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Describe protons, neutrons, and electrons in terms of their relative charge and relative
masses. (Understanding)

Recognize that the terms atomic and proton number represent the same concept.
(Understanding)

Recognize that the terms mass and nucleon nuclear represent the same concept.
(Understanding)

Explain the change in atomic and ionic radius across a period and down a group
(Understanding)

Describe the behaviour of beams of protons, neutrons and cle e
velocity in an electric field. (Underst&gdln o

ime terms related to electronic configuration (some examples include: shells, sub-
shells, orbitals, principal quantum number (n), ground state). (Knowledge)

Describe the order of increasing energy of the sub-shells (s. p, d, and f). (Understanding)

Describe that, each atomic shell and sub-shell are further divided into degenerate orbitals
having the same energy. (Understanding)

Apply Aufbau principle, Pauli’s exclusion principle and Hund’s rule to write the electronic
configuration of elements. (Application)

Describe the number of orbitals making up s, p. d, and f sub-shells, and the number of
clectrons that can fill s, p. d, and f sub-shells. (Understanding)

Describe the shapes of s, p. and d orbitals. (Understanding)

Determine the electronic configuration of ¢lements and their ions with proton numbers.
(Knowledge)

(Some examples include: a. simple configuration e.g., 2, 8.
b. Sub-shells e.g., 12 282 2pS, 3s'. C ~N (\\lw(j\
c. students should be able to detenmr% beh Qf &hdsef{rb\a\bﬁ(//@ @§b1’6 and are not

required to memorize these. 7\ m
\ ~7 , |
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. ATOMIC STRUCTURE

® d. Students should underst‘
clectrons). J, “

‘ 'ﬂgaﬁt ch eﬁ{iéai'ﬁfbperties of an atom are governed by valence

® Explain tha ellectromc configurations to include the number of electrons in each shell, sub-
shell and orbitals. (Understanding)

® Explain the electronic configurations in terms of energy of the electrons and Inter-clectron
repulsion. (Understanding)

® Dectermine the electronic configuration of atoms and ions given the proton or electron
number and charge. (Understanding)

® Describe free radical as a species with one or more unpaired electrons. (Understanding)

® [llustrate the importance of electronic configurations and development of new materials for
clectronic devices. (For example, semiconductors such as silicon has a specific electronic
configuration that makes them ideal for their use in electronic devices) (Understanding)

® Deduce the electronic configurations of elements using successive ionization energy data.
(Application)

® Deduce the position of an element in the periodic table using successive ionization energy
data. (Application) \

® Explain that ionization energies are due to the attractlon between me huql@:ugamithe outer
electrons. (Understanding) ,f )

® Explain how ionization energy helps. acQount for the re’nds Actoss the period and down a
group of the periodic tablez (Understandm\gx)

® [xplain the factors inf] encing the ionization energies of elements in terms of nuclear
charge, ato Q/Jj ﬂ;e\ira as;shielding by inner shells and sub-shells and spin pair repulsion.
(Unders‘t%ig]ﬁ

2.1 ATOMIC NUMBER, PROTON NUMBER AND
NUCLEON NUMBER; IDENTITY OF AN ELEMENT

1n 1913, Moseleyv observed that when different elements were bombarded with cathode
rays, the X-rays of some characteristic frequencies were produced. It was found that the
square root of the frequency of the X-rays was directly proportional to the atomic number

of an element Z.
-\/frequency ¥4

He concluded that this number, 1.€. the atomic number Z was a fundamental property of
an element. It is also called proton number. The number of protons and neutrons in the
nucleus of an atom is collectively called its nucleon number (A), also called mass number.

Atomic number is related to the mass number by the following equation
A=Z+N ””

For exampleAan atom of an clement X having atormc number Z arld mass number A is
described as 7 X, e.g. 13A1 Number of neutTOns 1n an atom can be calculated as

23




L.et us consider. 1; PR
Atomic, i mﬁér) broton number Z)=13
Mass nhrnber/ nucleon number (A) =27
N=27-13=14
Similarly, the number of electrons, protons, and neutrons can be justified for an ion as in
the following example:

27 Al atom loses three electrons to form A3, then;
No. of protons = 13

No. of neutrons =14

No of electrons =13 -3 =10

Similarly, 15C1 gains an electron to form ClI ion;
No. of protons = 17

No. of neutrons =18

No of electrons = 17+1 =18 ~2)

In case electron gain happens by the neutral atoms, say_ 1 O\temg,@ L‘wk 3) "PB“ and 328 to

1682 the number of neutrons, protens and ,e}ectrone are as bllp{XIS(

Table Q)l Num;Eérof pre@n\s eleC/trdns and neutrons in different ions

Specles Al \ \ X\j Neutrons Protons Electrons
M\J\J = 8 8 10
5 16 16 18
P>- 16 15 18

Thus the atomic number and proton number represent the same concept.

2.2 EFFECT OF ELECTRIC FIELD ON FUNDAMENTAL
PARTICLES:

The behaviour of particles in an electric field depends upon their mass and charge. If we
allow the beams of electrons, protons and neutrons to pass one by one at the same speed
through an electric field, they show their behaviour as follows.

1. Neutrons being neutral are not deflected but travel in a straight path perpendicular to
the direction of electric field.

2. Protons being positively charged are deflected towards the negative plate

3. Electrons belng negatively charged are deﬂected towardSr\the poéltlvepla e"l to greater
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|\J ’\ | ________
Beamofll\rtlcles ::-_-_—_-_—_-_-_—_::_

Figure 2.1 Behaviour of proton, electron and neutron in the electric field

The amount of deviation from its original direction of movement is measured in two ways.

charge (i1) Radius of deflection oc —2a53,
TASS charge

This is possible if we imagine that after deflection, the particle moves in a circular path.
Hence, the factors affecting the radius of deflection are reciprocal to that for the angle of
deflection.

(1) Angle of deflection oc'=—==%

S W
2.2.1 Properties of fundamental particles:ﬂ e \\ﬁ}, }% \ /CJ;\Q\U ol

o) =
The Table (2.2) shows the properties of ﬂqre@updamental pé‘rt lés ei?:ctron proton and
neutron present in an atom. A \ o \\\ "\ e "'\' I\
Table 27 2\1’ ;{hie& p\f fundamental particles

. AR | Relative
Particle W@mb) charge Mass (kg) Mass (amu)

Proton +1.6022 x 1071° +1 1.6726 x 10727 1.0073
Neutron 0 0 1.6750 x 10727 1.0087
Electron —1.6022 x 10719 -1 91095 x 10731 | 54858 x 1074

Quick Check 2.1

a) Calculate the number of neutrons in the following elements.
?g K 17 5Cl ?(8) Ar

2.3 EXPERIMENTAL EVIDENCES FOR THE
ELECTRONIC CONFIGURATION

The modern theory of electronic structure orlglnates from the Bohr Model of atom
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2.4.1 Atomic Spectra

When an element in its gaseou
electrical discharge,© diation of
radiation contains c@
€mission spec

Chemistry-XI

igh/ temperatures or subjected to
dnigths 1s emitted. The spectrum of this
s called atomic emission spectrum. The atomic
wn in Figure 2.2 (a).

e

Whe c of white light is passed through a gaseous sample of an element in cold
state, certain wavelengths are absorbed. The wavelengths of the white light that has been
absorbed by the atoms show up as dark lines on the spectrum. The spectrum of this radiation
is called an atomic absorption spectrum. The atomic absorption spectrum of hydrogen is
shown in Figure 2.2 (b). The wavelengths of the dark lines in the absorption spectrum are
exactly the same as those of coloured lines in the emission spectrum.

(a) Emission spectrum of Hydrogen

(b) Absorption spectrum of Hydrogen

— 7ig@@\§@

mCof @@\ birption spectrum of hydrogen
% rons and thus a unique range of fixed

engths and frequencies of the radiation absorbed

Figure 2.2 (a) atomic emission sp

spectrum. Therefore, every element is identified by its characteristic spectrum. Hence,
we can say that atomic spectra are the finger prints of the elements. Figure 2.3 shows the
emission spectra of some elements.

656 nm 486 nm 434 nm 410 nm
Ilydrogen

Figure 2.3 Spectral series of various, eleme @ameter
: L
AL

AWNN}\U N

Neon

Sodium

Mercury
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2.3.2 Relation between ionization ener@ and\énekrgy |
shells) 2 L Pt LA TR gl
A major difference between, e‘l\e: tron _in-different types of shells is their energy. We can
investigate the elictrjoﬂid ,‘\ébnfigufétion of the atoms by measuring experimentally the
cnergies of the el@ trons with in them. This can be done by measuring ionization energics.

NN

Ionization energies are used to investigate the electronic configurations of elements in two
ways.

1. Successive ionization energies of the same element

1. First ionization energies for different element

i) Successive lonization Energies of the Same Element

We can look at an atom of a particular element and measure the energy required to
remove each of its electrons, one by one.

X—> X'+ e AHi,

Xt—> X>* + e AHi,

X X3 4 AHi,
We can continue to remove electrons from an atom until only thggt;d«eu&?rs’zeft(
this sequence of ionization energies, successiverionization\energies)olhe successive
ionization energies show clearly the arrangement of electrans in §h¢ll §around the nucleus.

If we take the o\
magnesium atom as an k
example, and measuy ;‘-\1"};.,]| -
the energy reqqg{é&j’ NN €
remove successively 4
the first e¢lectron, the
second, the third, and so
on. We obtain a graph
when the ionization
cnergies  values  are
plotted against number
of electrons as in Figure
2.4. This plot shows that
successive ionization

o
CNergics merecasc when

we move from the '

1 2 3 4 5 6 T 8 9 10 11 12
valence shell to the
. . Numbers of electrons removed
inner shells. First two

clectrons are removed Figure 2.4 A plot of the successive ionization energigs of Mg

\ ALV \ N
\ \\

-

15t shell
electrons

2nd ghell
electrons

3rd ghell
electrons

Log,, Ionization energy)

AN
|

from the outermost s [ 72\ AS
shell and require lower energy for their remaeval, Buf) a latge| increase occurs when the

)
| J

27
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third electron is remOVed Thls because When two electrons of the outer shell have
been removed, the next has to'be removed from the shell that is very much closer to the
nucleus. The heXt seven electrons are removed successively from the second shell and a
graduaf increase in ionization energy is observed. A similar but much more enormous jump
occurs when the eleventh and twelfth electrons are removed. These electrons are removed
from the first, innermost shell, right next to the nucleus. Hence, over all, we observe two
large jumps in the successive ionization energies. These two large jumps in the series of
successive 1onization energies are very good evidence that the electron in the magnesium
atoms exist in three different shells.

ii) First Ionization Energies of Different Atoms

The second way in which ionization energies show us the details of electronic configuration
1s to look at how the first 10onization energies of elements vary with atomic numbers. The
following figure Figure 2.5 shows a plot for the first 88 elements.

This graph tells us the following:

® Allionization energies are strongly endothermic; it takes energy to separate an electron
from an atom.

® As we go down a particular_group, for example from hellum to neon to argon, or
from 11th1um to sodlum to potassm:m 10nlzat1on energles decrease. The larger the

® The Iomzatlon energies generally increase on going across a period. The group 1
clements, the alkali metals, have the lowest ionization energy within each period, and
the noble gases have the highest. It is due to the reason that across the period shell
number remains same. As the proton number increases, electrons are added in the
same shell. Therefore, nucleus attracts the valence electrons more strongly. As a result,
10nization energy increases across the period.

2500 He

l]czmd 2 Period 3 Period 4 Period 6

|
2000 [} i

1500 H !

1000

500

Tonization energy (kJ mol ™)
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a) Write equatlonf thatjdes;: ibe'-
i. the lst\ioni éatlon energy of calcium
ii. the 3rd ionisation energy of potassium
iii. the 2nd ionisation energy of lithium
iv. the 5th ionisation energy of sulfur.
b) For the element aluminium (Z = 13), draw a sketch graph between the logl0 of the successive
ionisation energies (y-axis) against the number of electrons removed (x-axis).
¢) The first AH;; and the second AH,, ionisation energies (kJ / mol) of a few elements are given

in table.
Element AH;, AH;,
I 2372 5251
II 520 7300
11 900 1760
v 1680 3380

Which of the above element is likely to be:
i. areactive metal,
il. areactive non-metal,
iii. anoble gas A \
iv. ametal that forms a sta‘ble | ’ary hahde\o\f\the formula AX2 (X = halogen).

¢ electron can beqound. a‘__); J

2.5 QUANTUM NUMBERS

The Bohr model was a one-dimensional model that used one quantum number to describe
the distribution of electrons in the atom. The only important information was the size and
energy of the orbit, which was described by the n-quantum number. Since Schrodinger’s
model allowed the electron to occupy three-dimensional space, therefore, it required three
coordinates, or three quantum numbers, to describe the orbitals in which electrons can be
found. The three quantum numbers that come from Schrodinger’s wave equations are the
principal (n), angular (¢), and magnetic (m) quantum numbers. These quantum numbers
describe the size, shape, and orientation in space of the orbitals in an atom.

2.5.1 Principal Quantum Number (n)

The principal quantum number, n, can have positive integral values 1,2,3,4... designated
by K, L, M, N..., and it corresponds the quantum number (number of orbit) in Bohr’s
model of the hydrogen atom. This quantum number, n, describes the stze and energy of the
orbital. The collection of orbitals with the same values of n.is called an electron shell. The
larger ‘n’ is, the greater the average distance dDan eleetron 1n| the arbital from the nucleus
and therefore the larger the orbital. An increase in | ‘n’ also-means that the electron has a
higher energy and is therefore less tlghtly bOund tothe nucleus.
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The principal Quant’ah{ number ﬁ\s&n also be used to
calculate the m imurn ‘.numbcr “of electrons in a shell
by the f\ {qﬁla\ﬁ “Fherefore shells K, L, M and N can

accorﬂﬂﬁ@ ate maximum electrons. 2,8,18, 32 respectively.

2.5.2 Azimuthal Quantum Number (¢)

Azimuthal a.nl also called Angular Momentum Quantum Number,/, can have integral
values 0 to (n- 1) for each value of n. This quantum number describes the shape of the
orbital. The values of ‘¢’ are integers that depend on the value of the principal quantum
number, If n= 1, there is only one possible value of 7’ i.e, £ =0 (n-1, where n = 1), If
n=2, there are two values of ‘¢ " 1.e 0 and ¢. If n=3 there are, three values of ‘¢’ 1.¢ 0,1 and
2. Similarly, if n=4, there are four values of “¢°, i.e. 0, 1, 2 and 3. The values of ‘¢ * are
designated by the letters s,p.d, and f, with which stand for sharp, principal, diffused and
fundamental, respectively. These are the spectral terms used to describe certain features
of spectral lines.

The set of orbitals that have the same n and ¢ values is called a subshell. The number of
electrons in a subshell can be calculated by the formula 2(2£+1) as glvemthe Table 2.3.

—‘-f\\ \-,
VU

Table 2.3 Shapes of O;bltﬁ“l\, f’ \\U\
Value of ¢ o 2 Y 5 :
Obital designation O | s~ || 25 \'p d f
shape of orbital \%ﬁ%@\/ﬁﬁlm (dumb bell) | cloverleat (double | complicated
e VNTAN dumbbell)
0. ofelectrons in 2 6 10 14
a subshell, 2(2¢ +1)

The number of subshells in a shell is equal to its shell number. For example 1st, 2nd, 3rd,

and 4th shells have one, two, three and four subshells respectively.

Table 2.4 Relationship between n, £ and subshells

Shell | Principal Quantum (Azimzzuthal) Subshells No. of
number Quantum Number (/) subshells in
n a shell
K 1 0 Is 1
0 2s
L 2 1 2p 2
0 3s
M 3 1 3p A 3
2___ %) @OLY
T o T\ s
U\ 7\ M \\ Wi \LW [
N 4 - ~YVZ\\ O\ — & B 4
O\ < \ 5\3\)\%* 4d
\\ \ \ \ W A 4f
30 \\j “ j’\
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2.5.3 Magnetic Quantum;Number (m\}

The magnetic quantum nulqber ‘m’dcscribes the orientation of an orbital in space. Within
a subshell, the Val IX\ %ﬂm depends on the value of ¢. For a certain value of ¢ there are (24
+1) 1ntegra1 values m as follows:

S AU O R 4

. . i '
The values of m indicate the number of orbitals @ Did you Know!
. _ _ : Splitting of small fine lines in the presence of
in. avisulshrell. I £ =0, gs-subshell) harahs only maginatic field and there three dimensional
one possible value of m, i.e. O. It means s-subshell orientation in space indicate the presence of
has only 1 orbital. If /=1, (p-subshells) there orbitals in subshells.

are three values of m; -1,0 and +1. It means
p-subshells has three orbitals.

If /=2, (d-subshe¢ll), there are five values of m, namely, - 2, - 1, O, + 1 and + 2. It means
d-subshells have 5 orbitals.

If £=3, (f-subshe¢ll) there are seven valuesof m:1.e. -3,-2,-1,0,+1,+2, +3. It means f-subshells
have 7 orbitals. PN

Orbitals of the same subshell have same energy and are called de enerate otbltals:’ These
degenerate orbitals are differentiated from cagh other A the presence&of magnetic field,
hence the name of this quantum number, \i\c, magnetlc Quantum number The relationship
between the magnetic quantum numbers 's pn{wded in Table 2.5.

ble A 5 RelatIonshlp between £ and m

Subshell W;?ngular Magnetic Quantum Number Of.
um number (¢) number (m) degenerate orbitals
T — 0-— /+) (2¢+1)
S 0 0 One orbital
-1

Three degenerate

p L 0 p-orbitals

Five degenerate

d 2 d-orbitals
P ‘/ \
¢ 3 | ' Seven,el p%raj;e

/ /, fabrblfals

l
[ )
L
(=

\
T
— \ |

31
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Spin Quantum N}lmberf(s) ] 8 \ A

Electrons are th ught of splnnmg around their own
axes, asﬂl 7doeﬁs Accordlng to electromagnetic
bmnm

theQ g charge generates a magnetic field.

It is thls motion that causes an electron to behave like S
a magnet. Figure 2.8 shows the two possible spinning

motions of an electron. One is clockwise and the other

is anticlockwise. To take the electron spin into account, Nj

called the electron spin quantum number (). Its values

1 1 ) ®)
are +T and — 2 , as in Figure 2.8. Figure 2.4 (a) clockwise (b)
counterclockwise spins of an
clectron.

it is necessary to introduce a fourth quantum number 1 ,[

The clockwise spin is represented by an arrow (L) pointing upwards, while the clockwise
spin is represented by an arrow (1) pointing downwards. Each orbital can accommodate at
the most two electrons provided the two electrons have opposite spins.

Thus it takes three quantum numbers to @ Did Kn o
describe an orbital but forth quantum number to - you ow:-

differentiate between the two electrons that can B ¥ AT P ATEINEN

occupy an orbital ~_there "aré w subshells cons1st1ng of n2
y ' l."“-,prbltals w1th ‘A’maximum number of

212 électrons

Quick Check 2. 3r\\ \\ ﬂ \\ \\p\) )

a) What 1{11 10n about arrelectron in an atom can be obtained from:
Q ' ‘c quantum number
Ji\ix Az1mutha1 quantum number
iii. Magnetic quantum number
iv. Spin quantum number

b) For an clectron(s):
i. Ifn=2 and 7= 1, how many orientations in space arc possible?
ii. Ifn=3 and /=2, which shell and subshell does the electron belong to?
ii. If /=2, find all possible values of m and maximum number of electrons for m.

2.6 SHAPES OF ATOMIC ORBITALS

An atomic orbital is defined as the three dimensional region in space around the nucleus in
which the probability of finding the electron is maximum.

Let us discuss the different orbitals one by one.

2.6.1 s-orbital

The shape of an “s” orbital is spherical. The ¢lectronic density around the nuéleus in an s
orbital is uniformly distributed in all directions. With the mqréase ln the pmm:lpal quantum
nu:?lber the size of s orbital also becqmes larger .




@ n=17/=0,m=0 ®b) n=27/=0m=0
Figure 2.5 The boundary surface for, (a) 1s (b) 2s.
2.6.2 p-orbitals

The distribution of electron density for a 2p orbital is shown in Figure 2.6. The electron
density is not distributed in a spherically symmetric fashion as in an s orbital. Rather,
a p orbital has two lobes on any of the axis. The p orbitals are named as py, py, and p,
accordingly to their exes.

y (ﬁ Y \ \
\ '\ | ‘, I! | f—‘ \ \ ) -
2p, orblﬁaﬁ _ \Zp’y /or,bltal \ \j \u /2~p'z orbltal
C ) \ v r“ A o, e

\\ \42 1;—m =11 =1, m=0

QJ \J |\\ \Flgure 2.6 Thee 2p orbitals shapes of 2P orbitals
2.6.3 d and f orbitals

In a given shell, °d” orbitals have different shapes and orientations in space. The dyy, dy,
and dy, lie in the xy, xz, and yz plancs, respectively. The lobes of the dy2 _ 2 lie along the x
and y axes. The d,2 orbital has two lobes along the z-axis and a “doughnut™ in the xy plane.

The shapes for the five d orbitals (£ = 2,) are shown in Figure 2.7.

¥ KRR

dx -}2 \y
Fig. 2.7 The shapes of the five 3d orbltals

~

An fsubshell has seven orientations in space, 1.€. there are seven f orbttals ‘ HOWQV@I‘ the
shapes of forbitals are very complicated. § ‘

33
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Quick Check 2.4 \\(”V (\ \\ \\}\)\/"

a) Whatd rbltal I‘e-preSent accordmg to the wave mechanical model of atom?
\ I{lﬁtq %ﬁ \lﬁ ) otientations of p-orbital due to three values of magnetic quantum number. Justify it.

2.7 ELECTRONIC CONFIGURATION

Electronic configuration is the distribution of electrons among available shells, subshells,
or orbitals of an atom or 1on. In case of subshells, the electronic configuration is described
by a notation that lists the subshell symbols, one after the other. Each symbol has a
superscript on the right. This gives the number of electrons in the subshell. For example,

the configuration of jBe atom with two electrons in the “1s” subshell and two electrons in
the ‘2s” subshell is written 152252,

Each group of orbitals in a subshell is labeled by its subshell notation. An electron in an
orbital is shown by an arrow. The arrow points upward, when s = +'2 and downward when
s = —%. The orbital diagram of boron (11B) is as follows

T 1 1 0
UB = 1s2s 2p_ 2p, 2pZ
2.7.1 Electronic Configuration in Shells {"’:«f;:. \
v-/ | / )
The electronic configuration of an atom descrlbes the dlstrlbutiorr of electrons in its atomic
shells. The shells, denoted as K i ‘M N and s@/on cdrrespond to the principal quantum
number (n) of the 0rb1tals 2 g

2

Shell capacities ¢ ach Shell has a spemﬁc capacity for electrons:
shelll Fm:ﬂ) ﬁi eléetrons maximum (1s orbital)
sheﬁ{n—2) 8 electrons maximum (2s and 2p orbitals)

M shell (n=3): 18 electrons maximum (3s, 3p, and 3d orbitals)

N shell (n=4): 32 electrons maximum (4s, 4p, 4d, and 41 orbitals)

For example:

- Hydrogen (H): 1s' (K shell) - Helium (He): 1s? (K shell)
- Sodium (Na): 1s? 2s% 2p° 3s' (K, L., and M shells)

2.7.2 Distribution of Electrons in sub shells orbitals

Following rules are applied to fill the orbitals of multi-electron atoms.

Aufbau principle

Autbau principle is also known as the building up principle. This principle says that the
subshells in an atom are filled with electrons in an increasing order of their energy values.

Now, question arises that how to arrange the subshells energy wise.

Since, the energy of a subshell in the absence of any magnetlc ﬁeId ;depends upon
the principal quantum number (n) and thc azkmuthal quahfum nuniber (/), hence the

34 J
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order of filling subshells Wll'.h eLe(;tf‘on m@\be Qb“tamed from the summation (n + /).
(n + /) values are given in Table 2 6 -

N H\'

\\QJ [ ‘-\\'J_,' \\J-* “~ Table 2.6 (n + ) values of various sub-shells.
Principal Azimuthal Subshell (n+7)
quantum no. quantum no. Value
(n) (4]
1 0 1s (1+0)=1
2 0 2s 2+0)=
1 2p 2+1)=3
3 0 3s (3+0)=
1 3p 3+1)=4
2 3d 3+2)=5
4 0 4s (4+0)=
1 4p 4+1)=5
2 4d 4+2)=6
3 4f (4

a) The subshell having lower (n + £) value)has\ fower %rre ﬁdqg f%\F/d first. For
example, 4s orbital has (n + ¢) = 4 +! Ox—f4rék{[lﬂf3 orBital ‘h’as f+ ¢)=3+2=15. Since
(n + ¢) value of 4s orbitahys lo wﬁfihdn\fth% @ /d_,‘}\leﬁce 4s subshell has lower energy
than 3d and 4s will be f1lle\é h{ét \\ \\ iR

l@heﬂs arc havmg equal (n + ¢) values, then the subshell with
lower n@ e filled first. For example, both 4p and 3d subshells have n+1
value equal to 5 (4p—4+1 =5) and (3d = 3+2=5); 3d subshell will be preferred to be
filled because of its low n value.

b) In case there

According to this rule the energy wise arrangement of orbitals should be.
1s <2s<2p<3s<3p<4s<3d<4p<S5s<4d <S5p<6s<4f<5d<6p<7Ts

l - " EEEEN
L L 6d
[ 7s s EEEEEEN s

5 - 4
P
" 5 4d
= > 4
s B . | 4p
g % 4s - 3d
e
=8 I 3
==
5
HEN 2

J
\JI\‘U\“\ '\i
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So, the order of ﬁlhné fo varhous &u\b\shellgwnh electrons obtained by this rule is given
below Flgure 2. 112 WAL\

\\
N «

7\2| @’\aﬁ}l s exclusmn principle:

According to this principle. No two electrons in an atom can have the same values for
all the four quantum numbers or, “Two electrons in an orbital will always have opposite
spins”.

In the first shell of helium (He) atom, there are two electrons. They are present in 1s
orbital. According to the concept of quantum numbers and Pauli’s exclusion principal, the
values of their quantum numbers are:

Table 2.6 values of quantum numbers of two electrons in the same orbital

Electron n 1 m S
1
Elect 1 1 0 0 +—
eciron 2  (clockwise)
1
Electron 2 1 0 0 e
2 (anticlockwise) ~

The two electrons having the same values of ‘n’, /" and ‘m Jean, hawe a* ffétent values of
’. It means that their spins are in the OprS\ItC dlreefrons\l 4 c; Y\ -

2 7 4 Hund’s rule T‘-\\ \I\‘. al JD'\\ ( r‘) \\, \‘.\“\‘I/‘ \'-\ ".‘ \:. "\ 5\' I|
This rule gives an Ldea :f(f,r\ ﬁﬂlng e‘fexctirons’klnto the orbitals having equal energies. For
example, three p- Qrbﬁalé 1\ é\ \ P py and p, have equal energy. To understand it, let us take

an examRI ka 16,[’1 ﬂ'iree clectrons are to be filled into three p-orbitals. There are two

di fﬁé{f\t\iﬁy o do this as shown below:

BB P B, B, B
11 11111
I (wrong) IT (right)

Which of the two is correct? The answer is given by Hund’s rule, which states that,

When degenerate orbitals are available and more than two electrons are to be placed in
them, they should be placed in separate orbitals with the same spin rather than in the same
orbital with opposite spins.

According to the Hund’s rule, the correct way of filling three electrons in three p orbitals
1s that in which each orbital is singly occupied.

2.7.5 Filling the Orbitals

A useful way of representing electronic configurations is a diagram that places clectrons
in boxes Figure 2.13.

® Lach box represents an atomic orital.
36 \\ 70\(
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® The boxes (orbitals) can bB arranged 11'1 Qfd@l‘ bf mCreasmg energy from bottom to top.

® An electron is Tep {reﬁelﬂedb\y an arrow

The dlrectlori @ﬁ 16 ai‘row represents the ‘spin’ of the
electron. 2p

When there are two electrons in an orbital, the ‘spins’ of the
electrons are opposite, so the two arrows in this box point "y
in opposite direction. 25 I W

Electrons in the same region of space repel each other
because they have the same charge. So wherever possible, 15 I 1
electrons will occupy separate orbitals in the same subshell x
to minimize this repulsion. These electrons have the same
‘spins’ in different orbitals. Electrons are only paired when
there are no more empty orbitals available within a subshell.
Figure 2.14 shows the ¢lectronic structures of carbon, nitrogen and oxygen to illustrate

these points
[ ] f MRIr] fdrln

2Px 2Py 2Pz 2Px 2Py 2Pz 2Px 2Py 2Pz

25|,

15|, o\ “ / \ \J\'\/I-w " 1!
cazb{m ﬂ I m::rgeg .
15 152 252 2p

\ )

\\ \[N{'\

Figure 2.14 When adding electrons to a particular subshell, the electrons are only paired when no more
empty orbitals are available.

Figure 2.13 The electronic
configuration of boron in

K . [ ((/‘\ /
Ir-j,%\\ @M\J—

\ { \
\ \ \
\
\ \l l‘.

The electron configurations of some elements of the periodic table in the light of the above-
mentioned principles are given in Table 2.7

Table 2.7 Electronic configuration of ground states of elements Z = 1 -36.

Z | Element = Configuration Z | Element Configuration
1. |H 1s! 19. | K 1522522p%3523p°4s!
2. | He 152 20. | Ca 15225%2p°35%3p°4s?
3. Li 1s%2s! 21. | Sc 1522522p°3523p°3d' 452
4. Be 157252 22, |'Tn 15%2522p%3523p°3d24s?
5. |B 1522522p! 23. |V 1522522p°3523p°3d4s?
6. | C 152252202 24. | Cr 1522522p°3523p8 35450 (\)
7. | N 1s225%2p° 25. | Mn
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8 |0 f\%&fég‘*\ W \*\.:"\\ r,\ o6 Fe 1522522p©3523p03d04.52

o |F . mN 22205 |27, | Co 152252253523 p53dl 7452

1NN [ 1522620p 28 | Ni 1522522903523 p03cfB4.52

I1. | Na 1522522p©3s! 20, | Cu 1522522p©3523 3410451

12. | Mg 1522522p6352 30. | Zn 1522522p©3523p3d' 0452

13. | Al 1522522p©3523p! 31. | Ga 1522522p©3523p03d1 04524 p!

14. | Si 1522522p%3523p° || 32. | Ge 1522522p%3523 p°3d' 04524 p?

15. | P 1522522p©3s23p° || 33. | As 1522522p©3523p°3d' Y4524 p>

16. | S 1522522p©3s23p* || 34. | Se 1522522p°3523p°3d' 04524 p*

17. | Cl 1522522p©3s23p° || 35. | Br 1522522p®3523p°3d'%4524p>

18. | Ar 1522522p©3s23p° || 36. | Kr 1522522p©3523 34104524 p®
28 ELECTRONIC CONFIGURATION AND THE
PERIODIC TABLE R

~1
|

<\ | ~ 2 A\ (AL V .‘-J - .. .
We have seen that the electron configurations of eleme; t\s\la,n‘z’@\l_@is&ﬁ\(ﬁhelr position in
the periodic table. The periodicitqblg(}iél structured 30| that lerients with the same pattern
of outer-shell (valence) clectron "'c'@ﬁﬁigdf\a@aﬁ"'aié'dfraﬁge&'ln same groups.
(H\V\ —~Y A\ Ny -

You can e¢asily wrltg'the; clectron ‘:gBrE’l'guratlon of an element based on its location in the

periodic table, The pattern is-summarized in Figure 2.15. Notice that the clements can be
gro&?gﬂihﬁﬁg@fnglé\oiﬁ'fﬁe type of orbital into which the electrons are placed.

On the  left are two columns of elements. These elements, known as the alkali metals
and alkaline earth metals (groups 1 and 2), are those in which the outer-shell s orbitals
are being filled. We see that the group 1 and 2 elements all have ns' and ns? outer
configurations respectively. When we jump to group 13 elements, we find that they have
nsnp' configuration. On the right is a block of six columns. These are the elements in
which the outermost ‘p” orbitals are being filled. In the middle of the table is a block of ten
columns that contain the transition metals. In these, the d orbitals are being filled. Below
the main portion of the table are two rows that contain fourteen columns. These elements
are often referred to as the f-block elements. These are the ones in which the ‘t” orbitals are
being filled. Recall that the numbers 2, 6, 10, and 14 are precisely the number of electrons
that can fill the s, p, d, and f subshells, respectively.

Quick Check 2.5

a) With the help of periodic table, write the electronic configurations for the following clements
by giving the appropriate noble-gas inner core plus the electrons beyond it (i) 48Cd;/(ii) s7La.
b) Write the complete electron configuration for antimony (Sb) with atomic nu ﬁp\
: ] 1 —(ON U
¢) How many unpaired electrons are there in each atom of/ 5\513{( /¢ 2 \ \kQ\u 1o
. O o \o=T
O /‘X \... TW\. Y“\E C\" “.\~, ) e O
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2.8.1 Valence electrons‘”“

The electrons in an atom n “the Outermost shell are called valence electrons. These are
such electrons - atl ﬁﬁ: ﬁi‘lmarﬂy involved in chemical reactions. The similarities among
the conflguratid)‘ s 'of valence electrons account for similarities of the chemical properties
among groups of elements.

Figure 2.15 shows a periodic table which include the valence shell configurations included.
Note the similarity in electron configuration within any group (column) of elements.

1 2
H He
st 1s2
3 4 5 6 7 8 4 10
Li Be B Cc N o F Ne
25 252 2522pl]2529p2| D52 =25 20pa k9522 pa | Ds2Dps
11 12 13 14 15 16 17 18
Na Mg Al Si P S Cl Ar
3sl S 3s23p1|3s23p2| 3523p3 | 3523p4| 3523p° |3523p°
19 20 24 22 23 24 25 26 20 28 29 30 31 32 33 34 85 36
K Ca Sc Ti Vv Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr

451 452 | 4s23d1|452302 452303 | 451305452305 | 452308| 452307 | 45238 |4 s 13010 4.523/10] 4 5236/104 o1 | 4523104 2| 4230104 3| 452301 ot | 423104 o5 | 4st3htd e
37 38 39 40 41 42 43 44 45 45 47 48 49 50 51 52 53 4

Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn b Te

5s! | 5s2 |5s24d![55%402| 5544 |5514d5|5514d5| 551407 | 5514d8| 4d10 5514 10|55240/10] 550! |54 o5 sy Ohe 51@,6 @* b5 oS
55 | 56 | 57 P e e E | | Y, g2 @o\w 85 | 86

Cs | Ba | La Hf Ta W Re | Re Ir ((Bt [\A g K i Po At | Rn

Bs! | 62 |65250 1 6547450° |6s4M 4508 | 6534 45k | Gs4F 450 | 6s24n 5l @Mplﬁs\fmaé qsﬁnp* 19| 5ear5 o s ap  Gsi4f 5 5pt| b 5" G2 5 G150 iy
87 | 88 | so | 104 | 105 | 1 o 108~ \104 { 11 \ a2 | 113 114 15 | 116 [ 117 | 118

Fr Ra Ac Rf Db S H % Cn Nh Mc Lv Ts | Og

7s! | 7s? |7s26d 150460 | 15576 [ 155 4:15 Aé(sﬂ of | 8thaea | 7S%MM6c’ 7325f“6d9 78%f1464"° Jrer56a Ty 7s!sﬁ‘6d1"7p2 TSP T P546q Ty  TS2arMed T | g

-\
—~ M\ ]I\ \1 1\

53 | 59 wyeﬁu 6o e | 65 | 66 | 67 [ 68 [ 89 | 70 71
Ce Pr Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
ssursd! | 65247 | 65207 | 652475 | 65247 | 652417 | 6547501 | G524 79 |6s24710| 6524111 |Bs24712|6.524713| 6524113 | 6524113501
90 91 92 | 93 [ 92 | o5 96 | 97 | 98 | 99 [ 100 [ 101 [ 102 | 103

Th Pa u Np Pu Am Cm | Bk Ccf Es Fm | Md No Lr
752602 | 1s%512%64! | 7s25P%60! | 752564 | 7.5257% | 752517 | 15%576d! | 752510 | 7525710 7 525111|7 525f12|7 525113]| 7 525114| 1525¢ 460!

Figure 2.15 The electronic distribution of elements of modem periodic table

2.8.2 C(lassification of elements of periodic table

The main-group or representative elements all have valence-shell configurations ns® np®.
They have some choice of ‘a’ and ‘b’. In other words, the outer ‘s’ or ‘p’ subshell is being
filled. Similarly, in the d-block transition elements, a ‘d’ subshell is being filled. In the
f-block transition elements or inner-transition elements, an ‘t” subshell is being filled.

There is a definite pattern to the order of filling of the subshells as we go through the
clements in the periodic table. From this we can write down the building-up order. The
overall sketch of periodic table is given in Figure 2.16. This shows the blocks of elements.
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Figure 2.16 Modern periodic table showing s, p, d and f-block elements.

Figure 2.16 shows a periodic table indicating this pattern. For example, in the blue colored
area, an ‘ns’ subshell is being filled. In the green colored area, an np subshell 1s being
filled. In the yellow area, an (n — 1) d subshell is being filled. In the light golden area and
(n—2) f'subshell is being filled.

We start building-up order by starting with the first period, in which the ‘1s” subshell
is being filled. In the second period, we have “2s’; then staying in the same period but
jumping across, we have “2p’. In the third period, we have 357 and “3p n‘.“the fourth
period, ‘4s’, ‘3d’ and then ‘“4p’. This pattern should becqme olear enough tOvisualize with
a periodic table.

The classification of elements. Of per1odlc table ‘has- been <done into metals, non-metals,
representative, transmon elements \ﬁe;nods groups and blocks (s, p, d, f). This division
1s done on the baals of eleotronle configuration and their valence electrons. The chemical

propertles of ’Véq‘l us! categones of elements discussed above can be easily assessed.
Qu C eck 2.6

An element has the electronic configuration
152 282 2p® 352 3p% 3d !0 452 4pS 4d'? 552 5p°.
i.  Which block in the Periodic Table does this element belong to?
ii. Which group does it belong to?
iii. Which period does it belong to?
iv. Identify this element.
b) Which block in the periodic table does the element with the electronic configuration
152 252 2p% 352 3p° 3d3 4s! belong to?

29 ELECTRONIC CONFIGURATION OF IONS AND
FREE RADICALS

2.9.1 lons

Positive ions are formed when electrons are removed from atoms. The sodlum ion, Na*
(proton number = 11), has 10 electrons. So, its electronlc conﬁguratlon is) 15222 2pT,

Note that this is the same as the elecl:romc conﬁguratlon of neon the element with 10
clééirons in each atom \ ‘ \ [
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Negative ions are formed When atoms gam: lectrons The sulflde ion, S (proton number
= 16), has 18 ¢lectrons. Its electromc conflguratlon is 1s? 2s? 2p® 3s? 3p®, which is the same
as argon, the elemenﬂ W;tH 18 electrons in each atom.

Note that, in gean:ral clectrons in the outer subshell are removed when metal atoms form the
positive ions. However, the d-block elements behave slightly differently. Reading across
the Periodic Table from potassium to zinc, the 4s subshell fills before the 3d subshell. But
when atoms of a d-block element lose electrons to form ions, the 4s electrons are lost first.

For example:
Ti atom: 1s? 2s? 2p° 3s? 3p® 3d? 4s°
Ti%" ion: 1s? 28?2 2p°© 3s? 3p°® 3d°
Cr atom: 1s? 2s? 2p® 3s? 3p® 3d> 4s!
Cr¥" ion: 15?282 2p® 3s? 3p°® 343
2.9.2 Free radicals
“A free radical is a species that has one or more unpaired electrons™.

An example of a simple free radical is free chlorine atom @ CE The electron configuration
of this radical is 1s* 2s* 2p® 3s? 3p°. In the 2p subshell, two orbitals have paired: ‘electmns
whereas, the third one contains a single unpaired electron. The- unpalred electron is shown
by a single dot as in C1". Apart from smgle atom groups oft atoms san ‘also be free radicals.

For example, OH", CH3, etc. \ ' VU L

Quick Check 2.7 ﬂ\ \\ V\ \\X\)\Su U\~

Write electronic ¢ ﬁg }lé)hs for the followmg ions and free radicals:
i, Al (Z= 1311 } 502* (Z=18) iii. Fe3+ (Z=26) iv. Cu2*(Z=29) v. Cu(Z=29)

2.10 ELECTRONIC CONFIGURATION AND THE
FORMATION OF SEMICONDUCTORS

Semiconductors are materials that can conduct €lectricity under some conditions. They are
used in many electronic devices, including smartphones, laptops, and cars.

Example of the elements that can act as semiconductors are silicon, germanium and arsenic etc. The
formation of semiconductors is possible because of a unique electronic configuration of these elements.
Let us consider the example of Si and explore how it can be converted into a p-type and n-type
semiconductors.

The electron configuration of | ,Si = 2, 8.4; meaning that it has 4 electrons in its valence shell. In the pure
crystalline form, each Si atom is bonded to four other Si atoms. In this form, there is no possibility of
electronic conduction through the Si crystal.

41
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Figure 2.17 A crystal of pure silicon

P-type and N-type semiconductors are formed by “doping”™ a pure semiconductor material
with impurity atoms, where adding trivalent impurities (like boron or aluminum) creates
a P-type semiconductor, while adding pentavalent impurities (like phosphorus or arsenic)
creates an N-type semiconductor. The difference lies in whether the added impurity
creates “holes™ (positive charge carriers) in the lattice, leading to P-type, or extra electrons
(negative charge carriers) leading to N-type.

2.11.1 P-type semiconductor formation: -

Impurity atoms with three valence electrons(like Al)/are\addéd I@ th& ﬁﬁr—e semlconductor
Some of the trivalent atoms take-place of jehe Si\ atoms 1n\the crystals The silicon atoms
cannot make four bonds due to. the léck of electroris Forthisreason, there are created holes
in the crystal lattlcb Whlcfl a,ct as po\suuve ¢harge carriers as shown in Figure 1.15. This
process creates a 0S1t1ve~type semiconductor or N- -type semiconductor. Electrons from an
external c?q?(lt’sﬁurce can move through the semiconductor and it can act as a conductor.

2. II,Q 'N—type semiconductor formation:

When impurity atoms with five valence electrons (like phosphorus) are added to the pure
semiconductor, some of Si atoms are replaced with the pentavalent phosphorus atoms. The
Si atoms in the vicinity of these atoms can make four bonds and the fifth electron is an
extra electron. These impurity atoms contribute extra electrons to the crystal lattice, which
become free to move and act as negative charge carriers as in Figure 1.15. The result is an
N-type semiconductor that can conduct ¢lectricity when connected to an external source.
® ®
oo 0@0

Complete Complete
covalent bond —— covalent bond
® ®
@O.@@ ) =0)-
[ ] * @

Free electron
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hole

H +«—— I[ncomplete
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Y * — ("

« Si = Intrinsic semiconductor atom ® Sl IIWUJJA\W’“}Ndl‘mlfhhﬁﬂf 1'011‘1
+ Al = Trivalent impurity atom e\ b, ’T(’TlPdV’rldnlnlm)yﬂtV ltqm
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MULTIPLE CHOICE QUESTIONS

Q.1 Four choices are given for each question. Select the correct choice.
I. The quantum number ‘m’ of a free gaseous atom is associated with:

a) the effective volume of the orbital

b) the shape of the orbital

¢) the spatial orientation of the orbital

d) the energy of the orbital in the absence of a magnetic field
II. When 3d subshell is completely filled, the next entering electron goes into:

a) 4f b) 4s
©) 4p d) 4d

II1. Quantum number values for 2p orbitals are:
a) n=2,/=1 b) n= 11—2‘~--\
¢c) n=1,/=0 1'1:‘2,1 A W\

l 0 = Oands—+1/2 lies in:

IV. An electron having the,se"t of yalues \ =
a) 2s \ \\ ) 3s
© 45 o VRN H d) 5s
V. The quanJﬁUm ‘number values for the fourth electron of 4+ Be atom are:
a) 1,0,0 b) 2,0,0
c) 2,1,0 d 1,1,1
VL. The correct order of first ionization energies is:
a) F>He>Mg>N>0 b) He>F>N>0O> Mg
¢c) He>O>F>N>Mg d) N>F>He>0O>Mg
VII. A p orbital has a characteristic shape with how many lobes?
a) 1 b)2
c) 3 d) 4

VIII. The three p orbitals in a given energy level are oriented:
a) Along the same axis.
b) At 450 to each other.
¢) Mutually perpendicular to each other along the X, y, and z axés

43

d) Ina complex tetrahedral arrangement D
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IX. How many d orbltals are there m a glven energy level"

a) 1 b) 3
SNRN N d 7
X. Whlch of the following species is predicted to have the highest bond order?
a) N, b) O,
c) F, d) Ne,
XI. Which of the following species has a zero bond order according to MOT?
a) H,'" b) He,!'*
¢) He,>" d) He,

XII. Which ofthe following molecular geometries has bond angles of approximately
120°?

a) Tetrahedral b) Trigonal planar
¢) Bent (V-shaped) d) Trigonal pyramidal
SHORT ANSWER QUESTIONS

Q.2 Attempt the following short-answer quegtmns

a. There are three orlentatlons of p—orbltal due "tol three valu:es of magnetlc quantum
number. Justify it. VU " ,‘

b. Size of Mg is! blgger fha‘n Al \b\skt 1omzat10n energy of Mg 1s more than that of Al
Why?

c. GI3] qu Mg i$ lmuch blgger than its ‘12’ Justify.

Ah'long the elements Li, K, Ca, S and Kr which one has the lowest first ionization
energy? Which has the highest first ionization.

Consider the electronic configuration of the potassium atom (atomic number 19).
(1) Write the full electronic configuration of potassium using the s, p, d, f notation.

g. (1) Explain why the 4s subshell is filled before the 3d subshell in potassium, even
though the principal quantum number of the 3d subshell is lower.

h. 1) An atom of element X has an atomic number of 17 and a mass number of 35.
Determine the number of protons, neutrons, and electrons in this atom.

1. (1) If this element forms an ion with a charge of -1, how many protons, neutrons, and
¢lectrons will be present in the ion?

j. Inthe ground state of mercury g Hg:
1. How many electrons occupy atomic orbitals with n = 3?

1. How many electrons occupy 4d atomic orbitals?

=V

iii. How many electrons occupy 4p,, atomic orbital?<\ | |
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iv. How many electrons have spln up” (s = 1/2)7
k. The successive 1omza1ilon energles for an unknown clement are
I =896 imol, [ 2 I = 1752 kJ/mol
I3 = 14 807 kJ/mol I4 = 17,948 kJ/mol
To which family in the periodic table, does the unknown element most likely belong?

1.  Consider the following ionization energies for aluminum:

Al(g) ——— Al @ T ¢ I1 =580 kJ/mol
Ale(g) — A12+(g) +c I> = 1815 kJ/mol
APY ——— APY e I3 = 2740 kJ/mol
Al3+(g) — A]‘4+(g) +e I4 = 11,600 kJ/mol

(1) Account for the trend in the values of the ionization energies.
(i1) Explain the large increase between 13 and 4.

(1i1) List the four aluminum ions given in order of increasing size, and
explain your ordering.

m. (a) State the general order of filling orbitals up to the 4p subshell ‘ )
(b) Explain why the 4s subshell is fllled before thé; 3d subshell accofdmg to the Aufbau

/

principle. 0\ —2\( ,—,‘ \RSR\BRER

n. Draw the orbital box dlagram for the Va;lence electrons of a phosphorus atom (atomic
number 15), ensurlng that yOur d1agram adheres to Hund’s rule and the Pauli Exclusion
Principle. J \N ] \\

|

DESCRIPRVE BOUESTIONS

Q.3 What are quantum numbers? Describe briefly principal and spin quantum
numbers.

Q4. Draw the shapes of s, p and d-orbitals. Justify these by keeping in view the
azimuthal and magnetic quantum numbers.

Q.5 What do you mean by successive ionization energies? How the electronic shell
structure of magnesium (Mg) is derived from the successive ionization energies?
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