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IR stretches using reducible representations


You can use the principles of group theory to predict IR stretches.  Since the CO stretch is usually so intense, it is easy to observe.  Since the vibrational frequency of the CO stretch is so dependent on the electronic state of the molecule, understanding IR spectroscopy of metal carbonyls is very important.  The technique that is used is “normal mode analysis.”  Put a Cartesian axis system (displacement vectors) on each atom in the molecule.  For a molecule n atoms, we expect 3n-6 degrees of freedom (3n-5 if linear).  Subtract off translational and rotational degrees of freedom leaving vibrational modes.  

• draw the molecule and put a Cartesian axis as a basis on each atom

• create a reducible representation for all motion

•apply the symmetry operations of the point group to the basis


•if a basis element moves from its position, it contributes 0


•if a basis element remains at its position, it contributes 1


•if a basis element is transformed into its negative, it contributes -1

•reduce the representation using the formula 
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; where h is the number of symmetry operations, 
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=the character of the reducible representation, 
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=the character of the irreducible representation, and 
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=the number of operations in the class (the number in front of the symmetry operation).

•using the symmetry labels corresponding to the irreducible representations that make up the reducible representation, determine they symmetries for molecular motion.

•subtract away translation and rotation, leaving vibrational modes

This is best seen with an example…

Worked example I:  H2O (C2v)  
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Let's reduce the representation.  In C2v, h = 4.

N(A1) = (1/4)[(9*1*1)+(-1*1*1)+(3*1*1)+(1*1*1)]=3

N(A2)=(1/4)[(9*1*1)+(-1*1*1)+(3*-1*1)+(1*-1*1)]=1

N(B1)=(1/4)[(9*1*1)+(-1*-1*1)+(3*1*1)+(1*-1*1)]=3

N(B2)=(1/4)[(9*1*1)+(-1*-1*1)+(3*-1*1)+(1*1*1)]=2

To check, make sure that the sum of the N’s is 9, √

In C2v, translation along x, y, and z correspond to B1, B2 and A1 respectively

In C2v, rotation about x, y, and z correspond to B2, B1 and A2 respectively

Thus, vibrational modes are 2A1 + B1
IR active vibrational modes must change their dipole and correspond to the vectors x, y, and z.  Thus, for water, we expect 3 IR active vibrational modes.  The IR spectrum of water has three bands, 1(A1) = 3657 cm-1, 2(A1) = 1595 cm-1, and 3(B1) = 3756 cm-1.
Worked example II:  Cr(CO)6 (Oh)  

With 13 atoms, there are 39 degrees of freedom and 33 vibrational modes!
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I will show how to reduce the representation for A1g;  In Oh, h = 48.

N(A1g) = (1/48)[(39*1*1)+0+(-1*1*6)+(5*1*6)+(-5*1*3)+(-3*1*1)+(-1*1*6)+0+ (9*1*3)+5*1*6)]=2

The total representation is: 2 A1g + 2 Eg + 2 T1g + 2 T2g + 5 T1u + 2 T2u
Rotation in Oh has T1g symmetry, while translation has T1u symmetry, leaving the following vibrational modes:  2 A1g + 2 Eg + T1g + 2 T2g + 4 T1u + 2 T2u
The only IR active modes are T1u; we thus expect 4 peaks (each triply degenerate) in the IR spectrum of Cr(CO)6.

Raman active modes are those with “squared” terms (x2, z2, xy, xz, etc.); we thus expect 6 Raman peaks corresponding to 2 A1g, 2 Eg and 2 T2g.
Worked example II:  Cr(CO)6 (Oh)  

There must be an easier method…. And there is.  Many of the modes we have identified do not correspond to CO stretching vibrations, the region of the IR spectrum between 1600-2150 cm-1, but instead are bends or torsions.  What if we use as our basis a vector along each CO ligand.  This simplifies the problem significantly!
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this reduces to A1g + Eg + T1u
can you draw the stretches?  Since they are all stretches now, we can!
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