Paper 601: Unit 1 - Molecular Physics

Introduction

The properties and structure of the molecules can be studied by analysing the spectrum
of the molecules. The energy of a diatomic molecule is due to (i) the electronic
configuration of electrons in the molecule (electronic energy E,), (ii) the vibration of the
atoms about the equilibrium position (Vibrational energy E,) and (iii) the rotation of
the molecules as a whole about the centre of mass (rotational energy E,). Thus the total
energy of a molecule is expressed as sum of these three independent terms, i.e. E =
E,+ E, + E,

These energies are quantized. If the molecule remains in the ground state level of
electronic and vibrational energies, and if there is transitions between the rotational
energy levels, then we get pure rotational spectrum. The spectrum lies in the
microwave and far infrared regions.

If the molecule remains in the ground state level of electronic energies, and if there is
transitions between the rotational and vibrational energy levels, then we get rotation -
vibration spectrum. The spectrum lies in the near infrared regions.

If there is transitions in the electronic, rotational and vibrational energy levels, then we
get electronic spectrum. The spectrum lies in the visible and ultraviolet regions.

Axis

Theory of Pure Rotational Spectrum o

Consider a diatomic molecule with atoms of masses

m; and m, separated by a distance R. The molecule

can rotate about the centre of mass as shown.

ey
The moment of inertia of this molecule about an axis :
passing through its centre of mass and perpendicular to the line joining the atoms is
I = mrf+ myr? .......Q1)
where r; and r, are the distances of m; and m, respectively from the centre of mass.
From the definition of centre of mass  my1r; = Mmyr, ... (2).
Also R=1r+ 1,...3) Thus’, =R —1y

Substituting for r, in (2) myr; = my(R —1;) or myr; + myr; = myR

m m
Thus myr; + myr; =myR  or r = 2—R Also 1, = 1
mi+m, mi+m,
2 2
. . . mm m-m
Putting these values in equation (1), we get | = ——=—R? + —2—2_R?
(mq+ my)? (mq+ my)?
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mim; mim;

or [ = R? Thus I= uR?...(4) where u=

C (my+my) (my+my)
The magnitude of the angular momentum of the moleculeis L = [lw

The angular momentum of the rotating diatomic molecule is quantized according to

L=,JJ+1)h where J=0,1,2,3... where] is called the rotational quantum
number.

1
The rotational kinetic energy of a diatomic molecule is E; = 3 Iw?

2 L2

As L = lw, w=%.ThuS E]=%Asl=uszeget E;, =

2UR?

Since the angular momentum is quantized, L = /J(J + 1) A where] =0,1,2,3...
hZ

We get EI:ZIU-I_D .o..(5)

The rotational energy levels of the molecules are found by using the selection rule

A] = 1 . For two successive energy levels corresponding to J and J + 1. The energy

2 2
difference is given by AE = % Jg+1D(J+2) - % JJg+1)

= Zg+DU+2-]]

h? J=5 E

or E]+1_E]: AE = T(]+1) ....... (6) *
The frequencies associated with the transitions

: = E

between these adjacent states are . '

Rotational
AE _ Ej41—Ej h? 1 energy levels
=% = a7 U X3 )3 ‘ e !
_ h . _ h
or V] SJ+1 = 2wl (] + 1) (smce h= 27'[) J=2 E,
E,

The spectrum of a rigid molecule therefore

consists of equally spaced lines as shown.

'r :

)
oo Rotational spectrum

Pure rotational spectra fall in the microwave
regions or far infrared regions of the spectrum with frequencies of the order of 10** Hz

or energies of 10™* eV .

Note : 1. Rotational transitions are found to occur only in molecules that have
permanent dipole moment. This is the reason that non-polar diatomic molecules (like

H») and symmetric polyatomic molecules (like CO2) do not exhibit rotational spectra.
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. h . .
2. In the pure rotational spectrum Av = 5— (between two successive levels). If Av is

known, I (moment of inertia) and hence R can be calculated which is the length of the

chemical bond between the atoms.

Theory of origin of Vibration-Rotation spectrum of a molecule

Vibrational spectrum : When a molecule is sufficiently

excited, it can vibrate as well as rotate. The graph shows the o

variation of potential energy of a diatomic molecule with

interatomic distance R. The potential energy of a diatomic

molecule can be expressed as V = V, + %k(R — Ry)?...(1)

Vo |

where R, is the equilibrium separation of the atoms.

The interatomic force that give rise to potential energy is F = — — = —k(R — R,) (by
differentiating the above equation). This force is the restoring force like in the case of
spring and an excited molecule can undergo simple harmonic oscillations. Classically

1 k
the frequency of oscillation is vy = Py ...(2) where pu is the reduced mass of the

diatomic molecule.

When the quantum mechanical analysis of the harmonic oscillator is considered, the

enrgy of the oscillation is found to be Ey = (v + %) hvy  ....(3) where v is the

vibrational quantum number. It takes valuesv = 0,1,2, 3, ....

Substituting for v from (2) in (3), we get Ey = (V + %) h% E

or Ey, = (v + %) h \/% .....(4) The vibrational energy levels are equally spaced and

the zero point energy is given by %hvo. The energy difference between adjacent levels

is vand v+ 1is AEy, = hv,. The frequency of the absorbed of emitted ration is vy =

AE
—Y . The allowed transitions are between neighbouring energy levels based on the
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selection rule Av = +1 . The vibrational frequencies of most diatomic molecules fall in

the infrared region with frequencies of the order of 10'* Hz or energies of about 0.1 eV.

The molecular energy due to both rotation and vibration is obtained by combining the

energies of the two cases. Itis givenby Eyp = Ey + Ex (Ey » Eg)

Bon= (v+ ) n [

;‘—j](] +1) ....(5

Ey is very large compared to Eg. Even

at high temperatures only the 1 J=3

vibrational states corresponding to T : - > v=1

=0 and v =1 are excited. The A 2

diagram (for HBr molecule) shows the % J=1"
J]=0,1,2,3,4 levels of a diatomic _ _ ry . J=0 )

molecule for the v=0 and v=1

vibrational states. It also shows that the

Energy

spectral lines in absorption. The
selection rules are Av = +1 and AJ =

+1. The transition with AJ = 0 is not J =

It
i
v

allowed.

The v =0 - v =1 transitions fall

o =N W

J
. . : : J
into two categories, J
J

S Ny
(i) P Branch : Ad=—1 Ad=+1

Here AJj = -1 (i.e. ] =»]—1) ”” I

From equation (4) the frequencies of the —— Vo l.v_.a :

spectral lines in the P branch are given P branch A branch
by

Eqj—1— Ej,
vp = F1 J

h

vp=%{[(1+§)h\/§+2—j(}—1)(}—1+1)]— [(0+%)h\[§+2—j](/+1)]}
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= {05 i o-nu-1en]- [0+ ) & i+ 0+ 0]

1 k

o= 2 FH[0-D-JU+D]S or Vp=Vo—Jim  (J=123.)

(ii) R Branch:
Here Aj = +1 (i.e. ] =]+ 1)

From equation (4) the frequencies of the spectral lines in the P branch are given by

Ve = E1J+1h— Eo g
w= {0+ D ErLgengrien]- [0+ ) r Lo+l
ve= g (ot LU+DO+2) ~J0+ D]

h
or vg=vo+(U+1D—~ (J=0123.)
There is no line at v = v, (the Q Branch) because transitions for which AJ = 0 are

forbidden in the diatomic molecules. The spacing between the lines in the in both the P

. h . . .
and R branch is Av = Pl Hence by measuring the frequencies of these lines, the

moment of inertia of the molecule and the length of the chemical bond can be

calculated.

Electronic spectra of molecules

When the molecules possess sufficiently large amount of energy, the electronic states of
the molecule can be excited. This gives rise to the most general type of transitions,

rotation-vibration-electronic transitions. These produce photons of frequency

Eer— E Ey1— E Epi— E _ _
v= = - 24+ = - 24 = - 2 It is the outermost electrons of the atoms compsing

the molecule that are involved. These transitions are energetic enough that they

produce electronic bands in the visible and ultraviolet regions.All molecules exhibit
electronic spectra, since a dipole moment change always accompanies a change in the

electronic configuration of a molecule.
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Scattering of light

The phenomenon in which the particles of the medium deviate light in a lateral
direction is called scattering of light. The particles of the medium absorb light and then
emit light in all directions.

Types of scattering

1. Coherent scattering or elastic scattering 2. Incoherent scattering or inelastic
scattering

Coherent scattering

The phenomenon of scattering in which the scattered light has the same wavelength as
that of incident light is called coherent scattering. In coherent scattering, the incident
light does not suffer any change in its energy. Hence it is also called as elastic scattering.
Eg. Rayleigh scattering and Tyndall scattering.

Rayleigh scattering : When the dimensions of the scattering particles is very small

compared to the wavelength of the incident radiation, the scattering is called Raleigh
scattering. According to Raleigh, the intensity of the scattered radiation is inversely

1

proportional to the fourth power of the wavelength of the incident light. i.e, Ia "

Let a be the size of the particle scattering light and A the wavelength of the incident
light.

If a << A, Rayleigh’s scattering takes place and light of shorter wavelengths get scattered
to greater extent.

If a >> A, Tyndall scattering takes place and light of all wavelengths get scattered nearly

equal

Blue colour of sky : The blue colour of the sky is due to Rayleigh scattering of sunlight

by the air molecules in the atmosphere. Sunlight contains all colours, from violet to red.
According to Raleigh, the intensity of the scattered radiation is inversely proportional to
the fourth power of the wavelength of the incident light.

Thus in the daytime when sun light enters earth’s atmosphere, violet and blue colours
are the most scattered since wavelength is small. Red and orange are the least scattered
since wavelength is large. When we look at the sky far away from the sun, the sky

appears blue because we receive the most scattered colours, namely, violet and blue.

VI Semester B.Sc., Dr. K 'S Suresh Page 6



Paper 601: Unit 1 - Molecular Physics

Note : 1.Near the sun it appears white because we get direct light from the sun.

2.The blue colour of the sea is due to reflection of light from the sky. Raman proved that
the blue colour of sea water is due to the scattering of incident sunlight by water
molecules.

3.In the absence of the atmosphere, the sky would appear black.

Red colour at sunrise and sunset

The orange red colour of the sky at sunrise and at sunset is due to Rayleigh scattering of
light by air molecules in the atmosphere. According to Raleigh, the intensity of the
scattered radiation is inversely proportional to the fourth power of the wavelength of
the incident light. At sunrise and sunset, the light from the sun travels a longer distance
through the earth’s atmosphere before reaching the observer. Therefore much of the
blue is taken away by scattering. The light that reaches the earth’s surface is orange red

colour. Thus sky appears orange red colour.

Incoherent scattering : The phenomenon of scattering in which the scattered light

has different wavelength compared to that of incident light is called incoherent
scattering. In incoherent scattering, the incident light suffers a change in its energy.
Hence it is also called as inelastic scattering. Eg. Raman scattering and Compton

scattering.

Raman effect

The phenomenon in which there is a change in wavelength of the incident light due to
scattering by particles of material medium is called Raman effect.

Raman in the year 1928 observed that when a beam of monochromatic light is passed
through organic liquids such as benzene, toluene etc, the scattered light was found to
consist of lines corresponding to the higher wavelengths as well as lower wavelengths

in addition to the incident wavelength. These lines are called Raman lines.

When photons are scattered from an atom or molecule, most photons are elastically
scattered (Rayleigh scattering), such that the scattered photons have the same energy
(frequency and wavelength) as the incident photons. A small fraction of the scattered

photons (approximately 1 in 10 million) are scattered by an excitation, with the

VI Semester B.Sc., Dr. K 'S Suresh Page 7


https://en.wikipedia.org/wiki/Photons
https://en.wikipedia.org/wiki/Scattering
https://en.wikipedia.org/wiki/Atom
https://en.wikipedia.org/wiki/Molecule
https://en.wikipedia.org/wiki/Elastic_scattering
https://en.wikipedia.org/wiki/Elastic_scattering
https://en.wikipedia.org/wiki/Rayleigh_scattering
https://en.wikipedia.org/wiki/Frequency
https://en.wikipedia.org/wiki/Wavelength

Paper 601: Unit 1 - Molecular Physics

scattered photons having a frequency different from, and usually lower than, that of the
incident photons.[*l In a gas, Raman scattering can occur with a change in energy of a
molecule due to a transition to another (usually higher) energy level. The spectrum of

the scattered light is called Raman spectrum as shown.

Experimental study of Raman Effect

The apparatus used for the study of Raman ‘“Z

effect in liquids was first developed by Wood. 5

It consists of a glass tube AB containing the | I tu/ = ? w

pure liquid under study. The tube is closed at ‘ 7l . Bé f!; : 08
one end by an optically plane glass plate i — /Hi | !‘
Wand at the other end end it is drawn into a Y
horn Hand blackened on the outside.Light S i
from a Mercury arc S is passed through a filter Fwhich allows ]

only monochromatic radiation of A = 4358 A to pass through Anh.s;}:g:::]!ﬂlél‘iBSB /;,okes- lne

it. The tube is surrounded by a water jacket ] through which |

water is circulated to prevent overheating of the liquid. A \

semi cylindrical aluminium reflector R is used to increase the
intensity of illumination. The scattered light coming out of W is condensed on the slit of
a spectrograph. A short focus camera is used to photograph the spectrum. The

spectrum appears as shown.

Features of Raman lines

1. The spectrum consists of intense central line of wavelength Ao same as that of
incident light called Raleigh line.

2. It consists of a number of low intensity lines of linger wavelength called stokes lines.

3. It also consists of very faint lines of lower wavelengths called antistokes line.

4. The Raman lines are almost symmetrically placed wavelengths both above and
below the incident light wavelengths.

5. Stokes lines were found to be more intense than the antistokes lines.

6. Raman lines are polarised.

7. The change in wavelength are characteristic of the scattering material and does not

depend on the wavelength of incident light.
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Quantum theory of Raman Effect

Raman effect is due to the interaction between a light photon and a molecule of the
scatterer. Quantum theory is applied to explain Raman effect.

Suppose a photon of frequency v; is incident on a molecule and there is a collision
between the two. Let m be the mass of the molecule, v; and v, its velocities before and
after impact, E; and E, the intrinsic energies of the molecule before and after collision.

Let v, be the frequency of the scattered photon. Applying the principle of conservation

of energy, E, + %mv% +hv, = E; + %mvlz +hv;  ....(D)

Assuming that the kinetic energy of the molecule is unaltered during the process, the
E;—E

above equation becomes E, + hv, = E; + hvy or v{ =V, + Zh L O

Three cases arise
1. When the incident photons undergo elastic scattering with the molecules of the
medium, the scattered photons have the same energy as that of the incident photons.

This results in unmodified line of same wavelength as that of the incident light. Here

El = Ez.ThUS Vz == Vz .

2. Some photons are absorbed by molecules in the lower energy state. When the
photons are reemitted, their energy will be less than that of the incident photons. This
gives rise to lines having longer wavelength or shorter frequency called stokes lines.

Here E, > E;. The molecule gains energy from the photon and jumps to higher state
E,— E;

so that E, — E; is positive. Thus equation (2) is v; = v, + . Thus the frequency

E;—Eq

of the scattered photonis v, = v; — . Thus v, < v;. The collision is inelastic.

3. Some photons are absorbed by molecules which are already in the excited state.
When the photons are reemitted, their energy will be more than that of the incident

photons. This gives rise to lines having shorter wavelength or higher frequency called

antistokes lines. Here E, < E;. The molecule loses energy to the photon and jumps to

a lower energy state so that E, — E; is negative. From equation (2), we have v =
Ex— By Ex— By
h h

Vy, — . The frequency of the scattered photonis v, = v, + . Thus v, >

V1 . Here also the collision is inelastic.
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Since the molecules possess quantized energy levels, we can write E; — E, = nhv,
wheren=1,2,3...... and vis called the characteristic frequency of the molecule. In the
simplest case nn = 1, the equation (2) reduces to Vv, = v, + V.

This equation shows that the frequency difference v; — v, between the incident and the

scatterd photon correspond to the characteristic frequency V. of the molecule.

Comparison between coherent scattering and incoherent scattering

Coherent scattering Incoherent scattering
(Elastic or Rayleigh scattering) (Inelastic or Raman scattering)
1. There is no change in wavelength of the 1. There is a change in wavelength of
light. the light

2. The incident light does not undergo any 2. The incident light undergoes a
change in its energy change in its energy.

3. Intensity of scattered light consisting of 3. Intensity of scattered light consisting
shorter wavelengths is more than that of of shorter wavelengths is less than

longer wavelengths. that of longer wavelengths.

Applications of Raman effect

1. Raman effect is used in the study of molecular structure.

2. The geometrical configuration of a molecule of the substance can be determined
using Raman spectra and infrared spectra of a substance,

3. The study of Raman spectra gives information about the nature of the chemical bond
existing between the atoms.

4. Raman spectrum gives information about the structure of water (H2O) molecule
which is non linear or bent having angle of bend as 1209.

5. Raman effect gives information about the binding forces in crystals.
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