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Zusammenfassung

Die vorliegende Arbeit wurde in der Gruppe um Martin Quack an der
Eidgen•ossischen Technischen Hochschule (ETH) in Z•urich und in Zusammen-
arbeit mit Vincent Boudon an der Universit�e de Bourgogne in Dijon durchge-
f•uhrt. Die Arbeit widmet sich der Behandlung eines Molek•uls tetraedrischer
Symmetrie | Methan | und liefert neue Erkenntnisse, die f•ur weiter f•uhrende
Arbeiten in verschiedensten Forschungsgebieten von grosser Bedeutung sind.
Motivation und wissenschaftlicher Zusammenhang werden im erstenKapitel
er•ortert.

Das zweite Kapitel bietet eine Einf•uhrung in die experimentelle Methode
der h•ochstau
•osenden Infrarot{Spektroskopie weiter Spektralbereiche. Die
grundlegenden Prinzipien werden besprochen und an Beispielen die Termi-
nologie erarbeitet, welche schliesslich in den Anwendungen (Kapitel 4{7)
verwendet wird. Am Schluss des zweiten Kapitels wird der experimentelle
Aufbau des Instrumentes an der ETH in Z•urich beschrieben. Der Prototyp
einer jetzt kommerziell erh•altlichen Version ist augenblicklich der weltweit
h•ochstaufl•osende FTIR{Spektrometertyp (� e� � 0:00062 cm� 1), abgesehen
von einem neuen Prototypen unserer Gruppe an der Swiss Light Source
(SLS). S•amtliche f•ur die vorliegenden Arbeit relevanten Experimente
wurden an diesem Instrument durchgef•uhrt. Die Aufnahmen •uberdecken
fast das gesamte Spektrum von12CH4 und 13CH4 im Infrarot zwischen 900
und 12000 cm� 1 .

Das Kapitel 3 befasst sich mit theoretischen Grundlagen zur quanten-
mechanischen Beschreibung von Molek•ulen unter Ausnutzung derfunda-
mentalen Symmetrien. Die logische Struktur zur Bezeichnung allgemeiner
molekularer Wellenfunktionen wird erarbeitet und in neuem Licht betrachtet.
Die Nomenklatur f•ur die Bezeichnung von Wellenfunktionen ist eine seit
Jahrzehnten diskutierte und weiterhin aktuelle Problematik, hervorgerufen
durch die Schwierigkeit, klassische physikalische Weltbilder mit der quanten-
mechanischen Betrachtungsweise zu vereinen. In dieser Arbeit werden die
Termsymbole mit der Parit•at (nach Quack) sowie mit dem Pauli{Prinzip
verkn•upft. Weiterhin wird die in dieser Arbeit verwendete Analysemethode
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im Detail beschrieben und das zugrunde liegende Konzept der Theorie auf das
mathematische Fundament gestellt, welches deren Verst•andnis und
Potential hinsichtlich einer allgemeinen Behandlung von Molek•ulen o�enbart.
Dieses R•uckgrat ist in der fachspezi�schen Literatur ganz ausgeblendet und
wird hier so formuliert, dass die M•oglichkeiten zur Weiterentwicklungder
Methode klar werden. Der gruppentheoretische Ansatz wurde vorwiegend
in Dijon erarbeitet und f•ur einige Molek•ulklassen ausgew•ahlter Symmetrie
im XTDS Software{Paket implementiert. Die Software ist online und frei
zug•anglich und stellt gegenw•artig das weitaus genaueste Werkzeug f•ur die
Simulation und Analyse von rotationsaufgel•osten Methan{Spektren dar.

Das vierte Kapitel ist der Relaxation der Kernspinisomere von12CH4

gewidmet. Die Spektren wurden mit Hilfe einer K•uhlzelle unter Fliessbe-
dingungen aufgenommen, welche es erlaubt, gasf•ormige Sto�e einem
thermischen Gradienten auszusetzen. Mit dieser Methode ist es im
Experiment gelungen, die Symmetrierassen von Methan in einer Populations-
verteilung zu pr•aparieren, welche nicht dem thermischen Gleichgewicht ent-
spricht. Die Theorie zur Beschreibung derartiger Spektren wurdein fr•uheren
Arbeiten entwickelt. Im Rahmen dieser Arbeit wurden die Gleichungenim
XTDS Software{Paket implementiert. Sie sind in Kapitel 4.2 hinsichtlich
einer vereinfachten Implementierung pr•azise formuliert. Die Spektren
wurden im Bereich der� 3 Bande um deren Zentrum bei 3019.4930(1) cm� 1

aufgenommen und konnten mit e�ektiven rotatorischen Temperaturen von
ungef•ahr 16 und 27 K unter der Annahme einer Temperaturverteilung der
Kernspin{Symmetrierassen beiTs � 300 K reproduziert werden. Die Druck{
und Temperaturabh•angigkeit des Di�usionskoe�zienten des He{CH4

Systems liefern eine Absch•atzung der Residenzzeit der kalten12CH4 Molek•ule
in der K•uhlzelle von der Gr•ossenordnung einiger Zehntelsekunden. Die
Experimente zeigen, dass die Isomere der Kernspin{Symmetrierassen auf
dieser Zeitskala nicht ins Gleichgewicht relaxieren. Unter den gegebenen
experimentellen Bedingungen entsprechen die berechneten Residenzzeiten
also unteren Schranken der Umwandlungszeit. Im Vergleich zu diesen Werten
ist die Residenzzeit von kaltem CH4 Molek•ulen in einem typischen•Uberschall{
Molek•ulstrahl{Experiment 1000 bis 6000 Mal kleiner. Die Anzahl derSt•osse
eines CH4 Molek•uls w•ahrend der Residenzzeit in der K•uhlzelle (vornehmlich
mit He Atomen) liegt ungef•ahr zwischen 105 und einigen 106 .

Das Kapitel 5 widmet sich der globalen Analyse des Methan{Isotopomers
13CH4 bis zur Pentade. Sie beinhaltet die simultane Analyse der drei
tiefstliegenden Polyaden (spektrale Bereiche naheliegender Vibrations-
zust•ande) im Bereich von 0-3300 cm� 1 ; den Grundzustand (Monade), die
Dyade (1000-1800 cm� 1 , 2 Vibrationszust•ande, 2 Subniveaus) und die
Pentade (2700-3300 cm� 1 , 5 Vibrationszust•ande, 9 Subniveaus). Im Be-
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reich der Pentade wurden neue, rotationsaufgel•oste Fourier Transformations
Infrarot (FTIR) Spektren mit sehr hoher spektraler Au
•osung aufgenommen
(besser als 0.001 cm� 1 instrumentelle Bandbreite, unapodisiert), sowohl bei
300 K als auch bei 80 K . Fr•uher untersuchte Bereiche (z.B. im Rahmen
der •alteren FTIR{Spektren vom Kitt Peak National Solar Observatory in
Arizona) wurden selektiv neu vermessen, um •uber konsistente experimentelle
Daten zu verf•ugen, gemessen an einem einzigen Instrument. Diese
wurden mit Daten von fr•uheren Arbeiten erg•anzt. Im Bereich der Dyade mit
Daten von FTIR{ und Laser{Absorptions{Spektren, im Bereich der Pentade
mit Daten von Raman{Experimenten sowie mit Daten von Mikrowellen{
Experimenten (Rotations•uberg•ange innerhalb der Monade und der Dyade).
F•ur die Anpassung des Modells nach der Methode der kleinsten Fehler-
quadrate wurden insgesamt 4126 zugeordnete Quanten•uberg•ange bis
J 00= 22 verwendet. Die Anpassung ist durch die folgenden globalen mittleren
quadratischen Abweichungendrms charakterisiert; 6:3 � 10� 5 cm� 1 f•ur die
Dyade und 4:6� 10� 4 cm� 1 f•ur die Pentade. Die globale Analyse stellt gegen-
•uber der vorhergehenden lokalen Analyse der Pentade (drms = 7:1� 10� 4 cm� 1

f•ur 1215 zugeordnete Quanten•uberg•ange bisJ 00= 13) eine grosse Verbesser-
ung dar.

In Kapitel 6 wird die erste lokale Analyse der dritten Polyade von13CH4,
die Analyse der Oktade (8 Vibrationszust•ande, 24 Subniveaus) im Bereich
3700-4700 cm� 1 vorgestellt. Neue FTIR{Spektren wurden bei 80 K mit sehr
hoher Au
•osung aufgenommen (besser als 0.001 cm� 1 instrumentelle Band-
breite, unapodisiert). Insgesamt wurden 1144 neu zugeordneteQuanten•uber-
g•ange bis J 00 = 9 f•ur die Anpassung verwendet, die mit einer mittleren
quadratischen Abweichung vondrms = 10� 3 cm� 1 reproduziert werden k•onnen.
Die Position von sieben Bandenzentren sind in den Spektren identi�ziert
und mit sehr hoher Genauigkeit, mit Unsicherheiten zwischen 0.0001 und
0.001 cm� 1 bestimmt. Weiterhin wird gezeigt, dass die Resultate von
Variationsrechnungen auf multidimensionalen Potential
•achen zurAnalyse
experimenteller Spektren hinreichend genau sind, um mit der hier ver-
wendeten Analysemethode kombiniert zu werden.

Kapitel 7 gibt einen •Uberblick •uber eine partielle Analyse unserer Daten,
die sich bis ca. 12000 cm� 1 erstrecken. Die Schlussfolgerungen der einzel-
nen Anwendungen (Kapitel 4{7) sind jeweils am Schluss der Abschnitte
aufgef•uhrt und werden im letzten Kapitel in den Kontext der Schluss-
folgerungen der gesamten Arbeit gestellt.
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Abstract

The present work has been performed in the research group of
Martin Quack at the Swiss Federal Institute of Technology (ETH) inZ•urich
and in collaboration with Vincent Boudon at the University of Burgundy in
Dijon. The thesis is dedicated to the quantum mechanical treatment of a
molecule with tetrahedral symmetry | methane. New insights are provided,
which are of great importance in various �elds of science. The motivation as
well as the scienti�c context are discussed in Chapter 1.

Chapter 2 provides an introduction to the experimental methods of high{
resolution spectroscopy of broad spectral regions in the infrared. The fun-
damental principles as well as the nomenclature are described and de�ned
as they are used further on. The experimental setup is presented, a spec-
trometer in combination with a cryogenic cooling system, which represents
a very powerful instrumentation. The spectrometer is the prototype of
the currently most powerful instrument, which is commercially available
(� e� � 0:00062 cm� 1 instrumental band width), disregarding a new proto-
type of the Quack group, which is connected to synchrotron radiation, the
Swiss Light Source (SLS). All spectra shown in this work have been recorded
with this setup. New spectra cover almost the whole infrared from 900 up
to 12000 cm� 1 for both 12CH4 and 13CH4 .

Chapter 3 is dedicated to the quantum theory of molecules in relation
to fundamental symmetries, which provide both an unambiguous labelling
scheme as well as a powerful tool for the simulation of rovibrational spectra.
The labelling of molecular rovibrational levels is elaborated shedding new
light on a long standing problem: labelling schemes have been discussedfor
decades and remain disputed as the problem situates itself in the realm of
the real world interpretation of quantum theory. The labels are connected
to parity (following Quack) and the Pauli{exclusion principle. Furthermore,
the Dijon algebraic approach is presented and placed on its profound mathe-
matical basis, providing insights into the power of the approach withregard
to a general treatment of arbitrary interaction phenomena in molecules. The
group theoretical approach was mainly elaborated in the Dijon group and im-
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plemented there in the XTDS software package, which is freely available on
the web. Currently it is the most accurate tool for reproducing rovibrational
spectra of methane in very broad spectral regions.

In Chapter 4 we study the relaxation of nuclear spin isomers of methane
12CH4 in the gas phase at very low temperature. Due to a rapid non{
equilibrium cooling process in an enclosive 
ow cooling cell, non{thermal
populations of the nuclear spin isomers have been obtained. The theory
for the simulation of such spectra has been elaborated in previous studies.
Within the present study the equations are implemented in our version of the
XTDS software package. In addition, the equations are concisely de�ned and
stated for convenient implementation. The spectra were recorded for the � 3

band of 12CH4 around its center at 3019.4930(1) cm� 1 . They could be repro-
duced with e�ective rotational temperatures of approximately 16and 27 K ,
assuming conservation of nuclear spin symmetry upon cooling. The tem-
perature and pressure dependence of the di�usion coe�cient of the He{CH4

system provides an estimate for the residence times of cooled CH4 molecules
in the experimental setup in the 100 ms range. On these time scales the
experiments show nuclear spin symmetry in methane to be conserved. The
residence times represent thus lower bounds for the inter{conversion time in
methane under these conditions. Compared to these values, the residence
time of a cooled CH4 molecule is 1000 to 6000 times lower in the collision
zone of a typical supersonic jet expansion. The number of collisionsof a CH4

molecule during the residence time in the cooling cell (predominantly with
He atoms) is in the order of 105 up to 106 .

In Chapter 5 the global analysis of methane13CH4 lines from high res-
olution rovibrational spectra including highly accurate line positions inthe
region 0-3300 cm� 1 is reported. The analysis covers three polyads: the ground
state monad (rotational levels), the dyad (1000-1800 cm� 1 , 2 vibrational lev-
els, 2 sublevels) and the pentad (2700-3300 cm� 1 , 5 vibrational levels, 9 sub-
levels). New Fourier transform infrared (FTIR) spectra of the pentad region
have been recorded with very high resolution (better than 0.001 cm� 1 instru-
mental bandwidth, unapodized) at room temperature and at 80 K .Spectral
ranges covered by existing spectra previously recorded (e.g. with the FTIR
spectrometer at the National Solar Observatory on Kitt Peak in Arizona)
were remeasured selectively to provide a consistent set of spectra in the pen-
tad region from the same source. These data were combined with previously
reported data from FTIR and laser absorption in the dyad region, as well as
stimulated Raman and high-resolution microwave spectra. A total of 4126
line positions up toJ 00= 22 were used in the least squares adjustment, which
is characterized by the following global root mean square deviationsdrms for
the line positions; 6:3�10� 5 cm� 1 for the dyad and 4:6�10� 4 cm� 1 for the pen-
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tad. This analysis represents a large improvement over the previous one with
drms = 7:1� 10� 4 cm� 1 involving 1215 experimental line positions throughout
J 00= 13 .

Chapter 6 provides the �rst local analysis of the third polyad of methane
13CH4 , the octad (8 vibrational levels, 24 sublevels) in the region 3700-
4700 cm� 1 . New spectra of the octad region have been recorded with very
high resolution (better than 0.001 cm� 1 instrumental bandwidth, unapodized)
at 80 K . This analysis represents the �rst simultaneous analysis of the entire
octad region for13CH4 , involving 1144 experimental line positions through-
out J 00 = 9 . The line positions are reproduced with a root mean square
deviation of drms = 10� 3 cm� 1 . Highly accurate experimental values of 7
vibrational sublevels were obtained with uncertainties between 0.0001 and
0.001 cm� 1 . It is also shown, that the results from variational methods on
multidimensional potential energy hypersurfaces are su�ciently accurate to
be used for our analysis in combination with the method provided by the
XTDS software package.

Chapter 7 provides an overview over a partial analysis of our data ex-
tended to 12000 cm� 1 . Conclusions are drawn at the end of each section
(Chapter 4{7) while Chapter 8 is dedicated to the conclusions of theentire
work in the context of the state{of{the{art in the �eld.
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Chapter 1

Introduction

Methane is one of the most important prototypical molecules in chemistry
and physics. Starting out with its structural models and its chemical bond-
ing (le Bel 1874, Pauling 1940, van't Ho� 1874) methane has become a
prototype for the study of multidimensional potential energy hypersurfaces
(Marquardt and Quack 1998; 2004) in relation to quantum dynamicsof
polyatomic molecules (Marquardt and Quack 1991, Wang and Carrington
2003a;b). Methane has also, for a long time, been a prototype for kinetic
studies of bond �ssion reactions and their theory (Quack and Troe1977;
1998) (and references cited therein) and as a prototype for molecular spec-
troscopy (Marquardt and Quack 1998) (and references cited therein). The
spectroscopy of methane will be an important testing ground for accurate po-
tential energy hypersurfaces. In conjunction with full dimensional methods
for calculating energy levels of polyatomic molecules (Hollensteinet al. 1994,
Schwenke and Partridge 2001, Wang and Carrington 2003a;b), spectroscopy
may be used for their re�nement. Quantum dynamical time{dependent wave
packet propagation in methane isotopomers can lead to a very detailed un-
derstanding of primary quantum processes in molecular kinetics (Marquardt
and Quack 1991; 2001, Marquardtet al. 2000). At an even more fundamental
level, methane and its derivatives play a prototypical role in understanding
the role of structural chemistry of chirality in relation to parity violation
(Pepper et al. 1995, Quack 1989). Apart from this broad importance for
fundamental aspects of molecular quantum dynamics and kinetics,there is
new motivation for reinvestigating the spectrum of methane because of de-
velopments in several other areas.

The spectroscopy of methane is of importance in relation to its use as a
major natural resource for combustion but also for atmosphericchemistry
and environmental science ase.g. a greenhouse gas (Boudonet al. 2003), as
well as for its role in geology and planetary sciences. Methane, a relatively
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abundant constituent of planetary atmospheres, has recently been observed
in detail on one of the Cassini/Huygens' space mission primary targets |
Titan (Coustenis et al. 2006). Saturn's largest moon shows several strong
CH4 absorption regions. Methane has also been observed in the atmospheres
of the inner planet Mars (Formisanoet al. 2004), the outer planets Jupiter
(Coradini et al. 2004, Irwin et al. 2005), Saturn (Tran et al. 2006), Uranus
(Sromovsky and Fry 2008) and Neptune (Ortonet al. 2007) as well as the
Kuiper{belt object Pluto (Lellouch et al. 2009, Stansberryet al. 1996). But
also exoplanets (Swainet al. 2010; 2009a; 2008; 2009b, Tinettiet al. 2010),
brown dwarfs and comets may contain large amounts of methane in their
atmospheres. The second most abundant methane isotopomer13CH4 is well
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Fig. 1.1: Infrared thermal emission spectrum of the Earth (solid) as measured
from a satellite over the Sahara desert and the radiances of black bodies (dashed)
at several temperatures. The amount of 50 Mt gaseous13CH4 in the Earth's at-
mosphere is a recent estimate from Adushkin and Kudryavtsev(2010). The �gure
is reproduced and modi�ed after Hanel and Conrath (1970).

observed in the Earth's atmosphere with approximately 1 % naturalabun-
dance. The ratio13C=12C is important since it sheds light on the formation
process of methane and consequently allows conclusions about its origin.

The spectroscopy of methane has a long history. For the review ofearly
work we refer to Herzberg (1945). Early infrared spectra of methane were
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already reported in the nineteenth and twentieth century (Angstr•om 1890,
Coblentz 1905, Tyndall 1862). Rotationally resolved spectra of methane were
recorded by Cooley (1925). Nielsen and Nielsen (1935) reported the �ne
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Lower frame: High resolution FTIR spectrum of 13CH4 . Decadic absorbance as
lg(I 0=I ) is shown. Both spectra of a mixture of methane and helium were recorded
at 80 K with an optical absorption path length l = 5 m. The total pressures p of
a mixture of methane and helium (p(CH4)=p � 0:1) are p � 0:1 hPa (CH4) and
p � 7 hPa (13CH4). The sample cell was partially pumped out for measuring
strong absorption lines without saturation. The �gures ill ustrate the absorption
region for the � 4 fundamental bending mode at 1310.7616(1) cm� 1 (12CH4, Albert
et al. (2009)) and 1302.7808(1) cm� 1 (13CH4, this work), respectively. 13CH4 is
well observed in the spectrum of CH4 with approximately 1% natural abundance.

structure of rovibrational transitions in methane, which was analyzed the-
oretically by Jahn in several papers (Childs and Jahn 1939, Jahn 1938a;b;
1939). Also higher overtone spectra were reported at high resolution in the
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\photographic infrared" above 8000 cm� 1 (Herzberg 1945). There has also
been renewed interest in the spectroscopy of methane because of new devel-
opment in high resolution spectroscopy. The developments in high resolution
Fourier transform spectroscopy as applied to methane isotopomers in bulk
and supersonic jet samples, for instance in studies of intramolecular vibra-
tional redistribution (Lewerenz and Quack 1988, Quack 1990) or nuclear spin
symmetry conservation in supersonic jet expansions (Amreinet al. 1988b,
Hippler and Quack 2002), may be mentioned as examples. Also pulsed su-
personic jet spectrometry using a newly developed high resolution cw{laser
cavity ring down spectrometer has been recently applied to methane overtone
spectroscopy (Hippler and Quack 2002, Quack 2003, Suteret al. 2010). Some
e�ort to cavity ring down spectroscopy in cold cells has recently been added
to this (Wang et al. 2010). Here the new developments in high resolution
spectroscopy of the methane cation CH+4 should also be mentioned, opening
a whole new �eld related to methane (W•orner and Merkt 2009).

The present thesis situates itself in the realm of these new developments.
New techniques of high resolution spectroscopy in conjunction withenclosive

ow cooling (Albert et al. 2007, Albert and Quack 2007) are used to obtain
new data for methane covering almost the whole infrared. While somenew
results on12CH4 are presented (see also our recent analysis for12CH4 up to
the octad by Albert et al. (2009)), the emphasis of the present work is on the
analysis of the spectra of13CH4 . The vibrational band centers of methane are
identi�ed and the rovibrational structure of 13CH4 in its pentad and its octad
region are analyzed in terms of e�ective Hamiltonian parameters. The group
theoretical approach elaborated in the Dijon group (Championet al. 1992,
Moret-Bailly 1961) is discussed in detail and compared to other e�ective
Hamiltonian theories and labeling schemes of rotational energy levelsfor
methane{like spherical{top molecules (Hougen 2001, Longuet-Higgins 1963,
Quack 1977). Some speci�c achievements of the present work aresummarized
here as follows:

� The analysis is achieved up to the octad for13CH4, and it is compared
to the available analysis for12CH4 (Albert et al. 2009). This work was
carried out in collaboration by the Z•urich and Dijon groups.

� A survey measurement and analysis is extended up to about 12000 cm� 1

for 12CH4 and 13CH4 and the results are compared for the two iso-
topomers (collaboration of the Z•urich and Tomsk groups).

� The experimental and e�ective Hamiltonian results are compared with
9{dimensional variational calculations. This work was carried out in
collaboration with the Montr�eal{Kingston/Carrington group.
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Chapter 2

Experimental

The basic concept of two{beam interferometry was developed in the 1880s
(Michelson 1882, Michelson and Morley 1887). Fellgett (1958) noticed that
interferometry provides a means to recover the intensity distribution in the
spectrum of the incident radiation at very high resolution. Fourier trans-
form spectroscopy (FTS) was further promoted by the development of fast
algorithms for processing interferograms (Cooley and Tukey 1965), which
eventually was a breakthrough for Fourier transform spectrometry, leading
today to its importance in various �elds of both science and technology. In
infrared spectroscopy the technique has today become an important method
for the following reasons (Albertet al. 2011b, Ozaki and Morita 2009)

1. Multiplex/Fellgett advantage. It permits to record spectra simulta-
neously and continuously in the entire wavenumber region of incident
radiation. A complete spectrum can be collected very rapidly and
many scans can be averaged.

2. Connes advantage. The wavenumber scale of an interferometer is eas-
ily derived from a helium{neon (HeNe) laser that acts as an internal
reference for each scan (self{calibration). The wavenumber of this laser
is known very accurately and is very stable. As a result, the wavenum-
ber calibration of interferometers is very accurate and has a verylong
term stability.

3. Throughput/Jacquinot advantage. The radiation energy throughput
is very high with respect to a dispersive spectrometer, where it is re-
stricted by the slits. In combination with the multiplex advantage, this
leads to one of the most important features of an FTIR spectrometer:
the ability to achieve the same signal{to{noise ratio as a dispersive
instrument in a much shorter time.
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FTIR spectrometers can achieve very high spectral resolution across the
whole spectral region of incident radiation (see Chapter 2.1), providing ac-
curate transition wavenumbers in the spectra. In the following a brief survey
of the mathematical description and the de�nition of the main terminology
related to FT spectrometry is presented as well as the layout and the char-
acteristics of the ETH Z•urich prototype of the Bruker 125 HR{FTIR spec-
trometer. This setup, combined with an enclosive 
ow cooling cell wasused
for the recording of all spectra presented in this work.

A recent review of high resolution (HR) Fourier transform (FT) infrared
(IR) spectroscopy can be found in the handbook of high resolutionspec-
troscopy covering both general aspects of spectroscopy (Merkt and Quack
2011) and FTIR spectroscopy quite speci�cally (Albertet al. 2011b) (see
also Albert and Quack (2007)).
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2.1 The principles of FTIR spectrometry

High resolution Fourier transform (HR{FTIR) spectrometry can be regarded
as a technical realization of an elegant mathematical idea | Fourier'stheo-
rem (Fourier 1822). Within the plane wave approximation and for an ideal
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Fig. 2.1: Scheme of an Michelson interferometer with variable optical path di�er-
encex.

instrument, schematically shown in Figure 2.1, the interferogramI (x) mea-
sured at the detector may be expressed as (Albertet al. 2011b, Kauppinen
and Partanen 2001)

I (x) =
Z

R
I (e� ) exp (2�i e�x )de� = F � 1(I (e� )) : (2.1)

Equation (2.1) indicates, that for any optical path di�erence x the inter-
ferogram I (x) is simultaneously captured in theentire wavenumber region
of incident radiation. To simplify matters, it is assumed that I (x) is an
even function1, i.e. I (x) = I (� x), from which follows, that the intensity
distribution I (e� ) as a function of the wavenumbere� = 1=� = �=c (Cohen

1In principle a phase shift, caused for instance by non{ideal opticaldevices in the path-
way of the incident radiation should be taken into account, which may lead to truncated
asymmetric interferogramsI (x) 6= I (� x) (seee.g. Davis et al. (2001)).
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et al. 2011) is even too. Hence, it can be recovered by the Fourier transform
of the interferogram

I (e� ) =
Z

R
I (x) exp (� 2�i e�x )dx = F (I (x)) : (2.2)

Without any processing, the intensity distribution of incident radiation in-
cludes the emission spectral characteristics of the light source, the absorbance
characteristics of the sample, the spectroscopic characteristics of the instru-
mentation etc. (Figure 2.2a). It is thus useful to measure the \background
spectrum" i.e. the intensity distribution I 0(e� ) in the absence of the sample
(Figure 2.2b) and divide the observed spectrumI (e� ) by the background spec-
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Fig. 2.2: FTIR spectra: (a) raw spectrum of intensity in relative units including a
sample of13CH4; (b) background spectrum; (c) transmission and (d) absorbance
spectrum of13CH4. The sample spectra were recorded at 80 K with a total pressure
p of approximately 8:5 hPa of a mixture of methane and helium (p(CH4)=p � 0:1).
The experimental conditions for the recording of the spectrum are summarized in
Table 2.7.

trum I 0(e� ) . The resultant spectrum (Figure 2.2c) is a transmission spectrum
T(e� ) , which can be calculated according to

T(e� ) =
I (e� )
I 0(e� )

: (2.3)
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In the literature many quantities and symbols concerned with the measure-
ment of absorption intensity are used (Cohenet al. 2011). Throughout this
work decadic (lg = log10) absorbance spectraA10(e� ) are shown (Figure 2.2d),
which can be derived according to

A10(e� ) = lg
�

I 0(e� )
I (e� )

�
= � lg (T(e� )) : (2.4)

2.2 Theory of a non{ideal instrumentation

The derivation of transmission or absorbance spectra is equivalentto a nor-
malization of the experimental recordings, making it possible to compare
spectra from di�erent instruments. However, the non{ideal nature of an
instrumental setup can not be removed by a normalization and the char-
acteristics and settings may signi�cantly contribute to the absorption line
shape observed in the experimental spectra. In the following suchline shape
e�ects are discussed with regard to both their relevance for the present study
and a concise de�nition of the technical terminology.

2.2.1 Finite optical path di�erence

Although in Equation (2.2) integration is overR, in practice the optical path
di�erence x is limited to a �nite range. Therefore an apodizing functionB(x)
is introduced, limiting the integration path length L to the maximum optical
path di�erence dMOPD . With the convolution theorem (Doetsch 1923), stat-
ing that the Fourier transform of the product of two functions is equal to the
convolution of their Fourier transforms (in symbolsF (fg ) = F (f ) � F (g))
one obtains the following expression to replace Equation (2.2)

I (e� ) = F (B(x)(I (x)) = F (B(x)) � F (I (x)) : (2.5)

Rather than a Dirac delta function in the case of an unlimited optical path
di�erence, for a limited optical path di�erence, i.e. an apodizing function
B(x) = 1, if jxj � L and B(x) = 0 else, one gets a line shape of the form

F (B(x))
L

=
sin (2� e�L )

2� e�L
= sinc(2� e�L ) : (2.6)

A somewhat weakened Rayleigh criterion (Rayleigh 1878), where thecriterion
for resolution is when the center of one sinc pattern falls on the �rst root of the
second, provides for the nominal spectral resolution �e� of a FT spectrometer
(Albert et al. 2011b, Fellgett 1958)

� e� =
1

dMOPD
: (2.7)
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Depending upon de�nitions, somewhat smaller or larger values are frequently
quoted. For non{ideal instruments further deviations have to beexpected due
to the wavelength dependence of the index of refraction, thickness di�erences
of the beam splitter, misaligned mirrors,etc. (Kauppinen and Partanen
2001).

2.2.2 Extended light source

In practice often a rather large entrance aperture diameter is needed (0:5 and
3 mm (Albert et al. 2011b)) in order to get a su�cient amount of radiation
through the spectrometer. As illustrated in Figure 2.3, the beam is no longer
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Fig. 2.3: Scheme of the diverging beam striking the moveablemirror.

collimated and the optical path di�erence depends on the opening angle �
of the aperture

AB + BC = x cos (� ): (2.8)

For a circular aperture the optical path length in Equation (2.1) must be
replaced according to Equation (2.8) and integration must be performed over
the solid angle 
 up to the opening angle of the aperture. The solid angle is
connected with the opening angle of the aperture via



2�

=
Z �

0
sin (#)d# = 1 � cos (� ) (2.9)

and one obtains analytically (see Appendix A), rather than approximately
(Davis et al. 2001, Kauppinen and Partanen 2001), the following expression
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to replace Equation (2.1)

I (x) = 

Z

R
sinc

�
e�x 


2

�
I (e� ) exp

�
2�i e�x

�
1 �



4�

��
de� : (2.10)

There is a signi�cant scale change due to the shift in path di�erencex0 =
x(1 � 
 =(4� )) (Kauppinen and Partanen 2001). If not accounted for in
the Fourier transform according to Equation (2.2), the intensity distribution
appears to be shifted by the same factor� 0 = � (1 � 
 =(4� )) . Errors in
the wavenumber scale will also be introduced for other reasons (Hirschfeld
1979, Kauppinen and Partanen 2001), thus, all spectra shown in our work
are calibrated with respect to some reference such as H2O, OCS, 12CH4, etc.
To simplify matters the assumption of an even interferogramI (x) is now
temporarily dropped and a monochromatic light sourceI (e� ) = � (e� � e� 0) is
considered. From the de�nition of the Dirac delta function (Dirac 1958)

� (e� � e� 0)[' ] =
Z

R
� (e� � e� 0)' (e� )de� (2.11)

=
Z

R
exp (2�i e� 0x)F (' (e� )) dx = ' (e� 0) ; (2.12)

where ' is a \well behaved" functional with speci�c requirements which are
ful�lled in our case, one obtains the interferogram

I (x) = 
 sinc
�

e� 0x

2

�
exp

�
2�i e� 0x

�
1 �



4�

��
: (2.13)

Equation (2.5), the Fourier transform of the exponential (Equation (2.12)),
some convolutional algebra with the Dirac delta function and the law of
associativity, which applies for convolution, provide the spectrum for an ideal
instrument with a �nite optical path length and an extended light source

I (e� ) = F (L; e�; 
 ; ) � � (e� � e� 0) (2.14)

= 2L sinc (2� e�L ) � B (e� ) � �
�

e� +
e� 0

4�

�
� � (e� � e� 0) : (2.15)

The aperture broadening in the instrumental functionF (L; e�; 
 ; ) is given
by the box

B(e� ) =

8
><

>:

2�
e� 0

if je� j �
e� 0

4�

0 else.
(2.16)

The instrumental resolution � e� is determined by the full width at half max-
imum (FWHM) of the instrumental function F (L; e�; 
 ; ) . If the source is
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small (
 ! 0) and the interferogram is short (B (e� ) ! � (e� )), then the
FWHM of 2L sinc (2� e�L ), which is approximately 1:207=(2L) , gives the un-
apodized instrumental resolution (Kauppinen and Partanen 2001)

� e� �
1:207
2L

: (2.17)

The apodized instrumental resolution is given by the FWHM of the convo-
lution 2L sinc (2� e�L ) � B (e� ) . An optimum situation is achieved ifB (e� ) and
2L sinc (2� e�L ) have approximately equal widths (Kauppinen and Partanen
2001), which leads to


 e� 0

2�
�

1:207
2L

: (2.18)

Equation (2.18) can be used to optimize the solid angle 
 of the aperture for
a particular transition wavenumber e� 0 and truncation point L (Kauppinen
and Partanen 2001),e.g. for the largest measurable wavenumbere� 0 = e� max

and the largest truncation point L = dMOPD (Albert et al. 2011b).

2.2.3 Self{apodization

Sometimes one applies additional weighting functions to the signal asa func-
tion of the optical path length in order to remove side lobes to spectral lines
(so called \feet", Greek pous, gen. podos), which can be annoying, if the
instrumental bandwidth is much larger than the line widths. This procedure
is called \apodization" (\removing the feet").

If no additional numerical apodization is applied on the interferogram, the
corresponding spectrum is called self{apodized, because the instrument and
the experimental conditions lead to an intrinsic weighting function for the
signal with increasing path di�erence, due to a variety of e�ects. Throughout
this work only self{apodized spectra are shown, in which all information
about the sample and the spectrometer is preserved, as the resolution is
generally su�ciently high to avoid any necessity for additional numerical
apodization.

2.3 Absorption of radiation

The present chapter is dedicated to the description of e�ects on the absorp-
tion line shape due to physical processes, which occur in the sample cell. The
dominant e�ects can be deduced from classical considerations, which coin-
cide with the classical limit of quantum mechanical calculations when very
simple interacting systems are considered. The following contributions are
dominant in IR spectra (Albert et al. 2011b)
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1. The spectral line shape corresponding to the Doppler e�ect arising from
the thermal Maxwell-Boltzmann distribution of molecular translational
velocities relative to the radiation �eld.

2. The spectral line shape due to the interaction of a radiation �eld with
a molecular object, including spectral shifts due to intramolecular dy-
namics and collisions.

3. The e�ects of radiation on the line shape.

The dominant phenomena will only be discussed as far as line shape e�ects
are concerned, which must be taken into account for this work. Further
phenomena arise, which can lead toe.g. collisional narrowing with increasing
pressure over some spectral ranges (Dicke 1953), line mixing, asymmetric line
shapes and shifted line centers due to Lamb{shift{like e�ects (Low1952).
The resultant transition line shapes can frequently be brought intothe form
of the law of Lambert (1760) and Beer (1852), which is stated herein its
di�erential from

dI (e� )
dl

= � � (e� )I (e� )C : (2.19)

C denotes the number of particles per unit volume andl denotes the absorp-
tion path length. The absorption cross section� (e� ) incorporates all infor-
mation about both the experimental setup and the sample. It is therefore
of particular interest and complexity. The stated form of the Lambert{Beer
law is particularly suitable if the absorption cross section� (e� ) is indepen-
dent of C , for instance in spectra dominated by the Doppler line shape in the
absence of self{collision broadening. These conditions apply to a large ex-
tent to the spectra analyzed in the present work. If collisions are important,
then � (e� ) may not be independent ofC . In such cases frequently the inte-
grated line intensity S or the integrated absorption cross sectionG remain
approximately independent ofC (see Chapter 2.3.4).

2.3.1 Doppler line shape

We consider here the line shape broadening for an isotropic sample, caused
by the thermal distribution of velocities of atoms or molecules (Albert et al.
2011b). Figure 2.4 illustrates the situation. From spatial isotropy follows,
that the observed line shape does not depend on the observation direction
z . Furthermore, the classical limit of the relativistic wavenumber shift, i.e.
the classical Doppler e�ect (Doppler 1842) is given by

e� = e� 0

�
1 +

jvj cos#
c

�
; (2.20)
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sincejvj � c. With this approximation and the Maxwell{Boltzman energy
distribution (Huang 1987) of the translational energyE t , one gets the proba-
bility density � (e� ) to observe a molecule with resonance wavenumbere� when
its resonance at relative rest ise� 0 : a normalized Gaussian, centered ate� 0
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Fig. 2.4: Relative shift of the resonance wavenumbere� 0 by relative motion of the
sample.

and the full width at half maximum � e� D . The Doppler width � e� D is lin-
early dependent on the resonance wavenumbere� 0 and is stated here in its
dimensionless reduced form

� e� D

e� 0
=

r
16hE t i ln (2)

3mc2
=

r
8kT ln (2)

mc2
� 7:16� 10� 7

s
(T=K)
(m=u)

: (2.21)

hE t i = 3kT=2 denotes the mean translational energy,T is the temperature
in Kelvin and m the mass of the molecule in atomic mass units (Cohenet al.
2011). Doppler broadening can be reduced by lowering the temperature. It is
frequently the dominant contribution in HR{FTIR spectroscopy for samples
at low pressure. In the mid{IR and near{IR regions it is also the usual
limiting factor in the e�ective resolution, since Doppler{free techniques (•Unl•u
2011) are not readily applied with FTIR spectroscopy (Albertet al. 2011b),
except by reducing the Doppler widths through combination with molecular
beams, for instance in supersonic jet FTIR spectroscopy (Amreinet al. 1988b,
Quack 1990). The Doppler absorption cross section� D (e� ) is proportional to
the Gaussian probability density � (e� ) of molecular translational velocities
relative to the radiative �eld. Hence

� D (e� ) = � (e� 0) exp

 

�
mc2

2kT

�
e�
e� 0

� 2
!

� � (e� � e� 0) ; (2.22)

where� (e� 0) is the maximum cross section ande� 0 the resonance wavenumber
at this maximum. The convolution (� ) with the Dirac delta function shifts
the Gaussian toe� 0 .

2.3.2 Natural line shape

Based on the quantum theory of the emission and absorption of radiation
(Dirac 1927), the shape of spectral lines was discussed by Weisskopf and
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Wigner (1930a;b) and Weisskopf (1931). In �rst approximation theline
shape for a transition at e� 0 can be derived from a classical motion of a
driven damped oscillator. In an alternative rather general derivation, one
shows, that the exponential decay for spontaneous emission withthe Ein-
stein coe�cient A = k being the rate constant for decay, leads exactly to a
Lorentzian line shape: spectral decomposition (FT) of the exponential decay
in the time domain (Weisskopf and Wigner 1930a) provides

� n(e� ) = � (e� 0)F ((k=4) exp (� kjtj=2)) � F (exp (2�i e� 0ct)) (2.23)

= � (e� 0)
(� e� n=2)2

e� 2 + (� e� n=2)2
� � (e� � e� 0) (2.24)

for the natural absorption cross section� n(e� ) with a convenient relation
betweenk and the full width at half maximum � e� n (Albert et al. 2011b,
Merkt and Quack 2011):

k = 2�c � e� n : (2.25)

� (e� 0) is again the maximum cross section for the resonance wavenumberat
e� 0 . The convolution (� ) with the Dirac delta function (see Equation (2.23)
and (2.24)) shifts the Lorentzian toe� 0 . If exponential decay occurs because of
non{radiative transitions with rate constant k (for instance predissociation)
the same relation applies with the correspondingk . The natural line width
� e� n depends on the rate constant of the respective physical process, while
the Doppler width � e� D is linearly dependent on the resonance wavenumber.
In the IR k rarely exceeds 103 s� 1 for rovibrational spectra, so the natural
line width contribution from spontaneous emission can usually be neglected
in FTIR spectroscopy except when observing electronic transitions in the IR
or visible part of the spectrum (Albert et al. 2011b), or when predissociation
and non{radiative transitions are important (Merkt and Quack 2011).

2.3.3 Collisional broadening

The dominant Lorentzian line shape contribution in the IR usually arises from
bimolecular collisions (Albert et al. 2011b). If the collisions of molecules A
occur with inert gaseous \solvent" molecules or atoms M as collision partner,
the collisional line width is related to a pseudo �rst{order rate constant for
collisions. The exact calculation of the thermally averaged collision cross
sectionh� AM i is highly non{trivial and typical values can range over several
orders of magnitude depending on the collision partners. However,a �rst
estimate for inert collision partners results in a pressure proportional line
width. Thus, at pressures below 1 hPa, collisional broadening can normally
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be neglected, except sometimes for larger and dipolar molecules. Frequently
one can use as a rough estimate

kc =
�

8kT
��

� 1=2

h� AM i [M] (2.26)

for the collision broadening rate constantkc and a Lorentzian line shape
following Equation (2.25). � = mA mM =(mA + mM ) is the reduced mass for
the collision. These relations do not, however, apply exactly in general.

2.3.4 Integrated absorption cross sections and line
strengths

This chapter provides a short summary of the physical quantities used in
the present work to quantify the amount of radiation, which is absorbed
by a transition associated to the wavenumbere� 0 . e� 0 be the center of the
absorption line.

The integrated absorption cross section

G =
Z

R+

� (e� )
e�

de� (2.27)

represents a useful intrinsic property of the transition (Merkt and Quack
2011). Experimentally, one can also determine the line strengthS as the
integral of the spectral intensity over the line pro�le

S =
Z

R+
� (e� )de� : (2.28)

If the line is narrow, the function 1=e� does not vary signi�cantly over the line
pro�le and can be approximated by 1=e� 0 , so that the integrated absorption
cross sectionG � S=e� 0 is proportional to the line strengthS . The integrated
absorption cross sectionG for a transition from a initial state i to a �nal state
f can be related to the dipole transition momentM = hfj� jii for electric
dipole transitions using the practical equation (Quack 1990), including also
the Einstein coe�cient for spontaneous emission,A

G
pm2

� 41:624

�
�
�
�
M
D

�
�
�
�

2

(2.29)

A
s� 1

� 0:016397
� �

THz

� 3
�
�
�
�
M
D

�
�
�
�

2

: (2.30)
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2.4 The ETH Z•urich high{resolution FTIR
setup

The Z•urich prototype (ZP) 2001 spectrometer (IFS 125 HR ZP 2001) is a
newly designed 9{chamber version based on the older Bruker IFS 120 HR
spectrometer. The Bruker IFS 125 series is based on this spectrometer and

a)

a)

b)

b)

b)

c)

c) d) |{z}
e) f)

g)

h)

i)

j)
z}|{

Bruker IFS 125 HR ZP 2001 spectrometer
a) Infrared detector
b) Rotatable mirror
c) Fixed mirror
d) Filter wheel
e) Parallel port to

the cooling system

f) IR light sources
g) Aperture
h) Beam splitter
i) Scanning mirror
j) Parallel port

to a 3 m cell

Fig. 2.5: Scheme of the Bruker IFS 125 HR ZP 2001 spetcrometer.

was developed subsequently2 (Albert et al. 2011b). The ETH Z•urich HR
FTIR spectrometer is combined with an enclosive 
ow cooling cell (Albert
et al. 2007, Bauereckeret al. 2001), which provides a very powerful FTIR
system. In the following we describe the main characteristics of thesetup
as well as the means and methods for the acquisition of the thermodynamic
state variables.

2Recently, a new prototype of the Bruker IFS 125 HR series, the Bruker ETH{SLS
2009 spectrometer prototype (11{chamber system), was developed for the Quack group
and connected to the Swiss synchrotron light source SLS (Albertet al. 2011a;b)
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a)

b)

b)

b)
c)

d)
d)

e)

f)

g)

g)

g)

g)
h)

i)

j)

j)

k)
l)

m)

Bruker IFS 125
HR ZP 2001
spectrometer

Cryogenic cooling system

a) Infrared detector
b) Mirror
c) Evacuated transfer optics
d) KBr window
e) (Multiple) sample gas

pulse inlet
f) Duran glass dewar
g) Heatable White cell mirror
h) Inner cell wall (perforated)
i) Outer cell wall
j) IR{beam
k) Gas outlet (connected

to a pump)
l) Bu�er gas (He) inlet
m) Liquid or gaseous coolant

(He/N 2) container

Fig. 2.6: Scheme of the collisional 
ow cooling system according to Bauerecker
et al. (2001). The cell is connected via an evacuated transfer optics to a parallel
port of the Bruker IFS 125 HR ZP 2001 spetcrometer (Albert et al. 2007).
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2.4.1 Characteristics of the experimental setup

The Z•urich prototype (ZP) 2001 spectrometer (IFS 125 HR ZP 2001) is a
large instrument with a maximum optical path di�erence ofdMOPD = 9:8 m ,
which o�ers a theoretical best resolution corresponding to an instrumen-
tal bandwidth � e� � 0:00062 cm� 1 (see Equation (2.17)). As discussed in
Chapters 2.2 and 2.3, the e�ective instrumental bandwidth is slightlylarger.
Figure 2.7 illustrates the e�ective resolution at room temperature by means
of a CO absorption line at low wavenumber in the far infrared and low sample

e� / cm � 1
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0
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I)
/
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Solid line: CO absorp-
tion line at 295 K with
FWHM � 0:00083 cm� 1

Dotted line: sinc line
pro�le with
� e� = 0:00062 cm� 1

Dashed line: Doppler
line pro�le with
� e� D � 0:00020 cm� 1
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Fig. 2.7: A CO absorption line (solid line) in the far infrared spectral region,
measured with the Bruker IFS 125 HR ZP 2001 spectrometer at highest res-
olution (after Albert et al. (2011b)). The experiment has been performed at
T = 295 K with a sample gas pressurep � 1 hPa and optical absorption path
length l � 0:18 m. The sinc line (dotted line) corresponds to the scaled instrumen-
tal function F (L; e�; 
) = 2 L sinc (2� e�L ) (see Equation (2.14)) as expected for an
ideal instrumentation with a �nite optical path di�erence ( L = 1 :207=(2� e� )) and
a point{like light source (
 ! 0) . The dashed line shows the pure Doppler line
for T = 295 K at 61.4205 cm� 1 .

pressure, where the line shape is usually dominated by the e�ective instru-
mental function. For the recording of cold spectra the IFS 125 HRZP 2001
spectrometer was used in combination with a cryogenic cooling system (see
Figure 2.6 and Albert et al. (2007), Bauereckeret al. (2001). Complex in-
frared spectra can be simpli�ed by cooling the sample gas, as illustrated in
Figure 2.8. Hot bands appear attenuated and complex polyad patterns may
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Fig. 2.8: FTIR spectra of 12CH4 recorded at di�erent temperatures with the IFS
125 HR ZP 2001 spectrometer, combined with the Bauerecker enclosive 
ow cooling
cell (Albert and Quack 2007, Bauereckeret al. 2001). Both spectra are recorded
with similar resolution of approximately 0.003 cm� 1 . Spectrum (a), recorded at
16 K with a path length of 15 m and approximately 0.02 hPa sample gas pressure,
shows few absorption lines in a narrow spectral region whilespectrum (b), recorded
at 80 K with a path length of 2.5 m and approximately 2.8 hPa sample gas pressure,
is broad and dense.
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Fig. 2.9: FTIR spectra of CO recorded at di�erent temperatures (see Albertet al.
(2007) for a detailed description of the experimental details for the recording of the
spectra) . Decadic absorbance as lg(I 0=I ) is shown. The spectra at (a) 80 K and
(b) 50 K show monomer absorption lines. Spectrum (c), recorded at 15 K, shows
monomer absorption lines and a nano{particle peak of CO while spectrum (d),
recorded at 7 K shows only the nano{particle peak of CO. The �gure is reproduced
and modi�ed after Albert et al. (2007) (see also Albertet al. (2011b)).
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be more easily analyzed. The width of rovibrational bands decreasegenerally
with temperature (see Figure 2.9 and Albertet al. (2011b; 2007)). In addi-
tion (see Equation (2.21)), the Doppler width of a single spectral lineof the
molecules narrows with the square root of the temperature, making it pos-
sible to determine transition frequencies with very high accuracy. The high
resolving power of the spectrometer can usually be fully exploited bycool-
ing the sample gas. At the same time, the full advantage of spectraof very
cold molecules becomes apparent only in combination with high{resolution
spectroscopy.

2.4.2 Optical components and light sources

The light sources relevant for the present work are summarized in Table 2.1,
including the spectral regions in which they were employed (see Figure 2.10).
Usually, mercury arc lamps, silicon carbide lamps (globar) or tungsten lamps

Tab. 2.1: Experimental details for spectral regions in the infrared.

Region Source Opt. �lter Electr. �lter � mirror Detector
Fig. 2.10 cm� 1 cm� 1 kHz

A Globar 900-1300 600-1600 40 MCT
B Globar 1200-1800 900-2100 40 MCT
C Globar 1800-2400 1500-2700 40 InSb
D Globar 2100-2900 1800-3200 40 InSb
E Globar 2700-3700 2400-4000 40 InSb
F Tungsten 3300-4300 2800-5600 40 InSb
G Tungsten 4100-5900 2800-7100 40 InSb
H Tungsten 5100-6500 4000-7100 40 InSb
I Tungsten 6100-7800 4000-13800 40 InSb
J Tungsten 7900-9200 4000-13800 40 InSb
K Tungsten 8500-12000 4000-15000 40 Si diode

are used as a light source. Optical and electronic �lters are employed for noise
reduction. Figure 2.10 shows a survey of the normalized background inten-
sities for various optical IR band and IR long pass �lters, which wereused
for the derivation of absorbance spectra. Potassium Bromide (KBr) windows
were used for all experiments presented throughout this work. Due to its high
cuto� absorption below about 250 cm� 1 KBr is an optical �lter, transparent
at higher wavenumbers (De Sousa Meneseset al. 2004). KBr should be pro-
tected from exposure to moisture as it is easily soluble in water, alcohol and
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Fig. 2.10: Normalized decadic absorbance (I 0=I max
0 ) background spectra measured

with the Bruker IFS 125 HR ZP 2001 spectrometer (Albert et al. 2011b; 2007) for
optical IR band and IR long pass �lters in the 1000 - 12000 cm� 1 spectral region
(see Table 2.1 for explanations of the symbols A{K).
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glycerine and slightly soluble in ether. KBr is also hygroscopic and shows
fairly good resistance to mechanical (Favorskya and Zaretsky 2010) and ther-
mal shock. It can be used at temperatures up to approximately 600 K . As
a beam splitter a Silicon coated Calcium 
uoride crystal (Si:CaF2) was used
for the higher wavenumbers (spectra C to K in Figure 2.10) and KBr for
measurements at low wavenumbers (spectra A and B). CaF2 exhibits high
transmission for 2000 cm� 1 < e� < 65000 cm� 1 . It is insoluble in water and
resists most acids and alkalis (RMIT 2010). Its high mechanical strength has
many advantages and makes it also useful for high pressure work and applica-
tions in cryogenically cooled systems. CaF2 usually does not fog. Depending
on the wavenumber region (see Table 2.1) we used a Mercury{Cadmium{
Telluride (MCT), an Indium{Antimonide (InSb), both with liquid nitroge n
cooling, or a Si{diode detector for the recording of the spectra.

2.4.3 Determination of temperature and pressure

For the recording of spectra at low temperatures the ETH Z•urichHR FTIR
spectrometer was used in combination with an enclosive 
ow cooling cell as
described in Bauereckeret al. (2001) and Albert et al. (2007). A scheme of
both the spectrometer (Figure 2.5) and the cell (Figure 2.6) is shown at the
beginning of Chapter 2.4. The cell can be cooled with liquid nitrogen or liq-
uid helium such that spectra can be recorded at temperatures as low as 4 K.
A 3{zone cell heating installation makes it possible to raise the temperature
up to 400 K with an accuracy of approximately� 0:5 K over the whole use-
able range (Bauereckeret al. 2001). A continuous re�ll mechanism for liquid
nitrogen or liquid helium can be employed to avoid varying gas tempera-
tures, which is useful when long acquisition times are needed and thecoolant
evaporates out of the system. For a real temperature determination the in-
tensity and the line shape has to be analyzed. In the enclosive 
ow cooling
mode a temperature gradient may be applied as required for experiments
at thermal non{equilibrium conditions. Such an experiment is presented in
Chapter 4, where the sample (� 293 K) is injected into the cell (� 7 K), lead-
ing to spectra which correspond to an e�ective temperature of approximately
16 and 27 K. Gas temperatures are measured directly with a rhodium-iron
resistor and three chromel-alumel mantle thermocouples placed atthe top,
middle and bottom in the cell. Upon thermal shock the thermocouplesex-
hibit response times in the second regime. The gas pressure in the cell can
be adjusted independently between 0.01 and 3000 hPa . Furthermore, in the
enclosive 
ow cooling mode the 
ow of both the coolant and the sampleinto
the cell can be adjusted independently by two further �ne{control{valves
(Pfei�er EVN 116). According to the manufacturer, the valves are as tight
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as 10� 9 hPa l/s , while the maximum and minimum controllable gas 
ows are
limited to 103 hPa l/s and 5 � 10� 6 hPa l/s , respectively.

2.5 Physical properties of the tetrahedral
methane isotopomers

The physical properties of the tetrahedral methane isotopomers are sum-
marized for the samples, which are relevant for the present work.At stan-
dard conditions for temperature and pressure (STP: 273.15 K, 103 hPa (Nic
et al. 1997)) methane is an essentially colorless and inodorous gas. At
higher concentrations a sweetish, oil{type or chloroform{like odoris no-
ticeable (Lawrence 2006). Malodorous compounds such as methanethiol
(CH3SH) or hydrogen sulphide (H2S) are either added with intent (to warn
with respect to danger of su�ocation and explosion) or are present as com-
panions from natural methane formation. Methane is extremely 
ammable
in air for volume fractions 5 %� � � 15 % and it exhibits a 
ash point3 of
approximately 85 K (A�ens 1966). The minimum auto ignition temperature
measured is 874 K for a� = 7 % mixture of methane and air (Robinson and
Smith 1984). Further properties of tetrahedral methane isotopomers relevant
for the present work are summarized in Table 2.2. Samples of isotopically

Tab. 2.2: Properties of methane isotopomers.

Species, purity and 12CH4 99.0% 13CH4 99.9% 12CD4 99.0%
CAS registry number 74-82-8 6532-48-5 558-20-3

Molecular mass / u 16.0428(13)a 17.034(2)b 20.0671
Density / kg m � 3 0.71746(7)a 0.836
Tvap / K 111.656(1)a 111.70b 112(1)c

Tfus / K 90.67b 90.70b 89.78(1)b

aHigh precision measurements at 1013.25 hPa (Kleinrahmet al. 1988, Klein-
rahm and Wagner 1986, Pieperbecket al. 1991).

bClusius and Popp (1940), Clusius and B•uhler (1954) and Clusius et al. (1960).
cThermochemical data sheet (Auer 1961).

almost pure13CH4 and 12CD4 were purchased from Cambridge Isotope Lab-
oratories. 12CH4 was purchased as isotope mixture in natural abundance

3The minimum temperature at which su�cient vapor is released by a liquid or solid
to form a 
ammable vapor{air mixture at one atmosphere pressure; i.e. the temperature
at which the equilibrium vapor pressure is equivalent to the concentration at the lower

ammability limit (A�ens 1966).
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(about 1 % of 13CH4). The identity of the principal compounds was obvious
from the spectra. Excluding strong signatures of many isotopomers of CO,
CO2 and signatures from H2O inside the spectrometer (seee.g. Chapter
5.2, Figure 5.1), the spectra do not show any obvious indication of chemical
and isotopic impurities. A more detailed investigation shows, however, that
13CH4 is present in the sample of12CH4 (see Figure 2.12 an text in Chapter
2.7.1). Traces of13CD4 were observed in an experimental spectrum of12CD4 .
The comparison of the �rst spectrum listed in Table 2.8 with a spectrum sim-
ulation (Lo•ete 1984, Wengeret al. 2008a) for the dyad region of13CD4 at
80 K showed, that13CD4 is present in our sample with an estimated fraction
p(13CD4) =p(12CD4) < 1 % .

2.6 General spectroscopic properties and
structures for methane

Tetrahedral molecules of the form XY4 exhibit four normal modes of vi-
bration according to the symmetry of the associated normal coordinates
(Herzberg 1945, Tisza 1933). The� 1{mode, a non{degenerate symmetric
XY{stretching vibration (A 1 symmetry), the � 2{mode, a doubly degenerate
XY{bending vibration (E symmetry) and two triply degenerate modes, the
� 3{mode, a XY{stretching vibration (F 2 symmetry) and the� 4{mode, a XY{
bending vibration (F2 symmetry). Table 2.3 provides a survey of the current

Tab. 2.3: Fundamentals for the normal modes of12CH4 , 13CH4 and 12CD4 .

Assignment Term values / cm � 1

12 CH4
13 CH4

12 CD 4

Level �( Td ) eE a (Fit) eE b (Exp.) eE a (Fit) eE b (Exp.) eE a,c (Fit) eE b (Exp.)

� 1 A 1 2916.481145 2915.442036 2101.3824
� 2 E 1533.332635 1533.492779 1091.6516
� 3

� F2 3019.493283 3019.492774 3009.545581 3009.545514 2260.0797 2260.0796
� 4

� F2 1310.761268 1310.761626 1302.780778 1302.780788 997.8711 997.8711

a Calculated term value of the J = 0 rovibrational levels from the �tted e�ective Hamilto-
nian (see Chapter 3.7.4) with respect to the ground state ene rgy of the isotopomer. The
�t for 12 CH4 and 13 CH4 is from Albert et al. (2009) and the present work, respectively.

b Experimental term values, derived from experimentally acc essible P (1) transitions ( �

dipole allowed , F2 symmetry) via addition of the J 00= 1 rotational level of the ground
state of 12 CH4 (10.481636 cm� 1 ), 13 CH4 (10.482132 cm� 1 ) and 12 CD 4 (5.265347 cm� 1),
respectively (see e.g. Chapter 4.4, Figure 4.4). The experimental values of the P (1)
transitions have been observed by Albert et al. (2009) ( 12 CH4 ), Niederer et al. (2008a)
(13 CH4 ), Lo•ete et al. (1983) ( � 4 , 12 CD 4) and Lolck et al. (1985) ( � 3 , 12 CD 4)

c The term value is derived from the XTDS software package (Wen ger et al. 2008a) using
an e�ective Hamiltonian from an unpublished simultaneous � t (1993).
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best values of the fundamentals (the position of thevk = 1 , J = 0 state) for
the normal modes of12CH4 , 13CH4 and 12CD4 including also the results from
the present thesis. The four normal mode frequencies� k , k 2 f 1; : : : ; 4g for
the methane isotopomers satisfy an approximate relation

� 1 � 2� 2 � � 3 � 2� 4 : (2.31)

For the excited overtone and combination states this results in groups of
close{lying vibrational bands, the polyads (see Figure 2.11). Each combina-
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Fig. 2.11: The polyad scheme of methane13CH4 up to 6000 cm� 1 . The vibrational
levels on the left are positioned according to their stretching and bending char-
acter. The Doppler full widths at half maximum � e� T

D in the 0{6500 cm� 1 region
are indicated by straight line diagonals for T = 80 K and T = 298 K. � e� T

D can be
reduced by lowering the temperature (see Equation (2.21) inChapter 2.3.1). The
polyad nomenclature is given on the right, indicating the number of levels and sub-
levels in each polyad. For instance, the 2� 2 overtone (0; 2; 0; 0) within the pentad
(see Equation (2.32) in Chapter 2.6) is triply degenerate and can be decomposed
into a singly degenerate (A1 symmetry) and a doubly degenerate (E symmetry)
vibrational sublevel with orbital angular momentum 0 and 2, respectively (see
Chapter 3.5.1, Figure 3.3 and text).
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tion band (4{tuple of vibrational quantum numbers (v1; v2; v3; v4)t 2 N4) is
assigned to a polyadPn according to the conventional equivalence relation

(v1; v2; v3; v4) 2 Pn , (v1; v2; v3; v4)(2; 1; 2; 1)t = n : (2.32)

The superscriptt denotes transposition. The vector (2; 1; 2; 1)t is referred to
as the polyad structure of methane, which applies similarly to many other
tetrahedral XY4 molecules. In the convention used here, the polyadsPn are
numbered with increasing energy starting withn = 0 for the ground state
monad, n = 1 for the dyad etc. (see Figure 2.11 and Albertet al. (2009)).
The Greek pre�x indicates the number of levels in the polyad. Forn > 0
the number (n + 1) gives the number of levels with pure bending character
and (n=2 + 1) for even n the number of levels with pure stretching character.
Alternative nomenclatures in the literature use the polyad quantumnumber
N = n=2 (Lewerenz and Quack 1988) according to the polyad structure
(1; 1=2; 1; 1=2)t . Figure 2.11 shows a survey of the polyad energy level scheme
for 13CH4 including the nomenclature used in the present study. The polyad
scheme applies similarly to many tetrahedral XY4 molecules, whereas the
scale of the ordinate depends on explicit species X and Y. Table 2.4 liststhe
polyads, as applicable for13CH4 , where the overlap of polyads becomes very
signi�cant above 12000 cm� 1 .

Tab. 2.4: The vibrational polyads of methane.

Polyad nomenclature Rangea / Levels Sublevels IR{active

Pn Greek pre�x & ad cm� 1

P0 Monad 0 1 1 0
P1 Dyad 1300{1500 2 2 1
P2 Pentad 2600{3100 5 9 3
P3 Octad 3900{4600 8 24 8
P4 Tetradecad 5200{6200 14 60 20
P5 Icosad 6500{7700 20 134 43
P6 Triacontad 7800{9300 30 280 90
P7 Tetracontad 9100{10800 40 538 169
P8 Pentacontakaipentad 10400{12300 55 996 313
aThe spectral range applies here for13CH4 . For 12CH4 and 12CD4 the lower
(n � eE (� 4)) and the upper (n � eE (� 2)) limits of the polyad Pn can be estimated
from the term values of the fundamentals as summarized in Table 2.3.
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2.7 Overview of the experimental spectra

New infrared data of the methane samples (see Chapter 2.5) are listed in-
cluding the experimental conditions for each recording. Most of the CH4

spectra presented in this work were taken at approximately 80 K, afew at
room temperature. Optical absorption path lengths range from 2.5 to 20.0 m .
The sample pressuresp of the mixtures of CH4 and helium ranged from 10
to 1500 Pa with p(CH4)=p � 0:1 . Pressure broadening can be neglected
under most of these conditions. For measuring strong absorptionlines with-
out saturation the sample cell was partially pumped out. All spectraare
self{apodized and recorded with instrumental line widths below the Doppler
widths. The new spectra for12CH4 and 13CH4 cover almost the whole in-
frared range from 900 up to 12000 cm� 1 .

2.7.1 Spectra of methane 12CH 4

New spectra of methane12CH4 were recorded for samples of the natural
isotope mixture of CH4 , in which 12CH4 is the most abundant isotopomer
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Fig. 2.12: Top frame: High resolution FTIR spectrum of CH4 in natural abundance
(200 averaged scans). Lower frame: High resolution FTIR spectrum of 13CH4 (90
averaged scans). Decadic absorbance as lg(I 0=I ) is shown. Both spectra of a
mixture of methane and helium were recorded at 80 K with an optical absorption
path length l = 5 m. The total pressures p of a mixture of methane and helium
(p(CH4)=p � 0:1) are p � 0:1 hPa (CH4, see Table 2.5) andp � 7 hPa (13CH4,
see Table 2.7). The sample cell was partially pumped out for measuring strong
absorption lines without saturation. The �gures illustrat e the absorption region
for the � 4 fundamental bending mode at 1310.7616(1) cm� 1 (12CH4, Albert et al.
(2009)) and 1302.7808(1) cm� 1 (13CH4, this work). 13CH4 is well observed in the
spectrum of CH4 (top frame) with approximately 1% natural abundance.
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with a ratio of p(12CH4)=p(CH4) � 0:99 . Figure 2.12 illustrates a spectrum of
CH4 in natural isotope abundance in the spectral region of the� 4 fundamental
bending mode as well as the corresponding region for a high purity sample
of 13CH4 . The measurement parameters for these spectra are summarized
in Table 2.5 (12CH4) and Table 2.7 (13CH4). The second most abundant

Tab. 2.5: Experimental details for the sample spectra of12CH4 at 80 K .

pa / T / db / � e� c
e� / ld / Scans Range / Date

hPa K mm cm� 1 m cm� 1

6.1 80 1.0 0.0011 10.0 130 900{1300 18.03.10e

0.1 80 1.0 0.0020 5.0 240 1200{1800 26.03.10
0.1� 80 1.0 0.0020 5.0 200 1200{1800 26.03.10f

8.0 80 1.2 0.0018 5.0 270 1200{1800 12.07.10e

6.0y 80 0.8 0.0013 5.0 140 1800{2400 15.07.10e

6.0 80 0.8 0.0015 5.0 200 2200{2900 21.07.10e

2.8 80 1.0 0.0030 2.5 100 2700{3500 17.03.04e

4.1 80 1.0 0.0030 5.0 120 3400{4500 10.10.04e

5.0 80 1.0 0.0047 10.0 120 4200{5400 19.03.04e

5.0 80 1.0 0.0047 10.0 200 5100{6500 18.03.04
5.0� 80 1.0 0.0047 10.0 140 5100{6500 18.03.04e

5.5 80 0.8 0.0050 17.5 160 6200{8000 31.03.04e

10.0 80 1.2 0.0050 10.0 600 8200{9000 26.03.09
10.0 80 1.2 0.0050 10.0 800 8200{9000 31.03.09e

10.0 80 1.2 0.0050 10.0 1100 8600{12000 01.04.09e

aPressurep of a mixture of methane and helium (y methane, He and
CO) where p(CH4)=p � 0:1 . The asterisk � denotes experiments, in
which the sample cell was partially pumped out.

bDiameter d of the circular aperture.
cE�ective instrumental resolution � e� e� = 0 :9=L.
dOptical path length l in the multire
exion cell.
eThe spectrum is illustrated in Figure 2.13.
f The spectrum is illustrated in Figure 2.12.

methane isotopomer13CH4 is well observed with approximately 1 % natural
abundance in the spectrum of the natural isotope mixture. On theother
hand, no 12CH4 absorptions can be identi�ed in the13CH4 spectrum under
the conditions shown, indicating, that the mole fraction of12CH4 in this
sample is below 0.1 % .

The spectra listed here were recorded at approximately 80 K , as most
of the spectra used in this work. Figure 2.13 provides a survey of12CH4



30 2. Experimental
lg

(I
0
=

I) (14) (2.1) (40) (1.35)

0
0

1 2 3

P1 Dyad
2 levels
2 sublevels

P2 Pentad
5 levels
9 sublevels

H2O

lg
(I

0
=

I) (4) (1) (5)(5)

0
3 4 5 6

P3 Octad
8 levels
24 sublevels

P4 Tetradecad
14 levels
60 sublevels

H2O

lg
(I

0
=

I) (2.52) (0.71)

0
6 7 8 9

P5 Icosad
20 levels
134 sublevels

P6 Triacontad
30 levels
280 sublevels

e� / 103 cm� 1

lg
(I

0
=

I) (1.2)

0
9 10 11 12

P7 Tetracontad
40 levels
538 sublevels

P8 Pentacontakaipentad
55 levels
996 sublevels

Fig. 2.13: High resolution FTIR spectra of 12CH4 recorded at approximately 80 K,
covering the range 900 to 12000 cm� 1 . The parts of the �gures correspond to the
spectra in Table 2.5 which are marked with the superscripte . The number in
parentheses gives lg(I 0=I max ) = Amax

10 for the abscissa for the section (white/gray
background) of the spectrum shown.
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absorption spectra covering essentially the whole infrared range from 900
to 12000 cm� 1 . Absorption path lengths range from approximately 2.5 to
17.5 m . Partial pressures of methane range from 10 to 1000 Pa . Spectra
with low sample pressures are recorded for measuring strong absorption lines
without saturation. High sample pressures make it possible to detect weak
absorption lines. Pressure broadening can, however, usually be neglected
under these conditions, since the transition line shapes are dominated by
the Doppler line shape (see Chapter 2.3). All spectra are self{apodized and
recorded with instrumental line widths below the Doppler widths.

2.7.2 Spectra of methane 13CH 4

New spectra of methane13CH4 were obtained at room temperature and liquid
nitrogen temperature at approximately 80 K. The measurement parameters
for the room temperature spectra are summarized in Table 2.6. Absorption

Tab. 2.6: Experimental details for the sample spectra of13CH4 at 293 K .

pa / T / db / � e� c
e� / ld / Scans Range / Date No.f

hPa K mm cm� 1 m cm� 1

1.0 293 1.0 0.0015 10.0 400 1200{1800 04.11.08e

0.5 293 1.0 0.0015 10.0 100 1200{1800 06.11.08
2.0 293 0.8 0.0015 20.0 150 1800{2400 13.07.06 1
5.0 293 1.0 0.0015 20.0 120 1800{2400 24.08.06e 2

15.0 293 0.8 0.0015 10.0 120 2200{3000 14.09.06e 3
0.1 293 0.8 0.0027 10.0 200 2700{3700 21.09.06e 6
1.7 293 0.8 0.0027 10.0 160 2700{3700 20.09.06 7

11.0 293 0.8 0.0027 10.0 160 2700{3700 19.09.06 8

aPressurep of methane in the multire
exion cell.
bDiameter d of the circular aperture.
cE�ective instrumental resolution � e� e� = 0 :9=L.
dOptical path length l in the multire
exion cell.
eThe spectrum is illustrated in Figure 2.14.
f The spectrum ID number (see Table E.5 in Appendix E).

path lengths range from 10 to 20 m with sample pressures ranging from 10
to 1500 Pa . Six measurements in the 1800{3700 cm� 1 spectral region are
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used for the global analysis of the pentad in Chapter 5. The spectra cover
the spectral region of the dyad (P1  P0) , which includes theP2  P1 hot
bands, and the pentad (P2  P0) . A survey of selected spectra covering
the spectral region up to the pentad at room temperature is illustrated in
Figure 2.14. The cold spectra cover essentially the whole infrared range from
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Fig. 2.14: High resolution FTIR spectra of 13CH4 recorded at approximately 298 K,
covering the pentad and the octad. The dyad is partially covered (see Table 2.4).
The parts of the �gures correspond to the spectra in Table 2.6which are marked
with the superscript e . The number in parentheses gives lg(I 0=I max ) = Amax

10 for
the abscissa for the section (white/gray background) of thespectrum shown.

900 up to 12000 cm� 1 . The measurement parameters for these spectra are
summarized in Table 2.7. Absorption path lengths range from 5 to 10 mwith
total pressures ranging from 60 to 1000 Pa . For the cold spectrathe sample
pressure is a mixture of13CH4 and helium (and CO in a few cases). Two
measurements at approximately 80 K in the 2700{3700 cm� 1 spectral region
are used for the global analysis of the pentad (P2  P0) in Chapter 5. Three
measurements in the 3300{6000 cm� 1 spectral region could be used for the
analysis of13CH4 in its octad region (P3  P0) . Figure 2.15 illustrates the
polyad pattern for 13CH4 as observed in the experiments at 80 K. Strong
signatures of allowed transitions in the infrared are well separatedaccording
to the polyad structure of 13CH4 . For both room temperature and cold
spectra low sample pressures are used for measuring strong absorption lines
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without saturation. High sample pressures make it possible to detect weak
absorption lines. Pressure broadening can, however, usually be neglected
under these conditions, since the transition line shapes are dominated by
the Doppler line shape (see Chapter 2.3). All spectra are self{apodized and
recorded with instrumental line widths below the Doppler widths.

Tab. 2.7: Experimental details for the sample spectra of13CH4 at 80 K .

pa / T / db / � e� c
e� / ld / Scans Range / Date No.

hPa K mm cm� 1 m cm� 1

9.1 80 1.0 0.0010 10.0 160 900-1300 19.03.10e

7.0 80 1.0 0.0020 10.0 200 1100-1800 25.03.10e

7.0� 80 1.0 0.0020 5.0 90 1100-1800 25.03.10f

6.0 80 1.2 0.0018 5.0 165 1100-1800 10.07.10
5.0y 80 0.8 0.0013 5.0 200 1800-2300 18.07.10e

5.0 80 0.8 0.0015 5.0 210 2300-3000 20.07.10e

5.0� 80 1.0 0.0027 10.0 100 2700-3700 10.11.05e 4g

5.0 80 1.0 0.0027 10.0 120 2700-3700 10.11.05 5g

4.3 80 1.0 0.0047 10.0 150 3300-4400 12.11.05e 9h

4.9� 80 1.0 0.0047 10.0 100 4000-6000 16.11.05e 10h

4.9 80 1.0 0.0047 10.0 200 4000-6000 15.11.05 11h

8.5 80 1.0 0.0047 10.0 200 5200-6400 16.11.05e

0.6 80 0.8 0.0050 10.0 100 6200-7700 18.03.09e

7.0 80 0.8 0.0050 10.0 250 6200-7700 18.03.09
10.0 80 1.2 0.0100 10.0 800 8200-9000 26.03.09e

10.0 80 1.2 0.0100 10.0 1000 8600-12000 03.04.09e

aPressurep of a mixture of methane and helium (y methane, He and CO)
where p(CH4)=p � 0:1 . The asterisk � denotes experiments, in which the
sample cell was partially pumped out.

bDiameter d of the circular aperture.
cE�ective instrumental resolution � e� e� = 0 :9=L.
dOptical path length l in the multire
exion cell.
eThe spectrum is illustrated in Figure 2.15.
f The spectrum is illustrated in Figure 2.12.
gThe spectrum ID number (see Table E.5 in Appendix E).
hThe spectrum ID number (see Table E.6 in Appendix E).
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Fig. 2.15: High resolution FTIR spectra of 13CH4 recorded at approximately 80 K,
covering the range 900 to 12000 cm� 1 . The parts of the �gures correspond to the
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2.7.3 Spectra of methane 12CD 4

New spectra of methane12CD4 were taken at approximately 80 K in the
900{1300 cm� 1 and the 1800{6400 cm� 1 spectral region. The measurement
parameters for the spectra are summarized in Table 2.8. Absorption path
lengths range from 5 to 15 m . The sample pressures of a mixture of12CD4

and helium range from 10 to 1000 Pa . Spectra with low sample pressures
are recorded for measuring strong absorption lines without saturation. High

Tab. 2.8: Experimental details for the sample spectra of12CD4 at 80 K .

pa / T / db / � e� c
e� / ld / Scans Range / Date

hPa K mm cm� 1 m cm� 1

0.7 80 1.0 0.0010 15.0 100 900-1300 06.03.08
0.1� 80 1.0 0.0010 15.0 40 900-1300 06.03.08e

0.1� 80 1.0 0.0010 15.0 40 900-1300 06.03.08
0.5 80 1.2 0.0015 15.0 300 1800-2400 12.03.08
0.1� 80 1.2 0.0015 15.0 40 1800-2400 13.03.08e

5.0 80 1.0 0.0027 5.0 120 2700-3800 08.11.05
5.0� 80 1.0 0.0027 5.0 80 2700-3800 09.11.05e

6.8 80 1.0 0.0047 10.0 150 3200-4500 13.11.05e

8.0 80 1.0 0.0047 10.0 200 4000-6000 14.11.05e

8.5 80 1.0 0.0047 10.0 200 5200-6400 17.11.05e

aPressurep of a mixture of methane and helium (y methane, He and
CO) where p(CH4)=p � 0:1 . The asterisk � denotes experiments, in
which the sample cell was partially pumped out.

bDiameter d of the circular aperture.
cE�ective instrumental resolution � e� e� = 0 :9=L.
dOptical path length l in the multire
exion cell.
eThe spectrum is illustrated in Figure 2.16.

sample pressures make it possible to detect weak absorption lines. Pressure
broadening can, however, be neglected under these conditions, since the tran-
sition line shapes are dominated by the Doppler line shape (see Chapter 2.3).
All spectra are self{apodized and recorded with instrumental line widths be-
low the Doppler widths. Figure 2.16 shows a survey of the spectra. For the
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analysis of the pentad of12CD4 further measurements are needed for covering
the spectral region from 1200 up to 1800 cm� 1 .

lg
(I

0
=

I) (3.5) (8)

0
0

1 2 3

P1 Dyad
2 levels
2 sublevels

P2 Pentad
5 levels
9 sublevels

e� / 103 cm� 1

lg
(I

0
=

I) (1)(1)(1) (2)

0
3 4 5 6

P3 Octad
8 levels
24 sublevels

P4 Tetradecad
14 levels
60 sublevels

P5 Icosad
20 levels
134 sublevels

H2O

Fig. 2.16: High resolution FTIR spectra of 12CD4 recorded at approximately 80 K,
covering the infrared up to 6000 cm� 1 . The parts of the �gures correspond to the
spectra in Table 2.8 which are marked with the superscripte . The number in
parentheses gives lg(I 0=I max ) = Amax

10 for the abscissa for the section (white/gray
background) of the spectrum shown.
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Chapter 3

Theory

The �rst part of this chapter is dedicated to a concise de�nition of the funda-
mental principles and equations of quantum mechanics. The general struc-
ture of quantum mechanical problems is stated for the non{relativistic theory
using set theoretical expressions (Robinson 2003). The second part is dedi-
cated to the labelling of molecular rovibrational wavefunctions and the use
of fundamental physical symmetries in this context. The problem istreated
in a general way and the labels of rovibrational levels are connectedto parity
and the Pauli exclusion principle, which leads to a consistent and unam-
biguous labelling scheme. Molecules of the form XY4 are considered as an
example. In the third part the Dijon algebraic approach is introduced, a ten-
sorial approach in terms of creation and annihilation operators. New insights
are provided illustrating the power of the approach for a general treatment
of arbitrary interaction phenomena. The terms and the notation used in
this context are described and tetrahedral molecules of the formXY 4 are
considered as an example.

3.1 The mathematical foundations of quan-
tum mechanics

Quantum theory is by no means a contradiction to classical theories, it rather
o�ers re�ned models for the explanation of properties, which classical models
cannot predict. In a sense, classical mechanics can be consideredas a limiting
case of quantum mechanics (QM). According to all we know today, nature
is very well described by quantum mechanics. The appropriate extensions
to relativistic quantum theory and quantum electrodynamics have been con-
�rmed many times and no unexplained property has been found by now | at
least none, from which it is accepted that it cannot be described within the
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realm of this theory. Despite the fact that the framework of quantum the-
ory is an entirely mathematical subject, the typical policy is to use as little
mathematics as possible. Throughout this chapter this attitude is inverted,
since the results from this theory are often highly counterintuitive, without
\sensible" physical interpretation and their link to the physical world, at
best, opaque (Vailati 2009).

Within the realm of the non{relativistic theory, the physics of a system
� is given by the time dependent Schr•odinger equation

(H � � i~@t ) 	 = 0 ; (3.1)

where H � is the Hamiltonian, h = 2� ~ is Planck's constant and@t = @=@t
denotes the partial derivative in time. The solutions of the Schr•odinger
equation are the wavefunctions 	 . Henceforth, we consider � as an isolated
system and assume thatH � does not depend on time such that the separation
Ansatz in t provides two equations, which can be solved separately. The
solution of the time dependent part is a plane wave with frequency� = E=h .
The solution of the second part, the stationary Schr•odinger equation

(H � � E)  = 0 ; (3.2)

provides the wavefunctions and their energy levelsE . For an accurate
many particle model of a physical system the complexity of the stationary
Schr•odinger equation is, however, far beyond what nowadays can be solved
numerically, even by the most powerful computers. Therefore, many approxi-
mations sometimes based on intuition and empiricism, including the classical
limit of quantum theory, must be made. This leads to both the various�elds
in physical sciences and all the more a large variety of theoretical models.
Although the historical sequence of the developments does not follow this
scheme, physics today splits into decoupled �elds according to the scale of
energy, time or length, in which \things" occur and little is known about the
interaction of physical phenomena which appear on di�erent energy, time or
length scales. A few models exist in which for instance electroweak interac-
tions are taken into account (Bakasovet al. 1998, Berger and Quack 2000,
Bouchiat and Bouchiat 1974, Crassouset al. 2005, Letokhov 1975, Quack
1986; 1989; 2011, Quacket al. 2008). Non{relativistic quantum theories are
usually in agreement with the following postulates (Scholtzet al. 1992).

A 1 Each physical system � with f � classical degrees of freedom is associ-
ated with a Hermitian (self{adjoint) Hamiltonian operator H � , whose
solutions  form a separable complex valued Hilbert spaceH � with
the absolute of the standardL2{probability measure k k = jh j ij :

H � =
�

 : Rf � ! C ; H �  = E ^ H � = H �
�

	
; (3.3)
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where^ denotes the logic conjunction andH �
� is the complex conjugate

transpose ofH � (adjoint of H � ). H � is a countable �nite or countable
in�nite dimensional vector space.

A 2 Physical observables are densely de�ned Hermitian operatorsO in the
vector space of bound linear transformationsL (H � ) of H � . In symbols,
physical observables are Hermitian operators in

L (H � ) =
�

O : H � ! H � ; sup
 2H �

kO k < 1
�

: (3.4)

For a physical system in the state , the expectation value of an ob-
servableO is de�ned by kO k = jh jOj ij .

A 3 The Hilbert space of a composite system � =[ i 2 I � i ([ denotes the
union of sets and �i is a component of �) is associated with the tensor
product of the Hilbert spaces of the componentsH � i :

H � =
O

i 2 I

H � i ; (3.5)

whereI � N is a countable and �nite set of indices.

A 4 The wavefunctions must be even (odd) with respect to odd permu-
tations of identical bosons (fermions) (Pauli 1940).

A 5 Physical symmetries � in L (H � ) , leaving the probability measurejh' j ij
on H � invariant, act in a unitary or antiunitary way on H � (Lomont
and Mendelson 1963, Moln�ar 1998, Wigner 1931). In symbols:

jh� ' j�  ij = jh' j ij ) �  = f ( )U ; (3.6)

where U is an either unitary or antiunitary operator and f ( ) is a
phase{function with values on the unit sphere inC .

Today, simple quantum theories which have been experimentally con�rmed
probably remain undisputed if and only if the theory follows these rules and
is at least invariant with respect to the fundamental symmetries. That is, if
the Hamiltonian is invariant (Noether 1918) with respect to

A 5.1 Lorentz transformations (the position, any translation and any rotation
in space as well as translation in time)

A 5.2 reversal of charge, space and time (in the sense of the operations C ,
P and T , see Quack (2011))
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A 5.3 any permutation of indistinguishable particles

This set of physical symmetries forms a continuous group. The discrete
groupG of symmetry transformations which commute with the Hamiltonian,
excluding operations which correspond to a change in reference frames, are
particularly relevant for the next chapters.

In axiom A 5 it is stated, that any representation � of physical symmetries
g 2 G is either unitary or antiunitary (Wigner 1931). This means (Wigner
1960)

h� ' j�  i =
�

h' j i if � is unitary
h' j i � = h j' i if � is antiunitary,

(3.7)

where h' j i denotes the standardL2{probability measure and the asterisk
denotes complex conjugation. Hence, �2 is unitary such that in a simultane-
ous eigenbasis represented by 

�  = �  if � is unitary
� 2 = �  if � is antiunitary.

(3.8)

The eigenvalues of the energy levels with respect to a symmetry operation
� are thus f� 1g and f� 1; � ig if � is unitary and antiunitary, respectively.
However, the energy levels are not necessarily degenerate such that for each
level only a single eigenvalue is realized. Inversion doubling (see Chapter
3.3 for the unitary parity symmetry operation) and Kramers degeneracy
(Kramers 1930) (see Chapter 3.5.2 for the antiunitary time reversal sym-
metry operation) may be mentioned as examples, in which more than one
eigenvalue is realized and each corresponds to a linearly independentsolution
of the stationary Schr•odinger equation.

3.2 The quantum mechanics of molecular
systems

In molecular physics, chemical physics, physical chemistry or any other syn-
onymous research �eld, the physical systems of interest are composites of
electrons and nuclei,i.e. atoms and molecules. Despite the fact that nuclei
are composites of numerous elementary particles of di�erent kind,on the
molecular level, nuclei are most often regarded as single, point{like particles
with overall physical properties, mass, charge and \spin", wherenuclear spin
in reality has a contribution from orbital angular momentum of the nucle-
ons. Within the realm of this approximation molecular systems are usually
described by the electromagnetic interactions. A few models exist,how-
ever, in which the electroweak interactions between elementary particles are
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taken into account (Bakasovet al. 1998, Berger and Quack 2000, Bouchiat
and Bouchiat 1974, Crassouset al. 2005, Letokhov 1975, Quack 1986; 1989;
2011, Quacket al. 2008). The mass ratio electron=proton at relative rest
me=mp � 1=1836 (Cohenet al. 2011) gives then rise to an approximate sep-
aration of the Hamiltonian. In agreement with the scale of energy, time or
length, approximative theories for the description of the molecularmotion
are by the majority separated into the motion of the electrons andthe mo-
tion of the nuclei; i.e. the Born{Oppenheimer (BO) approximation (Born
and Oppenheimer 1927) applies and it is often su�ciently accurate for a pre-
cise description of the experimental observations, in particular if the system
is highly symmetric. Let H � be the Hamiltonian of a set � of N =

P
i 2 I N i

nuclei with jI j subsets � i of N i indistinguishable nuclei i , aggregated to
form a molecule. Suppose this molecule is placed for all times in the origin
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Fig. 3.1: Oriented spatial reference systemx for the Hamiltonian H � , and Lorentz
transformed reference systemx0, moving and rotating relative to x .

of a three dimensional oriented spacex such that Lorentz transformations
x 7! x0 might, at most, add translational and rotational energy to the total
energy of the molecule. The total energy of the molecule depends thus only
on the internal, vibrational (v as an index) and rotational (r as an index)
motion, relative to x , and the nuclear spin (s as an index), since the physical
symmetries, charge{ (C), parity{ ( P), time{reversal (T) and any combina-
tion of these are assumed here to be applicable. The Hamiltonian may thus
be written approximately as a sum, where the summands describe physical
properties and their interactions:

H � = Hv + H r + Hs + Hvr + Hvs + H rs + H rvs : (3.9)

Hvr , for example, acts exclusively on its underlying Hilbert spaceH v 
 H r

while H � (in agreement with axiom A 3) acts on the entire product space

H � = H v 
 H r 
 H s : (3.10)
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Even if on the energy scale of molecular motion the contributions of the
nuclear spins and its interactions with the motion of the molecule wereto
be neglected,i.e. the resolving power of the experimental setup were not
su�cient for the detection of such e�ects, nuclear spins must be taken into
account. The total wavefunction  n must respect the generalized Pauli{
principle and nuclear spin appears in terms of degenerate wavefunctions, i.e.
nuclear spin statistical weights (see Chapter 3.5.3). If interactions of the
nuclear spin with other physical properties can be neglected it is usually
su�cient to construct a Hamiltonian H � , which acts only on the Hilbert
spaceH v 
 H r of Pauli{allowed rovibrational wavefunctions, a term to be
justi�ed in the following chapter.

3.3 The discrete invariance group G of the
molecular Hamiltonian

Within the realm of a non{relativistic quantum theory, in which neither
charge{, parity{ nor time{reversal symmetry C , P and T are violated, the
symmetry groupG of the approximative BO{Hamiltonian H � for the motion
of the nuclei is given by the product

S� 
 h Ci 
 h Pi 
 h Ti � G : (3.11)

S� is the complete nuclear permutation group (CNP) of the molecule �,
which is composed ofN =

P
i 2 I N i nuclei with jI j subsets ofN i indistin-

guishable nucleii . Hence

S� =
O

i 2 I

SN i < G ; (3.12)

as required from axioms A 5.3.hCi , hPi and hTi are cyclic groups, gen-
erated by the charge{, parity{ and time{reversal operatorsC , P and T ,
respectively. hCi , for instance, denotes the set of all powers ofC . The prod-
uct in Equation (3.11) does not necessarily need to be a group (Robinson
2003), but it can be extended to form a group. This group can be used for
a unique labelling of both the levels and the wavefunctions. The groupcan,
however, be very large, in particular for larger molecules,i.e. composites
of several sets of identical nuclei. Longuet-Higgins (1963) suggested to omit
symmetry transformationsg 2 G , which are \not feasible" in the sense of
leading to spectroscopically resolvable e�ects. Throughout this work we use
the complete nuclear permutation{inversion (CNPI) groupS�

� as it allows
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one to label levels according to parity. The CNPI{group is de�ned asthe
product of S� and hPi

S�
� = S� 
 h Pi < G ; (3.13)

where the parity operatorP inverts the reference systemP : x ! � x and,
as shown in Figure 3.2 (a), acts as an inversion on the classical phasespace,
inverting the con�guration q 7! � q and the momentap 7! � p of the com-
posites of the molecule. Neither angular momentum nor spin operators are
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Fig. 3.2: (a) The action of the parity P and time-reversal operatorT on the particle
positionsq and momentap in the xt -plane, where R (rectus) and S (sinister ) denote
the right and left{handed reference framex, respectively. (b) Harmonic potential
energy surface and the separate eigenfunctions of the vibrational ground state
(solid lines) over the R and Sxt -plane. Dashedand solid lines show the double
well potential and the eigenfunctions when inversion is feasible and the splitting
in energy due to a relatively small barrier height can be observed.

a�ected by the action of P sinceq � p is bilinear and spin obeys the same
commutation relations as angular momentum. This de�nition of the action
of P alters the orientation of a left{handed (superscript S forsinister) to a
right{handed (superscript R for rectus) reference system orvice versa. The
stationary Schr•odinger equation provides a linearly independent solution for
each quadrant of thext {plane, see Figure 3.2 (b) (solid lines), since parity
and time{reversal symmetries are not violated by assumption in thepresent
thesis. The energy levels (as far as parity is concerned and as the Pauli
principle is not yet taken into account) are therefore doubly degenerate if
the barrier for inversion is in�nitely high. The Hamiltonian describes both
orientations simultaneously and the solution of the stationary Schr•odinger
equation provides both a simultaneous vibrational eigenfunction S

v of P
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and H � , which corresponds to left{handed orientation and a simultaneous
vibrational eigenfunction  R

v , which corresponds to a right{handed orienta-
tion. Since neither angular momentum nor spin are a�ected by an altered
orientation, it is only the vibrational wavefunction which appears tobe am-
bidextrous. According to Hund (1927) the vibrational wavefunction can be
made to be an equal superposition wavefunction of R

v and  S
v

 v =
�

( R
v +  S

v )=
p

2
( R

v �  S
v )=

p
2;

(3.14)

which is then of well de�ned parity; hence,P  n = �  n as required accord-
ing to Equation (3.8). The CNP{group S� acts similarly on the complete
N {particle wavefunction  n . Due to the generalized Pauli{principle per-
mutations � 2 S� act symmetrically or antisymmetrically on  n ; � acts
antisymmetric, i.e. � acts odd on n , if and only if � permutes an even
number of nuclei in an odd number of subsets of identical fermions �i of the
molecule � . In symbols:

� n =
�

+  n if � 2 S� is even
�  n if � 2 S� is odd.

(3.15)

In the case, in which an inversion is physically feasible, see Figure 3.2 (b)
(solid and dashed lines), the degenerate levels are split in energy and the
levels are doubled. Inversion doubling has been calculated and resolved in ex-
periments for various molecules (Fehrensenet al. 1999; 2007; 2003). However,
for methane is has been shown that the barrier to inversion is very close in en-
ergy to the dissociation energy on the order of 400 kJ/mol� 1 (Marquardt and
Quack 1998; 2004, Pepperet al. 1995) thus guaranteeing the \high barrier"
limit for the spectroscopic observations to be discussed in the present thesis.
Furthermore, the CNPI{group for methane is relatively simple and can thus
be used directly for discussing the spectroscopic levels without necessity for
simpli�cation. However, the order jS�

� j of the CNPI{group increases quickly
when molecules with increasingly large sets of indistinguishable nuclei are
considered

jS�
� j =

jhPijj S� j
jhPi \ S� j

= 2
Y

i 2 I

N i ! (3.16)

and it might be desirable to reduce the number of labels if inversion doubling
remains unresolved. In such a case, the molecular symmetry (MS) group, i.e.
the restriction of S�

� to physically feasible (Bunker and Jensen 2006, Longuet-
Higgins 1963) symmetry operations can be used as an alternative, which is,
however, connected with a loss of information. As a rule, the symmetry
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group should be as complete as possible and the table of charactersshould
be stated in each work, including the connection between the labels of the
classical point symmetry group and the CNPI{group. Table 3.1 in Chapter
3.5 is an example. Throughout this work this table is used for the labelling
of methane rovibrational levels.

3.4 Labelling of molecular wavefunctions

Starting out from a zero interaction HamiltonianHv + H r + Hs for a molecule
in a well de�ned electronic state, for instance the electronic ground state,
which we assume here to be totally symmetric as in the case of CH4 , the total
wavefunction of nuclear motion n may be fully separated into a vibrational
( v), a rotational ( r) and a nuclear spin wavefunction ( s), such that

 n =  v  r  s 2 H v 
 H r 
 H s : (3.17)

The symmetry group G , represented by � , acts then separately on each
factor (Hein 1990) and the irreducible representations ofG can be used for the
labelling. The set of irreducible representations ofG is complete, orthogonal
and normalized with respect to the scalar product

(� i ; � j ) =
1

jGj

X

g2 G

� i � j = � ij ; (3.18)

where jGj is the order ofG , � i (� j ) is the character of thei {th ( j {th) irre-
ducible representation �i (� j ) in g and � ij is Kroneckers delta. The decom-
position of � is obtained from the Gram-Schmidt orthogonalization process

� =
CM

k=1

(� ; � k)� k ; (3.19)

where C is the number of classes ofG and � k is its k{th irreducible rep-
resentation. This o�ers a unique labelling scheme. The symmetry species
of the rovibrational wavefunction is given by the (symmetric and associa-
tive) product � v 
 � r , which must be decomposed according to Equation
(3.19). These are Pauli{allowed species �rv if the species of the complete
wavefunction � rv 
 � s contains the Pauli{allowed species �p . In symbols:

� rv = f � r 
 � v ; � r 
 � v 
 � s � � pg : (3.20)

The Pauli{allowed species can be deduced from the table of characters of
the group G (or the isomorphic permutation group (Cayley 1854, Robin-
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son 2003)) using the Pauli{exclusion{principle (Pauli 1940) in its group{
theoretical form:

� p =
�

� l ; sign(� l ) =
�

+1 for bosons
� 1 for fermions

�
: (3.21)

� l denotes the character of the irreducible representation �l in the class of
odd permutations of G (excluding the class of odd permutations in which
inversion is involved). This procedure is applied to tetrahedral molecules,
which exhibit a chemical formula of the form XY4 in the following chapter.

3.5 The labelling of rovibrational levels of
tetrahedral XY 4 molecules

The labelling of rovibrational levels for tetrahedral molecules of theform XY 4

is considered where the Y nuclei carry an arbitrary spinI Y . The CNPI{group
S�

4 is used,i.e. the product of the permutation{group S4 < S 1 
 S4 and the
inversion group hPi . Its characters are summarized in Table 3.1, includ-
ing the number of class members and the labels (irreducible representations
�( Td) , �( S4) and �( S�

4) , respectively) of the groupsTd < S �
4 , S4 < S �

4 and
S�

4 . The superscripts1 + and � are applied to the labels of the irreducible
representations ofS�

4 in order to distinguish the transformation behaviour
of the wavefunction with respect to an altered orientation of the reference
frame, parity or inversion. The characters of pairs of symmetric and anti-
symmetric wavefunctions (see Figure 3.2 (b)) must change sign in the classes,
in which inversion (� as a superscript) is involved (Quack 1975). Further-
more, they must change sign in the characters of classes of odd permutations
(see Equation (3.15) and text) if the Y nuclei carry half{integral spin (Pauli
1940). The sign in the classes (1234)� and (12)� changes thus twice,i.e. the
sign must not change if the Y nuclei are fermions. Table 3.1 provides the
following labels for pairs of symmetric and antisymmetric wavefunctions

�( S�
4) =

8
>>>><

>>>>:

A+
1 ^ A�

1

A+
2 ^ A�

2

E+ ^ E�

F+
1 ^ F �

1

F+
2 ^ F �

2

9
>>>>=

>>>>;

b=

8
>>>><

>>>>:

A1 ^ A2

A2 ^ A1

E
F1 ^ F2

F2 ^ F1

9
>>>>=

>>>>;

= �( Td)
if the Y nuclei
are bosons

(3.22)

1Hougen (1971), Bunker and Jensen (2006) use these superscripts di�erently.
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�( S�
4) =

8
>>>><

>>>>:

A+
1 ^ A�

2

A+
2 ^ A�

1

E+ ^ E�

F+
1 ^ F �

2

F+
2 ^ F �

1

9
>>>>=

>>>>;

b=

8
>>>><

>>>>:

A1

A2

E
F1

F2

9
>>>>=

>>>>;

= �( Td)
if the Y nuclei
are fermions,

(3.23)

where^ denotes the logical conjunction. The correspondence of theS�
4 labels

in Td (and vice versa) are summarized in Equation (3.22) and (3.23). The

Tab. 3.1: Table of characters ofS�
4 , Td and S4 (Quack 1975)

Td E C3 C2 S4 � d

S�
4 (1

)

(1
23

)

(1
2)

(3
4)

(1
23

4)
�

(1
2)

�

(1
)�

(1
23

)�

(1
2)

(3
4)

�

(1
23

4)

(1
2)

�(
S

� 4
)

1 8 3 6 6 1 8 3 6 6 �(
T d

)

�(
S

4
)

A+
1 1 1 1 1 1 1 1 1 1 1 A1 A1

A+
2 1 1 1 -1 -1 1 1 1 -1 -1 A2 A2

E+ 2 -1 2 0 0 2 -1 2 0 0 E E

F+
1 3 0 -1 1 -1 3 0 -1 1 -1 F1 F1

F+
2 3 0 -1 -1 1 3 0 -1 -1 1 F2 F2

A �
1 1 1 1 -1 -1 -1 -1 -1 1 1 A2 A1

A �
2 1 1 1 1 1 -1 -1 -1 -1 -1 A1 A2

E� 2 -1 2 0 0 -2 1 -2 0 0 E E

F�
1 3 0 -1 -1 1 -3 0 1 1 -1 F2 F1

F�
2 3 0 -1 1 -1 -3 0 1 -1 1 F1 F2

Pauli{allowed species are obtained by considering the character in the classes
of odd permutations, here (1234) and (12) in Table 3.1. ForS�

4 and Td one
obtains

� p(S�
4) =

�
A+

1 ^ A �
1 if the Y nuclei are bosons

A+
2 ^ A �

2 if the Y nuclei are fermions,
(3.24)

� p(Td) =
�

A1 ^ A2 if the Y nuclei are bosons
A2 ^ A1 if the Y nuclei are fermions.

(3.25)
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3.5.1 The vibrational wavefunction

Tetrahedral molecules of the form XY4 exhibit four normal modes of vi-
bration according to the symmetry of the associated normal coordinates
(Herzberg 1945, Tisza 1933). The� 1{mode, a non{degenerate symmetric
XY{stretching vibration (A 1 symmetry), the � 2{mode, a doubly degener-
ate XY{bending vibration (E symmetry) and two triply degenerate modes,
the � 3{mode, a XY{stretching vibration (F 2 symmetry) and the � 4{mode, a
XY{bending vibration (F 2 symmetry). The symmetry species of combination
bands (v1v2v3v4) are given by the product

� v =
O

k2 K

� vk K = f 1; : : : ; 4g ; (3.26)

where vk 2 N denotes the vibrational quantum number, and �vk the sym-
metry species of thevk{fold excitation of the k{th normal mode of vibration
� k . This product may be decomposed into vibrational subbands according
to Equation (3.19). For convenience, the products of irreducible representa-
tions of Td , S4 and S�

4 are summarized in Table 3.2 (Herzberg 1945, Wilson
et al. 1980). Subbands of combinations of singly excited vibrational bands of

Tab. 3.2: Product table for irreducible representations ofTd , S4 and S� a
4 .


 A1 A2 E F1 F2

A1 A1 A2 E F1 F2

A2 A1 E F2 F1

E A1� A2� E F1� F2 F1� F2

F1 A1� E � F1� F2 A2� E � F1� F2

F2 A1� E � F1� F2

aThe product is symmetric in the signs of labels ofS�
4 . Binary pro-

ducts are thus entirely negative if and only if one factor is negative,
else positive.

XY 4 molecules can be deduced from this table. TheTd symmetry species of
v{fold excited n{dimensional, isotropic harmonic oscillators (n{oscillators)
with degeneracy (Baker 1956, Tisza 1933)

d(n) =
�

n + v � 1
n � 1

�
=

(n + v � 1)!
(v)!(n � 1)!

(3.27)

are summarized in Figure 3.3 forn � 3 and v � 5 . Tisza (1933) gives a
general formula for arbitrary overtones of arbitrary dimensional oscillators
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for arbitrary discrete symmetry groups of �nite order. Alternatively, the
symmetry species of the 3{oscillator and F2 can also be deduced from the
Wigner rotation matrices D l (see Table 3.3, in which for odd orbital angular
momental the indices of the species inTd must be permuted with the trans-
position (12)). The same is true for the 3{oscillator F1 (see text in Figure
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E
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F2

F2

E � F2

E

E

E � F2

A1 � F1 � F2

A1 � A2

A1 � A2

A1 � F1 � F2

A1 � E � F1 � F2

E

E � F1 � 2F2

E

n = 3

n = 2

Fig. 3.3: Td symmetry species and orbital angular momentum quantum number l
for the v{fold excited 2{oscillator E (a) and 3{oscillator F 2 (b). The symmetry
species of the 3{oscillator F1 are identical up to permutation (12) of the indices
for v � 1 . The v{fold excited 1{oscillators A 1 and A2 exhibit trivial A 1 and
alternating symmetry A 1 (v even) and A2 (v odd), respectively (Tisza 1933).

3.3 (b)). In order to illustrate the labelling scheme for the vibrational wave-
function, the symmetry species �v(Td) and the term values of the vibrational
(sub){levels are summarized in Table 6.2 in Chapter 6.3 up to the octad(see
Chapter 2.6) for both 12CH4 and 13CH4 .
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3.5.2 The rotational wavefunction

The rotational wavefunction r is a linear combination of spherical harmonics
(Gu et al. 2001). The (2J + 1){dimensional irreducible representationsD J

of the orthogonal group O(3) , whereJ 2 N denotes a rotational quantum
number, provide the starting point for the labelling. The Wigner rotation
matrices D J may be decomposed in the classes of theTd point group, since
Td is a subgroup of O(3) . The character� J (� (g)) of a rotation does not

Tab. 3.3: Characters of Wigner matricesD J in classes ofTd .

Characters of classes ofTd

in the
(2J + 1){dimensional
representationD J of O(3) .

Decomposition ofD J into
irreducible representations
of Td .

J E C3 C2 S4 � d

0 1 1 1 1 1 A1

1 3 0 � 1 1 � 1 F1

2 5 � 1 1 � 1 1 E � F2

3 7 1 � 1 � 1 � 1 A2 � F1 � F2

4 9 0 1 1 1 A1 � E � F1 � F2

5 11 � 1 � 1 1 � 1 E � 2F1 � F2

6 13 1 1 � 1 1 A1 � A2 � E � F1 � 2F2

12a 25 1 1 1 1 2A1 � A2 � 2E � 3F1 � 3F2

aD 12 = A 1 � � reg . Furthermore D (12m+ J ) = m � � reg � D J for J < 12 and
D J � D (11� J ) = � reg (Hamermesh 1962).

depend on the direction of the rotation axis, but only on the angle ofrotation
� (g) (Hamermesh 1962). For an arbitrary discrete subgroupG of O(3) , the
character � J (� (g)) of a group elementg 2 G < O(3) with angle of rotation
� (g) may be derived from

� J (� (g)) =
sin ((J + 1=2)� (g))

sin(� (g)=2)
; (3.28)

while the decomposition ofD J in irreducible representations ofG can be
derived from Equation (3.19). The decomposition ofD J into irreducible rep-
resentations ofTd is summarized in Table 3.3. The table is complete in the
sense that the decomposition ofD J for J � 7 can be deduced from this data
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(see footnote in Table 3.3 and Hamermesh (1962)). In Table 3.4 (Dresselhaus
et al. 2008) the rotation angles� (g) are indicated for each class (represented
by g) of the Td point group and the Td double group T �

d . The charac-

Tab. 3.4: Characters of theTd spinor group T �
d .

Td E C3 C2 S4 � d

T �
d E C3 C2 S4 � d E � C �

3 C �
2 S�

4 � �
d

� (g) 0 2�
3 � �

2 � 2� 8�
3 3� 5�

2 3�

�(
T

� d
)

1 8 3 6 6 1 8 3 6 6 �(
T d

)

A1 1 1 1 1 1 1 1 1 1 1 A1

A2 1 1 1 -1 -1 1 1 1 -1 -1 A2

E 2 -1 2 0 0 2 -1 2 0 0 E

F1 3 0 -1 1 -1 3 0 -1 1 -1 F1

F2 3 0 -1 -1 1 3 0 -1 -1 1 F2

E1=2 2 1 0
p

2 0 -2 -1 0 -
p

2 0

E5=2 2 1 0 -
p

2 0 -2 -1 0
p

2 0

G 4 -1 0 0 0 -4 1 0 0 0

C2 [ C �
2 and � d [ � �

d form a class, respectively.

ters of half{integral Wigner rotation matrices can be derived fromEquation
(3.28) using these angles and, further, be decomposed in irreducible rep-
resentations ofT �

d according to Equation (3.18). TheT �
d group must be

used when a molecule has an odd number of electrons with strong spin{orbit
coupling such that the rovibronic wavefunctions involve half integral angu-
lar momentum quantum numbers (Bunker and Jensen 2006, Gr•utter 2011).
Lorentz invariance for quantum mechanical systems is only appropriately
taken care of if the SU(2)' U=hPi spinor group,i.e. the double covering of
the SO(3) ' O(3)=hPi group is used for the labelling (see Appendix B), as
experimentally shown by Werneret al. (1975) .

3.5.3 The nuclear spin wavefunction

The species of the nuclear spin wavefunction can be derived from the char-
acters of the action of the CNP{group on the nuclear spins. Again,the cor-
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responding representation can be decomposed according to Equation (3.19).
This has been done for a long time for tetrahedral XY4 molecules (carrying
arbitrary spin I Y on the Y nuclei) using the rotational subgroupT of the
point group Td of the molecular equilibrium con�guration (Galbraith 1978,
McDowell 1987). It is also possible to useTd and S�

4 . Equation (3.18) and
(3.19) provide an explicit formula for the decomposition of the reducible
representation generated by theI 4

Y nuclear spin wavefunctions

� s(S�
4) =

8
>>>>>>>>>>>><

>>>>>>>>>>>>:

(( I Y + 1)( I Y + 2)(2 I Y + 1)(2 I Y + 3) =6) A+
1

�
(I Y (I Y � 1)(2I Y � 1)(2I Y + 1) =6) A+

2

�
(I Y (I Y + 1)(2 I Y + 1)(2 I Y + 1) =3) E+

�
(I Y (I Y + 1)(2 I Y � 1)(2I Y + 1) =2) F+

1

�
(I Y (I Y + 1)(2 I Y + 1)(2 I Y + 3) =2) F+

2 ,

(3.29)

The nuclear spin statistical weights inT , Td and S�
4 can be derived from this

equation. In Table 3.5 they are summarized for the �rst ten spin quantum
numbersI Y � 9=2 . The nuclear spin statistical weight for A, E, and F levels

Tab. 3.5: Nuclear spin statistical weights for aXY 4 molecules inT , Td and S�
4 .

A E F

Spin I Y A1/A +
1 A2/A +

2 E /E + F1/F +
1 F2/F +

2

0 1 0 0 0 0
1=2 5 0 1 0 3
1 15 0 6 3 15
3=2 35 1 20 15 45
2 70 5 50 45 105
5=2 126 15 105 105 210
3 210 35 196 210 378
7=2 330 70 336 378 630
4 495 126 540 630 990
9=2 715 210 825 990 1485
aFor X nuclei with nuclear spin I X the total spin weights
must be multiplied by 2I X + 1 and parity must be ad-
justed according to the parity of the X nucleus (see text
for 12C and 13C , respectively).
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can be read from Table 3.5. This is obtained by adding up the statistical
weights for each species. For instance for A levels inT and Td , this results
in the statistical weight 5 for XH4 , 15 for XD4 , 36 for XY4 (I Y = 3=2) etc.
Using this analysis, one does, however, not obtain the information on the par-
tition and parity degeneracy. The partition can be obtained from anexplicit
reduction of the reducible representation generated by theI 4

Y nuclear spin
wavefunctions. The result is summarized in Table 3.6 for tetrahedral XH 4

and XD4 molecules (Quack 1977; 2011). The detailed structure in Table 3.6

Tab. 3.6: Pauli{allowed combinations of rovibrational species with nuclear spin
species �s . The table is reproduced from Quack (2011) by permission.

Rovibrational species Nuclear spin species �s

T Td S�
4 Protons, XHa

4 Deuterons, XDa
4

A A 1 A+
1 | 9A+

1 � 5A+
1 � 1A+

1

A �
2

5A+
1 |

A2 A+
2

5A+
1 |

A �
1 | 9A+

1 � 5A+
1 � 1A+

1

E E E+ 1 E+ 5E+ � 1E+

E� 1E+ 5E+ � 1E+

F F1 F+
1

3F+
2

3F+
1

F�
2 | 7F+

2 � 5F+
2 � 3F+

2

F2 F+
2 | 7F+

2 � 5F+
2 � 3F+

2

F�
1

3F+
2

3F+
1

aFor X nuclei with nuclear spin I X the total spin weights must be multi-
plied by 2I X + 1 and parity must be adjusted according to the parity of
the X nucleus (see text for12C and 13C , respectively).

contains also information on parity degeneracy. For instance, thestatistical
weight for E levels (inT and Td) is 2 . One can see, that this weight is due
to a possibly resolvable parity degeneracy and not due to the degeneracy of
the nuclear spin, which can be resolved only in external �elds. The factor
2 is therefore a parity degeneracy weight, rather than nuclear spin statisti-
cal weight. Here it should be mentioned that the intrinsic parity of the H,
D, and 12C nuclei is positive, whereas13C is a nucleus with spin 1=2 and
negative parity. Thus, the total spin weights for13CH4 and 13CD4 must be
multiplied by 2 and parity must be reversed compared to12CH4 and 12CD4

(Quack 2011).
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3.5.4 Labelling in Td and correspondence in S �
4

Equation (3.22) and (3.23) provide the correspondence of the labels in S�
4 if

the labelling is done inTd . One obtains

�( Td) =

8
>>>><

>>>>:

A1

A2

E
F1

F2

9
>>>>=

>>>>;

b=

8
>>>><

>>>>:

A+
1 ^ A�

2

A+
2 ^ A�

1

E+ ^ E�

F+
1 ^ F �

2

F+
2 ^ F �

1

9
>>>>=

>>>>;

= �( S�
4) ; (3.30)

independent of the statistics, boson or fermion statistics, of Y{nuclei. In an
alternative rather general derivation, one obtains the same correspondence
from the induced representation �(Td) " S�

4 (Quack 1975; 1977; 2011) . The
Pauli{allowed rovibrational species are summarized in Table 3.7. For spin

Tab. 3.7: Pauli{allowed rovibrational species for tetrahedral XY 4 molecules.

Rovibrational species
in Td and
correspondence inS�

4 .

Pauli-allowed rovibrational
species inS�

4 for nuclei Y
carrying spin 1=2 , 1 and 3=2 .

�( Td) �( S�
4) XH4 XD4 XY 4

A1 A+
1 ^ A�

2 A�
2 A+

1 A+
1 ^ A�

2

A2 A+
2 ^ A�

1 A+
2 A�

1 A+
2 ^ A�

1

E E+ ^ E� E+ ^ E� E+ ^ E� E+ ^ E�

F1 F+
1 ^ F�

2 F+
1 F+

1 ^ F�
2 F+

1 ^ F�
2

F2 F+
2 ^ F �

1 F �
1 F+

2 ^ F �
1 F+

2 ^ F �
1

I Y � 3=2 any species is contained in �s(S�
4) (see Table 3.5) such that the

product � r 
 � v may always be combined with a spin species �s which is
allowed according to the Pauli exclusion principle.

3.5.5 The Dijon labelling scheme

Based on Moret{Bailly's pioneering work (Moret-Bailly 1961), the Dijon
group on spectroscopy has a long tradition in modeling the spectrumof
few body molecules, in particular molecules which exhibit tetrahedralpoint
group symmetry. Recent work on methane12CH4 (Albert et al. 2009) repre-
sents a very signi�cant improvement compared to previous studiesand these
data thus dominates relevant reference data bases now, and probably in the
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foreseeable future. The Dijon scheme (Moret{Bailly's scheme) is consistent
with the following rules for the labelling inTd :

� The vibrational wavefunctions are labeled as Tisza (1933) suggested.
The labelling is summarized in Figure 3.3 (and text).

� The labels of the rotational wavefunctions are those of the reduction
of the even representation of the Wigner rotation matricesD J in Td ,
as summarized in Table 3.3.

� Nuclear spin wavefunctions are labelled according to Equation (3.29).

The rovibrational levels are then labelled with the Pauli{allowed rovibra-
tional species. Contrary to Hougen's scheme, which is \[: : :] based conceptu-
ally on clearly speci�ed algebraic transformations of variables [: : :]" (Hougen
2001), the Dijon scheme is based on the geometry of the molecule. It is ac-
tually a handicap to connect labels with variables, since explicit coordinate
representations are at the origin of the inconveniences which arisein the
interpretation of the quantum theory. In particular the e�ect of an altered
orientation is often not obvious, which leads to mathematical inconveniences,
as Hougen (2001) points out. Apart from these inconveniences the A�

1 and
A �

2 as well as the F�1 and F�
2 labels in the character table of the CNPI group

S�
4 according to Hougen (1971) and Bunker and Jensen (2006) shouldbe per-

muted for connecting the labels with a physical meaning: the Pauli exclusion
principle and parity (Quack 1975; 1977; 2011).

In order to illustrate these labelling schemes we show in Figure 3.4 and
Figure 3.5 explicitly the lowest Pauli{allowed rovibrational levels (J � 5) for
methane12CH4 with their respective symmetries inTd and S�

4 for vibrational
(sub){levels of each symmetry A1 , A2 , E , F1 and F2 . Figure 3.4 illus-
trates the Pauli{allowed rovibrational levels according to the Dijon labelling
scheme as well as the correspondence inS�

4 according to Quack (1975; 1977;
2011). This scheme is also used by Wang and Sibert (2002) (see Chapter
6) and Hippler and Quack (2002). Figure 3.5 illustrates the Pauli{allowed
rovibrational levels for the labelling scheme according to Hougen (2001) for
vibrational levels with an even orbital angular momentum quantum number l
(see Figure 3.3 in Chapter 3.5.1 and text). For vibrational levels with an odd
orbital angular momentum quantum number the subscripts 1 and 2 must be
exchanged for rovibrational species A1 , A2 , F1 and F2 . The labels inS�

4 are
due to the table of characters according to Hougen (1971) and Bunker and
Jensen (2006), in which the A�1 and A�

2 and the F�
1 and F�

2 labels are inter-
changed with respect to the parity{labels of Quack (1975; 1977; 2011) (see
Table 3.1 in Chapter 3.5). For vibrational levels with an odd orbital angular
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Fig. 3.4: Species of the Pauli{allowed rovibrational levels for vibrational (sub){
levels of each symmetry for12CH4 (for 13CH4 the total parities have to be reversed
+ $ � ). The Dijon labelling scheme is illustrated (labelling in Td) as well as the
correspondence inS�

4 following Quack (1975; 1977; 2011) for (a) A1 vibrational
(sub){levels (as e.g. the ground state), (b) A 2 vibrational (sub){levels, (c) E
vibrational (sub){levels (as e.g. the � 2 state), (d) F 1 vibrational (sub){levels (as
e.g. the energetically higher lying sublevel of the of� 2 + � 4 combination band)
and (e) F2 vibrational (sub){levels (as e.g. the � 3 state). This labelling scheme is
\independent" of the orbital angular momentum quantum numb er l . See text for
a more detailed description of the �gure.
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Fig. 3.5: Species of the Pauli{allowed rovibrational levels of 12CH4 (Td=S�
4) accord-

ing to Hougen (2001) (labelling in Td) and Hougen (1971) and Bunker and Jensen
(2006) (labeling in S�

4) for vibrational (sub){levels with an even orbital angular
momentum quantum number l (see Figure 3.3 in Chapter 3.5.1): (a) A1 vibra-
tional (sub){levels (as e.g. the ground state), (b) A 2 vibrational (sub){levels, (c)
E vibrational (sub){levels, (d) F 1 vibrational (sub){levels and (e) F 2 vibrational
(sub){levels. See text for a more detailed description of the labelling scheme, in-
cluding a description of the situation for vibrational (sub ){levels with odd orbital
angular momentum quantum numbers l as e.g. the singly excited � 2 , � 3 and � 4

vibrational states.
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momentum quantum numberl both the subscripts 1 and 2 and superscripts
+ and � must be simultaneously exchanged for rovibrational species A�

1 ,
A+

2 , F+
1 and F�

2 . The symmetry species of the rotationless, pure vibrational
(sub){levels are summarized in Chapter 5.4, Table 5.4, up to and includ-
ing the pentad for both 12CH4 and 13CH4 . We note, that the total parities
for 13CH4 are reversed as compared to12CH4 because of the negative parity
of the 13C nucleus (see Chapter 3.5.3 and Quack (1977; 2011)) The orbital
angular momentum quantum numberl can be deduced from Figure 3.3 in
Chapter 3.5.1. The symmetry species of the rotational wavefunctions in Td

are identical for the labelling schemes presented in this chapter.

3.6 The Dijon algebraic approach in tensorial
form

The Dijon approach is based on the systematic use of the symmetrygroup
G of the problem. Starting out from the orthogonal group O(3), which, due
to Lorentz invariance, is a continuous symmetry of the system, a basis of
L (H � ) (see axiom A 2 in Chapter 3.1) is constructed from elementary cre-
ation and annihilation operators, where the basis is irreducible with respect
to the action of G < O(3) on L (H � ) . This basis is then successively de-
composed into the irreducible representations ofG through the group chain
O(3) � : : : � G , such that computational e�orts can be reduced. Here
it should be mentioned that the group chain SU(2)� : : : � G2 could be

' !

O(3)

1O(3)

SU(2)

1SU(2)

o(
3)su(2)

Fig. 3.6: Lie algebrasu(2) and o(3) of the spinor group SU(2) and the orthogonal
group O(3) , respectively. The exponential map exp1G

: g ! G maps the Lie
algebra g (locally) onto the Lie group G (see Appendix B).

used as an alternative, since SU(2) and O(3) are isomorphic Lie{groups (see
Figure 3.6 and Appendix B). Also the Lie{algebrassu(2) or o(3) (i.e. the

2Here G denotes the spinor subgroupG < SU(2) (Kibler 1976).
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tangent space in the units 1SU(2) and 1O(3) of SU(2) and O(3) , respectively)
could be used, which was from the algebraic point of view particularly useful,
since the basis of the 3{dimensional tangent spacessu(2) and o(3) obey the
same commutation relations as the components of the angular momentum
operator (see Appendix B). Lie{algebras are tantalizingly linked to physics
(Baez 2002) and the Dijon algebraic approach can indeed be considered as a
Lie{algebraic approach for the description of molecular rotation and vibra-
tion. Francesco Iachello and Raphael D. Levine revealed the relation more
explicitly (see Iachello and Levine (1995) and references cited therein). In
this chapter we place the Dijon algebraic approach on its profound mathe-
matical basis in order to reveal its principle, its connection to Lie{theory and
we provide the basic equations for its technical realization.

We note that the construction of a complete basis ofL (H � ) (a basis of
the tensor algebra ofH � ) can be done due to the properties of the tensor
product of in�nite dimensional vector spaces and due the fact, that any
operator in L (H � ) is a representation of O(3) . TheJ {fold tensor product of
countable, in�nite dimensional and identical vector spacesH � is isomorphic
to H � (Procesi 2007). In symbols:


 J
j =1 H � ' H � ; (3.31)

where the functionals 2 H � act for all factorsH � on the same con�guration
space. The images (R as an index) of the group isomorphism,i.e. the images
of the representation of O(3) onL (
 J

j =1 H � ) are thus subsets ofL (H � ) :

O(3) !

8
>>>>>>>><

>>>>>>>>:

1
L R (H � )
L R (H � 
 H � )

:::
L R (
 J

j =1 H � )
:::

9
>>>>>>>>=

>>>>>>>>;

� L (H � ) : (3.32)

1 is the trivial representation of O(3) and the unit operator inL (H � ) . Rep-
resentation theory on such tensor products (Hein 1990, Knapp 2006) shows
that the tensor product in L (
 J

j =1 H � ) can be pulled back:


 J
j =1 O(3) ' L R(
 J

j =1 H � ) ' 
 J
j =1 L R (H � ) : (3.33)

L J
R(H � ) is the pull back 
 J

j =1 L R (H � ) of L R(
 J
j =1 H � ) . Spherical tensor op-

erators of maximum rankJ are (2J + 1){component vectors3 in L J
R(H � ) ,

3The typical policy to introduce tensors of rank 0 , 1 , 2 , etc. as numbers, vectors,
matrices, etc. is misleading.
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which are irreducible in O(3) due to their construction (see Equation(3.38)).
This scheme provides a recipe for the construction of a basis ofL (H � )
or rather a generating system, since for pairsJ; J 0 2 N2 the intersection
L J

R(H � ) \ L J 0

R (H � ) is not necessarily empty. Symbolically one writes

L (H � ) =
M

J 2 N

L J
R (H � ) : (3.34)

L (H � ) is a representation of the symmetry groupG of � and it is referred to
as the tensor algebra ofH � (Procesi 2007).G acts onL (H � ) , the underlying
Hilbert spaceH � and the con�guration spaceR3N � 6 . In symbols here again,
the action of G on

� : G ! L (H � )
g 7! �( g)

| {z }
the operator space,

(3.35)

�( g) : H � ! H �

 7! �( g;  )
| {z }

the functional space

(3.36)

�( g;  ) : R3N � 6 ! C
q 7! �( g;  ; q )

| {z }
and the con�guration space.

(3.37)

From these equations, the fundamental di�erence of the Dijon approach with
respect to standard, real{space formalisms can be seen at a glance: the Dijon
approach is a top{down approach, while standard, real{space approaches are
bottom{up approaches. The complete uni�cation of both bottom{up and
top{down approaches is di�cult and subject to current and future research
(Rey et al. 2010).

3.6.1 Orientation within the group chain O(3) � O(2)

Within the group chain O(3) � O(2) the basis vectors ofL (H � ) are the com-
ponentsT J

m of the (2J +1){dimensional irreducible spherical tensor operators
T J , whereJ 2 N . They transform within D J via

T J
m0 =

X

m

D Jm
m0 T J

m ; (3.38)

in which the notation of Championet al. (1977) is adopted. In principle, it is
su�cient to consider the special orthogonal group SO(3) since the extension
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to O(3) = SO(3) 
h Pi is trivial (El Hilali et al. 2009). Here O(3) is used since
elements ofG might include P . Higher rank spherical tensor operators can
be constructed recursively from successive coupling of the tensor operator T1

via the Clebsch{Gordan series (Moret-Bailly 1961, Sakurai 1994)

T J
m =

X

m1m2

CJ1 J2 J
m1 m2 m T J1

m1
T J2

m2
(3.39)

= (2 J + 1) 1=2
X

m1m2

(� 1)J1 � J2+ m

�
J1 J2 J
m1 m2 � m

�
T J1

m1
T J2

m2
; (3.40)

whereJ = J1+ J2 and the sums extend over alljm1j � J1 and jm2j � J2 which
satisfy the rule m1 + m2 = m . The symbol CJ1 J2 J

m1 m2 m denotes the Clebsch{
Gordan coe�cients (Amsler et al. 2008, Wigner 1931). In Equation (3.40)
the Wigner 3J {symbols are used as de�ned ine.g. Weisstein (2010). The
Hamiltonian of the system � is an element ofL (H � ) , which is Hermitian,
i.e. totally symmetric with respect to the action of its symmetry group.The
exact Hamiltonian is thus a linear combination of all totally symmetric (D 0)
components of all spherical tensor operators. One gets

H � =
X

J 2 N

JX

m= � J

tm
J T J (D 0)

m ; (3.41)

where the coe�cients tm
J depend on � and de�ne its spectrum. The co-

e�cients tm
J must be determined from experiments or theoretical methods,

which are able to predict the spectrum of �.

3.6.2 Reduced matrix elements

One of the most important theorems in quantum mechanics, the Wigner{
Eckart theorem (Eckart 1930), states, that the dependence of the matrix
element hJ1m1
 1jT J

m jJ2m2
 2i on the projection quantum numbersm1 , m
and m2 is entirely contained in the Wigner 3J {symbols. Hence, due to the
symmetry of the system, computational e�orts can be signi�cantly reduced.
Within O(3) � O(2) the theorem reads as follows (Sakurai 1994, Weisstein
2010)

hJ1m1
 1jT J
m jJ2m2
 2i = CJ2 J J 1

m2 m m 1

hJ1
 1jjT J jj J2
 2ip
2J + 1

= ( � 1)J1+ m1

�
J1 J J2

� m1 m m2

�
hJ1
 1jjT J jj J2
 2i ;

(3.42)
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where the symbols in the bra and ket vectors denote quantum numbers which
specify the state uniquely. The convention we have adopted is thatof Racah
(1942). The double bar matrix elementhJ1
 1jjT J jj J2
 2i , i.e. the reduced
matrix element is independent of the projection quantum numbersm1 , m
and m2 . Selection rules for spherical tensor operators follow immediately
from Equation (3.42) and the triangular inequality

jJ1 � J j � J2 � J1 + J ; (3.43)

since the Wigner 3J {symbols vanish if Equation (3.43) is not satis�ed.

3.6.3 Orientation in the group chain O(3) � G

The symmetry groupG of the system � is a subgroup of O(3) . Thus, there
must be a basis ofH � , in which (in O(3)) irreducible spherical tensor opera-
tors T J may be decomposed into irreducible representations with respect to
the action of G . The basis can be spanned by vectors of type (Kibler 2000)

jJpi =
mX

J = � m

hJmjJpij Jmi ; (3.44)

which are linear combinations of vectorsjJmi adapted to the group chain
O(3) � O(2) . The symbol p = f n; � ; � g denotes a set of indices, in which
n counts up to the multiplicity of any irreducible representation � of G for
a given J , i.e., n > 1 if an irreducible representation ofG occurs several
times in D J (see Table 3.3). The index� = 1; : : : ; [�] counts up to the
dimension [�] of a matrix representation associated to � . As in Equation
(3.44), spherical tensor operators can be oriented in the symmetry adapted
basis (Kibler 1968; 2000)

T J
p =

JX

m= � J

hJmjJpi T J
m : (3.45)

Moret{Bailly removed the ambiguity on hJmjJpi and introduced the so
called normal G{matrix elements (J )G

m
p (see Moret-Bailly (1961), Moret-

Bailly et al. (1965) and Championet al. (1977))

T J
p =

JX

m= � J

(J )G
m
p T J

m : (3.46)

Normal matrix elements (J )G
m
p of the so calledG{transformation have been

calculated explicitly for G 2 f Td; Ohg for integral (Champion et al. 1977,
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Tab. 3.8: Normal G-matrix elements for G = Td (Champion et al. 1977).

Components
of T J

p in Td
Matrix elements (J )G

m
p in Td for m = � J; : : : ; J

J n � � � 4 � 3 � 2 � 1 0 1 2 3 4

0 1 A1 1 1

1 1 F1 1 1 � 1
2 � i � i
3 2

2 1 E 1 2
2 1 1

1 F2 1 � i � i
2 1 � 1
3 � i i

3 1 A2 1 � 8i 8i
1 F1 1 5 � 3 3 � 5

2 5i 3i 3i 5i
3 16

1 F2 1 � 3 � 5 5 3
2 3i � 5i � 5i 3i
3 8 8

4 1 A1 1 10 28 10
1 E 1 14 20 14

2 24 24
1 F1 1 3i 21i 21i 3i

2 � 3 21 � 21 3
3 � 24i 24i

1 F2 1 � 21i 3i 3i � 21i
2 � 21 � 3 3 21
3 � 24 24i

For each J the coe�cients must be divided by the sum of the entries for
m = 0 . Furthermore, a square-root sign is to be understood overevery
real and positive part of the coe�cient, e.g., for � 21i read � (21=48)1=2 i .
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Moret-Bailly et al. 1965) and half{integral rotational quantum numbers. Ex-
plicit values of normal G{matrix elements are summarized in Table 3.8 for
integral J � 4(Champion et al. 1977, Reyet al. 2003). Kibler (1968) calcu-
lated non{normal reduction coe�cients hJmjJpi . G{transformation applied
to the Clebsch{Gordan series provides (Championet al. 1992)

T J
p = (2 J + 1) 1=2 (� 1)J

X

p1p2

F
�

J1 J2 J
p1 p2 p

�
T J1

p1
T J2

p2
(3.47)

to replace Equation (3.40). The sum extends over all� 1 � [� 1i ] and � 2 �
[� 2i ] , which satisfy the rule� 1 + � 2 = � . Explicit values of theF coe�cients,
i.e. Moret{Bailly 3 J {symbols are available in tables (Championet al. (1992)
and references cited therein). Kibler (1968) points out that reduction coe�-
cients may be chosen, thanks to Schur's lemma, in such a way that the matrix
representation associated to any irreducible representation ofG is the same
for all J and � (Kibler 2000). The exact Hamiltonian for a system with
symmetry G is thus a linear combination,i.e. the weighted sum with weight
tp
J of all totally symmetric components (A1 as a superscript) of allG{tensor

operators:
H � =

X

J 2 N

X

p

tp
J T J (A 1)

p : (3.48)

3.6.4 Reduced matrix elements

The Wigner{Eckart theorem for the group O(3) adapted to its subgroup G
(see Championet al. (1992)) provides again the selection rules forG{tensor
operators. The Moret{Bailly 3J {symbols vanish if the indices do not obey
the triangular inequality

jJ1 � J j � J2 � J1 + J : (3.49)

3.7 The algebraic approach for molecular ro-
vibrational problems

This chapter is dedicated to the construction of vibrational and rotational
tensor operators by considering the rovibrational HamiltonianH � of an ar-
bitrary molecule � . The notation is manageable, if a set of indicesX =
f � k ; k 2 K = f 1; : : : ; jK jgg [ f rg is used. [ denotes the union of sets. The
index set X contains the indices� k for the k{th normal mode of vibration
out of the jK j normal modes of the molecule and the index r for the ro-
tation (see e.g. Equation (3.26)). With the power set ofX , i.e. the set
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P(X ) = f S ; S � X g, which contains all subsetsS of X , the rovibrational
Hamiltonian is simply written as

H � =
X

S2 P (X )

HS : (3.50)

Equation (3.9) can be considered as an example, in whichX = f v; r; sg. The
underlying Hilbert space is equally simply written as

H � =
O

x2 X

H x ; (3.51)

as exemplarily applied in Equation (3.10). Since � is Lorentz invariant such
that the orthogonal group O(3) > G is a continuous symmetry of the sys-
tem, the spectrum of the associated HamiltonianH � must not change under
orthogonal transformations. Furthermore, any factor spaceH x may be de-
composed within O(3) andG < O(3) in particular. The vibrational Hilbert
spaces decompose in O(3) , such that for thek{th normal mode of vibration

H � k =
M

v2 N

�
 j

vk

	
j =1 ;:::;d(nk )

=
M

v2 N

H v
� k

; (3.52)

where d(nk) is the degeneracy of thev{fold excited nk{oscillator as de�ned
in Equation (3.27). H v

� k
is a d(nk){dimensional Hilbert space, which is ir-

reducible with respect to actions of O(3) , but reducible inG (see Chapter
3.5.1, Figure 3.3 forG = Td). The Hilbert space for the rotation decomposes
similarly (Gu et al. 2001)

H r =
M

J 2 N

�
 JM

r

	
M = � J;:::;J

=
M

J 2 N

H J
r ; (3.53)

whereH J
r is the (2J + 1){dimensional Hilbert space of rotational base func-

tions with rotational quantum numbers J . H J
r is irreducible with respect

to actions of O(3) , but reducible inG (see Chapter 3.5.2 forG = Td). In
Chapter 3.6 it is shown, that the decomposition due to symmetry does not
only apply to the Hilbert spaceH � but also to the overlying linear operator
spaceL (H � ) in the very same manner.

3.7.1 Vibrational tensor operators

The creation (+ as a subscript) and annihilation (� as a subscript) oper-
ators of an nk{oscillator � k act on the Hilbert spaceH � k . If one employs
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the dimensionless displacement coordinateqk� and its conjugate momentum
pk� = � i@=@qk� , they can be expressed as

ak�
+ = ( qk� � ipk� ) =

p
2 (3.54)

ak�
� = ( qk� + ipk� ) =

p
2; (3.55)

where � = 1; : : : ; nk . As the components of theR1 rotational spherical ten-
sor (see Chapter 3.7.2) the creation and annihilation operators of vibrations
generate a Lie{algebra, the Lie{algebrau(nk + 1) of the unitary Lie{group
U(nk + 1) (Frank and van Isacker 1994, Iachello and Levine 1995). The
unitary groups play an important role in quantum physics of many{body
problems in general and so do their Clebsch{Gordan coe�cients. InChap-
ter 3.6 it is shown, that the tensor products of irreducible representations of
the orthogonal group O(3)� : : : � U(n > 1) provide a basis for the vector
spaceL (H � ) of a many{body system �, where such tensor products are re-
ducible in the symmetry groupG of �. Champion et al. (1977) decomposed
a U(2){tensor product basis into a direct sum basis. This is well{known and
thoroughly worked out (see Chapter 3.7.2 and Appendix B). However, al-
ready at the level of U(3) new problems arise (Gliskeet al. 2007). From the
vibrational Lie{algebra of � one obtains the vibrational group chain

O

k2 K

U(nk + 1) � : : : � O(3) � G : (3.56)

Moret{Bailly opened a pathway for the reduction through the group chain re-
mainder O(3) � G (see axiom A 5.1) forG 2 f Td; Ohg (Moret-Bailly 1961).
Gliske et al. (2007) are the �rst who give algorithms for the computation
of Clebsch{Gordan coe�cients for arbitrary J {fold tensor products of ir-
reducible representations of the unitary groups. The systematicreduction
through group chains (dynamical symmetries) associated to the symmetry
group of the molecule remains a problem to be solved. As the components of
the vibrational (spherical) tensor operators are symmetry allowed linear com-
binations of polynomials in the generators of the vibrational Lie{algebras, i.e.
creation and annihilation operators (see Equation (3.39)), within the Dijon
approach one speci�es vibrational tensor operator componentsvia the degree

 v in ak�

+ and ak�
� of such symmetry adapted polynomials. It is referred to

Champion et al. (1992) (and references cited therein) for the construction of
vibrational tensor operators ofjK j nk{oscillators. The result, i.e. the junc-
tion of � components ofG{tensor operators and� components of vibrational
G{tensor operators is stated here:

T J
p ! � V � +

v � �
v (� v )

s1s2 � : (3.57)
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The symbol � +
v (� �

v ) denotes the symmetry species of the complete creation
(annihilation) operator (see Championet al. (1992)), which acts on the com-
plete vibrational Hilbert space H v = 
 x2 X nrH x . Both s1 and s2 denote
vectors in the setNjK j of intermediate coupling indices of thejK j normal
modes of vibration (Championet al. 1992). The symbol �v denotes the sym-
metry species of the component and� 2 f� 1g its transformation behaviour
with respect to the time reversal operation. Examples for the non{degenerate
(Palting 1991) and the doubly degenerate harmonic oscillators weredone by
Palting (1998). Palting shows, that higher rank vibrational tensoroperators
can be constructed from theV 1=2 = ( a+ ; a� )t vibration tensor operator (the
superscript t denotes transposition).

3.7.2 Rotational tensor operators

For a pure spherical partial problem, equipped with some orientation, the
elementary rotational spherical tensor operatorR1 is conventionally de�ned
as (Moret-Bailly 1961, Moret-Bailly et al. 1965)

T1 ! R1 = 2
�

�
J +

p
2

; Jz;
J �

p
2

� t

: (3.58)

The superscriptt denotes transposition. The creationJ+ = Jx + iJ y and an-
nihilation operator J� = Jx � iJ y are de�ned via the components of the total
angular momentum operator. Components ofR1 act on the rotational Hilbert
spaceH r and represent a basis of the Lie{algebra of SU(2) =U(2)=hPi ,
as described in Figure 3.6. Higher rank tensor operators within the group
chain O(3) � Td can be constructed fromR1 using Equation (3.39) and
the Td{matrix elements in Table 3.8. R1 can also be constructed from
R1=2 = ( J+ ; J� )t . The symbol 
 r is used for the degree in rotational creation
(J+ ) and annihilation operators (J� ) of components of rotational tensor op-
erators. The unit 1O(3) in O(3) represented inL (H r) , i.e. the total angular
momentum operatorJ 2 , is conventionally regarded as an operator of degree
zero. The total order, i.e. the sum of the vibrational degree 
v and the
rotational degree 
 r is thus de�ned as


 = 
 v + 
 r � 2 : (3.59)

The rotational degree of a rotational tensor operator appearsin the notation
as an additional superscript and one writes

T J
p ! R
 r (J;n � r )

� (3.60)

for the � component of the irreducible (withinG) rotational tensor operator
of rank J .
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3.7.3 Rovibrational tensor operators

Vibrational and rotational tensor operators can be coupled according to
Equation (3.47). The resultant operator is an irreducible rovibrational G{
tensor operators

T 
 r (J;n � r )� +
v � �

v (� rv )
s1s2 � : (3.61)

� rv is the overall symmetry species of the operator component� . The order
of the operator is de�ned in Equation (3.59). Components of tensor opera-
tors which contribute to the rovibrational Hamiltonian must be Hermitian
and therefore totally symmetric with respect to the action of the symmetry
group of the molecule. The exact Hamiltonian | within the realm of the
approximations and the physical properties considered | is given by

H � =
X

ts1s2 �

 r (J;n � r )� +

v � �
v

T 
 r (J;n � r )� +
v � �

v (A 1 )
s1s2 � : (3.62)

The sum extends over all indices and vectorss1; s2 2 NjK j.

3.7.4 E�ective rovibrational Hamiltonian operators

An appropriate block diagonal form of the Hamiltonian can be achieved
if a molecule exhibits sets of close lying vibronic levels, the polyadsPi

4

(i 2 N). The Hamiltonian H � can be transformed into a polyad{block diago-
nal Hamiltonian eH � by means of a unitary transformation (van Vleck 1929).
In symbols

eH � = exp( iS)H � exp(� iS) : (3.63)

S is a traceless (tr(S) = 0) and Hermitian operator5. Such a rearrangement
of the Hamiltonian is arbitrary. For convenience, it is chosen in such away,
that inter{polyad interactions are eliminated. The transformed Hamiltonian
can thus be written as

eH = eH f P0g + eH f P1g + : : : + eH f Pi g + : : : ; (3.64)

where eH f Pi g can be expressed in terms of components of rovibrational tensor
operators which act exclusively on polyadsPj with j � i . Hence

eH f Pi g =
X

ets1s2 �

 r (J;n � r )� +

v � �
v

T 
 r (J;n � r )� +
v � �

v (A 1)
s1s2 � : (3.65)

4The symbol Pi is used for both the set of Pauli{allowed rovibrational wavefunctions
which belong to the polyad Pi as well as the corresponding projection operator.

5The set of traceless and Hermitian operators forms a Lie{algebra of the unitary group.
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The sum extends over all indices and the coupling vectorss1; s2 2 NjK j of
the Pi polyad. The Hamiltonian parametersets1s2 �


 r (J;n � r )� +
v � �

v
in Equation (3.65)

must be determined from experiments (line positions) or theoretical methods,
which are able to predict the spectrum of � . The e�ective Hamiltonian eH hPj i

for the polyadPj is obtained from the projection ofeH on the Hilbert subspace
of Pj :

eH hPj i = Pj
eHP j = eH hPj i

f P0g + : : : + eH hPj i
f Pi g

+ : : : + eH hPj i
f Pj g : (3.66)

Figure 3.7 illustrates the e�ective Hamiltonian operators, which arisefrom
the ground state up to theP3 polyad. A total of 896 e�ective Hamiltonian

282

P0

1408

P1

5352

P2

11548

P3

:::

: : :

eH hP0 i

eH hP1 i

eH hP2 i

eH hP3 i

: : :

Fig. 3.7: E�ective Hamiltonian operators for the ground stat e up to the P3 polyad.
The dimension of the polyad is indicated on the left for tetrahedral XH4 molecules
(rotational quantum number J = 25) in the Td labelling regime. Parity split levels
are not taken into account.

parameters arise for an expansion up to order 
 = 6 , 6 , 6 and 5 forP0 , P1 ,
P2 and P3 , respectively (see Chapter 6.4, Table 6.3).

3.7.5 Correspondence between formalisms

The relationship between the coe�cients of e�ective Hamiltonian operators
from the Dijon approach and coe�cients of other e�ective Hamiltonian ap-
proaches is usually not trivial (Championet al. 1992) and subject to current
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and future research (Reyet al. 2010). A few have, however, been related
to the coe�cients of e�ective Hamiltonian operators from Hecht (1960a;b)
and (Herranz 1961) (Championet al. 1992). The correspondence for the pa-
rameters of the vibrational ground state are summarized in Table 3.9, where
we also indicate the values of the coe�cients for13CH4 , which have been
re�ned in this work. Albert et al. (2009) provides the latest values for12CH4 .

Tab. 3.9: Correspondence of e�ective Hamiltonian parameters for the vibrational
ground state.

Parametera Correspondenceb Valuec / cm � 1

No. Polyad 
 
 r(J; n� r) Hecht (1960a;b) this work

1 GS 0 2(0,0A1) B0 5.24128813(88)
2 GS 2 4(0,0A1) � D0 -1.109876(89)�10� 4

3 GS 2 4(4,0A1) �
p

15=4
p

2D0t -3.036935(41)�10� 6

4 GS 4 6(0,0A1) H0 6.299(35)�10� 9

5 GS 4 6(4,0A1) 3
p

5=16
p

2H4t -1.6781(16)�10� 10

6 GS 4 6(6,0A1) �
p

231=64
p

2H6t -6.2605(37)�10� 11

7 GS 6 8(0,0A1) L0 -4.67(48)�10� 13

8 GS 6 8(4,0A1) � 3
p

15=64
p

2L4t -8.36(17)�10� 15

9 GS 6 8(6,0A1) 3
p

77=256
p

2L6t -6.394(63)�10� 15

10 GS 6 8(8,0A1) 1=32
p

33L8t -5.28(27)�10� 16

aSee Appendix D for a detailed description of the symbols.

bCorrespondence with the parameters from Hecht (1960a;b) according to
Champion et al. (1992).

cThe standard deviation is indicated in units of the last digit.

Further correspondences for the singly excited fundamental states are sum-
marized in Championet al. (1992). The values of the parameters are sum-
marized in Table 2 and Table 3 in the Appendix D.

3.7.6 Implementation in the XTDS program package

The Dijon algebraic approach is implemented for various molecular sym-
metry groups in the XTDS program package (X for the respective sym-
metry group G and TDS for Top Data System), which is freely available
on the web: http://icb.u-bourgogne.fr/OMR/SMA/SHTDS . Wenger et al.
(2000) described the package in great detail including the practical proce-



3.8 Advantages and disadvantages of the Dijon algebraic approach 71

dures, which have been used for the analyses in Chapter 4{6. The software
package has been extended and is now equipped with a user{friendlyjava{
based graphical user interface (Wengeret al. 2008a), which allows one to
get smoothly introduced into the practical use of the software and run the
program interactively. The software package runs on most commonly known
computer platforms (UNIX, Linux, Mac OS and Windows).

For the assignment of the experimental line positions in Chapter 5 and
Chapter 6 we used the SPVIEW software, which is designed as an accom-
panying software for XTDS. Wengeret al. (2008a) described both in great
detail, the features and the use of the SPVIEW software. SPVIEWis also
freely available on the web:http://icb.u-bourgogne.fr/OMR/SMA/SHTDS
and runs on the same platforms as XTDS.

3.8 Advantages and disadvantages of the Di-
jon algebraic approach

The Dijon algebraic approach exhibits several major advantages with respect
to standard bottom{up approaches (see Chapter 3.7, Equation (3.35), (3.36)
and (3.37)).

+ Purity: the formalism is entirely based on the axioms of quantum
mechanics. The fundamental symmetries are used for the reduction of
computational costs.

+ Generality: the formalism is not limited by the BO{approximation
(Boudon et al. 2004, El Hilali et al. 2009). It can be used for the
description of all interaction phenomena between arbitrary physical
properties ascribed to � .

+ Potential: the formalism is currently by far the most accurate tool for
the calculation of e.g. rovibrational spectra of methane. The math-
ematical principles are well known but not yet properly worked out
for general applications in molecular spectroscopy. The approachwill
probably represent an enduring breakthrough if it is extended to arbi-
trary sets of coupledn{oscillators and molecules with arbitrary equi-
librium geometry.

However, the approach is not a general recipe which satis�es the request
for a complete uni�cation of the operator{, functional{ and con�guration{
space for physical interpretation. Partially inherited from the advantages
of a purely quantum mechanical approach, severe disadvantagesarise with
respect to standard bottom{up approaches.



72 3. Theory

� Initial value: for each system � the actual value of the e�ective Hamil-
tonian parameters must be determined from line by line assignments in
the experiments or other methods, which can be used for the prediction
of the spectrum of � .

� Data explosion: the number of e�ective Hamiltonian parameters in-
creases with both the development order (increased accuracy) and the
polyad number (higher spectral region). See Chapter 3.7.4 ande.g.
Table 6.3 in Chapter 6.4.

� Interpretation: except for a few cases (see Chapter 3.7.5 and Champion
et al. (1992)), the direct physical interpretation of the e�ective Hamil-
tonian parameters is di�cult, i.e. their interpretation within the realm
of the classical particle picture for the understanding of the dynamics
and the geometry of the molecule is very di�cult.

A combination of algebraic top{down and physically interpretable bottom{
up approaches is mandatory. The complete uni�cation of both is di�cult
and subject to current and future research (Reyet al. 2010). In princi-
ple, a general numerical approach would be possible following the strategy
proposed by Lewerenz and Quack (1988) for CHD3 (see also Albertet al.
(2011c), section 3.4.). The complete rovibrational spectrum is calculated by
variational methods (on a potential hypersurface obtained empirically or ab
initio within the Born{Oppenheimer approximation, or even going beyond
this). This spectrum obtained as numerical data is then �tted by the e�ective
Hamiltonian, providing the relevant e�ective Hamiltonian parameters. This
strategy is in some sense made use of also in Chapter 6 of the present thesis,
making use of theoretical data of Xiao{Gang Wang and Tucker Carrington
Jr. and Xiao{Gang Wang and Edwin L. Sibert III.
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Chapter 4

Study of nuclear spin symmetry
conservation in methane 12CH 4

In the present chapter we report the results from a study of nuclear spin sym-
metry conservation in methane12CH4 following largely the reports given in
Niedereret al. (2010; 2011a). Molecules which contain several identical nuclei
in symmetrically equivalent positions can exist in di�erent forms, if thenuclei
carry non{zero intrinsic angular momentum (\nuclear spin"). These forms
are characterized by distinguishable sets of internal quantum numbers related
to the rovibronic state symmetries and thereby nuclear spin symmetry, due
to the generalized Pauli principle. Frequently these forms interconvert only
slowly and thus they are called nuclear spin (symmetry) isomers or nuclear
spin modi�cations of the compound considered. The phenomenon has been
known for a long time in the case ofortho{ and para{hydrogen (H2), sepa-
rated by Bonhoe�er and Harteck (1929) (for more aspects, alsohistorical, see
Chapovsky and Hermans (1999), Curlet al. (1967), Herzberg (1945), Hougen
and Oka (2005), Quack (1977; 2011), Sunet al. (2005) and Wigner (1933)).
A sample of para{H 2 has only states of even rotational quantum numbers
(J = 0; 2; 4; : : :) populated with a total nuclear spin zero for the two protons
(I = 0). It can be stored under appropriate conditions, for instancein a
clean glass container without paramagnetic impurities for months atroom
temperature, without converting to ortho{H 2 (odd J = 1; 3; 5; : : :) with a
total nuclear spin one for the two protons (I = 1). The stability of a single
spin modi�cation is ascribed to the smallness of the nuclear spin interaction
terms which mix ortho and para states. For other molecules it is known that
the storage of each nuclear spin modi�cation separately at room tempera-
tures is di�cult due to accidental near degeneracies of rovibrational energy
levels between nuclear spin modi�cations, which work as a funnel accelerat-
ing the rate of conversion between di�erent nuclear spin states signi�cantly
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at room temperature (Chapovsky and Hermans 1999, Curlet al. 1967). De-
spite the lack of practical enrichment techniques, nuclear spin modi�cations
have been of great interest in physical chemistry, because the principles of
approximate parity and nuclear spin symmetry conservation in molecular pro-
cesses provide most useful insights in molecular dynamics and spectroscopy
(Quack 1977). As these are only approximate symmetries, attempts to �nd
their violations have been suggested and undertaken in practice (Chapovsky
and Hermans 1999, Quack 1986), including experiments on nuclear spin iso-
merization in methane (Ozier and Yi 1967, Ozieret al. 1970) and studies
by cw{cavity ring down spectroscopy of supersonic jets (Hippler and Quack
2002). As an alternative to experimental studies in bulk, FTIR{spectroscopy
of supersonic jets has been used to simplify spectra and to study nuclear spin
symmetry conservation (Amreinet al. 1988a;b) (see also Quack (1990) and
Herman et al. (2000) and the review by Snelset al. (2011)). Here again,
methane 12CH4 is studied in the gas phase at very low temperature with a
collisional cooling technique, newly developed for FTIR spectroscopy (Albert
et al. 2007, Bauereckeret al. 2001; 1995). The technique has also previously
been presented in submillimeter wave spectroscopy (Messer and DeLucia
1984, Willey et al. 1988). Using this technique, in the present work we have
obtained non{thermal populations of the nuclear spin isomers. TheFTIR
spectra could be reproduced with e�ective rotational temperatures of approx-
imately 16 and 27 K assuming conservation of nuclear spin symmetry upon
cooling (Amrein et al. 1988b). In the following the experimental technique
as well as the analysis of the spectra is presented. As discussed in Chapter
3.5.3 and Chapter 4.2, methane12CH4 consists of three nuclear spin isomers
\A" (with total nuclear spin for the four protons I = 2 , g(A) = 5), \E"
(I = 0 , g(E) = 1 � 2, due to the parity split levels E+ and E� ) and \F"
(I = 1 , g(F) = 3). The goal of this work was to extend the very short
time scales of supersonic jets (< 1 ms), which e�ectively suppresses inter{
conversion of nuclear spin isomers, to times on the order of up to seconds,
with a correspondingly increased e�ective number of collisions duringthe
residence times.

4.1 Experimental technique

The FTIR spectra have been recorded in the spectral region of the � 3 fun-
damental band center of12CH4 at 3019.4930(1) cm� 1 (Albert et al. 2009).
The spectra were obtained between 2700 and 3600 cm� 1 . The resolution was
0.0027 cm� 1 for all experiments. The He bu�er{gas temperature varied be-
tween 10 and 40 K. The total pressures in the cooling cell range from 0.02
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to 1 hPa with estimated mole fractions of12CH4 in the di�using cloud in the
range from 10� 4 to 10� 3 . The optical absorption path length was 15 m for
both experiments. The experimental conditions are summarized in Table 4.1.
For the experiments a collisional cooling cell (Albertet al. 2007) was used,
which is based on White{type optics (Bauerecker 2005, Bauerecker et al.
2001; 1995, Bernstein and Herzberg 1948, White 1942). The cell iscombined

Tab. 4.1: Experimental conditions for the non{equilibrium spectra of 12CH4 .

pa / Tb
r / dc / � e� d

e� / le / Scans Region Date
hPa K mm cm� 1 m cm� 1

0.02 16 1.0 0.0027 15.0 40 2700-3600 07.06.08
0.2-0.4 27 1.0 0.0027 15.0 20 2700-3600 07.06.08
aApproximate continuous pressurep of a mixture of methane and he-
lium with estimated fractions 10� 4 < p (12CH4)=p < 10� 3 in the dif-
fusing cloud.

bRotational Temperature obtained from analysis of the spectrum.
cDiameter of the circular aperture.
dE�ective instrumental resolution � e� e� = 0 :9=L.
dOptical path length l in the multire
exion cell.

with the Bruker IFS 125 HR ZP 2001 prototype spectrometer (Albert et al.
2003). The whole experimental setup including the connection of the cooling
system with the evacuated transfer optics and the spectrometer is described
in Albert et al. (2007) and is shown in the experimental section (see Chapter
2.4, Figures 2.5 and 2.6). The collisional cooling cell can be operated in dif-
ferent modes. The simplest is the static mode. A coolant like liquid helium
is �lled into the Dewar vessel, which cools the cell to a �xed temperature.
In the vapor{pressure{limited mode (Albert and Quack 2007), thecell tem-
perature is adjusted by heating corresponding to the desired pressure of the
sample. In the enclosive 
ow mode the sample gas is continuously injected
while the bu�er gas 
ows radially from the whole inner cell wall into the
cell for minimizing wall contacts of the sample gas (Bauereckeret al. 1995,
Taucher et al. 1996). For the present investigation the setup was used in the
enclosive 
ow cooling mode with continuous bu�er and sample gas 
ows. The
enclosive 
ow partially hinders the CH4 di�usion towards the cold inner cell
wall where the CH4 molecules would adsorb and possibly freeze out. Both
the He and the CH4 
ows into the cell, as well as the gas pressure in the cell,
can be independently adjusted using three �ne{control{valves. Acrucial part
of the experiment is the injection of the sample gas into the cooling cell with
the intention of avoiding condensation within the inlet path and clustering
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in the cold bu�er gas (Messer and De Lucia 1984, Willeyet al. 1988). For
this purpose a vacuum{isolated sample{gas inlet tube of stainless steel was
constructed, which can be electrically heated. The tube is equippedwith
a thermocouple at the tip for the measurement of the entrance sample gas
temperature. In the present case the12CH4 molecules entered the system
with a temperature of approximately 50 to 70 K. These temperatures are
measured at the display. The real temperature may vary and can only be
determined through the simulation of rotational absorption lines. Methane
presumably needs only about 100 collisions with He atoms to reach thermal
equilibrium (Willey et al. 1988) for translational and rotational degrees of
freedom. The CH4 molecules adsorb when they reach the inner cell wall.
The He 
ow from the cell wall and the whole gas movement downwardsto
the outlet tube can be neglected for most experimental conditionsused in
this work because of the di�usion geometry for CH4. Assuming a �rst order
rate law for the spin isomerization process in methane, the mean residence
time of a CH4 molecule provides an estimate for the lower bound of the in-
terspecies conversion rate. The residence time can be estimated from the
di�usion equation, most generally stated as

(� D � + @t ) � = 0 : (4.1)

D is the isotropic di�usion coe�cient, � is the Laplace operator in the sp atial
domain and@t the partial derivative @=@tin time. Its solution � is well known
for a point{like initial particle distribution � (x = 0; t = 0) and a di�usion
coe�cient, which depends neither onx nor on t nor on � . With this solution
one obtains (Einstein 1905)

p
3hx2i x =

Z

R3
�x 2dx =

p
6Dt (4.2)

for the mean squared deviationhx2i x of a particle from its initial position
in a predetermined direction,e.g. x{direction (Einstein 1905). We refer to
Equation (4.2) for the calculation of the mean residence time, in whichfor
our casex � 0:05 m is taken to be half of the diameter of the inner cell (see
Chapter 2.4, Figure 2.6) andD follows the semi{empirical law

D(T; p) = D(p0; T0)
�

T
T0

� m �
p0

p

� n

; (4.3)

whereD(p0 = 1 bar; T0 = 273 K) = 0 :5810 cm2=s , m = 1:801 andn = 1:034 ,
describing the temperature and pressure dependence of the di�usion coe�-
cient D(T; p) of the He{CH4 system (Engel and Knapp 1973). Following En-
gel and Knapp (1973) 173 K is the lowest temperature at which experimental



4.2 The partition function and transition intensities 77

data for the di�usion coe�cient are available. BecauseD is inversely pro-
portional to pressure as long as the gas is in a regime where binary collisions
dominate (Marrero and Mason 1972), one obtains probably a reasonable esti-
mate if these data are adopted for the lower temperature range.This scheme
provides lifetimes of supercooled CH4 molecules in the experiments presented
here of approximately 0.6 s (for 10 K and 0.1 mbar bu�er gas conditions) or,
more typically, 0.1 s (for 20 K and 0.05 mbar). Compared to these values, the
residence time of a supercooled CH4 molecule is 1000 to 6000 times lower
in the collision zone of a typical supersonic jet expansion. An assumed jet
velocity of 500 m/s and a path length of cold molecules between the tipof
the ori�ce and the optical measuring beam of 0.05 m (Amreinet al. 1988b)
lead to a maximum relaxation time of 0.0001 s . The approximate number
of collisionsN of CH4 molecules during their residence timet in the cooling
cell (predominantly with He atoms) is described by

N =
tkT
Dm

; (4.4)

wherek is the Boltzmann constant andm the molecular mass of CH4, leading
to 2 � 106 (for 0.6 s, 10 K and 0.1 mbar) and 8� 104 (for 0.09 s, 20 K and
0.05 mbar).

4.2 The partition function and transition in-
tensities

The partition function for the description of a non{thermal distribution of
nuclear spin isomers can be split into separate parts according to the nuclear
spin isomers which may be distinguished in the experiment. Within the
realm of this theory, transition intensities at rotational temperature Tr with
complete nuclear spin symmetry conservation at spin temperatureTs are
given by Amrein et al. (1988b) as

G(i; J 0; Ts; Tr) /� p(i; Ts; Tr)
2J 0+ 1
2J 00+ 1

; (4.5)

with the rotational quantum numbersJ 00for the ground andJ 0 for the excited
state. In Equation (4.5) it is assumed that the transition moment is given by
the H•onl{London (H•onl and London 1925) rotational factor (2J 0+1) =(2J 00+1)
for IR active transitions from methane in its ground state. These are only
approximate values, so the rotational factor can be replaced by the more
accurate adjusted transition moment� (J 0) /� (2J 0 + 1) from the XTDS
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Tab. 4.2: Transitions and rotational factors for � 3 of 12CH4 .

Assignment a Line positions / cm � 1 and rotational factors
(see Equation (4.5) and (4.6))

Term values / cm � 1

Type �( S�
4 ) e� b

r (Ref.)
2J 0 + 1

2J 00+ 1

� (J 0)=10� 3

2J 00+ 1

� (J 0)=10� 3

2J 0 + 1
Lower c Upper c

P (1) F +
1 3009.011370 0.333333 0.315258 0.95 10.481636 3019.493283

P (2) F �
1 2998.994010 0.6 0.562364 0.94 31.442353 3030.436549

P (2) E � 2999.060410 0.6 0.562463 0.94 31.442087 3030.502670
P (3) A +

2 2988.795211 0.714286 0.663082 0.93 62.878105 3051.673489
P (3) F �

1 2988.932512 0.714286 0.661419 0.93 62.876777 3051.809415
P (3) F +

1 2989.033465 0.714286 0.663420 0.93 62.875714 3051.909291
P (4) F �

1 2978.650410 0.777778 0.710036 0.91 104.779911 3083.430444
P (4) F +

1 2978.919911 0.777778 0.714025 0.92 104.774604 3083.694532
P (4) A �

2 2979.011230 0.777778 0.715821 0.92 104.772744 3083.784088
Q(1) F +

1 3018.824480 1.0 0.954315 0.95 10.481636 3029.306370
Q(2) E � 3018.591310 1.0 0.954906 0.95 31.442087 3050.033626
Q(2) F �

1 3018.650160 1.0 0.952228 0.95 31.442353 3050.092747
Q(3) F +

1 3018.242110 1.0 0.953755 0.95 62.875714 3081.117941
Q(3) F �

1 3018.358530 1.0 0.948553 0.95 62.876777 3081.235460
Q(3) A +

2 3018.528710 1.0 0.956170 0.96 62.878105 3081.406946
Q(4) A �

2 3017.711640 1.0 0.957648 0.96 104.772744 3122.484442
Q(4) F +

1 3017.814488 1.0 0.948710 0.95 104.774604 3122.589452
Q(4) E � 3017.885570 1.0 0.944334 0.94 104.775932 3122.661506
Q(4) F �

1 3018.205380 1.0 0.955007 0.96 104.779911 3122.985292
R(0) A �

2 3028.752900 3.0 2.886338 0.96 0.000000 3028.752618
R(1) F +

1 3038.499200 1.666667 1.616702 0.97 10.481636 3048.980503
R(2) F �

1 3048.153317 1.4 1.367961 0.98 31.442353 3079.596017
R(2) E � 3048.169000 1.4 1.368214 0.98 31.442087 3079.611532
R(3) A +

2 3057.688000 1.285714 1.268320 0.99 62.878105 3120.565806
R(3) F �

1 3057.727000 1.285714 1.264540 0.98 62.876777 3120.603557
R(3) F +

1 3057.760693 1.285714 1.264285 0.98 62.875714 3120.636734
R(4) F �

1 3067.164186 1.222222 1.215161 0.99 104.779911 3171.944280
R(4) E � 3067.234443 1.222222 1.207028 0.99 104.775932 3172.010547
R(4) F +

1 3067.261080 1.222222 1.207797 0.99 104.774604 3172.035885
R(4) A �

2 3067.300091 1.222222 1.210304 0.99 104.772744 3172.073155

a P (J 00){ , Q(J 00){ and R(J 00){transitions refer to transitions to an upper J 0 = J 00� 1 ,
J 0 = J 00 and J 0 = J 00+ 1 level, respectively. The symmetry species �( S�

4 ) refers to the
lower level. Symmetry selection rules in Td and S�

4 are summarized in Figure 4.3.

b Reference wavenumber e� r from Albert et al. (2009). The accuracy of e� r is not as good
as the relative accuracy of the experimental values of the pr esent study (see Table 4.6
and text).

c The term values of the lower and the upper state are derived us ing the XTDS program
package (Wenger et al. 2008a) with the e�ective Hamiltonian parameters from Alber t
et al. (2009).

program package (Albertet al. 2009, Wengeret al. 2008a, Wenger and Cham-
pion 1998) (see Table 4.2). In this work the spectra are simulated according
to

G(i; J 0; Ts; Tr) /� p(i; Ts; Tr)
� (J 0)

2J 00+ 1
: (4.6)

The lower state is labeled with the indexi 2 I = N , enumerating states
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with respect to their energy (j > i ) E j > E i ) . The rotational quantum
number J 00 2 N and the Pauli{allowed rovibrational species � follow thus
from this index (see Table 4.3 and Table 4.4). Table 4.2 shows the valuesof
the rotational factor � (J 0)=(10� 3(2J 00+ 1)) . The column � (J 0)=(10� 3(2J 0+
1)) gives an indication also of the accuracy of Equation (4.5). If Equation
(4.5) were exact, the values in this column should stay constant, but one
actually �nds variation of a few percent over the range shown. Formethane it
is su�cient to split the partition function into three separate parts according
to the three nuclear spin isomers of tetrahedral molecules, which can be
distinguished in the experiment. This corresponds to a symmetry labelling
within the rotational subgroup T < Td < S �

4 , the alternating group A4 ,
respectively, where 
 = f A; E; Fg. In order to keep the notation simple, it
is convenient to write the index setI as the union of sets of indices

I = f 0; 1; 2; : : :g =
[

� 2 


I � =
[

� 2 


f 0; 1; 2; : : :g� ; (4.7)

where the indexi 2 I � = N enumerates the spin isomers � with respect
to their energy (see Table 4.3). With this convention we obtain for the
population probability p(i; Ts; Tr) of the i {th state

p(i; Ts; Tr) = x(� ; Ts)(2J 00+ 1)
exp (� � E i =kTr)

Q(� ; Tr)
; (4.8)

where � E i denotes the di�erence in energy of thei {th level and E0(�) , the
energy of the energetically lowest{lying level of each spin isomer

� E i = E i � E0(�) ( i 2 I � ) : (4.9)

� eE i is summarized in Table 4.3 and Table 4.4 up to aboutkT at 550 K
(4850 K in the Appendix C) for methane12CH4 and 13CH4 , respectively.
The term values of the ground state rotational levels are derived using the
XTDS program package (Wengeret al. 2008a) with the e�ective Hamiltonian
parameters from Albertet al. (2009) (12CH4). For 13CH4 we used the re�ned
parameters, which are due to the analysis in Chapter 5. Centrifugal splittings
are small (see Table 4.3); nonetheless, they are taken into account in the
direct sum:

Q(� ; T) = g(�)
X

i 2 I �

(2J 00+ 1) exp (� � E i =kT) : (4.10)

Q(� ; T) is the Boltzmann{weighted number of spin isomers for each �2 
 .
g(�) denotes the nuclear spin statistical weight for the spin isomersincluding
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parity weights (McDowell 1987)

g(�) =

8
<

:

(2I Y + 1) 2(I 2
Y + I Y + 3) =3

2(2I Y + 1) 2I Y (I Y + 1) =3
(2I Y + 1) 2I Y (I Y + 1)

9
=

;
if � =

8
<

:

A
E
F :

(4.11)

The factor 2 for the E species arises from the parity split levels for tetrahedral
XY 4 molecules, in which the Y nuclei carry spinI Y = 1=2 (Quack 1975; 1977;
2011). For I Y = 1=2 , the statistical weights areg(A) = 5 , g(E) = 2 � 1 and
g(F) = 3 . Care must be taken in dealing with Equation (4.11) if the Y nuclei
carry spin I Y 6= 1=2 . The situation and the procedure for the derivation of
statistical weights is described in Chapter 3.5.3, where we also provide a
formula for the derivation of nuclear spin statistical weights for arbitrary
spins of the Y nuclei. Parity weights can be read from Table 4.5. In Figure
4.1 we illustrate Q(� ; T) for methane 12CH4 in the vibrational ground state

Temperature / K

Q
(�

;T
)

0
50

50

100

100

150

150

200

200

250

250

300

350

k
hc

= 0:6950357(13) cm� 1 (Cohen et al. 2011)

� = A ( meta)

� = E ( para)

� = F ( ortho)

Fig. 4.1: Equation (4.10) for ortho (� = F), meta (� = A) and para (� = E)
methane 12CH4 in the ground state as a function of the temperature.
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Tab. 4.3: Rotational energy levels for the vibrational ground state of 12CH4 .

i 2 I � Assign. / spin isomer Relative term value

A E F J 00 �( T) �( Td) �( S�
4)a eE i / cm � 1 � eE b

i / cm � 1

0 0 A A1 A �
2 0 0

0 1 F F1 F+
1 10.481636 0

0 2 E E E� 31.442087 0
1 2 F F2 F�

1 31.442353 20.960717
2 3 F F1 F+

1 62.875714 52.394078
3 3 F F2 F�

1 62.876777 52.395141
1 3 A A2 A+

2 62.878105 62.878105
2 4 A A1 A �

2 104.772744 104.772744
4 4 F F1 F+

1 104.774604 94.292968
1 4 E E E� 104.775932 73.333845

5 4 F F2 F�
1 104.779911 94.298275

6 5 F F1 F+
1 157.124201 146.642564

7 5 F F2 F�
1 157.127789 146.646153

2 5 E E E� 157.137057 125.694970
8 5 F F1 F+

1 157.138781 146.657145
3 6 E E E� 219.913292 188.471205

9 6 F F2 F�
1 219.914877 209.433241

3 6 A A2 A+
2 219.919682 219.919682

10 6 F F2 F�
1 219.936593 209.454957

11 6 F F1 F+
1 219.941090 209.459453

4 6 A A1 A �
2 219.945061 219.945061

12 7 F F1 F+
1 293.122786 282.641150

13 7 F F2 F�
1 293.126347 282.644711

5 7 A A2 A+
2 293.153995 293.153995

14 7 F F2 F�
1 293.164366 282.682730

4 7 E E E� 293.169932 261.727845
15 7 F F1 F+

1 293.178477 282.696840
6 8 A A1 A �

2 376.730214 376.730214
16 8 F F1 F+

1 376.733497 366.251861
5 8 E E E� 376.735424 345.293337

17 8 F F2 F�
1 376.785651 366.304015

18 8 F F1 F+
1 376.804555 366.322919

6 8 E E E� 376.821066 345.378979
19 8 F F2 F�

1 376.826046 366.344410
aThe parities of the levels are given as rovibrational parities as well
as total parities as for 12CH4 . For 13CH4 all total parities must be
reversed (+ $ � , see Chapter 3.5).

bTerm value with respect to eE0(A) , eE0(F) and eE0(E) , respectively.



82 4. Study of nuclear spin symmetry conservation in methane12CH4

Tab. 4.4: Rotational energy levels for the vibrational ground state of 13CH4 .

i 2 I � Assign. / spin isomer Relative term value

A E F J 00 �( T) �( Td) �( S�
4)a eE i / cm � 1 � eE b

i / cm � 1

0 0 A A1 A �
2 0 0

0 1 F F1 F+
1 10.482132 0

0 2 E E E� 31.443575 0
1 2 F F2 F�

1 31.443841 20.961709
2 3 F F1 F+

1 62.878689 52.396557
3 3 F F2 F�

1 62.879752 52.397620
1 3 A A2 A+

2 62.881080 62.881080
2 4 A A1 A �

2 104.777699 104.777699
4 4 F F1 F+

1 104.779560 94.297427
1 4 E E E� 104.780889 73.337314

5 4 F F2 F�
1 104.784868 94.302736

6 5 F F1 F+
1 157.131630 146.649498

7 5 F F2 F�
1 157.135220 146.653088

2 5 E E E� 157.144490 125.700915
8 5 F F1 F+

1 157.146215 146.664082
3 6 E E E� 219.923687 188.480112

9 6 F F2 F�
1 219.925273 209.443140

3 6 A A2 A+
2 219.930080 219.930080

10 6 F F2 F�
1 219.946995 209.464863

11 6 F F1 F+
1 219.951493 209.469361

4 6 A A1 A �
2 219.955465 219.955465

12 7 F F1 F+
1 293.136639 282.654506

13 7 F F2 F�
1 293.140201 282.658069

5 7 A A2 A+
2 293.167856 293.167856

14 7 F F2 F�
1 293.178231 282.696098

4 7 E E E� 293.183799 261.740224
15 7 F F1 F+

1 293.192345 282.710213
6 8 A A1 A �

2 376.748016 376.748016
16 8 F F1 F+

1 376.751300 366.269167
5 8 E E E� 376.753228 345.309653

17 8 F F2 F�
1 376.803467 366.321334

18 8 F F1 F+
1 376.822379 366.340247

6 8 E E E� 376.838894 345.395319
19 8 F F2 F�

1 376.843875 366.361743
aThe parities of the levels are given as rovibrational parities as well
as total parities as for 12CH4 . For 13CH4 all total parities must be
reversed (+ $ � , see Chapter 3.5).

bTerm value with respect to eE0(A) , eE0(F) and eE0(E) , respectively.
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for 0 < T=K � 300 . Due to the split partition function Q(� ; T), the mole
fraction x(� ; T) of � at temperature T, i.e. the probability of observing a
particular spin modi�cation at the complete equilibrium temperatureT may
be simply expressed as

x(� ; T) = Q(� ; T)
exp (� E0(�) =kT)

Q(T)
; (4.12)

whereQ(T) accounts for the partition function

Q(T) =
X

� 2 


Q(� ; T) exp (� E0(�) =kT) : (4.13)

Figure 4.2 shows the mole fractionsx(� ; T) of ortho{, meta{ and para{
methane (12CH4 and 13CH4) and the population ratiospara{to{ ortho (E{to{
F) and para{to{ meta (E{to{A) as a function of the equilibrium temperature.
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� = A ( meta)
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� = F ( ortho)

p(E ;T )
p(A ;T ) � 5
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2

Fig. 4.2: Population probabilities p(� ; T), i.e. mole fractions x(� ; T) of ortho (� =
F), meta (� = A) and para (� = E) 12CH4 and 13CH4 as a function of equilibrium
temperature. The population ratios para{to{ ortho (E{to{F) and para{to{ meta
(E{to{A) are normalized to their limits for high temperatur es (Amrein et al. 1988b,
Crovisier 1998).
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Both, the partition function for the calculation of transition intensities for IR
active transitions from A1 to F2 vibrational bands (Equation 4.6 and Figure
4.3) and the functional

f (Ts; Tr) =

 
1
N

X

j 2 N

�
Gj

e � �G j
c(Ts; Tr)

� 2

! 1=2

; (4.14)

for the determination of the rotational and spin temperatures,i.e. the anal-
ysis of experiments on nuclear spin conversion in methane12CH4 , 13CH4 ,
12CD4 , etc., are implemented in our version of the XTDS program package
(Wenger et al. 2008a). The rotational and spin temperatures were obtained
from the comparison of the relative (with respect to the experimental base-
line, seee.g. Figure 4.4) experimental line intensityGj

e with the calculated
line intensity Gj

c by determining the minimum of f (Ts; Tr) . N 3 j is the
number of transition intensites used for the �t and

� =

 
X

j 2 N

Gj
eG

j
c(Ts; Tr)

!  
X

j 2 N

Gj
c(Ts; Tr)2

! � 1

(4.15)

is a scaling factor chosen such that the sum of the squares in Equation (4.14)
is minimal

4.3 Symmetry, selection rules and nuclear
spin isomers

The traditional symmetry assignment of rovibrational levels of methane uses
the rotational subgroup T < Td < S �

4 and the alternating group A4 , re-
spectively, which is su�cient for the description of nuclear spin modi�ca-
tions and nuclear spin statistical weights (Amreinet al. 1988b, Hippler and
Quack 2002). It has been known for some time, though, that theTd point
group species can be employed as well (Herzberg 1945, Hougen 1962; 1971,
Jahn 1938a). In addition, when inversion doubling or stereomutation can be
detected or when the assignment of parity is important, one has touse the
CNPI{group S�

4 (Longuet-Higgins 1963, Quack 1975; 2011). Throughout this
work we use the rotational subgroupT for the calculation of the transition
intensities and the CNPI{groupS�

4 for the labelling of methane rovibrational
states, starting out from the labelling in Td. The correspondence of the
Td labels in S�

4 assigning total parity is discussed in Chapter 3.5.4. Figure
4.3 shows the Pauli{allowed rovibrational species inTd and S�

4 for 12CH4 for
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Fig. 4.3: Species of the Pauli{allowed rovibrational levels of 12CH4 in Td and S�
4 . (a) A 1 vibrational state (such as the ground

state), (b) F 2 (IR active) vibrational state (such as the � 3 state). See text for a more detailed description of the �gure.
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A1 vibrational states (of which the ground state is an example) and from
A1 accessible F2 vibrational states (for example the� 3 state). The levels of
the triply degenerate F2 vibrational level are observed asP{ , Q{ and R{
branch transitions to the F (+) , F (0) and F (� ) components of the F2{band,
respectively (Herzberg 1945, Hippler and Quack 2002). The electric dipole
selection rules inS�

4 are very simply given by the principle of change of par-
ity and conservation of nuclear spin symmetry (Quack 1977). This \almost
rigorous" symmetry selection rule is no longer strictly valid if nuclear spin
interaction terms are taken into account. However, nuclear spin interaction
terms which mix states of di�erent nuclear spin symmetry are usuallyex-
pected to be small. For CH4 the Pauli{allowed species �p are A+

2 and A�
2 in

S�
4 . The species �s of the spin wave function of the four fermions are A+1 for

total nuclear spin I = 2 , F +
2 for I = 1 and E+ for I = 0 (Quack 1975; 1977;

2011). We thus obtain Pauli{allowed rovibrational species as summarized in
Table 4.5. Table 4.5 shows, that for XH4 A �

2 , A+
2 , F+

1 , and F�
1 levels have

a well{de�ned parity, whereas E+ and E� correspond to an almost degen-
erate inversion doublet. In fully deuterated XD4 A+

1 and A�
1 levels have a

Tab. 4.5: Pauli{allowed rovibrational species for tetrahedral XY 4 molecules.

Rovibrational species inT ,
Td and S�

4 , (Quack 1975).

Pauli{allowed rovibrational
species inS�

4 for nuclei Y
carrying spin 1=2 , 1 and 3=2 .

�( T) �( Td) �( S�
4) XH4 XD4 XY 4

A A1 A+
1 ^ A�

2 A�
2 A+

1 A+
1 ^ A�

2

A A2 A+
2 ^ A�

1 A+
2 A�

1 A+
2 ^ A�

1

E E E+ ^ E� E+ ^ E� E+ ^ E� E+ ^ E�

F F1 F+
1 ^ F�

2 F+
1 F+

1 ^ F�
2 F+

1 ^ F�
2

F F2 F+
2 ^ F �

1 F �
1 F+

2 ^ F �
1 F+

2 ^ F �
1

well{de�ned parity, whereas E+ and E� , F+
1 and F�

2 as well as F+2 and F�
1

correspond to almost degenerate inversion doublets. For tetrahedral XY4

molecules in which the Y nuclei carry spinI Y � 3=2 every level is almost
degenerate due to inversion doubling resulting in a parity doublet.
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4.4 Assignment and analysis of the rovibra-
tional line spectra

We recorded theP{, Q{ and R{branches of the� 3{band of methane12CH4

around 3000 cm� 1 . The assignment of the transitions has been discussed
elsewhere previously (Amreinet al. 1988b). In the present work, we make
rigorous use of the CNPI{groupS�

4 . The labelling of the rovibrational states
is given in parentheses (rotational quantum numberJ 00, Pauli{allowed rovi-
brational species �(S�

4)). Two experimental spectra at di�erent conditions
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Fig. 4.4: P{branch transitions of the � 3 fundamental band of 12CH4, observed
by FTIR{spectroscopy using a 
ow{cooling cell. Small sections of two spectra,
recorded at di�erent conditions are shown. The left panels show both compo-
nents of the P(2) transitions for both spectra. The relative intensities of the E� {
and F�

1 {components compared toP(1) can be used as a thermometer for the ro-
tational and the spin temperature (see Figure 4.5). The right panels show the
P(1) transitions (F +

1 {component). The �t line uses a self{apodized instrumental
line shape combined with � e� D = 0 :00198(1) cm� 1 (FWHM), corresponding to a
Doppler temperature of TD = 13:5(2) K (b) and � e� D = 0 :00266(1) cm� 1 (FWHM),
corresponding toTD = 24:4(2) K (d). The symmetry labels give the species of the
lower level in S�

4. For the upper level parity must be reversed (see level scheme
in Figure 4.3). The spin temperatures Ts correspond to populations at the high
temperature limit (see Figure 4.2).
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(see Table 4.1) are analyzed. Figure 4.4 shows theP(1; F+
1 ) transition from

the J 00= 1 ground state level ofortho{methane and the two resolved compo-
nents ofP(2; F�

1 ) and P(2; E� ) from the J 00= 2 ground state levels ofortho{
and para{methane for both spectra. J 00= 2 is the lowest quantum level for
para{methane, while J 00= 1 is also Pauli{allowed for ortho{methane. If the
population of the spin isomers is at its high temperature limit, the intensity
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Fig. 4.5: Top frame: Decadic absorbance spectra simulations for 12CH4 for rota-
tional temperatures 5 � Tr=K � 50 and Ts = 293 K . The �gure shows the two
resolvedP(J 00= 2) transitions from the (2 ; F �

1 ) and (2; E� ) ground state levels of
ortho{ and para{methane, respectively. Lower frame: The intensity ratio for the
P(2) components (G(F �

1 )=G(E � ), see Equation (4.6)). If Tr / 50 K and the pop-
ulation of the spin isomers is at its high temperature limit (Ts ' 50 K, see Figure
4.2), the ratio allows an estimate of the rotational temperature Tr of the sample.
This thermometer function is not available if the spin isomers are fully relaxed to
their population at equilibrium temperature Ts = Tr , whereG(F �

1 )=G(E � ) � 3=2 .
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ratio of both P(2) components, shown in Figure 4.4a and Figure 4.4c respec-
tively, allows an estimate of the rotational temperatureTr in the cooling cell.
This thermometer function ofe.g. the P(2) components is illustrated in Fig-
ure 4.5 assuming the high temperature limit for the spin isomer populations.
In the present case we determined both, rotational and spin temperature
from the maximum decadic absorption intensity of all transitions observed

Tab. 4.6: Transitions and term values for � 3 of 12CH4 .

Assign. Line positions / cm � 1 and transition intensities Term values / cm � 1

Tr = 16 K Tr = 27 K

T
yp

e

�(
S

� 4
)

e� a
r (Ref.) e� b

e (Exp.) A c
c A b

e e� b
e (Exp.) A c

c A b
e Lower c Upper c

P (1) F +
1 3009.011370� 3009.011412 0.075 0.081 3009.011441 0.141 0.164 10.4816363019.493283

P (2) F �
1 2998.994010� 2998.993992 0.034 0.039 2998.993960 0.138 0.141 31.4423533030.436549

P (2) E � 2999.060410� 2999.060408 0.038 0.047 2999.060439 0.101 0.093 31.4420873030.502670
P (3) A +

2 2988.795211� 0.003 2988.795338 0.059 0.070 62.878105 3051.673489
P (3) F �

1 2988.932512� 0.003 2988.932331 0.042 0.046 62.876777 3051.809415
P (3) F +

1 2989.033465� 0.003 2989.033327 0.043 0.053 62.875714 3051.909291
P (4) F �

1 2978.650410 0.000 0.006 104.779911 3083.430444
P (4) F +

1 2978.919911 0.000 0.006 104.774604 3083.694532
P (4) A �

2 2979.011230 0.000 0.009 104.772744 3083.784088
Q(1) F +

1 3018.824480� 3018.824470 0.226 0.239 3018.824429 0.428 0.452 10.4816363029.306370
Q(2) E � 3018.591310� 3018.591312 0.065 0.067 3018.591396 0.172 0.162 31.4420873050.033626
Q(2) F �

1 3018.650160� 3018.650102 0.057 0.059 3018.650171 0.233 0.225 31.4423533050.092747
Q(3) F +

1 3018.242110� 0.005 3018.242182 0.061 0.060 62.875714 3081.117941
Q(3) F �

1 3018.358530 0.005 3018.358621 0.061 0.062 62.876777 3081.235460
Q(3) A +

2 3018.528710� 0.004 3018.528715 0.086 0.088 62.878105 3081.406946
Q(4) A �

2 3017.711640 0.000 0.012 104.772744 3122.484442
Q(4) F +

1 3017.814488 0.000 0.008 104.774604 3122.589452
Q(4) E � 3017.885570 0.000 0.006 104.775932 3122.661506
Q(4) F �

1 3018.205380 0.000 0.008 104.779911 3122.985292
R(0) A �

2 3028.752900 3028.752244 0.481 0.452 3028.752177 1.055 1.026 0.000000 3028.752618
R(1) F +

1 3038.499200 3038.498511 0.384 0.379 3038.498459 0.726 0.737 10.481636 3048.980503
R(2) F �

1 3048.153317� 3048.153361 0.082 0.078 3048.153339 0.335 0.324 31.4423533079.596017
R(2) E � 3048.169000 3048.169148 0.093 0.095 3048.169111 0.247 0.227 31.442087 3079.611532
R(3) A +

2 3057.688000 0.005 3057.687344 0.114 0.120 62.878105 3120.565806
R(3) F �

1 3057.727000 0.006 3057.726437 0.081 0.079 62.876777 3120.603557
R(3) F +

1 3057.760693� 0.006 3057.760689 0.081 0.076 62.875714 3120.636734
R(4) F �

1 3067.164186 0.000 0.011 104.779911 3171.944280
R(4) E � 3067.234443 0.000 0.008 104.775932 3172.010547
R(4) F +

1 3067.261080 0.000 0.011 104.774604 3172.035885
R(4) A �

2 3067.300091 0.000 0.015 104.772744 3172.073155

a Reference wavenumber e� r from Albert et al. (2009) ( � used for calibration).

b Calibrated experimental wavenumber e� e and relative experimental absorbance A e (used for the �t).
The calibration factors are e� e=e� ue = 1 � 2:558 � 10� 7 and e� e=e� ue = 1 � 2:585 � 10� 7 for Tr = 16 K and
Tr = 27 K, respectively. The symbol e� ue denotes the uncalibrated experimental wavenumber.

c The calculated absorbance A c (Ts; Tr ) for Ts = 293 K and the term values of the lower and the upper
state are derived using the XTDS program package (Wenger et al. 2008a) with the e�ective Hamiltonian
and transition moment parameters from Albert et al. (2009).
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in the spectral range of the� 3 band (see Table 4.6) by means of the eval-
uation of Equation (4.14) for suitable regions inN2 3 (Tr ; Ts) . The results
obtained from this method are summarized in Table 4.6. Rotational temper-
atures of approximately 16 K (Figure 4.4a) and 27 K (Figure 4.4c), assuming
conservation of nuclear spin symmetry upon cooling are in satisfactory agree-
ment with the Doppler temperature obtained from the line shape analysis
in Figure 4.4b and Figure 4.4d, respectively (see also Chapter 4.5, Figure
4.15 and text). A detailed analysis showed that the transition line shapes
are partially distorted such that the integrated line strengths were unprecise.
We �nd, however, the same result when using the integrated line strengths
of the possibly undistorted transitions in the evaluation of e�ectivetemper-
atures. We thus used maximum (decadic) absorbance for the determination
of the rotational temperature. The rotational temperature obtained from
this method is much more reliable than the Doppler temperatures, which we
retrieved from the line shape analysis, but again, there is reasonable agree-
ment within the large uncertainty for TD . Figure 4.6 shows schematically
all transitions, which we assigned in the spectrum recorded atTr � 16 K.
It can be seen, that theP(1) transition (see Figure 4.4b) terminates in the
lowest quantum level of the excited vibrational state. The measured transi-
tion at 3009.0114 cm� 1 and a known ground state term value of 10.4816 cm� 1

(Albert et al. 2009) provides thus the term value 3019.4930 cm� 1 of the vi-
brational origin of the � 3 band , which is a benchmark for calculations of
vibrational level positions. The value from this work is in perfect agreement
with the value from (Albert et al. 2009). The uncertainty of approximately
10� 4 cm� 1 arises from the relatively large uncertainty of the reference data
(see Table 4.6). The adjustment of a simple Gaussian to aP(1; F+

1 ) ex-
perimental transition line shape (see Chapter 4.5, Figure 4.15a) provides a
relative uncertainty of 2� � 7� 10� 6 cm� 1 , where� is the standard deviation
of the adjustment. It is clear from Figure 4.2 that intensity ratios which
correspond to partially relaxed nuclear spin symmetry distributionscan only
be detected if the population probabilitiesp(� ; T) di�er signi�cantly from
the their limiting values at \high" temperatures p(� ; T > 60; K) . Hence,
nuclear spin symmetry relaxation of methane in the gas phase can bede-
tected more easily if the residence time of the molecules in the cooling cell is
su�ciently large for the relaxation of nuclear spin modi�cations, such that
p(� ; T) corresponds to temperatures well below 50 K. This requires of course
that accidentally near degenerate levels of di�erent symmetry arepopulated
such that interconversion may actually occur on the time scale of the ex-
periment. If interconversion is possible at low temperatures, it is also clear
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Fig. 4.6: The lower part of the �gure illustrates the rovibra tional level structure
of Pauli{allowed rovibrational species �( S�

4) of methane 12CH4 for A1 vibrational
levels (as the ground state) up toJ 00= 5 . The same is shown in the upper part
of the �gure for F 2 vibrational levels (as e.g. the � 3 state) up to J 0 = 5 . The
vectors indicate all P-, Q- and R-transitions, which are observed in the spectrum
recorded at Tr = 16 K (see Table 4.1 and e.g. Figure 4.7). The vectors are
relatively shifted and styled according to the type of the transition: P-transitions
(left, solid), Q-transitions (centre, dotted) and R-transitions (right, dashed). The
P(1) transition from the lower (F +

1 ; J 00= 1) rovibrational level of the ground state
to the upper (F �

1 ; J 0 = 0) pure vibrational level can be used for the determination
of the \experimental" term value of the vibrational band center (F �

1 ; J 0 = 0) via
addition of the term value of the (F+

1 ; J 00= 1) rovibrational level at 10.481636 cm� 1

(Albert et al. 2009). These values represent benchmarks forab initio calculations
of (ro){vibrational levels on multidimensional potential energy hypersurfaces.

from Figure 4.2, that pre{cooled methane at equilibrium temperatures of
about 50 K is favorable for the detection if the residence time is short. As
mentioned earlier in this work (see Chapter 4.1) in the present case the
12CH4 molecules entered the system with an equilibrium temperature of ap-
proximately 50 to 70 K. From the adjustment of the intensity ratioswe ob-
tain constant minimal rms deviations (Equation 4.14) for spin temperatures
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Ts � 77 K (Figure 4.4a) andTs � 63 K (Figure 4.4c), respectively, which is
in agreement with the local measurements from the thermocouple at the tip
of the inlet tube. A series of Figures, Figure 4.7{4.10 and Figure 4.11{4.14
show that both spectra (see Table 4.1) are in good agreement with e�ec-
tive nuclear spin symmetry conservation (Ts ' 60 K, see Figure 4.2). With
the full nuclear spin relaxation limit, illustrated in Figure 4.8{4.10 and Fig-
ure 4.12{4.14, we could not obtain good agreement between the simulated
and the experimental spectra. We thus conclude that under our conditions,
e�ective nuclear spin symmetry conservation holds.



4.4 Assignment and analysis of the rovibrational line spectra 93

lg
(I

0
=

I)
/

10
�

1 Experiment
12CH4

0

1

2

3

4
 

P
(2

;F
� 1

)
 

P
(2

;E
�

)

 
P

(1
;F

+ 1
)

 
Q

(2
;E

�
)

 
Q

(2
;F

� 1
)

 
Q

(1
;F

+ 1
)

 
R

(0
;A

� 2
)

 
R

(1
;F

+ 1
)

 
R

(2
;F

� 1
)

 
R

(2
;E

�
)

lg
(I

0
=

I)
/

10
�

1

Simulation
Tr = 13 K
Ts � 77 K

0

1

2

3

4

lg
(I

0
=

I)
/

10
�

1

Simulation
Tr = 16 K
Ts � 77 K

best agreement
e�ective conservation

0

1

2

3

4

e� / cm � 1

lg
(I

0
=

I)
/

10
�

1

Simulation
Tr = 19 K
Ts � 77 K

0

1

2

3

4

29
78

.5

29
79

.2
29

88
.6

29
89

.2
29

98
.8

29
99

.2
30

08
.8

30
09

.2
30

17
.6

30
19

.0
30

28
.5

30
29

.0
30

38
.3

30
38

.7
30

47
.9

30
48

.4
30

57
.5

30
58

.0
30

67
.0

30
67

.5

Fig. 4.7: Top frame: High{resolution FTIR spectrum of methane 12CH4 as decadic
absorbance lg(I 0=I ) . The transitions to the isolated � 3 band are labeled asP{, Q{
and R{transitions. The lower state is given in parentheses (rotational quantum
number J 00, Pauli{allowed rovibrational species �( S�

4)). Lower frames: spectrum
simulations for Tr 2 f 13; 16; 19g K, assuming conservation of nuclear spin sym-
metry upon cooling. This experiment shows e�ectively nuclear spin symmetry
conservation under these conditions (see Table 4.1). The nuclear spin symmetry
temperature Ts is at its high temperature limit (see Figure 4.2).
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Fig. 4.8: Top frame: High{resolution FTIR spectrum of methane 12CH4 as decadic
absorbance lg(I 0=I ) . The transitions to the isolated � 3 band are labeled asP{, Q{
and R{transitions. The lower state is given in parentheses (rotational quantum
number J 00, Pauli{allowed rovibrational species �( S�

4)). Lower frames: spectrum
simulations for Ts 2 f 16; 31; 46g K and Tr = 16 K. The simulations show increasing
agreement with the experiment for spin symmetry temperaturesTs tending to the
high temperature limit (see Figure 4.2).
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Fig. 4.9: The �gure shows enlarged sections of selected spectra (limiting case)
shown in Figure 4.7 and Figure 4.8. Top frame: High{resolution FTIR spectrum
of 12CH4 as decadic absorbance lg(I 0=I ) . Middle frame: spectrum simulation
for Tr = 16 K, assuming conservation of nuclear spin symmetry upon cooling.
Lower frame: spectrum simulation for full relaxation to the thermal equilibrium
at Tr = Ts = 16 K (see Figure 4.2). The experiment (top frame) does not agree with
the full nuclear spin relaxation limit (lower frame) but sho ws e�ectively nuclear
spin symmetry conservation (middle frame) under these conditions (see Table 4.1).
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ing case) shown in Figure 4.7 and Figure 4.8. Top frame: High{resolution FTIR
spectrum of 12CH4 as decadic absorbance lg(I 0=I ) . Middle frame: spectrum simu-
lation for Tr = 16 K, assuming conservation of nuclear spin symmetry upon cooling.
Lower frame: spectrum simulation for the full relaxation limit to the thermal equi-
librium at Tr = Ts = 16 K (see Figure 4.2). The experiment (top frame) does not
agree with the full nuclear spin relaxation limit (lower fra me) but shows e�ectively
nuclear spin symmetry conservation (middle frame) under these conditions (see
Table 4.1).
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Fig. 4.11: Top frame: High{resolution FTIR spectrum of methane 12CH4 as
decadic absorbance lg(I 0=I ) . The transitions to the isolated � 3 band are labeled
as P{, Q{ and R{transitions. The lower state is given in parentheses (rotational
quantum number J 00, Pauli{allowed rovibrational species �( S�

4)). Lower frames:
spectrum simulations forTr 2 f 24; 27; 30g K, assuming conservation of nuclear spin
symmetry upon cooling. This experiment shows e�ectively nuclear spin symmetry
conservation under these conditions (see Table 4.1). The nuclear spin symmetry
temperature Ts is at its high temperature limit (see Figure 4.2).
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Fig. 4.12: Top frame: High{resolution FTIR spectrum of methane 12CH4 as
decadic absorbance lg(I 0=I ) . The transitions to the isolated � 3 band are labeled
as P{, Q{ and R{transitions. The lower state is given in parentheses (rotational
quantum number J 00, Pauli{allowed rovibrational species �( S�

4)). Lower frames:
spectrum simulations for Ts 2 f 12; 27; 42g K and Tr = 27 K. The simulations show
increasing agreement with the experiment for spin symmetrytemperaturesTs tend-
ing to the high temperature limit (see Figure 4.2).
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Fig. 4.13: The �gure shows enlarged sections of selected spectra (limiting case)
shown in Figure 4.11 and Figure 4.12. Top frame: High{resolution FTIR spectrum
of 12CH4 as decadic absorbance lg(I 0=I ) . Middle frame: spectrum simulation
for Tr = 27 K, assuming conservation of nuclear spin symmetry upon cooling.
Lower frame: spectrum simulation for full relaxation to the thermal equilibrium
at Tr = Ts = 27 K (see Figure 4.2). The experiment (top frame) agrees well with
the spectrum simulation for e�ective nuclear spin symmetry conservation (middle
frame). The agreement with the full nuclear spin relaxation limit (lower frame)
is worse. The complete analysis shows e�ectively nuclear spin symmetry to be
conserved under these conditions (see Table 4.1).
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Fig. 4.14: The �gure shows the Q{branch enlarged from selected spectra (limiting
case) shown in Figure 4.11 and Figure 4.12. Top frame: High{resolution FTIR
spectrum of 12CH4 as decadic absorbance lg(I 0=I ) . Middle frame: spectrum simu-
lation for Tr = 27 K, assuming conservation of nuclear spin symmetry upon cooling.
Lower frame: spectrum simulation for the full relaxation limit to the thermal equi-
librium at Tr = Ts = 27 K (see Figure 4.2). The experiment (top frame) agrees
well with the spectrum simulation for e�ective nuclear spin symmetry conservation
(middle frame). The agreement with the full nuclear spin relaxation limit (lower
frame) is less good, but the di�erences are not very large. Thecomplete analysis
shows e�ectively nuclear spin symmetry to be conserved underthese conditions
(see Table 4.1).
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4.5 Line shape analysis

Figure 4.15 shows a detailed analysis of theP(1; F+
1 ) experimental transition

line shape as recorded using our high{resolution FTIR setup. The theo-
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Fig. 4.15: P(1;F+
1 ) transition of the � 3 band of 12CH4 at Tr = 16 K, observed

by FTIR{spectroscopy using a 
ow{cooling cell. The �t lines are Doppler line
shapes convoluted with delta (a), sinc (b), self{apodized (c) and sinc2 (d) in-
strument functions (Albert et al. 2011b). The Doppler widths (FWHM) � e� D �
0:00315(1) cm� 1 (a), � e� D � 0:00263(1) cm� 1 (b), � e� D � 0:00198(1) cm� 1 (c), and
� e� D � 0:00240(1) cm� 1 (d) correspond to Doppler temperatures ofTD � 34:2(2) K
(a), TD � 23:8(3) K (b), and TD � 13:5(2) K (c) and TD � 19:9(3) K (d), respec-
tively (see text for a more detailed description of the �gure).
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retical absorption line shapes are adjusted to the experimental line shape
according to di�erent limits and an approximate instrumental line function
F (L; e�; 
) . 2 L is the maximum optical path di�erence and 
 is the solid
angle of the aperture (see Chapter 2.2). In considering spectralline broad-
ening and line shapes in IR spectra, one must consider the true physical line
shape in addition to the instrumental line shape as discussed in Kauppinen
and Partanen (2001) and Albertet al. (2011b). We assume here that the
true line shape is a Gaussian corresponding to the Doppler e�ect, arising
from the thermal Maxwell-Boltzmann distributions of molecular velocities as
other e�ects such as collisional broadening are small under the present ex-
perimental conditions. The resultant theoretical transition line shape is the
convolution of the Doppler line shape with the instrument function (Albert
et al. 2011b, Kauppinen and Partanen 2001). The following line shape limits
are considered (see Chapter 2.2):

(a) The full limit, corresponding to an ideal instrumentation, i.e., an un-
limited optical path di�erence (L=cm ! 1 ) and a point{like light
source (
 ! 0), leading to a Dirac delta instrumental line function
F (L; e�; 
) = � (e� ) . The results from this method are illustrated in
Figure 4.15a.

(b) The partial limit, corresponding to an instrumentation with a �nit e
optical path di�erence (L=cm � 232< 1 ) and a point{like light source
(
 ! 0), leading to a sinc instrumental line functionF (L; e�; 
) =
2L sinc (2� e�L ) . See Figure 4.15b.

(c) The theory for a real instrumentation (Kauppinen and Partanen 2001),
corresponding to a �nite optical path di�erence (L=cm � 232 < 1 )
and an extended light source (
 � 4:5 � 10� 6 > 0), leading to a
self{apodized instrumental line function (see Kauppinen and Parta-
nen (2001)). The results from this method are illustrated in Figure
4.15c.

(d) The theoretical line shape if the sinc function in the interferogram,
arising from a �nite optical di�erence (L=cm � 232), is approximated
by a triangular function F � 1

�
L sinc2 (� e�L )

�
(Kauppinen and Partanen

2001) and a point like (
 ! 0) light source. See Figure 4.15d.

From these methods we obtained the Doppler full widths at half maximum,
providing an estimate of the average temperature in the cooling cell.The
corresponding self{apodized instrumental line function provided aminimal
rms deviation of 0.00184 (see Figure 4.15c), leading to a Doppler tempera-
ture of 13.5(2) K for this spectrum. The complete analysis,i.e. the analysis
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of all assigned lines in this spectrum, provided Doppler temperatures in the
range 11 to 19 K for the same spectrum. This is consistent with the adjusted
rotational temperature Tr = 16 K with regard to the rather large uncertain-
ties of the present line shape analysis. The Doppler line shapes thus provide
a consistent, if relatively inaccurate thermometer independent ofrotational
temperatures. One must also realize, that the temperature is notentirely
uniform over the length of the absorption cell.

4.6 Conclusions

We have found under the conditions of our experiment that nuclearspin
symmetry is conserved upon cooling to rotational temperatures between 16
and 27 K. The residence times in the cell are approximately 0.1 and 0.6 s.
Typical numbers of collisions of CH4 molecules during their residence time
are approximately 2� 106 and 8� 104, respectively. Future experiments might
be performed under similar conditions with increased bu�er gas pressures to
foster collisions and therewith inter{conversion. The present spectra greatly
extend the range of times with observed nuclear spin conservationcompared
to supersonic jet expansions (Amreinet al. 1988b).
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Chapter 5

Global analysis of the pentad of
methane 13CH 4

In the present chapter the results from the global analysis for the pentad
of 13CH4 is reported following largely the reports given in Niedereret al.
(2008a;b;c).

5.1 Introduction

The global analysis of methane13CH4 lines from high resolution rovibrational
spectra including highly accurate line positions in the region 0-3300 cm� 1 is
reported. This covers three polyads: the ground state monad (rotational lev-
els), the dyad (1000-1800 cm� 1 , 2 vibrational levels, 2 sublevels) and the pen-
tad (2700-3300 cm� 1 , 5 vibrational levels, 9 sublevels). New Fourier trans-
form infrared (FTIR) spectra of the pentad region have been recorded with
very high resolution at room temperature and at 80 K using the Bruker IFS
125 HR Z•urich prototype (ZP2001) spectrometer in combination with a long
optical path collisional cooling system (Albertet al. 2007). Spectra existed
as previously recorded with the FTIR spectrometer at the National Solar
Observatory on Kitt Peak in Arizona were remeasured selectively toprovide
a consistent set of spectra in the pentad region from the same source. Thus
the present analysis is entirely based on our own frequency data for electric
dipole allowed transitions to the pentad region. These were combinedwith
previously reported data from FTIR and laser absorption spectrain the dyad
region, as well as stimulated Raman and high{resolution microwave spectra.
The e�ective Hamiltonian was expanded up to order 6 for the groundstate,
order 6 for the dyad and order 5 for the pentad. A total of 4126 line positions
up to J 00= 22 were used in the least squares adjustment characterized by
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the following global root mean square deviationsdrms for the line positions;
6:3� 10� 5 cm� 1 for the dyad and 4:6� 10� 4 cm� 1 for the pentad. This analysis
represents a large improvement over the previous one (Jouvardet al. 1991)
with drms = 7:1 � 10� 4 cm� 1 involving only 1215 experimental line positions
including levels up to J 00 = 13 . The new results are discussed as bench-
marks in relation to energy level calculations using accurate potential energy
hypersurfaces.

5.2 Experimental data

We summarize the spectroscopic data relevant for the present work on 13CH4 ,
including the new experimental results based on our FTIR spectrometer as
well as the other data used in the analysis. Both the experimental line
positions and the experimental details for the recording of these data are
partly available from the literature cited, which provides a concise summary
of the complete database used for the present analysis.

For the ground state we used 31(2)P0  P0 transitions from the mi-
crowave spectra measured by Widmeret al. (1986). For the dyad we used
9(0) P1  P1 transitions measured in the microwave region (Oldaniet al.
1987) and 967(128)P1  P0 transitions measured in the infrared (Cham-
pion et al. 1989). The number of transitions which appear twice in the data
are given in parentheses. The IR data for the dyad region were recorded at
Kitt Peak National Observatory (KPNO) in Arizona (see Championet al.
(1989) and references cited therein). The instrumental setup for the FTIR
spectrometer at the KPNO has been described in Jenningset al. (1986). For
the pentad region we used 62(6) Raman activeP2  P0 transitions from
the Laboratoire Inderdisciplinaire Carnot de Bourgogne (ICB) in Dijon. See
Millot et al. (1988) for a description of the inverse Raman spectrometers
at the ICB in Dijon. A preliminary report of the present work has already
been provided in Niedereret al. (2008a). We remeasured and extended the
infrared data for the pentad region of methane13CH4 . Figure 5.1 and Fig-
ure 5.2 show eight spectra in this region at di�erent conditions, whichare
analyzed for this work. The13CH4 sample was purchased from Cambridge
Isotope Laboratories. The identity, chemical, and isotopic purity (speci-
�ed to be better than 99.9 %) were obvious from the spectra. All spectra
were recorded with the Z•urich FTIR spectrometer Bruker IFS 125 prototype
2001 (Albert et al. 2003, Albert and Quack 2007). The e�ective instrumen-
tal resolution � e� e� = 0:9=L ranged from 0.0015 to 0.0027 cm� 1 resulting in
essentially Doppler limited spectra. All spectra are self{apodized with aper-
ture diameters ranging from 0.8 to 1 mm . Typically 100 to 200 spectra
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Experiment 13CH4 293 K 2 hPa

Spectrum 1 (Table 5.1)
293 K
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Fig. 5.1: Decadic absorbance (lg(I 0=I )) spectra of 13CH4 are shown as measured
with the Bruker IFS 125 HR ZP 2001 spectrometer (Albert et al. 2011b; 2007)
in the pentad region (see Chapter 2.6). Some spectra show strong signatures of
isotopomers of CO and CO2 from the high purity sample (99.9 % 13CH4) and
signatures from H2O inside the spectrometer.
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Spectrum 8 (Table 5.1)
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Fig. 5.2: Decadic absorbance (lg(I 0=I )) spectra of 13CH4 are shown as measured
with the Bruker IFS 125 HR ZP 2001 spectrometer (Albert et al. 2011b; 2007)
in the pentad region (see Chapter 2.6). Some spectra show strong signatures of
isotopomers of CO2 from the high purity sample (99.9 % 13CH4) and signatures
from H2O inside the spectrometer.
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were coadded in each spectral region. Two of the spectra were obtained at
80 K with a total pressure p � 5 hPa , representing the total pressurep of
mixture of the sample13CH4 and He in the cell (p(CH4)=p � 0:1). Another
six spectra were recorded at room temperature with total samplepressures
ranging from 0.1 to 15 hPa . The spectrum with a pressure of 0.1 hPa was
recorded for the measurement of strong absorption lines withoutsaturation.
For the detection of weak absorption lines we recorded two spectra with total
sample pressures above 10 hPa . Pressure broadening can, however, be ne-
glected under these conditions. For the recording of the cold spectra we used
a newly built enclosive 
ow cooling cell based on White optics embedded in
a Dewar (Albert et al. 2007), similar to the design described in Bauerecker
(2005), Bauereckeret al. (2001; 1995). More details are described in the ex-
perimental section in Chapter 2. The cooling cell was used here in thestatic
mode (without permanent 
ow) with optical path lengths of approximately
10 m . The e�ect of cooling the sample gas is very clear: the Doppler width
of a single spectral line of the molecule narrows with the square rootof the
temperature (with respect to room temperature, the Doppler full width at
80 K (0.0045 cm� 1 around 2900 cm� 1) is reduced by factor of about 1.9). In
addition, spectral lines for high rotational quantum numbers appear atten-
uated and complex polyad patterns may be simpli�ed for an easier analysis
(Ulenikov et al. 2009). The widths of the rotation{vibration bands decrease
approximately proportionally with temperature (see Figure 2.8 and Figure
2.9 in Chapter 2.4.1).

For the calibration we compared the reference data from the NISTatlas
and wavenumber tables (Maki and Wells 1991) and the HITRAN molecular
spectroscopic database (Rothmanet al. 2005). For our purpose, HITRAN
was more complete and we used CO, CO2 , N2O and OCS from Rothman
et al. (2005) as a reference. Least square adjustments using one (\ray �t", a
straight line equation passing trough the origin) and two independent vari-
ables (\line �t", a straight line equation with an axis intercept) showed, that
a ray �t is su�cient and no systematic instrumental errors need to be taken
into account: the axis intercepts from the line �ts exhibit normal distribution
around the origin. The calibration factors from the least square ray �ts are
summarized in Table 5.1. It should be mentioned that at 80 K the relative
wavenumber accuracy of non{blended, unsaturated, and not too weak lines
can be generally estimated in our experiments to be better than 10� 6 cm� 1

in the spectral range of the pentad (Ulenikovet al. 2009). The absolute
wavenumber accuracy depends thus upon the accuracy of the reference lines
used for calibration, which have an uncertainty of approximately 10� 4 cm� 1 .
Most of the assigned line positions presented in the upcoming chapters ex-
hibit relative experimental uncertainties which are well below 10� 4 cm� 1 (see
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Figure 5.3 and Appendix E). Such lines may be used as reference datafor cal-
ibration, provided that they have been independently calibrated themselves.

Tab. 5.1: Calibration of the spectra in the pentad region of 13CH4 . The Ex-
perimental details for the spectra are summarized in Table 2.6 and Table 2.7 in
Chapter 2.7.

Spectrum (Figures 5.1
and 5.2).

Calibration factors
m = e� e=e� a

ue .

Date Scans No.

13.07.06 150 1 1� 3:80� 10� 7

24.08.06 120 2 1� 3:90� 10� 7

14.09.06 120 3 1� 4:04� 10� 7

10.11.05 100 4 1� 2:66� 10� 7

10.11.05 120 5 1� 2:66� 10� 7

21.09.06 200 6 1� 4:06� 10� 7

20.09.06 160 7 1� 4:06� 10� 7

19.09.06 160 8 1� 4:06� 10� 7

aCalibrated (e� e) and uncalibrated (e� ue) experi-
mental wavenumber.

5.3 Analysis of the line positions

eH hP2 i
f P0g , eH hP2 i

f P1g and eH hP2 i
f P2g were expanded up to order 6, 6 and 5, respectively.

In the previous work (Jouvardet al. 1991) eH hP2 i
f P2g was expanded up to order

4 and analyzed for constant eH hP2 i
f P0g and eH hP2 i

f P1g. For the pentad we thus
used an e�ective Hamiltonian with 94 additional parameters and performed
a global analysis of the ground state, the dyad and the pentad,i.e. we re�ned
the e�ective Hamiltonian parameters simultaneously for these three polyads,
using all the experimental data available. The line frequencies used inthe
least squares adjustment (see Equation (5.1)) as well as the corresponding
quantities calculated from the e�ective Hamiltonian resulting from the global
least squares adjustment are listed in the appendix. Table 5.2 indicates the
number of parameters (total number and �tted parameters) for each order
(according to Equation (3.59) in Chapter 3.7.2) and each part of thee�ective
Hamiltonian (see Chapter 3.7.4). The non{�tted parameters are those which
could not be determined,i.e. those leading to an uncertainty larger than the
actual value of the parameter. Such parameters are �xed to zero (see Table 2
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in the Appendix D). An alternative would be to �x them to theoretically de-
termined values. For the assignments, we compared the simulation according

Tab. 5.2: Summary of the �tted e�ective Hamiltonian paramete rs.


 eH hP2 i
f P0g

eH hP2 i
f P1g

eH hP2 i
f P2g

eH hP2 i

0 1 (1) 2 (2) 2 (2) 5 (5)
1 0 (0) 2 (2) 5 (5) 7 (7)
2 2 (2) 6 (5) 21 (19) 29 (26)
3 0 (0) 6 (6) 35 (23) 41 (29)
4 3 (3) 13 (11) 71 (43) 87 (57)
5 0 (0) 11 (7) 94 (44) 105 (55)
6 4 (4) 22 (15) 0a (0) 26 (19)

Total 10 (10) 62 (48) 228 (136) 300 (193)

aExpanded up to order 5 only.

to Jouvard et al. (1991) to our new experimental spectra (see Figure 5.1 and
Figure 5.2). Having assigned new lines, we improved the simulation by re�t-
ting the Hamiltonian parameters to the complete experimental dataset. This
procedure was repeated several times until no further improvement could be
achieved with the experimental spectra available. Eventually, the spectra
provided a set of 3057P2  P0 assigned line frequencies, of which 2091 are
newly assigned. As indicated we recorded several experimental spectra at dif-
ferent conditions for the same spectral region, providing several experimental
values for a single transition. We decided to create a set of assignedlines in
which only the most accurate line position is taken into account as judged by
inspection of the spectra considering minimal experimental uncertainty � e� i

e ,
noise levels and related e�ects. �e� i

e is an estimate obtained by inspection of
the individual transitions. In the pentad region the assigned experimental
infrared line positions are thus highly accurate handpicked line positions with
very low experimental uncertainty. This choice makes it possible to take full
advantage of both the reduced Doppler width of the spectra recorded at 80 K
and the non{linear least{squares �t, minimizing the standard deviation

� =

 
1

Ne

NeX

i =1

�
e� i

e � e� i
c

� e� i
e

� 2
! 1=2

; (5.1)

where e� i
c denotes thei {th calculated line position in the total of Ne = 4126

calibrated experimental line positionse� i
e . Figure 5.3 shows the detailed
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Fig. 5.3: Statistics of the global adjustment. The four �gur es arise from polyad
internal transitions (a) P0  P0 and (b) P1  P1 in the microwave and from
dyad (c) P1  P0 (IR) and pentad transitions (d) P2  P0 (IR and Raman).
For each region the histograms for the deviation of the calibrated experimental
wavenumbere� i

e from the calculated wavenumbere� i
c show normal distributions. No

systematic deviations may be observed with respect to the rotational quantum
number J 00. The drms refer to the total number of transitions in each �gure. The
number of transitions which appear twice in the data are given in parentheses.
For the total of 4126(138) experimental line positions the global rms deviation is
drms = 0 :000404 cm� 1.
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statistics for all transitions included in the �t. Assignments of infrared tran-
sitions in this work could be performed up toJ 00= 22 compared toJ 00= 13
in the previous one Jouvardet al. (1991). The experimental line positions
are reproduced with a global standard deviation� = 0:635 , indicating that
the mean absolute deviation is about half the mean experimental uncertainty.
The standard deviation corresponds to a global root mean squaredeviation of
drms = 0:000404 cm� 1 . With respect to Jouvardet al. (1991) we gain about a
factor of two. The experimental line positions used for the �t are summarized
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Fig. 5.4: P-, Q- and R-transition wavenumbers in the pentad (P2) region versus
the rotational quantum number J 00of the ground state (P0) for (a) the simulation
of a spectrum at room temperature (Nc = 5886(0) P2  P0 transitions) and
(b) the experimental data (Ne = 3119(6) P2  P0 transitions). The number of
transitions which appear twice in the data are given in parentheses. The ratio
Nc=Ne � 1:9 indicates that more than half of the (in prinicple) experimentally
accessible transitions are assigned. In the top frame we show the number of IR
transitions available for the (combination) bands 2� 4 , � 2+ � 4 , � 1 , � 3 and 2� 2 .
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in Table 8 in the Appendix E. Figure 5.4 shows the experimental and calcu-
lated transitions for the pentad region (P2  P0 transitions), indicating the
sampling of the pentad energy spectrum used for the present �t.The mixing
between the di�erent bands (not shown) increases signi�cantly for dense re-
gions of the polyad, which usually goes along with a relatively high rotational
quantum number (seee.g. Albert et al. (2009). It should be mentioned that
for the global �t, although they are very few, the microwave datareceive
a large weight 1=� e� i

e because of the high precision of these measurements.
1=� e� i

e refers to a convenient approximate measure of the \importance"of the
data rather than to the true weighting used for the adjustment (see Equa-
tion (5.1)). Also the lines from our cold spectra have a small uncertainty
with respect to those obtained from the room temperature spectra and thus
a relatively large weight. For the dyad data previous studies suggested a
constant uncertainty � e� i

e = 6 � 10� 5 cm� 1 for each transition (Jouvardet al.
1991). These data exhibit, however, larger uncertainties, which can be seen
from the transitions which appear twice in these data (see Table 5 in the Ap-
pendix E.2, e.g. R(10; F �

1 ) at 1405.397897 and 1405.397909 cm� 1). Hence,
we reduced the weights for transitions which appear twice in the dyad data
(in parentheses) by a factor of 1=

p
2 . This strategy reduces the weight of

data which have clearly a larger uncertainty as originally estimated, as ob-
vious from the di�ering data for the same transition in this example. From
the total weight

P Ne
i =1 1=� e� i

e the 40(4) microwave data claim about 11 % ,
roughly the same fraction as the 595 lines from our cold spectra (10%).
The 2462 lines from the room temperature spectra receive about 17 % while
the lion's share (62 %) is taken by the 967(128) dyad transitions. Itis thus
desirable to reanalyze these at the even higher accuracy available from our
data in the future. The weight of the 62(2) Raman transitions is small. The
data are, however, important, since they are the only data available for the � 1

stretching mode (A1 symmetry), which is not easily accessible in the infrared,
because the direct transitions is electric dipole forbidden. It would be acces-
sible as a hot band infrared transition� 1(A 1)  � 4(F2) around 1600 cm� 1 .
Given the accurate predictions available from our pentad analysis, such an
analysis should be relatively easy.

5.4 Results of the global analysis and discus-
sion

Figure 5.5 illustrates two experimental spectra of the pentad, a room
temperature spectrum and a spectrum recorded at 80 K as well asthe cor-
responding spectrum simulations. For the new simulations shown in this
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Fig. 5.5: Survey of experimental and simulated high{resolution absorption spectra
of 13CH4 recorded at ETH Z•urich in the pentad region at 293 K and at 80 K (see
text for a more detailed description of the �gure).
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chapter, we used the XTDS program package (Wengeret al. 2008a) in com-
bination with the e�ective Hamiltonian parameters from the presentstudy.
Transition intensities are obtained from the adjusted e�ective transition mo-
ment parameters from previous studies on13CH4 (F�ejard et al. 2000) (and
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Fig. 5.6: Detail of the high-resolution absorption spectrum of the pentad region
recorded at ETH Z•urich at 293 K (see text for experimental details), compared
to the present simulation and to the previously published results (XTDS 2005)
(F�ejard et al. 2000, Jouvard et al. 1991). The symbol (#) is shown above lines
which are assigned (see Table 5.3) in this spectrum (spectrum 8 in Figure 5.2),
whereas (j) is shown above all assigned line positions, but not all of which can be
seen in this particular spectrum.
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references cited therein). Championet al. (1992), Albert et al. (2009) and
Boudon et al. (2011), for instance, discussed the corresponding theory in
great detail. Figure 5.5 shows, that the agreement of the spectrum simu-
lation is good on a large wavenumber scale. The improvement of the new
simulations with respect to those from the previous data (Championet al.
1989) can, however, not be seen on the scale shown. On the otherhand,
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Fig. 5.7: Detail of the high-resolution absorption spectrum of the pentad region
recorded at ETH Z•urich at 80 K (see text for experimental details), compared
to the present simulation and to the previously published results (XTDS 2005)
(F�ejard et al. 2000, Jouvard et al. 1991). The symbol (#) is shown above lines
which are assigned (see Table 5.3) in this spectrum (spectrum 5 in Figure 5.2),
whereas (j) is shown above lines, which are assigned in this work.
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Figure 5.6 and Figure 5.7 clearly show the improvement due to the present
analysis with respect to the previous one (Championet al. 1989), which
is available in the STDS database of the XTDS program package (Wenger
and Champion 1998). The assigned transitions in this spectral region are
summarized in Table 5.3. The symbols used in the caption of Table 5.3

Tab. 5.3: SelectedP2  P0 line position measurements for13CH4 .

Experimental line
position (calibrated)

Assignment (lower00

and upper0 state)
Main vibrational
component

e� a
e / cm � 1 � e� b

e � e� b
c J 00 � 00 n00 J 0 � 0 n0 Band � v nc %

2831.9498508 0.5 -0.100 8 F�1 1 8 F+
1 19 � 2+ � 4 F1 1 74

2831.9707508 1.0 0.919 10 F+1 2 10 F�
1 25 � 2+ � 4 F1 1 53

2832.0246508 0.9 -0.311 7 F+1 2 7 F�
1 17 � 2+ � 4 F1 1 82

2832.0455508 0.6 0.212 10 F+1 1 10 F�
1 25 � 2+ � 4 F1 1 53

2832.1067465 0.2 -0.137 6 A�
2 1 6 A+

2 5 � 2+ � 4 F1 1 89
2832.1437508 0.4 -0.007 17 F�1 2 16 F+

1 64 � 3 F2 1 88
2832.2528508 0.5 -0.254 9 F+1 2 9 F�

1 22 � 2+ � 4 F1 1 59
2832.3880465 1.1 0.073 7 F�1 2 7 F+

1 19 � 2+ � 4 F1 1 80
2832.4257508 0.6 -0.253 7 F�1 1 7 F+

1 19 � 2+ � 4 F1 1 80
2832.4570508 0.5 0.074 6 F+1 1 6 F�

1 16 � 2+ � 4 F1 1 86
2832.5255465 0.3 -0.081 5 F+1 2 5 F�

1 13 � 2+ � 4 F1 1 90
2832.5398465 0.6 -0.366 5 F+1 1 5 F�

1 13 � 2+ � 4 F1 1 90
2832.6400508 0.5 -0.095 11 F+1 2 11 F�

1 26 � 2+ � 4 F1 1 49
2832.7120465 0.2 -0.095 4 E� 1 4 E� 8 � 2+ � 4 F1 1 92
2832.7162507 0.5 -0.215 17 A�2 1 16 A+

2 21 � 3 F2 1 89
2832.7223465 0.7 -0.081 6 E� 1 6 E� 11 � 2+ � 4 F1 1 84
2832.7451465 0.4 -0.126 4 F�1 1 4 F+

1 10 � 2+ � 4 F1 1 91
2832.7475507 1.0 -0.038 17 F+1 2 16 F�

1 66 � 3 F2 1 89
2832.7565508 1.5 -1.008 17 E� 1 16 E� 44 � 3 F2 1 89
2832.8125465 0.2 -0.027 5 F�1 1 5 F+

1 14 � 2+ � 4 F1 1 88

aSpectrum in which the transition is assigned. The spectra are illustrated in
Figure 5.1 and Figure 5.2, respectively; calibration factors are summarized
in Table 5.1.

bExperimental uncertainty � e� e and experimental minus calculated
wavenumber � e� c = e� e � e� c in units of 10� 3 cm� 1 .

cn is usually omitted if the multiplicity of � v is one (see Appendix E).

are described below and in the Appendix E. The two �gures correspond to
regions in which the improvement is especially striking. The improvement
can most clearly be seen at higher rotational energies. The new simulations
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at room temperature match the experiment very closely, whereasthe old
data simulations show large discrepancies with the experiments. At 80 K
also the old data simulations coincide largely with the new ones. Figure 5.6
and Figure 5.7 also illustrate the great simpli�cation and improvement of the
spectral data obtained in the cooling cell at 80 K (Figure 5.7) compared to the
room temperature spectrum (Figure 5.6) in the small spectral range around
2832 cm� 1 . At room temperature, one �nds many overlapping, blended,
and also weak lines. By contrast, in the cold cell spectrum, the lines are
well separated and sharp because of the smaller Doppler widths, often with
excellent signal{to{noise ratio.

In Table 5.4 we summarize the positions of the vibrational band centers

Tab. 5.4: P1 and P2 vibrational band centers for 12CH4 and 13CH4 | �t and
experiment.

Sublevel Term values / cm � 1 Isotopic shift / cm � 1

12 CH4 (Albert et al. 2009) 13 CH4 (this work)

Level �( S�
4 )a eE b

c (Fit) eE c
e (Exp.) eE b

c (Fit) eE c
e (Exp.) � eE d

c (Fit) � eE d
e (Exp.)

Dyad (2 levels, 2 sublevels)

� 4
� F �

1 1310.761268 1310.761626 1302.780778 1302.780788 7.980490 7.980838
� 2 E� 1533.332635 1533.492779 -0.160144

Pentad (5 levels, 9 sublevels)

2� 4 A �
2 2587.043417 2572.111069 14.932348

2� 4
� F �

1 2614.260600 2614.260728 2598.640881 2598.640885 15.619719 15.619843
2� 4 E� 2624.617866 2608.739915 15.877951

� 2 + � 4
� F �

1 2830.315536 2830.315243 2822.451735 2822.451884 7.863801 7.863359
� 2 + � 4 F+

1 2846.074159 2838.201473 7.872686
� 1 A �

2 2916.481145 2915.442036 1.039109
� 3

� F �
1 3019.493283 3019.492774 3009.545581 3009.545514 9.947702 9.947260

2� 2 A �
2 3063.645925 3063.964077 -0.318152

2� 2 E� 3065.140611 3065.459793 -0.319182

a The parities of the levels are given as rovibrational pariti es as well as total parities as for 12 CH4 .
For 13 CH4 all total parities must be reversed (+ $ � , see Chapter 3.5).

b Calculated term values of the J = 0 rovibrational levels from the �tted e�ective Hamiltonia n
with respect to the ground state energy of 12 CH4 and 13 CH4 , respectively. The term values are
derived using the XTDS program package (Wenger et al. 2008a) with the e�ective Hamiltonian
from Albert et al. (2009) ( 12 CH4) and the present analysis on 13 CH4 .

c Experimental term values eEe calculated from experimentally accessible P (1) transitions ( �

dipole allowed , F �
1 symmetry) via addition of the J 00 = 1 rotational level of the ground

state of 12 CH4 (10.481636 cm� 1) and 13 CH4 (10.482132 cm� 1), respectively (see Figure 4.6 in
Chapter 4.4).

d Isotopic shift, i.e. di�erences of the calculated and experimental term values f or the methane
isotopomers � eE c = eE c(12 CH4) � eE c(13 CH4 ) and � eEe = eEe(12 CH4) � eEe(13 CH4 ) .

for the dyad and the pentad of13CH4 as obtained from the present study.
The derived values (Fit) of the J 0 = 0 rovibrational levels are compared
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with experimental values (Exp.) as obtained fromP(1) transitions from the
(J 00= 1; � 00= F +

1 ) rovibrational level of the ground state at 10.482132 cm� 1

to pure vibrational levels (J 0 = 0; � 0 = F �
1 ) within the pentad region (see

Figure 4.6 in Chapter 4.4). The corresponding experimental level energies
represent benchmarks for calculations of vibrational level positions. In Table
5.4 we also quote the shift of the vibrational band centers due to isotopic
substitution 12C/ 13C. In �rst approximation the isotopic shift of combination
bands is roughly the sum of the shift of the fundamentals. It is, however, not
a constant. A more detailed analysis shows, that the isotopic shiftsdepend
strongly on the rotational quantum number (see Figure 6.6 in Chapter 6.5).
In this context it should also be understood that while the level positions in
Table 5.4 are accurate the assignment of the normal mode (�rst column) has
only an approximate meaning of very limited signi�cance (see Figure 6.5in
Chapter 6.5). The isolated band picture fails when there is strong mixing,
which is in particular the case for dense regions of the polyads and high
rotational quantum numbers (seee.g. Figure 5.4).

In the following we show small sections of our spectra in which the IR
active P(1) transitions of the pentad region are assigned as well as the cor-
responding spectrum simulations. The symbolP(1) denotes a transition
from a energetically lower lyingJ 00 = 1 level (superscript 00) to an ener-
getically higher lying, upper J 0 = J 00� 1 = 0 level (superscript 0) which
provides the experimental value for vibrational band centers (see Figure 4.6
in Chapter 4.4). For a unique labelling of the transition we also state the
rotational quantum number J , the Pauli{allowed rovibrational species � and
n for both the lower (superscript 00) and the upper (superscript0) state. n
(with superscript 0 or 00) enumerates rovibrational levels (J; �) with respect
to their energy in ascending order up to their multiplicity for a givenJ and
� . The parities of the levels are given for12CH4 . For 13CH4 all parities
must be reversed (+$ � , see Chapter 3.4). For polyadsPn> 1 additional
quantum numbers are needed. In Table 5.3 we also state the vibrational
level (v1; v2; v3; v4), the symmetry species �v of the main vibrational sublevel
and its fraction (in %) as obtained by projection of the eigenvectorof the
upper state (superscript0) onto the vibrational sublevels of the polyad con-
sidered. In this context n 2 N (without superscript) is used to distinguish
multiple vibrational sublevels � v of the band (v1; v2; v3; v4) . n enumerates �v
with respect to energy in ascending order up to its multiplicity (see Chapter
2.6 and Chapter 3.5). The statement ofn is omitted if the multiplicity of
� v is equal to one, which is the case for the main vibrational components
summarized in Table 5.3. The symbolsP(J 00) , Q(J 00) and R(J 00) refer to
transitions to an upper J 0 = J 00� 1 , J 0 = J 00and J 0 = J 00+ 1 level, respec-
tively. In Figure 5.8 we illustrate the P(1) transition to the energetically
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lowest lying rotationless level (J 0 = 0; � 0 = F �
1 ; n0 = 1) of the pentad. The

transition is observed in a room temperature spectrum. It can be seen that
the assignment is not obvious from the spectrum and the identi�cation of the
transition is di�cult without an accurate simulation. The P(1) transition to
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Fig. 5.8: Experimental and simulated spectrum of 13CH4 recorded at 293 K.
Decadic absorbance as lg(I 0=I ) is shown. The symbol (#) is shown above lines
which are assigned in this spectrum, whereas (j) is shown above all assigned line
positions (see Appendix E). TheP(1) transition from the lower ( J 00= 1 ; � 00=
F+

1 ; n00= 1) rovibrational level to the rotationless upper ( J 0 = 0 ; � 0 = F �
1 ; n0 = 1)

vibrational level of the pentad is indicated at 2588.158753cm� 1 , providing the ex-
perimental term value eEe(2� 4; F�

1 ) = 2598:640885 cm� 1 for the F �
1 sublevel of the

2� 4 band (see Table 5.4 and Chapter 4.4, Figure 4.6). The labelling is described
in Chapter 3.5. A survey of the experimental spectrum is shown in Figure 5.1
(spectrum 3).

the second rotationless level (J 0 = 0; � 0 = F �
1 ; n0 = 2) is illustrated in Fig-

ure 5.9, showing similar complex patterns in a dense region of the pentad.
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Most of the not too weak transitions in this region are, however, assigned in
our spectra. For theP(1) transition at 2811.969752 cm� 1 the line position
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Fig. 5.9: Experimental and simulated spectrum of13CH4 recorded at 80 K. Decadic
absorbance as lg(I 0=I ) is shown. The symbol (#) is shown above lines which are
assigned in this spectrum, whereas (j) is shown above all line positions which are
assigned in this work (see Appendix E). TheP(1) transition (see Chapter 4.4,
Figure 4.6) from the lower (J 00= 1 ; � 00= F +

1 ; n00= 1) rovibrational level to the
rotationless upper (J 0 = 0 ; � 0 = F �

1 ; n0 = 2) pure vibrational level is indicated
at 2811.969752 cm� 1 . A more detailed description of the labelling of methane
rovibrational levels can be found in Chapter 3.5. The symbols used here are
described in the present chapter and in the Appendix E. A survey of the spectrum
is illustrated in Figure 5.1 (spectrum 4).

is taken from a cold spectrum, where it is clearly distinguishable from an-
other, very close{lying Q(2) transition at 2811.981752 cm� 1 (see Table 8 in
the Appendix E.5) . For the third vibrational level (J 0 = 0; � 0 = F �

1 ; n0 = 3)
shown in Figure 5.10 and Figure 5.11 the situation is very di�erent: The
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isolated � 3 band (see Figure 5.4) exhibits aP{, Q{ and R{branch pattern
such that the P(1) transition can be directly deduced from the spectrum, as
in the P{branch (e� � 2999:063382 cm� 1) P(J 00) transitions with adjacent ro-
tational quantum number are roughly separated by two times the rotational
constantB0 = 5:24128813(88) cm� 1 . The R{branch (e� � 3019:001474 cm� 1)
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Fig. 5.10: Experimental and simulated spectrum of 13CH4 recorded at 293 K.
Decadic absorbance as lg(I 0=I ) is shown. The symbol (#) is shown above lines
which are assigned in this spectrum, whereas (j) is shown above all assigned line
positions (see Appendix E). The P(1) transition (see Chapter 4.4, Figure 4.6)
from the lower (J 00= 1 ; � 00= F +

1 ; n00= 1) rovibrational level to the rotationless
upper (J 0 = 0 ; � 0 = F �

1 ; n0 = 3) pure vibrational level of the � 3 band is indicated
at 2999.063382 cm� 1 . The isolated � 3 band (see Figure 5.4) exhibits a fairly un-
perturbed P{, Q{ and R{branch pattern . As described in the text, the P(1)
transition can be directly deduced from the spectrum. The labelling is described
in Chapter 3.5. The symbols used here are described in the present chapter and
in the Appendix E. A survey of the experimental spectrum is shown in Figure 5.2
(spectrum 6).
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exhibits the same approximate structure. Of course, the assignment fails if
the line position is overlapped or blended, which is not the case in this exam-
ple. Figure 5.11 shows an enlarged section in the spectral region around the
third IR{active P(1) transition of the pentad (see Table 5.4 and Figure 5.10)
for two experimental spectra recorded at 293 K and 80 K, respectively. The
cold spectrum is simpli�ed and the spectral lines for low rotational quantum
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Fig. 5.11: Enlarged section of Figure 5.10 showing two experimental absorbance
spectra (as lg(I 0=I )) of 13CH4 recorded at 293 K (top frame) and 80 K (lower
frame), respectively. TheP(1) transition at 2999.063382 cm� 1 is shown again (see
Figure 5.10 for a description of the symbols). At low temperatures spectral lines for
high rotational quantum numbers appear attenuated and complex polyad patterns
are simpli�ed for an easier analysis. A survey of the spectrais illustrated in Figure
5.2 (spectrum 6 (top frame) and spectrum 4, respectively).

numbers appear very much ampli�ed while spectral lines for high rotational
quantum numbers appear attenuated. Because of the high pressure in the
80 K spectrum the attenuation is not directly visible. At room temperature
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this spectral region is very dense and 61 transitions from13CH4 are assigned
in four di�erent spectra (see Table 8 in the Appendix E.5). In the Appendix
G we illustrate the accuracy of the present spectrum simulations with the
example of spectrum No. 8 (see Table 5.1, Figure 5.2) which is shown there
in great detail and compared to the corresponding spectrum simulation.

5.5 Conclusions

We have presented here new experimental results and a detailed reinvestiga-
tion of the available high{resolution spectroscopic data for methane 13CH4

in the 0{3300 cm� 1 region. We performed a global analysis of this whole
region for line position for all the cold bands under consideration. Allstrong
bands seem to be very well represented and most of the assigned lines in the
pentad region may be used as a reference for calibration. Furtherimprove-
ments might be needed to represent the weaker methane transitions in this
region. The present predictions will permit more assignments to be made to
higher values of the rotational quantum number, which can then beincluded
in further adjustments. It should be possible to investigate the new room
temperature spectra for the hot bandP2  P1 in detail. The present results
represent a signi�cant improvement compared to previous studies(Jouvard
et al. 1991). The Hamiltonian parameters given here are su�ciently reliable
to allow a successful analysis of the octad. They should also certainly be
very useful to improve the knowledge of potential energy surfaces of CH4

(Hollenstein et al. 1995; 1994, Marquardt and Quack 1998; 2004, Schwenke
2002, Schwenke and Partridge 2001).
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Chapter 6

Local analysis of the octad of
methane 13CH 4

In the present chapter the results from the local analysis for theoctad of
13CH4 is reported following the report given in Niedereret al. (2011b).

6.1 Introduction

We report here the analysis of methane13CH4 lines from high resolution
rovibrational spectra including highly accurate line positions in the 3700-
4700 cm� 1 region. This covers the octad (8 vibrational levels, 24 sublevels).
New Fourier transform infrared (FTIR) spectra of the octad region have
been recorded with very high resolution at 80 K using the Bruker IFS125
HR Z•urich prototype (ZP2001) spectrometer in combination with along
optical path collisional cooling system (Albertet al. 2007). The e�ective
Hamiltonian was expanded up to order 5 for the octad. This analysis rep-
resents the �rst analysis of the octad region for13CH4 , involving 1144 line
positions from levels up toJ 00 = 9 with a root mean square deviation of
drms = 10� 3 cm� 1 . Precise experimental values of 7 vibrational subband lev-
els were obtained with uncertainties between 0.0001 and 0.001 cm� 1. The
new results are discussed as benchmarks in relation to accurate rovibrational
energy level calculations on multidimensional potential energy hypersurfaces.

6.2 Experimental data

Here we summarize the spectroscopic data which are relevant for our work
on the octad region of13CH4 . Details on the experiments are described in
the experimental section in Chapter 2. Figure 6.1 shows three spectra in
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this region at di�erent conditions. For all spectra the e�ective instrumental
resolution � e� e� = 0:9=L was 0.0047 cm� 1 resulting in essentially Doppler lim-
ited spectra. For methane13CH4 the typical Doppler widths in the range are
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Fig. 6.1: Spectra of13CH4 measured with the Bruker IFS 125 HR ZP 2001 spec-
trometer in the octad region. The spectrum in the lower part of the octad (top
frame) shows strong signatures from H2O inside the spectrometer. The spectrum
numbers indicated in the Figure are de�ned in Table 6.1.

between 6� 10� 3 cm� 1 at 3800 cm� 1 and 80 K and 14� 10� 3 cm� 1 at 4700 cm� 1

and 300 K, for example (see Figure 2.11 in Chapter 2.6). The spectraare
self{apodized with an aperture diameter of 1 mm . About 100 to 200 spectra
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were added in each spectral region. For the octad all spectra were recorded
at 80 K with a total pressurep � 5 hPa , representing the total pressurep of
a mixture of the sample13CH4 and He in the cell with p(CH4)=p� 0:1 . For
the recording of spectrum 10 the cell with a pressure of 4.9 hPa waspartially
pumped out such that strong absorption lines could be measured without
saturation. Weak absorption lines could be detected in partially saturated
spectra. Due the large Doppler width, pressure broadening can beneglected
under the present conditions. For the recording of cold spectra we used a
newly built enclosive 
ow cooling cell based on White optics embedded in a
Dewar (Albert et al. 2007), as described in Chapter 2.4. The setup was used
here in the static mode (without permanent 
ow) with optical path lengths
of approximately 10 m . Precise conditions for the spectra are givenin Table
2.7. The e�ect of cooling the sample gas is very clear: the Doppler width of a
single spectral line of the molecule narrows with the square root of the tem-
perature. Compared to spectra at room temperature, the Doppler full width
is reduced by a factor of about 1.9 at 80 K (0.0065 cm� 1 around 4200 cm� 1).
In addition, spectral lines for high rotational quantum numbers appear atten-
uated and complex polyad patterns may be simpli�ed for an easier analysis
(Ulenikov et al. 2009). The overall widths of the rotation{vibration bands de-
crease about proportionally with temperature. For calibration we used H2O
line positions from the HITRAN molecular spectroscopic database (Roth-
man et al. 2005). The calibration factors from the least square ray �ts (see
Chapter 5.2) are summarized in Table 6.1. At 80 K the relative wavenumber

Tab. 6.1: Calibration of the spectra in the octad region of 13CH4 . The Experi-
mental details for the spectra are summarized in Table 2.7 inChapter 2.7.

Spectrum (Figure 6.1).
Calibration factors
m = e� e=e� a

ue .

Date Scans No.

12.11.05 150 9 1� 2:68� 10� 7

16.11.05 100 10 1� 3:22� 10� 7

15.11.05 200 11 1� 2:31� 10� 7

aCalibrated (e� e) and uncalibrated (e� ue) experi-
mental wavenumber.

accuracy of nonblended, unsaturated and not too weak lines can be esti-
mated to be better than 10� 5 cm� 1 in the spectral range of the octad. The
absolute wavenumber accuracy depends thus upon the accuracyof the refer-
ence lines used for calibration, which have an uncertainty of approximately
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10� 4 cm� 1 (H2O line positions from the HITRAN molecular spectroscopic
database (Rothmanet al. 2005)).

6.3 Theoretical data

In 2010 Xiao{Gang Wang and Tucker Carrington Jr. did new calculations
of both vibrational (using the T8 surface of Schwenke and Partridge (2001),
Wang and Carrington (2003a)) and rovibrational (from a perturbative ap-
proach (CVPT) using an adjusted quartic potential energy force�eld (Wang
and Sibert 1999; 2002)) energy levels of methane12CH4 , 13CH4 and 12CD4 .
In Table 6.2 we compare the new vibrational band centers of12CH4 and 13CH4

from the CVPT method (Wang and Sibert 1999; 2002) to the correspond-
ing experimental values in the 0{4600 cm� 1 spectral range. It can be seen,
that the experimental data are well reproduced for vibrational levels with
root mean square deviations of approximately 0.8 cm� 1 for both 12CH4 and
13CH4 . The deviation of the isotopic shift (see Table 6.2) is reproduced even
better with a root mean square deviation of approximately 0.06 cm� 1 . This
observation gave rise to the assumption that the rovibrational energy levels
from the method presented in Wang and Sibert (1999; 2002) can beused for
the analysis of our spectra. The new theoretical data can be summarized
as follows: 2044 vibrational band centers up to the pentacontakaipentad (55
levels, 996 sublevels) are derived for12CH4 , 13CH4 (up to about 12000 cm� 1)
and 12CD4 (up to about 9000 cm� 1) . In addition, 40375 rovibrational levels
for rotational quantum numbers J � 8 up to the triacontad (30 levels, 280
sublevels) are derived for the isotopomers12CH4 and 13CH4 . Rovibrational
energy levels of methane have also been computed from other methods. The
most accurate and at the same time most complete data is available for 12CH4

up to the octad region: Albertet al. (2009) provide highly accurate rovibra-
tional levels from a non{linear least squares adjustment to the experiment.
We shall in the following discuss the deviation �(� eE i

c) of the isotopic shift

� eE i
c = eE i

c(
12CH4) � eE i

c(
13CH4) (6.1)

as obtained from the calculations on the adjusted quartic potential energy
force �eld (Wang and Sibert 1999; 2002) (subscript CVPT) with respect to
the isotopic shift � eE i

c from the �tted (to the experiment) e�ective Hamilto-
nians (subscript Fit). In symbols

�(� eE i
c) = � eE i

c, CVPT � � eE i
c, Fit : (6.2)

The e�ective Hamiltonian parameters were elaborated in our recentstud-
ies on 12CH4 (Albert et al. 2009) and13CH4 (Niederer et al. 2008a;c). eE i

c
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Tab. 6.2: P1 , P2 and P3 vibrational band centers for 12CH4 and 13CH4 | computed
and experiment.

Sublevel Term values / cm � 1 Isotopic shift / cm � 1

12 CH4
13 CH4

Level � v (Td ) eE a
c (CVPT) eE b

e (Exp.) eE a
c (CVPT) eE b

e (Exp.) � eE c
c (CVPT) � eE c

e (Exp.)

Dyad (2 levels, 2 sublevels)

� 4
� F2 1310.952480 1310.761626 1302.999590 1302.780788 7.952890 7.980838

� 2 E 1533.417690 1533.580350 -0.162660

Pentad (5 levels, 9 sublevels)

2� 4 A 1 2587.854280 2572.960620 14.893660
2� 4

� F2 2614.613960 2614.260728 2599.051520 2598.640885 15.562440 15.619843
2� 4 E 2625.007260 2609.180840 15.826420

� 2 + � 4
� F2 2830.985930 2830.315243 2823.140690 2822.451884 7.845240 7.863359

� 2 + � 4 F1 2845.134010 2837.301580 7.832430
� 1 A 1 2916.636600 2915.624050 1.012550
� 3

� F2 3019.160320 3019.492774 3009.161250 3009.545514 9.999070 9.947260
2� 2 A 1 3063.520780 3063.843850 -0.323070
2� 2 E 3065.178630 3065.501100 -0.322470

Octad (8 levels, 24 sublevels)

3� 4
� F2 3869.573790 3870.485796 3847.597220 3848.386529 21.976570 22.099267

3� 4 A 1 3908.942900 3886.229810 22.713090
3� 4 F1 3921.502520 3898.435120 23.067400
3� 4

� F2 3931.924890 3930.919644 3908.580450 3907.491585 23.344440 23.428059
� 2 + 2 � 4 E 4102.187290 4087.377910 14.809380
� 2 + 2 � 4 F1 4128.694870 4113.160610 15.534260
� 2 + 2 � 4 A 1 4134.347700 4118.467010 15.880690
� 2 + 2 � 4

� F2 4141.270070 4142.861558 4125.840760 4127.366211 15.429310 15.495347
� 2 + 2 � 4 E 4150.162390 4134.548010 15.614380
� 2 + 2 � 4 A 2 4160.295160 4144.553620 15.741540
� 1 + � 4

� F2 4224.279640 4223.461526 4214.682380 4213.824035 9.597260 9.637491
� 3 + � 4

� F2 4319.055230 4319.209699 4301.085160 4301.297165 17.970070 17.912534
� 3 + � 4 E 4322.348780 4304.619270 17.729510
� 3 + � 4 F1 4322.534110 4304.755850 17.778260
� 3 + � 4 A 1 4323.507760 4305.617300 17.890460

2� 2 + � 4
� F2 4349.828880 4348.716513 4342.042490 4340.908408 7.786390 7.808105

2� 2 + � 4 F1 4363.060150 4355.330150 7.730000
2� 2 + � 4

� F2 4376.288860 4368.574960 7.713900
� 1 + � 2 E 4435.813040 4434.896840 0.916200
� 2 + � 3 F1 4537.885560 4528.172120 9.713440
� 2 + � 3

� F2 4544.061230 4543.761970 4534.312780 4534.054597 9.748450 9.707373
3� 2 E 4591.597560 4592.075560 -0.478000
3� 2 A 2 4595.222150 4595.701330 -0.479180
3� 2 A 1 4595.313870 4595.792790 -0.478920

a Term values of the J = 0 rovibrational levels from \ A perturbative calculation of the rovibrational
energy levels of methane" (Wang and Sibert 1999; 2002).

b Experimental term values eEe are obtained from accessible P (1) transitions ( � dipole allowed
, F2 symmetry) via addition of the J 00 = 1 rotational level of the ground state of 12 CH4
(10.481636 cm� 1 ) and 13 CH4 (10.482132 cm� 1 ) (see Chapter 4.4, Figure 4.6).

c Isotopic shift, i.e. di�erences of the calculated and experimental term values f or the methane
isotopomers � eE c = eE c(12 CH4 ) � eE c(13 CH4) and � eEe = eEe(12 CH4) � eEe(13 CH4 ) (index c for
calculated, index e for experimental).
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is the calculated (subscript c) energy of thei {th rovibrational level with
respect to the calculated zero point ground state level energyeE 0

c of 12CH4

(9701.787217 cm� 1) and 13CH4 (9673.389196 cm� 1) with respect to the poten-
tial energy minimum. Figures 6.2a, b and c illustrate the deviation �(� eE i

c)
for rovibrational levels J � 8 of the ground state, the dyad and the pentad,
respectively. The isotopic shift from the canonical van Vleck perturbation
theory (CVPT) on the adjusted quartic potential energy force �eld (subscript
CVPT) is in excellent agreement with the isotopic shift from the �t (Albert
et al. 2009, Niedereret al. 2008a;c) such that �(� eE i

c) is almost vanish-
ing. �(� eE i

c) is characterized by the following root mean square deviations:
2:488� 10� 4 cm� 1 for the monad (34 levels), 2:967� 10� 2 cm� 1 for the dyad
(169 levels) and 6:109� 10� 2 cm� 1 for the pentad (642 levels). Here it should
be mentioned that while for12CH4 rovibrational energy levels from the Dijon
e�ective Hamiltonian theory are available up to the octad, for13CH4 they
are only available up to the pentad. It is a goal of this work to determine
the octad rovibrational levels for13CH4 from the Dijon e�ective Hamiltonian
theory using the energy levels from the CVPT method. Figures 6.2a,b and c
indicated, that the rovibrational level positions of13CH4 can be very well ap-
proximated from the assumption �(� eE i

c) = 0 , such that one can compute,
for instance, approximate rovibrational level energieseE i

approx (13CH4) for the
octad of 13CH4 using their highly accurate counterpartseE i

c,Fit (12CH4) from
Albert et al. (2009):

eE i
approx (13CH4) = eE i

c,Fit (12CH4) � � eE i
c, CVPT : (6.3)

Assuming �(� eE i
c) = 0 (see Equation (6.2)) makes it thus possible to get

an accurate estimate for the true value of the energy of the octad rovibra-
tional levels for 13CH4 , which in turn allowed us to deriveNapprox = 6557
approximate transition wavenumberse� i

approx up to J = 8 from the well known
rotational energy levels of the vibrational ground state of13CH4 . These data
were inserted into a least squares adjustment (Wengeret al. 2008a), mini-
mizing the standard deviation

� =

 
1

Napprox

NapproxX

i =1

�
e� i

approx � e� i
c, Fit

� e� i
approx

� 2
! 1=2

(6.4)

and providing initial values of the 596 indeterminate e�ective Hamiltonian
parameters of eH hP3 i

f P3g (which is e�ectively equivalent to obtaining eE i
c, Fit or

the corresponding transition wavenumbers frome� i
c, Fit for 13CH4 from the

approximate data). � e� i
approx = 10� 3 cm� 1 is an estimate of the uncertainty
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Fig. 6.2: Rotational quantum number J versus the deviation �(� eE i
c) of the iso-

topic shift � eE i
c = eE i

c(
12CH4) � eE i

c(
13CH4) from the adjusted quartic potential

energy force �eld with respect to the isotopic shift � eE i
c from the �tted e�ective

Hamiltonian; (a) the monad, (b) the dyad and (c) the pentad (see Equation (6.2)).
For the octad (d) the isotopic shift from the e�ective Hamilto nian theory was ob-
tained from e�ective Hamiltonian parameters adjusted to approximate data as
derived from Equation (6.3) (see text for a more detailed description).
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of the approximate transition wavenumbere� i
approx . The �t procedure is im-

plemented in the XTDS software package (Wengeret al. 2008a) and it was
also used for for our recent analyses of12CH4 (Albert et al. 2009) and13CH4

(Niederer et al. 2008a;c). The approximate parameters allowed us to repro-
duce the set of 6557 approximate transition line positions with a standard de-
viation of � = 2:098 resulting in a root mean square deviation of 0:210 cm� 1 .
Figure 6.2d illustrates the corresponding deviation of the isotopic shift for
the octad rovibrational levels, characterized bydrms = 1:923� 10� 1 cm� 1 for
1857 approximate rovibrational level energies. These parameters were used
as a starting point for the �t of the experimental data. The analysis of the
experimental line positions and the �t to the experimental data aredescribed
in Chapter 6.4. eH hP3 i

f P0g , eH hP3 i
f P1g , eH hP3 i

f P2g and eH hP3 i
f P3g were expanded up to or-

der 6, 6, 5, and 5, resulting in an e�ective Hamiltonian with 896 parameters.
The adjustment was, however, local,i.e. it was performed for �xed values of
eH hP3 i

f P0g, eH hP3 i
f P1g and eH hP3 i

f P2g.

6.4 Analysis of the line positions

The analysis of the e�ective Hamiltonian parameters for the octad eH hP3 i
f P3g

(596 parameters) was local,i.e. it was performed for constant parameters
eH hP2 i

f P0g (10 parameters), eH hP2 i
f P1g (62 parameters) andeH hP2 i

f P2g (228 parameters),
which we re�ned simultaneously in our previous work on the pentad (see

Tab. 6.3: Summary of the �tted e�ective Hamiltonian paramete rs.


 a eH hP3 i
f P0g

a eH hP3 i
f P1g

a eH hP3 i
f P2g

eH hP3 i
f P3g

eH hP3 i

0 1 (1) 2 (2) 2 (2) 0 (0) 5 (5)
1 0 (0) 2 (2) 5 (5) 0 (0) 7 (7)
2 2 (2) 6 (5) 21 (19) 13 (13) 42 (39)
3 0 (0) 6 (6) 35 (23) 57 (56) 98 (85)
4 3 (3) 13 (11) 71 (43) 183 (180) 270 (237)
5 0 (0) 11 (7) 94 (44) 343 (340) 448 (391)
6 4 (4) 22 (15) 0b (0) 0b (0) 26 (19)

Total 10 (10) 62 (47) 228 (136) 596 (590) 896 (783)
aFor the local analysis of the octad these parameters are �xed
to their values from the global �t presented in Chapter 5. The
number of non{zero parameters is given in parentheses.

bExpanded up to order 5 only.
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Chapter 5). Table 6.3 indicates the number of parameters (total number and
�tted parameters) for each order and each part of the e�ectiveHamiltonian.
for eH hP3 i

f P3g the non{�tted parameters are those which are correlated to 100%
with other parameters. Such parameters are �xed to zero (see Table 3 in the
Appendix D). For the analysis of the experiments we compared the spec-
trum simulations from the approximate e�ective Hamiltonian parameters
(see Chapter 6.3) to the experimental spectra shown in Figure 6.1.The sim-
ulation was then improved by re�tting the e�ective Hamiltonian parameters
to the newly assigned experimental data and the approximate data. Transi-
tions with an experimental counterpart were removed from the approximate
data set. This procedure was repeated several times until no further lines
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Fig. 6.3: Statistics of the local �t. The two �gures arise fro m (a) experimental
P3  P0 transitions in the infrared and (b) dark approximate P3  P0 transitions
(see text and Chapter 6.3 for a more detailed description). The histograms for
the deviation of the calibrated experimental and approximate wavenumbers e� i

e
from the calculated wavenumberse� i

c show normal distributions. No systematic
deviations can be observed with respect to the rotational quantum number J 00.
The drms refer to the total number of transitions in each �gure. For th e total of
1837 line positions the rms deviation isdrms = 0 :004668 cm� 1.

could be assigned in the experimental spectra available. The experimental
line frequencies used in the least squares adjustment (see Equation (6.5)) as
well as the corresponding quantities calculated from the e�ective Hamilto-
nian resulting from the global least squares adjustment (see Chapter 5) can
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be found in the appendix. The spectra provided enough data for the deter-
mination of the e�ective Hamiltonian parameters of 20 vibrational subbands.
Transitions to the dark subbands of the 3� 2 overtone (2 lines) and the dark E
1 subband of the� 2+2� 4 combination band (0 lines) could only be observed
to a very limited extent. Hence, in the last �tting step 1837 transitions were
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rotational quantum number J 00of the ground state (P0) for (a) the simulation of
a spectrum at room temperature (Nc = 1670 P3  P0 transitions) and (b) the ex-
perimental ({)/approximate (+) data ( Ne = 1144=693 P3  P0 transitions). The
ratio Nc=Ne � 1:5 indicates, that more than half of the experimentally accessible
transitions are assigned.

included in the �t: 1144 P3  P0 newly assigned experimental line positions
with very low experimental uncertainty � e� i

e = 10� 3 cm� 1 and 693 approxi-
mate (see Equation (6.3) and text) line positions for the dark subbands with
a rather large estimated uncertainty � e� i

e = 10� 2 cm� 1. For these data the
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non{linear least{squares adjustment, minimizing the standard deviation

� =

 
1

Ne

NeX

i =1

�
e� i

e � e� i
c

� e� i
e

� 2
! 1=2

; (6.5)

where e� i
c denotes thei {th calculated line position in the total of Ne = 1837

line positions e� i
e , provided a standard deviation of� = 0:939 , indicating

that the mean absolute deviation of the adjustment is about equalto the
mean uncertainty of the line positions. Figure 6.3 shows the detailed statis-
tics for all transitions included in the �t. The quality of the adjustment is
characterized by a root mean square deviation of 0:001038 cm� 1 for the 1144
experimental line positions, 0:007482 cm� 1 for the 693 approximate line po-
sitions and 0:004668 cm� 1 for both. The experimental line positions used for
the �t are summarized in Table 9 in the Appendix E including uncertainties,
assignments, main vibrational components as well as the respective spectrum
in which the transition was actually assigned (see Figure 6.1). Figure 6.4 pro-
vides an estimate of the sampling of the experimental octad energyspectrum
with respect to a simulated spectrum at 80 K with a low line intensity thresh-
old of 10� 3 cm� 2 atm� 1 for the level of the noise in the experimental spectrum
(intensity of the strongest line: 2.72 cm� 2 atm� 1). A de�nition of this inten-
sity unit is given in Table 6.4. The table is reproduced after Cohenet al.
(2011) by permission, stating also the numerical transformation coe�cients
in commonly used units. The integrated absorption cross section is de�ned

Tab. 6.4: SI units and commonly used units concerned with themeasurement of
absorption intensity.

Quantity SI unit Common unit Transformation coe�cient

A , �A m mol � 1 km mol � 1 (G=pm2) = 16 :60540
A=(km mol � 1 )

e� 0=cm� 1

�S Pa� 1 m� 2 atm � 1 cm� 2 (G=pm2) = 1 :362603� 10� 2
�S=(atm � 1 cm� 2)( T=K)

e� 0=cm� 1

S m cm ( G=pm2) = 10 20 S=cm

e� 0=cm� 1

� m 2 mol � 1 cm2 mol � 1 (G=pm2) = 1 :660540� 10� 4 � =(cm 2 mol � 1 )

G m2 pm2

in the experimental section (Equation 2.27 in Chapter 2.3.4). Assignments
of infrared transitions could be performed up toJ 00= 9 for very weak lines
in the cold spectra. The mixing between the di�erent bands (not shown) in-
creases signi�cantly for dense regions in the polyad and ascending rotational
quantum numbers.
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6.5 Results of the local analysis and discus-
sion

The positions of the vibrational levels for the octad of13CH4 are summa-
rized in Table 6.5. The adjusted values for the band centers (Fit) are

Tab. 6.5: P3 vibrational band centers for 12CH4 and 13CH4 | �t and experiment.

Sublevel Term values / cm � 1 Isotopic shift / cm � 1

12 CH4 (Albert et al. 2009) 13 CH4 (this work)

Level �( S�
4 )a eE b

c (Fit) eE c
e (Exp.) eE b

c (Fit) eE c
e (Exp.) � eE d

c (Fit) � eE d
e (Exp.)

Octad (8 levels, 24 sublevels)

3� 4
� F �

1 3870.487809 3870.485796 3848.387520 3848.386529 22.100289 22.099267
3� 4 A �

2 3909.200967 3886.351017 22.849950
3� 4 F+

1 3920.509970 3897.365473 23.144497
3� 4

� F �
1 3930.922996 3930.919644 3907.500277 3907.491585 23.422719 23.428059

� 2 + 2 � 4 E� 4101.392893 4086.638533 14.754360
� 2 + 2 � 4 F+

1 4128.762806 4113.111004 15.651802
� 2 + 2 � 4 A �

2 4132.861264 4116.979267 15.881997
� 2 + 2 � 4

� F �
1 4142.864873 4142.861558 4127.367175 4127.366211 15.497698 15.495347

� 2 + 2 � 4 E 4151.204883 4135.535698 15.669185
� 2 + 2 � 4 A +

2 4161.849410 4146.037219 15.812191
� 1 + � 4

� F �
1 4223.462063 4223.461526 4213.823278 4213.824035 9.638785 9.637491

� 3 + � 4
� F �

1 4319.212494 4319.209699 4301.296636 4301.297165 17.915858 17.912534
� 3 + � 4 E� 4322.178483 4304.623747 17.554736
� 3 + � 4 F+

1 4322.590188 4304.725689 17.864499
� 3 + � 4 A �

2 4322.703977 4304.838473 17.865504
2� 2 + � 4

� F �
1 4348.715937 4348.716513 4340.908396 4340.908408 7.807541 7.808105

2� 2 + � 4 F+
1 4363.607167 4355.016300 8.590867

2� 2 + � 4
� F �

1 4378.947450 4372.027551 6.919899
� 1 + � 2 E� 4435.120422 4434.211663 0.908759
� 2 + � 3 F+

1 4537.548367 4527.892164 9.656203
� 2 + � 3

� F �
1 4543.758689 4543.761970 4534.054896 4534.054597 9.703793 9.705917

3� 2 E� 4592.027947 4592.494988 -0.467041
3� 2 A +

2 4595.268700 4595.738483 -0.469783
3� 2 A �

2 4595.502958 4595.976567 -0.473609

a The parities of the levels are given as rovibrational pariti es as well as total parities as for 12 CH4 .
For 13 CH4 all total parities must be reversed (+ $ � , see Chapter 3.5).

b Calculated term values of the J = 0 rovibrational levels from the �tted e�ective Hamiltonia n
with respect to the ground state energy of 12 CH4 and 13 CH4 , respectively. The term values are
derived using the XTDS program package (Wenger et al. 2008a) with the e�ective Hamiltonian
from Albert et al. (2009) ( 12 CH4) and the present analysis on 13 CH4 .

c Experimental term values eEe calculated from experimentally accessible P (1) transitions ( � dipole
allowed , F �

1 symmetry) via addition of the J 00= 1 rotational level of the ground state of 12 CH4
(10.481636 cm� 1 ) and 13 CH4 (10.482132 cm� 1 ) (see Figure 4.6 in Chapter 4.4).

d Isotopic shift, i.e. di�erences of the calculated and experimental term values f or the methane
isotopomers � eE c = eE c(12 CH4) � eE c(13 CH4) and � eEe = eEe(12 CH4) � eEe(13 CH4 ) .

obtained by calculating theJ 0 = 0 levels from the e�ective Hamiltonian pa-
rameters of the present study. The results from this method arecompared
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with experimental values (Exp.) as obtained fromP(1) transitions from the
(J 00= 1; � 00= F +

1 ) rovibrational level of the ground state at 10.482132 cm� 1

to pure vibrational levels (J 0 = 0; � 0 = F �
1 ) within the octad region. The ex-

perimental level energies represent benchmarks for energy level calculations
on accurateab initio or empirically adjusted potential energy hypersurfaces.
Table 6.5 also quotes the shift of the vibrational band centers due to isotopic
substitution 12C/ 13C. In a �rst approximation the isotopic shift of combi-
nation band centers are roughly the sum of the shift of the fundamentals
(compare Figures 6.6b and c). A detailed analysis shows, however, that
the isotopic shifts depend strongly on the rotational quantum number. In
this context it should be understood, that while the level positions inTa-
ble 6.5 are accurate, the assignment of the normal mode (�rst column) has
only an approximate meaning of very limited signi�cance. Figure 6.5 illus-
trates the situation for the � 1 + � 2 combination band as an example: The
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Fig. 6.5: Fraction of the main vibrational subband component � 1 + � 2 of methane
rovibrational levels for both isotopomers 12CH4 and 13CH4 . The fraction di�ers
signi�cantly for the isotopomers and decreases rapidly forhigh rotational quantum
numbers J , where the assignment of the main vibrational subband component
turns ambiguous.

isolated band picture fails. There is strong level mixing even for the pure
(J = 0) vibrational level and the assignment of the normal mode level may
be ambiguous for high rotational quantum numbers. It must therefore be
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understood as the approximate main vibrational subband component. This
main vibrational component di�ers signi�cantly for 12CH4 and 13CH4 and
for high rotational quantum numbers of higher polyads a unique assignment
of the corresponding rovibrational levels of isotopomers is di�cult. Figure

� eE i
c=10� 2 cm� 1

� eE i
c = eE i

c(
12CH4) � eE i

c(
13CH4) / cm � 1

JJ
J

J

(a)

(b)

(c)

� 1

� 2

� 3

� 4

2� 2 2� 4� 2 + � 4

-2-4-6-8-10-12-14-16 0

0

0

0

0

0

0

0

2

2

4

4

55

5

5

6

6

8

8

1010

10

10

10

10

12 14

1515

15

15

16 18

2020

20

20

20

2525

25

25

Fig. 6.6: Isotopic shift � eE i
c of 282 ground state (a) (including the frame with

the scaled abscissa), 1408 dyad (b) and 5352 pentad (c) rovibrational levels with
respect to the rotational quantum numbers J � 25 of the assignment. In a �rst
approximation the isotopic shift of combination band centers are roughly the sum
of the shift of the fundamentals. � eE i

c exhibits strong non{linear behaviour with
respect to J . As discussed in the text � eE i

c is probably wrong for high J in dense
regions of rovibrational levels within the polyad.

6.6 illustrates the isotopic shifts for corresponding levels of the ground state
(Figure 6.6a), the dyad (Figure 6.6b) and the pentad (Figure 6.6c) up to
J = 25 . For the latter and energetically higher lying polyads the isotopic
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shifts are only reliable for relatively low rotational quantum numbers. E�ects
of isotopic substitution can not be investigated in complex polyad patterns
without a theoretical prediction of the correspondence of rovibrational lev-
els. In Figure 6.7 a survey of the simulation using the e�ective Hamiltonian
parameters elaborated in this work is shown and compared to our new exper-
imental spectra for the octad region of13CH4 . The e�ective dipole moment
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Fig. 6.7: Top frame: Survey of two experimental spectra of13CH4 at 80 K covering
the octad region (spectrum 9 and 10 in Figure 6.1). Lower frame: Corresponding
spectrum simulations. Decadic absorbance as lg(I 0=I ) is shown. Discrepancies in
the transition line intensities in the 3880{4170 cm� 1 spectral region are due to the
large discrepancies in the level mixing for12CH4 with respect to 13CH4 (see Figure
6.5 and Table 9 in the Appendix E.6). Most of the simulated line postions in this
region agree well with the experiment. The simulated intensities can often be ad-
justed by scaling the intensity separately for each vibrational subband component
(see Figure 6.8).

was derived from the parameters presented in Albertet al. (2009), leading
to discrepancies in the transition line intensities in dense spectral regions,
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where the discrepancy of the level mixing for12CH4 is large with respect
to 13CH4 (see Figure 6.5). As illustrated in Figure 6.8 the positions of the
simulated transition lines agree nevertheless well in many of these regions
since the simulated intensities can often be adjusted to the experiment by
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Fig. 6.8: Experimental and simulated spectrum of13CH4 recorded at 80 K show-
ing transitions to rovibrational levels assigned to the main vibrational subband
component (3� 4; F2; 2) . Decadic absorbance as lg(I 0=I ) is shown for an enlarged
section of the survey shown in Figure 6.7. The symbol (#) is shown above lines
which are assigned in this particular spectrum (spectrum 9 in Figure 6.1), whereas
(j) is shown above all assigned line positions in this spectralregion. The positions
of the simulated transition lines agree well with the experiment. The intensity is
multiplied by a factor 4 to �t the experimental spectrum (see Figure 6.7).

scaling the intensity separately for each main vibrational subband compo-
nent. Figure 6.8 shows transitions to levels assigned to the main vibrational
subband component (3� 4; F2; 2) with fractions ranging from 35 to 70 % (see
Table 9 in the Appendix E). In the following we show small sections of
our spectra, where the agreement of the corresponding spectra simulations is
particularly striking. Most of the �gures show IR active P(1) transitions in



6.5 Results of the local analysis and discussion 143

the octad region as well as the corresponding spectrum simulations. Figure
6.9 shows the IR{activeP(1) transitions from the (J 00= 1; � 00= F +

1 ; n00= 1)
rovibrational level of the ground state at 10.482132 cm� 1 to the pure vibra-
tional level (J 0 = 0; � 0 = F �

1 ; n0 = 1) at 3837.904397 cm� 1 (the labels of
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Fig. 6.9: Experimental and simulated spectrum of13CH4 recorded at 80 K. Decadic
absorbance as lg(I 0=I ) is shown. The symbol (#) is shown above lines which
are assigned in this spectrum (spectrum 9 in Figure 6.1). (j) is shown above all
assigned line positions from13CH4 , whereas (�) indicates transitions from traces
of H2O inside the spectrometer. The latter dip into the baseline (see text). For
instance the extra line near the P(1) line in the experimental spectrum is from
H2O. The P(1) transition (see Table 6.5 and Figure 4.6 in Chapter 4.4) from the
lower (J 00 = 1 ; � 00 = F +

1 ; n00 = 1) rovibrational state to the rotationless upper
(J 0 = 0 ; � 0 = F �

1 ; n0 = 1) pure vibrational state is indicated at 3837.904397 cm� 1

(the labels are described in the text).

the levels are described in Chapter 5.4). The sum of the two wavenumbers
(3848.386529 cm� 1) represents the experimental value for the energy of the
Pauli{allowed rovibrational subband center (3� 4; F�

1 ; 1) with respect to the
rotationless vibrational ground state energy of13CH4 (see Table 6.5 and Fig-
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ure 4.6 in Chapter 4.4). Transition lines from water residues (H2O is used
for self{calibration) inside the spectrometer dip into the baseline due to the
derivation of the absorption spectra from the intensity distribution and the
background spectrum at di�erent resolution. Figure 6.10 illustrates the situ-
ation for the P(1) transitions to the (J 0 = 0; � 0 = F �

1 ; n0 = 4) vibrational level
at 4213.824035 cm� 1 , which is assigned to the� 1 + � 4 band with a fraction
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Fig. 6.10: Experimental and simulated spectrum of 13CH4 recorded at 80 K.
Decadic absorbance as lg(I 0=I ) is shown. The symbol (#) is shown above lines
which are assigned in this spectrum (see Table 6.1 and spectrum 10 in Figure 6.1)
while (j) is shown above all assigned line positions in this spectralregion. A broad
spectral region is illustrated covering most of the transitions to the � 1 + � 4 com-
bination band. The P(1) transition to the rotationless ( J 0 = 0 ; � 0 = F �

1 ; n0 = 4)
level has been observed at 4203.341903 cm� 1 .

of about 40% . The� 1 + � 4 combination band exhibits a fairly unperturbed
P{, Q{ and R{branch pattern, in which P(J 00){ and R(J 00){transitions with
adjacent rotational quantum numberJ 00are roughly separated by two times
the rotational constant B0 = 5:24128813(88) cm� 1 . The P(1) transition to
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the rotationless F�
1 {level of the � 1+ � 4 combination band can thus be directly

deduced from the spectrum without a detailed simulation of the spectrum.
Figure 6.11 illustrates theP(1) transition and the Q(J 00){branch of this band.
The agreement for the line positions is excellent while the relative absorp-
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Fig. 6.11: Experimental and simulated spectrum of 13CH4 recorded at 80 K.
Decadic absorbance as lg(I 0=I ) is shown. The symbol (#) is shown above lines
which are assigned in this spectrum (see Table 6.1 and spectrum 10 in Figure 6.1)
while (j) is shown above all assigned line positions in this spectralregion. The �gure
illustrates the P(1) transition from the lower ( J 00= 1 ; � 00= F +

1 ; n00= 1) rovibra-
tional level at 10.482132 cm� 1 to the rotationless upper (J 0 = 0 ; � 0 = F �

1 ; n0 = 4)
level of the � 1 + � 4 combination band at 4213.824035 cm� 1 as well asQ{branch
transitions to this band.

tion intensities show sometimes larger discrepancies. The pattern is, however,
well reproduced making it possible assign most of the transitions above the
noise level in this spectral region. Figure 6.12 illustrates a smaller part in
the R(J 00){branch for the the � 1 + � 4 combination band. Due to the overlap
of the respectiveP{ and R{branch of � 3 + � 4 and � 1 + � 4 the transitions
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in this section are not readily assigned. Accurate simulations of the spec-
trum are thus mandatory for the assignment of the experimentallyobserved
transitions in this spectral region.

lg
(I

0
=

I)

##########

Experiment 13CH4 80 K 4.3 hPa

P(4)
P(5)R(5)

R(6)

0.0
0.2
0.4
0.6
0.8
1.0

replacemen

e� / cm � 1

lg
(I

0
=

I)

jjjjjjjjjj jjjjjjjjjj jjjjj

Simulation 13CH4 80 K

0.0
0.2
0.4
0.6
0.8
1.0

4238 4240 4242 4244 4246

Fig. 6.12: Experimental and simulated spectrum of 13CH4 recorded at 80 K.
Decadic absorbance as lg(I 0=I ) is shown. The symbol (#) is shown above lines
which are assigned in this spectrum (see Table 6.1 and spectrum 10 in Figure 6.1)
while (j) is shown above all assigned line positions in this spectralregion. The
�gure shows an enlarged section of a small part in theR(J 00){branch of the � 1 + � 4

combination band where the assignment of the line position is more challenging
due to the overlap of the P{ and R{branch of the � 3 + � 4 and � 1 + � 4 band,
respectively.

6.6 Conclusions

New experimental results and a detailed investigation of the availablehigh{
resolution spectroscopic data for methane13CH4 in the 3700{4700 cm� 1 re-
gion are presented. The whole region has been investigated for line positions
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of all the cold bands under consideration. Strong bands seem to bevery well
represented but further improvements are needed to represent the weaker
methane transitions in this region. A more detailed analysis of the transition
line intensities is important for the future. Combined with the present results
and new experiments at room temperature, such an analysis will permit more
assignments to be made to higher values of the rotational quantumnumber,
which can then be included in further adjustments. The Hamiltonian pa-
rameters given here are su�ciently reliable to allow a successful analysis of
transitions line intensities in the octad region. It should also be possible to
investigate several hot bands in more detail. The present work represents the
�rst simultaneous analysis of the rovibrational structure from 24vibrational
subbands in the octad region of13CH4 . It has been shown, that predictions
of rovibrational levels from theoretical calculations on accurateab intio and
empirically adjusted potential energy hypersurfaces can be combined with
the Dijon e�ective Hamiltonian theory for the analysis of experimental spec-
tra. The combination of these methods made it possible to perform analyses
of higher lying polyads of tetrahedral methane isotopomers much faster than
in previous studies.
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Chapter 7

Partial analysis towards
12000 cm � 1

7.1 Introduction

In the present chapter we report our results from a partial rovibrational
analysis of our new spectra for both12CH4 and 13CH4 , following largely the
report given in Ulenikov et al. (2011). The spectra provide the so far most
complete set of methane spectra covering almost the whole infrared up to
12000 cm� 1 . Although the spectroscopy of methane has a long history and
substantial spectroscopic work has been performed for more than a century
(see Chapter 1), the analysis of the high resolution spectrum in theinfrared
is fairly incomplete, in particular for the higher lying spectral regionsabove
4800 cm� 1 . We have thus performed new measurements on the spherical
top methane isotopomers12CH4 and 13CH4 , which are partially reported in
Niedereret al. (2008a;c; 2011b) and Albertet al. (2009) for the lower spectral
region up to 4800 cm� 1 . The present chapter deals with the partial analysis
of 12CH4 and 13CH4 extended towards 12000 cm� 1 .

7.2 Experimental data

We recorded new high resolution FTIR spectra of12CH4 and 13CH4 at 80 K
covering almost the whole infrared from 900 up to 12000 cm� 1 . The spectra
are listed in Chapter 2.7 including a list of a few spectra of13CH4 , which
were recorded at room temperature. For the experiments we used the Bruker
IFS 125 HR Z•urich prototype (ZP2001) spectrometer in combination with a
long optical path collisional cooling system (Albertet al. 2007). More details
are described in the experimental section in Chapter 2. Table 2.3 in Chapter
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2.6 provides a survey of the current best values of the fundamentals (the
position of the vk = 1 , J = 0 state) for the normal modes of12CH4 , 13CH4

and 12CD4 including also the results from the present thesis. In the last

Tab. 7.1: The vibrational polyads of methane.

Polyad nomenclature Rangea / cm � 1 nb
l nb

sl n(� v)c

Pn Greek pre�x & ad A 1 A2 E F1 F2

P0 Monad 0 1 1 1 0 0 0 0
P1 Dyad 1300{1500 2 2 0 0 1 0 1
P2 Pentad 2600{3100 5 9 3 0 2 1 3
P3 Octad 3900{4600 8 24 4 2 5 5 8
P4 Tetradecad 5200{6200 14 60 11 2 14 13 20
P5 Icosad 6500{7700 20 134 18 11 28 34 43
P6 Triacontad 7800{9300 30 280 41 20 58 71 90
P7 Tetracontad 9100{10800 40 538 64 45 112 148 169
P8 Pentacontakaipentad 10400{12300 55 996 126 81 204 272 313
aThe spectral range applies here for13CH4 . For 12CH4 and 12CD4 the
lower (n � eE(� 4)) and the upper (n � eE (� 2)) limits of the polyad Pn can
be estimated from the term values of the fundamentals as summarized in
Table 2.3 in Chapter 2.6. See also Table 2.3, which we have complemented
here by the vibrational symmetry species �v .

bTotal number of vibrational levels (subscript l) and sublevels (sl).

dNumber of vibrational sublevels with vibrational symmetry species �v (see
Chapter 3.5.1).

column of Table 7.1 we indicate the number of (sub){levels with vibrational
symmetry species F2, which can be observed in the infrared (see Figure 4.3
in Chapter 4.3) as strongly electric dipole allowed transitions from thevibra-
tional ground state (A1 vibrational symmetry). Figure 7.1 and Figure 7.2
provide a survey of these rovibrational transitions for both12CH4 and 13CH4

in the spectral range from 900 up to 12000 cm� 1 . Strong absorptions of
allowed transitions in the infrared are well separated according to the polyad
structure of methane (see Chapter 2.6). On the scale of the two �gures the
shift due to isotopic substitution 12C/ 13C can easily be seen in the absorption
of the pentacontakaipentad region at approximately 11300 cm� 1 . In Figure
2.12 in Chapter 2.7.1 we draw the absorption of the dyad region to a larger
scale, illustrating that the isotopic shift can also be seen in the energetically
lower lying absorption regions.
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Fig. 7.1: High resolution FTIR spectra of 12CH4 recorded at approximately 80 K,
covering the range 900 to 12000 cm� 1 . The parts of the �gures correspond to the
spectra in Table 2.5 in Chapter 2.7.1 which are marked with the exponente . The
number in parentheses gives lg(I 0=I max ) = Amax

10 for the abscissa for the section
(white/gray background) of the spectrum shown.
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Fig. 7.2: High resolution FTIR spectra of 13CH4 recorded at approximately 80 K,
covering the range 900 to 12000 cm� 1 . The parts of the �gures correspond to the
spectra in Table 2.7 in Chapter 2.7.2 which are marked with the exponente . The
number in parentheses gives lg(I 0=I max ) = Amax

10 for the abscissa for the section
(white/gray background) of the spectrum shown.
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7.3 Analysis of the P (1) line positions

Due to the electric dipole (� � = F 2 symmetry) selection rule �00
v 
 � � 
 � 0

v

!
�

A1 , in the infrared and for temperaturesT . 1000 K most of the strong
absorption regions of the lighter methane isotopomers arise from transitions
from the ground state (� 00

v = A 1 symmetry) to levels with vibrational sym-
metry species �0v = F 2 . This selection rule is, however, modi�ed due to reso-
nance interactions, perturbing the rotational structure of theF2 bands such
that A 1 , A2 , E, and F1 vibrational bands contribute to the appearance of the
spectrum. In this case the assignment of rovibrational levels to well de�ned
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Fig. 7.3: FTIR spectra of P5 for 12CH4 (total pressure p = 5 :5 hPa of a mixture of
methane and helium, wherep(CH4)=p � 0:1) recorded at 80 K with an absorption
path length l � 17:5 m and an e�ective instrumental resolution � e� e� � 0:005 cm� 1

(see Chapter 2.2.2 and text). Decadic absorbance as lg(I 0=I ) is shown. The panels
show enlarged sections of the icosad; (a) survey, (b) and (c)stepwise enlarged
sections with a focus on theP{, Q{ and R{branch pattern of the F 2 subband of
the � 2 + 2 � 3 combination band and (d) the P(1) transition at 7499.8562 cm� 1 .

vibrational levels has only an approximate meaning of very limited signi�-
cance (see Chapter 6.5) and becomes increasingly di�cult when the levels are
strongly mixed (seee.g. Figure 7.3a). However, for fairly isolated and unper-
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turbed F2 bands the characteristicP{, Q{ and R{branch pattern prevails (see
e.g. Figure 7.4b)) andP(J 00){ and R(J 00){transitions with adjacent rotational
quantum number J 00appear roughly separated by two times the rotational
constant B0 (seee.g. Figure 7.3c)). Albert et al. (2009) and Niedereret al.
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Fig. 7.4: FTIR spectra of P5 for 13CH4 (total pressure p = 0 :6 hPa of a mixture of
methane and helium, wherep(CH4)=p � 0:1) recorded at 80 K with an absorption
path length l � 10 m and an e�ective instrumental resolution � e� e� � 0:005 cm� 1

(see Chapter 2.2.2 and text). Decadic absorbance as lg(I 0=I ) is shown. The
panels show enlarged sections of the icosad; (a) survey, (b)and (c) stepwise en-
larged sections with a focus on theP{, Q{ and R{branch pattern of the F 2 sub-
band of the � 2 + 2 � 3 combination band and (d) the associatedP(1) transition at
7482.6787 cm� 1 .

(2008a) provide the latest values forB0(12CH4) = 5 :2410400(19) cm� 1 and
B0(13CH4) = 5 :24128813(88) cm� 1 . Hence, theP(1) transition (see Figure
7.5) from the (J 00= 1; � 00= F +

1 ) rovibrational level of the ground state (at
10.481649 cm� 1 for 12CH4 (Albert et al. 2009) and 10.482132 cm� 1 for 13CH4

(Niederer et al. 2008a)) to the (J 0 = 0; � 0 = F �
1 ) rotationless levels can

sometimes be determined by inspection without theoretical modelingof the
spectrum. The principle of this assignment procedure is illustrated inFigure
7.5 while Figure 7.3 and Figure 7.4 illustrate its application for the example
of the F2 subband of the� 2+2� 3 combination band of12CH4 and 13CH4 . The
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assignment is also con�rmed by comparison with the corresponding previous
study for 12CH4 in a supersonic jet (Hippler and Quack 2002). Table 7.2
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5 5
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2 A �

2 E� F�
1 F+

1

J 00 J 00
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J 00= 1
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10.482132 cm� 1

Fig. 7.5: The lower part of the �gure illustrates the rovibra tional level structure
of Pauli{allowed rovibrational species �( S�

4) of methane 13CH4 for A1 vibrational
levels (as the ground state) up to J 00 = 5 . The same is shown in the upper
part of the �gure for F 2 vibrational levels (as e.g. the F2 subband of the � 2 + 2 � 3

combination band) up to J 0 = 5 . We note, that the parities for 13CH4 are reversed
to the parities for 12CH4 because of the negative parity of the13C nucleus (see
Chapter 3.5.3 and Quack (1977; 2011)) The vector indicates the P(1)-transition
from the (J 00 = 1 ; � 00 = F �

1 ) level (at 10.482132 cm� 1 for 13CH4) to the upper
(J 0 = 0 ; � 0 = F +

1 ) pure vibrational level which can be used to determine the
\experimental" value of the center of the F2 subband component of � 2 + 2 � 3 .
The (J 00= 1 ; � 00= F �

1 ) level position is from Champion et al. (1989). Our work
presented in Chapter 5 and partly published in Niedereret al. (2008a) provides
the same value for13CH4 .

provides a survey of the assigned bands and vibrational levels as compared
to the theoretical results.
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Tab. 7.2: F2 vibrational band centers for 12CH4 and 13CH4.

Term values / cm � 1

12 CH4
13 CH4

F2 vib. level T8 a CVPT b Exp. c T8 a CVPT b Exp. c

� 4 1311.7420 1310.9525 1310.7616 1303.7530 1302.9996 1302.7808
2� 4 2616.2380 2614.6140 2614.2607 2600.6027 2599.0515 2598.6409

� 2 + � 4 2831.5280 2830.9859 2830.3152 2823.6382 2823.1407 2822.4519
� 3 3013.6000 3019.1603 3019.4928 3003.6664 3009.1613 3009.5455

3� 4 3874.7490 3869.5738 3870.4858 3852.6301 3847.5972 3848.3865
3� 4 3935.3370 3931.9249 3930.9196 3911.8633 3908.5805 3907.4916

� 2 + 2 � 4 4144.8780 4141.2701 4142.8616 4129.3207 4125.8408 4127.3662
� 1 + � 4 4221.8450 4224.2796 4223.4615 4212.1464 4214.6824 4213.8240
� 3 + � 4 4314.2260 4319.0552 4319.2097 4296.3077 4301.0852 4301.2972

2� 2 + � 4 4350.1000 4349.8289 4348.7165 4342.2513 4342.0425 4340.9084
� 2 + � 3 4537.8230 4544.0612 4543.7620 4528.1356 4534.3128 4534.0546

� 3 + 2 � 4 5585.3640 5588.5379 5587.9777 5563.9208 5563.4190
2� 3 5993.5060 6004.3306 6004.6258 5986.5860 5987.0493

2� 2 + � 3 6048.2150 6055.2583 6054.6061 6045.5591
� 1 + � 3 + � 4 7151.1210 7159.8795 7156.7193 7139.1714

� 2 + 2 � 3 7498.8280 7511.3469 7510.3408 7493.9917 7493.1608
2� 1 + 2 � 4 8385.2759 8387.9966

� 1 + � 3 + 2 � 4 8420.9957 8393.6212
� 1 + 2 � 3 8618.6706
2� 1 + � 3 8808.9470 8789.7028

3� 3 8907.2966 8880.8733
3� 3 9045.9558 9019.5914

� 1 + 2 � 3 + � 4 9888.4742
� 1 + � 2 + 2 � 3 10115.6700 10099.8132

3� 3 + � 4 10265.5851
2� 1 + � 2 + � 3 10302.1739 10284.3128

� 1 + 3 � 3 11276.3084

a Computed with the contracted{iterative method of Wang and C arrington (2003a) using
the T8 surface of Schwenke and Partridge (2001); see Bowman et al. (2008) for 12 CH4
and Wang and Carrington (2009) for 13 CH4 .

b From \ A perturbative calculation of the rovibrational energy lev els of methane" (Wang
and Sibert 1999; 2002). See Chapter 6.

c Experimental term values calculated from experimentally a ccessible P (1) transitions
(dipole allowed , F2 symmetry) via addition of the J 00 = 1 rotational level of the
ground state of 12 CH4 (10.481636 cm� 1 ) and 13 CH4 (10.482132 cm� 1), respectively
(see Figure 7.5 in Chapter 7.3). For both isotopomers the P (1) transitions are taken
from our new spectra presented in the experimental section ( see Chapter 2.7). For
12 CH4 (13 CH4 ) most of the transitions above 5000 cm � 1 (3000 cm� 1 ) are newly as-
signed. A few have been assigned previously (Nikitin et al. 2011; 2009). The IR active
transitions to the � 2 + 2 � 3 band are illustrated in Figure 7.3 (assigned in a previous
study for 12 CH4 in a supersonic jet (Hippler and Quack 2002)) and Figure 7.4. For
the lower lying spectral regions the spectroscopic data ava ilable from the literature are
summarized in Albert et al. (2009) ( 12 CH4 ) and in Chapter 5 ( 13 CH4) of the present
thesis (see also Niederer et al. (2008c)).
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7.4 Results of the analysis and discussion

From the method described in Chapter 7.3 we identi�ed numerousP(1) tran-
sitions for both 12CH4 and 13CH4 . Ulenikov et al. (2011) illustrates small
sections of the spectral regions in which theP(1) transitions are assigned.
The resulting vibrational levels are summarized in Table 7.2 as well as in a
series of tables in the Appendix F including all vibrational band centers of
the tetradecad up to the pentacontakaipentad as obtained fromthe CVPT
method presented in Wang and Sibert (1999; 2002). For a more detailed de-
scription of the computed data it is referred to Chapter 6.3. For the dyad, the
pentad and the octad the data is listed in Table 6.2 in Chapter 6.3. As can
be seen in Table 7.2, the very precise level positions provide a stringent test
for the theoretical calculations over a wide energy range. The di�erences be-
tween experiment and theory become substantial when comparedto ab initio
calculations of Xiao{Gang Wang and Tucker Carrington Jr. on the T8sur-
face of Schwenke (Bowmanet al. 2008, Schwenke 2002, Wang and Carrington
2009). On the other hand the empirically adjusted potential of Xiao{Gang
Wang and Edwin L. Sibert III perform quite well at the lowest energies but
becomes less satisfactory at the higher energies. Indeed, for the higher lying
levels some of the di�erences are so large that a unique assignment across
the various calculation methods becomes uncertain.

7.5 Conclusions

The partial analysis of the rotationless vibrational bands of12CH4 and 13CH4

is extended to the wavenumber range up to approximately 12000 cm� 1 . The
analysis provides a reference for theoretical methods using simplee�ective
Hamiltonian operators (Ulenikovet al. 2011),ab intio calculations (Schwenke
and Partridge 2001, Wang and Carrington 2003a;b) and perturbative meth-
ods on adjusted potential energy hypersurfaces (Wang and Carrington 2009,
Wang and Sibert 1999; 2002).
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Chapter 8

Conclusions

We placed the Dijon algebraic approach on its mathematical basis andre-
vealed its power with regard to both the treatment of arbitrary interaction
phenomena and a universal approach for the treatment of molecular rotation
and vibration speci�cally. It would be possible to investigate coupled,mul-
tidimensional oscillators (molecules) systematically and propose a universal
approach for the reduction of the associated enveloping algebra through dy-
namical symmetries,i.e. through group chains associated to the molecular
symmetry group.

The new high resolution spectroscopic FTIR experiments using a speci�-
cally designed cooling method for the samples and combined with appropriate
theoretical analyses have allowed us to make substantial progress on several
important questions in the spectroscopy of methane.

The new results establishing nuclear spin symmetry conservation in
methane on much longer time scales than before (up to almost seconds in
the present work) extend our knowledge of this phenomenon substantially.

The global analysis of13CH4 up to the pentad is very complete up to
J = 25 and provides highly accurate data, which can be used as a reference
for calibration. All strong bands seem to be very well represented. The
present prediction will permit more assignments in hot spectra to bemade to
higher values of the rotational quantum number, which can then beincluded
in further adjustments. It would be possible to investigate the newroom
temperature spectra for the hot bandP2  P1 in detail. The present results
represent a signi�cant improvement compared to previous studies(F�ejard
et al. 2000, Jouvardet al. 1991). The Hamiltonian parameters given here are
su�ciently reliable to allow a successful analysis of the octad.

The octad has been analyzed here for the �rst time for13CH4 for line
positions for all the cold bands under consideration. Strong bandsseem
to be very well represented but further improvements are needed to repre-
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sent the weaker transitions in this region. A more detailed analysis ofthe
transition line intensities is important for the future. Combined with the
present results and new experiments at room temperature, suchan analysis
will permit more assignments to be made to higher values of the rotational
quantum number, which can then be included in further adjustments. The
Hamiltonian parameters given here are su�ciently reliable to allow a success-
ful analysis of the transitions line intensities in the octad region. It would
also be possible to investigate several hot bands in more detail. It has been
shown, that predictions of rovibrational levels fromab initio calculations and
adjusted potential energy hypersurfaces can be combined with the Dijon ef-
fective Hamiltonian theory for the analysis of experimental spectra. Due to
the combination it might be possible to proceed much faster in futureanal-
yses and further increase the knowledge of the rovibrational structure of the
higher lying polyads of the tetrahedral methane isotopomers. Particularly
our results on the13CH4 infrared spectra have the potential for wider use in
atmospheric chemistry and physics as well as in astrophysics, as this, after
12CH4 , is the second most abundant natural isotopomer of CH4 , but has
so far only been studied very incompletely. Using our analysis, it should be
possible to investigate contributions of13CH4 to the infrared absorption in
the atmospheres of the Earth and of the other planets including some of their
moons, at least as far as the stronger absorptions are concerned.

The new results for vibrational energy levels over wide energy ranges (up
to 1.5 eV or abouthc12000 cm� 1) will help in adjusting parameters in ana-
lytical representations of global potential energy hypersurfaces (Marquardt
and Quack 1998; 2004; 2011).



Bibliography

Adushkin, V. and Kudryavtsev, V. (2010) Global methane 
ux into the at-
mosphere and its seasonal variations.Izv. Phys. Solid Earth, 46, 350 { 357,
doi:10.1134/S1069351310040075.

A�ens, W. A. (1966) Flammability properties of hydrocarbon fuels.Interre-
lations of 
ammability properties of n{alkanes in air. J. Chem. Eng. Data,
11 (2), 197 { 202, doi:10.1021/je60029a022.

Albert, A., Keppler Albert, K., Lerch, P., and Quack, M. (2011a)
Synchrotron{based highest resolution Fourier transform infrared spec-
troscopy of naphthalene (C10H8) and indole (C8H7N) and its applica-
tion to astrophysical problems. Faraday Discuss., 150, 1 { 29, doi:
10.1039/c0fd00013b.

Albert, A., Keppler Albert, K., and Quack, M. (2011b) High{resolution
Fourier Transform Infrared Spectroscopy,in Quack, M. and Merkt, F.,
(eds.) Handbook of High{resolution Spectroscopy, Wiley-VCH, Chichester,
pp. 965 { 1020, doi:10.1002/9780470749593.hrs042.

Albert, S., Bauerecker, S., Boudon, V., Brown, L. R., Champion, J.-
P., Lo•ete, M., Nikitin, A., and Quack, M. (2009) Global Analy-
sis of the High Resolution Infrared Spectrum of Methane12CH4 in
the Region from 0 to 4800 cm� 1. Chem. Phys., 356, 131 { 146, doi:
10.1016/j.chemphys.2008.10.019.

Albert, S., Bauerecker, S., Quack, M., and Steinlin, A. (2007) Rovibrational
Analysis of the 2� 3, 3� 3 and � 1 Bands of CHCl2F Measured at 170 and
298 K by High-Resolution FTIR Spectroscopy.Mol. Phys., 105 (541-558),
2719 { 2735, doi:10.1080/00268970601164198.

Albert, S., Keppler Albert, K., Hollenstein, H., Manca Tanner, C., and
Quack, M. (2011c) Fundamentals of Rotation{Vibration Spectra, in
Quack, M. and Merkt, F., (eds.)Handbook of High{resolution Spectroscopy,
Wiley-VCH, Chichester, pp. 117 { 174, doi:10.1002/9780470749593.hrs003.



162 Bibliography

Albert, S., Keppler Albert, K., and Quack, M. (2003) Very High Resolution
Studies of Chiral Molecules with a Bruker IFS 120 HR: the Rovibrational
Spectrum of CDBrClF in the Range 600� 2300 cm� 1. Trends in Optics and
Photonics, 84, 177 { 180.

Albert, S. and Quack, M. (2007) High resolution Rovibrational Spectroscopy
of Chiral and Aromatic Compounds.ChemPhysChem., 8, 1271 { 1281,
doi:10.1002/cphc.200700018.

Amrein, A., Luckhaus, D., Merkt, F., and Quack, M. (1988a) High{resolution
FTIR spectroscopy of CHClF2 in a supersonic free jet expansion.Chem.
Phys. Lett., 152 (4-5), 275 { 280, doi:10.1016/0009-2614(88)80092-7.

Amrein, A., Quack, M., and Schmitt, U. (1988b) High-Resolution Interfero-
metric Fourier Transform Infrared Absorption Spectroscopy in Supersonic
Free Jet Expansions: Carbon Monoxide, Nitric Oxide, Methane, Ethyne,
Propyne, and Tri
uoromethane. J. Phys. Chem., 92 (19), 5455 { 5466,
doi:10.1021/j100330a025.

Amsler, C., Doser, M., Antonelli, M., Asner, D., Babu, K., Baer, H., Band,
H., Barnett, R., Bergren, E., Beringer, J., Bernardi, G., Bertl, W., Bich-
sel, H., Biebel, O., Bloch, P., Blucher, E., Blusk, S., Cahn, R., Carena,
M., Caso, C., Ceccucci, A., Chakraborty, D., Chen, M.-C., Chivukula, R.,
Cowan, G., Dahl, O., D'Ambrosio, G., Damour, T., de Gouva, A., De-
Grand, T., Dobrescu, B., Drees, M., Edwards, D., Eidelman, S., Elvira,
V., Erler, J., Ezhela, V., Feng, J., Fetscher, W., Fields, B., Foster, B.,
Gaisser, T., Garren, L., Gerber, H.-J., Gerbier, G., Gherghetta, T.,Giu-
dice, G., Goodman, M., Grab, C., Gritsan, A., Grivaz, J.-F., Groom,
D., Gr•unewald, M., Gurtu, A., Gutsche, T., Haber, H., Hagiwara, K.,
Hagmann, C., Hayes, K., Hernndez-Rey, J., Hikasa, K., Hinchli�e, I.,
H•ocker, A., Huston, J., Igo-Kemenes, P., Jackson, J., Johnson,K., Junk,
T., Karlen, D., Kayser, B., Kirkby, D., Klein, S., Knowles, I., Kolda, C.,
Kowalewski, R., Kreitz, P., Krusche, B., Kuyanov, Y., Kwon, Y., Lahav,
O., Langacker, P., Liddle, A., Ligeti, Z., Lin, C.-J., Liss, T., Littenberg,
L., Liu, J., Lugovsky, K., Lugovsky, S., Mahlke, H., Mangano, M., Man-
nel, T., Manohar, A., Marciano, W., Martin, A., Masoni, A., Milstead,
D., Miquel, R., M•onig, K., Murayama, H., Nakamura, K., Narain, M.,
Nason, P., Navas, S., Nevski, P., Nir, Y., Olive, K., Pape, L., Patrignani,
C., Peacock, J., Piepke, A., Punzi, G., Quadt, A., Raby, S., Ra�elt, G.,
Ratcli�, B., Renk, B., Richardson, P., Roesler, S., Rolli, S., Romaniouk,
A., Rosenberg, L., Rosner, J., Sachrajda, C., Sakai, Y., Sarkar, S.,Sauli,
F., Schneider, O., Scott, D., Seligman, W., Shaevitz, M., Sj•ostrand,T.,



Bibliography 163

Smith, J., Smoot, G., Spanier, S., Spieler, H., Stahl, A., Stanev, T., Stone,
S., Sumiyoshi, T., Tanabashi, M., Terning, J., Titov, M., Tkachenko, N.,
T•ornqvist, N., Tovey, D., Trilling, G., Trippe, T., Valencia, G., van Bibbe r,
K., Vincter, M., Vogel, P., Ward, D., Watari, T., Webber, B., Weiglein, G.,
Wells, J., Whalley, M., Wheeler, A., Wohl, C., Wolfenstein, L., Womers-
ley, J., Woody, C., Workman, R., Yamamoto, A., Yao, W.-M., Zenin, O.,
Zhang, J., Zhu, R.-Y., Zyla, P., Harper, G., Lugovsky, V., and Scha�ner,
P. (2008) Review of Particle Physics.Phys. Lett. B, 667 (1-5), 1 { 6, doi:
10.1016/j.physletb.2008.07.018.

Angstr•om, K. J. (1890) •Ofversigt af Kongl. Vetenskaps-Akad. F•orh., 47, 331.

Auer, W. (1961) in Kalorische Zustandsgr•ossen, vol. 2, Eigenschaften der
Materie in ihren Aggregatzust•anden, part 4 ofZahlenwerte und Funktio-
nen aus Physik, Chemie, Astronomie, Geophysik und Technik /Landolt-
B•ornstein, Springer-Verlag, Berlin G•ottingen Heidelberg, 6th ed.

Baez, J. C. (2002) The Octonions.Bull. Amer. Math. Soc., 39, 146 { 205.
URL: http://www.ams.org/journals/bull/2002-39-02/S0273-0979-01-
00934-X/home.html

Bakasov, A., Ha, T. K., and Quack, M. (1998) Ab initio calculation of
molecular energies including parity violating interactions.J. Chem. Phys.,
109 (17), 7263 { 7285, doi:10.1063/1.477360.

Baker, G. A. (1956) Degeneracy of then-Dimensional, Isotropic,
Harmonic Oscillator. Phys. Rev., 103 (4), 1119 { 1120, doi:
10.1103/PhysRev.103.1119.

Bauerecker, S. (2005) Self-Di�usion in Core-Shell Composite
12CO2/ 13CO2 Nanoparticles. Phys. Rev. Lett., 94 (3), 033404, doi:
10.1103/PhysRevLett.94.033404.

Bauerecker, S., Taraschewski, M., Weitkamp, C., and Cammenga, H.K.
(2001) Liquid-Helium Temperature Long-Path Infrared Spectroscopy of
Molecular Clusters and Supercooled Molecules.Rev. Sci. Instr., 72 (10),
3946 { 3955, doi:10.1063/1.1400158.

Bauerecker, S., Taucher, F., Weitkamp, C., Michaelis, W., and Cammenga,
H. K. (1995) Spectral Simpli�cation by Enclosive Flow Cooling I - FT-IR
Spectroscopy of Supercooled Gases at 100 K.J. Mol. Struct., 348, 237 {
241, doi:10.1016/0022-2860(95)08633-7.



164 Bibliography

Beer, A. (1852) Bestimmung der Absorption des rothen Lichts in farbigen
Fl•ussigkeiten. Ann. Phys., 86, 78 { 88.
URL: http://gallica.bnf.fr/ark:/12148/bpt6k151715.image.f90.langEN

Berger, R. and Quack, M. (2000) Multi{con�guration linear response ap-
proach to the calculation of parity violating potentials in polyatomic
molecules.J. Chem. Phys., 112 (7), 3148 { 3158, doi:10.1063/1.480900.

Bernstein, H. J. and Herzberg, G. (1948) Rotation-Vibration Spectra of Di-
atomic and Simple Polyatomic Molecules with Long Absorbing Paths. I.
The Spectrum of Fluoroform (CHF3) from 2.4� to 0.7� . J. Chem. Phys.,
16 (1), 30 { 39, doi:10.1063/1.1746650.

Bonhoe�er, K. F. and Harteck, P. (1929)Para- andortho-Hydrogen.Z. Phys.
Chem. Abt. B:, 4, 113 { 141.

Born, M. and Oppenheimer, R. (1927) Zur Quantentheorie der Molekeln.
Ann. Phys., 389 (20), 457 { 484, doi:10.1002/andp.19273892002.

Bouchiat, M. A. and Bouchiat, C. C. (1974) Parity violation induced by
weak neutral currents in atomic physics.J. Phys., 35 (12), 899 { 927,
doi:10.1051/jphys:019740035012089900.

Boudon, V., Champion, J. P., Gabard, T., Lo•ete, M., Rotger, M., and
Wenger, C. (2011) Spherical Top Theory and Molecular Spectra,in Quack,
M. and Merkt, F., (eds.) Handbook of High{resolution Spectroscopy, Wiley-
VCH, Chichester, pp. 1437 { 1460, doi:10.1002/9780470749593.hrs021.

Boudon, V., Champion, J. P., Gabard, T., Lote, M., Michelot, F., Pierre,
G., Rotger, M., Wenger, C., and Rey, M. (2004) Symmetry-adaptedtenso-
rial formalism to model rovibrational and rovibronic spectra of molecules
pertaining to various point groups.J. Mol. Spectrosc., 228 (2), 620 { 634,
doi:DOI: 10.1016/j.jms.2004.02.022.

Boudon, V., Champion, J. P., Gabard, T., Pierre, G., Lo•ete, M., and Wenger,
C. (2003) Spectroscopic Tools for Remote Sensing of GreenhouseGases
CH4, CF4 and SF6. Environmental Chemistry Letters, 1, 86 { 91, doi:
10.1007/s10311-002-0009-0.

Bowman, J. M., Carrington, T., and Meyer, H.-D. (2008) Vari-
ational quantum approaches for computing vibrational energies of
polyatomic molecules. Mol. Phys., 106 (16), 2145 { 2182, doi:
10.1080/00268970802258609.



Bibliography 165

Bunker, R. P. and Jensen, P. (2006)in Molecular Symmetry and Spec-
troscopy, NRC Research Press, Ottawa, 2nd ed.
URL: http://lib.myilibrary.com/browse/open.asp?id=53886

Cayley, A. (1854) On the Theory of Groups as Depending on the Symbolic
Equation 8n = 1. Phil. Mag., 7 (4), 40 { 47.

Champion, J. P., Hilico, J. C., and Wenger, C. (1989) Analysis of the� 2=� 4

Dyad of 12CH4 and 13CH4. J. Mol. Spectrosc., 133 (2), 256 { 272, doi:
10.1016/0022-2852(89)90193-8.

Champion, J. P., Lo•ete, M., and Pierre, G. (1992)Spectroscopy of the Earth's
Atmosphere and Interstellar Medium, Academic Press, San Diego, chap.
Spherical Top Spectra, pp. 339 { 422.

Champion, J. P., Pierre, G., Michelot, F., and Moret-Bailly, J. (1977) Com-
posantes cubiques normales des tenseurs spheriques.Can. J. Phys., 55 (6),
512 { 520.

Chapovsky, P. and Hermans, L. J. F. (1999) Nuclear Spin Conversion
in Polyatomic Molecules.Ann. Rev. Phys. Chem., 50, 315 { 345, doi:
10.1146/annurev.physchem.50.1.315.

Childs, W. H. J. and Jahn, H. A. (1939) A new Coriolis perturbation in
the methane spectrum III Intensities and optical spectrum.Proc. R. Soc.
London, Ser. A, 169 (939), 451 { 463, doi:10.1098/rspa.1939.0009.

Clusius, K. and B•uhler, H. H. (1954) Das Trennrohr. XIII. Reindarstellung
des schweren Kohlensto�sotops13C. Z. Naturforsch., A: Phys. Sci., 9a,
775 { 783.

Clusius, K., Endtinger, F., and Schleich, K. (1960) Ergebnisse der Tieftem-
peraturforschung XXX. Die Dampfdruckdi�erenz von 12CH4 und 13CH4

zwischen Schmelz- und Siedepunkt.Helvetica Chimica Acta, 43 (5), 1267
{ 1274, doi:10.1002/hlca.19600430511.

Clusius, K. and Popp, L. (1940) Die Molw•armen, Schmelz- und Umwand-
lungsw•armen der kondensierten Gase CD4 und CH3D. Z. Phys. Chem. Abt.
B:, 46, 63 { 61.

Coblentz, W. W. (1905)in Investigations of Infra-Red Spectra, Publications
of the Carnegie Institution, Washington.



166 Bibliography

Cohen, E. R., Cvita�s, T., Frey, J. G., Holmstr•om, B., Kuchitsi, K., Ma r-
quardt, R., Mills, I., Pavese, F., Quack, M., Stohner, J., Strauss, H.L.,
Takami, M., and Thor, A. (2011) in Quantities, Units and Symbols in
Physical Chemistry, IUPAC and Royal Society of Chemistry, Cambridge,
3rd ed.

Cooley, J. P. (1925) The infrared absorption bands of methane.Astrophys.
J., 62 (2), 73 { 83.

Cooley, J. W. and Tukey, J. W. (1965) An Algorithm for the Machine Cal-
culation of Complex Fourier Series.Math. Comput., 19 (90), 297 { 301,
doi:10.2307/2003354.

Coradini, A., Filacchione, G., Capaccioni, F., Cerroni, P., Adriani, A.,
Brown, R. H., Langevin, Y., and Gondet, B. (2004) CASSINI/VIMS{V
at Jupiter: Radiometric calibration test and data results.Planet. Space
Sci, 52 (7), 661 { 670, doi:10.1016/j.pss.2003.11.005.

Coustenis, A., Negrao, A., Salama, A., Schulz, B., Lellouch, E., Rannou, P.,
Drossart, P., Encrenaz, T., Schmitt, B., Boudon, V., and Nikitin, A. (2006)
Titan's 3-micron spectral region from ISO high-resolution spectroscopy.
ICARUS, 180 (1), 176 { 185, doi:10.1016/j.icarus.2005.08.007.

Crassous, J., Chardonnet, C., Saue, T., and Schwerdtfeger, P. (2005) Re-
cent experimental and theoretical developments towards the observation
of parity violation (PV) e�ects in molecules by spectroscopy.Org. Biomol.
Chem., 3 (12), 2218 { 2224, doi:10.1039/B504212G.

Crovisier, J. (1998) Physics and chemistry of comets: recent results from
comets Hyakutake and Hale-Bopp. Answers to old questions and new enig-
mas.Faraday Discuss., 109, 437 { 452, doi:10.1039/a800079d.

Curl, R. F., Kasper, J. V. V., and Pitzer, K. S. (1967) Nuclear spin state
equilibration through nonmagnetic collisions.J. Chem. Phys., 46, 3220
{3228, doi:10.1063/1.1841193.

Davis, S. P., Abrams, M. C., and Brault, J. W. (2001)in Fourier Transform
Spectrometry, Academic Press, San Diego.
URL: http://www.sciencedirect.com/science/book/978-0-12-042510-5

De Sousa Meneses, D., Brun, J.-F., Echegut, P., and Simon, P. (2004) Con-
tribution of semi-quantum dielectric function models to the analysis of
infrared spectra.Appl. Spectrosc., 58 (8), 969 { 974.



Bibliography 167

Dicke, R. H. (1953) The E�ect of Collisions upon the Doppler Width of
Spectral Lines.Phys. Rev., 89 (2), 472 { 473, doi:10.1103/PhysRev.89.472.

Dirac, P. A. M. (1927) The quantum theory of the emission and absorp-
tion of radiation. Proc. R. Soc. London, Ser. A, 114, 243 { 265, doi:
10.1098/rspa.1927.0039.

Dirac, P. A. M. (1958) in The Principles of Quantum Mechanics, Oxford
University Press, 4th ed.

Doetsch, G. (1923) Die Integrodi�erentialgleichungen vom Faltungstypus.
Math. Ann., 89 (3 - 4), 192 { 207, doi:10.1007/BF01455977.

Doppler, C. (1842) Versuch einer das Bradley'sche Aberrations{Theorem als
integrirenden Theil in sich schliessenden allgemeineren Theorie,in •Uber
das farbige Licht der Doppelsterne und einiger anderer Gestirne des Him-
mels, Abhandl. d. Kgl. B•ohm. Ges. d. Wiss., vol. II ofV.

Dresselhaus, M. S., Dresselhaus, G., and Jorio, A. (2008)in Group Theory:
Application to the Physics of Condensed Matter, Springer, Berlin Heidel-
berg.
URL: http://www.springerlink.com/content/978-3-540-32897-1

Eckart, C. (1930) The Application of Group theory to the Quantum Dy-
namics of Monatomic Systems.Rev. Mod. Phys., 2 (3), 305 { 380, doi:
10.1103/RevModPhys.2.305.

Einstein, A. (1905) •Uber die von der molekularkinetischen Theorie der
W•arme geforderte Bewegung von in ruhenden Fl•ussigkeiten suspendierten
Teilchen. Ann. Phys., 322 (8), 549 { 560, doi:10.1002/andp.19053220806.

El Hilali, A., Boudon, V., and Lo•ete, M. (2009) Tensorial development of the
rovibronic Hamiltonian and dipole moment operators for XY3Z molecules
with a degenerate electronic state: Preliminary application to the CH3O
radical. J. Mol. Spectrosc., 253 (2), 92 { 98, doi:10.1016/j.jms.2008.10.007.

Engel, J. and Knapp, H. (1973) Experimentelle Bestimmung von Di�usion-
skoe�zienten in den gasf•ormigen Systemen He-CH4, He-N2 und CH4-N2.
W•arme und Sto�•ubertragung, 3, 146 { 152, doi:10.1007/BF01462867.

Favorskya, V. and Zaretsky, E. B. (2010) Impact response of potassium bro-
mide in 166880 K temperature range.J. Appl. Phys., 108 (7), 073528,
doi:10.1063/1.3486015.



168 Bibliography

Fehrensen, B., Luckhaus, D., and Quack, M. (1999) Inversion tunneling in
aniline from high resolution infrared spectroscopy and an adiabatic re-
action path Hamiltonian approach.Z. Phys. Chem., 209, 1 { 19.

Fehrensen, B., Luckhaus, D., and Quack, M. (2007) Stereomutation
dynamics in hydrogen peroxide.Chem. Phys., 338, 90 { 105, doi:
10.1016/j.chemphys.2007.06.012.

Fehrensen, B., Luckhaus, D., Quack, M., Willeke, M., and Rizzo, T.
(2003) Ab initio calculations of mode selective tunneling dynamics in
12CH3OH and 13CH3OH. J. Chem. Phys., 119 (11), 5534 { 5544, doi:
10.1063/1.1573632.

F�ejard, L., Champion, J. P., Jouvard, J. M., Brown, L., and Pine, A. (2000)
The Intensities of Methane in the 3-5� m Region Revisited.J. Mol. Spec-
trosc., 201 (1), 83 { 94, doi:10.1006/jmsp.2000.8065.

Fellgett, P. (1958) I. - les principes g�en�eraux des m�ethodes nouvelles en
spectroscopie interf�erentielle - A propos de la th�eorie du spectrom�etre
interf�erentiel multiplex. J. Phys. Radium, 19 (3), 187 { 191, doi:
10.1051/jphysrad:01958001903018700.

Formisano, V., Atreya, S., Encrenaz, T., Ignatiev, N., and Giuranna,
N. (2004) Detection of Methane in the Atmosphere of Mars.Science,
306 (5702), 1758 { 1761, doi:10.1126/science.1101732.

Fourier, J. B. J. (1822) in Th�eorie Analytique de la Chaleur, Didot, Paris.

Frank, A. and van Isacker, P. (1994)in Algebraic Methods in Molecular and
Nuclear Structure Physics, John Wiley & Sons, New-York.

Galbraith, H. W. (1978) SU(2S + 1) � � r and spin statistical weights for
tetrahedral XY4, trigonal bipyramidal XY 5, and octahedral XY6. J. Chem.
Phys., 68 (4), 1677 { 1682, doi:10.1063/1.435934.

Gliske, S., Klink, W., and Ton-That, T. (2007) Algorithms for Computing
U(n) Clebsch Gordan Coe�cients. Acta Applicandae Mathematicae, 95,
51 { 72, doi:10.1007/s10440-006-9083-9.

Gr•utter, M. (2011) Rotationally resolved spectroscopy of the Jahn-Teller e�ect
in molecular cations, Ph.D. thesis, Eidgen•ossische Technische Hochschule
Z•urich, doi:10.3929/ethz-a-006668589, thesis No 19756.



Bibliography 169

Gu, X.-Y., Duan, B., and Ma, Z.-Q. (2001) Conservation of angular momen-
tum and separation of global rotation in a quantum N-body system.Phys.
Lett. A , 281 (2-3), 168 { 175, doi:10.1016/S0375-9601(01)00118-9.

Hamermesh, M. (1962)in Group Theory and its Application to Physical
Problems, AddisonWesley, Reading, MA.

Hanel, R. A. and Conrath, B. J. (1970) Thermal Emission Spectra of the
Earth and Atmosphere from the Nimbus 4 Michelson Interferometer Ex-
periment. Nature, 228, 143 { 145, doi:10.1038/228143a0.

Hecht, K. T. (1960a) The vibration{rotation energies of tetrahedral XY 4

molecules: Part I. Theory of spherical top molecules.J. Mol. Spectrosc.,
5 (1-6), 355 { 389, doi:10.1016/0022-2852(61)90102-3.

Hecht, K. T. (1960b) Vibration{rotation energies of tetrahedral XY 4

molecules: Part II. The fundamental� 3 of CH4. J. Mol. Spectrosc., 5 (1-6),
390 { 404, doi:10.1016/0022-2852(61)90103-5.

Hein, W. (1990) in Einf•uhrung in die Struktur- und Darstellungstheorie der
klassischen Gruppen, Springer-Verlag, Berlin Heidelberg.

Herman, M., Georges, R., Hepp, M., and Hurtmans, D. (2000) High res-
olution Fourier transform spectroscopy of jet-cooled molecules.Int. Rev.
Phys. Chem., 19 (2), 277 { 325, doi:10.1080/01442350050020905.

Herranz, J. (1961) The rotational structure of the fundamental infrared
bands of methane{type molecules.J. Mol. Spectrosc., 6, 343 { 359, doi:
10.1016/0022-2852(61)90257-0.

Herzberg, G. (1945)in Infrared and Raman Spectra of Polyatomic Molecules,
Van Nostrand Reinhold, New-York.

Hippler, M. and Quack, M. (2002) High-resolution Fourier transform infrared
and cw-diode laser cavity ringdown spectroscopy of the� 2 + 2� 3 band of
methane near 7510 cm� 1 in slit jet expansions and at room temperature.
J. Chem. Phys., 116 (14), 6045 { 6055, doi:10.1063/1.1433505.

Hirschfeld, T. (1979) Diagnosis and Correction of Wedging Errors inAb-
sorbance Subtract Fourier Transform Infrared Spectrometry. Anal. Chem.,
51 (4), 495 { 499, doi:10.1021/ac50040a009.

Hollenstein, H., Marquardt, R., Quack, M., and Suhm, M. (1995) Dipole
Moment Function of Methane and Analytical Anharmonic, 9-Dimensional



170 Bibliography

Potential Surface: Theory and Experiment for the Permanent Electric
Dipole Moment of CH2D2 Using Quantum Monte-Carlo Calculations and
FIR Spectroscopy.Ber. Bunsenges. Phys. Chem., 99 (3), 275 { 281.

Hollenstein, H., Marquardt, R., Quack, M., and Suhm, M. A. (1994) Dipole
moment function and equilibrium structure of methane in an analytical,
anharmonic nine-dimensional potential surface related to experimental ro-
tational constants and transition moments by quantum Monte Carlo cal-
culations. J. Chem. Phys., 101 (5), 3588 { 3602, doi:10.1063/1.467544.

H•onl, H. and London, F. (1925) •Uber die Intensit•aten der Bandenlinien.Z.
Phys., 33, 803 { 809, doi:10.1007/BF01328367.

Hougen, J. T. (1962) Classi�cation of Rotational energy Levels for
Symmetric{Top Molecules.J. Chem. Phys., 37 (7), 1433 { 1441.

Hougen, J. T. (1971) Interpretation of Molecular-Beam Radiofrequency
ortho{para Transitions in Methane. J. Chem. Phys., 55 (3), 1122 { 1127,
doi:10.1063/1.1676195.

Hougen, J. T. (2001)Methane Symmetry Operations, (version 1.0), [Online].
Available: http://physics.nist.gov/Methane [2010, August 6]. National In-
stitute of Standards and Technology, Gaithersburg, MD.
URL: http://www.nist.gov/physlab/pubs/methane/index.cfm

Hougen, J. T. and Oka, T. (2005) Nuclear spin conversion in molecules.
Science, 310 (5756), 1913 { 1914, doi:10.1126/science.1122110.

Huang, K. (1987) in Statistical Mechanics, John Wiley & Sons, New York,
2nd ed.

Hund, F. (1927) Zur Deutung der Molekelspektren. III.Z. Phys, 43 (11-12),
805 { 826, doi:10.1007/BF01397249.

Iachello, F. and Levine, R. D. (1995)in Algebraic Theory of Molecules,
Oxford University Press, Oxford.

Irwin, P. G. J., Sihra, K., Bowles, N., Taylor, F. W., and Calcutt, S. B. (2005)
Methane absorption in the atmosphere of Jupiter from 1800 to 9500 cm� 1

and implications for vertical cloud structure. Icarus, 176 (2), 255 { 271,
doi:10.1016/j.icarus.2005.02.004.

Jahn, H. A. (1938a) A New Coriolis Perturbation in the Methane Spectrum.
I. Vibrational-Rotational Hamiltonian and Wave Functions. Proc. R. Soc.
London, Ser. A, 168 (935), 469 { 495, doi:10.1098/rspa.1938.0187.



Bibliography 171

Jahn, H. A. (1938b) A new Coriolis perturbation in the methane spectrum
II. Energy levels. Proc. R. Soc. London, Ser. A, 168 (A935), 495 { 518,
doi:10.1098/rspa.1938.0188.

Jahn, H. A. (1939) Coriolis perturbations in the methane spectrumIV.
Four general types of Coriolis perturbation.Proc. R. Soc. London, Ser.
A, 171 (A947), 450 { 468, doi:doi: 10.1098/rspa.1939.0077.

Jennings, D. E., Weber, A., and Brault, J. W. (1986) Raman spectroscopy of
gases with a Fourier transform spectrometer: the spectrum of D2. Applied
Optics, 25 (2), 284 { 290.

Jouvard, J. M., Lavorel, B., Champion, J. P., and Brown, L. R. (1991)
Preliminary Analysis of the Pentad of 13CH4 from Raman and In-
frared Spectra.J. Mol. Spectrosc., 150 (1), 201 { 217, doi:10.1016/0022-
2852(91)90203-M.

Kauppinen, J. and Partanen, J. (2001)in Fourier Transforms in Spec-
troscopy, Wiley-VCH, Berlin.
URL: http://www3.interscience.wiley.com/cgi-bin/booktoc?ID=93520560

Kibler, M. R. (1968) Energy levels of paramagnetic ions: Algebra.J. Mol.
Spectrosc., 26, 111 { 130, doi:10.1016/0022-2852(68)90148-3.

Kibler, M. R. (1976) Irreducible tensor method for a chain SU2 � : : : �
G00 � G0 � G and molecular physics.J. Math. Phys., 17, 855 { 858,
doi:10.1063/1.522996.

Kibler, M. R. (2000) The Master Thesis of Mosh�e Flato,in Dito, G. and
Sternheimer, D., (eds.)Conf�erence Mosh�e Flato 1999 Quantization, De-
formations, and Symmetries, vol. 22 of Mathematical physics studies, pp.
177 { 184.
URL: http://arxiv.org/abs/math-ph/9911016

Kleinrahm, R., Duschek, W., Wagner, W., and Jaeschke, M. (1988) Mea-
surement and correlation of the (pressure, density, temperature) relation
of methane in the temperature range from 273.15 K to 323.15 K at pressures
up to 8 MPa. J. Chem. Thermodyn., 20 (5), 621 { 631, doi:10.1016/0021-
9614(88)90092-4.

Kleinrahm, R. and Wagner, W. (1986) Measurement and correlationof the
equilibrium liquid and vapour densities and the vapour pressure along the
coexistence curve of methane.J. Chem. Thermodyn., 18 (8), 739 { 760,
doi:10.1016/0021-9614(86)90108-4.



172 Bibliography

Knapp, A. W. (2006) Multilinear Algebra, in Basic Algebra, Birkh•auser
Boston, Cornerstones, pp. 245 { 302.

Kramers, H. A. (1930)Koninkl. Ned. Akad. Wetenschap. Proc., 33, 959.

Lambert, I. H. (1760)Photometria, sumptibus Viduae Eberhardi Klett, typis
Christophori Petri Detle�sen.
URL: http://imgbase-scd-ulp.u-strasbg.fr/displayimage.php?pos=-16189

Lawrence, N. S. (2006) Analytical detection methodologies for methane
and related hydrocarbons. Talanta, 69 (2), 385 { 392, doi:
10.1016/j.talanta.2005.10.005, 1st Swift-WFD workshop on validation of
Robustness of sensors and bioassays for Screening Pollutants - 1st SWIFT-
WFD 2004.

le Bel, J. A. (1874) Sur les relations qui existent entre les formules atomiques
des corps organiques et le pouvoir rotatoire de leurs dissolutions.Bull. Soc.
Chim. Fr. , 22, 337 { 347.

Lellouch, E., Sicardy, B., de Bergh, C., K•au
, H. U., Kassi, S., and Campar-
gue, A. (2009) Plutos lower atmosphere structure and methane abundance
from high{resolution spectroscopy and stellar occultations.Astron. Astro-
phys., 495, 17 { 21, doi:10.1051/0004-6361/200911633.

Letokhov, V. S. (1975) On di�erence of energy levels of left and right
molecules due to weak interactions.Phys. Lett. A, 53 (4), 275 { 276, doi:
10.1016/0375-9601(75)90064-X.

Lewerenz, M. and Quack, M. (1988) Vibrational spectrum and potential
energy surface of the CH chromophore in CHD3. J. Chem. Phys., 88 (9),
5408 { 5432, doi:10.1063/1.454552.

Lo•ete, M. (1984)Th�eorie des intensit�es absolues des transitions de vibration{
rotation des mol�ecules XY4. Application au m�ethane, Ph.D. thesis, Uni-
versit�e de Bourgogne, th�ese (1984).

Lo•ete, M., Hilico, J. C., Valentin, A., Chazelas, J., and Henry, L. (1983)
Analysis of the� 2 and � 4 infrared bands of CD4. J. Mol. Spectrosc., 99 (1),
63 { 86, doi:10.1016/0022-2852(83)90293-X.

Lolck, J. E., Poussigue, G., Pascaud, E., and Guelachvili, G. (1985) The
pentad rotation{vibrational states of 12CD4: Wavenumber analysis of in-
frared and Raman spectra of the� 1 , � 3 , 2� 2 , � 2+ � 4 , and 2� 4 bands. J.
Mol. Spectrosc., 111 (2), 235 { 274, doi:10.1016/0022-2852(85)90004-9.



Bibliography 173

Lomont, J. S. and Mendelson, P. (1963) The Wigner Unitarity-Antiunitarity
Theorem.Ann. Math., 78 (3), 548{559.
URL: http://www.jstor.org/stable/1970540

Longuet-Higgins, H. C. (1963) The symmetry groups of non-rigid molecules.
Mol. Phys., 6 (5), 445 { 460, doi:10.1080/00268976300100501.

Low, F. (1952) Natural Line Shape.Phys. Rev., 88 (1), 53 { 57, doi:
10.1103/PhysRev.88.53.

Maki, A. G. and Wells, J. S. (1991)in Wavenumber Calibration Tables from
Heterodyne Frequency Measurements, NIST Special Publication 821, Na-
tional Institute of Standards and Technology, Gaithersburg, MD.

Marquardt, R. and Quack, M. (1991) The wave packet motion and in-
tramolecular vibrational redistribution in CHX 3 molecules under infrared
multiphoton excitation. J. Chem. Phys., 95 (7), 4854 { 4876, doi:
10.1063/1.461703.

Marquardt, R. and Quack, M. (1998) Global analytical potential hypersur-
faces for large amplitude nuclear motion and reactions in methane. I. For-
mulation of the potentials and adjustment of parameters to ab initiodata
and experimental constraints.J. Chem. Phys., 109 (24), 10628 { 10643,
doi:10.1063/1.476513.

Marquardt, R. and Quack, M. (2001) Energy Redistribution in Reacting
Systems,in Moore, J. and Spencer, N., (eds.)Encyclopedia of Chemical
Physics and Physical Chemistry, Vol. 1 (Fundamentals),chapter A.3.13,
IOP Publ., Bristol, pp. 897 { 936.

Marquardt, R. and Quack, M. (2004) Global Analytical Potential Hypersur-
face for Large Amplitude Nuclear Motion and Reactions in Methane II.
Characteristic Properties of the Potential and Comparison to Other Po-
tentials and Experimental Information. J. Phys. Chem. A, 108 (15), 3166
{ 3181, doi:10.1021/jp037305v.

Marquardt, R. and Quack, M. (2011) Global Analytical Potential En-
ergy Surfaces for High{resolution Molecular Spectroscopy and Reaction
Dynamics, in Quack, M. and Merkt, F., (eds.) Handbook of High{
resolution Spectroscopy, Wiley-VCH, Chichester, pp. 511 { 550, doi:
10.1002/9780470749593.hrs013.



174 Bibliography

Marquardt, R., Quack, M., and Thanopulos, I. (2000) Dynamical Chiral-
ity and the Quantum Dynamics of Bending Vibrations of the CH Chro-
mophore in Methane Isotopomers.J. Phys. Chem. A, 104 (26), 6129 {
6149, doi:10.1021/jp994245d.

Marrero, T. R. and Mason, E. A. (1972) Gaseous Di�usion Coe�cients. J.
Phys. Chem. Ref. Data, 1 (1), 3 { 118, doi:10.1063/1.3253094.

McDowell, R. S. (1987) Rotational Partition Functions for Spherical
Top Molecules. J. Quant. Spectr. Rad. Transf., 38 (5), 337{346, doi:
10.1016/0022-4073(87)90028-8.

Merkt, F. and Quack, M. (2011) Molecular Quantum Mechanics and
Molecular Spectra, Molecular Symmetry and Interaction of Light with
Radiation, in Quack, M. and Merkt, F., (eds.) Handbook of High{
resolution Spectroscopy, Wiley-VCH, Chichester, pp. 1 { 56, doi:
10.1002/9780470749593.hrs001.

Messer, J. K. and De Lucia, F. C. (1984) Measurement of Pressure-
Broadening Parameters for the CO-He System at 4 K.Phys. Rev. Lett.,
53 (27), 2555 { 2558, doi:10.1103/PhysRevLett.53.2555.

Michelson, A. A. (1882) Interference phenomena in a new form of refrac-
tometer. Philos. Mag., 13, 236 { 242.

Michelson, A. A. and Morley, E. W. (1887) On the Relative Motion of the
Earth and the Luminiferous Ether. Am. J. Sci., 35, 333 { 345.

Millot, G., Lavorel, B., Chaux, R., Saint-Loup, R., Pierre, G., and Berger,
H. (1988) High-Resolution Stimulated Raman Spectroscopy of Methane
13CD4 in the Pentad Region.J. Mol. Spectrosc., 127 (1), 156 { 177.

Moln�ar, L. (1998) An Algebraic Approach to Wigner's unitary-antiunitary
theorem. J. Aust. Math. Soc. A: Pure Math. Stat., 65, 354 { 369, doi:
10.1017/S144678870003593X.

Moret-Bailly, J. (1961) Sur l'interpr�etation des spectres de vibration-rotation
des mol�ecules �a symm�etrie t�etra�edrique ou octa�edrique. Cah. Phys.,
15 (130-131), 237 {314.

Moret-Bailly, J. (1965) Calculation of the Frequencies of the Lines ina Three-
fold Degenerate Fundamental Band of a Spherical Top Molecule.J. Mol.
Spectrosc., 15 (3), 344 { 354, doi:10.1016/0022-2852(65)90151-7.



Bibliography 175

Moret-Bailly, J., Gautier, L., and Montagutelli, J. (1965) Clebsch-Gordan
coe�cients adapted to cubic symmetry. J. Mol. Spectrosc., 15 (3), 355 {
377, doi:10.1016/0022-2852(65)90151-7.

Nic, M., Jirat, J., and Kosata, B. (1997) in IUPAC compendium
of chemical terminology - the gold book, [Online]. Available:
http://goldbook.iupac.org [2011, March 11]. IUPAC, Royal Society
of Chemistry, Cambridge and Blackwell Scienti�c Publications, doi:
10.1351/goldbook.S06036.

Niederer, H. M., Albert, S., Bauerecker, S., Boudon, V., Champion, J. P.,
and Quack, M. (2008a) Global Analysis of CH4 Lines in the 0� 3200 cm� 1

Region.Chimia, 62 (7-8), 273 { 276, doi:10.2533/chimia.2008.273.

Niederer, H. M., Albert, S., Bauerecker, S., Boudon, V., Champion, J. P.,
and Quack, M. (2008b) Global Analysis of CH4 Lines in the 0� 3200 cm� 1

Region.Proceeding of the 16th Symposium on Atomic and Surface Physics
and Related Topics, Les Diablerets, Switzerland, January 20-25, 2008, pp.
191 { 194.

Niederer, H. M., Albert, S., Bauerecker, S., Boudon, V., Champion, J. P., and
Quack, M. (2008c) Global analysis of methane13CH4 in the 0{3200 cm� 1

spectral region.(in preparation).

Niederer, H. M., Albert, S., Bauerecker, S., Boudon, V., Seyfang, G., and
Quack, M. (2010) Nuclear spin symmetry conservation in methane12CH4.
(in preparation).

Niederer, H. M., Albert, S., Bauerecker, S., Boudon, V., Seyfang, G., and
Quack, M. (2011a) Discussion Contributions on Frontiers in Spectroscopy.
Faraday Discuss., 150, 128 { 130, doi:10.1039/C1FD90001C.

Niederer, H. M., Carrington, T., Wang, X.-G., Albert, S., Boudon, V., Cham-
pion, J. P., and Quack, M. (2011b) Local analysis of the octad of methane
13CH4. (in preparation).

Nielsen, A. H. and Nielsen, H. H. (1935) The Infrared Absorption Bands of
Methane. Phys. Rev., 48 (11), 864 { 867, doi:10.1103/PhysRev.48.864.

Nikitin, A. V., Boudon, V., Wenger, C., Albertd, S., Brown, L. R.,
Bauerecker, S., and Quack, M. (2011) High resolution spectroscopy and
�rst global analysis of the tetradecad region of methane.(in preparation).



176 Bibliography

Nikitin, A. V., Mikhailenko, S., Morino, I., Yokota, T., Kumazawa, R., and
Watanabe, T. (2009) Isotopic substitution shifts in methane and vibra-
tional band assignment in the 5560{6200cm� 1 region. J. Quant. Spectr.
Rad. Transf., 110 (12), 964 { 973, doi:10.1016/j.jqsrt.2009.02.016.

Noether, E. (1918) Invarianten beliebiger Di�erentialausdr•ucke. G•ott.
Nachr., 1918, 37 { 44.

Oldani, M., Bauder, A., Hilico, J. C., Lo•ete, M., and Champion, J. P. (1987)
Microwave Fourier Transform Spectroscopy of Rovibrational Transitions
in the � 2=� 4 of Methane-12C and -13C. Europhys. Lett., 4 (1), 29 { 33,
doi:10.1209/0295-5075/4/1/005.

Orton, G. S., Encrenaz, T., Leyrat, C., Puetter, R., and Friedson,A. J.
(2007) Evidence for methane escape and strong seasonal and dynamical
perturbations of Neptunes atmospheric temperatures.Astron. Astrophys.,
473, 5 { 8, doi:10.1051/0004-6361:20078277.

Ozaki, Y. and Morita, S. (2009)in Encyclopedia of Applied Spectroscopy,
Wiley-VCH, Weinheim.

Ozier, I. and Yi, P. (1967) Nuclear Spin Isomerization in Methane.J. Chem.
Phys., 47, 5458 { 5459, doi:10.1063/1.1701829.

Ozier, I., Yi, P., Khosla, A., and Ramsey, N. F. (1970) Direct Observation of
Ortho-Para Transitions in Methane.Phys. Rev. Lett., 24 (12), 642 { 646,
doi:10.1103/PhysRevLett.24.642.

Palting, P. (1991) Harmonic oscillator tensors. I. The nondegenerate case.
Int. J. Quantum Chem., 40 (4), 457 473, doi:10.1002/qua.560400403.

Palting, P. (1998) Harmonic oscillator tensors. V. The doubly degener-
ate harmonic oscillator. Int. J. Quantum Chem., 67, 343 { 357, doi:
10.1002/(SICI)1097-461X(1998)67:6<343::AID-QUA1>3.0.CO;2-V.

Pauli, W. (1940) The Connection Between Spin and Statistics.Phys. Rev.,
58 (8), 716 { 722, doi:10.1103/PhysRev.58.716.

Pauling, L. (1940) in The Nature of the Chemical Bond and the Structure
of Molecules and Crystals, Cornell Univ. Press, 2nd ed.

Pepper, M. J. M., Shavitt, I., Von Ragu�e Schleyer, P., Glukhovtsev, M. N.,
Janoschek, R., and Quack, M. (1995) Is the Stereomutation of Methane
Possible?J. Comp. Chem., 16 (2), 207 { 225, doi:10.1002/jcc.540160208.



Bibliography 177

Pieperbeck, N., Kleinrahm, R., Wagner, W., and M., J. (1991) Results of
(pressure, density, temperature) measurements on methane and on nitro-
gen in the temperature range from 273.15 K to 323.15 K at pressures up to
12 MPa using a new apparatus for accurate gas-density measurements. J.
Chem. Thermodyn., 23 (2), 175 { 194, doi:10.1016/S0021-9614(05)80295-
2.

Procesi, C. (2007) Tensor Algebra,in Lie Groups, Springer New York, Uni-
versitext, pp. 101 { 143, doi:10.1007/978-0-387-28929-85.

Quack, M. (1975) Statistische Theorie Chemischer Elementarreaktionen,
Ph.D. thesis, �Ecole Polytechnique F�ed�erale de Lausanne, th�ese No 203
(1975).
URL: http://library.ep
.ch/en/theses/?nr=203

Quack, M. (1977) Detailed symmetry selection rules for reactive collisions.
Mol. Phys., 34 (2), 477 { 504, doi:10.1080/00268977700101861.

Quack, M. (1986) On the measurement of the parity violating energy dif-
ference between enantiomers.Chem. Phys. Lett., 132 (2), 147 { 153, doi:
10.1016/0009-2614(86)80098-7.

Quack, M. (1989) Structure and Dynamics of Chiral Molecules.Angew.
Chem. Intl. Ed. (Engl.), 28 (5), 571 { 586, doi:10.1002/anie.198905711.

Quack, M. (1990) Spectra and Dynamics of Coupled Vibrations in
Polyatomic Molecules. Ann. Rev. Phys. Chem., 41, 839 { 874, doi:
10.1146/annurev.pc.41.100190.004203.

Quack, M. (2003) Molecular Spectra, Reaction Dynamics, Symmetries and
Life. Chimia, 57 (4), 147 { 160, doi:10.2533/000942903777679389.

Quack, M. (2011) Fundamental Symmetries and Symmetry Violations from
High{resolution Spectroscopy,in Quack, M. and Merkt, F., (eds.)Hand-
book of High{resolution Spectroscopy, Wiley-VCH, Chichester, pp. 659 {
722, doi:10.1002/9780470749593.hrs077.

Quack, M., Stohner, J., and Willeke, M. (2008) High-Resolution
Spectroscopic Studies and Theory of Parity Violation in Chi-
ral Molecules. Ann. Rev. Phys. Chem., 59, 741 { 769, doi:
10.1146/annurev.physchem.58.032806.104511.

Quack, M. and Troe, J. (1977) Unimolecular Reactions and Energy Transfer
of Highly Excited Molecules,in Ashmore, P. G. and Donovan, R. J., (eds.)












































































































































































































































































































































































































































































































































































































































































































