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Molocular Srotra and Raman Effect

B.Sc. lll Physics (P- XV) (8-VI) (Sol. Univ.) - .‘v.j3.2‘

When two atoms are brought’ together followmg sntuatlon occurs :

(i) No bond is formed :

Accordmg to Pauli's exclusnon prlncrple no two electrons can occupy
the same quantum. state. When the electronic structures of the atoms
forming bond overlap and if thelr quantum states afe same then the
electrons are pushed to higher -energy. state. We know that with the

higher energy, the system becomes unstable and bond (molecule) is not

formed.

(ii) An ionic bond :

~ lonic bonding between two atoms occurs when one or more

electrons from one atom are transferred to other atom. This results in the
formation of positive and negative ions which strongly attract each other
to form a stable system (molecule): The bonding is called as ionic bond.

e.g. In NaCl molecule, Na* and CI” ions formed by transfer of one
electron from Na-atom to Cl-atomﬁ.,att_ract’ each other.

The condition for stable molecule of NaCI to be formed is that the
total energy of the system of two: rons be less than the total energy of a
system of two atoms of the same elements

At small separation, the energy of the system (Na 4 ClThie less than"
that of (Na + Cl) system and eventually at this separation, stable NaCl -

molecule is formed. The situation i§: represented as,
' Na + CI = Na - CI + 04 eV
o0 —3 <-- 8 e R (separation)
(iii) A covalent bond : ; b‘

A covalent bond.is formed when one or more pairs of electrons are
shared by two atoms. The crrculatmg electrons spend more time in

between atoms resulting in the, productuon of " attractive forces. The
resulting charge distribution can beln_terpreted as sharirig of electrons by
both atoms. e.g. In H, molecule, ;one electron from both H atoms are -

shared to form stable molecule

The molecular energy states: (Ievels) arising due to rotatlon of

molecule are quantized. That means ‘they have fixed values depending on
the shape and size of the molecule. The molecules may be diatomic or
polyatomic. The diatomic molecules are. always linear molecules, however,
the polyatomic molecules may be ||near or non-linear. The non-linear
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molecules have - symmetrlc top or asymmetric top symmetry. For
simplicity, here we discuss the case of linear ngnd diatomic molecule also
called as rigid rotator. S H '

Let the two atoms with masses ‘m; and m; respectively are joined by a i
rigid rod (the bond) whose length is ro = r; + r; as shown in Fig. 3.1. The :
molecule rotates about the centre: of gravity C and perpendicular to the
line joining the two atoms. "

) : ;
: "'ro - 2
2 1 m
1 D Axis : ' ~
‘l "" | e | 7
I
|C
|
I
H_r1_...k.._r2_—”

Figi 3.1'; Rotatlon of a diatomic molecule

The moment of inertia of molecule is

12 mer +.¢._mz ’

But mpr = mar;
and | o= f+r = M=r—r.
ry =
o Ta Mg

m(=t) m- m

= E s ik
Mot TEE My g my €
m m : 5
r2 + — r2 = ;21 ro I:-"i"
m) o my
+ = = f
. (1 m) il =
(m +rh‘) S
r | TRt o b
2 m, m, "0
o B Mite
fq ERELEEEE T o
: (my +~m,2-)‘

Slmllar1y, ry can be calcula1ed as

mz ro
(m1 + mg)
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o ot 2
e = ]
g Kml + mz) roJ Gatil K”H Hi)

Therefore I becomes

=
m1m2+m2m1 2 mlmz(mﬁmz) 2
= Iy = 8 ¢
(my+ my)” iRm0
m; m; 2
A mz) "0
1.5 H ro
ol | s e R
where, p = (my + my) S called reduged mass.

The rotational motion of mole;:ggl_le is quantized.
i.e. angular momentum L = loois quantized.

— ' h
27t

where J=0,1, 2, ... is called rotational quantum number.
' The rotational kinetic energy is g(ven by,

L = NU# l)

ks I ARG TR

AN ;
= %Lh— s (L =\JU + 1) %)
Thus E, is proportional to J(J + 1) ‘ . : ,
Since E, is of the order of thermal. energy (kT) at room temperature
molecules are excited in rotational’ states. This energy is about few eV,
which is of the order of bond (or dissociation) energy. Hence during

excitation of these energy states, the molecule dissociates and therefore
these states cannot be excited. So only significant rotations are allowed.

i.e. about axis passing through CM. and perpendicular to the axis of |

symmetry (line joining the two atoms). -

By ES

G
R

' h
E, = )0+ 1)’:'{'8_7;2—1 =JU+1)-8

Consider,

where ) =0, 1, 2, .
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ForJ=0, " EiZ0
Fords=d; [ *° © JBi=ngB iy
ForJ =2, £ &7 6B .
ForJ=n, i Ei=in(n+i)B
J=3 E=12B
Jeo—— E=68
NE Y [ P R T E=2B
J=0 E=08B

/ = Fig. 3.2 : Ro'tati‘énal energy levels

Rotational spectra:

Here we need to consider aiffe}.rf‘énces between the rotational energy

. levels in order to discuss the spectrum. The transitions among the
~ rotational levels give rise to rotational spectra.

‘Rotational transitions are govenﬁéd by the selection rule,
AR ’

i.e. J changes by only oh’e unit.

Generally rotational :spettra ar.:"e_ obtained in absocrption. Therefore,
if we represent initial and final s'-tat‘egn by J.and (J + 1) respectively, then
change.in energyis, - 5

’ AE it
(erhably © ﬁ _.[(J'j:_+ 1)U +2)-JU+1)

h? i
=g dEDU+2-J
AE h2

= (1)

U=J+1) = 228 S8

This energy difference is ‘given out as radiation of frequency (v) such ‘

that C LBR
AE: h RETGC
v = i 741”0 +1) (in¢m™) Hee(3:2)
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. e — J=3
‘ T ’ - —— =2
Rotational i S :
energy (E,)
[ ) =1
i R

Fig. 3.3 : Rotational energy Ievels and spectrum

“Thus rotational spectrum con51sts of equnspaced lines as shoWn |n:.
F|g 3.3. Since energy differences are very-small, pure rotahonal spectrum
occurs in microwave region. The po_lar,molecules such as CO, HCl give rise
to rotational spectra, The measurement of frequencies or difference in .

frequency of the - rotational spectral - lines provided a method of
estimating moment of mertaa and thereby bond length (R) can be
calc’l ted. i

V,

(]

.= equilibrium bond length

Fig. 3.4 : Potential energy ‘c'i];'rve of'a diatomic molecule

In the study of rotational specf?a ‘we deél with the diatomic rigid .

rotator possessing rotational motlon ‘In fact the atoms in a molecule do
not remain in fixed relative posmons but vibrate (oscillate) about some
mean posmon i.e. molecule can osculfate as well as rotate.

The vibrations of molecule may be - harmomc or anharmonic;
depending on which the spacing between the energy levels also changes.

For simplicity here we consider the S|mple harmomc oscillations of a
diatomic molecule.
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Let us consider variation 'of"_'potential energy (V) of a diatomic

molecule with internuclear distance (r) as shown in Fig. 3.4.
In ‘neighbourhood of equilibrium separation (re), the curve is almost
parabolic in nature. Therefore, potential energy in this region is,

: g o5
Vo= Vg Sk (- r) Sofgd)
Restoring force respohs_ibléfor this potential is,
= = k (r =iry) .. (34)

where F is the'resto'ring force of harmonic oscillator and k is the spring

constant. S S

Therefore the frequency (vo) of oscillation of mass connected to a

spring of force constant (k) |s .' :
. X ‘L :

SRR

But diatomic molecule is a two fbody oscillator i.e. two masses m; and

v

m, attached to the ends of a spring:constant (k) and oscillating back and’

forth relative to the centre of mass as shown in Fig. 3.5.

my

T G i
S Force constant (k)
Fig.3.5: A two’l.-,bOdy oscillator
The total linear monﬁe’ntum,is,-go'nserved when there is no external
force acting on the system. Therefore oscillation of m; and m, does not
affect the motion of their centre off{mass. i.e. m; and m, simultaneously
reach the extreme positions. The frequency of oscillation (vy) of 'such a

two body oscillator is expressed in terms of reduced mass,

My myi
my +'m’2:.-':

n
g ik K
Vg = 27t u

According to quantum m‘ech,an?:cfs, the:vibratidnal energy (E,) is also

as

3.5)

¥ f;':'f:‘
s = Vv +3 hUo

4 (36)

W } 3
e a3 .
e redm————— i
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The lowest energy state with V2 0, also possess a finite energy 5 hvg,

called zero point energy.

RN +~2_"2n s

(from equations 3.5 and 3.6)

s (37)

Equatlon (3.7) gives V|brat|onal energy levels

The vibrational energy is of the order of 0.1 eV which is generally,
larger than the thermal energy (kT = 2.6 x 1107 eV) and hence molecules

/a.re mostly found in lowest energy state (V O)
‘ Vlbratlonal spectra : '

| The vibrational energy levels are given by

ey 1)"“\ﬁ
" +2 2n 1)

It is seen that, the vibrational energy levels are equispaced.

E (v l)
v < + 2

‘However at higher V-values, t'hé:_harmonic oscillator approximation is

Since

not valid as the shape of potentialf;éne'rgy curve deviates from parabolic

nature.

Therefore, the spacing between energy levels goes on decreasing
with increase in V as shown in Fig. 3.6. : -
V4 '

Molecular Spectra and Raman Effect
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The selection rule for wbratlonal transmons are
S e S I e g
The vibrational spectra are known onIy in absorption in the lg_fr_a;md. i
region.. Electromagnetic. radlatlons can induce transitions among the -
vibrational energy levels when electrlc field interact with dipole moment.
Pure vibrational spectra observe_gl only in liquids whose molecules
possess electric dipole moment. The homonuclear diatomic molecules
like Hy, N; and O, that possess zero dipole moment will not interact with

the radiation. On the other- hand, molecules like HF, HCl, HBr, HCN have
dipole moment, hence exhibit wbraijl,onal spectra.

3.4 VIBRATION ROTATION SPECTRA

It is observed that some dlatomic molecules possess different
rotational and vibrational energles\ Therefore from first observation, we
may consider that a dlatomlc molecule can execute rotations and
vibrations mdependently Thus neglectmg the interaction between
rotational and vibrational motl__ons “let total energy of a molecule may be

given by,

Etotal =- Evib + Erot

o zjg\ﬁ i
'. V + | on +J(J+ )87t21

.+ Fig. 3.7 shows fine structure of vibrational transitions from-V = 0 to

= 1 vibrational state of a dlatomlc molecule. The spectra includes a set
of closely spaced lines correspondmg to transitions from rotational levels
of ‘one vibrational level to the rotatlonal levels of another adjacent

vibrational level.

.

The selectlon rules for the transntlons are
: AV ;-il.-ahd Al =%1
Thus, V tranéitions can be grolj;bed into two parts viz.
(1) AV = +land AJ = il called P branch.
(2) AV = +1 and AJ b3 called R-branch.

R
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- J=4\

>v;o

| |" L |' “

_;_B~bran'c'h

fidde | |

[ —

P-branch

Fig. 3.7: Vibrationa‘l'_i-.rétational‘ transitions
(fine structure of vibrational spectra)

Let us calculate the frequency ‘.o'f'spectra lines in P and R branch.
InP bl'g'anch . | 5o, hEe

Since, transitions are V = 0 —->1 and‘] — J - 1, the corresponding

frequencies are '
-5 (1 lj"l' L .
g TR e RV e R

AU

*

8l

S (ForV=1land)—=J+1)..(38)
Similarly forV=0and J - (J - 1) -

Ll e B N
. v = =55 \[p* -1 5 .39
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From equations (3:8}_and (3‘._9),_':'_-‘
: : AE(V, )

. 2 h-:‘"l“’z'

'(3 1)1 S & h
>3 T L e iRy ]
iy e TR 3
W LL * 4nd
:‘UO

h
35 4thIJ | 7:(8.10)
where J=1,2 3. ' i _
Equation (3. 8) gives freduencies of P-branch lines.
Similarly for R branch the frequency is glven by

'DR='UO+[J+1)J+2) J(J+1)]8 1

DR‘ =. Vg +m() +1) . A i

where J = 0, 1 i . .
Since AJ = 0 is forbidden transmon there is no line corresponding to
frequency v = Wy, "called band ongln The spacing between P and R
b : <
branch is i X :
Thus, study of v1brat|on rotatlon spectra in infra-red region provides

a method to estimate moment of merua (I) of the molecule. and hence
bond length R if reduced mass of a. molecule is known.

3.5 ELECTRONIC SPECTRA OF A DIATOMIC MOLEGULE | e

A electronic transition-is the result of change in electronic energy.
A small change in electronic energy results in large change in vibrational
energy and a small change in vnbratlonal energy results in large change in
rotational energy of the mofecule.

The total energy of a molecule for certain configuration s,
approximately glven as

‘ E = B+ EVT.';:.+ E, (G Ee By > E)i ... (312)
where . E..- electronic energy
By - vibratignal energy .
and 4 E) !

rotational energy.

e e



