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Spectroscopy is a branch of science dealing with the study of interaction of electromagnetic
diation with matter. The most important consequence of such interaction is that energy is
rbed or emitted by matter in discrete amounts called quanta. The absorption and emission
ess extends throughout the electromagnetic spectrum ranging from the gamma ray region to
adio frequency region. When the radiation frequency is measured experimentally, it gives the
e for change of energy involved, from which one can conclude that matter has a set of possible
serete energy levels. The frequency or wavelengths of absorbed or emitted radiation are
erimentally measurable and the energy levels can be deduced.

Spectroscopy offers one of the most powerful tools available for the study of atomic and
1olecular structure. The study of spectroscopy can be discussed under the following head:s.

Atomic spectroscopy

" This study is concerned with the interaction of electromagnetic radiation with atoms which
N ormally in their lowest encrgy state called the ground state.

' Monoatomic substances generally exist in the gaseous state and are able to absorb radiation
| result in transition of electrons from one electronic energy level to another. Absorption of
ctromagnetic radiation can occur only if it has an energy which is equal to the difference in
gy between two quantized energy levels given by AE = hy where A E represents energy
rence between two quantum levels and y is the frequency of radiation which can result in the

ronic excitation.

Violecular Spectroscopy.

This study details with the interaction of electromagnetic radiation with molecules. As a

of interaction transitions are induced between rotational and vibrational energy levels in

) electronic transitions. The nature of molecular changes that are responsible for the

ption and emission makes the spectra of molecules more complicated than those
F Sl e

s extend from the visible region through infrared into microwave region.
,quantitative values of molecular parameters can be determined. Detailed



and exact measurecments of the size, shape, flexibility,and clectronic  arrangements can Ges
obtained by spectral studies.
s may be sprcad over different regions of

y to have an idea of the clectromagnetic spect g
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Spectral lines of atoms and molecule
electromagnetic spectrum. Hence it is necessar
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Regions of electromagnetic spectrum.

d to the classification of electromagnetic

Carcful investigation by spcctroscopist has le :
ergy the regions are:

spectrum into various regions. In increasing order of frequency Or €n

1. Radio frequency region : 3 X 10% to 3% 10'° Hz : 10m to 1cm wavelength. -

2. Microwave region : 3 X 10.10 to3 X 10'2 Hz : 1cm- 100 um (micromctcrs) wavelength

3. Infrared region : 3 X 102 t03 % 10"* Hz: 100« m - 1 um wavelength.

4. Visible and ultra’violcl regions : 3 X10' to 3% 10'6 Hz : 1«m - 10 nm wavelength.
5. X-ray region : 3 X 10'6 to 3% 10'® Hz : 10nm - 100p1i1 wavelength.

6.y—ray region : 3 x10'® to 3x 10%° Hz : 100pm - 1pm wavelength.

Emission spectra

Emission spectra are of three types (i) Continuous spectrum (ii) Line spectrum and (i
Band spectrum. ‘3
" Incandescent materials (electric light) give a continuous spectrum having all the colours

rom red to violet. It is not possible here to clearly specify where on .

. e col her

begins. - o ends and the o :
-

The light emitted by hot vapours of elements, when : ~— s

. ; e e ) seen through a spe ives 2

spectrum whlch. consists of .bl’.lght lines. This spectrum is known as ‘I%ine spegtt:x?rsxgogf ‘glt:; e

spectrum’ and is characteristic of the atom. For example, sodium gives It)wo ell lian 'j'

‘wavelength 589nm and 589.6nm which arc characteristic of the elements = -es e

‘Band spectrum’ is characteristic of molecul : o
S es. It consist .
together giving the appearance of a luminous band. 3 s of groups of lines closcly pas) 5
I '\/’ ‘.

Absorption spectra.

An absorption spectrum is obtained by placin :

ltih;xe spe":cgosco.pe.. Dark lincs appear in the );gcclrois;ctc?;: 1:\?1;?: ;::I:gt\vz::l;:etll:ght s?:r Y ‘

i Sbees o‘, | ;, emission spectrum of the same substance. For example, if a sodiurgn ff :ns £ v
| Meen ¢ l: Wh't%hg: tlis;lour.ce and the spectroscope, the continuous spectrum of 31 ir:'t'; lig
S crossed‘ y two dark lines in the yellow region of the spectrum. If the white light s:urc; lS :

h\




removed, the continuous spectrum disappears leavin i ; i i

: 10 ; rul g behind two bright lines occupying the

. position of the, two dark lines originally present. The two dark lines are a part of the ‘alr)’sy:)rgtion
' line spectrum .

: ' Absorption spectra are also produced when white light is iqui i

; ¢ passed through liquids or solutions

~ of sglts. For example, a solution of KMnO4 gives five dark lines in the grecﬁhrc(g]ion.

| Thi sl?xllar specctlrum contains a }arge number of dark lines known as the ‘Fraunhoffer lines’
~ .The dark lines are due to the §electnve absorption of appropriate wavelengths of the white light
_ by the vapours of the elements in the chromosphere of the sun.

The chemist is primarily interested in the structure of matter and the absorption spectra

e convenient for this study. The regions of the electromagnetic spectrum that are most useful
 for this study are the Microwave and Infrared region.

Molecular spectra
\

-~

~ Three types of molecular spectra are recognized in structural studies. They are :
5

- (a) Rotational spectra.

A

(b) Vibrational spectra and vibration - rotation spectra.

(c) Electronic band spectra.
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Fig. 2.1 : Energy levels

molecule in the state A absorbs energy, and when this energy is sufficient
om state A to an excited state B, one would expect that a single line would
jon spectrum duc to the electronic transition. In practice, however, each

mpanied by vibrational and rotational transitions. In each electronic
series of vibrational sub-levels indicated by v = 0,1,2 etc. Each



1.2 etc.. v and J are the

ted by J = 0,
e b-levels of the two stateg

i i .vel has a set of rotational sub-levels indi .
Abrational leve g

Jibrational and rotational quantum numbers respect ively.
[ and IT have been represented diagramatically in fig. 2 A

i a
Rotational energy changes are very small and are of t}}c ordcr‘of g.OOSTGEI;:SS::iCeg:ﬁz‘;C‘;:
small, rotational lines will be closcly spaced as shown 1n tglc Ff‘g- 2]-1 . brl;; cﬁZig% s are of the order
e . : ion. Vibrational enc = z
to radiations in the far infrared or microwave rcgl ng spectral lines have a

of 0.1 ev, which is about 1.6 X 102° J per molecule. the correspondi
frequency

-20
_16x107%03 _ o oy,

T 66x 10

nal transitions should therefore appear in the near
m. In practice, however, vibrational changes are
This results in vibration-rotation bands being

Radiations accompanying purely vibratio
infrared region of the electromagnctic spectru
always accompanied by rotational encrgy changes.
produced in the near infrared region. .

The electronic energy quantum is about 5 ev. Electronic transition therefore appear in the
visible and ultraviolet regions.

Pure rotation and vibration spectra in the infrared are exhibited only if a molecule has a
esultant dipole moment. Consequently homopolar diatomic molecules like Hz, O2, Clz2,Nzetc,
o not have pure rotation or vibration-rotation spectra. However, in an electronic transition,
bration and rotation lines are found, even if the molecule is homopolar in its ground state.

D2 tional spectra

Rotational motion of molecules is associated with -
e : ; mol encrgy. The rot i
tomic moleculg is shown in Fig. 2. 2 & atienal imotion (of 3

) - |
> )

Fig2.2: Rotational spectra

centre of gravity does not shift durin

B & conte af eravity shits, g rotation (rigid rotation) unlike translational

" MT T ks —— of inerti an
term angular velocity is commg ¢tlia and the square of the angular velocity
e 0y 8 lied to cases of rotation. It is then a

—
—



. vector, whose magnitude is the time rate of change of the angle 6 rotated through, i.e., %‘Q
27 % . . ' | : o e
' Monoatomic gases do not give a microwave absorption spectrum, as they have their mass
{ concentrated at the nucleus and hence have no moment of inertia, '

k. The interaction of radiation with the molecule results in a rotational transition only if the
3 _molecul? has a c!lpole moment. Molecules with a resultant zero dipole moment ( Oz, Cl 2, etc. )
~ donot give rotatlopal spectra. A molecule like HCI gives a rotational spectrum. This i; duc’to t}.1e
~ fact that the electric dipole of the HCl molecule enables the oscillating field of radiation to effect
~ the necessary twist on the molecule resulting in the rotational spectrum.

By the use of Schrodinger equation, it can be shown that the rotational energy of a diatomic
~ molecule is given by the expression

: 2
h A
E; = @J(I + 1) joules, where J = 0, 1,2, 3, ..... (2.1)

where h is the Planck’s constant, J is the rotational quantum number having only integral
‘values, 0, 1, 2, etc. This restriction to integral values for J arises out of the solution of Schrodinger
“equation and by no means arbitrary and it is this restriction which effectively allows only certain
discrete rotational energy levels to the molecule. I is the moment of inertia, given by

I=purs (2.2)
where p is the reduced mass defined by
L0 2.3)

i = (1 +m2)

11 and m 2 are the masses of two atoms, To is the equilibrium internuclear distance.

e now need to consider differences between rotational
frequenciesy and alsoin the wave numbery , when

another, sayJ to J .

~ Inorder to discuss the spectrum Wwe !
nergy levels particularly in the corresponding
ere is transition from one rptational level to

We knowthat . - 2 .

N thfz e = bel - b (2.4)
= . > P

 _ Smee'y = o‘F where 7 is the wavenumber in m’

e AE =1 (25)

1 and c is the velocity of lightl in ms !



m (2.6)

or
it [J’ (J' + 1) Ly (J" + 1)'|
e 8n21c 3

This equation is usually abbreviated to
y=B[ (7 +1) =S (" +1)] m”

where ‘B’ is the rotational constant and is given by

= ,; m~1
8 Ic
J e Iy
: 6 428 6

o=~ N w

(2.7)

(2.8)

(2.9)

|

=
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molec

Fig. 2.4 Allowed transition between

the energy levels of a rigid diatomic

ule and the spectrum arising from then!
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~ As a gencer al rule, rotational transitions are restricted to those in which J = +1 so that

: J =J = 1.1fmoleculeinthestate of J = 0 ( ground state in which no rotation occurs ) is raised
‘to a state J =1,then . :

Vy=0->3=1 7 B_[1(1+1) —0(0+1)]
=2B m! (2.10)

f This means an ab.sorpt.ion line will appear at 2B m™. If the molccule is raised from J = 1to
3 =2, an absorption line will now appear at 4B m!. In general, to raise the molecule from the
~ stateJ to the state J + 1, we have

”"t‘i‘ st
o Fiesy41 = BU+ DT +2)=BI(J +1)

= B[(12+3J+2—12+J)-|
=.ZB(J + 1) m~1 (2.11)

. Tl.xus a stepwise raising of the rotational encrgy results in an absorption spectrum consisting
ries of lines at 2B, 4B, 6B, 8B, ctc., such a spectrum is shown in Figs 2.3 and 2. 4. The
cing between any two successive lines is the same i.¢.,2B. '

From the Schrodinger equation it is established that J changes by one unit i.e., AJ = *1.
esult is called a ‘selection rule’. Hence we sec that it is possible to get the whole spectrum

_ he equation (2 .11) .

, " otation spectra are not observed with liquids and solids, due to interference of neighbour-

moleculcs on each other’s rotation. The most important application of the rotational spectra
e calculation of bond lengths and the moment of inertia of heteronuclear diatomic molecules.
€ problem given below illustrate this point. o ' B '

S

"j

first absorption line (J = 0toJ =
m "', Calculate the moment of inertia 0
' 7190 nd. s -

1) in the rotation spectrum of CO was found to be
f the molécule and the bond length of the carbon-

Ry

— 3842m! = 2Bm’
B = —38—4—2 = 192.1 m~1
2 :
h

m 1




: h 662% 1027 - s

ko = 2 .. B~ 8x(B142x3x10 Oms™! x 1921 m-

1

. . I
= 14.6 x 10" kgm?® (since J =kg - m"s )

I = /4ro2
=3 x 1073
12%107° 4, o 16 023"3
a7 g 602K 1023 6.02 x 1 < r2

= 146 X 10 " kgm” = =

(12 + 16) x 10 kg

T B %107

-3

_12x16x107° 2

28 % 6.02 x 10%

rg‘ 128 x 10~20 m?

Feo = 113 %1070 m = 0.113 nm = 1.13 A°

' ':;  Vibrational spectra

A vibration is a to and fro motion. Vibration involves the interconversion of potential and
etic energies. In a diatomic molecule, vibrations cause a stretching and compression of the
lecule. This is the only mode of vibration possible here and so it gives a comparatively simple

u

B V'The extension apd conlpression of a bond may be linked to the be,haviour' of a spring anc
alogy the bond, like spring may be assumed to obey Hooke’s law. We may write

=-k(r-req) (212)

where f is the restoring force, k is the force constant, and r is the internuclear distance rv-

W . Teq is a measure of dis lacement f; ilibri : . >
. -‘a;‘ld L P rom equilibrium distance. In this case the energy is parabolic
A )
S (2.13)

discussion of vibration spectra.




~ Simple harmonic oscillator

, If we pl.Ot ‘the energy accor(!ing Lo equation 2 .13 as a function of internuclear distance, the
' parabolic variation in the energy is observed (Fig.2 .5)

'-"_"- The energy of the oscillator is zeroat r = r eq and any energy in excess of this say £, arises
~ because of bond extensjons and compressions. The figure shows that if one atom (A) is fixed on
* r = Oaxisthen the other will oscillate between B  and B". If the energy is increased to ¢, the degree.
 of the extension and compression will become more vigorous but the frequency of vibration will

;,not.change. An elastic bond like a.spr'ing shows a vibrational frequency dependance on mass of
. the system and force constant but independent of the amount of distortion.

& Classically it is easy to show that the frequency of oscillation to be

1
Dose = 35— V¥u Hz (2.14)
B

. "
N

~ Where u is, the .rec!uceq mass of the system. To convert this into wave numbers, the unit most
Ri ecluently used in vibrational spectroscopy, we must divide by the velocity of light c, expressed in

1T

-

Internuclear distance
il

) ’ > curve of Energy Plotted aganist Internuclear Distance
MRV 5 ¥¢ L

-



VvV (2.15)
Bose = g V7P
Vibrational energies like rotational cnergics arc also quantised and the allowcd vibratio

energies for a system can be calculated using Schordinger equation.

For a simple harmonic oscillator we have

Ey = (v + %) h wege Joules (v = 0,1,2) (2. 16)

where v is the vibrational quantum number. Converting it into wave number unit
cm™ we have
= l\& (2.17)
o= -h—C = (V+ 2) Wose .

This equation represents the encrgics allowed to a simple harmonic vibrator as showr
figure 2 .6
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wOSC

brai :
braional cnergy levels and transiion beween them for a diatomic simple harmonic vibrator

- 6or2.17 1s. bratiox_la.lj encrgy obtained by putting



Es = Shaog: Hz

1

€6 = = Wose CM

(2.18)

= N

This implics that the diatomic molecule can never be completely at rest and have zero

. s 4
 vibrational energy. The quantity S hweg or 5 @ogc is known as the “ Zero point encrgy”. This

. zero point encrgy depends qnly on the vibrational frequency and hence on the strength of the
' chemical bond and the atomic masses. The prediction of the zero point encrgy is the only basic
 difference between quantum mechanical and classical approaches to molecular vibrations.

E By uu‘hzatlo.n of Schrodinger equation one can calculate the vibrational energies of a
- molecule using a simple selection rule that vibrational quantum number changes by one unit i.e.,

E | Av = %1 (2.19)

§~ The various vibrational energy lcvels are shown in Fig 2.6 which are obtained for dilferent
‘values of v from 0 upwards in equation 2.17

Applying the selection rule for emission we have

Cop L —sy = (v+1+%) @D oo — (v+%)wosc | (2.20)
= O, cm” !
and
= Dpg, cm ! (2.21)

Ey—>v+1
. for absorption , whatever the initial value of v.

IR Sihice thevibiational encrgy levels are equally spaced, transition of molccules between any
0 vibrational states results in the same energy change and hence shows a single frequency for
SOrption or emission.

4

=& = 0, em” ! ‘ (2.22)

?_si)eé osc

‘.'*Vibratiqnal;spectra will be observable dnly in heteronuclear diatomic molecules :«.md not in
onuclear diatomic molecules. This is because homonuclear molccules have no dipole mo-

f

1e most important applications of the vibrational spectrum is to calculate the force



From equation 2 .15

- L Jwa
Wose = 2xe “

Squaring both sides and rearranging we get

2.23
k = 4n? c? ngc y2; ( )
for a diatomic molecule
= 2 2 BLL B (224)
o o G wosc(ml +mz) ;

From the value of @ . from vibration spectra, the value of force wn§tant k, can b
" calculated. Table 2.1 shows the values of force constants of a few commen chemical bonds.

Table 2.1 Force constants of various linkages

Bond Force constant (N m'l) 4
e o 460
C=C . 950 \
, C=C . 1580
Cro 490
C=0 1230
C=0 1860 i

-

From the data it can be concluded‘that the force co

3 | ‘ . ristant is a measure of the
. the bond. Force constants increase approximately in proportion to the' multiplicity :; iizg;gﬁ

ling greater strength in such bonds. For example, the force

and C2Hy indicating the greater stre




H_I x 10" Hz

_ Yemee
Vspec — _&?LL' - ] [ = 29X 10 !
¢ 3 107 my

Assuming that the spectroscopic line corresponds to the transition v

)and v ]
then

Y = Wb

we know that k = 4 72 &2

2
osc €7 M

k = 4 X (3.14)2 X (2.9 X 1{}5171_1)2 X (3 x 10% s 1)2
= 487 kgms ™2 m !

x 1.628 x 10~ % kg

= 487 Nm !

Since the S.I unit of force is the newton = kg m 52

For polyatomic molecules, there can be several modes of vibration. Here we can distinguish
two types (a) linear and (b) non-lincar molecules. For a triatomic lincar molecule containing n

atoms, (3n-5) vibrational modes are possible. Fig 2.7 shows the possible modes of vibrations in
CO2 molecule.

! T +

-0 C O— O—=*+—C—0+0 C O C

v, v, ' v, | ], v, l

Fig. 2.7 Vibrational modes of CO2 molecules

¥3in fact consists of two bending vibrations, one involves the displacement in planc of paper

and the other out of plane. These two vibrations arc identical in all respects except dircc_tion fmd

are termed degenerate. A triatomic linear molcculc should have 33 - 5 = 4 modcs of vibration.

Since one of these is doubly degenerate in CO2 there arc only three different norminl .modf:s of

vibrations with corresponding frequencies ¥y , Y2, 73, as shown in fig 2.7 .Out of 3n-5 vibrations,
(n-1) are stretching vibrations and 2n-5 are bending vibrations.

A non-linear triatomic molecule for example H20, has (3n-6) fundamental vibrations. Out
of this, (n-1) are stretching motions while (2n-5) are bending motions. Watcer has three normal
~ mode of vibrations, none of which are degencrate. These motions are shown in fig 2 .8
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F=J

—-AJ = ~1 P branch
J—J =AJ=0 Q) branch

As an example, the fundamental absorption band of HCI at 2886 cm™! is shown in Fig 2.9
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Fig 2.9 : Spectrum of HCl Molecules showing P and R Branch lincs

This band occurs from transition betwecenv = 0 and v = 1. The appearance of P and R
branch lines are shown in figure at high resolution. Each line corresponds to a distinct value of
J and J’

Electronic band spectra

Electronic spectra of molecules arise from excitation of electrons from one energy level to
a higher one. Electronic excitation in molecules is also accompanied by vibrational and rotational
transitions.

Let E"e , E'vib and E".ot be the electronic, vibrational and rotational encergies of the
b ’ ’ ' . .o,
molecule prior to the transition and Eeje , E.i, and E .y are the corresponding quantities after

change. The total energy of the molecule in the initial state is
o
Loty

[

E'ele +E'vib + E'rot = E'total (2.27)

and in the final state




' ' ' (2.28)
E¢e t Eip + Boot = Eotal

The change in encrgy in electronic transition 1s

, , " ’ " 2.29
_— AE = (ECIC - E"C[c) + (EV]h "E \’ib) &= (Ero( - E rot) ( )
(2.30)
= A Ecic + AEvib + AErot
The frequency of radiation is given by
AE AEg.t+AEp+ A E o (2.31)

vz ho h
The values of A E vib and AErot depend on vibrational and rotational quantum numbers
involved.

Electronic spectral bands are very complex but are frequently studied in preferenceto other
types. This is because the spectra can be studied ‘n the visible and ultraviolct region and also
instrumental techniques are relatively simple.

When the electronic spectral bands of a molecule are observed, it is found that at onc end
of the spectrum the distance of the separation of the lines becomes smaller and smaller until ata
given position the spectrum terminates (continuum). The dissociation encrgy for a molecule can
be determined with great accuracy from this spectrum from the observance of the frequency of
continuum i.c., the wave length that scparates the discontinuous part of the spectrum from
continuous part of the spectrum resulting from the dissociation of the molecule into two parts
with various amounts of kinetic cnergy.

These spectra also provide information with regard to vibrational frequencies, moment of
incrtia, internuclear distances ctc. (table 2.2). From the electronic spectral studics we can get

information about vibrational and rotational motion of homopolar molecules which cannot be
obtained by infrared spectral studies.

Table 2.2 Molecular constants obtained from electronic spectral measurements

- o 13 ..
Molecule rcduccci_,mass mo'mcnt. re X-10 vo X 10712 dissociation
p % 10 “"(kg) of inertia (m) gt encrgy
47

]I(x lg D(kJ/mole)

gm
H> 0.837 0.46 0.742 ]31.5 | A‘4;1.8 3
N2 11.63 13.94 1.095 70.7 712.5
02 13.28 19.35 1.207 47.38 489.8
HCI 1.627 2.645 1.275 86.6 427.6
CcO 11.4 14.4 .

1.128 65.05 1071.9
















