
Vibrational Spectroscopy

BasicsBasics--55



Pure Vibrations Pure Vibrations 
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* * DiatomicsDiatomics
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““Harmonic oscillator approximationHarmonic oscillator approximation””

““one stretch modeone stretch mode””



-- HermiteHermite polynomial polynomial HHvv(y(y))
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-- AnharmonicityAnharmonicity in in V(xV(x))
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““anharmonicityanharmonicity (mechanical)(mechanical)””
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-- AnharmonicAnharmonic expression of energy and expression of energy and wavefunctionwavefunction::
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-- Vibrational selection rule:Vibrational selection rule: ““transition dipole momenttransition dipole moment””
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-- Vibrational intensity:Vibrational intensity:
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* * Hot bands:  vHot bands:  vii > 0, i.e. v> 0, i.e. vii = 1, 2, = 1, 2, ……
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-- Vibrational transition energy (in cmVibrational transition energy (in cm--11) :) :
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-- Dissociation energy DDissociation energy Dee, D, D00::
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* Birge-Sponser extrapolation:

“assuming ΔGv+1/2 is linear function of v,
D0 is the area under ΔGv+1/2 vs v curve”

* De is unaffected by isotope 
exchange, but D0 is affected

→→ slightly overestimate the exact valueslightly overestimate the exact value



* * PolyatomicsPolyatomics

COM (fixed)

# of vibration modes (N atoms): 
3N-6 (nonlinear) 
3N-5 (linear)

“…many atomic motions are coupled each other
→ need to get decoupled (3N-6 ) vibrational modes…”

Cartesian Cartesian 
coordinatecoordinate

Internal coordinateInternal coordinate
Symmetry coordinateSymmetry coordinate

Normal Normal 
coordinatecoordinate

Xi, i=1,2,…3N
(rot, trans: 6)

Δri, Δθi, Δφi (3N-6)
Si, i=1,2,…3N-6

QQii

i=1,2,i=1,2,……3N3N--66

easy to assigneasy to assign
highly coupledhighly coupled

easy to visualizeeasy to visualize
still coupledstill coupled

decoupleddecoupled
difficult to visualizedifficult to visualize



-- Internal coordinate:Internal coordinate:

““bond length, bond angle, dihedral anglebond length, bond angle, dihedral angle””
e.ge.g)  H)  H22O : # modes = 3x3O : # modes = 3x3--6=36=3 HH HH

OOΔΔrr11 ΔΔrr22

ΔθΔθ

-- Symmetry coordinate:Symmetry coordinate:

““…… use character table to determine symmetriesuse character table to determine symmetries

of of vibrationalvibrational modes, and apply symmetry projectionmodes, and apply symmetry projection
operators to each internal coordinateoperators to each internal coordinate…”…”
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-- Normal modes (in harmonic approximation):Normal modes (in harmonic approximation):
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-- Normal mode analysis (Normal mode analysis (abab initioinitio program):program):

Determine 
force constant kij, Kij

Diagonalize
K matrix to get λi’s
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-- Quantum description:Quantum description:
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--Fundamental transition: Fundamental transition: iv i N1, 1,2, ...(3 6)∆ = ± = −

transition notation 1 1 2
0 0 1: 1 , 2 , ....3 ....





Overtones: Overtones: 

iv st nd i N2(1 ) , 3(2 ), ... 1,2, ...(3 6)∆ = ± ± = −

Combination bands: Combination bands: 
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-- AnharmonicAnharmonic transition:transition:
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Fermi resonance:Fermi resonance:

““……if |2if |2ii00jj> and |0> and |0ii11jj> have similar energies, same > have similar energies, same 

symmetries, and symmetries, and anharmonicallyanharmonically coupled, coupled, 
two states mix resulting in changes of frequency two states mix resulting in changes of frequency 
and intensityand intensity…”…”
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VibVib--Rotations Rotations 
* * Diatomic moleculesDiatomic molecules
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νν00: band origin; B: band origin; B’’, B, B””: excited, ground state constants : excited, ground state constants 

-- Combination differences:Combination differences:
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““ground state constantsground state constants””
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HCl: closed shell molecule (1Σ ground state): ΔJ=±1

No Q-branch!

From spectral analysis
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* * Linear polyatomic molecules (N atoms) Linear polyatomic molecules (N atoms) 

Total 3N-5 modes: “(N-1) stretches and (N-2) deg bends”
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transition J: 0, 1Σ ↔Π ∆ = ±

HCHC≡≡CHCH

Intensity alternationsIntensity alternations
JJeveneven : : JJoddodd = 1:3 = 1:3 



* * Symmetry top molecules Symmetry top molecules 

Parallel bandParallel band

Perpendicular bandPerpendicular band

( 0) 0, 1
( 0) 0, 0
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* * Asymmetry top molecules Asymmetry top molecules 
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AA--typetype BB--typetype

CC--typetype

HH22C=CHC=CH22



Fluxional MoleculesFluxional Molecules

* * Inversion:  Inversion:  Example Example -- NHNH33

Reaction coordinate: Umbrella motion

““doublingdoubling””

Tunneling time L R 1( )
2

τ
ν

→ =
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Spectral splitting vs inversion potential barrier 



* * RingRing--puckering:  puckering:  Example Example -- cyclopentenecyclopentene



* * Internal rotation:  Internal rotation:  ExampleExample

““…… Internal rotations w/ nInternal rotations w/ n--fold barriers fold barriers 
(i.e. 2(i.e. 2ππ/n repetitions): n/n repetitions): n--fold fold splittingssplittings…”…”

n
n

Potential function V V n1( ) (1 cos )
2

φ φ= −∑

VV22: two: two--fold barrierfold barrier



Raman SpectroscopyRaman Spectroscopy

““……interaction of light field interaction of light field EE with molecular with molecular polarizabilitypolarizability αα
induces dipole moment induces dipole moment μμindind= = ααEE (in linear approximation)(in linear approximation)…”…”

* * Molecular Molecular polariabilitypolariability αα::

-- measure of electron displacement from nucleimeasure of electron displacement from nuclei (tensor)(tensor)

““polarizabilitypolarizability ellipsoidellipsoid””:: Surfaces of Surfaces of αα1/21/2 distances in eachdistances in each

direction from origindirection from origin
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* * Interaction of light field with Interaction of light field with polariabilitypolariability αα::

molecular frequenct ies0 1 :cosα α α ω ω= + ←
““static or averagestatic or average”” ““dynamicdynamic””
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““RayleighRayleigh”” ““antianti--Stokes RamanStokes Raman”” ““Stokes RamanStokes Raman””
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* * VibVib--rotation Raman spectrarotation Raman spectra

v JS O Q S brancheelection rule s1, 0, 2 ( , , ): ∆ = ± ∆ = ± −
““double rotations of double rotations of polarizabilitypolarizability ellipsoid per turnellipsoid per turn””
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* * Group theoretical approach for IR and Raman activityGroup theoretical approach for IR and Raman activity

f x y z i

f xx xy i

f i

f i

IR

Raman

IR x y z A totally symmetric

Raman x xy A totally symmetric
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H2O: 2A1+B2  “all IR and Raman active”
CH4: A1+E+2T2 “all IR and Raman active”

Molecules with center of symmetry: only IR or Raman active


