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'UGCHE-01 INORGANIC CHEMISTRY I
' (BASIC INORGANIC CHEMISTRY)

Introduction

This is the first course of the undergraduate chemistry

programme.This course is divided into two blocks in the first block we

shall introduce atomic structure of the atoms and molecules with their

historical and modern concepts. In the unit one and two, the periodic

properties of the elements with their compounds are discussed. Types
of bonds and bonding properties are elements with their compoﬁ'nds_
are discussed in unit three of the block one. In the block second, unit are
discussed with properties and general study of s and p—blbck"elements
and compounds. Specific 3 unit have introduction as well as role of

oxidation reduction in the field of chemistry.
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UNIT 1: ATOMIC STRUCTURE

Structure
1.1 Introduction
Objectives
1.2 Historical concepts of atomic structure
1.3 Ideaof de-Broglie’s matter waves
14  Heisenberg's uncertainly principle

1.5  Significant ofy andy; Schrodinger’s wave equation (for
H Atom)

1.6  Radial and angular wave functions (quantum numbers and
shapes of s, p, d and f orbitals)
1.7  Aufbau and Pauli Exclusion Principle

1.8 Variation of orbital energies (atomic number and‘energy

level diagram)

1.9  Long form of periodic table based on electronic
configuration

1.10 Summary

1.11 Terminal Questions

1.12 Answers

1.1 INTRODUCTION

After studying this unit, you should be able to know about the
classical concepts of atom models to explain the atomic structures. An
atom consists of a minute positive charged centre called nucleus. The
nucleus composed of protons and neutrons. The mass of an atom resided
in the nucleus. The nucleus is surrounded by the definite number of
electrons revolve around positive charge nucleus and balance the positive

charge. Further they based their theories on the postulate that all

interactions between matter and radiation occur in terms of definite
packets of energy, known as quanta. Their ideas, when extended further,

led to the evolution of wave mechanics, which shows the dual nature of

UGCHE-101/
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matter and energy. and explain it in the light of Einstein’s theory, list
Bohr’s postulates and derive an expression useful in calculating the radius
of the hydrogen atom, explain the atomic spectra of hydrogen in the
light of Bohr’s theory analyse critically the advantages and limitations
of Bohr's theory and state the refinements in the atomic spectra theory.

Objectivé:_

After studying this unit, you should be able to know
. Classical concepts of atom model

. Modern concepts of atoﬁlic model

. Schrodinger’s wave equation for H

. Radial and angular wave functions

. Long form of periodic table

1.2 HISTORICAL CONCEPTS OF
-ATOMIC STRUCTURE

In early concept of the atom as a hard, dense and smallest
individual particle according to John Dalton (1809) but different
properties like radioactivity i.e. emission of positive and negative particles,
and conductivity of gasses at low temperature, convinced scientists that
atom consists of three major fundamental particle called electrons, protons
and neutrons. The some important models as follows:

In1904 Thomson, proposed a model for the atomic structure
known as “plum pudding” model (Figure 1), he considered an atom to
be a uniform sphere of positive electricity of about 10* cm radius, with
the electron embedded in such a way as to give the most stable
electrostatic agreement. But fail to explain scattering of the &-particles
directed towards thin gold foil experiment of Geiger and Marsden..

JLIXUH 7TKRPVROXP SXGGLQJ IFRRRWGKEBIVR P



RUTHERFORD ATOMIC MODEL Atomic Structure

Rutherford (1911) on the basis of the X-ray scattering experiment
of Geiger and Marsden (1909) regarding-the scattering of thé-é-particles
directed towards thin gold foil, suggested that positive charge and mass
of the atom are concentrated in a space which is very much smaller than
that occupied by the atom as a whole.

According to Rutherford atomic model

i An atom consists of a minute positive charged centre called
nucleus. The nucleus composed of protons and neutrons. The mass

of an atom resided in the nucleus.

ii. The nucleus is surrounded by the definite number of electrons
revolve around positive charge nucleus and balance the positive
charge.

iii. =~ Mostof the space between nucleus and the revolving electrons is
empty.

iv. The centrifugal force due to the circular motion of electrons

balanced the force of electrostatic attraction between the nucleus
and electrons. Thus the electrons do not fall into nucleus.

Drawbaék of Rutherford atomic model

Niels Bohr pointed out that Rutherford’s atom should be highly
unstable. According to ]. C. Maxwell that whenever an electric charge
subjected to acceleration it emits radiation and loss energy thus Niels
Bohr argued that in Rutherford atomic model the electron should therefore
continuously emit radiation and loss enérgy as a result electron emit
energy regularly and orbit become smaller and smaller and finally it
should fall into the nucleus. However, this does not happen. Bohr supplied
solution to this trouble by the concept of the quantum theory of radiation

put forth by Max Plank.

J)LIXUH 'UDZEDFN RI 5XWKHUIRUG DWRFELBR



Inorganic Chemistry-I Plank’s quantum theory

According to Planck’s quantum theory, energy is not continuous
but is discrete. This means that energy occurs in‘packets’ called quanta,
of magnitude h/2¥, where # = Plank' s Constant = 6.6262 x10™Js. These
quanta of energy are emitted when an oscillator changes from one
quantized energy state to another. Thus, if the oscillator goes from the
level n+l to n, the amount of energy radiated as

AE=E,-E =n+1) hv-nhv=h\

Planck’s theory was extended by Einstein to explain heat capacity
variation with temperature. Energy was considered to be taken up by
the vibrations of particles. Einstein assumed that each atom could vibrate
about its equilibrium position with a single frequency v. He derived an
expression to calculate the heat capacity-and used it successfully to explain
the decrease of heat capacity at low temperatures.

Einstein’s theory of photoelectric effect

Applying the photon concept to the photoelectric effect, Einstein
proposed that an electron at the surface of the metal gainsan energyhv,
by the absorption of a photon from the electromagnetic radiation. If the
frequency v of the photon is greater than the minimum valuev, called
threshold frequency which is characteristic of a particular metal, then
the emission of photoelectron occurs. The difference, hv — hvm is

transformed as the kinetic energy of the photoelectron which is equal to

mv? /2 Thus, photoelectron emission does not take place when v is less than

V.

o

BOHR ATOM MODEL

Niels Bohr recommendea an atomic model whichis advance over
Rutherford model. With the quantum theory of radiation put forth by
Max Plank in 1901, Danish physicist, Niels Bohr on 1913 was proposed
to explain the spectrum of hydrogen atom. The energy of an electron in
an orbit is equal to that is its angular momentum mor, must be equal to
a whole number n (number of orbit), of quanta. Where m and v stand
for the mass and velocity of the electron, r is the orbit radius 7 is an
integer called principal quantum number. The orbits are called K, L, M,

N; .. depending on the values of 1, viz., 1, 2, 3,4, .....

UGCHE-101/1i
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mvr=—

Bohr based his theory on the following postulates:

i) Anelectron can exist only in orbits of definite energy and angular
momentum. Each orbit is known as a stationary state.

if) The electron does not radiate energy when it is in permitted orbit.

iii) For an electron remain in its orbit the electrostatic attraction
between electron and nucleus must be equal to the centrifugal

force which tends to throw out the electron out of its orbit.
2

2

. my Ze
Centrifuga | force = —— = Columbic attractive force = —
r r

‘Where m = mass of electron, v = velocity of electron, r=radius of

orbit, e= charge on the eléctron,_ Z =number of charges onnucleus and
€= permittivity of a vacuum.

HEHCC = 7
v -
mp-=—

iv) While in an orbit the angular momentum of the electron, mvr,
is anintegral multiple of h/2 a units.

_ nk
mvr = E;
or
_ mnh
v= Zmmr
n%h?
v = W sam dnm nms e smn sem san smn em ee s bem ee s Cll]
Combining the equation (i) and (ii)
Ze?  n?h?
mr  4n’mirZ
hence
o
_—_ 4n?mr
Thus
n*h?

O 2 ZmgZ e v e e e o ()

Atomic Structure
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‘Bohr radius.

For hydrogen atom Z=1, hence
a2
£~ Zmez

4n”h?
For SI system r= (Tm:]m_ﬁ“

Were factor 4meg is permittivity factor, its numeric value is
11126 X 107 C?N"'m ™%
Bohr’s radius: On substituting the values in the above equation as for

hydrogen atom the radius is obtained called Bohr’s radius.
_ (4meg)4n’h®
"~ 4n?me?

o B s ki o e XV

4ne, = 1.1126 X107 °C2NI1m 2
n=1

m=9109 x 1073 kg

e=1602 x 1071°C

h=6626 X 107*]s

r=0529 x 10 °m = 0.529A
For hydrogen atom in ground state n=1, the radius r, is designated as
hz
T an%me?
Energy of electron: The total energy of electron revolving in the orbit is

n

the sum of the kinetic and the potential energy.
1

Ze?
~Thus E= Smv?+ ()

Form equationmv? = — » Substituting the value of the value otmw4in above

equation.
1 Ze* Zé?
E= = %X— ——
2 r r
zez
E= - 2_l' e .....-(V)
Substituting the value of r form the equation (iii)
Ze?  An’Zme*
B= ==X
2n?Z%me* . .
TN TSR SRR S e e R (vi)



This equationis called Bohr equation for the calculation for total energy
of the electron.

For SI system
* . 2n’Z me*

T 7 (4meg)?n?h?
Were factordz ¢, -permittivity factor =1.1126x10™°C*N?m™
For hydrogen atom electron in ground state, n=1

m = 9.109x10* kg
e= 1.602x10"C
h=6.626 x 10%]s

Z=1

On substituting the values

per atom
Since E=-2.179x107"%J
Hence !¢V =1602x10"°J
=18
= -~2.l?9x_|190 4 =13.6eV (per atom) )
The kinetic enerlgd?bf'én eléétronis . Rearranging equation (v)
' ——mv?
2
E =—lnrw2 == &
2 8re,r

Substituting the value of r form the equation (iv)

Z%e'm
' Seaz {?z-hz o s . .
If an electron jump form an 1nitial orbit 7 to final orbit f, thus

E=-
Change in energy
. 24 2 4
: 865 n; h SEO nf h

_Z%'m | 11
8e,’ i nfz n’

i

Energy is related to wavelengthz=#cv, , and then this equation is

Atomic Structure

UGCHE-101/1:
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as Rydberg equation

JR [Lz— Lz] ................. (vii)
R

where Rydberg constant
2.4
R=—2S™ _109677.58 cm
-~ 8e, hc

[+]

iv)  Each spectral line is produced by a single electron. When an
electron jumps from one orbit to another, radiation of a definite frequency
is emitted or absorbed giving rise to a definite spectral line. The frequency
of the spectra line is related to the difference in energy, E, between initial

and final levels, as per the equation:

E=hv=%= hc© ceeeeen (VD) |

Using the above postulates, he was able to calculate the radius of different
orbits in hydrogen atom, the energy of the electron in its orbits and the
frequency of the spectral Lines.

ATOMIC SPECTRA OF HYDROGEN

Atomic spectra showed that each element emit light of specific
energies when excited by an electric discharge or heat. In 1885 Balmer
showed that wave number (%) of any line in visible light emitted by the

hydrogen atom are given by equation:

_ /1 1

=Rz~ z)
Where R =Rydberg constant = 2.179 x 10*J = 1.097373 x 10’ m™!
('Experimentally) and 1.096776 107 m™ (Theoretically) and n has the

values 3, 4, 5..., thus giving a series of lines. The lines observed in the

visible region are called the Balmer series.

Similar equations were found to hold for the lines in the other

series in the hydrogen spectrum.

Lyman v=E=R(3- 3) n=2345..
Balmer v=E=R l,'— ;15) .n=34,5,6...

Paschen ~ ¥=E=R(z— 3} n=4567..



Brackett v=E=R %2 - é) n=5,6,7... ~ Atomic Structure

Pfund v=E=R(=— > fiw 6,7.89...

nZ

Table 1: Spectral series found in atomic hydrogen

Spectral series Region of spectrum
Lyman Ultraviolet
Balmer visible
Paschen infrared
Brackett  infrared
Pfund infrared

Question 1: Calculate the energy of electron, radius of second orbit,
frequency and wavelength of spectral line when the electron revolves in
second orbit of hydrogen atom?

Answer:

D L Ll L LR L T T T

Number n
¥

5

Paschen series (IR)

P a7 3

Balmer series
(visible transitions shown)

Lyman
series

uv)

1

i : t ies found in atomic h -
Figure 3: Spectral series found in atomic hydre,, UGC|-|E.1()1/1J13



Inorganic Chemistry-I Limitations of Bohr’s Theory

The hyperfine structure in the atomic spectra of hydrogen is not
well explained by Bohr’s theory. Bohr’s theory is not able to explain the
spectra of multi-electron atoms.

Bohr’s theory does not explain how molecules are formed from
atoms.

According to Bohr’s theory, electron moves in orbits known as
 stationary states. The path of this orbit can be known only if we know
simultaneously both the position and the velocity of electron. It therefore,
assumes the accurate and simultaneous determination of both position
and velocity of the electron. It therefore, assumes the accurate and
simultaneous determination of both position and velocity of the electron.
Theories of Sommerfeld, Heisenberg and Schrodinger explain these
shortcomings by their theories.

SOMMERFELD THEORY

When electron moves from one orbit to another it should give a
single line in the spectrum but when the hydrogen spectrum observed
with a high resolution spectrometer it found that some of the line reveal
‘fine structure’. In 1916, Sommerfeld modified Bohr’s theory and tried
to interpret the fine structure in the atomic spectra of hydrogen as due
to elliptical path of the electron.

For the orbit closest to the nucleus, the principle quantum number
n=1, and there is a circular orbit. For the next orbit, the principle quantum
number n=2, both circular and elliptical orbit are possible. To define an
elliptical orbit defined by the ratio of the length of the major and minor

axes.
majoraxis n

minoraxis k

He introduced another quantum number, known as azimuthal
or subsidiary quantum number k, and may have values form1, 2, ...n.
Thus for n=2, n/k may have value 2/2 (circular orbit) and 2/1 (elliptical
orbit). For the principal quantum number n =3, may have value 3/3
(circular orbit), 3/2 (elliptical orbit) and 3/1 (narrow ellipse) shown in
figure 4. Which was by later modifications represented as ‘/” and shown
to have values 0, 1....(n-1), where n is the principal quantum number.

Thus if n= 2, then 1 can have values 0 and 1.
UGCHE-101/1 )
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Figure 4: Bohr-Sommerfeld orbits whenn=3.

The splitting of spectral lines when atoms are placed in a strong
magnetic field, known as Zeeman effect, could also be partially explained
by introducing magnetic quantum number (m/) de_scribing the allowed
orientations of electron orbits in space. It was shown that for each value
of I, ml can have (2! + 1) values namely from + [ to - I. Hence if =1, m]
can have three values, + 1, 0 and - 1. You will see in the next unit, an

alternate way of arriving at the quantum numbers n, l and ml.

1.3 DE BROGLIE MATTER WAVES

WAVE MECHANICS

According to Wave Mechanical Theory light exhibits both a wave
and a particle nature. This theory was further extended to matter i.e.
electrons, protons and atoms. The new quantum mechanics which takes
into account the particulate and wave nature of matter is termed as wave
mechanics.

DE BROGLIE EQUATION

In 1924 de Broglie proposed that matter as atoms, neutrons,
protons, electrons, etc. has dual character i.e. it is associated with the
properties of waves and their wavelengths é is given by the relation

h h
£ A -

my momentum
where m is the mass, v, the velocity of the particle and h the Planck’s
constant. de Broglie equation has no significance for large objects.

1.4 HEISENBERG’S UNCERTAINTY PRINCIPLE

It is impossible to measure simultaneously both the position and
velocity (or momentum) of a microscopic particle with absolute accuracy
or certainty. Mathematically,

h
AxXApEE

Atomic Structure

UGCHE-101/1
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h
Ax *xm AV>T

where Ax is the uncertainty in position, Ap the uncertainty in momentum
and Av is the uncertainty in velocity and m is the mass of the particle. It
also has no significance for large objects. Therefore the concept replaced
by the probability of finding an electronin a particular positionorina
particular volume of space. Solution of Schrodinger wave equation
provides wave function represented as symbo¥ . The probability of
finding an electron at appoint in space whose coordinates arex, y, and z
isy?(x, y, 2).

Question 2: A plasticball weighting 150 g is to be located within 0.1A.
what'is the uncertainty in its velocity?

Answer:

Question 3: The velocity of electronin first orbit is and located within
0.1A. What will be the uncertainty in its velocity?

Answer:

15 sIGNIFICANCEOFWANDY?

According to Heisenberg’s uncertainty principle, we can never
known the exact position of the electron moving around the nucleus
with a particular velocity. Thus we only have probability of finding
electron in any given region or defined in probability function. Ifo (x,
y,z)isa probability functionin three dimensional space around the point,
the function p is known as probability density. The total probability
of finding the electron in the whole space will be given by the summation
of all types of terms p dxdydz or p dy. Thus total probability must be
equal to unity in space.

12 pdy = | pddyaz =1

For the wave equation for a single particle is a functiong (x,y,2), called
wave function, represent amplitude of the wave. It has no physical
significance as such. In the case of wave the square of the amplitude 2

has significance than the amplitude itself. According to wave theory the
UGCHE-101/1:

g intensity of radiation is measured by the square of the amplitude of the wave.



The probability density in three dimensional volumes around the point, Atomic Structure
get related to the square of the amplitude of the associated wave. By
analogy ?, will be measure of finding electron in the given volume.

Thus N e
Popdt = [ yidi=1

—o©
-x

The factorgp?de represents the probability of locating the electrons I the
small volume element dr.

SCHRODINGER’S WAVE EQUATION

Schrodinger derived an equation based upon the idea of the electron as
-standing wave around the nucleus. For a standing wave such as vibrating,
of wavelength& with amplitude w at any point along x, at time ¢ may be

described by equation such as wave motion as
Fw_ 1 ow
&t g o

where u velocity of wave propagates.

w, can be written as two mathematical functions, x and ¢.
thus w = f(x) g(t)
for stationary waves, the function g(t) represented as
g(t)=Asin (2zvr)
where v=frequency of vibration and A = maximum amplitude of wave

After double differentiation of above equation with respect to time gives
e

ar’
In the same way double differentiation of above equation with respect to

= —4x’v’ Asin 2mut)=—4rv g (1)

time and respect to coordinate x, yields
Zue 1o TED o riyanvign
And

*w af(x)
82— 62

g(r)

Substituting the values of @ and ﬁ in equation (ix)

> f(x)

1
oz 80 = ﬂ—@‘luzv"g(t)f(x)

UGCHE-101/1!
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or

Pf(x)  AmPv?
=~ ()

- As we know that u=vA, where A is the wave length,

v 1 ) , s
Hence 7 = substituted inabove equation

Pf(x)  An?
axz SR 12 f (x)
If an electron is considered as a wave which moves in one dimension
% 4n?
8xz - 12_'
When an electron may move in three dimensions x, Y and z so this
‘becomes
i ST U S
= + 252 + o3 g W samensssrsesane (X)

Instead of the three partial differentials, the symbol
V2 = Laplacian mathematical operator is used then equation
became short as

The total energy E of a particle is the sum of its kinetic and potential
energy, thus

E=mv+V
or
mv?=2(E-V)
v'=2m(E-V)
Substituting the value of v?in the ééluation

R T m*m 2

w2t tar T e *m &Y

Py vy Py satm I | ‘
AT

ay?
The equation (xi) is knowh as Schrodinger’s wave equation

where |

i is a mathematical function representing the amplitude of the wave,
m, the mass .of the particle, '



v, the velocity, Atomic Structure
E the total energy of the particle,
V, the potential energy and x, y, z are three space coordinates.

It may be noted that square of the wave function, 2, represents the
probability of finding the electron in different regions. |

1.6 Radial and angular wave functions: quantum
numbers-and shapes of s, p, d and f orbltals

-SCHRODINGER’S WAVE EQUATION FOR HYDROGEN

In the hydrogen atom, the nuclear charge is +e and charge on
electronis—e. Then _
¥
Potential energy of electron, V= — =

r

Therefore Schrodinger’s wave equation

3y Ay 0y 8*m —e?
ot gt gt T \Fo o Je=0

82 82 a2 87rzm 'E.+ e’ o
ayz 372 = (F+ T hes
Inthe three dlmensions Y may be expressed interms of Cartesian
coordinates (x, Y z) orinterms of polar or spherical coordinates r.0,9)-

Spherical coordmates are shown in figure given below wherer represents
the distance from the nucleus, the sphencal coordmate eis the angle from
the z axis, varying from O to mand ¢ is the angle from the x axis, varymg from0to
27 |

1f we replace the Cartesian coordinates (x, y, z) to polar coordinates

(1, §using fo_llowmg expressions: z

rsin @
dt
x=rsin@ cos¢ X :
2 ; : o e rdB
y=rsin@sing . -
; d
z=rcos¢ r e
) = sin B do

UGCHE-101/2.
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Therefore, polar coordinates transforms as

13 (ﬁaw(no.m) 1 2 (sine'a;p(r,a.¢)_)+ 1

2 dr ar rZsin 030 a0 r2sinz @
?y(r,0,¢) Bm*m e? S
X 397 + Wz E+ - ll’(f_‘,ﬂ.(‘) =0

Evaluation of (7, 8,9), is possible only if function Y can be written as
¥(r,0,9) = ROO@)D() '

R(r) is a function depending on distance (r) from nucleus which depends
on the quantum number n and [.

©(0) is a function of @, depends on the quantum number ! and .
¢(¢) isa fU]‘lCtlDI’l of ¢, depends only on quantum number m.
The equation may be written as
¥ = R(Dur A
This spilts the wave function into two parts

1. R(r) 5 the radial functlon, which depends on the quantum number n
and L

2. A.; the total angular wave function which depends on the quantum
number m and [.

R(r) called radial wave functwn is independent of other polar
coordinates gives the energy and size of the orbltals.
©(@) is a function depends on & but indepeudent of othcr polar coordinates and

®(@) is a function depends ongh but independent of other polar coordinates are

called angular wave function gives the shape of the orbitals.

The Radial wave function, R has no physical meaning, but R?
gives the probability of finding the electron in a small volume dv near

- the point at which R is measured. For a value of r the number of small

volumes is 47 r?, thus probability of finding electron at the distance r
from the nucleus is 47 ?R?, is called radial distribution function. For
hydrogen radial distribution function plotted against r shown in figure
5. The radial probability distribution curves can be drawn suitably by
remembering the radial nodes i.e. the radial spaces at which radial
probability is almost zero, is equal to (@ — I — 1) and the curves starts
from origin and the areas of envelops increasing from left to right so that



the last envelop covers maximum area. In case of hydrogen atom the Atomic Structure

radius of maximum probability is 0,529 A.I

Figure 5: Radial distribution function for various orbitals of hydrogen

Figure 5: Radial distribution function for various orbitals of hydrogen atom
The angular wave function and shape of orbitals

The angular wave function (A), depends only on the direction
and is independent of the distance from the nucleus (). Thus A? is the
probability of finding an electron at given direction8, ¢r at any distance
from the nucleus to infinity. The angular wave function A are plotted as
polar diagrams only represent angular part of the wave function in Figure
6. From the transformed equation of polar coordinates an additional
quantum numbers m originates. The maximum value of m canbe 1,

so that can have values0, +1,+:2,43 ...... + L.

UGCHE-101/2:
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d2 o dz

JLIXUH 3ROGUDJUDP YV IRHBAMNH\DHQIW CGGIDW WWHKIH ZOXBFWLR

Spherical nodes [R(r) = 0]

Examples (number of spherical nodes)

s - 0 2p 0 3d 0
25 . -1 3p 1 4d 1
& .2 dp 2 5d 2

| Angular nodes [Y(8, $)] = 0]

- Examples (number of angular nodes)

'S érbita]s 0

p orbitals 1 plane for each orbital

d orbitals 2 planes for each orbital except dz?

- For hydrogen like systems yields two quantum numbers, 7 and
1, the principal and angular momentum quantum numbers. The radial
~ probability function is 4 7 1R? This function describes the probabsility

- of finding the electron at a given distance from the nucleus, sumimed



over all angles, with the 4 = r* factor the result of integrating over all Atomic Structure
angles. The radial wave functions and radial probability functions are
plotted for then=1, 2, and 3 orbitals. Both R(r) and 4 n ’R? are scaled

with a, the Bohr radius to give reasonable units onthe axes.
The Bohr radius, a, = 52.9 pm, is a common unit in quantum '
mechanics. It is the value of r at the maximum of ¢ for a hydrogen 1s

orbital and is also the radius of a 1s orbital according to the Bohr model.

/\‘/ '
f y Z y
—94‘:{ /(%/ L’) - X
P P
y
1 é/y
K->
LIJ do.2 /9/
Y z

o .
> 3
d,;

JLIXUH VKRZLDSHWKH V S DQG G RUELWDOV
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Inorganic Chemistry-I Quantum numbers

The solutions of Schrodinger_ wave equation for atom yield three
quantum numbers #, ! and m. These quantum numbers are designated
as principal quantum number (n) , angular momentum quantum
number or azimuthal quantum number or orbital quantum number (I)

- and magnetic quantum number (m). These are the same quantum .
numbers- principal, subsidiary and magnetic as were used in Bohr Theory.

Principal quantum number (n)

This quantum number represents the main energy level or energy
shellin whlch the electron is present. It is represented by n and canhave
values1, 2, 3, .. .etc. Italso determines the average dlstance of an electron
from the nucleus. As the value of nincenses, the electron get far away
from the nucleus and energy increases.

Azimuthal quantum number or orbital quantum number (/)

The azimuthal quantum number or orbital quantum number (J)
describes the shape of the orbital occupied by the electron. I may have
values 0,1,2 or 3 from relation? = 0to (n — 13 When [=0, the orbita_l is
spherical and is called an s orbital, when I =1, the orbital is dumb-bell |
shaped and is called an p orbital, when /=2, when the orbital is double
dumb-bell shaped and is called an d orbital and when [ =3, the orbital is
more complicated is called f orbital. The lettersss, p, d and f come from
the spectroscopic term sharp, principle, diffuse and fundamental which _
used to describe the lines in the atomic sﬁec tra.

Magnetic quantum number (m)

The magnetic quantum number m describes the orientation of
orbital around the nucleus, which can have values depends on the
azimuthal quantum number (I) m = = H,(1-1.. 0. .to(+1)..

Thus a smgle line in the normal spectrum will appear as (21+1) lmes 1f a
magnetic field is applied.

Spin quantum number (s)

The spin quantum number (s) with values =t % . This is explained
by assuming that an electron spins on its axis in either a clockwise or an
anticlockwise direction. This explains why some of the spectral lines are
split into 2, 3, 4 ormore and in addition some spectral lines are split still

24UGCH E-101/2 _further into two lines or doublet,



n |1 m ~ symbol
1 0 0 ' ' " 1s(one orbital)
2 0 0 2s (one orbital)
2 1 41,0,-1 2p (three orbitals)
3 0 0 | 3s (one orbital)
3. |1 +1,0,-1 2p (three orbitals)
31 "2.| 42an0.12 7 3d (five orbitals)
4 0 0 4s (one orbital)
4 |1 E 01 ~ 4p (three orbitals)
4 | 2| +241,0,-1,-2 4d (five orbitals)
4 3 |+3,+2,+1,0,-1,-2,-3 4f(seven orbitals)

1.7 AUFBAU AND PAULI EXCLUSION PRINCIPLE

Aufbau a German term, building up, a principle, where the
 buildup or filling of electrons in atoms results from continually increasing
the quantum numbers of increasing energies. '

1. Electrons are placed in orbitals to give the lowest total energy to
the atom. This means that the lowest values of n and [ are filled first.

2 The Pauli exclusion principle requires that each electronin an
atom have a unique sét of quantum numbers. At least one quantum

number must be different from those of every other electron. This principle .

does not come from the Schrodinger equation but from experimental
determination of electronic structures.

3. Hund’s rule of maximum multiplicity requires that electrons be
placed in orbitals to give the maximum total spin possible or the maximum
number of parallel spins. Yo

1.7 VARIATION OF ENERGY LEVELS

To know the sequence in which the electrons are filled in increasing
energy levels are an be represented as in figure given below. It canbe
seen that the order of filling of energy as follows: 1s, 2s, 2p, 3s, 3p, 4s, 3d,
4p, 5s, 4d, 5p, 6s, 4f, 5d, 6p, 7s, etc.

Atomic Structure
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Afterthels, 2s, 2p, 3sand '3p.]evels have been filled at argon, the
next two electrons go into the 4s level and once the 4s level is full the 3d
level is the next _iowelst' in energy not the 3p level, thus 3d starts filling
first than 4s. Similarly once 5s level is filled then lowest next energy level
is4d not5p, thus electrons filling in 4d takes place. A further complication
arises after 6s electrons are start filling in lower orbital 5d but after one
electron 4f lower energy orbital sfar__ts filling and after completely filling

~ 5dlevel start filling further.

o
o

Sequence of f_illing energy levels

1.8 LONGFORM OF PERIODIC TABLE BASED

ON ELECTRONIC CONFIGURATION

The Russian che_misf Mendeleeff in 1969, firstly attempted to

- divide elements on the basis of their chemical and physical properties in

the order of increasing atomic weights, elements with similar properties
appear at regular intervals called periodic law. He state that “The
physical and chemical properties of elements are periodic functions of their
atomic weights.” | L | -
In1912, British physicist, H. Moseley, discovered new properties
of elements called atomic number. As well known atomic number of an
atom is equal to the number of protons present in the nucleus, which is
equal to the number of electrons present outside the nucleus of the atom.

Thus the modern periodic law as “The properties of elements are periodic
functions of their atomic numbers.”



According to increasing atomic number of elements are arranged
ina table with similar properties fall in same column is known as periodic
table. The elements fall in a same column and resemble similar properties
are belong to same group or family of elements. The filling of the energy
levels for the first ten elements, hydro'gen to neon, atomic numbers 1-10

is shownin table below.

Elements Configuration Is  2s 2p

H st B

He 1s? l’

Li 1s2,2s' *L

Be 157,257 i B

B 1g2p W B |

C 12,2s2p7 ¢_ B

N © o 188,28%2p" 14 n.L
0 182,2522p4 m g B :
F 15%,25%2p° B B m B
Ne 1s,2522p" B B B B B

Long form of periodic table

The objective of the periodic table is to organize and systematize -

the chemistry elements. The arrangements of elements in this table is
also inkeeping with their electronic structures and help us to understand
 the reason why certain elements resemble one another and why they
differ from the other elements in their properties. Another significance of
this that reason why similar properties of elements come again at certain
regular interval when they are arranged in the increasing atomic
numbers, called periodicity, i.e. after 2,8,8,18,18 and 32 elements. The
number 2, 8, 18 and 32 are referred to as magic numbers (due to extra
stability). This can be understood by the electronic configuration of these
elements as we can see in the table given below, where Z is atomic number.
Inso far as the chemical (and physical) properties of an element derive
from its electronic configuration, and especially the configuration of its
least tightly bound electrons, it follows that chemical periodicity and the

form of the periodic table can be elegantly interpreted in terms of electronic

structure,

Atomic Structure
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Electron Configurations of the Elements :
Elemeni Z Configuration Element Z Configuration

H S 14 Ce 58 - [elbs™y! sq'
He ) ) 1s P 59 ejos4f® -

Li 3 [Heps! bid 9 , Xeleet4y!

Be ; o Po o Dl

B 5 Hel2s22p! Sm ) 62 [Ke]ﬁr’djf

c ¢ (Hops2p? Eu 63 [Xelbs?4f*

N 7 N2y Gd &4 XeJ6s?4s” 5

0 § [Hejes2p! ™o 65 - [Xelshaf

F o Hes2p : Dy & [Xelfistaf!"

Ne 10 Helzs™2p® © Ho 67 : [Xelfa*4p'

L : Er 8 (elssaf 2

e i N . ® el

Al 3 [Nef2s'3p! 1 Az baedr
5i 14 Nel3s"3p" ! La : il ;[){e}f“ 4 5‘!2

P 15 [Nepstap? HE (¢ " (Xelfs'af'tsd

S T O Nei3 Ta FK Cy elyiaptsas

d ' 17 _ Ml w % p Dejbraritss®
A 18 ' Nel3st3p Re B [Xelfa:jdf::sjf;

‘ 0s. 6 ©[XelpsParMs

é lg E‘::E:z Ir 77 - [XefortafMsg?
Se 1 [Arkstad! - i ity 58

't n (A3 AL - i [ XelGa'4 "5‘*!?
v n (A _ Hg 80 (XeJ6s?4s1454M
Cr % AldsE il 81 [Xelas'47" 5 6!
M % [Arsad? Pb 82 [Xe)aetaf'ésd p?
Fe % 1Arkst3g? Bi & [XeJosaf 54" p’
o n A3 Po &I [Kel6s*afHsa 65t
Ni pi [Ardas™d® At 85 © [ReletafMsg eyt
Cu 2 ; sArgasad" - Rn 8 P [XelistarMsge,f
Zn 30 [Arjas*ag™® : ' '

Gr 3l [Ads3d"ap! P, 81 [Ral?d

Ge n . [Arks3d 0 p Ra 8 © [Rap7é

A k& [Adds 3 e Ac 8 . 1 R 6d
Se M O [kt Th % D YRaTY 6d?
Br - 3% : [AMe3d P 91 MRAIPSF 6
K R ) [Ae3g 4p® VI 9 *[Ral7e%55* 6
Rb 1 Kt _ Kp 3 ! *[R,l]-;.,fsf» 6l

S 38 [KiJss® S 44 [Ra]7s°5 50
_ . 3 i _ Am 95 [Raj7s7s!

Y » [KelSs 4 Cm % Ral?s%5f" 64"

Zt 40 ’ [Kt]Ss';j:r; Bk 7. [Ra]7sts4?

: ?}; ;‘i *{gzlw’ . 9% *{Rn]?.v;if?iﬁd'
_ 2 s Es, 9y [Ral7s"5f

T 43 fl(r]ic'ﬁ.f_ Fm 100 [Ra]7 %5 f'l

Hu 44 *[Ke)5s'4d” g1

Rh ¢ g Tkr|Ss4d® W ol ey

5 % i No 102 [Raftsisf™

A 4 {Krj3s'44° by e o 1 (Rajts s ed
cd : 4 K5t : ur [Re]75577p

In P Ksadsp - Rf 104 [RajTs'5f 46
Sn 50 [Kr]S."M‘l-“sz Db 105 [Rn]?sz‘q‘]r"mi
Sh, 5l C [Kelseld %! 5 106 [Ra}?sf e
Te - 5 (Kejss4d 5" " Bh wr (Raj75"sf 6

1 5. (K554 syt Hs 108 © [Ro)7ss7 e

Xe 54 [KeJss4d "5 b 109 - [Ral7s*s Med?
" e ooy T 1o “Ru]7s'5 Y6
G % s U 1t [RaJTs'5f 464"

* Elements-with configurations that-do not follow the simple order of orbital filling, ) P

Noe: Actinide configurations are from ), J, Karz, G. T. Seaborg, and L. R. Marss, The Chemistry of the Actinide Elements, 2nd od., Chapman and

Hall, New Yark and 1ondon, 1986. Confignrations for elements 100 1 112 are predicted, not experimental. :
The long form periodic table is constructed by arranging elements in the
order of increasing atomic number. The horizontal rows constitute periods
while vertical rows constitute group. The elements of each group are

now analogous to one another. This canbe seen below inthe Long form

of periddic table based on atomic number. '



1 period Is B clemehts in this period 2

2" period 2s - 2p elements in this period 8
3 period  3s 3p elements in this period 8
4" period 4s 3d 4p  elementsinthis period 18
5% period R 4d 5p - clementsinthis period 18
6" period ~6s . 4f 5d 6p elements in this period 32
-s-block- : o —p-block:
1
2
13 Transition metals 5 10
o E 13 N I
=2 22 = | 30|31 | 2 g 2
c A ED 40 Z |49 S|&|2
3 : %
- o
- Il |88 86
| 87 89 | ** | 104 © iz
T T
* | 58 La?_thani"des . 71
= | 0 A:clinid:es 1 | : 103

~ Figure: Long formof periodic table based on atomic number

1.10 SUMMARY

In this unit we have focused attention on the developmentsleading

to Bohr atom model. The instances and reasons for the failure of classical

physics are given. Using quantum theory, Planck, Einstein and Bohr
explained black body radiation, heat capacity variation, photoelectric
 effect and atomic spectra of hydrogen. But each of the above theories
had limited success. No doubt these theories rejected the classical concept

of the arbitrary energy values for an atomic system. Since wave

mechanics is based on new quantum postulates, the theories proposed
by Planck, Einstein and Bohr are collectively called Old Quantum
Theory. This loophole was overcome by de Broglie, Heisenbérg and
Schrodinger collectively known as Wave Mechanics. Atomic number
of an atom is equal'to the number of protons present in the nucleus,
which is equal to the number of electrons present outside the nucleus of
theatom. The propérties of elements are peri'oclic functions of their atomic

Atomic Structure
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numbers. With increasing atomic number of elements are arranged ina

table with similar properties fall in same column is known as Periodic
table.

1.11 TERMINAL QUESTIONS

L Explain the two main reasons for the failure of classical
mechanics?
2; Derive an expression useful in calculating the energy of anelectron

in nth orbit of hydrogen atom?
3: What is the value of Redberg’s constant (R ) incm™?

4: Calculate the radius of the second orbit in hydrogen atom using
Bohr’s theory? '

5 Calculate the four quantum numbers for the last electron of
Nitrogen?
6: Explain the position of element from the electronic configuration

 of Chlorine?

7: - Explainwhy Chromium and Copperboth electronic
configurations do not follow general trends?

8 Explain the limitations of Bohr’s theory?

9: - How electronic configuration help to predict the periodicity?

10: _. Deri_ve the Schrodinger wave equation and discuss the significance
- of the wave function ¥ in this equation?

11.  What are radial and angular wave functions? What information
we get from these functions.

12.  Write the possible values of 1, ] and m for the electron in 3p orbital?

13.  Define the limitations of the Bohr’s thedry of atomic structure? _

1.12 ANSWERS

See the s_ecﬁon 1.2 L

See the section 1.2 of subtitle Bohr atomic model

1
2

. B Redberg’s constant= 1.096776 10 cm 1
4

Radius of second or‘qit of hydrogen atom according to Bohr’s
theory is : '



5.

The configuration of N'* - 1s? 2s?, 2p®. The principal quantum Atoinic SHricttre

number n=1, Azimuthal quantum number (J) = 1, magnetic quantum

number (m) =-1 and spin quantum number (s) =+ % ‘

6.
Lo

See section 1.9

Due to maximum multiplicity as well as exchange energy the

configuration of Chromium and Copper actual electromc configuration
is differ from the normal configuration.

8.

i

10.
11

12.
‘quantum number (n) = 3, azimuthal quantum number (1) = (n-1) = 1,

See section 1.2 of the limitation of Bohr’s theory.

See section 1.8

See section 1.5
See section 1.6

For 3p orbital the quantum numbers are as follows, principle

and for magnetic quantum number- (im) = (+/ to -1)=+1, 0, -1.

13.  See the section 1.2 of subtitle limitations of Bohr atomic model.
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UNIT 2: PERIODIC PROPERTIES OF

51

ELEMENTS
,Structﬁre - _
Introduc_tion
Objé&ives
2.2 . Typesofradii
2.3  Ionisationpotential
Factors affecting the magnitude of I. P.
2.4 Electron afﬁmty and its variation
2.5  Electronegativity (Pauling, Mulliken and Allred Rochow scale)
and its Variation
26 Concept of effective nuclea.r charge and shielding effect -
| (Calculatidn of Screening conétant with Slater’s rules.)
2.7 Summary |
2.8  Terminal Questions
: 2.9 Answers
2.1

INTRODUCTION

. To understand chemical bonding between atoms and geometry

and shapes of the molecules, it is necessary have knowledge about the

‘atomic sizes, their interactions and their 1mpact to decide the atomic

properties such as electron affinity, ionization potential and
electronegativity. How and which factors are responsible to alter the
properties of element with another elements explained by different laws.

Objective

Periodic properties of elements
Size of atoms and ions

Types ofions

Electron affinity of elements
Ionisation potential of elements
Electronegativity of elements
Effective nuclear charge |
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First lonization energy (KJ mol)
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1500 - N
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H C G520’ s°2p
1s P
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Atomic numbers
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"MVNJOJVN GPSNT BMMPZT XJUI NBOZ PUIFS NFUBMT B
DPSSPTJPO SFTJTUBOU NBUFSJBMT 8IFO "M JT BMMPZ
QSFWFOUT UIF GPSNBUJPO PG UIF UJHIUMZ IFME QBTTJ!
"M 8IFO UIF BMMPZ JT ESPQQFE JO XBUFS UIF "M SFBI
GPSNJOH BMVNJOJVN PYJEF BOE MJCFSBUJOH IZESPHF(
CFFO TVHHFTUFE BT B TPMVUJPO UP UIF QSPCMFN PG
VTF JO GVFM DFMMT "MVNJOJVN IZESJEF "M) JT B °
SFHBSEFE BT TBMJOF MJLF UIF IZESJEFT PG UIF T CI
$B) BOE /B) XIJDI BSF NPSF SFBEJMZ BWBJMBCMF DPN
IBT GFX BQQMJDBUJPOT JO UIF MBCPSBUPSZ 5IF NPTU
# 0 JT QSFQBSFE CZ EFIZESBUJPO PG CPSJD BDJE
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(/(0(176
Current industrial processes avaried in the strategies they adopt to ensure
economical ratesxploit materials, and avoidnvironmental problems. We can
explore these strategies by considering three impoetearhples that reflect low,
moderate, and extreme difficulty of reductiohhe least difficult reductions
include those of copper ores. Roasting aneelting are stilwidely used in the
pyrometallurgical extraction of copper. However, some recent techrsgegsto
avoid the major environmental problems caused by the production of the large
quantity of SO, released to the atmosphetbat acompanies roasting. One
promising developments the K\GURPHWD OO XU JloF BoppeH the UDFWLRQ
extraction of a metal by reductiaf aqueous solutions of its ions, using &t
scrap iron as the reducing agent. In this prod@s%,ions, leached from lovgrade
ores by acid or bacterial action, are reduced by hydrogéme reaction or by a
similar reduction using iron. This process is less lalrto the environment
provided the acid by-product is used or neutralized locally rétk@arcontributing
to acidic atmospheric pollutants. It also alloesonomic exploitation of lower
grade ores.

The extraction of metals from ores electrochemicallyoisfioed mainly to
the moreelectropositive elements, as discussed in the casarafralim. For other
metals produced in bulk quantitissich as iron and copper, the more energy
efficient and cleaner routes used by industry in practice gusiremical methods
of reduction.In some specialist cases, electrochemical reductiosedta isolate
small quantities of platinum group metals. So, for example, treatment of spent
catalytic converters with acids under oxidizing conditions produces a solution
containingcomplexes of Pt(Il) and other platinum group metals, which can then be
reduced electrochemically.

The metals are deposited at the cathode with an overajpeBOcent
efficient extraction from the ceramic catalytic converténe reduction ofAl203
with carbon becomes feasible only above 2@)0which is uneconomical. YGCHE-101/15
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However, the reduction can be brought abddiO H F W U Ra@d \AllLrRddéDr
production uses the electrochemittlll Heroult process which was invented i
1886independently by Charles Hall and Paul Heroult. The process require:
aluminium hydroxide hat is extracted from aluminium ores using tBayer
processin this processhe bauxite ore used as a source of aluminium is a mi;
of the acidic oxide Si®and amphoteric oxides and hydroxides, such a®sAl
AIOOH, and FeOs. The AbOs is dissolvedin hot agueous sodium hydroxid
which separates the aluminium from mughthe less soluble E@3, although
silicates are also rendered soluble in these strdmagyc conditions. Cooling th
sodium aluminate solution results in the precipitatadnAl(OH)s, leaving the
silicates in solution. For the final stage, in the Hédiroul process, the aluminiur
hydroxide is dissolved in molten cryolite (MdFs) and the meltis reduced
H O HF W U R4 BidelFdatboda with graphite Q R.G keMatter partipatein

the electrochemical reaction by reacting with the evolved oxygen atoms so t
overall process is

2AI203($) +3C (5) ——» 4Al, (3)+ 3CO4(9)

As the power consumption of a typical plant is huge, aluminium is often prod
where electricity is cheap for example, from hydroelectiigses in Canada.

The lighter halogens are the most important elements exdir@gtelectrochemice
oxidation. The standard reaction Gibbs energy for the oxidation "o in
water is strongly positive, which suggests that electrolysis is required.
minimum potential differencéhat can achieve the oxidation of @ about 2.2 V
(form G * =-nFP and n = 2).

2Cl @y T 2H,0(l) ——— 20H (g) * Cly9) o *R K3 mol
It may appear that there is a problem with the competing reashaih can be
driven forwards by a potential difference of only 1.2 V, when n =4,

2H0()  ———= 2Hx9) T Ox(9) 0*R  KJmol

However, the rate of oxidation @fater is very slow at potentials at whicHirst
becomes favorable thermodynamically.

7 D E OReduction potentials and extraction methods

(OHPHQWAHGXFWLRQ SRWHOWLOWVWDFWLRQ |PH
Lithium Li* | Li -3.05 Electrolysis of fused
Potassium K* | K -2.93 salts, usually chlorides
Calcium Ca* | Ca -2.84




Sodium Na’* | Na -2.71
Magnesium Mg?* | Mg -2.37 Electrolysis of MgCl
high temperature
reduction with C
Aluminum Al*T Al -1.66 Electrolysis of AtOs
dissolved in molten
Nag[AlF ¢]
Manganese Mn2* | Mn -1.08 Reduction with Al
Chromium Cr|Cr* -0.74 Thermite process
Zinc Zn?t | Zn -0.76 Chemical reduction of
Iron Fe* | Fe -0.44 oxides by C sulphides
Cobalt Co?* | Co -0.27 are converted to
Nickel Ni2* | Ni -0.23 oxides then reduced
Tin Sr** | Sn -0.14 by C or sometimes H
Lead Pt | Pb -0.13
Copper Cuw* | Cu +0.35 Found as native metal
Silver Ag?* | Ag +0.80 or a compound easily
Gold Au®t | Au +1.38 decomposes by heat.
(Also cyanide
extraction)
6800%5<

From thisunit you learn oxidation and reduction or redox reactiongerms of the
transfer of oxygen, hydrogen and electrombe origh of the electrochemical
seriesand ability of the varioussubstances included in it to act as oxidizing or
reducingagents.How the oxidatiorreduction is important for the directing the
metal extraction processes.

THUPLQDO 4XHVWLRQV
Question 1for a Cell

Ag(ﬂ‘ AgNO; (0'01M) H AgNO;, (1'0M) ‘ Ages,

(a) Calculate the emf at 28

(b) Will the cell generate emf when tworm@ntrations become equal.

Question2: Consider the cell
Zn N2+t . o
‘ Z (aq)O M ‘ ‘ Cu2+(aq) 1M ‘ cu

The standard reduction potentials are 0.35 V for

CU(aq) + o€ > Ccu

and -0.763 V for
UGCHE-101/15



Zn. +2e » Zn

(&)
(i) Write down the celteactions
(if) Calculate the emf of the cell
(iii) Is the cell reaction spontaneous or not?

Question 3: The following reaction takes place in the cell
2+ - 2+
zn(s) + CO coE +zn

-

Write down the electrode reactions and calculate the st@edaiof the cell.
Given that

E° znizier= 0.76V, Pcocg= 0.28V

4 X HV W CR@late the standard electrode potential 8f'/Ni electrode, if the
cell potential of the celk 0.59 V.

Ni

i2+ o .
Ni<" (0'01M) ‘ ‘ cuzt (0'1M) ‘ cu
Question 5Calculate the emdbf the following cells at 28C

Mg(s) ‘ Mg?* (0'001M) ‘ ‘ cu2t (0°000LM) CU(S)

(a)
G ‘ FE (0001M) ‘ ‘ H™ (M) ‘ Hy(am)Pt

(b)

Given B mg**/img=-2.37V, E° ci**icu = +0.34 VEC F#*/Fe= - 0.44 V
$16:(56

1.0.1184 V, No

2.1.113, pontantaneous

3.0.48

4,-0.2205V

5. a) 2.6805 V (b) — 0.5286 V
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