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Why atomic spectra is not enough?

Just identifying the type of atoms in molecules 
is not enough to identify the compound:

Benzene  (C6H6) cyclohexane (C6H12) Octane (C8H18) 

Naphthalene (C10H8) 

Methane CH4

ChemCam (LIBS) (MARS Mission):  Efforts are made to accurately predict the atomic ratios.

Vibrational Spectroscopy



Why atomic spectroscopy is not enough?  

Eight allotropes of carbon: 

a) Diamond (fcc)
b) Graphite
c) Lonsdaleite (Hexagonal Diamond)

d) C60 (buckyball), (1985 discovered)
e) C540
f) C70

g) Amorphous carbon
h) single-walled carbon nanotube

* Chemical properties also depends on the structure and bond  
(and the nature of the atom)



We need a technique which can give information about the 

1.  Chemical bonds between the atoms

2.  Structure

So we are looking for a physical phenomenon which is sensitive to 
the molecular structure and chemical bond…

What can it be?

Hint:  (1)  What is a bond?
(2)  What will happen if you stretch a bond
(3)  What will happen if you hit the molecule (or disturb in any other way)



(1)  What is a bond?
(2)  What will happen if you stretch a bond
(3)  What will happen if you hit the molecule (or disturb in any other way)

A chemical bond is an attraction force between atoms or molecules and allows 
the formation of chemical compounds, which contain two or more atoms.

Bond length or bond distance is the average distance between nuclei of 
two bonded atoms in a molecule

(1)

(2)  The bond acts as a spring. 
It is harder to compress the molecules than to stretch it.
Too much stretch can break the bond: dissociation

(3)  When any object is hit with a hammer it will vibrate.
The complex vibrational motion is superposition of normal modes of vibrations.

So Vibrational Motion can give information about the chemical bond.



Vibrational motion of molecules:  (simple case of diatomic molecule)

F = - k q
P.E.  = ½ k q2

C.M.

r1 r2

x1
x2

m1
m2

m1 r1 = m2 r2

m1 (r1 + x1) = m2 (r2 + x2)

m1 x1 = m2 x2

f = -k (x1 + x2 )  = -k q              Where q = x1 + x2 is total stretch,  k = force constant

f = m a = m d2x/dt2 

m1 d2x1/dt2  =  - k (x) =  - k (x1 + x2 )    Substitute for x2

m2 d2x2/dt2  =  - k (x) =  - k (x1 + x2 )    Substitute for x1
and

r1 and r2 are distances of two atoms from C.M.
Bond Length = r1 +  r2
Let x1 and  x2 be the displacement from the 
equilibrium position.

Hooke’s Law

Newton’s Law



From Wikipedia

(m1m2)/(m1+m2)  . d2(x1 + x2) /dt2  =  - k (x1 + x2 )    by Adding two equation

µ . d2q /dt2  =  - k q

Solution to above equation is of the form:
q = A cos (ω t)

dq/dt = - A ω sin (ω t)

d2q/dt2 = - A ω2 cos (ω t)

µ . (-) A ω2 cos (ω t) =  - k A cos (ω t)

ω2 =   k/ µ

ω =  ( k / µ ) 1/2

Where 1/µ = 1/m1 +  1/m2  is the reduced mass



For a diatomic molecule (H2, N2, HCl, etc..) frequency of vibration is 

And the total energy is E = K.E. + P.E.
= ½ m1 (dx1/dt)2  + ½ m2 (dx2/dt)2 + ½ k q2

= ½ k A2 (where A is the amplitude and at the extreme ends it is all P.E.)

ω =  ( k / µ ) 1/2 Where 1/µ = 1/m1 +  1/m2  is reduced mass
or
ω =  2 πυ = ( k / µ ) 1/2

υ = (1/2π) √(k/µ)

P.E.

Internuclear distance

Bond length

~ 1.3 Ả

or



From Wikipedia

Quantum Mechanics approach: 

V



Home Work: Calculate the vibrational frequency of diatomic gases

The force constants K  are (approximate values)

K (H2)  = 521 N/m
K (HF)  = 881 N/m 
K (HCl)  = 481 N/m
K (Cl2)  = 321 N/m
K (O2)  = 1141 N/m
K (N2)  = 2261 N/m

Observed frequencies (cm-1)

H2 4160
HD   3632
D2 2989

HF 3962
HCl 2886
HBr 2558
HI 2233

F2 892
Cl2 546
Br2 319
I2 213
N2 2331
O2 1555

* 1 amu = 1.66 x 10-27 kg

* observed vibrational frequency by tradition is expressed in cm-1.

ω =  ( k / µ ) 1/2



50 m distance. 10 s integration time, as recorded spectra., Laser 532 nm, 30 mJ/pulse, 20 hz. 
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Remote Raman  spectra of 50 m of atmosphere

* easy to identify the chemical if the vibrational frequency is known.



P.E.

Internuclear distance

F = - k q
P.E.  = ½ k q2

K (H2)  = 521 N/m
K (HF)  = 881 N/m 
K (HCl)  = 481 N/m
K (Cl2)  = 321 N/m
K (O2)  = 1141 N/m
K (N2)  = 2261 N/m

Which of the above plots would correspond to Hydrogen, Oxygen and Nitrogen ?

Pink line is most likely (……….)  potential.

What does K means?



P.E.

Internuclear distance

F = - k q
P.E.  = ½ k q2

K (H2)  = 521 N/m
K (HF)  = 881 N/m 
K (HCl)  = 481 N/m
K (Cl2)  = 321 N/m
K (O2)  = 1141 N/m
K (N2)  = 2261 N/m

Which of the above plots would correspond to Hydrogen, Oxygen and Nitrogen ?

Pink line is most likely (…Hydrogen…….)  potential.

What does K means? K is force constant and is large for stronger bonds (such as triple bond)

N2 O2 H2



532 nm, 30 mJ/pulse, 20 Hz, 50 ns gate width, as measured.
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Remote Raman spectra of amino acid (2-aminoisobutyric acid)

* Normally, there are many peaks in an organic compound.

? How can you determine which peak is associated with which bond or atom? 



*  Vibrational frequency between two atoms does not change significantly by the presence of 
other atoms in the surrounding.  It does change but not a whole lot.   Why?

The force constant is primarily determined by the chemical bond between two atoms and to a 
much lesser degree by the adjacent R group.

Selected Group Frequency:  3450 - 3650  cm-1 O – H stretching
3300 – 3500  cm-1  N – H stretching
2800 - 3000  cm-1 C – H  stretching

1650- 1750  cm-1 C = O  stretching
1620- 1680  cm-1    C = C stretching
1200 – 1300  cm-1 C – C stretching         



Observed frequencies (cm-1)

H2 4160
HD   3632
D2 2989

ω =  ( k / µ ) 1/2

Effect of mass:

In the case of isotope substitution in the molecule, the force constant remains the 
same and the frequency will change because of increase in the mass of the atoms.  For 
example in the case of  hydrogen molecule

νH-H = 4160.2 cm-1 and νD-D = 2989.5 cm-1

Isotope substitution is often used for identifying the atoms involved in a 
vibrational mode of a molecule in the gas phase, liquid, glasses and 
crystalline solids.

*  The chemical bond does not change significantly due to presence of extra neutron.

*  Since hydrogen molecule has the smallest mass, it has the highest vibrational frequency.



Observed frequencies (cm-1)

HF 3962
HCl 2886
HBr 2558
HI 2233

ω =  ( k / µ ) 1/2

Effect of force constant:

*  The reduce mass is determined by the mass of the smallest atom.

*  The bond becomes weaker as one goes down in group in the periodic table.
H-F   >  H-Cl  > H-Br > H-I

Home Work:  Calculate the reduced mass of above compound to see if they differ a lot.



ω =  ( k / µ ) 1/2

Observed frequencies (cm-1)

F2 892
Cl2 546
Br2 319
I2 213

Effect of both force constant and reduced mass:



ω =  ( k / µ ) 1/2

Vibrational spectroscopy (continue):

Why is vibration frequencies very sensitive to the molecular structure?

(a)   The vibrational frequency between two atoms depends on the mass of the atoms.
(compare Vibrational frequency of H-H, H-D, D-D, 

HF, HCl, HBr, HI  etc..)

(b)  The vibration frequency also depends on the bond strength between the atoms.
(compare  C-C,  C=C,  C≡C )

(c)  The number of vibrational modes depends on how many atoms are there in the molecule.

Diatomic molecule → only 1 vib. freq. Bringing another atom in 
→ slightly changes the original frequency
→ introduces 2 more new Vib. Freq.

(all of them are specific to atoms and bonds involved)



Normal Vibrational modes of XY2 Molecules

H2O

ν1 = 3652 cm-1

ν3 = 3756 cm-1

ν2 = 1595 cm-1

Symmetric stretch  (ν1)

Anti- Symmetric stretch  (ν3)

Symmetric bending  (ν2)

It takes more energy to stretch a molecule than to bend it.  Hence the vibrational frequency of 
Stretch mode > Bending mode
Anti-Symmetric vib. modes > Symmetric vib. modes

NO2

1320 cm -1

1621 cm-1

648 cm-1



Linear  XY2 Molecules  (CO2)

Symmetric stretch  (ν1)

Anti- Symmetric stretch  (ν3)

Symmetric bending  (ν2)

(2 degenerate states)

CO2

1388 cm -1

2349 cm-1

667 cm-1

(bending modes are also called deformation)



http://www.ptli.com/testlopedia/images/FTIR-atomic-vibrations.jpg

Motion describing Stretching, scissoring, rocking, twisting, wagging modes.



How many vibrational modes are there?.

It takes 3 coordinates to describe the position of 1 atom  (x1, y1, z1)

It takes 3 N coordinates to describe the position of N atoms  
((x1, y1, z1), (x2,y2,z2), (x3,y3,z3),…..)

*  There are only 3 normal modes describing the translational motion of the molecules.

* There are 3 normal modes describing the Rotational motion of the molecules  (along 3 axes)

Number of vibrational modes  =  3 N - 6

For linear molecules, the rotation about the linear axis does not change the moment of inertia,
So there are only 2 rotational modes.

Number of vibrational modes for linear molecules =  3 N - 5



Vibrational frequencies are observed in:

1.  IR spectroscopy

2.  Raman Spectroscopy

For Hydrogen : 

λ(H2) = 2403 nm = 2.4 micron  (This is infra red)

Corresponds to 0.51 eV

IR Spectroscopy is based on absorption 

υ(H2) = 4160.2 cm-1~

Raman Spectroscopy is based on scattering.



The Raman Effect

First published observation:
"A new type of Secondary Radiation”

C. V. Raman and K. S. Krishnan
Nature, 121, 501, March 31, 1928

Nobel Prize in Physics 1930

Raman

Rayleigh
ohν ohν

)( moh νν ±

frequency of incident beam    (where ν0 (UV-Vis)  > νm (IR))  =oν

vibrational frequency of molecule=mν

A. Smekal, The quantum theory of dispersion, 
Naturwissenschaften, 11, 873 (1923).

G. Landsberg and L. Mandelstam, A novel effect of 
light scattering in crystals, 
Naturwissenschaften, 16, 557 (1928).  

Lord Rayleigh 
(1842-1919)

C. V. Raman 
(1888-1970)

http://en.wikipedia.org/wiki/File:John_William_Strutt.jpg�
http://en.wikipedia.org/wiki/File:CVRaman.jpg�


Raman, IR
532 nm (green light)  corresponds to  2.33 eV. 

ν(H2) = 4160.2 cm-1 corresponds to 0.51 eV



Raman, IR

Very 
strong

Weak Very 
weak



Remote Raman+LIBS System  (UH)

Schematics of Integrated Remote Raman+LIB System

Key Components:  
(a) Laser  (excitation of the sample)
(b) Collection optics (pick up scattered photons)
(c)  Notch filter  (remove Rayleigh Scattering)
(d) Spectrograph  (disperse spectrum into wavelengths)
(e)  Detector  (record image/spectrum)

Coaxial directly coupled system



Remote Raman+LIBS System (532 nm)

8” telescope

ICCD

Dual pulse laser

Pan & Tilt

VPH spectrograph

Pulse generator

Laser power supply

ICCD controller

Computer

Beam expander

Pan & Tilt 
power supply
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* Stokes bands are much stronger than anti-stokes.  
*  Both have same pattern
*  Anti-stokes band have no fluorescence background.



Polar molecule (water:  has a permanent dipole moment)

A water molecule. A molecule of water is polar because 
of the unequal sharing of its electrons in a "bent" 
structure. A separation of charge is present with negative 
charge in the middle (red shade), and positive charge at 
the ends (blue shade).

http://en.wikipedia.org/wiki/Electric_dipole_moment

Non-polar molecule

* In the presence of external electric field there
is an induced dipole moment due to movement 
of electrons.



Raman Scattering
• involves polarizability (α) of a molecule (induced dipole)
• the electric field of the molecule oscillates at the frequency of the 
incident wave (emits E.M. Radiation)
• if induced dipole is constant, scattering is elastic (Rayleigh-Mie)
• if induced dipole is not constant, inelastic (Raman) scattering is allowed



Electric field of an electromagnetic wave of frequency ν0 :

E = E0 Cos 2πν0t (i)

induced dipole moment p = α E = α E0 Cos 2πν0t (ii)

α = Molecular polarizability
Where the polarizability α is defined as the ratio of the induced dipole moment  of an atom or molecule to the electric field
that produces this dipole moment.

Polarizability can be expressed as : α = α0 +∑i (δα/δQi)ΔQi + higher order terms (iii)

Where α0 is the polarizability of non-vibrating molecule; and ΔQi is the internuclear distortion accompanying the motion of 
normal vibration i.

δα/δQi = Change in polarizability due to normal vibration i. 

Since molecule is vibrating

ΔQi = Q0 Cos 2πνit (iv)

p = α0E0 Cos 2πν0t + E0Q0 ∑i (δα/δQi) Cos 2πν0t Cos 2πνit

or

p = α0E0 Cos 2πν0t + E0Q0 ∑i (δα/δQi) [Cos 2π (νo- νi)t + Cos 2π (νo+ νi)t] (v)

If δα/δQi is not zero, the vibration will be Raman active

Raman Activity – Classical Approach

•α is defined as a constant called the polarizability of the molecular bond. This constant measure the 
molecules ability to move in response to a passing electric field. If the polarizability varies as a 
function of the distance between nuclei of the atoms in the bond, then the molecule is said to be 
Raman active



1. Vibrational energy is quantized
2. Zero point energy
3. Evenly spaced for harmonic oscillator

Important aspect of Quantum Mechanical approach:



1.  It is harder to compress the 
molecules than to stretch it.

2.  Too much stretch can break 
the bond: dissociation energy

3.  Overtone frequency is not 
exactly double.

The Morse potential (blue) and harmonic oscillator potential (green). Unlike 
the energy levels of the harmonic oscillator potential, which are evenly 
spaced by ħω, the Morse potential level spacing decreases as the energy 
approaches the dissociation energy. The dissociation energy De is larger than 
the true energy required for dissociation D0 due to the zero point energy of 
the lowest (v = 0) vibrational level. (Bond Energy)

http://www.nationmaster.com/encyclopedia/Morse-potential



1.  What is the amplitude of vibrational mode? (~1% of bond length)

2. What vibrational levels are occupied at room temperature?

(Hot bands:  transition from V = 1 to 2)

3. Anharmonic potential  (Morse potential) 

4. vibrational mode of HCl : is it just one frequency?

5.  How much energy is required for vibrational mode excitation?

6.  Effect of temperature  or high laser power.

Questions for discussion:



Q2:   What vibrational levels are occupied at room temperature?

(Hot bands:  transition from V = 1 to 2)

Questions for discussion:

Population in V= 1

Population in V= 0
=     exp (-ΔE/kT) = e -19.97

= 2.115 e -09

k = 1.38 x 10-23 J/K
T ~  300 K  (room temp)
kT = 4.14 x 10-21 J

= 4.14 e-21 / 1.6 e-19  eV = 0.0258 eV

E = h ν = 6.626 e-34 . ( c/λ) . = 6.626 e-34 J. s x 3 e10 cm/s x 4160 cm-1

(for Hydrogen)

Population in V= 1

Population in V= 0
=     exp (-ΔE/kT)

For I2 molecule ( 213 cm-1),  ratio is 0.36,  the transition from v = 1 to 2
Is observed :  called hot band.

(Which side will it be?)



4. vibrational mode of HCl : is it just one frequency?

(a) isotope effect
(b) hot bands

5.  How much energy is required for vibrational mode excitation?
(Infra-Red)

6.  Effect of temperature  or high laser power.
(heating of samples)

Questions for discussion:



Molecular rotation:  

ℓ = Angular momentum quantum numberEnergy 

Moment of Inertia

For  Nitrogen (N2):  :  = 2.5 x 10-4 eV

* rotation energies are off the order of ~ 0.0005 eV
k = 1.38 x 10-23 J/K
T ~  300 K  (room temp)
kT = 4.14 x 10-21 J

= 4.14 e-21 / 1.6 e-19  eV = 0.0258 eV

Many rotational levels
are occupied at room temp.



lidar.tropos.de/.../raman_nitrogen_klein1.jpg 

Rotational bands are observed on both sides of vibrational bands.
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