
TOPIC 8B Vibrational motion

Discussion questions
8B.2 In what ways does the quantum mechanical description of a harmonic 
oscillator merge with its classical description at high quantum numbers?

8B.3 What is the physical reason for the existence of a zero-point vibrational 
energy?

Exercises
8B.1(a) Calculate the zero-point energy of a harmonic oscillator consisting of a 
particle of mass 2.33 × 10−26 kg and force constant 155 N m−1.

8B.2(a) For a certain harmonic oscillator of effective mass 1.33 × 10−25 kg, the 
difference in adjacent energy levels is 4.82 zJ. Calculate the force constant of 
the oscillator.

8B.3(a) Calculate the wavelength of a photon needed to excite a transition 
between neighbouring energy levels of a harmonic oscillator of effective mass 
equal to that of a proton (1.0078mu) and force constant 855 N m−1.

8B.4(a) The vibrational frequency of H2 is 131.9 THz. What is the vibrational 
frequency of D2 (D = 2H)?

8B.5(a) Calculate the minimum excitation energies of (i) a pendulum of length 
1.0 m on the surface of the Earth, (ii) the balance-wheel of a clockwork watch 
(ν = 5 Hz).

8B.6(a) Assuming that the vibrations of a 35Cl2 molecule are equivalent 
to those of a harmonic oscillator with a force constant kf = 329 N m−1, 
what is the zero-point energy of vibration of this molecule? The effective 
mass of a homonuclear diatomic molecule is half its total mass, and 
m(35Cl) = 34.9688mu.

8B.7(a) Locate the nodes of the harmonic oscillator wavefunction with v  =  4. 

8B.8(a) What are the most probable displacements of a harmonic oscillator 
with v = 1?

8B.9(a) Calculate the probability that an OeH bond treated as an harmonic
oscillator will be found at a classically forbidden extension when v  =  1 .

Problems
8B.1 The mass to use in the expression for the vibrational frequency of a 
diatomic molecule is the effective mass μ = mAmB/(mA + mB), where mA and 
mB are the masses of the individual atoms. The following data on the infrared 
absorption wavenumbers (wavenumbers in cm−1) of molecules are taken from 
Spectra of diatomic molecules, G. Herzberg, van Nostrand (1950):

Calculate the force constants of the bonds and arrange them in order of 
increasing stiffness.

H35Cl H81Br HI CO NO

2990 2650 2310 2170 1904

8B.3 Of the four assumptions made in Problem 8B.2, the last two are 
questionable. Suppose that the first two assumptions are still reasonable and 
that you have at your disposal a supply of myoglobin, a suitable buffer in 
which to suspend the protein, 12C16O, 13C16O, 12C18O, 13C18O, and an infrared 
spectrometer. Assuming that isotopic substitution does not affect the force 
constant of the C a O bond, describe a set of experiments that: (a) proves 
which atom, C or O, binds to the haem group of myoglobin, and (b) allows 
for the determination of the force constant of the C a O bond for myoglobin-
bound carbon monoxide.

8B.8 The intensities of spectroscopic transitions between the vibrational states 
of a molecule are proportional to the square of the integral ∫ψv ′xψvdx over 
all space. Use the relations between Hermite polynomials given in Table 8B.1 
to show that the only permitted transitions are those for which v ′ = v ± 1 and 
evaluate the integral in these cases.

8B.11 The potential energy of the rotation of one CH3 group relative to its 
neighbour in ethane can be expressed as V(φ) = V0 cos 3φ. Show that for 
small displacements the motion of the group is quantized and calculate the 
energy of excitation from v = 0 to v = 1. What do you expect to happen to the 
energy levels and wavefunctions as the excitation increases to high quantum 
numbers?




