6. Vibrationl Spectroscopy (#RE) AL

6.1 Infrared absorption and Raman scattering
Infrared absorption

Raman scattering
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Quantum theory of Raman scattering

The initial and final states of Raman scattering H7 & &8UN IR EEFIH IR TR

In the quantum theory of Raman scattering, we calculate the probability for an optical process in
which an incident photon with angular frequency w; and polarization vector e; is annihilated and a
new scattered photon with ws and es is created with a concomitant molecular transition from the
initial state |m> to the final state |n>.
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The photn number state is expressed as |n;,ns>, where n; stands for the number of phtons with ; and
ei, Ns that for ws and es. The initial state |i> and the final state |f> of Raman scattering are expressed
as the products of the photon and the molecular states as;

[i>=[n;,ns>m> 1)

[f>=|n;-1,ns+1>|n>. (2)
The intermediate states of Raman scattering H7 S8R R H R HE
The Raman scattering process is obtained as a second order perturbation of the light-matter
interaction. There are two kinds of intermediate states that can combine the initial and final states by
a one-photon transition.

Ivi>=[ni-1,n>le> 3)

|V2>=|ni,ns+1>|e> 4)
|v1> corresponds to the state in which an incident photon is annihilated with a molecular transition
from |m> to |e> (figure-a) and |v>> to that in which one scattered photon is created with |m> to |e>
(figure-b).
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The contribution of the second intermediate state is characteristic of Raman scattering that
distinguishes Raman scattering from fluorescence.



In the quantum theory of Raman scattering, it is convenient to use photon flux F instead of intensity I,
I=hoC/2n,where hw/2x is the photon energy. F indicates the number of photons transmitted per unit
time through unit area. The second order perturbation theory gives the following formula that
connects the scattered photon number per unit time F,R? and the incident photon flux Fi.
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Here, ej and e are the unit polarization vectors of the incident and scattered photons, as is the Raman
scattering tensor with s and r being (x,y,z), and Ds and Dy are the r and s components of the electric
dipole moment.

Vibrational Raman scattering and electronic resonance

In vibrational Raman scattering in the ground electronic state, the initial, final and intermediate states
are expressed as the products of the electronic and vibrational parts as,

Im>=[g]li) (7), In>=[g]If) (8), and [e>=[e]lv) (9)

where | ] stands for electronic state and | ) for vibrational state; |g] is the ground electronic state and
le] the excited electronic state(s), and |i), |f),|v) are the initial, final and intermediate vibrational states,
respectively.
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Resonance Raman scattering  :4RH7 & Hi bt
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In off-resonance Raman scattering (a), Ee,-Egi» Ei and therefore many excited electronic states

> |e] |v) contribute (virtual intermediate states). In pre-resonance Raman scattering, Ei become close
to Ee-Egi and the vibrational states of the lowest excited electronic state |e]Z|v) play the role of
interemediate states. In rigorous resonance Raman scattering, E,-Eqi~ Ei and one particular vibronic
state |e]|v) dominates the scattering process.

Placzek’s polarizability theory of off-resonance Raman scattering
By introducing (7), (8), (9) into (6), we obtain the formula for vibrational Raman scattering.
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In off-resonance Raman scattering, Ee-Egi» E;j and therefore Ee-Egi-Ei is much larger than the
vibrational energies. Then Ee,-Egi-Ei+il'~ Ec-Eg-E;j holds with a good approximation. Then the closure
property X|v><v|=1 simplifies (10) to the following form.
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The Raman scattering tensor component a is approximately given by the vibrational matrix element
of the polarizability tensor component a,s (Placzek polarizability theory).

Placzek polarizability theory

hv; << E, — E; Non-resonance condition
I 1s non-degenerate Non-degenerate condition
Gy - [ vy R RR
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Classical model of the polarizability theory FR{LRE A S B
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6.2 Vibrational spectra of diatomic molecules

1) Harmonic approximation #&#E7IT{Ll

Born-Oppenheimer approximation
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2) Anharmonic Oscillator FE##ET
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3) Selection rules
a) infrared absorption
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Fundamental tone and hot bands

v=0—v=1 Fundamental tone

v=v;—=>v=v;+1 (v; #0) Hot bands
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b) Raman scattering

Placzek polarizability theory
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6.3 Vibrational spectra of polyatomic molecules

1) Normal coordinates of vibration
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2) Molecular force field: Potential energy 43+ /1%

Cartesian coordinates

V = V(X0,Y0, 20, X1, V1,21, X2, V2, 22)

Intramolecular coordinates
o1 , 1 -
V= EK(AI’I) + EK(AI’Q)A + kAr;Ars

+ SH(AG.) + 3H(roAd.)

K : force constant for stretch
H : force constant for bend
k : coupling constant between two stretches

Normal coordinates

1K+k lK k

V= QZ QZ

+—@+—m
T

|
I=3(0}+ O+ 03+ 0)
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3) Energy levels and selection rules

H=1T+V
Il . 1.2 1.2 1.>
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1K+k2 lK koo [ Hop H o,
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—H1+H2+H +H4
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{ U = U1 (01)Y2(02)3(03)4(Os)
Ezgl +E3+_E3+E4
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a) infrared absorption
p= (01, 02, O3, O4)
ou 1
_ 0. +~—...
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Selection rules for vibrational quantum numbers

Fundamental tone AT
(0,0,0,0) — (1,0,0,0) v1fundamenat;
(0,0,0,0) — (0,1,0,0) V2fundamental
(0,0,0,0) — (0,0,1,0) vi3fundamental
(0,0,0,0) — (0,0,0,1) ir

Hot bands

(1,0,0,0) — (2,0,0,0)
(1,0,0,0) — (1,1,0,0)
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Combination tones (anharmonicity) &4

(0,0,0,0) — (1,1,0,0)
(0,0,0,0) — (1,0,1,0)

Intermolecular combination band
(CD3),C=0 1706 cm™

CHCl,4 3019 cm™
4725 cm™ Observed: 4718 cm™ (observed only for mixtures)

Selection rule for vibrational mode

(%)iO

b) Raman scattering

a = a(0, ng% Os)
= o+ Z(%)Q:"‘

i

Selection rule for vibrational mode

(j—g]_)io
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c) Vibrational selection rules and molecular symmetry
Parity
i
X, V2> —X, =), —Z
i .
odd u p;— —p; (J=x,)2)

.
even & @mn — Upn (I?’l, n==x,.), Z)

Raman active g <0 O Cas V1

Infrared active u <—O—O'>—<'O V2

Infrared active u /‘/ V3

Mutual exclusion principle holds for molecules with inversion symmetry.
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