
CHAPTER 22

THE HALOGENS AND THE MANGANESE

GROUP

(Ile Elements of Group VII)

The elements of Group VII are divided into two sub-groups VIIA and VIIB.

The elements of sub-group VIIA are non-metals and are commonly known a

' sHalogens. The sub-group IIB consists of transition metals of which Mn is
important. Technefium is radioactive and prepared artificially as it does not occur

in nature. Rhenium is rather unfamiliar.

Sab-group VIIA

Halogens

F — Fluorine

Cl — Chlorinc

Br — Bromine

I — Iodine

At — Astatine

Sub-group V11B

Nin — Manganese

Tc — Technetium

Re — Rhcnium

THE HALOGENS

Comparison of the Properties of Halogens

The name halogen was given to the elements of sub-group VIIA because the

salts of these elements are common in nature (halogen means salt-former). All

these elements combine with alkali metals to produce salt like sodium chloride.

'Ibe electronic structures of the halogens are given in Table 22. 1.
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Table 22.1 Electronic structures of the halogens.

At. No.	 Elements

9	 F

17	 CI

35	 Br

53	 1

85	 At

Electronic structures

(tic core) 2S2 2p5

(Nc core) 2S2 3p5

(Ar core) M10 4 S2 4p5

(Kr core) 4d' o 5s2 5p5

(Xc core) 414 5d 10 6s2

Valence

1,2 2p5

3s2 3p5

4S2 4p5

5S2 5p5

6S2 60

Thus the outermost cicciron orbitals of F. Cl, Br, I and At Consist Of S2 
P 

5

electrons in each case whereas the inert gas outer orbitals contain S2P6 electrons.

The chemical behaviours of halogens, therefore, show a tendency to achieve the

inert gas configuration by accepting an electron from other atoms either by

transfer or by sharing. At the ordinary temperatures the halogens exist as

diatomic molecules, F2 , Cl,, Br2 and 12 for the same reason, because diatomic

halogens have achieved stability by sharing an electron from each atom in an

electron pair bond (covalent molecules) :

Wr - F

. A list of some of the physical properties are given in Table 22.2 It may be

pointed out that these figures are not to be committed to memory but have been

included to facilitate the study on the basis of the electronic structures.

The relative sizes of the 
halogens are particularly useful in explaining many

of their physical and chemical properties. The increase in the sizes of the atomic

and ionic radii with the increasing atomic number appears to be more well-

marked from F to CI than from Cl to the succeeding halogens. This is an

indication that F has a sharp difference in properties as compared to other

halogens. The screening electrons in F atom are only two (Is') followed by the 7

outermost electrons (2S2 '7p5). But the 
other halogens have at least one complete

shell of 8 shielding electrons in addition to other shielding levels. Thus the

reactivity of F2 , by and large, is the greatest of all halogens. Chlorine and

bromine have more chemical similarity because their atomic and ionic radii have
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nearly similar values with only slight difference. The incomplete nuclear

shielding of 3d electrons in bromine is responsible for this characteristic.

The colours of the halogens (or as a matter of fact any other substance) arise

due to absorption of visible light which excites one or more electrons of the

outer levels to higher energy levels. The values of the ionization potentials of

halogens as given in Table 22.2 indicate this trend. F2 requires high energy for

excitation and hence is pale yellow and the excitation of electrons from 12

molecule requires lower energy and appears dark violet. From F2 to 12 the colour

deepens for 
the 

same reason.

The melting and boiling points of halogens regularly increase with the

increase in their atomic number or molecular weights. As the size of the atoms

increases, the electron clouds of the halogen molecules become larger and more

reaWly distorted or polarized.

The greater the size of the electron clouds, the greater is the deformation and

elements show greater increase in the van der Waals' forces. Thus at room

temperature F2 is a pale yellow gas, C12 is a greenish Yellow gas
, Bf2 is a

reddish-brown liquid and 12 is a dark violet solid. Astatine is also a solid having

somewhat metallic character. These physical states may be explained on the

basis of the relative strengths of the attractive forces acting between the halogen

molecules. The diatomic 12 molecules form the crystal lattice linked together by

strong van der Waals' forces among the outermost electrons and hence it is solid.

Br2 
is 

liquid; C12 and F2 are gases due to decrease in the attractive forces between

the molecules (weaker van der Waals' forces) and this trend is indicated by the

values of the heats of vaporization of the halogens in Table 22.2

The dissociation energy of halogens indicate that the halogen molecules are

quite stable because of the inert gas configuration. C1 2 Molecule is more stable

than Br2 which is more stable than 12 indicating decrease in the stability of

covalent bond with the increase in the size of the atoms.

F2	 -4	 F + F + 37.8 Kcal

C1 2 -4	 Cl + Cl + 58.0 Kcal

Br2 -4	 Br + Br + 53.4 Kea]

12	 -4	 1	 +	 I	 + 5 1.0 Kcal
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Table 22.2. Properties of the halogens.

Properties	 F	 0	 Br	 I

Atomic No.	 9	 17	 35	 53

Atomic Wt.	 19.00	 35.46	 79.92	 126,92

p hysical state 	 pale	 Greenish-	 Reddish-	 violet

yellow	 yellow	 brown
	

blaLk

gas	 gas	 liquid	 solid

Outer electron	 2S2 2p'	 3S2 3p5	_jd111,j,,2-lp5 4d'()5s2

Orbitals	 5ps

Covalent	 0.72	 1.00	 1.111	 1.35

radius (A)

Ionic radius (A)	 1.36	 1.81	 1.16	 2.16

Ionization

potential (ev)	 17.42	 13.01	 11.84	 10.45

Melting

point ('C)	 - 223	 -102	 - 7	 114

Boiling

Point ('C)	 -188	 - 34	 59	 185

Electronega-

tivity	 4.00	 3.00	 2.80	 2.50

Electrode	 - 2.87	 - 2.36	 - 1.10	 - 0.54

potential X/X

Oxidation states	 -1,0	 - i,o, 1,3	 -1,0,1,3,5	 -1,10j,

5,7	 5,7

Dissociation

energy	 37.80	 58.00	 53.40	 51.00

X2 ^^- 2X (Kcal)

Electron affinity

(ev)	 3.70	 4.00	 3.80	 3.40

Heats of vapori-

85

210

Solid

almost

metallic

4f' -' 5d")

6,2 6p5

9^50

2.20

-0.30

27.70

3.20

za on

(Kcal/mole)	 1.60	 4.40	 7.40	 10.40

In general, the sLrengths of the covalent bond increa
s
e with the decrease in

the atomic size. But F2 is an exception to this rule. The small value of F--F

bond encrgy is possibly due to the repulsion of non-bonding electrons in the

small F atom.
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The very great oxidi/ing power of F molecule is a s
sociated with the low

heat of dissociation and high heat of hydration of the fluoride (F-) ion and not

with the clectron affinity of F having about the same value as that of 
Br2-

Halogens With high atomic numbers show greater tendency to increase their

oxidation numbe as compared to that of F. This trend is best exemplified by

the following intahalogcn compounds. F combines with only one F, whereas

otfier halogens can combine with 3, 5 and 7 fluorines :

F—F	 CIF,	 BrF5

In the above compounds F has, 7, CI has 7+3 (= 10), Br has 7+5 (= 1 2) and I
has 7+7 (=14) total number of valence electrons.

Halides of the same metals, such as SnF4, SnC'4, SnBr4 and S1114 or AgF,

AgCI, AgBr and AgI etc. cxhibit different bond character. The fluorides arc

almost ionic whereas the iodides are almost covalent. This is attributed to the

clectronegativity and the extent of polarization of the halide ions. The crystal

structures of the halides also depend upon the clect-ronegativity difference of the

metals and the halogens and their polarization besides die radius ratios of the

cation and polarization of the halide anion as mentioned in the case of Ag-

halides. Sunikirly, TiX6-' ions have different colours as in K 2TiX 6 :

K,TiF,	 Colourless

K 2TiC1,	 Yellow

K2TiBr,5	Red

K,Til,	 Deq) red

These colours (speLtra) are due to the excitation of electrons in the large

halide ion to the mctal orb i tals. The energy of excitation in iodides is the least

and hence the longest wavelengths of absorption for which these are deeply

olourcd.

Summary of the comparison of properties of the halogens

(I ) The valence levels of halogens contains s2p 
5 electrons.

(2) Many of the physical and chemical properties of the halogens can be

explained on the ba^k of dicir relative sizes.
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(3) 'The colours of the halogen., are due to the absorption of visible light

leading to the excitation of outer electrons. 'This trend is indicated by their

ionization potential.

(4) The melting and boiling points of halogens can be explained on the

basis of intermolecular van der Waals'forces between the halogen molecules.

(5) The stability of the halogen molecules is dependent upon the

dissociation energy. F2 has the lowest hcat of dissociation and C12 has the

highest value which decreases in the case of Br 2 and 12.

(6) 1 lalogens with high atornic numbers have greater tendency to use outer

d-orbitals to form multiple bonds.

(7) Halides of the same metals exhibit different bonding character. Fluorides

are more ionic where-is iodides are more covalent.

(8) The halides of large ionic radii arc deeply coloured whereas the lower

halides arc colourless.

Oxidation states : The range of the oxidation states of halogens varies

from —1 to +7, although —1 state is predominant. But compounds having +1,

+5 and +7 states are also formed. Other oxidation states arc known in some cases

but +2 state is non-existcnt. F does not show positive oxidation states and Br is

never +7. In water solutions the valence states arc — 1, + 1, +3, +5 and +7 (i. e.,

difference in 2 units). This is mainly due to (i) covalent halogen -to -oxygen

bonds and (ii) coordination of an additional oxygen atorn to a lone pair of

electrons of halogen thus,

2
El. 0	 Na* - Cl . 0Na+ S EI	 Na*

(CI—)	 (Cl- I)	 (CI-3)

	Na' . CI * 0	 Na* 0 * Cl * 0

	

*6 	 1	

.6

(Cl* 5)



Oxidation	 F
states

— 1	 Nal'
0	 F2

+1

2
+3

+4

++5

+7

cl	 Dr	 I

NaCl

C12
HCIO

C120

HCIO,

CIO,

HC103

HCX),

M

NaBr	 Nal
Br2	 12
HBrO
	

YHO

BT20

BrO,	 102
HBrO,	 HK)3

1205

H5IO6
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Not many compounds are known which have even oxidation states of
halogen. C102 has +4 state of Cl. F202 is ill-defined as +2 for F and C1 206 has
+6 oxidation state for Cl. These may be regarded as peroxides.

The odd oxidation states arise due to the stability of electronic structures

involving pairs of electrons either shared or unshared. The odd oxidation states
are generally exhibited by odd groups. C102, Br02 and 10 2 having oxidation
number +4 for the halogens have odd number of electrons in their molecules,

Table 22.3 shows the various oxidation states of halogens in well-known
compounds.

Table 22.3. Oxidation states of halogens.

Anomalies offluorine : Fluorine differs in many ways from other halogens.
For instance, F does not form oxy' acids and oxysalts. It can not be prepared by
the general method of formation of other halogens. There are numerous insoluble

fluorides, such as those of Ca, Mg, Ba, Sr, lanthanides and actinides. F is the

only halogen which exhibits hydrogen bonding and forms only one covalent

bond. These anomalies may be attributed to the following reasons :—

(1) The highest clecLronegaLivity of F (4.0) is greater than that of oxygen

(3.5). Other halogens arc less clectroncgafive than oxygen.

(2) Small size of the F atom.
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(3) F2 molecule has low bond energy.

(4) F has no d orbitals available.

(5) The reaction of F with other element is highly exothermic (high bond

energy).

(6) Insolubility of most fluorides is due to high lattice energies of their

three-dimensional network structures. The higher halides have either chain or

layer structures.

Chemical properties or the halogens : The chemical properties of

the halogens may be summarized in some of the important reactions which take

place with other substances. All the reactions 
of 

halogens are normally oxidizing

actions.

(a) Reaction with hydrogen : All halogens react with hydrogen, although

under different conditions giving hydrogen halides :

X2 + H 2 = 2HX	 (X = halogens)

The reaction of F2 is very vigorous ; C1 2 reacts in presence of light. Br2

reacts readily but 12 is not very reactive because III formed is unstable.

(b) Reaction with oxygen : Halogens form a number of oxides by indirect

reactions and arc discussed under the oxides of halogens.

(c) Reaction with water : All the halogens give HX and HOX with water

except F2:

C12 + H20 = HCI + HOCI

But F2 reacts violently with water to give oxygen flouride, OF2:

F2 + H20 = OF2 + H2

(d) Reactions with acids : No significant reaction.

(c) Reactions with alkalies : Different salts of oxyacids of halogens are

formed under different conditions.

(f) Reactions with Pietals : Almost all metals react with halogens at various

conditions and with different rates. Some react very vigorously and others
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slowly under heated conditions. They normally form halides of the metals with

high oxidations state :

Ye + 3C1 2 = 2FCC13

or generally,	 2M + nX 2 = 2MX n	 (M = metal)

(g)Reactions with non-metals : S is converted to S2C12 and P is changed to

PC13 or PC15 by the rcaCfion W " h C12. All halogens show this behaviour.

(h)Reactions with organic compounds : Hydrocarbons bum in C12 gas to

form HX and free carbon. Unsaturated organic compounds give importynt

reacLions with halogens.

(i) Reactions between halogens : The halogens react among themselves

giving a large number of compounds. These are known as interhalogen

compounds.

(j) Solubility in organic solvents : C12, Br2 , and 1 2 dissolve in many organic

solvents. 12 gives different colour in different solvents. Thus in alcohol it is

brown but in CC14 or CS 2 it is violet due to molecular 1 2. The colour is due to

excitation of electrons and breaking of 1-1 bonds. In aqueous alkali, complete

breaking of 1-1 bonds leads to a colourless solution.

The oxidation reactions of halogens : As pointed out before,

oxidations by the halogens are the important and familiar reactions. These may

be termed asfluorinaiion, chlorination, bromination and iodination for the
reactions with F2, C12.1 Br2, and 12 respectively. Fluorination is the most

vigorous and iodination is the least vigorous, but this depends on the materials

with which the halogen reacts. Generally the reactions are termed as

halogination.

When halogens react with covalent compounds giving products which are
only halides, the reactions are known as halogenolysis. Thus F2 oxidizes organic

compounds, such as C2f'6, to produce HF and CF 4 by fluorinolysis and C12
oxidizes CS2 to CC4 and S2C]2:

113C—CH3 + 7F2 = 6HF + 2CF4

CS 2 + ')C1 2 = S 20 2 + CCI,
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Iodine oxidizes man)- reducing agents in aqueous solutions, such as the

active metals and metal ions of lower valencc states, c. g, Cr'2, W2 anti also

negative ions, like S03', S103 
-2 etc ., C. g.,

2Na1S 203 + 12 = Na 2S 406 + 2Nal

Br2 being more powerful oxidizing agent oxidizes many reducing agents anti

als^) oxidizes an io(fide to free 12, Chlorine oxidizes bromides to free Br2.

FiLlorine In a(JUCOUS Solution, not only oxidizes the reducing substances but also

1120 to produce free oxygen gas.

Hydrolysis of the halogens : Halogens react with water in two ways :

X 2 + 1120 = HX + HOX

X2 + H 20 = 2HX + 2' 02

In dilute aqueous alkali solutions, halogens undergo auto-oxidation or, more

precisely, a disproportionation reactions in which [he halogens are converted to

-1 and +1 oxidation states. F2 does not show this behaviour. The colours of

C12, B r2 and 12 disappear by hydrolysis in aqueous alkaline solutions :

Na'	 H-,	 H	 X + Na* +

The elementary halogens again reappear on acidification of LI1C alkali

soluUon indicafing reversible pr(xcss. In hot solu6ons I IOX (hypolialacs) are

further oxidiscd (auto-oxidation) to X0 2 and X03 together with X
- ions. Thus

Br2 in hot alkali solutions gives :

3Br2 + 6NaOH = NaBr03 + 5NaBr + 31-120

With F2 the hydrolysis results in the formation of oxygen gws.

Sources of Halogens and their Preparations

Occurrence : The occurrence of the elements in nature gives an idea about

the chemical properties and reactivi6es. Halogens do not occur in nature in the

free state but always in the most stable ionic state of - 1. Halogens are,

therelore, the most clectronegative elements and do not occur free in nature.
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Fluorine, the most reactive of all elements, is found as fluorspar, CaF,,

lluorapatitc, CaF2 . 3Ca 3(PO4)2 . and cryolite, Na3All'6. Chlorine is alway^ found

,is chloride in various compounds, such as NaCi, MgC12, AgC1 etc. Bromine is

far less abundant and is found as NaBr, KBr and MgBr 
in 

sca water and salt

deposits. lodine in 
s
ea water is sciccdvcly absorbed by sca-wced (Kelp) but the

most important source is Chile saltpeter, NaNO 3 , in which it 
is 

found as sodium

io(late, Na'03, and sodium periodate, Nal04, and it also Occurs in brine wells..

Preparation of halogens : All halogens are obtained from their

compounds containing negative halides, X ions, by oxidation to free halogen,

X2, The oxidation can 
be 

carried out by (i) chemical and (ii) electrolytic methods.

Fluorine

Sources : Fluorspar—CaF2

CrYol'te—Na3AIF,

Fluorine is prepared both commercially and 
in 

the laboratory by the

electrolytic method. Since it is highly reactive, it caused the death of ' several

sc ientists who attempted to preparr n uorine in the early stages.

Commercially F, is obtained by the electroly-,is of fused KHF 2 or by the

clectrolysis of anh ydrous liquid HF to which KHF2 is added to conduct electricity

through liquid 11F which is a nonconductor. FIF is obtained from CaF 2 by the

reaction of conc 112SO4 and KHF 2 is made from FiF and KF. A sketch of an

electrolytic cell for the production of F 2 is given in Fig. 22--l.

The highly reactive nature of fluorine and the explosive situation created

when 142 and F2 become mixed during electrolysis are the main drawbacks. The

electrodes are separated by means of copper gauze which surrounds the cathode.

All traces of moisture must 
be 

excluded because of the vigorous reacdon of

F2 with F12O. The electrolytes, KHF2 or HF + KHF2 are clectrolysecl in the

liquid condition (l(X)-200'Q. 'Die cell material, such as copper, becomes coated

with a layer Of CUF2 and protects the vessel from the reacuion Of F2-

Fluorine is produced at the anode and hydrogen is libcrated at the cathode

lectrolv^ed
2KlJF2	F,	 +	 +	 2KF

(fwwd)	 at the anode	 at the cathode

2HF	
clectrolywc! 

--4 F2	 +	 H,
+KHF-2

at the anode	 at the cathode
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H2	 F 2

Fig. 22-1. A sketch of the electrolytic cell for the production of fluorine.

V—Electrolytic vessel made of coplvT which is the anode.

C—Carbon cathode.

G—Copper gauze.

It is to he noted that the electrolysis of an aqueous 
s
olution of KHF 2 or Mf:

does riot produce H2 and F2 but 112 and 02 gas. 'Ibis is bu'ause 1120 is oxidi/M

to 02 . at a much lower voltage (-1.23 volts) than F — ion which rcquirc.^ a

higher voltage to bc oxidized to F2 (— 2.85) volts).

Chlorine

Sources : Rock-salt and common salt in sea water.

Chlorine can 
be 

prepared by the chemical and clecLrolytic methods of

oxidation of Cl— ions from NaCl, other metal chlorides or FICI in aqueous

solutions. C12 also be made by Lhc electrolysis of fused NaCl or other chlorides.

The electrolysis of brine may be represented by the equadon :

Nal + Cl— + 
H20 electT(Ilysis , 

Na* + Oil — + 02 + 11'

C12 
is 

liberated at the anode, usually a carbon rod, and H2 
is evolved 

at the

cathode which is the iron cell itself or mercury. Various designs of cells, such a'^

Nelson, Hooker and Vorce cells are used. Br 2 and 12 can be prepared by similar

electrolytic method as in the case ofC12, but these are gcnerally made hy cherm-

-40
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cal methods. The preparation of chlorine or other halogens (except 172) by the

chemical oxidation depends upon the oxidation potentials of the halogen halide

ion couples :

The standard oxidation potential of the various oxidation-reduction reactions

are given in Table 7.2 (page .... ). But the oxidation potentials of some

oxidation-reduc6on reactions of ionic systems are given in Table '22.4 in order to

understand which oxidizing agent will be more suitable to bring about the

oxidauon of halide ions into halogens.

The oxidized form Of the above reaction systems can oxidize the reduced

form of any other system provided the potential is lower or more positive. F2 is

the strongest oxidizing agent with highly negative value of oxidation potential.

Cl — can be oxidized to C1 2 by KMn04 and PbO2 but not by K20207. The

Table 22.4 Oxidation potentials or some oxidizing systems
compared for the preparation or halogens.

Electrode reaction

21

F-,Q

2Rr -

Mn,2 + 112()

2CI -

2Cr * ' + M2()

pb*2 + 2H2()

Mn ,2 + 4H20

2F-

=	 12 + 2e

=	 Fe*3 + C

=	 BT2 + 2e

+	 MnO2 + 4H- i 2c

=	 C12 + 2e

=	 Cr207_2 + 14H F 6e

=	 PbO, + 4H * + 2c

=	 Mn04_ + 81" + -5C

=	 F, + 2e

Standard oxidation poieritial
E'(Volis)

- 0.53

- 0.77

- 1.06

- 1.23

- 1.30

- 1.36

- 1.46

1.51

2.80

oxidation potential of MnO 2 is lower than Cl-/C12 system but the increase of H+

in the form of I ICI and reducing the pressure Of C12 gas by heating the reaction

mixture, the oxidatio l i Of Cl- 
to 

C12 by Mn02 is brought to completion. This

is an example 
of 

concentration effect on electrode potential. The oxidation

potentials al so indicate that F2 Will oxidize Cl- tO C12 which, in turn will

oxidize Br to Br2 %k hich will oxidize I- to I,. Thus the oxidadon potential,;
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of halide/halogen systems give informations regarding the gradation in the

chemical properties of halogens also.

The oxidation of HCl for the preparation of chlorine may be carried out by

the "011owing reactions :

I .	 4HCI + Mn02 = MnC12 + 211 20 + C12

2. 16HCI + 2KMnO4 = 2KCI + 2MnCl2 + 8H20 + 502

3. 4HCl + Pb02 = PbC12 + 2H20 + C12

4. 2HCl + NaOCI = NaCl + H20 + C12

The starting material may be chloride, such as NaCI, which on oxidation

with an oxidizing agent in presence Of 11 2SO4 g
ives 

ilie reactions represented by

the general equations:

NaCl + H2SO4 = NaHSO4 + HCI

411CI + MnO2 = MnCl2 + 214 20 + C12

The industrial production Of C12 by the Deacon's Process involving

oxidation of HCl by the atmospheric oxygen in presence Of CUC12 as a catalyst

has been replaced by the electrolytic methods. The overall reaction in Deacon's

Process in said to involve the equilibrium :

CUC12
4HCl + 02	 ^, 2H20 + C12

The catalyst, CUC12, functions as shown by the equations :

2CuC12 = CU2Cl2 + C12

CU2Cl2 + 0 = CUO-CUC12

CUO.CUC12 + 211CI = 2CUC12 + H20

Bromine

Sources : Magnesium bromide, MgBr2 (in sea water).

Brom-camallite, MgBr2. 6H20 (in camallite).

The commercial preparation of bromine form bromides from sea-water or

carnallite is (lone by oxidizing action of chlorine. The pH value is adjusted
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between 1-4 with H2SO4, and then treated with chlorine. A stream of air is

blown to free the liberated bromine which is absorbed in Na2CO3 Solution. The

solution is distilled after acidification:

C1 2 + 2Br ---) Br2 + 20-

3Br2 + 3CO3_2 -) 5Br- + 5Br03_ + 3CO2

5Br- + Br03_ + 6H + -4 3Br2 + 3H20

Chlorine present is removed from the bromine by reaction with a bromide,

such as FcBr3. Further purification from chlorine and iodine is carried out by

distilling it with KBr and ZnO which removes chlorine and iodine respectively.

Iodine

Sources :	 Sea-weed (Kc1p)

Chile saltpeter (NaNO 3 contains Na103)

Burnt sea-wecd contains alkali iodide, such as NaI, from which iodine is

obtained by heating with an excess Of H2SO4 and Mn02. The iodine vapours are

condensed in receiver known as eludels.

Iodine is mostly obtained by the sulphite reduction of iodates in aqueous

solution :

2NaI0 3 + 5NaHS03 -4 3NaHSO4 + 21`sla,^SO4 + " 20 + 12

Iodine is purified by sublimation over K1.

Astatine

It occurs in very small amount in nature due to the disintegration of-215po

and 218 Po. But astatinc has not been isolated from natural sources. It has been

prepared from bisinuth by bombardment with ot-particles.

Bi209 + HC4 = At211 + 2nl

Astatine is radioactive with half-life of 8.3 hours. As would be expected, astatine

is a solid element more metallic than iodine.

The solid is volatile and is soluble in carbon disulphidc and tetrachloride.

Elementary astatine is the weakest oxidizing agent of all the halogens.



'111E IIALLIGENS AM)'n 1EMANGXNF'S1; GROUP	 629

Uses of Halogens

Fluorine : F2 is used in—(i) The productions of fluorocarbon compounds
used as lubricants, insecticides etc. Thus Freon, CC12172, is used as a refrigerant,
CC13F is an insecticide. Teflon is a plastic having C2F4 units in the polymer.
(ii) The production of UF6, SF6 

etc
- (iii) The Production of CIF 3, a liquid

incendiary for war purposes.

Chlorine : C1 2 used for —(i) bleaching wood pulp and cotton cloth; (ii)

chlorinating agents for water; (iii) chlorinating agents for producing organic
compounds, such as CCl4, CHC1 3 etc.

Bromine : Br2 is used in --(i) the manufacture of ethylene dibromide, an

antiknock gasoline along with lead tetra-ethyl, Pb ( C2H5)4; (ii) the production of
organic dyes; (iii) the production of AgBr for photography.

Iodine : 12 is used in—(i) the production of iodoform, CH1 3 ; (ii) the
preparation of tincture of iodine and (iii) a vast number of medicinal
compounds.

Some Important Compounds of Halogens

Hydrogen halide, HX : Both HF and HO are obtained by the action of
concentrated H2SO4 on their readily available salts, NaCl and CaF 2. But HBr and

HI can not be prepared by the analogous methods since HBr and HI are oxidized
to Br2 and 12 in concentrated H2SO4. Although H2 and F2 will react vigorously to
form HF, the reaction is too violent to 

be 
adopted as a method of preparation of

HE

General Methods of Preparation or Hx

1. By direct union of the the elements : The general equation for
the reaction of hydrogen and halogen is :

H2 + X2 = 2HX

The heat of formation of HX rapidly decreases with increasing atomic

number of halogens. As mentioned above, HF is not prepared by this method.
But HO is commercially produced by combustion of hydrogen, H2, with chlor-
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ine in burners specially designed for this purpose. Both H2 and C12 are obtained

by the electrolysis of brine.

The reaction H2 + Br2 ^^- 2HBr is much less vigorous and the production

of HBr involves heating the mixture of H2 and Br 2 to 200T is contact with

catalyst, such as Pt or C, and using excess of H2 
to 

force the equilibrium

reaction towards HBr.

HI is not preparcd by this method because of the slow reaction and

decomposition at equilibrium :

H2 + 12 zF -̂ 2HI

2. By the action of conc H2SO4 or conc H3PO4 on metallic

halide : Ilis is the most convenient method of preparation of RF and HCL

RIF is prepared by heating a mixture of the mineral fluorite, CaF2, and conc

H2SO4 in a lead or platinum retort:

CaF2 + H2SO4 = CaSO4 + 2HF

HF evolved is absorbed in water forming hydrofluoric acid. This is stored in

bottle made of lead, wax, plastic or polythene, because HF acts upon glass and

other metals. Pure anhydrous HF can be obtained by heating KHF2:

KHF2 = KF + IF

HCI is also made in the laboratory and commercially by the reaction of

NaCI with conc H2SO4:

NaCl + H2SO4 = IICI + NaHSO4

NaCI + NaHSO4 = HCI + Na2SO4

HCI is distilled off because it is more volatile than H 2SO4 -

HBr and HI cannot be prepared by the action of conc H2SO4 on a bromide or

iodide because IlBr and HI are reducing agents. Some HBr and HI produced react

with hot H2SO4 as follows:

NaBr + H2SO4 = NaHSO4 + HBr

2HBr + H2SO4 = 2H20 + S02 + Br2

Nal + HISO4 = NaHSO4 + HI

81-11 + H2SO4 = H2S + 412 + 4H20
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HI is a stronger reducing agent than I Mr. Hence the reduction of 
H2SO4 to H2S

in the case of III and to S02 bY 1113r. But III also produces some S02 and

elementary S.

Fffir an(] III are commonly prepared by the action of a soluble metal bromide

or iodide " ith 113PO4 which is non-volatile and non-oxidizing acid :

NaBr + " 3 1)04 = IJBr + NOVO4

Nal + 11 3 P()4 = III + Nal"PO4

3. By the hydrolysis of non-melallic halides : Some covalent
halides of non-metals are hydrolysed to give HX. Thus hydrolysis of 

PC13, PBr3,

P1 3, SC14 CtC. gives the respective HX. This method is particularly useful for the

preparation ol' HBr and III :

PBr3 + 3FI20 = H3PO 3 + 3HBr

P1 3 + 31120 = H3PO3 + 31  11

4. By the halogenation of hydrocarbons : Except HI, other

hydrogen halides are obtained as by-products when F 2, C12 and l3r2 react with

saturalcd hydrocarbons in presence of a catalyst for the formation of halogenated

hydrocarbons. When ethyl chloride is manufactured, IICI is obtained as a by-

product in large quantity :

C2 1'6 + C1 2 = C211 5 CI + JJCI

5. By reduction with 112S or H2SOJ : This method is suitable for

producing 1113r and III in aqueous solution. The reactions involved are :

Br2 + IIIS = 2 HBr + S

13r2 + 11 2SO3 + l'1 20 = 2 1 113r + 112SO4

1 2 + 112S = 2 1111 + S

1 2 + ff2SO3 + H20 = 2 HI + 1]2SO4

The elementary S produced is filtered off and the solution is concentrated or

distilled.
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General Properties of Hydrogen Halides

Anhydrous [IF, I ICI, HBr, HI are colouricss ga ses, having penctr3fing odour

and fume in moist air. Purc HX are non-conductors of electricity and extremely

soluble in water. The solubility in H20 is due to the reaction :

HX + "20 = 11 30+ + X_

because 11 20 is more basic and 0 is more clectroncgativc than Cl, Br. and 1.

flydrofluoric acid, IIF, behaves differently and 11—F bond has some unique
properties. tiydrogcn halides in aqueous solutions are generally known as

hydrohalic acitL5.

HX in aqueous solutions reacts with metals above H in the E. M. F. -cries
giving oxidation-reduc6on reaction of the type :

+1	 0	 +2	 0

2HX + Zn = ZnX2 + H2

They react with bases to form salt and water. fiF in aqueous solution reacts
With Si02 and also with constituent of glass. CaSiO3, evolving SiF 4 (a volatile

gas)

S102 + 4HF = SiF4 + 2"20

The ionization of HX in water as shown by the equation

H	 + li	 H	 +

depends upon I I—X bond strengths as compared to H-0 bond strength in 1130*
ion, 1IF bond is as strong as 11-0 and YIF is not completely ionized. This is
due to greater c1curonegativity of F than that of 0. HF molecule is strongly
bonded 10 1120 by hydrogen bonding :

0 ...... H	 F	 or H \
0— H .......... F	 H
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The bond strength in HCI, HBr and HI are gradually much weaker as compared to

H--O. The interatomic distance in HF is also much smaller than that of Hl.

Apart form the above considerations the high electroncgativity of F is

responsible for the association in liquid HF discussed earlier. Therefore, it is

liquid at ordinary temperature with higher boiling point than any other HX. The

hydrogen bonding in HF is responsible for the formation of many metal

fluorides to form hydrogen difluoridcs, such as NaHF 2, KHF2 etc. HF2- ion is

represented as:

H *. F	 or	 F- H- F-1-

The Cl, Br and I atoms in HCI, HBr and HI are much less electronegative and

their sizes increase to a great extent as compared to that of F. Hydrogen bonding,

therefore, is riot significant in these cases.

Some of the properties of hydrogen halides are given in Table 22.5 for the

sake of comparison.

Table 22.5 Some properties of hydrogen halides.

Properties	 IF	 110	 HBr	 Iff

Molecular weights 	 20.008	 36.465	 80.924	 127.92

Boiling point (*C)	 20	 -85	 -67	 - 35

Melting point (*C)	 -83	 -114	 -87	 -51

Solubility in H20

(9/1009- Of H20)
Heat of formation
Kcal/mole
Dielectric constant
of I iquid
% dissociation
at I 000*C

	

98(-10-)	 93(-15o)

	

64.00	 22.00

66	 9

—	 3 x 10-7

	

221(0')	 425(10')

	

8.70	 —5.90

6	 3

	

0.003	 19

Metal halides : All metals form halides and there are great variations in

their properties. For instance, alkali metals, alkaline earth metals of higher
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atomic weights, all metal fluorides and some of the transition metal halides are
ionic compounds.

These halides have electrical conductivities in the fused state and have high

melting and boiling points and those soluble in water are not hydrolysed. Thus

Na-halidcs are good examples of Fajan's rule as given by the melting points :

NaF-993'C, NaC]-801'C, NaBr-775'C, Nal-651'C. But halides of metals

with high chargc-to-sizc ratios are covalent in character. These are AIC1 3, SnC14,

TiCl4 etc. and are volatile, soluble in organic solvents, have no electrical

conductivity and are extensively hydrolysed in water. Some halides are in-

between the above two types. Thus FcCl3 is volatile, hydrolyscd in water,

soluble in organic solvents, but conduct electricity in the fused state. Solubility

of halides in water differs to a great extent and even halides of the same metal

have different solubility. Thus AgF is soluble in water but AgCl, AgBr and AgI

are insoluble. CaF2 is insoluble but CaCl2, CaBr2 and Cal 2 are soluble.

Similarly, H92Cl2 and PbC12 are insoluble.

The properties of metal halides are convincing examples of the application

of Fajan's rules.

Uses of hydrohalic acids and halides

Hydrofluoric acid : HF is used—(i) in etching and writing on glass; (ii)

in analysis of rocks and minerals ; (iii) in the production of fluorides, such as

BF3, UF6 etc- (iv) CaF2 , NaF etc. are used as fluxes. (iv) consumption of blast

furnace slag CaSiO3 to SiF4 (v) Producing freons such as CF2C12-

Hydrochloric acid : FIC) is the most important acid in industry. It is

used—(i) in the formafion of metal chlorides ; (ii) in the manufacture of dyes,

glucose etc.

Hydrobromic acid : HBr is used—(i) in analytical chemistry and (ii) in

the synthesis of organic compounds.

Hydroiodide acid : H1 is also used for the same purpose as HBr.
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Interhalogen compounds :

The compounds formed by the combination of different halogens are called

Interhalogen Compounds. Examples of interhalogen compounds are given

below:

ICI	 BrCl	 CIF

IBr	 BrF	 CIF,

IC13	 BrF3

IF5	 BrF5

IF7

Intcrhalogen compounds are classified as follows:

Interhalog compounds

AB type	 AB3 type	 AB5 type	 AB7 type

CIF	 ClF3	 IF,

BrF	 BrF3	 BrF,

BrC1	 IF5

ICI	 la,

It is interesting to note that interhalogen compounds consist of one atom of

heavier halogen bonded to a number of the lighter halogen. The largcr-sizcd I

atom has greater number of intcrhalogen compounds and also greater number of

halogen atoms around it. The great difference in clectronegaLivity between

halogens gives rise to these compounds. The larger-sized halogens are positive
and form compounds with more negative ones. Thus we have IF 7, BrF5 and
CIF3. Most of these compounds are unstable and extremely reactive like

halogens. Hydrolysis in basic reactions give halide of the smaller halogen and

oxy-halide from the larger halogens:

ICI + NaOH = NaCl + HOI
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ICI, IC13 are formed by the oxidation of 12 or I- ion in conc HCL This may

be made by the reaction, 12 + C12 = 21CL Iodine chloride, ICI, is a liquid at room

temperature. Iodine trichloride is obtained by the reaction 12 + 3Cl2 (excess) =

21C13. Iodine trichloride, IC13 is a yellow solid and can also be obtained by the

reaction

1205 + IOHCI = 2IC13 + 5H20 + 2C12

IBr is obtained by the direct reaction of F + Br2 = 2113r. Chlorine fluoride,

CIF, is obtained by reaction of HF and C12 at the temperature of liquid air.

Similarly, Br or HBr on reaction with F2 
gives 

BrF3 as a colourless liquid. BrFs

is made from BrF3 and fluorine. IF5 and IF7 are obtained from 1 205 and F2.

The bonding in the interhalogen compounds do not follow normal valence

or bonding rules. CIF3 is supposed to use sp 3d orbitals of Cl.

Similarly, BrFs uses Sp3 d 2 octahedral bonding of Br and IF7 has Sp3d3

hybrid orbitals of 1.

Polybalides :

Compounds in which halogens or interhalogens become associated together

are called Polyhalides. Thus K1 3 is a K-polyiodide (tri-iodide). Compounds

containing 15-,17- and 19-. Br3_, C137 etc. have also been prepared. The larger

polyhalides are generally found in compounds having large cations, such as

CS*17, Rb+ 19, (C2H5)4N*17- etc. Br37 and C137 are unstable ions ; F3- does not

exist. The well-known examples of polyhalides of two different halogens are

KIC1 2, CsIBr2, CsC!lBr2, CsIBrCl, KIC14 etc. These are known as mixed

polyhalides.

It is well-known that the solubility of iodine in water is greatly increased by

adding KI. It has been shown that the deep-brown solution contains 13- anion

(tri-iodide ion). Here iodine and iodide ion combine giving the reversible

reaction :

I- + 12 zF _̂ 137

The combination is due to induced dipole action of r ion on 12. The

negative r ion when close to a large 12 molecule, disturbs the electronic arrange-
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ments forming the induced dipole leading to the attraction between the negative
end of the iodide ion and the positive end of the polar iodine molecule.

The Oxides and Oxyacids of Halogens

The oxides and oxyacids of halogens and their salts arc formed by sharing of

electrons with oxygen. These compound are important oxidizing agents.

Oxides of Halogens : A number of binary compounds of halogens and

oxygen have been made by indirect methods since the two elements do not

combine directly. These are :

OF2	 CI'O	 Br2O	 1201

02F2	 CIO,	 Br3O8	 1409

C1201	 B102	 1205

C1201

Because oxygen is more electronegaLive than Cl, Br and 1, their oxygen
compounds are halogen oxides. But F compounds are oxygen fluorides because F

is more clectronegative than oxygen.

Oxygen fluorides : Oxygen difluoride, OF2, is a colourless gas and

oxygen monofluoride, 02F2, is a red liquid. OF2 is a covalent compound having

0 and F in + 2 and —1 oxidation states respectively. OF2 
is formed when F2

reacts with NaOH solution :

2F2 + 2NaOH = 2NaF + OF2 + H20

OF2 is immediately separated. It is a powerful oxidizing agent. The aqueous
solution of OF2 is not acidic indicating that it is not the anhydride of an acid.

Oxides of chlorine : Chlorine monoxide C1 20, is a yellowish red gas

which explodes violently on heating. This is prepared by passing C12 gas over

HgO (300 — 400-C)

2Cl2 + 2HgO = HgC1 2- + C120

C120 is the anhydride of HCIO , (Hypochlorous acid) and reacts readily with

water to form HOCI. The structure of C120 is based on the use of cw)3 hybrid
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bonds of 0. The angle CIOCI is I I P greater than tetrahedral angle due to

clectronegativity difference in 0 and Cl atoms.

cl	 CI

Chlorine dioxide : C102, is a reddish-ycllow gas and explodes violently

when pure. It is handled in diluted form with air or CO2- It is formed along with

1-1004, when KC103 is treated with conc H2SO4 . This method is dangerous and

oxalic acid is conveniently used in the reactions :

4KC103 + 41-12SO4 = 4KHSO4 + 4002 + 02 + 21-120

2KC103 + 31-12C204 = 2C102 + 2CO2 + 21-120 + 2KHC204^

A convenient commercial method involves the reaction of sodium chloriLC

With C12 diluted with air:

2NaCIO2 + 02 = 2NaCI + 2C102

Pure C102 is obtained by the reaction :

C12 (dry) + 2AgClO3	 ) 2AgC- I + 2002 + 02

C102 is now an important commercial product and is used as an antiseptic, in

water purification and bleaching of cellulose materials and high grade paper pulp.

Also in making unshrinkable woolen fabrics.

C102 is an odd molecule, but it is not dinierized. It contains a three-electron

bond and has one impaired electron. The formula can be written in several forms.

It is the only compound in which CI has +4 oxidation state:

0	 0:
C,	

CI

o I

The single electron floats between the two 0 atoms and the Cl atom. Cl
atom in C102 uses possible sp3d hybrid bonds.
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When 002 is dissolved in alkaline solution, alkali chlorate and chlorites arc

formed.

Chlorine heptoxidi C1207 : This is obtained as an oily liquid by

dehydrating 11004overl'.205 at-IO'Can(ldisdlling :

4HC]O4 + P4010 = 2Cl207 + 4HP03

C1207 slowly reacts with water giving IIC'04-C'2()7 is composed of two

C104 tetrahedra joined by an 0 atom. 03C1--O --C103

The oxides of bromine are not well established.

Iodine Pcnioxide : 1205 is the most stable of all the halogen oxides. It is

made by evapora6ng H103 (dehydrating) :

M103 = 1 205 + f12O

1204,1205 and 1409 are stable solids.

Basic Iodine : Oxides of iodine are unreactivc and it has been suggested

that these are ionic compounds. Thus 1409 has been formulated as 1 (103)3. Iodine

is the most unctallic of the halogens (except At). Since the oxides of iodine are

ionic compounds these arc most stable. There arc other compounds in which

iodine behaves as cation. Both +1 and +3 oxidation states are found but +3

oxidation state is the most stable. Thus the acetate, phosphate, nitrate and

perchloratc etc, of I` have been isolated

I (CI1 3COO)3, IPO4, I (NO3)3, I (CIOI)3.2H2O

These are analogous to Lfivalent AI+3 and are hydrolysed easily disproportiona6ng

into iodate and 1 2 . Chloride, pyridine and olefine compounds; of 1 *1 are fon-ned and

resemble those of Ag +l compounds:

1 1 (PyA * Cl-	 I (C,H4) Cl

Oxyacids of the Halogens and their Salts

Oxyacids of fluorine or their salts are unknown. Chlorine has greater

tendency to form oxyacids than Br2 and 12. The series of oxyacids formed by C12

Br2 and 12 are given in Table 22.6



Oxidation states	 C12

+ I	 HCIO

+3	 "CIO,

+5	 HCIC^

+7	 H00,

HIO
HB4O,

Hl3K),
	

H103

H104
H510,
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Table 22.6. Oxyacids of halogens.

The greater the number of oxygen in the oxyacid of halogens or their salts,

the greater is their stability towards heat. But the acids are more unstable than

their corresponding salts. The reactivity also is dependent on the number of

oxygen atoms and decreases with increasing number of oxygen atoms. Thus

HXO is more reactive than HX04. But the strength of acids in terms of

ionization is greater, the larger the number of oxygen atoms in the molecule.

Thus HX04 is a stronger acid dun HX03 which is a stronger acid than HX02 or

HXO. The sequence of strength of acid is as follows:

HX04 > HX03 > HX02 > HXO

The acid molecules contain H linked to the halogen through an oxygen atom.

Thus in the case of chlorine, we have,

H--O— Cl:

Hypochlorous

acid

0	 0

1	

1

S

0
Chlorous	 Chloric acid

acid

0

1

H-0—C I — 0

0
Perchloric acid

The bonds between H and 0 are polar in nature and all the oxygen atoms are
linked to the halogen by covalent bonding. The oxidation states of the halogen
are dependent on the number of electrons shared with oxygen. Thus in HC10,
HCIO2, HCI03 and HC104, chlorine shares 1, 3, 5 and 7 electrons respectively
with oxygen atoms. Hence the corresponding oxidation states of Cl are +1, +3,
+5 and +7 in these acids or their salts. Ile positive oxidation state of halogen

lead to the shifting of the bonding electrons from hydrogen and the tendency to
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lose a proton to water in aqueous solution is greatly increased. The electron

density is shifted away from H and becomes concentrated around CI and 0:

H-- --H H

The greater the number of oxygen atoms around the halogen, the greater is

the shift of electron density around it. Hence the acid strength increases in the

case of, say, perchloric acid, HC104 as mentioned above.

It has al , so been observed that large size of the halogen and small values of

clectronegativity give rise to weaker acids and lower stability for the

corresponding ions. Thus HCIO is a stronger acid than HBrO which is stronger

than HIO. Similarly, hypoioditc ion is much less stable than hypobromite and

hypochlorite ions and are hydrolysed and decomposed readily.

The structure Of CIO— , C102— , C103— and C104- ions are tetrahedral with 0

atom occupying 1, 2, 3, 4 comers respectively. Thus the configurations may be

.,epresented as

CI	 CI

/ I \	 /1\
0 .. ..	 0 .. 0

Hypochlorite ion	 Chlorite ion

(CIO— )	 (CIO2—)

0F	 I
CI	 Cl

/1\	 /1\
0 0 0	 0 0 0

Chlorate ion	 Pachlorate ion
(CIO0	 (CI04—)

But with iodine, more than four oxygen atoms can be 
accommodated. 104-

ion is tetrahedral like C104- ion. But 106- ion is octahedral with the oxygen at

the comers of an octahedron.
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All the oxyghalogen anions are good oxidizing agents.

Hypohalous Acids and Hypohalites

Hypohalous acid, HXO, hag not been obtained in the pure state but can

be made in aqueous solutions. The aqueous solutions of HXO are prepared by

hydrolysis of the free halogens. C12 has greater tendency to undergo the

hydrolysis than other halogens :

X2 + H20 ^^ HX + HXO

Addition of cold and dilute alkali shifts the equilibrium towards the right:

X2 + 2NaOH = NaX + NaXO + H20

At higher temperatures NaXO are unstable and undergo dispruportionation:

3XO- 	2X- +	 X03—

hypohalite	 halide	 halate

Solutions of HCIO is prepared by several methods as given by the equation

HgO + 2C12 + H20 = HgC'2 + 2HCIO

This is a general method and all HXO may be prepared by the action of

halogens on moist HgO. CaCO3 is also used :

CaCO3 + H20 + 202 = CaC'2 + 2HCl0 + CO2

Sodium Hypochlorite, NaCIO, is produced on a large-scale by the

electrolysis of aqueous NaCl under the condition that NaOH and C12 formed are

mixed at low temperature. The solution of sodium hypochlorite contains NaCl

and is sold as such for the purpose of bleaching agent and antiseptic.

NaOCI is used as an oxidizing agent for converting Cr,3 to chromate, Pb-

salts to Pb02, arsenites to arsenates, bleaching paper pulp and cellulose etc.

Bleaching powder, CaOC12 or CaCl(OCI) It is a salt which

contains both Cl- and OCI- ions, It is manufactured by the reaction Of C12 with

slaked lime. Several designs of the manufacturing plants have been used. The

principle of the process is to push slaked lime, Ca(OH)2 from one direction

while C12 gas is passed from the other direction based on counter current
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principle. Thus in Bachmann plant slaked lime is introduced from the top of a

tower containing shelves and rotating blades and C12 with hot air is passed from

the bottom of the tower upwards. The intimate mixing Of C12 with Ca(OH)2 is

thus achieved:

Ca(OH)2 + C12 = CaCl(OCI) + H20

Bleaching powder is a yellow powder, has the smelling of chlorine and has

been used for a long time as a bleaching agent and a source of chlorine and

hypochlorous acid. Also used for sterilization of water and for manufacture of

chloroform.

The average percentage of available chlorine in bleaching powder is about

40% (theoretical 49%). The available chlorine is determined by mixing a known

volume of bleaching powder suspension with excess of KI and titrating the

liberated iodine with Na2S203 solution.

CaOC12 + 2KI + CH 3COOH = (CH3COO)2Ca + 2KCI + 12

Calcium hypochlorite, Ca(CIO)2: This is also known as high test

hypochlorite (H. T. H. ). This is obtained from CaC1 2 and NaCIO.

CaC12 + 2NaClO = Ca(CIO)2 + 2NaCl

Ca(ClO)2 is more soluble, more stable and more effective as a bleaching agent

than bleaching powder.

Halous Acids and Halites

Halous acids, HX02: cannot be isolated in the free form. Only the

chlorites give well-defined salts. The reaction of C102 on caustic alkalis gives

the products chlorite, C102— ion and chlorate, C103- ion:

2002 + 2KOH = KC103 + H20

Thus C102 is not a true anhydride since its Cl atom has an oxidation state

different from that exhibited by either chlorite or chloratc ions.

An aqueous solution of HC102 is obtained by the action of Ba(C102)2 With

H2SO4 and filtering off BaSO4 precipitate :

Ba(CIO2)2 + H2SO4 = BaSO4 + 2HC102
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HC102 is decomposed to HCIO and HC103 at ordinary temperatures indicating

disproportionation. The chlorites are prepared by the action Of C102 on

peroxides:

2002 + N3202 = 2NaC]02 + 02

2002 + BaO2 = Ba(CIO2)2 + 02

Bromous acid. IlBrO2 , is obtained by the action of AgNO3 with excess of

Br2- WatCf :

2Br2 + 2AgNO3 + 21120 = HBr02 + 3AgBr + 3HNO3

Halic Acids and Halates

Both Chloric acid, 11003, and bromic acid, IlBrO j , are obtained in solution

and are decomposed readily. But iodic acid, F1103, is obtained in the form of

colousless crystals soluble in water.

Solutions of HC103 is readily obtained from barium chlorate by the reaction

with H2SO4 and filtering. The method is applied to HBr0 3 and H103 also :

B3(C'03)2 + H2SO4 = BaSO4 + 2HCl03

H103 is obtained by oxidizing 12 with conc HNO3:

12 + IOHNO 3 = 2HI03 + IONO2 + 4H20

Chlorine gas oxidizes both Br2 and 12 in aqueous solutions to give HBr03

and H103 solutions :

5Cl2 + Br2 + 6H20 = 2HBrO3 + l0HCl

5Cl2 + 12 + 61-120 = 2HI03 + I0HCl

All halic acids are strong acids and active oxidizing agents. HC103 is

decomposed according to the equation :

3HC10 3 = HC'04 + 2CIO2 + H20

The halogens react with hot solutions of alkalis producing halates and
halides :

2X2 + 6NaOH = NaX03 + 5NaX + 3H20
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NaX03 may be separated from NaX by fractional crystallisation. Among the

alkali halates KC103 is one of the most important compound.

Potassium chlorate, KC103 : This is obtained when C12 is passed

into hot milk of lime and the solution of Ca(CI03)2 so formed gives KC103 on

treatment with KCL KC103 is less soluble than the Ca-salt :

6Ca(OH) 2 + 602 = Ca(C'03)2 + 5CaC' 2 + 6H20

Ca(CO3)2 + 2KCI = 2KC103 + CaC12

The modem method of the production of KC103 (or other halates as well) is

based on the electrolysis of hot halide. sol utions.

When a solution of KCI is clecLrolysed at 60-70 0C in a cell with a number

of electrodes which are close to each other the products of electrolysis, KOH and

C12, get mixed with each other giving MC103. The reaction in the cell is given

by the equation: -

KCI + 3H20 + electrical energy = KC103 + 3H 2 The general equation is,

therefore:

X– + 3HO 
'lectrolysis , 

X03— + 3H2

Chlorates are normally water soluble, bromates arc less soluble and many iodates

are insoluble. All halates decompose on heating. MC103 on strong heating gives

02:

2KC103 = 2KCI + 302

On moderate heating 4KC10 3 = 3KC104 + KCL Bromatcs and iodates arc

decomposed in numerous ways. KC103 is used in the manufacture of matches

etc. Bromates and iodates are used as oxidizing agents in analysis.

Perhalic Acids and Perhalates

Perchloric acid, HC104, and periodic acid, H104, arc well-defined

compounds, but perbromic acid is unknown.

HC104 and H104 also form well-defined salts which are not formed by

bromine.
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HC104 is obtained by adding H2SO4 to KC104:

KC104 + H2SO4 = KHSO4 + HC104

HC104 is distilled under reduced pressure below 92T. Above 92 *C it explodes

violently. It is a powerful oxidizing agent in the concentrated and hot condition

but the action in dilute and cold solution is slow. HC103 is turned to HC104 on

slight heating or exposure to light :

3HC10 3 = HC104 + C12 + 202 + H20

KC10 3 on moderate heating gives KC104 + KCI from which sparingly

soluble KC104 is separated by leaching out KCI with water.

The perchlorates of Na* and K+ are produced commercially by prolonged

electrolysis of hot solutions of NaCl or KCI. The C10 3— ion first formed is

convened to C104— ion.

C103— + HO 
electrolysis_	

C104— + 2H+

The perchlorates are strong oxidizing agents but less so than the chlorates.

KC104 is used in match industry and explosives. Anhydrous Mg(CI04)2 is used

as an excellent drying agent.

A number of periodic acids and their salts are known; among these

meraperiodic acids, H104, and Paraperiodic acid, H5106, are the most important.

The larger iodine atom can accommodate more oxygen atoms.

Na104 is prepared by oxidation of Na103 in hot alkali solutions with C12-

Electrolytic method is also used.

It is rather puzzling that so far perbromic acid and perbromates have not

been prepared.

MANGANESE

Manganese (Mn), Technetium (Tc) and Rhenium (Re) are the metals of

group VIIB. Rhenium has been discovered recently and Technetium is a synthetic
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element existing as radioactive isotopes. The electron arrangement in the outer

orbitals are the same in the three elements :

Mn (25)—Ar core .	 .....	 3d5 4S2

Tc (43)—Kr core,	 4d' 5S2

Re (75)—Xe core .	 .....	 4 f14 5d5 6S2

Comparkon of Mn group with halogens

(1) The Mn group elements also have 7 electrons (d5S2) in the outermost

orbitals as in the case of halogens but the outermost electron groupings in the

latter arc s2 
P5. (2) The halogens are active non-mctals whereas the manganese

group are transition metals in which d-lcvcls arc being involved. (3) But in the

higher oxidation states group VIIA and VIIB have some similarities. Thus

Mn207 and C1207 are volatile compounds and explosive. KC104 and KMn04 arc

strong oxidizing agents and form isornorphous crystals.

Extraction of Manganese (Metallurgy)

Sources : (1) Pyrolusite—Mn02

(2)Braunitc--Mn203

(3)Manganite—MnO(OH) or Mn203.H20

(4)Hausman i tc^—MnA

Metallic manganese is obtained by carbon reduction process of Mn02 which

is the chief ore of Mn. Very high temperature is required because MnO first

formed is not readily reduced by C:

Mn02 + 2C = Mn + 2CO

Nearly pure Mn is obtained by the reduction of Mn02 by At

(alum inoLhermic process):

3MnO2 + 4AI = 3Mn + 2AI203

Pure metal is obtained by the electrolysis of MnC12 solution with a Hg-

caftd. Mn—Hg (amalgam) formed is distilled in vacuum to remove Hg.
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Uses of Mn : (1) Production of ferromanganese in steel industry; (2)

Production of pure Mn02 for dry cells.

Alloys of Mn : Since alloys of Mn and Fe are extensively used in the

production of steel, such alloys are usually produced instend of the pure metal.

These are made by reducing the mixed oxide of MnO 2 and Fe203 with coke in a

blast furnace. 'I"he alloy formed is rich in manganese (70-80% Mn) and called

Ferrorwnganese. Those products having low percentages of Mn (20-30%) arc

known as spiegeleisen used in steel industry. Manganin (Cu-83%, Mn— 13%,

Ni-4%) is used for making resistance coils. Manganese steel (13% Mn). is very

hard and is used for making rails, armour plates etc.

, General properties of Mn : It is a grey-white metal and brittle. It is

readily oxidized by moist air and decomposes water slowly giving Mn(OH) 2 and

H2. It is easily dissolved in dilute acids forming salts of Mn*2 ion. Mn forms

five oxides and five corresponding series of compounds having oxidation states

of +2, +3, +4, +6 and +7. The compounds of Mn, therefore, can be grouped as

shown in Table 22.7.

Table 22.7. Different oxides and salts of Mn.

Oxidation
.states
+2

+3

+4

+6

+7

Oxides	 Hydroxide

MnO	 Mn(OH)2

Mn203	 Mn(OH)3

Mn02	 H2MnO3

Mn03	 M2MnO4

Mn207 HMnO4

Properties	 Derivaties	 Colour

Basic
	

MnC12	 Faint Pink

(manganous)

Weak
	

MnCl3	 Violet

base
	 (manganic)

Weak
	

CaMn03	 Brown

acid
	

(manganite)

Acidic
	

K2Mn04	 Green
(Manganate)

Strong
	

KMrl()4	 Purple

Some Important Compounds or Mn

Manganous Salts : These contain Mn in the +2 state. Manganous

halide, MnX2, form beautiful pink crystals. In the anhydrous state these are

prepared by the general reactions :
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heat
Mn + 2HX	 ) MnX 2 + H2

heat
MnO + 2HX	 ^ MnX 2 + 1120

In solution manganous halides are formed by dissolving manganese

compounds in halogen acid. These are hydrated compounds :

MnO + HCI (a(I) --^ MnC12

When an alkali solution is added to Mn' 2 salts in solution, the pink

Mn(011) 2 is precipitated but on cxposure to air it is convcrted to dark brown

Mn+3 compound of the composition MnO(OH).

Manganous nitrate, Mn(NOJ)2 : This is prepared by adding Ba(NO3)2

to manganous sulphate and filtering off BaSO4 :

MnSO4 + Ba (NO3)2 —) Mn (NO 3)2 + BaSO4

Mn(NO3)2, 61-1 20 is the common manganous nitrate and is decomposed to

Mn02 when heated.

Manganous sulphate MnSO4 : This is prepared by the action of dilute

H2SO4 on manganese and separated by crystal I isation. At room temperature

MnSO4 . 41-1 20 is obtained. Water is removed easily on heating but MnSO4

decomposes only after heating above 800'C.

Manganese trichloride, MnCl j : Only MnF3 and NlnCl 3 are known

containing Mn in the +3 state. Bromide and iodide are easily oxidized by Mn+ 
3

ion. Even MnC13 exists as a dark coloured solution which is obtained by the

action of YICI on Mn02 in the cold :

Mn02 + 4HCI —^ MnCl4 + 21120

2MnC'4 —> 2MnC' 3 + C12

2MnCI3 —) 21VInCl2 + Cl'

On warming, MnC13 is decomposed to stable MnC12 and C12 
is 

CV01VCd -

Solutions of complex chlorides are obtained on adding alkali metal chlorides to

MnCl3 solutions.

Manganese dioxide (Peroxide), Mn02 : This occurs naturally as

pyrolusite known as Black oxide. It is almost pure 1VlnO 2 and the purity of
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pyrolusite is determined by the reaction with 1ICI when C12 
is 

evolved and

liberates 12 from I'l to be fiLrated iodomcLrically. Alternatively pyrolusite may be

reacted with oxalic acid in presence Of 112SO4 and the excess oxalic is determined

by tiLration with KMn04 solution.

Mn02 may be prepared by heating Mn(NO2)2 to 200'C:

Mn(NO3)2 ---> Mn02 + 2NO2

Reduction of KMn04 in neutral medium also gives Mn02:

H 02

MnO4- + S03 
-2 --+ SO4-2 + Mn02

Mn02 is a black solid which conducts electricity.

It reacts with H 2 or CO to give MnO which is a green solid :

heat
Mn02 + M2	 * MnO

When Mn0 2 is heated to 6000C it gives Mn203 which on further heating to

900T is converted to Mn 3O4 with evolution of oxygen:

600'C	 900-C
MnO2	 ^ Mn203 --4 Mn104

Mn304 behaves as a mixture of MnO ind Mn203- When Mn02 r, icts with

alkaline oxide or hydroxide manganites containing Mn03-2 ions are formed :

Mn02 + 2 OH-	 Mn03-2 + H20

heat

Mn02 + CaO ^ CaMn03

Mn02 also gives green manganate with alkali when heated in presence of a little

oxidizing agent such as KNO3
heat

Mn02 + K20 + 02 --4 2K2MnO4

Mn02 is converted to permanganate Mn04 by oxidizing agents such as C12,

Pb02 etc. :

Uses Of Mn02 : It is used in (1) dry cells, (2) for producing chlorine gas,

(3) for producing manganese steel, (4) as a catalyst, (5) in explosives etc.
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Potassium manganate, K2Mn0 4 : This is obtained when Mn02 is
fused with alkali hydroxide or carbonate in piesence of air or KC103

2MnO2 + 4KOH + 02 = 2K2MnO4 + 21-120

Manganates are green in colour and stable in presence of alkali. Na2MnO4.

1OH30 is isornorphous with Na2SO4- 101-120.

Potassium Permanganate, KMn04 : This is an important compound

of Mn. It is prepared from pyrolusite, Mn02, by first convening it to K2MnO4

with K2CO3 and air:

MnO2 + K2CO3 + 02 —^ K2MnO4 + CO2

. 
When K2MnO4 solution is neutralized by adding H2SO4 or by passing CO2

the manganate is converted to permanganate :

3 K2MnO4 + 21-120 = 2KMnO4 + Mn02 + 4KOH

In order to avoid precipitation of MnO2, permanganate is made by oxidation

with C12,

2K2MnO4 + C12 = 2KMnO4 + 2KCI

K2MnO4 is also converted to KMnO4 by electrolytic oxidation between iron

electrodes. The oxygen evolved at the anode oxi,dizes K2MnO4 to KMnO4 :

2K2MnO4 + H20 + 0 
e1cctrolysis , 

2KMnO4 + 2KOH

The production of KMn04 is schematically represented as follows:

Pyrolusite (MnO2) + 4KOH + air (02) — fused ) 2K2MnO4

	

KCI +-	
Cl	

H20 Oxtracted

fractional	 KMn04	 2

crystallization	 +KCI	 passed	
green solution

	

KMn04 +-	 electrolytic

I oxidation

KMn04	 crystallised	
I

crystals	
KMn04 soln.
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Properties of KMnO,: It is a powerful oxidizing agent and is used for

oxidation in acidic, neutral or alkaline medium. It is used as a valuable

laboratory reagent.

In acid medium, KMn04 is reduced to Mn*2 compounds. The change of

oxidation state from Mn 17 to Mn,2 involves acceptance of 5 electrons by

KMnO4 . The equivalent weight of KMn04 in acid medium is 1 of the molecular
5

weight.

In acid medium some of the oxidation reactions are:

1OFeSO4 + 2KMnO4 + 81-12SO4 = 5Fe2 (SO4)3 + K2SO4 + 2MnSO + 81-120

5Na2C204 + 2KMnO4 + 81-1 2SO4 = 100O2 + K2SO4 + 2MnSO4

+ 5Na2SO4 +81-120

5H2SO3 + 2KMnO4 = 2H2SO4 + K2SO4 + 2MnSO4 + 31-120

It is to be noted that in acid medium HCI and HNO3 cannot be used since

HCI is oxidized to C12 by KMnO4 and HNO3 itself is an oxidizing agent. Hence

H2SO4 is generally used for reactions in acid medium.

In neutral medium, KMn04 changes to MnO2, i.e., from Mn*1 to Mn 4 and

the solution turns alkaline due to liberation of KOH. The equivalent weight for

such reaction is i3 of the molecular weight of KMnO4 . The oxidation of NI-13 to

N2 is an example:

2KMnO4 + 2NH 3 = 2KOH + 2MnO2 + N2 + 21-120

In alkaline medium, KMn04 is mostly used for oxidation of organic

compounds. Alkali converts KMn04 to K2MnO4, i. e., change of Mn +1 to Mn*'.

But K2MnO4 is unstable and is further changed to Mn02:

KMn04 + KOH + H202 = K2MnO4 + H20 + 02

6KMnO4 + KI + 6KOH = 6K 2MnO4 + 31-120 + KI03

2K2 MnO4 + 21-1 20 = 2MnO2 + 4KOH + 02
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It is to be noted that the clectrode potenfials

Mn'2/Mno4- = 1.52 Volts

MnO2/MnO4- = 1.67 volts

MnO4-2/MnO4- = 0.50 volts

govern the reduction of Mn *7 to either iMn *4 or Mn *2 ( K 2MnO4 being unstable is
changed to Mn02 from Mn 16 to Mn *4 ). The change depend upon the p1l of the
solution.

Free HMnO4 in solution is obtained by the reaction of Ba(MnO4)2 with

H2SO4:

Ba(Mn04)2 + 142SO4 = BaSO4 + 2HMnO4

0
I

The structure of Mn04- ion is tetrahedral 0—Mn—O
I
0

Uses of KMn04 : (1) As a reagent in quantitative analysis, (2) In

organic reactions. (3) Dilute solution used in skin diseases (4) As an andbacterial

reagent in water purificafion etc.

QUESTIONS AND PROBLEMS

I .	 (a)	 Write down the electronic formula of the oxy-ions of chlorine.

(b)

	

	 Discuss the reactions of Fluorine with (i) Alkalis, (ii) Carbon,

(iii) Sulphur.

2. Write a note on Interhalogen compounds.

3. Discuss the properties of the members of group VIIA (Me halogens). Give an
account of the oxides and oxyacids of chlorine.

4. How would you prepare the following compounds? Give their reactions and
tests

Potassium chlorate and Potassium Perchlorate.

5. How will you identify chloride, bromide and iodide in presence of each other?
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6.	 Descric.: the preparation, properties and uses of bleaching powder. What
chemical formula is assigned to it and why?

7.	 How is fluorine prepared? Compare its properties with those of other halogens.

8.	 Write a note on the commercial preparation of iodine. What reactions take place
when iodine is treated with the following compounds :—

(a) Caustic potash solution. (b) Chlorine, (c) Potassium chloraLe

(d) Hydrogen sulphide, (e) Sulphur dioxide.

9. Describe a method for preparing anhydrous hydrofluoric acid. How can you
obtain fluorine from it? Discuss reactions to show that hydrofluoric acid and
fluorides behave differently from other halides.

10. Explain, with examples, the behaviour of potassium permanganate as an
oxidizing agent in acidic and alkaline medium.

11. How would you explain the highly reactive nature of alkali metals and halogens
on the basis of their electronic structures?

12. Describe the preparation and uses of sodium hypochlOTite.

13. Describe what happens when--(i) iodine reacts with a solution of Na2S 203' (ii)
dry chlorine is passed over heated mixture of silica and charcoal.

14. Write a concise account of oxyacids of halogens.

15. Discuss the uses of KMnO4 as a reagent in volumeEric analysis.

16. Compare the chemistry of halogens and their important compounds.

17. Starting with pyrolusite how would you prepare KMn04? Discuss with
examples, the oxidizing behaviour of KMn04 in acid, alkaline and neutral

solutions.

18. Describe the preparation, properties and uses of

(a) Potassium permanganate.

(b) Hydroiodic acid.

(c) Potassium chlorate,

(d) Fluorine.

19. When a metal exhibits more than one oxidation states the halides of the lower
states are the more ionic. Comment.

20. The ionic radii of F- and 0-2 are almost the same. What is the relationship
between the two?

21. Fluorine is very reactive but HF is a weak acid. Discuss.

22. What is the reaction of glass with HF?

23. Discuss: Halogens are reactive elements.
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24. On electrolysing a solution of NaCl, hydrogen gas is evolved at one electrode
and C12 at the other. Explain how NaOH is formed in the process.

25. Hydrogen fluoride attacks glass but hydrogen chloride does not. Does it prove

that HF is a stronger acid than HCI?

26. Why is it necessary to prepare fluorine by electrolysis?

27. What is the difference between hydrochloric acid and hydrogen chloride?

28. HF is a liquid and has higher boiling point where other halogen acids are gases

or liquids. Explain.

29. HF cannot be concentrated in aqueous solution. Explain

30. F shows only -1 oxidation states whereas other halogens show -1, +3. +4, +5
and +7 oxidation states. Explain with examples..

31. Explain why the compounds of fluorine with oxygen are fluorides of oxygen

whereas those of other halogens are called oxides of halogen.

32. What are "freons" and "teflons"?

33. Write an accou-t of the oxides and oxyacids of chlorine

34. Why is iodine more soluble in KI solution than in water

35. Describe the chemistry of interhalogen compounds.

36. Write a short note on basic iodine

37. Give the structures of oxyacids of chlorme.

38. What is bleaching powder? How does it react with KI in H 2SO4 ? What is meant

by "available chlorine" of bleaching powder ? How is this determined?

39. What is HTH? How is it prepared? Mention some uses of HTH.

40. Explain why interhalogen compounds are more reactive than halogen and are

always diamagnetic

41. Discuss the structures of BrF 3 as IFS

42. Discuss the structures of the following

(a) C102, JC12 , IC14, C120



CHAPTFR 23

IRON, COBALT AND NICKEL

(I lie Elements of Group Vill)

The element ,, of group Vill occupy the Central positions of the Periodic

Table and consists of three sets of triads. They belong to the first, second and

third series of transition metals in which d-orbitals are being filled up. The

atomic numbers, the outer electron orbitals and the oxidation states of group Vill

metals are given in Table 23.1. This group has not been divided into sub-groups

because of the proximity and electronic relationships.

Table 23.1. Group VIII metals
Elements	 At, No.	 At. Wt.	 Ower electron	 Oxidation states

Orbitals	 Unstable ()

Fe	 26	 55.85	 M6 4S2	 2. 3. (4), 6

Co	 27	 58.95	 3d7 4s2	 2, 3, 4
Ni	 28	 58.71	 MR 4%2	 (1), 2, (3), 4

Ru	 44	 101.10	 4d7 5s'	 2. 3, 4, 6. 7, 8
Rh	 45	 102.91	 4ds 5s l	(1). (2), 3. 4, (6)
I'd	 46	 106-40	 4d'()-SO	 (1), 2, —, 4. (6)
0S	 76	 190.20	 5d6 7S2	 (2), 3, 4, 6, (7). 8

It	 77	 192.20	 5d9 7s0	(1), (2), 3, 4, 6

Pt	 78	 195.10	 M9 7s ]	(1). 2, (3). 4, (6)

It is seen that the three sets of triads of group Vill elements have almost

similar atomic weights. Similarity in many of the physical and chemical
properties are also observed. But the increase in atomic numbers produces some

alterations in the electron arrangements of the outer orbitals and consequently
this affects the variable oxidation states. Among the triads the first series are
more reactive and the reactivity decreases with the increase of atomic number to
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a marked extent until the last triads, particularly Ir and Pt, are inert and noble

metals. The six elements ol " the second and the third series of * triads have similar

properties and they occur 
in 

nature together in the lorn) of alloys or in the free

state. These six elements (Ru to Pt) are generally known as Platinum group of'

metals.

General Properties or iron Group

1.The First series ol' triads—Fe, Co and Ni--show similar properties since

the outcr electron orhitals 
in each c.1se consist.,; of' two 4s electrons 

Outside 
a

partially filled 3d orbit.d.

Fe ( 1-6 ^— I s 
2 ') S 

2 1	 (164SI
-1)" 3s2 31P 3

Co (27)— I S2 IS2 2p'3s2 Jp63d'4S2

Ni (28)— ] S2 'I S2 1p2 3 S2 Jp6 3d' 4S2

The three metak—Fe, Co and Ni are readily oxidized to +2 state by the

removal of 4s 2 electrons. Removal of a third electron from 3d orbital is easy for

Fe because d5 arrangement is more stable, and Fe readily l'onns the +3 state. But

+3 state for cobalt is less stable and for Ni it is the least stable which occurs in

some complexes only. Powerful oxidizing agents in alkaline solutions give +4

,state for all the three elements and +6 state in the case of Fe as in ferrates,

having Fc04 -2 ions. In each of the horizontal series of group VIII the tendency to

lose electrons decreases as the nuclear charge increases

2. Trivalcnt cobalt iF . powerful oxidizin g agent and trivalcnt iron is less

strong than cobalt. Co* 
3 is quite stable in the form of complexes, such as in

[C(>(NH 3) 6 ]+', [Co(CN)6 1 -1 ctc. Ni +' occurs in Ni02.

3. Fe, Co and Ni have great tendency to form complex compounds which is

due to the partially filled d electron orbitals. Fe and Co compIcxe,; are mostly

octahedral having coordination number 6. Ni fornis in addition to square planar

and tetrahedral compounds having cooidination number 4, 
a 

lar ge number of

octahedr-al complexes as well.

Physical properties : The metals Fe, Co and Ni have similar

appearance in the free slate. It is remarkable that not only they have similar

—42
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atomic weights but also similar melting points -, density and other physical
properties. Fe exists in four solid forms and Co and Ni have two modificafions,

The high oxidation states (6) in Fe, Co, Ni causes the bonds in the metals to be

very strong and imparts valuable physical properties which are almost similar.

They have also magnetic properties. Ile closeness of melting and boiling points

of these metals indicate similarity in metallic bonding. Some of their physical

properties arc given in Table 23.2 for comparison.

Table 23.2 Physical properties or Fe, Co and Ni.

Properties

Melting point ('C)

Boiling point ('(C)

Density (g/cm3)

Ionization potential (ev)

Metallic radius (A)

Ionic radiu, M*2 (A)

Oxidation powntial M/M *2 (v)

Magnetic properties

7-e
26

1540

3000

7.86

7.83

1.26,

0.75

0.44

Highly
magnetic

1.64

27

1480

2900

8.93

7.70

1.25

0.72

0.28

Feebly
magnetic

1.70

T'7

28

1450

2900

8.89

7.69

1.24

0.70

0.25

Feebly
magnetic

1.75

These metals have special technological importance due to the special

properties " hich they possess. Apart from these the general reactions of Fc, Co

and Ni have been summarized in Table 23.3 for comparison indicating the

similarities in many of their properties.

IRON

Nletallurgy of Iron

Occurrence : Iron is one ol ' the most abundant elements found in the earth's
crusts, meteor", rocks, minerals, soils, plants and animals. The haernoglobin of
the bI(xxI contain ,; iron A hich functions it ,.; oxygen carricr.
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Table 23.3. Reactions of Fe, Co and Ni.

Reageras	 Fe

Air (02)	 FC304. Fe203

Water (steam)	 FC3()4 + H2

Halogens	 FeX3, FC12

Carbon	 FC3C

Sulphur	 Fes

Carbon	 Fc(Co)5

monoxide

NH3	 Fe2N + H2

Conc.	 Passive

HNO3

co	 Ni

CO304	 NiO

CoO + H2	 NiO + H2
Co F3 ,	 NiX2

COX2

CO 3C	 Ni3C

Cos	 NiS

CO 2 (Co)8	 Ni(CO),

C04 N2 + H2	 N^N2 +112

Passive
	

Passive

Conditioru of

reacfiomv

500'C and above

Red heat

Generally at cle-

vatcd temperature

Above I ' 00'C

Heatcd

Below I(VC

400-600*C (No

direct reaction

with N2)

In other strong

oxidizing agents

also

Sources : The following are the important iron bearing orcs

Hcmatitc—FC203

Magnedtc—FC304

Limonite-2FC203 . 3H20

Sidcrite—FeCO3

The sulphide ore, pyrites, FcS2, occurs as pale yellow crystals and looks

like gold ; hence the namefool's gold. Pyrites is a quite abundant mineral of iron

but only used for production Of S02- The impure iron oxide residue is not

generally used for the metallurgy of iron.

Metallurgical process for pig iron : The main operation for

production of iron is based on the principle of the reduction of the iron oxide

with carbon monoxide. The reduction is carried out in a furnace called blast

furnace.

The iron ore used for the purpose is first washed, concentrated and then

roasted in order to removes as much sulphur and phosphorus as possible. The

roasfing process removes water, decomposes carbonates to oxides and oxidizes
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sulphides. The prepared oxide ore is mixed with sufficient limestone and coke

and this mixture is fed into the blast furnace from the top with double cup and

cone arrangements.

The blast furnace is made of steel and lined with fire bricks in the shape of

a large cylindrical shaft about 100 feet high and 25 feet in diameter. Dry air under

pressure preheated to about 500'C is blown in through the nozzles or tuyeres at

the bottom part of Lhe furnace. The bottom part also contains the outlet for the

molten iron and an outlet to drain out the molten slag from the top of the

molten metal. The illustration in Fig. 23-1 gives an outline of a diagrammatic

Fl.. t.. tost —

I F.103 +CO — 2 F,P, , C01

FejO4 4CO — I NO + Co,

F.0 + CO	 — F. + CO,
C + CO2	— a co

C. CO3	 — C.O.Col
C-0 + S'02 — C-S^03

T.Y.—
	 X + 0,	 — I co

V., w f—
.t....

Siq ..t
MR.. Pit
i,— owt

Fig. 23-1. Blast furnace for pig iron.

sketch of a blast furnace. The blast furnace has arrangements for continuous

operations and produces pig iron in tons quantities.

The reactions taking place in the various regions of the blast furnace have

been given in Fig. 23-1. The coke is first oxidized by the hot blast of air at the

bottom to produce CO and CO2 with the Iii ation of much heat upto 1500'C.

The intense heat at this region liquefies the iron and the stag is formed at the
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central region of the furnace due to the reduction by CO and decomposition of

CaCO3 to CaO and CO2. The reduction of Fc203 by CO is a reversible process:

FC203 + 3CO 4^^ 2Fc + 3CO2

The excess of CO formed in the furnace shifts the equilibrium to the right.

The flux used depends upon the impuritics present in the ore. Limestone is used

when sand is present and sand is added when limestone is the impurity. CaO

forms the slag with S'02, i.e., CaSiO3-

At the bottom the molten iron and the slag collect in two layers. The

molten slag floats on top of the molten iron. The molten iron is withdrawn

through the bottom Lap hole and may be cast in the form of pigs known ads Pig

Iron. ne slag is often used 
in 

the manufacture of Portland cement.

The exhaust or flue gases which come out from 
the 

top of the blast furnace

contain considerable amount of CO. This is mixed with air and burnt to preheat

the air blast.

Pig iron and cast iron : The iron metal obtained from the blast furnace

is called Pig Iron. It contains a number of impurities, such as 3-4% C together

with Si, P, Mn and small amount of S. It is brittle and converted to cast iron

and steel.

Cast Iron is obtained when pig iron is remelted and cooled. Rapid cooling of

molten pig iron produces White Cast Iron. The white appearance is due to the

chemical combination of C with Fe to form Fe3C, known as Cementite, which

is of light colour. It is brittle and hard. When pig iron is slowly cooled, the

carbon separates as graphite and gives the iron a grey appearance. This is called

Grey Cast Iron and is soft but tough.

Wrought iron : Wrought iron is a pure form of iron and is manufactured by

melting pig iron with an excess of iron oxide which oxidizes out most of the

impurities. Carbon and sulphur are expelled as CO2and S02. Si-and P-oxidcs

react with Fe and Mn-oxides or with limestone which is sometimes added as flux

to form slag. As the iron becomes pure its melting point rises and the metal

collects in lumps which are removed. The operation is carried out in a

reverberatory furnace.
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Wrought iron is soft, malleable and ductile. It contains only 0.2% carbon. It

has fibrous structure which is mainly due to thin films of slag between layers of

pure iron.

It is used in the manufacture of articles which are subject to sudden stresses

such as chains, anchors, bolts, frame-work etc. But now-a-days wrought iron has

been displaced by mild steel.

Manufacture of Steel

The term steel is used for many different types of iron alloys with carbon.

Iron which contains from 0.05 to 2% carbon and which is capable of being

hardened by quenching is called steel. Other metals, such as Mn, Cr, Ni, W, Mo,

V are added to produce different types of alloy steels for specific uses. Steel is

made by various methods; the important methods are —(l) Bessemer Process

and (2) Open-hearth Process.

(1) Bessemer Process : in this process a blast of air is blown through

molten pig iron in a large oval-shaped vessel called Bessemer converter. 'Me air

blast enters through perforations at the bottom and oxidizes most of the

impurities in the pig iron. Only a part of the carbon is oxidized. When Bessemer

converter is lined with silica bricks, it is called the Acid Bessemer Process. This
is applicable in the case of pig iron containing low percentages of S and P. The

acid lining acts as a flux toward basic oxides produced during oxidation. A Basic

Bessemer Process uses a basic lining of magnesia or lime for pig iron containing

higher proportions of P and some amount of S. These impurities bum up to

their oxides:

P4 + 502 = P40 1 0

S + 02 = S02

After the first blast for about 15 minutes (during which period CO along

with other impurities bums at the mouth of the converter) the desired

composition of steel is adjusted by adding calculated quantities of carbon,

manganese in the form of spiegeleisen, or other metals.

Bessemer steel is a low-grade steel and is used for steel frameworks for

buildings, bridges and other constructional purposcs.



[RON, C013AI-T XXD NICKEL 	 663

(2) Open-hearth Process : In this process the pig iron is generally

mixed with scrap iron, iron oxide and sonic limestone in a shallow hearth open

at the top. The heat is supplied by a gas flamc directly over the top surface. The

iron ore and (tic rust on scrap iron which are parts of the charge help in the

oxidation of the impurities. CO escapes, while the oxides of S and P combine
with FC20 3 and the basic oxides of the lining to form a slag which adds to the

lining.

About 8 . 12 hours are required for the oxidation of the impurities :

3P4 + 10 FC203 = 3P4010 + 20Fe

3S + 2FC203 = 3SO 2 + 4Fe

When the desired carbon content is reached, the niolLen steel is run out into

ladies. The capacity of a large furnace is about 5(X) tons of steel per charge.

Some iron, low in sulphur and phosphorus, arc made by open-hearth containing

acid lining of silica. Desired quantities of other metals arc added as in the case of

Bessemer Process for special steel.

Open-hearth steel is high grade steel and unifonn in quality. It is used for

making girders, heavy rails, guns, armour plates, ship industries etc.

(3) Duplex Process : High-gradc steel is manufactured by combining
operations of acid Bessemer converter and basic open hearth process. Pig iron is
first processed in 

acid besscmcr converter and then transferred to basic Open-
Hearth. Steel of very low phosphorus content is olimined.

(4) Other Processes: Other high-grade steels are made in small quantity
for specific purposes. These are: (a) Crucible Steel produced by heating wrought
iron with graphite in small crucibles. (b) Elecirothermal sleels are high-gradc
steel and alloy steel made in a furnace heated electrically at rigidly controlled

temperatures. Both crucible steel and electrical steel arc used as tool-stcel. (c)
Case-hardened steel is made by heating low-carbon steel in closed containers- with

powdered carbon followed by quenching in oil. The carbon reacts on the surface
and forms cementite, FC3C - Such steel is very hard on the surface and tough in
the interior. This is used for making axles, auto-parts, machine parts, anvil etc.
(d) Nitriding steel is surface-coated by case-hardening process with ammonia or
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nitrogen compounds. A very hard surface of nitride of Fc or alloy metal is

formed.

Heat treatment or steel : Various methods of hcat-trcating produce
steel of different qualities. Such processes are : Annealing, steel heated to redness
and allowed to cool slowly. Quenching, steel heated to redness and rapidly cooled
in water or oil. Tempering, steel held at a fixed temperature for sometime before

cooling. These treatments produce different sizes of interlacing crystals.

Alloy steel : Many important special steels are manufactured by adding

metals other than carbon. Steel of widely varying properties are made by

appropriate choice of the number and percentages of these elements. Some of

these arc given in Table 23.4.

Table 23.4 Comparison of some alloy steels.

Mn-steel	 10 18"16 Mn

Si-stcel	 1-5% Si

Duriron	 12-15% S i
Invar	 36% Ni

Stainless	 14-18% Cr
steel	 7-9% Ni

High-speed 14-20% W
steel	 Or 6-12% Mo

Hard, tough,
resistant to wear

Hard, strong,
highly magnetic

Corrosion resistant

Low co-cfficient of
expansion

Corrosion resistant

Retain temper at
hivh temperaturc

U.S.-

Rails, armour plates,
ball crushers

Magnets

Pipes, sheets

Pendulum rods, meter
scale, measuring
instruments

Cutlery, machine
parts and in industry

High speed
cuttine tools

Rusting of Iron : Pure iron is silvery white but when left in moist air it

is covered with reddish deposit commonly known as rusting of iron. It undergoes

the process of corrosion (rusting) which is favoured by (i) impurities in water,
(ii) impurities in iron, (iii) presence of moist air, (iv) presence of dissolved
oxygen and CO2 in water, (v) higher temperature than the normal.

Thus pure iron will not rust in pure water and pure air. Rusting has been

explained on the basis of selling up of small galvanic or electrical cells in which

iron acts as anode and an impurity, particularly of less active metals, e.g., Cu,
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Ph, Sn etc., acts as cathode and the impure water serves as the electrolyte.

Dissolved oxygen removes the hydrogen formed during the process and

accelerates corrosion. Presence of more active metal, such as Zn, retards

corrosion. Ferrous iron combines with hydroxide ion of the electrolytic solution
forming Fc(OH) 2 which is readily oxidized in presence of air to FC203.H20

which is the composition of iron rust.

Several methods have been devised to prevent or retard iron rust. Some of

these arc—(i) coating the surface with paint, grease, asphalt etc., (ii) coating

with other metals such as Zn, Ni, Al etc., (iii) coatin g with enamels, (iv)
coating with an adherent oxide such as Pb304, (v) alloying to produce non-

rusting materials, (vi) cathodic protection.

Passivity of Iron : Iron dissolves in HCI and dilute H2SO4 to form Fe *2

ions and 1-12- Cold concentrated HNO3 renders die iron inactive. Such treated iron

does not react with dilute acids and does not displace Cu from CUSO4 solution.

This state of iron is called passivity and the iron itself is called passive iron.
Passivity can be produced by means of compounds, such as K 2Cr2O7, H202,
IICIO3 and 11103 and other oxidizing agents in solutions. Passivity has been

explained from various points of views. One view is the formation of R30, film

on the surface. Passivity of iron can be removed by scratching and polishing the

surface, by treatin.- with halogens, by heating in presence of 1-1 2 and by anodic

electrolysis in salt solutions.

Compounds of Iron

Oxides and hydroxides of Fe : Iron forms three oxides having
composition FcO, FC 20 3 and FC304. FcO is obtained by thermal decomposition

of ferrous oxalatc, FeC,04, or by reduction of FC203 in hydrogen at 300'C:

FCC204 = FcO + CO + CO2

FC203 + H2 = 2FcO + H20

FcO is unstable and has the structure like that of NaCl. On standing it is

c onvertcd to a mixture of Fe and FC304 (disproportionation):

4 FeO = Fe + FC 30,
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FeO is also a non-stoichiometric compound in which the composition does not

exactly correspond to FeO.

Fe(OH) 2 is formed when a ferrous salts solution is treated with alkali

hydroxide. It is a white precipitate when freshly formed, but quickly turns green

and reddish brown due to oxidation of Fe*2 to Fe*1:

4Fe(OH)2 + 02 + 21-120 ---> 4Fe(OH)3

Fe203 is obtained by igniting Fc(OH)3 or by roasting pyrites, FeS2 in the

air. It is a red powder and is used as paints under the name of red oxide of iron,
rouge and also Venetian red. Fe*3 salt solutions give precipitate of Fc(OH)3 or

hydrated iron oxide, FeO.xH20, on treatment with alkali solution. FC304 or

magnetic oxide of iron is actually a mixed oxide containing FeO.Fe2O3. The

magnetic oxide of iron Fe304, is obtained when Fe is heated strongly in air. This

is the most stable form of iron oxide at high temperature. FC304 is also FcFe204

possessing the spinel structure.

Ferrous compounds : The two most familiar ferrous salts are sulphates,
FeSO4.71-120 and FeSO4-(NH4)2SO4.6H20 (Mohr 's salt). These are used as

laboratory reagents. Mohr 's salt is a double salt and is prepared by crysLallising
from an equimolar solution of (NI-142SO4 and FeSO4- Unlike FeSO4 which is

readily hydrolysed in aqueous solutions and oxidized in air, Mohr 's salt does not

undergo quick hydrolysis and oxidation in air.

Fenton 's Reagent : A solution of FeSO4 and H202 (mixture) is called

Fenton 's Reagent and is used to caLalyse the conversion of acrylonitrile

CH2 = CH2 — CN to its polymer. The reaction is

Fe*2 + H 202 ---) Fe*3 + OH' + 01-1--

The OH' radical functions for polymerisation.

Complex compounds of iron (11)

Fe +2 salts form complexes, such as with KCN, to form potassium
hexacyanoferrate i.e, potassium ferrocyanide, K4Fe(CN)6- This is the most stable

complex of ferrous iron. This is obtained by adding excess of KCN to a ferrous
salt solution and recrystallising. K4Fe(CN)6. is used as a reagent for ferric iron

forming Prussian blue :

	Fe*2 + 6CN-	 [Fe(CN)61-4

	

FcC1 3 + K4 [Fe(CN)61	 KFeFc(CN)6 + 3KCI

	

4FeC13 + 3K4[Fc(CN)6	 FC4[Fc(CN)613 + 12KCI



[RON, COBALT AND MCKEL	 667

K4Fe(CN)6 is used as a reagent for other metals, e. g., Cu, Zn etc. K4Fe(CN)6

forms the niLroderivative With NO2- ion, This on treatment with acid gives the

nitropriisside ion :

Na4 [Fc(CN)5 NO2] + 2HCI = Na2jFe(CN)5NOj + H 20 + 2NaCI
Na-nitroprusside

Na-nitroprusside forms a thioniLro-complex with sulphidc forming an intense

blue-violet solution used as a delicate test for sulphides. The rcaction takes place

with HS- ion:

0

[Fe(CN)5NO] —2 + HS— -4	 Fe(CN)5N

S

NO may be present as NO' and Fe as Fe+2 or NO is neutral and Fe is

present as Fe+3 . The composition is, therefore, uncertain.

Ferric compounds : FcC13 , FC2(SO4)3, Fe(NO3)3, Fc(OH) 3 and FcPO4

etc. are quite familiar compounds. The colours of these compounds differ mainly

due to hydrated or dehydrated state. Fe 13
 ion is smaller in size and has greater

charge than Fe*2 and, therefore, the compounds of Fe*3 are more acidic. Ferric

salts are, therefore, greatly hydrolysed in aqueous solution and resemble AI+3 in

many respects.

Anhydrous FeC13 is obtained by heating Fe in C12 gas. The composition

corresponds to Fe2C16. Hydrated FeC13.6H2O solutions contain undefined FeC13

complexes because its solution is more intensely coloured than Fe(NO3)3 or

Fe2(SO4)3 solutions :

Complex Compounds of iron (111)

Excess KCN forms K3Fe(CN)6 with ferric salt solutions. K3Fe(CN)6, i.e.,

potassium hexacyanoferrate (III) or potassium ferricyanide gives bluc-coloured

precipitate or solution with Fc,2 salt solution. The blue compound in this case
having Fe3[Fe(CN)612 . H20 is known as Turnbull's blue and is used as pigment.

Acid insoluble Turnbull's blue was considered to be formed by 
the 

rcacuon :

3FcSO4 + 2K3Fe(CN)6 --^ Fc3[Fe(CN)612 + 3K2SO4
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The other compound known as Prussian blue soluble in acids is considered

to be formed by the reaction :

4FcCl3 + 3K4Fe(CN)6 -^ Fe4fFe(CN 6]3 + 12KCI

The commercial Prussian blue as well as Turnbull's blue do not exactly

correspond in their compositions to the above formula. Both the compounds

contain combined water. Both the compounds are decomposed by alkali. The

colour of thes, compounds depends on the conditions of their formation. It is

now generally believed that Turnbull's blue (ferrous ferricyanide) and Prussian
blue 

(ferric ferrocyanide) having blue colours arc potassium ferric ferrocyanide

KFc [Fe(CN )61- "20-

Ferric Ammonium Alum : FC2(SO4)3.(NH4)2SO4. 24 "20 is obtained

by oxidation of Mohr's salt, FcSO4-(NH 4)2SO 4. 6H20 , with HNO3 with

additional FeSO4.71-1 20 and H2SO4. The solution after complete oxidation and

evaporation gives crystalline product. The iron alum forms large reddish

octahedral crystals.

SCN- ions produce blood-rcd coloured solution of [Fc(SCN)6 1-3 ions with

Fe*3 ion. This is used to detect the presence of Fe,3 in solution.

C12 in alkaline solution converts Fc(OH)3 
to 

fcrratc, Feo^-2 ion containing

Fe*6. Potassium ferrate is formed by the reactions :

302 + 2Fc(OH)3 + IOKOH = 2K2FCO4 + 6KCI + 8H20

Ferrate ion, Fco^-2, is an extremely powerful oxidizing agent in acid

solution and like SO4-2 , Cr04-2,MnO4-2 ions form insoluble barium ferrate,

BaFeO4.

COBALT

Sources: The following aro the important cobalt bearin.- ores :

Cobaltite—CoAsS (cobalt glance)

Smaltitc--CoAS2

Extraction : The metallurgy of cobalt involves separation from Cu, Ni,

Fe etc. and then the conversion of the ore to COO to CO304. These oxides on

reduction with A] gives metallic Co by alumino thermit process:

3CO304 + 8AI = 9Co + 4AI203
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Purification of cobalt is made by electrolytic process. Co is used as a

catalyst in the Fischer—Tropsch Process for the hydrogenation of CO to various

hydrocarbons and for oxidation of NH3- When heated in air Co3O4 is formed.

Compounds of cobalt (11) : Soluble S al ts O f CO*2, such as chloride,

nitrate, sulphate, acetate etc. are of pink colour in the hydrated condition

formulated as CO(H20)6 *2. When dehydrated the deep blue colour of the

anhydrous salts appears. The hydration or the dehydration follows the

equilibrium:

-1 1'o2 [ CO( YI 20)61 C12	 —Z— CoICoCI41 + 12YI20
pink	 + lip	 blue

Co on both sides ofihe equation has Co +2 oxidation states.

Co(OH)2 is first precipitated by adding caustic alkali to a CO +2-salt solution

but soon becomes black due to the formation of hydrated cobaltic: oxide, CO203

4Co(OH)2 + 2H 20 + 02 —) ICo(OH)3 '

In concentrated NH40H, the precipitate of Co(CH) 2 dissolves forming

hexaminocobalt(II) hydroxide, [Co(NH 3 ) 6 1(OH) 2 . The complex ion,

[Co(NH3)61 *2, is readily oxidized in air to form [Co(NH3)6J +3 Complexes

4 [Co(NH3)61+2 + 02 + 2H20 ---) 4[Co(NH3)6 1+3 + 40H-

Co(NH3)6 C1 3 is prepared by adding NH4C1 and NH40H to a solution Of COC12

and passing a current of air through the dark red solution. 'Me rose coloured

precipitate of (Co(NH 3)5 H20IC13 with HC1 gives [Co(NH3)6]C]3 as orange

coloured crystals.

Cobalt nitrate, Co(NO3)2.6H20, is obtained by dissolving COO or C00O3

in HNO3. The anhydrous salt is made by the action of NO2 on heated salts of

CO +2. Cobalt nitrate solution is used in the analytical tests for Zn, Al, PO4 -3

etc. by heating to incandescence with a drop or two of cobalt nitrate solution on

a piece of charcoal.

A]	 — COO. Al203	 Blue	 Thenard's blue

Zn	 — COO. ZnO	 Grecn	 Rinman's green

PO4-3 — COPO4	 B 14c
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Sodium cobaltiniirite, Na3[Co(NO2)61, is prepared from Co *2 salt solutions

by adding NaNO2 in presence of acetic acid (aerial oxidation):

2CoC1 2 + 14NaNO2 + 4CH3COOH = 2Na3[Co(NO2)61

+ 4CH3COONa + 4NaCI + 21-120 + 2NO

This is used as a reagent for K + ion, the insoluble yellow K3[Co(NO2)61

being precipitated out.

It will be seen that the cyanide Complexes O f CO*2 and Co*1 ions formed by

adding excess of KCN to a solution of Co +2 ions might have the compositions

K4Co(CN)6 and K 3Co(CN)6 respectivcly. But K4Co(CN) 6 has one electron in an

unstable position beyond the inert gas core or one extra electron at a higher

energy level than that required for d2Sp3 hybrid bond formation. Hence this acts

as a powerful reducing agent by easily giving up the single electron. But it is

now known that the complex is K 3 [Co(CN) 5 H201 and not K4[Co(CN)61.

Cobalt forms quite a large number of complexes with many types of ligands

(coordinating groups).

NICKEL

Occurrence : Nickel occurs with iron meteorites in the form of an alloy.

Metallic Ni and Fe constitute most of the core of the earth. Ores of nickel

always contain Co and other metals. The commercial sources of nickel ores are :

Sources : Nickelite—NiAs (Kupfer nickel)

Linnacite—(Fe, Co, NO3S

Nickel glance—NiAsS

Pentalandite-4FeNi)S

Pcntalandite, (FcNi)S, is abundantly found is Sudbury of Canada, which is

the world's chief supplier of nickel.

Metallurgy of Nickel

Large amount of impurities and the presence of Fe, Co, Cu etc. make it

difficult for the production of pure Ni. The following steps are involved in the

metallurgical operations of Ni.
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(1) Concentration of the ore : This is usually done by selective froth

noaLafion by which means NiS, CoS and FeS are separated.

(2) Roasting : The separated NiS is roasted to produce NiO which is
generally mixed with some FcO and CuO together with unconverted FeS, CoS,

NiS ctc.

(3)Smelting : The roasted ore is smelted with coke, sand and some
limestone to remove some Fe as the slag, FeSiO3. The product is called Matte.

(4) Bcssemerization : The matte is bessernerized in a Bessemer converter
with silica as flux and iron is almost completely removed. The product consists

of NiS, CoS and some NiO. The besscmerizcd matte is further roasted to convert
the sulphides to oxides. Any CuO left is rcmoved by leaching out with H2SO4.

(5) Production of Nickel : (a) Mond's Process and (b) Orford Process.

(a) Mond's Process : Nickel forms a volatile compound with CO
giving nickel carbonyl, N'(CO)4, When N'(CO)4, which is a volatile liquid, is

heated to 180*C in the vapour state, it is decomposed to give pure Ni and CO.

The impure nickel oxide is heated to 300'C in a current of water gas (H 2 +
CO). NiO is reduced to Ni but impurities remain as oxides. The reduced product

is treated with carbon monoxide, CO, in a volatilizer at about 60'C. Volatile
N'(CO)4 is formed which is passed through the decomposer at 180'C by means

of sweeping with water gas. N'(CO)4 is decomposed to give nickel :

N'(CO)4 = Ni + 4CO

CO released is used over again.

This process may be described by the flow-shect. (see page 672)

(b) Orford Process : The Bessemer matic consisting mainly of NiS and
CuS is fused with carbon and sodium sulphatc. Na 2S is formed which in the

molten condition dissolves both CuS and NiS. But the solution of NiS in
molten Na2S has greater specific gravity than that of CuS in molten Na2S and
they separate in two layers. The bottom layer consisting of NiS in Na2S which
is scpjratcd, cooled and Na2S is leached out by washing with water.

0
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(CuS + NiS) matte + 2Na1lSO4 + 8C = CuS + NiS + Na2S + H2S + 8CO -

The NiS produced may contain small quantity of CuS. This is rcmoved by

chloridizing the copper when hcalcd with NaCl. CuC1 2 formed is removed by

washing with water. NiS is then calcined to form NiO which on heating with

carbon gives Ni:

NiO + C = Ni + CO

Flow-sheet for Mond's Process :

froth	
Conc ore	

FeSiO3

NiS + CuS + FeS 
floatation	

slag

Ore

NiS etc.

Ni(CO)4	
CID 

Ni

heat 1180*C -- ^
oc crude

I	
Co

Ni metal + CO reused

besserricTized

and roasted

water NiO (7
gas

H2SO4 Matte

soln	 (NiO + other
CUSO4	 oxides)
in soln.

Flow-sheet for Orford Process :

	

roasted	
cSiO3 slag

	

I 

Conc ore Si02
	

FNiS + CuS

IBeSSCnICTized

top laypr, CuS
Na's	 in Na2S	 heated
in §01n	 in molten Matte (NiS + CuS)

water	 bottom laver	 N a,S

NiS I 

—;W—ashed NiS in NO

calcined

+C	 electrolytic

NiO	
heat	

Ni	
refining	

Pure Ni

froth

NiS + CuS+ FeS '

Ore	
floatation

U
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Refining of nickel : Curde nickel is cast into anodes and refined

electrolytically in a NiSO4 or NiSO4.(NH4)2SO4 bath having strips of pure

nickel as cathodes on which,pure nickel is deposited during electrolysis. Noble

metals, specially platinum, are recovered from the anode mud which collect in

the anode region at the bottom of the cell.

Uses of Nickel : (1) In a finely divided form (known as Rancy nickel) it

is used as a catalyst in the hydrogenation of oils and faLS. (2) For making

crucibles and laboratory apparatus. (3) Nickel used for electroplating. (4) For

making special alloys, such as 
the following :—

(a) Nichrome—Ni(60%), Fc(25%). Cr(I 5%), used for resistance hcatcrs.

(b) German silver--Cu (55%), Ni (20%), Zn (15%), used for cutlery and

household utensils.

(c) Monel metal—Cu (60%), Ni(40%), used for both industrial and

household wares.

(d) Invar—Ni (35%), steel, used for pendulums of clocks.

(e) Alnico, ( Al-Ni-Co-Fe alloy ) and other alloys of special use.

Nickel plating : Because of its hardness, resistance to corrosion and high

rcflwiviLy when polished, nickel is widely used in plating of iron, steel, copper

etc. The article to be plated is first given a coat of thin film of copper. The

electrolytic bath is a mixture of NiSO4 or N'SO4.(NH4)2SO4 containing only

small concentration of Ni. At the cathode Ni is deposited while an equivalent

amount goes into solution from the Ni anode. The pH of the electrolyte is

controlled at about 6.5 with the help of H3BO3. Bright deposits arc obtained by

adding some glucose or cadmium salt Ffi the bath which is operated at about

50'C with a current density of 2.5 amp/decimeter2.

Compounds of Nickel

The divalent form of Ni is the most important oxidation state. Most of the

anhydrous Ni salts are yellow but in aqueous solution they are all green due to

the forma6on of [Ni (H20)61 *2 ions.

NiO is obtained by heating NiCO3 and the other divalent salts are prepared

by the reactions of NiO, Ni(OH) 2 or NiCO3 with the appropriate acids and

crystallisaLion.

—43
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It is formed as a cplourless volatile liquid when CO is passed over finely
divided Ni. It readily decomposes at higher temperatures depositing pure Ni

(basis of Mond's Process). The oxidation state of Ni in N'(CO)4 is zero. Ni(CO),

has the tetrahedral structure having Ni at the centre and the four CO at the
comers of the tetrahedron. Ni Uses Sp3 bonds in N'(CO)4-

0
III

C
I

Ni\

C C
111	 -0

	

0	
0

Tetrahedral structurc of Ni(CO)4

Ni-salts in presence of NH4CI and excess NH40H produce complex
hexamine nickel(II) compounds. Ni(OH)2 first formed goes into solution in
excess giving deep blue solutions.

Complexes of [Ni(CN )4 1-2 and chelates of organic ligands are square planar.

Ni-chelates of 1,2-dioximcs are of deep red colour and used for both specific

idcritificabon and quantitative determination of nickel. Thus dimethyl glyoxime,

CH3--C = NOH
I

CH3--C = NOH

gives a red coloured precipitate with Ni,2 salt solutions, soluble in acid but

insoluble in ammonia solution and is a specific test for Ni :

	

CH 3—C	 C—CH3

	

HO—N	 N--i-6

//Ni

	

0<-- N	 N—OH

	

11	 11
CH 3—C — C—UH3
Ni-dimcthyl glyoxime complex



IRON, COBAIA ANDNICK11.	 675

Stich complexes are known as cliclates or inner (,oniplox salts, because they

are electrically neutral and (to not conduct electricity in solution. Cobalt (toes not

form such complexes with dimethyl glyoxime. Hcncc the formation of red

precipitate with dimethyl glyoxime is a means to identify Ni in presence of Co.

This is also used in quarititative method for the determination of nickel.

The other triads of Group VIII elements are Ru, Rh, I'd and Os, Ir, Pt. A

brief chemiN'Lry of I't 
is 

described.

Platinum

Occurrence : Pt occurs 
in 

native form Nviih gold and also alon g with Cu,

Fe, Ni 
and 

other PL-[nCta]S. Ural mountains in Rii ,, ,,ia is the main Source. Pt is

generally extracted from Sudbury Ni-orc also.

Extraction :

Fe, Cu, Ni sulphides	
roasted	

Conc. ore

(Sudbury Ni ore)	
conccnirawd

sulphides

removed	 Aqua regia

PdCl,

soln.

+NH4C1	 PdCl2 + PtCl4

in soln.

(NHI)2PtC'l

ppt

^heat

Pt + 2NH4CI + 2Cl2

spongy

Spongy platinum : It is gray porous form of plafinum. It has great surface

activity and used for absorp6on of gases.

Platinum black : It is obtained by the reaction of platinic chloride with

formic acid. Pt black is also used for absorption of hydrogen and used in

reduction and a catalyst. It is also called platinized platinum.

Platinized asbestos : Asbestos soaked in plainic chloride in presence of HCI

and NH4CI when heated gives the Pt metal in reduced from and deposited on the

asbestos. This is used as a cauilyst.
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Platinum and Platinum compounds are used in (a) making scientific
instruments, (b) as catalyst in contact process for H2SO4 and manufacture of
HNO3, (C) for formaldehyde, (d) hydrogenation industries, (c) in jewellery, (f) in

dentistry and (g) in printing and toning photography.

QUESTIONS AND PROBLEMS

I . Describe the metallurgy of nickel from its ores. Describe its properties and its
alloys. Explain the method of separating nickel from cobalt,

2. Write a note with the reactions involved on the Passivity and the Rusting of
iron.

3. Describe any two important methods of preparing high-grade steel from pig
iron. Mention a few special steels and their chief uses.

4. Give an account of the metallurgy of iron. Briefly explain the difference between
cast iron, wrought iron and steel.

5. What are the important Uses Of iron? Discuss the chemical reactions occurring in
the blast furnace. How is cast iron converted into steel?

6. What are the chief sources of nickel? How is pure nickel obtained from its ores?
Describe the important uses of nickel.

7. (a) Describe the process of conversion of pig iron into steel by the Open-hearth
Process. Discuss the chemistry of the reactions involved.

(b) How w ill you compare Open-hearth Process with that of Bessemer Process.

(c) What part do Ni and Cr play in the preparation of steel alloys?

8. Give a brief account of the metallurgy of nickel by Mond's Process. Mention
some of the important alloys of nickel and mention their uses. Describe a
method for the determination of nickel in a sample.

9. Describe the preparation, properties and the uses of following

(a) Mohr's salt ;

(b) Ferrochrome;

(c) Nickel carbonyl.

10. What are iron, steel and pig iron? Discuss the principal process of production of
pig iron and its subsequent conversion to steel by the Bessemer Process.

11. Compare'the physical and chemical properties of the metals Fe, Co. and Ni and
the ir simple compounds.
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12. (a) Describe briefly the two compounds whose anions contain a metal.

(b) Explain why [CO(H20)61-2 is pink whilSL 1COC141-2 is blue.

(b) Name two alloys of nickel and mention their special properties.

(c) How would you detect nickel in solutions containing cobalt and manganese?

13. Discuss the chemistry underlying the process of production of pig iron and its
subsequent conversion to steel by the Bessemer Process.

14. How is nickel extracted from its sulphidc ores? Mention two uses of nickel. How
would you detect nickel in presence of cobalt in a mixture of their salts?

15. Give brief descriptions of metallurgical process for the production of pig iron.

16. Discuss briefly how pig iron can be converted into steel.

17. (a) Describe briefly the metallurgy of iron. (b) What is stainless steel? (c)
Discuss the oxidation states or iron. (d) What is the difference between wrought
iron and steel?

18. What is the difference between pig iron, white cast iron, gray cast iron, wrought
iron and mild steel.

19. What are the raw materials for the production of steel by the Open-HcarLh
Process? Indicate the chemical reactions. How would you analyse the purity of
iron in a sample of mild steel rod?

20. Explain passivity and rusting of iron.

21. What happen when NH40H and NH4Cl is added to a solution Of COC12 in water?

22. Explain why CO*2 is stable in presence of water but is oxidized to CO*3 in
presence of NH40H.

23. Discuss the relative facilities of plating with nickel and chromium.
24. FC,3 gives blood-rcd colouration with NH 4CNS solution. What is the reaction?

25. How would you test for F C,3 in a sample of Mohr's salt?
26. Write the geometrical figures of [FeCl5H201-2, [Co(CN)5H201-2 and [Ni(CN)4 1-2

27. Why a piece of iron is attracted by magne . t but zinc is not?

28. Describe the extraction of platinum.



CHAPTER 24

"'^COMPLEX COMPOUNDS
(Coordination Chemistry)

A very large number of chemical compounds exist which appear to be

composed of two or more compounds which are capable of independent existence

and arc themselves well-defined compounds. It was rather difficult to explain on

the basis of classical theory of valency as to why such complex compounds are

formed. For instance, compounds having the compositions CuSO4.5H20;

K 2S01 .AI 2(SO4),.24H 20; COC1 3.6NH3 ; K2PtC]4; K4Fe(CN)6 etc. have real

existence but could not be represented structurally on the basis of the classical

concept of valency. For this reason, such compound used to be called as

molecular compounds in which it was supposed that the component molecules

were held together by some unknown forces. The molecular compounds were

also referred to as addition compounds. Such compounds differ widely in their

stability and their properties.

Let us consider the following compounds as regards stability :—

1. In Na2CO3-101120 the water molecules are very loosely held and 9

molecules are lost on exposure to air. From CuSO4.51-120 the water molecules

are not so easily lost but only on strong licating. CuSO4 is colourless whereas

CUSO4.5H20 is blue. These arc generally classified as hydrated compounds or

hydrates. The smaller the size of the cadon, the lesser is the number Of H20

molecules in the hydrates. Thus BcCl2 contains 41`120 and AIC1 3 contains 61-120.

In hydrates some H20 are combined with the cations and some with anions.

Thus in CUSO4.51-1 20 we have 41-120 combined to CU*2 and one H20 
to 

SO4 -2

ions. Similarly, in NlgSO4.71-120 we have 61-120 combined to Mg,2 and one H2O
jo S0,-2 ions.
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2. K2SO4.AI2(SO4)3 .241-120 WUM) exists in the solid state as a single

compound but on dissolution in water, all the ions (K*, AI*3 and SO4-^ Can be

detected due to complete dissociation. Complex compounds of this type arc

generally called double salts.

3. There are compounds such as K2[Cd(CN)41 which are reversibly

dissociated into all the ions present in the molecule :

K,[Cd(CN)41 ^^ 2K' + [Cd(CN)4 
1-2

Cd*1 + CN –

But the copper complex, K2[Cu(CN)41, is not dissociated as in the case of

K2[Cd(CN)41, but only to the following ionic species

K2[Cu(CN)41 z^^ 2K' + [Cu(CN)4 1-2

It is for this reason that Cd can be precipitated from K2[Cd(CN)41 solution

by H 2S as CdS but not copper from K 2[Cu (CN)41 
Solution

-

Again, K3[Fc(CN)61 in aqueous solution does not give tests for either Fc*1

or for CN– . Similarly, in the compound Co(NH3)6CI3, heating with H2SO4 does

not remove ammonia but 3 molecules of HCI are lost per molecule of

Co(NH3)6CI3 and also cobalt does not respond to ordinary tests. But from

Co(NH3)6Cl2 ammonia is removed quite easily.

2 [Co(NH 3)61 C13 + 3112SO4	 ) [Co(NH3)612(SO4)3 + 6HCI

[Co(NH 3)61Cl2 ----) COC12 + 6NH3

Thus K3Fc(CN)6 and Co(NH3)6CI3 belong to the group known as True

Penetration Complexes. Those complex compounds which are reversibly

dissociated in solution into their components are known as Normal Complexes.

such as K2Cd(CN)4 and Co(Nfl 3)6Cl2. Thus we can classify complex compounds

according to their stability into four groups :—

1.1- 1 ydrates and related compounds ;

2. Double Salts ;



680	 MRODUCI10N TO MODSUN LNORGAINIC CtUMEMY

3.Normal Complexes;

4.True Complexes.

It is evident that actually there is no fundamental difference between these

complex compounds. Only the degrees of complexity and stability either

depending on temperature or hydrolytic decompositions indicate different modes

of combinations.

Complex compounds are chemical substances formed by the combination

of compo ts which are capable of independent existence.

',,N=p1cx compounds are also known as coordination compounds.

The nomenclature of coordination compounds is derived from the electronic

theory of the formation of coordination bond in which donation of a lone pair of

electrons occur from one molecule or ion to another but are coshared between the

donor and acceptor.

H3N: + H+	 H,N : H+	 NI-14+

H	 NH3N: +B	 3N : BF3	 3BF3

hen a simple ion combines with one or more other ions or with one or

more neutral molecules to form a new ion it is called a Complex Ion. Thus,

[Co(NH3 )d+3.	 [Cu(CN)41-',	 [Fe(CN)61'

[Cu(H20)4 
1+2 etc. are complex ions. -^z

Thus complex compounds contain complex ions which differ in their

stabilities. The stability of complex ions is determined by their dissociation in

solution at the equilibrium conditions. Thus :

Cu(CN)4-2 !L' Cu+7 + 4CN -

Cd(CN)4 -2 L' Cd
+2 + 4CN -

The equilibrium constants also known as the instability constants of the

complexes are give by the equation :

	

[Cu+']ICN -]4	 [Cd+21[CN—]

	

Ki= 
[Cu(CN)4-']	

Ki = 
[CU(CN)4-2]
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Conversely, the stability constants Ks indicate thcjormation of the complex

compounds

[Cu(CN)4-']
Ks = -[CU,21[CN-]4

N.B. The terms in square brackets refer to the concentrations of the ionic species

raised to the appropriate power. The concentration of water being taken as

constant.

If the concentration of CN- ions is large, naturally the complex ions is

unstable and instability constant Ki will 
be 

very large. Actually this happens in

the case of K2[Cd(CN)41 Complex whereas in the case of K2[Cu(CN)41 low value

of [CN-1 ion gives low result for the instability constant and, therefore, copper

complex is more stable than the cadmium complex. In other words, the stability

constant of the copper complex has a much higher value than that of cadmium

complex. This principle is applicable to all complex ions. The overall stability

constant of a complex is expressed by logo where P = sum of successive or
stepwise equilibrium constant given by

	

	 [MLn1 The factors governing the[MI[Ljn'

stability of a complex ion or species is obviously related to the metal M and

Ligr .

'
/<-

Metal factors are : (i) Charge and size (ii) Variation in d-orbitals (iii)

Number of electrons in the d-orbitals (iv) ElecLroncgativity of M. The ligand

factors of stability are : (i) Electron donating capacity of the donor atom in the

ligand, (ii) Basicity of the ligand, (iii) Chelate effect (iv) Ring size (v) Steric

effect of the large ligands (vi) Entropy effect (vii) n-bonding effect of ligand.z^/—^

Transition metals are particularly involved in complex formation. It is

therefore essential to understand the electronic characteristics of the transition

metals.

The Characteristics of the Transition Metals

The tendency of the elements to form complexes with various ligands or

groups is very much dependent on the electronic structure of the particular atom.

In most cases this appears to be a special characteristics of the transition

elements. Although other non-transition elements also form complexes. The
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remarkable characteristics of the transition metals to form complexes, in most

cases coloured, having variable oxidation states and magnetic properties are

mainly due to the presence of incomplete, d orbitals. The intervening elements

between group IIA and group IIIA in the Periodic Table are collectively referred

to as Transition Elements. The transition elements may, therefore, be defined as

those which have incomplete or partly filled d or r orbitals. Strictly speaking,

the elements involving the incomplete 3d, 4d and 5d orbitals are the transition

elements and those involving incomplete 4f orbitals arc the inner transition

elements or lanthanides or rare 
earths.

The transition elements in which d orbitals arc generally being filled up

with electrons are divided into three series. The first series involve 3d orbitals

from Sc (21) to Zn (30), the second series involve 4d orbitals from Y (39) to Cd

(48) and the third series involve 5d orbitals from Hf (72) to Hg (80). Sometimes

Zn, Cd and Hg are excluded from this group.

The filling up of d orbitals in transition -metals is rather anomalous mainly

on the consideration that the tendency is to attain stability by half-filled or

completely filled d clectron arrangements. The electronic configurations and the

oxidation states of the first series of transition metals containing 3d electrons are

given in Table 24.1

Table 24.1. Electronic structures and oxidation states of the

first series of the transition metals.

Metals
	

At. No.	 Electronic Structures	 Oxidation states

sc'
	

21
	

IS22s22p63s23p6
	

3dI
	

4s'
	

3.
Ti
	

22
	

3d2
	 4S2	 2. 3, 4

V
	

23
	

3d3
	

4s'
	

2, 3, 4, 5

CT
	

24
	

3d' 40
	

2, 3, 4, 5, 6

Mn
	

25
	

3d5
	 4S2	 2, 3, 4, 5, 6, 7

Fe
	

26
	

3d6
	 4S2	 2, 3, 4. 5,

Co
	

27
	

3d' 4S2
	

2, 3. 4
Ni
	

28
	

3d'
	

4s2
	

2, 3

CU
	

29
	

3dio 4s'
	

1 , 2
Zn
	

30
	

MIG 4s'
	

2
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The formation of coloured ions and magnetic properties of transition metals

are related to the presence of unpaired electrons in the system. A substance is

called paramagnetic when it is attracted into a magnetic field. A diamagnetic

substance is repelled by a magnetic field due to induced magnetism in the

substance. Magnetic moments of substances are measured in terms of Bohr

nugnetons (BM). Ile values of Bohr magnetons indicate the number of unpaired

electrons in a molecule of the substance and give informations regarding the

structurcs. ne relationship bctwcen the magnetic moment and unpaired electrons

and also the colour of some transition metal ions in aqueous solutions are given

in Table 24.2.

Table 24.2 Magnetic moments and colours of some transition

metal ions as related to the number of unpaired

electrons.

No. of	
Magnetic

ul"L`ed Moment (BM)
electrons

0,

1	 1.7

2	 2.8

3	 3.9

4	 4.9

Ionic species

Ti", Zn*'

Ti+3
V*4. 

Cu*'

V-3, Ni-2

V*^ Cr*'

Cr*'

Mn*l

Colour

Colourless

Purple

Blue

Green

Violet

Blue

Violet

5.9

Colour is not only due to 
the presence of unpaired electrons but also due to

other factors as well as electron transitions in presence of lights.

The d-orbitals play very important role in the formation of coordination

compounds and the modem theories of the structures of inorganic complexes are

based on the orientations of d-orbitals in space.

Synthesis and reactions o^ some Cobaltammine Complexes

The orange-coloured [Co(NH3)61CI3 is obtained by the reaction of aqueous

pink COC12 solution with N1140H and NH4Cl by aerial axidation.
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0) COC12 + NH40H + NH4C, 
ai,	

[Co(NH3)61CI3 (orange-coloured)
0,

00 COC1 2 + NH40H 
air	

[Co(NH3)5(H20)]C]3 (red coloured).
6111

The reactions are shown in the following scheme:

0^' [Co(NH3),]C'3 (a range- coloured)tl)COC12+NH40H+NH4CI _U^
z

heat

lance	 04	
^119

El-	 StCon,
C	 '2^SiincT.C, C.T	 IAQ NO3

4 lon:c	 No reaction 3 , JWCl gas	 3 AgCl ppt	 COC12+ NH4C I
Spec es	 per molecule per molecule	 +N2+- NHS

+H20

hl) CoCil + NH40H a 
ir	

[Co(NH,), (H2 O)1 Cl,kR,d colo.,.d)
0,	

t

Elect.	 Concl	 Heat 

_HiO	
AgNOS	 ConC-jH2SO4

cond. 
I	

HCJ	

I 00-C,

	4ionic Noreaction [Co(NH,),Clj 12 3 Al	 3 HC I gas
pecies	

I	

per molecule	 per molecule

Elect FC-ducl.c. Conc I HCI	 C 
I 
onc.IH2 SO4	 jAgNO3

3 ionic	 No reaction	 -2HCI got	 2 AgCl ppt
species	 per molecule	 Per molecule

[Co ( N 

i 

" )S C11 SO4

IAg NOS	 JB.cl,

	

No AgCl ppt	 BUSO4 PPt

COC12 + N H,	
air	

Co(NH,),, Cl,
02

kVIolet)

	

a.	
Ag NO3

	

C04 	 AgNO3	 IC	 3)4 C I'S	
I Mo I oAgC:41

	kGreenj	 Per m Iscu

The reactions indicate the stability of the complex compounds in course of

the vairious chemical reactions. These complex compounds require the need of

interpretation of their structures and mode of combinations.
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Structures of the Complex Compounds

Complex compounds created a great difficulty regarding the nature of

bonding present in such species. Many attempts were made in this direction but

the most remarkable advancement for the interpretation of the structures of

complexes aqording to the classical concept goes to the credit of Alfred Werricr.

He advanced a brilliant theory to explain the characteristics of complex

compounds and also predicted future developments in the field of structural

chemistry. For his pioneer conLribufions Werrier was awarded the Nobel Prize in

chemistry in 1913.

Werner's Theory : The theory is known as the Coordination Theory of

Complex Compounds and is based upon certain assumptions using the classical

concept of valency which are summarized below -.—

1. Metals possess two types of valencies :

(a) Primary valency and (b) Secondary valcncy.

2. Primary valency combines the acidic and basic radicals or ions and

hence the components united by this valency are ionizable. Simple covalent

compounds are also formed by primary valency. Thus NaCl, C0 4, NH3, FeC13

are compounds formed by primary valency. These are both ionic and covalent

compounds.

3. Secondary valency combines simple molecules or groups which are

capable of independent existence, as well as the negative radicals to the metal

atoms or ions. The components united by this valency are not capable of

ionizadon. Thus AgCI.2NH 3; CuSO4.5H20; K4 [Fc,(CN)61 etc.

4. Every complex compound has a metal atom situated at the centre of a co-

ordination sphere. The neutral molecules or ions united to the central atom by

secondary valency are within the coordinafion sphere. The number of groups or

ions so combined to the central atom is called the coordinat-ion number of the

central metal atom.
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Thus in [Cu(NH3)AISO4 copper is the central metal atom. 4NH3 are united

to Cu by secondary valcncy and exist within the coordination sphere and 4 is the

coordination number of copper. The attached groups or molecules are called co-

ordinated. groups or Ligands. SO4 -2 ion is combined to copper by means of

primary valency and neutralizes the +2 charge of Cu.

5. 'Me fulfillment of coordination number appears to be an essential

criterion in complex compound formation.

6. The secondary valencics are directed in space about the central metal ion.

The coordinated groups are arranged in symmetrical manncr at the corners of

geometrical figures in space. Thus, 6 groups are situated at the comers of a

regular octahedron, shown in Fig. 24-1.

6

Fig. 24-1. Octahedral configuration. M is the central metal atom.

Werner's Theory predicts the existence of isomerism which has been

experimentally pro%cd The examples of the structures of some complex

compounds according to Werner's theory are illustrated in Fig. 24-2.
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3

NH,
cl

	

M,	
NH,	

M3 N	
Zn	

NM3 Cip

N

	

MIN	 H,

cl	
NH,

NH3	 Tetrahedral
Octahedral

[CO(NH, 0 C 1,	 Zn ( NH,	 cl,

C1	 0

N C	 C N	 MIN NJ" ,	 c I	 c I--H3

2 
NCle^CN 

I MIN 0000jljl^*̂  NH3 cl HIM .1-1 
Co 

'*^- NH
I	 I

Square planar	 cl	 cl
XT EP6(C N)4]	

Ic 
0(NM,)4Cj 11 cl	

Eco (NH, ). cl,3

Octahedral

Fig. 24-2. 'Me structure of complex compounds, J Co (N "3)61 Cl 3 , K2[Ni(CN)41,

Zn (NH 3 )4Cl 2, [ Co(NH 3)4C1 ,'1Cl and JCo(Nll3)3Cl3j according to

Werner.

Werner's theory had some serious drawbacks. No theoretical reasons for

assuming the two types of valency and the space configurations of the co-

ordinated groups were given. Formulations of complexes, such as UFc(CN)61,

Na3[Co(NO2)6,1 are not satisfactory. No explanation as regards the particular

coordination number of metal was given.

Electronic Interpretation or the Structure or Complex

Compounds

Sidgwick's Theory : An electronic theory of the structure of complex

compounds was put forward by Sidgwick in 1923. According to this theory the

formation of a complex compound involves the donation of an clectron pair by

each coordinating group or ligand to the metal atom. Each coordinating group

has at least one lone pair of electrons which arc used for the formation of co-

ordination bonds with the metal atom by sharing. In the formation of NHA* ion a

proton accepts and shares the lone pair of electrons from the nitrogen of NI-13

(Lewis acid-base reaction):
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Thus Nf1 3 has one lone pair, H20 has two lone pairs OH- has three lone

pairs and Cl- has four lone pairs.

H

H — N	 H-0—H	 0—H	 Cl:

N

-Some groups or ions have two or more than two atoms with lone pair I-or

donation to metal atoms.

H
I

:NH, — CH, — CH, — H,N	 CH3 — C 0— CH = C 0— CH3

I	
-

	(ethylene diamine)	 (enolic for^ of acetylacet^ne)

	

H	 H	 H	 +

I	 I	 I

	

H—N	 + H* --+ H—N : H+	 H—N—H

	H	 N	 L HI

Similarly, a metal ion coordinates with a number of groups of ions

containing at least one lone pair electrons. Thus 6NH3 or 6H 20 become co-
ordinated to CO+3 ion and 6CN- coordinated to Fe *2 ion to give complex ions:

N H,	 +3	 +j
00	 OH,

H3N	
%NH,	 06

H204 I "tc r
Co	 0 3

	

"A
H	

t	 '> +3 N:	 ON H,	 H20% I ^ Joc I -
oo

NH,	 OH2

	

CN	 CI_	 +1

	

00	
0.

NC O I -:CN	 H,Nj,, 1,,SNH,
Fe +2	 -C cp

NC	 :CN	 H3N8	 "RNH3
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In the above examples, it is seen that the net char ge of the complex ion is

the algebraic sum of the oxidation number of the central atom and the oxidation

numbers of the coordinating group. The question as to why the metal ion

coordinates with a lar v e number 
of 

-roups or ions by means of coordination
bonds was explained from the point 

of 
view of the clfcctive atomic number of

the metal atoms.

Some groups may have possibilities of coordinatin g with metals by
donation from any site as in

CO (-- C =– 0 - ) , 	 CN- ( - C =– N 33 ) -,

0
T

NO, ( .3 N 0 SO or 0 0 — N = 0

Effective Alomic Number (E. A. N.)

The effective atomic number of a metal atom in a complex is obtained by

subtracting from the atomic number of the metal, the number of electrons lost in

ion formation and adding the total number of electrons gained in coordination

(two electrons from each coordinating group). Thus,

E. A. N. = A – El + Eg

where A is the atomic number of the metal atom;

El, number of electrons lost in ion formation

Eg, Total number of electrons gained in coordination, each ligand

donating two electrons.

Sidgwick pointed out that the formation of the complex compounds is

caused by a tendency of the central metal atom to attain the electronic
configuration of an inert gas. That is the effective atomic number of the metal
atom after complex formation becomes equal to the atomic number of an inert

gas.

Thus in K4[Fe(CN)61 the atomic number of Fc is 26 and number of

electrons lost to form Fe' 2 ion is I The 6 coordinated groups donate a total of
2 x 6 = 12 electrons which arc gained by Fc *1 ion in coordination. Thus E.A.N.
—44
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of Fe in K4[Fc(CN)61 is 26 —2 + 12 = 36 which is the atomic number of

krypton. This was considered to be 
the reason for the stability of [Fc(CN)61'

ion. The effective atomic number of some of the metal atoms forming complex

compounds are given in Table 24-3.

Table 24.3. The effective atomic number of some metal ions

in complexes.

Metal	 Atomic	 Coordination
ions	 number	 number

Fc*2	26
	

6

Co*1	27
	

6

Zn "	 30
	

4

Pd -4 	46
	

6
P'.4	 78
	

6

HIZ
.2	80
	

4

Electrons lost
in ion forma-

tion
2

3

2

4

4

2

Electroru gained
in coordination

12

12

8

12

12

8

E.A JV.

36(Kr)

36(Kr)

36(Kr)

54(Xc)

86(Rn)

86 (Rn'

In a nutshell Sidqwick's theory of coordination compounds may be

summariscd in the following points :

I . Groups coordinating with metal atom or ions contain lone pairs of

electrons.

2. The lone pairs are donatcd to the metal atom or ions forming coordination

bonds.

3. The number of groups or ligands are coordinated to the metal atom or ions

according to Effective Atomic Number rule.

4. Effective Atomic Number of the metal atom or ion corresponds to that of an

inert gas thereby imparting stability to the complex compounds.

Limitations of Sidgivick's Theory : (1) There are quite a large

number of complex ions in which the effective atomic numbers of metal atoms

are not those of the inert gases. It may have either less or more electrons than an

inert gas. Yet the complexes formed are quite stable. This point is illustrated by

some examplcs in Table 24.4.
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Table 24.4. E.A.N. or metal atoms or some complexes

^ 
(Non-inert gas).

Metal Atomic	 Coordination

ions	 number	 munber

Cr*3	24
	

6

Fc,3	 26
	

6

Ni12	 28
	

6

Pd.2	
46
	

4

Ag+	 47
	

2

Electrons lost Electrons gained	 E.A IV.
in ion forma-	 in coordination

tion

3	 12	 33

3	 12	 35

2	 12	 38

2	 8	 52

1	 4	 50

(2) Sidgwick attempted to explain this drawback in the electronic theory on

the basis that the tendency of the metal atom is not only to attain the inert gas

configurations but also to produce symmetrical structures (planar, tetrahedral,

octahedral etc.), irrespective of 
the 

actual numbers of electrons involved. But the

bonding character of the lone pair of electrons from the ligands 
to 

the metal

could not be satisfactorily explained since the lone pair electrons ordinarily have

opposed spins (and-bonding property).

(3) The theory does not explain the geometry of the molecules,

(4) Metals with odd atomic numbers in many cases do not obey the E. A. N

rule

(5) Magnetic properties of some complexes and isomerism could not be

explained.

The electronic theory of complex compounds has bLen developed to a very

great extent and is one of the most advanced field of chemistry. Salient Points

from the modem theories are given.

Pauling's Theory (Valence Bond Theory)

According to the Valence Bond Theory the donation of an electron pair hN

each coordinating group for the creation ol ' coordinmion N)nds involves the

orbitals of the central metal atom into which the donated c1cctrons enter. The

important features of Valence Bond Theory (VB'F) JrC : -



692	 IN-IRODUMION IIDMODEPUN V;0RGXNIC CIEWSTRY

(1)The electron pairs of the groups acquire bonding characteristics because
of hybridization, such as sp3 in NH 3, PH 3 , H 20 etc. and may also be pure p or
s orbital ciccLrons as in the cases of Cl - , F- and H- ions etc.

(2)The electron pairs from the coordinating groups enter into the vacant,
vacated and available orbitals of the metal atom with or without rearrangements
of electrons present in the metal orbitals.

(3)The electrons from the coordinating groups enter into the vacated, vacant
and available orbitals of the metal, two electrons in each, forming hybrid orbitals
directed in space. The electronic arrangements determine which of the possible
geometrical structures the complex will assume. Thus,

sp—lincar	 SP3—tCu-ahedral dsp z—square planar
Sp2 — trigonal

	

	 dSp3 — Lrigonal bipyramidal
dsp3 — square pyrami(U,

d2Sp3 or sp3d2---octahedral.

The formaUon of hybrid bonds in some complex compounds are illustrated
to show space arrangement of the coordinated groups about the central metal
atom through the concept of hybridization of orbitals according to VBT.

1. Coordination Number (C. N.) = 2 Only a few complexes
have C. N. 2. These are [N =- C—Ag—C a NI- (Cl-Au-CII -, [H3N-Ag-
NH,)+ , [CI—Cu*—Cll - etc. The metals use sp hybrid orbitals and the
complexes have linear geometry.

Ag o (k)	 ,qd'O
	 q sl
	

Sp*

It I % It Ill, It]
	

IT]

Ag+
	 I 1L pl, Ill, 1 11, 111'1
	

FOR

[AgM3)J+ It Ill, 111, 111, jil'I
NH3
	 NI-13

sp—LinCT geometry



N\\\
C \CuZ&N

I
C
III
N

I I

tu 

/ Cu 
\"t U

H
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2. Coordination Number (C. N.) =3 : Complexes having C. N. = 3

arc uncommon. Some examples are given. These have metals using sp 2 hybrids

[Cu' CI(tu)J O, [Cu (CN)21—, KH. 1 3 CU IS 3(PR 3)31 CtC.

Fit

[Cu(CN)21, Polymer
	

bis (thiourea) Cu(l)
	

K Hg13

R 
1^1	

L

R-- P— s	 I

R/'	 R	 Cu*1

Cu	 R	 L	 L

S

	

	 R
/R

P—R

\R

Tris (trimethyl phosphine sulphide) Cu (1)

Cu * (Ar)	 3d'O

Cu,	 it, 111, 111, 1 -,1, 1 "1

CuL3	 111, 1 1L ItIli' l 1L

4sl	 4po

L

L	 L L

SP2 — Trigonal

3. Coordination Number (C. N.) = 4 : The Complexes having
C. N.=4 may assume two types of geometries: (i) Tetrahedral (ii) Square Planar.
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Tetrahedral Complexes :

Tetrahedral complexes are most numerous such as:

[BH4)-. [AIH4 ]-, [BcF4 ]-', [Zn(NH3)41+', [Cd(CN)41-'

[Ni(CO)410 and also Mn04 -, CrO4-2 etc are some examples of tetrahedral

structures. They have metals using Sp3 taybrid orbitals for complex formation.

[Zn(NH3)41 *2 : When the orbitals of Zn+2 ion coordinate with four NI-13

molecules to form the complex ion [Zn(NH3)4 1+2 , each nitrogen atom of NI-13

molecules donates its lone pair of electrons to Zn +2. These donated electrons

occupy the vacant 4s and 4p orbitals of Zn +2 ion as shown below. The vacant

orbitals are shown by empty boxes.

Zn(30)—ls2 2S2 2p6 352 3p6 3sIO 4S2

3dI 0
	

4s2	 4pa

	Zn*
	 F 1-1 -1

	

F
Zn+2
	 I

	[Zn(M3)41 2
	

p, 1 11, 1 11, [", 1 11, ]
	

TI	 =1
NH3	 NH3NH3 NH3

SP 3—Tetrahedral

Thus a pair of electrons from each NH3 goes to one 4s and three 4p vacant

orbitals combined as 4s4p 3 hybrid orbitals or simply sp3 hybrid orbitals. Thus

the four NH 3 molecules are arranged at the corners of a tetrahedron with Zn'2

which has its 4 coordination number satisfied.

Common tetrahedral compounds include [Zn(CN)41-2, [Cd(CN)4 1-2,

1l`lg(CN)4 )-2. [Cu(CN)4 1-3, [BcF4] -2, Ni(CO)4, ICUC141 -2 and even anions such

as MnO4-, CrO4-2 etc.



Ni (28)	 (Ar)

Ni,2

[Ni(CN)4 ]-2

3ds

[t I tj

CN-

NC
Ci

NC

Square plar geometries of [Ni(CN) 4 1 -2 and lPt(NH3)2C'21

4-replanargeo"Wiry:
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4S2	 41) 
0

M, I E M.
F-1 EEF
F;,-1
CN—	 CN—CN-

dsp 2 hybrid bonds of Ni+2
square planar geometry

Square planar Coinplexes :

Square planar are not very common because of stcrical factors. Some metal

ions form square planar complexes particularly those having d s ions such as
Ni+1, Pd* ', Pt+1 and A U +3. CO*2 (d7) may form square planar compounds. In the

cases of chlorophyll and othcr biocomplexes the square planar forms of the metal

complexes are forced by the rigid structures of large ligands such as porphyrine

groups ctc.

The bond hybridization in square planar complexes is dSp2. 
[Ni(CN)4)-2,

[ Pt (NH 3)2C] 21, [NiDmg 2l o, (Dmg = dimethylglyoxime) arc some of the

examples.
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—

4. Coordination number (C. N.) = 5 : 5-coordinated complexes are

much less common as compared to C. N. 4 or 6. Complexes apparently
considered to have C. N. = 5 such as Cs3COC15 and (NH,4)3ZnCI5 actually

contain discrete tetrahedral MC4-2 anions and free chloride ions. Recently some

5-coordinated complexes have been made. These have trigonal bipyramidal

geometry which may be regular and distorted forms as well as square pyramidal

forms having both regular and distorted geometries. Thus pentachlorocuprate
(11) anion in [Cr(NH3)61[CuCI51 has regular bipyramidal geometry and

[Cr(en)31 [Ni(CN)sj has distorted square planar configuration.

[Ni(CN) 5 1-3	T,ILI '	 F.;
CN-	CN-	 CN-CN- CN-

d,2_y 2 sp 
3 square

pyramidal geometry

N

N

	

C	 C IIN

	N ///C	 C\\\ N

dsp 3 i.e. (dx2-y2) Sp3 hybrid orbitals of Ni leads to square pyramidal

geometry of [NiCI5]-3 ion. Fe(CO)5 has regular trigonal bipyramidal geometry

3d6

Ill,] 1 1 1 1111

CO

4s2	 4p'

CO	 CO CO CO

d,2 
sp 

3 hybrid orbitals of Fe'
(dSp3) in Fe (CO)s

F6

F; (rearranged)

Fe (CO)s
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involving dsp 3 (d 7.2 Sp 3) hybrid orbital of Fe * give trigonal bipyramidal

geometry

0

0

C-

c
III

0

Trigonal bipyramidal geomctry of Fe(CO)5

5. Coordination Number (C. N.) = 6:

Of all the coordination complexes known, those containing 6-coordinated

bonds having octahedral geometry are most numerous. Transition metals as well

as non-transition elements form large number of species. Examples like

[ AI(H20)61+', [Ti(H20)61*', [Pt(CI)61 -2, [Fe(CN)61 -1 and the most discussed case

of [Co(NH3)6 1,3 are familiar. Examples.

[Co(NH3)61 +3 complex ion :

Co (27) — I S2 2S2 2p6 352 3p6 3d' 4S2

4s2

F']
NH3

Co(Ar)

CO+3

[C0 +3 (rearrjjlged)

ICO("3)6)1+3

3d7

It 1 11, 11 1 FF1

111,111,111,17^

NH3 N143

4pO

NH3 NH3 NH3

d2sp 3 hybrid orbitals o f CO,3

d2Sp3 is actually (dx2-y2 dZ2)Sp3 hybrid orbitals giving octahedral geometry.

Thus 12 electrons from 6NH3 molecules enter into two 3d, one 4s and three

4p orbitals, two electrons from each. Since all the 6 bonds in the fCo(NH3)61 *3

complex ions are completely equivalent, the formation of six d2Sp3 hybrid bonds

take place which are directed in space with octahedral geometry.
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d2Sp3 (d X2 — y2, d^2) Sp3 hybrid orbitals having octahedral geometry :

H,

	

H,N	 NH,

0+

	

H 3N	 NH3

NH3

Octahedral geometry of [Co(NH3)61 13 ion

The oxidation of CO*2 in presence of some ligands has been considered as

an achievement of VBT. Thus [Co(H20)6]C'2 in presence of NH3 as ligands
.3oxidizes Co12 to CO*3 forming [Co(NH3)61 .

K3 [Fe(CN)
61-3 like [Co(NH3)61 +3 has the octahedral geometry since Fe+3

uses d2Sp3 hybrid orbitals but has one unpaired electron in the d-orbital thereby

acquiring the magnetic property. However, [Fe(F)6 1-3 although has the same

octahedral geometry but possesses five unpaired electrons. In the latter case the

hybridization is sp 3d' (outer orbital complex).

	

3d	 4s	 4p	 4d

K4[Fe-(CN)61

CN-CN-CN-CN-CN-CN
d2 

SP 
3

	K3[Fe(CN)611 tj 11, ^= E	 I I	 I ^
CN-CN-CN-CN-CN-CN

d2,p3

K3[Fe(F)61	
til [-'^] : I : I	 I
P P F- F P F

sp3d2

The most important noticeable effect of the rearrangement of electrons during

complex formation is the appearance of paired and unpaired electrons.
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This manifests itself in the magnetic properties of the compounds before and

after complex formation. Compounds with unpaired electrons are attracted into

magnetic fields and are called paramagnetic. Thus K3Fe(CN) 6 and K,FeF6 are

paramagnetic complexes having I and 5 unpaired electrons respectively.

Compounds containing paired-up electrons arc not attracted into the magnetic

field but tend to move out. Such substances arc called diamagnetic.

[CO(NH 3)61CI 3 and K4[Fc(CN6] are diamagnetic complexes.

The Limitations or Valance Bond Theory.

(a) The valence bond theory does not explain many of the physical

properties of the complex compounds, such as absorption spectra, heats of

formation, heat of hydration, stability constant etc.

(b)The peculiar behaviour of divalent metal ions (d8 ions), such as Ni*2,
Pd,2, pt*2 which form dsp 2 hybrid bonds to g ive square planar complexes

instead of the expected 5-coordinated dsp 3 bonds ' is not explained.

(c)The major weakness of valence bond theory is the bonding in CU*2

complexes which is supposed to use dSp2 hybrid orbitals. CU*2 is a d9 ion and a
complex of CU*2 , such as [Cu(NH3)4 1,2 has square planar structure according to

valence bond theory. Thus,

CuO (Ar)	 3dI0	 4s'	 4po

CU+2	 t 1 11, 1 1^

Cu(NH^4 +2 111,11LIli'll

	FI	 E M-I
NH3	NH,	 NH3 Nl^

dsp2

In order that dSp2 bonds are formed, the unpaired electron in 3d must be

promoted to a high energy level, such as in 4p as shown above. This give@

instability to the complex and the unpaired electron should be easily lost

producing a CU,3 state. But this does not happen. CU*2 complexes are stable

compounds.

(d)The magnetic moments of some complexes of the same transition metal

are widely different. Thus the Fe* 3 complexes. K3Fc(CN)6 and K3FC(F)6 have

magnetic moments F7 and 6'0 B.M. (Bohr Magneton) corresponding to one

unpaired electron and five unpaired electrons in their respective molecular

structure.
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(c) The distortions in molecular structures have not been explained.

Thcs,, and other limitations have been successfully explained from the point

of view of the Crystal Field Theory (CFT) or Ligand Fi*W Theory (LFT) which

provides a simple explanations regarding the Unicturcs o. complexes.

The structures of complexes have also been explained on the basis of

valence shell cicctron pair repulsions as discussed in Chapter 5 mainly for

compounds of non-Lransition elements but the presence of d electrons produce a

great deal of deviations as expected.

Isomerism in Complex Compounds

Since the groups coordinated to metal atoms in complexes are situated in

space, there can be various modes of their arrangements. This situation gives rise

to the phenomenon of isomerism in complex compounds. Isomers are defined as

compounds having the same formula but different structures. Again, because of

the different types of bonding system and the various ways of arranging the co-

ordinated groups, a large number of different types of isomerism are exhibited by

the inorganic complex compounds. Some of these types of isomerism are

discussed. :

1. Ionization isomerism, 2. Hydrate isomerism, 3. Linkage isomerism,

4. Geometrical isomerism, 5. Optical isomerism, 6. Polymerisation isomerism.

7. Coordination isomerism 8. Ligand isomerism 9. Ring size isomerism.

10. Electronic isomerism etc.

A brief description of some important types of isomerism is given with

reference to the 6-coordination complexes (complexes containing 6-coordinated

groups).

1. Ionization isomerism : Complexes containing the same chemical

composition but giving different ions in solution are called ionization isomers.

Thus [Co(NH3)5BrISO4 and [Co(NH3)5SO4)Br are ionization isomers. In solution

these compounds give tests of SO4-2 and Br I ions respectively. Similarly,

[Pt(NH3)4Cl2]Br2 and [Pt(NH3)4Br2]Cl2 are differently ionized in solution. The

acidic groups within the coordination sphere are not ionizable.



COMPLEX COMPOUNDS	 701

2. Hydrate isomerism: Water molecules coordinate with metal ions

through the electron pair of oxygen. It can also combine with a complex as

water of crystal lisation. Isomerism exhibited by complex compounds due to the

different mode of combination of water molecules is called hydrate isomerism.
Thus [Cr(H20)61CI3 and [Cr(H20)5CIJCl2.H20 are hydrate isomers.

Similarly, [Co(NH3)4H20-CI]Br2 and ( Co(NH3)4 Br2lCl.H20 are hydrate

isomers.

These hydrate isomers show difference in physical and chemical properties

and allso in colour.

3. Linkage isomerism : Linkage isomerism or structural isomerism

occurs when a coordinated group has two or more atoms which can function as
electron donor. Thus in the nitro group, NO2- the donor atom may be either N

or 0. Similarly, in the thiocyanatc group, SCN-, the donor atom may be S or

N. Isomerism exhibited by complexes due to different modes of coordination of

the same group with metal ion is known as linkage or structural isomerism.

This arises due to the electronic arrangement in the molecular structures of the
coordinated group. Thus NO2- group has structures (1) and (IQ:

	

—N=O	 — 0— N = 0
1

	

0 ( 1)	 00
S—C =- N and *. N a C—S also produce linkage isomerism.

The cobalt complex, therefore, has two forms:

Co — (NH3)5
XCo -----(NH3)5

N=O	 C12	 or	
C12

I I	 O—N--O

0
4. Coordination isomerism : Complexes containing both cations and

anions as coordinated compounds exhibit coordination isomerism.

[CO(NH3)61 [Cr(SCN)61 and [C(XSCN)6] [Cr(NH3)61,
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(Cf^W3)4(CN)2][Co(NH3)2(CN)41 and [CO(CN)2(NH3)41[CO(CN)4(NH3)21 are

som

5. Polymerisation isomerism The units of the polymers are of

different complexity. Thus in [ Co(NH3)3(NO2)31,, 9 isomers occur. Similarly

[Co(OH)3 COX 3. 6NH312 units are present in the following complexes which

exhibit polymerisation isomerism.

2,
N)3ĈO(Ol03 Co(NF13)312 X6 and

"_0 (0 2 Co(N 1 13)4) 3 1 X6

11116. Ligand isomerism : Ligands having different structures and different

chemical species produce ligand isomerism.

[ H 3N)4COS03SCN I and [(H PD4 COS203CNI and also the following are

ligand isomers :

Cl

and	 (H3N)4C0

Cl

Cl

(H3N)4C0 (

/Z	
Cl

ectronic isomerism : Isomerism arises due to different electron

s between metal and ligands.

1(H3N)5CoNO1*2 and [(H3N)5 CoNOJ*3

These may have Co*2, CO*3, NO, NO- and NO' species in the molecular

structures.

^"8 Geometrical isomerism : This is also known as stereoisomerism or

cis-trans isomerism . This is the most important type of isomerism in the co-

ordination compounds and is a direct outcome of the arrangement of the co-

ordinated groups in space. The geometrical isomerisom is based on the geometry

of the coordination complexes and is exhibited by compounds of 6-coordinaLion

numbers and also by other coordination numbers.

It may be noted that when the coordinated groups are the same, no

geometrical isomerism is possible. Geometrical isomerisom is possible only

when there are at least two groups different from the rest as in (MA4132) in the

octahedral and (MA213 2) in square planar complexes, where M is the metal atom

and A and B are the different groups.
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In fact the two isomers in MA 4 13 2 was the convincin g proof of the

octahedral geometry since other hexa-coor(linated or substituted forms of MA4132

have different configurations

1	 1	 2	 1

3/ 2	

3_ZA^' 2
5^)4	 1 ^^4 

Experimental

5	 4

6	
6

plane hexagon
	

trigonal prism	 octahedron

MA,B	 I Isomer
	

I isomer	 I isomer	 I isomer

MA4 132	 3 Isomers
	

3 isomers	 2 isomers.	 2 isomers.

MA3 13,	 3 isomers
	

3 isomers	 2 isomers	 2 isomers

For example, [Co ( Nl1 3)4Cl 2,J CI will have two isomers due to different

arrangement of the 20 within the complex ion; the ionic Cl- is not shown in

the diagrams below :

1H,N N 

H, 

Cl	 H,N Cl NFI,

Co

FI,N/	 I	 H,N/ I \NH,
NH,	 CI

Cis-isomer	 Trans-isomer

The two Cl may be adjacent to each other or may be apart. When the

positions of the coordinated group are adjacent to each other the complex is

known as a cis-complex. When the groups are situated diagonally opposite to

each other the compound is known as a trans-complex. Similar is the case with

I Pt(N H3)2C'21, a 4-coordination complex :

H,N\ 

Pt 

/CI	 11,N\ ",/Cl

H,N	 \1CI	 cl / \ rM3
Cis-isomer	 Trans-isomer

Geometrical isomerism or cis-trans isomerism is also exhibited by

compound MA3 13 3 type as in [ Co(NH3)3 C131.



HOU
	

LN-TRODUMON, TO MODERN WORGANIC CHDAISTIRY

H3N CI NH,

CO

I \'Cl

. Z

NH3

Cis, cis, cis

Optical (isomerism

cl
H3N \1 / 3

C

NH3 
/ I	 I

cl
Cis, cis, trans

This is also known as mirror-image
isomerism. In most cases when chelatcs (groups or ligands or species such as
NH 2—CH 7—CH 2—NH2 form two N—M bonds) enter into 6-coordinated
complexes forming compounds of the.type Co(en)2AB where (en) stands for

NH2CH2CH2NH2 and A and B are the different groups coordinated to cobalt, both
cis-and trans-forms arc possible. The cis forms show optical isomerism. (See

Za 
0'

D.,	

i"ti	

of Cis-Trans isomers

Bo ins:ental and chemical methods are applied for the identification of
cis-trans configurations of the coordination complexes. Instrumental methods
consist of spectral studies, x-ray diffraction, dipole moment etc. The chemical
methods	 based on reactions. These are:
--A 7))1`nmt=d.ction of a bifunctional group : A bifunctional group is also

known as bidentate group. 'Me process of introducing a bifunctional group in a
complex structure is known as chelation. A bifunctional group "bites" the metal
ion at two positions. These groups are:

NH,—CHr—CH 2—NH2, NH2CH2COOH, CO3-2, C 204-2 etc -

NH,

3N

H,N	 OH
H $OH

NH3
Cis-compound

NH3

no	 0 H3N—21 12	

O> = 0
HO/ 

C=o --) 
H,N *0

NH3

H2CO3
CO372 (bifunctional	 Reaction
group)	 occurs
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OH

H 3N [— I NH3
i1	 0

H3N I :CO NH3

Oil
Trans-compound

HO 

\
+	 C=O	 No reaction

HO 
/

A more common group is ethylencdiaminc NH 2CH 2CH2H2N (en) in which

the two N atoms coordinate in two, four or all the 6 positions of 6-coordinated

complexes i.e. one (en), two (cn) or three (en). Cis-trans isomers identified

through coordination of two (cn) quite clearly.

Ci
H2C—H2N\l /NB2--CH,

I	 Co	 1

H2C	
2N/ I \NH CH2

Ci

Trans isomer

CH2 — CH2
NH, Ci

H2N	

NH2

CH2—CH2

Cis isomer

Substituting another group in the organic part of trans isomer also gives

cis-Lrans isomer. This is also an example of Ligand isomerism.

Ci	 C1	
CH,

ll2C — H2N I NH2 — CH2	 H2C — H2N	 NH2-C\
H3C\\ I	 \ 

C<^ I /CH, H'C \ I
	

^<	
I CH,

/ 
c- H2N ,-' I	

2-C	

C_ 

H2N	 NH2 — CH3
li3C	 Cl	 \CH3 HC	 Cl

Cis-isomer	 Trans-ISOMCT

,,^h) ^Di^olf.,,=tion

Consider the reaction :

beat
[Co(NH3)5 H20 1 C1 3 ----4	 [CO(NH3)5CI]Cl2

No diol formation

—45



706	 INTRODUCTION TO MODERN INORGANIC CHFWMy

OH

H,N	 3 Heat
Co	 No diol formation since OH and H20 are in trans

H J ):73	 NH'	 positions.

H20
Trans-COMpound

NH3
H,N	 OH

H 3N	 OH2

NH,
Cis-compound

NH3	 NH,	 NH3
H20	 NH, Heat H3N	 OH	 NH3

+	 Co	 2H __ 0	 CIO
HO * NH3_ 2 

H3N [ 1	 3OH
NH3	 NH3	 NH3

Diol formation
Sim ply the reaction may be represented as :

2	 2	 _21120[Co(NF] 3)4 (H20)OHJ 4 + [Co(NH3)4(H20)OHI+

l(H 3 N )4 CO	

OH	

Co(NH3)4 1+4

OH /
which is a diol (polynuclear complex)

Only the Cis-compounds with appropriate ligands formed the dinuclear
(containing two metal atoms) or a diol (complexes containing two OH groups).
OH group acts as a bridge group between the wo Co atoms. Other bridge groups
arc : —NH—, —SH—, —0— etc. and may combine two or more metal
complexes forming polynuclear species with one, two or three bridge groups.
Optical Activity in complexes :

0 1 0 Obviously, the trans-form is symmetrical and, therefore, has a plane of
symmetry. But the cis-form has a mirror-image which is not superimposable and
thus does not possess any plane of symmetry. Such molecular structures are
found to be opticall y active, i. e., they rotate the plane of a Polarized light. A
large number of inorganic optically active complex compounds have been found
to exist. The cis-form [ Co(en )2NH3CljBr2 has been found to be optically active
bocauw the mirror-image form is not superimposable:



N	 N

Cl [QN N	 Cl

Cl	

r4 

Iq	 CI

^^ N'

cis

Cis-forms are optically active

(Non-symmetrical)
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N

t4o 
N

N,

Cl

frow

trans-form not optically active

(symmetical)

COMPLEX COMPOLNDS

NH 2 CH2 CH2 H 2N represented as NO-"\N or en

Optical activity is retained even when A=B (both arc NH 3 or CI). Compounds of

the compositions [Co(en) 3 1 *1 are also optically active and are enantiomorphs.

Some need resolutions into d- and 1-forms.

NH2

NH	
N I I'L

H2C__	
7f,	 A, 1

N 2 cl 12

\ Cl 12

	

N	 ^^N	 or	 N

NQ^ NNQN) ^ (N N

(N	

N	

N	 N	 N
180*

Rotation

Optical isomers (en = NH 2 CH2 CH 2 NH2)

Chelate complexes : In the following examples the coordinated group

has only one atom which donates a pair of electrons to form a coordinated bond

with the central metal ion arid, each group.occupies only one position :

	

[Cr(H2O),,]"	 . [CoQ^113)61 *' 	 [Ag(NH3)21'	 [Ni(CN)41

Such groups or ligands are called monodentate ligands. But there are groups

which may have two ot more atoms which coordinate with the metal atom

simultaneously and occup^ two or more positions in the molecular structure.

The ligands are known as bidentate, tridcntatc or polydentate.
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A coordinating group or ligand that occupies two or more coordination

positions in a complex and contributes more than a single pair of electrons is

known as a chelate group, and the complex is known as Chclale. The process by

which chelates are formed is called Chelation. Thus C204 —2 ion,

ethylenediamine, NH2CH2CH2NH2, glycine, cic donate electrons to the metal

atom at the same time occupy two positions in the complexes. Thus

NH2CH2CH2NH2 has two nitrogen atoms and each has a pair of electrons for

coordination with, Say , CU*2 ion. Hence only two molecules of

NH2CH2CH2NH2 Will satisfy the coordination number 4 Of CU*2 ion forming

ICu(NH2—CH2—CHr--NH2)21 +2 having the following configuration in the

molecular structure :

+2

H2C—H, 
1*11\ 

/ NH2—CH2

I	 Cu	
I

H2C—H2N	 \NH2—CH2

Chelate

Cu--eLhylenediamine

H,C—CH,

H—N

Chelate group

(ethylencdiaminc)

Dimethyl glyoxime which is generally used for identification and

quantitative determination of nickel also occupies two positions in the complex

having the structure :

0
	OH	 0

	

1	 T

	

H'C—C^N	 N=C--CH3

I	 Ni \	 I

	

H3C—C=N	 N^C—CH3

	

I	 I

	

0	 HO

Ni--dimethyl glyoxime Complex

Similarly, NH2CH2COOH also provides two atoms for the formation of

chelate. Thus with Pd*2:



H2C—H2N

I

0 = C—OH
-LM-2	

H,C—H2N 
\ .2

2	
1	 M/2

0=^—O

CONIMIX COMPOUNDS	 7 (Y)

H2C—NII,	
/ 0
— CO 10 * NH2 — C112

I	 \ P(I	 I	 I
OC— 0 / \\ NH 2— CH 2 	*011 —CO

Pd-glycine Complcx	 Glycine

Notice that there is difference between the charges of the complex ions

formed by ethylenediamine, dimcthyl glyoxime and glycin , e. Ethylenc(liamine

has two nitrogen woms which provides the two pairs of electrons to Cu *I ion

and, therefore, satisfies the coordination member 4 of Cu *2 ion by two molecules

of NH 2CI1 2CH2NH2 The dimethyl glyoximc and glycine not only satisfy the

coordination number but also neutralize the charges on the metal ion, that is,

satisfy the oxidation number of the metal ion at the same time, because the

molecules of dimethyl glyoximc and glycine have H atoms which can be

replaced by metals. IC means that the acidic part of these groups also acts

simultaneously. These produce electrically neutral complexes. The lone pairs of

electrons on 0 in 014 provide the coordinating electrons :

CH3— C = NOH	 -2
,M+2	

I	 rvV2

3--C :-= N

I

0

CH3—C = NOH

I

k-t13—C = NOH

dimethyl glyoximc

These ligands which "bite" at two positions in the metal ion are known as

bidcntateligands. NH2CI12CH ;^ HCl12CIIN H2 is a tcrdcniate a ligand,

N H,CH 2 CHN HCH2CH2^1`1CH2CH2TI2

a ^uadridentate ligand

HOOCCH, 
> N—CH 2--CH2—N < 

CH2COO"
HOOCCH 2	 CH2COOH

a hexadcntatc ligand (EDTA). The configuration of such chelate complexes are:
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,CHi-CH2	 CH C H	 N	 N	 N	 N
H2N	 NH / 

2— 
\ 

2	
^C^-2

NH

N	 N	 N t N

Tridentate Ligand	 Tetradentate	 Hexodentate

It is to 
be 

noted didt Ictradcrtlate Cu-phathocyanine complexes assume square planar

geometry imposed by the ligand structure.

Chelates in which both the coordination number and the oxidation number

of the metal ions aw satisfied simultaneously to produce neutral complexes, are

often known as Inner complex compounds.

Cis-trans Configurations in Square Planar Complexes

Square Planar complexes may also exhibit cis-and trans-forms when

unidentate ligands are used. Pt(NH3)2C]2 show cis-Lrans isomers which are

determined by the method of synthesis.

- -2

cl	 CI	 cl	 Cl	 CI	 cl
\ /	 - N113	 M13

	

_CI / 

Pt 
\ CI Nil,' I cl

	

Pt	

N113	 f

I 

13N	

P1	

NH3
Cis

+2	 +

	

H3N 

Pt 
NH3 __ HCI _+ H3N Pt NH3 HCI 

H3N 

Pt	

CI

H3N	 NH3	 CI	 NH3	 CI	 NH3
Trans

The synthesis is based on the principle known as Trans Effect. The trans

effect is defined as the property of a ligand to direct an incoming ligand during

the replacement reaction to take a position in the complex trans (opposite) to

itself. Some of the ligands arranged in the decreasing order of the ability to

function as trans eliminating group is as follows:



	

CO.'vll'LL*X COMPOUNDS	 711

CO = CN— > NO 2— > I — > Br- > Cl— > NH3 > OH — > H20

Application of the trans effect principle has made it possible to make

complex species. Such as

H3N	 NO2

Pt

H2O	 B,

This species is not optically active although there are four different ligands

but it has three geometrical isomers.

A\ C	 A\ B	 A\ B

M	 M

D	 B	 D / C	 C / D

A=NH 3 , B =NO2, C= Brand D= H20-

Cis-Trans isomers in simple complexes through chelation

Optical activity in chelated complexes may also be used in connection with

the determination of cis-trans isomers. The classical example of the cis-Lrans
form of Erdmann's salt NH4[ Co(NO2)4(NH3)J which has both the cis-and trans-

form configurations may be cited.

The conversion to oxalate complexes of the two forms leads to the

introduction of metal oxlatc, complex ions.
NO2 	 C20	 C 204

02 N $ NH,	 NH, I H N

2	 : 3+ H C204	 I	 Co
02 N	 NH3	 NH3 :H3N

NO2	
C104	 C204

Cis Compound

	

	 m i rror
Optical isomer

NH3	 NH,
02N	 NO2

02 N	
NO2 + H, C 1 0 4 - C 2 04(::]p C2 04

NH,	 NH3
Tra ns-Compound	 S y m me t r i c a I
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The trans form has mirror-images which arc superimpossable and has no

optical activity. But the cis-forms is optically active.

The mirror-imagc of cis-form is not supremipossable and therefore

Erdmann's salt was proved to 
be 

a Cis-Compound. More examples have been

given under chclate complexes.

Normally the tetrahedral arrangements of ligand give fisc to the formation of

optically active isomers. A unique case of optical isomerism occurs when

I -phenylbutan-1, 3-dione forms a complex with Bc12.

C,H5	 CH3

\ 0
	 O=C/

H — C //5: \ Be 
/ \ C—H

\ C 0/ \ 0— C 1//
H3C /	 d—form	

\ C,H5

H3C
CA

/^z 0\ 
Be/0_ C\/\H — C 

\\C— ()/ \ () — C/ C__ 11

CA /
	

1—form	
\ CH3

In square planar complexes, no optical isomerism arises but an optically

active ligand may impart optical activity in special cases.

METAL CARBONYLS

The transition metals having d-orbitals possess the ability to form

compounds with various neutral molecules such as CO. These compounds of

metals and CO are known as metal carbonyls. There arc two groups of metal

carbonyls namely (i) monorn- t allic carbonyls such as Ni(CO)4, Fc(CO)5,

Cr(CO)6 etc and (ii) polymciallic carbonlys such as FC2(CO)9, Fe3(CO)12,

CO2(CO)8, Mn2(CO)10 etc.

Preparation : These metal carbonyls are formed by various direct and indirect

methods.

Ni + 4CO 
30-50*C ^ 

Ni(CO)4
I atmos

Fe + 5CO	
50*C	

Fe(CO)5
100 atmos

Co + 6CO	
I 00*C	

CO(CO)6200 atmos



CO."INIX COMPOUNDS

Cos + 8co 
Cu or A^___, 

Co,(CO),S
300 atmos

NIX,, + YCO	
Tenipr. , 

Nix (CO)y Xn
I)ressilre
THF

(unstable)
+ reducine aeeni^
Ag, Na, Al, Mg etc.

713

X = h^didc

IVI = Incial

T1 IF (tcu-a-

hydrofuranc)

solvent

Nlx(CO)Y

x = No. of inctal atorns

y = No. of CO groups

Fc(CO),

	

	 "'- 
lidit	

- Fe2(CO)q —> Fc(CO) 5 + FC3(CO)12photosynthc^is

Mn02
112Fe(CO)4	

,	
FC3(CO)12

-`1HCo(CO)4 -L"-!-) CO2(CO)l

Properties

(a) Decomposed by heating giving very purc metals

150'
Ni(CO)4 ---) Ni + 4CO

Fc(CO)5 helt —) Fe + 5CO

(b) Act as reducing agent and react violently With 02 or H20

()2
Fe(CO)5 + H20 , Fc,203 + CO2 + H2

(c) No action of acids

(d) React, with NO and CO is replaced according to 3CO = 2NO

	

Cr(CO)6	 + 2NO	 Cr(CO) i(NO)2 +

	

Fe(CO)5	+ 2NO	 FC(CO)2(-NO)2 +

	

CO2(CO)S	 + 2NO	 2CO(CO)3 NO +

(e) Fe(CO)5	+ Ba(Off)2	 142Fc(CO)4	 +

aq. soln.

	

(1) Mn2(CO)10 + 2Na	 2NaMn(CO)5

3CO

3CO

2CO

BaCO,
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Structures or Metal carbonyls :

Lewis structure of CO is : C : : : 0 : and E. A. N. Rule is obeyed.

(i) E. A. N. for Metal Carbonyls:

Coordination with metals takes place through the lone pair of C. In rhany

cases Effective Atomic Number Rule is obeyed in the cases of monometallic,

polymetallic carbonyls, carbonyl hydridcs and also carbortylate ions.

Ni(CO)4 Ni = 28c + 4CO = ge Total 28+8 = 36c (Kr)
Fc(CO)5 Fc = 20c + 5CO = I Oc Total 26+ 10 = 36e (Kr)

Cr(CO)j, Cr = 24c + 6CO = 12c Total 24+12 = 36c (Kr)

rvlo(CO)6 Mo = 42c + OCO = 12c Total 42+12 = 54c (Xc)
W(CO)6 W = 74c + 6CO = 12c Total 74+12 = 86e (Rn)

It is to be noted that metal carboryls contain metals in the zero oxidation

states.

Odd atomic number metals carbonyls obey E. A. N. Rule in the ionic forms

and in polymeric nictal carbonyls, the metal-mctal bonds satisfy the inert gas

formalism :

Mn(CO)5CI

NajMn(C0)5]

" [CO(CO)41

FC2(CO)9

CO2(CO)g

Fe3(CO)12

C04(CO)12

Mn = 25c 5CO = I Oe Cl - = le Total = 36c

Mn = 25c 5CO = l0e + le Total = 36c

Co = 27e 4CO = 8c + le Total = 36c

Ye = 52e 9CO = Be Fc—Fe = 2e Total 72/2 = 36c

Wo 54e 8CO = l6e Co2 = 2e Total 72/2 = 36e

3Fc	 78e 12CO = 24e Fe 3 6e Total = 108/3 = 36e

4Co 108c 12CO = 24e Co4 l2e Total 144/4 = 36c

(H) VBT and hybridization for Metal Carbonyls : The metal-

carbonyl bonds arc linear and in monometallic carbonyls the formation of bonds
occur due to hybridi7Ation of metal orbitals through overlap of dn metal

orbitals with pn orbitals of CO and M—CO-bond. In N'(CO)4 metal USCS.Sp3

hybrid bonds giving tcLrahcdral geometry to the molecule. Similarly in Cr(CO)6,

chromium uses d2-.,p3 hybrid orbiuds forming octahedral geometry of the
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(z^ 0NI — C =0

0

Ni	 C = 0

(In - I)n bond. (VBT)

molecular structure. Fc(CO)5 obviously is formed by the use ofdSp 3 hybrid

orbital of Fe (dz-spl)

r
C

C/ N
it \

C C1\\\
0	 J	 0

0

0
::I

0 *\ C C,

Fc— C= 0

Cz
o,5^^	 C

11
0

0
0	 0

C	 41

Cr

1^1 

C/ C 
C%\

0	 11	 0

0

The polynucicar nictal carbonyls contain metal-meLal bonds which are not
adequately explained according to Valence Bond Theory.

0
C CO	 CO	 CO CO

	

0C \\\ /X CO
	

^ / CO

	

OC— Fe Fe CO	 OC—N4n —Mn— CO

OC/ 	\COC
0	 CO CO 0C CO

Fe2 (CO)q

CO

Cco

0
OC 
VMn

CO
0C

	

0C	 0

0)C

	

C	 CCO

CO
Tilted structure of Mn2(CO)1O

lvin^ (CO)IO

(CO)3

CO

(CO)3 CO	 CO (CO);'

Co

(CO)3

C04(CO)12



716	 IN1RODUC110\ 10MODER-N INORGANIC ('111.\11SM

(iii) Structure of metal carbonyls according to Molecular

Orbital Theory (A10T) :This is an claborate treatment for bondin g in nictall

carbonyls. The followin g points are taken into considc rat ions: (i) C^O bolld in

CO (ii) metal-carbon bonds (iii) metal-ineud bonds 
and 

(iv) brid g im , , roup.^ in

polynucicar metal carbonyls. Firstly, there are triple bonds in CO havill , I a and

2Tc bonds. The carbon lone pair is actually hybrid sp bond. Secondly, the

overlap of lone pair of carbon with d, s, p vacant metal orbital form

metal-carbon bond. Thirdly, the C—M (i bond is further stabilized by back

donation of Tc ''l,:ctrons from metal to C. This process takes place by the

overlapping of I 111cd non-bonding d orbitals of mcial with the n * antibonding

orbitals of CO forming rrmal- li gg and n-bonds.

M	 C

(a) Overlap of nietal orbital with filled a—orhital of C giving NI--C o—hond. (b)

Overlap of filled mcial d, or hybrid dp, orbital with enipty p ,-. anlibonding orhil;il

of CO.

Thus according to VBT, M--CO bonds in metal carbonyls we disbriguished

as C—M c; and M—C as d,—p, bonds, whereas MOT indicates C—M c, bond

and M—C bonds are d,—p,. (anitbonding orbitiOs of CO).

METAL NiTROSYLS

Nitric oxide NO exists in three forms : NO, NO' and NO–. Metal niLrosyls

are the compounds of metals with the neutral NO which is coordinated to metal

through N. The odd electron in NO in the antibonding orbitals is first transferred

to the metal thereby reducing its oxidation number by one unit. NO* is

isociccLronic with CO but coordinates with metals by donating 3 electron in the

neutral form. Thus NO coordinates with metals 
to s

atisfy the need for an odd

number of electrons for the E. A. N. rule. Therefore generally metal nitrosyls

occur in complexes with mixed ligands.
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Fe(CO)5 + 2NO -> Fc(CO)2 (INO)2 + 3CO

COACO)l + 2NO	 ) 2Co(CO) .j NO + 2CO

N'(C5H5)2 +NO-) C5H5NiNO

Cr(CO)6 + NO	 ) Cr(CO)3(NO)2

NO * is isocicctronic with CO and CN - and therefore mixed ligand

compIcxesare formedas:

K 2 [Fc(CN),NOJ

K3lFe(CN)5CO]

K,[Fc(CN) 5CNI i.e. K,[Fc(CN)61

Nitroprussidc ion [Fc(CN)5NOJ-2 reacts wi th S-2 ion in alkaline medium to

give violet colour used for identification Of'SUIPIMICS.

01

11

K2[Fc(CN)5(NO] + S-2 + alkali	 K4 Fc(CN) 5 N
I

S

Structure of metal nitrosyls : (i) NO transfers the odd electron to

metal and the ligand NO* isocIccLronic to CO coordinates with the metal. Hence

NO is a 3 electron donor. Metal niLrosyls obey the E. A. N. rule as in the case

of N'(CO)4, CO(COMNO), Fe(CO)ANO),_ IvInCO(NO)3 
etc

-

M + NO	 M- + NO*	M_ N+ __ 0+ 11 M-=+N= 0

According to MOT, NO + is a a— donor and back donation form metal to NO

also occur. But n'p y and 7i * p, anfibonding orbitals of NO+ are empty and accept

electrons from the metal d-orbitals. In the case of octahedral structure back

M <:E) + 4W N ' S P, 0<:2) --o- M<^N-0<0
Sp3

z9	 ;i^ ZD
+ N-0	 N -0OF"'% V ^ ^ N;^^ (:^7"N%G7

d xy, or dyz	 7T p y or Ti p,	 Tr
or dxz
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donation occurs from d,y, dy, and d .,, and in the case of tetrahedral the back

donation occurs from d.2 - y2 and dz2 metal orbitals.

(ii) The alternative assumption that NO first accepts an electron to form

NO- and then coordinates with an electron pair to the metal also holds good.

Since apart from linear M—N=O bond system there arc examples in which NO

is bent.

tA —	 (N using Sp2 hybrid bonds)

0

Thus NO indicates anomalous behaviour.

Comparison of Afelat Nifrosyls and Mcial Carbonyls

1 . NO is a 3 clectron donor. CO is a 2 electron donor.

2. 3 CO arc replaced by 2 NO in a molecular structure

3. Both NO and CO give cy and it bonds with mctals to form metal niLrosyls

and metal carbonyls.

4. NO* is acidic but CO is neutral. Bonding of the two with metals appear to

be complex.

5. CO always gives linear M—C 0 bonds. But M—N = 0 is also bent as

well as linear

M—N	 Nj 2	 -- N' = O*	 M-=N*=O
Sp2\\ 

0	
sp	 sp

6. Substitution reactions occur in metal carbonyls but not in mcud nitrosyls.
7. M—N bond is 1.57 - 1.67 A whereas M—C bond is 1.7-1.9A
8. Infrared absorption regions are different. (CO-1600 cm -1 , NO-1800 to

2300 CM-5)

COMPLEXES OF AROMATIC GROUPS. OLEFINES AND
ACETYLENES

Metallocenes : C 5 1-1 5 anion (cyclopentadicnyl anion) derived from
cyclopentadicne C5yl6 functions as a uninegative ligand. Besides C5"6 a large
number of carbocyclic systems and their derivatives give n-complcxcs with
metals. The following arc common it-complexes ligands.
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C4 H4 C 5 H5 C6H6	 C7H7

M [^^ @ @

4-	 5-	 6-	 7-

719

C8 H8

(0

-

0
C31-13

A
3-

/7 — ELECTRONS

The Tr-complexes of metals with C5115 ion is generally called McIallocenes.

The general formula is i

I (C5 1 102 
N.In.1 X.

where n = oxidation state of metal M and X i s a uninegative ion such as Cl -

Thus Fc* 2 complex Fe(C5 11 5 ), is known as FerR)ccnc

Ni*I complex Ni(C5H5)2 is known as nickelocenc

CO*3 complex Co(C5H5)2C' is known as dicyclopmadicnyl cobalt(Ill)

chloride. and soon.

Preparation General method is the reaction of sodium

cyclopmadicnide with a metal halide or complex halide in suitable solvents such

as tcLrahy(frofuranc, ethylene glycol, dimcthylformainidc etc.

TIIF or
2C5H6 + 2Na E,— 2C5H5Na + H,

t ler

111F AX2

M (C5H 5)2 + 2NaX

2. Direct reaction : When vapour of cyclopentadicne is passed over heated Fe at

300'C, ferrocene is produced.

2C 5H6 + FC 3 OO'C (C5HS)2 Fe

3. Grignard's reaction using cyclopentadicnyl magnesium halide.

2CSH5MgBr + MX2	 ) M(C5H5)2 + MgX2 + MgBr2

C5H5Mgl + FeCl 3	 Fe(C5H5)2

Properties : (i) Complexes of first transition series Sc—Zn have all m. p.

about 173'C. (ii) Vibrational spectra of the complexes resemble closely (iii)
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M *I complexes are strong electrolytes. (iv) These complexes are intensely

coloured compounds.

Aromwicity : This is the property of a cyclic, conjugatively unsaturated

molecule to undergo substitution reaction rather than addition reaction. Such

substances are benzene and other such organic molecules, carborancs,

phosphazincs, carbocyclic ring metal 7r—complexes. etc.

Structures of Ferrocene

The peculiar structures were noted by the following reactions:

(i) Fc(C5H5)2 could not be reduced by H2 + a catalyst

(ii) Fc(C5115)2 + KMN04	 No evidence of unsarruation

(iii) Fe(C5H5)2 + Br2 or FINO3	 ) [Fe'3(C5H5)21+Fcrriciniumcation.

(iv) Only one C-11 stretching frequency in infrared spectra indicating all H

are structurally similar and equivalent.

(v) Fe--C bond not localized to one C atom.

(vi) Multiple bonding occur between C rings and Fe due to donation of n-

electrons to the vacant metal orbitals. But such donation is unlikely because of

aromatic nature of the ring.

(vii) Donation of 6 electrons from each CA - rings leads to dISp3 hybrid

bonds of Fe. This could not be proved by x-ray diffraction.

(viii) Significant Electron Number Rule (S. E. N.) indicated assumption of

inert gas configuration by the metal atom in neutral condition for outer electron

configuration such as :

(C5H5)2Fe	 Fe = Se 2C5 f1 5 = I Oc Total 18c (Ar)

(C5H5)2CO Co = 9 —1 = 8e 2C5H5 = We ToLal l8e (Ar)

C 5 H 5 NiNO Ni = l0e CA = 5e NO=3c Total l8e (Ar)

But not all fitted into the SEN rule.

(C5HS)2.N'i Ni = 10c 2CJI, = 10c Total 20e
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(C-SH5)2 Cr Cr = 6e 2C5H5 = I Oe Total l6e

t(C5H5)2FCI' Fe = 8 — 1 = 7e '2C5H5 = l0e Total 17C

E. A. N. Rule is not obeyed by these types of compounds.

(ix) Overlap may occur between two hybrid orbitals of metal atom %kith 7r

orbitals of C5115 rings. There are 5 M. 0. for each ring with 6 cicctron'^. 3

molecular orbitals are occupied by 3 pairs. The overlap of 3 filled M - 0 - ()1 C5Hs

rings with the vacant orbitals of Fe gives the bonding leading to Sandwik:h Bond.

Fe electrons are distributed as dx2-y2 (2) d LI(2) dxy(2), dy,(I) and dx,( I ).

The hybridization of dy, and dx 7, give cup-shaped molecular orbitals along -z-

axis. Sandwich bond is essentially one electron pair bond with 2C5 H 5_ rings

with Fc *2 . The orientation of C5 H5 rings may be staggrad or eclipsed :

staggard	 eclipsed

Fe (C5 H 5 ) 2	 Ru (C5 H5

It 
is to be noted that metal with d 10 electrons do not give n- complexes hut

give cy complexes as in Pb(C5H5)2.

Mn(C5H5)2 does not give TE complex but a complex due to d 5 CICCLrons

according to Hunds'Rule.

Complexes of Olefins and Acetylenes.

Ethylene, propylene etc complexes are easily formed by absorption Of the

hydrocarbon in the metal halide solutions. 
Pd*2, pt*2, Cu*, Ag*, Hg*2 absorh a

variety of olefines and acetylenes. The general reaction :

—46
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PtC14 + RCH = CH 2	[PIC12.RCH = CIIJ2

I

[PtC13 RCH = CH21-
pLC4-2 + RCH = CH,	 [PLC13 RCH = CHJ- + Cl

-Pt Cl2-C2H4 is represented as a dimer.

C2 H4 

\\ PV / C I \". 
P 

t / C I

Cl 
/ 

X, 
\ 

Cl/ \CII.W4

Dimer Of PE C1 2 C2 H4

This instability Of [ PtC12( C 2 H 4)12 is due to strong trans effect in

substitution reaction. The type of bonds between the metal and the ligand appear

to be 
quite complicated but it is clear that there is no localized a bond between

M and the ligand C (M—C bond). The bonding arises because of interaction of 7t

electrons in the unsaturated molecule and hybrid orbitals of the metal. The

double bond acts as a monodentate ligand and forms 7E bond with metals. Thus

K IPtCl 3 C2 H4] known as Zeisc's salt has coordinated double bond perpendicular to

coordina6on plane.

C

H

Z	 C, 

-I-* H

Cl

Anion IC2 H4 PI C131- of Zeise's salt

Orbital overlap Of C2 1-1 4 2p, orbital and s, p and d orbitals of metal is

suggested involving no a bonding.
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14	 11	
Y	

H

C ^^D+

+ C

H

H H

Y

(a) Donation from filled 7t-orbital to vacant metal dsp
2 orbital. (b) Back donation

from filled metal dn-pTE orbital to acceptor antibonding it ' orbital (n% 2p) MO of

C2 1-14-

Acetylene complexes are similar to those of ethylene and are formed with

metals such as Pt, Cu etc. C21-1 2 has 2 n bonds at right angles to each other. In

acetylide ion [RC=–Cl – the complex formation is through the lone pair of

electron. The acetylene complexes have complicated structure. The possibility of

7c bonding between metal and carbon in C21 -12-complexes has been realized from

the reactions with metal carbonyls.

CO2(CO)8 + RC=–CR	 ) CO2(CO)6 (RC=–CR) + 2CO

Reaction of allylbromide with NaMn(CO)5 also shows the n bonding

CH2 --CH—CH2Br + 2NaMn(CO)5 20_', CH2 = CHCH2 Mn(CO)5 + NaBr

CH2

80*	
+ CO + NaBrHC	 Mn(CO)4

CH2

The allyl group in this compound is symmeLrical therefore, the actual

molecular suucture is represented as :

/ CH2

FIC C—
	

) Mn(CO)4-

\ CH2
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THE CRYSTAL FIELD THEORY (CFT) AND THE LIGAND

FIELD THEORY (LFT) OF COORDINATION COMPOUNDS.

The basic principle of the crystal field theory is rather simple and depends on

the factors : (1) shapes of the d orbitals, (2) the simple law of electrostatics that

electrons or like charges repel each other. (3) The groups or ligands are
considered as point charge of electricity.

It is necessary here to illustrate the potential energy diagram for the

formation of a stable molecule through hybridized or excited state involving

lowering of energy as given symbolically in Fig. 2-5 (Page 73). Similar

situations arise during the formation of complex compounds when coordinating

groups or ligands approach the d orbitals of the central metal ion. The innucncc

of the charge clouds of the surrounding groups on the charge clouds of the metal

ion (d orbitals) produces an electrostatic field known as the crystal field. The
theory deals with this environmental electrostatic influence and is known as the

Crystal Field Theory. The Ligand Field Theory is an extension of the Crystal

Field Theory incorporating some aspects of the molecular orbital theory

involving overlapping of orbitals.

The Octahedral symmetry

The five d orbitals which are degenerate (having the same energy) in the free

metals ions have the shapes (boundary surfaces) with respect to x, y and z

directions of Cartesian coordinates as given in Fig. 1-23 (page 54). Of the five
d orbitals the dX2_y 2 and d ,2 are directed along the axes x, y, and z whereas d,y,

dyz, dxz are directed in between (i.e., 45') to the axes x, y and z. In an octahedral

complex (6-coordinated complex) the ligands approach the metal ion along
dx 2_y2 and dZ2 orbitals as shown in Fig. 24-3. which are directed towards the

ligands. The electrostatic repulsion raises the energy of these two d orbitals
(dx2-y 2 and d,2) more than d,y, dy, and dxz. Thus the d orbitals are split into
two groups one of higher energy level comprising d,,2_y2 and d,2 (also
represented as eg) and the other of lower energy level dxy, clyz and dxz (also
represented as 12 .). The stronger the field, the greater is the separation IODq
between the energy levels.

This splitting (IODq) of d orbitals lowers the total energy of the system

thereby imparting stability to the new system as are illustrated in Fig. 24-4

The d orbitals of the ion in the field of spherical symmetry are split in an
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octahedral field. The decrease in energy E caused by the splitting of d orbitals in

presence of ligands is known as the Crystal Field Stabilization Energy (CFSE).

or Ligand field Stabilizanon Energy (LFSE)

L5

Lr

Fig. 24-3. 6 ligands approaching metal ion along dX2–y2 and dZ 2 orbitals in
octahedral complexes.

0,2- Y 2, 12;09

6 Dq	 10bq
or

-----------------

40q

N—m d Y . du. d YZ; l2q

Gaseous	 Spherical	 Octahedral
ion	 field	 field

Fig. 24-4. Energy relationship of the formation of stable octahedral system by
lowering of energy due to splitting of d OTbitals.

Thus the splitting of d orbitals occurs because d-orbitals have different

orientation in space and are subjected to different interactions by the approaching

ligands. The splitting of the d-orbitals under the influence of ligand field
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apparently depend on (i) charge or dipole of the ligand (ii) size and shape of the

ligand (iii) number of the ligand (iv) polarisability (v) oxidation state of the

metal (vi) variation in the d-orbitals (vii) ultimate geometry of the molecule.

The approaching ligands avoid areas of greater electron density and seek

more comfortable positions with respect to the d orbitals of the metal ion. For

this reason the complexes assume different geometrical shapes which thus depend

on (1) the electrons in the d orbitals of the metal ion and (2) the strength of the

field produced by the ligands.

Strong field produces pairing of electrons at lower d orbitals (12g) to give

Low Spin form of the complex. Weak field produces more of unpairing of

electrons and gives the High Spin forms of the complex as shown in Fig. 24-5.

e,

E
	

E

N
	

N

E
	

E
	

10 Dq
R
	

10 Dq
	

R

G
	

G

Y	
t29

	 Y

W--ok I,eld
	

Slro^g field

High spin octahedral	 Low spin octahedral

complex [Fe(F)6 1-3 	 complex [Fe (CN)61-3

Fig. 24-5. Splitting of d-orbital in strong and weak fields.

CFSE is large in strong field and small in weak field. The field strengths depend

on the type, size and shape of the ligand and the distance of the ligands from the

metal ion. The equilibrium internuclear distance is the position where the

attractive force between the metal ion and ligand is balanced by repulsion of the

electron-chargc clouds. The crystal field splitting and electron distributions for

octahedral [Ni(NH3)6
1*2, 

square planar [Ni(CN)4
1-2 and tetrahedral [NiC141-2

complex ions are given in Fig. 24-6.

The Tetrahedral symmetry : This is closely related to the octahedral

symmetry and contains four ligands arranged at the comers of a tetrahedron with

the metal atom at the centre. The tetrahedral coordination is also closely relatcd

to the cubic system. 
The 

four ligands are situated at the alternate comers of the
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1 1 S	 i	 I	
-

d, y dyz dxz '%	 /dx2-yi dzz "^ N	 dX2—y2

N..	
dXY

-d7re-;
Ion

YZ XZ

	

d,,_ Y I dZ2	 dXY dyz eI X 7	 %

	

Tetrahedral	 Octahedral	 d,2

Square planar

Tetrahedral	 M-tahedral	 Square planar

Fig. 24-6. Crystal field splitting in a tetrahedral IN'(C')4 )-2, octahedral [Ni(NH3)61*2

and square planar [Ni(CN)4 1-2 complexes showing also the electron

distribution (above).

cube. The orbitals which are directly affected on the approach of the 4 figands arc

d,y, d ,,, and dy.- Hence these orbitals are raised to higher energy level giving

the splitting opposite to that of the octahedral symmetry as shown in Fig 24-7.

X

, ,,.0 0 0 Q 01

6DI

Fig 24-7. (a) Tetrahedral complex with ligands at allcmate comers of a cube. (b,'

Splitting of 
the 

d- orbitals in tetrahedral field.
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In this case the eg orbitals arc at lower energy and 12, at higher energy. But

thc splitting in this case is less marked since the orientation of the d-orbitals

produces smaller value of 10 D q 
so that

10 Dqtetrahedral ^ 
4 

10 Dq octahedral.
9

Tetrahedral Complexes are more common in the case of non-transition

elements and for d', d 5 (high spin) and d' O ions. Due to smaller splitting of d-

orbitals the tetrahedral complexes are always high spin form and no low spin

form are observed in this geometry.

The Merits of the Ligand Field Theory :

(1) It gives clear understanding regarding the distortions in the geometry of

the complex molecule.

(2) It explains the variations in the magncfic properties of the same inctal

ion in different compounds.

(3) It gives satisfactory explanations of the twin peaks observed when many

physical properties of transition metal complexes of similar nature and

compositions are plotted against the atomic numbers of the metals.

(4) It gives clear and quantitative understanding of the spectra of complexes.

(5) It gives general understanding of the Structures of metal complexes 
in 

all

states and forms, such as oxide systems.

The Jahn-Teller Effect : The distortion in symmetrical structures due to

p;irtially filled energy levels is known as Jahn-Teller distortion. According to

this concept the following points may be noted. (i) Any non-linear molecule

having degenerate electronic system will be unstable. (ii) Such system becomes

distorted to remove the degeneracy and lower the symmetry. (iii) The distortion

splits the clegenrate state and increases the stability of the molecule. (iv) The

rcrnoval of degeneracy results in additional stabilization by lowering the energy.

The distortions (generally known as Jahn-Tellcr distortions) in complex

cQiripounds, such as those of Cu* 2 ion having d 9 ion explain the defect of the

v,ilence bond approach. Cu* 2 complexes have generally distorted octahedral

structure. The 
s
plitting of the d orbitals of Cu'

2 ion with 9 electrons gives two

different distributions in the higher energy level (eg) as shown in Fig 24-8.

(_11^2 complexes have 4 short arid 2 long bonds obviously due to the comfortable
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approach of the ligands along x and y directions because of less electron density

in d,2—y2 
orbital (one unpaired electron) as compared to two electrons (paired) in

d,2 
orbitals which exerts greater repulsion to approaching ligands.

Z
A

JW7

eg 
2 in dZ2	 eg2 in dX2- Y 

2

z-ligands moving out	 z-ligand moving in

(a)	 (b)

Fig. 24-8^ The possible structures of jCu(jNl13)40'2())2J *2 due to distortion in

octahedral geometry.

The structure of [Cu(NH.3WH2())i 2 according to LJ-T is represented as Letragonal

distortion as 111LIStraLed below

H 3 N	 N H3

H 20— CU 

^- 2	
0 H 

2

HP \ N H3

In Fig. 24-8 two possible arrangements of d' complex ion give distorted

octahedral structures. [Cu(NH3)4(H20)21 *2 
has the structure (a) in which four

bonds are closer to Cu atom and two bonds are far removed indicating the

Splitting having unpaired electron in 
d x 

2_ 

y 

2 orbital and not the structure (b)

having the unpaired electron in d,2 . The extent of olistortions in octahedral and

tetrahedral geometries are given in Table 24.5.

The explanation of the twin peaks observed when a physical properly of a

similar series of die complex compounds is plotted against the respective atomic

numbers is one of the imporiant achievements of the Ligand Field Thcory. Thus
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Table 24.5 Jahn-Teller distortion due to d-eiectrons in
octahedral and Tetrahedral system

Systems.	 Electron Conriguration 	 Predicted distorliony

Octahedral	 d', d 6	 High spin	 TeLragonal distortion (slight)

d2 , d'	 Tetragonal distortion

d', d'	 No distortion (ligand field
effect only)

d4 , d9	 Large distortion

d5 , d 10	 No distortion

d6	 Low spin	 No distortion

d8	 Large distortion (square planar)

Tetrahedral	 (11 d' d" d'	 High spin	 No distortion

,0 d' I d9	High spin	 Large distortion

when the heats of hydration and stability constants of a series of complexes with
the same ligand are plotted against atomic number from Ca (20) to Zn (30), as

for [ ML61 '2 COMP'CXCS the curves obtained are given in Fig. 24-9.

* Experimental points

* "Corrected" points

0	

-0
-C 4W

0

4W

Ca** Sc Ti** V  Cr Mn Fe" Co" Ni ** Cu Zn*'

Fig. 24-9. Twin peaks in the case of heats of hydration or stability constant of
Complexes o f M*2 transition metal ion such as IM(H2())6 1*2 plotted
against atomic number. In the absence of crystal field, the values would
be expected to follow a regular increase as indicated by the broken
lines.
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For the divalent M *1 ions surrounded by 61120 
Molecules 

in solution the

double peaks of the curve are due to the extra stability by the d electrons in the

octahedral field. Notice that d', d 5 d i(I ions do not show extra stabilization due to

the symmetrical distribution. Similarly, 
the 

stability constant K of the complex

equilibrium :

M,2 + 6L -z— [ML,1-2

IMI-61-2	 M12is given by K = If,1-2 
JIL 16 

'here	 is a divalent metal ion and L is the ligand

molecule, such as N113, When log K or log ^ is plotted a g ainst atomic number

of N/1,2, the curve obtained 
g
ives similar double peaks ([-ig. 24-9). Without the

concept of crystal field theory the values WOUld be expected to increase regularly

along a Straight line.

Fig. 24-5 (page 726) gives an idea as to why the strong field of CN- ion

gives K3[Fe(CN)61 in which the magnetic moment indicates 
the 

presence of a

single unpaired electron whereas the weak field of F ion gives K3[Fc(F)61

producing 5 impaired electrons showing large value of magnetic moment.

In the complex of [Ti(1-120)61 
3 there is only one d electron (d l ion). In the

ground suite this single electron 
Occupies 

12g orbital. However, excitation of the

electron to an eg orbital is possible when energy requircd for the transition

corresponding to the separation (IODq) is supplied. The absorption of visible

light brings about this transition. [TiM20)61" absorbs most strongly at the

wavelength of approximately 5000 A (yellow region) or 20300 cm-1 . Due to a

single unpaircd electron, a single absorption band of the solution of [Ti(H20)61 +3

is obtained which spreads to a considerable portion of the visible spectrum. 'Mus

the solution of [Ti(H20)6 J*3 is violet-red because it absorbs yellow light (app.

5000 A or 20300 cni') but transmits the red and violet which are not absorbed

as shown in Fig. 24-10.

The Spectrochemical Series : On the basis of the experimental studies

on the spectral measurements of a large number of metal complexes with various

ligands, it has been possible to arrange the ligands in the increasering or

decreasing order of their ability to produce the ligand field splitting.
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IENMTFRRW

Fig. 24-10. 'Pi d—d transition (d' electron) in aqueous solutions of [Ti(H20)61 3

ion giving violet-red colour of 
the 

solution. The curve on the right

shows absorbance of yellow and transmission in the region of violet

and red wavelength.

The arrangement of the ligands in the decreasing order or vice versa of the

wave lengths corresponding to the splitting of the d-orbitals is generally known
as the Specirochemical Series of the ligands.

The series gives an idea Of 
the splitting of the d-orbital under the normal

conditions. The scriese in decreasing order gives sonic of the ligands of the
series:

CO > CN -> NO,- > cri > N "3 > Py > NSC -> 11 20 > OH- > F - >

NO3 > Cl- > Br > I -

Thus the IODq values of some Ni-complexcs are shown below :

bgand	 10Dq in cm '

Br- 	7000

CI_	 7300
H20	 8500

NFf3 	 10600

en	 11200
O-Phen	 12,700

Co	 23000

It may be noted that both anhydrous CuSO 4 and K2[Cu(CN)4 ] are colourless.
SO4 2 provides a very weak field and the d-d transition bands move into the

infrared region. CN - provide ,., a very strong ligand field and d-d absorption bands
occur in the ultraviolet region.
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THE MOLECULAR ORBITAL THEORY (MOT) OF INORGANIC

COMPLEXES

Molecular orbital theory provides an elaborate method for explaining the

structures of inorganic complexes. The composite orbitals of the ligands are

combined with the atomic orbitals of metal ions according to symmetry. Both

bonding and antibonding orbitals are formed according to LCAO—MO. The MO

treatment is highly mathematical and the building up of MO diagrammes for

complexes are rather difficult. Only a simple pictorial representation are given

here.

When a molecular orbital is formed in complexes the electrons from the

metal ions 
and 

ligands first occupy the lowest energy molecular orbitals of the

molecule and then progressively higher ener
g
y OrbiLJIS are filled up until the

supply of electrons is exhausted.

Molecular orbital picture of complexes consists of both a and n bonded

groups. Examples of octahedral symmetry have the metal CF orbitals classified as:

P, Py, P^	 designated as tl,,

S	 designated as a I,

dx2—y 2 and d,2 designated as e.

The Tc orbitals involved are

d, y d Y7 d,, designated as 12g

p, py, p, designated as tl,,

The combination of atomic orbitals of metal ion with the Ligand Group

Orbitals (LGO) may be represented pictorially as follows :

(1) The six LGO combine with s orbitals of metal to give 6 M—L cy bonds

(Fig. 24-1 1).

Fig. 24-1 1. Combination of s mcial orbital with 6 LGO
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(2) The d X 2 _ Y 2 and d ,2 orbitals combine with 4 LGO and 6 LGO respectively

of the same symmetry (eg) as in Fig 24-12)

-j-	 /	 &Z %.:-j L ^

+-+L"++ r—L.	 L L

v- - bonds .,H, dx-y' (eg)	 o- bonds ^,6 dzl(eg)

Fig. 24-12. Combination of dX2-y2 an(l d
Z2 with ligands

(3) The p, p, p. orbitals (t l jof metal overlap with the 6 LGO two for each

p orbital (Fig 24-13)

M

-- ^ondt "th P, (t,.)	 Py 
( t ,u)	 PX (^iu)

0

Fig. 24-13. Three p orbitals overlap with 6 LGO (two for each p)

The d,Y, d,, and d .
, (t2g) orbitals do not form cr- bonded complex.

The MO diagramme on the basis of calculation of energies based on

Wolfbcrg-Hclmholtz (WH) method gives the following picture of

[Ni(NH3W 2 complexes with cr bonds only as shown in Fig 24-14.
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M C ta I	 Molecular	 L I ga n d

Orbitak	 0, Ntals	 Cninbination

Ot ba-Is

at,

Degenefate 

^ 1,2".

P. P. P,

1 0 Pq

I\ ev

el., d,	 I 2e

Degenerate

L

Sigina

bonding orbi(al

a,

Fig. 24-14. MO diagram of INi(NH3)61 
*2 CoMplex with (; bonds only.

Notice that the values of 10 Dq in terms of LFT and MOT are different.

LFT 10 Dq = t2g—eg,	 MOT 10 Dq = 
12,—e, * (cg*—antibonding

molecular orbitals).

MOT and it Bonding Complexes

The t2g metal orbitals are not always non-bonding but as in 
CN- the n-

orbitals has filled 7c bonding and also n* orbitals. 'Me ligand n orbitals may be

simple pTE orbital as in Cl- ion or simple dn orbitals as in PH3 or MO as in CO

and CN- ligands.

The metal d,Y, d_ dy, may interact with 
p., p y, p. orbitals according to

symmetry giving n,,, n, y and 1E.., orbitals. Similarly p—p interactions shall

produce p,,, , p,,y and p, molecular orbitals as shown in Fig. 24-15.
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125	
1L.

(a)
	

(b)

Fig. 24-15. (a) Interaction of d. with p, and p. orbitals of ligand giving 7T,,. Similar

interaction gives 7r,
Y and rty, (not shown). (b) Interaction of metal p,

orbital with ligand p, orbitals. In all, prL, pn, and pTEy are formed.

The resultant effect of 7c bonding shall be to increase the shifting of I ODq or

decrease it according to the ligand energies. 1C bonding effect of ligands of high
energy shall increase the value of IODq from purely (T-bonded complex to have
7c-bonded effect as it happens in the cases of CO and CN-.

But ic orbitals of lower energy ligands than 12g leads to the decrease of the
split6ng of IODq from cr bonded complexes having some ir bonding effects as in
the case of I- , Br- etc. shown in Fig 24-16.

119
.10 D7

ionq

101

C—Pl-	 .,ho.,k	

Cl-	
hp-d . .,ba.k

Fig. -1 -16 Effects of 7T-bonding on the splitting of d-orbitals
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Applications of Complex Compounds

Apart from the theoretical interests, the complex compounds have great

importance not only in the field of chemistry but also in arts, industry and

commerce. These have also great functional values in nature and biological

functions. A few examples of the application of the complex compounds arc

given below.

In analytical chemistry, complex compounds are used more conveniently

both for identification and quantitative de term inat ions. Fchling solution, a

tarLrate complex of copper, is used to test for sugar ,,, glucore and aldedydes in

general. Dimethyl glyoxime provides a specific test for nickel and also gives an

accurate inethod for its quantiuitive determination. Compic.,minctric titrations

usin.v the complex disodiuni-EDTA (ethylenc(liarni tic tetra-acclic acid) have been

largely used for the determination of ' calciurn, inagnesiuni etc.

Gold and si l ver are extracted from their ores by processes involving the

formation of complex ions Au(CN)4- and Ag(CN)2-- The complexes are also

used in electroplating.

Complex compounds are used for dyeing fabrics which produce,-, beautiful

and fast colour due to the formation ol ' complexcs known as lakes with mordant

d^cs.

Beautiful paints and pigments 
used 

by the artists, consist of colliplex

compound. In fact, the ink with which we write also consists of iron complexes.

From the point of view of it large number of application of complex

compounds, these are subsuinces of great con-unercial value.

Complex compounds occur in nature Such its in blood (haemoglobill) which

is an iron-complex and functions as the oxygen carrier of the blood stream.

Similarly, the green colour of the leaves are 
due 

to magnesium complex of

chlorophyll. Some vitamins such as 13 12 and enzymes consist of metal

complexes.

Chelates are also used in medicines, drugs and Lreauncrit ol'discascs.

There are numerous applications of coordination complexes in industrial

productions such its polyiners, biochemical catal).sis etc.

—17
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QUESTIONS AND PROBLEMS

1. Explain the bonding in Co(NH3)6CI3.

2. Write a short note on "Isomerism in 6-coordinated complexes".

3. Write note on the actions of ammonia on salts of mercury and silver.

4. Describe the reaction which occur when an aqueous solution of mercuric chloride
is treated with an aqueous solution of potassium iodide.

5. Discuss the use of sodium cobaltinitritc in analytical chemistry.

6. Explain "Coordination compounds."

7. Cite some examples of the complex salts of chromium.

8. Explain the formation of coordination complexes according to VBT.

9. Describe what happens when ammonia is gradually added to an aqueous solution
of CoC12-

10. Name a few complex compounds in which chromium shows 0-coordination
number and give their structures.

11. Write a concise account of the Werner's theory of complex compounds.

12. Explain "Effective Atomic Number" and show how this idea explains the
stability of some complex compounds.

13. Discuss Pauling's Valence Bond Theory to explain the structures of some
complexes.

)4. Make drawings to represent the structures of die following complex ions:—

(a) 1Zn(NH3)4Ci2J*" (b) [Cr([120)61 * 3 . (C ) [ N012 ()),1,2

15. Discuss, with four examples, the uses of coordination compounds in analytical
chemistry.

16. Write a note on Double salts and Complex salts.

17. What are coordination compounds ? Give the salient features of Ligand Field
Theory.

18. Write brief accounts on

(a) Structure of metal carbonyls.

(b) Inner complex salts.

(c) Trans effect in 4 coordinated complexes.

19. Write a note on co-ordination bond.

20. (a) What is meant by "Coordination complexes"? Give three examples of such
complexes.

(b) Explain "Effective Atomic Number" and show how this principle explain the
structure and stability of sonic complex compounds.
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21. AgCl is soluble is soluble in ammonia but not in HCL Explain.

22. Account for the existence of 2 and 3 forms of the following respectively

Pt(NH3)2Cl2 and [ PONO2) (NH3) Br C11

23. Write notes on :
(a) Mond's process

(b) Comparison of metal carbonyls and metal nitrosyls

(c) Spectrochemical series of ligands.

24. H20 coordinates with H' ion forming H3()*. Do you expect coordination of
0*2?another H' ion forming 114 	 .

25. Discuss methods of identification of cis-trans isomers of inorganic complexes.

26. Draw sketches of 2 tetrahedral, 2 planar and 2 octahedral, coordination

complexes.

27. Discuss the limitations of VBT involved in coordination compounds.

28.	 Discuss the structures of metal carlhonyls.

29. Explain high spin and low spin inorganic complexes.

30. Explain the distortions of the geometry of metal complexes.

31. Write a note on Jahn-Teller Effect.

32. What are the effects of 7E-bonding on the splitting of d-orbitals during the
formation of coordination complexes-


