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12.12: Normal Modes of Vibrations Describe how Molecules Vibrate

Normal modes of vibration

All molecules vibrate. The simplest vibration is the one that takes place between two atoms in a diatomic molecule. Vibrational
motion in diatomic molecules is often discussed within the context of the simple harmonic oscillator in quantum mechanics. A
diatomic molecule has only a single bond that can vibrate; we say it has a single vibrational mode. As you may expect, the
vibrational motions of polyatomic molecules are much more complicated than those of a diatomic. First, there are more bonds that
can vibrate; and secondly, in addition to stretching vibrations, the only type of vibration possible in a diatomic, we can also have
bending and torsional vibrational modes. Since changing one bond length in a polyatomic will often affect the length of nearby
bonds, we cannot consider the vibrational motion of each bond in isolation; instead we talk of normal modes of vibration
involving the concerted motion of groups of bonds. As a simple example, the normal modes of a linear triatomic molecule are
shown below.
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Once we know the symmetry of a molecule at its equilibrium structure, group theory allows us to predict the vibrational motions it
will undergo using exactly the same tools we used above to investigate molecular orbitals. Each vibrational mode transforms as one
of the irreducible representations of the molecule’s point group. Before moving on to an example, we will quickly review how to
determine the number of vibrational modes in a molecule.

Molecular degrees of freedom — determining the number of normal vibrational modes

An atom can undergo only translational motion, and therefore has three degrees of freedom corresponding to motion along the z, y,
and z Cartesian axes. Translational motion in any arbitrary direction can always be expressed in terms of components along these
three axes. When atoms combine to form molecules, each atom still has three degrees of freedom, so the molecule as a whole has
3N degrees of freedom, where N is the number of atoms in the molecule. However, the fact that each atom in a molecule is
bonded to one or more neighboring atoms severely hinders its translational motion, and also ties its motion to that of the atoms to
which it is attached. For these reasons, while it is entirely possible to describe molecular motions in terms of the translational
motions of individual atoms (we will come back to this in the next section), we are often more interested in the motions of the
molecule as a whole. These may be divided into three types: translational; rotational and vibrational.

Just as for an individual atom, the molecule as a whole has three degrees of translational freedom, leaving 3/N —3 degrees of
freedom in rotation and vibration.

The number of rotational degrees of freedom depends on the structure of the molecule. In general, there are three possible
rotational degrees of freedom, corresponding to rotation about the z, y, and z Cartesian axes. A non-linear polyatomic molecule
does indeed have three rotational degrees of freedom, leaving 3N —6 degrees of freedom in vibration (i.e 3N —6 vibrational
modes). In a linear molecule, the situation is a little different. It is generally accepted that to be classified as a true rotation, a
motion must change the position of one or more of the atoms. If we define the z axis as the molecular axis, we see that spinning the
molecule about the axis does not move any of the atoms from their original position, so this motion is not truly a rotation.
Consequently, a linear molecule has only two degrees of rotational freedom, corresponding to rotations about the x and y axis. This
type of molecule has 3N — 5 degrees of freedom left for vibration, or 3N — 5 vibrational modes.

In summary:

e A linear molecule has 3N — 5 vibrational modes

¢ A non-linear molecule has 3/N — 6 vibrational modes.
Symmetry

Let’s work through an example: Ammonia (IV H3) with a C3, symmetry. Consequently, all of the properties contained in the Cf,
character table above are pertinent to the ammonia molecule.
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The principle axis is the axis that the highest order rotation can be preformed. In this case the z-axis pass through the lone pairs
(pink sphere), which contains a C3 axis. The ?’s or mirror planes (o, parallel to z-axis & o}, perpendicular to the z-axis). In
ammonia there is no oy, only three ¢,’s. The combination of C3 & o, leads to Cj3, point group, which leads to the C3v character
table.

The number of transitions is dictated by 3N-6 for non-linear molecules, so in the case of Ammonia, there will be 3(4) —6 =6
vibrational modes. This can be confirmed by working through the vibrations of the molecule. This work is shown in the table

below.
Cs, E 2C3 30,
| R 3 0 1
Unmoved Atoms 4 1 1
Ciotal 12 0 1

T'4ota1 is the total reducible form for the motions of ammonia. Using the character table for C3,, we can subtract the 3 translation
motions defined by z, y, and 2, as well as the rotation motions defined by R,, R,, and R,:

Csy E 2Cs 30,
Fiotal 12 0 1
Tt ranslational 3 0 1
T'sotational 3 0 -1
Tyibrational 6 0 1
24, +2E

This gives us the reducible representation for the vibrational motion of ammonia (I'yibrationa); Which we can reduce down to
there irreducible representations of 24; and 2FE. E is doubly degenerate, meaning two vibration modes each, totalling 6
vibrations. This calculation was done by using the character table to find out the rotation and translation values and what atoms
move during each operation. Using the character table we can characterize the A; vibration as IR active along the z-axis and raman
active as well. The E vibration is IR active along both the x & y axis and is Raman active as well. From the character table the IR
symmetries correspond to the x, y & z translations. Where the Raman active vibrations correspond to the symmetries of the d-
orbitals.
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