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UNIT I
IONIC BONDING, POLARIZATION

AND VALENCE BOND THEORY
A) IONIC BOND

An ionic bond is formed when there is actual transfer of one or more electrons

from the outermost energy shell of one atom to the outermost energy shell of the other
atom.

The atom from which the electrons are transferred acquires positive charge and
the atom which gains the electrons acquires negative charge. Thus the electrostatic
attraction between the oppositely charged ions results in the formation of a bond called as
ionic bond. An ideal example of ionic bond is between Sodium and Chlorine in the
molecule, sodium chloride, which, in turns of electron transfer can be explained as
follows

Sodium atom loses single electron from its outermost shell to form Na® ion

(cation) Chlorine atom in tumn accepts the electron transferred by the sodium atom to
form Cl'(anion)

Na + CI —» [Na'][CT]
(2.8,7) (2.8,1) (2,8) (2,8,8)
Thus, there exists an electrostatic attractive force between positively charge sodium

ion and negatively charged Chloride ion in NaCl molecule. The formation of ionic bond
is favoured when

[) Metal has low ionisation energy
II) Other element has high electron affinity and
I1I) The resulting compound has high lattice energy.

1.1 Energetic of lonic Bond Formation

Three types of energies are involved in the ionic bond formation. These are:
1. lonization energy.

2. Electron affinity and

3. Lattice energy

1. lonization energy: It is related to cation formation.

It is defined as the energy required removing an electron from an isolated gaseous
atom of an element resulting in the formation of its positive ion (cation) i.e. it is the
energy required for bringing about the following change:

Mg — Mg'+e al=+]

It is given the symbol, | and since energy is to be supplied in this process it is
givel positive sign. The encrgy is measured in electron volts (¢) or Kilocalories (kcal) per
mole
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is called first ionization energy. The enery
. ositively charged ion to get dipositive ior
required to remove one or more electron from p _ A S ve
ca(l]led Seconzmionization energy. In the same way third, fourth and higher lonizatj,,

o e ot is a direct measure of cag
: onization energy S€ o
energy are defined. The magnitude of 10MIZ ) : .
cati gyf tion. If its valuegT;s Jow, cation 1S readily formed. Alkali and alkaline Cart
ion formation. If i :

metals have low value of ionization encrgy :
anion formation. It 1 defined as the energy releaseg

lement gaseous state accepts an electron and is
it the energy released in the following

The energy required in above process

2. Electron affinity: It is rclate(-i to
when an atom of electronegative €Ic! B
converted into electronegative 1on (anion) Le.

process.

X, +e —> X aH=-E _
(8) since it is the energy released, it is given a negative

. . e S mbo] E ﬂnd N " . 4
] 'lt IS; g“;fzatsl:rcgin eV or kcal/mole. Similar to ionization potential there can b
b ien, It 1s also P : )
| ol d. third electron affinities also, respectively corrcspondm'g t(? energy changes
first, second, ve, dinegative and trinegative ions.

i ing the formation of uninegati ! :
o ion f more energy is released in the above process

. : _— i

Anion formation will be favoure : . .

o if electron affinity is high. Halogens have relatively high values of electron affinity
ie.

Hence they readily form anions.
3. Lattice energy: It is related to the formation of an .ionic solid from .its ions. Lattice
energy of an ionic crystal M* X" is defined in the fo!lowmg.two ways: It is dcﬁ.ned as-the
energy released when exact number of gaseous catlon-s M (.g) and gase?us_ anions X'(g)
come close together from infinity to form one mole solid ionic crystal, M" X(S)

Mg + Xg —> M*X" + Energy released

It is also defined as the energy required to remove ions of one mole of solid ionic
crystal from their equilibrium positions in crystal to infinity.

My + X —> M*X" + Energy supplied

It is represented as U
Lattice energy of an ionic solid is a measure of its stability. If the value of lattice

energy is high, it means that more energy is required to separate the ions from the ionic
crystal. In other words this means that the ionic crystal is stable,

1.2 Factors Favouring Tie Formation of lonic Bond
From the above discussion we can now write the factors which will favour the
ionic bond formation.
The formation of an ionic compound MX will be favored if
I) The ionization energy of element M is low
IT) Electron affinity of X is high
III) Lattice energy of compound MX is high.
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1.3 Experimental determination of lattice energy using Born-Haber Cycle

The lattice energy of ionic solid like NaCl may be determined by using Born
Haber cycle. It is thermochemical evele and was devised by Born and Haber in 1919.The
cycle first relates the lattice energy of erystalline solid to other known thermochemical
quantities. Then make use of Hess’s law to evaluate the unknown quantity. Lattice energy
of Sodium Chloride may be determired by using Born Haber cycle as 'f0||¢)w5_ Sodium
chloride may be considered to formed from solid sodium metal and gaseous chlorine by
two different method described below

Method 1: It is direct combination of solid sodium and gaseous chlorine to give solid
sodium chloride. The process may be represented by following equation.

Nag) + %Cle —— Na+Cl: 4 Hf=-4142 mol™!

This equation tells us that when one mole of solid sodium combines with half
mole of gaseous chlorine molecules, one mole of crystalline sodium chloride is formed.
During this process 414.2 KJ mol'of energy is also evolved. This energy is called heat
formation of sodium chloride and is represented by the symbol AHf.

Method 2: It involves five different steps described below

Step 1: Sublimation of Sodium: In this process I mole of solid sodium Na (s) changes
gaseous sodium Na (g). The energy required for this process is S (Heat of sublimation
sodium) Its value is experimentally found out to be 108.7 KJ mol™.

Nag — Nag); SNa=108.7KJ mol!
Step 2: Dissociation of chlorine: In this process half mole of chlorine is dissociated
intol mole of chlorine atoms. The energy required for this process is 1/2DCIl, (where
DCl,is the heat of dissociation of one mole of chlorine). Experimental value of 1/2 DCl,
is 112.95 KJ mol™.

Clygy — Clgy '/,DCL=-112.95K] mol™"
Step 3: Formation of sodium ions: I mole of gaseous sodium atoms
sodium ions by removal of an electron from each of them. Energy required for this
process isINa(lonization energy of sodium) Its experimental value is 489.5 KJ mol™.

Nag —— Na'( + ¢ ; INa=489.5 KI mol”
Step 4: Formation of chloride ions: One mole of chlorine atoms (formed in step 2) take
up electrons given by sodium and are converted to negatively charged chloride ions. Th
process is accompanied by release of energy. By definition the energy released in this
process is electron affinity of chlorine (Ea). Its experimental value is 351.4 KJ mol™.

Clg + € ——»= Clpy; ECl=-351 K] mol’!
?tep 5: Formation of ionic crystal Na'Cls): Gascous sodium and chloride ions formed
in step (3) and (4) above combine to give solid sodium chloride crystal Na'Cl's). Energy
released in this process also and by definition this is lattic energy of NaCl. It is
represented as UNaCl Its value is to be determined from other values.

are converted
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Na.’—(g) + C]_(g)—-__’ Na + C]-; IjNaC] ='?
n method (1) must be equal to tota] of Sl
r

According to Hess's law the energy change i

changes of all steps in method (2) i.e..
Cl + UNaCl

A Hf = SNa + '/, DCl, + Na +E
A Hf = SNa + !/, DCl, + INa +ECT+ UNaCl

Putting the actual values we get
4142 = +108.7 + /5(225.9) + 489.5-351.4 + UNaCl

UNaCl = -414.2 - 108.7 - 112.95 489.5 +351.4
— .773.95 KJ mol”!

elow in figure

OR

It can be represented as given b

Examples: '
1. To calculate the lattice energy of NaCl crystal the data is
Sublimation energy (S) =108.7 KJ mol”
Dissociation energy for CI (D) =-225.9 KJ mol”
lonization energy for Na I = 489.5 KJ mol”

=-351.4 KJ mol”

Electron affinity for CI (E)
Heat of formation of NaCI (AH)
Substitute these values in equation.
Uo =+A H-S-1/2D-1-E
Uo =-414.2-108.2-1/2 (225.9)-489.5 +351.4

=773.95 K mol”
2. Calculate the heat of formation (AH) Of KF from its elements from the following da

by the use of Born-Haber cycle.
Sublimation energy of potassium (S)= - §78.8 KJ mol’

=_414.2 KJ mol’

Dissociation energy of F2 (D) =-158.9 KJ mol

lonization energy of K (g) (1) =-414.2 KJ mol

Electron affinity for F (g) (E) = -334.7 KJ mol’!

Lattice energy of KF (Uo) =-807.5 KJ mol”
Solution:

AHf = S+1/2D+I+E+Uo
AHF = -87.8+ 1/2 (158.9) + 414.2 + (-334.7) + (-807.5) = 560.8 KJ mol”

This can be represented as:
1
K(s)+ /2F2(g)'—"_> KF(S) +560.8 KJ mol-1
3. Calculate the heat of formation (AH) of MgF2, from its elements using the Borm
Haber cycle. The thermochemical data are as follows.

SL_beim.ati'on energy of magnesium (S) = 146.4 KJ mol”
Dissociation energy of F, (D) = 158.9 KJ mol

lonization energy of Mg (g) (I) =2184.0 KJ mol
Electron affinity for F (g) (E) =-334.7 KJ mol”
Lattice energy of MgF: (Uo) =-2922.5 KJ mol

Substituting these values in the expression for MgF,
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Mg, * Fag = MgF, + 1102.6  KJ mol-1
AHf = S+D+1 +2E+Uo

Here D will be used instead uf‘ D) because of the following process

Fayr ¥ D —> 2F,
2Ag) (g)

Also 2F is taken in place of E because of the following change
A 4+ Y —————p= IF o
2Fg + =C 2F )

AHf = 146.4 + 158.9 +2184.0 +2(-334.7)-2922.5

=-1102.6 KJ mol”

1.4 Solvation of lons and Solvation Energy

The interaction that takes place when a substance is introduced in a solvent and
the energy change associated with this process is called Solvation and energy change
associated with this process is called solvation energy.

Let us consider the various changes that take place when an ionic solute like
sodium chloride is added to a polar solvent like water. Water is called a polar solvent
because in its molecule the oxygen atom is partly negatively charged and cach hydrogen

atom is partly positively charged as shown below;
d+

H—————-2o0
\ d+
H

When sodium chloride is introduced in such a solvent, the negative ends of water
molecule attract the positive ions, and the positive ends attract the negative ions of the
crystal. These attraction forces exerted by the water molecules weaken the existing
among the ions in the crystal. Hence some of the ions in the crystal are pulled away from

their positions in crystal lattice as shown in the figure

S

Fig. 1.1 : Dissolution of sodium Chloride in water
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: Once the Na and CT 1ons are ionic lattice, followiy,
YRS i & 5
; rocesses occur simultaneously. bt
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Fig. 1.2 : 5
2 Born-Haber cycle for determination of salvation energy:
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1.5 Calculation of Solvation Energy

The energy changes during solvation of sodium and chloride ions may be calcul
using a Born-Haber type cycle as given in figure 1.6

Here L is the heat of solution of NaCl at infinite dilution (i.e. the total amount of
evolved or absorbed when one mole of sodium chloride dissolved in such a large excess
of water, that further addition of water does not produce any heat change).
UNaCl is the lattice energy of NaCL.

(AHs)Na. and (AHs)CI" are the solvation energies of sodium and chloride ions.
Since heat of solution of NaCl at infinite dilution (L) and lattice energy of NaCl (UNaCl)
are experimentally known, the solvation energies Na+ and CI- ions can be calculated
from following relation.

L = UNaCI + (AHS)Na" + (A Hs)CI

It gives us the sum of solvation energies of sodium and chloride ions. There
purely thermochemical way to separate this sum into two parts corresponding to sodium
chloride ions.

1.6 Factors affecting solvation and solvation energy

1) Solvation energy and lattice energy: The dissolution of an ionic compound in
polarsolvent is favoured if the attraction between solvent molecules and ions, exceeds
the attraction among the ions in a crystal lattice or in other words if the energy of
solvation of ions exceeds the lattice energy of the crystal.

2) Dielectric constant and solvation energy: For a given ion and the solvent the
dielectric constant'and the solvation energy are related by following equation, called
Bornequation, |

H = C,y/2r (1-1/D)

Here,
D = dielectric constant of the solvent. H = Solvation energy of gaseous ion,
R = ionic radius and or C = charge on the ion,

From this equation it is evident that increase in the magnitude of dielectric
constant increases the solvation energy.

3) lonic size: Both solvation energy and lattice energy are increased by decreases in
cation and anion size. It is therefore difficult to relate solubility to size of ion.
However the two opposite charges are not of the same magnitude and in general other
factors being equal solubility increases with increase in cation or anion size.

4) lonic charge: With increasing cation or anion charge, the lattice energy increases
much more rapidly than the solvation energy. This results in decrease of solubility.

5) Electronic configuration of cations and their polarising effect:

a) If the anion is more readily polarised by the cation, than is the solvent, the lattice
energy will increase more than solvation energy and the solubility will decrease.

b) If the solvent is more readily polarised by the cation, the solubility will increase.
The ions having pseudo inert gas configuration Ag+ , Pb++, Hg++, etc. have high
anion polarising effect, hence their salts (AgCIl, PbCl2, HgCl2)) have lower
solubility in water. As compared to these, the alkaline earth cations(Ca++, Ba++
etc.) having inert gas type configuration, have low anion polarising effect, hence

their halides CaCl2, BaCl2, are readily soluble in water.
& Kk k%
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B) POLARIZATION

l i I olarizatio P nriz, “ ')(’)\N()I P() arz lb""ty
i N g i H"' b] 1 1nn call v |
I\Hmll.‘»‘ {ire I"l}."(" In S1ze ¢

afi ‘oaches nearby anion .
tightly hold, In an fonic molecule, when a cation approaches nearby Closely,

A1 he anion towgp :
» . ‘ qel the electron cloud of the a ward jiq
positive charpe on the eation tends (o attra §

due to electrostatic force of atteaction oxisting l)clwu‘:n thcm: At I;rlljlc same ltl.me the calj
also tond to repel the positively charged nucleus .ol the am()n: | ¢ .com ined e]?‘fecl
those two forces is that the electron cloud of the mnf.)n no kmg‘cr w|.nams symmetricy| |
is elongated towards the cation. This phcm)mcno'n ls.callc.cl distortion, or deformatig,
polarization of the anion by the cation and anion is said (o be ]?olallzed. Thus
distortion of the symmetrical clectron charged cloud of an anion by the catiop
termed as polarization”,

For example, the large iodide ion by itself is perfectly symmetrical, Howe,
when a small positively charged lithium ion comes close to the iodide ion, the elec
cloud on the anion is pulled towards the positive lithium ion. The iodide ion is said to
polarized and the process is called polarization.

The polarization effeet produces covalence in Lil molecule because there is s01
electron density in between the nuclei as in the sharing of electrons in a covalent bo
The power or ability of a cation {o polarize (distort) a nearby anion is known
polarizing power and the tendency of the anion to get distort or polarize by cation

known as polarizability.

No Polarization Polarized Anion
CH

Polarization Leading Covalence
Fig. 1.3 : Polarization of cation by anion

. The anion also has similar effect on the cationi.e.thecation is also polarized by l
anion, but since anion is usually large and cation is small, the polarization of cation m
much and is considered ag negligible, Extensjve polarization would be witness wh
cation penetrates the anionic electrop cloud giving a covalent bond. Compount
consisting of large negative ions and smal] Positive ions, the polarization leads to parti
covalent character in ionic compounds,

Examples of such ionic covalent compounds are FeCls, AlCl;, LiBr, etc.

n Nature of Bong
ic Compounds)

1.8 Effect of Polarization o
(Covalent Character in ion

: . jonit
The nature of bond (ionic) formed between cation and anion in an "

molecules’ depends upon the effect of polarization of one ion upon the other. If [.ht

degree of polarization is quite small or negligible, then the bond remains largely ioni¢



WO BONDRES PO AR TR AN VAL ANCE SO THE0REY £ §
Whie Fg dogme o polrostoe & bege. slschory e Prwws Boey spgtind um Eoeasd
i peieve Ty, eewnRang O p Pagd pomgreiaiiom of R Potmanes W Paet oo S ot
2 Bgx deyres of cowadiver Jmewots senly gty propier e pelacosioas gresii
® Pe covalver charntr evded 2 B soil hnd
LY Faiamy Refes of Polprirastve

Reommecrr Sagan s @ 1603 gave somgde appeomch o expleoy pertial cownhent
chamwmy @ mew hoed Mo ouriaeed e veruese of soe Poin charsait W OEG
iR o R St T Y e — of

PORErCHOAY (ARSI e of Gty aod Podmizabuity of seom) of an aeson by 4

e, e B oest of ovaivet et avbaond B an Rom compownl  Thews

Scmo ae syt Fagae ) and hesve 2o calied Fagas s Rudes.

zmmmwmmmmmmmm

The cotvomn Bavang Dagh ponstve charpe and small wse sttracty e clectrom ¢ hosed
N B amom maoer stooghy Bwanh Bl B e Gt wth hw portnee charge and
ey am amd Bemos polaeiees the ameon auee nmgh ba other wowshy embuuaed oo nlomt
Mnu&m%mu@&cmmmdmammmwm
R charge am B canoe. The podanimng PoeTr of 3 Catws i devothy preportamal o 8%
harge amd pmvensedy propurtosal 0 s T}wr\m;\wdnmmmm
sprossnd @ termes of 3 parsenctor calied wonw potemtia! whiach i e rates of the effective
acker charee of the catxom and @ som Ihh@ml&nﬂm;\wmnwhﬂm
romRer woald be s polanimg power and preatr wook! e indoaond covalon charscter i
e compoead. This &5 confirmed the pradus! doorease o mecliong poeRy g Ksikows,
cassder coempoands with catoms of differont charges Nt of sowty the seme waw For
smple Nallr (mp=T3TCL MgBr, (mp=700°C) and Albr, (mp-t36) The
ﬁmwpawum"ﬁﬁmismmmad&!;b o which, i bam o greater than
2of Na' o Wmmmhmnnmwuuwhw“smpmm
mA&MWmMMmNMM&mMNM
mpoumds.

Comsider oompounds with catioms of same charpes St of different siney Fox
smple. Na” and Ca™ Bave almost similsr somic radii but CaCY, (m P = TTICY by By
‘aiem character than NaCl (mp = $007C) becasse of higher charge on Ca’ has that of
 Semilarty, with idcatical charpes on catioms, BeCls. (mp WSCH relativel move
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LiBr (m.p.=5 470(:), Lil (m.p_=466°C) because of differences of sizes, the PO'ﬁri?ab']
iy

F". Hence, Lil has the maximum and Ljf | (

t.ht‘ :mions iS iIl the order: I> Br'>Cr>
. . | - . 14
minimum covalent character. As a I'ESll]t Lll has the minimum and Lil has the h' v
Ighe

melting point of all lithium halide compounds. . .
AcF is soluble in water whereas AgCl is not. This is because the CJ ion,
g g

its ge size, is polarized by Ag ion to a greater extént than the F ion. As 4 resyly
boding in AgCl is predominantly covalent whereas in AgBr is mainly ionjc. Th%-f i
AgF being an ionic compound is soluble in water whereas AgCl, being COvaTr‘
compound, is insoluble i water. Similarly AICl; is covalent while AIF,, is ionic ATI
CaF,, shows minimum and Cal, shows maximum covalent character, o
Similarly, the polarizability of anion also increases with increase in its negati,
charge. "Thus among fluorides and oxides of a metal cation, since 0% jop s i

polarized than F" ion, oxides are more covalent than fluorides.

3. Electronic configuration of cation
Cations with pseudo noble gas configuration in their valence shell (ns’np’yg"

have higher ionic potential or polarizing power than those cations with noble g
configuration (ns’np6). This is because d electrons of pseudo inert gas configurati
shield nuclear charge of cation less effectively (poorly) than s and p electrons of ine
configuration. 'Thus cations with pseudo inert gas configuration possess more positiv
charge than the cations having inert gas configuration. Consequently such cations with |

electron configuration will leads to greater polarization of the anion.
For example Hg®* and Ca®* ions have the same charge and nearly the same siz

ionic radii being 1.16 A and 1.14 A, respectively), yet Hg ion with [XeJ4f'" 5d" 65
configuration has more polarizing power than Ca®" jon with [Arl configuration. This i
reflected in melting points of their compounds as HgCl, (m.p. 276°C) and CaCl
(m.p.=772°C).

Also, Cut+ cation (35?3p®3d"®) has greater polarizing power than Na’ 252
although both have same charge and size. Hence NaCl is ionic whereas CuCl have somt
covalent character. This is evident from the increase in their m.p. as shown below.

NaCl = 800°C and CuCl = 442°C
Similarly AgCl (m.p.=455'C) is more covalent than KCI (m.p.= 776°C) an¢

AuCl; m.p. = 170°C) is more covalent than RbCl (m.p. = 776°C). ,
Thus from the above discussion, Fajans' rules given above can be summarized

saying that,
charge 07

1. The molecules containing high positive charge on cation, high negative
anion, small cation or large anion are covalent in character.

2 The molecules containing low positive charge on cation, low negativ

large cation or small anion show ionic character. /

3. The molecules having cations with 18 electrons valence shell conﬁguratfon'(cul’

Ag’, Au3” etc) are more covalent than those having 8 electrons (Na', K, Rb £

valence shell configuration.

e char on anioh
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1.10 Applications of the Concept of Polarization (Fajan's rules)
The concept of polarization is useful in assessing,
The degree of covalent character in an jonje compound.
The tendency of cation to form complexes.
The tendency of cation towards solvation,
Solubility of salts.
Melting points of salts.
Nature of oxides.
Thermal stability of carbonates
Bond energy
Diagonal relationship
0. Nature of anhydrous halides.

A, __
g, =V = 59 I 4

=l

% %k %k %k

C. COVALENT BONDING

The idea that, two electrons can be shared between two atoms and forms covalent
bond between them was first introduced in 1916 by the American chemist G.N. Lewis.
He described the formation of such bonds as a resulting from the tendencies of certain
atoms to combine with one another in order to have the electronic structure of
corresponding noble-gas atom. This idea cannot explain the stability, reactivity geometry
of covalent molecule.

In the covalent bond one has to understand what types of forces exist which keep
the electron pairs in contact between the two atoms. This idea has been explained the
basis of wave mechanics. Two wave mechanical theories of the covalent bond have been
put forth to explain the nature of the covalent bond.

A) Valence bond theory (VBT)
B) Molecular Orbital Theory (MOT)

Valence bond theory was first proposed by Heitler and London in 1927. In this
theory, the overlapping of atomic orbitals forms a molecule and molecule is composed of
atoms which retain their individual character when linked to the other atoms. This theory
was later on extended by Pauling and Slater in 1931 to account for the directional
characteristics of the covalent bond, which arises due to the vector nature of charge
intensities responsible for such bonding.

Covalent bonds are directional, meaning that atoms so bonded prefer specific
orientations (directions) relative to one another. 'The orbitals which are involved covalent
bonding are localized i.e.they have fixed positions. Due to this, covalent bond is
directional in nature; this in turn gives to molecules a definite shape, as in the angular
(bent) structure of the H,O molecule.

Covalent bonds between identical atoms (as in H,) are nonpolar i.e, electrical
uniform-while those between unlike atoms are polar i.e, one atom is slightly negatively
charged and the other is slightly positively charged. This partial ionic character of
covalent bonds increases with the difference in the electro negativities of the two atoms.
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: i wetal, no atoms | )
When none of the cloments m 2 compourd i “' n I‘“ I!‘L ﬂ;ﬁ 1 the cop, -
\ 4% 1o be hikely , :
have an jonization encrgy low cnough for electron K kely. In such o
covalence prevails. As a gencral rule, covalent bonds are formed between elemer,, :

toward the right in the periodic table (1.8, the non-metals).

1.11 Directional Nature of Covalent Bond ‘
Covalent bond is a directional bond. This means that, covalently bonded %

have definiic relative positions in space with respect to cach other. Covalen |
possesses direction when non-spherical orbitals such as p-orbitals are involyey .
formation, bocause in such orbitals electron density is concentrated in particular direcy,.

Due to directional characteristics of covalent bond, covalent molecules POsses

definite grometrical shapes.

Example : Formation of H/O molecule
H.> IS
O, 1§ 2§ 2Py 2P
Ho~ IS

Now, since 2py and 2pz orbitals of oxygen are mutually perpendicular, the
O-H bonds formed in the H;O are also mutually perpendicular and hence the bond an
water is expected 1o be 90°

IS
H
IS
2
9%
0 H
2Py

_ . Fig. 1.4 : Structure of water molecule,

P“P"'dic;?:mdic Z‘:’“ }i{’& 2py, and 2pz, orbitals of nitrogen are mutuall
perpendicular hemee e - "d8 formed in NH; molecule are also mutusl)
the bond angle in ammonia is expected to be 90°

18

1S H
27 H

- |

A N———H
2Px All bond angles are 90

Fig. 1.5 : Structure of Ammonia Molecule
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5. The hybrid orbitals differ from atomic orbitals from shape, size and energy but 4

contain character of parent atomic orbitals. o - '
6. The distribution of electrons inhybrid orbitals is similar to that in the origina| atop

orbitals each hybrid orbitals contain at the most two electrons with opposite spin,

1.13 Types of hybridization .
Different types of hybridization depending upon the number and type of ator,

orbitals involved in mixing with corresponding geometry and one example of mOlécu

are given in following table.

S.No. | Types of hybridization Geometry | Example of molecy;
1. SP hybridization Diagonal or Linear BeCl,, BeH,
2. | SP* hybridization Triangular Planer BF;, BCl,

3. | SP’hybridization Tetrahedral CHy, NH,”
4. | SP°d hybridization Trigonal Pyramidal PCl;

5. | SP’d* hybridization Octahedral SF;

6. | SP’d’ hybridization Pentagonal bipyramidal | IF,

1. Structure of BeCl,

Electronic configuration of Beryllium in ground state is 1S? 2S% One of the 2
electron gets promoted to next available atomic orbitals (i.e. 2Px) and there for electroni
configuration of beryllium in excited state is 1S? 2S' 2Px!.

1S’ 28
Be,inGS.= Il Il
1§° 28" 2Px' 2Py 2Pz
Be,,in E.S. = I I I I
Formation of BeCl,= I l I l I J

Fig. 1.6 : Liner Structure of BeCl,

Be
Molecule
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2, Gtructure of BF,
Plectronic configuration « :
ol prome “‘dﬁ, g 1 of boron i ground state is 197 2520 One of the 24
clectrons BEL P e 0 The next available vacamt orbitals (210),1 | ’ v Il
wn!i;/,urmu;n of boron in crcited state gy |47 28" 2107 Jy! (); '».‘/; ) /)l | e ‘:)l‘;“t“"l”‘«
1 by I TIRT t i A VY 2 N Y s 1€ 209 At wo % 2
undery 51 h/b”d!/‘ﬂ"’“ pive three 5197 hybrid orbitals having sinple electro y )I Y
P g ‘4r / friee ¢ pe v N R e clectrons overls
with 287 orbitals of Fluorine atoms 1o forn three 11 bond: e
is 12(10 onds, bond angle between Vo131
” ’

15 ?"‘ ,3':7_‘ 2Py -
B,,)in G.5 = H l“‘l : ] I l’
IS 28" apx' 2y gp,
B,,in £.9.~ H ] 1 I ‘ [ , '
, , -
5P

15 5P 59 P

e {11] (AL

Fig. 1.7 : Trigonal Stucture of BF; Molecule
3. Structure of CH,

Atomic number of carbon in ground state is 1872872Px' 2Py' 2Pz, clectronic
configuration in excited state is 1S? 2S' 2Px’ 2Py'2P7'. There are four atomic orbitals
having unpaired electrons undergo SP’ hybridization. All four hybridized orbitals overlap
with 18 orbitals of hydrogen atoms, so four C-H sigma ( 6 ) bonds arc formed . The angle

H-C-H is 109° 28°,

C..inGS. = “ H I ]
[Si 2‘": szv zi,y’ 2""
C,inES.= H I ‘l ] I
- _J
Vs
SP' hybrdization
L) sp' o ospt sp o SP

remsecren{ [ [T

1" oo M
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Fig. 1.8 : Tetrahedral structure of CHy Molecule

4. Structure of PCl;s
Atomic number of phosphorus atom is 15 its outer electronic configurati,

ground state is 18%28%2p% 382 3Px! 3Py 3PZ'. Its electronic configuration in exciteq s
is 18228%2p°® 35! 3Px' 3Py 3Pz' 3d'. There are four atomic orbitals having unpai

electrons undergo SP°d' hybridization. All five hybridized orbitals overlap with |
orbitals of chlorine atoms, so four P-Cl sigma (o) bonds are formed .The angle of P-c]‘

90° and 120° and its geometry is trigonal bi-pyramidal
35’ 3d

ronas- (IO T
R il

SP'd SPd SP’d SP'd SP'd

FomationofPC1, - [;/r u[ ]

¢l ¢ 6l

Yau
SP’d hybrdization

L

Cl LA
< \p__..-‘:-———Cl

Cl
ture of PCls

Fig. 1.9: Trigonal bi-pymmidal Struc
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5. Structure of SFe

Atomic number of sulphur atom is 16 its outer electronic configuration in ground

tate i 15228? 2P° 3S% 3Px? 3Py'3PZ'. Its electronic configuration in excited state is 1S>
5s? 2P° 38’ 3Px' 3Py' 3Pz' 3d%. The formation of SF¢ molecule Undergo sp’d’
pybridization to produce six hybrid orbitals, each containing one unpaired electron. These
six sp3d2 hybrid orbitals are oriented at the corners of regular octahedron and overlap with
2p, orbitals of fluorine to form six S-P bonds in SFg Since hybridization is sp°d’
(octahedral hybridization), shape of SFg, molecule is octahedral four, out of six; S-F
bonds lie in one plane and make an angle 90° while the other two are directed above and
below the plane perpendicularly.

3§° 3p 3d
s.inGs.= | 111111 i
3S' 3P 3d

S, inE.S. = THHITItt] e

SP'd’ SP’d’ SP'd’ SP'd’ SP'd*SP’d’

Formation of SF,= | | l Tl Tl Tl Tl 1l

_J
i
'l;l 9 00( S {90 :,)l
F

Fig. 1.10 : Octahedral structure of SF¢ molecule.

6. Structure of IF; molecule ‘ .
In IF;, the central iodine have atomic number 53 and its ground state electronic

configuration 5s” 5Px?, Spyz, 5pz', in its valence shell. In the excited statle of iodine h.'ivg:
seven orbitals namely 5s', 5px', Spy’, 5pz’, 5dxy', 5dyz' and Sd)_(z. undergo SP d

hybridization to produce seven hybrid sp’d’ hybrid orbitals, each containing one unPan'ed
electron. Each of the seven sp’d® hybrid orbitals overlaps axially w1th. 2pz, orbital of
fluorine atom to form IF, molecule. The five of these hybrid orbitz;ls lays in one planc': @d
Point out along the corners of regular pentagon at an angle of 72°. TW°3 ‘gf the tEmarnng
hybrids lie axially to these five orbitals on plane. Thus, the seven sp’d” hybrids of IF;

molecyle js pentagonal bipyramidal geometry.
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SS: SP‘ 5d
l, N G.S, = Tl Tl i L -
SSJ 51)‘ 5d
I MES. = T T T T T T T

R 193 343
sp'd’ sp'd’ sp'd’ SP'd’ SP'd Sp’d’'SPd

Formation IF, = u u u N Tl U Tl

H

_J

Fig. 1.11 : Pentagonal bipyramidal structure of IF; Molecule

* ¥ kK
IONIC BOND
FILL IN THE BLANKS:
1. Ionic bond is formed by .......... of electrons.
2. Cation having .......... ionisation energy favour ionic bonding.
3. Anion having .......... electron affinity favoured ionic bonding.
4, CsClsolidis.......... stable than NaCl.
5. Melting point of NaCl is .......... than AICI;.
6. The ions having pseudo inert gas configuration Ag' , Pb**, Hg™, etc. have ...~

anion polarising effect.
Salts (AgCI, PbCl,, HgCl,) have .......... solubility in water

The interaction that takes place when a substance is introduced in a solvent and t
energy change associated with this process is called
9. Energy change associated with this process is called

LONG ANSWER QUESTION:

1. What are the factors favouring ionic bond formation?

2. What are the essential conditions for the formation of ionic bond?
3. How is lattice energy is calculated by Born-Haber's cycle?

o

..........
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Draw a neat diagram showing Born-Haber's cycle for the formation of NaCl

* y 4 o) . O ] z
How lattice encrgy is calculated by using this cycle?
Define - Solvation and solvation energy

Explain which type of intermolecular interaction it involved when Cl, gas dissolves
’

in water

What are the factors affecting solvation and solvation energy

Explain the following /

a) HF has less jonic character than HI

b) CuCl and AgCl are insoluble in water whereas NaCl is highly soluble in water
What is Bom-Haber cycle? Discuss its usefulness by explaining the xt.ahuhf) of
solids.

The lattice encrgics of silver halides are almost the same as that of alkali metal
halides, they are insoluble in water. Explain.

_ logic bonds arc non-directional in nature.

13.
14

Define ionic bond and factors which favour formation of jonic bond.

The experimental lattice encrgy of SnO; is -1159.5 kJ mol”' Calculate the heat of
formation of SnO,. Given:

S(Sn) = 291.6 kJ mol™; 1(Sn) = 8991.4 kJ mol”’

D(0) = 454.3 kJ mol”’, E (0) =+ 635.9 kJ mol”.

Describe Born-Haber cycle for calculating lattice energy of an ionic solid MX.

SELECT THE PROPER ANSWER FROM GIVEN ALTERNATIVE:

L

lonic bond formation is favoured if
2) Metal has low ionisation energy b) Metal has high ionization energy.
¢) Metal has very high ionization energy d) None of these.

2. What is trend of m.p. NaCl and BaO
2) BaO > NaCl b) BaO = NaCl ¢) BaO = NaCl d) None of these
3. What is the trends of hardness in AgF, AgCl and AgBr.
2) AgF < AgCl < AgBr b) AgF > AgCl > AgBr
¢)AgF = AgCl = AgBr d) None of these
4. According to Fajan’s rule the cation and anion have
&) Similar Charges b) Dissimilar charges
¢) Cation have greater charge than anion d) None of these.
5. lonic bond formation is favoured if
#) Resulting solid has low lattice energy
b) Resulting solid has high lattice energy
©) Resuhting solid has zero lattice energy
d)None of these,
ANSWERS OF mcaq:
I-a 2-¢ 3-b 4-b S-8
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POLARIZATION
FILL IN THE BLANKS:

L. 'When cation penetrates the anionic electron cloud giving a

7/ of cation not much and is considered :?s r.leg.ligible.

3: Polarization leads to partial .......... character in ionic compoundg

4. Small cation or large anions are .......... in charactc?r. |

5. Induced covalent character in ionic compounds nereases with ..., | i,
cation and or increase with charge on the cation.

6. The polarizing power of a cation is directly proportional to jts ., and i,
proportional to its size.

7. Higher the ionjc potential of a cation, the ... would be jtg polarizip 8 povg

8. The molecules having cations with ... electrons valence she]] config,
(Cu’, Ag', Au* etc) are more covalent than those having 8 electro

9.

ns,
The concept of polarization is usefy] j '
ionic compound.

LONG ANSWER QUESTION:

1. What is polarization? Explai
2. Explain the polarizati
3. Explain Fajan's Ryles and

N N LA

d) None of these.
¢e shell configuration is

C) Be+ d) Ca2+

Mpound jg

d) None of these

d) Na*
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= I THE BI_ANKS:
s Al oroi=IS IR e m shape .
~ Thegoosssal mixing 2nd recasting of atomic orbirtals are called as
- Procoeting SIOMIS orbitaels have ...______. energy
+ BBk e hvbndizztion.
< Bma saci=n Be I N —
s Aflsxboodsm SEg &t o aaon m length.
- Bod=glemCHels -.........
T Wa=is ivbridizetion in IF- moleculeis ..........
o S—omm=e of BeCl: is rigonal Planer While BFsis ..........
1 mIF-.I-Fbondlengthare .......... length.

1 OMNG ANSWER QUESTION:
Wa= is hvbridization? Explain different fypes of hybridization.

2 Exples ceometry of BeCl- on the basis of \‘alence bond theory.

2 Exoiz: srocture of BF: is trigonal planer while CH is tetrahedral.

Z Vb= f:s '-v'*“m.:zanon" What shape associated with SP°d and SP°d’ types
3. Explemall Q—F bonds in SF: are equivalent While in PCl; are different.

Explem stracture 2nd bonding in IF;.

. Whz is Inbridizztion? Gives condiaon of hybridization.
. Distingpish between ztomic and hybrid orbitals.

. Explem stomcture and bonding in PCls.

: Discoss different steps of hybridization
= Drstinzmish between regular and irregular geometry-

SELECT THE PROPER ANSWER FROM GIVEN ALTERNATIVE:
*- Tbe process of mixing and recasting of atomic orbitals is called as
_ Z#polxmisation  b) polarisability c) Hybridization
= SPnbridization gives geometry

2) Lmeer b) trigonal planer c) Tetrahedral

Drzw the sructure of BF: and CH. by using concept of hybridization.

d) None of these

d) Octahedral
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3. Example of SP? hybridization

BF Sk
a) BeCl, b) CH, o c) BF; d) Sj 6
4. PCls is formed which hybridization .
2) SP? b) SP ¢) SPd d) Sp32
5. Whatis hybridization in SF
a) SP* b) SP? ¢) Sp’d’ d) Sp3q
6. What is the geometry IF,
a) Linear b) Tetrahedral
¢) Trigonal d) Pentagona] Bipyramidy|
7. Which molecule has regular octahedra] shape?
a) BF, b) CH, c) SF d) PC,
8. All bonds in PClsare ..,
a) Same in Length b) Different Length
¢) Two axia] Same in length and another three are ®quatorial same j;, length
d) None of these
9. Bond angle in PCI; are
2) 100 and 75 b) 120 anq 90 ¢) 100 ang 90 d) 100 and 75
10. Bond angle in IF,
DOm0 g 40494 ) 100 and 75 d) 120 and 9,
ANSWERS o McCQ:
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It O A YOI T Al LI
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— — PR N

In 19‘!“(}, }0".‘7:;] 353‘2;'/:1:,( znd Herter: P
Repulsion Theory and were modified by R
This theory is 2150 known 23 the Gillespie -}
The VSEPR theory 1s used to predics |
pairs thzt surround the central ztoms of the mo
zssumption thzt the molecule will t2ke 2
yalence shell of that atom is minimized.

1 . . w it th o ¢ 4hecr e =~ oL » - v
According to this theory, the geometry of the molecni= depends rpon e =

= = - 3 _
5 T = CerErTs r—
£ = - T -

of electron pairs present in the valence shell of the cemmrel =0 The slemom s
esent in the valence shell of the central ztom may be of wo Dipes viz )
i) Bonding Electron Pairs or bond pairs ie. electron peirs imvolved iz boodes

ii) Non bonding Electron Pzirs or lone pairs ie. electron peirs not mmvolved -
These electron pairs zlways try to occupy such posinons I spacs so &= There i
minimum repulsion zmongst them and hence maximum stzbilitv. This siteetion czn 2ise
only if the electron pairs arrange themselves in certaim fixed geometrical postoons. Do o
dine opon the pmmber of

this the molecules attain z definite geometrical shzpe depencmz opo

electron pairs.
According to the VSEPR theory, the repulsion between two elecTon
znce than elecgost=tic repulsion @

by the Pauli Exclusion Principle that has grezster importznce thzn
the determination of molecular geometry.
2.2 Rules under VSEPR theory to explain molecular geometry

Rule 1 : When the central atom has only bond pairs of electrons in its valence shell
the molecule has a regular geometric shape which depends upon the number of

i
rf.'
|

bond pairs. o
Table 1: Geometrical shapes of molecules containing only bond pairs oi electrons
No. of Molecules Geometry Bond Examples
bond | A- Central Atom Angle
pairs B- Bonded

atoms | _ i _
AB; Linear | 1807 gB-eCl:,Ber: |
AB; Trigonal Planer 130; | Bf:‘ |
AB: Tetrahedral 109‘__‘3 | CH.
ABs Trigonal Bipyramidal (TBP) : !Z? 90" 2 ggl_:
ABg Octahedral ] ! 9()g — EF |
AB Pentagonal Bipyramidal (PBP) 190, 7= [ 2°° |

]

3

i

BERANG
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Rule 2: Presence of one or more lone
distorts or disturbs the regular geomet
angle.

This is due to the lone
bond pair is under the influence

Lone Pair- Lope Pair > Lone Paipr-
Due to these repulsions between va
€.g. in CH,, which is tetrahedral th
1s. In NH; (3 bong pairs & one lone

(2 bond pairs ang 2 lone pairs) th
ould be noted thyy n the Trig

rious electron pairs, b
affected,

bond paj
in water
sh

Present they wij always occupy
pPresence of one qf more

Summarized jp following tap]

rans pos
lone pairs o
e2.

itions e, opposite to

pair occupies more Space than the b

Bond Pair > Bond Pajr.

e bond angle is 109.28°
pair) the bond angle is re
¢ bond angle further de
onal bipyramidg] (TBP) geometry

octahedral geomertry wh,

the regular geometry

pairs of electrong aroyn :
of the molecyle Cen
ry and ajg,, affgq, U

ts

Bo

ond 3

duceq ¢, 107 |
Creaseg fo ]
the lone Daiy
each othe,. Effec

and bopg angl

Ometrical shapes of Mmoleculeg containing lone Pair of electrons.
No. of [ No. [ Molecules type Actual Bond Examp|
. of A-Central atom Geometry Angle s
lone -Bonded
pairs atoms
L-Lone Pairs
Feredl_ . |
\ \
1 AB,L V-shaped 95° | SnCl,
\\
e : 4 R
\\LAB\:,L Pyramidal [ 775 | NH;
—= | 2 % V-shaped [ 704 50 (HO0
1 AB,[, See-saw <120° | SF,
| <9()° TeCl,
— W | TeCly
\\g_\% T-shapegd 90° |CIF;
\\1\% Linear 180° | IClyion
ABsL Square 90° [ IF;, Brfs
—— ramida|
\
) AByL, Square 90° W
] laner
ABgL Distorteq - [ XeFs
\1 Octahedral
Rule 3: The bong angle depends upo \j—\_——"j
the centraj] atom-greater is the elect n the. e'lectronegativity of atoms attache
bond angle. ; °"egatl\'lty of th

o ff
€ attacheq atoms lesser I
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This is due to the bonding electron pairs are attracted or pulled towards the more
e]ectronegative atoms bonded to the central atom. Ip other words the bond pairs are
ifted away from the central atom. Due to this the mutyal repulsion between the bond
pairs i reduced or decreased and the bond angle decreases. As Fluorine is more
electroncgative than hydrogen hence bond angle is more in H,0 than in F,0.

0 O
H/\-/\H F/\—/\F
104.5° 103.2°

Gimilarly in phosphorus halides the bond angle decreases in the order-
P13(102°) > PBr3(101.5°) > PCIy(100°)

pecause the electro negativity of the halogen atoms attached to phosphorus atom
increases in the order I<Br <CI

Rule 4: Repulsions l-)etween electron pairs in completely filled valence shells are
greater than repulsions between electron pairs in incompletely filled valence

shells.
Hence in H,O the bond angle is 105° while in H,S it is 92°. This is because in

H,0 the central atom is oxygen which has a filled valence shell and hence the extent of
repulsion in electron pairs is more. This results in greater bond angle on the other hand in
H,S the central atom is Sulphur with an incompletely filled valence shell. This results in
decrease in extent of repulsion amongst the electron pairs leading to lesser bond angle.

0 s
AN AN
N -,

T oase B Hoppe B

Rule 5: Bond angles in molecules involving multiple bonds are generally greater

than those involving single bonds.
Multiple bonds behave like lone pairs and occupy those sites where there is

minimum interaction with other electron pairs. Thus in TBP geometry, the multiple bonds
will occupy equatorial sites. It should be noted that presence of multiple bonds does not
affect the geometrical shape of the molecule -it only changes the bond angle.

2.3 Structures of Molecules with Regular Geometry (Molecules containing only
bond pairs)

We aware of that in accordance to VSEPR theory, if the valence shell of central
atom has all the bond pairs, then the molecule have a regular geometry. This is because in
order to minimize the repulsion and maximize the stability the bond pairs occupy definite
Positions in space and impart a definite geometrical shape to the molecule.

Structures of some molecules are discussed as follows.

1. AB; type molecule .
Example- BeCl, | 0
In BeCl,, the central atom is Berylli 180
; ryllium (Be) .-
Electronic configuration of Be- 15%2s’
Number of valence electrons in Beryllium - 2

k
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Numbers of electrons contributed by two chlorine atoms - 7

Total number of valence electrons - 2+2 = 4

Number of valence electron pairs =2

Number of bond pairs = 2

Hence, the geometrical shape of BeCl, molecule is linear ang bong A

M8le jg
2. AB; type molecule §

Example- BF,

In BF; the central atom is Boron (B) 3
Electronic configuration of B - 15225’ 2p'

Number of valence electrons in Boron- 3

Number of electrons contributed by 3 fluorine atoms - 3 B
Total number of valence electrons - 3+3 = 6 F/ \
Number of valence electron pairs - 3

Number of bond pairs- 3

Hence, the geometrical shape of BF3 molecule is trigonal Planar and bopg angle
3. AB, type molecule

Example- CH,

H
In CHy, the central atom is Carbon (C) e
Electronic configuration of Carbon - 152252 2p’ %
Number of valence electrons in Carbon - 4 /f"w,,,,,%’
Number of electrons contributed by 4 hydrogens - 4 H 109.50\ ’
Total number of valence electrons - 4 +4 = § H

Number of valence shell electron pairs- 4
Number of bond pairs - 4

Hence, the geometrical shape of CH, molecule is tetrahedral and bond an
109.5°,

(NH," ion also has a similar structure as here also there are in all 4 electron p
valence shell of nitrogen atom)

4. AB;s type molecule
Example- PCls
In PCl;, the central atom is phosphorous (P)
Electronic configuration of phosphorous - 152252 2p° 3s? 3p°
Number of valence shell electrons in phosphorous - 5
Number of electrons contributed by five chlorine (Cl) atoms -5
Total number of valence electrons - 5+5= 10
Number of valence electron pairs =5 °
Number of bond pairs = 5
Hence, the shape of PCls molecule is

cl

-0

 gp LT

Trigonal bipy™"

trigonal bipyradmidal (TBP). ds
trigonal plane are called as equatorial boﬂln
ane are called as axial bonds. The bond 8
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= AB: type molecu!e

” Examp o SFs F
1n SF- the central atom is sulphur (S) F----l----F
£l R - configuration of Sulphur - 1s% 25 2p® 3s73p* :\IS g
Vamber of “valence shell electrons in sulphur- 6 f:__/ L 5E
;\- ,...;\3; of electrons contributed by six fluorine(F) atoms - 6 1':

Tol qumber of valence shell electrons - 6 +6 =12
\w«whe' of \‘alence shell electron pﬁ.lI'S 6

Number of Fbond pairs = 6
Hence, the geomelry of the molecule will be octahedral and the bond angle will be

O'S‘

5. AB: type molecule

\‘5:-1-\3-\. IF-

Ia IF-. the central atom is iodine (I)
yVislencs shell electronic configuration of iodine 557 5p°

Number of valence electrons in iodine —7

Number of electrons contributed by seven fluorine (F) atoms -7
Tow! number of valence electrons - 7+7 =14

Number of valence electron pairs =7

Nzmber of bond pairs =7
Hence. the geometrical shape of molecule will be pentagonal bipyramidal. The

hond angles between Iodine (I) and equatorial fluorine (F) atoms i.e. F)-I-F,) are 72°
snd the bond angles between equatorial fluorine (F) atom, Iodine (I) and axial
finorine (F) atom and i.e. F-I-F are 90°
2 4 structures of Molecules with Distorted Geometry (Molecules Containing Lone
Pairs):
According to VSEPR theory. presence of one or more
=21l of the central atom distorts the regular geometrical shape of the molecule and also
2ffacts the bond angle. This is due to fact that the lone pairs repel each other as well as
repel the bond pairs. Actually the extent of repulsion between the various electron pairs is
o the order.

LP-LP repulsion > LP-BP repulsion > BP-BP Repulsion
On the basis of this concept the structures of different molecules can be explained

zs follows. (In the following discussion following symbols are used. A - Central atom, B -

?mdt‘d ztoms and L -Lone pairs)
ABL type molecule (2 bond pairs and 1 lone pair)

lone pairs in the valance

Example- SnCl, 0

In SaCl, the central atom is tin (Sn) Sn

The valence shell electronic configuration of tin- 5525p / \
cl’ =5 cl

The number of valence electrons in tin- 4 95°
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ber of electrons contributed by two chlorine (C) at
mber ! =6
;l:h;;]:umber of valence electrons 4 +23
° irs-
nce electron pa . ‘
Total number O}f:;]sepresence of two bond pairs Lone Pair ang o € lon, .
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;0 p;e:es V-shaped or angular or bent. The bond angle is 95
eco - .
2, AByL type molecule (3 bond pairs and 1 lone pair)
d 3
Example- NH;, PCl, . @
i) InNHj) the central atom ig nitrogen (N) N \
The electronic configuration of nitrogen- 1s°2s* 2p -
The number of valence electrons in nitrogen =

The number of electropg contributed by three hydrogen (H) atoms. 3
Total number of valence electrong- S+3=8

Total number of valence electrop pairs- 4

oms. )

0 l}
Weve]
actu

q
(less thap | 20%;01
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Electronjc conf
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e number of electrons contributed by two hydngen .
Total number of valence shell electrons- 6+2 = §
0

Lo qumber of valence shell electron pairs - 4

0

The structure shows presence of two bond pairs and two lone pairs.

As the total number of electron pairs is four, the expected basic electron pair

eometry is tetrahedral but due to presence of two lone pairs the geometry is distorted
- dit becomes angular or bent or V-shaped.

Th

AB.L type molecule (4 bond pairs and 1 lone pair)

" pxemple- SF¢ _ :
In SFs, the central ato.m 1s Sulphur (S) m;
Electronic configuration of Sulphur - 15?2g? 2p° 352 3p* i
Number of valence shell electrons in sulphur- 6 \ ~F
The number of electrons contributed by four fluorine (F) atoms - 4 F 10LE

Total number of valence shell electrons - 6 +4 = 10
Total number of valence shell electron pairs- 5

The structure shows presence of four bond pairs and one lone pair. As the total
qumbers of electron pairs are five, the expected electron pair geometry is Trigonal
bipyramidal (TBP). However due to presence of one lone pair the geometry is
distorted. The loan pair occupies the equatorial position in TBP geometry. Hence the
actual geometrical shape of molecule is see-saw type or distorted tetrahedral type.
The bond angles also get changed. The bond angles between Sulphur (S) and
equatorial Fluorine (F) atoms i.e. Fi)-S-F) and bond angles between equatorial
fluorine (F) atom, Sulphur (S) and axial Fluorine (F) atom are i.e. F)-S-F) are
101.6°. The bond angles between Sulphur (S) and axial Fluorine (F) atoms i.e. F(-S-
F(a) is 173°

. ABsL, type molecule (3 bond pairs and 2 lone pair) F
Example- CIF;

In CIF;, the central atom is Chlorine (Cl). /
The electronic configuration of chlorine- 1s22s?2p® 35%3p° QC]
The number of valence shell electrons - 7

The number of electrons contributed by three fluorine (F) atoms - 3

Total number of valence shell electrons- 7 +3 = 10

Total number of valence shell electron pairs - 5

The structure shows presence of three bond pairs and two lone pairs. Since, the total
nflmber of electron pairs is five, the expected electron pair geometry is Trigonal
bll?yramida] (TBP) but presence of two lone pairs distorts the geometry. Two lone
Palrs occupy the equatorial position in TBP geometry. Hence the actual shape of
molecule is approximately T-shaped. The bond angles decreases to 87.5° due to
repulsions between lone pairs.
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AB.L: type molecule (4 bond pairs and 2 lone pair)
k2
Example- XeF, | N
In XeF, the central atom is Xenon (Xe),
The valence shell electronic configuration of Xenon-

557 5 {
Px.
The number of valence shel] electrons - § . A\
The number of electrons contributed by four fluorine (F) atomg . 4 b
Total number of valence shell electrons- §+4 = 12

Total number of valence she]| electron pairs - 6
The structure shows presence of fo
number of electrop pairs s six, th
presence of two lone pairs disto
position in octahedra]
Square planer.,

ur bond pairs and twg lone pairs Sife
. ' e
¢ expected electron pair 2€0metp, > th

rts the geometry, Twq lon

. ¢
€ pairs o iy
geometry. Hence the actug] shape of

XCF4 mo

S Structures of molecules

with multiple bonds:
The mult

ple bonds behaye like lone paj

‘ounting

ng mul
he ]

ectron pair forming the o-bond and pot the n-bond. This j
ilways accompanied by 5 o-bond,

Structure of XeO,

In XeO;, the Central atom g Xenon (Xe).
nce shell electrops - 5525p6

Xe
contributeq by three
Total Number of valence

NN
oXygen (0) atoms . ¢ o/ N
shell electrops. 8+6 = 14

Total Dumber of valence she]]

Number of electron pai
Presence of gpe lone
tetrahedrop Du
distortion apq h
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5 © pairs that are inactive.



VSEPR THEORY AND MOLECULAR ORBITAL THEORY / 31

Shapes of highly polar molecules cannot be explained by VSEPR theory, e.g. Li)0O

should have same structure as that of H,0 (j.c, V-shaped) but actually Li,O is lincar.

> " 1 L) » . ..
ghapes of molecules with extensive delocalized electron system cannot be explained
py VSEPR theory.

; not explai : ;
VSEPR theory cannot explain shapes of certain molecules having inert pairs of

e[ectﬂ)ns.
* Kk ok ok

B. MOLECULAR ORBITAL THEORY (MOT)

Molecular orbital theory (MOT theory) is another approach to explain the
formation of covalent bonds in molecules or ions. This theory mainly developed by Hund
and Mulliken in 1932 and latter by Lennerd Jones and Coulson. This theory is also known
»s Hund-Mulliken theory. This theory is based on the Linear Combination of Atomic
Orbital (LCAO) of the atoms constituting the molecules or ions and hence is also called
as LCAO-MO theory.

According MOT, all the electrons in given molecule or ions are considered to be

resent in molecular orbitals. Thus, these electrons move under the influence of all the

nuclei of all the constituent atoms making the molecule or ion.

2.7 Postulates or Salient features of MO Theory

1. According to MOT, all the electrons in a molecule are considered to be under the
influence of all the nuclei present in a molecule.

2. The appropriate atomic orbitals (satisfying the energy and symmetry rules) combine
to give rise to a new set of orbitals called molecular orbitals (MO's).

3. The number of MO's formed is equal to the number of atomic orbitals combining.
When two atomic orbitals combine, two molecular orbitals are formed. One is of
lower energy called as bonding molecular orbital and other is of higher energy called
as antibonding molecular orbital.

4. The combination of 'atomic orbitals (AO's) takes place by LCAO (Linear
Combination of Atomic Orbital) approximation or LCAO method.

5. The electrons are distributed in MO's following the usual rules i.e. energy rule, Pauli
Exclusion Principle and Hund's rule.

6. Possibility of covalent bond formation is decided b
bond order is zero then no bond formation takes place).

y calculating the bond order. (If

28 LCAO approximation

Formation of Bonding Molecular Orbitals (B

Orbitals (ABMO):
Linear Combination of Atomic Orbital (LCAQ) approximation is' mad? -

Consider formation of Molecular Orbitals (MO's) by combination of Atomic Orbitals

(A0s). LCAO means that a set of MO's can be obtained either by adding or by

S| . ' . . . .
Ubtracting the appropriate wave functions of combining atomic orbitals.

MO) and Antibonding Molecular
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W ancibonding corresponding to new orbitals formed. With some aPProximatj, .
mathematically expressed as:

Whooding = Np (W4 + Wp) or (+ + overlap)

¥ antibonding .= N, (W - W) or (+- overlap)

Where, N, and N, are normalizing constants,

Addition of wave functions i.e. (¥, + p) indicates increase j elect;
between the two nuclei. The new orbital formed is called Bonding MOlecu]Onr
(BMO). It has 2 lower energy than the corresponding atomjc orbita] from ar ¢
formed Hence it Tepresents a situation favorable for bond formation b tweep 'l\.
The energy of bonding molecular orbita] (BMO) is given as two

Esmo =E, - B

Where, E, is the energy of atomic orbitals angd P is a constant.

In case of hydrogcjn molecule where 15 orbitals of twg ydrogen
Involved jp bonding, the formation of BMO can be graphically showp, in fig | at

Fig.2.2 ; Formatiop of ABMO

. _ . m}(
In short, when two atomic orbitalg combine, two molecular orbitals are
having one BMO ang one ABMO.
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Fhomuomue kese Srmtenic mnlecule mesos & molecule containing ., o
Trw hx of oo shemvers e M, W, O Fy e "
b B Bomonucken Sutomic molecsdes of 17 and 2™ pericd elemen;
B anowmec orbital volved are 1o, 20 2p. 29 and 2p, On the basis of ,
T anowmeic arbitaly combine 1o form varoas molecular orbitals as given i

¥
rm,

t-l?.',('_.‘
~ Table 3 Vanous MO's tormed by combination of 1s

. Tabls 3 : Var } by oo , 8 &_29 AOy
| Asomic Orbitsls (ACs) combining | Molecular Orbitals (MO's) forme
i Aloes 1 ; Atoem 2 i
| i is o*1s (ABMO)
P | a 1s (BMO)
23 25 0*2s (ABMO)
o 2s (BMO)
o o0*2p, (ABMO)
o 2p, (BMO)
n*2p, (ABMO)
n 2p, (BMO)
n*2p, (ABMO)
n 2p, (BMO)
Here, s-aai s comadored as intornuchear axis and hence 2p, is 8 aom
arbel while 2p, and 2p, are 0 -symmetry orbitals.
Thee molecular arbitals formed by combination of o -symmetry AQ's (s =
Sa Zpe) e lubwled s ospme (0) molecular orbitals. Similarly the MO's fome
sontunation of Deymmetny orbil (such as 2p, and 2p,) are labeled as pi (1) &%
orbeab. Antibonding moleoulnr orbitals (ABMO's) are indicated with an asterik (97
cg o*is, u’!g_q,. o*2p, cic.

Formaton of svanous W07 hes beon disgrammatically represented in fig. 3

I’iﬂn—tr—- o,

# ¥
3’1

s 0 P




VSEPR THEORY AND MOLECULAR ORBITAL THEORY / 35
Atomic orbitals Molecular orbitals

— @—Bonding orbital
s S
D — S
TN
. NI Ny
s

Atomic Molecular
orbitals orbitals

YD LEN o~ "N ooverlap
A \éj ~“~___~ bonding orbital

Antibonding orbital

Ps
node
NN /.i.\ : o' overlap
w \§/ > : antibonding orbital

Atomic orbitals Molecular orbitals

(X.D @ i G@-} o overlap
p. Ps bonding orbital

node

C*'f) o overlap
C*%D D ’ @Q antibonding orbital

node 7t overlap
" “C - yplanc  bonding orbital

Py Py node plane

i /-)node
- yplane 7 overlap

P, P, antibonding orbital
Fig. 2.3 : Formation of various MO's by combination of s and p AOs.

[It should be noted that in some molecules like B, C, and N, there may be
combination of even 2s and 2py orbitals as these orbitals have less energy difference. Due
to this, the energy sequence of various MO's is slightly changed.]

2.11 Energy Sequence of MO's in Homonuclear Diatomic Molecules: ,
In case of homonuclear diatomic molecules of type H,, N3, O; etc. the atomic
orbitals involved in linear combination are 1s, 2s, 2px, 2Py and 2p,. The energy sequence
of various MO's formed by combination of these AO's is given in figure 4 (a). In case (_)f
molecules like B,, C, and N, the energy sequence is slightly different and is given in

figure 4(b). The difference arises due to the fact that in these molecules there is
combination of even 2s and 2p, orbitals.
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<«— Highest Energy MO ___, o*2p

4 o*2p,

n*2p, = n*2p, ‘r M*2p, < iy
E n2py = I]2pz ' l12py = n2p P,
o2py . E G2p, :
o*2s c*2s
o2s G2s
oc*ls c*1s
ols <+— Lowest Energy MO —»p ols
Fig. 2.4 (a) Fig. 2.4 (b)

Energy sequence of Mqy, ]
Or

Energy sequence of MO’s for
molecules like B,, C; ang N
2

molecules like H,, O, and F,
The orbitals n2p, and n2p, as well as m*2p, and o*2p, are called g 4,
MO's as their energies are same. S

2.12 Rules for Distribution of Electrons in Molecular Orbitals (MO's)

The electrons are distributed in various MO's according to following rules,

1. Energy Rule (Aufbau Principle): Electrons always prefer lowest energy ),
orbitals. Hence while filling the electrons in various MO's the energy sequence,
in figure 4 should be followed.

2. Pauli Exclusion Principle: The maximum capacity of any MO is of two eleg,
and when two electrons are accommodated in same MO their spins must pe oppo:

3. Hund's Rule: The MO's of same energy (degenerate MO's) are available v,
orbital the electrons are singly fill with their spins are parallel and after si

occupation is over pairing will take place.

2.13 Molecular Orbital (MO) Energy Level Diagram:
The various aspects of MO description of any molecule can be s

conveniently represented by energy level diagram. Such diagrams are called as

Energy Level diagrams.
Following are the important aspects of MO energy level diagrams,

They represent
a) Atomic orbitals involved in linear combination,

b) Various MO's formed.
c) Energy sequence of the MO's,

d) Distribution of electrons in MO's, i
In these MO energy level diagrams, the AO's and MO's can be reprf:seﬂfeM

circles, square boxes or thick lines. Fig. 2.5 shows the various ways of representiié

energy level diagram for H, molecule,
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(a)
Fig. 2.5 : MO encrgy level diagram for H
214 Bond Order: 2

Bond order actually represents the number of covalent bonds between t t
wo atoms.

[n terms of MO theory, bond order is nothing but half the dj :
ectrons present in BMO and ABMO and is calculated as e difference in number of

(b)

molecule.

el

No. i
Bond order = o. of electrons in BMO - No. of electrons in ABMO
2
When bond order is 1 it represents a single bond, when it is 2 -a double bond and

when it is 3- a triple bond. When the bond order is zero it indicates that no covalent bond
is formed between two atoms.

2.15 Molecular Orbital (MO) structures of Various Molecules:
In general, to di.scuss the MO structure of any molecule we have to go by following steps.
a) Finding which AO's are involved in linear combination.
b) Finding which MO's are formed.
¢) Finding how the electrons are distributed in various MO’s.
d) Drawing the MO energy level diagram.
e) Calculating the bond order.
f) Symbolically representing the MO structure.
g) Discussion on important properties of the molecule on the basis of MO structure.
On the basis of this concept the MO structures of some homonuclear diatomic
molecules are discussed below.

1. Structure of Hydrogen (H;) Molecule

In a hydrogen molecule we have two hydrogen atoms each with 1s'
configuration. The near combination of 1s orbitals of each of the two hydrogen atoms
will produce two molecular orbitals namely o1s and 6*1s. =

H=1s ols BMO
1s+ 1s _—
H=1s' o*1s ABMO

Now the total number of electrons in Hz.l molecules is two. These two electrons
will be placed in lower energy ols bonding molecular orbital. The MO energy level
diagram for H, molecule is shown in figure 5.

Symbolically the MO structure can be represented as-

H(1s") + H (1s") = Hy[(a1s)’]
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d using the “electrons in ABMG
is calculated us of elecirons ]
s han “lt?‘\"” ,:ftclocmm.s in BMO - No.
Bond order = 5 [No.

Hence for H,, we have

w 14 ‘-()]
Bond order 3 l - | | |
! indi es that there 1s a smglc covnlcnt b()n 2
jer is 1, it indicates tha t%
ris i,
As the bond orde d

hydrogen atoms.
Molecule. . ause covalent bond |
2. Stmctufzﬁ"’f He’nmlcculcc are monoatomic bcc:'n. e = . ahﬁn
o | jatomic m . This ¢,
assible ‘in mcn!; and hence they cannot form d]mon the basis of MQ theg ’ %
p\h the example of formation of He, molecule
Wit e e

i . Sy
1 two helium atoms each with electronic conﬁgurat;on 182. Thg
molecule there are

bination of Is orbitals of each of the two helium atom]s will give fise
ir

Cor;:-cular orbitals namely ols and o*1s. There are all four e €ctrons (two from
i:n;,mm atom) to be distributed in MO’s. a1s will have two electrons apg C*g ..
elium :

. A Wil
two electrons. The MO energy level diagram for He; molecule s shown ip fig. 2%
1

o*ls

s 1) : 511
He 28 He
1

AO's MO's AQ's
Fig. 2.6 : Expected MO level diagram of He; molecyle

Symbolically the MO structure can be represented as
He(1s%) + He(15?) = Hey[(015)’ (a*15)?)
Now, the bond order is calculated using the formula
Bond order = [No. of electrons jn BMO - No. of electrons in ABMO]
Hence for He;,, we have
Bond order = “2[2-2]
=0
As the bond order is () (zero), it indicateg that there js no covalent bond format
betlafeen two He.]ium atoms or in other words formation of He,, types of molecule isi
Possible. Hence in general we cap Say that noble gas molecules are monoatomic.

3) Structure of Nitrogen (N2) Molecyle,

-In hitrogen (N2) molecye we have twq nitrogen atoms each with the follov!
lectronic configuratiop, ’
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N, | = 1s® 2s? 2p, prl 2p,’
N_, . 152 252 ZPKI zpy! 2[3;'
Closed Orbitals involved iy,
shells linear combinatjon

Thus, 1n nitrogen molecul.c 15’. 2s, 2Px.2Py and 2p, orbitals will be involved in
bondin. However, for the 'sake of simplicity it is assumed that |s orbitals being inner shell
orbitals do not take part in bonding and remain as closed shells. Thus only the valence
shell orbitals namely 2s, 2p, 2p, and 2p, orbitals are involved in ]inc’ar combination to
form different MO’s. "I"he total numbers of electrons involved in bonding are ten (five
electrons from each nitrogen atom). The distribution of electrons in various MOs is
shown in figure 7 which depicts the MO energy level diagram for nitrogen (N,) molecule.

I

o*2p,

E—'] 'l 'l IT* 2p, I1* 2p, 1 »] »]

2P 2P

N

IT12p, 11 2p,

1

a2p,
(!
o*2s
1 1
2s 2s
o2s
AO's of MO's of AO's of
N atom-1 N N atom-2

2
Fig. 2.7 : MO energy level diagram for N; molecule.
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Z\;-mh‘m AN the MO arcture of the Ny molecule can be tc;‘!tL‘hclltcd as f,
N 2 NUE2E2Y = N, [KK(029) (0 25)’ (a2p,) (nz,,,ym
Here, KK represents that the K-shells or 1s orbit
& oot xhelle and are not involved in bonding.
Now, the bond order in nitrogen (N;) molecule is given as -
Rond arder = 1 [No. of electrons in BMO - No. of electrons jp, ABM()]

Boad arder = 18.2)

4. Structure of Oxygen (02) Molecule -

In OXygen  molecyle (0:) we have tWo oxygen atoms each With an
Ele

configuration.

linear combinatiop
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2p
a*28
1l 1T
28 2s
1
o2s
AO's of MO's of AO's of
O atom-1 0, O atom-2

Fig. 2.8 : MO cnergy level diagram for O, molecule

Symbolically, the MO structure of the O, molecule can be represented as follows.
0(1s*252p") + O(15° 25°2p") = O [KK(025)' (0*25)" (62p)’ (2p, )’ = (12p,)'(m*2p,)
= (1*2p,)']

Here, KK represents that the K-shells or 1s orbitals of both the oxygen atoms are
not involved in bonding and are remaining as closed shells.
Now, the bond order in nitrogen (O,) molecule is given as -
Bond order = ¥ [No. of electrons in BMO - No. of electrons in ABMO]
Bond order = 2[8-4]

=2

:As the bond order is 2 it indicates that in O, molecule there is a double bond in which one
1s a sigma (o) bond and other is a pi () bond.

2.16 Important Properties of O, on the basis of MO Structure ’
On the basis of MO structure of oxygen important properties of oxygen can be explained
as follows,
3) Paramagnetic Nature of Oxygen _
A substance is paramagnetic due to presence of one or more unpaired electrons.
In O, molecule two unpaired electrons are present in n*2py and T*2pz molecular
orbitals in accordance with Hund’s rule. The presence of these two unpaired electrons

1 responsible for paramagnetic nature of O..
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. 4 . 2.
b) Stability Sequence In oxygen- 0;™"> O1 >, 0:.?.92 t‘> (,)2
It is observed that amongst the various species 0 m)fgcn ""’I“clllg
Stable while O," s least stable. This can be cxl’li""c‘l as followsg, * O l
Positive jons (O," and O, are formed by _'055 of ‘:‘C or two Clcctr()nx to
T 2p, and w*2p,. while negative ions (O and O, )are formeg by add A
™o electrons to the same ABMO’s. Due to these changes the bong ordg

' 2
species will change as shown in table 2
Table 4 : Bond orders In various species of 0,

1 Species j; No. of ;l:;grons in No. of electrons in ABMO [Mhd%
To ] S } N R
: (()) | s8 | 4\‘%22.5
[ O ] 8 | 5 \15

0, | 8 [ 6 “Q

Now, it should be noted that, higher is the bond order greater IS the be

and therefore greater is the stability.
In case of oxygen we see that bond order decreases and hence the Stability 4,
Crey,

the following order.
0,>0,"> 0,>0;>0,*

Therefore, 0,** is most stable and 0, is least stable.

2.17 Molecular Orbital Structures of Heteronuclear Diatomic Molecules:
A heteronuclear diatomjc molecule is one which contains two atoms of g

elements. e.g. HF, NO, CO etc. N
Nonbonding Molecular Orbitals (NBMOs):

The molecular orbita]s which neither favor nor oppose the bonding proces;
known as nonbonding molecular orbitals (NBMOs).

€.g. in HF molecule 2s, 2py and 2p, orbitals of Fluorine atom remain as non bonding
because orbitals of comparable energy or Symmetry are not available in hydrogen a

H -
F- @ L2522p,(22p,,2 2p,'

Closed Nonbonding Undergo linear combination

shell MO's e
It should be noted that the energy of NBMO remains unchanged (i.¢-

ame as the energy of AO's)
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MO structures of some heteronuclear diatomic molecules
o structure of Carbon Monoxide (CO)- Coulson's Structure

The MO .structurc- of carbon monoxide as explained. by Coulson could
catisf ctorily explain th.e Yarlous properties of CO. |
In Coulson's structure 1t 1§ aSSLfmed that both carbon and oxygen atoms are in sp hybrid
tate- The ground state electronic configurations of carbon and oxygen are given as

218
1.M

_ 2 2 1
C(grovnd) - Is 2s 2ps 2py| 2pzo
_ 2 2 2
O(ground) - Is s i Zpyl 2Pz]
Closed Undergo
shells 'sp' hybridization

Now, s orbitals of both carbon and oxygen atoms, being inner shell orbitals do
pot take part in bonding and remain as closed shells. In both carbon and oxygen atoms, 2s
and 2Px orbitals undergo 'sp' hybridazation. Out of two hybrid orbitals one sp hyl;rid
orbital of each atom remains as nonbonding MO. Hence the orbitals undergoing linear
combination of both the atoms will be sp, 2py and 2pz orbitals,

2 2
Cinybrid) = s (sp) (Sp)l zpyl szo
D) 2 .
Ogybrid)  — 1s (sp) (sp)’ 2py] 2p;
Closed NBMOs Undergo
shells linear combination

Thus six atomic orbitals (3 from carbon and 3 from oxygen) will undergo linear

combination to produce six molecular orbitals as given in Table 3
: Table 5 : MO’s formed in Carbon Monoxide

Atomic orbitals combining _ Molecular orbitals
Carbon atom Oxygen atom formed
(sp) (sp) o and o*
2p, 2p, I, and IT;
2p, 2p, T, and [T,
- (sp)’ - Nb,
(sp)” | ' Nb,

Now the total number of electrons to be accommodatecli,in MOs is ten (4 from
carbon atom and 6 from oxygen atom). The distribution of thesé electrons is represented
in the MO energy level diagram as shown in figure 9 '

giwe °
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Nb, ’]L 'I

2P, 2P,

1 S
1l 1
Nb, sp

AO' of C atom MO's of CO AQ' of O atom
Fig. 2.9 : MO energy level diagram for CO molecule.

Symbolically, the MO structure of the CO molecule can be represented as follows
C(1s*2s2p’) + O(1s*25"2p*) = CO [KK(Nb;)* (6)° (11,)* (162)* (Nb,)?]
Now the bond order is given as
Bond order = % [No. of clectrons in BMO - No. of electrons in ABMO)]
Bond order = %4[6-0]
=3
On the basis of MO structure of CO various properties can be explained as follows
a) Presence of a triple bond:
As the bond order is three (3) it explains the presence of a triple bond in CO:
which one is a ¢ bond and two are i bonds.
b) Almost nonpolar nature:
Due to presence bonding electrons more nearer to oxygen atom, the excess nt
charge on oxygen is partly neutralized. Hence the CO molecule is almost nonp

nature which is indicated by its low dipole moment i.e. 0.1 Debye.
c) Electron donor behavior:

o "
Carbon monoxide is a good electron donor due to presence of an electrc?: Pn
. . »
higher energy nonbonding MO -Nb,. Hence it can form compounds “t ’

. . ral>
carbonyls where CO donates a pair of electron to a metal atom like that of
metal.
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d) Electron acceptor behavior:
Due to presence of vacant antibonding MQ’s particularly m,
monoxide can accept electron pair and act as a good electron p
helpful in the process of back bonding in metal carbonyls which
carbon bond.

* and m,*, carbon
air acceptor. This is
strengthens the metal

2.MO structure of Hydrogen Fluoride (HF).

In HF we have one hydrogen atom and one fluorine atom and their electronic
configurations are -
p Is'
po 18 25°2pi2p 2p)
Closed Nonbonding  Undergo linear combination
shell MO's

Now, 1s orbital of fluorine being inner shell orbital does not take part in bonding
and remains as a closed shell. Similarly 2s, 2p, and 2p, orbitals of fluorine atom remain
as nonbonding MO’s, because orbitals of comparable energy and symmetry are not
available for linear combination in hydrogen atom.

Therefore in HF only 1s orbital of hydrogen atom and 2p, orbital of fluorine atom
undergo linear combination to produce two MOs namely ¢ and c*. It should be noted
that here z-axis is considered as internuclear axis.

o* ABMO
Is (H) +2p.(F)
o BMO

Now, in all two electrons are to be distributed in ¢ and ¢* MO’s. These two
electrons will go to o MO. The MO energy level diagram for HF is shown in figure 10

A

a'2P,

LS

7 ]

Nb, Nb,

1
o2P/
121
Nb,

AQ'of H atom MO's of HF AQ' of F atom
Fig. 2.10 : MO energy level diagram for HF molecule.
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re of HF can be represented as -

S.\'mbolica[]y. the MO structu )
H(]S)) +F (]SI 252 2p5) = HF [KK(F) (Nbl) (GZPX)Z (Nb2)2 (Nb3)2]

The bond order is given as-
Bond order = ¥ [No. of electrons in BMO - No. of electrong in AR
Bond order = ¥4[2-0] M

=1

As the bond order is one it indicates that

Y
a single covalent bond is presep, in by

3. MO Structure of Nitric Oxide (NO).
In nitric oxide (NO) there is one nitrogen atom and one gy
Ygen 2l

electronic configurations of these atoms are-

N = |1¢ 2 2p) 2p,) 2p
0 = |1 258 2pd 2p,' 2p;

Closed Orbitals involved in

shells linear combination
. Out of the various orbitals, Is orbitals of both nitrogen and oxygep ato
inner shell orbitals do not take part in bonding and remain as closed shells, T, "
2px, 2p, and 2p, orbitals of both the atoms undergo linear combination to produCS OT
MOs. Now, in all eleven (11) electrons (six from oxygen atom and five ﬁome?
atom) are to be accommodated in various MOs. Figure 11 depicts the MO energ

diagram for Nitric Oxide (NO) molecule.

T
ag*2P,

1

11* 2p, 11° 2p,

2P

[3h

I 2p, I 2p,

2P,

a2s

AO of Natom MO'sof NO  AQ'of O atom

Fig. 2.11 : MO energy level diagram for NO molecule:
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S)mbolically, the MO structure of the NO molecy]
N(15°252p%) + O(1s°25°2p") =N ule can be
(ﬂ’zpz)o]
The bond order is given as -
Bond order = Y2 [No. of electrons in BMO - No. of _
Bond order = ¥2[8-3] electrons in ABMO]
=25

’ITTCI)e.MO Structure‘ of NO shows- presence of one unpaired electron in n*2p, MO
Hence, NO15 p?ramagnenc In nature. Similarly the molecule is relativelv les ’tabl‘:a‘th -
N, molecule as it has lower bond order (2.5) than that of N, (3.0) y less stable than

; represented as follows
O [KK(o2s)? - i
[ AN S) (0*25)1 (Uzp’)z (T[,zp")zz(mpzf (T["ZPTJ!:

:i:"c;:zz:?son of Valence Bond Theory (VBT) and Molecular Orbital Theory (MOT).

1. Both the theories explain the nature of covalent bond and hence both take into
consideration the sharing of electrons and pairing of electrons spins.

Both the theories take into consideration the overlapping of atomic orbitals of
comparable energy and same symmetry.

Both the theories give an explanation for the directional nature of covalent bond.

4. Both the theories consider increase in electron density as the criterion for bond

o

':JJ

formation.

Differences:

VB Theory MO Theory

1. Atomic orbitals are involved in bond | 1. Molecular orbitals are involved in
formation and their identity is bond formation and as soon as the
retained even after the molecule is MOs are formed, atomic orbitals lose
formed. their identity.

2 Atomic orbitals are monocentric i.e. | 2. Molecular orbitals are polycentric i.e.
electrons in atomic orbitals are under electrons in MOs are under the
the influence of only one nucleus. influence of

more than one nucleus.
All the electrons in valence shell take

3. Only unpaired electrons in valence | 3.
shell take part in bonding. part in bonding.

4. 1t cannot explain the paramagnetic | 4. It can explain satisfactorily the
nature of O, molecule, properties of paramagnetic nature of O, properties
CO and spectra of molecules of CO and spectra of molecules.

| satisfactorily.

5. It takes into consideration the | 5.
Phenomenan of resonance.

Tt does not take into consideration the
phenomenon of resonance.

6. Bond order means the number of | 6. Bond:order is calculated as half the

electron pairs shared between two difference in number of electrons

\gtoini present in BMO and ABMO.
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FILL IN THE BLANKS: and was modified by....

VSEPR theory was pro
The geometry of the SnCly m
Shape of the Xel molecule i§ voovereees y L
Thclsc ATC oovenre bond pairs and .....- - Jone pair present in SF,,
In ABs type , the shape of the molecule 1§ «oooeeeer

In ABsL, type , the shape of the molecule 1S oooveeee

Bond angles in IF7 are ..
8 In the Trigonal bipyram!

.......... sites. . |
geometry when two Jone pairs aré present they will always o
u

9, In octahedral

.......... positions. _
10. In TBP, three bonds present along the trigonal plane are called as ..., -

two bonds perpendicular to the plane are called as .......... bonds.
11. The atomic orbital's combine to give rise to a new set of orbitals is called as

12. The combination of atomic orbitals takes place by ...ovvnnn method.

13. Atomic orbital IS .......... centric.

14. Molecular orbital is .......... centric.
15. BMO has .......... energy than the corresponding AO’s.

16. ABMO has .......... energy than the corresponding AQO’s.
17. When two ls atomic orbitals combine together then ..........

ABMO are formed.

18. The bond order of O2 1S ......evv.
19. The MO structure of carbon monoxide explained by ..........

20. In Ng, cevnnnnn sigma bond and .......... pi bonds are present.

SHORT ANSWER QUESTIONS:
1. Define bond pair and lone pair.
2. Predict shapes of BeCl, , BF;, CHy and NHj
3. Identify geometry of PCls and SF,
4. Write order of extent of repulsion between different electron pairs.
5. State why the bond angle of H,O is greater than H,S.
6. Interpret the bond angles of SnCl,, CIFs, XeF, and SF
7. Write limitations of VSEPR theory. |
8. Enlist postulates of MOT theory.
9. Give the similarities between VBT and MOT,
10. Differentiate between VBT and MOT.
11. How does molecular orbital form?
12. Define BMO
13. Define ABMO
14. What is bond order?
15. How is bond order calculated?
16. Give the characteristics of BMOs and ABMOs
17. State why does the He, molecule not exist? '
18. Show stability sequence of O,,.
19. Calculate bond order of CO.
20. Determine bond order of HF.,

posed by .oooeeer
Cl, molecule is cooveerees

----------

:-JC?\'JI-C:-’JJ.I\J_—-‘

BMOand ........
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LONG ANSWER QUESTIONS:
Write any three rutes of VSEPR theory.
2. With the help of VSEPR theory explain the structure of BeCl, and BF
3. Explain VSEPR theory with suitable examples, i
4. How will you compare atomic orbitals with molecular orbitals ?
5. Explain geometrical shapes of SnCl,and H,0.
6. Discuss shapes of CIF; and XeF,.
7. Describe the structure of the SF¢ molecule on the basis of VSEPR theory.
g. Explain the structure of IF; molecule on the basis of VSEPR theory.
9. With the help of VSEPR theory explain the structure of PCls molecule.
1

0. Define molecular orbital ? What is the maximum number of electrons that can occupy
a molecular orbital?

11. Differentiate MOs from AOs.

12. How many molecular orbitals of H, originate from the hydrogen atomic orbitals?

13. Explain bond order with suitable examples.

14. What do you understand about BMO and ABMO? Draw the MOs obtained by the
combination of two 1s AOs.

15. Write energy sequence of MO's in homonuclear diatomic molecules.

16. Draw molecular orbital energy level diagram of O, molecule. Calculate its bond
order.

17. Explain paramagnetic character of oxygen molecule with the help of MO diagram.

18. Briefly discuss the concept of linear combination of atomic orbitals to produce MOs.

19. Explain the formation of N, molecule on the basis of MOT. Calculate its bond order.

20. Draw MO diagram of NO molecule and calculate its bond order.

21. Draw Coulson's MO diagram of CO molecule.

22. Explain following properties of CO i) Bond order ii) non- polar nature ii) acceptor
properties iv) donor properties.

23. How does MO theory differ from VBT?

24. Predict electron pair and molecular geometries of HF molecule.

25. Give molecular orbital configuration of O, and CO.

26. Draw MO diagram for He;

SELECT THE PROPER ANSWER FROM GIVEN ALTERNATIVE:

VSEPR THEORY
1. Which of the following species has 120° bond angles?
a) PCl, b) PL3 c¢) CIF, d) BF;
2. Which of the following species has a Trigonal planar shape?
a) BF; b) CH, c) PCls DI
3. Which of the following has a linear shape?
a) SnCl, b) BeCl, c) H,0 9758
4. The geometry of SnCl, is
. a) Linear b) Trigonal planer  c) TBP d) Angular
- Find the molecule in which the central atom is having one lone pair of electrans
: fli) NH, b) PCl; c) H,O d)CHa
- In CIF;, lone pairs are present at the equatorial positions. This is to minimize
7. ?irt:g-g]zrep‘ﬂsion only b) Ip-Ip repulsion only c) Ip-bp repulsion only d) both (b) and «©

species with a maximum bond angle
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c 3
a) CH, b) SnCl; ) ! d) TBP
XeF, is ) Octahedra

a) Square planer b) Tetrahedral clectrons present on

Cl atom in CIF; g

i d)2,3
9. Number of bond pair ang lone. PR = )8, 3 )
B3l B i - idal  d)p;
10. The geometry of SFsmolecule is ) Trigonal Bipyram ) Lingg,
a) Tetrahedral  b) Octahedral EoRY
MOLECULAR ORBITAL
11. MOT is firstly proposed by b) Jones and Gonscl
3) H\:ind ?nf M:lll)lc}::;ll d) Gillespie and Nyho
c) Sidgwick an ;
12. LCAOTmethod useél) lIr\l/IOT ¢) VSEPR d) CFT
2) VB )MOT .
B Low;:;gnergy atorg;c:];lx{%l s known c)Bothaandb d) only orbit]
a)B S
i ic orbital is known as -
e g%h&roenergy atorlr;)]%MQ c)Bothaand b d) only orbita]
. When two atomic orbitals combine then o
. a) (;I:e m?)lecular orbital is formed b) Two molecular orbital is formed

c) Three molecular orbital is formed d) No molecular orbital is formed

16. Bond order is
a) Y2 [No. of electrons in BMO + No. of electrons in ABMO]
b) ¥2 [No. of electrons in BMO - No. of electrons in ABMO]
¢) [No. of electrons in BMO + No. of electrons in ABMO]
d) [No. of electrons in BMO - No. of electrons in ABMO]

17. Find the molecule having least bond order ‘

a) HF b) CO ¢) NO d) O,
18. Find the molecule having the highest bond order
a) H, b)N, ¢) He
19. Which of the following is Paramagnetic? ) He L
56 la:) HZ b Nz C) Hez d) O
! );rgl Ehe molecule having the highest bong order ’
a ’) b 02_ 2~
21. Find the molecule hayip i 0 A
t g the highegt : i : 2
) 5 o; by o ghest no Sf Slgf:trons m ABMO
) Identify Most stable specieg ’ DO
23 Ia A HOLZ il
. dentify least stabe Species 0 d0o
a) 02 b) 02_ 2

10-b
20-2
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UNIT Il
HALOALKANES, HALOARENES

AND POLYHYDRIC ALCOHOLS
A. HALOALKANES

An organic compound containing carbon__
Haloalkane (Alkyl halide). In Haloalkanesga h:lt;(;nen :ﬂ;g?gl(g—x) bor}d is called as
alkyl gmup.Haloalkane has the general representation as R_’_Xr, F }?r I) is bonded to an
group and X represents a halogen atom. Haloalkane compound’ V]: ere,
chemical reactions and is considered one of the important inti r:)nwz :
syntheses. edl
Haloalkanes are named by either common or IUPAC names. 1
system they are simply called Alkyl halide, the name of alkyl group fc;ug\:ognbmon name
halogen. In ITUPAC nomenclature system, they are considered as a halo ; d A of
hydrocarbons, and named as haloalkane. EIdeEIVaie G5
Alkyl halides may be classified as saturated or unsaturated based on the presence
or absence of @ - bond. In unsaturated alkyl halides all 6--bonds are present w}l:ereas in

unsaturated alkyl halides one or more m - bonds are present. Unsaturated alky! halides are
generally known by their common names.
In this part we will focus on unsaturated alkyl halides.

/

R is any alkyl
wide variety of
ates in organic

Cl
CH;——Cl CH;—CH,—Br CH;—CH—CHj;
Methyl chloride Ethyl bromide iso-propyl chloride
Saturated Alkyl halides
CH,=CH—ClI CH,=CH—CH,—Cl CH,=CH—CH,—Br
Vinyl chloride Allyl chloride Allyl bromide
[ Unsaturated Alkyl halides

3.1 Vinyl Chloride:

) Vinyl chloride, also known as chloroethene,
Y substituting any one of the hydrogen atoms with a chlorin
carbon atoms are sp? hybridized.

is the derivative of ethylene obtained
e atom. In vinyl chloride

\C =C/ B Functional groups
/TN
H H

Vinyl chloride is the most important unsaturated halide.
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PrePal‘ations of vinyl chlogd;
Viny] chloride may b€ a2
: lled conditiong ;
1. From Acetylene: dded on acetylene 1n contro in py

ed in the laboratory by the following methOdg
repar .

eSen

, L ap—=cm—
2y s B 150°C

Vinyl Chloride
Acetylene

hloride: i . . :
) meﬁﬁh{e,:: i;l:loride when heated with alcoholic KOH gives vinyl chloride
)’

]
reaction elimination of kydrogen and chlorine atoms takes place with the fO}'matiO}(lz
bond between the carbon atoms.)

Cl H
l ethanol
CH;—CH—CI + KOH —T—b CH,—=CH—CI + K(] + By
Ethylene chloride Viny! Chloride
Chemical reactions:

Vinyl chloride contains carbon-carbon double bond and a chiorine atom
functional groups. The chlorine atom of vinyl chloride is quite inert and it does
mvolve in nucleophilic substitution reaction as easily as the other alkyl halides do.

1. Reaction with aqueous KOH:

aqueous sodium hydroxide is dye to the strong carlx
chlorine bond.
CH,=—CH—(j + NaOH ——J—zlte\r_» No reaction
Vinyl chloride

d

H H na)
alcoho]

H Cl

Vinyl chloride



_;:ALOALKRNES. HALOARENES AND POLYHYDRIC ALCOHOLS /53
- ation reaction:
LPOV:::? chk_‘“d? oil;- [peEScace of benzoyl peroxide (C,H sCO—O—COCHs)
- Fﬂ}}mzanﬁn reaction to form polyvinyl chloride polymer o
o= Cli . Cl

( l ) benzoyl peroxide ( l
- )

-——CH
n

Vi_n.vl Chionf?e Polyvinyl Chloride (PVC)
pyC is a very important compound which is used in the manufacturing of
i Jeather goods, plastic pipes and packaging materials.

12 Ayl Chloride
Al chloride 1s also known as 3-chloropropene, which is the derivative of

mained by replacing hydrogen atom of —CH; group of propene. In allyl

aopes ©
_-;_):rmf chlorine atom is attached to sp3 hybridized carbon atom.
H H
\ J/ ,¥
c—~c A
H cH;—Cl

Allyl chloride

preparation of Allyl chloride:

1. From Propylene:
When propylene is treated with chlorine at high temperature (500°C), it gives

2 chloride. (Although propylene (alkene) typically reacts with chlorine by addition

reaction at room temperature and below, but at higher temperature substitution competes

with addition, when the concentration of chlorine is low).
500°C

CH,——=CH—CH,—H + CI—Cl —> CH,——=CH—CH,—Cl + HCl
Propylene Allyl chloride
Reactions of Allyl chloride

alkyl halide at chlorine and an alkene at
more reactive than vinyl chloride as
lic substitution reaction. The extra

Allyl chloride shows reactions of both an
%‘Carbon double bond. Allyl chloride is in fact
:I ol 2 corresponding alkyl chloride in nucleophi _
“2tivity of allyl chloride is due to formation of stable allyl carbocation.

1.
Reaction with aqueous KOH _
Ally chloride on reaction with aqueous potassium hydroxide (KOH) at room

ature, undergoes substitution reaction to form ally! alcohol.
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CH,=—=CH—CH,~Cl

Allyl chloride

2. Reaction with alcoholic KOIf
Allyl chloride on reactio

& ion with the
temperature undergoes elimination reaction

adjacent carbons to form allene.

water

KOH 2 CH==CH=CH, ;
+

Allyl alcoho|

ith alcoholic potassium hydroxi de(k
n wi

loss of hydrogen dng chlg

~

at
l‘ine |

H Cl
alcohol —==C=——=CH, + K(j
CHy==(—CH, + KOH CH, - * Hy
1,2-propadiene
Allyl chloride
3.3 Allyl bromide
from Propylene o
Pfepafa::)’;)y;':ne when refluxed with N-Bromosuccinimide in presence of ben;
peroxide, heat or light, gives allyl bromide,
0 0]
> Br
peroxide, CCl,
CH=—=CH—CHj + N—Br—T—> CH2=CH—CH2 + N—
H
Propylene Allyl bromide
0 0
N- bromosuccinimide
Reaction with HBr

Allyl bromide

3.4 Comparative

H Br

B — l

CH,—CH—CH,"P

1,2-dibromopropan¢
€activity of
Substitution reaction; ty nyl Chlorige

The chlorine 4

tom of i, | chloride :
nucleophilic Substityt Yl chloride IS 1

On reactiong of

i
and allyl chiorige in nucleoP”

l
ed by sodium hydroxide under o™

i

.. N Suﬂ
al - atively inery and does not show the !
hlorid alkyl halideg,
oride canngy
conditions, ot be hydroly,
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CH;,=—CH—CI + wNa0jy Water
No reaction

Vinyl chloride

The unusual reactivity of vinyl as com
cubstitution reaction can be explained on the bas;j
This can be explained as follows-

1. Hybridization of carbon bearing chiorine:

In Viflyl f:h.lorlde, chlorine ?tom is attached to szhybridized carbon atom whereas
in allyl chloride it is attached to sp”hybridized carbon atom. The s-character in sp° hvbrid
orbitl (s-zcharfxctexr = 33.33%) is larger than in sp’ hybrid orbital (s-character = 215’%)3’ and
hence sp™-orbital is smaller in size which holds bonding electrons strongly than ,.S'PJ i
ride is shorter and stro th
bond of allyl chloride. IESE Ehan (e C—Cl
2. Partial double bond character of carbon-chlorine bond:

In vinyl chloride, one p orbital of chlorine having lone pair of electrons is parallel
to the p-orbitals of carbon that are involved in 7- bond formation. This p-orbital of
chlorine overlaps with the p- orbitals of carbons, which results in giving carbon-chlorine
bond a partial double bond character.

p-molecular orbital

lone pair of chlorine

H\ @

-« » O c—cH—0]

/0

. © 2
fi==cuZd: > CH,—CH=CE

In allyl chloride, porbital of chlorine and p-orbitals of carbons for'ming 7- bond
are separated by tetrahedral (sp’hybridized) carbon atom. Hence overlapping of fhese P
orbitals is not possible and carbon-chlorine bond in allyl chloride does not acquire any

Partial double bond character.

p-molecular orbital

\

—Cl

/—-H—'CHz
H \

No overlaping

lone pair of chlorine

4
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rbon-chlorine b
aracter Of & > bopg
Due to the partial double bond ch tronger than carbon chloring \ — of
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§ . f ) n

chloride, the carbon chlorine bond bec O.I;'ecs,f yinyl chloride in nucleoph;; su: o,

. ' Its in less reactivl -+ of allyl chloride i S
cmot;de i‘{\inm;il;isthloride- The higher- r-eaCt;“:llt);’l carbocation by the resguqe“N
s 1'0“ 1 tion is due to the extra stability 0 leg

10
substitution reac o a1
CH —‘CH-—%HZ -« =0,
r—

B. HALOARENES OR ARYL HALIDES
The halogen derivatives of aromatic hydrocarbons a(rje (_:;lljd.aromatlc halw
compounds. The aromatic halogen compounds may be divide 11.11;0 tWo gy
haloarenes or aryl halides (Ar—X) and arylalkyl halides or aralkyl halideg (A

I~y
X).
3.5 Haloarenes

Aryl halides are compounds in which halogen atom (X=F, Cl, Br,]) is attag}
directlyto the sp hybridized carbon atom of an aromatic ring,

X

»9,3-Trichlorobenzene
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5.1 Chlorobenzene / Phenyl chloride (CeHsCl)
*""" Chlorobenzene is a compound in which chlorj
zhybridized carbon of benzene ring.
pparation of Chlorobenzene from phenol:

ne atom is attached directly to
5

rep i . :
:h enol on heating with PCl;s gives chlorobenzene,
OH cl
©/+ o ©/ *+ POCl; + He
Phenol Chlorobenzene

Reaction with acetonitrile:
Chlorobenzene on reaction with acetonitrile in

i Ll the presence of ammonia and
sodium amide forms benzyl nitrile (Benzyl cyanide).

Cl NH CHz‘CN
3, NaNH,
*+* CHj—CN —m= + NaCl +NH,
Chlorobenzene Benzyl nitrile

Bromobenzene /Phenyl bromide (CsHsBr)

Bromobenzene is a compound in which bromine atom is attached directly to
sp’hybridized carbon of benzene ring.

Preparation of Bromobenzene from Silver salt of benzoic acid- (Hunsdiecker
reaction) '

The reaction in which, silver salt of benzoic acidreacts with brominetogive
bromobenzene is known as Hunsdiecker reaction. :

-+
COO Ag Br
A
+ By, ——————» + CO, + AgBr
Chlorobenzene . Bromobenzene

Reaction of Bromobenzene- Wurtz-Fittig Reaction
When aryl halide is heated with alkyl halide in presence of sodium in dry
elherformsal@lan hydrocarbon. This reaction is the Wurtz-Fittig Reaction.
Bromobenzene on heating with methyl bromide in presence of sodium in dry ether forms
methyl benzene (toluene). .

Br : - CH;

i Ether
+ 2Na +BrCH; ——M +  2NaBr

Bromobenzene Toluene
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5.2 \odobenzene [Phenyl iodide (CGH"'“ .y iodine atom Is attacheq |
Todobenzeneis a compound 18 Wil dlrect
sp’hybridized carbon of benzene ring.

jazoni
nzene di

ene from Be

enz e are prepared

um chloride salt-

Preparation of lodob from benzene diaz@nium s

Almost all types of haloare
appropriate metal halides. 5sitio
o Todobenzene is prepared e Cﬁzi;dlz requir
presence of KI. The benzenediazontum c
the diazotization of aniline.

N, Cl
@NHZ HNO,, HCI ©/
______..—-——.

Benzenediazonium chloride

al

n of benzenediazonjypy, g

. hloy
ed for this reaction ig P R

repal‘g

Aniline

E e + N + Kcl

" Benzenediazonium chloride lodobenzene

Reaction of lodobenzene
Ullmann Reaction:

When iodobenzene is heated with Copper, it undergoes coupl
reaction to form biphenyl.

Iodobenzene Biphenyl

3.6 Arylalkyl halide or Aralky! halide (Ar—CH;—X):

}}rz‘ilkyl halides are compounds in which halogen atom is attached to 2 carb

1:1dlzed) of the side chain of aromatic ring, Arylalky] halides are exactly simildf

lide and shows considerably different chemical properties from aryl halides.
CH,-X

(sp” hyb
alkyl ha

Arylalkyl halide

(halogen is attach 3 idi 1
g ched to sp hybridized carbop of side chain of benene ring)
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Following arc some simple aralkyl halides derived from ol
iy ’ sne,
CH,-ClI Ch=br
2t . Chly=l

Benzyl chloride Benzyl bromide H(:ll"/yl iodide

onzyl chloride (CeHsCH,CI):
Benzyl chloride is a compound in whicl j
| 1 chlorine , (
i sarbond o ben?ens g, ine atom s attached to side chain

361 B

(s
synthesls of Benzyl chloride:

4, From Toluene
2yl chloride is prepare ot :
Benzy s preparcd by reaction of toluene with chlorine in prosence of

light or heat.
ClyC

. ligtht '
.’. (le ’ = l )/
N (8

formaldehyde  nnd

Toluenc

2.From Benzene
Benzyl chloride is prepared by heating, benzenc will

hydrochloric acid (1 IC1) in presence of anhydrous Zine chloride (ZnCly).

CHyCl
v HCHO + HC b .
ok . ‘ ——
7nCly | b 1hO

Benzene enzyl chloride

Reactions of Benzyl chloride:
Benzy! chloride shows structuril
chloride undergoes nucleophilic substitution reactions i

allylchloride.

1. Roaction with Magneslum motal (Mg),
Benzyl chloride when rencted

benzylmagnesium chloride.

.'l l;“ "
™
iher
$ M H s

MK filusiede

similarity with allyl chloride and this benzyl
( chlorine ntom we rendily ns

ynard flaagent)

(meallon of Grl
i ether, i pives

with  magnesium metnl

1y Mg Cl

Benzyl chloride [yenzy lmagne
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2. Reaction with NaCN _ o
NZyl chloride when reacted with aq.

me\alinn of benzyl cyanide.

N. undergoes substitution Feactioy, |

a CH,-CN
C“:'
Y .
CN Ether + NaCl
+ Na —
7 -anide
Benzy chloride Benzyl cyani

Benzyn rmediate Mechanism - .
362 : he,:::eophilic substitution reaction of chlorobenzene, it doe's MOt ypg,
& ds:)l;c:mml of chlorine atom by nuclcophile. When CthFOanZCnc 1S [reated N
m l . - oge
strong base like potassium amide (KNH,) it gives aniline.

cl NH,
+  KNH, NH; ©/ + Kl
Chlorobenzene Aniline
3 This reaction is not a simple substitution reaction occurs by addition-eliminanc
but an elimination-addition reaction takes place with the formation of benz_w
intermediate.,

Mechanism of this reaction involy

es following steps-
1. Elimination step:

Cci
@fh — @l +ONHy 3
NH,

H + Cl

Chlorobenzene Benzyne
2, Addition step:

phile and adds to ope of the
Cxtract

b proton from the a
g

7N NH, NH,
b + NH, '.NuJ /\MQ\: — @ + NH;
- H,
Benzyne Carbanijon H

Aniline

carbons of triple bond

as a solvent, gives anj); Mmonia which is used



B

This reaction, . : afion of benzyne intermediate, was explained
D oberts in 1953 2n the b'as:s of isotope labeling experiment. He prepared a
by obenzene in which chlor ine bearing carbon is the “C isotope of carbon. Reaction of
e robenzene with KNH,; in ammonia gives aniline containing almost exactly half of
at C-1 and halfat C-2.

« Cl *+ NH, *
+
)
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that involves the form

(his chl
xlc lgbel

NH;4
+ I(NHz - >

+=1C (48% sy

The triple bond of benzyne is different than the triple bond of alkyne. One n-bond
of the triple bond of bf:nzyne is a part of delocalized n-electron system, where p-atomic
orbitals of carbon are involved. The second n-bond is formed by the overlapping of sp’
pybrid orbitals of car bons externf;ﬂly and not by p-p overlapping. This n-bond is relatively
wcak because the involved sp° otbitals are not in proper orientation for effective
overlapping. Also ring restricts linearity of C—C=C—C unit and that results in the
formation of weak 7-bond. Benzyne is strained and highly reactive intermediate.

: } sp? hybrid orbitals

3.6.3 Comparative reactivity of chlorobenzene and benzyl chloride in nucleophilic

substitution reaction:
The chlorine atom of chlorobenzene is relatively inert and it does not show the

usual nucleophilic substitution reactions.However benzyl chloride shows nucleophilic

substitution reactions as readily as allyl chloride.

Cl g
+ “Nu-———» NOREACTION

The unusual reactivity of vinyl as compare to allyl chloride in nucleophilic
substitution reaction can be explained on the basis of strength of carbon- chlorine bond.

This can be explained as follows-

-Hybridization of carbon bearing chlorine- N

”, lr.| chlorobenzene chlorine atom is attached to sp’ hybr;dlzed _carbo)n atoSn

OIb?::fS I benzyl chloride to sp’hybridized carbon atom. Thes-character in sp hyt;nd

and (s-character ='33.33%) is larger than in sp® hybrid orbital (s- character = 25%),
hence sp’-orbital is smaller in size than sp’ “orbital and therefore, C—<ClI bond of

chl .
robenzene is shorter and stronger than the C—Cl bond of benzyl chloride.
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.chlorine bond-

¢ having lonc pair ()1'c|(,ur(”
. : 3 5
This p»orhlle’ll of Chl(,, |

.

. I
1-chlorine bond , . Cq,
l”ifq[

2, Partial double bond character of carbon-¢
In chlorobenzene one p orbital of chlorin

- z he ring.
to p- orbitals of carbons forming 7- bond Off :  carbo
: . . . o givi
with p- orbitals of carbons which results 1n £l

bond character.

[ {e

K . . jorine and p-orbitals of carbons fonm;
| chloride p-orbital of ch ro
" bs::;yarec separated by tetrahedral (spjhybrldlzeq) carbon. atom, |
ele;?:;;insgof these porbitals is not possible and carbon-chlorine bond in ally] ¢
ov

t acquire partial double bond character.

does no
sp’ hybridized carbon

Due to the partial double bond character of carbon-chlorine bon

chlorobenzene, the carbon-chlorine bond of chlorobenzene becomes more stronger
carbon-chlorine bond of benzyl chloride and this results in less reactivit
chlorobenzene in nucleophilic substitution reaction than benzyl chloride. Further hi
reactivity of benzyl chloride in nucleophilic substitution reaction is due to the ¢
stability of benzyl carbocation by the resonance.

e &
CH2 ( i r CHZ ; :/CHZ :: 9CH2 i : /
® @

ok ok ok



WE@*" -

HALOALKANES, HALOARENES AND POLYHYDRIC ALCOHOLS / 63
C. POLYHYDRIC ALCOHOLS

The hydroxy compounds in which more than one hydroxyl groups per molecule

resent are called polyhydric alcohols. Polyhydric alcohols are classified on the basis

m?,mber of ~OH groups present in the molecule, The compound containing two —-OH

of 0 s are Dilydric alcohols or Diols. Those containing three ~OH groups are called
Tri:.:?d”"" alcohols or Triols.

37 Dihydric Alcohols or Diols

" Dihydric alcohol is the compound containing two —OH groups. The dihydric
alcohol s named as Diol according to IUPAC system and glycol in common name
ostem. They are classified in accordance with the relative position of the two —OH
g'mups. For example, 1, 2-glycols, 1,3-glycols and so on.

Formula Common Name IUPAC Name
oH—CH,——CH,—OH Ethylene glycol 1,2-ethanediol
OH——CH,——CH—CH3 Propylene glycol 1,2-proanediol

CH

OH——CH;——CH;—CH,—OH  Trimethylene glycol 1,3-propanediol

Synthesis of Ethylene Glycol (Diol)
1.From Ethylene
i) Ethylene on action with hypochlorous acid results in formation of chlorohydrin which

on further hydrolysis gives ethylene glycol.

/_\ aq. Na,CO,
Cl OH HO OH

Ethylene Ethylene chlorhydrin Ethylene glycol

ii) Ethylene on hydroxylation with potassium permanganate (KMnQ,) or osmium tetra
oxide (Os0y) at room temperature forms ethylene glycol.

CH=cH, + H,0 + [0] 2XE"* _ cH,—CH, + MnO, + KOH
HO OH
Ethylene Ethylene glycol

i) Ethylene s first converted into ethylene oxide by passing ethylene and air over
heated sjlyer under pressure. Ethylene oxide is then hydrolysed by dilute HCI to give

ethylene glycol.
O\ Dil. HCI
C — . —
HZ\CHZ +1/2 02 m CHZ—-CHZ + Hzo e CH2 CH2

HO OH

Ethylene Ethylene glycol

B

Ethylene oxide



—— R — ~

-1l
64/ A Text Book of Chemistry (B.Sc¢. Part-l, semester )

2. From Ethylene bromide sodium carbonate (N2,Co,) or
R

Ethylene bromide on
silver oxide (Ag;0), gives ethylen® glycol.

heating with aqueous
’ ’ + 2Nap, ,
|

I + Na2,CO; * H,0 HO OH
Br Br Ethylene glycol
Ethylene bromide

holic groups. Hence it shows o
Generally, second =OH group ;,
y reacted. Some impop

Reactions of Ethylene glycol .
Ethylene glycol contains two primary alco

) i ver.
chemical reactions of primary sicabee s is completel
involved in the reaction until the first —OH group

reactions of ethylene glycol are given below.

ide (PCls)
; tion with Phosphorous pentachlor .
1 Rﬂaietzyiene glycol on reaction with phosphorous pentachloride (PCly) fy

chlorohydrin and then ethylene chloride.
CH,—OH CH,—Cl . CH,~Cl
+ PCly —> + PCly—> [ —
CH,—OH CH,—OH CH,—Cl + 2
Chlorohydrin Ethylene chloride

Ethylene glycol

2, Reaction with carboxylic acid
Ethylene glycol on reaction with carboxylic acid like acetic acid gives mono

diesters depending upon the relative concentration of carboxylic acid in presence (

catalytic sulphuric acid.

0
CH,-OH +, EHE00i H,S0, TH:—O——C—CH; s
CH,-OH CH,-0OH 2
Ethylene glycol Glycol monoacetate
0
CH,-OH + 23CH,COOH H,S0, T‘Hz‘O'——C——-CHJ
CH,-OH (excess) CH,~0—C—cH "o
Ethylene glycol ’
0]
Glycol diacetate

' Reaction with acetone
Ethylene glycol condenses with aldehydes or ketones in presence of catalys"
neral acid or p-toluene sulphonic acid to form cyclic acetals or ketals respectively J
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CH3 +
H CH,—0 CH,
c~OH ozc\ l ? \C/ + H,0
CHy™ _
ciylene glycol Cyclic ketal

ehydration reaction

Ethylene glycol undergoes dehydration in presence of concentrated sulphuric acid
dioxane which is used &s an industrial solvent.
to form . )

OH OH\ ‘ o
/ ~
CH; CH2  Cone. Hy50, chy” CH,
| ol [ —> | + 2H,0
CH
H 2 CH CH
= 6N / AN o~
OH OH
Ethylene glycol 1,4-dioxane
i By Zinc chloride (ZnCl,)
Ethylene glycol when heated with Zinc chlor_l:de (ZnCl) f_orms acetaldehyde.
II-I H
—_— —_— —
CH,—OH -H0 ” ‘ ,
2 CH, CH;
_ i
Ethylene glycol enol form, unstable Acetaldehyde
i) By phosphoric acid '
When ethylene glycol is heated with phosphoric acid it gives diethylene glycol with the
timination of Wwater molecule. :
HO"—CHZ—-CHz-—OH HO—CH,—CH,—0—CH,—CH,—0H
Ethylene glycol H;PO, Diethylene glycol
+ s = = +
HO\CHz_CHZ_OH . = Hzo
U
laes of ethylene glycol ‘ ‘ )
| f "er the name of Pristone it is used as anti-freeze in attomobile radiators because 1t
0 ) .
) s low freezmg mixture with water.

0 Prevent depos iti

3 on and formation of ice on aeroplane wings.
4, A : m":mufacturi
i,

6,

ng of low freezing dynamite
Preservative

¢ in electrical condenser
Material for number of important compounds.

33

ASa

diele,ctﬁ
stal'ting
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2. From Ethylene bromide
i b

Ethylene bromide on heating with aqueous sodium carbonate (Na,e, .

silver oxideC (:gZO)égives ethylene glycol. THI’-_"— TH:: 'hc
2N 2 I +
0 2N
‘ + Nz,CO; t H, HO OH 2B, + :
Br Br Ethylene glycol

Ethylene bromide

Reactions of Ethylene glycol alcoholic groups. Hence it show

: o primary
Ethylene glycol contains tWo P ver. Generally, second —OH Fon gg?n§

chemical i f primary alcohol twice 0 } Pis
_ Tedeions GF LA \ _OH group is completely reacted. Some ;-
involved in the reaction until the firs

reactions of ethylene glycol are given below-
hioride (PCls) .
th phosphorous pentachloride (Pcy) b

Pory

1. Reaction with Phosphorous p:.entac ‘
Ethylene glycol on reaction Wi

chlorohydrin and then ethylene chloride. .
CH,—OH CH-C =C
+ PCly —> + PCls » L
CH,—OH CH,—OH CH—Cl  + iy
Ethylene glycol Chlorohydrin Ethylene chloride

2. Reaction with carboxylic acid - L e e,
Ethylene glycol on reaction with carboxylic acid like acetic acid gives mong

diesters deperiding upon the relative concentration of carboxylic acid in presence

catalytic sulphuric acid.
0
CH,-OH H,80,  CH,~0—C—CH,
+ CH,COOH —» + HO
CHz'OH CHZ—OH
Ethylene glycol Glycol monoacetate
‘ 0
CHy-OH HS0, CH,-
2 O—C—cC
+ 2CH,COOH ——p | 2 H; oD
CH,~OH (excess) CHy~0—C—CH,
Ethylene glycol )
0

3. Reaction with acetone Glycol diacetate

Ethylene glycol condenses with aldehydes or ketones in presence of catalys

M cyelic acetals or ketals respectively.

mineral acid or p-toluene sulphonic aciq ¢, fo
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CHj
2
| _on CH cH—0” e,
Chz
gihylen® glycol Cyclic ketal

pydration reaction | AR
408 Ethylené glycol undergoes dehydration in presence of concentrated sulphuric acid

£orm dioxane which is useq 45 an ix?dustrial 501v§nt.
: on NN - 0
/ ' N
CH; CH;  Cone. H,50, coy”  cH,
| 5 [ = | | + 2H0
CH
CH 2 CH CH
2\ / 2\ - 2
OH OH o
Ethylene glycol 1,4-dioxane
ii) By zinc chloride (ZnClz) .
Fthylene glycol when heated with Zinc chloride (ZnCl,) forms acetaldehyde.
H d H
CH,—OH Zn Cl, (I:—OH - (l:——O
—_—
CH,—OH - B0 ” l
2 CH, CH;
Ethylene glycol enol form, unstable - Acetaldehyde
iii) By phosphoric acid

When ethylene glycol is heated with phosphoric acid it gives diethylene glycol with the
tlimination of water molecule.”

HO—CH,—CH,—0OH HO— CH,—CH,—0——CH,—CH,—OH
Ethylene glycol H,PO, Diethylene glycol
— 1
+ - .
HO——CHz_CHZ__OH ‘ H20

Uses of ethylene glycol , . :
nder the name of Pristone it is used as anti-freeze in automobile radiators because it

orms low freezing mixture with water. _ :
> Prevent deposition and formation of ice on aeroplane Wings.
nstl;es:l’anufacmring of low freezing dynamite
53 die‘;ent and preservative
sa Startﬁcmc In elqctrical condenser A
Ing material for number of important compoundas.

-O’\_M'.A_L»J_l\)




86 7 A Text Book of Chomistry (B S Part, Somestar-l)

3B Pinacol, 2,3-dimethyl.2,3-butanediol

1einal diol
l’)d[m‘ﬂh.ﬂ‘:’..,"htﬂlﬁt‘-‘im! ie the t;mmﬂ'w*'r;'ﬁ'm
821

called pinacao|

P | P Sl ~CHy

CH, CHy
pinacol
Synthesis of pinacol
1. From Acstone on of acetone in the py,.
ot . imolecular reduction Preses,,
Pinacol is synthesized by the bimo
clectropositive metal like magnesum. cH,
CHy
C‘H{. \ A ___ﬁf_g___’ \(.’—(-)
2 (gn — 2 -0
| CH
(’!l/ CH, .
o Radical Radical anion
¥
Acetone i - N
?’ ] Coupling (,: ]
! ~ e
. C: N
cu,/c Sau, ai”” CH CH; CHy cHy”
dianion
Radical anion o o
T ? H,0, H' ‘
l (l_ =i CHJ'_'T C'(,'”\
N
cu,/c e, cH; CH, I
Micion Pinacol
2. From o-diketone

Pinacol is synthesized by the action of Grignard reagent on a-diketone.
When methyl magnesium bromide is treated with biacety! followed by hydrolysi

if gives pinacol.
% //o OMgBr  OMgBr
C ._._g\ + 2CH; Mg Br —-d—o—-—_p CH, C—C—CH;
CH; C.-’ f} CH'J C}{]
-*
biscetyl H,0M

OH OH
CHy—C—C—cH, + 2MgBr(OH)

Cl IJ C | 'J
pinacol
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pinacolone Rearrangement Reaction:

acol- i
3,9 PN binacol a5 well las other 1,2.-d1015 On treatment with an acid undergo 1,2-
oment of an alkyl group to give methyl t-butyl ketone called pinacolone. This

e s called as pinacol-pinacolone rearrangement
reactio OH OH

H,S0, ﬁ TH3
B

ch.—-—C_C-'_CH3 CH3-_C_'—C_CH3

H
CH; CHj; b,
2,3-dimeﬂ1yl-2,3-butandiol
(Pinacol)

3,3-dimethyl-2-butanone

(Pinacolone)

Mechanism: ) . .
The mechanism of this reaction involves four steps-

step 1: Protonation of pinacol:
The reaction starts with the protonation of one of the —OH group of pinacol to
from oxonium ion.

H H
%, % INENg M
|| H' | ]
. CH3 CI: C CH3 _~_>; CH3 C C CH3
CH; CH; CH; CH;
Pinacol Oxonium ion

Step 2 : Loss of proton to form tertiary carbocation:
The oxonium ion loses a water molecule to form tertiary carbocation.

H_ H H H
N6 Yo 6
RS -H0 .
CH, ? (l: CH, ———» CH; <|: C—cCH; + HO
CH, CH; CH; CH;
Oxonium ion tertiary carbocation

Step 3: 1,2-shift to form protonated ketone:
1,2-shift of methyl group takes place with the formation of protonated ketone, the

Uriving force for the shift is the formation of more stable oxonium ion.
+
O: CH,

H H
| + 1,2-shift I

~

CH; CH; Ehis

stable oxonium ion

tertiary carbocation
(protonated ketone)
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Step 4: formation of pinacolone: ‘
Stable oxonium ion finally deprotonates to form pinacolone.

H 0O:
\6 . CH, ! (I:H3
” I ___,H:—-——-’ CH;—C—C—y
CH3—'—C——C—_CH3 l 3
| CH,
CH;
Pnaco]cme
(ketone)

stable oxonium jon

3.10 Glycerol / Glycerine/ 1, 2,3-prop
Glycerol is the jmportant mem

oups are present on adjacent carbon.

anetriol _ .
per of trihydric alcohol, in which g,
&

CH—OH
CH,—OH

Synthesis of Glycerol

1. From Propylene
Propylene is on oxi

forms acrolein. This is then re

of MgO + ZnO) catalyst at 400°C. Then allyl al

action H,O; in the presence of WO; as a catalyst.
(0]

dation with oxygen in presence of CuO as catalyst at 3

duced to allyl alcohol by isopropy! alcohol in the pres
cohol converted in to glycerol by

Cu0 I l (CH,;),CHOH

—CH= —_—n — —

Propylene Acrolein 400°C
(,:HQ"'OH
H,0,
OH—CH,—CH=CH, —— " —» CH—OH
W03
Allyl alcohol
CHQ"'OH
Gchcrol

2. From 3-chloropropene
3-chloroprpene (allyl chloride), which is treated with hypochlorous acid 0

glyceryldichlorohydrin, which on hydrolysis gives glycerol.
CHz’O]
A _ﬂ’ CH,—CH—CH,—Cl __i]ia_O_H__,. & H__O}
3-chloropropene HO Cl A [ '
Glyceryl dichlorohydrin CHZ’OH
Glyoer
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|

of Glycero

reactio™ “ i Nitric acid (HNOs)

1.Re Glycerol on reaction with nitric acid in presence of s
450C gives glycerol trinitrate (nitroglycerine),

bclo\\' -~

ulphuric acid at temperature

- CH,—0—NO
cH,—OH 2 2
| 3 HNO 04
—
ci—OH * : CH—O0—No, + 3 H,0
- CH,—0—nNO
CHZ OH 2 b]
Glycerol Glycerol trinitrate

9 Reaction with Hydrochloric acid (HCI)

Hydrogen chloride when passed into glycerol at 110°C, a mixture of a- and B-
010 chlorohydrin is obtained. On further action of hydrogen chloride, glycerol

a, a’-
dichlorohydrin and glycerol a, B-dichlorohydrin are obtained.

a CH,—OH CH,-Cl CH,-OH
HCI 4
p CH—OH —_H'z—o""' CH—OH CH—CI
a'CHz"OH CHz‘OH CHZ_OH
Glycerol @ -mono- f-mono-

chlorohydrin chlorohydrin

HCI | -H,0

CH,—Cl CH,~Cl
CH—OH + CH—CI

CH,—Cl CH,-OH
a,a'-dichlorohydrin a,f -dichlorohydrin
3. Reaction with Sodium metal (Na)

When glycerol is treated with sodium at room temperature, one primary hydroxyl
goup is reacted to form monosodium glycerolate. At higher temperature the second
primary hydroxyl group reacts to from disodium glycerolate. Secondary hydroxyl group,
however never reacts at all.

THZ—OH CH,—ONa CH,—ONa
CH—oHn —-'_Na_.._... (!‘.H—OH —-_Na CIIH—OH ____;_Na No further reaction
| | A
. CH,—OH CH,—ONa
Clyoerol monosodium diosodium
glycerolate glycerolate
B

M
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en sulphate (KHSOJ)

4. DEh!Idration using potassium hydrog
: | .
oy r with potassium hydrogen sulphate T foy

When glycerol is heated alone 0
acrolein (acrylic aldehyde).

HO T cI)H - ”
KHSO‘, ___c__—CH—OH] —— CH,—(y C
H-_(lj——T (I: o -2H26+ CH ACI’Olem
H OH H
Glycerol

Uses of Glycerol:

Used as a sweetening agent in beverage.s o
Used in the preparation of high-class toilet soaps and cosm

Used for preparation of dynamite i the form of trinitroglycerin

Used in resin industry

Used in shoe polish and stamp colour
Used as antifreeze in automobile radiators
Used as a preservative for fruits

NV =

ook K

FILL IN THE BLANKS:

1. In vinyl chloride, chlorine atom is bonded to .......... hybridized carbon atom.

2. Inalkyl chloride, chlorine atom is bonded to .......... hybridized carbon atom.

3. Invinyl chloride, chlorine atom is bonded to .......... hybridized carbon atom.

4. In nucleophilic substitution reaction vinyl chloride is .......... reactive than alkyl
c¢hloride.

5. One of the a-bond of triple bond of benzyne intermediate is formed By s smisniesan
overlap,.while other is formed by .......... overlap.

6. Alcohols containing two hydroxyl groups are commonly called as ..........

7. . Glycerol is the polyhydric alcohol containing .......... hydroxyl groups.

8. Glycol is the polyhydric alcohol containing .......... hydroxyl groups.

9. In chlorobenzene carbon-chlorine bond acquires the partial
10. 2,3-dimethyl-2,3-buatandiol is called as

SHORT ANSWER QUESTIONS:
1. What are haloalkane?

2. What are diols?

3. Define glycerols.

4. What is pinacol?

.......... bond character.

..........




pREPARE?

WWILL que from acetylene

Jor!
4o anyl ol de fT

HA
Wc;yl chior
' propy1er® 2
" propylen©®
" chlorobenz®

benzene

fro
: aceryle?:ride from propanc

fone 8! col from ethane
e

Jen®
. Je on polymerlzatlon In presence of peroxide

om vinyl chloride
m vinyl chloride

col from ethylene oxide

eated with chlorine at high temperature

n reaction with N-Bromo succinimide in presence of light

ne on reaction with acetonitrile

diazonium chloride treated with KI

AIN THE FOLLOWING R‘EACTIONS WITH SUITABLE EXAMPLES

Hunsdiecker rc?action
2' Wurtz- fittig reaction
3‘ Ullmann reaction

HOW WILL YO

U PREPARE?

benzyl cyanide from benzyl chloride
| benzyl magnesium chloride from benzyl chloride

| benzyl chloride from benzene

: biphenyl fro

m iodobenzene

 acrolein from glycerol

. glycerol trin

itrate from glycerol

. acetaldehyde from glycol
ethylene chloride from glycol

. ethylene gly
CONVERT THE

|
/)
3
4
5, toluene from bromobenzene
f
1
§
f

col from ethylene bromide

FOLLOWING

;‘ ethylene to ethylene glycol
+ ethylene glycol to glycol diacetate

L ethylene gly
4, tthylene gly

* Propylene to glycerol

col to dioxane
col to diethylene glycol

L-O Blycero] o glycerol trinitrate
NG
| ANSWER QUESTIONS

2‘ Xplain, wh
"eaction'

|G

. o . . . ()
y vinyl chloride is almost inert in the nucleophilic substitution reaction?

extraordinary reactivity of allyl chloride in the nucleophilic substitution
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. Explain, why allyl chloride is more reactive than vinyl chloride j,
Substitution reaction? nuclc"h
4. Explain the pinacol-pinacolone rearrangement reaction with mechanisp,
5. Discuss the nucleophilic substitution reaction
mechanism.
6. Give explanation for the followings- i
e in nucleophilic substitutjop Teggg
I(

i) Extraordinary reactivity of benzyl chlorid
| reaction

yl chloride in nucleophilic Subgg
Ity

of chlorobenzene wit}, KN
,

ii) Inertness of chlorobenzene in SN
iii) Chlorobenzene is less reactive than all

reaction.

SELECT THE PROPER ANSWER FROM GIVEN ALTERhtI)A::il_\/EC;
1. In vinyl chloride carbon bearing chloring IS .........: hybridize .

a) sp b) sp’ c)sp’ i d) d’sp
2. In allyl chloride carbon bearing chlorine is ......«--- hybridized S

a) sp b) sp c) sp’ d) d’sp
3. In which of the following carbon-chorine bond 1s strorTger

a) vinyl chloride b) allyl chloride ¢) ethyl chloride d) benzyl chlorid,
4. Which of the following does not show Sy1 reaction?

c) allyl bromide d) benzyl chlorige

a) chlorobenzene b) benzal chloride
5. Nucleophilic substitution reactions of chlorobenzene takes place by the formatior

.......... intermediate
a) nitrene b) benzyne c) carbon free radical d) none of the abo
6. glycerol is also called as
d) none of the abo

b) diol c) glycerine

a) glycol
ounds, which one is has the highest reactivity

7. Among the following comp
nucleophilic substitution reaction?
a) Allyl Chloride b) Vinyl Chloride

c) Ethyl Chloride d) Chlorobenzene
Among the following compounds, which one is the most inert in nucleophi

phi

substitution reaction?
a) Allyl Chloride b) Benzyl Chloride ¢) Ethyl Chloride d) Chlorobenzent

9. Which of the following compounds will react readily in Sy1 reaction?

CI\C=C/H \C=C / \C_ /H Br\ /H
/ o c—C
a) H '\H b) H/ \CH, c) H/ P}C—Cl d) H/ \cH;

10. Which is the major product obtained in the following reaction?

Coo Ag

A

+ B ——



/l

I/
52

I

I

1

T L

R L AR R LT AT owy
il

A IWIIAE, JA 1S 404 6 1 7%

' p
M {
| 3 .b""m, //. é P
[ L
L 4 T TR ? ),
f;hu' W,” |k ”H-) ’HH/’HI-‘ 1l ’If”lr‘/_/“,“ VA /’/ o
I P ,
f/”I/h“ i Jietta e " i
(f h A
I fj' 7]
i) )N""'” M b)) (H===t4 Jﬁ,
fH
0 jj=t Iy r’} (Mot ==},
Ally”'"“”"“ o repedion with el VoOm, gives,
il by ullg)nlecesten) t) Hes 1esiedion) A) 1niss 1 14k bty r%

a6l 4 W inenh biseh i the g dseq diilie, sabsd i i 16mdien
by ethyl shloride G) ehlinedmistne Ay byl ’/7:!111,'3/1‘9
it 5l of Wi 220be Bl atdd Vit siiinids V05 016 Wi AAarsodis V% o200
by Huttr Vitlig renAieny
i) Vinaeal 1eaidieom
s with sodim ninlde in Ve, sinmania sith the formation of

11111

(filaing
apullyl chlonde
1116 et ol il
o) i 1Enenon

o) il hat pflion
Vs penetion il et za
anlline 1s oot by
#) webeditiean - wedei i fenction

¥ A4

bi) ueddditioni- sliminsation yesiA It
o) bt wlditien 1A

o) ellmluation -~ elimination fepelion

W oter ebond of gl biond ol Genpynies inesiwdints bs S Wy oo

trastlagigitig,

wapr' g’ by gt ayr’ YA dyu'- s/

Fthgleqin i pemethon withe oo phves glyeol.

i) ggum Wl enns wobed Sellorpd by hiydralysis by VAN s

e i hented silver ander iressine dy Al ot aknrve
WOyl o dehiydpmtion by ooovio pives diornne |

W) biswted Znth, by phnu‘.hum, acld  e) et 5004 ) dil, 1,5 0
N ot s follawing bs used in aitonobile ne an aritifresse’!

d) phetiil

M Vi 1 his

0) plyeol

e wleabiol by pitiamethisne

Ayl 2,4 Apatandiol

by 3,4
yl-2,3 Apitandiol

., }11 '”"“‘”'V’ '}" '“”H”"“I’
)2, dimeth

VLT Misttigl 2, 8 bt ienl



74 | A Text Book of Chemistry (B.Sc. Partl semester1)

21. Pinacol is prepared by the bimolecular reduction of ... LI
electropositive metal. Seng
a) acctaldchyde D) propionaldehyde c) aceton® d) aCetophe%
22. Glycerol is the member of c.coeerre alcohol i . n
a) dihydric b) polyhydric c) trihydric s ) Monohyqy.
23. Glycerol on reaction with Na at room tempel'.atll(li' © 1o c;r cerolate
a) monosodium glycerolate S’; :;s:e :)l;'n:hi Z s
¢) trisodium gl cerolate ) )
24, Jinyl cmorifeym polymerization in presence of ‘?e"';"’)l; '1 ;’;;‘:“de gives-
a) polyhydric alcohol b) poly¥ }ny | Cl hol
¢) divinyl chloride d) polyvinyl 2160
1 is also known 35
2 1;121?;:):;:;;; b) 2-chlor9pr0pane
d) 2-chloropropene

3-chloropropené ® .
c) 3-chloroprw Jlcoholic KOH it 8ives-

26. When vinyl chloride is treated with
a) Ethylene b) Propylene c) acetylene d) ?-butene
27. Propylene on reaction With ...ooeeee in presence of benzoy! peroxide and heat
allyl bromide. o
a) N-bromoacetamide b) N-bromosuc01n1m1de
d) N-bromoacetamide

c) N-ch]orosuccininmide
28. Benzyl chloride is prepared by heating benzene with ..........

anhydrous ZnCly

a) formaldehyde D) acet
29. Ethylene glycol on reaction wi

a) glycol monoacetate

and HCI in preseng

aldehyde ¢) formic acid d) acetic acid

th acetic acid gives ..........
b) glycol diacetate

d) none of the above

c)bothaand b
30. Which of the following is the dehydration product of ethylene glycol in presence
ZnCI2? :
a) dioxane b) acetaldehyde c) diethyl glycol d) none of the abo:
ANSWERS OF MCQ:
1-b 11-b 21 -c
2-¢ 12-a 22 -¢
3-a 13-¢ 23-a
4-a 14-¢ 24-b
5-b 15-d. 25-¢
6-¢c 16-b 26-c
7-a 17-d 27-b
8-d 18-¢c 28-a
[r 9-c 19 - ¢ 59
10-a -
200 30-b
* % k



UNIT IV
PHENOLS, ETHERS AND EPOXIDES,
THIOLS AND THIOETHERS

mducﬁon: = . fb . N
4 The hydroxy] derivative of benzene is known as Phenol. It is one of the synthetically

__ qantclasses of organic compounds. The molecular formula of phepol is CgHsOH. In
impo ring one of the hydrogeh is replaced by hydroxyl functional group (-OH) the

zene
bi;pounds form is phenol.
CL T OH
-H
_—
+0OH
Benzene Phenol

Due to mild acidic nature of phenol it is also known as carbolic acid. Phenol is the
important precursor in the synthesis of wide variety of organic compounds. The structural

1a can be represented as follow.

formu
OH

Simple Structure of Phenol Ball and Stick Model of Phenol
In nature the compounds occur in coal tar, it was first discovered by Friedlieb
Ferdinand Runge in 1834. Along with the coal tar is also found in some fruits and
vegetables such as olive oil, coffee, pomegranates, popcorn, wine and vinegar etc. the
phenols are used in the synthesis of various drugs, dyes and polymer including plastics. It
is used in the manufacture of some adhesives, rubbers, paints, resins and nylons. Phenols
are also used as antiseptic and disinfectant.

41 Classification of Phenols
On the basis of number of hydrogens replaced by —OH groups on the benzene ring it

“an be classified as,

;’ M_"“Ohydric phenols
3' Dl?‘)’dric Phenols
+ Trihydric Phenos
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1." Monohydric Phenols

If only one hydrogen replaced by one —OH groups the Pheng,
1

I

Monohydric Phenol by
0
€.g. OH
OH OH Oy
f % Br
NH2 CH
Phenol o-bromophenol p-aminophenol m-cresy :

2. Dihydric Phenol

In benzene ring if two hydrogen atoms replaced by two —OH BFoups g
0

dihydric phenol eg.
o Ol OH
. O OH
1,2-Dihydroxy Benzene 1,3-Dihydroxy Benzene 1,4-Dihydroxy Benzey,
(Catechol) (Resorcinol) (Hydroquinol)

3. Trihydric Phenols:
In these compounds of benzene three hydrogen replaced by three ~OH groy;

called as Trihydric Phenols.

OH OH OH
HO. f _OH i ©/ OH
HO OH
OH

1,2,3 Trihydroxy Benzene 1,3,5 Trihydroxy Benzene 1,2,4 Trihydroxy Benze!
(Pyrogallol) ~ (Phloroglucinol) (Hydroquinol)

4.2 Synthesis of Phenols
Ph.enols can be synthesized by different methods some of the important method
synthesis are briefly discussed below.
1. From Toluene
b (én tair OXidatif)" of phenol by heating at 140°C using cobalt as 2 ol
rst the Benzoic acid. The benzoic acid obtained on further treatment at?

in presen )
p ce of copper and Magnesium as a catalyst produces Phenol.
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CHs COOH OH
+ 0O, -—C%——b- Cu, Mg
it 2400C
Toluene Benzoic Acid Phenol

m cumene or isopropyl benzene
Fro

cumen¢ ©On oxidation with air first gives the cumene hydroperoxide it is on

tment with the dilute sulphuric acid yields the phenol along with the elimination of
fred

2.

olecule
acetoﬂ"l';1 (I)—OH .
. C,(':——--CH3 H3C—C—CH; OH
3
Ai i
Ir Dil H,SO
— 290y
+ 02 "Oxidation Heat + H;C—C—CH;
Cumene Cumene Hydroperoxide Phenol Acetone

3. From Salicylic acid

Salicylic acid is decarboxylated by treatment with the soda lime it forms sodium
phenoxide. Sodium phenoxide by acidification with dilute hydrochloric acid produces the
phenol along with the elimination of sodium chloride molecule.

P | ONa

OH
COOH
-+ Cao + 2NaOH —Hﬁ-- + HCl — +NaCl

Salicylic Acid Sodium Phenoxide Phenol

43 Chemical Reactions of Phenols

Phenol undergoes the electrophilic substitution reaction. The hydroxyl functional
Broup is the ortho para directing groups due to high electron density at these positions
therefore the phenol produces the mixture of ortho and para substituted products. Some of
the chemical reactions shown by the phenols are discussed below.

Kolbe's Carboxylation reaction _ :
. Phenol on treatment with sodium hydroxide it gives the sodium th"noxfde' T'he
"dum phenoxide on heating with carbon dioxide at 398K followed by acidification with

1
Ut hydrochloric aciq gives Salicylic acid.

-
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o . OH

C

i) 398K Oy
e +
+ NaOH——> T
. Salycylic A;
: henoxide cig
Phenol Sodium F

Fiies rearrangement t reactions in organic synthesis because it ig utily;,

i importan :
It is one of the most imp rearrangement type of reaction n w}f

i is the
the synthesis of valuable chemicals. It is Fod
phenyl acetate converted into the mixture of ortho and para hydroxy acetOphen(

derivatives. . _ _
In this reaction the phenol on treatment with acetic anhydride or acety] chlorig,
aqueoussodium hydroxide (NaOH) gives phenyl acetate. .
O—C—CH;,4
OH ﬁ)
LC—CH;s  Aq NaOH
N -CH;COOH
C—CH3 3
ll
O
Phenol Acetic Anhydride Phenyl Acetate

The phenyl acetateon heating with anhydrous aluminum chloride (AICl;) as cataly
produces mixture of ortho-hydroxy and para hydroxy derivatives of acetophenone.

I
OH
COCH,
+  AlC, ——=— +
A s COCH;
Phenyl Acetate nh. Aluminium o-hydroxy p-aydroxy
Chloride acetophenone acetopheno®

Reimer-Tiemann reaction



-

pHENOLS, ETHERS AND EPOXIDES, THio| g AND THIOETHERS / 79
ONa

i OH
CHO ;
CHO
&6 - oL NOH _Aq. NaOH _Dil ey
¥ 340K T Nacl
enol Chloroform Sodium Salicyladehyde Salicylaldehyde
P en
tion s
rﬂIlnathls reaction when phenol is treated with bromine in presence of carbon

o or Chloroform or Carbon tetrachloride as thes

. 1ohid ¢ are less polar solvent and at
d:suIPmpemmre produces mixture of o-bromopheno] ang p-bromophenol
fow €
OH
, B CSZ/CHC13/CHCI4
273 K
Phenol Bromine o-bromophenol

p—bromophenol

When bromination of phenol carried out in high polar solvent medium it gives white
precipitate of 2, 4, 6-tribromophenol.

©+ B i ©/ 2

Phenol Bromine 2,4 6—Tr|bromophenol
Acidity of Phenols

Phenol on reaction with sodium metal produces sodium phenoxide along with

timination of hydrogen gas. This reaction suggests that the phenol behaves as acidic in
Nature,
OH : ONa
¢ + 2Na _HO_ 2 © + Hy A
Phenol Sodium Sodium Phenoxide

B
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phenol easily donates the proton on reactiop

further stabilized by resonance delo calizag, Wity .
phenol. Therefore phenol behayeg asn B ”eg
d more acidic than alcohol. The moacldic};

re, .

phenol than alcohol is due to resonance stabilizatiOTI Of.negatwe charge g, oxy acidit
of phenol. This resonance delocalization is not possible in case of alcoho], Seny

The lone pair of electrons on the Oxygen of phenol is in conjugation with the 4
ancely stabilized. As oXygen develops a p;

of benzene ring and it was reson :
bond present 11 between oxygen and hy. drog

it will attract electron pair from !
itself. This weakens the O-H bond and hydrogen atom can easily release ,

form phenoxy ion.
The resonance Str
positive charge on oxygen makes

®
® ®
0 : :OH .
COH :OH OH
) ©
- - -
e

e charge over the ortho and para positioy

Unlike the alcohol the
form phenoxide jon. This is
charge developed on OXygen aton?s of
is less acidic than the mineral acids an

Oublet
tive o,
en t()“

y,
S Prog,

ol has charge separation bearing highe, o

ol unstable than phenoxide ion. frg

ucture of phen
phen

Due to delocalization of only negativ

aromatic ring phenoxide ion is more stable than phenol

Ge? 0 0: o .
-

ed it increases the polarity:
an lose the prol0

phenol itself

The carbon of benzene ring in phenol is sp’hybridis

C-OH bond which result in more ionization of phenol, hence phenol ¢

to form phenoxide ion because phenoxide ion is more stable than

Further the acidity of phenol increases as the electron withdrawing group preserl

ortho and para position of phenol. The acidity decreases as the electron donating &°
present at ortho and para position of phenol and vice versa.

4.4 Physical Properties of Phenols

It is colourless crystalline solid when absolutely pure.

It has melting point 315K

Due to h.yc.irqgen bonding it has high boiling point 455K

It has acidic in nature as it turns blue litmus paper red

It has sweet and tarry odour

It is sparingly soluble in water but completely soluble in alcohol and ether-

el
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B. ETHERS AND £poxine
4 o el o
pier WY pnather impane zheuf VR crpan st the Destivine e
R e of eihey b anneathen BYENT Tty oB i flegury Pt . o
el ‘ siber "
# - fhar dﬂ»fﬂ'ﬁm LT W,E And L &WC"!’:‘*“ af i sl - pr— P
» s W‘fﬂﬂ fﬂﬂﬂﬂﬂ ”‘".
;i P"“d foennilas of vthen we ROu8
enere B 0 R oy e same or differeat aliy ) or arys fronp

The maost popular example of ethey -etﬁum-,ltmmmbemﬂwﬂ
' et |
."\: ——«(“o—-—-(}-—u:"-—-{h‘

Detdy ! oy
an o i of alky] R group in ether they v of two typas
5 Semple or Symmetrical other
§ Mond or Unsymmetrical ether
i the cther compounds ifRMR'mmmcﬂhﬁSmm Symmvetrical sther
<4

: H
#{—0—CH, Cely—O0—CH, H,c-—cz—o—-z' CH,
Dimethyi Fther Dipbesyl Ether Diethyf Eiher

While In case of mixed or unsymmetrical ether K amd R are called Mised o
H,

HE—O0—CH,—CH;  Cli;—O0—CH, Cl—0—C —CH,
Lebr methy] Ether Methyl pheayd Ether Ethyl Phewyl Ether

U homencigture of Ethers

RS usial the ethers can be named by two ways -
L CORmOn Name: in this method of nomens beture bt of cther devivad fran the
m the tao alkyl or anyl groups linked 1o the oaygen st G alphabetical order
e 2 B Bame ether. If two alkyl groups sttachad ko oaygen st i sifers e

n"'"‘-'ﬁl 61 is used before the name of iyl or ary | growps.

HiC—0—CHy H,C—0—CH;=CH; Colty—0—C4bls
Dimethyl ether byl methyl ether  Dipheayl cther
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¢ Name . oy
IUPAln the TUPAC nomenclature of ether it is reparde as ()
. . Y1) o U . . ©
pydrocarbon. In this system the larger alkyl group attacheg o “\\““\”.\y N
.\ * NS Y \ ’ *\! . 0y ' -JH(I“ “{l
alkane. So it is named as alkoxyalkane, oy, My
t_he parent t‘lk h |('““‘|!
HyC—0—_
H:‘C—'O_CH-‘ th_O_Czllq
Methoxymethane Methoxyethane Methoxylyey,, 0
R (* 1¢

4.7 Structure of Ether

The central oxygen atom in ether is sp3 hybridized. Dye i, Whic
molecule it is in tetrahedral geometry. But the bond angle is sligh(ly l""}’cL-h Iikc,
tetrahedral angle. The C-O-C bond angle may be 110 to 111° and the (?.(; l:(:h
about 140 t0 141pm. The oxygen atom is more electronegative than carbon u,lll
atom can be released as proton this make the ether acidic, Wi

140 pm

o)
S
ch>{/‘ CHa

110°
Structure of ether

:"l ””
d lcrl\

4.8 Methods of synthesis of ethers

Ether can be synthesized by following methods
1. From alcohol or continuous etherification process

Excess of ethyl alcohol placed in distillation flask with concentrated small amo
of sulphuric acid at 413 K it produces large amount of ether continuously. This pr
becames continuous and the process is known as continuous etherification process

CHs—OH + H80, — 29, C,Hs—O—S03H + 0

Ethyl alcohol  Sulphuric acid Ethyl hydrogen sulphate

CH—O—SO;H + CH—OH — 12504 CH;—0—Cills
Ethyl hydrogen sulphate Ethy! alcohol Dicthy! ether

2. Williamson’s synthesis

_ This method of preparation involves the treatment of an alkyl halide with 2 suial
sodium alkoxide. This reaction was named to the credit of Alexander Williams?! e
dev.elol.aed this method in 1850. This reaction involves the nucleophilic subsﬁwﬁonc
halide ion from the alkyl halide by the alkoxide in via SN mechanism.

Eg. When ethyl bromide is heated with sodium ethoxide gives diethyl ether:

------------

CzHS__:‘I.g.r. - ..T. .I?{a.:i-_o_.czHS —_— Csz—O_Cz I'I5 + NﬂBr
Ethyl bromide

Diethyl ether
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‘,..-.-»'( 3 Cond - g | 2 (Rl « ¢ T —

—— o
" vyt Alcohot Filve! lowliede
i OB of mined oTher OF uncysmmwtrical sfber the bvwer iyl grong convared

. e BAERET alkyvl group comverted o alcobol
-l 27K

(rn,-—-—()-——ﬂh « W e CoHe—OH &+ =i
Fetiny | methy| ether Ethyl Akeohol Ethy | lodice
. actionof Hl in Hot condition
Daetiy] ether when react with hydrosodac acsd (HI) at 373 K or under hot condition
. converted into ety iodide and water

*r’ Vi i agrite Wb ls sl et

- ‘ LI} e el il

I K
CHe—O—CyHy + :m—ﬁ__-. 2CH~—1 + O
" Diethyl cther . Ethy| lodide

i Reaction of ether with acetic anhydride
Dicthy! ether on reaction with acetic anhydride in presence of anhydrous aluminum

giande it gives ethyl acctate.
COCH;

Anh. AICH . ,
C}“s"‘"‘O‘_’CIlii + 0 ———“—‘—‘TJ 2("3(1“:“@
OCH,
" ) Ethyl acetate
Dicthy| ether Acetic anhydnde

1l Physical Properties of Ether

| The lower ether are colourless volatile liquid

* lave characteristic ether smell

Thit s highly flammabe liquid

Ethens are slightly polar molecule.

441 Uses of Diethy! Ethers

h“'mt synthesis ethers are used as sohvent medium

R

i,

; h, 130 used as extracting solvent in industny

Eong cthers ave also used as anacsthestics.

o Pused as refrigerant. s substitute of et
of dicth hol known as Natalite s & ey

Lo yl ether and alcoho o s, ol and s

ether used as industrial solvent in the preparstion ©
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4.12 Crown ethers .. < of carbon and oxygen .
Crown eth | heterocyclic rings ) 1. Thj
. ers are large i compounds. It is nothing but Mg,
. Omes under the category of macrocyclic 08 ' the cyclic form. It was digg,. é ‘

cther in whij For f ether involved g re
hich C-O-C group of ¢ J as macrocyclic polyether. The firg Cro“(,i b

Charles J. Pederson and also regarde ¢ represented as, p

synthesized was the 18-crown-6-ethere it ¢ar b

o

)
(O J
P

O\J
18-Crown-6-Ether

Crown ether can be named as n-crown-m, where

1= Total number of carbon and oxygen in the molecule

m=total number of oxygen atoms in the ring |
e.g. In 18-crown-6 there are total 18 atoms including carbon and oxygen in the molg,

of crown ether and the 6 oxygen involved inside the ring. Other examples of crown e

are as follow

12- a
Ti:m“’ll ! 15-crown-5 21-crown-7
crown ether has the .
lone paired of eect cavity inside the ring and can be trapped by the metal. Tt

ron on the oxyge .
and crown ether rip Y&en responsible to form the complex between the met%

bond with ox
Yeen and form the ¢q
i mplex ¢ (
s lig and and form coqy, ination cor:ple ompound. The crown ether molecule €2

d
. ) i
EEIeCt‘Ye against the selective metals, F X through Oxygen. The crown ether mo]ecule‘
oHowmg complex formatiop_ - 'or example 15-crown-5 can bind with Na' ion"



. ordil"‘ﬁo“ compound of crwon ether with Sodium ion through oxygen
0

||cati0“5 of crown ethers
. sed 8 carrier agent in the reactions involving two immiscible solvent

4
js U : inst t ion it j
| guc o celective nature against the selected ion it is used in isolation of metals from
ql
" e sample: : ot isni '
::]used for increasing solubility of ionic salts in nonpolar solvents.

ed to remove the radioactive isotopes from radioactive waste

[tis also US© _
The derivative of 18-crwon-6 used to extracts two important elements cesium and

rontium.

y4Etnylene oxide or Epoxide
" ltis three membered highly unstable heterocyclic compounds. It comes under the

- of ether, in this molecule the oxygen atom attached to two adjacent carbon atoms of
pydrocarbon. The carbon atoms in the epoxide ring in sp> hybridization and deviation in
e bond angle makes the epoxide ring unstable and highly reactive than the other simple
oher. The ring can easily open when reacts either with acid or base. The simple

bl

rpresentation of ethylene oxide is as follow.
0 O,
N\ L
CH, / \

H,C

Ethylene oxide
When the epoxide ring attached to the benzene ring the compound is known as

Syrene,
/\

CH,

HC

Styrene oxide
or 2-phenyl oxyrane
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4.15 Method of Synthesis of epoxide

Ethylene oxide can be preapare

peroxy acid

th peroxy acid it gives cthylen, -
Aldg

d by two methods

Synthesis from ethylene by using | :
Ethylene molecule on reaction Wi

with the acetic acid.
0 O

-+
H,C cH, — R—cqq,
Ethylene oxide Carboyy)
Xylic 5

Ethylene Peroxy acid

Ethylene oxide can also be prepared by Air ox
silver catalyst at 523-676'K

idation of ethylene Pre
5{';

@)
_AB \.
H,C=CH, + 1/20; 523.673k  HaC C};{z
Ethylene Ethylene oxide

4.16 Chemical reactions of epoxide ' '

The ethylene oxide ring is with highly strain molecule. The ring can easily ope
form the corresponding products. Some of the reactions of epoxide are discusse( bely
1. Ring opening reaction of epoxide with Grignard reagent

Epoxide on treatment with the Grignard reagent alky! group of Grignard reagents a;
nucleophile and open the reaction by SN2 fashion.

. -y HO X
o) ‘EMX  por N\ - Hyyo/
/ + RMgX— N e e oF MY
H,C—CH, : \ OH
Hzc Hz N R
R
Ethylene oxide Grignard reagent Alcohol
2. Ring opening reaction of epoxide with HCN
n o
P - O: : +HO H
AN+ HN — X IO
H,C——CH H,C—CH 2 =
2 2 2\ CN
' !
Ethylene oxide Grignard reagent N Alcohol
3. Ring opening reaction of epoxide with H,S
= ]
0] 10
/ \) ¢ HSH — o N
H,C H, H)C—cCH, —™ H,C—C
' “SH SH
Ethylene oxide

Thioalcohol
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0O
HC=CH, “C{\\\\
0 (,'Hz
+ R._.ﬂ—-coon sl
P\(_("‘
Peroxy acid Styrene OXide 4

Styrenc
Ring opening reactions of styrene epoxide
The prominent reaction of styrene is the ring opening of tricyc|j, i
g ltj,

the high strain in the cpoxide rings. Some of the reactions shown by Styre .
discussed below. "€ €y
1. Ring opening reaction by acid

The oxygen atom of oxirane ring is electronegative than the carbon, T,
atoms become electrophilic and can attack the incoming nucleophile to ope, -the %
electrophilic character increases due the attack of H' over the e!ectronegativémz
atom. Ox,

The styrene oxide reacts with the hydrochloric acid the ring opening tae, Place
produces 2-chloro-1-phenyl ethanol is the main product. There are two sites ¢, an&(

nucleophile on styrene oxide. The nucleophile always prefers the less crowded Pos:
When this reaction carried out in the chloroform the product will be 2-chloro‘l.;}:;

ethanol.
O Cl
HC——CH, HE—CH,
OH
+ HCI —
Styrene oxide 2-chloro-2-phenyl ethanol
Mechanism of ring opening reaction by acid
The hydrochloric acid used dissociate as
HCI H* + cCr
" He
oY C cl
7N\ 7\ Ne—cH
HC——CH, HC CH, e
OH
cr
H4~
+ — ——
« Styrene oxide Oxonium Compound 2-chloro-2-phenyl ethanc!

el
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reaction by base or alkali

n :

g op?™ . the attack of nucleophile takes p) -
2 R his n:aﬂ'iccds » the SN? type of reaction l;asc from mor.t crowded position.
qion Pre nd product will be |

: ‘lﬂ actt -phenyl-1, 2-
hed e
| fi»“ o o HO
/ N
HC 3
OH

styrene oxide 1-phenyl-1,2-cthane diol

panism:
w NaOHag=====2 N»* + O

HO,
N B
HC—C CH-CH,

\\ O

0 \on
H

et ———

-phenyl-1,2-cthane diol

Snyrene oxkde
Rduction of styrane epoxide by LIAIH,
LiAlH, (Lithium aluminum hydridc) is

aotide by opening the ring to form 1-phenyl-1,

the reducing agent it reduces the styrenc

2.cthane diol. This reaction proceeds by

This reaction is uscful 0 synthesize the

Wawleophilic substitution bimolecular way.

tkebol from the epoxide. OH
0 |

/ HC—CH;

HC——CH;
H,0”
+ IATH, —

1-phenylethanol

Styrene epoxide

aeee
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C. THIOLS AND THIOETHERS

AT # ounds looks like the ethanol, i, thi
The. Ethaneth:pl is the comp This molecule was first ron. I? e o
ethanol is replaced by SH group: oL SC.H, grous a Porteq
William Christopher Zeise in 1834 he nam 2Hs P as me g

. e\ P
X . orm mercaptides, hence ¢ Ty Sl
affinity of sulphur toward mercury 10 form tans m he SUlphy, e s
: .- word mercurium cap means merc, dey,

name mercaptan. It is the Latin Ty capy,,. i

&g,
rCaplu lh& :

in *
o2 OH e |
H;C/ o } +SH He” gy
Ethy] alcohol Ethanethio]

is CH;CH,SH likewise the Ethanol CH3CH20H

functional group in the ethanethiol s -SH like the hydroxyl group (-OH) i ¢, T
SH group is known as mercaptan (ethyl-mercap tan), in this compound the sulph,
isdirectly attached to the carbon atom hence it is regarded as organosulphy, Compourn?

Its molecular formula

4.18 Nomenclature thiols: ; enclafitre: such
Alkane thiols are named by two types ol nom % common gy,

IUPAC name

-

Common name _ _
In common name system the Alkanethiol are named by adding the word Merezy

after the name of alkyl group attached directly to sulphur atom. For eg R-SH s "amedz

alkyl mercaptan.

CH,;SH CH;CH,SH - CH;CH,CH,SH
methyl mercaptan ethyl mercaptan n-propyl mercapty,
CH;CH(SH)CH; CH;3;CH,CH,CH,SH
isopropyl mercaptan n-butyl mercatan
IUPAC name

In JTUPAC nomenclature of thiols the compounds are named by adding the suff
thiols after the name of parent alkane. For eg R-SH is named as alkanethiol. All otherni
of IUPAC is same like that of naming the alcohol.

CH;SH CH;CH,SH CH;CH,CH,SH
methanethiol ethanethiol propane-1-thiol
CH;CH(SH)CH; CH;CH,CH,CH,SH
propane-2-thiol : 1-butanethiol

4.19 Synthesis of ethanethiol from ethyl iodide

Eth:%nethiol molecule can be prepared by reaction of ethyl iodide with excess?
KSH. This reaction undergo by SN? mechanism.

f

CH3-CHy1 4 KSH —H-ei,. CH;-CH,-SH + K

ethyl iodide potassium

Ethanethiol
hydrogensulfide
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cactions of ethanethiols

with hydrogen peroxide
gactic” eroxide is the mild ox'xdnzmg agent it is on reaction with Ethanethiol it
1. i{ydrogc:ﬂo produ(;ediethyl disulphide.

oxid'zed ! Heat
g gi * MO T CH;CH;SS.CHyCH, + 21,0
; CHJ'CH2 Hydrogen Peroxide diethyl disulphide
ethi0
gihie" gation with lodine (I2)
Ox

2 fodine is the xlnild oxidizing agent, when reacts with ethane thiol molecule produces
- thy) disulphide.
the & Heat

QCH:,‘CHZ'SI'I + I > CH3'CH2'S'S-CH2-CH3 +  oHI

lodine diethyl disulphide

ranethiol ]
[;l:u;,nhys'cal properties of thiols:
4.

These are volatile liquid with unpleasant odors, as garlic and rotten eggs.
I Lower members of thiol are gases while higher members are volatile liquids.
i' As compared to alcohol the hydrogen bonds in thiols are weak due to less polarity of
" g.Hbond.
4. The boling point 35°Cis lower than alcohol.

5, These arc insoluble in water but readily soluble in organic solvents ether and alcohol.

422 Thioethers or Alkyl Sulphidesor Diethyl Sulphides:

This molecule is similar to the simple ether only the difference is the replacement of
oxygen atoms in thioether by sulphur atom. Thioethers are also regarded as sulphide
organic derivatives.

Like ether the thiocthers have the general molecular formula R-S-R’. the alkyl group

attached to sulphur may be same or different. The popular example of thioether is diethyl
sulphide,

Cz”s S"'_"'Csz
Diethyl sulphide

These are of two types symmetrical and unsymmetrical thioethers depending on the
tlkyl group attached to sulphur atom.

Symmetrical thioetheres are those in which both the alky groups are same eg.

CZHS__“S_—CZHS H3C_S CH3
Diethyl sulphide Dimethyl sulphide
Inunsymmetrical thioether both alky groups are different eg.
H,
CHy——s——cH, H;C——S——CH,—C —CH;

¢thyl methy! sulphide methyl-n-propyl sulphide
42
3N°.m°“°|ature of thioether

'O¢ther can be named by two types of method common name and [UPAC name
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c°mmon n
ame ing the suffix sulphj )
In this method thioether are named by adding ical = hide after ,
e hur atom. In case of Y mmetrica . thioethers the ey,
Whereas, unsymmetrical thiogqp,.  Pef,
ky] group- her are I,
kane. ny

alkyl group attached to sulp
attached to the name of al
alphabetical order of first letter of al

H3C S———'CH_’;
Dimethyl sulphide

___y — H,C—S

ethyl methy! sulphide methyl-n-propyl sulphide

U

H,C—HC——S—cy,
Diethyl sulphide \(_‘“
)

2

¢ H;—S—CIs

methyl phenyl sulphide

IUPAC Name

In this system t
named as the word alky
it can be named as Alkyl thioa

he thioether regarded as sulphur derivatives of hydrOCarbOn
| followed by thioalkaneeg to name the general thioether R‘A
Jkane. In unsymmetrical thioetherThe larger group b\

|

i the parent hydrocarbon.
considered as the p .0 e 3 -
methyl thiomethane ethyl thioet an:I
2
C2HS_'__--S CH; H5;C S CH, C CH,
methy] thioethane 1-methyl-thioprapane
CeHs S CH;
thioanisol

4.24 Preparation of diethyl sulphide from ethyl bromide
1. It can be prepared by heating the ethyl bromide with potassium sulphide for

diethyl sulphide.

Heat
+ K, —— CH;CH-S-CH,CH;  * 2KBr

2CH3CH2-BT
Diethy! sulphide

Ethyl bromide Pottasium sulphide
2. It can also be prepared by reaction of ethyl bromide with sodium ethyl mercapl

forms diethyl sulphide.

Heat
CH;CHp-Br + CH;CH,-S-Na ———— CH;CH,-S-CH,CH; + Nabr
Ethyl bromide Sodium ethyl mercaptide Diethyl sulphide

4.25 Chemical Reaction of Thioethers
1. Desulphurization with Raney Ni
Diethyl sulphideon heatin i zatio !
g with the rane i1 Iphurizat?
RS a y Ni it undergoes desulp
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+ Raney Ni Heat

CHz‘S'CI’IZCH3

| sulphide _ butane  Nickel sulfide
L e,;orf; sulphide on boiling with alkali undergoes hydrolysis to form ethyl alcohol.
b ethy )
OH
™ 2CH,CH,0H + H,8

Diethy! sulphide Ethyl alcohol

ical properties of thioethers

o6 P.h::;rl tioether is a colourless oily,
Die

|

‘ ]' .
,S[?Zlboi““g point of thioethers are more than the Corresponding ethers.

The boiliné point diethyl thioether is about 92°C,
e .
i, It is insoluble in water.

" s soluble in organic solvents like ether and alcohol.
5.

ALLIN THE BLANKS: m

The molecular formula of phenol is
;' n benzene ring one of the hydrogen is replaced

isphenol. -
Due to mild acidic nature of phenol it is also known as

—n
Desulphurizatiop CH;CH,CHy)CH; +  Njs

cHs

volatile, low boiling liquid with unpleasant

----------

: Bromination of phenol is another example of ........ . reaction of phenol.
5, Phenols are acidic in nature as it turns blue litmus BADED i

6. Inthe ether compounds if R and R’ are same are called ..... ... ether

7. Inorganic synthesis ethers are used as ..........

8. Crown ethers are large heterocyclic rings of .......... and ..........

9. Epoxides are three membered .......... cther

li]. The SH group is known as
II.R-SH is named as

----------

.......... organic derivatives.
SHORT ANSWER QUESTIONS:

L Thfols have lower boiling points than corresponding alcohols.
g‘ Tﬂfoethers have higher boiling point than corresponding ethers.
- Thiols and thioethers are insoluble in water.

EXPLAIN THE FOLLOWING:

ExPIaE" why phenols are more acidic than alcohols.
Xplagn the fries rearran gement
%plain the Reimer Tiemann
:\lei: g_Ote on: Williamson’s synthesis. ;
i) Py iethyl ether prepared in laboratory? How does it react with
() O, (ii) cold concentrated H,SO (iv) Con. HI
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DESCRIPTIVE QUESTIONS:

(. Discuss different properties and uses of ether
5. Give general methods of preparation of epoxides. -

3. Describe the general methods of preparation and chemical propertjeg of g
4. Describe the general methods of preparation and chemical propertjeg Ofthimls'

Oeth
SELECT THE PROPER ANSWER FROM GIVEN ALTERNATIVE; t
1. Commercially phenols can be obtained from:

line d) w
a) Coal- tar b) Benzene c) Gaso .. 0od
2. Which of the following groups will increase the acidity of phenol?
3. Ethers have: : d AV
a) Pungent odour b) Pleasant odour c) Fishy odour )Vinegar odgy,

ed with hot HI, it forms:
dide c) Propyl iodide d) Ethy] iog
be considered as use of ether? ol
b) Anaesthetic
d) Solvent of oil, fats and resins
ds can be represented as R-S-R'?

4. When diethyl ether is treat
a) Ethyl iodide  b) Acetyl io

5. Which of the following cannot
a) Inert solvent
c) Antipyretic

6. Which class of organic compoun

a) Esters b) Thiols c) Thioether d) Alcohols
7. Which one of the following is a thiol?
a) CH,SH b) CH;COOH c) CH;OH d) CH;SCH,

8. What is the [IUPAC name of CH3CH2SH compound?

a) Ethyl sulphide b) Ethanethiol .
c) Ethyl thioether d) Ethyl hydrogen sulphide
9. Which compound is a thioether?
a) CH3CH2CH28H b) CH3CH28CH2CH3
C) CH3CHQBI' d) CH3CH28CH2CHO
10. Which functional group is present in thiols?
a) R-O-R' b) -SCN c) -SH d) -NH
11. Thioethers are
a) Sulphur analogues of ethers b) Nitrogen analogues of ethers
¢) Sulphur analogues of alcohols d) Sulphur analogues of alcohols

12. Which property is generally characteristic of thioethers?
a) Their boiling points are lower than corresponding ethers.
b) Their boiling points are higher than corresponding ethers.
c¢) They are colourless.
d) They have unpleasant order.

ANSWERS OF MCQ:
l1-a 2-d 3-b 4-3 5 c , 6-c
l-a B-b 9-b 10-c 11-a] 12-b

* ok 3 ok
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UNIT V
CRYSTALLINE STATE

”ln‘mduc“i:ical Ph)’SiCS and general chemistrv
5 In class Ty, matter is any K3 2
R St

. that has mass and takes up space by having volume. The

- s ; ~4 B

< qatesof matter are the three distinct physical forms which matter | © . .3 -
~p U . . : Cp— ¢ 1
mnke in most environments: solid, liquid, and gas. Other states, such l. a3 o
36 ) — 8y

R instel ens
. ik Bose—Emstcltns cgr;(li'dn-;lte, andfncutron stars, may be present  Damond Cubic (DC)
< = ) 1d1s O

extreme environmen ] hmi of the four fundamental states of matter. In solid
in [ . :
e the component particies are e d together by strong cohesive forces so that the

{3 . 1

_lecules 8 tied together .m.]d contain the least amount of kinetic. A solid is
'.‘hmcterized by structural 1:1g|d1ty and resistance to a force applied to the surface 'I'hu;
" i< have definite shape, size and volume. '

sonds

chamcteﬁStiCS of Solids

) lmerparticle distance is very small in solids i.e. the components are closely packed
Thus, free space between them is almost absent '

i) Density 1S higher dllle to close packing of particles

i) Interparticle attraction forces are very strong in solids. So particles cannot leave their
positions in solid. However, particles can vibrate about their mean position

+) Rigidity is high. It is due to absence of translational motion of particles

V) Non-compressibility is due to rigidity. So there is almost no change in volume of
solid on applying external pressure

vi) Definite shape, size and volume is due to rigidity and non-compressibility of solid

vii) Melting Points of solids are higher. The M.P. gives an idea about strength of
interparticle attraction forces

Classification of Solids
Solids are of two types
(a) Crystalline solids; also called true solids
(b) Amorphous solid '

2) Crystalline solids .

The solids in which structural units (atoms, jons or molecules) are perfectly
amanged in regular ordered and constantly repeating in three dimensional pattern to give
adefinite geometrical shape are known as crystalline solids.

Ex.: NaCl, sugar, diamond.

Characteristics of Crystals .
) The atoms are closely packed in a definite manner to form a characteristic three

dimensional pattern
i) They have planner surfaces arranged in definite pattern .
)Ithas a similar environment around each particle throughout the solid
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3 —nit':\* have definite interfacial angles .
Pf“fwﬁwﬁ are different i diffe,

6) They are anisotropic 1.¢. theit physical

b) Amorphous solid (from Greek = 8

It is defined as such solid whict
ordered and periodicity ,
any definite geometry ¢ g. rubber, plastics, s

Characteri hous solids _
- NSRS el on- pcrindlc arrangement of Loy

1) They have a random, irregular and n
over a long range

morphous = shapeless)
y does not have any long range .
) A ET

edges and sharp melting point

2) They do not have flat faces, sharp ' _ . . _
’ ed liquids with very high viscosity

3) They are considered as super coc?l
4) They arc isotropic i.c. their physica

Isotropy and Anisotropy .
Amorphous substance arc 5al

in the internal arrangement of particles s that .o,' foly
tarch etc.

| properties are independent of direcy,,

d to be isotropic because they exhibit the .,

. recti ~fractive index, thermal an
of any property in all direction. Thus .fLrl':Zl(.,“ e » th rmal and ,,,
on in amorphous solids are indepe,..

conductivities cocfficients of thermal expanst
direction along which they are measured.

Crvstalline substances on the other hand are anisotropic and the magni,,

physical property changes with directions. For example, in a crystal of silver jogs
coefficient of thermal expansion is positive in one direction and negative iy
Similarly, velocity of light in a crystal may vary with direction in which it is mesg

Thus a ray of light passing through a Nicole prism splits into two componens

travelling with different velocity (double refraction).

Explanation of Isotropy and Anisotropy

In amorphous substance as in liquids the arrangement of particles is random
disorder. Therefore all directions are equivalent and properties are independen

direction.

particles has been shown when the property is
measured along AB and CD, the value along CD
will be different from that along AB. This is so
because there is only one type of particle along AB
Whllc there are two types of particles in alternate
position along CD. This explains why crystalline
substances are anisotropic,

On the other hand the particles in a crystal are arranged and well order. Thus
arrangement of particles may be different in different directions. This is illustrai
figure 5.1 in which a simple two dimensional arrangement of two different bype
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hy v :
dcﬂ’sml.l:gll:‘;mph)’ 150 bmnc’h of science which.dcnls with the study of geometry,
¥ ructure of D stals and crystalline substances. The science of
fics y is concerned with tlhc ?numcmtion and classification of all pt)f;‘;il)lc types
grap qure and the detcmnnafnon of the actual structure of the crvqtulﬁnc s('vylilcls:
not only regular solid but also other substances like plnslt%cs and ;uhln.:r:

PR L
L. includes .
ut pnncxples of structure

Sy

f quse i brings ©
b mon terms used in crystallography

phic face or plane; The flat Sf‘rfaces containing component patticles
o Ofc.:rystals so that particles are not present beyond this surfhace
stallographic face or plane (Fig. 5.2).

co
o tallogrd
) hich define £

is knowﬂ as Cry
Face

Fig. 5.2
,-ystallographic axes or edge: It is line along which two adjacent faces intersect.

C -
b) There are three axes which are represented by X, Y & Z or a, b, & c. They are
perpendicular to each other (Fig. 5.3).
AIZ
a R \B R
¥ X

y
Fig. 5.3

t) Crystallographic angles or interfacial angles; These are defined as the angles at
which two faces meet. These are represented a, p & y (Fig. 5.3) such angles may be

90 or may not be 90°
0 Lattice point: It is defined as representation of position occupied by component

Particle in crystal structure in the form of a dot or point (Fig 5.4). This lattice point
Tepresents only the position of particle. It does not at all represent shape, size,

“hemical nature ete. of the particle.

Fig. 5.4
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®) Crystal lattice or space lattice: It is defined as represeny
laﬂfcft? points rcpeated regularly in the three dime’?SiOna] Space, lon
So it is collection or array of large number of lattice points Here
the space lattice has identical surroundings. “2¢h 1y
i) Unidirectional lattice: It is a sct of lattice points armanged 4 , ,
straight line (Fig. 5.58). qua]
"TEEEE RN
Fig. 5.5 (a)
ii) Bidirectional lattice: It is a sct of lattice points arranged 4 equal 4
< Qi

X and Y axes (Fig.5.5b).

Of
\ Y

lif) Three dimensional lattice: (or space lattice): It is a set of lattice (.
at equal distance along X.Y and Z axes (Fig. 5.5¢). Poiny ,

e @ .' e = & e
e & o » ® © *
e« & & & & L °
e o ¢ o & L L]
Fig.5.5 (b) Fig.5.5 (¢)
f) Lattice planes: Thesc arc defined as parallel equidistant planes conaini,.
points (Fig. 5.6). )
A A A,
D [)/]
4
C G

Fig. 5.6
Here planes ABCD, A, B, C, D, and A; B, C; Dy are lattice plancs s

remaining planes are also lattice planc.

g) Unit Cell:
It is defined as smallest geometrical portion of the crystal w hich repres=

crystal in shape, geometry, faces, symmetry and angles but not in s1ze.

The unit cell shows all characters of given crystal, but it is smallest i $%
unit cell on extension and repetition in all directions give the actual s-"
given crystal is made up of a very large number of such unit cells adjacet”
other in the three dimensional space. (Fig 5.7) _

Thus naturally unit cell and actual crystal are made up of sam¢ ;:J
particles i.e. atoms or fons or molecules. Here structure with thick &nd €7
a unit cell. So a large number of such unit cells give space lattice.

pe-— g
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21 p
t et B B |
r-4—t-A|
-
——
Fiag 0°

o i Crylee

¥ e ceaningragey, EymMINAn) townnd A Baenterio erpeiaby, demify pearing

JM Alan, The vymuretry of gyl gropertios of o erpatsl awh e Berrmed
M L o ’d M ArTivity e Dl B pymmetry of e srparal  Tommmatvy
B j penperty of the ewderty wrangemants of soms Fond i cryaailine sofids
L M of wioms has & cermn nunbur of ehomuents of symmeny o changes

jut of the mrrengement of 1oms srem 8 beave e stms e
i e
and slements Of vymmetry
' The piven sractuTe B ssdd 10 harve symmmaetry with reupecl B soerees prvesas oF
— if carred ot OR g then that wractare i repeocduced. Soaoh process m kewes
‘Il'.' aperation The plancs, zaee and certer with refarence to which symmemeiry
- are carmied out arc known 23 chements of yymmetry
4 Piame Of

symmetry
,q,cqiulhnplmofi}m ""?“‘WMP‘MIWWG‘
ot of crystal can dnvide it into two parts which see merror mmages of sach other

delﬂw&:aﬁu
Tkma)uﬂimtwl)wdp’smds)m) 7

| Rectanguiar plane of symmetry: I1 1 s sy plane which passes trongh
centre of two opposite faces (Fig § 9 2)

Lt prywad s sin faces :

Honoe, smctanpular plane of sysmmetry fov oubic crystals = =73 :
%mmwmw:wwd%m‘ﬂ

’
’
'L
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ii) Diagonal plane of symmetry: It js such plane Which ..
opposite edges of cube (Fig.5.9 b) Passcs di,
Ly, &()rla”'
RS '
; %
J‘ii»a".i.'."-.'-'. B = <
Fig. 5.9 (b)
Cubic crystal has twelve edges.
Hence, digonal plane of symmetry for cubic crystals = % _I2
2 =6
2

Therefore, cubic crystal has six rectangular plane of symmetry
Total plane of Symmetry = rectangular plane + diagonal plane

for cubic crystal of symmetry of symmetry
= 3 + 6
= 9

Hence cubic crystal has total nine plane of symmetry.
B) Axis of symmetry
An axis of symmetry is the imaginary line passing through centre of Crystal gy
that if the crystal is rotated through 360° then similar faces (or position) appears mor;
than one during a complete rotation. Crystal may have many fold of axe
the number of times the crystal appears unchanged. (Fig. 5.10 a)
1) If the crystal appears unchanged twice, during one rotation (i.e. after every 180") t
axis is said to have two fold of symmetry or it is known as diad axis (Fig. 5.10b).
i) If the crystal has similar appearance thrice (i.e. after every 120°) the axis is said t
have three fold of symmetry or triad axis (F ig. 5.10 ¢).
ii1) If the crystal shows similar appearance four times (i.e. after every 90°) and six times
(i.e. after every 60°) the corresponding axis is said to have four fold (Fig. 5.10 d) and
six fold symmetry (Fig. 5.10 e) or tetrad axis and hexad axis respectively.

S depending o

—Axis of symmetry ) !
A\ p T
: j
Axis of two Axis of three A vis of two Axis of two
fold symmetry  fold symmetry four symmetry ~ six symmetry
180"rotation 120°rotation 90%otation 60 rotation
(a) (b) ©) (d) (©)

Fig. 5.10 : Axis of symmetry
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tal has 13 axes of symmetry, six axes of two fold, four axes of

sta
blc ory® of four fold.

The c" axes

mme t
Geﬂ"a oir seyo fs metry is a }Dotml :tl a crylstal that any ithaginary line drawn through
97" Cen o surface of the crystal at equal distance on either side. The cubic crystal
et 0 L of symmetry. (Fig. 3.11)
e cen

A___?ﬁ“rs

Ej
Fig. 5.11 : Centre of symmetry

¢ cubic crystal has total twenty three (nine plane +13 axis + one centre) element of
Hen€
qmmet’
) s of crystaj!ography -
54»tallogr3phy is based on three fundamental laws
(rys

) Laws of constancy of interfacial angles

i) Law of constancy of symmetry
iif) Law of rational indices

j Laws of constancy of interfacial angles

This law was proposed by Steno in 1669. Accordlng to this law “The crystals of
ame substance can have different shape depending upon the number and size of faces,
but the angle between the corresponding faces remains constant”.
Or “Whatever may be the apparent shape of crystal, the interfacial angles are always
sme” Or “The interfacial angles for any given crystal is same and constant irrespective
of its shape and its method of preparation”

Thus, a given crystal may be produced by different methods and under different
conditions. The size and shape of faces may be different. However, angle between given
%t of faces remain same.

ix + Acrystal of quartz has three different shapes as shown in Fig. 5.12 (a), (b) and (c)
U the angle remains same at 120°.

= [ &

(a) ) (c)
Fig. 5.12 : crystals of quartz
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i) L metry
aw of sym S
1\0' co;sta:'l::!:hiq law “All crystals of the same substance .
Accoramg 1c o 1 i

. w; v Vo v ril'l“: =
symmetry™, The total number of planes, lines and centers of Symmey;,
a crystal is termed as the ¢

lements of symmetry of crystals, Py, ,'
ces or Intercepts
" LawT%figg:r:::npﬂwposcd by Hauy in 1784. We know that Crystal i,

unit cells arrange in parallel planes. Thus each crystal plane lieg parallcy , ”
face as also to the unit cell face. These planes cut the .Ihrcc axis alon, ”
crystallographic axes (OX,0Y,0Z). Hauy proposed that given CrYStal plyy
dc'scribed in terms of intercepts along the axes (Law of rationg) imw%‘,..f
reciprocals of these intercepts are small whole numbe-rs, ) 5
This law states that “intercepts made by any lattice pl.":me on the Cysal
axes are integral multiplies of unit cell intercepts”..Accordmg to this Jay e rm
of any plane of a crystal along the crystallographic axes are either equal 1y

intercept or some small whole number multiplies of them.
z
A

the

N

C

L
X

Fig. 5.13 : Law of rational indices
Ex. Let OX, OY, OZ represents the three crystallographic axes and ABC be a ur
(standard) plane. So that OA = a, OB = b and OC =c. Then unit intercept will be a (04!
b (OB), ¢ (OC). If any plane LMN when placed along same axes so that OL=x, OM7
and ON = z (Fig. 5.13) Then it gives the intercepts x (OL), y (OM), z (ON), i
according to law of rational intercepts- the intercept of plane LMN of a crystal along%
crystallographic axes OL is equal to the unit intercept or some small whole nun¥
multiplies of them”.
OR OL =x =/a. _
Similarly for crystallographic axes OM = Yy =mb and for crystallographic axes ON=1°
nc
Hence the ratio

X:y:z=/la:mb:nc

Where, the multiplies /, m and n are either integral whole number or i‘ractiO{
numbers. The coefficients of a, b, ¢ in the ratio of intercepts are known as Wel

| of whok
s Indice®
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.« known as Weiss indices. The reciproc
nis
r in brackets (h k1) to give the Miller

e ) rational indj
it %5 to hauy law of tees, the
AcC -

lmn
under study,
plane or face of a

al of these numbers (i.c. l-LL] are

1'nd:ccs of the plane
Intercepts of any

or CD,StaIIOQTaphic axes are either ;
. e g
cr\‘s‘ Ionl L; the lll'lit iﬂtercepts (as b: C)
Ui simple whole numberbmu_lt;_pl? of them are simple integers like |, 2.3
: Oir:or nwo intercepts may be iniinity, when the Crystal planes are parallel to one or
d two axes

Indices .
5 WEI?EdiCES mean indictor of crystal plane. |t is iy

The Weiss parameters, introduced by Christiap S
< of the Miller indices. Weiss indices wil] help to d
mcﬁ?‘; lanes of the crystal. They give an approximate
'ml e Pect to the crystallographic axes, and were used as
with reSliThe ratio of the distances from the origin at
c <allographic axes is kn_own as V'Veissllndices of plane”,
o “The coefficients in the raflo of mtejrcepts are defined as Weiss Indjces”.
oR “Weiss indices are the ratio of the Intercepts on that axis to the unit length of th

portant to study the crystal
amuel Weiss ip 1817, are the
etermine the distance between
ndication of a face orientation
a symbol for the face,

which a face intersects the

gtructure:

at
axis”. :

Weiss indices = intercepts on that axis / unit length on that axis

Let ABC be unit plane and OX, OY, OZ are the crystallographic axes

Unit length on crystallographic axes =a, b, ¢ along OA, OB, OC

intercepts on that axis

Weiss Indices = — :
unit length on that axis
A
b Y
b s ab

; Weiss indices = &ar
oo | X, 2ho
‘ c =111

Here given plane intersects the crystallographic OX, OY and OZ axis at unit
length a,b and ¢ respectively

»

>y T a b woc
Weiss indices = ——
ab c

X :]lCO
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grnphic OX ﬂl‘ld OY at unit I(tnmh )
N ;”"1 }

F‘lcm given plane intersects the erystallo
1§ parallel to OZ.

Weiss indices = _a oh we
Y a b
b _ l "
:’/
Here given pla;c intersects the crystallogmphlc OX at half of the uni —
Y and OZ. .

a/2). But it is parallel t0 O oy different erystallographic axss

NOTE: In Weiss indices W€ u

ndices _ _
b. ¢ values may be fraction, integers, positive .
' v IiSgp

SCd 37 b"‘ C

Conditions for Weiss |
In Weiss indices &,

infinite but never be zero.
Hence from above W

need of Miller Indices.

e conclude that Weiss indices are undefined. g, the,

5.6 Miller Indices . " .
The concept of Miller indices was introduced by British scientist v

ler indices are the mathematical notation to represent crystal planes
e directions and planes could be in lattices

direction in crystal structure. Thes . ‘
crystals. The number of indices will match with the dimension of the lattice or the ¢y

“Miller Indices are the reciprocals of the distance from the origin at which a given

Hallowns. Mil

intersects the three axes”.
Or “Miller Indices of plane may be defined as the reciprocals of the intercepts which

plane makes with the axes”.
Or “It is reciprocal of Weiss indices”.
In Miller indices, group of three integers
plane or group of planes in a crystal. It is also denoted by M.L
(hkl) represent the plane
{hkl} represents family of plane
[hkI] represents direction
<hkl> represents family of direction

(h k 1) that shows the orientation ¢

Importance of Miller indices
Mx’l‘ler indices define coefficients of imaginary planes in a crystal. According
th; ‘Bragg nnterpre}ation of X-ray diffraction (1912), X-rays can be thought of bel
:ci;;ti"il?(ij;dcnaglanes’ §"d pf oduce a Bragg peak/ diffraction, subject to the con '{;:
sequentially lhcmscl‘?::s ft EES B N.O W, since the Miller indices Rt :1ff::“li‘
diffraction :5 ol orm @ 3'D.latt!ce, it gives rise to an elegan Cons‘rucm[.
pacc. Such a construction leads to the reciprocal lattice, which ™
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Ewald sphere 1 a particular way, allows one (o construct the

ﬂ > 1re 1T 1 ol M 3 -
entire diffraction by a crystal can now be seen as the image of

*r}"’sed ° ce. Thus: the
I on P2 o
#P° cal I8t
e pc! r Miller Indices’ .
nd'rﬂofl5 pe integers pomti‘ve, negative a‘n.d zoro but it never be infinite or fractions.

b s are negafive it is denoted by bar on top of that indices.

jFMiler inlil‘;i Lis (-3 -2 1) then it can be written as (321)
ved in Mille.r ln.dices . |
steps " find the Weiss indices by using steps described above
1) firs! Jrite reciprocals Of: Weiss indices
' t LCM of denominators
h reciprocal by LCM

2

) 0 '
) Mumg}ﬁ;aobtai"ed are Miller Indlc?s .

5) ’&rh;tz the miller indices in parenthesis () without space like (hkI)
6) :

\ i . pind out the Wweiss and Miller indices for following crystallographic planes.

3) A

mvol

indou

x

. 1 3
1) Here intercepts along crystallographic axes are > a,lb, 1 c

2) Unit length on axis a,b,c

3) Weiss indices = —IEP—EE =ll 3
2abdc 2 4
4) Reciprocals of Weiss indices =2 1 %

j) LCM=3

Y Multiply by LCM =2x3 = 1x3 g-x3'=634

)
b)

Miller Indices = (634)

N

5
L
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. . aves are 13, b, wc
1) Here intercepts along cr,\-'smllogmphnc axcs
2) Unit length on axis a,b.¢
— abxC_ 1o
3) Woeiss indices ==~
ab ¢
111 _ 11.0
o a RN o e R 1
4) Reciprocals of Welss indices =775
5) Miller Indices = (110)
= z
C
= . —y
ol |~ b

<

3 hic axes are Ea, cob, ooC
1) Here intercepts along crystallograp >

4} Unit length on axis a,b,c
la «ob @cC _i

reics 1ndi = _—= o0 @
3) Weiss indices =% b ¢ 2
11
4) Reciprocals of Weiss indices =2 = =200
5) Miller Indices = (200)
d) .
1
EY, o 4.
f “- . 2
y
x 1
1) Here intercepts along crystallographic axes are a, % b, % c
2) Unitlengthon axisa, b, c
3j Weissindices =222 11 L
a 2b 3c 23

4) Reciprocals of Weiss indices =}-12-% =123

5) Miller Indices = (123)
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1]

o Y
X 1 )
. ercepts 81008 crystallographic axes are a, cob, coc
 Here ! ih on axis b,
) Unit leng 2 aob @G _

= ]lo

) Welss indic®S =5 p ¢
)

f Reciprocals of Weiss Indices = o

;) Miller Indices
Find out Miller indices if Weiss indices are
0

= (100)

-3¢ .
a] i;;:ﬁ;tercepts along crystallographic axes are 2a, -3b, -3¢
! :
3) Unit length on ax15 a,b,c
i _2a-3b-3c_ , 5 4
3) Weiss indices =—— ="~

. . . 1

4) Reciprocals of Wiess indices ==

5) LCM=6 1 1
1 ——
i M=—x6—x6—x6=3 -2 —-2=322

§) Multiply by LC 2x 570>

7) Miller Indices = (3 22)

b) 23, b, ¢ .
l) Here intercepts along crystallographic axes are 2a,b, ¢
2) Unit length on axis a,b,c

2abc

J) Weiss indices === —==211
abc
4) Reci e dieee 111
eciprocals of Wiess indices =oas

) Miller Indices = (122)
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c)112
1) Here Weiss indices=1 1 2 i

. s ]
2) Reciprocal of Weiss indices =ﬁ§
3) LCM=2 |

I -2 2 1

4) Multiply by LCM =-:ux2-1-x2-é-x2 2
5) Hence Miller Indices = (221)
d 2«3
1) Here Weiss indices = 2 © 3I 1

2) Reciprocal of Weiss indices =223
3) LCM = 6 1

4) Multiply by LCM = -2->< 6
5) Hence Miller Indices = (302)

0x6 -_,}xs ~3 0 2

5.7 Seven crystal system and fourteen Bravai.s Latt'ices
Bravais showed from geometrical consideration that there are only 14 D
ways of arranging lattice points in space. These are named as Bravais lattices,
There are 32 different possible combinations of elements of symmetry, T
known as 32 point groups. These 14 Bravais lattices or 32 point groups are groupeq
types known as crystal families or crystal systems. The geometry of crystal ¢z
defined in terms of 3 axes & 3 angles in such 7 families. These are summari;

follows

1) Regular or cubic system: In this system the three axes have equal 90° angle

anotherie.a=B=7= 90° and all the three axes are equal a = b = c. This system hz

types of lattices depending upon the shape of unit cells. Ex. NaCl, KCI, Alum.

a) Simple cubic: In this particles are only at the centre of the cube.

b) Face centered: In this particles are at the corner as well as at the center of e
the six faces of cube.

c) Body centered: In this the particles are at the corner as well as at the centre of¢

2) Tetragonal system: In this system the three axes are at right angle to each othe

two lateral axes are equal i.e. a ==y =90% and a = b # c. Ex. Thorite (THO) Al
(Ti0Oy), Cassiterite (SnO,).

3) Rhombic system (Orthorhombic): In this system the three axes are at right &
each other but these three axes are unequal i.e. o = B=y= 90° and a # 3

Celestine ( SrSO;), Epsomite ( M y ) Car
’ g80; 7TH,0 0,) and
(KC1,MgCl, 6H,0). 4 20), Olivine(Mg,Si 4)
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. system: In this system only W;/O axis are at right angle to each other and
plon® o os are unequal ie.a=7=90, B#90°anda#b#c. Ex. Mohr's salt,
e iree and borax.

c

 gystem: In this system out (‘)f three angles no one is at right angle to each
g Tric"ngll ihe three axes are unequal ie. o # B #y£90° anda+b % c. Ex- Blue

otherl "'leite’ potassium dichromate.

1tr0 . . .

: mbohedral or trigonal SVStef“- In this system only two axis are at right angle to
J f;h?hc ¢+ and all the three axes are equivalent i.e. a =y = 90° BP#90°and a=b = ¢. Ex-
aaéh 0

FCIO3y A IZOJ.

i exagonal system:'In thinS system out of three axes only two axes are at right angle to
ahother and one axis is 1%0 and t}})e two axes are equal while third axis is unequal with
caining two i.€. @ = B=90", v=120"and a=b#c. Ex- Beryl, apatite, Zincite, ice.

Table: Seven Crystal Systems

GN. | Crystal Axial Intercepts |  Axial Angles Examples
™1 | Cube a=b=c a=B=y=90" | Na€l, KCI, Alums
) | Tetragonal a=b=# ¢ a=p=y=90° TiO,, SnO,
3 | Rhombic a=b=# c a=p=y=90 Rhombic sulphur
(or orthorhombic KNO;)
4 | Monoclinic azbzc a=7=90"$z90° | Monoclinic sulphur,
Na,S0,4.10H,0
_L Triclinic azbzc a£B#y=90° K,Cr,0;, CuS0,.5H,0
6 | Trigonal a=b=c¢ a=7=90°p=90° | Fe,0; AlO;
- (or Rhombohedral)
I [Heagonal |2 Thmc [ o= po90=120° | 200, POLCA Tos

Yolem The French crystallographer Bravais in 1848 postulated that seven crystal
$

o “an exist in 14 distinct types of configurations. These fourteen arrangements are
® Bravais Lattices. The 14 Bravais Lattices are as follow:

LCyp; Crystal Bravais lattices
"bic crysta]

2 tragong] Simple, face centred, body centred

‘ ombica 0 . Simple , body centred

4'M°“061in$ l'thorhombic) Simple, base centred, body centred, face centred

i

56‘ ﬁCIinic : Simple , base centred

' Simple
Simple
Simple
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The fourteen Bravais lattices in seven tﬂ"'wﬁf'““
- .-—.’“‘._\.'—F"“ I ——
(,f,,-”' ‘1{;1,’
(o .

" 0{)"
az 90 a¥ avrh?i

a.p.y=00° P.y=90" pyz %0

a

Simple Basc Face Beut
Centered Centered Ceny N
Orthorhombic —

Monoclini€
‘—M‘\
a#c
y r_ \rq:\
B B a j
a da o " o
Simple _BOodY Simple Body  Face
Centered Centercd Centered
Rhombohedral Tetragonal Hexagonal Cubic (or isometric) —

s Jattices in seven crystal system

Fig. 5.14 Bravai

5.g Bravais lattices for cubic crystals:
f Bravais lattices. It depends on the positi

The cubic crystal has three Types 0
occupied by component particles in the unit cell. These are as follows.
mitive: It has component particles only 2|

Simple cubic crystal (scc) or pri

comners of the cube
Body centred cubic crystal (bec): It has component

#s one particle at the centre of cubic crystal.
Face centred cubic crystal (fcc): It has component particles a

as one particle at the centre of each face.

W

particles at each comer &

t each corner &%

red Cub¥

Face Cenle

23 Body Centered Cube
e (b) (©)
g. 5.15 : Bravais lattices in seven crystal system

Simple Cube
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number of constituent units in the cubic unit cell

tion A : : A
y lou? amber of particles in the unit cell of simple (primitive), face centered and
Tl L lattice are calculated as follow, '

Jentered cubl h component particl i i i
L e 10 mber of such comp particles present in the unit cell is known as
e l.epr‘esented .by Z, o .
Mlmslmple cublc lattice (SCC): In simple cubic lattice there is one particle at each
| For’ner o the cube, being all eight. Hence corner particle contributes only 1/8 to each
(0
Cl:b;her of particles = number of x contribution by
b
l\.n i cell corners  each corner particle
|
1
= 8 x —
Z 8
Z =

For body centered cubic lattice (BCC): In body centered cubic crystal particles are
it each corner and one at centre of unit cell. The corner particles contribute 1/8 to the
it cell while the one particle at the centre contributes 1 to each unit cell.
Number of particles = number of x contributionby ~ + contribution by

in one unit cell corners  each corner particle central particle
1
7 = 8 X — + 1
( ;)
Z = 2

I Forface centered cubic lattice (FCC): In face centered cubic crystal particles are at
each comer and at centre of six faces. Particles present in the face of unit cell

contributes only %2 to each unit cell.
Number of particles = number of x contributionby ~ + Numberof x contribution by

in one unit cell corners  each corner particle Faces central particle
1 1
7 = = + 6 X -
Z = 4

| The value of Z is related with density of crystal matter and molecular weight of
by following equation.
7Ny xa’x D
M
Where,

:If Avogadro number (6.023 x 10%)
“__le"gtf_l of side of a cube in m
idenSIty of crystal matter in Kg/m’

- = molar mass in Kg/mol
lem

sty o::cThe length of side of unit cell of a cubic
¥ fing ou:y stal matter is 1.2 x 10° Kg m™. If molar m

crystal in 4 x 120"5 m. The
ass is 2.4 x 10 Kg mole

B
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i) Type of latti in each unit cell (N5 =g

ce Ii) Number of atom$ " =1 . A =0.023
Solution: Here a __,)4 x10%m, D= 1.2x 10 IKgm LM =24 102

NA - 6.023 X 1023

)

)

7= N,.a’.D
M ; )
6.023xm=-‘x(4x104) x1.2x10
i 2.4x107
=1.9273=2
ikt sinceZ=2and number of atoms i"each

So this is the body centered lattice, iy
Ce.

: ith density of 1x 10° Kg m?
Problem 2: Sodium has bcC lattice WI ; . and
23 x 1%TK9 n?ole". Find out length of edge of its unit cell (given N, = é"’("”aar my
Solution: Here D = 1 x 107 Kgm™> M= 23 x 107 Kg mole™, Nx = 6,023, X't

Z =2 since it is bce

N, .a’.D
Z=——
M 3

2= 23x107
s 2x23x107
8= 023x107 x1x107

a2=43346 x107°m
Length of edge of unit cell of sodium = 4.3346 x1 0'°m=4.3346 A
5.10 Interplanar distance d,, from Miller indices in cubic system

The perpendicular distance between two adjacent parallel lattice planes hy
same Miller indices is called the inter planer spacing. The inter planar distance

between two successive lattice is given by expression.
1

.
h? k¥ P
Ztrta

Ay =

Where,
h k / = Miller’s indices
dy, = distance between two successive planes
a, bandc = length of unit cell
But for cubic crystal length of all si
(a=b=c) then above equation deduce to
a

a OR d =m

1 ORdM,=_1.___ORdM,=___‘/—_?____
kI 4747 Jhi+ k241
2 -
. a

de along crystallographic axes 15 9

Hence interplanar distance for cubic crystal is
a

do e



CRYSTALLINE STATE / 113
jstance in simple cubic lattice,

it plana" Jc cubic lattice one unit is situated only at cach co
0 |

In S““Slstﬂ"ce for 100 planes In SCC,
ar

'#,Pun mple cubic lattice, the (100) plane cut the X-axis and are
P l 35‘ . ﬁg. 5,16

rner of the cubic cell.

parallel to Y and

d=" . .
F‘?"” . The shaded lattice planes are (100) planes in the simple cubic lattice
g0

The interplanar distance for (100) plane is denoted by die and is calculat

ed by
h=1, k=0,/=0 in equation.

w0l

a = a _ _a-
d‘“"z\/ﬁ+k’+12 JP +0% 402
s interplanar distance for 110 plane in SCC.

The (110) plane cut across the X and Y axes but cut the Z axis at
arillel to Z axis as shown in fig, 5.17

infinity i.e.

......

=
cm==
-

-----
-----------

-
--------

Fig.5.17 : The shaded lattice plane is (110) plane in the simple cubic lattice

ety Merplanar distance for (110) plane is denoted by dyyo and is calculated >y
sogh=1,k=1, /=0 in equation.

d a a a

m= = =
Vh? + K2 4 2 V2412402 2
¥ Interplanar dista
The (111) p1
stance frg

nce for 111 plane in SCC.

ane cuts all the three axes (X, Y & Z) and intercept each axis at the
m the origin as shown in fig. 5.18
B

kme

}
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is denoted by d :
The interplanar distance for (11 1) plane s d° > g g Caley,
o

using h=1, k=1, /=1 in equation. a

= a — ______E_____—- =—
i JnE K2+ Ny ¥3 110), (111) plane in si
Hence the ratio of interplanar distance for (100), (1197 "Mmple e, 2
will be

a a

* —

digo* dio* dy,=a T{Jj

1 1
or dio dip dn = 1 '\’E’\/:',,’
. -0. 77
or i Ao’ dy = 1 .0.707:0.5

i i ntered cubic lattice.
2) Interplanar distance in face ce ubic !
) rpIn face centered cubic lattice one unit is situated at each corner and one i

centre of each of the faces. .
In FCC an additional plane can be passed through the middle. They pass g
the centre of front and back faces vertically.

i) Interplanar distance for 100 plane of FCC. -
In FCC there is an additional plane (100) between two successive 100 plane,
the interplanar distance for 100 plane of FCC will be half of the cubic lattice fig 5.19.

74 #

(57
27

Fig. 5.19 : The shaded lattice planes are (100) planes in the face
centered cubic lattice, additional plane is present in the middle

The interplanar distance for 100 plane of FCC will be half the distance of SCC

a
digo ==

2

ii) Interplanar distance for 110 plane of FCC:

Interplanar distance for 110 plane of FCC is half of the interplanar distanct
110 plane of simple cubic lattice. fig.5.20

a
dno =—2\[2_

ig. 5.20 The shaded lg(tlt-lc.e Planes are (1 10) planes in the face centered cubic Jatth
- additional plane is present on the two sides
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rance for 11 plano of FCC: o
o s"“"" distance for 111 plane of FCC is same as that for a simple cubic
iptePie

fr”;;: quse (111 planc pass through the centre of all the faces of the face
s F oo 521

3‘."‘.: ,",L'f?.‘ﬁ fig. -

> ; b

2 )

o W "2/ .;w/,/,..w—-/{./e,.,

Z NI

Fig. 5.21 : The shaded lattice planes are (111) planes in the
” face centered cubic lattice.

4l of interplanar distance for (100), (110), (11 1) plane in face centerd cubic

-
S U

g
;:‘L-,-u'.:lbe . 2 a
dio 0 dnl:'g-z\/i-:/'—;
1.1 1
H d;x:dno:dm:E-z\/i.ﬁ
r d;x:dno:dm=1 0.707:1.154

«er planar distance in body centered cubic lattice.

In body centered cubic lattice one unit is situated at each corer and one at the
=z of the cube. In BCC there is an additional plane passing through structural unit.
rerplanar distance for 100 plane of BCC.

InBCC there is an additional plane (100) between two successive 100 plane, thus
erzrplanar distance for 100 plane of BCC will be half of the cubic lattice.fig. 5.22

_ a
= 5
< a >
% ;4:2 /f?'j .;:E'
¥ ALy P2
s gz s
v e &7
7% 7] Z¢¢
71007 +100 .1 0
P2 G 2
s, A v
— /) —p @ a2 —>
" Fig. 5.22: The shaded lattice planes are (100) planes in
¢ body

tentered cubic lattice, additional plane is present in the middle

’Pa:alr distance for 110 plane of BCC.
langy di 10 plane Passes through the structural unit in the centre of the cube, hence
Stance is same as that of simple cubic lattice. fig.5.23

B
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4: The length of edge of a cubic lattice
5r".§'.f£ for its 231 planes.
is a
on: T oo
solution : Zdh kR
Herea=2.5,h=2,k=3, |=]
2.5

5
=2 . 0
22432412 14 0682 4

' 2: Interplanar distance for 301 planes wa 0
::T;I:l:dge of its cubic lattice, s found to be 0.75 A°. Calculate

a

Solution - oo = Jhr+ K2+

Here dior= 0.75 A", h =3,k =0, I=1

is 2.5 A°. Calculate interplanar

0.75=—m
V3 0P +17
a a
0.75 = —==
Ji0 3.162
a=237154°

5.1 Bragg's Equation and Experimental Methods

W.L. Bragg and W.H. Bragg introduced a simple method to study structure of a
erystal. X-ray diffraction was used to study internal structure of crystal. They obtained an
equation known as Bragg's equation.

Principle: The crystal has a perfectly ordered arrangement of its component particles. It
has parallel and equally spaced lattice planes. Thus, the distance between particles and
also between lattice planes is same. Such structure acts as a reflection /diffraction grating
for X- rays. Here X- rays are used because wavelength of X-rays and interparticle
distances are of the same order.

Derivation of Bragg's equation: Consider some given crystal under study. It has very
ordered arrangement of its components and lattice planes. Suppose XY, X;Y; and X'Y"
etc. are such lattice planes of crystal. Suppose ‘d’ is the distance between any two
successive parallel planes. Bragg's obtained equation for this interplanar distance in terms
of wavelength of X-rays, the glancing angle (o) and the order of reflection (n).

The monochromatic X-rays of known wavelength are incident on first plane.
(such X-rays are known as primary X-rays) .The component particle (atom) is the
deﬂecting centre for such X-rays. Let AB is an incident X-rays on first plane at glancing

angle o, The X-ray is reflected from the first plane along BC.

' However, some X-rays do not come in contact with any deflecting centre of first
f}:i.lne. So they penetrate the crystal and reach the second plane. They are reflected from
- "'Ssecond plane and so on (Fig. 5.25)
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A An 4
el
e

3

Fig. 5.25 : diagram of Bragg’s law

Suppose DE is the X-ray which is incident on the 2" plane X1Y), ang
reflected X-ray from this plane (Fig. 5.25). It shows that the inciden X-raEF
required to travel some excess/additional distance than X-rays AB (becayg, ny[
inner plane). This excess distance traveled is known as path difference (GE+;
depends on glancing angle o and also on interplanar distance d. This path dig,
according to Bragg's must be integral multiple of wavelength A of X-rays for Const;
interference of reflected X-rays from these planes.

So total path difference=EG+EH ()

In right angle triangle BGE we get <GBE = 0

Hence EG/BE = sin0 or EG=BE x Sin0

EG=dxsinb
Similarly for right angle triangle BHE we get <HBE = 6
Hence EH/BE = sin 0 or EH=BE x sin0

EH=d x sin0
Total path difference =d sin® +d sin6
or Total path difference=2dsin6 ... @)

According to Bragg's this total path difference is integral multiple of wavel

A for constructive interference.
Total path interference = n A
Where n=1, 2, 3, 4, etc. and is known as order of reflection
Hence eq. (2) becomes nA = 2d sin6
This is Bragg's equation.

b) Experimental method for determination of crystal structure |
There are different methods for determination of internal structure of crysi"

basic principle of all these methods is the study of X-ray diffraction from a givﬁgliﬁ
These methods are for different order of reflections from different sets of pard
(100,110,111).

5.12 Bragg's X-ray spectrometer method: The apparatus used is kn
ray spectrometer. It is illustrated in (Fig. 5.26).
The different parts of it are as follows-

own 85 Bt

el
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glits Si : >
known a5 primary X- rays and are of known wayelc

CRYS
nerator /source (A): Here A is X.rg TALLINE STATE / 119

sed through ﬁlt‘cr (.l. as screen), this gives monochromatic X
and Sz. This gives a sharp and narrow bea ic X-rays. These pass through

A

e L 9|

Target

4

A 4

49\"-;"‘5' D
L/

L

S5,

Fig. 5.26

. 2. Tum table (T): This table (T) is connected to the ionization chamber (B) .The crystal
£ (C)under study is placed on this table (T). The glancing angle is recorded by vernier (V)

3, lonization Chamber (B): It contains some suitable gas which is ionized by reflected
il gencrally 50, or methyl bromide gas is used. One electrode of chamber (B) is
f connected to positive terminal of battery and to electrometer (E) and other clectrode is
“ connected to the negative terminal of battery. This chamber (B) is b e o
* tum table (T).Thus (T) and (B) are so adjusted that when (T) rotates through angle o then
(B) rotates through 20.. Thus all reflected X-rays from crystal shall enter (B).

4. Procedure/ Working

1)
b)

c)

d)

The beam of monochromatic X-rays of known wavelength passes into ionization
chamber in absence of crystal. This is considered as initial position.

Now crystal under study is placed on the tum table (T). This crystal is now exposed
to the same X-rays.

Small glancing angle is used to start with experiment. The reflected X-rays enter
ionization chamber (B).Thus gas inside it is ionized giving current. The intensity
strength of ionization current produced is recorded by electrometer.

The ionization chamber is moved on circular scale (s) independent of turn table (T),
Thus, greater is the intensity of reflected X-rays then greater is ionization and so
higher is the strength of current recorded. _
Now slowly glancing angle is increased by rotating turn table (T ) about.the vertical
axis. Similarly ionization chamber is rotated about the same vertical axis, but at an
angle twice greater than that for turn table (T). :
The intensity of current produced is noted for each glancing angle used. This

procedure is repeated for all important planes of crystal (i.e. 100, 110 and 111 planes
ete.)
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g) The graph is plotted between different glancing angles used ang
recorded by clectrometer, Thig graph is known ag X-ray difr,m.[c””'“y
5.27) Factioy i

Intensit_v

*eemssrccccanaa

e

0,

20 (degree)
Fig. 5.27
h) 0, 64, 0; etc, glancing angle giving maximum intensity of curren( for difg,
of reflection (i.e. n- 1, 2, 3 etc). This e is obtained separately for 1y lmfc

planes.
i) These values of n and @ are substituted in Bragg’s equation i.e, p), = 2 sing
=t
2dsiné
ni
dygp = ———
" 2dsing,
_ A ni
Similarl . and d. =
d G 2dsiné, " 2dsing,

This is used to calculate ratio of interplanar distance.

nk ni niA
Aot dyy: dy = : :
100 + %110+ %y 2dsing 2dsiné, 2dsing,

1 I 1
siné, "sind, "sind,
The value of this ratio is used to know type of crystal lattice (as sce, fec,bec efc.)

i * Ao i d)yy =

Problem 1 : The first order reflection maxima from 100, 110 and 111 planes'of acl
were observed at glancing angles of 11.270, 16.300 and 20.70 respectively. Find ou!

of crystal lattice if wavelength of X-rays is 0.154 nm.

Solution:
Here, 6, =11.270, d,= 16.300, &, = 20.70, n= 1, 1=0.154 nm

__m  m  m

~ 2dsing, " 2dsin, ' 2dsiné,

_ 0154 0154  0.154

" 2sin11.27 2sin16.30  2sin20.70

_ 1

~0.1934 °0.2806 0.3535

=1: 0.690 :0.550

Thus it is nearly same as for scc. Thus given crystal is scc lattice.

oo * Ao : Ay,
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problem 2 : The first order Eeﬂecti‘on. maxima was noted at 5.90 for 100 planes of scc.
Calculate the wavelength of X-rays, if interplanar spacing was 0.282 nm
Solution : here n =1, d=0.282, §=5.90 ‘ '
_nA

2dsiné
_ 2x0.282x5in5.9

1

=2x0.282x0.1027

A=0.05792
Problem 3: Calculate the glancing angle for first order reflection for 100 planes of fcc.

X-rays of wavelength of 0.154 nm are used. Given spacing of 100 planes is 0.315 nm.
solution: heren=1,A=0.154 nm d=0.315

A

n A =2dsinf
sinf = ﬁ
2d
) 1x0.154
sin = ——————
2x0.315
sinf = 0.2444 .
0 =sin"0.2444
8=14.5°

3.13 Structure of some Common Crystals

A. Structure of NaCl (Common salit)

|. NaCl is an ionic solid. It's component are Na" ions and CI" ions. These are deflecting
centersof X-rays. _

). X-ray diffraction was studied for this crystal by Bragg's method.

l. It was observed that intensities of reflection decrease with increase in order of
deflection for 100and 110 planes. So 100 and 110 planes have equal number of Na"
and CI ions. _

L. It was observed that odd number order deflection (i.e. 1% 3™ order etc.) from (111)
planes show minimum intensity. However even number order reflections (i.e. Al
order etc.) from (111) planes show maximum intensity.

It shows that successive (111) planes are not identical but are altemately arranged i.e.
(111) planes have either only Na' ions or only CI"ions.

. The glancing angles for first order reflections giving maximum are observed as
follows.

0=590 ............ for 100 plane
0=840............. for 110 plane
0=520.............. for 111 plane

. l I 1
Ay : dyyo: dy,=

sin5.9 sin84 sin5.2
~1:0704 : 1.14
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7. This ratio shows that NaCl has fcc lattice, but NaCl crystal lattice g f
interpenetration of the two faces. (One of Na® and the other of CI Ofmeyg by
Here each Na' ion is surrounded by six CI" ions. Similarly each C[- o 1
by six Na' ions. So coordination number is six. (NaCl ig Know nlS sulmundt
coordination crystal). These ions are alternately arranged i, two H:l: .six p
lGns 4

separated by one CI ion and vice versa.
If each Na" ion (surrounded by six CI ions) is arranged at Comer o
d Cl!t

8.

9.
then each CI” ion (surrounded by six Na" ions) is arranged at th, o8
edge. e g
le— d—p!
ol L
ap
e A 2 -}-'

10. To prove that unit cell of NaCl has four molecules of NaCl

a) NaCl is fcc lattice and has Na* and CI ions as component ions.
= Number of + Number of Cl'ions

Number of NaCl
Na™ions in unit cell in unit cell

molecules in unit cell
b) Here Na' ions are present at each of eight corners as well as centre of each face

Number of Na*ions = Contribution by corners + Contribution by faces.

(59~
8 2
=1+3
=4
c) Here CI ions are at the centre of each of 12 edges as well as one at cenre

complete unit cell.
Number of Cl'ions = Contribution by edges + Contribution by centre

=(—1—x12)+1x1
4

=3+1
=4
Number of molecules in unit cell of NaCl = 4 Na*ions + 4 Cl'ions
= 4 NaCl molecules

Hence it is proved that unit cell of NaCl has four molecules of NaCl
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L og Sttt L '

E!8- KCl is mm’c crystal. It's components are K* and ¢ ions. These ; .
E y . for X-rays. - these are the deflecting
3 The glancing angles giving maxima for jy's differer

L9 & 1t planes are ¢ <

i 2 g= 5387 e, for 100 plane it

E g= 7_610 ........................... for 110 plane

Eﬁ g= 9.380 .......................... forl111 planc

: S SR

1:- i’ djo’ Gin sin5.38 "sin7.61 sin 0.38

| =1:0.707:0.577

{ This shows that KCl should be a scc lattice.

However KClI shoul.d be_ fee like NaCl. 1t is because KCl is is omorphous with NaCl
Thus KCl is fce lattice like NaCl .1t is also six-six coordination crystal. |

R SERTINET
(7S

" Anomalous behavior of KCI towards X-Ray

. Why KCl behave like scc toward X-rays? This is explained as follows-.

| ) The intensity of reflection of X-rays depends on number of electrons present in the

. reflecting centers.

| b) Consider NaCl crystal which has Na" ions and CT ions gs the reflecting centers. Here

: Na” ion have 10 electrons and chloride ions have 18 electrons. Thus both have

. different number of electrons and hence different capability to diffract X-rays.

' ¢) Consider KCI crystal which has K™ and CI" ions as the reflecting centers. Here both

' have same number of electron (18 each). Thus intensities of reflections given out by
planes with K” ions only and CI ions only are same so X-rays cannot distinguish

. between planes with only K" ions or with only CI' jons.

' d) This also explains why reflections from (111) planes are absent .Thus KCI behaves as

scc towards X-rays. -
EXERCISE:

. FILLIN THE BLANKS:
. 1. Crystals have planner surfaces arranged in .......... pattern.

Crystals have .......... melting point.

Cubic crystal has totaled nine .......... of symmetry.

The cubic crystal has .......... axes of symmetry.

All crystals of the same substance have .......... elements of symmetry,

The coefficients in the ratio of intercepts are defined as .........

Miller Indices are the ........... .. of the distance from the origin at which a given face
intersects the three axes.

The 32 classes of crystals are grouped into .......... crystal system.

h,Simple cubic system the particles are only at the .......... of the cube.
 The number of particles in the unit cell of SCCiS «oeovveees
- NP mber of molecules in unit cell of NaClis ..........

i
B 0
2p.

e
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SHORT ANSWER QUESTIONS:
1. Define

i) crystalline solid

111) Axis of symmetry

v) Weiss Indices

State the law of constancy of interfacial angles.

State the law of Symmetry.

State the law of rational indices or intercepts.
Calculate the interplanar distance for 100 planc in scc.
Calculate the interplanar distance for 111 plane in scc.
Calculate the interplanar distance for 110 plane in fcc.

Explain
i) Face centered cubic system i) Body centered cubic system
iii) Tetragonal system iv) Rhombic system (Orthorhombj,
v) Monoclinic system vi) Triclinic system
viii) Rhombohedral or trigonal System

vii) Hexagonal system
9. Calculate the number of constituent units in the cubic unit cell for scc,

10. Calculate the number of constituent units in the cubic unit cell for fec,
11. Calculate the number of constituent units in the cubic unit cell for bee.

i) Planc of symmetry
iv) Centre of symmetry

PRI A WL

DESCRIPTIVE QUESTIONS:
. Establish that NaCl crystal belongs to fcc lattice.
Prove that unit cell of NaCl is composed of 4 NaCl molecules.

What are the factors on which intensity of reflected X-ray depends.
Explain why NaCl and KCI show different behavior towards X-ray.
Derive Bragg’s equation for diffraction of X-ray by crystal.
Describe Bragg’s spectroscopic method for determination of crystal structure.
Explain the structure of KCI on the basis of X- ray diffraction.
Find out miller indices if Weiss indices are
)2:4:3 ii)l:o0:% ii)2:2:3 iii) 1/2:2/3:
[Answer : i) 634 ii) 104 iii) 332 iv) 430]
9. X- ray of wavelength 0.0579 nm were incident on a scc. The second order ik
maximum was observed at 11.9°. Calculate interplanar spacing. (Ans.- 0.281 2
10. Third order reflection maximum from 100 planes of bee was observed at g
angle of 18.2° Calculate wavelengths of X-rays if side of cube is 6A".
(Ans.- 2= 0.6192 A®)
4 X 10 m. The density of¢

11. The length of side of unit cell of a cubic crystal is ;
is 1.2 X 107 kg m”. If the molar mass is 24 x 10° kg mol”, find out (i) nur

atoms in each unit cell (ii) type of lattice (Na- 6.023 x 10%)

[Ans.- i) 1.9273 ii) Body centered lattice] .
12, The first order reflection maxima was noted as 5.9° from 100 planes of sc¢ E‘ﬂ

wavelength of X-rays if interplanar spacing was 0.282 nm. (Ans.- A= 0-(_35’9'f
13. The length of edge of cubic lattice is2.5 A° Calculate the interplanar distane!

(231) planes. (Ans. 0.6682 A° ) ff
14. Calculate glancing angel for first order reflection from 100 planes ¢

dieo = 0.315 nm and wavelength of X-rays was0.16 nm.(Ans. 6= 14.
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jAms
't THE PROPER ANSWER FROW GIVEM AL TERMA TIVE
‘ *M”MNMMmMﬂM?
4 Tho feve definite shaps snd sollpmg
) They heve high doneity snd low cemmprenebilig
£} Thr particies can move envily from one place 12 anter
& They heve high snmactive foroes mmong medeosie

powphouns sodids do oo harve
2} sharp melting poin by uratervits geeamstrical thapes
&) popuianly of the structure &) all of Sese
& oryenlime sold has
) ereguiar prometnical shape b) sharp maeltmg poent
c} pon planney surface d) boosely packed atoms

Amerphow subslances ar potropic becsuse
&) They heve same value of any property in all directions
$) They have different values of physical properties in different directions

©) They have definite geometnical shape

&) None of the ahove

The clements of symmetry are _

g} planc of symmetry b) axis of symmetry

¢) oentre of symmetry d) all of these

The amorphous solid among the following is

o) shic sst  b) dizmond ¢) plastic d) graphite
A erystaliine solid does not have one of the following properties.

&) anssotropy b) sharp melting ppints

£} sotropy d) definite and regular geometry
The Bragg's cquation for diffraction of X-raysis ... .

B pi=2d sin b byni=2dsind
Bwi=2dsin2 6 dini=dsinB

s Bragg 's cquation 0 4 = 2 d sinG, "n’ represcals

B the number of moles b) the primcipal quantum number
B fhe Avogadro’s number d) the order of reflection

Which, of the following is 2 crystalline solid?

i Giaenond b) glass ¢} rubber dj paper
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Mhe flat surfices containing component patticles which define geometry of crystals

& that particies are not present beyond this surface s known as
gﬁ!‘ﬂﬂhﬂw axes b) Crystallographic plase

§ Coysaliographic angle ) none of these
;Wm’ﬂﬂpmmamalo{ reinenn. . thements of symmeiry.
LR b) 23 )22 dj 12
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13. There are ...o...... crystal systems,

a)7 b) 5 c)9 d) 3
14. The indices used to denote the direction of a plane of crystal are
a) rational indices b) Miller indices
¢) Bragg's indices d) nonc of the above
Law of constancy of interfacial angles was proposed by
a) Braggs b) Laue c) Steno d) Ha
The Miller indices are often used in the arca of oy
a) Amorphous substances b) ionic crystal

d) hydrogen crystal

c) single crystal
According law of constancy of interfacial angles crystals of same Substa,
“nce
a“r‘ir
'

vea,
e

LK
.

.........

15.

----------

16.

17.
different shape, the angle between corresponding fACES v uvovntiin
a) remains constant b) different _
d) differ by specific angle

c) some are same and some different

Law of rational indices or intercepts ........--

a) Braggs b) Laue c) Steno _d) Hauy
“The intercept of any face of a crystal along the crystallograPh]c axes are gj,

le whole number multiples of thep, » lf’?qua

‘ 15 [he

to unit intercepts (a, b, ¢) or simp

18.

19.
b) law of constancy of interfacja| angleg

statementof ..........
a) law of symmetry '
c) law of rational indices d) Bragg's law

Is of the same substance have sap, _

According to law of symmetry all crysta .
b) axis

a) elements of symmetry : )
c) angle d) lattice point
ts made by a plane with crystallographic axes ar, calleg

The reciprocals of the intercep

20.

21.
--------- b) Miller indices

a) Weiss indices "IN
c) Bragg indices d) Lauf: indices .
The ratio of the distances from the origin at which a face intersects g,

22.
crystallographic axes are known as ..........
a) Weiss indices b) Miller indices c¢) Bragg indices d) Laue indices
23. The interplaner distance ratio of 100, 110 and 111 planes for simple cubic crystl(
SCC)is ..........
a)1:0.707: 0.577 b)1:0.707: 1.154
c)l:1.414:0.577 d)1:0.577:1.414
24. Bravais lattices depend on the shapes of ..........
a) lattice - b) cubic crystal ¢) unit cell d) none of these
25. In a face-centered cubic lattice, a unit cell is shared equally by how many unitcelf
a)8 b) 4 c)2 d)6
26. What type of lattice is found in potassium chloride crystal?
a) Face centered cubic b) Body centered cubic
c) Simple cubic d) Simple tetragonal 3
7. The number of atoms present in unit cell of a monoatomic substance of simple ¥
lattice is ..........
)1 b) 2 )3 d)6
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smallest geometrical portion of the crystal wh ATE /

i egmetry, faces, symmetry and angle. ich represents the crystal in shape,
g [attice point b) crystal lattice €) unit ce|] .
; Cubic crystal has tg;a; .......... plane of Symmetry., d) lattice plane
"2)6 c)9
a .
,l—)he cublc cr)’stal }-;)ajslné -------- aXeS Ofsymmetr}’. d) I l
a)11 hich two adi 95 dy 17
Jine along which two adjacent faces interest with each i
. oth
0 a) Crysm"()graphlc edge b) Perpendicular Iineer SASAIES 5

hic bond
CrystallograP & d) Parallel [i
2 %e angle at which two faces of the crystal, intirs?cis i :
3% with each other is known as

""""""" le  b) Interfacial angl .

3) Acute ang erfacial angle  c¢) Right angle _
RepreSentatxon of .the infinite set of lattice pOintsglrepeate d rd) Sltrallgh.t angle
dimensional space is knownas .......... egularly in the three

2) Crystal lattice b) Lattice planes c) Unit cell

taining atoms, ions
4, "Any planfi Cf)ﬂ ) » Oor molecules cuts crystall
3 intercepts is either equal t_o unit cell intercepts or some smra)h w
of unit cell intercepts.” this law is known as ..........
a) Law of symmetry b) Law of equality
c) Law of rational indices d) Law of constancy of interfacial angle

35. The interp]ane:r distance ratio of 100, 110 and 111 planes for face centered cubic
crystal (FCC)is ..........

33.

d) Lattice point
ographic axes giving
hole number multiples

a)1:0.707 : 0.577 b) 1:0.707: 1.154
c)1:1.414: 0.577 d)1:0.577:1.414
36. Total number of component particles present in face centred cubic (FCC) lattice is ...

37, Total number of component particles present in the body centred cubic crystal (BCC)
lattice iS veeveenens

a) 1 b) 2 c)3¥ d)4

38. The Miller indices for the Weiss indices (1 2 3 )are ..........
a)312 b) 321 c) 632 d) 123

19, In Bragg's X-spectrometer, when turn table rotate through angle 6 , then Ionization
chamber rotate through .......... angle so as to catch diffracted X-ray from the crystal.
a) 30 b) 26 c)6 d) 40

40. The unit cell of NaCl has .......... molecules of NaCl.
a)l b2 c)3 d) 4

41, In the Ionization chamber of Bragg's spectrometer which gas is generally used
a) Hydrogen " b)Oxygen . c¢)Methyl bromide  d) Carbon dioxide

42. NaCl is example of .......... ,

' a) FCC b) BCC c) SCC d) Non of the above

43. How many Bravais lattice crystal systems are there for cubic system?
a)2 b)3 c)l- . d)4

44. Crystalline solids are also called as ..........
a) Metal solids  b) False solids ¢) True solids d) Non-solids



48.

49,

50. How many Bravais lattice crystal systems are there for héxagpnal system?
a)l b)2 c)3 oot d)4
ANSWERS OF MCQ: s
1-¢ 11-b 21-b 31-a | 41.c |
2-d 12-b 22 -a 32-b 42-a
3-c¢ 13-a 23-b 33-a 43-b
4-a 14-b 24 -¢ 34-c 44 - ¢
5-d 15-¢ - 25-d 35-b 45-¢
6-¢c’ 16 -¢ 26-a 36-d 4§-d
7-c 17-a: 27ta | 37-b 47 -b
8-b 18-d 28-¢c | 38-c .| 48-a
9-d 19-¢ 29 -¢ 39-b | 49-d
10-a 20-a 30-b 40 -d 50-a

LI A NV VE

----------

Ceme,
a)1:0.707 : 0.577 b) 1:0.707 : 1,154 U,
¢)1:1.414:0.577 D) 1:0.577 71414
- In tetragonal System the three axes are ...
a)a=b=¢ b)a#b#c Clazb=¢ d)asy
. In Monoclinic System the three axes are ... Fo
a)a=b=c¢ b)atb#c clazb=c o d)a=b¢
In Regular or cubic System the angle between three axis is

"""""""

a) a=p=y=9(° b)a=[3=9037¢902
c) @ #90° B =y = 9(° d) o=y =90 #90
In triclinic system the angle between three axes is SIS .
a) a=B=y=9Q° b)a=B=90Y¢090
) @ #90° B =y = 9¢° dya#B#y#90

* ok ok ok



UNIT VI
CHEMICAL KINETICS

Chemical kinetics is the'branch of physical chemistty which deals with the study
of the rate Of speed or velocity of the chemica] Feactions proceeding under given
conditions of the t.empel_'atufe, pressure and concetltration with the elucidation of their
mechanism' Chemical kinetics includes methods of determination of rate of reactions,
order of a reaction, fac'tors affecting rate of reaction, effect of temperature on reaction
rtés, Arrhenius equation, activation energy and its determination using Arrhenius

equation. The knowledge of the rate of reactions s very valuable to understand the
chemical of reactions.

6.1 Rate or Velocity or Speed of Chemical Reaction
Letus consider a simple reaction of the type,
A - B

reactant product

Here reactant ‘A’ is consumed and product ‘B’ is formed. As the reaction
precedes concentration of reactants decreases while that of the product increases.
The rate or speed or velocity of a chemical reaction is defined as,
The decrease in concentration of any one of its reactant per wnit time or increase
in the concentration of any one of its product per unit time."
| ~ OR
The rate of change of concentration of either reactant or product per unit time.’

Itis denoted as

Henc_e, Rate = r= E = dCA Sd—C—B-

dt dt dt

Where, dx is the change in concentration of either reactant or product,

dt is the time interval. ) . . .
According to law of mass action rate of any chemical reaction directly varies with

e active mass of the reactants i.e. C Aor[A]

-"r=ix—= 40y =+dcB aC, .
dt dt dt [ ] ™
OR . dC, _ AL A s (2)
‘ 4 =kC, OR  r=-— =K|

f?”here, dC, or d[A] is infinitesimal decrease in the concentration of ‘A’ in. an

- Ifinjtegs 7
- itesimal interyal of time, ‘dt’

g

SR A

oy T ¥y S

_infy

. . . 3 . CAY
-Ve sign indicates decrease in concentration of ‘A :

. : : -
4G, ord[B] is infinitesimal increase in the concentration of ‘B’ in an

Witeg; .
i tesima Interval of time, ‘dt’



~

130 / A Text Book of Chemistry (B.Sc. Part-l, Semester-Il)

+ve sign in cquation indicates the concentration of product s jne,
‘ ; 3 INCregg;,
timo k is known as the rate constant of a reaction, g, vy

Velocity Constant or Rate Constant
Consider a simple reaction of the type
A+t DB = P
rcactants product
Rate of this reaction is given by
dx
r= m =kC,.Cpy

If the concentration of cach of the reactants A and B is unity ie, C,C, =1

cquation (3) becomes

dx
l':-——:k ......... (4)

dt

Definition of Rate Constant (k): Rate constant or velocity constant of a reactioy 5,
given temperature is defined as 7t is equal to the rate of reaction when the concentrgtiy
of each of the reactant is unity. '

)[j';f,:

Units of Rate Constant (k)
Let us consider the general reaction
aA+bB+.... — IL+mM+......

rate of this reaction is given by,

r=.(_i_)£=_ldc’\ =_.l.dCB =+.l..d_CL =+.LdCM =

dt a dt b dt 1 dt m dt
Hence, rate is directly proportional to product of concentrations of rext:

species raised to power their number of moles.

Now, if time is expressed in second or minute and C,=Cp... in mol dm then, rate of ¢
reaction is expressed as mol dm sec” or mol dm™ min’

Substituting these dimensions in above rate equation, we get

kC, €5 ik

moldm™
gec
OR  moldm™sec” = k(moldm‘J )a X (moldm"3 )b .

= k(moldm'3 )a ><(rr‘1’oldm*3 )b X eeren

(a+btc+..)

OR  moldm™sec” = k(moldm")

moldm~ sec™
(mOIdm_3 )(a+b+c+...)

k= [moldm" :I[I-(a+b+c+...)] sec™

Reactions rate has the units of concentration divided by time. We expre®
concentrations in moles per litre (mol/litre of mol/1 or mol 1-1) but time M4 o
given in any convenient unit second (s), minutes (min), hours (h), days (@
possible years, Therefore, the units of reaction rates may be

0 Sk =

s
B

o ,
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mole/litresec or mol] ' 5T

mole/litremin or moll 'min!
:/litrehou Ty

mole/ our or mol 1" h™'and,s0 on

Factors lnﬂum?clng .the. Rate of Reaction
The following principal factors influence (affect) the rates of chemical reactions.

) c(,ncentratlor'\ of reacta,n‘ts: The rate of chemical reaction is directly proportional to
the concentration of reacting substances raised to power of their number of moles.
This has only exception of zero order reactions. Since reactants are continuously
consumed during the course of a reaction, concentration of reactants decreases with
the time. The variation of concentration (rate of reaction) with time is shown in figure
1. The rate is highest in the beginning and continuously decreases with the time as
shown in graph . Theoretically, a reaction is never complete, but for all practical
purposcs, it is assumed that the reaction slow after some time that it may be taken to
be completed. Reverse is the case with the concentration of the products as shown in
graph I1.

) Effect of temperature: Increase in temperature leads to an increase in the rate of the
reaction. Reaction rate which is negligibly slow at ordinary temperatures, may
become appreciable and even explosive at elevated temperatures. It is observed that
with a rise of 10°C the rate constant is approximately doubled or tripled.

i) Solvent: Solvent also plays the vital role in determining rates of reactions. Rate of
reaction increases or decreases with change of solvent, which depends upon the

- mature of the reaction.

V) Catalyst: The rates of certain reactions are increased due to presence of certain
substances in the reacting system, known as catalyst.
¢.8. MnO, speeds up decomposition of potassium chlorate.

VV) Pressure: Rates of the gas phase reactions are also affected by pressure. Higher the

pressure, more is the rate of reaction. Thus concentrationt and pressure affect the rate

of reaction in the same manner.

62

Il

I

2

E

S

=

5 |

o —

Time — '
Fig. 6.1 : Concentration versus time plot
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reaction ation ap( o, :
ion rate with different initial d rate jg determineg U givey,
reactions, it is shown that t reactant concentrationg B = Cagyy e
» the rate of o . ' a styq g
concentratip reaction is (, of x
Thus £ nt;v, each concentratioy, being raised ¢, irectly Proportiongy , g Mgy,
AY e
’ Oa e undergoing reaction rate mln:]fower "ty |
r d a ‘
For a reaction rate =k [A]"

expressed as
rate = k[ A]"' [ B]"

Above expressions of rate tells us the relation
f:oncentration of reactants. The power (exponent) of conc
1s usually a small whole number integer (1, 2, 3) or fractio
k is called the rate constant for the reaction,

between the rafe Constant g4
entration # or ;i the rate oy
nal. The Proportionality copgyy

6.4 Order of Reaction

It is an experimentally determined quantity. It is obtained from the rate ¢quation
applicable to the reaction. It is not necessary that concentration of all the reactants taking
part in a reaction can determined the rate of reaction. In the rate equation only tho
reactant appears whose concentration undergo a measurable change during the reaction
Thus, a new term introduced, order of reaction, which is defined as-

‘The order of a reaction is given by the number of reacting atoms or molecule

whose conceniration alter during the chemical change.’
OR

‘The order of a reaction is the total number of atoms or

; -
concentration determines the velocity of a reaction.
OR

s
‘The order of a reaction is defined as the sum of the power.

molecules Wt

of the concentrai®

1 ird ot
terms in the rate law equation.  or thir

i first, secon
On the basis of order, reactions are classified as zero, I

ions. . ‘ the rate [aW
reactlonsLet s consider the ¢ xample of are action which has |
d
rate =k [A]p{B ] ' p+9 ingle reaC””tr‘dT?Tf
y ction 1S ' . asin i
The orcer Of‘ e :telizucan also be defined with reSll’;‘i’: :: g T orersl® |
area v to ?
The order 0' oot 10 A S P and with respe:ct 1
the reaction order with resp 3 and can be fractional.

reaction (p + g) may range from 1 to
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[~ Ratelaw TR e
rate = k[CO,] [
e =k[IL][N] | = N
rate = k [NO, |’ 2 .
rate = K [[Hy] 1)’  1+2-3
rate = k [CHCl,] [CI,]™ LY
2__2
Reactions may be classified according to the order. If in the rate law (1) above
prq=1, it is first order reaction
ptq=2, itis second order reaction
ptq=3, it is third otder reaction

6.5 Molecularity of a Reaction: Molecularity is defined as total number of molecules of
various reactants taking part in a chemical reaction as represented by a balance chemical
equation. On the basis of molecularity reactions are classified as unimolecular,
bimolecular, trimolecular and so on depending up on the number of molecules involved
in a reaction.
a) Unimolecualr reaction: A unimolecular reaction is one in which only one molecule

of reactant is involved.

In general it is represented as

A —» product

For example
i) B, — 2Br

i) Ho, — % H20+%02

b) Bimolecualr reaction: A bimolecular reaction is one in which two molecules of
reactants are involved.
In general it is represented as
A+A —» product
OR A+B —— product
For example
i) 2HI —» H; +1;
ii) Hydrolysis of methyl acetate in presence of mineral acid

H+
CH;COOCH; + H,0 — CH;COOH + CH;O0H

¢) Termolecular Reactions: A termolecular reaction is one in which three molecules of
reactant are involved.

In general it is represented as
3A ——  product
OR 2A+B —>»  product
OR A+B+C ——p product
For example
i) 2NO(y+ Oy I 2 NOy)
ii) 2NO(, + Clyy —» 2 NOCly,



134 / A Text Book of Chemistry (B.Sc. Part-I, Semester-|l)

Difference between Order and Molecularity

Order of Reaction

Molecularity

I.

expression. clementary or simple reaction
2. Itis an experimentally determined . It is a theoretical concept. .
value.
3. It can have fractional value. It is always a whole number,
4. It can assume zero value. . It cannot have zero value,

It is the sum of powers of the
concentration terms in the rate law

Order of a reaction can change
with the conditions such as

. Itis number of rcuclin*ﬁ

. Molecularity is invariant for 5

undergoing simultancous collisioy, ;
Viny
le

chemical equation,

pressure, temperature,
concentration.
6. It cannot be obtained from the 6.
single balanced equation.
7. It do not consider the molecules of a | 7.
catalyst and that of the reactant
taken in large excess.

It is obtained from a balanceg chemicy)
equation.

It considers the molecules of 3 Catalyst
and that of the reactant taken ip large
€XCeSS.

Problem 1: Write the differential rate equations for the following reactions
assuming them to be elementary reactions : '
a) A+2B+3C ——> Products

b) A+ 3B —» 2C+D+2E

d[4] 14[B]_ 1d[C]

Solution: a) Rate, r=—

dt 2 dt 3 dt
_d[4] 1 d[B] 1 d[C] _d[D] 1d[E]
D) Rate, r=—— === "2 ar a2 dr

Problem 2: The rate of the homogeneous gaseous reaction
2NO(; + Clyyy —— 2NOCl(, is doubled when the chlorine concentration is

doubled but increases by a factor of eight when the concentrations of both the
reactants are doubled. Determine the overall order of the reaction and the order
with respect to NO and Cl,,
Solution : Rate = kK[NO]J* [Clz]b where we have to determine a and b.
If 2= 0 and b = 1 (overall first-order), then r = k,{Cl,]
A little reflection will show that this is not at all acceptable
Ifa= 1, b= 1 (overall second-order), then r = k;[NO] [Cl3]

: — 4,
Doubling the concentration of both the reactants will increase the rate by a factor of

which is not given. ,
Ifa =0, b = 2 (overall second-order), then r- = k;[C15]
Doubling the concentration of Cl, will increase the rate by a facto

given.

r of 4 which, t00, is not

Ifa= 1, b =2 (overall third-order), then r = k3[NO] [CLT
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ntrations o .

by a factor of B but doubling the conc:::l:l:i':)cnrz‘:c(‘;ms P wr ook freredsqthorats

factor of 4, which again, is not given. The other :

=2, b=1 so that r = k;[NOJ[CI,)%. We immediate]

the given conditions. Hence, overall the reaction

order in NO and of the first order in Cl,.

alone will increase the rate by a
alternative for a third-order reaction is a
): see that this rate equation satisfies both
s of the third order, being of the second

problem 3: Write the units of the rate constants for a (i) zeroth-order (ii) half-order

3
(iif) first-order (iv) 2 -order (v) second-order (vi) 2 -order and (vii) third-order

. 2
reaction.

Solution: The units of the rate constant for the n®
mol™' s™.

i) n=0, the units are dm” mol 5™

i) n=1/2, the units are (dm’)"? mo|'? s

i) n= 1, the units are s

iv) n=3/2, the units are (dm*)"” mol""? 5!

v) n=2, the units are dm’ mol s’

vi) n=>5/2, the units are (dm’)*? mo]?? 5!

vii) n = 3, the units are dm® mol? 5™

-order reaction are given by (dm’)™’

6.6 Zero Order Reactions

A reaction is said to be of zero order when it's rate is independent of the initial
concentration of the reactants. Consider-

A — Product
Attime, t=0 a 0

t=t, (a-x) X

Suppose 'a' mol dm™ is initial concentration and (a - x)' mol dm” be the
concentration of reactant after time 't'. The rate of above reaction is given as -

Rzlte::r:(:i—):=l¢:0(a—x)ﬂ .......... (5)
Where, 'k’ is a rate constant or velocity constant
.'.éx-:k [Since,(a—x)0 =0]
‘ da° ]
Le, dx=kdt L - emsesees (6)
Integrating equation (6) within the limits,
.......... %)

[ =" kel e x=kf

X =0 =0
This is zero order rate law equation.
Characteristics of Zero Order Reaction
) Unitof k, -
We know that for zero order reaction, the rate law equation is
x=k,t
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x _ moldm” PR
=== = moldm™~sec
OR: K t sec
ii) Half life: Half life of reaction is the time required to complete half of the

is represented by t1/2 - :
The zero order rate law equation on.

x =kt

a
Thus, when, t=1,,, X = 5
Substitute these values in above equation,
a
We get, —=koly)5
2
Soh,ca
Hence half life of zero order reaction is directly proportional to initia] con
Centragi
On

of reactant.
iii) The graphical representation

The zero order rate law equation, x = k,t
This is in the form of y =mx
when the graph is plotted between ‘x’ values on Y-axis and ‘t’ values ap X-axi

ie.
Straight line is obtained with slope ko as shown in Figure 2.”

' T Slope =k,

[

. ﬂ t
Fig. 6.2 : Linear plot of ‘x’ versus ‘t’

Examples of Zero Order Reaction
1) Reaction between acetone and Bromine

CH,COCH, + Br, - CH,COCH,Br + HBr
This reaction proceeds with same rate irrespective of concentration of Br, and so
reaction is said to be zero order with respect to Br,.

2) Decomposition of Phosphine
4PH;4 MW o P, + 6H,

Decomposition of phosphine on the surface of molybdenum or tungsten at

high pressure P is zero order reaction

3) Reaction of acetone and lodine
CH,COCH, + I, — CH,;COCH,I + HI _
The reaction is zero order with respect to iodine concentration since reaction r2f¢ ©
independent of concentration of iodine.
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{ Order Reaction
When the ralc s 'dc!\cmls on the ¢ hange in
qion is 'first order’. Consider a reaction

nitial concentration of tingle resctant,

- !'C-“
e A = Produa
Attime, 1=0 a 0
t=y, (ﬂ - X) X

it 3 . g
Supposc ‘a mole dm™ be the initial concentration of reactant
he the concentration of product after time, 1. The rate of the reaction i

r= ﬁu(a-x)

dt
dx _ . i
Lc. e L,(a-x) (%)

where, k; is first order rate constant (or velocity constant). Equation (8) can be written as-

ax._ _ .
e i)

Integrating the equation (9), we get
f X [k dt
()
_ln(a—X)=k1t+C ........ -

Where 'C is integration constant which can be evaluated from initial condition of
reaction as att =0, x=0.

s=lna=C FRERISRSN (N §
From equations (10) and (11) we get,

~-In(a-x)=kt-Ina

OR  Ina-In(a-x)=kt

OR kl:%ln(aix) N (|

a—x
This equation (13) is known as the integrated rate law (kinetic equation) of first
order reaction,
Characteristics of First Order Reaction
) Unit of k,

We know that rate law for the first order reaction is

2.
k = 3;03|og[ - )

‘A and ‘v mol dm

t given as-

a-x
k'_z-ﬂzl g(moldm ’]

sec moldm™’
k = sec!
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Now, k,l—).l(),\lug( L ]
nheX

OR - Kyt= 2003 o =200 o (n - x)
OR - 2.30Hop(n - x) =kt + 2,30 opn

()R h‘u("' 1'\)"' [ I‘”‘)' | l(ll 0 u-nHl”(l'”

Thig b in the form ot ye=mvo ¢!

T : - , alope
Phug, when ngeaph In plotted botween*t* and log (= x), wo get n stealght line witl alof

( k‘m) and intervept Top o an shown In fipure 4,
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B A
- Slope = —k
log,o(@ =) Pe= 2303
Intercept = log
/
Time (1) — g
Fig. 6.4 : The plot of log(a-x) versus time
li) Half “fe . . . . .
' Half life of reaction is the time required to complete half of the reaction. It is
represented by fir2 .
The first order rate law equation
2303 log( a )
k= t a—x
a
Thus, When 7=l , ¥=7
qubstitute these values (in abox\le equation, we get
K = 2.303 fog a
1 ! a
1/2 a——
\ 2
( \
2.303 a
OR k= log
tl/Z a-— E
\ 2/
OR k= i log2
tllZ
COR 4, = &mgz 0o Constant
k] kl '
Thus the time taken for completion of definite fraction of the first order reaction
is independent of the initial concentration of reactant.
- 88 Pseudo-Order Reactions: The reaction which appears to be bimolecular but infact
i "is first order is called pseudo unimolecular reaction.
OR
7 A reaction in which one of the reactants if present in a large excess shows a
, iferent order is known as Pseudo-order reaction.’
The reaction is in fact bimolecular but behaves as a first order reaction is known
E o _Pseudo first order reaction. Pseudo-first order reaction may also be called Pseudo
E “himolecular reaction.
£
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Example of Pse
i) Hydrolysis

ry (B.Sc. Part-|, g

udo-Order Reactions:

Se i

CH3COOCH3 -+ H20 e CH
In above reaction water is taken ip g
not change appreciably during the reget;

emester-ll)

3CO0H + ch,oy

: feaction and rate of react; Mlration
_ concentration of methyl acetate so that it is Pseudo-unim lactlon depends Only :%s
i) Inversion of Cane sugarin the Presence of Mineral aCOI:cular b "
H+
C12H,,0,, + —_—
12H220¢; + H,0 CeH 504 + CeH,,0
Cane sugar glucose fructose
Actually above reaction is bimolecular as it involves tWo molecy|eg of
. . r
follows first order rate €quation as water is present in large excess He Sy
. . * nc is i
example of Pseudo-unimolecular reaction. ® tis s g

Examples of First Order Reactions
Example 1: Decomposition of H,0, -

This reaction is Supposed to take Place ip
steps as- °

i) H202 E— Hzo +0 (SIOW)
i) 0O+0 — O, (fast)

The rate of the reaction is only due to first step; hence is first order. The Progress
of the reaction can be followed in two ways -

a) By titrating with KMnOy: In this method H,O; is treated with standard solutip of
KMnO;. Thus, withdraw equal volume of H,0, at different time intervals and titrate with
standard KMnO;, solution. Thus volume of KMnO, solution V¢’ used corresponds to the
concentration of unreacted H,0, i.e. (a-x) value at that instant. The volume of KMn0,

solution ‘V,’ required initially gives initial concentration of H,0; i.e. ‘a’. Thus the
equation (13) becomes —

. Z
kl = 2 203 log(—"}

V.

1
b) By measuring volume of O, gas: In this method progress of reaction is folloxied by
measuring the volume of O, gas evolved at various time intervals. Thus, V, =x, V=3

K =2303, (V.
' t ° V:o _Vt

. ifferent
Problem 4: The decomposition of H,0, was studied by fitrating it at Tgi::ty
intervals of time with potassium permanganate (KMnO,). Calculate the
constant from the following data, if the reaction is of the first order.
t (min) 0 10 22 40
Vol. of KMnO, (dm®) 250 |200 [155 |96

- et
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Somtion,/ =a =25
know that for dcco:11p9siti_on of H,0,
¢ (KMnOy), rate law equation is-

2.303 15

t 4
5 When, t=10min, V¢ = 20.0 ml
1

. 2.3031 25
K ='~"""'“10 080 20

=0.0223 min™
iiy When, t= 22 min, V;=15.5 ml

. 2303 25
k= ———log,,

0
Wwe

by fitrating with potassium
p,rﬂ\ﬂngannt

22 15.5

=0.0217 min™
iii) When, t= 40 min, V; =9.6 ml

- 2303 g)
k= 40 8o 9.6

=0.0239 min™
k= ki+k, +k 0.0223+0.0217+0.0239
B 3 3

=0.0226 min™

Problem 5: The decomposition of H,0, was studied by titrating it at different
intervals of time with potassium permanganate (KMnO,). Calculate the velocity
constant from the following data, if the reaction is of the first order. ’

t (sec) 0 100 200
Vol. of KMnO,4 (dm°) 228 13.80 | 8.28

Solution: Given that Vo=a=22.8

We know that for decomposition of H,0, by titrating with potassium permanganate
(KMnOy), rate law equation is-

D) When, t=100s, V,~20.0 ml

. 2303 22.8
l 10

olfy S —— |=5.021x107
13.80

. 100
) When, t = 200s, V,=15.5 ml
. 2303 22.8

log,,

Sk, =2 —
8.28

o -2
200 )—S.OGSX 10
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Exam :
pl('}l*i‘ Hydrolysls of Mothyl Acotat
¢ reaction is ¢ :
ction s catalysed by mineral neid
JIFTE

CH;COOCH, + 1 |
30— CIL,C00H + 1y
J

This reaction involves two molee

change appreciably. Hence the reactio “‘“:”L‘S- e

reaction. Acetic acid produced during Itll L? {*"""‘1" ’_‘”’"'"‘1(” e ”rl ;:[ o ”

The mineral acid is used as catalyst altl‘s‘ol:::‘lcm'nlm il slnn(hr:l":;:”;ﬁm o

e sl st also reacts with the alkali solutj P

solution "l;‘;\\l::;l):{ ﬂllF\;\ l‘t!ldl{l\\’ll at diﬁ"crcnt time illtcrvulI:O«lS:“:'m L.qua]ﬁfwm;:
. o is the volume of alkali required at ti o st

ime, t=10, it will cnn::pm;

to the concentration of mineral aci
. { neral acid & V, volume corres
mineral acid. Hence, volum coreespond o he accic cg formed &
X =(V,— VO) m & a =(Vm- Vo) ml
(a- x).'—‘ (Vo= Vo) = (Vi- V,)=(V,-V,) ml
Thus, the equation (13) becomes-
2.303 v - Vo]
\u

V.-T
ng data was obtai
N hydrochloric ac

ned in the hydrolysis of ethyl acetate at 25°C
id which was used as a catalyst.
1200 4500  |7140 ©

0
24.36 25.85 [29.32 3142 4715
yl acetate is a first order reaction.

t hydrolysis of meth

Problem 6: Followi
in presence of 0.35
Time (seconds) —

ml. of alkali used —
From this data, show tha

Solution: Given that

equation is-

36 and V, =47.15

v, =a= 24
We know that for acid hydrolysis of methyl acetate rate law
2303, V.-V,
¢ Eio I-/’(D—Vt-
2.303 47.15—24.36) 5
: = = = 5.64 x107's
i) At t=12005 k=100 log"’( 27.15-25.85
2,303 47.15—24.36) &
1 = ::__L.—-—— _______.__-——""' =5,46 XIO S
i) At t=45005 &= 7500 log"’( 47.15-29.32

i) At, t= 2.303 17,-1_.5‘_7;‘3'—3-9J= 5.46 1075
iii) At, t=7140s, k= ~140 10810 7153142

e, k, is nearly constant, this 1€
was obta

hloric aci

Sinc
!’roblem 7: Following data
in presence of 0.1N hydroc

Time in Sec
Volume alkali Added (dm3)
From this data, show that hydrolysis

of
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golutiont Given that \CIINE TG /144
\ \ \

o= a =10 and )* oy, o

W koo Hhat for ackd hydialy g WEmeihyy

) NH“ id lg}
™ ‘p‘\\
o= L, 8

\
S0 200 10
DAL= 288, A, = 78 l\\}gmt 1924

ARNIR! 21,00 ] =0.00) 15 Hog'!
3 .‘.NH ,l\“\ l‘,‘
) ALE= 1198 & w200 (039 0y |
i A ! 1o By A2.01 660 )" U‘(NH.‘I fee!!
2300 42010 2199
-:-[S\g. K ' “\? and l’\"'
f) At T 12,03 =30 73 | = 0.00210 poe
Sinee, &, 18 nearly constant, this renetion follows (i
gxample 3 Inversion of Cane-8y
place in presence of mineral e

Wt gy
WO v 1y Cquition iy

aordoy Kinetion,
far- Tho inve
id oy follows

"'
(‘l_,tl_,‘,()|| L0

rion o hydeolysin ol oane g (ke

— - Call1,0, L Cl,0,
Cane sugar plucose
(dextro-ratatory) (dextro-ratutory)
bimolecular ay i inv
quation as water iy
example of Pxeudo-unimolecutar reaction,

The initial solution of sucrose s de
hydrochlorie aeid, it gives plucose (o
amounts the laevo-rotation of fiuct

Fructose
(levo-rtatory)
olves two moleculon ol renctinny
present in Jarpo oxcons, Honco thiv In an

Actually above reaction iy
but follows first order rate o

Nro-ratatory but on hydroly
Nro-ratatory) and fructose
0se s =02 while
The mixture, therefore on whole, is lney
as inversion of cane sugar, The progress

8IS I presence of
(Incvnommmry) in equal
dxtro-rotation of rlucose is 152,5°,
o-ratatory. For this ronson the reaction is known
ol the renction ean be followed by mensuring the
change in angle of ration by means of polarimeter, Chango in angle ol rotation is directly
proportional to the change of concentration of sugnr (X) to glucose and fructose,
angle of rotation of plane polarize

rotation produced at the end of rea

The
d light decreses with time, The total change in angle of
ction gives the initial concentration *n’

Let, to be the initinl rotation -
e be the final rotation
t be the rotation at time t
Then,
n o« (ru - ) =+ Initial concentration of cane sugar
X «a (r( -—r) —+ The concentration of sugar at time (
) \
“la=xyee (=)= (5 - 1)
OR (u - x) o (l“ — L)
Substityy

ing these values in cquation (13), we get,
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2.30 i
k, = ::BIog( 1 )

a—Xx
ok E _2.303 log[ro—-rmj
t L —r,

Problem 8: A 20% solution of cane sugar is inverted by 0.5 N HCI at 25°%: Th
of rotation of cane sugar at various time intervals are given below " € ang)y

Time (seconds) — 0 72 368 460

Rotation (degrees) — | + 24.1 +21.4 +12.4 +10 +55

From this data, show that inversion of cane sugar is a first order reaction

Solution: Given that
ro =24.1 and r, = —10.7
We know that for inversion of cane sugar rate law equation is-

e 2.303 log(ro -1 J
t r,—rI,

Also, 1, -1, =24.1-(~10.7) =24.1+10.7 =34.8

i) At, t=72s, £ ~239 " 348 = 1.12 x107°s"
72 21.4-(-10.7)

ii) At, t =368 s, _ 2303, 0 34.8 = 1.11 x107s™
368 12.4-(-10.7)

iii) At, t=460s, k, _2o 0 _348 3 x107%s™
460 10—(-10.7)

iv) At,t=680s, k =259 5 243 = 1.12 x107%s"
680 5.5-(-10.7)

Since, k, is nearly constant, this reaction follows first order kinetics.

Problem 9: From the following data for the decomposition of ammonium nitrite in

aqueous solution, show that the reaction is of the first order.
Time (Minutes) 10 15 20 15 -
Volume of N; (c.c.) 6.25 9.00 11.40 13.65 | 35.06
Solution:
For this reaction
k, =;ln Ve s V,=35.05=a
oD t

The values of k; at different times are obtained as follows:
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— Time Yok, I J
=k

= -y 35.05-6.25=28.80 1. 35.05 e

Talnﬁ‘Tozo.owm min”’
. 35.05 - 9.00 = 26.05 1 3505

El“ﬁz 0.01976 min’'
i 35.05-11.40 =23 .65 | 35.05

5_Bln—-_B'GS =0.01964 min"'
T 35.05 - 13.65 = 2140 L 35.05 "

2—5- nm=0.0197] min

A constant value of k; shows that the reaction is of the first order.
problem 10: The rate constant for a first-order reaction is 1.54 X 10 .
Calculate its half-life time.

Solution:
0.693  0.693

K 1.54x10757

We have, Ly, = =450s

Problem 11: The half-life of the homogeneous gaseous reaction
S0,Cl;, —> SO; + Cl, which obeys first-order kinetics, is 8-0 minutes.
How long will it take for the concentration of SO.CI; to be reduced to 1% of
the initial value?

Solution:
We get, k = 655 = 0'69? =0.087 min"
t,, 8.0min
For a first-order reaction, '
E=lf-2
! a—x
p=—ln—2 L 1% 55 93min

k a-x T 0.087min" 1

Problem 12: In an enzyme solution, sucrose undergoes fermentation. If 0.1
M solution of sucrose is reduced to 0.05 M in 10 hours and to 0.025 M in 20
. hours, what is the order of the reaction and what is the rate constant? .

- Solution: Since on doubling the time from 10 hours to 20 hours, fractional

reduction of sucrose concentration is also doubled, the reaction must be of the first
order,

, : 0.693
Since for 5 first-order reaction, s, =——,

Hence, k = 0693  0.693 —1.9%107s"

ty,  10x60x60s
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£ P Second Order Reactions
When the rate o the reachion s d(‘p{'ml on the char

VEE N i
] ’
Fvaay FEBCIANTA :' e reachion s sand 1o be of second order, al Con,

C‘:‘r“ulk
Such & reacn th }(‘ﬂl‘!"’ll tsrepweschiled 1in two waysy ‘h'-f
2A - Prodixt
OR A+ B — Product

Case 11 Two reactants with equal initial concentration, Consider
reaction any ¢ One

af
A — Product iy
Al time, 1= () a o
t=L (a-%) \

Suppose *a’ mole dm™ be the initial concentration of reactang ¢
dm” be the concentration of product after time, 't". The rate of the reaction i ang X Mo
IS given ge

ie f-i-r- =k, (a- \)~

d{ ---------- (]5)
Where, k; 1s second order rate constant (or velocity constant) of second orde .
Equation (15) can be written as- f eaction,

_dx_ = k,dt

(a=x)
Integrating above equation, we get

—E Ik

(a-x)’
1
_ackt+sCc e (16)
(a-3)

Where 'C is integration constant which can be evaluated from initial condition
of reaction as at t = 0, x= 0.

.‘.l=C ST ke (17
a

From equations (16) and (17) we get,
1 1 ‘
! +—

(a-x)"

1 1

(a-x) a

a(a-x) (18)

l X casannestty

t a(a-x)

This equation (18) is known as kinetic equation (or integ
order reaction,

cated rate 1aW) of e
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ith different initial concentratio
0 reactams wi n.
| 1R AT Ii - Product
. .. =0 a 0
o ptim® {=t, (a-x) (b-x) %

. Suppose ‘a’ & ‘;l?’ are the initial concentrations in mol/dm® of A & B
] oy, Letx mol/dm” of A & B, hav}e reacted'in time t. Then concentration of A &
otV 11 be (a-x) & (b-x) mol/dm” respectively. The rate law equation is

. et W
aﬁgrilmc
: ,=§a(a~x)(b"x)
 EpE-)0b-x) (19)
e dl

is second order rate constant (or velocity constant) of second order reaction.

tere, K .
_ 2 _—=ka (20)
(g—x)(b—x)
By using partial fraction, we can write,
4 111 )
e -
(a_x)(b—-x) (a—b)\b—x a-x
Thus equation (20) becomes —
! ( L -1 )dxzkzdt
(a—b) b-x a-x
1 dx dx
i - =k, dt
= (a-b)(b—x a—x) 2
1 dx dx
tegrati - =k,dt
Integrating, (a——b)[lb—x Ia-—x] 2
(al b)[—ln(b-x)—(—ln(a—x)]=k2t+C
T
1 [, (a-%) e 21)
| —kt+C prnsnsyres
(a-b)[“(b—x)] !
Where, C is integration constant & evaluated as-
At,t:o’x=0
.1
--(a_b)[—lnb—(—ln(a):I:C
1
% {aplina-tab]=C
R 1 a . e 22)
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Hence equation (21) becomes-
__!.__ In .(‘_’;l—)— = k.t +
(a-b) (b- x)

1 ln(a—.\')_ 1 ln£=k,l
T @

: [‘“(a"‘r)—lnE = kyt
(a—b) (b —.\') b

1 b(a—,\')]z {
(a-b)‘“(a(b-x) 5
1 b(a-x)

= In

t(a-—b) a(b—x)
_2303 b(a-x)

t(a—b) 10 a(b—x) .......... (23)
Equation (23). i§ .kinetic equa-tion (or integrated rate law) for Secoi
reaction with different initial concentration.

ok

k!

Characteristics of second order reaction
i) Unit of second order reaction
We know that rate law for the second order reaction is

1 x

= n a(a—x)

_ 1 moldm>
2~ sec moldm™.moldm’

_ 1 1
" sec moldm”

k, =dm’mol” sec™

ii) Half life

by tin.
The second order rate law equation
1 x

“Ta(a-x)

Half life of reaction is the time required to complete half of the reaction. It s represestsd k

2

Thus, whent =¢,,, x=2

Substitute these values in above equation, we get
a

k2=i 2

Ly, a[a_ﬂ)
2
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R b2 xS
1t

o’k YTra
i1l

& tTEa
1

OR {._:«'-':':'

us the time 1 { ? 1
| Thes t,\;h roquired for Sompletion of definite fraction of the sec nd
<acoon is imversel) proportional to initial concentration of reactant " sevond order

@ Graphical representation

1 X
_ o T s 1 1
“t !‘J\fs k: — . OR k-:f = —_—— ()R l - l
X&.(u—.‘t) (a_x) a (a_x)-_k:l¢._a

sisinthe foomof y=mx+C

s when the graph is plottad ! i
Thes W eTar plo between, and time Y’ we get a straight line, not

a-x)

cessing through ongin having slope, &; and intercept Las shown in Figure 5.

a
1
Sk)pc — k:
a-x
--.'.’.
.o",-

} 1
Intercept = —

a

Time (1) —
Fig. 6.5 : Plot of ! versus time 't’

(a-x)
) The second order rate constant (k;) depends on initial concentration of the

reactants
Let the reaction is started with new initial concentration m times the original

concentration. Then initial concentration will be ma, the concentration after time t will be
‘M (2-x)" & that of the product will be mx.

1 X

ta(a—x)

new equation with new concentration will be,



X
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2™ ma.m(ax)

)

K, =—k,
m

. o . .
Hence the new value of velocity constant 1s ;1- times the original value,

v) When one of the reactants is present in large excess, a g¢

behaves as first order.
For the reaction of type, A + B — P, we have the rate equation as.

2303, b(a-x)
log
(a-b)t “a(b-x)
Let ‘A’ is in the large excess comparcd to B. Then, a>>p . So that 4
a-b=a T =

co
"l order eactiy,

k, =

22303 ba
T ga(b -x)
. 2.303 b
k, =k,a= ; log(b_x)
ak=k Since, k, = 20 log b
* (O

Examples of Second Order Reaction

Example 1: Saponification of ethyl acetate (Hydrolysis of ethyl acetate by an alka)j

with equal initial concentration of ester and alkali. The reaction can be written as-
CH;3;COOC;H + NaOH —® CH;COONa + C,H;0H

Ethyl Acetate Sodium Acetate Ethyl Alcohol

As the rate of reaction depends on concentration of both the reactants, the
reaction is of second order. The progress of reaction is studied by titrating same volume
of the reaction mixture against standard acid solution at regular time intervals. T
volume of acid required for titration corresponds to unreacted alkali or ester (a - x) and
volume required initially will give initial concentration of reactant as 'a". Thus,

a= Vo
a — xml,
OR a-—(a-—.t) =V, - v,
OR X= Vo - ¥,
Hence the rate equation second order reaction, k, = _l_______x becomes
* rta(a- x)
1 V,-V V! ==X
ky =- TR OR &, = LR St
tvo[vo_(vo—vJ] Tt VoxV,
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second Order Reaction
gxam e 1t saponification of cthyl acetate (Hydrolysis of cthyl acctate by an alkali)

gxamP ol initial concentration of ester and alkali. The re

action can be written as-
“ith “(1“ « n a

CH;COOCHs + NaOH == CH,;COONa  + C,H,0H

Ethyl Acetate Sodium Acetate  Ethyl Alcohol

As the rate of reaction depends on concentration of both the reactants, the
acion s of secor_ld order. 'I:he progress of reaction is studied by titrating same volume
£ the reaction mixture against standard acid solution at regular time intervals. The

0 " . . .
f acid required for titration corresponds to unreacted alkali or ester (a - x) and

yolume © IliTgLan €
volume required initially will give initial concentration of reactant as 'a". Thus,
a=V,
a — x=V,
OR a—(a—x)s Vo Vi
Hence the rate equation second order reaction,
L becomes k, =— Vo -V,
*" ta(a-x) t Vo[ Vo —(V, - V)]
V,-V
OR &k, =l g t
Tt VyxV,

Problem 13: In the hydrolysis of ethyl acetate using equal concentration of ester
and NaOH, the following results were obtained.

Show that the reaction follows second order kinetics.

Time (min) 0 5 15 25
Vol. of HCI (ml) 16.0 10.24 6.13 4.32
Show that the reaction follows second order Kinetics.

Solution: Given that

Vo=16 ml
We know that for basic hydrolysis of ethyl acetate, rate law equation is-
g =1Yo— Vi
tVyxV,
“ At, t=15 min, k,= lx M =0.0070 m!'min”
5 16x10.24
At t=15 min, k, = L™ M =0.0067 ml'min"
15 16x6.13
A 1=25 min, £, = L (182432 _ g 0067 mi*min’
25 16x4.32

Since valyes of k; are nearly the same, the reaction follows second order, kinetics.
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152/ AT hydrolysis of othyl acetate using equal concentration o gy

4: In ‘ho od_ TV
Pmb]ﬂg; the following rosults worcdob‘t:’lenr i
snd N8 reaction follows set_:gpﬂ_‘_’__,_,__,,__.b_é_ RIS L
Show that the TeAEZ=n——""""74.88 10. : T~
Time (Se€) 32.62 22.58 iy
"ml of acid added 24

tion: We know that

Solu
PR B

2 = 7 a(a-x) el
| Time a a-x x=a-(a x) k}_}_;_(_‘:; ‘
—gs | 47.63 38.90 47.63-38.90=8.72 0000957
10.06 47.63 262 | 47.63-32.62=15.02 0.000965——
5365 | 47.63 22.58 47.63-22.58 = 25.06 0.000983
= { the reaction is of the second order. —

The value of &2 is constan

Example 2: Thermal decomposition of acetal
The reaction is represented as-
CH;CHOp — >  CHie * €O
Thus the kinetics of the reaction can be studied by the increase in pressure of the

gaseous reaction mixture. Let initial pressure of acetaldehyde is P& suppose after time ‘¢

its pressure decreases by ‘x’, which gives CH, & CO. Thus at time °t’, pressure of CH,&

CO will be x’. Thus total pressure P of reaction mixture will be-

P=(B-x)+x+x

dehyde

OR P=F+x
OR x=P-Pi
Now, a=Pi a-x=h-x
Hence, the rate equation of second order reaction,
1 x I x

k= ta(a-x) becaties 5 =;Pi(Pi—- x)
Problem 15: The thermal decomposition of acetaldehyde was studied at 518°C with
following result.

Time (sec) 42 73 105 170

x=(P-P;) mm 34 54 74 114

r kinetics.

If initial
Somuon;:ressure is 363 mm, show that the reaction follows second orde
Given that, P, =363 mm
We know tha; for thermal decomposition of acetaldehyde
ky=-—2*
1 Pi(Pi-x)
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1 34
Ky == =6.80x10° ig
e =425 KT 3gmey gy T 080X 107 mmof Hg”s
| 1 54
K=o =6.6x10° 1g
=T3¢0 K2 T gagearagy ggy 00X 107 mmofHgTs
Ky == 67010 mm of Hg”'s™
= 3 e =0./UX
att=1055¢% 2 7165363363 -74) mm otHe s
1 114

at t= 170 sec., k, =7.40x10°mm of Hg's™'

T 170363(363-114)

As the values of k; are nearly same, the reaction follows second order kinetics.

problem 16: The tq2 of a reaction is halved as the initial concentration of the
reactant is doubled. What is the order of reaction?

Solution: o1
In general We know that, tin o 1/ ag
1 1
In the present case, -Z—t, g = W
t -
Hence 2 I Lo~
’ 1, 122,
2 12
OR 2=2""OR 2'=2""
So that,

n-1=1 OR n=2
The reaction is of the second order.

Problem 17: The t,; of a reaction is doubled as the initial concentration of
the reactant is doubled. What is the order of the reaction?
Solution: Proceeding as in the last example,

t
;g

2, IRY (2ao)n-]
OR - on-t OR 9-1 = 9! OR n-1=-1
SO that’ n=0
€ reaction is of the zero order.
810 Methods of Determination of Order of Reaction .
From the chemical equation- i't is not possible to calculate order of reaction. The
Mechanism of the reaction can only be determined after determining the order of reaction.
0 determine the order of reaction, following methods are conveniently used

Integration Method i i
In this method the reaction is carried actually with kno.wn mmtfi co?centran‘ox’] a
of the reactants. The amount of reactants consumed ‘x’ after different time intervals‘t’ are
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x and t ar¢ substituted in first, second & i
ir
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the satisfactory constant valueg of d org,,

of a,

determined. Then these values
i i hich gives
rate equations. The equation W hich 8! : s . T
constant (k) gives the order of the reaction. This method is referred as hit & trial ;’%}
and used for the simple reactions. tthey
van't Hoff's Differential Method: Vant ul‘{off in 1884 suggested that the ry,
equation of n™ order is proportional to the n” power of concentration. Of th
—ﬁi-c— cC"
dt
dc o
OR —E;' = ;\ C . ] o v T, TR (24)
* Where, ‘C’ is the concentration of reacting s.ubst?nge.
Taking log to both side of equation (24) & simplifying we get,
.......... (25)

dc) =logk +nlogC

log| ——
B Tar
Suppose, we start with two experiments having initial concentration C,& C,. Ty,
2. en,

equation (25) becomes-

de, | _

log(— = J_ logk +y1];:r,gC'I .......... (26)
dc .

log| %2 |=logk +nlogC, ~

og( dt] ogk +nlogl, ; x4 e 4D cveennenn (27)

Taking equation (26) - (27), we get
de, ) de, ) _
log(——d—t—) - ]og(——;ﬂ—) = r?(logC', ~1logC;)

dC dc
log| —* |- -2
og( dt J log( dt J
S s rers Dam N akelde b U (28)

(log Cl - lOg Cz )

Using equation (28), the order i.e. value of ‘n’ can be known from (EC_IJ (ﬁ)
dt dt

values. These values can be measured by plotting ‘C’ against‘t’. The slope o

gives the value of _‘ig_ .
dt

Edui . : ,

e‘?u‘;g_;i‘:it:r’lzla:: ;:azge lt\;llethod or Half Life Method: This method is also known

proportional to inifialm: od. It has been proved that half life of zero order reaction &

independent of initial co(r’lDCentra.t ion of reactant. Half life of" first order reat:ti()ﬂ‘is

concentration for second Of:ieﬂtztlon of the .reactant & inversely proportional to initid

the reaction i.e. half lif; ) ﬂ?r °0 Ofl. It: “t” is the time required for completion of halfe
e of n" order reaction, then in general we can write,

toc_l_
a : - )
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o times of half life or cquifractional change when initial concentrations

. 1. Arc th )
" rively. Then equation (29) becomes,

lr',,"' -
. PR respet
pt’ 1

I; ’fﬂ """"" ‘}n,

a,
1
o LETE versaseses (I

ty

n (30) & (31) we get,
(n—l)
a

s

—
n-1)
I, -‘.12(

(w-l)
ot S
o on

Taking logarithm to both sides of equation (32) and simplifying, we get,

fe)om)
utl
(2]

R  (n-1)= logt, —logt,
‘ogal_loga:
OR n:1+M (33)
loga| --loga1 .......... ‘

From equatio

OR (n-1)=

fromdtthls equation (33) we can determine the order of reaction ‘n’by knowing the a,, a,,
1an 2.

Graphical Method
If amount of reactant decomposed (x) is plotted against time t then slope of the
&raph gives value of % We can easily determine -‘E;— at any time from the graph shown
- ! at
In figure 6(A) by drawing tangent at the point i.e.
dx AB

9:-—:—..._

dt  BC
Numbc f dx . . .
rof such Evalucs are determined at different points.

We know, if *a’ is the initial concentration & *x" is the amount of reactant decompased in
time ‘¢ then,

?!7 =k (a - x) for first order reaction
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dt

G _ k(a- x)3 for third order reaction

g k(a - .\-)2 for second order reaction

Thus, if the plot of & against (a-X) is straight line, then the reaction is first order, If the
s dt L=

is a straight line then the reaction is of second order, If the plot

plot of d': against (a-x)’

ﬁaﬂainst (a-x)’ is a straight line, then the reaction if of third order reaction as shown in
dr °

figure 6(B).

(a —x)or(a—x)*or(a— x)}
Fig. 6.6 (A) Fig. 6.6 (B)

Ostwald's Isolation Method: In this method all the reactants except one are taken iy
large excess, so that their concentrations remain constant throughout this change. Thyg
the order of the reaction is determined with respect to that isolated reactant which is not
taken in large excess. The experiment is repeated by isolating each reactant in turn. The
total order of the reaction will be given by the sum of the order of reaction with respect to
different reactants.

Let the reaction as- n; A + n, B +n3;C — product .

dx
rate =— =kC" .C2 C?
ST ar 44“B LcC

In the first experiment, the reactants B and C are taken in large excess and the order of
reaction is determined with respect to A, which gives order = n,. Then, take A and C in
large excess and the order of reaction is determined with respect to B, which gives order
= n,.'Now, take A and B in large excess and the order of reaction is determined with
respect to C, which gives order = n;. '

Total order of reaction = n,; + n,+ n;.

Problem 18: In Hambly's experiment following results were obtained.
Time ( sec) 0 72 157 312
(a-x) mol/dm® | 0.0916 | 0.0656 | 0.0512 | 0.0348

Find the order of reaction. =
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solution: Giveh that at t = 0,(a—x)=a=0.0916, as the concentration at

various time
ervals (a - x) are given we use integration method,
| .

rder reaction, the values of . . :
Thus, for first © ’ rate constant k; are given by using equation

(13)

a

2.303
= log

t a-—x
2.303 0.0916
e H y k — 10 =0. Tt
At t=72min, K 7 g0.0656 0.00462 min
2.303 o 0.0916 —0.003 "
157 °0.0512  00370min
2.303 0.0916
= h‘l, k= lo = —
At t=312m =310 80.0348 0.00308 min
As k, values are not constant the reaction is not first order.

k,

At,t=157 min, k, =

Now, for second order reaction, the values of rate constant k, are given by using
equation (18),

1 X
by = m—— dmPmal?
? tax(a—x) yiamol

. 1 0.026 :
t,t=72min, k, =—x =0. 3o sl
A 2= 2% 0.0916%0.0656 0.0601 dm’mol'min

! 0.0568
At,t=157 min, k, = —x i e
157 0.0916x0.0512 >48 dm"mol"min

At,t=312 min, k, = — 0.0568

X X =0.0571 dm’mol'min’
312 0.0916x0.0348 et
As k, values are nearly constant, the reaction is of second order.

Problem 19: The study of decomposition of phosphine gave the following data-

Pressure (mm) | 707 79 375
| Half life period (sec) | 84 84 84
What is the order of reaction?

Solution: We know that for first order reaction the half life time is independent of initial
concentration (pressure). Hence, this reaction is first order.

Problem 20: As a certain température.-the half life periods for the catalytic
decomposition of ammonia were found to be —

| Pressure (mm) | 50 L .
| Half life period (sec) | 3.52 2L 1%
Find out the order of reaction?

Solution: We know that using half life the order of reaction can be determine by equation
(33),

n=l+ logt, —logt,
loga, —loga,
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ThuS. i) FOI’. (l, = 50. ‘1 o 3.52. (‘L’ (]2 = IU“. rz - 1,82
logl.82 —long3.52
+.
log 50 - log 100
=1.88=~2.

ii) FOT. a, = ]00, tl - ].82. & a; = 200, tz = 1.00
— y )
- bog1.00 -log1.82
log100 - log 200
=195~2,
Thus the order is two

Problem 21: From the work of L.T. Reicher on action of bromine on fumaric acid,
the following data was obtained.

I"' Expt. " Expt.
t (min) Concentration t (min) concentration
0 8.87 0 3.81
95 7.87 132 3.51

Find out the order.
Solution: For I* Experiment

Let, mean concentration is C, = kg ) =8.37
g 4o _ _(7.87 -8.87)= 0.0106
dt 95-0 .
For I Experiment
Let, mean concentration is C, = 38—1;3& =3.66
& -dc, _ _(3.51—3.81) = 0.00227
dt 132-0
log = log i
We know, n= dt dt from equation (28)
logC, —logC,

_ log0.0106 —10g0.00227
log8.37 - log3.66
Hence the reaction is second order.

=1.62=2

6.11 Effect of Temperature on Reaction Rates: .

It is observed that the velocity of a chemical reaction increases with rise in
temperature. Reactions which are very slow at ordinary temperature, becomes fasf or
even explosive at higher temperature. With increase in temperature, the rates ot all
reaction do not increase to same extent. In homogeneous reactions, rate is doubled:ol:
tripled for each 10°C rise of temperature. This increase in the reaction rate t‘fli[xe
temperature is expressed in the form of temperature co-efficient. It is defined 22"
ratio of rate constants of a reaction at two different temperatures separated by 10



ij Jerally the WO temperatures are taken as 25°C and 35°C.
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. k.,
. Temperature Co-efficient =-32C€

25°C

k
OR Temperature Co-efficient — _(moPc
°c
Where, k, — Rate constant at t°C
kw1— Rate constant at (t+ 10)°C

The increase in rate of reaction with temperature means that the reaction has a

positive temperatur§ co.e fficient. Fof homogeneous gaseous reaction, the value of
temperature co-efficient is 2 to 3. Thus with 1

iibla i Frifie 0°C rise of temperature, specific reaction
rate becomes dou '

Example . i
i) The temperature coefficient for the dissociation of hydroiodic acid is 1.7

i) The temperature coefficient for the reaction of metyl iodied with sodium ethaoxide is

2.9.
CH;l +C,H;ONa —» CH,0 C,Hs + Nal
6.12 Arrhenius Equation

To explain the increase in the rate of reaction with increase in temperature,
Arthenius (Nobel prize 1903) has put forward the following empirical equation.

_ Ea
k=Ae kT

.......... (34)
Where, A = Arrhenius constant (Frequency factor or pre-exponential factor)
R = Gas constant 8.314 ] K''mol"
T = Temperature (K).
E.=Energy of activation. )
Taking logarithm on both sides of equation (34) we get,
Ell
Ink= ln(Ae RT)
OR Ink = Ind - E“
RT
Eﬂ
OR  2303log,, k =2.303log,, A— o
OR  log k=log A——224 . (35)
OB ® = 1080 4= 303RT

OR . 10 k=| - E L L +1 A
it 2303R )T | B
This in the form of y=mx+C

E
1 . : : . E
Thus plot of log,,k versus T gives a straight line with slope 5503

intercept log,, 4 Thus we determined the energy of activation of a reaction, from the
slope of the line shown in figure 7.
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- E
Shope » ——=2—

2303R

,“Sea A

Intercept = log A

A

1.
=
Fig. 6.7 : Plot of log,k versm—'::

6.13 Concept of Activation Energy
According to collision theory, the rate of a reaction is proportional to the toty)

number of collisions taking place between the reactant molecules. However, it s
observed that all collisions are not effective. The collisions between only those molecules
is effective or fruitful which possess certain minimum amount of energy known as
threshold energy which is equal to or greater than the activation energy. Thus, before the
reaction occurs, molecules must be activated i.e. they possess threshold energy.

"The activation energy is the minimum energy which the molecules must absorh

to go into activated state, before the reaction can take place.’

Activated state and activation energy is shown in the energy profile diagram in Figure 8.
Activated

4
complex

Encrpy

Reactant

v
Process of reaction

Fig. 6.8 : Plot of reaction rate versus energy

2
>

Thus there exists an energy barrier between reactants and products. If the
reactant molecules can cross this energy barrier, they will convert into products. The
reactant molecules can cross the energy barrier only when they possess the minimum

energy which is equals to or greater than activation energy E,.
Therefore, the activation energy can be defined as ‘It is the minimum energy

possess by reactant molecules which is equals to or greater than activation energy
required o cross the energy barrier and convert into products’.

Determination of energy of activation by using Arrhenius equation at two different
temperatures
We have logarithmic form of Arrhenius equation as-



CHEMICAL KINETICS / 161

log,o k =10810 A= I303RT = seseseesns from equation (35)
T and T are two temperatures at which constants are K, and k, then
E
=1 A—ee—a
log,o kl 0810 2.303RT; .......... (36)
E
=1 At =
IOng kl 0810 2.303RT2 .......... (3 7)
Subtracting equation (36) from (37), we have
E
R (S K (W
i, = E " 2303k, )| B4 2.303RT,
E E
1 k,—log, .k = 2 - 2
OR. . ‘0Bn% ~ 0ok (2.303}{1‘, 2.303RT2]

op 2 Ea (1 1
OR B0 "%5303R\T T

-k E T,-T
OR 10g1° 2 . a ( 2 l)

k  2303R\ TT,

Problem 22: Trichloroacetic acid in aniline solvent decomposes to g‘ive chloroform
& carbon dioxide. The rate constant for this first order reaction is 4.0 x

105 min~'& at 25°C&8.0 x 10~*min~! at45°C. Calculate the energy of activation
for this reaction. (R= 8.314J K'mol™)

Solution: Given that

k =4.0%x107, k,=8.0x10™
T, =25+273, T, =45+273
=298 K =318K

R =8.314] kK 'mol” E =7

a

We know that from equation (38)

10 1‘_2__ Ea' T'Z—T;
B3 T2303R\ TT,

log 3:0x107 _ E, (318—298)
B 40x10°  2.303x8314\ 318x298
~.E, =118.03 Jmol® .

Problem 23: Benzene diazomium chloride decomposes in presence gf watler
according to first order Kinetics. If the velocity constant at 25°C 2.8 x 10 min &

the activation emergy is 49.74 k J mol™?, find the velocity constant 'a't 35°C. (R=
8.314J K'mol")

Solution:
Given that

k, =2.8x107, k, =1
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7, =25+273, T,=35+273
=298 K =308 K
R = 8.314) k'mol E, =49.74k J mol

We know that from equation (38)

kB (T-T,
B0y = 2303R\ 1T,

op e 49.74x10° (308—298)
1085 8x107  2.303x8.314( 308x298

sk, =5.37%x10" min™

Problem 24: The value of rate constant for the decomposition of nitrogen peroxige
Is 3.40 x 10™at 26 °C and 4.80 x 10” at 65°C. Calculate the energy of activation for
the Reaction. (R= 8.314J/K/Mole)
Solution:

T)=26+273 =298K T, =65+273=338K

loglo£= Ze (Tz —T;J

k  2303R| TT,
o 4.80x107 E, (338—298)
3,40x107°  2.303x8.314\ 298x338

E, =103584 Jmole™
Problem 25: The specific reaction rate of a reaction is 1x10~> Min™ at 299K and 2x10"
*Min™ at 308°K. Calculate the energy of activation. (R= 8.314J/K/Mole)
Solution :

loglo!&'— = (Tz _TJ

k ~ 2.303R\ TT,

2x107° E, 308 -299
log,, e

1107~ 2.303x8.314{ 299x308

E, =52.5986 Jmole™

EXERCISE
FILL IN THE BLANKS: '

1. The rate of the reaction .......... with the increase in the concentration of the
reactants. _ ‘ ’
2. Higher the concentration of reactants greater is the possibility of and hence the

3. In the presence of catalyst the energy of activation is .......... and hence greater
numbers of molecules change over to products there by increasing the rate of the
reaction. _

4. The change in concentration of species per unit time gives the .......... of the

reaction.
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« Theme comstant s ogual 10 the mte of the rEACtion wh

N concentration of reactants is
L pnoremss sarfade area of reactant lea
8 ¥

I8 o O
rc “‘n!’inn' o
- ‘ ’ . t hitre pe i
»  Achd Badrohsis of an extet is an example of

i sotecutanity of a chemical reaction will never be equal to

SORY ANSWER QUESTIONS:
v Diefime or explain the following terme:
1) Rase of reaction
o) Makculsnty of a reaction
) Half-hife of 2 reaction

b) Order of a reaction
d) Rate constant
f) Arthenius cquation

T S 2 condiion under which a bimolecular reaction is Kinetically a first order
roathon
3. Wnte the rate equation for the reaction 2A + B — ¢ if the order of the reaction is
;o
& How can you determine the rate law of the f ollowing reaction?
INOy *+ Oxg — 2NOy
% Far whiuch type of reactions, order and molecularity have the same value?
& Iz reaction, if the concentration of reactant A is tripled, the rate of reaction becomes
twenty-scven times. What is the order of the reaction?
7. Dertve an expression to calculate the time required for completion of a zero order
reaon.
£ For 2 reaction A + B — Products, the rate law is — Rate = k [A][B])** Can the
rezction be an elementary reaction? Explain.
§. Forz zero order reaction will the molecularity be equal to zero? Explain.
1. For 2 general reaction A — B, the plot of concentration of A vs time is given in Fig.
Answer the following question on the basis of graph.
| A—s8
S
{ ——

&) What is the order of the reaction?
b) What is the slope of the curve?
) What is the unit of the rate constant?

11. Why does the rate of a reaction increase with a rise in temperature?

12 Why does the rate of any reaction generally decrease during the course of the
reaction?

13. Why can't the molecularity of any reaction be cqual to zero?
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IONS:
SCRIPTIVE QUEST . ) ) -
:JEDeﬁne ‘energy of activation of a reaction. How does it vary with , rise in

temperature?
2. State and explain Arrhenius equation. How can we determine the activatiop energy o
a reaction using this equation?
Define Half-life period (1) of a chemical re
half-life period.
a) Define half-life period of a chemica]
order reaction.
b) A first order reaction is 759 com

action. Also obtaijn the €Xpression for

-

J.
reaction. Write equation of ty; for 4 firgt

plete in 60 minutes, Find the half.ig of thig

reaction.
4. What is the effect of temperature on the rate constant of reaction? How cdn thig
temperature effect on rate constant be represented qQuantitatively,
5. What do you mean by zero order reaction? How the value of rate constant i

7. Define order and molecularity
rate constant of first order reaction.

8. Derive mathematical expression for the rate constant of a reaction (A+B—>Products)
of the second order.

9. How is the order of the reactio

method?
10. Derive the rate €quation for First order Reaction?

11. Describe graphical method for th
12. Show that a second order reaction behaves like fj
reactant is taken in large excess,

13. Explain van't Hofff differential me
14. Describe half change or equifracti

of reaction, :
15. Explain the factors affecting on the rate of reaction

16. Describe the effect of temperature on the rate of reaction _
30% completion of first order reaction takes place in 16 minutes. What is the fraction

that would react in 32 minutes?
In a second order reaction half I

0.02 mol dm™, Calculate the value of specific reaction rate. | e By
17. For a given reaction at 25°C, rate constant double when temperature is increa

10°C.
18. Calculate the energy of activation for this reaction.
(Given, R=8.314 J K" mol")

n determined by Differential method and Half-life

thod for the determination of order of reaction.
onal change method for the determination of order

iy gy jon is
fe period is 60 min, when the initial concentration



b
Y

: (9, The rate constant of first order reaction is 6,93 min”, C

20. For the given reaction at 25° C, the rate ¢

I
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alculate the half life period for
this reaction.

: onstant doubled when temperature is

increased by 107 C. Calculate the energy of activation in a reaction (R=8.314 J K"
A

mol™).

SELECT THE PROPER ANSWER FROM GIVEN ALTERNATIVE;

Which of the following includes all the aims of Kinetics?
i) to measure the rate of a reaction

ii) to be able to predict the rate of a reaction
iii} to be to establish the mechanism by which a re

action occurs
iv) to be able to control a reaction
a) (1), (ii) and (iii) b) (i) and (ii)
¢) (i) and (iii) d) (i), (i1) , (iii) and (iv)
Reaction rates can change with
a) temperature b) Addition of the catalyst
¢) reactant concentrations d) all of these

Reaction rates generally

a) arc constant throughout a reaction
b) are smallest at the beginning and increase with time

¢) are greatest at the beginning of a reaction and decrease with time

d) no such gencralisations can be made

Consider the reaction in which nitric oxide is oxidized to nitrogen dioxide,
O + Oy — 2NO,, for which the rate law is = k [NOJ}[O]. This reaction takes

plast sealed vessel and the partial pressure of nitric oxide is doubled, what effect
would this have on the r reaction?

a) the reaction rate would triple
¢) reaction rate would quadruple
d) there would be no effect on the reaction rate

Which three factors affect the rate of a chemical reaction
8) temperature, pressure and humanity

b) temperature, reactant concentration and catalyst

b) the reaction rate would double

¢) temperature, reactant concentration and pressure
d) temperature, product concentration and container value

For first order reaction the rate constant, k, has the lunit(s_)l . .

2) 1 mol b) time™! ) (mol/l)” time d) time mo )
What are the units of the rate constant for reaction in solution that has an overa
reaction order of two?

-1
OM's! by M o)’ iy
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26. Which One of the following is incorrect for the reaction A—B 9
'a) the half life of a second-order recaction inversely proportional to the initia]
concentration

b) the half life is the time for one half of the rcactant to be consumed

c) the second order rate constant can be found by plotting 1/[A)? Versus time, where
[A] is the concentration of reactant

d) the initial rates for a second order reaction depends on the concentration of the

/ reactant squared

| 27 Consider the reaction in which ammonia is synthesized from nitrogen and hydrogen,

gases : Ny(g) + 3H,(g) — 2NH;(g) How is the rate of formation of ammonia relateq

to the rate of consumption of hydrogen ?

a) the rate of formation of ammonia is half of the rate of consumption of hydrogen

d) the rate of formation of ammonia is two third the rate of consumption of hydrogen
28. Which concentration plot is linear for the first-order reaction? (A is one of the

reactant),

a) [A]versus time b) square root of [Alversus time

c) In [A] versus time -d) [A]* versus time
29. A reaction in which al reactions are in the same phase is called

a) elementary b) bimolecular ¢) homogeneous d) heterogeneous
30. As temperature increases, the reaction rate ...

a) decreases then increases b) decreases

c) icreases d) stays the same

31. For the reaction 2NO; + 0, —N,0;+0, the following observations are made:
doubling the concentration [NO,Jof doubles the rate, and doubling the concentration
of [Os] doubling rate. What is the rate law for the reaction 9
a) rate = k [NO,] b) rate = k [NO,J? [0;]
c) rate =k [NO,J* [O;] d) rate =k [NQ,] [0
32. The half life of a first-order process -
a) depends on the react and concentration raised to the first power
b) is inversely proportional to the square of the reactant concentration
¢) is inversely proportion to the reactant concentration
d) is totally independent of the react and concentration
33. The rate constant of zero-order reactions has the unit £
a)s’ b)mol L' 5! ¢)L? mol? s d) L mol"s s
34. When the rate of the reactiop is equal to the rate constant, the order o.f the react!
a) zero order  b) first order c) second order d) .th“d ordlr
35. For a second-order reaction, what is the unit of the rate of the re,actlon‘?_2 "
a)s’ b) mol L's™ ¢)mol' L s’ d) mol” L



36.

38.

. The acid hydrolysis of ethyl acetate follows the
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which of the following observations is incorrect about the order of a reaction?
a) Order of a reaction is always a whole number

b) The stoichiometric coefficient of the reactants doesn’t affect the order

¢) Order of reaction is the sum of power to express the rate of reaction to the
concentration terms of the reactants.

d) Order can only be assessed experimentally

a) Second order

b) Unimolecular
¢) Pseudo-unimolecular

d) Third order
Which among the following is a false statement?

a)

Rate of zero order reaction is independent of initial concentration of reactant.
b)

Half life of a third order reaction is inversely proportional to square of initial
concentration of the reactant.

c) Molecularity of a reaction may be zero or fraction.
d) For a first order reaction, t1/2=0.693K

39. The rate of a certain hypothetical reaction A + B + C — products

40.
41.

42,

43,

44. For a zero order reaction, the rate of reaction is independent of

is given by r = —d[A]dt=K[A]'*[B]"*’[C]". The order of the reaction is

a) 13/11 b) 13/14 c) 12/13 d) 13/12

For a chemical reaction A—B, it is found that the rate of reaction doubles when the
concentration of A is increased four times. The order of reaction is

a) Two b) One c) Half d) Zero

For the reaction A + H,O — products, find the rate of the reaction when [A] = 0.75
M, k=0.02.

2) 0.077 s b) 0.085 s ¢) 0.015 5™ d) 0.026 s™*

What is the rate law for acid hydrolysis of an ester such as CH;COOC,;Hjs in aqueous
solution?

a) k [CH;COOC,Hs] b) k [CH;COOC,Hs] [H,0)
¢) k [CH;COOC,Hs)? d) k

How many times will the rate of the elementary reaction 3X + Y — X,Y change if

the concentration of the substance X is doubled and that of Y is halved?
a) = 4.5!’]

byr,=5 Hint: r=k[X | I rate law equation
I=on " .

¢) 1= 2r, Write r =k[X ]EB]

d) ry=4r, i) 8r=k[2X][B]

i) r/i2=k[Xx][B/2]
iii) Overall 8r/2r = 4r

----------

a) Temperature b) Nature of reactants
¢) Concentration of reactants d) Effect of catalyst
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45. The half-life period of zero order reaction is directly proportional to the

a) Rate constant b) Initial concentration of reactantg

¢) Final concentration of reactants d) Concentration of products
46. For a first order reaction, the half life period is independent of the ..., ...,
a) Initial concentration of the reactants  b) Final concentration of the reactants
¢) Rate constant d) Concentration of products
47. The half life period of n" order reaction varjes inversely to .......... " power of the
initial concentration of the reactants,
a)n b) 2n c) (n+1) d) (n-1)

48. What will be the fraction of molecules having energy equal to or greater than

activation energy, Ea?

a)K b) A c) AcEaRT d) eB2RT
d) ¢ BYRT
49. Arrhenius equation shows the variation of .......... with temperature?
a) Reaction rate b) Rate constant
c) Energy of activation d) Frequency factor

50. Which of the following statements about the catalyst is true?
a) A catalyst accelerates the rate of reaction by bringing down the activation energy.
b) A catalyst does not participate in reaction mechanism,
¢) A catalyst makes the reaction feasible by making AG more negative,
d) A catalyst makes equilibrium constant more favorable for forward reaction,

ANSWERS OF McQ:

[ 1-d I1-d | 21-a | 31-d | 41-¢
[ 2-d 12-c 22-c | 32-d | 42-a
[ 3-d 13-d 23-b | 33-b | 43-d
[ 4-c 14-a 24-c | 34-a | 44-¢
[ 5-b 15-b 25-a | 35-c [ 45-b
| 6-b 16-d | 26-c | 36-a | 46-a
7-a 17-a 27-d 37-¢ 47 -d
8-c 18-d | 28-¢ 38-c¢ 48 - d
9-a 19-a 29-c¢ | 39-d | 49-b
10-d 20-d 30-c 40 -c 50-a

%k %k %k %
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