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PREFACE

The developments in the scien i
. _ ce of chemistry which have taken
p{l‘azlc:le during the past c!ecade ortwo, haveinvolved changein the content
; i e sy(lllatl;:uses. Ministry of Education (curriculum wing), Islamabad
e ° » . g ; ]
gwpare ent.e new syllabus of chemzstry and got it approved by the

This text_book has been prepared by the Sindh Textbook Board in
accordance with the new syllabus of chemistry for class XI of the Higher
Secondary Education. The board has been able to secure the services of
the competent teachers of various institutians of Sindh.

In producing this text, every effort is made to provide the students
_ and tutors with a book that will assist the readerin bringing the science
of chemistry as smoothly and effectively as psssible.

In preparing this text book, the authors have had in their mind a
student of higher secondary level, butin ouropinion, it should continue
to serve him well beyond that. ‘ :

At secondary level, the study of chemistry is begun before the
student has acquired enough needed background in elementary
mathematics for true understanding. However, mathematics is part £
the language of chemistry and a lack of familiarity with that lanzuage
can become a barrier to success in understanding chemistry. Cha;ter 1
has'been introduced for this purpose in the new syllabus. This chapter
covers the mathematical operations (exponents, logarithm, significant

e e e STt T R ARG Tl -
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figures). The comparative and integrated study of the three states of
matter is covered in chapter 2. Chapter 3 deals with the structure of
atom, atomic radii, ionization energies, electror} af.ﬁmty, shapes of
orbitals. Chapter 4 covers chemical bonds, hybridl'zatmn and s!mpes of
molecules. The topic of energy changes accompanying the physical and
chemical changes has been introduced in Chapter b.

Keeping the need of laboratory programmes in mind, molar
concentration, solubilities and properties.of solutions are covel.'e.d i.n
Chapter7. Chapters 6 and 8 develop major themes of chemical equxhbr.'xa
and the rates which are widely applied throughout chemistry. S.1Units
are employed from the start.

Weare deeplyindebted to Mr. Muhammad Umar Mangrio, Pnnc:pal
and Professor of Chemistry at Govt. College, Umarkot for his patiencé,
understanding, encouragement and helpful advice.

We apologize for any errors or omissions and welcome criticisms
which might improve the book.. :

Editors : :
Professor Dr. M, Sharif Memon
Professor. Muhammad Ashraf Qureshi.

|
-

Scanned with CamScanner




Il
1.2
1.3
14
1.5

1.6

1.7
1.8
109

2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
2.10
2.11
2.12
2.13
2.14
2.15

MDCAT BY FUTURE DOCTORS (TOUSEEF AHMAD)

- CONTENTS
INTRODUCTION TO FUNDAMENTAL
CONCEPTS OF CHEMISTRY 1
Introduction :
Significant figures - 2
Use of Exponents (Logarithms) 7
Error and Diviation : = 10
Empirical Formula cesommmccccsseennens . 11
Molecular Formula ---- - 15
Mole and Avogadro's Number - e : 4 18
Calculations Based on Chemical Equations .g

Limiting Reactant

THE THREE STATES OF MATTER L
GASES, LIQUIDS AND SOLIDS 29

Kinetic Theory 30
Gaseous State - . 31 |
Gas Laws - g,:
Ideal Gases ---===- »

Change of State (LIQUEFACATION) - . g;
Liquid State - =
-Viscosity -- 32
Surface Tension --- . 2
Vapour Pressure - 5 3
Change of State - Boiling s
Solid State -- i
Typer of Crystals &
Isomorphism =-== v ¢
Polymorphism =-=-====="" @

Change of state (Melting or fusion) =---=---- L0k

Scanned with CamScanner




THE ATOMIC STRUCTURF E

3.1
3.2

33
34
3.5
3.6
3
3.8

3.9

3.10
3.11
3.12
3.13
3.14
3.15
3.16
3.17
J.18
3.19
3.20
3.21
3.22
3.23
3.24
3.25

4.1
4.2
4.3
4.4
4.5
4.6

MDCAT BY FUTURE DOCTORS (TOUSEEF AHMAD)

city Through Solutions, —-s=--—e.. g4

Faraday's Experiment - Passage of Electri
e Tove ¢ - ments - Passage of Elecmcuy

Crookes's Tube or Discharge Tube Experin

Through Gases at LOw Pressure, -«----------s-=s==semnommrosorasmonsmesssees - %
POSitive Rays = PrOtONS, =s---sermmsmmmsommsssassensmmmsasensmmmmemnomommamas S
Radioactivity - Confirmation of Electrons and Protons. =---====-sssesssmeceeen.. fg !
Chadwick Experiment - Discovery of Neutrons, ---==-============ - 8l
Spectroscopic Experiments - Spectroscopy. ===-- - - 8
Planck’s Quantum Theory - Quantization of Energy. - S %
: e 82

Spectra o
Rutherford's Model of An Atom Evidence for Nucleus and Arrangcmcn!.

of Particles,  ~=--s--nn--- gy e = 84
X - Rays and Atomic Number. o 86
BOlP e e oty i e 8
Bohr's Theory and Hydrogen Alom  ~-----vefeaseraenaovan 90
Determination of Energy. ----------- - %
The Hydrogen Spectrum, S =
Heisenberg's Uncertainty Principle. - ne : 98
Energy Levels and Energy Sub = Levels, «--e---scaseeees 99
Orbitals and Quantum Numbers. 2iesea 100
Pauli's Exclusion Principle <—--- 101
Shapes of Orbitals ~ -~asssteemme-. : = 102
Electronic Confi guration : . — 104
Atomic Radius, “ecseeeee. R - 107
Ionic Radius. ‘v : St - 110
Ionization Potential. et e A S 33 - 11l
Electron Affinity, sl S - 112
Electronegativity i L b it 8
CHEMICAL BONDING 17
Energelics of Bond Farmation - ceanvun - 1
Electrovalent OR Ionic Bond ki ey A ey
Covalent Bond  vewee-- 13l
Co- ordinate OR Dyt e Ml
Dipole Moment .Y.c COVi}lfilfond ......................... 1B
Tonic Character of Covalent Bond ........" ______ .,__ ....... weemasener 127

Scanned with CamScanner




3.1
5.2
5.3
5.4
5.5
3.6

6.1
6.2
6.3
6.4
6.5
6.6

6.7
6.8
6.9

7.1
7.2
1.3
7.4

MDCAT BY FUTURE DOCTORS (TOUSEEF AHMAD)

BONG BNBIBY - covmscunsumnensaisibosisimmasenmdsisintinssanssorsomatociiit i , 129
SIZMABNG Pl BOAG ccccctinaiicaniaiioniinemsiiissosas it 130
HYBRUIZAUION .  comomeciicimsoniimeesaiaiosioossoomtsinsenisnses s 136
NY1h Yo M G0N 1 1Y) Y (0 [ ) (e O o o M e o 142
YU PN B oMU Sevvanantncestiimette o iunice o S0 T S o S 150

154
Thermodynamic Terms System, Surroundings and States ------------ 155
First Law of Thermodynamic (Energy CORServation) --------s--ss-sss--ses - 156
Sign OfEAHES- oo = L B T SRR, 450 158

Thermo Chemistry. e T I | M 159
Hess's Law of Constant Heat Summation -=--=--=-e=cesesresmemceeiotomaemcaceaeee 159
Heat of Formation. : : - 161
CHEMICAL EQUILIBRIUM

- 164
Extent to which Reactions Proceed. ————-e = -- 164
Equilibrium State. ------eeeeccmceecneenn : 165
The Law of Mass Action (Equilibrium Law) 2 o 166
Determination of Equilibrium Constant . e 168
Applications of The Law of Equilibrium, =eseeveeeeammmee oo 174
Factors Affecting Balance of Chemical Equilibrium, __ 5 176

(Le Chatelier's Principle) | i

Important Industrial Applications of Le Chatelier's Principle --------- 180
Solubility Product, -=--=e==s=semeemmeeeeeeee — ) (.9
Common Jon Effect mmmemmmeseecens - - 186

SOLUTIONS AND ELECTROLYTES 192
Concentration of Solutions =s«--- e S 192
Hydration  -eeeeeeemsemmmmem e e 193
o L 195
Theory of [ONIZalion «=====r====memmmee e 196

Scanned with CamScanner

— S R i S RE  ——  ——

PG L VWS e s e

e



1.5
1.6
1.7
78
79

710
711
712
7.13
7.14

8.1
8.2
83
8.4
8.5

‘Rate Constant and Rate Expression

MDCAT BY FUTURE DOCTORS (TOUSEEF AHMAD)

Conductance of Electric Current Through Solutions.

Electrode Potential. s S,

. 27

Oxidation Number (O.N) -

Oxidation and Reduction Reactions
Balancing Oxidation - Reduction Equations

(Ton - Electron Method).

Indicators.

Suength of Acids and Bases oo

199
202

211
212
216
217
219

24

3

Rate and Velocity of Reaction -

Types of Reactions Based on Reaction Velocity ---
Determination of Rate of Reaction : Lk -

Factors Affecting Rate of Reaction, semmemeanace

Scanned with CamScanner

226
228
yi)

2
2’4




MDCAT BY FUTURE DOCTORS (TOUSEEF AHMAD)

I

S gAY

CEAPTIZIR 1

~ INTRODUCTION TO
FUNDAMENTAL CONCEPTS OF
CHEMISTRY

1.1 INTRODUCTION

Chemistry is the branch of science which deals with the properties,
composition and the structure of matter. It also deals with the changes in matter

and the principles which govern these changes.

Chemistry has the task of investigating the materials of which the universe
is made. It is not concerned with the forms into which they may be fashioned. For
example the composition and structure of rubber is of really significance as
compared to the shapeé into which this has been fashioned like pipes, tyres and
sheets etc. The materials are constantly undergoing change in nature. For
example, iron rusts, spirit evaporates quickly, coal burns, animals digest their
food, plants synthesize their own food material (photosynthesis) and so on.
Chemistry investigates such changes - the conditions under which they occur, the
new substances that are formed as their result, and the energy that is absorbed or
liberated by them. Chemistry also studies the way in which similar changes can

be brought about in the laboratory and on a large scale in industries. As a result of
investigation along these lines, chemistry has found how metals can be extracted
from their ores, how infertile fields can be made fertile, and how the materialsthat
are found in nature can be converted into thousands of new substances tohelp feed
the race, to cure the sick and to provide such comfort to the common man.
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2
1.2. SIGNIFICANT FIG_URES |

i :00 out additions, subtractions, rr.lu.ltiplicati?ni; and
divisgr‘nes ::cuig‘::tfiol:t:dmic problems of the number of digits to a;ﬂ'am in the
* answer, specially the last figurcin a number when measured on a scale l1(5 uslually
an estimated one. Actually all measuring instruments such as metre sticks, ocks
and balances have scales which are sub divided into \:'arlous units ?nd subunits,
 Suppose, for example & glass rod 'A' whose length is o be mea,sur?(.l b.y two |
different scales which can be seen in the given ﬁg}lr? (1.1) Scale (1).is divided
anly in centimetres while scale (2) is divided in millimetres also.

e e 31

Scale (1)

TIII]{TIIITITT]'llllllll]11lllflril

1 2 3 4

figl]l

In scale (1) the length of the glass rod ‘A’ is about 3.6 cm. The length of A
on scale (2) however is 3,62 cm. Thus the value 3.6 cm contains two significs™
digits while the value 3,62 cm contains three significant digits. This show that 0%
factor which is very important in determining the number of significant digits ¥

the accuracy of the measuring instrument and the second factor which alsocoun’®
is the size of the object 10 be measured, ' ;

For example, an Iron ball has mass 68.35 g and a smaller one has m8S°

et
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3

7.55 g. The first represents four significant digits while the second has only three
significant digits. Zero hasits ownimpontance in expressing a number, sometimes
it is significant and sometimes it is not significant.

RULES FOR DETERMINING SIGNIFICANT FIGURES

Below are given the rules that will help students to determine the number.
of significant figures:

(1) Non zero digits are all significant; for example 363 has three significant
figures and 0.68 has only two significnt figures.

(ii) Zeros between non zero digits are significant, for example, 5004 has four
significant figures and likewise 20.4 has three significantfigures.

(i1i) Zeroslocatingthedecimal point innumbersless thanone are not significant;
for example, 0.062 has two siginificant figures.and 0.001 has only one

significant figure.

(iv) Firial zeros to the right of the decimal point are significant; for example,
2.000 has four significant figures-and 506.40 has five significant figures.

(v) Zeros that locate the decimal point in numbers larger than one are not
necessarily significant; for example, 40 has one significant and 2360 has

three significant figures.

Thus significant figures by definition are the reliable digits in a number that
are known with certainty. The last digit of a number is generally considered
uncertain by:&1 in the absence of qualifying information. For example the mass
of an object can be expressed as 0.0112g or as 11.2 mg without changing the
uncertainty of the mass or the number of significant figures. The mass is still
uncertain by £ 1 in the last digit, this can be expressed as 0.0112 £0.0001g or as

11.2£0.1 mg.
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4

- onificant figures are those digits
DATA : We know thfn sign :
slgg?a?t)l:d(fmgnl:::‘r that include all certail digits plusa final one having some
i

uncertainty.

To round off means to reduce a number t0 Lh'c dcs;lrcdlmg(r)lrl‘f;z:ln: fﬁ:trles
Itis the procedure of dropping nonsignificaflt dlgfts i aC'S :: f‘fx aurcs one ojr m:rg
the last digit reported. In order to get desired &gmﬁcan nfi.n m{es
-digits from extreme right can be ((;;i("]li)‘p];i aTchrdmg to ce :
OUNDING : : 2
RU{J.EISI‘ ﬂ??;?o be dropped is greater than 5, then add 1 to the lE'l.St digit to
be retained and drop all digits farther to the right. Thus 5.768 is rounded
off to 5.77 to three significant digits (the last digit “8” dropped is greau?f
than 5) and to 5.8 to two significant figures (the last digit ““6” droppedis
greater than 5). :

2. If the digit to be dropped is less than 5, then simply drop it and also all
digits farther to the right. Thus 5.734 is rounded off to 5.73 to three
significant digits (the last digit “4” dropped is less than 5) and 5.7 to two
significant digits (the last digit “3" dropped is also less than 5).

3. Ifthe digit to be dropped is exactly 5, then two possible situations arise

due to even and odd nature of the last digit to be retained:

(i) If the digit to be retained is even, then just drop the *5”. Thus 7.86518
rounded off to 7.86 to three significant digits (the digit to be retained “6"
is even),

(ii) If the digit to be retained is 0dd, then add 1 to it. Thus 6.75 is rounded off
to 6.8 to two significant digits (the digit to be retained *“7” is odd).

NOTE: If you use a calculator, you can simply enter numbers in the calculator
one after the other, performing each arithmetic operation and rounding
Just each final answer to the desired significant figures,

USE OF SIGNIFICANT DIGITS IN ADDITION AND SUBTRACTION

5 Th‘_’ Proper use of significant figures in addition and subtraction involve® :

: Tlpanson of only the absolute uncertaintjes of the numbers. This means e
n . . . =

yasmany digits are 1o be retained to the rightof the decimal pointin the ansWer
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5
as the number with the fewest digits to the right of the decimal. It will be necessary

to round the last retained digit up if the next discarded digit is 5 or greater. For
example.

o (s ol LR U o
8741 — 531 = 3431 = 343

If numbers with positive or negative exponents are involved, adjust
exponents so that they are all the same before adding or subtracting. -

Example 1.1
Consider the addition of following numbers 5.00 x 10 %, 0.775 x 10 ~ and
0.0001 x 10-?

" Solution: 5.00x10°?
0.775x 10"}

© 0.0001 x 10°?
Total * 5.7751 x 10°

(Round up) 6.0x10"

Example 1.2
Add 15.5m, 651.8 cm. and 4291 mm.

Solution :

For the addition of significant figures, all measurements should be in the
same unit, so values are to be changed in metres and then are added.

15.5m = 15.5m
651.8 cm = 6.518 m
4291 m.m = 4291 m
Total = 26.309 m

(Round up) = 26.3m
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6

USE OF SIGNIFICANT DIGITS IN MULTIPLICATION AND DIVISION

The proper use of significant figures in multiplication and dufismn involves
a comparison of only the relative uncertainties. The numbt?r obtained as a resul
of multiplication or division of two or more numbers obtam‘ed by pplaipich
must have no more significant figures than that number used in the multiplication
or division which has the least number of significant figures, for example;

(1.32) x (4421) = 5.84
1588 + 795 = 1997 = 200
31.23x4.5
— =15
9.41395

The numbers which determine the number of significant figures in the

answers are 1.32 (Three significant figures), 7.95 (Three significant figures) and
4.5 (Two significant figures) respectively.,

THE GENERAL APPLICATION OF SIGNIFICANT FIGURES :

The rules of addition; subtraction, multiplication and division of significant

figures will save time and gi ' mad
give results of accuracy wh 1

\ : en 5
specially when.a series of multiplications an : gl

Exam!)le: ‘ 56 x 725 x 273 d divisions are invol\{ed--
Simplify . 760 x 208

Solution :

() 56 x 725 = 40600
g =4 i
(i) 41000 x 273 = 1 1933880 2 significant figures retained)

) 760298 = 206480 - y30p0 o000 (2 significat igures it
Finally 0000 (2 significant figures retained)
(iv) 11000001 |
= 478 = i
7230000 Ly (2'significant figures retained)
(Note : Zeros afier g nyy

e mbe; g
one significant figure), e ot significany digits which means 300 has 00l

T
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1.3 USE OF EXPONENTS (LOGARITHMS)

We know that in scientific work, there are many occasions when we are
confronted with the measurements of very small numbers or very large numbers,
for example the mass of an electron is found (o be.
0.000000000000000000000000000 911 g and the number of atoms in | mole
of an element is found to be 602,300,000, 000,000,000,000,000 such numbers
are much more conveniently expressed as multiples of 10. For example the first
number may be written as 9.11 x 10-% g and the second number as 6.023 x 10

- By the same approach 0.0005 becomes 5 x 10— and 5000 becomes 5 x 103
Thus all numbers may be expressed as a power of 10 and 10%, 10,105, 10", 10?
€ic. are generally called as exponential terms in which the base is 10. The powers

to the base 10 are known as exponents. Any other number may also be used as a
base but it is always convenient to have 10 as the base.

The exponéntial notation is of immense help in simplifying many types of
arithmetical computaters and 2idsin minimization of errors. For example suppose
you wish to divide 0.00016 by 80,000. This may be written as :

0.00016 16x10~*

2 L 2x10-5x 104 =2x 10
80,000 8 x 10° |

The following, moreinvolved calculation shows more clearly, the usefulness
of exponential notation.

(0.00042) (560)  (4.2x10~)(5.6x10)  4.2x56 10~x 10?
= == X

(84,000(0.007) ~  (8.4x10%) (7x107) 84x7 10°x10°

1072
=04x102°=40x10"*

=04 x
10!

Setting up calculations in this manner is very convenient and easy.
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In the expression a* = y, x is called the logarithm Qf y to the base a, where a
must be positive number other than one. A logarithm 1s, therefore, an exponent
and as such, follows the rules applying to exponents.

In logarithm the base is usually 10.

Suppose N = 10%, now if N = 1,000, then x= 3 i.e. 1000 = 10°. The power (or

exponent) xis called logarithm of the number N. This may be written in algebraic
form

logN = x
This is read : "the logarithm of N is x"

The logarithm is divided into two_parts, the integer part called the
characteristic and the decimalfraction called the mantissa. It must be remembered
that the mantissa of alogarithmis always positive, the characteristic may be either
positve or negative. Characteristic may be determined by just looking at the
numbers. Mantissa may be found out with the help of logarithm tables.

For example, the numbers 0.0025, 0.25, 2.5, 25,000 etc. have the same
mantissa but different characteristics. ‘

To illustrate how to find the charactéristic ; :
: of a ie ¢f t
consider only numbers of the power of 10. number it is simpler to Jus

N

Characteristic
1000 (10°) 3
100 (10%) 5
10 (10" 1
1 (10°) 0
0.1 (10" -
0.001 (107 3

Note that characteristic is simply the exponent of the number written 35 *
power of 10. Each of the above numbers has the mantissa 0.000 .. as given in 9
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9

loganithm table, Thus,

log 1000 = 3.000
log 100 = 2.000
log 10 = 1.000
log 1 = 0.000
log 0.1 = ~-1.000
log 0.001 = -3.000

Now consxdcra number 273. The value 0f 273 will lie between 100and 1000
i.c. between 10? to 10° which means 273 = 10* where xis between 2 and 3.
According to Logarithm table the value of x is equal to 2. 4362. It means that
10*9% =273 50 log 273 = 2.4362

(Characteristic 273 = 2

Mantissa 273 =0.4362)

THE USE OF LOGARITHMS IN COMPUTATIONS

There are three fundamental rules in logamhms which hclp us in many
calculations in multiplication, division and obtaining roots and powers.

logab = lqg a+logh
logab = loga-logb
log (@ = nloga
Where a and b are any two posmvc numbers and n is any positive or
negative number, :
Examples :
(i) log (450 x 566) = log'450 + 1og 556
= 2.6532 +2.7528
= 5.4060
Antilog of 5.4060 = 25470

since the characteristics is §
Antilog 0.4060 = 254200
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(i) log (878 + 122)

log 878 - log 122
= 2.9435 - 2.0864
0.8571

Antilog 0.8571 = 7194 + 2 = 7196 = 7.196

8
= 0.2290

(ili) log (68)"= X 1og 68=-ilg- (1.8325)

Antilog 0.2290 = 1.694

1.4 ERROR AND DEVIATION

We know that in experimental observations we come across with errors and
deviations in repeated measurements due to the factors like "defect in the
instrument”, or "Lack in handling the apparatus”, or "improper functioning of the

instrument" etc. Errors in analysis may be classified a systematic (determinate)
and as random (indeterminate).

~ Systematic errorsare caused by the defect in the analytical method or by the
improper functioning of instrument. For example, in titrations if the indicator is
not propf:rly prepared, then the colour change will occur before the equivalence
point, this systematic error or if burette is not properly cleaned or rinsed, then it
will cause a systematic error. To avoid this typeof error, the cause of cn’o; should
be rectiﬁ|cd. There is no strict definition of Systematic errors, since what is
systematic error for one experiment may not be for another. ,

comlgltz;cg}rlc\l::?d \;t(\icn all the s.ys"tcmati:: crlrors have either been eliminated Of
Lo uncc;taj | donot obtal.n €Xact” or "true" measurements because }h_cm
shosii L nty inevery physical measurement, The errors that the remaining

> Hdicate are called random errors. Random errors are unavoidable ©Of
example in a 50cm? burette, we can read the burette reading accurately 0oly ‘°

the nearest 0.1 ¢m A 5

. » A random error may be 0siti ive. That i why
v _That 18

we take the average y be p € or negative

h © average of the several replicate measurements which is more reliabl®
than any individual measurement

- -
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ATOMIC MASS

: Atomic mass is defined as the mass of one atom of the element compared
with the mass of one atom of C!? (the stable light isotope of carbon). Thus one
atom of hydrogen which weighs approximately _11; the mass of one atom of

carbon (12) has an atomic mass of 1(%!‘“2.-:1). It may be noted that atomic mass

is a ratio and hence has no unit. Thus an atomic mass may be given in any unit
of measure i.e.-grams, pounds, ounces and so on. Generally atomic masses are
expressed in atomic mass units (a.m.u). One atomic mass unit, thercfore equals

exactly one twelfth the mass of a carbon-12 atom:.

MOLECULAR MASS AND FORMULA MASS
Every molecule must have a mass since it is composed of atoms. For

instance the molecule of water is composed of the elements hydrogen and
oxygen. The atoms of these elements form molecules, each consisting of two

hydrogen atoms bonded to onc oxygen atom and the molecule of water is

represented by the molccular formula, H,O. The mass of a molecule is referred
as its molecular mass and is defined as the sum of the atomic masses of the atoms

of all the elements present in a molecule shown by its molecular formula. For

example, the molecular mass of water (H,0) is (1+1+16)=18 a.m.u.
In many substances atoms do not aggregate into molecules. For instance

in sodium chloride (NaCl), the atoms are not organised into discrete molecules,
but are bonded to one another in a network structure. The same 1s true for silicon
carbide (SiC). Such compounds are represented by their simplest (empirical)
formulas. We can not-assign molecular mass to such compounds because there
are no discrete molecules; we, therefore, assign a quantity called formula mass
for such compounds. Hence formula mass is the sum of the au?mic masses as
given in the simplest (empirical) formula of the substance. So.du{m chlondt? is
represented by the simplest formula NaCl which means that in its crystalline
form, the sodium ions (Na™ ) and chioride ions (Cl ) occur in the ratio 1:1.

Thus the formula mass of NaCl is 234-35.5=58.5 a.m.u.

1.5 EMPIRICAL FORMULA

'The empirical formula is that fermuia which is found by experiment. Iy
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represents the simplest ratio of the combining atoms i!} a §0FnP0$‘d f‘:’ ¢;Mplc,
the empirical formula of benzene (C, Hy) is CH; it indicates that the benzene

molecule is composed of the elements carbon and hydrogen in the ratio of L:1.

Generally, empirical formula does not represent the actual number of at-

oms in a molecule. There are some compounds (specially ionic compounds)
which have same empirical and molecular formulas. For example, MgO,
NaCl, CaCO,ete. (Ionic) and CH,, H,0 etc. (Covalent).

To work out empirical formula: As mentioned above, the empirical formulais

determined from the results of different experiments. The determination of
empirical formula involves the following steps:

(i) To detect the elements present in the compound (element detection by
experiments) :

(ii) To determine experimentally the masses of the elements.

(ili) To calculate the percentage of elements from their masses (Estimation)

(iv) To calculate the mole ratio of the elements; (Divide the percentages
of elements by their Atomic masses). '

(v) To obtain the simplest ratio of atmos(Empirical formula):{Dividethe
quotients obtained from (iv) by the smallest quotient).

Itis interesting to note that the first three steps concern to the determination
of composition of a compound.

Mustrated Example

Sup_posc that you are given an unknown compound whose Empirice!
formulais to be determined. The theoretical set of experimental results are Cl“°‘°d
below which will be used to show you how to work out the empirical formuié
()]

By performing tests, it is found that the compound contains magnesium i
oxygen elements.

(i) Themasses of the elements are experimentally determined to be magncsiuﬂ‘
=2.4g and oxygen = 1.6g.
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(iif) The next step is to estimate the pctcentagc of each clement as shown below:
Mass of the sample of magnesium oxide=2.4gMg + 1.6 g 0=4.0 g

Now, 4.0 g of the éompound contain 2.4 g Mg

100 g of the compound contain 2.4 gx100 g _ 60 g
408

Mg = 60.0%
Mass of Oxygen = 100 g—-60 g = 40g per 100 g compound.
0=40.0%

upto this stage, the composition of the compound is ’t'ully established.

(iv) Mole ratio of the elements is obtained by dividing percentage of each
clement with its atomic mass.

60 40
Mg = — = 2.5 ;‘ O . = -]—6—— 25

24

(v) To obtain the simplest ratio of atoms, the quotients obtained from (iv) are
divided by the smallest quotient (Here both quotients are same).

25 .
2.5 : I
Mgl s o 25

Thus the empirical formula of the compound =MgO

Remember, if the percentage composition of the compound is given i.n.thc
numerical, then only steps (iv) and (v) are followed in calculating the empirical

formula.

Worked Example I : 1.367 g of an organic compound containing C,H, and (?,
was combusted in a stream of air to yield 3.002 g CO, and 1.640 g H,0. Whatis

its empirical formula?
So'l;ntion . The masses of CO, and H,0 are used to find out the masses of
carbon and hydrogen:
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1 mole C 123C
Massof C=  —— x 3002 g CO, = ———X -
1 mole CO, 44 g CO,
2 moles H atoms 2gH
Mass of H = x1.640 g H,0 = x 1.640
1 mole H,0 18 gH,0
= 0.18gH
(i) Now, the percentage of C and H is calculated:
1.367 g compound contain 0819gC
100 g compound contain 0.819g x100g _ 599¢
1.367 g )
C=599%
1.367 g compound contain 0.18gH
100 g compound contain 0.18gx100 g
~ ‘ =13.16gH
1.367 g
&~ H=13.16%

Pe;centagc of oxygen is calculated by subtracting the % of C and H from 100:
%®0=100-599+13.16=2694 %

0=2694%
(i) :I'O obtain mole ratio of C, H, and O, their percentages are divided by thelf
alomic masses:
59.9
C  —— =
12 P
i 13.16

"_'r = 13.6
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26.94
16

O = =t 1eR

(iv) The quotients are divided by the smallcst'quoticnt (1.68) to obtain the
simplest ratio of atoms:

5
S e
| 13.6
Bty 8
1.68
D= a l
1.68

Thus the empirical formula of the compound = C, H, O

1.6 MOLECULAR FORMULA

the relative number of atoms of each

clement but also the actual number of atoms of each element in one molecule of
the compound s called a molecular formula. Forexample, the molecular formula
of benzene is C, H,. This indicates that the benzene molecule is composed of 6
atoms of carbon and 6 atoms of hydrogen. The molecular formula is an integral

multiple (1, 2, 3 etc.) of the empirical formula.
Molecular formula = (Empirical formula), Where n = 1,23, etc.

A formula that expresses not only

Glucose, for instance has the empirical formula (CH,0),. Thus molecular
formula of Glucose = (CH,0), = CH,,0,. As pointed out earlier, the ionic
compounds are mostly represented by their empirical formulas as they consist of
ions in their crystals. However in certain cases, ionic compounds arc not
expressed by empirical formulas e.g. Na, S,0; is not represented as Na S20s

because it has been proved experimentally that there are four sulphur atomsand
six oxygen atoms which are held together by covalent bonds in tetrathionate ion

$,0,%. The covalent compounds on the other hand exist as discrete molecules
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which are represented by their molecular formulas. Forexample, sodmtm ;210:(1":
andmagncsiumchloridcarcioniccompounds.henc‘:‘hc)’ arcrcprcs;n Ch yc; eir
empirical formulas NaCl and MgCL; watef, methane on the other hand are
represented by their molecular formulas H,0 and ChHy:

To work out Molecular formula: As mcntioncc.i ‘abo';c, thc‘ m:iccul::
formula of a compound is an integral multiple of its cm})mcal om;xu a, hence {c
first step in the determination of molecular formula is to calculate empinca

formula by usual procedure as explained earlier. After that, the next step 1s (0
calculate the value of integer 'n'.

Molecular mass

Empirical formula mass

e.g. in case of glucose where molecular mass is- 180 and the mass of empirical
formula (CH,0) is 30,

180
30

n =

Now the molecular formula of glucose is (CH,0), or C, H,, O,.

Worked Example 1: 1.0 g of the sample of butane, a hydrocarbon fuel was

burned in an excess of oxygen to yield 3.03 g CO, and 1.55 g H,0. If molecul®
mass of the.compound is 58, find out its molecular formula.

Solution : To determine empirical formula

() Tocalculate masses of carbon and hydrogen for the masses of CO, and Fb%*

1 mole C

1 mole COz

Mass of carbon =

¢
x3.03 g CO, =_:.§_§ x3.03=0838

Mass of Hydrogen = 2 mole H

H
i 1. _28,55 =0.178
Tmole 1,0 * 133 810 = g, 128

|
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(i) To calculate percentage of carbon and hydrogen:

1.0 g of the compound contain 0.83 gC

100 g of the compound contain 100 g

0.83
s 1.0g

= 83%C

Since butane contains only carbon and hydrogen, hence :
Percentage of Hydrogen = 100 — 83 =17% H

(iii) To calculate mole ratio of the elements by dividing the percentages by their
atomic mass.

' 17
= _81 = . = =
C = TR 6918 -l : 17

(iv) To obtain the simplest ratio, the quotients are diyided by the least ratio:
6:91: ? 17

1 H= — = 25

G 50l Iy~

In order to obtain nearest whole number ratios, both the members are multiplied

by 2: | .
C=1x2=2 ; H=25x2=5

- Thus the empirical formula of the compound = C,H,.

The empirical formula mass of C,H, = (12)2+(1)5
=24+5=29

(v) The value of the integer 'n'is calculated as follows :

Molecularmass 38 _ 5
P w9
Empirical formula mass
Molecular formula = (Empirical formula)
e (CH),

C4H10

Scanned with CamScanner

»
rane i




MDCAT BY FUTURE DOCTORS (TOUSEEF AHMAD)
18

Hence molecular formula of Butane = CH,,

17 MOLE AND AVOGADRO'S NUMBER

In routine chemical problems, it is necessary to congdcr quantities of. |
substances in terms of the number of atoms or ions qr molccylcs prcse.m. The unit
devised by chemists to express number of atoms or ions or molecules is called the
mole (mol),

A mole is defined as gram atomic mass or gram molecular mass
or gram formula mass of any substance (atoms, molecules, ions) which
contains 6.02 x 10*particles.

The purpose of relating unit number of particles o (e

standard atomic masses is to provide a ready method of calculating the massof
a mole of any substance (molar mass).

Consider a mole of carbon-12, atoms and a mole of magnesium atoms.
By definition, 2 mole of C-12 is 12:g of this substarice. The atomic mass of

magnesium is 24 which means each atom of magnesium is twice as heavy &
carbon atom, it follows that mole of magnesium is 24g, Similarly a mole of 0xyg*
atoms is 16 g and a mo!

e of oxygen molecules is 32g.
Modem experimental methods for the

show thatinone 8 mele of 2 substance, there are 6.02x10® particles. This &
number is called the Avogadro's Ny

mber. It is given i of A
Avogadro (1776-1856). It is denoted by N Biven In the hones
A’

determining atoms, molecules and ions

grams of atoms or mole,

ules or i mic m&
s of e on 819 Fomla mase) which contans A%
Example;
2 mole of hydrogen atom = 1g=6.02 x 10® atoms
A ';:z:z gg ;v:é?sen molecule = 2 526,02 x 102 molecules -

¢

= 58.5g = | mole Na + 1 moleC!

1
£ =6.02 x 102 Na* + 6.02%
8=6.02x |02 molecules

B=2x6.02x 10 - 1.204 x 10* molecules

A mole of H,0 =18
2 moles of H,0 = 36
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1.8 CALCULATIONS BASED ON CHEMICAL EQUATIONS

e We already know that a balanced chemical equation tells us the exact mass
ratio of the reactants and products in the chemical reaction. For example, from the

equation,
Zn + 2HCI — Zn(l, + H, (g)

We can say that 1 mole of Zn reacts with two moles of HCI to give one mole
of ZnCl, and one mole of H, gas or 65.4 parts by mass of Zn react with 73 parts
by mass of HCl to give 136.4 parts by mass of ZnCl, and 2 parts by mass of H,,.
From this relationship, we can calculate the mass of any given species from the
mass of any one of the species. Thus from the chemical equation for certain
reaction, the ratio of the fnoles of the reactants and the products can be
determined. Hence the study of the relationships between the amounts of the
reactants and the products in chemical reactions as givcn by chemical equations
is called stoichiometry.

IMPORTANT ASSUMPTIONS FOR STOICHIOMETRIC

CALCULATIONS |
There are two important assumptions, while considering calculations

based on the stoichiometry of chemical reactions:
(i) Reactants are completely converted to products

(ii) No side—reactions occur.
Suppose we want to calculate the mass of carbon dioxide formed when

a given mass of carbon bums in air, we know the equation for the reaction i.e.
C o 02 _""_") C02
In actual pracuce, it is possible that we get less carbon dioxide than the
calculated mass. This is because that the given mass of carbon can aJso form
carbon monoxide in addition to carbon dioxide.

2C+ 0y — 2CO
This means that we have to avoid the formation of carbon monoxide

which is a side-reaction.
C + 02 Side reaction "CO

G O,

three relationships involved for the stoichiometric calculations

There are
from the balanced chemical equations which are :
(2) Mass —  Mass Relationships
(b) Mass —  Volume Relationships and

(c) Volume -— Volume Relationships
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(a) Mass — Mass Relationships : ¢
: known mass Of 2 reactant o
Vi can determine the un Lo
In such relationships, weé a chemical reaction with the help

; in
roduct from a given mass of the substance 1 e
gf balanced chemical equation. Actually from a balanced chemical ‘equation e

get the exact relationships between the masses oﬁ thg reactants a'nd ;l)‘roctu?lxs The
calculation of mass from chemical equation 1S iltustrated inthe FECRR

examples:

Example-1 e o
Calculate the weight (mass) of carbon dioxide (CO,) thatcan bc obt:uncdb);
heating 25 g of limestone (CaCOQ;). And also calculate the weight (mass) 0

calcium Oxide (CaO).

Solution:
Equation of the reaction is as follows :
Heat
CaCOyy — CaO(s) + . Coz“’
1 mole 1 mole Sols
100 g 56 ha?:
Method - | _
No. of moles in 25 g of CaCO, = 127050 = 0.25mole
1 mole of CaCO, yields 1 mole of CO,
0.25 moleof CaCO, yields 0.25 mole of CO,
= 0.25 mole of CO,
Mass of CO, in 0.25 mole = 0.25 x 44
= l1g
1 mole of CaCO, yields 1 mole of CaO
0.25 mole of CaCO; yields 0.25 mole of Ca0_
= 0.25 mole of Ca0
mass of Ca0 in 0.25 mole = 0.25 x 56
Method - |1 - ke

100 g of CaCO, yield 44 g of CO,
1 gof CaCO, yiclds 44 g of CO,
100
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25gof CaCOyield ~ 44 gx25g=11gof CO,
100 g '
100 g of CaCO, yield 56 g of CaO
1 g of CaCO, yields 56 g of CaO
‘ 100
25 g of CaCO, yield  56g x 25; = 14g of Ca0
100g
Example - 2
Chlorine is produced on large scale by the electrolysis of NaCl aqueous
solution. Calculate the weight (mass) of NaCl required to. producc 142 g of
chlorine. »
Solution :

The equation of the reaction is:
Electrolysis o
“2NaCl,, + 2H,0, ———— Cl, +H, + 2NaOH(s) |
2(58.5)= 117g g
Method-- I -
71 g of C, are produced by 117 gofNaCl

117
1 g of Cl, is produced by—,,—l-g of NaCl

'
v

- v A

Briad

a

117
. 142 g of Cl, are produced by —{- x142g

= 234 gof NaCl
Method -I1
‘ 142 g of Cl,
lesof ClLinl42g= ———
No. of g moles of Cl, '8 MgCL

= 2 gmoles of Cl,.
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According to above equation
One mole of Cl, requires 2 moles of NabelX e
2 g moles of Cl, require 2 x 2 =4 moles 0 .

3 : 4mo|c5=4x58.5
el ol DaCHh SPRE rag ot

- Volume Relationships :

- '];'ﬂh?:nolar quantities of gases can be expressed in terms of volumes m
as weights (Mass). According to Avogadro, onc gram mole of any gas atst .
témpcraturc (0°C) and standard pressure (1 Atm. or 760 mm Hg) occupics a
volume 22.4dm’. It is a mathematical coincidence that on¢ ounce mo!c of any gas
at standard temperature and pressure occupies a volume 22.4 cubic feet. This
relationship allows us to interchange mass and volume units of a gas mmugh
mass- volume relationship in a chemical equation. The following examples will
illustrate by mass - volume relationship. '

Example-1
Calculate the volume of CO, gas produced at standard temperature and
pressure by the combustion of 20grams of CH,

Solution :
The equation for the reaction is
CH,,+20,,— Co,, + 2H,0,,

Method - 1

No. of moles of CH4 in 20grams = Given mass of CH,
: Molar mass of CH,

5
S 1.25 moles

One mole of CH gives one m
1.25 mole of C [ B C01

H, gives 1.25 mole of Co,
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No. ofmolcofCO gas S.T.P. = 1.25

‘One mole of CO, gas at S.T.P. occupies a volume 22.4 dm®
1.25 mole of CO gas at 5.T.P. occupies a volume 22.4 x 1.25 = 28 dm’

Method-II

Molecular weight (mass) of CH,=16
Molecular weight (mass) of CO =44
16 grams of CH, give 44 gram ofCO
1 gram of CH, gives 44/16 gram of CO

ZngmofCl{‘glvc —i‘% x 20 g = 55 grams of CO,
44 grams of CO, at S.T.P. occupy a volume 22.4 dm?
1 gram of CO, at S.T.P. occupies a volume 22'44 dm’

55 grams of CO, at S.T.P. oécupy a volume 22;: don x 55g
. ] g
= 28dm’

Examplé -2 ' ,

- Calculate the volume of O, at S.T.P. for the complete combustion of two
moles of carbon disulphide (CS,). Calculate the volume of CO, and SO, produced
also. ; ‘

Solution: :
CS,y +30,5—2CO,, +250,,

This equation shows that 1 mole of CS, reacts with 3 moles of 0, to give 1
mole of CO, and 2 moles of SO,.

Thus
1 mole of CS, reacts with 3 moles of O,
2 moles of CS, react with 3 x 2 = 6 moles of 0,
Volume of 6 moles of O, at S.T.P. = 6x224
= 1344dm’

e L ———
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1 mole of CS, gives 1 mole of CO,
2 moles of CS, give 2 mole of CO,

o = 2x224dm’
* Volume of 2 moles of CO, Reast

1 mole of CS, gives 2 moles of SO,
2 moles of CS, give2x2 =4 moles of SO,
volume of 4 moles of SO, = 4x224 dm’
- = 89.6dm’
(C) Volume - Volume Relationships |
Gases react in volumes and the relationship between volumes of gases ind
chemical equation is govened by Gay-Lussac's Law of combining volums
which states that gases react in the ratio of small whole numbers by volume unds
similar condition of temperature and pressure. For example in the reaction:

CH

One volume of CH,

volume of CO gas and tw
: 2 0 volum : ”
formulae give the volume refat; € of water vapours. The co-efficients ! _

olume of g at

245 TP 4 ; C fl)
ume of . 1S Tequireq 3 henc
Solution: €0, wil be formed {t° burn 500 dm?® of Et
CZH‘Q) + 30%)5) ZCO
Accond 1 *+2H 0
ccOl'dln 19}

glo
gas. So, the “Quation g dm?
m

/

oﬂ?
OFCH, will require three 4™’ of
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1' dm’ of Ethene (C,H,) requires 3 dm?® of O
500 dm® of Ethene require 3 x 500

= 1500 dm? ofOz

1' dm’ of Etl;cne (C,H,) produces 2 dm? of Co,
+ 500 dm? of Ethene produce 2 x 500 = 1000 dm® of CO
2

Example -2
Hydrogen sulphide burns in oxygen according to the equatio;n

ZHISQ) > 302(‘—'——)) ZHsz + 2502“)

Calculate the volume of O, at S.T.P. required to burn 900 dm® of H,S and
also find the volume of SO, gas produced.

According to equation :
Solution:
2 dm’ of H,$S gas require 3 dm?’ of O, for combustion
1 dm’ of H,S gas requires %/, dm’ of O, for combustion
= 900 dm® of H, S gas require %/, x 900 =1350 dm’ of 0O,
2 dm’ of H,S gas give 2 dm’ of SO, |
. 900 dm’of H,S gas give 900 dm® of SO, = 900 -dm’ of SO,

1.9 LIMITING REACTANT:

In the stoichiometry of chemical reactions, some complexities arise
which inake the system comparatively difficult and it 1s not so simple to get
direct relationships in chemical equations. In such cases, one aspect is the
determination of the “Limiting reactant * which helps in calculating the amount
of any one of the products. In irreversible reactions, the reactions go to
completion in the direction of the arrow, untill one of the reactant which will be
limiting reactant, is consumed entirely and the reaction stops. Calculations are
made on the basis of the amount of limiting reactants, This can be illustrated

by the following example.
Example: Sodium thiosulphate (NazSZO,) can be prepared by the reaction given

below:
2Na,S,, + Na,CO, , + 450, | — 3Na,5,0, , +CO, |
How many grams of sodium thiosulphate will be produced when 200g

each of the three reagents Na,§,Na,C0,andSO, are reacted together?
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e ced chemical equation, the exact mole ratios of the
Solution: According to balan :

reactants (Na,S,Na,COaandSO,) are 2:1:4. .
Amount of each of the reactants is 200 ¢ .

-~ 200
Number of moles of Na,S in 200 g 18 —,—7—8-—-2.56 moles.

e 200
Number of moles of Na,C0, in 200 g is T 1.886 moles.

Number of moles of SO, in 200 g is —26942 =3.12 moles.

Because the quantity of Na,C0, is the smallest. amount of all the
reagents used in the reaction, this can be the limiting factor, so the
amount of the other reagents used will be as:

(i) 1 mole of Na,CO, reacts with 2 moles of Na;S

*. 1.886 moles of Na,CO, react with 2x1.886 =3.772 moles
() 1 mole of Na,CO, reacts with 4 moles of S0,.

~. 1. 886 moles qf Na,Co, react with 4x1.886 = 7,544 moks
Frqm the calculauqﬁS.wei gotthat neither Na,S nor $0; &°
available in the quantities tq con :

Sume 1.886 CO; $0
Na,CO, is present in excess. 86 moles of Na,
Let us see Na,S. |
2 moles of Na;S react with 4 moles of g,

*+2.56 moles of Na,§ react with 4%3.56

But the actual amoyng =5.12 moles.

2
of 0, avatlapie is only 3.12 moles :0 o

4 moles of SO _
1 mole of 50, Produces 3 €s of Na,$,0,
.o 3.12m01e80fs0 3

Amount in gra 2 Produce g&l& =934 moles:
T8 =234 %158 4 !
(Molecular magg of =369.72 2

02S203 = 158 g)
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PROGRESS TEST 1
(@) Explain (i) Empirical formula (i1) Molecular formula (iii) Mole.
(b) (;ﬁlculatc the number of moles in 2400 g of (1) CO, (ii) Oxygen molecule
(i11) CaCo, (iv) MgBr, '
[ Ans: (i) 54. 54 moles (ii) 75 moles (ii1) 24.0 moles (iv) 13.04 moles] |
(d) Whatis Avogadro's number? Calculate the number of atoms in 9.2g of
Na (Atomic mass of Na = 23 a.m.u)

[ Ans: 2.408 X10 # atoms]

(b) Calculate the mass in grams of 3.01 x 10® molecules of glucose
(CH,,0)). {Ans: 0.09 grams]

A compound of C, H and N contains 66.70% carbon, 7.41% hydrogen and

25.90% Nitrogen. The Molecular mass of the compound was found
to be 108. |

(i) Find the empirical formula of the compound.  [Ans: C3HaN]
(i) Find the Molecular formula of the compound.  [Ans: Cs Hg N]
Dctermine the significant figures in the followings:

(a) 15.01 (b) 7000 (c) 3.200 (d)0.004

[Ans: (3) Four'(b) One (c) Four (d) One]
Simplify the followings according to the rules of significant figures.

(a) 1.41 x 3.546. (b) 31.23 x 4.56
- 941395

Express the followings as the power ot 10:
() 6782  (b) 565.2 (c) 0.00019 (d) 70,000 (c) 0.00000067

[Ans: (a) 6.78 2X10° (b) 5.652 X107 (c) 1.9 X10° (d) 7X10° (c) 6.7X107))

With the help of logarithm table, find the values of:
(a) (25.4) x (416.2)** (b)294 x 0.0006

[Ans: (a) 5.00 (b) 15.1)

: V3
18 + 108 (d) 57 %365 x (566)
£ 78 x 221 x (356) ¥

0938.4 (b) 0.1764 (c) 0.00167 (d) 0.5718]

e ———
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d (¢) two significan
: four (b) three an
7. Round off the following numbers 1ntO (a) _
5 () 8.7483 (i) 5.36748 (iii) 15143 (iv) 18 B of samole of acei
8. Acetic acid contains carbon.hydfﬁ8(‘;5“2‘lmdoofx)ég o ; an 4 2.54 of H,0. The
id on complete combustion gave O. .8 0 2 b,
::)lez):lar mais of acetic acidis 60. Find (1) Empirical formula of acetic acid and
(ii) Molecular formula of acetic acid. - ¢
[Ans: (i) CH,0O (i1) C?H4021 =
9. Ethylene glycol is used as an antifreeze. Combustion of 6.38 g olf ethylene
glycol gives 9.06 g of CO,and 5.58g of H,0. Ethy}ene gl){co com',a_ms
carbon, hydrogen and oxygen and its molecular mass 1$ 62. Find empirical
formula and molecular formula.
[Ans: (i) CH,0 (ii) C;HgO, ]
10. When dinitrogen pentoxide (N,O5), a white solid is heated, it decomposes
to nitrogen dioxide and oxygen.

heat

Find the volume of NO, and O, gases produced at S.T.P when a sampl¢
of 54 g of N,Qj is heated.

[Ans: (i) Volume of NO, =22.44m3
11. Hydrogen cyanide is

(i)) Volume of O, = 5.6 dm®]
the following process:

prepared from ammonia, air and natural gas (CH4) by

2NHy = +30 +20
I T H4(g)\+2HCN( o+ 6H,0

the volumes of O, an
[Ans: (i) Mass of HCN=g

(iii] Volume of CH

O, =100.8dm3
AL 67.8 3 2 .Sdm
12. Mmoma gaS can b dm I ;

a € prod
nd CalOH),., 11 o tu 1e6d by heg
heated, how p, '€ conty;

1Y grams of

(l
Ung together the solid NI ,
NH, gas at S.T.p

nin ids ”
€ 100g of each of these soi*° l'

ar
2NH,Cl 4 Ca(on) * % Produced? Algo find the vol™
' 2(a) ~> 2NH

.
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CEIAPTER 3

OF MATTER
GASES, LIQUIDS AND SOLIDS
M

INTRODUCTION

Matter is defined as any thing which occupies space and has
mass. The three states of matter-gas, liquid and solid are easily recog-
nized through their properties.

A gas has no shape of its own; rather it takes the shape of its container. It has
no definite volume but can be compressed or squeezed into smaller volume. A
gas diffuses, that is, it distributes itself through out a vessel.

A liquid has no definite shape; it takes the shaperof its container. It however
occupies adefinite volume of itsown. Althoughitis not absolutelyin-compressible,
it is compressed to a negligible extent even by high pressures.

A solid possesses both definite shape and definite volume. Like a liquid, it
is not compressed or squeezed appreciably by high pressures.

The same substance, say water, can exist in all the three states, for example,
as solid ice, liquid water and the gascous steam. Dcs?ite the same chemical
composition, water shows different behaviour in three different states. The only
conclusion which can be drawn,is that the particles which makc‘up the. three states
of matter for any given substance differ only in the manner in whlc.h they are
arranged and they are not different in kind, The theory which deals with the way

e ——— e ——
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in which the arrangement of particles of asubstance determines the properties
substance will possess, and particularly the state 1 which it is likely to be foupq
under a given set of conditions is known as the kinetic theory.

2.1 KINETIC THEORY

The Kinetic theory is so named because it deals with that property of the
particles which is so crucial in understanding the three states of matter,
namely the motion of the particles. Because the particles are in constant
motion, they possess kinetic energy which tends to keep the particles well
spaced out in any substance. Thus in terms of kinetic theory.

L. The gaseousstateis the one in which the molecules are widely separated from
one another but having negligible volume. The gases are easy to Compress
due to large empty spaces. :

2.

The gas molecules are in continug
between collisions, butin random
between collisions is the mean f)

OUs motion, travelling in straight paths
directions (Fig. 2.1). The average distar

ree path.
FIGURE 2.1
® random Motion of a gas molecule: ™
average dj WS T e
w between collisions !
3 The molecules colige with o —
§ ne } ! (
these collisions are Perfectly cl::t?ther and with the walls of contain€’ bV
c

4 (result in ng loss of energy)-

Gas pressure i the resuly o

. t e Ve : - f
the container (fig. 2.2). Collision of gas molecules with the walls?
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L

S

Ty

FIGURE 2.2
Gas pressure is the result of the collision of the gas
molecules with the walts of the container.

5. Inanideal gas, there are no attractive orrepulsive forces between molecules.
Thus each molecule acts quite independently of the others.

6. The average kinetic energy of gas molecules depends upon the absolute
temperature. At any given temperature, the molecules of all gases have the
same average kinetic erergy ('/, mv?).

The kinetic theory was extended to account for the behaviour of liquids and
solids. -

For a liquid, the kinetic theory suggests that the particles of a liquid are fairly
randomly arranged (as in gas), but consists of clusters’ in which they are very
close together. This makes liquid have a definite volume, but since the particles
are still fairly free to move, it does not have any definite shape of its own.

For a solid, the kinetic theory postulates that the molecules are closely
packed, so that the forces of attraction between the molecules.are very str.ong and
free movement of particles can not take place. Thus in a solid, the partfcles are
arranged in a fixed pattern and they formalattice of vibrating masses. This makes

a solid have a definite shape.

2.2 GASEOUS STATE

We select to begin our study of matter with the gaseous state because (i) it is

Scanned with CamScanner



MDCAT BY FUTURE DOCTORS (TOUSEEF AHMAD)

32

the simplest to study and (ii) it can be readily converted into the condensed states

~liquid and solid; hence many of ouf conclusions concerning gases apply directly
to these states.

BEHAVIOUR OF GASES

The assumptions of kinetic theory account for most of the properties
associated with gases and we can obtain better understanding of gas behaviour,

==

1. Diffusibility

. The dis:tribx{tion or spreading of gas molecules through out the vessel is
own as diffusion. Unlike liquids or solids, the gases diffuse very rapidly.

A drop of perfume for instance, slowly evaporates out the fragrant gas announces
the presence of wearer. It is d

ue to the diffusions of perfume through the ai.

In terms of kinetic theory, diffusi

: on is explaj
8as are widely separated and there e Themolea
are free to move,

the molecules of gases interminglé
- The opposite of diffusions s effusio?

FIGURE 2.3

\Effuﬁon of gas through a small hole:
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2. Compressibility:

In contrast to liquids or solids, all the gases are easily compressed or
squeezed. In terms of 'kinetic theory', gases are easily compressed due to large
empty spaces. By applying pressure, the molecules come closer. Air, forinstance
1s squeezed into automobile tires, When the tire is punctured, the air rushes out.
Itis the reverse of compressibility — the expansibility, thus volumes of gases are
highly affected by the changes in pressure. [Volume is measured in cubic
decimetres, dm® or cubic centimetres, cm®. [1 dm® = 1000 cm’]

3. Pressure:

Allthe gases exert pressure. It may appear surprising but it is a fact that we
are being pressed upon by an enormously heavy blanket of atmosphere. The
mass of atmosphere on our body at seal level and at 0°C is 14.7 psi (pounds
per square inch, 1b/in?) or there is about 20 tons total pressure on our bod-
ies.

When a gas is confined in'a closed container, it exerts pressure on the walls
of the container which is due to the collisions of gas molecules with the walls The

- tires of automobiles are filled withairuntil the guage shows the pressure of about
28 psi. This means that the pressureinside the tireis 28 psi greater than the outside
pressure; since the-external atmospheric pressure is 14.7 psi, hence the total

pressure on the tire is 28 + 14.7 = 42.7 psi.

Since pressure is defined as a force pushing on a unit of area, therefore
pressure may be measured in psi(pounds per square inch, 1b/in?), Kilograms per
square metre (Kg/m?). The S.I. unit of pressure is pascal (1 pa = 1N/in?).

Since the units of a newton of force are Kg/m.s?, the S.I. units of pressure are:

Force _ newton Kgm/st K 5
= = = = ms
Pressure I = o g/

Normal atmospheric pressure at sea level at 273 K (0°C) is expressed in several

ways.
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14.7 pst, 760 mm of mercury = 760 torr (-~ 1 mm = 1 torr);

76 cm = 1 atmosphere (atm ). Since they are more useful for our purpose
than the S.I. units, therefore we will use these units).

Problem 1: What is the pressure in torr of 3.5 atm?

- 760 torr

Solution_: s lam - = 7
wam o= T s am= 266010

Problem2: How many atmospheres correspond to 950 torr?

Solution ; ~ 760 torr 1 atm

5 950t = lamx950torr -
TG b am

Temperature may be defined as that property which determines the flow of heat.

The common scale of temperature is Celsius (Centigrade). The S.T. unit is
however, Kelvin ( K). ;

K.m Cyii3
e.g. 7°C=7 +273=280 K.

2.3 GAS LAWS

The ‘mass, volume, temperature and pressure of gases bear a simple
mathematical relationship to each other. Furt

ather : | her, other variables, such as rates of
diffusion qf different gases are related mathematically. The precise statements of
these relationships are known as the gas laws.

BOYLE'S LAW
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indicated that the confined air was subjected to the atmospheric presure Fig:

FIGURE 2.4

Boyle's J-tube experiment.
Adding mercury to the

open arm of the tube
compresses the trapped
sample of air to a smaller -
volume.

€) (b)

2.4(a). Boyle-added more mercury as a result of which the mercury level raised
above the original level (h) and the increased pressure reduced the volume of the

air Fig:. 2.4(b). The total pressure was calculated as:

- ure.
Pos g P + P, where P, = excess pressure

Boyle compared the volume of the air with the total pressure and observed the
inverse or non-linerar relationship:

“The volume of a given mass of a gas Is Inversely proportional to

the pressure exerted on it at a given temperature.

portedin 1660isknownas Boyle's law. According tothis

. : inre
This relationshipr f pressure is doubled, volume will be reduced to

law, at constant temperature, 1
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half, if pressure is reduced to half, the volume will be doubled. Boyle's law g,
be explained in terms of kinetic theory as follows :

If the volume of a
velocity of the gas mole

with the walls of smal
pressure.

gas is decreased at constant temperature, the average
cules remains constant, so they collide more frequently
ler vessel. The more frequent collisions cause higher

If the volume of a
1s obtained showing the
h

gas is plotted against the total pressure, parabolic curve
decrease in volume with increasing pressure Fig: 2.5(a).

;’

P

'°'fl - up total -
(a) :

)

FIGURE 2.5 .

Graphical represantation of Boyle's law, (a) A plot of - ure is
nonlinear showing that the relationship is invgrsn.o (:)ol:u;?or%r's ::':'o"t: ﬁrfus the
reciprocal of the pressure is a Siraight line.

i
A graph of volume with I/P gives a straight line Fig. 2.5(b) The Boyle's law i
interpreted in terms of molecules in the Fig. 2.6. Applying the pressure brings th

molecules closer together causing the reduction in volume. Mathematically
Boyle's law can be represented as ;
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FIGURE 2.6

Increasing the Pressure on amass of gas
forces the molecules closer logether.

V e<— (Temperature constant )
P
1
V=Kx —
P

PV =K i.e. the product of pressure and volum
temperature is always constant. If P and V,
volume, P, and V, are the changed pressure an

¢ of a given gas at constant
are the initial pressure and
d volume, then according to

Boyle's law: :
PV, =_.K;PV,=Kie
PV -3 PV

This is the mathematical expression of Boyle's law which is used while
solving the problems on Boyle's law.

Problem : What volume does 400 cm? sample of a gas at 700 torr occupy when
the pressure is changed to 2 atm?

Solution: Tabulate the data. (700 torr = 700/760 = 0.92 atm)
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Vv T
Original 092am  400cm’ K
Changedto 20atm  V K
According to the Boyle's law,
PV, = P,V,
v, i PV,
P,
0.92 amx 400cm®

CHARLES § LAW:

mass of a gas is directly Propo
glven pressure, '
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V e T (absolute) (P isconstant)
V. = KT
\
o g R
T

: ' ' te
In other words the ratio of volume of a given mass of a gas to ltIS absolu
temperature is always constant provided the pressure is kept constani.

fV,V, are the original and changed volumes; T,, T, are the original and
changed temperatures, then according to the Charles’s law. |

VI V2
T'l TZ
v! vz
= — =K
T

This is the mathematical representation of Charles 's law which is used while
solving the problems on Charles.'s law.

The graphical representation of the observation of Charles is shown in F.ig.
- 2.7. When the volume of the gas is plotted against the temperature, 2 straight line
is obtained. If this straight line is extra plotted, it will be seen that it intercepts the

" temperature axis at ~273.16°C (Fig. 2.7)

It suggests that the volume of a gas would fheoretically be zero at
~273.16°C. In fact this temperature has never been achxcvc<.i for any gas. In fact
all the gases condense to liquid at a temperature above this point, 50 that gas
behaviour can no longer be observed. The temperature of —273.16°.C is referred
t0 as the Absolute zero or zero degree of the absolute sc_'ale (Xelvin Scale). At
absolute zero, the volume of gases 15 considered to be zero and all the motion
ceases 1o exist. As already pointed out that centigrade scale is changed into Kelvin

scale by adding 273.
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W23 = K-
K=273=  °C
4 Vs
|
|
|
|
I
|
\
1
S % l
Aot {
LpaSER e SN |
~300, —200 -100 O 100 200 300 °C
-—"—-'h-
Temperature
FIGURE 2.7
Graphical representati !
sample of gas. The ga: ::l:u:: ;olume S pets iy stiouship of

ecreases with decreasing temparature.__/J

Problem.l A child's balloon has ’
: : 3 volum 3 rature
is 35°C. What is the volume, if the ball § Draieian

| 00n is put into a refrigerator and ¢°*
105°C? Assume that pressure insi : reinge ; ot
atall times. nside the balloon is equal to atmospheric Pre®

Solution : Tabulate the data,

Original

V, =380 dn?, T

1 = 354273 = 308 K,P=K
Changed to V=27
2

SB =gk pay
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According to Charles’s law
v, v,
T —t —
. 1y
N, :
Vo it
T,

= 38dm’x278 K = 342 4m
308 K .

AVOGADRO'S LAW :

1 _Ip 18'1 1., Amadeo Avogadro advanced a brilliant hypothesis regarding the
relationship between the volume and the number of molecules of a gas. This
hypcthesis, now called Avogadro's law which states:

“Equal volumes of ali ga‘ses-at the"same temperature and pressure
contain the same number of molecules”. Thus the volume of a gas is
directly proportional to the number of molecules of the gas at constant
temperature and pressure, ' ‘

¢-V e n (at constant temperature and pressure) where '’ is the number of
molecules of a gas. Thus 1 dm’ (or cm®, m® or other unit of volume) of oxygen
contains the same number of molecules as 1dm?® (or cm® etc.) of hydrogen or of
any other gas, provided the volumes are measured under the same conditions.

Based on Avogadro's law, 22.4 dm’ of any gas at S.T.P. (standard tcmperamfe
is 273 K and standard pressure is 1 atmosphere) constitutes 1 mole of that gas;
22.4 dm® at S.T.P. is called the molar gas volume or the volume of one mole of

agasat S, T.P.

The mass in grams of 22.4 dm® of a gas at S.T.P. is the mass of one
mole of that gas, ¢.g. 22.4 dm’ of S_O, at S.T.P. is equal to 80 g (one mole),

It is shown in the fig. 2.8.
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s ———

B

g 22.4 dm3
22.4 dm? 22.godm“ 22.4c0<’jm A
0, )

2g
32y 80g

| e ey iy e

a.m.
32 a.m.u 80a.1M. U 42 a.m.u 2d.mu

Mass of one molecule:

FIGURE 2.8

Measured at STP, 22.4 dmp of a.gas equals a mole.
o

Atstandard conditj

1ons, 1 dm? : 1
monoxide weighs | 75 g Accorznzfté);‘ygcn Weighs 1.43 g and | dm?® of Cart0

contains the same s AVOgadro's law, 1dm’ of CO als'.ﬂf'
Hence a molecule of COha L m’ of Oz under similar Condiuogl
~ Accordingly it y, 43 times a5 much as a molecule 0%

€ take the ;
of CO would pe -  mass of O, 2532, then the molecular ™

molecylg

1.25°
143 xR .

Equ no
Combined logeth State yle's | I
er 0g ' Narleg l '« law M3,
umber of 1, les of 5 . coneral "elatign be 8$law ang Avogadro's 12 g

65U
©eN the volume, temperature, pres®

O [
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T (ibsdluté), (P is constant) ;
n (Pand T constant) e

Accord?ng 0 Charles’slaw V. oc
According to Avogadro'slaw V. = o

Combining these laws we get:

V“% xTxn
V=R.x-.11.). .xTxﬁ

‘ PV =n RT “This is known as the equation of state because when we
specify the four variables —pressure, temperature, volume and num

ber of mol
we define the state for a gas. =

Where R is a constant and is called gas constant. The above equation is
known as the equation of state or ideal gas equation.

For 1 mole of a gas , n = I therefore PV = RT.

PY
— =R
T
If pressure changes to P," and temperature to T, then volume also changesto
v _
1
Then. . PV,
=R
TI
F,Y
Similarly =2 =R
T
PnV
alndl i S =R
s o e Tn
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This relationship is used to solve problems regarding changes of volumes of
gases, due to the changes in the pressare and temperature.

The value of R (The gas constant):-

(i) When P is expressed in atmospheres, V in litres ordm’ .

Ra BV P 1 atmosphere
nT v

22.4 dm® (Molar volume)

W n

1 mole x 22.4dn?’ Since n = 1
- 1 molex 273 K T=273K
= 0.0821 dm’ atmosphere K mole™

(i) When P is expressed in newtons per square metre

N m2, Vin cubic metres;

P = 101300 Nm??
V= 00224 m’ (since 1 dm® = 10 m')
n = 1 -
T = 213K
g o PV _ 101300 Nm?)x 0.0224 (m®)
- nT 1 (mole) x 273 Ky ==
= 83143 N m K- mol-! = 8.3143 J K mol”!
Problem - 1 : - 8.3143 J/(mol K)
What will be the volu ' :
_ e occupied by 14 g of nitrogen at 20°C and 740107
Data:
P =

_ 140
740 1orr = 760 = 0.974 aim.
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V - 2
n = _lf_g = (0.5 mole

28
R = 0.0821 dm’- aim K mole!
T = 20+273=293 K.
PV = nRT
V = nRT

P

SXJR 12,345 4

Problem - 2

A certain mass of nitrogen gas at 20°C and at 740 torr pressure occupies
12.345 dm’. Calculate the volume that it will occupy at S.T.P.

Data: V, = 12345dm’
V=i
P, = 740 tomr
P, = 760 -torr :
T, = 20+273=293 K
T, = 273K

We know that:

P, vz £ PV,
T! Tl
Vz = P‘ V' X Tz,
: 25 ' P |
: \
203 K 760 torr
Problem - 3 v

Calculate the volume that will be occupied by 0.8 moles of oxygen gas taken
at 30°C and at 800 torr of pressure?

T T ——— .
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Sdlution:

Data: PV = nRT

V=2 nRT

n=0.8 molf1ms Ciel e = p

=0 mole
R =002t dnith v 08 x 0.0821 x 303
T=30+273= 303K = 1.053
800 torr _
P= ——— =1.053 Atmosphere
760 = 18.899 dm’

GRAHAM'S LAW OF DIFFUSION:

l?iffusion means mixing up of molecules of different gases moving in
opposite directions. We know that gas molecules are constantly moving in
haphazard direction. Therefore when two gases are placed separated by a porous
membrane, they diffuse through the membrane and intermin gle with each other.

Light ga.ses'diff use more rapidly than the heavier one. Graham (1881) established
a quantitative relationship between the rates

densities and is termed as Graham's law of T ot pases and i

diffusion.

This law states "Rate of diffusion of is i
i 4 §as 1s inversely proportional to ¢
square root of the density of that gas provided the Pressumy p doportlo i
the same for the two gases". This law is sta and temper

ted mathematically.
1
roooe —
/T
where 'r' is the rate of diffusion ang g the density of th
. e gas.

If we consider two .
gases, having densiies d, and d, respectively ; then

~

va,
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Similarly :

-1
I

o s
cﬁ = -

Since the density of a gas is proportional to its molecular mass, we can write
the above equation as : (
d,

rt_/__z.-
r Ml

Problem -1

M M.
= v and d, )

<

[ ]

Theratio of the rates of diffusionof two gases Aand Bis 1.5: 1. If the relative
molecular mass of gas A is 16, find out the relative molecular mass of gas B?

Solution:
According to Graham's law :

LR e i
=V,
15 M,
Az Vs 410}

By taking square of both sides

/ M
o B y2
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. MB - (1.5)2 X 16
= 225x16
= 36

Problem -2 -
Compare the rates of Helium and sulphur dioxide.

vSolution 3

The molecular masses of Helium and sulphur dioxide are 4 and &4
respectively. Hence, : .,

The = Msol = 9-4 = E— ;:'Sl. 4
:'502 ,J M, J,4 : ,;'_2“1‘ i

Helium diffures four times as fast as SO,

DALTON'S LAW OF PARTIAL PRESSURES:

When two or more gases which do not react chemically, are mixed it ¢
same container, each gas will exert the same pressure as it would exertif it 80
occupied the volume containing the mixed: gases. This portion of the 19“"
pressure of a mixture is known as the partial pressure. Based on this bg]-uuno\{r

of gases, John Dalton formulated a law in 1801 which is known as the Dalior?
law of partial pressures. It is stated as :

"The total pressure of a mixture of gases is the .surn of the parti al'pressuf"
of the gases in the mixture". This law is stated mathematically.

)
P is the total pressure; the small amﬂ}

P's refer to the pant of the pressur® ® (0
pressure) exerted by each gas in the mixture, I {he gas'A'exerts 8 pressure 0 p
atm., and gas 'B'0.2 atm., the total pressure of the mixture would be 0.3 aum
2.9). Partial pressure of a gas is calculateq by using the equation:
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o o
0 o) ® : s <
0 + : —_— 2
5 - o : ® [ ] (o] .
")
o ® (e ' o. :
b =0.3 atm =0 ;
A i Pp=0.2 atm Piotat = 0.3 +0.2 = 0.5 atm
FIGURE 2.9 ' '

Partial pressure of gas moles of the gas

Total pressure ~ Total moles

PX g,

P Bis g5
n (total)

In te.rms of kinetic theory, Dalton's law can be explained as follows: I
nqn-re_ac:'t:ve mixture, each gasexerts aseparate pressure onthe container bi hy
?f collisions of its molecules with the walls of container. Thus the tor: 1 e
in the container is caused by the sum of all the collisions. e

Application: This law applies most commonly to the case of a gascollected over
water (See fig. 2.10). For example, suppose 100 cm? of an irisolublcgas are
collected over water at a pressure of 745 torr and at 15°C. If it is saturated with

water vapour, the pressure of the dry gas is (745-13) torr, sinc
’ e th
pressure of water at 15°C is 13 torr. Thus S

The pressure of moist gas = Pressure of dry gas + pressure of water vapour

The pressure of dry gas = Pressure of moist gas - pressure of water vapour
745 torr - 13 torr

Now using gas equation, we can calculate the volume cf the dry gas at S.T.p

I —
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273 K
PV, T, 732tomx 100cm’ x = 91 3em
BV = PV, orV = _1_——"1—‘-—2- = 760 torr x (154273) K
: T, 4 P, 1,

FIGURE 2.10 e
Collection of a gas over W2

J

Problem - 1

In the preparation of oxygen in the laboratory, 500 cm® of the m0*5
was collected over water at 25°C and 724 torr. What volume of dry oxyE”
S.T.P. was produced? (Pressure of water vapours at 25°C = 24 torr)-
Solution:

Pressure of dry O, is calculated by using Dalton's law:

pdﬂ' C)2 i pmohtgn—pH 0
2

Il

724 1o - 24 1017
= 700 torr

Now calculate the volume of dry gas at S.T P

: T (Gas €quation)
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Pl vl T!
dry gas =
P2 £l
700 torrx § 3
= x500ecm®x 273 K = 4219 e’
760 torr x 298 K
Problem - 2

A mixture of gases at 760 torr contains 2 moles nitrogen and 4 moles carbon
dioxide. What is the partial pressure of each gas in torr?

Solution: .
Total moles (n) = 6 moles; total pressure = 760 torr
= P(lo(al) X n(gas)
g2 n(lotal)
760 torr X 2 mol = 253.33 torr
PN2 = 6 m01
760 torr x 4 mol = 506.67 tdrr
P co, 2 6 mol

Check: Total pressure = Sum of partial pressures =760 torr

2.4 IDEAL GASES

An ideal gas is on¢ whose behaviour can be predicted precisely (?n the
basis of kinetic molecular theory and gas laws. Two significant properties of
an ideal gas are that the molecules do not attract each other and they occupy negligible
space. Actually, no such gas exists, although gases such as hydrogen and oxygen
do not deviate greatly from the ideal behaviour at moderate temperatures and

pressures. The main Cause of deviation of the real gases from the idcalily, 1S the
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: 's forces between the
presence of intermolecular forces like vander Waal's n thep

molecules.
2.5-CHANGE OF STATE (LIQUEFACTION)

Gases are liquefied at low temperatures. According ‘.0‘ ‘lhc f‘"‘cgcl }:h“l’fy, a
lower temperatures, the kinetic energy of the molecules Is less, :n f:‘ S'owlﬂ
moving molecules become subject tointermolecular atm.tcnons. tasu 1F:lent y
low temperature, the attractive forces are capable of holding the moleculestoon
another and the gas changes to liquid.

2.6 -LIQUID STATE

The liquid state is the intermediate between gaseous and solid state.l
liquids, the kinetic energy of the moleculesis sufficiently hi gh enough tokeept
molecules close together. Like gases, liquid molecules are able to move and ths
flow and diffuse. However, due to more compact nature, liquids ar "‘?‘
compressed o any noticeable extent. The intermolecular distance in liquids
much less than that of the gases. 1 mole of a gas, for instance, occupies a volu™

0f 22,400 cm’ under standard conditions (Avogadro's law), but 1 mole of alids*
occupies the volume of 10 cm® to 100 cm’.

¥ o ;
: « 1heextended kinetic molecular model acco”
for most of the properties of liquids. :

1. DIFFUSIBILITY: Like gases, | ﬁ'd : e ffuse
another, e.g., a drop of a dye quids also diffuse. One liquid may di .

!
AR S Or any coloured solution d; through ¥
Diffusions in liquids is much slower than thay of ;;;:: diffuses

to be slow € number of collisions cause

2. COMPRESSIBIL]TY. (o
B i R ol™,

oDk e hough the liquids are not abs hif

applie
motior

In
as follo
Owing
pressure

3. EX
heating a
The mole
energy ar
by each n
may simil

Thc |
are large]
tension a
intermole

2.7-VIS

Like
definite s
honey, mq
etheretc. v
account f¢

Inter
occur in al
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At nominal pressure, however the brake liquids can transmit the

applied force to perform certain machenical function such as btaking the
motions in a motor car. |

as ff.)llows: The l.iguid molecules due to their closeness roll over one another.
Owing to very !mlc Space the liquid molecules cannot be pushed close by
pressure. Very high pressures are required for squeezing a liquid.

3. EXPANSION AND CONTRACTION: A liquid normally expands on
heating and contracts on cooling (as does mercury or alcohol in thermometers).
The molecular model explains this behaviour as follows: On heating, the kinetic
energy and so the velocity of molecules increases. As a result, the volume taken
by each molecule increases on heating. It results in the expansion. Contraction
may similarly be explained. | "

The distance between liquid molecules are so small that properties of liquids
are largely determined by the intermolecular attractions. Viscosity, surface
tension and vapour pressure, for intrance, are not only dependent on the
intermolecular forces but they are also modified with the temperature changes.

2.7 - VISCOSITY _

Like gases, liquids have the ability to flow (fluids) but unlike gases they have
definite surface. Different liquids have different rates of flow. Some liquids like
honey, mobil oil etc. flow slowly and are called viscous liquids, while gasoline,

etheretc. which flow quickly are called less viscous. The intermolecularattractions

account for this behaivour of liquids.

Inter molecular attractions between the molecules within the bulk of liquid
occur in all directions (Fig. 2.11) i.e. the molecules are attracted mutually in all

Interms of molecular model, the compressibility of liquids can be explained |

S OTe0
032959902
® O O O GURE 2.11
OO O ﬂtermolecblar attractions between molecules

80 OO O €} O g in the bulk of a liquid occur in all directions.
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directions. These intermolecular at:mcfions wh‘lch”dmw tz; 'llglzu:g ;In:;};m’}:s
together are responsible for the viscosiry, that. is, ‘its resi g _lh ¢
liquids that have strongerintermolecular attraction have greater vi el a:;, e
molccules are less easily moved about with respect to each other, b: yl alcohg
(C,H,OR), for instance, is more viscous than ether (CzH?.O. CH,) c.alustc there
are hydrogen bonds among alcohol molecules. The grading of motor oils isdone

on the basis of viscosity for example, sea grade 30 oil is less viscous than
the grade 40 ol

The viscosity is expressed in poises {1 poise = | gm/cm.S) or its multiples -
centipoises and millipoises. The S.1. unit

is newtonx seconds per square metre
N.s.m™

1 centipoise = 10-3 N.s.m™

Viscosity of certain liquids atdifferent lemperaturesis given in the table2.1.

Table 2.1 - Viscosity (centipoise) at different temperatures.

VISCOSITY
LIQUID 0°C 20°C 50°C
Water 1.789 1.005 0.55
Ethyl alcoho} 178 1.19 0.701
Glycerine 12100 1499 e
Acetone 0.395 0.322 0.246
B et SR L
From the above table, you must haye noticed that the vis
ccreases with the rise ip t ‘

(Y)
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SO08 0 ﬁ
0000
O O OOO O ﬂgﬂiéﬂ;m attracti t a liquid
@_OOOO O OO = zu:'face occur only wi?l:?n ct’r?: s?:dzclaqand

resultant attractive force acting downwards. (Fig. 2.12). These forces which tend
to pull the surface molecules downwards are responsible for the surface tension.
Itis designated by Y. The dimensionsof surface tension are dynes/cm or érgs/cm?
(numerically the values in both the units are equal). Hence the surface tension may
be regarded as the force per unitlength or energy per unit area of the surface of
liquid. Table 2.2 gives the surface tension of some liquids at 20°C.

Table 2.2 — Surface tension (dynesfcm or erg/cm?) at 20°C.

Liquid S Liquid v
Water 72.583 Acetone 23.7
Ethyl alcohol 22.03 Benzene 28.88
Chloroform 27.1 Mercury 471.6

This table shows that the surface tension of water is higher than most of the
organic liquids because there are stronger intermolecular attraction in water

(Hydrogen bonds).
It is interesting to note that the surface tension tends to reduce the surface

area of the liquids. For this reason, a freely falling drop of liguid is spherical (Fig.
2.13), since sphere has the smallest ratio of surface area to volume.

It is our common observation that a liquid always rises in a capillary tube
(fig. 2.14), the effect is referred to as the ‘capillary action’. Capillary

e
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FIGURE 2.13 SIANS

A free-lalling drop of water is nearly spherical. A
dropletof wateron awaxed surface forms a "bead”
as it attempts to become spherical.

action of liquids is also due to their surface tension. The surface area to volume
‘ f‘allt]) ot::lcapxllary of small bore is much smaller than the container in which liquid
is placed. :

FIGURE 2.14
Capillary action

R —m——m—m—m————
Like viscosity, the surface tension of a liquid also decreases with the rise of
temperature owing to the weakening of the inter molecular attractions

2.9 - VAPOUR PRESSURE

.Watc.:r SIOWIY_ evaporates at room temperature, Gasoline evaporates quit
rgadxly without boiling. A liquid that Cvaporates readily is said to be volasile-
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If a quantity of a liquid is contained in a ti ghtly covered container at a certain
temperature, molecules will evaporate from the liquid surface into the enclosed
space. Since these molecules move about above the liquid and can not escape,
some of them will collide with the liquid surface and re-joinit (condenSation) Fig.
2.15). As aresult of the two Opposite processes-evaporation and condensation, a

: 4
o
.
L
L
L . ] 3
L . : .
L ] -
L ]
' -
.
. -
- [ l
. LN B T A N " s_8 LY ] - o -
L B A R DR R A ROk
A A TS IO AL PRy O P R J

Figure 2.15. In an open container a liquid will evaporate
away but in a closed container the rate of condensation
becomes equal to the rate of evaporation, and the liquid-
vapour system is in_equilibrium.

state of equilibrium is finally established. This equilibrium is marked by the
attainment of a vapour pressure which is defined as the pressure exerted by the
vapours when.they are in equilibrium with the liquid phase. It is constant at
constant temperature. The vapour pressure is independent of the amount of liquid
present. For example the vapour pressure of water at 20°C is 17.5 torr.

The evaporation and the vapour pressure can be explained in terms of kinetic
theory. Evaporation occurs when hi ghenergy of moleculesatthe surface ofliquid
break’ away from their neighbours and escape into the gas phase. D”'uring'
evaporation, the escape of high energy molecules lowers the average kinetic
energy of the remaining molecules, consequently the temperature of the remaining
liquid falls down. Thus it is said that evaporation is a cooling process.

E— L —
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2.10 - CHANGE OF STATE - BOILING

more molecules acquire increased kinetic
energy and escape into the air and the m{apgra‘uon bccon;es n;c:r-::] rl;;pld_ 4;(\; ;
consequence, the vapour pressure of the liquid increases. For example at 40°C

the vapour pressure of water is 55.3 torrand at 95°C it is 634 torr. It is illustrated
by the vapour pressure-temperature curve in fig. 2.1 6. When the vapour pressure

"When a liquid is heated, the

760} ---—----—-=-3---
570
380
190

0 1

p intort.

FIGURE 2.16

The vapour prassure-
tomperature curve for
Tin°C water.

. = __—'_____—;
o_f liquid equals the atmosphere pressure, the bubbles of vapour form easily a1d
rise to the surface. Tﬁe- liquid is said to boil. Thus the boiling point of a liquid s
the temperature at which the vapour pressure of the liquid equals the outside

pressure. When the outside pressure is the atmo i
i R | spheric torr), the
boiling poiit is referred to-as the normg] boiling ioint o

b o - —————— -

g
(9]

The boiling point of liquids varies wj
: e _ with the outsi inous
regions, the boiling point of water will be pe] Outside pressure. In mounta!?

. 5 : ow 100°C because the atmosphe™
ﬁ:istuor cc:;ﬁmf ;?rt; 'I;hus ::)such regions of high altit:c;lcs cfoode :takc long®
e low boiling tem : on

théebntrary. £ : Peratures. In the pressure cookers:
ary, food cook more rapidly becayse of the higher b;:)iling temperalt™™

ain.lic‘luids tend to decompose at their boili®
e clatilled atlow temperatures under 6"
re, bomng Pointof the liquid is reduced and mi‘[
ycerine boils at 290°C at 760 to” ;
ted under reduced pressurc (30 o
without decomposition.

temperatures. Such liquids
pressure. By lowering the pressu
c.iccomposition isprevented. Forexamp]
itdecomposes at this temperature, [f itl;se};cga]

it boils at 210°C ang Can easily be distilleq
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2.11 SOLID STATE

A solid state is that state of matter in which atoms, molecules or ions are
held together by strong attractive forces. Due to strong attractive interatomic,
molecular or ionic forces, the particles constituting the solid can not move,
however, they possess some vibrational energy at even near absolute zero.

Progress in science and technology leads to advancement in
knowledge about solid state also. Hence we mustendeavour to understand the nature
and behaviour of solids.

1- Behaviour of Solids

Compared with the other two states of matter i.e. gases and liquids, the
solids have highest degree of order. This orderlin=s accounts for many behaviour
of solids. Some of these are: :

(i) Compressibility:— The compressibility of sclids is nearly zero. In terms of
kinetic theory, the particles of solids are so tightly bound together that only slight
unfilled space is left, hence density of solids is wcach higher than gases and
liquids, so they can withstand considerable external stress.

(ii) Deformity:— Solids-are deformed or shattered
by. high pressure. This is because when some

particles are dislocated the force of attractionisso |  Force
strong that the rearranged atoms are held equally I
l (a)

well to their new neighbours as shown in Fig.2.17.
(iii) Diffusibility:= In terms of kinetic theory,
there is no translational movement of molecules in
solid, but nevertheless particles are vibrating at
their mean positions. This vibrational motion is

responsible for diffusion in solids. _
(iv) Melting:~ Solids on heating melt at a particu-

lar temperature. (b)
. . } 3 SOUd
In terms of kinetic theory when solids are Do e ot ity
heated vibrational energy of their particles in- (b) After deformity
creases; until at melting point some particles are FIGURE:2.17

vibrating with sufficient energy to overcome the
forces holding them, hence they become mobile i.e. solids fuse. :
(v) Sublimation:— There are some solids substances, as camphor, iodine, solid

CO,, naphthalene etc. which change directly to vapour on heating withoyt
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passing through liquid phase. This phenomenon Iscalled s}lblimation. In termg
of kinetic theory, the inter-molecular force in such solids is less than ordingry
solids, hence high-energy molecules at solid surface overcome the attractiye
forces and directly pass into vapours.
2~ Classification of solids:- Solids have been classified mainly as:

: (i) Crystalline (ii) Amorphous
| (i) Crystalline solids:~ Crystalline solids have characteristic geometrical shape

due to highly ordered three dimensional arrangement of particles. They are

bounded by plane surf ; Which i
ek yp éces called faces; which intersect each other at particular

(i) Amorphoys solids: ‘ |
The word amorphoug

The particles of such g

dimensiona] ary
: angeme :
particles are yup, 15 I Substance ip 1 1..: » NOn—repetitive three
able 10 arrange (.- 0 liquid staqe
amorphous so)iq results Exang1 1themselves in an org > Cooled rapidly, the
: Ples are. rderly faghj
' glas Shion, hence an

S Plastic, Tubber etc.
}/j/j/),

olids have g random j ¢

P Se }i &
L -~
\) \x*\ J \;ﬁ}\)\,‘
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The difference between crystalline and amorphous solids is summarized
below: :
Crystalline Solids Amorphous Solids
(i) Geometry

Particles of crystalline solids
are arranged in an orderly three di-
mensional network called crystal lat-

Particles of amorphous solids
are not arranged in a definite pattern,
hence they do nothave a definite shape.

tice, hence they have definite shape.
(1) Melti

Crystalline solids have sharp
melting point, this is because attractive
forces between particles are long range
and uniform. Thes¢ forces breakdown

ng point

Amorphous solids melt over a
wide range of temperature i.e. they do

the inter-molecular forces vary from

at the same instant, at melting point,

place to place.

(ili) Cleavage and cleavage plane

The breakage of a big crystal
into smaller crystals of identical shape
is called cleavage. Crystals cleavage
along particular direction, the plane
which contains the direction of cleav-
age is called cleavage plane.

Amorphoussolids do not break
down at fixed cleavage planes.

4 g7 8.
Crystal before cleavage Crystal after cleavage
Note: Smaller parts are of same
FIGURE.2.20 shape as big crystal. FIGURE.2.2]
(iv) Anisotropy and Isotropy
Physical properties of crysials Amorphous solids are isotro.

such as electrical conductivity, refrac-

pic ie. their physical Properties are
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tive index, etc. are different in differ- | same in all directions.
ent direction. This property is called
anisotropy. For example graphite can
conduct electricity parallel to its plane
of layers but not perpendicular to
plane. g

(v) Symmetry

When crystalline solids are ro- Amorphous solids are notsym-
tated about an axis, their appearance | metrical.
does not change i.e. they possess sym- '

metry.

2.12 TYPES OF CRYSTALS

Crystals are classified in the following four types:

(i) Atomic crystals (ii) Ionic crystals (iii) Covalent crystals

(iv) Molecular crystals ' |

This classification is based on the nature of forces or bonding between the
atoms, ions or molecules constituting the crystal.
(i) Atomic crystals:~ Examples of such
crystals are metals, hence they are also called
metallic crystals. Theyconsistof atoms packed
and held together by metallic bond.

In metals, the valence electrons move
freely in crystallattice and are said to form an
electron gas, in which positive ions are im-
mersed. Such crystals are characterised by:

(a) Lustre (b) High melting point (c) Electri- FIGURE:2.22

1u1 o . i
cal and thermal Conducnvny (d) Maueabﬂlty Two dimensional view Olatw“:u
(drawing Into sheets) (e) DUCUhly (drawn crystals. Atoms vibrate @
into wires). mean position.

arg

(ii) Tonic crystals:— Such crystals consist of positively and negatively Chv ;

ions, held together by electrostatic forces of attraction. Individual 1075
identity. They are characterised by: 18
(a) High melting point (b) Conduction of electricity in fused state; 35 “.’Zl J
solution form. (c) Brittleness and hardness (d) Indefinite growth of crys®”

e
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it is broken or is stopped from growing.

(@ ror

2208

Two dimensional view of Three dimensional view of
lons in fonic crystal. lons packing in Na ClI

FIGURE.2.23

FIGURE.2.24

(iii) Covalent crystals:~ Such crystals consist of atoms held together by
covalent bonds. Covalent bonds are very strong. They require large amount of

energy to break them. Examples of covalent crystals are: graphite, diamond,
silica and carborundum.

In diamond each carbon atom s joined to four other carbon atoms at an

angle of 109°, called tetrahedral angle. Due to close packing of atoms and large

number of covalent bonds, diamond is very hard and has high melting point,
In graphite each carbon atom is joined to three other carbon atoms at an

angle of 120°, forming layers of hexagons. Adjacent layers are held together by

weak Vander waal's forces. Due to space between layers graphite is soft and as

layers easily slide over one another so graphite has greasy texture. Graphite

conducts electricity in the plane of layers, as each carbon has one free electron.

Covalent crystals are characterised by:

(a) High-melting point (b) Low density (c) High refractive index

' (* ot tnz i AR

7 .‘u-_‘_-o"b'-l-—--o-—-"“""'“ —he

P R L
0 -..‘““.' e
(% ::I; :

-+l vander waal's
| force of attraction
*

- ¥ V'-I-_‘ .

s = P e iy "
W———y 3
.-.-d o e .;'.

NP —
Vo o o+ T

.—-—-'

:v.---—'-*-. -~
Space lattice of

Space lattice of graph
dlamond by

FIGURE.2.25 FIGURE.2.26
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stals are composed of molecules, suchasicg
ther either by the following forces;

tic force of attraction betweey
d an electronegative atop

(iv) Molecular crystals:— Such cry
I,, CO,. The molecules are held toge
(a) Hydrogen bonding (which is an electrosta
partially positive hydrogen atom of one molecule an
of other molecules). : |

| (b) Weak Vander waal’s forces (which arise due to attraction between atomic
nuclei of one molecule and electrons of other molecule). Such crystals are
characterised by: =
(a) Low melting point (b) Non-conduction of heat and electricity.

et ae Unit cell of solid CO,
Structure of ice | _ :

Each water molecule is attached to four others
through hydrogen bonding.

FIGURE:2.27 FIGURE:2.28

:

=

2

— :

= 2.13 ISOMORPHISM
% When two substances have same crystal
=

=

?g

___/

structure, they are said to be isomorphous and

phenomenon is called isomorphism. For example _"E
NaF and MgO both form cubic crystals hence are
isomorphous. Other examples are:

CaCOj, and N§N03 Trigonal crystals e
| ZnSO, and NISQ4 Orthorhombic

: 5 % crystals
somorphic substances haye f ing
properties: ollowing : ;

(i) They have different phy;sical and
* properties.

chemical
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(ii) They have same empirical formula.
Pairs Ratio in atoms
NaF and MgO 4 318
NaNO; and CaCO, 1:1:3
ZnSQO, and NiSO, 1:1:4

(iif) When their solutions are mixed, they form mixed crystals.
(iv) They show property of over growth: ie. if crystal of one substance is
suspended in saturated solution of other substance, the crystals of latter begin to

grow over the former in similar pattern.

2.14 POLYMORPHISM

A substance under different conditions
can form more than one type of crystal.

The substance which can exist in more
than one crystalline form is called Polymorphous
and the phenomenon is known as Polymorphism,
Forexample CaCOjexists in nature in two crys-
talline form (i) Calcite, which is trigonal (ii) Ara-
gonite, which is orthorhombic ~

FIGURE:2,30

UNIT CELL: A crystal is formed by a large

Trigonal crystal

Orthorhombic crystal
FIGURE:2.30

number of repetition of basic pattern of atoms,
ions or molecules in space. ‘

| The basic structural unit which when
repeated inthree dimensions generates the crys-
tal structure is called a unit cell,

A unit cell has-a definite geometric
shape and hence is identified on the basis of (i)
Length ofits edges, denoted by letters, a, band
¢. (ii) Angle between the edges, represented by
letters, ar, B and .

The length and angles of a unit cell are
collectively known as Cell Dimensions or Cell
Parameters.

Z
|
t
|
|
!

| A
6" r’ c
é

»

Parameters of a unit cell,

FIGURE:2.31
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Space or crystal lattice:= If aioms, 10ns OF m.Ot—S .
ecules constituting a crystal are Y?Placeq bylllmtl}?
and placed at the same places 210 a .umt cell, en G
the three dimensional array of points 18 callgd 8
crystal lattice or space lattice. |
All points in a crystal Jattice have same
environment and can not be distinguished from Wi | ¥
each other. Three dimensional lattice with a unit o
cell is shown in the diagram.
The crystal systems:-Based on the difference in
shapes and dimensions of unit cells, all the known

crystals have been classified into seven groups ,with a unit cell
called crystal systems. The seven crystal systems

FIGURE:2.32
are as follows: :

Crystal lattice

(i) Cubic system:~ In cubic system, all axes are of equal length and all angk
are of 90° i.¢. :

t

a=b=c.
_ a=B=y=90°
Examples: NaCl, ZnS and diamond. o
(ii) Tetragonal system:- It has two axes of equal length, the thirdis us
All angles are 0f90° i e.
a=bzc

Exampl (ls=ﬁ=Y=90°

ples: n :

Ox(white), BasO, . 41,0

A i

/C‘f- -—-'7‘b CW
Crystal )

Tetragonal unit Ceg 34
FlGURE
= |

: T aft
& q ‘5 J
- R this system, all three 8%
1.e.
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asbsc
@ =f=y=90°
Examples are: FeSO, 7H,0, ZnSO, 7H,0, KNO,

0

=

of |C
“&;b a
Orthorhombic unit cell

Crystal

FIGURE:2.35

(iv) Trigonal or rhombohedral system:~ It has three axes of equal length. All
angles are equal but more than 90° and less than 120° i.e.

a=b=c

o =p=y=90° '-
) (Angles >90°<120°)
Examples: Calcite, KNOg. AgNOg, and ice.

FIGURE:2.38

Rhombohedral unit cell

In this system, two axes are of equal length, but the

; mi= .
(v) Hexagonal syste les are of 90° and third is of 120° i.e.

third is different. Two ang
a= b#¢C
a - B = 90°
Y= 120°

e e e —

Scanned with CamScanner



MDCAT BY FUTURE DOCTORS (TOUSEEF AHMAD)
68

Examples: Graphite, snowflakes and quartz (8102)

FIGURE:2.37

Hexagonal unit cell Cryétal

(vi) Mono clinic system:- It has all three axes of unequal lengths. One of the
axis is at right angle to the other two i.e.

azb=#c

o=y =90°

B=90° 3
Examples: CuSO, 5H,0, Na,CO, 10H,0, cane sugar.

 FIGURE:2.38

: Monoclinic unit cell

Crystal:

(vii) Triclinic system:~In thi -
NEL ot is §ystem all axesare of different lengths and angles
azbsze

- a#B#yz0Q°
Examples: CuSo, . 5H,0, Kk

2Cr,0,

FIGURE:2 39

Triclinic unit ce“ cryslal
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2.15 CHANGE OF STATE (MELTING OR FUSION)

.(i) The melting p-oint:— When a pure crystalline solid is heated, a temperature
is reached where it chan ges sharply into liquid. This is melting point of solid.

Melting point is defined as that temperature at which there is equilibrium
between solid and liquid phases. .

: Me_lting pointis affected by: (a) Impurity:- Pure substances have sharp
fnclung point. Moreover impurities lower the meltin g point. Hence melting point
~ 1s used as criteria of purity of solids. ‘

(b) Pressure:— Those substances which expand on melting, have a rise in
melting point when pressure is increased.

Melting point of ice decreases on applying pressure because ice is the
solid whose volume decreases on melting.
(il) The latentheat of fusion:—It is defined as the heat energyrequired tochange
1 g of a solid into liquid at its melting point. ) :
» Even though heat is being supplied during melting but temperature
remains constant because all of the energy is used up by the molecules to
over come the intermolecular forces.

—— R —
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PROGRESS TEST 2

l. Intermsofthe atoms, ions, and molecules that comprise substances, why are
some materials solids, some liquids and still others gases at 25°C.2

2. Theprocess of diffusion occurs most rapidly in gases, less rapidly in liquids
and very slowly in solids. Why? '

3. Why does water spilled on a floor evaporate more rapidly than the same
amount of water in a glass? v

4. Would a pressure cooker be of any value on the Mount Everest?

St

No liquid ioni
compccl)l::dlsomc T_Om.pounds are known, but many of the known covalent
are liquids and some are gases. vAccount for these differences.

6. What is kinetic theory and ho
of gases, liquids and solids?

(D) Diffusibility. (i) Compression (iii) Expansion

7.  1.40dm’ volume ofa

of 900 torr Eo %:S measured at a temperature of 27°C and‘a prcssurc
mass of th und to have magg 2.273 g. Calculate the moleculd”
ot'the gas [Hint: Calcylat g. Calculate

molecular mass] (33.72 amy) ;’n;“" by the formula PV=nRT and ("

w does it account for the following pmpcnics

8.7 A 12.5 dm? vesse] conta 3
: ntains 4.0 : e
Pressure 1n the vesse] a O'C?(gocsgg 1.8 g N, and 10.0gX - What!
(Hint: Find out the tota] mojec o o o) ABs. 0

Oles of the gases and then apply PV ="
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State the following gas laws and explain in terms of Kinetic theory.
(2) Boyle's law (b) Charles's law (c) Dalton's law of partial pressure.

I?cﬁnc the following i) Melting point (i) Boiling point (iii) Diffusion
(iv) Latent heat of fusion. '

Four containers of equal volume are filled as follows:

(1) 2.0g H, at O°C (ii) 1.0g H, 2t 273°C Gii) 24 2 O, at 0"
(iv) 16 g CH, a1 273°C, - e

Which.containci (a) is at the greatest pressure (b) is at the lowest pressure.
[a = (iv) b = (iii)] Ans.

Explain the relationship between intermolecular attractions and the kinetic
energy of molecules in determining the physical state of a substance.

Describe gases, liquids and solids on a molecular basis and explain their
behaviour and change of state.

Co-relate the energy changes accompanying changes of state.

Explain in terms of kinetic molecular model:

(a) Why liquids and solids cannot be compressed as gases can?

(b) Why solids do not flow as liquids and gases do?

(¢) Why foodiscookedmore quicklyinapressure cookerthaninacovered

pot?
Explain (i) Viscosity (i) Surface tension (iif) Vapour pressure.

What are crystalline and amorphous solids ? Explain different
Crystal systems.

State and explain Avogadro's law. How it helps in determining relative
molecular mass?

What are solids? Describe Atomic, Tonic and Molecular solids.

e — R —
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Explain the following:

() A falling drop of a liquid is spherical.

(i) A drop of ink spreads on a blotting paper.

(iii)  Evaporation is a cooling process.

(iv)  Boiling point of a liquid remains constant although heat is
continuously supplied to the liquid.

(v)  Honey is more viscous than water.

(vi)  Mercury has its meniscus upward.

40 dm®of hydrogen gas was collected over water at 831 torr Hg pressure

at 23°C. What would be the volume of dry hydrogen gas at standard

conditions ? The vapour pressure of water at 23°C is 21 torr of Hg.
(Ans :~39.23 dm?).

W::at is the density of methane gas (CH,) at 127°C and 3.50 atmo-
sphere. ‘

(Ans:— density = 1.70 g/ dms)-.
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CEIAPTBR - 8

THE ATOMIC STRUCTURE

INTRODUCTION

The theory that matter was made from small indivisible particles called
atoms dates back to some five centuries B.C. to Democritos.and a century B.Cto
a Roman Poet Leukiphos. This theory was put on a sound scientific basis by John
Dalton in 1808.

Today it is well established that atoms are complex organizations of matter
and energy. Many particles have been discovered within the atom. These sub-
atomic particles include electron, proton, neutron, positron, neutrino and several
types of mesons and hyprons etc. Since electrons, protons and neutrons in
atom play a major role in determining the chemical and physical properties
of matter, we will, therefore, restrict ourselves to the study of these particles.

Evidence for the presence of electrons, prctons and neutrons in the atom is
derived through many experiments suchas:

(i) Faraday's experiment indicates the existence of electrons.
(ii) Crooke's tube experiments show the presence of electron and protons in the

atoms. :
(iii) Radioactivity further confirms the presence of electrons and protons,
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(iv) Chadwick experiment shows the presence of neutrons.
(v) Spectroscopic experiments reveal the electronic structure of atoms. These
are discussed onc by one.

3.1 FARADAY'S EXPERIMENT -Passage of Electricity throughsolutions

Clue about Electrons: We first consider the passage of electricity through
chemical solutions called electrolyres. Earlier Davy had noticed thgt electric
charges appear when solutions decompose by the passage of an electric current.
Later this phenomenon was studied in greater details by Faraday.

Faraday observed that, when two metal plates called electrodes, are placed
in an electrolytic solution and an electric current is passed, the solution breaks up
into charged particles called ions. There are positive ions and negative ions,
depending upon the type of charge they carry. These ions travel to the oppositely
charged electrodes, give up their charge and are liberated as neutral particles. He
also determined the charges carried by different ions and also the amount of
different elements liberated from the electrolytic solution when a given amount

9f charge passes through different electrolytic solutions. What is of interest here,
is that there is some elementary unit of electric charge associated with these ions

“l/hich can be c:alcu'lated. Th? 10ns were observed to carry some integral multiple of this
charge. The basicunit of electric charge was later named by Stoney (1891),as“ELECTRON".
3.2 CROOKES'S TUBE OR DISCHARGE TU'BE EXPERI-
MENTS—P§§§age of electricity through gases at low pressure

Discgv’ery’ of Electrons and Proton
do not conduct electricit
passage of electricity th
Heinrich Geissler. Thi

S : We know that air or gases normally
igh voltage is applied. The work on ¢
nitiated by a German instrument make!
extended by W. CROOKES.

Y, unless avery h
rough gases was i
$ work was later

To appreciate what hap
g2s, Imagine two metal play
containing some gas. The ty
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and fewer molecules inside make it convenient for the spark to pass

V\.Ihen. the pressure inside the tube is reduced to 2 centimetre of Hg, a
potential difference of a few thousand volts would be enough for the spark to p:;ss

like a flash of lightening (Fig: 3.1) At further reducing pressure to about a few

r———“‘j

Cathode (-) Gl"/“'ins gas e
\ node (+)

Vacuum
pump

High Voltage Source
FIGURE 3.1
Gas discharge tube. The gas is seen to glow in the region between the electrodes

Mr

m.m of Hg, the spark disappears, the two electrodes are seen to glow and the rest
of the discharge streamis dark. At aboutone m.m. of Hg, the tube is mostly filled
with a glow extending from the positive electrode and is called positive column.
The colour of this glow depends upon the gas filled in the tube. As the pressure
IS continuously lowered, beautiful phenomena are seen. When the pressure inside
the tube is lowered to about 0.001 m.m of Hg, the glow disappears and the walls
of the glass tube begin to glow with a brilliant green light (Fig. 3.2)

It is obvious that some sort of radiation is passing between the two

£ ord ngrsl.d This radiation consisted of a vast swarm.of particles emitted by the

BY varigu : were cal!cd‘Cathode Rays. V'anous experiments were thus performed

eterrming lt:scarchcrs. like Hertz, Lenard, Gold stein, Perrinand J.J. Thomson to
~ 1€ properties of these cathode rays.

elect

i
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P R T —j

Cathode (-)

\ ' lowing gas

Anode {+)

High Voltage Source

FIGURE : 3.2
Gas discharge tube. At sufficiently low gas pressures, the glass wall opposite the
cathode glows.

Anode (+)

FIGURE : 3.3 \

Cathode ray tube. 5‘“
: : ' object in the beam of e
ngh Voltage Source cathode rays casts its

L—_\_¥ e
B
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The cathode rays were seen to possess the following properties;

|. The rays travel in straight lines, as they produce sharp shadows of objects
placed in their path.

2. Therays emerge normally from the cathode and can be focused by using
a concave cathode.

3. The rays penetrate small thicknesses of matter, like aluminium or gold foil
without producing any perforations in the foils.

4. The cathode Tays are easily deflected by a magnetic field, which can be
shown by bringing a magnet close to them. .

FIGURE 3.4
The behaviour of the negatively charged
electron in a magnetic field.

F e e S
5. The rays carry a negative charge.

6. The rays can also be easily deflected by an electrostatic field.

7. The rays can exert mechanical pressure, showing they possess kinetic
" energy. :

8. The rays were seen neither to depend upon the material of which the
electrodes were made nor upon‘the gas which is filled in the tube.

9. These rays consist of particles now called Electrons carrying a fixed unit of
Charge and a fixed mass.

;

Scanned with CamScanner



NI VBT NIN 37 IR SR S | B E TR SR AR

MDCAT BY FUTURE DOCTORS (TOUSEEF AHMAD)

78

Different discharge tubes with different electrodes and residual gases were
tried by a number of workers besides Thomson. All the experiments gave the
same value for charge to mass ratio (¢/m). This shows that electrons Fould be
produced from any kind of matter and hence perhaps were constituent of
all matter.

3.3 POSITIVE RAYS - Protons

During the study of the passage of electricity through gases at low pressure,
it was observed by Goldstein thatif thin holes are made in the-cathode, then some
radiations appear behind the cathode (Fig. 3.5). These rays were found to be
positively charged and hence called positive rays. It was found that these rays

ceasistof atoms and jons of the various gases present in the discharge tube.

They carry positive charges which are either equal to or some integral multiple
of the electronic charge 'e'.

Perforated cathode

High Voltage Source
FIGURE 3.5
Cathode ray tube with a perforated cathoda, Positi
£athodo and causo tho glass wall o glog, - "° C 138 Pass through the

e
unlike cathode rays, have values
¢ Crookes's tube. The lightes!
This particle, which has a mass

J.J. Thomson discovered that positive rays,
of e/m dependent on the gas present in th
particle found, was that from hydrogen,
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1836 times that of the electron is now known as proton (Greek, "first").

3.4 RADIOACTIVITY - Confirmation of Electrons and Protons

It was thought that the electrons are emitted by atoms of various substances.
When they are subjected to an external field or heated to high temperatures then
a new phenomenon was observed. A new mineral pitchblende was found to
produce a clear image of itself even when the photographic plate was wrapped in
a thick black paper and there was no light. Henry Becqueral repeated. his
experiments under different conditions and found that only when the mineral
pitchblende was wrapped in lead sheet, the radiation coming out of it could be
stopped. The pitchblende could be heated or cooled, it might be compressed or
made into thin sheet. All these changes had no effect on the radiations that were
coming out of this mineral. This emission of charge went on at a uniform rate.
Later it was found that most of the radiation given out by pitchblende were
electrons.

Pierrie Curie and Marie Curie after great labour isolated a new element-
Radium from the mineral. This element radium was found to be extremely active
in giving out invisible radiations. This phenomenon in which certain elements

‘emit invisible radiation is called radioactivity and the elements which give out -

these radiations are called radioactive elements. Most of the elements after lead
in the periodic table are naturally radioactive.

The radiation emitted by radium was subjected to a magnetic field
prependicular to the direction of emission. If the magnetic field was.strong
enough, the radiations emitted were found to split up into three different streams
of rays, which were labelled a, p and y - rays.

The o-rays were found to carry positive charge and the B-rays a negative
Charge. The third, the y-rays, remained undeflected no matter how strong was

the magnetic field and hence were considered to be uncharged. The y-rays were
found 1o be extremely penetrating and hence identified with x-rays.

An elementafter givin g outradiations breaks downtoamore stableelement.
For example 8 1J on emission of & - particles would be converted to 84Th
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Photographic
film

Magnet

FIGURE 3.6
Rays given off by a radioactive material
are separated in a magnetic field. The
negatively charged Brays are deflectedin
one direction, the positively charged £
mm:h deflected in the opposite direction,
@ uncharged y. rays are not
deflected. Y

B8 24
U —— , T +4He

o - Particle

The emission of radiation would conti : :
stable end prodiict continue until the formation of lead as

Properties of these radiations are summarized beloyw :

1. o.-rays are fast moving helium nuclei. They ionize air i.e. they knock out
electrons from other atoms, They produce bright flashes on fluorescent
screenand have avery small range (1-2 cm) in air, before they are completely

stopped.
2.  P-rays are fast moving electrons with a range of (1-2 m) in ai ass
through small thickness of matter. )in air and can p
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3. vy-rays are very penctrating, These are short wave electro-magnetic
radiations like x-rays, only that these are much more penetrating, These rays will
pass through (15-20 cm) of lead. On passing through matter, y-rays would eject
high speed electrons from the matter.

The evidence of radioactivity shows that the atom is not an indivisible

 particle. If it can emit electrons and helium nuclei, it must have a sub structure of
its own,

3.5 CHADWICK EXPERIMENT — Discovery of Neutron

Chadwick investigated the effect of the radiation on other elements bothin

the solid and in the gaseous form, During his studies with beryllium, Chadwick

- found that very penetrating radiations were given out when beryllium was

bombarded with o - particles. Chadwick put forward the suggestion that these

penetrating radiations were due to material particles with mass comparable with

that of an atom of hydrogen but carrying no charge. These particles were called

neutrons. The-neutrons must have come out from atoms on disintegration of the
bombarded element. This is indicated by the equation.

9 4 12 1
Be’+Het— C+ n

We have so far seen three particles which come out of atoms on their
disintegration and these are;

() Electrons, which carry a negative charge of 4.803 X 10-® esu
=1.602 x 10" coulombs with e/m = 1,758 x 10* C/g
and m,=9.115 x 103 Kg = 0.000550 amu,

(b) Proton carries a positive charge equal to that of an electron
M, =1.008 amu

©) Newtrop carries no charge but hasa mass m_= 1.009 amu

B
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3.6 SPECTROSCOPIC EXPERIMENTS — Spectroscopy
Electronic Structure of Atom:

Once the presence of fundamental particles was €3 stablished, the next
question concerned the electronic structure of atom. This objective was mainly
achieved through spectroscopic experiments which investigate the electromegnetic
radiation emitted or absorbed by the substances. At this point, itis appropriate tc
describe briefly the Planck’s Quantum Theory which had tremendous impact on
the development of the theory of structure of atom.

3.7 PLANCK'S QUANTUM THEORY - Quantization of Energy

This theory was proposed in 1900 by the German physicist Max Planck 10
account for the observed radiations from heated bodies.

Max Planck suggested that the energy could not be absorbed or emitted by
the atoms in any arbitrary quantity, but only in specified amounts called quania.
Thatistosay, an atom cannot change its energy continuously but only by a series

of steps. The amount of energy depends upon the frequency ( v ) of radiation
absorbed or emitted. It is given by relation:

E= h v where h =Planck's constant (6.625 x 10 J.S.
=6.625 x 10 erg.S)

The main consequence of Planck's quantum theory is that the amount of

energy gained or lost is quantized i.e., energy change occurs in small packets Of
multiple.of those packets, hv,2hv, 3hv and so on.

3.8 SPECTRA

Ourknowledge of the way in which electrons are dxsmbmed in atoms come?
largely from the evidence of spectra.

When an element absorbs sufficient energy, for example, from a flame f o
electric arc, itemits radiant energy, When this radiation is passed through a P”S"
in a spectroscope, it 1s separated into component wave lengths to form an ,mag

4
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called an Emission spectrum. Emission spectra are of two types, continuous and
line spectrum.

Continuous Spectrum: When white light from sun or any incandescent lamp is
allowed to pass through a prism, the light is not only deviated, but also breaks up
into its constituent colours, a phenomenon called dispersion. The band of colours
into which the incident light breaks up is called spectrum.

Siyis RED
R ORANGE
/ YELLOW
5 ' GREEN
BLUE

PRISM SCREEN INDIGO
VIOLET

LAMP SLIT

FIGURE 3.7
Continuous spectrum.

_The white_ light gives a continuous band of colours. On one end the least
deviated is redand at the otherend is violet which suffers the maximum deviation.

The colours of the spectrum are so mixed up that there is no line of demarcation
‘b.thecn different colours. Such spectrum is called cantinuous spectrum. It is
given not only by sunlight but also by the light from any hot solid or liquid body.
The colour of light depends on its wave length. Violet has the shortest wave
length (about 40001&), and red light the longest (about 7000 fX). Light of a single
Wave length is called monochromatic. :

Line Spectrum : A different kind of spectrum may be obtained when light
emitted from a gas source passes through a prism. In order to emit light, the gas
Must be excited in some way. A common, way of doing this is to pass an electric
current through the gas at low pressure (Crookes's tube experiment). The neon
:ilgﬁls lfsed in advertisement make use of this method for producing light and so
pass:dl:m vapour street lights. If the light from the disc_hargc tube is allowed to
e ]t rough a prism, some discrete sharp line.s on an otherwise
aclflf:tely dark back ground are obtained. Such spectrumis called line spectrum.
e corresponds to a definite wave length.

.
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Line Spectrum

Gas discharge
tube

FIGURE 3.8 : ) :
Dispersion of the light emitted in a gas discharge tube into a line spactrum,

On analysis of the sodium vapour light through a prism, it is.foun'd
that the spectrum consists of a series of lines. The dominant 1ines.1n this
area are the two yellow lines which give sodium vapour lamps their char-
acteristic colour. Each element produces a characteristic set of lines, 0
line spectra came 10 SEIVE as “finger prints" for the identification of ele-

ments. '
The facts are‘that (1) samples of the same element always emit the samé
wave lengths of radiation and (2) under the right conditions only certain wave
lengths are emitted by any one element. This leads to the belief that electrons :‘;‘
arranged around the nucleus in definite energy levels, E, and when they

L : _ . L
exciied they goto definite excited levels E,. This means that the difference in l'hns
energy of electrons, E, - E, is same for a given transition and this expla!

the fact that the energies emitted by a given excited element always have the sam*
wave lengths.

. 5
3.9 RUTHERFORD'S MODEL OF AN ATOM - Evidence for Nucle?
and Arrangement of Particles.

of
Though the nature of the proton was well established by 1900, the rol¢ p
this positive particle in the structure of atom was uncertain. A clue 10

J
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arrangement of positive and negative particles within atoms was firially provided
by the experiments of Rutherford.

Rutherford and his co-workers performed several experiments on the
scattering of a-particles by thin films. In one of such experiments a-par-
ticles emitted from polonium bombarded on thin gold foil, it was found
that most of the a-particles penetrated the foil and emerged undeflected on the
other side. However, one particle in 8000 suffered a deflection greater than 90°
and remerged on the same side. A number of particles suffered deflections of
varying degrees.

very few

N
- ;
® —
most
beam of Q@

alpha particles v : v
a2, Wi N/ 4

( o . (//Y >
low deflected
\/N FIGURE 3.9

Rutherford's interpretation
of the scattering of alpha
particles by a gold foil. The

gold foil

dots on the right represent
the nuclei of the gold
atoms greatly magnified
relative to the sizes of the

atoms.

To explain this scattering of a-rays, Rutherford made some basic
Ssumptions;
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(a) The mass of the atom is concentrated in its nucleus, the dimensions of
which are negligible in comparison with the radius of the atom.

(b) The nucleus carries a positive charge,+ Ze'

(c) There must be ‘z” number of negatively charged electrons outside the nucleus
and at fairly large distances, arranged in some manner.

(d) The greaterpart of the atomic volume comprises of empty space inwhich the
electrons revolve and spin.

On these assumptions, Rutherford derived an expression, giving the number
of particles which were deflected through a particular angle.

Chadwick devised experiments to verify these assumptions which were
found to be 'Valid'. Another interesting feature was that in the positive charge 'Z¢'
on the nucleus Z was found to be nearly half the atomic mass.

Weaknesses of Rutherford's Theory .

According to classical theory, any charged particle if accelerated, must emit
energy. If the revolving electron emits  energy, its energy contents would
decrease and the radius of the orbit would become smaller. This would goontill
the electron falls into the nucleus, charting a spiral path. In actual practice this
does not happen. In this respect it is necessary to note that electrons lose energy
in the form of radiations. An electron moving through orbitals of ever decreasing
radii would give rise to radiations of all possible frequencies. In other words,
would given rise to a continuous spectrum. In actual practice, atom gives
discontinuous spectrum. Thus according to classical principles of physics, th¢
Rutherford model of the atom could not exist.

3.10 X-RAYS AND ATOMIC NUMBER

W. Rf)cn'tg.cn in 1895 found that a photographic plate he developed had bee
struck by mvnsxblc. radiation coming from a cathode ray tube (Crookes's tu°
expt.). These previously unknown rays were labelled X-rays. These rays are

4
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ome times known as Roentgen rays (after the discoverer). These rays had the
ability to penetrate paper, rubbcr: glass, metal and human flesh. X-rays were
so0n identified as short wave, h_lgh energy electromagnetic radiation. They
were put t0 medical uses immediately.

The X-rays arise from the anode of the Crookes's tube experiment as it is
struck by the fast moving electrohs from the cathode. X-rays have played a vital
part in the determination of structure at subatomic levels.

-)

[ 4
Anode

FIGURE 3.10
An X-ray ubse.

Henry Moseley working in Rutherford's laboratory in 1911 studied the
different wave lengths of X-rays produced from anodes of different metals. He
noticed that the wave lengths of the X-rays emitted decreased regularly with -
ncreasing atomic mass. On careful examination of his data, Moseley found that
the number of positive charges on the nucleus increases from atom to atom by
Sngle electronic unit. He called the number of positive charges the atomic
r4mber. Thus atomic number of an element is the number of protons present in
" mucleus. For the first time, it became apparent that what distinguishes one
§1°m§nt from another is not the atomic mass, but the nuclear charge, that is, the
‘omic number, It is denoted by ‘Z.

= Itis worth mentioning here that Rutherford's theory of the nuclear atom was
PPorted by the Moseley's experiment.
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We now have a picture of the atom which can be summarized:

(a) The atom consists of a small, dense, positively charged nucleus, containing
protons,

(b) The nucleus is surrounded by a number of electrons equal to the number of
protons in the nucleus.

(c) The atomic number 'Z' of an atom is equal to the number of protons in the
nucleus and therefore, also equal to the number of electrons surrounding the
nucleus.

(d) The masses of the fundamental particles on the C'%scale are:

Proton, 1.008 a.m.u, Neutron, 1.009 a.m.u, Electron, 0.00055 a.m.u.
3.11 BOHR'S THEORY

 Inordertoimprove the Rutherford's model and to explain the line spectra of
elements, Niels Bohr (1885-1962) a Danish physicist working in Rutherford's
Jaboratory proposed a theory for the electronic structure of an atom in 1913.

Bohr assumed that on the basis of the quantum theory, there exists the
possibility thatelectronin certain orbits may notgive outradiationandan electron
revolvingin any one of such orbits would be completely stable. Such orbits were
called ‘Stationary states." Bohr envisioned the stationary states as circular orbits
around the nucleus. He considered that an electron in a certain orbit has @ certaif
energy and aslongasitkeepsrevolvingin thatorbit, itneitherabsorbs norradiated
energy. If the electron absorbs energy equal to the energy difference between the
two orbits, the electron is excited, i.e. it jumps to higher energy state. 1f it foll
back to lower level, it must emit energy equal to the energy difference betwee”
SN ik 3 11) LT this ceray s absorbed anemitted as light, & S8
photon (quantum) of absorbed or.emitted light must account for the requ

(4
energy differences, so that

hv= AE
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Where AE is the difference between the energies of the final and initial

orbits, h'= Planck’s constant (6.625 x 10-* J.S.) which has the dimensions of
energy X time. |

L ~-——-—-=

FIGURE 3.11 ™~

Excitation of elsctrons from low energy levels to higher energy leveis is a process that requires
energy. When electrons fall from the excited levels, e.g., E,, E,, or E,, radiant energy is given
off, possibly as visible light.

/

~ Bohrassumed thatall the transitions that electrons make between two orbits,
yield a single unique spectral line.

] Bohr further assumed that the stationary states were only those orbits in
Which the product momentum (mv) x circumference (2 7 r), sometimes called
the action', was equal to the Planck’s constant '’ or some integral multiple of '
therefore for the first possible orbit.

Momentum x circumference= h
My x2xr =h

or ,
for any other orbit,

MVx2nr = nh

___—-.A-_
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Where 'n’ was a simple integer, n = 1 for first orbit, n =2 for the second and so
on.

This equation could be re-written as,

nh
mvr= —
2n
Here 'mvr’ becomes the angular momentum of the electron. Thus Bohr's first
condition defining the stationary states could be stated as,

"Only those orbits were possible in which the angular momentum of the
electrons would be an integral multiple of h/2rn". These stanonary states
| correspond to energy levels in the atom.

. 3.12 BOHR'S THEORY AND HYDROGEN ATOM

The truth of the basic assumptions of Bohr was established when applied t0
hydrogen atom. The hydrogen atom consists of a single electron revolving around
a single positively charged nucleus, each of which would behave as a point
charge, and hence exact calculations of the stationary orbits can be made. Let ¢
 be the charge , m mass of electron, ‘Ze' the positive charge on the nucleus, T

the radius of the orbit in which electron is moving with a velocity V'

If we equate the centrifugal force, mv?/r to the centripetal force which is du¢
to the attraction betweén the electrons and the nucleus.

—,_.—'!"1

FIGURE 3.12

The Bohr model for the hydrogen atom

An electron of mass m moves with velocty
vin an orbitwith radius r from the nuclevs:

e

Nucleus
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The Bohr’s postulate states that only those orbits are possible in which:

nh

mvr = —

R o

nh

v = e
21 mr

Substituting the value of 'v' in the above equation, we get

2
m (nh ) Z_ez-
r \2nmmr/ r

SUUAL e
r \de'mif) T P

g
T = —_——" .,.-(2) ‘
4m® m Ze?

Tf'tis equation gives the radii of all the possible station:ity states. All the
quimuucs on the right hand side of the equation are known and if we substitute
=1 for hydrogen atom, n = 1 for the first orbit.

: I we put the values of the constants,

h=6.625x 10" erg, sec. (or 6.625 X 10 J.8: which is the S.I. unit).
M =9.11 x 10-# g (or 9.11 x 10-*' Kg which is the 8.1. unit).
©=4.802 x 101 esu (or 1.602 x 10-°C which is the S.L unit).

We get, r=0.529 x 10 cm (10 om =14
* D=05000%

We c:: = 0.529 A as the radius of the first stationary statc for the hydrogen atom.
1also write the equation 2 for the radius as

R ——
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1
r=n? . = nfa_ ... (3)
4n*mZe? ;

For the firstorbitn=1andr = 0.529A.. This is the value of the terms in the
bracket sometimes written as a , called Bohr's radius. For the second, third and
so on orbitals, we would take n = 2, 3....

Thus we see that the radii of the orbits are proportional to the squares of the
first natural numbers. To test the validity of these values, the spectrum of the
hydrogen atom offers the best example.

3.13 DETERMINATION OF ENERGY

The single electron of hydrogen atom with mass ‘m’ revolves around the

nucleus, its kinetic energy is given by the expression il mv?, ‘v’ being the

veloci_ty_ of electron in circular motion. The potential energy possessed duetothe
position of isolated electron from the nucleus at a distance ‘r’ is given by the
2

- expression —T(the energy of electron at infinity being zero) Fig: 3.12

E, the total energy is given by:

a2
E= %m\r2 - Z: (4)
From equation (1) we have
mv? 2 2
- = ?- l,'nv2 = _Z_e__
r

Scanned with CamScanner



MDCAT BY FUTURE DOCTORS (TOUSEEF AHMAD)
93

Substituting the value of mv?in equation (4) we get,

E= -!. 2.2..- _Z_Ci
T, r
Ze!l
S Em- 5e , (5)

i n*h? .
Substituting th; valueof r = pp from equation (2) in equation (5).
we get,

2 0 2.4 .
Ex=- e 3 2n'2mZ € —(6)
n®h? n’h?
2[4?m2e’]

‘This is the expression of energy of an electron in any orbit.
Expression for frequency and wave number: |

. Energy of an electron ina lower orbit (n;) and higher orbit (ny)canbe
expressed as follows:

E 2 *mZ%e*
seasinh
2 ?m2%e*
and Ez =i nghz -' ;

I

When an atom or gas is electrically heated, its electrons jump to higher

orbi is state, it is said to be excited. X
” Ix}l‘l‘?: esxciu;d state is unstable. Electron has to comc back to original

groundlevel by radiatingenergy equal tothe difference of energies of the excited

and ground state. Then -
Energy emitted AE=E;-E;=hv
2,4
| gpPmzie (_2n'mZl ]
E,-E1 =" Py
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Rearranging - :
e 2z*mZ%e* 272 mZ2e*
R nh? nzh?
2n’mZ%e* ( 1 1 (
AR = 7
or Ez El h2 (nlz ng ) \ )
_ According to Bohr's postulate
E2 = El = hU ;
272mZ%4 (1.1
hu = 2 )
1 2

e 2z'mZ’* (1 1
h® n{ n?

This is the expression for frequency of emitted wave or photons therein.

Now v ='cU where U is called wave number and is defined as numbé
of waves per unit distance. |

R
or ﬁ=£‘2mzz_e4 b ¢
ch® (n‘f nz) o
Putting 27%me*
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Where Ry is called Rydberg constant, Its value is 109678 cm™

: = Ty
LA R Z Al st ams L R 10
bl it

This is the expression for wave number, Where for hydrogen Z=1.

3.14 HYDROGEN SPECTRUM :

Historical background:- It is well known that when a gas.is heated in a
discharge tube at low pressure, it emits radiation. Balmer in 1885, studied the
spectrum of hydrogen gas. He found aseries of lines in visible region (i.e, having

A between 4000 to 7000 A°). They were called Balmer series. He proposed an
empirical formula to find wave number U of each line.

= W |
“."R“[‘J‘E)

Ry is called Rydberg constant where'n,=3,4,5,6,----etc.

Lyman later on discovered another series in ultraviolet region. Wave number of
each line was found by a formula similar to that givcnl by Balmer.

= Bl

Where n, = 2,3,4,5.— - —elC.

Paschen discovered an other such series in infrared region. U of each line was

given by:
2 )
D= Rﬂ[gi‘ s '5'12‘]

Where 1, = 4,5,6,7,—— —Ltc.

L —— ST TR R Y A————
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Brackett found another series infar-infrared region.
Pfund also found another series infar—infrared region.
General expression:- A general expression can give wave number of each line

. of each series. It is:

fon 1 1
V=R -

Where n, is fixed for each series.n, keeps
increasing (value of R,; = 109678 cm™)

BOHR’S THEORY AND HYDROGEN SPECTRUM

Bohr’s theory success lies in the fact that it

reason for the formation of hydrogen spectrum. According to Bohr’s theory, “At
ordm?ry temperzfture, the electron in hydrogen atom resides in lowest energy
level i.e. first orbit or ground state. When electrically it is heated at low pressure

in a discharge tube, the electrons of different hyd :
2 Y renl
amount of energy and jum ydrogen atoms absorb diffe

2 P to an appropriate hi W
said to be in excited state. ppropriate high energy level. They are no

provided logical proof and

2 Alll the atqr.ns in excited state, due to their high-energy, are unstable. S0

;‘;‘:} 0:: leo;c;‘):s Jumprack to the original first orbit directly or to some Othé!
. nergy. i : - .

energi BY. In doing 50 they emit energy equal to the difference °

i les of two levels. These energetic waves are separated by a prism accordi"é
eir wavelength and thus hydrogen spectrum is obtained.
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3.15 HEISENBERG'S UNCERTAINTY PRINCIPLE

An electron in Bohr's theory was considered to be a particle whose
momentum and the path along which it moved was known precisely. Electron
also behaves as a wave, according to de Borglie concept. Thus dual nature of
an electron makes the concept of the circular orbits unclear and meaningless.

Heisenberg in 1925 enunciated a principle known after him and called
Heisenberg's Uncerainty principle. According to this principle, it was not
possible to determine simultaneously the position and momentum of a moving
particle. If one was known exactly, it would be impossible to know the other

exactly. It would therefore be impossible to chase an electron around its path or
to locate it.

.

In mathematical terms, it was stated as under : If Ap,_ is the uncertainty in
the determination of the momentum of a particle and A, was the uncertainty in the

simultaneous determidation of its position, then the product of these two
uncertainties was of the order of h, the Planck's constant.
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Ap, . A, ~—h

T Thus lf'ong of the two i.e. P, or x was known exactly, then the uncertainty
in its determination could be zerg and that of the other would become infinite. As

amatter of fact, it is applicable to a very small

: particle when the ordinary laws of
mechanics are not obeyed.

On this principle, it is impossible to think of an electron or any other particle
to be'at res't Or to say it possesses zero energy and is at a particular location. The
Bohr's orbits thus lose meaning as a circular path. The Heisenberg's principle,

therefore explains the basic incompleteness of the Bohr-model of atom.

3.16 ENERGY LEVELS AND ENERGY SUB-LEVELS

Bohr suggested the existence of certain circular orbits at definite distance
from the nucleus. These orbits are associated with definite energy of the electron
increasing outwards from the nucleus. Its evidence is given by the line spectra.
The Bohr's circular orbits are usually referred to as "Energy levels” or "Shells".
These are designated as 1, 2, 3, 4. etc. or K. L; M, N. etc. The maximum possible
number of electrons a shell 'n' can accomodate is given by 2n2, i.e. 2, 8, 18, and
32respectively in the first, second, thirdand fourth energy level. It may be pointed

FIGURE 3.15

Electron orbits or
Energy levels.

_

E—————————————————— — . ~
) ?
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sut that in the outer most shell of any atom, the maximum number of electrons

possible is 8 (Except hydrogen whose outer most orbit being ﬁrsft orbit, is to be
filled by “2” electrons).

Table 3.1 Energy Levels and Maximum Electrons.

n 1520 sy
Designation K{L| M|N
Maximum electrons 21 81 181 32

The spectral lines, whichcorrespond to the transition of an electron from one
energy level to another, have for the most par, a fine structure, i.e. each line
actually consists of several separate, close lying lines as doublets, triplets and so
on indicating that some of the electrons of the given energy level have different
energies. That is to say, that the electrons belonging to same energy level may
differ in their energy. The energy levels are accordingly divided into sub energy
" levelsdenoted by theletterss, p, d, f.... forthe first four seriesof linesin the spectra
of the alkali metals, based on the terms Sharp, Principal, Diffuse and Funda-

mental. The number of sub level in a given energy level or shell is equal to its

value of 'n’ for example, with in a principal energy level (n-2) i.e. second energy
level, two sub levels are possﬂ)le which are s and p.

Table 3.2 Energy levels and sub levels

ENERGY K IE M N = |
LEVEL (=1) | (0=2) | (n=3) | (n=4)
SUB-

LEVEL s

s' p S, pv d sop!d'f‘

3.17 ORBITALS AND QUANTUM NUMBERS

Although the spectroscopic data indicate that electrons in atoms have
various energies and that these energies may be described as main energy 1eve!®
and sub-levels, these data do not give information about the movement of

A
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electrons in atoms. Bohr's concept of circular path was disproved by the
Heisenberg's Uncertainty principle.

Through the use of mathematical methods known as wave mechanics,
Schrodinger in 1926 was able to calculate the probability of locating the electron
in a region of space about the nucleus. Thus on the basis of wave mechanics, it
would not be proper to have a picture of an orbit or to think of an electron
following a specific path. At best what can be said is that around the nucleus there

are certain regions of space, where the likelihood of finding an electron is
maximum. Such regions around the nucleus are called orbitals.

Each orbital in an atom is completely described by four quantum numbers.
The principal quantum number specifies the size of orbital. This is given the
symbol 'n. As the value of 'n' increases, the size and also the energy of orbital
increases. The azimuthal or subsidiary quantum number; symbol '/ governs the
shape of the orbital. This can have values¢=0 to(n-1). When value of /=0, the
orbital is called s orbital, when &1, itis ‘p’ orbital, when ¢=2,d orbital and &3, it
is'f' orbital. The third quantum number is the magnetic quantum number, symbol
'm'’. The value of m = — to +£through zero'e.g. when £=1 (p orbital), m=-1,0,
+1 and if /=2, m=—2, —1,0,+1,+2 and 50 on. In fact the magnetic quantum
number gives different orientations of an orbital in space in applied magnetic
field. Finally, the spin quantum number, Symbols can have value of either
+i2 or —i12 it specifies the spin of electron in an orbital.

3.18 PAULI'S EXCLUSION PRINCIPLE.

It is an empirical rule but égrees fully with experimental observations. It was
enunciated by Wolfgang Pauli in 1925 and states that:

“In an atom no two electrons can have the same set of four quantum
- numb ersn |

in an atom. therefore,two electrons may have a maxi.mum of threc. same
Quantum numbers of same values but the fourth would be different. Thus in any
orbital. wheri the values of n, and m are same, twoeléctrons can occupy the same

Orbital only if their spins are opposed or paired, 1b.
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Energy Sub-Level Oricntations Number Number f'/i-’uumu‘mT
Level 'n 1 of orbitals of of, number
(Owa-1) ‘m’ orbitals elecurons of
(+£10 - (n?) (Paulis | electrons
- , principle) |  (2n%)
n=1K) | ¢=0(s) m=0 1 s? 2
n=2(L) | ¢=0() m=0 1(s) s
¢=1(p) m=1,0,-1 23p AR 4 8
4 (Total orbitals) :
n=3 (M) §=0(s) m=0 1(s) [s?
{=1(p) m=1,0,-1 3(p) P 13
£=2(d) m=2,1,0,-1,-2| 5(d) ¢
: " | 9.(Total orbitals)
n=4(N) ¢=0(s) m=0 1(s) s?
£=1(p) m=1,0,_] 3(p) p° 32
{=2(d) m=2,1,0-1,-2"| 5(d) a'°
£=3(f) m=3,2,10, [7() fie
-1,-2,-3 16 (Total
orbitals)

The first energy level (K) contains only one orbital; therefore it does not
contain more than two electrons,it is not strictly speaking divided into sub levels.
The second energy level (L) consists of four orbitals and maximum of eight
electrons. One of the four orbitals is an s orbital and the other three are p orbitals:
Thus the second energy level consists of two sub levels, the 25 sub level and 2P
sublevel,the2 s sublevel consists of a single s orbital and the 2 p sublevel consists
of three orbitals.
_The third energy level (M), with a maximum of 18 electrons, contains thre®
sub levels consisting of nine orbitals,one s orbital, three p orbitals, five d orbitals:
The fourth energy level (N) consisting of four sub levels, comaihs 16

orbitals: one s, three p, five d and seven f orbitals. The maximum number of
electrons in'the fourth level is 32.

3.19 SHAPES CF ORBITALS

All 's' orbitals are spherical in shape with the nucleus at the cent™
Therefore in an 's' orbital, the probability of finding the electron is uniform!

[Py e N T Sy R
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distributed
: oy na the nucleus, It has only one possible orientation in space in the

magnetic field because j : ¢
el plane € 1t spreads over all the three axes uniformly. It has no

mc’l;tlx]z 51 :lt;;tals arenccllll}mll)—bcll-shaped and they are oriented in space along the
Perpendicular axes (x, ¥, 2), and are calied P.» p, and p, orbitals.

! ndicul
orbitals, that are of cqual energy S cact other ihescare degenerate

S~ Orhital

FIGURE 3.16
Shapes of orbitals.
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Each p orbital has two lobes. One of which is labelled (+) and the other (-),
Each lobeislikea pear. Itis worthwhile to note that it would be wrong to imagine
an electron moving along from one lobe to another. The point when the two lobes
meet each other is usually referred to as the nodal plane along which the
probability of finding the electorn is zero. Here we are not concerned with the
shapes of d and f orbitals which are rather more complicated.

3.20 ELECTRONIC CONFIGURATION

The distribution of electrons in the available orbitals is governed by certain
rules or principles such as (i) Pauli's exclusion principle (which has-already been
described) (ii) Aufbau principle (iii) (n-+ ¢ Rule, (iv) Hund's Rule etc.

(i) Aufbau Principle : Itstates that for any givenatom, the electrons are filled
~ totheorbitals of lowest energy in sequence, two electrons to each orbital. In other

words, the electrons are fed in order of increasing orbital energy starting with the
1s orbital. Pauli called this principle the Aufbau principle( German Aufbau
“building up"). Hypothetically we can build up the electronic configurations of
the atoms by placing the electrons in the lowest available orbitals until the total

number of electrons added is equal to the atomic number 'Z'. For example, the
electronic configuration of the first five elements is given in table 3.4.

Table : 3.4 Electronic Configuration of First Five Elements

Element Atomic No. 'Z”  Electronic Configuration :
‘ ’ 1s!
Hydrogen s o) | S Is' [T
n 1s?
Helium ) 15 (4%
| 12  2¢
Lithium 3 1?2 25! |ab 4
. Isi Dt
Beryllium 4 1s? 252 |ay Ay
' 12 2§ EZED
Boron 5 1 2¢  2p  [4av v L2

The scquence of increasing orbilzl energy is:
1s, 2s, 2p, 3s, 3p, 4s, 3d, 4p, 5s, 4d, 5p, 6s,4f, 54, ......
“The scheme for the order of the filling of orbitals is shown inthe tuble 3.5 ¢
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The same order of the building up of orbitals may be simplified as shown in
the table 3.6

Table 3.6
Order of filling orbitals

Table 3.5 Order of filling of orbitals

—

(W) (n+¢) Rule: The order of the filling of orbitals in element

s is guided b
(M +¢) rule. g et

"In building up the electronic configuration of the elements, the orbital with
the lowest value of (n + Z) fills first; when two orbitals have the same valye
of (n+ ¢#) , the orbital with the lower value of ‘n’ fills first”

Here 'n"and 2 ' stand for the principai and azimuthal quantum numbers
"Spectively. This useful rule reminds us that the energy of an orbital of multi
Clectron atoms depends upon the value of both the quantum numbers, nand ¢, but
Minly on the value of n. For example, which fills first 3d or 4s orbital? For the
; Orbital (n = 3. ¢ = 2): the value of (n +¢) = 5; for the 4s orbital (n = 4;¢ = (),

Value of (n +¢) = 4. Hence 4 s which has the lower value of (n +¢ ) and thus
OWer energy fills first. Likewise, 4 p ozbita! fills before Ss although the (n + ¢)

\% 4 - .
n?llr‘:fb for both is same, but 4p orbital has the lower value of the principal quantum
ern? : '

e ——— R A e ——
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(i) Hund'sRuleof baxmum Multipiicity : The crbitals whicharedegenerated

(having equal encrgy) like g, 6, f, wherc these beginto fill up, they do so according
to 8 Rule called the Hund's Rule of Maximum Multiplicity. It states:

(8) Theelectrons tend 1o aveid being in the same orbital, Thus as electrons are
succgssively added, & marimum number of electrons will try to occupy
orbitals singly. Only when all the orbitals are singly occupied only then the
pairing of electivis commences. :

(b) In the ground staie, the electrons occupying the orbitals singly will have their
spin parailel. |

Making us of the above mentioned principles, we could consider in the tavle
3.7 the elecronic confipguration of the first 11 elements.

Table : 3.7 Electronic Configurations of Elements 1 to 11.

Atomic Element 15 25 2p, Zp, 2p,3s  Elecuonic

No. Z configuration o !
1 H 1 A, -1
2 He A ~ o 1s?
Sl | N, ' 18225
A Be % 4y 15828
5 B NoM 1 15?257 2p, !
6 C a0 a4 101 : 1528 2p, 2py’
7 N gL T R R 1926 2p ) 2y 20p
8 LashAbat s el ) 18 2¢% 2p.2 2y’ 29,
9 &I (L T T 18 2512, 2py 200
10~ O~ Ne LN |2 e | 2 |

151 252, 2p, %, 20y pivy

O X
R Sl T A T T R Y.

- . .y e B
T —————TY

From the above studies, it is gathered that :

| | ;
(2) The maximura pumber of orbitals in & particular energy level is equal ¥’
For example K, L, M and Ncontain 1, 4,9, 16 orbitals.

(b) An orbital cannot contain more than two clectrons (Pauli's principle)”
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The .x;_m:iimux'nvnumbcr of electrons that a particular energy level
specified by 'n’ can hold, is given by 2n?, For example, K, L, M and N
energy levels can hold 2, 8, 18 and 32 electrons respectively.

e number of sub levelsin an ener g X
; gy level specified by 'n’ g
energy level with n =2 has two sub levels. s equalton.c.g

The number of orbitals in each sub energy level specified by 7' is given by

(2 :. +1). For example s, P, d and f energy sub levels contain 1, 3,5 and 7
orbitals respectively. ;

The maxix'num number of electrons which can be accomodated in an energy
sub level is given by 2 (24 + ). Thus's, p.d and fsublevels contain 2, 6,
10 and 14 electrons respectively: s? p® d'° f14

The orbitals given by a particular valuel of ¢'if 'n’ is same, have the same

‘energy and such orbitals are called degenerate. Like ¢ = 1 gives three p

orvitals specified as p,, p,, p, and the'p orbitals are said to be three fold
decgeaerate. These orbitals are filled according to Hund's Rule.

) The notation used to indicate the number of electrons presentin a given

.21

7

W i
W Al

§

P

“’”‘ruw of other atorns also affects the cuter ch

cucrgy level is n/*, where 'n' may be 1,2,3....; ‘/'may be s, p, d... and 'x'rep-
r=sents the number of electrons actually present forexample, Nahas Z = 11;
thcee elecons are distributed as 152 2s? 2p° 3s. This indicates that the inner
tires crbitals 1s, 2s and 2p are full while the outer most orbital is 3s and contain

only ong éleciron.

ATOMIC RADIUS

an electron could be any where around the.
1k of a fixed radius of an atom. The
arge distribution. Still itis useful
“ 2boi the radius of an atow. The radius of an atom is taken as half the bond

UL the radius of &n Gloi ic mleculcs likCH—H; O= 0; Cl—-(;l

fccording 1o wave mechanics,
U5, ence it would be improper 10 @

_‘.‘\'{ T_;J.:: o o o0 > : " 1
1B between two homonuclear diatomi

5

A
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ctc. The values of the distances between the two nuclei are determined from the
spectroscopic dataand X-ray diffraction measurements. Forexample the distance
between two atoms of carbon in diamond is 1.54A, giving the radius of
carbon atoms as 0.77A (1A = 10~ cms). Similarly the internuclear distance
between two sulphur atoms is 2.06A, there by giving the radius of sulphyr
atom as 1.03A. Some atomic and ionic sizes are shown in the table 3.8

FIGURE 3.17

In case of heterogeneous diatomic molecules i.e. where two different kinds

of atoms A, B are joined together, the bond length ; : the
radii is known the other can be fo gthis (r, +r,) andif any one of

! kn und, The knowledge of the atomic radiiis useful
in predictingchemical b?h:wi?ur. ¢.8. phosphorus combines withchlorinetogi*e
PCly but does not combine with iodine 10 give PI._ The reason is that the iodin®
atom is much bigger than the = g

Cl atom and st be
accomodated around a single phosphorus am; B e oo
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e TABLE 3,8 1
Sizes of the atoms and their ions
atoms | C N O . F Na Mg Al Si
size ONFENOLOMBROS. 064 151 136 125  1.17
ions CEr SENE Oo* F Na*  Mg"? A]* §i*
size 260 171 140 136 095 065 0.50 0.41”
IONIC RADII
H- Li* Be* B*()7C*
154 060 031 020 0.I5
Oty Na* Mg" AU ST ol LT o
140 136 095 065 050 041 031 029 026
S e Ea% e Scre LTI e O M
84 181133 099 081 068 059 052 046
S B Ry s Yz Not Mot Tor
198« Tios S dn el 0.§3 080 070 062 —
Te-~ T A e l;a’* Hf*  Ta% W“ Re™
0.65  0.50

2 936 esad iag el 0e 0T
\‘___’___________———\
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3.22 IONIC RADIUS.

When an electron is removed from a neutral atom, the atom is left with an

excess of positive charge calied a positive 1on or caion. Inswead of aneowal awom,
takes up an electron it becomes a negative ion or anion.

M— M +c

M+e —— M-

. The magnitude of the charge on the. ion depends upon the number of
electrons removed or added to the neutral atom. ]

M’__) MN +c.
M-+c——-) M"‘-'

.Aa;.in caie of atomic radius, the ionic radii are known from X-ray analysis.
The ionic radii are aigo deduced from the way the ions are packed together, The
IMONOALOMIC 1ons are considered as spheres and their radii are determined from

the packing in crystals. The value of the ionic radius alsg depends on the ions that
surround it.

(i) Jonic radii show that the cations have smaller radii than neutral atoms. 0"

removal of an electron the effective charge on the nucleus increases and pulls 1"
remaining electrons more firmly e.g.

radius of Naatom = 1.57A
radius of Nation = 0954

(i) Anions have a larger radii than the neutral atoms as an excess of neg"
charge results in greater electron’repulsion ¢.g.

radiusof Clatom = 099A
radivsof Cl-ion = 181A
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5 I f- . ° ﬁ s 158 VIR, e
( ) i ) h ha c thc Samc S l -ctf L gm WA " (€ T l‘ i '/'-":{' 43
l‘ lls lel!c v c ( olllc C‘()'-! € I ‘I v ’ 1~ =

Element Na*

M 4 b
Atomic No. 11 lzg AIl3
lonic radius in A 095 65 0.0

The ions which have the same electronic configuration, as give

i : Sl nabove, are
called isoelectronic. The ionic sizes are shown jn table 3.8 )

323 IONIZATION POTENTIAL

Itis defined as the minimum amount of energy require toremove the least

e gl.y bound elFCUOn from a neutra! gaseous atom, ion or molecule. Itis called
Onization potential or ionization Energy.

‘stron

< .
M(w) _ M(M+c

Itis possible to remove more than one electron from an atom or ion, giving

. doubly or triply charged ions and the energies needed are called:

M‘M — M’ +¢ AEis the first Ionization potential.
M‘Qu) e M < +e7 A E is the Second Ionization potential
M"(‘u) = M +eBE is the third Ionization potential.

The ionization  potential is measured in Kilo-Joules per mole and is
determined from spectroscopic methods or by measurement of current passing
through a discharge tube. The ionization potential depends upon the distance of
fhe electron from the nucleus. Farther the electron is from the nucleus more easily
Itis removed, When one electron is removed, the positive charge on the nucleus

Comes unbalanced and binds the remaining electrons more fimmly. It is
therefore, becomes more and more difficult to remove the second and then the
f?n:;i electron. Due to their larger distance, i.t i's casic.r toremove an t.:lf:ctron frém

ell than g 'd’ shell and removal froma 'd' shell is easier than a 'p' shell., The

'St, Second and third ionization potentials of first 20 elements are given in
Table 3 ¢
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Table 3.9 Ionization Potentials (KJ mol™)

=
Element - | Symbol | At. No: Ist 2nd 3rd
Hydrogen H 1 1312
Helium He | 2 2372 5250
Lithium 0 B 3 520 7297 11,810
Beryllium Be | 4 900 1757 14,850
Boron B 5 800 2427 3658
Carbon C 6 1086 2352 4619
Nitrogen 1 N 7 1403 2858 4578
Oxygen o) 8 1314 3391 5300
Fluorine F 9 1681 3381 6046
Neon Ne 10 2081 3964 6150
Sodium Na | 11 495 4563 6912
Magnesium Mg | 12 738 1450 7730
Aluminium Al 13 577 1816 2745
Silicon Si 14 7817 1577 3230
Phosphorus P 15 1060 1896 2908
Sulphur S 16 1000 2258 3381
Chlorine Cl1 17 1255 2297 3849
Argon Ar | 18 1520 2665 3947
. Potassium K 19 418 3069 4439
Calcium Ca |20 590 | 1146 4941 |
3.24 ELECTRON AFFINITY
Itis easy to remove an electron froma metal to form a positive ion according
to the equation = M—e—M’
e.g.

Na, —e—Nay, AH = + 495 KJ mole-

The non metals on the other hand try 10 gein an electron to complet® 3:::1
shells. The energy change accompa_nylns lhf gdln of an electron by @ "‘teiono
‘gaseous atom to forma negative ion is calIe_d u;.- electron affinity. The addi |
electro'n_' to an atom, is mostly an exothermic change. For example;

4
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Cl @t = Cl'(g) AH = -348 KJ mole*! (Electron affinity).
Some non-metallic elements
large amounts of energy, that is, th
(Refer Table 3.10). The large val
elements are very strong oxidizi
halogens are attributed to their s
electrons. Moreover, the additi
configuration (i.e. Octet). The
cause the fluorine atom is very s
the electrons already present.

pfmicularly halogens of VIIA group evolve
¢ir electron affinities are large and negative.
ues of the electron affinity show thast these
Ng agents. The large electron affinities of
mall atomic radii and greater attraction for the
on of an electron produces the stable inert gas
value for fluorine is anomalous, probably be-
mall and the incoming electrons are repelled by

1 Table 3.10 Electron Affinities (KJ mole"r
‘ HIA A IIIA VA va VIA _VIIA ZERO
B - 43
L;7 Be B G+ N 0 F Ne
;\J +66 -15 -123 +31 -141 -333 +99
SRR D e [~ S cl
; +67 -26 -135 -60 -196 -348
-340
1
-297
e

¥ . ;
OSII' : . . . . ; '
V€ values signify that the reaction A+e—A- is endothermic.

Bup 1 Looking at the table 3.10 you might note that the electron affinities of
Very | elements are somewhat negative, even though these elements have
gy MWe attraction for the electron. The elements of group IIA, Beryl-
Mig) agnesium have positive electron affinities (change is endother-
s¢ the electron is being added to higher energy p-level. In VA
& Ments such as Nitrogen, the value is positi.vc because the electron
o, - he half filled p-orbital and becomes paired, a process which is
8etically fayourable. |

‘becay
0
my Pele

_—_—

b
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The addition of second electron to oxygen or sulphur must overcome the
repulsion of the negative charge already present on O- and S-. The process is,

therefore,endothermic e.g. for O it is + 844 and for S* it is + 532 KJ mole!

3.25 ELECTRONEGATIVITY (EN)

In a molecule the tendency or power of an atom to attract a shared pair
of electrons to itself, is called the electronegativity of that atom, The
polarity of covalent bond depends upon the electrohegatlvitlcs of held
atoms. The electronegativity values of elements are listed in table 3.11.

The numerical values of the electronegativity of fluorine'is fixed as 4 which
isthe highestvalue fromthe valueslistedintable 3111tis clear thatthe E.N. values
in general, increase as we go fromleft to rightin any horizontal period, while they
decrease as we go down from top to bottom a group in the periodic table.

TABLE 3.11

Eelectronegativities of representative Elements
H He
218 | =
23 R £ o R K SO R
O 1S | 20| 25| 30| 35 40 | —
Na | Mg | Al | si| F S | C1| A
09 | 12 ] 15| 18| o 25 | 30| — |
K| C| Gy Ge| as |56 B [ K
08 | 10| 16| 18 20 | 24 | 28| —
Rb | 5t | In | sn | sp Te | 1 | Xe
08 | 10| 17| 18 RS 2 Sl
S R TR e I
0.7 [ 09| 18| 138 BORLR2:00 [122 | —
Fr Ra
0.7 | 09
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On the basis of electronegativity values. It is predictable that what type of
bond will be formed. If the difference between E.N. values of any two bonded
atoms is less than 1.7 the bond will be covalent. The polarity of covalent bond
alsodepends upor the E.N. values, that s, the covalent bond between two similar
atoms (H—H, O=0, N=N etc), the E.N. are equal, the covalent bond is non-polar
in character. The covalent bond between dissimilar atoms is always polar in
nature, the polarity increase with difference in their E.N. v'alucs. For example,
bond between N and H is more polar than bond between C and H, because E.N.
difference in case of N and H is more than E.N. difference between C and H.

PROGRESS TEST 3

I. What is the experimental evidence for the presence of small nucleus
containing most of the mass and all of the positive charge in the atom?

2. What . information = about the structure of atom is obtained from the
experiments on the passage of electricity through gases under low pressure?

3. Criticize the following statement, "An electron moves about the nucleus of
an atom in a manner analogous to the movement of a planet about the sun?

4.  Whatinformation about the electron in the atomis obtained from the fact that
the emission spectra of the elements are frequently discontinuous?

3. Explain quantized energy states in terms of Bohr's orbits and clcct;on

transition between the orbits.

6. What principles and rules are followed in the electronic configuration of

atoms?

§ Explain the origin of X-rays and relationship between their wave length and

nuclear charge in the atoms from which they originate.
(2) State the restrictions placed on our ability to.know the position and
momentum of an electron.
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(b) Explainthe significance of Pauli's Exclusion principlein relationtothe
clectronic structure of atoms.

(c) Write down the electronic configuration for the ground states of each
of the following (i) Na (Z = 11).(ii) Ca (Z = 20) (iii) Sc (Z =21)

~(iv) Mg* (Z=12) (v) C1' Z = 17).

Explain the distinction between the following:

(@)a anq B - Particles (b) Orbitand orbital (¢) Ground state and excited state
(d) Continuous and discontinuous spectrum. ‘

Describe the contribution made by the following individuals toward the
structure of atom (a) Rutherford (b) Bohr' (c) Moseley.

Givc: :hc numberof ;:rotons. 1:cutrons and electronsin eachofthe following:
() K () 10 (©)',Li @) JF (e)':Na

Also write down their electronic configuration,

What do you understand by the terms:

(a) Atomic Radius (b) Ionization potential :
(d) Electronegativity, o (©) Electron affinity

List the four quantum numbers that defige th ' _
in a hydrogen atom along with thej © energy state of the electrons

ir possi S b b
significance in terms of orbitals, Fesitic values and e;plam their

(a) The ionization poiential of Lithium and potassi ‘
what do you predict for the LP. of Na, e unared dand 43 cv.

(b) What is the shape of orbital for which £=0.9 Those for whichZ =1?

(2) How isemission of radiation froman atom explained by Bohr's model?

(b)> Why was the nucleus of hydrogenatom wasassumeq tobea fundamental
particle? | b
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CEIAPTBR = 4

HEMICAL BONDING

4.1 ENERGETICS OF BOND FORMATION

A molecule as compared to the atoms from which it is formed is more stable

because it possesses energy lower than the energy of the uncombined atoms. This
difference in energy is due to the fact that when atoms combine to form
molecule, the attractive forces are created which result in the release of
energy. The attractive force that holds atoms together in a compound is
known as the chemical bond. '

The force of attraction or chemical bond between two atoms is formed due
to the interaction of valénce electrons of combining atoms. B

In 1916 two kinds of chemical bonds were described: The ionic bond by
W. Kossel (Germany) and Covalent bond by G. N. Lewis (U.S.A.). Both these
Chemists based their “ideas on the fact that atoms attain greatest stability when
they acquire an inert gas electronic configuration (Octet Rule). As a matter of f.act
2oms of the inert gases have eight electrons in their outermost orbit, excepting
"elium which has only two electrons. These gases arc very stable and donot enter
0 chemical combination under ordinary conditions and Ihcrcfm:e they are
“Sumed 1o have stable orbits. Atoms of all the other elements have. mcox.nplcte
Uermost orbits and tend to complete them by chemical combination with the
Metatoms, This inert gas configurationcan be achieved either by the transference
Y Sharing of electfons among themselves. It isthe tendency of atoms to acquire
et gag configuration which causes the atoms (0 form chemical bonds.
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42 ELECTROVALENT OR IONIC BOND

This type of chemical bond proposed by Kossel is formed as a result of
complete transference of one or more electrons from onc atomto the other sathat
both the atoms acquire inert gas configuration (the octet rule). The atom that
loses clectrons becomes positively charged and the atom that gains electrons
becomes negatively charged. The charged atoms (called ions) so produced are
held together by electrostatic force of attraction. The ionic bond is, therefore,
defined as the electrosiatic astraction between positive and negative ions.

Ionic compounds such as NaCl and MgO are formed by the elements of low
electronegativity (metals) and the elements of high electronegativity (non-
metals).1f difference in electroncgativity, AEN, is greater than 1.7 between two
elements usually leads to an fonic bond. |

The metal of groups 1A, [IA and Alumintum {n ITIA due to their low loniza
tion potential and low electronegativity, lose one, two or three electrons to

form M*,M?* and M* ions respectively. The non-metals of groups VIA and
VA due to their high electron affinity and high electronegativity tend t0
gain two electrons and one electron to form A and A'- jons respectively.

Nitrogen and phosphorus in VA group will under some circumstances gain
three electrons to form N> (Nitride) and P~ (Phosphides) ions

In order to undersiand why ionic bonds are {ormed readily beiwesn i
metals and non-metals of the above nentioned groups, 1ot us consider the eneis!
changes involved in the formation of say, sodiuns chloride from sodium ¥
chlorine atoms. -

() Sodium in the ground state has the elecuonic configuration of Is", 9,

] [} . ~ - -‘.,".j
35!, i.c. it has one valence electron. The loss of the valence eleairon requies
KJ mole™!, the resulting Na* has complete cciet.

| Na,, > Nafg+e  AH=+495 Kijmole
;5 153, 2¢%, 2p¢, 3s! 18%, 25, 2p°
% (118) (10§)

. ]
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iy Chlorincatominits ground state has the electronic configuration of Is?, 252,

: Sk
2", 3s?, 3p’, that is, it nt‘:cds one more electron to complete its octet. The gain
of one ¢lectron by chlorine releases energy which is equal to 348 KJ mole™!,

C RS Cl,  AH=-348 K¥/mole
18,25%, 2p%, 35, 3p* 18?252, 2p8, 352, 3p8
(17 €) (18 ¢)

The energy difference (495-348=147KJ/mole)is more than compensated when
the op?osuqy charged ions form a crystal lattice consisting of a closely packed
array, in Which each ion is sutrounded by six opposite ions (Fig. 4.1) The great

L]
3
2 &

FIGURE 4.1 g A
Crystal structure of sodium chloride, showing (right) the octabedral

arangoment of six sodum ions around one chlorida ion.

\

emthere

ATactive forees inthe crystal lattice greatly reduce the energy of the syst
- nvolves

Y Makingit able, Thus the more importantstepis the third stepwhichi
: fol'I‘ﬂation»c;f crystal lattice.

= = -788.0 KJ/mol
(iti) Na’w +Clyy = Na* Cl, AH =-788.0

The energy released when one mole of gaseous ions arrange themselves 1n
“nie Pattem to form crystal Jattice is referred to as the lattice energy. Itis this
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energy which over comes the loss of energy encountered in the formation of the
ions.

From the above discussion, we conclude that it is éssential for the formation
of ions and the ionic bond that the sum of the energies released in the second and

third steps must be larger than what is required in the first step.

Characteristics of Ionic Compounds

. () A single ion of a metal is never associated with a single ion of non-metal i.e.

separate units of ionic compounds do not exist and therefore it is wrong to talk

-about a molecule of an ionic compound. The formula only indicates the relative

number of atoms of each element. The solid crystal is made up of large number
of oppositely charged ions, arranged in definite pattern. Each ion is surrounded
by a fixed number of oppositely charged ions, so that the strong electrostatic

forces between ions act in all directions through the crystal. Thus the ionic
compounds are generally hard solids. ;

(ii) The ionic compounds possess high melting and boiling points due to strong
inter jonic forces in their crystals. Lot of thermal energy is required to break those
forces. ‘

(iii) Jonic compounds are soluble in water and similar polar solvents because of
the strong electrostatic attractions between the ions and polar molecules of
solvent. The surrounding of the ions by the solvent molecules solvation releases
the energy which is known as the energy of solvation. This energy usually
overcomes the high lattice energy of the ionic compound.

Insoluble ionic compounds (e.g. the sulphates, phosphates and fluorides of
Ca, Sr and Ba) have very high lattice energies and insufficient solvation energy
is available from the ions to overcome the high lattice energies for thes®
compounds to be soluble. The ionic compounds are insoluble in the o,ga{nc
solvents like Benzene, carbon tetrachloride etc. because there is no attractio”
between the ions of ionic compounds and the molecules of non polar solven™

(iv) Ionic componds are invariably electrolytes, because in the presence of #
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polar solvent suchas water, the interionic forces are so weakened that the ions are
separated zfnd fhc frecions are able tomove under theinfluence of electric current.
In fact the ionic compounds conduct clectricity even in the fused or melted state.

43 COYALENT BOND

Theatoms in an ionic compound are held together by the transfer of valence
electron or electrons from one atom to the other atom. In covalent bonding, no
such transfer is involved, instead two atoms both of which tend to gain electrons
may combine with each other by sharing one or more pairs of electrons. This
concept of electron pair bond was proposed by G.N. Lewis in 1916. Two atoms
of chlorine for instance, each having seven electrons in its valence shell unite by
sharing two of these fourteen electrons between them. This is shown diagramatically
as follows, using dots to indicate only the valence electrons:

Unpaired electrons Shared pair of electrons Covalent bond
! d

c1/ \"c1 _— c1c| OR - Cli—— 5:Cl

Electrons that are shared between two atoms are the bonding electrons and are to
be counted toward the octet (or duplet in case of hydrogen) of each of the bonding
atom. As the shared electrons spend much of the time between the nuclei,
Tesulting in the attractive forces between negative charge of electrons and positive
Charges of the two nuclei. This type of chemical bonding is known as covalent .

bong.

the one shared pair of electrons forms a

In chlorin le, for instance,
EEaipetsy Cl — Cl). The sharing of

“gle covalent bond between two chlorine atoms ( ng 0
“Xctrons in 4 covalent bond brings the bonded atoms closer together Wthl‘E is
ected from the bond energy dataof the bonds. For example, whentwo chlorine
Homg form 5 single covalent bond, 242 KJ/mole of energy are released.

: ~ v ... (1) (1] — — _l
o +Cli—s 21 -Gy, AH 242 KJ mol
molecule and thus makes it

The rel - the ene ' o. f the
ease wers T8y
More ¢ i of energy lo '

E * U
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gle covalentbond is that the spins of the bong

rmal feature of asin Ny
Another no becomes paired in the bopq

forming' electrons, unpaired with separate atoms,
formation.

¢ bond as méntioned in CL, molecule, atomsalso

In addition to single covalen .
ble and triple bonds as in case of Oxygen and

form multiple bonds, that is, dou
Nitrogen molecules.

An oxygen atom has six valence electrons, therefore the formation of O,
molecule would involve sharing of two electrons from each oxygen atc.)m. As
sharing involving one electron pair is indicated by a single short su'{iight .lmc, the
sharing of two electron pairs would be indicated by two short straight lines:

Two shared pairs Double bond
: : 1’ . ' i se
0 O - O: O or 0= O

Nitrogen atom, on the other hand, has five electrons in the valence shell
therefore, the formation of N, molecule would involve sharing of three electrons
from each of the two atoms as shown below, A triple bond-asin N, is represenicd

by three short lines. :

KR e L
NSNS NS or N=N

The bond distances of multiple bonds are shorter and the bond energics 4
“higher as shown in the table 4.1 (Also refer 4.7).
Taplc 4.1 Bond distances and Bond Energies of Single, Double, wnﬂs-

Covalent Bond Bond Distance Bond Energy
cC-C 1.54A 347 KJ mol” |
C=C 1.34A 598 KJ mol”" |
C=C 1.20A 820 KJ mol” |
Cl= Gl 1.99A 242 KJmol”
0=0 1.21A 498 KJ mol” |
N=N SR ALON 946 KJ mol™ |

W
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Gc.ncrally there is shortening of 0,20A for any double bond and 0.34 A
shortening for any triple bond.

Notn':c t.hat the cxamglcs givenso farinvolve the equal sharing of electrons
between similar atoms whijch form pure covalent bonds Examples of bonding in

water and CO, presentani i)
2 interesting Situation, where shars
place between dissimilar atoms. aring of electrons takes

Hx+ 0 +xH-H:0%H OR &

The shared electrons are attracted more fowards more electro negative atom
(Oxygeninboth cases). Suchapairof electrons constitute polar bond making one
part of a molecule partially negative (3-) and the other partially positive (8 +).
A molecule with a positive and negative pole is referred to as dipole. A covalent
bond is directed in space so that the atoms in a covalent compound are linked in
a definite position in relation to cach other and the molecules formed may exist

as distinct particles.
- Characteristics of Covalent Compounds

() Unlike ionic compounds, the covalentcompounds existasseparate covalent
molecules, because the particles are elecirically neutral and have litile attractive

forces for each other.

(i) Covalentcom ince they exist as separate molecules are expected o
pounds, since they .
be volatile liquids or gases or low melting solids (held together by weak Vander

Waals forces),
(ili) Thege are non-electrolytes i.e. they donot conduct clectricity.

(iv) Covalent compounds are gencrally insoluble in water and similar polar
lvent but soluble in the organic solvents.

b _
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4.4 CO-ORDINATE OR DATIVE COVALENT BOND

An atom in groups VA, VIA or VIIA, having filled its valence shell by sharing
its unpaired electrons to form covalent bonds, may use its remaining paired
electrons (lone pairs) to form further bonds. It does this by sharing a pair
with another atom having an empty orbital. The result is a dative or co-
ordinate bond in which both electrons in the shared pair originate from the
same atom. Sidgwick first developed the use of this type of bond and he
called it as dative bond. The atom providing the lone pair of electrons to make up the
co-ordinate bond is known as the donor. It must, of course, have an ‘un-
used' pair of electrons available and such a pair is referred to as a lone
pair, The atoms sharing the pair of electrons from the donor is known as
the acceptor,

The dative bond is represented either by the use of an arrow, from tke donor to
the acceptor atonr or by means of line, conveniently used to represent a covalent

bond, but with inclusion of charges (+) for the donor and (-) for the acceptor atom.

On this basis, the dative bond can be regarded as a covanlent bond with a certain
amount of ionic character, and the term co-ionic instead of dative, is intended to
describe this state of affairs.

EXAMPLES

(i). Phosphorus Oxychloride, POCL,

3%, ' :Cl:
W (K] l
:Cl & P i Cl: which may be represented as Q—p—C
X | oc. 1
:0: RS 108
I sE .0 Io e
or as Ql— p—Cl:
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(i) Niuomcthanc.CHJNOz
H 0: H e
H %CX N . [
X XX or H-(l:—N
H O H '\‘.o‘
H. s
Y
or H— C=N®©
facmN
; H o°
(i) Ammonium ion, NH}
H - ? £
H &g:it H or H—lii-m’
H L~“H =
Eas i st

or H—N—H

Itmay be poinfgd out that the co-ordinate bond and a covalent bond once
formed are indistinguishable i.c. both are alike.

45 DIPOLE MOMENT

m), where m = polar strength and
¢ tends to become oriented ina
le)-tends to become oriented in
ferred to as the dipole moment,

A magnet has the magnetic moment

~ distance between the two poles. A magne
“agneic field, Likewise a dipole (polar molecs
Clectrical field, The extent of this tendency 1ST¢

B
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. It is measured by the magnitude of charge at each pole multiplied by the
distance between two charges. The separation which in case of a diatomje
molecule s approximatelyequaltothebond distance (i =exdwhere
¢ = magnitude of charge, d = distance between charges). The dipole moments

were expressed in debye units (after the Duich physicst Peter Debye), but now |

they are expressed in S.1. uaits as coulomb metre (Cm).
1 debye = 10 esux cm= 3. 335 % 10-¥Cm (1C=2.998 x 10’ esu)

The dipole moments are of the ordec of 10-¥Cen andit is due to the facttha

the charge on an electron is of the order of 10~ coulombs and distance is of the
order of 10°'* metre. It may be pointed out that the dipole moment depends not
only on the polarity of individual bond i

na given molecule, but also on the
geomewry of & molecule as a whole. For diatomic molecule, polar bond means
polar molecule, that is the two concepts coincide. The diatomic molecules
consisting of different atoms are more or less polar, Greater the difference of
electronegativity, 4 EN, greater would be the polarity (see table 4.2). The pure

covalent molecules consisting of similar atoms will ha
charge separation iavolved, 1ave | = 0 as there is no

For polyatomic molecules,

polasity of its bonds but it also depends Upoa the geome
and COQ,, for instance, both contain polar bonds but the

results in a dipole moment of 5,336 x 100

dipole moment ot onty depends upon the

try of the molecule. SO,

angular structure of SO,
€m, while for linear CQ,, pt =0.

o+

S
'a-/ \s- & 3t =
0 Ok

P
—————p

Rk =5.336x 10 Cm k=0

The netmolecular moment is indicated by
individual bond moments. In CO, , the double

is, molecule is perfectly symmerrical. Hen
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polar, the two dipole moments of the molecule are equal oppositely directed, thus
the molecule as a whole is nonpolar, Likewise CS, is also non polar (u = O)

. Now consi('icr carben tetra chloride (C Cl ,) which contains four C— Cl bonds
which are definitely polar but the symmetry gives C Cl, a zero dipole moment.
Chloroform  molecule (CHCL) on the other has a dipole moment of

3.40 x 10 cm due 10 its asymmetrical structure. Dipole moments of some
mqlecules are given in the table 4.2,

Table 4.2 Dipole moments in debye and coulomb metre.

Molecule [ = debye R=Cm | Molecule [p=Debye | p=Cm
(i) H, (o) o (vi) HCl 103 [3.436x10™
(ii) CL, 0) (o) (vi)HO | 184 |6.137x10%
(iii) CC1, 0 0 (vi) NH,| 146 [5.002x 10
) Co, o 0 |@cH| O 0
WHF | 190 |6369x10%|(CHC,| 102 |340x10%
\--&
4'61 IONIC CITARACTER OF COVALENT BOND Tt
t Was mad rcvious seCﬁOﬂ lhlt in case O » V3 an 2
i Wl&whem‘:hcd:;;; :}:igcmicﬂ,meshmdclecuonsmequally attracted
" Noidcnticq] elecm,{eg,ﬁviﬁeg neither atom attracts electrons more strongly
N the Other and the electron density is distributed equally over the two atoms

B
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in a molecule. Cl,, Q, and N, molecules are therefore non-polar.

. The molecules consisting of different atoms such as H O, HF etc. present 3
different situation, In these cases, the shared electrons are r:ot equally attracted
InH,0, forinstance, oxygen attracts the bonding electrons to a greater extent Thc.
electron cloud of the molecule is shifted towards oxygen so that this cr:d of

‘ fnolcculc has a greater concentration of negative than positive charge, Similarl
inHF molcc.ulc, fluorine is more electronegative, so this end has greater ponioz
of the negarive charge (Fig. 4.2). Consequently in both the molecules, H,0 and

FIGURE 4.2

The electron density distribution in the

F
The more electronegative fluoring alol-:n T::ccgaa.
large portion of the electron dansity cloud.

electrostatic charge separated between the two atoms (&~ + §* =Q)

e
K

The covalent bonds in H,0 and HF are therefore Dolirbonds. These covaleat
bonds are not pure covalent but they have partial jonjc character. The difference
in the electronegativity of the two bonded atoms determines the e:;tcm of theionic
character of a covalent bond. For instance the H-F bond is 64% ionic and H-C!
is only 17% ionic., The partial ionic character greatly affects the properties of
molecule. For example, melting and boiling points of polar molecules are high
and they are soluble in the polar solvent such asH,0. Further more, the presence

‘of partial character shortens the covalent bond, that is, pulls the atoms close*
together. For example, the expected H-F bond distance is 1,01 A where as th
actual value is 0.92A. Due to shortened bond distance it is quite obvious that the

H& _FJ-

i
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bond encTgy Must increase accordingly. For exam '
_ ¢ ple the bond energy of H-F
molecule is 268 KJ/mol more thap the calculated value. 4

47 BOND ENERGY

The energy change in chemical reactions is due to the bonds being formed
and broken. A chemical bond is the link between two atoms and represents the
lowering of energy. Work must be done if the atoms are to be separated. The
energy required to break a bond between two atoms in a diatomic molecr:de is

known as the bond energy. It is expressed in kilo j :
' oules L.
change per 6.02 x 10% bonds): ) per mole (i.e. the energy

H-H, - 2H A H =435 KJ mol"!
Hydrogen molcecule [Free atoms of Hydrogen

O=Ow. - ZOw AH= 498KJmol“m
Oxygen molecule Free atoms of oxygen

Alternatively, the bond energy might be taken as the energy released in

forming a bond from the free atoms (not from the elements in their standard
States):

Ho+ Hy = H-H, © AH=-435KImol"
0 . o8 .
ot O, ,— 0=0, AH=-498KJmol

Notice that the breaking of bonds is endothermic and making of bonds is
Othermic proicess; : |

& I?o"d energy is the measure of the strength of bonds. Generally, bond
“TBies of polar bonds are greater than the pure covalent bonds (non polar):

Cl-Clw__) 201, A H = 244 KJ mol™!
0-polar molecylc : :
A'H= 431 KJ mol-‘

H&
- 5 . l-
Oy Wy s O

b
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Itis worth while to remember that the bond energy depends upon the partial
ionic character of a covalent bond. Larger the ionic character greater the value of
bond energy.

DA AT L S R

Polar molecules
H-F H-Cl H-Br H-1

Bond energy (KJmol-') 565 431 364 299

A ThF value of bond energy also depends u pon the bond distance. Shorter the
nd dlstapcc, stronger the ‘bond and greater would be the bond energy. For
example triple bonds are usually shorter than the double bonds which in turn are

shorter than the single bonds. Hence the bond energies for multiple bonds would
generally be greater than those of single bonds (See table 4.3)

Table 4.3 Bond distances and Bond energies for single,
double and triple bonds,

BOND BOND DISTANCE BOND ENERGY
(A) (KJ mol!)

C=G 1.54 A 347

C=C 1.34 598

C=C 1.20 820

N=N .10 946

Information of bond energy can helpinunderstandin gof chemical reactivity-
For instance, bond energies of H, and O, are higher than for most diatomic
molecules and are sufficiently high so that when their molecules collide with each
other at room temperature, they simply rebound and no chemjca] reaction occurs.

4.8 SIGMA AND PI BONDS

In 1916, Lewis introduced the electron pair concept of a covalent bond-
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However, it failed to account for the geometry and magnetic properties of
molecules. In 1927, Heitler and London extended the Lewis theory and proposed
walence Bond Theory (VBT) and in the early 1930's Hund, Huckle, Mulliken and
others developed an alternative theory which is known as the Molecular Orbital
Theory (MOT). According to both these theories, a covalent bond is formed by
e overlap (fusion) of the atomic orbitals, Nevertheless, valence bond theory
suggests that the bonding electrons occupy the atomic orbitals of the bonded
aoms and molecular orbital theory assumes that the electrons occupy the
molecular orbitals which belong to the molecule as a whole.

An essential difference between atomic orbital and molecular orbital is that
an electron in the atomic orbital is influenced by one nucleus (mono centric) and !
in the molecular orbital, it is influenced by more than one nucleus (polycentric).
According to the molecular orbital theory, linear combination of atomic orbitals
(LCAQ) gives two kinds of molecular orbitals. A molecular orbital with high
electron density in the region between two nuclel having lower energy

(greater stability) than either of the parent atomie orbitals from which
molecular orbital is derived known as molecular bonding orbital. The
other molecular orbital having higher energy witha nodel plane or of low

‘\—_—————-—f——'_—"‘—_'_'_''"——-1I
| Atomic orbitals Molecular orbital

FIGURE 4.3 molecular orbital represented

The two Is atomic orbltals and the resulting _
|les of charge clouds. - ,

:lectm" density between the two nuclel, {s less stable than either of the
Uent 3lomic orbitals from which it 18 derived, is known as antibonding

% | ' di
®ulay orbital, The energy difference of bonding and antibonding

Orpy
st shown by the energy diagram 17 Fig4.4.

b

Scanned with CamScanner

b A

LS JUR W




MDCAT BY FUTURE DOCTORS (TOUSEEF AHMAD)
132

Antibonding Molecular Orbitg]]
! / N
T
'4
gl —{T—< i L
g \ /
\ U4
3 —}—
Atomic orbital  Molecular bonding Atomic orbital
: orbital
FIGURE 4.4
Energy diagram of bonding and anti bonding orbitals.

The bonding molecular orbitals which are formed by the linear
combination or over lap of the two atomic orbitals, are designated by the
Greek letter o (sigma) and the bonding molecular orbitals which are

formed by the parallel overlap of the two atomic orbitals, are designated
by the Greek letter X (pi). '

o Bond:The ' l.inear  or‘head to head' overlap of the atomic orbitals like s - §,
s - p, P - P give sigma bonding (o) and sigma antibonding (c") molecular
orbitals. A sigma bonding orbital is linearly symmetrical about the axis
connecting the two nuclei (inter nuclear axis). The bonding electrons
contained in it are called sigma electrons which form the sigma bond. As the
end on combination of the atomic orbitals offers the maximum overlape, the
resulting sigma bond is very strong bond. P :

s-s type overlap is found in H, molecule when 15! orbital of one hydroge?
overlaps 1s'orbital of the other to form sigma bonding orbital which constitutes
the single covalent bond in H, molecule. The antibonding orbital remain®
unoccupied (Fig: 4.5).

s-p type overlap occurs in HF molecule when 15! orbital of hydrog”

overlaps 2 p orbital of fluorine to form sigma bonding orbital which consttv!®®
the single covalent bond in HF molecule (Fig. 4.6)
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i
e
{./ . 3 ',- -
+ — [+ o bR
3 ‘tr & ,. - '- ;,7
e g o mibsadrrin g i3
sigma bonding
atomic orbital atomic orbital molecular orbital (&) of Hz
H i\ ' /H t Hi v H
hydrogen atoms with - - - 5
opposite electron spin Sigma Star Antibonding
Molecular orbital ()
FIGURE 4.5
The hydrogen molecule.
_

‘ : Sigma Bonding Molecuiar orbital ol HF(g)
18 2p :
(H) (F) -

D
Sigma Antibonding Molecular orbital (1;')
FIGURE 4.6
Hydrogen Fiuoride molecule (HF)
\

eré 2p; orbital of one fluorine

P-pt ' ; .0 E_molecule wh
over. © YPE OVerlap is seen in F, F sigmabond. (fig. 4.7).

%S 2p orbital of the other fluorine to form F-

B
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o R ————

(O D)— =G

g : 20 Sigma Bonding Molecular orbital of F, (a)
p F)
(F) . :

Sigma Antibonding Molecular orbital (3

FIGURE 4.7
Flourine molecule (F2)

co-planar, gives two molecular orbitals —
The pi bonding orbital has two regions of
the nodal plane (Fig. 4.8). The electrons co
ing electrons which form the pi bond. |

pi bonding (x

% ) and pi antibonding (#*)

ectron density below and aboVe
nined in it are called pi bond
is not linearly symmetrical
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' A S
(a) ~ bonding ,- (b) Nodal plane

(b) »* Antibonding
FIGURE 4.8

—

With respect to the bond axis, rather it has a nodal plane; the rotation about
the bond axis seriously affects overlap between the p-orbitals. Maximum
overlap and therefore maximum bond strength requires two p orbital to be
Parallel. If the two atomic orbitals are mutually perpendicular, this overlap
&t minimum (virtually zero) and there is essentially no bond. Thus the
Most stable condition is that in which two p-orbitals are parallel and this
“Quires the atoms or groups at either end of the molecule should lie in the
“me plane, e, they must be coplanar. Any rotation of the atoms
% 8roups at either end, with relative to one another requires sufficient energy to

"“a the pi-bond. At room temperature, the molecules containing pi bond such

tnes do not have sufficient energy to allow the-rotation to take place, and

e .
Tesult is the restriction of rotation.

Wyg?z Molecule is formed by the combination of two oxygen atoms. Each

the » N 8tom consists of two partially filled 2p, and Zpi.orbltals. 2 Py orbitals of

o 0 atomg overlap end on to form a sigma bond leaving 2p, qrbltalsparallcl

the t\:two atoms, The side to side overlap of 2p, orbitals form a pi bond between
%Oxygen atoms, | |

 ————— R ————
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_ Half filled p, and

Completely filled

Figure 4.9 Oxygen molecule.

¢-Bond !

R

P,

p ‘|' ar
'. ﬁ :6:‘-—5:

(px omitted for simplicity)

From the above discussion WE con
bonds, double bonds are one sigma ply

sigma plus two pi bonds. Further more
the side ways overlap is less effectiv

4.9 HYBRIDIZATION

Is 2s
4Be = 1‘! 1L
(g i ol I
6C = 1 l

clude that all the single bonds are sigma

Sone pi bond and the triple bonds are on¢

» 3 pibond is weaker than sigma bond 2
€ than the end on overlap.
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In terms of unpaired electrons beryllium woﬁ]d
inert gas (valency =0),  boron might
valency = 1) and carbon would be divale
however, Be, B and C are divalent, trivale

be expected to behave as an -
be expectedto be mono valent

nt (valency =2). In actual practice,
nt and quadrivalent,

35 = 1 1s 21p' AN
o T R, s SINT
3 T W A e 0

. T]hfv astlcrislf denotes the exci' ted sta.te of the atoms. The excited structure for
g :u (]-i. give three bond§ mvo}vmg p—or!)itals \'.vh'iqh|wou!d be at right .
i“S!ancc wacl other together with a s:unglc bond involving an s-orbital. CH,, for

e Ould be expected to contain three s—p bonds mutually at right an gles,

» Weaker s-s bond. It is well established however, that the four bonds in

“;V:lrli :tll alike. Similarly in BCl,, all the three B—Cl bonds are identical or

lnrro(;ru:;cgunt.for the equivalence of bonds, the concept of hybrid orbitals was
- “ug) ene Y Linus Pauling. He assumed that the atomic orbitals having nearly
W"i,valemrglcs can be combined in various ways within an atom to form
g ny hybrid orbitals. The mixing of different atomic orbitals to produce the
hy-bf-.id' T of equivalent orbitals, having same shape and energy is known as
acc0'_rd'n tlon. The orbitals so formed are calléd hybrid orbitals and are designated

to f mixing orbi
) the Number of mixing Ol’b“a,'s' -

N
N

e
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Mixing Orbitals No. and type of Type of
Hybrid orbitals Hybridization
produced.
One s-and three p Four sp’ orbitals sp’
One s-and two p Three sp orbitals sp?
One s-and one p Two sp' orbitals sp?

| The case of carbon and its compounds is of great importance, for carbon
forms such a wide variety of well known organic compounds. The various types

of hybridization are therefore, discussed below with special reference to carbon
compounds. :

: sp’ (Tetra hedral) hybridization: Combination of one s— and three p-
orbitals to produce four sp® hybrid orbitals is known as sp® or tetrahedral

FIGURE 4.10

(a) A Sing sp’hybri ;
(b) Four totrahy d orbital.

edrally : jtals-
(The smaller | rally disposed sp hybrid orb

obes are not shown).

Scanned with CamScanner




MDCAT BY FUTURE DOCTORS (TOUSEEF AHMAD)

139

hybridization. (Fig. 4.9). The hybiid orbitals are different than the pure s - or p-
orbitals; they possess the character of both s— and p—orbitals in the ratio of 1:3

sp* orbitals are directed towards the four corners of regular tetrahedron in whic?;
each angle is 109°. 28", (Fig. 4.10). These orbitals can form stronger bonds than
cither s=0r p~ orbitals because of their size they can overlap more effectively. Sp?
hybridization occurs in the saturated compounds in which the carbon is atrached
to four atoms. In methane, CH,, for example Is- orbital of each hydrogen atom

overalp with sp® hybrid orbital of the carbon atom to form four sigma bonds; the

bond angle in CH, is 109°.28 (fig. 4.11). Other similar, symmetrical molecules

involving sp* hybridization are CCl,, SiClL,, SnCl_ etc. All such molecules have

tetrahedral geometry like methane.

high density associated with
shared pairs of electrons
loribi»tal overlap)

-----------

Melhanc

FIGURE 4.11 :
Orbital overlaps in methane between
hydrogen 1s-orbitals (spherical) and

hi .
88 density associated with 5 S
carbon sp® o -

‘h‘led A
. .+ Pairs of elec
(oribjta) overlap) trons

~_—— A
sp? (Trigonal) hybridization: The mixing of one s- and two p- orbi.tals
Produce three sp? hybrid orbitals s referred toas sp* or trigonal hybridization.
%€ 0rbitals are co-planar and directed towards the comers of an equilateral
diff:flc (tigonal) at angles bf 120° to each other (fig. 4.12). sp* orbitals arc
am"“_t an either s — or p — orbitals and- they are considered to have 2
tinc:tc:r that is one third s and two thirds p. The fourth pure p = orbital which is
the sp¥01vgd in hybridization remainsunhybridized at pght angles to the plane of
b°nds t<)3crbnals (Fig. 4.12). Like sp® orbitals, the sp? orbitals can also form su:o: g}cr
iy, Cause on account of their size, they canoverlap more cffcctwcly with the

of the other atoms,

o
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T @ o i p-orbital
s 2
(a) : \
sp
sp
(b)
(c)
FIGURE 4.12
(a) A single zsﬁ hybrid orbital
(b) Three sp orbitals viewed from above
(c) Un-hybridized p-orbital at right angles
————————

sp* hybridization provides a good model for describing the geometry of the
molecules which contain carbon bonded to only three other atoms or groups,

such as ethylene (C,H,) or benzene (C;H,). These molecules are considered to be
flat with bond angles of 120°. |

In ethylene, one of the sp*orbitals overlaps with an sp* orbital of the second
carbon to form a sigma bond. The other sp? orbitals of the two carbon atoms cach
overlaps with the Is orbital of a hydrogen atom, to form four sigma bonds. The
unhybridized 2p orbitals of the carbon atoms now overlap above and below the

: FIGURE 4.13
i Molecular orbital diagram of Ethylene
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bond (Fig. 4.13), C [ |
plane 10 form & 7 8 + Carbon-oxygen ( )C = 0), carbon-nitrogen
(C=N-)and odzer dou})le bonds are formed in the same way. The two bonds (one
sigma and one pi) making up the double bond are not equivalent to two single

(sigma) bonds. It may be pointed out here that Boron also utili o
bond making (Section 4.9). n also utilizes sp orbitals for

sp (diagonal) hybridization: The hybridization of a;a s- and a p- orbital leads to
two hylznd ocbiuh knowa as sp orbitals, These orbitals are co-linear at an angle
of 180° which provides maximum separation and overlap (Fig. 4.14). The

unhy.bridized two p-orbitals (2p,, 2p,) remain at right angles to the plane of the
hybrid orbitals (Fig. 4.14). '

\0 - ."." }-J ‘\.....‘ '.c'. ..'-. 10, .."o
(a) Single sp hybrid (b) Two Co-linear sp hybrid orbitals
~ orbltal

~ FIGURE 4.14 -
sp hybrid orbital with unhybridized

P, P, orbitals.

: plaini smetry of the
P hybridization has been very useful in explaining the geometry 0
Molegy]eg which contains carbon bonded 10 two other atoms oF groups such as

Re or acetylene (CH). i . s
11als overlaps with one sp orbital of

Inethyne e of the sp 0rb .
the secondy:;bn;:l::ufl:;‘:?;:g. bgnd, while the two remaining sp orbitals

-
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form sigma bonds with hydrogen atoms. The unhybridized p-orbitals oy
parallel manner and two pi bonds are obtained in planes at right angle

crlap in
below and oneither side of the linear molecule (Fig. 4.15). like carbon, B

S above

i et ) ] erylli
utilizes sp' orbitals in bond making (Section 4.9). S
/3 } [ 3 Sy
. 1
3 Cnses Gs. =l
H
FIGURE 4.15

Bonding in Ethyne molecule

4.10 SHAPE. OF SIMPLE MOLECULES
Asimple moleculem

(i) Electron pair repulsion.model (&). Hybrid orbital model

Thc’assumptions of these models summar; "
. an s |
lines to explain the shapes of molecules, EREn wdllscrveas e

The electron pair repulsion model: Thig 4 of 8
. y roa tureé
covalent molecule is due to SIGWICK ang Pg&EL‘I:I‘ (1109 ;1(1); struc
They pointed out that the shapes of molecules can be determincd
the repulsion between the electron pairs present in valency shell of ccmral
atom.
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The main postulates of this model or theory are:

{, There may bc WO types of electron pairs surrounding the central atom
(a) Bond Pairs : These are the result of the sharing of unpaired ‘

clectrons of central atom with unpaired electrons
of surrounding atoms. These are also called
ACTIVE SET OF ELECTRONS.
(b) Lone Pairs : These are the paired electrons, which have not taken
7 to~e Pae:  part in sharing. They are also called NON-
HO0sH BONDING PAIRS. They are also considered to be
"\ sowo saes. ACTIVE SET OF ELECTRONS,
2% Béing similarly charged (i.e. negative) the bond pairs as well as the
lone pairs repel each other. |
3. Due to repulsion, the electron pairs of central atom try to be as far
apart as possible, hence they orient themselves in space in such a manner
that force of repulsion between them is minimized.
4. The force of repulsion between lone pairs and bond pairs is not the
same. The order of repulsion is as follows:
Lone pair — Lone pair repulsion > Lone pair — Bond pair repulsion
> Bond pair — Bond pair repulsion. e
3. In case of molecules with double and triplc’-bonds, the & electron pairs
are not considered to be an active set of electrons, hence not included
in the count of total electron pairs. :
6. The shape of molecule depends upon total number of electron pairs

(bonding and lone pairs)It is summarized as follows.

- Number of electron Geometry of Bond Angle Example
pairs around central atom  Molecule
. BeCl; CH,; CO,; -
2 Linear A b ——Zk 180 Cs,
‘ g . . -
3 Planar 7 120° gg,.. Gl S0
Trigonal x X
' e CH,; NH; H,0
4 Tetrahedral : ‘gx 109 CCl,; CBr,
X :

hyy J1Ybrid Orbital Model assumes that it is the nature of hybrid orbitals (i.c.
ybndization) which determines the shape of a molecul.

1800 *P-hybridization in the central atom gives linear molecule with an angle of

B
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sp: hybridization in the central atom gives planar trigonal structure with g
angle of 120°. |

sp’—hybridization'wim no lone pair or non-bonding orbital on the centry)
atom gives tetrahedral geometry. with bond angles of 109°. 28'.

sphybridization with one nonbonding orbital (lone pair) gives pyramida)
structure with an angle of 107°.. |

, sp’-hybridization with two non-bonding orbital on central atom gives bent
or angular structure with bond angle of 104.5°.

The larger atoms of Groups VA and VIA such as phosphorus and sul-
phur do not use sp® hybrid orbitals in bond making, instead they utilize their

p-orbitals which are mutually at right angles. Such elements form com-
pounds with bond angles of about 90°. ~* =

Linear Molecules : Al the diatomic molecules such as HF, HCI etc. are linear
regardless of the number of active electron pairs surrounding the central atom. I
is because, there are only twoatomsin a diatomic molecule. Molecules containing
jHone -t.han two atoms can also have the linear shapes, for example, Beryllium
Chloride (BeCL) is a wiatomic linear molecule with the bond angle 180°.

0-®-0
The Lewis structure of BeCl, is represented as -

ssi : L nogel, these pairs must be as far apat®
- possible, that is, the two chlorine atoms shoulg be placéda;;a:‘hie: site side?
beryllium which would give the line ' PPO

ar structure of BeCl,.

- making (i.e. beryllium is sp -hybridized), €s its sp-hybrid _oyplta_ ._

_
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Joded 2 . 2 1
Bc'f 1s*, 2s* Excited Is | 25 +2p,' Hybridization Two sp' orbitals.

Both the sp' orbitals are arranged linearl y atan angle of 180°. These orbitals

overlap with 3p,_ ox:bitals of the two chlorine atoms to form two si gma bonds, all
the three atoms being in straight line (Fig. 4.16).

wm——

180°
- 180°

FIGURE 4.16

The formation of two a-bonds in BeCl; by overlap of 3px orbitals from two chlorine atom with
two hybrid sp orbitals from a beryllium atom.

The linear structure of ethyne (H—C=C—H) has already been discussed
(Refer sp! hybridization). Likewise CO, and CS, are also linear molecules:

0=C=0 §=C=3S
(There are two-electron pairs on the central atom carbon in each case)

Planar Trigonal Molecules : Boron trifluoride, BF,, .is a tetra-atomic planar
trigonal molecule with the bond angles of 120°. The Lewis structure of BF, show:
that there are three electron pairs surrounding the central Born atom. In terms :s
tlectron repulsion model, these electron pairs must be arranged as far apart

.  Big _ . 3
Possible to minimize the repulsion, itis achieved by placing tlhff’e ﬂfurzr:)r:e atom
A the three corners of equilateral triangle in which each angle 1S 0 -

F
'x|v~,.l 20°

F% ‘?KF,

BF, molecule |

Scanned with CamScanner



MDCAT BY FUTURE DOCTORS (TOUSEEF AHMAD)
146

" In terms of the hybrid orbital model, boron atom undergoes sp? hybridizatiop
producing three sp? orbitals.

B=1s%, 25, 2p,' Excited Is?, 25!, 2p,', 2p,' Hybridization Three sp? orbitals,

These orbitals are arranged trigonally in one plane (Coplanar) (Refer sp?
hybridization). By overlapping with 2p orbitals of fluorine atoms, the 5p orbitals
form three sigma bonds giving BF, the planar rigonal structure. (Fig. 4.17).

+3(2P)

of Fluorine B

Three sp? orbitals of Boron.

FIGURE 4.17

The planar trigonal geometry of Ethene has already been discussed it sy
hybridization. Sulphur dioxide, SO, and the carbonate ion, Co,%, both ha‘vc
planar trigonal geometry because both S in 8O, and Cin CO, have three active
sets of electrons surrounding them. »

o)

: I

S (s

Scanned with CamScanner



i-.
MDCAT BY FUTURE DOCTORS (TOUSEEF AHMAD)

147

Tetrahedral Molecules : Methane, CH,, is a tetrahedral molecule with bond
angles 109°.28" (See Fig. 4.11) The Lewis structure of CH, is represented as :

H

X
HxCxH

»

H

In terms of electron pair repulsion model, there are four active sets of
electrons- surrounding the central carbon atom. In order to give maximum

separation and minimum repulsion, the four hydrogen atoms must be directed
towards the four corners of tetrahedron.

In terms of hybrid orbital model, carbon uses sp® orbitals to form sigma
bonds with the hydrogen atoms as shown in the Fig. 4.18 (It has been discussed
in sp’ hybridization). Like wise all the compounds of CX, type such as CCl,,
CBr, etc. are tetrahedral with bond angles of 109°.28’

Overlap of atomic Molecular orbitals

orbitals
FIGURE 4.18
The structure of the methane molecule (the small lobes of the sp? orbitals have been
Omitted for simplicity).

.\ : .
Shan . o ik
"ih‘l‘e of Ammonia : The Lewis structure of NH, shows that the central atom

§€n s surrounded by four electron pairs. In term of electron repulsions
®L the tetrahedral structure gives the maximum separation as in the case of

.
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CH,. However, there is one lone pair electrons on nitrogen which repels the
bonding pairs with the result that angle is reduced from 109° to 107°,

FIGURE 4.19
Shape of NH; molecule.

o - Non-bonding orbital
| N +3(1s) | . Q
T ... TEREP

) Three Hydrogen atoms

Sp? orbitals of Nitrogen

FIGURE 4.2¢
Shape of NH, Molecule,

The electrons in the non-bondin i
orb .
nucleus, and hence they are not held af ﬁgh:l‘;‘ a:r:h as,c,locxated with only oné
orbua%s which are associated to two nuclei; cons equ“‘:lc t»;cﬂ'l?m in the bond{nj
occupies !arge volume of space. The largér orbita] : € non-bonding orbi!
orbitals slightly reducing the bond angle in th ompresses the bonding

¢ NH; ta 1070
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Shape of H20' : As per Lewis Structure, the central atom oxygen is surrounded
by the four active sets of electrons and according to the electron pair repulsion
model, thetetrahedral arrangement would give maximum separation and minimum
epulsion. However, the bond angle (H—O~H) is 104.5° (Fig. 4:21). The

deviation in the angle is due to the presence of two lone pairs as explained in case

of NH,. The repulsion of the lone pairs and the bonded pairs reduces the angle

from 109° to 104.5°.

—

-,
°

T
Tx O

FIGURE 4.21
Shape of H,0

In terms of hybrid orbital model, oxygen utilizes two of its sp’ orbital§ to
form sigma bonds with the two hydrogen atoms, leaving two non-bonding

orbitals on the oxygen.

Q +2(1s) | ‘ =%
g ® Two Hydrogen atoms

FOUr sp.’!

Orbitals oxygen

FIGURE 4.22
Shape of H,0

\\

spaccA : ®Xplained dbove, the non - bonding 0

*ence they compress the bonding orbita

rbitals occupy the large volume gf
s and reduce the angle H-O-H in

g
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water to 104.5° giving angular or bent structure (Fig. 4.22).

Likewise, sulphur dichloride, SCI, is the angular molecule,

* 4.11 HYDROGEN BOND

Besides theionic and covalent bonds which are the normal or primary bonds,
there exists another type of bonding bassd on physical interaction of

hydrogen atom called hydrogen bond. _ .
When hydrogenisbonded to highly electronegative elem.cnt SUChaS{utrogen,
oxygen or fluorine (e.g. NH,, H,0, HF), the molecule wx!l be polarized and
becomes dipolar. The slightly positive hydrogen atom 1s attracted by the
slightly negatively charged electronegative atom (N*- - H*, 0%~ H*, F*-H"),
Anclectrostatic attraction between the neighbouring molecules is setup wheathe
positive pole of one molecule attracts the negative pole of the neighbouring
molecule. This type of attractive force which involves hydrogen is referred toas
hydrogen bond; it is somctimes known as protonic bridge. To distinguish 2
hydrogen bond, it is best to write it as dotted line. The hydrogen bond causes the
association of molecules as shown in fig. 4.23. Hydrogen fluoride and w2-
ter, for instance are represented as (HF), and (H,0)..

gt
H "8§ HS. !‘8'

l - 8. l . l l .
* W~ - O—S———H'. e 0§—— HSO:OO OE:—-HS:ooO OE:-HS.

: : : fnad

S= . °

H Hs' HSo HS!
s« s ' ls. Vg &

5
O-——H-. ow O—H

q.-.‘o—_ . " - 08._—}*8:..

(HF)

8.

F bt
8}; ..,' \ Hs. 5;! .“ ¢ \ Hs' 5};."" \ Hs,
..'.57 " “ SF'/ ‘“'o’x . ¥ ;_/ .

F
FIGURE 4.23 i
Assoclation of HF and H,0 through hydrogen bonds: __
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Notice that within molecules, atoms are joined by strong covalent bonds but
petween the nCigthlfme molecules, hydrogen bonds exist. Thus hydrogen
bonding is nothing lautmtcr molecularattraction. The tendency toformhydrogen
bonds increases rapidly from N-H through O-H to F-H and decreases from F-H
1o Cl-H and from O-H to S-H. Thus the tendency of amolecule to from hydrogen,
bonds depends uponits ionic character which in tum depends upon the difference
in clectronegativity (AEN). Fluorine with the highest electronegativity forms the
strongest hydrogen bonds. The bond strength (bond energy) of HF, H,Oand NH,
(that is, for H......F, H......O and H......N) is 41.8, 29.4 and 8.4 KJ mole-!
respectively. However the greater number of hydrogen bonds known are those
which unite pairs of oxygen as in H,0. _

Although the hydrogen bonding is the strongest of the secondary bonds, it
is still weaker than a normal covalent bond. Itis evident from the fact that bond
energy of hydrogen bonds is 2040 KJ mole™ as compared to the bond energy of
150-500 KJ mole™ for normal covalent bonds.

The hydrogen bonding greatly affect the physical properties of molecules.

For example, the first hydride in groups VA, VIA and VIIA of the peri-
odic table (NH,, H,0 and HF) have higher melting and boiling poiats than
;_h*’ C;lher hydrides of these groups (e.g. PH,, H,S, HCl etc) as shown in the

ig. 4.24, ~ ' A

' Note that although fluorine is more electro negative than oxygen, water has
ahigher boiling point than hydrogen fluoride. This is because, the oxygen atom
w0 non-bonded pairs of electrons and there are two polar hydrogen atoms
)Present enabling three dimensional bonding, where as in hydrogen flucride,
“¢is only one polar hydrogen atom and it is therefore only possible for chains

Of limiteq length to form.

The most interesting impact of hydrogen bonding is seen in the crystal
"Mcture of ice which c:::sg.r,sl wgterto bchl:wc agbnormall)’ from 0°C~4°C. Crystal
7 Clure of ice shows a tetrahedral arrangement of H,O molecules. Eachoxygen
thoy, SUITounded tetrahedrally by four others, 1, 2, 3, 4. The hydrogen bonds

"by dotted lines (Fig, 4.25) link the pairs of oxygen atoms.

P

Scanned with CamScanner

=



MDCAT BY FUTURE DOCTORS (TOUSEEF AHMAD)

152

100 Q Ao

Hy0

‘ Lu,o ' Kw _ HpTe

=300 . =200
MELTING POINTS 80/UNG POINTS
FIGURE 4.24

The abnormal melting and bailing pohh of water, hydrogen fWwaride and

ammonia.

FIGURE 4.28
Crystal structure of ics.

A
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The arrangcr.ncn.t of the water molecules in ice is an open struciure and due
(o larger volume, ice 1s less dense than liquid water. When ice melts some of the
hydrogen bonds are brolfcn anq the molecules pack more closely together so that
water has a higher density. This breaking down process is not complete until a
emperature of 4°C is reached at which water has the maximum density. On these
basis, the anomalous behaviour of water can be explained, that is, water when
heated from o€ to4°C contracts and when cooled from 4°Cio 0°C, waterexpands
(contrary to the behaviour of other liquids). ‘

PROGRESS TEST 4

1. Describe the main types of bonds. What physical properties are associated
with the molecules containing these bonds.

2. Whatis polar colvalent bond? Do all polar molecuies contain polar covalent
bonds? Do polar covalent bonds necessarily have polarity on a polar
molecule as a whole? Support your answer with more specific examples.

3. Distinguish between the following: '

(i) Atomic orbital and molecular orbital.
(i) Sigma and pi bonds.
(iii) Valence Bonds theory and Molecular orbital theory. et
4. Whatdo you understand by the term Dipole moment? Explainthes gnificance

of dipole moment. ; e
5. What is meant by sp* hybrid orbitals? How do they differ from s - and p

orbitals?
Describe how electronegativity of atoms
bond formed between two elements. EXp
" Write note on Bond energy.
" What are the most important secondar
9 Molecules? How do they affect the phyflc
‘ 0? W €an the theory of electron pair repulsion
Simple molecules. .
10, Cryllium chlori‘:ilzshas a linear shape wherc as water nm!c:clu%fJ :: ;;51::;
13D€. Account for ihis difference in terms of electron pair fepulsi
1, ybrid orbital model.,
ICt the shapes of the following molecu

S PH, HS, SCL,

can be used to predict the nature of
lain giving examples.

ndary bonds present in H,0 and HF
al properties of compound?
be used to rationalize the shapes

les:

t

)

e
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CHIAPTIBIR &

ENERGETICS OF
CHEMICAL REACTIONS

It is a matter of common observation that most of the things around us are
in a continuous state of change or flux. These changes are important for ail of us
and we learn a great deal by looking atthem and studying them carefully. Oneof
the most observations is that all chemical chan ges are accompanied by important
change in energy, thatis energy is either absorbed or evolved. Heat energy is the
most common form which is manifested in chemical reactions. Besides heal,

other forms of energy are mechanical, electrical, chemical, radiant etc., which &r¢
stored in all substances.

A study t.)ased on the pnnciple of conservation of energy is known &
 Thermodynarmics. The laws of Thermodynamicsare successfually usedin Physics
Chemistry and Engineering.

(':hemists'arc interested in the changes in materials and energy it e
chemical reactions.

. Chemical reactions which are accom

- ] L lhc

. panied by energy changes with U
material changes, are generally known as mmzhcmile macx?ons. jn thE3
chapter we are concerned with the tnergy changes taking place in chemic®

reactions in an elementary way. Thermochem

oo 89
: ; . # ical reactions are classified”
(i) Exothermic reactions and (ii) Endothermic re :

actions.
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i) Exothermic Reactions : The chemical reactions which are accompanied by

iheliberation or emission of cnergy are called exothermic reactions. All combustion
reactions are exothermic reactions.

eg. C+0, == CO, + heat
CH, +20, a CO, +2H,0 + heat

(i) Endothermic Reactions: The chemicalrcactioﬁs are accompanied by the
absorption of energy are called endothermic reactions.

e.g. C+2S+heat —» CS

2

H,+I +heat — 2H1

The heat evolved or absorbed during chemical reactions depends upon

(1) The amount of Chemical substances involved (2) The physical states of the

 substances involved (3) The temperature and (4) Whether the reaction occurs at
constant pressure or constant volume.

g% THERMODYNAMIC TERMS (SYSTEM, SURROUNDINGS AND
ATES) »

The properties or changes of the matter are usually investigated by
‘ontrolled  experiments. Any real or imaginary portion of the universe or
:{;’; T,]}:]g “fhich is under examination or under consideration in the labomto.r)t or

"ere is called a system. The environments of a system or all the remaining
POrtion of the universe which may act on the system are known as surroundings.
:: ns ys.tem and surroundings are separated from each qlhc: b.y real or imagi“f“’)’
o 1es. For instance, when the hydrolysis of anesteris c:amcd outin areaction
i Placed in g thermostat then the contents of the flask is the system, the flask

13 the Te ;
eal boundl’y and the thermostat is the surrounding.

whicTh: Properties of a system in bulk, rather than that of the part of the system,
T . . .
P“‘-Ssu € easily measurable are known as the macroscopic properties e.g.

* Mperatyr e, volume, composition €tc.

B
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The properties of a systemmay be divided into two main groups (a) Intensive
properties and (b) Extensive properties.

'(a) Intensive Properties : It is a characteristic property of the system and is
independent of the amount of material concerned. Density, pressure, temperature

viscosity, surface tensipn, refractive index, melting point, boiling pointetc are the
examples of Intensive properties.

(b) Extensive Properties : It is the property that depends upon the amount of
the sub-sta_nce present in.the system. The change in the extensive property is
proport_lonal to the change in the quantity of the material in the system. If the
matier in a given systemata given condition is divided into two equal parts, the
values of the extensive properties will become half of the original values. Mass,
volume, Mole numbers, the En thalpy, the entropy, the internal energy, the Gibb's
free energy etc are the examples of extensive properties.

L) Macroscopic properties give description of materials under a given
set of experimental conditions. A system s said to be in a definite state when each
of its properties has a definite value and thus the system is completely defined.
The description of the system belore it suffers any change is called as the initia!
state of the system while the description of the system after it undergoes a change
is known as final state of the system, Changes in the systém therefore will be
described by comparing the final and the initial states of the system. In other
words, the change in state of a system is completely defined when its initial a1
final states are specified. For example if T, is the condition of temperature at the
initial state and T, is the condition of temperature at the final staIC, then |

T, =D o AT which is thg change in temperature of the system. Simil!)
V, -V, = AV is the change in volume, E, -E =AEisthe change in the internd
energy of the system and so on.
Thus,

Change in the property of a system = value of a Property in the final state - value of ¢ ga1me
property in the initial state.

5.2 FIRSTLAWOF THERMODYNAMIC (ENERGY CONSERVATIOV

g1}
pang®

A

First law of Thermodynamics was enunciated by Helmholtz in 1
states that energy can neither be created nor destroyed, although it may ©
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from one form 10 anothcr..in other words the total energy of a system and
its surrounding must remain constant, .

For the mathematical derivation of First law of Thermodynamics, imagine
a system whose internal energy in the initial state is E , let a quantity of heat 'q’
from the surroundings be absorbed by the system and does some work "W on the
surroundings while the intenal energy changes to E,, due to heat and work
operations, then the change in the internal energy (E,-E)), accordiny to First law
of thermodynamics is given by

ESSE AR = Q=W ™ i (i)

This is the mathematical statement of first law of thermodynamics. AE
depends only on the initial and final states of the system.

Pressure - Volume Work : Considera cylinder of a gas having an area of cross-
section 'A’ fitted with a frictionless and weight less piston (Fig. 5.1). If the
pressure on the piston is P, then the total force ' acting on the piston would
be PA, since pressure is the force per unit arca (P=f/A). If the piston goes up
through a small distance 'dl', then the workdone 8W is given by as,

: r l . ( piston
8W =f x dl=PAdl =Pdv - av/1/ /)
where Adl =dv 04 //// /

, Thus W = PAV w
The Value of workdone 'W" is substituted K T‘v'
1¢q (1), the equation of First law

. ,
rmodynamics becomes as 8 7 >

=  FIGURE 5.1
Q=AE 4 PAV  crememeome @
The : . .o chemical reactions may take
p‘,ﬂCe absorption or evolution of heat during Let us consider these

Proge s a.t constant volume and (b) at constant pressure.
SCS in SOmc detajls, -

E
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(a) Processat Constant Volume:Let @, bethe heat absorbed at consigy,
volume and at constant volume AV = O, So PAV also becomes zero, hence

q, = AE - (3)

- Thus in the process carried at constant volume, the heat absorbed or evolved
is equal to the energy change i.e., AE.

(b) Processat Constant Pressure: Since most of the chemical reactions in the

labqratory are carried out in open vessels, so chemists are more interested in the
processes that take place at constant pressure, |

- Let

«t q, be the heat absorbed at constant pressure, then the eq. (2) remains
same 1.e. ' '

> q = AE + PAV
We know thqt AE=E,-E and AV =¥, —V,, 50
q, =(E,-E) tP(V,-V)
=E +PV,— E, +PV) oo (4)

Thus
E,+PV,=H,
andE, +PV = H
Substituting the values in eq, (4

) WeE get
;P oy Tl SRS
~4H = AE +PAV i ()

5.3 Signof AH

AH is the change in enthalpy. AH is th

e ch ist ste
and depends on the initial arfd final st aracteristic property of a Y

tes of a system and not on the means

J
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which the changes are brought. For all exothermic processes, AH would be

b )
nggativc and for all endothermic process, AH is positive.
e.g. C+0,2.CO, AH = -394 KJ mol!
C+2S - CS, AH = + 117.6 KJ mol!

A summary of exothermic and endothermic reactions explained in terms of
heat content is dingrammatized as follows:

' —= 1

PRODUCTS

e
REACTANT

I
[
I
t AH=+VE

AH- —VE o | 4
!
[}
]
|
|
(]
|
|
!

*--------—-——
HEAT CONTENT '

PRODUCTS REACTANT ' L’

k .
EXOTHERMIC REACTION ~ ENDOTHERMIC REACTION

— FIGURE 5.2
v

*4 THERMOCHEMISTRY

The specific application of the first law of themodynamics is the study of

Chemi ) 3 ; i -
e - <l Teactions js referred to as thermochemistry. Thermochemistry deals with

c?easu’ement or calculation of heat absorbed or given out in chemical
io ; etiea s i 3
oo, " The unit of energy is calorie and kilocalorie. The S.I units are however

0
Uleg and kilo joules.
(1 cal = 4.184J or Joule = 0.239 cal)

S5
HESs'g LAW OF CONSTANT HEAT OF SUMMATION

G'H.I"[Ess (1840) discovered a very important generalization which is /

-
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known as Hess's law. It states that the heat evolved or absorbed in a given Teactiopn
must be independent of the particular manner in which the reaction takes place.
it depends only on the initial and final states of the system. In other words, if 3
chemical veaction 1s made to take place in two or.more different ways, whether
in one or several steps, the amount of the total enthalpy change will be same, no
matter by which method the change is brought about.

: Coqsider a chemical reaction in which reactant 'A’ changes to the product
D'ina sm.glc step with AH as the heat change (Enthalpy change). It may proceed
through different intermediate stagesi.e. ‘A’ first changes to 'B' with heat change

a3 AH), 'B' then change to 'C' with heat change as AH, and finally 'C'
changes tc ‘D' with heat change as AH,,

According o Hess's law, AH = AH, +AH, + A,

i

4-1_-7 .
A » \
, B
aH ,
| 4H,
/ i c
FIGURE 5.3 D'é A,

illustration of the law is given by the following example :

: : ge is 49 K] in the se¢
ond SiEDy ,lhc enthalpy change 18 —41 KJ/mole, It is Biffl::l:satg(:l:\‘ws:
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p—_
CO, + 2 NaOH %"
r‘:iz RET=s rjf;ﬁCOﬁHzO
NaOH “§
3
AH, = —49 K¥mole -
e =~ NaHCO, + NaOH 3
FIGURE 5.4
-’— — - —
Hence according to Hess's law
AH = 4H, + AH,

ie. AH=-49-4]1 =-90 KJ/mole

Application of Hess's law:- Thermochemical equations may be added,
subtracted and multiplied like ordinary algebraic equation, therefore Hess's law
of constant heat summation is important in Thermochemistry because it helps
in calculating heat of reaction, heat of formation in-such cases where direct

measurement is not possible.

56 HEAT OF FORMATION.
The heat of formation of a2 compound is defined as the change of enthalpy
When one gram mole of the substance is formed from its elements.

The standard heat of formation is the heat of formation when all the
substances inyolved in the reaction are each at unit activity (i.c. at 25°C and one

dtmospheric pressure).

The heat of formation is generally represented by &H,. For example, the
heat of formation of CH, (C+2H,) is-74.9 KJ/mole. It can be calculated from

'he following data:
(i) =2
Co + 2H2m - CH,, J Aﬁn-c

(if : ' —

) C(S) + ozm = CO,, Mo o
) Hi ,_21_ 0,5 HO . AH,,,. =-286-KJ/mole

Y0

i .
W) oy AH,,..=-890.34 KJ/mole

‘w*¥20,, —» CO,, +2H,0,

-
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In order to obtain the heat of formation of Methane, multiply eg (iii) by 2 anq
add in eq (ii)

CarOu o Co_. AH,...= -394 KJ/mole

2H2{ = 02@ — 21—120“) "AH,...= -572 KJ/mole

C +2H, + 20,,— CO, +2H,0, AH,.. =-966 KJ/mole—(v)

Finally subtracting eq (iv) from eq (v), we bbtain

C+ m;?d, - (;72 + 2:7b AH,... =-966 KJ/mole
CH
CH,+30, = §0,+2H0  AH,. =-890.34 KJ/mole

-—

F AH,... = =15.66 KJ/mole
15 15 the heat ' |
of fonngnon of CH, which we Can not measure directly

What do YOu unde

rsta
Iustrate with an ¢ i by the term

s :
xample System, surroundings and states’

Freeenergy, Vapour pressure. T

em ;
energy, Melting point PeTature, Surface lension, Mass. Tnternd!

State the First law of Th }

ermod :
statement, AE = q — v, ynamics ang also give us mathematicd!
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(b) Calculate the heat of formation of acetic acid from the following data.

2C‘(S)+ 2H2w + OZ(;) e i— CHJ COOH(‘) AHI__= ? — (l)
C(S) % 02(:) T Cozm : Al L,s.. = -394 KJ/mole (2)
Hyyt 10 — H,0, AH,,. =286 KJ/mole (3)

CiL,COOH,, + 202-&, ST 2C01w + 21-[200) AH,,,.=-870.8 KJ/mole(4)

(Ans: —489.2 KJ/mole)

5. (a) Define and explain the terms (i) Exothermic process (ii) Endathermic

process (iii) Heat of formation.

(b) Calculate the heat of formation of Ethane at 25°C from the following

data
() 2C,+3H, = CH,, AH, =?
(i) Cy + 0, = .CO,, AH =-394.00 KJ/mole
(iii) H, + !/zozw = HO() AH =-286.0 KJ/mole

(iv) CZH“‘) +7

O 20, +31,0() Ali=-1560.632 Ky/mole

(Ans: ~85.368 K/ mole)

6.

(a) Show that the product of pressure and volume, PV has the dimensioxj‘ |
of energy. - ot o : '

(b)In a certain process 848J of heat is absorbed by a system, while 394)

of work is done on the system. What is the change in the internal energy
for the process ? > (‘Ar.ls: 1242))

(a) If 1800 cals, of heat is added to a system while system does work
€Quivalent to 2800 cals by expanding against the surrpundmfl. What is
the value of AE for the system? (Ans: 1000 cals). f
(b)1Ina certain process, 5007 of work is doneon a system which gives of

2005 of heat. What is' » of AE for the process ?
eat. What lsthevalueo (Ans:3mn

g

Scanned with CamScanner



MDCAT BY FUTURE DOCTORS (TOUSEEF AHMAD)
164

NaCl + Ag NO,
Reactants

— NaNO3 +AgCl

Products 2

are called reversible' op '
conditions, both the forward
all the reactants and product

R “
cactants == Producyg
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) Formation of Ethyl acetate (ester).

CH, COOH + GH,0H = cy, COOC,H, + H,0

(

(ii) Dissociation of Hydrogen iodide,
HI = H+,

(iii) Dissociation of Phosphorus pentachloride
P, = PCL,+(C,

(iv) Hydrolysis of Bismuth chloride
BiCl, + H.OH = BiOCi +2H(C]

(v) Synthesis of ammonia by Haber process
N, +3H, = 2NH,

62 EQUILIBRIUM STATE

In a reversible reaction, both the changes, forward and the reverse occur
simultaneously. Under these circumstances, a reaction might come to some kind
of ‘balance’ in which the forward and reverse reactions occur at the same rate.
Consider, for example, the following homogeneous reaction (i.e. entirely

liquid or entirely gaseous). -

A+B =m—=C+D

In the beginning, forward reaction predominates, butas soon as CandDare
Omed, the reverse reaction builds up’ until equilibrium position is reached
¥here the forward as well as the reverse change proceeds with the same rate.

; : 3 H V! ‘w >
Phy The equilibrium state of a chemical reaction, however, differs from these
5

i i atableareina
Sage ) cxamples, The children on a se¢ Saw Or & note book on

Dfdstars it . 1ibrium is ‘dynamic’, that is, 1t
s, . SHatic’ equilibriurm, but the chemical equilibrium is dyn

Y i i icles in motion (as it
,nvquulhbnum involving the constant inter change of parti

eq""'bef the balancing of two rcacuonsoccurring‘simultancously). ‘Icn static
®fum, we can observe the fact that the children or the book are in

o

b

Scanned with CamScanner



MDCAT BY FUTURE DOCT@BS (TOUSEEF AHMAD)

* equilibrium, but in dynamic equilibrium we can't observe the individual particles
involved.

Although the idea of reactants and products is confusing in a reversible
reaction, at equilibrium point, all the substances involved are present. That is to
say that an equilibium mixture is formed. The composition of this mixture
remains constant due to same rate of forward and backward change. At this point,
it apparently appears as if the reaction has stopped because we don't see an
increase in the amount of products. But as mentioned earlier, a reversible reaction

never stops - it is dynamic. The equilibrium state.does not change with the lapse
of time.

Concentration remains constant -
0 equilibrium is established

| Products
|

[ t¢=Time of equilibrium
Time

Reaclants

[~
S
®
b
g
Q
Q
g
Q
O

Fig.6.1
6.3 THE LAW OF MASS ACTION (EQUILIBRIUM LAW)

In 1864, the Scandinavian scientists, Guldbe

generalization regarding the effect of concentration on reversible reactions
equilibrium. Ttis known as the law of mass action or law of equilibrium. Tt states
that: .

rg and Waage fom'\ulated_:
i

[l l H -
Therateatwhicha substanc:: Teacts is proportional to its active
mass and the rate of a chemical reaction is

; proportional to the
product of the active masses of reactanys," e

y
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The term active mass’ means the concentration in terms of moles/dm’
(moles/litre). For example, the active massof 4 gm H, is 2 moles/dm’ and it is
;cprcSCﬂ‘Cd by means of square brackets such as | H,] = active mass of H,

To derive the expressions of Equilibrium Constant, K. In order 10 find out
meinfluenceof concentration onchemical equilibrium. itis essertial toderive the
expression of its equilibrium constant which is denoted by K, or K . Let us,
for instance, apply the law of mass action :o0 the following general reversible
reaction in which 'm’ moles of A and 'n moles of B react to give 'x’ moles
of C and 'y’ moles of D.

mA +nB = XC+yD

Rate of Forward reaction o [A]™ [B]"
= K, [A]"[B]... ()

Rate of reverse reaction o [C]'[D}

= K, [C]* [DV....(ii)

Since, at equilibrium state, f .
Rawe of forward reaction =  Rate of reverse reaction

@) .= (ii)
K (A= B = K [C) (DY
SR [C)* (DY
K, (8 [ArpBr
O “tes (C) (DY
N [A]" [B)

masses of products are placed
reactants are placed in the

i jve masses of
theratio of activem
: PCl, + Cl,

i T:ls i3 the expression of K, in which ac:uw:f
nomy; Mumerator while the active masses O

Wuc’“aton Inother words, equilibrium constant! oaction PCL=2
and reactants at equilibrium. Thus, f0° the r

[PC,] (PCL).

Ke =

9

[PCL,]
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In case of gaseous equilibrium, a partial.pressure is used instead of
concentration because at a given temperature, partial pressure of a  gas is
proportional toits concentration, Inthiscase, the equilibriumconstantisexpressed
as K instead of K , for example, consider the following gaseous equilibrium,

Ay Bm = C

w* Py

(P) [P
K , =

» where P, P, P, P are the partial pressures of

(PJ [Py gasesA,B,Cand D respectively.

Relation between K and K 2

() K, =K. in these cases where there is no chan ge involume such as
Hytly =20,
1Vol. 1Vol. 2 Vol

(i) K, >K. when reactions occur with incr

€ase in volume such as
NHy =Ny + 3Ky,
(i) K, < K. when there is decrease in volume on th i
! side such as
250, + Q, 2280, Y e product side su

6.4 DETERMINATION OF EQUILIBRIUM CONSTANT

The value of equilibriu v E el
concentration of rcazctlams Incr:nrdconmm I\c does not depend upen the T
: . ertofind outthe valye of & we have to find 0vt
the equilibrium concentration of reactans an e

examples: g d products. Consider the follewisd
1. Ethyl Acetate Equilibrium ;

Acelic acld (an organic acid) reacts with ¢thyl alcohol to form ethy! aceudi
(an ester) and water, :

Esterification

e
CH.,COOH + CZH,OH .‘Hm CH,COO C.QHs € HIO ‘

pr
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Known masses of acetic acid and.ethy] ] ken i
qask. Let it be 'a.' moles/dm? acetic acid a:d 'b?;ho?e;?n:f’:fh'}m:;%;:d
uilibrium establishes after some time, the contents of the flask are cooled orrl
quenched' by adding crushed ice to 'fix' the equilibrium. Since equilibrium
nixture consists of unused reactants as well as the products..hencc thcfamoum £
e acid left at equilibrium is determined by titrating it against standard soluti:n
ofsodium hydroxide. Suppose the amount of acetic acid consumed at equilibrium
isxmoles/dm’ which means the acid left at equilibrium is (a-x) mole/dm?. Note
- inthe above equation there is 1 molecule of acid, one mojecule of alcohol which
reactto form | molecule of ester and one molecule of water, In this case, therefore,
the amount of acid used up must be equal to the amount of alcohol used, which
means at equilibrium, the amount of acid left = (a - x) moles/dm?, alcohol =
(b-X) moles/dm?, ester formed =xmoles/dm® and water produced = xmoles/dm?.

CH,COOH + C;H,0H === CE,COOC;H, + H,0

No. of moles at initial state = a b Nil Nil
go. of moles at equilibrium state = - '(a-x) (-9 x X
°"°°nﬁ‘atio_n at equilibrium state= A%  (b-y) X X
"4plying the Jaw of mass action, we get: 4 v N 4
[CH,COOCH,) [H,0]
%= . CH, COOH] [CH,0H)
» |
e, - e
c (a_x)(b_x) (a—x) (b_x) '
v v

I .
o ::pam" experiments, different amounts of acetic acid anfl c_thyl alcohol
Wi the ¢ 0 react at constant temperatuse. Analysis of the equilibrium mixture
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Equilibrium Conc : (Moles/dm?)

{cn.coocm
AceticAcid | Ethylalcohol Ethylacetate | Water | Ko H,CO0H] (CH @‘Hi
18x10° 22x10° 40x 102 | 40x10? 4,04
63x 107 23x 107 75x 102 | 75x10° 3.88
75x 107 80 x 107 160x10? | 160x10° 4.26
281070 96x10° | 105x10? | 105x10° 4.10

For this system, the value of equilibrium constant, K. is almost constnt
which averages to 4.

2. Hydrogen Iodide Equilibrium

Hy,+

To start with, suppose there are ‘a’ moles/dm?® of hydrogen and ‘b’
moles/dm? of iodine which react in sealed bulbs at 444°C in the boiling sulphur

for some length of time. In order 10 'fix' the equilibrium, the equilibrium mixwre
is cooled. The bu!bs.arc opened in the solution of sodium hydroxide which
absorbs hydrogen iodide and iodine leaving behind hydrogen. Let the amount of

hydrogen consumcc} at e:quilibrium_bc '®' moles/dm® which means the amountof
hy.ill\rc;gcn llcf t :'t :gt:zhbnum is (2= moles/dm?. Since 1 méle of hydrogenreact
with 1 mole of iodine to form two moles of hydrogen ind: amount
of iodine used is also 'x'moles/dm?, Thus B o, heacs e

15 al 2x" moles/dm? of hydrogen iodide**
PIESCOlR equilibrium. The equilibrium constant K.isthen cilcu%atcd:

Hxn"‘ lzw —

=— 2HI
No. of moles at initial state e

Ly = 2HI,

‘oo a Nu

No. of moles at equilibrium state (a-x) (b:‘) 2%
Concentration at equilibrium state __(a'“, ) (b-x) .3}-—'

v v v

Applying the law of mass action

2 2z
el
- [H)(L) (E_t_g) (Q\;,Js) ETY ()

o
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In separate experimerits different amounts of hydrogen and iodine were
pade to react at constant temperature. Analysis of the equilibrium mixture gave
e following results: ‘
. 2] osemersess

[ gz

- Equilibrium Amounts (Mola/dh’)

TR | [HIf
Hydrogen |  Iodine Hydrogen lodide | K¢ i
0.00456 0.00074 0.01354 54.3
0.00356 0.00125 0.01559 54.6.
000225 0.00234 0.01685 53.9
0.00048 0.00048 0.00353 54.1

- Forthis system K. averages 10 54.

gAMPLE 1. 4.6 gm of ethy! alcohol and 6.0 gm of acetic acid kept at constant
Perature until equilibrium was established. 2.0 gm of unused acid were

Present, Calculate g :
[~

CH,COOH + C,H,0H === CH,COOC,H, + H,0

No. of ' 0 :
o moles at initial state o0 =0.1  —2 =01 NL NL
46
Su
eqm}s: No. of moles at | :
pm (0.1-x) - (0.1-x) x X

Du : _ '
| ""32““5 reaction 2 gms. of acetic acid were left

Wigy
"o =0.033 mole
or oy . :

or % = 0.033 mole
erefy 1-0.033 = 0,067 mole:
'€ 0.067 mole of acetic acid and 0.067 mole of ethyl alcohol

é

Scanned with CamScanner




MDCAT BY FUTURE DOCYURS (TOUSEEF AHMAD)

must have reacted. Hence 0.067 mole of cach product (ethyl acetate and
water) are formed. . |
= No. of moles at equilibrium state 0.033 0.033 0.067 0.067

0.033 0.033 0.067 0.067
Conc. at equilibrium state

v v v v

0.067 0.067
” [CH,CO0CH{ [H.O] v r v 0.067 x 0.067 T
[CH,COOH]) [C,HOH] 0.033 2 0._033 0.033x0033

EXAMPLE 2. 9.2 gm of ethy alcohol, 3.6 gm of acetic acid, 1.1 gm of ethyl
- acetate and 9.0 gm of water were mixed and allowed 10 attain equilibrium, If K.
= 4, what was thc concentration of the resulting tmxmrc?

CH, COOH +C,H,OH' == CH,COOCH, +H0

3.6 0.2 1.1 9.0
No. of moles at initial state —_ =006 ) — =202y —=00125,— = 05
60 46 88 ,’18 |

If x mole of acetic acid and x mole of | ' i
! of ethyl alco di-
tional x mole of each product (ethylacetate ang {vatcr) 2?: ;Z:I:;(;hcn ad
No. of moles at initial state -n |
No. of moles at equilibrium state  0,06-n 0;1“ 0 0;‘;‘5 o-gn
0.06-n B 3 +n WD¥N
: .(_)3_“_ 0.0125+n  0.54n
v

[CH,COOCH,) [H,0] e
[CH, COOH] [ C;H,OH]

((_).0125 +£) lgi"'_’_‘]
Vv Vv

e

Concentration at equilibrium state

]

Kcr.-.

| MTube]

= OB S48
3x* - 15525 x +0.04175= 0 E”“‘.B&."i““
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qolving by the formulaaxt + bx+ C=0Q

~b4vb?-4dac
X= 7a
x =0.49 or x =0.029 moles

Since the inital amounts of acetic acid and ethy) alcohol are less than 0.49
moles, hence x = 0.49 is ruled out. In other words x = 0.029 moles. Thus the
equilibrium concentration of the mixture is given below:

Aceticacid - = 0.06-0.029 = 0.031 mole/dm’
Ethylalcohol = 0.2-0.029 = 0.171 mole/dm®
Ethyl acetate = 0.0125+0.029=  0.0415 mole/dm?
Water =

0.5+0.029 = 0.529 mole/dm?

EXAMPLE 3, In a reaction A + B = 2C, when equilibrium was attained, the
concentration was [A] = [B] = 4 moles/dm?®, [C] = 6 moles/dm’. Calculate the
“uilibrium constant K and the initial concentrations of A and B.

Solution,
@) The equilibrium constant of the above reaction is given by,

K o _ICF
[A] [B]
6
ke = _4V ?66 =225
1)
b, g Vaonv:
% hence
Sy ICE one mole of A and one mole of B react to form two mole of C, hen
%hcles fCare produced from 3 moles of A and 3 moles of B. Thus the initial

e Ntrass
"Wation of A=B =4 + 3 =7 moles/dm’ each.

b
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6.5 APPLICATIONS OF THE LAW OF EQUILIBRIUM

T.hc law of equilibrium is used to calculate the equilibrium constant of 2
x;cvcr.snblc reaction. The study of equilibrium expression and its constant K.is
bctrrix ;r;lcp:br;am toa cl.xcmist or 10 a manufacturer, Some valuable predictions can
e ;lnarca.cuon. In fact.-achcmiStcanconn‘ol thedirection and the extent

emicalreaction by changing the conditions through the knowledge of K.

Below are given the important applications of equilibrium constant:

?) | i(c. is used to predict the direction of a reaction.
1) Ttis also used to predict the extent to which a reaction occurs.

(1) T;o predict the dirgction of a Reaction

direc'tli.g: v;:ue t:)'f ;quilibﬂ?m constant K., is a valuable aid in predicting the
o which a reaction will shift in order 10 achieve the equilibrium
p ¢ initial concentration of the reagents involved is known |

Reactants o= Produéts.

As rega:ds‘ to the ratio of the init; 3
[Produczs]mw Initial concentration of the reagents

» there are three Possible cases.

[Réactants]w

(i) Tvisgreater than K (ii) Itis less than K, (iii)AIt is equal to X
. c

(1) In the first case, when -

 [Products),

> K., the reaction wil] shi g
(o on will shift tow + action
[Reactants], owards the reverse direc

'l.v(fierc less quantity of products is obtained and the ratio decreases to the value oF

A
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LIK 03499815686
| . SR
(ii) In the second case when [ E MDCAT .yﬂ;rm
products] ? . ;
[[_R______?s]ﬁ'i < K the reaction will shift towards right where more
cactanBSly sy

quantity of products is formed and the ratio increases to the value of K.

(ii) In the Third case, when

[Products], ;s
[Reactants], ..,

been attained and there is no shifting of the reaction provided conditions are not
changed.

= K according to the law of mass action, eguilibrium has

EXAMPLE 4. The K_for the dissociation of hydrogcniodidc. at 356°Cis
13 % 102 If there are 0.5 moles/dm® Hydrogen, 1.5 moles/dm’ iodine and 5
moles/dm?® Hydrogeniodide, predict the direction in which the reaction moves so

as to achieve the equilibrium.

The dissociation of Hydrogéniodidc is represented by the equation,

. -13x107
2HI — Hl@ + lw KC 1‘.3)(1

® <

According 10 the law of mass action,

Ky = i [I’]““‘"_.;(O'S)'U'S) e ERilE

e concentrations of the reagenis

o e calculaied value of the T3 o K, hence the reaction will shift.
c :

:wx 107 which is greater than the actual value of
“ds the reverse direction.
: “ ' oCis 0.0194. If one
li[x AMPLE S.K_for the reaction 21-“(-" :H,w+ Iw) at 44:11(: lsand i
H;ed;vessﬂ cO"li‘iins 0.2 moles. Hydrogen, .2 moles lodine
Ogen iodide, brcdict the direction of reaction.

L
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According to the law of mass action,

[H] » [” _ 0.2x12 2.4
Ry e v L = — = 0.0106

[Hllihm | (15)2 225

Since the calculated ratio of the concentration of the products and reactants

i1 less than the actual value, hence the reaction will move towards right i.e.
towards the forward direction.

(2). To Predict the Extent of Reaction :

From the value of KC. We can

oceur, predict the extent 10 w,hiCh a reaction will

ln. the first case, when the val i
' ste: ue of K. is very large, it is predi
forward reaction is almost complete. That is to say, the rcaciafut is ﬁ:xcsdtat:lit tfh;

example - 0zone, an allotropic form of °
20, 230,15 K is very large (log)-oxygen, AELY Gecompotes 1 cxygen

HBr, HI) is very stable. |

6.6 FACTORS AFFECTI

NG BALAN
EQUILIBRIUM (Le Chateliey's Pl'incipl(:)E OF CHEMICAL

The balance of a chemical equilibriu

as concentration, temperature and presm‘sdismrbed.by changing factors su¢!

sure. Le Chateljer's principle enables
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qualitative predictions to be made about the effects of the above mentioned
factors On equilibrium position. This principle was enunciated in 1884 by Le-
Chatelier.

“When a constraint or stress in a direction is applied to a system

in equilibrium, the equilibrium position changes so as to undo the
constraint”

By the term constraint we mean the changes concentration, pressure or
temperature. According to this principle, if one of the factors involved in a
chemical equilibrium is altered, the equilibrium shifts towards right or left in
order to restore the balance of equilibrium. ' '

L. Effect of Concentration Change :

By increasing the concentration of any substance present in the equilibrium
mixture, the balance is disturbed, and the equilibrium moves away from that

substance in order to decrease the concentration of the added substance. This is
in accordance with the Le Chatelier's principle for the reaction

A+BeC +D.
Xs [C] [D]
o (AlEB)
Without changing the other conditions, K s constant. If, for instance, the

“ncentration of ‘A’ is increased, K. decreases. To keep K, constant, the
“Oncentration of 'C' and 'D' increases. Thus to get high yield of products, the

Concenrar; increased
ation of cheaper reactant may be greatly increasec.
\ ,

Effect on equilibrium position

Change in concentration A+B=C+D
+B&

ey

Inm'“c in conc, of A or B

Equilibrium shifts to right
and yield of products increases.

as‘e ‘' g h'fts to leﬂ
“Tease in conc, - Equilibrium shilts 10
nc.of CorD 13 more of A and B is formed.

E
| . |
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2. Effect of Temperature Change :

For an exothermic reaction, K. decreases with the rise of temperature, Tp,,
is to say the concentration of products decreases. For an endothermic reaction, th

rise of temperature favours the high yield of products. The effect of temperature
on equilibrium can be explained in the light of Le Chatelier's principle,

In an exothermic reaction, heat is evolved in going from reactants 1o
Products. Increasing the temperature is a constraint to the equilibrium which is
remcved by absorbing heat in going from products to the reactants. In an
endotht?rmic reaction, heat is absorbed in going from reactants 10 the products.
Im:ng the temperature is the stress to the equilibrium which is nullified by
absorbing heat in going from left towards right, i.c., from reactants to the

products.
Nature of Reaction Change in Effect bty
A T ect on Equilibrium
o . Equilibrium shifts to left
othermic, Increase Le. more NO and O, are
formed.
eg. : Equilibrium shifts towards
2NO, + Oy = 2NO,, | Decrease right and more products &%
- formed (yield of NO,
increases).
Increase Equilibrium moves wwﬂf{d’
_ right to give high yi¢d ©
Endothermic, products (NO) -
| .8 Nygy#Os ¥ 2NO Equilibriumisdriven 0¥
Decrease left and more N, 1 O3
are present in equiliba”
T

>
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3, Effect of Pressure Change:

Change of pressure is nElmd to the change of volume. Since solids and
liquids are aln’aost incompressible, hence their volumes are very little affected by
he changes in pressure. In other words, pressure will only affect gaseous

equilibria in which there is a volume change. If volume is same on both sides,
pressure will have no effect on equilibrivm,

Ifareaction proceeds with increase in volume,(2NH,2 N, +3H,) the increase
of pressure (constraint) shifts the equilibrium towards reactant side to remove
the constraint of increased pressure. This s in accordance with the Le Chatelier’s
principle,

_ lareaction proceeds with decreasing volume (e.g, PCI, + C1, =2 PCL,), the
increase of pressure forces the equilibrium (o be driven to right hand side.

A : Change
Yolume involved in pressure | . Effect on equilibrium position
mA+nB= x C+yD . A
DX +y>m+n Increase | Equilibrium moves towards left
volume of products i.e., more O, is present in
1S greater than reactants equilibrium mixture.
“6 20,,= 30,, Decrease | Equilibrium position moves
towrds right, i.e. more O,
is present in the equilibrium
= mixture.
Wx+y<men Increase | Equilibrium position is
\;\omm" of products isless | driven towards right, i.c.
te“n the reactants, - yield of N,0, increases.
# M0N0, [ Decrease | Egquilibriomshifis towards
Jeft, i.e. N,O, dissociates’
moreand more NO, is
present in the equilibrium
e mixture.
iy
w +n - | Noeffect
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4. Effect of Catalyst on Equilibrium :
A catalysthas noeffecton the equilibrium position, butitenables equilibinm

to be reached more quickly by decreasing the ‘energy of activation'. In fa: 5
catalyst affects forward and reverse rates equally.

6.7 IMPORTANT INDUSTRIAL APPLICATIONS
OF LE CHATELIER'S PRINCIPLE

A Chemistora manufacturerisalwa

ys ambitious in getting maximum yield
of his products in the shortest possible time. .For this purpose he uses the
knowledge of equilibrium ¢

's principle to sort out the
the reaction is 1o be carried. ,

How far this knowledge is useful in various
special reference to the synthesis of Ammonja
manufacture of sulphuric acid by contact process.

industries, is described with
by Haber's process and the

EXAMPLES :

1. The Haber's Process:

Ny + M, « 2NH, (aH ==46.2 KJ/mole)

IVol  3Vol 2y

(i). Effectofconcenh'atlon.lfmore nitro

| i inet - Togenisg ilibei cording
r:dlﬁtectgztcc:g:::nmmpk' the equilibriug, i fo?cd:g ?équﬁrg;bgmia:ordcf 3
practice, however, thc:: ?sf:imgen: This increases the yield of NH,. In actudl
hydrogen, The WO gases are gmcum advamagﬁ in using excess nitrogé? ¢
Synthesis of

is liberated in the forward peggy; Ammonia {s exothermic, that is: 1

on, If, :
according to Le-Chateliey's prin f,at €Quilibriym, temperature {s kept 1o

Ciple, the *Quilibrium shifs to right where he¥
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is liberated; in this way balance of equilibrium position is maintained. In other
words, the low temperature favours the formation of ammonia. The high
emperature, &t equilibrium, would obviously favour the reverse reaction, In
sctugl practice, the reaction is carried out at high temperature of 450°C - 500°C
which produces reduced yield at much higher rate. A catalyst of finely divided
iron is used.

(iii). Effect of Pressure : The formation of ammonia proceéds with the reduction
involume (4 volumes on the reactant side and 2 volumes on the product side). The
reaction, is therefore, carried out under high pressure, the equilibrium is
forced to right as the formation of ammonia lowers the volume and by Le-
Chatelier's principle, relieves the pressure. The pressures vary from 400 to
1000 atmospheres. '

2 Contact Process : In Pakistan, sulphuric acid is manufactured largely by
the Contact process in which the most important step is the oxidation of sulphur
dioxide to sulphur trioxide in presence of catalyst vanadium pentoxide.

| 2302“) + Ozw =280, " (AH =-395 KJ/mole)

2Vol  1Vol 2 Vol

This oxidation process is exothermic and occurs with the reduction of
*olume. In order 1o sort out suitable conditions under which high yield of SO, is

Pioduced, Le-Chatelier's principle is applied.

((,2 Effect of Concentration: If at equilibrium position, the concentration of
Opygen IS increased, the Le-Chatelier's principle requires the system to react to
WiDOse this change, that is, to reduce the concentration of oxygen. This is done

® conversion of more SO, to SOy

i . 5 | .
toey E,"“t of Temperature : If, at equilibrium, the temperature is decreased,

Hin m tends to react so as to op-
Pogg , - 10 Le-Chatelier's principle, the system tends 10 '

Moy, - Change, thay js, tf ,misep the temperature. This 18 achieved when
Spst SO, fs roduced wal practice, the reaction is carried out at
C (gins produced. In actual p : 2EAE :
eh oy ¢ & fast rate is more important than 2 high yicld). A catalyst

20y is also added to speed up the reaction.
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(ill). Effect of Pressure: Increasing yield of SQ, is favoured by increaseq
pressure (since the volume of products is less than the reactants), In practice, the
reaction is carried out at one atmospheric pressure (since the volume is not large
enough to justify the expense of high pressure vessel).

6.8 SOLUBILITY PRODUCT

Whe_:n 4 sawrated solution of sparingly or slightly soluble salt is in contact
undissolved salt, an equilibrium is established between the dissolved ions
and the.lons in the solid phase of the undisssolved salt. For example, AgClis onl

very slightly soluble in water and the following equilibrium exists;. Y

with

AgCl(“;_—* Ag’w + Cl'w
Undissolved Dissolved

According to the equilibrium law (law.of mass actioﬁ)

o [AgicE)
: [AgCi(',]
But at saturation,

the concentration of the solid AgCl is constant

s [Ag'] [Cl)
T

<

K. xK"=[Ag'| [CI |

K, = [Ag][CH)
K, 1s termed as the solubility

. i

; Product, It is of ionic &
centration of the dissolved ions ang i varies 'wittlt:ct:mtdl::t rature- i
larly. For CaF,: i S

Ky = [Ca] [F?

>
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| The solubility productis expressedin the chemical units of concentrationi.c.
molar concentraton.

Calculation of solubility product from the solubility.

Solubilities are normally given in grams per cubic decimetre (g/dm?) which
are the physical units of concentration. The solubility of AgCl is 1.4 x 10 g/dm?

at25°C. Since the molecular mass of AgClis 143.5, hence its solubility in terms
of molarity is calculated:

1.4x 103

. Molarity = —1;3—5—' = 098x10° moledm’

Hence the concentration of Ag* is 0.98 x10-° moles dm?, the
concentration of the CI- is also 0.98 x 10 mole dm™* because there is one Cl-ion
for each Ag* ion. Now, |

Ky AgCl = [Ag*] [ CI"] =0.98 x 10~ mole dm™® x (0.98 x 10~ mol dm"
K, AgCl=0.96 x 10°=9.6 X 0" mol?dm™®

Solubility products of some salts are given in the following table:

Table 6,1 Solubility products of salts at 18° - 25°C.

Compound . Formula Solubility product
\
Lea i mole® dm™
Lt‘-ag z:;on'dc o | 51; :,1(0:0-” mole? dmr®
Nicke] splhld'c " Pt?S A 1.8 x 102 mole? dm®
= Su Phlde: NiS 3.5 SRR
p pznc sulghxdc Hg$ ol 8.7 X & e
baltrsil;lp}}ldc o 3.0 : 10-% mole? dm'®
Flum s co3  1.0x 10 mole? dm®
Baﬁum carbonate C3C03 | .0 10—‘0 mo!cz dm_s
W | BaSO, 10x U
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Calculation of Solubility from Solubility product :

If we know the value of solubility product, we can calculate the solubility of

salt. Forexample, the solubility productoflead iodide (PbL,) at 25°C i
1.00 x 10~ mol® dm*

2+ ¥
Pbl.zm — Pb (a0) + 2l oq
undissolved Dissolved

Ke = [Pb*] [I * = 1.00 x 10°° mol® dm-°

‘lf X moles per dm?® of Pbl, dissolve (i.e ionize),
[Pb?*] = x and (I]=2x
Ksp = [Pb*] [I']* = 1.00 x 10-* mol® dm-®
or (x) (2x)* = 1.00 x 10 ® mol® dm-?
4’ = 1.00 x 10 mol® dm™
X = 0.63 x 10°* mol dm? Pbl, dissolved.

Molecular mass of Pbl, = 461 moles per dm?
(Chemical units into physical unit of concentration) a

Mass in g

is converted into g/dm’
s follows:

Moles.

molecular mass
moles x molecular mass
= 0.63x10°x 461

= 0.00063 x 461

0.29¢

Massing =

Solubility of Pbl, at 25°C = 029 g/dm?,

Application of Solubility Product :

The solubility produc_t (Kp) is used 1o determine whether a prccipitatcf
should form from a solution of known jonjc concentrations. The valv® ’

solubility product represents the equilibriym condition between the disg,olvd
ions and undissolved solid phase of solute j ¢ when a solution is saturale®

.
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When the Pgucll of ﬂ}C lonic concentrations is equal to the solubility
poduct, 8 saturated solution 15 said to exist. If the jonic product is less than the
Qlubility produc.t. the solution is not saturated i, e. more amount of the solute can
goin to the solution. If the ionic product is larger than the solubility product, the

(030, == Ca™, + SO» ()

Ke=[Ca®] [SO,*] = 2.4 x 105

If
[Ca*][SO,]1 > 2.4 X 10

f::(?‘would form precipitates so as to reach the value of 2.4 x 105, If, on the other

s([faf‘] (SO,%] < 2.4 x 105 it means
et ttion is not saturated and more solute could go into the solution till the
Cbecomes equal 10 2.4 x 105,

Problem :
- Sh A oy
25 Puld PbCrQ precipitate from a solution prepared by mixing 100 cm”of

W X 10_‘
L3x 104};" £ (NO,) " and 300 cm® of 1.5 x 10-* M K,Cr0,? (K, of PbCrO, =

the

R e '
“Qation for the equilibrium is:

Pboro —_— Pblo

U“‘”ssomd w + COF,
Dissolved
PY) [Cr0,2) = 1.8 x 10

L
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Total volume of the solution = 100 cm® + 300 cm’® =400 cm®. This volume
contains the equivalent of 100 cm’ Pb (NO,), and 300 cm’® of K,CrO,. The
concentration of each ion is calculated; »

100cm® Pb(NO
b = m’ Pb(N 3)2 \

x  2.5% 104M =625 x 10°M
400 cm® Total solution/'

300Cm’ K,CrO,
I (S Rty

x15x10°M=1. 4
400 cm™ Total solution ) e 10 M

'1'h<:2 ionic product of PbCrO , is:
[Pb*] (CrO,*] = (6.25 x 10-) (1.125 ¢ 10%=7.03x 10

Since the ionic product (7.03 x 10-13) :
- (18x10), hence PbCro, P
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(Ag](CT]
Rppemit e

[AgCl)

since the concentration of solid AgCl is constant in its saturated solution, hence
K. [AgCl) =K_=[Ag"] [C1]

K, is known as the solubility product which is equal to the product of the
ionic concentration. Similarly, for magnesium chloride (MgCL,).

K= [Mg*] [CI']?

Precipitation of an electrolyte is caused when the concentration of its ions
exceeds the solubility product. It is achieved by increasing the concentration of
any one of the ions. That is to say, by adding common ion, solubility product can
be exceeded. For example, precipitation of AgCl is caused by adding Cl- as
common ion in the shape of NaCl. With the addition of common ion, either CI
or Ag*, the ionization of AgCl is suppressed and it forms precipitate. This is
known as common ion effect. :

AgCl(s) =Ag’, Sy Cl'w
KCl[s, ,——*-K+m, + CI-

(aq)

} Common ion (CI’)

COmmon ion effect finds useful application in qualitative salt analysis.

dEiXA_MPLE : Cations of I and IV groupsare precipitated as sulphides but under
fferentconditions due to their different solubility products. In fact the solubility

Poduct of IV group sulphides is higher than that of 1 group sulphides.

TABLE - SOLUBILITY PRODUCTS AT 18°C

\
&“DES OF Il GROUP SULPHIDES OF IV GROUP
oS 3.4 1.4x 107
“4x 102 MnS '
gds 36x 105 zns  1.2x107®
Hus 8.5x 104 Y NiS  l4x 129“
Béx 10 Cos  3x10%

B <
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In order to precipitate the sulphides of I group, H_S is passed through the
original solution (0.S.) in presence of HCL.

HISIl=—— {21187

o T

HCI furnishes H* as common ions which shift the above equilibrium to lefi
according to Le-Chatelier's principle. In other words, addition of HCI sup-
presses the ionization of H,S there by lowering the concentration of sulphide
ion (8%) which is however just enough to exceed the solubility product of

Il group sulphides. In this way group II cations are precipitated such as
CuS§, PbS, CdS etc.

IV group sulphides having higher solubility product are precipitated by H.S
in presence of NH,OH. The OH- of NH OH combines with H* of H,$ to formH,0
(H* + OH" — H,0). The removal of H* from the product side shifts the equilibrium
to right (H,S =2H" + §). In this way, the concentration of sulphide ion (5*)
increases which is enough to exceed the solubility product for the precipitation
of sulphides, e.g. CoS, NiS, ZnS.

Group III cations are precipitated as hydroxides by NH , OH in presence of
NH,Cl. The common ion in this case is NH,* which suppresses the ionization of
NH,OH

NH, OH = NH,* + OH-

Thus with the addition of common ion (NH,*) the equilibrium is shifted
towards left and the concentration of OH~ decreases. Under these conditions: &
solubility product of the hydroxides of Al, Fe and Cr is only exceeded ¢*? %
which they are precipitated. The hydroxides of other cations such as Z0 N, &
etc. are not prccipita_tcd due to their higher solubility product.

. . - = ; X '55
In addition to salt analysis, common ion effect is very useful in mdust:dy

also, Chemical yields in manufacturing processes can be controlled and

increased by making use of common ion effect,

3
; i +op 107
The common ion effect changes the equilibrium point of a reactio” fr
less to a more favourable position.

i
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PROGRESS TEST ¢
i What are reversible and irreversible changes? Describe an experiment to

demonstrate a reversible change.

3. (a) Stateand explain the law of equilibrium, Describe its applications.
(b) What do you understand by K. and K,? Describe their relationship.

3. Whatis meant by solubility product and the common ion effect. Discuss the
application of common ion effect in the qualitative salt analysis.

4. How is the balance of chemical equilibrium influenced? Explain giving
examples.

Ln

For the gaseous equilibrium PCL = PCl, , + Cl, ;AH=87.9 KJ/mole,
explain the effect upon the material disrri(gution of (a) increased tem-
perature (b) increased pressure (c) higher concentration of Cl, (d)
higher concentration of PCI; (¢) presence-of a catalyst.

6 A quantity of PCl, was heated ina 12 dm?® vessel at 250°C.

POl == PCL +CL,

At €quilibrium, th-c vessel contains 0.21 mole PCL,, 0.32 mole Pil3 and 0.32
Mole C,. Compute the equilibrium constant KE(KE= ,0'040) ns.

1, ; '
Consider the following equilibria:
) 4 ‘ 0 A
s ‘o, . T
: Him e R 2HI AH = positive
) 280 'O AH= negatjve‘

wF——= 250,
t) W |
U In zte‘lhc equilibrium constant expressions: .
(o Whi hdirection will eéch’cquilibriumchang

R STER
ch of the equilibria will not be affected by change in total pressure:

:
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HIis ' | held at constant temperature

8 One mole of HI is introduced into a vesse : '

When equilibrium is reached, itis found that 0.1 mole of L, have been formed,
Calculate the equilibrium constant K. (K¢ = 0.0125) Ans.

9.  What effect on the position of equilibrium CaCO,, = Ca0,, Cozm for
which AH=+176KJ)/mole, does each of the following Changes have:
(a), adding CaCO,(b), adding CaO (c), decreasing the volume of the
container (d), raising the temperature (¢) removing CO,.

10. State Le-Chatelier's principle. What are its industrial applications?

11. Write note on : (i) Reversibility of a chemical change (ii) dynamic

equilibrium (iii), K. and K,..

12. When 1 mole of pure ethyl alcohol (CH,OH)is mixed with 1 mole of acetic

acid (CH, COOH) at room temperature, the equilibrium mixture contains
/y mole cach of ester (CH, COOC,H,) and water. (2), What is the equilibrium
constant K, (b) how many moles of ester are formed at equilibrium when
3 moies of alcohol are mixed with 1 mole of acid? All substances are liquids
at room temperature. (a) K¢ = 4; (b) ester = 0.9 moles Ans

solution for (b) Let x = no. of moles of alcohol reacting.

: Alco et ) fet
No. of moles at initial state : :01 i e By wI:;IL
Change by reaction g ' ; N,ICL +X
No. of moles at equilibrium state Gx @ ; *
Concentration at i X X
equilibrium state (x) (-3—'.—.._:) 1—-2 « v
K=4 ' tv v x? v 4 N |

= (—3:;"1:;) " 3 axe g
; vy - |
X*=4 (3-4x+x?) or 3¢t -16x+12 = O, Solving by quadratic formula:

xz—btwl bi-dac _ +162VEI61-403) 1) 16 £ 10.6
%a 2(3) o
x=4.433 or x = 0.9 '
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In the problem we started with 3 moles alcohol and one mole acid, hence we
cannot form more than one mole ester even if all the acid is used up.
Therefore correct root of quadraticis (1.9, that is, 0.9 mole ester is produced.

13, PCly = PCl; + Cl,. Calculate the number of moles of Cl, produced at
cquili!)rium when one mole of PCI, is heated at 250°C in a vessel havin ga
capacity of 10 dm’. At 250°C, K. = 0.041 for the dissociation.

(0.465 moles) ‘Ans.

14, () Whatis meant by the equilibrium constant and how it is determined
experimentally?

(b) Todetermine the value of K., for the reaction
CH,COOH, + C,H, OH , = CH,COOCH,, +H,0, I mole of
CH, COOH and 1 mole of C,H; OH in 1 dm’ of solution in an inert
solvent containing a small amount of acid catalyst were warmed until
no further change occurred. At equilibrium, 0.667 mole of water was

present. Calculate the value of K .
(K.=4) Ans.

5. "Ar equilibrium all processes come to a halt.” What is wrong with this
" Statement when applied to chemical systems?
+ (&) Wha i meant by the solubility product? Give its uses.
() What is the solubility of lead chromate in moles per dm® at 25°C. K,
for PbCrO =2.8x10-** mole/dm’ |

. @ Wil Cadmium hydroxide precipitate from 0.01M solution of CdCl,
“PH9. K. of Cd(OH),=2.5x10"** mle’/dpf. (Since ionic product of
5 Cd(OH), is greater than K., so it will pmcxpxtgtf). | v:
The Solubility of Mg (OH), at 25°Ciis 0.00764 g/dm . Whatis the solubility
Ctof Mg (OH),? (K,=9.0x10"? mole’/dm?) Ans.

_ShouldABCl Precipiuﬁc from a solution prepared by mixing 400m! of 0.1M

N »
aCl ang 600 ml of 0.03 M AgNO,? :
K:P °FAgCI = 1.6 x 10 moles/dm’. (Ionic pro
P ASC( will precipitate). Ans.

L |

duct is larger than
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SOLUTIONS AND ELECTROLYTES

INTRODUCTION

Solutions play an important role in many processes. Nutrients ar¢
carried in water solution to all parts of a plant; the body fluids of animals are Wate!
solutions of numerous substances. The ocean is a vast water solution containing
compounds extracted from the minerals of the earth's crust. Medicines and drgs
are frequently aqueous or alcoholic solutions of physiologicalactive compounds

Definition :“A solution is a homogeneous mixture or single phase mixsure of the
molecules, atoms or ions of two or more components" The component !
predominates in the solution is usually referred to as the solvent. Since ther 3”‘
three states of matter. There are nine types of solutions: three 805¢°"
lutions, three liquid solutions, and three solid solutions.

~ 7.1 CONCENTRATION OF SOLUTIONS
g | ' o nthe
Concentrations areeitherexpressed in physical units or chemical umts-:s 0{

. former, concentration is expressed in physical units; for example 20 &™

-
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NaOH per cubic decimetre (dm?) of solution; a 10% aqueous solution of NaCl
. contains 10g NaCl per 100 g solutioni.e, 10 8 NaCl mixed with 90 g water warll

is of interest here that the concentrations expressed in chemical uﬁits g

common and frequently used which are discusseq below: g

Molar Concentration : “The molar concentration (M) is the number of moles of
the solwe contained in one cubic decimerre (dm’) or litre of solution". For
example, a 0.5 molar solution of Na,CO, contains 53g of Na.CO per cubic
decimetre of solution, since 53 is half of the molecular mass ;f NzizCO , 106.
Aone molar (1M) solution contains 106 gNa,CO, perdm’ of solution, Thsc term
molarity is often used to refer to molar concentration.

Molal Concentration : “A molal concentration (m) s the number of moles of the
solute per kilogram of solvent. For example, a molai solution (1 m) of Na,CO,

. contains 106 g Na,CO, dissolved in 1000 g of water, since 106 is the molar mass
of NazCO,. 0.5 molal solution contain 53 g Na,CO, per kg of water. The term
molality is often used to refer to molal concentration.

12 HYDRATION

. Wateris a universal solvent and its polar nature plays very important part in
dlss°l"i"8 substances. It dissolves ionic compounds readily because of the
Wdratioy of their jons. A hydrated ion is the ion which is surrounded by water
m°'°fules. The clustering of ion with water molecules is due to the attraction of

ADNCts:. . Ak
POsitive ion for the negative end of water molecule, of of a negative ion for the

"Sliveend, [o solution, the number of water molecules which surround the ions

1§ ; 2
vxyl::';ﬁ"'"' Very often when a water solution of a salt is cvap;)ratcc:i‘ht}z!:t;;:
lizeg wi : lescalled waterof crystaill .

With ermoleculesca O !
e gumberof whice! of crystallization for

Clysml : o . unt of water
lized salts contain a definite amo the crystallized

txam
€, when : : 1ais recrystallized from walentie
m‘hanh magnesium chlorideis recry h magnesium ion in the crystal

gy SOMPOsition MgCl, 6H,0. Thatis, €4¢
" d":::undm by six water nfole::ule; (Pig: 7.1). 1t s tnteresm:,gc;o;oit; t::;sa;tll;ouyg;
: ap%asr:l;;ke MgCl, 6H,O has water molecule attac

h
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0-8 .
FIGURE 7.1 - +f H/ \H* 8

A'sdnmaﬁcnmmhﬁonoihma

batween e metal and oxygen n-_vobommp"'- ion, (octahedral). The distance

10 show better the special relationship

greater the charge, greater wou!
has greater charge density tha" prc

charge than Br-, Thus small Pos;qu

» AP, CP* possess great atractio” fgs

be the charge density. For cxample, A]%
because the former is smaller with gl:cagcr
ions with multiple charges such as Cu*
water molecules as compared to large ﬁeg
Br - or I. It is found that usually

positive ions. For example copper chlori

CuCl, .4H,0, and four water mole .
fashion (Fig, 7.3). FHlesare associated with Cu' insauar®?

ative i‘Ons with a sin gl e charge suc i
er of crystallization is associatcd

. ' .on
de is crystallized with the compos]l:nﬂ‘
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@@0

0! Cale Al¥®

Radivs 0.85°A 1.81°A 1.33°A 1.40°A 099°A  050°A

FIGURE 7.2 :
An arrangement of six lons in the order of their increasing charge density. The large bromide

lon with a single charged has the least, the small triply charged aluminium lon the greatest
charge density.

'J ‘8
o=H A Schematic representation of the shape
L#S of a [Cu (H,0),F* lon (square planer).

FIGURE 7.3

Ma“” hydrated salts decompose upon heating t0 give the anhydrous salts.

Heat
WOsHo, 2, CusO,, + SHOu4

Pentahydrate Anhytos
salt

Aquéous solutions of normal salts may be neutral, acidic or alkaline,.
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* depending on the nature of the salt. For example, an aqueous solution of NH,()
is acidic, a Na,CO, solution is alkaline while NaCl solution is neutral.

To explain the different behaviour of salts in water, we must consider the
possibility of the ions of salts reacting with water, the reaction being known as
hydrolysis.

DEFINITION :  "The reaction of cation or anion (or both) with water so as
to change its pH is known as hydrolysis”.

Itis interesting here to note that the hydrolysis occurs only when a change

. in pH takes place. For example, the aqueous solution of NH,Cl turns blue litmus
red because it is acidic in nature: '

NH,(Cl,, +HOH, —» NHOH  +HCI
' : Weak basc  Strong acid

In aqueous solution, NH,CI forms strong acid and weak base. Thus the

solution contains higher concentration of He which changes the pH of watef
toward acidic.

The aqueous solution of Na, CO, has o

, sit sis 1S
represented by the following equation: pposite effect. The hydrolysi

Na, CO, 4 + 2HOH ——> 2NaOH ) +H,CO, =
Swongbase ©  Weak acid

~ Itmay be pointed out, the hydrolysis does not oceur in case of NaCl becass*
it does not change the pH of water. The aqueous solution of NaCl is, therefo™
essentially neutral. -

7.4 THEORY OF IONIZATION

. The behaviour of the aqueous solﬁtions of electrolytes was found to be quit°
different than that of non-electrolytes. For example, the electrolytic solutio”
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onduct electricity and the different solutions of acids, bases and salts have
ifferent abilitics to conductelectricity. Properties like elevation of boilin g point,

gepressionof freezing point, osmotic pressure and saturated vapour pressure show
marked deviation than similar solutions of the other substances. A relation

between the deviation in properties and electrical conductance was also noted. In

general, greater the deviation, greater the electrical conductance. '

Toaccount for the above facts and (¢ explain the phenomena of electrolysis,
the IONIC THEORY was put forward by the Swedish Chemist Svante Augyst
Arrhenius about 1880.

. () The substances called electrolytes are believed to contain electrically
charged particles called ions. These charges are positive for H*ion or ions
derived from metals and negative for the ions derived from non-metals.
Number of electrical charges carried by an ion is equal to the valency of

| corresponding atom.

() Molecules of electrolytes (acids, bases and salis)dissociate into oppositely
charged ions on dissolution in water, €.g.. '

HSO, = 2H'+ SO
NaCl = Na*+CI
HCl = H* + CI
NaOH = Na*+ OH

© The number of positive and negtive charges onthe ionsmust be equal sothat
®$olution as a whole remains neutral.

d ; ot
© Solution, the jons are in state of disorderly motion. Upon colliding they

M3y Comibine to give unionized molecules. Thus ionization is a revcrsxt';l:
CSs in which the solution contains ions of electrolyte together wit

Unign:
Oized molecyles.

SOW e RHE St 80"

v

L e
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nature of electrolyte. Strong electrolytes such as NaCl, HCI, etc iopjz,
completely in water. Weak electrolytes such as AgCl, acetic acig
(CH, COOH) ionize only slightly. For example in 2M solution, only 4
molecules out of 1000 molecules of acetic acid are ionized which mean 99¢
molecules remain unionized.

lonization is not ~ affected by electric current. When electric current is
passed through anelectrolytic solution, the ions begin tomigrate towards the
opposite electrodes, i.e. positive ions towards negative electrode (cathode)
and negative jons towards positive electrode (anode). The ions which are
attracted towards cathode are called Cations such as Na*, H* etc., the ions
which are attracted towards anode are called Anions, e.g. Cl-, SO,* etc. On
reaching the electrodes, the ions lose their charge and change into neutral
species (atoms or molecules) by the gain or loss of electrons.

Arrhenius Theory clarified many peculiarities in the behaviour of electrolytic
solutions. The presence of ions affords a simple explanation of the deviation
in freezing point, boiling pointand Osmotic pressure. Since 1 mole of NaCl
yields 1 mole of Na* (6.02 x 10 ions) and 1 mole of GI- (6.02 x 10), i
number of these ions is twice that of NaCl. Hence Osmotic pressure must

also increase two fold. This is because such properties depend upon
number of particles and noton the natyre of compound (colligative propefﬁ“)'
However according to the Arrhenius ionic theory, an electrolytic solutior
is regarded as mechanical mixture of solvent molecules and ions. Inno %2

it reflected the interaction between these particles. Further devclome“‘

suggested thatthe ions can interact with water to form hydrates. (Accordiné
to Arrhenius, ions are free to move like 1solated atoms)

Despite the good agreementof the electrolytic dissociafion theory with faclS;
it was at first not universally accepted. This was simply due to the concef

. . . . . n
of atom as being indivisible particle ang as such the distinction petwee
atom and ion could not be explained.

The dissociation of electrolyte depends upon (1) nature of electr?”
lyte (ii) degree of dilution (iif) temperature.
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p  The electrical conductivity depends upon (i) the number of fons
present in the solution (ii) speed of {ons.

75 CONDUCTANCE OF ELECTRIC CURRENT THROUGH
SOLUTIONS

The existence of ions in solutions of electrolytes was postulated to account
for the ability of certain solutions to conduct the electric current. One expects the
conductance of an electrolytic solution to vary with (i), dilution (ii), absolute
velocities of ions (iii) degree of ionization (iv), temperature (v), pressure etc.

In a concentrated solution, the number of ions per unit volume of solution
increases and the distance between ions decreases causing stronger inter ionic
attractions. As aresult, migration of ions becomes more difficultand the conductance
decreases with increase in concentration. As the solution is diluted the inter ionic
attraction decreases and the migration of ions becomes easier. As aconsequence,

the conductance increases with dilution. _

As the conduction of electric current is related to the movement of ions, it
15 Obvious that conductance increases. With the increase of absolute velocities of
1005 in solution, : ’ ‘

. On the basis of electro conductance data, electrolytes are broadly classified
Into twg groups,, strong electrolytes and weak electrolytes. The strong electrolytes

_Suc.h 3 HCI, NaCl etc. show larger conductance which is due to higher degree of
IOHIZatiOn (ec)

o N Umber of dissociated molecules
Total molecules dissolved

/]

ow conductance due to their low
nductance increases rapidly with
t completely ionized in dilute

3

Breaop: . .
d‘luﬁo,? 4 '0nization, In both cases, however, €0
sﬂlution.s M fact, the strong electrolytes are almos

E

e, Weak °1°°f’01ytcs like CH,COOH show |
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Conductance of an electrolytic solutionis alsoinfluenced by the tcmper;-uurc.
On raising the temperature by 1°C, conductance increases by 2 t0 2.5% which i
due to reduced hydration of ions and lower viscosity of solutions,

Pressure has no noticeable effect on conductancc.' Ifargc Increase in pressure
will cause a considerable fall in conductance. On raising the pressure to 2000

atmospheres, the electro conductance of acetic acid falls to 0.6% of its ori ginal
value,

Conductance of a solution playsanimportant partin the industrial application
ectrolysis since it determines to a considerable degree the consumptions of
energy in the electrolytic process. Electro-conductivity: determinations find
extensive use in the control laboratory. Thus the salt co
on vaporization of water (for example, in boiler water
determined from conductivity measurements,

of el

ntents in various solutions
or on condensing milk) is

Electrolysis: Asdescribed undertheio
contains oppositely charged ions. Whe
wandering randomly about in the s

nization theory, asolution of an electrolyte
nnoelectric current s passing, theions are
olution. When electric current is passed
through the electrolytic solution, movement of the jons towards their opposite
eleetrodes takes place where the

. y are eventually discharged. "The movement
of"anions and calions towards their respective electrodes accompanying all

7 -1 electrolytic ca in the diagre”
anode is positive and cathode s negati i{ owcile :S ?:0:;:: :::)c hemical O
galvanic cell such as battery, the anode ig Negative and' the cathode is positiVC-
Thcclcctriccurrcntﬂowsimoandoutoflhe T i

the current (flow of electrons) enters the ce)
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FIGURE 7.4
Eleciolysis of Cupric Chioride.

| S—

is of ' ion of cupric chloride

The electrolysis of a moderately concentrated solution of cup
(C“CI,) is illustrated in the fig 7.4. As we are awarc of the fact, (.ZuC:z.‘ns c:n\s:;c:i
ofions, it may precisely be represented as Cu®*, CI", CI". On dissolving! .

these ions are separated.

cucl,,,, == O’y * 2w

, les when
. mly among water molecu
These ions are free to move around rando ylectric current is passed, the

ic current is passing. As soon s the °, : ards cathode
“ment of these iong begins to take place. Cu?* ions WS”;’:SWCOPW atoms
tng “i 2+ jons are discharg
. onstowards anode. At cathode, Cu
82N of electrons (reduction)
Quuw +2 =) cu(g, oo RedUéﬁon at cathajc
gas by the loss of electons

noe

A
(0 ‘.':;’de. CI ions are discharged as Cb

E o :
L : g Cly, - Oxidation at anode

- ..}
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Thus the reactions taking place in the electrolytic cell are oxidation -
reduction reactions or redox reactions. By combining the electrode reactions, the
over all reaction of the electrolysis is obtained.

Cu®,, e % - Cugs
201, -7 = Cly,

Cu”(. 0 2Cl‘® - Cu(s) + Clzm

CuCl - Cum + Cl

2(aq)

2

When the ions originally present have been changed to neutral particles, the
current can no longer flow.

7.6 ELECTRODE POTENTIAL

The electric current producing appliance known as the Voltaic cell Con.SiS!.S
of two half cells. In each half cella metal plate is placed in the solution of its 0™

: o el
"The difference of potential created between a metal and solution 0f 1% >

is called Electrode potential of the metal", It is the measure of tendency

' jo
electrode to lose (or gain) electrons or 1o say it serves as a measure of ™
activity during reaction taking place in solution,

: in
Since absolute electrode potential can notbcmcasumd,hcncciusdctc:m g
by comparing with the hydrogen electrode which is the reference °1:) g
Arbitrarily hydrogen electrode has been assigned a potential of 0.000 v
. | . . molar
A hydrogen electrode consisis of a platinum plate smmersed in!

o
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colution of sulphuric acid. A current of pure H, is passed continuously through the
solution under the pressure of 1 atm . (See figure 7.5). The platinum adsorbs H,
gas on s surface and the platimun coated with hydrogen behaves as if it were
made entirely of hydrogen.

'l electron flow if metal has a negative electrode potential |

electron flow If metal has a positive electrode potential

S

B T —

potentiometer

—
L — —
- o= g

hydrogen gas at 1
atmosphere.pressure

|

salt bridge [ ——\_
% 3
molar solution [9—1 [ ~|[{=1__motar solution
of metal ions = e = oJ|Us| "~ of hydrogen lons
3 7 [y =2,
! —0 |5
metal ————js 1§ — = - _I%—platlnum
g il 'y
FIGURE 7.5

e hS;ncc lemperature and concentration influence the voltage, these variables
G d constant for the comparison. The temperature is held at 25°C, the
“fation of jons in contact with elemental electrode is held at 1 molar and

ll A pressure at 1 atmosphere. Electrode maintained under these conditions is
degi, - 2ndard electrode and its potential as standard electrode potential. It is
Pote Ated as ES. For the purpose of uniformity, since 1953, standard electrode
S have peen expressed in terms of reduction reactions and they are
Sapg, 4 standard reduction potentials E° Reduction. From these values,

®Xidation potentials are obtained by just reversing their sign.

Eon hacti = —EOMN

Toj
m“stmc the method of determining the standard electrode potential, we
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pick up the example of zinc electrode. For this purpose, we have t0 construct g
voltaic cell made up of zinc (a strip of zinc immersed in IN!ZnS?O.\ and hydrogen
electrodes. Saltbridge is made of KCl jelly completes the circuit between half cell

electron elag&\:‘on @
e flow @ @

. 3
Zn/Zn"* H'/Hy(PY) H* Hq(Pt) Cu’*/Cu

FIGURE 7.6

and prevents mixing of solutions. The potentio metric reading gives the electro-
motive force of the cell to be 0.76 volts. Since the hydrogen electrode has (e

potential of 0.00 volts, hence 0.76 volis is the potential of zinc electrode. I

external cireuit it is observed that flow of electrons takes place from zinc ¥
hydrogen electrode (See fig. 7.6).

o
Zn; Zn* , (1.0M) "ﬂ'H’(;q, (1OM) ; H, ; (1 atom); Px.

Thus it is believed that electrons must have originated at zin¢ i.¢- 111‘1 i
oxidized, is the anode and is ncgative with respect to hydrogen _elec[fﬂie'
the standard reduction potential of zinc electrode is - 0.76 V.

znlo

P 26 9Zng; E% i =-0.76V

The standard oxidation potential of zinc is therefore +0.76 V.

e T T
076V = +076V

A
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“The negative sign signifies that actually the reaction at zinc electrode occurs
in theopposite direction, 1.¢., itis the oxidation rather than reduction which occurs

gt zincC.
Zng-2¢ = Zn* ; Efrituica = 076 V
‘Reduction takss place at Hydrogen electrode:
2H' +2 - H, ;E°= 0.00V
The cell reaction is, therefore, obtained by adding the half reaction:

: * 2¢

In case of copper electrode when it is cou vith  electre
*electromotive force or voltage of the cell given by potentio meter IS +0.34 volts.
As the hydrogen electrode has potential of 0.00 volt;,_tl.xeref?re, 'thc. clecuode.
potential of copper electrode is + 0.34 volts. The positive sign indicates that

wually the reduction takes place at copper electrode as written:

pled with hydrogen electrode, the

G+ 26 = Cuy :Eou =+0.34V

From this we predict the oxidation potential to be - 034V

Eou"" 2 L Oxidation
*034y A 2034V
i in IM Cu SO,)
e ofcoppe et (519 082, T o o
- ' o .7.6) .
;:hms‘ t:‘ll(::cpcl::: ;:ot:l:hydrogcn 10 copper clectrode (see fig. 7.6)

o Cu .’:Hz(l atm);ZH'(.o;Pt'

Pt'"’l’n i Hg e Cu'y, i Cuy
. ‘OT}I,‘: 3 Copper electrode being cathode:
: drogen as shown above.

is reduced and is positive with resp-
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This is known as electro chemical series or E.C.S., .
Few important facts about the electrochemical series are summarized as :

(i) Metals above hydrogen in ECS undergoes oxidation in the comparison cell
i.e. they are anodes. Metals placed below hydrogen undergoes reduction i.e.
they are cathodes,

(i) Whether or not the electrode reaction will occur spontancously when

electrode is connected to hydrogen electrode can be inferred from the sign
of electrode potential. If it is positive, the reaction will occur as written and
the electrode will act as anode. If the sign is negative, the reverse reaction
will occur and it will be cathode and hydrogen electrode as anode.

(iii) Inthe ECS, there is decreasing tendency from top to bottom to lose electrons
(undergo oxidation) and increasing tendency to gain electrons (undergo
reduction). In other words, the reducing strength decreases andthe oxidiz'ing
strength increases from top to bottom. Thus lithium s the strongest reducing

agent and F, the strongest oxidizing agent.

(iv) In E.C.S, the metals are placed in the order of reactivity a.nd shc?ws the
displacement order. Metals displace metalslying below themin the list from
solution of their salts. All metals above hydrogen have negative electrode

potentials.
7.7 OXIDATION NUMBER (O.N.)

Definition :
not real) on the atom in the compound or ion under

” e (i.e. 2
"The formal charge ( O dation number OF Statc.

consideration is known a
tion number, the term ‘formal charge' is used which

M?ud;ﬂn?ﬂgwuz:x:g:argc on the atom in a molecule orion. While using the -

i N — e
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concept of O.N., all the compounds (including all the covalent compounds) g
imagined to be completely ionic, although no compound, is completely ionic, I,
covalent compounds, therefore, the bonding electrons (that are present in a bong)
are considered to be "owned" by the more electronegative atom e.g. in H:0:H,
oxygen is more electronegative than hydrogen, therefore two electrons, one f}om
each hydrogen, are considered to be owned by oxygen giving rise 1o two negative
charges on oxygen. Therefore, oxidation number of oxygen in water would be 2
Each hydrogen is considered to have lost one electron giving rise to one positive
charge on each hydrogen. Therefore, oxidation number of hydrogen would be 1",

Guiding rules that have been established to determine the oxidation number
of atoms are mentioned below :

1. The oxidation number of all the elements in free state is zero.
Br°, Na®, H,°, P°,0,°, N°,
2. Ina compound, the more electronegative elements are assigned negative

oxu_i?non l}um.bcrs, and the less electronegative elements are assigned the
positive oxidation numbers. ‘

CU*F-, HCI'™
3. Inaneutral specigs. the sum of oxidation numbers is Zero:
¥NO* |, “HBPT l4°soza-)2
4 The oxidation number of oxygen in most of its compounds is 2 .
M0, THOT, wcom

The exceptions are few ;

(] (-) (), v (Y=
QFz ’ NaIO, - l(o(2 i
OxygenislessEN.  per oxide super oxide.
(0-0 bond)

A
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3. The oxidation number of hydrogen when combined with a non-metal is 1°,

‘o =
4 (l¢) ¢ |-
4 F Nl’l.‘ 3

» HF
When combined with a metal of lower E.N, O.N of Hydrogen is 1-.
*"NaH'- ,"CaHzﬂ-)z , VKH-

This is due to the electrone

gativity of hydrogen being i g
metals and non-metals. _ y ofhydrogen being intermediate between

§. The oxidation number of fluorine in its compounds is always 1- because it
is the most electronegative element and can not form more than one bond.
z.or:zcl-n , SSE®). , “CF-

The oxidation number of the other halogens in binary compounds is
usually 1°

| LI e 1- 2+ (1)

KBr » NaCl * . MgClL ?

Few exceptions are there
e 2- 1s T+ 3+ @) 1+ 54(27), 1470 (29,
HOCI. s HCIO, ? * HCIO, ° -+ HCIO,
Hypochlorous Chlorous Chloric perchloric
acid acid acid acid

7. In polyatomic ions, the sum of the oxidation states of all the atoms present
in them equals the ionic charge:

§¢ (29, 4 (23 6+ @),
{ 2- ’ 2-
PO} » COF . SO,
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8. Group I, I and 111 elements show the oxidation state of 1+, 2 + and 34
respectively in their compounds:

Lepls 20019, 3o (19,
KCl 3 CaF,” s AlBr
T T T

l1group = II group M1 group

It may be pointed out that the oxidation number is simply an imaginary
number and it reflects the extent to which an element has been oxidized or

reduced. In an oxidized form of the element, the ON. is more positive, and in
reduced form, it is more negative. - 3

Example 1.~ Give the oxidation number of tin in SnCl, and SnCl_.

Solution: Since oxidation number of each chlorine atom is 1-, hence total

negative charge in SnCl, is 2-. To balance the ne ik ) oL
m ' : . ¢ and n
number, the O.N. of Sn must be 2+. £ fid positive oxidatio

2¢ - \\"}2 s Sn = 2+
SnCl,

Similarly in SnCl,, the O.N. of Sn = 4+

e (19, S Sn = 4+
SnCl,

Example 2. Give the oxidation number of Nitrogen in HNO
b

Solution: In HNO,, each of the three oxygen has O.N

i =2 - total of 6
Since hydrogen is 1%, therefore O.N. of Nitrogen is 5+ Sl

1+ 5'()_‘ N =5+ 1
HNO, * |

B
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Example 3. Determine the oxidation number of § in SO,2”

Solution: The total oxidation number of the three oxygen atoms, is 6-. 2-is to be
left as the charge on the whole jon, Therefore, the oxidation number of sulphur

N Ry
is 4+ S 03 ] .
7.8 OXIDATION AND REDUCTION REACTIONS

Definition I : Oxidation is a chemical change in which electrons are lost by
an at0fn or group of atoms, and reduction is a chemical change in which electrons
are gained by an atom or group of atoms. Consider the following examples.

Ec’ - Fe¥ + 2¢ (Oxidation)

In this reaction neutral iron atom has lost 2 electrons and has changed to
ferrous ion, so it is oxidation.

Cl,+2¢ = 2Cl° (Reduction)

In this reaction, C, gains two electrons and charges to CT ions, itis therefore
reduction. These definitions of oxidation and reduction are based on electron
transfer.

Definition I1 ; The most comprehensive definitlons of oxidation and reduction
are in terms of oxidation numbers:

Odixation is a processin which the oxidation number of an element i increased:
reduction is a process in which the oxidation number of an element is decreased.
For example C° +0°, — C*0,%, is an oxidation of carbon, since its oxidation
number increases from zero to 4° (Total change of four units).

Similarly, H,o+Br°, — 9H'Br’ is the reduction of bromine as its
oxidation number decreases from O to 1-. Itmay be pointed out that oxidationand
reduction occur simultaneously and such reactions are referred to as redox.
Teactions,

L Oxidation number is the concept that is helpful in diagnosing quickly the
- State of oxidation or reductions of particular atoms in various compounds,

e L N G, 0 N SR S s o
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BALANCING OXIDATION-REDUCTION EQUATIONS

(ION-ELECTRON METHOD)

In this method of balancing the redox equations, only those reactants anq

products are balanced that contain the elements undergoing a change in oxidation
state. That is to say, only those reactants and products are balanced which are
actually oxidized or reduced. For this purpose it is important to transform
molecular equation into ionic equation. Following key points must be kept in
mind while writing down an ionic equation:

. (a)

(b)

(c) Complex ions such as ferrocyan

Rules for Balancing by Ion-

L.

Ionic substances are written in the ionic form only if the jons are separated
from each other in the reaction medium. For example solid NaCl, Na* and
Cl- are not written because these ions are held together in its crystal. When
present in solution, however, NaCl would be indicated by Na* and CI, or
either of these ions alone if only the sodium or the chlorine undergoes a

change in oxidation state Insoluble salts su .
: - 3 ch as BaS0Q, are
in the neutral form, 4 always written

Partially ionized substances are written in the jonic form only if the extent

of ionizationis appreciable. Thus Wwaterwhichis very little ionized, is written

asH,0. §tmng acids.such as I.{Cl, HNO,, are written in the ionized form but

g bases such as NaOH, KOH may be
NH, is written as NH,, and OH- or K* and OH-, A weak base like

which are stable and are w,meni:: [Fe(CN)J* or ferricyanide, [Fe(CN))*
and CN-. such and never as separate ions like Fe"

Electron Method :
Write a skeleton equation which i

. ncludes tho hat
con . S€ reactants and products't
tain the elements undergomg a change in oxidation state P
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| . . H : i 2 1 1 i
| 3. The ionic equation is split in to two partial equations i.e. the oxidation
f and reduction equation.

| 4. Balanceeach partial equation in terms of atoms. In neutral oracidic medium,

H,0 and H* are added for balancing oxygen and hydrogen respectively. The
oxygen atoms are balanced first. .

: In case of basic medium, OH- and H,0 are added to balance oxygen and
hydrogen respectively.

5. Balance the charge in each partial equation by adding electrons to either the

left or right side of the equation. It will be found that electrons are added to

; the left in the partial equation for the reduction equation and to the right in
the partial equation for oxidation reaction. »

6. Multiply each partial equation by a number so that the ¢lectrons in both the
partial equations become equal in number.

7. Add the two partial equations after cancelling the electrons. In the sum
equation, cancel out any species common to both sides.

 Example 1. Balance the oxidation of H;S with HNO, by ion electron method.

Step 1:- Write the skeleton equation

HNO, +H,S —> NO+S+H,0

Step2:. Tmnsfbrm the molecular equation into jonic form:
NO,+HS— NO +S

¢ nitrate ion, NO, since its Nitrogen changes the

idati in oxidati . The reducing agent is
Oxidatio ndergoes decrease in oxidation state)
H§, sln:cs;ztl;l(lzr ungcrgocs an increase in oxidation state. It could have b.ecn_
Written as sulphide ion (5*) but H,S is preferable because of the very slight

degree of jonization of the acid in nitric acid solution.

The oxidizing agent is th

e — T
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Step 3:-  Split the ionic equation into two partial equations (Oxidation, reduction

).
5+ 2

NOjy —— NO .. Reduction (Nitrogen from 5+10 2*)
HS*» — §° .. Oxidation (Sulphur from 2~ to Q)

Step 4 :- Balance the partial equations. Since the medium is acidic, oxygen and
hydrogen atoms are balanced by adding HOandH.

In the first partial equation, 2 H,0 must be added to the right side to balance
the oxygen atoms. Then 4H* arc added to the left to balance Hydrogen,

NO, +4H*' — NO+2H,0

In the second partial equation, 2H* are added to the right to balance two
hydrogen atoms on the left:

HS — S +2H*
Step S :- Chafge is balanced in the partial equations by adding electrons. Inthe

first equation, the net charge on the left is 4+ (1-) = 3 + and on the right it is zer0.
Hence 3 electrons are added to the left side:

NO; +4H' +3¢ — NO + 2H,0

In the second equation, the net charge on the right is 2+, hence 2 electrons
are added to make it zero as on the left:

HS — S+2H* +2¢”

o 13
Step 6 :- In order to equate the electrons lost and gained, first partial equation’

multiplied by 2 and the second by 3 (cross multiplied):
2NO’, + 8H* + 66 —— 2NO+4H0

3H,S —> 3S+6H'+6e
Step 7 :- Cancel out the electrons and add the partial equations:

2NO7 + 3H,S +8H'— 2NO+35 + 4H,0 + 6H
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Since 6H" are common to both sides, hence they are cancelled
2NO,; +3H,S +2H*— 2NO + 38 + 4H,0 (Balanced)

i }';‘his equation may be converted back to molecular form by combining NO,
and H*. '

2HNO, +3H,S — 2NO +3S +4H,0

This is properly balanced equation.
Example 2: The oxidation of FeSO, by KMnO, in acidic solution
Step 1 :- The skeleton equation:
KMnO, + H,SO, + FeSO, — MnSO, + Fe,(SO), + K,SO, + H,0
Step 2 :- Transform into ionic form:
MnO, + Fe** — Mn®+ Fe*
Step 3 :- Make partial equations :
MnO,; — Mn®
Fe2*~\. —> Fe*
Step 4 ;- Balance the partial equations :
* MnO,- + 8H* — Mn?+ 4H,0
Fer —» Fe¥ |

Step 5 ;- Balance the charge by adding electrons.

MoOr 4 (SH'Z  S6— Ma* +4HO
Fcz+‘ — Fc”‘*'lc-
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Step 6 :- To equate the electrons lost and gained, multiply second equation by 5.

MnO,; +

8H* +

5Fe* — SFe* +5¢

5¢ — Mn* +4H,0

Step 7 :- After cancelling electrons, add the two partial equations:

MnO,” + 5Fe™ + 8H* — Mn"' + 5Fe” + 4H.0 (Balanced)

To convert back to the molecular form:

2KMnO+ 10 FeSO, + 8H,SO, - 2MnSO, +5Fe,(SO,), +K SO, + 850

7.10 INDICATORS

The end point of an acid-base titration is often detected by means of an

indicator. Indicators are complex molecules that are themselves weak acids or

weak bases.

A large numper of indicators are known and each undergoes its colowr
- changeovera particular pH range. The following table lists some of the common

indicators along with their colour change:

Table 7.2 colours of some indicators in acid, base and neutral condition.

—

Colour Colour Colour

Indicator in i when

acid base neutral

Litmus Red Blue Purple
—— |

Methyl orange Red yellow Orange

Phenolphthalein Colourless pink Colourless

/

Universal Indicator Red Purple Green

il

Scanned with CamScanner




————— T T
!-fl iE o

MDCAT BY FUTURE DOCTORS (TOUSEEF AHMAD)

217

For a strong acid and weak base, meth i
' : yl orange is often used. For a stron
base and weak acid, Phenolphthalein is commonly chosen. x

The behaviour of indicators can be explained by the fact that the unionized

molecule of an indicator and its anion possess different colours. Alternatively,
one may be coloured and the other colourless. The indicator Hin, for instance,

- dissociates to give its anion In" as shown by the following equilibrium.

Hn —= H'+In
(Red) (Yellow)

~ The undissociated molecule HIn, say is red and the anion In- yellow. It can
be seen that the equilibrium position of the indicator will be affected by the
hydrogen ion concentration [H*]. If the hydrogen ion concentration, is high, the
equilibrium will move to the left and the undissociated HIn will predominate the
solution will be red: If a base is added which reduces the hydrogen ion
concentration, theequilibrium position will move to therightand the solution will
become yellow. When there is equal concentration of HIn and In, the indicator
will be in its neutral position and it will give mixture of red and yellow and-it will

appear orange.

7.11 STRENGTH OF ACIDS AND BASES

All the acids and bases, according to the Arrhenius, ionize in aqueous

solutions to yield H* and OH" respectively. The extent to which these substances

ionize, is however, not same in all the cases. Theexient of ionization is expressed
4 ' percentage dissociation.

in terms of degree of dissociation or pe

The degree of dissociation (=9)is the ratio of the number of molecules ionized
to the total number of dissolved rmlecules.

Number of molecules dissociated
ber of dissolved molecules.

Total num
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This ratio when multiplied by 100 givcs.thc percentage dls.socmtion. For
example, the degree of dissociation of HCl is 0.9 - 0.9:; ;ﬂd ;ts percentag
dissociation is 90-95% i.c. out of every 100 molecule, 90- )5'mo ecules of Hey
get ionized in equeous solution. The acids and bases having high percentap,

dissciations are strong and those with low percentage di?§o§iation are weak
The following table 7.3 lists some strong and weak acids and base alongwity
their percentage.dissociation.

Table 7.3 Some strong and weak acids

Acids Bases
Strong Weak Strong Weak

HC1 90-95% HS0.1% [NaOH90-95% NH,OH 1.4%
HNO,90-95% | CH,COOH 1.4% | KOH 90-95%

H,S0, 60% H2C03 0.17% Ba(OH), 77%
(1 stage) (1 stage)

'l:hu§ strong acid§ or bases 10nize almost completely and the weak acid of
bases ionize partially in aqueous solutions,

- According to Bronsted-Low

- ; ry theory, an acid i a bas¢
Is a proton acceptor. ry cid is a proton donor and

The formation of acid-base theory §

of measuring the strength of acids ang bases F:ii%mh::::m sugﬁ:ﬁum e |

dissociation constant (Ka) of the acid HA is gi.vcn b L
y:

lH’O(-q)l l A(-q;l
[HA, ] [H,0]

~
)
|

>
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Larger the value of dissociatinn «
S$sociation constant (K i id. ;
true for bases. Some t (Ka), stronger is the acid. Same is

ypical dissociatic » ; e
following table 7. 4 1ation constants for acids are given in the

Table 7.4 Some typical dissociation constants for acids

Acid Ka(mol dm™)
at 298°K.
Hydrocyanic acid 4.8 x 1010
Formic acid 1.8 x 10
Acetic acid 1.8x 103
Chloroacetic acid 1.4x 103

Thus chloroacetic acid is stronger than formic acid which in tum is stronger
than acetic acid.

In term of pH, acids with-low pH values, such-as hydrochloric acid, nitric
acid and sulphuric acid are strong acids. Similarly bases with high pH values such
as solution of potassium hydroxide, sodium hydroxide are strong alkalis. These
substances are strong electrolytes and are nearly completely ionized in aqueous
solutions, Weak acids and bases have pH value nearer to 7, they are partially
ionized in aqueous “solution and are weak electrolytes. Example are acetic acid
and ammonia solution (NH,OH).

1.12 pH

The small values of the concentration of hydrogenion(H*) that we have
encountered with solutions of slightly dissociated acid led Sorensan in 1909 to

introduce the conception of pH.
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water acts as a proton donor or acid forming NH”, . It also acts a proton accepioyr
or base forming H,0", if an acid is added to it

H0+NH, — NH‘, +OH
HO+H"-C* —» H0 +Cr

Careful measurements have shown that pure water ionizes slightly to

produce ions of H,0* and OH-. Electrical conductance measurements of water
‘at 25°C has indicated the concentration of 1.0x10” M each of H* and OH-

The ionic product of water is therefore
K, =[H;°0] [OH"] = 1.0 x 10-*M

In acidic solution, the concentration of H, O* is alwa);s greater than that of
OH- and in basic solutions, the concentration of H,O" is less than that of OH"

PH is a convenient way of expressing the acidity and basicity of dilute
aqueous solutions.

—

The pH of a solution‘is the negative. logarithm of the hydrogen ion
concentration:

| pH =-log [H'] = log -[Fj-

Thus for water in which [H*] = 1 x 10,
pH = - log (107) = (~log 1.0) + (- log 10"7)
= (0.00 +7.00 = 7.00

The pH of 7.00 represents the point of neutrality. Clearly acidic somtion;
- will have pH values which are low i.c. less than 7, basic solutions will ha¥® P

values which are high i.c. greater than 7.
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Table : pH Scale

(H'] 10° 10* 10* 107 10 10 10 |107(10® 10° 10" 10" 107 10 10"
mol dm~

9 10 1 12 13 14

PHED . 1° 2. 3 a4, s ¢ |2

¢~ Acidic ¢ Neutral ———— Basic ————

Thus acidity is measured on a scale from O (very acidic) 10 14 (very
alkaline). This is the pH scale. pH scale should be thought of simply as numbers
which indicate acidity.
pH of a solution is determined using universal indicator. B y n?i.xin g togct.hcr
* various indicators which change colour at slightly different aciditics, chemical
manufacturers have developed a universal indicator which goes zhnzugh a
spectrum of colours as the acidity changes. pH numbers are related 1o universal
indicator colours as follows :

Blue  Deepblue  Purple

ed Orange ycllow Green
R0 3 o 6 7 8 10 14
i addi f upiversal
i be determined by adding a few drops of
B ot off the pH number from the corresponding colour.

indicator solution, the reading

Colour charts are provided by the manufacturer for this purpose.

ts, pH meters arc available. These are used

recise measuremen ers are . are
with :c:‘cllril::::'pglass clectrode which, when dipped into a solungn, will give a
direct reading of pH on the meter.

n the chart which gives the pH of some common matter:

5 Bclowx:ngc 66 10 13 79-8.4 105 116 13
1.2 9 Lk _
. lood SeaWaer Milk NsCO,  NaOll
Milk Distilled Bl ;
HCl 11,50, CH,COOH o
Neutral Basic —————

«—— Acidic—

Scanned with CamScanner




MDCAT BY FUTURE DOCT(}EZ‘Z (TOUSEEF AHMAD)
Worked Example 1:  What is the pH of 0.004 mol dm= HCI (fully
dissociated) at 25°C.,

Solution: The fully dissociated HCI has [H*] = 4.0 x 10? mol dm™. 5o
PH = —log (4.0x 10?)

(-log 4.0) + (- log 107%)
= -060+3=240

Worked Example 2: The pH P g \
: PH of a solution is 9.63. C :
concentration. ompute-1ts hydrogen ion

Solution: The pure exponential number is 1096

mixed number, we have, : Convening this number to a

10-9.6] < 10 0.63 X 10 9 ¥ 10037 x ‘10 . j
= 2.34:”;‘/1}0-10

Therefore the concentration of hu,
tration of hydr. T 3 -
mol dm™, ~nydrogen ion in this solution is 2.34 x 10°°

</\;\,./
<
7.13 BUFFERS /\\5\

Normally thg\h-l of a solution does not remai
example the %ﬁof distilled wateris 7. This pH of :‘aln

Q§é}conwol of pH in livi
A in living systems j : .
instance, that the blood has a pHi)f);bou":s;i CTSS::Ua] foc health. I i foundh

the concentration of carbon dioxide ang fans PH remains constant fumous?‘

If acid is added 10 a sumple of blood
i : |
an excess of acid is added. 1S pH 15 found 10 change very litte unless

A solution which tends 1o resis Changes in PH is called a buffer solutio™
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Buffer solutions

of specified pH val : : If
neutralizing a solution o P ues are prepared easily by ha

SAEA fa weak acid with a strong base, or a weak base with a
strong acid. An example of buffer solution is acetic acid (a weak acid) mixed

with sodium acetate  (its salt with strong base). Similarly ammonia solution,

NH «OH (a weak base) mixed with ammonium chloride (its salt with strong acid)
is another example of buffer solution,

CH, COOH  + CH, COO~ Na* (aq) = Buffer solution

4+ -
NH40H(. o NH,CI e Buffer solution.

Inpractice, more sophisticated buffer solutions have been developed for use,
particularly in the field of Bio-chemistry. The bufferin blood is the carbonic acid,
it self a weak acid, in conjuction with protein molecules. We can illustrate the
functioning of a buffer system by the dissociation equilibrium of a weak acid.

CH, COOH , == CH, COO~,_ +H'

The buffer also contains the salt sodium acetate which is fully dissociated to
furnish acetate ions.

+ Na!

(aq) (aq)

CH, COONa*,, = CH,C00"

Due to the increase in the concentration of acetate ions, the acetic acid
‘equilibrium is pushed to. the left there by reducing the H* concentration and
forming undissociated acetic acid. Thus there is no appreciable change in pH.
Even if small amountof acid or alkali are added, there is very little change in pH
of the mixture. Incase of added acid, the additional H" in the solution will combine

With CH, COO' to produce undissociated acetic acid.
CHLCOOFx HHI == CH,COOH
and the pH will remain at about original level.

Small amounts of base (NaOH) added to the buffer solution will be
feutralized by reactions with weak acid.

OH-, + CH, COOH,= H,0, + CH, COO",

e AR . R ——
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7.14 NEUTRALIZATION

When two substances (acid and base) having opposed properties are allowed
to react, salt and water are produced. The reaction is known as neutralization,

Acid + Base —> Salt + Water
For example, Hydrochloric acid is completely neutralized by sodium hydroxide,
HCl , + NaOH | g —> NaCl_ +HO,

In this reaction strong acid neutralizes strong alkali. Instead of complete
neutrahz.auon. there may be partial neutralization; for example sulphuric acid
reacts with sodium hydroxide to form sodium hydrogen sulphate:

H,SO,, +NiOH,, —> NaHSO

4(2q) v Hzo(lq)

In this reaction, only one hydrogen ion o e s :
» y of .
sodium hydroxide. g sulphuric acid is n_cutrahze_d by

Inall these neutralization reacti
hydroxide ion of base to form water.

The reaction in which hydro

en i R s e :
to produce water is known as Ne Sen ion of acids and hydroxide ions of alkalis

Ytralization,

€ salts form lete
neutralization are normal and thoge 4 as a result of comp
acidic or basic. _ Produced by Partial neutralization are eithef
M
Normal salt Acidic s‘ah B fs(xgi)lffl
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PROGRESS TEST 7

1(a) "The ability of an ion depends upon its charge density”, Corxment on the

statement.

(b) What is essential difference between hydration and hydrolisis.

2.

4.

What is ionization theory? How does it explain the conductance of electric
current through solutions?

What is efectrolysis? Explain by giving the example of CuCl; Give all
necessary electrode. reactions.

Write detailed note on Electrode potential. What do you-infere from the
Electro chemical series?

5.(a) Define oxidation number; oxidation, reduction.
(b) Give the oxidation number of:

6.

7.

8.

(i) Crin K,Cr,0, (ii) Sin Na$,0, (iii)Cin C,HO (iv) Mnin MnO-,
(v) Nin NCL,. (vi) Oin OF,

Enumerate the rules for balancing the Redox equations by Ion Electron
method. '

Balance the following equations by ion electron method.

- + ~
) cr,o"', T H e R cr- + 10, +HO

@) wmno;'+ SO% +J — Mn*? + SO*7

(iif) Cr{OH), +SO%" —s CrO%-  + SO} (Basic)

Oxidation of CI* by MnQj}' in 2cid soluzion
) (KMnO, + KOl + H,SO, = MnSO, + K,SO, + H,0 + CL)

(v) MoO; +SO>+OH™ — Mn'* + 50,

What are the indicators? How can you explain their behaviour?

9. Write notes on:

(i) pH (ii) Neutralization (iii) Buffers

10, Defjne pH? What is pH of 0.AM HCl at 25°C?

» 11, What are strong and weak acids and bases? Give appropriaté examples.
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CIEAPTER &

INTRODUCTION
| TO
CHEMICAL KINETICS

INTRODUCTION

The word Kinetic is derived from a Greek word “kinetic” which means

“moving”. Hence chemical kinetics is that branch of chemistry which deals with
the study of:

(i) Rates of chemical reactions

(i)  Factors affecting rate

(i)  The mechanism through which the reaction proceeds
(iv)  Optimum conditions for the maximum yield of a product
8.1 RATE AND VELOCITY OF REACTION

During the course of a chemical reaction, the molar concentration ©f

IRaciants grac!ually decreases, whereas thay of products increases. Consider 3
general chemical reaction; A — B

(Al
[B]

Molar
concentration

0 Time

FIGURE:8.1 Reaction profile

4
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= Itis defined as the quantity of a reactant consumed or the
1 uct formed per unit time i.e, .
ncrease i i
Rate = N concentration of products or decrease in concentration reactants
s : Time taken for change
c r . .. . .

o t.lf t;ip clefifly shows that the rate of reaction is not uniform and it
8 g me. Inmall.y the rate of disappearance of reactant [A] is fast and
fast[;pe:r: a(l)lut gradually. Similarly the initial rate of formation of product [B] is

ut falls of latter on. Hence the overall rate of reaction as defined above is
actually the Average Rate of Reaction.
Velocxty.of reaction:~ It is defined as the rate of a reaction at a particular given
fnome.nt 1.e. at a specific time. If we consider a very small interval of time “dt”
in which the change in concentration (dx) is taken to be ncarly constant then
velocity of reaction is given by the expression:

Rate of reaction:
quantity of a prod

Velocity of reaction= -:ii—f

Velocity of reaction may also be termed as Instantaneous Rate of
Reaction.
Instantaneous rate is the slope of the tangent to the curve at that time.

Consider the reaction between Mg and HCl:
Mg, + 2HCl(aq) ———)MgClz(aq) + H2(g)

fos
19
“p /
g
w " dx = dv
.“g 6o 1 =B80cc-40c.c
8 5 " =40c.c '
5 |
I
E“. | dt = 688 ~ 208 = 488
g;- :
/0 !
éo 72 f0 %0 (00

S aoxa pslikeliee
Time (9)

Graph of rate of reaction

FIGURE,8.2
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Reaction is followed by measuring the volume of H, gas evolved g
regular interval of time. The results are plotted and a rate curve is obtained (Fig:
8.2).

To calculate velocity of reaction, say at 40s, the tangent to the curve at
40s is shown in the graph. :

Now velocity of reaction at 40s=slope of tangent

_dx
dt dt 48s

Thus rate of production of H,at 40sis 0.83cm?® / s :

For the purpose of simplicity in future discussion, we will-fiot differen-

tiate between rate and velocity of reaction and will be frequently using the

symbol (cil_x for rate as well,
t

Unitof rateof reaction:-The concentration is usuall

STy y expressed in moles/dm?
and time in seconds, hence .

Rate of reaction = Change in concentration

Time taken for change
mole /dm® mole ]
= = X= = vl
s NS mole(dm ) s

8.2 RATE CONSTANT AND RATE E
Consider a hypothetical reaction:

:‘\+B ———> Products
.Accordxpg to law of Mass Action rate of velocity of reaction is directly
_proportional to active mass or molar cop

: Céntration of reg or the
above reacticn or Ctants, hence fi

Velocity of Reaction o [A] [B]
9% o [A] [B]
dt

XPRESSION

dX _ K [A][B] W
dt

Expression (i) is called Rate Expression and constant K is called rate or velocity
constant,

When the concentration of each reactant is unity j ¢, | mole/dm®then K
is called specific rate constant i.e. substituting the values in expression (i)-
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ax k11
it [11[1)

dx _

dt

Henge specificrate constantata giventemperature, may be defined as the
rate of reaction when the molar concentration of each reactant is unity.
Example 1:~ Writing rate expression ' |
Problem: Write rate expression for the following reactions:

1 (a) PCly —— PCl, +Cl,

(b) 2NO+0,——2NO,
(©)  HySeO; +6I" +4H* —— Se + 31, + 3H,0

Solution:

(a) Rate of reaction o [PClg]

dx
— = K|PCl
dt [ 5]
(b) Rate of reaction & [N(')]2 [0,]
dx

& - KINOF{o,]
(c) Rate of reaction a [H;SeOs [le]B [H‘B]‘
%1-‘- = K[H25603 ] [19]6 [HQ-]"

Example 2:- Significance of plus and minus sign.
Problem: - For a chemical reaction A———> B, the rate of reaction is

denoted by:
:ﬁ‘f.‘. r _".'g?_ State the significance of plus and minus signs.
dt dt
S —dA neey : .
olution;  —;~ represents the rate of reaction in terms of decrease in
concentration of reactant A,

4B onresents the rate of reaction in terms of increase in
conéemration of product B.
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Example3:~ Calculating rate of disappearance

Problem: For achemical reaction CzHg( g) & 2H2(g) R Cz”o(g) ’

the rate of appearance of C,Hg is 0.25 mole/dm®.s. What is the rae of

disappearance of C,H, and H,?
Solution:

Rate of disappearance of C,H, = 0.25mole/dm®.s
Rate of disappearance of H, = 0.25x2 = 0.5 mole /dm®.s

Example 4:- Calculating rate constant
Problem:  For a chemical reaction A + B———— AB, Calculate:

(a) Rate constant wher initial concentration of both the reactants is 0.1
moles/dm>each and rate of reaction is 3.02 x 10*moles/dm?

(b) Rate constant if initial concentration of A or B is doubled.

Solution:
(a) For this reaction
Rate of reaction o [A] [B]

49X -k [A][B]
dt

8.02 x 10 *moles/dm?.s=K(0.1 mole/dm?) (0.1 mole/dm®)

Ko 3.02x10* mole /dm?3.s
(O.l mole / dm?® )(0.1 mole / dmsj

_3.02x10*dm?
"~ °0.01 mole.s

K =3.02x102dm® / mole.s

(b) Let concentration of B is doubled
As [A] =0.1 mole/dm?

~ [B]=0.1x2=0.2 mole/ dm3 i
Since concentration of [B) is doubled, the rate of reaction Wi

- become double ie.
Rate =3.02 x 10~*x 2= 6,04 x 10~* mole/dm®.s

.
Scanned with CamScanner




MDCAT BY FUTURE DOCTORS (TOUSEEF AHMAD)

231
Now
Rate=K [A] [B]

6.04x 107 mole / dm?.s = K(0.1mole / dm®)(0.2mole / dm?)

K = 6.04x10" mole / dm3s
(O'ImOIC / dma)(0.2mole / dm3)

K =3.02x102dm? / mole.s

Characteristics of K:

(i)  Ithasafixed value at a particular temperature.

(i) . Its value varies with temperature.

(iii) Itsvalueata temperature remains unchanged when the concentration of

either or of all reactants is changed.

8.3 TYPES OF REA CTIONS BASED ON REACTION VELOCITY
: If we happen to observe many chemical reactions that are part of ourdaily
life, we note that different reactions take different amount of time for completion.
Forexample combustion of gasoline is very fast, cooking of food takes moderate
time, but rusting of iron is a very very slow pracess. Hence we may classify the
reactions with respect to their rates as follows:

(i) Reactions proceeding at a very slow speed:~These are the reactions which
Proceed at extremely slow speed and take very long time for completion. It is
difficult to determine experimentally velocity of such reactions. Examples are:
rusting of iron, radioactive decay of elements and formation of diamond from
carbon in earth crust.
(if) Reactions proceeding at a very fast speed:- These reactions are instanta-
neous reactions i.e. they are so fast that they are completed in very small time of

the order of 108s . All ionic reactions are of this type. It is impossible 10

determine rates of such reactions.
Examples:

| : ) s
(a) HCl+ NaOH———NaCl+H,0

(Acid) (Base) -

+ ominle ', e - + o
(b) AgNoa(aq)+NaCl(aq)—————>AgCl+NaN03(aq)

(iii) Reactions proceeding at moderate speed:—These are the reactions which
Proceed at experimentally measurable rate i.e. they have limited speed and are
Completed at the most in few hours. Generally reactions of organic and covalent
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compounds are of such type.
Examples are:

(a) CmHmO“ + Hzo_—"—_—)CGHIZOG + C6H|200

Sucrose Glucose Fruclose
Acetic acid Ethyl alcohol Ester

Why some reactions are fast and others slow ?

Concept of activation energy:- A reaction takes place when molecules of
reacting substances collide together. But all the collisions are not effective i.c.
do not lead to the formation of product. It has becn found that only those
collisions arc effective in which the colliding molecules possess a minimum
amount of encrgy called Threshold energy.

Before collision the molccules of reactants in their normal state do
possess their respective internal energy, but their average internal energy is less
than threshold cnergy. Now the molecules must acquire the difference of cnergys
in order that their collisions be effective. The excess energy that the reactant
molecules, having average energy less than the threshold energy, must acquire
in order to react and change into products is called Activation Energy.
Thus: :

Activation Encrgy=Threshold Encrgy-Average Internal Encrgy of molecules

A relation between thesc energies is shown in the graph (Fig:8.3)

—

T, I T e e e e
0 Threshold energy

|

|
A8 i
, E ?l Average

g Internal

G| 22} | _encray
2 Reactants
fa

Products

Progress of

FIGURE.8.3 teaclion | | "J
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The speed of areaction depends upon the activation energy of molecules.
The reactions which have low values of activation energy are fast reactions and
those which proceed slowly or moderately have comparatively high value of
energy of activation,

Fast reactions can be slowed down and the slow reactions can be spedup
by controlling the activation energy.
Example S:- Calculating activation energy
Problem:  For a chemical reaction A——— B, the threshold energy of
reaction is 31 K.J/mole. The average internal energy of A is 12 K.J/mole.
Calculate activation energy of A. :
Solution: Activation Energy=Threshold energy—Average internal energy

=31 K.J/mole-12 K. J/mole

Activation Energy of A=19 K.J/mole.
8.4 DETERMINATION OF RATE OF REACTION

Two methods are employed for the determination of rate of a chemical
reaction. - ' '

These are: (a) Physical methods (b) Chemical methods
(a) Physical methods:-1In these methods the reaction is followed by measuring
change in some physical property of reactants or products. Following are the

methods generally employed:

Name of physical methods Observed physical property

(i) Refractometric method Change in refractive index.
(ii) Spectroscopic method Absorption of ultraviolet or

| infrared radiations,
(iii)  Calorimetric method Change in colour intensity |
(iv)  Conductivity method Change in electrical conductivity
(v) pH Method ; Change in pH is observed
(vi)  Polarimetric method Change in optical rotation of
plane polarized light

(b) Chemical methods:— When physical methods are not available or suitable
then a proper chemical method is used. |

In a chemical method generally samples are drawn from the reacting
Vessel at regular intervals of time. Reaction is su?pped at lhal_ particular moment
by suddenly chilling the sample adding it to a suitable chemlc_nl. The amount of
areactant or product presentat that time is generally found by titrating the sample

against a proper reagent. : .
An example is the hydrolysis of methyl acetate (CH;COOCH, )in
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acidic medium.

Reacuon is followcd by measuring the amount of acetic acid
(CH,COOH )formed at regular interval by titrating the chilled samples against
standard alkali (NaOH). With the passage of time more and more acetic acid is
formed till reaction goes to completion.

2
W ;
= =E {
O Slope = O
. < .g “No further reaction
m ~
8 L
S 0O
g g
S 8 Rate graph
0 el
FIGURE.8.4

—

The results are plotted as a graph and rate curve is obtained.

dx The slope of rate curve at different times gives the rate of reactio®
( )al that moment; as discussed in section 8.1,

8.5 FACTORS AFFECTING RATE OF REACTION

The rate of a reaction mvolvmg collisions of molecules is mnuenced by
many factors, enlisted below:

(i)~ Concentration of reactants

(ii)  Nature of reactants

(iii) Temperature

(iv)  Presence of catalyst

(v)  Surface area of reactants (heterogeneous reacuons)
(vi) Radiation

(i) Concentration of reactants:- Concentration jg defined as number of moleS
or molecules of a substance per unit volume, |

Rate of reaction varies with the concentration of reactants. Accordl"s 9
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law of mass action, the rate of a reaction is directly proportional to the
conct.mtrﬂuop of reactants. The greater the concentration the greater the rate of
reaction. This is because with the increase in concentration, the number of
molecules of reactants also increases. There is now more crowding of molecules

SO freq'uency ?f collisions between them increases, resulting in the increase in
rate of formation of products.

Consider a general reaction

XA+yB——C

Rate of reaction a[AT*[B}
dx XrR1Y
e = K[A] [B]

. In this rate expression the sum of exponents of concentration i.c. (x+y)
15 called Order of Reaction.

Order of chemical reaction: The relation between the rate and the
concentration of the reactants taking part in the reaction can be
described by the following reaction:

A+B — Product

rate of reaction i.e. %a [A]B]

dx e e
e K [A][B] (1)

Similarly for the reaction

A+ 2B — Product

e _g[ALBI - @)
The equation of this type which describes the relationship be-

tween the concentrations of the reacting substances involved in the
reaction and the rate, is called “rate expression™. Itis the rate expression
which Jeads to the concept of order of reaction.

~ The ordcr of reaction is defined as sun of all the exponents of the
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concentration in terms of the reactants involved in the rate equation,

Thus in rate equation (2)
Order of reaction (n)=1+2=3 (Third order reaction).

Consider the following examples:

1
() N,0; > 2N0, +50,,
%‘:— = K[N,0;] The reaction is of the first order.
(ii) 2CH,CHO — 2CH, +2CO
= K[CH,CHO 2 The reaction is of second order.

(i) 2NO+0, - 2NO,
=K [NOJ* [0,] The reaction is of third order.

The order of reaction is assigned to a reaction only on the basis of

experimental measurement and not by seeing the total nmber of mol-
ecules present in the reaction because there are reactions which contain
more reacting molecules but the concentrations of only one. of tWO0
molecules may alter during the reactions. For a reaction, minimum ordef
of reaction may be of zero order and maximum upto third order
Example 6:— Predicting effect of concentration on rate

Problem: The rate of a chemical reaction for the reaction:

- was found expcnmentally to be represented by the expression
Rate = K[NOJ*[0,]
What will be the effect on rate if
(a) Concentration of NO is doubled
(b) = Concentration of NO is halved
(c)  Concentration of O, is doubled
Solution: () AsRate a[NOJ*, hence if concentration of NO is d°“bl°d'
the rate will increase by [2]? = 4 times,

(b) lfcj)ncentrauon of NO is halved the mte will be decreased by
1
[___ = — times.
4
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()  AsRate a[O, ] henceifconcentration of O, isdoubled the raté will also
be doubled.

Example 7:— Predicting effect of concentration on rate constant
Problem: For a chemical reaction at 450°C

2NH, =9 N, +3H;

Rate = K[NH, I’
What will be the effect on rate constant if concentration of NHj is increased four
times ?
Solution: Now K= _R_at_(_a_i_
- [NH,
The value of K will remain constant for either increasing or decreasing rate with
reference to the ammonia concentration. K remains constant because as concen-
tration of NHis increased four times, the rate also increases by that factor.
(i) Nature of reactants:- The nature of the reactants also affects the rate
because activation energy foreffective collision is different for different reacting
substances. :

Consider the following two reactions in which the collision probabilities

are same, even then their rates are not equal..

2CO+ 02 -——_-)2002 Slow

Reaction between NO and O, is fast while that for CO and O, is slow.
This is because activation energy for CO is higher than that of NO; as shown in

Fig.8.5. High activation energy

Energy

' Products

| FIGURE.8.S : Progress of reaction
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(iii) Temperature:- The rates of reaction are greatly influenced by the
temperature at which the reaction is carried out. For example H,and O, donot
combine at ordinary temperature, but combine very rapidly at high temperature,

~ As a general rate of thumb, the rate of reaction doubles for every 10°K
rise in temperature. The reasons are:
(i) Astemperature increases the velocity of molecules also increases, this results
in the increase of frequency of collisions. o :
(ii) The rise in temperature raises the kinetic energy of each molecule. Ithas been
found by raising the temperature by 10°C, the fraction of molecules possessing
Threshold or activation energy becomes double, as a result number of effective
collisions is also doubled, hence rate is doubled.

Effect of temperature on kinetic energy

Fraction of molecules
with a given K.E

KE PN

Threshold energy

FIGURE.8.6

—

The graph shows the K.E of molecules at different temperatures. The

shaded area shows the fraction of molecules haying th arglest
Shaded area of T,is doubled of T),. g the threshold energ

Temperature also has a pronounced effect on b

take place in food, when it is stored or cooked. Food decomposes at a slow rate

when cooled. Thus when stored at 5°C (the norma] oL A refrigerafOf)
may keep for several days. Frozen food stored at—5°C 1o —2°C keeps forseverd
weeks. Deep frozen food stored at about -18°C (lempcm.um = d;;e phite f;,
keeps for several months. | ep. Y

(iv) Presence of catalyst:— A catalyst is a substance whichalters the rate Ot ®

iochemical processes that
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chemical reaction without itself being consumed in the process. Basically they

may be classified as:

(i) Positive catalysts:- They increase the rate of a chemical reaction.

For example: MnO,is a positive catalyst for decomposition of Hy0,
2H0 s —ﬂo—hzﬂzom +0y,

Positive catalysts function by providing an alternate path to the reaction.
The activation energy of this alternative route is lower as a result more reactants
molecules possess the energy required for a successful collision. The total
number of effective collisions per unit time increases and thus the rate of reaction
increases. |
(if) Negative catalysts:- They decrease the rate of achemical reaction. They are
also called Inhibitors. For example glycerine is an inhibitor for the above
decomposition of H,0,.

Negative catalysts on the other hand do not lower the activation energy
rather they combine with reactant molecules, thus decreasing the number of
colliding reactant molecules. This decreases the ef fective collisions, hence rate.

Some times one of the products of reaction actsas catalyst, such a process
iscalled Auto catalysts. Initial rate of such reactions is slow but later on increases
as the product concerned is formed. Example is Redox titration between

KMnO, and oxalic acid.
2KMAO, | +5H,C,04 + 3HiS04y —— 2SOy +10C0s, + 81,0
: +K,SO,
Here reaction is catalysed by Mn*? ion of MnSO,. This fact can be

tested in laboratory by adding some Mn*2 ionsin form of MnSO, in the flask

before adding KMnO, from burette. :
There are certain catalysts known as Biocatalysts. These are enzymes.

Enzymes are proteins which catalyse the chemical reactions in living systems.
Following is given a chart of some reactions and their catalysts:
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CHART
Reaction Catalyst Nature of catalysts

1. Synthesis of Ammonia Reduced iron powder Positive
by Haber's process and small amount of

Nz + 3H3i= 2NH3 AlgOa or K30a8

spromoter

2. Conversion of SO, to SO3 | V), O 0r Ptin finely Positive

2S04 + 0,5 250, divided form

3. Decomposition of laughing | Trasesof Cl, Positive

gas N3O -

1000°K

2N20 = 2N2 + 02

4. Decompositionof H,05 | () Glycerine Negative

2H,0, ——2H; +0, | (i) MnO; Positive |
5, Oxidation of chloroform 2% Ethyl alcohol Negative

(CHCI;) to form

polsonous gas Phosgene

(cocly)

1
CHCla +'§03—'——’COCIQ*HC1 it ol

(v) Surfaceareaofreactants:=Incase of heterogeneous reactionsin whichth¢
reacting species are in different physical states, the surface area of solid reacta?
plays an important role with respect to rate of reaction. Greater the surface Mlt
the higher is the rate of reaction. For example reaction between a pieceof

(CaCO,) and an acid is slow. .
CaCO, +2HCl———CaCl, + H,0+CO,

owder®d

But finally divided marbls reacts vigorously because the PO™' o -

marble offers greater surface area for HCI to act upon. Similarly for the
reason amorphous boron is much more reactive than crystalline borof-
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In cufe of liquid, the greater surface area, incrcases their rate of evapo-
ration. For this reason spilled milk ora liquid evaporates faster than . present
in a glass or cup. .
(vi) Radiation:~ Some chemical reactions proceed only under the influence of
light. These are called Photochemical Reaction: The concentration of reactants
does not influence rate of such reactions, so they are Zero Order Reaction.
Examples are:

(1) Reaction between H, and Cl,

H2 + C12 Dright suullgm% 2HCI

(ii) Reaction between CH, and Cl,
CH, +Cl, ———=—CH,Cl + HCI

Sunlight
Radiation or light consists of photons. When photons strike the reactant mol-
ecule, they provide the necessary activation energy to the reactant molecules to
react.
Example 8:- Determining order of reaction
Problem: A certain reaction A +2B————C+D gave the following

data:

Initial Concentration Initial rate of Reaction
mole /dm?® mole /dm®.s

No: A B

1 0.1 3x10”

2 02 0.1 6x107

35001 0.2 9x10°

What is rate law and order of reaction? _ :
Solution: Rate expre§sion based on experimental data is called Rate law.

According to data:
(a) When conc
~ Rate a[A] :
(b) When concentration
from 3107 10-9x10° ie. (3)° x10°; hence

Rate o[B]'—2)
(c) Now combining (1) and (2), we have .

Rate ofA] [B]*

entration of A is doubled, the rate is also doubled; h:nce

(1)

of B is doubled, rate increases by square i.e.
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or Rate=K [A] [B)’
This is Rate Law for the given reaction.
Now Order of Reaction=Sum of exponents of concentration in rate law.

Order of Reaction=142=3
Example 9:- Estimating value of K with change in temperature
Problem: As a rule of thumb rate, hence rate constant of a reaction increases
by a factor of 2 for each 10°C rise in temperature, although the actual amount

of increase differs from onereactionto another. Considerareaction A———B,

for which at 400°C, rate constant K, has a value of 3 X 1072 57,

What can be the possible value of K at 450°C.

Solution:  Temperature increases from 400°C to 450°C. Thus rise in tem-
perature = 50°C. Forcach 10°C, K is more or less doubled. Hence value of Kwill
increase S times i.e.

K =(3x107'2 s71)x5
K =15x10712 5!

PROGRESS TEST 8

15 Only some collisions between molecules are effective in producing
chemical reaction. Explain why? '

9. Explain the conceptof activation energy and the variation of reactionrate
with temperature, ’

3. Distinguish between: :
(a) Rate and velocity of a reaction (b) Rate and rate constant () Positive
catalyst and Inhibitor,

4, Give one example each for the following:

a) Rate of reaction (b) Veloci i 3 i
Sazz e (b) Ve ocity of reaction (c) Rate equation (ﬁ) Specifi

< For the reaction 2NQ( gt 02(3) —_— 2N02(¢)’ the rate equation

BT L 2 . i
b K[NOJ'[0,]. What is the éffect on the rate of the reactio”

when (a) the concentration of NQ is redaced by one half (®) the

concentraation of O, Is doubled (c) a catalyst is added to the reasti®”
mixture.

6. The decomposition of formic acid js catalyzed by strong acids.
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HCOOH,,—™— CO,,, + H,0,,

(a) Write its rate expression (b) What is the effect on its rate if the acid

10.

H,

12

concentration is doubled.

Write note on: Slow and fast reactions.

Among the factors that influence reaction rates, which are involved in
each of the following:

(i) Milk sours more rapidly in summar than in winter.

(ii) Powdered zinc reacts more rapidly with water than the chunks-of
metallic zinc. :

(iii) Combustion of gasoline occurs more rapidly in an internal combus-
tion engine than in an open container. ;

(iv) Unless ignited, hydrogen does not react with oxygen of the air but a
stream of hydrogen passed over platinum gauze bursts into flame.

" Make a list of factors which affect the rates of chemical reactions.

Describe the way in which each factor affects the rate of reaction. For
each factor, mention whether it is specific to a certain type of reaction,

or whether it is general. .
Describe the rate of achemical reactionasa chang

time.
The reaction rate, R, for reac .
experimentally to be given by the expression.

R = K[A]*[B] . |
(a) Will K increase, decrease of remain unchanged if the concentration

| ion of B is doubled?
i bled? If the concentration 0 . :
?tf)A{N;isuqlgumcmase. decrease or remain unchanged, if the concentrauon

ion of B is doubled?
f A is doubled? If the concentration 0
;or thli decomposition of ethyl chlorocarbonate (ClCOZCZHs)

CICOOCH,CH; —— > CO; + CICH;CHy

K - 13x10s" at 200°C. What is the initial rate when the initial
Concer-nration of C1ICOOCH,CHjis 0.25 M?
Ans:~(3.25 x 10*Ms')

Hint: Rate Kl CICOOCH,CHg]
= (1.8x107 §')(0.25M)=3.25x 10" Ms'

e of concentration with

tion 2A + B——— A,B was found
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The rate constant for decomposition of nitrogen dioxide
i
is 1.8 x10%dm3®mole~!s~}, What is the initial rate when the initial
concentration of NO,is 0.50 M?

(Hint: Rate = K[NO, ], Ans= 4,5x10°mole dm’s")
| or  (4.5%10°Ms™)

Following is givenadataforthereaction A + B — C.Findorder

of reaction?
No. Concentration Rate of Reaction

(mole / dm®)

A B |
1. 0.1 0.1 8x10™

0.2 0.1 16x10™

3. 0.1 0.2 16x107*
(Ans:- Ordcr of reaction=2)

. For the reaction 2H; + 0, —2—3 2H,0.

' dx
- Rate =-o5= [H.]'[0,)
Fill in the following blanks:

—

No.

Conc. of [H,] Conc. of [O,] Rate ot 25°

—"

1 mole /dm?® 1 mole /dm? 5x10° mblc / dm®s
2 mole /dm?® 1 mole / dm?
1 mole /dm3 3 mole /dm?

/

16.

Answer; (2) 25%10"mole/ dm®.8

(3) 15x10%mole / dm®.8
Write rate expression for the following reactions:

1
() Hy+50i———1H,0
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7
(i) Cotg +50,———2C0, +3H,0

Draw energy diagrams for:
(a) an endothermic reaction

(b) an exothermic reaction in the presence and absence of a catalyst.

' Multiple choice questions
Which of the following are best to explain the action of catalyst in

speeding up a chemical reaction:

(A) Itincreases the equilibrium constant for the reaction.

(B) Itincreases the kinetic energy of reacting molecules.

(C) It prevents reverse reaction from occurring.

(D) It decreases energy of activation for the reaction.

(E) It decreases the enthalpy change for the reaction.

Which of the following are best to explain the rapid increase in the rate
of a chemical reaction as the temperature rises: ‘
(A) The collisions frequency of molecules increases.

(B) The collisions become more violent.

(C) A considerably higher proportion of molecules has the necessary
minimum energy to react. ,

(D) The bonds in reacting molecules are more easily broken.

The energy of activation forthe reaction 2H,0, I TR 2H,0+0,

in absence of catalystis 75 K.Jmole™. ~
The most likely value for the energy of activation in presence of catalyst

is: (A) 53 K.Jmole™! (B) 75 K.Jmole™ (C) 98 K.Jmole™
Thecnergy profile diagrams for the reaction

shown below. In these profile A represents:

(A) Threshold Energy
(B) Energy of activation in absence of

catalyst 2 '
(C) Average internal energy of reactants Reactant

ivation in presence of N
(D) Energy of activauon in p Product

catalyst
Progress of reaction

- oo -
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J The acid—catalysed reaction of an organic compound propanone
(CH3COCHS,) with iodine may be represented by the cquation.

CH,COCH, +1, —— " CH,ICOCH3 + H" +T' |
other conditions remaining same, what will be the effect on initial rate of
reaction if the concentrations of propanone, iodine and acid, all are
doubled ?
(A) 2x (B) 4x (C) 6x (D) 8x

6. The decomposition of dinitrogen pentoxide in a suitable solvent may be
represented by the equation: '

2N205 — 4N02 + 02(g)

The measurements of which are of the following physical quantities
could not be used to determine the rate of this reaction:
(A) Volume of oxygen evolved. ‘
(B) Electrical conductivity of solution.
(C) Absorbance of solution using calorimeter. -
(D) Mass of reacting mixture.
(E) Pressure of oxygen evolved.
7. Which of the following statéments for the reaction between Hzand
Cl, in presence of sunlight is correct ?
(A) Rate =K[H,] [Cl,]
(B) The light lowers the energy cf activation .
(C) Rate is independent of concentration of hydrogen and chlorine.
8. Rate constant of a reaction depends upon:
(A) Temperature (B) Initial concentration of reactants
(C) Time of reaction (D) Extent of reaction /
9, Powdered zinc reacts more rapidly with water than the chunks of metall¢
zinc because: . ’
(A) Powdered zinc is more reactive
(B) Energy of activation is lowered.
(C) Number of effective collisions has increased.
(D) Surface area of powdered zinc is much more than that of chunks C:
zinc: and there is greater contact between individual reacting molecul®*
10.  Combustion of gasoline occurs more rapidly in an internal combuS"""
engine than in open air because:
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(A) Number of molecules per unit volume increases

(B) .l\{umber of molecules per unit volume increases hence there is more
collisions between the molecules '

(C) There are more effective collisions |
(D) Ininternal combustion engine, the temperatureis higher thanin open

2k There is more collision among molecules, moreover the fraction of
molecules possessing activation energy, increases.

Key: 1 D 6. B
2. C /SN o
3 B 8. A
4 B 9. D
5 B 10. D

'UNITS OF MEASUREMENT AND SOME IMPORTANT CONSTANTS

Table 1
S.I BASE UNITS.
Physical Quantity Name of unit Symbol
Length melre : m
Mass | kilogram Kg
- Time ~ second s

Temperature | kelvin K
Amount of substance - mole mol -
Electric current - ampere A
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Table 2
DERIVED S.I. UNITS

Energy: Work

Electric charge
Quantity of heat
Heat capacity

Electric potential
difference
Electromotive
force

Frequency

Physical quantity | S.L name or special name S.I symbol
Area square metre m?
Volume cubic metre, cubic m2:dm?3
decimetre
Density kilogram per kg m™3
cubic metre
Velocity metre per second e
Force newton N(kgms? = Jm")
Pressure newton per square

metre (Force per unit area)
Joule
Coulomb (C)

Joule
Joule per Kelvin
Volt

Volt

Hertz

Nm'z(kgrn’s'2 = Pa%
J( kg m?s~2 = Nm)
C(A.h.)
J
J K™
V(Jalst = gc)
v

Hz
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Viscosity
Surface Tension
Dipole moment

Poise
dyne cm™
Debye

249
Table 3
NON-S.I.UNITS
Physical quantity | Name and symbol S.I equivalent
Length Angstrom (A®), 107°m; 10®%em;
Inch (In) 0.0254m; 2.54cm.

Volume Litre (L) 10°m? : 1dm?®
Mass Pound (Ib) 0.4536 kg
Pressure | Atmosphere (atm), 101,325 Nm™,
. torr (m.m.Hg) 133.322 Nm™
Force Dyne (dyn) 10N

erg, 10777,
Energy calorie (cal), 4.184 J,

electron volt (ev). 11.6021% 107 7.

10 'kg m™'s™!
103Nm™! -
3.338x103%°mC
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Table 4
S.I. PREFIXES
Multiple Prefix Symbdl
10'° peta %
10'? tera :
10° giga G
10% mega M
103 kilo K
102 hecto h
10 deka da
107! deci g
1072 centi c
10° il m
1078 micro H
10 ang 0
10742 pico P
1071% femto f
Table 5
CONVERSION FACTORS
1 amu = 1.6605x 107" kg
1 °A = 10°m =10®8cm
1 Lirte() = 1dm®=10"m?
1 itm =101 325 Nm™=1.01325x10° Pa = 760 t0
1 erg 107J = 1kg.m?,s2
1 cal = 41840
-lev =

-1,6022 %1071 J = 23k cals / mol.
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Table 6
PHYSICAL CONSTANTS

Avogadro’s number N, =6.022x10% /mol

Electron rest mass m, =9.11x10"'kg
Faraday constant F =96485C / mol
Molar gas constant R =0.0821 L(dm®).atm, mol 'k’

= 8.3145 J.mol k™!
= 1.9872 cal.mol 'k’

= 22.414 L(dm®) / mol

Ideal gas molar volume
% at S.T.P YV, =0.0224m* /mol
Planck’s Constant | h =6.6261x 104 Js

= 2.179874 x107'8y

Rydberg Cons&nt for | Ry =1.09678x 10°cm™

H-atom
Absolute Zero 0K =-273.16°C

Boltzman's Constant | K =1.381x10"% Jk!
Proton rest mass m, = 1.673 X 1077 kg
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