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INTRODUCTION TO
FUNDAMENTAL CONCEPTS OF
CHEMISTRY

1.1 INTRODUCTION

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

and the principles which govern these changes.

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

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

in ¢ out additions, subtractions, n'w.ltiplicati?ns and

dividx ml:wdﬂic problems of dh\::umbcr of d(:gx;s :;1 r::;: ;amm;

ey e ek o

and balances have scales which are sub divided into \.rarious units and subunits,

Suppose, for example a glass rod ‘A’ whose length is 10 be measunic.l b.y two

different scales which can be seen in the given ﬁg}xr.c (1.1) Scale (1) is divided
only in centimetres while scale (2) is divided in millimetres also.

rlz‘ e ) Scale (1)

I

§cale (2)

fig.1.1

In scale (1) the length of the glass rod ‘A’ is about 3.6 cm. The length of A
on scale (2) however is 3.62 cm. Thus the value 3.6 cm contains two significa®t
dizimvbiletbevaluel&cmcmtaimthxusigniﬁcamdigits.muhowﬁf‘f“;
factor which is very imnntmmmm‘menmbuo{ﬁgniﬁcmtmuu
thcaccmcyofthcmeum-inginsuumenundtheweondfnctorwhichtl’°coun
is the size of the object 10 be measured.

Porexample,anlronbanhuman&.s.'o;andamuetomb"w

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

RULES FOR DETERMINING SIGNIFICANT FIGURES

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

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

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

(iti) Zeroslocatingthedecimal pointin numbersless thanonearenotsignificant;
for example, 0.062 has two siginificant figures and 0.001 has only one
significant figure.

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

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

three significant figures.

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

[1.2£0.1 mg,
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know that significant figures are those digits

ROUNDING OFF DATA: We o1l certain digits plus final one having some

in ameasured number that include
uncertainty.

To round off means to reduce a number t0 the dcs;lred ;‘::ﬂ;?::ﬁ:::
Itis the procedure of dropping nonsigniﬁcaf“dlgfts in a‘f lct"lx el oJr > o:-.
the last digit reported. In order to get desired sngmﬁc‘m nfin ml.es
digits from extreme right can(l;c Srl‘(‘)gpl;i aTCXOFd'“B to ce :
DIN : =
RUtEfr fh?:l{iglitt?qub? dropped is greater than 3, @en add 1 to the la?st digit to
be retained and drop all digits farther to the right. Thus 5.768 is rounded
off to 5.77 to three significant digits (the last digit “8” dropped is greater
than 5) and to 5.8 to two significant figures (the last digit “6” dropped is
greater than 5).

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

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

due to even and odd nature of the last digit to be retained:
(i) If the digit to be retained is even, then just drop the *5”. Thus 7.865 1

rounded off 10 7.86 to three significant digits (the digit to be retained “6”
is even).

(ii) If the digit to be retained is odd, then add 1 to it. Thus 6.75 is rounded off
10 6.8 to two significant digits (the digit 1o be retained “7" is odd).
NOTE: If you use a calculator, you can simply enter numbers in the calculator

one after the other, performing each arithmetic operation and rounding
Just each final answer to the desired significant figures,

USE OF SIGNIFICANT DIGITS IN ADDITION AND SUBTRACT ION
The proper use of significant figures in addition and subvaétion involves ®

cO'l"Parison of‘O.“ly the absolute uncentainties of the numbers, This means e
only asmany digits are o be retained to the rightof the decimal pointin the ansWe!

S
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as the number with the fewest digits to the right of the decimal. It will be necessary
to round the last retained digit up if the next discarded digit is S or greater. For
example.

131 + 2]l = 341 = 34
8.741 - 531 = 3431 = 343

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

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

0.0001 x 103 ,

~ Solution: 5.00x10°
0.775x 10"
0.0001x 10 - |
Total *~ 5.7751 x 107 . '
(Round up) 6.0x10"

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

Solution :

For the addition of significant figures, all measurements should be in the
same unit, so values are 1o be changed in metres and then are added.

15.5m = 15.5m
651.8cm = 6.518m
4291 m.m = 4291 m
Total = 26.309m
(Round up) = 263 m
;
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USE OF SIGNIFICANT DIGITS IN MULTIPLICATION AND DIVISION

The proper use of significant figures in multiplication and dx\fisnon involves
a comparison of only the relative uncertainties. The numb?r obtained as a resuly
of multiplication or division of two or more numbers Oblmﬂ.Cd by et
must have no more significant figures than that number used in the multiplication
or division which has the least number of significant figures, for example;

(1.32) x (4421) = 5.84
1588 + 7.95 = 1997 = 200
31.23x 4.5
= 15
9.41395

The numbers which determine the number of significant figures in the

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

THE GENERAL APPLICATION OF SIGNIFICANT FIGUkES :

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

figures will save time and give resul
: ; ts of accuracy wh i
specially when a series of multiplications and > Slea clciluiens B

Example: S6X 725 % 293 divisions are involved.
Simplify 760 x 298
Solution :

(i) 41000 x 273 = 11193(1)880 & sgnificant figures retained)

i) 760 % 298 o 726430 3 = 11000000 (2 significast figures fetained)

Finally (2 significant figures retained)
(iv) 11000000
= 478 = (5
m_ 1.8 =48 (Z'significant figures retained)

(Note : Zeros afier
&% a number 1.
one significant figure), 4T not significant digits which means 3(1')“’5""]y

e
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1.3 USE OF EXPONENTS (LOGARITHMS)

We know that in scientific work, there are many occasions when we are
confronted with the measurements of very small numbers or very large numbers,
for example the mass of an electron is found to be
0.000000000000000000000000000 911 g and the number of atoms in | mole
of an element is found to be 602,300,000, 000,000,000,000,000 such numbers
are much more conveniently expressed as multiples of 10, For example the first
number may be written as 9.11 x 10-% g and the second number as 6.023 x 102

- By the same approach 0.0005 becomes 5 x 10— and 5000 becomes 5 x 10°
Thus all numbers may be expressed as a power of 10 and 107, 10°, 10%,10-", 107

eic. are generally called as exponential terms in which the base is 10. The powers
to the base 10 are known as exponents. Any other number may also be used as a
base but it is always convenient to have 10 as the base.

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

0.00016 16x10-3
= = 2x10%x10*=2x10°

80,000 8x 10

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

0.00042) (560)  (42x10~4)(5.6x10%)  4.2x5.6 10~ x 10?

= X

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

102
=04%X ——— =04x10"=40x10"*

10}

Setting up calculations in this manner is very convenient and easy.
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In the expression a* = y, xis called the logari'lhm 9f y 10 the base a, where a
must be positive number other than one. A logarithm is, therefore, an exponent
and as such, follows the rules applying to exponenis.

In logarithm the base is usually 10.

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

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

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

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

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

To llustrate how 1o find the characteristic of a number it is simpler to just
consider only numbers of the power of 10.

N Characteristic
1000 (10%) 3
100 (10%) -
10 (10Y) \
1 (109 0
0.1(10") L
0.001 (10 <3

Note that characteristic is simply the exponent of the number writiea 352
power of 10. Each of the above numbers has the mantissa 0,000 .. as given in ¢
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logarithm table, Thus.

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

Now consideranumber 273. The value of 273 will lie between 100 and 1000
i.c. between 107 to 10° which means 273 = 10* where x is between 2 and 3.
According to Logarithm table the value of x is equal to 2.4362. It means that
1099 =273 50 log 273 = 2.4362
(Characteristic 273 =2
Mantissa 273 =0.4362)

THE USE OF LOGARITHMS IN COMPUTATIONS

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

logab = loga+logh
logab = loga-logb
log(a)* = nloga

Where aand b are any two posmve numbers and n is any positive or
negative number.
Examples :

() log (450 x 566) = log450 + log 556
= 2.6532 +2.7528
= 5.4060
Antilog of 54060 = 25470

since the characteristics is S
Antilog 0.4060 = 254200
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(i) log (878 +122) = log 878 - log 122
= 2.9435 - 2.0864
= 0.8571
Antilog 0.8571 = 7194 + 2 = 7196 = 7.196
(i) log (68)'*= -% log 68 = —;— (1.8325)
= 0.2290

Antilog 0.2290 = 1.694

1.4 ERROR AND DEVIATION

We know that in experimental observations we come across with errors and
deviations in repeated measurements due 1o the factors like "defect in the
instrument”, or "Lack in handling the apparatus", or "improper functioning of the

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

_ Systematic errors are caused by the defect in the analytical method or by the
improper functioning of instrument. For example, in titrations if the indicator is
not propv::rly prepared, then the colour change will occur before the equivalence -
point, this systematic error or if burette is not properly cleaned or rinsed, then it
will cause a systematic error. To avoid this type of error, the cause of error should
be rccuﬁ.cd. There is no strict definition of systematic errors, since what is 2
systematic crror for one experiment may not be for another. '

Nevertheless, when all the Systematic errors have either been diﬁ\inﬂd“
ci:somctcd for, we sti!l do not obtain “exact" or "true" n\easurcﬁmenls because there
v:i’::)::?c::lmy inevery physical measurement. The errors that the remaining

incicate are called random errors. Random errors are unavoidable fOf

example in 3
Pie in a S0cm’ burette, we can read the burette reading accurately 0nly

the nearest 0.1 ¢cm, A rand e wh
’ ‘ om error may be positi : at is why
we take the average y be positive or negative. Th

4 e average of the several replicate measurements which is more reliablé
than any individual measurement.
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ATOMIC MASS
Atomic mass is defined as the mass of one atom of the element compared

with the mass of one atom of C'? (the stable light isotope of carbon). Thus one
atom of hydrogen which weighs approximately % the mass of one atom of

carbon (12) has an atomic mass of 1(1—'2)(12-1). It may be noted that atomic mass

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

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

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

instance the molecule of water is composed of the elements hydrogen and
oxygen. The atoms of these elements form molecules, each consisting of two
hydrogen atoms bonded to onc oxygen atom and the molecule of water is
represented by the molccular formula, HpO. The mass of a molecule is referred
as its molecular mass and is definced as the sum of the atomic masses of the atoms
of all the clements present in a molecule shown by its molecular formula. For

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

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

Thus the formula mass of NaCl is 23435.5=58.5 a.m.u.

1.5 EMPIRICAL FORMULA

The empirical formula is that fermuia yhich 1s found by experiment. It
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represents the simplest ratio of the combining atomsina c.o.mpOlllhnd f‘;" eb;“:'lple.
the empirical formula of benzene (Cg H,) is CH; it mdxcatc§ at ~t cb u:nc
molecule is composed of the elements carbon and hydrogen in the ratio of 1:1.
Generally, empirical formula does not represent thc. actu.al .numbcr of at-
oms in a molecule. There are some compounds (specially ionic compounds)

which have same empirical and molecular formulas. For example, MgO,
NaCl, CaCO,etc. (lonic) and CH,, H,0 etc. (Covalent).

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

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

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

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

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

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

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

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

Mustrated Example

Sup.pose that you are given an unknown compound whose Eﬂ"l’i"i‘:‘l
formulais to be determined. The theoretical set of experimental results are Guoi
below which will be used 1 show you how to work out the empirical formul-
(@)

By performing tests, it is found that the compound contains magnesiu™ and
oxygen elements.

(i)

The masses of the elements are experimentally determined tobe magnesit”
=2.4g and oxygen = |.6g.
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(iii) The next step is to estimate the percentage of each element as shown below:

Mass of the sample of magnesium oxide =2.4gMg+1.6g0=4.0¢g

Now, 4.0 g of the compound contain 2.4 g Mg

100 g of the compound contain 2.4 gx100 g =60g
40g

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

upto this stage, the composition of the compound is fully established.

(iv) Mole ratio of the elements is obtained by dividing percentage of each

element with its atomic mass.
60 40
= - = —_— = 25

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

2.5
2.5 = ——C 1

Thus the empirical formula of the compound =MgO

Remember, if the percentage composition of the compour'ld is given uuhe
numerical, then only steps (iv) and (v) are followed in calculating the empirical

formula.

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

its empirical formula?
Solution:  The masses of CO, and H,0 are used to find out the masses of
carbon and hydrogen:
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1 mole C 12gC

Mass of C = —  x3002gCO, =——— x3.0025CO,
1 mole CO, 44 g CO,
2 moles H atoms ‘2gH
Mass of H = x1.640 g H,O = x 1.640
1 mole HO 18gHO
= 0.18gH

(i) Now, the percentage of C and H is calculated:

1.367 g compound contain 0819gC
100 g compound contain 0.819g x 100 g

1367 g =599¢g
C=59.9%
1.367 g compound contain ~~ 0.18 gH
100 g compound contain 0.18gx 100 g
= =13.16gH
1367 g
n» H=13.16%

Percentage of oxygen is calculated by subtracting the % of C and H from 100

%0=100-599+13.16=2694 %

0=2694%
(iii) Toobmnmolemiootc,u and vided by thel
RO D O, their percentages are divided
99
L e -
12 »
13.16

g 13.6
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26.94
16

= 1.68

(iv) The quotients are divided by the smallest quotient (1.68) to obtain the
simplest ratio of atoms:

0O = — = |

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

1.6 MOLECULAR FORMULA

A famuhthnexp:mnocaﬂythenhﬁvenumberofmoluch
clement but also the actual number of atoms of each element in one molecule of
the compound is called a molecular formula. Forexample, the molecular formula
of benzene is C, H. This indicates that the benzene molecule is composed of 6
atoms of carbon and 6 atoms of hydrogen. The molecular formula is an integral
multiole (1, 2, 3 etc.) of the empirical formula.

Molecular formula = (Empirical formula), Wheren =1, 2, 3, etc.

Glucose, for instance has the empirical formula (CH,0),. Thus molecular

formula of Glucose = (CH,0), = CH,,0,. As pointed out earlier, the ionic

compounds are mostly represented by their empirical formulas as they consist of
ions in their crystals. However in certain cases, ionic compounds arc not
expressed by empirical formulas ¢.g. Na, §,0, is not represented as Na S:0s
because it has been proved experimentally that there are four sulphur atoms and
six oxygen atoms which are held together by covalent bonds in tetrathionate ion

§,0,%. The covalent compounds on the other hand exist as discrete molecules
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which are represented by their molecular { srmulas. Forexample, sodium dchlorid.c
and magnesium chloride areionic compounds, hence they arc represented by their
empirical formulas NaCl and MgCl,; water, methane on the other hand are
represented by their molecular formulas H,0 and CH..

To work out Molecular formula: As mcmioncq ?bovc, the molecular
formula of a compound is an integral multiple of its cmpmcal formula, hcnf;? the
first step in the determination of molecular formula is to calculate empirical

formula by usual procedure as explained earlier. After that, the next step is to
calculate the value of integer 'n’.

Molecular mass
n =

Empirical formula mass

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

180

n = — =

30
Now the molecular formula of glucose is (CH,0), or C, H,, O,.

Worked Example 1: 1.0 g of the sample of butane, a hydrocarbon fuel W35

burned in an excess of oxygen 1o yield 3.03 g CO, and 1.55 g H,O. If molecul&f
mass of the compound is 58, find out its molecular formula.

Solution : To determine empirical formula

(i) Tocalculate masses of carbon and hydrogen for the masses of CO, and F,O%

1 mole C gC
Mass of carbon = _128 303=083
s x3.03 g CO, gx

2

2 mole H 2 7gH
Mass of Hydrogen = —n— =8 =0.1
rogen = {1155 B0 = 1E1.558

el
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(1) Tocalculate percentage of carbon and hydrogen:

1.0 g of the compound contain  0.83 gC

100 g of the compound contain 100 g
0.83 g x - 83%C

1.0g

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

(iti) Tocalculate mole ratio of the elements by dividing the percentages by their
atomic mass.

17
P L ol T e
(iv) To obtain the simplest ratio, the quotients are divided by the least rato:
6.91 17
E e m . = — =25
c 6.91 : 3 691

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

by 2:
C=1x2=2 ; H=25x2=5
" Thus the empirical formula of the compound = CH,.

The empirical formula mass of CH, = (12)2+(1)5
=24+5=29
(v) The value of the integer 'n' is calculated as follows :

Molecularmass ~ _ 38 _ 5
Empirical formula mass 29

Molecular formula = (Empirical formula),
= (GHy,

- C‘H,o
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Hence molecular formula of Butane = CH,

1.7 MOLE AND AVOGADRO'S NUMBER

In routine chemical problems, it is necessary 10 con;ider quantities of
substances in terms of the number of atoms or ions or molecules present. The unit
devised by chemists to express number of atoms Or 10ns O molecules is called the
mole (mol),

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

The purpose of relating unit number of particles © th

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

C.o.nsidcr amole of carbon-12, atoms and a mole of magnesium atoms.
By deﬁfnuox.u. a mole of C-12 is 12 g of this substarice. The atomic mass 0f
magnesium is 24 which means each atom of magnesium is twice as heavy #

carbqn.atom. it follows that mole of magnesium is 24g. Similarly a mole of Xy
atoms 1s 16 g and a mole of oxygen molecules is 32g.

number is called the Avogadro'
Avogadro (1776-1856). It is denoted by N
=

In the light of Avogadro's » .
as the mass in grams of atoms umber, mole = mpnhc“““!y d‘ﬁn:‘;
gram molecular mass oy 8mmor molecules or ions (gram atomic
number of particles (6.02x10°).fomla mass) which contains A¥0S

Example;
A mole of hydrogen atom = 1g=6.02x 102
A mole of hydro TES e
= 2g=6.02x 10° molecules - |
= 58.5g = 1 mole Na* + | mo‘;?w” d
— - s . 6‘
183 602100 6.02 x 10® Na* +

= molecules
=3 =
% =2x602x 10 = 1,204 x 10* molecules

i)

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

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

equation,
Zn 4 2HCl — ZnCl, + H, (g)

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

IMPORTANT ASSUMPTIONS FOR STOICHIOMETRIC

CALCULATIONS

There are two important assumptions, while considering calculations
based on the stoichiometry of chemical reactions:

(i) Reactants are completely converted to products.

(ii) No side-reactions occur..

Suppose we want to calculate the mass of carbon dioxide formed when
a given mass of carbon bumns in air, we know the equation for the reaction i.e.

C+0,—CO,
In actual practice, it is possible that we get less carbon dioxide than the
calculated mass. This is because that the given mass of carbon can also form
carbon monoxide in addition to carbon dioxide.

2C+0,—2CO
This means that we have to avoid the formation of carbon monoxide
which is a side-reaction.
C+0, —SMeraction ,CO

There are three relationships involved for the stoichiometric calculations

from the balanced chemical equations which are :

(a) Mass — =~ Mass Relationships
(b) Mass —  Volume Relationships and
(c) Volume -—  Volume Relationships
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(a) Mass - Mass Relationships : f
In such relationships, we can determine the unknp\:ln ma‘:'isoc:1 ;imm
product from a given mass of the substance in a chemic r;ac el help
of balanced chemical equation. Actually from a balanced ¢ ~:m1d ::dtnuon we
get the exact relationships between the masgs of.lhc. reactants én p fms,‘!h
calculation of mass from chemical equation IS illustrated in the following
examples:
Exmgtllzul:tc the weight (mass) of carbon dioxide (CO,) thatcan bc obiained by
heating 25 g of limestone (CaCO,). And also calculate the weight (mass) of
calcium Oxide (Ca0).

Solution:
Equation of the reaction is as follows :
Heat
GO —— a0, +. Pw
Y oole fthols 1 mole
100 g 56 e
Method - |
No. of moles in 25 g of CaCO, = % - 0.25 mole
1 mole of CaCO, yields 1 mole of CO,
0.25 mole of CaCo, yiclds 0.25 mole of CO,
= 0.25 mole of CO,
. Mass of CO, in 0.25 mole = 025x 44
1 mole of CaCO, yields 1 mole of CaO
0.25 mole of CaCO, yields 0.25 mole of Ca0_
- 0.25 mole of C20
mass of Ca0 in 0.25 mole = 0.25 x 56
Method - I el

100 g of CaCO, yield 44 gof CO,
I gof CaCO, yields 44 p of
T
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25g of CaCO’yicld 44gx25g=11gof CO,
100 g
100 g ofCaCO,yic!d 56 g of CaO
1 gof CaCO, yields 56 g of CaO
100
25 g of i
g of CaCO, yield  56g x 25; = 14g of C20
100g
Example - 2
Chlorine is produced on large scale by the electrolysis of NaCl aqueous
solution. Calculate the weight (mass) of NaCl required to produce 142 g of
chlorine.

Solution :
The equation of the reaction is:
Electrolysis
2NaClm - O, e o wfl o] 2t Hw + 2NaOH(s)
2(58.5)=117¢ g
Method - 1
71 g of Cl, are produced by 117 g of NaCl

lgofCl,xsptodncedby—- g of NaCl

17
. 142g0f 1, are produced by -——:-:1423

= 234 gof NaClL

Method -I1
‘ 142 g of Cl,

fCLinld2g= —m8—
No. of g moles of Cl, 4 T1gCL

= 2 gmoles of Cl,.
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According (o above equation
One mole of Cl, requires 2 moles of N:}Cr: =
2 g moles of Cl, require 2 x 2 =4 moles 0 .

: =4 x 58.5
Weight (mass) of NaCl in 4 moles : ;;4 .‘)g Nl

- Volume Relationships .

2 ’Ih‘:zcwmlar quantities of gases can be expressed in teqmns of volumes :ndw;lld
as weights (Mass). According t0 Avogadro, onc gram mole of any gasats &
temperature (0°C) and standard pressure (1 Atm. or 760 mm Hg) occupies 2
volume 22.4dm’. It is a mathematical coincidence that one omcemole of any gas
at standard temperature and pressure occupies a volume 22.4 cubic feet. This
relationship allows us to interchange mass and volume units of a gas through
mass- volume relationship in a chemical equation. The following examples will
illustrate by mass - volume relationship.

Example-1

Calculate the volume of CO, gas produced at standard nempcum‘"d
pressure by the combuStion of 20grams of CH,

Solution
The equation for the reaction is
CH,, +205— com + 2“:%

Method - 1

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

5
2 = 1.25moles

One mole of CH, gives one

mole of
1.25 mole of CH, gives 1. o

25 mole of Co,

Scanned with CamScanner



23

\g_)

No. of mole of CO, gas S.T.P. = 1.25

One mole of CO, gasatSTP occupies a volume 22.4 dm’
1.25 moleofCO gas at 5.T.P. occupics a volume 22.4 x 1.25 = 28 dm’

Method-II

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

20 gram of CH, give —16—2-x203==553ramsof€02
44 grams of CO, at 5.T.P. occupy a volume 22.4 dm’
1 gram of CO, at S.T.P. occupies a volume %idm’

55 grams of CO, at S.T.P. occupy a volume 22;44—&“’ x 55g
g
= 28 dm’

Example - 2

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

Solution:
csw, + 30,“,——) COzw +2$0w

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

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

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

: 4dm?
* Volume of 2 moles of CO, : i::in’

| mole of CS, gives 2 moles of SO,
2 moles of CS, give 2x 2 =4 moles of SO,

volume of 4 molesof SO, = 4x22.4 dm’
= 89.6dm’
(C) Volume - Volume Relationships
Gases react in volumes and the relationship between volumes of gases in:
chemical equation is govemned by Gay-Lussac's Law of combining volume
which states that gases react in the ratio of small whole numbers by volume unc
similar condition of temperature and pressure. For example in the reaction:

CH‘Q) * 20:@—_) OOM + 2“20(‘)

One volume of CH,
volume of CO :
formulae gi 2 and - apours. The co-efficients o

give the volume relationch: . .

of 4dm? Thues. - ecY
CH, gas react wi - 4hus in the above equaton ¥~
gas and 44.8 dny °f‘H,o e With 44.8 qm o5 0, gas to give 22.4 dr’ of o

i

Change Volume of another gas involved in 2 che”
The followin :
. 3 4 mn'lpl“ i1 o Jut®
rclaUORShlp froma chemi cal :;:'a‘}lusumc the application of volume~ vol
Example . | Hon
What vol,
me of O
gas? Whal voly 2 at S.TP i : (C H
me of OO, w1 required to b 3 ~f Fther¢
Solut(i:on 2 Will be 5. - um 500 dm?® of E
H, 43
2 “Q) 0 -
Accorg; - 2C°~o*2ﬂ,0
dmg o lhc , ©
Bas. So, qu
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1 dm’ of Ethene (C,H,) requires 3 dm® of 0,
500 dm® of Ethene require 3 x 500

= 1500 dm? ofOz

1 dm’ of Ethene (CH)) produces 2 dm® of CO
“ 500 dm’ of Ethene produce 2 x 500 = 10(;0 dm’ of CO
Example -2 ’
Hydrogen sulphide burns in oxygen according to the equatio;l.

ZH.‘S(” - 30&)——) ZHIO(.) + 230&’

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

According to equation :

Solution:
2 dm’ of H,S gas require 3 dm’ of O, for combustion
1 dm’ of H,S gas requires %/, dm’ of O, for combustion
. 900 dm’ of H,S gas require %, x 900 = 1350 dm?’ of O,
2 dm’ of H,S gas give 2 dm’ of SO,
. 900 dm’of H,S gas give 900 dm’ of SO, = 900 dm’ of SO,

1.9 LIMITING REACTANT:
In the stoichiometry of chemical reactions, some complexities arise

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

by the following example. o
Example: Scdium thiosulphate (Na,S,0,) can be prepared by the reaction given
below:
2Na,S,, + Na,CO,H + 4SO,M — 3Na,S,O,@ + CO,M
How many grams of sodium thiosulphate will be produced when 200g

each of the three reagents Na, S, Na,CO,andS0, are reacted together?
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lution: Acoauingwmmncedcwn!calequaﬁm the exact mole ratios of the
Solution:
reactants (Na,s,Na,co,andso,) are 2:1:4.
Amount of each of the reactants is 200 ¢ .

=00
Number of moles of Na,§ in 200 g1s —_75-—2.56 moles.

200
Number of moles of Na,C0, in 200 g 1s S 1.886 moles.

Number of moles of SO, in 200 g is %4.2- =3.12 moles.

Because the quantity of Na,CO, is the smallest amount of all the
reagents used in the reaction, this can be the limiting factor, sothe
amount of the other reagents used will be as:
(i) 1 mole of Na,CO, reacts with 2 moles of Na,S

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

- 1. 886 moles of Na,CO, react with 4x1.886 = 7,544 moks

From the caleulations, we gotthat neither Na,S nor $0; o
available in the quantities tq co

nsume 1. CO,: 59
Na,CO, 1s present in . 886 moles of Na,

Let us see Na,S,
2 moles of Na,S react with 4 moles of 50

.. 2.56 moles of Nazs 43(2.
reac 56
But the actuyal amount twith —=2 - 5,12 moles.

means th of §0, available ol |
e Na,S is isonly3.12m es V"
2 in excasa S0 th
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PROGRESS TEST 1 vosl.§
(d) Explain (i) Empirical formula (ii) Molecular formula (iii) Mole,
(b) (;ilculatc the number of moles in 2400 g of (i) CO, (ii) Oxygen molecule
(iii) CaCO, (iv) MgBr,
[ Ans: (i) 54. 54 moles (ii) 75 moles (jii) 24.0 moles (iv) 13.04 moles].
(a) Whatis Avogadro's number? Calculate the number of atoms in 9.2g of
Na (Atomic mass of Na = 23 a.m.u)

[ Ans: 2.408 X10 » atoms)

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

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

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

(i) Find the empirical formula of the compound. [Ans: C3H4N]
(i) Find the Molecular formula of the compound.  [Ans: Cs Hz N
Dctermine the significant figures in the followings:
(a) 15.01 (b)7000 (c) 3.200 (d)0.004
[Ans: (a) Four (b) One (c) Four (d) One]
Simplify the followings according to the rules of significant figures.

(a) 1.41 x 3.546 (b) 31.23 x 4.56
9.41395

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

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

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

lAns: (2) 5.00  (b) 15.1)

108 (d) 57 x 365 x (566)"2
s 22 x 221 x (356) ?

[Ans: (a) 150938.4 (b) 0.1764 (c) 0.00167 (d) 0.5718]

__‘
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three and (¢) two significant
Round ffthct‘ollowingnumbcrsinto(a)fOUf(b) cand( gnifican
7.Round 0

igits: : 55
digits (i) 8.7483 (ii) 5.36748 (;‘uz 158.;5:“(1:%:3836“ it ot
_ Acetic acid contains carbon, hy ro 554 of H.O. Th
gcidcznccompletc combustion gave 6.2!g of CO:; fm:n e accticzacid anz
molecular mass of acetic acidis 60. Find (i) Empirical 10
(ii) Molecular formula of acetic acid. &
i (Ans: (i) CH,O (i) C;H402] 1
9. Ethylene glycol is used as an antifreeze. Combustion of 6.38 g of ethy ene
glycol gives 9.06g of CO,and 5.58g of HyO. Ethylene glycol contains

carbon, hydrogen and oxygen and its molecular mass is 62. Find empirical
formula and molecular formula.

[Ans: (i) CH,0 (ii) C,HgO,]

10. When dinitrogen pentoxide (N,O5), a white solid is heated, it decomposes
1o nitrogen dioxide and oxygen.

hea
2N,05,, —=— 4NO, \ +0,

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

ifas: () Volume of NO, =22.44m i) Volume of O, = 5.6 dm?]
- Hiydrogen cyanide is prepared from ammonia, aj 2 . s
the following process: » air and natural gas (CHy )

2
NHS(E) i 302(3) +2CH

‘o ?2HCN  +6H,0

: ' (@)
a reaction vesse| contains 51 of NH

o
HCN that could be made, assumin 2 Whais the maximum m*
the volumes of O, and CH - gasef the reacy
"quired

On goes 1o completion? Find e
[Ans: (i ;
§: (1) Mass of HCN=31g (i) Volime for the reaction at S.T.P.

U Volume of C, < g7 o ) €0, =100.8dm®

and Ca(OH)

A d by he g0
heated, how 2m ® Mixture contyy aling together the solid N

Y gr
NH, gas at suT.P. g ams of NH

HNHCh Ca(on),

[
ning 100g of each of these solic?

o
> 41¢ Produceqy Also find the volu™
w 2Ny

l“' + CQCII +2H20
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CEIAPTBR 2

THE THREE STATES
OF MATTER
GASES, LIQUIDS AND SOLIDS

INTRODUCTION

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

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

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

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

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

L — e —
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i which the arrangement of particles of a substance dcxc.nni.n?s the properties thy
substance will possess, and particularly the state in w!nch it is likely to be found
under a given set of conditions is known as the kinetic theory.

2.1 KINETIC THEORY

The Kinetic theory is so named because it deals with that property of the
particles which is so crucial in understanding the three states of matter,
namely the motion of the particles. Because the particles are in constan

motion, they possess kinetic energy which tends to keep the particles well
spaced out in any substance. Thus in terms of kinetic theory.

l.  The gaseousstateis the one in which the molecules are widely separated from

one another but having negligible volume. The gases are easy to compress
due to large empty spaces.

The gas molecules are in continuo i i
us motion, i ight paths
between collisions, butin random i i

directions (Fig, fetance
between collisions is the mean free path (Fig. 2.1). Theaveragedisu

—
—

Tﬂguneu
andom motion of a gas moleck

average dis : "
mean frae p:;::n between collisions
3. The molecules colt: S
s collide wi =
these collisions ae ‘:;rwf“h One another ang With the walls of containc” W
ectly elagic (it ¢ wallsof ¢
g no loss of energy)-

Gas pressure s the resuly o

g ‘ e v 'y ‘
the container (fig.2.2), ollision of 8as molecules with the wal
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e

FIGURE 2.2

Gas pressure Is the result of the collision of the gas
molecules with the walls of the container.

Y

—
——

—
e —

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

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

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

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

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

a solid have a definite shape.

2.2 GASEOUS STATE

We select to begin our study of matter with the gaseous state because (i) it is
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the simplest to study and (if) it can be readily converted into the condensed state

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

BEHAVIOUR OF GASES

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

1. Diffusibility

The distribution or spreading of gas molecules through out the vessel is
known as diffusion. Unlike li

quids or solids, the gases diffuse very rapidly.
A drop of perfume for instance, slowly evaporates out the fragrant gas announces
the presence of wearer. It is due o the diffusions of perfume through the air.

In terms of kinetic theory, diffusion is explained as follows. The molecules

of a gas are widely separated and th
ere are -
are free to move. Due to this free mo\«:;m;nh;rge X0 which 7

and spread out easily throughout the

in which a gas passes throy
gh the pores or 1
cxample, the air effuses from the S

0o © 000 °
°o°°oo ° 0

000000
d 0 0 o

— FIGURE 2.3 ole-
\EfquIOI‘ o' ga, throug'is—my
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2. Compressibility:

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

3. Pressure:

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

When a gas is confined in a closed container, it exerts pressure on the walls
of the container which is due to the collisions of gas molecules with the walls The
tires of automobiles are filled with air until the guage shows the pressure of about
28 psi. This means that the pressureinside the tireis 28 psi greater than the outside
pressure; since the-external atmospheric pressure is 14.7 psi, hence the toral

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

Since pressure is defined as a force pushing on 2 unit‘ of area, therefore
pressure may be measured in psi(pounds per square inch, Ib/in), Kilograms pec
square metre (Kg/m?). The S.I. unit of pressure is pascal (1 pa = 1N/in).
Since the units of a newton of force are Kg/m.s?, the S.I. units of pressure are:

2
_ Force _ newton _ Kgm/s® _ Kg/ ms?
Pressure = Avea =0 mt

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

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

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

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

Solution: . 1 am = 760 torr

e 3?“:’" x 3.5 atm = 2660 torr

Problem 2: How many atmospheres correspond to 950 torr?

Solution: .~ 760tor = 1am

S~ 950t = 1atmx950 torr -
760 torr = 1.25 atm

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

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

K = C+213
e.g.7°C=7 +273=280 K.

2.3 GAS LAWS

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

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

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

P P,

i |

FIGURE 2.4

Boyle's J-tube experiment
Adding mercury to the
open arm of the tube
compresses the trapped
sample of air to a smaller
voluma.

(a) (b)

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

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

Pog = Pl + P, where P, = excess pressure.

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

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

the pressure exerted on it at a given temperature’.

edin 1660isknownas Boyle'slaw. Accordingtothis

. t~nchi n
This relationship repo if pressure is doubled, volume will be reduced to

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

If the volume of a gas is decreased at constant temperature, the averag
velocity of the gas molecules remai

ns constant, so they collide more frequently
with the walls of smaller vessel. The more frequent collisions cause higher
pressure.

If. the volume of a gas is plotted against the total pressure,

. parabolic curve
1s obrained showing the decrease in volume with increasing pre

ssure Fig: 2.5(a).

P

(@) )
FIGURE 2.5 <
Graphical representation of Boyle's law, (u)Amammwmh
nonlinear ' that the relationship g the
mmmmmswm g 194 ot of okivie: Vareue

—

A graph of volume with I/P gives a straight line Fig. 2.5(b) The Boyle's law |
interpreted in terms of molecules in the Fi

8- 2.6. Applying the pressure bringsth
molecules closer together causing the reduction in volume. Mathematically
Boyle's law can be represented as :
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FIGURE 2.6

Increasing the pressure on amass of gas
lorces the molecules closer together.

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

PV =K i.e. the product of pressure and volume of a given gas at constant
temperature is always constant, If P and V, are the initial pressure and
volume, P, and V, are the changed pressure and volum

¢, then according to
Boyle's law:
PV s SR P, V, =K ie
Pl Vl - pz vz

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

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

Solution: Tabulate the data. (700 torr = 700/760 =0.92 atm)
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p v T
Originl  092am  400cm’ K
Changedto 2.0 atm v K
According to the Boyle's law,
Y = PV,
v, = PV,
P,
_ 0.92 atm x 400 cm®
2 atm =184 cn’

CHARLES § LAW:
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V e T (absolute) (P isconstant)
Y e SKT

\Y

PLESE

s

In other words the ratio of volume of a given mass of a gas to its absolute
temperature is always constant provided the pressure is kept constani.

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

vl VZ
Tl TZ
vl vz
— = —aK
Tl Tz

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

The graphical representation of the observation of Charles is shown in Fig.
2.7. When the volume of the gas is plotted against the temperature, a straight line
is obtained. If this straight line is extra plotted, it will be seen that itintercepts the
temperature axis at ~273.16°C (Fig. 2.7)

It suggests that the volume of a gas would theoretically be zero at
~273.16°C. In fact this temperature has never been achieved for any gas. In fact
all the gases condense to liquid at a temperature above this point, 5o that gas
behaviour can no longer be observed. The temperature of -273.16°C is referred
10 as the Absolute zero or zero degree of the absolwse scale (Kelvin Scale). At
absolute zero, the volume of gases is considered to be zero and all the motion
ceases 10 exist. As already pointed out thatcentigrade scale is changed into Kelvin

scale by adding 273.
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C+213= K
Ke213= °C
|
!
I
|
|
|
|
|
1
N e '
/‘{'\'/' :
0 (e T i E e Tl
=300, —200 -100 0 100 200 300 °C
—n
Temperature
FIGURE 2.7
Graphical representation of the volume tem
perature rel
sample of gas. The gas volume decreases with decmr:s::::rzlge::::m-

Problem.l A child's balloon hasavol
15 35°C. What is the volume, if the balj

10 5°C? Assume that pressure insi .
re lns . . U"
at all times. \de the balloon is equal to atmospheric pr¢*

ume of 3.80 dm® when the tcmwmwf
00n i put into a refrigerator and ¢

Solution : Tabulate the data,

Original

V., =
= Bl T 0 e i B o K
Changed 1o V.=%T
2

=34273 =978 ¢ P=K
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According to Charles’s law

vl Vz
Tx 'I‘z
vl Tz
Vz = ———
T

= 38dm’x278 K = 3.42 dm®
308 K

AVOGADRO'S LAW :

.In 18.1 1, Amadeo Avogadro advanced 2 brilliant hypothesis regarding the
relatwns{np between the volume and the number of molecules of gas. This
hypothesis, now called Avogadro's law which states:

“Equal volumes of ali gases at the same temperatureand pressure
contain the same number of molecules”, Thus the volume of a gas is
directly proportional to the number of molecules of the gas at constant
temperature and pressure.

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

Based on Avogadro's law, 22.4 dm’ of any gas at S.T.P. (standard temperature

is 273 K and standard pressure is 1 atmosphere) constitutes 1 mole of that gas;
22.4 dm’ at S.T.P. is called the molar gas volume or the volume of one mole of

agasatS,T.P.

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

It is shown in the fig. 2.8.
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A O

.4 dm? 22.4 dm?
224 dmf| 22,4 dm e oo |
;l‘ 80g 44! 2‘
ﬁ o FE VR L___,J
32 a.m.u 80a.m.u 44 a.M.U 2d.m.u
Mass of one molecule:
FIGURE 2.8
Measured at STP, 224 dm? o

I a gas equals a mole.
\
Avogadro’

Xygen weighs | 3 of Carbor
= & According 1 e Ehs1.43 gand | dm'o

contains the same nym ¢ Avogadro's law, 1dm?® of COatS.T7
Hence a moj Of Molecules 45 | m? of e conditions

ecule of C has mags 12 © Oz under similar co
Accordingly‘ if we S S 1251

43 limes as much as a molecule 0! 0,
ar mas

the mo] §
of CO would be . Peular mags of 0, 2532, then the molecular™

1.25
The Generg)
S €quatigy, (Ideg) 83S equg,
@uation 0 o
Combineq loget el

ea e aw. Charlesv l : l wma)w
Oles of gasg 672l Telatign e > 4W and Avogadro's law ™ |

5 uff d
€en the volume, temperature, pres

S AN -
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3 WfT
A°°°"df“8 W Charles'slaw V e T (absolute) (P is constant) = =
ng to Avogadro's lawV o n(Pand T constant) =2

Combining these laws we get :

V*il; xTxn
V-Rx-ll? xTxn

PV =n RT. This is known as the equation of state because when we

specify the four variables - pressure, temperature, volume and number of moles
we define the state for a gas. :

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

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

PV
e
4 )
If pressure changes to P, and temperature to T, then volume also changes to
Vv
1
Then PV,
=R
T

PV Pvz Pn Vn

00000000

Iy T, e
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This relationship is used to solve problems regarding changes of volumes of
gases, due 1o the changes in the pressire and temperature.

The value of R (The gas constant):-

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

PV

R=D—T

P = | atmosphere
V = 224 dm’ (Molar volume)

1 mole x 22.4dn?’ Since n = |
lmolex273 K T=273K
= 0.0821 dm’ atmosphere K' mole

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

N m?, Vin cubic metres;

P = 101300 Nm?

V= 0.0224 m’ (since | dm’ = 10 m)

N imia ]

T = 213K

R = PV _ _101300 (Nm?)x 0.0224 (m?)

nT I (mole) x 273 (K)
= 83MINmK'mol' = 8.3143 J K- ol

Problem - 1 & 8.3143 Jl(mol K)

What will be the vol : -
pressure? Hme occupied by 14 g of nitrogen at 20°C and 740 17
Dau:

P =

740
740 1orr = T‘ﬁ =0974 atm,
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v 2
n = .!4_8 = (.5 mole

28
R = 0.0821 dm’ - atm K’ mole!
T = 20+273=293 K.
PV = aRT
V = naRT

P

DX ‘8?7‘4" 23 12345 dm

Problem - 2

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

Data: V, = 12345dm’
Wt 212
P, = 740 tomr
P, = 760 -torr
T, = 20+273=293 K
T, = 273K
We know that:
P1 vl pl vl
T, T,
v PV . T,
T, P,
)
203 K 760 torr
Problem -3 4

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

T AR S——
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Solution:

Data: PV = nRT

V=" nRT

n=08 mliw S T

= moic

R = 0.0821 atm/ Ve 0.8 x 0.0821 x 303
T=304+273= 303K ; 103
p= 3_(;060”“ =1.053 Atmosphere

= 18.899dm’
GRAHAM'S LAW OF DIFFUSION:

Diffusion means mixing up of molecules of different gases moving in
opposite directions. We know that gas molecules are constantly moving in
haphazard direction. Therefore when two gases are placed separated by a porous
qcmbranc. they diffuse through the membrane and intermingle with each other
Light gases diffuse more rapidly than the heavier one. Graham (1881) established

a quantitative relationship between the O o :
s s rates
densities and is termed as Graham's law of dxqi'fg;‘;?:lon g

This law states "Rate of diffusion of a
square root of the density of that
the same for the two gases”. Thi

2 gas is inversely proportional to ¢
gas pfovxded the pressure and temperature &
s law is stated mathematically.

where T’ is the rate of diffusion and 'd' the density of th
e gas.

If we conside :
10CT two gases, having densities d, and d, respectively ; P
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Similarly :

Since the density of a gas is proportional (o its molecular mass, we can write

the above equation as :
(0200 20

Problem - 1

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

Solution:
According to Graham's law :

1
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SMy = (L5 16
= 225x16
= 36
Problem -2

Compare the rates of Helium and sulphur dioxide.

Solution :

The molecular masses of Helium and sulphur dioxide are 4 and 64
respectively. Hence,

The = Msol = 2-4 = -8- = 4
o, J M, J 4 2

Helium diffures four times as fast as SO,

DALTON'S LAW OF PARTIAL PRESSURES:

When two or more gases which do not react chemically, are mixed in ¢
same container, each gas will exert the same pressure as it would exertif j1 alon¢
occupied the volume containing the mixed gases. This portion of the 108!
pressure of a mixture is known s the partial pressure. Based on this behaviod

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

"The losal prcsst.xre of a mixture of gases is the sum of the panial'!’“’s“!cs
of the gases in the mixture”. This law is stated mathematically.

P = DD

3l

-

the small p's refer 10 the part of the pressur® (ps? 0

l:: ‘tﬂ l:]c mixture. If the gas A" exerts 2 pl'“-';“:m (it
9). Partial otal pressure of the mixture would be 0-
2.9). Partial pressure of a gas is calculated by using the equation:

P is the total pressure;
pressure) exerted by each g
atm., and gas 'B' 0.2 atm.,

.
J
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PA=03 atm Pg=0.2 atm Protat = 0-3 +0.2 = 0.5 atm
FIGURE 2.9 |

Partial pressure of gas

moles of the gas
Total pressure Total moles

P X ng,,

M (totaty

In terms of kinetic theory, Dalton's law can be explained as follows: Ina

non-reactive mixture, each gasexerts a separate pressure on the container because
of collisions of its molecules with the walls of container. Thus the total pressure
in the container is caused by the sum of all the collisions.

P =

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

water vapour, the pressure of the dry gas is (745-13) torr, since the vapour
pressure of water at 15°C is 13 torr. Thus

The pressure of moist gas = Pressure of dry gas + pressure of water vapour
The pressure of dry gas = Pressure of moist gas - pressure of water vapour
745 torr - 13 torr
P dry gas = 732tomr

Now using gas equation, we can calculate the volume of the dry gas at S.T.P,

— —A
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3x 273 K
pVT 732 torrx 100cm” X = 91 3¢y
P‘Vl _ szz Ol'v = __‘_—‘——2- = '—.,w torr x(15+273) K 2
&+ a Ple

-
E FIGURE 2.10

Collection of a gas over W3
4;’.’%

Problem - 1

In the preparation of oxygen in the laboratory, 500 cm’® of the mou:r
was collected over water at 25°C and 724 torr. What volume of dry 09
S.T.P. was produced? (Pressure of water vapodrs at 25°C = 24 torm)-

Solution:

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

pq, O2 —~ pno

-p
e~ Pl g

=  T2410m- 24 1omr
= 700 torr

Now calculate the volume of dry gas at ST P

: T (Gas €quation)
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v N A A

dry gus -
Pl Tl

700 torr x 500 cm® x 273 K
760 1orr x 298 K

= 4219cm’

Problem - 2

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

Solution: |
Total moles (n) = 6 moles; total pressure = 760 torr
P o) X Mg
P e
g Dosh
760 torr X 2 mol = 253.33 torr
PNz = 6 mOl :
760 torr x 4 mol = 506.67 torr
Reos, 1= = 6 mol

Check: Total pressure = Sum of partial pressures = 760 torr
24 IDEAL GASES

An ideal gas is onc whose behaviour can be predicted precisely on the

; . Two significant properties of
basis of ki molecular theory and gas laws =
an m?iﬁﬁﬁ.: the molecules do not attract each other and they occupy negligible

: i h gases such as hydrogen and oxygen

; Ily, no such gas exists, althoug :
Z‘:,a:;, giil;:,cywuy from the ideal behaviour at moderate temperatures and
pressures. The main cause of deviation of the real gases from the ideality, is the
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At nominal pressure, however the brake liquids can transmit the

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

Interms of molecular model, the compressibility of liquids can be explained
as f.ollows: The lic!uid molecules due to their closeness roll over one another,
Owing to very little space the liquid molecules cannot be pushed close by
pressure. Very high pressures are required for squeezing a liquid.

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

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

2.7 - VISCOSITY

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

account for this behaivour of liquids.

Inter molecular attractions between the molecules within the bulk of liquid

occur in all directions (Fig. 2.11) i.e. the molecules are attracted mutually in all

2006920

@) OO0 O URE 2.1

OO OO O rr:grmlec;lar attractions an molecules
LOOOO oOg in the bulk of a liquid occur in all directions.

e IR T e —
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directions. These intermolecular attractions wh.iCh”dIW Ehc liquid mOlf:CUIcs
together are responsible for the viscosity, that is, ‘its resistance 1o flow’ The

liquids that have stronger intermolecular attraction have BrCRler Viscosities, thei
molccules are less easil

y moved about with respect to each other. Ethy] alcohol
(C, H,OR), forinstance

»is more viscous than ether (C,H,.O. CH)) bcc'austc there
are hydrogen bonds amon g alcohol molecules. The grading of motor oils isdone
on the basis of viscosit

y for example, sea grade 30 oil is less viscous than
the grade 40 ojl.

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

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

1 centipoise = 103 N.s.m™

Viscosity of certain liquids atdifferent lemperatures is givenin the table2.1.

Table 2.1 - Viscosity (centipoise) at different temperatures.

VISCOSIT_Y
Water 1,789 1.005 0.55
Zthyl alcoho] 178 1.19 0.701
Glycerine 12100 1499 4
Acetone 0.395 0.322 0.246
From the aboye table, you muyst hay
decreases with the r
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|
|

QO
5
ooO
P

0000
O O O 08%00% rr:ta;un:il:.::m attractions at a liquid
\QC_DOOO OOO_J ::ofajaoocuonlywithinmesudacc and

|

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

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

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

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

(Hydrogen bonds).

It is interesting to note that the surface tension tends to reduce the surface
area of the liquids. For this reason, @ freely falling drop of liquid is spherical (Fig.
2.13), since sphere has the smallest ratio of surface area to volume.

It is our common observation that a liquid always rises in a capillary tube
(fig. 2.14), the effect is referred 10 as the ‘capillary action’ . Capillary

e ——

Scanned with CamScanner



56

FIGURE 2.13

A free-lalling drop of water is nearly spherical. A
droplet of wateron awaxed surface forms a "bead”

as it attempts to become spherical.

action of liquids is also due to their surface tension. The surface area to volume

ratio of a capillary of small bore is much smaller than the containerin which liquid
is placed.

FIGURE 2.14
Capillary action

Like viscosity, the surface tension of a li

. quid also decreases with the rise of
temperature owing to the weakening of the |

nter molecular attractions.
2.9 - VAPOUR PRESSURE

.Walff SlOWlY. evaporalcs at room temperature. Gasoline evaporates quite
readily without boiling. A liquid that Cvaporates readily is said to be volatile-
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Ifaquantity of aliquid iscontainedina tightly covered container at a certain
temperature, molecules will evaporate from the liquid surface into the ‘cﬁcloséd
space. Since these molecules move about above the liquid and can not escape,
some of them will collide with the liquid surface and re-join it (condensation) Fig.
2.15). As aresult of the two Opposite processes-evaporation and condensation, a

:..' f.: 7 " ':... ".o... : ‘..t.‘. -.o. sl

e nhe j

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

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

The evaporation and the vapour pressure can be explained in terms of kinetic
theory. Evaporation occurs when highenergy of molecules atthe surface of liquid
break’ away from their neighbours and escape into the gas phase. 5uring
evaporation, the escape of high energy molecules lowers the average kinetic
energy of the remaining molecules, consequently the temperature of the remaining
liquid falls down. Thus it is said that evaporation is a cooling process.

e— A
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2.10 - CHANGE OF STATE - BOILING

‘When a liquid is heated, the more molecules acquire increased kinetic

energy and escape into the air and the ev.ap(')m.uon bccon;cs ﬂ;zfr: r ;::Pld- 4/(\; a
consequence, the vapour pressure of the liquid increases. For example at 40°C

the vapour pressure of water is 55.3 torrand at 95°C it is 634 torr. It is illustrated
by the vapour pressure-temperature curve in fig. 2.16. When the vapour pressure

r‘f e —————————

760
570
380
190

R
p intorr.

FIGURE 2.16

The vapour pressure-

0 : temperature curve for
Tin°C  10°¢ ' o

°,f liquid equals the atmc?sphcre pressure, the bubbles of vapour form easily and

rise to the surface. The liquid is said to boil. Thus the boiling point of a liquids

the temperature at which the vapour pressure of the liquid equals the outsi®

pressure. When the outside pressure is the atmospheri e
T b "~ . e n .
boiling poitit is referred to-as the norma] boiling ;l;oi:rc .

The ut:oilin.g. pointof liquids varies with the outside pressure. In mountaino®’
regions, the boiling point of water will be below 100°C bccausc' the atmosphe™®

|
|
|
|
|
'
|
I
'
'
!
'
!
|
1

Peratures. In the pressure cookers: of

the contr, i
ntrary, food cook more rapidly because of the higher boiling lt:ml"’“turcs

Scanned with CamScanner



59

2.11 SOLID STATE

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

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

1- Behaviour of Solids

Compared with the other two states of matter i.c. gases and liquids, the
solids have highest degree of order. This orderlins accounts for many behaviour
of solids. Some of these are: 5
(i) Compressibility:- The compressibility of solids is nearly zero. In terms of
kinetic theory, the particles of solids are so tightly bound together that only slight
unfilled space is left, hence density of solids is 1cuch higher than gases and
liquids, so they can withstand considerable external stress.

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

particles are dislocated the force of attraction is so Force
strong that the rearranged atoms are held equally I
l (a)

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

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

lar temperature. (b)
. . y . SO“d
In terms of kinetic theory \.whcx_: sf)hds o (a) Before deformity
heated vibrational energy of their particles in- (b) After deformity
er L : i rticles are
creases; until at melting point some pariic FIGURE® 17

vibrating with sufficient energy 10 ovcncomc.llu? .
forees holding them, hence they become mobile i.e. solids fuse. |
(v) Sublimation:— There are some solids substances, as camphor, iodine, solid

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

(i) Crystalline (ii) Amorphous

g) Crys‘:nlline solids:~ Crystalline solids have characteristic geometrical shape
ue to highly ordered three dimensional arran '

_ gement of particles. Th
bounded by plane surfaces called fa h el

s ces, which intersect each other at particylar

The particles
; ; of su :
dimensional arrangemeps CII; 1S have 5 random j
particles are unabje o arra. nga Substance ip liqui ‘€. NOn-repetitive three

: d o
amorphous so}jq results. Exam:llhemselves in an o4 s cooled rapidly, the
es

: ord .
are: glags. plastic. '::'gy:;’flzftl;on. hence an
}’Ip '
\) —",‘\ s }
i
S
o

Clyam“ne Quarty -~
ﬁcmhws Quartz
8 fo
FIG ed
RE.2.18 Quar, o Men crystatiine

Slted and cooled rap!dV:

FIGURE, ) 19
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Thedifference between ¢
below:

l

rystalline and amorphous solids is summarized

Crystalline Solids

Amorphous Solids

(i) Geo

Particles of crystalline solids

arc arranged in an orderly three di-
mensional network called crystal lat-

metry

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

tice, hence they have definite shape.

() Melts

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

ng point

Amorphous solids melt over a
wide range of temperature i.c. they do
not have sharp melting point, because
the inter-molecular forces vary from

at the same instant, at melting point,

(ili) Clea

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

place to place.
vage and cleavage plane

Amorphous solids do not break
down at fixed cleavage planes.

AN
Crystal before cleavage Crystal after cleavage
Note: Smaller parts are of same
FIGURE.2.20 shape as blg crystal. FIGURE.2.2]
(iv) Anisotropy and Isotropy
Physical properties of crystals Amorphous solids are isotro.

such as electrical conductivity, refrac-

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

62

same in all directions.

(v) Symmetry

When crystalline solids are ro-
tated about an axis, their appearance
does not change i.c. they possess sym-

metry.
2.12 TYPES OF CRYSTALS

Amorphous solids are notsym-
metrical.

Crystals are classified in the following four types:
(1) Atomic crystals (ii) Ionic crystals (iii) Covalent crystals

(iv) Molecular crystals

Thisclassification is based on the nature of forces or bonding betweenthe
atoms, ions or molecules constituting the crystal.

(i) Atomic crystals:= Examples of such
crystals are metals, hence they are also called
metalliccrystals. They consistof atoms packed

and held together by metallic bond.

In metals, the valence electrons move
freely in crystal lattice and are said to form an

electron gas, in which positive ions

mersed. Such crystals are characterised by:

(a) Lustre (b) High melting point (c)

cal and thermal conductivity (d) Malleability
(drawing into sheets) (¢) Ductility (drawn

into wires).

. ~hil
(ii) Tonic erystals:- Such crystals consist of positively and negatively “hw

are im-

FIGURE:2.22

Electri-

. wc
'wo dimensional vieWw of at“l’ll\‘“
crystals. Atoms vibrate 3

mean posldon-___/

n‘.l

ions, held together by electrostatic forces of attraction. Individual 1073

identity. They are characterised by:

(a) High melting point (b) Conduction of electricity in fused state; 35°
solution form. (c) Brittleness and hardness (d) Indefinite growth of crys

vell ¥

ah

el
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it is broken or is stopped from growing.

(® roe

()
oue

.-

(=

v

Three dimensional view of
ions in fonic crystal. lons packing in Na CI

FIGURE.2.23

Two dimensional view of

FIGURE.2.24

(iii) Covalent crystals:-= Such crystals consist of atoms held together by
covalent bonds. Covalent bonds are very strong. They require large amount of
energy to break them. Examples of covalent crystals are: graphite, diamond,
silica and carborundum.

In diamond each carbon atom is joined to four other carbon atoms at an
angle of 109°, called tetrahedral angle. Due to close packing of atoms and large
number of covalent bonds, diamond is very hard and has high melting point.

In graphite each carbon atom is joined to three other carbon atoms at an
angle of 120°, forming layers of hexagons. Adjacent layers are held together by
weak Vander waal's forces. Due to space between layers graphite is soft and as
layers easily slide over one another so graphite has greasy texture. Graphite
conducts electricity in the plane of layers, as each carbon has one free electron,
Covalent crystals are characterised by:

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

\

Space lattice of

Space lattice of graphite

dlamond

FIGURE.2.25 FIGURE.2.26
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(iv) Molecular crystals:— Such crystals mco.mposed&f ;r;oll]e ::t;s ;uchas w
I,, CO,. The molecules are held together either by the (; 2 ﬁo :rzzs.
(a) Hydrogen bonding (which is an electrostatic force 0 la e on }chn
partially positive hydrogen atom of one molecule and an elec gative alon
of other molecules). ; :
(b) Weak Vander waal’s forces (WhiCh arise due 1o attraction between atomic
nuclei of one molecule and electrons of other molecule). Such crystals are
characterised by:

(2) Low melting point (b) Non-conduction of heat and electricity.

& =W -85
.o m N - Eat Y
) < .‘?

i \ 9 y
.v,.(‘?v,()?'\?,
ﬁ;”",'ff”b

% i Unit cell of solid CO,
Structure of ice
Each water molecule is attached o four others
through hydrogen bonding.
FIGURE:2.27 il :2'28/
2.13 ISOMORPHISM —
When two substances have same crystal
structure, they are said to be isomorphous and
phenomenon is called isomorphism, For example i [
NaF and MgO both form cubic crystals hence are 5y;
isomorphous. Other examples are:
CaCO, and NaNO;  Trigonal crysals G
I hic sub St
somorphic substances haye i
e followmg :
(i) They bave different physical ang '
properties. Syl A cube ¢
FIGURE:2 %
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(ii) They have same empirical formula.
Pairs Ratio in atoms
NaF and MgO 1:1
NaNO; and CaCO, 1:1:3
ZnSQOy and NISO, 1:1:4

(iii) When their solutions are mixed, they form mixed crystals.
(iv) They show property of over growth; i.e. if crystal of one substance is

suspended in saturated solution of other substance, the crystals of latter begin to
grow over the former in similar pattern,

2.14 POLYMORPHISM

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

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

FIGURE:2,30 | Orthorhombic crystal
FIGURE:2.30

UNIT CELL: A crystal is formed by a large

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

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

A unit cell has-a definite geometric
shape and hence is identified on the basis of (i) al\f’ ¢
Length of its edges, denoted by letters,a, band Joylm = =y
c. (i) Angle between the edges, represented by "; «
letters, o, B and . o

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

-

— — - -P-_N

FIGURE:2.31
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4 ' ol-
Space or crystal lattice:= If aioms, ‘032 or omims '
ecules constituting a crystal are r.cplacc' yl‘l) e
and placed at the same places as in a unit cetl,

’ R

the three dimensional array of points 1§ called —112:'

crystal lattice or space latuce. . -
All points in a crystal latuce have same

environment and can not be distinguished from

each other. Three dimensional lattice with a unit r. o
cell is shown in the diagram.

L]
The crystal systems:-Based on the difference in
shapes and dimensions of unit cells, all the known

Crystal lattice
crystals have been classified into seven groups _with a unit cell
called crystal systems. The seven crystal systems FIGURE:2.32
are as follows:

—

(i) Cubic system:- In cubic system, all axes are of equal length and all =
are of 90° i.e. -

'a=b=c¢

L= B - ‘Y - 90°
Examples: NaCl, ZnS and diamond.
(ii) Tetragonal system:

- It has two th third is difke
All angles are of 90° je. axes of equal length, the
a=bzc
R O e 08
xamples: SnOz(Wh'ue). BaSoO, . 4 H,0

/
N
o 141:7 i
Cubie unit el Crystal /ﬁb- ; o
s ..___TJ/
1l

FIGURE:) 34 Tetragonal un't A4
?U) Orthorhonyy; °

C Syst jlqul%
PN DU all angleg oy S 10 this system, all three 3
LC,
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axbzc
a=f= Y= 90°

90 c
&;b a

Orthorhombic unit cell Ciystal

FIGURE:2.35

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

a=b=c

o = =y=90° |
(Angles >90°<120°)

Examples: Calcite, KNOg, AgNOg, and ice.

FIGURE:2.38

Rhombohedral unit cell | Crystal

stem:— In this system, (WO axcs are of equal length, but the
es are of 90° and third is of 120°i.e.

(v) Hexagonal sy

third is different. Two angl
a=b#C
o=p=90°
Y= 120°

- e
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Examples: Graphite, snowflakes and quartz (5102)

FIGURE:2.37

Hexagonal unit cell Crystal

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

a#b=c

a=y=90°

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

FIGURE:2.38
Monoclinic unjt cell Crystal:
(vii) Triclinicsystem:In thi
e G SSystem all axes are of different lengths and angles
a#bs#c
- a# B #yrgoe

Examples: CuSO, . 5H,0, K,Cr,0,

FIGURE:2 39

Triclinic unit cell C'y’w

Scanned with CamScanner



69

2.15 CHANGE OF STATE (MELTING OR FUSION)
(i) The melting point:- When a pure crystalline solid is heated, a temperature
is reached where it changes sharply into liquid. This is melting point of solid,
Melting point is defined as that temperature at which there is equilibrium
between solid and liquid phases.

Melting point is affected by: (a) Impurity:— Pure substances have sharp
melting point. Moreoverimpurities lower the melting point. Hence melting point
is used as criteria of purity of solids.
(b) Pressure:- Those substances which expand on melting, have a rise in
melting point when pressure is increased.

Melting point of ice decreases on applying pressure because ice is the
solid whose volume decreases on melting.
(ii) The latent heat of fusion:~Itis defined as the heat energy required tochange
1 g of a solid into liquid at its melting point.

Even though heat is being supplied during melting but temperature
remains constant because all of the energy is used up by the molecules to
over come the intermolecular forces.

—— e ——
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PROGRESS TEST 2

Interms of the atoms, ions, and molecules that comprise substances, why are
some materials solids, some liquids and still others gases at 25°C 2

The process of diffusion occurs most rapidly in gases, less rapidly in liquids,
and very slowly in solids. Why?

Why does water spilled on a floor ¢vaporate more rapidly than the same
amount of water in a glass?

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

No liquid ionic compounds are known, but many of the known covalent
compounds are liquids and some are gases. Account for these differences.

What is kinetic theory and how does it account for the followi ng properic
of gases, liquids and solids?

(i) Diffusibility (ii) Compression (i) Expansion

10 have mass 2,27 the molecu
mass of the gas [Hing: Calculate % 8 Calculais

"n" =nRT and ¢!
molecular mass] (33 7 n" by the formula PV=nR

2 amu) Ans.

Al25 dmJ vessel contains 4.() g CH o 1.8 g N and lO.OgXe'What =
Pressure in the vesse] g 0°C2(0.698 atm) A;s T
(Hint: Find out the total moles of the gases an;i then apply P .

of the following pairs of gases:

) 5, s b,y ¢ (iii) SF, and S0, (i) 141/!

i) 2
(iii) 1.5/1. Ans,

Hc and He

A
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State the following gas laws and explain in terms of Kinetic theory.
() Boyle's law (b) Charles's law (c) Dalton's law of partial pressure.

Define the following (i) Melting point (ii) Boiling point (iii) Diffusion
(iv) Latent heat of fusion,

Four containers of equal volume are filled as follows:

() 2.0g H, at O°C (i) 1.0g H, at 273°C (iil) 24 g O, at 0°C
(iv) 16 g CH, at 273°C,

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

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

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

Co-relate the energy changes accompanying changes of state.

Explain in terms of kinetic molecular model:

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

(b) Why solids do not flow as Hqutds'and gases do? ;

(¢) Whyfoodiscookedmorequicklyinapressurecookerthaninacovered

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

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

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

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

A
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Explain the following:

() A falling drop of a liquid is spherical,

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

(iii) Evaporation is a cooling process.

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

(v)  Honey is more viscous than water.

(vi)  Mercury has its meniscus upward.

40 dm®ofhydrogen gaswascollected over water at 831 torr Hg pressure

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

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

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

sphere.

(Ans:- density = 1.70 g/dm?).
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CEIAPTBR - 8

THE ATOMIC STRUCTURE

INTRODUCTION

The theory that matter was made from small indivisible particles called
atoms dates back to some five centuries B.C. to Democritos.and a century B.C1o
a Roman Poet Leukiphos. This theory was puton a sound scientific basis by John
Dalton in 1808.

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

Evidence for the presence of electrons, protons and neutrons in the atom is
derived through many experiments such as:

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

atoms.
(iii) Radioactivity further confirms the presence of electrons and protons.

Scanned with CamScanner




74

(iv) Chadwick experiment shows the presence of neutrons.
(v) Spectroscopic experiments reveal the electronic structure of atoms. These
are discussed one by one.

3.1 FARADAY'S EXPERIMENT-PassageofElcctricitythrough solutions

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

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

of charge passes through different electrolytic solutions. What is of interest herz.

is that there is some elementary unit of electric charge associated with these ions
which %n‘e I;'S:Icu.lated. The ions were observed to carry some integral multiple of this
charge. unitofelectric charpe was later named by Stoney (1891),as“ELECTRON".

3.2 CROOKES'S TUBE OR DISCHARGE TUBE EXPERI
MENTS—Passage of electricity through gases at low pressure

' c ectricity l‘ough £ases was initi 3
Heinrich Geissler. This work was later c:::;:l;gdb g; Svc%nl:‘(‘)l(gsKEswmcm PR
To appreciate what ha .
i pPpens w :
GR¢, STIEI08 v et pla‘:‘: hen an electric current passes through so™

containing some gas, * XOWN as electrodes sealed lass W&
the tube can be cvg::u::‘c:?:b;:lsl Provided withan outley through \‘:‘hiz::hggas inside
difference is applied, there woumA t:: :‘dh:f;ry Pressure, unless very high potcmial
be made 10 pass from ?

scharge, and the clectric spark can ‘
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and fewer molecules inside make it convenient for the spark to pass

V\./hcn. the pressure inside the tube is reduced 1o a centimetre of Hg, a
potential difference of a few thousand volts would be enough for the spark to p:;ss

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

Cathode (-) Glowing gas
\ Anode (+)

High Voltage Source

FIGUBE 3.1
Gas discharge tbe. The gas is seen to glow in the region between the slecrodes

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

e l:;dles obv.ious that some sort of radiation is passing between the two

e s. This radiation consisted of a vast swarm of particles emitted by the

v and were called Cathode Rays. Various experiments were thus performed

lerm‘_)us researchers like Hertz, Lenard, Gold stein, Perrin and J.J. Thomson to
ine the properties of these cathode rays.

| —
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Cathode (-)

Glowing gas

N

High Voitage Source
FIGURE : 3.2
Gas discharge tube. At sufficiently low gas pressures, the glass wall opposite the
cathode glows.
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The cathode rays were seen 1o possess the following properties:

1.

t3

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

The rays emerge normally from the cathode and can be focused by using
a concave cathode.

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

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

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

The rays carry a negative charge.

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

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

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

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

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

3.3 POSITIVE RAYS - Protons

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

censistof atoms and jons of the various gases present in the discharge tube.
They carry positive charges which are either equal to or some integral multiple
of the clectronic charge '¢'.

Cathode ray tube perforated
muan:n.mﬂbw'wwmlmmu

f c/:;l ‘Ihor::con discovered that positive rays, unlike cathode rays, have values
of ¢ : (;epend nt on the gas present in the Crookes's tube, The lightes!
particle found, was that from hydrogen. This particle, which has a mas$
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1836 times that of the electron is now known as proton (Greek, "first").

34 RADIOACTIVITY — Confirmation of Electrons and Protons

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

Pierrie Curie and Marie Curie after great labour isolated a new element
Radium from the mineral. This element radium was found to be extremely active
in giving out invisible radiations. This phenomenon in which certain elements
emit invisible radiation is called radioactivity and the elements which give out |
these radiations are called radioactive elements. Most of the elements after lead
in the periodic table are naturally radioactive. '

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

of rays, which were labelled at, B and y - rays.

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

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

An element after giving outradiations breaks downtoamore stableelement.
For example 41 on emission of o - particles would be converted to %Th
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Photographic
film

Magnet

FIGURE 3.8
Rays given off by a radicactive material
arp separated In a magnetic fieid. The
negatively charged Btays are deflectad in
one cirection, the positively charged £
mnh?bdodhhoppomd&m'
uncharged y. rays are not
I Y- rays

”U 9 n:oTh ""IHC

o - Particle

The emission of radiation would conti :
stable end Pmduct.d continue until the formation of lead as

Properties of these radiations are summarized below *

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

2. P-raysarc fast moving electrons with a range of (1-2 m) in ai
through small thickness of matter. AR e aod can pe
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3. y-rays are very penetrating, These are short wave clectro-magnetic
radiations like x-rays, only that these are much more penetrating, These rays will
pass through (15-20 em) of lead. On passing through matter, y-rays would eject
high speed electrons from the matter,

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

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

3.5 CHADWICK EXPERIMENT — Discovery of Neutron

Chadwick investigated the effect of the radiation on other elements both in
the solid and in the gaseous form. During his studies with beryllium, Chadwick
found that very penetrating radiations were given out when beryllium was
bombarded with o - particles. Chadwick put forward the suggestion that these
penetrating radiations were due to material particles with mass comparable with

that of an atom of hydrogen but carrying no charge. These particles were called
neutrons. The-neutrons must have come out from atoms on disintegration of the

bombarded element. This is indicated by the equation.
Be’+ He! = C4 n'

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

(@) Electrons, which carry a negative charge of 4.803 X 10-° esu
= 1.602 x 10~ coulombs with e/m = 1.758 x 10* C/g
and m, =9.115 x 10 Kg = 0.000550 amu.

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

©) Neurgn carries no charge but hasamass m_= 1.009 amu
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3.6 SPECTROSCOPIC EXPERIMENTS — Spectroscopy
Electronic Structure of Atom:

Once the presence of fundamental particles was cstabli.shcd, the nexi
question concerned the electronic structure of atom. This objective was maml.y
achieved through spectroscopic experiments whichin vestigate the clectromegnetic
radiation emitted or absorbed by the substances. At this point, it is appropriate t
describe briefly the Planck’s Quantum Theory which had tremendous impacton
the development of the theory of structure of atom.

3.7 PLANCK'S QUANTUM THEORY - Quantization of Energy

This theory was proposed in 1900 by the German physicist Max Planck ©0
account for the observed radiations from heated bodies.

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

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

E= h v where h = Planck’s constant (6.625 x 10 J.S.
=6.625 x 107 erg.S)

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

energy gained or lost is quantized i.e., energy change occurs in small packets 0f
multiple of those packets, hv,2hv, 3hv and so on.

3.8 SPECTRA

Our knowledge of the way in which electrons are distributed in atoms com®
largely from the evidence of spectra.

When an element absorbs sufficient energy, for example, from a flame 07"
electric arc, itemits radiant energy. When this radiation is passed through pris®
in a spectroscope, it is separated into component wave lengths to form an im3g’

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

Continuous Spectrum: When white light from sun or any incandescent lamp is
allowed to pass through a prism, the light is not only deviated, but also breaks up

into its constituent colours, a phenomenon called dispersion. The band of colours
into which the incident light breaks up is called spectrum.

e

90?*"3

LAMP SLIT

NORER RED
A E ORANGE
O / YELLOW
X " GREEN
BLUE
PRISM
SCREEN INDIGO

VIOLET

FIGURE 3.7
Continuous spectrum,

e —— “
The white light gives a continuous band of colours. On one end the least
deviated is red and at the otherend is violet which suffers the maximumadeviation.

The colours of the spectrum are so mixed up that there is no line of demarcation
between different colours. Such spectrum is called continuous spectrum. It is
given not only by sunlight but also by the light from any hot solid or liquid body. -
The colour of light depends on its wave length. Violet ha.z the shortest wave
length (about 4000.&), and red light the longest (about 7000 A). Light of a single
Wave length is called monochromatic.

Line Spectrum : A different kind of spectrum may be obtained when light
emitted from a gas source passes through a prism. In order to emit light, the gas
Must be excited in some way. A common way of doing this is to pass an electric
current through the gas at low pressure (Crookes's tibe experiment). The neon
‘8015 used in adyenisement make use of this method for producing light and so
sodium vapour street lights. If the light from the discharge tube is allowed to
Pass through 2 prism, some discrete sharp lines on an otherwise
rompletely dark back ground are obtained. Such spectrumis called line spectrum.
h line corresponds to a definite wave length.

—
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Line Spectram
tube

FIGURE 3.8
Dispersion of the light emitiad in a gas discharge wbe into a line spectrum.

On analysis of the sodium vapour light through a prism, it is found
that the spectrum consists of a series of lines. The dominant lines in this
area are the two yellow lines which give sodium vapour lamps their char-
acteristic colour. Each element produces a characteristic set of lines, 50
line spectra came 10 serve as "finger prinss” for the identification of €l

ments.

The facts are that (1) samples of the same element always emit the s3m
wave lengths of radiation and (2) under the right conditions only certain Wave
lengths are emitted by any one element. This leads to the belief that electrons
arranged around the nucleus in definite energy levels, E, and when they &%
excited they go to definite excited levels E,. This means that the difference in lh‘
energy of electrons, E, - E, is same for a given transition and this xP
the fact that the energies emitted by a given excited element always have the sa™

wave lengths.

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

Though the nature of the proton was well established by 1900, the rol¢ of
this positive particle in the structure of atom was uncertain. A clue 1© the
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arrangement of positive and negative particles within atoms was firiall y provided
by the experiments of Rutherford.

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

varying degrees.

FIGURE 3.9

Rutherford's interpretation
of the scattering of alpha
particles by a gold foll. The
dots on the right represent
the nuciei of the gold
atoms greatly magnified

relative to the sizes of the
atoms.

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

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

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

(d) The greaterpartof the atomic volume comprises of empty space in which the
electrons revolve and spin.

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

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

Weaknesses of Rutherford's Theory .

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

discontinuous spectrum. Thus according to classical principles of physics,
Rutherford model of the atom could not exist.

3.10 X-RAYS AND ATOMIC NUMBER

Ww. R'ocn.tg.en in 1895 found that a photographic plate he developed had bee”
struck by mvnsxble. radiation coming from a cathode ray tube (Crookes's ube
expt.). These previously unknown rays were labelled X-rays. These rays ¥°

4
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o times known as Roentgen rays (after the discoverer). These rays had the
;bilily {o penetrate paper, mbbcr: glass, metal and human flesh. X-rays were
s00 identificd as short wave, high energy electromagnetic radiation. They
put to medical uses immediately.

were

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

—_—

X-rays

Henry Moseley working in Rutherford's laboratory in 1911 studied the
different wave lengths of X-rays produced from anodes of different metals. He
noticed that the wave lengths of the X-rays emitted decreased regularly with
ncreasing atomic mass. On careful examination of his data, Moseley found that
the number of positive charges on the nucleus increases from atom to atom by
Single electronic unit. He called the number of positive charges the atomic
Nimber. Thus atomic number of an element is the number of protons present in

S nucleus. For the first time, it became apparent that what distinguishes one

ﬂem?"‘ from another is not the atomic mass, but the nuclear charge,that is, the
“omic number, It is denoted by 'Z.

Itis worth mentionin g here that Rutherford's theory of the nuclear atom was

s
by the Moseley's experiment.
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We now have a picture of the atom which can be summarized:

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

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

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

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

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

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

Bohr assumed that on the basis of the quantum theory, there exists the
possibility thatelectronin certain orbits may not give outradiationand an electron
revolving in any one of such orbits would be completely stable. Such orbits wer®
called ‘Stationary states." Bohr envisioned the stationary states as circular orbits
around the nucleus. He considered that an electron in a certain orbit has a certai?
energy andaslongasitkeepsrevolvingin thatorbit, itneither absorbs norradiat®®
energy. If the electron absorbs energy equal to the energy diff erence between! :
two orbits, the electron is excited, i.e. it jumps to higher energy state. If it fal
back to lower level, it must emit energy equal to the energy difference bet\'Vc‘
the two orbits. (Fig: 3.11). If this energy is absorbed or emitted as light, @ sing
photon (quantum) of absorbed or.emitted light must account for the requif®

energy differences, so that

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

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

FIGURE 3.11 3
Excitation of electrons from low energy levais 1o higher energy levels is a process that requires
enargy. When electrons fall from the excited levels, e.g., E,. E,, or E,, radiant energy is given
off, possibly as visible light.

/

' Bohr assumed that all the transitions that electrons make between t§vo orbits,
yield a single unique spectral line.

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

Momentum x circumference= h
mvx2xr =h

% for any other orbit,

Mvx2nr = nh

e — U —
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Where 'n’ was a simple integer, n = | for first orbit, n =2 for the second and so
on.

This equation could be re-written as,

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

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

3.12 BOHR'S THEORY AND HYDROGEN ATOM

The truth of the basic assumptions of Bohr was established when applied 10
hydrogen atom. The hydrogen atom consists of a single electron revolving around
a single positively charged nucleus, each of which would behave as a point
charge, and hence exact calculations of the stationary orbits can be made. Let ¢
be the charge, m mass of electron, "Ze' the positive charge on the nucleus, T
the radius of the orbit in which electron is moving with a velocity 'V'

If we equate the centrifugal force, mv?/r o the centripetal force which is 4
to the attraction between the electrons and the nucleus.

FIGURE 3.12

The Bohr model for the hydrogen ato™
An eloctron of mass m moves with veioST
vin an orbit with radius r from the nucievs:

5
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The Bohr's postulate states that only those orbits are possible in which:

nh
mvr= —
2%
nh
v = e —
2 mr

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

2
m (nh ) __c"_
T \2tmr/ & R

mewth y_Z7

N

r \dem’e) T B
2 hz
r = n ...(2)
4 m Ze?

This equation gives the radii of all the possible stationary states. All the
Quantities on the right hand side of the equation arc known and if we substitute
=1 for hydrogen atom, n = 1 for the first orbit.

If we put the values of the constants,

h=6.625 % 107 erg, sec. (or 6.625 X 10°* 1.8: which is the S.1. unit).
M, =9.11 X 102 g (or 9.11 x 10! Kg which is the S.L. unit).
©=4.802 x 10 esu (or 1.602 x 10-°C which is the S.I. unit).

We get, r=0.529 x 10% cm (10 em =14)
L r= 0.529.A

We 1= 0.529 A a5 the radius of the first stationary state for the hydrogen atom,.
250 write the equation 2 for the radius as

L — R —.
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r=n? ( ) = n’ao ..... (3)
4m*mZe?

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

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

3.13 DETERMINATION OF ENERGY

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

’

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

velocity of electron in circular motion. The potential energy possessed due tothe
position of isolated electron from the nucleus at a distance ‘¢’ is given by the
2

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

E, the total energy is given by:
B= g Zfzn_ : @
From equation (1) we have
m:’ = %e:_ & mv?=2
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Substituting the value of mv?in equation (4) we get,

2
Eal&.-.z_e_z.
2r r
2
E__Z;er (5)

24.3
Substituting the valueof r = (T;‘if‘ar] from equation (2) in equation (5),

we get,
ze?  _-2r'mzl’

2( nih? ) o
4 mZe’

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

Energy of an electronina lower orbit (n, ) and higher orbit (n,)canbe
expressed as follows:

E=- {6)

. 2x*mzZ’e*
: nzh?

2 *mZ%e*
and  Ep ==, .

When an a‘tom orgasis electrically heated, its electrons jump to higher

e it is said to be excited. e
orbit. n"l‘t:ek :::24 state is unstable. Electron has to come back to original

ground level by mdiaﬁngeaergyequallome difference of energies of the excited

and ground state. Then
e Eneigy emitted AE = Eg = By =hv

2x*mz’e’ _ (_ 27*m2’e! )

n‘h
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Rearranging
B _p 28 mZ%t 2n°m2Z’%e*
31 nhY nah’
2r’mz%*(1 1 (
- . — \7)
or E2 El h2 [nlz ng )
According to Bohr's postulate
E2 = EI = hv
27°mZ%4 (1 1
hv = -—
h? (nf n3
pe2rmz’ (1
O ) e &

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

Now v = ¢ where ¥ is called wave number and is defined as num®
of waves per unit distance,

n, n;
27’mZ%4 (1 1
or
B ) 2
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Where Ry, is called Rydberg constant, Its value is 109678 cm™

- »a| 1 1
ST RN e N 10
H (n{, n{;) ( )

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

3,14 HYDROGEN SPECTRUM

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

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

U= RH(_IT" ‘L)

2
ny nj
Ry, is called Rydberg constant where n,=3,4,5,6,----etc.

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

= K

Where n, = 2,3,4,5,— = —%I¢

——e

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

vy D
U =Ry -é-f";?'

Where ﬂi4.5.6.7.- ST

e ———— L ——
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Brackett found another series infar—infrared region.
Pfund also found another series infar-infrared region.

General expression:- A general expression can give wave number of each line
. of each series. It is:

U = Ry| = - —
o\ T~ T

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

BOHR’S THEORY AND HYDROGEN SPECTRUM

Bohr’s theory success lies in the fact that it provided logical proof and
reason for the formation of hydrogen spectrum. According to Bohr's theory, “Al
ordinary temperature, the electron in hydrogen atom resides in lowest energy

level ie. first orbit or ground state. When electrically it is heated at low pressure
in a discharge tube, the electrons of different hydrogen atoms absorb different
amount of energy and jum

P 10 an appropriate high energy level. They are now
said o be in excited state. £3 SRy X

All the atoms in excited state, due 1o their high energy, are unstable. 3°
now the electrons jump back to the

original first orbit directly or to some O
level of lower energy. In doing so >
energies of two levels, These
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Diagram of hydrogen atom spectrum. series series
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series
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x ?
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(Visible region)
FIGURE 3.14
Energy levei diagram for the
spoctrum of hydrogen
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3.15 HEISENBERG'S UNCERTAINTY PRINCIPLE

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

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

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

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

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

Thus 1f.onc of the two i.e. P, or x was known exactly, then the uncertainty
inits determination could be zero and that of the other would become infinite. As

a matter of fact, itis applicable to a very small particle when the ordinary laws of
mechanics are not obeyed.

On this principle, it is tmpossible to think of an electron or any other particle
to be at rest or to say it possesses zero energy and is at a particular location. The
Bohr's orbits thus lose meaning as a circular path. The Heisenberg's principle,
therefore explains the basic incompleteness of the Bohr-model of atom.

3.16 ENERGY LEVELS AND ENERGY SUB-LEVELS

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

FIGURE 3.15

Electron orbits or
Energy levels.
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sut that in the outer most shell of any atom, the maximum number of electrons

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

Table 3.1 Energy Levels and Maximum Electrons.

n 1] 2 1314
Designation K|L|{M|N
Maximum electrons 2158 1418132

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

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

Table 3.2 Energy levels and sub levels

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

LEVEL s ;P | s,p,d | spdf

3.17 ORBITALS AND QUANTUM NUMBERS

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

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

T!?rough. the use of mathematical methods known as wave mechanics,
§chrod1pgcr in 1926 was able to calculate the probability of locating the electron
in a region of space about the nucleus. Thus on the basis of wave mechanics, it

WO“‘d.“O‘ be proper to have a picture of an orbit or to think of an electron
following a specific path. At best what can be said is that around the nucleus there

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

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

3.18 PAULI'S EXCLUSION PRINCIPLE.

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

“In an atom no two electrons can have the same set of four quantum
numbers"”

' have a maximum of three same

In an atom, therefore, w0 electrons may : ;
quantum numbers of same values but the fourth would be different. Thus in any
orbital, when the values of n,£ and mare same, two electrons can occupy the same

orbital only if their spins are opposed or paired, 1b.

3
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Table : 3.3 SUB-DIVISION OF ENERGY LEVELS

Encrgy | Sub-Level |  Oricntations Number Number | Maximum|
Level'n { of orbitals of of number
(Own-1) ‘m' orbitals elecurons of
(+tw-d (%) (Paulis | electrons
principle) (2n%)
n= 1(K) i=0(s) m=0 1 s? 2
n=2 (L) {=0(s) m=0 1(s) o
i=1(p) m=1,0,-1 3 P 8
'I%roul orbitals)
0=3(M) | ¢=0(s) m=0 1(s) g?
{=1(p) m=1,0,-1 3(p) P 18
¢=2(d) m=2,1,0,-1,-2| 5(d) dw
9 (Total orbitals)
n=4(N) | ¢=0(s) m=0 1(s) !
{=1(p) m=10, -1 3(p) p* 32
¢=2(d) m=2,1,0-1,-2 | 5(d) 4w
{=3(f) m=3,21,0, 7(D e
-1,-2,-3 T6(Towal
orbitals) [

The first energy level (K) contains only one orbital: therefore it does not
contain more than two electrons,it is not strictly speaking divided into sub levels.

The second energy level (L) consists of four orbitals and maxirmum of ¢ight
electrons. One of the four orbitalsis an s orbital and the other three are p orbitals.
Thus the second energy level consists of two sub levels, the 25 sub level and 2P
sublevel, the 2s sublevel consists of a single s orbital and the 2 p sub level consists
of three orbitals.

The third energy level (M), with a maximum of 18 electrons, contains thre®
sub levels consisting of nine orbitals,one s orbital, three p orbitals, five d orbitals

The fourth energy level (N) consisting of four sub levels, contains 19
orbitals: one s, three p, five d and seven f orbitals. The maximum number of
electrons in the fourth level is 32.

3.19 SHAPES CF ORBITALS
All 's' orbitals are spherical in shape with the nucleus at the centr®
Therefore in an s’ orbital, the probability of finding the electron is unifor™!}
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(hm'l;l:‘z g) ;)ll:;lals areﬂt(ijgmb-bcll-shaped and they are oriented in space along the
Perpendicular axes (x, y, z), and are calied P, P, and p_orbitals.

are i
orbials, that are of equal ci:fl;?dlcular to each other. These are degenerate

Y
S~ Orpital =

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

3.20 ELECTRONIC CONFIGURATION

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

() Aufbau Principle: Itstates that forany given atom, the electrons are filled
- totheorbitals of lowest energy in sequence, two electrons to each orbital. In other

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

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

— =

Table : 3.4 Electronic Configuration of First Five Elements

Element Atomic No. 'Z" " Electronic Confy guration L
1s!
Hydrogen 1 Is' 37
: 1¢?
Helium 2 1s? (4}
" 1 2
Lithium 3 12 25 |av 1
. . i 28
Beryllium 4 1s* 28 |y v |
Boron Is? 28  2pt  [av| av
The sequence of increasing orbitzl encrgy is: ==

Is, 2s, 2p, 3s, 3p, 4s, 3d, 4p, 5s, 4d, 5p, 6s, 41, 54, ......
‘The scheme for the order of the filling of orbitals is shown in the yyhie 3.5 «
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T;c :“ pRoReralthe bullding up of orbitals may be simplified as shown in
the table 3.6

Table 3.6

Table 3.5 Order of filling of orbitals Order of filling orbitals

h—

(i) (n+¢) Rule: The order of the filling of orbitals in elements is guided by
(h+2) rule. .

"In building up the electronic configuration of the elements, the orbital with
the lowest value of (n + 2) fills first; when two orbitals have the same value
of (n+ 2), the orbital with the lower value of ‘n’ fills first”

Here 'n' and #' stand for the principal and azimuthal quantum numbers
'“P"Clivcly This useful rule reminds us that the energy of an orbital of multi
n atoms depends upon the value of both the quantum numbers, nand?, but
Mainly on the value of n. For example, which fills first 3d or 4s orbital? For the
Orbital (n = 3; ¢ = 2): the value of (n +¢) =5; for the ds orbital (n = 4; ¢ = (),
Value of (n +¢) = 4. Hence 4 s which has the lower value of (n +¢ ) and thus
fchcrxy fills first, Likewise, 4 P orbirz2! fills before Ss although the (n + {)

nulueb orboth is same, but 4p orbital has the lower value of the principal quantym
er ‘n’

M

e —
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(1) Hund's Ruteof Maximum Mulliplicity : The orbitals whicharedegenerated
(havingequal energy)like p, ¢, [, where these begintofill up, they do so according
to & Rule called the Hund's Rule of Maximum Multiplicity. It states:

(a) ‘Theclectrons tend 0 avoid being in the same orbital. Thus as electrons are
successively added, & maximum nuimber of electrons will try 1o occupy
orbitals singly. Only when ol the orbitals are singly occupied only then the
pairing of clecirons commences.

(b) In the ground staie, the elections occupying the orbitals singly will have their
spin parallel.

Making wee of the above mentioned principles, we could consider in the tavle
3.7 the elecronic configuration of the first 11 elements,

Table : 1.7 Electronic Configurations of Elements 1toll

Atomic Element 15 25 2p, 29, 2p 3s  Electronic

16262920204
S RS A VIS

192829036

No. Z configuration 14
1 H 1 : g

2 He A% : s

A Be ik Ay : 1828

s B A4 a4 1 18283 2p !

6 ¢ L1 19292p,) 2y

N (R R, R e n‘zs‘m'hx‘ g
wge o 0 Abaikied Gl 82202y W

10 Ne Fraks |

Ha
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TTESecs of other atoms also affects the outer charge distribution. Still itis uscful

1k aboan the radius of an sto. The
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The .rxf}:xdimuT'number of electrons that a particular encrgy level
specified by 'n' can hold, is given by 2n?, For example, K, L, M and N
energy levels can hold 2, 8, 18 and 32 electrons respectively.

The number of sub levels in an i i
: energy level specified by 'n' £.E
energy level with n =2 hag twosublcw:ls.pe':l o

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

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

The maximum number of electrons which can be accomodated in an energy

sub level is given by 2 (24 + 1). Thus s, p.dand fsublevels contain 2, 6,
10 and 14 electrons respectively: s? p& d'° f4

The orbitals given by a particular value of 2'if 'n' is same, have the same
eneigy and such orbitals are called degenerate. Like ¢ = 1 gives three p
oivitals specified as p,, p,, p, and the p orbitals are said to be three fold
dcgeaerate. These orbitals are filled according to Hund's Rule.

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

cucrgy levelis n*, where 'n' may be 1,2,3....; I'maybe s, p, d... and 'x'rep-
(usenis the number of electrons actually present forexample, NahasZ=11;
Uicse elecaons are distributed as 15? 2s% 2p® 3s'. This indicates that the inner
Uiee orvitals 18, 2s and 2p are full while the outer most orbital is 3s and contain

orlyoneeleciron.

A10MIC RADIUS

ics, an electron could be any where around the

.Nc\,m liny ¢
A Y talk of a fixed radius of an atom. The

radius of an atom is taken as half the bond
icmolcculeslikc H-H;0=0; Cl._Cl

— R ——
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etc. The values of the distances between the two nuclei are determined from the
spectroscopic dataand X-ray diffraction measurements. For example the distance
between two atoms of carbon in diamond is 1.54A, giving the radius of
carbon atoms as 0.77A (1A = 10~ cms). Similarly the internuclear distance
between two sulphur atoms is 2.06A, there by giving the radius of sulphur
atom as 1.03A. Some atomic and ionic sizes are shown in the table 3.8

—

- 2r FIGURE 3.17

In case of heterogeneous diatomic molecules i : :
g ' i.e. where two different kinds
ofatoms A. B are oined ogether, the bond length s (r, + ) andf any one o ¢

fadii i: }'.n.own,thc qlhcr can be found. The knowledge of the atomic radii is usefv!
inpredicting chemical b:.-hnvtour. €.8.phosphorus combines with chlorine 10 gi*¢
PCI,.h.ut does not combine with iodine 1o give PL,. The reason is that the iodin®
atom is much bigger than the ~ . h

Cl atom and yie be
accomodated around a single phosphorus ar :\ of the iodine atoms canno!
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TABLE 3.8
Sizes of the atoms and their ions
atoms s N ) F Na Mg Al Si
size 077 070 066 064 151 136 125 1.17
ions CEE ENES g Na*  Mg? AP Si*
size 260 171 140 136 095 065 050 041
IONIC RADII
H~ Li* Be?* B* c*
154 060 031 020 0.5
O F N Mg* AP Sv P S* o
140 136 095 065 050 041 031 029 026
$ o e Ca* Sc¢* Ti* v+ O* Mn™
'8 181 133 099 081 068 05 052 046
* Br Ry s Y ',Zr“ Nb#s=Mets, o Ict
98 195 148 113 093 08 070 062 —
Te & Cs Ba* - La* HM Ta* W  Re»
20 216 169 135 115079 071 065 00|
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3,22 JONIC RADIUS.

When an electron is removed from a neutral atom, the atom is left with 2n
excess of positive charge calied a positive 1on or caton. Insiead of ancwmal o,
takes up an electron it becomes a negative ion or anion.

M—— M'+e

Mte — M-

. The magnitude of the charge on the. ion depends upon the number of
electrons removed or added to the neutral atom.

_Asincaffﬁmr&dius.dwionicmdﬁmknm from X-ray analysis.

Thexonicr?dfxmdpodet}ucedﬁommewaythciommpackedwgaha.m

Wmmm‘mummmmmwm

e packing in crystals, of the ionic radi jons that
54 us also depends on the ions

radius of Naatom = 1.57A
radius of Na*ion = 095A

(ii) Anions have a larger radii than the neutral atoms as an excess of neg*™*
charge results in greater electron’repulsion e.g.

radiusof Clatom = 099A
radiusof Cl-ion = 181A
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(iii) Incaseofions which have the

(Is%, 252, 2p%) same electronic configuration like Na* M
Al (Is%, 2s%, 2p the radii d

ccrease with increasing nuclear charge.

Element Na* Mg* Al

Atomic No. 11 12 13

lonic radius in A 095 (65 0.50
The ions which have the sam

e electronic configuration, as given above, are

called isoelectronic. The ionic sizes are shown in table 3.8.

323 IONIZATION POTENTIAL

Itis defined as the minimum amount of energy require toremove the least

strongly bound electron from a neutral gaseous atom, ion or molecule. It is called
Ionization potential or ionization Energy.

4 -
Mo — M +e

Itis possible to remove more than one electron from an atom or ion, giving
doubly or triply charged ions and the energies needed are called:

M., - M @y T € AE s the first lonizati'on potential. .

M, o M ., +e AEisthe Sfcond I.om?auon potential

M“(M - M +eAEis the third Jonization potential.

The ionization potential is measured in Kilo-Joules per mole anq is
determined from spectroscopic methods or by measurement of current passing
through a discharge tube. The ionization potentiai depends upon the dxstancc.of
the electron from the nucleus. Farther the electron is from the nucleus more easily
itis removed. When one electron is removed, the positive charge on the nUClleS
becomes unbalanced and binds the remaining electrons more firmly. It is

fore, becomes more and more difficult to remove the second and then the
third electron, Due to their larger distance, itis easier foremove an ?l'ectron from
T shel) than a 'd' shell and removal from a 'd' shell is easier than a 'p' shell.,, The

ISt, second and third ionization potentials of first 20 elements are given in
Table 3.9
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Table 3.9 Ionization Potentials (KJ mol?)

Element Symbol | At. No: Ist 2nd 3rclj
Hydrogen H 1 1312
Helium He 2 2372 5250
Lithium Ly 3 520 7297 11,810
Beryllium Be 4 900 1757 14,850
Boron B 5 800 2427 3658
Carbon C 6 1086 2352 4619
Nitrogen N 7 1403 2858 4578
Oxygen o) 8 1314 3391 5300
Fluorine F 9 1681 3381 6046
Neon Ne | 10 2081 3964 6150
Sodium Na 11 495 4563 6912
Magnesium Mg | 12 738 1450 7730
Aluminium Al 13 577 1816 2745
Silicon Si 14 787 1577 3230
Phosphorus P 15 1060 1896 2908
Sulphur S 16 1000 2258 3381
Chlorine C1 17 1255 2297 3849
Argon Ar |18 1520 2665 3947
. Potassium K 19 418 3069 4439
Calcium Ca |20 590 1146 494] |
3.24 ELECTRON AFFINITY
Itis easy to remove an electron from a metal to form a positive ion according
to the equation ~~ M—e—-M’
e.g.

Na, —¢ — Na', AH = +495 KJ rpolc"

The non metals on the other hand try to g2in an electron to complete

theif
| , al
shells. The energy change accomp ing the gain of an electron by a {w_"" :
'sarao;as atom to form a negative ion is called its electron affinity. The additio”
electron to an atom, is mostly an exothermic change. For example;

4
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Clm +e - CI'(E) AH = -348 KJ mole" (Electron affinity).

Some non-metallic elements
large amounts of energy, that is, th
(Refer Table 3.10). The large yal
elements are very strong oxidizi
halogens are attributed to their

particularly halogens of VIIA group evolve
eir electron affinities are large and negative.
ues of the electron affinity show thast these
ng agents. The large electron affinities of

. -small atomic radii and greater attraction for the
electrons. Moreover, the addition of an electron produces the stable inert gas

. configuration (i.e. Octet). The value for fluorine is anomalous, probably be-

. cause the fluorine atom is very small and the incoming electrons are repelled by
‘ the clectrons already present.

Table 3.10 Electron Affinities (KJ mole“r
IA 1A IITA IVA VA VIA VIIA ZERO
H He
-13 +54
Li Be B C N o) F Ne
31 466 -15 -123 +31 -141 -333 +99
Na Mg Al Si P S a
2 L6y | g 135 -60 -196  -348
Br
-340
I
-297
=l

1 Y
Posiive Values signify that the reaction A+e—A-' is endothermic.

Looking at the table 3.10 you might note that the electron affinities of

;aoup IA elements are somewhat negative, even though these elements have
, u:z little attraction for the electron. The clements of group .IIA, Beryl-
M e Magnesium have positive electron affinities (change is endother-
Decause the electron is being added to higher energy p-level. In VA

Ic)
Youp tlemengs such as Nitrogen, the value is positive because the electron

. A : o
oy me';‘" the half filled p-orbital and becomes paired, a process which is

8Clically fayourable.
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The addition of second clectron to oxygen or sulphur must overcome the
repulsion of the negative charge already present on O~ and S-. The process is,
therefore,endothermic ¢.g. for O it is + 844 and for $*- it is + 532 KJ mole!

3.25 ELECTRONEGATIVITY (EN)

In a molecule the tendency or power of an atom to attract a shared pair
of electrons to itself, is called the electronegativity of that atom, The
polarity of covalent bond depends upon the electronegativities of held
atoms. The electronegativity values of elements are listed in table 3.11.

The numerical values of the electronegativity of fluorine is fixed as 4 which
isthehighestvalue fromthe valueslistedintable 3111tisclearthatthe E.N. values

in general, increase as we go fromleft to rightin any horizontal period, while they
decrease as we go down from top 1o bottom a group in the periodic table.

TABLE 3.11
Eelectronegativities of representative Elements
H He
2.1 :

Li | Be B C N 0

F | Ne
101151 20| 25| 30| 35|40l —
Na Mg | Al | si | F S | Cl1| Ar
09 1 12 ] 15| 18] 234 25 | 30| —
K Ca Gq Ge | As Se Br | Kr
08 | 10| 16| 13 20 | 24 | 28| —
Rb | St in | sn [ gp Te | 1 | Xe
08 | 10| 17| 13 19124 | 25| —
Cs | Ba| Ti | pp| p Po | At | Rn
07 1 09| 18] 18 Honli2.0 li22| =
——
Fr Ra
0.7 | 09
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On the basis of clectronegativity values. It is predictable that what type of
bond will be formed. If the difference between E.N. values of any two bonded
atoms is less than 1.7 the bond will be covalent. The polarity of covalent bond
alsodepends upon the E.N. values, that is, the covalent bond between two similar
atoms (H—H, O=0, N=N etc), the E.N. are equal, the covalent bond is non-polar
in character. The covalent bond between dissimilar atoms is always polar in
nature, the polarity increase with difference in their EN- values. For example,
bond between N and H is more polar than bond between C and H, because E.N.
difference in case of N and H is more than E.N. difference between C and H.

PROGRESS TEST 3

. What is the experimental evidence for the presence of small nucleus
containing most of the mass and all of the positive charge in the atom?

2. What . information about the structure of atom is obtained from the
experiments on the passage of electricity through gases under low pressure?

3. Criticize the following statement, "An electron moves about the nucleus of
an atom in a manner analogous to the movement of a planet about the sun ?

4. Whatinformation about the electron in the atom is obtained from the fact that
the emission spectra of the elements are frequently discontinuous?

5. Explain quantized energy states in terms of Bohr's orbits and electron
transition between the orbits.

6. What principles and rules are followed in the electronic configuration of
" atoms?
ationship between their wave length and

Explain the origin of X-rays and rel e
s hich they onginate.

nuclear charge in the atoms from W

. (2) State the restrictions placed on our ability to know the position and

momentum of an electron.

Scanned with CamScanner



10.

11,

12

13.

14,

15.

116

(b) Explainthe significance of Pauli's Exclusion principlein relationtothe
clectronic structure of atoms.

(c) Write down the electronic configuration for the ground states of each
of the following (i) Na (Z = 11)(ii) Ca (Z = 20) (iii) Sc (Z = 21)

(iv) Mg* (Z=12) (v) C1'(Z = 17).

Explain the distinction between the following:

(a) cand B - Particles (b) Orbitand orbital (¢) Ground state and excited state
(d) Continuous and discontinuous spectrum.

Describe the contribution made by the following individuals toward the
structure of atom (a) Rutherford (b) Bohr (c) Moseley.

Givc”the numberof protons, neutrons and electrons ineach of the following:
3 A

(@) K () 10 (©)’Li (@) JF (€)' 1Na

Also write down their electronic configuration,

What do you understand by the terms:

(2) Atomic Radius (b) Ionization potential (c) E| i
(d) Electronegativity, potential (c) Electron affinity

List the four quantum numbers that define the ener

> gY state of the electrons
in a hydrogen atom along with their ibl ' R
significance interms of orbitals, |- v e and explain their

(2) The ionization potential of Lithium and porass;
what do you predict for the LP. of Na, FORSSIIAS 3.4 and 4 3 cv.

(b) What is the shape of orbital for which = 0.7 Those for which¢ =17

(2) How isemission of radiation froman atom explained by Bohr's modei?

(b). Why wasthe nucleusof hydrogenatomwas assy

L med to be a fundamental
particle? ;
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CEIAPTBR = &

CHEMICAL BONDING

4.1 ENERGETICS OF BOND FORMATION

A molecule as compared to the atoms from which it is formed is more stable
because it possesses energy lower than the energy of the uncombined atoms. This
difference in energy is due to the fact that when atoms combine to form
molecule, the attractive forces are created which result in the release of
energy. The attractive force that holds atoms together in a compound is

known as the chemical bond.

The force of attraction or chemical bond between two atoms is formed due
1o the interaction of valénce electrons of combining atoms.

In 1916 two kinds of chemical bonds were described: The ionic bond by
W. Kossel (Germany) and Covalent bond by G. N. Lewis (U.S.A.). Both these
chemists based their ideas on the fact that atoms attain greatest stability when
lh’“"‘l‘ﬁwtminmgaselectmnic configuration (Octet Rule). As amatter of t:act
%oms of the inert gases have eight electrons in their outermost orbit, excepting
%""‘i‘:hhnonly two electrons. These gases are very stable and donot enter
0 chemical combination under ordinary conditions and therefore they are
SUmed to have stable orbits. Atoms of all the ot:cr cl:lmts:av:i inc:nmt:l::
i lete them by chemical combination

%““n&or':lll?s mg%m can beachieved eitherby the mﬁme
?""'"'ﬂx of electfons among themselves. It isthe tendency qf atoms 10 acquire

"1 885 configuration which causcs the atoms to form chemical bonds.

|
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42 ELECTROVALENT OR IONIC BOND

This type of chemical bond proposed by Kossel is formed as a result of
complete transference of onc or more electrons from onc atom to the other sothat
both the atoms acquire inert gas configuration (the octet rule). The atom that
loses electrons becomes positively charged and the atom that gains electrons
becomes negatively charged. The charged atoms (called ions) so produced are
held together by electrostatic force of attraction. The ionic bond is, therefore,
defined as the electrosiatic attraction between positive and negative ions.

Ionic compounds such as NaCl and MgO are formed by the elements of low
electronegativity (metals) and the elements of high electronegativity (non-
metals).If difference in electronegativity, AEN, is greater than 1.7 between two
elements usually leads to an fonic bond.

The metal of groups IA, IIA and Aluminium in ITIA due to their low loniza-
tion potential and low electronegativity, lose one, two or three electrons 10
form M*,M?* and M ions respectively. The non-metals of groups VIA and
VUA due to their high electron affinity and high electronegativity tend 10
gain two electrons and one electron o form A* and Al ions respectively:
Nitrogen and phosphorus in VA group will under some circumstances gain
three electrons to form N* (Nitride) and P~ (Phosphidss) ions

In order to understand why ionic bonds are formed readily beiween bic
metals and non-metals of the above nentioned groups, let s consider the encis’
changes involved in the formation of say, sodiuns chioride from sodium 2
chlorine atoms.

(1) Sodium in the ground state has the eleconic configuration of Is', 24 ’
35!, i.c. it has one valence electron. The loss of the valence electron requiis
KJ mole™', the resulting Na* has complete ociet,

Na, —> Natp+e  AH=+495 Kijmole
15, 263, 2p*, 3! 15}, 2¢%, 2p°
(11g) (108)
s ] J
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(i) Chlorincatomin its ground state has the electronic configuration of Is?, 2%,

2", 35%, 3p’, that s, it nc.cds one more electron to complete its octet. The gain
of one electron by chlorine releases energy which is equal to 348 KJ mole!,

CQpte— O,  AH=-348KVmole
153, 25, 2p°, 353, 3p° 15, 252, 2pS, 3s2, 3p
(17 €) (18 ¢)

The energy difference (495-348=147KJ/mole)is more than compensated when
the op;.)osxtc!y charged ions form a crystal lattice consisting of a closely packed
array, in which each ion is surrounded by six opposite ions (Fig. 4.1) The great

FIGURE 4.1 L,
Crystal structure of sodium chloride, showing (right) the cctahedral

arrangement of six sodum jons around one chiorida lon,

\

“Hractive forces inthe crystal Jattice greatly reduce the encrgy of the system there
making it stable, Thus the more important stepisthe third step whichinvolves

*fomation of erystal latice.

ts = 0 KJ/mOl
(i) Na'w-o- Cr, - Na*Clj, A =188

The energy released when one mole of gascous ions arrange thcmscl\./cs in
e patiern o form crystal Jattice is referred to as the lattice energy. Itis this

-
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energy which over comes the loss of energy encountered in the formation of the
ions.

From the above discussion, we conclude that it is éssential for the formation
of ions and the ionic bond that the sum of the energies released in the second and
third steps must be larger than what is required in the first step.

Characteristics of Ionic Compounds

. (i) A single ion of a metal is never associated with a single ion of non-metal i.c.
separate units of ionic compounds do not exist and therefore it is wrong to talk
about a molecule of an ionic compound. The formula only indicates the relative
number of atoms of each element. The solid crystal is made up of large number
of oppositely charged ions, arranged in definite pattern. Each ion is surrounded

by a fixed number of oppositely charged ions, so that the strong electrostatic
forces between ions act in all directions through the crystal. Thus the ionic
compounds are generally hard solids.

(ii) The ionic compounds possess high melting and boiling points due to strong

inter ionic forces in their crystals. Lot of thermal energy is required to break thos¢
forces. |

(iii) Ionic compounds are soluble in water and similar polar solvents because of
the strong electrostatic attractions between the ions and polar molecules of
solvent. The surrounding of the ions by the solvent molecules solvation releases
the energy which is known as the energy of solvation. This energy usually
overcomes the high lattice energy of the ionic compound,

Insoluble ionic compounds (¢.g. the sulphates, phosphates and fluorides of
Ca, Sr and Ba) have very high lattice energies and insufficient solvation energY
is available from the ions to overcome the high lattice energies for thes®
compounds to be soluble. The ionic compounds are insoluble in the org"™
solvents like Benzene, carbon tetrachloride etc. because there is no attractio”
between the ions of ionic compounds and the molecules of non polar solven®™

(iv) onic componds are invariably electrolytes, because in the presence of #
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polar solvent such as water, the interionic forces are so weakened that the ions are
separated and .thc freeions are able to move under the influence of electric current.
In fact the ionic compounds conduct clectricity even in the fused or melted state.

43 COVALENT BOND

Theatoms in an ionic compound are held together by the transfer of valence
electron or electrons from one atom to the other atom. In covalent bonding, no
such transfer is involved, instead two atoms both of which tend to gain electrons
may combine with each other by sharing one or more pairs of electrons. This
concept of electron pair bond was proposed by G.N. Lewis in 1916. Two atoms
of chlorine for instance, each having seven electrons in its valence shell unite by
sharing two of these fourteen electrons between them. This is shown diagramarically
as follows, using dots to indicate only the valence electrons:

Unpaired electrons Shared pair of electrons Covalent bond
l d
=q-‘/ \‘-éj= ——> :Cl:C: OR O —

Electrons that are shared between two atoms are the bonding electrons and are to
becounted toward the octet (or duplet in case of hydrogen) of each of the bonding

tom. As the shared electrons spend much of the time between the nuclei,
resulting in the artractive forces between negative charge of electrons and positive
charges of the two nuclei. This type of chemical bonding is known as covalent

In chlorine molecule, for instance, the one shared pair of electrons forms a

Single covalent bond between two chlorine atoms (C1 — Cl). The sharing of
o0 | alent bond brings the bonded atoms closer together whiclf is

oy Gy, M- 20

The ener, of the molecule and thus makes it
Rorg o, Tica¢ Of energy lowers the encrey

B 4
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gle covalent bond is thatthe spins of the bong

Another normal feature of asin Spens
becomes paired in the bong

forming' electrons, unpaired with separate atorms,
formation.

¢ntioned in Cl, molecule, atoms als

In addition to single covalent bond as m .
le bonds as in case of Oxygen and

form multiple bonds, that is, double and trip
Nitrogen molecules.

An oxygen atom has six valence electrons, therefore the formation of O,
molecule would involve sharing of two electrons from each oxygen atom. As
sharing involving one electron pair is indicated by a single short straight line, the
sharing of two electron pairs would be indicated by two short straight lines:

Two shared pairs Double bond
e . ..l.. P 'L e
G-+ 9 5 9 o 9=0

Nitrogen atom, on the other hand, has five electrons in the valence shell,
therefore, the formation of N, molecule would involve sharing of three electrons
from each of the two atoms as shown below. A triplebond asin N, is rt'.pl'cﬁe‘“cd
by three short lines.

Three shared pairs Triple bond
4 - A i}
SN-a NS NN or N=N

The bond distances of multiple bonds are shorter and the bond energics ™
higher as shown in the table 4.1 (Also refer 4.7).
Table 4.1 Bond distances and Bond Energies of Single, Double, Triple 207

Covalent Bond Bond Distance Bond Encrgy
c-C 1.54A 347 KJ mol™__
c=C 1.34A 598 KJ mol”
C=C 1.20A 820 KJ mol” __
Cl-Cl 1.99A 242 KJ mol”__
0=0 1.21A 498 KJ mol™ __
N=N : 1.10A 946 KJ mol™

v
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Generally there is shortening of 0,204 for any double bond and 0.34 A
shortening for any triple bond.

Notifc til;at the cxam?les givenso farinvolve the equal sharing of electrons
between similar atoms which form pure covalent bonds. Examples of bonding in

water and CO, presentani ing situati
A inleresting situation, where sharing of electrons
place between dissimilar aioms, - e

Hx+ *Q- +xH-HxOxH OR 0
7R
H

.. e .. v .. 8-
G+ ¢ + 0o Bucnd ORO-C

H
5
(0]

The shared electrons are attracted more towards more electro negative atom
(Oxygenin bothcases). Suchapairofelectrons constitute polar bond making one
part of a molccule partially negative (8-) and the other partially positive (3 +),
A molecule with a positive and negative pole is referred to as dipole. A covalent
bond is directed in space so that the atoms in a covalent compound are linked in
adefinite position in relation to cach other and the molecules formed may exist

as distinct particles.
Characteristics of Covalent Compounds

() Unlikeionic compounds, the covalentcompoundsexistasseparaie covalent
molecules, because the particles are elecurically neutral and have little auractive

forces for each other.

() Covalent compounds, since they existas separate molecules are expected o
be volatile liquids :ro:ascs or low melting solids (held together by weak Vander

Waals forces),
(iif) These are non-¢lectrolytes i.c. they do not conduct clectricity,

%) Covatent compounds are generally insoluble in water and similar polar
Wiven but soluble in the organic solvents.
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4.4 CO-ORDINATE OR DATIVE COVALENT BOND

An atom in groups VA, VIA or VIIA, having filled its valence shell by sharing
its unpaired electrons to form covalent bonds, may use its remaining paired
electrons (lone pairs) to form further bonds. It does this by sharing a pair
with another atom having an empty orbital. The result is a dative or co-
ordinate bond in which both electrons in the shared pair originate from the
same atom. Sidgwick first developed the use of this type of bond and he
called it as dative bond. The atom providing the lone pair of electrons to make up the
co-ordinatc bond is known as the donor. It must, of course, have an 'un-
used' pair of electrons available and such a pair is referred to as a lone
pair. The atoms sharing the pair of electrons from the donor is known as

the acceptor.

The dative bond is represented either by the use of an arrow, from the donor to
the acceptor atonr or by means of line, conveniently used to represent a covalent
bond, but with inclusion of charges (+) for the donor and (-) for the acceptor atom.
On this basis, the dative bond can be regarded as a covanlent bond with a certain
anount of ionic character, and the term co-ionic instead of dative, is intended to
describe this state of affairs.

EXAMPLES
(i). Phosphorus Oxychloride, POCL,
:63 :c'i:
- .u LA J l
:Clx P & Cl: which may be represented as "(';_ P _@,
¥ oo. 1
'O 10:
:fl:iz
or as :('é-. p’;..@:
le
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(if) Nitro methane, CH, NO,
S Hogis 10
. b O < ' & .
H xgx xix e H-CI:-N\
H s 3 L
H o
|
or H— C—N©@
fes
: H 0°
(ii) Ammonium ion, NH
H e
@ liajinzs
H *?3 H or H-lil-»ﬂ
H — H =
|
or H—N—H
|
LR TS

It may be pointed out that the co-ordinate bond and a covalent bond once
formed are indistinguishable i.. both are alike.

S DIPOLE MOMENT

th and
A magne ic moment ml, Where m = polar suength
= distance be:wh:n ::: ::gnp;lcs. A magnet tends to become onexfted ina
Tagnetic field. Likewise a dipole (polar molecule)-tends to become oriented in
N electricyy field. The extent of this is referred 10 as the dipole moment,

B

Scanned with CamScanner



126

p. It is measured by the magnitude of charge at each pole multiplied by the
distance between two charges. The separation which in case of a diatome
molecule is approximatelyequaltothebond distance (=e x d where
¢ = magnitude of charge, d = distance between charges). The dipole moments

were expressed in debye units (after the Dutch physicst Peter Debye), but now
they are expressed in S.1, units as coulomb metre (Cm).

1 debye = 10" esux cm= 3. 335 x 10°Cm (1C = 2.998 x 10° esu)

The dipole moments are of the ordec of 10-°Cn and it is due to the fact that

the charge on an electron is of the order of 10+ coulombs and distance is of the
order of 10" metre. It may be pointed out that the dipole moment depends not
only on the polarity of individual bond i

n a given molecule, but also on the
geometry of a molecule as a whole, For diatomic molecule, polar bond means
polar molecule, that is the wo concepts coincide. The diatomic molecules
consisting of different atoms are more or less polar. Greater the difference of
electronegativity, A EN, greater would be the polarity (see table 4.2). The pure
covalent molecules consisting of similar atoms will have it = 0 as there is 0
charge separation lnvolved.

polarity of its bonds but it also depends upon the
and CQ,. for instance, both contain

geometry of the molecule. SO,
results in a dipole moment of 5,33

Polar bonds but the angular strucrure of SO,
6% 10 em, while for linear CO,, p=0.

o+
S
s-/ \5- s ) Bt 5
0 0 — ——C= 0
i =5336x10%Cm =0

Thenetmalccular moment isindicatedby () angyy of e
individual bond moments, InCO, , the double isthe vector sum

boads lie on one straight line, "
s, molecule s perfecly symmenical. Hence ldough bots et s, 8

4
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polar, the two dipole moments of the molecule are equal oppositely directed, thus
the molecule as a whole is nonpolar, Likewise CS, is also non polar (u = O)

: Now oonsiflcrcarbon tetra chloride (C C1,) which contains four C— Cl bonds
which are definitely polar but the symmetry gives C Cl, a zero dipole moment.
Chloroform  molecule (CHCL) on the other has a dipole moment of

340 x 10 cm due 1o its asymmetrical structure. Dipole moments of some
malecules are given in the table 4.2

Table 4.2 Dipole moments in debye and coulomb metre.

Molecule |u = debye p=Cm | Molecule [g=Debye | p=Cm
() H, 0 O | (vDHQ | 103 |3.436x10%
(i) 1, (o) 0 (viDHO | 184 |6137x10™
ea, [ o 0 |@i)NH| 146 [5.002x10%
OV) ml O o (h) c‘ H. 0 0
\
\
% IONIC CIIARACTER OF COVALENT BOND e st
t\Vlsmuk lear in the iougncﬁon(hltinmo » Oy 1
Em“‘"hem:e miz:vwmmmmmequmwd
%“‘deutim m“ﬁ“m mimammumdecm more strongly
%%lndlheel wwhmbmdequallyoverd\etwomm
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in a2 molecule. Cl » 0, and N, molecules are therefore non-polar.

The molecules consisting of different atoms such as H,0, HF etc. present 2
different situation. In these cases, the shared electrons are not equally attracted.
In H,0, forinstance, oxygen atracts the bonding electrons to a greater extent, The
clectron cloud of the molecule is shifted towards oxygen so that this end of
molecule has a greater concentration of negative than positive charge. Similarly
in HF molecule, fluorine is more clectronegative, so this end has greater portion
of the negative charge (Fig. 4.2). Consequently in both the molecules, H,0 and

FIGURE 4.2

.HE ; e 1y dmgcn end is comespondingly more positive. This situation is
indicated by using the symbols 8 and & when § (delta) represents the partial
electrostatic charge separated between the two atoms (&~ + §* =Q)

N
H“ HOC

bonds are not pure covalent but they have partial jonic character. The difference
in the clectronegativity of the two bonded atoms determines the extent of theionic
character of a covalent bond. For instance the H—F bong is 64% ionic and H-C!
is only 17% ionic. The partial ionic character greatly affects the properties of 2
molecule. For example, melting and boiling points of polar molecules are high
and they are soluble in the polar solvent such asH 0. Further more, the presence
of partial character shortens the covalent bond, that is, pulls the atoms closef
together. For example, the expected H-F bond distance is 1.01A where as the
actual value is 0.92A. Due to shortened bond distance it is qQuite obvious that the

il
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pond energy must increase accordingly. For exam i
! A ple the bond energy of H-F
molecule is 268 KJ/mol more than the calculated value. 2

47 BOND ENERGY

The energy chaf\gc in chemical reactions is due to the bonds being formed
and bfoken. A chemical bond is the link between two atoms and represents the
lowering of energy. Work must be done if the aloms are to be separated. The
energy required to break a bond berween two atoms in a diatomic molecule is

taown as the bond energy. It is expressed in kilo joul :
change per 6.02 x 10 bonds): Joules per mole (i.e. the energy

HeHg o pu—an g A H =435 KJ mol"
Hydrogen molecule Free atoms of Hydrogen

0=0, =3 20, AH= 498 KJmol"'
Oxygen molecule Free atoms of oxygen

.Altematively, the bond energy might be taken as the energy released in
:::'u;lgabondfrmndwfrceatoms(nmfromthcelcmemsintheirsmdard
s):

Hy+ H,— H-H, AH=-435Kimol"

0 2 A
ot 0, 0=0, AH -498 KJ mol

Notice that the breaking of bonds is endothermic and making of bonds is
C process. :

Bond energy is the measure of the strength of bonds. Generally, bond
rgies of polar bonds are greater than the pure covalent bonds (non polar):

A-Cl, 5 201, AH=244KImol’
"o polar molecul :

H&
=0 wp. B h Cl-w
Polay g ke @ ® ,

b

AH= 431 KJmol”
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[tis worth while to remember that the bond energy depends upon the partial

ionic character of a covalent bond. Larger the ionic character greater the valye of
bond energy.

8‘ 8_ 8‘ 8- 80 8- 60 5-
P
olar molecules H-F H-CO H-Br H-1

Bond energy (KJmol-') 565 431 364 299

TITC value of bond energy also depends upon the bond distance. Shorter the
bond dnsta.ncc. stronger the bond and greater would be the bond energy. For
example triple bonds are usually shorter than the double bonds which in turn are

shorter than the single bonds. Hence the bond energies for multiple bonds would
generally be greater than those of single bonds (See table 4.3)

Table 4.3 Bond distances and Bond energies for single,

double and triple bonds.
BOND BOND DISTANCE BOND ENERGY
(A) (KJ mol!)
cC—C 1.54 A 347
C=C 1.34 598
C=C 1.20 820
N a N l.lo » 946

Information of bond energy can helpinunderstanding of chemical reactivily-
For instance, bond energics of H, and O, are higher thap for most diatomic
molecules and are sufficiently high sothat when their molecules collide with each
other at room temperature, they simply rebound and no chemical reaction occurs.

4.8 SIGMA AND PI BONDS

In 1916, Lewis introduced the electron pair concept of a covalent bond-
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However, it failed to account for the geometry and magnetic properties of
nolecules. In 1927, Heitler and London extended the Lewis theory and proposed
walence Bond Theory (VBT) and in the early 1930's Hund, Huckle, Mulliken and
athers developed an alternative theory which is known as the Molecular Orbital
Theory (MOT). According to both these theories, a covalent bond is formed by
e overlap (fusion) of the atomic orbitals, Nevertheless, valence bond theory
quggests that the bonding electrons occupy the atomic orbitals of the bonded
soms and molecular orbital theory assumes that the electrons occupy the
molecular orbitals which belong to the molecule as a whole.

An essential difference between atomic orbital and molecular orbital is that
an electron in the atomic orbital is influenced by one nucleus (mono centric) and
in the molecular orbital, it is influenced by more than one nucleus (polycentric).
According to the molecular orbital theory, linear combination of atomic orbitals
(LCAQ) gives two kinds of molecular orbitals. A molecular orbital with high
tlectron density in the region between two nuclel having lower energy

(greater stability) than either of the parent atomic orbitals from which
molecular orbital is derived known as molecular bonding orbital. The
other molecular orbital having higher energy witha nodel plane or of low

Molecular orbital

FIGURE 4.3 tal represented
The two Is atomic orbitals and the resulting molecular orbital 67

In torms of charge clouds.

" density between the two nuclel, is 1ess stable than either of the
::L@mm orbitals from which it is derived. 18 :lnown a: :ﬂ:ﬁ::::
bonding an
orbital. The energy difference of
talg s

shown by the energy diagram 1A FIg4.4:

b
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Antibonding Molecular Orbita]
/ N\
i B
) I/ \\
5 1 N V4 ’
g N /
s RN /’
R 1)
Atomicorbital  Molecular bonding Atomic orbital
orbital
FIGURE 4.4
Energy diagram of bonding and anti bonding orbitals.

The bonding molecular orbitals which are formed by the linear
combination or over lap of the two atomic orbitals, are designated by the
Greek letter o (sigma) and the bonding molecular orbitals which are

formed by the parallel overlap of the two atomiic orbitals, are designated
by the Greek letter % (pi). '

¢ Bond:The ‘linear* or ‘head to head' overlap of the atomic orbitals likes - S,
S - P, P - P give sigma bonding (6) and sigma antibonding (g") molecular
orbitals. A sigma bonding orbital is linearly symmetrical about the axis
connecting the two nuclei (inter nuclear axis). The bonding electrons
contained in it are called sigma electrons which form (he sigma bond. As the
end on combination of the atomic orbitals offers the maximum overlape, the
resulting sigma bond is very strong bond, , ‘

s-s type overlap is found in H, molecule when 1! orbital of one hydroge?
overlaps 1s'orbital of the other to form sigma bonding orbital which constitutes

the single covalent bond in H, molecule. The antibondin g orbital remains
unoccupied (Fig: 4.5).

s-p type overlap occurs in HF molecule when 15! orbital of hydros®”

overlaps 2 p orbital of fluorine to form sigma bonding orbital which consttuie®
the single covalent bond in HF molecule (Fig. 4.6) -
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1s' 1s! sigma bonding
stomic orbital atomic orbital molecular orbital (§) of H2
H‘\ /H t Hi+H
hydrogen atoms with I
opposite electron spin Sigma Star Antiboqdlng
Molecular orbital (5 )

FIGURE 4.5
The hydrogen molecule.

@) O — @=

Sigma Bonding Molscuiar orbital ol HF(¢)
1

p
) (F)

Sigma Antibonding Molecular orbital (o)

FIGURE 4.8
Fluoride molecule (HF)

here 2p; orbital of one fluorine

PP iype o i in F. molecule w
“'erhp,tm TSy 1 feen 11 55 F sigmabond. (fig. 4.7).

2p orbital of the other fluorine to form F-
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+ (D) — =G

29. 2 Sigma Bonding Molecular orbital of F, (o)
F
& e

Sigma Antibonding Molecular orbital (o)

FIGURE 4.7
Flourine molecule (F2)

i .
The pi bonding orbital has two regions O:):deg (%) and pi antibonding (+*)

the nodal plane (Fig. 4.8). The electrons colecu'on density below and aboV®

: ’ Ntained ip i i bond’
ing electrons yvhtch form the pi bqnd. s ‘:le(:. ‘l‘i‘n:a:lr; Z;lnl::uei::l:;n ;
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(@) 7 bonding (b)‘}odﬂphno

(b) =* Antibonding
FIGURE 4.8

¥ith respect to the bond axis, rather it has a nodal plane; the rotation about
bond axis seriously affects overlap between the p-orbitals. Maximum
overlap and therefore maximum bond strength requires two p orbital to be
Parallel. If the two atomic orbitals are mutually perpendicular, this overlap
S & minimum (virtually zero) and there is essentially no bond. Thus the
Tost stable condition s that in which two p-orbitals are parallel and this
the atoms or groups at cither end of the molecule should lie in the

Plane, i.e. they must be coplanar. Any rotation of the atoms

" Broups at either end, with relative to one another requires sufficient energy to
:“k the pi-bond. At room temperature, the molecules containing pi bond such
%“kcnas do not have sufficient energy to allow the-rotation to take place, and

ultis the restriction of rotation.

%& molecule is formed by the combination of two oxygen atoms: Each
the Mm”“i"‘ of two partially filled 2p, and 2p,.orbitals. 2 py orbitals of
3loms overlap end on to form a sigma bond leaving 2p, grbuals parallel
the M“"Oltoms, The side to side overlap of 2p, orbitals form a pi bond between
% Oxygen atoms,

e —— R i ——e
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Hall filled p, and p,

Completely filled l\,

(px omitted for simplicity)

Figure 4.9 Oxygen molecule.

From the above discussion we ¢
bonds, double bonds are one si gmap

€rmore, a pi bond is weaker than sigma bond a5

the side ways overlap is less effective than the end on overla
P.

4.9 HYBRIDIZATION

valence shell of an atom. However, this
Beryllium, Boron, Carbon etc. The ele

: ciron arrange L
their ground states (low energy states) gements of these eleme

are given below:
Is 2s 2p! 2p, 2p,
4 B e = 1 L 1 lv
gp i T M) At
e I (! 1 |
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In terms of unpaired clcc{mm bervll; -

S beryllium would
(SIS ST oo “fould be divalent (valency = 2). In actual ey
however, Be, B and C are divalent, trivalent and quadrivalc},t ual practice,

R T S
gl 1 1 i
| S { 1 st

Wbozh:vaslfﬁs{( denotes the excited state of the atoms. The excited structure for
angles 1o Su: give three bonds involving p-orbitals which would be at right
isance wac other together with a §mglc bond involving an s-orbital. CH,, for -
N w°Uld be expected to contain three s—p bonds mutually at right angles,
are o T 5°5 bond. It is well established however, that the four bonds in
livaleng alike. Similarly in BCI,, all the three B-Cl bonds are identical or

'"lm;ru z:;cgunt.for the equivalence of bonds, the concept of hybrid orbitals was

e Y Linus Pauling. He assumed that the atomic orbitals having nearly
°q"iva1ent :ics Can be combined in various ways within an atom to form
img Num Ybrid orbitals. The mixin g of different atomic orbitals to produce the
hy.bx_jq;m;’” of equivalent orbitals, having same shape and energy is known as
ac°°.fd On. The orbitals so formed are calléd hybrid orbitals and are designated

in
2 S0 Ion s
> the number of mixing orbitals.
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Mixing Orbitals No. and type of Type of
Hybrid orbitals Hybridization
produced.
One s-and three p Four sp’ orbitals sp®
One s-and two p Three sp orbitals sp?
One s-and one p Two sp' orbitals sp?

The case of carbon and its compounds is of great importance, for carbon
forms such a wide variety of well known organic compounds. The various types

of hybridization are therefore, discussed below with special reference to carbon
compounds.

. sp’ (Tetra hedral) hybridization: Combination of one s— and three p-
orbitals to produce four sp® hybrid orbitals is known as sp® or tetrahedral

FIGURE 4.10
(a) A Sing sp’hybrid orbital,

(b) Four tetrahedra)

(The smaller lobeg N Bapened of bybrd orths

are not shown).
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hybridization. (Fig. 4.9). The hybrid orbitals are different than the pure s - or p-
orbitals; they possess the character of both s- and p-orbitals in the ratio of 1:3.
sp’ orbitals are directed towards the four corners of regular tetrahedron in which
cachangle is 109°. 28'. (Fig. 4.10). These orbitals can form stronger bonds than
cither s—or p-orbitals because of their size they can overlap more effectively. Sp?
hybridization occurs in the saturated compounds in which the carbon is atrached
to four atoms. In methane, CH,, for example Is- orbital of each hydrogen atom
overalp with sp® hybrid orbital of the carbon atom to form four sigma bonds; the
bond angle in CH, is 109°.28 (fig. 4.11). Other similar, symmetrical molecules

involving sp® hybridization are CCl,, SiCl,, SnCl, etc. All such molecules have
tetrahedral geometry like methane.

—_—

high density nssociated with
shared pairs of clectrons
loribital overlap)

Methane

FIGURE 4.11
Orbital overlaps in methane between

: herical) and
Nigh density nasociat d hydrogen ls-orbitals (sp
ith
Ted pairs of Clcc(r:n.' carbon sp’ orbitals,
overlup)

spt (Trigonal) hybridization: The mixing of one s- and two P- grbi.tals
Produce three sp? h;lbrid orbitals is referred to as sp* or trigonal hybridization.

i Orbitals are co-planar and directed towards the comers of an equilateral

Ble (i " 190° 1o each other (fig. 4.12). sp? orbitals are
erent mi?‘na:i)l:;a:g__]zs,?f_l:gimls and  they are considered to h:;wc a

. “°Tthatis one third s and two thirds p. The fourth pure p = orbital which :;
the s OVedin hybridization remains unhybridized atight angles to the planc o

P orbialg (Fig.4.12). Like sp’ orbitals, the sp* orbitals can also form strongez

Cebigy), - -USCON account of their size, they can overlap more cffectively with the

30f the other atoms,

L)

o
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(c)

FIGURE 4.12

(a) A single sp hybrid orbital

(b) Three sp orbitals viewed from above
(€) Un-hybridized p-orbital at right angles

sp* hybridization provides a good model for describing the geometry of the
molecules which contain carbon bonded to only three other atoms or groups,

such as ethylene (C,H,) or benzene (CH,). These molecules are considered to be
flat with bond angles of 120°.

In ethylene, one of the sp* orbitals overlaps with an sp? orbital of the second
carbon to form a sigma bond. The other sp* orbitals of the two carbon atoms ¢2¢h

overlaps with the Is orbital of a hydrogen atom, to form four sigma bonds. The
unhybridized 2p orbitals of the carbon atoms now overlap above and below the

*
é = h,}j“ce—jc"fi : |
P u Q$
(c)
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plane to form & & bond (Fig. 4.13). Carbon-ox
(C=N-)and w}“m’e bonds are formed in the same way. The two bonds (one
sigma and one pi) making up the double bond are not equivalent to two single

(sigma) bonds. It may be pointed out here that B = 3
bond making (Section 4.9). oron also utilizes sp orbitals for

ygen ( X = 0), carbon-nitrogen

sp (diagonal) hybridisation: The hybridization of an s- and a

p- orbital leads to
two hybrid orbluh known as sp orbitals. These orbitals are co-linear at an angle
of 180° which provides maximum separation and overlap (Fig. 4.14). The

“WW two p-orbitals (2p,, 2p) remain at right angles to the plane of the
hybrid orbitals (Fig. 4.14).

i

(2) Single sp hybrid
orbital.

(b) Two Co-linear sp hybrid orbitals

FIGURE 4.14
hybrid orbital with unhybridized

P,.P, orbitals.

P hybridizati useful in cxplaining the geémcuy of the
Nlecu“ which co:'t‘ahi::cm%ded to two other atoms Or groups such as

"7 or acerylene (C,H,).

In ethyne molecy . o orbitals overlaps with one sp orbital of
the ‘eeondy:.bo" 10 ;;me:;rx gnd, while the two remaining sp orbitals
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form sigma bonds with hydrogen atoms. The unhybridized p-orbitals overlap iy
parallel manner and two pi bonds are obtained in planes at right angles abqy,
below and on either side of the linear molecule (Fig. 4.15). like carbon, Berylliy,
utilizes sp' orbitals in bond making (Section 4.9).

s *Dan OBt |,
o )+ (THE T Y
i EEE

H
B
7
by

(Fiv s
;’ 2 a$ o

..... b

H
FIGURE 4.15
Bonding in Ethyne molecule

4.10 SHAPE. OF SIMPLE MOLECULES
A simple molecule ma

(i) Electron pair repulsion.model (ii). Hybrid orbita] model.

The 'assumptions of these models sy

i mmarized below wi as the gui%®
lines to explain the shapes of molecules. il

The electron pair repulsion model: This
covalent molecule is due to SIGWICK and POwEy (1940).

They pointed out that the shapes of molecules can be determincd byl
the repulsion between the electron pairs preseny in valency shell of cent

atom.

approach to the structure °'*
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The main postulates of this model or theory are:

, There may be two types of electron pairs surrounding the central atom
(a) Bond Pairs : These are the result of the sharing of unpaired

electrons of central atom with unpaired electrons
of surrounding atoms. These are also called
ACTIVE SET OF ELECTRONS.
(b) Lone Pairs : These are the paired electrons, which have not taken
¥ to~e Pae:  part in sharing. They are also called NON-
HO0sH BONDING PAIRS. They are also considered to be
A N\ sovo suse.  ACTIVE SET OF ELECTRONS.

2. Being similarly charged (i.e. negative) the bond pairs as well as the
lone pairs repel each other.

3. Due to repulsion, the electron pairs of central atom try to be as far
apart as possible, hence they ofient themselves in space in such a manner
that force of repulsion between them is minimized.

4. The force of repulsion between lone pairs and bond pairs is not the
same. The order of repulsion is as follows:

Lone pair — Lone pair repulsion > Lone pair — Bond pair repulsion
> Bond pair — Bond pair repulsion. e

3. In case of molecules with double and triple bonds, the & electron pairs
are not considered to be an active set of electrons, hence not included
in the count of total electron pairs. :

6. The shape of molecule depends upon total number of clectron pairs
(bonding and lone pairs)It is summarized as follows.

Number of electron Geometry of Bond Angle Example
pairs around central atom Molecule :
BeCl;; CH;: O,

2 Linear a— ot ——k  180° :

A BF,; C,H,; SO;:
3 ;’m“ /. 120° Coi;zci 4 3

rigonal é § X

i CH,; NH; H0

4 Tetrahedral &x 109° cql,; CBr,
A %

-H’ brid Orbital Model assumes that it is the nature of hybrid orbitals (i.c.
|"'b"tlizo,m,,,) which determines the shape of 8 molecule. : i
lep'hYbﬁdiuﬁon in the central atom gives linear molecule with an angle 0

Ba
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sp* hybridization in the central atom gives planar trigonal structure with 4,
angle of 120°.

sp*-hybridization with no lone pair or non-bonding orbital on the centry
atom gives tetrahedral geometry with bond angles of 109°. 28'.

sp~hybridization with one nonbonding orbital (lone pair) gives pyramida|
structure with an angle of 107°.

sp>hybridization with two non-bonding orbital on central atom gives bent
or angular structure with bond angle of 104.5°.

The larger atoms of Groups VA and VIA such as phosphorus and sul-
phur do not use sp* hybrid orbitals in bond making, instead they utilize their
p-orbitals which are mutually at right angles. Such elements form com-
pounds with bond angles of about 90°.

Linear Molecules : All the diatomic molecules such as HF, HCl etc. are linexr
fegardless of the number of active electron pairs surrounding the central atom. It
is because, there are only twoatoms in a diatomic molecule. Molecules containing

more than two atoms can also have the linear sha i
’ ms can also b pes, for example, Beryllivm
Chloride (BeCL) is a triatomic linear molecule with the bond angle 180°.

@O-&-@
The Lewis structure of BeCl, is represented as:
Cl X Be x Cl .

chthmmtwoacﬁveseuofeleﬁm ingt jum ato™
: swrou llium

In terms of elm repulsion model, these pairs mmnan‘g'::::y” farapant®
possxb'lc. that is, the two chlorine atoms shoyld be placed on the opposite $i%°
beryllium which would give the linear structure of BeCl,

In terms of hybrid model, beryllium uses ; (S b
making (i.e. beryllium is sp -hybridized), 1B p=ltad ot
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. 2
Be=1s?, 25" Excied IS', 25", 2p ! Hybridizaion Two sp' orbitals.

Both.(hc sp' orb.i(als are arranged linearly at an angle of 180°. These orbitals
overlap with 3p, onibnals of the two chlorine atoms to form two sigma bonds, all
the three atoms being in straight line (Fig. 4.16).

[ e T AR

180°

FIGURE 4,16

The formation of two a-bonds in BeCl; by overiap of 3px orbitals from two chlorine atom with
two hybrid sp orbitals from a beryllium atom.

——

The linear structure of ethyne (H—C=C—H) has already been discussed
(Refer sp' hybridization). Likewise CO, and CS, are also linear molecules:

O0=C=0 S=C=38S
(There are two-electron pairs on the central atom carbon in each case)

Planar « Boron trifluoride, BF,, is a tctra-atomic planas
figonal ::lgez:la: mmm !:nd angles of 120°. The Lewis structure of BF, show:
that there are three electron pairs surrounding the central Born atom.;n terms :s
tlectron repulsion model, these electron pairs must be Wgcd as ar apan
Possible to minimize the repulsion, it is achieved by placing three f}ul"zfg;e atoms
4 the three corners of equilateral triangle in which each angleiso :

F
.alv.,'120°

y P
: SN

BF, molecule
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" In terms of the hybrid orbital model, boron atom undergoes sp* hybridization
producing three sp* orbitals.

B=1s?,2s%,2p ' Excited 1s%, 25, 2p' , Zp,' Hybridization Three sp? orbitals,

These orbitals are arranged trigonally in one plane (Coplanar) (Refer sp?
hybridization). By overlapping with 2p orbitals of fluorine atoms, the sp? orbitals
form three sigma bonds giving BF, the planar trigonal structure. (Fig. 4.17).

+3(2P)

of Fluorine F

Three sp? orbitals of Boron.

FIGURE 4.17

The planar trigonal geometry of Ethene has already been discussed in s
hybridization. Sulphur dioxide, SO, and the carbonate ion, CO,*, both have
planar trigonal geometry because both § in SO, and C in CO,* have three active
sets of electrons surrounding them.

(o)

: |
e T e

0O

>
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Tetrahedral I.\dolecu!es : Methane, CH,, is a tetrahedral molecule with bond
angles 109°.28" (See Fig. 4.11) The Lewis structure of CH, is represented as

H

X
HxCxH

»

H

In terms of electron pair repulsion model, there are four active sets of
electrons surrounding the central carbon atom. In order to give maximum

separation and minimum repulsion, the four hydrogen atoms must be directed
towards the four corners of tetrahedron.

In terms of hybrid orbital model, carbon uses sp® orbitals to form sigma
bonds with the hydrogen atoms as shown in the Fig. 4.18 (It has been discussed
in sp’ hybridization). Like wise all the compounds of CX, type such as CCl,,
CBr, etc. are tetrahedral with bond angles of 109°,28’

Overlap of atomic Molecular orbitals
orbitals

FIGURE 4.18
structure of the methane molecule (the small lobes of the sp’ orbitals have been
omitted for simplicity).

s-h'" of Ammonia : The Lewis structure of NH, shows that the central atom
gen is surrounded by four electron pairs. In term of electron repulsions

Mode], the tetrahedral structure gives the maximum separation as in the case of

- .
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i i [ hich repels the
CH,. However, there is one lone pair c.:lcctmns on nitrogen w
bon‘ding pairs with the result that angle is reduced from 109° to 107°.

FIGURE 4.19
Shape of NH, molecule.

9 .
re m— Y

Thee Hycrogen atoms “/l\“
Sp? orbitals of Nitrogen .
' FIGURE 4.20
Shape of NN, molecule.
lectrons in e — e

The electrons thcnon-bondingorbiulm i ith only on¢
nucleus, and hence they are not held as tightly as the eleclt:::s i\:\“the bo{\dinz

orbitals which are associated to twonuclei; conseq -
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shape of H,O.: As per Lewis Structure, the central atom oxygen is surrounded
by the four active sets of electrons and according to the electron pair repulsion
model, thetetrahedral arrangement would give maximum separation and minimum
epulsion. However, the bond angle (H—O~~H) is 104.5° (Fig. 4.21). The
deviation in the angle is due to the presence of two lone pairs as explained in case
of NH,. The repulsion of the lone pairs and the bonded pairs reduces the angle

from 109° to 104.5°.

s 1

-
-

W
X
H
FIGURE 4.21
Shape of H,0

In terms of hybrid orbital model, oxygen utilizes two of its sp’ orbital§ to
form sigma bonds with the two hydrogen atoms, leaving two non-bonding

orbitals on the oxygen.

0 9

P —

— A"

+2(1s ? 0
IR 7o)
Two Hydrogen atoms -

Four sp? orbitals oxygen
| FIGURE 4.22

As €xplained : o orbitals occupy the large volume of
dbove, the non - bonding : .
e they compress the bonding orbitals and reduce the angle H-O-Hin

L
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water to 104.5° giving angular or bent structure (Fig. 4.22).

Likewise, sulphur dichloride, SCI, is the angular molecule.,

* 4.11 HYDROGEN BOND

Besides theionic and covalent bonds which are the normal or primary boads,
there exists another type of bonding based on physlcal interaction of

hydrogen atom called hydrogen bond. . .
When hydrogen is bonded to highly electronegative element suchasnitrogen,
oxygen or fluorine (¢.g. NH,, H,0, HF), the molecule wa be polarized and
becomes dipolar. The slightly positive hydrogen atom 1s attracted by the
slightly negatively charged electronegative atom (N - H*, 0%~ H*, F--H").
An electrostatic attraction between the neighbouring molecules is setup wheathe
positive pole of onc molecule attracts the negative pole of the neighbouring
molecule. This type of attractive force which involves hydrogen is referred to 25
hydrogen bond; it is somctimes known as protonic bridge. To distinguish 2
hydrogen bond, it is best to write it as dotted line. The hydrogen bond causes the
association of molecules as shown in fig. 4.23. Hydrogen fluoride and wa-

ter, for instance are represented as (HF), and (H,0),.

st
}: !ll& "S. ’:80
- 5 . = g
- - O.CS——H"’. 9§— Hs':OO OS—HS:OQO os—-ﬂ&
n® B R 1o
| & 5e '8- 1) ls. 5o | §- b
"“o-—“... O—H'°° O—-H-... Q
(HF) X
. §* -
i F F
5}; .'. \ HS' 5;' o.. \ Hs' s* 00'. \ “So
. " .
S B . * *
.. / .. 8./ ‘“ o, .. 8./
F F i, F
FIGURE 4.23
Assoclation of HF and H.O through hydrogen bonds.
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Notice that within rpolcculcs. atomsare joined by strong covalent bonds but
petween the neighbouring molecules, hydrogen bonds exist. Thus hydrogen
ponding is nothing lzuumcr molecularattraction. Thetendency to formhydrogen
bonds increases rapidly from N-H through O-H 10 F-H and decreases from F-H
o Cl-H and from O-H to S-H. Thus the tendency of amolecule 1o from h ydrogen,
bonds depends upon its ionic character which in tum depends u ponthedifference
inclectronegativity (AEN). Fluorine with the highest electronegativity forms the
srongest hydrogen bonds. The bond strength (bond energy) of HF, H,0 and NH,
(that is, for H...... ) 50y E O and H...... N) is 41.8, 29.4 and 8.4 XJ mole™
respectively. However the greater number of hydrogen bonds known are those
which unite pairs of oxygen as in H,0.

Although the hydrogen bonding is the strongest of the secondary bonds, it
is still weaker than a normal covalent bond. It is evident from the fact that bond
eaergy of hydrogen bonds is 20-40 KJ mole™' as compared to the bond eaergy of
150-500 KJ mole™ for normal covalent bonds.

The hydrogen bonding greatly affect the physical properties of molecules.
For example, the first hydride in groups VA, VIA and VIIA of the peri-
odic table (NH,, H,O and HF) have higher melting and boiling points than
glc :ther hydrides of these groups (e.g. PH,, H,S, HCI etc) as shown in the

g 4.24,

Note that although fluorine is more electro negative than oxygen, water has
2higher boiling point than hydrogen fluoride. This is because, the oxygen atom
has tyo non-bonded pairs of electrons and there are two polar hydrogen atoms
() present enabling three dimensional bonding, where s in hydrogen fluoride,
Wersig only one polar hydrogen atom and it is therefore only possible for chains

limiteq length to form.

The most interestin bonding is seen in the crystal
g impact of hydrogen bonding s
o SWreof ice which causes waterto behave abnormally from 0°C—4°C. Crystal

K e Ofice sh tof H,0O molccules. Each oxygen
A shows a tetrahedral arrangemen
%3: Urrounded tetrahedrally by four others, 1, 2, 3, 4. The hydrogen bonds

by dotted lines (Fig, 4.25) link the pairs of OXygen atoms.

- .
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FIGURE 4.25
Crystal structure of ice.
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The arrangement of the water molecules in ice is an open struciure and due

(o larger volume, ice is less dense than liquid water. When ice melts some of the
hydrogen bon.ds are brolfcn anc! the molecules pack more closely together so that
water has a higher density. This breaking down process is not complete until a
emperature of 4°Cisreached at which water has the maximum density. On these

basis, the anomalous behaviour of water can be explained, that is, water when

heated from 0° to4°Ccontracts and when cooled from 4°Cto 0°C, waterexpands

(contrary to the behaviour of other liquids).

10,

"o

PROGRESS TEST 4

Describe the main types of bonds. What physical properties are associated
with the molecules containing these bonds.

What is polar colvalent bond? Do all polar molecuies contain polar covalent
bonds? Do polar covalent bonds necessarily have polarity on a polar
molecule as a whole? Support your answer with more specific examples.
Distinguish between the following:

() Atomic orbital and molecular orbital.

(i) Sigma and pi bonds.

(iii) Valence Bonds theory and Molecular orbital theory.
Whatdo you understand by the term Dipole moment? Explain thesignificance
of dipole moment.

What is meant by sp® hybrid orbital
orbitals?

Describe how electronegativity L
bond formed between two elements. Explain givin

Write note on Bond energy. esent in H,0 and HF

i ds pr
are the most important secondary bonds pr¢ 5
Molecyles? How do they affect the physical properties of compound?

€an the theory of electron pair repulsion be used 10 rationalize the shapes

simple molecules. l
etyllium chloride has a linear shape where as Waict mo!c:lt;li‘e) :: o::;legluma;
: pe Account for this difference in terms of electron pair rcp
:thnd orbital model. .
dict the shapes of the following molecules:

v PHJ' HS, SCl,.

s? How do they differ from s - and p -

of atoms can be used 10 predict the nature of
g examples.
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CHIAPUTIBIR &

ENERGETICS OF
CHEMICAL REACTIONS

It is a matter of common observation that most of the things around us
in a continuous state of change or flux. These changes are important for all of us
and we leam a great deal by looking at them and studying them carefully. One of
the most observations is that all chemical chan ges are accompanied by important
change in encrgy, thatis cnergy is either absorbed or evolved. Heat energy is the
most common form which is manifested in chemical reactions. Besides heal

other forms of energy are mechanical, electrical, chemical, radiant etc., which ¢
stored in all substances.

A study b“‘d on the pnnciple of conservation of energy is known &
Thermodynamics. The laws of Thcmynamicsmsuccessfuuyuscdinphysics'
Chemistry and Engineering.

Chemists are interested in the changes in materials and energy it ¥
chemical reactions.

- Chemical reactions which are accompanied by energy changes Wil the
material changes, are generally known as Thermochemical reactions. I thi*
chapter we are concerned with the energy changes taking place in chemic®
reactions in an clementary way. Thermochemical reactions are classifid *
(i) Exothermic reactions and (ii) Endothermic reactions.
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(i) Exothermic Reactions : The chemical reactions which are accompanied by

iheliberation or emission of energy are called exothermic reactions. All combustion
reactions are exothermic reactions.

eg. C+0, ==" " CO, + heat
CH, +20, e CO, +2H,0 + heat

(i) Endothermic Reactions : The chemical rcactiohs are accompanied by the
absorption of energy are called endothermic reactions.

(2 C+2S+heat — CS

2

H,+I,+heat — 2H1

The heat evolved or absorbed during chemical reactions depends upon
(1) The amount of Chemical substances involved (2) The physical states of the
substances involved (3) The temperature and (4) Whether the reaction occurs at
constant pressure or constant volume.

S:FIATHERMODYNAMIC TERMS (SYSTEM, SURROUNDINGS AND
TES)

The properties or changes of the matter are usually investigated by
Contr?ued experiments. Any real or imaginary portion of the universe or
:nls’; t::’ﬁ “{hich is under examination or under consideration in the laborato'r}t or

here 1s called a system. The environments of a system or all the remaining

e's°" of the universe which may act on the system are known as surx:ound.mgs.

boup ystem and surroundings are separated from each qmcr b? real or imaginary

ask ;es. FOf instance, when the hydrolysis of an esteris c.amcd outin areaction

i3 the’ 5 4ced in a thermostat then the contents of the ﬂz}sk is the system, the flask
“al boundry and the thermostat is the surrounding.

Whic;fhe Properties of a systemin bulk, rather than that of the part of the §ystem,
P'essu:e ¢asily measurable are known as the macroscopic properties ¢.g.

* ®Mperature, volume, composition etc.

Scanned with CamScanner



156

The properties of a system may be divided into two main groups (a) Intensive
properties and (b) Extensive properties.

(a) Intensive Properties : It is a characteristic property of the system and is
independent of the amount of material concerned. Density, pressure, temperature,

viscosity, surface tension, refractive index, meltin g point, boiling pointetc are the
examples of Intensive properties.

(b) Extensive Properties : It is the property that depends upon the amount of
the substance present in the system. The change in the extensive property is
proportional to the change in the quantity of the material in the system. If the
matter in a given systemata given condition is divided into two equal parts, the
values of the extensive properties will become half of the original values. Mass,

volume, Mole numbers, the Enthalpy, the entropy, the internal energy, the Gibb's
free energy etc are the examples of extensive properties.

These Macroscopic properties give description of materials under given

set of experimental conditions. A system is said to be in a definite state when each
of its properties has a definite value and thus the system is completely defined.
The description of the system belore it suffers any change is called as the initia
state of the system while the description of the system after it undergoes a change
is known as final state of the system. Changes in the system, therefore will &
described by comparing the final and the initial states of the system. In other
words, the change in state of a system is completely defined when its initial an¢
final states are specified. For example if T, is the condition of temperature 2t ¢
initial state and T, is the condition of temperature at the final state, then

Tz — T, =AT whichis the change in temperature of the system. Similarlys
V,-V, =AVis the change in volume, E,-E =AEisthe change in the int
energy of the system and so on.

Thus,

Change in the property of a system = value of a Decmorty: facfhe: fiocl stacs - vahie ofthe 8%
property in the initial state.

N)

1847, I
hang®

»

First law of Thermodynamics was enunciated by Helmholiz in
states that energy can neither be created nor destroyed, although it may ©
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from one form 10 another, in other words the total energy of a system and
its surrounding must remain constant,

For the mathematical derivation of First law of Thermodynamics, imagine
1 system whose internal energy in the initial state is E,, let a quantity of heat 'q'
from the surroundings be absorbed by the system and does some work "W on the
surroundings while the internal energy changes to E,, due to heat and work
operations, then the change in the internal energy (E,~-E,), accordiny to First law
of thermodynamics is given by

E,~E, = 0E = q -W oo (i)

This is the mathematical statement of first law of thermodynamics. AE
depends only on the initial and final states of the system.

Pressure - Volume Work : Coasidera cylinderofa gas having an area of cross-
section 'A’ fitted with a frictionless and weight less piston (Fig. 5.1). If the
pressure on the piston is P, then the total force ' acting on the piston would
be PA, since pressure is the force per unit arca (P=f/A). If the piston goes up
tbrough a small distance 'dl', then the workdone W is given by as,

r

el
W =f x dl = PAdl = Pdv
where Adl =dv “
Thus W = PAV T
The value of workdone "W is substituted % .

g (1), the equation of First law
I Thermodynamics becomes as k =7

or
q=AE + PAV -

pl""1(1\': absorption o evolution of heat during chemi
"'“%2,“ constant volume and (b) at constant pressure.

FIGURE 5.1
- D)

cal reactions may take
Let us consider these

Scanned with CamScanner



158

(a) Processat Constant Volume :Let 9 be the heat absorbed at consian,
volume and at constant volume AV = Q, So PAV also becomes zero, hence

q, = AE (3)

Thus in the process carried at constant volume, the heat absorbed or evolved
is equal to the energy change i.e., AE.

(b) Processat Constant Pressure: Since most of the chemical reactions in the

laboratory are carried out in open vessels, so chemists are more interested in the
processes that take place at constant pressure.

I:etq,bethe heat absorbed at constant pressure, then the eq. (2) remains
same i.e. ‘ -
=AE + PAV
Weknowlhat =E:-EIMAV‘V3-vl.SO
9, -@"En)"P(V,-V‘)
“E APV, — (€ +PV) e ()

Anowt - 1 called enthalpy (Heat content) is introduced to express

constant pressure, This function i - 3 :
H=E+PV. Since E, Pand V are state Ction is mathematically defined as

ions, 0 'H' i o0 and
is dependent on the initial and final m:fm" 13 als0 stase function

Thus
E.+PV,=
nndE,+PVt-*l-{i
Subsximxingthevnluesheq. @), we get
q, -Hl—H‘ =AH
~AH = AE +PAV

)
=== (6)
5.3 Signof AH

AL s the change in eathalpy. AH is the characteristic property of a 5Y5'”
7 of asys
and depends on the initial ard final states of a ;y,m::c and not on the mea®

2
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he changes are brought. For all exothermic processes, AH would be

by W'hiCh l -
pegative and for all endothermic process, AH is positive.
e.g. C+0, - CO, AH =-394 KJ mol"!
C+2§ - Cs, AH = + 117.6 KJ mol!

A summary of exothermic and endothermic reactions explained in terms of
heat content is diagrammatized as follows:

* T
REACTANT PRODUCTS

|
]
|

| AH=+VE
AH= -VE {
|
]
1
I
|
[}
|
|
|

= - - - - - - ————
HEAT CONTENT +'

PRODUCTS REACTANT

’ ENDOTHERMIC REACTION

EXOTHERMIC R
o EatddiON FIGURE 5.2

5
¢ THERMOCHEMISTRY

che The specific application of the first law of themodynamics .is the study.of
"l reactions s referred to as thermochemistry. Thermochemistry deals with
Measurement o calculation of heat absorbed or given out in chemical

Jou|tl°ns' The unit of energy is calorie and kilocalorie. The S.I units are however
ey kilo joules,

§ (1 cal = 4.184J or 1Joule = 0.239 cal)
S
HESG
©SS'S LAW OF CONSTANT HEAT OF SUMMATION

G. . . -- . . ;
l~I.l'll'lss(ls«iro) discovered a very important generalization which is
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known as Hess's law. It states that the heat evolved or absorbed in a given reaction
must be independent of the particular manner in which the reaction takes place,
it depends only on the initial and final states of the system. In other words, if 5
chemical reaction 1s made to take place in two or.more different ways, whether ,
in one or several steps, the amount of the total enthalpy change will be same, ng
matter by which method the change is brought about.

Consider a chemical reaction in which reactant A’ changes to the product
D'in a single step with AH as the heat change (Enthalpy change). It may proceed
through different intermediate stagesi.e. 'A' first changes to 'B' with heat change

as AH,, "B’ then change to 'C' with heat change as AH, and finally 'C
changes to 'D' with heat change as AH,,

According 1o Hess's law, AH = AH, +AH, + AH,

£

/ :
FIGURE 5.3 n’l AH,

#\:rj

illustration of the law is given by the following exampl

c:

| ; 8¢ is —49 K)/mole. and in the ¢
ond step, the enthalpy change is 41 KJ/mole, | i giv‘:: as‘;';llows:

Scanned with CamScanner



161
—
CO, + 2 NaOH =
r’:ﬁx TRy ﬁf;ﬁCOf H,0
NaOH 'é
3
AH, = —49 K¥mole *
= = NaHCO, + N2OH =
FIGURE 54
B R S

Hence according (o Hess's law
AH =AH +AH,
ie. AH=-49-4] =-90 KJ/mole
Application of Hess's law:- Thermochemical equations may be added,
subtracted and multiplied like ordinary algebraic equation, therefore Hess's law

of constant heat summation is important in Thermochemistry because it helps
in calculating heat of reaction, heat of formation in such cases where direct

measurement is not possible.

56 HEAT OF FORMATION ‘
The heat of formation of 2 compound is defined as the change of enthalpy
when one gram mole of the substance is formed from its elements.

The standard heat of formation is the heat of formation when all the
substances involved in the reaction are each at unit activity (i.c. at 25°Cand onc

dmospheric pressure).
The heat of formation is generally represented by AH,. For examp';et,. the
beat of formation of CH, (C+2H,)is-74.9 KJ/mole. It can be calculated from

» C°’+2Hau - CH,, AHze !

Bics, 0, - CO,  AH,c=-394 KJ/mole
B, +-%-ou o= HO, AH,,,. =-286-KJ/mole
(iv) CH, + 20,, > €O, +2H,0, AH,,..=-890.34 KJ/mole
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Solution :

Inorder to obtain the heat of formation of Methane, multiply eg (iii) by 2 and
add in eq (it)
Ca*tO =— CO, AH,...= -394 KJ/mole

2H,,+0,, = 2H0, AH,...= -572 KJ/mole

C
+2H,,+20,,5CO, +2H,0, AH,,,. =-966 KJ/mole—(v)

Finally subtracting eq (iv) from eq (v), we obtain

C+2H, Jbz — ,+2H AH,... =-966 KJ/mole
CH, +20, - (0,+2H0

AHu-c =-890.34 KJ/mole

g AH,.. = —75.66 KJ/mole
15 15 the heat i
of formation of CH, which we can not measure directly.

What do you understand b

, Y the terms:
Ilustrate with an example Tms* system, surroundings and states’

Frecenergy Vapour
' pressure, T
energy. Melting point S EEure
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(b) Calculate the heat of formation of acetic acid from the following data.

2C.q* 2H,,+0yy =— CH, COOH, AH,=?—(1)
Co * Oxg = CQ,, AH,,. = -394 KJ/mole (2)
Hyy+ 0y = N0, AH,;.. =-286 KJ/mole (3)

CILCOOH, +20,,, == 2CO,, +2H,0, AH,,. =-870.8 KJ/mole(4)
(Ans: —489.2 KJ/mole)

(a) Define and explain the terms (i) Exothermic process (ii) Endathermic

process (iii) Heat of formation.

(b) Calculate the heat of formation of Ethane at 25°C from the following

data
(i) 2C +3 = H AH' =72
() C :+ o:&’ = gzo’:’ AH =-394.00 KJ/mole
(iif) Hy + Y00 =  HO() AH =-286.0 KJ/mole
(v) CH wt 7[10&’ = 2C0,, +3H,0() AH=-1560.632 KJ/mole

(Ans: 85,368 KJ/ mole)

6.

(2) Show that the product of pressure and volume, PV has the dimension
of energy. . .

(b) In a certain process 848J of heat is absorbed by a system, while 394]
of work is done on the system. What is the change in the intemnal energy
for the process ? (Ans: 1242)

(2) If 1800 cals, of heat is added to 8 system while system does work
equivalent to 2800 cals by expanding against the surroundn:::l.s What is
the value of AE for the system? - f000al. -
(b)lnacutainm 500J of work is done on a system which gives o

200 . f AE for the process ?
of heat. What is the value 0 (Ans: 300)
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For example,

NaCl + Ag NO,

—_—
Reactants NaNO, + AgCy

Products P
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() Formation of Ethyl acetate (ester).

CH’ COOH + CIH’OH ‘.—_‘ CH’ COOC:H, + H,O

(i;)pissociaaion of Hydrogen iodide.
HI +=— H,-H,

(iii) Dissociation of Phosphorus pentachloride
PO, = PC,+q,

(iv) Hydrolysis of Bismuth chloride
BiCl, + H.OH = BiOCl +2HCl

(v) Synthesis of ammonia by Haber process
N, +3H, &= 2NH,

62 EQUILIBRIUM STATE

In a reversible reaction, both the changes, forward and the reverse occur
simultaneously. Under these circumstances, a reaction might come to some kind
of balance' in which the forward and reverse reactions occur at the same rate.
Consider, for example, the following homogeneous reaction (ie. entirely

liquid or entirely gaseous).
A+B =—=C+D

In the beginning, forward reaction predominates, butassoonas Cand Dare
formed, the reverse reaction ‘builds up’ until equilibrium gosinoa is mtched
Where the forward as well as the reverse change proceeds with the sime 1zie.

The equilibrium state of a chemical reaction, however, differs ficm xh.csc
Mwmmples. The children on a see saw Or a note book on a table are 1z

;:: o Static’ equilibriurn, but the chemical equilibrium is ‘dynamic’, that s, ::
M@Uﬂibﬁum involving the constant inter change o.f particles in motion (as |
Uil the balancing of two reactionsoccurring simultancously). In static

bn"“‘- we can observe the fact that the children or the book are in
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equilibrium, but in dynamic equilibrium we can't observe the individual particles
involved.

Although the idea of reactants and products is confusing in a rcvcrs.ibk:
reaction, at equilibrium point, all the substances involved are present. Thatis to
say that an equilibrium mixture is formed. The composition of this mixture
remains constant due to same rate of forward and backward change. At this point,
it apparently appears as if the reaction has stopped because we don't see an
increase in the amount of products. But as mentioned earlier, a reversible reaction

never stops — it is dynamic. The equilibrium state.does not change with the lapse
of time.

Concentration remains constant
| cquilibrium is established

|  Products

Reaclants

{ !¢ =Time of equilibrium
Time

Concentration

Fig.6.1
6.3 THE LAW OF MASS ACTION (EQUILIBRIUM LAW)

In 1864, the Scandinavian scientists, Guldberg and Waage formulated *
generalization regarding the effect of concent

. = . .n
: ration on reversible reactions ‘s
cquilibrium. Itis known s the law of mass action or law of equilibrium. It st
that:

"The rate at which a substance reacts is proportional to its active

mass and the rate of a chemical reaction is proportional 10 the
product of the active masses of reactants.”

y
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The term active mass’ means the concentration in terms of moles/dm’
(molcsﬂlm) For example, the active massof 4 gm H, is 2 moles/dm’ and it is
,cpg;emcd by means of square brackets such as (H, ] active mass of H,

Toderive the expressions of Equilibrium Constant, K.. Inoider 1o find out
mcmﬂucncc of concentration onchemical equilibrium, itis csserual toderive the

ion of its equilibrium constant which is denoted by K, or K. Let us,
for instance, apply the law of mass action :0 the following gcncral reversible
reaction in which 'm’ moles of A and 'n’ moles of B react to give 'x’ moles
of C and 'y’ moles of D.

mA+nB = XC+yD

Rate of Forward reaction < [A]™ [B]°
= K, [A]"[B])"... (D)

Rate of reverse reaction o [C]*[D) N
- K,[C]'[Dl' ..... (i1)

Since, at cquilibrium state, .
Rawe of forward reaction =  Rate of reverse reaction

G0 = (ii)
K [A= B = K, [C)* (DY
Or X (C)* (D)
X, ° TAr®r
i _(cr oy
= Ke [A]" [B]* asses of products are placed
" lhe‘s kthe expression of K, in which :::v:;:mums are placed in the

“0ming Mmeraor while the sctive mis sthe mxoof active masses of

"310r, In other words, equilibrium constanti PCl, +Cl,
% &nd reactants at equil?brium Thus, for the reaction PCl== ;

K =

(PCL]
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In case of gaseous equilibrium, a partial.pressure is used instead of
concentration because at a given temperature, partial pressure of a  gas is
proportional toits concentration. In thiscase, the equilibriumconstantis expressed
as K_instead of K , for example, consider the following gaseous equilibrium,

(P} (Py)

(P (Py]

K, = » where P, P, P, P, are the partial pressures of

gases A, B, C and D respectively.
Relation between K. and K :

(1) K, =K_ in these cases where there is no change in volume such as
Hyt Ly =24,
1Vol. 1Vol. 2 Vol

(i) K, >K. when reactions occur with increase in volume such as
NH,, 2Ny, +3H,,

(i) K, <K, when there is decrease in

volum .
250, + O,, 22250, € on the product side such

6.4 DETERMINATION OF EQUILIBRIUM CONSTANT

The value of equilibrium constant K it
‘e does not depend upon the initi2
concentration of reactants. In order to find ouy the value of K. we ﬁ:,,e 1o find ot
s . 5 and products. Consider the follow!ss

1, Ethyl Acetate Equilibrium :

Acelic acld (2n organic acid) reacts with o o
(an ester) and water, thyl alcohol to form ethyl &

Esterification
CH,COOH + C,H,0H m: CH,CO0 ¢, H,+ H,0

A
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ethyl alcohol are taken in pere
. % 3 ST : a stop d
& Let it be 'a'moles/dm?’ acetic acid and 'b' moles/dm? ethyl alcohol when

slibrium establishes after some time, the contents of the flask are cooled

enched' by adding crushed ice to ‘fix’ the equilibrium. Since uilibriu:
cure consists Of unused reactants as well as the products, hénce thecqamount f
acid left at equilibrium is determined by titrating it against standard soluti:n
odium hydroxide. Suppose the amount of acetic acid consumed at equilibrium
‘moles/dm’ which means the acid left at equilibrium is (a-x) mole/dm?. Note
he above equation there is 1 molecule of acid, one moiecule of alcohol which
sttoform 1 molecule of ester and one molecule of water, In this case, therefore,
amount of acid used up must be equal to the amount of aleohol used, which
ins atequilibrium, the amount of acid left = (a —x) moles/dm?, alcohol =
X) moles/dm?’, ester formed =xmoles/dm® and water produced =x moles/dm?.

CH,COOH + C,H,0H === CK,COOC,H, + H.O

. of moles at initial state = a b Nil Nil

‘of moles at equilibrium state = '(a-x) (b9 x X
Cenration at equilibrium state=  @-X)  (b-%) %‘ X
Mlying the law of mass action, we get: Y v ¥

[CH,COOCH,) [H,0]
| RS [CH, COOH] [C;H,OH]

PORE) & 2

Ke* aoln @ &0
v E Y

v

I .

¢ "%parare experiments, different amounts of acetic acid and e.thyl alcohol

™ f°‘° react at constant temperature. Analysis of the equilibrium mixture
Witig results;
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[CH,COOCH) H,0

AccicAcid | Ethylalcohol | Ethylaceate | Water | Kemegemmpermrs lc,w.‘oﬂi
18x10° 2x10° 40x%10? | 40x10° 4,04
63 x 107 23x10° 75x 107 | 75x10° 3,88
75x10° 80x10? 160x10° | 160x10? 4.26
28x10° 96x10° 105x10° | 105x10° 4.10

For this system, the value of equilibrium constant, K.. is almost constunt
which averages 10 4.

2. Hydrogen Iodide Equilibrium

Hyt Ly= 2,

To start with, suppose there are ‘a’ moles/dm® of hydrogen and ‘b’
moles/dm® of iodine which react in sealed bulbs at 444°C in the boiling sulphut

for some length of time. Inorder to'fix' the equilibrium,
is cooled. The bulbs are opened in the solution of
absorbs hydrogen iodide and iodine leaving behind h
hydrogen consumed at equilibrium be %' moles/dm?
hydrogen leftatequilibriumis (a-x) mole
with 1 mole of iodine to form two moles

the equilibrium mixture
sodium hydroxide which
ydrogen, Let the amountof
which means the amountof
s/dm’. Since 1 mole of hydrogen1eaet

ofh iodi amou!
of fodine used s 2150 "< moles/dmd, Thas ydrogen iodide, hence the

 present at equilibrium, The equilibrium

2x" moles/dm?® of hydrogen iodide

constant K., is then calculated:
Bt Ly = oy
No. of moles at initial state a B b Nil
No. of moles at equilibrium state (a-x)  (b=x) 2%
Concentration at equilibrium stage _(a«) bx) 2
_ v
Applying the law of mass action ¥ M
2
[ )
T — = SO, ! 5
(H,)(L) (ég) (9355 @) Bn
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In separate experimerits different amounts of hydrogen and iodine were

pade 10 m‘: :; 031';3:‘1“' temperature. Analysis of the equilibrium mixture gave
the follown

Equilibrium Amounts (Moles/dm?)

- ] 2
Hydrogen lodine Hydrogen lodide | Xe ™ rri )
0.00456 0.00074 0.01354 54.3
0.00356 0.00125 0.01559 54.6
000225 0.00234 0.01685 53.9
0.00048 0.00048 0.00353 54.1
For this system K, averages 10 54,

mMPL_E 1. 4.6 gm of ethyl alcohol and 6.0 gm of acetic acid kept at constant
*Mperature until equilibrium was established. 2.0 gm of unused acid were

Present, Calculate K.

CH,COOH + CHOH —= CH,COOC,H, +HO
N ’
0. of moles at initial state —6-2 =0.1 -4—6- =0.1 NIL NIL
60 46

f;fmm“ N0. of moles at
n (0.1-x) (0.1-x) x X

D'm"g;he reaction 2 gms. of acetic acid were left

Vi
W =0.033 mole
orQ,) m .
ory o 0033 mole
Therey - 1-0.033 = 0,067 mole:
or¢ 0.067 mole of acetic acid and 0.067 mole of ethyl alcohol
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must have reacted. Hence 0.067 mole of each product (cthyl acetate and
water) are formed.

~ No. of moles at equilibrium state 0.033 0.033 0.067 0.067

0.033 0.033 0.067 0.067
Conc. at equilibrium state —

v v v v
0.067 _ 0.067
_ [CHCOOCH] HOl  =F—x —<— 0067x0067 _ "
(CH,COOH) [CHOH] 0033 , 0033 0033x0033
v \'}

EXAMPLE 2. 9.2 gm of ethy) alcohol, 3.6 gm of acetic acid, 1.1 gm of ethyl

acetate and 9.0 gm of water were mixed and allowed 10 attain equilibrium, If X,
= 4, what was the concentration of the resulting mixrure?

CH, COOH +C,H,0H == CH,COOC}H, +H0

e 3.6 9.2 1.1 9.0
; es at initial state . =0,06 , — =02, 0.0 :
— =), 125 — 05
60 46 88 ,18

If x mole of acetic acid and x mole of :
: ethyl -
tional x mole of each product (ethylacetate angd y :l:;)hol ;;:mctc ;hcn addi

No. of moles at initial state -n

No. of moles at equilibrium state  0.06-n 03“_0 0 0'1";5 +n
VI 0.5+n

020 001254n 054n

¥ v

(. [CHCOOCH) ) e
[CH, COOH) { CH,0H)

l9.0125 +£) l_0_5+_x’
= A V

Concentration at equilibrium state Om&

% 0.06- 0.2
= B
3x!- 15525 x +0.04175=0

Scanned with CamScanner



173

lving by the formulaax + bx+ C=0
b1vb?-4ac
X= 22

x =049 or x =0.029 moles

Since the initial amounts of acetic acid and ethy) alcohol are less than 0.49
moles, hence x = 0.49 is ruled out. In other words x = 0.029 moles. Thus the
equilibrium concentration of the mixture is given below:

Aceticacid = 0.06-0.029 = 0.031 mole/dm’
Ethylalcohol = 0.2-0029 = 0.171 mole/dm?
Ethyl acetate = 0.0125+0.029= 0.0415 mole/dm?
Water = 05+0029 = 0.529 mole/dm’

EXAMPLE 3, In a reaction A + B =2C, when equilibrium was attained, the
concentration was [A] = [B] = 4 moles/dm?, [C] = 6 moles/dm’, Calculate the
tquilibrium constant K. and the initial concemraxion; of A and B.

Solution,
(@) The equilibrium constant of the above reaction is given by,

st (CF
[A] [B)
S
el v 5660508
ot
RASY
b5

ace form two mole of C, hence
. One mol le of B react 1o form heny
m:“?lees of Care pr:dotfctda:ti;n; xlcs of A and 3 moles of B. Thus the initial
: ON0f A = B = 4 + 3 = 7 moles/dm’ each.
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The law of equilibrium is used 10 calculate the equilibrium constant of 3

reversible reaction. The study of equilibrium expression and its constant K. is
VEry important to a chemist or to a manufacturer. Some valuable predictions can
bemade aboutareaction. In fact,achemist can control the direction and the extent
of a chemical reaction by changing the conditions through the knowledge of K.
Below are given the important applications of equilibrivm constant:

() K.isused to predict the direction of a reaction.
(i) Ttis also used to predict the extent to which a reaction occurs.

(1) To predict the direction of a Reaction ;

direction in which a reaction will shift in order 10
provided the initial concentration of

)
)

The value of equilibrium constant K is 2 valuable aid in predicting the

achieve the equilibrium,
the reagents involved is known.

: » there are three :
R ants], Possible cases,

Ttis greater than K., (i) Itis less than K (i) It is equal 10 Ke
In the first case, when -

[Products], .,

> K., the reaction will shify towards the reverse directio®
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@ In the second case when
|

[Pwd“w]m
——————_—-_
(Reactants], ..
qmdzyofproductsisfomedandthemioixmseswthevdueofxc

< K the reaction will shift towards right where more

(ii) In the Third case, when

[Products), .,

[Reactants], .
been attained and there is no shifting of the reaction provided conditions are not
changed.
EXAMPLE 4. The K_for the dissociation of hydrogeniodide at 356°Cis
1.3x 10°% If there are 0 5 moles/dm® Hydrogen, 1.5 moles/dm’ iodine and 5
moles/dm® Hydrogeniodide, predict the direction in which the reaction moves so
a5 to achieve the equilibrium.

= K. according to the law of mass action, eguilibrium has

The dissociation of Hydrogeniodide is represented by the equation,
= H,, + o Kc-l.3x10"

According 1o the law of mass action,

() (Bl (09015
T 25

Since th of the ratio of the e
83x 107 wh;;:lc;t;ﬁ::e‘he al value of K, hence the reaction will shift
ds the reverse dm:cuon.

°Cis 0.0194.1fone
EX*MPLlEs K, for the reaction my;‘r"o'.:w‘.mol:mi “C"tsm 15 moles
Hmm contains 0.2 moles. Hydroge
iodide, predict the direction of reaction
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According to the law of mass action,
[H2]m nzlm 02x 12 24

K., = a = — = 00106
(HIP, . (15) 225

Since the calculated ratio of the concentration of the products and reactants

is less than the actual value, hence the reaction will move towards right i.e.
towards the forward direction.

(2). To Predict the Extent of Reaction :

From the valye of Kc, Wwe can

predict the extent 1o which a reaction will
occur, -

In the fll:st case, when the value of K. is very large, it is predicted that the
forward reaction is almost complete. That is to say, the reactant is unstable, for

example - ozone, an allotropic form of oxygen, quickly deco
20, =30,.Its K. is very large (10, ey MpOses 1o oxygen

. ! water is only 8%. That's why
Fun 15 very low (1079),

The balance of a chemical equilibriu

misdisturbed : such
as concentration, temperature and Tes bed by changing factors

sure. Le Chatelier's principle enable’
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alitative prgdfctfons to bc made about the effects of the above mentioned
gactors on equilibrium position. This principle was enunciated in 1884 by Le-
Chatelier.
“When a constraint or stress in a direction Is applied to a system
in equilibrium, the equilibdum position changes so as to undo the

constraint”

‘By the term constraint we mean the changes concentration, pressure or
temperature. According to this principle, if one of the factors involved in a
chemical equilibrium is altered, the equilibrium shifts towards right or left in
order to restore the balance of equilibrium.

L. Effect of Concentration Change :

By increasing the concentration of any substance present in the equilibrium
mixture, the balance is disturbed, and the equilibrium moves away from that

substance in order to decrease the concentration of the added substance. This is
in accordance with the Le Chatelier's principle for the reaction

A+BeC+D.

[C] (D]
. (A [B]

Without changing the other conditions, K. is constant. If, for instance, the
“ncentration of ‘A’ is increased, K, decreases. To RCfp K, constant, the
“Mcentration of 'C* and D" increases. Thus 1o get high yield of products, the

Centration of cheaper reactant may be greatly increased.

C"""ze in concentration Effect on equilibrium position

: A+B=C+D
'\ .

[n% in conc. of A or B Equilibrium shifts to right

and yield of products increases.

Inc"“c in conc. of C or D - Equilibrium shifts to left

\ ' j.c. more of A and B i3 fomed.
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2. Effect of Temperature Change :

For an exothermic reaction, K decreases with the rise of temperature, Ty,
is to say the concentration of products decreases. For an endothermic reaction, th,

rise of temperature favours the high yield of products. The effect of temperatyge
on equilibrium can be explained in the light of Le Chatelier's principle,

In an exothermic reaction, heat is evolved in going from reactants 1
products. Increasing the temperature is a constraint t0 the equilibrium which i
remcved by absorbing heat in going from products to the reactants. In an
endothsrmic reaction, heat is absorbed in going from reactants 10 the products.
wang the temperature is the stress to the equilibrium which is nullified by
absorbing heat in going from left towards right, i.c., from reactants to the

products.

Nature of Reaction Change in
A+B=C+D Temperature

Effect on Equilibrium

Exothermic, Increase

—

Equilibrium shifts to left
Le. more NO and O, are
formed.

eg. :
2NO + O, = 2NO,; | Decrease

Equilibrium shifts towards
right and more products &%

formed (yield of NO,
increases).

Increase

Endothermic,

/
Equilibrium movcs.w“’“fd’
right to give high yield ©
products(NO)

c.B. Nw"'o;wﬁ 2NO

Equilibriumis ariventon”
left and more N, 8nd %
are present in equilib?”

mixture, /
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3, Effectof Pressure Change:

Change of pressure is relaied 1o the change of volume. Since solids and
Jiquids are aln.:ost incompressible, hence their volumes are very litte affected by
the changes in pressure. In other words, pressure will only affect gaseous

equilibria in which there is a volume change. If volume is same on both sides,
pressure will have no effect on equilibrium.

Ifareaction proceeds with increase in volume,(2NH, 22 N, + 3H,) the increase
of pressure (constraint) shifts the equilibrium towards reactant side to remove
lheconstraint of increased pressure. Thisis in accordance with the Le Chatelier’s
principle.

Ifareaction proceeds with decreasing volume (e.g. PCl, +Cl, 2 PCl,), the
increase of pressure forces the equilibrium (o be driven to right hand side.

: Change

Volume involved in pressure | . Effect on equilibrium position
mA+nB= x C+yD . A
(Y 1fx + y>m+n Increase Equilibrium moves towards left
volume of products i.e., more O, is present in
1S greater than reactants equilibrium mixture,
"8 20,2 30y, Decrease | Equilibrium position moves

towrds right, i.e. more O,

is present in the equilibrium

T mixture.

() If e 4 y<m+n Increase Equilibrium position i‘s
Yolume of productsisless| driven towards right, i.c.
ta" the reactants, * yield of N,0, increascs.

: 2N0"" #NO,, [ Decrease | Equilibriumshifts tqwards
left, i.e. N,0, dissociates’
more and more NO, is
present in the equilibrium
mixture.

() y
% +n | Noeffect

Scanned with CamScanner



180
4. Effect of Catalyst on Equilibrium

A catalysthas noeffecton the equilibrium position, butitenables equilibinm

10 be reached more quickly by decreasing the 'energy of activation'. In fac 5
catalyst affects forward and reverse rates equally.

6.7 IMPORTANT INDUSTRIAL APPLICATIONS
OF LE CHATELIER'S PRINCIPLE

A Chemist or a manufactureris alway
of his products in the shortest possible
knowledge of equilibrium constant and

and favourable conditions

How far this knowled

sambitious in getting maximum yield
lime. For this purpose he uses the
Le Chatelier's principle to sort out the
under which the reaction is to be carried,

ge is useful in various industries, is described with

¢sis of Ammonia by Haber’s process and the
manufacture of sulphuric acid by contact process.

EXAMPLES :

1. The Haber's Process:

Nm + 3Hw = ZNHM (AH=o462 Kllmole)

1Vol  3yq 2 Vol.

theoretical rario of 1:3 by volume.
(Il). Effect of Tem

is liberated in the § g Synthesi Of ammong i exothermic, thatis, b
Orward mctlon, lf' at Wunibd ’u kep‘ Jowr
according to Le-Chatelier's principle um, temperature

» the CQuilibriym shifts to right where bet
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is liberated; in this way balance of equilibrium position is maintained. In other
words, the low temperature favours the formation of ammonia. The high
emperature, &t equilibrium, would obviously favour the reverse reaction, In
scual practice, the reaction is carried out at high temperature of 450°C ~ 500°C
which produces reduced yield at much higher rate. A catalyst of finely divided
iron is used.

(ili). Effect of Pressure : The formation of ammonia proceéds with the reduction
involume (4 volumes on the reactant side and 2 volumes on the product side). The
reaction, is therefore, carried out under high pressure, the equilibrium is
forced to right as the formation of ammonia lowers the volume and by Le-
Chatelier's principle, relieves the pressure. The pressures vary from 400 to
1000 atmospheres.

2. Contact Process : In Pakistan, sulphuric acid is manufactured largely by
the Contact process in which the most important step is the oxidation of sulphur
dioxide to sulphur trioxide in presence of catalyst vanadium pentoxide.

, ZSow + Q,, =250, (AH =-395 KJ/mole)

2Vol  1Vol 2 Vol

This oxidation process is exothermic and occurs with the reduction of
Yolume. In order 10 sort out suitable conditions under which high yield of SO, is

Produced, Le-Chatelier's principle is applied.

(i), Effect of Concentration: If at equilibrium position, the concentration of
Ygen i increased, the Le-Chatelier's principle requires the system to react to
Wi ° this change, that is, to reduce the concentration of oxygen. This is done

© Conversion of more SO, to SOy,

(i), : . ~

.czmgge':t of Temperature ; If, at ;quilibrium,_‘mc temperature is decreased,
Poge th-g o Le-Chatelier's principle, the system tends to react 0 as to 0p-
g 0: Change, thay i, to raise the temperature. This is achicved when
$00g 80, is produced, In actual practice, the reaction 1§ carried out at.

g as('A‘inc..; a fast rate is more important than & high yicld). A catalyst

vzo, is also added to speed up the reaction.
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(iii). Effect of Pressure: Increasing yield of SO, is favoured by increased
pressure (since the volume of products is less than the reactants). In practice, the
reaction is carried out at one atmospheric pressure (since the volume is not large
enough to justify the expense of high pressure vessel).

6.8 SOLUBILITY PRODUCT

. th.n a sawrated solution of sparingly or slightly soluble salt is in contact
with unfinssqlved salt, an equilibrium is established between the dissolved ions
and thc. ionsin the solid phase of the undisssolved salt. Forexample, AgClis only
very slightly soluble in water and the following equilibrium exist::.

AgClw=~ Ag'

+ ClI-
Undissolved :;Q‘M a

According to the equilibrium law (law of mass action)

K = (Ag’J[CI)

T Aaay)
But at satration, the concentration of the solid AgCl is constant
¢ . lagiicn

K'
K, xK"=[Ag'][CI |

K, = [Ag]lCH)
K_ is termed as the solubili

'Y Product, It is the product of 107 7
centration of the dissolved ions and it variee s P ‘ . St
larly. For CaF,: varies ‘with the temperatuf

Ky = [Ca¥] [FP

_
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The solubility productis expressedin the chemical units of concentration i.c.
polar concentration.

Calculation of solubility product from the solubility,

Solubilities are normally given in grams per cubic decimetre (g/dm’) which
are the physical units of concentration. The solubility of AgClis 1.4 x 10 g/dm?

225°C. Since the molecular mass of AgClis 143.5, hence its solubility in terms
of molarity is calculated:

, 1.4x10°
Molarity = VT 098x10° moledm™

Hence the concentration of Ag* is 0.98 x10-* moles dm™, the
concentration of the ClI- is also 0.98 x 10-* mole dm™ because there is one Cl” ion
for each Ag* ion. Now,

K, AgCl = [Ag*] [ CI] =0.98 x 10 mole dm™ x 0.98 x 10 mol dm"
K, AgCl =0.96 x 10°=9.6 x |0 mol? dm™®

sOlllbilily products of some salts are givcn in the following table:

Table 6.1 Solubility products of salts at 18° - 25°C.

Compound - Formula Solubility product
\
14 chlorige 1x10* mole’ dm”

PbCl :

dsul h[dc . PbS 2 84 x lo-” molcz dm-‘

Nlecl Sulphldc ; NiS - 1.8 x 10 molez dm:
AT sulphige HgS 3.5 x 10 mole* dm

oer Sulphide CuS 87 x 10 mole? dm*
c°ba It Slllphlde CoS 3.0x 10 mole: dm-6
B oo CaCO, 1.0 10°* mole? dm
We BaSO, 1.0 x 10 mole? dm-*
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Calculation of Solubility from Solubility product :

If we know the value of solubility product, we can calculate the solubility of

salt. Forexample, the solubility productoflead iodide (Pbl,) at 25°C js
1.00 x 10* mol® dm™®

PbL,, — Pb*, ot 2!'(,‘,
undissolved Dissolved

Ko =[Pb] [ F=1.00 x 10-° mol® dm-®

If x moles per dm® of Pbl, dissolve (i.c ionize),
[Pb*] =xand (I']=2x
Ko =[Pb*] [FF=1.00x 10° mol® dm-?
or (x) (2x)* = 1.00 x 10 * mol® dm*
4x’ = 1.00 x 10" mol® dm"*
X = 0.63x 10°* mol dm? Pbl, dissolved.

Molecular mass of Pbl, = 461 moles per dm?
(Chemical units into physical unit of concentration)

Mass in g

* v 3
1S conyerted into g/dm
as follows:

Moles. =

molecular mass

moles x molecular mass
= 0.63x10?x 461

= 0.00063 x 461

= 029¢g

Massing =

Solubility of Pbl, at 25°C = 029 g/dm’,

Application of Solubility Product :

The solubility product (K,)
should form from a solution of
solubility product represents the
ions and undissolved solid phas

: i imle
1S used to determine whether a preciP

g e
known lonic concentrations. The Yalulvﬂd
cquilibrium condition between the diss?

. . . ? l .
e of solute je. when a solution is sar™

>
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when the product of the ionic concentrations is equal to the solubility

uet, 8 saturated soluuop xs.said 10 exist. If the ionic product is less than the
iubility product, the solution is not saturateq i, e. more amount of the solute can

Ca50, = Ca®  + SO* &
K; =[Ca®] [SO>) =24 x 10

If
(Ca®] [SO*] > 2.4 X 10

&S‘f.wuld form precipitates so as to reach the value of 2.4 x 10, If, on the other

silﬁf‘l (SO,7) < 2.4 x 10 it means
uc‘:tlon 15 not saturated and more solute could go into the solution till the
becomes equal to 2.4 x 1073,

g .
25y ll:}oa“;: pr°4 precipitate from a solution prepared by mixing 100 cm’ of
: Pb(NO,) and 300 cm® of 1.5 x 10* M K,00,? (K, of PbCYO, =

*Quation for the equilibrium is:

g
Ww§ pbzow I 004"('0

%
S (e [CrO) =1.8x 10"
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Total volume of the solution = 100 cm? + 300 cm® =400 cm’. This volume
contains the equivalent of 100 cm® pb (NO,), and 300 cm® of K,CrO,. The
concentration of each ion is calculated:

; 100cm’® Pb(NO,), \
PH*] = x  2.5%10“M=625x 10°M ‘
cm® Total solution / i
o 300Cm’ K,CrO,
A xl.leO"M=l.125x10"M
400 cm™ Total solution )
The ionic product of PbCrO, is:

(Pb*] (CrO ) = (625 x 10%) (1.125 « 10%) =7.03 x 10

6.9 COMMON ION EFFECT

The equilibrium law can be annl;
Lt very slightly soluble in wage < ' SPAringly soluble salts such as ASC:

the solid ionic salt and its ions in the S 1 Wing equilibrium exists
usp
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(Ag [CI]
T

since the concentration of solid AgCl is constant in its saturated solution, hence
K. [AgCl) =K_ = [Ag'] [CI]

K, is known as the solubility product which is equal to the product of the
ionic concentration. Similarly, for magnesium chloride (MgCL).

K, = [Mg] [C1'?

Precipitation of an electrolyte is caused when the concentration of its ions
exceeds the solubility product. It is achieved by increasing the concentration of
any one of the ions. That is to say, by adding common ion, solubility product can
be exceeded. For example, precipitation of AgCl is caused by adding Cl- as
common ion in the shape of NaCl. With the addition of common ion, either CI*
or Ag*, the ionization of AgCl is suppressed and it forms precipitate. This is
known as common ion effect.

AgClm =Ag, * ey
KCl, = Kt Cl o

Common jon effect finds useful application in qualitative salt analysis.

E.XAMPLE : Cations of Il and IV groups are precipitated as sulphides but u:.xqer
mmw"diﬁons due to their different solubility products. In fact t.hc solubility
of IV group sulphides s higher than that of 1I group sulphides.

* S AT 18°C
~__ TABLE - SOLUBILITY PRODUCT

} Common ion (CI)

\S‘MHIDES OF 1l GROUP SULPHIDES OF IV GROUP
RS 34 1.4% 107
X102 MnS L
36 x 100 70 12x 107
U885y pe - Nis  L4x10%
%‘0‘“ CoS  3x10%
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in order to precipitate the sulphides of II group, H,S is passed through the
original solution (O.S.) in presence of HCL

I — B W

B —

HCl furnishes H* as common ions which shift the above equilibrium to lefi
according to Le-Chatelier's principle. In other words, addition of HCI sup-
presses the ionization of H,S there by lowering the concentration of sulphide

ion (8%) which is however just enough to exceed the solubility product of

Il group sulphides. In this way group II cations are precipitated such as
CuS, PbS, CdS etc.

IV group sulphides having higher solubility product are precipitated by H.S
in presence of NH,OH. The OH" of NH,OH combines with H* of H,S to form H,0
(H* + OH™— H,0). The removal of H* from the product side shifts the equilibrium
to right (H,S =2H" + §%). In this way, the concentration of sulphide ion (5*)
increases which is enough to exceed the solubility product for the precipitation
of sulphides, e.g. CoS, NiS, ZnS.

Group III cations are precipitated as hydroxides by NH, OH in presence of
NH,Cl. The common ion in this case is NH,* which suppresses the ionization of
NH,OH

NH, OH = NH/ + OH-

Thus with the addition of common ion (NH.*) the equilibrium is shifted
towards left and the concentration of QH- decmase;. Under these conditions: the
solubility product of the hydroxides of Al, Fe and Cr is only exceeded 2%
which they are precipitated. The hydroxides of other cations such as Z N @
etc. are not precipitated due to their higher solubility product.

In addition to salt analysis, common ion effect is very useful in iﬂdusm;;
also. Chemical yields in manufacturing processes can be controlled and gre
increased by making use of common ion effecy,

The common ion effect changes the equilibrium point of a reaction
less to a more favourable position.
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PROGRESS TEST 6

| What are reversible and irreversible changes? Describe an experiment to
demonstrate a reversible change.

o

() State and explain the law of cquilibriﬁm.Dcscribc its applications.
(b) What do you understand by K. and K,? Describe their relationship.

3. Whatis meant by solubility product and the common ion effect. Discuss the
application of common ion effect in the qualitative salt analysis.

4 How is the balance of chemical equilibrium influenced? Explain giving
examples.

5. For the gaseous equilibrium PCl, = PC,  + Cl, ;AH=87.9 KJ/mole,
explain the effect upon the material disrri(gution of (a) increased tem-
perature (b) increased pressure (c) higher concentration of Cl, (d)
higher concentration of PCI; (¢) presence of a catalyst.

S Aquantity of PCl, was heated in a 12 dm’ vessel at 250°C.
PO, == PCl +CL,,

. 32
At equilibrium, the vessel contains 0.21 mole PCl,,0.32 mgz) ;)i]; Sand 0.3
mole CL,. Compute the equilibrium constant K. (K¢ =0. .

TR O, .
Consider the following equilibria:
U ' - positive
i o S 20, AH‘posf.
: Iiw SHI AH = posive
i) 550 el H= negative
) 0&"_&_ 2303(‘) ' AH=

Wy | .
b _Inﬂtc‘ the equilibrium constant expressions. .
“{hlch direction will each equilibriumchange as

i -
°h Of the equilibria will not be affected by change in total pressure:
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is i i | held at constant temperature

8 One mole of HI is introduced into a vesse t ‘

\\;‘hcn equilibrium is reached, itis found that 0.1 mole of L, have been formeq.
Calculate the equilibrium constant K. (K¢ = 0.0125) Ans.

9. What effect on the position of equilibrium CaCO,, = CaO,," CO,, for
which AH=+176KJ/mole, does each of the following changes have:
(a), adding CaCO,(b), adding CaO (c), decreasing the volume of the
container (d), raising the temperature (¢) removing CO,.

10. State Le-Chatelier's principle. What are its industrial applications?

11. Write note on : (i) Reversibility of a chemical change (ii) dynamic

equilibrium (iii), K. and K.
12.

W!xcn 1 mole of pure ethyl alcohol (C,H,0OH) is mixed with 1 mole of acetic
acid (CH, COOH) at room temperature, the equilibrium mixture contains
*/, mole each of ester ( ' and water. (a), What is the equilibrium
constant K, (b) how many moles of ester are formed at equilibrium when

3 moies of alcohol are mixed with 1 mole of acid? All substances are liquids
at room temperature. (a) Ke =4; (b) ester = 0.9 moles Ans

solution for (b) Let x = 1o. of moles of alcohol reacting.
: Al 1d —> 5
No. of moles at initial state co:ol R e wlle
Change by reaction -x ; N;L &
No. of moles at equilibrium state GBx) @ : ®
Concentration at T ¥
equilibrium state [ » Pegjiil=y '\;’
K=4 'g lz.)_.!—_)_ x? 5 4 X |
. W ———
(3'x I l-x.) 3-4x+x2
: vV'iy 4
x*=4(3-4x+x)or 3¢ -16x+12 =0, Solving by quadratic formula:
bVbi-dac +16+ VE16Y- 40315
X= = = 4(3)( L
A 20) 2) 16106

x=4.433 or x = 0.9 >
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In the problem we started with 3 moles alcohol and one mole acid, hence we
cannot form more than one mole ester even if all the acid is used up.
Therefore correct root of quad ratic is 0.9, thatis, 0.9 mole ester is produced.

13, PCl, & PCly + Cl,. Calculate the number of moles of Cl, produced at

equiliprium when one mole of PCI, is heated at 250°C in a vessel having a
capacity of 10 dm>. At 250°C, K. = 0.041 for the dissociation.
(0.465 moles) Ans.

14. (a) What is meant by the equilibrium constant and how it is determined
experimentally?

(b) Todetermine the value of K, for the reaction
CH,COOH , + C,H OH, & CH,COOCH,, +H,0,, 1 mole of
CH, COOH and 1 mole of C,H; OH in 1 dm’ of solution in an inert
solvent containing a small amount of acid catalyst wer¢ warmed until
no further change occurred. At equilibrium, 0.667 mole of water was

present. Calculate the value of K.
(K=4) Ans.

5. Ay equilibrium all processes come to a halt." What is wrong with this
" Statement when applied to chemical systems?
- () What is meant by the solubility product? Give its uses.
(b) What i the solubility of lead chromate in moles per dm’ at 25°C. K,
for PbCr0,=2.8x10-* mole/dm’

70 Wil Cag ide precipitate from 0.01M solution of CdCl,
a Pﬂgfdau:;' gdy:(lao;)zndzz’psr::l;:‘ mole?/dm®. (Since ionic product of
Cd(OH): is greater than K,, so it will precipitate).

e mbﬂ}w of Mg (OH), at 25°Cis 0.007 64 g/dm’ . What s the solubility
Product of Mg (OH),? (K,,=9.0x10? mole’/dm’) Ans.

(b)

,:Wld,qm P“Cipidtcfmm a solution prepared by mixing 400 ml of 0.1M
KaCl and 600 m] 0f 0.03 M AgNO,?
K:: °FAgCl= 1.6 x 10-* moles/dm’. (lonic product

is larger than
AgCI wi] precipitate). Ans. iaik
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SOLUTIONS AND ELECTROLYTES

INTRODUCTION

Sol.utions play an important role in many processes. Nutrients &
cam?d in water solution to all parts of a plant; the body fluids of animals are walef
solutions of numerous substances. The ocean is a vast water solution containif?

compounds extracted from the minerals of the earth's crust. Medicines and dg*
are frequently aqueous or alcoholic solutions of physiological active compounds“

Definition : "A solution is a homogeneous mixture or single phase mixture of 1#
molecules, atoms or ions of two or more components” The component ™
predominates in the solution is usually referred to as the solvent. Since the™® “"
three states of matter. There are nine types of solutions: three 895¢°% g
lutions, three liquid solutions, and three solid solutions.

7.1 CONCENTRATION OF SOLUTIONS

: - . e It
Concentrations arecitherexpressed in physical units or chemical units: - of
. former, concentration is expressed in physical units; for example 20
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NaOH per cubic decimetre (dm?) of solution; a 10% aqueous solution of NaCl
contains 10g NaCl per 100 g solution ., 10 8 NaCl mixed with 90 g water. What
is o interest here that the concentrations Expressed in chemical units are more
common and frequently used which are discussed below:

Molar Concentration : “The molar concentration (M) is the number of moles of
the soliwe contained in one cubic decimeire (dm’) or litre of solution". For
example, a 0.5 molar solution of Na,CO, contains 53g of Na,CO, per cubic
decimetre of solution, since 53 is half of the molecular mass of Na,CO,, 106.
Aone molar (1M) solution contains 106 g Na,CO, perdm’ of solution. The term
molarity is often used to refer to molar concentration.

Molal Concentration : “A molal concemration (m) s the number of moles of the
solute per kilogram of solvent. For example, a molai solution (1 m) of Na,CO,
contains 106 g Na,CO, dissolved in 1000 g of water, since 106 is the molar mass
o Na,CO,. 0.5 molal solution contain 53 g Na,CO, per kg of water. The term
molality is often used to refer to molal concentration.

12 HYDRATION

; Wateris a universal solvent and its polar nature plays very important p;n;n
M“Z substances. It dissolves ionic compounds readily because of the
. i . joni ion which is surrounded by water
Mration of their jons. A hydrated ion is the ion whic e
€. The clustering of ion with water molecules is due to th atEmcfn L
pos'""‘ ion for the negative end of water molecule, or of & ncgauvz :mh: e
:.sm"‘ end. In solution, the number of water molecules v»:hnch surro!cd i
inite, Very often when a water solution of a salt is cva::cr; sm'llizmion.
%uiz“‘vi'hl i berof watermoleculescalled waterorcrystuth :
8 SR (UTIIOCL ' of crystallization for
::.;?w“‘“ salts contain a definite amount of waler

o m waterthe crystallized
Wby u-:hen magnesium chlorideis ECW‘wm:dm‘::nesium ion in the crystal

Sy OPOsition MgCl, 6H,0. Thatis, ¢ B g
Wity water molecules (Fig: 7.1). It is fnteresting {0 nOte

salt :{:1:4 Cl e h u:,g:m molecule attached to its crystals, yet
 dpeaye s 6H,0 has
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FIGURE 7.1
Ammahmd

WNM“"WM\‘M.

' 1d
te : and greater the charge, greater %"
e e ey, o exmle, A1 s s e ey
5 SN th greater - b
lons with multiple charges such as 2+ :';:r g&:}:an Sa el ‘:;::n
water molecules as compared to large nc'g *» Cr'° possess great auracti® -
Br ~or I°.. Itis found that usually the Water of crystallization is associa!
pc?uvc e Soe Sxampls PPN chicxide Iy crystallized with the comp

C}, -4H,0, and four water molecules are associated with Cu?* in squa™e?
fashion (Fig. 7.3). e Culaspi™

silio“
jan’
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Radius 0.85A

FIGURE 7.2
An arrangement of six lons in the order of their increasing charge density. The large bromide

lon with a single charged has the least, the small triply charged aluminium lon the greatest
charge denslty.

a—H FIGURE7.3

A Schematic representation of the shape
of a [Cu (H,0),F** lon (square planer).

Many hydrated salts decompose upon heating to give the anhydrous salts.

Chsocsnaow ..He_at. CuSO,, + SH,wa
Anhydrous
13 salt

A ‘ g
q“»eous solutions of normal salts may be neutral, acidic or alkaline,.
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depending on the nature of the salt For example, an aqueous sc?lution of NH,Q1
is acidic, a Na,CO, solution is alkaline while NaCl solution is neutral.

To explain the different behaviour of salts in water, we must consider the

possibility of the ions of salts reacting with water, the reaction being known as
hydrolysis.

DEFINITION :  "The reaction of cation or anion (or both) with water so as
to change its pH is known as hydrolysis”.

Itis interesting here to note that the hydrolysis occurs only when a change

in pH takes place. For example, the aqueous solution of NH ;Cl turns blue litmus
red because it is acidic in nature:

NH,(Cl,, +HOH) ——> NHOH _ +HCI |
Weak basc  Strong acid

In aqueous solution, NH,Cl forms strong acid and weak base. Thus the

solution contains higher concentration of H* which changes the pH of water
toward acidic.

The aqueous solution of Na, CO, has opposi i
represented by the following OQuatiom’ Pposite effect. The hydrolys!

Na, CO,,, + 2HOH,——> 2NaOH w THCO;
Swongbasc  Weak acid

[tmay be pointed out, the hydrolysis does not occur in case of NaCl b

it does not change the pH of water. The aqueous solution of NaCl is, therefo™
essentially neutral.

7.4 THEORY OF IONIZATION

The behaviour of the aqueous solutions of

different than that of non-clectrolytcs. For example, the clm‘yﬁc sol

electrolytes was found to b quil‘
ptio®
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uct electricity and the different solutions of acids, bases and salts have
gifferent abilities toconduct electricity. Properties like elevation of boiling point,
ionof freezing point, osmotic pressure and saturated vapour pressure show
marked deviation than similar solutions of the other substances. A relation
hetween the deviation in properties and electrical conductance was also noted. In
general, greater the deviation, greater the electrical conductance.

Toaccount for the above facts and « explain the phenomena of electrolysis,
the IONIC THEORY was put forward by the Swedish Chemist Svante Augyst
Arhenius about 1880.

() The substances called electrolytes are believed to contain electrically
charged particles called ions. These charges are positive for H* ion or ions
derived from metals and negative for the ions derived from non-metals.
Number of electrical charges carried by an ion is equal to the valency of

corresponding atom.

() Molecules of electrolytes (acids, bases and salts) dissociate into oppositely
ions on dissolution in water, €.g. »

HSO, = 2H'+ SO%
NaCt = Na*+ O
HC] = H + Cl
NaOH = Na*'+ OH

g The number of positi\fe and negtive charges on the ions must be equal so that
e solution as a whole remains neutral.

¢ . $olution, the ions are in state of disorderly motion. Upon colliding q\ey
73y combine o give unionized molecules. Thus ionization is a reversible
which the solution contains ions of electrolyte together with

Process in
““’“iled molecules.

fy M0 — 20, * S0, u
m%awm“wuym&wononiuﬁondcpendsupon the
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nature of electrolyte. Strong electrolytes such as NaCl, HCI, erc 10nize
completely in water. Weak electrolytes such as AgCl, acetic acig
(CH, COOH) ionize only slightly. For example in 2M solution, only 4
molecules out of 1000 molecules of acetic acid are ionized which mean 99¢
molecules remain unionized.

lonization is not affected by electric current. When electric current is
passed through anelectrolytic solution, the ions begin to migrate towards the
opposite electrodes, i.e. positive ions towards negative electrode (cathode)
and negative jons towards positive electrode (anode). The ions which are
attracted towards cathode are called Cations such as Na*, H* etc., the ions
which are attracted towards anode are called Anions, e. g.Cl;, SO, etc.On
reaching the electrodes, the ions lose their charge and change into neutral
species (atoms or molecules) by the gain or loss of electrons.

Arrhenius Theory clarified many peculiarities in the behaviour of electrolytic
solutions. The presence of ions affords a simple explanation of the deviation
in freezing point, boiling point and Osmotic pressure. Since 1 mole of NaCl
yields 1 mole of Na* (6.02 x 10® ions) and 1 mole of GI- (6.02 x 107), I
number of these ions is twice that of NaCl. Hence Osmotic pressure must
also increase two fold. This is because such properties depend upon ¢
number of particles and noton the nature of compound (colligative prOPC”jCS)'
However according to the Arrhenius jonic theory, an electrolytic solui®"
is regarded as mechanical mixture of solvent molecules and ions. In 0¥
it reflected the interaction between these particles. Further developme”

suggested that the ions can interact with water 1o form hydrates. (Accordi"é
to Arrhenius, ions are free to move like isolated atoms)

Despite the good agreementof the electrolytic dissociation theory with factsi
it was at first not universally accepted. This was simply due to the conce?

S ot
of atom as being indivisible particle and as sych the distinction petwet

atom and ion could not be explained.

The dissociation of electrolyte depends upon (1) nature of elect®”
lyte (ii) degree of dilution (1) temperature,
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. The electrical conductivity depends upon (i) the number of lons
present in the solution (if) speed of fons.

75 CONDUCTANCE OF ELECTRIC CURRENT THROUGH
SOLUTIONS

The existence of ions in solutions of electrolytes was postulated to account
for the ability of certain solutions to conduct the electric current. One expects the
conductance of an electrolytic solution to vary with (i), dilution (ii), absolute
velocities of ions (iii) degree of ionization (iv), temperature (v), pressure etc.

In a concentrated solution, the number of ions per unit volume of solution
increases and the distance between ions decreases causing stronger inter ionic
atractions. As aresult, migration ofions becomnes moredifficultand the conductance
decreases with increase in concentration. As the solution is diluted the inter ionic
attraction decreases and the migration of ions becomes easier. Asaconsequence,
the conductance increases with dilution.

~ Asthe conduction of electric current is related to the movement of ions, it
fs°b"i°|ls that conductance increases Wwith the increase of absolute velocities of
1005 in solution. ' :

On the basis of electro conductance data, electrolytes are broadly classified
lnlotwogroups , strong electrolytes and weakelectrolytes. The strong electrolytes
M2 HCI, NaCl etc. show larger conductance which is due to higher degree of
m%ﬂ (oc)

« _  Number of dissociated molecules
Total molecules dissolved

w low conductance due to their low
conductance increases rapidly with
letely ionized in dilute

w?!‘ electrolytes like CH,COOH sho
%tio: 'Onization. In both cases, however: :
%ﬁou,ln fact, the strong electrolytes are almost comp
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Conductance of anelectrolytic solutionis alsoinfluenced by the tcmpcrz}turF,
On rais(;ng the temperature by 1°C, conductance increases by 2 t0 2.5% which is
due to reduced hydration of ions and Jower viscosity of solutions.

Pressure has no noticeable effecton conductancc.' Ijarge increasein preszsurc
will cause a considerable fall in conductance. On raising the pressure to 2000

atmospheres, the electro conductance of acetic acid falls to 0.6% of its ori ginal
value.

Conductance of a solution playsanimportant partin the industrial application

ectrolysis since it determines to a considerable degree the consumptions of
energy in the electrolytic process. Electro-conductivity determinations find
extensive use in the control laboratory. Thus the salt co
on vaporization of water (for example, in boiler water
determined from conductivity measurements.

of el

ntents in various solutions
or on condensing milk) is

anode is positive and cathode is Negative, However. in electrochemical
galvanic cell such as battery, the anode is negative i d the cathode is positi®
@ p A 3 . 1!
ton vig electrodes. ConVC"“a] !
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ed solution of cupric chloride

The electrolysis of a moderately concentrat

(Q'G:) is illustrated in the fig 7.4. As we are awarc of the fact, C.iuCl’.‘iS OOmPO“d
Ofions, i may precisely be represented as Cu®, CI, CI". On dissolving in walef,

10ns are scparated‘

CuCl,, =— Cu*y + 20

These ions are free to move around randomly among Watef n;:leculcs wl:;:
o Sectrc Current is passing. As soon as the electric c'urrcniowmpassed-cam
m'“'tnt of these ions begins to take place- Cu? jons migrate el
"ions towards anode. At cathode, Cu™ ions ar¢ discharged

8ain of electrons (reduction)

wt2e — Cum ... Reduction ! cathode
“ gas
0y, 2ode, Q- discharged as Cl,
%“hn). I ions are disc

by the loss of electrons

“ .
Tim2e Cl,,, - Oxidation & anode
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ing place in the electrolytic cell are oxidation -

Thus the reactions taki
bining the electrode reactions, the

reduction reactions or redox reactions. By com
over all reaction of the electrolysis is obtained.

Cu®, S % - Cug,
2C1-,, - %e = Cly,

Cu”( T 2Cr, A Cum + Clw

CuClzw - Cum - Clw

When the ions originally present have been changed to neutral particles, the
current can no longer flow.

7.6 ELECTRODE POTENTIAL

The electric current producing appliance known as the Voltaic cell consis
of two half cells. In each half cell a metal plate is placed in the solution ofits 2%

*The difference of potential created between a metal and solution of 18 fn
is called Electrode potential of the metal", It is the measure of tendency ® |
electrode to lose (or gain) electrons or w say it serves as a measure of cher®
activity during reaction taking place in solution.

. jncd

Sinceabsolute electrode potential can not be measured, hcnccmsdctenﬂ' '

by comparing with the hydrogen clectrode which is the reference ‘lccl o
Arbitrarily hydrogen electrode has been assigned a potential of 0. 000 ¥

, ol
A hydrogen clectrode consists of a platinum plate smmersed in !

>
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solution of sulphuric acid. A current of pure H, is passed continuously through the
solution under the pressure of 1 atm . (See figure 7.5). The platinum adsorbs H,

on its surface and the platimun coated with hydrogen behaves as if it were
made entirely of hydrogen.

’ electron flow If metal has a negative electrode potential
£
|
3

electron flow If metal has a positive electrode potential

potentiometer
I |
' { ‘ I hydrogen gas at 1
! atmosphere pressure
salt bridge ——— i
W )R
molar solution [T5—= | | “° molar solution
of metalions — |. | — = of|( of hydrogen lons
) o e =oirl.
metal — = _% =3 platinum
s T |—o.

Since temperature and concentration influence the voltage, these variables

o constant for the comparison. The temperature is held at 25°C, the
M“imsinoontactwixhdmmle;ecuodeislwldu 1 molar and
iy PTESSUre at 1 atmosphere. Electrode maintained under these conditions is
QM electrode and its potential as standard electrode potential. 1t is
Fiengige 4 E°. For the purpose of uniformity, since 1953, standard electrode
Mlemy have been expressed in terms of reduction reactions and they are

h”nuh 3 standard reduction potentials E° Reduction. From these values,
Xidation potentials are obtained by just reversing their sign.

E°, = -E° e
T
0
m“%mewofdemnmgmesmdardeleMpownﬁal.wc
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¢ electrode. For this purpose, we have to construct 3
(a strip of zinc immersed in IMZnSO,)and hydrogen
1y completes the circuit between half cell

pick up the example of zin
voltaic cell made up of zinc :
clectrodes. Saltbridge is made of KClje

@ electron @ @ elagtvr‘on @

flow

ZniZn"* H*/Ha(PY) H* MHa(PY) Cu’"/Cu

FIGURE 7.6

and prevents mixing of solutions. The potentio metric reading gives the lect-
motive force of the cell to be 0.76 volts. Since the hydrogen electrode has (b
potential of 0.00 volts, hence 0.76 volts is the potential of zinc electrode. In
external cireuit it is observed that flow of electrons takes place from zin¢ ©

hydrogen electrode (See fig. 7.6).
~
Zn; Zmowa (1.0M) ﬂ' H* ., (LOM); H,, (1 atom); Pt.
Thus it is believed that electrons must have originated at zin¢ i ili
oxidized, is the anode and is negative with respect to hydrogen elecrod¢:
the standard reduction potential of zinc electrode is - 0.76 V.
Zn”w +2 = an v B petunion = = 0.76V

The standard oxidation potential of zinc is therefore + 0.76 V.

E°.| Sh E°
076V = +076V

A
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“The negative sign signiﬁcs that actually the reaction at zinc electrode occurs
inthe opposite direcuon, i.c., itis the oxidation rather than reduction which occurs

gt ZinC.

Zog-2¢ = Zn* 5 E° .= 076V
Reduction takes place at Hydrogen electrode:
20 +2 - H, ;E°= 0.00V
The cell reaction is, therefore, obtained by adding the half reaction:

In ot 20" ) — Zn¥, +H,,
In case of copper electrode when it is coupled with hydrogen clectrode, the
electromotive force or voltage of the cell given by potentio meter is +0.34 volts.

As the hydrogen electrode has potential of 0.00 volts, thereff)rc,‘the' clecuodc.
potential of copper electrode is + 0.34 volts. The positive sign indicates that

wtually the reduction takes place at copper electrode as written:
C"bw-b 2e - Cu, ) s I =+0.34V
From thig we predict the oxidation potential to be - 034V

SR B
034V = -034V

immersed in IM Cu SO,)
; hydrogen electrode

In case of copper electrode (a strip Of COPPE,
rrode (sce fig. 7.6) .

led wi originate at
i?ﬁ * with hydrogen electrode, the electrons operclec

"W of electrons takes place from hydroge” 10 CO

B,
'H* - Cu¥..;Cu RPN
Hm s 'ﬁ' e is reduced and is positive with resp-

eqtorgl,m'%elecmde being cathode:
Ydrogen as shown above.
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This is known as electro chemical series or E.C.S. .

Few important facts about the electrochemical series are summarized as :

(1) Metals above hydrogen in ECS undergoes oxidation in the comparison cell
1.c. they are anodes. Metals placed below hydrogen undergoes reduction i.e.
they are cathodes,

(ii) Whether or not the electrode reaction will occur spontancously when
electrode is connected to hydrogen electrode can be inferred from the sign
of electrode potential. If it is positive, the reaction will occur as written and
the electrode will act as anode. If the sign is negative, the reverse reaction
will occur and it will be cathode and hydrogen electrode as anode.

(iii) Inthe ECS, there is decreasing tendency from top to bottom to lose electrons
(undergo oxidation) and increasing tendency to gain electrons (m
reduction). In other words, the reducing strength decreasamduwoxxdiz}ng
strength increases from top to bottom. Thus lithium is the strongest reducing
agent and F, the strongest oxidizing agent.

s - - m
(iv) In E.C.S, the metals are placed in the ordcr of reactivity a.nd shows
) displaccnwmorda.Meulsdisplacemculslymgbebw lhcmuuhclxslfmm
solution of their salts. All metals above hydrogen have negative electrode

potentials.
7.7 OXIDATION NUMBER (O.N))

Definition :
(i.e.mmj)ond\eatomimheco:upmmdorionnnda
wn as oxidation number Or state.

npumber, the term ‘formal charge' is used which
in a molecule orion. While using the

“The formal charge

In defining the oxidation
means it is not the actual charge on the alom

e ————, ™ — e
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concept of O.N., all the compounds (including all the covalent compounds) g,
imagined to be completely ionic, although no compound, is completely ionic, |
covalent compounds, therefore, the bonding electrons (that are present in a bong)
are considered to be "owned" by the more electronegative atom e.g. in H:0:4,
oxygen is more electronegative than hydrogen, therefore two electrons, one from
each hydrogen, are considered to be owned by oxygen giving rise to two negative
charges on oxygen. Therefore, oxidation number of oxygen in water would be 7-
Each hydrogen is considered to have lost one electron giving rise to one positive
charge on each hydrogen. Therefore, oxidation number of hydrogen would be |-

Guiding rules that have been established to determine the oxidation number
of atoms are mentioned below :

[ The oxidation number of all the elements in free state is zero.
Br°, Na® H,°, P°, 0,°,N°,

2. . In a compound, the more clectronegative elements are assigned negative
oxidation numbers, and the less electronegative elements are assigned the
positive oxidation numbers.

Cl*F- Hqp~
3. Ina neutral species, the sum of oxidation numbers is Zero:
*NO* , PHBHT .~sozmz
4 The oxidation number of Oxygen in most of its compounds is 2 .

"8ro* (MJHJOF ’ "Coza.)z

The exceptions are few :
(e,  (-)g (-, (1) e (Y-
OF," . NaO, , 'koih
OxygenislessENN.  peroxide super oxide.

(0-0 bond)
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5. The oxidation number of hydrogen when combined with a non-metal is 1°.

‘™, Rl .t
4 » N"i‘

» HF
When combined with a metal of lower E.N, O.N of Hydrogen is 1-.
‘ON.HI- ’IOCaHz(I-)z ~ "KH"

This is due to the electrone

gativity of hydrogen being intermediate between
metals and non-metals.

6. The oxidation number of fluorine in its compounds is always 1~ because it
is the most electronegative element and can not form more than one bond.
®QFR | &SFO) , ICIF-

The oxidation number of the other halogens in binary compounds is
usually 1

| 0 I- le I- ()

2
KBr » NaCl ’ MgCl, ?

Few exceptions are there
* (27) 197¢(29)
‘woar, - ndo: + 'mdo,’ .- HCO,*
Hypochlorous Chlorous Chloric pechloric

7. In polyatomic ions, the sum of the oxidation states of all the atoms present
in them equals the ionic charge:

a-)
5+ (29 4 2 §¢:vle
PO ,» CO¥. * SO}

4
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8. Group I, I and 111 elements show the oxidation state of 1+, 2 + and 34
respectively in their compounds:

1 1=

2¢4(19) 3o (19,
KOt GHNGIESS. 5" “AlBr,
T 7 T

1group = 1l group I1I group

It may be pointed out that the oxidation number is simply an ir{za.ginary
number and it reflects the extent to which an element has been oxidized or

reduced. In an oxidized form of the element, the O.N. is more positive, and in
reduced form, it is more negative. '

Example 1.  Give the oxidation number of tin in SnCl, and SnCl,.

Solution: Since oxidation number of each chlorine atom is 1-, hence total
negative charge in SnCl, is 2-. To balance

the negative and positive oxidation
number, the O.N. of Sn must be 2+.
200 (19, S Sn = 24
SnCl,

Similarly in SnCl,, the O.N. of Sn = 4+

4 (1—)‘ S Sn = 4+
SnCl,

Example 2.  Give the oxidation number of Nitrogen in HNO,.

Solution: In HNO,, each of the three oxy

gen has O.N.=2 -, for a total of &
Since hydrogen is 1°, therefore O.N. of Nit

rogenis 5*,

e 84t0), N =35+
HNO,
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Example 3. Determine the oxidation number of S in SO,*

Solution: The total oxidation number of the three oxygen atoms, is 6, 2~isto be
left as the charge on the whole jon. Therefore, the oxidation number of sulphur

. ),
154"' S O, ] .
7.8 OXIDATION AND REDUCTION REACTIONS

Definition I': Oxidation is a chemical change in which clectrons are lost by
anatom or group of atoms, and reduction is a chemical change in which electrons
are gained by an atom or group of atoms. Consider the following examples.

Fe® — Fe* + 2¢ (Oxidation)

In this reaction neutral iron atom has lost 2 electrons and has changed to
ferrous ion, so it is oxidation.

Cl+2¢e = 20C (Reduction)

In this reaction, Cl, gains two electronsand charges to CT ions, itis therefore
reduction. These definitions of oxidation and reduction are based on electron
transfer.

Definition I : The most comprehensive definitions of oxidation and reduction
are in terms of oxidation numbers:

Odixation is a process in which the oxidation number of an element is increased:
reduction is a process in which the oxidation number of an element is decreased.
For example C° + 0°, — C+0,%", is an oxidation of carbon, since its oxidation
number increases from zero to 4* (Total change of four units).

Similarly, H,%4Br?, —> 2H'Bf  is the reduction of bromine as its
oxidation number decreases from O to 1-. Itmay be pointed out that oxidationand

occur simultaneously and such reactions are referred (o as redox.

_ Oxidation number is the concept that is helpful in diagnosing quickly the
State of oxidation or reductions of particular atoms in various compounds,
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7.9 BALANCING OXIDATION-REDUCTION EQUATIONS
(ION-ELECTRON METHOD)

In this method of balancing the redox equations, only those reactants and
products are balanced that contain the elements undergoing a change in oxidation
state. That is to say, only those reactants and products are balanced which are
actually oxidized or reduced. For this purpose it is important to transform
molecular equation into ionic equation. Following key points must be kept in
mind while writing down an ionic equation:

- (a) Tonic substances are written in the ionic form only if the ions are separated
from each other in the reaction medium. For example solid NaCl, Na* and

Cl-are qot writt.cn because these ions are held together in its crystal. When
present in solut}on, however, NaCl would be indicated by Na* and CI', or
either of these ions alone if only the sodium or the chlorine undergoes a

change in oxidation state. Insoluble salts such as BaS '
B O, are always written

& +HNO,, are written in the ionized form but
wea acids such as nitrous acid, sulphurous acid (HNO,, H,50,) are always

written in the molecular form, Stron
written in the ionic form as Na+ g bases such as NaOH, KOH may be

N'H,iSWﬁttenasNH’. andOH'orK’andOH-.chakbaselikc

(c) Complex ions such as ferrocyani

Rules for Balancing by Ion-Electron Method :

. Write a skeleton equation which i
: ch includes those ts that
contain the elements undergoing a change in om;::x:;?f P

s skeleton equation intg joni he give"
equation is already in the ionic form, then this st:: r:;c ofx?i:l::;:dlf i
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3. The ionic equation is split in to two partial equations i.e. the oxidation
and reduction equation.

4, Balanceeach partial equation in terms of atoms. In neutral or acidic medium,
H,0 and H* are added for balancing oxygen and hydrogen respectively. The
oxygen atoms are balanced first.

In case of basic medium, OH- and H,0 are added to balance oxygen and
hydrogen respectively.

5. Balance the charge in each partial equation by adding electrons to either the
left or right side of the equation. It will be found that electrons are added to
the left in the partial equation for the reduction equation and to the right in
the partial equation for oxidation reaction.

———

6. Multiply each partial equation by a number so that the electrons in both the
‘ partial equations become equal in number.

7. Add the two partial equations after cancelling the electrons. In the sum
equation, cancel out any species common to both sides.

Example 1. Balancethe oxidation of H,S with HNO, by ion electron method.

Step 1 :- Write the skeleton equation
HNO, +HS —> NO +S +H,0
Step 2 ;- Transform the molecular equation into fonic form:
NO, + HS— NO +S

 oxidizing agent is the nitrate ion, NO-,since its Nitrogen changes the
w;?:n state (u:d‘;::es decrease in oxidation state). The reducing agent is
HS ﬁuempmwminminoxidadonsmhcmﬂdbavcb.m
Wnuwphmm(smwgnzsupﬂmuebmmofmemmgm
degree of jonization of the acid in nitric acid solution.
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Step 3:-  Split the ionic equation into two partial equations (Oxidation, reduction

5+ 24
NO, —— NO « Reduction (Nitrogen from 5+t0 2*)
HS*» — §° w Oxidation (Sulphur from 2~ t0 Q)

Step 4 :- Balance the partial equations. Since the medium is acidic, oxygenand
hydrogen atoms are balanced by adding HO and H .

In the first partial equation, 2 H,0 must be added to the right side to balance
the oxygen atoms. Then 4H* are added to the left to balance Hydrogen.

NO;"+4H' — NO+2H0
In the second partial equation, 2H* are added to the right to balance tw
hydrogen atoms on the left:
HS — S +2H*
Step 5 :- Charge is balanced in the partial equations by adding electrons. Inth

first equation, the net charge on the leftis 4+ (1-) = 3 + and on the right it is 2en
Hence 3 electrons are added to the left side:

NO; +4H'+3¢ — NO + 2H0

In the second equation, the net charge on the right is 2+, hence 2 elect®
are added to make it zero as on the left:

HS — S+2H* +2¢”

Step 6 :- In order to equate the electrons lost and gained, first partial equation
multiplied by 2 and the second by 3 (cross multiplied):

2NO, + 8H* + 66 — 2NO+4H,0

3H,S — 3S+6H+6
Step 7 :- Cancel out the electrons and add the partial equations:

2NO7 + 3H,S +8H'— 2NO+3S + 4H,0 + 6H'
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Since 6H* are common 10 both sides, hence they are cancelled
2NO, +3H,S +2H'— 2NO + 3§ + 4H,0 (Balanced)

: }'{l‘his equation may be converted back to molecular form by combining NO,
. andH* |

ZHNO, +3H,S — 2NO +3S +4H,0

This is properly balanced equation.
Example2: The oxidation of FeSO, by KMnO, in acidic solution
Step 1 :- The skeleton equation:
KMnO, + H,SO, + FeSO, = MnSO, +Fe,(S0), + K,SO, + H,0
Step 2 :- Transform into ionic form:
MnO, + Fe* — Mn* + Fe*
Step 3 :- Make partial equations :
MnO; — Mn®
Fe** — Fe*
Step 4 :- Balance the partial equations :
MnO,” + 8H* — Mn?*+ 4H,0

Fet* — Fe*

Step § ;- Balance the charge by adding electrons.
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Step 6 :- To equate the electrons lost and gained, multiply second equation by 5.

MnO, +

8H* +

. 216

SFe* — SFe* +5¢

Step 7 :- After cancelling electrons, add the two partial equations:

MnO,” + 5Fe™ + 8H* — Mn” + 5F¢’' +4H,0 (Balanceq)

5¢ — Mn* +4H,0

To convert back to the molecular form:

2KMnO+ 10 FeSO, + 8H,SO, = 2MnSO, +5Fe,(SO,), +K;SO, +8H0

7.10 INDICATORS

. The end point of an acid-base titration is often detected by means of an
indicator. Indicators are complex molecules that are themselves weak acids or

weak bases.

- Alarge num.ber of indicators are known and each undergoes its colowr
change overa particular pH range. The following table lists some of the common

indicators along with their colour change:

Table 7.2 colours of some indicators in acid, base and neutral condition.

Colour Colour Colour
Indicator in in when
acid base neuml/
Litmus Red Blue Purple
— BRI
Re
Methyl orange d yellow Orange
Phenolphthalein Colourless pink Colourless
=
Universal Indicator Red Purple Green

_d
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For a strong .acid and weak base, methyl orange is often used. For a strong
base and weak acid, Phenolphthalein is commonly chosen.

The behaviour of indicators can be explained by the fact that the unionized
molecule of an indicator and its anion possess different colours. Alternatively,
one may be coloured and the other colourless. The indicator Hin, for instance,
dissociates to give its anion In- as shown by the following equilibrium.

Hn — H'+In

(Red) (Yellow)

The undissociated molecule Hln, say is red and the anion In- yellow. It can
be seen that the equilibrium position of the indicator will be affected by the
hydrogen ion concentration [H']. If the hydrogen ion conicentration, is high, the
equilibrium will move to the left and the undissociated HIn will predominate the
solution will be red: If a base is added which reduces the hydrogen ion
concentration, the equilibrium position will move to the right and the solution will
become yellow. When there is equal concentration of Hin and In-, the indicaor
will be in its neutral position and it will give mixture of red and yellow and-it will

appear orange.
7.11 STRENGTH OF ACIDS AND BASES

All the acids and bases, according to the Arrhenius, ionize in aqueous
solutions to yield H* and OH- respectively. The extent to which these substances
ionize. is however. notsameinallthccases.‘l'beextcmof jonization is expressed

in terms of degree of dissociation or percentage dissociation.
The degree of dissociation (e<)is the ratio of the number of molecules ionized
10 the total numbcrofdiswlvedmlecules.

Number of molecules dissociated
Total number of dissolved molecules.
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This ratio when multiplied by 100 gives the percentage dls.sociation. For
example, the degree of dissociation of HCl is 0.9 - 0.95 Stmd its percentag,
dissociation is 90-95% i.c. out of every 100 molecule, 90—9 mo}cculcs of HQy
get ionized in equeous solution. The acids and bascs'havxpg.mgh percentag
disscistions are strong and those with low percentage dlfSOFlaUOﬂ are weak.
The following table 7.3 lists some strong and weak acids and base alongwit

their percentage dissociation.

Table 7.3 Some strong and weak acids

Acids Bases
Strong Weak Strong Weak

HC190-95% HS0.1% |NaOH 90-95% NH,OH 1.4%

HNO,9095% | CH,COOH 1:4% | KOH 90-95%

H,S0, 60% H,CO, 0.17% Ba(OH), 77%
(1 stage) (1 stage)

Thus strong acids or bases 1onize almost
Thus strong acids completel eak acld o
bases ionize partially in aqueous solutions, ek

According to B 3 )
Wi mipm.mnsted Lowry theory, an acid is a proton donor and a b

of m:si:mo‘: ::n acid-base U\eo:y in terms of equilibrium sugges's * wiY
issociation constant (Ka) of the acid HA is sivea by: e ¢ equi 4
IHO A )

(HA ] [H,0]

-
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:'arﬁ:r the value of d.issociation constant (Ka), stronger is the acid. Same is
true for bases. Some typical dissociation constan

following table 7, 4 ts for acids are given in the

Table 7.4 Some typical dissociation constants for acids

Acid Ka(mol dm™)
at 298°K.
|___Hydrocyanic acid 4.8 x 1010
Formic acid 1.8 x 10
Acetic acid 1.8x 10
Chloroacetic acid 1.4x 102

Thus chloroacetic acid is stronger than formic acid which in tumn is stronger
than acetic acid.

In term of pH, acids with-low pH values, such-as hydrochloric acid, nitric
acid and sulphuric acid are strong acids. Similarly bases with high pH values such
as solution of potassium hydroxide, sodium hydroxide are strong alkalis. These
substances are strong electrolytes and are nearly completely ionized in aqueous

solutions. Weak acids and bases have pH value nearer to 7, they are partially
ionized in aqueous solution and are weak electrolytes. Example are acetic acid
and ammonia solution (NH,OH).

7.12 pH

The small values of the concentration of hydrogenion(H*) that we have
. encountered with solutions of slightly dissociated acid led Sorensan in 1909 to
the conception of pH.

Wa:eractsasanaciduwellasabase.l’ormmple.ifwcaddNa:lono.

=
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water acts as a proton donor or acid forming NH”, . It also acts a proton accepigr
or base forming H,0°, if an acid is added to it :

HO+NH, — NH', +OH-
HO+H*-CQ* — HO +Cr

Careful measurements have shown that pure water ionizes slightly 1o

produce ions of H,0* and OH". Electrical conductance measurements of water
at 25°C has indicated the concentration of 1.0x10”7 M each of H* and OH-

The ionic product of water is therefore
K, =[H,°0] [OH"] = 1.0 x 10*M

In acidic s?lution. the concentration of H, O* is always greater than that of
OH" and in basic solutions, the concentration of H,0" is less than that of OH-

e eg: isa f:onvenimt way of expressing the acidity and basicity of dilute

R

The pH of a solution is the negative. logarithm of the hydrogen ion
concentration:

1
=] =] —
| pH =~log [H'] = log i

Thus for water in which [H') =1 x 107,
pH = ~log (107) = (= log 1.0) + (- log 10"
= 0.00 +7.00 = 7.00

The pH of 7.00 represents the point of neutrality, Clearly acidic solutions

- will have pH values which are low i.c. less than 7, basic solutions will have pH
values which are high i.c. greater than 7,
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Table : pH Scale

(H'] 10* 10" 10 10 10 10 10 [10710* 10 10 10" 10 10 10
mol dm~
pH 0 1 2 3 4 S 6 718 9 10 11 12 13 14

¢« Acidic ¢ Neutral ——— Basic ————

Thus acidity is measured on a scale from O (very acidic) to 14 (very
alkaline). This is the pH scale. pH scale should be thought of simply as numbers
which indicate acidity.

pH of a solution is determined using universal indicator. By mixing togct.hcr

" various indicators which change colour at slightly different aciditics, chemical
manufacturers have developed a universal indicator which goes thnzugh a
of colours as the acidity changes. pH numbers are related to universal

indicator colours as follows :

Deep blue  Purple

Blue
Red Orange yellow Green 7 ’

0 3 6 7 8

i i i few drops of universal
lution can be determined by adding a ;
indicfg:gl:;gnl: the reading off the pH number from fhc corresponding colour.
Colour charts are provided by the manufacturer for this purpose.

measurements, H meters are available. Thcsc.m used
B ith f?dmzmm¢ which, glhcn dipped into a solutign. will give a
direct reading of pH on the meter:

ich gi f some common matter:
i chart which gives thepHoO
o B:zlow x:’givcn::i e 70 73 7944 105 116 13
¢ Diniled  Blod  SaWaer M NsCO,  N:OIl
HCl 11,50, CH,COOH  Milk e S
. Acidic—| Neum Basic ————
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Worked Example 1: ~ What is the pH of 0.004 mol dm= HCI (fully
dissociated) at 25°C.

Solution: The fully dissociated HCI has [H*] = 4.0 x 10 mol dm3, so

pH

~log (4.0x 10?)
(-log 4.0) + (- log 10°?)
-0.60+3 =240

Worked Example 2; The PH of a solution is 9.63. Compute its hydrogen ion
concentration,

Solution: The pure exponential number is 1(-%6

. Converting this number to a
mixed number, we have,

1099 = 19 %3 109

= 10 x 100
= 234x 10
Therefore the concentration of hydrogen ion in this solution is 2.34 x 10"
mol dm™
7.13 BUFFERS

The control of pH in living systems is essential f is found, fof
) th. Itis
instance, that the blood has a pH of aboy, 7.3. The pH ,em constant although
the concentration of carbon dioxide ang hence carbonie acid, varies considerably
If acid is added 10 a sample of blood s PH 15 found 1o change very little ual¢s
an excess of acid is added.

A solution which tends 10 resist changes in pH is called a buffer soluHo™
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Buffer solutions

neutralizing a solution o PH values are prepared easily by hal

e A I'a weak acid with a strong base, or a weak base with a
strong - An example of buffer solution is acetic acid (a weak acid) mixed

with s;dium acetate,  (its salt with strong base). Similarly ammonia solution,
NH,OH (a weak base) mixed with ammonium chloride (its salt with strong acid)

is another example of buffer solution,
CH3COOHM + CH, COO™ Na’ (aq) = Buffer solution
b -
NH‘OH( w T NH,Cl @ = Buffer solution.

In practice, more sophisticated buffer solutions have been developed for use,

Particularly in the field of Bio-chemistry. The bufferin blood is the carbonic acid,
it self a weak acid, in conjuction with protein molecules. We can illustrate the
functioning of a buffer system by the dissociation equilibrium of a weak acid.

CH, COOH , == CH, COO~ +H',,

The buffer also contains the salt sodium acetaté which is fully dissociated to
fumnish acetate ions.

CH,COONa',, = CH,C00-,, +Nai,

Due to the increase in the concentration of acetate ions, the acetic acid
equilibrium is pushed to the leftthere by reducing the H" concentration and
forming undissociated acetic acid. Thus there is no appreciable change in pH.
Even if small amount of acid or alkali are added, there is very little change in pH
of the mixture. In case of added acid, the additional H" in the solution will combine

With CH, COO to produce undissociated acetic acid.
CH,C007,, + H,, — CHCOOH,,

(3q)
and the pH will remain at about original level.

Small amounts of base (NaOH) added to the buffer SQlution will be
Neutralized by reactions with weak acid.

OF, + CH, COOH,,= H,0 *+ CH, CO0',
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7.14 NEUTRALIZATION

When two substances (acid and base) having op.posed properties arg allecd
to react, salt and water are produced. The reaction is known as neutralization,

Acid + Base —> Salt + Water
For example, Hydrochloric acid is completely neutralized by sodium hydroxide,
HCl , + NaOH | g —> NaCl  +HO,

In this reaction strong acid neutralizes strong alkali. Instead of complete
neutralization, there may be partial neutralization: for example sulphuric acid
reacts with sodium hydroxide to form sodium hydrogen sulphate:

H,50,,p*NaOH,, — NaHSO

4(2q)

+ HZO(‘ 2

In this reaction,

only one hydrogen ion of sulphuric acid is neutralized by
sodium hydroxide. ,

Inall these neutralization reactions,~hydrogen ion of the acid combines with
hydroxide ion of base to form water, °

ydrogen ion of acj

_ : ds ard hydroxide ions of alkalis
to produce water is known as Neytralization, -

H'y+OH, — H0,

It may be pointed out that th

€ salts f mplete
neutralization are normal and those Ormed as a result of comp

Pl’Oduced b : o either
acidic or basic. ‘ Y partial neutralization are
Normal salt Acidic s‘ah S

Basic sal;
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PROGRESS TEST 7

ua) ”Thc abllity Of an ion d‘,cpcods upon ils Ch.‘u‘gc dcnsityn' Conmcnt on thc

statement.

(b) What is essential difference between hydration and hydrolisis.

2.

3.

What is ionization theory? How does it explain the conductance of electric
current through solutions?

What is electrolysis? Explain by giving the example of CuCl, Give all
necessary electrode reactions.

Write detailed note on Electrode potential. What do you infere from the
Electro chemical series?

5.(a) Define oxidation number; oxidation, reduction.
(b) Give the oxidation number of:

6.

7

(i) Crin K, Cr,0, (ii) Sin Na,$,0, (i) Cin CH,O (iv) Mnin MnO-,
(v) Nin NCL,. (vi) 0 in OF,
Enumerate the rules for balancing the Redox equations by lon Electron

method.
Balance the following equations by ion electron method.

() CI’,O:- + }: 41, —=Cr™ + 15, +H,0

(iD) MnO':'o-. SO + J — Mn*? + SO;

(i) C{OH), + SOY — CrO*  + SO*7 (Basic)
Oxidation of CI* by Mn0}' in 2cid soludon

3 (KMnO, + KO -m,so,'-» MnSO, + K;SO,+H,0 + 1)

(v) MaO; + SO,"+OH™ — Mn®* + SO

8. What are the indicators? How can you explain their behaviour?

9. Write notes on:

(i) pH (ii) Neutralization (ili) Buffers

10. Dcﬁnepmwmispﬂofo.mnaazs"cr
.lL Wlmmwonzmdwukacidsmdbases?civeappmpﬁmemp\u,
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o)

CIELAPTER |

Q\

INTRODUCTION
TO
CHEMICAL KINETICS

INTRODUCTION

The word Kinetic is derived from a Greek word “kinetic” which means

“moving". Hence chemical kinetics is that branch of chemistry which deals with
the study of'"

(i) Rates of chemical reactions

(i)  Factors affecting rate

(i)  The mechanism through which the reaction proceeds
(iv)  Optimum conditions for the maximum yield of a product
8.1 RATE AND VELOCITY OF REACTION

During the course of a chemical reaction, the molar concentration of

reactants gradually decreases, whereas that of products increases, Consider?
general chemical reaction: A — 5 p

§w

F IB)
Q
=

0 Time

FIGURE:S8.1 Reaction profile
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Rate 9! reaction:- It ig defined as the quantity of a reactant consumed or the
quantity of a product formed per unit time i.e.

Rate = JNCTease in concentration of products or decrease in concentration reactants
Time taken for change

Thf’ gr.:aph clearly shows that the rate of reaction is not uniform and it
f,hanges with time. Initially the rate of disappearance of reactant [A] is fast and
it lappers out gradually. Similarly the initial rate of formation of product [B] is
fast but falls of latter on. Hence the overall rate of reaction as defined above is
actually the Average Rate of Reaction.
Velocity of reaction:~ It is defined as the rate of a reaction at a particular given
moment i.e. at a specific time., If we consider a very small interval of time “dt”
in which the change in concentration (dx) is taken to be ncarly constant then
velocity of reaction is given by the expression:

Velocity of reaction= %%

Velocity of reaction may also be termed as Instantaneous Rate of
Reaction.
Instantaneous rate is the slope of the tangent to the curve at that time.

Consider the reaction between Mg and HCI:
Mg, +2HCl ) — Mgl +H, )

foo
T
Al iz
" dx = dv
& =80cc-40cc
ol =40c.Cc
S 4
g “1’
> Lo
/0 '
o e u‘}i’i‘“i’ fo 9 (00
Time (9)
Graph of rate of reaction
FIGURE.8.2
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Reaction is followed by measuring the volume of H,gas evolved z
regular interval of time. The results are plotted and a rate curve is obtained (Fig:
8.2).

To calculate velocity of reaction, say at 40s, the tangent to the curve at
40s is shown in the graph.

Now velocity of reaction at 40s=slope of tangent
_adx _dv _40c.c

— = =0.83c.c/s
8. dt dns esd

Thus rate of production of H,at 40sis 0.83cm® / s
For the purpose of simplicity in future discussion, we will not differen-

tiate between rate and velocity of reaction and will be frequently using the
symbol % for rate as well,
t

Unitofrateofreaction:-The concentrationis usually expressed in moles/dm®
and time in seconds, hence

Rate of reaction = Change In concentration

Time taken for change
mole /dm® mole 1 -1
= = -—= ) =t
= W X = mole(dm ) S
8.2 RATE CONSTANT AND RATE EXPRESSION
Consider a hypothetical reaction;
_A+B ———> Products
According to law of Mass Action rae or velocity of reactiof is directly
~ proportional to active mass or molar concentration of reactants. hence for the
above reacticn or '
Velocity of Reaction ¢ [A] [B)
9% o [A] (B]
dt
4x _ K [A][B] (1)
dt

Expression (i) is called Rate Expression and constant K is called rate or velocity
constant,

When the concentration of each reactantis unity j . 1 mole/dm® then K
is called specific rate constant i.e. substituting the values in expression (i)
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X ki
= [1][1)

dx_g
dt
Henc.:c specificrate constantata given tem perature, may be defined as the
rate of reaction when the molar concentration of each reactant is unity.
Example 1:~ Writing rate expression
Problem: Write rate expression for the following reactions:
(8) PC15 — PCl3 + 012
(b) 2NO+0,——2NO,
() H,;SeO; +6I' +4H* —— Se + 31, + 3H,0

Solution:
(a) Rate of reaction & [PCg]

dx
at S K[pCls]

(b) Rate of reaction a [NOJ*[O,]
%% = K[NOJ’[0,]

(c) Rate of reaction a [H,Se0s ] [I°]" [H°]'
X - K[H;5¢0,] [1°] [H°]'

Example 2:~ Significance of plus and minus sign.
Problem:  Fora chemical reaction A—> B, the rate of reaction is

denoted by:

-dA o "’:tB_, State the significance of plus and minus signs.
dt

Solution: A represents the rate of reaction in terms of decrease in

2dB onresents the rate of reaction in terms of increase in
mgéenmﬁon of product B.
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Example3:~ Calculating rate of disappearance

Problem: Forachemical reaction C,H, @ +2H, P CzHe(g) ]

the rate of appearance of C,Hg is 0.25 mole/dm®.s. What is the rage of

disappearance of C,H, and H,?
Solution:

Rate of disappearance of C,H, = 0.25mole/dm® s
Rate of disappearance of H, =0.25x2 = 0.5 mole /dm®.s

Example 4:- Calculating rate constant
Problem: For a chemical reaction A + B———— AB. Calculate:
(a) Rate constant wher initial concentration of both the reactants is 0.1
moles/dm®each and rate of reaction is 3.02 x10*moles/dm?

(b) Rate constant if initial concentration of A or B is doubled.

Solution:
(a) For this reaction
Rate of reaction o [A] [B]

dX - K [A] [B]
dt

8.02 x10™*moles’dm?®.s=K(0.1 mole/dm?) (0.1 mole/dm?)

o 3.02x10*mole /dm?3.s
(O.l mole / dm? )(0.1 mole / dm:’j

K = 3:02x10™*dm®
~ 0.01 mole.s

K =3.02x102dm® / mole.s

(b) Let concentration of B is doubled
As [A] =0.1 mole/dm?

= [B]=0.1x2=0.2 mole/dm? o
Since concentration of [B) is doubled, the rate of reaction Wi
become double i.e.
Rate =3.02 x10™*x 2= 6,04 x 10~ mole/dm®.s

[
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Now
Rate=K [A] [B]

6.04 x10* mole /dm3.g = K(0.1mole / dm?®)(0.2mole / dm®)

K < 6.04 x10™* mole / dm?3s
(O.Imole / dma)(0.2mole / dm? )

K =3.02x102dm® / mole.s
Characteristics of K:

(1)  Ithas afixed value at a particular temperature.
(i)  Its value varies with lemperature,

(i) Itsvalueata lemperature remains unchanged when the concentration of
either or of all reactants is changed.
8.3 TYPES OF REACTIONS BASED ON REACTION VELOCITY

If we happen to observe many chemical reactions that are partof our daily
life, we note that different reactions take different amount of time forcompletion.
Forexample combustion of gasoline is very fast, cooking of food takes moderate
time, but rusting of iron is a very very slow process. Hence we may classify the
reactions with respect to their rates as follows:

(i) Reactions proceeding at a very slow speed:~These are the reactions which
proceed at extremely slow speed and take very long time for completion. It is
difficult to determine experimentally velocity of such reactions. Examples are:
rusting of iron, radioactive decay of elcments and formation of diamond from
carbon in earth crust.

(ii) Reactions proceeding at a very fast speed:— These reactions are instanta-
neous reactions i.e. they are so fast that they are completed in very small time of
the order of 107®s . All ionic reactions are of this type. It is impossible 10

determine rates of such reactions.
Examples:

- = * o
(2) HCl+NaOH———NaCl+H,0
(Acid) ~ (Base)
e g NG
(b) AgNos(q)+NaCl(aq)——->AgCl+NaNOam)

(ili) Reactions proceeding at moderate speed:~ These are the reactions which
Proceed at experimentally measurable rate i.e. they have limited speed and are
- “ompleted at the most in few hours. Generally reactions of organic and covalent
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compounds are of such type.
Examples are:

(a) CmHnO” + Hzo-—_‘—) CGH|206 + C0H|200

Sucrose Glucose Fructose
Aceticacid  Ethyl alcohol Ester

Why some reactions are fast and others slow ?
Concept of activation energy:- A reaction takes place when molecules of
reacting substances collide together. But all the collisions are not effective i.c.
do not lead to the formation of product. It has been found that only those
collisions arc effective in which the colliding molecules possess a minimum
amount of encrgy called Threshold energy.

Before collision the molecules of reactants in their normal state do
possess their respective internal energy, but their average internal energy is less
than threshold cnergy. Now the molecules must acquire the differcnce of energys
in order that their collisions be effective. The excess energy that the reactant
molecules, having average encrgy less than the threshold energy, must acquire
in order to react and change into products is called Activation Encrgy.
Thus:

Activation Encrgy=Threshold Encrgy-Average Internal Encrgy of molecules

A relation between these energies is shown in the graph (Fig:8.3)

77 71 ety

: Threshold energy
1T 355
l Average
< | Internal
g . |¥ _energy
Reaclants
[A)

Progress of .
FIGURE.8.3 reaclion, . L i
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The speed of a reaction depends upon the activation energy of molecules.
The reactions which have low values of activation energy are fast reactions and
those which proceed slowly or moderately have comparatively high value of
energy of activation,
Fast reactions can be slowed down and the slow reactions can be spedup
by controlling the activation energy.
Example 5:- Calculating activation energy

Problem: For a chemical reaction A——— B, the threshold energy of
reaction is 31 K.J/mole. The average internal energy of A is 12 K.J/mole.
Calculate activation energy of A.
Solution: Activation Energy=Threshold energy-Average internal energy
=31 K.J/mole-12 K.J/mole
Activation Energy of A=19 K.J/mole.

8.4 DETERMINATION OF RATE OF REACTION

Two methods are employed for the determination of rate of a chemical
reaction.

These are: (a) Physical methods (b) Chemical methods
(a) Physical methods:~In these methods the reaction is followed by measuring
change in some physical property of reactants or products. Following are the
methods generally employed:

Name of physical methods Observed physical property
(1) Refractometric method Change in refractive index.
(ii) Spectroscopic method Absorption of ultraviolet or
infrared radiations,
(ili)  Calorimetric method Change in colour intensity
(ivy  Conductivity method Change in electrical conductivity
(v  pH Method Change in pH is observed
i imetric method Change in optical rotation of
S e plane polarized light
(b) Chemical methods:~ When physical methods are not available or suitable
then a proper chemical method is used.

In a chemical method generally samples are drawn frox-n the reacting
vessel at regular intervals of time. Reaction is stopped at that particular moment
by suddenly chilling the sample adding it to a suitable chemical. The amount of

areactant or product present at thattime is generally found by titrating the sample

‘8gainst a proper reagent.

An example is the hydrolysis of methyl acetate (CHSCOOCHs)in
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acidic medium.

+
CH,COOCH, +H,0 e——= CH,COOH + CH;OH
Reaction is followed by measuring the amount of acetic acid
(CH;COOH )formed at regular interval by titrating the chilled samples against
standard alkali (NaOH). With the passage of time more and more acetic acid is
formed till reaction goes to completion.

\
5\0‘9::\
W &
o o Q\\\Q\‘ ¥ r
Y
3 . o* Slope = 0
.:n .g No further reaction
O
° o
g =)
S &8 Rate graph
‘ : } } :
0 Time (s)
FIGURE.8.4

The results are plotted as a graph and rate curve is obtained.

a The slope of rate curve at different times gives the rate of reaction
(Tﬁ) t that moment; as discussed in section 8.1,

8.5 FACTORS AFFECTING RATE OF REACTION |

The rate of a reaction involving collisions of molecules is influenced %
many factors, enlisted below: '

(i)  Concentration of reactants

(ii)  Nature of reactants

(iii) Temperature

(iv)  Presence of catalyst

(v)  Surface area of reactants (heterogeneous reactions)

(vi)  Radiation .
(i) Concentration of reactants:- Concentration js << number of M0
or molecules of a substance per unit volume, defined as number 027

Rawofmacﬁonvaduwimmecu- o :.—'f:‘ﬁ'

Scanned with CamScanner



235

law of mass action, the rate of a reaction is directly proportional to the
concentration Of reactants. The greater the concentration the greater the rate of
reaction. This is because with the increase in concentration, the number of
molecules of reactants also increases. There is now more crowdin g of molecules

so frequency 9!‘ collisions between them increases, resulting in the increase in
rate of formation of products,

Consider a general reaction

XA+yB———C
Rate of reaction a[A]"[B]Y
dx

3t - K[AF(BY

' In this rate expression the sum of exponents of concentration i.e. (x+y)
i1s called Order of Reaction.

Order of chemical reaction: The rglann between the rate and the
concentration of the reactants taking part in the reaction can be
described by the following reaction:

A+B — Product

rate of reaction i.e. %a [A][B]
%:_ = K[A][B]----(1)

Similarly for the reaction

A+2B— Product
4x _k[A]B)’ ----@
The eq:atmn of this type which describes the relationship be-
tween the concentrations of the reacting substances involved in the
reaction and the rate, is called “rate expression”. Itis the rate expression

which Jeads to the concept of order of reaction.
" The order of reaction is defined as sum of all the exponents of the
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concentration in terms of the reactants involved in the rate equation,
Thus in rate equation (2)
Order of reaction (n)=1+2=3 (Third order reaction).

Consider the following examples:

1
(1) N,O; > 2NO, +50,,

%‘:— = K[N,0;] The reaction is of the first order.

(i) 2CH,CHO — 2CH, +2CO
%tx- - K[CH,CHOf The reaction is of second order.

(i) 2NO+0, - 2NO,
% = K [NOJ [0,] The reaction is of third order.

The order of reaction is assigned to a reaction only on the basis of

experimental measurement and not by seeing the total nmber of mol-
ecules present in the reaction because there are reactions which contain
more reacting molecules but the concentrations of only one. of tWo
molecules may alter during the reactions. For a reaction, minimumorder
of reaction may be of zero order and maximum upto third order.
Example 6:~ Predicting effect of concentration on rate

Problem: The rate of a chemical reaction for the reaction:

2NO(q) + Oy ———12NO,

was found experimentally to be represented by the expression
Rate = K[NOJ’[0,]
What will be the effect on rate if
(a)  Concentration of NO is doubled
(b)  Concentration of NO is halved
(c)  Concentration of O, is doubled | e
Solution:  (a) AsRate a[NOJ, hence if concentration of NO is double®
the rate will increase by [2]* = 4 (imes,

lfooncenmuonofNOuhalvedu\emwmbemby

BT
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() AsRate a[O,] hence if concentration of O, isdoubled the rate will also
be doubled.

Example 7:- Predicting effect of concentration on rate constant
Problem: For a chemical reaction at 450°C

2NH; ———— N, +3H,

Rate = K[NH, |’
What will be the effect on rate constant if concentration of NH, is increased four
times ?
Solution: Now K= —— 2

The value of K will remain constant for either increasing or decreasing rate with
reference to the ammonia concentration. K remains constant because as concen-
tration of NH ,is increased four times, the rate also increases by that factor.

(ii) Nature of reactants:~ The nature of the reactants also affects the rate
because activation energy foreffective collisionis different for different reacting

substances.
Consider the following two reactions in which the collision probabilities

are same, even then their rates are not equal.
2NO + 0, —2NO, Fast
2C0 + 0, —2C0, Slow

Reaction between NO and O, is fast while that for CO and O, is slow.
This is because activation energy for CO s higher than that of NO; as shown in

Fig.8.5.

FIGURE.8.5
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(iii) Temperature:- The rates of reaction are greatly influenced by the
temperature at which the reaction is carried out. For example H,and O, do not
combine at ordinary temperature, but combine very rapidly at high temperature,
As a general rate of thumb, the rate of reaction doubles for every 10°K
rise in temperature. The reasons are:
(i) Astemperature increases the velocity of molecules also increases, this results
in the increase of frequency of collisions.
(ii) The rise in temperature raises the kinetic energy of each molecule. Ithas been
found by raising the temperature by 10°C, the fraction of molecules possessing
Threshold or activation energy becomes double, as a result number of effective
collisions is also doubled, hence rate is doubled.

Effect of temperature on kinetic energy

T2

Tz >Tl

Fraction of molecules
with a given K.E

KE ﬁ.

Threshold energy

FIGURE.8.6

The graph shows the K.E of molecules at : S
shaded area shows the fraction of molecules hav‘:fe:::t tempetl‘:mres- ]
Shaded area of T,is doubled of T,. threshold _

Temperature also has a pronounced effi
take place in food, when it is stored or ooome;t o bmml’::gw =
when cooled. Thus when stored at 5°C (the norm al e mf
may keep for several days. Frozen food stored at-5°C 1o e 9“
weeks. Deep frozen food stored at about ~18°C (tem BN
keeps for several months. ks cin d
(iv) Presence of catalyst:— A catalyst i “u e
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chemical reaction without itself being consumed in the process. Basically they

may be classified as:

(i) Positive catalysts:- They increase the rate of a chemical reaction.

For example: MnO, s a positive catalyst for decomposition of HyO,
2H,0,  —4001,9H,0,, + Oy,

Positive catalysts function by providing an alternate path to the reaction.
The activation energy of this altemative route is lower as a result more reactants
molecules possess the energy required for a successful collision. The total
number of effective collisions per unittime increases and thus the rate of reaction
increases,

(if) Negative catalysts:-They decrease the rate of achemical reaction. They are
also called Inhibitors. For example glycerine is an inhibitor for the above
decomposition of HyO,.

Negative catalysts on the other hand do not lower the activation energy
rather they combine with reactant molecules, thus decreasing the number of
colliding reactant molecules. This decreases the effective collisions, hence rate.

Some times one of the products of reaction acts as catalyst, such a process
iscalled Auto catalysts. Initial rate of such reactions is slow butlater onincreases
as the product concered is formed. Example is Redox titration between

KMnO, and oxalic acid.

2m‘o + 5H CQO + 3“380‘ ——-)2Mn50‘(.q) + IOCOZ(‘) + 8”30“)
4aq) T ¥ 4 aq) (=) X 50,
Here reaction is catalysed by Mn*? ion of MnSO,. This fact can be

tested in laboratory by adding some Mn*? ions in form of MnSO, in the flask

before adding KMnO, from burette. :

There are certain catalysts known as Biocatalysts. These are enzymes.
Enzymes are proteins which catalyse the chemical reactions in living systems.
Following is given a chart of some reactions and their catalysts:
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CHART
Reaction Catalyst Nature of catalysts

1. Synthesis of Ammonia Reduced iron powder Positive
by Haber's process and small amount of

N3 + 3“2-‘2 2NH3 Alea or Kzoas

.promoter

2. Conversion of SO, to SO, [ V, O 0r Ptin finely Positive
2580, + O;5= 250, divided form

3. Decomposition of laughing | Tracesof Cl, Positive
gas N3O

1000°K

2"30 =1 2"3 + oz

4. Decomposition of H,0, (i) Glycerine Negative
2H,0, —2H; +0; | (i) MnO, Positive
5, Oxidation of chloroform 2% Ethyl alcohol Negative
(CHCI;) to form

polsonous gas Phosgene

(cocl,)

CHCI, ++0,—— COCL, + HCL

(v) Surfaceareaofreactants:-Incase of heterogeneous reactions inwlﬁd'“
reacting species arcin different physical states, the surface area of solid e3¢
plays an important role with respect to rate of reaction. Greater the surfi‘::ﬁ
the higheris the rate of reaction. For example reaction between a pieceof

(CaCO,) and an acid s slow.

CaCO, +2HCl———CaCl, +H,0+CO,

But finally divided marbls reacts vigorously because the
marble offers greater surface area for HCI to act upon. Similarly for the **
reason amorphous boron is much more reactive than crystalline borof-

|
]
~ (R
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In case of liquid, the greater surface area, increases their rate of evapo-
ration. For this reason spilled milk ora liquid evaporates faster than . present
in a glass or cup.
(vi) Radiation:- Some chemical reactions proceed only under the influence of
light. These are called Photochemical Reaction: The concentration of reactants
does not influence rate of such reactions, so they are Zero Order Reaction.
Examples are:

(1) Reaction between H, and Cl,

H, +Cl, — s 2HCI

(i) Reaction between CH,and Cl,

CH, + Cl, —gzm— CH,Cl + HCI

Radiation or light consists of photons. When photons strike the reactant mol-
ecule, they provide the necessary activation energy to the reactant molecules to
react.

Example 8:~ Determining order of reaction

Problem: A certain reaction A +2B——— C+D gave the following

data;

Initial Concentration Initial rate of Reaction
mole /dm’ mole /dm?.s

No: A B

. o0l 0.1 3x107

2. 0.2 0.1 6x107°

3o .01 0.2 9x10°

What is rate law and order of reaction? .
Solution: Rate expreésion based on experimental data is called Rate law.

According to data:
(a) When concentration 0

Rate af[A]—(1) ‘ .
(b) When concentration of B is doubled, rate increases by square i.c.

from 3x 107 10 9x10° ie. (3)" x10°; hence
Rate a[B]'—2)

(¢) Now combining (1) and (2), we have

Rate a[A] [B’

f A is doubled, the rate is also doubled; hence
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or Rate=K [A] [B)’
This is Rate Law for the given reaction. )
Now Order of Reaction=Sum of exponents of concentration in rate law.

Order of Reaction=142=3
Example 9:- Estimating value of K with change in temperature
Problem: As a rule of thumb rate, hence rate constant of a reaction increases
by a factor of 2 for each 10°C rise in temperature, although the actual amount

of increase differs from ornereactiontoanother, Considerareaction A—— B,

for which at 400°C, rate constant K, has a value of 3 X 1071357,
What can be the possible value of K at 450°C.
Solution: Temperature increases from 400°C to 450°C, Thus rise in tem-
perature = 50°C. Forcach 10°C, K is more or less doubled. Hence value of Kwill
increase S times i.e.

K =(3x107'2 ,s71)x5

K =15%x107!2 g7}

PROGRESS TEST 8

1. Only some collisions between molecules are effective in producing
chemical reaction. Explain why?

2. Explain the conceptof activation energy and the variation of reactionralé
with temperature,

3. Distinguish between: :
(a) Rate and velocity of a reaction (b) Rate and rate constant (c) Positive
catalyst and Inhibitor.

4. Give one example each for the following:

(a) Rate of reaction (b) Velocity of reacti : i
rate constant. on (c) Rate equation (d) Specific

5. For the reaction 2N0( 9 +O0 208) 2N02m, i i Goaiod
dx _ 2
T K[NOJ'[O,]. What is the effect on the rate of the reactio”

when (a) the concentration of NO is redaced by one half (b) e

concentraation of O, Is doubled (c) a catalyst is added to mm‘;ﬁoﬂ
mixture. .

6.  The decomposition of formic acid js catalyzed by strong acids-

Scanned with CamScanner




T T E——

243

+

(a) Write its rate expression (b) What is the effect on its rate if the acid

10.

H,

concentration is doubled.

Write note on: Slow and fast reactions.

Among the factors that influence reaction rates, which are involved in
each of the following:

(i) Milk sours more rapidly in summar than in winter.

(ii) Powdered zinc reacts more rapidly with water than the chunks of
metallic zinc.

(iii) Combustion of gasoline occurs more rapidly in an internal combus-
tion engine than in an open container.

(iv) Unless ignited, hydrogen does not react with oxygen of the air buta
stream of hydrogen passed over platinum gauze bursts into flame.

' Make a list of factors which affect the rates of chemical reactions.

Describe the way in which each factor affects the rate of reaction. For
each factor, mention whether itis specific to a certain type of reaction,

or whether it is general. .
Describe the rate of achemical reactionasac

time.
The reaction rate, R, for reaction 2A +B— A,B was found

experimentally to be given by the expression.
R = K[A][B] | |
(a) Will K increase, decrease of remain unchanged if the concentration

i i led?
i bled? If the concentration of B is doub : .
g)“:h;isud;umcmm. decrease or remain unchanged, if the concentrauon

i is doubled?
of A is doubled? If the concentration of B is
For the decomposition of ethyl chlorocarbonate (C1CO,CoHs)

CICOOCH,CHy —— €03 + CICH,CHy
I gy 200°C. What is the initial rate when the initial
OOCH,CHjis 0.25 M?

Ans:—(3.25 10 Ms')

Hint: Rate  K[CICOOCH;CHs]
= (1.3x10° &')(0.25M)=3.25x 107 Ms'

hange of concentration with

K=13x10"s
concentration of CIC
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The rate constant for decomposition of nitrogen dioxide
2NO,(') _— 2NO( ) +O,m

is 1.8 x10%dm>mole~'s™!, What is the initial rate when the initial
concentration of NO,is 0.50 M?

(Hint: Rate = K[NO,]*,  Ans= 4,5x10°mole dm’s")
or  (4.5x10°Ms™)

14.  Followingisgivenadataforthereaction A + B ——— C.Findorder
of reaction?
No. Concentration Rate of Reaction
(mole /dm®)
A B
1. 0.1 0.1 8x10™
2, 0.2 0.1 16x107*
3. 0.1 0.2 16x107*
(Ans Order of reaction=2)
15. - Forthe reaction 2H3 +0, el 2H,0.
‘Rate= — = =[Ha][0)
Fill in the followlng blanks:
No. Conc.of [Hs] Conc. of [0,] Rate at 25°
1. 1mole/dm® | Imole/dm® | 5x10°mole/dm’s
2, 2mole/dm® | 1mole/dm?®
3, 1mole/dm® | 3 mole/dm3
—
Answer;  (2) 25x10"mole /dm’.8
(3) 15 x10° mole / dm>:8
16,  Write rate expression for the following reactions:

()  CHy=CH;+CH; —— CH,~CH,4
(i) Ha *‘%‘03 —— H,0
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7
(ili)  C;Hg +20,———2C0, +3H,0

Draw energy diagrams for:
(a) an endothermic reaction

(b) an exothermic reaction in the presence and absence of a catalyst.

Multiple choice questions
Which of the following are best to explain the action of catalyst in
speeding up a chemical reaction:
(A) Itincreases the equilibrium constant for the reaction.
(B) Itincreases the kinetic energy of reacting molecules.
(C) It prevents reverse reaction from occurring.
(D) It decreases energy of activation for the reaction.
(E) It decreases the enthalpy change for the reaction.
Which of the following are best to explain the rapid increase in the rate
of a chemical reaction as the temperature rises:
(A) The collisions frequency of molecules increases.
(B) The collisions become more violent.
(C) A considerably higher proportion of molecules has the necessary
minimum energy 1o react.
(D) The bonds in reacting molecules are more easily broken.

The energy of activation for the reaction 2H,0, D, 2H,0+0,

in absence of catalyst is 75 K.Jmole™.
The most likely value for the energy of activation in presence of catalyst

is: (A) 53 K.Jmole™* (B) 756 K.Jmole™ (C) 98 K.Jmole™
Thecnergy profile diagrams for the reaction
in presence and absence of a catalyst are
shown below. In these profile A represents:
(A) Threshold Energy A
(B) Energy of activation in absence of
catalyst g 2
(C) Average internal energy of reactants Re
(D) Energy of activation in presence of
catalyst

actant !
N
Product
Progress of reaction

Scanned with CamScanner



10.

246

The acid—catalysed reaction of an organic compound propanone
(CH,COCHj,) with iodine may be represented by the cquation.

CH,COCH, +1, — " CH,ICOCH3 + H" +T'

other conditions remaining same, what will be the effect on initial rate of
reaction if the concentrations of propanone, iodine and acid, all are
doubled ?

(A) 2x (B) 4x (C) 6x (D) 8x

The decomposition of dinitrogen pentoxide in a suitable solvent may be
represented by the equation:

2N205 —— 4 NOz + 02(‘)

The measurements of which are of the following physical quantities
could not be used to determine the rate of this reaction:

(A) Volume of oxygen evolved.

(B) Electrical conductivity of solution.

(C) Absorbance of solution using calorimeter.

(D) Mass of reacting mixture.

(E) Pressure of oxygen evolved.

Which of the following statements for the reaction between Hpand
Cl, in presence of sunlight is correct ?

(A) Rate =K[H,] [Cl;]

(B) The light lowers the energy cf activation .

(C) Rate is independent of concentration of hydrogen and chlorine.
Rate constant of a reaction depends upon:

(A) Temperature (B) Initial concentration of reactants

(C) Time of reaction (D) Extent of reaction ).
Powdered zinc reacts more rapidly with water than the chunks of metallic
zinc because:

(A) Powdered zinc is more reactive

(B) Energy of activation is lowered,

(C) Number of effective collisions has increased. |
(D) Surface area of powdered zinc is much more than that of c“‘”‘“of
zinc: and there is greater contact between individual reacting mdlﬁ‘“@
Combustion of gasoline occurs more rapidly in an internal comPU==
engine than in open air because:

I\
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(A) Number of molecules per unit volume increases

(B) 'N.umbcr of molecules per unit volume increases hence there is more
collisions between the molecules

©) Thcre are more effective collisions
(D) Ininternal combustion engine. the temperature is higher than in open

air. There is more collision among molecules, morcover the fraction of
molecules possessing activation energy, increases.

Key: 1 D 6. B
2 C 7 C
3 B 8. A
4 B 9. D
5 B 10. D

UNITS OF MEASUREMENT AND SOME IMPORTANT CONSTANTS

Table 1

S.I BASE UNITS.
Physical Quantity Name of unit Symbol
Length melre m
Kfiss 1 kilogram Kg
Time sccond S
Temperature | kelvin K
Amount of substance mole mol
Electric current ampere o
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Table 2
DERIVED S.1I. UNITS
Physical quantity | S.L name or special name S.I symbol
Area square metre m?
Volume cubic metre, cubic m?:dm?
decimetre
Density kilogram per kg m™
cubic metre
Velocity metre per second ms!
Force newton N (kgms? = Jm")
Pressure newton per square Nm?(kgm's™ = pa]
A metre (Force per unit area)

Energy: Work Joule

Electric charge Coulomb (C)

Quantity of heat | Joule

Heat capacity Joule per Kelvin

Electric potential | Volt

difference

Electromotive Volt

force

Frequency Hertz
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Table 3
NON-S.I.LUNITS
Physical quantity | Name and symbol S.I. equivalent
Length Angstrom (A®), 107°m; 10%em:;
Inch (In) 0.0254m: 2.54cm.
Volume Litre (L) 10°m? : 1dm°®
Mass Pound (1b) 0.4536 kg
Pressure Atmosphere (atm), 101,325 Nm™2,
torr (m.m.Hg) 133.322 Nm™
Force Dyne (dyn) 10°°N
erg, 10777,
Energy calorie (cal), 4,184 J,
electron volt (ev). 1.6021x1077.
Viscosity Poise 107'kg m™'s™’
Surface Tension | dyne cm™ 10°Nm™
Dipole moment Debye 3.338x10%°mC
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Table 4
S.I. PREFIXES
Multiple Prefix Symiio)
10' peta E
107 era T
10° giga G
10% mega 1 M
10° kilo K :
10?  hecto h
10 deka da
lo'l d
107 §&
1073
10°
5 (e

a -
ok
e e /P L. B S58

oy,
~
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: Table 6
| PHYSICAL CONSTANTS

|
Avogadro’s number N, =6.022x10* / mol
\
|
\

Electron rest mass m, =9.11x10'kg
Faraday constant F = 96485C / mol
Molar gas constant R =0.0821 L(dm’). atm, mol 'k

=8.3145 J.mol 'k’
=1.9872 cal.mol 'k’

=22.414 L(dm®)/ mol

Ideal gas molar volume
at S.T.P Vo =0.0224m* / mol
Planck’s Constant h =6.6261x10Js

= 2.179874 x107'8y

| Rydberg Constant for | Ry = 1.09678 x10°cm™

H-atom
Absolute Zero 0K =-273.16°C

Boltzman’s Constant K =1.381x102Jk™
Proton rest mass m, = 1.673 %107 kg
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