Why Is CO5 a Greenhouse Gas? 1

The Earth is warming and the cause is
the increase in greenhouse gases like car-
bon dioxide (CO2) in the atmosphere.
Carbon dioxide is a linear, triatomic
molecule with a central carbon atom.
The harmonic vibrations of CO» give it

its absorption properties. Oxygen Carbon Oxygen
atom atom atom

The vibrations of CO5 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 i
the infrared range - preventing that light
from passing through the atmosphere.
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COy Absorption Spectrum 2

The COy absorption spectrum shown — [—
below has prominent absorption peaks os
at k =2350 cm~! and k = 667 cm™!.

The peak is located at the frequency ——
of light that is absorbed as the CO, mm——
molecule makes the transition from one ‘
. . E » Absorption can occur

quantized energy state to a higher one. Wi ¢ only when

. . —=2—FE. AE=hf=E,-E
The energy of the light is E, = hf where Ey = hf 1 S
h is Planck’s constant.

The atoms vibrate in the asymmetric
mode shown here. This particular mode Yy . Y
gives COo some of its greenhouse gas N

properties.
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Atmospheric Gases Absorption Spectra

The figure to the right shows
absorption bands in the at-
mosphere (middle panel) and
the effect on both solar radia-
tion and upgoing thermal radi-
ation (top panel). Absorption
spectrum for major greenhouse
gases plus Rayleigh scattering
are shown in the lower panel.

The surface  temperature
anomaly for the last two
thousand years is shown below
for measurements up to the
year 2004.
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CO9 Molecular Vibrations

Our picture of atomic motion in a molecule is built around classical ideas.
Consider the CO5 molecule below. The interactions of the atoms is
described as point particles attached by springs. The spring constant for
the C — O bond is 7.0 eV /A? derived from the C — O bond potential
shown below. Suppose our ‘toy’ COs molecule is ‘plucked’ by pulling the
left-hand-side oxygen atom 0.2 A to the left and the right-hand-side
oxygen 0.2 A to the right. Both atoms are then released from rest. What
is the position of each atom in the molecule as a function of time?
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A Not-As-Complicated Example First 5

The potential energy between a Na™ ion and a C1~ ion is

A B

V(r) = —7 + ﬁ
where A =24 ¢V — A and B =28 eV — A?. Is the attractive part of V
consistent with the force between two point charges? Where is the
equilibrium point? What equation describes the ions’ separation near the
equilibrium point? What is the energy of the system? At t = 0, the
separation of the ions is 2.0 A and their relative velocity is zero.
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Na™ — Cl~ Potential
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Harmonic Oscillator Potential 7

Recall Hooke's Law.
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Na®™ — CI~ Separation 8
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Na™ — Cl~ Potential
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Closer Look At The Na'™ — Cl~ Potential
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The Reduced Mass

For two particles m; and m» interacting through some attractive force so
they are bound we will use a particular coordinated system called the
center-of-mass (CM) system. The CM of the two particles is

m1F1 + szQ
my + mp

-

frem =

and it acts like this. The two particles in the system now behave as single
particle with a different mass called the reduced mass.

mymy
my + mp
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https://www.youtube.com/watch?v=DY3LYQv22qY

Coordinates
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Coordinates
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Angular Momentum

© 2006 Brooks:Cole - Thomson
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Angular Momentum
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CO9 Molecular Vibrations 16

Our picture of atomic motion in a molecule is built around classical ideas.
Consider the CO5 molecule below. The interactions of the atoms is
described as point particles attached by springs. The spring constant for
the C — O bond is 7.0 eV /A? derived from the C — O bond potential
shown below. Suppose our ‘toy’ COs molecule is ‘plucked’ by pulling the
left-hand-side oxygen atom 0.2 A to the left and the right-hand-side
oxygen 0.2 A to the right. Both atoms are then released from rest. What
is the position of each atom in the molecule as a function of time?
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Introduction to the Lagrangian - The Simple Pendulum 17

Consider the simple pendulum shown in the figure below. Find the
position of the pendulum ‘bob’ as a function of time when the bob is
pulled back through an angle of 6y with the string taut and released from
rest. The initial angle 6y is small. The length of the string is £.

O
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The Simple Pendulum - Forces 1
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The Simple Pendulum - Forces 2
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The Simple Pendulum - Forces 3
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The Simple Pendulum - Forces 4
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The Simple Pendulum - Oscillations
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Introduction to the Lagrangian - The Simple Pendulum 23

Consider the simple pendulum shown in the figure below. What is the
Lagrangian? Find the position of the pendulum ‘bob’ as a function of
time. The initial angle 8 is small. The length of the string is /.
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Introduction to the Lagrangian - The Simple Pendulum 24

Consider the simple pendulum shown in the figure below. What is the
Lagrangian? Find the position of the pendulum ‘bob’ as a function of
time. The initial angle 8 is small. The length of the string is /.

0+wih=0
0 = Acos(wot + @)
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Introduction to the Lagrangian - The Simple Pendulum 25

Consider the simple pendulum shown in the figure below. What is the
Lagrangian? Find the position of the pendulum ‘bob’ as a function of
time. The initial angle 8 is small. The length of the string is /.

0+wih=0
0 = Acos(wot + @)

X =rsin0

y = —rcosf
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CO9 Molecular Vibrations 26

Our picture of atomic motion in a molecule is built around classical ideas.
Consider the CO5 molecule below. The interactions of the atoms is
described as point particles attached by springs. The spring constant for
the C — O bond is 7.0 eV /A? derived from the C — O bond potential
shown below. Suppose our ‘toy’ COs molecule is ‘plucked’ by pulling the
left-hand-side oxygen atom 0.2 A to the left and the right-hand-side
oxygen 0.2 A to the right. Both atoms are then released from rest. What
is the position of each atom in the molecule as a function of time?
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The Not-As-Simple Pendulum

Before studying the more-complicated vibrations of the CO2 molecule
consider the following problem. Two simple, identical pendula of mass m
each are suspended on strings of length £ and connected to each other by
a spring of spring constant k. The horizontal displacements from the
equilibrium positions are x; and x» as shown. An example is here.

[ |

| \

AN AY: (=1.0m

! k| k=20N/m

| m @WWWWWWWE) My m=1.0 kg
T i)

If the left-hand pendulum is plucked, then what is the position of each
pendulum as a function of time. In other words, the initial conditions are
the following.

x(0)=d=005m x(0)=0 x(0)=0 5(0)=0
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https://www.youtube.com/watch?v=YyOUJUOUvso

The Beats Goes On

Coupled Pendula
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All the Coordinates
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All the Coordinates
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Why Is CO5 a Greenhouse Gas?

The Earth is warming and the cause is
the increase in greenhouse gases like car-
bon dioxide (CO2) in the atmosphere.
Carbon dioxide is a linear, triatomic
molecule with a central carbon atom.
The harmonic vibrations of CO» give it
its absorption properties.

The vibrations of CO5 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.

Oxygen

atom

@

(b)
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COy Absorption Spectrum

The COq absorption spectrum shown
below has prominent absorption peaks
at k = 2350 cm™! and k = 667 cm™1.

The peak is located at the frequency
of light that is absorbed as the CO
molecule goes from one quantized en-
ergy state to a higher one. The en-
ergy of the light is E, = hf where h
is Planck’s constant.

The atoms vibrate in the asymmetric
mode shown here. This mode gives CO»
some of its greenhouse gas properties.

To do the quantum mechanics we solve
the Schroedinger equation built on the
classical physics of COs.

Absorbance INFRARED SPECTRUM

1000, 2000. 3000.
javen em-1)

E2 Absorption can occur

\,qfvw\,) ]‘ only when
—0 E

AE=hf=E,-E,
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CO9 Molecular Vibrations 37

Our picture of atomic motion in a molecule is built around classical ideas.
Consider the CO5 molecule below. The interactions of the atoms is
described as point particles attached by springs. The spring constant for
the C — O bond is 139.0 eV /A2 derived from the C — O bond potential
shown below. Suppose our ‘toy’ COs molecule is ‘plucked’ by pulling the
left-hand-side oxygen atom 0.2 A to the left and the right-hand-side
oxygen 0.2 A to the right. Both atoms are then released from rest. What
is the position of each atom in the molecule as a function of time?
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CO9 Molecular Vibrations 38

Our picture of atomic motion in a molecule is built around classical ideas.
Consider the CO5 molecule below. The interactions of the atoms is
described as point particles attached by springs. The spring constant for
the C — O bond is 139.0 eV /A2 derived from the C — O bond potential
shown below. Suppose our ‘toy’ COs molecule is ‘plucked’ by pulling the
left-hand-side oxygen atom 0.2 A to the left and the right-hand-side
oxygen 0.2 A to the right. Both atoms are then released from rest. What
is the position of each atom in the molecule as a function of time?
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Longitudinal Normal Modes of Carbon Dioxide

O C O Green vectors - carbon
w
2 ‘ CERIVEVEVE . CENVATEREY . Blue vectors - oxygen
k k
- [ ] —
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Longitudinal Normal Modes of Carbon Dioxide

X (angstroms)
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Why Should You Care?

The figure to the right shows ab-
sorption bands in the atmosphere
(middle panel) and the effect on
both solar radiation and upgoing
thermal radiation (top panel). Ab-
sorption spectrum for major green-
house gases plus Rayleigh scattering
are shown in the lower panel.

The properties of absorption bands
are determined by the chemical
properties of the gases present. Wa-
ter vapor is the most significant, fol-
lowed by carbon dioxide and various
others. These processes capture and
redistribute 25-30% of the energy in
sunlight while the greenhouse gases
capture 70-85% of the energy in up-
going thermal radiation.
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The figure to the right shows ab-
sorption bands in the atmosphere
(middle panel) and the effect on
both solar radiation and upgoing
thermal radiation (top panel). Ab-
sorption spectrum for major green-
house gases plus Rayleigh scattering
are shown in the lower panel.
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Why Should You Care? 43

The surface temperature anomaly for the last two thousand years is shown
below for measurements up to the year 2004.
os. Reconstructed Temperature
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Why Should You Care?

44

The surface temperature anomaly for the last two thousand years is shown
below for measurements up to the year 2004.
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Why Should You Care?

The second scientific reality, aris- SEPTEMBER 13, 2012
ing from peculiarities of the car-
bon dioxide molecule, is that the
warming influence of the gas in the
atmosphere changes less than pro-
portionately as the concentration
changes. The practical implication
of this slow logarithmic dependence
is that eliminating a ton of emissions
in the middle of the 21st century will
exert only half of the cooling influ-
ence that it would have had in the
middle of the 20th century.
- Steve Koonin
(NYT, 11/4/15)
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