adg electron as a direct consequence of the
greater stability attained by tI8# orbitals in the due course of filling (cf. Fig.
2.2). Consequently, the&d orbitals are expected to drop significantly in egyer
below the 4 orbital. Thus, ionisation of two or more electrdram an atom of a
transition element will take place with the remowék electrons in preference to
the d electrons.

Thus, we sec that it is the net effect of all tlwecés, comprising nuclear-
electronic attraction, shielding of one electrondtlyers from the nuclear charge,
inter-electronic repulsion and exchange forceg, dietermines the stability of the

electronic configuration.

SAQ 1

In the given space explain :

a) Why a transaction series contains ten eiésne

b) Which of the two orbitals.d3and 4 has higher energy at potassium.
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2.3  GENERAL CHARACTERISTICS

In the preceding section you have learnt the eaatr configuration of the
transition elements and their position in the p#iddable. Based on these two,

the transition elements have certain common prigsenvhich are given below:

. All are metals and form alloys with one dres and with other metallic
elements.
. They art hard, strong, ductile, malleablghhmelting and high boiling.

They are good conductors of heat and electricity.

. Many of them are sufficiently electropoggtito dissolve in mineral acids
although a few are noble — that is, they have slovh electrode

potentials that they are unaffected by simple acids
. They usually exhibit multiple oxidation stat
. They form coordination compounds/ions. Iktfahe chemistry of the

transition elements is mainly associated with tee ofd as well as 5 and

p orbitals in forming coordination compounds.

. The transition metal complexes are usually cadu

. Most of their compounds are paramagnetic.

. Many of these elements and their compoundssacatalysts for chemical
reactions.

Let us now study sonic of these properties and ffeiodic trends in detail.
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3.4 PERIODIC TRENDS IN PROPERTIES

In the previous section you have studied the ingmrproperties of transition

metals in general. As you know the transition nsetake an integral part of the
periodic table, like the main group elements, thendition metals are also
expected to exhibit periodicity in their propertiégt us see how their properties

vary from one group to another and from one petgoanother.

Some of the important properties of the elementdocfseries arc listed in Table
2.3 If you study the data in the Table carefully, youl wotice that along a
period, these properties vary much less from oameht to the other as compared
to the main group elements. Although, the horizostailarity amongst thel-
block elements is well marked, yet the chemistrihefelements of first transition
series differs considerably from that of the eletsenf the second and third
transition series, which are incidentally more #mito each other. This
difference in the trends in the properties of deklelements from those sfand
p-block elements arises from a basic differencehairtelectronic configuration.
While in the building up of elements from lithiura fluorine, the electrons are
added to the outermost shell, in the case of tiiansmetals, the electrons are
added to inner (n-tl)subshell. Let us see how this contributes to th@atian in
the properties of the elements.

Table 3.4 : Properties of 3d elements

Property Scundi < Titani Vanadi “Chromium . Manganese Iron Cobalt Nickel Coppev Zinc
: Sc ! Ti v Cr Mn Fe Co. Ni Cu Zn
21 22 23 24 25 26 27 28 29 30

Atomic weight 44.956 47.90 50.942 51.996 54.938 55.847 58.933 58.710 63.54 65.37
Metallic 164 - 147 135 130 135 126 125 125 128 137
radius (pm) i o

*lonic fadius 81 76, 68 74, 60 84,69 80, 66 76,64 74,63 72,62 96,69 74
Pm . 3+) (3+) (4+) BH)(4+). (241 3+) . (2+) (3+) (24) 34) . 2+) (3+) 293+ I+ (2+)
Covalent 144 132 122 ‘118 17 "7 116 s o 125
radius (pm) : ' :
Boiling point 3000 " 3533 3673 2753 2370 3273 3173 3005 2868 1180

) . :

r;t(egcing point 1812 1948 2173 2163 817 1808 1768 1726 1356 692
(K)

Deosity 230 0 a5 6.11 72 7.44 7.86 8.86 8.90 8.92 7.13
1107 x kg m™ i

Electro- 1.2 1.3 145 1.55 1.6 1.65 17 1.75 1.75 1.65
joegativity T~

(AR): ) .

‘lonisation Ist - 633 659 650 653 717 762 759 736 7458° 906
encrgy . 2nd 1235 1309 1414 1591 1509 1561 1644 1751 1958 1732
&kImol™")3rd 2388 2648 2866 2992 3259 2978 3230 3391 3556 3828
Electrode - an avy (n dn (n dm - an am (n (dm {an dam an q an  an
Potential (V)*' -2.1 -1.2-1.63 -1.2-0.86 -091-0.74 -1.18-0.28 -0.44-0.04 -0.28 +0.4 -0.25 +0.52 +0.34 -0.76
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*Values in parentheses refer to oxidation statesfahe metal, + (lll) refers to

couple M** /M.etc.

3.4.1 Atomic Radii, Atomic Volume and Density

From Table 3.3, you can see that there is a gradeelease in atomic radius
across a row of transition elements. On passing fteft to right, additional
positive charges are placed on the nucleus andcesmondingly electrons are
added to the (n-i) orbitals. As the electrons in the orbitals shield thens
electrons and also themselves from the nucleargeharcompletely, effective

nuclear charge felt by them increases and henoatsaction in size occurs.

As a full coverage of atomic size has already lggeen in CHM 101 we will briefly go through this
topic to recapitulate what we have already leaanfiar.

However, it is important to emphasise here thaeldinig of the outerns
electron(s) by (n-f electron(s) is more efficient than the shielding aof ns
electron by anothers electron (or that of anp electron by anothemp electron).
This is why the decrease in atomic radius from wmdio chlorine is greater than
that from scandium to copper. The elements whictuoanmediately after the
transition elements are smaller than expected Bonple extrapolation from the
group elements. This is due to the cumulative éftdcincomplete shielding
provided by (n-19*° electrons and therefore, the effective nuclear ghdell by
the outer electrons of the elements from galliunkrigoton is greater than that if

thed-orbitals had not been gradually filled in trarmitielements.

The rate of decrease in size along the lanthamidessis even less than that in the
transition series since in the lanthanides thetles are added to the penultimate
[(n-2)f] shell and these shield the outer electrons muche raffectively. The
presence of 4/electrons in the lanthanides aftbetstomic size and therefore, the
chemistry of the elements following the lanthanid€ke atomic radii of the

elements of third transition series are much sméfien expected. This is due to
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the effect of the greater than expected effectivelear charge felt by the
electrons of the elements of the third row traositeries, hafnium to gold, owing
to the insertion of lanthanides.

Table 2.4 metallic radii (pm) of some elements of Gups 1-13

E 2 3 4 s 6 1 8 9 1011 1213
‘;(«-— Ca Se¢ Ti \" Cr Mn Fe Co Ni Cu 7n Ga
5235 197 164 147 135 130 135 126 125 125 128 137 4

f Rb Sr Y 7 Nb Mo Te Ru Rh Pd Ag Cd In

5243 NS 18 160 146 139 136 134 134 137 144 154 166
s Ba  La  Hf  Ta W Re O Ir PP Au Hg Tl

267 222 188 160 149 141 137 135 136 139 146 157 171

This trend in the variation of the metallic radn alkali, alkaline earth and
transition metals is shown in Fig. 3.3. You can se€ig. 3.3 that as we move
from alkali metals to alkaline earth metals andrfralkaline earth metals to the
transition elements, the radii decrease steeplywlithiin transition elements this
rate of decrease is less. However, the data ineTaldl and Fig. 3.3 show that the
general trend of decreasing size is reversed tevdrel end of the series. This
could be due to an increase in inter-electroniculspn after the addition of
sufficient number of electrons in tlieorbitals leading to the gradual increase in
size.

Metatlic radius (pm}

Group number
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Fig. 3.3: Trend in metallic radii of alkali, alkaline earth and transition metals of fourth, fifth

and sixth.

The group trends in atomic radii of the transitelements are parallel to those
observed ins- and p-block elements. As we go down the group, therans
increase in atomic size up to the second trans#@ies. This is not unexpected in
view of the fact that electrons enter #aorbital in the second transition series.
However, the size of the elements of third traosigeries is almost similar to that
of the elements of second transition series beocalue filling in of 4/orbitals in
the lanthanides.

Atomic volume of an element is directly relatedt®size and, therefore, atomic
volumes follow the same trend as the atomic sizwil&ly density is also related

to the size of the element. The smaller the stxe,higher is the density of the
element. Thus there is a general trend of incrgasamsity across the elements of
a transition series. This is well represented g E# which gives the variation of
the densities of alkali, alkaline earth and thaditon metals of the fourth, fifth
and sixth periods. Fotd and5d elements, this increase is not that regular as the
increase in densities f@d elements. Along the group also, the density in@gas
(Fig. 3.4). The increase in density within tthdéolock groups is greater than that
within the 5 ang block groups.

20l

-
(e ]

Density (10 kg m™3)
3

L 1 1 ! L L L

L 1 1
3 4 5 6 7.8 9 10 1 12
Group. number
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Figure 2.4 : The variation of the density of alkalj alkaline earth and

transition metals

SAQ 2
Of the following pairs, tick mark the element whisHarger in size:

0] Calcium or scandium
(i) Vanadium or titanium
(i)  Chromium or molybdenum

(iv)  Iron or osmium

3.4.2 Melting and Boiling Points

The melting and the boiling points of the transitelements are usually high. The
melting points of the elements depend upon thengtiheof the metallic bond. As
we know, the transition metals crystallise in thetallic lattices. The strength of
the metallic bond increases with the availabilifytlee electrons to participate in
the bonding by delocalisation. Notice that betwealcium and scandium (where
d electron first appears), there is a jump of ne@f@ K in the melting point. The
presence of one or more unpairgclectrons thus leads to higher interatomic
forces and therefore, high melting and boiling temagures. Thus, we can think
that with the increasing availability of the ungaid electrons, the strength of the
metallic bond increases, resulting in higher mgltipoints. But, we cannot
generalise the argument because when we move amgggeriod in the periodic
table, the melting point increases upto the midifleach transition series and
then it decreases with the beginning of electranmga For the elements of first
transition series.
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Fig. 3.5: Trend in melting points of alkali, alkaline earth and transition

metals of the fourth, fifth and sixth periods.

there is a sharp decrease of melting point at nreesgg which has five unpairdd
electrons. However, the softness and low meltingtpef Zn, Cd and Hg (Hg is a
liquid) in which all the electrons are paired um ¢antatively be explained on the
above basis. The melting points of the elementtheffirst transition series are
comparatively lower than those of the elementshefdecond and third transition
series. This trend is very well illustrated in fig. 3.5

The periodic trends in the boiling points are sanib those in the melting points.
As the process of boiling requires almost completaking of bonds and such
metallic bonding exists in the liquid state to soextent, high temperatures are
necessary. Therefore, the boiling points "f thealseare much higher than their

melting points.

SAQ 3
Explain briefly in the space given below, why zared cadmium are soft metals.



.3.4.3 lonisation Energy

You have already learnt about the concepts of &tiois energy and how it varies
with the atomic size in Unit 2 on periodicity. Imet case of transition metals also,
the variation of ionisation energy across the mkyiand down the groups parallels

quite closely the trend in atomic size. This iswhaicely in the Figure 2.6

As we move across a period, the effective nuclémrge experienced bys’
electrons goes on increasing causing the shedlsriok in size and thus making it
difficult to remove the electrons. Thus along aiguér the ionisation energy
increases. This can be checked from the valuebeofitst ionisation energy of
these elements given in Table 3.3. The second faadhird ionisation energies
follow the same pattern, except for the secondsetion energies of Cr and Cu
which arc comparatively higher due to the extrabifita of 3d® and 3d'
configurations. The ionisation energies of the @ets of the second and the third
transition series also follow the same trend altmgperiod. As the decrease in
the size of the transition metals is less than dhéhe main group elements along
a period, the ionisation energies tend to incredseg the series only slightly as
compared to the main group elements (Fig. 3.6 ce&iand thed electrons do not
differ much in energy, the difference in the susoes ionisation energies is

relatively small.
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Fig 3.6 The ionisation energies of the elemehth® second and the third

transition series

As we move down a group from the elements of framsition series to those of
the second, there is a decrease in the ionisanengg. But it again increases
when we move further down the group from seconthéothird transition series.

This trend is consistent with relatively small safethe atoms of elements of the
third transition series. This is due to the ingertdf the lanthanides which causes
the third row transition elements to have great@ntexpected effective nuclear

charge.

3.4.4 Electronegativity

Transition elements have fairly low values of alecegativity. It increases from
Sc to Cu with a fall at Mn and Zn. However, thisrgase in electronegativity is
much slower because the additional electron isgeitdded to an inner shell
which provides relatively good shielding to theeug¢lectrons from the nucleus.

The increasing electronegativity from Sc to Cu nsetirat the elements become
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slightly less metallic and this is reflected in thereasing positive electrode
potentials of their ions & and M* (Table 3.3).

3.4.5 Electrode Potential

Before going into the details of the variation hmetelectrode potential of the
transition elements, let us discuss the concepteaaftrode potential first. When a
metal is placed in a solution of its ions a pow@rdifference is set up between the
metal and the solution. There is a tendency fomtle¢al ions' to leave the metal
lattice and go into the solution thus leaving acess of electrons and hence a
negative charge on the metal; there is also a seviendency for the metal ions
from the solution to deposit on the metal leadm@ positive charge on the metal.
In practice one of these effects is greater tharother, bringing about a potential
difference between the metal and the solution. Vhkie of this potential
difference for a particular metal depends upon tieure of metal, the
concentration of the metal ions in solution and tém@perature. By convention,
thepotential difference set up in a IM solution of alébns at 298K is called the
standard electrode potential It is not possible to measure standard electrode
potentials absolutely. Standard electrode potentigdherefore, have to be
measured against some reference standard, the doped is the hydrogen
electrode. This consists of hydrogen gas at onesjhere pressure in contact

with a 1M solution of its ions at 298 K.

In general, we can say that more negative the walldle electrode potential for
the couple M/M, more is the reducing power of the element. &irlyi, more

positive is the value of electrode potential foe tbouple M*/M, more is the

oxidising power of the element. The values of satamdard electrode potentials
for the elements of first transition series areegivin Table 2.3. Electrode
potential is a measure of the electropositive attaraand the reactivity of the
metals. In general along a period, there is a @éserén electropositive character.

The reactivity of metals also decreases along mgh@nd down a group. As you
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can see from Table 2.3, all the elements of th& firansition series, except
copper, have" negative values and can react witts d&f") producing hydrogen.
A plot of variation of the electrode potential bettransition elements 8 series
is shown in Fig. 2.7

£ (Voit)

20 2 22 23 24 25 .26 27 .28; ;.29 | 30.
: Atomic number

Fig. 3.7: Trends in electrode potentials of transibn metals of 2l series
3.4.6 General Reactivity

Except in the unusual circumstances, metals acy @sl reducing agents.
Generally, the  reactivity of the- transition alstas reducing agents tends to
decrease as you go across the periodic table feftntol right. The trend in their
reactivity can be related to their electrode po#dnit Group 3 metals including
lanthanides and actinides are strong reducing agdiie metals of Groups 4-7
are moderately reactive as are iron, ruthenium,iwsimncobalt and nickel of
Groups 8-10. The remaining metals of Groups 8-tiOdium, (iridium, platinum
and palladium, as well as silver and gold have teactivity. Because of this ¢

relative inertness, they are calledble metals

3.4.7 Oxidation States
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The concept of oxidation state has already beendated in the earlier unit of
this course. Therefore, here we will consider tl@ation states exhibited by
transition metals only. Transition elements exhibitwide range of oxidation
states differing usually by units of one. This igedo the fact that (n-d)electrons
may get involved along withs electrons in bonding, as electron in (d-trbital

are in an energy state comparablaselectrons. From Table 3.5 you can see that
there exists a general trend of lesser number idfation states at each end of the
series and a higher number in the middle. The tess®ber of oxidation states in
the beginning of the series can be due to the peesef too few electrons to lose
or share, towards the end of series it can belsgttio the presence of too many

electrons and thus fewer empty orbitals to shagetens with the ligands.

Oxidation states of transition dementsdblock (the most common oxidation
states are in bold type)
Table 3.5: Oxidation states of transition elemasftsl-block (the most common

oxidation states are in bold type)

3c Ti v Cr Mn Fe Co Ni Cu Zn
+3 +2 +1 +2 42 +2 +2 +2 +1 +2 _
+3 +2 +3 +3 +3 +3 +3 +2 -
+4 +3 +4 +4 +4 +4
+4 +6 +6 +6
45 +7
Y Zr Nb Mo Te Ru " Rh Pd Ag cd
+3 4 +3 +3 +4 +2 +3 +2 +1 +2
» +5 +4 +6 +3 +4 +3 +2
+5 +7 +4 +6 +4 +3
+6 +5
+6
+7
+8
La Hf Ta w Re Os Ir Pt Au Hg
+3 +4 +4 +2 +3 +2 +2 +2 +1 +1
+$ +3 +4 +3 +3 +3 +3 +2
+4 +5 +4 +4 +4 '
+5 +6 +6 +6
+6 +7 +8
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Another feature is the reduced tendency of highetation states towards the end
of the series. This could be due to steady increadiee effective nuclear charge
along the series thus pulling tiderbitals into the electron core and not making
them readily available for bonding. For example, dmly oxidation state for Zn is
Zn(ll) where nod orbital is 'involved. On the other hand, early e series, it is
difficult to form species that do not utilise tldelectrons i.e., Sc(ll) is virtually

unknown and Ti(IV) is more stable than Ti(ll).

Now let us see the trend in the oxidation stateweago down the group. A full
range of oxidation states of the transition elemastshown in Table 3.5The
trend in the stability of oxidation states with time groups is different for the
transition elements and the main group elem@asdp block elements). For the
main group elements, the higher oxidation stat®imes less-stable going down a
group because of inert pair effect. However, foe tinansition elements the

stability of the higher oxidation states increagesg down a group.

To illustrate this trend, let us first look at Gpo@. It is composed of Cr, Mo and
W. We have seen that chromium-6 oxidation state as in #CrO4 is a good
oxidising agent forming Cr as the product. This ngeéhat in many instances
Cr(lI) is more stable than Cr(VI). In contrast, lylsdenum and tungsten are not
easily reduced when they are in +6 oxidation stil&,;Mo0O4 and KWO, This
implies that lower oxidation states, e.g., Mo(dhd W(lll) are not as easy to
form as Cr(lll), making the +6 oxidation state matable. Thus the stability of
the +6 state for Group 6 elements will bé WMo®">Cr®*. We find the same
trend in Group 4 which is composed of Ti, Zr and Hbr all the three elements,
most Stable oxidation state is +4. However Ti(hgdi(lll) can be formed from
Ti(IV) by the use of good reducing agent but lowgidation states of Zr and Hf
are extremely difficult to prepare. Table 3.6 sndws various oxidation states of

some elements of period-4 tend to react with rddpeaxidation and reduction.
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Going from left to right across period 4\aq)ions are known for the last seven
elements from V to Cu and 1 (aq)ions are known for the first seven elements
from Sc and Co. Thus, there is an overall incréasstability of M (aq) with
respect to oxidation as one moves across the setwgever, in the case of iron,
Fef* (aq) is less stable than £éaq) because of the extra stability associated with
half-filled (d°) orbitals in the case of Edaq).

The highest oxidation, states are often stabilisedhe oxide and fluoride
- 2= +

compounds, e.g., MnQCrO4 VO,, VFs, etc. in these compounds @nd F are

difficult to be oxidised by the central metal besa and F are strong oxidising

agents.

Table 3.6 Reactivity of some oxidation states of rfit transition series

elements in aqueous solution

Reducing agents ey - Most stable e Oxidising agents 1
- SQJ+ -
Ti2+ TiJ" Ti“ -
v yk v v (stightly)
C r2+ Cr3+ B b'+ 3 o
- Mn2+ Mn'“. Mn“. Mnh
Fe?* - Fe* -
C02+ C o.h
- Niz’
Cuv' cu*

SAQ 4
Explain, briefly in the space provided below, theéstence of Os@in terms of

trends in oxidation states.

3.5 FORMATION OF COMPLEXES

By now you must be familiar with the word 'complexelhe chemistry of the
transition metals is dominated by their tendencyoion complex ions. This is
because the transition elements form small, higliigrged ions which have
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vacant orbitals of suitable energy to accept loagspof electrons donated by
other groups or ligands. In case of transition iseta high oxidation states,
highly charged ions can strongly bind electros#dityca wide variety of negative
or polar ligands. In the case of transition metaldow oxidation states, the
electrons in thed orbitals become involved in bonding with ligands. The
majority of transition metal ion complexes contai ligands surrounding the
central ion octahedrally. Some elements containr fmgands which are either
arranged tetrahedrally or less frequently at thmes of a square. Besides these
geometries, other geometries like trigonal bipy@nmpentagonal bipyramid, etc.,
are also present occasionally. The bonding betweerigand and the transition
metal ion can either be predominantly electrostaticovalent or in many cases
intermediate between the two extremes. Some oftyihieal complexes of the
transition metals are [Fe(CNYBINi(NH3)4]?*, [Cu(CN)4F", [Cu(NH3)]?**, etc.
The nature of these complexes and the importamritee of bonding related to

them are discussed in Unit 14 of this block.

3.6 COLOUR OF TRANSITION METAL COMPOUNDS

Compounds of transition elements are usually madykedloured, in contrast to
compounds ofs- and p- block elements which are mostly white or colourless
unless the anion is coloured. As you know, substsappear coloured when they
absorb light of a particular wavelength in the biisiregion of the spectrum and
transmit light of other wavelengths. The colour ethive see is the colour of the
transmitted wavelengths. In other words, the cotdihe compound observed by
us is the complementary colour of the colour absdrby the compound. You
know that the transition metals as such or in tmenfof ions have partly filled-
orbitals which are degenerate, i.e., they are olakgnergy. You will study in
Unit 14 that in transition mgétals complexes tiie- orbitals do not remain
degenerate, but these split into sets of orbithllifterent energies. By absorbing
energy, electrons can move fromdarbital of lower energy to that of higher
energy. This transition of electron from omk@rbital to another corresponds to a

fairly small energy difference, therefore, lightalbsorbed in the visible region of
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spectrum. For example, the aqua ion Ti(HZ®) Which has one electron in the
3dorbital absorbs light of wavelength in the yellovegn region of spectrum and
therefore, appears reddish violet in colour. TaBlg gives the relationship
between the colour and the wavelength of light.

Table 3.7: Relationship between the colour and walength

Wavelength absorbed in nm Colour absorbed Colour observed _
<400 UV region Whitc/colourless
400-435 Violet Yellow-green
435-480 Indigo Yellow
. 480490 Green-blue Orange
490--500 Blue-green Red
500560 Green Purple
560-580 Yellow-green Violet
580-595 Yellow Indigo
595605 Orange Green-blue
605-750 Red Blue-green
>750 Infra-red White/colourless

Whenever thal-orbitals are completely filled or empty, therens possibility of

electronic, transitions within tha-orbitals. In such cases, the ions will not show

any colour. For example, the compounds of' SEi**, Cu" and Z&* are white or

colourless. Table 3.8 gives the colour and oxidsatsbates of the metal ions

present in some hydrated ions of transition element
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Table 3.8 Oxidation states and observed colours f@ome aqua species

Element w2 +3 : +6 +7
Sc Colourless
_ ‘ o [Sc(H,0)4™*
Ti ' : ' Violet
[Ti(H,0),)*
v " Violet ' Green ,
: IVH,0" - - [VH0)
Cr- o Blue Violet/gree? Orange/yellow
[Cr(H;0)1"* (Cr(H,0)1™ Cr,03, Crof
|Mn " Pink ‘ Red Green Purpi: .
(Mn(H,0)J™* = [Mn(H,0)* MnO> M,
Fe - Pale green. Yellow/brown
[Fe(H,0)¢1*" [Fe(H,00,)™*
Co - Pink Blue W
- [Co(H,0))** [Co(H,0), 1™
N . " Green
- [NI(H,0)) >
Cu ‘ Blue
:  [Cu(H, 0,
Zn " Colourless
. [20(H,0)%

In thes- andp- block elements there cannot be ahg transitions and the energy
needed to promote or p electron to a higher level is much greater and may

correspond to ultraviolet region, in which case tmempound will not appear
coloured to the eye.

SAQ 5
Explain briefly why CuSQis blue while ZnSQ@is white
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3.7 MAGNETIC PROPERTIES

When you place an iron piece near a magnet, yoused that it is immediately
drawn towards the magnet. However, some elemeatsegelled by the magnets.
The property of an element to be attracted or fepddy a magnet differs from
element to element. Substances which are weakélleepby a magnetic field are
called diamagnetic, while the substances which are weakly attractedthsy
magnetic field and lose their magnetism when remddvem the field are called
paramagnetic If the force of attraction is very large and tpermanent
magnetisation is retained, the substance is saidfi'&rromagnetic, e.g., iron and

some iron compounds.

Electrons determine the magnetic properties ofenatttwo ways. From the pre-
wave mechanical view point, the electron may berggd as a small sphere of
negative charge spinning on its axis. Then from twmpletely classical
considerations, the spinning of charge producesagnetic moment. Secondly, an
electron travelling in a closed path (orbit) aroumducleus, again according to
pre-wave mechanical picture, will also produce agmedic moment. The
magnetic properties of any individual atom or ionll wesult from some
combination of these two properties, that is, thieerent spin moment of the
electron and the orbital moment resulting from tii@tion of the electron around
the nucleus.

The magnetic moment is usually expressed in uratked Bohr magnetons

(BM). The general equation for the magnetic monegiven by:

pus+ = 4S(S+1) H(L+1)
In the above expressioB,is the sum of the spin quantum numbers kns the

sum of orbital angular momentum quantum numbeialdhe electrons. In many

compounds including those of the first row tramsitielements, the orbital
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contribution is quenched out by the electric fiebdishe surrounding atoms and as
an approximation, the observed magnetic momentlmagonsidered to arise only
from unpaired spins. Putting=0 in the above expression, you can get the spin-

only magnetic moment ps.

Thus, us =4YStl)

The spin-only magnetic moment, ps can also beeelat the number of unpaired

electrons, n, in any species, as the total spintgoanumbeS= n/2.

Hence, uys =49Stl) = 4n/2 (n/2 +1)

= n(n+2)
Above expression gives the value of magnetic mornmeBbhr magnetons which
can be converted into S| unit of Ampere square mgken®) by the following
relationship:

1 BM =9.274 x 18*A m?

The magnetic moment is measured by weighing thekam the presence and

absence of magnetic field using a magnetic balaated Gouy balance (Fig. 3.8)
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2R 2R

- Loss in weight Increase in weight
(diamagnaetic) (paramagnetic)

Fig. 3.8 Measurement of molecular paramagnetism using Gouy balance

Diamagnetic materials have no magnetic moment &od & slight decrease in
weight on weighing in the presence of magneticdfieDn the other hand,
paramagnetic materials show an apparent increaseeight. The magnetic

moment can be calculated from the change in weight.

In some cases (e.g., Kfhor FE*, in which all thed orbitals are occupied singly
by electrons for which mm = 2, 1, 0, -1 and -2, giving = 0) the observed
magnetic moment values agree very well with ther-gpily value as given in
Table 3.9. But generally, experimental values diffem the spin-only values.
This is because the orbital motion of the electats® makes some contribution to
the moment. More details on the magnetic propediethe transition elements

can be studied in higher courses on the subject.
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Table 3.9: Predicted and observed magnetic momentales of some
transition metal hydrated ions

SAQ 6

In [Co (Mx0)6" the observed magnetic moment is higher than #msorefor this
in the space provided below.

3.8 CATALYTIC PROPERTIES
Many transition metals and their compounds havalyat properties. These

metals can function as catalysts because theytdae bbothd ands electrons for

the formation of bonds between reactant moleculdstlae surface catalyst atoms.
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This increases the concentration of the reactahtthea catalyst surface and
weakens the bonds in the reactant molecules wehréult that the activation
energy is lowered. Compounds of transition metaés able to act as catalysts
because of the ease with which the metal can atitiptent oxidation states and
also because of their ability to form complexesm8wf the common catalysts

used for important reactions are :

a. FeSQ@ and HO, as Fenton's reagent for the oxidation of alcohols
aldehydes

b. Pd for hydrogenation, e.g., phenol to cyclohekan

C. Fe/Mo in manufacture of ammonia by Haber process

d. Pt/PtO as Adians catalyst for reductions

e. Pt/Rh in oxidation of Nkito NO in the manufacture of nitric acid

f. V.05 in oxidation of SQto SQ in the manufacture of sulphuric acid by

contact process

g. Ni (Raney nickel) in reduction processes

h. TiCl as (Ziegler Natta Catalyst) for polymerisatioretfene.

Transition metals are important catalysts in biaahsystems. A number of
transition elements present in very small quartiiie plants and animals are
essential for the enzymes to function. For exangplsgbalt atom lies at the centre
of the vitamin B, coenzyme. Iron atoms are importantly involved é@mioglobin
of blood and in the ferredoxins of photosyntheticgess. Both molybdenum and
iron are contained in nitrogen fixing enzymes.
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An enzyme is a biological catalyst which can bradgput specific chemical reactions. It |s
known that several transition metal ions. E.g. inmranganese, cobalt, zinc and molybdeniim
ions are involved in various processes

3.9 INTERSTITIAL COMPOUNDS

Transition metals can trap some small atoms likerdgen, boron, carbon,
nitrogen, etc., in vacant spaces in their crysttide forming interstitial
compounds. Carbon and nitrogen always occupy odtahé&oles; hydrogen is
smaller and always occupies tetrahedral holes. Mg tvansition metals form
such compounds, thd electrons are, therefore, presumably involved ia th
bonding. The structure of the metal often changetd the formation of such
compounds. The composition of these compounds isergdy non-
stoichiometric, e.g. Tid;s PdHss VHoss but may approach regular
stoichiometry and a regular structure, e.g., Ti@ MN. The later transition
elements of the first series form non-stoichioneetcarbides with irregular
structures, such as {0, which are more reactive than the interstitiabodes of
the early transition elements. These interstiti@mpounds are of much
importance, e.g., carbon steels are interstitoad-carbon compounds in which the
interstitial carbon prevents the iron atoms fromdisfy over one another, making
iron harder, stronger but more brittle.
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3.10 SUMMARY

Let us now summarise what we have learnt in this Tihis unit focuses on the
transition metals and their characteristics. Weehbarnt about the electronic
configuration of the transition elements and how filing of the orbitals takes
place with the increase in atomic number. We letrat unlike the main group
elements, the differentiating electron enters tleauttimate (n-1g orbital in
transition metals. This reflects in the propertidéghe transition metals and the
periodicity in their properties. In this unit weueastudied the variation of size,
density, volume, melting and boiling points, iottisa energy, electronegativity,
electrode potential, oxidation states and reagtnitthe transition metals. Besides
these, a few of their properties like colour, mdgneroperties, complex
formation, catalytic properties and formation oferstitial compounds have also
been, discussed. Thus, besides gaining the baglerstanding of transition
metals, we have also learnt about their applicatiofle now understand why
silver and gold are so extensively used in jewgllevhy transition metals are
used as catalysts, etc. Thus this unit outlinescad aspect of the transition

metals.

3.11 TERMINAL QUESTIONS

1. How do the following properties vary Irettransition elements?
a) Atomic size
b) lonisation energy
C) Stability of various oxidation states.

2. Why gold and silver are used for malkangaments?
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3.

5.

Explain the following

a) Mercury is a liquid.
b) TiO, is white but TiC} is violet

Predict the spin-only magnetic moment fo

a) Fé*
b) Mn’™*
C) Cu
d) Tie

Arrange each of the following groups of elementsider of increasing
atomic size: (a) iron, osmium, ruthenium (b) molghdm, strontium,
zirconium

(c) scandium, lanthanum, yttrium.

Which one of the following pairs is more stable?
a) CrQ, WO

b) Mno;, Red

c) cr, crt

d) Mr?*, MnO,

2- 2-
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e) CrOg4, M0O 4

f) Mn,0O7, Re0O;

3_
9  VVO,
7. Which of the following tend to be an oxidisingesat or a reducing agent?
a) T
2_
b) Cr&y
C) Cu
d  MnQ,

8. Yttrium with chlorine does not form YC1 ®¥C1, but only YC%. How

does this agree with the trends in stability ofdaion states?
9. Write a balanced equation for the reactibeach of the following elements
with oxygen: ..,...
a. Scandium b. Titanium c. Vanadium d. ChromitenManganese
f. Nickel g. Copper
3.12 ANSWERS
Answers to Self Assessment Questions
1. a) In transition series, the eleasre@nter thal orbitals which can

accommodate ten electrons and therefore, theremarelements in

one transition series,
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b) 3dis at higher energy thatsat potassium, that is why the electron

enters the orbital instead 86 orbital.

(1) Calcium
(i) Titanium
(i)  Molybdenum

(iv)  Iron

Zn and Cd have electronic configuration Pff 4¢ and [Kr]4d™ 5¢7,
respectively. Therefore, there is no unpaired sdactor metallic bonding.

Thus, these metals are soft.

The oxidation number of osmium in QI®+8. The stability of higher
oxidation states increases as we go down the godughe transition
metals. Osmium being in third transition seriestigrefore, stable in

oxidation state +8 and exists as QsO

Ca" in CuSQ has [Ar]a4s’ configuration and its electron can be
promoted to the half filledl orbital. Thus it can undergd-d transition
which absorbs mainly in the red region of the Visibght and CuS®
appears blue in colour (blue is complementary aolafured). Because
Zn** in ZnSQ has the configuration [Ar}8° 4s°, the transition of electron
from oned orbital to another is not possible and no lightbsorbed in the

visible region of spectrum by Zng3@nd therefore, it appears white.

The observed magnetic moment at times diffens fthat of the calculated
spin-only magnetic moment due to the contributiérodoital motion of
the electrons. The observed magnetic moment foH&®)s] ** has

contribution from the spin as well as orbital arsguhomentum and thus
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the observed magnetic moment is higher than theuleaéd spin-only

magnetic moment.

Answers to Terminal Questions

1. See the trends in properties.

2. Because of their noble nature gold and silvey ased for making
ornaments.

3. a) No metallic bond formation.

b) Ti(IV) has & configuration

4. lon Electronic Number of Magnetic
configuration unpaired moment
electrons

a) Fé"  [Ar]3d°® 49 4 4.90 BM
b) Mn™* [Ar]3d° 4¢ 0 0 BM
c) Cu  [Ar]3dY 42 0 0 BM
d T [A3d 4 1 1.73 BM

5. a) Fe <Ru<Os
b) Mo < Zr < Sr
C) Sc<Y <lLa
6. (a)WQ (b)ReQ (c)CF* (d) Mrt*

2- 3-
(e) MoQy (f) ReO; (g) VO

7. a) Reducing agent
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b)
c)
d)

Stability of high oxidisation state as we go daavgroup.

a)
b)
c)
d)
€)
)
9)

Oxidising agent

Reducing agent
Oxidising agent

459 +30(9) ——*
T +0(9) —
4V)E +50(9) ——>
4Cre) +30(9) ——
Mn@) + G9) ——
2Ni(s) + 02¢) ——»

2Cug) + O9) ———>

25805(s)
TiO26)
2V,05(S)
2CR0Os(9)
MnQOy(s)
2NiOE)
2Cu0§)
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UNIT 4 INNER-TRANSITION ELEMENTS

Structure

4.1 Introduction
Objectives

4.2  General Characteristics
Electronic Configuration and Position in Periodigble
Atomic Radius
Oxidation States
Colour of lons
Electrode Potentials
Complexation Behaviour
Magnetic Properties
Chemical Properties

4.3  Occurrence, Extraction and Uses
Occurrence
Extraction
Uses

4.4 Summary

45  Terminal Questions

4.6 Answers

4.1 INTRODUCTION

In the preceding unit, you studied the main feauoé the chemistry of the
transition elements of thetblock. You learnt that in addition to the usuaitical
relationship, the transition elements show a hotalosimilarity in their physical
and chemical properties. In this unit you will stuthe salient features of the
chemistry of the transition elements of tHalock. Because of filling of electrons
in the f-orbitals of an inner shell, these elements ar® &smed as inner-
transition elements. Thieblock elements comprise two series of elementshe- t

lanthanide series and the actinide series. You atiflerve that in comparison to
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the elements ofd-block transition series, the members of lanthansgeies
resemble one another much more closely. They haverglly one common
stable oxidation state and occur together in timesares in nature. Because of
the similarity in their chemical properties thegparation from one another is
very difficult. Therefore, special techniques oflvemt extraction and ion
exchange are employed for their separation. Orother hand, the chemistry of
the actinides is quite complicated bemuse theyhb#ximore than one oxidation
state and their radioactivity creates problemsha study of their properties.
However, the actinides do exhibit some similaritveith one another and with
their lanthanide congeners in a particular oxidatistate. Therefore, these
elements are discussed as a class in one unihidnuhit you will study the
general features of the chemistry of lanthanide actinide elements with

emphasis on periodicity in their properties.

Objectives
After studying this unit you should be able to:

. distinguish between transition and innensgraon elements,
. define the terms lanthanides and actinides,
. compute the electronic configurations oftfeamide and actinide ions from

the electronic configurations of free atoms,

. discuss the ways in which actinide elemeetsemble their lanthanide
congeners,
. discuss the ways in which the actinides méde more closelyd-block

transition elements,

. explain lanthanide and actinide contraction,
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. describe general characteristics of lanth@rand actinide elements and

bring out periodicity in their properties.

4.2 GENERAL CHARACTERISTICS

You know that the fourteen elements from ceri{dn 58) to lutetium (Z = 71),
which follow lanthanum (Z = 57) in the periodic kapare called lanthanides,
lanthanoids or lanthanons. Note that some authmkide lanthanum also in
lanthanides, but there is no general agreementtorrhese elements are
characterised by successive filling df @rbitals in their atoms. These elements
along with lanthanum and yttrium were originall\yled as rare earth elements or
simply rare earths. The word 'earth’ was used Isecthey occur as oxides, which
in early usage meant earth, and the word rare vgadl because of the great
difficulty in their separation from each other. &twise, these are not particularly
rare in earth's crust. For example, lanthanumuoe@nd neodymium are more
abundant than lead. Even the scarcest of themuthuls as abundant as bismuth
and more abundant than arsenic, cadmium, mercusglenium, none of which is

generally considered rare.

The fourteen elements from thorium (Z = 90) to kamaium (Z = 103) following
actinium in the periodic table are known as ac#sidactinoids or actinons. They
are analogous to the lanthanides and result frenfiltng of the 5 orbitals as the
lanthanides result from the filling of 4rbitals. Prior to 1940, only the naturally
occurring actinides, i.e., thorium, protactiniumdaaranium were known. The
remaining actinides have been produced artificisithce then and are collectively

known as transuranium elements.

4.2.1 Electronic Configuration and Position in Peiodic Table

The outstanding feature of the lanthanide and @etirelements is the great

similarity in physical and chemical properties whithey display within each
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series. Reason for this unique behaviour of thémments lies in their electronic

configuration.

You know that lanthanum, the element precedingldhéhanides in the periodic
table, has the electronic configuration [Xei6s”. Like lanthanum, the
lanthanides also exhibit the stable oxidation stéite3. It is, therefore, expected
that in these elements the successive electronsbwifilled in the 4 orbitals,
thereby the elements may have the electronic corgtipn from [Xe]4'5d" 65° to
[Xe]4f*5d'6s”. The actual ground state electronic configuratiohdanthanide
elements have been determined by atomic spectrpsmog are given in Table
4.1- You can see from the Table that there is aaten in5d orbital only in Ce,
Gd and Lu, in all other elements this electrori$ted to the # orbital. This type
of shuttling of electrons can be understood in seaithe comparable energies of
the 4 and5d orbitals. Whether there is an electrorbohorbital or not, is of little
importance because the lanthanides mostly forntioompounds in +3 oxidation
state and the electronic configuration of Mons varies in a regular manner from
[Xe]af* for Ce® to [Xe]4f** for Lu**, as shown in Table 4.1.

Table 4.1: Some properties of lanthanum and the lahanides
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Z Name Symbol Electronic configuration Metallic lonic radius E* (V) Colour of Li"
outside the [Xe] core radius M3 pin  M*M
Ln Ln pm
57 Lanthanum  La 5d'6s” 187 106 2,52 Colourless
58 Cerium Ce 4f‘sd'es”  4ft 183 103 -2.48 Colourless
59 praseodymium Pr 436 452 182 101 -2.46  Green
60 Neodymium  Nd 4f ‘6 4f3 181 100 -2.43 Lilac
61 Promethium  Pm  4f°%¢ 4 - 08 -2.42  Yellow
62 Samarium Sm  4f%¢ 4° 179 96 -2.41  Yellow
63 Europium Eu 4f '68° 4f° 204 95 -2.41 Pale pink
64 Gadoliniurn ~ Gd  4f '5d'68°  4f 180 94 -2.40 Colourless
65 Terbium Tb 4f %5° 4f 8 178 92 -2.39  Pate pink
66 Dysprosium Dy 4f 1965 4f° 177 91 -2.35 Yellow
67 Holmium Ho 4 Heg? 4t 176 89 -2.32  Yellow
68 Erbium Er 4f %6 4f 1 175 88 -2.30  Roue pink
69 Thulium Tm 4f V67 4f 1 174 87 -2.28 Pale green
70 Ytterbium Yb 4f Y68 4 = 194 86 -2.27  Colourless
71 Lutecium Lu 4ftsd'6s”  4f 174 85 -2.26  Colourless
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The ground state electronic configuration of actinj [Rn]&1'7s is similar to that

of lanthanum and indeed the two elements possestaisichemical properties.
The electronic configurations of the elements tbibw actinum are not known
precisely; these are less certain than those ofldhthanide elements. The
difference in energy betweer &nd6d orbitals in the beginning of the actinide
series is less than that between thHeadd 5d orbitals for the lanthanides.
Therefore, both 5and @l orbitals are involved in accommodating successive
electrons. Thus the filling offSorbitals in actinides (Table 4.2) is not quite so
regular as the filling of thef4orbitals in the case of the lanthanides. Later,
however, the Horbitals become more stable, i.e., by the timeopium and
subsequent members of the series are reached, ¢higitdls seem clearly to be of
lower energy than théd orbitals, and so the electrons preferably fill thener.
Table 4.2 : Some properties of actinium and thnalets

SAQ1
Explain briefly:
€) What are inner-transition elements?
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(b) What are lanthanidesd actinides? Why are they so called?

C) Write the electronic configurations of the elertseof atomic number 61
and 95.

4.2.2 Atomic Radius

You have studied in CHM 10that the atomic size decreases with increase in
atomic number along any period in the long formtled periodic table due to
increase in effective nuclear charge. However, dberease in atomic radius is
small when the difference in electronic configusatirom one element to the next
is that of an additional inner electron. This isdgse the additional inner electron
screens the size-determining outer electrons flmmticleus much better than an
additional outer electron. For example, decreagbarcovalent radius from Sc to
Zn," i.e., across ten elements of 8tktransition series, is 19 pm. This decrease is
almost one-third of the decrease in the covaleiusaof the seven elements of

andp blocks of the period 3.

The rate of decrease in atomic radius along thindande series (Table 4.1) and
also along the actinide series (Table 4.2) is desnm than that in the transition
series, since the difference in the electronic igométions of these elements is in
the number of electrons in the ante-penultimatst (et two) shell of electrons.
But the additive effect of decrease in atomic radigross the fourteen elements
of lanthanide series is quite substantial. Thigelese in atomic radius across the
lanthanide series is known as lanthanide contnact®imilarly, there is an

actinide contraction across the actinide series. aAgesult of lanthanide
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contraction, the normal increase in size from ¢ La disappears after the
lanthanides, and pairs of elements such as Zr anNitHand Ta, Mo and W, etc.,
possess nearly similar sizes (Table 4.3). The ptiegeof these elements,
therefore, are very similar. The similarities iroperties within these pairs make
their separation very difficult. Thus, due to laartide contraction, the elements of
5d and 4d transition series resemble each other much morgelgidhan do the

elements ofid and3d series.

Table 4.3: Atomic (covalent) radii of the elementgreceding and following

the lanthanides in pm

SAQ 2

Explain the term lanthanide contraction and itssemuence

4.2.3 Oxidation States

The sum of the first three ionisation energieshef lanthanides is comparatively
low, so the elements are highly electropositiveeyTheadily form M** for the
lanthanides, actinium and trans-americium (Cm tp dlements the tripositive
oxidation state is the most stable in every casés believed that in forming
tripositive lanthanide or actinide ions, the (n = 6 or 7) electrons are lost along
with the (n-1)d* electron. In the absence of (rdlklectron one of the electrons

present in thén - 2) f orbitals is lost.
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Besides the +3 state, some of the lanthanides emddees show other oxidation
states also. In these cases there is some eviteatdens with® (e.g., L&" Ce*,
Ac¥, Th*™, pa*, UPHf' (e.g., EG", GA*, Tb*, Cnt’, BK*), andf* (e.g., YB*,
Lu**) configurations exhibit greater stability. Howeydt* (4fY), Nd** (4f),
(Snf* (4%, Tn?* (4"), etc. with nor®, nonf’ and norf“ electronic
configurations also exist. This reminds us thateheay be other factors also
such as ionisation energies and sublimation erergiethe metals and lattice
energies, etc., which are responsible for the lgtabif these oxidation states. The
known oxidation states of actinium and the actigidee given in Table 3.4 in
which numbers in bold indicate the most stable atiawh state in aqueous
solution. You can see from the Table that neadlyha actinides exhibit at least
two stable oxidation states and oxidation stateghdri than +3 are easily
accessible in the early actinides. For thorium,tgotnium and uranium the
highest accessible oxidation state is the mostestaie also in aqueous solution.
This may be becausef Brbitals extend further from the nucleus than #fe
orbitals and 6 electrons are more effectively shielded from thelear charge
than are the f4electrons of the corresponding lanthanides. Bexahe %
electrons are less firmly held, they are all alddafor bonding in the early
actinides. However, as the later actinides areaggbred, the build-up of nuclear
charge causes-contraction of the dsbitals so that the metal-ligands overlap
decreases and the +3 state becomes predominamesitimgly, the +2 state which

is achievable in case of mendelevium and nobelismore stable than El

Table 4.4: Oxidation states of actinium and the aatides. The more stable states are In bold type;

unstable states are enclosed in parentheses.
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SAQ 3

Which is the most common oxidation state of thetHanides and how is it

formed? Give its configuration.

4.2.4 Colour of lons

lons of lanthanides and actinides are colouredh& dolid state as well as in
agueous solution, as is the case with the iongarfsition metals. You have
studied in the preceding unit that the colourgahsition metal ions arise because
of absorption of light due ta-d electronic transitions. Because there are no
electrons in thel-orbitals, the colours of lanthanide and actiniolesi arise due to
electronic transitions in thef 4nd 5 orbitals. Colours of hydrated lanthanide and

actinide ions are given in Table 4.1 and 4.2, rethpaly.

4.2.5 Electrode Potentials

The standard electrode potentials of lanthanideth®half- reaction,

Ln** (ag) + 3e

v

©

are given in Table 4.1. The electrode potentiaés\aary low. Therefore, these
elements are highly electropositive and reactivéatee The electrode potential
increases from Ce to Lu, which is consistent wité $light decrease in the ionic
radius due to lanthanide contraction. The electrpdeentials of the actinide
elements also are quite low (Table 4.2). Thereftire,actinides also are highly

electropositive and reactive metals.
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4.2.6 Complexation Behaviour

lons of lanthanide and actinide elements have angtrtendency to form
complexes with a variety of oxygen and nitrogen atofigands. Probably,
because of their comparatively higher charge te safio, the actinide ions have a
greater tendency to form complexes than the laidlean Also, due to the
existence of a large number of oxidation states,dbmplexation behaviour of
actinides is more varied. The lanthanide and atginons form the most stable
complexes with chelating ligands such as oxalid,acitric acid, tartaric acid,
nitric acid, ethylenediamine tetraacetic acid (EDTaéd -diketones. In these
complexes the metal ions have very high coordinatiombers. For example, the
coordination number of the metal ion in [Th(aghc)Ce(NGs)s-(OPPhH),] and
[Ce(NO3)6f is 8, 10, 12, respectively. In these complexes,atetyl acetonate
(acac) and the nitrate ligands are acting as badiernligands occupying two
coordination sites around the metal ion. These Imetes form water soluble
complexes with citric acid, tartaric acid and EDTAhe formation of water
soluble complexes with these ligands facilitatgsasation of the metal ions by

ion exchange chromatography which you will studyhi@ next section.

4.2.7 Magnetic Properties

You have learnt in the preceding unit that parareigm is associated with the
presence of unpaired electrons in a substancelartieanide and actinide ions,
other tharf® type (e.g., L&, C¢*. Ac*, Th", Pa*, U*") andf** type (e.g., YB',
Lu®**, Lr*"). are all paramagnetic, because each of the sdvenbitals
characterising inner-transition metal species [lanide and actinide) must

contain a single electron before any pairing cée fdace (Hund's rule).
You have also studied that in case of transitimmeints, the contribution of

orbital motion of electrons to paramagnetism isligdge and can be ignored.

The magnetic moments of transition metal ions canekplained in terms of
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unpaired electrons presentdrorbitals. But the magnetic moments of only those

lanthanide ions, which hav& f andf*

configuration agree with the spin only
value. In all other cases, the magnetic momentegalare higher than those
calculated on the basis of spin only formula. Hogrethese can be explained by
taking orbital contribution to magnetic moment ailsto account. In lanthanide
ions, the 4 orbitals are comparatively better shielded frorma slurroundings by
the overlying5s and 5p orbitals than thed orbitals in transition metal ions.

Therefore, the contribution of orbital motion tar@aagnetism is not quenched.

Although actinides show a variation in magneticpamdies similar to that of the
lanthanides, the magnetic properties of the aatinahs are more complicated
than those of the lanthanide ions. This in pagesrifrom (i) the fact that thd 5
electrons are nearer the surface of the atom aadeasily influenced by the
chemical environment, although not to the samengxds do thel electrons, and
(i) the less sharply defined distinctions betw&émand6d electrons as compared
with 4f and5d electrons. From the above discussion it is cleat tihe magnetic
moments of théblock (inner transition) metal ions must be cadted taking into

account both spin and orbital contributions.

4.2.8 Chemical Properties

The lanthanides are silvery-white, highly electrsipge and reactive metals.

They all react slowly with cold water and rapidly leeating to liberate hydrogen:
2M + 6HLO ———  2M(OH} + 3H,

The hydroxides are ionic and basic. They are lesscithan Ca(OH)but more
basic than amphoteric Al(OKl)The base strength decreases from Ce{Qél)
Lu(OH); as the ionic radius decreases froni'Ge Lu**

The lanthanide metals dissolve in dilute acids,newre the cold, to liberate

hydrogen gas:
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2Ln + 6HCl ——— 2LnG + 3H2

The metals tarnish readily in air forming an oxadating. On heating in oxygen,
they burn easily to give pDs, except for cerium which forms CeOrhe oxides

are ionic and basic, the base strength decreasks amic radius decreases.

4n+3Q@ ——» 2Ln0;

When heated in halogens, the lanthanides bum piogllaXs, which can also be

made by heating the oxides with the appropriate anium halide:

2Ln+3X, — » 2LnX
Ln,O3 + BNHUIX ——mm>» 2LnXz + 6NH; + 3H,0

Cerium with fluorine forms Cef

Ce+2Fb 5 CeF4

The metals react exothermically with hydrogen, tioheating to 600-700 K is
often 78 required to initiate the reactions. Theydrides are non-stoichiometric
compounds having ideal formulae, MiAnd MH;. The hydrides are remarkably
stable to heat up to 1200 K. The hydrides reach wiater liberating hydrogen
gas:

MH3; + 3HHO —— > M(OH} + 3H,

On heating, the lanthanides react with boron gi\bngdes of the type MBand
MBs, with carbon giving carbides #@; and MG and with nitrogen giving
nitrides MN. A wide variety of their oxosalts, lilkearbonates, sulphates, nitrates,

phosphates, oxalate, etc., are known.
All the actinides are unstable with respect togadiive disintegration, though the

half-lives of the most abundant isotopes of thorama uranium are so long that

for many purposes their radioactivity can be negidcLike lanthanides, actinides
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are also electropositive and reactive metals. Tregct with water, oxygen,
hydrogen, halogens and acids. Their hydrides amestmichiometric having ideal
formulae MH and MH;. The metals also react with most non-metals eafedi
heated.

SAQ 4

Write down the chemical equations for the reactioinanthanide elements with

(i) water. (ii) acids, (iii) oxygen and (iv) haloge

4.3  OCCURRENCE, EXTRACTION AND USES

All the lanthanide and actinide elements are higtdgctive metals, therefore,
none of them occurs in the free state in naturereldleer, all the actinide elements
are radioactive, so most of them do not occur adiuand have been prepared
artificially since 1 940. Let us now discuss thewtcence, extraction and uses of
these elements.

4.3.1 Occurrence

Apart from promethium which is unstable and is fdum traces in uraniun, ores,
all the lanthanides generally occur together. Algio a large number of minerals
are known to contain lanthanides, only three ofitheiz., monazite, bastnaesite
and xenotime are of commercial importance. Monaaitel xenotime are a
mixture of phosphates of thorium, lanthanum andhlamdes. Monazite is widely
but sparsely distributed in many rocks, but becaoféts high density and
inertness, it is concentrated by weathering intedsaon beaches and river beds.
Deposits of monazite occur in Southern India, Sodéthica and Brazil.
Bastnaesite is a mixture of fluoride carbonated:@@;, of lanthanum and the
lanthanides. Both monazite and bastnaesite arerrichthe lighter lanthanides,

i.e., the cerium earths, but with the differencattmonazite also contains upto
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30% ThQ, which is absent in bastnaesite. On the other habtime is a
valuable source of the heavier rare earths.

Every known isotope of the actinide elements isoactive and their half-lives
are such that onl§?? Th, *> U, *® U and possibly** Pu have survived during the
very period of their existence. Only thorium andnium are found in nature in
amounts sufficient for practical extraction. Thoniconstitutes 8.1 x 10% of the
earth's crust and it is almost as abundant as bé&®udescribed earlier, monazite
is the most important source of thorium. Uraniunmpadses 2.3 X 10 % the
earth's crust and it is slightly more abundant thanPitchblende or uraninite,
U30s, and carnotite, KUO,)2(VO,)2 -3H0, are two important ores of uranium.

4.3.2 Extraction

As all the lanthanides occur together in natureirtbxtraction involves two main
steps: (i) separation from one another and (iijuctidn of their compounds to
metals. Since the lanthanides are all typicallyalent and are almost identical in
size, their chemical properties are almost similldrerefore, the separation of
lanthanides from one another is a very difficubktaalmost as difficult as the
separation of isotopes. Only cerium and europium lsa separated from the
remaining lanthanides by employing conventionalnesical methods because of
stabilities of C&"* and EL?* in aqueous solution. Cerium can be separated &rom
mixture of lanthanides by oxidising &eo Cé* with permanganate or bromate or
hypochlorite in an alkaline medium and subsequeptBcipitating it as Cef
Europium can be reduced to Eueither by electrolytic reduction with a mercury
cathode or by using zinc amalgam. It is then pr&tigd from the solution as
EuSQ.

Earlier the lanthanides used to he separated frach eother byselective
precipitation or by fractional crystallisation. With a limited amount of a
precipitating agent, the substance which is leaktbée is precipitated first. For

example, if a base is added to a solution of lantienitrates, the least soluble
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Lu(OH)s is precipitated first and the most soluble La(@H¥pt. As only a partial
separation is effected, the precipitate is rediebland the process is repeated

several times.

The  solubilty of double salts of lanthanides  suchas
2LN(NG;3)3.3Mg(NO3)2.24HO0O and Ln2 (SGQs Na2SQ.xHO increases from
La to Lu. Therefore, the lanthanides could be sspdr from each other by
fractional crystallisation of these salts. As these processes need to batedpe
several times, these are very tedious and not effigient. However, the
individual elements can now be separated with meshk difficulty on a large
scale by employing more efficient techniques solvent extraction and ion

exchangechromatography.

The distribution coefficients of the salts of laautide elements between water and
organic solvents are slightly different. Therefotee individual elements are
selectively extracted from agueous solutions oif thalts into an organic solvent.
This technique of separation is known as solvetraetion. Tributyl phosphate is
a very good solvent for this process. The solybditlanthanides in +3 oxidation
state in tributyl phosphate increases with atonnimber. Separation is performed
by using a continuousounter-current processin which the aqueous solution of
lanthanide nitrates and the solvent are passedighra column continuously in
opposite directions. This process is much lessotedihan performing several

crystallisations.

The process obn exchange chromatographyis the most important, rapid and
effective method for the separation and purificatimf the lanthanons. In this
process, a solution of lanthanide ions is run d@avoolumn of a synthetic ion
exchange resin. lon exchange resins are organyengo$ consisting of functional
groups such as -COOH, -8@or -OH. In these resins, hydrogen ions are mobile
and can be exchanged with other cations. Thudatttbanide ions replace thé H

ions and get bound to the resin:
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Ln**+3R-SgH —— »  Ln(SQR)s+ 3H"

After the H ions have passed through the column, a solutioa cdmplexing
agent such as citric acidshydroxyisobutyric acid or EDTA at the appropriatd

is passed through the column to elute, i.e., tdwvadisthe metal ions in a selective
manner:

Ln(OsSR) + (NHg);EDTAH — >  Ln(EDTAH) + 3NED;SR

As the EDTA solution flows down the column, thetlaamide ions come off the
resin and form a complex with EDTA and then go baekhe resin a little lower
down the column. This process is repeated manystasdhe metal ions gradually
travel down the column. The smaller lanthanide itks Lu 3" form stronger
complexes with EDTA than the larger ions like®*LaThus, the smaller and
heavier ions spend more time in solution and lese bn the column. Therefore,
the heavier ions are eluted from the column firsd ¢ghe lighter ones the last.
Using suitable conditions, all the individual elertge can be separated. The
eluates are then treated with an oxalate solutmomrecipitate lanthanides as

oxalates which are then ignited to get the oxides :

2Ln(EDTAH) +3(NH,),C,04.3 — > Liy(C204)s + 2(NHy)sEDTAH
2Ln(C:04)s » LnOs + 3CO + 3CQ

Samarium, europium and ytterbium are prepared Oyateon of the oxides with

La at high temperatures:

2Ln0O3 + 2La » 4+ 2Ln, Ln=Sm and Eu

Other lanthanides are obtained by the reactionn@l{_or LnF; with Ca metal at

1300 K. LnCi or LnF; are prepared by heating 1 with appropriate
ammonium halide:

Ln,Os + 6NH,X » LnX3-6NH; + 3H0

2LnX3 + 3Ca > 2£r8CaX%
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You know that actinium and all the actinides ardioactive. Of these only
thorium and uranium are extracted from ores, dlert are prepared artificially
by nuclear reactions. The chief ores of thorium amghium are monazite and
pitchblende, respectively. For extraction of tharjumonazite is dissolved in
concentrated sulphuric acid. By suitably adjustthg pH of this solution, a
precipitate of Th@is obtained. The impure Th@s purified by dissolving it in
hydrochloric acid and then extracting ThQly trihutylphosphate. From this
solution ThQ is reprecipitated by adjusting the pH. PurifiedOghs converted
into anhydrous ThfFor ThCl, by the action of HF or Cglat 900K. Thorium
metal is then prepared by reduction of TbFThCl with calcium:

ThX,+ 2Ca ——— » Th + 2Cax

Uranium is chiefly extracted from pitchblende. Tdomcentrated ore (pitchblende,
U30s) is washed and then fused with sodium carbonatiesadium nitrate. The
fused mass is treated with sulphuric acid, whichraets uranyl sulphate,
UO,SQO,. Addition of sodium carbonate solution in excesghe above solution
removes all the heavy metals as carbonates. Uragaes in solution as sodium
uranyl carbonate NEJO,)(COs)s]. Addition of dilute HSO, to the Uranyl
carbonate solution precipitates uranium as sodiwradate, NgJ,O, which on
treatment with concentrated solution of (N#€O; passes into solution as
ammonium uranyl carbonate, (M{UO2(CGOs);]. Concentration of this solution
gives pure YOg. Reduction of YOs with aluminium powder produces uranium
metal. All these steps involved in extraction ohnium from pitchblende are

summarised in a How sheet.
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Pitchtlende (L.0Ox)

l i) Fusion with NaCO; and NaNQ@
i) Treatment with HSO,

l l

Solution (U(fj ome heavy metal ions) Residue (RaS.)
NaCQO; solution in excess

l l

Solution Ng[UO; (COy)3) Precipitates of heavy metal
i dil HSO, carbonates
Precipates N&J,0;. 6H,0O Solution N&»SC

\l/ Treatment with concentrated (NB&)O; solution

l l

Solution (NH)4JUO,(COs)3] Solid rejected

l Recrystallised
ignition Al powder

Solution (NH)[UO,(CO3)s] —> U0y —> U
Recrystallised

4.3.3 Uses

Lanthanides and many of their complexes have redeiwide industrial
applications. For example, europium derivatives ased as phosphors in TV
screen; samarium-cobalt alloys are used for mahkmagnets, BOs; and NdO;
are used for making welder's goggles, yttrium-ahiomh garnets (YAG) are used
both in electronic equipment and as synthetic geviasious mixed oxides are
used as catalysts in cracking of petroleum. Cerinirthe +4 oxidation state is
used as an oxidising agent in quantitative analyiisrium nitrate has been used
for more than a century in gas mantles. Till 194@, only industrial application
of uranium was as a colouring material in the maatufre of yellow glass. At

present, the principal use of thorium and uranisras a nuclear fuel.
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SAQ 5

Why is the separation of the lanthanides so difficList three important methods

used for the separation of lanthanide metals.

43.4

In this

SUMMARY

unit, you have studied electronic strucsymexidation states, and magnetic

properties. electrode potentials, chemical propgrtoccurrence, extraction and

uses of lanthanides and actinides which can be suis@d as following:

The lanthanide and actinide elements areacherised by filling of #and

5f subshells, respectively.

For the lanthanides, actinium and transacneri elements, the tripositive
oxidation state is-the most stable in every casmvéver, the oxidation

states higher than +3 are quite common for they @&tinide elements.

The lanthanides exhibit greater similaritiesheir properties in their most
prominent oxidation state, +3. Cerium and europiane the only

lanthanides to be stable as*Cand EG" in aqueous solution.
All the lanthanide and actinide ions whicavl unpaired electrons are

paramagnetic. Paramagnetism of lanthanide andigetions depends on

both spin and angular momentum of the unpairedreles.
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4.5

All the lanthanides and actinides are higélgctropositive and reactive
metals. They react with oxygen, halogens, hydrogester and acids.

Their hydrides are non-stoichiometric compounds.

Cerium is the most abundant of all the lanides. Its main ores are

monazite and bastnaesite.

Since the lanthanides are all typicallydtent and are almost identical in
size, their chemical properties are almost simifes.all the lanthanides
occur together in nature, their separation is exétg difficult. Separation
of lanthanides is effected by using the technigfesolvent extraction and
ion-exchange chromatography. The metals are prégdayereduction of

their oxides, chlorides or fluorides with La or Ca.

Thorium and uranium are extracted from mdeaand pitchblende,
respectively. All other actinides are now prepaaetficially by nuclear

reactions.

TERMINAL QUESTIONS

What ard-block elements?

What are rare earth elements? Why are theylkem@a

Discuss the ways in which the actinide elemesgemble their lanthanide
congeners.

Discuss the ways in which the early actinidemelets more closely
resemble normal transition elements.

Discuss the position of lanthanide and actireteaments in the periodic
table.

Why are most of the lanthanide and actinide cmmgds paramagnetic?
Why the range of oxidation states is much maestricted in the

lanthanide series as compared to the early actiflide
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46  ANSWERS

Answers to Self Assessment Questions

1. €))

(b)

(©)

Two series of elements from cerigaomic number 58) to
lutecium (atomic number 71) and thorium (atomic hem90) to
lawrencium (atomic number 103) are known as inrerdition
elements. The term transition is used because tdyibit
transition behaviour by exhibiting variable oxidati states,
forming coloured ions and exhibiting paramagnetidine prefix
inner is used because in the building up procedkedf atoms the
differentiating electron enters therbitals of an inner shell.

The 14 elements from cerium (atomic number &8)utecium
(atomic number 71) which follow lanthanium (atomiember 57)
in the periodic table are called lanthanides. Sirtyl 14 elements
from thorium (atomic number 90) to lawrencium (atomumber
103) which follow actinium (atomic number 89) inetiperiodic

table arc called actinides.

The electronic configuration of the elemests@tomic number 61
and 95 is |Xe46s” and [Rn]3'7<%, respectively.

2. The gradual decrease in atomic size of the $ande elements starting

from cerium to lutecium is known as lanthanide caction. Because of

lanthanide contraction, the elements from hafniormercury that follow

the lanthanides have unusually small sizes.

3. The most common oxidation state of lanthanides-3. This oxidation

state of the lanthanide ions arises due to thedb$&o 6 electrons and

the lone5d electron, if present, from the atom of the elemetitso
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electron is present in thel®rbital, then one of the electrons from tHe 4
shell is lost. The lanthanide ions in this oxidatstale have the general

configuration [Xe]4 ",

i) 2Ln + 6HO —— > 2Ln(OH} + 3H,
i) 2Ln+6H — 2Lrt+ 3K
i) 4n+30, — 3 2Ln0;

Ce+Q — » CeQ
iv) 2Ln+ 3% — > 2LnX3

Ce+2h —» CeR

The most stable oxidation state of the lanthanidments is +3. The ionic radius

of Ln 3" ions is quite comparable and varies very littlenfrone element to

another. Therefore, the chemical properties ofldn¢hanides are almost similar

as such the separation of lanthanides is verycditfi— almost as difficult as the

separation of isotopes. The three most importarthoas which can be used for

the separation of lanthanides are fractional clysa#ion, solvent extraction and

ion exchange chromatography.

Answers to Terminal Questions

1.

Those elements, in the building up process dfose atoms the
differentiating electron enters tlierbitals of an inner shell, arc calléd
block elements. There are two seriesf eblock elements containing 14
elements each. The lanthanide series contains etenfi®m cerium to
lutecium and the actinide series contains elemdms thorium to
lawrencium.

A group of elements, which includes the lantdasj lanthanum and
yttrium, is known as rare earth elements or simphg earths. The word
earth is used because these elements occur as exideh in early usage
meant earth, and the word rare was used becaugeaifdifficulty in their

separation from each other.
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Actinide elements resemble their lanthardgdageners in the following

ways:
. They have the similar electronic configusas,

. They exhibit a common oxidation state of +3,

. They form complexes,

. Most of them form coloured ions and exhibit pasgnetism.

The early actinide elements exhibit a large nemd$ oxidation states. In

this respect they resemble normal transition elésnen

There is no separate place for lanthanide atidide elements in the
periodic table. Therefore, the lanthanides arequlaaong with lanthanum
and actinides along with actinium in the periodible. Customarily, they

are listed separately in two series at the bottbtheperiodic table.

Most compounds of lanthanides and actinidesparamagnetic because
they contain lanthanide and actinide ions which spes unpaired
electrons. Presence of unpaired electrons givestoigparamagnetism in

the compound.

The range of oxidation states is much moreiotstt in the members of
lanthanide series as compared to those of theidetseries. This is a
result of stabilising effects exerted onf4orbitals by increasing ionic
charge. By the time an ionic charge of +3 is depetbon a lanthanide ion,
the 4f orbitals are so stabilised that they become patth@finner core of
the electrons. It becomes increasingly difficulréoove further electrons
to give rise to higher oxidation states. On the=pothand, in the beginning
of the actinide series, the difference in energthef5f and 6d orbitals is

much less. Therefore, 5 electrons along with & and & electrons

participate in bonding, resulting in a wider rangke oxidation states.
However, later the f5orbitals also become more stable and show

reluctance to involve themselves in bonding.
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UNIT 5 ISOLATION AND PURIFICATION OF METALS

Structure

51 Introduction
Objectives

5.2 Occurrencef Metals

5.3

5.4

5.5

5.6

Native Minerals

Sulphide Minerals

Oxide Minerals

Oxosalts

Halide Minerals
Beneficiation of Ores
Gravity Separation
Magnetic Separation

Froth Flotation Process
Reduction to Metals
Pyrometallurgy
Thermodynamics of Reduction Process
Hydrometallurgy
Electrometallurgy
Purification of Metals
Liquation

Distillation

Electrolysis

Zone Refining

Parke Process

Van Arkel de Boer Process
Mond Process

Isolation of Some Important Transition Mstal

Titanium
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Chromium
Iron
Nickel
Copper
5.7 Alloys
5.8  Summary
5.9  Terminal Questions
5.10 Answers

5.1 INTRODUCTION

So far in various units of this course, you hawel&d the chemistry of various
elements wherein an emphasis was given to perretitionships. As you know,
metals as a group of elements have acquired a emmgportance in the modern
world. However, nature does not generally offemegals in the free state. Metals
usually occur in nature in combined state as oréseanwith other earthy
materials. The branch of science dealing with tle¢hods of extraction of metals

from their ores is callethetallurgy.

In this unit, we will discuss the basic principl@s which extraction of metals is
based. We will also briefly describe various preessof extraction of metals
from natural sources. In the end, extraction andfipation of some important
transition metals from their ores will also be dissed.

After studying this unit, you should be able to:

. describe the sources of metals and thessitatehich they occur in nature,
. discuss the relationship between the ocogg@nd reactivity of metals,
. define the terms earth's crust, mineral, gengue, calcination, roasting,

smelting, flux, slag, etc.

. describe the methods of beneficiation okpre

118



. discuss various metallurgical processes likpyrometallurgy,
hydrometallurgy and electrometallurgy,

. use Ellingham diagrams for selecting sugablkducing agents for
extraction of metals;

. describe various methods of purificatiomedtals, and

. discuss the importance and uses of alloys.

5.2 OCCURRENCE OF METALS

Earth's crust and sea are the two main source&@fisnin the earth's crust metals
occur both in the combined state in the form oferats as well as in the native or
free state. Earth's crust is the outermost pathefearth, which has an average
thickness of about 17 km. The crust is thinner unide oceans and thicker under
the continents. The minerals from which the extoacof any metal is chemically
feasible and economically competitive are knowroees of that metal. Metals
occur in widely varying quantities in the earth'ast. The relative abundance of
the most common elements in the earth's crustvisngin Table 4.1. You may
note that about 75% of the earth's crust is compagenonmetals, oxygen and
silicon. The relative abundance of only three indally important metals, i.e.,
aluminium, iron and magnesium is more than 2%. dbendance of most other
useful metals in the earth's crust is very low. réfae, if the metals had been
uniformly distributed in earth's crust, it wouldveanot been possible to extract
them. But luckily, the metals generally in the foofmtheir minerals, are unevenly
distributed and are accumulated and some locatioraking their extraction
easier. These accumulations of minerals are teamadineral deposits. Usually,
the mineral is covered with a layer of soil, knoasoverburden. The thickness of
overburden may vary from a few metres as in caseoaf ore to thousands of
metres as in case of deposits of gold. The mirdapbsit is brought to the surface

by mining.
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Table 5.1: Relative abundance of various elemenin earth's crust

Element Percentage Element Percentage
Oxygen 46.6 Strontium 0.015
Silicon 27.7 Vanadium 0.015
Aluminium 8.13 Nickel 0.010

Iron 5.10 Zinc 0.008
Calcium 3.63 Copper 0.007
Sodium 2.83 Tungsten 0.00.5
Potassium  2.60 Cobalt 0.004
Magnesium  2.10 Tin 0.004
Titanium 0.63 Lead 0.0016
Hydrogen 0.14 Thorium 0.0008
Phosphorus 0.12 Beryllium 0.0006
Manganese 0.10 Arsenic 0.0005
Fluorine 0.08 Uranium 0.0002
Sulphur 0.052 Molybdenum 0.0001
Chlorine 0.048 Mercury 0.00005
Barium 0.043 Silver 0.000008
Carbon 0.032 Gold 0.0000002
Chromium 0.020 Other elements  balance

Minerals are solid substances differing in chemimamnposition, colour, lustre,
density, hardness and other characteristics. Deépgrh chemical composition,

the minerals can be divided into following groups:

5.2.1 Native Minerals
These minerals contain the metal in free or elealestate, e.g., copper, silver,
gold, platinum and iron. The metals are usuallynfbmixed with clay, sand, etc.

Sometimes lumps of almost pure metals are alsodfoihese lumps are called

120



nuggets. Native iron is of metiorite origin and @iscurrence is rare. Deposits of
native iron are found in Greenland.

5.2.2 Sulphide Minerals

In these minerals metals are present as their sl@dphFor example, iron pyrites
(FeS), calcocite (CpfS), chalcopyrite (CuFe}y zinc blende (ZnS), argentite
(Ag2S), cinnabar (HgS), galena (PbS), millerite (N&{.

5.2.3 Oxide Minerals

These minerals consist of oxides of metals, whiehfarmed either by oxidation
of sulphide minerals or by direct oxidation of nistaHighly electropositive
metals, such as Al and Mg, occur only as oxiddserathan as sulphides. Some
important oxide minerals are haematite (Fg@20nagnetite (F£,), bauxite
(Al,03 « 2H,0), cassiterite (Sng), cuprite (CyO), zincite (ZnO), rutile (TiQ),
pyrolusite (MnO2), chromite (FeO £33), uraninite or pitchblende (2UQUO,),
etc.

5.2.4 Oxosalts

In these minerals, metals are present as theiraftspssuch as carbonates,
sulphates, nitrates, phosphates, borates andtegicBome important minerals of
this group are siderite (FeGY magnesite (MgCg¢). dolomite (MgCQCaCQ),
cerussite (PbCg¢), malachite (CuC@Cu(OH)2), calamine (ZnC4p barytes
(BaSQ), gypsum (CaSgPH,0), epsomite (MgS¢rH,0), anglesite (PbS{p
soda nitre (NaNg), monazite (LaP@CePQNdPQOPrPQThs(PQOy)s),
spodumene (LiAISOg), zircon (ZrSiQ), beryl (BeSisO1s), etc. Phosphate
minerals are, in general, rare and occur in lowceatrations. Silicate minerals
are abundant in nature. However, the extractionmetals from silicates is
difficult and the cost of extraction is very highherefore, only the less common
metals such as lithium are extracted from silicateerals.
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5.2.5 Halide Minerals

Highly electropositive alkali and alkaline earthtale tend to form halide salts,
which being soluble in water are washed away ihtodceans due to leaching of
the top soil. However, many deposits of halide mateeare also found under the
soil. Some important halide minerals are rock §dHCI), sylvine (KC1), horn
silver (AgCl), carnallite (KCMgCl,-6H,0), fluorspar (Caj and cryolite
(AIF33NaF).

Ores as mined, generally contain variable amouhtsywanted minerals such as
silica, clay, granite, etc. These unwanted matereale calledgangue. The
proportion of the desired metal in the ore mustsb#iciently high so that the
extraction of metal is chemically feasible and enuitally competitive. Ores of
very low concentration are used only if they can recessed easily and
inexpensively or if the metal produced is scardee bwer limit of the percentage
of the metal in mineral below which extraction bees unprofitable depends on
the value of the metal. Thus, ores containing I%ate frequently worked upon
to obtain tin and ores containing 5% tin are com®d rich deposits of tin. If gold
is present to the extent of even 0.0015%, it issiwred worth extraction. On the
other hand, iron and aluminium will not be worthtraxting unless they contain

30% or more of the metal.

As said earlier, in addition to the earth's crusteans also provide a huge
storehouse of minerals in which the metals occungmly as soluble sulphates
and halides. It is estimated that one cubic kilomeif sea water contains 1
million tonnes of magnesium, 1,500 tonnes of stuontand 5 tonnes each of
gold, copper, manganese, zinc and lead. Magnesuairéady being extracted
from sea water. In future, greater attention wél faid to sea as a source of raw
materials when supplies of ore deposits on landdameted. In addition to sea
water, nodules or lumps about the size of an orhage been found on sea bed at
depths of 4,000-5,000 metres. The nodules aravelatich in manganese (25%)
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and iron (15%). Recently technology for deep seaingi of these nodules has

been developed.

Form the above discussion, it should be clear 1 that there is a relationship
between the reactivity of metals and the form iniclvhthey occur in nature.

Reactive metals occur in nature in the form of tle@mpounds such as oxides,
sulphides, halides and oxosalts. On the other lemidage and noble metals
having rather low reactivity are found in naturéooth combined as well as native

states.

SAQ 1

How do metals occur in nature? What are some ofifiortant sources of

metals?

5.3 BENEFICIATION OF ORES

Most of the ores available in nature contain lasgeounts of impurities, i.e.
gangue. Direct extraction of metals from the orgsnietallurgical processes is
uneconomical and technically difficult. Therefotee ores should be processed
first by some cheaper methods which remove the wampartly or wholly. The
pretreatment of ores by cheaper methods, basedynoairphysical properties and
without bringing out any major chemical change he tore is known as
beneficiation or concentration of the ore or oresding. Beneficiation of ores
results in saving the cost of the transportatioe),ffluxing agents and increased

production.
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The methods used for beneficiation of ores are case differences in such
properties of ores and gangue as colour, lustze, siensity, and wettability by
water or oil. The simplest method of ore benefiomtonsists of hand picking of
ore particles, which is based on difference in enldustre or shape and size of
ore particles and gangue. Hand picking can be adoipt areas where labour is
cheap. However, this method is outdated and istipegt only in very specific
cases when other methods are not possible, emy, fieking of diamonds from
gravel and clay. Important methods of beneficiabbores are gravity separation,

magnetic separation and froth flotation, which wk mow discuss in brief.

5.3.1 Gravity Separation

This is one of the simplest methods of concentnatibores. It is based on the
difference in the specific gravities of the ore agghgue. In this method, the
crushed ore is kept on top of a sloping table, tvlisccmade to vibrate. A stream
of water is passed in the direction perpendicudahe slope. The lighter particles
are thrown up by vibration and are removed by tlaewstream. The heavier
mineral particles settle to the bottom and areect#ld. This method of gravity
separation is known dabling. Casseterite or tin-stone, chromite and pitchl#end

are concentrated by this method.

A modification of the above method snk and float method. In this, the
powdered ore is suspended in a liquid whose spegifavity is intermediate
between the densities of gangue and the ore. Bhéel material floats and the
heavier material sinks. In this method, the difitigus in finding a liquid of the

proper specific gravity. A solution of calcium chite in water is often used.
Suspensions of sand in water giving liquids of gpmegravities up to 3.2 are also
used. However, due to technical problems this ntketi® rarely used in

concentration of low grade ores, but it is widebed in cleaning coal.
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5.3.2 Magnetic Separation

This technique is based on the difference in magpebdperties of minerals. If the
ore but not the gangue is attracted by a magnielid, fit can be concentrated to
yield a sample which is rich in the metal. The puised mineral is passed over a
rubber belt which moves on a pully in a magnetadfi(Fig. 5.1). The non-
magnetic gangue patrticles fall off in a vertirlespion when the belt passes over
the pully, but the magnetic ore clings to the balhen the belt passes out of the
influence of the magnetic field, the ore drops dffagnetite (FgD,), haematite
(Fe0s3), wulframite (FeWO4), chromite (FeQr,0O3) and ilmenite (Fe@iQy) are
some of the minerals which are separated from nmagnetic impurities by this
method.

Fig. 5.1: Magnetic separation of ores

5.3.3 Froth Flotation Process

Froth flotation process is the most important métiar beneficiation of ores.
This process has made possible the beneficiatidavofgrade ores which could
not be processed earlier. The process of frothatitmt is widely employed to

concentrate sulphide ores. However, many oxide aaasalso be concentrated by
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this process. It is based on the difference in abdity of different minerals. In
this process, the ore is finely ground to give &kihpulp containing 30-40%
solids. A small amount of pine oil, oleic acid aresylic acid, which cause
frothing, is added to the pulp. A substance, whicleapable of repelling water
from the surface of mineral and thus promotes httent of mineral particles to
air bubbles is also added to pulp. This substamoalied collector. Sodium ethyl
xanthate, gHsOCSNa, is commonly used as a collector in floatingpep lead

and nickel sulphide ores. Another substance calt#ivator, which helps in the
action of collector can also be added. The entméemnal, i.e. the mixture of pulp,
frother and collector, is taken in a container #imeh air is blown. Air bubbles
adhere to the mineral particles and make them ftotite form of a froth which is
collected. The gangue is wetted by water and diRks 5.2).

Fig. 5.2: Froth flotation process for concentration of sulphide ores

Some ores contain more than one mineral, so sepam@itone mineral from the
other in addition to separation from the ganguedsessary. To achieve this, a
depressing agent atepressor, which suppresses the notation of one of the

minerals is added. An important example is the eatration of lead-zinc ore. If
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the ore is concentrated without a depressor, laatth &nd zinc sulphides collect in
the froth. If a small amount of sodium cyanide orczsuphate is added, zinc
sulphide is depressed, permitting flotation of lsatphide. After removing lead
sulphide, copper sulphate is added to activatel#peessed zinc sulphide and air
is blown when zinc sulphide floats. This methodkisown as differential
flotation.

SAQ 2

What method can he used for beneficiation of thieviong?

0] Haematite ...
(i) (O 1T (=T (=
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5.4 REDUCTION TO METALS

After removal of the gangue, i.e. impurities phgdliz mixed with the metal
compounds, the concentrated ore becomes readyhéorsblation of metal. In
concentrated ore, the metals are present in thm fof their compounds.
Extraction of metals involves the reduction of nhetampounds to free metals. In
general, depending upon the reactivity of metalksirtcompounds can be reduced
by one or more than one of the three types of hoetgtal operations. These
operations are pyrometallurgy. hydrometallurgy afettrometallurgy, which we
will discuss in brief in this section.

5.4.1 Pyrometallurgy
In pyrometallurgy, the concentrated ore is heatdthigh temperature and

reduction is done with a suitable reducing agehe ifferent steps involved in

pyrometallurgy are calcination, roasting and smgltiThe concentrated ore is

127



converted into the metal oxide by calcination oasting, if it does not already
exist as an oxide. This is because other metal oangs like sulphides,
sulphates, carbonates, etc. are difficult to reddgeally, the metal oxide is
reduced to metal by smelting.

Calcination

This is the process of heating the concentratednogelimited supply of air to a
high temperature but below the fusion temperatune.calcination, volatile
constituents of an ore are expelled. Hydroxide laydtated ores lose their water
forming metal oxides. In case of carbonate oredyaradioxide is lost and metal
oxides are formed.

1500K
A|(OH)3 > Az + 3H,O
1300-1500K
CaCQ » CaO+CQ
Roasting

Roasting is the process of heating ores in theepgesof excess air and involves
oxidation. It is mostly applied to sulphide oresjieh are converted to oxides or
sulphates. Some impurities like sulphides of acsemd antimony also get
oxidised and volatilised. For example,

4FeS+ 110G » 2Fe0;+8SQ
ZnS + 20, » ZnSQ

2Zn0O + 3Q » 27n0 + 2S5Q
2As5S; + 90 » 2As203 +6S02
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When cuprous sulphide is roasted in a limited sypphir, it is partially oxidised

to CwO, is then reduced to copper by the remaining augpsalphide:

2CbS +3Q — > 2Cuy0 + 2SQ
CwS + 2CYy0 — > 6Cu + S

Sometimes, the oxides formed during roasting astalnle and decompose into
elements at a moderately high temperature. For pbanin the roasting of

cinnabar, the red sulphide ore of mercury, the etatrmed decomposes to give
the metal:

2HgS + 3Q ———— 2HgO + SG

800 K
2HgO ————> 2Hg+ Q@

Smelting

The roasted ore, which is usually an oxide, isrgjlp heated with a suitable
reducing agent as a result of which the metal iminbd in a molten state. This
process is calledmelting. In smelting, a suitable chemical substance cdlled

is also added. The flux reacts with the gangue rématins after concentration to
form a low melting compound callesthg The liquid metal and the liquid slag are
immiscible and are easily separated. Usually tlagy & lighter than the liquid

metal and can be easily skimmed off from the serfaicthe molten metal. The
gangue generally contains either basic oxides Gk®, FeO, etc., or an acidic
oxide like silica. When the gangue contains a baside, the flux used is an

acidic oxide like silica. For gangues containingaaidic oxide, a basic flux like

FeO, CaO or lime stone is added.
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Si02 + CaO——  CaSiO3
SiO; + FEO————> FeSi@

You have studied under roasting that HgO can bacexti to mercury by simply
heating it to 800K — a temperature which can bevearently managed. Most
oxides can be reduced to free metals by thermabrdposition at very high
temperatures, but then the process becomes vegnsixe. However, by using a
suitable reducing agent, reduction of metal oxics be achieved at much lower
temperatures. The choice of a reducing agent ideguby two considerations.
First, the reducing agent should be able to prodbeedesired metal at a low
temperature. The second consideration is the ddbeaeducing agent. It should
be less expensive than the metal to be producedbo@an the form of coke is the
(east expensive reducing agent. Iron, zinc, tiadeadmium, antimony, nickel,
cobalt, molybdenum and many other metals are pextiby carbon reduction of
their oxides at temperatures up to 1800K. For exejrginc oxide is reduced to

zinc:

ZnO(@s) + C) —»  Zn(@) + COQ)

However, the reactions that occur in a high tentpegacarbon reduction process
are not as simple as represented above. In mass,dhe effective reducing agent
is carbon monoxide, not carbon. This is because that metal oxide and coke are
solids, therefore, contact between them is poordamedt reaction is slow:

MO(s) + C§) —— > M() + COQ)

However, carbon monoxide, which is a gas, makesttetcontact with the solid

metal oxide and the reaction proceeds more readily:

2C(s)+ O)(g) ———» 2CO(Q)
MO(s) + COg) —————» M(l) + COx(Q)
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This aspect will be discussed further when we diesaxtraction of iron later in
this unit.

Some metals such as Cr, Mo, W, Ti, Mn, Mg, Al, etcan be produced
theoretically by reduction of their oxides with lsan, but they react with carbon
to produce metallic carbides. Therefore, reductwith carbon is not a
satisfactory method for producing these metals put@ form. Hydrogen, though
more expensive than carbon, is used as a reddotagtraction of some of these

metals, e.g., Ge, Mo and W:

GeQ + 2H,———» Ge + 2HO
MoOs; + 3H, ——» Mo + 3H0
W03 + 3 ——» W + 3H,0

However, many metals combine with hydrogen alsdoton metal hydrides.
Therefore, hydrogen also cannot be used for thectemh of compounds of such
metals. Highly reactive metals like Na, Mg, Ca #@idare used to displace these
metals from their oxides or halides. These reactetals are comparatively more
expensive reducing agents because they themsefeeslifficult or costly to
prepare. The reduction of an oxide by aluminiumcaled Goldschmidt's

aluminothermic process

Cr03(s) + 2AI) ——— 2Cr() + AlLO4(1)
3MnOy(s) + 4Al(s) — 3Mn() + 2A1,04(1)
3Ba0g) + 2Al(s) — 3Ba() + AlO5(l)

The reactions are highly exothermic producing nsetalthe molten state. You
have already studied in Unit 6 that the reactiofr®@D3; with Al is used in spot
welding of iron pieces. Other oxides commerciakygluced by metals include
UOs (by Al or Ca), \LOs, MoO; and WQ (by Al), S¢0s, La0s, ThO, (by Ca)
and TaOs (by Na).
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Some metals can be more conveniently produced dhyction of their halides
such as TiGl ZrCl,, HfCl,; LaCl, LaCk, UF,, etc., by Mg, Ca or Na. This
process is known dsroll's process.

1000 K
TiCl4(g) + Mg(l) — Ti(s) + 2MgCh(l)
He or Ar

The most reactive metals, which cannot be redugeanly other reducing agent,
are prepared by electrolytic reduction of their poonnds in molten state.
Lithium, sodium, magnesium and aluminium are preduy this method. These
metals arc too reactive to be liberated by elegsislof an aqueous solution. We

will discuss electrometallurgy later in this sentio

Before we discuss the thermodynamics of the redngirocess, you may like to
attempt the following SAQ.

SAQ 3

(a) What are the criteria of selection of a gocatlireg agent for extraction of

metals?

(b) Why is carbon reduction not used to obta&rnain metals from their ores?
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5.4.2 Thermodynamics of Reduction Process

As you have read above, metallurgy of most metalslves reduction of their
oxides. The nature of the reduction process depepas the ease with which the
oxide can be reduced. Some oxides are so easiligeddhat they decompose just
by heating at relatively low temperatures. For epl@n Priestley, in his
experiments on oxygen produced metallic mercury exyglyen from mercuric
oxide by simply heating it with sun light. When dight was focused on HgO by
means of a magnifying glass, it decomposed spooteshe according to the

equation:

2HgOE) —*> 2Hg@) + O(9)

The practicality of producing a free metal by thalmdecomposition depends on
the extent to which the reaction proceeds to cotigpiat a given temperature. As
you know, the feasibility of the reaction is govednby the free energy change
taking place during the reaction. Whe@° for a reaction is negative, the reaction
is feasible from a practical stand point becaugeifsitant amounts of products
will be formed. You know that the standard freerggechange, G°, is related to
the standard enthalpy changeH®, and the standard entropy changes’,

according to the following equation:

G= H-TS

In other words, the sign and magnitudes &f° and S’ control the sign and

magnitude of G°. Let us look little deeper into this relationship

Since in the decomposition of an oxide, oxygenrapced in the gaseous form
and sometimes the metal may also be produced iowdprm, the process occurs
with a sizeable increase in entropy, s& will be positive. Enthalpy of

decomposition, H°y is simply the negative of the enthalpy of formatiinthe
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oxide, H°% Since H°% is generally negative for metal oxides, enthalgy o
decomposition will be positive. As a result, thgnsof G° is determined by the
difference between two positive quantitiedd® and T S°, T the absolute

temperature being always positive.

From the above, we can deduce that if the enthafpfprmation of the metal
oxide is small as in case of HgO, Ay CuO and ApOs, then the enthalpy of
decomposition will be a small positive quantity an@°, which is given by the
difference of H° andT S°, will become negative at relatively low temperatures
These oxides are said to have relatively low théstabilities. On the other hand,
if the oxide has a large negative enthalpy of fdaroma then the enthalpy of
decomposition of the oxide will be a large positipgantity. As a result, the value
of G° will become negative at a very high temperaturene T S° becomes
larger than H°. Thus, the metal oxide would be stable with respe thermal
decomposition. In order to decompose such a meddepit would have to be
heated to a. very high temperature at which cosbines prohibitive. Thus,
knowledge of how the standard free energy change’, for the reduction

reaction varies with temperature is very important.

Ellingham Diagrams

Ellingham studied the variation of standard freergg change for the formation

of a number of compounds, e.g., oxides, sulphidad ahlorides, with
temperature and plottedG® against temperature. Such diagrams showing the
variation of G° with T are called Ellingham diagrams after his name. &d s
above, G°isrelated to H°, S’ andT according to the following equation:

G® = H°-T S

You also know that for most of the chemical reawio H° and S do not

change significantly with temperature and can lgamded as constant. Thus;®
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plotted againstT gives a graph of constant slope, which is equal 8. But, due
to abrupt changes inS’, breaks in the graph occur at temperatures athwhi

reactants or products melt or boll, i.e., undergage change.

Fig. 5.3 shows the Ellingham diagrams for the fdramaof metal oxides from
free elements. By examining the Ellingham diagrantlie formation of an oxide,
we can find out the temperature at which the stahftee energy change for the
reaction will become positive. For example, consithe G° /T graph (Fig.4.3)

for the reaction of zinc with oxygen:

2Zn(@) + O(g) — 2Zn0§f)

Fig. 5.3: Kllingham diagram showing the variation of the free energy of

formation of metal oxides with temperature
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At 273 K, the value of standard free energy chdiogehis reaction is -600 kJ,
which becomes less negative as temperature riseewntually at 2173 K. it
becomes zero. Above this temperatur&;’ will become more positive, therefore
ZnO will spontaneously decompose to zinc and oxydéis behaviour is typical
for all elements except carbon; at sufficiently hitemperatures the oxides

become unstable relative to their constituent elgme

With the help of Ellingham diagrams, we can find the standard free energy
changes for a large number of reactions. For exanpé can read off from the
diagram the standard free energy changes for tl@viog two reactions at 298

K:

2C(s) + Q(g) ——»2COg): G° = -275KJ .. (4.1)

27n0) —— 27Znf) + O(g): G° = +640 KJ . (4.2)

You may note that the standard free energy chan@®i 15.2 is positive because
it represents the decomposition of zinc oxide. @direg above two equations and
respective G° values we get.

27n0@) + 2Cg) ——> 2ZnE) + 2COQ): G° = +365 KJ

Because the standard free energy change for theeaeaction is positive, the
reaction has little tendency to occur at 298 K.c8jntwo moles of gaseous
product, i.e., CO, are produced during the reactid@i is positive. Therefore,
G° decreases with increase in temperature and vatioine zero at some
temperature. In this particular case, AG' beconaes at 1173 K as can be seen
from Fig.5.3. This temperature corresponds to thatpf intersection of the two
graphs for C/CO and Zn/ZnO systems. Above this sratpre, G° will become

negative. Therefore, carbon will reduce zinc oxafbeve 1173 K - a temperature
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1000 K lower than the temperature of thermal deamsijpn of zinc oxide.
Similarly, with the help of Ellingham diagrams n/ZnO and H/H,O systems,
we can find out that Hwill reduce ZnO at a temperature, of 1400 K. Since
reduction of ZnO with carbon, which is also mucleaber than hydrogen, can be
carried at a lower temperature, it is clear thauotion using carbon is much

more economical than reduction using hydrogen.

Ellingham diagrams are very useful for finding dbe temperature at which
appreciable reaction occurs. The lower ti&° /T graph of an element is on the
diagram, the more stable its oxide is relative igsatiation into element and
oxygen. Such elements will reduce the oxides oémo#lements whoseG® /T
graph appears above them on the diagram at a ¢g@reperature. As we have
seen above, carbon reduces ZnO above 1173 K, bowvEL73 K zinc will
reduce CO. Since theG° /T graph of C/CO system slopes downwards, it will
eventually he below all oilier graphs at sufficigritigh temperatures. Therefore,
theoretically carbon will reduce all oxides. Buffidulties in obtaining very high
temperatures cheaply and the formation of carbpdegent the preparation of the
more electropositive metals by this method. Itlsoalear from the Ellingham
diagrams that hydrogen can be used as a reduceny &y the oxides of those
elements whoseG° /T graphs are above that of hydrogen in the diagramsT
hydrogen can reduce the oxides of tungsten, leatnany, copper, nickel, zinc

and cadmium.

Figure 5.4 shows the Ellingham diagram for sulphidévarious elements. You
can see from the diagram that carbon and hydrogemat effective reducing
agents for metal sulphides. Therefore, sulphidediest roasted in air to convert

them to oxides, which are then reduced.
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Fig. 5.4: Ellingham diagram showing the variation & the free energy of

formation of metal halides with temperature

The Ellingham diagram for chlorides is shown in Bi. It can be considered
from the diagram that carbon is useless as a radufdr chlorides, but hydrogen

can be used for this purpose, specially at high@iperatures.
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Fig 5.5: Ellingham diagram showing the variation ofthe free energy of formation of metal halides with

temperature.

SAQ 4

Explain briefly why carbon is theoretically capaloereducing almost all metal
oxides at high temperatures. From the Ellinghangrdims shown in Fig 5.3
compute the temperature of reduction of MgO, CaO,and ALO; by carbon.

5.4.3 Hydrometallurgy
The principal application of hydrometallurgy is the case of low grade ores,

which cannot be concentrated economically. In pnecess, the powdered ore is

first treated with an aqueous solution of a suéatiiemical whereby the metal is
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obtained in the form of its soluble salt leavinghinel gangue panicles. This

process is called leaching. Some examples of lagdre given below:

Low grade oxide, carbonate and sulphide ores opeopre treated with dilute

sulphuric acid in the presence of oxygen:

CuO + SOy ———  CuSQ+ HO

CuCx + SO, —— > CuSQ+ CO + HO

CwOS + 2HSO; + 20, — 2CuSQ + SG + 2H,0

When the silver ore, AgCl, is treated with an aguesolution of sodium cyanide,
AgCl dissolves in it due to the formation of Na[A&N),]:

AgCl + 2NaCN— NaJAg(CNy + NaCl

Sulphide ore, AgS, dissolves only slowly as the reaction is re\mesi

AQ,S + ANaCNg=——— 2Na[Ag(CN) + Na&S
If air is passed through this solution, sodium budp is oxidised to sodium
sulphate and the forward reaction goes to compiadissolving all the sulphide
ore. In the presence of air, native silver is disached out in the form of
Na[Ag(CN)):

4Ag + 8NaCN + 2HO + 02— 4NaJAg(CNj + 4NaOH

The leached out metals are recovered from theisoleither by precipitation on

treatment with a more electropositive metal or lgcteolysis. For example,
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copper can be recovered from its solution by addiegals like Fe, Al, etc. Silver

is obtained from its solution by treatment with @nAl:

CuSCQ+Fe ——» Cu+ FeSP

2Na[Ag(CN)] + Zn — 2Ag + Na[Zn(CN)4]
Alternatively, the dilute solution can be concetddaand then electrolysed to
obtain pure metals. From leached solution of coppess, copper is often
recovered by electrolysis of the solution. In alglgsis the anode used is of lead
alloy and the cathode is of a pure copper sheeen\trect current is passed
through the solution, copper gets deposited on od&th Sulphuric acid is
generated during electrolysis which is recycledldgaching of ore. Following
reactions take place during electrolysis:

Anode:2HO ——— » Q(g) + 4H'(aq) + 4e

Cathode: Cti (ag) + 26 ———» Cug)

2-

2H" (ag) + SQ(ag) —— H.SOu(aq)
5.4.4 Electrometallurgy
The above two metallurgical processes, namely pgtallurgy and
hydrometallurgy can be used in the extraction tdidy large number of metals.

These methods, however, cannot be used in cases:

. where the metal is highly reactive, e.g., Na etc. There are not any

chemical-reducing agents strong enough to prepasetmetals
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. where the oxide gets reduced only at veghhiemperatures at which

formation of carbides also takes place, e.g., Ad, Btc.

In these cases, metals can be extracted by el @f their salts in molten state.
Thus, sodium and magnesium are prepared by elgsisobf fused chlorides,
where the metals are liberated at the cathode hlwdiree gas is evolved at the

anode (Fig. 4.6). Following reactions take placerdyelectrolysis:

Anode: 2C1 — > Cly(g) + 2e

Cathode: 2Na+ 2e — 2Nal

Mg** + 2e—— Mg()

Fig. 5.6: Electrolysis of molten sodium chloride

In theory, aluminium metal could be made the samay.wBut, aluminium
trichloride is covalent and it does not conductceleity. As you will recall
aluminium is obtained by electrolytic reductionadfimina in fused cryolite at 1
100-1300 K using carbon anode and iron cathodectiBlgsis yields aluminium
at cathode and 62 at anode which reacts with caxbproduce C@Ihe reactions

at electrodes are:
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Anode: 26" —————> Oy(qg) + 4e
C(e+0(g) — > COx(9)
Cathode: A" + 3e ——> Alp)

Before we discuss the various methods for puriicatof metals, try the
following SAQ.

SAQ 5

Explain briefly which metals are produced commélgily the electrolysis of

agueous sail solutions and (b) molten salts

5.5 PURIFICATION OF METALS

The metals obtained by metallurgical processe$ atihtain some impurities
which persist from the ore or are derived fromfthe or the fuel used. In order to
get pure metal, further purification or refining mecessary. There arc several
methods available for purification, depending uglma nature of the metal and the
type of impurities present. Some refining procesaes designed to recover
valuable metal impurities also, such as, goldesiend platinum. These methods

of refining are as follows:
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5.5.1 Liquation

Crude tin, lead and bismuth are purified by ligoatiln this method, the impure
metal is placed at the top of a sloping hearth taaied at a temperature slightly
above the melting point of the metal. The metal tsna@nd flows down the

inclined hearth into a well leaving behind the datnpurities.

5.5.2 Distillation

Metals with low boiling points, such as zinc, cadmi and mercury can be
purified by distillation. The distillation is usugl carried out under reduced

pressure to enable boiling of the metal at lowserature.

5.5.3 Electrolysis

In electrorefining, the impure metal is taken asdhode and a strip of pureetal
coated with a thin layer of graphite is made the cathadem electrolytic cell.
The electrolyte is an aqueous solution of a sathefmetal. On electrolysis, the
impure metal from the anode goes into solution enadal ions are reduced and
get deposited on the cathode. Only weakly elecsitpe metals like copper, tin
and lead which are readily oxidised at the anodkraduced at cathode can be

purified in this manner. A general reaction cawlogten as follows:

M(impure)}———» M"(aq) + e, at anode

M"™ (ac) + ne — M (pure), at anode

Other impurities in the metal settle down as anode or remain dissolved in the

solution. In the case of electrolytic refining afpper, an impure copper rod is
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made the anode, pure copper strip the cathode @okc sulphate solution the

electrolyte (Fig.5.7). The following electrodeactions take place:

Fig. 5.7: Purification of copper by electrolysis

Cu(s) —» CUf* (ag) + 26, at anode

CU** (ag) + 2e— Cu$), at cathode
Thus, 99.95% pure copper is obtained in this pmcébe more reactive metals
such as iron, which are present in the crude cop@peralso oxidised at anode and
pass into solution. The voltage is so adjustedttiey are not reduced at cathode
and thus remain in solution. The less reactive Imetach as silver, gold and

platinum if present, are not oxidised. As the copgeode dissolves, they fall to

the bottom of the cell from where they are recostexg a valuable anode mud.

5.5.4 Zone Refining

This method is used to obtain metals of very highitp. The basic principle

involved in this process is similar to fractionaystallisation. A small heater is
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used to heat a bar of the impure metal. The hea¢ttis a small band of metal as
it is slowly moved along the rod. As small bandsnoétal are thus melted
sequentially, the pure metal crystallises out efrielt, while impurities pass into
the adjacent molten zone. The impurities thus cble the end of the bar. This
end can be cut off and removed. High grade germarmind silicon are obtained

by purifying them by zone refining (Fig.

Fig. 5.8: Diagram for some refining

5.5.5 Parke Process

Parke process for refining lead, which is also aceatration method for silver,
relies upon the selective dissolution of silvemiolten zinc. A small amount of
zinc, 1-2% is added to molten lead wh.ch contailversas an impurity. Silver is
much more soluble in zinc than in lead; lead amd zre insoluble in each other.
Hence, most of the silver concentrates in zinc,clvliomes to the top of molten
lead. The zinc layer solidifies first upon coolinidgj;is removed and silver is

obtained by distilling off zinc, which is collecteshd used over and over again,

5.5.6 Van Arkel de Boer Process

This method is based on the thermal decompositienvolatile metal compound

like an iodide. In this method, first a metal ioglics formed by direct reaction of
iodine and the metal to be purified at a tempeeatifr475-675 K in an evacuated
vessel. The vapours of metal iodide, thus formechaated strongly on a tungsten
or tantalum filament at 1300-1000 K. The metal deddecomposes to yield the

pure metal, as in the case of zirconium.
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473-673K 1300-1800K
Zr(s) + 2 (g) — > Zrly(g) > Zr§) + 2x(Q)

Tungsten filament

Titanium is also purified by this method. The impunetal is heated with iodine

and TiLt thus formed is decomposed by heating B0 over tungsten filament:

1700K
Ti(s) + 2L () —>  Til4(Q) > Tif) + 2Ix(Q)
Tungsten filament

The regenerated iodine is used over and over agdiis process is very
expensive and is employed for the preparation roftéid amounts of very pure
metals for special uses.

5.5.7 Mond Process

Some metals are purified by obtaining their vatathrbonyl compounds which
on heating strongly decompose to yield pure méuatification of nickel is done

by this method. Impure nickel is reacted with carleonoxide at 325 K to give

volatile nickel carbonyl leaving solid impuritiegtind. Pure nickel is obtained by
heating nickel carbonyl at 450-475 K:

325K 450-475 K
Ni(s) + 4CO) ———»  Ni(CO)g) —— > Ni) + 4COg)
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SAQ 6

List the various methods employed for the refinifigrude metals.

5.6 ISOLATION OF SOME IMPORTANT TRANSITION METALS

In the preceding section of this unit, we have uksed the basic principles and
processes involved in the extraction of metals.this section, we will now
describe the extraction of some important transitieetals of the first transition

series.

5.6.1 Titanium

Titanium, which comprises 0.63% of the earth's grigsthe ninth most abundant
element. Titanium has many useful properties. kgsstrong as steel, but only
about 60% as dense as steel. It is also highlgtesdito corrosion. Major uses of
titanium are in aircraft industry for the productiof both engines and airframes.

It is also widely used in chemical processing amdine equipment.

The two most important ores of titanium arc rutifé), and ilmenite, FediO,,
India possesses large reserves of ilmenite in beaectls of south and south-west
coasts while deposits of rutile are limited. Titaniis extracted from these ores
by Kroll process. In this process, rutile or ilntenore is first heated with carbon
at 1200 K in a current of chlorine gas:

1200K
TiO+ C+2CL — TiCL+ CO

1200K
2FeOTiO,+6C +7C4 — » 2TiCly + 2FeC} + 6CO
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Titanium tetrachloride is separated from Fe&id other impurities by fractional
distillation. As titanium reacts with nitrogen agh temperature, TiGlis reduced

with molten magnesium in an atmosphere of argon:

1225- 1400K
TiCl, + 2Mg » Ti + 2MgC}

1225- 1400K
TiCls + 4Na » Ti+ 4NaCl

Magnesium chloride and excess of magnesium are veanby leaching with
water and dilute hydrochloric acid leaving behifirium sponge. Titanium
sponge after grinding and cleaning with aqua regianelted under argon or
vacuum and cast into ingots. In place of magnesaodjum can also used as a

reducing agent in this process.

5.6.2 Chromium

Chromite, FeCCr,0s, is the only commercially important ore of chromiuln

order to isolate chromium, the ore is finely povetktand concentrated by gravity
process. The concentrated ore is mixed with anssxoé sodium carbonate and
roasted in the presence of air so thaiGgmpresent in the ore is converted into

sodium chromate:

4FeOCr03 + 8NgCO; + 70, ——— » 8NaCrO4 + 2Feg0O; + 8CO

The roasted mass is then extracted with watesCN2y goes into solution leaving
behind the insoluble F®; The solution is treated with sulphuric acid to went

the chromate into dichromate:
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2NaCrO4 + HLSO, ———»NaCr,0O7 + NaSO, + HO

The solution is then concentrated when the lessb#®INa2S04 crystallises out
leaving more soluble N&r,0y7 in solution. The solution is further concentrated

get crystals of N&r,O;, which are heated with carbon to yield chromiurndex

NaCr,07 + 2C — CpOs + Na2CQ@+ CO

Chromium oxide is then reduced with aluminium bynainothermic process or
by heating with a calculated quantity of silicontire presence of calcium oxide
which forms a slag of calcium silicate with silica:

CroOz + 2 Al———»2Cr + ALO;

2Cnr0s + 3Si + 3Ca0— 4Cr + 3CaSiQ

5.6.3 1Iron

Iron is the second most abundant metal, alumini@ndthe first, constituting
5.1% of the earth's crust. Haematite;J% containing 60-64% of iron is the most
important ore of iron. Other ores of iron are mdgee FgO, limonite,
Fe,0O33H,0 and siderite, FeCOlIron pyrites, Fes which occurs abundantly is
not used as a source of iron because of the diffiou removing sulphur. A good
proportion of the world's high grade iron ore re@ssrare located in our country in

Orissa, Bihar, M.P., Karnataka and Goa.
Iron ores are of high grade. Therefore, generdify dares are not concentrated.

The ore is crushed into process, about 2 to 10rceize and then washed with

water to remove clay, sand, etc. The ore is tadoined or roastedin air when
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moisture is driven out, carbonates are decomporddoeganic matter, sulphur
and arsenic are burnt off. Ferrous oxide is alsoveded into ferric oxide during

this process:

Fe033H,0 ——» FeCO; + 3H,0

2FeCQ ——— > 2FeO + CQ

4FeQ + O, ———» 2Fe0;

In the iron ore, the chief impurities are of siliaad alumina. To remove these,
lime stone is used as a flux. The calcined or emhstre is thersmelted, i.e.,
reduced with carbon, in the presence of lime stituse Smelting is done in a
blast furnace shown in Fig. 4.9A modern blast furnace is a tall vertical furnace
about 30 metre high and 9-10 metres.in diametés atidest part. It is designed
to take care of volume changes, to allow suffictene for the chemical reactions
to be completed and to facilitate separation off $tam the molten metal. The
outer structure of the furnace is made from thiglelsplates which are lined with
fireclay refractories. The furnace at its basere/ged with (i) small pipes called
tuyeresthrough which hot air is blown, (ii) @pping hole through which molten
metal can be withdrawn and (iii)séag holethrough which slag flows out. At the
top, the furnace is provided with a capd cone arrangement for introducing

charge,i.e., starting materials in the furnace.

The culcined or roasted ore mixed with coke andelistone is fed into the
furnace. The

furnace is lit and a blast of hoi air is passedulgh the tuyeres. Coke hunts in the
bottom of the furnace to form GQiberating large amount of heat, which raises

the temperature to 2200 K:

C+Q —* C@ H=394kJ
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As the hot gases rise, G@eacts with additional coke to form CO which i th
active reducing agent. As this reaction is endaotiertemperature drops to 1600
K:

CO,+C—»2CO; H=173kJ

Fig. 5.9: A blast furnace

The reduction of iron oxide takes place in a sedksteps. At the top of the

furnace, where temperature is around 800 KOk reduced to R©,

3Fe0; + CO———— 2Fg0, + CO,
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On descending below, where temperature is aroub@01K. FgO;, is reduced to
FeO:

F&Os+ CO—> 3FeO + C®

Near the middle of the furnace at a temperatui@aind 1300 K, FeO is reduced

to iron:

FEO+ CO——>» Fe+CO

In this region, lime stone decomposes to form Ca@@O. CaO then reacts with
SiO,, AlL,O3 and RO, to form liquid slag:

CaCQ@ —» Ca0+CQ

CaO + SiQ —»CaSiQ

CaO + AbLOs—>Ca(AlOy):

6Cal + RO —P2C@(PO4)2
Iron produced is in the solid state up to this temafure. It is porous and is known
as spongy iron .But as the spongy iron drops dowthér through the hotter
portions of the finance, where temperature is adoLi®00 K, it melts, absorbs
some carbon, phosphorus, sulphur, silicon and nmeasga and collects at the
bottom of the furnace. Slag being lighter floatstop of the molten iron. The

molten iron withdrawn from the furnace is known g iron. The molten pig

iron can be poured into moulds to prodgest iron.
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Composition of pig iron or cast iron varies widelyt on an average it contains
92-95% Fe, 3-4.5% C, 1-4% Si, 0.1-2% P, 0.2-1.5%avid 0.05-0.1% S. Cast
iron melts at 1473 K. Due to the presence of int@msj cast iron is hard and
brittle. It is so hard that it cannot be welded aini$ so brittle that it cannot be
shaped into articles by hammering, pressing oingliCast iron is quite cheap
and is used for making drain pipes, fire-grateBwegy sleepers, radiators, lamp

posts etc., where economy is more important thamgth.

Wrought iron is the purest form of iron containi®gl0-0.25% carbon and
impurities of Si, P, S and Mn not more than 0.3¢4s Iprepared by heating pig
iron in a reverberatory furnace lined with haeneatiiaematite oxidises C, Si, P,
S and Mn to CO, Si§) P,Os, SO, and MnO, respectively. Thus MnO combines
with SiO, to form a slag of MnSi@and so does K3 with P,Os to give a slag of
FePO4. Wrought iron is soft and malleable but wengh. It can be easily welded
and forged. Its melting point is 1773 K and is s&sit to corrosion. It is used to
make anchors, wires, bolls, chains and agricultangalements. Owing to its high

cost it has been replaced by steel.

5.6.4 Nickel

Nickel is the twenty-second most abundant elemerthé earth's crust. Nickel

occurs in combination with sulphur arsenic and raatiy. Important ores of

nickel are:

. Pentlandite — a nickel and iron sulphidej, (RepSs, containing about
1.5% nickel. It is found mainly in Sudbury, Canadéis is also called

Sudbury ore.

. Garnierite — a double silicate of nickel danmagnesium,
(Ni,MQ@)6S14010(OH)g containing upto 8% nickel.
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. Pyrrhotite — an iron mineral, f®.1, also contains 3-5% nickel.
. Kupfer nickel, NiAs.
. Nickel glance, NiAsS.
Pentlandite is the principal ore of nickel. The aflergy of nickel involves
several complicated steps but the basic principl®aichange nickel suphide to
nickel oxide and then reduce it with water gasebtje metal.
Pentlandite ore is crushed and subjected to frdtiation process. The
concentrated ore, which consists of FeS, NiS anfl, @uroasted in excess of air.
The FeS is converted into FeO, whereas NiS and r€afin unchanged. The
uncombined sulphur, if present, is also oxidise8@:
2FeS + 3Q —— 2FeO + 2SQ
S+@———SO,
The roasted mass; is mixed with silica, lime stand coke and is smelted in a
blast furnace. Thus FeO combines with Si® give FeSi@ and CaO formed by
decomposition of lime stone reacts with excessiO; $ form CaSiQ. CaSiQ
and FeSi@both form slag, which being lighter floats on thelten mass:
CaCQ———Ca0O +CQ

CaO + SiQ——» CaSiQ

FeO + SiIQ —— FeSiQ
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The slag is continuously removed. Molten mass nomtains impure sulphides of
nickel and copper and some iron sulphide. It i$edamatte. The matte is heated
in a Bessemer converter, which is fitted with t@gerfor passing hot air in
controlled manner. The remaining iron sulphideaswerted to iron oxide which
is slagged off as FeSiOThe bessemerised matte consisting of NiS and iI€uS

roasted again to convert sulphides into oxides:

2Nis + 3Q—2NiO + 2SQ

2CuS + 302——— 2Cu0O + 250

The mixture of oxides is treated with sulphuricda@t 350 K, when CuO
dissolves to give CuSO4, while NiO remains una#dcResidue of NiO is dried

and reduced with water gas to give crude nickel:

2NiO+ H, + CO— 2Ni+ HO + CQ

Crude nickel containing iron and copper as impesitis purified by Mond

process.

5.6.5 Copper

Copper is found in both the native as well as thalaned slate. Native copper is
found in USA, Mexico, USSR and China. Native copise®9.9% pure, but it is
only a minor source of the metal. In the combintades copper is found mainly as
the suphide, oxide or carbonate ore. Copper oausslphide in chalcopyrites or
copper pyrites, CuFe&nd in chalcocite or copper glance,,EuThe oxide ores
of copper are cuprite or Ruby copper,,Ouand malachite, Cu(OKLuCG.
Copper pyrites is the main ore of copper. Workat@posits of copper ore occur
in Khetri copper belt in Rajasthan and MosabaniRakha mines in Bihaf.
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For extraction of copper, the sulphide ore is catregéed by froth flotation

process and is then roasted in air when some suiphemoved as SO
2CuFeS+ O, —— > CuwS + 2FeS + S
The mixture of Cu2S and FeS thus obtained is stdgeto smelting with coke

and silica in a blast furnace. FeS is changedhef, which reacts with SiGand

is slagged off as FeSiC

2FeS + 3Q »2FeO + 2S©@

2Fe0 + SIQ—— FeSiQ

The molten mixture of G$ and remaining FeS is known asatte. It is
transferred to a Bessemer converter (Fig. 5.10)aahthst of hot air mixed with
silica is blown through the molten mass. As a tesekidual FeS is converted
into a slag of FeSi©and CuS is reduced to copper. The supply of air is so
adjusted that about two thirds of £&uis converted into GO. The two then react
together to give copper metal. The extra step kgl reduction with carbon is

thus avoided:

Fig. 5.10: A Bessemer converter
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2FeS + 3Q ——» 2FeO + 25@
FeO + SiQ —» FeSiQ

2CuwS +3Q — 2CuyO + 2SQ
2Cuw0 + CpS—>6Cu + S

The copper thus obtained is called blister copmebabbles of escaping $O
during cooling give it a blister like appearancéstér copper is about 99.0% pure
and is used as such for many purposes. If requitechn be further purified

electrolytically as described in the precedingisect

SAQ 7

Write the chemical equations for:

a) reduction of F€s in blast furnace

b) reduction of TiGlto Ti by Kroll process

C) reduction of CfO3 by aluminothermic process

d) reduction of NiO by watergas

5.7 ALLOYS

Metals have a property of combining with other rfeeta form alloys. An alloy
may be defined as a solid which is formed by a doatlon of two or more
metallic elements, but it itself has metallic prams. Most alloys are solid
solutions. For example, brass an alloy of copper anc is a solid solution of
zinc in copper. In brass some of the copper atdnfsce-centred cubic lattice are
randomly replaced by zinc atoms. Similarly, broarealloy of copper and tin. is
a solid solution of tin in copper. But not all aifoare solid solutions. Some

alloys, such as bismuth-cadmium alloys are hetereges mixtures containing
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tiny crystals of the constituent metals. Othershsas MgCy, are intermetallic

compounds which contain metals combined in defipitgortions.

The purpose of making alloys is to impart certadsichble properties to a metal.
For example, gold is too soft for making jewellefherefore, to make it hard, it
is alloyed with copper. Solder, an alloy of tin dedd, has a melting point lower
than that of both of its constituents. Pure irornsadt, ductile and it is easily
corroded. Stainless steel, an alloy of iron, chtominickel and carbon is tough,
hard and highly resistant to corrosion. Composgtiand uses of some important

alloys are given in Table 5.2

A solid solution is a solution in which a solidyiid or gas is dissolved in a soli+l.

Table 5.2: Composition, specific properties and useof some important alloys
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5.8 SUMMARY

Let us summarise what we have learnt in this unit.

. The earth's crust is the biggest source of me@atdy those metals which
are relatively inactive occur in the free or natstate. Metals which are
reactive are found in the form of their compounéte bxides, chlorides,

sulphides, carbonates, etc. mixed with impurities.
. Before the extraction of a metal, the econcentrated by mechanical

washing, magnetic or froth flotation process depemdpon nature of the

ore and impurities.
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5.9

Different ores of metals require differérgatment based on the reactivity

of the metal, i.e., pyrometallurgy, hydrometallu@yelectrometallurgy.

In pyrometallurgy, the concentrated oreasverted into the metal oxide,
by calcination or roasting, which can be easilyus=d to metal by

smelting.

In hydrometallurgy, the ore is heated watjueous solvents containing a
chemical reagent with a view to extracting the inhetathe form of a

suitable compound by leaching action.

Metals, oxides of which cannot be reducgdcérbon, hydrogen or even
other metals .can be obtained by electrolysis. k&l is liberated at the

cathode.

The metals obtained by the above metalbatgdorocesses can be further
purified by liquation, electrolysis, distillationzone refining, Parke

process, Van Arkel de Boer process and Mond process

Titanium, chromium, iron, nickel and coppean be isolated from

ilmenite, chromite, haematite, pentlandite and eogyrites, respectively.

Metals have the special property of comignivith other metals to form

alloys. Alloys can be given desired properties.

TERMINAL QUESTIONS

What is the difference between gangue and 3égfe balanced chemical
equations to show how the flux forms the slag inran blast furnace.

Why is it necessary to concentrate the oresrbedxtracting metals from

them?
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Why must metal compounds always be reducedxtiaat metals from
them?

Describe the froth flotation process for thaantration of ores.

Why is carbon a preferred reducing agent inroencial metallurgy?

Why are halide salts often used fur preparingateeby electrolysis in
moltenstate?

How is the impurity of iron sulphide rewed from copper ores?

Write balanced equation for the reductbreach of the following to the

metal:

a) FgO,4 with Al

b) URwith Ca

C) VCl, with Mg and
d) MoG; with Ha.

5.10 ANSWERS

Answers to Self Assessment Questions

1.

Metals occur in nature in the form of mineratber in the native state or
in the combined state. Earth's crust is the biggestce of metals. Some
metals in the form of their compounds are also goreén sea water and

some others in the form of nodules are lying attsexh

) Magnetic separation
i) Gravity method
iii) Magnetic separation or Gravity method

iv) Froth flotation process

a) A good reducing agent for eximatbf metals should possess the

following properties:
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)] It should be cheaper than the metal being preduc
i) It should be able to reduce the metal compisuto free
metal in a pure form at an experimentally manageabl

temperature.

iii) It should not combine with the metal beingpduced.

b) Carbon reduction is not used to obtain certaetals from their

ores because it can combine with them to produdealoarbides.

In the reduction of a solid metal oxide withlid carbon, gaseous carbon
monoxide is produced and in most of the cases neetdko produced in
the liquid or in the gaseous state. Therefore, rdtkiction occurs with
sizeable increase in entropy i.e$’ is positive. Although the standard
enthalpy of decompositionH°, of metal oxide is also a positive quantity,
the difference H°-T S° will become negative at a certain temperature,
thereby the standard tree energy chan@é will become negative. Thus,
theoretically, the metal oxide should be reducedrtetal. But practically,

if the temperature of reduction is top high and tietal is fairly reactive,

then the metal may combine with carbon to form inedebide.

For computing the temperature of reduction of Mg&DC TiG, and
Al;0O3 by carbon, draw perpendiculars from the point ¢éngections of
C/CO and M/MO graphs to the X axis and read theparature. You will
find that the temperatures of reduction are 193352 1865 and 2570 K,

respectively.
The ease with which a metal can be reduced tabda depends on its

reduction potential. The metals which have a higtegluction potential

than hydrogen can be commercially produced by relssis of their salts
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in agueous solution. For example, copper and Zrc.the other hand,

metals like Na, Mg, Al, etc., i.e., the metals whitave a lower reduction

potential than that of hydrogen are produced bytedbysis of their salts

in fused state. Because if aqueous solutions ¢ sdlthese metals are

electrolysed, hydrogen is liberated at the cathostead of the metal.

6. Various methods used for the refining of crudsats are:
)] Liguation
i) Distillation
iii) Electrolysis
iv) Zone refining
V) Parke process
Vi) Van Arkel de Boer process
vi)  Mond process
7 a) 3F©; + CO —» FgO, + CO,
Fe0, + CO— 3FeO + CQ
FeO + CO—— Fe + CO
b) TiCl, + 2Mg—— TiCl + 4Na
TiCl4 + 4ANa——— Ti + 4NaCl
C) CpO3 + 2A1— 2Cr + A}O3
d) 2NiO+ H+ CO—>2Ni + HO + CQ

Answers to Terminal Questions

1. Gangue is an unwanted impurity like rock anddsavhich is present in

the ore. Flux, on the other hand, is a chemicastsuilze which is added to

remove the gangue during reduction of the metalpmamds to metal.
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Gangue and flux combine to form slag, which is lmelting, immiscible

with molten metal and can be skimmed off.

Silica, alumina and phosphorus pentoxide are ptesgrgangue in iron
ore. Therefore, to remove them, limestone is adted flux in an iron
blast furnace. Limestone decomposes to give Ca@hnorms slag with

impurities:

cCaCQ ~—~ * CaO+CQ
CaO+SiQ __, CaSiQ
CaOo + AbO; —» Ca(AlOy),
6Ca0 + RO;p —» 2Ca(PQy),

Ores often contain unwanted impurities in th@imerefore, to save in the
cost of transportation, fuel and chemicals and #&dsget the metal in a
reasonably pure state, ores are concentrated bextnacting metals from

them.

In their compounds, metals are present in theised state. Therefore, to

extract metals from them, the metal compounds @ustys be reduced.
See Section 5.3.3.

Carbon is a preferred reducing agent in comrakngetallurgy because it
is cheap and also because it reduces most metdeoxo metals at

moderately high temperatures.

Most metal halides in molten state are condsadbelectricity. Therefore,

they are used for extracting metals by electrolysigolten state.
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7. Impurity of iron sulphide present in copper aregemoved by roasting the
ore and then smelting it with Si@lux in a blast furnace. On roasting FeS
is converted to FeO. FeO on smelting forms a slagesiQ which is

tapped off:

2FeS + 3Q ——» 2FeO + 259
FeO + SIQ — FeSiQ

8. a) 3Fe0, + BAl— 9Fe + 4AI03
b) Ufs + 3Ca———» U + 3Caf
c)  VCl+2Mg——>V + 2MgC}h
d) MoQ; + 3H,———Mo + 3HO
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UNIT 6: INTRODUCTION TO COORDINATION CHEMISTRY AND
RADIO CHEMISTRY
Structure
6.1 Introduction
Objective
6.2 Coordination Compounds
Werner’'s Coordination Theory
Classification of Coordination Compounds
6.3 Ligand and Crystal field Theory
Valence Bond Theory
Molecular Orbital Theory
Crystal Field Theory
6.4 Radioactivity
Characteristics of Radioactivity
Types of Radiation
6.5 Summary
6.6 Terminal Questions
6.6 Answer to Questions

6.7 Further reading

6.1 INTRODUCTION

In unit 3 of this course you were introduced to ptew formation, as one of the
properties exhibited by d block transition elemerits this unit, we shall be
dealing with this class of compound, usually refdrto as complexes. In view of
a special mode of bonding called coordination bemvglved in their formation,
they are also termed as coordination compoundsy & name in a systematic
way different from simple inorganic compounds, thif§ be dealt with in another
course CHM 423.

Radioactivity was discovered in a strange way bgdsierel due to the blackening
of a plate expose to chromium compounds and theeneadioactivity was

invented sometimes later by Marie Curie.
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Objectives

- Define the term coordination compound, coordinatiamber, and ligand.
- Classification of coordination compound.

- Bonding in coordination compound; ligand and criystdid theories.

- Properties of radioactivity.

- Types of radioactivity

6.20. COORDINATION COMPOUND
The compounds in which the central atom or groupawims (e.g. VO), is
surrounded by anions or neutral molecules calleghnlils, are known as
coordination compounds. In the coordination compsyrthe central group acts
as lewis acids. The ligands are electron pair doraod function as the lewis
bases. The coordination compounds are, therefemas ladducts. The branch of
chemistry under which properties of such compouads studied is called the
coordination chemistry. There is no sharp dividiimge between the covalent,
coordination and ionic compounds. The only justificn of classifying a
compound as a coordination compound is that itsaliehr can be predicted
conveniently by considering a catonic central sgedil”™ surrounded by ligands
L1, Ly, etc. (the ligands may be same or different) thaerge on the resulting
complex, is determined by the algebraic summatiotm@ changes on the central
ion and the ligands attached to it.
The basic features of the coordination compounde wkicidated by the Danish
Chemist S. M. Jorgensen (1887-1914) and the Swissm@&t Alfred Werner
(1866-1919). They synthesised thousands of codidmaompounds to find out
the manner in which the metal salts and the ligamdged to form coordination
compounds. As Werner was able to give theory fas¢hcompounds which
explained and correlated a large number of obsengtthese compounds, are
called the Werners Complexes.
6.21 Werner’'s Coordination Theory

Werner's coordination theory is basically very pgles. It can be

expressed in the form of the following postulations
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Two types of valencies exist for an ion, and they @alled the primary (or
ionisable) valences and secondary (or nonionisaallences.

The number of the secondary valences for an idixésl e.g. six for RY,
Co*, T1*, Fe”, four for nd’, RE’, CU/’, Ni*” and two for Ci, Ag", Au" and
Hg?™

The secondary valences must be satisfied by tlenamr neutrals molecules
having lone electron pair (e.g. halide, cyanidemamia, amine, water, etc.).
In a compound, the secondary valences must bdisdtsomplexly. After
which the primary valences are satisfied by themsif the complex formed
is cationic or vice versa.

The secondary valences are fixed in space and p@ssiefinite geometric
arrangement even in solution. Thus for four secondalences of nickel are
tetrahedral, of Cif are planar, and the six secondary valences &f @aCr*
are octahedral, for example, the Werner’s formtdacomplex CoG.6NH;
or [Co(NH)g]**5sCI".

6.22 Classification of Coordination Compounds

In a coordination compound, the ligands act as l¢heas bases, whereas the

central metal ion acts as a lewis acid. The ligahds coordinate with the metal

ion may be classified as follows:

Monodenate ligands, ligands donating only one phelectrons to only one
metal ion in a coordination compound are calledntomo dental ligands e.g.
halide ions, ammonia, water and R

Bidentate ligands, ligands having two donor atorAs. a result of the
coordinate bond formation, a bidentale ligand rtssirl the formation of a
ring structure incorporating the metal ions callde chelate ring. The
bidentate ligands, may be neutral compounds (dessnimiphosphine,
disulphides) or anions like exalate, carboxylateate, or glycinate ions.
Polydentate ligands — These include ligands hawvimoge than two donor
atoms attached in the molecule, and can be calledtri tetra, penta or

hexadentales depending upon the number of the ddaors present.
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It is not necessary that a polydentate ligand shalways use all its donor atoms
for the coordination purposes. Thus sulphide oatetion may act as a mono or a
bidentale ligand depending on the complexes coederthrough OHor NH,
act as a monodentales, they can also function @sntales for the bridging
purposes.

On the basis of the nature of the coordinates bionched, a ligand can be

classified as:

- Ligands having no available electrons and no vacant orbitals so that they
can coordinate only through the bond, e.g.NHs, SG* or RNH..

- Ligands with two or three lone pair of electronsietthmay split into one pair
of lower energy and form a sigma bond, and otheay tmecome higher
energy bonding electron pairs, e.g,N0*, F, CI, Br, I, OH-, §, NH?,
H.0, RS, RQ, NH, etc.

- Ligands having a sigma-bonding pair of electrond v energy empty-
antibonding orbital, that can accept suitably aeeind orbital electrons from
the metals (back bonding), e.g. CQPRRASs, Br, I', CN, Py, acac.

- Ligands without unshared lone pair, but havipdponding electrons e.g.
alkenes, alkynes, benzene, cyolopentadinyl anion.

- Ligands that can form two sigma bonds with two safgametal atoms and
therefore can form bridges e.g. QHI, F, NH,, 0%, CO, SQ* and G.

Many polydentates can have their donor atoms santfferent and, therefore,

cannot be classified as any one of the types meedi@above.

On the basis of formation of complexes with difféaratoms, person has classified

the ligands as well the metals into hard acid ithabetal ions with almost empty

or completely filled d sub-shell that cannot bedugar the formation op bond
such as Group IA, lIA, Al, Ga, In, Sn, Pb, etc. ault bases, which are metals
and ligands that form stronger complexes with téss of metals. This metal
ions have nearly filled d orbitals electrons tham dormp bonds with the ligands
and can accept d orbital electrons in their d atbieg. Cu(l), Hg(ll), nd(ll),

Rt(ll), PR3, etc.
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The coordination number, is the number of ligantiscaed directly to the central
metal ion in a coordination compound. About 98%haf complexes belong to the
coordination number (CN) 4 or 6, even though therdmation number from 2 to
12 are seen in the complexes. The coordination erumb3 and 7 are rare and 5
is uncommon, present mostly for stereo-chemicadiiylligand complexes.

1 SAQ

Explain the terms, Ligand and chelate

6.30 LIGAND AND CRYSTAL FIELD THEORY

Linus Pauling considered the formation of a compdsxa result of coordinate
bond formation between the metal ion (Lewis acid)l ¢he ligand (lewis base).
The metal ion accommodates the electron pairs (fighridised ligand orbitals)

in suitably hybridised orbitals. The hybridisatiohorbitals on the metal decides

the geometric arrangement of the complex.

6.31 Valence Bond Theory
The theory is based on the idea that the formadbeomplexes involves the
donor-acceptor reaction. The most important potsldor the theory is that a
pair of the electrons from the donor atoms are thwh&o empty orbital of the
metal ion and in order to receive the donated macthe atomic orbitals on the
metal must be hybridised to give a set of equivaterhitals with the necessary
symmetry required. The following assumptions arelena the theory:
- The metal ion must make available a number of alditequal to its
coordination number, for accommodating the electifoom the ligands.
The metal ion uses hybrid orbitals involving s,nu @ orbitals for accepting
the electrons from the ligand, which also must h#h electron pairs in
hybrid orbitals, so that a maximum and fruitful dee of orbitals is possible
with the strongly directional metal hybrid orbitals
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p bonding formation by the electron donation fillgxy, dyz and dzx, orbitals
of the metal, was incorporated to reduce the actatedi negative charge on
metal ions by back donation of electrons to tharids througip bonding.

Hunds rule applies to the electrons in the non bdnarbitals, presence of

unpaired electrons in the complexes giving pararagsm.

6.32 Molecular Orbital Theory
It assumes that electrons move in molecular ositil.O.) which extends over

all the nuclear on the system. Mathematically thelecular orbitals are

constituted by a linear combination of atomic alsit(L.C.A.O.). Thus if two

atomic orbitals overlap they form a molecular abihich holds a maximum of

two electrons and this electron are under the eémite of the two nuclear.

A molecular orbital can be represented by 4 and/ thave the following

characteristics:

They like atomic orbitals have definite energy.

Nomenclatures s, p. d, etc. used for atomic osiéaé replaced by sigma ,
pie (p) and deltad).

Paulis principle applies to molecular orbital, $@ttno single molecular
orbital can contain two precisely similar electrons

In filling molecular orbitals Atbau principle is pled.

6.33 Differences between the valence bond and maldar orbital theories

Unlike the molecular orbital theory, the Atom stitain to some extent these
distinct character even when chemically bonded.

It introduces the concept of resonance into bonthegry.

Instead of considering the electrons as been agsdcall the time with both
nuclear value bond theory, in the case of moleaodaital theory, an electron
is considered to be associated first with one mscknd then with the other
nucleus, so that the complete wave function ofefleetron can be written as

the linear combination of both.
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- The valence bond theory is much easier to follovenvireating polyatomic
molecules.

- Unlike the molecular theory where spin pairing @sifrom the application of
pauli exclusion principle, in valence bond thempin pairing is a necessary

condition for energy minimum and hence for bonding.

6.40 CRYSTAL FIELD THEORY

The crystal field theory (CFT) developed by Beth829) and Van Black (1935)

considers the electrostatic interactions of thards (taken as charges) with the d

orbials of the metal ions.

In an isolated gaseous metal ion, the five d orlaita degenerate, as dxz, dyz,

dxy, dx¥- y? and dz

The electronic configuration of the metal ions, &ethce the magnetic properties

of the complexes can easily be understood frond thebital splitting in the ligand

fields. The electronic configuration of the ion Mwlbe given the following

considerations:

- The electrons occupy the orbitals of lowest enénghe ground state.

- Due to reduced interelectronic repulsions in déferorbitals, in a degenerate
level, Hund’s rule is obeyed.

- The quantum mechanical exchange energy for parspiels is higher than
that for the opposite spin.

- If pairing of electrons take place, the energyhef $ystem will be raised by P,
the pairing energy for the system.

The consequences of the splitting of the innertaklwhich the CFT can explain

are:

- Spectra of coordinate compound.

- The manganese properties of such compound.

- Thermodynamic properties of metal ion such asclatnergy, ionic radii.

- The kinetic and mechanism of their reaction.

- The geometry of the complexes.
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6.50 RADIOACTIVITY
Radioactivity is the property by which compoundstsmadio action which could
penetrate objects opaque to light. From scienitifi@stigations, it is now known

that there are elements, although some of therweakly active.

6.51 Characteristics of Radioactivity

Radioactive substances spontaneously and contynesit radiation. The rate of
which they emit radiation is not affected by vadatof ordinary experimental
conditions, such as temperature, chemical changsspre, and gravitational,
magnetic or electric fields. This radiation affegsotographic plates, causes
gases to ionise, initiates chemical reaction (pelysation) and makes certain
substances (e.g. crystalline ZnS) fluoreses. Ratiigy is always accompanied
by the evolution of a large amount energy. Radiggtalso has physiological
effects, some of them cumulative with time. Theibaffect of radiation on any

living organism is the destruction of cells.

6.52 Types of Radiation

The essential nature of radioactivity is the unstadtate of the nucleus of the
atoms of the radioactive substance. Thus instglda#ds to a rearrangement of
the nucleus with the release of energy in the fofra (alpha) or,He orb (beta)
particles andg (gamma) radiation. The nucleus which is formederafthis
rearrangement will be that of a different elememd anay be stable or unstable.
The whole process is called disintegration or raclive decay.

a.  Alpha Rays @-rays, ,'He)

They are positively charged particles being a niasistimes that of the hydrogen
atom and baring two units of charge. They have litthy penetrating power.

b. Beta Rays b-rays)

These are fast moving streams of electrons. Theybagositively or negatively
charged. But usually the termrays refers to negatively charged particles. They
have a very high penetrating power but are muchdégctive in ionsing gases or

matter.
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With beta-decay the mass number is unaltered,Haretis a loss of one unit of
negative charge e.g.
23490Th ® 23491Pa (b-decay)

H.c® Yb (b* decay)

C. Gamma Rays

Gamma rays have no charge and are not affectedebirie or magnetic fields.
They are electromagnetic rays of the same kindgas or x-rays but have very
short wavelengths and energies which vary from @@ Mev.

6.60 SUMMARY
In this unit, you have been introduced to the tlemoof coordination compounds
and radio chemistry. The main aspect are
- The definition and Weiner’s theory of coordinatimmpound
- Classification of coordination compound
- Ligand and crystal field theory
- Valence and molecular theory
- Characteristics and types of radioativity
6.70 Terminal Questions
1- Explain the term dentacy
2- How can ligand be classified
3- What is a patticle
6.70 Answer
Self assessment question
1- A ligand may be an element or molecules which mayah anion or
neutral with lone pair of electrons available todton to transition metal
ion in bond formation to form a compound. that iggand act as the lewis
base and they occupy the primary coordination spher
2- Chelate is a ring substance formed as a resultoofdmnation bond

between a metal ion and a bidentate ligands.
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Terminal question

1-

2-

Dentacy is the number of donor atoms present paiicular ligand

that is attatched to the metal ion in coordinatompound

ligand can be classified as its dentition and aa nhture of coordinate

bond formed

Is a steam of electron which may be negativelyasitively charged.

Further reading

Advanced Chemistry (physical and industridhilip Mathews Cambridge
university press 2003

Theoretical principles of inorganic chemist@S Manku Tata McGraw-
Hill 1981

Modern Inorganic Chemistry\GF Liptrot ELBS 1971
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