CHAPTER

PURE ROTATIONAL SPECTROSCOPY

The transitions among rotational energy levels of ground vibrational state, which corresponds to ground elec-
tronic state are studied under pure-rotational or microwave spectroscopy.

Rotational energy of a particle : (Rigid Rotor)
In classical mechanics, the energy of an particle which rotates around an axis is given by E = % | ?

® — angular velocity in radian per second, | — moment of inertia.

1 (1 2 2
E= E( (ID) = FZ)_I ( p — angular momentum)
Quantum mechanical energy :
n2
P R .
=— D= only few rotation are allowed.
T p=4J(J+1)h only
JIQ +1)n)? .
=% J —> rotational quantum number
h2
=J(J +1)E J=0,1,23,...
h? h?
=J(J+)—-=J(J+1)B B —» rotational constant ; B=—— Joule
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Fig. The allowed rotational energies of a rigid diatomic molecule
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Pure Rotational Spectroscopy @
Selection Rule : AJ =+1

For absorption, AJ = +1 (important to study)
For emission, AJ =-1

Difference between energy levels under, AJ = +1 or position of peaks in microware spectrum.

AE=E, -E; =J,(J,+1)B-J,(J; +1)B =2B(J, +1) (.J,-3,=4))
AE, , = 2B
AE, ,, =4B

J

AEyy 1, =24B

oOr N
—

-1
o 48 8B 12890

2B 6B 10B

Fig. Allowed tran?itio s between the energy levels ofa%'igid jatomic
molecule and the spectrum which arises from them.

The difference between two consecutive rotational spectral lines under rigid rotor approximation is 2B.
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Gross selection rule :
The molecule with permanent dipole moment will be rotational or microwave active.

All Heteronuclear diatomic molecules are microwaves active e.g., HCI, CO, NO, HBr

All Homonunclear diatomic molecules are microwave inactive. e.g., H,,Cl,, Br,, N,

Triatomic and Polyatomic molecules with permanent dipole moment will be microwave active
e.g. H,0, N,O, OCS, NH,, CHCI,

The Intensities of Spectral Lines:

We want now to consider briefly the relative intensities of the spectral lines, for this a prime requirement is
plainly a knowledge of the relative probabilities of transition between the various energy level. Dees, for instance,

amolecule have more or less chance of making the transition J =0 — J =1 thanthetransition J =1— J =2°?
We mentioned above that a change of AJ = +2,+3 etc. was for bidden in other words, the transition probability

for all these changes is zero. Precisely similar calculations show that the probability of all changes with AJ = +1
is almost the same all, to a good approximation are equally likely to occur.
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Pure Rotational Spectroscopy

This does not mean, however, that all spectral lines will be equally intense. Although the intrinsic probability that
asingle moleculeinthe J =0 state, saywillmove to J =1 isthe same as that of a single molecule moving from
J =1to J =2, inanassemblage of molecules, suchas in a normal gas sample, there will be different number
of molecules in each level to begin with, and therefore different total numbers of molecules will carry out
transitions between the various levels. Infact, since the intrinsic probabilities are identical, the line intensities will
be directly proportional to the initial number of molecules ineach level.

The first factor governing the population of the levels is the Boltzmann distribution. Here we knowthat the
rotational energy in the lowest level is zero, since J =0, so, if we have no molecules in this state, the number

inany higher state is given by:
N, /N, =exp(—E; /KT) =exp[-BhcI(J +1)/KT] . (i)

Where, we must remember, is the velocity of light in cm s when B is in cm™. Avery simple calculation shows
how N, varies with J; for example, taking a typical value of B = 2cnt, and room temperature (say T = 300 K),
the relative population in the J = 1 state is

N Xp(_ 2x6.63x10"* x3x10'" x1x 2

1 _
No 1.38x1072 %300 ] =exp(-0.019) ~ 0.98

and we see that there are almost as many molecules inthe J =1 state, at equilibrium, asinthe J =0.

A second factor is also required-the possibility of degeneracy in the energy states. Degeneracy is the existence
of two or more energy states which have exactly the same energy.

Thus we see that, although the molecular population in each level decreases exponentially, the number of
degeneracy levels available increases rapidly with J. The total relative population at any energy E will plainly be

Population a(2J +1)exp(—E; /KT) .. (i)

When this is plotted against J the points fall on a curve, indicating that the population rises to a maximum
and then diminishes. Differentiation of equation (ii) shows that the population is a maximum at the nearest
integral J value to

Maximum population J — | KT 1 ... (iii)
2hcB 2

We have seen that line intensities are directly proportional to the populations of the rotational levels; hence it is
plain that transitions between levels with very high J values will have small intensities while the intensity will be
amaximum at or near J value by Eq. (iii).
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Pure Rotational Spectroscopy

Break down of rigid rotor approximation:
(Non-rigid rotor - Bond length between atom in molecule change):
E=BJ(J+1)+P.E.

=BJ(J+1) - D2 +1)? +HI*(Q+1)* +--
where H is deformation constant Hy = ey; (Hy +H,)y =gy

where B is rotational constant, and D is deformation constant.

h2
B=——(in joule
8n2I( joule)

h . i
B= Incm
8rlc ( )

4
=322y 1 Joue)
3 1
D=—(incm™
320t p2r4kc ( )

This D decreases the energy of the molecule this energy is decreases due to the vibration. This vibration have
potential energy and this potential energy effect the rotational energy:.

o O
QT Q

E=BJ(J+1)-DI(I+1)? + HI*(J+1)*+ -
\2 )

1st order 2nd order
perturbation perturbation

We neglect other terms because their values are small.
3

; -1
=—————(incm
32n4I2r2kc( )
3
% = V:i K (v is vibrational number)
v 2nc '\
1 |k _ 1 |k _ 1 |k
v=— [— 2> CV=" [ D> V= |—
2n\ 2n\ n 2nc \| u

D~0.01% of B

Selection Rule:
Al=+1

AE =2B(J+1) -4D (J +1)°

E, =BJ(J'+1) - DI?(J +1)
E, =BJ'(J"+1) - DJ"*(J" +1)°
E =BJ(J+1) - DI*(J +1)?
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Pure Rotational Spectroscopy

ls

=B(J?+J)-D@* + 212 +1)
=2B(J+1) - 4D(J+1)°
X |
Polyatomic Molecules:
Linear molecule: All molecules are arrange in straight line.

For example: HCI, OCS; |lc =1lg # 15, 1, =0

Ifamolecule has C_, axis, then molecule is linear.
Symmetric top molecule:
le=lg>1, le=lg %1,
I, #0
(i) Prolate symmetric top molecule: (Prolate means elongated along poles)
=1, =1, 1, #0
le=1>1,, I, #0 O
E.g.: CH,CI, CH,l, CHCI,, NH,, NF,
(i) Oblate symmetric top molecules: (Oblate means elongated along axis)
.=l <lorl, =1, <I,

Ifamolecule hasone C or S (n=>3) axis, then the molecules is symmetric top molecule.
Example: Allene S -axis.

H H
\C —C=— C,
/ “,

H H

Prolate symmetric top molecule.
If value of moment of inertia along different axis is lesser than other two axes, molecule is prolate symmetric

top and its vice-versa.

Spherically symmetric molecule:

Example: CH,, SF;
Molecules with Td, Oh, Ih (Icosahedron) point group has two or more than two non-coincidental C, or S,

(n > 3) axisthen these molecule are spherically symmetric molecules.

Assymetric molecules: 1, # 1, # 1,
H,O, CH,O (Formaldehyde)
C,,, C,, C,, —point group.
Symmetric Top molecule:
lg=lc#l, 1,#0
gy =Ej Ihc=BJ(J+1)+(A-B)K? cm™

where, B=2L and A= 2h
8 lzC 877l ,C
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Pure Rotational Spectroscopy

A =+1land AK=0
€1k —E1k =Vy =B(I+1)(3+2)+(A-B)K? —[BJ (J+1)+(A- B)KZ]
=2B(J+1) cm™

Application of microwave spectroscopy :
(] To determine average bond length.

2B
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B can be calculated from the microwave spectra 2B =x, — X,

B= 2‘ == ? -.-I:urZ:r:\/I
8nlc 8n“Bc u

r — bond length
(i) To calculate mass of isotopically substituted nuclei.

Rotational constant (B) =—
8n“lc

1 1
S B T = Boc m (after isotopic substitution B will decrease)

1

B _u ._B . -
-'-g :E =H :EX“’ u' — reduced mass after isotopic substitution

(iii) To determine classical rotational frequency and periods.

o 1,5
Kinetic energy = > lo

BJ(J +1)—1|o)2 —3|(2ch)2 — V2 —h—ZJ(J +1)
2 2 16712
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Pure Rotational Spectroscopy

h

V:
47?)

JJ+1)

v=2B,J(J +1)
v — classical rotational frequency

Time period (T)—l—;
-~ 1imep v 2BJI(+))

SOLVED PROBLEMS

1.

Soln.

Soln.

Soln.

Soln.

Among the following molecules which one shows pure rotation spectra?

@ N, (b) H,S (c) CO, (d) CH,

A molecule having no permanent dipole moment does not generate the oscillating electrical field on rotation
and hence cannot interact with the radiation. Such a molecule does not exhibit the rotational spectrum. Thus,
the essential criterion for a molecule to exhibit rotational spectrum is that it must have a permanent dipole
moment. The molecules with permanent dipole moment are known as microwave active molecules.

Hp,s # 0
So, H_S is active in rotation spectra
Correct option is (b)
Quantized rotational energy of molecule is given as
2 h
(a) v(r)=D, [1—exp([3(r— re))] (b) ns = —gxe/Zmerz— S(S+1)

T

AE €0 — Elower
(c) &, =3(J+1)h*/8x’l (d)V:T:%

Quantized rotational energy of molecule is given as
E, =J(J +1)h*/8n’l

J=0,1, 2, 3,.. (only few rotational energy levels are allowed)

Correct option is (c)

Centrifugal forces due to rotation of molecule about any given axis tend to
(@) increase the moment of inertia about the axis

(b) decrease the effective rotational constant

(c) both (a) and (b) (d) None of these

The molecule is rotating perpendicular to its principle axis experiences an outward force than this force is
called the centrifugal force. Due to centrifugal force bond length of the molecule increases. So moment of

N : . 1
inertia of molecule increase (. I o r?) and rotational constant decrease ( Boc T].

Correct option is (c)

The third lowest microwave absorption frequency for 13C 160 is 330567 MHz. The second lowest absorption
frequency for 12C 180 should be at

(@) 220378 MHz (b) 230542 MHz (c) 345813 MHz (d) 205032 MHz

The third lowest microwave absorption frequency appears at = 6B

Second lowest microwave absorption frequency appears at = 4B
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Pure Rotational Spectroscopy

Soln.

Soln.

Soln.

-, BB(2CY0) = 330567 MHz

1
4B(2C*0) = ? B "

BlZ 16 1316

(130160) _ ulzcleo . B(2CY0) = 330567 ><13><16 y 28
B("C"0) p°C”0O 6 29 12x16
- 4B(*C*0) = 230510 MHz
Correct option is (c)

HI and DI are made to undergo the same transition from J =0 — J =1. The light frequency causing the
transition for HI equals v. Approximately which frequency would you expect to induce the same transition
in DI?

(@ 2v (b) Vv © v/2 @ v/V2

Energy associated with J =0 — J =1 transition, AE,, =hv

= 57,627.58 MHz

2xh? 1
Also, AE, , =28B :87t—2|; AE, , T AEy ;e —
L ABy _py 1
AE, by 2

AE /2
Frequency, y =, _ SEB _(8Bw/2) hv v
h h h 2h 2

Correct option is (c)

Which of the following molecule will show pure rotational spectrum?

(@ CH, (b) H,O (c) CiHq (d) Cl,

A molecule having no permanent dipole moment does not generate the oscillating electrical field on rotation
and hence cannot interact with the radiation. Such a molecule does not exhibit the rotational spectrum. Thus,
the essential criterion for a molecule to exhibit rotational spectrum is that it must have a permanent dipole
moment. The molecules with permanent dipole moment are known as microwave active molecules.

Hu,o # 0 (So H,0 is microwave active molecule)

Correct option is (b)

Rotational spectra are observed in the

(@) near infrared region (b) visible region

(c) far infrared region (d) UV region

The infrared portion of the electromagnetic spectrum is usually divided into three regions; the near-, mid-
and far-infrared, named for their relation to the visible spectrum. The higher energy near-1R, approximately
1400-4000 cm™ (0.7-2.5 um wavelength) can excite overtone or harmonic vibrations. The mid-infrared,
approximately 4000-400 cm (2.5-25 um) may be used to study the fundamental vibrations and asso-
ciated rotational-vibrational structure. The far-infrared, approximately 400-10 cnr! (25-1000 pum), lying
adjacent to the microwave region, has low energy and may be used for rotational spectroscopy.
Correct option is (c)

In the hydrogen molecule, when hydrogen is replaced by deuterium. What will happen to the rotational
constant B?

(a) Increase (b) Becomes zero (c) Decreases (d) Remains same
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Pure Rotational Spectroscopy
Soln.  When hydrogen replaced by deuterium in a hydrogen molecule then reduced mass of molecule will increase.

‘s B l
1)
So more energy required for the rotation of the molecule at the same rotational level. Hence rotational

constant of molecule decrease.
Correct option is (c)

8. The moment of inertia of the CO molecule is 1.46 x10™*° kg —m? . Calculate the energy (in eV) and the angular

velocity in the second lowest rotational energy level of the CO molecule (J=1).
Soln.  The quantum-mechanical energy of a rotating diatomic molecule is given by
h2
E, = J(J+1
J 87T2 I ( )

where, 1is the moment of inertia of the molecule about the axis of rotation. The second lowest rotational energy
level correspondsto J =1, and for this level in CO

B h?x2 3 h?
-V BV
Substituting the value ofh in M.K.S. units and the given value of I, we have
(6.62x10] —sec)2
4x(3.14)" x(1.46x10 kg.m?)

J=1 —

B 6.62x107% x6.62x107*
" 4x3.14x3.14x1.46x107%

=7.61x1072%)
ButleV=1.6x10"°J

_ 7.61x107%
T 16x107"

=4.75x107"* eV
The angular velocity of the CO molecule (whenJ=1) is

w:,/Z—E (-.-E:llwzj
| 2

_ [2x7.61x107%

~\ 1.46x10%

=10.2x10" rad/sec

9. The J =0 — J =1 absorption line in CO occurs at a frequency of 1. 153x10* cycles/sec. Calculate the
moment of inertia and internuclear separation of CO.

(h=6.62x10"" erg —sec, N, =6.023x10%)
Soln.  The rotational energy of a diatomic molecule is given by

h2
E =
87°1

J(J+1)
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Pure Rotational Spectroscopy
The energy separation betweenJ=0and J=1 levels is:

h2
AE == EJ:1 - EJ:0 = m
The frequency v absorbed intransitionJ=0—>J=11s:
_AE__h
h 472
o h 6.62x10* erg —sec
= A7*V' 4x(3.14) x(1.153x10" sec™)

=1.46x10"* gm-cm?
The reduced mass of the CO molecule is given by
— MCMO
Heo = M, + M,

(12x16)/(6.023x10%)’
(12+16)/(6.023x10%)

~ 12x16
- 28x(6.023x10%)

Therefore, the internuclear separation (bond length) r is

r= I; (o 1 =pr?)

=1.14x10%g

_ [1.46x10"* gm—cm®
1.14x107% gm
=1.13x10° cm=1.13 A

10.  The OH -—radical hasa moment of inertia 0f 1 48x10° gm ~ cm?. Calculate its internuclear distance. Also

calculate, for J =5, its angular momentum and angular velocity. Determine the energy absorbed inthe J=6 —
J=5 transition in cmt and erg/molecule.
Soln. The reduced mass of the OH-radical is given by

_ MM,
Hon = M, + M,

(1x16)(6.023x10%) 16
(1+16)(6.023x10%)"  17x(6.023x10%)

If I isthe moment of inertia, then the internuclear distanecr is

=1.56x107** gm

| \/1.48><10‘4° gm —cm’

u 1.56x107* gm

=0.97x10° cm=0.97A
The angular momentumiis given by
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11.

Soln.

L= 30D
T

For J=5, we have

=27
L=v30x 202007 oy ec=5.77x107 erg —sec
2x3.14

The corresponding angular velocity is:
L

w=—
I

_ 5.77x10%"erg —sec
1.48x107 gm—cm?
The wave number of the radiation absorbed (absorbed energy in cn™?) in transition from J to J+1 is given by
v=2B(J+1)
where, J refersto the lower state. Therefore, for the transition J =6 — J =5, we have
v=2B(5+1)=12B

=3.90x10% sec™

i Bl o, t2n
y 87°Ic | 8771c
12 (6.62x10% erg —sec)
© 8x(3.14)" x(1.48x107® gm—cm?)(3x10° cm —sec
=227cm™
The corresponding energy E in erg/molecule is obtained by
E =vhc

= (227 cm™)(6.62x10 " erg —sec)(3x10' cm—sec )

=4.50x10""* erg / molecule

The transition J =3 to J=4 in HCImolecule is associated with radiation of 83.03cm™ . Use the rigid-rotator
approximation to calculate the moment of inertia and internuclear distance (bond length) of HCI.

The wave number of absorbed radiation in rotational transition J — (J +1) isgiven by

v=2B(J+1)cm™, where, Jrefers to the lower state.
For J =3 J =4, wehave

v=2B(3+1)=8B
But  v=83.03cm™ (given)

8B =83.03cm™

B=10.38cm™
The rotational constant B is given by
_h
~8rllc
Therefore, the moment of inertia of the molecule is
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12.

Soln.

13.

Soln.

h _ 6.62x107°" erg —sec
' =5r%Bc  8x(3.14) x(10.38 cm ) (3x10° cm—sec ™)

=2.7x10™" gm-cm?
The reduced mass of HCI molecule is
M H M Cl

Hyc = M, +MCI

(1x35)(6.023x10% )’

(1+35)(6.023x10%)

=1.61x10 gm
The internuclear distance (bond length) is therefore

r— |27 x10™° gm—cm? .,
“\Vu T\ Leix10¥ gm —129x107cem=129A
The molecule that will exhibit a pure rotational absorption spectrum out of this
(a) CH4 (b) C02 (C) 02 (d) NF3

Only molecule that exhibit a permanent dipole moment exhibit a pure rotational spectrum.
Out ofall molecules only NF; has dipole moment.
Correct optionis (d)

Inarigid rotator, the energy of fourth excited state is 10 meV, then the energy of second excited state is

(@ 1.5meV (b) 2meV (c) 2.5 meV (d) 3meV
Energy of arigid rotator ;
hz
E=—J+)), ..(A)
21
where J =0,1, 2, ....

So, energy of fourth excited state = 10 meV

h? h?
10 meV :54(4+1) = 10 meV:Ex 20

hZ
= T:1meV ..(1)

2
So, energy of second excited state = z—l 2(2+1)

2 2
£, 6 = E,= )
21
Put value of #2/1 fromEq. (1) into Eq. (2).
E, =3(1meV) E, =3 meV.
Correct optionis (d)
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14.

Soln.

15.

Soln.

16.

Soln.

17.

Soln.

The H, molecule has a reduced mass M =8.35x10** kg and an equilibrium internuclear distance R = 0.742
x 107 m. The rotational energy in terms of the rotational quantum number Jis :

@ E.(3)=73( -1) meV (b) Emt(J):gJ (J +1) meV
© E,(3)=73(J +1) meV @ E,m(J)ng (J —1) meV

2
Rotation energy of a molecule is E = Z_I J(J +1), where I is moment of inertiaand | = uR?.

w1 =reduced mass and R = equilibrium intermolecular distance
2

h
E= J(I+1
>Rz D)

Here we have to final value of 72/2,R?
h> (6.6x1073*) x (6.6 x107*4)
872uR? 8x3.14x3.14x8.35x107% x 0.742x107% x 0.742 x 107

_12x107%

T 1.6x107
Correct optioniis (c)

eV _75x10 2% eV =7.5meV.

Which of the following molecules give pure rotational spectra?

(a) O,, CH, (b) H,, HCI (c) H,, CO (d) HCI, CO
HCI, CO having permanent dipole moment. So, give pure rotational spectrum.

Correct option is (d)

Spectroscopic transitions leading to rotation of molecules will appear at which region of the electromagnetic
spectrum?

(@) Ultraviolet (b) Radiofrequency  (c) Infra-red (d) Microwave

Rotational of molecule lies in the region of microwave.

Correct optionis (d)

The microwave spectrum of a rigid diatomic molecule shows first three lines at 2.65682 cnt?, 5.31364 cn,
and 7.97046 cm. What is the rotational constant of this molecule?
(@) 1.82118 cmrt (b) 3.64236 cm™ (c) 1.32841cm™ (d) 0.91059 cm™

Three lines — 2.65682, 5.31364, 7.97046

Difference in rotational spectral lines — 2B = 5.31364 — 2.65682 = 2B = 2.65682

B=1.32841cm™

Correct optioniis (c)

&
Na—
CAREER ENDEAVOUR,



