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UNIT 1: UNITES AND DIMENSIONS

CONTENTS:

1.10bjectives
1.2 Introduction
1.3Basic units, derived unit and Sl Prefixes
1.3.1. System of Units
1.3.2. The seven base units of the SI
1.4.Grammatical Rules for Representing the Sl Wnite
1.4.1 Representation of Sl units
1.5. Conversion of Non Sl unit to SI Unit
1.5.1 Non SI Unit
1.5.2 Some commonly used non-SI units
1.5.3 Sl Unit
1.5.4 Conversion Factors for SI and non-SlI Units
1.6 Summary
1.7 Terminal Questions

1.1 OBJECTIVES

» Use the SI system.

* Know the Sl base units.

« State rough equivalents for the S| base unitserihglish system.

* Read and write the symbols for Sl units.

» Recognize unit prefixes and their abbreviations.

* Build derived units from the basic units for mdesgth, temperature, and time.

« Convert measurements from Sl units to English anchfone prefixed unit to
another.

» Use derived units like density and speed as coiorefactors.

» Use percentages, parts per thousand, and pantsilien as conversion factors.

» Use and report measurements carefully.

» Consider the reliability of a measurement in decisibased on measurements.

» Clearly distinguish between precision and accuracy

* Exact numbers and measurements

» systematic error and random error

1.2 INTRODUCTION

All the physical quantities are given by a few damental quantities or their
combinations. The units of such fundamental quastitare called base units,
combinations of them being called derived unitse Bystem in which length, mass,
velocity, density and time are adopted as the b@santities, and from which the units
of other quantities are derived, is called the hlissystem of units.
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1.3 BASIC UNITS, DERIVED UNIT AND SI PREFIXES

A unit is a particular way of attaching a numheethte quantitative dimension.
Measured physical properties have a basic dimensiowhich they are measured.
There may be many units that are used to measisgr@lithension. This is best shown
by example. The thickness of an object has the mhina of length. Length can be
measured in a wide range of units including incHest, yards, meters, kilometers,
micrometers, Angstrom units, furlongs, fathomshtigears and many more. The
thickness of an object cannot be measured in ldalogr however. That is because the
kilogram is a unit used to measure quantities tiaate the fundamental dimension of
mass.

The term units usually start by making arbitrargfigitions of a unit for
fundamental dimensions. Typically these fundamedtaiensions are mass, length,
time, electric charge and temperature. Once theisg are selected for the fundamental
dimensions the units for other physical quantites be determined from the physical
relations among quantities having the fundamemasuFor example velocity is found
as distance divided by time. Thus the dimensionyedbcity must be length/time.
Similarly the dimensions of acceleration, foundvatocity divided by time, must be
length/timé, and the dimensions of force can be found from feai® second law:
force equals mass times acceleration. This gives dimensions of force as the
dimensions of mass times the dimensions of acdalarar (mass) times (length)
divided by (time). The symbols M, L, and T are uuased to represent dimensions of
mass, length, and time, respectively.

Table 1- General Base Units:

PHYSICAL | SYMBOL | DIMENSION MEASUREMENT UNIT
QUANTITY UNIT
Length S L Meter m
Mass M M Kilogram Kg
Time T T Second Sec
Charge Q Q Coulomb C
Temperature T K kelvin °c
Area A L Square meter m
Volume Y, L° Cubic meter m
Velocity \Y, L/T Meter per second m/sec.
Angular w T! Radians per sec. 1/sec
velocity
Force F MLT? Newton Kg m/sec
Energy E ML2T-2 Joule Kg
m2/sec2
Heat Q ML2T-2 Joule Kg
m2/sec2
Density P ML-3 kilogram per cubic meter Kg/m3

UTTARAKHAND OPEN UNIVERSITY
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=]

Pressure P ML-1T-2 Newton per square meter Kgn
1
Iseé

1.3.1. System of Units

(a) C.G.S (Centimeter-Grand-Second) system
(b) F.P.S. (Foot-Pound-Second) system
(c) M.K.S. (Meter-Kilogram--Second) system.

(d) M.K.S.A. (Meter-Kilogram-Second-Ampere) unit
1.3.2. The seven base units of the SI

1. Length- Meter, m: The meter is the length of the path leby light in vacuum during
atime interval of 1/299 792 458 of a second.

2. Mass- kilogram, kg: The kilogram is the unit of massijsitequal to the mass of the
international prototype of the kilogram.

3. Time- second, s: The second is the durationof 9 192 BAl periods of the
radiationcorresponding to the transition betweemt® hyperfine levels of the ground
stateof the caesium 133 atom.

4. Electric current- ampere, A: The ampere is that constant currentwhich
maintained in two straight parallelconductors dinite length, of negligible circular
cross-section, and placed 1 metre apart in vacuaulgdvproduce between these
conductors a forceequal to 2 x 10—7newton per noétiength

5. Thermodynamic temperature- Kelvin, K: the Kelvin, unit of thermodynamic
temperature, is the fraction 1/273.16 of the thetynamic temperature of the triple
point of water.

6. Amount of substance-Mole, mol: The mole is the amount of substance of a
system which contains as many elementary entiigbere are atoms in 0.012 kilogram
of carbon 12. When the mole is used, the elemesetatities must be specie and may be
atoms, molecules, ions, electrons, other particlespecie groups of such patrticles.

7. Luminous intensity-candela, cd: The candela is the luminous intenisitg, given
direction, of a source that emits monochromatidatiwmh of frequency540 x 1®hertz
and that has a radiant intensity in that directibt/683 watt per steroidal.

Table-2 The seven independent S| base units

UTTARAKHAND OPEN UNIVERSITY Page 3
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Quantity Unit name Unit symbol
Length Meter M

Time Second S

Mass Kilogram Kg
Temperature Kelvin K

Electric current Ampere A

Amount of substance Mole Mol
Luminous intensity Candela Cd

The International System of Units

Seven physical quantities have been selected as dpgmtities in the 14th General
Conference onWeights and Measurements, held incBram 1971. These quantities
form the basis of the International System of Un#sbreviatedSI (from its French
nameSysteme Internationand popularly known as thmeetric systemTable 3 depicts
these quantities, their unit names, and their ggihbols. (H. A. Radi and J. O.
RasmusserRrinciples of Physic$

Prefixes for Sl units

An additional convenient way to deal with very kg very small numbers in physics
is to use the prefixes listed in TaldeEach one of these prefixes represents a certain
power of 10.

Table -3

Factor Prefix Symbol Factor Prefix Sbol
1074 yotta- Y 10-24 yocto -y
107 zeta- Z 10-21 zepto -z
10'® exa- E -18 atto -a
10" peta- P -1B femto- f
10 tera- T 10-12 pico -p
10° giga- G 10-9 nano -n
10° mega -M 10-6 micro U -
10° kilo -k 10-3 milli -m
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107 hecta -h 10-2 centi -

10 deca -da 10-1 deci d -

Common metric prefixes:

The units often haverefixes, indicating the power(s) of 10 by which a unit mag
multiplied (for example, the prefix kilm kilometer indicates that the unit kilometer is
1000 times larger than the meter). They are atthtben Sl unit name or symbol to
form what are properly called "multiples" and "subltiples” (i.e., positive or negative
powers of 10) of the Sl unit. These prefixes arpfaéwhen referring to very small or
very large quantities. Instead of creating a nevt, anprefix is added. For example,
when measuring short lengths such as 1/1000thnaétar, we simply write millimeter;
milli denotes 1/1000. The some common metric prefixes are giving below:

Table -4
Multiplication Factor Prefix Name Prefix Symbol
12
1 000 000 000 000 = 10 tera T
9 .
1 000 000 000 = 10 giga G
[§]
1 000 000 = 10 mega M
1000 = 10 kilo K
100 = 15 hecto h
10 = 10 deka da
01=10 deci q
_2 )
0.01=10 centi c
0.001 =10 mill o
0.000 001 = 10 micro "
0.000 000 001 = 10 nano n
-12 .
0.000 000 000 001 = 10 pico p

UTTARAKHAND OPEN UNIVERSITY Page 5
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Example 1.1

Convert the following: (a) 1 kilometre per houmeter per second, (b) 1 mile per hour
to meter per second, and (c) 1 mile per hour wnkdtre per hour [to a good
approximation 1mi = 1.609 km].

1.4 GRAMMATICAL RULES FOR REPRESENTING THE
SI UNITES

The term SI Units is an abbreviation of the FrebelSystem International Unites. It is
the modern metric system of measurement. S| unitois universally accepted as a
standard system of measurement.

The Sl units consist of
(a) Seven base units
(b) A set of prefixes

(c) Several derived units
1.4.1 Representation of Sl units

Step I: The Sl Base Units

The SI base units represent seven mutually indepernzhse quantities. These
guantities, their names, and the symbols that septethem are given ifable-5.

Quantity Name Symbol
Length meter m
Mass Kilogram Kg
Time Second S
Current ampere A
Temperature Kelvin K
Amount of mols Mole mol

Step II: The Prefixes

A prefix may be added to any unit to produce aeget multiple of ten of the base unit.
For example, a kilogram denotes a multiple of 1000and a milligram denotes a
multiple of a 1000 gramlable 6 gives the prefixes that are accepted to be uséukin
S| units. Prefixes are never combined. For exampldl, millimeter is not written;
micrometer is written instead.

Table 6:

UTTARAKHAND OPEN UNIVERSITY Page 6
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Name |yott | zett | Exa peta tera giga| megkilo | hect | deca
a a a 0

Symbol | Y |Z |E p T G M |K |H |D

Factor | 107|101 | 10" | 10° 0% |10 166 [ 100 |10 |10

Nmae | deci|cent| milli- |micro- | nano- | pico- | femt| atto- | zept | yacto-
- - 0_ O_
Symbol | d C M s} n p f A z y

Factor |10* | 10% | 10° | 10° 10° [10% |10" [ 10% | 107 | 10

Step Ill: The Sl Derived Units

A system of equations involving the seven base fifiesn defines the derived
guantities. The S| derived units follow these emuest to represent the derived
guantities.Table 7 gives examples of a number of S| derived units.

Table 7: Examples of S| Derived Units

Derived quantity Name Symbol
Area square meter ’m
Volume cubic meter n
Wave number reciprocal meter Im
Mass density kilogram per cubic meter ky/m
Specific volume cubic meter per kilogram  ¥/kg
Mass fraction kilogram per kilogram kag/kg =1
Speed, velocity meter per second m/s
Acceleration meter per second squared 2m/s
Current density ampere per square meter  2A/m
Magnetic field strength ampere per meter A/m
Amt-of-substance concentration mole per cubic mete  mol/n?
Luminance candela per square meter td/m

A few notable points are given below:

UTTARAKHAND OPEN UNIVERSITY Page 7
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1. Electrical energy is often measured in kilowatt+#so{kWh) instead of mega

joules.

2. “Calorie” is used as a heat unit indicating theoant of heat required to
increase the temperature of 1 gm of water 6. 1

w

Blood pressure is measured in mmHg instead of Pa.

4. Atomic scale units used in Physics and Chemisyaagstrom, electron volt,

atomic mass unit (amu), and barn.

5. Travel distance and speed of ships and aircraftreasured in nautical mile

and knot (nautical mile per hour).

6. The year is not specifically included as an Sl.unit

~

A metric ton is called “tone” in a few countries.

8. Itis preferred to use numbers between 0.1 andlirD@xpressing the quantity
of any Sl unit. Thus the quantity 15 000 m is expeal as 15 km, and 0.002
cubic centimeter is preferably written as 2 fnm

1.5 CONVERSION OF NON SI UNIT TO SI UNIT

1.5.1.Non Sl Unit:

A number of non-Slinits are commonly used, even though
the Sl system of units allows for complete coverafall scientific
measurements.

1.5.2. Some commonly used non-Sl units

Physical quantity Non-SI unit Symbol Conversion Fator
Energy calorie cal lcal=4.1841J
Length Angstrom A 1A=16m
Mass tonne t 1t=16kg
Pressure atmosphere atm 1 atm = 1.013 x ¥Pa
Temperature degree Celsius °C 1°C=1K
Time minute min 1min=60s

Hour h or hr 1h=3600s

Day d 1d=86400s
Volume litre L 1L=1dn’=10°m’
1.5.3.Sl Unit

The International System of Units (Sl) is a sciéntimethod of expressing the

magnitudes or quantities of important natural pime@oa. There are seven base units in

the system, from which other units are derived.sTdystem was formerly called the
meter-kilogram-second (MKS) system. Sable-2.

UTTARAKHAND OPEN UNIVERSITY
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1.5.4.Conversion Factors for S| and non-SI Units

BSCCH-103

To convert Column Column 1 SI Unit Column 2 Non- To convert
1 into Column 2, SlI Unit Column 2 into
multiply by Column 1,
multiply by
Length
0.621 kilometer, km (103 m) mile, mi 1.609
1.094 meter, m yard, yd 0.914
3.28 meter, m foot, ft 0.304
1.0 micrometer, m (10 6 m)  micron, 1.0
3.94x10° millimeter, mm (10 3 m) inch, in 25.4
10 nanometer, nm (i) | ° Angstrom, A 0.1
Area
2.47 hectare, ha acre 0.405
247 ffgg;‘j)‘;""mem“ kM2 | acre 4.05x18
0.386 ?fé‘;ﬁ;;"ometer’ kM2 | quare mile, mi2| 2.590
2.47x10° square meter, m2 acre 4.05%10
10.76 square meter, m2 square foot, ftp 9.29x10
1.55x1G ?fgznrsn;r;llhmeter, mm2 square inch, in2 | 645
Volume
9.73x10 cubic meter, m3 acre-inch 102.8
35.3 cubic meter, m3 cubic foot, ft3 2.83%10
6.10x1d cubic meter, m3 cubicinch, in3|  1.64x10
2.84x10 liter, L (10 3 m3) bushel, bu 35.24
1.057 liter, L (10 3 m3) quart (liquid), gf 0.946
3.53x10° liter, L (10 3 m3) cubic foot, ft3 28.3
0.265 liter, L (10 3 m3) gallon 3.78
33.78 liter, L (10 3 m3) ounce (fluid), oz 2.96x10
2.11 liter, L (10 3 m3) pint (fluid), pt 0.473
Mass

2.20x10 gram, g (10 3 kg) pound, |b 454
3.52x10 gram, g (10 3 kg) ounce (avdp), 0z 28.4
2.205 kilogram, kg pound, Ib 0.454
0.01 kilogram, kg gumtal (metric), 100
1.10x16 kilogram, kg :g: (20001b), | g7
1.102 megagram, Mg (tonne ton (U.S.), ton 0.907
1.102 tonne, t ton (U.S.), ton 0.907

UTTARAKHAND OPEN UNIVERSITY
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Pressure
9.90 megapascal, MPa atmosphere 0.101
' (106Pa) P '
megapascal, MPa
1 b A
0 (106Pa) ar 0
megagram per cubic gram per cubic
1.00 gag P centimeter, g cm| 1.00
meter, Mg m 3 3
pound per square
2.09 x16 pascal, Pa foot. Ib ft 2 47.9
1.45x 1d pascal, Pa !oound per Squars‘6.90 x18
inch, Ibin 2

1.6 SUMMARY

In this chapter you have studied Use the Sl syskammyy the S| base units, Recognize
unit prefixes and their abbreviatiof3nvert measurements from Sl units to English and
from one prefixed unit to another. With the helpunit and dimensions we can derive
the various derivations by making use units andreded units.

1.7 TERMINAL QUESTIONS

A. Short answers type questions:
1. What is the importance of base units?
2. Does the measurement of a physical quantityraeppon the system of units
used?
B. Objective type questions:
1. Inthe S.I. system, the unit of temperature is-
(A) Degree centigrade (B) Kelvin

(C) Degree Celsius (D) degree Fahrenheit
2. In the S.I. unit of energy is-

(A) Erg (B) calorie (C) joule (D) electron
volt

3. If Force = (x/density) +Cis dimensionally coitebe dimension of x are -
(A) MLT-2 (B) MLT-s (C) ML2T=s (D) M2L-2T-2
4. Intensity of electric current is expressed in

A. Volts B. Watts C. Amperes D.
Joules

UTTARAKHAND OPEN UNIVERSITY Page 10
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5. One Newton force equals.

A. 10° dynes B. 16dynes C. 1bdynes D. 16dynes
6. In S.I. system, the symbol for density is

A. N/m® B. kg/n? C.nils D. kg

7. The thickness of a micron, is

A.10°m B.10°m C.10m D. 10" m

8. The fundamental units in S.I. system are theesasrthat of
A.C.G.S.units B.F.P.S.units C.M.K.S.anit D. None of these
9. Pick up the correct statement from the following

A. In S.1. system, surface tension is expresseédiewton per meter

B. In S.I. system, force is expressed in Newton

C. In S.I. system, power is expressed in watts

D. All the above.

10. 100 kN/rfi pressure is equal to

A. 1 atm

B. 1 bar

C.1m bar

D. 1 mm Hg

Answers

1. B.2C.3.A4.C5.A6.7.B8.C9.E10.B
References:

1. H. A. Radi and J. O. RasmussBninciples of PhysicdUndergraduate Lecture Notes
in Physics, DOI: 10.1007/978-3-642-23026-4_1, SpirVerlag Berlin Heidelberg
2013.

2. Kenneth Butcher Linda Crown Elizabeth J. Gekttgights and Measures Division
Technology Services
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UNIT 2: GASEOUS STATE-

CONTENTS
2.1 Objectives
2.2 Introduction
2.3 Postulates of kinetic theory of gases
2.3.1 Derivation of kinetic gas equation
2.3.2 Derivation of gas laws from kinetic gas e@rat
2.4 Deviation from ideal behaviour
2.4.1 Effect of pressure
2.4.2 Effect of temperature
2.5 Van der Waal’s equation of state
2.5.1Volume correction
2.5.2 Pressure correction
2.6 Isotherm of carbon dioxide- critical phenomenon
2.7 Continuity of state
2.8 Reduced equation of state
2.9 Law of corresponding states
2.10 Summary
2.11 Terminal Questions

2.1 OBJECTIVES

All matter exists in three common state of matteese common states are
solid, liquid and gas. A particle level represeiotabf gaseous, liquid and solid states is
shown in Fig 2.1

The smallest structural unit of all chemical substs in these states is
molecule. How the molecules are arranged in a slidjdid and gas, is the fundamental
guestion before a chemist. It is the ‘molecular glbdf matter in these states which
determine their physical behaviour. The theory Wwhitsualises that all substances,
whether solids, liquids or gases are made of md&dscin motion is called kinetic
molecular theory of matter.

On the basis of kinetic molecular theory of ma@ed with the help of our
knowledge of intermolecular forces, it has now lmeopossible to bring out the
distinguishing characteristics of three states aften. These states can be considered to
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arise as a result of competition between two opmpsnolecular forces, namely, the
forces of attraction which tend to hold the molesulogether, and the disruptive forces
due to thermal energy of molecules.

2.2 INTRODUCTION

Amongst the three common states of matter, theogasstate is simplest. The
laws of gaseous behaviour are more uniform andeiter understood. The well known
laws of gaseous behaviour are Boyle’s law, Chatis Graham’s law, Dalton’s law
and Avogadro’s law. There was no theoretical bamkigd to justify them. In the
nineteenth century, however, Kronig, Clausius, Mekwnd Boltzmann developed a
theory known as kinetic molecular theory of gasesich provided sound theoretical
basis for the various gas laws.

As you have studied in the article 2.1 that theest&o opposite molecular forces,
the forces of attraction and the disruptive foropgrating between molecules. If the
thermal energy is much greater than the forcestadction, then we have matter in its
gaseous state.

In contrast with solids and liquids gases occumy shme volume as that of the
closed vessel, they are characterised by low deasd high compressibility.

The characteristic properties of gases are givéawbe

1. No definite shape and volume. Gases occupy allablai space i.e. the shape and
volume of the container in which they are filled.

2. Expansibility. Gases have limitless expansibilihey expand to fill the entire

vessel they are placed in.

Compressibility. Gases are easily compressed blcagipn of pressure.

4. Diffusibility. Gases can diffuse rapidly throughcbaother to form a homogeneous
mixture.

5. Pressure. Gases exert pressure on the walls obtitainer in all direction. You can
site the example of a gas balloon.

6. Effect of heat. When a gas confined in a vesséileisted, its pressure increases.
Upon heating in a vessel fitted with a piston, woduof the gas increases.

w

2.3POSTULATES OF KINETIC THEORY OF GASES

It was earlier observed that the gas laws were dbaze experimental
observations. The theoretical foundation or mattimalarepresentation was missing.
However several workers studied the propertiesaskeg and found that the gases are
essentially composed of freely moving moleculese Bhsic ideas of the workers were
mentioned to explain the behaviour of the gasdedadhe kinetic theory of gases. This
theory succeeded to attain a rigid mathematicah fdue to the efforts of Joule, Kronig,
Clausius, Maxwell, Boltzmann and many others. Ttennpostulates of kinetic theory
of gases may be given as follows.

UTTARAKHAND OPEN UNIVERSITY Page 13
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w

Every gas consists of large number of tiny parsiatalled point masses i.e. the
actual volume of molecules is negligible when coregao the total volume of the
gas. For the same gas, all molecules are of ss@e@sd mass.

The gas molecules are always in a state of ragicag motion in all directions.
These molecules collide with each other and wighwtialls of the containing vessel.
A molecule moves in a straight line with uniformoty between two collisions.
The molecular collisions are perfectly elastic lsattthere is no net loss of energy
when the gas molecules collide with one anothegainst the walls of the vessel.
Suppose two molecules collide having same massafaor® collision the velocity
of one molecule igr; and velocity of other molecule i3 and after collision the

velocity of the molecules changes fromto v and fromw, to v, then if the

collisions are elastic there is no loss of kinetiergy. This can be expressed as
follows.

Total kinetic energy of two molecules before catlisis

Yo myvy®+1/2 mpwy?

And after collision total kinetic energy of bothetimolecules is

Yo muy? + Yo mu,?

If iz m11:-12+l/2 I'Thtizz =Yomv 1/2 + 1 I'Thl'zlz

i.e. total kinetic energy before collision is equal total kinetic energy after
collision then the collision is said to be an atasbllision.

There are no attractive forces operating betweelecules or between molecules
and the walls of the vessel in which the gas has loentained. The molecule move
independently of one another.

The pressure of the gas is the hits recordeth&ymolecules on the walls of the
container in which the gas is contained.

The average kinetic energy of gas moleculesirectly proportional to absolute
temperature. This means that the average kinetiggrof molecules is the same at
a given temperature.

This must be clear to you that all the above pgatta are applicable to ideal gases
only i.e. the gas which obey Boyle’s and Charledss lunder all conditions of
temperature and pressure. These are only appradimatlid for real gases.

2.3.1 Derivation of kinetic gas equation

Suppose a volume of gas enclosed in a cubical véBge2.2) at a fixed

temperatu re.
1cm

fig 2.2
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Suppose that :

the length of each side of cube =lcm
the number of gas molecules =n
the mass of one molecule =m
the velocity of a molecule =

Let us consider one single molecule of a gas eaevhluated by calculating the
momentum during collisions.
According to kinetic model the molecules of the gas moving in straight lines in all
possible directions. They collide with one anotfreguently as also with the walls of
the container. Since their mutual collisions ardquly elastic and do not involve the
loss of energy, these may be neglected. Here wk thirefore, assume that gas
molecules move in all directions but rebound whenahey strike the wall of the
container. Now you proceed to derive kinetic gasagiqn in the following steps

According to the kinetic theory, a molecule ofas @an move with velocity in

any direction velocity is a vector quantity canresolved into components, vy, v,
along the X, Y and Z axes. These components agiterkto velocityr by the following

expression.

vP= vl + L’-y2+ V2 e (1)

Let us consider a molecule moving in ox directimtween opposite faces A
and B. It will strike the face A with velocityk and rebound with velocityrs. To hit
the same face again the molecule must travel locm t

haad

=5

A

X-Axis

Z-Axis
|

Fig 2.3
Collide with opposite face B and thengagain | cnraturn to face A. Therefore time
taken between two collisions can be calculateabeis
The molecule travels, cm in 1 sec
hence 1 cmin 1 sec
And 2lcmin2lxsec (2)
In 2l/v, sec molecule suffers 1 collision
In 1 sec no of collisions=®/21 Ll 3

Each impact of the molecule on the face A causdgmage of momentum which
is mass x velocity.
Momentum of the molecule before impact =m

Momentum of the molecule after impact = #m
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Hence change of momentum = (-mwy) = 2muy
But the number of collision per second on faceu:2l

Therefore total change of momentum per second @ Aacaused by one
Molecule = 2 X vyl 21
=mdl (4)
As there are two faces along x- direction, totahrgie of momentum per second
considering both the faces along x-direction wél b
2w Pl (5)
This is change of momentum caused by one moledoitg x-direction. The change of
momentum caused by one molecule along y- diregersecond will be Zmzll
and change of momentum caused by one molecule alatigection per second will be
2mu,? /|
Total change of momentum caused by one moleculsidering along three direction
will be
2mn/l + 2muy 2/ + 2,7l
= 2m/l @+, 2 +v,)
=2meH (6)
Since there are n molecules in the vessel thahdbainge of momentum due to
n molecules will be
2mn?/l 7)

»? = mean square velocity

Since change of momentum per second is force

Hence force = 2m:7/l

Since pressure = Total force/Total area
Since there are six faces in a cube, area of esmhis f. Hence total area isl
Then pressure = 2rafil x 1/6F

= mn//312
As P =volume V
Hence pressure P=1/3at e, (8)

This is known as Kinetic gas equation. This equatias been derived for a
cubical vessel. It is equally valid for vessel ofyashape. The available volume in the
vessel may be considered as made up of large nuafbefinitesimally small cubes,
for each of them the equation is valid.

2.3.2 Derivation of gas laws from kinetic gas equiin
2.3.2.1 Boyle’s law

From his observations Boyle’s in 1660 formulatedemeralisation known as
Boyle’s law. Boyle’s law states that at constamhperature, the volume of a given
mass of gas is inversely proportional to its pressu

According to kinetic theory, kinetic energy is alitly proportional to
temperature (in absolute scale).
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Hence vme? aT
or Y% mr? = KT (K is constant)
3/2 x 1/3 mr? = KT
1/3 mn? = 2/3 KT
As  1/3mr?=PV
So PV=2/3 KT
At constant temperature PV= constant which is Beykew
2.3.2.2 Charle’s law: for a definite quantity of gas at constant puessits volume is
directly proportional to the absolute temperatitreias established in 1787.
From above discussion
V=2/3 KT/P
At constant pressure
V= constant xT
OrVa T when P is constant.
This is Charle’s law
2.3.2.3 Avogadro’s law: It is states that equal volume of gases at sampdrature
and pressure contain equal number of molecules.
Suppose there are two gases for first gas masseofnmlecule is /) velocity is
w1 and number of molecules are And for the second gas mass of one molecule,is m
velocity isv, and number of molecules arg n
Then for first gas PV= 1/3 mv4?
For second gas PV= 1/3,muv,*
As pressure and volume are same for both gases
Hence 1/3 w1 = 1/3 mnywy?
Or mimuy® = mpnpy” e ©)
If temperature is same average kinetic energy mdecnle will be same for
both gases that means
LI R 7% 11 1 S ————— (10)
Comparing (9) and (10)
nm=rm, this isAvogadro’s law
2.3.2.4 Graham’s law of diffusion (1829} It states that rate of diffusion of a gas
is inversely proportional to square root of densityhe gas at constant pressure.
if m; and m are masses angd andwv, the velocities of molecules of gas
1 and 2 respectively, then at same pressure dotheo
PV:; = 1/3 mmu?
171 = 3F'Lf’1/m1n1
= 3p/d
As myny/V, is total mass of gas and mass divided by volummle density of
the gas equal to d
For secondgas ;= 3p/d
v1/vp = tb/d;
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Since rate of diffusion is directly proportionalvelocity. Hence
rov
r1/r2 o dz/d]_
This is Graham’s law of diffusion
2.3.2.5 Dalton’s law of partial pressure: If two or more gases which do not react
with each other are mixed, then total pressurebeilsum of their individual pressures.
suppose nmolecule each of mass;rof gas A are contained in a vessel of
volume V then from kinetic gas equatiop=Pmn; 1,43V
Now suppose nmolecules of each of mass, of gas B are contained in the
same vessel at the same temperature when thevegassmpresent at that time
Then the pressure b B mpnowo/3V
If both the gases are present in the same vest& aame time, the total pressure P is
given by
P = mnyw: %3V + mpnyu,%/3V
= R+Ry
This is Dalton’s law of partial pressure.
2.3.2.6 The combined gas lawBoyle’s law and Charle’s law can be combined into
a single relationship called the combined gas law.
Boyle’slaw Va 1/P
Charle’'slaw Vo T

or V aT/P
or V = KT/P (K is constant)
or PV = KT

The value of constant K in this equation dependsiup
(1) quantity of gas
(i) the units in which P, V and T are expressed.

Avogadro’s law states that one gram molecule ofadles under the same conditions of
pressure and temperature occupies the same voforihat the value of K will be the
same for all gases if in every case one gram migexfuthe gas is taken. When this is
done, K is replaced by R which is known as univiegaa constant.

Hence PV = RT for n moles PV = nRT

2.4 DEVIATION FROM IDEAL BEHAVIOUR

An ideal gas is one which obeys the gas laws feretuation PV = RT at all
pressures and temperatures. However no gas is ileey approach perfection as the
temperature gets farther from their boiling poiftsus the gasesJHN, and CQ which
fail to obey the ideal-gas equation are termedoasideal or real gases

The extent to which a real gas depart from idedbb®ur may be depicted in
terms of a function called compressibility factdenoted by Z.

It is defined

Z =PVIRT

The deviation from ideality may be shown by a mibtompressibility factor, Z

against P.
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For an ideal gas Z =1. For real gases the devidtan ideal behaviour will be
determined by the value of Z being greater or flkas unity.

2.4.1 Effect of pressure

Fig 2.4 shows the compressibility factor Z, ploteaghinst pressure for,HN,

and CQ at constant temperature.

A
20 N2

1 1 L 1 P
0

0 200 400 600 800 1000
P (atm)
Fig 2.4

At very low pressure for all these gases Z is axprately one. This indicates that all
real gases exhibit ideal behaviour (upto 10 atroy. ydrogen curve lies above ideal
gas curve at all pressure.

For nitrogen and carbon di-oxide, Z first decrsasiepasses to a minimum then
increases continuously with increase of pressweggs like CQthe dip in the curve
is greatest as it is most easily liquified.

2.4.2 Effect of temperature:
Fig 2.5 shows plot of Z against P at different tenagure for M. It is clear

A
3 200K
500K
s
ajo
i 1000K
N
1
Ideal Gas
0 : 1 i 1 b
0 300 600 900 1200
P (atm)
Fig 2.5

from the plot that at low temperature deviationrae and at high temperature the gas
tends to become ideal.
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2.5 VON DER WAAL'’S EQUATION OF STATE

Von der Waal's 1873 studied the postulates of kirtkieory in detail and found
that there are two faulty postulates.
0] The molecules in a gas are point masses and possestume.
(i) There are no intermolecular attractions in a gas.
Von der Waal's was the first to introduce systepwly the correction terms
due to the above two invalid assumptions in thalidas equation PV = nRT.
His corrections are given below.

2.5.1 Volume correction

Volume of the gas in the available space for theenent of gas molecules. Volume V
of an ideal gas is the same as the volume of theaceer. The dot molecule of ideal gas
has zero-volume and the entire space in the cartégnavailable for their movement.
But von der Waals assume that molecules of reahgasigid spherical particles which
posses a definite volume. The volume of real gatherefore ideal volume minus the
volume occupied by gas molecules (Fig 2.6). If this effective volume of molecules
per mole of the gas then corrected volume shouldVbe = VigeaFOr N moles Vea =
V-nb b is also known as excluded volume.

Ideal volume =V Volume =V -b Excluded volume (b)
A
. L3 L
. 3 P
i b L ® @ V-b
L ]
. ® 00
. % & PY eoo
Ideal Gas Real Gas
Fig 2.6

Now let us consider two molecules of radius r ditig with each other (Fig 2.7)
Obviously they cannot approach each other closar ¢h

Excluded
volume

- N

Fig 2.7
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Therefore, the space indicated by the dotted sphakeng radius 2r will not be
available to all other molecules of the gas. Ireotvords the dotted space is excluded
volume per pair of molecules. Thus,
Excluded volume for two molecules = 4/@r)°

= 8x4/3r°
Excluded volume per molecule =1 8xdf3

= 4x 4/3r°

=b
For n moles it is nx4x 448°

=nb
2.5.2 Pressure correction

A molecule in the interior of a gas is attractgdather molecules on all sides.

These attractive forces cancel out. But a moleabtzut to strike the wall of the vessel
is attracted by molecules on one side only. Heneggeriences an inward pull (fig 2.8)
due to unbalanced  forces.

inward pull Molecular attractions
balanced

0; , -7
© O

O O O
G, ()
(a) (b)

Fig 2.8
Therefore, it strikes the wall with reduced velgand the actual pressure of the gas P,
will be less than ideal pressure if the pressuris Rss than R4 by a quantity p, we
have

P = Rieal —P
Or Riea =P+p
The value of p is determined by the force of aticen between molecules (A)
stricking the wall of the container and moleculB} gulling them inward ( Fig 2.9).
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Wall

Velocity
reduced

/
<::|®4—-—-»
%

Fig 2.9
The net force of attraction is, therefore, is pmipoal to the concentration of
(A) type molecules and also of (B) type of molesule

That is pa Ca. G
@ AZ x =
p = arf /2

n = total number of gas molecules in volume V.
Hence ideal pressure
Pi=P+ afiV?
Substituting the value of corrected volume andsuresin the ideal gas equation
PV = nRT, we have
(P + fa/\V?) (V — nb) = nRT
This is equation for n moles for one mole
We have
(P + a/\f) (Vb) = RT
von der Waal’s equation can justify the deviationsfrom ideal gas behaviour as
given below
The equation can be written as
PV — Pb + a/V —ab/¥/= RT = RV,
As ab/\# is very small quantity it can be neglected
We get
PV - Pb +a/V =,
0] At low pressure Pb is small as compared to a/v
We have PV +a/V =N;
Or PV =RV;-a/lV
That means observed product PV is less thep the product of pressure and
volume if the gas were ideal.
(i) At high pressure, the term Pb over weighs the &km
Then the equation can be written as
PV — Pb = P,
PV =RV, + Pb
That is observed product PV is greater thah P
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(i) At high temperature as V is large, Pb and a/V lglinegligibly small.
We have PV =R,

(iv)  Exceptional behaviour of hydrogen. This is duehe very small mass of the
hydrogen molecule due to which the forces of atimacbetween molecules are
almost negligible. Therefore neglecting the term a/

We have
PV=RVi+Hh
Therefore in the case of hydrogen even at low presBV is greater than\R.

26 ISOTHERM OF CARBON DIOXIDE- CRITICAL
PHENOMENON

Isotherm means pressure volume curve at consamdrature. For ideal gas
the product of PV is constant and hence the isotlveould be rectangular hyperbola.
(Fig 2.10). For most of the gases at normal tentperahe shape of P,V curve is the
same as it is for carbon dioxide gas.

T

Pressure —  isotherm

Volume —
Fig 2.10 Pressure volume curve at a given tempaure

Andrews in 1869 determined the isotherm of carbiomide at different temperatures.
The isotherms of carbon dioxide determined by hirdifferent temperature are shown
in fig 2.11. Consider the first Isotherm at &1

100
90
80
70
60 %
" Vapour + Liquid “
I AN
] Ay L]
50 | ~
c 13-1°C B 1T
2ouisv’ 3 . VOLUME A

Fig 2.11 P-V isotherms of carbon dibxidé
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The point A represents carbon di-oxide in theegas state occupying a certain
volume under a certain pressure. On increasingtégsure its volume diminishes as is
indicated by the curve AB. At B liquification of ggommences and there after a rapid
decrease in volume takes place at the same preasureore and more of gas is
converted into the liquid state. At C, the gas Ibeesn completely liquified. Now, as the
liquid is only slightly compressible further incesaof pressure produces only a very
small decrease in volume. This is shown by a dieegCD which is almost vertical.

Thus along AB, carbon dioxide exists as gas; aB@yg it exists partly as gas
and partly as liquid while along CD, it exists eelly as liquid.

The curve EFGH at 21%6 shows a similar behaviour except that now the
liquification commences at higher pressure andhtiréizontal portion FG, representing
decrease in volume, becomes smaller. At still higlmperature, the horizontal portion
of the curve becomes shorter and shorter until1at’B it reduces just to a point
represented by X.

The curve passing through this point X marks tbandlary between gaseous
carbon dioxide and on the right and liquid carbmxidle on the left.

Andrews noted that above 34Clthere was no possibility of liquefaction of
carbon dioxide how great the pressure is appliedths temperature the gas is in
critical state. The point X is then called tlatical point. The isotherm passing
through this point is called th&itical isotherm and the temperature corresponding to
this isotherm (31%C) is calleccritical temperature.

The critical phenomenon observed by Andrews innection with carbon
dioxide may be observed with any other gas. Thesure required to liquefy the gas at
critical temperature is called trezitical pressure and the volume occupied by one
mole of the gas under these conditions is calftéatal volume.

2.7 CONTINUITY OF STATE

A careful examination of the isotherm plotted ig £.11 shows that it is
possible to convert liquid carbondioxide into gasd avice-versa, without any
discontinuity that is without having at any time maahan one phase present, on
joining the end of the horizontal portion of therieas isotherm, a bonding curve
CGXFB represented by the dotted line is obtaingdha top lies the critical point X,
with in the area of the boundary curve, both liqartl gaseous state can coexist but
outside this area either liquid or gaseous statmealcan exist. Because of this
coexistence curve, it is possible to distinguishiween the two states of matter,
namely, gas and liquid. However in practice thisna always true because it is
possible to convert matter from one state into lagotvithout any sharp discontinuity.
This can be done as shown in fig 2.11.

(i) Increase the temperature of the gas keeping volkonstant. The pressure rises
along xy.

(i) Having reached y, the pressure is kept constanttendas is cooled; this decrease
the volume along the line yz.
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Thus we have passed from x to z without the gradia@hge as it occurs along the line
BC, ie condensation in the usual sense of the tkdnmot occur. Point 2 could be said
to represent a highly compressed gaseous state fubstance. Whether we refer to
the state in the region of point z as liquid s@at@as highly compressed gaseous state
depends purely upon which of the two view pointpgems to be convenient at the
moment. Thus, in the absence of the surface ofodiswity, there is no way of
distinguishing between liquid and gas.

2.3.5 Von der Waals equation and critical staterii&®in 1871 studied the isotherms
of carbon dioxide drawn by Andrews. He suggested there should be no sharp
points in the isotherms below the critical tempamt These isotherms should really
exhibit a complete continuity of state from gasliquid. This he showed by a
theoretical wavy curve.

WP

D

Pressure

v

Volume

Fig 2.12 P-V isotherm of carbon dioxide
The curve MLB in fig 2.12 represents a gas comgess a way that would remain
stable. The curve MNC represents a superheated lighis type of discontinuity of
state is predicted by von der Waals cubic equation.
According to it, for any given values of P and €rtashould be three values of v. These
values are indicated by B, M and C of the curves Tiree values of v become closer as
the horizontal part of the isotherm. At the critipaint, these values become identical.
This enables the calculation of critical temperataritical pressure and critical volume
in terms of von der Waals constants.
The von der Waals equation may be written as
(P+a/\P)(V-b) = RT
PV — Pb + a/V — ab//= RT
Or P\ — (RT+Pb)\} + aV-ab =0
At critical point V=, (V. = critical volume)

V-V.=0

(V-Vc)® =0

V33V +3W2- V2 =0 e, 1)
Thus at the critical point von der Waals equatioesg

V3 — (RT./P+b) VV +@R)V —ab/R=0  .......... 2)
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Equating coefficients in (1) and (2)

3Ve=RT/P.+b 3

vé=aR . (4)

vé=abR (5)

From (4) and (5)

Ve=3 (6)

Substituting this value in (4) we get

P.=al276 7)
Substituting the value of Pc and Vc in equation (3)

T.=8a27Rb . (8)

Knowing the value of a and b, the critical constanan easily calculated.
Conversely, since Pand T can often be determined experimentally with somsee
these values may be employed to calculate the aotssa and b.

a= 3\’P; and b = \{/3

The actual determination of critical constantften a task of considerable
difficulty of these critical pressure and critide@mperature can be measured relatively
easily with the help of Cagniard de la Tour's ajgpas. The most accurate method for
determining critical volume in due to Amagat.

2.8 REDUCED EQUATION OF STATE

An equation which expresses the relation betwesssspre volume and
temperature of a gas is called the equation of stathe characteristic equation. If we
express the actual pressure, volume and tempeiaUractions of the critical pressure,
volume and temperature respectively, we get thecedl equation of state.

If the values of pressure, volume and temperaterexpressed as fractions of
the corresponding critical values, we get

P/R. ==, VIV; =, T/T.=6
Wheren, ¢ and 6 are termed the reduced pressure, reduced volumeretuced
temperature respectively.

From above PzP., V=¢V. and T=0 T,

If we replace P, V and T byP., pV. and T respectively in von der Waals equation
(P+a/\f) (V-b) = RT

We get {t Pc + a/pVe)?H{ dpVe - b} = R Tc

Substituting the value of ¥ 3b, R=a/2785

And T, = 8a/27Rb we get

{n——"a/%*b°}{3 pb-b} = R
Dividing the above equation throughout by a/27b

We get fr+3/p*H3 ¢-1} = 86

This equation is known as von der Waals reducedtemjuof state.

2.9 LAW OF CORRESPONDING STATES
Van der Waals reduced equation of state is given by

{n+3p°H3p-1}=8 (9)

Za
27Rb
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In this equation the quantities a, B Fc and T which are characteristic of a
given gas have cancelled out, thus making it appleto all substances in the liquid or
gaseous state, irrespective of their specific eatkrom equation (9) it is clear that
when two substances have the same reduced tenmeesaid pressure they will have
the same reduced volume. This is known as the fasomesponding states. When two
or more substances are at the same reduced teomeeaaid pressure, they are said to
be in corresponding state.

In actual practice, the above reduced equaticstad€ is not directly used. One
makes use of graphs between compressibility factond reduced pressure at different
reduced temperature. The same graphs are applital@# gases. This can be seen
from the following considerations.

Since Z= PV/IRT =tP..pVJ/ROT,
If we put the values of V. and T

We get Zzsgj’ ................... (8)

According to law of corresponding states, if twosgs have the same reduced
temperature and reduced pressure they will havesahee reduced volume. The right
hand side of the equation (8) is independent ofntieire of gas and Z is same for all
gases.

In practice this means that the properties ofitigishould be determined at the
same reduced temperature because pressure hasligbtyeffect on them. Since it is
found that boiling points of liquids are approxieigt(2/3)° of the critical temperature,
it follows that liquids are at their boiling poingépproximately in corresponding states.
Therefore, in studies the relation between the iphlsproperties of liquids and
chemical constitutions, the physical properties rhayconveniently determined at the
boiling points of liquids.

2.10 SUMMARY

In this chapter you have studied different gas Jamsmely: Boyle's law,
Charle’s law, Avogadros law, Graham’s law of diffurs and Dalton’s law of partial
pressures. The postulates of kinetic theory areitapt as they are useful in deriving
kinetic gas equation. By making use of this equmatiee different gas laws has been
proved.

Deviations from ideal behaviour and von der Waagjsation has been discussed
in detail. Though you have studied real gas eqoate® von der Waals equation detail
and their equation is useful to discuss the devnatrom ideal behaviour, there are
some other equations of state also namely —

Dieterics equation, Berthelet equation, Kammeréngation.

2.11 TERMINAL QUESTIONS

(A)  Multiple Choice Questions

1. Mathematically, Boyle’s law can be expressed as
(a) Vo 7 (b) V=7 (c) VP=K  (d) All of these ans (d)
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2. Which of the following is the correct mathematicelation for Charle’s law at
constant pressure.
(@) WoT (b) Vat (c) V=Kt (d) None of these. ans (a)
3. The Average kinetic energy of gas molecule is
(a) inversely proportional to its temperature.
(b) directly proportional to its temperature.
(c) equal to the square of its temperature.
(d) directly proportional to the square root ofatssolute temperature.

ans (b)
4. The compressibility factor Z is given by
(@) Z= PVIRT (b) Z= PVI2RT (c) Z=PVIRT (d) Z=2PVIRT ar (
5. Which of the following gases will have the loweste of diffusion.
(@) H (b) N © R (d) G ans (c)

(B)  Short answer questions

1.Define the following terms

(a) Critical temperature.

(b) Graham’s law of diffusion

(c) Boyle’s law

(d) Charle’s law

2. Write two postulates of kinetic theory of gases
3. Write a short note on critical constants.

4. Write a note on exceptional behaviour of hydroge given by von der Waals.
5. Write von der Waals equation for n moles of & ga
(C) Long answer questions

1. Discuss the causes of deviation from ideal bieluavHow they are accounted for in
the von der Waals equation?

2. What are the postulates of kinetic theory okegaand show how they are justified?

3. Derive the kinetic gas equation for an ideal gas

4. What are the limitations for equation PV=RT? Wimprovements have been
suggested by von der Waals?

5. State and explain the principle of correspondatgtes. Derive an expression
interconnecting critical pressure, critical voluared critical temperature.

6. (@) For ammonia gas von der Waals constantsldare 4.0 litttatm molé and
0.036 litre molé& respectively, calculate critical volume. (R=0.082 atm degree
b, (hint V.=3b)

(b) Obtain the relation
RT/PV. = 8/3
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UNIT 3: GASEOUS STATE-II

CONTENTS:

3.1 Objective
3.2 Introduction
3.3 Distribution of Molecular velocities
3.4 Different kind of velocities
3.4.1 Root mean square velocity
3.4.2 Average velocity
3.4.3 Most probable velocity
3.5 Quialitative discussion of Maxwell’s distributiof velocities
3.5.1 Effect of temperature on velocity distribatio
3.6 Collision number/collision diameter
3.7 Collision frequency
3.7.1 Effect of temperature on collision frequency
3.7.2 Effect of pressure on collision frequency
3.8 Mean free path
3.8.1 Effect of temperature on mean free path
3.8.2 Effect of pressure on mean free path
3.9 Liquification of gases
3.10 Joule-Thomson’s Effect
3.10.1 Methods of liquefaction
3.10.2 Faraday’'s method
3.10.3 Linde’s method
3.10.4 Claude’s method
3.11 Summary
3.12 Terminal Questions

3.1 OBJECTIVE

Till now you have studied the various postulategioetic theory of gases, the
kinetic gas equation and derivation of various lgags by making use of kinetic gas
equation. Thought the kinetic gas equation is usefderiving the gas law but at high
pressure and at low temperature there are conbidedeviations from ideal gas
behaviour.

These derivations have been explained by Van del\dhd the Van der Waal’s
equation explains the deviations by applying pressind volume corrections. The law
of corresponding state and its consequences havedigcussed in this chapter.
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3.2 INTRODUCTION

Though gas molecules possess very high velocilybetause of collisions the
velocity of gas molecules changes in a very shpansbut velocity can be easily
calculated from kinetic gas equation. In this wou will study different types of
velocities their correlation and calculation, cathn diameter, collision number, free
path and various methods of liquefaction of gasiisb& discussed in this chapter. It
will also we very interesting to study how moleculgelocities are distributed i.e.
Maxwell’s equation for distribution of velocities.

3.3 DISTRIBUTION OF MOLECULAR VELOCITIES

All the molecules constituting a given quantity afy gas do not possess the
same velocity. Even a single molecule cannot mairitee same velocity for any length
of time. As it collides with another molecule thimdtic energies and the velocities of
two are redistributed and a consequence changelotity takes place. In fact the
velocity of a molecule changes after a span of feas 10’ seconds, thus making it
difficult to know the speed of a single moleculénc® number of molecule is very
large, a fraction of molecule will have the sameipalar velocity. In this way there is
a broad distribution of velocities over differemédtion of molecules. In 1860 James
Clark Maxwell calculated the distribution of velbes from the laws of probability. He
derived the following equation for the distributiohmolecular velocities.

oo e fde L 1)

Where dN = number of molecules having velocities betweand (c+dc)

N= total number of molecules

M= molar mass

T= temperature in absolute scale.

This relation is called Maxwell’s law of distribati of velocities. The ratio dN
/n gives the fraction of the total number of molesuhaving velocities between ¢ and
(c+dc).

Maxwell plotted such fractions against velocity pessed by the molecules. The
curve so obtained illustrate the salient featurieMaxwell distribution of velocities.
Fig 3.1 shows the distribution of velocities inragen gas, Nat 300K and 600K. It is
noticed that:

A

Most probable velocity

Fraction of molecules

Molecular velocity

Fig 3.1 Distribution of molecular velocities at twotemperatures.
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1. A very small fraction of molecules has either veaw (close to zero) or very high
velocities ( i.e. velocity greater than a high \eglu

2. A large majority of the molecules have a velocitya relatively small range of
variation more or less around the peak of the curve
The velocity represented by maximum number of mdé of a gas at a given
temperature is called most probable velocity. Tugesponds to the highest point
on the curve.

3. At higher temperature, the whole curve shifts te tlght (dotted curve at 600K).
This shows that at higher temperature more molschiése higher velocities and
fewer molecules have lower velocities.

3.4 DIFFERENT KIND OF VELOCITIES

3.4 .1 Root mean square velocityvelocity v which if possessed by each of the
n molecules of the gas leads to correct calculatiototal kinetic energy of the gas is
known as root mean square velocity.

Total kinetic energy ::jﬁmv 2 2)

We will proceed to test the validity of the abowgiation (2) mathematically.
Out of the total number of molecules n contaimethe given sample of gas, let
n;, molecules have velocitg;, n, molecules have velociti and so on then,
N=m+ptng e 3)
the total kinetic energy KE of the n moleculeshis sum of the kinetic energies of the
individual molecules.

Thus
KE= nx1/2 m v24n, 1/2mp w2 +.....
Vonv2=mx1/2 m v+ 12mp v+ e, (4)
Nup=M i+ Mpuee foeee e, (5)
v = MUt Feee e, (6)
n

thus? is the mean of squares of the velocities of @lritmolecules in the gas and is
termed as mean square velocity.

Herew is root of the mean of squares of velocities anchiled root mean

square velocity and is often written simply as mamcity. Its value can be calculated
as

Vims= V3RT/M
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3.4.2 Average velocity

The average velocity is given by the arithmeticamef different velocities
possessed by the molecules of the gas at a givgretature.

Suppose one molecule is moving with velocity one molecule with velocity
175, third molecule with velocitys and so on. Then total velocity will be

Mt Ut U3 e

There are total of n molecules
The vz=v1+votv3 oooni...
its value can be calculated as= | = |2

M

This is average velocity representediiy

3.4.3 Most probable velocity

Velocity possessed by most number of moleculesdsvk as most probable velocity.
(Fig 3.1)
Most probable velocity
vmp = (BRTRM)2 ....(10)
It is found that
Vrms > Va> Ump

Vrms @ Va: Ymp = 1.0:0.92:0.82

3.5 QUALITATIVE DISCUSSION OF MAXWELL'S DISTRIBUTION
OF VELOCITIES

Though molecules of the gas moves with very higloarty and the velocity
changes because of collisions with in very shartetispan, but with the help of
Maxwell’s distribution law and molecular kinetic engy molecular velocity can be
calculated. It will be clear to you when you studymerical problems.

3.5.1 Effect of temperature on velocity distributiam
It is clear from fig 3.1 that the velocity distrifien of molecules in gas is

influenced by a rise in temperature. At a highergerature (600K) the curve maintains
the same general trend of distribution. Howeveheitomes more flattened with the
peak shifting to a higher velocity region. In otlesrds, there is more even distribution
of velocities about ‘most probable velocity’ andetimumber of molecules having
velocities near this value becomes more. Thus higine temperature, higher is the
most probable velocity.

3.6 COLLISION NUMBER/COLLISION DIAMETER

The kinetic theory of gases treats molecule astpoiasses. When two such
molecules approach each other, a point is reach&thiah they cannot come closer
beyond a certain distance.
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The closest distance between the centres of therwlecules taking part in collision is
called the collision diameter. It is denoteddyy

o

< >

Fig 3.2
Whenever the distance between the centres of teleaules isc, a collision
occurs. The collision diameter can be determinedhfviscosity measurements. The
collision diameter of hydrogen is 2.7%4and that of oxygen is 3.62A

3.7 COLLISION FREQUENCY

The collision frequency of a gas is defined as:
The number of collisions taking place per secondupé volume (c.c.) of the gas.
Let a gas contain N molecules per cc. From kinebosiderations it has been
established that the number of molecules, n, whith a simple molecule will collide
per second, is given by the relation
n=\2rv,e®N .. (11)

wherew, = average velocity ansl=collision diameter.
If the total number of collisions taking place gecond is denoted by z we have

z =2r ‘EaGZN X N

=\21 v,6°N? ....(12)

Since each collision involves two molecules, thenbar of collision per second per cc,
of the gas will be z/2

Hence the collision frequency2r v:0°N?

2
=1 1,0°N? ...(13)
V2

Evidently, the collision frequency of a gas in@es with increase in
temperature, molecular size and the number of mtdeger c.c.
3.7.1 Effect of temperature on collision frequency

We know collision frequency is given by

z = mwwoN2 L (14)

V2

From the equation it is clear
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Za v,

But v,a VT (from equation 9)

Hence a\T

Hence collision frequency is directly proportiobalsquare root of temperature.
3.7.2 Effect of pressure on collision frequency

From equation (14)

za N?

Where N is number of molecules per cc.

But we know Rx N

Hence zu P

Thus collision frequency is directly proportionalthe square of pressure of the

gas.

3.8 MEAN FREE PATH

A very important quantity in kinetic theory of gasie the mean free path. At a
given temperature, a molecule travels in straigm before collision with another
molecule.

Collision

O@ 2
o / \Cl)@ /\Fm' pamo

Fig 3.3 Mean free path
The distance travelled by the molecule before giolti is termed free path. The mean
distance travelled by a gas molecule between tvocessive collisions is called the
mean free path. It is denoted hylf I, I, I3 are the free paths for a molecule of a gas,
its free path

Where n is number of molecules with which the moleccollides. Evidently, the
molecular collisions will be less at a lower pressor lower density and longer will be
the mean free path. Mean free path is also relaidviscosity of the gas.
A= MV3/Py
where p= pressure of the gas
N = coefficient of viscosity of the gas
d = density of the gas
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From the above equation it is clear that by themeination of viscosity mean per path
can be calculated. At NTP the mean free path fdrdgen is 1.78x1®cm and for
oxygen 1.0x18 cm.
3.8.1 Effect of temperature on mean free path
The ideal gas equation is PV = nRT ......... 16)(
Where n is number of moles given by
n = No of molecules / Avogadro’s number = HI/N
Substituting the value of n in equation (16)
PV = N/Nox RT
or N/V = (PN)/RT
At constant pressure N 17)

1.
L

The mean free path is given by
L = Distance Travelled by the molecule per sedaddmber of collisions per cc.

= 'g;/\/ncz'g:N .................... (18)

Combining equation (17) and equation 18
AaT
Thus mean free path is directly proportional todbseolute temperature.

3.8.2 Effect of pressure on mean free path

We know that the pressure of a gas at certain teatye is directly
proportional to the number of molecules cc. that is

Pa N

and mean free path is =1A216°N

Hence we get

La l/P

Thus mean free path is inversely proportional topghessure of a gas at constant

temperature.

3.9 LIQUIFICATION OF GASES

The general behaviour of gases with the decreaseernperature with increase of
pressure is shown by the Andrew isotherm of caxbioride. You have studied these in
chapter 2.3.3 and shown in fig 2.10.

It is clear from Andrews isotherm, it is necesgargool a gas below its critical
temperature before it can be liquified. In the categases like ammonia, Chlorine,
sulphur dioxide or carbon dioxide, which has arlyahigh critical temperature (table
3.1), by the application of pressure gas can hefiegl.

Gas Critical temperature (K)
He 5.2

Ne 44.2

H, 33.0

O, 154.8

N2 126.2
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CO, 304.2
NH; 405.0
Table 3.1 Critical temperature of various gases
Gases such as hydrogen, oxygen, helium and nitrogea low critical temperature. So
these gases cannot be liquified by this simplertegte. These gases can be liquified if
they first cooled below these respective critieahperature.
Two principles are usually applied in cooling gaseelow these critical
temperature.

3.10 JOULE-THOMSON'S EFFECT

Joule and Thomson observed that when a gas undbrpnessure is made to
expand into a region of low pressure it sufferalaif temperature. This phenomenon
is known as Joule-Thomson effect.

The Joule-Thomson effect offers further supportthe view that attractive forces
attractive forces do exist between gas moleculegh@ gas expands, the molecules fall
apart one another. Therefore, work has to be

done in order to overcome the cohesive or attractorces which tend to hold the
molecules together. Thus work is done by the sysaérthe expense of the kinetic
energy of the gaseous molecules. Consequentlkitietic energy decreases and since
it is proportional to temperature cooling results.

Experiments have shown that gases become cootergdthe Joule-Thomson
expansion only when they are below a certain teatpeg known as inversion
temperature T The inversion temperature is characteristic ahegas. The inversion
temperature is related to von der Waals constaatsdab of the gas concerned by the
expression

Ti = 2a/Rb

At the inversion temperature there is no Joulerdi$mn effect. If the
temperature is above inversion temperature theer agfassing into lower pressure
region there will be rise of temperature end iftakes place below the inversion
temperature there is fall of temperature.

In most gases, the inversion temperature liesimvithe range of ordinary
temperatures. Hence they get cooled in Joule-Thomesgansion. Hydrogen and
helium, however, have very low inversion tempemtdrhus at ordinary temperatures
these gases get warmed up instead of getting cadlige Joule-Thomson expansion. If
these gases are first cooled to their respectiversion temperatures, then these gases
also get cooled an expansion in accordance witddhée-Thomson effect.

Adiabatic expansion involving mechanical work:

When a gas is made to expand against pressuvestsbme work as in the case
of an engine, it does some external work alsoaettpense of its kinetic energy which
decreases. Hence, there is a fall of temperature.

3.10.1 Methods of liquefaction

From the above discussion it is clear to you that tonditions which tend to
change a gas into the liquid state are low tempezadnd high pressure. If a gas is
cooled below its critical temperature and subjedteédequate pressure, it liquefies.
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The various methods employed for the liquificatmingases depend on the technique

used to attain low temperature. The three importeathods are

(1) Faraday’s method in which cooling is done witheefting mixture.

(i) Linde’s method in which compressed gas is releaded narrow jet (Joule-
Thomson effect).

(i)  Claude’s method in which gas is allowed to do madal# work.

3.10.2 Faraday’'s method-Faraday (1823) used freezing mixture of ice with
various salts for external cooling of gases.

Reactants

Fig 3.3 Faraday’s method for the liquefication of gses

The melting of ice and dissolution of salts botle andothermic processes. The
temperature of the mixture is lowered up to a tenampee when the solution becomes
saturated.

Faraday succeeded in liquefying a number of gasel as S¢) CO,, NO, Cb
by this method. He used V-shaped tube in one armhi¢h gas was prepared. In the
other arm the gas was liquefied under its own piress

The gases liquefied by this method had theiraaittemperature above or just
below the ordinary atmospheric temperature. Thegéke N, O, and K having low
critical points could not be liquefied by this medh
3.10.3 Linde’s method

Linde’s (1895) used Joule-Thomson effect as thésldas liquefaction of gases.
When a compressed gas is allowed to expand intouva®r a region of low pressure,
it produces intense cooling.

Refrigerating liquid

Compressed

jT :
——
< Fre;h
\_/\

air

Compressor

Expansion
chamber

Liquid air

Fig 3.4 Linde’s method for liquefication of air
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In a compressed gas molecules are very close aractain between them are
appreciable. As the gas expands, the molecules napat. In doing so, the
intermolecular attraction must be overcome. Thergynéor it is taken from the gas
itself which is thereby cooled.

Linde used an apparatus worked on the above phnto the liquefication of
air as shown irFig 3.4 Pure dry air is compressed to about 200 atmosphédt is
passed through a pipe cooled by a refrigeratingdiguch as ammonia. By doing this
the heat of compression is removed. The compressézlthen passed into a spiral pipe
with a jet at the lower end. The free expansionaioht the jet result in a considerable
drop of temperature. The cooled air which is novalaut one atmosphere pressure
passed up the expansion chamber. It further coelsricoming air of the spiral tube
and returns to the compressor. By repeating thegsoof compression and expansion a
temperature low enough to liquefy air is reachebe Tiquefied air collects at the
bottom of the expansion chamber.

3.10.4 Claude’s method
In this method the compressed air is allowedaangchanical work by driving
an engine. The energy for it comes from the gadfits

Expansion
chamber ( ] Compressor
\ l «— Fresh
ar

Spiral
tube
——
M
; - Air expands and
et pushes back th:
\\__ piston e
L Liquid air
Fig 3.5 Cl

Thus in Claude’s method the gas is cooled not bglpvercoming the intermolecular
forces but also by performance of work. That is wilmg cooling produced greater than
in Linde’s method.

Claude’s apparatus is shown in fig 3.5 for liquafion of air. Dry air is
compressed to about 200 atmospheres. It is padsedigh a tube cooled by
refrigerating liquid to remove any heat producedrdyicompression. The tube carrying
the compressed air then enters the expansion clafbtinis stage it bifurcates and a
part of this air passes through a side tube irgattinder of an engine. Here it expands
and pushes back the piston. Now it is clear thatain does mechanical work and it
cools. The air then enters the expansion chamlukecaols the
incoming air through the spiral tube. The air ugdes further cooling by expansion at
the jet and liquefies. The gas escaping liquefaagioes back to the compressor and the
whole process is repeated over and over again.
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Paramagnetic cooling:

It was shown by Debye on theoretical grounds thaery close approach to
absolute zero was possible by adiabatic demagtietisaf a paramagnetic salt. When a
paramagnetic substance is magnetised, external iwat&ne by it and its temperature
rises. But when it is demagnetised external wodoise by it and its temperature falls.

In this method a temperature of the order of kK0B@s been attained.

3.11 SUMMARY

Most characteristic property of gases is thatrthelecules lie for apart from
each other and are in continuous motion. Each ratdec therefore leads almost an
independent existence. This property is so wherpégature is high and pressure is
low.

Till now you have studied that a gas is said tabédeal gas if it obeys Boyle’'s
law and Charle’s law rigidly for all values of teerpture and pressure. In other words a
perfect gas is one which strictly follows the geth@as equation PV= nRT, since both
the laws are contained in it. Actually no gas isfgget. They approach ideal behaviour
as the temperature gets farther from their boiiogts, so that at ordinary temperature
the most nearly perfect gases are those like hgdragd nitrogen which have very low
boiling points.

The study of kinetic theory of gases enables w=mloulate molecular velocities.
Which is otherwise very difficult to determine basa gas molecule possess very high
velocity and because of collisions the velocityrayes with in very small time.

3.12 TERMINAL QUESTIONS

(A) Multiple Choice Questions

1. A real gas most closely approaches the behawbwa perfect gas under the
condition of

(a) High pressure and low temperature.

(b) Low pressure and high temperature.

(c) Low pressure and low temperature.

(d) High temperature and high pressure. ans (b)
2. The compressibility factor of a perfect gas is
(a) Zero (b) One (c) more than one (d) Less tham on

ans (b)

1. The root mean square velocity of a gas molecuigvisn by
3RT 2FT
(a) Prms= \/T (b) Vyms= \/T

(b) (C) Vrms— \/i% (d) Vrms = \/g ans (a)
2. The free path is the distance travelled by the oudée
(a) Before collision (b) in one second
(b) After collision (d) in one minute
ans (a)

3. Compressibility factor is represented as
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PV

RT2

(a) z=

4. How many molecules are present in 0.2 g of hydrdgen

(a)6.023x16° (b) 6.032x16* (c) 3.0125x1&  (d) 3.0125x1H
ans (b)

(b) Z== ©z=— (d)z= ans (d)

(B) Short Answer Questions
1. Define the following terms.
(a) Root mean square velocity.
(b) Most probable velocity.
(c) Average velocity.
2. Define mean free path
3. Write a note on collision number
4. Explain the significance of von der Waal's camst
5. Define law of corresponding states
6. Write a note on volume correction in von der Wsaquation.
(C)  Long Answer Questions
1. Narrate the various methods of producing catdi show how these have been
used in liquefaction of gases.
2 (a) Define Joule-Thomson effect. Explain invemsiemperature. How is it related
to von der Waal’'s constants.
(b)The von der Waal's constants a and b for a ga®.&45 dm atm moléand
0.026 dm3 molé respectively. Calculate the inversion temperanfréhe gas.
(hint Ti=)
Ans 42.16K
3. (a) State Maxwell’s law or distribution of welties. How does a
change in temperature influence this itigtron?
(b) Define three different types of velocitiddow are the related with each

other?
4 (a) Define the terms:
0] Critical temperature.
(ii) Boyles temperature.
(iii) Conversion temperature.

(b) Write a note on collision diameter.
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UNIT 4: LIQUID STATE

CONTENTS:
4.1 Objective
4.2 Introduction
4.3 Intermolecular forces
4.3.1 Dipole-dipole interaction
4.3.2 London forces
4.3.3 Hydrogen bonding
4.4  Structure of liquids
4.5 Characteristic properties of liquids
4.5.1 Vapour pressure
4.5.2 Surface tension
4.5.3 Viscosity
4.6 Refractive Index
4.6.1 Definition of RI
4.6.2 Determination of RI
4.6.3 Rl and chemical constituent
4.7 Liquid Crystals:
4.7.1 Definition
4.8  Structure of liquid crystals
4.9 Summary
4.10 Terminal Questions

4.1 OBJECTIVE

The matter exists in three states. The solid staterystalline form exhibits a
complete orderly arrangement of molecules atom&iws as the case may be. The
gaseous state exhibits complete disorder or randssahe liquid state lies in between
these two extreme order and disorder.

The definite and ordered arrangement of the doestts of a solid extends over
a large distance. This is termed as long rangerofdee liquids exhibit only a short
range order while gases show no order at all.

A liquid may be regarded as a condensed gas ttemsolid. In a solid the
molecules are rigidly fixed and, therefore, it laadefinite shape and a definite volume.
In a gas, on the other hand the molecules haveorandotion and, therefore, it has
neither a definite shape nor a definite volumealtiquid the molecules are not as
rigidly fixed as in solids. They have some freedoihmotion which, however, is much
more restricted than that in gases. A liquid, tfeeehas a definite volume although not
a definite shape. It is much less compressibleaaadar denser than gases.
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4.2 INTRODUCTION

As you have studied in the previous unit (i.eit @), liquids can be obtained
from gases by cooling the latter below their reipecritical temperature followed by
the treatment of high pressure. Effect of coolimgo decrease the thermal energies of
molecules and the effect of pressure is to decraseolume of the system so as to
allow the molecules to come closer, thereby inéngathe force of attraction amongst
them. Alternatively, liquids can be obtained by tivea solids upto or beyond their
melting points. Thus we see the properties of tigdie in between those of solids and
gases. For example liquids are less compressilda tases but a little more
compressible than solids. They are less dense gbkah but more dense than gases.
The two important properties of liquids, namelye fixed volume but no fixed shape
arises mainly because of the following two facts
(1) The energies binding the molecules are larger thh@in average thermal energy.

(2) Their binding energies are not strong enougktdp the motion of the molecules
altogether, as in the case of solids, with theltélsat molecules can move from one
place to another but cannot escape from the liguigss they are present at the
surface.

4.3 INTERMOLECULAR FORCES

Since the molecules in a liquid are not far apeoinf each other, the intermolecular
forces are fairly strong. The characteristic prapsrof liquid arise from the nature and
the magnitude of these intermolecular forces.
Intermolecular forces in liquids are collectivetglled von der Waal's forces. These
forces are essentially electrical in nature andltdsom the attraction of charges of
opposite sign. The principle kinds of intermolecutaces are:
() Dipole-dipole interaction
(i) London forces
(iif) Hydrogen bonding.
4.3.1 Dipole-dipole interaction

We have seen that HCI is an example of a polaeouté. Such molecule have a
partial positive charge at one end and a partightiee charge at the other.

Weak attractions

o+ S
’ -~ H Ci
-
¥ ~
/ / £ oig
/I II e -7 l'
’ / [
’ / = 1
/ l/ S 1
’ = A I
1
1

0 ©

Fig 4.1 Weak attraction between polar HCl molecules
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They are called dipoles. The positive end of ool attracts the negative end of the
other. The thermal energy of molecules tends ttudisthese attractions but still there
exists a net attraction between the polar moleculégse forces are referred to as
dipole-dipole attractions. Generally such attradiare about 1% as strong as covalent
bond. It is to be noted that the attractions betwibe opposite poles are greater than
repulsive forces between like poles. Thus theseeoutés have a net attraction to each
other.
4.3.2 London forces

In 1930 Fritz London first offered a simple explaoa of weak forces between
nonpolar molecules or atoms. In a molecule (or atelectrons are constantly moving.
Most of the time electrons in the molecules coutd he visualized as distributed
symmetrically. However according to the principle psobability, for an instant the
electrons may concentrate on one side of the migldban the other. This causes the
molecule (A) to become momentarily polar and we icaistant dipole.

o+ o—

Instant dipole Nonpolar
molecule
l London force
s ﬂ«» B
Instant dipole Induced dipole

fig 4.2 Explanation of London forces
The negative side of the instantaneous dipole seffe electrons of an adjacent
molecule (B). As a result the second molecule B &#lscomes a dipole by induced
polarity. This is called induced dipadfeg 4.2.

The instantaneous dipole A and the induced difleill now attract each
other. Because the electrons keep moving an instgule may vanish the next
moment and new are produced. This continual progeeduces a weak overall
attraction between molecules of liquid.

The momentary attraction between the molecules ligdid caused by
instantaneous-dipole animhduced- dipole attractions are called London forcs.
These London forces are present in polar moleailss in addition to other von der
Waal’s forces.

The strength of the London forces depends aswuodasily the electron cloud in
a particular molecule is deformed. This is deterdity the number of electrons and
also on the size of the molecule. Thus Argon (-245. with a greater number of
electron and larger molecular weight has a higdiriy point than helium (-268°2).
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4.3.3 Hydrogen bonding

In compounds of hydrogen with strongly electronegatelements, such as
fluorine, oxygen and nitrogen, the electron pairsld between the two atoms lies far
away from the hydrogen atom as a result of whiehttydrogen atom becomes highly
electropositive with respect to other atom whichcdmee electronegative. This
phenomenon of charge separation

Hydrogen bond
H
3+ g
15 o 3002
H \ H

Fig 4.3 Hydrogen bond

in water is represented as shown in the fig 4.2 &lectronegativity difference in H

and O is so large that the electron pair in theatmt bond, H-O is shifted toward O. It
leaves a partial positive charge on the H atomsTéads to a strong electrostatic
attraction between positively charged H atom andishared electron pair on the O
atom of another molecule. Thus you can understaatitivo or more molecules may
associate together to form large cluster of mokecilhis is shown below for the

association of several molecules of hydrogen ftleri

or

R L T A N - L L

In this case, while the length of covalent bonteen H and F atoms is found
to be 1.00A the length of the hydrogen bond between H antbfs of neighbouring
molecules has been found to be 1.85his cluster of HF molecules may be described
as (HF)

The attractive force which binds hydrogen atom of ne molecule with
electronegative atom of another molecule, generallpf the same substance is
known as the hydrogen bond.

The hydrogen bonding is the strongest of all mt@ecular forces including the
dipole-dipole attractions and London forces.

In the above discussion you have seen that clo$telF molecule is described
as (HF) and cluster of water molecule may be describgtHzd),

Alcohols and carboxylic acids also form associatedlecules for the same
reason, as shown below

H—0- H-—-CS ...... H—0" e \O-—H""'O
Alchohols Carboxylic Acids
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4.4 STRUCTURE OF LIQUIDS

In a liquid, the molecules are not as rigidly fixad in solid. They have some
freedom of motion which, however, is much less thaat in a gas. Liquids resemble
solids in being compact, incompressible and in m@va definite volume. These
properties are indicative of a regular structurkqguids similar to that in solids.
From X-ray diffraction technique, it has been fduthat the resemblance of
liquid state with solid state is valid with in a alhrange; i.e. within only small distance
from a given molecule. In other words the regulanigered structure which exists in
crystalline solids is of short range in liquids.mieans it exists in only within a short
distance from any given molecule. A solid possesbest range as well as long range
order since the ordered structure extends regulfarbughout the whole crystal.
Now it should be clear to you that
() A gas consists of molecules separated wide apagtripty space. The molecules
are free to move about throughout the container.

(i) A liquid has molecule touching each other. Howewbe intermolecular space,
permit the movement of molecule throughout theitiqu

(iii) A solid has molecules, atoms or ions arranged certain order in fixed position in
the crystal lattice. The particles in a solid ao¢ fnee to move about but vibrate in
their fixed position.

4.5 CHARACTERISTIC PROPERTIES OF LIQUIDS

As you have studied earlier in this unit that theperties of liquids arise from
(i) The nature and
(i) The magnitude of intermolecular forces of attrattiexisting between their
molecules. The important properties of liquids are
Vapour pressure
Surface tension
Viscosity
Refraction
Now you will study these properties in detail

4.5.1 Vapour pressure

When a liquid is an open vessel, it evaporates Nave studied in the gases
unit, that the gas molecules have a particularorgioThis is so in case of liquids also.
Only a few liquid molecules have lower or higheloegy, i.e. lower or higher kinetic
energies. The energy distribution of molecules ligq@d is shown in Fig 4.4.

hwbdpE
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Fig 4.4 energy distribution of molecules of a liqud
It is clear from therig 4.4 that the number of molecules with high kinetic rgines, as
shown by the shaded portion ABCD of the dotted eus/very small. This number,
however, increases with rise in temperature, asshwy the shaded portion FBCE of
the bold line curve.

When a liquid is placed in an open vessel it evaes. The molecules in the
liquid are moving with different kinetic energieBhe molecules that possess above
average kinetic energies can overcome the intewultze forces that hold them in the
liquid. These energies molecules escape from thiacaias vapour. This process by
which molecules of a liquid goes into gaseous statecalled vaporisation or
evaporation. The reverse process whereby gas ntetedecome liquid is called
condensation.

When a liquid is place in a closed vessel, theemdes with high kinetic
energies escape into space above the liquid asrslmovig 4.5. as the number of
molecule in the gas phase increases, some of théma the liquid surface and are
recaptured (condensation).

/Pressure gauge
reads vapour
pressure

|- Vapour

% i /i |__Liquid

L | s

Fig 4.5 lllustration of vapour pressure
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A stage comes when the number of molecules escémngthe liquid is equal to the
number of molecules returning to the liquid. Thusyaamic equilibrium is established
between the liquid and the vapour at a given teatpes.

Liquid 2 vapour

Now the concentration of the vapour in the spdmeva the liquid will remain
unchanged with lapse of time. Hence the vapour exbirt a definite pressure at the
equilibrium. Hence vapour pressure of a liquid wiedi as:

The pressure exerted by the vapour in equilibriumwith the liquid at a fixed
temperature is the vapour pressure of the liquid.

As the temperature rises, the number of molecetEsmping from the liquid
surface increases as there in increase in the nuafib@pour molecules in the space
above the liquid when equilibrium is attained.

Hence vapour pressure of the liquid increases witease of temperature.
4.5.1.1 Determination of vapour pressure

(a) Static method:

A simple apparatus used in this method is showigid.6. a sufficient amount
of the liquid whose vapour pressure is to be datexchin placed in the bulb connected
to a mercury manometer and a vacuum pump.

/Thermostat
el g
Vacuum Difference of
pump levels = V.P.
) daidd
|_— Manometer
Liquid -
q =]
N 4

Fig 4.6 Determination of vapour pressure by statienethod

All the air from the bulb is removed by working thacuum pump and the stopcock
closed. A part of liquid evaporates. The systemthien maintained at a fixed
temperature for enough time so that equilibriurattained. The difference in the levels
of mercury in the manometer is equal to vapourqunes of the liquid. This method is
used for liquids having vapour pressure up to dm®sphere.
(b) Dynamic method:

The apparatus used for the dynamic method is sliovig 4.7.
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Thermostat

Liquid whose
vapour pressure
is to be determined

j
Fig 4.7 Dynamic method
An inert gas is passed through the given liquid abnstant temperature (T). The gas
saturated with the vapour of the liquid leaves filask at the exit tube. If V is the
volume of the gas passed and m the loss in weigthteoliquid the vapour pressure is
given by the expression.
Vapour pressure = RT

Where M is the molecular weight of the liquid andhie gas constant. This method is
particularly useful for liquids of very low vapopressure
4.5.2 Surface tension

The existence of strong intermolecular forces tfation in liquids gives rise
to a property known as surface tension. The phenomef surface tension can be
described as follows.

A molecule in the interior of a liquid is attradtequally in all directions by the
molecules around it. A molecule in the surface bfjaid is attracted only sideways and
towards the interior. The forces on the sides beaiognterbalanced, the surface is
pulled only inward the liquid. These unbalancedaative forces acting downward tend
to draw the surface molecules into the body oflitngéd and, therefore, tend to reduce
the surface to minimum. The liquid then behaves &svere under a strain or tension.
It is this force which is called surface tensiamrmby be defined dthe force in dynes
acting on the surface of the liquid at right angledo one centimetre length of the
surface”. It is represented by a symbo(gama).

In CGS system the unit of surface tension is dyerscentimetre (dyne ¢h
In SI system, the unit is Newton per metre (NmBoth these units are related as

follows

Surface molecule
pulled inward

i Interior molecule
/ pulled equally in

all directions

( )

Fig 4.8 molecular attractions
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Surface energy =__ amount of work done - forcexdistance
amount of area extended area
Hence in CGS units we have
Surface energy = dyn xcm=dyn xcm* = surface tension
cm
In SI units we have
Surface energy =Nxm =Nm!
n
obviously,
1 dyne cit = (10°N) (10°m)*
= 10°Nm™*

4.5.2.1 Effect of temperature on surface tension
When temperature increases, there is increase nati&i energy of liquid
molecules (KEx T) thereby decreasing intermolecular forces. dules in decrease
in inward pull functioning on the surface of thgquid. That means you can say
surface tension decreases with increase in temyperaks surface tension arises of
the attractional forces operating between the nubdsc Ramsay and Shields gave
the following relationship between the surface i@msof a liquid and its
temperature.
Y(M/d)*® = K(tc-t-6)
where Kk is constant
t. is critical temperature and t any other tempeeatyM/d)?”represents molar surface
energy of liquid.
4.5.2. Determination of surface tension
() Capillary rise method:
In this method a capillary tube of radius r is ieally inserted into the liquid. The
liquid rises to a height h and form a concave s@Ers.

yCos 6

2nryCos 6
T Upward force

]

Liquid in
capillary

i1

EEEBERT

Downward force
nr2 hdg

(a) (b) (c)
Fig 4.9 capillary rise method of surface tension
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The surface tensionacting in the inner circumference of the tube éyasupports the
weight of the liquid column. By definition, surfatension is force per 1 cm acting at a
tangent to the meniscus surface. If the angle vtlee tangent and the tube walbjs
the vertical component of surface tension 9. The total surface tension along the
circular contact line of meniscus isrdimes.

Therefore upward force =i@yco9

Where r is radius of capillary. For most liquidds essentially zero, and @zl
then the upward force reduces o2

The downward force on the liquid column is duetsoweight which is mass x
g, thus downward force isttfdg, where d is density of the liquid

Now upward force = downward force
2nry = hardg
vy = hrdg/2 dynes/cm
once r, h and d are knowrcan be calculated.
(i) Drop weight/ number method:

When a liquid is allowed to flow very slowly thrglu a capillary tube a drop
will form which will increase upto a certain poiad then fall. If the radius of the end
of the tube be r, the total surface tension supmpithe drop will bey2zr. The drop
falls down when its weight W is just equal to tfosce. Hence we have

y2rnr =W = mg
A Fill line o
= Surface tension

Br— acts at outer

ol Capillary circumference

tube
mg
“ld

Fig 4.10 determination of surface tension by drop-pette

The apparatus employed is a glass pipette withpdlaxy at the lower part. This is

called a drop pipette or stalagmometer. It is adelandried and filled with the

experimental liquid, say upto the mark f£ig 4.10) Then the surface tension is
determined by any of the following two methods.

(a) Drop weight method:

About 20 drops of the given liquid are receiveashirthe drop-pipette in a weighing
bottle and weighed. Thus weight of one drop is tburhe drop-pipette is again cleaned
and dried. It is filled with the second referenimpuid (say water) and weight of one
drop is determined as before.

Then we have
mug= 2rr y; and mg = 2tr v,
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Y1/v2 =:—;
Thus knowing the surface tension of one liquid, sheface tension of other liquid
can be found.
(b) Drop number method:

The drop pipette is filled up to the mark A wittetliquid whose surface tension
is be determined. The numbers of drops are couagdtie meniscus passes from A to
B. Similarly the pipette is filled with the referemliquid as the meniscus passes from A
to B. Let n and n be the number of drops produced by the same voMimithe two
liquids. Thus,
the volume of drop of the experimental liquids #\/
mass of one drop of this liquid = \{/xd;
where d is its density.

Similarly the mass of one drop of reference ligaid/n, X b
Then we haveyily, = (Vim)di - pds
(VIn)d, Ad;
The density dcan be determined by density bottle, opcand d are knowny; can be
calculated.

For most liquids surface tension at room tempegauary between 27 and 42
dynes crit. For water however, is 72.8 dynes cthat 20C.

This high value is obviously due to strong intelacalar forces which exists in
water as a result of extensive hydrogen bonding.
4.5.2.3 Surface tension and chemical constitution
From the study of a large number of liquids, Madl€E23) showed that

yvW=c . 1)

D-d
Wherey is surface tension of the liquid, D its densitydah density of vapour at the
same temperature, C is a constant. Sugden (192difiewbthis equation by multiplying
both sides by M, the molecular weight of the liquid

My¥D-d=MC=[P] .. 2)

The quantity P, which is a constant for a liquidiswgiven the name parachor. As d is
negligible as compared to D equation (2) reduces to

My*D = [P]
or  M/IDy"=[P]
vy =wr L (3)
Wherey is molar volume of the liquid. If surface tensipis unity then V=[P]

Thus parachor may be defined as the molar volufne lmuid at a temperature at
which its surface tension is unity.
Use of parachor in elucidating molecular structure:

Sugden examined the experimental parachor valuesseweral organic
compounds of known molecular structure. He showatipgarachor is both additive and
constitutive property. That is parachor of an imndlial compound can be expressed as
sum of
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(i) Atomic parachors: which are the contributions ofreaf the atoms present in the
molecule.

(ii) Structural parachors: which are the contributiohsasious bonds, rings and other
structural factors present in the molecule. By @ating the experimental values of
parachor with molecular structure, Sugden (1924utaied the atomic and
structural parameters. These values were furthasee by Vogel (1948) on the
basis of more accurate measurements of surfacenetable 4.1.

Atom Parachor Bonder ring parachor

C 8.6 single bond 0

H 15.7 double bond 19.9
O 20.0 coordinate bond 0

N 12.5 3-member ring 12.3
Cl 55.2 6- member ring 1.4

S 48.2 =CO 44,

Table 4.1

You will see now that how these values are usefelucidating molecular structure.
() Structure of benzene:

If the Kekule formula for benzene be accepted gm@aghor value can be calculated
by using the data:

6XC 6x8.6 =51.6

6H 6x15.7 =04.2

3= 3x19.9 =59.7

6 member ring =14

Total parachor value 206.9
H

-
H\C/C\IC/H
H’J\\\C/J\H

4

Kekule formula

Fig 4.11
Experimental value of parachor of benzene is 26i@e the calculated value tallys
with that determined by experiment, the Kekuledtrte for benzene is supported.
(ii) Structure of quinone:
The two possible structural proposed for quinire a
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]
—0
C SO
HC” \i:H Hcﬁ ‘|3H
I I
HC CH
HC__ £ _CH < A
I
(0]
A B
Fig 4.12
The parachor calculated for the two structure are:
Structure A Structure B
6C 6x8.6 =51.6 6C 6x8.6 =51.6
4H 4x15.7 =62.8 4H 4x15.7 =62.8
20 2x19.8 = 39.6 20 2x19.8 =39.6
4(=) 4x19.9 =79.6 3(=) 3x19.9 =59.7
1 six member ring =14 2 six member ring _ 2.8
Total 235.0 Total 216.5

The observed value for quinine is 236.8 and heheefdrmula A represents correctly
the structure of its molecule.

4.5.3 Viscosity

Some liquids flow more rapidly than others. In othords, liquid molecules
pose resistance to the flow of one layer over tihero This property of liquids which
determines their flow is termed viscosity. The mndp of the liquid which determines
its flow is called viscosity of the liquid.

The resistance to flow of one layer of liquid malks over another depends on the

following factors.

1. The intermolecular attractive forces do not permifree flow of molecules in a
liquid. The strength of intermolecular forces giaesough major of the viscosity of
the liquids.

2. The molecular weight or mass of the molecules bfj@d also determines flow of
the liquid. Thus heavier the molecule of a givequidl the greater will be its
viscosity.

3. Structure and shape of the molecules of a liquidcglan important role in
influencing its viscosity. Liquids with the largeregularly shaped molecules are
generally known to be more viscous than those wgitmall and symmetrical
molecule. Since only hard symmetrical moleculesehperfectly elastic collision,
the large and irregular
molecules will have less elastic molecules amonigsimselves. Thus collisions
between large molecules involves the loss of kinetiergy and as a consequence
the intermolecular forces dominating the moleculsds to stick together. This
increases the viscosity of the liquid.
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4. An increase in temperature decreases the viscositye liquid, the molecular
motion increases at the expense of cohesive faaesing resistance to flow.

5. The increase of pressure goes to strengthen thesivehforces between molecules.
Hence with increase of pressure the viscositygif’an liquid increases somewhat.
The flow is a characteristic property of liquidstlus consider flow of a liquid. A
liquid may be considered to be consisting of mdkeclayers arranged one over the
other. When shearing force is applied, it flows.

Moving plane

Velocity
oy profile

—p» v=0

D o A S O S 4 A G G GG S ST G A T T

Stationary plane
Fig 4.13 flow of liquid on a glass surface

However the force of friction between the layeref resistance to this flow. Viscosity
of a liquid is a measure of its frictional resistan

Let us examine a liquid flowing on a glass surfatke molecular layer in
contact with the stationary surface has zero vilodihe successive layers above it
move with increasingly higher velocities in theedition of the flow.

Now consider two adjacent moving layers of a ligfig 4.11). Let these be
separated by a distance dx having velocity diffeeeds. The force of friction (F)

resisting the relative motion of the two layergliiectly proportional to the area A and
velocity difference &, while it is inversely proportional to the distanbetween the

layers dx.
Hence Fo A d w/dx
= A d v/dx
or N = F/A x dx/dv

wheren (eta) is the proportionality constant. It is knoas coefficient of viscosity or
simply viscosity of a liquid. It may be defined the above equation as:
the force of resistance per unit area which withimtain unit different of
velocity between two layers which are unit distaapart.
Unit of viscosity:
n = F/A x dv/dx
= force/area x distance/velocity
= mass x length x tinfdengtif X length/length/time
= mass x lengthx time™*
In CGS system the unit ofj is expressed as g &ist, it is called poise. In
practice smaller units centipoise {Lpoise) and millipoise (Ipoise) are used.
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A liquid is said to have coefficient of viscosdg one poise when a force of one
dyne maintains a velocity difference of one centm@er second between two parallel
layers of the liquid one cm apart and have an afe@ontact equal to on square cm.
The reciprocal of viscosity is known as fluidity.
4.5.3.1 Effect of temperature on viscosity

As the temperature increases, the molecular matioreases at the expense of
cohesive forces causing resistance to flow. Theeefihe viscosity of liquids is found
to decrease by 1 to 2 per cent for each degreefrisenperature.
4.5.3.2 Determination of viscosity

The apparatus used for determination of viscanithe laboratory is knwon as
Ostwald’s viscometer. A simple form of Ostwald asweter is shown in fig 4.14, the
left- hand limb is essentially a pipette with twalibration marks A and

Fig 4.14 Ostwald viscometer
B. A length of capillary tube joins the pipettetib@ bulb D in the right-hand limb.

A definite volume of liquid (say about 25 ml) isyred into the bulb D with a
pipette. The liquid is sucked up near to the tophef left-hand limb with the help of
rubber tubing attached to it. The liquid is theleased to flow back into the bulb D. the
time { to flow from A to B is noted with a stopwatch. Ththe apparatus is cleaned
and the experiment is repeated with water takinguakhe same volume. The time of
flow of water t from A to B is recorded. The density of the liquichnd that of water
dw are determined with the help of density bottlee Thlative viscosity is calculated
from the expression

Nw = di/dutz

where isn is coefficient of viscosity of the experimentaduid andny is the
coefficient of viscosity of water. Knowing the valof coefficient of viscosity of water
nw at the temperature of experiment, the absoluteosisy coefficienty of the given
liquid can be found.

UTTARAKHAND OPEN UNIVERSITY Page 55



PHYSICAL CHEMISTRY- | BSCCH-103

4.5.3.3 Viscosity and chemical constitution

As you know viscosity is largly due to intermoléuattractions which resist
the flow of liquid. Therefore some sort of relasbip between viscosity and molecular
structure should be there. Viscosity is also depahdn the shape, size and mass of the
liquid molecules. The following general rules hdezn discovered.

(i) Dunstan Rule:

Dunstan in 1909 showed that coefficient of visgogi and molecular volume
(d/M) were related as  d/Mnx10° = 40 to 60

This expression holds only for normal (unassodiaté&quids for associated
liquids the value is much higher than 60. For exantipe value for benzene is 73 and
for water it is 559 and for ethanol it is 189. Thiwows benzene is a normal liquid while
water and ethanol are associated liquids.
(i) Molar Viscosity:

The product of molar surface and viscosity is tetrae molar viscosity. That is

molar viscosity = molar surface x viscosity

= (M/d¥3 xq

Thorpe and Rodger (1894) found that molar viscosityn additive property at the
boiling point. They worked out the molar viscosttgntributions of several atoms (C,
H, O, S, etc) and groups. From these, they cakedltte molar viscosity of liquid from
its proposed structure. By tallying this value wiitle experimental one, they were able
to ascertain the structure.
(i)  Rheochor:

Newton Friend (1943) showed that if molecular woéu(M/d) be multiplied by
the eighth root of the coefficient of viscositygitves a constant value [R], it is termed
as Rheochor

M/d xn¥®=R
Like parachor, rheochor is both additive and couistie property.

4.6 REFRACTIVE INDEX

4.6.1 Definition
When a ray of light passes from air into densediora say a liquid, it is
bent or refracted towards the normal. The ratithefsine of angle of incidence and the
sine of angle of refraction is constant and charatic of that liquid. This is known as
Snell's law.The constant ratio n is called refractive index othe liquid and may be
written as
sini/sinr=n
The ratio of sines of the angles of incidence @aithction is identical with the
ratio of the velocity of light in two media.
Thus n=sini/sinr = velocity in air
velocity in liquid
when a ray of light passes from a rarer to denssdimm it can be shown form law of
refraction that

gini n2

sim ni nl is refractive index of rarer medium

UTTARAKHAND OPEN UNIVERSITY Page 56



PHYSICAL CHEMISTRY- | BSCCH-103

n2 is refractive index of denser medium

Normal
I
: Incident ray
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Refracted ray !
Fig 4.15

4.6.2 Determination of refractive index

The instruments used for determining refractivadein are known as
refractometers.

Pulfrich-refractometer:

This refractometer is very accurate and simple iimgple. It is indicated
diagrammatically in fig 4.16. The main part of thetrument

"

l¢—— GLAss CELL

- e o = -

A MOINCCHROMAT

i Li@uid
LIGHr  ~

cELESC PE

Fig 4.16The optical system of Pulfrich refractometer
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is a right angled glass prism with a small glast @@nnected to its top. The liquid
under examination is placed in the cell and a beamonochromatic light is made to
enter the liquid at an angle of%@long the surface between the liquid and the prism
the telescope is moved to make an angle with thiedrdal which is less than i no light
can reach it. At this angle i a sharp boundary betwa dark and a bright field can be
seen through the telescope.

For a ray of light passing from the liquid inteetprism, if r be the angle of
refraction when the angle of incidence i$ 9@ have alredy stated that sin r & m,

Where n is the refractive index of the liquid angias that of glass prism. It is also clear
to you from the fig 4.16 that

sini/sin (90-N=p ... (2)
or sini/cosr =N (3)
or cosr =sinilm L 4)

But sin r =V(1-co<r)
substituting the value of cos r in equation (4)
we get

sin r =V(1-sirfiln®) e, (5)
From equation (1) we get

M =rmsinr
=n,2-sirfi

If the refractive index nof the glass is known and angle i is measurethe

refractive index nof liquid can be calculated.

4.6.3 Refractive index and chemical constitution

Lorenz and Lozentz (1880) purely from theoreticahsiderations derived the
following relation for refracting power of substanc

R-r~-1,1 ... 1)

f+2 d
where R is specific refraction, d the density anthenrefractive index. The value of R
was constant at all temperatures.
Molar refraction:

It is defined as the product of specific refrastiand molecular mass. Thus
molar refraction is obtained by multiplying equatid) by molecular mass (M).

Ru- -1 , M 2)

A+2  d

The value of molar refraction is characteristiadubstance and is independent
of temperature. Since it depends on wavelengtlgbf,Ithe values of molar refraction
are generally reported for D-line of sodium.

Molar refraction R is an additive and constitutive property. The mola
refraction of a molecule is thus a sum of the dbations of the atoms (atomic
refraction) and bonds (bond refraction). From theesved value of [r of appropriate
known compounds, the atomic refractions of difféerelements and bonds have been
worked out.
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Carbon C 2.418 3-membered ring 0.710
Hydrogen H 1.100 4- membered ring 0.480
Chlorine CI 5.967 6- membered ring 0.15
Bromine Br 8.861 O in OH group 1.525
lodine | 13.900 O in C=0 group 2.211
Double bond 1.733 O in ethers 1.64
Triple bond 2.398

Table 4.1 some atomic and bond refractions

Now we will have some examples for you to illusgrahe use of molar
refractions in elucidating molecular structure

Benzene :

The molar refraction of benzenegtds) on the basis of much disputed Kekule

formula may be calculated as:

I

H’k\?/ﬂ'\H

Kekule formula

6C = 6x2.591 = 15.546
6H = 6x1.028 =6.168
3C=C = 3x1.575 =4.725

One 6 Cring
Total Ry

=-0.150

= 26.289cmmole’

The observed value of\Rfor benzene is 25.93. this is in good agreemetit wie
calculated value. Hence the Kekule formula for leeezis supported.

Now let us take the example of ethyl alcohol §CH,OH). Its refractive index
is 1.3611 and its density is 0.7885 g triTthe molar mass of ethyl alcohol is 46. The
molar refraction can be calculated from the formalad the value comes out equal to

12.9105 crimor™,
Let us compute now the value of molar refractiemg the values from table

4.1.

Contribution of 6 hydrogens
Contribution of 2 carbons
Contribution of O in OH group

Total contribution
This value is in close agreement with the valuewated above, therefore the correct

structure of ethyl alcohol is

=6x1.028 = 6.168
= 2x2.591 =5.182

= 1.525

12.875 émol*!

UTTARAKHAND OPEN UNIVERSITY

Page 59



PHYSICAL CHEMISTRY- | BSCCH-103

H H
| |

H—C— C— OH

| |
H H
(i) Optical exaltation:

A compound containing conjugate double bonds (C=C)Xhas a higher
observed value of \rthan that calculated from atomic and bond refoasti The molar
refraction is thus said to be exalted (raised)Hsy gresence of conjugate double bond
and the phenomenon is called optical exaltation.example, for Hexatriene
CH,=CH GH=CH CH=CHthe observed value ofyRs 30.58 crfimole* as against
the calculated value 28.28 ¢mole™.

If present in closed structure as benzene, th¢ugated double bonds do not
cause exaltation.

4.7 LIQUID CRYSTALS

4.7.1 Definition

There are certain solids which on heating undengogsharp phase changes one
after the other. They first fuse sharply yieldingbid liquids and again equally sharply
at higher temperature yielding clear liquids. Thebanges get reversed on cooling at
the same temperature. The turbid liquid show aropgt i.e. they have different
physical properties from different directions. Asti®py is particularly seen in the
optical behaviour of liquids. In an anisotropic stamce, the physical property are
different in different direction. On the other hatrde liquids are isotropic ie same
physical properties in different directions. Assatropic properties are associated with
crystalline state, the turbid liquids are knowrliqsid crystals.

This liquid crystal term, however, is not satistag since the substances in this
state do not have properties of crystalline statgually, they are more like liquids in
having properties like mobility, surface tensiotscesity etc. Amongst other names
that have been suggested are crystalline liquidsaamsotropic liquids, but these are
also not satisfactory. The term mesomorphic staeafing intermediate form)
probably fits best. But, the older term liquid dglscontinues to be used even in the
present day literature.

Substances which show the above behaviour arellpyss@me long chain
organic molecules either terminating in groups sastOR, -COOR or having groups
like —C=N-,-N=NO-,-C=C- in the middle. The firstlmbshowing this peculiar property
was discovered in 1888 was cholesteryl benzogte@OOG;H4s. It fuses sharply at
145°C to form turbid liquid and on further heating ches into clear liquid at 198. If
we cool, the above changes are reversed i.e.|¢he lquid when cooled first changes
into turbid state at 178 and then into the solid state at 4@5

Later on, p-azoxyanisole and p-azoxyphenetone ¥eened to exhibit the same
properties. In 1991 P.G. De Genees, a French phisgiot the Nobel Prize in Physics
for contribution to liquid crystals and polymers.
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p-cholesteryl benzoate(pch) P85 p.c.b. 178 p.ch.

Solid N\ uig crystal N liquid

Solid Liquid Lo
qui Liquid

state crystal state

One such substance that forms liquid crystal iggxganisole (Fig 4.17)

Fig 4.17 p—OzosyanisoIé

4.8 STRUCTURE OF LIQUID CRYSTALS

In a liquid the moleucules have random arrangeraadtthey are able to move
fast each other. In a solid crystal the molecubagehan ordered arrangement and are in
fixed positions. In a liquid crystal, however, mulées are arranged parallel to each
other and can flow like a liquid:hus liquid crystals have the fluidity of a liquid and
optical properties of solid crystals.

Accordingly to their molecular arrangement, thguid crystals are classified
into three types
0] Nematic liquid crystals:

in nematic liquid crystals molecules are parakkeketch other like soda straws

but they are free to slide or roll individually.

(i) Smetic liquid crystals:
The molecules in this type of liquid crystals atgoagparallel but these

are arranged in layers. These layers can slidegaast other (Fig 4.18).

(i)  Cholesteric liquid crystals:

As in nematic crystals in this type liquid crystélhe molecules are parallel but
arranged in layers. The molecules in successiversagre slightly rotated with respect
to the layers above and below so as to form sgiratture.

R

Nematic liquid crystal Smetic liquid crystal
Fig 4.18
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Application of liquid crystals:

On account of their remarkable optical and eleatrproperties, liquid crystal
found several practical applications. Some of ttasegiven below.
Number display:

When a thin layer of nematic liquid crystal is gddetween two electrodes and
an electrical field is applied, the polar molecwdes pulled out of alignment. This cause
the crystal to be opaque. Transparency returns \ehemtrical signal is removed. This
property is used in the number displays of digitadtches, calculators, and other
instruments.

Monitoring body temperature:

Like the solid crystals, liquid crystals can dit light. Only one of the
wavelengths of the white light is refracted by tirgstal which appears coloured. As
the temperature changes the distance between ybeslaf molecules also changes.
Therefore the colours of the reflected light changerrespondingly. These colesteric
liquid crystal undergoes a series of colour changés temperature. These crystals are
used in indicator tapes to monitor body temperaturéo spot areas of overheating in
mechanical systems.

4.9 SUMMARY

In this unit you have studied liquid state in detdarious properties of liquids
such as vapour pressure, surface tension, viscasitly refractive index have been
discussed and also their usefulness to elucidatimigcular structure.

The difference between liquid, liquid crystal asadid state have been discussed
and also liquid crystal in detail.

Thought the study of the parachor, molecular viggomolar refraction etc. Are
useful in elucidating molecular structure of compas, but they give some rough idea
about molecular structure. Mass Spectra, |.R., NM& the latest methods/techniques
for elucidating molecular structure of organic caupds accurately.

4.10 TERMINAL QUESTIONS

(A)  Multiple Choice Questions:
1. The reciprocal of viscosity is known as:
(a) Anti viscosity (b) intrinsic viscosity
(c) Reduced viscosity (d) Fluidity
Ans (d)
2. The molecules which have partial positharge at one end and partial negative
charge at the other are called:
(a) ion pairs (b) charged molecules
(c) dipole (d) electric molecule
Ans (c)
3. With the rise of temperature the surface tensioa lajuid:
(a) Increases (b) decreases
(c) remains the same (d) none of the above
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Ans (b)
4. The unit in which surface tension is measured is:
(a) dyne cm (b) dyne €m
(c) dyn& cm (d) dyriecmi*

Ans (b)
5. Which of the following liquids has maximum viscgsit
(@  water (b) ethyl alcohol
(c) Acetone (d) glycerine

Ans (d)
6. Small droplets are spherical in shape. It is due to

(a) High viscosity
(b) their tendency to acquire minimum surface area
(c) Less viscosity
(d) their tendency to acquire maximum surface area

Ans (b)

(B) Short Answer Questions:

1. Define surface tension. What is its unit?
2. How does vapour pressure varies with temperature
3. Explain why
(i) Drops of liquids are spherical in shape.
(i) At the boiling point, the temperature of ligudoes not rise
although it is being heated.
(i) Glycerol is more viscous than water.
4. Write a note on specific refraction.
5. Write a note on liquid crystals.
6. Explain the term viscosity of a liquid.

(C) Long Answer Questions:

1.

5

Define the terms surface tension and surfaerggn Discuss capillary rise
method for determination of surface tension inlé®ratory.
What are liquid crystals? How are they clasd?i How would you account for
turbidity observed in liquid crystals? What are tises of liquid crystals?
Why do you use the same viscometer for theidicand water during the
experimental determination of the viscosity of thigquid by Ostwald
viscometer? Describe the experiment.

Write a note on parachor. How parachor is usefuelucidating molecular

structure of compounds at %D toluene rises 1.95 cm in the capillary tube of

radius of 0.3412 mm. Calculate the surface tensiotoluene. The density of
toluene at 2fC is 0.866 cc
Hint : use the formula= hrdgdynes/c
2

. (@) Define viscosity of a liquid. What is theesft of temperature on

viscosity?
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(c) Water passes through a viscometer in 30 secondstaadol in 175 seconds at
20°C. If the density of water is 0.998g/&ndensity of ethanol is 0.790g/2mnd
viscosity of water is 0.01008 poise, calculateviseosity of ethanol.

(Hint : use formulan =n,dt/dwt,
ans 0.01747 poise)

6. Write notes on the following

(a) Vapour pressure

(b) Optical oxaltation

(c) Ramsay- Shields equation
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UNIT 5: SOLID STATE

CONTENTS:
5.1 Objectives
5.2 Introduction
5.3 Definition
5.4 Definition of space lattice and unit cell
5.5 Laws of crystallography
5.5.1 Law of constancy of interfacial angle
5.5.2 Law of rational indices
5.5.3 Law of symmetry
5.6 Symmetry elements of a Crystal
5.7 Lattice sites and coordination number
5.8 X-ray diffraction of crystals
5.8.1 Bragg’s equation
5.8.2 Rotating crystal method
5.8.3 Powder Method
5.9 Structure of crystal system NaCl, KCl and CsClI
5.10 Born Haber cycle
5.10.1 Lattice energy
5.10.2 Definition
5.11 Summary
5.12 Terminal Questions

5.1 OBJECTIVES

In gaseous state you have studied théimal energy is much greater than the
forces of attraction then we have matter in gasetate. Molecules in gaseous state
move with very large speeds and because of veryl satteaction forces, the gas
molecules move practically independent of one aroth

In the liquid state the forces of attraction areager than the thermal energy.
You have also studied that molecules in liquid estito have kinetic energy, they
cannot move very far away because of the largarefoof attraction amongst them.
Because of this property, liquids have definiteumoé, but they do not have definite
shape. Liquids also resemble gases in their aliditflow. Gaseous and liquid states
are, therefore, both classified as fluids.

Out of the three states of matter, solids areasttarised by incompressibility,
rigidity and mechanical strength.

The molecules, atoms or ions in solids are clopabked.

5.2 INTRODUCTION

It is clear to you now that intermolecular attractis minimum in the gaseous
state and this disappears completely when thenga®eal. The interaction is stronger in
liquids and is strongest in solids. Thermal motiohthe molecules increases or
decreases by raising or lowering of temperature. ditractive interaction between the
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molecules tries to keep them together and the thlemmotion is opposed to that. Hence,
it is possible to change a substance from one dtatanother by changing its

temperature.

A true solid possesses the following charactesstic

(@) A sharp melting point

(b) A characteristic heat of fusion

(c) General incompressibility

(d) A definite three-dimensional arrangement

Hence solids are characterised by high densitylawdcompressibility compared to

those of the gas phase. In solids, atoms, ionsmaolécules are held together by
relatively strong chemical forces- ionic bond, dew bond, or by intermolecular von

der Waal's forces. They do not translate althougdytvibrate to some extent on their
fixed positions. This explains why solids are rigitd have definite shape.

5.3 DEFINITION

Solids can generally be classified into two broatégories:

() Crystalline solids

(i) Amorphous solids
A crystalline solid exists as small crystals, eaulystal having a characteristic
geometrical shape. In a crystal, the atoms, maéscal ions are arranged in a regular,
repeating three-dimensionl pattern called the atyattice. examples are sugar, salt etc.
An amorphous solid has atoms, molecules or iorenged at random and lacks the
ordered crystalline lattice. Examples of amorphsnigls are rubber, plastics and glass.
In their disordered structure, amorphous solidsegarded as supercooled liquids with
high viscosity. The liquid nature of glass is sames apparent in very old window
panes that have become slightly thicker at theobotlue to gradual downward flow.
Anisotropy and isotropy:

Amorphous substances differ from crystalline solasl resemble liquids in
another important aspect. Their properties suchelastrical conductivity, thermal
conductivity mechanical strength and refractive exdare same in all directions.
Amorphous substances are said to isotropic. Ligaidd gases are also isotropic.
Crystalline solids on the other hand are anisotiopecause their physical properties
are different in different directions. For examfhe velocity of light through a crystal
varies with the direction in which it is measurd&thus, a ray of light enter such a
crystal may split up into two components each feilg different velocity. This
phenomenon is known as double refraction. This lmarshown in fig 5.1 in which
simple two-dimensional arrangement of
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Fig 5.1 Anisotropy in crystals is due to differenarrangement of particles in

different directions
only two different kinds of atoms is depicted ietproperties are measured along the
direction indicated by the slanting line CD, theyl Wwe different from those measured
in the direction indicated by the vertical line ABhe reason is that while in the first
case, each row is made up of alternate types aisgtn the second case; each row is
made up of one type of atoms only. In amorphougdisoltoms or molecules are
arranged at random and in a disorderly mannerthedgfore all directions are identical
and all properties are alike in all directions.

5.4 DEFINITION OF SPACE LATTICE AND UNIT CELL

Crystals are bound by surface which is usuallynpés. These surfaces are
called faces and where two faces intersect an edfgrmed. The angle between the
normals to the two intersecting faces is the iaigdl angle or the angle between any
two faces is called interfacial angle. Although #iee of the faces or even shapes of
crystals of one and the same substances may vatglywivith the condition of
formation or other factors, yet the interfacial kesg
between any two corresponding faces of the crystatain invariably the same
throughout. This is shown in fig 5.2. Now it is ateto you that although the external
shape is different yet the interfacial angles heesame.

v

oot

Fig 5.2 Constancy of interfacial angle
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Space lattice

Rather than drawing the entire pattern, it is more convenient to represent
the unit of pattern by a point. Each point therrespnts the position of an atom, ion,
molecule or group of ions and molecules. The reghi@e-dimensional arrangement of
identical points in space gives rise to what isvkna@as space lattice or crystal lattice
(Fig 5.3) the positions occupied by the particleshie space lattice are called lattice
sites or lattice points.

Unit cell:

It is defined as “the smallest geometrical port@inthe crystal, which when
repeated in three dimensional, would generate ¢heptete crystal”. Each unit cell, in
turn, must be constituted of atoms, molecules os,i@s the case may be and arranged
to give the particular geometrical configuratiortloé crystal.

Z
/ :
Fig 5.3 Space latice

Unit cells are of following types;

(@) Simple or primitive unit cell (P): The simplest unit cell which has the lattice
points at the corners is called a simple or priitinit cell. It is denoted by P.

(b) Non primitive or multiple unit cell: When unit cell contains more than one
lattice points, it is called non primitive or muplé unit cell. It is further divided
into the following three categories:

() Face centred unit cell (F):
When a unit cell, besides the points present atdneers of the unit cell,

N

1 ’
b b b S A
Simple cube Body-centred cube Face-centred cube
(a) (b) (c)

Fig 5.4 Three cubic unit cells
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There is one point at the centre of each faces dalled face centred arrangement or
face centred unit cell. It is denoted by F.
(i) Body centred unit cell (1):

When in a unit cell, besides the points atabrners of the cell, there is one point at
the centre with in its body, it is called body-aedtarrangement or body-centred with
cell. It is denoted by I.

(i)  Side centre or end face unit cell:

When in a unit cell, besides the pointshat torners of the cell, the points are
located at the centre of any two parallel facethefunit cell, it is called side-centred or
end face unit cell. It is denoted by c.

5.5 LAWS OF CRYSTALLOGRAPHY

There are three laws of crystallography which deigth the interfacial angles
and the rational indices.

5.5.1 Law of constancy of interfacial angle

The crystal may be smaller or bigger in size aray rbe prepared by any
method, but the interfacial angles are always émees
5.5.2 Law of rational indices

Now it will be clear to you that crystal latticersists of unit cells arranged in
parallel planes. Thus each crystal plane lies [gdra the crystal face as also to the
unit cell face. These planes cut the three axasyatwe three crystallographic axes (ox,
oy, 0z), Hauy proposed that a given crystal plaoeld be described in terms of
intercepts along the axes. The reciprocals of tisecepts are small whole numbers,
these numbers h,k and | are called Miller indiciterathe name of British Scientist
W.H. Miller. Thus Miller indices of a plane may lefined as the reciprocals of the
intercepts which the plane makes will the axes.

7 z

4} . Ar

i Any other plane

Unit cell plane

nc

+ X

Fig 5.5 A unit cell plane intercepts the axes Any other plane intercepts the axes
to give interests a, b and ¢ to give intercepts equal to la, mb

and nc
For example let us consider a crystal system vhighaxes OX, OY and OZ. In fig 5.4
ABC represents a unit cell surface while LMN in §d depicts another crystal plane
under study
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The intercepts of the unit plane are OA, OB and wWch have the length a,b and c
respectively. The intercepts of the plane undedysare OL, OM and ON. These can be
expressed as multiples of the intercepts a,b,da,emb and nc. Here | m and n are
either integral whole numbers or fraction of whalembers. The reciprocal of these
numbers are written together in brackets (h,k.lyitee the Miller indices of the plane
under study.
To find the Miller indices proceed as follows.

(i) Write the intercepts as multiples of a,b,c sayrlh, nc

(i) Take the reciprocals of I, mand n

(ii)Clear fraction to get whole numbers h,k,|.

(iv) Miller indices to the plane are (h,k,l).

Example: calculate the Miller indices of crystdames which cut through the

crystal axes at

() 2a,3b,c (i) 6a, 5b, 3c

@i a b c (i) a b c
2 3 1 intercepts 6 3 3
Yo 1/3 1 reciprocals 1/6 1/3 1/3
3 2 6 clear fraction 1 2 2
Hence Miller indices are (326) hence Miller indices are (122)

5.5.3 Law of symmetry

Besides the interfacial angles, another imporfaoperty of crystals is their
symmetry. The law of symmetry states that:
All crystals of the same substance possess the skements of symmetry.

Symmetry in crystals may be with respect to a @laa line or a point,
accordingly there are three types of symmetry astat with a crystal.
5.5.3.1 Plane of symmetry

When an imaginary plane can divided a crystal tmto parts such that one is
the exact mirror image of the other, the crystalaisl to have a plane of symmetry.
5.5.3.2 Axis of symmetry

An axis of symmetry is a line about which thestay is rotated such that

it presents the similar appearance more than oagagicomplete rotation i.e. rotation
through an angle of 3600. Depending upon its natugystal may have 2-fold, 3-fold,
4-fold or 6-fold axes of rotation.

Four-fold axis Two-fold axis Three-fold axis Six-told amiz
] L]
' I .
=0 ™
Al Ll

4

s & == —
TTl & 7 iia
&> > o oo

' ;
fr2) (b)) fe) fed)

Fig 5.6 various axes of symmetry
For example in the case of a cube, an axis pag&n@endicularly through the
centre is such that when the cube is rotated isgmes similar appearance in three
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rotation of 98 each and the same appearance after the fourtiiorptauch an axis is
called a four-fold or tetrad axis (fig 5.6(a)).tife same similar appearance is repeated
after an angle of 18pthe axis is called two-fold or diad axis (fig &J. In the same
way, if the same or similar appearance is repeaftt an angle of 18pthe axis is
called a three-fold or triad axis (fig 5.6(c)).thfe same or similar axis is repeated after
an angle of 69 as in the case of a hexagonal crystal, the axdalled six-fold or hexad
axis (fig 5.6(d)). In general, if the same or samihppearance of a crystal is repeated on
rotation through an angle of 360/n, around an imayi axis, the axis is called an n-

fold axis.

<«— 100, 110 and 111 planes
of a crystal

100 plane 110 plane 111 planes

€
. Axis of Point of
symmetry symmetry

Fig 5.8 three cubic unit cells
5.5.3.3 Centre of Symmetry
It is a pound at the centre of the crystal so &mt line drawn through it will meet the
surface of the crystal at equal distance on egluk.
It may be pointed out that a crystal may have nurobglanes or axis of symmetry but
it has only one centre of symmetry.

5.6 SYMMETRY ELEMENTS OF A CRYSTAL

Any crystal or any molecule of the crystal will lemgome combinations of symmetry
elements. These combinations of symmetry elemeatkreown as point groups. These
points groups are called classes or systems.

<( No Cvystal F‘a"ﬁ‘m R‘%;;L*"u Anglcs Eramfrlas

R Cubic a=b=c L=P=Y= 90° ratl , csce, caf | cap
2t arbeic L=P=7290"  K.Ptck Phwo, Nrge,)
3 Oxtherhembic a# b+#c A= p="=a0° l<1$04_,k~%, Basog

4 Rhombohedral a=b=c L=p =Y'¥ G0° Cacoy, warvo,

5 Hexagomal  a=bitc  2=P=9CYERE  Agl, Hys, sic

£ Momoclinic  a#bic  L=p=e0 Y#n  Casgamo, Keto,

T Trelirue d;é b# . AP AY#EG0° CustqsSho, ik, ona,

Table 5.1 seven crystal systems
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A careful study of the geometrical structure ofstays reveals that there are 230
crystal forms, which may be grouped into 32 clas$égse 32 classes in turn may be
referred into to seven crystal systems. These

]
o}
5}

a a
= a = b
Cubic Tetragonal Orthorhombic
a =
a a / Q = a
a
Rhombohedral Hexagonal Monoclinic

Triclinic

Fig 5.7 seven crystal systems
Crystal systems differ in length of the unit celges (a, b and c fig 5.1) and the
angles between the unit cell edges.

5.7 LATTICE SITES AND COORDINATION NUMBER

From the above discussion it may be clearly undedsthat it is possible to
have lattice sites other than the corners of themgrical patterns. In fact for the
simplest lattice system, i.e., the cube, there nhay three possibilities. These
possibilities are named as ‘simple cubic’, ‘bodytced cubic’ and ‘face centred cubic’
depending upon the lattice sites being disposespate in a manner that a particle is
situated at any of these is surrounded in an ideinthanner by other particles of the
lattice. In the simple cubic lattice, fig 5.6(ahet particles are occupying only the
corners of the cube. The body centred cubic lafigc®.6 (b) has particle at the centre
of the cube in addition to the four occupied
corners. But in face-centred cubic lattice fig &pthere is one lattice site at each of the
six faces of the cube apart from the four cornissi
Let us now calculate the number of particles, atomions
() In simple cubic unit cell one particle is situat#tdeach corner and there are eight
corners in the unit cell. So each corner atom &egh by 8 unit cells, hence share
of each unit cell is one-eighth. Thus number oftipkas in one unit cell is, z
=1/8x8=1 particle.

(i) In body centred cubic unit cell, 8 particles ateisied at 8 corners and one particle
at the centre of the cube. As each corner is shHayezght unit cells, so sharing of
8 corners=8x1/8=1 particle. One particle in theteewof the unit cell and hence
z=1+1=2 particles.

In face centred cubic unit cell, 8 particles ateated at eight corners. So their share is

8x1/8=1 particle. One particle is situated at thate of the 6 faces which is shared by

2 unit cells. So, the share of 6 faces=6x1/2=3igdast So z =1+3=4 particles.
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Coordination number

Coordination number or legancy is defined as thmlmer of particles immediately
adjacent to each particle in the crystal lattice.

If you carefully examine a given space latticesimple cubic lattice each particle is
adjourned by six other particles and so the coattéthn number of simple cubic system
is six. The coordination number of body-centredicystem is eight and that of face-
centred cubic system is 12 respectively.

5.8 X-RAY DIFFRACTION OF CRYSTALS

You know that when x-rays were first investigatprhblem arose of measuring
their wave length. It is a well known fact that,light is allowed to strike a surface
consisting either of a series of edges or linesepalosely enough to be of the same
order of magnitudes as that of the wavelengthgsft]ithe beam of light is diffracted.
And the various radiations are dispersed into es@f spectra known as, first, second,
third etc. order of spectra. Further, there is rdtfi relation between the angle of
diffraction, the wavelength of radiation and thaapg of the lines on the ruled grating.
Since x-rays are of the same nature as light, aukhbe theoretically possible to
determine the wavelength of this radiation in taene way. However it is impossible
by any mechanical means to rule a grating as finihat required, namely one with®10
lines per centimeter. For this purpose Laue (1%lR)gested that crystal can act as
grating to x-rays as wavelength of x-rays is corapby to the interatomic distance.
When a beam of x-rays is allowed to fall on a @alsa large number of images of
different intensities are formed. If the diffractegves are in the same phase, they
reinforce each other and a series of bright spe@seoduced on a photographic plate
placed in their path. On the other hand, if théraidted waves are out of phase, dark
spots are caused on the photographic plate (fig BrBm the overall diffraction pattern
produced by a crystal, can arrive at the detaiddrination regarding the position of
particles in the crystal.

5.8.1 Bragg's equation

Bragg’s pointed that the scattering of x-rays bystal could be taken to be
equivalent to reflection from successive planestoins in the crystal. However the
reflection of x-rays can take place only at certaimgles which are dependent on
wavelength of the x-rays and the distance betwéenplanes of the crystal. The
fundamental equation which gives a simple relatietween the wave length of x-rays,
the interplaner distance in the crystal and thdeaofjreflection is known is known as
Bragg’s equation. This equation can be deridedimas.
The horizontal lines represent parallel planeséedrystal structure separated from one
another by a distance d. suppose a beam of x-reydent at an angle falls on the
crystal. Some of them will be reflected from uppestnplane at the same angle, while
the other will be absorbed and get reflected frantsssive planes, as shown in
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Grating Emergent rays Re-inforcement
1 in phase (Bright spot)
2 TN Ny

Incident X-rays

YYVYVYY

Emergent rays "
out of phase Cancellation

NN (Dark area)
AN NN ¢

Fig 5.8 diffraction patterns produced by crystals
Let the planes ABC and DEF drawn perpendiculah&itcident and reflected beams,
respectively. The waves reflected from differenanas will be in phase will one
another only if the difference in the path lengthtbe wave reflected from the
successive planes is equal to an integral numbeaeélengths. Drawing perpendicular
OL and OM to the incident and reflected beamsi,ilithve seen that the path difference
in the wavelength, sayof the wave reflected from the first two planegiigen by

6=LN+NM ... Q)

This should be equal to a whole number multiplevatelength
A ie.

m=LN+NM (2

Since the two triangle ONL and ONM are congruentNWi

M= 2LN=2dsi®  ............ 3)
Equation (3) is known as Bragg’s equation.
For a given set of lattice planes, d has a fixddeva
Therefore possibility of getting maximum diffraatiqi.e., the possibility of getting
reflected waves in phase with one another) depepds®. If 0 is increased gradually,
a number of positions will be found at which théieetion will be maximum. At these
positions, n will have values 1,2,3,4...etc. gelhgrain experiments on Xx-ray
diffractions, any set as equal to 1.Alfin known, it is possible to determine d, the
distance between atomic planes in the crystal bgraening6 experimentally. Thus if
d is knownk can be calculated.
Measurement of diffraction angle:

The x-ray diffraction techniques used in the stoflgrystals are of two types
known as rotating crystal method and powder metBadh these techniques make use
of the x-ray spectrometer, the setting of whichtf@ former technique is shown in Fig
5.8.

Q= mmm e
¢

{

(%
r Q:
<<

Fig 5.9 x-ray diffraction by crystals
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5.8.2 Rotating crystal method

x-ray generated in the tube T are passed thraugllt so as to obtain a narrow
beam which is then allowed to strike a single @ly& mounted on the turn table. The
crystal is rotated gradually by means of the taipleé so as to increase the glancing
angle at which x-rays are incident at the exposese of the crystal. The intensities of
the refracted rays are measured on a recordinge@vi The recording device may be
either a photographic plate or an ionisation chambke angle for which reflections
are maximum give the value 6f The process is carried out for each plane of the
crystal. The lowest angle at which maximum refl@etoccurs corresponds to n=1. This
is called first order reflection. The next highergke at which maximum reflection
occurs again, corresponds to n=2. This is secaher aeflection, and so on.

P A R
+
Target 1
Focussin,
slit
5 (o .
T o !
s Turn |
alh table |
Crystal Sample

X-ray tube planes crystal !
|
1

Fig 5.10 Rotating crystal method
5.8.3 Powder Method
Power method is the simplest technique for ohtginé-ray diffraction. It was
first used by P.J.W. Debye and P. Scherer. Instédadking a single crystal having a
definite orientation to the impinging x-rays, wendake a mass of finely divided crystal
with random orientation

Film

X-ray

beats Powder

specimen
Fig 5.11 The powder method
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This method is better adopted due to its simplieityl versatility. In this method, the
crystal sample is need not to be taken in largentifyabut a little as one milligram of
the material is sufficient for study. The power fact consists of many small crystals
which are oriented in all possible directions. Agsult of this x-rays are scattered from
all set of planes (e.g., 100,110, etc.). The seadteays are detected by using an x-ray
sensitive film. The principle is shown in Fig 58 narrow beam of x-rays is allowed to
fall on the powder. The diffracted x-rays striketap of photographic film arranged in
the form of circular arc, as shown in the Fig 5.11.

In this method no rotation is necessary since tbeder sample already contains
microcrystal arranged in all possible orientatiodence, a large number of them will
have their lattice planes in correct positionsrfaximum x-ray reflection to occur. As
a result of this we get lighted areas in the forrai@s of lines at different distances
from the incident been as shown. These distancesbeaconverted into scattering
angles to be used in the Bragg’s equation for iiffeplanes of crystals.

5.9 STRUCTURE OF CRYSTAL SYSTEM NaCl, KCIl and CsCl

Structure of NaCl crystal

The ionic crystal of NaCl is shown in Fig 5.12.cBasodium ion is surrounding
by six chloride ions and each chloride ions is @unded by six sodium ions. The
maximum intensity of reflection occurs at the giagcangle of 5.8 8.4 and 5.3 for
100, 110 and 111 planes, respectively for firseoréflection.

Fig 5.12 Structure of NaCl crystals

We know that,
M= 2dsir®

1 singd
or ==

d al
Therefore for a particular order of reflection
d al/sin®
If only first order reflection are considered than,
diog:th1g: i = 1/sin5.8: 1/sin 8.4: 1/sin 5.2
=1/0.103: 1/0.146: 1/0.091
=1:0.704:1.155
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For face-centred cubic system the planes can Is2@dkrough the atom having
Miller indices 100, 110 and 111 at the relativecipg a/2:a/22: a3
So dogdiigdinr = a/2:a/2/2:a/\/3
=1:0.707:1.154
This ratio is almost identical with the ratio wevkacalculated from
experimental observations. Hence NaCl crystalde4f@entred cubic system.

Structure of KCI crystal

On investigating the KCI crystal ,the maximum refien of x-rays,
corresponding to first order reflections are obsdrio occur at the glancing angles of
5.3¢, 7.6 and 9.38 for (100),(110) and (111) faces, respectively,

Therefore,

diog:th1g = 1/sin 5.381/sin 7.62:1/sin 9.38

= 1:0.704:0.575

For the simple cubic system the planes can be pgasssugh the atoms having
Miller indices (100),(110) and (111) and the relatspacing for the unit cell is
a:aN2:aN3

So d.00:d110:d111: 1:0.707:0.577

Therefore, KCI crystal has a simple cubic lattice.

Potassium Chloride is isomorphous with sodium ctéor The explanation for this
apparent anomaly is very simple and can be explaore the basis that the x-rays
scattering power for an atom or ion is governedthy number of extra-planetary
electrons. viz. atomic number.

The atomic numbers of potassium (K=19) and chlo(@k=17) are not very
different and the x-rays are unable to detect affgrdnce between the two kinds of
atoms. If we imagine all the atoms to be identigalis evident that face-centred
arrangement has become a simple cubic arrangefieistis the reason for the KCI
spectrum corresponding apparently to the simplecdalttice. With KCI, the structure
is face-centred, but the face-centred charactesisiie marked by the fact that the two
types of atoms composing the substance have n#elpame atomic numbers and
atomic weights (K=39, CI=35.5). But in the case saidium chloride the atomic
numbers differ considerably (Na=11, CI=17), and their scattering powers are
different and hence the true structure as two peteetrating face-centred lattices
become apparent. It is only the (111) face spewafn&ch allows us to distinguish
between the simple cubic lattice and the face-edntubic lattice.

Structure of CsCl crystal
Cesium chloride, CsCl, has a body centred cubicgire. In its crystal lattice, each

N

Fig 5.13 Cesium chloride crystal lattice
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Cs' ion is surrounded by 8 Tions and its coordination number is 8. The valfie o
distance between €#on and Clion as determined by Bragg's spectrometer is 3410
Fig 5.11.

Thediamond lattice consists of a series of atoms, each of whichdsgd between four
neighbours. The latter occupies the angular pahts regular tetrahedral, while atom
under consideration lies in the centre. The typstfcture runs throughout the crystal.
The C-C bond distance is 0.154 nm. The whole ktig continuous Fig 5.14. The
diamond crystal is regarded as giant molecule. difystal is very hard because the
covalent links runs without a break throughoutwhmle crystal. The crystal can be cut
only by breaking the covalent links. High meltingiqt can also be explained by stating
that the atoms are very firmly attached within ¢hgstal.

Fig 5.15 crystal structure of diamond

Though diamond and graphite are both covalent @ls/sThe great difference between
graphite and diamond can be understood in termteftrystal lattice. Graphite has
hexagonal networks in sheets like benzene rings. diktance between atoms in the
plain is 142 pm but the distance between theseiatt@yer planes is 335 pm. In two
directions the carbon atoms are tightly held adgiamond, but in the third direction, the
force of attractions appreciably less. As a reso# layer can slip over the other. The
crystal are flatty.
Examples:
Q.1 At what angle§(will x-rays of wavelength 1.542x%8m, be reflected by plains

separated by 3.5xTfm.

Solution:
From Bragg’'s equation 2dsiani
sirb=n\/2d
o=sinnn/2d
6= sin* 1x1.542x10%2x3.5x10"°
=12.78 ans

Q.2 Metallic gold Au=197 is face centred cubidita. Calculate (a) how many
atoms occupy the gold unit cell and (b) what isriteess number of a gold unit
cells.

Solution:
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Corner atom is shared by 8 unit cells, hence sbhame unit cell is 1/8, for 8 corners
1/8x8=1 atom
There are six faces, each contain 1 atom and siame unit cell is ¥2 and for six faces

}x 6=3 atoms

So 1+3=4 atoms occupy the gold unit cells.

molar mass

Mass of gold atom =

Avagadre number

= 197g/mole/6.022xFBAu atoms/mole x1/4

= 8.178x13%gans
Q.3 Diffraction angle @=16.8. for a crystal having interplaner distance in ¢tngstal
is 0.400mm when second order reflaction was obse@alculate the wavelength
of the x-rays used.

Solution:
Given that n=2, d=0.400nm = 0.4x30, 2=16.8 , s00=8.4
Now 2dsird=ni

A=2/2x0.4x10xsin8.4m
= 0.4x10x0.146m
=0.584x13m
=0.5844A  ans

5.10 BORN HABER CYCLE

(determination of lattice energy of an ionic crysta
5.10.1 Lattice energy

The positive and negative ions in an ionic cryséaé held together by
electrostatic forces. The bond energy is expregstms of the lattice energy.
5.10.2 Definition

The change in enthalpy (heat change) that occurs enwh
1 mole of a solid crystalline substance is formesht its gaseous ions is known as
lattice energy.

Born-Haber cycle is used to determine the lattinergy of a ionic solid. The
lattice energy of sodium chloride, for example e thange in enthalpyyH?, when
Na" and Clions in the gas phase come together to form 1 wfdNaCl crystal.

Process of obtaining sodium chloride can be obthin the following steps:

(a) Conversion of sodium metal to gaseous atoms (walilbn), energy required for
this sublimation process /H=S
Na(s)  — Na(g)AH=S

(b) Conversion of gaseous sodium to sodium ions bgihgpelectron. Energy required
for ionisation is .
Na(g) —» Nd(g) + €, AH=I

(c) Dissociation of chlorine molecule to chlorine asniEnergy required for this
process ié D as half molecule is dissociated
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> Cly(g) —» CI(g) ,AH=3D

(d) Chlorine atoms gain electron to form chloride ioBeergy released is the electron
affinity E.
Cl(g) +e —» CI(g), AH=-E

(e) Sodium and chloride ions get together and formctiystal lattice. Energy released
in this process is known as lattice energy andjigkto U.

Na'(g) + CI(gg ——— NaCl (s)AH=-U

The enthalpy change for the direct formation ofism chloride for sodium
metal and chlorine is heat of formatiai®. This amount of heat is released in this
process.

Na(s) +:Cly(g) ——» NaCl(s)AH=- AH°
Equating these two we get,
- AH"= S+1+1 D-E-U

AH
/\faﬁ) =Y '% CQL *‘H—’é A:‘c:{L{Lg)J

ot _:rz.-,;, 3
| é‘} L6
Nag) )
- Sep4 ¢leb 5
b2
.‘. .+ g .
Na ) (@ @ — )

Fig 5.16 Born-Haber cycle
The cycle of changes shown in Fig 5.16 is callednBdaber Cycle named after Max
Born and Fritz Haber, who used this method forwdating lattice energies of crystals.
Thus lattice energy U can be calculated from thevalequation.

5.11 SUMMARY

In this unit you have studied details of solid stz general and crystalline state
in particular. You have studied difference betweeystalline state and amorphous
state, the various law of crystallography. The ingnace of Bragg's Equation which
can be used for calculating Avogadro’s number. bietular crystals the forces which
hold the constituents of von der Waals type. Thase weaker because of which
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molecular crystals are soft and having law melpoints example are GOCCl, Ar
and most of the organic compounds.

In ionic crystals forces involved are electrostatind these are stronger.
Therefore, the ionic crystals are strong and likelyoe brittle. The melting points are
high, which decreases with increasing size of idnscovalent crystals, the forces
involved are of chemical nature (covalent bondsjeyl are strong, and consequently
the crystals are strong and hard,
with high melting points examples are diamond,csili, etc. In metallic crystals,
electrons are held loosely and hence they are goaduction of electricity. Metallic
crystals can be bond and are also strong.

5.12 TERMINAL QUESTIONS

(A) Multiple choice questions:
Q.1 Tetragonal crystal system has the following ahdimensions

(@)  a# b#c anda=p=y=90 (b) a=kc anda=p=y=90"

()  a=hktc anda=p=9C, y=120 (d) a=b=c and=p=y=90

ans (b)

Q.2 Inthe crystal of €I, the nearest neighbours of eagi ©n are :

(@) six Clions (b) six " ions

(c) eight Clions (d) six Clions ans (c)
Q.3 The Bragg's equation for diffraction of x-rags

(a) =d sirp (b) n=2d 2=

(c) m=2cf sin® (d) k2 = 2d sino ans (b)
Q.4  Which is incorrect for hexagonal crystal system
(a) a=b=c (b) a=ie
(c) o=p=9C, y=12¢ (d) none of these ans (a)
Q.5 The total number of atoms in a body-centredccuhit cell each:
(@1 (b) 2 (c)3 (d) 4 ans (b)
(B) Short Answer questions
Q.1  Explain the terms anisotropy and isotropy
Q.2  Account for the following:
“Graphite and Diamond are both allotropic formscafbon yet graphite is soft
while diamond is hard.”
Q.3 Why is rotation of crystal is not necessary power method for the
determination of crystal structure?
Q.4  Write a short note on rational intercepts.
Q.5 Define the terms:
() unit cells  (ii) plane of symmetry (iii) law afonstancy of interfacial angle.
(C) Essay type questions
Q.1 Derive Bragg’s equation for diffraction of xysaby a crystal lattice. How is this
equation used in elucidating the crystal structure?
Q.2 (i) Derive the equation 2d g nk
(i) Draw structure of NaCl crystal.
Q.3  Write notes of the following:
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(a) Laws of crystallography
(b) Anisotropy and isotropy
(c) Power method for the determination of crystaicure.
Q.4  (a) Differentiate between crystalline @mdorphous solids.
(b) What is lattice energy? How lattice energy d¢@ndetermined by Born-
Haber cycle?
Q.5 (a) Enumerate various elements of symmetryaiftdc type unit cell.
(b) Draw diagrams to represent:
(i) Face centred cubic lattice.
(i) Body centred cubic lattice.
Source of Study Material
1. Essentials of Physical Chemistry By B.S. Bahl, ABahl, G.D. Tuli
2. Principles of Physical Chemistry by Puri and Sharma
3. Under graduate Physical Chemistry by J.N. Gurtu
Books recommended for further study-
1. Physical Chemisty By Walter J. Moore
2. Elements of Physical Chemistry By B.R. Puri, L.RhaBna & M.S.
Pathania
3. A textbook of physical chemistry By K.L. Kapoor.
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UNIT 6: CHEMICAL KINETICS-I

CONTENTS:
6.1 Objectives
6.2 Introduction
6.3 Chemical kinetics and its scope
6.3.1 Scope of chemical kinetics
6.3.2 Rate of a reaction
6.3.3Units of rate
6.3.4 Factors affecting reaction velocity
6.3.50rder of reaction and molecularity
6.4. Zero, First, Second and third order reactions
6.5 Integrated law for zero and first order reattio
6.6 Rate expression for First order reaction
6.7 Summary
6.8 Terminal Questions

6.1 OBJECTIVES

The chemical reactions can be classified intcofaihg categories on the basis

of their speed:

(a) Fast reactions which proceed at very fast speddtas practically very difficult

to measure the speed of such reactions. Exampfastateactions include

() Neutralisation of acids and bases

(ii) Organic substitution reactions

(i) Explosive reactions of oxygen with hydrogendahydrocarbons. The rates of such
reactions can be measured by using special methods.

(b) Extremely slow reactions which proceed at a veoystpeed and the speed is so
slow that it not possible to measure the speedidf seactions. Rusting of iron is very
slow reaction.

(c) Reaction which precede a measurable speed. Thastores are utilized in the
study of chemical kinetics.

Examples are Inversion of cane sugar, saponificatioethyle acetate etc. The
significance of study of kinetics of reactions isamy fold. It provides very important
information on how chemical reactions occur and twisatheir mechanism. The
knowledge of rate of reaction is very valuable ttoe success of an industrial process
where it is imperative to second optimum conditiafighe reactions involved when
these reactions proceed at a rate so as to givermaxyield.

6.2 INTRODUCTION

The branch of physical chemistry which deals witl $peed or rate at which a
reaction occurs is called chemical kinetiCsemical Kinetics is the study of rate of a
reaction under different conditions like different concentrations, pressures,
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temperatures, catalyst, pH, dielectric constant ofthe medium, free radical
scavengers, neutral salts etc and suggesting a siiite mechanism for the reaction

Chemical kinetics constitutes an important topic physical chemistry. It
concerns itself with measurement of rates of reastproceding under given condition
of temperature, pressure and concentration.

The study of chemical kinetics has been highly uisefdetermining the factors
which influence rate of reaction as well as in ustinding mechanism of a number of
chemical reactions. The experimental data haveddtie development of the modern
theories of chemical reactivity of molecules.

6.3 CHEMICAL KINETICS AND ITS SCOPE

6.3.1 Scope of chemical kinetics

Thermodynamics predicts that at room temperatydedgen and oxygen react
to form water, all the reactants being essentiatipverted into products. When we
carry out the experiment we find that the reacpiooceeds so slowly that unless we are
willing to wait indefinitely, practically no wateesults. On the other hand, experiment
shows that MO, decomposes into NOunder atmospheric conditions almost
instantaneously even thoughA-6°, which is a measure of spontaneity of a reaction,
far less for the decomposition ot®, than that for the reaction between hydrogen and
oxygen to form water.

Above two examples suggest that there is essentiadl correlation between
thermodynamic instability and the rate of the cheahreaction. In fact, the rate of a
reaction depends upon structural and energetiorgegthich are not uniquely specified
by thermodynamic quantities such as the free enelngpnge. Hence, chemical kinetics
is a technique complementary to thermodynamicstigdtying a given reaction.

The first stage in studying the rate and the meshamf a chemical reaction is the
determination of overall stoichiometry of the reéactand to identify any side-reaction.
The next step involves the determination of thengeaof the concentration of the
reactant and product species with time. Since #axtion rate depends sharply on
temperature, the temperature of the reacting mextaust be kept constant.

Several experimental techniques have been develapetnitor the concentration of
the reactants and products and their variation witte. The selection of a typical
method depends on the nature of the species involed how rapidly their
concentration change. For reactions that are velgti slow, conductometric,
poteniometric, optical methods, polarimetry andcsmphotometry are used. The time
taken for reactions to reach completion varies lyideom femtoseconds (1fs = 10s)

to days.

For reactions in which one or more products areegjathe reaction rate involves
monitoring pressure as in the reaction :

N2Os (g) - 2NQ (9) + O(9).
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For optical method involves monitoring optical &itty.

Reactions in solution involving ionic species mag $tudied by monitoring their

conductivity. The change in EMF of an electrocherhireaction can be followed

potentiometrically. Spectrophotometry, the measenat of intensity of absorbtion in a
particular spectral region is widely used to manitmncentration. Reactions that
involve a change in concentration of léns may be studied by monitoring pH of the
solution with a glass electrode. Other methods ohitoring the composition include

the detection of fluorescence and phosphorescemsass spectrometry, gas
chromatography and magnetic resonance.

In a real time analysis the composition of reactiuxture is analysed while the
reaction is in progress by direct spectroscopiepiaion. In the quenching method,
the reaction is stopped after being allowed to @edcfor a certain time and the
composition is analysed. The entire reaction m&imay be quenched either by sudden
cooling or by adding to it a large volume of solvefhis method is applicable for
reactions that are slow enough for there to ble Iitaction during the time it takes to
guench the reaction mixture.

Femtochemistry has emersed as the most excitielgl fior investigating
extremely fast reactions whose time-scale is ofotfaer of femtoseconds. This method
is due to A.H. Zewail, who was awarded Nobel Pazehemistry in 1999.

Femtochemistry is extremely useful for studyingldgical processes such as
the energy converting processes of photosynthesisphotostimulated processes of
vision in which the primary energy and electrom$fer reactions occur on the
femtosecond or picosecond time-scale.

6.3.2 Rate of a reaction

The rate of a reaction tells us to what speedéhetion occurs. Let us consider
a simple reaction-
A——>» B

The concentration of A decreases and that that ofcBeases with time. The
rate of a reaction is defined as the change ineanation of any

of reactant or product with time. As you know dgrithe progress of a reaction
the concentration of A keeps on falling with timéhe rate of reaction at any given
instant is given by the expression-

= —dG/At =KGA  voveeeeeereene e e(1)

where —dG is very small decrease in concentration of A ineayvsmall time interval
dt, G. gives the concentration of the reactant A at @miinstant and k is constant
called the rate constant or velocity of the reactio

Now the concentration of product B increases wittet Hence rate of reaction
can also be expressed in terms of increase in otnatien of the product B as well.
Thus

r= dGs/dt = kGa e (2)
UTTARAKHAND OPEN UNIVERSITY Page 85




PHYSICAL CHEMISTRY- | BSCCH-103

where dG is very small increase in the concentration odpat B in a very small time
interval of time dt.

Now it should be clear to you from (1) and (2)

= - dGy/dt =dGs/dt= kCy

and for a reaction A+tB —» M+N
the rate can be expressed

r=-dGy/dt = -dG/dt = dGy/dt=dG/dt=kCaCg .....etirriretnn (3)

Ty

Fig-6.1

As the reaction proceeds the reactants are consumiemte by their molecular
concentration decreases. Hence the rate of a chkmiaction will also decrease with
time. The graph between reaction velocity and tmilebe as shown in the fig. (6.1).
Now it should be clear to you that reaction vel@it maximum to start with and then
falls gradually with time. The reaction velocitydmene so slow in the latter states that it
takes a

very long time for the reaction to be completedcdh be safely assumed that in the
latter stages the reaction is nearly complete.

Now let us consider a reaction-
aA+thB — cC+dD

In this reaction a moles of A reacts with b maé$8 to form ¢ moles of C and
d moles of D. the rates of such a reaction carxpeessed either in terms of decrease in
concentration of a reactant per mole or increas®mntentration of a product per mole.
Thus we can write as follows:
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r=-1/a dG/dt = -1/b dG/dt =1/c dG/dt = 1/dGy/dt = k CAC’
6.3.3 Units of rate

Reaction rate has the units of concentration dwidy time. We express
concentration in moles per litre (mole/litre) bihé may be given in any convenient
unit second(s), minutes (min), hours (h) days (dassibly years. Therefore, the units
of reaction rates may be

mole/litre/sec or mole’s?

mole/litre/ minute  moltm™® and so on

6.3.4 Factors affecting reaction velocity

There are a number of factors which affect the mdt a reaction, the most
important of them are:

(a) Effect of concentration: The rate of a chemical reaction is influenced Hye
no. of collisions per second between the reactingnolecules. On increasing the
concentration of the reactant, the number of sioltis will increase and the rate of
reaction will increase and on decreasing the canaon the rate will decrease.

(b) Effect of nature of reactants: Reactions between polar or ionic molecules occur
almost instantaneously. Those reactions in whiehltbnds are arranged or electrons
are transferred takes a comparatively longer tihmen tthe reaction between ionic
molecules.

You can cite the examples of neutralisation reastior double displacement
reactions which are very fast while the oxidatiorreduction reactions are slower.

(c) Effect of catalyst: A catalyst can increase or decrease the rate ofchemical
reaction. For example the combination of hydrogeth a oxygen to form water is
slow at ordinary temperature, while it proceedsdiggn presence of platinum.

(d) Effect of surface area of reactant: Surface area of reactants is of importance
only for heterogeneous reactions. As particle deereases, surface area for the same
mass increases. The smaller particle thus reacts mapidly than the larger particles.
For example, burning of coal dust in air takes @lawore rapidly than large lump of
coal.

(e) Effect of temperature: With the exception of few reactions, the rate e#ation is
increased considerably with an increase of tempe¥at Generally the rate of a
reaction is almost doubled or tribled by an  inseeaf 18C in temperature.

Rate of reactionat86 _ Kss _ 553
Rate of reaction at 26 Kos
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6.3.5 Order of reaction and molecularity
The total number of reactant particles involvedthe overall reaction, is called as
molecularity of a reaction

Thus in the reaction -

N2Os () ——» 2NQ (9)+1/2Q(9) it is unimolecular
2HI (g0 ———»  HQg) + k(9) it is bimolecular
and 2NO (g) + &) — 2NQ it is trimolecular

Order of reaction depends only on the reactantsnuphich the rate of reaction
depends. It means that order is in those reactanty, by changing whose
concentration, the rate of reaction changes.

If reaction rate is independent of reactant corredion, the order is zero in that
reactant.

We can say that “Order is the sum of powers of eatration of reactants as given in a
rate law or rate equation or rate expression fer#action under consideration”.

A reaction is said to be first order if its ratéor dx/dt) is given by the following rate
expression -

R = dx/dt = kG

The reaction is of second order and third ordé@sifate expressions are given by Eqgn.
(i) and (i) respectively

dx/dt = kC& or KGCoh covvvveeeeeennnnn(i)
dx/dt =kC& or kG2Coor kGCh? e, (ii)

The subscripts a, b and ¢ stand for various retctanB and C respectively. When the
rate expression is given by

dx/dt = kG C,"C."3
The order of reaction as a whole n is given by fengrns.............

The molecularity of any process can only be sma#itppn integers, while order of
reaction can have zero as well as fractional values

Difference between order of reaction and moleculaty:

Molecularity Order of reaction

1 | It is equal to the number ofl. It is equal to some of the power of the
molecules of reactants which takeolar concentration of the reactants in the
part in a chemical reaction. rate expression.
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2 | Itis theoretical concept. 2. It is an experinadigt determined
guantity, which is obtained from the rate for
the overall reaction. It depends on rate
determining step in the reaction mechanism.

3 | Itis always a whole number. 3. It may be negatizero or fractional
value generally not more than 3.

4 | It is obtained from a single balanced. It cannot be obtained from a balanc¢ed

chemical equation. chemical equation
5 | It does not reveal anything aboW. It reveals some basic facts about a
reaction mechanism. reaction mechanism.
Table 6.1

6.4. ZERO, FIRST, SECOND AND THIRD ORDER
REACTIONS

(1) Zero order reaction
Reactions, in which the reaction rate does not wepapon the initial
concentration of the reactant, are said to be peder reactions. The Law of mass
action fails in these reactions
A—— » B

d[Al = ka’=k
dt
Examples of zero order reactions
1. Thermal decomposition of hydrogen iodide at goldage is found to
be of zero order
2HI —— » H 1,
2. The decomposition of ammonia on platinum serfac808C in  kinetically
of zero order.
NH; ———» N3H
3. The phosphine decomposition on the surfaceaylmdenum or  tungsten at
high pressure is of zero order.

2PH, — 2P +3H

(2) First order reaction

A first order reaction is that in which the sum pbwers to which the
concentrations of reactants must be raised whipeessing the reaction rate, is one.

Expression for first order reaction is given by

A » products

A P

a 0 initially

a-x X after time t
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rate expression is given as
r =-d[A]/dt
= d[P)/dt
= dx/dt
=k[A]
= kCA
=k. A (atzero time)
=k (a-x) (at t time)
Example is conversion of N-chloroacetamide intaaphloroacctanicide

(3) Second order reaction

A second order reaction is that in which the surpaers to which the concentrations
of reactants must be raised while expressing thetion rate, is two.

dx/dt = kCa for reaction 2A ——»  products
and dx/dt = kgCg  for reaction A+B——  products
Example of second order reactions are :
Hydrolysis of an ester by an alkali (Saponificataf ester)
CH;COOGHs+NaOH —» CHCOONa+GHsOH

(4) Third order reaction

Definition of third order reaction:

A third order reaction is that in which the sumpofvers to which the concentrations of
reactants must be raised while expressing theiogaeite, is three.

Reactions of third and higher order are rare tierte are infact reactions which
are definitely of third or sometimes higher ord&his is due to the effect that the
probability of three molecules coming to a singtenp simultaneously is must less as
compared to unimolecular and bimolecular reactions.
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In a reaction of the third order the number of maoles where concentration alters as a
result of chemical change is three, and the chamme belong to any of the following

types

A+A+A —— products
A+A+B ___, products
A+B+C 5 products

Note: Above given examples are of elementary reasti.e. reactions in which order
and molecularity are same and there is a singferachanism. For complex reactions
(involving more than one step in mechanism ancediifice in molecularity and order),
order may be 3 even if the number of reactantsoierthan 3.

Examples of third order reaction is

0] 2 FeC{+SnCh —— > 2 FeGFSNCl,
(i) O42NO @ @—— —» 2NQ@
(i) 2NO+Ch, ——» 2NOCI
(5) Pseudo molecular reactions [pseudo means fals

These are the reactions in which order and makeitylare different. These
reactions are named after the order and not dftemiblecularity. Eg. if molecularity is
2 and order is 1 than the reaction is called asqusérst order reaction.
There are several reactions which obey first order equation although in reality they
are bi-or tri-molecular.

For example, consider the hydrolysis of methykaieein presence of an acid

CH;COOCH;+H,O(Excess) —» GEOOH+CHOH

Here molecularity is 2, while order is one in ested zero in water i.e. overall
order is 1 + 0 = 1. The order becomes zero in daetant which is taken in excess,
because the overall rate of reaction does not deppan the reactant taken in excess.
If we will change the concentration of reactantetakn excess, there will not be any
change in its being in excess.

Why high molecularity reaction are rare

Most of the reactions involve one, two or at thestnthree molecules. The
reactions involving four or more molecules are rareis can be explained on kinetic
molecular theory. According to this theory, theeratf a chemical reaction is
proportional to the number of collisions taking gdabetween the reacting molecules.
The chances of simultaneous collision of reactirdecules will go on decreasing will
increase in number of molecules. Thus the possilili three molecules colliding is
much less than in case of bimolecular collisiont &aeaction of molecularity 4, the
four molecules must come closer and collide wik @mother at the same time.

The possibility of their doing so is much less tharen in the case of termolecular
reactions. Hence the reactions involving many madésc proceed through a series of
steps, each involving two, three or less number
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of molecules. Such a reaction is called complexctiea and the slowest step
determines the overall rate of reaction.

Q OO0 QL
A ehe

less common rare Common
Molecularity of a complex reaction:

Most chemical reactions are complex reactions. &loesur in a series of steps.
Each step is an elementary reaction. The stepwipagenice of elementary reactions that
convert-reactants to products is called the meshanof the reaction. In any
mechanism, some of the steps will be fast othdrheilslow. A reaction can proceed no
faster than its slowest step. Thus the slowest &emte determining step of the
reaction.

The decomposition of }Ds
2N,O5 ———» 4 N0, is an example of complex reaction.

It occurs by the following steps

Step | : 2NOs —  » 2N&2NGOs (slow)
Stepll : NQ+NO3 — » NO+NGH+O; (slow)
Step Il : NO+NQ ——— 2NQ (fast)

Adding all the three steps
2N,Os —— ANGFO;

Each elementary reaction has its own moleculaetyal to number of molecules or
atoms participating in it. It is meaningless to egithe molecularity of the overall
reaction because it is made of several elemengastions, each perhaps with different
moelcularity. At best it could be thought of as:

“The number of molecules or atoms taking parhimtate determining step.”

Thus step 2 in the above mechanism is rate datergristep and has
molecularity, ‘2" which could be considered as thelecularity of the decomposition
reaction of NOs. As slowest step is the rate determining stepsunh complex
reactions the molecularity of slowest i.e. the @dd&rmining step, is called as order of
reaction. e.g. for decomposition giog the molecularity is 2 but order is one.

And thermal decomposition of acetaldehyde:
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2CH:CHO —» 2CH+2CO

6.5 INTEGRATED LAW FOR ZERO AND FIRST ORDER
REACTION

(1) Integrated law for zero order reaction
Let us consider a reaction
A —» B
a 0 initially
a-x X after time t
For a zero order reaction the reaction velocitgrat time t is given by -
dx/dt = k (constant)

dx = kdt

Jdx =[ kdt

X =kt+1 (I is integration constant)
when t=0 x=0 hence I=0

so we have x=kt

this is general rate expression for zero ordestiea
Unit of zero order reaction:

The unit of zero order rate constant is that ofcemtration x timé (as k=x/t).
Hence unit of k will be mole/litre timé or mole lit* time'. Examples are given earlier.

6.6 RATE EXPRESSION FOR FIRST ORDER REACTION

As we know that a first order reaction is that iniet the reaction rate is determined by
the change of the one concentration term of reactay.
Let us consider a first order reaction
A —» B
A 0 (initially)
a-x X (after time t)
Suppose the initial concentration of the reactiobefa mole/litre.

Let x mole/litre of A decompose after time t leayibehind (a-x) mole/litre of A, the
amout of B formed will be x mole/litre.

The rate of first order reaction is proportionathe concentration of A at any particular
time. Therefore

dx/dt =kGy .o (1)

where k is rate constant or velocity constant.
dx/dt=k (@-X) .............. 2

dx/a-x =kdt ... 3

Jdx/a-x =[kdt ... 4)

integrating equation (4) we get

-loge(a-x) = kt+l (I= constant of integration) .......... (5)
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When t=0 x=0 then

-logea =I

Then equation (5) becomes

logea-log(a-x) = kt

or kt= log: a/a-x

k=2.303/t logo a/(a-X) .oeiii (6)

It is clear from equation (6) that if we plot lgg/a-x against time t a straight
line passing through the origin is obtained wisiage of 2.303/k.

Fig 6.3
Unit of velocity constant of first order reaction:

As the rate constant for first order reactiorkisl/t In (a/a-x), hence unit will be
1 concentration
time concentration

i.e. 1l/time
or time!
6.7 SUMMARY

In this chapter you have studied different defoms associated with chemical kinetics,
rate laws for zero, first, second and third or@ection and will examples also rate laws
for zero order and first order reaction. The défere between order of reaction and
molecularity has been discussed. The factors affiecate of a reaction have also been
studied namely the factors are temperature, presesancentration, catalyst and surface
area.

The first stage in studying the rate and mechamim chemical reaction is the
determination of the overall stoichiometry of theaction and to identify any side
reaction. The next step involves the determinatiotine change of the concentration of
the reactant and product species with time. Thetiearate depends sharply on
temperature; the temperature of the reaction mexoust be kept constant.
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6.8 TERMINAL QUESTIONS

ester.

(A) Multiple Choice Questions
Q.1  Thereaction A+B+C ——  Products is founoley the rate

law.
r = d [A)/dt = k[A] 2[B]¥2[C] ™2 the overall order of reaction is
@) 7/2 (b)5/2 (c)3 (d)1 ans (c)

Q.2  If the rate of reaction is given by r= kfpg]*?

The overall order of reaction is

(@) 5/2 (b) %2 (c) 2 @1 ans (a)
Q.3 Which reaction is pseudo-unimolecular rea¢ion

(a) Bt+Cl, —— 2HCI (b) Acid-catalyzed hydrolysisf @n

(c) Base-catalyzed hydrolysis of an ester.
(d) NNOs — 5 NOs +1/20 ans (b)
Q.4 Choose the correct statement:
(a) The rate of a reaction decreases with T
(b) Order is always equal to molecularity
(c) Catalyst is always essential for a reaction
(d) For a zero order reaction the concentratioprofiuct increase linearly will
time. ans(d)
Q.5 Choose the correct statement:
(a) The rate of reaction decreases with T
(b) Order of reaction is equal to molecularityaafeaction.
(c) The units of first order rate consistent a@enit S?
(d) w2 of the first order reaction is independent ofialit concentration.

ans (d)
Q.6  Reaction rates can change with
(a) Temperature
(b) The addition of a catalyst
(c) Reactant concentration
(d) all of these
ans (d)

(B) Short Answer Questions:

Q.1  Derive mathematical expression for the ratestamt of a reaction
A — products of the first order.

Q.2 Distinguish between reaction rate and ratestemr.

Q.3 Explain why the rate of reaction cannot be suezd by dividing the
total amount of a substance reacted by the total timentak

(C) Long answer/essay type guestions questions:
Q.1. Explain the following terms
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(a) Rate of reaction (b) Molecularity of a reaction
(c) Order of reaction (d) Rate constant.

Q.2 What are different factors which affect theeraf a reaction, explain.
Q.3 What is meant by the terms rate constant ahel @f reaction?

Starting from the rate equations derive the uritéhe rate constant (k)
for a zero order and first order reaction.
Q.4 Distinguish between molecularity and order refiction. Why high
molecularity reactions are rare explain?
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UNIT 7: CHEMICAL KINETICS-II

CONTENTS:
7.1 Objectives
7.2 Introduction
7.3 Rate expression for zero order reaction
7.3.1 Characteristic of zero order reactions
7.3.2 Example of zero order reaction
7.4 Rate law for First order reaction
7.4.1 First order reaction
7.4.2 Unit of first order rate constant
7.4.3 Half life time of a reaction
7.4.4 Determination of order of reaction
7.4.5 Hydrolysis of ester catalysed by hydrogen ion
7.5 Rate of radioactive disintegration
7.5.1 Average life
7.6 Concept of activation energy
7.6.1 Effect of temperature on reaction rate
7.7 Collision theory of reaction rate
7.8 Effect of catalyst
7.9 Arrhenius equation
7.10 Summary
7.11 Terminal Questions

7.1 OBJECTIVES

In the previous chapter you have studied thattkiseis important topic of
physical chemistry. It concerns will measurememnabés of reactions proceeding under
given condition of temperature, pressure and canagon. The study of this subject
has been highly useful in determining the factoiclwhinfluence rates of reactions as
well as in understanding mechanism of a numbehefrgcal reactions.

In this chapter we will study rate law for zero dindt order reaction, half life period of
a reaction mean life, radioactive decay as a &rder reaction, concept of energy of
activation and its importance some method of ddateéng rate of a reaction.

7.2 INTRODUCTION

Not all chemical reaction proceeds to completiormbrst reactions two or more
substances react to form products which themsaieast to give back the original
substances. Thus A and B may react to form C amehidh react together to form A
and B.

A+B — > C+D (forward reaction)
C+D ——» A+B (backward reaction)
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A reaction which can go in the forward and bacldvdirection simultaneously
is called reversible reaction.

Let us consider a reaction
A+B ——* C+D

If you start with A and B in a closed vessel, thewvard reaction proceed to
form C and D. the concentration of A and B decreas®d those of C and D increases
continuously. As a result the rate of forward reacidecreases and rate of backward
reaction increases. Eventually, the rate of twoospp reactions equals and the system
attains equilibrium.

We assume that a chemical reaction occurs asuét céscollision between the
reacting molecules. Although some of these coltisave ineffective, the chemical
change produced is proportional to number of dolisctually taking

place. Thus at a fixed temperature the rate ofaati@n is determined by number of
collision between the reactant molecules preseaninvolume.

Now let us consider four boxes of one cubic ceeten volume; containing
different number of reacting molecules A andgfiure 7.1). they undergo collisions to
form products C and D, the rate of reaction beiogegned by the number of possible
collisions between them.

Fig-7.1

In the first box there is one molecule of A andeamolecule of B and the
possibilities of collision at any extent is 1x14h. the second box the number of
molecules of A and B are two each and the postdisilof collision are 2x2=4. In the
third box there are two molecules of A and threelemdes of B, the number of
possibilities of collisions between A and B arer@ased to 3x2=6. In the fourth box the
possibilities of number of collision between A @dre 3x3=9.

Since the rate of reaction is determined by mdé&admpacts, it is proportional
to moles per unit volume i.e. , molar concentratibimus we can write

Rate of reactiond [A][B]

= kIA][B]

The above concept is for equilibrium reactionst Bwst chemical reactions are
spontaneous reactions. These reactions occur féinol right till all the reactants are
converted to products. A spontaneous reaction reatdw or it may be fast.
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Rate law of zero order reaction

Order of reaction:In the study of chemical kingticeactions are generally
classified in terms of their order. The order afaton is defined
as the number of molecules whose concentrationrrdete the rate of chemical
reaction at a given temperature. We may defineranfieeaction as sum of powers to
which the concentration ( or pressure in case skggaterms are raised in order to
determine the rate of the reaction.

Thus a reaction is said to be zero order if the r@action is written as r=.kif
the rate expression is expressed of the typgdi=kf the rate is given by the expression
of the type r=k CoCg and for third order rate expression is given lg ¢éxpression of
the type r= KCaCgCc Or r=ksCa’Cg and so on.

7.3 RATE EXPRESSION FOR ZERO ORDER REACTION

As you have studied that rate expression:

A —— products is given by —d@it =r = kG, = dRy/dt
As the reaction progresses the concentration ctaatkeeps on falling will time hence
there is negative sign. Where -4iS very small decrease in concentration of A in an
infinitesimally small time interest dt,A3gives the concentration of the reactant A at the
given instant and k is constant called rate constanelocity of the reaction.

For a reaction

AtB __ , L+M

r=-dG/dt = -dG/dt = dG/dt = dGy/dt = kG Csg

Now consider a reaction aA+bB - 5 IL + mM

The rate of this can be written as r=RGs"

The rate of such as reaction is to be expressddrins of fall of concentration of a
reactant per mole or increase in concentrationrediyct per mole. According you can
express

r=-1/a dG/dt = -1/b dG/dt = 1/I dG/dt =1/m dGq/dt.

There are reactions in which reaction rate is affected by charges in
concentration of one or more reactant. These dtedcaero order reactions. In these
reactions, the rate may be determined by some bthiing factor such as the amount
of catalyst used in a catalytic reaction or theemsity of light absorbed in a
photochemical reaction. Mathematically for a zembeo reaction.

A__ P
A 0 initially

The reaction velocity at any time t is given by

dx/dt =k (constant)

dx= ko/dt

J dx = kodt

X= kot + 1 (I= constant of integration)
when t=0; x=0

then 1=0.

Hence we get x=zk
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7.3.1 Characteristic of zero order reactions

0] As ko = X/t ; hence unit of zero order rate constaria of concentration X
time™. As concentration is generally expressed as  rpefelitre then unit of & will
be mole lit* time™.

(i) Concentration of the product increases lingarith time so as plot of X
against time t will be straight line passing throdlge origin.

7.3.2 Example of zero order reaction

Photochemical reaction betweep &hd C} over water (saturated with HCI)
surface is of zero order.

Now let us consider a reaction MOCO — NO+CQ at 206C

Its rate = kING]?

Here the rate does not depend on [CO] so thistigneluded in the rate
law and the power of [CO] is understood to be z&te reaction is zeroth order with
respect to CO. The reaction is second order withespect to [NG.

7.4 RATE LAW FOR FIRST ORDER REACTION

7.4.1 First order reaction
In a reaction of first order only one molecule necessary for the
reaction to proceed.
The change may be represented in the general form
A — » Products

Leta be the concentration of A in gm mole per litragiatly. After time t suppose the
concentration is (a-x) gm moles per litre. Accogdito the law of mass action the
reaction velocity at any time t is given by the egsion.

dx/dt = k (a-x).

To get the value of k the velocity coefficient im&egrate the expression-

[ dx/a-x =[ kdt

log (a-x) = kt+l (I= constant of integration)

when t=0; x=0

Hence -loga =1

-log (a-x) = kt - log a

log a — log (a-x) = kt

loge a/a-x = kt

k=1/t log a/a-x

= 2.303/t logp (a/a-x)

This is equation for a reaction of the first order

When experimental values of a, x and t are indertéhe equation the  value
of k always comes out to be constant, if the reaatinder examination is first order.

Following important conclusions can be drawn oatrf the study of the
equation
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0] The time taken for the completion for the sametioscof change independent
of initial concentration.
At half change x=a/2
k=2.303/t logo (a/a-a/2)
=2.303/t logp a/(2a-a)/2
=2.303/t =logpala
=2.303/t logp 2 = 2.303/t X .3010
or t= 2.303Xloge2
So t is independent of a i.e initial concentrati
(i) A change in concentration unit will not altine velocity  coefficient
k= 1/t log ma/m(a-x)
=1/t log: (a/a-x)
7.4.2 Unit of first order rate constant

r=-d[A]/dt =k4[A]

ky = -1/[A] d[A]/dt

So units of k = 1 X mole per litre
mole per litre mg

= time*
So units of first order rate constant are ffmé per second, per minute, per
hour per day etc.

7.4.3 Half life time of a reaction
The time required for the half completion of aatgan is called half life time of
a reaction. Half life time of a reaction is repmsel by 1.
Half life time for a first order reaction is regented as-
Ky = 1/t, logea/(a-a/2)
= 1/t2 l0ge2
= l/'[]_/z 2.303I0g02
= 1/4/, 2.303X.3010
=.693/t 2
or by =0.693/ k
It is clear from the above discussion that
(i) Half life of a first order reaction is independethe initial concentration.
(i) Half life is inversely proportional to k.
Now you can calculate the time for completing aracfion of the reaction by
making use of first order reaction.
We know k= 2.303/t log a/a-x
Let us calculate the time in which one third aéaction is completed.
k =2.303/tlog al(a-a/3)
= 2.303/t log 3a/2a
= 2.303 log 3/2
= 2.303/t (log 3-log 2)
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If we have to calculate the time in which two thaf a reaction is completed we
proceed as under-
k =2.303/t log a/(a-2/3a)
= 2.303/t log g/(3a-2a)/3a
=2.303/tlog 3
And half life period you can studied earlier.
7.4.4 Determination of order of reaction
() Integration method (Substitution in the equaton)
This method consists in actually carrying out tharge with known quantities of the
reactants and nothing the progress of the readtjoanalyzing the reaction mixture
from time to time. These values are substitutetthénvelocity constant equation. When
the values are substituted in the expression fst dirder that is values of a, x and t are
substituted and value of k always remains constemteaction is of first order.
Example: A solution of HO, when titrated against KMnGsolution at different time
intervals gave the following results.

Time (minutes) 0 10 20
Volume of KMnQy Used for 10 ml of (5O, 23.8 me  14.7 me 9.1 ml
Show that the reaction if of first order
The integrated rate equation for first order rescts
k= 2.303/t log a/a-x
Since volume of KMn@used in the titration is a measure of concentnatib
H,0, in solution.

a=23.8
a-x =14.7 in 10 minutes
a-x=9.1 in 20 minutes

Substituting these values in the rate equation @l have
k =2.303/10 log 23.8/14.7
= 0.2303 (log 23.8-log 14.7)
=0.2303 (1.3766- 1.1673)
=0.04794...ccii (D)
k =2.303/20 log 23.8/9.1
=0.10165 (log 23.8 —log 9.1)
= 0.10165 (1.3766 — 0.9595)
= 0.04806 .....oiiiii (2)
Since the value of k is almost constant hence icrais of first order.

7.4.5 Hydrolysis of ester catalysed by hydrogeon

The hydrolysis of ester like methyl acetate caadl/by hydrogen ion proceeds
according to the following equation. It is catalgsky mineral acids say HCI. The
hydrolysis of an ester by pure water is very slbence it is catalysed by an acid.

CHCOOCH+H,0 H —— CHCOO + CHOH
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This equation is pseudo-unimolecular. Since actiass of water being in large excess
remains constant and rate of reaction dependsamihe concentration of ester. It's
molecularity is two and the reaction is of firstler.

To study this reaction freshly distilled methyl ste and N/2 hydrochloric acid in
separate bottles were kept in a thermostat fordraliour. When they had acquired the
temperature of the bath, mix 5 ml of methyl acetat€00 ml of N/2 HCI. Immediately
withdraw 5 ml of the reaction mixture with the helpthe pipette and add a few pieces
of ice to freeze the equilibrium. Now titrate thelution by adding N/50 solution of
NaOH from the burette using phenolphthalein asralicator. Similarly again pipette
out 5 ml of reaction mixture after five minutes amegeat the above procedure. Repeat
the process after 10, 20, 30, 40 minutes and ¥iralthe end of 24 hours. As after 24
hours the reaction is almost completed.

The amount of NaOH used is equivalent to the amotiIHCI present originally
and the amountof acetic acid produced in the reacffThe amount of HCI present
originally can be determined by titrating agairist same alkali before the start of the
reaction. The amount of acetic acid produced aftéerent intervals of time t can be
determined.

The amount of acetic acid formed at the end ofr¢taetion is equivalent to the
initial amount (a) of methyl acetate. Supposg V1 and \,, are the volume of N/50
NaOH solution used at zero, t and infinite timepeagively.

The amount of acetic acid produced after time.tvalue of x proportional to
(Vi -Vo). The initial concentration of methyl acetate value of a is proportional to

(Ve -Vo).

Therefore, amount of ester present attime t i.e.
a-x & (Vo —Vo) — (Vi -Vo)
& Vo — Vi
Hence from first order rate expression

K= 2.303/t log (V. — Vo/V, - V)

The value of k comes out to be constant, shovhagthe reaction is first order.
Inversion of cane sugar into glucose and fructesado first order reaction, here again
water is in large excess and its active mass jgadltiremain constant.

7.5 RATE OF RADIOACTIVE DISINTEGRATION

The rate of disintegration of a radioactive eletmeriound to be independent of
the temperature, pressure or its state of chemamahbination. Each element
disintegrates at a characteristic rate indepenaénall external factors. Nuclear
reactions are generally first order.

Since in a radioactive transformation an atom ksetown to give one or more
new atoms, it may be regarded as a chemical resictivhich one molecule changes to
yield one or more products (unimolecular reactiob@t us consider an atom A
changing into B.

A > B
a 0 initially
a-x X after time t
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if in a small time dt, dx is the number of atomkieth change, the rate of
disintegration dx/dt can be expressed as:

AXIAt = K (BX).vveeeernennn, 1)

Where k is ordinarily called velocity constant ahdre it may well be named as
disintegration constant or transformation constant.

From equation (1) it follows
dx/a-x =kdt ... (2)
ifdt=1thendx/a-x=k ... (3)

Thus the disintegration constant k may be defiredha fraction of total number of
atoms dx/a-x present at any time (t) which disirdég per second. This disintegration
constant k has a definite characteristic valuefparticular radioactive element.

On integrating the equation (2) we have get
[dx/a-x = k] dt

-loge(a-x) = kt +I I= integration constant (5)
When t=0 x=0
-logea=1 (6)

Hence log a- log. (a-x) = kt
k= 1/t log (a/a-x)

= 2.303/t logp a/(a-x) (7
at half timei.e ;=T x=a/2
T =2.303/k log a/a-a/2
= 2.303/k log 2
= 0.693/k (8)

It is clear from the above that for a particulaticactive disintegration the value af;t
is independent of amount of the substance presehtleapends only on k. the timet
required for the disappearance of one half of thgiral amount of the radioactive
substance is called its half life period.

The statement that half life period of say radiart600 years means after 1600
years any given quantity of radium will disintegrad half of it.

7.5.1 Average life

The reciprocal of the disintegration constant kegivthe average life of the
disintegrating atom.

Hence) = 1/k = T/0.693

=1.44T
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Fig-7.2

7.6 CONCEPT OF ACTIVATION ENERGY

7.6.1 Effect of temperature on reaction rate
Temperature coefficient of a reaction:
Now let us consider effect of temperature on reactates

It has been found that generally an increase ofpégature increases the rate of
reaction. The ratio of rate constants of a reaciibtwo temperatures differing by 4D

is known as temperature coefficient of the reactibime temperatures usually selected
for this purpose are 26 and 38C. Thus

» Rate at 3%C kss
Temperature coefficient = =

Rate at Z& %
The value of temperature coefficient for most @& thactants is close to 2 and in some
cases it approaches to 3.
Hence temperature coefficient = Rate at 0C35_ Kss = 2103

Rateat %5 s

7.7 COLLISION THEORY OF REACTION RATE

Now let us study why such small rise of tempermtspeeds up a reaction to
such a large extent. This can be explained ondbkes lof collision theory.

According to collision theory for chemical reactitm occur, there must be collisions
between reacting molecules. But all collisionsrasteffective. Only a small fraction of
collisions produce a reaction. Two main conditiémsa collision between the reacting
molecules to be productive are-

0] The colliding molecules must possess sufficientelih energy to cause a
reaction.
(i) The reacting molecules must collide will propeeatation.

UTTARAKHAND OPEN UNIVERSITY Page 105



PHYSICAL CHEMISTRY- | BSCCH-103

The molecules must collide with sufficient energy:
Let us consider a reaction

A -B +B-B —» 2A-B

A chemical reaction occurs by breaking bonds betwihe atoms of reacting
molecules and forming new bonds in the product moés. Forbreaking the bonds
energy is required and in forming the bonds energy liberated. The energy for
breaking the bonds comes from the kinetic energs@ssed by the reacting molecules,
before the collision.

The (figure 7.3) shows the energy of moleculggiAd B as the reaction
A+B, — 2AB progresses.

Fig 7.3
The figure 7.3 also shows the activation energytiiat is minimum energy required to
cause a reaction between the colliding moleculesy @e molecules that collide will a
kinetic energy greater than, Bre able to get over the barrier and react. Thiecutes
colliding will kinetic energies less than, il to cross the barrier.

As you have studied till now that for a reactiorotwur there must be collision between
molecules. And most of the collisions are ineffeeti According to collision theory
those collision results in chemical reaction in evhithe colliding molecules are
associated with a certain minimum energy calledshold energy

Reaction progress —»
Fig- 7.4
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Hence there is certain minimum energy called tloleslenergy which the colliding
molecules must acquire before they are capableauiting. Most of the molecules have
much less kinetic energy than the threshold enérlgg.excess energy that the reactant
molecules having energy less than the thresholdygmaust acquire in order to react to
yield products is known as activation energy.
That means

Activation energy = threshold energy — energy psssd by the molecules.
Now you must have followed from the above discusgtuat there is energy barrier
placed between reactants and products (fig 7.4) berdéer has to be crossed before
reactants can yield product.

7.8 EFFECT OF CATALYST

As you have studied earlier a catalyst is a subst#hat can increase the rate of
a reaction but which itself remains unchanged im@am and chemical composition at
the end of the reaction. When a catalyst is addedew reaction path with a lower
energy barrier is provided (dotted curve in the 7i§). Since the energy barrier is
reduced in magnitude, a larger number of molecafethe reactants can get over it.
This increases the rate of the reaction.

Threg;l:old energy ;‘hr :

t esho
Activation driergy for. . g alyst hold energy
forward reaction

3 / without catalyst

Activation energy for
reverse reaction

Reactants

ENERGY

Without

catalyst With
catalyst Products
REACTION COORDINATE
Fig- 7.5

7.9 ARRHENIUS EQUATION

For the effect of temperature Arrhenius proposed ampirical equation which is
useful in calculating energy of activation of aatean

k=AeRT (9

Where E is called Arrhenius activation energy at tempematli, k is rate
constant and A is called the Arrhenius pre expaakfdctor, a has the same units as
the rate constant k. the units of k for a firstesrdeaction are Swhich is units of
frequency. Hence A is also called the frequencyofaca and A are called Arrhenius
parameters.

Taking logs of equation (9) we have

INk=INAEJRT  oeoeeveerern(10)
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A plot of Ink against reciprocal of absolute tengiare (1/T) gives a straight line with
slope = -E&/R and intercept = InA, and hence energy of adtval, be obtained.

Differentiating equation (10) with respect to temgiare, we get
dink/dT = B/RT>  .ooveieeein . (10)

Integrating equation (11) between temperatur@id T when the corresponding rate
constants arejkand k respectively assuming that Ea is constant oveetitge range
we get-

In kz/k1 = Ea/R[Tz-TllTl T2] .................. (12)
or |0910 kz/k1 = Ea/2303R [-E-T1/T1 Tz]

This is the integrated Arrhenius equation. Thuswking the rate constants at two
temperature the energy of activation Ea can beultzkd.

It must be clear to you that different reactioesjuire different amount of
energy activation energy. A reaction which has loaaivation energy will proceed at
a faster rate at a given temperature. A reactioiciwhas higher activation energy will
proceed at a slower rate.

The differences in activation energy are mainlgpmnsible for observed
difference in rate of reaction.

If the reactants posses higher total energy tih@nproducts there will be a
release of energy. The reaction is said to be exwtic reaction. If the reactants possess
lower total energy than the products energy wilbbsorbed and the reaction is said to
be endothermic.

7.10 SUMMARY

From the above discussion it is clear that chelrkgzetics is an important
branch of chemistry. The study of a chemical reacts of fundamental concern to a
chemist from two aspects first his interest is $oemtain how fast or slow a reaction
proceeds secondly one is interested to study theididity of a reaction between
substances. And to what extent will it yield thesided products. The speed of a
reaction has been studied in this unit.

Different chemical reactions and their mechanisas been studied. It is an
important aspect that how chemical reaction takesepand what is the effect of
temperature and other factors. The energy of @ativaoncept is useful in the study of
reactions. The activation energy depends upon #tere of the chemical bonds
undergoing rupture. It is independent of initiatldmal energy contents of the reacting
particles. The feasibility of a reaction is studiewier ‘thermodynamics’.
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The study of the subject has been highly usefdeitermining the factors which
influence rates of reactions as well as in undedstey mechanism of a number of
chemical reactions.

The studies have also been useful in working autanditions for getting
maximum yields of several industrial products.

7.11 TERMINAL QUESTIONS

(A) Solved questions:

Q.1 The rate constant of a first order reactioh #Ix10® s*
Calculate its half life time.

ty, = 0.693/k

= 0.693/ (1.54x1ds™)
=450 s

Q.2 The half life of a reaction A —» B+C which obey’s first order
kineties, is 8:0 minutes. How long it will taker filhne concentration of A to
reduced to 1% of it initial value

1k= 0.693/ >
=0.693/8.0m
= 0.087min
Now k = 2.303/tlog (a/a-x)
t =2.303/0.087 1©90/1)
=52.93m

Q.3 50% Of a first order reaction is complete 3nZinutes.
Calculate the time required to complete 90% efrémction.
1k = 0.693/k
k= 0.693/23 m
=0.03013'm
For 90% completion time required can be calcdlatefollows:
0.03010 = 2.303/t log(100/10)
As a-x=100-90 =10
t =2.303/0.0310 16g1
=76.4 min.

(B) Short answer questions:

Q1. What do you understand by energy of activ&tio
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Q.2  What is temperature co-efficient of a reacd

Q.3  What is interpretation of A in Arrhenius eqaaf

Q.4  Write Arrhenius equation.

Q.5 If the concentrations are measured in molelifggr time in seconds, what are
the units of rate constant for :

0] A zero order reaction.

(i) A first order reaction.

(C) Long answer/essay type guestions:

Q.1 Integrate the rate expression for a first ordaction. What is meant by
half life time of a reaction?

Q.2 What is meant by reaction being of first ordeecond order or zero
order? What are pseudo-unimolicular reactions?

Q.3  Bring out clearly the main features of theisah theory of reaction rate? What
do you mean by effective collisions?

Q.4 (a) Define chemical kinetics? Describe what meant by order of a
reaction.

(b) Describe a suitable method to study the kisetof the following
reaction

CH3;COOGHs + H,O  H ™" CH;COOH + GHsOH
(D) Multiple choice questions

Q.1  For a zero order reaction A— Productsq, is proportional to

(a) [A] (b) L/[A] ©) A (d) 1/ [Ad? ans (a)
Q.2 Thet,of areaction is doubled as the initial concemdrats doubled. The

order of reaction is

@1 (00 (c)2 (d) 1/(1/2) nsa(b)

Q.3 In how many years will a 100 mg sample %&(tl/zz 5760 years) be
reduced to 25 mg.
(a) 5760 (b) 17280 (c) 11520 (d) 23040 ans (c)
Q.4 The rate constant of a gaseous reaction i@2at’mole’s™ Its value in
cm’mole’st is —

(@2 (b) 0.2 (c) 20 (d) 200 ans (c)

Q.5 For afirst order reaction the time requiredécompose 75% is related ip t
(@) tso=tiy (D) trs0 = 3tz (C) 506 = 212 (d) tses = 712 W2
ans (c)

Q.6 If E>Ey; where B and E are energies of activation for forward and baakiva
reactions respectively, then:
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(a) The reaction is endothermic (b) The reactsoexiothermic
(c) The reaction is chain reaction (d) The reaction is explosive.
ans (b)
Q.7  for the reaction 2A+B ———»  Producisubling the initial
concentration of both the reactants increasesatiee by a factor of 8 and
doubling the concentration of B alone doublesréiie. The rate law for the
reaction is —
(@) r=k[AI[BF'  (b) r= K[AF[B] (c) r= KIAI[B] (d)r=k[A] ?[B]?
and (b)
Q.8 for a first order reaction, A——» Products, it =100s . the rate

constant for the reaction is —

(a) 6.93x18s*  (b) 6.93x10's* (c) 6.93x10s*  (d) 6.93x1Us

ans (c)

UTTARAKHAND OPEN UNIVERSITY Page 111



PHYSICAL CHEMISTRY- | BSCCH-103

UNIT 8: COLLOIDS AND MACROMOLECULES

CONTENTS:
8.1 Objectives
8.2 Introduction
8.3 Colloidal Systems
8.3.1 Types of Colloidal Systems
8.3.2 Classification of Colloids
8.3.3 Distinction between Lyophilic and LyophobiollGids
8.4 Preparation of Colloidal Particles (Peptization
8.5 Condensation methods
8.5.1 Double decomposition
8.6 Purification of sols, Dialysis and Ultra filtian
8.7 General properties of colloidal systems
8.7.1 Heterogeneous character
8.7.2 Visibility
8.7.3 Colligative properties
8.7.4 Diffusibility
8.8 Colour of the sols
8.9 Optical properties
8.9.1 Tyndall effect
8.9.2 Kinetic properties of sols
8.9.3 Charge on colloidal particles
8.10 Electrical double layer
8.11 Coagulation
8.12 Protection of colloids
8.12.1 Gold number
8.13 Stability of sols
8.13.1 Presence of charge on colloidal particles
8.13.2 Electrophoresis
8.13.3 Electro-osmosis
8.14 Determination of size of colloidal particles
8.14.1 Ultra-filtration method
8.14.2 From Brownian movement
8.14.3 From Scattering of light
8.15 Associated colloids or colloidal electrolytes
8.16 Emulsions
8.17 Gels
8.17.1 Sol-gel transformation
8.18 Application of colloids
8.19 Macromolecules
8.19.1 Molecular weight of macro molecules
8.20 Summary

UTTARAKHAND OPEN UNIVERSITY Page 112



PHYSICAL CHEMISTRY- | BSCCH-103

8.21 Terminal Questions

8.10BJECTIVES

Matter exists in three states. These three statesdid, liquid and gaseous
state. A gas consists of molecules separated widg & empty state. A liquid state
molecule touching each other.

Solids are characterised by incompressibilityidity and mechanical strength.
In solid state molecules, atoms or ions that mgkéhe solid are closely packed. They
are held together by strong cohesive forces andatanove at random.

Some substance such as suger, salts, acids aes Wwaen dissolved in water
can pass through parchment membrane and form tiuéasis. Whereas substances
such as gelatin, albumen, glue diffuse at a slde: iehese are called colloids.

The colloidal solutions are intermediate betweaa solutions and suspensions.

8.2 INTRODUCTION

During his research work Thomas Graham in 186Indothat while some
substances diffused readily through parchment maneyrothers diffuse at slow rate.
The substance which diffuse at slow rate were gitenname colloids (from Greek
Kolla means glue like). These observations lechéodevelopment of a new branch of
knowledge known as colloidal science.

Latter many investigators including Thomas Grah@alised that distinction
between crystalloids and colloids was not rigishcei many crystalline substances like
sulphur, carbon and salt can be converted intmickall form by suitable means. At the
same time the so called colloidal like gum and tyglavere shown to have a crystalline
structure by X-ray examination. In fact, it is navell known that one and the same
substance may show colloidal behaviour at one tmeé crystalloidal behaviour at
another time depending upon the prevailing conaiétifor example, sodium salt of long
chain fatty acids (the soaps) show colloidal ch@ramn water in which they are
sparingly soluble but crystalloidal character ioaduol in which they are freely soluble.
The term ‘colloidal substances’ has, therefore béisoarded in favour of ‘colloidal
state’ into which almost every substances can bedit by suitable means.

Hence colloidal solutions or colloidal dispersi@re intermediate between true
solutions and suspensions.

8.3 COLLOIDAL SYSTEMS

When the diameter of the particles of substanspedsed in a solvent ranges
from about 10R to 20004, the system is said a colloidal solution, collbidispersion
or simply a colloid, the material will particle sizn the colloidal range is said to be in
the colloidal state. A colloidal system is thusweotphase system consisting of a
continuous phase or dispersion medium in whicheaxély minute particles, lying
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within the colloidal range of second substance éefnas discontinuous phase or
dispersed phase, are suspended.

Difference between suspensions, colloidal solutioasd true solution

Property

Suspensions

Colloidal solutions

True soluwn

1.Nature

Hetrogeneous

Heterogeneous

Homogeneous|

2. Size range

Greater than 20604r

200 mp

Between 104
to 2000 4 or 1 mp to
200 mpt

Less than 1Cor 1
my

3. Visibility Particles are visible Particles are visible | Particles are not
under microscope even | under visible even under
with a naked eye ultramicroscope ultramicroscope

4. Diffusibilty | Do not diffuse Diffuse slowly Diffise rapidly

5. Tyndall Do not exhibit Exhibit Do not exhibit

effect and

Brownian

movement

6. Molecular | Low High Low

weight

Table -1

8.3.1 Types of Colloidal Systems

As we have seen in the above article, a collaglatem is made of two phases,
the substance distributed as the colloidal partislealled the dispersed phase, the
second continuous phase in which the colloidaligleg are dispersed is called the
dispersion medium. If we take colloidal solutionaufpper in water, copper particles
constitute the dispersed phase and water dispersgaiium (fig 8.1).

E |

. |

S

Fig 8.1
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Now we see that either the dispersed phase aispersion medium can be gas
liquid or solid, these are eight types of colloidgstem possible.

A colloidal dispersion of one gas in another i$ possible, since the two gases
would give a homogeneous molecular mixture.

The various types of colloidal systems are given table 2.

Dispersion Name of the Name of the colloidal | Examples
medium dispersion phase | system
1. Gas Liquid Liquid aerosol Clouds, mist, fog
2. Gas Solid Aerosol Smoke, dust
3. Liquid | Gas Foam Shaving cream, foam
4. Liquid | Liquid Emulsions Milk, hair cream, cod-
lever oil
5. Liquid | Solid Colloidal solutions Colloidal gold
6. Solid Gas Solid foam Foam rubber, occluded
gases
7. Solid Liquid Gel or jelly Butter, cheese, gels
8. Solid Solid Solid sol Alloys, ruby glass (gold
dispersed in glass)
Table-2

8.3.2 Classification of Colloids

Substance like metal, metal sulphides cannot bedht into the colloidal state
simply by bringing them in contact with solventesie are known as lyophobic colloids
(or hydrophobic colloid if water is solvent).

Substances like proteins, starch and rubber winadecules are large enough to
be close to the lower limit of colloidal range, pagadily into colloidal state when
mixed with a suitable solvent are called lyophitialloids (or hydrophilic colloids if

water is solvent).

=}

8.3.3 Distinction between Lyophilic and LyophobicColloids
Property Lyophobic sols Lyophilic sols

Preparation Formed by special method Formed easily

Nature Particles are true molecules  Particle ctseisaggregate

molecules
Viscosity Viscosity is almost the sameViscosity is much higher tha
as that of the medium that of the medium
Visibility Particle can be readily Particles cannot be readily

detected under ultra

detected even under
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microscope

ultramicroscope

Tyndall effect

More distinct

Less distinct

Reversibility

Lyophobic salts are
irreversible

These are reversible

Surface tension

Surface tension is usually
the same at that of the
medium

Surface tension is generally
lower than that of the
medium

Migration in electric field

Particles migrate tocate or
cathode

Medium particles migrate to
anode or cathode, or not at

]

Table -3

8.4 PREPARATION OF COLLOIDAL PARTICLES

The primary consideration in the preparation i tblloidal solution is that the
dispersed particle should be 10#® 2000 & (1 m p to 200 mp) the lyophilic sols can
readily prepared since colloidal materials suclstasch, gelatin when added to water
swell up and spontaneously break into particuletesatter of colloidal range.

Lyophobic sols cannot be prepared by simple cordaslight shaking of the
substance with the solvent. Svedberg (1908-191@ested that there are two ways for

obtaining lyophobic sols.

()  Dispersion methods

In these methods, larger lumps of the insolublest&nce are pulverized by
mechanical or by other means till particles of @iolhl dimensions are obtained.

(i) Condensation methods:

In these methods, a molecular on ionic distributfirst prepared then by
suitable coarsening gives rise to particles ofatd#ll dimensions.

Dispersion methods

(i) Mechanical dispersion:
The most obvious method of dispersion consistsrgaking down the courser solid
particles by one chemical grinding. This is donehi& so called ‘colloidal mill' which
generally consists of two metal discs held at a/ \@nall distance apart from one
another which are capable of revolving at very hsgleed in opposite direction. The
solid particles are ground down to colloidal sirel @re then dispersed in the liquid to

give the sol.

(i) Bredig's are method (1898)
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This method is used for preparing hydrosols ofatsetike gold, silver and
platinum. This method consists in striking an aetween two electrodes of the metal

immersed in water as shown in (fig-8.2.)

Ammeter _2+20 ‘iohs

Rheostat

A current of one ampere and voltage of 100 vatased. The vessel in which
water is kept is surrounded by ice. On strikingaar, the vapours of metal are formed
which then immediately condense to form particlesaloidal size. Sometimes it is
necessary to add traces of electrolyte, say aftkalroxide is added in water, to obtain
best results.

Svedberg devised a method to obtain organo sotsetdl and nonmetals. In this
method electrodes are usually of iron or aluminiamd an alternating current is
employed. The material to be dispersed in takethenform of granules and pasted on
the electrodes (immersed in the organic mediungutin which the electric current is
passed.

Alternative current is used which greatly dimiréshthe decomposition of the
liquid. Practically any metal can be obtained ie tlolloidal state in a liquid with which
it does not react chemically.

Peptization

Peptization is a process by means of which aldeiteolloidal solution can be
produced from suitable substances originally presenmassive forms, when the
particle of colloidal size pre-exist in the substmo be dispersed.

The dispersal of a precipitated material into @dtl solution by the action of
an electrolyte in solution is termed as peptizatibhe electrolyte used is known as
peptizing agent. An electrolyte having an ion infmeoon with the material to be
dispersed is required for sol formation.

Peptization action is due to the preferential gutson of one of the ions of the
electrolyte by particles of the material. As a ies@ithe preferential adsorption of the
ion which is more closely related chemically to {hecipitate, the particles acquire
positive or negative charge depending upon thegdan the ion adsorbed.

Because of the presence of the same type of chd#ingeparticles of the
precipitate are pushed apart. The precipitate theis dispersed resulting in the
formation of stable sol.
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Thus you can see ferric hydroxide sol is obtawbdn a small quantity of ferric
chloride solution is added. The peptization actgodue to the preferential adsorption of
Fo* ion. Similary silver chloride can be convertedoirat sol by adding hydrochloric
acid (CI being common ion).

8.5 CONDENSATION METHODS

Colloidal system can be obtained by various reasti such as double
decomposition, oxidation, reduction, hydrolysis .etbe conditions (temperature
concentration etc.) used are such as permit tmeafton of sol particles but prevent the
particles becoming too large and forming precipitéite unwanted ions present in the
sol are removed by dialysis as these ions may ea#intcoagulate the sol.There are
four condensation methods:-

8.5.1 (i) Double decompaositionAn arsenic sulphide sol is prepared by passing a
slow stream of b5 gas through a dilute solution of arsenious oxides is continued
till the yellow colour of the sol attains maximumtensity. Excess % is removed
either by passing in a stream of hydrogen or biirgpi

(i)  Reduction:

Sols of metals such as copper, silver, gold aratimlm are obtained by
reducing the aqueous solutions of their salts by-electrolytes such as formaldehyde,
tannin, phenyl hydrazine. carbon mono oxide andphorus.

Thus

AgNOs+tannic acid ——  Ag sol

Auclst+tannicacid — Au sol

(i)  Oxidation:

A sol of sulphur can be obtained by passing hyeinogulphide into a solution of
sulpher dioxide.

2H,S+SQ __, 2HO+SY
(iv) Hydrolysis:

Colloidal sols of heavy metals are obtained bytydrolysis of the solutions of
their salts.

Thus when a small amount of ferric chloride is abitteboiling water, a red-brown sol
of ferric hydroxide obtained.

FeCk+3H,O — > Fe(OH)+3HCI.

8.6 PURIFICATION OF SOLS

The presence of impurities, particularly the elagtes, renders the sols
unstable. We will discuss the cause of instabibittgyer on. These impurities must be
eliminated by suitable means. The purification ailsscan be accomplished by
following methods.

(i) Dialysis

The purification of colloidal solution by dialysis based on the inability of the
sol particles to pass through an animal membraree marchment paper which allows
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only the molecules or ions to pass through. Theelda which dialysis is carried out is
known as a dialyser.

Fig-8.3

The animal membranes have very fine pours. Thesesppermit ions or small
molecules to pass through but not the large cdalophrticles when a sol containing
dissolved ions (electrolyte) or molecules is plaged bag of permeable membrane
dipping in pure water, the ions diffuse through thembrane. By using continuous
flow of fresh water, the concentration of electtelyutside the membrane tends to
zero. Thus diffusion of the ions into pure watemains brisk all the time and
practically all the electrolyte present in the cah be removed easily.

Ordinarily, the process of dialysis is quite sldwyt it can be quickened by
applying an electric field if the solution in trgelution is an electrolyte. The process is
then called electrodialysis.

(i) Ultrafiltration

Ultrafiltration is a process of separating colkdigarticles from the solvent and
the solutes present by specially prepared filtdrEkvallows all
other particles except the colloidal particles &aspthrough it.

Fig-8.4
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Ordinary filter papers have pours larger than 1640 so that the colloidal particles
having a smaller size can easily pass through tiBarnif the pour’'s are made smaller,
then the colloidal particles may be retained onfilker paper.

Ultrafiltration is a method not only for purificatn of the sol but also for concentrating
the sol.

8.7 GENERAL PROPERTIES OF COLLOIDAL SYSTEMS
8.7.1 Heterogeneous character

As you have seen from the above discussion evelpidal system is a
heterogeneous system. It consists of two phasesdidpersed phase and dispersion
medium.

8.7.2 Visibility

Most of the sols appear to be true solutions wiked eye, but the colloidal
particles can be seen through an ultramicroscope.

8.7.3 Colligative properties

The property which depends on the number of pagtim solution and not in
any way on the size or chemical nature of the gedj is known as a colligative

property.

As you know that colloidal particles are aggregattenolecules, therefore all
the colligative properties would be reduced. Heockoidal systems have very low
osmotic pressure, and freeze and boil at aboutsdme temperature as the pure
dispersion medium.

8.7.4 Diffusibility

The colloidal particles do not readily diffusedhgh a parchment paper or any
other membrane.

8.8 COLOUR OF THE SOLS

The colour of the hydrophobic sol depends on ttevelength of the light
scattered by the dispersed particles. The wavdiarfghe scattered light again depends
on the size and nature of the particle. This welldear to you with following example:

Colour of Ag sol Particle diameter
Orange yellow 6xfhm

Orange red 9x10nm

Purple 13xTnm

Violet 15x16 nm
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This can be seen in other cases also.

8.9 OPTICAL PROPERTIES

8.9.1 Tyndall effect

In 1867 Tyndall found that when a beam of lightpmsssed through a true
solution, it cannot be seen unless the eye is gldaectly in the path. But when the
same light beam is passed through a colloidal dsspe it is

visible as a bright beam. The phenomenon of th#esazg of light by the sol particles
is called Tyndall effect. The illumination of beawn cone formed by the scattering of
light by the sol particles if often called as Tyhdgam or Tyndall cone.

This phenomenon is due to the scattering of lfighn the surface of colloidal
particles. In true solutions the particle size ésysmall to scatter the light and hence
the beam is invisible.

Fig-8.5
The intensity of the scattered light depends ondifierence between the refractive
indices of the dispersed phase and dispersion mediulyophobic sols, the difference
is appreciable and hence the Tyndall effect isequi¢ll-defined. In lyophilic sols the
difference is small hence the Tyndall effect is mueaker.

Sol particles cannot be seen with microscope. idsigly (1903) used the
Tyndall phenomenon to set up an apparatus calleamicroscope. The intense beam
of light is focused on a sol contained in a glasssel. The focus of light is then
observed with a microscope at right angle to trenbendividual sol particles appear as
bright specks of light against a dark backgroumdanay be noted that under the ultra
microscope, the actual particles are not visililes the larger halos of scattered light
around the particles that are visible. Thus theauihicroscope does not give any
information regarding the shape and size of sdigles.

8.9.2 Kinetic properties of sols
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Robert Brown an English botanist in 1827, obsertieat pollen grains in aqueous

suspensions were in constant motion. Later wheamltroscope was invented, it was
found that particles of lyophobic sols were als@istate of ceaseless random motion
similar to pollen grains. This

Kinetic activity of particles suspended in a ligisccalled Brownian movement.

Fig-8.6 Brownian movement

The Brownian movement is independent of the natfitbe colloidal particles, but was
more rapid the smaller the particles and less vscthe solution. The Brownian
movement is due to the bombardment of colloidatigas by molecules of dispersion
medium which are in constant motion like molecufea gagfig 8.6).

Fig- 8.7

As a result of bombardment the colloidal particbejEre almost the same amount of
kinetic energy as possessed by the molecules pedi®n medium. But since the
colloidal particles are considerably heavier thaslaoules of the dispersion medium,
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their movement is considerably slower than thathef molecules of the mediur(fig
8.7).
8.9.3 Charge on colloidal particles

The most important property of colloidal dispersiaa that all the suspended
particles posses either positive or negative chafdg®e mutual forces of repulsion
between similarly charged particles prevent theomflaggregating and settling under
the action of gravity. This gives stability to thel.

The origin of charge on colloidal particles:

It has been observed that sols are invariablycéstsal will minute quantities of
electrolytes and that if the latter are completelyoved by persistent dialysis, the sols
become unstable. It is believed therefore thatgsham colloidal particles is due to
preferential adsorption of either positive or negaton on their surface.

Ferric hydroxide sol particles are positively ajes because these absorb Fe
ions from ferric chloride (Fe@) used in the preparation of the sol. Since theasch
whole is neutral, the charge on the particle isntexbalanced by oppositely charged
ions termed counterions (in this casé @rnished by the electrolyte in medium.

The negative charge on arsenic sulphide sol igalpecferential adsorption of sulphide
ions on the surface of arsenic sulphide particlelpl8de ions are furnished by
ionization of hydrogen sulphide which is presentrates. Thus, in ferric hydroxide sol,
ferric not chloride ions are preferred. Similariy,arsenic sulphide sol, a sulphide ion
not hydrogen ion is preferred.

8.10 ELECTRICAL DOUBLE LAYER

The surface of colloidal particle acquires a pesitcharge by selective
adsorption of a layer of positive ions around hisTlayer attracts counterions from the
medium which forms a second layer of negative amrdhe combination of two
layers of positive and negative charges aroundstheparticles was called Helmholtz
Double Layer (fig 8.8).
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Helmholtz thought that positive charges next to piaeticle surface were fixed, while
the layer of negative charge along with the mediwere mobile. More recent
considerations have shown that the double layeaide of:

(a) Compact layer of positive and negative chargeshhire fixed firmly on

the particle surface.

(b) Diffuse layer of counter ions (negative ions) di#f¢ into the medium containing
positive ions.

The combination of compact and diffuse layer i®mefd to as the Stern double layer.
The diffuse layer is only loosely attached to thetiple surface and moves in the
opposite direction under the applied electric fi@eécause of the distribution of charge
around the particle, there is a difference of piigébetween the compact layer and the
bulk of solution across the diffuse layer. Thisatled Electro kinetic or Zeta potential.

8.11 COAGULATION

As you have already studied that stability of aol&l particle is due to the
adsorption of positive or negative ion by the dispd particles. The repulsive forces
between the charged particles do not allow thersettie. If somehow, the charge is
removed, there is nothing to keep the particlestdpam each other. They aggregate
and settle down under the action of gravity. Themmenon of changing colloidal
state to the suspended state is known as coaguldtazulation or precipitation of
colloidal solution.

In case of lyophobic colloids the stability is dine electrical charge present on
the colloidal particles whereas the stability obpyilic colloid depends upon both the
electrical charge and solvation. In order to cquseipitation of the dispersed particles,
it is necessary that they come closer to one anathe form bigger aggregates which
lie outside the colloidal range.

The coagulation or precipitation of a given soh d& brought about in four
ways:

0] By addition of electrolytes
(i) By electropholysis
(i) By mixing oppositely charged sols
(iv) By boiling
(i) By addition of electrolytes:

When excess of an electrolyte is added to a sol dispersed particles are
precipitated. The electrolyte furnishes both pesitand negative ions in the medium.
The sols particles adsorb the oppositely chargets iand get discharged. The
electrically neutral particles then aggregate aitlesdown as precipitate.

A negative ion causes the precipitation of a pesiyi charged sol and vice versa.
The effectiveness of an anion or cation to preaipitn sol will naturally depend on the
magnitude of the charge or the valence of the g¥edon.

From a study of the precipitating action of varialsctrolytes on a particular sol,
Hardly and Schulz gave the following rules.
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(i) Coagulation is brought about ions having oppositarge to that of the sol. Hence
negative ions cause coagulation of the positivéigirged sol and positive ion cause
coagulation of negatively charged sol. Thus Fe(3¥d) which is positively charged is
coagulated by negative ions such as BDs;, SQ? etc. Similarly AsS; sol which is
negatively charged is coagulated by positive iathss N& B&*, Mg®* etc.

(i) The higher the valency of the ion greater is itagtdating power. Thus the power of
A% N&, B&" is in the order A">Ba®">Na"
Similarly the precipitating power of [Fe(C§3 ,CI and SG* is in the order

Fe(CN)*>> SQ?> CI

Quantitatively the efficacy varies directly as gguare of the valence of the ion. Thus
Mg?®* ion is 4 times more effective and®Aion is 9 times more effective than Nan.

8.12 PROTECTION OF COLLOIDS

Lyophobic sols are easily precipitabgdsmall amount of electrolyte. However
these sols are often stabilized by the additiomyophilic sols. When lyophobic and
lyohilic sols are mixed and lyophilic sol is in @ss then the resultant sols is avoided
from being coagulated. The sol now is more stableemperature changes and is not
readily precipitated by electrolytes. The lyophiticlloids thus used for protecting the
lyophobic colloids are known as protective colloi@sfferent protective colloids have
different protective powers. Zsignondy investigatiee protective action quantitatively
and gave the concept of gold number.

8.12.1 Gold number

Gold number may be defined as ‘the weight in gndims of protective colloid
which will just stop the coagulation of 10 ml ofgald sol on adding 1 ml of 10%
solution of sodium chloride’. Gold sol is ruby rea color and becomes blue on

coagulation.

Gold number of protective colloids
S| No. Colloid Gold number
1. Gelatin 0.005-0.01
2. Casein 0.1
3. Gum Arabic 0.15-0.25
4, Dextrin 6-20
5. Starch 25.0

Table-4

8.13 STABILITY OF SOLS

A true colloidal solution is stable. The stabildf/sols is mainly due to two factors:
8.13.1 (a) Presence of charge on colloidal parted

The dispersed particles of lyophobic sols posséige @lectrical charge either positive
or negative, on their surface. Since like chargpglrone another, the particles push

from one another and resist joining together.
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However by the addition of electrolyte the lyohokil particles are discharged and
precipitated.
(b) Presence of solvent layer around sol particle

The lyophilic sols are stable for two reasons.eifl lparticles posses a charge
and in addition have a layer of solvent bound @endlwrface. For example, a sol particle
of gelatin has a negative charge and a water layeelopes it. When sodium chloride
is added to colloidal solution of gelatin, its pelgs are not precipitated. The water
layer around the gelatin particle does not allow tda ions to penitrate it and
discharge the particle. Thus gelatin sol is notcipitated the addition of sodium
chloride solution.

Now it should be clear to you that why lyophiliols are more stable than
lyophobic sols. Generally lyohobic sols are coampalaby electrolytes at 0.001-0.1M
concentrations. The coagulation is irreversiblecpes and removal of coagulating
electrolyte does not allow the coagulam to be pesdised.

Lyophilic sols on the other hand are not easilggtdated. They require much
higher concentration of electroly(asually of the order of 1M) for precipitation. The
coagulation of lyophilic sol by the addition of
electrolytes is not due to neutralization of chaogethe particle.The electrolyte binds
part of the water thereby getting hydrated. As sulte the polymer molecules in the
lyophilic sol get dehydrated. The dehydration letdsoagulation.

Various ions are arranged in increasing order @if thfficacy for coagulating a
lyophobic sol in the form of series as shown below:

Mg?*>Ca*>Ba*>Na">K"

SQ*>CI>NOy>ClOg>1
8.13.2 Electrophoresis:

Since the solid particles and the liquid mediumncapposite charges, it is
obvious that when an electrical field is applideg particles and the liquid will migrate
is opposite direction. The movement of sol parialeder an applied electric potential
is called electrophoresis or cataphoresis.

If the sol particles migrate toward the positiveattode, they carry negative
charge. On the other hand, if they move toward riegative electrode they are
positively charged. Thus by noting the directionnodvement of the sol particles, we
can determine whether they carry positive or negatharge.

Qriginél i : :
" levels 1| | T

1 | _ patinum
%»/ electrode

. Deionized
i T watar

- Wetclay
(Negative)
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The phenomenon of electrolysis can be demonstrayeglacing a layer of
As,;S; sol under two limbs of a U-tube. When a potentidierence of 100 volts is
applied across the two platinum electrodes dippingeionised water, it is observed
that the level of the sol drops on the negativetadele side and rises on the positive
electrode side (fig-8.9). This shows that,&s sol has migrated to the positive
electrode, indicating that the particles are neghticharged. Similarly a sol of ferric
hydroxide will move to the negative electrode shayvihat its particle carry positive
charge.

Aplications of electrophoresis:

Some important applications of electrophoresis @eRemoval of smoke from
chimney gases; (2) Removal of suspended impurit{8% Electroplating of rubber on
metal surfaces from latex (a sol) ; (4) Paintingnuétal parts of cars from colloidal
pigmants.

8.13.3 Electro-osmosis:

The movement of dispersion medium with respectispersed phase as a result
of an electric field is known as electro-osmosis.wben electrophoresis of dispersed
particles in a colloidal system is prevented bytadle means, it is observed that the
dispersion medium itself begins to move in an eledield. This phenomenon is called
electro-osmosis.

™~

Ilnllllll
T e

Fig-8.10
It can be observed as showr(fig 8.10)

The colloidal system is put in a central chambewt#fich is separated from the
side chambers B and C with water, by a dialysingnbranes M and M The water in
the chamber B and C extends to the side tubes T andespectively. The membrane
does not allow the colloidal particles to pass tigioit. So when a potential difference
is applied across the electrodes held close tonds@branes in chambers B and C, the
water starts to move. If the particles carry negatharge, the water will carry positive
charge. So it would start moving towards the caghadd so the level of water in side
tube ‘T~ would be observed to rise. If on the contrary freaticles carry positive
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charge the water will carry a negative charge. [Elel of water will now start moving
towards the anode and its level in the side tubedld start rising.

The theoretical interpretation of electro-osmdss been given by Helmholtz,
Lamb, Perrin and Smoluchowski.
Application of electro-osmosis:
0] In the preparation of pure colloids. The casepoint is the preparation of
colloidal silicic acid of low molecular weight i.a a state of fine subdivision.
(i) In the tanning of hides and impregnation whigar materials.
(i) In the manufacture of gelatin for photographic esiaris. The object is to get a
gelatin free from fat, mineral and reducing comstitts. The phenomenon is also
applied in the manufacture of high grade glue.
(iv)  In the dying of peat, a process due to Schwerin.

8.14 DETERMINATION OF SIZE OF COLLOIDAL
PARTICLES

There are number of methods for the determinatfaize of colloidal particles. Some
important methods are given below-

8.14.1 Ultra-filtration method

The size of the pours of the ultrafilters can hkewalated from the measurement
of the pressure required to force air through tleniorane saturated with water or by
measuring the volume of water forced through uréaeof the membrane in unit time
by a known pressure. It may be repeated that intiaddo the size of the particle,
adsorption and electric charge will hold the p&&8cand may simulate a lower porosity
than should be present according to the size gbolkes of the ultrafilters.

By finding which of the ultrafilters will just perit the particles of a sol to pass
into the filtrate, while the next filter just stopige passage, the diameter of the colloidal
particle can be determined, provided the partialesassumed to be spherical.

8.14.2 From Brownian movement

Colloidal particles suspended in the liquid mediarhibit Brownian motion.
They tend to settle down due to gravity. Due toitliluence of both these effects, the
colloidal particles distribute themselves in a maftcolumn according to the equation:

2.303RT logio(ny) =4 nr® (he-hp)(d-d) ...............(a)
N en 3
Since the number of particles and n at heights hand h of the vertical
column can be counted with the help of ultramicoesend densities d and df the
dispersed phase and dispersion medium can be deéetiny

usual methods. Knowing the value of Avogadro’s namfN) r the radius of the
particle can be calculated.
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8.14.3 From Scattering of light

Zsigmondy used ultramicroscope for determininge sig colloidal particles.

Each spot of light seen in an ultramicroscope,esponds to a particle. So the number
of particles in a given volume of a solution cancbented. The observation is made a
number of times and an average is taken. The lesngtihbreadth of the field of vision
are measured by an eye piece micrometer. The deptteasured by rotating the slit
through 98. From this data the exact volume of the solutiontaining the observed
number of particles can be measured. Thus the nuaofljgarticles per unit volume of
the solution can be calculated.

Next, a known volume of a colloidal is evaporatediryness. From the weight
of residue the mass of colloidal particles per uniume is calculated. Let it be m gm,
Now assuming the colloidal particles to be sphéeal density of (d) of the colloidal
particles to be the same as that in the bulk sthgeyolume of the colloidal phase is

M= 47rn
d 3
Hence r can be calculated.

8.15 ASSOCIATED COLLOIDS OR COLLOIDAL
ELECTROLYTES

The molecule of substances as soap and artitiei@rgents are smaller than the
colloidal particles. However in concentrated saln$ these molecules form aggregates
of colloidal size.

Substances whose molecules aggregate spontan@éoasfjven solvent to form
particles of colloidal dimensions are called ass®al or associated colloids.

Fig-8.11

The colloidal aggregates of soap or detergent catds formed in the solvent
are referred to as micelles.
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Example is sodium stearate;83sCOONa’
Explanation:

Soap or detergent molecules ionises in water tm fan anion and sodium ion.
Thus we get §H3sCOO ano N4 ions. As many as 70 stearate ions aggregate 1o for
a miscelle of colloidal size. The stearate iond#sng carbon chain (17 carbons) with a
polar — COOgroup at one end. The zig zag hydrocarbon tahmvn by a wavy line
and the polar head by a hollow circle. In the nec&rmation, the tail being insoluble
in water are directed toward the centre, while lslelpolar heads are on the surface in
contact with water (fig-8.11). The charge on theetie due to the polar heads accounts
for the stability of the particle.

8.16 EMULSIONS
Definition

Dispersion of finely divided liquid droplets in @ther liquid are called
emulsion. The patrticles of dispersed phase in éondsare generally bigger than those
is sols and are sometimes visible under microsctbpenost of the cases one of the
liquid phases is an oil and the other is water. okdngly, there are two types of
emulsions: oil-in-water (O/W) type in which oil ke dispersed phase and water is the
dispersion medium and water-in-oil (W/O) type inig¢thwater is the dispersed phase
and oil is dispersion medium.

Fig-8.12
Milk is an emulsion of O/W type in which tiny drigps of fat are dispersed in
water. Stiff greases are emulsions of W/O typeewhaeing dispersed in lubricating oil.

Emulsifiers

When two imericible liquids such as a hydrocarlednand water are shaken
together vigorously a milky looking solution result
This is an emulsion consisting of small droplet®ibsuspended in water. However the
droplets remain suspended in water for a short timg. On standing the two liquids
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soon separate, the oil droplets rising to the tuppfarming a separate oil phase. This is
because the cohesive forces between the moleculesch layer exceed the adhesive
forces between two liquids. In
other words the emulsion formed by merely shakihg two immiscible liquids
together is highly unstable. In order to get stafilsions of fairly high concentrations
it is necessary to add another substance knowmatsiéier or emulsifying agent in a
small quantity.
Role of emulsifier

The emulsifier concentrates at the interface amlices surface tension on the
side of one liquid which rolls into droplets. Sofgr example is made of a long
hydrocarbon tail, which is oil soluble, with a poteead — COONa(water soluble).

Fig 8.13
In O/W type emulsions the tail is pegged into tlledooplet which the head extends
into water. Thus the soap acts as a go-betweentten@mulsified droplets are not
allowed to coalesce.

8.17 GELS
Definition

Several lyophilic sols and a few lyophobic solsiew coagulated under certain
conditions, change into a semi-rigid mass, enctpsire entire amount of the liquid
with in itself. Such a product is gel. The processransformation of a sol into a gel is
known as gelation.

Gel is a colloidal solution in which a liquid issdersed in a solid.

Elastic and non elastic gels:

There are two types of gels namely elastic getsraom-elastic gels. Elastic gels
are reversible. When partially dehydrated, theyngleanto a solid mass which however
changes back into original form on simple additioh water followed by slight
warming if necessary. Non-elastic gels are irralbgs\When dehydrated they become
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glassy or change into a powder which on additiorwaiter and followed by warming
does not change back into the original gel.

Gelatin, agar-agar and starch are examples ofiecsis as they are reversible.
Silica, alumina and ferric oxide gels are non-étaess they are irreversible.

Elastic gels can imbibe water when placed in it andergo swelling, non-
elastic gels are incapable of doing so. This phemn is known as imbibition or
swelling.

8.17.1 Sol-gel transformation

Sol transformation is a phenomenon in which a gébimed from a sol. When
a freshly prepared sol of Ce©@ontaining about 10g per litre was transformed agel
by coagulation with electrolyte. But if the sol@€Q was kept for 200-300 days then it
lost its power and gave a precipitate instead gdlaby the addition of electrolytes. But
in case of some lyophilic sols, such as gelatinvater, agar in water, the sol-gel
transformation is well known and the transformai®neversible with in certain limits.

If gelatin sol is prepared by heating gelatin withter upto 78C, and it is then
cooled, it is seen that the sol sets to a gelvatiémnperature. If the gel is again warmed,
it liquefies to a sol. This process can be repeate@nd when desired. This sol- gel
transformation is actually reversible as long astémperature 857¢° is not exceeded.
At higher temperature the product formed are ne¢ngble and sol-gel transformation
does not take place.

8.18 APPLICATION OF COLLOIDS

Colloids play an important role in our daily lifes avell as in industry,
agriculture, medicine and biology.
() Foods:

Many of our foods are colloidal in nature. Milkas emulsion of butter fat in
water protected by a protein, casein. Casein inenitof great value. Gelatin is added
to ice cream (colloidal solution of ice in creans)aprotective agent as as to presence
its smoothness.

Whipped cream, fruit jellies, salad dressings agd a host of other materials
used as food are colloidal in nature.

(i) Medicines:

A number of medicinal and pharmaceutical prepanatiare emulsions. It is
believed that in this form they can be more effectand are easily assimilated. Many
ointments for application to skin consist of physgically active components dissolved
in oil and made into an emulsion with water.

Antibiotics such as penicillin and streptomycin @reduced in colloidal form
suitable for injections.

(iii) Electrical precipitation of smoke:

Smokes and dusts are a nuisance and create heaillerps in industrial areas.
Actually those are dispersions of electrically ¢jeat colloidal particles in air.

The removal of these particles from air involves giinciple of electrophoresis.
The air from a furnace or industrial plant carryithgese particles is passed between
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metal electrodes maintained at high difference aikptial (about 50,000 volts). The
particles are discharged and deposited as preeipitan the oppositely charged
electrodes from which they can be scrapped mecaiinic

(iv) Industrial goods:

Soap is a colloidal electrolyte. A series of newetergent and wetting agents
have been produced in recent years. Paints vamjishamals, celluloses, resins, gums,
glues and other adhesives: rayon, nylon, teryleméles, leather, paper etc. Are all
colloidal in nature. Industrial processes suchaasihg, dyeing, lubrication etc are all
colloidal in nature.

(v) Rubber-plating:

The negatively charged particles of rubber (lates@ made to deposit on to
wires or handles of various tools (in order to lase them) by electrophoresis. The
article to be rubber plated is made the anode. fTipber particles migrate in an
electrical field towards the anode and get depdsiteit.

(vi) Sewage disposal:

Sewage water consists of particles of dirt, rubbistud etc which are of
colloidal dimensions and carry electrical charge ererefore do not settle down easily.
On creating an electrical field in the sewage tanése

Particles migrate to the oppositely charged eléetspget neutralized and settle
down at the bottom. This is electrophoresis prgpefrcolloids.

(vii) Detergent action of soap:

Most of the dirt and dust sticks on to grease aneswily material which
somehow gathers on cloth. As grease is not easyed by water. It is difficult to
clean the garments by water alone. The additiosoap lowers the interfacial tension
between water and grease and this causes the Boatish of grease in water. The
mechanical action, such as rubbing etc releasedirthe

(viii) Artificial kidney machine :

Human kidneys purify blood by dialysis through matumnembranes. The toxic
waste products such as urea and uric acid passgtithhe membranes while colloid
size particles of blood proteins are retained. Kidfailure therefore leads to death due
to accumulation of poisonous waste products inddow-a-days patient’s blood can
be cleansed by shunting it into a artificial kidneychine. Here the impure blood is
made to pass through a series of cellophane tubesusded by washing solution in
water. The toxic waste chemicals diffuse across tthee walls into the washing
solution. The purified blood is returned to theigait
(ix) Formation of deltas:

The river water contains colloidal particles ofndaand clay which carry
negative charge. The sea water, on the other hamgios positive ions such as Na
Mg*, C&£" As the river water meets sea water these ionalige the sand or clay
particles which are precipitate as deltas.

Other uses are purification of water formatiorswwioke screen artificial rain and
many more.

8.19 MACROMOLECULES
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Definition

Colloidal solutions are formed by aggregation tdnas or molecules to give
paticles of colloidal size. There are substanceghwhare themselves composed of
giant molecules and dissolve in a solvent to y@btloidal solution directly. These
giant molecules are termed macromelecules or patyme

The dimensions of the macromolecules fall in agearbetween 10Ato
10,000A. The molar mass of polymer may vary from 5000 ¢wesal millions.
Proteins, synthetic polymers (plastic), synthetibbrer, cellulose and and starch all
posses macromolecules.

Solutions of macromoelcules behave like reversdakoids or lyophilic sols.
They show a weak Tyndall effect and possess higlogity. Macromolecules in
solution do not carry an electric charge and doshotv electrophoresis.

Research in synthetic polymer chemistry has grawrhuge pace. Several
industries in U.S.A. Japan and some Europian cmstnave specialized in the
synthesis of high molar mass compounds from lowamolass compounds as starting
materials. Some industries have specialized inpitweluction of plastic, synthetic
rubber, synthetic fibre, lacquers, paints varnistathesives and insulators. In fact
plastic industry covers several varities of systhgblymers having wide range of
properties. Some of them are superior to even gotbplatinum in chemical resistance
and retain their mechanical propertics even whetecbto -58C and heated to 560.
The strength of other polymers equals that of reesgiproaching even diamond in
hardness. Some varieties of systhetic rubbers sagaa-impermeable and petrol and
oil-resistant. Synthetic fibres are far strongeanthnatural fibres. These can be
converted into crease proof fabrics and excebetificial furs.

A major discovery in the late 1970’s was the prapan of conducting organic
polymers such as hydrogen derivative of polyaces/lend the one-dimensional
polymers (SN)

8.19.1 Molecular weight of macro molecules

The molecular weight is an important property ofymeric substances such as
proteins, polymers (plastics, starch) and otherrmamlecules. Generally; molecules
of protein or a polymer may not be of the same.slzeerefore all the experimental
methods of molecular weight determination will gseme kind of an average value.
Two types of average molecular weights have beé&nete
(i) Number-average molecular weightyM
(i) Mass-average molecular weightyM
For a sample consisting of N polymer molecules@oiign ~ monomer molecules
of molar mass M n, monomer molecules of molar mass, Mtc, the number-average
molecular weight is defined as

My = mMai+moMot+ =3 niMi/ Y i, (1)
n+no.....

And mass-average molecular weight is

Defined as

= 4. =Y niMi2 /¥ niMj ....... )

UTTARAKHAND OPEN UNIVERSITY Page 134



PHYSICAL CHEMISTRY- | BSCCH-103

NiMi+nmMo + L.

If c denotes the concentration of polymer solutrograms per unit volume then
Ci=) niMi
so that My = YniMi%/Yci
The mass- average molecular weight is larger themumber-average molecular
weight.
Determination of molecular weight of macro-moleculs:
There are a number of methods available for thergehation of molecular weight of
macromolecules.
(1) Osmotic pressure measurement
(2) Diffusion method
(3) Sedimentation method
(4) Viscosity determination method
(5) Light scattering method
Viscosity method:
It is a simple method for determining molecular gieiof macromolecules.
The pressure of macromolecules raises the viscosiye solvent. By measuring the
viscosity of pure solvent and the solution in tladddratory we can calculate the
molecular weight of the polymer.
The relative viscosity of a solution of a polymeéenoted by, is given by the
expression
M= Mo e 1)
Wheren is viscosity of the solution angy is viscosity of pure solvent at same
temperature.

Fig 8.4

The specific viscosityfjsp is given by
Nsp=Hrl 2)
in terms of eqn.(1) and eqn.(2) intrinsic viscosstylefined as
[4] = lim (Ms/C)
c» 0
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where c is concentration of solute. The plotigf/c against c gives a straight
line. Extrapolation to c=0 yields the intrinsic eusity.

Fig(8.4)

It was shown by Staudinger that the empirical refethip exist between
intrinsic viscosity fj] and molecular weight [M] of high polymer

[M] = kM*

Where k and x are constant for a specific polymex specific solvent. Once
k and x are known for a polymer solvent combingtidrmay be calculated.

8.20 SUMMARY

In this chapter you have studied that colloidalteys is a two phase
heterogeneous system in which one phase is digbersefine state of subdivision in
another medium termed as dispersion medium. Irahiigtances the size limit is not
rigid and may vary on either side but most systeamorm to the above description.

The wide variety of proteins obtained from the riyiworld form the most
important group of naturally occuring macromolesul&@hese are produced from
repetitive linking of various amino acids. As aukghe proteins are amphoteric in
nature.

The sub-topics studied in this chapter include rdidin, type of colloidal
systems, properties of sols. Preparation of salsfigation of sols, zeta potential,
electrophoresis, electro-osmosis, coagulation bbicks, origin of charge on colloidal
particles.

Emulsions and gels and their properties have asa Istudied in this chapter.
Most important above all is wide range of uses afoids in different areas in our
daily life and industry.

8.21 TERMINAL QUESTIONS

(A) Multiple choice questions:
(1) In atrue solutions, the diameter of the dispdmatrticles is of
the range from-

(@) 1A to 10~ (b) 10A, to 100 A
(c) 100 A to 200 A (d) 200 A to 500 A ans(a)
(2)  The precipitating power of Al, Na” and C4" is in the order
(@) Na>Ca*>Al%* (b) Nd>AP>Ca*
(c) C&">Na">AlI%* (d) AP>C&*>Na" ans(d)
3) Ice cream is a dispersion of ................. in.cream.
(a) Water (b) Water vapour
(c) Ice (d) Cooling agent
ans(c)
(B) Short answer questions:
(1) Define the following terms:
(a) Sol (b) Gel
(c) Lyophilic Colloids (d) emulsion
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(2) How are colloidal solutions classified.Whatngant by colloidal state of matter.
(3) Explain why-
(a) Deltas are formed at a place where the rivers phair water into the sea.
(b) Define number average and weight average moleatdaght.
(C) Long answer questions:
Q.1 What is a molecular colloid? How does a lyaphablloid
stabilise a lyophobic one? Give an account of golchber in
this respect.
Q.2 Discuss the origin of charge on a colloidatipkes. What is
meant by electrical double layer?
Q.3 What are lyophilic and lyophobic sols? Discilsmain
differences between lyophilic and lyophobic calki
Q.4 Explain the following:
(a) stability of colloids
(b) Difference between gels and emulsions.
(c) The Schulze-Hardy rule of coagulation.
Q.5 Equal number of molecules withy#10,000 M=10,000. are mixed. Calculate
number average molecular weight and mass averatpruatar weight.
Q.6 (a) What are various methods for determiniag sf the
colloidal particles? Describe one methodetmil.
(b) Write a note on Brownian movement.
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UNIT 9: CATALYSIS

CONTENTS:

9.1 Objective

9.2 Introduction

9.3 Types of catalysis
9.3.1 Homogenous catalysis
9.3.2 Heterogeneous catalysis

9.4 Characteristic of catalytic reactions

9.5 Promoters

9.6 Catalytic poisoning

9.7 Negative catalysis

9.8 Theories of Catalysis
9.8.1 Theories of homogeneous catalysis
9.8.2 Theories of heterogeneous catalysis
9.8.3 Active centres on catalyst surface
9.8.4 The adsorption theory explains catalyticvitgti

9.9 Activation energy and catalysis

9.10 Acid-base catalysis
9.10.1 Definition
9.10.2 Theory of acid base catalysis

9.11 Enzyme catalysis (Biochemical catalysis)
9.11.1 Definfition
9.11.2 Characteristics of enzyme catalysis
9.11.3 Examples of enzyme catalysis
9.11.4 Mechanism of enzyme catalysis
9.11.5 Kinetics of enzyme catalysis

9.12 Industrial application of catalysis

9.13 Summary

9.14 Terminal Questions

9.2 OBJECTIVE

It is an interesting aspect of chemistry that d¢ertaactions which do not
proceed to completion even when carried out forefimite periods of time, get
completed within a matter of few minutes when smakntity of a foreign substances
added. This substance is known as catalyst. Beazfubés property it is important to
study this topic in detail particularly for manydumstrial processes.

Autocatalysis:

In certain reactions, one of the product acts astalyst. For example, the
oxidation of oxalic acid by acidified potassium p@nganate becomes much more
rapid due to the presence of manganese (ll) ionshadre formed in the reaction.
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This type of reaction in which one of the produtsglf acts as a catalyst is known as
auto-catalysis.

9.1 INTRODUCTION

There are certain reactions which do not proceeddmpletion even when
carried out for indefinite periods of time. Thesmactions get completed very soon
when small quantity of a foreign substance is ad@=dzelius in 1836 realised that
there are substances which increase the rate eh&ion without themselves being
consumed. These substances are called catalysatafyst is defined as a substance
which increases the rate of the chemical reactidhont undergoing any change and
can be recovered as such at the completion okthion. The phenomenon of increase
in the rate of a reaction with the help of the lyatais known as catalysis.

Usually a catalyst accelerates a reaction as wgmsally thought by Berzelius.
But a number of cases are now known where theysatdéfinitely retards the progress
of a reaction.

Thus a catalyst is a substance which alters theeratf a chemical reaction,
itself remaining unchanged chemically at the end ttfie reaction. The process is
called as catalysis.

Now it is evident from the above definition a dgsa may increase or decrease
the rate of a reaction. A catalyst which increadbesrate of a reaction is called positive
catalyst and the process positive catalysis or lgirogtalysis. A catalyst which retards
the rate of a reaction is called negative catalpstthe process negative catalysis.

The decomposition of potassium chlorate takeseptaach more rapidly and at
a much lower temperature if a little of manganesxide is added to it. Manganese
dioxide is not used up at all and can be recovenethanged.

The combination of hydrogen and oxygen to formewawhich is slow at
ordinary temperature proceeds more rapidly in tiesgnce of platinum.

While studying chemical kinetics you have studieat when a catalyst is added
a new reaction path with a lower energy barrigrra/ided

Fig-9.1
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Since energy barrier is reduced in magnitudegelaumber of molecules of the
reactants can get over it. This increases theofatge reaction. In this case the catalyst
does not alter the position of the equilibrium ineaersible reaction. It simply hastens
the approach of the equilibrium by speeding up kbth forward and the backward
reactions. How the catalyst works you will studythirs chapter later.

9.3 TYPES OF CATALYSIS

There are two types of catalysis:

(a) Homogenius catalysis

(b) Heterogenius catalysis

A third type of catalysis known as enzyme catalysghich is largely of
biological interest, you will study in this chaptater on.

9.3.1 Homogenius catalysis

When the catalyst is present in the same phatebsf the reactants, the
phenomenon is known as homogeneous catalysiaviAoty are  some
examples of homogeneous catalysis: Gas phase:

(i) Oxidation of sulpher dioxide (SPinto sulphurtrioxide (Sg) with nitric oxide
(NO) as catalyst.
2SGQ+ O+ [NO] — >  2S@E+[NO]
gas gas gas gas
(i) Decomposition of acetaldehyde (€EHO) with iodine (}) as catalyst
CH3CHO+[|2] _ CH4+CO+[|2]
vapour vapour gas gas
example of homogeneous catalysis in solution phase:
Many reactions in solutions are catalysed by a@id¥ and bases (O
() Hydrolysis of cane sugar in aqueous solution ingresence of mineral acid as

catalyst.
C12H22011+ H2O H;SO CgH1206 + CeH1206 + [H2SOy)
—>
cane sugar glucose  fructose
(i) Hydrolysis of an ester in the presence of acidlkali
CH;COOGHs+ H,O0 "/ CH;COOH + GHsOH
ethyl acetate acetic acid ehtenol

9.3.2 Heterogeneous catalysis

The catalysis in which the catalyst is in a diffeér@hysical state from the
reactants is termed as heterogeneous catalysismodkeimportant of such reactions
are those in which reactants are in the gas phhse the catalyst in solid phase. This
form of catalysis has great industrial importanas, you will study later in this
chapter.
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Example of heterogeneous catalysis

(1) Oxidation of ammonia to nitric oxide in the presernd a platinum gauze.
ANH;+ 5+ [P] ——» 4NO + 6HO + [P1]
gas gas solid

(i) Combination of hydrogen and nitrogen to form amradnithe  presence of
finely divided iron (Haber’s process for ammonia).

Nz + 3H; + [Fe] ——» 2NHK+([Fe]
gas gas solid

(i)  Combination of sulphur dioxide (SP and oxygen in the presence of
finely divided platinum or vanadium pentoxide,04, (Contact process for
sulphuric acid).
2SGQ+ O+ [Pt] ————» 25Q+ [P1]
gas gas solid

(iv)  Hydrogination reaction of unsaturated organic coomas are catalysed by
finely divided nickel
H,C = CH+H,+[Ni] —— > HC-CHs+[Ni]

(v) Decomposition of hydrogen peroxide in aqueous gnius catalysed by
gold and platinum in colloidal form as well astogrcury and oxides of
metals like lead, manganese cobalt, nickel etc.
2H,0; + [Pt] —» 2HO+ O+ [PY]

(vi) The decomposition of potassium chlorate is catalydey manganese
dioxide is shown below
2KCIOz+ [MNO;] ——» 2KCI + 3G, + [MnOy]

The above reaction is heterogeneous, though katttants are in the same
phase (solid), because every solid forms a newgha

9.4 CHARACTERISTIC OF CATALYTIC REACTIONS

As you have studied that a catalyst remains unadhadgring the chemical reaction
although there are different type of catalytic teaws, the following characteristics
are common to most of them. These features aren oéiferred as the criteria of
catalysis.

1. A catalyst remains unchanged in mass and chemarapasition at the end of the
reaction. However the catalyst may undergo a physihiange. Thus granular
manganese dioxide used as a catalyst in the thete@mposition of potassium
chlorate is left in a fine powder at the end of rbaction.

2. A small quantity of catalyst is generally needed pimduce almost unlimited
reaction. Sometime a trace of metal catalyst isired to affect very large amounts
of reactants. For example one ten-millionth ofitass of finely divided platinum is
all that needed to catalyse the decomposition dfdgen peroxide.

On the other hand, there are catalysts which reeed present in relatively
large amount to be effective. Thus in Friedel-Graffaction,
CeHg + CHsClI AICl CgHsCoHs + HCI + [AICIS]
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Anhydrous aluminium chloride functions as a catadffectively when present to
the extent of 30 per cent of the mass of benzene.
3. A catalyst is more effective when finely dividedheterogeneous catalysis; the
solid catalyst is more effective when in a statére subdivision that it is used in
bulk. Finely divided nickel is more effective ascatalyst than lump of solid nickel.
4. A catalyst is specific in action. While a pautex catalyst works for one reaction it
will not necessarily work for another reaction. fBient catalysts can bring about
completely different reactions for the same reactior example ethanol gives ethene
when passed over hot aluminum oxide.

Co,HsOH + [A|203] —  » CH4s+HO + [A|203]

But with hot copper it gives ethanol (gEHO).

CHsOH+[Cul ——» CHCHO +H +[Cu]
5. A catalyst cannot in general initiate a reaction
As you have studied earlier that in most casesaysh speeds up a reaction
already in progress and does not start the reabtibthere are  certain reactions
where the reactants do not combine for very lonige t
For example a mixture of hydrogen and oxygen whichains unchanged almost
indefinitely at room temperature can be broughtdaction by the catalyst platinum
black in a few seconds.

H, + O, room temp. No reaction

2H, + O, Pt black 2HO

This is because the reacting molecules do noiggsessinimum  kinetic
energies for successful collsion.The moleculesustddrom collisions  without

reacting at all. But in the presence of the catalythey get sufficient energies after
reacting with catalyst and are now in a positiogitee products after further collision
with other molecules.
6. A catalyst does not affect the final positioregtilibrium although it shortens the
time required to establish the equilibrium. It me#mat in a reversible reaction the
catalyst accelerates the forward and reverse oemcequally. Thus the ratio of the
rates of two opposing reactions i.e. equilibriumstant remains unchanged.

The effect of a catalyst on the time requiredeguilibrium to be established for
the reaction

A+B —_——» C+D

is shown in fig-9.2

Fig-9.2
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To start with the concentration of A and B are la@ maximum and hence rate of
forward reaction is maximum. As the time passesréte of reaction decreases till the
equilibrium is established. For the reverse reacthe initial concentration of C and
D are zero and the rate of reaction is lowest. s ttme passed the rate of reaction
increases till the equilibrium is established. $amcurves of the rates of reactions with
the catalyst show that the rates of the forwardtrea and the reverse reaction are
altered equally but the equilibrium is establisired much shorter time.

7. The catalyst cannot alter the nature of prodoictee reaction. The combination
of hydrogen and nitrogen under suitable conditi@sslts invariably in the formation of
ammonia whether a catalyst is added or not.

8. Change of temperature alters the rate of aytatakaction as it would do for the
same reaction with a catalyst. You have alreadgistuin your earlier classes the effect
of temperature on reversible reactions under Ledlieas Principle, which says that

“If equilibrium is subjected to a stress, the egiitium shiftsin  such a way as to
reduce the stress”.

Some catalysts are, however, physically altengdh lyise in temperature and
hence their catalytic activity may be decreasduds Ts particularly true with colloidal
solutions like that of platinum, since a rise aghfgerature may cause their coagulation.
In such a case the rate of reaction increases ugert@in point and then gradually
decreases. The rate of reaction is maximum at #Hcpkr temperature called the

optimum temperature.

9.5 PROMOTERS

It has been observed in a number of cases thaicthaty of a catalyst is considerably
increased by the addition of a second substancehvityi itself has no catalytic
property. Such a substance which promotes theitgct¥ catalyst is called promoter.
Thus molybdenum (Mo) or aluminium oxide (8k) promotes the activity of iron
catalyst in the Haber synthesis for the manufaatfieemmonia.

N, + 3H, Fe 2 NH
+Mo
In the synthesis of methanol (gBH) from carbon monoxide and hydrogen, a
mixture of zinc oxide and chromium oxide is usedaslyst.
CO +2h ZnO CHOH
CrOs3

Explanation of promoter action
The action of promoter is not clearly known, thisi@an may be because of  the
following points:

(1) Change of lattice spacing:

The lattice spacing of the catalyst is changed.sTénhancing the spaces between
catalyst particles. The adsorbed molecules of theactant (say F are further
weakened and cleaved. This makes the reactionster fiig 9.3).
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Fig-9.3

(2) Increased peaks and cracks:

The presence of promoter increases the peaks aokisocon the catalyst surface. This
increases the concentration of the reactant maeautd hence the rate of reaction.

9.6 CATALYTIC POISONING

A substance which destroys the activity of thelgatdo accelerate a reaction is
called a poison and the process and the procesdlesl catalytic poisoning.

Example of catalytic poisoning

(i) The platinum catalyst used in the oxidatiorsofphurdioxide is poisoned by arsenic
oxide (ASQOs).

SO+ O Pt 25Q@
Poisoned By A®s;
(i)  The iron catalyst used in the synthesis ohania is poisoned by 43
N2 + 2H, Fe R 2NH
Poisoned by}$
(i)  The platinum catalyst used in the oxidation of loggm is poisoned by
carbon monoxide.
2H+ O Pt 2H0
Poisoned by CO

Explanation of catalytic poisoning

(i) The poison is adsorbed on the catalyst surfapeesence of the reactants. It  has
been found that even a monolayer renders the sudiaavailable for further

adsorption of the reactants. The poisoning byOA®r CO appearsto  be of this
kind.
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(i)  The catalyst may combine chemically with tingpurity.
The poisoning of iron catalyst by&ifalls in this class.

Fe+HS —» FeS+H

9.7 NEGATIVE CATALYSIS

In some cases it has been found that a catalystid®f speeding up a reaction may
actually retard it. Such substances are calledtivegeatalysts or inhibitors. The
negative catalysts are of great use when it igel@$o0 slow down altogether a
particular reaction.

(i) In the decomposition of hydrogen peroxide a smalbant of acetanilide or
glycerine when added slow down the reaction.

(i) When tetraethyl lead Pb§Bs), is added to petrol it retards the too rapid or
explosive combustion of the fuel which is respblesifor knocking of the
engine.

Explanation of negative catalysis
Negative action of substances to catalyst coulditberent for different reactions.
(i) By poisoning the catalyst:

The negative catalyst may function by poisoningtalyst which already happens to

be present in the reaction mixture. For exampldardees of  alkali dissolved

from the glass of a container, catalyse the decaitipn of hydrogen peroxide

(H20,). But the addition of an acid would destroy the Ikak catalyst thus prevents

decomposition.

(i) By breaking the chain reaction:

In some cases negative catalysis are believepddmte by breaking the chain
of reaction. For example, the combination of hyém@+) and chlorine (G) which
is a chain reaction is negatively catalysed byogin trichloride (NG).

Ch ———» CI*+CI*
H+Cl* __ , HClI+H*
H*+Cl, — HCI+CI*

UTTARAKHAND OPEN UNIVERSITY Page 145



PHYSICAL CHEMISTRY- | BSCCH-103

NCl; breaks the chain of reactions by absorbing thpggating species  (CI*)
and the reaction stops.
NCkL + CI* —» %2 N, + 2Ch

9.8 THEORIES OF CATALYSIS

9.8.1 Theories of homogeneous catalysis

It is believed that in homogeneous catalysis,a&tree intermediate compound
is first formed by the interaction of one of theacwants with catalyst. The
intermediate compound then reacts with the otlestamt or reactants giving the final
product and at the same time regenerating theysaialits original form.

0] The combination of sulphur dioxide and oxygen, lgatd by nitric oxide
gas, is represented as under:

2NO + Q —— 2NOG N ¢ ))
catalyst one reactant intermediate
compound
2NO, + 2SS0 ——» 2S9 + 2NO ......... (2)
intermediate second product catalys
compound reactant regenerated
The reaction would have taken place in the absehcatalyst shown
below:

2SO+ 0, —» 2SQ TN () |

The reaction represented by equation (2) takeptauch more rapidly than
that represented by equation (3). This explainsdhtalytic effect of nitric
oxide.
(i) Preparation of diethyl ether £Bs),O from ethanol (@HsOH) using

sulphuric acid as catalyst can be explained as:

C;HsOH + BRSO, —» 2BsHSO, + HO
reactant catalyst intermediate
first molecule compalu
GHsHSO, + GHsOH —» (GHs)0 + HSO,
Intermediate reactant dorct catalyst
compound second molecule regenerated

(i)  Thermal decomposition of potassium chlorate (K&£IOn presence of
manganese dioxide can be explained as:

2KCIOs3 + 6MnO, —» 6MnG; + 2KCI
Intermediate
compound

6 MNO; ——» 6 MnG + 36
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9.8.2 Theories of heterogeneous catalysis

In homogeneous catalysis the intermediate compdonahation theory is
applicable. The second theory known as adsorptioeory, is applicable to
heterogeneous catalysis in most of the cases.

According to this theory catalyst functions by agiion of the reacting
molecules. This theory was originated by Faradayl833. He suggested that the
reacting gases collect on the surface of the solfdrm a film. As the concentration of
reactants is high in the film, the reaction takkes@ at a faster rate in the presence of
the solid than its absence. Now the formation afhsgaseous films on the solid
surface is well established by the researches gioair and others.

four steps can be put forwarded for heterogeneataysis. For example, if the
general reaction is

Ag+Bg _catalyst = g+ Dy

A*B +M ____, C+D + M

reactants catalyst productsatalyst

A + M——» AM
one catalyst intermediate
reactant

AM + B——» C+D + M
intermediate other reactant product catalys

Step-1 Adsorption of reactant molecules:

The reactant molecules A and B strike the catalydgtace. They are held up at
the surface by weak von der Waal's forces (Physaddorption) or by partial
chemical bonds (chemical adsorption).

Step-2 Formation of activated complex:

The particles of the reactants adjacent to one hanojoin to form an
intermediate complex (A-B). The activated complexconstable. It has very short
existence.

Step-3 Decomposition of activated complex:

The activated complex breaks to form the produc@n@ D. The separated
particles of the products hold to the catalystazefby partial chemical bonds.
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Fig-9.5

Step-4 Desorption of products:
The particles of products are desorbed or relefisaetdthe surface. They are stable and
can lead an independent existence.

The mechanism of contact catalysis may vary in ildetalepending on
the nature of reactants.

Let us consider the example of hydrogenation oémghin presence of nikel. In
this case, ethene adds hydrogen in the presentekafl as a catalyst to yield ethane.

Fig-9.6 (a), 9.6 (b), 9.6 (c) & 9.6 (d)

The functioning of catalyst in this reaction isfakows:
Step-1 Adsorption of hydrogen molecules:
Hydrogen molecules are adsorbed on the nickel seirfie to residual valence bonds
of the nickel atomgfig 9.6a)
Step-2 H-H bonds are broken:
The H-H bond is smaller than Ni-Ni bond. Therefatee H-H bond of the adsorbed
hydrogen molecule is stretched and weakened. Tlakemed bond breaks, separating
the hydrogen atoms. The separated hydrogen atoenkedd to the nickel surface by
chemical bonds (fig- 9.6 b).
Step-3 Formation of the activated complex:
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The chemisorbed hydrogen atoms then attach to ethmerecule by partial chemical
bonds. Therefore, unstable activated complex imiéar fig 9.6c).
Step-4 Decomposition of activated complex and degion of ethane molecule:

The unstable activated complex decomposes to ébnane molecule. The freed
catalyst surface is again available for furthefoscffig 9.6d) In the case of reaction
between sulphur dioxide and oxygen in the presesicglatinum catalyst, the
molecules are first adsorbed at adjacent pointsthed those possessing sufficient
energy react with the surface of the catalyst ymgjcan adsorbed activated complex.
The complex then readily dcomposes to give sulptiokide which gets readily
desorbed.

If one of the reactants is adsorbed strongly onsthii, it will cover most of
the surface of the catalyst leaving very little gpdor the adsorption of the second
reactant. The formation of activated complex, tfaree will be slowed down. At the
same time, if one of the reactants is adsorbed small extent, the catalytic effect
will be negligible. For efficient catalysis, theoeé, it is desirable that both the
reacting gases should be adsorbed appreciabljie’dame time it is essential that the
products of the reaction are desorbed readily fitoensurface so that necessary space
for the adsorption of the reacting molecules is enadhilable once again.

If the reaction involves only one molecular species example the
decomposition of ammonia gas on the surface ofsiemgor that of hydrogen iodide
on platinum, it should be adsorbed strongly so that'adsorbed activated complex’
is formed readily and the reaction is quickened.

9.8.3 Active centres on catalyst surface

The catalyst surface has unbalanced chemical bondé&. The reactant
gaseous molecules are adsorbed on the surfaceebg ffree bonds. This accelerates
the rate of a reaction. The distribution of freendd® on the catalyst surface is not
uniform. These are crowded at peaks, cracks anmecopof the catalys(fig 9.7) The
catalytic activity due to adsorption of reactinglemules is maximum at these spots.

These are therefore referred at the active centres.

Fig-9.7
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The active centres increase the rate of reactibomly by increasing the concentration
of the reactants but they also activate the moéeadbkorbed at two such centres by
stretching it.

9.8.4 The adsorption theory explains catalytic actity

(i) Metals in a state of fine subdivision or colloifiaim are rich in free  valance
bonds and hence they are more efficient cataliists the metal  in lumps.

Fig-9.8
(i) A promoter increases the valance bonds on thdysatsurface by changing the
crystal lattice and thereby increasing the actveties (fig- 9.8).

(i) Catalytic poisoning occurs because the so callegopoblocks the free valence
bonds on its surface by preferential adsorption doy chemical combination.

9.9 ACTIVATION ENERGY AND CATALYSIS

As you have studied in chemical kinetics a reaatioturs by the collision between the
reactant molecules (or ions). At ordinary tempeetthe molecules do not possess
enough energy and hence collisions are not efieciowever, when the temperature
of the system raised, the kinetic energy of theemuales increases. But the molecules
do not react unless they attain minimum amounnefgy.
The minimum amount of energy required to cause eanital reaction is known as
activation energy.

The activated molecules on collision first formaativated complex. As a result
of breaking of old bonds and forming of new borus activated complex dissociates
to yield product molecules.

Fig-9.9
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A catalyst lowers the activation energy of the teachby providing a new pathway
(fig 9.10) Thus larger number of effective collisions occirsthe presence of the
catalyst, than would occur at the same temperatiih®ut the presence of catalyst. In
this way the presence of catalyst makes the reaggo faster, other condition
remaining the same.

Fig-9.10
9.10 ACID-BASE CATALYSIS
9.10.1 Definition

There are a number of homogeneous catalytic reectichich are brought about by
acids and bases. The subject of acid-base catdlysisfore has assumed a special
importance.

Arrhenius pointed out that acid catalysis wasadhf brought about by ‘Hons
supplied by strong acids, while base catalysis vaassed by OHions supplied by
strong bases.

The catalytic effect of the dilute mineral acids on
(i) The inversion of sucrose has been well known flong time:
CioH2,011 +HO  H' CeH 1206 + CsH 1206
sucrose glucose fructose
(i) Decomposition of nitramide catalysed by idn takes place as follows:
NH>NO> H+ N.O + HO

(i) Hydrolysis of nitrile, first to amino acid and themammonium salt of the
corresponding fatty acid,is catalysed by acid aaskb.

RCN + HO H'/OH RCONH

nitrile amide

RCONH; + H,0O H/OH RCOONH,

amide ’ Ammonium salt
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(iv) Hydrolysis of an ester to give corresponding @eid alcohol is accelerated
in the presence of acids.

CHsCOOGHsH" CH,COOH + GHsOH

ethyl acetate acetic acid ethanol
The recent work has shown that in the reactiorslysed by acids not only hydrogen
ions but also undissociated acids even cationseakvbases (such as WY in short,
all substances which have tendency to give up protan show catalytic activity.
Similarly in the reactions catalysed by bases,aled undissociated bases and even
anions of weak acid (such as €HDO), can function as catalysts. It is this discovery
which leads to the development of modern conceptifs and bases.

According to this concept, a reaction which isabaed by an acid is also
catalysed by any substance which defined as aaudsstvhich has a tendency to lose
a proton. This is known as general acid catalysisan acid is defined as a substance
which has a tendency to lose a proton. Similarlggeaction, which is catalysed by a
base, is also catalysed by all substances whichena&ncy to gain a proton. This is
known as general base catalysis and a base isedefin a substance which has
tendency to gain a proton.

Some reaction such as mutarotation of glucoserohygls of nitriles and esters
and enolisation of acetone are catalysed by batls and bases.

9.10.2 Theory of acid base catalysis
Careful experiments have shown that the catafdiwity of an acid (or a base)
for the given reaction depends upon its readine$sse (or gain) a proton. Therefore
the mechanism of acid-base catalysis appears tdvieloosing or gaining of protons.
It is believed that a complex is formed first by ttiansfer of proton (from the acid
catalyst) to the reactant molecule. This process;hwis slow and determines the rate
of the reaction, is followed by a rapid internabm@angement giving rise to the
product. The proton set free in this rearrangerizergmoved by the base catalyst.
Following are few examples considered to illugtridte mechanism of acid-base
catalysis.
(i) Mutarotation of glucose:
Let GH represent - glucose and HG its isomer,
[3 - glucose. The catalysed transformatiod efglucose into 3 - glucose may be
represented as below:

H* + GH —» HGH rearrangement HG + H

_—
Proton supplied the interméalia )
glucose proton
by acid catalyst complex
(product) removed by

base catalyst
the rate of mutarotation of glucose is very snrajpyridine, a base, and also in cresol,
an acid, but is appreciably high in a mixture obtsolvents.
(i) Hydrolysis of ethyle acetate:
The acid catalysed hydrolysis of ethyl acetateg@ed in the following  steps.
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- - -

+
>OC2H5 HOC2H5
H+ o+ CH3—(l: () — CH3—C =0 T [CH3- -C=0] it C2H50H
Proton supplied Ethyl acetate Intermediate complex Intermediate One of the
by an acid (reactant) i (unstable) radical (unstable) products
0
[CH;—C=0]* +2H,0 — CH3-C< + H;0%
OH
The second product

Evidently, one out of the two molecules of watetsaas a base as it takes up the
proton.
(i) An example of a base catalysed reaction is given ltlge decomposition of

nitramide:
HyNoO5 —— Hy0 + NoO
The suggested mechanism is,

HpN30p —> HN = N b

OH OH
B+HN=N -—\BH++N‘=N<
O o)
OH
N =N —N,0 + OH~
o
OH™ + BH* — B + HyO

9.11 ENZYME CATALYSIS (BIOCHEMICAL CATALYSIS)

9.11.1 Definition

Enzymes are complex nitrogeneous organic compouitusy are produced in
living cells of plants and animals. When dissolvedwvater they produce colloidal
solution, hence they behave as very active catalystertain biochemical reactions.
They are thus known as biochemical catalysts aagkienomenon itself is known as
biochemical catalysis.

Enzyme is proteins having high molar mass of tigeoof 10,000 or even more.
Each enzyme can catalyse a specific reaction.
9.11.2 Characteristics of enzyme catalysis
(i) Enzymes form a colloidal solution in water amehce they are very active
catalysts.
(i) Like inorganic catalysts they cannot distuhie final state of equilibrium of a
reversible reaction.
(i) They are highly specific in nature, i.e. ,@patalyst cannot catalyse more
than one reaction.
(iv) They are highly specific to temperature. Tiimum temperature of their
activity is 35C to 40C. They are deactivated at°@D
(v) Their activity is increased in the presenceatain substances known as
co-enzymes.
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(vi) A small quantity of enzyme catalyst is suiiict for a large change.
(vii) They are destroyed by U.V. rays.
(viii) Their efficiency is decreased in the preserf electrolytes.

9.11.3 Examples of enzyme catalysis
(i) Conversion of starch into maltose sugatr:
The enzyme diastate produced in the germinatdeybseeds converts
starch into maltose sugar.
2 (GH100s)n + NHO diastase nGH22011
(i) The enzyme zymase produced by living yeadsamnverts
glucose into ethyl alcohol.

CeH1205 zymase 26HsOH + 2CQ
B
Glucose ethyl alcohol
(i) The enzyme urease present in soyabean hyskslyrea into
ammonia.
NH; CONH, + H2 urease 2N+ CO,
e .
urea ammonia
(iv) Canesugar converted into glucose and fruchysiéne enzyme invertase.
C1oH20011 + HO invertase 6H1205 + CsH1206
canesugar glucose fructose

The catalytic activity of enzymes is due to thempacity to lower the
activation energy for a particular reaction.
9.11.4 Mechanism of enzyme catalysis
The long chain of the enzyme (protein) molecuesoiled on each other to make a
rigid colloidal particle with cavities on its suda These cavitites which are of
chacteristic shape and abound in active group,(NMDOH, OH, SH), are termed
as active centres. The molecules of substratetémedovhich has complementary
shape, fit into these cavities just as key fit® iatlock (lock and key theory). By
virtue of the presence of active groups, the enzfonms an activated complex
with the substrate which at once decomposes td yieé products. Thus the
substrate molecules enter the cavities, forms cexphd reacts and at once the
products get out of the cavities.
Michaelis and Menton (1913) preposed the followimgchanism for enzyme
catalysis

7 E=Enyme = substrateacat ES = actia:tminpex P=product
Fig-9.11
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9.11.5 Kinetics of enzyme catalysis:

A reactant in enzyme catalysed reaction is known sabstrate. According to
mechanism of enzyme catalysis, the enzyme combaiisthe substrate to form a
complex as suggested by Henry (1903). He also stegehat this complex remains in
equilibrium with the enzyme and the substrate. iLatein 1925 Briggs and Haldane
showed that a steady state treatment could beyeagilied to the kinetics of enzymes.
Some photochemical reactions and some enzymideeadire reactions of zero order.
With S representing the substrate E the enzymesrggme-substrate complex and the
products, the mechanism of the enzyme catalysatioeas presumed to be adequately
represented by

E+S K ES ks E+P
— —
Tk

Where k, k; and k are the rate constant for the respective reactions
By adopting steady state concept we can deterthaerder of reaction of enzyme
catalysed reactions.

9.12 INDUSTRIAL APPLICATION OF CATALYSIS

The following are a few important examples of hegeneous catalytic reactions of
industrial importance.
1. Haber’s process for manufacture of ammonia
N, + 2H, FemMo 2NH
Finely divided iron and molybdenum (as promoter)0 28tm. pressure and
temperature range is 40— 500C are applied in this process.
2. The manufacture of chlorine by Deacon’s process.
4HCI+Q  CuCh 2HO + 2Ch
In this case cupric chloride is catalyst and exced air functions as
promoter. The temperature should be®00
3. Ostwald’s process for the manufacture of HNO
4ANH; + 50, _— 4NO + 6HO
2NO + Q _— 2NQ
ANG, +2HO0O+ O, ——— » 4AHNG
Conditions for better yield are platinised asbgst® catalyst + excess of air
(as promoter) and temperature 300
4. Manufacture of hydrogen by Bosch’s process.
(CO+H) +H, 5 CO+H
water gas
In this process ferric oxide acts as catalystowtic oxide as promoter and
temperature is maintained between %B0500C.
5. In the manufacture of methyl alcohol from water gas
(CO+H)+H —  » CHOH
water gas
Zinc oxide is used as catalyst, chromic oxide asnoter pressure 200 atms. and
temperature 45C.

6. In Chamber process for manufacture @&By, nitric oxide is used as  catalyst.
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2SQ + O, + [NO] ——» 2SQ +[NO]
catalyst
SG+HO —» HSO,
In the manufacture of acetic acid from acetaldehyd
2CH;CHO + G ———» 2CHCOOH
Vanadium oxide (YOs) is used as catalyst.

9.13 SUMMARY

It is indeed, a fascinating aspect of chemistry tieatain reactions which do
not proceed to completion even when carried outirfdefinite period of time, that
completed within a matter of few minutes when small

Quantity of a catalyst is added. A catalyst prosider the reaction another
path that has a lower energy of activatign & Better explanation is offered by the
activated complex theory on the basis of the deer@afree energy of activation. The
presence of catalyst is very useful in many indaibgrimportant reactions which are
either very slow or takes place at a very high terafure. Hence to decrease the cost
of production it is essential to make use of aadlé catalyst.

In this chapter you have studied definition of bais, types of catalysis,
catalytic promoters, negative catalysis, acid-lzadalysis, enzyme catalysis, different
theories of catalysis and uses of catalysis.

9.14 TERMINAL QUESTIONS

(A) Multiple choice questions:
Q.1 Inthe hydrogenation of oils the catalyst uised
(@) lron (b) Platinum
(c) Nickel (d) Molybdenum ans (c)

Q.2 Which of the following is most likely to increathe rate of the  reaction?

(a) decreasing the temperature.

(b) increasing the volume of the vessel.

(c) reducing the activation energy.

(d) decreasing the concentration of the reactatitdrreaction vessel.

ans (c)
Q.3 Which of the following statement is universalbyrrect?
(a) A catalyst remains unchanged at the end ofgaetion.
(b) A catalyst physically changes at the end ofréaetion.
(c) A catalyst take part in a chemical reaction.
(d) A catalyst can induce chemical reaction. ans (a)
Q.4 A substance that retards the rate of cheméeaition in the presence of

catalyst is called:

(@) An inhibitor.
(b) A positive catalyst.
(c) An autocatalyst/

UTTARAKHAND OPEN UNIVERSITY Page 156



PHYSICAL CHEMISTRY- | BSCCH-103

(d) A promoter. ans (a)
Q.5 A catalyst
(a) may be in the same phase with the reactantsaodifferent phase.
(b) may accelerate a reaction.
(c) affect a reaction without being consumed mphocess.
(d) all of the above. ans(d)
Q.6  The energy needed to overcome for a reactioadar is called:
@) activation energy.
(b) energy of vapourisation.
(© specific heat
(d) potential energy ans (a)
(B) Short answer and very short answer type questits:
1. Define catalyst and catalysis.
2. Explain how a catalyst increases the rate ehation.
3. Define the terms
(i) catalytic promoter
(ii) catalyst inhibitor
(iii) catalytic poison
4. Explain the term homogeneous catalysis and tgge@eous catalysis.
5. What is an enzyme? Describe its characteristics?
6. Explain why solid catalysts are generally usethe finely divided state.
7. What is the role of an inhibitor in a chemicadction?
8. Where are the following used as catalyst?
(i) Finely divided nickel
(ii) Platinum gauge
(i) Ferric oxide
(iv) Manganese dioxide.
9. Write a note on adsorption theory of catalysis.
10. Explain with examples what is negative catalyst
(C) Essay type or long answer questions:
1. Write a brief account of the theories of catasly&xplain the function of
active centres.
2.  Write an essay on catalysis.
3. Give a brief account of adsorption theory. Hines this theory  explainthe
characteristics of contact catalysis?
4. Explain the important characteristics of enzyraglysis with examples.
5. (a) Describe the theory of homogeneous areftgtneous catalysis.
(b) Give an example each for enzyme catalysisaaidibase catalysis.
6. Write notes on:
(a) catalyst and energy of activation.
(b) specificity of catalytic action.
(c) auto catalyst.
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UNIT 10: BASIC CONCEPTS OF THERMODYNAMICS

CONTENTS:
10.1 Objectives
10.2 Introduction
10.3 Definition of thermodynamic terms
10.3.1 Temperature
10.3.2 System and surroundings
10.3.3 Homogeneous and heterogeneous system
10.3.4 Types of systems
10.3.5 Intensive and extensive properties
10.3.6 Processes and their types
10.4 Reversible and irreversible processes
10.5 State of a system
10.6 Thermodynamic equilibrium
10.6.1 Thermal equilibrium
10.6.2 Mechanical equilibrium
10.6.3 Chemical equilibrium
10.7 Nature of heat and work
10.7.1 Unit of heat
10.7.2 Sign convention of heat
10.7.3 Sign convention of work
10.7.4 Pressure - volume work
10.7.5 Work done in reversible isothermal expamsio
10.7.6 Work done in reversible isothermal compogss
10.7.8 Work done in irreversible isothermal expams
10.8 State function, Exact and Inexact differdatia
10.8.1 The Euler reciprocal relation
10.9 Summary
10.10 Terminal questions

10.1 OBJECTIVES

Literally speaking thermodynamics concerns itsaethvthe flow of heat and it
deals with relation between heat and work. Heatvasll know, is a form of energy
and the conversion of heat into useful work ane wiersa come under the domain of
thermodynamics. The science of thermodynamics gsveot only the transformation
of heat into work but also includes all types demconversion of one kind of energy
into another; e.g., electricity into work, chemiealergy to electrical energy, etc.

10.2 INTRODUCTION

The study of flow of heat or any other form of anemto or out of a system as
the system undergoes a physical or chemical tramsfion is called thermodynamics.
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The most distinguishing feature of thermodynamieswever, is its predominant
concern with temperature and temperature-depevagiailes.

Thermodynamics is essentially a practical sciermee & has its verification
extending mainly to the fields of chemistry, phgsiand engineering. With the
assistance of thermodynamics the chemist predietpdssibility of a chemical reaction
or the maximum vyield in a chemical process undgivan set of circumstances. Using
thermodynamic laws the physicist explains the phema where phase changes or
inter-actions with radiations or electromagnetédiare involved. To the engineers it is
the most powerful weapon to solve problems of poaed consumptions, in the
prediction of efficiencies of heat-engines andigeifrators, in the design of engines and
SO on.

The thermodynamic principles correlate differenseivable properties of a
system but cannot always give us the exact magnitfda property of the system.
These relations help us in predicting the behavajua system or the ultimate result
that a process would lead to. Thus, from thermonhyos we can predict under a set of
defined conditions the maximum vyield in a chemipabcess, but we cannot say
anything about the rate of the reaction or the raedm of the reaction.

Thermodynamics does not make any hypothesis aSetsttucture of matter.
Thermodynamics derives from various laws, relatiom®tween properties
experimentally observed but not offer any explamats to why these properties arise
in a system. The approach in thermodynamics is émtisely different from that in the
atomic constitution of matter. For example, in kingheory we consider the pressure
of a gas is measure of the impact of the molecateshe wall per second, while in
thermodynamics, pressure is a property of the sthtesystem. Similarly temperature
is, according to kinetic theory, a measure of Werage kinetic energy of the molecules
while it is a simple property of state from thewipoint of thermodynamics.

10.3 DEFINITION OF THERMODYNAMIC TERMS

10.3.1 Temperature

The hotness or the coldness of an object is uramtstundamentally by our
senses. The hotter body will have a higher temperahan the colder body. We also
have another experience in nature. Suppose therénar bodies, A and B, A being
hotter than B. If A is brought in contact with B,i$ found that A gradually becomes
colder and B becomes warmer. During this procefisgrochanges in pressure or
volume may also occur. Ultimately, we find thattb@ and B are equally warm, i.e.
they have attained the same temperature. A andeBnaw said to be in thermal
equilibrium. During this process, some energy (ye#ie heat-energy) have moved
from the hotter body A to the colder body B. Tengpere then determines the direction
in which in which heat would flow, namely, from thetter body to colder body. In
other words “temperature is the driving forcestfa flow of heat.”
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Zeroth law of thermodynamics:

Let us consider three systems A, B and C. Supposeiiithermal contact with
B through a diathermic wall. A diathermic wall isat which permits the systems in
contact to influence each other. And again B i® atsthermal contact with C (fig
10.1). Sufficient time being allowed A will be ingrmal equilibrium.

9.5)
LA S A i )
2.
ki i |
[+

b
B
k
B

xrj

Fig 10.1 Zeroth law of thermodynamics

With B. Similarly, C will also in thermal equilibsm with B. If B is now
removed and A is brought in thermal contact witht@s found that there is no change
in the coordinates of A and C. The systems A amareCin thermal equilibrium with
each other. Hence

“Two systems in thermal equilibrium with a thirdeain thermal equilibrium with each
other”. This is Zeroth law of thermodynamics.

10.3.2 System and surroundings

A system may be defined as any specified portiomafter under study which
is separated from rest of the universe with a bogngurface. A system may consist of
one or more substances.

The rest of the universe which might be in a positio exchange matter and
energy with the system with the system is calledosundings. The real or imaginary
surface separating the system from the surroundisgsalled the boundary. The
boundary may be real or imaginary.

Surroundings biyslem
undary

Boundary

Fig 10.2 thermodynamic system and surroundings
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A quantity of a gas in a closed cylinder has rewal defined boundaries, but if
the same gas flows through a zigzag pipe, its baiesl constantly change and have to
be followed in imagination as it progresses. If b0 ml of water contained in a
beaker it will constitute a thermodynamic systeiine Deaker and the air in contact, are
the surroundings.

If one mole of a gas confined in a cylinder fittedth a piston, is a thermodynamics
system. The cylinder, the piston and all other cigj@utside the cylinder, form the
surroundings. Here the boundary between the sy{tgam) and the surroundings
(cylinder and piston) is clearly defined. A systamd its surroundings constitute the
universe.

System + surroundings = universe
10.3.3 Homogeneous and heterogeneous system

A system is said to be homogeneous if it is conapfetiniform throughout. In

such a system there is only one phase. A phasdireed as a homogeneous, physically
distinct and mechanically separable portion of steay. Examples of homogeneous
system are pure single solid, liquid or gas, metoi gases and true solution of solid in
a liquid.
A system is said to be heterogeneous, when it isundorm throughout. In such a
system there are two or more phases. Examplestefdgeneous system are: ice in
contact with water, ice in contact with vapour,.ektere ice, water and vapour
constitute separate phases.

10.3.4 Types of systems

There are three types of thermodynamics systemendiépy on the nature of
boundary.
10.3.4.10pen system

A system which can exchange matter as well as gneith its surroundings is
said to be an open system. Hot water containecbgader placed on laboratory table is
an open system. Here the water vapour (matterpésudheat (energy) is transferred to
the surroundings through the imaginary boundary.
10.3.4.2 Closed system A system which can exchange energy not matter itgth
surroundings is called a closed system. A speqiii@ntity of hot water contained in a
sealed tube in an example of a closed system. Wbileater vapour can escape from
this system, it can transfer heat through the wadltsibe to the surroundings.
10.3.4.3 Isolated system A system which can exchange neither matter norggne
with its surroundings is called an isolated system.

Let us consider a system 100 ml of water in contattt its vapour in a closed
vessel which is insulated. Since the vessel isedealo water vapour (matter) can
escape from it. Also as the vessel is insulateched (energy) can be exchanged with
its surroundings.

Isothermal and adiabatic systems:
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If a system is maintained at a constant temperatusetermed as isothermal
system. If a system is so insulated from its surdings that no heat flows in or out of
the system its termed as adiabatic system.

Closed Open
system . system

Surroundings

Insulated Imaginary
boundary boundary

Fig 10.3 three types of thermodynamic systems

10.3.5 Intensive and extensive properties

The macroscopic or bulk properties of a systemujwa, pressure, mass etc.) can be
devided into two classes

(a) Intensive properties

(b) Extensive properties

In intensive property of a system is that whichindependent of the amount of the

substance present in the system. The examplesearpetature, pressure, density,
concentration, viscosity. Refractive index, surfeagsion and specific heat.

A property that does depend on the quantity of engitesent in the system is called an
extensive property. Some examples of extensivegptigs are volume, no. of moles,

enthalpy, entropy, mass and Gibbs free energy.

/Intensive properties Extensive properties
Temperature . Surface tension Mass
Pressure Refractive index Volume
Density Viscosity Internal energy
Boiling point Freezing point Enthalpy, Entropy

Table 10.1 common properties of a system
10.3.6 Processes and their types
When a thermodynamic system changes from onetstatgother, the operation
is called a process. When a system changes frormstateeto another it is accompanied
by change in energy. In the case of open systdmse tmay be change of matter as
well.
The following types of processes are known:

(1) Isothermal process:
A process is said to be isothermal if the tempeeatf the system remains constant

during each state of process. For an isothermalessodT=0
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(2) Adiabatic process:
A process is said be adiabatic if no heat entetsames the system during any step
of the process. Adiabatic conditions can be appreddy carrying the process in
an insulated container such as ‘thermos bottleghHiacuum and highly polished
surfaces help to achieve thermal insulation.
For an adiabatic process dg=0
(3) Isobaric process:
Those processes which take place at constant peease called isobaric processes.
Heating of water to its boiling point and its vaisation takes place at the same
atmospheric pressure is an example of isobaricggsc
For an isobaric process dP=0
(4) Isochoric process:
A process in which volume remains constant is knasnisochoric process. The
heating of a substance in a non-expanding charslzar example of isochoric process.
For an isochoric process dV=0
(5) Cyclic process:
When a system in a given state goes through a nuailoferent processes and finally
returns to its initial state, the overall processalled a cyclic process.
For cyclic process  dE=0, dH=0.

f

Prossure ——3

I—

volume —

Fig 10.4 cyclic process
10.4 REVERSIBLE AND IRREVERSIBLE PROCESSES

A process carried out infinitesimallgwly and its direction at any point can be
reversed by an infinitesimal change in the stat@ ®fstem is a reversible process.
In fact, reversible process is considered to prdcieem initial state to final state
through an infinite series of infinitesimally smallages. At the initial, final and all
intermediate stages, the system is in equilibriutates this is so because an
infinitesimal change in the state of the systemeaath intermediate step is negligible.

When a process goes from initial state to thel fatate in a single step and
cannot be carried in the reverse order, it is saidn irreversible process. Here the
system is in equilibrium state in the beginning atdthe end, but not at points in
between.
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A reversible process cannot be realised in practiavould require infinite time
for its completion. Hence, all those reactions Whaccur in nature or in laboratory are
irreversible. A reversible process is thus theoati@nd imaginary.

Example:

Let us consider a certain quantity of gas conthiite a cylinder having a
weightless and frictionless piston. The expansibrthe gas is carried out by two
methods illustrated in fig 10.5.

P Final position
A posi S

' Intermediate
1P -dP / position

P / Initial pos'rtion\ |F‘

Gas Gas

(a) " (b)
Fig 10.5 reversible expansion of a gas (a) irrevalde expansion of a gas (b)

Let the pressure applied to the piston be P amishequal to the internal
pressure of the gas. Since the external and irlteprassure are exactly
counterbalanced, the piston remains stationarytlae@ is no change in the volume of
the gas. Now suppose the pressure on the pistaledseased by an infinitesimal
amount dP. Thus the external pressure on the pstorg P-dP, the piston moves up
and the gas will expand by an infinitesimal smatioaint. The gas will, therefore, be
expanded infinitely slowly i.e., by a thermodynaalig reversible process. At all stages
in the expansion of the gas, dP being negligiblglsthe gas is maintained in a state of
equilibrium throughout. If at any point of the pess the pressure is increased by dP,
the gas would contract reversibly ( Fig 10.4 a).

On the other hand, the expansion is irreversiblg (0.4b) if the pressure on
the piston is decreased suddenly. It moves upwanigly in a single operation. The
gas is in equilibrium state in the initial and fistages only. The expansion of the gas,
in this case, takes place in an irreversible manner

10.5 STATE OF A SYSTEM

A thermodynamic system is said to be in a cerstate when all its properties
are fixed. The fundamental properties which deteemihe states of a system are
pressure (P), temperature (T), volume (V), masscmdposition. Since the change in
the magnitude of such properties alters the sthteeosystem, these are referred to as
state variablesor state functionsor thermodynamic parameters

In actual practice, it is not necessary to speglifghe variables because some of
them are interdependent. In the case of a singdecgmposition is fixed, because it
remains always 100 percent. Further, if the gadeal and one mole of gas is under
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examination, it obey’s the equation PV=RT, wheris Rniversal gas constant. Hence it
is clear that if only two of the three variablesRand T) are known, the third can
easily be calculated. The two variables, generajpecified, are temperature and
pressure. These are callédependent variables The third variable,generally
volume, is said to be dependent variabjeas its value depends on the value of P and
T. Thus, the thermodynamic state of a system ctngisf a single gaseous substance
may be completely defined by specifying any two tbe three variables, viz.
temperature pressure and volume.

In a closed system, consisting of one or more @ymapts, mass is not a state
variable.

10.6 THERMODYNAMIC EQUILIBRIUM

A system in which the state variables have constahies throughout the
system is said to be in a state of thermodynamigilibgum. In fact, the term
thermodynamic equilibrium implies the existencetloke kinds of equilibrium in the
system. These are (i) thermal equilibrium (i) meaical equilibrium and (iii) chemical
equilibrium.

10.6.1 Thermal equilibrium

A system is said to be in thermal equilibriumhiéte is no flow of heat from one
portion of system to another. This is possiblehié temperature remains the same
throughout in all parts of the system.

10.6.2 Mechanical equilibrium

A system is said to be in mechanical equilibriimd mechanical work is done
by one part of the system on another part of tlséesy. This is possible if the pressure
remains the same throughout in all parts of théesys
10.6.3 Chemical equilibrium

A system is said to be in chemical equilibriumhi&tcomposition of the system
is uniform and there is not net chemical change.

Difference between reversible and irreversible proesses.

Reversible process Irreversible process

1. It takes place in infinite number of It tak®ace in finite time.
Infinitesimally small steps and it would
take infinite time to occur.

2. Itis an imaginary process as it assumes It is real and can be performed
the presence of frictionless and weightless  tuadly.
piston.

3. Itis an equilibrium state at all stages of islan equilibrium state only
of the operation. at the initial and finalgeta of

equilibrium.

4. All changes are reversed when the Aftertifpe of process has
process is carried out in reverse occurred all changes do not
direction. Return in the initial state by

themselves.
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5. Itis extremely slow. It proceeds at measurapkeed.
6. Work done by a reversible process Work donarbireversible
is greater than the corresponding process is smaller than the
irreversible process. Corresponding rebézsi
Process.

10.7 NATURE OF HEAT AND WORK

Whenever a system changes from one state to andkiege is always a change in
energy. The change in energy may appear in the ébimeat, work, light etc.
We shall refer the term ‘work’ for mechanical wavkich is defined as

Force Xwork.
James Joule, in 1850, showed that there is a tkefielationship between mechanical
work W and heat produced H (If we rub our palmsetbgr we feel the warmth).

WaH or W=JH
J is known as the joule mechanical equivalent at.he
In CGS system the unit of energy is erg. Whicheafireed as the work done when a
resistance of one dyne is moved through a distahoae centimetre. Since erg is small
quantity, a bigger unit, called joule (Z1€rgs) is often used.

1 joule = 10 ergs
For large quantities of work we often use kilojo(kg
1 kj=1000J
10.7.1 Unit of heat
The unit of heat, which is used for many yeargatorie (cal). A calorie is
defined as the quantity of heat required to rdisetémperature of one gram of water by
1°C in the vicinity of 18C. Since heat and work are interrelated, s1 unfteat is the
joule (J).
1 joule = 0.2390 calorie
1 calorie =4.184
or 1 kcal =4.184 kJ

10.7.2 Sign convention of heat

The symbol of heat is g. If the heat flows from thgrounding into the system
to raise the energy of the system, it is takeng@absitive, +q. If heat flows from the
system to the surrounding, thus lowering the enerfgthe system, it is taken to be
negative, — Q.

Heat Heat
absorbed given off

q is (+) Tq is (-}

i

Thermodynamic
system
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Fig 10.6 sign convention for heat flow in a thermoghamic system

10.7.3 Sign convention of work

The symbol of work isgu. If work is done on the system by the surroundizigd
the energy of the system is thus increased, @kiert to be positive, «. If work is done
by the system on the surroundings and energy ofybtem is decreased, it is taken to
be negative, c.

Thus we may summarise

Heat flows into the system, qis +ve

Heat flows out of the system, q is -ve

Heat is done on the systemq is +ve

Heat is done by the systemg is —ve

10.7.4 Pressure volume work

As you know in physics mechanical work is definsdf@ce multiplied by the
distance through which the force acts. In elemgntarmodynamics the only type of
work generally considered is the work done in esgam (or compression) of a gas.
This is known as pressure-volume work or PV worlkexjpansion work.
10.7.5 Work done in reversible isothermal expansion

Consider a gas enclosed in a cylinder fitted withegaghtless frictionless piston
as shown in fig 10.7. The cylinder is not insulatédis supposed to be in thermal
equilibrium with the surroundings so that the terapgre of the gas remains constant.

lIr.ul:,\i << P

() (b)

Fig 10.7 pressure volume work of a system
The external pressure on the piston is equal toptlessure of the gas within the
cylinder as shown in fig 10.7 a. If the externaégsure is lowered by infinitesimal
amount dP that is it falls from P to P-dP fig 1Q.#He gas will expand by infinitesional
volume dV, i.e., the volume changes from V to V+d\& a result of expansion, the
pressure of the gas within the cylinder falls ta@m®-i.e., it becomes again equal to
external pressure. The piston then comes to rest.

If the external pressure is lowered again second by the same infinitesimal
amount dP, the gas will undergo the second infimtal expansion dV before the
pressure again equals the new external pressueepibton again comes to rest. The
process is continued such that the external presisutowered by successive small
amounts and, as a result, the gas undergoes a sérseall successive increments of
volume dV at a time.

It should be clear to you that since the system thermal equilibrium with the
surroundings, the infinitesimally small cooling guzed as a result of infinitesimally
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small expansion of the gas at each step, is offgethe heat absorbed from the
surroundings and the temperature remains congtenughout the operation.

Since during expansion, pressure decreases amungoincreases these two
parameters are assigned opposite signs. The wari by the gas in an infinitesimal
expansion is thus given by

dew =-(P-dP)(dV)
=-Pdv. 1)

As the product dP.dV is neglected (both dP andbeivig very very small).

The total worke done by the gas in expansion, say from origindlme V; to
final value \4, will be sum of the series of the terms PdV inablhihe pressure keeps
on decreasing gradually. The result may be expdessghematically as

W= -_J:: pav- (2)

Where V is the volume of the gas initial state angdivthe final state.
The above integral may be evaluates by substifutin
P=RT/V for one mole of an ideal gas. Thus,

W= - RTL:: 'L = —RTIn% ............. (3)

For an ideal gasiN1 = R,V,, at constant temperature, the above equation may
also be written as

W= —RTln i— ........... (4)

For n moles, the above expressions may be wrigen a
W=nRTINZ = —nRTInZ (5)

Since during expansion,,\fs more than Yand R is less than £ hence from
equation (5) the work comes out to be negativeoinfarmity with the convention used
in this regard. When work is done by system ialen as negative.

10.7.6 Work done in reversible isothermal compressn

Now let us suppose the gas undergoes isothermatsible compression from
volume \; to Vi. The external pressure will now be made infinitesly hiper than P,
the pressure of the gas inside the cylinder. Legttternal pressure be P+dP. There will
be an infinitesimal contraction in volume, say d¥the gas. Since during compression
of gas, the pressure increases and the volumeadssehence these two parameters are
assigned opposite signs as before. Thus, the waonle dy the surroundings on the
system for this infinitesimal step is given by

dw = - (P+dP)dv=-Pdv (6)

Ignoring the quantity dPdV as before.

If the compression is carried out reversibly irsexies of steps from initial

volume V4 to final volume \{, the work done<) by the surrounding on the gas will be

given by
o=-frPev L. @)
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assuming the gas to be ideal, P as before, maubstituted by RT/V in the
above equation so that

o=-f-Zav=—rr[F L ®)
= -RTInM/V, ... 9)
= -RTlhRP, .. (10)
For n moles of the gas the above expression caritien as
®=-nRTINWV,; =-nRTINRP, ... (11)

Since during compression, the initial volumgi¥ greater than the final volume
V1 and also since the initial,®s less than the final pressurg Bence according to
equation (11), the work dorsecomes out to be positive, as was chosen as a cbowe
in this regard.
10.7.8 Work done in irreversible isothermal expansin
Suppose we have an ideal gas contained in a cylindle a piston. This time
the process of expansion of the gas is performeddrsible i.e., by instantaneously
dropping the external pressuré‘Ro the final pressure,PThe work done by the
system is now against the pressugghPoughout the whole expansion and is given by
the following expression
Work = pressure x change of volume
Wi =- f aw
=-[P™'x dV
— _J:r: Pt gy

=-PY(V2VY) (12)
Since P“is less than Pthe work done during isothermal irreversible exgian
is numerically less than the work done during reNge isothermal expansion in which
P**'is almost equal to P.
Now it should be clear to you that when therga® fexpansion that is when gas
expands against zero pressure, work done will bz ze

10.8 STATE FUNCTION, EXACT AND INEXACT
DIFFERENTIALS

State variables which are determined by the Irdtial final states of the system
only and not by the path followed are called sfatections. State variables which are
determined or depend upon path followed are cgiét functions.

The state function is a property of a thermodymasgistem which has a definite
value for a particular state of the system. Iindeipendent of the manner in which the
state is reached. The change in the state funatoampanying the change in the state
of the system depends only on the initial and fstates of the system and not on the
path by which the change is brought about. Pressoteame, temperature and energy
are state functions. On the other hand wesk i6 not state function because the work

done in a given change of state depends upon theenan which the change is
brought about. If the work is done reversibly italue is different than the value
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obtained irreversibly as you have seen above. Asml\aork done would be zero if the
gas expands in vacuum. First law equatidB £g+w), E is a definite quantity; hence if

w is not a state function, g also is not a statetion. Mathematically, this is expressed
by saying that while the differential of energy, ,di& an exact differential, the

differentials of heat and work, viz., dg and dwpedtively, are inexact differentials.

Exact differentials can be integrated between therapriate limits. This cannot be

done in the case of inexact differentials. Thus

[FAE=E2,—E, (13)
But [*dg = qqiand [Fdw =wrwi (14)

10.8.1 The Euler reciprocal relation
Let z be a state function of two independent véesb and y of the system, i.e.,
z=[(x,v). since z is state function, hence differential a6 an exact differential and

can be written as
d =(Z)yax+Dxdy
= M(X,y)dx + N(x,y) dy C (15)
Where M(x,y):[i%:]y and N(x,y) :(ij ........ (16)

aM. 8%z AN 8%z
(E_}X - dxdy andl‘ﬁ'x ]y - Bydx

Taking mixed second derivatives, we get —

. ] 8%z
Since dxdy _E,'_'.'E,'x

8 N
This equation is known as Euler’s reciprocal refatiThis is applicable to state
functions only. Since z is a state function. Theté changejz as the system passes

from initial state A to final state B, is given iy =z3-za
Also ¢ dz = 0 where cyclic integral means that the system ithénsame state

at the end of its path as it was at the beginriieg, it has traversed a close path. Thus,
dz is an exact differential.

10.9 SUMMARY

You have studied in this unit that thermodynamgsan important branch of
chemistry which deals with energy transformationalhtypes of physical chemical
process. In studying and evaluating the flow ofrgpanto or out of a system it is
useful to consider changes in certain propertigh®fsystem. These properties include
temperature, pressure, volume and concentratiansgstem. Measuring the changes in
these properties from the initial state to the Ifistate, can provide information
concerning changes in energy and related quansitiels as heat and work.
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10.10 TERMINAL QUESTIONS AND ANSWER

(A)
1.

(B)

(©)

Objective type questions:
Thermodynamics is applicable to
(a) Microscopic systems only  (b) macroscaystems only

(c) Homogeneous systems only (d) heterogensystems only
Ans (b)
A gas contained in a cylinder fitted with a prstonstitutes
(a) An open system (b) A closed system
(c) A heterogeneous system (d) An isolatystem
Ans (b)

A system that can transfer neither matter noergyn to and from its
surroundings is called

(a) an open system (b) a closed system
(c) an isolated system (d) a heterogeneous system
Ans (c)
The work differential dw is
(a) a state function (b) an exact differential
(c) an inexact differential (d) none of the above
Ans (c)

Two moles of an ideal gas expands spontaneontdya vacuum. The work
done is
@2J (b) infinity (c)J (d) zero
Ans (d)
Short answer type questions:
Define the terms
(a) Closed system
(b) Extensive properties
(c) Isothermal process
(d) Ideal gas
Define and explain the following terms
(a) Adiabatic process
(b) Open and closed systems
(c) Homogeneous and heterogeneous system
(d) Zeroth law of thermodynamics
Long answer type questions:

(a) Differentiate clearly between reversible amehiersible processes.
(c) Calculate the work done in isothermal reversiblel@xation of an
ideal gas.

Write notes on the following
(a) Euler reciprocal relation
(b) Sign convention of heat and work
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(c) System and surroundings.
10. Differentiate between
(a) exact and inexact differentials
(b) homogeneous and heterogeneous systems
(c) intensive and extensive properties
(d) system and surroundings

*kkkkkhkkkhk
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UNIT 11: FIRST LAW OF THERMODYNAMICS

CONTENTS:
11.1 Objectives
11.2 Introduction
11.3 First law of thermodynamics
11.4 Internal energy
11.5 Internal energy and first law of thermodynasnic
11.6 Mathematical statement of the first law ofrthedynamics
11.7 Enthalpy of a system
11.8 Relation betweeftH andAE
11.9 Heat capacity
11.9.1 Heat capacity at constant volume
11.9.2 Heat capacity at constant pressure
11.9.3 Internal energy change with volume and piress
11.9.4 Relation between-@nd G
11.10 Joule-Thomson effect
11.10.1 Joule-Thomson experiment
11.10.2 Explanation
11.10.3 Joule-Thomson coefficient
11.10.4 InversionTemperature
11.11 Reversible work: isothermal expansion, isotfa¢ compression and adiabatic
11.11.1 Isothermal reversible expansion
11.11.2 Work done in isothermal reversible compogss
11.11.3 Maximum work
11.11.4 Work done in isothermal irreversible exp@ams
11.11.5 Adiabatic expansion
11.11.6 Calculation of dE, and dH
11.12 Summary
11.13 Terminal questions

11.1 OBJECTIVES

Historically, the science of thermodynamics waseli@wyed to provide a better
understanding of heat engines with particular exfee to the conversion of heat into
useful work. Thermodynamics is based on three geioers, called the first, second and
third law of thermodynamics. All these laws aredzthen human experience. There is
no proof of these laws, but the results we get fthese laws are always correct. All
that one can say is that nothing contrary to tHases has been known to happen
whenever we consider the behaviour of matter ikk.b8tientists are of the view that

nothing contrary to these laws will ever be known.
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11.2 INTRODUCTION

Most of the important generalisations of physdamistry say Van't Hoff law
of dilute solutions, Raoult’s law of lowering vagquessure, elevation in boiling point,
lowering of melting point, distribution law, lawdg thermochemistry and many more,
can be deduced from the laws of thermodynamics.

Thermodynamics helps to lay down the criteria fioedicting feasibility of a
process, including a chemical reaction, under argaet of conditions. It also help us to
determine the extent to which a process, incluginghemical reaction can proceed
before attainment of equilibrium.

You have studied in unit 10 that there is conspanportionality between heat
and work.

W= JH

Where J is constant of proportionality between ek performed and the heat
produced H, J is amount of work required to produeié quantity of heat and it called
the mechanical equivalent of heat.

In this unit you will study the origin of first\g its different consequences and
other related topics.

11.3 FIRST LAW OF THERMODYNAMICS

Joule in his experiment, carried out the perforoeaaf work is diverse ways.
The work was done by (a) agitating paddle wheela mass of water or mercury, (b)
rubbing iron rings in mercury, (c) passing eledtyithrough a wire of known resistance
etc. The heat so produced was measured, latteramy mvorkers namely Rowlands,
Callender and Barnes, Laby and Hercus carried erdétermination of the value of J
with considerable accuracy. The accepted valudo#.11858x10ergs per calorie.

This relation between heat and work is the origoh first law of
thermodynamics. The first law can be enunciatetifasr whenever, heat is obtained
from work the amount of heat produced is propogldio the work spent. There are
many instances to show that not only heat can loeerted into work but different
form of energy are also interconvertible into onetaer. A given quantity of electrical
energy which is comparatively easily measurables Waund to be equivalent to a
definite amount of heat or mechanical work. Youlwiudy in this unit that such
equivalent did not only exist between heat and wauk between any two forms of
energy.

Hence if

X units of energy A =y units of energy B
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Then mx units of energy A = my units of energy B

The proportionality between quantities of two givéorms of energy is
universally constant and the constancy of this riopnality is essence of the first law.

The first law of thermodynamics is, in fact, an kigagion of the broad principle
known as the law of conservation of energy to lierhodynamics systems.

The first law of thermodynamics states that energgan neither be created
nor destroyed, although in can be transferred fromone form to another. Thus,
whenever energy in one form disappears, an equalairof energy in some other
form must appear.

Since the disappearance of an amount of energgesaappearance of an
equivalent amount of energy of another form, neithere nor less, we are compelled
to accept that energy cannot be completely deddroy& it can be created from
nothing.

Clausius, therefore, enunciated that varied changeand transformation might
occur but the total energy of the universe must remin constant hence the first law
of thermodynamics is really the law of conservatbmenergy.

11.4 INTERNAL ENERGY

Every substance is associated with a definite anofienergy which depends
upon its chemical nature as well as upon its teatpes, pressure and volume. Or by
virtue of its pressure each substance is associathaertain amount of energy. This is
known as internal energy of the system. This energiydes not only the translational
kinetic energy of the molecules but also other mulr energies such as rotational,
vibrational energies.

The total of all the possible kinds of energiesadfystem is called its internal
energy.

The exact magnitude of this energy is not knowcahse the chemical nature
includes such factors as the translational, ratati@and vibrational movements of the
molecules, the manner in which the molecules aretpgether, the nature of the
individual atoms, the arrangement and number aftelas, the energy possessed by the
nucleus, etc. But, one thing is certain that titernal energy of a substance or a system
is a definite quantity and it is a function only tife state (i.e., chemical nature,
composition, temperature, pressure and volumehefslystem at the given moment,
irrespective of the manner in which that statelfesen brought about.

It is neither possible nor necessary to calculb&e absolute value of internal
energy of a system. In thermodynamics we conceomdy with the energy changes
when a system changes from one state to another.aitount of internal energy
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depends on the thermodynamics state and henceeondbynamics parameters of the
system. It is represented by E.

The internal energy is dependent on the intertracsire and composition of
the system. So, in a system of constant compositienmagnitude of E will depends
upon other thermodynamics variables (P,V,T), any o& which may be regarded as
independent variables. Thus,

E=f (P,T); or E=f(P,V), or E=f(V,T)

An explanation of the existence of the internalrgpecomes from the kinetic theory,
the translator motion of the molecules, the vilomadi and rotations of the atoms, the
electronic revolutions etc. contribute to the intdrenergy.

11.5 INTERNAL ENERGY AND FIRST LAW OF
THERMODYNAMICS

Suppose, a system is subjected to change of peeasd volume. Let the initial
state is represented by A and the final state IfffjgB11.1) and let k and k& represent
energies associated with the system in its staiad®B

# En

T

Prossure —y

3 Es

I—

volume —>

Fig 11.1 internal energy

respectively. These will be definite quantitieseaplained above. Then, the change in
internal energy,

AE= Bs-Ea

must be a definite quantity, irrespective of théhpar the manner in which the change
is brought about. If it were not so, it would aghaie possible to construct a perpetual
motion machine, a machine which can produce eneithout expenditure of energy.
Suppose, that the system changes from state Aate Bt by following path | and is
accompanied by change of energy equalEo Now suppose the same change of state
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is brought about by another path, say, path litaecdchange of energy i&&£". Suppose,
AE >AE’, then coupling of these two processes:

A —* B (by pathl) and
A — B (by path II)

As shown in fig 11.1, the system would return foiititial state and at the same time a
surplus of energy equal t8E-AE"™ would become available. By repeating the same
cycle over and over again, energy would be gengratstinuously and a perpetual
motion machine would be possible. This is contrtaryhe first law. HencéE=AE".
Thus the energy change accompanying a procedsieton only of the initial and the
final states of the system and is independent efpiith or the manner by which the
change is brought about.

11.6 MATHEMATICAL STATEMENT OF THE FIRST LAW
OF THERMODYNAMICS

The first law of thermodynamics is, in fact, arplgation of the broad principle
known as law of conservation of energy to the ttfeetymamic system. It states that:

The total energy of an isolated system remains cdasit though it may change
from one form to another.

Let us consider a system in a state A having mateenergy k undergoing a
change to a state B. During the transaction letsgfgtem absorbs a small amount of
heat say q, then the net amount of energy of tkeesy would become A#q. In the
process of transformation, the system might hase pérformed some work W of any
type. If B be the internal energy of the system at statdq@®j the net energy after the
transformation would beg2W

Then from principle of conservation of energy, clearly see
Eatq =B +W
q = (B-Ea)+W = AE+W
for infinitesimal change
Sq=dE®W ... (11.1)

that is, heat taken up by a system would be equahternal-energy increase of the
system plus the work done by the system. This ihemaatical statement of first law.
Here E is state function hence its change is sheswiE and g, the heat supplied and w,
the work obtained depends upon the path of thegshamence shown ag andow
respectively.
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Now a few comments may be made on the above equati

(a) If the system is an isolated one, so that theraoisheat exchange with the
surroundings, i.e., in an adiabatic process
6g=0
henceAE+W=0
or-w=AE 11.2
that means the decrease in internal energy is lgx@gtial to the work done on
the system by the surroundings.
(b) In a cyclic procestdE=0
Hence  ¢$8q =$dE+pdwW
or$dq =pdw e 11.3
The total work obtained is equal to the net heppbed and no excess work can
be obtained. Thus, establishes the impossibilitperpetual motion of the first
kind, which is our experience.
(c) For an adiabatic process there is no change ingaéagd or lost
i.e. q=0
ThenAE=-W 11.4
That means the decrease in internal energy is lgxagtial to work done on the
system by the surroundings or we can say work redud the expense of internal
energy and internal energy will decrease.
(d) For an isobaric process there is no change irspresi.e., P remains constant.
Hence
AE  =g-W
=q-PAV 11.5

11.7 ENTHALPY OF A SYSTEM

In a process carried out at constant volume (sag sealed tube), the heat
content of a system is the same as internal erter@s no PV work is done. But in a
constant-pressure process, the system (a gaspgiends energy in doing PV work.
Therefore, total heat content of a system at cahgpaessure is equivalent to the
internal energy E plus the PV energy. This is cabmthalpy of the system and is
represented by the symbol H. Thus enthalpy is ddfly the equation.

H=E+PV 11.6
Suppose the change of state of a system is bralghtt at constant pressure. In that
case, there will be change of volume, let the va@uimcreases from Mto Vg at
constant pressure P. Then the work done (W) bgyhtem will be given by
W=-P(Ms-Va) 11.7
Substituting the value of W in equation 11.5 weehav
AE  =q+[-P(\&-Va)]

=0 - P(\&-Va)
=g-PW+PVAa 11.8

If Ea be internal energy in the initial state awtBe internal energy at final state, then
AE  =Es-Ea
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So equation 11.8 becomes
Eg-Ea = q-P\/B+PVA
Es+PVs=q+tEAa+PVA 11.9
As the quantity H=E+PV is known as enthalpy of #ystem. It represents the total
energy stored in the system.
From equation 11.6 and 11.9
Hs = Qg+Ha
or q =(H-Hpa)=AH 11.10

Since K and H. are definite quantities, it is evident thalt, like AE, is a definite
guantity depending only on the initial and finahtsts of the system. ObviouslgH

represents increase in the enthalpy of a systenm wiokanges from state A to state B.
Putting the value of q in equation 11.9 we get
Eg-Ean = AH-PVg + PVy
AE  =AH-PAV
AH =AE+PAV 11.11
From equation 11.6 by definition of enthalpy
H=E+PV
Its differential form dH=dE+PdV+VdP
If a system undergoes a change at constant prebsurehange in enthalpy,
dHe =dBtPdVe 11.12
the suffix P used to indicate constancy of pressur
The first law states
dg=dE®W 11.12a

The work 8W may be mechanical, electrical, chemical or angetylf we
consider processes in which the entire work is raeical, i.e., expansion or
compression of the system, th&V would depend on the values P and V. Further, if
the change of the system be carried out at congtassure then,

5Wp = Pde
Hence from the first law, for change at constaespure

0y =dE+dWp=dB+Pd Ll 11.13
From equation 11.12 and equation 11.13

oqp=dH 11.14

That is the increase in heat content of a systerimgl a given transformation is
the heat absorbed at constant pressure duringabegs.

11.8 RELATION BETWEENAH AND A4E

From equation 11.11

AE=AH — PdV
or
AH=AE+Pdv 11.15
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This equation means when heat supplied to a sy#tesnused in two ways (a) to
increase the internal energy of the system andséopndly to perform some work
(PdV)
If gases are involved in a reaction, they accdontnost of the volume change
as the volumes of solids and liquids are negligéshall in comparison.
Suppose we have moles of gases before reaction andnoles of gases after
reaction. If we assume behaviour
PV, = nRT
and PV =mnRT
P(V2-Vy) = (ne-ng) RT
PAV = An RT An is change in no. of moles.
Substituting this value in 11.11 we get
AH = AE + AnRT

11.9 HEAT CAPACITY

If g amount of heat is given to a system of massemperature is raised from
Tito To. Then

qo (T-Tym
or q=mC®Ty) 11.16
here C is known as heat capacity of the system
If m=1 and B-T1=1 then gq=C, that means heat capacity is the anufumat required
to raise the temperature of unit mass of substap@me degree.
From egn. 11.16 we have

C=ag/m(T-T) L 11.17

When one mole is considered then

q q

c=—2 =2

,-T, AT

Then C is molar heat capacity
Since the heat capacity varies with temperaturecdehe true molar heat
capacity is defined by the differential equation.

c== 11.18

dT

Where dq is a small quantity of heat absorbed bysistem producing a small
temperature rise dT.

Thus heat capacity may be defined as the ratith@famount of heat
absorbed to the rise in temperature.

From equation 11.17 it is clear that units of mdiaat capacity are calorie per
degree per mole (cal’kmole®) and in Sl unit joule per degree per mole {dole™)

It is found that amount of heat required by a sysfer one degree change
depends upon the conditions in which the changerscdhat means heat capacity is
not a state function two specific conditions arenio to be very useful, whether heat is
supplied at constant volume or at constant pressure

11.9.1 Heat capacity at constant volume
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As you have studied above that specific heat isumtnof heat required to raise
the temperature of the system by one degree. k& @fsolid and liquids there is very
little or no change of volume when temperatureaised by an degree but in case of
gases there is change of volume also. Thus if veliskept constant heat capacity will
have different value than in case pressure is ¢@pstant.

Heat capacity at constant volume is the amourtiaait required to raise the
temperature of the system by one degree keepingneotonstant it is denoted by ¢

If one mole of gas is under consideration thea molar heat capacity, defined
as amount of heat required to raise the temperatti@ne mole of the gas by one
degree at constant volume.

Molar heat at constant volume is represented,as C
From first law of thermodynamics
dq = dE + PdV

dividing both sides by dT we get

dg _ dE pdv

al al ol

At constant volume dV=0 so

() = (Z)v=c, 11.19

i
Wl Wi LS

11.9.2 Heat capacity at constant pressure

If temperature is raised by one degree keefliggpressure constant, the
amount of heat required is called heat capaciyoastant pressure, denoted by &
the system contains one mole of a substance tleemttar heat capacity at constant
pressure is &

From first law of thermodynamics
Aq = dE®W
= dE+ PdV
dividing of dT

fg _ dE | PeV

8T 4T | 4T
We know H= E+ PV

['de dE , d(BV)

\dT J al al

Keeping pressure constant
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Gr)e=(Gr)e + (57)»

Hence[i%j;o = (Z—:r]p = G

Here in our discussion some times d has beenewrdnd in some cas@s(del) has
been adopted for changes. The difference is thakisimply see the change in some

property say, enthalpy with temperature we wzﬁebut if put some restrictions, say if

volume is kept constant then change in enthalpk v@imperature will b(ﬁ%ﬁv. Then

(22 h i halpy wh '
\E;p means C ange In entha py wnen pressure IS constant

It is clear from the above that two heat capazitiee not equal and Cp is greater
than G by a factor which is related to the work done.cAhstant pressure part of heat
absorbed by the system is used up in increasingntbenal energy of the system and
the other for doing work by the system. While atstant volume the whole of the heat
absorbed is utilised in increasing the internalrgn®f the system as there is no work
done by the system. Th@; is greater than G,.

11.9.3 Internal energy change with volume and prease

Gay Lussac and Joule carried out experimentsdoout changes in internal
energy of a gas. The experiment was very simpleshsvn in fig 11.2, two containers
A and B connected by a stop clock at the middleevtaken and kept immersed in the
water of a thermostat. Initially A was filled uptvithe

n T |
i ii

|

i
|

-y~

\
/

P
L

PRALSSUAE

l

Fig 11.2 Joule’s experiment
gas and B was evacuated. When thermal equilibrias @stablished, the stopcock was
opened and the gas passed into B. The flow cordinurgil equilibrium was again
reached. Since the gas expanded against zero mressuwork was involvedw=0.
Very careful and repeated observations showed aageghin temperature of the water
in the thermostat. Hend®=0. Yet the volume of the gas has changed. Frarfitst
law of thermodynamics we can say that

dE=06g-6w =0
again dE(;]T dv + (Z_:]v dT
since dT=0 and dE=0
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hence [a—r]T dv=0
but dV#0

that means [a—r]T =0
(Sh=0Gh Gk

Agalnf ]T;éo hence[r ] =0

We conclude (E_]T =0, (j—;]T =0 11.20

This is true for an ideal gas.

11.9.4 Relation between g£and Cy,
We know E=(V,T) ( E is a function of volume atganperature)
Change in E can be written as

dE( ]TdV+( ]vdT

dividing this equation by T and the keeping pressumstant we have
(EP=ER (F+(EN 11.21

ASCP—( ") and G= ( 2y

Now Cp- Cv =(Z)p (j—]\,

ET
But H=E+PV
(Zp=Z EPVE{(EZ)
= (Z)+p(L)-(E), 11.22

Putting the value o[? ] from equation 11.21 we get
CrCv = (3 + Gk (Gl + A )e-(E
=(Sh (S kA

=(Z)pt(Zp+Pr 11.23

This equation is generally applicable for an icgses

(5 =0
so G-Cy = (;] P
As PV=RT
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av R
(E]P =z

. A,

So G-Cy =§ P=R 11.24

11.10 JOULE-THOMSON EFFECT

If a gas is allowed to pass from a region afhhpressure to low pressure
region through a porous plug or through a narroificer and the system is thermally
insulated, its temperature was lowered.

The phenomenon of producing lowering of temperthen a gas is made to
expand adiabatically from a region of high pressiarea region of low pressure is
known as Joule-Thomson effect or Joule-Kelvin dffec

11.10.1 Joule-Thomson experiment

The apparatus used by Joule and Thomson w@sume the temperature
change on expansion of a given volume of gas isvshio fig 11.3. An insulated tube
is fitted with a porous plug in the middle and timztionless pistons A and B on the
sides. Let a volume Mof a gas at pressure Be forced

T iF

b— iy —> a L A

P
|

Y

Fig 11.3 Joule Thomson experiment

through the porous plug by a slow movement of pisho The gas in the right-hand
chamber be allowed to expand to volumgawvid pressure,Fby moving the piston B
outward. The change in temperature is found byntakgéadings on two thermometers.

Most gases were found to undergo cooling on expanrough the porous
plug. Hydrogen and helium were exceptions as thgsses showed a warming up
instead of cooling.

11.10.2 Explanation
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The work done on the gas (is pressure migdtighy the change in volume) at
the piston A is (V1) (As initial volume on left hand side of the plags Vi) and work
done by the gas at the piston B /PR

So,

Work done on the system at the piston A;¥{Pand work done by the system
at piston B = BV

Net work done by the system 3\R — RV,
w=RV,-PV, . 11.25
From first law of thermodynamics
AE = qg-w

But the process is adiabatic and therefore q=0

Hence, AE= -w and AE=Er-E;
So  B-E =-w=-(RV,+PV))
Rearranging the terms

E+RPV,=E + PRV,
As H=E+PV
SO H=H;
or, AH=O L 11.27

Thus, the Joule-Thomson expansion of a real gasreatot with constant internal
energy, but with constant enthalpy. This is theneefmalled isoenthalpic process.

11.10.3 Joule-Thomson coefficient

The rate of change in temperature with pressvhen enthalpy remains
constant is called Joule-Thomson'’s coefficignt,

w=(Sh 11.28

If wis positive there is cooling effect anduifs negative it means heating effect will be
there. In most of the cases at ordinary temperatooéing effect is there but hydrogen

and helium get warmed up under similar conditiove will discuss the reason later
(when we will discuss inversion temperature).
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In Joule-Thomson effect gas runs from high pressordow pressure hence dP
is negative. Hencea will be positive if dT is also negative, i.e.,tédmperature falls.

Whether p is positive (cooling) or negative (heating) wencexplain this in the
following way. We know, H(enthalpy) is a functiohtemperature and pressure, so

HI(P,T)
dH=(Z)rdP+(Z)pdT . 11.29
In an isoenthalpic change as in Joule-Thomson teffiét=0
(GrpdT=(Z )P

Dividing this equation by dP and keeping enthalgy ¢onstant

We get
(5 (k== (0
(Goh=-GH(5)e
== (x L 11.30
since H=E+PV

.12
=" (E+PV)r

1 f2E

- _c_:[ﬁjT_ci:{(%(pv)}T ...... 11.31

This relation is applicable both to ideal and alsoeal gases. In the case of an ideal
gas, both the terms on the right-hand side sepwredaish. As for and ideal ga[f%}

=0 (equation 11.20) and PV=RT he@%@PV)T =0,

henceu=0
A truly ideal gas has no J.T. coefficient.

Now let us discuss the case of a real gas. We ciém @quation 11.31 this way

n=-2(E) (L) = =PV e 11.32

C, WAV \AP
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In this equation dE/aV)+ of a gas is usually positive, whil@\{/dP); for any gas is

always negative. As a result the first term is aisvpositive. The magnitude of second
term may be negative or may be positive. At low ggerature and at low pressure,
{a/éP (PV)}r is negative. Under such conditions both the teémthe equation being

negative,n has a positive value and cooling will be there Joule-Thomson’s
experiment.

11.10.4 Inversion temperature

The cooling effect is observed at relatively lownferatures but if the
temperature be high, then instead of cooling treebgrome heated, i.e., in J.T. effgct
becomes negative. For every gas there is a tenuperatherep=0, when neither
heating nor cooing of the gas due to passage tlreip@lug would occur. This is called
inversion temperature; f the gas. The value of Tan be calculated to be equal to

==t L 11.33

Rb

So if a and b for a gas are known inversion teatpee can be calculated. The
inversion temperature for hydrogen is °@@nd that of helium is - 240.

The Joule-Thomson effect support to the view thtaetive forces do exist
between gas molecules. As the gas expands, theuhedefall apart from one another.
Therefore, work has to be done in order to overcttmecohesive or attractive forces
which tend to hold the molecules together. Thiskwisr done by the system at the
expense of the kinetic energy of the gaseous miglecilConsequently, the kinetic
energy decreases and since this is proportionsmperature, cooling results. It may
be noted that in this case no external work has beee by the gas in expansion.

11.11 REVERSIBLE WORK: ISOTHERMAL EXPANSION,
ISOTHERMAL COMPRESSION AND ADIABATIC

11.11.1 Isothermal reversible expansion

From first law of thermodynamics we know energytimei be created nor
destroyed, for an isolated system total energy ygwamains constant. Whole universe
can be divided into very large number of isolatgdtesms, for each isolated system
energy remains constant, that means total energgivérse remains constant.

The mathematical representation of first law oftinedynamics
is 0q =dE®w, or q=dE+w

Which means whefig amount of heat is given to a system it is useihuwo
ways, first in increasing the internal energy dBhs# system and secondly to perform
certain amount of workw. Here heat absorbed (or evolved) and work dometlie
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system or by the system) are not state functiohey tdepend on the path of
transformation but internal energy does not depgmah path and hence it is a state
function.

Let us consider a gas enclosed in a cylinder fiteth a piston (which is
weightless and frictionless) as shown in fig 1IThe cylinder is not insulated. The
external pressure P on the piston is equal to tbsspre of the gas within the cylinder,
as shown in fig 11.4(a). If the external pressarkwered by infinitesimal amount dP,
that means pressure is now P-dP fig 11.4(b), tkenglhexpand by an infinitesimal

‘r)E.\u << P

Gas

(a)

Fig 11.4 Isothermal reversible expansion work

volume dV, i.e., the volume changes (increasesnfi to V+dV. As a result of
expansion, the pressure of the gas within the dgliffalls from P to P-dP, i.e., it
becomes again equal to external pressure. Thengisém comes to rest.

If the external pressure is lowered again second by the same infinitesimal
amount dP, the gas will undergo the second veryllsexpansion dV before the
pressure again equals the new external pressueepiblon again comes to rest. The
process is continued such that the external pressutowered by successive small
amounts and, as a result, the gas undergoes a sérseall successive increments of
volume dV at a time.

Since the system is in thermal equilibrium witke #urroundings, it is noted that
the infinitesimally small cooling produced as autesf infinitesimally small expansion
of the gas at each step, is offset by the heatrbbddrom the surroundings and the
temperature remains constant throughout the operati

Work done by the gas in driving the piston upwards
= - (P-dP)dV
=-Pav. L. 11.34

As dPdV is negligibly small and can be neglectesl tbtal work done by the
gas, w in expansion from volume; Yo volume \4, will be sum of the series of the
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terms pdV in which pressure keeps on increasinglugtidy. The result may be
expressed mathematically as

w=-[Fpav L. 11.35

Where V is initial volume and Yis volume in the final state.

As PV=RT hence

w=-[* 5 gy
=-RT |n¢ ............. 11.36

As we know RVi=RP\V,
W=-RTInRP, 11.36

For n moles the work above expression can be write

W=-nRTIn=-nRTIN* 11.37

Since \; is greater than ¥and R is greater thanRit is clear from the above equation
that W comes out to be negative meaning thereliythek is done by the gas.

11.11.2 Work done in isothermal reversible compregm

Let us suppose the gas undergoes isothermal iieleecompression from o
V1. The external pressure will now be made infinitedly higher than P, the pressure
of the gas inside the cylinder. Let the externaspure be P+dP. There will be
infinitesimal contraction in volume, say dV, of tgas. Since during compression of a
gas, the pressure increases and volume decreasese these two parameters are
assigned opposite signs as before. Thus, the wonle dy the surroundings on the
system for this infinitesimal step is given by

dW= = - (P-dP)dV
=-Pav L. 11.38
Ignoring the quantity dPdV, as before.

If the compression is carried out reversibly iredes of steps from initial volume,\fo
final volume \4, the work dones’ by the surrounding on the gas will be given by

w=—[Fpav L. 11.39
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If the gas under consideration is ideal than Pbmareplaced by RT/V

o == [FEay

i

=—RTIh =
——RT lni—: ......... 11.40

For n moles of the gas the above expression cawnitien

as @'=-nRTIn Z=-nRTINZ 11.41

11.11.3 Maximum work

As we have discussed above, the work done by agasg expansion is given
by the product B'AV whereAV is increase in volume. If the external pressuf&i®
only infinitesimally smaller than the pressure Rt gas (fig 11.4(b) then , expansion
is said to place reversibly. If , however, the exé pressure is much smaller than the
gas pressure (fig 11.4 c), the expansion will falleee rapidly, i.e., irreversibly and the
work done for the same amount of expansion willnech smaller since®® is now
much small than before. Taking the extreme casbeifexternal pressure is zero (i.e.,
the expand in vacuum) the work done will be zerentg, it follows that when a gas
expands freely, i.e., when it expands against vacsuch that '=0 no work is done
by the gas.

Now it is clear from the above discussion thatrttegnitude of work done by a
system on expansion depends upon the magnitudppafsmg external pressure. The
closer is the opposing pressure to the pressuteeajaseous system in the cylinder, the
greater is the work performed by the system on msipa. In another words maximum
work is obtained when the two opposing pressuréedibnly by an infinitesimal
amount from each other. This condition is evided#ynanded for a thermodynamically
reversible process, as discussion earlier. Heree,condition for maximum work
concides with that for a thermodynamics revergipili

11.11.4 Work done in isothermal irreversible exparien

Suppose we have an ideal gas contained in a eyliwith a piston. This time
the process of expansion of the gas is perfornredarsibly i.e., by instantaneously
dropping the external pressure€Pto the final pressure,PThe work done by the
system is now against the pressugghPoughout the whole expansion and is given by
the following expression:

w=-P* rI: dv
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=-B (V2-Vy)
=-BdV

In both the process, reversible and irreversibe, $ame state of the system has
changed from the initial to the final state. Therkvdone is smaller in irreversible
expansion than the reversible expansion. Thus mezdlavork is not a state function
as it depends on the path by which the processrionmned rather than on the initial
and final states, it is a path function.

11.11.5 Adiabatic expansion

In adiabatic process no heat is allowed to enteleave the system.
Hence in an adiabatic system q=0. From equatioh 11.

g= dE+w
or de=-w . 11.42

since the work is done at the expense of integnalgy, the internal energy of
the system decreases and the temperature falls.

Let us consider one mole of an ideal gas at presBuand volume V. For an
infinitesimal increase in volume dV at pressureh® work done by the gas is —PdV.
The internal energy decreases by dE, then fromtioual.42

de=-Pdv 11.43
By definition of molar heat capacity at constaniuwoe
dge =Ggd17 L 11.44

From equation 11.43 and equation 11.44

G dT=-PdV=--dV  (gas being ideal)
dT E
or C:V - =-= av

on integrating between limits when volume ig témperature Tand when volume is
V, temperature falls to,T

Ty . dT V, BdV
[y
T, T V, v

G InTY/T1=-R In V/V,

Since R= G-Cy for an ideal gas we have:
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CV In Tz/Tl =- (Cp-Cv) In V2/V1

In Tz/Tl =- Ce

S n VoIV, e, 11.45

=

the ratio of G/Cy is often written ag (gama)

equation 11.45 then becomes
In To/Ty = - 4-1) In (V2IV1) = (-1) In (2)

r

or  TJTi=(%)r1

5

or  TNV,t=Tyvyt
oo  TV*'=constant . 11.46
we know RVi/T1 = BV/T,

S0 T/T1 = BV, /PV,

substituting the value of,AT; in equation 11.46 we get

or BVZY = P]_V]_Y
or PV =constant=K ... 11.47

This equation is known as adiabatic expansion .ratio
11.11.6 Calculation of dE, and dH

Calculation of AE

As we have studied earlier the molar heat capatitgonstant volume of an
ideal gas is given by

JE

G = E—._T) v
Accordingly dE=GdT
And for a finite changge=G,dT ... 11.48

Calculation ofAH

The enthalpy equation (equation 11.15) is given as
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AH= AE+PAV
As PV=RT
PAV=RAT

So AH  =AE+RAT
= (G/AT+RAT) from equation 11.48
= (C+R) AT

or AH  =CGaAaT 11.49

11.12 SUMMARY

In the above discussion we have studied first ddwwhermodynamics and its
consequences in detail. The various forms of fimst of thermodynamics, various
definitions, namely internal energy, enthalpy, heapacity at constant volume, heat
capacity at constant pressure, work done in reveraind irreversible processes and the
difference between£and G, have been discussed.

Most important of these in Joule-Thomson effectclwhs useful in producing
low temperature or cooling. At the inversion tengtere, there is no Joule-Thomson
effect. If a gas under pressure passes throughaup@lug and expands adiabatically
into a region of very low pressure at the inverdgiemperature, there is neither fall nor
rise of temperature. If, however the expansion gagiace above the conversion
temperature, there is small rise in temperatureifandakes place below the inversion
temperature there is small fall of temperature.

11.13 TERMINAL QUESTIONS

(A) Objective type questions:
1. The mathematical relation for first law of thexynamics is
(a) AE=qg-w (b)AE=0 for a cyclic process
(c) AE=q for an isochoric process  (d) All of these
Ans (d)
2. Heat capacity at constant pressure is the change
(a) Internal energy with temperature at constagsgure.

(b) Internal energy with temperature at constahime.
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(c) Enthalpy with temperature at constant pressure

(d) Enthalpy with temperature at constant volume.

Ans (c)
3. Which of the following is not correct?
(a) H=E+PV (b) H-E=PV
(c) H-E-PV=0 (d) H=E-PV
Ans (d)
4, The heat capacity at constant pressure is celatiln heat capacity at constant
volume by the relation
(a) G+R=w (b) G-R=Cp
(c) G-R=Cy (d) R-G=Cv
Ans (c)
5. For an ideal gas Joule-Thomson coefficient is
(a) Positive (b) Negative (c) Zero
Ans (c)
(B)  Short answer type questions:
6. Define molar heat capacity at constant volumd ewlar heat capacity at

constant pressure.

7. State and explain first law of thermodynamics.
8. For an adiabatic process prove’ R\tonstant
9. Write a note on enthalpy and internal energy.

(C) Long answer type questions:

10. Derive expression for the work done in isothermeversible expansion and
isothermal reversible compression of an ideal Ydsat is meant by maximum
work.

11. (a) Give two definitions of first law of theattlynamics

(b) Calculate the work of expansion of one molamideal gas at
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25°C under isothermal conditions, the pressure befmnged from 1 to 5
atmosphere, given R=8.314 Joule.

12. What is Joule-Thomson effect? How do yocoaat for it? Define inversion
temperature. Show that Joule-Thomson coefficieréris for an ideal gas.

*kkkkkhkkk
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UNIT 12: THERMOCHEMISTRY

CONTENTS:

12.1  Introduction
12.2 Heat of reaction
12.3 Exothermic and endothermic reactions
12.4 Relation between enthalpy of reaction at @misvolume and at constant
pressure
12.5 Factors affecting heat of reaction
12.6 Enthalpy of reaction or heat of reaction
12.7 Variation of heat of reaction with temperature
12.8 Different types of heat of reaction (enthahpyeaction)
12.9 Heat of combustion
12.10 Uses of heat of combustion
12.11 Heat of solution
12.12 Heat of neutralisation
12.13 Some other definitions
12.13.1 Heat of fusion
12.13.2 Heat of vaporisation
12.13.3 Heat of sublimation
12.13.4 Heat of transition
12.14 Hess’s law of constant heat summation
12.14.1 Application of Hess'’s law
12.15 Bond energies
12.16 Summary
12.17 Terminal questions

12.1 INTRODUCTION

The chemical reactions are invariably accompabhie@nergy changes which,
ordinarily, appear in the form of evolution or als@n of heat.

Thermochemistry is the branch of physical chemisthich deals with the
thermal or heat changes caused by chemical reacfldve energy change that occurs in
a chemical reaction is largely due to change ofdbenergy, i.e., change of potential
energy that results from the breaking of bondsactants and formation of new bonds
in products.

We have studied in unit 11 that every substanseah@efinite amount of energy
known as intrinsic or internal energy, E. Its exaalue cannot be determined but the
change in internal energgE can be accurately measured experimentally.
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When internal energy of reactants)(E& greater internal energy of products
(Ep), the difference in internal energyE is released as heat energy.

AE = Eproducts' Ereactants
or AE=ErE

Such a reaction is callegixothermic reaction If the internal energy of the
products () is greater than internal energy of reactanty (ieat is absorbed from the
surroundings. Such a reaction is calleatlothermic reaction The amount of heat
released or absorbed in a chemical reaction isct#tieheat of reaction

As we have discussed above the energy changeseimicdl reactions are
largely due to the breaking of existing bonds betnwthe atoms and formation of new
bonds. Thus thermochemistry provides useful infaromaregarding bond energies.

12.2 HEAT OF REACTION

Thermochemical reactions are studied either atc@astant volume or at (b)
constant pressure. The magnitude of changes olusenveer the two conditions is
different.

The change in internal energyg) is the heat change accompanying a chemical

reaction at constant volume because no externak vgoperformed. But at constant

pressure there is change in the internal energyvan# is also involved because of

expansion or contraction. In the laboratory mosthaf chemical reactions are carried
out at constant pressure (atmospheric pressuterrtan at constant volume. In order
to study heat changes for reactions taking placeoastant pressure and constant
temperature, a new term enthalpy have been inteatiuc

As we have studied in unit- 11 the enthalpy ofsteam is defined as the sum of
the internal energy and the product of its volunith wressure. That is

H=E+PV

Where H is enthalpy, E is internal energy, P isglessure and V is the volume of the
system. The term H is also called heat content.

Like internal energy enthalpy is also a state fiemcand it is not possible to
measure its absolute value. However a change ihakmyt (AH) accompanying a

process can be measured accurately and is givérelgxpression.

AE = Hproducts~ Hreactants

=k-H
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At constant pressure and temperature the changeeienthalpyrH will be equal to
change in the internal energ¢ys and the work done in expansion or contractiv P

Hence AH = AE +PAV Ll 12.1

Therefore, while heat change in a process is etpdtis change in internal
energy.E at constant volume, it gives at constant prestheenthalpy changeH.

AE= heat change at constant volume
AH= heat change at constant pressure

For reactions involving solids and liquids onlyetihange in volumei{) is very
small and hence the ternX®1" is so small that it is neglected. For such reastitE is
equal to2AH. In case of gases, we have to specify whethereihetion is taking place at
constant pressure or at constant volume, becaesedlue of KAV is appreciable.

Most of such reactions are however, studied attaohgressure and change in enthalpy
AH is involved.

12.3 EXOTHERMIC AND ENDOTHERMIC REACTIONS

Reactions that gives out heat, i.e., which ar@empanied by evolution of heat,
are called exothermic reactions. On the other lila@deactions which are accompanied
by absorption of heat are called endothermic reasti

Let us consider a general reaction at constasspre
A+B —> C+D

Suppose enthalpy of A isaHenthalpy of B is i, enthalpy of C is H and
enthalpy of D is i then heat of reaction at constant presgdiifas equal to difference

in enthalpy of the products and the reactants, i.e.

ﬂH: HprOdUCtS_ Hreactants
= [He +Hp] — [Ha*Hs]

The value of heat of reactiaty may be zero, negative or positive. Whieki is

equal to zero, the enthalpy of reactants and ptscaging the same, no heat is evolved
or absorbed. In cas®H is negative, the sum of enthalpies of the prodisctess than

that of the reactants and the difference in enthalgiven out in the form of heat.

Such reactions in which evolution of heat energikets place are called
exothermic reactions
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When AH is positive meaning there by, the enthalpy or hemattent of the

products is more than of the reactants, an equivdleat is absorbed by the system
from the surroundings.

Such reactions which are accompanied by absorpfibeat are called

endothermic reactions

F 3
Reactants

Products

gT AHL O

2 Heat released AH>0

& E Heal absorbed

U =

= s

= 21 Products , Reactants 4

Exothermic Endothermic

Fig 12.1 enthalpy diagram for an exothermic and enathermic reaction

Thus for an endothermic reactions>l, andAH =+ve and for an exothermic
reactions HP<HandAH = -ve.

In chemistry, it is customary to represent therhsmaical changes as,
For exothermic reaction: HCI + NaOH = NaCk++ 13700 cal
For endothermic reaction: ,NO, = 2NO — 42000 cal

That is, in case of heat-evolution, the quantftiieat evolved is written with the
products with a positive sign. In heat absorpttbe, quantity of heat is written with the
products with a negative sign.

Hence 13700 cal = Heisnaon)— H (yazin, o)
And -42000 cal=kV,+ 0,)-Henoy

In thermochimisty, the attention is concentratedtus system. In exothermic changes
heat content or energy content of the system wdurtdnish, in endothermic changes
these would increase. Hence, we write

HCI +NaOH = NaCl+kD AH =-13700 cal

N+O, =2 NO AH =+ 42000 cal

UTTARAKHAND OPEN UNIVERSITY Page 199



PHYSICAL CHEMISTRY- | BSCCH-103

In these cases howeveiHp and AH, i.e., ¢ and ¢ would be equal, as there is no
volume change involved. Now we take the followinmation

C/Hgt 9G,=7CG + H,O
In this case  g= - 930 Kcal

g, = -928.8 Kcal

12.4 RELATION BETWEEN ENTHALPY OF REACTION
AT CONSTANT VOLUME AND AT CONSTANT
PRESSURE

The quantitiestH and AE are related to each other by the expression from
equation 12. AH=AE+PAV

WhereaV is the change in volume that takes place in amgreaction.
Since ¢ = AE and ¢=aH
Then g = q, + PAV
for n moles of an ideal gas
PV=nRT

Suppose nand n represent the number of moles of gaseous reactatsgaseous
products, respectively and suppose i: greater than ;n Then increase in
number of gaseous moles #m = Ang

Then RV = PV/naAng = RTxAn As PV=nRT
PAV = AngRT

Let us discuss, for example dissociation of amman@nitrogen and hydrogen.

2NHO3(g) —> N(Q) + 3H(9)
2 moles 1 mole 3 mole
Ang =4-2=2

So ¢ = q+2RT

In the reaction involving combination of hydrogerdanitrogen
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2H,(g) + Q(9) —> 2H0(9)
2 moles 1 mole 2 moles

An= 2-3=-1

gp=q — RT

Since in reactions involving only solids and ligglilV is negligible, g¢=q,, i.e.,

the enthalpy of reaction at constant pressure nwostl the same as the enthalpy of
reaction at constant volume.

12.5 FACTORS AFFECTING HEAT OF REACTION

There are some factors which affect the quantithest evolved or absorbed during a
physical or chemical transformation. These factwes

(1) At constant pressure or at constant volume
(2) Physical state of reactants and products.
(3) Amount of reactants and products.

(4) Temperature.

(5) Pressure.

The physical states in a thermochemical reactierrgpresented by the symbols (s), (1),
(g) and (aq) for solid, liquid, gas and aqueoutesteespectively.

Consider a reaction
Ho+% QO <— H,O H= - 68.32 kcal

This reaction indicates that when one mole of hgdrseacts with 0.5 mole of oxygen,
one mole of water is formed and 68.32 kcal of heavolved at constant pressure. If
two moles of hydrogen are burnt, the heat evolvemildy be 2x68.32 kcal. This
equation is not complete thermochemical equatiarabree it does not specify water is
in the form of steam or liquid. There is differericethe value of H if water is in the
liquid or gaseous state as given below.

Ha(g) +%2Q(@) —*> HO ;AH=-68.32 kcal

And Hx(g) +%2 Q@) —> HOy); AH= - 57.80 kcal

12.6 ENTHALPY OF REACTION OR HEAT OF REACTION

The heat of reaction is simply the amount of reagorbed or evolved in the
reaction. As we know that amount of heat absorlyeglvolved at constant temperature
and pressure is called enthalpy. Hence the amdumeai change during a reaction at
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constant pressure and temperature may also bel esitbalpy change. Heat of
reaction may be defined as the amount of heat abdmed or evolved in a reaction
when number of moles of reactants as represented ke balanced chemical
equation change completely into the products.

It is very important to note that heat of reactivaries with change in
temperature. Hence we must mention the temperatiuvéhich the reaction is taking
place. It is also convenient for comparison todjx some temperature as standard or
reference. By thermodynamic convention, the stdta substance at 298K and one
atmosphere pressure is taken as its standard $taeheat change accompanying a
reaction taking place at 298K and one atmospheesspre is called standard heat
change or standard enthalpy change. It is dengtedb.

12.7 VARIATION OF HEAT OF REACTION WITH
TEMPERATURE

The heat of reaction changes with change in teatper of a gas due to
variation in its specific heat.

The equation representing the variation of heatngk of reaction with
temperature is known as Kirchoff's equation.

At constant volume, the heat of reactidk, is given by the relation
AE= BE-E;
Where g is internal energy of products angik the internal energy of reactants.

Differentiating this equation with respect to temgiare keeping volume constant we
get

(2R . = (3F. 10T)\-= (3B, JOT)y  ....... 12.2
But we know a_: =G
Hence [Ei (M:j] = (C)2 (C)1 123
=AC,

Here (G)2is heat capacity of products and,Yds heat capacity of reactants.

On integrating the above equation between thedifi and T, and keeping in
view that when temperature ig Tieat of reaction iAE; and when temperature is T
heat of reaction iAE;
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[z d(AE)= [ ac,dr
or AE,-AE;=aAC, (T-T) .. 12.4
Similarly heat of reaction at constant pressuigisn by the relation.

AH=H,-H, L 125

Where H aw H, are heat content or enthalpy of products and aesst
respectively.

Differentiating equation 12.5 with respect to tergiure at constant pressure.
[ (am)|p = (31, 13T) p- 31, 13T)

We have
= (32— (C1=AC, ... 12.6
Here (&)2 and (&), are the heat capacities of products and reaatespectively.
or d AH) = AC,dT
integrating the equation between temperatyrent .

we have
AHz-AH; = | ACpdT

AC, (TTy) L 12.7

The relations (12.3), (12.4), (12.6) and (12.7yen@st derived by Kirchoff and
are called Kirchoff's equations.

These equations are used to calculate heat ofioraat a given temperature
provided heat of reaction at some other temperadnce when the heat capacities of
products and reactants are known.

12.8 DIFFERENT TYPES OF HEAT OF REACTION
(ENTHALPY OF REACTION)

Heat of formation

The change in enthalpy that takes place when oole of the compound is
formed from its elements is known as heat of foromatlt is denoted by\H;. For
example the heat of formation of ferrous oxide rhayexpressed as
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Fgs+ Ss) ——» Fe gy AHs = -24.0 kcal

This equation can be explained as, one mole dirfeolid from) reacts with
one mole of sulphur (in solid form) to form one ol ferrous sulphide (in solid form)
and 24 kcal heat in evolved.

The reaction between gaseous hydrogen and gashturse to form gaseous
hydrogen chloride is represented by the equation.

Hx(g) + Ch(Q) — 2H CI(g) AH= -44 kcal

This equation means one mole of gaseous hydroggets until one mole of
gaseous chlorine to form two moles of gaseous lgairachloride and 44 kcal heat is
evolved. It may be noted in this case that 44 ksahot heat of formation of HCI
because this amount of heat is evolved when twoesnof hydrogen chloride are
formed. The heat of formation of hydrogen chlorideuld be - 44/2= - 22 kcal and the
equation can be written as

Y2 Hy(g) + %2 Ch(g) — HCI(g)
Standard heat of formation

AH = -22 kcal

The standard heat of formationH%, is the enthalpy change when one mole of a
substance is formed from its elements in theirdsesh states. That is all substances are
at 298K and one atmosphere pressait’; values may be exothermic or endothermic.

Reaction M.{: (kJ mol1)
for the compound formed

Cis) + Oz COz(g) - 393-5
C(s) + = Oxg) CO(g) - 110-5
Hiz) + = OxA2) Ha0(0) - 285-9
H2) + 3 Oug) H20(g) - 2455
2 Hyiz) + 3 Fum HF(g) - 2711
Cie) + 2HA2) CHaq(g) - 74-9
2C(s) + 3Ha(g) CaHg(g) - 89-2
2C{s) + Z2H@) CyHu(g) + 52-3
2C(sy + Ha(g) CaHa(2) + 226-8
6C(s) + 3H,(g) CHg(D) + 49-0
8C(s) + 4Hy(g) CeHg(H —224-4
Sis) + Ox@) Si03(5) = 9210-0
S{z) + Ou(p) S0.(g) —297:5
Na(s) + = Cl@) MNaCl(s) —-411-0
Cais) + L o Ca0(s) — 6355
V2 Nafe) + % Halg) NHs(g) — 46-0
Nolg) + ZHy(g) NaH4 () + 50-6
Cis) + 2Hi(g) + 1/20(2) CH;OH(D ~ 2389
2C(s) -+ 3Ha(g) + 1/2 Oxg) . CaHsOHWD - 2777
10C(s) + 4Ha(g) CioHg(s) + 602

Table 12.1 Standard heat of formation of some commmocompounds
Determination of enthalpy of reaction

Enthalpies of reaction at 45 (298K) can be determined XH% of reactants and
products involved in the reactions are known since

AH® = AH% (products) AH% (reactants)
UTTARAKHAND OPEN UNIVERSITY
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By convention,AH% values for elements in their standard states aent as
zero. This aspect has been shown in the followxagrgple.

Example: CalculataH® for the equation

COx(g) + H(g) —> CO(g) + HO(g) given thatAH% for COx(g),
CO(g) and HO(g) are -393.5, -111.31 and -241.80 kJ makespectively.

AH® = AH% (products)AH%(reactants)
= [AH’ CO(g) +AH® HZ0(g)] - [AH" COx(g) +AH's Hy(g)]
=-111.31 - 291.80 — (-393.5-0)
=-353.11+393.5

=40.4 kJ

12.9 HEAT OF COMBUSTION

Heat of combustion of a substance is change ihaggt when one mole of
substance is completely burnt in excess of oxygtat of combustion is denoted by
AHc. Thus combustion of methane shown as

CHy(g) +2Q(g) —> CQOx(g) + H:O(l) AHc =-87.78 kJ
Combustion of hydrogen similarly can be represeated

Ha(g) + 2 Q(9) —> HO() AHc = -285.29 kJ.
Now let us consider the following chemical equation

Ce)+¥2 Qg CQg — AH =-26 kcal ........ (A)

Cs) t 02y —> COyy AH =-94.3 kcal ... (B)

It may be noted that -94.3 kcal is the heat of loestion of carbon as
combustion is complete in equation (B). In thetfoase (A) carbon has been converted
into carbon monoxide and by no means completelgised, it can be further oxidised
to carbon dioxide.

12.10 USES OF HEAT OF COMBUSTION

(i) Calculation of heat of formation

The heat of combustion of organic compounds casasdy determined, these
are employed to calculate their heat of formation.
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Example : The enthalpy of combustion of glucosgHOg(s) is -2816 kJ. Heat of
formation of CQ( and HOy are -393.5 kJ moleand -285.9 kJ molerespectively.
Calculate the heat of formation of glucose.

Ans. We have to calculate
6C(s) + 6Hz(g) + 302(9) —> CeleOe(S)AHZ?
Given that

(1) CeH106(S) +6Q(g) —> 6CQ(g) + 6HO(g)AH= -2816kJ
(2) Cs) +O(9) —» CO(9) AH=-393.5 kJ
(3) Ha(9) + 2 Q(9) —»  HO(l) AH = -285.9 kJ

Multiplying eqgn.(2) by 6 and equation (3) by 6 auting
We get
(4) 6 Gs) + 6 Oyg) + BHa(g) + 6/2 Qg — 6 CQ+ 6HO)
AH = - 6x393.5-6x285.9
=-4086.4 kJ
Subtracting eqn (1) from eqgn (4) we get
6C(s) + 60z(g) + BHbg) + 30, — CsH1206™ = 6CQyg) + 6H0( — 6Q
AH  =-4076.4+2816
=-1260.4
Hence 6@+ 30 +6Hyq  GHi120ss), —» AH=- 1260.4
So heat of formation glucose is —1260.4 kJ
(i) Calorific value of foods and fuels

The amount of heat produced when one gram of anbstis completely burnt
is known as calorific value of food or fuel effioigy.

It is expressed in cal per gram or kcal per graikJgver gram.

Methane has better fuel efficiency than ethanet ggoduces more heat per
gram. It can be explained by comparing heat of amtibn of methane and ethane.
Heat of combustion of methane is -890.3 KJ anddhathane is — 1559.7 KJ

CHyg) + 20— COyg + 3HO;  AH =-890.3 kJ
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and QHg(g) +3/2 Q(g) —> ZCQ(Q) + 3H20(|) AH = -1559.7 kJ

for methane heat produced per gram %Z—

= - 55.64 kJ g and for ethane heat produced per gram

is — 155; L =-51.90 kJg (molecular weight of methane is 16 and that ofehis 30).

2

Thus methane has better fuel efficiency than etlarieproduces more heat per gram.
(iii) Deciding constitution

Heat of combustion of organic compounds is to rgdaextent an additive
property as shown by the fact that in a homologsrrees the difference between the
heats of combustion of successive members is neangtant and its equal to 158 cals.
Constants corresponding to the heats of combusfiearious atoms and linkages have
been worked out. The heat of combustion of an acgambstance can be calculated
from its probable structural formula by adding upe tvalues of the constants
corresponding to the atoms and linkages involvestein. If the value so obtained
comes out to be the same as the experimental whlttee heat of combustion of the
compound, the assumed formula must be correct.

12.11 HEAT OF SOLUTION

When a substance is dissolved in a solvent hesaiges are usually observed.
When reaction takes place in solution, heat oftgmiuof reactants and products must
be taken into account.

The heat of solution is defined as:

The change in enthalpy when one mole of substancésblved in a specific
guantity of solvent at a given temperaturelf a substance is dissolved in a solvent
certain amount of heat is evolved or absorbedhdf golution is further diluted, there
will be again be change in enthalpy. If we go datdig the solution, a stage will come
when further dilution produces no thermal effechisTis called the state of infinite
dilution. To avoid the quantity of the solvent, hvave to incorporate the idea of infinite
dilution in the definition which may be stated as:

The heat of solution is the change in enthalpyrwbee mole of substance is
dissolved in a solvent so that further dilution sla®t give any change in enthalpy.
Thus

KClg)+ H:Oy —>  KClag)AH = -4.4 kcal

MgSQ(s)+ H,O(1) —>|V|gSQ1(ag) AH =-20.28 kcal
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The heat of solution of an electrolyte may be tuenergy change involved
during ionisation or some hydrate formation as udplsuric acid. Usually heat is
absorbed when ions are torn apart from each othigrel process of solution and heat is
evolved during hydrate formation.

12.12 HEAT OF NEUTRALISATION

The change in heat content (enthalpy) of the systerwhen one gram
equivalent of an acid is neutralised by one gram edyvalent of base or vice versa in
dilute solution is known as heat of neutralisation.

Following are some examples of the heat of negtiibn

HClag+ NaOHay ~ —  NaClag) + HO() AH = - 13.68 kcal
HNOs(aq)+ NaOHaqy  —> NaNQaq+ HO(l) AH = - 13.69 kcal
HNOzpag)+ KOHagy ~ —» KNOs(aq)+ HO()) AH = - 13.87 kcal

From these equations written above it is obsetiratiheat of neutralisation of a
strong acid and strong base is — 13.7 kcal. Thisbeaexplained with the help of theory
of ionisation. If HA and BOH represent any straamd and strong base respectively
and equivalent amount of these in dilute solutienrixed, we have

H" (aqg) + A(aq) + B(aq) +OH(aq) —  A(aq) {aB) + HO(l) AH =-13.7 Kcal
Hence Hag+ OHag —> HO () AH=-13.7 kcal

Thus the heat of neutralisation of an acid andsehbs merely heat of formation
of water from hydrogen and hydroxyl ions.

If, however, the acid or alkali is weak, the elfjilgaof neutralisation is different
because the reaction now involves dissociation ediknacid or weak alkali as well the
neutralisation of acetic acid with sodium hydroxider example, involves the
dissociation of the acid as well as the usual idisaition of H and OH ions as
represented below.

(i) CHsCOOH < CHCOO +H'
(i) H+ (aq) + OH (agq)— #O (1)

As H' ions are neutralised by Okbns furnished by the completely dissociated
sodium hydroxide, more Hions are formed by the dissociation of acetic doide-
establish the equilibrium. Thus, both the reactioreeed side by side till acetic acid is
completely neutralised.

The enthalpy of neutralisation of acetic acid logism hydroxide has been
found to be -13.2 kcal. Since the average valug¢h@rcombination of Hand OH ions
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is taken as -13.7 kcal, the enthalpy of dissoaiatb acetic acid may be taken as 0.5
kcal.

The heat of dissociation of a weak acid or weakebaay be defined as the
change in enthalpy of the system when one moleisfdissociation into ions.

12.13 SOME OTHER DEFINITIONS

12.13.1 Heat of fusion

Heat of fusion is defined as the heat change (thadpy change) when one
mole of solid substance is converted into liquatestat its melting point.

HO(s) ——— » HO (D) AH=+1.43 Kcal
Ice water

Here ice melt at 273K and change into liquid wateabsorbing 1.43 kcal heat.
It is found that greater the heat of fusion of dsiance higher the magnitude of
intermolecular forces.

12.13.2 Heat of vaporisation
The heat of vaporisation is defined as:

Change in enthalpy when one mole of liquid is convied into vapour or
gaseous state at its boiling point.

For example one mole of water is converted ineaust at 108C or 373K, the
heat absorbed is 9.71 kcal which is heat of vaptas of water.

HO () ——— HO(g): AH=9.71 Kcal
Water steam

12.13.3 Heat of sublimation

In sublimation process a solid change directly imfaseous state without
changing into liquid state. Sublimation occurs &rmperature below the melting point
of solid.

Heat of sublimation is defined as the enthalpyngeavhen one mole of solid is
directly converted into gaseous state at a temperdéielow its melting point.

For example, the heat of sublimation of iodin&4s92 kcal per mole. It can be
represented as:
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I(s) —>  b(g) AH=14.92 kcal

12.13.4 Heat of transition

The change in enthalpy when one mole of an elemenohanges from one
allotropic form to another is known as heat of trarsition.

For example transition of diamond into amorphoardon be represented as:
Cdiamond —_— > Qmorphoug ﬂH:3.3 kcal
Similarly

Runite e Ped AH=-1.028 kcal

12.14 HESS'S LAW OF CONSTANT HEAT SUMMATION

The energy changes accompanying chemical praz@ssegoverned by
a general principle known as Hess’s law. This ldates that the amount of heat
involved or absorbed in a process is the same whétle process takes place in two or
more different ways in one step or in several steps

Let us suppose that a substance A can be chaogeditectly.
A— Z+Q AH= -Q
Where Q is the heat involved in the direct change.

When the same change is brought about in stages:

A—>B+a AH= -
B—>C+o AH, =-
C—>Z+g AHz =- 0

The total evolution of heat ¢igp+gz = Q

According to Hess’s law Q.. If it is not so, let @Q,. Then by transforming
A to Z through stages and Transforming directlykbtx A, there would be a gain of
heat energy= @Q:. By repeating the process again and again unlithtat energy
will be developed in an isolated system. This g@Eminst the first law of
thermodynamics. Hence;@ust be equal toQ
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C+0s

A AH = - 26.42

9y kcalfmole

B €O, + 40,
q AH=—04.05
Q, 2 kcalimole

AH =-67.71

C kcal/mole

ca,

o
\
[

Total = AH = (- 26.42) + (- 67.71)
= — 94 13 kcal/mole

Fig 12.2 lllustration of Hess'’s law
Examples of Hess’s:
Burning of carbon to carbon dioxide:

Carbon can be burnt to carbon dioxide directlyt onay first changed to carbon
monoxide which may then be oxidised to carbon diexi

Ist way G + O(Q) —> CQ(g)AH=-94.05 kcal
2" way C(s) + ¥2 §g) —>  COy(g)AH= -26.42 kcal
CO(g) + %2 X(g) — COy(g)AH=-67.71 kcal
Overall change C(s)+m) —* CO(g)AH=-94.1 kcal
It is shown in fig 12.2
12.14.1 Application of Hess'’s law

(i) Calculation of enthalpy of reaction:

With the help of Hess’s law it is possible to cddéte enthalpies of many
reactions which cannot be determined experiment®tyr example, it is extremely
difficult to measure the heat evolved when carbom$ in oxygen to form carbon
monoxide.

C(s)+¥2Q@ —> CO(g)aH=?

From the Hess’s law it is known that the heat esdlin the combustion of one mole
carbon dioxide is same, viz whether the reacti&rgalace in single step as

Cst (g9 —> COx(0) AH = -94.05
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or in two steps as
Csit1/2 Q(g)—> CO(9) AH= x kcal (say)
CO(9)+1/2Q(g) —> CO(g)aH=Yy kcal (say)

Although X, the heat change involved in the comibuasbf carbon monoxide cannot be
determined easily, y, the heat change involvechendombustion of carbon monoxide
to give carbon dioxide can be measured and has fmew to be -67.71 kcal.
According to Hess’s law

x+y = -94.05 kcal
or x=-94.05-67.71 = -26.34 kcal

Thus,AH heat of combustion of carbon to give carbon matmis — 26.34 kcal.

(i) Determination of enthalpy changes of slow reaions:

Hess's law is extremely useful in determining aiply changes of those
reactions which takes place extremely slowly foaraple, the transformation of
rhombic sulphur into monoclinic sulphur is so slthat direct measurement of enthalpy
change is not possible. But the enthalpy of combusif rhombic sulphur are known
to be respectively, i.e.,

(i) S(rhombic) +Q(g) —>  Sdio); AH =-297.5 kJ
(i) S(monoclinic) + Q(g) —* SQ(Q) ; AH =-300.0 kJ
Substracting (i) from (ii) and rearranging, we get

S(monoclinic) S(rhombic); AH= - 2.5 kJ
or S(rhombic) S(monoclinickH= 2.5 kJ

Thus transformation of one mole of rhombic sulplto monoclinic sulphur is
accompanied by absorption of kcal of heat.

(i) Calculation of enthalpy of formation:

The enthalpy of formation of compounds can beuated by the application of
Hess’s law when it is not possible to determines¢hexperimentally.

For example it is impossible to determine expentally the enthalpy of
formation of benzene from its elements: carbon &ydrogen. However, it can
calculate from the enthalpy of combustion of beezand the enthalpy of formation of
water and carbon dioxide. The solution is carrietlio two steps
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Step |

(i)  CeHe() +15/2Q(g) —> 6CO 3HO () AH= -781.74 kcal
(i) C(s)+Q@ —> Cdo) /H=-94.14 kcal

(i) HO0(g)+% Q@ —> HO ()  AH=+ 68.40 kcal
Step-Il

(iv) 6C(s)+6Q(y) —> 6CQQ); H=-564.84 kcal

(v)  3Hx9)+3/2Q(g) — 3H:0() AH=-205.20 kcal

Adding (iv) and (v) and subtracting (1) we get
6C(s) +3H(@) — GHs(l); AH=11.70 kcal

Thus enthalpy of formation of benzene is 11.72 Kcal

12.15 BOND ENERGIES

Bond energy for any particular type of bond in anpound may be defined as
the average amount of energy required to dissoiae break) one mole, Avogadro
number of bonds of that type present in the comgoiihis is also called the enthalpy
of formation of the bond.

Thus the bond energy of H-H bond is the energuired to break all the bonds
in one mole of the gas. It is expressed in kcalmpele or kJ per mole. For example,
bond energy of H-H bond is 433 kJ per mole or 18&&al per mole.

Bond energies of some common bonds are given below.

(i) H2(g) 2Hy(g); —> 4AH=433.1kJ
(i) Oxg) 20(g); — AH=489.5kJ
(ii)N2(g) 2N(g); — 4H=937.4 kJ
(iv)C(s) C(g);—> AH=719.6kJ

Suppose we have to determine the enthalpy of feomatf C-H bond in methane. We
should know the enthalpy of formation of methankisThad been calculated from the
enthalpy of combustion of methane to be — 74.Tkis

(V) C(s) + 2B(g)—> CH(9); AH=-74.9 kJ
Multiplying equation (i) by 2 we have

(Vi) 2Hyq 4Hg; —> AH= 866.2 kJ
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Adding equation (iv) and (vi) and subtracting frexuation (v) we have
C(g) + 2H(g) CHs(9) ; —>  AH=-1660.7 kJ

It follows from above that -1660.7 kJ of energyesguired to break four moles of C-H
bonds in methane. Therefore the average bond ermmrgymole of C-H bond is -
1660.7/4 = 415.2 kJ. This is also the enthalpyoaifation of the C-H bond.

12.16 SUMMARY

In this unit we have studied different definitionassociated with
thermochemistry. As we know thermochemistry is #dtady of energy changes
involved in chemical reactions. This study is verseful in determining enthalpy
changes in various reactions. Kirchoff's equat®rery useful in calculating change of
enthalpy with temperature. Hess’s law and bond @nealculations are utilised for
various transformations.

12.17 TERMINAL QUESTIONS

(A) Objective type questions:
Q.1  Which of the following relations holds good fbe reaction?

COg+% Qg9 —> CQO0)

(a) aH=aE (b)aH=AE+RT
(c) AH=AE+~ RT (d)AH=AE- - RT
Ans (d)
Q.2 The change in internal energy with temperaitreonstant volume is given by
the relation.
(@ AE =ACW(T1-T2) (b) AE =ACH(T2-Ty)
() AE=ACW(T2Ty) (d)AE =ACH(T1-To)

Ans(c)
Q.3 Which of the following always has a negativeue&
€)) Heat of reaction (b) Heat of formation

(c) Heat of combustion (d) Heat of solution
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Q.4

(@)
(€)

Q.5
(@)

(B)
Q.6
Q.7
Q.8
Q.9

©)
Q.10

Q.11

(b)

Q.12

Ans (c)

The change in enthalpy that takes place whemuole of compound is formed
from its elements is called:

Heat of combustion (b) heat of formation ofnpound
Heat of synthesis (d) standard heat of foromati
Ans (b)
The heat of neutralisation of strong acid anohg base is always:
Zero (b) constant (c) positive (d) changing
Ans (b)
Short answer type questions:

Derive the relation betweeitd andAE

What is meant by heat of formation
Define heat of neutralisation

Derive the relation between enthalpy of reactx constant volume and at
constant pressure.

Long answer type questions:

State Hess’s law of constant heat summatialtuaite the heat of formation of
acetylene from the following data:

C(s) + Q@ —> CQ9); An = -94.052 kcal
Hxg) + 2Q(9) —> HO; AH = -68.317 kcal
CHo(g) +5/2Q(g) —>  2C&y + H0(l); AH= -310.615 kcal
@) Explain what is meant by the term bondgne

Define heat of neutralisation. Why heat of maligation of a strong acid and
strong base is 13.69 kcal?

Define the following terms:
(a) Thermochemistry

(b) Heat of reaction
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(c) Heat of formation

(d) Thermochemical equation
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