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VP &RPTPSCIENCE COLLEGE
Vallabh Vidyanagar-388120
B.Sc. (Semester - 6) Subject: Physics Course: USO6CPHY22

Atomic and Molecular Spectroscopy
[STUDY MATERIAL]

UNIT- IV RAMAN SPECTRA

RAMAN EFFECT AND ITS SALIENT FEATURES .
When a monochromatic radiation or radiation of very narrow frequency band is scattered by
1 solid then the scattered light not only consists of the radiations of incident frgquency but also l;he
radiations of frequencies above and below that of incident beam frequency. This form of scat?ermg
in which the frequency of incident beam undergoes a definite change was observed and studied by
Raman in 1928 and is called Raman effect. _
If v; is the frequency of the incident radiation and vy is that of the light scattered by a given
molecular species, then the Raman shift, Av, is defined by
AV =V; - V.
This difference is the characteristic of the substance producing the scattering and does not
depend on the frequency of the light employed. When:
(i) Avis positive, vg<Vv;,  Raman spectrum is said to consist of Stokes lines.
(ii) Avis negative, v;>Vv;, Raman spectrum is said to consist of anti-Stokes lines.

Stokes lines are frequently much more intense than the anti-Stokes lines.

Raman shift, Av, generally lies within the range of 100 cm~! to 3000 em™!, which falls in far
and near infra-red regions of the spectrum. This leads to conclude that the changes in energy of the
scattered light in Raman effect correspond to the energy changes accompanying rotational and
vibrational transitions in a molecule.

The spectrum of scattered light (Fig. 4.'1) f:onsists of i

(i) lines of the same frequency as the incident beam (Rayleigh fine)
(Rayleigh lines).

(ii) additional weak lines of changed frequency. Lines
on low frequency side of exciting line are called Stokes
lines while those on the high frequency side are called
anti-Stakes lines. e il

(iii) Under high resolution, equidistant lines on both Rotational spesfium
sides of exciting line are observed. This is pure rotational M T N

Raman spectrum. The separation between these lines is ) 44 gi5res and anti Stokes lines are
nearly twice the separation between rotational lines in the called Raman lines. They are weak lines.

far infra-red spectrum of the molecule.
(iv) Under high resolution Stokes and anti-Stokes lines are found to be composed of rotational

fine structure. They constitute the vibrational or more strictly vibrational-rotational Raman
spectrum of the molecule.

Experimental study: The Raman Effect has been extensively studied by a great number of
workers. The general technique used in these researches is to illumine the substance under
investigation with an intense monochromatic source of light and photograph the scattered
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radiation by means of a spectrograph arranged in a transverse direction. But the technical details

vary according to the nature of the substance under test, i.e., liquid, solid or gas, the chief
purpose being to obtain best and quick results.

Apparatus: The original simple arrangement of Raman was not quite efficient and required very
long exposures of about hundred hours and more to obtain good records of the Raman spectrum.

Hence, improvements were made as regards the container of the

substance, the source of radiation, filter, spectrograph, cte.

Fig. 266. Apparatus for the study of Raman aifact.

The apparatus shown in Fig. 268 is the one first developed by
?ynqg, and now ovdinarily used in the study of the Raman effect in
iquids.

4 The container C of the liguid to be investigated, called the
Raman tube, consiita of a glass tube of about 1 to 2 oms. in diameter
and 10 to*15 cms. long, one end of which is drawn out into the shape
of & horn and blaskened outside to provide a suitable background,
the other end being closed with an optieally plane lass plate con-
atituting the window W through which the ascattered light emerges.
The containor is anrrounded by a water jacket J in whio cold water
is circulated to prevent overheating of the ligquid due to the proxi-
mity of the cxciting aro.

An ideal sowrce S would be light from a helium discharge tube
filtered by nickel oxide glasa, giving a atrictly monochromatic line of
wavolength 3888 A°.  PBut on account of thoe many technical difficul-
tics involved in the conatruction and manipulation of this source, it
is not widely used. The source ordinarily employed is the mercury
arc, the next best available, from which it is wnossible to get single
wavaelengths by the nse of suitable filters. Thua, for instance, to
obtain the 4358 line, slightly acidulated quinine' sulphate solution
contained in a noavial glass vessel is used as filter, which vuts off all
the other lines oxcept 4358 A°. To get the 4048 line o solution of
iodine 'in carbon tetrachloride contained in a novial glass coll is found
to boe a very sati-fuctory filter. The filter solution may be arranged
eithor to surround the Raman tubo or in front of the arc. The mer-
cury arc ia placed an olose to the Raman tube as possiblo, which re-
sults in large intensity of the incidemt light. A somi-oylindrical
aluminium reflector R enhancoes the intensity of illumination still
further. -

The chicf fentur.os of a specirograph, suited for tho ntnd;ir of the
Raman apoctra, are (1) large light-gathering power, (2) s al prisms
of high resolving powor and (3) a short-foocus vameora. lens L in
front of tho plane window W rdireota the soattered radiation upon tho
slit of the spectrograph which is carofully aligned along tho axis of
the Raman tube and screcned from the dircot rays of ths are. The

VPSC/USO6CPHY22/UNIT-1V/2020-21
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intense Raman linea of & lignid such as CCl, can bo photographed in

.hﬂut an hnlll' “ith ] Imll]:l lpﬂﬂt-mgrlph! but tho r“mrdihg of tha

eomplote spectrum may require up to ton or fifteon houra, ﬂupmuting
largely on the intensity of the incigdent light, tho spoed of the Bpec.
trograph and the intrinsic brilliance of the Ragan lines. It may he
noted that instruments of high resolving powoer such as gratings arg

not used with advantage, on account of tho poor luminosity which
neceasitaton long exposurcs.

A
I i
i i
I i
i i
i i
y Certain modifications in the experimental arrangements are neces. !
i sary for the excitalion of the Raman effect in solids and gases. In the i
: caso of substancea which are available as large and tranaparent solid i
N blocks, like ﬁpﬂum, quartz, oto., & container is not reguired and the A
i light from the exciting arc can be directly focused on the material i
i with a la condensing lens. . With solida which are in the form of i
i locse crya or powder, the Raman effect can bo obtained, as waa A
i first shown by Baer and Menzies, by reflecting light from erystal sur. i
; faces. But special precaution has to be taken to avoid the masking i
I effect due 1o a large amount of direct light coming out of the con. A
i tainer by repeated reflaction at the orystal faces and entoring tho i
i :Ennlrogﬂph. To achieve this, two techniques havs boen used, one i
i & uso of complimentary filters as developed by Ananthakrishnan at i
i the Raman laboratory and the other a epacial type of spectrograph i
j with two parts, each part having a prism and two lenses with a cor.
i mon slit in betwoen the two, devised by Rillroth, Kohlrausch nnd i
i Reitz in Germany. Both give very good results with crystal powdera, A
: and the lattor even with very amall quantitios of the substance. .
i The intensity of the light scattered from gases ia Very wenk, i
i but this diﬂﬂ“lty has boon Ovaroomo b}"' intﬂ.nm i]lu““ﬂﬂtiﬂn of the A
- gas under high pressure and the use of !
i spoctrographs  of great light-gathering i
; power. ood employed n very long tube j
' of HCl gas and obtained its Raman spec- N
i trum at atmospherio pressure using a speci- i
i ally made mercury arc, which was placed i
I in contact with the gas tube, hollow, cylin- .
i drieal - refloctors ¢n¢.lmi:g both of them. i
i The illumination produced in this way wan .
I very intense as the light from the arc was i
i returned back and furth between the walls i
' of the reflectors. Rasetti was the first to
i develop the technique of exciting Raman i
i effect in under high pressure, which .
. shorte nnnnldﬂrll;E the time of oxpo- !
i sure. He used o thick-walled quartz tube, i
i oems. long and 2-2 oms., internal diame- .
- tor, which could withstand pressures of 10 to !
i 18 atmospheres. With the 2537 line of the i
' aro as the exciting radiation, he !
' Wis able to obtain the Raman spectrs of i
i Stveral gases under pressure. Bhagavantam Dr. 8. Bhagavantam i
V i
H:- ]
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has construoted a Roaman tube for gasos which can stand pressures
up to 50 atmospheres, Tt is madoe of transparent silics and enclosed
in an outer steel by fur protection.  He has been able to obtain
wigh his apparatus good photographs of Raman spectra of gases in
abovt 40 to 50 hours' timo of oxposure using the 3650, 4046 and
4368 meroury hinex,

Results. .\n idea of tho type of Raman spectra produced by
wolids, liquids and gases niay be formed by inspecting the photo.

« DIAMOND . .
AMANSERSERD o o ;.

Raman spectra of different substances (Bhagavantam)

graphs obtained with bonzene, carbon tetrachloride (liquids), acety-
leno (gas), calcite and diamond (solids), given above, 1t ia soon that
» number of new lines and bands, exhibiting & variety of characters
of intensity, width, polarisation and fine struoture uare rocvrded on
sither side of the exciting radiation. There is also some unresolved
continuous radiation, which generall utppeau as wings eoxtending
slightly unsymmetrically on vithor side of tho parent line. This con-
tinuous spectrum shows groat variations in intonsity with different
substances. Eaoh line in the incident apectrum, if of sutficiont inten-
sity, gives riso to its own set of lines or bands and assoviated ocon-
tinuous spoctrum, We shall now outline the main results obtained
from researches made on the effect with such photographic rocords:

Raman effect in liquids; About a hundred liquids, w&l#‘-
mined, show the phenomenon in an unmistakable manuer, o fre-
quoncy shifts of the Raman lines produced with benzene correspond
to an infra-redl wavolongth 8:27 u, in which region benzone oxhibits &
strong band in {ts absorption spuctrum, A olose oxamination, how-
ever, of the infra.red absorption spectrum and the Roaman speotrum
of biroene shows that none of the Raman lines are re sented in
infra-red absorption sand vice-versa. An m&x;g‘mn feavure with
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CC), is the triad of Sto os’ and anti-Svokons’ linos cquall aced
oither side of the exciting 4358 line, B e B

With vory vyoll purified water Dadiou and Kohlrausch found
two broad bands instead of sharp lines at about A w Bpu.

Solutions of salts in water give tho Raman upoctrn characteris-
tic of the salts and the wator. Gonesan and Veukatoswaran found
that the bands due to water in aqueous solutions of H,50,, HCI and
HNO, acids become sharper with increasing voncenvration. ‘I'ho
similaritios exhibited by solutions of carbonaves of different metallic
radicals and the similarity of the sulphates and nitrates appear to
support the view that the characteristic frequencies are those of the
ioniscd acid radical,

Raman effect in gases. Tho Raman speetrnm of HCL gas
obtained by Wood and those of CO and CO, by Ragenti were the first
observations mado with gasos, Then many cther guses such as hy-
drogen, oxygon, nitrogen, ammonia, NO, N;O, U8y, ote., were studied,
‘Tho frequency shift of the Raman line of HCI gus corrosponds to
A = 3:466p, which is almost oxactly the wavelength of the central
missing line of tha infra-red absorption band of 1HCI,  Carbon mon-
oxide gives o Raman line whoso froquerley shifu is equil to the fre.
quency of its infra-red band, while CO, gives w line whoso shifv is
equal to tho froquoney difference of two of itk infra.red bunds.
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Oxygen, hydrogen and nitrogen give a pattern of cqually-spaced !
lines. Tho intensities of the individual lines alternate in the case of !
nitrogen and hydrogen, i
while with oxygen the (77, ° "T” e’y ':"'5"' s 2 ""‘if;fj"*""""-‘.'l.,'!‘!._‘ i
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absoent, ns seen in the TTITET A S

adjacont figure, whore A
the Raman speotra of
oxygon and nitrogen, :
obtained by Rasetti, lllll \ 3

are reproduced, These ' .
peculiarities in inten- -
sity of altornave lines
have led to very signi- |
ficunt conclusions as ¥
regards molecular struc. 4 ]
ture and nuclear spin. o SRR R R ' N
McLennan carried out ‘
a sories of oxperiments , ,
on "h(’ Ram“n eﬂ‘oot‘ R ann effect in oxygen und niroyon (l{unu“,i)
with liquid oxygen, nitrogon, hydrogen and mitrous oxide. His re-
sults with liquid oxygen suggoested that the normal mode of vibration
of tho molecule is the one involved in the production of the four
Rumunn lines observed, whilo those for liquid kydrogon supported the
view that hydrogen at low temperatures must be rogarded &y & inix.
ture of two dl,ltfnot. types of molecules known as the para and ortho
n. The Raman spootrum of CO; which is similar to that of

N
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oxygen indicates a symmotric atructure for its molecule, whils that of
N,O where thore is no alternation inintensity of the liney SUZROALE an
unsymmotric molecular structure,  Rasctti hay observed a Raman
line with NO whose frequency shift is 121 cm. ', which las been
classified as having an electronic origin,

Raman eifect im solids. On aczount of the numorous ox.
perimental diflicultics, comparatively a fow solids only have been
studied so far.  Mandelstam, Landsberg, Bacr and Menzies were the
pioncer workers in this branch of Raman effect  Other invostigators
were Schaefor, Matossi and Aderhold, Miss Osborne, Cabannes and
Canals, Nedungadi and Bhagavantam, The substances analyscd are
Bypsum, quartz, calcite, sodium nitrate, potassium nitrate, ammo-
nium phosphate, ammonium chloride, diamond and a few others. The
Raman lines obtained with crystals are sharp, becoming diffuse with
rise of temperature. In calcito (CaCO,) two lines which are nearest to
the parent line have been definitely identified with the oscillations of
the crystal lattice, while the others are due to the vibrations of the
CO, groups. With gypsum (CaS0Oy, 2H,0) which contains two mole-
cules of water of crystallisation, Krishnan found, in addition to the
wavelengths which could be attributed to the SO, radical, threo sharp
lines at A = 2:8u, 29 and 3'0x, which are ovidently due to the
water of crystallisation and are practically in the same position as
the components of the band observed with water, Diamond exhibits
a strong and sharp line of a comparatively large frequency shift,
which has to be ascribod to a lattice oscillation. In solid benzene,
thHe intense continuous spectrum obtained with liquid benzend is
roplaced by bands.

Intensity of Raman lines. Tho experimental determination
of the intensity of Raman line is beset with many difficulties on
account of their extremne weakness. The intensity of a Raman line,
when expressed as a fraction of the parent line, is usually a fow hun-
dredths in liquids and a few thousandths in gases. No accurate data
are available as ards the absolute intensities of Raman lines in
liquids or gases. ore reliable results are obtained in the dotermi.
nation of relative intensitios of a given set of Raman lines excited
by a given parent line. To obtain good results, photographic plates
 which have great and uniform sensitivity in tho rogion of investiga-
~ tion should be used. The densities obtained fur the lines under com-
1ok ‘fi”\ i measured with & microphotometer. On each plate, a set
of calibratior are recorded, with the help of which density
eurves M‘uﬁb?: wavelength can be drawn, and the intensities corres-
ponding to any density can be obtained from such éurves. The
neasured intensities should be corrected for various causes of error,

absorprion in the body of the substance in the Raman “tube,
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tained by Bhagavantam are very faint, while the principal Raman
line of diamond at 1332 and the line in benzene having a froquoncy
shift of 992 are very intense. These variations in intonsity as we
pass from line to line and from substance to substance are of great
significance in the study of molecular structure and chemiecal consti-
tution.

Since the intensity of scattering increases with the fourth power
of the frequency, it is advantageous 1o use, where the absorption of
the substance under investigation permits, light of as short a wave-
length as possible. Hence the ultra-violet mercury resonance line
2637 A° is often used. The Stokes’ lines are always more intense
than the corresponding anti-Stokes’ lines. The anti-Stokos' lines
grow more intense and, in addition, all the Raman lines move inward
towards the parent line as the temperature is increased.

P'pla/hation of Raman lines. Just as the Raman lines vary
greatly in their intensities, 8o also their states of polarisation. The
fact that differont lines are differently polarised is probably connec-
ted with their relative intensity.

The experimental arrangement used for determining the polari-
sation of Raman lines is essentially the same as that described on
pago 796 but with the following modifications. The light from the
source is concentrated by means of a condenser into the substance
contained in the Raman tube. A suitably oriented double image
prism whose function is to soparate the vertical and horizontal com-
ponents in the scattered light is placed in front of the slit of the
aﬁeotrogra h,-80 that two images, one above the other, are formed on
the slit, which are simultaneously photographed.

The stato of polarisation of a Raman line is measured by a
quantity known as the depolarisation factor which is simply the ratio
of the intensitios of the horizontal and vertical components when the
incident light is vertically polarised. This ratio is readily obtained
from the traces photographed as described above, by ono of the usual
methods employed for comparing the intensities of two beams of the
same wavelength. In order to get fairly accurate values of the de-
polarisation factor, the following precautions should be taken : (%)
erystalline quartz should not be used for condenser, spectrographs
or windows, since its opticai activity complicates the phenomenon of
polarisation ; (#7) the window of the Raman tube through which the
scattered light emerges should be strain-free and plane, (t9%) errors
arising from oblique refraction at the prism surfaces, want of trans-
versality in the incident beam and slit width should be eliminated,

Cabannes found that the Raman lines in crystals, such as
quartz, are differently polarised, the intensity and depolarisation of
the lmps depending upon the orientation of tho crystal, Menzies has
investigated the polarisation of the Raman lines in liquids, such as
CCly, in directions perpendicular and obliquely forward to the inci-
dent beam and has shown that many of the observed facts could be

;:oountod for by considering the initial and final directions of vibra
‘. )
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tions M the molecule involved to be parallel in the case of polarised
lines, perpendicular in that of unpolarised lines and at an oblique
angle for partially polarised lines. The following are some of the
important results obtained :—

(a) The depolarisation factor varies from O to 0-86 for the vibra-
tional Raman lines, while it has a constant value of 0:86 for the ro-
tational lines.

() With circularly polarised incident light, part of the Raman

line is circularly polarised in the reverse direction and part circularly

larised in the same direction as that of the incident light. Highly
epolarised rotational lines exhibit reverse circular polarisation.

(c) Sharp and strong lines are ordinarily characterised by low
depolarisation factors, while diffusec and weak ones by high depolari-
sation factors.

(@) Corresponding lines in molecules having similar structures
have nearly the sawe depolarisation factors. This is to be expected
as the polarisation of a Raman line is mainly decided by the sym-
metry of the oscillation.

Nature of the Raman effect. From the many and varied ex-
perimental data, it is clear that the Raman effect is a molecular phe-
nomenon. In the oase of free molecules scattering light, three diffe-
rent kinds of Raman effect can therefore be distinguished, viz., a ro-
tational effect, a vibrational effect and an electronic effect. A mixed
«rotation-vibration’ effect can also take place under certain circum-
stances. Solids can exhibit yet anothor type of Raman effect in
which the crystal lattice as & wholo takes the place of the molecule.

Since the rotational energies involved are small relative to the
vibrational energies, the pure rotational Raman lines lie correspond-
ingly closer to the parcnt line and are often masked by the intense
light of the parent line on the phatographic plate. They are obtained
separately only in the case of certain light gases, such as hydrogen,
deuterium, oxygen, nitrogen, etc. In heavier gases, the lines are
much closer and instruments of greater resolving power are required
to separate them.

Most of the observed Raman lines and bands with moderate or
large frequency shifts are due to the vibrational effect, correspond-
ing to verious nmormal modes of vibration of the molecule or the
orystal lattice. The fainter lines may be due partly to ovortones or
combination tories. The lines arising frora an oscillating orystal
lattice- are characteriatio of only the solid state and are not present
in nqui(h or gases.

~ Raman lines due to the electronic effc.t are rarely observed, as
in the single case of NO obtained by Rasetti.
N An‘lfnu of the continuous spectrum under high dispersion re-
1s that it cannot be separated from the parent line and that its
intensity is maximum near the parent iine. Although it is difficult to
decide upon the exact nature and origin of the continuous spectrum
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in all cases, very probably it is due to an unresolved rotational effect.
In the solid state, it is replaced by broad bands, while in the gaseous
state by separate lines, which may be ascribed to the rotation of the

moleculs.

tinuous spectrum have been
crystal lattice,

In certain cases the broad bands which replace the con-
identified with the oscillations of the
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~ Relation between the Raman and Infrared absorotion spectra: —“]
Raman Sepctra Fluorescence Spectra

1. Spectral lines have frequencies greater and lesser|Line frequency is always less than the incident
than the incident frequency. frequency.

2. Frequencies of Raman lines are determined not by|Frequencies of the fluorescence lines are
the scatterer but by incident frequencies. determined by the nature of the scatterer.

3. Raman lines are strongly polarised. Lines are not polarised.

4. Raman lines are weak in intensity due to which|The intensity of fluorescence lines is considerable
concentrated solutions are preferred as samples to|and samples at concentrations as low as 1 part in
give enough intensity. 10° are used.

Though Raman shift falls in far and near infra-red regions of the spectrum but Raman spectra
are quite different from infra-red spectra as pointed out below:
Raman Sepctra Fluorescence Spectra

1. It arises due to scattering of light by the vibrating|It arises due to absorption of light by vibrating
molecules. molecules.

2. It is the polarizability of the molecule which|The molecule must possess permanent dipole
determines whether the Raman spectra will be{moment to exhibit spectra.
observed or not. '

3. For Raman lines, being of weaker intensity,|Generally dilute solutions are preferred and water,
concentrated solutions as samples are preferred. being opaque, cannot be used as solvent.

Water can be used as solvent.

Importance of the Raman effect. Over and above the
great theoretical interest attached to it as a further confirmation of
the quantum theory of radiation, the Raman effect is of immense
practical importance on account of its many useful applieations in
Physics and Chemistry. The universal nature of the phenomenon, the
relative simplicity of the experimental technique as. compared with
that of infra-red measurements, the ease with which the effect can
be controlled, making it appear as a part of the visible spectrum
which can be chosen at will (its position depending only on the choice
of the incident frequency) and the complementary character of the
spectra obtained with reference to those of infra-red absorption (the
fermer containing lines which are forbidden in the latter) make the
Raman effect a very convenient and powerful tool of research in pro-
blen:s concerning the intimate structure of matter, chiefly as regards
t_’.he constitution of molecules, their number, arrangement and motion,
In gaseous,.liquid and solid states. We shall here summarise some

of ﬂi:s important applications which have led to sure and .significant
results.
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APPLICATIONS OF THE RAMAN EFFECT IN PHYSICS

(1) Molecular structure. The Raman offect has been put to
very great uso in tho study of the structure of molecules. Raman
spectra are, in gouoral determined by those factors which affect most
the nature of vibration, »iz., the number of atoms in the molecule,
the masses of tho atoms and the strength of the ehemical bonds bet.
ween the atoms,

Taking a diatomic molecule, its natural froquency of vibration is
given by v, = (1/2n) 4/ F/u, where K is the restoring force per unit
displacomont and x« the regultant mass. This means that (a) there is
only one vibration frequency in diatomic molecules, (b) a molecule
containing light atorns should have a higher frequency than one con-
taining heavier atoms and (¢) a molecule in which the force binding
the atoms is great should have higher chacacteristic frequency than
one in which the forece is weak. This force depends on the nature
and strength of the inter-atomic bonds., Thus a diatomic molecule
with a double bond should have a highor frequency than one contain-
ing only a single bond. The Raman lines are also expected to appear
with great intensity when the bond is of the covalent type (homo-
polar or electrically non-polar molecules) while the reverse is the case
when the bond is of the electrovalent type (polar or hoteropolar
molecules). The reason for this is to be found in the fact that the
Raman lines essentially depend upon the symmetry of the molecules
and the extent to which the polarisability is affected by the oscilla-
tions. In covalent molecules the binding electrons remain common
to the nuclei, so that tho polarisability of the molecule is consider-
ably modified by nuclear oscillations and this variation in polaris-
ability gives rise to Raman lines. In électrovalent molecules the
binding electrons definitely change over from one nucleus to the
other in the formation of the molecule so that the polarisabilivy of
the molecule is little affected by nuclear oscillations, which means no
Raman lines will occur.

Considering polyatomic molecules which are constituted by more
than two atoms, the Raman spectra will naturally be much more
complex. First of all, more than one characteristic frequency is to
be expected : e.g., triatomic molecules will, in general, have thrce
such frequencies. Secondly, the arrangement of atoms, such as
symmetrical or unsymmetrical, linear or non-linear symmetry, ete., is
an additional factor by which the intensity of the Raman lines is
essentially determined. Hence, fram the number and intensity of
the observed lines in the Raman effect, in conjunction with infra-red
data, it is possible to draw important conclusions about molecular

structure. Theory leads to the following important rule, known as -

the rule of mutual exclusion. For molecules with a centre of sym-
metry, tr{nhi't?_ion'l that are allowed in the infra-red are forbidden in

the Raman spectrum and vice versa. This rule implies that for

ales without a centre of symmetry there are transitions that
seour both in the infra-red and the Raman effect. It does not,
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howover, imply that all transitions that are forbidden in one must
occeur in tho other., For, some transitions may be forbidden in both.

The following examples may serve to illustrate these remarks.

Diatomic molecules. Somoe of the diatomic molecules studied
are H,, D, N,, O;, HCl, HBr and HI. The first four are hpmonue-
lear molecules, 7 ¢, constituted with identical atoms, while the lasg
three hoteronuclear molecules, i.e., made up of non-identical atoms.
In all these cases there is only one vibration frequency and its value
obtained from Raman spectra is-given below. The restoring foree
per unit displacement F in each case, calculated with the help of the
relation vy = (1/2#) +/F/w, is also given.

Hg

Dy

N,

Oy

HCl

HEBr

HI

ve (Cm."1)

4156

2993

2331

16566

2880

2558

2233

F > 10-5

51

56-3

22-4

11-2

4-8

3-8

29
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1t is readily secn from such a tabulation that (1) the heavier i

the molecule the lower is the vibration frequeney and (2) the values ;
of F, which is a measure of the binding strength, may be roughly !
classified in the ratio of 3 : 2 : 1, thereby indicating the existence of i
three differont types of bonds, triple, double and single, between the !
atoms in the molecule, !
i

i

i

i

I

i

I

I

i

i
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i

i

i
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Triatomic molecules. Among the several triatomic mole-
cules analysed, we shall consider here only three, viz., COy, N3O and

H,O as typical cases illustrating some special points of interest in
molecular structure.

Carbon dioxide (CO,;) is one of the most frequently and
thoroughly studied molecules. It has two very strong bands in itr
infra-red absorption spectrum at 668 and 2349 cm.-1, while only o7e
strong band in its Ramoan spectrum at 1389 cm.-1. As none of these
occurs both in the Raman and infra-red spectrum, it follows fro*an the
rule of mutual exclusion that the molecule of CO3 must have » gentre
of symmetry. For triantomic molecules this implies that the molecule
is linear and symmetric. Hence the molecular structvce of CO, is
O—C—0. This symmetrio structure is confirmed by tte rotational
Raman spectrum u£ CO,, which consists only of alternats, (odd) lovels,
like that of O,. The three bands stated above, two in the infra-red
spectrum and one in the Raman spectrum, represent tha three funda-
nﬂrtal frequencies of 00,. Carbon disulphide (CS;' also belongs to
t class. , :

Nitrous oxide (H.-O);- Thilunlnnln has the same number of
one . might

electrons as CO, and sherefore expe.t it to have a linear
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symmoetric structure. But analysis of the infra-red and Raman spec-
tra of NyO shows clearly that this molecule, although linear, is not
symmoetrical. The three fundamental frequencies of N,O are 2224,
1285 and 5389 em. "', All the three appear in the infra.red absorption
and two of thom, viz., 2224 and 1285, appear in the Raman spectrum.
589 has, however, not been recorded, due to wealk intensity. At any
rato, the two Raman lines appear also in the infra.red, which argues
to the absence of the contre of symmetry in the molecule. For, if
thero was a centre of symmetry, only one fundamental should appear
in the Raman spectrum and this fundamental should not appear in
the infra-red, according to the rule of mutual exclusinn, Hente the
molecule has the unsymmetrical structure N — N -- O, This conclu-
sion is confirmed by the rotational Raman spectrum of N;O, which
consists of both (odd and even) sets of lines without any alternation
in intensity. Other molecules of this type are HCN, CICN, BrCN,
ICN, etec.

Water (HgO). The observation of a strong pure rotational
spectrum and its structuro, as well as that of the rotation-vibration
spectrum lead unambiguously to the
conclusion that H,0, though sym-
metrical, is not linear but bent (Fig. 120"

257).. According to theory, all triato- H
mic molecules of bent symmetrical H

structure should give rise to three

Raman lines all of which are represent- Fig. 257.

ed in the infra-red spectrum. There are two very strong bands
at 1595 and 3756 cm.-! in the infra.red absorption spectrum, which

~ are very probably two of the three fundamental frequencies. There

is also evidence to show that the bend in the system is 120°. In the
Raman spectrum, two frequencies have been recorded at 1665 and
3605 om.-!, which correspond roughly with the infra-red frequencies.
There is some difficulty in recording the Raman lines of Hy0, which
aro very wealk, due evident'y to the fact that the moments of the
light hydrogen atoms do not cause appreciable variation in the polari-
sability tensor. Water gives some other extra bands which have to
be ascribed to polymerised molecules—(H30)s and (H,0);. D;0, S,0
and H,8 have similar-bent symmetrical structures.
" Thus the study of Raman_speotra of different substances en-
ables one to classify them acocording to their molecular structure.

(¢5) Nature of the liguid state. Considering the gaseous
state, it can be.readily shown that the translatory motions of the

molecules are such that the Rayleigh scattering will be spread out in

- socordance with Max ell’s law. the other hand, for the solid

" Brillouin, disregarding molecular structure and réplacing the
bm:llggln **m':&.‘m continuum, so that the mﬂ&m
v be resolved into system of elastic waves traversing
eotions, arrived at_an exprossion showing thet

Qﬁ%’ﬁm waves and tho angle of
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seattering.  Now, as regards the intermediate liquid state, Raman
and Ragavendra Rao, in their study of the Raman spoctra of a num-
ber of liquids, found that while Brillouin's theory was verified, a
central line brighter than the displaced components was seen. With
increaxo of tomperature the contral line grow in intensity at the ex-
pense of tho neighYouring  Brillouin components  which  themselves
broadened out and tended to merge into the central line, The two
Brillouin components were found to be completely polarised in trans-
verso scattering, while the central line was also nearly fully polarised
m non-polar liquids.  In strongly associated liquids, like formic acid,
the central lino showed appreciable depolarisation, while in viscous
liquids the Brillouin components were faint.

; A
; !
i .
; X
i .
; i
i .
; i
i g
i i
i g
i i
i g
i R
i g
i ~The experimental finding of the Brillouin components i charac- !
i teristic of the clastic continuous medium. The presence of the cen- |
i tral line, however, which is not to be expected in Brillouin’s theory, i
i can be accounted for solely on the basis of random type of move- |
: ments, as in a gas. The central component is always brighter and |
i this readily follows from the fact that gaseous Rayleigh scattering is i
i a.lwqys much more intense than the correcsponding scattering from
j liquids or solids. The relative intensities of the central and Brillouin |
i components vary from ligquid to liquid and this may boe taken to i
i show how the thermal energy is shared botween the two types inm °
i each liquid. The observations ot Raman spectra have thus led to |
i an important conclusion regurding the liquid state, viz., that’ it is .
i characterised by both types of thermal energy, one in which it is !
: organised in the manner of elastic waves and the other in which it is |
i akin to random types. In other words, the thermal motion of liquid .
i molecules, which goes to make up its heat content, is neither wholly !
: disorganised as in the case of the molecules of a gas, nor wholly j
i organised in the form: of clastic waves as in a solid, )
i (¢¢) Crystal physics. The analysis of orystal structure by !
i X-ray diffraction methods concerns itself with the determination of |
i the position and arrangement of the atoms or molecules which scat- .
ter the X-rays. It does not tell us anything about the forces binding

! the atoms or molecules together in the lattico, which determine the |
i physical properties of the crystal, and hence of the solid state, since
i most solids are crystalline in structure. R
[ i
i :
[ i
i :
i i
i i
i i
i :
i i
i :
i i
i :
i i
i :
i

| i

The Raman offect offors us a now method of studying cryvstals,
which, in a sense, is complementary to X-.ray diffraction. For, it
furnishes us with just the kind of information that X-rays do not
give concerning tho strength and nature of the forces which hold
the crystal together. Furthermoro, this information is of a precise
‘chdracter, as the Raman lines are ver sha;p. and can be measured
veay accurately. The frequencies deduced from the Raman s '
and tho known positions and masses of the atoms in orystals enablo
us to dotermine the binding forces in the orystals. ,
stals has boen initiat-
,till now, yot some

“ Although the study of Raman effect in or

ed only recently and has not much advane
important results have alrcady been obtaine
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i studicd by Ramasamy and Bhagavantam, shows clearly that it is
not nocoasary for a crystal Lo contain molcoules in order that it should
oxhibit Raman offoct, for diamond is a non-polar substance in which
it is impossible to identify any partioular group of atoms as forming
an ion or moleculo.  ‘Tho Raman spoctra of a scries of cryatalline
nitrates analysced by Krisknamoorthi and Gerlach established that the
“Mroquonecy charactoristios of the NO, ions are notably influcnced by
the presenco of tho kations,  This nuggests that the assumption of
completo ionisation in the solid erystal may beo invalid,

i A
i A
i X
i A
i X
i i
i X
1 A
i !
1 R
i !
i The Raman offcet in erystals has been studied also with  re. i
y ferenco to two other fundamontal probloms in erystal physics, viz., the i
i existonce of a “‘mosaic’’ structure and thermal agitation in crystals, )
i From the Raman spectra of cerystals, the existence of discrete mono- .
N chromatic infra.red frequencies has been clearly demonstrated. In a i
i quantitative study of the phenomenon, Raman has shown that a cry- .
i stal has, in general, (24p 3) fundamental modes of atomic vibra- .
i tion with monochromatic frequencies, where p is the number of . ;
i terpenotrating atomic lattices of the crystal, Of this number (3p — 3) !
l modes may bo ascribed as oscillations of the p interpenetrating |
i lattices, while the remaining 21p modes are oscillations with respeet
i to each other of various important planes of atoms in the crvstal, !
| The number of monochromatic frequencies is shown to be consider. |
i ably reduced when the crystal has a high degree of symmetry. put .
i the number of frequencics and the geometry of the modes have been !
: fully worked out from considerations of symmetry. For instance, |
i diamond has been shown to have eight fundamental frequencies, .
' rocksalt nine, and fluorspar fourteen. The fine structure of the infra. !
I red spectrum of crystals nctually observed is readily and adequately |
i accounted for on the basis of the abovo-mentioned analysis. i
i (iv) Nuclear physics. Tho Raman effect has been applied also i
' in the study of certnin aspcets of nuclear physics, such as the spin, |
i statistics as well as the tsotopic constitution of the nucleus. The rota- ;
i tional Raman lines of homonuclear diatomic molecules like H,, Dy, !
: 0y, N, ete., characterised by their alternating intensities, have been |
i most fruitful in giving precise results. Thus, for instance, in the case
i of hydrogen, the Raman lines arising from odd rotational lovels are !
: three times moro intensce than those coming from transitions between i
i even levols, which can be shown to be due to the fact that the hydro- .
gen nucleus has a spin of half o unit, obeying Fermi-Dirac ‘statistics !
V and that the statistical weight of the odd rotational levels is three |
i times that of the even rotational levels. With dewtersum, the
: stronger of the alternating Raman lines correspond to transitions bet- !
V ween even levels and their intensities are twice that of tho weaker
i ones arising from odd levels, These obsorved data lead to the |
: results that the deuterium nucleus has a spin of one unit, conforming |
' to Bose-Einstein statistios, and that the statistioal weight of the even
i levels is twice that of the odd levels. In the case of oxygen the entire °
i ot _speotrum consists of linos arising from transitions between |
i odd levels only, while those from even lovels are completely missing, i
i - A

R
| ,

. - . ot . .
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' which means that the nuclear spin of oxygen is zero. With nitrqgen
the intensities of the Raman lines alternate, the more intense lines

. corresponding to transitions between even levels, unlike hydrogen but
similar to deuterium. This leads to the conclusion that the nitrogen
“nucleus has aspin of one unit and obeys Bose-Einstein statistics. These
results are in complete agreement with those derived by other methods.

The substitution of an isotopic atom for the original one in the

molecule is expected to alter the symmetry of the molecule and the
effective mass. Many isotopic molecules have been studied from this
standpoint and it has been found that the phenomenon of alternating
intensities in the rotational Raman lines, well exhibited by the spectra
of H, and D,, is absent in the spectrum of HD showing that the sub-
stituvion of D for H has destroycd the symmetry.

i

I

I

i

i

i

i

i

i

i
CLASSICAL THEORY OF RAMAN EFFECT i

If an atom or molecule is placed in an electric field, the electrons and nuclei are i
displaced—electrons being attracted to the positive pole whereas nuclei to negative pole. An |
induced dipole moment is produced in the molecule due to the displacement of nuclei and electrons; !
and the molecule is said to be polarised. If F is the strength of the electric field and p is the j
magnitude of induced dipole moment, then A
u=aF, !

where a is the polarizability of the molecule. The strength, F, of the electronic field of an |
electromagnetic wave of frequency, v, can be expressed as .
F =F sin 2nvt. (2 !

where F) is the equilibrium value of field strength. From equation (1), | !
1 = o sin 2mve, @ 1

implying that interaction of radiation of frequency v induces in the atom or molecule a dipole |
moment which oscillates with the same frequency v. By classical theory, this oscillating dipole ;
should scatter (emit) radiation of the identical frequency v, i.e., incident and scattered frequencies !
will be equal—a case of Rayleigh scattering. i
While arriving at equation (3), no internal motion, e.g., vibration and rotation of the molecule
has been considered. Let us consider first the effect of vibration. Suppose the molecule is diatomic; .
then as the two nuclei vibrate along the line joining them, the polarizability of the molecule will *
vary. The variation in polarizability «, with small displacement x from equilibrium position is given |
by i s el
i

i

i

i

i

i

i

i

i

a=a0+ﬁ‘—i;, ...(4)

where o is equilibrium polarizability, B is the rate of variation of the polarizability with
displacement and A is the vibrational amplitude.
If the molecule executes simple harmonic motion, the displacement, x, can be represented by
x = A sin 2nv,t,
where v, is the frequency of vibration of the molecule. Therefore,
o = ag + B sin 2nv,t, ...(8)
which when substituted in equation (3), gives )
u = agFq sin 2nvt + BFg sin 2nvt sin 2nv ¢
= aF sin 2nvt + 1 BFglcos 2m (v — V)t — cos 2n(v + v )tl. ...(6)
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Thus induced dipole moment oscillates with frequencies v (equal to the frequency of incident
radiation, i.e., Rayleigh scattering), (v + v,) and (v - v,). The last two frequencies are more and less

than the frequency of incident radiation and predict the existence of Raman scattering. The

vibrational Raman shift will be
=(V+Vy) = V=V,
equai o the frequency of vibration of the diatomic molecule.

Now we consider the effect of rotation of molecule on polarizability. During the course of
rotation, the orientation of a molecule with respect to the electric field of radiation changes, and
therefore if the molecule is not optically isotropic, i.e., it exhibits different polarizabilities in
different directions, then its polarization will vary with time. Expressing variation of a by an
equation identical to equation (5), we get

0= o + P’ sin 21(2v,)t, A7)
where v, is the frequency of rotation. Since a rotation through n angle will bring the diatomic
molecule in a position in which its polarizability is the same as initially, the rate at which the
polarizability changes is twice as great as the rotation. Therefore, instead of v,, 2v, has been put

i i
i i
i i
i i
i i
i i
i i
i i
i i
i i
i i
i i
i i
i i
i in above equation. i
i Substituting equation (7) in equation (3), we get i
i 1 = 0y Fy sin 2nvt + B'Fy sin 2nvt sin dmv, ¢ i
i = agFy sin 2nvt + 1 BFolcos 2n(v - 2v,)t - cos on (v + 2v,)i (8
! For above expression, we find that the frequencies of Faman lines will be (v+2v,) and i
! (v=2v,), v. The rotational Raman shift should thus be :
: =(v+2v,)-V=2v, i
i equal to twice the frequency of rotation of molecule. i
j i
i i
i i
i i
i i
i i
i i
i i
i i
i i
i i
: i

From above discussion, it is obvious that:

(i) In the spectrum of scattered light one obtains vibrational Raman lines at distances v, on

either side of Rayleigh line (exciting line), v, and also rotational Raman lines at distances 2v, on

either side of v, It is thus clear that the molecule need not have a permanent dipole moment for its

Raman spectrum to appear. Hence, besides heteronuclear molecules like HCJ, the homonuclear

molecules like Hy, Ng, O, also show Raman spectra although they do not show infra-red spectra.
(i) According to the classical theory, Raman lines on the two sides of the Rayleigh line must

be of the same intensity but this is not so. Raman lines on the high frequency side (anti-Stokes) are
00 weak to be observed. Therefore classical theory is met with this objection.

00 Weak
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4.3. QUANTUM THEORY OF RAMAN EFFECT
In scattering, due to the absorption of the incidont radiation by scattering molecules, they are
raised to a higher onergy stato, Now if they roturn to their original state, then frequency of
radiation emitted is same as that of incident light: but if they return to a higher or lower
vibrational or rotational lovol, the frequency of seattered radiation is less or gr«mtm.' than that of
the incidont radintion—the amount of this difference is equivalent to the difference in vibrationg
or rotational onergy states. Let us consider a molecule in its initial (lower) state /2°° and is exposed
to incident radiation of frequency v, em™'. The absorption of this incident radiation would raise thig
molecule to a lovel in which its energy in (£ + hev)). Now suppose it returns to a level of energy E’
lying above the level E”, by losing enorgy hev, and omitting (seattered) radiation having observed

frequoncy v,. It follows then

E" 4 hevi = hev, = B,
b.- E' Nad E" - hC(V‘ - V~)

™ hc Av. g lll(l)
which shows, as said oarlier, that Raman shift Av is ecqual to the
differenco in energy of tho two levels ropresonted by £ and E”. It is
obvious that sign of Av doponds upon (£’ - E”), If B’ > E” or in other
words, if tho molecule is initially in lower state when it absorbs energy
of incident light, Stokes lines of Raman spectrum (for which Av should
be positive) are produced; but if tho molecule is initially in upper state
E’ and then roturns to the lower stato £ after emission of seattered

Raman radiation, then Av is negative and hence Raman apectrum will
consist of anti-Stokoes lines.
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'Il;ho transitions are illustrated in Fig. 4.3, ‘ R-Tﬁ"-_-='_ : i
should bo noted that frequency shifts of Raman lincs, their ROYIeigh™ Stokes Anti Stokes i
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intensity and polarization are charactoristics of the scattoring m
substance. Classically, stokes and antistokos lines should have oqual Fig. 4.3,

intensity. However, exporiments confirm that stokos lines aro more

intense. Quantum mechanically it is becauso such transitions are more probable and hence more
intonso. Furthor, tho dotted level shown in the energy level dingram is not a stationary level. It is
a virtual level. Since energy is not presorved in a virtual level, the photon immediately returns to

lower stationary level after emitting a photon, Fluorescence effoct basically diff | \man
effect in the sense that in fluorescence there is always a transition to nt.abl: ntatgru iy

Probability of Energy Transition in Raman Effect: Occurrence of Ramal Spectrum

We know that if an atom or moleculo is placed in an eleetric field. of strength F (say), the
electrons and nuclel are displaced in such a manner as to induce a dinole : :
(say in the atom or molecule), then : © & dipole momont of magnitude 4

o b s s e ois
where « is the polar of the molecule, Now when the two nuclof (in a di olec
vibrate along the line joining thom, polarizability of the molecule will vary, l?'o: ":.t;mlo displacemon wﬁ
x from the equilibrium position, it is possible to ropresent the variation of polarizability o with the

d“’lmmt by U 1\.'““‘ i
\ : x - W& Ohlzay

AP -ﬁ.‘%-*-ﬂz‘- v Ul --,J,,nM, e .
m o is the equilibrium polarizability, B ls the rate of v riation ¢ ‘..":- \,‘ ‘.; » v‘, O ‘

displacement and A is the vibrational amplitude,
L1 el
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Writing p, = o, F, from eq. (1) in equation (17) of § 2.1 the x-component of the matrix clement
which determines the transition probability can be written ns

Ir“IF’I"“") _|- ""U:iil Ill_\ 'F‘J_}ll'“” “;I ] . ":Fl:l
where oy, is the polarizability in the x-dircetion when the field #, acts in the same direction.
Accounting for the variation of @, in the course of an oscillation from equation (2), we write

0 x
”'.'l.'.i.' “'.'l..t + r!'.u A .

Thercfore equation (3) is

F,

: [':_,'._‘._[ i, Xy, dt Ladd)

P alx) = F ool Iui:*“f" dt 4

XY

We conelude from equation (4) that:

(i} The first term on the right hand side of equation (4) is zero except when m = n (because the
vibrational eigonfunctions are orthogonal), Thia term, therefore, gives rise to a transition which
does not involve a vibrational or other transition or in other words, this term simply gives the
probability of Rayleigh scattering.

(ii) For Raman scattering, m # n and honee first term vanishes, Therefore for Raman lines to
appear, the second term must differ from zoro, Obviously, if iy, be zero, socond term also vanishes
and hence no Raman scattering. It meana that pelarizability must change during the course of
maolecular vibration if Raman effect is to be exhibited,

(i) From equation (3), we also conclude that for Raman effect to nppear, it is necessary that
even in the case of moleculnr rotation, the polarizability either in 2, y or z direction must vary in
the course of rotation beenuse only then there can be any probability of transition.

Thus we conclude that it is necessary for the molecule to be polarizable to different extents in
different directions if it in to exhibit Raman scattering, The polarizability of a molecule can be
considered as made up of three components in directions at right angles to each othor, which gives
the dimensions of the 8o called polarization ellipsotd. If during the course of molecular vibration,
any of the throo dimensions of polarization cllipsoid changes (which is equivalent to saying that
polarizability in any of the three directions chﬂnﬂl.!ﬂ)‘ the -.u'l_rrut,iun will Rive rise to Raman effect.
Further, if the ellipsoid is spherical, rotation will not affect tho polarizability and hence for
rotational Raman effect the ellipsoid should not be spherical. For a diatomic molecule w_-'mti_wr
homonuclear or not (that is, whether it possesses permanent i:.ﬁpﬂ!i".'l!ﬂurﬂ-ﬂﬂf or not) the polarization
ellipsoid will not be spherical and will also change its dimensions in the course of molecular
‘ vibration and hence all such molecules will exhibit both rotational and vibrational Raman spectra.

Vibrational Raman Spectra : e N
The vibrationn]l Raman spectrum arises due to transition of molecule from one vibrational

i energy state to tho other of the same olectronic state. Quantum mechanically if 3, in equation (4)
' is not zero, the molecule will exhibit Raman seattering. By the aftudy of the matrix glnmont
i P, () of the polarizability, it is found that in the case of harmonic oscillator the same selection rule
I holds for Raman-effect as for the infra-red spectrum, namely

utl
: howing m:ul:.ml to the adjacent vibrational state, i.e., from one level
i Lﬁ. ﬁ;ﬁ::ﬁlm]ﬂ:rnt;n&ﬂ;]::“t luwir {nm,i.siijnkm) level, Thus Raman spectrum consists
" of one Stokes and one anti-Stokes line which are shifted by an amount,
' ; |Avi= G + 1) - G{v) = w
i side of the original line. At ordinary temperatures, most of the molecules are in their
i vibrational states, i.e., v = 0; hence the majority of transitiona will bo of the type v=0 to
I o=1 A small number of molecules will initially occupy the v =1 level which may undergo the
i
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Writing o\ Oy My from eq, (1) in equation (17) of § 2.1 the x-component of the matrix element
which detormines the transition probability can be written ns

P,“,,(.t‘) J'W:n((lu ”"-)\V“ dr, ...(3)
where @y, i8 the polarizability in the x-direction when the field #, acts in the same direction,
Accounting for the variation of o, in the course of an oscillation from equation (2), we write

- 0 X
Olyy = Oyy + “.r.t A '

Therefore equation (3) is

p‘
pnm(x) - an.?x J' W;z"’n drt + _/_‘x ﬁ.u ,[ W;n Wy dt (4)

We conclude from equation (4) that:

(i) The first term on the right hand side of equation (4) i8 zero except when m = n (because the
vibrational eigenfunctions are orthogonal). This term, therefore, gives rise to a transition which
does not involve a vibrational or other transition or in other words, this term simply gives the
probability of Rayleigh scattering,

(i) For Raman scattoring, m # n and hence first term vanishes, Therefore for Raman lines to
appear, the second term must diffor from zoro. Obviously, if B,y be zero, second term also vanishes

i .
i .
i i
i i
i i
i i
i i
i i
i i
i i
i i
i i
i i
i and hence no Raman scattering. It moans that polarizability must change during the course of !
i molecular vibration if Raman effect is to be exhibited, i
i (lii) From equation (3), we also conclude that for Raman offect to appear, it i8 nocessary that .
i even in the caso of molecular rotation, the polarizability either in x, y or z direction must vary in !
i the course of rotation because only then there can be any probability of transition. i
. Thus we conclude that it is necessary for the molecule to be polarizable to different extents in !
j different directions if it is to exhibit Raman scattering. The polarizability of a molecule can be !
*  considered as made up of three components in directions at right angles to each other, which gives i
| the dimensions of the so called polarization ellipsoid. If during the course of molecular vibration, I
j any of the three dimensions of polarization ollipsoid changes (which is equivalent to saying that i
" polarizability in any of the three directions changes), the vibration will give rise to Raman effect.
| Further, if the ellipsoid is spherical, rotation will not affect the polarizability and hence for |
j rotational Raman effect the ellipsoid should not be spherical, For a diatomic molecule whether |
*  homonuclear or not (that is, whether it possesses permanent dipole moment or not) the polarization i
i ellipsoid will not be spherical and will also change its dimensions in the course of molecular
i vibration and hence all such molecules will exhibit both rotational and vibrational Raman spectra. |
i i
i i
i i
i i
i i
i i
i i
i i
i i
i i
i i

i

Vibrational Raman Spectra :
The vibrational Raman spoctrum arises due to transition of molecule from one vibrational

energy state to the other of the samo clectronic stato, Quantum mechanically if i, in equation (4)

is not zero, the molecule will exhibit Raman scattering. By the study of the matrix clement
P un(x) of the polarizability, it is found that in the case of harmonic oscillator the same selection rule

holds for Raman-offect as for the infra-red spoctrum, namely
vetl
showing that a transition can take place only to the adjacont vibrational state, i.e., from one level
o the next upper (Stokes) or to the next lower (anti-Stokoes) lovel, Thus Raman spectrum consists
1 and one anti-Stokes line which are shifted by an amount.
RS " s ‘AVJ-,G(q-o-l)-G(v)-m
m @. At ordinary temperatures, most of the molecules are in their
onal states, {.e., v =0; hence the majority of transitions will be of the type v =0 to
umber of molecules will initially occupy the v =1 level which may undergo the
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v =1tov =2 transition (Stokes transition) or v = 1 to v = 0 transition (anti-Stokes transition), byt
the intonsity of these transition lines would be wenk because of small number of molecules. Thy,
the intensity of the Stokes-Raman line which corresponds to the transition 0 = 1 is very much
greater than that of anti-Stokes line, 10, These anticipations are in agreement with
observation, At higher temperatures, the number of molecules that are initially in higher
vibrational levels increnses and honce the intensitios of anti-Stokes lines also increases,

We know that vibrational energy of a diatomic molecule is (from equation (2) of Art. 3,2)

E, = (u + ;)h(.‘m, - (u ' é)zhc.\:m.
Considering the transition v = 0 to v = 1, giving the strong line in vibrational Raman spectrum
and using symbols £’ and E” for energies of two states, it follows that
E'<E"=(1~20hcw,.
From equation (1) of Art, 4.3 Raman shift is
Av = (1 ~ 2x)w,
or Av = v,
where v is equal to the frequency of the centre of the fundamental vibration band in the infra-red
spectrum of the molecule. Thus there is agreement between the vibrational Raman shift and the
infra-red absorption band of the molecule.
Pure Rotational Raman Spectra :

These spectra arise from transitions of the molecule from one rotational energy state to the
other of the same vibrational state, Thoy appear on both sides of Rayleigh line. The selection rule
for rotation Raman transitiona is different from that for purely rotational (far infra-red) changes,
For tho Raman effect, it is

AJ w0, %2,
for diatomic molecule in ¥ (ground) state. Furthor the transiticn AJ =0 is trivial, since this
represents no change in the molecular energy or, in other words, scattered Raman radiation will be
of the same frequency as that of incident light (Rayleigh scattoring). Tho transitions, AJ = +2 give
Stokes lines (longer wavelengths) while AJ » <2 the anti-Stokes lines (shorter wavelengths),
The rotational energy levels of a linear molecule are represented by

he
E,= T JW +1) (cf. rigid rotator)
Using this expression, for AJ = +2, the valuo of rotational Raman shifts of Stokes lines will be
given by
Av = —&—sn% ((J + 2)(J + 8) = J(J + 1))
R B = 2B(2J +3) . i(B)
where B= A !
8nle
For anti-Stokes rotational lines, we can show that
Av = - 2B(2J + 3).
The Raman shift can be put in the form
& ' Av =t 2B(2J + 3) +(6)
MJ- °| 1. 2' e
mwm. of the aoru:ponding spectral lines are thus given by (7)
,' e NV, Ay, "
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In Fig. 4.4 allowed transitions and the Raman spectrum -kt a3
arising out are shown. It can be secon that froquency
separation of successive lines is 48 (remember it iw 28 em~! in 6
far infra-red spectra), while on putting J « 0 in equation (7)
we find that the separation of the first line from the exciting. ]
lines is 6B em™",

J =1

Discussion :

(i) For diatomic and light triatomic molecules the
rotational spoctrum will normally be rosolved, The value of
B can then be obtained and henco the moment of inertin and 41 ap sl
bond length for such molecules can be found. g

wel o
61| 618
| 3 fniiine
microwave spoctra, thoy do exhibit rotational Raman spoctra,  ¥76543210, 012345678

Therefore structure of such molecules can bo obtainod from Stokes Lines Anti-Stokes Lines
Fig. 4.4, The rotational lovels of a

Raman technique. distomic molecule and the rotational
(iif) If a molecule has a centre of symmetry (eg. Hp, Oy, Raman Spectra,

COy), then the effects of nuclear spin will be observed in both

the Raman and infra-red spectra, Thus for Oy, CO, every alternate rotational level is absent; for
example, in the case of Og, every level with even J values is missing and thus every transition
labelled J = 0, 2, 4 in Fig. 4.4 will be missing from the spectrum.,

Vibration-Rotation Raman Spectra :

It is possible, theoretically (such spectra are rarely resolved except in the case of diatomic
molecules), for vibrational and rotational transitions to occur simultaneously in a Raman

——m
e

S - 2

(ii) Important to note is that whoreas the homonuclear
dintomic molocules (eg. Oy, Hy, Dy, Ny) give no infrared or " IJJ l

AJ . o. :20
M"-For a diatomic molecule vibration-rotation energy levels are given by
" 2
wh E,"-hc[w,(w%)-m,a{w%) ]+thJ(J+ 1) em™!

L "1.9"".' ‘\ “‘._‘ a (Whoro v .0, 1' 2| TR ;j'o. 1. 2' e -)

8 of froquency,

vew,(v+3)-00{o+ -%)’ + BJ(J 4 1) 8

ction rules, stated oarlicr, we have
AV(Q i"‘iig,w"" (for all J) (9
Vot B@J+6)  (J=0,1,2,..) a0
AV(O) I.(%o/'; B(‘I’ +e) (l’ -2; 3,4,..) : W
o, (1 = 2¥) and O, @ and § refer to the O branch lines, @ branch lines and
k :;.w“w.m’“‘. SrPAion) | .
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[ The spectrum is sketched in Fig.4. 5 with

pure rotation spectrum at one side.

It is to be noted here that unlike near infra-red

spectra, here in Raman spectrum @ branch is

present. Analysis of O and S branches in Raman ’ , ”’“ ,““

spectrum gives a value of B and hence ..11]” “ ” [l11,, llllll” , ” “lllm
Nttt et e

determination of the moment of inertia and bond :

R X Vg \
length is possible. i o ! vo =5
. - - " "
Weaker anti-Stokes line will occur at the Rotation Pure Rotation

same distance from, but to high frequency side, of ~_ Vibration
the exciting line. Fig. 4.5. Pure rotation and vibration spectrum of a

diatomic molecule.
Problem.  With exciting line 4358 A, a
sample gives Stokes lines at 4458 A. Deduce the wavelength of anti-Stokes line.
Refer to the equation (7), art. 4.3, the wave number of corresponding spectral lines are given
by

V= Ve — AV
with Av =+ 2B(2J + 3);
the plus sign stands for Stokes lines and minus for anti-Stokes line. Thus we have
Vex = 22999 x 106 m™!
Vg = 22431 x 105 m™!
Av = 00568 x 10° m™!
vy = 2:3567 x 10% m™!
Aas = 042432 x 105 m = 42432 A,
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