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1. Introduction: Why do we need spectroscopy in the atmospheric
sciences ?

2. History: from the 19t century spectroscopes to the ascension of

guantum mechanics

= Newton, Herschel, Fraunhofer lines, Kirchhoff laws, Balmer series, photoelectric
effect, quantization of energy, Bohr’s model, wave mechanics

3. Basics of Spectroscopy
* The electromagnetic spectrum,
* Black body radiation
e Absorption and emission of radiation,

* Molecular motion and energy levels, transitions (Rotational, vibrational,
electronic...)

e The Beer-Lambert Law

4. Experimental spectroscopy (this afternoon...)

» Typical experimental setup: light sources , dispersing elements (prism, diffraction
gratings), monchromators, spectrographes, ...

* |Introduction to laser radiation



Introduction

 What is (molecular) spectroscopy ?

— Study the interaction of electromagnetic radiation with
molecules, as a function of the wavelength of the radiation

 What can we do with spectroscopy ?

— Determine the internal structure of molecules and how
they interact

— Probe matter, molecules, atmospheres & objects of the
universe

— Very important field in physical chemistry
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Further reading, advanced spectroscopy

e “Spectra of atoms and molecules”, P.F. Bernath, Oxford
University Press (2005).

* “Rotational structure in molecular infrared spectra”, C. di Lauro,
Elsevier (2013).

 “Atoms, molecules and photons”, W. Demtroder, Springer
(2006).

* “Handbook of high resolution spectroscopy”, M. Quack and F.
Merkt, Editors, Wiley (2011).

 “Fundamentals of molecular symmetry”, P.R. Bunker and P.
Jensen, Institute of Physics Publishing (2005).



Introduction

Why do we need molecular spectroscopy in the

atmospheric sciences ?
1. Remote sensing of relevant trace gases (by satellites or from ground) by
spectroscopic methods
— GHG (CO,, CH,, H,0, N,O, CFCs, HCFCs, HFCs...)
— Pollutants (O, NO,, NH;, BTX, Persistent organic pollutants (POP).....)
2. In-situ measurements in the field
3. Process studies of atmospheric chemistry in simulation chambers

— Spectroscopic methods are used to follow molecules in real time (optical
spectroscopy, mainly IR & UV; mass spectrometry)

4. Measurement of high precision, quantitative spectroscopic parameters
of pure compounds in the laboratory (<> theoretical spectroscopy)

—  Needed for everything depicted above....

5. Input (and output) data for atmospheric modelling

— Photolysis rates are calculated from quantitative absorption spectra in the
ultraviolet

— Synthetic IR spectra of planetary atmospheres 7



Interaction of radiation with the Earth Atmosphere: from UV to far-IR
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1 - Atmospheric remote sensing: general strategy
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4. Laboratory spectroscopy: synergy experiment <> theory

1) Experimental
spectrum

Example : High resolution microwave spectroscopy

Rotational
temperature 10K
res. power: 10°

or
[ L

|'||'t'\mi!|’,

- “Small Cavity” ; 26-40
GHz experiment

- jet-cooled molecules

Kleiner, Nguyen et al. (LISA)

\ 4

2) Quantum chemical

calculations (ab-initio) 3) High |.orec.|5|on spe.ctral
analysis with effective
_ , _ theroretical models to describe
—> First estimation of . ..
; rotation and torsion in
rotational constants

molecules
(Codes : XIAM; BELGI, ERHAM...)

1

4) Comparison of molecular parameters:
Ab initio calculations of rotational constants
<> values obtained by fitting experimental
HR spectra with effective theoretical models

(i) Very precise determination of molecular structures

(i) Validation of ab initio quantum chemical calculations
(i) Line lists for remote sensing — data base1

0




1 - Atmospheric remote sensing

Limb sounding on Titan
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1 - Atmospheric remote sensing — INTERNATIONAL DATA BASES - HITRAN

Table 3. Example of HITRAN line-transition format.

Mol/Iso Vor Sy R, Vair Veelf E" n 0 i’ iv" q q' ferr iref

21 800.451076 3.197E-26 6.579E-05 0.0676 0.0818 2481.5624 0.78 0.000000 14 6 P37 465 221
291 800.454690 9.724E-22 1.896E-02 0.0845 0.1750 369.6303 0.94  0.000000 9 1 341619 331519 000 441
291 800.454690 3242E-22 2.107E-03 0.0845 0.1750 369.6303 0.94  0.000000 9 1 341519 331419 000 441

121 800.455380 1.037E-22 1.657E-03 0.1100 0.0000 530.3300 0.75 0.000000 32 14 46 640 45 540 000 441

121 800.455380 1.037E-22 1.657E-03 0.1100 0.0000 530.3300 0.75 0.000000 32 14 46 740 45 640 000 441 -
101 800.456743 1.680E-23 1.659E-04 0.0670 0.0000 851.0494 0.50  0.000000 2 1 45 244 0- 44 143 0~ 301 661 =
101 800.457045 1.710E-23 1.689E-04 0.0670 0.0000 851.0469 0.50  0.000000 2 1 45244 1- 44 143 1- 301 661 s
101 800.457310 1.740E-23 1.718E-04 0.0670 0.0000 851.0442 0.50  0.000000 2 1 45244 2- 44 143 2- 301 661 o
121 800.457760 4.726E_23 4.614E_03 0.1 10 FAWATATATAN FataYaWaTaTatay fae Fd FAWAYATaTaTaTar R | 14 SOA0AS A0A0M9 FaTATAY 44 1 e
121 800.457760 4.726E-23 4.614E-03 0.110

24 800.465942 9.792E-27 6.063E-04 0.073 : .
121 800.466160 1.061E-22 2. 720E-03 0.110: The HITRAN data base (malnly IR)‘
g oo aesioe oo oosd - Few million lines for 49 species (2016; not

101 800.473083 1.270E-23 1.254E-04 0.067

101 800.474860 20E2  LsE  ooerd counting IS otopolog ues )
3l 800.475500 1.680E-24 3.617E-05 0.065 " . ”
291 800.476220 9597E-22  60I0E-03 0084y - Eternal field of work” :
291 800.476220 3.199E-22 6.010E-03 0.084 . . .
101 800.476937 1.160E-23 1.145E-04 0.067 - Quest|0ns arise Cont|nu0u5|y about
101 800.484334 1.740E-23 2.153E-05 0.067 I b
correctness, completeness, accurac etter
Note: FORTRAN Format (12,11,F12.6,1P2E10.3,0P2F54,F104,F4.2.F ’ p ’ y’
Mol 12 molecule number 1
Iso I isotope number (1 = most abundant, 2 = secon pa ra mete rs to be InCIUdEd oo M
v F126  frequency in cm™" : : : S
R, E10.3 weighted transition moment-squared in Debye? . H . H
o F54  air-broadened halfwidth (HWHM) in cm/atm - Biennial conference (alternating in USA and
Tself F54 self-broadened halfwidth (HWHM) in cm ™~ /atm d d . d k
E" F104  lower state energy in cm ! Fra nCE), e |Cate WOr |ng grOU pS,
n F4.2 coefficient of temperature dependence of air-broa . .
é F8.6 airbroadened pressure shift of line transition in ¢ = U se r'f”e n d Iy we b version:
i’ iv" 213 upper state global quanta index, lower state glob .
q4q" 2A9 upper state local quanta, lower state local quanta WWW. h Itran.o rg
ierr i accuracy indices for frequency, intensity, and air-
iref i indices for table of references corresponding to fr

Gordon et al., Journal of Quantitative Spectroscopy & Radiative Transfer 203 (2017), pp. 3-69.




2 - In-situ measurements in the field V)
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2 - In-situ measurements in the field

Radical chemistry at a rural sites: Observation and model calculations of
OH, HO, and RO, radicals

Atmos. Chem. Phys.,
17, 663—-690, 2017
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3. Process studies of atmospheric chemistry in simulation chambers

Laser Alignment of the Multi-
reflection White cell inside
CESAM




4. Measurement of quantitative spectroscopic parameters in the laboratory

liso

High-resolution Fourier-Transform IR spectrometer @LISA (650 - 30000 cm™),
spectral resolution: 0.0019 cm™?

Various absorption cells: room temperature 298K :0.8-8 m,3.2-40m,
12.4 cm ... 16



4. Measurement of quantitative spectroscopic parameters in the laboratory

A low temperature long-pass absorption cell for mid-infrared to terahertz
spectroscopy

- 80-400K, 141 m total optical
path (1 m base length)

- 0,1-1000 mbar

- Vibration free (cooling fluid
and convection gas are static)

- Temperature homogeneity :

< 2%

F. Kwabia Tchana et al.,
Rev. Sci. Instr. 84, 093101
(2013)
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5. UV Spectroscopy for atmospheric modelling....

Laboratory UV spectrum CO, Calculation of photolysis rates J

@ different temperatures from UV spectra
o 107 CO, + v — CO+0OCP)  I,(z.T)
£
5 1 CO, +hv — CO+0('D)  Iy(z,T)
% 10—19 1

‘g 107 Ji(z,T) = f 0co,(A, T)F(A,z, T)gr(A)dA,
] A

s 10™ 1
S 167 * ©:absorption cross section
Q . . .
5 * F:radiation field (for ex. star)
3 " e 7:altitude in a planetary
§ 10_24 I ! I ! 1 ' I ! I ! I ' 1 ! I ! I ' 1 ' I ! I ! 1 ' atmosphere

110 120 130 140 150 160 170 180 190 200 210 220 230 .
Wavelength (nm) * q: quantum YIEId Of

Fig. 6. Continuum of CO, absorption cross section (¢cm?) measured be- phOtOd issociation

tween 150 K and 800 K (full lines). The continuum can be fitted by a
sum of three Gaussian functions (dashed lines).

T : temperature
A : wavelength

Venot et al., Astronom. & Astrophys, 609, A 34 (2018) 18



These were just a few examples ....

..... now let’s go back in time and to
the basics ....



Spectroscopy: historic events

1665: Newton does experiments with prisms, dispersing white light,
invents the term “spectrum” (from latin: “appearance”, “image”,
“apparition”)




Spectroscopy: historic events

1800: Friedrich
Wilhem Herschel
discovers infrared
light with a
thermometer

Herschel Space telescope

21




Spectroscopy: historic events

e 1814: Fraunhofer discovers “dark lines” in the spectrum of the sun

I | | | |
knsed Calcum  CH Band \ Neutrad MNoutral sodum Teerestral O, | Teeraatrial O,
3033 & doss 42004 ron orao2
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German chemists Robert Bunsen (1811-1899) and Gustav Kirchhoff (1824-1887)
study the flame or spark spectra produced by the light emitted by samples of
highly purified salts. They postulate that it takes an individual element, heated to
produce a series of bright “light” lines characteristic of the element.




Spectroscopy: historic events

19th century spectroscopic
instruments

Wil

Bunjens Spectroffope.

24



Spectroscopy: historic events

Soleil :

Sodium :

590
Longueur d'onde (en nm)

Kirchhoff also observes the solar spectrum with his spectroscopes. He concludes
this experiment by explaining that Fraunhofer's dark lines in the spectrum of the
sun exist because of the presence, around the sun, of the same substance which in
the flame spectrum produces the luminous lines at the same position.

Conclusion : There is sodium around the sun!
—> First spectroscopic remote sensing experiment, detection of Na (1860)
This marks the beginning of chemical analysis by spectroscopy.

25



Spectroscopy: historic events

Soleil :

Sodium :

590
Longueur d'onde (en nm)

— Famous Three Kirchhoff Laws of spectroscopy

1. “Asolid, liquid, or dense gas excited to emit light will radiate at

all wavelengths and thus produce a continuous spectrum”
(— Black Body radiation...)

2. “Alow-density gas excited to emit light will do so at specific
wavelengths and this produces an emission spectrum” — “Light
lines”: in the flame’s spectrum

3. If light composing a continuous spectrum passes through a cool,
low-density gas, the result will be an absorption spectrum.

26



Spectroscopy: historic events

 1665: Newton does experiments with prism dispersing white light, invents the
term “spectrum”

e 1800: Herschel discovers infrared light with a thermometer
» 1814: Fraunhofer discovers “dark lines” in the spectrum of the sun

e 1860: Bunsen and Kirchhoff develop the prism spectroscope as an analytical
instrument in chemistry; they identify Fraunhofer lines in flame spectra and
conclude on chemical elements present in the sun

 1814-1874: Anders Angstrom, inspired by Kirchhoff's work (or vice versa ?)
studies line spectra from the sun. Further develops spectroscopic instruments
with diffraction gratings. Discovers the presence of hydrogen in the sun from
line spectra.

27



Anders Angstrom, one of the fathers of spectroscopy, has
worked at the University of Uppsala

Concave diffraction grating




Sun spectrometer, University
Uppsala, end of 19th century,
« to be mounted on a telescope »

Spectroscopy and remote sensing
were linked from the beginning !!

i

|




Balmer lines (1885)

The "visible" hydrogen emission spectrum lines in the Balmer series. H-alpha is the red line
at the right. Four lines (counting from the right) are formally in the "visible range." Lines five
and six can be seen with the naked eye but considered to be "ultraviolet"” as they have
wavelengths less than 400 nm.

o Y B Wavelength — a

Balmer fitted position of H spectral lines into Rydberg formula (1888):

a mathematical formula: : _
Using v = c/A

c: speed of light in vacuum

/2 :
nG G: constant | I
A= n'=3,4,5 ) =Ry (? = )

n/2 — 4 A: wavelength L

R, : Rydberg constant for H

This equation and the fact that the spectrum is discrete rather than continuous is in
contradiction with classical mechanics. Theory fails to explain line positions
— ascension of quantum mechanics .... 30



The H spectrum

Rydberg’s formula (1888)

Wavenumber/cm™

a8 ® & § 8 2 5 @ § 3
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Figure 1.1 Energy levels (vertical lines) and observed transitions (horizontal lines) of the hydrogen atom,
including the Lyman, Balmer, Paschen, Brackett and Pfund series
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Photoelectric effect (Hertz 1887)
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Figure 1.2 Variation of kinetic energy of photoelectrons with the frequency, v, of incident
radiation

The existence of a “threshold frequency” from which photoelectrons were ejected
from a metal plate could not be explained by existing physics.

32



Quantization of energy: Planck 1900

* Line spectra, the photoelectric effect and other anomalous behaviors such as....
— the Heat capacity of solids at OK
— frequency distribution of black body radiation

... lead Max Planck to the proposal of microscopic oscillators of which a black body is
made of.
The oscillation frequency v is related to the energy E of the emitted radiation by

E=nh v | with n being an integer

and h being a constant
= Energyis quantized in discrete states (or quanta), each of energy hv.
= The accepted value of h is today:
h =(6,626 06876 + 0,000 000 52) x 1034 J.s

* Since h is extremely small, quantization of energy is not noticed in macroscopic
systems, but of course applies in all systems

* In 1906, Einstein used Planck’s quantum theory to explain the photoelectric effect. In
particular he showed that :

hv =% myv?+| (Nobel Prize 1921)
* | :ionization energy of the metal surface, %2 m_v? is the kinetic energy of the ejected

photoelectron with velocity v and the electron mass m.. .



S

Bohr’s model of the H atom (1913)

 The energy of the electron is given by :

[} 1
Oy \ | — .
: 45 nim
- Gj-/EEI E | 434 |||'|'|! P [Y— 8h2 gg nlIZ n,z
.|',I|'_-_\- | i

In 1913, Niels Bohr amalgamated classical and quantum mechanics, explaining the Lyman,
Balmer, and Paschen series (and later the Brackett and Pfund series) of the H emission spectrum.
Assumes that the electron can move only in circular orbits around the nucleus and that the
angular momentum is given by p, = nh/2w (Bohr’s model)

Energy is emitted and absorbed when the electron “hops” from one orbit to another.

- is called the reduced mass
pet (1 W= mem /(mg+m)
8h2 83 n2 - e: elementary charge

— &y : permittivity in the vacuum
- nisthe number of the orbit

E, =

AE =

ue 1 1 - n”is the number of the lower orbit
- N’is the number of the higher orbit

2 | ] Since AE = hy

4

e ':'ﬂ.-%/ P R B ,Lle4 1 R .
= w2 ) Ry = 8h3€o ]

8h3ef

4

Since v=cx{ ) Ry =—"—--=1,096776x10" m"
0
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Towards wave mechanics: de Broglie relation

* Planck’s qguantum theory was successful to explain a) the photoelectric effect,
b) the H atom spectrum, c) the frequency distribution of black body radiation
and d) the heat capacity of solids at OK

« However, anomalies persisted, for example concerning the photoelectric effect:
ultraviolet light “falling on metals” to eject electrons behaves like a particle,
whereas interferences and diffraction could only be explained with the wave
nature of light.

* The contradiction was solved by de Broglie (1924) who related the momentum
p of a particle to the picture of the wavelength A.

p=h/A

* The dual wave-particle nature should also apply to any other particle or
radiation. This lead to the important prediction that a beam of electrons
travelling with uniform velocity, and therefore momentum, should show
wave-like properties (confirmed later, lead to the development of electron
diffraction techniques which are important tools in solid physics).

35



Towards wave mechanics

* The dual particle-wave picture also applies to Bohr model with “electrons
“circulating in orbits around the H atom “: Combining the angular moment of
the Bohr model p, = nh/2n with de Broglie p =h/A relation yields

ni=2mr!| «Bohrcondition»

* In the wave picture, the circumference 27r of the electron’s orbit must thus
be an integer multiple of the wavelength (of the electron !)

* This leads to the picture of the standing wave for an electron in a orbit.

Figure 1.3 (a) A standing wave for an electron in an orbit with n= 6. (b) A travelling wave, resulting
when 7 is not an integer

* This leads to the development of wave mechanics and the famous
Schrodinger equation to describe the electronic structure of atoms and
molecules . Electrons are described using “wavefunctions” ¥



Important basics: the electromagnetic spectrum, Black body

radiation, Absorption and emission of radiation, molecular motion
and energy levels, the Beer-Lambert Law....

Wave : phenomenon propagating in space and time, transports energy.
Electromagnetic radiation:

Oscillating Electric field: E, = Asin (2rtvt — kx)

Oscillating Magnetic field (perpendicular): H, = A sin (2wvt — kx)

| g A= Wavelength

37




THE ELECTROMAGNETIC SPECTRUM
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Black body radiation, Planck’s Law

Black Body: An opaque container at temperature T
encloses a gas of photons emitted by its walls. At
equilibrium, the distribution of photon energies is
determined solely by this temperature.

Uv VISIELE INFRARED

14
2000 K

Classical theory (5000K)  gnactral Radiance of the black body

2hc? 1
pr(AT) = 15\ ohc/aksT _ 1

[W m=2srtum]

Spectral radiance (kW - sr1-m™2 - nm™3)
o
|

2hv3 1
pv(vr T) — C2 ehv/kBT _ 1

T2 NS
) e s

—— _ B 1
0 i | | I —py(%,T) = 2hc*v? (ehc’v/kBT — 1>

0 0.5 1 15 2 2.9
Wavelength (um)




Absorption and emission of radiation

Excited state
Upper Energy level 2

>A photon i Absorption ® (unStabIe)
S m
gl i~ ——> >

o

Lower energy level 1

Fundamental state |Resonance : AE=hv, .,
(stable)

* N, ,N,: number of molecules in
respective level
* p (V) :spectral radiance

dN, B g |
[ =N, xB,, X p(V)] B,, : Einstein coefficient of absorption

Probability of absorption :

dt

The Einstein coefficient is linked to the
absorption cross section ¢ [cm?] of a
molecule




Absorption and emission of radiation

Level 2
eve . | .
ohoton Emission
J\A/M//) — I?'I AE = hvphoton
Level 1 ‘
Excited state Fundamental
(unstable) (or intermediate) state
Probability of Einstein coefficient for
spontaneous emission : spontaneous emission :

c3

dN 3
[dtz =N AM] Az1 = X B1, A, oc v?

41



Molecular motion and energy levels

= A molecule has 3N degrees of freedom to store energy, with N being the
number of atoms constituting de molecule
* 3 degree of freedom for translation : movement of the molecule in
direction x,y,z
* 3 degrees of freedom for rotation around the three space axes x,y,z (2
for linear molecules)
* 3N-6 (or 3N-5 for linear molecules) degrees of freedom for vibrational
motion
* The more atoms a molecule has, the more energy it can store in itself.

hgt
v
bending

-~ A
symmetric stretching

—>

O O

asymmetric stretching

vibrational motion rotational motion translational motion 42



Molecular motion and energy levels

Molecule = ensemble of interacting electrons and atomic nuclei

A

P

& First excited
: vibrational state
> Excited
o electronic T} Rotational
= states 2 energy levels
w
Vibrational
ground state
3 / .
Vibrational 74
energy levels 4
Electronic . * AE
ground state
- 2

Quantized energies — E, .| = Eqjoc + Eyip+ E ot

/ X

Energy of electrons Motion of nuclei
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Molecular motion and energy levels

Spectroscopy: Allowed transitions between energy levels:
— AEtotal = AE + AEvib+ AErot

VISIBLE SPECTRUM

elec

VACUUM ULTRAVIOLET (VUV)  NEAR INFRARED FAR INFRARED
EXTREME ULTRAVIOLET (EUV) ~ NEARUV MID INFRARED
- > - A d - L
0.001 0.01 0.1 1 10 100 1000 10,000

WAVELENGTH / pm

—
electronic transitions

< >
vibrational transitions

<

rotational transitions



Rotational Spectroscopy (micro-wave, far-infrared)

The molecules rotate among themselves, around the 3 axes of
space defined by their symmetry. By consequence there are
three moments of inertia [, I, I,

By convention, the three moments of inertia are such that I, > 1
> I,. ais thus the axis for which the moment of inertia has its
minimum value.

In the model of the rigid rotor the bond lengths of the molecule
stay constant like rigid rods (without mass) between the atomic
nuclei.

However, there can be centrifugal distortion of the bond upon
rotation (when excited with many quanta), in which case the
molecule becomes a semi-rigid rotor (bonds gets elongated).
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Classification of molecules in rotational spectroscopy
Linear molecules (I,=0; I, =1))

- 99
Hydrogen cyanide Carbon dioxide =™

Spherical top molecule (I, =1, =
+— Methane (CH,) sulfur hexafluoride (SF6) —
Oblate (pancake) symmetric top

Prolate symmetric top molecule (I, =1, <I))
molecule (I, <I, =1) Trichlorofluoromethane (CCL5F),
d C

Chloromethane (CH,Cl) also called freon-11, CFC-11 Asymmetric t(.)p (I.a <L <I)
Acetic acid

¥ o A




Rotational Spectroscopy (micro-wave, far-infrared)

Solving the Schrodinger equation gives quantized energy
levels of rotation for a linear rigid rotor

h
F(/)—E a2 /U+tD=B/J+1)

energy level, expressed in cm™ M .’
energy level, expressed in Joule

rotational constant, expressed in cm!

rotational quantum number, dimensionless

speed of light (vacuum)
Planck’s constant
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Rotational Spectroscopy

JJ+1)=BJj(J+1)

E;
Energy levels in a rigid rotor : F(J) = —

hc 87‘[2]C
R J

30B 5 = Bis called the rotational constant

= For example, the B value for the

> 208 4 molecule C=0 is B=1,9212 cm!
E 108 ; = Selection rules (deduced from the
= . T , guantum mechanical treatment):

. 1 = The molecule must have a

0 0 permanent dipole moment p

= Al=
Calculation of the transition frequency G between two adjacent levels:

o =F(J+1) - FJ) = B(J+1)(J+2) -BJ(J+1) =
BJ’+ BJ + 2B(J+1) - BJ? -BJ = 2B(J+1)

— O — ZB(J+1) 48



Rotational Spectroscopy

e Semi-rigid rotor

A ; E.(J)=BJ(J+1)—=DJ*(J+1)*+...
%E COz: D =1.334%x10"" cm™*
ﬁﬁl _____ D = constant of centrifugal distortion
8
5
3
0

rigid semi-rigid
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Pure rotation spectrum of 12Ct€0

Transmittance

1'0 R R R R R R R R R
0.8 | will stop on rotational.
N spectroscopy here since
Arnaud will go further in

0.6 his lecture.
0.4- = 2B —4D(3J* —9J +7)
0.2 -

|| | | 7,

01 5! 10 15 R(J )
00 | I I I | |

0 20 40 60 80 100 120

Wavenumber [cm™1]
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Vibrational Spectroscopy & normal modes of vibration

* Vibration spectroscopy measures changes in the vibrational energy of
molecules when it absorbs or emits a resonant frequency

* Avibration movement corresponds to a variation of the
interatomic distance, the binding angle or the torsion angle

* For a diatomic molecule A-B, the only possible internal movement
is the variation of the distance r,g. (3N-5 rule).

* For polyatomic molecules, any molecular movement of vibration is
described as the superposition of movements of the typical
vibrations characteristic of the system, the so-called normal modes
of vibration (NMV).

* By definition, a NMV corresponds to a synchronized movement
of atoms. All atoms vibrate at the same frequency, and go
simultaneously through their equilibrium position. During a
vibration, the center of gravity of the molecule remains
unchanged. NMVs are independent of each other.
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Vibrational Spectroscopy

Example : water H,O:
3N-6 = 3 normal modes ogo
of vibration v, v,, v, /)/ / (
V] Lt V3

Symmetric stretch ~ Asymmetric stretch Bend
v, =3657 cm? v, =3756cm? v, =1595cm?

A, is called the « symmetry

Q/A ( . species I » of the vibrations
1 1

/ : %% % Vi1, V3
|

Cs B, is called the « symmetry
//a i — ; J\ species I' » of the vibrations v,
%\; éG‘»i i /%
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Vibrational Spectroscopy & symmetry

e Especially small molecules of atmospheric interest are often highly symmetric

* Group theory permits a qualitative treatment of molecular movements: All molecules are
classified, according to their symmetry, into point groups.

* Molecular motions can also be classified by their symmetry. The ensemble of possible
symmetry operations of a given molecule are listed in the character table of the point
group.

 Quantum mechanics : In order to be IR active, a molecule must change its dipole moment
during the movement. The symmetry of the motion can tell if this is the case

* Water belongs to the C,, point group with the character table shown below:

Name of the group

N L Symmetry elements

\<C ) q Gy Oy(x2) G:@ Particular
\ .ZV/ . motion
A 1 1 1 1
A, 1 1 —1 —1
B, 1 1 1 -1
B, 1 ~1 ~1 1 ¥V,

N
1 : molecule is symmetric with respect to the element -

-1 : molecule antisymmetric with respect to the element



Vibrational Spectroscopy & symmetry

Formaldehyde, H,CO

e 3N-6 =6 normal ‘

@
modes A, Ay
* Point group Cav P 8 ’ _
(same than water) ’ Q /.’
* Vibrations are all IR Veo Ver
active : 1744 2780 2874
* CO et CH stretching

* Bendingin plane

B

* Bending out of
plane.

A, B, !
- @
-__-_;-___'.:-' - o - _.-_-;',-:‘" :‘:-3?:? ._"}T”; :\.:“"\;'._‘ ‘

o(p) o(p) o(hp)
1503 1280 1167
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Ethylene (C,H,)

e 12 normal modes
* Only5 are actives in the IR

* No permanent molecular
dipolement pin its the

equilibrium geometry

* Any symmetric deformation
of the molecule will leave u
unchanged

D2h E Ci(z)  Ciy) GCux) i G(xy) o(xz) o(yz)

A, 1 1 1 1 1 1 | 1

Bi. 1 1 ~1 ~1 1 1 —1 —1 R.

B, | -1 | -1 1 —1 | —1 R,

B:, 1 -1 —1 1 1 —1 ~1 1 R,

Ay 1 1 1 1 —1 —1 —1 —1

Biy 1 | -1 -1 -1 —1 | 1 z

B, 1 -1 | -1 -1 1 -1 | v cc
Bs, 1 —1 -1 1 —1 1 1 -1 X



Reference data (10 um region of CoHy)

Laboratory spectroscopy

S hPa, 1.5 cm
3 hPa, 20 cm
l-|= 1.5 - —— 0.4 hPa, 7 m
1.0
(=)
[
Q
o
S ,
£ 0.5 Theorefucal
@ modeling
o
—

|

ii
O-OﬁY'YT]1YvT]YT‘IYIYTYI’]I]’YYI1YTIIYTIIIYYY‘(]|'1vYIYTYY]TTYVIITYY[YYTTIYYTVTTTY']YYY1IY7¥YI1IY\

700 800 900 1000 1100 1200 1300 1400 1500
Wavenumber /cm |

Courtesy: Jean Vander Auwera, Free University of Brussels °°



Energy levels in vibration spectroscopy

The harmonic oscillator

In the classical treatment a diatomic molecule A-B is modeled by two masses M,
and My, at a respective distance r, and r; from their center of gravity G and
connected by a spring with the force constant k.

Mp

MA V4 'B

k G

X

>

In the classical approximation, the force F exercised by the spring is proportional
to the elongation x = Ar, + Arg of the masses of the nuclei (with respect to their
equilibrium positions (x = 0):

1
F = —kx = = F=—kx = V= Ekxz V : potential energy

2
o o " 1 [dx\ . = My X Mg
The kinetic energy T of motion in a diatomic molecule is: =5 U I M, + M
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Energy levels in vibration spectroscopy

2

Potential & kinetic energy of _ 1 ) 1 dx
L. . . V =—-kx T==-ul—

motion in a diatomic molecule: 2 2 dt

Motion equation and

1 |k
= 2Vt + =— |—
frequency v, of the vibration : X=X cos(2Mvol +¢) avec v 2 \/;

E

Atx=0=>V=0and T = max

At maximum position of the
stretching (x,):
T=0and V =max
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Energy levels in vibration spectroscopy

Quantum-mechanical treatment gives quantized energy levels:

1 . 1 |k v is the vibrational
E,=hv, (v+=) with Vy=— |—
2 27\ u quantum number
. =  Wave functions of the first 3 vibrational

levels of a diatomic molecule in the
harmonic approximation.

= The vibrational levels are equidistant
V=2 and separated by the energy hv,.

= The energy in the lowest (fundamental)
state of v =0 is not zero but %2 hv, : this is
called the zero point energy

Note that, due to quantum mechanics,
there is a non-zero probability to find an
atomic nucleus at x > x,, : quantum
tunneling
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Energy levels in vibration spectroscopy

Molecular vibration : diatomic molecule

V = %kxz « Harmonic oscillator :
s . 1
£ E,=hv, (v+ E)
=
=
issociati R LA Ll
Dissociation Vo =74 7 M, + M,
|
3
|  /
| / / * Anharmonic oscillator :
2 1 Y f 2 1 1
1\\ | // E, = hv, (V+E)-hv0 Xq (V+E) +.....
| = 1 r
v=0 V=0 e Anharmonicity constant
0 - %

AN X

Equilibrium bond length in molecule A-B



Fundamental bands of furane

£~ N

C,H,0

21 modes of vibration

1.6

124 =
-
N i n
0.8 - =}
! =
Q)
0.4 a
i M

0.0 : , : , : : i
1900.0 1572.5 1245.0 917.5 590.0

Courtesy: Jean Vander Auwera, Free University of Brussels o



Ro-vibrational spectroscopy

= The excitation of vibrational J=4 208
mode goes simultaneously with

the excitation of rotational o3 128
levels ! A

= This gives rises to characteristic /=2
envelopes P,Q,R of any excited J=1 28
. . . . J=0 " -
vibrational level in the infrared. B vi=1

= Pbranch:Av=+1;Al=-1
= Qbranch:Av=+1;AJ=0 J=4
= Rbranch: Av=+1;A)l=+1

=  The Q branch might consist of J=3
only one line or of lines very
close (if B of the excited vibration
level is different). P,R branches J
are thus much larger than the Q ’

= AJ=0is forbidden for diatomics

6B

20B

128

6B

2B
B v=0

I 1
= = [

e o e e e e ]
S

and for parallel movement of
linear molecules !

o]
m
]
m
]
o




e Spectrum (simulated) of the
asymmetric stretching 08
(parallel) band of carbon
dioxide, 12C1®0, (Q branch
absent)

 The weak superimposed
spectrum is due to absorption
of the first vibrationally
excited level (v=1— v=2)

=
o

absorption (1 - ransmittance)
[=]
=

=
(i

since v=1 is also populated at l WL
room temperature (thls |S L4 l|J.I.I.lillquJl.HHIl” ll | |||| b .LIT[U__H[“H | |||||||“
2300 2320 2340 2360 2380

called a hot band) wavenumber {cm |

(=]

Combination band of Acetylene (C,H,)

0.8

/

0.6

Transmittance

211 + ra band
Iz of H2C2CH

0.6 I

Transmittance

0.4
7320 7340 7360 7380 7400 7420

0.2 Q branch (AJ=0)

cm—1

7386 7388 7390 7392 7394




Vibrational Spectroscopy of (bigger....) polyatomic molecules

Link to chemistry ...

* In general, a normal mode of vibration involves a displacement of
all the atoms of the molecule.

 Nevertheless, under certain conditions, the movement is more or
less localized in a part of the molecule: we say that the vibration
bands are characteristic of groups or chemical functions.

 Many normal modes involve couplings between the vibrational
movements of atoms: we speak then of skeleton vibrations, very
specific to a given molecule : the region between ~1300 cm™ and
several hundreds of cm is considered to be a fingerprint region
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Stretching Stretching
Groupe afom™ Groupe —
=(C—H 3300 = =H 36002
H 3020 “~ 3350
1
=c_ _N—H
H 2 800 ~ 1295
saut D=C.':‘ —P=0
— 2 060 ™ o 1310
-_,.l'.'. H fs.....{j
-—C=EC— 2 060
Ne=c”” 1650 Bending
-~ ~
= e 800 I 700
pitalt =C—H
Ne_a” 430 L H 1100
—>Si=SiC _C"H
e P 1700 H 1 000
=0 —?&H
—C=N 2 100
T“‘:C_F 1100 ><JH 1450
H .
7~
=c—ci 8e0 cEc—c¢ 300
- 560
,{}—Br
500

'\l/
T
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The Beer-Lambert Law — “classical spectroscopy”

Optical path, |
4aEEmesssss——))

Source of | Sample to be

radiation probed

A
LN

dl = -a()) x | x dI

———

Iy
‘ lnI— a l
X
Iy
— In—=r1
I,
‘ ﬁ:T:e_T
Iy

| = |O>< e-o(A) |

| : optical path length

o : absorption coefficient (A) (molecule specific)
[cm™]

/, : incoming intensity (L)

[, : transmitted intensity (1)

7: optical depth, or optical density “OD”; or
absorbance

T : Transmittance (number 0..1; usually
expressed in %) ()

1-T: Absorption (number 0..1; usually expressed
in %) (A)
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The Beer-Lambert Law

Absorption
coefficient
[cm™]

I
ln—0=a X [l=z=0ox N X [
Iy
A \
Optical
path length Absorption cross
[cm] section [cm?]

l

Einstein coefficient
for absorption B,
(molecule specific)

Molecule number
density [cm3]

- Can be calculated from
the ideal gas law:

sz/(kBT)

...if the measured
pressure is only due to
the absorbing gas
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A few Important things about the intensity of an absorption band ...

* The intensity of an absorption band

Is very specific for the molecule under consideration

Can be expressed in : Einstein coefficients, cross sections, oscillator
strength (« f-value »), transition dipole moments (theory)...

Is absolutely needed for a remote sensing measurement in order to
restitute reliable mixing ratios of key molecules (i.e. partial pressures)
in a real planetary atmosphere

The intensity is often difficult to measure in a typical laboratory
experiment since the absolute number density must be known
precisely (in a gas cell....). However, gases can be reactive or
thermolabile, or exist only in equilibrium with other species...

The intensity generally depends on temperature...

Measuring precisely the intensities of absorption bands is called
“quantitative spectroscopy”

Whereas quantum chemistry does generally a good job for the
prediction of lines positions (energy levels inside molecules...), the
theoretical calculation of in lines intensities is far more difficult
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