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Presenter
Presentation Notes
Imagine calling a friend on the other side of town. As you chat away, your phone converts your voice into an electrical signal, which is then transmitted as  radio waves and converted back into sound by your friend’s phone.  A basic mobile phone is therefore little more than a combined radio transmitter and a radio receiver, quite similar to a walkie-talkie or CB radio.

When you speak, your voice is converted to an analogue electrical signal by microphone in your handset. It then turns into digital signal. The digital version of your voice is then sent by microwaves to nearest base station. 



How do cordless phones work?

• Cell phones and cordless telephones are 
transceivers, device that transmits one signal 
& receives another radio signal from a base 
unit. 

• You can talk and listen at the same time 
because the two signals are at different 
frequencies.



Communications Satellites

• Thousands of satellites 
orbit Earth.  A radio or TV 
station sends microwave 
signals to the satellite 
which amplifies the signal 
and sends it back to a 
different place on Earth. 
Satellite uses dif freq to 
send & receive.





Presenter
Presentation Notes
Commonly, remote controls are Consumer IR devices which send digitally-coded pulses of infrared radiation to control functions such as power, volume, tuning, temperature set point, fan speed, or other features. Remote controls for these devices are usually small wireless handheld objects with an array of buttons for adjusting various settings such as television channel, track number, and volume.





Information about galaxy:

Presenter
Presentation Notes
Almost all that we know about planets, stars, and galaxies is obtained from studies of the light received from them.




Electromagnetic Theory



Presenter
Presentation Notes
James Clerk Maxwell (1831-1879) was one of the most important mathematical physicists of all time, after only Newton and Einstein. Within a relatively short lifetime he made enormous contributions to science which this lecture will survey. Foremost among these was the formulation of the theory of electromagnetism with light, electricity and magnetism all shown to be manifestations of the electromagnetic field. He also made major contributions to the theory of colour vision and optics, the kinetic theory of gases and thermodynamics, and the understanding of the dynamics and stability of Saturn's rings.�
All electric and magnetic fields of the universe are governed by four laws, and these are called Maxwell’s law of electromagnetism. Maxwell's equations represent one of the most elegant and concise ways to state the fundamentals of electricity and magnetism.

Maxwell's Equations are a set of 4 complicated equations that describe the world of electromagnetics. These equations describe how electric and magnetic fields propagate, interact, and how they are influenced by objects.

James Clerk Maxwell [1831-1879] was an Einstein/Newton-level genius who took a set of known experimental laws (Faraday's Law, Ampere's Law) and unified them into a symmetric coherent set of Equations known as Maxwell's Equations. Maxwell was one of the first to determine the speed of propagation of electromagnetic (EM) waves was the same as the speed of light - and hence to conclude that EM waves and visible light were really the same thing. 









Presenter
Presentation Notes
Here negative sign is because of Lenz’s law which states that the induced emf set up a current in such a direction that the magnetic effect produced by it opposes the cause producing it.

A curl is just a vector or a measure of the rotation of a 3-dimensional vector field in any point on that field. This equation, Faraday's and lenz's law, basically says that the electric field curls because of a change in a nearby magnetic field ( meaning it flows in a circuit). Notice that the negative sign indicates that the flow will happen in a direction that'll cause another magnetic field opposing to the first one and that's where Lenz comes in; the change causes a reaction that tries to oppose the initial change(this appears to be a natural law since I found it in many fields like equilibrium study in chemistry in Le Chatelier's law ) so basically curl measures tendency of a vector field to rotate. This third law explains the phenomenon of Induction which has tremendous applications like transformers for example.





Charging of a capacitor 

















Video On Electromagnetic Field 
Generation



Particle Nature of EM Wave??



PhotoElectric Effect

 

T = hν −W

Presenter
Presentation Notes
Using the classical Maxwell wave theory of light, the more intense the incident light the greater the energy with which the electrons should be ejected from the metal. That is, the average energy carried by an ejected (photoelectric) electron should increase with the intensity of the incident light. �
that the incident light consisted of individual quanta, called photons, that interacted with the electrons in the metal like discrete particles, rather than as continuous waves. For a given frequency, or 'color,' of the incident radiation, each photon carried the energy E = hf, where h is Planck's constant and f is the frequency. 



Photoelectric Effect

 When an incident photon ejects an electron, the process is 
called “photoelectric” effect.  It is a photon-electron 
interaction rather than a charged particle interaction.

 The photon transfers all its energy to the electron in a single 
cataclysmic event after which the photon ceases to exist and 
the ejected electron retains all the energy originally 
possessed by the photon except for the energy required to 
overcome the binding energy of the electron.

 since an electron has been ejected, a vacancy exists in the K 
shell and thus one or more characteristic x-rays will be 
produced as the vacancy is filled by electrons from higher 
orbits.
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Photoelectric Effect

Presenter
Presentation Notes
We have actually discussed the photoelectric effect previously without calling it by name.  When we discussed ionization, we considered the possibility of a tightly bound electron being ejected from its orbit and a characteristic x-ray being produced when the vacancy created was filled by an electron from a higher orbit.  Although we were primarily considering the effects of charged particle interactions, it was noted that electrons can be ejected by not only charged particles but also, neutrons and photons.

When we consider the specific case of an incident photon ejecting an electron, we call the process the “photoelectric” effect.  It is a photon-electron interaction rather than a charged particle interaction.

The photon must transfer all its energy to the electron in a single cataclysmic event after which the photon ceases to exist and the ejected electron retains all the energy originally possessed by the photon except for the energy required to overcome the binding energy of the electron.

Of course, since an electron has been ejected, a vacancy exists in the K shell and thus one or more characteristic x-rays will be produced as the vacancy is filled by electrons from higher orbits.



Photons

• The light absorbed or emitted must be in         
“packets” of electromagnetic radiation containing         
a specific amount of energy.

• These packets are called “PHOTONS.”

• The energy of a photon is related to the frequency of 
the electromagnetic energy absorbed or emitted.



Frequency and Energy

The energy of a photon is related to the 
frequency of light emitted or absorbed by

E = hν

where  h = Planck’s constant

ν = C/λ

so, E α 1/λ



“Every physicist thinks he knows 
what a photon is.  

I spent my life to find out what a 
photon is and I still don’t know.”

Albert Einstein



Wave Nature of Light



Diffraction Pattern of light



Definition of wavelength





Different ways molecules can interact with E-M radiation



Spectral Linewidth

• Physical mechanisms 
can broaden spectral 
lines.

– Doppler Effect

• Thermal motion 

• Rotation

– Collision Broadening

– Heisenberg 
Uncertainty Principle



Doppler 
Shift

• The greater 
the 
velocity 
the greater 
the shift.



The wavelength of a spectral line is affected by the
relative motion between the source and the observer



Doppler Shifts
• Red Shift:  The object is moving away from the 

observer
• Blue Shift: The object is moving towards the observer

∆λ/λo = v/c

∆λ = wavelength shift
λo = wavelength if source is not moving

v = velocity of source
c = speed of light



Doppler Effect:  Rotation

• Rotation of star/gas   will 
produce a broadening of 
spectral lines.

• Photons emitted from side 
spinning toward us,
blueshifted.

• Photons emitted from side
spinning away from us, 
redshifted. 

Observed spectral line is 
broadened.



END 







Different ways molecules can interact with E-M radiation



Microwave Spectroscopy

or

Rotational Spectroscopy



Molecular Energy

 Molecules can have the following types of energy
Translational or kinetic (due to motion)
Electronic (PE and KE of electrons)
Vibrational (oscillation of atoms in bonds)
Rotational

 All except the KE are quantized

Emolecule = Erotational + Evibrational + Eelectronic
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Molecular Energy Levels



Molecular Energy Levels

Rotational 
Energy Levels

Vibrational 
Energy Levels

Ground 
Electronic 
State

Excited 
Electronic 
State

Rotational 
Transition

1-20 cm-1

Microwave

Vibrational 
Transition

2000-4000 cm-1

Infrared

Electronic 
Transition

10000-50000 cm-1

UV-Visible 6



Molecular Energy Levels

The relative energy of the spacing between energy 
levels for various types of transitions in a molecule are 
in the order:

Rotational 
Transition

1-20 cm-1

Vibrational 
Transition

2000-4000 cm-1

Electronic 
Transition

10000-50000 cm-1

<< <<

Thus, the various types of energy transitions occur in 
different regions of the EMR spectrum and do not 
overlap.
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Rotational motion of a Diatomic Molecule

8



Absorption of Electromagnetic Radiation - The Coupling 
Mechanism

 An electromagnetic wave is an oscillating electrical field and interacts only
with molecules that can undergo a change in dipole moment.

 The oscillating dipole can be provided by the rotation of a permanent
dipole like for example HCl. This type of interaction leads to microwave
spectra.

H−Cl



The electromagnetic field exerts a torque on 
the molecule. 



Origin of Microwave Spectroscopy

 Absorption of microwave radiation causes heating due to increased molecular 
rotational activity....

 Incident electromagnetic waves can excite the rotational levels 
of molecules provided they have an electric dipole moment. The 
electromagnetic field exerts a torque on the molecule. 

 The spectra for rotational transitions of molecules is typically in 
the microwave region of the electromagnetic spectrum.



Micro-wave ACTIVE molecules

Incident electromagnetic waves can excite the rotational levels 
of molecules provided they have an electric dipole moment. 
The electromagnetic field exerts a torque on the molecule. 

Homonuclear diatomic molecules (such as H2, O2, N2 , 
Cl2) – have zero dipole (non polar) -- have zero change of 
dipole during the rotation – hence NO interaction with 
radiation -- hence homonuclear diatomic molecules are 
microwave inactive

Heteronuclear diatomic molecules (such as HCl, HF, CO) –
have permanent dipolemoment (polar compound) --
change of dipole occurs during the rotation – hence 
interaction with radiation takes place – Therefore, 
heteronuclear diatomic molecules are microwave active.



The rotation spectrum of 12C16O

 The lines are nearly equally spaced and vary in intensity.

 We also will learn why the lines are nearly equally spaced
and vary in intensity. Such spectra can be used to determine
bond lengths, and even bond angles in polyatomic
molecules.







dt
dθ

=ω
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rdθ
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Linear

r ω v =

Angular Relationship

Velocity 

Angular velocity (ω) & Linear Velocity







Role of Moment of Inertia 
towards Angular Momentum



18 Rotational period 

For a typical molecule at room temperature 

1210 1rot s ps   (one picosecond) 

For Krot = kBT 

Krot 
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Classes of Rotating Molecules 

   Molecules can be classified into five main groups 

depending on their moments of inertia. 

1. IC = IB , IA = 0 Linear molecules 

2. IC = IB = IA  Spherical top 

3. IC = IB > IA  Prolate symmetric top 

4. IC > IB = IA Oblate symmetric top 

5. IC > IB > IA Asymmetric top 

b should be replaced by a 
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Linear Molecules 

IC = IB , IA = 0  

Linear molecules 

Other examples: 

• HCl 

• CO2 

• H–C≡C–H 

• H–C≡C–C≡C–C≡C–H 

• LiF 
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Prolate Symmetric Top Molecules 

IC = IB > IA  

Prolate symmetric top 
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Oblate Symmetric Top Molecules 

IC > IB = IA  

Oblate symmetric top 

NH3 



Prolate and Oblate 
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Spherical Top Molecules 

IC = IB = IA  

Spherical top 

Other examples: 

• CH4 

• CCl4 

• Generally, molecules with 

Oh, Td, or Ih point groups 

are considered spherical 

top molecules. 
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Asymmetric Top Molecules 

IC > IB > IA  

Asymmetric top 

 Most of the molecules are 

asymmetric top. 
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Rotational Motion: Rigid Rotator Model 

re = rA + rB 

Rotational Kinetic Energy (Krot) 

where ω is angular velocity, dθ/dt 
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Rotational Kinetic Energy (Krot) 

reduced mass 

moment of inertia 

(compare this with                  ) 21

2
K mv

(compare this with               ) 
2

2

p
K

m


Using angular moment J I
(compare this with                 ) p mv

the rotational kinetic 

 energy becomes 

L = Iω   or 

L2 or 



Reduced Mass 
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To solve the Schrödinger equation 

 EH 

We need to set up the Hamiltonian: 

VTHH total ˆor   

One needs to define the kinetic and potential energy  

Quantum mechanics of rigid rotor rotation 
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The potential energy of rigid rotor diatomic molecule is zero: 

0V

The Hamiltonian operator of rigid rotor diatomic molecule corresponds to 
the kinetic energy operator: 

IMPORTANCE ASSUMPTION 

ASSUMPTION 

I

L
TH total

2

ˆ

2
ˆˆ

2
2

2





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Rotational operators: 

2

0

2

22

2

11   rrmrmI 
21

21

mm

mm




0
r v 

IL  0V









  ˆ

2
ˆˆˆ 2

2

VVTH total




where 2 is the Laplacian Operator   

0  

2

2

2

2

2

2
2

zyx 














In Cartesian coordinates  
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For rigid rotor model, we usually transform the 2 Cartesian coordinates 
into spherical polar coordinates . 







z

y

x

Cartesian 
coordinates 

Spherical polar 
coordinates 



















x

y

r

z

zyxr

1

1

222

tan

cos





),,(  r),,( zyx







sinsin

cossin

cos

ry

rx

rz







Transformation to spherical polar coordinates 
 





20

0

0





 r
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Transform the 2 Cartesian coordinates into spherical polar coordinates  

2

2

222

2

2

2

sin

1
sin

sin
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


 




































rrr
r

rr

Because of rigid bond 
(fixed bond length)  

0 rr 





























2

2
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0 sin

1
sin
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


r































2

2

22

0

2
2

2

sin

1
sin

sin

1

22
ˆˆ




 r
TH

































2

2

2

2

sin

1
sin

sin

1

2 


I

 2

0 rI 

0




r


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I

L
T

2

ˆ
ˆ

2

































2

2

2

2

sin

1
sin

sin

1

2
ˆ




I
T



Because  































2

2

2

22

sin

1
sin

sin

1ˆ





L

The square of angular momentum operator becomes 

L2 is important operator in the solution for energy levels and 
wavefunctions of rigid rotor in the Schrödinger equation.  




 iLz

ˆ

Another importance of the angular momentum is Lz  (the z-component) 

After transformation, we get:  



37 

Thus, the Hamiltonian operator in the Schrödinger equation 

I

L
H

2

2



Another implication of the rigid rotor (fixed bond length) is the 
wave function depends on  and  :  

),(),,(  r

),(),(  EH 
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Rigid rotor wavefunctions 

),(),(  EH   20    :   0 































2

2

2

2

sin

1
sin

sin

1

2
ˆ




I
H



),(),(  Y

),()(),,(  YrRr 

Consider only the 
angular part of the 
wavefunctions 

The full wavefunctions 

Reduce to 

),(),(
sin

1
sin

sin

1

2 2

2

2

2







EYY
I
































0),(sin
2),(),(

sinsin 2

22

2

































 EY

IYY



 22 /sin2 ISet the Schrödinger Equation equal to zero and  
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the Schrödinger equation can be solved using separation of variables. 

)()(),(  Y

0),(sin
2),(),(

sinsin 2

22

2

































 EY

IYY



From the previous slide 

2

2
2

2

),(
),(sin

2
sinsin







































 Y
YE

I



Only  Only  

Rearranging the differential equation separating the θ-dependent terms 
from the -dependent terms: 
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2

2
2 )(

)(

1
sin

)(
sin

)(

sin






























 

 d

d

d

d

2

2
2 )()(

)()(sinsinsin








































2

2



IE


From the previous slide 

 LHS operator does not operate on Φ() and RHS operator does not 
operate on Θ(θ).  

2

2
2 )(

)()()( sin
)(

sinsin)(



































Devide by Φ() Θ(θ)  

Only  Only  

Each side of the equation must be equal. Let give it to m2  
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22sin
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m

d

d

d

d






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 


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


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1
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












2

2

2
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1
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)(
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m

d

d

d

d















 

 















From the previous slide 

(II) 

(I) 
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Let solve Eq.(II) 

2

2

2 )(

)(

1
m














)(

1)( 2

2

2











m

 im

m

im

m eAeA 

 or   )(

)()2(  Consider periodicity conditions 

The solution for Φ() is :   

2,.. 1, 0, m  ; 
2

1
)(  


 ime

Normalization constant 
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For solving Eq.(I), 

22sin
)(

sin
)(

sin
m

d

d

d

d








 













Change variables: 


 d
sin

    ),()(    , cos 



dx

xPx

Since:  0 11  x

222 1cos1sin x 

The eq(I) is transformed into: 

0)(
1

)(2)()1(
2

2

2

2
2 










 xP

x

m
xP

dx

d
xP

dx

d
x 

The Legendre Equation 

The Legendre Equation 
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)(cos)( ||  m

JmPA

The solutions of the Legendre Eq. are : 

)(cos|| m

JP The Associated Legendre polynomials 

 
 

)(cos
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! ||

2

12
)( ||  m
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
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



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

 
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 
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! ||

2

12

mJ

mJJ
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









 


Normalization constant 

Associated Legendre polynomials 
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)(cos|| m

JP

The Associated Legendre polynomials 

2,.. 1, 0, m and  2,... 1, 0,J  ; 












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
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
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4
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),( ||











 


2,.. 1, 0, m and  2,... 1, 0,J  ; 

Spherical harmonic wavefunctions 

)( )(
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The wavefunctions for J = 0, 1, 2 



48 
































2

2

2

2

sin

1
sin

sin

1

2
ˆ




I
TH



Rotational energy levels of rigid rotor  

The spherical harmonic wave functions: 
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





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solving for this Schrödinger gives the quantized J(J+1) result :  

,... 0,1,2 J   , 

J is Rotational 
quantum number 

The Hamiltonian (Laplacian) operator: 
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Rotational Energy Levels for rigid rotor: 

Where 

 Rotational Energy of Rigid Diatomic molecule 



The allowed rotational energy 
levels of a rigid diatomic molecule  

Allowed transitions between the energy levels 
of a rigid diatomic molecule and the spectrum 

For rigid rotor, J  J + 1, 

Rotational Spectra of Rigid Diatomic Molecule 





Selection Rule for Rotational Transition 
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Example: Using the following total energy eigenfunctions for the three-dimensional 
rigid rotor, show that the J=0 → J=1 transition is allowed, and that the J=0 → J=2 
transition is forbidden: 

the transition dipole moment integral takes the form 



For the J=0 → J=1 transition, 
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For the J=0 → J=1 transition, 
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Replace the result into the original integration 



From the previous derivation: 
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For the J=0 → J=1 transition, 
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
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
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310  z

The J=0 → J=1 transition is allowed.  

Thus: 



Using transition moment integral and Spherical Harmonic 
wave functions for  the J=0  and J =2 energy levels, show that 
J=0   J =2 transition is forbidden.  

Home Assignment 



  Rotational Spectra of Rigid Rotor 

Selection Rule:   Apart from Specific rule,  DJ  1, Gross rule- the molecule should 

have a permanent electric dipole moment,  . Thus, homonuclear diatomic molecules do 
not have a pure rotational spectrum.  Heteronuclear diatomic molecules do have 
rotational spectra. 

1

1 ( )

1 ( )

j

j absorption

j emission

D  

D  

D  





Population of initial and final states 



L 
LZ 

LZ 





L 
LZ 





 



Population of initial and final states 



 







Effect of Isotopic Substitution 

18.01.2017 





Effect of Isotope Substitution 





2. Determination of natural abundance of isotope from the  
     comparison of intensities of spectra. 

1.   Determination of Accurate Atomic weights 







The non-rigid rotator 
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Linear Molecules 

IC = IB = I , IA = 0  

Linear molecules 

Other examples: 

• HCl 

• CO2 

• H–C≡C–H 

• H–C≡C–C≡C–C≡C–H 

• LiF 

Ic

h
B

28




Ammonia Also 





oblate 

oblate 

(C - B)K2 



Physical Significance of K 



Picture Taken from Hollas 

Here, P is equivalent to L (total angular momentum vector) 
 
Pa is considered to be La = Kħ 



Quantum Numbers, J, K, MJ 







 



Energy Levels and Selection Rule for Prolate Symmetric Top Molecules 









Since the energy is independent of the sign of K, levels with the same absolute 
magnitude of K coincide, so that all levels for which K is greater than zero are 
doubly degenerate, and there are only J + 1 distinct energy values for each 
possible value of J. For each particular value of K, there is an infinite series of 
levels with different values of J. These are identical in spacing with the linear 
molecule levels except that the series must start with J = K rather than J = 0.  





Effect of Centrifugal Distortion on Spectra for Prolate Symmetric 
top Molecules: 



Microwave Instrument 



Application of Microwave Spectroscopy 





Determination of Accurate Atomic weights 



Determination of natural abundance of isotope from 
the comparison of intensities of spectra 





 





 



END 



The pure rotational spectrum of  12C16O has transitions at 3.863 and 7.725 cm -1 . Calculate the 
internuclear distance and predict the transitions for the given two lines. 



The γ vs J plot for different rotational transition for a particular molecule is showing a 
slope of 8603 MHz. Calculate the rotational quantum no. for the highest populated state 
at 25oC 



A space probe was designed to seek CO in the atmosphere of saturn by looking for lines in 
its rotational spectrum. If the bond length of CO is 112.8 pm , at what wave no. Do the first 
three rotational transitions appear? What resolution would be needed to determine the 
isotopic ratio of 13C and 12C on saturn by observing the first three rotational lines? 



The rotational constants(B)and for NH3 molecule is 298 Ghz and the NHN bond angle and 
bond length are given as 106.78o and 101.4 pm respectively. Calculate the moment of 
inertia ( I ) for the molecule and also show the consistency in the experimental and 
theoretical value of I 

T 

I = mH (1-cosᶿӨ) R2 + mHmN/mH+mN (1+2cosӨ)R2 

T 
T 



In the pure rotational emission spectrum of H35Cl gas , lines at 106 cm-1 and 233.2 cm-1 are 
observed to have equal intensity. What is the temperature of the gas?? The rotational 
constant B for H35Cl is 10.6 cm-1 and ratio of hC/K has the value 1.44 cm deg. 



HCl has a B value of 10.593 cm-1and a centrifugal distortion constant D of 5.3*10-4 cm-1. Estimate the 
vibrational frequency and force constant of the molecule 
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Harmonic Oscillator Wave functions 
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Selection Rule 



Gross Selection Rule: 

Specific Selection Rule: 

V= 1 

A molecule will show vibrational spectrum only if the dipole moment  
changes with internuclear distance. 



Vibrational Spectrum of Carbon Dioxide 
CO2 molecule 

This stretching mode results in no peak because the dipole 
moment is zero does not change during vibration 

5 



Vibrational Spectrum of Carbon Dioxide 
Asymmetric stretching results in a change in dipole moment 
during vibration and produces a peak in the IR spectrum. 

6 



Vibrational Spectrum of Carbon Dioxide 

The bending mode of vibration gives a peak in the IR spectrum 

7 



Harmonic Oscillator Wave functions 





 





IR Spectrum of Carbon Monoxide (CO) 

Fundamental Peak 

First Overtone 

12 





Important Points Need to be Considered: 



Anharmonic Model 



 

x 



x2 
x 



 
Harmonic Model 

Anharmonic Model 



 











The spacing between vibrational level is 103cm-1.  

Thus to a very good approximation, we may ignore all transitions originating from 
ϑ= 1 or more. 

Erot = 10-100 Joul/mole 
 
Evib = 10000 Joul/mole 
 
Eele = 100 KJ/ mole 
 
 

kBT≈ 2.4 kJ/mole 









𝝂 𝒆 = 𝝎 𝒆 

Note: 



= 2890 

= 5682 

= 8333 

= 2990 cm-1 



Fundamental vibration peak in the IR spectrum and 
the force constants for some diatomic molecules 

30 



How to experimentally determine 
about De and D0? 

Hint:  𝐺 (𝜗) = 𝑣 e (ϑ+1/2) - 𝑣 e  e (ϑ+1/2)2.  



1 

06/02/2017 



2 



3 

Vibrational energy difference~103cm-1 

Molecules are rotationally excited 
during vibrational transition 



4 



5 

Rovibrational Energy of rigid diatomic molecules 

Absorption of infrared region, molecules can change 
vibrational and rotational states because vibrational 
transitions can couple with rotational transitions to 
give rovibrational spectra. 

By Treating as  harmonic oscillator and rigid rotor, 
energy of vibration and rotation can expressed as: 

- Total energy of rovibration motion: 

  Erovib = Erot + Evibr  



6 



7 
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J = -1 

J = +1 



9 
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Vibration-rotational Spectra of Carbon Monoxide 



Vibrational feature of 
Polyatomic Molecules 

08/02/2017 



Vibrations in Molecules 
HCl HF 

H2O 

NH3 

SF6 

Sym. Stretching 

Asym. Stretching Sym. Bending 

Asym. Bending 

n1 = 3835 cm-1 n2 = 1648 cm-1 n3 = 3939 cm-1 

n = 2991 cm-1 n = 4139 cm-1 

n1 = 3505.7 cm-1 n2 = 1022 cm-1 n3 = 3573.1 cm-1 

n1 = 774.55 cm-1 n4 = 523.56 cm-1 n3 = 947.98 cm-1 

n5 = 643.35 cm-1 n6 = 348.08 cm-1 n2 = 615.02 cm-1 

n4 = 1689.7 cm-1 

8086 cm-1 = 1 eV 



Concept of normal modes in a 
molecule 

• There are 3N possible movements in a molecule made of N 
atoms, each of which moving in one of three directions, x, y and 
z. 
– There are three transitional movements: all atoms in the 

molecule moving in x, y or z direction at the same time. 
– There are three rotational movements around x, y or z-axis 

• Linear molecules are exceptions because two axes that 
are perpendicular to the molecular axis are identical. 

– The rest of movements are vibrational movements 
• For linear molecules, 3N – 5 movements 
• For non-linear molecules, 3N – 6 movements 

– All vibrational movements of the sample can be 
described as linear combinations of vibrational normal 
modes. 

 



4 

Classes of Rotating Molecules 

   Molecules can be classified into five main groups 

depending on their moments of inertia. 

1. IC = IB , IA = 0 Linear molecules 

2. IC = IB = IA  Spherical top 

3. IC = IB > IA  Prolate symmetric top 

4. IC > IB = IA Oblate symmetric top 

5. IC > IB > IA Asymmetric top 

b should be replaced by a 



Normal Modes of Vibrations: 



Antisymmetric stretching 
2 Bending modes of same 

frequency 
Symmetric stretching 

Not IR Active 

Vibrational Modes of Carbon Dioxide 



Vibrations in Molecules 
HCl HF 

H2O 

NH3 

SF6 

Sym. Stretching 

Asym. Stretching Sym. Bending 

Asym. Bending 

n1 = 3835 cm-1 n2 = 1648 cm-1 n3 = 3939 cm-1 

n = 2991 cm-1 n = 4139 cm-1 

n1 = 3505.7 cm-1 n2 = 1022 cm-1 n3 = 3573.1 cm-1 

n1 = 774.55 cm-1 n4 = 523.56 cm-1 n3 = 947.98 cm-1 

n5 = 643.35 cm-1 n6 = 348.08 cm-1 n2 = 615.02 cm-1 

n4 = 1689.7 cm-1 

8086 cm-1 = 1 eV 



Symmetrical 
stretching 

Asymmetrical 
stretching 

Scissoring (Bending) 

Rocking 
Wagging Twisting 

Vibrations of a methylene group (-CH2-) in a molecule for illustration 
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In the normal coordinate system, the vibrational Hamiltonian of polyatomic 
system can be written as: 
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Example: CO2 , 3 atoms, 3N-5= 4 modes 
 

 It’s possible to find specific modes that are 

independent, that is if one is excited, it does 

not excite the other: these are the normal 

modes. For CO2, these are: n1, n2, n3 and n4.  

 

 Each normal mode q behaves like an 

independent harmonic oscillator 

(approximation), so has a series of terms Gq() 

where      is the wavenumber of the mode q and 

depends on the force constant kq and the 

effective mass of the mode mq. 

nL 

nR 

n1 

n2 

n3 

n4 

Stretching 

symmetric 

      Stretching Anti-
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Antisymmetric stretching 
2 Bending modes of same 

frequency 
Symmetric stretching 

Not IR Active 

Vibrational modes of C02 







IR Spectrum of Complex Molecules 

There are many possible vibrational modes giving rise 
to complicated spectra with many peaks. 

 
IR spectra are mainly used to identify unknown 

compounds 
 
 
The peak positions and intensities of an unknown can 

be compared with the spectrum of known suspects 
in the same manner that police use fingerprints 
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IR Spectrum of Complex Molecules 
vibrational modes are categorized in the following way: 
 
1. Skeletal vibrations where all the atoms in the molecule move 

about to some extent. 
 

 These vibrations give rise to absorption peaks in the range 
700 – 1400 cm-1 which is called the fingerprint region. 

 
2. Functional group vibrations in which only the atoms in that 

functional group vibrate appreciably. 
 

 Each functional group gives rise to an absorption peak at a 
characteristic frequency, no matter what the rest of the 
molecule contains.  These peaks can be used to identify the 
functional groups present in the molecules. 

 
15 
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•  Dispersive instruments: with a monochromator to be used in 

the mid-IR region for spectral scanning and quantitative 

analysis. 

• Fourier transform IR  (FTIR) systems: widely applied and 

quite popular in the far-IR and mid-IR spectrometry. 

• Nondispersive instruments: use filters for wavelength 

selection or an infrared-absorbing gas in the detection system 

for the analysis of gas at specific wavelength. 



Dispersive IR spectrophotometers 

Simplified diagram of a double beam infrared spectrometer 

Modern dispersive IR spectrophotometers are invariably double-beam 

instruments, but many allow single-beam operation via a front-panel 

switch. 



Dispersive spectrophotometers Designs 

Null type instrument 



Components of dispersive spectrophotometers 

Nernst Glower heated rare earth oxide rod 

(~1500 K) 

1-50 µm 

(mid- to far-IR) 

Globar heated SiC rod (~1500 K) 1-50 µm 

(mid- to far-IR) 

W filament lamp 1100 K 0.78-2.5 µm 

(Near-IR) 

Hg arc lamp plasma 50 - 300 µm 

(far-IR) 

CO2 laser stimulated emission lines 9-11 µm 

1. IR source 



Thermocouple thermoelectric effect -

dissimilar metal junction 

cheap, slow, 

insensitive 

Bolometer Ni, Pt resistance 

thermometer (thermistor) 

Highly sensitive 

<400 cm-1 

Pyroelectric Tri glycine sulfate 

piezoelectric material 

fast and sensitive 

(mid IR) 

Photoconducting PbS, CdS, Pb Se light 

sensitive cells 

fast and sensitive 

(near IR) 

2. Detector / transducer 



•Windows are used for sample cells and to permit various compartment 

to be isolated from the environment. 

  transparent to IR over the wavelength region 

  inert to the various chemicals analyzed 

  capable of being shaped, ground, and polished to the desired 

 optical quality 



END 













Raman Spectroscopy 





What happens when light falls on a 
material? 

Transmission 

Reflection 

Absorption 

Luminescence 

Elastic Scattering 

Inelastic Scattering 





Raman, Fluorescence and IR 
Scattering 

Absorption 
and emission Absorption 





 



As discussed, when an atom or molecule is brought into an 
electric field E , an electric dipole moment µ  is induced in the 
system. The magnitude of this induced dipole moment is 
proportional to the electric field, µ = α E where α is known as 
the polarizability.  
 



• Except for the case of spherical symmetry, the 
magnitude of the induced dipole moment 
depends on the direction of the electric field. 
For example, in case of a diatomic molecule, 
the induce dipole moment will be higher in 
magnitude when the electric field direction is 
along the inter-nuclear axis than that of the 
perpendicular to the inter-nuclear axis. 

 



Change in Polarizability 





Polarisability Ellipsoid of Hydrogen in two different orientations. 

In case of a diatomic and linear molecule, the induce dipole moment 
will be higher in magnitude when the electric field direction is along 
the inter-nuclear axis than that of the perpendicular to the inter-
nuclear axis.  

Polarisability Change during Rotation 



Classical theory Raman scattering: Rotational Raman   

Rayleigh Stokes Anti-Stokes 

α  0  

Polarizability should be changed during rotation 



• An oscillating electric field (incident photon) causes the 
molecule to have an induced dipole:  

  
 
 
 
 
 

•  

Classical theory Raman scattering : Vibrational Raman 

Rayleigh Stokes Anti-Stokes 

 0 



Thus, the polarizability must change linearly with vibrational motion 
for vibrational Raman scattering to occur. The greater the change, the 
more intense the Raman scattering. If α is unchanged or at a 
minimum/maximum, there is no Raman scattering. 

In order for a vibrational mode to be Raman active, the polarizability 
must change during the vibration, and for  a rotation to be Raman 
active, the polarizability must change as the molecule rotates in an 
electric field. 



=0 

Quantum Picture of Raman scattering : Vibrational Raman 



Molecular Picture of Scattering Events 







Rotational Raman 

Stokes (-) anti-stokes (+)  

For Linear Molecules 

𝝊𝟎 ±𝑩  (𝟒𝑱 + 𝟔) 





Rotational Raman spectra of Diatomic Molecule 



Why ∆J = ± 2?  



Pure Rotational Raman Spectra of Symmetric top molecules 



J = -2 J = +2 

J = 0 

ϑ = 0 to ϑ = 1 transition  



  



Mutual Exclusion Principle 

For molecules with a center of symmetry, no IR active 
transitions are Raman active and vice versa 
 

Raman 
IR 

IR 

Infrared 

g 



The Vibrational Raman Spectra of Homonuclear 

diatomic molecules are of Special interest 
because they yield force constants and rotational 
constants that are not available from microwave 
and Infrared Absorption spectroscopy. 



Advantages of Raman over IR 

• Water can be used as solvent.  

•Very suitable for biological samples in native state (because 
water can be used as solvent). 

• Although Raman spectra result from molecular vibrations at 
IR frequencies, spectrum is obtained using visible light or 
NIR radiation. 

 =>Glass and quartz lenses, cells, and optical fibers can be 
used.  Standard detectors can be used. 

• Few intense overtones and combination bands => few 
spectral overlaps.  

• Totally symmetric vibrations are observable. 

•Raman intensities a to concentration and laser power. 



Advantages of IR over Raman 

• Simpler and cheaper instrumentation. 

• Less instrument dependent than Raman spectra 
because IR  spectra are based on measurement of 
intensity ratio. 

• Lower detection limit than (normal) Raman. 

• Background fluorescence can overwhelm Raman. 

• More suitable for vibrations of bonds with very low 
polarizability (e.g. C–F). 



Raman and Fraud 

Lewis, I. R.; Edwards, H. G. M., Handbook of Raman Spectroscopy: From the Research Laboratory to the 

Process Line, Marcel Dekker, New York: 2001.0 



Raman Instrumentation 
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