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INFRARED SPECTROSCOPY:
SALIENT FEATURES OF VIBRATIONAIL-ROTATIONAL SPECTRA

(1) When there are transitions between vibrational states of the same electronic
state of molecule, we get vibrational-rotational molecular spectra. Such a spectra
is observed in near infra-red region (1 -100 u) of electromagnetic spectrum.

(ii) Vibrational-rotational spectra, like pure rotational spectra, are observed only for
molecules that have permanent dipole moment such as HCI, HCN, HF-the hetero
nuclear diatomic molecules.

(i) The internuclear distance changes when the nuclei of these molecules vibrate
relative to each other. Thus these molecules possess an oscillating dipole moment,
which according to classical Fundamental electrodynamics, emits radiations of
frequency that fall in near band infra-red region. Conversely, if an electromagnetic
radiation falls on such a molecule then oscillating dipole interacts with the
Overtones incident radiation and can absorb radiation of frequency of near
infra-red region.

(iv) In practice, vibration al-rotational spectra are observed in absorption.
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Infra red spectroscopy:

For HCI Molecule:

(a) Spectrum for a molecule has intense band (called

fundamental band,

(b) Spectrum consists weak bands (overtones) that appear at wave
numbers approximately double, triple, .. . of the fundamental band.
(c) On close examination, the fundamental band is found to consist
of two close maxima which is an isotope effect.

(d) (i) Under high resolution, it is found that each band consists of
a series of lines that are not equidistant.

ii) A line is found missing in the centre of the band and is called
null line or zero gap.

(i11) Lines seem to converge towards high wave number side and
the

band is said to be degraded towards the low wave number side i.e.,
v (cm-) towards the red.




Infra red spectroscopy:

VIBRATING DIATOMIC MOLECULE AS AHARMONIC OSCILLATOR

Frequency of Vibration: A vibrating diatomic molecule can be approximated to a linear
harmonic oscillator, whose frequency of vibration can be calculated on the classical lines
using Newton’s equation of motion. Suppose the bond distorted from its equilibrium
length r, to a new O length r; then restoring forces on each atom of a diatomic molecule are

According to Hook’s law, restoring force on a system displaced by some external force to some
distance is proportional to the displacement of the system from its equilibrium position and 1s
directed always in opposite direction of deflecting force. Mathematically, it 1s written as

F=kx 1
Where k 1s called force constant and x is displacement. Using this relation we can write,
m ﬂ=—k(’."—1") .
1 di? e
m @z—k(r—r) 3
2 dt2 e

Where k 1s the force constant and is measure of the stiffness of the bond r; and 1, are the positions
of atom 1 and 2 relative to centre of mass of molecule.
We have leamt in theory of rigid rotator,

Mo T 4
=
my+m,
myr 3
s =
my+m,

Putting the value of 1y in first equation of motion, we get

mymy d’r _ k(r —1,) 6
m;+m, dt? €



Infra red spectroscopy:

Since, 1. 18 constant its differentiation with respect to t will be zero. So we can write
d*r

7
e ae = K1)
Substituting this value in equation 6,
mymy do(r— ?'} 8
17752 g
mptmy ap T Te)
Letus put
r-r,=x and ——= =m’
m; +my

Where x 18 the displacement of the bond length from equilibrium position

Thus equation 8 gives,

dE

m’ ) = —kx OR.

dE

E + o X = 0 OR
d%x 9
—+w'x=0
dt?

This 1s the equation of simple harmonic motion with frequency of vibration, expressed in em!




Encrgy levels
Vibrational energies, like other molecular energies are quantised and the permitted

vibrational energies for any particular system can be calculated from Schrodinger equation. The
cigen values for the energy of a linear harmonic oscillator are of the type

E, = (li + %] hew

.. (1)

’ /

an integer, and o i§ the vibrational

where v is the vibrational quantum number, equal to zero or :
sing Schrodinger

frequency of the ostillator expressed in wave numbers. We shall now derive it u

wave equation.
A vibrating diatomic molecule is approximated as a harmonic oscillator.

function under the influence of which nuclei vibrate is then parabolic '
given by

The potential energy
' and is of the form

Vir)=31k(r - r,)?= %Fﬂ:ﬂ

where x is the displacement from the mean position or equilibrium position. Then Schroedinger

wave equation can be written as
d®y Bn°m’ L o2y =
+ 9 (Eﬂ - Ekx }'ll.i - 0

de®  h
where m’ is the reduced mass of the diatomic molecule. If we put
Bnﬂm'Et, Ancm’k J m'k
a=—m7— and = =2n —
h? P [ h® h?

2y
then j—% + (o - Bz:rz}w = 0.
X



Further we introduce a dimensionless independent variable
2 d?-

E= Y(B)-x sothat :xz =0 22

in the above equation. Thus
_!'! +la-p .‘Er_ =0
p dgg ( b= v
d’y 2, -
or e + {[3 &7 |v=0
f this equation in the furm

w(®) = CUE)e™
w:'dﬁz becomes

.f

If we try a solution o

then equation, on putting for the v and d*

d*U
e 22;&; (B—l]u—o

which will become Hermite differential cquation provided we put

& 1l=2w or --2u+1

p

so that we can replace U(E) by Lenmtc polynomial H,(£). Thus

2
dﬂ 5 —-——U+2uHu(§)={l



Therefore solution of Schrodigner €qUALIDH BELOMES
2
y=CH,/©) ¢S
and is valid only forv=0,1,2,.... The restriction on v also restricts energy values E.

Finally, writing
o

p
' 8n2m'Eu/h2 1 /
—=2+1=2|v+ ;
" oml(m kiKY [ 2] |

‘ _i\/i )1
o vom Y (m'|| 2
1
—hv(u+2)
=hcm(v+%}

where @ is the vibrational frequency of the vibrating diatomic molecule expressed in wavenumber.
The above equation gives the allowed energies for the harmonic oscillator. Significance of above
equation lies in predicting the existence of zero point energy, equal to % hew (v =0).

20+1




If we transform energy value to term value (on dividing by Ac), we
obtain for vibrational terms

E
G)=72=0@ +1) (2 \ .
Puttingv=0,1,2,...weget
3 5 7
G(v) = 2 g 0500,

Thus we have a series of equispaced discrete vibrational levels

(Fig. 3.3), the common separation being ® cm~!. The spacing between
vibrational levels is considerably larger than the spacing between
rotational levels of a molecule.

Spectrum: Suppose a transition occurs from an upper
vibrational level, in which the quantum number is v’, to a lower state,
with quantum number v”. The change in vibrational energy will be

E,-E)=@ - v")hco.

v (cm —1)
Fig. 3.3. Equispaced discrete
vibrational levels.

The frequency v,, of the radiation, in wave numbers, accompanying the vibrational transition,

would be
E,-ES .,
Tk Wk
=G’) - G(v").

Suppose a transition occurs between v’ = 1 and v” = 0; then

(AE); o= E|-E§

= hew.

The frequency of this transition will be

(AE); o 1

(Vu)1.0= sz cm

Vy =

.(3)



1 1—'¢ -*k-' cm"l
e Y(m'

(AE)) o= hf(""u’l. (

Thus vibrational spectrum is expected to consist of a single band at o cm ! Thus an intense
band in infrared spectrum is to be concluded as vibrational spectrum, owing its origin to harmonic
vibrations of the nuclei along internuclear axis. However, infra-red spectrum also consists some
weak bands (called overtones) at frequencices slightly lesser than 2w, dw, .. . etc. Their appearance
suggests that viblinl‘innﬁ deviate from being harmonic and analysis should be mn{lf by treating the
vibrating diatomic molecule as anharmonic oscillator

The vibrational spectra are known only in absorption. Electromagnetic radiations can induce
transitions among the vibrational energy levels. For the transference of energy between the
radiation and the vibrating molecule, an electrical coupling must be present. If the vibrating
molecule produces an oscillating dipole moment, then the desired coupling results due to the
interaction of this dipole moment with clectric field of radiation. Consequently, homonuclear
diatomic molecules like Hy, Ny and Oy that possess a zero dipole moment for any bond length will

not interact with the radiation. On the other hand, molecules like 1F HCI, HBr, HCN have a dipole
moment, which is some function of internuclear distance, (and consequently gives rise to an
aceillatine dinole moment) will exhibit vibrational spectra.

Therefore we can write



Let us take a specific case, say of HCI molecule. For HCI molecule, the frequenty 0F SpECRit
line arising due to transition between v =0 and v = 1 states is

(V). o= 2,890 cm™!
so that (AE)) o = hevyp .
=662x107%7 x 3 x 1017 x 2890
=575 <10 B erg.
representing the energy of a molecule in v=1 state compared with onc in v=0 state. The
Boltzmann distribution at 25°C gives the ratio of population of these two states as:
Ny _ o~AEIKT
No
=8x107,
which shows that population Np in v =0 state, the lowest state, is much greater than the
population Ny in v = 1 state, or in other words, only a very small fraction of the molecules populate

the higher vibrational levels at ordinary temperature. This means that most of the molecules are
in the lowest allowed vibrational state. In a spectroscopic study, therefore, one investigates the

absorption of radiation by these v = 0 states’ molecules.
Thus main vibrational transition in absorptionisv=1¢«v=0.

Transition Rule
For the probability of any given transition, it is essential to assume that the diatomic molecule

has a permanent dipole moment. For u linear harmonic oscillator the eigen functions are of the

form
2
Wn =N TR “ I(q),
where g =x¥b (in which x is the displacement of the particle from the equilibrium position and



An’vn
b= ""3*‘ where v is the frequency of oscillation of the particle of mass m), N, i3 a normalising

factor and H, (q) represents a Hermite ;mlynuminl of dr,-gr:,-n n defined by

H ) = (-1yer* €
ffq
By inserting the appropriate eigen function in the equation
' Ppn(x) = _[wm“ Wa dT,

we {ind that the result differs from zero only if the ch.lngu in the vibrational quantum number in
the two states, between which transition is to occur, is equal to unity. Thefefore for a harmonic
oscillator, selection rule is

Av = +1. J '
Putting this condition in equation (3), we get T —
vV, = W, 6 .‘.

predicting that for a harmonic oscillator the frequency v, of the radiation

emitted or absorbed should be equal to the mechaniceal frequency, o, of v

vibration of the system. Thus we find that, like classical theory, quantum 3 ¥ ,
theoretically the frequency of radiated light is equal to the frequency Ve : !
(= w) of the oscillator, no matter what the v value of the initial state is. In

Fig. 3.4 the allowed transitions are indicated by vertical lines. It is . )
obvious from the figure that they all give nise to the same frequency.
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3.9. VIBRATING DIATOMIC MOLECULE AS ANHARMONIC OSCILLATOR

For a strictly harmonic oscillator, change in vibrational quantum number is restricted to unity
(Av = +1) and hence each mode of vibration would yield one band only. But actual investigation of
the vibration rotation spectrum (since we are speaking here about band, it is necessary to mention
change in rotational energy and hence the name vibration-rotation spectrum) shows that there is
one strong band with one or two other bands called overtones or harmonics. Appearance of these
latter bands corresponds to the frequencies which are possible if the change in vibrational quantum

number is 2, 3 etc.

Thus we infer that

(i) Overtones occur because selcction rule Au=+1 is not strictly obeyed but transitions
corresponding to Av > 1 do take place. It means dipole moment of the molecule is not strictly linear
with respect to the internuclear displacement, x = (r - r,) and so points to anharmonicity of the

molecule.

(i) Further overtones (weak bands) appear not exactly at 20, 3w but at lesser and lesser
values. It indicates that vibrational energy levels are not exactly equally spaced but converge
slowly. This is attributed to the fact that for an actual molecule, the potential energy curve is rot
strictly parabolic (except near the minimum). It means potential energy function is not merely
quadratic but we have to include a cubic term at least, i.e.,

1 0%V(r 1 0%V
V(’)z‘z‘!—ar%l (r—re)2+-é-!—a—r(3£) (r—re)3+...

=T, r=r,

=fir=rf - g(r v,



= fi - g
where g << £ On putting this v
method, we arrive at the ene

Thus real molecules do not obey exactly
the laws of simple harmonic motion; real
bonds, although clastic, are not homo-
gencous as to obey Hooke's law. Fig. 3.5
shows the egergy curve for a typical
diatomic molecule undergoing anharmonic

extensions and Qompressions together with
(dotted) the ideal

simple harmonic
parabola.

To explain this curve, PM. Morse gave

a purely empirical expression called Morse
function as:

9
E=D.,l1 - exp la(re, = nI= ... (1)
where D,, is the dissociation energy, a is
constant for a particular molecule, Feq 1S the

value of internuclear distance r that

corresponds to the minimum of Morse curve
(potential energy curve)

alue of V(r) in the Schrodinger equation and solving
rity values given by the forthcoming eq. (2).
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Fig. 3.5. The Morse Curve



Lnergy Levels
(Eigen values for the energy)

When equation (1) is substituted in the
Schrodinger equation eigen values for the
energy, t.e., allowed vibrational energy
levels are found to be ;
E,=(v+)hew, - (v + ;)thxmt. (v + ,:)ghcym, b, ... (2)
where x,y, etc are the anharmonicity constants; w, 15 called the equilibrium frequency of the

molecule expressed in wave numbers and is the value for small displacements. In term values, we
obtain for vibrational terms

G(v)=(v+§)m,—(v+%)2xu)t.+(v+§)3yw,+... vou k3)

The quantity v, is the spaci ng (in cm"’) of energy levels that would occur tf the potential energy
curve were a parabola, w.x is the ‘anharmonicity constant’ which is much smaller than W, and ts

always positive, Eq. (3) shows that the energy levels of an arharmonic oscillator are not equidistant,
but their separation decreases slowly with increasing v, (See Fig. 3.6.)

When the molecule receives energy more than that corresponding to the uppermost
vibrational level, it dissociates into atoms and the CXCeSs energy appears as unquantised kinetic
energy of these atoms. Hence a continuum joins the uppermost level. (See Fig. 3.6).

Transition Rules :

The use of eigen value equation (2) alters the corresponding eigenfunctions and the alteration
in eigenfunction when applied to the function



Pmn(ﬂ B Iw;l“lwﬂ dt
leads to the result that the matrix component, which determines the probability of transition, is no
longer zero for all transitions other than those for which the change in vibrational quantum
number is unity. The selection rules for the anharmonic oscillator are fuund to be
Av=141,12,13,... ' ... (4)
The transitions from,
’ v=1tov=0gves Fundamental Band,
v=2tov=0gives First overtone (second hatrnlunit].
v =3 to v =0 gives Second Overtone (third harmynic), ete.

4

1
Spectrum: Frequency of Vibration :

Now suppose a transition occurs from the upper state v* to the lower state v”; then the energy
change will be
E,-E)=@'-v")hew, - W' +1)-v"(v”" + 1)}hexo,
or the corresponding frequency of radiation resulting from the transition will be
Yo © .Euhcbb
= (v - v)w, - ' + 1) - 0”@ + 1w, ...(9)
The vibrational quantum number in the final state is always zero, it follows that
v, = 0= v, - fu(v + 1)lxw,
={1-(v+ 1)xjue,, ...(6)
where v is the vibrational quantum number in the initial state,

= G') - G™)



Thus

for fundamental band : v=1tov=0,
Vi = (1- 21)(,0‘. i)
for first overtone band . v=2tov =0, | (D

Ve =(1-320, ...(b)

for second overtone band @ v=3tov=0,
v3=(1-4x)3w,, ...(c)
where v;, vo and vy are frequencies of the origins (or centres) of the fundamental, first and

second overtone bands respectively. Since the frequencies of first and second overtone bands are
approximately 2 to 3 times the frequency of the fundamental band, they appear in regions of the
shorter wavelengths than do the fundamental. The intensity of bands falls off with increasing
value of Av due to which it is difficult to detect the overtone band beyond the third. Overtone bands
are sufficiently weak in intensity but even then they can be studied experimentally due to their
appearance in shorter wavelength region,

Vibration band: are almost invariably observed in absorption. The equation (7) would also
represent the frequency for absorption fundamental and overtone bands with the difference that
now transition will occur fromv=0tov=1,v=0tov=2andv=0tov =3, ie., they are reversed.
The three absorption treasitions are shown in Fig. 3.6, At room temperature nearly all the
molecules in a particular sample have only the zero point vibrational energy and exist in v = 0 state.
The absorption of radiation must, thereforc, result in transitions starting from v =0, /r (7
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3.3. MOLECULE AS A VIBRATING ROTATOR: FINE STRUCTURE OF INFRA-RED

BANDS: IGNORING INTERACTION OF VIBRATIONAL AND ROTATIONAL
ENERGIES

So far we have considered rotation and vibration quite separately. Observed fine structure of
the rotation bands gives ample evidence that a simultaneous rotation and vibration do occur.

(A) Diatomiz molecule as rigid rotator and harmonic oscillator :

The near infra-red spectra of molecules consist of bands (not lines), each band being composed

of close lines arranged in a particular manner. This observed fine structure suggests that in a
vibrational transition the molecule also changes its rotational energy state, that is, it must be
treated as a vibrating rotator. As a first approximation, we consider that a diatomic molecule can
execute rotations and vibrations quite independently, i.., there is no interaction between
rotational and vibrational energies. We can then take the combined rotational vibrational energy
to be simply the sum of the separate energies, L.e. |
E;otal = Erot + Evib (€188). ... (1)

If we first assume that diatomic molecule to be behaving as a linear harmonic oscillator and

a rigid rotator, the combined energy will be
E _={G)+FJ)}ch
2
E, =@+ %)hcm + gh—2}J(J +1) (Eq. 2 art. 3.1 and Eq. 14 art. 2.1]
n

vr

Suppose a simultaneous transition from the vibrational level v’ to the level v” am_i from the
rotational level J° to the level J” occurs. Then chapge in energy, on using above equation, 6



W ) -d" 4 1)

fn°l |

and the corresponding frequency of radiation arising due to this transition will be
V= Eu - By

he
=" ="+ B+ 1) - J "+ 1)

\\'hcm s B ._.}l.u ' .-..__h_,.-.

= 9 - D] ’ v)
8ncle  8n*m'rc "
(B) Diatomic molf,cule as a non-rigid rotator and anharmonic oscillator

Al i - ' ol "
Ko =By = (v = 0")hew +

i i2)

If we consider the diatomic molecule as the non-rigid rotator and anharmonic oscillator, then

the combined energy will be (using equation (2) of art. 3.2 and equation (2) of art. 2.2},

E,,=G(v) +F(J)

=helBJW +1)- DI + 1)+ HPU+ 1+ 4 o + Yoo, = x{v + Y,
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Fig. 3.7(a). Some transitlons between the rotational
vibrational energy levels of a diatomic molecule
tlogether with the spectrum arising from them
{(absorptlon spectrum). Note that lines in Pand </
branches are shown cquldistant.




Initially we ignore the small centrifugal
distortion constants D, 71, etc.; therefore,

E . =hclBJ(J + 1) + (v + Do, — x(v + H2w,]
SR o &)

By neglecting D, we are again treating here
the molecule as rigid yet vibrating. We have
mentioned earlier that B is about 10 em™ ! or
less, while D is only some 0-01%% of B. Since a
good infra-red spectrometer has a resolving
power of about 0-5 ecm ™1, it is obvious that D is
negligible to a very high degree of accuracy.

It may be shown that the selection rules for
the combined vibrational and rotaticnal motions
are the same as those for rotation and vibration
separately.-Therefore,

A =F1, 2 etc.,
&F = %13,

Relevant energy levels and transitions are

shown in Fig. 3.7 (a), denoting rotational

quantum numbers in v = 0 state as J” and in
v = 1 state as J’ (single prime is used for upper
state and double for lower state).

An analytical expression for the spectrum
can be obtained by applying the above selection
rules to the energy levels equation (3).
Considering only v =0 to v =1 transition we
have, in general, the frequency of transition as

r,’v =3 = Er,':rz O

Vv =
hc
=BJ(J” + 1)+-;-m¢ -%xm, —{BJ"(J” + l)-i——;m,-—}xm‘.l




=Vo+ B =J")J’' +J” + 1) em™, ... (4)
where for 0,(1 - 2x) we have written vo- It is the wavenumber of the pure vibrational transition (for

wh.ich J"=4J" =0) which is not allowed (as AJ # 0) and correspond to the missing line in the band.
Vo is known as the wavenumber of the ‘band origin’ [see point (i) of discussion].

Because we have taken rotation to be independent of vibrational changes, B will remain same
in the upper and lower vibrational states.

Now we’can have | .
R branch: AJ = +1,ie.,J'=J"” + 1lord’-J” = +1; hence .
3 . 1
V(R)=vp+2B(J” +1)em™,J”=0,1,2,... ... (5)

Pbranch: AJ=-1,ie.,J"=J"+ l.or J’'—J” =-1; hence
V(P)=vy-2B(J' +1) em), J'=0,1,2.

V(P)=vo-2BJ", J"=1,2,3 s»340)

Discussion: Equations (5) and (6) can be combined in the form

] ekl

v=vy+2Bmecm”

with m=%1, 42, 13,...
(i) m cannot be zero since this would imply values of J or J” to be —1. The frequency v is

usually called the band origin.



Equation (7) represents the combined vibration-rotation spectrum. Such a spectrum will thus
consist of equully spaced lines, with a spacing 2B, on each side of the band origin vy but since

m # 0, the line at vy itself wil! not appear (absence of @ branch).
(i) Pbranch: Equation(7)gives a series of lines, with a constant frequency separation of 2B

em™!, lying on the lower frequency (longer wavelength) side of the centre of the band (of frequency
vg) when m has negative values. These lines constitute the fine structure of what is known as the

P branch of the vibration-rotation band. The frequencies of this branch are given by equation (6).
(iii) R branch: For positive values of m, a similar series of lines, with a constant frequency

separation of 2B cm™), appears on the higher frequency (shorter wavelength) side of the centre of
the band. This series is termed as R branch of vibration-rotation band. The frequencies of this
branch are given by equation (3).
We note that the value of m in equation (7) cannot be zero, so that the line of frequency
corresponding to the centre of the band should be absent. Thus lines arising from
Ad = -2 -1 0 1 +2
are called 0 P } R S branches

These theoretical predictions are in agreement with the experimental. In Fig. 3.7 (b)
rotation-vibration bands of hydrogen chloride (HCI) are shown. It is found to consist of 2 number

of lines with an approximately constant frequency separation of 2B em™). As expected, there is a
gap at the centre of the band, and therefore spacing between the lines immediately on each side of

the centre is thus 4B em™!.
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VIBRATIONAL AND RUITATIOUNAL LINGIVORGO.: PAHNE W 2 2L S A

ROTATION-VIBRATION BANDS
If we do not take interaction of vibrational and rotational energies into consideration, R

branch lines and P branch lines are equidistant. That is, these lines form two branches of
equidistant lines. But in practice it is not observed. In fact, the separation between the lines of one
branch slowly decreases (R-branch) and of other branch slowly increascs (P-branch) as we move
towards higher and higher lines of the branch. This is attributed to vibration-rotation interaction.

Though it is assumed that vibration and rotation can proceed quite independently of each
other but it is not so. As a molecule vibrates some 10% times during the course of a single motion,
the bondlength also changes continually during the motion. A change in bondiength will also

B . :
————J. Thus interaction

change the moment of ineritia and constant B |since ] = m'r® and B = ]
n“lc

between the two energies occurs. An increase in vibration energy is accompanied by an increase in

the vibrational amplitude. Since B, the rotational constant, depends on [ -l;z-] (r represents
i

internuclear distance or bondlength), it will depend upon the vibrational quantum number v. An
increase in vibration energy will lead to an increase in the average bondlength r,, rotational

constant B is smaller in the upper vibrational state than in the lower. An equation of the form
*
B,=Bt-o+;)+... b
gives the values of B,, the rotational constant in vibrational level v, in terms of the equilibrium



The expression gives the frequencies of the lines constituting P and R branches of a vibrational
band, i.e., :

J—1tod: v(P)=vg— (B, +BNJ + (B, - B +4D % + . ... .8
Jtod - 1: V(R) =vo + (B, + B))J + (B, = B2 - 4DJ" + ... oD

whereJ =1,2,3,.-. ,
The constants B}, and B, are the values of B, in the initial (upper) and fina! (lower) states

involved in the vibrational transition. vy is the frequency of the centre of the band. For
v=1tov=0, vog=(1 - 2x) w,
If we ignore D, then egs. (6) and (7) can be written as

vp g =Vo+ B+ By )m + (B, - B;ym? cm™!

where m=+1,+2,+3,...for R branch
and m=-1,-2,-3,...for P branch.
Discussion :

(i) As we know that average internuclear distance (r,) increases with vibrational energy, the
vibrational constant B,, (= hi8rlc = h/8n2m're2c) is small in the upper vibrational state than in the .
lower. Since B, denotes lower state we have that always By, < B;. It means band head appears in

R branch on the high wave number side of the origin. Such a band is said to be degraded
towards the red. Thus in vibration-rotation spectra bands are degraded to red only.

But later in electronic spectra, we shall observe that since B,,— B, would belong to different
electronic states, (B, — B,) may be negative or positive, that is, B, > B, or B, < B;’ both are
pussible. Therefore, in electronic band system, both red and violet degraded bands have been

~ observed. . . _
) v Oy N



The expression gives the frequencies of the lines constituting P and R branches of a vibrational
band, i.e., :

J—1tod: v(P)=vg— (B, +BNJ + (B, - B +4D % + . ... .8
Jtod - 1: V(R) =vo + (B, + B))J + (B, = B2 - 4DJ" + ... oD

whereJ =1,2,3,.-. ,
The constants B}, and B, are the values of B, in the initial (upper) and fina! (lower) states

involved in the vibrational transition. vy is the frequency of the centre of the band. For
v=1tov=0, vog=(1 - 2x) w,
If we ignore D, then egs. (6) and (7) can be written as

vp g =Vo+ B+ By )m + (B, - B;ym? cm™!

where m=+1,+2,+3,...for R branch
and m=-1,-2,-3,...for P branch.
Discussion :

(i) As we know that average internuclear distance (r,) increases with vibrational energy, the
vibrational constant B,, (= hi8rlc = h/8n2m're2c) is small in the upper vibrational state than in the .
lower. Since B, denotes lower state we have that always By, < B;. It means band head appears in

R branch on the high wave number side of the origin. Such a band is said to be degraded
towards the red. Thus in vibration-rotation spectra bands are degraded to red only.

But later in electronic spectra, we shall observe that since B,,— B, would belong to different
electronic states, (B, — B,) may be negative or positive, that is, B, > B, or B, < B;’ both are
pussible. Therefore, in electronic band system, both red and violet degraded bands have been

~ observed. . . _
) v Oy N



(1) Ifa molecule possesses a resultant angular momentum so that there is a probability of the
transition for which AJ is zero, then the expression for the frequency of @ branch is (J to J):

vV(Q) = v + (B, - BJ)Y + (B, - B))}®, ... (8)
whereJ=0,1,2,3,...

which accounts for the fact that Q@ branch is observed to have a number of very closely spaced lines.

When vibrational quantum numbers v’ and v” differ by 3 or 4 at most, the difference (B, - B,) must

be small and hence the lines be closely spaced. ’

(ti1) From equations (6) and (7), we find that the frequency separation Av of guccessive lines

in the P and R branches as respectively given by '
1 Av(P)=2B, - (B, - B;)2J + ...
and Av(R)=2B, + (B, -B)2J +...|" il
which show that the frequency separation of a1--1.rbanch  ar—+ 1R branch .
successivg lines in the vibration band will not be B 4
constant in either branch. = B 3 Upper state
As for both P or R branch we have B! < B/, £ ; )

: : . 07
the separation between lines of R branch will '
decrease with increasing J values whereas

separation between lines of P branch will —lIs 5
increase with increasing .J values (see Fig. 3.8). : e

B, refers to the upper and B, to the lower = 2 il =
state. Further, B, <B,; factor B, decrecases = = 3

slightly with increasing v, the spacings between I I , , ;
the rotational levels associated with vibrational 2 5 5 52 % = =

— — -
~ ~ c Aa. o ~

State V= 1 are Shgh“y Sma“(.‘r t'han thOSC Fig. 3.8. P& R branches of rotation-vibration spectra.

Note that lines in R branch & also in P branch are

bet—ween the rOtatlonal ]CVC]S aSSOClated Wlth not equidistant. Also rotational levels in v= 0 state
i Vibraﬁonal state v = O (SCC Flg 3.8) have more separation comparad to that of v= 1 state.

~, =7

R(2)

(o oo



Applications: We can cvaluate, with the
help of rotacion vibration spectra, the
equilibrium moments of inertia [/, and

corresponding nuclear separations, r,. For this,
B, values for two or three vibrational levels are

determined from the analysis of the frequencies
of the lines in P and R branches of the various
vibration-rotation bands of given diatomic
molecule. From “there, the value of rotation
constant, B,, is calculated on using the

equation (1). B,, then provides the value of /,

since B, = - 21
T-leC

. Further [, = m’r? and hence r,, the internuclear distance in the equilibrium state

of the molecule can be determined. The data for most abundant isotopic form of each of the

hydrogen halides are given in the table below:

Table: Internuclear distance from vibration.votation spectra

- —— ey

Substance B, (cm’l) I (gm em?) 10'40____ re (cm) X 108
HF 20 967 1:335 09266
HCl 10-591 2644 1.747
HBr 8471 3-304 1414
HI 65-61 _ 4-272 1-604




3.5, ISOTOPE EFFECTS IN VIBRATIONAL BANDS
The two isotopic forms of the same molecule have different reduced masses but force constants

would remain same. From the expression, k= anw?m'c?, for force constant, it is evident that

equilibrium vibraion frequencies of the two forms will differ. Let o) and wg be the values of v, for

two isotopic forms, and my and mg be their respective reduced masses; then from the rotation force

constant k = ‘1n2m3111'c2, it follows that

’

; 2
_w_z[__l] - . D
W, |mg| '
1 .
or (9 = pWy.
Anharmonicity constant x, from theoretical considerations, 1 proportional t
frequency so that we can write
X9 = PXy ..(2)
Now we know that equation (6) of § 3.2 gives the general expression for the frequency of the
centre of any band involving lower vibration level of v = 0. Writing that equation,
V, 0= U, fu(v + lxo,,
which, with the aid of equations (1) and (2), gives
- 1V, 0 = o = {u{v + 1)y

o the equilibrium

and vi 0= val g {U(U + 1)}021'1(1)1.
The subscripts 1 and 2 refer to the isotopic forms of the same molecule.
The frequency difference of the centres of the two isotopic bands, called isotopic shift, Av;, 1s



then
=(1-p)1-(v+)(1+px ey, - o s akiO)
The relation gives the isotopic shift for
(i) fundamental band (v=1tov=0) w
Avy(1) = (1 -p)1 - 2(1 + p)xyley
(i) first overtone band (v=2tov=0)
Av,(2)=(1—p)ll-3(1+p)xl}2u)l, » 4@
(iii) second overtone band (v=3tov=0)
Av,(3) = (1 - p)i1 = 4(1 + p)x,13w,. ,
Thus we find that if x; and w, are known for one isotopic form of the molecule, it is possible
to calculate the frequency shift corresponding to another isotopic form of the same diatomic

2
my
molecule. The isotopic shift depends upon the factor (1 - p) and since p = {--—‘-,\ , the former also
t"lz J

’

depends upon the ratio of the reduced masses. Isotopic shift increases with the increase In

(1-p).

Isotopic exchange, as we have seen, changes the frequency of the centre (origin) of the band.
Further from the equations (5) and (6) of § 3.3 or equations (6) and (7) of § 3.4, we note that the
rotational lines in the band involve the frequency of origin (vp) as the constant term and thus a shift

in the frequency of the origin will result in the shifting of all the lines by the same amount as a
whole. If p > 1, isotopic shift Av, is in the direction of lower frequency, whereas if p < 1, the shift is
in the opposite direction.

. The vibrational isotope effect, expected according to theory, was first noticed by Loomis and
mdepgndently by Kratzer in the rotation-vibration spectrum of HCI. Since Cl has two isotopes



C13® and CI*7, two bands should appear in the spectrum of HCI, one corresponding to HLl™ and
another to HC137. The band belonging to HC137 should be shifted by a small arflount .tow?rd lo:g}elr
wavelengths with respect to the band belonging to H(?las, Expenmer;t.al mx}::e:s::ga:;ﬁx; (;‘ a; :
rotation-vibration bands of HCI actually shows doubling of all the lines. y

companion of weaker intensity to the wavelength v
side with a constant frequency separation of Av; toa 10

R t
first approximation (Fig. 3.9). The observed isotopic i - 10
frequency shift have been found to be in good .

agreement with those calculated. Observed and e

calculated vibrational isotopic shift for the infra-red 8

HCl are tabulated here. 8

Table—Observed and Calculated .~
Vibrational Isotopic _ =

Displacement for the 6
Infra-red HCI Bands o 6
Band AVobs. Aveale.
1-0 201 2:105 e i 4
2-0 400 408 ...
3-0 5 834 5845 B s e S 2
( e 0

- ——— . S5 G - S N D D B W W -

Fig. 3.9. Vibrational levels of two isotopic
. molecules.



3.6. APPLICATIONS OF VIBRATIONAL SPECTROSCOPY

(i) Determination of force constant: The force constant, which is a measure of stiffness of the
bond of a molecule, can be evaluated.

(if) Determination of moments of inertia: The moment of inertia can be deduced from the
rotational structure of the vibrational band.

(iti) Determination of molecular shape: The molecular shape (whether linear or bent) can

sometimes be deduced from the number of absorption bands observed in the vibrational spectra of
',the molecule.

(iv) Indication of the presence of certain groups in the molecule: Bonds or groups within a
large molecule sometimes vibrate with a frequency that is little affected by the rest of the molecule.
Themfo.re these groups will show absorption at their characteristic frequencics or conversely,
absorption at a frequency that is characteristic of a particular group, can be taken as an indication
of the presence of that group in the compound under study. For example, all compounds with single
carbon-hydrogen bonds show a bond near 35 jt due to a C—H stretching mode and all compounds
containing a carbonyl group have a bond due to a C==0 stretching mode near 6 p. Thus study of

infra-red absorption spectrum of a large molecule gives the indication of @ particular group being
present.

(v) Identification of unknown compound by matching: The vibrational gpectra are used in
verifying the illentity of a compound by matchingits infra-red spectrum to that of a known sample.
If the infra-red spectra of two substances are identical, the compounds are also identical. The

complex spectra (above 7y, called finger print region) due to large molecules are used in such
attempts of matching.



37, GENERAL EXPERIMENTAL ARRANGEMENT FOR STUDYING INFRA-RED
SPECTRA
Infra-red spectra that are of chief practical significance lie in the region 25 Jt to 25 . For
spectroscopic study of the spectra, the basic requirements arc a source. a dispersion element, and
a detector. The choice depends upon the wavelength region under consideration. The block diagram
of the arrangement used to observe absorption spectra is shown in Fig. 3.10.

SOURCE | —— | SAMPLE | —— | DISPERSION | —— I)l'}'lla(.'l()RJ —— | AMPLIHIER

|

|

RECORDER —*

Fig. 3.10. Arrangement (or observation of absorption spectra-single beam.



2 source that emits all wavelengths over a useful interval ol
focussed on to the entrance slit of monochromator* through

o. The recorder then shows the graph that predicts
absorption, wavelength interval
able for the

For absorption spectra,
wavelengths is used and radiation 1s
2 convenient thickness of an absorbing sampl
the energy reaching the detector at each wavelength. To determine
is covered again without absorbing sample. Source and detectors should remain st

period of two scans (i.¢., with and without sample).

We shall now digcuss the parts of the arrangements for infra-red region.

(i) Radiation source: A hot strip of material emitting all frequencies in accordance with
black body radiation law is preferred as an infra-red source. The emission maximun lies in the

ar infra-red. The energy at each frequency increases with souree temperature,

There are two common S0urces:
(a) Nernst Filumen! (Glower): 1t 1s
formed into small hollow rods about 2 mm in diameter
to surface temperatures 1500°C and 2000°C. It furnishes m

ne

and yttrium oxides which 18

a mixture of 7irconiuin
ament 1S heated

and 80 mm in length. The fil
aximum radiation at about 14 J.

s placed in the focal plane.
focussed on to & detector

#The term monochromator applies to those instruments in which 2 seco.dsht ]
This slit isolates a particular narrow band of wavelength of radiation which is re

whose output is a measure of the enersy at the chosen wavelength band. @ \



: : o i ut 50 mm in length and 4 mm in
(b) Glober Source: It is a rod of sintered silicon carbld?r z}llt;omaximum iy eb——

' ' ' °C-1700°C. ; :
diameter. It is self-starting and is heated to 1300°C-1 e
l-l; I::.eTtixis is more satisfactory for work at wavelengths longer than 15 p because 1Ls gy

output decreases less rapidly compared to Nernst source. _ S
p(ii) Sample: Gas samples are studied in glass cells that are about 10 cm 1n length, close

their ends with rock saltt windows. The cell is evacuated and the samp}e 1S ﬁlgad th'r?tg:aa}lsttgg
cock or needle valve. The window material, which is tranquren_t over infra-re tregTSe]engths -
radiations to enter the sample, should be inert. Sodium chloride is tl.'aﬂ.SPareTOa e

long as 16y, potassium chloride can be used up to 20 p and cesium 1od1dg to -

Samples that are liquid at room temperature are usually scanned 1n their £
sample thicknessshould be chosen so that the transmittance lies between_15 and 70 per cent. For
most liquids this will represent a very thin layer of the order of 0-01—0-0.:) mm.

Solid samplest, whenever possible, are dissolved and examined as dilute §olu.t10ns. Howe\{er,
not all substances can be dissolved in reasonable concentration in a solvent which is nonabsorbing
in the regions of interest. For the range 2-5-15-4p, a mixture of cabon tetrach]op(!e and carbon
disulphide is satisfactory. There is also KBr pellet technique which invelves mixing t!le ﬁnely
ground sample and potassium bromide and pressing the mixture into a transparent disc in an
evacuable dye under high pressure.

Some window materials are listed in table.

(iii) Mirrors: Mirrors are used for collimating and focussing of radiations in infra-red
region. The advantage of mirrors over lenses in this region is that:

(a) they do not require focussing. If the mirror is focussed for sodium D lines, the spectrum
will be in focus to farthest infra-red and

(b) they can be used up to farthest infra-red where even fluorite and rock salt absorb the
radiations.

ure form. The



(iv) The dispersing media: Media used for dispersion are prisms of suitable material,
gratings or their combination. The choice of prism material depends ‘upon the region of spectrum
under investigation. Some prism and window materials for infra-red region are tabulated in table:

Table . |
Prism and Window Materials for Infra-Red

—_—

Material Suita‘gils (;'::ge for Opti:;rsxl mrsan'ge as
Glass* 3000 myt to 26 3000 my to 20
Fused Silica** 185 my to 4.0 p 185 mp to 35
Lithium Fluoride 115 my to 7-0 p 600 my to 6:0
Calcium Fluoride* 125 my to 10-0 p 200 mp to 901
Barium Fluoride* 200 mp to 135 p 300 mp to 130 p
Zinc sulphide* (Iriran 2) 150 mp to 130 p -

Sodium Chloride* 200 pto 170 p 200 my to 154
Silver Chloride 10to 25 p -

Potassium Bromide 200 my to 26 10 to 25
Cesium Iodide 1tod0p 10 to 38 u




Higher dispersion can be obtained from a reflection grating substituted in place of the prism
in the Littrow mount. Gratings are unstable only over a short spectral range.

(v) Detectors: Thermopiles, Bolometers and Golay cells are used as detectors. They
measure the radiant energy by virtue of its heating effect.

Thermopile is a series of thermocouples linked together and thus acts on the principle of
thermocouple i.e. an e.m.f. is generated when one of the two metal junctions is heated by radiant
energy; e.m.f. developed is proportional to the radiant energy falling on het junction.

Bolomejers give an electrical signal as a result of the change in resistance of a metallic
conductor with temperature. ‘ 3

Golay cell consists of a small metal cylinder, closed by a blackened metal plate at one end and
by a flexible retallised diaphragm at the other. This cylinder is filled with xenon and sealed. When
the radiations fall on backened plate, gas expands and deforms the metallised diaphragm. Light
from a lamp inside the detector housing can be focussed upon the diaphragm which reflects the
light on to a photo cell. The motion of diaphragm moves the light beam across the photo cell surface
and changes the photocell output.

A double beam arrangement: In double beam arrangement, two equivalent beams are
taken from the source. One beam passes through the sample while the other beam, called as
reference beam, passes through a variable and calibrated attenuator. Then both beams are
presented to monochromator-detector system on alternate half cycles by means of a rotating
mirror. As the monochromator scans the wavelength range, the detector and amplifier system
notes and discriminates between two signals. Any difference between them, as will occur because
of the ahzorotion bv the sample. is veed by the servo amplifier to actuate a motor to drive the



SAMPLE '\
4

\
SOURCE DISPERSION | —— | DETECTOR | —— | AMPLIFIER
\ '\ J
\ AT[EN U- ROTATING MIRROR
ATOR (ALTERNATOR)
A g
) | SERVO.-

AMPLIFIER

;
l ; RECORDER

Fig. 3.11. Double beam spectrometer arrangement.

attenuator into the reference beam. This results in the reduction of comparison beam such that
there is no difference between the two beams. Servo amplifier always acts in a direction as to
correct for any difference between the two beams and thus maintains a balance. The absorption by

the san!plc IS givefx by the position of the attenuator at each wavelength. An electrical or
mecl}amcal connection between attenuator and recorder enables a curve to be drawn on a paper
‘moving forward as the wavelength changes. Fig. 3.11 shows the arrangement.
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