Chapter 5
Applications to Molecular Vibrational Spectra

Unlike electronic absorption spectroscopy, which occurs in the UV
and visible regions, vibrational spectroscopy occurs with no electronic
transitions. Electromagnetic radiations with lower energies (longer wave
lengths) are therefore consumed here. Vibrational spectra involve Infra-Red
(IR) and Raman Scattering (RS) spectra. In IR spectra, relatively long wave
lengths (IR region) are needed to excite the bonds and cause vibrations. In
RS spectra, radiations of higher energies (such as UV) are first used. The
molecule is excited to a virtual excited state. Energy is then released and the
molecule then reaches the ground state. If vibration occurs, there will be a
difference in energy between excitation and emission radiations; i.e. the
emitted wavelength is longer than the absorbed one. The small energy
differences between absorbed and emitted light correspond to bond
vibrations in RS spectra, which are essentially in the IR region.

To be an IR active band, a given vibration should cause a change in
total dipole moment (Ap # 0) in the molecule upon excitation. Therefore the
asymmetric stretching vibration in CO, is an IR active band, whereas the
symmetric stretching vibration is not, Figure (5.1). Similarly, the stretching
vibration in N=N molecules (essentially always symmetric) is IR inactive,
since it creates no change in dipole moment between the excited and the
ground state.
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Figure (5.1): Stretching vibrations in a CO, molecule. (a) ground state, (b)
asymmetric stretching with a change in dipole moment, and (c) symmetric
stretching with no change in dipole moment.

In RS spectra, the molecular electronic cloud is polarized by the
oscillating electric field vector of the incident radiation. Therefore, to be
Raman active, a vibration must cause a change in the polarizability of the
molecule.



Based on these discussions, the following two symmetry selection
rules may now be formulated:

a) IR active modes: to be an IR active band, a molecular vibration must
have same symmetry as a component of dipole moment (should
belong to same symmetry species X, y or z).

b) Raman active modes: to be Raman active, a vibration must have same
symmetry as that of one (or more) component(s) of polarizability
(should belong to same symmetry species of binary products x°,y?, z%,
Xy, Xz, yz or x> = y?).

Group Theoretical Treatment of Vibrational Spectra

Group theory can be used to understand vibrational spectra by
predicting which vibration(s) is (are) IR or Raman active in a given
molecule. This can be achieved as follows:

Consider a square planar [PtCl,]* complex ion, (D), as an example.

a) Determine the total number of vibrations in the given molecule.

Far a molecule of n (atoms) there will be (3n — 6) vibrations for non-
linear systems, or (3n — 5) vibrations for linear ones. Therefore, in the case
of [PtCI,]* ion (non-linear) there should be a maximum number of 3 x 5 — 6
= 9 vibrations.

b) Choose a suitable basis on which all the symmetry operations are to
be performed. In vibrational spectra, the basis is a set of 3n axes, three
ones on each atom. For [PtCl,]* the basis is shown in structure |
below:
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c) Perform all symmetry operations on the basis to generate a reducible
representation. For [PtCl,]*", Dan, the reducible representation will be
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generated using all the 15 axes. The method is as discussed in Chapter
4 earlier, where the (character of the matrix representing the effect of
a given operation on the basis) is equal to number of unshifted axes by
that operation. For [PtCl,]*, the reducible representation is thus:

Dy | E 2C4 Co(=C4%) 2C, 2C, i 254 on 20, 204

r |15 1 -1 3 -1 -3 -1 5 3 1

And using the reduction formula, this reduces to:
I'= Alg + Agg + Blg + BZg + Eg + 2A2u + Bgu + 3Eu
The result accounts to exactly 15 species (equals 3 x 5 = 15 axes that
appear in the basis).

Since the basis involved all axes of all atoms, the fifteen symmetry
species include all modes of motion including translational, rotational and
vibrational modes. Thus:

d) Out of the number of symmetry species, consider only the ones that
are related to vibrational modes. This is achieved by excluding all
symmetry species related to translational and rotational modes. In
[PtCI,]*, this could be done as follows:

1) exclude all symmetry species related to translational modes.
From the D4, Character Table, it appears that the x- and y-axes
belong to E, (doubly degenerate) and the z-axis belongs to A,,.
Since x-, y- and z-axes are associated with translation, then one
Ay, and one E, symmetry species are excluded.

i) exclude all symmetry species related to rotational modes. From
D4, Character Table, it appears that the R,- and Ry-rotations
belong to E, (doubly degenerate) while the R,-rotation belongs
to A,y. Therefore, one E; and one A,y symmetry species are
excluded.

Out of the fifteen symmetry species, we are now left with only nine
vibrational modes, as:
l—‘vibr = Alg + Blg + BZg + A2u + BZu + 2Eu

To check if one is on the right track, one needs to compare the number
of symmetry species (nine in this case) with that of vibrational modes (nine)
discussed earlier. The symmetries listed here correspond only to vibrational
modes.



e) The resulting vibrational symmetry modes may now be checked if

f)

they are IR active or not using the IR selection rule shown earlier. For
[PtCI4]2‘, it appears from Dy, Character Table that only A,, and E,
symmetries are related to x-, y- and z-axes. Therefore the vibrations
with the symmetries
A2u + 2Eu

are the only ones that are IR active. These are: a singly degenerate, a
doubly degenerate (two) and a doubly degenerate (two). Since the
doubly degenerate vibrations are indistinguishable, the [PtCI,]* IR
spectrum may have three bands, one corresponding to the Ay,
vibration, and one corresponding to each of the two E, vibrations.
This is in accordance with experiment, since the ion [PtCl,]* is
known to have three IR bands at 168, 321 and 191 cm .

To find the Raman active vibrations, use the Raman selection rule,
discussed earlier, to check each of the nine vibrations. For [PtCl,]*, it
appears from Dy, Character Table that the vibrations:

Aig + Big + By
are the only Raman active ones. This is because each of them involves
a combination of directional properties (z%, xX*~y* and xy in this case).
This is in accordance with experimental finding where [PtCI,]* has

only three Raman vibrational frequencies at 333, 196 and 306 cm .

Note that in molecules having an inversion operation (i), such as D4h,

the IR bands and RS spectral bands should not coincide and should occur at
different positions. Systems with no i operation, such as Tg4, have
coincidence between IR and RS bands.

Group Theoretical Treatment of Particular Vibrational Modes

In this section, attention will be devoted to application of group theory

to specific vibrational modes, such as the stretching of a given class of
bonds present in a given molecule. The procedure is direct, and can be
performed as follows:

a) Determine the symmetry point group of the molecule.
b) Choose a suitable basis, using the set of bonds, in question, to vibrate

as desired. The vibration of each of these bonds can be represented by
an arrow.

c) Generate a reducible representation by performing the symmetry

operations on the basis.



d) Reduce the resulting reducible representation, into its irreducible
representations, to find symmetries of all stretching vibrational modes
possible for the given bonds.

e) Use selection rules discussed earlier, with the aid of the proper
Character Table, to find out which of these stretching vibrations are
IR active and which are Raman active ones.

Example:
For the mer—[ML; (CO)3] complex, find out the IR and Raman active

CO stretching vibrations.

Solution:

The symmetry point group of the molecule is C,,, and the basis is a
set of three arrows, as shown in structure Il below. Each CO bond stretching
IS represented by an arrow
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The reducible representation that results is:

Co | E C, (Z) Oxz Oy;
Tye | 3 1 3 1

which reduces to: 2A; + B,
that shows all C-O stretching vibrations.
Using the C,, Character Table, then:

1) All 2A; + B, vibrations are IR active ones, since z-axis belongs
to Ay, and x-axis belongs to B;. The IR active spectra should
therefore have three different IR CO stretching bands.

2) All 2A; + B, vibrations are Raman active, since z*-binary




product belongs to A;, and xz-binary product belongs to B;.
The RS spectra should therefore have three vibrational CO
stretching bands.

Exercises:
1) For each of the following, write down :
1) Symmetry species of all possible modes of vibration
i) All IR and Raman active vibrations
B,Hs , [Co(L)s]*" , trans-[PtCl, (NHs)]
i v \%
2) For each of the following specific bonds shown by arrows, write
down:
1) Symmetry species of all possible stretching vibrations
i) All IR and Raman active stretching vibrations
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