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Introduction

In CHM 101, you studied the development of the qud table and the
concept of periodicity of elements. You also stadthe chemistry of
hydrogen, the alkali metals and the alkaline eargttials, which together
constitute the s-block of the periodic table. Yaust have noticed that
although the first element of each group of thdost exhibits some
anomalous behaviour, similarity existed amongstelegnents. All the
s-block elements, except hydrogen, are highly neachetals and do not
occur in nature in the elemental state; teayibit only one stable
oxidation state, which is equal to the number et&bns in the valence
shell of their atoms. They show regular gradationproperties as a
group is descended.

You also studied the chemistry of the group 13 elein This course
continues the study of the periodic trendsthe properties of the
elements.

What you will learn in thiourse

In CHM 205 you will study the chemistry of more @tk elements,
which is very extensive and varied. The eleme@fita p-block group
show similar oxidation states, halogens be@xgeptions. The first
element of each of the p-block elements groups ekibit anomalous
behaviour. The differences between successiveeglenof a p-block
group become more pronounced on descendiaggtbup so that a
change from non-metallic to metallic characierclearly observed.
Nevertheless, some points of similarity betweenetleenents in a group,
for example, valence relations, are always present.

Course Ams

This course aims to continue the study of the plcidrends in the
properties of the elements, of the p-block, conmgatheir properties
with those of the s-block where appropriate...

CourseObjecives
We expect that after studying this course you shbelable to:

Discuss the periodic trends in the properties bfgek elements
of Groups 14, 15, and 17.

Describe the main features of the chemigifythe p-block
elements of Groups 14, 15, and17.

Compare the properties of p-block elements of Grbipl5, and
17 with those of the s-block elements.
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Working ThroughThis Course

This course involves that you would be requiredpend a lot of time to
read. The content of this material is vemnge and require you
spending great time to study it. This accountsthe great effort put
into its development in the attempt to makevery readable and
comprehensible. Nevertheless, the effort redquicd you is still
tremendous. | would advice that you avail yourske# opportunity of
attending the tutorial sessions where you wouldehiie opportunity of
comparing knowledge with your peers.

CourseMaterials
You will be provided with the following material;

1. Course Guide
2. Study Units.

In addition, the course comes with a list of recanded textbooks
which though are not compulsory for you to acqurendeed read, are
necessary as supplements to the course.

Study Lhits

The following are the Structures contained in taarse:

Unit 1 Elements of Group 14 (Carbon Group): @oence,
extraction and uses; Chemical and physical pragsemif
members. Nature of oxides, hydrides, complerat
behaviour and anomalous behaviour of carbon; Sdiva
silicates, chemistry of divalent silicon, germanjum and
lead compounds.

Unit 2 Elements of Group 15 {fMogen Group): Occurrence,
extraction and uses; Chemical and physical prgzedf
members. Nature of oxides, hydrides, halides Oxigaaf
elements; Nitrogen cycle and fixation; Phosphate
fertilizers, anomalous behaviour of Oxygen.

Unit 3 Elements of Group 17  (Fluorine Group):
Occurrence, extraction and uses; Chemical and
physical properties of members. Nature ofdes
hydrides, Oxyacids of the elements; Psuedo halogads
pseudo halides; Anomalous behaviour of fluorine.
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In Unit 1 we discuss the main features of the clémiof Group 14
elements, namely, carbon, silicon, germanidim, and lead. They
exhibit a gradual change in their charact€&arbon is a nonmetal;
silicon and germanium are semi-metals; tird dead are distinctly
metallic in nature. Their common oxidation staes Il and V.

In Unit 2 we discuss the salient features of thenaistry of nitrogen,
phosphorus, arsenic, antimony and bismuth whichstdgoie Group 15
of the periodic table. The most striking featufele chemistry of this
group is the differences in the properties of tlmments. The variation
in properties is vast, the elements range from lhigiectronegative
nonmetal, nitrogen, to the very weakly electropesitmetal, bismuth,
via the semimetals arsenic and antimony. Theseeglts exhibit a wide
range of oxidation states.

In Unit 3 we discuss the chemistry of Group d&ments, namely,
fluorine, chlorine, bromine, iodine and astatineThese elements are
collectively called halogens. As their atoms ané/@ne electron short
of the noble gas configuration, the elements rgddiim halide ions, X
or a single covalent bond. Halogens are thestnelectronegative
elements in their respective periods and their chigies are essentially
non-metallic. Although first member of the groue. iFluorine exhibits
anomalous behaviour, the elements of this grougeimeral show similar
chemistries.

Textbooks andRefererces

A New Concise Inorganic Chemistry J.D. Lee, ELBSnton & ed.,
1997.

Chemistry: Facts, Patterns and Principles, W.R.elin®.J.W. Rogers
and P. Simpson. ELBS, Londor{, éd. 1984.

Advanced Inorganic Chemistry, F.A. Cotton and GIKilison, Wiley
Eastern Ltd.; New Delhi,"Sed., 1986.

Principles of Inorganic Chemistry, B.R. Puri andRLSharma, Shoban
Lal Nagin Chand & Co., New Delhi, T%d., 1986.
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UNIT 1 ELEMENTS OF GROUP 4
CONTENTS

1.0 Introduction
2.0 Objectives
3.0 Main Content
3.1 Occurrence, Extraction and Uses
3.1.1 Occurrence
3.1.2 Extraction
3.1.3 Uses
3.2 General Characteristics
3.2.1 Physical Properties
3.2.2 Multiple Bonding
3.2.3 Catenation
3.2.4 Chemical Properties
3.2.5 Complex Formation
3.3  Anomalous Behaviour of Carbon
3.4 Silica and Silicates
3.4.1 Silica
3.4.2 Silicates
3.4.3 Silicones
3.5 Chemistry of Divalent Silicon, Germanium, TindaLead
Compounds
4.0 Conclusion
5.0 Summary
6.0 Tutor Marked Assignment
7.0 References/Further Readings

1.0 INTRODUCTION

In CHM 101 you have studied the general charatiesisf the elements
of the s-block, as well as the periodicity in their propes. You have
also studied these aspects of the chemistry ohexés of Group 13,
which belongs to p-block. You would have noticed that whieblock
elements show a regular gradation in propertiesnddve group, the
elements of Group 13 show some irregularities. ds walso pointed out
that the first element in each group shows somenafmus behaviour.

Now we extend our study to another grougpdilock elements, namely,
Group 4, which consists of carbon, silicon, gerimam tin and lead.
This is the first group in which the transition fmaon-metals, C and Si
through typical metalloid, Ge, to weakly electropigs metals, Sn and
Pb, can be clearly seen. However, this does ndlyithat the properties
of carbon are completely non-metallic; its crystadlforms are lustrous,
one allotrope (graphite) conducts electricity. @md lead, on the other
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hand, form amphoteric oxides and volatile chloridé& will discuss
these properties in this unit. In the next unit yall study the chemistry
of Group 5 elements.

2.0 OBJECTIVES
After studying this unit you should be able to:

explain the occurrence, extraction and uses oéliments of carbon
family,

explain allotropy and describe different forms which these
elements exist,

compare the general characteristics of the elenwdr@arbon family,
explain catenation with special reference to carbon

describe internat-bonding and the concept of complex formation by
elements of this group,

explain the nature of bonding in carbides,

describe the chemistry of halides, hydridesl @xides of these
dements,

describe the structure and uses of silicates dicdrses, and
describe the chemistry of divalent compounds o$¢helement;

3.0 MAIN CONTENT
3.1 Occurrence, Extractioand Uses

All the elements of this group are important in gomanner or another.
While carbon is an essential constituent of adinlj beings, silicon is
present in rocks as well as many minerals. Bothosiland germanium
are important components of semiconductors andsigters. Tin and
lead also find various uses in everyday life. le tollowing paragraphs
you will study the occurrence, extraction and usk&lements of this

group.
3.1.1 Occurerce

Amongst all elements of this group, carbon is thé @ne to occur in
the elemental state as diamond and graphite. Tdresthe two naturally
occurring allotropic forms of carbon. As statedbwady carbon, in the
combined form, is an essential constituent ofiailhty systems; you will
study about such carbon compounds in courses oan@@hemistry
and Biochemistry. The inorganic carbonates of woglicalcium and
magnesium are widely distributed in the rockeil and water. Air
contains about 0.03% of carbon dioxide. Coal artdofgim, which are
called fossil fuels, because of their origin frame fprehistoric plant and
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animal life, are mixtures of complex composindf carbon with
hydrogen containing small amounts of oxygen orlsulp

Silicon is the second most abundant element iredlvéh's crust forming
about 27.7%. Oxygen with its relative abundancé@&6% ranks first.
Silicates are present in the rocks. Clays are @aflgralumino-silicates
of Na or Ca. Common sand is an impure form of @ili@lass which is a
mixture of silicates has been known since antiquiigrmanium is a rare
element. It occurs in traces in coal, imeranineral argyrodite,
4Ag,S.Ge$, in germanite, CiGe,Fe)$ and as admixture in zinc and
tin ores. Tin occurs mainly as cassiterite or tons, SnQ@ and lead as
galena, PbS.

All otropy

Many elements exist in more than one form. Thesengoare called
allotropes, and the phenomenon is called allotrdphe two common
allotropic forms of carbon, viz., diamond and griéplare well-known.
These are, in fact, giant macromolecules consisififg atoms linked by
a network of covalent bonds (Figs, 1.l and 1.2xH=earbon in diamond
Is tetrahedrally bonded to four other carbons withond distance of 154
pm. Here you may note that SiC also has the sstroeture but the
alternate atom in it is Si in place of carbon.diamond, the strong
covalent bonds formed within the giant maasteoule result in a
structure which is without any mobile electrons #mds it behaves as an
insulator. The rigid, three dimensional linkageake diamond one of
the hardest substances known. In contrast to didmgmaphite is very
soft because it has a two dimensional sheet steigtith regular planar
hexagons (Fig. 1.2). The bond length is 142 pm sihgpwome multiple
bond character, intermediate between a dowalé a single bond.
Different layers are at a distance of 335 pm fraoheother and are thus
held by weak van der Waals forces only. These tagan slide over one
another easily, imparting softness to graphitegraphite, each carbon
forms three bonds with other carbon atoms leavimg eectron which is
delocalised over the whole planar structure. Tikedecalised electrons
make graphite a good conductor of electricity. Migtdustre can also
be attributed to these delocalised electrons. Gadxists in amorphous
form also; for example, as lampblack.

Silicon and germanium exist only in one form, ie diamond form.
Tin shows polymorphism and exists in two crystalfiorms: grey on-
tin, which is a semimetallic form, stable below 286and white orf-
tin, the stable metallic form, which is a good doctor of electricity.
Grey tin has a diamond structure whereas the winitaas a tetragonal
structure. Due to a close-packed lattice, denditg-tin, 7.31 x 10 kg
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m?, is considerably higher than thatwtin, 5.75 x 16 kg m®. The two
forms are interconvertible as shown in followingigigrium:

Grey (@-tin) White (@-tin) tin (lig)

Lead, again, exists only in one crystalline formichhhas a distorted
cubic close packed structure.

3.1.2 Extracion

As said above, diamond and graphite occurnature. However,
diamond can also he formed when carbonsubjected to high
temperature and pressure. Moissan (1896) gdicatidiamonds by
quick quenching of a solution of carbon in iron.eT$udden expansion
of iron led to tremendous pressure which resultedhe separation of
carbon in crystalline form. Though small Bize, these artificial
diamonds find many uses in industry. Actdl graphite can be
manufactured on a large scale by heating cokesilitta at ~2775/K for
25-35 hours.

You may be aware that a new form of element cadadied fullerenes in which the atoms are
arranged in closed shells was discovered in 198BrbiRobert F. Curl, Dr. Harold W. Crotp
and Dr. Richard E. Smalley who have incidently vibe 19% Nobel Prize in Chemistty
jointly. A detailed information of the discoveryrgperties and uses of fullerenes has bgen
given in App.-.l.

-—y ¥

Fig. 1.1: Structureof Diamond
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Fig. 1.2:Structureof Graplite

Tin has many peculiar properties. It is known toabée to cry. It produces a special -2CO 2775K
characteristic sound when bent. Tin is sensitivedl. In severe winter it turns ———Jpp» — >
grey, begins to crumble and breaks up into a powHeis serious disease is calléd
Tin Plague. In fact, Napoleon's retreat from Ruésia been attributed to this 'T|n
Plague'.

In India, diamond mines are found in Parma distottMadhya Pradesh. Panna
Mines have produced some famous diamonds like kifl@dnoor. This historig
diamond weighs 186 carats. Weight of diamonds isilis quoted in carats; 1 carat
=0.200 g.

SiIO, +3C [SIC] Sig + C (graphite)

Three other forms of carbon are manufactured cargelscale because
of their vast industrial uses. These are coke,ad@rand carbon black
or lampblack.

Destructive distillation is heating a substancenigh temperatures in the absence of ai
and distilling off the volatile substances so fodne

r

The first two are formed by the destructive diatithn or pyrolysis of
coal and hardwood or bones in the absence ofGCarbon black is
formed when petroleum gases or natural gas is bhoratimited supply
of air.

Commercial form of silicon is obtained by reductiohSiO, with C or
CaG in an electric furnace. High purity silicon is oioiad either from
SiCl, or from SIiHCL These volatile compounds are purified by
exhaustive fractional distillation and then redueath very pure Zn or
Mg. The resulting spongy Si is incited, grown intglindrical single
crystals, and then purified by zone refining. Galso obtained by the
reduction of Ge@with C or H. Tin is obtained by the reduction of its
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oxide with carbon. Lead is normally obtained frohSP The ore is
roasted in air to give the oxide which is then edixwith coke and
limestone and reduced in a blast furnace.

Zone refining, applied mainly to metals, is basedlee principle that the solubility of al
impurity B in a main component A in the solid statay differ from the solubility of B in
A in the liquid state; when a narrow molten zonensde to pass (e.g., by movement df a
heater outside a tube containing a long bar ofntlagerial) along a bar of impure A, the
distribution of B between the solid and liquid miakalters so that the impurity B tends
to segregate towards one end of the bar, with material at the other end.

>

Moderator is the material used in a nuclear reattiomoderate or slow down neutrons
from the high velocities tit which they are creaiedhe fission process.

3.1.3 Uses

Diamonds are used in jewellery on account of theh refractive and
dispersive power. Due to their exceptionally haatlire, inferior quality
diamonds are used for industrial purposes mainlpénform of grit and
powder in cutting, drilling, grinding and iing tools. Graphite
electrodes are used in the extraction of aluminiGmaphite is also used
for making crucibles, as a lubricant in heavy maekiand as pencil
lead, etc. Very pure graphite is used as a neutroderator in nuclear
reactors. Coke is mainly used in metallurgy. Carlbtack is used to
strengthen rubber, as a pigment in inksntpaipaper and plastics.
Activated carbon has enormous surface area anded extensively in
sugar industry as a decolorising agent. Arsbrtpe compounds of
carbon, CQ finds an important use as a fire extinguish@d in
refrigeration as dry ice.

Silicon finds uses in both elemental and combinecsn§. Very pure

silicon is used in making semiconductors and ilarsoells which are

becoming increasingly important. Hyperfine iSi one of the purest
materials used in the production of transistorbc&es are used in glass
and cement manufacture. Silicones (cf. subigecl.5.3) are also
widely used as lubricants. Their inert nature makesn ideal for use in

gas chromatography, e.g., methylphenyl silicofi&stmanium is used
largely in transistor technology. However, its tiseoptics is growing;

germanium is transparent in infrared region andhsyrefore, used in
infrared windows, prisms and lenses.

Due to its resistance to corrosion, tin is usectdat mild steel plate.
Tinning of copper and brass utensils has beenganoé practice in
India. Tin is also used for making various alldy® bronze, pewter,
gun metal, etc. Tin-lead alloys are fusible and lovelting. Solders,
which are low melting alloys, are used to join pe®f metal together.
Soldering is a very common practice for ijogn components of an
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integrated circuit. Sn-Pb alloys arc also used emribg metal or type
metal. Lead is used as an inert material, e.g.bfaiding roofs, and for
cable sheathing. Lead gets covered with a layePlis5Q, which is
insoluble and does not get attacked by commonerdgagLead pipes
were used in municipal water supply at one timdt $ater, however,
tends to dissolve lead and may cause leadomping. Therefore,
galvanised iron (GI) pipes are now used for watgpsy. Due to their
low chemical reactivity, lead coated chambare used in many
industrial preparations like that of sulphuric acid view of its high
density, lead is also used in making shielding kdofor radioactivity
experiments. Organolead compounds, e.g., thiylead, EfPb and
tetramethyllead, M@b, are used as antiknock additives to petrol for
internal combustion engines. However, in recenefinbecause of their
polluting nature, many countries have reducedatogether stopped
their use. One of the major uses of lead stilhighe storage batteries.
Storage batteries also called lead-acid batteage A supporting grid of
lead-tin alloy (91:9) with PbPas the oxidising agent and spongy Pb as
the reducing agent. The electrolyte is dilut&6,.

SELF ASSESSMENT EXERCISE 1
Tick on the correct answer:

Diamond is not a conductor of electricity because,

) it is very hard in nature.

i) it has a tetrahedral arrangement of atoms.
lii) it does not have a layer structure.

iv) it does not have delocalised electrons.

3.2 GeneralCharaceristics

The outer shell electronic configuration of all tiements is given in
Table 1.1. It shows that the elements of this groap attain a closed
shell configuration by gain, loss or sharing ofrf@lectrons. Therefore,
they may be expected to show a valency of four. Wetdiscuss their
physical properties, chemical properties and sorne¢heir important

compounds.
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Table 1.1: PhysicaPropertieof Group 4Elements

b

Elements
Property Carbon (C) Silicon {8) Germaniunt (Ge) ~ Tin(Sn) Lend(P)
Electronic configuration (He2s™%p* [Ne)35"%p* [Arjpd" 4’4" (Krd"Se%sp? [Keldf*sd sty
Atomic numer 6 | 14 R 50 f
. Atomic weight 1201 2.8 N5 18.69 my
*lonic radius (pm) 15(+4) 4(+4) 9(+2) 12(+)) 10(+2)
280 (-4) 201 (-4) 53(+4) T1(+4) i)
Covalent raclius (pm) 77 iy 2 140 LU
Boilngpoint(K) 5100 228 - B8 m
Melingpoin: (K) 3603 1683 1210 305 80
Density (10'<kem™)  224g) 29 53 13 13
/ 351 '
Electronege' 7 (MR) 25 .74 wo L. 18
lonisation enzrgy | 1086 LY 760 1 n$
Wmot)y 0 3% 15m 1534 1409 140
: mo 4 mo 08 boows Y
Vo6 435 4409 o A8

* Oridation stutes are given in brackets  ** gr = graphite, d = diamond

3.2.1 PhysicaProperties

You must have noticed in case of Group 13, fblock elements show
more than one stable oxidation state. The elementSroup 4 show
oxidation states o#2 and +4, which are also the valencies shown by
these elements, except carbon where oxidation géates from -4 to
+4. However, the valency and the stable oxidatitatesfor a given
element may not be the same. Valency, as you konawbe defined in
terms of the number of electrons lost, gdinor shared in bond
formation. Oxidation state or oxidation number, the other hand, is
equal to the charge the atom would have if alleleetrons in a covalent
bond it forms were assigned to the more electratinag atom in the
bond. Table 1.2 gives some simple rules to dedue@xidation state.
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Table 1.1: Rules to Deduce the Oxidatictats

: Oxidation
Species ctate
Uncombined element. -0
Combined O except peroxides 2
Combined O in peroxides -1
Combined H except hydrides +1
Combined H in hydrides Alkali -1
metals (Group 1) Alkaline earth +1
metals (Group 2) +2
Sum of all oxidation numbers ir a reutral molecule 0

The ionisation energies (Tablel.1) indicate thakey large amount of
energy is required to form a“*Mion, therefore, not many ionic
compounds are formed by Group 4 elements in th@xidation state.
On the other hand, the promotion of one of tkeelectrons to thep
vacant orbital, as shown below, can allow a tetratancy. In fact, most
of the tetravalent compounds formed by eldmesf this group are
covalcnt in nature. Electronic configuration oftwam in the ground and

ts 25 2p
Electronic configuration of C in ground state
Cin excited state
-

4 unpaircd clectrons can form four equivalent covalent
bonds - a case of sp* hybridisation.

excited state is given as an example.

As we go down the group, the stability of +4 oxidatstate decreases,
the heavier elements of the group have a tendenclgange from +4 to
+2 states. This is reflected in the oxidising poweértheir tetravalent
compounds. For example, gC5i0O, and GeQ@ do not act as oxidants;
SnQ is a mild oxidising agent while PhOis a strong one. In fact,
stannous salts are reducing agents. The emend to form ionic
compounds in the +2 oxidation state increases agonown the group;
PbF, and PbGl are well defined ionic

compounds.

Lead (IV) oxide converts hot HCI to Cl

PbQ + 4HCI

> PbC} +2H0 + Cl, 1
It loses oxygen on heating to give lead (Il) oxide:

2PbQ » 2PbO + Q@
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The increasing stability of the divalent state dawe group, especially
in the case of lead compounds is attributed to"thert pair effect".
This effect has been ascribed to an incraas¢éhe stability ofns?
electrons in the ionic compounds. Howeveg tiigher stability of
covalent compounds such as tetraalkylleagRbR compared to the
dialkyllead species, Rb, points to the ready participation of theair
electrons in covalently bonded tetravalent compswfdhese elements.
Since the sum of the first two ionisation energaso decreases down
the group, it becomes increasingly favourable rtfoetynamically, for
Sn and Pb to form compounds in oxidation state Hichvare more
ionic in character.

The covalent radii of the elements, as expectexlease with increase in
atomic number. This increase, however, is not umifoYou may have
noticed in Table 1.1 that when we move from carborsilicon the

covalent radius increases sharply, and then thease is gradual. This
can be explained as follows. A large increase énsilae of silicon is due
to the introduction of the 3rd shell. When we gavdato germanium,

the 4th shell is introduced, no doubt, but thee@f’e nuclear charge
resulting from addition of eighteen protons to thecleus outbalances
the effect of the additional shell leading to oalynarginal increase in
size. Similarly, in case of Pb, the increase inatent radius is very
small in comparison to that in Sn. This fisther reflected in the
ionisation energies and electron affinities of thelements.

Going through the data given in Table 1.1, you wikice that carbon
has higher electronegativity as compared to otlements of the group.
As a result, it can accept (gain) electrons andfoan negative ioriof
the kind G, in acetylidcs and € in methanides, while the other
elements in the group arc unable to do so. Whersegthe electro-
negativity trends in the group, we find that théueadecreases down the
group as expected, with Ge as an exception whasgrehegativity is
slightly higher than that of Si.As explained abotres could be due to
the higher effective nuclear .charge in case of Ge.

If we go through the data for ionisation energiegeg in Table 1.1, we
find that the first and second ionisation energiesrease down the
group from C to Sn as expected, but they incredightly when we

move to Pb. On the other hand, both the 3rd and4theionisation

energies vary irregularly, their sequence is C >G > Pb > Sn.

The decrease in the 1st and 2nd ionisation enefgi@s C to Sn is
because of the increase in atomic size down thepgréhe 3rd and 4th
ionisation energies increase from Si to Ge becabtig®mor shielding of
4s electrons offered by thed3electrons against the increased nuclear
charge in Ge. All the ionisation energies are shghigher in case of

1C
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Pb. This increase can again be attributed to tlue plielding effect of
the 4 and 5d orbital electrons. Further, theelectrons being more
penetrating, experience higher nuclear charge wimakes it difficult to

remove them.

SELF ASSESSMENT EXERCISE 2

Making use of the rules given in Table 1.2, find the oxidation states
and valency of C in the following compounds:

CH,, CCU, CHC}, CH,CI, and CHCI.

3.2.2 Multiple Bonding

In Group 14, carbon is the only element capable of forming comparatively stable
multiple bonds with another C atom and also with N, O, etc. Examples are alkenes '1
(:C=(‘f) alkynes(- C = C-), imines (ZC=N-), nitriles (-C=N). ketones (ZC=0), etc.
None of the other elements of the group forms stable compounds containing multiple
bonds. Recently, some success has been achieved in synthesising compounds

with=Si = SiZand ZSi = CZdouble bonds, but their details are beyond the scope of this
course. Stoichiometric analogues like SiO,, SnO, and (Me,SiO),, are known which
are giant macromolecules containing M-O-M linkages.

The tendency of formation of multiple bonds eaditycase of carbon, is
because of the high bond energy (Table 1.3) anual @tomic radius
of carbon as compared to other elements of thepgr8a itsp-orbitals
can approach thp-orbitals of the other C, O or N atom for an effeet
overlap essential fat-bond formation.

A 7 bond is formed by the lateral overlap of two duhad-shaped orbitals, e.gz -bond
can be represented as:

p orbitals

11
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C Si Ge Sn Bond Pb
347 226 118 150 *E-E -
611 318 - - E=E -
837 - - - E E -
414 31¢€ 28E 251 E-H -
36C 464 36C - E-O -
73€ 64C - - E=0O -

Table 1.3: BoncEnergies of Group 4 ElementéJ mol™)
*E=Element, C, Si, Ge, Sn or Pb.
pr-dzr Bonding

You are familiar with ar bond formed by the lateral overlap @
orbitals. It is called gz-pz bond. A lateral overlap gb andd orbitals
under favourable conditions can also lead to tdbon of ar bond.
Such ar bond formation is callegz-dz bond. Let us understand this in
case of C and Si compounds with nitrogen as thé&aeatom, e.g., in
trimethyl amine, (CH):N, and trisilyl amine, (Sig)sN, (Fig.1.3). From
your previous knowledge of hybridisation arikle corresponding
structures formed, you understand that trimethytehas a pyramidal
structure. Nitrogen beingp® hybridised, the three methyl groups occupy
three vertices of the pyramid and the 4th posiisooccupied by the lone
pair on nitrogen. The structure of trisilyl amingSiHs)sN, is
unexpectedly different. It has a trigonal planau&ure with nitrogen in
sp? hybridised state. The three silyl groups are athinee corners of the
triangle and the, orbital of N which is perpendicular to the planetioé
molecule is left with an electron pair. The arramgat of electrons of
nitrogen in both the compounds can be shown asigieéw:

25 2p
Electronic structure 1 .

of Natom in (C!;);N
sp® hybridisation — tetrahedral structure,
three unpaired electrons form bonds with
three CH, groups; 3 bond pairs and 1 lone pair.

2s . 2p
Electronic structure m
of N atom in (SiHy),N ' A
sp” hybridisation - trigongl planar structure,

three unpaired electrons form bonds with three
SiH; groups. lone pair in p, orbital. ‘

In case of (Sik)sN, thep, orbital of N with a lone pair overlaps with the
empty d-orbital of silicon and forms a 7r-bondmniay be noted that,
orbital of N has energy comparable to d-orbitalSof This kind of an
bond is calledpr -dr bond. Since donation of lone pair is within the

12
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molecule, this is called internatbonding. This type of bonding is
possible to some extent in Ge but not in case drghPb. Since C does
not have anyl orbitals, therefore, it does not show this typdohding.
Thepr-dr overlap is indicated in the Fig. 1.3.

(a) (b)
Fig. 1.3: (a)Structureof Trimethylamine (b)Structureof

Trisilylamine
(c) pr-dr Bond between N and Si ifirisilylamine

3.2.3 Cattmation

Catenation is a property by virtue of which elemsefdrm long chain
compounds by single or multiple bond formation kedw atoms of the
same element. Carbon shows this tendency temarkable extent
because of its small size and high bond energylé§abl and 1.3), Si
and Ge to a lesser extent and Sn and Pb to a weal} extent. A few
examples of their hydrides and halides can be dieck. In case of
carbon we have alkanes, e.g., ethane, propanandupentane, etc.
These are chains of carbon hydrides having thergefemula GHan.2,
where n can be a large number, alkanes with n=t®&r@own. Carbon
also forms a number of catenated halides, e.gyvpulichloride (PVC).
Silicon forms silanes having the general formuldd&i,, but n does not
exceed 8. Its halides also show catenation and hageneral formula
SinXonsz, Where if X=F, n=I-14; if X=C1, Br or |, n= 1-1@Germanium
forms germanes, with general formula K&g2, where n = I-9.
Germanium halides form dimers, e.g.,,Ge. Hydrides of Sn and Pb
are much less stable, while SnH and SpHs have been
prepared, analogous methods fail for the pedjwan of PbH. No
catenated halides are known for Sn and Pb.

SELF ASSESSMENT EXERCISE 3

Discuss briefly in the given space why tin and leathpounds do not
show pr -dr bonding.

13
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3.2.4 ChemicaPropertes

In general, the chemical reactivity of Group 4 edems increases down
the group. Their chemical reactions are listedabl& 1.4, followed by a
brief description of carbides, halides, flocarbons, hydrides and
oxides.

Carhides

When carbon is linked to elements of lower or appnately the same
electronegativity, the binary compounds swmled are termed as
carbides, e.g., Ca(A1,C;, BeC, etc. However, compounds of carbon
with hydrogen, oxygen, sulphur, phosphorus, nitrogad halogens are
excluded from this definition. Depending upon tlmading between the
element and carbon, carbides are classified imeetigroups, viz., salt-
like or ionic carbides, interstitial carbides armbalent carbides.

a) Salt-like or lonicCarbides

lonic carbides are formed by elements of Groups31,21, 12 and 13
except boron. Most of these are colourless andcooducting in the

solid state. These carbides are decomposed by watk dilute acids

liberating either acetylene or methane. They ameathas acetylides and
methanides, respectively.

CaG(s) +2HO (1) ——» GHz(g) + Ca(OH)(s)
(Calcium acetylide)

Al,Cy(s) + 12H0(1) —» 3CH(g) + 4AI(OH)X(s)
(Aluminium methanide)

Most of the acetylides have cubic structsimilar to the podium
chloride structure. One cell axis is, however, ghird to accommodate
the (C=C¥ ion making the symmetry of the crystal tetragonad aot
cubic. In Fig. 1.4, you will observe that the caoedion number of each
ion is six.
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Fig. 1.4:Structureof lonic Carbides

Reagent

Reaction

Remarks

Hot concentrated HCl

Hot concentrated H SO,
Concentrated HNO;

HF

|Aqueous alkali
Molten atkali

O, or air, heat

M + 2HCl —— MCl, + H,

M + 2H,;S0; ——— MO, + 280, + 2H,0
C + 2H,80, —— CO; + 280, + 2H,0

3M + 4HNO; ——— 3MO, + 4NO + 2H,0
3Pb + 2HNO; ——— 3PbO + 2NO + 4H,0

Si + 6HF —— 2H, + H,SiF,

Si + 2NaOH + H,0 ———> NaySiO; + 2H,

M+ 0, — MO,

M = Sn, and Pb, but not C, Si,
Ge. Reaction with Pb is also
slow because of insojuble
PbCl, formed.

M = Pb, 8Sn, Ge (slow); not Si.
1 case of lead, insoluble
PbSO, slows down the reaction.
M # Si, Pb. Ge and Sn give
hydrated oxides. Fuming

nitric acid renders lead passive,
Only HF attacks Si, stability
of SiF}.

Not C, Ge, Pb; Si03"is
formed fast. Sn(OH)?"is
formed very slow.

Not C, SiOf", GeOY,
Sn(OH)}", Pb(OH){" are
formed.

M = C, Si, Ge, Sn. Lead reacts

H.0,293K lead + soft water ——6——> Pb (OH), Poisonous.

slowly with cold, moist hir,

Pb —22, pbo 122, ppoH), S22, basic carbonate.

molten Pb + 0, ———» PbO —71‘105» Pb,0,
. 2

2

. lead’+ hard water ——— protective layer of
’ 2 insoluble PbSO, or PbCO;

Steam, heat M + 2H,0 ——— MO, + 2H, M = Sn, §i. Not Ge.

(strongly) C+H,0 —— CO+H,

S. heat M+2S —— MS, All except lead, which gives PbS.

Cl,, heat M + 2Cl, ~—— MCl, - All except lead which gives PbCl,.
Metals, heat ' Carbides and silicides, lcad and tin alloys :

b) Interstitial Carbides

These are formed by combination of carbon with stnawesition metals
like Ti, W, V, etc. These carbides resemble inteasthydrides which
you have studied in CHE 121. They are non-stoickimic compounds.
Carbon atoms are adjusted in the interstitial spa¢ghe metal lattices
without causing any appreciable distortion. At teme time carbon
atoms further stabilise the lattice, resulting erywhigh melting points,
high conductivity and increased hardness of theskides. The ability
of carbon atoms to enter the interstices withqureciably distorting
the metal lattice requires that the interstices laedce the metal atoms
should be relatively large. Lattices of metals vatbmic radius less than
130 pm get distorted, e.g., iron, cobalt and nidkelnot form typical
interstitial carbides. Their carbides areeintediate in properties
between ionic and interstitial. The transition a®tmentioned above
have atomic radii 126, 125 and 125 pm, respectively

C) CovalentCarbides
These are formed by combination of carbon with elets of almost
equal electrondgativity like boron and silico8ilicon carbide, SiC,

known as carborundum and boron carbide;,CB are giant
macromolecules having covalent bonding all througth carbides are
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very hard, infusible and chemically stable substan&ou have already
studied the characteristics 0f.,8;. Boron carbide is harder than silicon
carbide and is used as an abrasive.)The structlB&o which is similar
to that of diamond, is shown in Fig. 1.1.

Halides

All the elements of the group form dihalidésxcept carbon} and
tetrahalides. All the four tetrahalides, mdyn fluorides, chlorides,
bromides and iodides are known for all #lements of the group,
except PbBy and Pb). The tetrahalides are volatile covalent compounds
with tetrahedral structure. The mixed halides ofrboa, i.e.,
chlorofluorocarbons form an important class of poonds, these are
discussed after halides. The tetrahalides of cadverrelatively inert to
hydrolysis while SiC] gets readily hydrolysed to give silicic acid:

SiCl, +4HO ———p Si(OH), + 4HC1
Silicic acid

The tetrahalides of Ge are hydrolysed less readihjle in case of Sn
and Pb halides, the reaction is often incomplett @an be suppressed
on addition of appropriate halogen acid. The sutggemechanism for
hydrolysis is the formation of a complex betweee Halide and water
molecule. This complex dissociates to give the bygdrcompound. The
process continues till the completely hydrolyseddpict is obtained. To
form such a complex, the central atom in the tetileda has to extend its
octet to accommodate the incoming water moleclihes requires the
presence ofl-orbitals. Since d-orbitals are not available in case of
carbon, carbon halides are inert towards diydis. A plausible
mechanism for hydrolysis of SiCtan be illustrated as given below:

™ —HCl ¢ H,0 Nt
. oo ) —= - (CI-Si-OH -——ﬁ—él—) /‘Sl\
ci-=sit+-cr® ¢l -h c” | “OH
H6\+ I . HEO l -HC]
o~ ¢ | HO
Ht* Si(OH), «————2—— Si(OH);Cl
| -HCl

Hydrolysis in the presence of alkali will be fastbecause of the stronger
nucleophile, i.e., OKlnow available. It may be mentioned that in acidic
solutions, water gets protonated and thus doesamoain an effective
nucleophile.

The formation, stability and properties of the dithes are discussed
later in Section 1.6.
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Fluorocarbons

Fluorocarbons are the synthetic equivalents of dgahbons in which
some or all of the hydrogens have been replacefitlbgine atoms, e.g.
CF,, GF., CFs, etc. Replacement of H by F greatly increases togh
thermal stability and the chemical inertndscause of the greater
strength of the C-F bond and the larger size offlin@ine compared to
hydrogen atoms. The bond energy of C-F bond isk}88ol* compared
with C-H bond energy of 414 kJ mfolFluorocarbons are resistant to
attack by acids, alkalis, oxidizing and reducingrag.

It is possible to synthesise a number afortbcarbons and their
derivatives by reacting hydrocarbons with fluorigi¢éher directly or in
the presence of catalyst, or by using other fluadmg agents, like CafF
AgF; and Mnk;:

CgHig+9F, ————p CgFg + 18HF
CHs +6F, ————p CiF, + 12HF

Like hydrocarbons, fluorocarbons are capable aiifng carbon chains
of indefinite lengths. They are not oxidised by ge&y because carbon
bonded to fluorine can be considered to dffectively oxidised.
However, they are attacked by hot metal® Ikolten sodium. On
burning, they split at C-C bond rather than at BeRd.

CF, is the simplest fluorocarbon. It is a colourless gatained by the
reaction of carbon tetrachloride with silver fludei at 575 K.
Perfluoroethane, &£, is analogous to ethane Hg. Tetrafluoroethene,
C,F, can be polymerised thermally or in agueousulsions to a
chemically inert plastic, polytetrafluoroethe(@TFE), commercially
known asTeflon.

nGF, ———»  (-CR.CR),

Teflon has an extremely low coefficient ofcfion. It is used as a
protective coating in non-stick kitchen utensigzor blades, bearings,
etc. Mixed chlorofluorocarbons such as GE1CFCL and CRC1 are
known as'Freons’. They are volatile, thermally stable and chentycal
inert compounds with low viscosity. Thereforthey are used in
refrigeration, in aerosol propellants and heat transfer processes.
CFRCHBIrCl is a safe anaesthetic.

Hydrides
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All the elements in the group form covalent hydsid&he stability of
the hydrides decreases down the group, becauskearéasing. M-H
bond energies (Table 1.3). Thus while &ihd other alkanes are stable
compounds, PbHhas not even been properly characterised, so far. W
have already discussed the catenation in hydritideee elements.

The availability of d-orbitals coupled with loweofid energy of the M-

H bond makes hydrolysis of the hydrides of heagiements easier as
compared to that of alkanes. For example, metitmas not undergo
hydrolysis at all due to non-availability of d-aidds in C, but silanes do
so in presence of dilute alkali. Hydrolysis of thgdrides of heavier

elements follows a complicated pattern dependingnujactors such as
stability of the parent hydride to side-reactidite oxidisability, etc.

Oxides

All the elements in the group form mainly mono asidxides. The
dioxides are all thermally stable except for RbiBe reason being an
increase in stability ofr2 oxidation state down the group (see sub-
section 1.3.1). Acidic character of the di®s decreases down the
group; CQ and SiQ are acidic oxides, while GePOSnQ and PbQ
are amphoteric. Carbon is exceptional in fognigaseous mono
and dioxides, CO and GO

Carbon monoxide is obtained on passing steam @cehot coke. The
product, a mixture of CO and,Hs calledwatergas and is used as a
fuel.

C(s) + HO(g) —»  CO(g) + H(9)

The electronic structure of CO has been w@ebaThe molecule is
expected to show a large dipole moment becaudeedélectronegativity
difference between carbon and oxygen. But the cotdehas only a
small dipole moment of 0.112 D. The sign of theotép moment has
been found to be *c0*which is opposite to that expected in view of the
higher electronegativity of oxygen as compared ddon. To explain
this, in addition to the normal double bond, oxygeisupposed to form
a coordinate bond with C by donating andrisly its lone pair of
electrons. As a result oxygen gets a panpasitive charge on it
decreasing the electronegativity difference. Thienae bond structure
is represented below. It may be mentioned thati€@®e most stable
diatomic molecule, with the highest bond energg®71 kJmot.

X
xCXx. :usually written as {z Ot O

Carbon™onoxide is a colourless and odourlessBgsause of its lack
of smell, it is very dangerous. If inhaled forms a very stable
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compound, carboxyhaemoglobin, with haemoglolbtaemoglobin is
the oxygen currying protein in blood. Formationcafboxyhaemoglobin
prevents it from acting as an oxygen carrier arattdeventually occurs
from asphyxia. Carbon monoxide has reducimgpgrties. It is an
important reducing agent, reducing metallic oxitkeshe metals at high
temperatures forming carbon dioxide.

Carbon dioxide is the other important oxide of carblt is formed
whenever carbon or any of its compounds is comigldternt in air. In
the laboratory, the gas is made by the action ch@d on a carbonate.
CaCQ, in the form of marble chips is usually taken:

CaCQ +2HCL —» CaC} +H,O+CQ 1

Increase in the concentration of €i® the atmosphere has recently been causing cangern
wrapping of earth's thermal radiation by CO, caadl¢o a general warming up of the
planet and expose it to the dangers of green heffeet. Lowering of the pH of th
surface ocean water can also have disastrous agersegs for marine life.

CO, is a colourless gas with a faint smell. #sucture can be
represented by O=C=0. It can be easily figdj by application of
pressure even at the ordinary ambient temperatlirdgiuid CO, is
allowed to expand rapidly, solid GOs obtained. Solid COis known
asdry ice. When it is used as a refrigerant, it does pass through
the liquid phase(cf., water). Solid carbon dioxide is also used as a
freezing mixture in organic solvents like acetonenethanol.

Carbon dioxide is an acidic oxide which forms cadies
and=bicarbonates with bases:

NaOH (aq) + Ce@—» 2NaOH(aq) + CQ®
2NaHCQ (agq) + C@—» NaCO; (aq) + HO

In presence of sunlight and chlorophyll, plants abde to synthesise
carbohydrates from water and carbon dioxide. Yoteh&ad about this
process called photosynthesis in Unit 5. Besn non-supporter of
combustion, C@is used in fire extinguishers.

Silicon forms an important acidic oxide, siliconoxiide discussed in
detail in Section 1.5 and an unstable monoxide, §i€manium and tin
form amphoteric oxides. GgQs mainly acidic, while SnO and SpO
are amphoteric in nature, dissolving both in adliand acids. As
explained in sub-section 1.3.1, PbObeing unstable behaves as an
oxidant; the lower oxide, PbO, is quite stable.PIbO is carefully
heated in air to a
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temperature between 675 and 750 K, it iswveded into trilead
tetraoxide, P§D,or 2PbGPbQ, also calledred lead

6PbO+Q@ —» 2Pk0,
Red lead is used as a pigment in plaints and inmbaufacture of
crystal glass.

3.2.5 Complexrormaton

Carbon, can have a maximum coordination numbebpuof, fsince, after
gaining four electrons, it attains a stable nolds gonfiguration with 8
electrons in the outer shell. Therefore, carbonmpmmds do not form
complexes. Other elements of the group asquire a noble gas
configuration in a similar manner but even thenythave emptyd-
orbitals available for bonding. Therefore, they damm complexes by
expanding the coordination number to six or evahtein the case of
heavier elements. This can be shown taking Si aample:

3s 3p d -
Quter electronic configuration BT11 -} f I r I r ]

of Si - ground state

Si-excited state L1 ] 1 “ ], r] [ l J—I
. sp" hyl;_idisatipn
ASi ﬁained 4 electrons in SiF, ) HL ] ﬂ' lﬂ'1 [ I ‘ | r]

'Si gained 8 electrons in [SiF)*” @ | ILI 1.]11 I ﬂl 3”7 ] l J

s;r)“ @ hybridisation

It can be assumed that the four singly filled hghorbitals are used in
forming covalent bonds with four F atoms.eTtwo vacant hybrid
orbitals are utilised in forming coordinate bondsdzcepting a pair of
electrons each from the two F ions. However, dheecomplex is
formed all the bonds become equivalent.

The tetravalent compounds of the heavier elemamstibn as Lewis
acids and are able to accept electron pairs fropedarhis is possible
because of the availability dforbitals, e.g,

GeR, + 2NMe —P» [GeFR:(NMej),]

SnClL . 2CIT — p [SnCK*

2C
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SELF ASSESSMENT EXERCISE 4

I Why is C-H bond essentially non-polar? Explamthe space
given below.

i. Using the concept of hybridisation, predict tileape of [Sif*
ion.

3.3 Anomalous Bhaviour of Carbon

We have discussed in the earlier sections how anhat ways carbon
behaves differently from the rest of thensats in the group; the
reasons have also been discussed. Let us listthkkom here:

Carbon has a maximum covalency of 4 and can nob fmymplex

compounds.

Carbon is the only element in the groupttban form stable
derivatives with double and triple boids, ieth show special
characteristics.

Carbon forms gaseous oxides, i.e., CO and ®Rereas others form
solid oxides.

Carbon has a much higher electronegativity and drigbnisation

energy than other elements in the group.

Carbon has a unique capacity of catenation andsamery large
number of stable compounds, with long chains pggiof carbon
atoms, which can occur in many isomeric forms.

Carbon forms stronger bonds not only witkelit but also with
elements like halogens, oxygen, nitrogen and sulgian any other
element in the group.

3.4 Silica and Sitaes
The earth's crust is largely composed of silica sitidates, which are
the principal constituents of all rocks and thedsarclays and soils that

are the breakdown products of rocks. Most inorgéuidding materials
are based on silicate minerals. These includeralasilicates such as

21



CHM 205 INORGANIC CHEMISTRY

sandstone, granite and slate, and manufacturediaiateuch as cement,
concrete and ordinary glass. Some of the propeamesimportant uses
of silica and silicates are described below.

3.4.1 Silca

Silicon dioxide, SiQ is commonly known as silica. Its amorphous as
well as crystalline forms are known. Flint is themorphous form of
silica. The crystalline forms are quartz, tridymated cristobalite which
have different structures. Quartz is the purest tiedmost stable form
of silica. It is a colourless solid having a specgravity of 2.65 and is
also calledrock aystal. Each crystalline form can exist in two
modifications, one stable at lower temperaturedeniie other at high
temperatures. These forms can be intercoedemith change in
temperature.

In hydrolysis of silicon tetrachloride, silicic @cis obtained which on
drying and ignition gives silica as a fine whitenuter.

SiCl, + 40— Si(OH) —»  SiO,

Silica is insoluble in water and acids excégdrofluoric acid with
which it forms volatile silicon tetrafluoride, SiFVhen passed in water,
SiF, is hydrolysed to give soluble,HiFs and silicic acid as an insoluble
white solid:

SiF, +4H,0 ’ Si(OH), + 4HF

2SiF, + 4AHF ———» 2HSiFK

3SiF, + 4H,0 > JHSIF, + Si(OH). 1

These reactions are used in analytical chemisidica is acidic in
nature and gives silicates when fused with alkalies

SiO, + 2NaOH—®» NaSiO, + H,0

Quartz gets coloured due to the presence of somaerities and is prized as a gemstore,
e.g., amethyst which is purple.

SiO, differs from CQ in an important respect that it is a solid at room
temperature whereas G@ a gas. You know that GGs a simple linear
molecule in which carbon is attached to two oxygeams by means of
two double bonds. On the other hand, ,Si@rms a giant or
macromolecular structure in which each silicatom is surrounded
tetrahedrally by four covalently bonded oxygen a@and each oxygen,
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in turn, is bonded to two silicon atoms (Fig. 1.Hpwever, the overall
stoichiometry or the silicon-oxygen ratio remaine same, i.e. SiO

Silica is the chief constituent of glass. Silicd igean amorphous form
of SIO, with a porous structure. It is used as a dehydyament as well

as a catalyst. Silica gel is being increasinglgduss an adsorbent in
chromatography.

Silica when fused with sodium carbonate gives sodsilicate (water
glass):

SiO, + NaCO; —p NaSiO; + CO,

/

O—Q;——O——f!’—-
\

-

.
\
/

/
N\

—_

Fig. 1.5:Structureof Silicon dioxide

3.4.2 Silcaes

Silicates are regarded as the salts of silicic,adi&iO,. All the silicates
are comprised of SiOunits. These units have a tetrahedral structure
formed as a result af? hybridisation (cf. Si; Sub-sec. B.5). Since 4
valence electrons from silicon and 6 valence edestifrom each oxygen
are insufficient to complete the octet of all thienas, therefore, oxygens
acquire electrons from other atoms and become egjatcharged to
produce discrete anion (Sj®. This can be made clear by writing the
electronic formula as given below:

Silicon atom has its octet completed but each omyafem is still short
of one electron to complete its octet. As said abdkiey can complete
their octet by taking up 4 electrons from a majalkting converted to an
anion [SiQ]*
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The [SiQ]* tetrahedra can be represented in three ways asshdvig.
1.6. One silicate differs from the other only i ttnanner in which the
units are linked together. The simple silicates sats of orthosilicic
acid, HSiO,, and contain the orthosilicate4d®iO,]*, e.g. Zf*SiO".

[ L
o \D\.O" S

— . e =Si o~

Fig. 1.6:Representations of 80* Tetrahedra

In some silicates, the oxygen atoms of Siits tend to complete their
octet by sharing electrons with other silicon atpithe oxygen atoms,
thus, form bridges of the type Si-O-Si tthey silicon atoms. The
number of such bridges can vary from one to fothis leads to the
formation of complex silicates. Any oxygen ierh fails to pick up
electrons from the other silicon atom is not alblecomplete its octet.
The resulting silicate chains are, therefore, hegly charged anions.
The metal cations generally present in silicateemals are Li, Na', K",
Ca*, AI** etc. Depending upon the way these Sinits are linked,
silicates of different structure and complexiire obtained. Some
representative types are given in Fig. 1.7.

In addition to the types where linkages between,Sifits are two-
dimensional, complex silicates result from thremehsional linkages
between SiQtetrahedra.

Silicate industry is a very important industry abgblays an important
role in national economy. From these mineral séisaglass, ceramics,
cement, etc. are 38 manufactured. Let us studyri@i the uses of some
mineral silicates.
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(d)

Flg. 1.7:Structureof (a) Pyrosilicates, e.g., Thorteveltlte, ,SigO;
(b)  Cyclic silicates, e.g., Wollastonite, £3i;O0)
(c) Chainsilicates, e.g., Spodumene, LiAl (S)©
(d) Sheet Silicates, e.glalc, Mgs(OH)x(SiOs)s

Mica

Micas are layer structured silicates. Theyeh&ughness, elasticity,
transparency, high dielectric strength, chemic&rtness and thermal
stability up to 775 K. Therefore, mica slseetre used for furnace
windows, for electrical insulation and in vacuurbdas.

In some silicates, 8i ion in the lattice is replaced by Al ion. Aluminosilicates
resulting from this isomorphous replacement havegatieely charged macro anions.
Micas and Zeolites are some of the common aluninatés.

Asbedos

Asbestos are fibrous silicates. They have highileersgrength, great
flexibility, resistance both to heat and flame aiglo to corrosion by
acids or alkalies and are low cost materidlsbestos is used as a
thermal insulator for lagging steam pipes, for mgkiire proof textiles
and as an insulator. Prolonged exposure itoorme suspensions of
asbestos fibre dust can be very dangerous and hlasreeen increasing
concern at the incidence of asbestosis.
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Clay

Clays are essential components of soils, éornby weathering and

decomposition of igneous rocks. When mixed withexatlays become

soft, plastic and mouldable. Clays halbeen used since times
immemorial for pottery and for making bricks, tilesc. Some clays like

fuller's earth have high adsorptive capacity andketh cation exchange

properties. They are extensively used as oil amhsg absorbents in
petroleum industry. Talc is valued for itsfteess, smoothness, dry
lubricating properties and chemical inertness. wtdteness makes it

suitable for use in cosmetic and toilet preparatias well as in ceramics
and paper industry.

Cement

The basic raw materials for cement manufactureliare, silica and

alumina. Portland cement is obtained by calcinirguigable mixture of
limestone and clayey material and adding small artsoaf gypsum and
powdering the mixture. This powdered mixture hasdénto a solid

mass on reacting with water and gives a watertesdiproduct. Cement
slurry alone or mixed with sand'or concrete camiagle to set in any
desired shape. This property makes it an excdbeiding material.

Zeolites
Zeolites, also called Permutits, are sodiulnmmanosilicates used in

softening of water. These are used as cation egenarand remove the
Ca&* and Md* ions from hard water.

Zeolites are also aluminosilicates with open pdrecture and contain equal number of
anions and cations.

NaZ + Ca » Caz + 2Na(Water softening)

CaZ + 2Na p Na,Z + C&* (recharging or regenerating)

The calcium and magnesium salts of permutit cacdoeverted back
into the sodium salt by treatment with a conceattaolution of sodium
chloride.

The method of melting glass was discovered abd@@®B.C. in Egypt or Mesopotamia
probably by some potters when they were firingrtpeits. The first articles of glass were
probably the glass beads.
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When a mixture of silicates mainly of sodium antticen is melted and
then supercooled, i.e. cooled immediately atodow temperature, a
transparent solid is obtained which is called glaghere are different
varieties of glass but most of them are a mixtdreither only different
silicates or mixture of borates and silicates. Begamake glass heat
resistant. Borate glasses like Borosil are usedanaking laboratory and
kitchen ware. Lead glasses have a very high mfeapower and are
used for making optical components like lensesnm, etc. Sodium
glasses are soft, replacement of sodium by potassiakes glass hard.
Introduction of a suitable amount of different amled metallic oxides
makes the glass coloured. Metallic oxides usedCap®, FeOs;, UsOg,
MnO,, NiO, Ca0O;, etc. giving red, green, yellow, violet, black anlde
colours to the glass, respectively.

3.4.3 Silcores

Silicones are a group of organosilicon polymerslikeénSiCl, which on
complete hydrolysis gives SiOalkylsubstituted chlorosilanes on
hydrolysis do not give the expected silicoompound analogous to
ketone but get hydrolysed to long chain polymersikizones. While the
hydrolysis of trialkylmonochlorosilane yields Linegilicone polymer
hexalkyldisiloxane, the alkyldichlorosilane givestragght chain
polymers with active hydroxyl groups at each endtled chain and
trichlorosilane gives complex cross-linked polymerhe chain size is
limited by the size of alkyl group and the amowohtcross-linking is
regulated by the relative amounts of di- and tetmyl-chlorosilanes.
Thus silicones with desired properties can be obthas oils, greases or
rubbers. They are chemically inert, heat resistgntb ~500K, water
repellent, good-electrical insulators and shitttle viscocity change
with temperature. They are used as lubricaimsulators, protective
coating and heating oils.

R R R
—Tieo—Ti—o—-Tu—o—

R R R

Linear Silicone Polymer
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SELF ASSESSMENTEXERICES
Which silicon compound is used as a:

) dehydrating agent
i) cation exchanger
iii)  lubricant

iv)  thermal insulator

3.5 Chemistry of Divalent SiliconGermanium,Tin and
Lead Compounds

The trend in Group 4 is in keeping with the gendrahd inp block
elements that the lower oxidation state becomesmstable as we go
down the group. In other words, the stapiltf oxidation state IV
decreases and that of oxidation state Il increasegoing from silicon
to lead. This is reflected in a decrease in theiced) property of the-2
state and an increase in the oxidising propertydbfttates. Ge (ll) is a
strong reducing agent, Sn(IF) is a mild reducingragand Pb(ll) is not a
reducing agent. On the other hand Ge (IV) hasxidisong property,
Sn(1V) is a mild oxidaneand Pb(IV) is a strong oxidant. Reasons for this
we have already discussed in Sec. 1.3. However, rgaiember that
divalent lead compounds are predominantly ioniclevtetravalent lead
compounds are covalent. Vapours of tin and lealidés have been
shown to contain monomers, MXThis is expected since both metals
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are weakly electropositive, tin less than lead. IS in fact, soluble in
organic solvents and does not conduct electricityhe molten state,
whereas PbGlis only sparingly soluble in alcohol and molten PbiS
a good conductor. Thus SnCl is best regarded as covalent and
PbCLmainly as ionic. The following brief

discussion aboutdivalent compounds of these al&ne
highlights the trends indicated above.

Divalent silicon compounds are thermodynanhycainstable under
normal conditions. But, some SiXcompounds have been formed in
high temperature reactions and have been trappadgd chilling to
liquid nitrogen temperature.

Divalent gemanum halides are stable.

When anhydrous HF is passed over germanium metdd®aK, Gek is
formed. It is polymeric having fluorine bridges.h@t dirnlides are less
stable than the fluoride and can be prepared byctinga the
corresponding tetrahalide with germanium.

GeX, + Ge —> 2GeX
Gek and Ged react exothermically with solutions of
alkali'metal halides to give the hydrolytically lska GeX; ion.

Divalent tin halides, SnFand SnCJ, are important compounds.

When Sn is heated with gaseous HF or HC1,,SmFSnC} is obtained.
Snk is less soluble in water. Sa(hydrolyses in water to the basic
chloride. However, if a slightly acidic satt of SnC} s

taken, SnGR2H,O crystallises out. It is soluble in orgarsolvents,
which shows its covalent nature. Despite thedwvalent nature, in
aqueous halide solutions, SnFand SnCJ, like the corresponding
germanium halides, give complex ions, [ShX Divalent tin halides
act as Lewis acids and form adducts with donor esdl; such as
acetone, pyridine,

etc.

In the presence of air or oxygen, Sn(ll) compouads oxidised to
Sn(lV). Stannous chloride is used as a mild redu@gent. It reduces
ferric salts to ferrous, cupric to cuprous, chragsab chromic salts, and
mercury, gold and silver salts to the metals, e.g.

2FeCt + SnC) — 2FeC} + SnCli,

2HgCL + SnC} — HgCl, + SnC},

Hg.Cl, + SnC, — 2Hg + SnCj
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Stannous fluoride is used in tooth pastes as aceairfluoride ions to
harden dental enamel. Stannous chloride delywi used as a mild
reducing agent and as a mordant in calico printing.

Divalent Lead

Of the four elements, only lead forms stablegll defined ionic

compounds in the divalent state. The oxide, PbOwadorms. The red

one is called litharge and the yellow one massitbe halides unlike
those of tin are always anhydrous. Except acetate ratrate, lead(ll)

salts are generally insoluble in water giving ch&eastic properties and
are thus used for characterisation of many anideshalides, sulphates,
chromates, etc. All lead(ll) salts are poisonous.

SELF ASSESSMENT EXERCISE 6

Categorise the following compounds into oxidisimgl aeducing agents:
CO, GeO, Pbg SnC} and PbCJ

4.0 CONCLUSION

Group 4 comprises of the elements, Carbon, Siliédermanium, Tin
and Lead. In this group, we observed for the fimsie the transition
from non-metallic behaviour fro carbon and silicomrough metalloid
for Germaniun to electropositive metallic behavitarrSn and Pb.

5.0 SWMARY

Let us recollect what we have studied in Unit 1whbdifferent aspects
of the elements of carbon family. The members &f thmily, carbon,
silicon, germanium, tin and lead have been stuffiech the points of
view of the trends in physical and chemical prapsrt

An increase in tendency of ionic bond formation @odalent radii
of the elements has been observed down the group.

Electronegativity and ionisation energies show er@#se on moving
Irom carbon to lead. Heavier elements in the grebow metallic
character also. Going down the group, the lowedation state, +2,
becomes more stable. Silicon compounds appased to have
internalr-bonding.

Allotropic forms of carbon and tin have been ddssnli
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Carbon is unique in having the important propertycatenation. It
also possesses the ability to form multiple bondss ability is
responsible for the formation of a large number adrbon
compounds. Carbon forms a number of binary comgeuwalled
carbides. It forms fluorocarbons which find a nemlof uses in
industry.

Tin and lead are closely related elements. They bmnetravalent
forming covalent compounds such as hydrides amdhalides. They
can also be divalent forming compounds containfregions S#i and
PL**. Sn and Pb show inert pair effect. Both of themdl fiheir uses as
alloys and in metal coating.

Different types of silicates and their stiues have also been
discussed. Silicates, in Permutit and glass Ispexial importance
industrially. Structures and some importanesu®f organosilicon
compounds or silicones have been described.

6.0

TUTOR MARKED ASSGNMENT

Diamond and graphite both are allotropic forrhgarbon; still
only graphite is used as a lubricant. Why?

What are the properties responsible for the abams behaviour
of carbon?

Why are tin and lead incapable of showthg property of
catenation?

Why is trisilylamine a very weak and trimethyiam a good
Lewis base?

Give reactions to show that €@ an acidic oxide and Sn@ an
amphoteric oxide.

Explain the fallowing briefly:

) SiC is as hard as diamond.

i) CCL is not hydrolysed while Si¢lor SnCl} get
hydrolysed easily.

i)  PbBrs, and Pbl do not exist.

iv)  SiO; is a solid whereas GQs a gas.
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ANSWERS TO SELF ASSESSMENEXRRCISES
Self AssessmenExercise 1

v

Self AssessmenExercise 2

Compound Oxidation state

CH, -4
CCl, +4
CHCl; +2
CH.CI, 0
CHsCI -2

Self AssessmenExercise 3

Tin and lead do not showr-dz bonding because the orbitals of Sn

and Pb are of much higher energy than that of kment with which

they form a bond in the compound.

Self AssessmenExercise 4

a) The ionic character (polarity) of a bomi@pends upon the
difference in electronegativity of the elensentvolved. The
electronegativities of carbon and hydrogen (2.5 and H = 2.1)
are quite close, as a result they form essentmltypolar bonds.

b) [SiFs]* will have an octahedral structure (see sub-se8.q)L.

Self AssessmerExercise 5

i) Silica gel

i) Zeolites

iii) Silicones

iv) Asbestos

Self AssessmerExercise 6

Oxidising agents: PbgChnd PbQ
Reducing agents: CO, GeO and SnCl
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APPENDIX -1
FULLERENES - Great Balls afarbon

As was mentioned in a previous unit, fullerenes thee new form of
element carbon in which carbon atoms are ‘symgwdiyi arranged in
closed shells. They are formed when vapourisedotacbondenses in an
atmosphere of inert gas and produces clusters@@ittarbon atoms and
clusters with 70. The ¢ cluster has a great symmetry and it was
thought to be a truncated icosahedron cage' steucil, a polyhedron
with 20 hexagonal (6-angled) surfaces and 12 pent (5 - angled)
surfaces (see Fig. in the margin). The pattern tatball has exactly
this structure therefore, thed@nolecule is sometimes called as football
molecule also. The diameter of a,Gnolecule is only 0.7 mm. The
structure also resembles the geodesic dome designéde American
architect R.Buckminster Fuller for the 1967 Montre@arld exhibition.
The researchers therefore named this allotrope afbon as
Buckmlnsterfullerene after him.

The physicists who first discovered fullerenes hagery simple method
for making them, they vapourised a graphite rogpagsing a very high
current through it. The vapour was prevented freacting with the air
by enclosing the rod in an inert helium asphere. The product
obtained by this method was a fluffy, blaskot. This carbon
condensate was extracted with an organic solvegét@ mixture of ¢
and Go. The structure was confirmed using X-ray crystiéphy and
other spectroscopic techniques. The chemistposed its structure
corresponding to an aromatic three dimensionalesysh which single
and double bonds alternated.

Properties

As you might guess fullerenes have very dffe properties from
diamond and graphite. For instance, issolves in benzene to form a
wine-red solution and has mustard colour crysthlss stable in the
dark. If kept in air and exposed to ultraviolethligthe cage breaks into
fragments.
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Birch reduction was done to confirm the presencelaible bonds in
fullerenes. It uses lithium metal dissolved in lgj@mmonia to reduce
(or hydrogenate) the fullerene double bonds leatinGsHss. Osmium

tetraoxide (Osg) reacts with one of the double bonds in the cagkifi

an excess of 4-tert-butylpyridine is present in thaction mixture, a
stable compound can be isolated.

The Gy structure is hollow, with room for one or more atl@oms,
attempts were made to enclose a metal atom. Pataskinthanum and
various other metals have been used for this perpos

Uses

Fullerenes are now finding use in organic chemjsétgctrochemistry
and semiconductor technology. They act asersgmductors when
doped with alkali metals. Fullerenes may find aseoptical limiters

since G, is transparent to low intensity but opaque tohhigtensity

light. This properly can be used to protect opteahsors from intense
light. Some researchers think that fullerengdl make excellent
lubricants by acting like tiny ball bearings. Mampre applications will

now be found owing to the aromatic and highly Eaorm of these
molecules.
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1.0 INTRODUCTION

We now extend our study to another group of théoder table, namely,
Group 5 consisting of nitrogen, phosphorusseic, antimony and
bismuth. Like the preceding groups, elements o gnoup also exhibit
regular gradation in the physical and chemical ertags. Nitrogen and
phosphorus are distinctly non-metallic, arseaild antimony are
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metalloids, while in bismuth metallic characteasti predominate. The
first element in the group, nitrogen shows somezpional behaviour.
We will briefly discuss the chemistry of thesenmeénts and some of
their important compounds in this unit.

2.0 OBJECTIVES

After studying this unit you should be able to:

describe the occurrence, extraction and uses dstbap 5 elements,
discuss the general characteristics of the Groelefents,

discuss the properties of hydrides, halideedes and oxoacids
formed by these elements,

explain how nitrogen-nitrate balance is maintaiti@@dugh nitrogen

cycle,

explain how atmospheric nitrogen is fixed,

describe the use of phosphorus in fertilisers, and

list the differences of nitrogen from rest of theo@ 5 elements.

3.0 MAIN CONTENT
3.1 Occurrence, Extractioand Uses

Group 5 of the periodic table contains some verpartant elements.
Nitrogen is a major component of the earth's atmesp Both nitrogen
and phosphorus are essential constituents of atlt @ind animal tissues.
They are also put to a variety of uses as elensrtsn the form of their
compounds. Let us see, how these elements occoature and how
they are extracted from their natural sources.

3.1.1 Occurerce

Nitrogen is the most abundant uncombined elemerdsaible to man. It
comprises 78.1% of the atmosphere by volubDespite its ready
availability in the atmosphere, nitrogen is relalyvless abundant (1.9 x
10°%) in the crustal rocks and soils of earth. A feajon minerals are
saltpetre, KN@ and Chile saltpetre, NaNOPhosphorus is the eleventh
element in order of abundance in the crustal soock the earth, its
occurrence being to the extent of 0.112%l. it known terrestrial
minerals are orthophosphates. The major mimeo& the phosphate
family are the apatites, §RO,):X and the common members are
fluorapatite, CgPQ,)sF, chlorapatite, G&P0,);Cl and hydroxyapatite,
Ca(POy):OH. In addition, there are vast deposits arhorphpus
phosphate rock, phosphorite, {0,),. As we have said above, both
nitrogen and phosphorus occur in all living beingsey are present in
the proteins and in the genetic material deoxynioteic acid or DNA.
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Phosphorus as g&0,), is also present in bones and teeth. Arsenic,
antimony and bismuth are comparatively less aboinda the earth's
crust, their abundances being 1.8 X% 2.0 x 1G% and 8.0 x 1%,
respectively. They mostly occur as sulphides.

3.1.2 Extraction

Nitrogen is obtained commercially from air. Initialair is cooled to
remove water vapour and carbon dioxide amehtit is repeatedly
compressed to about 2 x“1RPa. and allowed to expand rapidly. This
causes the temperature to fall and eventuallyathkquefies. Fractional
distillation of liquid air enables separation otragen, oxygen and the
noble gases.

Phosphorus is extracted from the phosphate rodkelying it with sand
and coke in an electric furnace (Fig. 2.1) at aperature of about 1800
K. The nonvolatile silicon dioxide displaces the rmovolatile
phosphorus pentoxide which is then reduced by coke.

2Ca(P0Oy), + 6SIQ — CaSiQ . POy
P4O]_o + lOC — P4 + lOCO
Arsenic, antimony and bismuth can be obtained fiiogir sulphide ores.

The ore is roasted in air to convert the sulphiml¢he oxide which is
then reduced by heating with coke.

Charging '

¢hute \

Flrebricklining——— / 4 % “

GOOCOOCXX
RO

N

Carbon electrodes

Phosphorus vapour

—_—
+ carbon monoxide

N

Steel
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Siag % "

(0P h0le T s

Fig. 2.1: Electric Furnacdor Extracting Piogphorus
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3.2 Uses

The main use of elemental nitrogen is to creaténart atmosphere in
the iron and steel industry and in many other rhetgkal and chemical
processes where the presence of air wowulva fire, explosion

hazards or undesirable oxidation products.islitalso used in the
packaging of processed foods and pharmaceuticalst@rpressurise
electric cables, telephone wires and rubber tyets,Liquid nitrogen is

also frequently used for freezing of foodfsuffreeze grinding of
normally soft and rubbery materials like meat, preation of biological

specimens and for in-transit refrigeration.

Red phosphorus is used in matches, fire works ana @omponent of
phosphor-bronze alloys used for making bearinbhe main use of
elemental arsenic; antimony and bismuth is in tteelpction of various
alloys.

Besides the use of elemental nitrogen, comgeuof nitrogen have
extensive applications in various fields. Ammorsaused in various
forms as a fertiliser, e.g., as hWDs;, (NH,).SO,, (NH,).HPQ,, etc. Its
applications also include refrigeration, as a pitoller in food and
beverage industry, pharmaceuticals and in watdfigation. Nitric acid

is another important compound of nitrogers thajor uses include
manufacture of NENO;, explosives like nitroglycerine, nitrocellulose
and TNT. Hydrazine, M, and its methyl derivatives, McNHNH
and MeNNH,, are used as rocket fuels. Nitrous oxidgDNis used as
an anaesthetic.

Sulphides of phosphorus,3 and RS, are used in match industry.
Phosphoric acid is used in fertilisers, cleaningmatals, rust proofing,
pharmaceuticals, etc. Disodium hydrogen phatgh NaHPO, is
widely used as an emulsifier in the manufacturg@adteurised cheese.
Sodium dihydrogen phosphate, N&,, is used as a constituent in the
undercoat for metal paints. Calcium phosphaes used in baking
powders and tooth-pastes. Synthetig(Ea,);sOH (1 - 2%) is added to
table salt to impart free flowing properties. Soditripolyphosphatc,
Na,ROy, is used in detergents and in softening wakrosphorus
compounds like malathion, parathion, etc., are aseplesticides.

Arsenic compounds find extensive use in agriculaseherbicides for
weed and pest control, e.g., monosodium methylnatse MSMA and
disodium methyl arsenate, DSMA. Arsenic asdused as a wood
preservative. Sodium arsenite is used for aquagiedacontrol. Arsenic
oxide, AsO:s, is used to decolourise bottle glass. Antimony pgoomnd,
antimonial lead, is used in storage batteries. Gamgs of antimony
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with aluminium, gallium and indium, AISb, GaSand InSb, find
applications in infrared devices and in diodes.

3.2 GeneralCharaceristics

Elements of this group hawes’np® electronic configuration in their
outerrmost shell. However, the electronic aunrfation of the core
differs. In the case of nitrogen and phosphorus, tihat of the preceding
noble gas, whereas for arsenic and antimony ibiHengas plusi® and
for bismuth it is noble gas plus®f . This is reflected in the properties
of these elements whjch we will discuss below.

3.2.1 PhysicaPropertes

As we have said earlier, the elements of this grelupw a systematic
gradation of properties (Table 2.1). Nitrogen &sgpus in nature and
exists as a diatomic molecule N=N. This is dueh® ¥ery high bond
energy of the N=N bond, 946 kJ mplhich is nearly six times the N-N
bond energy, 160 kJ mblOn the contrary P P bond is quite weak, its
energy of 490 kJ mol is only ~ 2.5 times the P-Rdoenergy, 209 kJ
mol*. Therefore, phosphorus exists as tetra-atomim&ecules in the
gaseous state. In the solid state, it exists fferéint allotropic forms
about which you will study in the following sub-sieo.

The change from non-metallic to metallic charaetéh increase in the
atomic number is well illustrated in this group.eTfirst two elements,
nitrogen and phosphorus, are nonmetals, arsand antimony are
metalloids whereas bismuth is predominantlytattie in nature. In
keeping with this trend, the electronegativity lnéte elements decreases
gradually on moving down the group. The densityltimg and boiling
points of the elements increase with increasedmat number.

Atomic radii, as expected, increase with increasatomic number. As a
consequence, ionisation energies decrease esnending the group.
Nitrogen shows an exceptionally high ionisationrggewhich is due to
its small atomic size. As discussed above, allelleenents of this group
have five electrons in their valence sheley exhibit a highest
oxidation state of +5 by using all five electromsforming bonds. As
one goes down the group, the tendency of the qfas electrons to
remain inert increases and oy electrons are used in bonding,
resulting in an oxidation state of +3. The stapibf +3 state relative to
the +5 state thus increases on moving down the grouphéncase of
nitrogen, a very wide range of oxidation statestsxi-3 in NH, -2 in
N2Hg, -1 in NHOH, 0 in N, +1 in NO, +2 in NO, +3 HN@ +4 in NG
and +5 in HNQ. The negative oxidation states of nitrogen arisealbise
of its higher electronegativity (3.05) than thathgtirogen (2.1). As you
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can see from the Table 2.1, the energy requiregraduce M* is so

immense that it is never formed. The complsufiormed by these
elements in +5 oxidation state are thusdg@manantly covalent.
However, in case of Sb and Bi, the sum of the finsee ionisation
energies is just low enough to form*ins. But fluorine is the only
element which gives an electronegativity differrenough to permit
the formation of ionic bonds. Thus Shbénd BiR; exist as ionic solids.

Table 2.I: Some physicgropertiesof Group 5dements

Property Nitrogen Phosphorus Arsenic Antimony Blamut)
N P A $ B
Atomic nymber 7 1§ 3 it #
Eletronic confguron B ey P’ K ety
Tonic radis {pm) M4-3) 1213 ) s M)
Covalnt raics (pm) % 1 i Jé 14
vander Waalsradius {pm) 15 18 0 Ih|
Bood energy (E-E, Kl mal”) 10 ! I 2 -
Meling point K] 6 ik w 3 b
loling poin (K] i i T ' 1683 18
Densty (' x g 0Bl 18 hi A T
Electroncgtivity (AR 308 25 e 18 164
Elertron ety (W mor™) H n 7 {0l A1
lonation ey (k) mol”) . | |
(141141 B8 S i - 4%
(1414114 1V+Y) 15 7% 16,357 14 10
Common oxidation states” 314, 3.4, 33,5 (3,35 L
LS 38 o

2= sl o Fidat bfing i, w = whie * the cwiation saes i backel comespond 1 s sable oo of e eoen

Since, it is not easy from energy considerationgatio three electrons to
achieve stable noble gas configuration, the foromatf the tri-negative
ion (M®) is rare. But, nitrogen being the smallestd the most
electronegative of all the members of the groupm#o trivalent anion
with reactive metals which have low ionisation gnes. Thus, nitrogen
forms ionic nitrides such as 3;Ni, BeN, Mgs:N,, CaN,. As the

electronegativity of the other elements of the grtawe., P, As, Sb and
Bi, is low, most of their compounds are covalemature.

Nitrogen is not able to extend its coordination membeyond four, the

other elements have coordination numbers of &sewell as six. The
extension of coordination number is due to theladity of rf-orbitals
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in P, As, Sb and Bi, using which these elementsattainsp®d and sp’d?
hybridisation, e.g., in PGland PCls, respectively. Thus, nitrogen does
not function as a Lewis acid whereas phosphorsgnar, antimony and
bismuth do so. The hydrides of this group and thkyl derivatives act
as Lewis bases, forming a number of addition corgiee.g., NkIBF;,
CaCb.4NH;, etc.

Nitrogen forms strongppr multiple bonds but other elements of the
group do not show this behaviour. This propealso differentiates
nitrogen from other elements of the group. Apaanf the nitrogen
molecule, N=N, compounds havinge-pt multiple bonding include
nitrates, NOj, nitrites, NO ,, azides, N, cyanides, O=N, oxides of
nitrogen, etc. Thus, the oxides® and NOs are monomeric due to
the presence of multiple bonds but analogou3; Fand BOs exist as
dimers, RO and RO,. However, phosphorus and .the heavier
elements of the group shale-pz bonding.

3.2.2 Allotropic Forms oPhosphorus

Phosphorus exists as discrete tetrahedrah®lecules in the gaseous and
liquid states and also in the solid state as wpltesphorus. Because of
angular strain in the,Anolecule in which the angles are only 60°, it is
reactive. It spontaneously catches fire in air. \/lphosphorus is soft,
appreciably volatile and poisonous, soluble in argaolvents but not
in water. In fact, it is stored under water to paitit from oxygen.
Phosphorus glows in the dark with faint green glodye to
phosphorescence.

Phosphorescence is a form of luminescence in whicdubstance emits light of one
wavelength after having absorbed electromagnetiatian of shorter wavelength. It may
continue for a considerable time after excitation.

Above 1600 K, P molecules begin to dissociate intg Bholecules.
Rapid cooling of this vapour gives brown phosplowhich probably
contains P molecules. If white phosphorus is heated above X®06r
sometime, one of the P-P bonds ini®broken and a polymeric form of
phosphorus known ased phosphorus is formed. Because of its
polymeric structure in which angles are less sé@hint is less reactive.
Heating white phosphorus under high pressresults in  black
phosphorus which is inert and has layer structbrg. 2.2), resembling
graphite. Like graphite it has metallic lustre asdh conductor of heat
and electricity. Black phosphorus is the most nhetalf the allotropes
of phosphorus and is often called metapilcogohorus.

Reactivity of the various allotropic forms of phbspus towards other
substances decreases in the order, brown > whitel > black, the last

41



CHM 205 INORGANIC CHEMISTRY

one being almost inert. Similarly, arsenic, antimand bismuth also
have a number of allotropic forms. Generally, thetallic allotropes
become more stable with increasing atomic number.

3.2.3 ChemicaPropertes

Nitrogen is quite inert at room temperature becaidbe great strength
of the N=N bond, 946 kJ mallt is a blessing, in the sense that our
atmospheric oxygen might otherwise disappedh some of the
nitrogen to form oceans of nitric acid. White phiospus is very reactive
while red and black allotropes are not. Arsenidjnaony and bismuth
are fairly reactive.

With oxygen, nitrogen combines only at very higmperatures to
yield nitric oxide; white phosphorus combinss readily giving
trioxide and pentoxide that it is stored under wate

Arsenic, antimony and bismuth on heating in aimfdhe trioxides
As,0;, ShO; and BpOs, respectively. All except nitrogen react with
halogens to form halides EXand EX; bismuth yields only BiX
(inert pair effect).

All react with sulphur, except nitrogen, to fornetbulphides.

Only nitrogen reacts with hydrogen under suitalgleditions to form
ammonia.

All the elements of Group 5 react with metals; ogEn forming
nitrides, phosphorus and arsenic giving phosphigied arsenides
whereas antimony and bismuth form alloys.

Hot concentrated sulphuric acid converts phosus, arsenic,
antimony and bismuth to RO, H;AsO; (arsenious acid), $(50,);
and Bp(SQOy)s, respectively. With nitric acid, phosphorusrms
phosphoric acid arsenic formssanious and arsenic acids, antimony
and bismuth form Si©os and Bi(NQ)s, respectively.

The action of alkalies is flerent on different elements —
thosphorus forms alkali hypphosphites and phosphine,
aveesialkali arsnites. As® w hereas antimony and bismuth remain

waffected
/P . /
[l |)=

\,/

(a)
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Scan Fig. 2.2: notropes ofPhosphorusfa) Red Phosphorus (b)
White Phosphorus and (c) BlackPhosphorus.

These reactions are summar

ised in Table 2.2

Table 2.2: Some Reactions Gfoup5 elanents

e + o, Heat

E,O,

E+F, ——— EF,
E+X, —— EX,
(X = CLBrI)

E+S — 4 ES,

P + KOH + H,0

PH, + KH,PO,

As + H2504 H;ASOJ
hot & conc.

As + HNO; ————— H;As0;
dil

Nitrogen forms NO when a mixture of N; and air is passed
through an electric arc; P gives P,O, and P, As. Sb and Bi
ylcld AS:O_\ and BI:O\ {
Not N and P; As, Sb and Bi form AsF;, Shi's and BiF,,
respectively.

Not N; P gives PX; and PXq; As, Sband Bi form EX..

Not N: P gives P,S;; As, Sb and Bi form As,S,,

$b,S, and Bi,S,, respectively.

Not N, $b and Bi; As reacts with fused alkalies to form
Na;AsOjand Hy.

Not N; P forms H,PO, whercas Sb and Bi yicld $Sha(SO,),
and Bi,{($O,),. respectively. )

Conc. HNO; oxidises P, As, Sb and Bi to H;PO,, H:AsO,,
Sb;05 and Bi(NO,);, respectively.

Before we discuss the co
following

mpounds of Grougldments, try the

SELF ASSESSMENT EXERCISE 1

Explain briefly in the space given below, why

I Nitrogen exists as Nw

hereas phosphorus exists as P

molecules in the gaseous state.

. White phosphorus is more reactive than red phosus.
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3.3 Hydrides

All elements of Group 5 form trihydrides of the ¢ygH. In addition to
these, nitrogen also formsi, and NH, and phosphorus gives PaH”
Bond energy of the M-H bond decreases from; NéiBiH; because of
increase in the size of the element on descendimgy droup.
Consequently, the stability of the hydrides deaesdsom NH to BiH;;
bismuth hydride decomposes quite rapidly at roomperature. As you
have studied in Unit 3, the variation in boilingimtoof trihydrides is one
of the strongest pieces of evidence for hydrogendbformation by
nitrogen. Properties of these trihydrides are suris®d in Table 2.3.

Table 2.3: Propertiesof Group 5hydrides,EH;

Ammonia| Phosphine Arsenic| Stibine | Bismuth
Property NH; PH; | AsHs | SbHs | BiHs
Melting point (k) 195 139 157 185 -
Boiling poini (k) 24C 18€ 211 25€ 29t
Solubility in
water 739 0.26 0.20 0.20 -
(VIN at 29z K)
Odour pungent | decaying GI?IileIC- - -
Bond energy, E-
H 389 322 297 255 -
(kJ mol)
Bonc angle 10€°47 93°30’ 92° 91°30° -
?[;';’O'e moment | 1 44 055 | 0.15
Decomposition to On gentle very
elements (K) 775 heeting 295 295 unstable

The central atom in the trihydrides $8° hybridised. As one of the
positions in the tetrahedron is occupied by a Ipag, the structure of
these hydrides is pyramidal, (Fig. 2.3). The tegdabn is distorted due
to repulsion between the lone pair of electrons taedbond pairs. With
the decrease in the electronegativity of the cétiam, the bond pairs
of electrons go further away from the central atdrhis results in a
decrease in the repulsion of the bonding pairshe vicinity of the
central atom resulting in u decrease in the bargles which become
close to 90° (Table 2.3). E-H bond then consistsatmhost purep-
orbitals and the lone pair is almost in a pst@rbital. As we go down
the group, lone pair resides mainly in terbital from where it is more
difficult to be removed. This is the reason why aonia acts as a better
donor than other hydrides of the group. Thi$l; readily forms
ammonium salts with H Phosphonium salts are formed with Binly
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under anhydrous conditions but other hydrides, ASHH and BiH; do
not form such salts. Let us now discuss the hydradenitrogen in brief.

Fig. 2.3: Structureof Ammonia
3.3.1 Ammonia

As described earlier, ammonia is an important itrtalschemical of all
the nitrogen compounds, it is produced he tlargest quantities.
Ammonia can be obtained in the laboratory by hgaimmonium salts
with an alkali:

2NH,Cl + Ca(OH) — CaCh +2NH; + 2H,0

Ammonia is manufactured industrially yaber process. Nitrogen
from air and hydrogen from synthesis gas, are egatdgether at a high
pressure of about 250 atmosphere and at a tempe@t@00 K in the

presence of a finely divided catalyst.

N, +3H, < 2NH; AH° = -92.0 kJ mol

As Le Chatelier's principle would tell you, highepsure will favour the
forward reaction, which proceeds with reductionvalume. Since the
forward reaction is exothermic, high tempemdguwould favour the
back reaction resulting in dissociation of ammoilawever, to enable
the reaction to proceed at a reasonable rategtwtion is carried out at
800 K in the presence of a finely divided iron ¢ghcontaining traces
of oxides of Mo, K and Al. The above pressure #&mchperature is
optimum to give about 15% vyield of NHThe unreacted gases are
recycled.

A mixture of carbon monoxide and hydrogen, obtaifiech methane, CH naphtha, @is
and water at 1175 K and 30 atm. pressure in preseha catalyst is known as synthesis
gas.

Le Chateller’s Principle:
If the conditions controlling the equilibrium ofsgstem are changed, the system moves in
such a way as to oppose the effects of the change.
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Ammonia has a strong characteristic pungent sritedl.a colourless gas
at room temperature and can be easily liquefie@ither increasing the
pressure or decreasing the temperature. It is \hgluble in water, it is
more soluble than any other gas because of hydragading with

water. The ammonia solution in water is generaliyledd ammonium
hydroxide. The name ammonium hydroxide is, hosvemisleading and
the solution should better be called 'aqueous anahdrhe solution has
NHs(aq), NH(aq) and OH (aq) ions:

NHs(aq)+ H.O =— NHi(aq) + OH™ (aq)

The equilibrium constant K for the above reactisronly 1.81 x 10.
This value is quite low, suggesting that the aqeesalution is a weak
alkali. Ammonia solution, in the presence of XIH, is used as a buffer
solution in the pH range of 10. This miguns also used for
precipitation of metal hydroxides selectively. Yowst have studied
simple reactions of ammonia, e.g., with HCI in yeahool chemistry.

As we have discussed earlier, Nhholecule has a pyramidal structure,
having a lone pair of electrons at the apex. Thenanium ion formed

on reaction with H has a tetrahedral structure. Ammonia functions as a
donor molecule towards Lewis acids and many compd@s having
ammonia as a ligand are known, e.g., [CuiiH, [Ag(NH,),]*
[Ni(NH3)¢]?*, etc. Ammonia is linked to the metal ions throltghlone
pair.

Liqguid Ammonia as a Non-aqueous Saitve

Liqguid ammonia functions as a good solvent for manoistances and
many types of reactions. In this behaviotrresembles water as a
solvent. Both are self-ionising, the differencenigein the lower degree
of ionisation of ammonia:

2NH; = NH, +NH;

=

2H,0 é H:O" + OH

As you know, all those substances, which dssolving in water
produce hydronium ion, are acids and &lbse which produce
hydroxide ion are bases, e.g., HC1, HN@e acids in watera NaOH,
Ca(OH) are bases. Similarly, all thosebstances which dissolve in
liquid ammonia to give Nilions are acids and those which give amide
ions, NH, are bases. Thus, NE1, NH,NO; are acids and NaNHs a
base in liquid ammonia. Acid-base neutralgatireaction in liquid
ammonia, thus, can be a reaction giving a saltthadolvent. Compare
the corresponding reaction in water,

e.g.

46



CHM 211 INORGANIC CHEMISTRY

NH.CI NH, + CI"
NaNH, Na" + NH;
NH;
NH,CI + NaNH, — NaCl + 2NH
H0

HClI + NaOH —p NaCl + HO

Similarly,
NH;
2NH,Cl + PbNH —» PbCGl + 3NH;
Lead imide
NH;

3NH,CI + AIN —p»  AICI; +4NH;
Aluminium nitride

Thus, we see that imides like PbNH, and nitrideshsas A1N, also
function as bases in liquid ammonia. Liquid ammasia basic solvent
because it can easily accept a proton. Therefbosetacids which are
weak in water will be highly acidic in liquid ammian Thus, acetic acid
is a weak acid in water (pka = 5) but will functias a strong acid in
liquid ammonia:

CH,COOH+ H,0== CHCOO  + 0"
CH,COOH + NH== CH,COO~ +#NH

Reactions accociated with complex formation are asmparable in
water and liquid ammonia.

water excess
ZnCl, + 2NaOH——»  Zn(OWgzor—» [Zn(OH),)*
precipitate soluble complex
Liquid NH;

eXCcess

ZnCl, + 2NaNH——»  Zn(NH)———p [Zn(NH,)4]?-
precipitate  NaNH soluble complex

As you have learnt in Units 4 and 5, liquid ammagissolves alkali and

alkaline earth metals giving blue solutions. Theaction is, however,
less vigorous than the reaction of these metals watter.
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3.3.2 Hydrazine, NH,

Hydrazine is prepared by the action of sodium hypmde on ammonia
in the presence of a small amount of gelatin, whhielps to suppress the
side reactions:

NH; + NaOCI » NHCI + NaOH
NH; + NH,C1 + NaOH—» NHNH, + NaCl + HO
NoH, + 2NH,C1 ——— 3 N, + 2NH,CI (side reaction)

3NH,C1 + 2NB—» N, + 3NH,C1 (side reaction)

Anhydrous hydrazine may be obtained by distillatoMer NaOH or by
precipitating NHsSQO,, which is then treated with liquid NHto
precipitate (NH).SO:

2NHs
N.Hi(aq) + HSO)(aq)r—» NH:SO,—» N,H; + (NH,).SO,

Hydrazine is acolourless, fuming liquid.lt forms a dihydrate,
N2Hs-2H,O and two series of salts, €.g., N:HsC1l and NHeCl..
Hydrazine burns in air giving nitrogen and wates this reaction is
highly exothermic AH° = -622 kJ), hydrazine is used asacket el
along with liquid air or oxygen as an oxidant.

/-

N—N

17}

Fig. 2.4:Structureof Hydrazne

Hydrazine has a structure (Fig. 8.4) similar ta thfahydrogen peroxide
having two lone pairs of electrons and can act asaadinating ligand

forming complexes with metal ions like €oNi*, etc. The bond energy
of N-N bond in hydrazine is very small due to thepulsion of the

nonbonding electrons which weaken the N-N bond.rd@lwe hydrazine

Is unstable, it decomposes tg, NH; and H at 500 K.
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3.3.3 Hydrazoic Acid, Hj and Azdes

Hydrazoic acid is also known as hydrogen azideis la colourless,
highly explosive liquid. When sodamide is reactethwiN,O at 450 K,
sodium azide is formed which on treatment withpbukic acid gives
hydrazoic acid:

2NaNH. + NO —p» NalN;, + NaOH + NH
2NaNs  + H.SO—» 2HN; + NaSQ,

It is a weak acid and dissociates only hghg in water. With
electropositive metals it forms azidcs. P§ENs covalent and explosive
in nature and it is used as a detonator. NiaNbnic and non-explosive.
For the azide ion, Nthree resonance structures can be drawn:

ANT=ENENS—> NZ- N NiC—> N N - NZ:
For covalent azides and hydrazoic acid, which ngdly covalent, three
resonance structures may also be drawn. But, diogpto Pauling's

adjacent charge rule, one structure is excludedesn it, two adjacent
atoms have the same charge.

HN=N*=N: ~HN-N" N: HN N"— N?:
Not possible

Thus the increased stability of the ionic azides/ rha due to a larger
number of resonance forms.

3.3.4 PhosphinePH;
Phosphine, Pl is the most stable hydride of phosphoriis.is
intermediate ir. thermal stability between ammorgéamd arsine.
Phosphine can be easily prepared by any of thewolly methods:
hydrolysis of metal phosphides such as AlIP ofPga
CaP, + 6H,O——— p 2PH + 3Ca(OH)
Pyrolysis of phosphorus acid at 480 - 485 K:
4H;POG; —»  PH; +3HPO

Alkaline hydrolysis of phosphonium iodide:

PHJ) + KOH —— & PH; +KI + H,0
Alkaline hydrolysis of white phosphorus (industibcess):
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P, + 3KOH + 3HO———» PH + 3KH,PG,

Phosphine is a colourless, extremely poisonoushgamg a faint garlic
odour. As the P-H bond is not polar enough to féd-----P or P-H----
O bonds, unlike ammonia, phosphine is not assatiat¢he liquid state
and is much less soluble in water. In contrasth® basic nature of
solutions of ammonia in water, aqueous sohsti of phosphine are
neutral, which is due to the much weaker tenderidyH to protonate
in water. However, it does react with HI to formogphonium iodide:

PH, + Hl ———» PHj

Pure phosphine ignites in air at about 435 K, bbervcontaminated
with traces of fH, it is spontaneously inflammable:

PH3+ 202—> H3PO4
3.3.5 Arsine, Stibine and Brauthine
AsH;, SbH; and BiH; are exceedingly poisonous, thermally unstable,
colourless gases whose physical properties are aaupvith those of

NH; and PH in Table 7.3. As pointed out earlier, the thermabdity
and basic character of these hydrides decreaseNi#mo BiHs.

The thermal instability of AsHis realised in the detection of arsenic poisoning.

AsH; and SbH can be prepared by acid hydrolysis of arsenides and
antimonides of electropositive elements like Na, Mg, etc.:

MgsAs, + 6HCI —»  2AsH + 3MgCl
ZnsSh + 6HC1 —»  2SbH + 3ZnCk

Bismuthine is extremely unstable and is best pexpaby the
disproportionation of methylbismuthine at 230 K:

3MeBiH, —» 2BiH; + BiMe:.
SELF ASSESSMENT EXERCISE 3
Explain briefly:

I Why ammonia acts as a Lewis base?
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ii. What type of substances act as acids or baskguid ammonia?

li.  Why hydrazine is unstable?

3.4 Halides

We have already discussed that Group IS elememts tmmpounds
mainly in two oxidation states, +3 and +5. Bothaypf their halides,
i.e. trinalides as well as pentahalides are knowae. will discuss the
trinalides first and then the pentahalides.

3.4.1 Trihalldes

All the elements of Group 5 form trihalidellX; Of all nitrogen
halides, only NFis stable due to strong N-F bonds. All other tiithed
of nitrogen, NCJ, NBr; and Nk are unstable. Of these, NC1
is explosive and NBr and Nk exist only as their ammoniates, i.e.,
as ammonia adducts and detonate on removing ammonia

Except NX, all the trihalides hydrolyse rapidly to hat hydrated
oxides, e.g., A®©:;nH,O or acids, HPO, or oxochloride, SbOCI and
BiOCIl. NC1 on hydrolysis gives NHarid HOCI instead of HNO
(nitrous acid) and HCI:

NCl, +3HO — 3 NH; + 3HOCI
PCL+3HO ————p H;PO; + 3HCI
SbCk+ H,O ——————»  SbhOCI+ 2HCI

BiCl; + H,O BiOCI + I2HCI

The mechanism of the hydrolysis of phosphorus lorathe is similar to
that of silicon tetrachloride, explained in the gading unit. It involves
the formation of an intermediate four coordinapeges HO—PCk.
The formation of this type of intermediate is impible for nitrogen
because of the non-availability dforbitals. NC}, therefore, hydrolyses
by a different mechanism, which involves the attatkhe Lewis base,
water, on the partially positive chlorine to reraow in the form of a
protonated hypochlorous acid molecule. Proton exgbawith the GIN
anion then generates one molecule of HOCI andNHCl,
each.
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Replacement of two more chlorine atoms with hydrogeoduces the
NH; molecule:

.k H 1o H ¢ Tae
N ; i N |
B = T T
i

N VLR

The trihalides, excepfNX;, _act as Lewis acids, i.e. electron pair
acceptors, forming haloanions, Sh@ICl,, etc. The trihalides can be
oxidised to pentahalides. The ease of oxidatiomedses from PXto
BiXs. However, NX is not oxidised at all. The trihalides function as
halogenating agents. PCIeacts with NH, halogens, HI, S, Oand
AgNCO to give P(NHs; PXCls Pk, PSC3, POCE and P(NCOy
respectively. The following chemical equations esgnt these
reactions:

t

PCL+3NH; —— p P(NH); + 3HCI
PCk + Br;, —  » PBrCl;

PCL + HI —p Pl +3HCI
PCL +S —» PSd

2PCE + O, ——  » 2POC}

PCk + 3AgNCO » P(NCO) + 3AgCl

Trihalides of the lighter elements of theoyw are predominantly
covalent in nature, therefore, they can exist asrdie molecules which
have a pyramidal structure, like NH he trihalides of heavier elements,
e.g., Bik, are ionic in nature.

3.4.2 Pertahalldes

Nitrogen does not form any pentahalides. T8tability of other
pentahalides of the group decreases in the orde8P > As > Bi and in
the order F > Cl| > Br for halogens. $IPC%, PBk, Ask;, SbF, SbCi,
and Bik are stable. However, PBrand SbG readily lose
halogen forming trihalides. The pentahalides getemuxidising as we
go down in the group, except arsenic pentahalidexs, which are
unexpectedly
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more oxidizing than those of the element followihgn the group. All
the pentahalides have trigonal bipyramidal stmgctun the gas phase
(Fig. 2.5). However, their structures differ in thelid state, e.g., PEI
splits into [PC] [PCl]  which have tetrahedral and octahedral
structures, respectively; PBsplits to give [PB4|"Br. Pentahalides are
obtained by the action of excess of halogen omlidks:

PXz +X; —— PX;

(a) (b)
Fig. 2.5:Structureof PCk in (a) Gaseous state (b) Solichie

Pentahalides are good halogenating agents, B@QL is used for
conversion of alcohols to alkyl halides and adidsacylchlorides as
shown below:

ROH + PC} —» RC1+ POC1+HCI
RCOOH + PGI—®» RCOCI + POJ + HCI

They hydrolyse to give either oxoacidszPy, HsAsO, or hydrated
oxides like SBO,.nHO or oxohalidcs like BiOCI; partial hydrolysis of
PCXL gives POC1 Almost all pentahalides can accept an electran pa
and act as Lewis acids, as insFf. L, etc.

SELF ASSESSMENT EXERCISE 3

Explain briefly why trihalides of nitrogen maot be oxidised to
pentahalides.

3.5 Okxides
As stated earlier, nitrogen forms a number of axidéO, NO, NOs;,
NO, or N;O,and NOs, and also very unstable N@nd NOs. All these

oxides of nitrogen exhibpz-pz multiple bonding between nitrogen and
oxygen. This does not occur with the heavier elésmenthe group and
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consequently nitrogen forms a number of oxides Wwimnave no P, As,
Sb or Bi analogues. The oxides of this group welldiscussed briefly in
this section.

3.5.1 Oxides of Nrogen

Important characteristics of oxides of nitrogen hksted in Table 2.4.
Let us first describe the preparation, properéied structures of these
oxides.

Table 2.4: Oxides of Nrogen

Formula  Name Colour Remarks
N.O Nitrous oxides  Colourless Rather unreactive
NO Nitric oxide Colourless Moderately reactive
N.O; Dinitrogen Dark blue Extensively dissociated
trioxide as gas
NO, Nitrogen dioxide Brown Moderately reactive
N.O, Dinitrogen Colourless Extensively dissociated
tetroxide to NO, as gas an
partly as liquid
N,Os Dinitrogen Colourless Unstable as gas; ionic
pentoxidc solid
NO,N206 Not well characterised
and quite unstable

Preparation
N.O is obtained generally by heating NND;:
NH.NO; ———  » N,O + 2H0

NO is best prepared by the reduction of 8M HN@th reducing agents
like Cu or by reduction of nitrous acid or nitriteg F&* or I" ions:

3Cu + 8HNQ — 3Cu(NQ), + 2NO + 4HO

2NaNQ + 2FeSQ + 3H,SG—¥» 2NaHSQ + Fe(SO); + 2NO +
2H,0

2NaNQ + 2Nal + 4SO, —» 4NaHSQ + 2NO + } + 2H,0

As you will study later, NO is formed as amermediate in the
manufacture of nitric acid by oxidation of NH
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N.Os is obtained as an intense blue liquid or a pale Bhlid on cooling
an equimolar mixture of NO and NO

NO + NG, —» N,Os;

On warming, its colour fades due to its disstmminto these two
oxides.

NO, can be prepared by reduction of cone. HN@th Cu or by heating
heavy metal nitrates:

Cu+4HNQ ——p Cu(NOy), + 2NO, + 2H,0
2Pb(NQ), ——p 2PbO + 4NQ + O,

N.Os is an anhydride of HN©OIt is best prepared by dehydrating HNO
with P,Ooat low temperatures:

250 K
4HNO; + P.Ojp— p 2N,0s + 4HPQ

N.O is also known as laughing gas because it indiaceghter. Mixed with N, it is used
as an anaesthetic by dentists.

Propertiesand Sructure

Oxides of nitrogen are all oxidising agents;ONeven supporting the
combustion of S and P. NO which is thermally mdebke, supports the
combustion of Mg and P but not of S. Sulphur flas@ot hot enough

to decompose it. 0 and NO are neutral, while the other oxides are
acidic.

N.O is isoelectronic with COand also has a linear structure. However,
unlike CQ, N,O has a small dipole moment. The resonance stestfr
the molecule are given in Fig. 2.6.

N =N=O: — :N N—O:
Fig. 2.6: Resonanc8tructuresof Nitrous Oxide
NO has a total of 15 electrons. It is impossible & of them to be
paired and hence this is an odd electron moletulde gaseous state, it
is paramagnetic. However, the liquid and the soithtes are

diamagnetic because loose dimers (Fig. 2.7) amaddrcancelling out
the magnetic effect of unpaired electrons.

58



CHM 211 INORGANIC CHEMISTRY

Nemo-c2t® .
//, ’ %ﬁpm
O-=--ggzmr -0
{b)

Fig. 2.7: (a) Resonanc®tructuref Nitric Oxide, and
(b) Molecular Structureof Crystalline Nitric Oxide

The bonding in NO is best described by the molecataital theory.
Molecular orbital electronic configuration O molecule can be
represented ass’, o* 1, 025, 0*25%) 020%, 020%, n2p>  m2pt., m*2p
This gives a bond order of 2.5. If the unpairecctet? occupying the
antibondingz* 2p, orbital is removed, nitrosonium ion, NQs formed
and the bond order becomes 3. This is reflectatarshortening of the
bond length from 115 pm in NO to 106 pm in N®litrosonium ion is
stable and forms salts like NO . It is isoelectronic with CO and
forms complexes with transition elements. The broing formed in the
test for nitrates is due to the formatioh a complex of iron,
[Fe(H:O)sNOJ*.

NO, with 23 electrons is again an odd electron moledulé¢he gaseous
state it is paramagnetic. On cooling, the gas case®to a brown liquid
and eventually to a colourless solid both of whach diamagnetic due
to dimerisation. N@ molecule is angular with ONO angle of 134°. The
O-N bond length is 120 pm, intermediate betweeim@gles and a double
bond. The odd electron is on nitrogen. The dimes been shown to
have a planar structure. The N-N bond length iy Varge, 175 pm,
making this a very weak bond (Fig. 2.8).

;o//gz\@ 10/ w\.,o'.

{a)

0"

A VAN

Fig. 2.8: Resonanc8tructureof (a) NQ, and (b) NO,
Liquid N,O, undergoes self-ionisation to form NGnd NQ ions and

therefore, it has been extensively studiedaason-aqueous solvent.
Resonance structures of®4 are shown in Fig. 2.9(a).
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Solid NyOs exists in the ionic form, _NQNOs. In the gaseous form, the
discrete NOs molecules have an N-O-N bond angle close to 18@", F
2.9(b).

N NS

S T
'(oi
| \J-———o : — \4*;@—1/
\\ L\

Fig. 2.9: ResonancStructureS)f (@) NOs, and (b) NOs

3.5.2 Oxides oPhosphorusArsenic, Antimony and Brsuth

As discussed earlier, P, As and Sb form oxides ath b+3 and +5
oxidation states whereas only one oxide of bismBibO; is known.
Remember the stability of higher oxidation stafiesreases on going
down the group. Except £); others exist in dimeric form. Structures of
oxides of phosphorus are shown in Fig 2.10. As etgak The basic
character of oxides increases on descending thggiithe oxides of P
and As are acidic, those of Sb amphoteric and oflBlly basic. Also
the higher oxidation states are more acidic.

As" is quantitatively oxidised to Asby | . Therefore, As @s used as a primary standard in
iodimetric titrations.

2AsO +1 +HO » %2As O + 2H + 21"
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SELF ASSESSMENT EXERCISE 4

Explain briefly why NO is paramagnetic whereas'N®diamagnetic.

Fig. 2.10:Structuresof Oxides ofPhogphorus

3.6 Oxoacids Of Nitrogen, Phosphorus, Arsenic And
Antimony

An oxoacid is the acid in which ionisable hydroggoms are attached
to the central atom through oxygen atoms, e.gQBI-N, P, As and Sb
form a number of oxoacids as also do S, Se anah Gxoup 16, and Cl,
Brand | in Group 7. Let us, therefore, first faanise ourselves with the
nomenclature of oxoacids.

To distinguish between the oxidation statésthe central atom in
oxoacids, suffixes, ous and ic are used. The anidghich the central
atom is in a lower oxidation state are termed auidsa whereas those
having central atom in a higher oxidation state @aked ic acids. The
oxoacids having halogens in their highest oxidastates are termed as
peradds. In hypo-ous and hypo-ic acids the oxatatstate of the
central atom is lower than that in ous and ic gaelspectively.

The prefixes ortho, meta and pyro are used tongjsish acids differing
in the content of water. The most highlydioxylated acid of an
element in a particular oxidation state is calleeldrtho acid. The acid
which has one water molecule less than the orth iaccalled meta
acid. The pyro acid corresponds to the lossoné water molecule
between two molecules of the ortho acid. You wildfexamples of all

58



CHM 211 INORGANIC CHEMISTRY

these types while you study the oxoacidsthis unit and in the
following two units.
3.6.1 Oxoacids of Nfogen

Nitrogen forms a number of oxoacids. Most of them lenown only in
agueous solutions or as their salts. We will disdusre the two better
known oxoacids, i.e., nitrous acid and nitric acid.

Nitrous Acid, HNO:

It is an unstable, weak acid which is known onlyagueous solution. It
can be obtained by acidifying an aqueous solutbra nitrite or by
passing an equimolar mixture of NO and Nfto water:

Ba(NG;), + H,.SO, ——» 2HNO, + BaSQ |

NO + NG, + H,O —» 2HNG
On trying to concentrate, the acid decomposes:

3HNO, ——» HNO; + 2NO + HO

Nitrous acid and nitrites are good oxidising agearid convert iodides
to iodine, ferrous salts to ferric, stannous tanetc and sulphites to
sulphates, e.g.

2Kl + 2HNQ, + 2HCI —» 2H:,0 + 2NO+ 2KO + I

With strong oxidising agents, like KMpOnitrous acid and nitrites
function as reducing agents and get oxidised tq §@s:

2KMnO, + 5KNO, + 6HEH» 2MnCl, + 5KNG; + 3H,0 +
2KClI

Structures of nitrous acid and nitrite ion are shawFig. 2.11.

H
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.
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Fig. 2.11: (a) MolecularStructureof HNO,; (b) Resonarce
Structuresof Nitritelon
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Nitrite ion is a good coordinating agent. Both egfen and oxygen have
lone pairs capable of forming coordinate bond wthtal ions. Nitrite
ion can coordinate either through N or through TQus, isomerism
occurs between M-NO, and M—ONO structures. Analogous organic
derivatives are also known, the nitrites—@NO and the nitro
compounds, R-N© where R is any alkyl or aryl group. Such ligands
which can coordinate in two different ways areezldmbidentate.

Nitric Acid, HNOs

Nitric acid is one of the major acids of modernmiel industry. It has
been known as a corrosive solvent for mewfge the thirteenth
century. HNQ is now almost exclusively manufactured by viddl
process. In this process Ni$ catalytically oxidised to give NO:

Pt-Rh catalyst
4ANH, + 5Q p» 4NO + 6HO,AH =-904 kJ mot

In the above reaction, about 96-98% of ;Nid converted into NO.
Since, the reaction is exothermic, reaction tentpesa can be

maintained without external heating provided a lesathanger is used.
The mixture of gases is cooled and diluted with Hi©® combines with

O, to give NQ which is absorbed in water to give Hh@nd NO, which

is then recycled. The following equations represemious steps in this
process:

2NO + Q ———» 2NO,
3NO, + HLO—» 2HNG;, + NO
Nitric acid can be concentrated to 68% by distilat when a constant

boiling mixture is formed. More concentrated acid can be made by
distilling the mixture with concentrated sulphuaicid.

Constant boiling mixture or azeotrope is a mixtaféwo or more liquids that distils at |a
certain temperature and has a constant composti@ngiven pressure. Its boiling point
may be lower or higher than the boiling points ofgpcomponents.

Pure nitric acid is a colourless liquid (b.p. 359 K decomposes readily
in light giving a yellow colour due to the formati@f nitrogen dioxide.

It is a strong acid and is almost completely dissed into ions in

solution. It reacts with metals and with metal @€d hydroxides and
carbonates forming salts called nitrates.

The reaction of HN@ with metals is of, particular interest because of
the great variety of products obtained, e.g., M, NH;NOs;, N,O, NO
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and NQ in addition to the nitrate or oxide of the metaheTnature of
products formed depends upon the nature of thelnaetd reaction
conditions, like concentration of the acid and temagure.

With very dilute acid, magnesium and manganese lyydeogen:

Mg + 2HNG;——» MQg(NOs), + H, 1
Other metals like Zn, Sn, Fe, etc., which alscal®ve hydrogen in the
electrochemical series, liberate hydrogen fronutdilnitric acid. But,
since nitric acid is a strong oxidising agent arydirbgen a reducing
agent, secondary reactions take place resultiniganmeduction of nitric
acid to NH, N>O or N.. Thus, Zn reacts with dilute HNGn cold giving
N2O or N, according to the following equations:

Zn + 2HNQ, —» Zn(NOy), + 2H] x 4
2HNO, +8H ———» NO + 5HO

4Zn + 10HNQG; —»  4Zn(NGy), + N,O + 5HO
Zn + 2HNQ —> ZN(NGs), + 2H] x 5
2HNO; + 10H —» N + 6H,0

5Zn + 12HNQ —® 5Zn(NQy), + N, + 6H,0

Very dilute HNQ reacts with Zn to give Nyiwhich is of course
neutralised to form NHNO;:

Zn+ 2HNG, —p» Zn(NGs), +2H] x 4
HNOs + 8H ——» NH; +3H0

HNO; + NH, —»  NH.NO;

4Zn + 10HNQ ——» 4Zn(NGOy), + NH,NO; + 3H,0
Similarly, iron and tin also give NJNIO; with dilute HNG; in cold.
As you know, metals such as Cu, Bi, Hg, Ag, etand below hydrogen
in the electrochemical series do not liberate hgdrofrom acids. With
these metals, the action of nitric acid involves tixidation of metals

into the metallic oxides which dissolve inetacid to form nitrates
accompanied by evolution of NO or N@epending upon whether the
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acid is dilute or concentrated. For instance, Cg, Mg and Bi react
with dilute acid liberating NO:

3Cu + 2HNG——p 3CuO + 2NO+ H,0
CuO + 2HNG———p Cu(NQy), + H,0] x 3

3Cu + BHNQ———p» 3Cu(NG), + 2NO + 4HO
With concentrated acid NGs given off:

Cu+2HNQ —— 5 CuO + 2NQ +H;O
CuO + 2HN@Q—p Cu(NG;), + H,O

Cu+4HNQ —— Cu(NG;), + 2NO, + H,0O
Concentrated nitric acid behaves essentially asxalising agent and
metals like Al, Fe, Cr, etc., are rendered pasdive to the formation of
a layer of insoluble oxide on the metal surface.
Noble metals like Au, Pt, Rh and Ir are not atetkoy nitric acid.
However, a 1:3 mixture of conc. HN@nd conc. HC1 known as aqua
regia,dissolves Au and Pt as it contains free chlorine:

HNO; + 3HCI —p 2H0 + 2C1 + NOCI
Au+ 3C1 + HC—» HAuC|

Pt +4C1 + 2HCH—¥ HPtCk

Conc. HNQ readily oxidises the solid nonmetals and metalloidgheir
respective oxoacids or hydrated oxides. Thus, PSAs S, | and Sn are
oxidised to phosphoric acid, sPIO,, arsenic acid, ¥sO,, antimony
pentoxide, SiDs, sulphuric acid, k5O, iodic acid, HIQ and
metastannic acid, #3nG;, respectively, e.g.,

2HNG; — > 2NO, + H,O+ O] x 10
P, + 100 — 3 ROy

P4O]_o + 6H204> 4|_EPO4
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P, + 20HNQ, — ¥ 4H;PQ, + 20NQ, + 4H,0

Dilute nitric acid also acts as an oxidisiagent. Hence, reducing
agents, such as, .8, Hl and FeS© are oxidised to S,,l and
Fe(SQ,)s; respectively:

2HNO; . 2NO + HO + 30
H,S + O — » S+ Hx3

2HNG; + 3H,S—» 2NO + 4HO + 3S
Nitric acid also oxidises many organic compountsohverts a mixture
of cyclohexanol and cyclohexanone to adipic acidctvhs the starting
material for nylon polymers. Nitric acid alsaxidised p-xylene to
terephthalic acid which is used for the manufacairerylene.

Concentrated nitric acid, in the presence of comaesd sulphuric acid,
reacts with certain aromatic compounds formingongompounds, e.g.,
benzene is converted into nitrobenzene:

CeHs + HNGs » CeHsNO, + H,O

This process known as nitration is of great indakitmportance because
of usefulness of nitro compounds. Nitronium ion,;N@hich is formed
in the presence of the conc,30,, is believed to be the active nitrating
agent:

HNO; + H,SOQ,, — NO, + HSQ, + H,O

The molecular structure of nitric acid is showrFig. 2.2. In nitric acid

the nitrogen and the three oxygen atoms arc coplareminal N-O

bonds are equivalent, the other N-O bondmsch longer and
corresponds to a single bond.

W ' v

H . 0 b. O
QGpm\ 02° el 97/ ) / /
\K HO ~36bm % +

) o—imm__N>'3°°_ )lso" < HO

A \

o 0 Kol \‘o

Fig. 2.12 (a) MolecularStructureof HNOs 2.12 (b) Resonarce
Structuresof HNO;

The nitrate ion is planar with equal N-O bonds. dteucture can be
represented as a resonance hybrid as shown i2.Eg}.
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Fig. 2.13: Resonancstructuresf Nitrate ion
3.6.2 Oxoacids dPhosphorusArsenic and Atimony

Phosphorus, arsenic and antimony also formumber of oxoacids.
Oxoacids of arsenic and antimony are not well attaresed. Their salts,
however, are known. Phosphorus forms twoesenf oxoacids, the
phosphoric and the phosphorous acids. The oxidastete of
phosphorus is +5 in phosphoric acids whereas #3isn phosphorous
acids. You may notice that hypophosphorous andsgmrous acids
have direct P-H bond(s) also. However, this P-Hdoismot ionisable, it
does not give H and hence, it does not confer acidity. Thesesaard,
therefore, monobasic and dibasic, respectivegbld 2.5 summarises
the properties of oxoacids of

phosphorus.
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Table 2.5: Oxoacids of phosphorus and thmioperties

Acid Nature Preparation Anion Remarks
Strongly
HaPO, or Crystalline | White P, + | H.PO; reducing
HPO(OH)O white solid alkali Hypophosphite| monobasig
Hypophosphorous Pk~ 2
Reducing,
HsP,0; or Delinquescent H,POs, but sliw,
HPO(OH) colourless E4H050r PCh H,PO? dibasic
Orthophosphoroussolid 2 Phosphate pK; — 2,
pK, — 2
H4P-0s : : H,P,O5 Reducing,
Pyroptrosphcric White solid | PCl + HPO; Pyroplrosphite | dibesic
Not
reducing
H4P,0O, . : Red P + P,Os", or
Hypophosphoric White solid alkali Hypophosphate oxidizing,
tetrabasic
pK; —2
H.PQr, HPQ?* | Not
H3PO4 . . P4010 + 6- ! T
.| White solid PO, oxidising,
Orthophosphoric H.0 phcsphate tribasic
Heat
H,P,O; Colourless g?osphates P,O/", Tetrabasic
Orthophosphoric | solid phosphoric Pyrophosphate pK; — 2
acid
HPG; Delinquescent Heat HPQO,
Metaphcsphcric | solid to 60C K

A large number of condensed phosphoric acids ar sadts are known
which have rings or chains of R@trahedra linked together through P-
O-P linkages, e.g. di or pyrophosphoric acidP¥#, and triphosphoric

acid, HP;Oqo:
O O
I
HO— — — —OH
OH O|H

Diphosphate acid

@) @) @)
[
HO— — — — — —OH
OH OH O|H

Triphogphoric acid
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Sodium salt of triphosphoric acid, 4RgD,, forms stable chelate
complexes with alkaline earth metal cations. ]ttlserefore, used in
water softening. What is known as metaphosphorid and given the
empirical formula HP® is in fact a mixture of cyclo-polyphosphoric
acids containing -P-O-P-O- linkages. Two importamyclo-
polyphosphoric acids are cyclotriphosphoric acidP:B; and cyclo-
tetraphpsphoric acid, JA,0..

HO @) @) @]
% I
P
N\ HO— PO P-CGHO
O @) o
°s | 2 0
N p P
/N7 N\
HO O OH HO —F|>—o—P— OH
@) @)
Cyclo-triphogpohoric acid Cyclo-tetraphogphoric acid

Salts of cyclo-polyphosphpric acids having 3-8 gihmsus atoms are
known. Sodium cyclo-hexaphosphate «®R@®,s6H,0, known as calgon
is a useful compound. It forms soluble complexeth \alkaline earth
metal cations. Therefore, it is used in water softg.

The phosphate link, P-O-P, is very important inldgacal systems, as it
is supposed to be the prime store of energy. Tleeggrof the bond (29
kJ mol') is released to the system when needed, by enzatadysed
hydrolysis of the phosphate link in adenosine hiogphate (ATP), the
high energy molecule:

0 [
— —T— —|P— —|P—OH +HO —» — —T— —|P—OH + H,PO,
OH OH OH OH OH
Adenosine diphosphate (ADP) AdenostnphosphatdATP)

SELF ASSESSMENT EXERCISE 5

I Write one reaction each showing oxidising anddung
properties of HN@
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. Describe briefly the manufacture of nitric acid

3.7 Nitrogen Cycle, Nitrogen Fixation. anBhosphate
Fertlisers

We have, so far, studied the compounds of Groufements. Now we
will see some other aspects of their chemistry. Yiaue already learnt
about the nitrogen cycle in detail in the Foundati©ourse in Science
and Technology. We will discuss it here briefly.

3.7.1 NitrogenCycle

Nitrogen cycle as you know, is the continuous ergeaaof nitrogen

between the atmosphere and the biosphereughhcthe atmosphere
contains large reserves of nitrogen, moshtplaand animals cannot
utilise it in the elemental form. Plants can uélisitrogen in the form of

ammonium salts or as nitrates, so atmospheiiogen has to be
converted to this form or ‘fixedso that plants can utilise it.

One way of nitrogen fixation is by lightningischarges in the
atmosphere, when nitrogen gels converted to ndxicle and then to
nitric acid. This nitric add is washed down by raito the soil, where it
Is neutralised by lime present in the soil to faraficium nitrate.

There is also a biological mode of nitrogen fixati€Certain bacteria,
both free living or symbiotic, convert atrpbgric nitrogen into
ammonium salts. In ihe latter category is rhizobiwmmch lives in the
root nodules of leguminous plants like pelbsans, soya, etc. Such
bacteria are called nitrogen fixing bacteria. Is Hzeen estimated that
about 90-175 x 10tonnes of nitrogen is fixed biologically per yedhe
comparable figures for industrial fixation are ab86 x 10 tonnes per
annum.

The ammonium salts and nitrates are taken up flemsoil by plants
which convert them into proteins and nucleic acidsssential
components of all living beings. From plants thase passed on to the
herbivores, the animals which live on plam@isd then on to the
carnivores along the food chain.
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Fig. 2.14: Ntrogen Cycle in Nature

When the plants and animals die, their bodies dettay nitrogenous
compounds in their bodies get decomposed to amnamaammonium

compounds by ammonifying bacteria present in thle Boe ammonium

salts are converted to the nitrites by nitrosifybragteria, and the nitrites
oxidised to nitrates by nitrifying bacteria. Analtate path way is the
conversion of nitrogenous compounds to eleargntnitrogen by

denitrifying bacteria. Release of nitrogen into #imosphere, in a way,
completes this cycle (Fig. 2.14).

3.7.2 NitrogenFixaton

To meet the needs of the increasing wortgbupation, agricultural

productivity needs to be increased. When shene soil is cropped
intensively year after year, it gets depleted itnogen content which

must be supplemented by artificial fertilisers tthance production. In
addition to the fertilisers there is also a greainend for other nitrogen
compounds like polymers, explosives, etc. To mkeese¢ demands, we
have to draw upon the atmospheric nitrogen. Atmespmitrogen can

be fixed artificially by a variety of methods. Omaportant method for

the fixation of nitrogen is its conversion into NHby Haber process
which you have already studied. Formation of calciayanamide is

another such method. Calcium cyanamide. isiodd by passing
atmospheric Nover calcium carbide at 1400 .K.

1400 K
CaG + N, —» CaCN +C

Calcium cyanamide is used in large amounts asrageihous fertiliser
because it is slowly hydrolysed in the soil to ammo

CaCN + 5H,O —» CaCQ +2NH,0OH
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It is also used as a source of organic chemicals as melamine.

You can see that the conversion of atmospheriogein into ammonia
by Haber process and by Cyanamide process is expdnscause these
processes need the use of high temperature arsdupee Therefore,
considerable research is going on to discover \dataleactions which

will convert nitrogen into ammonia under normal dions, as in the

case of biological processes.

3.7.3 Phosphaté&-ertlisers

As mentioned earlier also, phosphorus likeogien is an essential
constituent of living organism. Plants and anintalee phosphorus for
their growth through different sources. Plaatsimilate phosphorus
from the soil which contains small quantitiesf phosphorus as
phosphates. Phosphates are very important fersiligenimals get their
phosphorus from plants as well as from other nayeterian sources,
e.g., eggs, meat, etc. Some of this phosphorustusned to the soil on
death and decay of plants and animals. To makewughé phosphorus
deficiency in the Soil, especially in viewf atensive agricultural
activity, artificial fertilisers are needed. Phospte rock itself can be
pulverised and used as a phosphate fertiliserbbchuse G&#O,), has
a very low solubility it is able to deliver phospdanly slowly and in
small amounts. However, treatment of;(@&,), with dilute sulphuric
acid gives a fertiliser known as superphosphaténoé, a mixture of
CaSQ and Ca(HPQO,).:

Ca(PQ); + 2H,SO, + 4H,O—PCa(HPO,), +  2(CaSQ2H,0)
!

superphosphate of lime

Because Ca(i#*Q,), is water soluble, this mixture is a more effective
fertiliser than phosphorite rock, hence, the naogeghosphate. There
are other phosphate fertilisers also, e.g., a mexaf (NH,);HPO, and
CaHPQ. In the manufacture of steel, a by-product phasiphslag is
obtained. This slag is also a very good fertiliser.

SELF ASSESSMENT EXERCISE 6
Fill in the blanks in the following sentences:
I Continuous exchange of nitrogen between the gpimere and the

biosphere is called.............cccccoeriiiiiennnn
. Conversion of nitrogen into its compounds is owm
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2

V.

Vi.
Vil.

Bacteria which convert nitrogen into its compls are called
Bacteria which convert nitrogen compounds iinéz nitrogen are
known as

The ammonium compounds are converted e nitrites

The nitrites are oxidised to the nitrates Dy.............ccccceeeee
Superphosphate of lime is a mixture of ............ccccc.cceeeeee. and

3.8 Anomalous Bhaviour of Nitrogen

As usual, nitrogen, the first element of Group Heds considerably
from rest of the family members. These differenaes due to the small
size of nitrogen, its high electronegativitigndency to form stable
multiple bonds and non-availability of d-orbitails the valence shell.
These differences have been highlighted in varsmeions of this unit.
Let us bring them together here and see how manjesfe you can
recollect.

7C

The elemental form of nitrogen is a stable gasenakecule, N=N,
whereas other elements exist as solids. In theagasstate, P, As
and Sb exist in the form of tetra-atomic molecul®sAs, and Sh.
This is due to the fact that bond energy of tripbnded nitrogen is
much greater than that of phosphorus, i.sw B> E--5 but the
reverse is true for the single bonds B> Ey.y.

Nitrogen is very inert as a consequence of the bigid strength of
N=N. The heavier elements are, however, paratively more
reactive.

Nitrogen exhibits a large number of oxidation staseich as -3, -2,
-1, 0, +1, +2, +3, +4, +5. Other elements do ndtilek such a
variety of oxidation states.

Except for Nk, the halides of nitrogen, NG INBr;, Ni; are unstable
and highly explosive. The halides of other elementdhis group are
fairly stable.

The oxides of nitrogen are gaseous, whereas dkiees of
phosphorus, arsenic, etc. are solids.

Nitrogen cannot expand its octet, whereassphorus and other
elements can; the latter elements can, theref@ee coordination
numbers greater than four. Thus, compounds like Pk have no
nitrogen analogues. This has other effects alsdahenchemistry of
nitrogen; for example, hydrolysis of NClis slow and vyields
a different product from the hydrolysis of RGVhich is fast.

Since nitrogen is one of the most electratigg elements, it
extensively enters into hydrogen bond formmati©ther elements
having comparatively low electronegativities do fatm hydrogen
bonds.
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4.0 CONCLUSION

The elements of group 5 exhibit regular gradatiohath physical and
chemical properties. While nitrogen and phosphoeyeddistinctly non-
metallic, arsenic andantimony are metalloids asdioth shows
metallic characteristics. As with other groups, fin& element, nitrogen
shows some anomalous behaviour.

5.0 SWMARY

Let us now summarise what you have learnt aboutiEoelements in
this unit.

We have seen that these elements show a wide Hng®perties.
Nitrogen and phosphorus are non-metals, arsemcaatimony are
metalloids and bismuth is a metal.

The principal method of industrial preparatioh nitrogen is the
fractionation of liquid air. Phosphorus is obtainemmmercially by
treating a mixture of phosphorite rock, sand ankiecom an electric
furnace. Arsenic, antimony and bismuth are¢aioled by carbon
reduction of their oxides at elevated temperaturés. uses of Group
5 elements have been reviewed.

These elements form hydrides. Of these hydridesn@ma is most
important and is prepared commercially byecti reaction of
nitrogen and hydrogen (Haber process). Other irapoittydrides of
nitrogen include hydrazine, and hydrazoic adMl. the Group 5
elements form trihaiides, some pentahalides are ktown. The
elements, N, As, Sb and Bi, also form oxohalidesheftype MOX,
phosphorus forms oxohalides of the type ROX

Oxides of nitrogen are known for every positivedation state of
nitrogen from +1 to +5. The important oxides of ppleorus contain
phosphorus in oxidation states of +3@F) and+5 (P,O.0). Arsenic,
antimony and bismuth also form +3 oxides &g ShOs and B}Os)
and+5 oxides (AsOs and ShOs).

The most important oxoacid of nitrogen is nitricdaddNG;. It is an
important industrial chemical. Another importanbaxid of nitrogen
is nitrous acid which is unstable, except itugon. Phosphorus
forms a large number of oxoacids, e.g., orthophosphacid, meta-
phosphoric acid, pyrophosphoric acid, etc. These&sadorm
phosphates which are important ingredients oflisests.

Oxoacids of arsenic and antimony are notl wlaracterised.
However, the corresponding salts are known.
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In nature, nitrogen is constantly being taken wmfithe atmosphere
and returned to it. This is called the nitrogenley@ brief account

of nitrogen cycle and the fixation of nitrogen Isagiven.

As in the other groups, the first element of Grdyp.e., nitrogen

shows some anomalous behaviour. This has beenghtgd.

6.0 TUTOR MARKED AS3$GNMENT

1. Write the electronic configuration of nitrogendaphosphorus in
the ground state.
Point out the major difference between th,twhich is
responsible for differences in various properties.

2. Explain why nitrogen is chemically less reactive
3. Explain why Nk is stable, while NCiland Nk are explosives.

4. Why are PBrand P} less stable despite the fact that phosphorus
(V) is not an oxidising state?

5. Why are the oxides of nitrogen so differdrom those of
phosphorus?

6. For the three hydrides, NHPH; and AsH.
a) give the shape of the molecule and state howbdmel
angle varies from NpH— PH;, — AsH;?
b) state which is the strongest and whichthie weakest
basé? Why?
C) give an explanation, in terms of bonding, fa thfference
in the boiling points of ammonia and phosphine Wwhace
240 K and 186 K, respectively.
7. Explain briefly why the hydrolysis of NCI and PC
yields different types of products.

Answeas to Self Assessmeiixercises
Self AssessmenExercise 1

a) because the bond energy of NsN bond is aboutisigs-the
energy of N-N bond, nitrogen exists as a diatomatecule. On
the contrary, P=P bond energy is only 2.5 times RaP bond
energy. Therefore, phosphorus prefers to exist Bs molecule
having six P-P bonds.

b) White phosphorus is more reactive than red phags because
of higher angular strain in the former.
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Self AssessmenExercise 2

a) Ammonia has a lone pair of electrons on theogén atom,
therefore, it acts as a Lewis base.

b) The substances which furnish NHand NH, act as acids and
bases, respectively in liguid ammonia, e.g.,,8H acts as an
acid whereas NaNHacts as a base.

C) In hydrazine, there is N-N single bond with adgpair on each
nitrogen. Due to the small size of nitrogen, thsreonsiderable
repulsion between these nonbonding electrons Weakening
the N-N single bond. This makes hydrazine unstable.

Self AssessmenExercise 3

Because of the non-availability of d-orbitalsiirogen atom cannot
accommodate more than eight electrons in its valeshell, therefore, its
trihalides cannot be oxidised to pentahalides.

Self AssessmenExercise 4

Nitric oxide is paramagnetic because of the presesfcan unpaired
electron. On losing this unpaired electroitrosonium ion, NGO, is
formed, which is diamagnetic.

Self AssessmenExercise 5

a) i) 2Kl + 2HNG + 2HCI——  2KCl + 2NQ + 2HO + |,

i) 2KMnO, + 5HNG, + 6HCH»  2MnC} + 5SHNG; + 2KCl +
3H:0

b) Nitric acid is manufactured by Ostwald proceéssimonia is first
oxidised to NO by air in the presence of a Pt-Rfalgat. NO is
then mixed with more; air to convert it to N@hich is dissolved
in water to give HN@ (See reactions in sub-section 2.7)

Self AssessmenExercise 6

a) Nitrogen cycle b) Fixation of nitrogen
C) Nitrogen fixing bacteria d) Denitrifying bacteria
€) Nitrosifying bacteria f)  Nitrifying bacteria

g) Ca(HPQO). and CaS®2H:O
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1.0 INTRODUCTION

In CHM 111 you studied the periodic table which agv the

classification of elements into various periods a@ndups. You have
seen that in any period the elememt Group 1 is the most
electropositive and metallic in nature. As we gooas a period from
Group 1 to Group 7 of the main group elements, reiahlic nature,

ijonisation energy, electron affinity and eteokegativity increase,
reaching a maximum at Group 7. In this way, at exgeme we have
Group 1 comprising alkali metals and at the oter have Group 7
comprising non-metals, namely, fluorine, chloribepmine, iodine and
astatine, collectively called the halogens. Halhsgderive their name
from the Greek words, halos + gens meaning sallymers, as they
form salts in combination with metals. The most ocwon of these salts
is sodium chloride or the common salt. Halogend nwide variety of
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uses in everyday life. In view of their nature arskfulness, it will be
interesting to study the chemistry of halogens.

2.0 OBJECTIVES

After studying this unit, you should be able to:

explain the occurrence, extraction and uses ofgfeals,

describe the isolation of fluorine,

list the general characteristics of halogearsl describe their
reactions;

describe the chemistry of hydrogen halideslodgen oxides and
oxoacids,

describe the chemistry and geometry of interhalagempounds and
polyhalides, and

explain the anomalous behaviour of fluorine.

3.0 MAIN CONTENT
3.1 Occurrence, Extractioand Uses

Chemistry of halogens is very interesting and hased applications in
our daily life. Due to their high reactivity, halegs do not occur free in
nature. In the combined form, however, they ardyfaibundant. In this
section you will study their occurrence, extractemmd some important
uses.

3.1.1 Occurerce

Fluorine is the first element of this group; it stitutes nearly 0.054%
of earth's crust, where it occurs as fluorspar ¢f;afyolite (AlFR:-3NaF)
and fluorapatite [CaF3Ca&(PQ,),].

Chlorine, which forms 0.013% of earth's crustcurs mainly as
chlorides of sodium and other alkali and alkalggth metals in salt
mines as well as in sea water. Sea water is alad@¥ solution of
various salts, of which sodium chloride form8.3%. Bromine, as
bromides, occurs in sea water and dry salt lakdscanstitutes about
2.0 x 10'% of earth's crust. lodine is the rarest of all tl@ogens,
forming only 4.6 x 10% of earth's crust. Its main source used to be
kelp, or the ash obtained on burning sea weedsCiuild saltpetrein
which it occurs as iodates. However, now it is ryositracted from
brine. Astatine is a radioagii\element. The naturally occurring isotopes
of astatine have half-lives of less than one mintiteerefore, it occurs
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in negligible amounts in nature. The isotop#t having the longest
half-life of 7.21 hours, is made by bombarding hisimwith o particles.

829°Bi +“*He —> 1AL+ 2'n
3.1.2 Extraction

The only practicable method of preparing flne gas is Moissan's
original procedure based on the electrolysfs KF dissolved in

anhydrous HF. The details of this methodnglonith some other
methods for the isolation of fluorine haveeb given separately in
Section 4.2.3. You have already studied init LB that chlorine is
obtained as a byproduct along with hydrogen in thenufacture of
sodium hydroxide by electrolysis of brineledrolysis of molten
sodium chloride also gives chlorine and sodiumsdme, parts of the
world, it is produced by the electrolysis of aqueddCl. Bromine is

made on an industrial scale by reaction of bromméh chlorine. A

mixture of air and chlorine is blown through an egus solution of a
bromide at a pH of 3.5. Chlorine displaces bronand air blows it out
of the solution.

lodine can also be prepared similarly by the oxahatof iodides by
chlorine. lodine is also prepared by treatibgne with AgNQ

to precipitate Agl. This is possible because Agthe least soluble of
all the silver halides. Precipitated Agl is treaisidh clean scrap iron
or steel to form metallic silver and a solution Fél,. This solution is
then treated with chlorine to liberate N. Precigth silver is
redissolved in dil. HN@ to give AgNQ which is used again to

precipitate Agl.
AgNO; Fe
(brlne)7> Agll—> Ag | + Fel
Cl,
Fehb, — 2> FeCh + I,
3Ag + 4AHNG———> 3AgNQ + NO + 2HO

3.1.3 Preparatiorof Fluorine

Isolation of fluorine presented a tough problenthemists for about a
century. Though its existence was first shown byyDm 1813, yet it

could not be isolated before 1886. All attemptssatation of fluorine

failed due lo the following reasons:

)] High chemical reactivity of fluorine towards ethelements.

i) It attacked the apparatus whether made of glee®on, platinum
or any other metal in which its preparation wasdri
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iii)  In view of fluorine being the most powerful mkant, no oxidising
agent could be available which could bring aboatdkidation of
HF to k. Therefore, the only method available waat tbf
electrolysis.

Iv)  The method of electrolysis was not fruitf AQqueous HF on
electrolysis yielded hydrogen and oxygen. tha other hand
anhydrous HF was found to be a nonconductor otretdy.

V) Exceedingly poisonous and corrosive characteantfydrous HF
proved fatal to early chemists.

All the above mentioned reasons were very disheiage However,

Moissan picked up courage and entered this fidlel. electrolysed a
cooled solution of KF in anhydrous liquid HF at 2&Qusing platinum-

iridium electrodes sealed with fluorspar caps iplainum U-tube. In
this reaction, the actual electrolyte is KF whil& ldcts as an ionising
solvent, i is evolved at the anode and H, at the cathode disaited

below:

KF——> K* +F-
At the anode,

=
F+F

> F+e

> bk

At the cathode

> K

2K + 2HF———> 2KF + H 1

K" +e

Potassium fluoride thus formed again undergoestrelgsis. As the

hydrogen fluoride is used up, more is added togmethe melting point
of the mixture from rising. The outgoing gasés, and H, are not

allowed to mix up in the electrolytic cell. The diine gas is collected in
plastic receivers.

Moissan's original method has been modified. Icglaf the expensive
Pt/Ir alloy, cells made of copper, steel or Moneitah which is a nickel-
copper alloy, has been used. These get coveredhiy arotective film

of the fluoride just as aluminium is protected by thin film of oxide.

Anode is a carbon rod impregnated with copper talee it inert and
cathode is made of steel or copper. A mixture ofakB HF in the molar
ratio of 1.1 or 1:2 is used as electrolyte giving@king temperature of
515 K or 345 K, respectively.
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3.1.4 Uses

The main use of halogens is in the halogenatiaorgdnic and inorganic
compounds. You must have heard of or used theutie of iodine
(iodine dissolved in alcohol) as an antisepticine is present in the
thyroid hormone. A deficiency of iodine casisgoitre and leads to
stunted growth and cretinism. To prevent this, camrgalt is routinely
iodised. You must have used toothpastes contaftuogdes in order to
prevent tooth decay by dental caries. Yoa aware that naturally
occurring uranium is a mixture of two isotopddJ (99.3%) andU
(0.7%). Of the two, the latter is fissionable asdised for the generation
of nuclear power. Fluorine is used for tpheoduction of uranium
hexaflouride, the compound used for separatiof’ofand*U isotopes
by gaseous diffusion method. Besides this, ligliebrine was used as
an oxidant in rocket fuels but this has now beecahtinued. Teflon, so
familiar to modern housewife in the form of its tiag on kitchenware
to make them nonsticking, is a polymer of fullydtinated ethylene.
You have earlier studied the use of chlorofluorboas or CFCs as
refrigerants, in aerosol sprays and in micro-etegts. Freons, e.g.,
CCLF; (Freon-12) and CGF(Freon-I1) used as refrigerants also contain
fluorine. Bleaching powder, CaO£lis used for bleaching paper pulp
and textiles. Bleaching powder or liquid chloriseused for disinfection
of water on a large scale. Chlorine was used inctieanical warfare in
World War |. The most important use of chlorindnsthe manufacture
of polyvinylchloride or PVC, which because of iteminflammability
nnd insulating properties is used as an electiiellator, for covering
electric wires, making conduit pipes, etc.
Dichlorodiphenyltrichloroethane (DDT) is used wigl@ls an insecticide.
Methyl bromide is the most effective nematocidewnolt is also used
as a general pesticide. The use of silver brormdeaking photographic
plates or films is a common knowledge.

SELF ASSESSMENT EXERCISE 1

Why can't fluorine be obtained by electrolysis nfagueous solution of
NaF?
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3.2 GeneralCharaceristics

All elements of Group 7 have seven electrons iiir thetermost shells,
with configurationns®, np>. Thus, they are just one electron short of the
electronic configuration of noble gases. The singipaired electron in
p-orbital is responsible for chemical bonding wither elements. Let us
now discuss some of their physical and chemicgbgnies.

3.2.1 PhysicaPropertes

Halogens exist as non-polar diatomic molecules khace coloured.
Fluorine is pale yellow, chlorine is yellowish gneéoromine is brown
and iodine is violet in the gaseous state. Saldine is almost black
with a shiny metallic lustre. Except iodinghich has some useful
biological applications, halogens are very hazasdand toxic, fluorine
being the most. Their vapours produce a iclgoksensation when
inhaled.

Some of the physical properties of the halogensistesl in Table 4.1

Table 3.1: Some physicaropertiesof halogens

Property Fluorine Chlorine Bromine lodine
F Cl Br I

Atomic number 9 17 35 53

Electronic corfiguration [Hel2s?2 [Ne]3s’3p® [Ar]3d™4s?  [Kr]4
p° 4p° d'4s4p°

Atomic weight 18.998¢  35.45:¢ 79.90¢ 12€.904

Density (liquid) (16 x 1.11 1.56 3.12 4.94

kgm?)

lonic radius X-(pm) 13€ 181 19t 21¢€

Covalent radius (pm). 64 99 114 13¢

Melting point (K) 53 172 26¢€ 38¢€

Boiling point (K) 85 238.5 332 45¢€

Enthalpy of fusion (kJ 0.26 3.2 5.27 7.8

mol™)

Enthalpy of 3.27 10.2 15 30

vaporisation

(kJ mol?)

Enthalpy of atomisation 79.1 122 111 106

(kJ moH)

Enthalpy of hydralion 460 385 351 305

X(g) (kJ mot)

Eleclronegativity (A/R)  4.10 2.85 2.75 2.20

lonisation energy (kJ 1681 1255 1142 1007

mol?)
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Electron affinity (kJ 333 348 340 297
mol?)

Electrode potential +2.87 + 1.36 + 1.07 +0.54
%X, (g) + e— X (aq) -| -1, -, LIV -
Oxidation states LLNLV, VI
Lattice energy (kJ md) 817 718 656 615
(Potassium salt)

Bond dissociation 158 244 192 152
energy (XX)

(kJmol)

Physical properties like melting and boiling poir#ee related to the
sizes and masses of the molecules as well as iolecaoiar attraction.
The effects of size and mass, which gradually eeeeas we go down
the group, is easy to understand. As for the intéeoular attraction in
non-polar homonuclear diatomic molecules like haftg which do not
have any permanent polarity, the only forces afation are the weak
van dor Waals forces. The polarisability of halog@mcreases as we go
down the group, and its maximum in iodine and tléadluorine. So,
Van der Waals forces of attraction are maximumoutnie and least in
fluorine, with bromine and chlorine coming in beeme As a
consequence of this, fluorine and chlorinee ajases at ordinary
temperatures, bromine is a liquid and iodmesolid. This is also
reflected in the trends observed in theithalpies of fusion and
vaporization. (Table 4.1)

You have already learnt in CHM 111 that as we malmg a period,
the effective nuclear charge increases reachingpamum at the noble
gases. Halogens which immediately precede the rgasdes have a very
high effective nuclear charge coupled with smaeésiand thus have the
highest ionisalion energies in the respective pissicnext only to the
noble gases. Like the trend in other groupslisation energy of
halogens also decreases in going down tleipgifrom fluorine to
iodine.

Halogens have seven electrons in their valencdssltbeey have a very
strong tendency of gaining an electron to acqairstable noble gas
configuration. Therefore, they have very high elactaffinities. In fact,
their electron affinities are the highest in th&ispective periods. Their
electron affinity follows the order Cl > F > Br >As explained earlier,
the smaller electron affinity of fluorine thathat of chlorine is a
consequence of its small size.

You know that as we go across tpdlock elements in a period, the

electronegativity increases reaching a maximurthathalogen group.
Thus, halogens are the most electronegative elsmeleir respective
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periods. Electronegativity decreases on moving dawgroup, making
fluorine the most and iodine the least teteregative among the
halogens.

In going down the group from chlorine todime, the X-X bond
dissociation energy gradually decreases (T&bl. This is easily
explained by considering once again the size fadto the chlorine
molecule;-which is the smallest of the three, viZl,, Br,, |, the two
bonding electrons are nearer to both the nuclei amedheld strongly,
while in bromine and iodine, the distance of thading electrons from
the nuclei gradually increases resulting in lessgiraction and
consequent weakening of the bond. Furthermordjasite of the atom
increases, it results in a less effectiveerlap of the orbitals and
therefore, progressively weaker bonds are fornedva go down the
group. The bond dissociation energy increasesdrotter J < Br, < Cl,
and if this trend was to continue, you dtoexpect the F-F bond
dissociation energy to be greater than the bondggna chlorine, 244
kJ mot* But this is not so. The actual bond dissocrat@nergy of
fluorine molecule is, however, surprisingly low amas the value of 158
kJ mot* only. The anomalously low bond dissociation enesfyffuorine
molecule is attributed to the fact that fluorineratis very small and the
non-bonding electrons on fluorine are nearer tdedber, resulting in a
much greater lone pair-lone pair repulsion, whiadakens the covalent
bond and lowers its dissociation energy. This r&pulis not so great in
relatively larger halogen molecules like chlorirpmine and iodine
where the lone pairs are at a greater averagendestaom each other.

SELF ASSESSMENT EXERCISE 2

Fill the name of the appropriate halogen in theceparovided against
each of the following:

Which of the halogens

) has two complete electron shells below the vadeshell

i) IS solid at room temperature ..........coccceeeeeeeeeeviinnnnnnn.

iii)  has highest electronegativity value.....ccccccevveoiiiieiiiiiniinnnnnnn.
V)  lowest ionisation ENergy............ccoescommmmeveneeeeneen

3.2.2 Oxidation $ates
Fluorine is always univalent. Since it isethmost electronegative
element, it always has the oxidation number, lofihe has nal-orbital

in its valence shell, hence it cannot have anytedcstates or any other
oxidation number.
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Oxidation state of -1 is the most common and stalle for other
halogens also. However, consistent with the denrgas
electronegativity, -1 oxidation state becomes gadlg less stable in
going down the group. As chlorine, bromiaed iodine are less
electronegative than fluorine and oxygen, they lexfin oxidation state
of +1 in their fluorides and oxides. In additiorxcept fluorine all the

other halogens exHjfp oxidatige, states of £3+5 and +7 due to the
availability of vacant d-orbitals as shown below:

Halogen (except F) [11 [ 11,11

atom in ground statg

Oxidation state = + 1
e.g. HCI, HBr & HI
(oxidation = -1),
HCIO, HBrO & HIO
(oxidation state = + 1)

Halogen atom in
1% excited state 1L 1L 1 1 1
Oxidation state = + 1
e.g. ClIk, Brk;

Halogen atom in the
2" excited state % 1 1 1 1

Oxidation state =+ 5
e.g. HCIQ, HBrQO;s, HBrG;, HIO;

Halogen atom in the
3 excited state 1 1 1 1 1

Oxidation state =+ 5
e.g. HCIQ, HIO,

Chlorine and bromine also exhibit oxidation statd ¢CIO, and BrG)
and + 6 (CIOs and BrQ). lodine exhibits an oxidation state + 4 i@J.

3.2.3 OxidationPower

Oxidation may be regarded as the removal of elesir@o that the
oxidising agent gains electrons. Since halogeng laagreater tendency
to pick up electrons, they act as strong oxidisiggnts. Their oxidising
power, however, decreases on moving down the grol@.strength of
an oxidising agent or its ability to accept elengaepends on several
energy terms. The reaction,

Y2 X, (standard) +e——>  Xaq) ..(D
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Representing the oxidising action of a halogerctsally a complicated
process. It involves the following steps:

12 Xo(standardy x> ¥2 X2(0) ()
s Xe(g) ———>> X(0) o (1)
Ea _
X (g) +€ > X (9) . (IV)
_ Athd _
X (g) +aq > X (aq) (V)

The above changes are represented in the form wi-Baber cycle, as
shown below:

AHvV AHgqg
Yo Xo(standard}———2>» %2 Xg)——— > X(9)
Il 1]
I AE A\ Ea
\4 \4
- AHpy -
X (aq) < y X (g

Evidently, since energy is invariably absorbed teps (II) and (lll),
enthalpy of vapourisation,AH, and enthalpy of dissociation,
AHgy, always have positive values. However, energ\elisased in steps
(IV) and (V), hence, electron affinityga, and enthalpy of hydration,
AHnq are negative. Consequently, from Hess's law, theenghalpy
change,

AE for the reduction reaction (1) is given by the eegsion:

AE = AH, + AHqy + Ex + AHpyq

Hess'sLaw:
The amount of heat evolved in a chemical procesavigys the same irrespetive ¢
whether the process goes as a one or many stepreac

-+

For fluorine and chlorine which are gasesra@im temperature, the
enthalpy of evaporation is omitted. Enthalpy chlem@ssociated with
each of the above steps and the net enthalpy ehakgare given in
Table 4.2.

You can see from Table 4.2 thAE, or the net enthalpy change
associated with the reaction (I) decreasesn fifluorine to iodine.
Considering that the difference in entropy chargessmall and mainly
enthalpy changes determine the free energy chanhgan be inferred
that the free energy change for reaction (I) besiees negative on
descending the group. In other words, fluorineéhes strongest oxidising
agent of the four. Thus, you may note that despieelectron affinity of
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chlorine being highest, fluorine is the strongesdtizing agent because
of its low enthalpy of dissociation and high engyabf hydration.

Thus, it is the total enthalpy change and not teeten affinity which
controls the strength of an oxidising agent.

Table 3.2: Enthalpy values for Y2 H> X (ag)

Enthalpyof Enthalpy of Electron Enthalpy AE

Molecule vapourisaton dissociation, affinity, of
AH, AHq Ea hydration
kJ mol* kJmol* kJmol*  AHpy kJ
kJmol* mol
1
F, - +79.2 -333 -460 -714
Cl, - 122.0 -348 -385 -611
Br, 15 96.0 -340 -351 -580
P 30 76.0 -297 -305 -496

The oxidising power of the halogens in the solidlestreactions also
shows the same order. This is because dattimergies of the ionic
halides (Table 3.1) follow the same ordertls hydration energy;
fluorides having the highest and iodides the lovagsite energy.

Another important factor which makes fluorine theosgest oxidising
agent is the high element-fluorine covalent bondrgy as shown in
Table 3.3.

Table 3.3:Halogen-elemenBond Energy, kdmol™

Enthalpyof  Enthalpyof Electron Enthalpyof AE
Molecule  vapourisaton dissociation, affinity, hydration
AHV AHd EA Athd
kJ mol* kJmol* kJ mol* kJ mol* kJ mol*
F2 - +79.2 -333 -460 -714
Cl; - 122.0 -348 -385 -611
Br 15 96.0 -340 -351 -580
P 30 76.0 -297 -305 -496

You will notice that the values in the first rowpresenting fluorine-
element bond energy are highest except in the @&aflaorine-fluorine
bond energy; the reasons for which you have stuegtier in Section
3.3. Thus fluorine forms a very strong bowdh almost all other
elements. A consequence of this is thatrithéo is able to form
compounds with other elements in their higher oxahastates. The
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order of the ability of the halogens to combinehwaélements in higher
oxidation states is F > Cl > Br > |.

A comparison of the reduction potential of halogest that of oxygen
can indicate which of them would oxidise water xygen. The standard
electrode potential for reduction of oxygen to wateacid solution is
1.23 volts:

1 Oy + 2H + 26 —————> HO

The standard reduction potential of the halogehdwl reaction,

15 X2(g) +e > X (aq)

Is +2.87 volts in the case of fluorine and +1.36tsvon the case of
chlorine (Table 3.1). These are more positive tthet for reduction of
oxygen to water. These two halogens can, thereforelise water to
oxygen. Fluorine does so readily but chlorine reaether slowly, at
first giving HCIO which later decomposes to oxygand HCI. The
electrode potentials of bromine and iodine are thas that of oxygen,
therefore, they are not able to oxidise water tggex.

To sum up, the main thermodynamic factors resptaditr making
fluorine so uniquely highly oxidising and reactiae:

high hydration energy of the fluoride ion
high lattice energy of ionic fluorides

low F-F bond energy and

high element fluorine bond energy.

SELF ASSESSMENT EXERCISE 3
Table 3.1 lists the standard reduction potentiatlie half cell reaction,
> X (aq)

and the standard potential for the reaction,

Y2 X, (9) +

% 0, (g) + 2H" (aq) + 26——>> HO

is 1.23V. What reaction do you predict between bnenand water and
iodine and water on this basis?
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3.2.4 ChemicaProperties

All the halogens are very reactive. Fluorine is itih@st reactive of all the
halogens, combining directly with every other edmmexcept oxygen
and some of the noble gases. Thereforas ialso called asuper
halogen. You have also seen that the reactivityedses from Fto I,.
In displacement reactions we find that flaeridisplaces all the
remaining three halogens from their salts, chlomigplaces bromine
and iodine, while bromine displaces only iodinaldgens react with
each other to form interhalogen compounds, bristdgtion of these is
given in Section 3.4.4. Halogens, in general, reaith most metals,
though bromine and iodine do not react with somaenmetals like Ag,
Au. Halogens also react with many non-metals tofbalides.

Halogens react with hydrogen to form hydridekich are called
hydrogen halides. Fluorine and chlorine readth hydrogen with
explosive violence; fluorine-hydrogen mixturgpdes even in the
dark. Chlorine-hydrogen mixture does so only inspreee of light. This
is called a photochemicateadion. It has been shown that this reaction
starts with the formation of halogen free radic#iss not surprising in
view of the lower X-X bond energy as compared téiHbond energy.
Reactions of bromine and iodine with hydrogen sl@v, the latter
being reversible.

C1-Ct > Cl+CI initiation  ............ step |

Cl+H-H ——> HCl+H propagation  ............ step Il
H+ CI-CI ——> HCI+Cl propagation ............ step Il
Cl+ H——> HCl termination ............ step IV

Such reactions are called Chain Reactions siftee the initiation of
the reaction, the propagation steps Il and lllrepeated in sequence till
the reactants are consumed. The reaction tgetsinated when free
radicals start combining with each other as in $iep

Fluorine reacts vigorously with water to form hyfiworic acid and
oxygen:

OF, + 2H,0 > 4HF +Q
The other halogens are sparingly soluble in waes & C1, > |,) and
react partly to give a mixture of hydrohalic angbkalous acids:

X, + HO=——== HX + HOX
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Halogens react with aqueous alkali, the reid¢tdecreasing from
fluorine to iodine. Fluorine behaves differentlyrin other halogens. It
reacts with alkalies violently forming fluoridesich fluorine oxides or
oxygen as shown below:

in cold

2F, + 2NaOH————> 2NaF + OF+ H,0
in hot
2F, + ANaOH———> 4ANaF + @+ H,0

Other halogens react with alkalies in cold to diypohalites (XO~) and
in hot to form halates (X

in cold
2NaOH + %——> NaOX + Nax + HO
in hot
6NaOH + 3%———> NaOX0, +5NaX + 5HO

(where X = ClI, Brorl)

=}

Hypohalilcs are oxidising agents. Bleaching powdaCl (OCIl) owes its bleaching actio
to its oxidising properties.

All halogens react with hydrocarbons but reactivdgcreases with the
increase in atomic number. Fluorine is the mosictiee and brings
about decomposition of the hydrocarbons:

CH,+2F, ———>> C+4HF

Chlorine and bromine substitute hydrogen atoms;ti@a with bromine
being slower, lodine has little or no reaction:

CH, + 4X,——> CX, +4HX, where X = Cl or Br

Some more reactions of halogens are summarisedile B.4:
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Table 3.4: Some Reactions ldélogens

General Reaction Remarks

nXz + 2M —2MX, F,, Cl, with practically all metals;
Br,, I, with all except noble metals.

X, +H, -»2HX Readion with iodine reversible.

3X; + 2F -52PX; Similar reactions with As, Sb, Bi.

5Xz + 2P—2PXs With excess X but not with };

SbR;, SbCi, Ask;, AsCk and Bik
may be prepared similarly.

Xo +28 — SSM X, With Clz, Br».
nX, +2M —2MX, Notwith F,.
nX; + 2M —-2MX, F, rapidly, CL and Bg slowly
in sunlight.
nX; +2M —2MX, X, =Cl,, Bro.
an + 2M —>2MXn Xz = F2, C|2
nX; + 2M —-2MX, Formation of interhalogen

compound (all except IF).

(X and Y are twodifferent
halogers)

3.2.5 BasidPropertie®f Halogers

In general, the basic or metallic nature of elementreases as we
descend down a group. Thus, you have seen in prnecedits that the
last member of each of the Groups 14, 15 and &6, Pb, Bi and Po,
respectively, is definitely metallic in charact&ut, this trend is not so
well marked in the elements of Group 7 because Vighy is known
about the last member of the group, astatine. Tiset@owever, definite
evidence to show the existence of halogen cationsedia which are
weakly nucleophilic.

Fluorine is the most electronegative element arsdntwabasic properties.
Chlorine shows a slight tendency to form catiofsr example, CIF
ionises to form Cl and F due to the higher electroncgativity o
fluorine. Bromine cation, By exists in complexes such as Br (pyridine)
NQO;, electrolysis of ICN in pyridine solution givedioe at the cathode.

This indicates that ICN ionises to &and CN. Many pyridine complexes,
e.g. [I (pyridine)]” NOs, [I (pyridine)]*ClO, and | (pyridine)CH,COO
are known.

lodine,dissoles in oleum giving a bright blue solution whichsHaeen

shown to have,land k;
2l + 6H,S,0———> 2l5 + 2HSOy0 + 5H.SOs + SO
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3, +6H25207—> 213 + 2H,50,0 + 5H.SO, +
SG,

Electrical conductivity of molten iodine is duettee presence ot H I3
species produced by the self ionisation of iodine:

3|2<—2f|3 and }

The cations, GI and Bg" are formed in the following reactions:

CIF + Chb + Ask——> Cl:AsFs

O,AsFs + ¥,Br; > Br,AsF + O,
SELF ASSESSMENT EXERCISE 4

Complete the following reactions:

i) I, + IF, > s
i) Cl+HO ——————> e,

o

i)  Cl+2NaOH —g .............. F o, Foveennn
V) Clb+H,S ——————> e,

o

v)  CH, +4Brp, > e,

+

3.3 Compounds dflalogers

In the preceding section you have learnt that #tdledens form a variety
of compounds with other elements. In this sectyy will study the
salient features of the chemistry of sometlidse compounds, viz,
hydrogen halides, halogen oxides, oxoacids halogens and the
interhalogen compounds.

3.3.1 HydrogenHalides

You have studied in the preceding section thathallhalogens combine
with hydrogen and form volatile hydrides of thedydX, which are also
known as hydrogen halides. The reaction of flumnwith hydrogen is
very violent whereas bromine and iodine react wiydrogen only at
elevated temperatures and in the case of iodinerglaetion does not
proceed to completion:
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H, + X,—>> 2HX, where X = Cl. Br & |
Hydrogen fluoride and hydrogen chloride are obtaibg the action of
concentrated sulphuric acid on fluorides and cttsi

CaR, + H,SO,——> 2HF + CaSQ
NaCl + HSQ, ——>> HCI + NaHSQ

Since concentrated sulphuric acid partially oxigigBr and HI to By
and b, these are prepared by the action of concent@tbdphosphoric
acid on bromides and iodides:

NaBr + H, PO4———> HBr + NaHPQ,
Nal + H, PO, ——> HI + NaHPQ,

Hydrogen bromide and hydrogen iodide are lhsyarepared in the
laboratory by the hydrolysis of PBand P4:

PBr, +3H0 ——> 3HBr + HPO
Pl, + 3HO ——> 3HI + HPO,

Under ordinary conditions HCI, HBr and HI are gasdsle HF is a

liquid, due to strong hydrogen bonding. Their nmgjtand boiling points
show a gradual increase in the order HCI| < HBr <t H-F does not
follow the trend and has unexpectedly higher valiéss is because of
strong hydrogen bonding in H-F molecules abwich you have
studied in CHM 111. Due to hydrogen bonding,HBn is stable and
gives salts like KHE

Hydrogen halides are covalent compounds wignying degree of
polarity of the H-X bond depending upon the elmotgativity of the
halogen atom. Thus, H-F bond is most polar andd#weasing order of
polarity is H-F > H-CI > H-Br > H-l as shown by ehpercent ionic
character in these bonds.

Some physical properties of the hvdrogen halidedisied in the Table
3.5
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Table 3.5: PhysicaPropertieof Hydrogen Halides

Physica Colour B.P. K) M.P. K) %dissoci- Per cenh
| state ation ai 37¢ ionic

K Character
HE Liquid C°OU"® 593 100 Veryslight 44
HCl Gas " 188 159 0.0014 17
HBr Gas ” 208 186 0.5 11
HI Gas 237 222 33 5

The thermal stability of hydrogen halides decredisms HF to HI. Thus

hydrogen fluoride is the most stable whereas hyelnagdide is the least
stable. This can be seen from their percentagedason data (Table

3.5). For example, while HF and HCI are not apielgi dissociated
even at 1473 K, HBr is dissociated to the exten0.6B6 and HI is

dissociated to the extent of 33% at 373 K.

Hydrohalic Acids

Aqueous solutions of hydrogen halides are calladtrdtyalic acids, viz.,
hydrofluoric, hydrochloric, hydrobromic and hydriodacid. Hydrohalic
acids form constant boiling point mixtures with tela The aqueous
solutions of acids ionise as follows:

HX(aqg) + H.O

> HO" (ag) + X (aq)

Their acid strength follows the order HI > HBr > HE HF. Acid
strength is in general the tendency of Ki¢) to give HO"(ag) and
H(ag). The enthalpy changes associated with thesodigtion of
hydrohalic acids can be represented with the h&lom-Haber cycle
in its simplest form as given below:

/H\X(g) L > H@ + X(9)
| E
vV VvV
H" (9) + X (9)
z&fihyd z&fihyd
VvV V
HX (aq) > H(@)+X(9)
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A constant boiling point mixture is a mixture ofdwer more with a definite composition,
which boils at a specific temperature at a speqgifiesure. HCI, for example forms |a
constant boiling point mixture containing 20.24%Ik\th a boiling point 383 K.

The acid strength depends upon the sumllokrdhalpy terms for
various stages indicated in the Born Haber cyCE.these the most
marked change is in the enthalpy of dissociatibid-oX bond, which

decreases in the order HF > HCI > HBr > HI and #drehalpy of

hydration of X, which decreases from > CI >Br > |. The total

enthalpy change becomes more negative, i.e., Hutioa,

HX (aq) > H' (aq) + X (aq)

becomes more exothermic from HF to HI. As expectat strength
varies in the reverse other, HI being the strongesd and HF the
weakest acid.

SELF ASSESSMENT EXERCISE 5

Explain briefly in the space given below, why HRhe weakest acid.

3.3.2 Oxides

All halogens form oxides. Numerous halogen oxidagehbeen reported
although many of them are unstable. These ligted in Table 1.6.
Halogen-oxygen bonds are largely covalent becatigeeasimilarities in
electronegativity of halogens and oxygen. Fluorine more
electronegative than oxygen, hence compounds ofifle with oxygen
are considered as fluorides of oxygen rather thxaates of fluorine.

[,Os is the only halogen oxide which is stablethwrespect to
dissociation into elements. Chlorine oxides decosepviolently while
the bromine oxides are the least stable amondhdhegen oxides. Of
these only GO and CIQ find some practical importance as bleaching
agents in paper pulp and flour industrie€)slis used in the estimation
of CO.
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Table 3.6: Oxides dflalogens

Fluorides Oxides
Oxida Chlorine Bromine lodine
Compo on
CompounO.N| Compou| O.N [ Compou O.N
und Numbe
r d nd nd
OF, -1 Cl,O +1| Br,O +|
O,F, -1 ClO;, +4 | BO, +4 1,05 +5
Cles +6 BO3 +6
ClL,0O, +7

Preparatiorof HalogenOxides

Oxygen difluoride is prepared by passing fluorinkbia 2% NaOH
solution:

2F, + 2NaOH ———>®NaF + kD + OF

It is a stable colourless gas. It reacts vigorowsgith metals, sulphur,
phosphorus and halogens and gives fluorides ardksxit reacts with
bases to give 'Ron and free oxygen.

Cl,O and ByO are prepared by heating freshly precipitated orerc
oxide with the halogen

573 K
2X, + 2HJO——> HgX%-HgO + %0, where X = Cl or Br
Chlorine dioxide (CIQ) is also prepared by the following reactions:

2NaCIQ, + SO, + H,SO——>> 2CI0, + 2NaHSQ
It is also obtained by treating silver chloratehndiry chlorine at 363 K:

2AgCIO; + Cl——> 2AgCl + 2CIG, + O,
Chlorine dioxide is a gas at normal temperaturpe, B84 K. It is a
powerful oxidising and chlorinating agent. It resaatith alkalies to form
chlorites and chlorates:

2CIO, + 2NaOH——> NaCI@ + NaCIQ, + H,0

lodine pentoxide ¢Ds) is prepared by dehydration of iodic acid at 513
K:

513 K
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2HIO;—Fo——> 1,05 + H,0

It is a white solid which decomposes to iodine arggen above 573 K.
[,Os is a good oxidising agent, it oxidises3Hto sulphur and HC1 to
chlorine.

Propertieof HalogenOxides

All oxides of halogens have positive free energigé$ormation except

F,O and are thus unstable with respect to dissociatio elements. J©

is stable upto 475 k. A combination of kioeand thermodynamic
factors leads to the generally decreasing ordestadsility | > Cl > Br.

The higher oxides tend to be more stable thanaWer. Except for that

of iodine all oxides tend to be explosive. lodirfoxide, JOs, is white

solid stable upto 575 K. Because of their oxidisprgperties, chlorine
oxides, C10 and C1Q are used as bleaching agents and as germicides.
1,05 quantitatively oxidises CO into GQand therefore, is used in the
estimation of CO.

Structureof Oxides ofHalogens

Structures of only OF CLO, BrO, CLO7 and JOs are definitely
known. Structures of the monoxides can be expiaime the basis of
VSEPR theory about which you have already studnedCHM 101.
These oxides have tetrahedral structure with twe Ipairs on oxygen.
Thus, the molecule is V shaped or angular in shape. bond angle
EOE varies in the order FOF < CIOCI < BrOBhis is because
electrons in the case of OFare nearer to fluorine due to high
electronegativity of F compared to Cl or Br. Thented electron pairs
in ClL,O and BsO are closer to oxygen making the repulsion betwee
them more and thereby reducing the lone pair - lo@ie repulsion on
oxygen to some extent. Also due to the bulkinesbfand Br, the
angles C10C1 and BrOBr increase to suchexent that they are
greater than 109°28', the tetrahedral angle. Fiy.shows some of the
structures of halogen oxides.

S, N ___/"\/ <

F|g 4.1: Structuresf some OX|des df-lalogens
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3.3.3 Oxoacids dfalogers

Oxoacids of halogens have oxygen attached to tlegdia atom. They
have the general formula HOX(OWhere n = 0, 1, 2 or 3. The oxoacids
are named as hypohalous acid (HOX), halous acidX@) halic acid
(HOXO,) and perhalic acid (HOX£), in which the oxidation state of the
halogen is +1, +3, +5 and +7, respectively. Mostthe& oxoacids are
known only in solution or as salts. Fluorine bemgre electronegative
than oxygen does not form oxoacids except theablstHOP. Some
important oxoacids of halogens are given in Table 4

Table 4.7 ImportantOxoacids oHalogens

Namesot |Oxidat Oxoaads
The acidjon of Structure
and state of Cl Br I
their salts [halogen
in
the aad
Hypohdou

S *HOC1 *HOBr *HOI H-O-X
Hypohalite ~ +1 Hypochloro|Hypobromo Hypoiodoy

us acid us acid s acid

S
Halous *HOCIO  |*HOBroO

. Chlorous |Bromous H-O-X—0
Halites +3 : :

acid acid

: )
Halic, *HOCIO, [*HOBrO, |HOIO; 1
Halaies +5  |Chloric acigBromic acidLodic acid|,, § v~

*

Perhalic. HOCIO, HOBrOs; |HOBrO;

Pertialalcs| +7 acid acid acid

@)

T
Perchloric |Perbromic |Periodic HO—
X—-0

!

@)

* Stable only in solution

The oxoacids containing higher number of oxygemmatoi.e., having
halogens in higher oxidation state are thermallyrenstable and are
known in pure state. You may compare this withittweased, stability
in case of higher oxides of halogens. However, tihermal stability
decreases with increase in the atomic number ofhédegen. Thus,
HOCI is the most stable and HOI the least stablergyrihe hypohalous
acids.
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Acid strength of oxoacids increases with éase in the oxidation
number of the halogen. This can be explaiasdfollows. Because
oxygen is more electronegative than halogens (densinly Cl, Br and

1), the terminal oxygen atom pulls the electronsOeX bond towards

itself, leaving a slight positive charge on thedgan atom. The halogen
atom then draws the electrons of X-OH bond tow#sddf. This oxygen

atom in turn pulls the electrons of O-H bond todeartself, leaving

hydrogen atom slightly positively charged and mgkthe O-H bond

more easily ionisable. This make's the compounceraoidic.

It is obvious from the above that higher the oxmatnumber of the
halogen,

higher is the number of oxygen atoms attacheded#togen,

more effective is the displacement of shared adesttowards the
terminal oxygen atoms and
more acidic is the oxoacid.

Acid strength of oxoacids with halogen ire tsame oxidation state
decreases as we go down the group. Thus HOCleistitongest and
HOI is the weakest amongst these acids. Hypoiodid is amphoteric

and may be regarded as iodine hydroxide, ,I@Hmany reactions.
Decrease in acid strength of corresponding oxoadmsn the group

may be explained on the basis of decreasing eleagativities of the

halogens.

NaOClI is one of the important salts of hypochloraa&l and is used in
bleaching cotton fabrics, wood pulp and also asiaféctant.

Anhydrous perchloric acid, HC10Qs an extremely powerful oxidising
agent which explodes when in contact wittgaoic matter and
sometimes on its own. Periodic acid, KHI®& extensively used in
organic chemistry for oxidation of alkenes to glgco

SELF ASSESSMENT EXERCISE 6

Arrange the following in the order of increasingdastrength: HOCI,
HOC1GQ,, HOCIG; and HOCIO.

3.3.4 Interhalogen @mpounds

Compounds formed by the interaction of orsodpen with other
halogens are callethterhalogen compounds. Such compounds are
either binary, formed by a combination of twalogens or ternary,
formed by a combination of three halogens. Thelgim@mpounds are
of four types, viz., XY, X¥, XYs and XY; where X and Y are the two
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halogens and Y is more electronegative than Xrialegen compounds
are named as the halides of less electronegasiiagén. Thus GIF is
called chlorine monofluoride and not fluorine mohloride. Ternary
interhalogen compounds were unknown until regengkcept as
polyhalide anions or polyhalonium cations, but neeme compounds,
e.g., IFC} and IRCI have been prepared. The interhalogen compounds
with fluorine are more common.

The stability of interhalogen compounds depends dine
electronegativity difference of the two haloge The greater the
diffeience, the more polar is the bond and theefthe greater is the
thermal stability and the higher their melting dwiling points.

The interhalogen compounds can be prepared bytdioeobination of

the halogens or by action of the halogen aorower interhalogen
compound. A few examples are given below:

498 K %IF
Ch,+3Fh —2®IF
I, +3CL, ——2€;
3$BrF;
CIF. + R ﬂbﬂ%
IF,+F,  ——D

(excess)
Mono-and penta-fluorides of iodine are preparedhsyaction of AgF

onb:

ChL+F

Br; + 5k

273K

I, + AgF > IF + Agl

3l, + SAgF——> IR, + 5Ag|
Properties
Some physical properties of the interhalogen comgsuike colour are
intermediate between those of the constituent eésraut their melting
and boiling points are higher than expected fiatarpolation of the
melting and boiling points of the constituent haong. Some properties
of interhalogen compounds are given in Table 3.8.
Interhalogen compounds are generally more reathiaas the halogens
(except F) since X-Y bond is more polar than theX>bend. They are
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hydrolysed by water or alkali to the halide iontlo¢ lighter halogen (Y
~ ) and the hypohalite ion of the heaviatopen (OX ). The
interhalogen compounds react with alkenes andaadolss the double
bond (C = C). They are strong oxidising agents amdused to prepare
metal halides. They convert metals into mixed leadid

XY + 2M > MX + MY

Their most important use is as fluorinating agemtgey are also used as
non-aqueous solvents. lodine trichloride and bremitrifluoride
autoionise like water and ammonia to give polyralwhs, e.g.

2ICl; —— ICl, +ICl,

2BrF; ——  BrF, +BrF,

Thus, the substances which furnish,i@nd Brk" behave as acids and
those furnishing IGl and Briz behave as bases in }Gnd Brk solvent
systems, respectively.

Table 3.8: Somenterhalogen compounds
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Physical state

Type of |Formulae ard andcolour at Melting | Boiling
interhalogen| names of ordinary point point
compound | compounds ternperatures (K) (K)

XY CIF
Chlorine Gas, Colourless. 119 163
fluoride
BrF Liquid below
Bromme 293K 240 293
fluoride pale-brown
gas above 293 K
BrCl _
Bromine  |-Auid. 207 283
: reddish yellow
chloride
ICI .
lodine Solid, ruby red 310
chloride
Br Solid.
lodine brown like 232
bromide iodine
XY 3 Clk
Chlorine
trifluoride Liquid below
261 K, 197 261
Colourless gas
above 261 K
Brk; N
Bromine I(‘:'gluol S;Iess 282 400
trifluoride
BrCls 374
Bromine Solid, Orange |(demmpos _
trichloride es)
XY CIFs Gas. Colourless 170 259
Chlorine
pentafluoride |Liquid,
BrFs Bromine|Colourless 213 314
pentafluoride Liquid
IFs ‘lodine | Colourless 283 314
XY 7 IF; lodine Gas, Colourless 2795

heptafluoride

Structureof Interhalogen G@Gmpounds
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The interhalogen compounds are generally covatemthich the larger
atom lies in the centre. Their shapes can be pgeztlicy VSEPR theory
about which you have already studied in CHM 10la&is of some of
the interhalogen compounds are given in Table 4.9.

Table 3.9: Shapes of moleculesimtferhalogens predictedby

VSEPRtheory
Total numbe
Molecule of_electron Hond pairs | Lone pairg Shape
pairs aroung
X
XY 4 1 3 Linear
XY 3 5 3 2 T-shaped
Square
XY's 6 5 1 pyramidal
Pentagonal
XY 1 ! 0 bipyramidal

Structures of interhalogens can be explained viiéhhelp of Valence
Bond Theory also in the following manner:

) Type XY: As expected, the compounds of the typeare linear
(Fig. 4.2. Thus CIF, BrF, BrCl, IBr and ICI all have a lare
structure. In these compounds both the halogemsatisave an
unpaired electron in the orbital. Axial overlap of thep, orbitals
of the two halogen atoms results in a lineaterhalogen
molecule.

i) Type XYs: Structure of the interhalogens of this type can b
explained on the basis gb*d hybridisation of the central halogen
atom X. Three of the hybrid orbitals having an #&l@t each are
used in making three covalent bonds with three atofithe other
halogen atom. The remaining two orbitals accomnda¢ two
lone pairs of the central atom. In order to minenigne pair-lone
pair and lone pair-bond pair repulsions, the loagspoccupy the
two equatorial sites around the central halogéom, thereby
giving a T-shape to the molecule (Fig. 3.3). Thuis;(BrF; and
ICl; have a T-shaped structure.

X atom in excited state M

sp’d hybridisation - trigonal bipyramidal
structure with two equatorial sites occupied byelon
pairs.
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iii) Type XYs This type of compounds has a square pyami
structure (Fig. 1.4). The central atom X uses f¥dts seven
valence electrons in forming five bonds with Y d@na electrons
remain as a lone pair. Thus X-atom in X Yholecule issp’d
hybridised. The lone pair occupies the axial hylorigital.

X atom in excited state | *

sp®d? hybridisation - octahedral structure
with one of the axial sites occupied by lone pair.

iv)  Type XYz In these molecules, the central X atom usestall i
seven valence electrons in forming seven X-Y boidsmation
of this type of compounds can be explained on tshofsp*d?
hybridisation of the X atom. These compounds haperdgagonal
bipyramidal structure with two axial X—Y bondand five
equatorial X—Y bonds (Fig. 3.5).

| I

X alum in excited stale

sp’d® hybridisation - pentagonal bipyramidal
structure.
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3.3.5 Polyhalides and Polyhaloniuhons

Halide ions often associate with molecules talogens or with
interhalogen compounds to form polyhalide ioR®r example, on
addition of potassium iodide, the solubility of iod in water is greatly
enhanced due to the formation of the triiodide iog,

X-Y
Fig. 3.2: LinearStructureof InterhalogerMolecule of the Type XY.

Fig. 3.3: T-shapedtructureof InterhalogerMolecules of theType
XY a.

e —

Fig. 3.4: Square Pyramid&tructureof InterhalogerMolecules of
the type X¥.

o

|

Fig. 3.5: Pentagonal bipyramidskructureof interhalogen
molecules othe type XY.
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More complex ions of iodine, such as penta-iodlgeheptaiodide, ;I
and nona-iodideglare also known.

These are generally found in the form of saltsanfé metal ions, e.g.,
Rb'ly, 2GHe or large complex cations, e.g., NH, (CHs), N*L°). A
number of mixed polyhalide ions containingotwr three different
halogens are also known, e.g.,lACI; and IBrF and IBrCr.

All the polyhalides are hydrolysed to some extenagueous solution.
The ease of hydrolysis increases with theeoduction of the more
electronegative halogen, into the ion Thus, thediic being the most
stable and Gl the least. In non-aqueous solutions, polyhalidémbe as
mild halogenating agents.

You have learnt earlier that polyhaloninm catioag., ICL" and Brk*
are formed as a result of autoionisation of;I@hd Brk. Other cations
like Br.", 1.7, I3, CIR", IF.", IBr.", IBrCl* CIR ", Br&  IF: | ClFs |
Bri", IFs", etc. are also known. These are established kg lanions
like BF,, PR, Ask, AICI, ", SbC}, etc.

SELF ASSESSMENT EXERCISE 7

Write 'T' for true and ‘F’ for false in the giverokes for the following
statements about t interhalogen compounds.

=)

)] Interhalogen compounds are strong oxidising &ge

i) Interhalogen compounds are strong reducing &gen

iii)  X-Y bond is more polar than X-X and Y-Y bonds

iv)  Interhalogen compounds are ionic

V) XY 5 type of molecules have square pyramidal structure

3.4 Pseudohalogerend Pseudohalides

Some molecules like cyanogen, (gNthiocyanogen, (SCM) and
selenocyanogen, (Se@Nhave properties similar to those of the
halogens. Therefore, these are calfmgudohalogens. Pseudohalogens
form hydro acids similar to the hydrohalic acidgy.eH-CN. They also
form anions such as cyanide, CNyanate, OCN thiocyanate, SCI\
selenocyanate, SeCNellurocyanate, TeCN and azide, N which
resemble tiie halide ions to some extent.
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The best known pseudohalide is the cyanide;, @Nich resembles ClI
Br-and I in following respects:

It can be oxidised to form a molecule, (GN)

It forms an acid HCN similar to HCI, HBr, etc.

It forms insoluble salts with AgPF* and Hg.

Interpseudohalogen compounds CICN, BrCN and ICN a&an be
formed.

Like AgCl, AgCN is insoluble in water butolable in liquor
ammonia.

It forms a large number of complexes simikar the halide
complexes, e.g., [Cu(Cl¥ is similar to [CuCl}- and [Co(CNyJ* is

similar to [CoCl]>.

3.5 Anomalous Bhaviour of Fluorine

Fluorine differs from other elements of tlggoup because of its
exceptionally small atomic and ionic size and I¢wofine-fluorine bond

dissociation energy. The result of these differarisehat fluorine is the
most electronegative element in the periodic tabid is a powerful

oxidant. Some differences between fluorine andrdthéogens are:

It is more reactive than other halogens becaus®wfF-F bond
energy, also due to its high electronegatithe bond between
fluorine and other element is very strong so itsygounds are more
stable. Some of them are inert, e.g.s.SF

Fluorine is almost invariably monocoordinate (caoation number
= 1) and is never more than mono covalent.

Fluorides are more ionic.

Fluorine forms strong hydrogen bonds resultinghi@ properties of
hydrogen fluoride being anomalous.

Fluorine is the strongest oxidising agent and @asdithe elements to
their highest oxidation state, for example in, iIBdine has oxidation
number seven.

The reactions of fluorine are also differdram other halogens.
Fluorine fumes in moist air and decomposes watagite oxygen,
whereas other halogens are sparingly solublevater and react
partly to give hydrohalic and hypohalous acids.

2F2 + 2H20 — 4HF + Q
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X, +HO S HOX + HX
Fluorine reacts with alkalies to yield the oxideQF
2F, +2NaOH — F,O + 2NaF + KD

The other halogens react with alkalies to yieldktson of hypohalite
ions, which may disproportionate. The oxoaafl fluorine, HOF,
prepared recently is very unstable. The oxidesuoirine are not acidic.

4.0 CONCLUSION

In this unit, we have successfully studied the G&snof the halogens.
Halogen means salt producer. The most common séthalts is the
common salt, NaCl. We can safely conclude thatdels find a wide
variety of uses in everyday life.

50 SWMARY
Let us now summarise what we have learnt in this un

. The halogens are only one electron shérthe noble gas

configuration.

The elements form the anion” %r a single covalent bond. Their
chemistry is completely non-metallic though thesesome evidence of
their forming cations.

Their chemical and the physical properties shoviatians according to
the expected group trends.

Because of the extremely small size of fluorineexhibits anomalous
behaviour in the F-F bond energy and electron iajfin

Fluorine is the strongest oxidising agent in theol@hgroup. This is
mainly because of very low F-F bond energy, veghhi-element
bond energy and the high hydration energy of theritle ion.

Fluorine can oxidise all the other halide ions IRk Br, I to their
respective elements. Because of its high oxidigioger, fluorine
forms compounds in which the other elements argigh oxidation
states.

The oxidation state of fluorine is -1 while the @tlhalogens exhibit
variable oxidation states due to the availabilityacantd orbitals.
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Halogens form a variety of compounds like, hydrahatids of the
type HX, halogen oxides (QXetc.), oxoacids like HOX, HOXO,
HOXO, and HOXQ ana interhalogen compounds of the type, XY
where X and Y are two different halogens. The biwnohterhalogen
compounds is polar, with a positive charge on teavier halogen.
You have also leamt about the polyhalide iongs.aXd XY;".

6.0 TUTOR MARKED AS$GNMENT

1.

Fill the appropriate halogen in the followingbks:

) displaces three halogens from their

compounds.

i) Cl can be oxidised by

iii)  Br,can be reduced by

iv)  Fluorineand .................. can oxidise water to oryg

V) Oxidation of and by Cl will give
Br, and b, respectively.

We have listed the physical properties of adl flalogens except
astatine in an earlier table . From your studyhef periodicity in
the properties of elements, predict the followingthe astatine:

)] Atomic number

i) Molecular formula

i)  M.P., B.P:

iv)  Physical state

V) At-At bond energy

vi)  Strength of aqueous hydroastatic acid.

Why does fluorine combine with other elementgheir higher
oxidation states?

Write the name of the following oxoaci@md deduce the
oxidation number of halogen atom in each.

() HOCI (i) HOCIO (iii) HOBr
(v) HOBrO, (v) HOIO, (vi) HOCIO;

The bond dissociation energy increases frgmtol C1. Thus,
bond dissociation energy ot Bhould be higher than that of ,Cl
But it is not so, why?

The solutions of the salts of hypohalamds are alkaline,
explain why?
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SELF-ASSESSMENT EXERCISE 8

1. Fluorine formed by the electrolysis of aqueoakitton of Nal
will react immediately with water so it cannot detained by this
method.

2. )] Chlorine

i) lodine
1)) Fluorine
iv)  lodine
3. The standard reduction potentials of bromine iadahe are 1 .07

and 0.54, respectively, which are less than tbatrdéduction of
oxygen to water. These elements, therefore, caoxidise water
to oxygen.

4. i) L+IF,—» 3IF
i) Cl, +H,O———% HCI+ HOCI
iii)y Cl, + 2NaOH——® NaCl + NaOCI + D
iv) Clb, +H,S —p 2HCI+S
v) CH, +4B, —— > CBr, + 4HBr

5. HI' has the highest bond dissociation enthalpy amoalyjshe
halogen acids. The hydration enthalpy of the flderon is also
highest. However, the former outweighs making HE& weakest
of the halogen acids.

6. HOCI < HOCIO < HOCI@ < HOCIG;,

70T (i) F (iv) T
v) F (v)
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