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ATOMIC STRUCTURE
C H E M I S T R Y

THE ORBITAL STORY

• Dual nature of matter   

• Davisson-Germer experiment  

• de Broglie’s equation    

• Heisenberg’s uncertainty principle

What you already know

• Limitations of Bohr’s model  

• Quantum mechanical model 

• Schrödinger wave equation

• Orbitals  

• Quantum numbers

What you will learn

• Heisenberg’s uncertainty principle is not an instrumental error, rather a conceptual error. 

• Heisenberg’s uncertainty principle rules out the existence of a definite path of electrons.

• It includes precise statements of position and momentum of an electron replaced with probability.

• It also leads to the quantum mechanical model of atom and helps in defining the electronic 
motion in three dimensions.

• Bohr's atomic model fails to explain the line spectra of atoms containing more than one 
electron. It could explain only single-electron species spectra.

Fig. 1: Spectrum of multielectron atom

Fig. 2: Two closely spaced spectral lines

• It fails to account for the finer details like 
doublet, i.e., two closely spaced spectral 
lines observed in the spectrum of hydrogen 
atoms by using sophisticated spectroscopic 
techniques.

Significance of Heisenberg’s Uncertainty Principle

Limitations of Bohr’s Model
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• Bohr’s theory is unable to explain the splitting of the spectral lines in the presence of magnetic 
and electric field. The splitting of spectral lines of hydrogen atoms in the presence of a magnetic 
field is known as the Zeeman effect. The splitting of spectral lines of hydrogen atoms in the 
presence of an electric field is known as the Stark effect.

• No conclusion was given for the principle of quantisation of angular momentum. In Bohr’s 
postulates, the formula of angular momentum was mentioned. However, the derivation of the 
formula was not provided.

Where, m is the mass of an electron ; v is the velocity of an electron;
 r is the radius of the orbit ; h is Planck’s constant ; n is a positive integer.

Taking into account the aforementioned points, one needs a better theory that can explain the 
salient features of the structure of complex atoms.

Fig. 3: Spectral lines in the absence of 
electric and magnetic field

Fig. 4: Spectral lines in the presence 
of electric and magnetic field
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(a)  Bohr’s theory was applicable to only single electron species because Bohr's model is based 
on the energy levels of one electron orbiting a nucleus at various energy levels. Therefore, the 
theory could not be extended to polyelectronic atoms, which is the defect of Bohr’s theory. 

 So, option (a) indicating the defects in Bohr’s theory of hydrogen spectrum.

(b)  Bohr’s theory was able to explain why electrons revolve in a fixed orbit and do not fall in. Bohr’s 
theory explained this by saying that the electrostatic force of attraction between the nucleus 
and electron is countered by the centrifugal force of the electron. This was the demerit of 
Rutherford’s model, which was fixed by Bohr’s model. 

 So, option (b) is not indicating the defects in Bohr’s theory of hydrogen spectrum.

Which of the following statements may be regarded as indicating the defects in Bohr’s theory of 
the hydrogen spectrum?

(a) The theory could not be extended to polyelectronic atoms.
(b)  The theory bypassed classical electromagnetism, which states that orbiting electrons should 

spiral around the nucleus and fall in.
(c) The theory had nothing to say about the intensities of the spectral lines.
(d) The theory ignored the wave nature of electrons.

Finding the statements indicating the defects in Bohr’s theory of hydrogen spectrum.

Solution
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(c)  Intensities of the spectral lines were not explained by Bohr's theory. Therefore, it is also a defect 
of Bohr’s model. 

 Hence, option (c) indicating the defects in Bohr’s theory of hydrogen spectrum.

(d)  Bohr’s theory was not able to explain the wave nature of electrons. 
 So, option (d) indicating the defects in Bohr’s theory of hydrogen spectrum.

Hence, options (a), (c) and (d) are the correct answers.

Analogy

Assume you are going to your school from your home. What is 
the probability of finding you? In the possible locations given 
below, the possibility of finding you on the route connecting 
your home to your school will be the maximum. You are free 
to go anywhere other than the school and if you do so, then 
the probability of finding you becomes less since you will be 
taking a different route. Similarly, we consider the electrons to 
not revolve around the nucleus but as a wave present around 
the nucleus. The possibility of finding an electron around the 
nucleus is maximum.

Fig. 5: Probability of location

Classical mechanics, based on Newton’s laws 
of motion, successfully describes the motion of 
all macroscopic objects such as a falling stone, 
orbiting planets, etc., which have a particle-
like behaviour. However, it fails when applied 
to microscopic objects like electrons, atoms, 
molecules, etc,. This is because of the fact that 
classical mechanics ignores the concept of dual 
behaviour of matter (especially for subatomic 
particles), the uncertainty principle, and de 
Broglie's predictions.

In Bohr’s model, the electron was assumed to be revolving around the nucleus in a stationary 
orbit. However, in the quantum mechanical model of the atom, the electron is assumed as a wave 
that is propagating in the region around the nucleus. Electrons are present as clouds around the 
nucleus are known as electron clouds. The region of space where the probability of finding an 
electron is maximum is known as the orbital.

In the quantum mechanical model of an atom, the probability of finding an electron is high where 
the concentration of the dots is high (Fig. 6).  As the concentration decreases, the probability of 
finding electrons also decreases.

Quantum Mechanical Model of Atom

Fig. 6: Bohr’s model and quantum 
mechanical model of atom

Bohr's model of atom Quantum mechanical 
model of atom
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Schrödinger Wave Equation

Erwin Schrödinger studied electron motion in three-dimensional axes (x, y and z) and proposed the 
wave equation.
In the quantum mechanical model of an atom, electrons are considered as waves and waves can 
be shown as a mathematical equation. Schrödinger’s wave equation is as follows:

• To locate an electron in space, rectangular coordinates are used, in which x, y and z are used to 
denote the distance from the nucleus. The distance from the origin along the x-axis is known as 
the x-coordinate, the distance along the y-axis is known as the y-coordinate, and the distance 
along the z-axis is known as the z-coordinate of a point in space. Collectively, the coordinates 
of a point in space is (x, y, z).

• In the spherical coordinate system, the distance of a point from the origin is measured by 
a distance vector, which is denoted by r. To locate the point exactly, the angles in the two 
perpendicular planes are required.

• The angle between the r-vector and the z-axis is known as θ and the angle between the sine 
component of the r-vector and the x-axis is known as ϕ.

• The relation between the rectangular coordinate system and spherical coordinate system can 
be given as follows:

• Schrödinger wave equation is solved 
for hydrogen-like species using polar 
coordinates, since r is independent of θ and 
ϕ. Therefore, the obtained value of Ψ could 
be factored into the product of two functions, 
where one contains only r that is dependent 
upon the distance r and the other contains 
(θ, ϕ) that is dependent on the angles.

 Ψ = Ψ (r) . Ψ (θ, ϕ)

• Ψ is the wave function that contains all the dynamic information about the system.
• Schrödinger’s wave equation is solved to get the value of Ψ (wave function) and the  

corresponding energies of electrons.
• Schrödinger’s wave equation can be solved for hydrogen-like species more easily in the 

spherical polar coordinate (r, θ, ϕ) system than in the cartesian coordinate (x, y, z) system.

Where, x, y, z = Cartesian coordinates
Ψ (psi) = Amplitude of the electron wave or wave function
h = Planck’s constant
m = mass of the electron
E = Total energy of the electron
V = Potential energy of the electron

( )∂ Ψ ∂ Ψ ∂ Ψ π
+ + + − Ψ =

∂ ∂ ∂

2 2 2 2

2 2 2 2
8 m E V 0

x y z h

Spherical coordinate system

= θ φ
= θ φ
= θ

x r sin cos
y r sin  sin
z r cos z

y

r
z = r cos θ θ

ϕ
P'

P

x

0

Fig. 7: Spherical coordinate system

r sin θ 
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• Ψ(r, θ, ϕ)  is the wave function where, Ψ(r) is the radial part of wave function and Ψ(θ, ϕ) is the 
angular part of the wave function.

• Ψ(r) depends on the principal quantum number (n) and the azimuthal quantum number (l). 
Whereas, Ψ(θ, ϕ) depends on the azimuthal quantum number (l) and the magnetic quantum 
number (ml) .

• Ψ corresponds to atomic orbital wave function and the solution of schrödinger wave equation 
represents quantum numbers, i.e., principal quantum number (n), azimuthal quantum number(l) 
and magnetic quantum number (ml). These quantum numbers are the unique identification of 
electrons. The spin quantum number (s) was not derived by the solution of Schrödinger wave 
equation.

An orbital is the space around the nucleus where the probability 
of finding an electron is maximum. Electrons are considered as 
a matter wave (which has rest mass) that can be represented as 
a cloud rather than being a point mass. In an electron cloud, the 
electron density is not equally distributed. It varies with respect to 
the distance from the nucleus.

• Principal quantum number (n) was proposed by Niels Bohr.

• Principal quantum number (n) represents the shell to which the electron belongs.

• The distance of the electron from the nucleus depends on the shell. As the size of the shell 
increases, the distance from the nucleus will also increase and the energy associated will 
increase as well. These shells are represented by K, L, M, N, ... . 

• It always has a positive integer value. For e.g. n = 1 (first shell), 2 (second shell), 3 (third shell), etc,.

• Principal quantum number designates the energy of an electron. For a H-like atom, the same (n) 
indicates the same energy of an electron.

• Principal quantum number (n) accounts for the main lines in the atomic spectrum as Lyman, 
Balmer, etc,.

Orbitals

Principal Quantum Number (n)

Fig. 8: Representation of 
electron density of an orbital

Quantum numbers are the set of four numbers that are the unique identification of an electron. In 
order to specify size, energy, shape and orientation of orbitals, quantum numbers are required. 

The four quantum numbers are:
1. Principal quantum number (n)
2. Azimuthal quantum number (l)
3. Magnetic quantum number (ml)
4. Spin quantum number (s)

Address of an electron

Quantum Numbers
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• In Bohr’s theory, the angular momentum of an electron can be given as follows:

 Where, n is the principle energy level that can have a value starting from 1.

  This is not valid for the quantum mechanical model because, here the velocity of the electron 
and the radius of the orbit is not defined.

=
π

nhmvr
2

n 1 2 3 4 ...

Shells K L M N ...

Table 1:  Representation of shells according to principal quantum number

• The concept of azimuthal quantum number (l) was interpreted by Sommerfeld.

• Azimuthal quantum number (l) is also known as subsidiary quantum number or orbital angular 
momentum quantum number.

• Azimuthal quantum number (l) denotes the subshell to which the electron belongs.

• The energy of the electron in an orbital in a multielectron species depends on both the principal 
quantum number (n) as well as the azimuthal quantum number (l). Energy is determined by the 
(n + l) rule.

• Azimuthal quantum number (l) accounts for the fine line in the atomic spectrum.

• Azimuthal quantum number (l) describes the three-dimensional shape of the orbitals or the 
electron cloud. The shape of the orbitals may be spherical, dumbbell-like or double dumbbell-
like depending upon the azimuthal quantum number (l).

Azimuthal Quantum Number (l)

Azimuthal quantum 
number (l)

Subshells

0 1 2 3

s p d f

Table 2:  Representation of subshell according to azimuthal quantum number

Boundary surface diagram encloses the region where 
the probability of finding an electron is maximum. The 
probability of finding an electron within the boundary 
is maximum but there is no such boundary in real. There 
may be some probability of finding an electron outside the 
boundary.

Boundary Surface Diagram

Fig. 9: Boundary surface diagram 
for s-orbital

Shape: Spherical
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Classification of Subshells

• There are mainly four types of subshells namely s, p, d and f. 
• s has been taken from sharp, p from principal, d from diffused and f from fundamental.

From the given figure we can see that s-subshell is spherical, p-subshell contains two lobe and 
d-subshell contains four lobes. In p-subshell, one side of the lobe is assigned ‘+’ and the opposite 
‘-’. The plus and the minus signs are the phases of the wave function. When the orbital lobes 
of the same phase overlap, it results in constructive interference. Hence, the electron density 
between the two nuclei increases. When orbital lobes of the opposite phases overlap, it results in 
destructive interference. Hence, the electron density between the nuclei decreases. Constructive 
and destructive interference of orbitals can be shown as:

Subshells

s p d f

Subshells s p d f

0 1 2 3

Non-directional Directional Directional Directional

Spherical Dumbbell-like Double 
dumbbell-like

Leaf-like/
Complicated

Azimuthal 
quantum number

Directional / Non-
directional

Probability 
density

Shape

Table 3: Shapes and probability density plots of subshells

Fig. 10: Constructive interference Fig. 11: Destructive interference
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• A subshell is the collection of degenerate-shaped orbitals (having the same l) of the same 
principal quantum number (n) and azimuthal quantum number (l).

• The s-subshell contains one s-orbital, the p-subshell contains three p-orbitals namely px, py, 
pz, which have the same energy. The d-subshell contains five d-orbitals namely dxy, dyz, dzx, 
dx2 - y2, dz2, having the same energy and the f-subshell contains seven orbitals.

• For a given value of the principal quantum number (n), the value of the azimuthal quantum 
number (l) varies from 0 to (n - 1). Since the value of (n) comes out to be a positive integer, 
the value of (l) will be zero or positive integer. For a given principal quantum number (n), the 
minimum and the maximum values of the azimuthal quantum number will be given as follows:

 lmin = 0 and  lmax = (n - 1)

Subshell

n l Subshell notation

1s

2s, 2p

3s, 3p, 3d

4s, 4p, 4d, 4f

0

0, 1

0, 1, 2

0, 1, 2, 3

1

2

3

4

Table 4:  Description of sub-shells 

Orbitals having the same energy are known as degenerate orbitals.

Notes

Subshell notations

l Subshell Description

Sharp

Principal

Diffused

Fundamental

s

p

d

f

0

1

2

3

Table 5: Possible values of l for a given n value and their notations
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The number of subshells in the nth shell is n.

Note

Orbital angular momentum

Orbital angular momentum (L) corresponding to an orbital can be calculated as follows: 

Orbital angular momentum (L) = ( )l l 1+  , Where, h = 
2π



Where,
h = Planck’s constant
l = Azimuthal quantum number

h ( 1)
2

+
π

l l

• Magnetic quantum numbers were proposed by Lande. It is denoted by m or ml.

• Magnetic quantum number (ml) describes the orbital to which the electron belongs.

• Magnetic quantum number (ml) describes the orientation of the orbital regarding the axis in 
the presence of an external magnetic field. It gives information about the spatial orientation of 
orbitals with respect to the standard set of coordinate axes.

• Magnetic quantum number (ml) accounts for the splitting of lines of the atomic spectrum in the 
presence of magnetic field. The effect of the magnetic field is dependent on the orientation 
of the orbitals. Due to different types of orientations, the energy of the electrons in the orbitals 
differ in the magnetic field, which results in the splitting of spectral lines. This phenomenon is 
known as the Zeeman effect. This phenomenon is also the same for the electric field.

Magnetic Quantum Number (ml)

Subshell l Orbital angular 
momentum

0s

p

d

f

0

1

2

3

Table 6: Orbital angular momentum of subshells

2 3

6

2
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• The possible values of the magnetic quantum numbers (ml) are integers ranging from –l through 
0 to +l . Each value corresponds to an orbital.

  Example: For the first shell, the principal quantum number (n) is 1, the azimuthal quantum number 
(l) is 0 (only one value), and the magnetic quantum number (ml) is also 0.

• For the d-subshell (l = 2), the value of ml is –2, –1, 0, +1, +2 .

• The maximum number of orbitals in a subshell is given by (2l + 1).

• In a particular subshell, the energies of the orbitals are the same. These orbitals are known as 
degenerate orbitals.

• The magnetic quantum numbers of pz and dz2 are zero, since these do not show any orientation.

Value of l Subshell Maximum number 
of orbitals (2l + 1)

1

3 (px, py, pz )

5 (dxy, dyz, dxz, dx2 - y2, dz2)

7

s

p

d

f

0

1

2

3

Table 7: Maximum number of orbitals for a given value of l

The s-orbital is a spherically shaped region that describes where an electron 
can be found within a certain degree of probability. The shape of the orbital 
depends on the quantum numbers associated with that particular energy 
state. All the s-orbitals have l = ml = 0, but the value of principal quantum 
number (n) can vary. All the s-orbitals are non-directional in nature.

The p-orbital is a dumbbell-shaped or a lobed region that describes where an electron can be 
found within a certain degree of probability. The node (the region where the probability of finding 
an electron is zero) of the dumbbell occurs at the atomic nucleus. So, the probability of finding an 
electron in the nucleus is zero. All the p-orbitals have l = 1, with three possible values for ml (–1, 0, 
+1). Each p-subshell has three degenerate orbitals, px, py and pz, which are directed along the x, y 
and z axes respectively. All p-orbitals are directional in nature. 

Shapes of Orbitals

s-orbitals

p-orbitals

Fig. 12: Spherical 
shape of s-orbital

z

y

x
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x
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y
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py

x

y

z

px

x

y

z

Fig. 13: Shape of p-orbitals

Fig. 14: Shape of d-orbitals

In the given figure, the orientation of orbital px is along the x-axis, py is along the y-axis and pz is 
along the z-axis.

The d-orbital is a double dumbbell-shaped or a lobed region that describes where an electron 
can be found within a certain degree of probability. The node of the dumbbell occurs at the atomic 
nucleus. Therefore, the probability of finding an electron in the nucleus is zero. All d-orbitals have 
l = 2, with five possible values for m (-2, -1, 0, +2, +1). Hence, each d-subshell has five degenerate 
orbitals (dxy, dyz,dxz, dz2 and dx2- y2). All d-orbitals are directional in nature. Out of the five, three 
orbitals (dxy, dyz, and dxz) are directed between the axes and are known as non-axial d-orbitals and 
the other two (dz2 and dx2- y2) are directed along the axes and are known as axial orbitals.

d-orbitals

dx2- y2

z

y

x

dz2

z

y

x

dxy

z

y

x

dyz

z

y

x

dxz

z

y

x
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In the above figure, five types of d-orbitals are represented. dxy, dyz, dxz orbitals lie in the three 
mutually perpendicular planes xy, yz, zx. 

dz2 lies on the z-axis and consists of a ring (in xy-plane) around it. The two lobes are of the same 
phase, whereas the ring is of the opposite phase.

Four lobes of dx2 - y2 orbital are lying along x and y-axis.

Summary

Significance of  Heisenberg’s uncertainty principle

• Heisenberg’s uncertainty principle is not an instrumental error, rather a conceptual error. 

• Heisenberg’s uncertainty principle rules out the existence of a definite path of electrons. 
It includes precise statements of position and momentum of an electron replaced with 
probability.

Limitations of Bohr’s Model

• Bohr's model fails to explain the line spectra of atoms containing more than one electron. It 
could explain only single-electron species spectra.

• It fails to account for the finer details like the doublet, which is two closely spaced lines 
observed in the spectrum of hydrogen atoms by using sophisticated spectroscopic techniques.

• It is unable to explain the splitting of spectral lines in the presence of magnetic (Zeeman 
effect) and electric fields (Stark effect).

• No conclusion was given for the principle of quantisation of angular momentum.

Schrödinger wave equation

In the quantum mechanical model of an atom, electrons are considered as waves and waves can 
be shown as a mathematical equation. Schrödinger's wave equation is as follows:

• An orbital can accommodate a maximum of two electrons.

• Number of orbitals in the nth shell = n2

• Maximum number of electron in a subshell = 2(2l + 1)

• Maximum number of electrons in the nth shell = 2n2

Subshell

Number of electrons

l

s p d f

0

2

1

6

2

10

3

14

Table 8: Maximum number of electrons for a given l value 
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( )∂ Ψ ∂ Ψ ∂ Ψ π
+ + + − Ψ =

∂ ∂ ∂

2 2 2 2

2 2 2 2
8 m E V 0

x y z h

Where, x, y, z = Cartesian coordinates
Ψ (psi) = Amplitude of the electron wave or wave function
h = Planck’s constant
m = mass of the electron
E = Total energy of the electron
V = Potential energy of the electron

• Ψ is the wave function that contains all the dynamic information about the system.
• Schrödinger wave equation can be solved for hydrogen-like species, more easily in a 

spherical polar coordinate (r, θ, ϕ) system rather than cartesian coordinates (x, y, z).
• Ψ corresponds to the atomic orbital wave function and the solution of Schrödinger wave 

equation represents quantum numbers, i.e., principal quantum number (n), the azimuthal 
quantum number (l) and the magnetic quantum number (ml). These quantum numbers are 
the unique identification of electrons. The spin quantum number (s) was not derived by the 
solution of the Schrödinger wave equation.

Quantum Numbers
Quantum numbers are the set of four numbers required to define an electron in an atom completely. 
In order to specify the size, energy, shape and orientation of orbitals, quantum numbers are 
required. The four quantum numbers are:

a. Principal quantum number: Principal quantum number (n) represents the shell to which the 
electron belongs and the distance of the electron from the nucleus depends on the shell. As 
the size of the shell increases, the distance from the nucleus will also increase. These shells 
are represented by K, L, M, N, etc,. The principal quantum number (n) signifies the energy 
level of single electron species such as H, He+, Li2+. It always has a positive integer value. 
For e.g. n = 1 (first shell), 2 (second shell), 3 (third shell), etc.,.

b. Azimuthal quantum number: Azimuthal quantum number (l) is also known as subsidiary 
quantum number or orbital angular momentum quantum number. Azimuthal quantum 
number (l) describes the shape of the subshells. It denotes the subshell to which the electron 
belongs.

c. Magnetic quantum number (ml): Magnetic quantum number (ml) denotes the orbital to 
which the electron belongs. Magnetic quantum number (ml) describes the orientation of 
the orbital regarding the axis. It accounts for the splitting of lines of the atomic spectrum in 
the magnetic field.

Subshells s (Sharp) p (Principal) d (Diffused) f (Fundamental)

0

0

1

1

–1, 0, +1

3 (px, py, pz )

2

–2, –1, 0, +1, +2

5 (dxy, dyz, dxz, 
dx2 - y2, dz2)

3

–3, –2, –1, 0, +1, 
+2, +3

7

Non-directional Directional Directional Directional

Azimuthal quantum 
number (l)

Magnetic quantum 
number (ml)

Possible number 
of orbitals (2l + 1)

Directional / Non-
directional
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2

Spherical

6

Dumbbell-like

10

Double 
dumbbell-like

14

Leaf-like/
Complicated

Maximum number 
of electrons

Shape

Orbital angular 
momentum 0 2 6 2 3

d. Spin quantum number: In the fine spectrum of H atoms, the presence of two closely spaced 
spectral lines are explained by spin quantum numbers. Spin of an electron is the reason for 
the doublet line in the fine spectrum.

•  An orbital can accommodate a maximum of two electrons.
• Maximum number of electrons in a subshell = 2(2l + 1)
• Number of orbitals in the nth shell = n2

• Maximum number of electrons in the nth shell = 2n2


