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Quantum Mechanics: Molecules have discrete energy levels

Radiative transitions between them create the spectrum of the molecule

Molecular spectroscopy: Energy levels and transitions



Molecular spectroscopy: Energy levels and transitions



Levels        Spectrum
Electronic       Electronic
Vibrational       Vibrational
Rotational       Rotational

Organization of this lesson



Electronic levels of molecules



classical mechanics

quantum
mechanics

We aim to solve the quantum mechanics to get the energies of the quantum levels
Let’s consider a system of 2 nuclei and 1 electron (the simplest molecule: H2

+)



Let’s consider a system of 2 protons and 1 electron (the simplest molecule: H2
+)

We aim to solve the quantum mechanics to get the energies of the quantum levels

HΨ = EΨ
Our friend: the Schrödinger equation

kinetic energies of A, B, and e
interactions between particles

potential energies

Born-Oppenheimer
approximation

protons are 1836 times heavier than electrons
nuclei are slow and electrons are fast
nuclei can be assumed to be static compared with the motion of electrons



Let’s consider a system of 2 nuclei and 1 electron (the simplest molecule: H2
+)

We aim to solve the quantum mechanics to get the energies of the quantum levels

kinetic energies of A, B, and e
interactions between particles

potential energies

HelΨ = EelΨ



Potential energy curves for H2
+

unbound state

bound state

These are the electronic states of the molecule

Electronic energy of the system as a function of the separation between the 2 nuclei



Potential energy curves for H2

unbound state

bound state



Molecular orbitals for H2
(shown as probability density functions of electrons)

Ψ+ Ψ−

In Ψ+ the electron density has a maximum between the two nuclei à chemical bond
In Ψ− the electron density is concentrated around each nuclei



from Herzberg “Molecular spectra and Molecular Structure”

Potential energy curves of CN



Motion of nuclei



We come back to our system of 2 protons and 1 electron (H2
+)

We now focus on the motion of nuclei

kinetic energies of A, B, and e
interactions between particles

potential energies

In an electronic bound state, the motion of nuclei are not completely independent:
There are 3 types of degrees of freedom that describe the motion of nuclei:

    * translation (not quantized)
    * vibration
    * rotation

vibrational and rotational energies, as electronic energy,
are quantized (only discrete energies are possible)



Born-Oppenheimer approximation: separation of electronic and nuclear motions
(justified due to the very different time scales at which electrons and nuclei move)

Ĥ T = Ĥ e  + Ĥ n

The energy of a molecule can be presented as sum of electronic energy, vibrational energy,
and rotational energy. This allows to treat each phenomenon (electronic, vibrational, and
rotational) independently

Ĥ T = Ĥ e  + Ĥ vib  + Ĥ rot

Ĥ n = Ĥ vib  + Ĥ rot

The same approximation can be done for vibrational and rotational motions because 
vibrations are much faster than rotations



Vibrational levels of molecules



Vibration in a diatomic molecule: the simple harmonic oscillator
Scheme from Franck Houwing Lectures

Let’s consider a diatomic molecule
as two masses connected by a
massless spring obeying Hook’s law

According to classical mechanics, there is only one discrete oscillation frequency,
but the energy, related to the amplitude of the vibration, can take any value

where  x = r − re



Vibration in a diatomic molecule: the simple harmonic oscillator
Scheme from Franck Houwing Lectures

In quantum mechanics, one must write the Schrödinger equation

Hamiltonian

The vibrational energy is discretized according to the quantum number v

v = 0, 1, 2, 3, …



Vibration in a diatomic molecule: the simple harmonic oscillator

Vibrational energy is discretized according to quantum number v: Ev = (v + ½) hν’osc
              v = 0, 1, 2, 3, …
In the ground vibrational state (v=0) the energy is not zero

Energy separation between adjacent levels is constant:   Ev+1 − Ev = hν’osc

Selection rule:            Δv = ± 1
All lines are coincident. Pure vibrational spectrum consists of one single line.
…but reality is not like that

FACTS:



Reality of vibration in a diatomic molecule: anharmonicity

Level energies, still quantum number v:  Ev = hν’osc (v+½) − hν’oscxe (v+½)2 + hν’oscye (v+½)3 + … 

harmonic term anharmonic terms

Selection rule:       Δv = ± 1, ± 2, ± 3, … but Δv = ± 1 is the most intense

Δv = 1 Δv = 2

Energy separation between adjacent levels decreases with increasing v

ν’osc coherences 2ν’osc coherences



Reality of vibration in a diatomic molecule: anharmonicity

D0

Vibrational levels lie in the potential energy curve of a bound electronic state

The distance from v=0 to the continuum is the dissociation energy D0



Molecular spectroscopy: Energy levels and transitions



Vibration in a polyatomic molecule

Each vibration mode has its own set of vibrational levels



Rotational levels of molecules



Born-Oppenheimer approximation: separation of electronic and nuclear motions
(justified due to the very different time scales at which electrons and nuclei move)

Ĥ T = Ĥ e  + Ĥ n

The energy of a molecule can be presented as sum of electronic energy, vibrational energy,
and rotational energy. This allows to treat each phenomenon (electronic, vibrational, and
rotational) independently

Ĥ T = Ĥ e  + Ĥ vib  + Ĥ rot

Ĥ n = Ĥ vib  + Ĥ rot

The same approximation can be done for vibrational and rotational motions because 
vibrations are much faster than rotations



Rotation in a diatomic molecule: the rigid rotator
Scheme from Franck Houwing Lectures

Let’s consider a diatomic molecule
as two masses connected by a
rigid massless rod of length r

According to classical mechanics, the energy of rotation is given by

where ν’rot is the frequency of rotation, which can have any value,
and I is the moment of inertia



In quantum mechanics, one must write the Schrödinger equation

Rotation in a diatomic molecule: the rigid rotator
Scheme from Franck Houwing Lectures

The rotational energy F is discretized according to the quantum number J

where B is the rotational constant for that molecule

J = 0, 1, 2, 3, …



Rotational energy scales with J(J+1)

Erot = B J (J+1) ν = 2B (J+1)

Ground rotational state (J = 0) has Erot = 0

Selection rule: ΔJ = ± 1

Rotation in a diatomic molecule: the rigid rotator
Rotational energy levels and spectrum



Pure rotational spectrum of CO

Rotational lines regularly spaced by 2B



Rotation in a diatomic molecule: the non-rigid rotator

When molecules rotate, the nuclei are submitted to centrifugal forces which
increase the distance between them, and increase the moment of inertia
and thus decrease the rotational constant B



Rotation in a diatomic molecule: the non-rigid rotator

Erot = B J (J+1) − D J2 (J+1)2

ν = 2B (J+1) − 4D (J+1)3

The rotational energy is given by

Now frequencies are given by

centrifugal distortion constant



Concluding remarks



Molecular spectroscopy: Energy levels and transitions



Rovibrational spectrum

A vibrational transition (band) consists of multiple rotational transitions



Rovibrational spectrum

A vibrational transition (band) consists of multiple rotational transitions



Molecular spectroscopy: Energy levels and transitions



Electronic spectrum

An electronic transition do also have vibration and rotation structure



Molecular spectroscopy: Times involved

Rotation:
CO J=1

1011 /sec

Vibration:
CO v=0

1014 /sec

Electrons:
attosec scales

1018 /sec



Molecular spectroscopy: Times involved

Rotation:
CO J=1

1011 /sec

Vibration:
CO v=0

1014 /sec

Electrons:
attosec scales

1018 /sec



Molecular spectroscopy: Energies involved

Rotation: 10-100 K

Vibration: 100-1000 K

Electronic: >1000 K
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