2. ELECTROMAGNETIC RADIATION THEORY—NATURE
OF ELECTROMAGNETIC RADIATIONS

I. What is Electromagnetic Radiation ?

Maxwell suggested that an alternating current of high frequency is capable of radiating
energy in the form of waves, which travel in space with the speed of light. He callefi t_hese waves
as electromagnetic waves or electromagnetic radiations. The electromagnetic radlatlons.are SO
named because they consist of oscillating electric and magnetic fields (vectors) directed
perpendicularly to each other and perpendicular to the direction of the propagation of the wave, as
shown in Fig. 9.15.

Thus electromagnetic waves (or radiations) possess electrical and magnetic properties. The
examples of electromagnetic radiations are radio waves, visible light (ordinary light), infrared
light, ultraviolet light, X-rays and 7y-rays.

Difference between matter waves and electromagnetic waves. 1. The matter waves are
produced by the actual displacement of the particles of the medium, as in case of water or sound
waves. But, the electromagnetic waves are produced by a periodic motion of charged particles.
Hence vibratory motion of electrons would cause a wave train of oscillating electric and magnetic
fields.

2. Matter waves require a medium for transmission or propagation. However,
electromagnetic waves do not require any medium for their propagation, i.e., they travel through
empty space.

3. Electromagnetic waves travel with the velocity of light, whereas the velocity of matter
wave is very-very low. In fact, the speed of matter wave is the speed of the particles themselves.

Y
4
E H
RN
NV
7 ~%\ \-—
\\ \\ Direction of pro ti
/////{\\\\“S\\ ] \\\\§\\\\\\\\ of electromagn;igfv;?/r; :
Q <<
X e
W QX \
: E \\\\\
E‘ A » E

Fig. 9.15. An electromagnetic wave; E is the electrical vector; H is the magnetic vector.
Both oscillate in perpendicular planes.
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The wave number is generally expressed in the unit of cm™.

(¢) Frequency (v). It is defined as the number of times a wave passes a given point in one

second. It is denoted by v (nu) and is expressed in hertz (Hz), kilocycles or kilohertz (kHz),
megacycles or megahertz (MHz)

| MHz = 10’ kHz = 10° Hz
It is important to note that the wave of high frequency has a shorter wavelength, while a
Wave of low frequency has a longer wavelength. ' |
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Fig. 9.16. Wave characteristics.

III. Electromagnetic Theory of Light .
o was an electromagnetic phenomenon and thus

In 1865 Maxwell postulated that light als gnet ; .
electromagnetic theory of light was born, which established an essential identity between light and
ered as the result of rapidly alternating

electricity. According to this theory, light is consid,
displacement currents in the medium, which give rise to magnetic effects. The two fields, the

electric and magnetic, inseparably associated, the one varying proportionately with the other and
the variation of one giving rise to the other, urge each other forward with a finite velocity, ie,
that of light. The fact that the mutually perpendicular electric and magnetic fields are always
confined to a plane perpendicular to the direction of propagation, accounts very well for the
transverse nature of light.

IV. Conclusions drawn from Electromagnetic Theory of Radiations
The following are conclusions drawn from electromagnetic theory of radiations :

1. Unification of Various Types of Radiations — The Electromagnetic Spectrum. The
electromagnetic waves (or radiations) originate as a result of the periodic motion (oscillati(.)n) of
the ‘ele.ctnc ch-arges. Now if light waves be electromagnetic, they must have their origin also in
periodic motion of electric charges. Spectroscopic study shows that eacl?lfal(:rlr;géﬁt has a

characteristic spectrum which, it may be assu i
) : med, arises
element. From this we may conclude that the atoms trom the atoms and molecules of t¢

ponding wavelengths invol®"

velocity through space, 4¢¥
dicu
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Electro
[ Magnetic §
r/’—C;ss Wavelength Wav A
(cm) i Frequency Uses
] (cm™1 )
Cosmic rays ~ 10"
~ 101]
Y- rays ~10-9 ~ 102
~1 9
X-rays ~10-7 . 6x102t03x10'®
~1n7
e 6 % 10" to 6 x 103 X-ray  crystallography
Far-ultraviolet - =B and medical diagnosis
: 105
Ultraviolet <= JO 3 10 . 5 {2 B } Electronic excitation
>~ 10 x10""to 8 x 10 of molecules
Visible -~ 10-4 )
~10% 8% 10" to 4 x 101 Electronic excitation of
: molecules
Neaf-mfrared > 104 3
Far-infrared 10-2 <~10 4x 10" Vibrational excitation
~10° 1.5x 10" of molecules
Microwaves ~10-2
10 = 10? 3 x 10! Electronic spin
resonance; rotational
excitation of molecules;
radar
Television | ~1 il
Nuclear
Magnetic
-4
Resonance 104 10
(NMR)
Radiowaves - 105 1073 0.(?01 cm to Broadcasting
100 kilometers

rge must Radiate Energy. The electromagnetic theory provides also
f such radiation, by stating that any accelerated charge must radiate
etic pulse or wavetrain. Thus, even a single electron,
ut a train of electromagnetic waves, i.e., radiate
d charge must radiate energy. In other words the

2. An Accelerated Cha
a clue to the inner mechanism O
energy in the form of an electromagn
subjected to a periodic motion, would send O

lerate
energy. It follows, therefore, that any accelel ge
acceleration of a charge cannot take place without radiation of energy.

; — tum Theory of Radiation
V. Fai ature of Radiant Energy Qua'm ‘
ailure of Wave N netic radiation (radiant energy) completely fails to explain the

R electromﬁgits absorption Of emission. To explain these problems, Planck

Phenomena that are associated wit sty of R i ReSbidiig 15 this theory,

' Quantum ;
dReve:lo;.)ed a theory called Planc/; Srth ature, made up of discrete packets of energy, called
adiation is considered cOTPUSCH? 1y of light. Thus energy changes take place

jth th
WUanta or photons, which aré shot out With b F call Vit 6 bty (L6

as
Only discontinuously and discretelys always
Photon), !

an integra
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al nature of radiation. wave and
tary. The reason for this is thay the
p, since that alone ang e

As a matter of fact, photon is a synthesis of the du
corpuscular, which two aspects are now regarded as complemen G
wave nature of electromagnetic radiation cannot be comp.lete]y &l and interference. On the oghe,
the quantum theory can account for the phenomena of diffraction

henomenon of hjaa,
hand, only quantum concept of radiant energy can explain adequazlywt;l:npexpose i radi:g;k
body radiation, photoelectric effect (emission of electrons from metais ctorily all the radian'(;s
of certain frequencies), etc. Hence, if we wish to interpre{ sfltlsf{l wa've ek i o, n
Phenomena, we are forced to attribute a double aspect to radiation, L.€., ar
natures.
The energy of a photon is given by

E = hv

h = Planck’s constant

v = Frequency of radiation .
The energy of a photon is called quantum of energy. The value of quanFurp of energy is not
constant, but depends on the frequency of radiation. The energy of a photon is mdepgndenF of its
intensity. The intensity gives the total number of photons in a beam and has no relation with the

energy of individual photons in the beam. Thus the energy of the photon depends only on its
intrinsic property.

where

The photon must possess mass of its own, given by the relation
_ hv
s
hv = Energy of the photon
C = Velocity of light
The photon is always in motion, it must also have a momentum which indicates its particle

nature. However, all photons move with the same velocity (i.e., velocity of light) while particles

of material bodies move with variable and different velocities, which can never reach the velocity
of light. The momentum of photon is given by the expression :

where

Momentum of photon = Mass x Velocity = e X € = h?v
where C= Velocity of light
The photons that constitute radiation
; hence also
3. MOLECULAR SPECTROSCOPY

I. Introduction -
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% the bond lengths, strength of bonds, bond dissociation
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energies and bond angles, Ty molec
. . : cular gpecy
o y R sy - rOSCopy is of ore; ; ‘s
constitution of compounds, T'his branc S PROPY 18 of great use in determining structure and
dimensions of molecules by¢ ulmhr,;;?;h,-m science provides informations not (ﬁ)ly about the
[N " A ¢ “" ( 'n t N b . L :
spectroscopic method is the mogy use B the possible molecular energy levels, that is why

A ful of all the e :
thermodynamic properties of the molecule he methods for the study of molecular structure and

[I. Origin of Molecular Spectrg
The energy of the molecule, pes;
» besides translational | ' i
b el Rt bt ; § and nuclez : .
interfere In spectroscopic analysis) can be considered to be made u;];‘;’r' e e A
(i) Electronic (transitional) ener S ‘
: 8Y. Which is the energy associc ‘ : 2
electrons in the molecule, gy associated with motion of

i) Vi o D i ¢ : ) 1 ,

(@) Vibrat onal Energy. Which is the cnergy associated with the vibrations of the
constituent atoms in the molecule. : ;

(iii) Rotational Energy. Which is the energy associated with the rotation of the molecule as
a whole.

Hence the total energy of the molecule (for spectroscopic purpose) can be written as

Emral o Eelecmmic ot Evibrati/mal + Eratatirmal

Each one of these energies is quantized and can exist with some discrete values. This means
hat these energies have to follow quantum restrictions. The discrete values (quantized) of these
thergies depend on the properties of the molecules i.e., size, shape, flexibility, as well as on the
Ype of motion. Hence we can say that quantum restrictions become more prominent as the region

 Which particle is free to move gets smaller. :
If a molecule is placed in an electromagnetic field (e.g., light), a transfer of energy from the

‘ romagnetic field to the molecule occurs when,
! AE =hvVv
" 4 = Planck’s constant
= uency of light '
A Ev = ]f):ri;?crencz in energy between two quantized statec.

) he lower energy state (E;) to higher
W the molecule absorbs energy when 1

t is excited from ¢ hen the molecules reverts from
when
o State (E;) and emits radiations of t d

he same frequenc

e
*Mergy state to lower energy state- Hle‘; =E - B
Fo 'SSiONn * &
r Emission : AE=E - B

For Absorption :
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s of changes in th
hree types of € € Mole,
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absorbs energy:
ional levels.

brational level

Thus, when a molecule )
(i) There may be a change In rotat

(ii) There may also be a changeé in Vi
superimposed.

(iii) An electronic state may chang
rotational energies.

As a result, even with a simple diato
changes in energy states, producing many Spe

The various energy levels in the m01¢3;=u
the two electronic states (Energy states) of a mo 3,4 Agai

. . - g 3 W i : a .

vibrational energy levels, indicated by quantum numbe'r v (=0, I’lczvcls‘ mdic)alcdg b”‘ fO'r €ach
vibrational state (energy level), there exist several rotational energy S levels Y Quantyp
number J (=0, 1, 2, 3, 4 ......). A possible transition in any one of these energy levels will eqq
a change in energy content and hence give rise to spectral lines.

s on which rotational change May |
. 4y b

¢ simultaneously with changes in both Vibratiop, ang

mic molecule, there is possibility of a large numy,, .

ctral lines. B ‘
le are shown in the Fig. 9.17. Suppose A and p are

lecule. In each of electronic states, ther ate

J
3
? 2
1
V=3 -
2
1
V= 0
3
2
1
=1 0
3
2
._c 1
= B(n=2) ¥ 0 Electronic Transition (An = 1)
J
T 3
2
=3 .
Vibrational-rotational 8
Transitions (AV=1,AJ=2) .’32
V=2 -
Rotational Transition (A J = 1) ~ 3
V=1 1
0
3
2
V=0 1
Aln=1) .
Fig. 9.17. Molecular energy level diagram

III. Classification of Molecular Spectra

There are three types of mol
in-a molecule : ccular spectra, corresponding to three types of energy chatt”

1. Rotational spectra
2. Vibrational-rotational spectra
3. Electronic spectra
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spectroscopy is also known as Microwgy, ' for il(l;:(; 12 Htol0 range). Hence rotational
s . . =T ’
2. Vlbratlom.ll,-Rotatlona] Spectra, The & ara: Spectr‘osco.p).
as compared to rotationg] levels: hence the ¢ P aion of vibrat

onal energy levels is greater

of the order of 0.1 e,y That g ransitions between Vibrational levels involve energies

x=£=&=3><10'°><6.6x10‘27

v AE 01 x 16 x 10°7 = 1,25,000 A

]

125x i0*x 1078 ¢y = 125x 107 % cm
A= 125

The vibrational Spectra would, therefore,

(102ut0 1 4 range). During a vibrational change, the rotational energy also changes and the

*ectrum is called the vibrational-rotational spectrum.

3. Electronic Spectra. The electronic energy levels (denoted by the quantum number 7)
are far apart. Hence a change in electronic state is associated with a !arger difference in energy, c_>f
the order of 5 e.v. per molecule. The wavelength (7») gf the spectral'lmes Sz;c;duced frott)n electronic
Uansition (on which vibrational and rotational transitions are sul;‘))enmpo 1s_g217ven y

C Cxh _3x10° x66x 10
}~=-v'= AE ~  5x16x10 2

sl
= 0. 10 " cm = 025
or A = 2500 i o ’

H tra appear in the visible and ultraviolet region (1 pt0 0.1y range).
ence the electronic spec

ioi traviolet spectroscopy.
That IS why electronic spectroscop.y l: ﬁguﬁll:jt:;zf;; afrnf)jn'bldl =08 tl(,) 200 uiz-s commonly
referre](;hfo Zntghz iizf:;re:(:rfemg?f: .effl';is };cgiforf;;: gl; 1:)6(21.‘5""’3 . ' o
Near infrared region. T{; iesx::;‘id;n extends from 2.5 to 15 p. This region is also referred
id-i on. :
i ooty W
Far infrared region. It extends

to a
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Periodhic fluctuations in the magnitude of a comp
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anent dipoles give rotation Spectr,
es a periodic change, resulting ;,
e. as shown in Fig. 9.18,

Time

Verticle component of dipole 1
<+

Fig. 9.18. Rotation of a diatomic molecule (»—s) possessing a permanent dipole.

When frequency of electromagnetic radiation coincides with that of molecular rotation, the
electromagnetic radiation interacts with the mol

higher rotational energy level. This absorption
of the molecule.

magpetic radiation in rotational energy levels would
sso(;:nated with it. That s, molecule must be polar (i.é-
ro i
molecules are called microwave active. TFI)1e :(Srilgnrl?:;:;nzlls&cccutlr::l liel;g“};_ICl(’j]CONetcdosﬂ
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2. Non-rigid Rotator Mode]
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d e myri + my r%
As the system is balanceg about its cen

Also PO glipy
On solving equations (2) and (3), we get
P myr .
.\ Al . L
my + m, e my; + my
From equations (1) and (4), we can write
2 2 3 32
r'a my myr mymiyr

\
2 TR
(my + my) (m; + my)?

2
ot ] = m mz(m2 + ml)r

3
(m; + my)

)
mym,r
(my + my)

where K = Reluctant or reduced mass of the system
m, m;

C(my + my)

. Equation (5) defines the moment of inertia, in terms of masses and bond length.

C.G.

¢
fe—r : >

Fig. 9.19. Rigid rotator model for a diatomic molecule.
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s )
.. (3)

(4

. (5)

(i) Kinetic Energy of Rotation. The Kinetic energy of rotation of a rigid rotator is given by

1 gicrd 2
E,y = 'i‘m] vt §m2'v2

where v, and v, are the linear velocities of masses m; and m, respectively. Since r,
assumed to remain unchanged during rotation, the above equation can be written as )

relation @ = — , where ® = angular velocity).
r

1
Emr = %ml (w'rl)2 + Emz(m-r2)2

1 2
= —2-(1)2("11 e mz’%)

and r, are
y using the
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2
2

Hence E,==xlw

2 . . ‘
ecule can have only certain permitted vajyeg of

The rotational energy s quantized. (he r[c;()lize of the molecule under consifieration. Singe
rotational energy, depending on the shape anc s ntized (permitted) rotatiqp,

; : . The qua
the molecule is a rigid rotator, the potential e Z:r?]ation
energy values are obtained by solving the Schrodinger eq

8 752 | Er()t

V2W+_T—w=0

This equation, when solved for E,, (also written as Ej), gives the following €Xpressiop
for E,

2
EJ=

U+ D ergs -0

Where J = Rotational quantum number, having integral values 0, 1,2, 3, . . . .

The equations (7) gives the rotational energy of the molecule in a given rotational energy
level.

(iti) Frequency of Spectral Line. Consider the transition of molecule from lower rotation

level (V) to higher rotational level (J ). The difference of rotational energy between these two
rotational energy levels will be given by

K K
AE,;=E,” - E,’ = J'J” + 1] - J'J"+ 1
1 = E; J 81t21[ ( )] 81t21[ ( )]
2
or AE = = U"U”+ 1) - 10"+ 1) @

when the molecule returns to lower

- . gher level. According to quantum
theory, th.e energy evolv§d 1s then appears in the form of spectral lines. The frequency of rotational
spectral lines expressed in terms of rotational wave number v

rot OF V) is given by
= _AE, 2 ,
ot = 0 -MZ\MC VU "+ 1) - J'J’+ 1)

or =

sn2rc” UTH D =0y

The quantity (h/8 % | C) is a characterist :
constant, denoted by B, Thus ctenistics of the molecule and is called the rotationd!

if B L o |
nIC
then v

oo = BJ"(U"+ 1y J'U+ 1) e

iv) Quantum Mechan' . :
molccxfle)tonhow s s ;CZI tRest_‘nct:ons Le., Selection Ry, for Rotational Spectra. F0
itrarily any-two rotati lp] o It must have a dipole Moment, but all transitions involviné
arbitrarily any tationa evels are not Permissible. The tisk 't A rmits O
those rotational transitions in which there is an InCrease dq MM Jpechaniés pe
or dec

. nﬂ
rease of unity in the rotat®

rd
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: is, th il
rotationat levels, Mathematicallye ransition jp IOtational eper

&Y levels is limited (o only adjacent
This is called Selection ru .. (10)

ordin : a rotatig "
acc g 1o this rule, the rotat nal transition for a diatomic rigid molecule, Thus,

or
. : ional trangit;
possible, because ip such cases A J % r:ins;t)lons J=20~2 7= = 3,J=2 - 0 etc., are not

v) Rotationg) Spectrum Consi

. - SIS o o ;
known only in absorption. We know that f Equidistany Spectral Lines. The rotational spectra are

VI‘() =BJ”JII -
. ot 7 7( MR A TN : ot

T .
sy?fe'ff'?hlv;m A7'= (£1) would be possible, if appropriate

Wacn J'=0andJ” = | then
) | Vior = BI1(1 + 1) = 0(0 + )] =2Bcm™
when J'=T1and J” =2, then -
Vir =B[22+ 1) - 1(1 + 1)] = 4 Bem™ P o
when J'=2andJ"=3, then z
Vi = B33 + 1) =22 + 1)] = 6 Bem"! 7
when J'=3and J” = 4, then -

Vie = B[4(4 + 1) ~3(3 + 1)] = 8 Bem™

Thus we see that rotational spectrum consists of a series of spectral lines with frequency
separation (expressed in terms of wave number Vo) of 2B cm” between the two consecutive lines.
Thus, on frequency scale, the rotational spectral lines are equidistant. ﬂe frequency scale can be
constructed with the help of the following general equation.

Ve = 2(J+ 1)Bcm™ . (12)
[J— (J+1)]
where J=01,2,3.4)5...... respective
or AV = 2B +k33)
rned by

(vi) Intensity of Rotational Spectral Lines. The intensity of the spectral lines is gove
the relative number of molecules i.e., relative population of various rotational levels. Therefore, the
intensity of spectral lines would show a variation similar to that shown by the pc?pulation. That is,
intensity first increases, reaches to a maximum, and then decreases. The position of the most

intense spectral line is given by the following equation :

Jyue = VKT/2BhC — % (14

k = Boltzmann constant

where '
T = Temperature in A
h -1
= cm
4 8n’IC

C = Velocity of light
h = Planck’s constant

| - I 1 i m l CUIC.

i i is is because
1, DCI, show differerit rotational spectra. This is
i me element, such as HCl, , S| -
lSOtOPCfS " ::hi frz:asses of the isotopic atoms are dlffer‘ent and hence the reduceg rl:lassghl:toment
'Of :-}tle . t(-:;l as frequencies of rotation, would be different. It has been establis ed
inertia, as w:
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Thus spectrum of heavier species will
between the spectral lines. This fact has bee
(viii) Validity of the Theory of Rotat
rotational spectra can now be tested by consi
(a) Carbon Monoxide Molecule. The fir
transition from J = 0 to J = 1 and appears at Vror

e of B and hence smaller separatiop
ation of precise atomic weights,
y. The validity of the theory of

show smaller valu
n used in the evalu
ional Spectroscop
dering the following examples :

st rotational spectral lines corresponds to the

= 3.84235 cm | We know that

Vot - 2BU + 1) cm”

= +1)]

Vot = 28(0 +1) =28 cm”! = 3.84235
[J=0-1]

Hence B = 3.84235/2 = 1.92118 cm '

The moment of inertia of CO is given by
h 6.624 x 10”7

P =
0= Tcp T 8 x (3147 x 29978 x 10'° x 1.92118

— 145673 x 10 gm cm™
Reduced mass of CO is given by
m; my l
m; + my ‘N
Now m; = 12 gm (carbon); m, = 15.9949 gm (oxygen);
N =6.023 x 107

u:

_ 12 % 15.9949 1
12 + 15.9949 © 6.023 x 102
or w = 1.138365 x 10°> gram per molecule
The bond length of CO molecule can be calculated by the equation
I=nun. P
where [ = Moment of inertia

p = Reduced mass of the molecule

r = Bond length, i.e., internuclear distance between two atoms
!

1 1
bougll L q )2 _ | 1456773 x 107%
W 1138365 x 10°5 | ™"
or e Foo = 1131 X 10™% cm = 1.131 &

; ‘Thns vglue of bond length of CO molecule is j
This indeed is the most accurate determination of b :1\
calculate the rotational energy at any level and mo?r? :

e
(b) HCI Molecule. For HCI, the frequency dif:etr

rotational spectral lines, in terms of
5 wave num
Wans aumber Qiflersnce SAT = 18 _b;:), ;\as been found to be 20.3 cm™. Hence

Putting value of B, we get

Ezodhagreement with experimental value.
Ol inertia of the molecule.

81!21C = 203
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Substituting 1 = 6.624 x 10~
C=29978 x 10" cm/sec

T =314
we have 1=27x%x10% gm cm’
Again for HCL, H = 1.008; Cl = 35.46; N < 6,003 x 10°
__m.m, |
o + my) N

1.008 x 35.46
(1.008 + 35.46) (6.023 x 10%)
= 1.63 x 10~ gm

—

-40 2
. Bond length of HC] = \/i ~ |27 x10
1 1.63 x 10~ %

=1294
The above results are in good agreement with experimental values.

2. Non-rigid Rotator Model. (i) Limitations of Rigid Rotator Model. The constant
equal separation between consecutive rotational spectral lines is true only at lower values of J.
At higher values of J, the rigid character of the rotator is affected, because the velocity of rotation
increases and there is a tendency for the bond to stretch and also the moment of inertia increases.
Whereas in the theory proposed above, moment of inertia is assumed to be constant and
independent of the angular velocity .

As a result of the variation of /, the rotational energy levels corresponding to higher J values
must lie somewhat lower than that given in the theory of rigid rotator model. The lines
corresponding to transitions involving higher J values must, therefore, have somewhat lower wave
number V than they would if / were constant. It thus appears that the rigid rotator model for a
diatomic model may serve as a reasonably good approximation but cannot be regarded as a true
picture of the real molecules.

(if) Non-rigid Rotator Model. It is quite obvious that the molecule cannot be a strictly rigid
rotator, when it is also able to perform vibrations. Therefore, a better model for representing the
rotations of the molecule is to consider the diatomic molecule as a rotating system consisting of
two atoms connected by a massless spring. This simple pictgre Qf a diatomic molecule is
commonly known as non-rigid rotator model. The energy of rotation is then expressed as

X 2 2
E, = o [J( + 1)] = Dh[J°(J + 1)7] ergs .. (15)
T

in which D is the centrifugal distortion constant and is of order of 10"*B. It is a small positive

quantity and is given by :

‘ 4B

T (Vo) .. (16)
(Vo)

where v, = Fundamental vibrational frequency

As V, is always very much greater than B and, therefore, according to equation (16), D will

much smaller than B. _ »
be In rotational region, spectra aré usually expressed in terms of wave numbers, so it is useful

nsider energies expressed in these units.

to cO :
Rotational energy 1n terms of wave number
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B W g+ -b@r
hC gnhCl 2 ”) " ‘ ‘i
R % 1) = i ( or s rigid or non ngid, The

‘ i i ‘otat
The selection rule [AJ = (£ D] 18 vulul.' whfthcl ::::‘l l[i(nc representing the transition fo
' ; v ) of rotational spec '
frequency (in terms of wave number V)
Jto (J + 1) is given by | |
Vror = (Rotational energy in terms ot
=+

i

wave number for (J + 1) level)

: N er for J level)
- (R()N\li()mll energy in terms of wave I\lllllh r ¢
Hence from cquation (l 7) we have

Vo = [BU+DU+1+D)=-DU+D
W= +1)]

2+ 14 1))

-—[BJ(.I+I)—1).12(.I+I)2| em” ! ; 2 i
=[BU+1)(J+2)-D{+ 2 +2)% = [BJU+D) - DJ 7(J+ I)}l cm |
=[BU+1)(J+2) - BJU+D] = IDU+ Y +2)° = DS+ D) Tem
= B(J+1)[J+2-J]—D(J+1)2|(J+2)2—J'2|cm”'

-]
Voor — 2B(J+1) - 4D+ 1)’ em
W=+

. (18)

Equation (18) gives the frequency of rotational spectral line for the transition from J to
(J + 1) or (/ + 1) to J rotational energy levels. Hence from equation (18) we get

v = 2B(0 + 1) - 4D (0 + 1)’ = 2B - 4D) cm”!

Vrot -

J=0-1 \

V. = 2B(1+1)-4D(l + 1)’ = (4B - 32D) cm”'
J=1-2

V., =2BQ2+1)-4D2+1)’ = (6B - 108D) cm'
J=2-3

Thus we see that the spectral lines are no longer exactly equidistant but their separation
distance decreases with increasing value of J, as shown below

AV between Ist and 2nd lines = (4B — 32D) — (2B - 4D) = (2B - 28D) cm”'

AV between 2nd and 3rd lines = (6B - 108D) — (4B — 32D) = (2B - 76D) cm™'

Since the values of D are much smaller as compared to B, the effect of frequency separation is not
so much pronounced.

(b)' Applicatiopg of Micrf)wave-Spectroscopy. At lower quantum levels of rotation, the
spectra! lines are eqpxdnstgnt. This fact has been utilized in the most accurate determination of
bond-dlnst.ances in dlatomlc'molecules. The knowledge of rotational spectra is also helpful in
determining the moment of inertia and reduced mass of the diatomic molecules j

By microwave spectroscopy, only those molec §

, ules can be studied which possess dipole

0ssess dipolv

moment e.g., HCI, CO etc. The molecules such as H,, Ny, Cl, etc., do not sh B i ~ pctm
as their dipole moments are zero. 3 show rotational spectt

The far infrared (microwave) region deals with t
because of the experimental difficulties in the generation

wavelengths), far infrared has not been so extensively explored as mid-i fraired
-infrared.

Polyatomic linear molecules hav '
¢ several internuc] i ities
cannot be determined from their single valyeg of moment o: - dtl'stances, hence these quantiti®
nertia.

infrared spectra ar e et
The far infrared sp € not observed in liquids and solids, because in condensed Sta®

he rotational motion of molecule and
and detection at low frequencies (longe"
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no well defined ro

tational en
: ergy lev
done in gaseous st 2y levels exist. Al

. . ate, because in gaseous state t
] Vlbratnonal-Rotational

The vi ion:
vibrational t;:;:::ﬁ;‘;l ;zelcalfa appear in mid-infrared region, as the energy changgs iq the
changes are always accom ol than those in pure rotational trans‘ilions. In general, vnhratuAm;’xl
difficult to get pure Vibratigan;ed by so many rotational 'chaqgcs in thg gas phase. Hencc it is
and mid-infrared it ’S‘a ;pcctra; we actually get vibrational-rotational spcctra'm the near
permanent dipole moment.Thuc spectra are .show.n by only th(?sc molecules which possess
dipole moment y - I'he homonuclear diatomic molecules, like O,, N,, Cl, etc., have zcr’o

and, therefore, do not show vibrational-rotational spectra. The polyatomic
nent dipole moment of their own, but when subjected to electromagnetic

o uid Nk scillating dipole moment in such polyatomic molecules and excite them
€rgo vibrational-rotational transitions. The studies of vibrational-rotational spectra of

molccule§ lead to the conclusion that the molecules are flexible i.e., both angles and bond lengths
ca.n l?e distorted from their original value in the equilibrium configuration of the molecule. The
mid-infrared spectroscopy is highly useful in the determination of molecular structure.

(a) Theory of Vibrational-Rotational Spectroscopy. In general, a diatomic molecule may

r(?tate and vibrate simultaneously, so that the total internal energy is partly rotational and partly
vibrational.

| the microwave spectroscopic studies should be
he rotation of the molecule is free.

(Mid-infrared) Spectroscopy

molecules, have no perma
radiation, it induces an o

Eip — ror = Eyip + E,y ‘

Any given change of state may involve simultaneous change of both types of energy. That
is, energy hv of a given radiation emitted or absorbed by the molecule may come partly from
vibrational energy and partly from rotational energy of the molecule. We will first consider the
spectra arising due to only vibrational changes (pure vibrational spectra) and then vibrational
changes on which rotational changes are superimposed (vibrational-rotational spectra).

Let us consider a diatomic molecule, namely (1) Harmonic Oscillator Model, and
(2) Anharmonic Oscillator Model. .

1. Harmonic Oscillator Model. In this model, the diatomic molecule is supposed to be a
system of two atoms connected by a spring capable of f:xecuting vibrations similar to the vibrations
of a linear harmonic oscillator, about their mean positions.

(i) Harmonic Oscillator but not Rotator (only Vibration Spectra). Let m; and m, be the
masses of two atoms A and B of the diatomic mplecule: Bqth atoms oscillate against one another
harmonically. That is, Hook’s law is obgyed durmg osc1llat10ns: In other words, the force tending
to restore an atom to its original state, is proportional to the displacement of the vibratory atom

ioginal position.
from tIlj:tor'rg; _ Ezuilibrium atomic distance (equilibrium bond length)
+ = New bond length, when the molecule is stretched

=T~ . (D)
o x=T Te (
The two atoms shift (displace) by —x; and +x, in two directions (see Fig. 9.20)

x = —x+(+x) =-"ntx - (2)

By Hook’s law, .
Restoring force on each atom o displacement

.or f=—-kx .
where X = Displacement or shift of each atom.
Hence, restoring forces on each atom of the diatomic molecule would be
fi =~ kxi and L=~ kx
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; o sure of its stiffness or
wheré k = Force constant of the spring (bond) and is regarded as a measure «
bond strength.
m, My
(D—~v5500050 ()
i " e »  Normal position
(i) , i
[] [
f, : » Restoring Force <— : fa
s s
(i) ’ : 00000000000 ™ 0 Stretching position
] |
—— r — (directions)
sl Pk’ i
f, < E Restoring Force ——-——-—g'-——p fa
Gi) f ’ 000000 0 | Compression position
o X
Fig. 9.20. Showing different modes of vibrations of a diatomic molecule and restoring force.
The net restoring force on the whole molecule would be the algebraic sum of f; and f,. Hence
y f=h+CEAHA=H-~-A
or f=( kx) = (= kxy)
or f==-k(x - x) . (3
From equations (2) and (3) we get
sl B . . (@)
The accelerations of the two particles are respectively
dle d2x2
~—% and + —=
dt dt
Now force = (Mass x Acceleration)
—d’x 2
-k(xz—x,):‘—'m,[ dtzlJ::—ml i.fz.]. 5
| o e (5)
. ;
+dx2 y ( 2 \
‘and — k(g —x) =m | =+ m, )
dt dtz J vae (6)
\

The displacement of both atoms are harmonic; hence the equations for the displ f
splacements o

both the atoms are ’
X; = Ay 8in2n vyt

and Xy = Aysin 2m vyt
where A; and A, = Amplitudes of vibrations of both atomg respectively
vy = Fundamental frequency of vibration ( oscillation)

witkl)
.. (8)
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Equatio .
quations (7) 820(1 (8), on double differentiation with respect to ¢, give
d Xy
i 2 .
ar 4n V(2)A1 Sin 27 v, ¢ . (9)
2
dx _ 22, .
wr T 4TtvoAzsm2nv0: .. (10)
From equations (5), (7) and (9), we get
= k.sin 2mvy 1 (A, - Ap) = = m, (- 4n°VE A, sin 21tV 1)
o = kA - A) = an’ VA, m, (1)
Combining equations (6), (8) and (10)
= k(A - A) = an™Via,m, e (12)
Equations (1 1) and (12), on simplification, give
kA; = — Ay (4n* Vim, - k) . (13)
kA] = - A;_ (41t2v(2)m2 - k) oud (14)
Equations (13) and (14), on multiplication and cancelling A,A, yield
K = (4n*Vim, - k) (4n*VEim, - k) .. (15)
or an® Vi [41° Vo my my — k (my + my)]= 0
or 4n2v§ mymy — k(my + my) =0
or 47t2 V(Z) mym, = k(m, + M2)
+
. e [ u]
. : m, my
my my
But the reduced mass (L) = T+ 1
4n’vy = x
u'l
l .
or vo = Yk - .. (16)

The restoring force is related to the potential energy (V) as

aV [0 B
f=—,_é—x- or V—zk_x .(

The vibrational energy may now be determined from Schrodinger wave equation (only
x-direction of oscillation being considered).

- 5.2
VZ'F+§—1£-2E[EV,,,—~2-/<J:]‘P=O

" The allowed solutions of this equation are given by

v— I
E,p = %’;\f[/ﬂ (v + —Z-Jcrgs (1)




Advanced Physicq) ¢ hemi,
Ry
692

Combining equations (16) and (17), we get

| _—
Eyp = (v + *2‘)11\’0 ergs (18)
ne 3, ..., integers
Where v = Vibrational quantum number and has values 0, 1, 2,

Equation (17) or (18) gives the value of energy in different vibrational energy levelg,
From equation (18) when v = 0, we have

2 <

Ey = (O + l)hvo = —l-hvo ergs w0 (19)

This equation means that even at the lowest vibrational leYcl (v = 0) the '""]CC“.IC hag
vibrational energy equal to 1/2 h vo. This energy is called zero point energy. In other wors the
molecules can never haye zero vibrational energy, i.e., atoms can never be at absolute rest, Thug
even at absolute zero (- 273°K) when rotational and translational motions stop, vibrationg
motions still persist.

The infrared spectra are usually studied in absorption. In vibrational transition from
Vto v levels, energy change is

1
AE = E"vib - E'vib = [V” + l)h Vo — (V’ + _Jh Vo

2 P

or AE = (V" - v) hv, , - (20)
The selection rule is also valid for vibrational transitions ie, Av = + 1. That i

Vv’ — v’ = 1. Hence under this condition, equation (20) becomes
AE = hy, v (1)

Let the frequency of vibrational transition be V, then
AE = py . (22)
ence from equation (21) and (22), we get

V=v = %\/k/u hertz . (23)

B y of vibration (Vo) of the molecule, no matter
what the v value of initial level may be. It means that al 4, vibrational lines obtained from an
harmonic oscillator are of same frequency.

The energy in spectroscopic units (cm ~ 1) is given by

Energy in cm ™' unit =5L=-i_ k vhgid
hC ™ 2mhe Vi

9
] ‘\lﬁ S gail -1
“2rnC Yy 2:/ ¥

Vo 1 -1
—6(\’ + chm

But Vikie Vo cm”
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. Energy incm ™! unit = Vo(v ~ l}cm-‘
2

The allowed vibration . ;
1 al e I C e C 3
using equation nergy levels for a simple harmonic oscillator can be computed

» 1
E,p = (V + 5)’”’0

h

ek vV =0, E,= 7 Vo
v=1, E, = %h Vo
v =2, Ey= %h\’o
v =3, E, = %h Vo and so on.

The spacing between the adjacent vibrational levels is always equal to hvo. That is, the

vibrational levels of simple harmonic oscillator are equidistant.
This is shown in the following Fig. 9.21.

\J
? 4T vy ° 9 hvy/2
: \ /
% 3 7 hvy/2
=3 Y hVo J
5 2 5 hvy/2
o
- 1 ‘ 3 hvy/2
hvg
0 hvy/2

Bond length ——»

Fig. 9.21. Equidistant vibrational energy levels of diatomic harmonic oscillator.
g' . .

Oscillator Undergoing Simultaneously Rotational Motions (Vibrational-
Upon the vibrational motions of the simple harmonic oscillator, is super-

of the molecule. Hence the total energy of the molecule is given by

Etou = Evib * Eror
= (E, + E;) ergs

(ii) Harmonic
Rotational Spectr‘a).
imposed the rotation

. -1
In terms of spectroscopic unit (cm )
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S 2 cm—l :nal motions simulmnemmy
=G - and vibrational ML roiac o ) I
Total energy h.C ting rotational an tion vibrational energies gre iy,
! ok ation- lve,
Consjgegifs, i mOleCUIet'e:ez?fects, the PCrmnssnblc rot
: ifugal distort1o
neglecting the centrifug 1
? g, =|BIU+1D)+V|Vt7
v, —
where J=0,1,23 ..
vV = O, 1, 29 3’ """
and

The selection rule is also obeyed here, Le., i
AJ =%1and Av = L

’ 4
iti \Y
The energy change for the transition from v’, J' to
AEV,./ = ”v.J = E’v,J

s P 1 )
=[{BJ”(J” + 1) + Vo(v” + %J} - {BJ’(J’ + 1) - Vo[v + 5 ]” cm

’ -1
or  AE, ;= [B{J'(+ 1) =T + D+ V(v = V)] cm

»# J” levels is given by
b

At lower temperatures, the molecules are generally in their lowest vibrationz'll. level (v = ()
Hence the transition would be essentially fromv = Otov = 1. Under such condition
(@ v’=1and vV =0; if AJ = +1, ie, ' =J + 1
Then, AE, ; = B’ + 1) (/' + 2) = J'(J' + 1) + V]
=B+ D) +2-7) + 7,
or AE, ;= 2B + 1) + V] cm™
where J=0,1,23,..
(b) V'=1and v = 0; if AJ = —1, le, J' 5 J — |
Then, AE, ; = [v, - 2B(J” + 1)] cm ™!
where J"=0,1,2,3, ..
Both the expressions could be represented by the following sin

]

gle equation
AEv,J=(Vo+2Bm) cm ™! '

2. The vibrational-rotational Spectrum
: -1 ,
Spacing of 2B cm ™', o either side of the band orig;

4. The spectral lineg corres i
: _ Pondin = -
side of V; are called P-branch Jipeg . ! (where n < fegative) i, at Jower frequency

5. The spectral lines correspond

side of v, are called R-branc}, lines, VR M =g (when

™= +ve)ie, at higher frequency
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6. The vi i i
o L2 er1brat10nal-rotat10nal spectral lines corresponding to AJ = - 2, = 1,0, +1, +2
i '-, , O, Rand S branch lines respectively.
S ] ]
i y of Spectral Lines in each Branch. The expressions for maximum intensity of
Ines in P and R branches are as follows :

P-branch - Voax = Vo — 2B| A ’2§ZC + _12_ ey
J
R-branch . v - Vo + 2B kT 1 w4
max 0 2BhC + ?2‘ cm

equatig requency Separation between two most Intense Lines. This is given by the following
n

kT "
2BhC

AVmwc = [ \’ 8:(7;_3 + ZBJ

2. Anharmonic Oscillator Model. (i) Weaknesses of Harmonic Oscillator Model.
1. The harmonic oscillator concept is satisfactory to describe lowest vibrational energy levels.
But at higher vibrational energy levels, there are departures and vibrations become anharmonic i.e.,
harmonic oscillator concept fails.

2. The harmonic oscillator predicts that vibrational energy levels are equispaced. But
experiment shows that as V increases, the spacing goes on decreasing.

Due to above reasons, the diatomic molecule should be considered as an anharmonic

A\—/mwr = 4B

N [—

oscillator.
(ii) Anharmonic Oscillator Concept (Purely Vibrational Spectra). The Schrodinger wave

equation, on solving for anharmonic oscillator, gives the following expression for vibrational

energy
o 2
1 1
Evu;=[("+§)h"e‘["+ij hvex} ergs
: 2
1 1 A 1 -l
= ' =;L_(_J_[(V+2the [V+2} hvex]cm
- 2
| Ve ) Y -1
= V+——CT—(V+2J ijlcm

2

f 190 1) ¢ -1

Ep = V+§ ve—[V+2) Vex]cm

Lk )

v, = Equilibrium oscillation frequency (wave number)
x = Anharmonicity constant. It has small magnitude

where




696 Advanced Physical Chemustry

Selection Rule. Because of anharmonicity, the vibrational transitions are not+ con?;ed to
adjacent levels only, but may also occur between different levels. So that AV = i 1, £ 2,’ £3,

The above expression is the selection rule for anharmonic oscillator regarding the vibrational
transitions.

The transitions involving AV > 1, however, would be less probable becaufsctar o rt(])om
temperature, only lowest vibrational level (V = 0) is occupied, and therefore, most of transitions

would originate from V = 0 level. N 4
The energy changes, frequencies of lines from different transitions can be expressed as

follows :

Transitions AE, Frequencies

AV = +1,ie,v=0to V=1 AE, =hv=hv,(l - 2%) N (I = 2x).v,
01 0-1

AV =+2ie,v=0to V=2 AE,=hv =2hv, (1 - 3x) v =(1-3x).2v,
02 0-2 02

AV = +3ie,v=0to V=3 AE,=hv =3hv, (1 - 4x) v=(-4x) .3y,
0-3 053 0-3

AV =+1,ie,v=1to V=2 AE,=hv = hv,(1 — 4x) v=(-4x).v,
-2 | =2 12

Each different vibrational transition will lead to a separate line in the spectrum, with
frequencies as indicated above.

(@) The line appearing due to transition from V = 0 — V = 1 is called fundamental band.

(b) V =0-V =2 transition gives the line called first overtone band (second
anharmonic).

(¢) V=0-V =3 transition produces the spectral lines called second overtone band
(third anharmonic).

(d) V= 0-V = 4 will correspond to third overtone band (fourth anharmonic) etc.

The intensity of these overtones keeps on falling with the increase in their degree.

Hot Bands. At room temperature only, the lowest vibrational energy level (V = 0) is
occupied. Thus most of vibrational transitions originate from level (V = 0). As the temperature
rises, molecules migrate from lowest level to V = 1. Thus a sufficient number of molecules occupy
level V = 1 at higher temperatures, thereby permitting vibrational transitions to originate from
V = 1. Such transitions from V = 1 to higher levels produce the spectral lines called hot bands. As
the temperature rises, the intensity of hot bands increases.

(&5) Anharmonic Oscillator Undergoing Rotational Motions Simultaneously (Vibrational-
Rotational Spectra). The total energy of anharmonic vibrating rotator is given by the following

expression :
EV,J =[BJ(J+ 1) +V¢.(V+%J[l -X(V‘F;—]]] Cm—]

In such case, the selection rules would be given by
AJ =21
and AV =2=], £2, £3, ... etc.
Consider the transition from V = Oto V

= 1 involving a rotation 1 J to
J”. Under this condition the change in energy ; 5 R A

will be expressed as

AEy,; = [V,(1 - 2) + BU" -1V + 7+ ] cm™!
the rotational level J” is higher and J’ is lower.

In the above equation if A J = 1 ode, B - = then
AEV_J = Ve(l - ZX) + B(l +J + J'+ 1)
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= Ve l P, ’ -1
where o 1( , 2x) + 2B(J + 1) cm s 1)
wh b Y M s 4 a4,
o R F~1.ie) J" = J =~ 1, then
ABy, =V,(1 - 2) — 28 4 1) em™’ Q)
Where J”’ = 0 1.2
T ) ’ ) yue o &, ! b
he equations (1) and (2) can be expressed by the following single equation :
AEy; =9, - 2x) + 2B.m cm™! .. 3)

where
ool - A 2 (but not zero)

o .In the equation (3) the frequency v, (1 - 2x) is called band centre. Hence the rotational-
vibration spectrum of the diatomic molecule would have the series of lines on either side of the
band centre.

In the above equation the frequency v, (1 - 2x) is equal to fundamental frequency V,,. Hence
AE,, = [Vo + 2Bm] cm™! .. (@
The value of m cannot be zero, because this will mean that value of J” or J' be negative,
which is not possible. The spectrum contains equispaced lines, with a spacing of 2B on either side
of band centre (band origin). The two cases may arise :
(a) For Negative Valye of m. The spectral lines will appear on the lower frequency side of
the centre of band frequency (V,). Such spectral lines constitute P-branch.

B (b) For Positive Value of m. The spectral lines will appear on the higher frequency side of
Vo. Such spectral lines constitute R-branch,

The theoretical predictions made from equation (4) about vibrational-rotational spectra have
been found in good agreement with experimental results.

(b) Modes of Molecular Vibrations. A molecule, consisting of n-atoms, has total degrees
of freedom equal to 3n.

(1) For Linear Molecule -

Rotational degrees of freedom =2
Translational degrees of freedom =3 ‘
- Vibrational degrees of freedom = (Total degrees of freedom)
- (Rotational + Translational dégrees of freedom)
=3n-03+2) :
. Vibrational degrees of freedom = (3n - 5)

Hence linear molecule has (3n — 5) fundamental vibrational modes. Hence for a diatomic
molecule (n = 2), modes of vibrations will be 3 x 2 - 5) i.e,, 1.

(2). For Non-linear Molecule :

Rotational modes =5

Translational modes =u3

Vibrational modes =3n -3 +3)
= (3n - 6)

Thus non-linear molecule has (3n — 6) vibrational degrees of freedom.
Types of Molecular Vibrations. Ther.e are. two typgs of molecular vibrations :
1. Stretching Vibrations. In these vibrations Fhe distance between two atoms increases or
es. but the atoms remain in the same bond axis. Such a mode of vibration does not cause
:s;rfi?;ol; change in the symmetrical molecule e.g., O0=C=0 and, therefore, is not infrared active

ibration. h ) . ' _ .
i When the stretching and compression occurs in a symmetrical fashion, we call it symmetric
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£ & st \ l l.‘i .
b dis comprcsqing while the other bond is Mruc..hlng. then it 1 I\nnwn
] n S¢
stretchmg, But when one bo

as asymmetric stretching.

Symmet;l’c Asymmetric
Fig. 9.22. Kinds of stretching vibrations.

2. Bending (Deformation) Vibrations. In such vibrations, atoms move in and ‘;}” of the
‘ P ) ) 18
bond axis plane. Hence these vibrations involve change in bond angle or a m(:)\”cmcn‘l (” i‘l ;:mup
of atoms with respect to the remainder of the molecule, without movement of a.mm. in the group
with respect to one another. Thus bending mode of vibrations involves oscillations of atom
perpendicular to its chemical bond. The bending modes are of .fo.ur' types : il
(i) Rocking. In this mode of vibration, the two atoms joining a central atom, move bac

-and forth in the plane of the molecule.

(éi) Scissoring. In this deformation, the two atoms, joined to a central atom, move towards
and away from each other. In this mode, the bond angle changes.

Fig. 9.23. Rocking mode of vibration, Fig. 9.24. Scissoring mode of vibration.
(iii) Twisting. In this deformation, the structural unit rot

ates about the bond, which joins it
to the rest of the molecule,

(iv) Wagging. In this kind of vibration, the structural unit moves b

ack and forth, out of the
plane of molecule.

Let us consider vibrational modes of

some particular cases.
Diatomic Molecules, The

diatomic molecule is invariably linear, Hence
No. of modes of vibrations 3n-$§
IX2~5m|

In case of homonuclear diatomic molecules,

\ ' Y } l
ngths, no vibrational energy exchange would
a result, such molecules would be infrared inactive.

L

H

Thus there can be only one mode of vibration,
because of their zero dipole moment for all bond le
be possible, and ay

o



Fig. 9.28. Twisting « '
g 9.28 l'wmmu (nm!z.: of vibration, + o Vig, 9.2, Wagging PP
N significs vibrations perpendicutar sign means vibrations perpendicular
1o the plane of paper, w&é‘w o0l
In g

an . Aenr Ai ,
ks y l:c!;,;«;rnuclc?ar d!ammlc molecule, e.g., HCI, CO, NO etc., the changes in the dipole
v Aue to fluctuations in the bond-length, would make these molecules infrared active.

O——0

Fig. 9.27. Stretching in diatomic molecule,

Polyatomic Molecules. There are certain polyatomic molecules, which, although do not
possess a permanent dipole, but because of certain modes of vibrations, develop a fluctuating
dipole and respond to the infrared region of electromagnetic radiation.

Let us now consider some linear and bent triatomic molecules.

(a) Linear Triatomic Molecule e.g., CO, . It has the following vibrational modes
Vibrational modes = (3n - 35)
=3x3-5=4
Thus, allowed modes of vibrations are 4. These are shown in the following Fig. 9.28.

(i) Symmetrical stretching (i) Asymmetrical stretching
v = 1340 Cm-1 |.R. inactive v = 2350 Cm-1 L.R. active
(i) Bending, v = 666 Cm-' (iv) Bending, v = 666 Cm—1

9.28. Stretching in a linear triatomic molecule e.g., COz.

ration is identical with third one. The frequencies

Fig.

Thus we se€ that the fourth mode of vib



associated with the fourth and third are identical. Such motions, which are identical in all respects,
except direction, are called degenerates. Thus in case of CO,, third mode 15 doubly degenerate, i ¢

the fourth mode is another bending type, identical in the character and frequencies 10 the third
-1
(v = 666 cm ).

(b) Bent Triatomic Molecules. Examples are H,0, NO, etc. In such cases the normal modes
of vibrations are —

Modes of vibration=3n -6 =3 x 3 -6 =3

These vibrations involve the movement of the nuclei against the forces which tend to

maintain the equilibrium configuration of the molecule. Of these three normal modes, two are
stretching vibrations and one is bending vibration.

0 0 (o)
HAH HAH H\/?\A

(i) Symmetrical

(i) Asymmetric (iif) Bending
stretching stretching v = 1596 cm—!
v = 3652 cm™! v = 3756 cm-!

Fig. 9.29. Stretching in nonlinear triatomic molecule e.g., H20.

The above figures reveal that bending frequencies are considerably much lower than
stretching frequencies. All these three vibrations are infrared active.

(¢c) Other Examples of Polyatomic Molecules. For example C,H,; shows the oscillating
dipole moment, hence it is infrared active.

-

Benzene is a symmetrical molecule and has zero dipole moment. The stretching vibrations

of C—H bonds are all in phase, so this will result in zero oscillating dipole moment. This is not
infrared active.

'i'
C

H«C C~H
H«C H

¥
H

Instrumentation. The instrument used to study LR. spectra is called infrared spectrometer
(spectrophotometer). There are four major components of an infrared spectrometer. These are :

1. Source of I.R. Radiation. The source of LR. radiation is primarily an incandescent solid



lecular Structure

= Force comstars of the bond
Velocity of lighe
= Pundaomensal vibyetional. v st i""?f?)""”/, o TS ”/ sshot A
Therefore forcie:«](w}%” N
ng the above‘ muatim,;"gzam ft" _d'-sz»ff’f:c swcleznles can e CAARES T, SeArrians
o8 Heabdien m brkmau, o (',f :_,;?5 crmsiatl 8 AL snotde T
onds are given below

ere

O il

it

I

rSa™

e Force comsionms (K (Emesiin
c-C 46 % W
c=C 95 » W
= 158 x 167
£=0 123 x 167

singic 5 doniie i 3 SSEOE &

R L

From this table, it is inferred that K mcrszses o 2
ple bond. Hence K gives useful informazon resardme de ype F

(i) Identification of Compounds. Every :ur;,,.z;m..: 1
ectrum, different from that of any other :.;::‘_:;u, The soecesl poare fus IS0 0
d identifying an unknown sample of the purs "2mesr °F S componens IF z TS L
tually do is that the LR. spectrum of the unknows compounc = s-mpar=t vl B2 ez X
ectra and from the resemblance of me 0w SPEcE= Se gomre If fi2 MGIOWTE I

tablished.

(a) Identification of Organic
are present

e e W 2 Y
s 15 W Zia e =261 A
ol g Do i

3
2

reguler rECUrTSICS I anne ESErIELE
e Suer o Tew TENS 2T O

rouns T = SEEDISSREL TV

C“\-"“'!"-" Tk
[altampt 8 4 =

in the molecuic. pomts &

\nds, when certain groups
.aracteristic of those groups. Thus the presence of 2hsemc= of diess £
posocmHEl wull fess SIS T

£ the absorpoon Dends
wciey. which Eeve prowuisl E oweTiu Tn T O
associeed Wt e ST Thess e

¢ appearance Or non-appearance o
s have been called growp freque

a covalent compound. In additioa ®©@
s of [ne IT TR SIS EE

f the compound. which canaat be
bands. The charactensae SRS

“equencie
Tlentification of
i the I.R. spectrum @
sen sometimes called fingerprint

iven below :
Groups Bard Frequemcies (om
|
-C-H 2R
I
=C-H 003N
I
=C-H RO\
<C =0 Lo - 1370
(= (< 101
-Cnl - 22002200
w O=H KNLUCRAN
S N-H RULUNNAY
[ 4 mixture, the positions and intensities of the IR Dol Ror & Portulisn SRNEINT #T R
ehoe of vthet components, No & e of oty Rl QIR TR
St D NANTRSRNS

(] as guantitative extintation of & PRI QoI
hetical methods il
OFRARIC foRs and Compronndy v (X Npecimani. S R W

focted by the pres
priffleation. s well
ly agcertained, even i the ¢

() [dentification of n




.

e |

702 Advanced Physical Chey, it

noi-aqueous samples and AgCl for aqueous samples). Gases can be studied in suitable gas cells,
made of glass with “windows”. e

Principle of I.R. Spectrometer. The flow sheet diagram of the L.R. spectrometer is give ;
the Fig. 9.31.

Detector-cum-indicator

Grating provided
with running device

Reflecting mirror

Source of |.R. Lens
radiation

Fig. 9.31. Flow sheet diagram of L.R. spectrometer.

The beam of I.R. radiation from the source S is allowed to pass by means of lens L, through
a narrow slit T. Then this beam is focussed by means of mirror M on the grating G, which s
provided with a rotating device. The radiations of a desired wavelength emerge from G. Such
radiations are allowed to pass through a cell B, containing the solution under test and from there
to the detector-cum-indicator R. The intensity of the thermo-electric current, which is a measure of
the intensity the radiation, is recorded. The cell B is then replaced by a cell containing pure solvent
and again the intensity of radiation is recorded as before. If

I = Intensity of radiation when the radiation passes through the solution.
Iy = Intensity of the same radiation when it passes through the solvent.
Then I'/'ly = Transmittance or transmittancy.

The transmittance is determined at different wavelengths and thus I.R. spectra is obtained.
VL. Applications of Mid-Infrared Spectroscopy

The mid-infrared spectra of the molecule is said to be its finger prints since it is the
characteristic of the molecule. The growing importance of this branch is based on the fact that no
two organic compounds possess completely identical LR. spectra. The L.R. spectroscopy finds a
large variety of applications in the field of identification, chemical constitution determination.
conformational studies, etc. Some of the important applications are :

(i) Calculation of the Force Constant. The force constant is the restoring force per unit
displacement. The fundamental frequency at which absorption of LR. radiation by the molecule
occurs is related to the force constant of the corresponding bond by the following equation :

=y 1 et
Y05 2mC gt

K = 472 (%) n




