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spectroscopy is given. The basic underlying principles of the
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of the Raman effect are presented., The common relétions of
the Raman spectra with the rotational and vibrational spectra
are pointed out. The distinguishing features between the
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I. INTRODUCTION

It has long been recognized that the ensemble of
wavelengths emltted or absorbed by any substance is determined
by the atoms or molecules it contains. The theory and
practice of molecular spectra, their reccrding and interpretation,
has been treated in numerous books, scientific articles and
reports for scores of years. It is, however, believed that a
short 1ntroduct1on 1nto the f1eld of spectroscopy, and
particularly into the field of the Raman spectroscopy, of a
tutorial nature, could be of some value to researchers who ‘
are outside the circle of soectroscopists and who would still
like to take advantage of the latest developments in this .
particular field and the special feaztures it possesses. i
In connection with the above, for the sake of clarity, it
must be distinguished between the applications spectroscopists
make of the spectra they obtain and the use intended in this
work for those spoctra. Again, in describing the use
spectroscopists make of the spectra, this topic can only be
dealt with in very broad terms. A detailed description is
outside the scope oé this work. It is clearly not the purpose
or place to go here into details. 1In general, it can only be
said that molecular spectra provide the physicist and chemist
with one of the most important tools for investigating
molecular structure. From the oiven spectra, the various
energy levels of a given molecule can be determined. These,
in turn; provide detailed information about the motion of the

electrons, the vibrations and rotations of the nuclei in a




molecule. The motions of the electrons provide information

on the chemical valences. The vibrational frequencies provide
information of the interatomic forces, and it is also possible
to determine with great accuracy the neats of dissociation.
The rotational frequencies, on the other hand, provide
extremely accurate values of the internucleaf distances as
will be shown in some examples later. This is only a very
small indication of the knowledge one is able to obtain from
the molecular spectra. One additional tﬁing must be mentioned
about the information obtainable from spectra. In recent
years, a whole new field of astrophysics emerged. It is
possible from the spectra to obtain not only informatiom about
the structure of distant planets, but also their composition
and chemical changes going on in these planets, enlarging the
knowledge of the universe enormously.

The above phenomena of such great interest are not, however,
the purpose of this work. In this work the concern is
focussed on a very simple and possibly minor portion of work
of the spectroscopists. To make it clear, it is not the
purpose of this work to expand on the theory of spectroscopy,
but rather to apply one portion of this field t—~ detection
measuring and monitoring molecules without trying to determine
from their.spectra the construction, chemical properties or
physical forces keeping them tcgether. This is proposed with
the use of the Raman effect. 1In this work, after a short
introduction into the fundamentals of radiation and the

essentials of infrared spectroscopy, it is proposed to present

o
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the fundamental properties of the Raman effect, without going
into the complicated derivations of working equations. These ™
will be presented in a rather simple form referring the
interested reader to the proper references. The connection
with the infrared spectra will be pointed out. A short
discussion of Raman active and infrared active molecules and
some spgcific examples of molecules will be given. It should
be pointed out here that the application of these methods,
besides the ability to resolve multi-particle mixtures, is
capable of detecting air pollution from distances instantaneously,
is capable of detecting chemical compounds which might be
hidden from normal detection, and has a multitude of
applications which could be of major importance for civilian

as well as military use.

II. FUNDAMENTALS OF RADIATION

Niels Bohr suggested that an atom or molecule cannot
exist in states having any arbitrary energy, but only in
certain discrete energy states called stationary states.-
These are sel :cted according to certain rules from a continuous
range of classically passible statesl. According to Bohr,
electromagnetic radiation is not emitted while an electron is
orbiting around the nucleus (as it should according to
classical electrodynamics), but only when the electron is going
from an energy level E; to another energy level E,. The

energy emitted is in the form of a photon of energy

E:1-E; = hv’ = hve (1)

3
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This is Bohr's frequency condition. The wave number of the

emitted or absorbed radiation becomes

= Ba _ Ea
"= he hc (2)
which becomes
1 1
;i = 2 — *
v = R2%( 5 F;g') n, >np (3)

where R=R’/hc = 2r2ue®/ch® is the Rydberg constant, and n,
and n, are the principal quantum numbers of the two energy
states concerned. It should be noted here that the spectrum
thus obtained is the so-called line spectrum of atoms in
contrast to band spectra of molecules. The essential point
of the Bohr theoiy, that is, the discrete stationary energy
states, is retained in wave mechanics. While the Bohr theory
starts out from classical laws of motion and by means of
certain quantum conditions selects only some of the possible
orbits, wave mechanics, by using the fundamental idea of

De Broglie which states that the motion of any corpuscle of

matter is associated with a wave motion of wavelength

N :
S (4)

becomes more comprehensive and agrees gquantitatively wath .
experiments while the values calculated by Bohr's theory do
not. The governing wave equation for the nonrelativistic case
is, according to SchrSdinger

n® 1,32 , 32y . 32Y¥

L~ -~ T
8n® & m ox R dypS 073

> h ay o (5)

=137 %

v . =2miv’t
where Y = ¢e v

v

Y+ VY
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A solution for a single particle could be obtained by

solving Schrodinger's wave equation which, in terms of its

amplitude of the wave motion, ¢ is given by:

32 2y  8n? ‘
i+ T L+ B mvy = 0 (6)

and which, in case of multiple particles, becomes
1 (22 a2 ¢

T ( + Sl

kT 0% oYy

The solutions of the above equations are treated in numerous

3%y 8m® -
+ gz—ki )+ STE(E-V)y = 0 (7)

references and are not going to be treated here. It is
sufficient to point out that solutions for particular cases
can be found in Refs. 1-4.

For the purposes of this review, the parficular solutions
do not contribute enough to be discussed and complicate
matters. The complete solution of the Schrédinger equation
yields not only the eigenvalues, that is the energy values E
of the stationary states, but also the corresponding
eigenfunctions ¥ = yexp[-2m i% t] where -Eﬁ= v’ Frequently,
there are several different eigenfunctions associated with
one and the same eigenvalue. In that case, we have a degenerate
state. The degeneracy is d-fold if there are d linearly
independent eigenfunctions for a given eigenvalue. These d
eigenfunctions are not uniquely determined by the wave
equation, since any linear combination of the eigenfunctions
belongs to the same eigenvalue.

If the interaction with an electromagnetic field is
introduced into the Schrddinger equation of an atomic system,
it is found that a non-zero probability arises of finding the

5
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system in a state En' if originally it was in a state Em and

if radiation of wave number v=[En—EmJ/hc is present. If
En<E%% radiation of this wave number is emitted, on the other
hand, En>Em radiation of this wave number is absorbed by the
atomic system.

The intensity of a spectral line in emission 12$ is
defined {Ref. 5) as the energy emitted by the source per
second. If there are N/ atoms in the initial state and if
A is the fraction of atoms in the initial state carrying

out the transition to m per second, then

nm—
ToE = NnhcvnmAnm (8)

where Anm is the Einstein transition probability of spontaneous
emission which is related in the case of dipole radiation to

the matrix element as follows:

_ 64n*yv® ,_nm
Aw=—3n  IRI? (9)
that the intensity becomes
64n*vécN i
nm _ n nm, s
Tem = 3 R (10).
where
nm _ %
R = [y “my ar (11)

If the vector quantity an, the matrix element of the electric
dipole moment,differs from zero for two states n and m, the
two states combine with each other with a certain probability
with emission or absorption of radiation. 1If it is zero,

the transition under consideration is forbidden as a dipole
transition. It does follow certain selection rules as, for

example, the selection rule in the case of a one-electron

6
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system, At=%1,

In the case of absorption, the intensity is given by

nm _
Iabs = Pmremn P Vnm (12)
1f 17 is the intensity of the incident radiation, the

= e
o Pam
last equation can be written as:

nm _ .
Labs™ Ign'Nmanh\"nmle (13)

where Nm is the number of atomes in the initial lower state

m and Bm is the Einstein transition probability of absorption,

_ 8n® ,.nm,,
Bun™ e R (14)
this implies that
T S (15)
nm Bnhcvnm nm
thus,
nm nm, .
Iabs VnmI I
and {(16)

I~y R
Absorption is thus proportional to the incident frequency,
whereas emission is proportional to the 4th power of the
incident frequency of illumination.

It should be noted that Egs. (9) and (14) are valid
in the casu of transitions between non-degenerate levels only.
In case of transition between two degenerate levels of

degeneracy dn and dm' those equatic.is should be replaced by

the following:

.3 nimk
64 R e
A am n31\1' 5] . | (17)
= n
7
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I (18)

and Eq. (15) appropriately by

4
1 n
nm 8nhcvnm dm nm

As indicated above, Eq. (2), the wave numbers are expressed
in terms of the di ferences between energy states of the
atom, which in turn is identified with the orbits of the
electrons in the atom. These orbits are associzted with the
guantum numbers n and 4 and are responsible for the so-called
line spectra. 1In addition to the line spectra due to emission
of radiation by atoms, there is another type of spectrum

due to radiation by molecnles, the so-called band spectra.

A band is characterized by a head, either on the violet or
red side, the lines there being usually so close as to be
indistinguishabie and becoming more widely spaced and fainter
towards the tail end. Heavy molecules have their bands more
closely speced than light molecules. It must also be noted
here that a third kind of spectrum is observed, that is, a
continuous spectrum. Two types of continuous spectra can

be distinguished. The f£°:rst obtained from liquids and solids
as a result of very close packing of the atoms and the
interaction of the atoms and molecules with each other. This
kind of continuous spectrum is more a result of the revolving
power of the spectrographs and also, what is more important,
the broadening of the spectral lines for the above-mentioned
reasons. The second kind, the so-called "continuous term"

spectrum is a result of dissociation (molecules) and/or

8
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ionization (atoms). With the usual zero-point of the energy
scale (n=w«), all stable discrete quantum states of an atom
with one outer electron have negative energy values. A
positive value of energy E corresponds to an electron which
moves in a hyperbolic orbit about the nucleus. It, of course,
goes only once through such an orbit. The energy can assume
all positive values of E. Therefore, from the limit E=0 of
a discrete energy spectrum of an atom, there is a continuous
region of possible energy values, the so-called "continuous
term spectrum". Figure 1 presents a simplified energy level
diagram of hydrogen where the above is indicated. 1Included
in the figure is a circular Bohr orbit diagram for hydrogen

showing the Lyman, Balmer and Paschen series.

III., THE ESSENTIALS OF BAND SPECTROSCOPY

As indicated above, the term "band spectrum" is used
to designate a spectrum originating from emission or
absorption of molecules. As such, it must be distinguished
from a line spectrum which is the designation of a spectrum
originating in the atom. The optical radiant energy identified
with molecular spectra is distributed over a very wide
range of frequencies, extending from the ultraviolet to the
microwave region,

The essential difference between atomic and molecular
spectra is that the atomic spectra are completely explained
by the qﬁantized changes in the energy associated with the

outer electronic structure, whereas the molecular spectra

9




include not only this energy but alsc céntribumions of eneryy

i
resulting from the vibrations of the component afqm relative

! ]

to each other and from rotation of the molecule as a whole !
i g . ' o H
about an axis through the center of gravity. ' ' ' :
The total energy of the system may be represented by

the sum of all the above-mentioned contributions,,

: . ';:._4
EtotzEe + E, + By t ! ' (?0) - o :

which, in terms of the wave number: units (term values),can ' ' . it

be written as ' : ¥
T=T, +G+F "2 Y

1

in Eq. (20), Ee=Ee +Vn is the electronic ehergy of the . ;

state and represents the potential in the Schrddinger equation

el

under whose action the nuclei are moving. E is the total : ]
1 ‘ ' !

i

il
WO VR

energy in the Schrddinger equation_for a éasq where the
electrons are moving in the field of fixed nuclei and having
: ; .

a potential V- In the case of a diaﬁomic molecule V, the °

Coulomb potential, as is well known,  is given b&

v_ = 2:%:°° ’ D (22)
n r *

I i :

The development of the quantum;th;ogetiéal=exp%anation
of the features of molecular spectra is qenera}ly étartedj
with diatomic molecules. This intrqdﬁces a relativeiy greqter’ ) ' é
degree of simplicity because one is dealing;wi£h‘a two-body . )

! _
probtlem. Furthermore, the full details of diatomic spectra T :

8 [ H
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'+ are frequently completely observable, whereas the compleX1ty ,

! .t } ! ' . i . . . .
,instances, usually where;symmetry'conslderatlons permit !

i ' ! !

i

of the,spectra ox polyatomlc molecules is, in general S0.

great that details are resolved only in relatlvely:fewx
t H

simplification'of the model’. Generally, the features of
polyatomic molecules are explained by exteriding the concepts

of diatomic molecules. ot ’ :

The simplest model of a diatomic molecules is thoqghtl
1 i !
of as a dumbbell structure, the two atoms rlgldly joined by ;

i

:a line, with .an ax1s of rotatlon perpendlcular to the' line '

301n;ng "the nuclei, at the center of mass of the two atoms,
' ! : ! | !
The solution of the Schrodinger equation appropriate I
i . p
to the problem results in the following energy e1genvalues.

1=‘1g. 2,

' ! _ haJ(J+1) 2J(J+1 )
Erot™ 8neur?y 8me1 (23)33 ’
t * . . , . )
‘ ' i i ! : ; ]
0 i ) !
E . (24
rOt — —y 0 ' ] ° : + N
he —F(J)TBJ(J+1): ‘ : A
i . ! J I ! :
where B= 5—%35 is called the rotational constant. u=the - i
reduced mass= Eﬁgf . I=the momenr of 1nert1a and J=the ) 1 C
: 1 2 . i

rotational quantum ‘nurber related to the total angular ,

’ .
momentum J of the electrons in an atom, by IJ|=4J(J+1)(314§J %%;
Thus, J g1ves approxlmately the angular momentum in units of !

_L !

an °
these :J values, which can take on a series - of 1ntegrals from ’ ’ i

Each rotational energy state is characterlzed by one of

0,1.2,.... -the quantum mechanics leads to @ selection rule

for transit%_n between energy stdtes
’ ! L 1 ' . . ; I . '

83 = %1 (25) i




These transitions account for the spectral lines whose wave

number is given by
v = F(J+1)~F (J)=2B (J+1) (26)

leading to a series of equidistant lines, which are observed
in the far infrared region, Fig. 3. The actual frequency

of rotation of the rigid rotator is given by

1L
v. .= C2B[J(J+1) 17?=a2BJ (27)

rot
Since, in actuality, the molecules are not strictly rigid,

Eq. (24) for the rotational term values is generally modified

to

F(J)=BJ(J+1)-DJ2(J+1)*® (28)

3

where D= %%— is always very small and for the present
applications, insignificant. The effect of this modification
is shown in Fig. 4, where the rigid rotator lines are plotted
as a reference. 1It is evident that at low rotational quantum
numbers, it is negligible.

The same dumbbell model considered as a harmonic oscillator

would result in

) = );i

oscC (29)

21~
—
eI~

where i is the reduced mass defined previously. Again, a
solution of Schrddinger's equation results in the vibrational

enerqgy states,

E(v)= hvosc(v+%) (30)
where v is the Vvibrational guantum number which tazkes on

12



integral values 0,1,2,... and again the selection rules for

pernitted energy transition are
av = 1 (31)

In terms of energy term values, Eq. (30) can be written

E(v) _ Y
he

G(v)= 22 (vikg) =w (v+y) (32)

Since emission and absorption of radiation takes place as
a result of a transition from a higher to a lower state or
from a lower to a higher state, the wave number of the emitted

or absorbed radiation is given by

v _ E(%é) - E%vcll) =G(v')~G(v¥) (33)

Using Egs. (32) and (33), one obtains
v=G(v+l)-G(v) =w (34)

indicating that the quantum mechanically derived frequency
is equal to the clas-ical frequency for all transitions.

As in the case of the rotational term values, the
expression for the vibrational term values must be modified
to correct for the assumption of a harmonic oscillator. 1In
fact, the finer details of the spectra can only be accounted
for if the molecule is considered as an anharmonic oscillator.
For small anharmonicities, which is generally the case, the

term values are given by

G(v) =we(v+;5)-wex(v+55) 3+weye(v+!5)3 (35)

instead_of by Eq. (32).

The zero point energy is obtained from Eq. (35) by

13
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setting v=0; thus

G ( 0 :52";_2-25¢exe+1/s51_.e ye e s o (36)

I1f the energy levels are referred to this lowest level as

zero, then using Egs. (35) and (36):

Go(v)=ubv-woxov9-+woyov3 (37)
where
wo=we-wexe4 3/4weye+ 000
F woxo=wexe-3/2weye (38)
E ‘oo Ye¥e
In both Egs. (35) and (36), me>> w X, and wexe>>weye.

Neglecting cubic terms in Eq. (35), the separation of

successive absorption bands is given by

66,41, =C (V1) -G (v) =u -2w x 2w X v (39)

The frequency w, is thus from the first band (1-0)

;* v(1-0)=AG%=we-2wexe=wo-wox (40)

(o}
One important feature must be pointed out. Whereas the
selection rule for the non-rigid rotator remained the same as
for the rigid rotator, AJ= #+l1, the selection rule for the
anharmonic oscillator is changed. Av can now assume, besides
the values of +l1, which give the most intense transitions,
also values of #2, 13 even so with rapidly decreasing intensity.

The combinred effect of these modifications results in
the term values for the vibrating rotator,

T=G (v)+F (J) =u_ (vHs) -u_x_(v#}) 2+ ... (41)
+BVJ(J+1)-DVJ2(J+1)3+ cos

14
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where BV=Be-ae(v+%)+ ... With 5e<< B since the change in
internuclear distance during the vibration is small compared
to the internuclear distance itself, and Dv=De+Be(v+%)+...
with Be<< De on the same grounds as cge In this context,

Bv and Dv signify the rotational constants for the vibrating
rotator, the subscript v to be distinguished from the
vibrational quantum numbers v. If a particular vibrational
transition from v, to v, is considered, then according to
Eg. (41), neglecting the rotational constant Dv’ the wave

numbers become
- ’ ’ ’ -’ " #
v-vo+13v J (T '+1) B, J (37+1) (42)

where vo=G(v')—G(V”) is the wave number of the pure vibrational
transition neglecting rotation (J’=J”=0). 1If, in Eq. (42) L
AJ=1 and aJ=-1, and the interaction between rotation and
vibration is neglected, then Bv'=Bv”=B and Eg. (42) result
in

RV + 2B + 287 J=0,1,... (43)

vP=vo—2BJ J=1,2,... (44)

These last two equations represent two series of lines called
the R and P branches, respectively. In the above, the effect
of the electrons surrounding the nuclei on the angular
momentum has been neglected., If the angular momentum of the
electrons about the internuclear axis is designated by

A=) %% » Where ) is the quantum number of this angular

momentum, then for A=0, we get £J=41 as in (43) and (44).

If, however, )\#0, then £J=0,+l and for 2J=0, we obtain

15
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Ve=Vg t F/(J) - F“(J) | (45)
called the Q-branch.
As indicated previously, (Eq. (21)), the total energy
of & system of molecules in terms of its term values corsists

of the term values of Eq. (41) and a term Te representing

the electronic transition. Thus,
v= (T, -T2 )+(G’=G")+{F'~F") (46)

is the wave number of the given system.
Using Eq. (35) and neglecting the rotational term

values, the wave number becomes, according to (45),
= ‘ ’ -t ’ ’ ’ ! ! 3-!‘.-.
vEv twl (v +%) wl X (v +%)2+we Yo (v ’'+%)
(47)

—lug (v -t x 2 (vrg) 24w yr (viHy) S+... ]

The last equation represents all possible transitions between

bl

the ¢ "'fferent vibrational levels of two participating electronic
states. There is no strict selection rule for the vibrational
quantum number v for electronic transitions. Thus, in
principle, each vibrational state of an upper electronic

state can combine with each vibrational state of a lower
electronic state, resulting in a large number of lines (hence,

band spectra).

In an analogous way, the principles of the Raman spectra

and their relation to the infrared spectra is presented in

the following section.

PRI
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IV. THE RAMAN EFFECT

The Raman Effect is the phenomenon of light scattering
from a material medium, whereby the light undergoes a
wavelength change and the scattering molecules an energy
change in the scattering process. The Raman Scattered light
has no phase relationship with the incident radiation. The
phenomenon was predicted in 1923 by Smekal and experimentally
observed in 1928 by Raman and Krishnan, in 1liquids and
solids, and by Landsberg and Mandelstam in crystals. The
Raman shifts correspond to energy differences between discrete
stationary states of the scattering system. Classically,
the Raman effect can be described as the modulation of the
scattered light by the internal motions of the scattering
molecules. In this kind of analogy, the Raman lines would
correspond to the side bands, and the Rayleigh light to the
carrier frequency. This, of course, would result in the
Stokes lines having the same intensity, which is not the case.
Quantum theoretically, the incident photons collide elastically
or inelastically with the molecules to give Rayleigh and Raman
lines, respectively, with the inelastic process much less
probable than the elastic. When an inelastic collision occurs
with the incident photon furnishing energy to the molecule
raising it to a higher energy level, the scattered photon
being of lower energy, gives rise to the Stokes line, If
the scattering molecule gives up energy to the impinging
photon and moves to a lower energy state, the scattered photon

gives rise to the anti-Stokes line. Since the anti-Stokes

17
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line must originate in molecules of higher energy level, which

are less abundant at normal temperatures, the anti-tcokes
lines would ke expected to be much weaker than the Stokes
lines. The process of light scattering can thus be visualized,
as the absorption of an incident photon of energy E by a
molecule of a given initial state,raising the molecule to a
"virtual" state, from which it immediately returns to a final
stationary state enitting a photon of the difference energy
between the two states and incident energy E. The process
is illustrated in Fig. 5. A dquantum theoretical derivation
of the intensity of the scattered radiation utilizing the
perturbation theory of wave mechanics and also utilizing the
polarizability theory of Placzek is given in Refs. 5,6,7 and
12, In this short review following the outline of fection 11I,
the Raman lines of a iigid rotator, harmonic oscillator and
vibrating rotator will be presented.

The rotaticnal Raman spectrum is governed by a selection
rule which is different than the selection rule for the

infrared spectrum as expressed in Eq. (25); namely,

’,

£J=0 %2 (48)

When molecules with different J values are present, the
rotational Raman spectrum consists of a number of lines, AJ=0
corresponds to the undisplaced line. The transition J-J+2
results in a shift to longer wavelength (Stokes lines) and

the transition J+2-~J results in a shift to shorter wavelength
(anti-Stokes lines). Using Eq. (24), the magnitude of the

frequency shift can be found,

18
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AV=F (J+2) ~F (J)
(49)
=B (J+2) (J+3)=BJ(J+1)=4B (J+3/2)

Eq. (49) represents a series of equidistant Raman lines on
either side of the undisplaced line. These small Raman
displacements can, therefore, be identified as the rotational
Raman spectrum, Fig. 6.

From the matrix elements of the polarizability, it is
found that in the case of a harmonic oscillator, the same

selection rule holds for the Raman as for the infrared spectrum,
tv =1 (50)

Thus, a transition can take place only to the adjacent
vibrational state. The frequency shift using Eg. (32)

becomes
Lv=G(v+]l)~G(Vv)=w (51)

this shift occurring to either side of the illuminating
radiation frequency. As mentioned previously, at ordinary
temperatures most of the molecules are in the lowest energy
scate (v=0) and only a very small fraction of the molecules
is in the higher state (v=l). As a result, the intensity of
the Stokes-Raman lines which correspond to a transition 0-1
is much greater than the intensity of the anti-Stokes lines
which correspond to a transition 1-0.

A comparison of Egs. (34) and (51) revelas a very
important relationship between the infrared and Raman spectra.
It is séen that.the infrared vibrational fredquencies agree

exactly with the Raman frequency shifts. This can be seen

19
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in Table I, where a nuwwer of infrared frequencies and Raman
displacements have been tabulated for several molecules for
which both spectra have been observed. The Raman spectra
can, therefore, be regarded as an infrared spectrum shifted
into the visible or ultraviolet region.

The selection rules for the Raman spectrum of the
anharmonic oscillatcr are the same as those for the anharmonic
oscillator of the infrared spectrum. Therefore, the Raman
shifts can be represented by the same equations as the
frequency of the anharmonic oscillator, Eq. (40).

As in the case of the infrared spectrum, the Raman spectrum
of the vibrating rotator, governed by the vibrational
selection rules, 4v= 11 and rotational selections rules,

AJ=0, +2, consists of tﬁree branches, the S-branch, Q-branch,

and O-branch. Their equations can be obtained from
’ ’ ’ R o "
AV=AV B J(J7+1) B J(J7+1) (52)

analogous to Eq. (42) for the infrared spectrum, by
substituting J‘=J"+2 (S-branch), J’'=J”-2 (O-branch) and
J’=J” (Q-branch) and using J'=J.

(Av)s=ﬁv°+65 +(5B; -B; )J+(Bé -Bg )Jo® J=0,1,... (53)

4

v
; = [, 4 4 ! _n” 2 -

(3y) g=8v +2B, =(3B +B 7 )J+(B =B }J% J=2,3,... (54)
— R ' _n” 2 -

(aV) =ty +(By B )J+(B, -By )J J=0.1,... (55)

For the 0-1 vibrational transition, the difference between

Bé and BJ is very small. The lines of the Q-branch are,
therefore, very close to each other and are usuaily not
resolved, giving rise to an intense line. The S- and O-branches

20
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are much weaker since their lines are rot superimposed. The
above are similar to the R and P branches of the infrared
spectrum. In most cases considered in the measurements of
E Ref. 7, the observed Raman lines of large displacements
represented the unresolved Q-branches of the Raman rotation-

vibration bands.

T

As mentioned previously, the Raman displacements of
some molecules can be regarded as the infrared vibrational
spectrum shifted into the visible or ultraviolet region.
This should not be regarded as a general law governing the
relation between the Raman spectrum and infrared spectrum,
or vice-versa, It should be noted that not all Raman active
molecules are infrared active, and not all infrared active

E
: molecules are Raman active. The infrared and Raman activity D

are dependent on the structure and symmetry of the given

molecule. Since in unsymmetrical molecules every normal

vibration is associated with a change of the dipole moment,
all normal vibrations of such molecules are infrared active.
Symmetrical molecules, on the other hand, may have vibrations
E during which a change of thz dipole moment is zero, and

therefore, those molecules are infrared inactive. As an

s UL

example, the symmetrical molecule 002 is infrared inactive

for the vibration v, and active for v, and vs. On the other

hand, the nonlinear symmetric molecule H20 has all three
normal vibrations associated with a change of the dipole
moment and is infrared active.

In the case of Raman spectra, the amplitude of the dipole

21




moment induced by the incident radiation must change during
the vibration considered. According to the polarizability
theory, Ref. 12, the amplitude of the induceé dipole moment

is given by . : '
IPi= «|E| (56)

where o is the polarizability and E the electric vector of

the incident radiation of frequency v. In an unsymmetric

nolecule, during all normal vibrations, a periodic change of

the pclarizability takes place. The induced dipole momént ’ i

changes and the molecules are, therefore, Raman active.

For symmetrical molecules this is not always the c%se,

although it is possible for a linear symmetrical moleéule

to be infrared inactive and Raman active. The lineér symmetriec

molecule Co, is infrared inactive in its first normal

vibration v, but Raman active. The same molecule is%inffared'

active for v, and va and Raman inactive for these vibfations. :
t should be noted here that all homonuclear. diatomic' molecules
like 02, H2, Nz,... are infrared inactive whlleithey’aré all
Raman active. This is a.result of the fact ﬁhat'the.dip6le

moment and its change are zero for homdnucleéf diatomic’

molecules, whereas the polarizability: its change, and the

resulting amplitude change in the induced dipole moment do

not vanish. This description of the Raman and infrared’activity
of the molecules is of a very elementary nature. Fo;la |

detailed +reatment of the subject, ﬁefs: 5-and 13 should bé

consulted.
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V. LINE INTENSITIES OF INFRARED AND RAMAN SPECTRA

| ' ! ! ! |

. | . )
In the foregoind, some fundamental rclations of molecular
: i ! i

infrared and Raman spectra as well as the reiations between

. s N i !
those spectra, the selection rules for rotational and

vibrational lines of both have been discussed. ;. One of the
i 8 i
fundamental measurable quantltles is the 1nten51ty of the

dgiven llne bothyln the 1nfrared and Raman spectra. As
1nd1cated in Section II, Eqs (10)and(16)and:Ref. 7, the
intensity of a spectral line depends not only on the frequency

and transition pfobability But also on the number of molecules
in.a g1Ven stat For’a theoretical determination;of the '

+ i

1nten51ty of a given line,' it is necessary to know the
i

dlstrlbutlon of the molecules in the various initial states
i E . ]

and the trapsition probabilities (Ref. 7). Since most
infrared and Raman spectra are observed under conditions of
i . v ' . i H i

thermal équilibriumﬂ the distribution of the molecules over
the different quantum states infthrmal equilibrium need be’
considered. ' According to the Makwell—Boltzmann distribution,

the number of ‘moleculgs in each of the Gibtationalrstates is

proportipnal to : ;
e P CE | SMhe 8y v) |
Nve kT —e kT —ry ;.6952? ")

where the zero pbint énérgy lévelf(Eé. 36) has been:left ott.
To add this to the'exponent w&uld'megn oniy adding a constant
factor to all the vibfatiohai levels including the.zerc’level.
Thus, the expénentigl gives the rélative numﬁers of holecdles

in the different vibrational levels, referred to the number

: '
H 0 o i 0 §
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of molecules in the lowest vibrational level. In orde:r to

obtain the number of molecules in a particular energy level
referred to the total number of molecules N,the state sum

or partitica function

Go(l)hc i Go(2)hc i
Qv=1+exp E-_T'IT-_]-.- expi=- —-]?'F_ ] + .o (58)

must be utilized.

The nunber of molecules i-. the state v is, therefore,

N = é% exp[-Go(v)hc/kT] (59)
Evaluation of Egn. (59) can be most tedious. Since successive
terms in Egn. (59) decrease very rapidly and in most cares

the exponential terms in Eqn. (58) are small compared to

unity Egn. (59) can be written as:
NV=Nexp[-Go(v)hc/kT] (60)

Ir the case of the thermal distribution of the rotational
levels, the problem is somewhat more complicated. It is not
given by the Boltzmann factor exp(-E/KT) above. According

to the quantum theory each state of an atomic system with a
total angular momentum J consists of (2J+1l) levels which
coincide in the absense of an external field. The state has

a (2Jd+1) fold degeneracy. The frequency of its occurrence

is (2J+1) times that of the state J=0. The number of molecules
N, in the rotational level J of the lowest vibrational state

J

at a temperature T is propdrtional to:

NJ (2J+l)exp[—P(J)hc/kT]=(2J+l)exp[—BJ(J+l)hc/kT](61)
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The behavior of this function for a fixed B is shown in
Figure 7 . It is seen that the nunber cf molecules does
not decrease with the increase of the rotationsl gquantum

number J but goes through a maximum, This maximum is

3 %
max(Zth) -%=.5896( = ) - (62)

Proceeding in an analogous way, as in the vibrational state,

the number of molecules in the rotational state J is

N = &f (2J+1) exp[-BJ (J+1) he/KT ] (63)

where
Q =1+3exp [~ 2th]+5 p [—== 6Bh°]+.... (64)

which can be replaced by

_ hcBJ (J+1)
T kT

Q= l (20+1)e A= == (65)

so that Egn. (63) becomes

N= N3 hCB (20+1) exp [= Ba(ggl)hc ] (66)
For the hig.cc vibrational levels
NJ~(2J+1)exp[-(G(v)+F(J))hc/kT] (67)

with the factor exp[-G(v)hc/kT] separa’.ed, only the rotational
levels remain, which are considerably smaller than the lowest
vibrational level. The individual line intensities in a
rotation-vibration band are proportional to N, as given by
Egqn., (63) as a function of J. Using Eqns.(10,12,16,19)and

63, the intensities of the lines of the rotation-vibration

bands with d =23'+1 and d =23+l is
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em 3Qr R : kT
2C \)‘; tx?
_ ““em =B ‘J’(J+1)hc
= —Q—r——' SJexpL kT 3
1 8?‘73\;[\] n. "o tt
- +2
Ips™ ——(= [R lmklz)exp[ BJ ég Llhe (69)
3hc ik
2Cabs S exp=B I (J+1)hc,
T Q, Jexp. KT .

It must be noted that the J value of the initial state must
be used in the exponential term, that is, the value of the
higher state J’ for emission and the value of the lower state
J” for absorption as in (68) and (69) respectively. The

niMx

line strenth S5 is that part of y|R |2 that depends on J.
A constant factor corresponding to the magnitude of the dipole
moment or its change is included in Cem and Cabs,respectively.

In the case of a rotation (A=0) an evaluation of the matrix

My
elements R results (Ref. 5) in:
for &4J = +1 S_ =J+1
J (70)
for aJ = =1 SJ=J

Eg. (68) holds for the Raman spectra. According to Placzek

the line strength factors SJ are for A=0

_ 3(J+1) (J+2)

for &I = 42 S;= 2(25+3)
T - _ 3(J-1)J (71)

L _ J(J+1) (2J+1)
for i = 0 85372529+ 1)+ 3 7T) (25%3)

where ao is 2 constant.

Egs. (68) and (71) define the intensity of a Raman line

26
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in the case where the vibrational contribution has been
separated, with the last expression in Eq. (71) corresponding
to a Q-branch line. The intensity of an individual Q-branch
line including the vibrational contribution is given

(Ref. 10) by
64n4(vo-v)4.c
em 30,0 * (Vy,y)expl- kT Ve %

8mic C‘Jx (72)

I

x[NE 24, (20+1)exp [-J (J+1) hCBJ

j
X _7_ 3 J(J+1)
x[a?+ 7= Y 5321y (2943)

for vertically polarized incident :adiation and transverse
observation. In most applications of interest in the context
of this work, the intensity of the Q-~branch of the vibration-
rotation part of the spectra is observed. 1In order to obtain
an expression for the intensity of the Q-branch, Eq. (72)

must be summed over all Vk and J values. The summation over

V, of the vibrational contribution (Vk+1)exp[ ?3; kJ

k
converges to sz and the summation over J of the expression

1 J(J+1)hBe
-Q-;E dj (2J+))exp [~ -L-T{T-—]X

J=a’2+ Lyrax

1,2 J(J+1) z

25 V'T 23-1) (29+3)

x[a’?+

where

1 ; J(J+1)th J(J+1)
=g r dj(20+1)exp[ I D G5 (72a)

Eg. (72) thus becomes:

64n"(vo-~v)4

= h 2(ns24 L 2
Iem 3 8m2v QVNEO (ar=+ ZE'XY, ) (73)
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Substituting the expressions for Eo and Qr and combining terms,

Eq. (73) can be written in the more familiar form (Ref. 11)

I= 2T3:éi k Nb3d, (45, /47Ky ?) I (74)
-hcv

where k=(vo—v)*(l-c kr'[‘)"1

b3=h,/8"%cv (75)
and dj is a degree of degeneracy. Equations (73) and (74) are
both valid for observation at a unit distance. In case of

remote observation of the scattered radiation, the factor

1/R must be included; thus, Eq. (74) becomes:

45~ 7247Xy ’31
_ 27175 32 O
I= S35 kyNb,2d, ( = ) (76)

Generally, the Raman intensity can be expressed (Ref. 7)
for both Stokes and Anti-Stokes lines as
b2

=c(voiv)4N — Io(451'2+7XY’2)Q (77)

IS,A H

The ratio of the Stokes to Anti-Stokes intensity utilizing
the Botlzmann distribution to determine the number of molecules
in each vibrational state, is given by:

I (v =-v)*

S_ chv (78)
IA NG expl kT ]
o

The Raman Stokes to Rayleigh intensity for vertically

polarized incident radiation is given by:

Y
Ig (v v) h__ (45a'2+7Xy’2) (79)
IR v 8m2uv (4509+7Xy’<)
(o]
28




From Egs. (75) and (76) the dependence of the Raman intensity
on the ambient temperature can be obtained. An inspection

of Eq. (75) indicates that this dependence is relatively

weak at low temperatures., Figure 8 presents a family of
curves with the Raman shift as a parameter, indicating the
dependence of the Raman intensity on the temperature. It

is clearly evident from these figures that the temperature
and the Raman frequency shift have a pronounced effect on

the Raman intensity. An increase in either increases the Raman
intensity. Thus the effective Raman scattering cross-section
is increased with the increase in temperature and molecules
whose Raman frequency shift is larger have essentially a higher
scattering cross-section. At low temperatures, however, the
depandence of the scattering intensity on the temperature is
verf weak (Fig. 8a). It is quite evident, therefore, that
the weak dependence on the temperature, at room or near room
temperature, makes this effect a very useful tool in gas
dynamic diagonstics as well as measurements of atmospheric
pollutants. Equation (78) provides a means of measuring ihe
vibrational temperature of a given gas, as well as the
temperature of gases of different temperatures.

In Fig. 9 a plot of the ratio of Stokes to Anti-Stokes
intensities as a function of temperature for several molecules
of interest is shown. It is evident that by measuring the
ratio of the scattered intensity of each specie, the individual
temperatures can be determined. This wa3 shown experimentally
in Ref. 7, where the temperature of 0, was determined using

this method. 29



—

VvIi. SOME APPLICATIONS

As indicated previously, the infrared and Raman spectra
contain a vast source of information relating to the atomic,
molecular and electronic structure of matter, from which
various properties of individual molecules, their physical
and chemical properties can be obtained, predicted or
understood. Some of the fundamental properties of molecules,
as for example, the internuclear distance and force constant
are obtainable from the observed infrared spectra. In the
following, several examples are given on the application of
the spectra in their most fundamental relations.

From a given spectrum of CN, the line separation was

1

observed to be 3.7992 cm ~. If this were a rotational

spectrum, then according to Eg. (26)

v=2B (J.+l)

-1 =}
this value 3.7992 cm  must be equal to 2B. Thus B=1.8996 cm .

Since B=h/872cI, the moment of inertia I=14.7 x 10 *° gm cm?,

m.m
Since 1=
m

r?=ur?, the internuclear distance r becomes

yHm,

with u=10.8 x 10—24gm. r=1.17 x 10 "cm. The frequency of
rotation in the quantum states J=1,2,3 is, according to
Eq. (27), 1.14 x 101i, 2.28 x 10', 3,42 x 10'! ¢/sec.,
respectively, and the periods of rotation 8.78 x 10”2 sec.,
4.39 x 107" and 2.93 x 10~ sec.

In the near infrared,CN has an intense line at 2042.4 cm-l.
If this represents the vibrational line, then according to

Eq. (34), 4=2042.4. Therefore, vosc=‘ii-c=6-ll-1013 c/sec.

30




The period of vibration is therefore, 1.64 x 107'% sec,.

Using Eq. (29) one finds k=1.59 x 10° dynes/cm. 1In Table II
the results of similar calculations as above have been
compiled for several mclecules, and those results compared
with data available from calculations utilizing more
sophisticuted theories. As can be seen, the differences are
within reasonable error. The application of the first order
theory to obtain order of magnitude molecular data can thus

be justified.
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VII. CONCLUSIONS

The fundamentals of radiation, band spectroscopy and
the Raman effect have heen presented. 1In addition,the
expressions for the line intensities of both the infrared
and Raman spectra are given. The section on applications,
while incomplete and of very fundamental nature, provides
the reader unfamiliar with spectrscopy a glimpse into the
data obtainable utilizing this branch of science. It must
be emphasized that with the advent of very powerful coherent
monochromatic radiation sources, spectroscopy and in
particular, Raman spectroscopy has great potentials for
remote identification, measurement, three dimensional
mapping and uncovering of species in mixtures, inaccessible

before.
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FIG.| THE BOHR ORBITS OF HYDROGEN AND ENERGY
LEVEL REPRESENTATIONS OF THE TRANSITIONS
PRODUCING THE LYMAN, CALMER AND PASCHEN

SERIES
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FIG.3 SCHEMATIC OF THE ENERGY LEVEL OF A
RIGID ROTATOR AND THE RESULTING

EQUIDISTANT LINE SPECTRUM
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-FIG.6 SCHEMATIC OF THE ENERGY LEVEL OF
A RIGID ROTATCR AND THE RESULTING

EQUIDISTANT RAMAN LINE SPECTRUM
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" FIG.9 RATIO OF THE STOKES TO ANTI-STOKES |
| INTENSITY AS A FUNCTION OF GAS TEMPERATURE
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Septemker 1, 1971

POLYTECHNIC INSTITUTE OF BROOKLYN

Department of Aerospace Engineering
and Applied Mechanics

ERRATA

D729 /6

MOLECULAR SPECTRA AND THE RAMAN EFFECT
A SHORT REVIEW
by
Samuel Lederman

PIBAL Report No. 71-15
June 1971

Page 7, Eq. (17): v  should read v:m
" 12, Eq. (27): C should be replaced with c

" 13, Eq. (35) should read: G(v)=we(v+%)-wex(v+%)a+weye(v+%)3+....
" 16, Eg. (47): -[w;(v+%) ] should read -[wé(v”+%) ]

" 19, Eqs. (49) and (51): Ov should read |bv]

" 24, Eg. (61): N& (23+1) should read N&~(2J+1)

2 Ioeﬂ"’ N Ioen" vN
\ 26, Eq. (69): I ps -§;E—Zf should read T s —3;;6;—
7 . (a5e/%47xv"%)

28, Eq. (76) should read: 1I= 135 ijbjdj =7 Io

v
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