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GROUP 1 

Lithium Li (3) [He]2s1 152, 2s1 
Sodium Na (11) [Ne]3s1 1s2, 252, 2p6, 3s1 
Potassium K (19) [Ar|4s1 157, 252, 2p6, 352, 3p6, 4s1 
Rubidium Rb (37) [Kr]5s1 152, 252, 2p6, 352, 3p6, 452, 3d10, 4p6, 5s1 
Caesium Cs (55) (Xe]651 157, 2s?, 2p6, 352, 3p6, 452, 3d10, 4p6, 5s?, 4d10, 5p6, 6s: 
Francium Fr (87) [Rn]7sl 1s2, 2s2, 2p6, 3s2, 3p6, 4s2, 3d10, 4p6, 5s2, 4d10, 5p6, 652, 4f14, 5d10, 6s2, 6p6, 7sl 

MODULE ONE 

These are also referred to as ALKALI METALS. The members of this group are 

• Elements of this group have ground state valence electronic configuration ns'. 
• They conduct electricity and heat. 
• They are soft and have low melting point. The softness and low melting point is a 

result of weak metallic bonding arising from the fact that each atom provides only 
o n e e l e c t r o n . 

• They adopt a body centre cubic (bcc) structure and because this structure is not 
closed-packed they have low densities. 

• All the elements have to be stored under a hydrocarbon solvent to prevent 
reaction with atmospheric oxygen. 

• They do not exist in the elemental state because they are very reactive 

OCCURRENCE 
Na and K occurs in the earth as mineral salts (2.6% and 2.4% respectively) a. These 
elements are extracted from the following: 

a. Rock salt almost pure NaCl f. Borax Naz[B40s(OH)4].8H20 
b. Natural brine a n d sea water NaCl g. Chile salt petre NaNO3 
c. Sylvite KCI h. Potash KOH 
d. Sylvinite KCI/NaCl i. Lepidolite KzLiAl4Si>Oz1(F, OH)з 
e. Carnelite KCl.MgCl2.6H20 j. Pollucite Cs4Al4Si9026.H20 

Li, Rb and Cs occur in very small amounts, smaller than Na and K ( % abundance Rb > Li 
> Cs). They often occur as silicate minerals e.g. spodumene (LiAlSiz06), pollucite, 
carnallite, leucite (KAISi206) and lepidolite. Only artificial isotopes to francium are know 

EXTRACTION 
Lithium is extracted by electrolysis of LiCl similar to that of NaCl. LiCl is also obtained 
from the reduction of spodumene by heating it with CaO. This reaction produces LiOH 
which is converted to LiCl. 

LiAISi,06 CaO - L i O H 
CaCl -LiCI electrolysis- Li 
NH, 
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2. Reaction with halides: Nitrogen forms only trihalides, NX3 of which only NE; is stable.
NCI; is explosive while NBr is nòn-existent. All the other elements form stabletrihalides which are readily hydrolysed to the acid by water (sec Equations 2.75 and2.76).

4AsCl, + 6H,0 � 1211CI + As,O%
SbCl, + H,0 >211CI SbOCI

(2.75)

3. (2.76)Reaction with oxygen: They all form oxides with the empirical formula, M,O; whichrcact readily with water to form acid anhydrides (for example, Equation 2.77) except for
Bi,0; whichforms the hydroxide (Equation 2.78).

As.O% +6H,0
4H;As.O,

Bi,O, + 3H,0 > 2Bi(OH);
(2.77)

.........(2.78)4. Reaction with sulphur: As, Sb and Bi form the
trisulphides, As,S, Sb;S; and Bi;S;respectively. AsS,and Sb:S, react with sulphides to form trithioarsenate (III) (cquation2.79) and trithioantimonate (III)(Equation 2.80) respectivcly.

As;S; 3NaS > 2NasAsS,
(2.79)

Sb,S, + 3Na,S S 2Na, SbS;
.(2.80)

2.6 Physical and ChemicalProperties of the Group VI^Elements(The OxygenGroup)
Physical Properties
These are summarized in Table 2.13.

Table 2.13: Summaryof the physical properties of the group VI^ clements

Element At. Lonic Rad. M.pt B.pt Ist I.EY
(At. No.) Rad.(Å) (Å)

Electro Density
(° C) (° C) (kJmol) negativity (gmemO(8) 0.74 1.40 53 1318 3.5

1.27 (solid)

S(16) L.04 1.84
392

(monoclinic)
718 1001 2.5 2.06

Se(34) 1.40 1.98 490 958 940
Te(52)

2.4
4.80(grey)1.60 2.20 725 1263 870

*Po(84)
2.0 6.24(metal)L.64 2.30 (varies) 527 1235 813

9.51 (3)L.8

*Radioactive

Physical and Chemical Properties of the Main Group Elements 33

Cie of the elements increases down the group with increase in atomic number wvhich

Oins the observed increase in radii, density, melting point and boiling point (except for

ionctive polonium) as well as the decrease in ionization encrgy and electronegativity

down the group. Increase in size down the group increases the numberof electronic shells

shiclding the nuclear positive charge, thus reducing the tendency to attract clectrons.

Flectronegativity of an clement is the ability of the element to attract clectrons forming

the X- ions (n =2 here). lonization cnergy is the case by which an elcctron is knocked off

from the outermost shell of the gaseous atom. This value will obviously decrease witlh

increasing size of the atom down the group duce to increased shiclding of thc nuclcar positive

charge from attracting the clectron. Increase in melting point and boiling point down the

group is due to increasing van-der-waals forces with increasing availability of orbitals as thc

atomic number increases. The anomalous values of melting point and boiling point found for

poloniun is due to its radioactivity which also accounts for its variable ionic radii. Increase

of orbitals maximizes overlap between bonding orbitals leading to extensive delocalization of

electrons and consequently stability of the atom. This may explain why oxygen is a gas at

room temperature while other members of the group are solids.

Chemical Properties

Oxygen is soluble in water (30 cm per 1000 cm H,0 at 20° C) and reacts readily with many

clements to form the coresponding oxides (Equations 2.81 and 2.85).

C HighTempty CO, (2.81)

2H, + O,
High Templ 2H,o .(2.82)

Fast .(2.83)4Na + O
Highly exothermic

2Na,O.

P4 + 3O, in the cold (2.84)
(white)

2NO + O,
in the cold > 2NO, .(2.85)

Formation, structure andproperties ofozone
1. Formation: Ozone is formed in the stratosphere (upper atmosphere) by the action ofUV

light on oxygen (Equations 2.86 and 2.87).
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Ultraviolct light 20 (2.86)

O + 0, O, (Ozone) (2.87)

Structure: Ozone exists in canonical forms (Figure 2.4). It is a bent molecule, being
isoelectronic with SO,and NO,.

Physical and Chemical Properties of the Main GroupElements 35

to sulphates. It adds to unsaturated co� pounds in organic chemnistry to form ozomides.

The formation of iodine from the reaction of ozone with aqueous KI allows the

quantitative determination of ozone with ease (Equation 2.88).

O, + 2KI +H,0 > ,+ 2KOH + O, (2.88)

(acidified)

IX

K

3.

Figure 2.4: Canonical forms of ozone

Properties: Ozonc is another form of existence of oxygen. It is a triatomic allotrope of

Oxygen and it is an unstable, bluc, diamagnctic gas with a characteristic pungent smcll. It

has a strong absorption in the ultraviolet region ofthe spectrum bctwccn 220 and 290 nm,
thus protccting the surfacc of the earth and its inhabitants from the othcrwisc intcnsive

ultraviolet radiation of the sun. It thus acts as a shicld to human bcings in its capacity as

an important natural constitacnt ofthc atmosphcre, being concentratcd (27% by weight of

the atmosphere) bctwcen altitudes 15 and 25 km. Destruction of the ozone layer in the

upper atmosphere (stratosphere) particularly by supersonic airerafts flying in the ozonc
layer could cause dramatic increase in surface temperature and conscquently, cancer of

the skin. This is bccausc such aircrafts discharge NO and NO, from their cxhausts and
thesc gascs rcact with ozonc (Scheme 2.5) causing its depletion.

O,+ NO � NO, +O,

NO +O3

O,+NO, > NO,+O2
ultraviolet

|light

NO +O:
Scheme 2.5: Depletion of ozone by aircrafts flying in the stratosphere

Ozone is much more powerful oxidizing agent than oxygen and reacts with most
substanccs at tcmpcratures as low as 25° C. It oxidizes Fc" salts to Fe and sulbhidcs

Compounds ofoxygen
These include, H,02, ionic peroxides, super oxides and ozonides. Hydrogen peroxide is

prepared by the addition of ice-cold dilute H,SO, to hydrated barium peroxide (Equation

2.89) or sodium peroxide (Equation 2.90).

H,SO, + BaO,.8H,0 BaSO, + 8H,0 + H,0, .......(2.89)

(15% solution)
H,SO, + Na-O, > Na,SO, + H0; (2.90)

Sodium peroxide is a colourless 1iquid, boiling point I50° C and melting point -0.43° C

(density = 1.44 gmcm" at 25° C). Pure H:0; is a viscous, polar liquid and has hydrogen

bonding. It is more acidic than water and its solution readily decomposes to H,0 and O;
(Equation 2.91).

2H,0, decomposition 2H,0 + O (2.91)

The enthalpy of decomposition, AH, is 99 kJmol. The decomposition is catalysed by traces
of heavy metals such as Pt, Ag and Au. H,0, is used as a bleaching agent for textiles, paper
pulp, oils, fats etcetera. It also finds domestic use as a hair bleach and as a mild disinfectant
for domestic and industrial effluents and as a germicide in toothpastes and in mouth wash. It
is also used in the manufacture of drugs.

A recent' synthetic technique for H,0, production involves the dissolution of 2
ethylanthroquinone in ester/hydrocarbon or alcohol/hydrocarbon solvent followed by
reduction with H2 in the presence of Ni/Pd catalysts to give the corresponding alcohol
(Equation 2.92).

7
C.A. Crampton, G. Faber, R. Jones, J.P. Leaver and S. Schelle (1977), "The manufacture, propcrtics and
uses of hydrogen peroxide and other inorganic peroxy compounds" in R. Thompson (Ed.). The Moderm
Inorganic Chemicals Industry, published by the Chemical Society, London.
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OH

+ H, NiPd catalyst

E

(2.92)

OH
This alcohol is rapidly oxidized by air (O)to give H,0; and the regeneration of 2ethylanthroquinonc to comnence the catalyst cycle (Scheme 2.6).

OH
Et

N/Pd catalyst

OH

H,0
(oxidation)

Scheme 2.6: Catalytic cycle for the production of H,0, from 2-ethylanthroquinone

1. Structure of H,0,:Hydrogen peroxide has a skew, chain structure as shown in Figure
2.5.

H

0.97A° |

L49A°

C97°

0.97A°

H
Figure 2.5: Skew structure of H,0,

3.

4.

(c) oxidizes sulphides (Equation 2.95) and sulphites (Equation 2.96) to sulphates

S2-+ 4H,0) > SO+ 4H,0 (2.95)

SO+H,02 > so- + H,0 (2.96)

(d) reduces anmmoniacal silver nitrate to silver metal (Equation 2.97)

2Ag(NH,)j+ H,0; > 2Ag + 4NH, + 2H + O; ...2.97)

(e) reduces acidificd KMnO, to Mn"salt (Equation 2.98)

2MnO, + SH,0, + 6H* >2Mn + 8H,O + 5O,......(2.98)

Other compoundsof oxygen include ionic peroxídes, superoxides and ozonides.

lonic Peroxides: These contain the peroxide ion, (0 0)2- and react with water or dilute

acids to produce H,0, thus demonstrating their powerful oxidizing properties

(Equations 2.99 and 2. 100).

Na,O, + 2H,0 >H,0, + 2NaOH .(2.99)
Na,0, + 2HCI > H,0, + 2NaCl (2.100)

Ionic peroxides include M;O;(M =group I^ metals) and MO;(M=group |I^ metals).

Superoxides: These contain the ion (0 0)and are paramagnetic, that is, they have onc
unpaired electron per two oxygen atoms. They are also powerful oxidizing agents and

readily produce oxygen on treatment with water (Scheme2.7).

20,+H,0
fast

> HO;+ OH +O,t

slow

Chemical properties of H;O,
(a) It liberates iodine from acidified KI(Equation 2,93)

21- + 2H + H,0 � h + 2H,0

(b) It oxidizes Fe* to Fe* (Equation 2.94)

2Fe* + 2H* + H,0, � 2Fe" + 2H,0

.(2.93)

(2.94)

5

OH +%0,�
Scheme 2.7: Hydrolysis of superoxides

Oxonides: These contain the ozonide ion, 03 which has one unpaired electron and

consequently paramagnetic. They are .formed from the reaction of ozone with the

hydroxides of alkali metals (Equation 2.101).,
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20,(g) + 3MOH(s) � 2MO,(s) + 2MOH.H,0(s) + V0,^... (2.101)

Their thermal stabilitics decrease along the sequence, CsO;>KO;>NaO;>LiOs,that is, with

decreasing atomic number of the clcmcnts.

Chemical Properties of S,Seand Te

1. All-the clements dissolve readily in C. HNO;to form the corresponding acids (Equations

2.102 and 2.103).

S+ 6HNO, � H,SO, + 2H,0 + 6N0,. (2.102)

Se + 4HNO, > HSeO, + HO + 4NO, (2.103)

(sclenious acid)

They form colourless, poisonous and pungent hydrides by direct interaction with

hydrogen above 350° C (Equation 2.104) or by the reaction of their metal chalconides

with acids (Equation 2.105).

Se + H,
>350° C

� H,Se.
.(2.104)

FeSe + 2HCI > H,Se+ FeCl,
.(2.105)

The stability of these hydrides follows the scquencc H;S>112Sc>HTe, that is stability

decreascs with incrcasing atomic numberof the group VI^ clements.

4. S and Se form oxohalides called thionyl-(S). and selenyl-(Se) halides. Examples include

thionyl chloride, SOCl, (Equation 2. 106) and selenyl chloride, SeOCl; (Equation 2.107).

These are pungent smelling, fuming liquids which arc used extensively in organic

synthesis.

SO,+ PCl, SOCI, + POCI,
(2.106)

SeO, + SeCl, 2SeOCl,.
(2.107)

5. They all burn in air with a blue flame to give the dioxide, that is, SO:,Se0, and TeO,

(see Equation 2. 108).

SO. (2.108)

Structures of SO,and SeO,
SO, is a gas at room temperature while SeO, is a white solid at room temperature. In SO2, the

sulphur atom is sp hybridized, giving a trigonal structure (Figure 2.6).

IT-bond TT-bond

G-bond
S-bond

3. They all interact with the group VII^ clements to form the corrsponding halides in

which the oxidation statc of the group VI^clemcnts vary from less than 1 to 6 (no +3

halide is known till date) (Table 2. 14).

Table 2.14: Variation of oxidation states with known halides of the group VI^clements

Oxidation State

Known Halides

Te,CI, Tc,Br, Te,l, Te,Cl,

+ S,Fz, S,CI,, S,Br2, Se,Cl;, SeBr2, Teila

+2 SCl,, SeFz, SeCl;, SeBrz

+4 SF4, SCl, SeF4, SeCl,, SeBra, TeF4, Sc,Cl6

+5
S,Fio, TezF10

+6
SeFo, TeF.

Figure 2.6: Trigonal structure of SO;

The T-bond results from overlap of d-orbitals on sulphur atom and P-orbitals on oxygen atom

(hat is, Pr -dr overlap).

SeO; is a white solid at room teimperature but turns gaseous at high temperatures,

assuming the trigonal structure of SO,. However, in the solid state, it forms chains of SeO:

molecules (Figure 2.7).

Se Se

Figure 2.7: Solid structure of SeO2
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Polysulphides: These are compounds containing more than one sulphur atom. Examples are

H,S2, H,S; and H2S4.Othersulphides ofhydrogenare unstable.
Halides and Hexahalides ofS, Seand Te
Stable halides of sulphur include S,F2, SF4, SFo S;F1o, SeClz, SCIz, SCI, and S,Br). Stable
halides of selenium are SezF2, SeF4, SeFo, SezCl2, SeCl4, Se,Br and SeBr4. Stable halides of
tellurium are TeF4, TezF10, TeFo,TeCl,, TeCl4, TeBrz, TeBrs and Tel4. The known hexa
halides are the fluorides, that is, SF%, ScF6and TeFo. They are prepared by direct fluorination
of the clements. For example,the reaction of S� with excess fluoride gives SF,and traces ofSF4 and S,Fio (Equation 2.109).

V:S + 10F2 > SFt SF4 + S,Fio
(2.109)

SF,and SeFo are inert while TeFs is more reactive and slowly hydrolyzed to telluric acid(Equation 2.1 10).

TeFs + 6H,0 > HTeO,+ 6HF (2.110)

The tetrafluorides can only be produced by controlled fluorination of the clenments (Equations2.111 to 2.113) sincc the direct fluorination is very difficult.

S+ 4CoF, > SF+ 4CoF; (2.111)

SeCl4 + 4AgF SeF4+ 4AgCl (2.112)

TeO, + 2ScF4 > TeF4+ 2SeOFz .(2.113)
All the tetrafluorides possess a lone pair of electrons and exhibit trigonal bipyramidal

structure (Figure 2.8).

Physical and Chemical Properties of the Main Group Elements 41

Oxo Acidsof Sulphur, Selenium and Tellurium

The OxO acids of sulphur are more numerous than those of Se and Te but many, of them are

unstable and can only be isolated as their anions or salts (Table 2, 5),

Table 2.15: Oxo- and perox0-acids of sulphur

Name ofAcid Structure
Comment

HO OH Only isolable as thc Zn or

Sulphotylic acid
Co salt

(Dioxosulphate(ll) acid)

H,SO:

Sulphurous acid HO. Not isolable

(Trioxosulphate(1V) acid)

HO H,SO

Thiosulphurous acid HO. Not isolable

(Dioxosulphate() acid)

HO H,s�

IV. Pyrosulphurous acid
Not isolable

(Pentaoxosulphate(IV) HO OH
acid)

H,sO

V. Dithionous acid
Not isolable

(Tetraoxosulphate(III) HO S -OH

acid)

H,s,o,

Figure 2.8: Trigonal bipyramidal structure ofSF,

F

M.Schmidt and W.Sicbert, "Oxyaxids of Sulphur'" in Comprehensive Inorganic Chemistry, Vol. 2,

N.N. Greenwood and A. Eamshaw (1986), "Chemistry of the Elements" Pergamon Press Ltd, UK.Chapter 23.
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42 University Inorganic Chemistry

VI. Sulphuric acid

(Tetraoxosulphate (VI) Stable known acid
acid

HoK ot
HzSO.

VII., Thiosulphuric acid Stable known acid

(Trioxosulphate(I) acid)

HO OH

H,S03

VII. Pyrosulphuric acid Stable known acid

(Heptaoxosulphate(VI) OH
acid)

H,S,07

IX. Dithionic acid Stable known acid

(Hexaoxosulphate(V) acid) HO OH-
H,S,Os

X. Peroxosulphuric acid
Stable known acid

(Pentaoxosulphatc(VIlI) H(O-o) OF

acid) H2SOs

X1. Peroxodisulphuric acid Stable known acid

(Octaoxosulphate(VII) HO oH
acid)

HS,O8

Oxo acids of Se and Te are very few. xamples are selenious acid (Equation 2.114) and

selenic acid (Equation 2.1 15).

ScO, + H,0 > H,ScO, (2.114)

H,ScO, + H,0, > HSe0, + H,0 (2.115)

Telluric acid, H6TeO, or Te(OH)% is produced by reacting H,0, with TeO, (Equation 2.116a).

3H-0, + TeO, > Te(OH), + O, .(2.116a)

Physical and Chemical Propertics of the Main Group Elcments 43

2.7 Physical and ChemicalProperties of the Group VII^ Elements (The

Halogens)

Physical Properties
These are summarized in Table 2..16.

Table 2.16: Summary of the physical properties of the group VII^elements

At Ionic Electron
ElectroElement lonization

M.pt (° K)
B.pt

AffinityRad. Rad.
E'(kJmol'y (° K) negativity(At.No.)

(Å) (kJmolly

F(9) 0.71 1.20 1682 43 153 330 3.

CI(17) 0.99 1.75 1252 170 238 350 3.0

Br(35) 1.14 1.90 1140 266 332 325 2.8

I(53) 1.33 2.14 1008 387 457 298 2.5

In their physical states, fluorine is a pale yellow gas, chlorine is a greenish yellow gas,

bromine is à red liquid and iodine is a violet black solid. Al the elements have the ns'np

electronic configuration, that is, seven electrons in their outermost shells. This means that

they can complete the octet configuration by acquiring one eledtron, that is

X(g) + e >X* (2.116b)

They can also form single covalent bonds by overlap cither between 2p-orbitals (for example

(CI-Cl) or betwecn a p-orbital and an s-orbital (c.g. H-CI).

The atomic radii, ionic radii, mclting point and boiling point of the clements increase

down the group from fluorine to iodine owing to increasing size of atons resulting from

increased number of shells around the nucleus. The decrease in ionization energy down the

group is also a size cffect. lonization energy is the energy required to remove an electron

from the isolated gaseous atom. Increasing size of atoms from F to I implies that the clectron

to be removed from the outermost shell is shielded from the positively charged nucleus by

the increased numberof shells, explaining why iodine has the least ionization energy. The
electron affinity of the elements decreases from F to Iexcept for the anonmalous value of 330
kJmol found0 for fluorine. Electron affinity is defined as the energy released when an

clectron is added to the valence shell of an atom. The lower value of fluorine compared with

chlorine may be attributed to its small size. The truth is that it has greater capacity to accept

Berkowitz and A.C. Wahi (1973), "The Dissociation Energy of Fluorine", Adv. Fluorine Chem., 7, 147
174.

P. Politzer (1969), "Anomalous Properties of Fluorine", Am. Chem. Soc., 91, 6235-6237.
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GROUP VII ELEMENTS
(THE HALOGENS)

Group VIlcomprises of non-metals, namely, fluorine-F,chlorine-Cl;, bromine-Br and
astatine-At.

General valence shell:

ns'np

Table 1: Some physical properties of halogens

Property F(9) CI17) ' Br(35) I(53)
Electronic [Hel2s`2p (Ne]3s3p |Ar|3d"44p [Krl4d"5s'Sp
configuration

1 IE (kJmol') 1681 1255 1142 1007
Electronegativity 4.0 3.2 3.0 2.7

Melting pt. ("C) -220 -101 7 113
Boiling pt. (° C) -188 -34 59 189
Density(liquid) 1.11 1.56 3.1 4.94
(gm")
Electron affinity of 338 348 340 297

X (kJmol)
lonic radius M/A° 1.36 1.81 1.96 2.16
Covalent radius of X 0.64 0.99 1.14 1.33
A°
Bond dissociation 158 243 193 151

energy.X, (kJmol)
-1, 1, 3, 5, 7Oxidation states -1 -1, 1,3,5,7 -1, 1,3, 5

Lattice energy 817 718 656 615
(kJmol)(Potassium
salt)

Physical state Gas pale yellow Gas. Yellowish grecn Liquid dark brown Solid black with

shiny metallic lustre.

Occurrence:
Fluorine constitutes nearly 0.054% of earth's crust, where it occurs as fluorspar (CaF2),

cryolite (AIF,.3NaF) and fluorapatite [CaFz.3Cas(PO4} l.Small amounts of fluorides

occur in sea water and in somemineral springs. Bones also contain small amounts of

fluorine.

Chlorine. which forms 0.013% of carth's crust, occurs mainly as chlorides of sodium and
other alkali and alkaline earth metals in salt mines as well as in sea water. Sea water is

almost a 3% solution of various salts, of which sodium chloride forms -83%.
Bromineas bromides,occurs in sea water and dry salt lakes and constitutes about
2.0x10% of the earth's crust. Iodine forms only 4.6x 10% of earth's crust. I is mostly

extracted from brine. Astatine is a radioactive element. Its longest half-life (7.21hrs)

isotope, is made by bombarding bismuth with a particles.
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OXidation states of +3, +5 and +7 due to availability of vacant d-orbitals as shown

below:

(i) Oxidationstate +1:Halogen (except F) in Ground state

np nd

E.g., Oxdn state=-1:HCI, HBr& HI

Oxdn state=+1: HCIO,HBrO & HIO

(ii) Oxidation state +3:Halogen in lst excited state

E.g., CIF3, BrF3, HCI0,
(iii)Oxidation state +5:Halogen atom in the 2nd excited state

E.g., HCIO,, HBrO,, HIO;

(iv) Oxidation state +7: Halogen atom in the 3rd excited state

E.g., HCIO4, HIO4

Chlorine and bromine also exhibit Oxdn state +4 (CIO,andBrO) and +6 (Cl,O%

and BrO;).
lodine exhibits an oxdn state +4 in I,O4.

The power of the halogen to bring about the highest Oxdn states of other elements

bonded to them decreases in the order F>CI>Br>I. Thus fluorine forms

compounds like SiF4, SFo, BrFs, etc.which have no analogues with C1.Compare

also the Oxdn states of iodine in IF, Vs ICl; and IBr. It is fluorine which brings

about the highest oxdn state i.e. +7 in iodine.(Cl =+3, while Br=+1).

Coordination number:
Fluorine can never have more than one covalent bond and in addition a hydrogen

bond (H-F----H-F)thus; it can have a maximum of two coordination number.

Other halogens can reach higher coordination numbers because they can extend

their octet by using the low lying d-orbitals.

3

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz



Oxidizing power:
Oxidation is regarded as the rempval of electrons, so that the oxidizing agent

gains electrons. Since halogens have a greater tendency to pick up electrons, they

act as strong oxidizing agents.Their oxidizingpower, however, decreases on
moving down the group (from F to I).

The ionic characterof metal halides decreaseson descending the group. E.g., AIF3
is mainly ionic whereas AlCl; is covalent.

Why do Fluorine properties differ fromother elements the group?
1. Small size of the fluorine atom and ion.

Results to better overlap of atomicorbitals and hence shorter and stronger bonds.

Results in higher coordination numbers to other elements (hence higher oxidation
states).

Due to the small size of its ion, i� nic fluorides have higher Lattice energies than
other ionic halides.

2.Low dissociation energy of F, molecule.
Because of the small size of its atoms, the lone pairs in F-F molecules are very close

and repel each other strongly thus fluorine has the lowest bond dissociation energy

among the halogen molecules.

This results in lower activation energy of most of its reactions. Thus, they are faster

and often more vigorous than those of other halogens.

3. Fluorine valence shell is restricted to an octet while other halogens have d-orbitals to

expand their octet. Thus, many fluoro compounds are quite inert.

4.Fluorine has high oxidizing power

It has the greatest tendency among all halogens to pick up electrons.

Itoxidizes the elements to their highest oxidation state, e.g.., IF; has oxidation number

seven.

5.Has the highest electronegativity.

Thus the fluorides are more ionic than other halides.

And AgF is soluble in water while the other silver halides are not.

The bond between fluorine and other elements is verystrong so its compounds are

more stable.

6. Fluorine fumes in moist air and decomposes water to give ox ygen, whereas other

halogens are sparingly soluble in water and react partly to give hydrohalicand

hypohalous acids.

2F;+2H,0 � 4HF +02
X +Ha0 *HOX +HX

4
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HYDROGEN HALIDES

Halogens combine with hydrogen and form volatile hydrides the type HX, which are

also knOWn as hydrogen halides. The reaction of fluorine with hydrogen is very Violent

whereas bromine and iodine react with hvdro gen only at clevated temperatures and in the

case of iodine the reaction does not proceed to completion.

Table 2:Some properties of hydrogen halides HI
Property HF HCI HBr

Physical
gas gas

liquid gas

state

colourless
colourless

colourless

Colour colourless
-88.5

-50.9

Melting pt -83.0 -114.6

("C) -67 -35.4

Boiling pt 19.5 -86

(° C)
0.0014 0.5

33
% dissociation

373 K Very slight
11% ioniC 44 17

character

Reactivity
Acidity increases

Reducing power increases

Thermal stability decreases

Due to strong hydrogen bonding in HF molecule:

Under ordinary conditions HCI, HBr and HI are gases while HF is a liquid.

HF does not follow the trend of the melting and boiling points shown by other

halogen hydrides (HCIKHBr<HI)and has unexpectedly higher values.

H H

Percent ionic character:

Hydrogen compounds are covalent compounds with varying degrees of polarity of

the H-X bond depending upon the electronegativity of the halogen atom. Thus, H

F bond is most polar and the decreasing order of polarity is H-F>H-CI>H-Br>H-I

as shownby percent ioniccharacter in these bonds.

Due toits polarity HF is readily soluble in water. The solution is a weak acid.

This is due to high H-F bond dissociation energy. HCI, HBr and HI dissolve in

non-polar solvents; here no chemical reaction is involved.Aqueous solutions of

these hydrides are called hydrochloric,hydrobromic and hydoiodic acid.

5

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz



Acidity:

In aqueous solutions they ionize and, HCI, HBr and HIact as strong acids.

HF +H,0H,ot +F -slightly ionize
HCI+HOH0* +CI
HBr +H,0H,0* +Br completely ionize
HI + H,0H,0* +I

acid strength increases
from HF to HI

Reducing powerincreases down the group, in such reactions the halides are OX1d1zed tothe halogens. Therefore:
HCIdoes reduce strongoxidizing agentsHBr reduces strong oxidizing agentsHIreduces even mild oxidizingagents

HALIDES
Binary halogen compounds:
Halogens form compoundswith all elements except the three noble gases- He, Ne andArgon. Nature of the bonds varies from completely ionic to nearly completely covalent.Ionic halides are sometimes called salt-like halides

Covalent halides are formed by the non-metals
Complex halides.

INTREHALOGEN COMPOUNDS

Interhalogen compounds are compounds formed by the interaction of one halogen withthe other halogen.
Such compoundsare either binary, formed by a combination oftwo halogens or ternary,formed by a combination of three halogens.

The binary interhalogen are of the general formular:
XYn Where A is a halogen with low electronegativity

Y'is a halogen with high electronegativity and
n is always an odd integer.

They are of four types:- XY'; XY';; XY's and XY',.
Interhalogen compounds arenamed as the halides of less electronegative halogen.Thus,
for exanmple CIF is called chlorine monofluoride and not fluorine monochloride.

Ternary compounds were unknown until recently except as polyhalide anions or
polyhalonium cations, but now somecompounds, e.g., IFCI, and IF,Cl have been
prepared.

The interhalogen compounds with fluorine are more common.

6
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Type
XY

XY';

XY';

XY';

Table 3:some physical properties of interhalogen compounds.

Compound Mpt (° C) Bpt (° C) Appearance
CIF (Chlorine fluoride) -156 -100 Colourles gas
BrF (Bromine fluoride) -33 -20 Pale browngas
BrCl (Bromine chloride) ~-66 -5 Redish yellow liq.

ICI (Iodine chloride) 27.2 (a) 97
Brown red solid

Ruby red solid

13.9 (B)
Black solidIBr (Iodinebromide) 36 |16

CIF; (Chlorine trifluoride) -76 12 Colourless gas

BrF, (Bromine trifluoride) 8.8 126 Colourless liquid

BrCl; (Bromine trichloride) 374K (decomposes) Orange solid

ICl, (Iodinetrichloride) 101/16 atm 64(sub) Orange solid

IF; Iodine trifluoride) -28(decomposes) Yellow powder

CIFs.(Chlorine pentafluoride) >-196 Colourles gas

BrFs (Bromine pentafluoride) -61.3 41 Colourless liquid

IFs (Lodine pentafluoride) 9.6 98 Colourless liquid

IFz (lodine heptafluoride) 45 5 Colourless gas

The stability of interhalogen compounds depends on the electrone gativity difference of

thetwo-halogens,Greater the difference, more palar is the bend and therefore,greater is

the thermal stability and higher their melting and boiling points.

General properties:
Interhalogen compounds are covalent. However, they are generally more reactive

than the halogens except fluorine, since X-Y' bond ismore polar thanthe Y-Y
bond.

They exist asdiamagnetic volatile solids, liquids oF gasessince all of them
contain an even number of halogen atoms.

They are hydrolysedby water;

CIF + H,0 � HF+ HOCI
They react with alkenes and add across thedouble bond (C=C).
They are strong oxidizing agents and they are used to prepare metal halides. They
convertmetal into metal halides.

XY' +2M � MX +MY"
Iodine trichloride (ICl,) and bronmine trifluoride (BrF)autoionize (self ionization)

like water and ammnonia to give polyhalides ions such as ICI..

21Cl; ICI,"+ ICl,

2BrF, BrF, +BrF,
Thus, the substances which furnish ICI,t and BrF*behave as acids and those
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furnishing ICI, and BrF, behave as bases in ICl,and BrFs solvent systems,

respectively.

Their mpts and bpts are higher than expected from interpolation of the melting
and boiling pts of the constituent halogens.
Other properties like colour are intermediatebetween those of the constituent
elements.

Structure of Interhalogen compounds:

The larger atom lies in the center. Their structures can be explained with the help of
Valence BondTheory.

Molecule Total number Bond Lone Shape Hybridization
of electron pairs pairs

pairs around X
XY 4 Linear Sp
XY'a 2 T-shaped sp'd
XY's 6 5 Square pyramidal Sp
XY' 7 0 Pentagonal sp

bipyramidal

1. Type XY': As expected, the compound of the type XY' are linear. Thus ClE, BrE,
BrC1, IBr and ICl all have a linear structure.

X-Y

2. Type XY's: The central halogen atom X undergoes sp'd hybridization. Three of the

hybrid orbitals having an electron each are used in making three covalent bonds
with three atoms of the other halogen atom. The remaining two orbitals

accommodate the two lone pairs of the central atom. In order to minimize lone

pair-lone pair and lone pair-bond pair repulsions, the lone pairs occupy the two
equatorial sites around the central halogen atom, thereby giving a T-shape to the
molecule. Thus CIF, BrF and ICI have a T-shaped structure.

X atom at ground state

ns np nd

Xatom in excited state

sp'd hybridisation
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T-shapcd structrc of XY'3

3. Type XY's: The central atom X uses five of its seven valence electrons in forming five

bonds with Y'and two electrons remain as lone pair. Thus X-atom in XY5
molecule is sp'd hybridized.

np nd
ns

X atom at ground state

Xatom in excited state

sp'd hybridisation

square pyramidal structure of XY';
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4. Type XY7:The central atomuses all its seven valence electrons in forming seven A- Ibonds. The X atom is sp'd' hybridized.

X atom at ground state

ns np nd

Xatom in excited state

sp'd'hybridisation

PSEUDOHALOGENS
Pseudohalogens are molecules which have properties similar to those of the halogens.E.g., cyanogens (CN)2, thiocyanogen (SCN);and selenocyanogen (SeCN)2.
The pseudohalogens in generalexhibit physical and chemical properties characteristic ofthe halogens. E.g.:

They form ions such as cyanide CN,cyanateOCN,thiocyanateSCN,selenocyanate SeCN,etc. which,resemble the halide ions to someextent.Theyare oxidizing agents.

They combine with many metals to form salts that have characteristics similar tothose formed by the halogens.
Theyform hydrogen derivatives that are similar to the hydrogen halides.Theyform covalent derivatives of the non-nmetals which have properties verysimilar to those of the corresponding halogen derivatives.
Theyform compounds similar to the interhalogens by combining with each
other.(e.g., CNNa, CSSCN,CNSeCN and CNSCSN;) and with the halogens.

OXIDES OF HALOGENS

All halogens form binaryoxygen derivatives althoughmany of them are unstable.
Halogen-oxygen bonds are largely covalent because of the similarities in

electronegativity of halogens and oxygen.
The oxygen compounds formed with all the halogens except fluorine are called
oxides because Ox ygen is the most electronegative of these elements.

Fluorine is more electronegative than oxygen, hence compounds of fluorine with
Oxygen are considered as fluorides of oxygen (are named oxygen fluorides) rather

than oxides of fluorine.
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Table 4: Oxides of halogens.

Fluorides Oxides

Compound Oxidation Chlorine 0.N Bromine O.N lodine 0.N
Number compound compound compound
(0.N)

OF: Cl,O +1 Br;0
CIO, +4 BrO +4 +5

Cl,O% +6 BrO +6
Cl,0, +7

Fluorine:

Forms several oxygen compounds with general formula O,F; (where n=1-6).

The conpounds with n=3-6 are unstable at room temperature and decompose to OF2

and oxygen. (OF,is a stable gas).

Properties:

All are covalent, having discrete molecules (gasesor volatile liquids at room

temperature).

They are acidic

They are unstable, readily decompose into their elements.

OXOACIDS OF HALOGENS (HALIC ACIDS))

Allthe halogens form oxoacids in which the halogens have acquired a formal positive

oxidation state. The oxoacids have oxygen attached to the halogen atom.Theyhave the

general formula HOX(O),where n=0, 1,2 and 3.

Fluorine being more electronegative than oxygen does not form oxoacids except the

unstableHOF (hypofluorous acid).

Table 5: Important oxoacids of halogens

Names of the Oxidation Oxoacids Structure
acids State of of

halogen
In the acid CI Br

Hyponao +1(HXO) HOCI HOBr HOI H-O-X
[Halic Hypochlorous acid Hypobromous acid Hypoiodous acid

Halous +3 (HX0,)
HOCIO HOBrO H-O-X-0

(Halic (III)acid]
Chlorous acid Bromous acid

Halic +5 (HXO,)
HOCIO: HOBrO, HOIO,

[Halic (V) acids]
Chloric acid Bromic acid lodic acid

H-O-X>0
Perhalic +7(HX0) HOCI, HOBrO HOIO,

(Halic (VI) acid]
Perchloric acid Perbromic acid Periodic acid

HO-X-� 0
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Properties:

HOX; HXO,; HXO; HX04

Thermal stability increases
Acidity increases

The oxoacids containinghigher number of oxygen atoms are thermally more
stable. Since the sp orbitals form relatively weak o-bonds, the thermal stability isdue to the strong (p-d)bonds of filled 2p-orbitals of oxygen with empty -orbitals of the halogens which increase with the number of oxygen. However, thethermal stability decreases with increase in the atomic number of the halogen.Thus, HOCI isthe most stable anfd HOIthe least stable among the hypohalousacids.

Acid strength of oxoacids increases with increase in the oxidation number of thehalogen. This is because oxygen is more electronegative than halogens (consideronly C1, Br and I), the terminal ox ygenatom pulls the electron of the O-X bondtowards itself, leaving a slight positive charge on the halogen atom. The halogenatom then draws the electrons of X-OHbond towards itself. This oxygen atom inturn pulls the electrons of O-H bond towards itself, leaving hydrogen atomslightly positively charged and making the O-H bond moreeasily ionisable. Thismakes the compound more acidic.H-0-CO
Structures of OXoacids

OH OHOH

HOX HX0, HXO, HXO4(linear) (angular)
(trigonal (tetrahedral)
Pyramid)Their structures are all based on the tetrahedron of the sp hybridization of the halogenatoms.

USES

Fluorine:

Is used in toothpaste to prevent tooth decay by dental caries.
Used for the productionof uranium hexafluoride, the compound used for the
separation ofUand U isotopes by gaseous diffusion method.
Teflon, in the formof its coating,on kitchenware is used to make them nonstick. It
is a polymer of fully fluorinated ethylene.
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Chlorofluorocarbons (CFCs)are used as refrigerants. in aerosol sprays andmicro-electrons.

Freons, e.g., CCl,F; (Freon-12) and CCIHF (Freon-11) used as refrigerants also
contain fluorine.

Chlorine:

ls used in the manufacture of Polvvinvylchloride (PVC), which because of its non

inflammability and insulating properties is used as an electrical insulator, for

Covering electric wires,making conduit pipes, etc.

Dichlorodiphenyltrichloroethane (DDT) � s used widely as an insecticide.

Bleaching powder or liquid chlorine is used for disinfection of water on a large

scale.

Bleaching powder (Ca0Cl,) is used for bleaching paper pulp and textiles.

Bromine:

Methyl bromine is the most effective nematocide known. It is also used as a

general pesticide.

Silver bromide is used for making photographic plates or films.

Iodine:

Tincture of iodine (iodine dissolved in alcohol) is used as an antiseptic.

Iodine is present in the thyroid hormone.

A deficiencyof iodine causes goiter and leads to stunted growth and cretinism. To

prevent this, common salt is routinely iodised.
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GROUP VIIIELEMENTS
(THENOBLE GASES)

Elements of this group are: - Helium-He: Neon-Ne: Argon-Ar: Krypton- Kr: Xenon-Xe:
Radon-Rn.

Valence shell: ns'np° (except He-ns')

Theyhave the most stable valence shellelectronic configuration.

They exist as single atoms.

Table 1: Someproperties of the noble gases.

Property He(2) Ne (10) Ar (18) Kr (36) Xe(54) Rn(86)

Electronic 1s [He]2s²2p (Ne|3s'3p" [Ar)3d"44p (Krl4d"5s Sp (Xe]4r's"6s6p

configuration
210 215Van der Waals radius 131 174 189

(pm)
119.6 165.1 211Boiling pt.(K) 4.2 27.2 87.2

Melting pt. (K) 1 26 atm 24 84 116 161 202

Density of liq at bpt 0.126 1.20 1.40 2.6 3.06 44
(gm

1170 1037
IE (kJmol') 2372 2081 1520 1350

Elec affinity (kJmol) 54 99
Abundance in dry air 5.2 18.2 93.40 1.14 0.087 0
(ppm by volume)

0.392 1.629 2.460 4.000 5.419
Polarizability 0.202
(x10cm')

Physical properties:
All noble gases are colourless, odourless and tasteless monoatomic gases. They

are the only elements that exist as uncombined gaseous atoms at room

temperature and one atm pressure. Each atom, behaves as if it is effectively

isolated.

Since there are no usual electron pair interactions between the noble gas atoms,

the only interaction are the weak van der Waals forces. Therefore,have very low

melting and boiling points in comparison with those of other elements of

comparable atomic or molecular weights.

Since they have the stable Is´ or ns´np configuration, theyhave the highest

ionization energies compared to other elements in their periods. And as we go

down the group the IE decreases.

Analogously, the electron affinity of these elements is either zero or a small

positive value.

Solubility of heavier noble gases in water is large (Ar-Rn).

Noble gases are insoluble in metals and fused metals.
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Lack of chemical reactivity of the noble gasescan be understood from the following
Chemical properties:

facts:

They have the highest 1 ionizationenergies
in each period; hence they do not

easily form cations or donor co-ordinate bonds.

They poSsess positive electron affinities (i.e. low EAs) and exhibit the least

attraction for further electrons in,their periods.Thus, they don'teasily form

anions or accept electrons in coordinate bonds. For the same reasons they don't

easilyform normal covalent bonds.

Compounds formation

True chemical bonding in the noble gases seemsto be restricted to krypton, xenon and

radon with fluorine or oxygen ligands. None. however, combines with oxygen directly.

The oxides are made from the fluorides when they react with water.

Krypton chemistry is limited to the difluorides, KrF2, and one or two complexes With

fluorine bridges between krypton and another element.

There should be an extensive chemistry of radon but it is radioactive, therefore short

lifetime makes it impossible. However, at least one radon fluoride is known, but its

formula has not yet been established.

One compound with a Xe-N bond is also known.

Compounds of Xenon:

The chemistry of xenon is the most extensive in this group and the known oxidation

states of Xe range from +2 to +8.

lonic derivatives:
Neil Bartlett observed that Platinum hexafluoride was able to oxidise oxygen molecule to

form a stable compound.
O2g) +PtFo(g) � O,"PtFo()

He realized that Xenon should also form a similarcompound because:

Xe 1" ionization energy is close to that of O,, (IExe=1170kJmol and

IEo2=1180kJ mol')

Size of Xe and O; is similar.

Hence, the lattice energy and their enthalpy of formation of the compoundsshould not be
too different

So when Xe and PtF6 were mixed an orangish solid was formed.

Xe(g) +PtFetg) � Xe"PtF6s)
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Fluoride derivatives:

Aereacts directly with fluorine on heating. Theproducts depend upon the amount o

fluorine present and the reaction conditions:

Xe + F;, 2:1 mixture

400° C. sealed vessel

Xe + 2F
1:5mixture

400° C,6 atmosphere
XeF4

Xe + 3F,
1:20 mixture

>250° C, 50-60 atmosphere

XeF%

Properties:
1.The compounds XeF., XeFa and XeFs are white solids which can be sublimed at

room temperature.

2.The lower fluorides react with fluorine on heating under pressure forming higher

fluorides.

3. They react quantitatively with hydrogen.

XeF,+ H,
2HF +Xe

XeF, + 2H,
4HF + Xe

XeF,+ 3H, 6HF+Xe
4. They oxidize chlorides to chlorine, iodides to iodine, cerium(II) to cerium(IV), Ag(I)

to Ag(II), Cr(III) to Cr(VI) and Br(V) to Br(VII):

XeF,+ 2HCI Xe +2HF +CIl,

XeF,+ 4KI Xe + 4KF +21,

XeF,+ BrO; +H,0 Xe + BrO, +2HF

5. They fluorinate manycompounds as well as elements:

XeF,+2SF4 Xe+2SF.

XeF,+ Pt Xe +PtF4

XeF, +2C%H% Xe+ 2C,H,F+2HF
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Oxygen derivatives:

Reaction of Xefluorides with water gives xenon oxygen compounds-Xe03.

6XeF4+ 12H,0 � 4Xe+2XeQ,+30,+24HF
XeFo +3H,0 � XeO;+6HF
With smallquantities of water, partial hydrolysis occurs giving a colourless liquid
xenon oxofluoride, XeOFA.
XeF,+ H,0 � XeOF4. Thesameproduct is formed when XeF,reacts with

silica or glass. Because of the stepwise reaction which finally produces the dangerous
XeO3,XeF,cannot be handled in glass or quartz apparatus.

2XeFo+SiO, � 2XeOF,+ SiF4

2XeOF4+SiO, 2XeO,F + SiF4
2XeO,F2+ SiO, � 2XeO,+ SiF4

In alkaline solution XeO,forms xenate ion HXeO4
XeO; + NaOH NatHXeO.

Sodium xenate

Xenates slowly disproportionate in alkaline solution to form perxenates and gas:

2HXeO, +20H � XeO, +Xe +O,+2H,O.
Alkaline hydrolysis of XeF6 also forms perxenates
2XeF,+ 160H � XeO, +Xe + 12F +8H,O

Perxenates react with concentratedH,SO,to give xenon tetroxide,XeO4,which
is volatile and explosive:

Ba;XeO%+ 2H,SO, � XeO4 +2BaSO4+2H,0

Complexderivatives xenon fluorides:

XeF)acts as a fluoride donor and reacts with pentafluorides such as ,PFs. AsFs.

SbFs, NbFs, PiFs, ete. to form salts of the types (XeF]'|MFol. [XeF]'(MFW and
[Xe,Fs]'[MF].

XeF4 is much less reactive in this respect andreacts only with the strongest F

acceptors such as SbFs and BiFs.!

XeF combines with pentafluorides to yield 1:lcomplexes such as,

[XeFs]'[AsFs]' and [XeFs]'|PiFsl.

Structure and bonding in somexenon compounds

Bonding in these compounds can be explained by the help of Valence Bond Theory.
1. Xenon difluoride XeF:

An electron from the 5p level of Xe is promoted to the 5d level, followed by sp'd
hybridisation.

The two unpaired electrons in axial orbitals form bonds with two fluorine atoms

And three lone pairs occupy the equatorialpositions of the trigonal bipyramid
giving rise to a linear molecule.

The objection is that the 5d orbital of Xe appears to be too large and too high in

energy to participate in hybridisation. However, it has been suggested that the
highly electronegativeatoms like fluorine cause a large contractionin the size of
the d orbitals enabling them to participate in bonding.
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Xe atom in ground state

5s 5p 5d

Xe atom in excited statc

sp'd hybridisation

F
Structure of XeF,

2. Xenon Tetrafluoride XeF4

The structure of XeF4 is square planar. Promotion of two electrons reslts in sp3d2

Hybrisation.Two of the positionsare occupied by two lone pairs.

5s Sp 5d

Xe atom in ground state

Xe atom in eXcited state

sp'd hybridisation
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F

Structure of XeF

3. Xenon Hexafluoride XeFo
Three electrons are promoted and the hybridization is sp3d3 which predicts a

Pentagonal bipyramidal.

5s 5p 5d

Xe atom in ground state

Xe atom in excited state 4

sp'q' hybridisation

Clathrates of noble gases
In clathrates compounds thenoble gases are trapped in cavities in the crystal lattice of
certain other compounds such as water or quinol. The formationof clathrares seems to
depend on relative molecular dimensions rather than on any particular chemical affinity.
The atoms or molecules which are of suitable size to fit in the cavities in the host lattice
can form clathrates.

Hydrates:
When water is allowed to freeze in the presence of Ar, Kr or Xe under pressure, atoms of

noble gas get trapped in the crystal lattice of ice giving clathrates of composition
Ar.6H,0, Xe.óH,0, Kr.6H;0.

Quinol (orl,4-Dihydroxybenzene
When quinol is crystallized from its aqueous solution in the presence of heaviernoble
gases like Ar, Kr or Xe under a pressure of 10-40 atmospheres, crystals of clathrates are
formed.
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Note the following important points:

Noble gases are trapped in the network of H,O or quinol which is fixed by

hydrogen bonding.
No chemical bonds are fornmed onlv polarising effect of the host molecules on

noble gases.

Clathrates compounds are non-stojchiometric: cavity filling depends o the partial

pressure of noble gases.

Tendency to form clathrares and the thermal stability increase down the group.

He and Ne don't form such compounds due to their smallsize hence very low

polarizability.
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   CHM 302 NOTES BY DR FAMOJURO  (First lecture)                                                           

1.0     SOLID STRUCTURES 

All substances have the ability to form solid phases when the temperature is low enough. 
It should be noted that the nature of solid depends on the type of bonds that hold the 
atoms, ions, or molecules together in a tightly-packed arrays. Solid can be classified 
broadly as CRYSTALLINE or AMORPHOUS.  A crystalline solid is a solid in which the 
constituent atoms, ions or molecules lie in an ORDERLY ARRAY for example, quartz 
(Fig.1.0), diamond etc. An amorphous solid is one in which the constituent atoms, ions, 
or molecules lie in a RANDOMLY/DISORDERLY ARRANGEMENT, for example glass, 
butter, rubber etc.  

 

 

       

 

 

Figure1.0 :     (a) Glass- amorphous form of Silica SiO2; the atoms are arranged disorderly 
  (b)   Quartz- crystalline form of Silica SiO2, the atoms are arranged orderly.  

https://www.gemsociety.org/wpcontent/uploads/2015/02/3503046152_1f84a673cd_z.jpg//  
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1.2 CHARACTERISTICS OF CRYSTALLINE AND AMORPHOUS SOLIDS  

Crystalline solids or crystals, typically have flat, well-defined surfaces called FACES 
(Figure 2.0), which have definite angles at their edges. They exhibit sharp melting points 
and well-resolved X-ray diffraction patterns. In contrast, amorphous have 
irregular/curved surfaces, it does not give a well-resolved single crystal x-ray diffraction 
pattern and melt over a wide range of temperature. 

 

 

 

Figure 2.0 : Galena crystal structure showing faces  

https://encryptetbn0.gstatic.com/images?q=tbn:ANd9GcSi0J0stbWTw4_JHodpY84JAcwXw

3-YB6rw0w&usqp=CAU 

 

1.3.  CRYSTALLINE SOLIDS 

Many substances form crystals and these includes metallic elements, such as, copper, 
iron, alloys such as steel, solid forms of non-metallic elements (such as sulphur, 
phosphorous, iodine); ionic compunds (such as sodium chloride, potassium mitrate, 
hydrated copper sulphate); network molecules such as transition complexes, and many 
others. Crystalline solids are classified according to the bonds that hold their atoms, 
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ions, or molecules in place. Importantly, the atoms, ions, or molecules of a particular 
substances can adopt more than one arrangement, depending on the conditions under 
which they formed. These different arrangements are the different solid phases of a 
particular solid; alo known “Allotropes”. Thus, diamond and graphite are two different 
phases of carbon; the carbon atoms are arranged differently in each phase. Different solid 
phases have different physical properties such as melting point and density. The specific 
arrangement of atoms, ions, or molecules within a crystal an be determined by X-ray 
diffraction.  

 

1.4   Classification of Crystals 

Crystals are classified based on the bonds that hold their constituent atoms, ions, or 
molecules together. On the basis of bond, there are four types of crystals, these are, 
metallic crystals, ionic, network/covalent and molecular solids. 

1.4.1  Bonding types in crystals 

(a)   Metallic crystals:  metal cations surrounded by sea of mobile valence electrons, thus 
metals are good conductors of electricity, examples are metals in the periodic table 

(b) Ionic crystals  : this consist of alternating positively charged cations bonded 
electrostatically to negatively charged anions.These structure formed generally from the 
bonding of metallic with non-metallic atoms. Examples are NaCl, KCl, CaCl2 among others. 

©  Network/Covalent crystals : this consist of atoms covalently bonded to neighbouring 
atoms. This structure is in three dimensional and consist of large number of atoms. 
Example includes diamond, quartz, metalloids solids like Silicon, oxides of transition 
metals among others. They have high melting points, brittle and do not conduct electricity 
because they are composed of atoms not ions 

(d) Molecular crystals    : this consist of molecules at lattice points and are held together 
by weak intermolcular bonds such as hydrogen bonds, examples are iced water, 
supramolecules, among others. They could have low melting and boiling points due to the 
weak intermolecular forces. 
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2 

    METALLIC CRYSTALS 

These are s- and d-block elements, such as sodium and magnessium metals (s-block), iron 
and copper (d-orbitals). A particular metallic crystal is homogeneous, because all the 
atoms present in the metallic element have the similar electronic configuration. The 
constituent atoms in the element are held together by a metallic bond. Metallic bond 
implies positive charges ions are held together by a sea of electrons, which are negatively 
charge. Metallic solids contain equal amount of positive and negative charges. Thus, 
metals are malleable, ductile, lustrous, eletrically and thermally conductive due to the 
free flow of electrons through the crystal lattice. 

The arrangement of the atoms in a mettalic crystals is in a Close-packed structure 

/arrangement. Close-packed implies minimum wastage of space; the atoms are packed 
in such a way that minimum empty space is available. There are three main ways that 
metallic atoms are closely-packed together to form a crystals. These are hexagonal 

close-packed (hcp), cubic close-packed (ccp) and body centred cubic(bcc)  

structures. Cubic closed-oacked could also be referred to as face- centred cubic (fcc) 
structure. 

Atomic arrangements in metallic crystals 

The arrangement of atoms in mettalic crystals could be in three forms, these are 
hexagoanl close-packed, cubic close packed or face centred closed packed, or body-
centred cubic structures. These atoms are arranged in such a way as to minimize unused 
spaces. It should be noted that, the type of close-packed structure a metal adopts 

depend on which arrangement gives the lower energy, and that depends on details 

of its electronic structure.  In addition, hcc and ccp are based on closest packing of 

spheres, assuming each atom is represented as a sphere. 

Close-packing  

i. In one dimensional (direction) :    First, It is important to understand the arrangement 
of atoms in one direction (figure 3.0), there is only one way to arrange atoms closely in 
one dimensional. Each atom (sphere) is in close contact with two of its neighbours and 
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this determine its coordination nunmber. Coordination number is the number of atoms 
surrounding one atom. In this case, the coordination number is 2.  

 

 

https://www.google.com/url?sa=i&url=https%3A%2F%2Fwww.brainkart.com%2Farticle
%2FPacking-in-crystals_38663%2F&psig=AOvVaw36IsXE7CxqCScdpcdxXL-
7&ust=1628267356285000&source=images&cd=vfe&ved=2ahUKEwiekp7cppryAhUEvBoK
HflWCbIQr4kDegUIARDSAQ 

 

Figure 3.0: Images showing arrangement in one direction 

 

ii. In two dimensional (direction) : A two dimensional close-packing can be arranged in 
two forms. In Figure 4.0, the atoms in second row are placed directly on the atom of the 
first row, subsequently, the third row are placed directly on the atom of the second row. 
This gives rise to Square Close packing, and generated the system of AAAA arrangement. 
All the rows are the same, and the Coordination number of an atom here is four (4 
neighbouring atoms).  

 

 

Figure 4. 0: images showing arrangement in two dimention resulting in Square close-
packing (void is tetrahedral) 

The second arrangement is shown in Figure 5.0, in which athe atoms of the second row 
are place in the dip of the first row, and subsequent row follow that of the first row giving 
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rise to an ABABAB arrangement. This type of arrangement result in coordination number 
of six, thus hexagonal close-packing in two dimension is formed 

 

Figure 5.0 :  Images showing six atoms surrounding an atom in an hexagonal close 

packing in two dimension. (void is tri-angle) 

It is important to note that, the spaces called void that were available in square packing 
are larger than that of hexagonal packing. This imples that, the atoms in hexagonal close 
packing are much more closely packed, decreasing wastage of space and at lower energy, 
lots of metallic crystals adopt this kind of arrangement. 

Crystal arrangement in three dimensional 3D 

Metallic crystals could be arranged in three dimensional in three ways, namely (i) 
hexagonal closed packed (hcp) (ii) cubic closed-packed (ccp), also known as face-centred 
closed packing (fcc) (iii) body-centred closed packed (bcc). 

The first two packing arrangements hcp and ccp are based on the closest packing of 
spheres, thus the atoms are tighly held in a closed packed. This is similar to the way the 
fruits are arranged in Figure 6.0  

 

Figure 6.0: Fruits arranged in 3D hexagonal closed packing 

Hexagonal closed-packing (hcp) 
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In hcp, the first layer is arranged closely as in two dimensional hexagonal close- packin 
in figure 5.0, the second layer is placed in the depression of the first layer, and it keeps 
alternating until a solid 3D crystal is obtained. The first layer and the third layer are 
arranged the same way, while  the second layer and fourth layer are the same, thus 
leading to a ABABAB pattern of layers (Figure 7.0) . In this hcp, each atom is surrounded 
by twelve neighbours; three nearest in the layer below, six in its own layer and three in 
the layer above (Figure 9.0). In hcp, the coordination number is twelve. It has the close 
packing density of approximately 74%. The hcp structure is very common for the crystals 
of beryllium, cadmium, magnesium, titanium, zinc and Zirconium 

 HCP.png (335×322) (psu.edu) 

Figure 7.0: 3D image of hexagonal closed packing showing ABABABAB 

 

 hex_close_packing.png (395×354) (chem1.com) 
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Figure 8.0: image showing the coordination number of hexagonal closed packing 

 

Cubic closed-packing (ccp)/ face-centred closed packing (fcc) 

The atoms are closely packed together, and denser, the first layer ‘A’ of atoms are packed 

as closely packed as possible,  the second layer ‘B’ settles into the crevices of first layer, 
the third layer ‘C’ could be placed on to layer B in two possibilities. One possibility is to 
place the atoms directly over the atoms of layer "A". The other possibility is to place the 
atoms over the second set of crevices in layer "A" forming a third layer, C. The repeating 
layer for ‘ccp’ is ABCABCABC, Figure 10. The coordination number of ccp is 12, three in 
above and below, and six in the same layer. 

 

 

 

Figure 10: Hexagonal and Cubic packed Structure 

 

Body centred close-packed (bcc) 

In body centred close-packing (bcc),  the atoms are packed side by side in the first layer 
(Figure 11). The second layer is placed directly in the depression of the first layer (Figure 
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12). The third layer is directly above the first layer. This form of packing is less efficient 
at filling the spaces, than ccp or hcp. The sphere/atoms occupy 64% (0.64 Atomic packing 
efficiency), of the total space. The coordination number is eight (Figure 13), each atom is 
surronded by eight neighbouring atoms, four from the upper layer and four from lower 
layer. Examples of metallic crystals with bcc structure are tungsten, alpha iron, 
chromium, beta titanium. 

 

         

Figure 11: The first layer in bcc packing structure 

 

 

Figure 12: The 3D image of Body centred closed packing structure (bcc) 
https://www.researchgate.net/profile/SlavicaGrdanovska/publication/309355490/figure/fig23/AS:6
69075927740416@1536531540164/2-Representation-of-a-body-centered-cubic-structure-
collection-of-multiple-unit-cells.png 

 

Figure 13: Image showing the coordination number of 8 in Body-centred cubic packing 
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https://lh3.googleusercontent.com/proxy/fGFiSFi9v8BTon35Mip9c_hWqTB_baKhbdRJaH27Vs2jCQ3
uGqoOLbaaRKX_e6T9_0JgK8C3WJ1DNi3Ujkk3YqDh3o8GJhPISkB50jl8KP9eYCmuJY44ILqQ4m0o03G3
wq0Qv1zYJClGx3dSzBV62WnSoUacXL-iEylrEjPJP5DprQbr7pFlF9q9dED9c5-GRvkTg 
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https://cdn1.byjus.com/wp-content/uploads/2016/10/Types-of-Unit-Cell-700x325.png 

     

IONIC CRYSTALS/SOLIDS (2nd lecture) 

 (DR FAMOJURO) 

Ionic crystals are made up of positive and negative ions, bound by electrostatic attraction. 
The electrostatic force is the same in all the three-dimension; this is responsible for the 
high melting and boiling points of ionic compounds. This is due to the fact that 
considerable energy is needed to break the lattice in all directions for the solid to melt.  
On melting, ionic solids conducts electricity by the movement of ions, when they are 
placed in an electric potential. Although when in solid forms, they do not conduct 

electricity easily, however due to defects in their crystal lattices, ions may move 

from one point to another in the solid state, thus behaving like a semiconductor. 

Other properties of ionic solids includes,  the ability to react speedily and their solubilities 
in polar solvents. Examples of ionic solids include metallic salts (NaCl, KCl, among others), 
oxides, sulphides, hydroxides and many inorganic compounds. 

Crystal packing arrangement in ionic crystals 

The crystal packing arrangement in ionic solids are dependent on the relative sizes of the 
constituent ions (positive and negative) and their numbers. Also, the coordination 
numbers can also be predicted from their relative sizes. Few ionic solids constitute both 
positive and negative ions of almost equal sizes, while majority have relatively smaller 
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positive ions with larger negative ions. It is possible to predict the coordination number 
and shape of the unit cells by the ratio of the positive ionic radius to that of the negative 
ionic radius, this is known as limiting radius ratio rules “r+/r-.  

The table below summarizes the relationship between limiting radius ratio rules “r+/r , 
coordination number and shape of the unit cell. 

 

limiting radius ratio rules 
“r+/r 

coordination number Shapes 

<0.155 2 Planar 
0.155 -0.255 3 Trigonal 
0.225 – 0.414 4 Tetrahedral 
0.414 – 0.732 4 square planar 
0.414 – 0.732 6 Octahedral 
0.737 – 0.999 8 body-centred cubic 

 

The maximum coordination number in ionic solid is 8, and the unit shape resembled 
Body-centred cubic, though not regular due to the vibration of the ions throughout the 
crystal lattice. 

Ionic crystal packing arrangement could be described in terms of hexagonal or close-
packed arrangement. In these two types of closed packed arrangements, 74% of the space 
is filled, while 26% remain unfilled, and this space is regarded as holes in the crystal 
lattices. There are two different types of holes, namely tetrahedral and octahedral holes. 
Tetrahedral and octahedral holes are bound by four and six ions respectively. The 
octahedral are larger than tetrahedral holes. An ion occupying a tetrahedral hole has 
coordination number of 4, while that of octahedral is six (figure 1.0) 
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Figure 1.0: Crystal holes 

 

It is important to note that, in most ionic solid the anions are much larger than the cations, 
and it is the anions that form the crystal arrays (Figure 2.0). The smaller ions, cations, 
reside in the holes between the anions. 

 

Figure 2.0: Typical Ionic crystal (small cations embedded in between anions)  
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HlgjTpIUVxFAq6tM9264xGbEBKpR10NtpVU&usqp=CAU 

Figure 3.0: Crystal packing arrangement of some ionic crystals with different radius ratios 

 

Classification of Ionic crystal packing into AB, AB2 and AB3 
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                                                                    CHM 302 NOTES  (Dr Famojuro’s part) 

The importance of Solid State Crystal Packing  

The importance of knowing the crystal packing (or crystal structure) of solid materials lies in 
understanding how atoms, ions, or molecules are arranged in a three-dimensional lattice. This 
knowledge is crucial because the atomic arrangement directly determines the material's 
physical, chemical, electronic, and mechanical properties.  

This arrangement determination the material properties in terms of the followings 

(1) Material’s property  

(a) Mechanical Properties:  

Crystal packing affects hardness, ductility, and strength. For example, diamond (sp³ carbon) is 
extremely hard due to its tightly bonded 3D network, while graphite (layered structure) is soft 
and slippery. 

   - (b) Electrical Conductivity:  

Metals like copper have close-packed structures allowing free electron movement, whereas 
insulators like diamond have tightly bound electrons. 

   - (c) Optical Properties 

The arrangement influences light absorption and refraction (e.g., transparency in quartz vs. 
opacity in metals). 

   - (d) Magnetic Properties 

Ferromagnetic materials like iron have specific atomic alignments enabling magnetic ordering. 

 

2. Phase Stability and Polymorphism 

Different packing arrangements (polymorphs) can lead to varying stability and properties. For 
examples, the two allotropes of carbon, diamond (hard) vs. graphite (conductive). Also, for 
TiO₂, its allotropes Rutile, anatase, and brookite have different photocatalytic efficiencies. By 
understanding packing helps predict phase transitions under temperature/pressure (e.g., ice’s 
multiple crystalline forms). 

3. Chemical Reactivity and Catalysis 

Surface atomic arrangements influence reactivity. For example: Platinum (Pt) catalysts* have 
active sites dependent on crystal facets (e.g., Pt(111) vs. Pt(100)), Zeolites* have porous 
structures critical for molecular sieving and catalysis. 

4. Thermodynamic and Thermal Properties 

 Packing density affects *melting point, thermal expansion, and heat capacity, example: 
Tungsten’s *body-centered cubic (BCC)* structure contributes to its high melting point. 
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5. Defects and Engineering Applications 

Crystal defects (vacancies, dislocations) depend on the packing, influencing: 

     - *Semiconductor doping* (Si crystals with controlled impurities). 

     - *Alloy strength* (dislocation movement in FCC vs. BCC metals). 

6. Drug Design and Pharmaceuticals 

   Different crystal forms (*polymorphs) of a drug can have varying solubility and 
bioavailability (e.g., ritonavir, an HIV drug, failed initially due to unexpected polymorph 
formation). 

7. Predictive Modeling and Material Design 

Computational methods (DFT, molecular dynamics) rely on crystal structure to predict new 
materials (e.g., *high-entropy alloys, perovskites for solar cells*). 

 

Key Techniques to Study Crystal Packing 

   - X-ray Diffraction (XRD) – Determines atomic positions. 

   - Electron Microscopy (TEM/SEM) – Visualizes lattice arrangements. 

   - Neutron Diffraction – Locates light atoms (e.g., hydrogen). 

   - Computational Modeling – Predicts stable structures. 

 

Understanding crystal packing is fundamental to materials science, chemistry, physics, and 
engineering because it bridges atomic-scale structure to macroscopic properties. This 
knowledge enables the design of better metals, semiconductors, batteries, pharmaceuticals, and 
nanomaterials with tailored functionalities. 
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                                             IONIC CRYSTALS (2ND PART, DR FAMOJURO), Third lecture 

Classification of ionic crystals 

The whole ionic crystal is electrically neutral and each unit cell reflect the stoichiometry 
of the compound. The arrangement of the ions in a regular geometric structure is called 
CRYSTAL LATTICE, this is also true for metallic crystals. The ionic crystals are classified 
based on the relative numbers of positive and negative ions. They are classified as AX, AX2 
and AX3, where A represent the cations, while X is the anions. It is important to clarify 
that in ionic crystal, the coordination number means the number of ions of opposite 
charge immediately surrounding it. 

“AX” TYPE OF IONIC CRYSTAL 

The AX type of ionic crystal means the oxidation states of both the cations and anions are 
the same but with opposite charges, for example, NaCl, ZnS, CsCl among others. The AX 
ionic crystals generally follow three broad ways of crystal packings. These are called (i) 
the Rock-salt structure/sodium chloride structure (ii) Cesium chloride-like structure (iii) 
Zinc sulphide-like structure (Zinc blende and Wurtzite) 

(i)   The Rock-salt structure/NaCl-like structure 

This type of crystal arrangement derived its name from the mineral form of sodium 
chloride. In this arrangement, (Figure 1.0) taking NaCl as an example, the chloride ions 
Cl- , lie at the corners (edges) and centre of the faces of a cube, forming FACE-CENTRED 

CUBIC UNIT CELL. The smaller sodium cation (Na+) fit snugly into the octahedron 

hole between the anions. Each anion is surrounded by six cations, and each cations by 
six anions, thus the coordination number is denoted as (6, 6)-coordination. This means 
that the coordination of the cations is six (6 anions is surrounding one cations), and the 
coordination of the anions is six (6 cations is surrounding one anions). The three- 
dimensional array of NaCl crystal showed that each Na+ is surrounded by 6 Cl-, and vice 
versa.  

This rock-salt structure is found for a number of other ionic compounds of the same 
charge type such as KBr, RbI. MgO, CaO and AgCl. It is commonly adopted by ionic crystals 
of the same oxidation state with opposite charges, and different ionic radii. The Rock salt 
arrangement is expected when the radius ratios is the range of 0.4 - 0.7. For sodium 
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chloride, the Na+ radius is 102pm, while that of Cl- is 181pm, the radius ratio is 102/181, 
which is 0.564. 

 

 

Figure 1.0: Rock salt type/Sodium chloride like AX crystal arrangement 

(ii) Cesium Chloride-like structure 

When the atomic radii of the cations and anions are similar and the radius ratio is greater 
than 0.7, the cations cannot fit into spaces between the anions as that of rock-salt,  the 
cations lie the middle of the anions layer, adopt something similar to body-centred cubic 
unit (Figure 2.0), denoted as Cesium chloride structure. The crystal packing is not exactly 
body-centred cubic, because it has different ions in the centre unlike what makes for real 
body-centred.  This is the structure for CsCl and it showed the chloride ions at the eight 
corners with Cesium ion Cs+ at the centre. The coordination number is (8,8)-coordination. 
The ionic radius of Cs+ and Cl- are 174 and 181 pm respectively. This structure is also 
shared by CsBr and CsI  
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Figure 2.0: Cesium chloride-like structure 

 

(iii) Zinc Blende and Wurtzite (ZnS-like structures) 

Ionic crystals usually adopt these two types when the radius ratio is around less or equal 
to 0.4. The ionic radii of Zn2+ and S2- are 74 and 190 pm, and it can adopt two types of 
crystal packing, namely Zinc blende or Wurtzite. By regarding these two as forms of 
closed-packed arrangement of S2- ions, the Zinc blende is similar to face-centred cubic 
closed packing (ABCABC) in which the Zn2+ ions only fill the tetrahedral holes/voids. On 
the other hand the Wurtzite is similar to hexagonal closed packing (ABABAB) with the Zn 
ions filling the tetrahedral holes also. However, only half of the tetrahedral holes in the 
crystal lattice are occupied by Zn ions. The coordination number of both cations and 
anion is four, (4,4)-coordinations. 

THE AX2 TYPE OF IONIC CRYSTALS 

The two major crystal packing for this type are fluorite such as CaF2 and Rutile such as 
TiO2. Many difluorides and dioxides adopt one or two structures. 

(i) Calcium fluorite-like structure (CaF2)- this fluorite crystal packing is adopted by 
ionic compound of the type AX2, with the radius ratio of is greater or equal to 0.73. In this, 
each Ca2+ is surrounded by eight F- giving something similar to body-centred cubic 
packing. Also, the F-  is surrounded by four Ca2+, since there are twice as many F- ions as 
Ca2+ ions. Thus, the coordination number is (8, 4)-coordination. 
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(ii) The Rutile (TiO2-like structure) 

Titanium oxide has been found to exist in three different crystal packing, namely rutile, 
brookite and anatase, however many crystals of the type AX2 with radius ratios of 0.41 – 
0.73 adopt the Rutile crystal packing.  Here, each oxygen ion (O2-) is trigonally surrounded 
by three Titanium ions (Ti4+), while each titanium ion is surrounded by six Oxygen ions 
in a distorted body-centred closed packing. Thus, the coordination number is (6, 3)-
coordination.  

 

 

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz

compile
d by 9jabaz



 DEFECTS IN IONIC CRYSTAL LATTICES AND IMPORTANCE (DR FAMOJURO) 

Theoretically, crystal models depicting the crystal packing always presented a perfect 
arrangement, however experimentally, this is not so. This is due to the fact that atoms, 
ions or molecules in crystals are not static, they possess thermal vibration and could be 
knocked off in a crystal lattice by appropriate external stimuli. In addition, there are 
defects and presence of impurities in crystal lattices. Ironically, many of the properties of 
solids are due to these defects, impurities and thermal vibrations. 

Defects 

There are mainly two types of defects that could present in crystal lattices. These are 
Stoichiometric and non-stoichiometric defects. At absolute zero, it is assumed that crystal 
lattice contains perfect arrangement of ions, however as the temperature increases, so 
also the thermal vibrations of each ion. If the vibration of an ion is large enough, it could 
jump out of its lattice sites. This is called POINT DEFECT, the higher the temperature the 
greater the chances of point defect in the crystal lattice (unoccupied spaces increases). 
This is a thermodynamic effect since it is dependent on temperature. 

(A) Stoichiometric defects 

Stoichiometric crystals are compounds that have the same number of different ions 
present, as indicated in their chemical formulae. This type of crystal obeys the law of 
constant composition, which states that, “The same chemical compound always contains 

the same elements in the same composition by weight”. For instance, NaCl crystal which 
has 1:1 arrangement of Na ion to Cl ion is a stoichiometric crystal. Defects in 
stoichiometry could be present in two ways, these are (i) Schottky (ii) Frenkel  

(i) Schottky defects- This is when there a positive ion and a negative ion are absent in 
the crystal lattice, leading to the formation of a pair of holes (Figure 1.0). The is always 
present in ionic crystal that have coordination number of 6 or 8. Examples are KCl, CsCl, 
NaCl among others. The number of Schottky defects formed per cm3 can be calculated 
using this equation 1.0 

ns = N exp(-  Ws/2kT) ………………(1.0) 

Where, Ns is the number of sites per cm3 that could be left vacant, Ws is work necessary 
to form a Schottsky defects, k is the gas constant and T is the absolute temperature. 
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Figure 1.0: Schottky Defect 

(ii) Frenkel defects:  

This is when there is a vacant site (a hole) in the crystal lattice and the ion that was 
supposed to occupy the vacant site, is occupying an interstitial position (Figure 2.0). Since 
metal ions are usually smaller than the anions, it is easier to squeeze a metallic ion into 
alternative interstitial spaces. Thus, it is more common to find positive ions in the 
interstitial spaces. The presence of ions in the interstitial spaces will distort the whole 
crystal lattice and the closeness of like charges lead to a high dielectric constant. This 
defect is favoured by small positive ions and large negative ions; thus, the coordination 
number will be 4 or 6.  
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Figure 2.0: Frenkel Defect 

The energy needed for the formation of either Schottky or Frenkel defects depend on two 
factors, temperature and work needed to be done. The fascinating consequence of these 
defects in a crystal lattice is that, the crystal may conduct electricity to a small degree. 
This type of conductivity when induced in a chemically pure stoichiometric 
semiconductor is called “intrinsic semiconduction”. This is induced by ionic mechanism 

due to the  movement of ion from its lattice site, to another hole, thereby creating another 
hole from where it left. If this mechanism is repeated throughout the crystal, then there 
is movement of holes, which is equivalent to moving a charge in the opposite direction. 
This phenomenon is responsible for the unwanted background noise produced by 
transistor.  

It is important to note that, crystal with Frenkel defect has one type of hole, which is from 
positive ions, while crystal with Schottky defect has holes from both positive and negative 
ions. The presence of holes should lower the density of the crystal, however too much 
holes will lead to partial or complete distortion of the crystal lattice. 

NON-STOICHIOMETRIC DEFECTS 

Non stoichiometric crystals are called Berthollide crystals, and the chemical composition 
of this type of crystal varies. It does not obey the law of constant composition and the 
ionic compositions that are present, do not correlate to its chemical formulae. Exanples 
of this are oxides and sulphides of transition metals, such as FeO, FeS and CuO. The ionic 
ratios depict 1:1 in the chemical formulae, it is not so experimentally,  Fe0.9S, Fe0.84O are 
the non-stochiometric compositions. Overall electrical conductivity is maintained by 
having an extra electron in the structure or having to change the charge on some metal 
ions. There are two types of non-stoichiometric defects, these are Metal excess and Metal 
deficient.  

Metal excess: this is when there is excess of positive ions in the crystal lattice. This could 
also be of two types, namely (i) F-centres (ii) interstitial ions and electrons 

(i) F-centres defects 

When crystals such as NaCl, KCl and LiH are heated with excess of their metallic vapour, 
bombarded with high radiation energy, they become deficient in the negative ions. This 
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result in changes in their formulae and could be written as AX1-σ , where σ is a small 

fraction. This means that a negative ion is absent from its lattice site, leaving a hole, which 
is now occupied by an electron in order to maintain electrical balance (Figure 3.0). Note, 
the mechanism is similar to Schottky defect but only one hole is present here.  

 Anion sites occupied by electrons are called F-centres (F means Fabre in German, 
translated as “colour” in English). The more the F centres the more the intensity of the 
colouration of the crystal. NaCl with F-centres are yellowish in colour, while that of KCl is 
lilac-purple. These colours are similar to the colour of the flames of these metallic ion. 
These crystals are paramagnetic (presence of unpaired electron), and when irradiated 
with light they become photoconductors. These means they are n-type semiconductors, 
since conductivity is by movement of the F-centred electrons from valence to conduction 
bands. 

 

Figure 3.0: F-centre Defect 

(ii) Interstitial ions and electrons defect 

Metal excess defect is observed when there is an extra cation occupying an interstitial 
position in the crystal lattice, and the electrical neutrality is maintained by an inclusion 
of an interstitial electron (Figure 4.0). There is no vacant sites unlike Frenkel defect, only 
interstitial electron and positive ions. This type of defect is much more common than 
Frenkel defect, and generally found in crystals that have ions of different radii and with 
low coordination number. Examples include ZnO and CdO among others. Since these 
crystals have free electrons, they can conduct electricity, thus, are n-type semiconductors. 
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Figure 4.0: Interstitial ion and electron Defect 

 

(iii) Metal Deficiency Defect 

Metal deficiency defect occurs in two ways, (i) positive ion absent (ii)extra interstitial 
negative ions (extremely rare) 
 
(a) Positive ions absent Defect:  
This occurs majorly in some transition metal oxides such asNiO, FeO, FeS, CuI among 
others. These crystals possess metal ions that are in two different oxidation states, for 
instance, NiO, have both Ni2+ and Ni3+ in the crystal lattice. Positive ion absent defect 
occurs if a positive ion A+ is missing from its crystal site, the charges are balanced by 
having positive ions with extra charges. If Ni2+ is missing from its crystal lattice site, there 
must be two Ni3+ ions that will balance the charges. Also, these types of crystals are p-
type semiconductors (movement of holes, movement of positive ions) 
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                      CRSTAL LATTICE,  UNIT CELLS AND CRYSTAL SYSTEMS (Dr. Famojuro) 

 

WHAT IS A CRYSTAL LATTICE? 

A crystal lattice is a graphical representation of constituent group of atoms, ions 
or/molecule of a crystal as points in three dimensional, and these points are joined 
together by lines (Figure 1.0). It is a geometrical concept that takes into account how the 
well-arranged points are related to each other in a translational symmetry. It is important 
to emphasize that, these points do not tell the position of an atom in a crystal. They are 
points in space oriented in such a way to build a crystal lattice (Figure 1.0). Note that 
crystal lattice is an aggregation of unit cells. 

 

           

Figure 1.0: Group of ions representing a lattice point forming unit cell of the crystal lattice      

Characteristics of Crystal Lattice 

• In a crystal lattice, each atom, molecule or ions (constituent particle) is 
represented by a single point. 

• These points are called lattice site or lattice point. 
• Lattice sites or points are together joined by a straight line in a crystal lattice. 
• When we connect these straight lines we can get a three-dimensional view of the 

structure. This 3D arrangement is called Crystal Lattice also known as Bravais 
Lattices. 

Crystalline solid could fit into one of the fourteen well-defined lattice arrangements called 
BRAVAIS LATTICES, also known as unit cells 
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UNIT CELLS A CRYSTAL 

The smallest unit that can represent a whole crystal is called unit cell. Unit cell is the 
smallest hypothetical unit that when stacked together can repeatedly without any gaps 
in three dimensional directions, can reproduce the entire crystal. A unit cell is to a crystal 
in three dimensions, what a tile is to a tiled floor in two dimensions (fig 2.0). Each unit 
cell is defined in terms of lattice points the points in space about which the particles 
are free to vibrate in a crystal.  

 

Figure 2.0: A panel of tiles (inset showing a unit cell of tiles) 

In 1850, Auguste Bravais showed that crystals could be divided into 14-unit cells, (Fig 
3.0) which meet the following criteria namely 

(i) The unit cell is the simplest repeating unit in the crystal  
(ii) (ii) Opposite faces of a unit cell are parallel  
(iii) (iii) The edge of the unit cell connects equivalent points. 
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Figure 3.0 : The 14 units cells which makes up the each14 Bravais lattices 

 

In a unit cell, each atom/ion/molecule is sometimes represented by a dot that marks the 
location of its centre.  The number of atoms in a unit cell is counted by noting how they 
are shared between neighbouring cells. For example, an atom at the centre a cell belongs 
entirely to that cell, (Fig. 4.0) but one on a face is shared between two cells and counts as 
one-half an atom. For instance, in fcc unit cell (face-centred cubic unit cell), each of the 
eight corner atoms is shared by eight cells, so overall they contribute 8 * 1/8 = 1 atom to 
the cell, each ato at the centre of each of the six faces contribute one-half an atom, so they 
jointly contribute 6* 1/2 = 3 atoms, the total number of atoms in a fcc unit cells is four. 
This means that the mass of a unit cell in fcc is four times the mass of an atom (Fig. 5.0) 
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Figure 4.0: Three Unit cells present in Cubic crystal system 
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Figure 5.0: Number of atoms present in a unit cell  
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CRYSTAL SYSTEM 

Crystal system is a concept that completely described a crystal in terms of its geometrical 
arrangement of its lattices. It could be classified into one of the seven systems shown in 
Figure 4.0, according to the shape of its lattice unit cells. Each systems depict the 
translation symmetrical orientation of the crystal lattice, denoted as a, b and c, and the 
angle each of these made with each other α, β, and γ (fig. 6.0). These unit cells (fig. 4.0) 
fall into seven categories (Fig. 7.0) which differ in the three unit-cell edge lengths (a, b, 
and c) and three internal angles (α, β, and γ.), 
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Figure 7.0: The seven crystal systems (3 in cubic, 2 in tetragonal, 2 in monoclinic, 4 

in orthorhombic, 1 in hexagonal, rhombohedral and triclinic – the 14 Bravais unit 

cells  
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Figure 8.0: The crystal unit cells of some common ionic compounds compile
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