
Why Is CO2 a Greenhouse Gas?

The Earth is warming and the likely
cause is the increase in greenhouse gases
like carbon dioxide (CO2) in the atmo-
sphere. Carbon dioxide is a linear, tri-
atomic molecule with a central carbon
atom. The harmonic vibrations of CO2

give it its absorption properties.

The vibrations of CO2 can be described
by a small set of ‘normal modes’ shown
here. If a normal mode distorts the sym-
metry of the charge distribution of the
molecule, then it will acquire an electric
dipole moment and can absorb light in
the infrared range - preventing that light
from passing through the atmosphere.
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CO2 Absorption Spectrum

The CO2 absorption spectrum shown
below has a prominent absorption peak
at k = 2350 cm−1.

The peak is located at the frequency
of light that is absorbed as the CO2

molecule makes the transition from one
quantized energy state to a higher one.
The energy of the light is Eγ = hf where
h is Planck’s constant.

The atoms vibrate in the asymmetric
mode shown here. This particular mode
gives CO2 its greenhouse gas properties.

E = hf = E  − E
12

∆
E   = hfγ

How hard do the atoms vibrate?
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The Harmonic Oscillator Approximation

Harmonic Oscillator
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The Harmonic Oscillator

1 The Force: Fs = −kx where x is the displacement from equilibrium.

2 The Potential Energy: Vs(x) = 1
2kx2

3 Measurements:

∆ t=−φ/ω

4 The Solution: x(t) = A cos (ωt + φ)
5 Parameters:

ω =

√
k

m
T =

2π

ω
f =

1

T
A and φ are initial conditions.
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How Do you Weigh a Weightless Person?

To weigh astronauts on the International Space Station NASA uses a chair
of mass mc mounted on a spring of spring constant kc = 605.6 N/m that
is anchored to the spacecraft. The period of the oscillation of the empty
chair is Tc = 0.90149 s. When an astronaut is sitting in the chair the new
period is Ta = 2.12151 s. What is the mass of the astronaut?
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Atomic Vibrations

The force law describing the interaction between hydrogen and chlorine
atoms is HCl is

Fh = −a

[(
b

r

)2

−
(c

r

)3
]

where Fh is the force acting on the hydrogen atom, a is a constant with
units of force, b and c are constants with units of length, and r is the
distance of the hydrogen atom from the chlorine. Chlorine is much heavier
than hydrogen so we can consider it fixed.

1 What is the equilibrium position r0 for the hy-
drogen atom in HCl?

2 Let x ≡ r − r0 and show that for small x the
force resembles the harmonic oscillator force.

3 What is the frequency of small oscillations of the
hydrogen atom in terms of its mass m, and the
constants a, b, and c .
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The Harmonic Oscillator Approximation
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More Atomic Vibrations

The force law describing the interaction between the carbon and oxygen
atoms in CO is the Lennard-Jones form

FCO =
α

r13
− β

r7

where FCO is the force acting between the carbon and oxygen, α and β are
adjustable constants, and r is the distance between the atoms. Carbon
and oxygen are similar in mass so we cannot consider one of them fixed.

1 What mass goes in the harmonic oscillator
expressions?

2 What is the equilibrium separation r0 for the
atoms in CO in terms of α and β?

3 How are α and β related to k?

4 The effective spring constant of the CO bond
is kCO = 1860 N/m. What is the frequency
of small oscillations of the CO molecule?
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The Center of Mass Frame of Reference
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Taylor Polynomials
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CO2 Absorption Spectrum

The CO2 absorption spectrum shown
below has a prominent absorption peak
at 2350 cm−1 or a frequency f = 7.05×
1013 Hz .

The peak is located at the frequency
of light that is absorbed as the CO2

molecule makes the transition from one
quantized energy state to a higher one.
The energy of the light is Eγ = hf where
h is Planck’s constant.

The atoms vibrate in the asymmetric
mode shown here. This particular mode
gives CO2 its greenhouse gas properties.

E = hf = E  − E
12

∆
E   = hfγ

How hard do the atoms vibrate?

WHY ARE THE ENERGIES
QUANTIZED?
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Clouds Over Classical Physics

Mini solar system model - Moving
charges radiate energy so electrons
death spiral into nucleus.

Specific heat freeze-out - Where did the
other degrees of freedom go?
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Black-body radiation - the ultraviolet
catastrophe.
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Postulates of Quantum Mechanics

1 The quantum state of a particle is characterized by a wave function
Ψ(~r , t), which contains all the information about the system an
observer can possibly obtain.

2 The square of the magnitude of the wave function |Ψ(~r , t)|2 is the
probability or probability density for the particle’s position.

3 The things we measure (e.g. energy, momentum) are called
observables. Each observable has a corresponding mathematical
object called an operator that does ‘something’ to the wave function
Ψ(~r , t) to generate the value of the observable.

4 The x dependence of the wave function in one dimension ψ(x) is
governed by the energy operator which generates the Schrödinger
equation

− ~2

2m

d2

dx2
ψ(x) + V (x)ψ(x) = Eψ(x)

where ~ is Planck’s constant, m is the mass of the particle, and V is
the potential energy of the particle.
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The Harmonic Oscillator is All Over

1 The Force: Fs = −kx where x is the displacement from equilibrium.

2 The Potential Energy: Vs(x) = 1
2kx2

3 For many molecules (and atoms and nuclei) they’re potential energies
are, sometimes, well described by the harmonic oscillator.
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CO2 Absorption Spectrum - 1

The CO2 absorption spectrum shown
below has a prominent absorption peak
at k = 2350 cm−1.

The peak is located at the frequency
of light that is absorbed as the CO2

molecule makes the transition from one
quantized energy state to a higher one.
The energy of the light is Eγ = hf where
h is Planck’s constant.

The atoms vibrate in the asymmetric
mode shown here. This particular mode
gives CO2 its greenhouse gas properties.

E = hf = E  − E
12

∆
E   = hfγ

How hard do the atoms vibrate?
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How hard do CO2 atoms vibrate? - 1

1 What is the frequency of the light in the 2350 cm−1 peak?

2 What is the energy of the light in the 2350 cm−1 peak?
3 What is the energy of the ground state of the CO2 molecule in terms

of the separation between successive energy states (Hint: Recall lab
results.)?

4 The relationship among the frequency f , the spring constant k , and
the masses for the simple harmonic oscillator is

f =
1

2π
ω =

1

2π

√
k

m
.

For the CO2 molecule it is

f =

√
2mo + mC

mOmC
k

where mO and mC are the oxygen and carbon masses respectively.
What is the spring constant of the CO2 oscillator in this mode?
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How hard do CO2 atoms vibrate? - 2

5 The relationship among the potential energy, the positions of the
atoms in CO2 and the spring constant is also more complex here than
for the simple harmonic oscillator. The potential energy is

V (xO) =
2mO + mC

2mC
4kx2

O

where xO is the displacement of the oxygen atoms from equilibrium.
What is the classical turning point of the oxygen atoms when the
CO2 molecule is in the ground state?

6 How does your answer compare
with the C − O bond length in
carbon dioxide of 1.16 Å?

7 What is the maximum accelera-
tion of the oxygen?
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Periodic Chart
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