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6.1 INTRODUCTION 

The origin of Raman spectrum4ies in the scattering of radiation by molecules. 
During the scattering of radiation, there is a change in the diretion of the photon. For 
example, the blue colour of the sky is the result of scattering of light by air molecules. 
The interaction of monochromatic radiation with matter may result in an 
(i) elastic collision or (ii) inelastic collision. The resultant radiation after an elastic 
collision will have thk same frequency as that of the incident radiation and is known 
as Rayleigh scattering. Thus, in Rayleigh scattering, the frequemy~aFthe 
resultant radiation is the same as that of the incident radiation but the direction 
of the radiationis changed. On the other hand, if there is an inelastic 
collision, then the direction as well as the frequency of the resultant radiation would 
be different from that of the incident radiation. Thus due to inelastic collision, there is 
a transfer of energy between the electromagnetic radiation and the molecules of the 
medium. Although the energy thus available for exchange may be stored in the 
molecule in electronic, vibrational or rotational modes, it is the exchange with the 
vibrational modes that is of the greatest interest to chemists. The transfer of energy 
consequent to inelastic collision is of the order of 3-3000 cm-' which lies in the far 
infrared to infrared region of the electromagnetic spectrum. These inelastic collisions 
can, therefore, give us information about the rotations and vibrations of the molecules. 
The study of such radiation arising out of inelastic collisions is called Raman 
spectroscopy. In this unit, we shall study the basic concepts related to Raman 
spectroscopy and its applications. 

Objectives 

After studying this unit you should be able to: 

explain the origin of Raman spectrum in terms of classical and quantum mechanical 
concepts, 

a differentiate between infrared and Raman spectroscopy, 

a write the selection rules for rotational, vibrational and vibration-rotation Raman 
spectra, 



IR and Raman Spectra describe the rule of mutual exclusion and explain its use in the determinaticm of 
structure of molecules, and 

illustrate the applications of Raman spectra. 

6.2 ORIGIN OF RAMAN SPECTRUM 
- 

In 1923, Smekal predicted that on irradiation of a substance with a monochromatic 
light, scattering of radiation will take place and some of the scattered radiation should 
have different frequencies from that of the incident radiation. In 1928, Raman 
experimentally established the existence of such frequencies above and below that of 
the incident beam. However, molecules gain or lose energy according to quantum 
laws. When the molecules gain energy, the scattered photons will be of lower energy or 
frequency and appear in the spectrum as Stokes lines. On the other hand, if the 
molecules lose their energy to the photons, the scattered radiation will appear with 
higher frequency than the incident radiation, and the resultant lines are called anti- 
Stokes lines. The main bulk of the scattered radiations will appear unaltered in energy 
and is termed as Rayleigh scattering. 

6.2.1 Classical Theory of Raman Spectrum 

We can consider the molecules of a substance as a sea of electrons in which the 
positively charged nuclei are embedded. If such a system is subjected to a static 
electric field, the electrons will be attracted to the positive pole and the positively 
charged nuclei will be attracted towards the negative pole. The separation of charges 
gives rise to induced dipole moment in the molecules. The molecules are then said to 
be polarized. The magnitude of the induced dipole moment depends on the strength 
of the applied field (E) and the polarizability (a) of the molecule. 

Polarizability has the dimension of 
volume and it is eonridered to be 

pfOPaional to the volume Of the The polarizabiiity of a molecule is a measure of the ease with which a molecule can be 
molecule. distorted. Some molecules may get distorted or deformed much more easily than the 

others. Polarizability has already been explained in Unit 6 of Block 1 of Atoms and 

, Molecules course. Polarizability of any molecule need not be the same in all 
directions. For example, even for a simple homonuclear diatomic molecule, the 

I electrons forming the bond can easily be displaced by an electric field applied along 
the bond axis as compared to the case when the field applied is at right angles to bond 

- - 

lsotmpicprope*has the same axis. In other words, polarizability of molecules is an anisotropic property. The 
value in all the directions. Density 
of a substance is an exemple for anisotropic nature of molecular polarizability facilitates activity in Raman spectra 
isotropic property, since it is same - - -  
for any portion of a substance, 
irrespective of the directions. Using classical theory it is possible to prove that in order to obtain Raman spectrum, 

An anisotropic property has the molecular vibration (or rotation) must cause some change in the polarizabiity of 
different values along different the molecule. We shall just take this result without trying to prove the same. It is 

Of applications Of a possible to depict polarizability changes in terms of polarizability ellipsoids where we force field. X-ray diffraction by 
crystals is an instance of represent the polarizability in various directions. The ellipsoid is a three dimensional 
anisotropic properly. The surface for which the distance from the electrical centre of the molecule is inversely 
anisotropic nature of 
mlaizabilihr is the main factor proportional to the square root of the polarizability (i.e., I/&?). Thus where the 
ldeciding th;activity in Raman ~olarizability is the greatest, the distance from the axis of the ellipsoid is the least and 
spectra. vice versa. During each of the three modes of vibrations of HzO, symmetric stretching 
Polarizability of a spherical species 
is an isotropic property. For mode (vl), bending mode (vJ and antisymmetric stretching mode (v3), the 
instance, the polarizability of polarizability changes and hence all the three are Raman active (Fig.6.1). 
atoms is isotropic. Polarizability of 
rphcrical top molecules (like 
CHq, SFg) is also isotropic. 
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H A periodically changing 
polarizability is the requirement for 

H a Raman band. 

(4 symmetric -L. ( 4 )  

In Rgc. 6.1 and 6.2, the symmehy 

H 

symbols. In this connection, go 
through Table 63  in Sec 6.7, the 
marginal matter given alongwith it 
and the character tables at the end 
of the Appendix of this unit. 

(b) symmetric b d i n e  ( 4 )  

Wg.S.1: The mbape~ of the poluirrbUlty eUlproM. of Hz0 molecule dwlng three vlbnUoll.l mod- 
the centre column m b a  the eqmllfbdum podtlw of the molecule rblk tborc Ln (hc right 
and left arc extrrmcr ofvlbrntlon (a),@) .nd (c) s l a d  formymmetrlc mode(y),the 
bend- mode (q).nd the antLsjmmetrk strctchhg mode (vj), rempeeUvely. All the Ihree 
rlbntlom of Hz0 Lnvoke a change at host in one of the thr# .rpcctr of poluivblllty 
e l l l p r o ~  namely, rlrc, mhape or dlrectlon 

In the case of C02 molecule, it is seen that during symmetric stretching (vl), 

polarizabiity changes because of the change in ellipsoid size and this mode is Raman 
active. For the bending ( v a  and antisymmetric stretching modes (v3, there is no 

overall change in polarizability ellipsoid (Fii.6.2). Hena the bending and 
antisymmetric stretching modes of C% are Raman inactive. This aspect can be 

explained as follows. The molecular polarizabjlity of a molecule can be thought of in 
terms of bond polarizabilities. We can assume that a net periodic polarizability change 
facilitates activity in Raman spectra. The symmetric stretching mode of C02 is Raman 
active since the polarizability changes in each bond during stretching or compression 
add up to give a net periodic polarizability change. For the antisymmetric stretching 
mode of C02, the polarizability change in one bond cancels that for the other bond 
and this mode is Raman inactive. Similarly during the bending vibrations of C02, the 
Get polarizability change is zero, since the two G O  bonds are bent in opposite 
directions during each of the bending vibrations of bond angle expansion or 
comprdon and hence, the bending mode is also Raman inactive. 
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68 

(a) Symmetric stretching. (z:) 

Flg.6.2. : The shapts of poladmblllty elllpolds of C e  molecule durlng (a) symmetrlc stretchlag (vl) 
(b) bendlng (q) and (c) antlsymmetdc stntehlng (vj) modes. Ofthtse (hnt, only symmetrlc 
stretching acconnb for overall chan~e la the elllpold and only thlr le Raman actlve. 

In Units 3 and 4, we have studied that in the infrared (or microwave) region, a 
vibration (or rotation) is active only when it brings about a change in the dipole 
moment of the molecule . We can generalise that any vibration(or rotation) which 
causes a change in the polarizability of the molecule will be Raman active whereas any 
vibration (or rotation) which brings about a change in the electric dipole moment of 
the molecule will be infrared (or microwave)active. Some vibrations may be both 
Raman and infrared active. Group theory can be elegantly used to find out whether a 
vibration will be Raman active or not. A brief discussion along these lines is given in 
the Appendix of this unit. 

6.2.2 Quantum Theory of Raman Spectrum 

Let us discuss the quantum mechanical treatment of Raman spectrum. Consider the 
interaction of a photon of frequency v with an isolated molecule. The oscillating 
electric field associated with the photon of energy hv interacts with the molecule and 
deforms the electronic configuration of the molecule. For some infinitesimally small 
period of time, the photon and the molecule may be considered to constitute a new 
state, which may be called a virtual state. The molecule has reached this new state 
through interaction with the photon; this state is higher in energy to the extent of the 
energy of the incident beam, hv. The virtual state is an unstable state and a photon is 
immediately emitted as scattered radiation, while the molecule returns to one of the 



states associated with the molecule. Let Ea andEb be the initial and final energy states 
of the molecule. Ifv and v' are frequencies of the incident and the scattered 
radiations, we can write using the law of conservation of energy, 

Raman Spectroscopy 

If Ea = Eb, then the scattered radiation will have the same frequency as the incident 
radiation (v' = v) as evident tiom the above equation. Thus the collision between the 
photons and the molecules is an elastic one and the scattering is of Rayleigh type. 

If Ea < Eb , then the frequency of the scattered radiation v' will be less than the 
frequency of the incident radiation v (or ihe wavelength of the scattered radiation (A')) 
will be more than that of the incident radiation (A) i.e. in Stokes lines, v' < v or A' > A. 
In other words, some portion of the energy is transferred from the incident radiation 
to the molecules and thus scattered radiation appears at a lower frequency (or at 
longer wavelength) in the spectrum. The scattered radiation appears as Stokes lines in 
the Raman spectrum. 

Finally if Ea > Eb, the scattered radiation will appear at higher frequency (or at 
shorter wavelength) than the incident radiation and it is known as aotiStokes lines, 
i.e., in anti-Stokes lines, v' > v andl' < A. The origin of Stokes lines, Rayleigh lines 
and the anti-Stokes lines are shown in Fig. 6.3a. The schematic diagram of Raman 
spectra of a diatomic gas is shown in Fig. 6.3b. 

E, L E,= Eb 
Stokes 

IJ 
Rsyleigh 

While working problems using 
Eq. 6.4, you have to remember the 

V i  nPte ....... ....... ....... following; 

1 I (i) P is the wavenumber (111) of 
the incident radiation. 

(ii) 8' is the wavcnurpber (l/i1) 
of the scattered radintion; C 

r is also called the absolute 
wlrvcnumber at which a band 5 .will be obsewed in the 
Reman spectrum or the 

. position of the Raman line. 

Ea 3 (iii) A P cornsponds to the 
wavenumber of the vibration 
band in the vibrational 

Eb Reman spectrum or the 
AntiStokes spacing between a particular 

V'S v set of lines in the rotational 
Reman spectrum. 

Stokes band 
Vibration-rotation Pure rotatirn 

6.j: (a) The interactions that give rlse to the Stokes, anti-Stokes and Rayleigh lines. 
(b) The schematic diagram of Raman spectrum of a dlatomlc gas 
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Raman spectrum is a plot of 
intensity of scattered radiation as a 
function of wavenumber. The band 
corresponding to P constitutes the 
Ryleigh line. The bands to the left 
of J are S t o h  lines since (F ' - *) 
for the& are negative. The bands 
ob the right of P have positive 

Since the transfer of energy to and from the molecules follow the same quantum laws, 
both Stokes and anti-Stokes lines appear at equal spacing from the Rayleigh line. In 
order to give a common expression for Stokes and anti-Stokes lines, we can write in 
terms of wavenumbers, 

whereY" and V are wavenumbers of the scattered and incident radiation, respectively 
and, A V, is the rotational or vibrational or rotation-vibration wavenumber of the 
molecule. A V is known as the Raman shift. The plus sign in Eq. 6.4 refers to 
anti-Stokes lines while the minus sign refers to Stokes lines. 

(% ' - V) values and these are There are more molecules in the ground state than in the excited state and, the former 
anti-Stokes lineq. The intensity of 
the lines depends on the population 

class gives rise to the Stokes lines while the latter gives rise to the anti-Stokes lines; 

at different energy level6 hence, Stokes lines are more intense than the anti-Stokes lines (Fig. 6.3b). 

(Pig, 6.3b). The relative heights of 
liner are indicative of relative The intensity of Raman scattering in general is very low. Only about lo-' of the 
intensities. incident radiation is Rayleigh-scattered and the total amount of Raman-scattered 

radiation is about that of the Rayleigh-scattered tadiation. It is customary to 
observe only Stokes emission, since anti-Stokes emission for vibrational energy 
transfer is usually too weak to be detected. 

The experimental details of From the above discussion you can understand that the ideal source for Raman 
obtaining Raman spectra will be 
discussed in Unit 9 of this course. spectroscopy must be both very intense and highly monochromatic. The development 

of laser as a source has greatly facilitated the usage of Raman spectroscopy. 

It is found that the Raman shift (A V) is generally of the order of 3-3000 cm-l. The 
Raman shift can be observed from far infrared to infrared region but Raman 
spectroscopy should not be taken as a kind of infrared or microwave spectroscopy. It 
is important to remember that a "Raman frequency" of 2 x 16 m-' is not measured 
in the infrared region but corresponds to an emission at a wavelength of 540.8 nm for 
excitation by an Ar laser. You go through the following examples. 

Example 1 

The Raman spectrum of C2H2(g) observed using 435.80 nm Hg incident radiation shows 
one of the lines at 511.00 nm. Determine the wavenumber of the vibration band (A V). 

Since 1' > A, the observed band is a Stokes line. 
Exciting line 

I Applying Eq. 6.4 for a Stokes line, 

Example 2 

The Raman spectra of CF4(g) was observed using the 435.80 nm Hg exciting energy. 
Four bands corresponding to the four fundamental vibrations were observed at 
444.25 nm, 448.16 nm, 453.80 nm and 461.64 nm. Determine the wavenumbers (A V) of 
these fundamental vibrations. 

Since1' > A for all the lines, these are Stokes lines. Applying Eq. 6.4 for Stokes lines, 



we can calculate the wavenumbers of these vibrations as shown below: Raman Spectroscopy 

Exciting line 

Rarnan lines 
4 b 

In the next three sections, we shall discuss the rotational, vibrational and 
vibration-rotation Raman spectra of molecules in detail. However, before proceeding 
to the next section, you may answer the following SAQ. 

SAQ 1 

Would all the rotational and vibrational transitions of a molecule be Raman active ? 

6.3 ROTATIONAL RAMAN SPECTRA 

In Unit 3 of this course while discussing the pure rotational spectra, we classified the 
molecules under the categories of linear, spherical top, symmetric top and asymmetric 
top. We also stated mathematical expressions for the calculation of energies of 
different rotational levels as well as for the energy involved in the transition from one 
level to another for molepules belonging to these categories. For our discussion on the 
rotational Raman spectra, we shall follow the same classification. 

Linear molecules 

As derived in Unit 3 of this course, the rotational energy levels for a linear molecule 
are given by Eq. 6.5. 

EJ = BJ (J + 1) cm-l "'(6'5) It is worth recollecting that the 
selection rule for microwave 

where J = 0,1,2, etc, B is the rotational constant for the molecule and EJ is the quctra is A  J  = 2 1. ~ u t  in 

rotational energy expressed in wavenumbers. rotational Raman spectra, the 
selection rule is 

A J = O , f  2 
In Eq. 6.5. we have neglected the higher order terms since in Raman spectra, such high 

We know that the rotational precision is generally not obtained. The selection rule for rotational Raman spectra is changer in the Raman spearurn 

Av = 0 and 
A J = 0, & 2 (in the samz vibrational level) 

depend on the polarizability of the 
molecule. The polarizability in 
tum is associated with two dipole 
transitions - one for the 
incoming, and one for the outgoing 
photon. Hence, there will be two The transition A J = 0 means that the scattered radiation has the same frequency as rotational jumps as bven 

the incident radiation and it appears as Rayleigh scattering only. by 
A J - 2 2  

When A J = +2, we can write for a transition J+ J + 2, 



IR and Ramen Spectra Aemt = B [(J + 2) (J + 3) - J (J + I)] cm -1 

where J = 0,1,2,3, ....... and it is the rotational quantum number in the lower state. 

A e, stands for the rotational energy change in em-' unit during the transition. We 
shall use the term A Vmt instead of Ae,, and write, 

Eq. 6.4 can be rewritten for rotational spectra as follows: 

V' -V = f AVrOt 

Stokes lines 
( J + 2 + - I )  

A Vro, is the Raman shift for the rotational Raman spectra or the rotational Raman 

shift. 

Using Eq. 6.7 we can write, 

We can understand that +A F,, stands for anti-Stokes lines while - A V,, stands for 

Stokes lines. 
4 = BJ(J + 1) 

Anti-Stokes line8 
( J + 2 + 1 )  

Fig. 6.4: Pure rotational Raman spectrum of a dlatomk molecult-schemntic dlagram. 

The schematic Raman rotational spectrum of a diatomic molecule is given in Fig. 6.4. 
Each transition is labelled according to the transitions. The relative heights of lines are 
indicative of relative intensities of lines which again depend on the population at 
various energy levels. 



There is a general rule for labelling any series of lines in the spectrum which states that 
when A J = +2,  + 1,0, -1, - 2, the corresponding group of frequencies are called S, R, 
Q, P and 0 branches of the spectrum, respectively. Thus in the above case, when 
A J = +2, we shall observe S-branch of the spectrum. Notice that when J = 0 is 
substituted in Eq. 6.9, the separation of the first line from the exciting line is found to 
be 6B. Once the value of rotational constant B is known, we can evaluate the moment 

. of inertia of the molecule since, 

Ramen Spectroscopy 

SinceAVmt=B(4J+6) ,  
substituting different values of J 
= 0, 1,2,3, etc., we get the 
corresponding lines at 68,10B, 
148,18B etc. (less than or greater 
than) From the exciting radiation 
(V) for the Stokes and the 
anti-Stokes lines, respectively as 
shown in Fig. 6.4. 

Thus the spacing between the 

Rotational Raman spectra for molecules like Hz, 02,  HCN, CO,, G O 2  etc. have lines would be 48. 

yielded useful information about their molecular structure. This information is 
especially useful for homonuclear diatomic molecules which give no infrared or 
microwave spectra. Raman spectrum with rotational fine structure is generally not 
obtained for linear molecules having more than three atoms. 

It should be mentioned that if the molecule has a centre of symmetry (as in the case of 
H2, N2, 02,  C o d  the nuclear spin exerts its effect in the Raman and IR spectra. The 
intensity pattern can be explained using nuclear spin effect. We shall not go into the 
theoretical background of this aspect but state a few examples. The significant 
conclusion is that the intensity pattern of rotational Raman spectra has a vital role to 
play while providing data regarding molecular structure. 

In order to show the nuclear spin effect on the intensity pattern, let us consider two 
types of molecules, one having zero nuclear spin and another having nonzero nuclear 
spin. 

(i) In the rotational Rarnan spectra of molecules like O2 (with 160 atoms) and C02 
16 (with l2 C and 0 atoms, both having zero nuclear spin), every alternate 

rotational level is absent. One can see an interesting variation between the 
rotational Raman spectra of C 0 2  and 02. In C02, every level with odd Jvalue 
is missing and thus transitions from J = 1,3, 5, ..... levels are completely 
absent (as shown by dotted lines in Fig. 6.5), while lines of even J values are 
observed. 

Stokes linu 
( J + 2 c l )  

Rayleigh 
line 
AT-* 

Anti-Stokes lines 
( J + 2 + 4  

Fig. a5 : Schcmatk d l a g ~ m  of pure rotstlonal R m n n  spectra of COz. Note (hat all tbe odd J lines of 
C@ are abent  (U sbown by L e  dotted Ilncs). All the allowed transltlona (I.e., Ulore of even 
J valwr) are shown by solld llnes 

The average line separation then is equal to 8B (i.e., A V = 8B) while the difference 
between the first Stokes line and the first anti-Stokes line is 12B. Similarly in the 
Raman spectrum of 1602, the spectral trahsitions correspond to energy levels with odd 
J values and those from even J values are missing. The average line separation is equal 
to 823 while the separation betwen the first stokes line, and the first anti-Stokes line is 
20B. Let us try to work out the following problem. 



Example 3 

The rotational Raman spectra of C02(g) showed a series of absorption peaks 

separated by 3.16 cm-' in the S branch. What is the value of the rotational constant 
(B) for C02 molecule ? 

In the case of C02, A Om, = 8B 

(ii) In the case of molecules like 'H2, " N ~  etc. (which have nonzero nuclear spin), 
the intensity of every alternate line decreases. The intensity ratio of 2:l in favour 
of even J values is observed between the successive lines in the rotational 
Raman spectra of 1 4 ~ 2  (Fig. 6.6). In other words, the lines at ewn J values have 
greater intensity than those at odd J values. In the rotational R a a n  spectra of 
'Hz, the intensity ratio of 3:l is observed between the successive lines. 

A 
nca Anti-Stokes lines n 
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Fig. 6.6: ~ o t a t i o n d  Raman spectra of l4~2. 

While using rotational Raman spectra of Hz, N2 etc. for obtaining molecular 

parameters, it should be borne in mind that A P = 4B. 

Example 4 

For hydrogen molecule, the spacing between the S-branch lines in the Raman 

spectrum is 243.2 cm-' . Calculate the bond length of hydrogen. 

Mass of hydrogen atom = 1.673 x kg 

For hydrogen molecule, the spacing between the lines (A V )  = 4B 
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The spherical top molecules (like CH4 and SF6) on rotation along any axis would not 
produce a chahge in the polarizability of the molecules. Hence the spherical top 
molecules do not exhibit rotational Raman spectra. We shall not discuss the rotational 
Raman spectra of symmetric top and asymmetric top molecules due to their 
complexity. 

In the next section, we shall discuss the vibrational Raman spectra of molecules. You 
may try to answer the following SAQ before proceeding to the next section. 

SAQ 2 

Calculate I and carbon-oxygen bond distance (rc-o) for C02 (g), knowing that B is 

39.5 m-' 

Hints: I = 2 x mass of oxygen atom x (rc-o) 2 

Mass of oxygen atom = 0.016 

6.023 X lou 
kg 

6.4 VIBRATIONAL RAMAN SPECTRA 

We have seen that the Raman frequencies cover the region of energy which can also 
bring about the ehanges in the vibrational energy level of the molecules. Thus, both the 
infrared and Raman spectra will give us information about thivibrational changes in 
the molecule. However, since the origin of spectra is different in the two cases, we can 
get information through Raman spectra about those molecules which are inaccessible 
to infrared spectra. 

Each vibrational change will be accompanied by rotational change. Hence, the 
vibration spectra is truly a vibration-rotation spectra; but the rotational changes are 
observed only in the gaseous state, where the molecules are far apart from each other 
and, have complete freedom of rotation. Thus, only under high resolution, molecules 
in gaseous state give Raman spectra with rotational fine structure. In this section, we 
shall deal with the vibrational Raman spectra only. 



IH and Kaman Spectra As discussed in Unit 4 on vibrational spectra, we can express the vibrational energy as 

where uisthe quantum number associated with the vibrations of the molecule and VaC 

is the harmonic frequency in wavenumber which is equal to v,,, /c . You can refer to 

Eq. 4.28 of Unit 4 for understanding the significance of v,,, . AlsoX is the 

anharmonicity constant. 

For any vibrational transition, the selection rule is 

Restricting ourselves to only fundamental vibration, where A v = + 1, the transition 
takes place from v = 0 to v = +l. The intensity of other transitions will be very weak 
and can be neglected. 

For vibrational Raman spectrum, we can write an equation similar to Eqs. 6.4 and 6.8, 

A Vvib is the vibrational Raman shift. 

Eq. 6.11 takes into account only the fundamental band; it ignores overtones for the 
sake of simplicity. 

From Eq. 6.11, we can see that the Raman active vibrational frequencies appear as 
Stokes and anti-Stokes lines on either side of the central exciting line having a 
frequency v . The Stokes lines as usual would be more intense than anti-Stokes lines. 

Example 5 

Predict the position of the Raman vibration lines for C-H stretching of an alkane at 

2960 cm-', if Hg radiation of 435.8 nm (22946 cm-') is used. 

Stokes line: Using Eq. 6.1 1,V' = (22946 - 2960) cm-' 

Anti-Stokes line: Using Eq. 6.11, 

For mol&cules having centre of symmetry, there is a generalisation - known as the 
rule of mutual exclusion - which is quite useful in identifying them. This has been 
discussed in the following subsection. 

Mutual Exclusion Principle 

The mutiual exclusion principle states that any molecule which has centre of symmetry 
will not have any vibrational mode which is both Raman as well as infrared active. A 
precise way of stating the mutual exclusion principle is as follows: 



For a molecule with centre of symmetry, any given normal vibration may be active in 
the infrared or in the Raman (or in neither) but not in both. 

The portion written within the brackets 'or in neither' means that some of the normal 
vibrations may be inactive both in Raman and infrared regions. For example, ethylene, 
which has centre of symmetry, has twelve modes of vibration. Six of these are Raman 
active and five are infrared active, the remaining mode is neither infrared active nor 
Raman active. Such modes of vibrations of molecules with centre of symmetry which 
are totally inactive in both infrared and Raman spectra are called spectroscopically 
silent fundamental vibrations. In benzene, which has a total of thirty normal modes, 
twenty two are active either in Raman or in infrared. The remaining eight modes are 
totally inactive in both Raman and infrared. A simplified statement of mutual 
exclusion principle is given below: 

"If a molecule has centre of symmetry, then no modes can be both infrared and 
Raman active". 

As a corollary to the above statement, we can say that if a particular vibration mode of 
the molecule gives rise to lines at the same frequency in both the infrared and Raman 
spectra, then the molecule must not have centre of symmetry. In the Appendix of this 
Unit, we shall discuss this principle in relation to group theory. 

Let us consider the application of this simple rule in the interpretation of the 
spectra of two tria'tomic molecules, C 0 2  and SO2 . The two peaks at 2349 and 

667 cm-' in the infrared spectrum of C 0 2  are found to be absent in the Raman 
spectrum of the molecule. We may expect a single Raman peak for this molecule at 
1340 cm-' due to symmetric stretch. In fact, two peaks of similar intensity appear 
at 1388 cm-' and 1286 cm-l which are due to Fermi resonance between vl 
(symmetric stretching frequency) and 2v2 (twice the bending frequency) as 
explained in Sec. 5.3 of the last unit. The Fermi resonance bands are not covered 
by mutual exclusion principle since i t  applies to fundamental modes only. Thus, it 
must be noticed that the fundamental modes of C 0 2  which are infrared active are 
Raman inactive. 

Our conclusion is that C 0 2  molecule must have centre of symmetry in accordance with 
the mutual exclusion principle.'~his is in agreement with the fact that C02  is a linear 
molecule with a symmetric structure and its dipole moment is zero. 

In the case of SO2,  we get three peaks around 519,1151 and 1361 cm-' in both the 

Raman and infrared spectra: These observations indicate that SO2 molecule has no 

centre of symmetry and we shall use this fact in Sec 6.7 in discussing its structure. 

It has also been observed that the symmetric vibrations give rise to intense Raman 
l i e s  but the antisymmetric vibrations produce weaker lines in the spectrum. 
Frequencies at which these vibrations will occur can be calculated with the help of 
quantum mechanics which we are not going to discuss in this course. 

Answer the following SAQ's before going through Sec. 6.5. 

SAQ 3 

%Hz has two IR bands and three Raman bands, none of them occur at the same 

wavenumber. Further, one of the IR bands shows a simple PR structure. Comment on 
the structure of C2H2 . 
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SAQ 4 

What type of spectral pattern would you expect from IR and Raman spectra, if the 
structure of N20 is N-N-0 but not N-0-N ? Verify your answer with the case study 

discussed in Sec. 6.7. 

6.5 VIBRATION - ROTATION RAMAN SPECTRA 

Relatively a very small number of molecules have been studied for which vibrational 
Raman spectra show rotational fine structure. 

For the simplest case of a diatomic molecule, the selection rules for vibration-rotation 
Raman spectra are as follows: 

Stokes band 
vibration-rotation Pure roiation 

Antistokes band 
vibration-rotation 

Fl& 6.7: The schematlc dlagram of the vibmtlon-rotation Raman spectrum of a diatomic gas. 

The transitions for which A J = -2 give rise to 0-branch while those for which A J = 0 
give rise to Q-branch and finally, if A J = +2, S-branch occurs. In Fig. 6.7, the 
schematic diagram of the vibration-rotation Raman spectrum of a diatomic gas is 
shown. The presence of a strong Q-branch in the Raman spectra is noteworthy. The 
lines in 0 and S-branches of the Raman spectrum could be analysed to yield B, 
moment of inertia and bond length. 

6.6 POLARIZED RAMAN SPECTRA 

Before explaining polarized Raman spectra, we should understand the terms, plane 
polarized light and depolarization ratio. You may have studied in Sec. 6.10 of Unit 6 of 
Atoms and Molecules Course that when monochromatic light is passed through a nicol 
prism, the outcoming light vibrates in only one particular plane. Such a type of light is 
called plane polarized light. When plane polarized light is passed through another 
nicol prism, the intensity of the transmitted light depends on the way the polarizing 



axes of the two prisms are oriented towards each other. If the polarizing axes of the 
two prisms are parallel to each other, the intensity of the transmitted light is maximum. 
When the two axes are perpendicular, no light passes through the second nicol prism. 
If the incident light falling on the second nicol prism is only partially polarized, then 
the intensity of the transmitted light perpendicular to the plane of polarization (IL) is 

minimum but not zero. In the case of partially polarized light, it is useful to define the 
ratio of intensity of light transmitted perpendicular to the plane of maximum 
polarization (IL) to the intensity of light transmitted parallel to the plane of maximum 

polarization (Ill) . This ratio is called depolarization ratio ( p  ) which is given as 

follows: I* 
P = -  .....( 6.12) 

I l l  

The depolarization ratio is quite useful in determining whether a Raman line is 
polarized or not. A Raman line is said to be polarized, if the value ofp lies between 
0 and 6/7. Ifp is more than 6/7, a Raman line is said to be depolarized. 

The number of polarized Raman lines can be obtained from the experimental 
values o fp  which could help us in assigning the vibrational modes to the 
experimentally observed frequencies. In general, it can be stated that a symmetric 
vibration gives rise to a polarized (or partially polarized) Raman line while an 
antisymmetric vibration gives a depolarized line. The use of polarized Raman 
lines will be illustrated in Sec. 6.7. 

SAQ 5 

Polarized Raman spectra of CHC13 give the following data for three of the bands: 

i) 357 5.8 79.2 

ii) 660 1.3 83.2 

iii) 760 4.7 6.0 

Identify those which are polarized. 

Raman Spectroscopy 

6.7 APPLICATIONS OF IR AND RAMAN 
SPECTROSCOPY 

We can derive useful structural information from Raman and infrared spectra of 
molecules. However, we must realise that Raman and infrared spectra are 
complementary to each other in many ways as shown in Table 6.1. 
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Table 6.1: Characteristics of Raman and Infrared Spectra 

In the Appendix, we shall examine 
the Raman activity of the three 
vibntional modes of tnatomic 
molecules (Hfl or S*) 
belonging to C ~ V  group. 

Raman Infrared 
1. Raman spectrum is the result of 1. Infrared spectrum is because of 

scattering of light by the molecules. the absorption of radiation by the 
molecules. 

2. It depends on the changing 2. It depends on the oscillating dipole 
polarizability of the molecule. moment in the molecule. 

3. Homonuclear diatomic molecules 3. Homonuclear diatomic molecules 
are rotationally and or are inactive. 
vibrationally active. 

4. Water can be used as a solvent. 4. Water is less likely to be used as a 
solvent since it is opaque to 
infrared radiations. 

Using the case of SO2 molecule, we now show how the structure of a molecule could 
be determined using IR and Raman spectra. Let us also explain how the polarized 
Raman spectra could be used in assigning vibrational modes to the frequencies 
observed in the spectra. 

In sec. 6.4, we have mentioned that SO2 gives three absorption bands at 519,1151 and 

1361 cm-' both in IR spectra and Raman spectra and that it does not have centre of 
symmetry. Further, a linear polyatomic molecule is expected to show at least some IR 
bands with P and R branches as exhibited by diatomic molecules (See Fig. 4.11 of 
Unit 4). These PR bands (or contours) arise due to vibrations causing a dipole change 
parallel to the principal axis of symmetry. In the IR spectra of SO2, no band shows 
simple PR structure. Hence, SO2 molecule is not linear and it must have a bent shape. 

In Tabk 6.2, the symmetry species 
Liven in t e r n  of p u p  t h a ~  Further, the bands at 519 and 1151 cm-' are Raman polarized. This indicates that 

kptbolr these bands are due to symmetric vibrations. If we make a reasonable assumption that 
stretching frequencies are larger than bending, then 519 cm-' is assigned to symmetric 
bending vibration while 1151 cm-' is assigned to symmetric stretching mode. The 
band at 1361 cm-' is Raman depolarized which indicates that it can be assigned to the 

Tbc symmetry spscks of each mode antisymmetric stretching mode. Thus we assign the modes of vibration to the observed 

ofvlbrntlon Is denoted In tbe frequencies of SO2 ; also we infer that it is angular in shape. 

rapecUve figurea For 
undatanding the charadem of For a few molecules, IR and Raman active vibrations are discussed in Table 6.2. 
these bymmety species, you may 
consult the character tabla for Table 6.2: 1R Active and Raman Active Vibrations of Some Molecules 
C& C3v, C00~andD00h given at the - - 
end of the Appendix of this unit. Molecule C02 N2° H 2 0  or SO2 
Even without understanding the N% 
basis of p u p  theoy bymbols,you (or ion) (or ClOj) 

can try to use them, if you follow the 
Appendix material. If by chance Fig. NO. 6.2 6.8 6.1 6.9 
you don't follow the Appendix Geometry Linear Linear Angular Pyramidal 
materials, don't lose confidence! (symmetric) (asymmetric) 
You can still follow the main portion 

- -  F unit excluding the Appendix. Point group Dm, C m ~  c2v c 3 ~  
.it I 



Total number 4 4 3 6 
of modes 

-- 

Fundamentals 3 

Symmetry 
species 

IR active 
species 

2:P 22+ 2 A ~ ,  I% 2A1, 2E 
nu n 

Raman active 
species 2; 2z+ 2 4 ,  B1 2A1 ,2E 

[ II (bending) 
too weak to be 

observed] 

Polarized T+ V+ =I =I 
L 

vibration (symmetric (symmetric (symmetric (symmetric 
stretching) stretching) stretching and stretching and 

bending) out-of-plane 
symmetric 
bending) 

N.B: &, n and E: Doubly degenerate vibrations 

Let us illustrate the use of Table 6.2 in structure determination. Care should be taken 
to interpret Raman spectra since one or more bands may be missing due to weak 
intensity (or these bands may be spectroscopically silent). 

Case study of N20 

We shall illustrate as to how the structure of N20 has been established using infrared 
and Raman spectral data given in Table 6.3. 

Table 63: Infrared and Raman Spectral Data of Nitrous Oxlde 

- - 

Infrared 

589 strong; PQR band - 
1285 very strong; PR band very strong 

2224 very strong; PR band strong 

The four possible structures of N20 are given below 

The presence of two bands with simple PR contours indidate that the molecule is 
linear. Hence the structures I and I1 are ruled out. 

The appearance of (at least) two bands (1285 and 2224 cm-' ) in both infrared and 

Raman Spectroscopy 



IR and Rarnan Spectra Raman spectra indicates that the molecule does not have centre of symmetry. As per 
Table 6.2, we may expect all the three bands to appear in the infrared and Raman 

spectra. It is possible that the :bird band at 589 cmV1 is too weak that it is not observed 

in Raman spectrum. Hence, it is clear that N20 has the structure IV. Let us try to 
indicate the vibrational modes of N20 (Fig. 6.8). 

t 
N-N-0 

++I+--N*-b 4 4 + - N - N u 0  

Stretching @+) Bending (m Stretching ( 2 )  

Fig.  6.8: Vibrational modes of N f l  

As another example, you may verify the structure of C1q- ion as pyramidal using 

the data given in Tables 6.2 and 6.4. The vibrational modes of Clq- ion are given 
in Fig. 6.9. 

Table 6.4: Infrared and Raman Spectra of CIO; ion 

- - 
'Raman /em-' "IR /em-' 

450 (depolarized) 434 

610 (polarized) 624 

940 (depolarized) 950 

982 (polarized) 994 

Symmetric Antisymmetric Out+f-plane Antisymmetric 
stretching stretching symmetric bmding 

'31) (E) bending (El 
(A,) 

Fig .  6.9: Vibrational modes ofCi@- ion. 

The main advantage of Raman spectroscopy lies in the fact that it can be studied in the 
visible region of the spectrum unlike microwave or infrared spectroscopy. With the 
introduction of laser beam as a Raman.source, low frequency vibrations can also be 
easily studied. Rotations and vibrations of molecules which cannot be studied with 
microwave or infrared techniques are easily handled by Raman spectroscopy. For 
instance, the structural parameters of homonuclear diatomic molecules can be 
obtained using Raman spectra. 

Raman spectra finds a lot of applications in the structure determination of organic 
compounds. It can be successfully used for the analysis of a mixture of compounds 
which are otherwise difficult to identify without separation into constituents. In 
general, IR is more suitable for molecular vibrations of organic compounds having 

frequencies above 650 cm-' . Raman spectra could be studied even upto 100 cm-' 
and is therefore, quite suited for studying weak vibrations such as metal-ligand 



stretching, most of which lie below 600 cm-l. Further, the polar solvents like water 
can be used in recording Raman spectra. Let us study three more applications of 
Raman spectra. 

(1) Dissociation constants of mineral acids 

By monitoring the intensity of absorption bands due to nitrate ion and nitric acid using 
Raman spectrum, it is possible to obtain the dissociation constant of nitric acid. 

Similarly the dissociation constants of H2S04 and HSOT also have been studied. It 

has been found that the concentration of SO:- ion is small in sulphuric acid except in 
very dilute solutions. 

(2) Structure of complex ions in solution 

One of the important applications of Raman spectra is to identify the structure of 
complex ions of mercury, thallium and silver ions in solution. The existence of 
mercurous ion as H$+ and not as H ~ '  has been established*through the Hg-Hg 
stretching frequency observed in the Raman spectrum of its ions. Similar results have 
been obtained for thallous (TI:' ) ions also. 

(3) Strength of metal-ligand bonding 

The totally symmetric vibrations (Fig. 6.10) of the tetrahedral complex ions (like 

~ n c t - ,  c~c$-, H~c$-, etc) and the octahedral complexes (like ~ i g - ,  PF;, S h )  

can be studied using Raman spectra. These are all IR inactive. From their Raman 
spectra, metal-ligand bond stretching force constants and hence, information about 
the strength of the metal- ligand bond can be obtained. It is seen that the oxyanions 

such as PO:-, SO:- etc. have much larger force constants. This is taken as an 

evidence that there is d z  - px bonding between the central atom and the oxygen atom 
in addition to the a bonding. 

Rmuan Spectroscopy 

* 
Fig, 6.10: TotPUy symmetric vlbrstlons of M L  and M b  complexes. 

SAQ 6 

A molecule AB2 has three prominent IR absorption bands and one Raman band; for 
the Raman band, the vibrational Raman shift coincides with one of the three IR bands. 
The rotational fine structure of the IR bands is complex and does not show simpie PR 
contour. What is the shape of the molecule ? 
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6.8 SUMMARY 

In this unit we explained the origin of Raman spectrum in terms of classical as well as 
quantum mechanical models arriving at the same results. Next we discussed the 
rotational, vibrational and vibration-rotation Raman spectra in detail. The relevant 
selection rules were also given. The principle of mutual exclusion was stated and its 
importance in the elucidation of molecular structure was given. A brief outline of the 
utility of the study of polarized Raman lines was given. Finally a few applications of 
Raman spectroscopy were discussed. 

6.9 TERMINAL QUESTIONS 

1) If the fundamental vibrational frequency of a particular ketone occurs at 1730 

cm-' , determine the position of Raman lines. The ketone is irradiated with 
argon laser of wavelength 514.53 nm. 

2, As per Table 5.3 of Unit 5, the C - H stretching range is 2962-2853 cm-' for an 

alkane. Assuming that argon laser of wavelength 514.53 rn (19435 cm-') is 
used, find the upper and lower wavenumbers for the positions of th.e Stokes 
lines for C-H stretching. 

3) Why is that the intensity of Stokes lines generally greater than the antiStokes 
lines ? 

4) How can you differentiate between the following two structures using IR and 
Raman spectra : 

B - A - B  ? 

5)  Which of the following molecules would give pure rotational Raman 
spectrum : 

H2, H20, SF6, CH4 and N2 ? 

6, The vibrational Raman shift for C - H bending vibration is 1460 cm-'. For 

argon laser of wavenumber 19435 cm-', predict the position of Stokes and 
anti-Stokes lines corresponding to C - H bending vibration. 

6.10 ANSWERS 

Self Assessment Questions 

1) A molecular rotation or vibration will be Raman active, only if it is 
accompanied by polarizability change. 

But as per the hints given, 



3) Since none of the bands appear in both IR and Raman spectra at the same 
wavenumber, must have centre of symmetry. The presence of an IR band 
with a simple PR structure brings out the linear structure. Hence %Hz has the 
linear symmetrical structure as shown below: 

H - C E  C-H 

4) The structure N - N - 0 does not have centre of symmetry whereas N - 0 - N 
has. Hence, if the structure N - N - 0 is correct, one or more bands must occur 
at the same wave-ber in both IR and Raman spectra. 

5)  p values at all these'three bands are less than 617 and these bands are polarized. 

6) The molecule does not have centre of symmetry. It does not have linear 
structure. Hence, A% must be angular. 

Terminal Questions 

1) We have to find the position of both Stokes lines and anti-Stokes lines. As per 
Eq. 6.4,F' for Stokes line = P - A P 

Similarly 9' for antiStokes line = P + A P 

2) As per Eq. 6.4,V' for the Stokes lines lie between (19435 - 2962) cm-' and 

(194352853) cm-' , i.e., bet\;een 16473 cm-' and 16582 cm-' 

3) There are more molecules in the ground state than in the excited state. The 
former class gives rise to the Stokes limes, while the latter gives rise to the 

, antidtokes lines. Hence, Stokes lines are more intense than the anti-Stokes 
lines. 

4) The molecule with angular symmetrical structure can be expected to exhibit 
three IR bands and three Raman bands, all the three being common; the 
molecule with linear symmetrical structwe has no band appearing in both IR 
and Raman spectra. 

5 )  The spherical top molecules SF6 and CH4 could not exhibit pure rotational 

Raman'spectrum; others can. 
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Stokes Line : (19435 - 1460) cm-' = 17975 cm-' 

Anti-Stokes line: (19435 + 1460) cm-l = 20895 cm-l 

6.11 APPENDIX 

In this Appendix, we shall show how group theory helps in identifying Raman active 
vibrations and in understanding the mutual exclusion principle. 

Raman active vibrational modes 

Group theory can be used to find out whether a particular vibrational mode will be 
Raman active or not. In the case df vibrational Raman spectra, a particular vibration 
mode will be active only if the polarizability of the molecule changes during vibration. 
In terms of the polarizability operator a ,  the transition moment integral can be 
obtained using the term, vb a v, dr, where v, and vb are the wave functions 
corresponding to ground state and the excited state, respectively. In this term, a is one 
of the following quadratic or binary functions of the cartesian coordinates: 

A vibration will be Raman active, if it belongs to the same symmetry species as a 
component of polarizability. A vibration transition may give rise to a Raman band, 
only if the symmetry species of the product of the functions ly, lyb is the same as one 

2 2 2  ofx ,y , z ,xy, yz, zx or any combination of these. In that case, the transition moment 
integral will have nonzero value and the vibrational mode is Raman active. 

This rule can be applied to find out the Raman activity of the vibrational modes of 
H20  and NH3. 

Hz0 

In Unit 5, d e  have mentioned that for H 2 0  (as also for SO2) molecule, two of the 
vibrational modes belong to Al symmetry and the third one belongs to B1 symmetry 
and all these are IR active. Let us now see whether these are Raman active. 

- 
(i) Vibrational modes with A1 symmetry 

From the C2 character table, we see &at the vibrational modes with Al symmetry 

belong to the same irreducible representation  as^?,^^ orz2. Hence the vibrational 
Since W2belongs to c2, group modes with A1 symmetry are Raman active. 
(just like I420 molecule), two of 
the vibrational modes belong to 
~1 symmetry and the third one (ii) Vibrational mode with B1 ~ymmetry 
belongs to B1 symmetry. Also all 
these three modes arc active both The vibrational mode with B1 symmetry belongs to same irreducible representation as 
in infrared and Raman spectra. 

, 
u; hence this mode also will be Raman active. 

In unit'5, we have mentioned that for NH3 molecule, two of the vibrational modes 
belong to A1 symmetry and the other two to E symmetry. From the C3, character table, 
we see that (i) the vibrational modes with Al symmetry belong to the same irreducible 

representation asz2 orx2 + y2, and (ii) the vibrational modes with E symmetry belong 



to the same irreducible representation as (x2 - y2,xy) or (xz,yz). Hence all the four 
vibrational modes of NH3 are Raman active. 

Ramen Spectroscopy 

Let us next explain the mutual exclusion principle using group theory. 

The mutual exclusion principle 
You can use Table 6.2, Figs. 6.1, 

Point groups of molecules with centre of symmetry have two sets of irreducible 6.2,6.8 and 6.9 and the character 
representations. The representations which are symmetric with respect to inversion tables Ch, C3, Cwv and Dwh 

are called g ('gerade') representations, while those which are antisymmetric to (given at  the end of this Appendix) 

inversion are called u ('ungerade') representations. Let us explain as to how to and verify that 

identify a particular representation as u or g. (i) IR active vibrations belong to 
the same symmetry species aa 
4 Y  o r z  

By inversion operation, the coordinatesx, y or z become - x, - y or - z i.e., these 
undergo a sign change on inversion. (ii) Raman active vibrations 

belong to  the same symmetly 

inversion 
x--X 

inversion 
Y ' -Y 

inversion 
z ' -z  

i.e.,x, y and z coordinates are antisymmetric with respect to inversion. But the 
quadratic or the binary functions of coordinates do not undergo a sign change on 
inversion i.e., these are symmetric with respect to inversion. 

inversion 
x2 -(-x) . (-x) =A? 

inversion 
xy -(-x). (-Y) =xy 

This is true of all binary or quadratic coordinates and their combinations. 

species as any of the- 
quadratic o r  binaly functions 
of the cartesian'coordinates. 

For instance, from Table 6.2, 
Fig. 6.2 and the character 
table for Dwh group, we can 

infer that the symmetric 
stretching vibration of C02 is 
Raman active since it belongs 

to  symmet ly to  vhich 

also quadratic and binaly 
functions,3 + y2 a n d l ,  
belong. Similarly, bending 
and antisymmetric stretching 
of COZ are IR active since, 
these two belong toll,, and 

xu+ to  d i c h  the 

cadcsian coordinates (4 y)  
and z also belong. Why don't 
you verify the entries in 
 able 6.2 regarding the IR 
and Raman active vibrations 
of N20, H 2 0  and C l o y  ion 

In the light of the definition given for g and u functions, the coordinatesx; y and z also ? Use the relevant 
which are antisymmetric to inversion belong to u representation whereas the quadratic figures and the character - 

2 2 2 tables of point groups as and binary coordinates, x ,y ,z  ,xy, etc. belong tog representation (since these are mentioned in Table 6.2. 
symmetric with respect to inversion). 

The selection rule for IR active vibration which we have studied in the Appendix of the 
last unit can be stated as follows: 

A vibration will be IR active, if the excited mode has the same symmetry as one of the 
cartesian coordinates (x;-y and z). 

Using this, we can infer that in the molecules with centre of symmetry, the vibrational 
modes belonging to u symmetry species are IR active. 

Similarly using the selection rule for Ramab spectra that a normal vibration will be Raman 
active if the vibrational mode has the same irreducible representation as one of the 
quadratic or b i  coordinates, we can infer that in case of molecules with centre of 
symmem, vibrational modes belonging tog symmetry species are Raman active. 

In short, in molecules with centre of symmetry, a vibrational mode may be active either 
in Raman or in infrared but hot in both. This is the mutual exclusion principle stated in 
Sec. 6.4. 



III.IdIL.nunSm Character Tables of C2, CJr, C-, and Dma groups 

2 2cosq5 ...... 0 -2 2cosq5 ...... 0 

2 2 cos w ...... 0 -2 -2 cos w ...... 0 
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