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Electromagnetic spectrum

Spectral region] VHF | UHF | Microwave | Infrared | Visible | Ultraviolet | X-rays Y-rays
Comman NMR | EFPR mtEU.D.HEI tra wbrat_n:_-nal electronic transitions | ionisation iR CRE
usage nsitions || transitions cts
Frequency (Hz)|5 x 10¢ IED::J 3x 10M 3x 10V |6x 10%) 1.2x 10 [3.0x 1077 | 1.5 x 100
Wavelength J0.6m | | cm | mm 10 um 500 nm| 250 nm 1 nm 20 pm
wa}’:;‘_’f?b” 0.017 | 1.0 10.0 1000 [20,000 | 40,000 |1.0x10° | 5.0x 10¢
Single photon | 2.07 x | .24 x y , y :
energy (V) 104 10 1.24 x 10~ §1.24 x 10 2.5 5.0 124 x 10°F | 6.2 x 10
Photon energy | 2.03 x | 1.20 x i g ;
(k] mol") 104 102 1.20 x 10 12.0 239 479 1.2x 10 6 x 104
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Energy levels
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Width and shape of spectral lines
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Rotational — vibrational spectrum
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Simulation of vibration-rotation line spectrum of carbon monooxide
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Line broadening

Energy A

rotational levels

vibratjonal level 1 A
L Ag

h
hv, Y

vibrational level 0

Ae = width of spectral line

Heisenberg's uncertainty principle
T — particle lifetime on the energy level
Ae - width of spectral line

Aet>h/2m .
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Line broadening — Doppler effect
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CH,

2985 cm’!
2975 ¢cm’! <—CH,

CHy > IR - source  1000-4000 cm™

[ IR - detector
(2980 cm™)

b b

/CH4 beam direction
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Doppler effect

Doppler Effect
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Beer—-Lambert law
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Harmonic oscillator

e

A
~
A

=
F=—kq

F = Force acting on the system

k = constant strength q (t) = Qcos2mtvt
q = i = rO Q = amplltU_de
1, position at equlibrum v = frequency

r position at the moment
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Reduced mass

m, k m,
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Bond Energies
CH,—CH,; 368 KJ/mol
CH,—H 431 KJ/mol

CD;—D 442 KJ/mol
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Reduced mass
(12*12)/(12+12) =6
(12*1)/(12+1) = 0.92

(12*2)/(12+2) =1 .71
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Quantum harmonic oscillator
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Schrodinger Equation for harmonic oscillator
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h k 1 Quantum number
E,c = — _
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Selection rule Av=+/-1

]2



Quantum harmonic and

anharmonic oscillator
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Anharmonic oscillators

Efcm)| i 1
400004 ; : U(q) = E f(q)qz

Equation of potential energy
of anharmonic oscillator

0seanh = o I Myeqg VT3 2T | Myeqg VT3

r (nmj x -anharmonism factor
0.4 ’ k, - constant strength for v =0

o[ kg
AEosc =Ey41 —E, = —

21-[ mred

[1—2x(v+1)]

Selection rules Av =+/-1, +/-2, +/-3, ....
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Overtones
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TRAMSMITTANCE

Overtones
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Degrees of freedom

A
y
|I Translational Energy
/ 1 atom has three translational
dergees of freedom

b

N — atomic molecule has 3N degrees of freedom
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Degrees of freedom of molecule

Translational Energy

T Molecule also has three translational

. degrees of freedom

Rotational Energy
Two atomic (linear ) molecule
NGD—&) has two rotational

?MQK X X X
/ degrees of freedom

Vibrational Energy

— @ o Two atomic (linear ) molecule
has one vibrational
degree of freedom

o o neNumber of vibratjonal degree of freedom is (2N - 5) for linear molecule,



Degrees of freedom of molecule

Translational Energy
3N atomic linear molecule also has three translational degrees of freedom

Rotational Energy
3N atomic linear molecule has two
Rotational degrees of freedom

—O0—0=0 — i y
I @i@E@ Vibrational Energy
—0—0=0 '

Three atomic linear molecule
has 4 vibrational degree of

S y freedom
/ 999 /

o Dr ho@%&o% gg%i\plggg&pal degree of freedom is (3N - 5) for linear molecule, -




Degrees of freedom of molecule

Translational Energy
3N atomic nonlinear molecule also has three translational degrees of freedom

Rotational Energy
3N atomic non-linear molecule has three
rotational degrees of freedom

@ 0 Q L Vibrational Energy
e N s 3N atomic non-linear molecule
molecule has (3N-6) vibrational
degree of freedom

o or naYumber of vibrational degree of freedom is (3N - 6) for non-linear molecule
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Vibrational modes - water

H H HH fH
™, &
O O
antisymmetric Symmetrc
streteh stretch
A

( \

The angle between the bonds does not change

asymmetric stretch
v,,OH 3756 cm™

symmetric stretch
v,OH 3657 cm™
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The angle
between bonds change

Scissoring bend
O, HOH 1595 cm!
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Vibrational modes - classification

Vibration with change of bond length

-- streching vibration v, and v,, (vibration in plane)

Vibration with change of an angle between the bonds
-- in-plane scissoring (bending) 6,

-- in-plane bending (rocking) p

-- out-of-plane bending (wagging) w

-- out-of-plane bending (twisting) T

Classification in terms of symmetry (symmetric / asymmetric)

Classification in terms of plane of vibrations (in plane / out of plane (y) )

Greek small letters v (Nu), 6 (Delta), p (Rho), w (Omega), T (Tau), y (Gamma)
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Vibrational modes for CH,

Symmetrical
stretching (v, CH»)
~2853 cm”!

Out-of-plane bending
or wagging («wCH,)
1350-1150 e’
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Asymmetrical
stretching (v, CHy)
~2926 cm”!

Out-of-plane bending
or twisting {7CH»)
1350-1150 em™!

In-plane bending
or scissoring (4, CH5)
~1465 cm™!

[n-plane bending
or rocking (p CH»)
~720 cm”!

024



Vibrational modes for CH,
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Symmetrical streching v,
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Asymmetrical streching v,

In-plane bending p

2

Out-of-plane bending (twisting) t



Probability of vibrational transition

Intensity of absorbtion

Intensity of absorbtion is propotional to square of
I =~ |dy,] transition moment (transition dipol moment) d,,,
- transition between an initial state m and a final state n.

d,,, transiton moment between wave functions Ym and ¥n

400 * A
dmn o f_N Y m ¥, dq fi - dipol moment operator

q - position
2 Intensity of absorbtion is propotional to square of
I = (@) the derivative of the dipol moment with respect
49/ g=0 to the normal coordinate of vibration
du 2 . :
If the (d—) =0 electromagnetic wave is not absorbed
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Vibrational modes of CO,
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Changes of dipol moment -vibrations
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Vibrations - changes of dipol moment
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Classification of bands

1. Fundamental bands \/
excitation from ground state to the lowest-energy excited state.

2. Overtone Bands
excitation from ground state to higher energy excited states,. \/

3. Combination Bands
excitation is a sum of the two interacting bands v

combination — Vv 1 + VZ'

4. Difference Bands
excitation is a difference between the two interacting bands vy =V ; - v,.
(Simultaneous absorption on one oscillator and emission from the second oscillator

5. Fermi Resonance
Coupling of a fundamental vibration with an overtone
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Fermi Resonance

Fundamental
vibration
Resulting bands
I h{v+x) 2h(v-x)"'
Overtone
Before Fermi resonance After Fermi resonance
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Fermi Resonance - ketones
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Normal mode of C=0O
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Fermi Resonance — acyl chlorides
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