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Basic Concepts – Vibrational Spectroscopy

• molecules are not static entities

• they move around  translations

• they turn on themselves  rotations

• they change shape  vibrations

• occur @ very different energies (decoupled?)

• molecular vibrations are extremely
important for chemical processes

• major mechanism for molecular transformations:
• vibrational mode  reaction coordinate

• normally think of changes in nuclear positions
• electronic structure is affected as well

• change of electron cloud = change in behavior

• vibrational forces = chemical bonding!

• vibrational spectroscopy can therefore
be extremely useful!
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kT = average thermal free energy

k = Boltzmann constant = 0.69503 cm-1/K

reference point: kT(300K) = 208cm-1
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Potential Energy Curves & Surfaces

• potential energy surfaces (PES) provide classical representation of energetics

• energy changes along all possible degrees of freedom (3N dimensional space!)

• usually show PES only along chemically “useful” coordinates

• specific normal modes of vibration

• reaction coordinate (geometric changes that get you from reactants to products)

• simplest example – homonuclear diatomic molecule

• one chemically relevant coordinate  bond distance (∆r)  potential energy curve

• combination of several important energetic contributions

• macroscopic electrostatic attraction/repulsion (ionic bonding)

• overlap of atomic orbitals for electron sharing (covalent bonding)

• simplest approximation of chemical bond  harmonic oscillator

• follows Hooke’s Law

• symmetrical potential

• assumes one finite mass connected to infinite mass 
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• harmonic oscillator follows Hooke’s Law
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• simple harmonic oscillator reasonable near equilibrium → small ∆r

• must be ‘fixed’ to account for the fact that each atom has a mass

• use ‘reduced mass’ () of system instead of m

• describes complete system as having a single
 about which everything happens

• SHO model cannot account for anharmonicity in bond vibrations

• bond dissociation at large ∆r

• huge internuclear repulsion at short ∆r

• need better approximation

• use Morse potential function

• reasonable bond potential energies

• enforces anharmonic behavior

• in cm-1:
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Basic Concepts – Higher Dimensional Surfaces

• every vibrational degree of freedom has an energy profile

• stretching/contraction modes will have profiles that are similar to Morse 
potential

• bond angles and dihedrals will have more periodic behavior (no dissociation)

• complete potential energy description involves all degrees of freedom

• generally extremely complex  3N-6 vibrational degrees of freedom

• can visually represent only two degrees of freedom at a time to give a surface 
plot...

• Boltzmann energies available at
RT are very small (~200 cm-1)

• only lowest vib levels are populated

• vibrational spectroscopy probes
bottom of potential energy well

• Vibrational spectroscopy is exp probe
of potential energy surfaces
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Approaches to Vibrational Spectroscopy

• infrared absorption spectroscopy (IR)

• direct photon absorption (50-5000 cm-1)

• requires change in electric dipole moment

• basic selection rule:

• Raman spectroscopy

• indirect photon scattering (usually UV/Vis/NIR)

• requires change in polarizability of molecule

• basic selection rule:
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Symmetry of molecular vibrational modes

• use SHO to describe vibrational modes of molecules

• characteristics of infrared absorption:

• transition energies:

• wavefunctions:
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• symmetry of odd wavefunctions depends on form of polynomial

• focus on 01 transition because it is usually what is observed

• v = 0  always totally symmetric

• v = 1  depends on symmetry of q

• complete wavefunction includes product of vibrational states

• can simplify intensity equation for vibrational transitions

• dominant term in transition moment 
operator  electric dipole operator

• use symmetry to determine 
appropriate selection rules!
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• e.g., H2O in C2v symmetry

• what vibrational transitions will be allowed?
i.e., what vibrations will be observed?
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• e.g., [NO3]- in D3h symmetry
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Normal Coordinate Analysis

• molecular vibrations known as the Normal Coordinates 

• these are linear combinations of internal coordinates (Ri), or 
symmetry coordinates (Si)

• major characteristic of normal (“normalized”) vibration

• internal coords (R1, R2, ..., Ri) all oscillate at the same frequency

• only their amplitudes of oscillation differ

• express relationship btw Ri (or Si) & normal coordinates Qi as
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Vibrational Force Constants

• SHO equation for potential energy:

• solve QM-SHO problem, we find that

• the mass is the reduced mass:

• example: HX

• vibrational frequencies relate to the nature of the bonding between atoms

• Badger’s rule  correlation btw force constants & bond lengths
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Badger’s Rule (and modifications)

Inorg. Chem. 1987, 26, 2127-2132
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Bond (XY) Molecule kXY Bond order

O-H H2O 8.4 1

C-C CH3CH3 7.0 1

C=C CH2CH2 14.2 2

CC HCCH 24.5 3

C=C C6H6 11.4 1.5

O=O O2 11.3 2

O-O O3 6.2 1.5

O-O O2
- 8.7 1.5

O-O O2
2- 6.2 1

N=O NO+ 22.7 3

N=O NO 15.5 2.5

N-O NO- 8.0 2

Typical force constants for 
small molecules...

• correlates with bond order 
for related molecules
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The Wilson Method – a more quantitative approach

• rearrange energy expression:

• three parameters of importance  , k, 

• given any two - the third can be easily determined

• above equation can be viewed as a [11] secular determinant:

• force matrix 

• mass matrix 

• energy matrix (in cm-1) 

• where E is the identity matrix (defines size of block matrix)

• E matrix is (3N-6)  (3N-6) – over all vibrational modes...

• matrix approach can be used to solve vibrational modes...
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• e.g. H2O modes A1
(1)  3657cm-1 A1

(2)  1595cm-1 B13756cm-1

• we now have to deal with a multifrequency SHO such that

• this means that we need to worry about interaction force constants (i) where 

• i.e. extent of coupling between modes of vibration (how does one affect the other)

• define vibrational modes in terms of internal coordinates:

• principal terms in the force constant matrix:

• k11 = k22 = restoring force for O-H stretch

• k33 = restoring force for H-O-H bend

• Interaction force constants (off-diagonal terms): 

• i12 = i21 (stretch-stretch interaction)

• i13 = i23 = i31 = i32 (stretch-bend interaction)
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• choosing appropriate interaction terms (they are not observables)

• Simple Valence Approach

• simplest but least accurate

• no off-diagonal force constants

• General Valence Force Field (GVFF)

• more intuitive, but harder to implement - used for simpler systems

• off-diagonal terms treated as interaction terms (what we just did)

• Urey-Bradley Force Field

• easier to implement, at the expense of insight - used for more complex systems

• off-diagonal terms treated as weak repulsive interactions btw nonbonding atoms

• such choices and appropriate interaction terms have been developed and 
implemented in computational programs that make estimates for you.

• the G matrix also needs to be evaluated in a similar manner

• simply complex geometric problem

• solutions for many simple cases have been derived and tabulated
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• for H2O, the G-matrix is as follows:

• we can now use the F and G matrices to extract
numerical values for the force constants:

• we have the frequencies (a diagonal  matrix)

• we have the mass matrix

• we can figure out the F-matrix!

• note that this requires us to solve cubic equations (33 matrix problem)

• in general, the problem is even more complex  higher dimensionality

• symmetry is the best way to simplify problem...
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• symmetrizing the matrices = modifying basis set to ‘fit’ the point group

• this will turn the internal coordinates into symmetry coordinates ( Ri  Si )

• need a transformation matrix (U) that will perform transformation – the 
matrix form of the SALCs!

• symmetrize F
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• symmetrize G

• we can now simplify the problem to one 22 problem (A1) and a 11 
problem (B1).

• but still can’t solve the problem with additional information – 3 vibrations with 4 
unknowns

• the interaction term is still our biggest problem!

• this can be solved by isotopic substitution
• assumption: changing mass of an atom but not its identity will not affect force constants

• last thing – figure out the eigenvectors (back to the original question!)
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• each eigenvector must satisfy (N is specific eigenvector)

• easily solved using matrix math - direct calculation of each lN

• for the A1 vibrational modes in H2O:

• often expressed as potential energy contributions (instead of distances)

Chem 529 (2009-W2) 22Monday, January 25, 2010

N Nl lGF

11 12

21 22

1.01683 0.06686

0.01274 1.52432

l l

l l

1 1 1

1 1 1

1
(1) (1) (2) 1

1
(2) (1) (2) 2

1.01683 0.06686 3657

0.01274 1.52432 1595

A A A

A A A

Q S S cm

Q S S cm

21
( )

2N N ij iN jN
ij

V Q Q F l l

1 2

SA1(1) 8.60551 0.03721

SA1(2) 0.00011 1.64459

1 2

SA1(1) 99.99% 2.21%

SA1(2) 0.01% 97.79%

or

large mismatch between the 

stretch and bend energies



The University of British Columbia
Department of Chemistry

Energy Factoring – Simplifying the force field even further

• for most real systems, symmetry is not necessarily that helpful

• molecular symmetry is very low or non-existent (everything mixes!)

• use “effective symmetry” rather than real symmetry to simplify problem

• use other ways of removing small contributions  energy factoring

• mixing decreases significant with energy separation

• set interaction parameter to zero when DE is large

• e.g., for H2O  set i13 to zero

• concept of characteristic group frequencies

• consider certain atom ‘groupings’ together  their vibrational frequencies are coupled

• generally corresponds with functionally-relevant groupings  this is no accident!
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Higher order effects in IR spectroscopy

• anharmonicity in the potentials cause a 
breakdown in rigorous selection rules Dv = 1

• can allow higher-order transitions to be visible

• can allow additional interactions

• vibrational overtones  transitions where |Dv| > 1

• combination bands  multiple excitations

• Fermi resonances  coupling of vibrational 
bands with overtones or combination bands

• mode mixing = 

• Fermi resonance =

• the two states must still have same symmetry to mix!
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Fermi Resonance in CO2
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Time resolution of IR experiment

• from energy of transitions, we can easily determine frequency of oscillation 
for the process of interest…

• in the infrared  1012 – 1015 s-1 or time for single oscillation is in the ps-fs regime

• compare with NMR  nanoseconds at best but practical limit is generally 10-5 seconds

• and even EPR  theoretical limit is in hundreds of picoseconds (usable in 10-5-10-10 s)

• for CO stretch… 
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Raman vs. IR Spectroscopy

• information content is essentially identical

• energy of vibrational modes  force constants

• mechanical coupling of vibrational modes

• major difference  intensity mechanism/selection rules

• for all scattering processes (Rayleigh and Raman scattering)

• photon doesn’t interact with static molecular dipole moment

• interacts with the induced dipole moment caused by the electric field

• phenomenologically  energy of molecule depends on electric field (F)

• energy dependence can be expanded as a factorial series

Monday, January 25, 2010 27Chem 529 (2009-W2)

1.3 Vibrational Spectroscopy

2 3 4
0 2 3 41 1 1

2 3! 4 !2 3 4
0 0 0 0

0 2 3 41 1 1
2 3! 4 !F FF FFF FFFF

E E E E
E F qE F F F F

F F F F

qE F F F F



The University of British Columbia
Department of Chemistry

Monday, January 25, 2010 28Chem 529 (2009-W2)

1.3 Vibrational Spectroscopy

2 3 4
0 2 3 41 1 1

2 3! 4 !2 3 4
0 0 0 0

0 2 3 41 1 1
2 3! 4 !F FF FFF FFFF

E E E E
E F qE F F F F

F F F F

qE F F F F

electric monopole

molecular charge

electric dipole

molecular dipole moment

electric quadrupole

molecular polarizability

first-order hyperpolarizability

second-order hyperpolarizability

a.k.a. induced dipole moment



The University of British Columbia
Department of Chemistry

• molecular dipole moment in an electric field 

• the polarizability (a) is the first-order induced dipole moment

• FFF defines the second-order induced dipole moment, etc. (very small)

• in our case – the electric field is going to be incident photons from a laser

• effect of vibrations on molecular polarizability

• a will change as a function of the geometric changes

• geometric changes defined by normal modes

• oscillatory behaviour of coordinates can be described as 

• electric dipole part of incident EMR is also oscillatory 

• therefore we can rewrite the induced dipole moment as follows...

Monday, January 25, 2010 29Chem 529 (2009-W2)

1.3 Vibrational Spectroscopy

0
in

F F

0
1

i N

i
i i

Q
Q

max cos 2iQ Q t

max cos 2 exF F t

0 1
1

in

N
N

F

F Q F Q F
Q Q

continued...



The University of British Columbia
Department of Chemistry 1.3 Vibrational Spectroscopy

• look at simplified induced dipole equation...
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A New Type of Secondary Radiation
C. V. Raman and K. S. Krishnan, Nature, 121(3048), 501, March 31, 1928

If we assume that the X-ray scattering of the 'unmodified' type observed by Prof. Compton corresponds to the normal or 

average state of the atoms and molecules, while the 'modified' scattering of altered wave-length corresponds to their 

fluctuations from that state, it would follow that we should expect also in the case of ordinary light two types of scattering, 

one determined by the normal optical properties of the atoms or molecules, and another representing the effect of their 

fluctuations from their normal state. It accordingly becomes necessary to test whether this is actually the case. The 

experiments we have made have confirmed this anticipation, and shown that in every case in which light is scattered by the 

molecules in dust-free liquids or gases, the diffuse radiation of the ordinary kind, having the same wave-length as the 

incident beam, is accompanied by a modified scattered radiation of degraded frequency. 

The new type of light scattering discovered by us naturally requires very powerful illumination for its observation. In our 

experiments, a beam of sunlight was converged successively by a telescope objective of 18 cm. aperture and 230 cm. focal 

length, and by a second lens was placed the scattering material, which is either a liquid (carefully purified by repeated 

distillation in vacuo) or its dust-free vapour. To detect the presence of a modified scattered radiation, the method of 

complementary light-filters was used. A blue-violet filter, when coupled with a yellow-green filter and placed in the 

incident light, completely extinguished the track of the light through the liquid or vapour. The reappearance of the track 

when the yellow filter is transferred to a place between it and the observer's eye is proof of the existence of a modified 

scattered radiation. Spectroscopic confirmation is also available. 

Some sixty different common liquids have been examined in this way, and every one of them showed the effect in greater 

or less degree. That the effect is a true scattering, and secondly by its polarisation, which is in many cases quite strong and 

comparable with the polarisation of the ordinary scattering. The investigation is naturally much more difficult in the case 

of gases and vapours, owing to the excessive feebleness of the effect. Nevertheless, when the vapour is of sufficient 

density, for example with ether or amylene, the modified scattering is readily demonstrable.
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• intensity for Q1(v=0)  Q1(v=1) is

• Stokes’ shifts in scattering come from Dv = +1 (Anti-Stokes from -1)

• anti-Stokes are much weaker  due to Boltzmann population distribution

• intensity of Raman scattering depends on
• energy of the vibrational mode  intensity only at 

• intensity of the incident photon beam 

• the magnitude of the vibrational distortion 

• the change in polarizability due to the vibrational mode 

• the energy of the incident radiation (vide infra)

• this intensity equation is classical and time-dependent

• can be derived in other ways to give
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Selection Rules for Raman Spectroscopy 

• vibrational quantum number 

• vibrational normal modes 

• use symmetry of vibrational modes (from IR section)

• e.g., allowed Raman transitions for H2O
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• what about [NO3]- ?

• remember that not all vibrational 
modes were allowed in 
infrared absorption...
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Transition polarisation in Raman Spectroscopy

• a.k.a. Raman Depolarisation Ratios

• more complicated since we are now looking at tensors not vectors!

• cannot directly detect polarization directions

• linear polarizer to measure contributions from two perpendicular directions

• for a z-polarized excitation laser coming from the
y-direction and measuring along the x-direction 

• define depolarisation ratio as

• ratio depends on symmetry of vibrations

• totally symmetric  polarised

• asymmetric  depolarised

• predicted by group theory...
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Resonance Raman Spectroscopy

• we have considered the information content of “off-resonance” processes

• excitation occurs to a virtual excited state  coupling is very weak (intensity is low)

• look back at intensity equation 

• depends on coupling with real
excited states! (but coupling is poor)

• but what happens if coupling is strong?

• resonance enhancement!!!!

• Resonance Raman dramatically improves
the sensitivity of vibrational modes

• off-resonance probability of inelastic scattering ~ 10-6-10-7

• on-resonance probability of inelastic scattering ~ 10-3-10-1

• important  selective enhancement that depends on the nature of excited state

• only if excited state increases magnitude of specific induced dipole (along Qi)

• this means that only excited states that are coupled with the vibrational mode will be enhanced

e.g. enhancement of an M-X vibration will occur if laser hits XM LMCT band
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denominator  0

this term  ∞

103 – 106 enhancement!

these equations fail on

resonance – need to include 

lifetime of final state
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Case Study: IR spectroscopy in Organometallic 
Photochemistry
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ja00713a006 – C.A. Tolman, J. Am. Chem. Soc., 92, 2953 (1970)
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hemocyanin – oxygen carrier protein

in arthropods

look at bending modes for M-O-M:
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1. Symmetry, Group Theory, and Electronic Structure

1.1 Fundamentals

1.2 Symmetry and Group Theory

1.3 Vibrational Spectroscopy

2. Ground State Spectroscopic Methods

3. Excited State Spectroscopic Methods

4. Other Physical Methods
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