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Zusammenfassung

Die vorliegende Arbeit wurde in der Gruppe um Martin Quack an der
Eidgenessischen Technischen Hochschule (ETH) in Zdrich und in Bammen-
arbeit mit Vincent Boudon an der Universie de Bourgogne in Dijon duchge-
fuhrt. Die Arbeit widmet sich der Behandlung eines Molekuls tetradrischer
Symmetrie | Methan | und liefert neue Erkenntnisse, die fur weiter fahrende
Arbeiten in verschiedensten Forschungsgebieten von grossed&aung sind.
Motivation und wissenschaftlicher Zusammenhang werden im erst&apitel
emrtert.

Das zweite Kapitel bietet eine Einfahrung in die experimentelle Methae
der hechstauesenden Infrarot{Spektroskopie weiter Spetkalbereiche. Die
grundlegenden Prinzipien werden besprochen und an Beispielen dieniie
nologie erarbeitet, welche schliesslich in den Anwendungen (Kapite{73
verwendet wird. Am Schluss des zweiten Kapitels wird der experimetie
Aufbau des Instrumentes an der ETH in Zdrich beschrieben. DerrBtotyp
einer jetzt kommerziell erhaltlichen Version ist augenblicklich der waveit
hechstauflesende FTIR{Spektrometertyp ( e 0:00062 cm?), abgesehen
von einem neuen Prototypen unserer Gruppe an der Swiss Light $osl
(SLS). Samtliche far die vorliegenden Arbeit relevanten Experimate
wurden an diesem Instrument durchgefahrt. Die Aufnahmen wbrdecken
fast das gesamte Spektrum vof?CH, und **CH, im Infrarot zwischen 900
und 12000cm?.

Das Kapitel 3 befasst sich mit theoretischen Grundlagen zur quaatt-
mechanischen Beschreibung von Molekslen unter Ausnutzung déunda-
mentalen Symmetrien. Die logische Struktur zur Bezeichnung allgemer
molekularer Wellenfunktionen wird erarbeitet und in neuem Licht bechtet.
Die Nomenklatur far die Bezeichnung von Wellenfunktionen ist eine #&e
Jahrzehnten diskutierte und weiterhin aktuelle Problematik, hervgerufen
durch die Schwierigkeit, klassische physikalische Weltbilder mit der qoeen-
mechanischen Betrachtungsweise zu vereinen. In dieser Arbeitrden die
Termsymbole mit der Pari@at (nach Quack) sowie mit dem Pauli{Prinzip
verknapft. Weiterhin wird die in dieser Arbeit verwendete Analysenethode
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im Detail beschrieben und das zugrunde liegende Konzept der Thiecaiuf das
mathematische Fundament gestellt, welches deren Verst@andnisnd
Potential hinsichtlich einer allgemeinen Behandlung von Molekslen o mbart.
Dieses Ruckgrat ist in der fachspezi schen Literatur ganz ausgkendet und
wird hier so formuliert, dass die Meglichkeiten zur Weiterentwicklungder
Methode klar werden. Der gruppentheoretische Ansatz wurde wvaiegend
in Dijon erarbeitet und far einige Molekualklassen ausgewahlter Syymetrie
im XTDS Software{Paket implementiert. Die Software ist online und fei
zuganglich und stellt gegenwartig das weitaus genaueste Werkge fur die
Simulation und Analyse von rotationsaufgel®sten Methan{Speken dar.

Das vierte Kapitel ist der Relaxation der Kernspinisomere vor?CH,
gewidmet. Die Spektren wurden mit Hilfe einer Kuhlzelle unter Fliessbe
dingungen aufgenommen, welche es erlaubt, gasfrmige Stoe eanm
thermischen Gradienten auszusetzen. Mit dieser Methode ist es im
Experiment gelungen, die Symmetrierassen von Methan in einer Pdations-
verteilung zu praparieren, welche nicht dem thermischen Gleichgasht ent-
spricht. Die Theorie zur Beschreibung derartiger Spektren wurde fraheren
Arbeiten entwickelt. Im Rahmen dieser Arbeit wurden die Gleichungeim
XTDS Software{Paket implementiert. Sie sind in Kapitel 4.2 hinsichtlich
einer vereinfachten Implementierung prazise formuliert. Die Spélen
wurden im Bereich der 3 Bande um deren Zentrum bei 3019.4930(1) crh
aufgenommen und konnten mit e ektiven rotatorischen Temperatren von
ungefahr 16 und 27 K unter der Annahme einer Temperaturveriieing der
Kernspin{Symmetrierassen beils 300K reproduziert werden. Die Druck{
und Temperaturabhangigkeit des Diusionskoe zienten des He{(H,
Systems liefern eine Abschatzung der Residenzzeit der kalt&€H, Molekule
in der Kuhlzelle von der Gmssenordnung einiger Zehntelsekunden Die
Experimente zeigen, dass die Isomere der Kernspin{Symmetriesas auf
dieser Zeitskala nicht ins Gleichgewicht relaxieren. Unter den gegelee
experimentellen Bedingungen entsprechen die berechneten Resideiten
also unteren Schranken der Umwandlungszeit. Im Vergleich zu dias#&ferten
ist die Residenzzeit von kaltem CiMolekdlen in einem typischenUberschall{
MolekslIstrahl{Experiment 1000 bis 6000 Mal kleiner. Die Anzahl de6tsse
eines CH Moleksls wahrend der Residenzzeit in der Khlzelle (vornehmlich
mit He Atomen) liegt ungefahr zwischen 18 und einigen 16.

Das Kapitel 5 widmet sich der globalen Analyse des Methan{lsotopars
13CH, bis zur Pentade. Sie beinhaltet die simultane Analyse der drei
tiefstliegenden Polyaden (spektrale Bereiche naheliegender Vilhoats-
zustande) im Bereich von 0-3300cmt; den Grundzustand (Monade), die
Dyade (1000-1800cm‘, 2 Vibrationszustande, 2 Subniveaus) und die
Pentade (2700-3300cnt, 5 Vibrationszustande, 9 Subniveaus). Im Be-
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reich der Pentade wurden neue, rotationsaufgel®ste Fourier dinsformations
Infrarot (FTIR) Spektren mit sehr hoher spektraler Au®@sung aufgenommen
(besser als 0.001cnt instrumentelle Bandbreite, unapodisiert), sowohl bei
300K als auch bei 80K. Fnaher untersuchte Bereiche (z.B. im Rahen
der alteren FTIR{Spektren vom Kitt Peak National Solar Observdory in
Arizona) wurden selektiv neu vermessen, um uber konsistentepetimentelle
Daten zu verfugen, gemessen an einem einzigen Instrument. [Res
wurden mit Daten von frasheren Arbeiten erganzt. Im Bereich de Dyade mit
Daten von FTIR{ und Laser{Absorptions{Spektren, im Bereich de Pentade
mit Daten von Raman{Experimenten sowie mit Daten von Mikrowellen{
Experimenten (Rotationsabergange innerhalb der Monade undet Dyade).
Far die Anpassung des Modells nach der Methode der kleinsten Fehle
quadrate wurden insgesamt 4126 zugeordnete Quantensbange bis
J %= 22 verwendet. Die Anpassung ist durch die folgenden globalen mittén
quadratischen Abweichungend,,s charakterisiert; 63 10 °cm ! far die
Dyade und 46 10 “cm ! far die Pentade. Die globale Analyse stellt gegen-
wber der vorhergehenden lokalen Analyse der Pentadd,fs = 7:1 10 “cm 1!
fiar 1215 zugeordnete Quantensbergange bi3®= 13) eine grosse Verbesser-
ung dar.

In Kapitel 6 wird die erste lokale Analyse der dritten Polyade voA®CHy,
die Analyse der Oktade (8 Vibrationszustande, 24 Subniveaus) imeBeich
3700-4700 cm! vorgestellt. Neue FTIR{Spektren wurden bei 80 K mit sehr
hoher Auesung aufgenommen (besser als 0.001 chinstrumentelle Band-
breite, unapodisiert). Insgesamt wurden 1144 neu zugeordn&eantenaber-
gange bis J% = 9 fur die Anpassung verwendet, die mit einer mittleren
quadratischen Abweichung voml,ms = 10 3cm ! reproduziert werden kennen.
Die Position von sieben Bandenzentren sind in den Spektren identi zte
und mit sehr hoher Genauigkeit, mit Unsicherheiten zwischen 0.000hadu
0.001cm?! bestimmt. Weiterhin wird gezeigt, dass die Resultate von
Variationsrechnungen auf multidimensionalen Potentialachen 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. 12000cnt erstrecken. Die Schlussfolgerungen der einzel-
nen Anwendungen (Kapitel 4{7) sind jeweils am Schluss der Abschtat
aufgefahrt und werden im letzten Kapitel in den Kontext der Schlgs-
folgerungen der gesamten Arbeit gestellt.






Abstract

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

Chapter 2 provides an introduction to the experimental methodsfdigh{
resolution spectroscopy of broad spectral regions in the infrake The fun-
damental principles as well as the nomenclature are described anel reed
as they are used further on. The experimental setup is presediea spec-
trometer in combination with a cryogenic cooling system, which repsents
a very powerful instrumentation. The spectrometer is the protiype of
the currently most powerful instrument, which is commercially availale
( e 0:00062cm? instrumental band width), disregarding a new proto-
type of the Quack group, which is connected to synchrotron radian, the
Swiss Light Source (SLS). All spectra shown in this work have beeecorded
with this setup. New spectra cover almost the whole infrared from0® up
to 12000cm ! for both CH, and 3CH, .

of

Chapter 3 is dedicated to the quantum theory of molecules in relation

to fundamental symmetries, which provide both an unambiguous lalling
scheme as well as a powerful tool for the simulation of rovibratiohapectra.
The labelling of molecular rovibrational levels is elaborated shedding we
light on a long standing problem: labelling schemes have been discusked
decades and remain disputed as the problem situates itself in the lmaof
the real world interpretation of quantum theory. The labels are amnected
to parity (following Quack) and the Pauli{exclusion principle. Furthemore,
the Dijon algebraic approach is presented and placed on its profaumathe-
matical basis, providing insights into the power of the approach withegard
to a general treatment of arbitrary interaction phenomena in mokles. The
group theoretical approach was mainly elaborated in the Dijon grguand im-



plemented there in the XTDS software package, which is freely availe on
the web. Currently it is the most accurate tool for reproducing raibrational
spectra of methane in very broad spectral regions.

In Chapter 4 we study the relaxation of nuclear spin isomers of methe
12CH, 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 ohg
for the simulation of such spectra has been elaborated in previousidies.
Within the present study the equations are implemented in our versioof the
XTDS software package. In addition, the equations are conciselg ded and
stated for convenient implementation. The spectra were recordiéor the 3
band of 12CH, around its center at 3019.4930(1) cnt. They could be repro
duced with e ective rotational temperatures of approximately 16and 27K,
assuming conservation of nuclear spin symmetry upon cooling. Thent-
perature and pressure dependence of the di usion coe cient ohe He{CH,
system provides an estimate for the residence times of cooled QHolecules
in the experimental setup in the 100 ms range. On these time scaldwet
experiments show nuclear spin symmetry in methane to be consatverhe
residence times represent thus lower bounds for the inter{comgen time in
methane under these conditions. Compared to these values, thesidence
time of a cooled CH molecule is 1000 to 6000 times lower in the collision
zone of a typical supersonic jet expansion. The number of collisionisa CH,
molecule during the residence time in the cooling cell (predominantly it
He atoms) is in the order of 1®up to 10°.

In Chapter 5 the global analysis of methané3CH, lines from high res-
olution rovibrational spectra including highly accurate line positions irthe
region 0-3300 cm! is reported. The analysis covers three polyads: the ground
state monad (rotational levels), the dyad (1000-1800 cr, 2 vibrational lev-
els, 2 sublevels) and the pentad (2700-3300 ci 5 vibrational levels, 9 sub-
levels). New Fourier transform infrared (FTIR) spectra of the petad region
have been recorded with very high resolution (better than 0.001 crhinstru-
mental bandwidth, unapodized) at room temperature and at 80 KSpectral
ranges covered by existing spectra previously recordeeld. with the FTIR
spectrometer at the National Solar Observatory on Kitt Peak in Aizona)
were remeasured selectively to provide a consistent set of spadtr the pen-
tad region from the same source. These data were combined wittrepiously
reported data from FTIR and laser absorption in the dyad region,awell as
stimulated Raman and high-resolution microwave spectra. A totalfo1126
line positions up toJ %= 22 were used in the least squares adjustment, which
is characterized by the following global root mean square deviatiods,s for
the line positions; 63 10 °cm 1 for the dyad and 46 10 “cm ? for the pen-
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tad. This analysis represents a large improvement over the preveone with
dms =7:1 10 “cm ! involving 1215 experimental line positions throughout
J00=13.

Chapter 6 provides the rst local analysis of the third polyad of mdtane
13CH,, the octad (8 vibrational levels, 24 sublevels) in the region 3700-
4700cm?!. New spectra of the octad region have been recorded with very
high resolution (better than 0.001 cm? instrumental bandwidth, unapodized)
at 80 K. This analysis represents the rst simultaneous analysis ohé entire
octad region for*CH,, involving 1144 experimental line positions through-
out J%°= 9. The line positions are reproduced with a root mean square
deviation of dms = 10 2cm . Highly accurate experimental values of 7
vibrational sublevels were obtained with uncertainties between 0.00 and
0.001cm?. It is also shown, that the results from variational methods on
multidimensional potential energy hypersurfaces are su ciently ecurate to
be used for our analysis in combination with the method provided by #h
XTDS software package.

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






Chapter 1

Introduction

Methane is one of the most important prototypical molecules in chasiry
and physics. Starting out with its structural models and its chemidabond-
ing (le Bel 1874, Pauling 1940, van't Ho 1874) methane has become
prototype for the study of multidimensional potential energy hygrsurfaces
(Marquardt and Quack 1998; 2004) in relation to quantum dynamic®f
polyatomic molecules (Marquardt and Quack 1991, Wang and Carritan
2003a;b). Methane has also, for a long time, been a prototype fonétic
studies of bond ssion reactions and their theory (Quack and Trod977;
1998) (and references cited therein) and as a prototype for molgar spec-
troscopy (Marquardt and Quack 1998) (and references cited éhein). The
spectroscopy of methane will be an important testing ground forcaurate po-
tential energy hypersurfaces. In conjunction with full dimensiced methods
for calculating energy levels of polyatomic molecules (Hollenstesh al. 1994,
Schwenke and Partridge 2001, Wang and Carrington 2003a;b), sfrescopy
may be used for their re nement. Quantum dynamical time{depenent wave
packet propagation in methane isotopomers can lead to a very di¢a un-
derstanding of primary quantum processes in molecular kinetics (vtpuardt
and Quack 1991; 2001, Marquardtt al. 2000). At an even more fundamental
level, methane and its derivatives play a prototypical role in underanding
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 kineticthere is
new motivation for reinvestigating the spectrum of methane becae of de-
velopments in several other areas.

The spectroscopy of methane is of importance in relation to its uses a
major natural resource for combustion but also for atmospherichemistry
and environmental science as.g. a greenhouse gas (Boudoet al. 2003), as
well as for its role in geology and planetary sciences. Methane, a tafaly

a



2 1. Introduction

abundant constituent of planetary atmospheres, has recentlyelbn observed
in detail on one of the Cassini/Huygens' space mission primary tarnge|
Titan (Coustenis et al. 2006). Saturn's largest moon shows several strong
CH,4 absorption regions. Methane has also been observed in the atntoses
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 (Ortoret al. 2007) as well as the
Kuiper{belt object Pluto (Lellouch et al. 2009, Stansberryet al. 1996). But
also exoplanets (Swairet al. 2010; 2009a; 2008; 2009b, Tinetét al. 2010),
brown dwarfs and comets may contain large amounts of methane ineir
atmospheres. The second most abundant methane isotopon&H, is well

320K
50 Mt 13CH,
- 150 H,O 300K
< Atmosphere
g window
= @)
~ CcO 3
o 100 > 280K
—
S 260K
8
E 50 240K CH,
220K H,0
0
600 800 1000 1200 1400

e/cm !

Fig. 1.1: Infrared thermal emission spectrum of the Earth (®lid) as measured
from a satellite over the Sahara desert and the radiances oflack bodies (dashed)
at several temperatures. The amount of 50 Mt gaseou$3CH, in the Earth's at-
mosphere is a recent estimate from Adushkin and Kudryavtse(2010). The gure
is reproduced and modi ed after Hanel and Conrath (1970).

observed in the Earth's atmosphere with approximately 1% naturahbun-
dance. The ratio*C='2C is important since it sheds light on the formation
process of methane and consequently allows conclusions about rigin.
The spectroscopy of methane has a long history. For the review exirly
work we refer to Herzberg (1945). Early infrared spectra of ntene were



already reported in the nineteenth and twentieth century (Angsem 1890,
Coblentz 1905, Tyndall 1862). Rotationally resolved spectra of itiiane were
recorded by Cooley (1925). Nielsen and Nielsen (1935) reportecetme

14!!{ vvvvvvvvv | I L | L | L | I L A T

1.2 CH, natural .
1.0 Isotope abundance 3
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Fig. 1.2: Top frame: High resolution FTIR spectrum of CH,4 in natural abundance.
Lower frame: High resolution FTIR spectrum of 13CH,. Decadic absorbance as
lg(lo=I) is shown. Both spectra of a mixture of methane and helium wee recorded
at 80 K with an optical absorption path length | = 5m. The total pressures p of
a mixture of methane and helium P(CH4)=p 0:1) arep 0:1hPa (CH4) and
p  7hPa (*3CH,). 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! (2CH,, Albert
et al. (2009)) and 1302.7808(1) cm?! (*3CHy,, this work), respectively. 3CHj, is
well observed in the spectrum of CH with approximately 1% natural abundance.

structure of rovibrational transitions in methane, which was analyed the-
oretically by Jahn in several papers (Childs and Jahn 1939, Jahn Ba8b;
1939). Also higher overtone spectra were reported at high restidun in the
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\photographic infrared" above 8000cm?! (Herzberg 1945). There has also
been renewed interest in the spectroscopy of methane becaukaew devel-
opment in high resolution spectroscopy. The developments in highsmution
Fourier transform spectroscopy as applied to methane isotoporaein bulk
and supersonic jet samples, for instance in studies of intramoleaulabra-
tional redistribution (Lewerenz and Quack 1988, Quack 1990) ounlear spin
symmetry conservation in supersonic jet expansions (Amrekt al. 1988Db,
Hippler and Quack 2002), may be mentioned as examples. Also pulsed s
personic jet spectrometry using a newly developed high resolutiontaser
cavity ring down spectrometer has been recently applied to metharmvertone
spectroscopy (Hippler and Quack 2002, Quack 2003, Susatral. 2010). Some
e ort to cavity ring down spectroscopy in cold cells has recently beeadded
to this (Wang et al. 2010). Here the new developments in high resolution
spectroscopy of the methane cation CHshould also be mentioned, opening
a whole new eld related to methane (Werner and Merkt 2009).

The present thesis situates itself in the realm of these new developmis.
New techniques of high resolution spectroscopy in conjunction witnclosive
ow cooling (Albert et al. 2007, Albert and Quack 2007) are used to obtain
new data for methane covering almost the whole infrared. While sonmew
results on'2CH, are presented (see also our recent analysis f6€H, up to
the octad by Albert et al. (2009)), the emphasis of the present work is on the
analysis of the spectra offCH, . The vibrational band centers of methane are
identi ed and the rovibrational structure of *3CH, in its pentad and its octad
region are analyzed in terms of e ective Hamiltonian parameters. Ehgroup
theoretical approach elaborated in the Dijon group (Champiort al. 1992,
Moret-Bailly 1961) is discussed in detail and compared to other e &ge
Hamiltonian theories and labeling schemes of rotational energy levdty
methane{like spherical{top molecules (Hougen 2001, Longuet-Higg 1963,
Quack 1977). Some speci c achievements of the present work asenmarized
here as follows:

The analysis is achieved up to the octad fo**CH,, and it is compared
to the available analysis for'?CH, (Albert et al. 2009). This work was
carried out in collaboration by the Zurich and Dijon groups.

A survey measurement and analysis is extended up to about 12000 ¢
for 1?CH, and '3CH, and the results are compared for the two iso-
topomers (collaboration of the Zdrich and Tomsk groups).

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



Chapter 2

Experimental

The basic concept of two{beam interferometry was developed in&hl1880s
(Michelson 1882, Michelson and Morley 1887). Fellgett (1958) notat¢hat

interferometry provides a means to recover the intensity distrittion in the

spectrum of the incident radiation at very high resolution. Fourier tans-
form spectroscopy (FTS) was further promoted by the developent of fast
algorithms for processing interferograms (Cooley and Tukey 1965vhich

eventually was a breakthrough for Fourier transform spectrontg, leading

today to its importance in various elds of both science and technody. In

infrared spectroscopy the technique has today become an impamt method

for the following reasons (Albertet al. 2011b, Ozaki and Morita 2009)

1. Multiplex/Fellgett advantage. It permits to record spectra simuta-
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 interferommateeas-
ily derived from a helium{neon (HeNe) laser that acts as an internal
reference for each scan (self{calibration). The wavenumber ¢fi$ laser
is known very accurately and is very stable. As a result, the wavemu
ber calibration of interferometers is very accurate and has a velgng
term stability.

3. Throughput/Jacquinot advantage. The radiation energy thraighput
is very high with respect to a dispersive spectrometer, where it is-re
stricted by the slits. In combination with the multiplex advantage, ths
leads to one of the most important features of an FTIR spectrones:
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 rass the
whole spectral region of incident radiation (see Chapter 2.1), prioing ac-
curate transition wavenumbers in the spectra. In the following a ef survey
of the mathematical description and the de nition of the main termirlogy
related to FT spectrometry is presented as well as the layout andhé char-
acteristics of the ETH Zudrich prototype of the Bruker 125 HR{FTIR spec-
trometer. This setup, combined with an enclosive ow cooling cell wassed
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 resolutiospec-
troscopy covering both general aspects of spectroscopy (Meand 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'sheo-
rem (Fourier 1822). Within the plane wave approximation and for an ieal

6 moveable
mirror

beam ? sample
splitter cell

xed . 1
mirror 29 T Ddetector

6
focusing

- Mmirrors
aperture =l

bsource

Fig. 2.1: Scheme of an Michelson interferometer with variake optical path di er-
encex.

instrument, schematically shown in Figure 2.1, the interferograrh(x) mea-
sured at the detector may be expressed as (Albeet al. 2011b, Kauppinen
and Partanen 2001)
Z
I (x) = I (e)exp(2i ex)de=F *(I(e)): (2.1)
R
Equation (2.1) indicates, that for any optical path di erence x the inter-
ferogram | (x) is simultaneously captured in theentire wavenumber region
of incident radiation. To simplify matters, it is assumed thatl (x) is an
even functiort, i.e. 1(x) = I ( x), from which follows, that the intensity
distribution | (e) as a function of the wavenumbere = 1= = =c (Cohen

LIn principle a phase shift, caused for instance by non{ideal opticallevices in the path-
way of the incident radiation should be taken into account, which maylead to truncated
asymmetric interferogramsl| (x) 6 | ( 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 tréorsn
of the interferogram

Z
l(e)= I1(xX)exp( 2i e&)dx = F(I(x)): (2.2)
R
Without any processing, the intensity distribution of incident radiaton in-
cludes the emission spectral characteristics of the light sourcagtabsorbance
characteristics of the sample, the spectroscopic characteristiof the instru-
mentation etc. (Figure 2.2a). It is thus useful to measure the \background
spectrum™ i.e. the intensity distribution 1y(€) in the absence of the sample
(Figure 2.2b) and divide the observed spectrum(e) by the background spec-

10 T | oot 1.0+
| (e |
08 (e) 08
% 0.6 % 0.6
E 0.4 E 04+
0.2 0.2+
0.0 | 0.0 = | ] | ] | I |
5200 5600 6000 6400 5200 5600 6000 6400
(a) e/cm ! ( e/cm !

< 1.0
g 0.8
I= 0.6
% 0.4
= 0.2

0.0

5200 5600 6000 6400 5200 5600 6000 6400
(c) e/cm ! (d) e/cm !

Fig. 2.2: FTIR spectra: (a) raw spectrum of intensity in relative units including a
sample of 13CHy; (b) background spectrum; (c) transmission and (d) absorbace
spectrum of 13CH,4. The sample spectra were recorded at 80 K with a total pressu
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 spectum are summarized in
Table 2.7.

trum 1o(e). The resultant spectrum (Figure 2.2c) is a transmission spectrum
T(e), which can be calculated according to

I (e) .
lo(e)

T(e) = (2.3)
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In the literature many quantities and symbols concerned with the nasure-
ment of absorption intensity are used (Cohemt al. 2011). Throughout this
work decadic (Ig = log,,) absorbance spectr#\ 1p(e) are shown (Figure 2.2d),
which can be derived according to

lo(€)
I (e)

A(e) =lg = lg(T(e): (2.4)

2.2 Theory of a non{ideal instrumentation

The derivation of transmission or absorbance spectra is equivaleiot a nor-
malization of the experimental recordings, making it possible to corape
spectra from di erent instruments. However, the non{ideal natire of an
instrumental setup can not be removed by a normalization and thehar-
acteristics and settings may signi cantly contribute to the absorfion line
shape observed in the experimental spectra. In the following sulthe shape
e ects are discussed with regard to both their relevance for ther@sent study
and a concise de nition of the technical terminology.

2.2.1 Finite optical path dierence

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 functiorB (x)
is introduced, limiting the integration path length L to the maximum optical
path di erence dyopp . With the convolution theorem (Doetsch 1923), stat-
ing that the Fourier transform of the product of two functions is gual 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(BX)(I(x)=F(B(X) F ((X): (2.5)

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

F(B(x)) _sin(2 &)
L 24

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

=sinc(2 4 ): (2.6)

1
e=

= : 2.7
dMOPD ( )
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Depending upon de nitions, somewhat smaller or larger values areefiuently
guoted. For non{ideal instruments further deviations have to bexpected due
to the wavelength dependence of the index of refraction, thickee 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 aded (05 and
3mm (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 ismlonger

moveable
mirror

source

Fig. 2.3: Scheme of the diverging beam striking the moveablenirror.

collimated and the optical path di erence depends on the opening gle

of the aperture
AB+ BC = xcos(): (2.8)

For a circular aperture the optical path length in Equation (2.1) mut be
replaced according to Equation (2.8) and integration must be perimed over
the solid angle up to the opening angle of the aperture. The solid arig is
connected with the opening angle of the aperture via
z
5 = sin#)d#=1 cos() (2.9)
0
and one obtains analytically (see Appendix A), rather than approximtely
(Davis et al. 2001, Kauppinen and Partanen 2001), the following expression
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to replace Equation (2.1)
Z

()= sinc > l(e)exp 2ie 1 — de (2.10)
R 2 4

There is a signi cant scale change due to the shift in path di erenca® =
x(1 =4 )) (Kauppinen and Partanen 2001). If not accounted for in
the Fourier transform according to Equation (2.2), the intensity dstribution
appears to be shifted by the same factor® = (1 =4 )). Errors in
the wavenumber scale will also be introduced for other reasons (stihfeld
1979, Kauppinen and Partanen 2001), thus, all spectra shown imrowork
are calibrated with respect to some reference such as® OCS, *>CH,, etc.
To simplify matters the assumption of an even interferogranh(x) is now
temporarily dropped and a monochromatic light sourcé(e) = (e &) Is

considered. From the de nition of the Dirac delta function (Dirac 198)
Z

(e e)l] (e €)' (e)de (2.11)
ZR

_exp (21 epx)F (" (e)) dx =" (&) ; (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 % exp 2iex 1 T : (2.13)
Equation (2.5), the Fourier transform of the exponential (Equabn (2.12)),
some convolutional algebra with the Dirac delta function and the lawfo
associativity, which applies for convolution, provide the spectrunof an ideal
instrument with a nite optical path length and an extended light souce

1 (e) F(Le ;) (e &) (2.14)

oLsinc(2 d) B(e) e+ZL (e e): (2.15)

The aperture broadening in the instrumental functionF(L; € ;) is given
by the box 8

2 2 if jej S
B(e)= _ ©o 4 (2.16)
7 0 else.

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 & ), which is approximately 1207=2L), gives the un-
apodized instrumental resolution (Kauppinen and Partanen 2001)
1:207
2L
The apodized instrumental resolution is given by the FWHM of the coro-
lution 2L sinc(2 & ) B(e). An optimum situation is achieved ifB (e) and

2L sinc (2 &) have approximately equal widths (Kauppinen and Partanen
2001), which leads to

(2.17)

e 1207

2 2

Equation (2.18) can be used to optimize the solid angle of the aperte for
a particular transition wavenumber e, and truncation point L (Kauppinen
and Partanen 2001)e.g. for the largest measurable wavenumbeg, = €yax

and the largest truncation pointL = dyopp (Albert et al. 2011b).

(2.18)

2.2.3 Self{apodization

Sometimes one applies additional weighting functions to the signal agunc-
tion of the optical path length in order to remove side lobes to speet lines
(so called \feet", Greekpous gen. podog, which can be annoying, if the
instrumental bandwidth is much larger than the line widths. This proedure
is called \apodization" (\removing the feet").

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

2.3 Absorption of radiation

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

2. The spectral line shape due to the interaction of a radiation eld ith
a molecular object, including spectral shifts due to intramolecularyd
namics and collisions.

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

The dominant phenomena will only be discussed as far as line shapeotse
are concerned, which must be taken into account for this work. Fher
phenomena arise, which can lead #®.g. collisional narrowing with increasing
pressure over some spectral ranges (Dicke 1953), line mixing,rasyetric line
shapes and shifted line centers due to Lamb{shift{like e ects (LowL952).
The resultant transition line shapes can frequently be brought intthe form
of the law of Lambert (1760) and Beer (1852), which is stated here its
di erential from

di(e) _

d

C denotes the number of particles per unit volume anddenotes the absorp-
tion path length. The absorption cross section (e) incorporates all infor-
mation about both the experimental setup and the sample. It is threfore
of particular interest and complexity. The stated form of the Lamlert{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 largx-
tent to the spectra analyzed in the present work. If collisions are iportant,
then (e) may not be independent ofC . In such cases frequently the inte-
grated line intensity S or the integrated absorption cross sectioG remain
approximately independent ofC (see Chapter 2.3.4).

(e)l(e)C: (2.19)

2.3.1 Doppler line shape

We consider here the line shape broadening for an isotropic samplaused
by the thermal distribution of velocities of atoms or molecules (Albéret al.
2011b). Figure 2.4 illustrates the situation. From spatial isotropydilows,
that the observed line shape does not depend on the observatiomedtion
z. Furthermore, the classical limit of the relativistic wavenumber shif i.e.
the classical Doppler e ect (Doppler 1842) is given by

e=e 1+ ‘;05# ; (2.20)
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sincejvj  c. With this approximation and the Maxwell{Boltzman energy
distribution (Huang 1987) of the translational energyE; , one gets the proba-
bility density (e) to observe a molecule with resonance wavenumbemwhen
its resonance at relative rest i®;: a normalized Gaussian, centered oty

Fig. 2.4: Relative shift of the resonance wavenumbeey by relative motion of the
sample.

and the full width at half maximum e, . The Doppler width ep is lin-
early dependent on the resonance wavenumbes and is stated here in its
dimensionless reduced form

r.r S
e 16E(iINR) _  8TIn()
e SN

7:16 10 ' %: (2.21)

€ 3mc?

hE;i = 3KT =2 denotes the mean translational energy, is the temperature
in Kelvin and m the mass of the molecule in atomic mass units (Cohen al.
2011). Doppler broadening can be reduced by lowering the tempeena. It is
frequently the dominant contribution in HR{FTIR spectroscopy fa samples
at low pressure. In the mid{IR and near{IR regions it is also the usua
limiting factor in the e ective resolution, since Doppler{free technigies @nls
2011) are not readily applied with FTIR spectroscopy (Alberet al. 2011b),
except by reducing the Doppler widths through combination with moleular
beams, for instance in supersonic jet FTIR spectroscopy (Amregt al. 1988b,
Quack 1990). The Doppler absorption cross sectiom (e) is proportional to
the Gaussian probability density (e) of molecular translational velocities
relative to the radiative eld. Hence |

me2 e ?
e) = ex —-— — e ; 2.22
o(€)= (&)exp = & (e e) (2.22)
where (&) is the maximum cross section an@, the resonance wavenumber
at this maximum. The convolution () with the Dirac delta function shifts

the Gaussian toey .

2.3.2 Natural line shape

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

(e0)F ((k=4)exp ( kjtj=2)) F (exp(2i enct)) (2.23)

—9\2
ez(+ (en ei): o7 (e &) (2.24)

n(€)

(€o)

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

k=2c e: (2.25)

(ep) is again the maximum cross section for the resonance wavenumiagr
€ . The convolution ( ) with the Dirac delta function (see Equation (2.23)
and (2.24)) shifts the Lorentzian toey . If exponential decay occurs because of
non{radiative transitions with rate constant k (for instance predissociation)
the same relation applies with the corresponding. The natural line width

e, depends on the rate constant of the respective physical prosgsvhile
the Doppler width  ep is linearly dependent on the resonance wavenumber.
In the IR k rarely exceeds 10s ! for rovibrational spectra, so the natural
line width contribution from spontaneous emission can usually be negted
in FTIR spectroscopy except when observing electronic transitisnn the IR
or visible part of the spectrum (Albertet al. 2011b), or when predissociation
and non{radiative transitions are important (Merkt and Quack 201).

2.3.3 Collisional broadening

The dominant Lorentzian line shape contribution in the IR usually arisgfrom
bimolecular collisions (Albertet al. 2011b). If the collisions of molecules A
occur with inert gaseous \solvent" molecules or atoms M as collision paer,
the collisional line width is related to a pseudo rst{order rate consint for
collisions. The exact calculation of the thermally averaged collision @®
sectionh ay i is highly non{trivial and typical values can range over several
orders of magnitude depending on the collision partners. Howevex, rst
estimate for inert collision partners results in a pressure proportial line
width. Thus, at pressures below 1 hPa, collisional broadening canrnaally
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be neglected, except sometimes for larger and dipolar moleculesedtrently
one can use as a rough estimate

1=2
- 8T

h ami[M] (2.26)
for the collision broadening rate constank. and a Lorentzian line shape
following Equation (2.25). = mamy=(ma + my) is the reduced mass for
the collision. These relations do not, however, apply exactly in geragr

2.3.4 Integrated absorption cross sections and line
strengths

This chapter provides a short summary of the physical quantitiessed in
the present work to quantify the amount of radiation, which is absiwed
by a transition associated to the wavenumber,. e, be the center of the
absorption line.

The integrated absorption cross section

G= Qde (2.27)
Rt €
represents a useful intrinsic property of the transition (Merkt ad Quack
2011). Experimentally, one can also determine the line strengtd as the
integral of the spectral intensity over the line pro le
Z
S= (e)de: (2.28)
R*

If the line is narrow, the function 1=e does not vary signi cantly over the line
pro le and can be approximated by ¥e;, so that the integrated absorption
cross sectiorG  S=gy is proportional to the line strengthS . The integrated
absorption cross sectioi® for a transition from a initial state i to a nal state
f can be related to the dipole transition momentM = Hj jii for electric
dipole transitions using the practical equation (Quack 1990), includg also
the Einstein coe cient for spontaneous emissionA

G M 2
— 41:624 — 2.2
A 3 M 2

— 0:016397 —— — 2.30
sl THz D ( )
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2.4 The ETH Zsrich high{resolution FTIR
setup

The Zarich prototype (ZP) 2001 spectrometer (IFS 125 HR ZP 2ml) is a
newly designed 9{chamber version based on the older Bruker IFSO1RIR
spectrometer. The Bruker IFS 125 series is based on this speoteier and

Bruker IFS 125 HR ZP 2001 spectrometer

a) Infrared detector f) IR light sources —1)
b) Rotatable mirror g) Aperture
c) Fixed mirror h) Beam splitter
d) Filter wheel i) Scanning mirror
e) Parallel port to j) Parallel port Z!{
the cooling system to a 3m cell [
[ ™~ —0¢)
) 7 ~H—,
| o —0)
a) c) b) d) Iv{z}v —Db)
—f)

e)

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

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

2Recently, a new prototype of the Bruker IFS 125 HR series, the Buker ETH{SLS
2009 spectrometer prototype (11{chamber system), was deleped for the Quack group
and connected to the Swiss synchrotron light source SLS (Alberet al. 2011a;b)
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b) 0
a
Q) - .
|:|<
d)
—
d— )
/ Bruker IFS 125
e) 7 by — = HR ZP 2001
spectrometer
fy—
0
h
)
1) 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

K—" — :;) gSteerr ((::ee|||| \:/Vvaallll (pertorated)
j) IR{beam
| 9) k) Gas outlet (connected
/ - to a pump)
9) [) Buer gas (He) inlet
m)/ m) Liquid or gaseous coolant

(He/N ;) container

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

The Zarich prototype (ZP) 2001 spectrometer (IFS 125 HR ZP 2ml) is a
large instrument with a maximum optical path di erence ofdyopp =9:8m,
which o ers a theoretical best resolution corresponding to an ingtmen-
tal bandwidth e  0:00062cm? (see Equation (2.17)). As discussed in
Chapters 2.2 and 2.3, the e ective instrumental bandwidth is slightljarger.
Figure 2.7 illustrates the e ective resolution at room temperature ¥ means
of a CO absorption line at low wavenumber in the far infrared and low saple

5 B I | I | I | I | I | I | I ]
- Solid line: CO absorp- Dotted line: sinc line
4 - tion line at 295 K with i ¢ pro le with —
- - FWHM  0:00083cm? e = 0:00062cm? -
(@)
23 Dashed line: Doppler |
’I—T i line pro le with ]
o2 ep 0:00020cm? ]
=)
1
0 p== _| = _-:-l'z"‘_'":"ll"'_'"'_'"l_ - -| - _I | l_ - |- - = _l___l___l___l___u

61.418 61.419 61.420 61.42161.422 61.423
e/cm 1t

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 lghest res-
olution (after Albert et al. (2011b)). The experiment has been performed at
T = 295K with a sample gas pressurep  1hPa and optical absorption path

length | 0:18 m. The sinc line (dotted line) corresponds to the scaled istrumen-

tal function F(L; e )=2 Lsinc(2 & ) (see Equation (2.14)) as expected for an
ideal instrumentation with a nite optical path dierence ( L =1:207=2 e)) and

a point{like light source ( ! 0). The dashed line shows the pure Doppler line
for T = 295K at 61.4205¢cm 1.

pressure, where the line shape is usually dominated by the e ectivestru-
mental function. For the recording of cold spectra the IFS 125 HRP 2001
spectrometer was used in combination with a cryogenic cooling systé€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 illusteat in
Figure 2.8. Hot bands appear attenuated and complex polyad pattes may
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05 1 o5
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Fig. 2.8: FTIR spectra of 12CH, recorded at di erent temperatures with the IFS
125 HR ZP 2001 spectrometer, combined with the Bauerecker etosive ow cooling
cell (Albert and Quack 2007, Bauereckeret al. 2001). Both spectra are recorded
with similar resolution of approximately 0.003cm 1. Spectrum (a), recorded at
16 K with a path length of 15m and approximately 0.02 hPa sampé gas pressure,
shows few absorption lines in a narrow spectral region whilspectrum (b), recorded
at 80 K with a path length of 2.5 m and approximately 2.8 hPa sanple gas pressure,
is broad and dense.
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0.0 =4 . | A . 14 0.0k . | . | . =

2080 2120 2160 2200 2080 2120 2160 2200
(c) e/cm ?! (d) e/cm !

Fig. 2.9: FTIR spectra of CO recorded at di erent temperatures (see Albertet al.
(2007) for a detailed description of the experimental detds for the recording of the
spectra). Decadic absorbance as Ifj§=I) is shown. The spectra at (a) 80K and
(b) 50K show monomer absorption lines. Spectrum (c), recordd at 15K, shows
monomer absorption lines and a nanofparticle peak of CO whi spectrum (d),
recorded at 7 K shows only the nano{particle peak of CO. The qure 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 decreagenerally
with temperature (see Figure 2.9 and Alberet al. (2011b; 2007)). In addi-
tion (see Equation (2.21)), the Doppler width of a single spectral linef the
molecules narrows with the square root of the temperature, makjnt pos-
sible to determine transition frequencies with very high accuracy. he high
resolving power of the spectrometer can usually be fully exploited lmool-
ing the sample gas. At the same time, the full advantage of spectod very

cold molecules becomes apparent only in combination with high{resoioi
spectroscopy.

2.4.2 Optical components and light sources

The light sources relevant for the present work are summarized irable 2.1,
including the spectral regions in which they were employed (see Figu2.10).
Usually, mercury arc lamps, silicon carbide lamps (globar) or tungstdamps

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

Region Source Opt. Iter Electr. Iter miror  Detector
Fig. 2.10 cm? cm ! 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 emplayor noise
reduction. Figure 2.10 shows a survey of the normalized backgraumten-
sities for various optical IR band and IR long pass lters, which wereised
for the derivation of absorbance spectra. Potassium Bromide (KBwindows
were used for all experiments presented throughout this work.ue to its high
cuto absorption below about 250cm® KBr is an optical Iter, transparent

at higher wavenumbers (De Sousa Menesessal. 2004). KBr should be pro-
tected from exposure to moisture as it is easily soluble in water, aladhand
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Fig. 2.10: Normalized decadic absorbancd (=13"®*) 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 ! 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 shew
fairly good resistance to mechanical (Favorskya and Zaretsky ) and ther-
mal shock. It can be used at temperatures up to approximately 6&. As
a beam splitter a Silicon coated Calcium uoride crystal (Si:Caf) was used
for the higher wavenumbers (spectra C to K in Figure 2.10) and KBrof
measurements at low wavenumbers (spectra A and B). Cafexhibits high
transmission for 2000cm! < e< 65000cm?. It is insoluble in water and
resists most acids and alkalis (RMIT 2010). Its high mechanical stigth has
many advantages and makes it also useful for high pressure woridapplica-
tions in cryogenically cooled systems. CaFusually does not fog. Depending
on the wavenumber region (see Table 2.1) we used a Mercury{Cadm{
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 ZdrictHR FTIR
spectrometer was used in combination with an enclosive ow coolinglicas
described in Bauereckeet al. (2001) and Albert et al. (2007). A scheme of
both the spectrometer (Figure 2.5) and the cell (Figure 2.6) is showat the
beginning of Chapter 2.4. The cell can be cooled with liquid nitrogen or Hq
uid helium such that spectra can be recorded at temperatures asvias 4 K.
A 3{zone cell heating installation makes it possible to raise the tempaure
up to 400K with an accuracy of approximately 0:5K over the whole use-
able range (Bauereckeet al. 2001). A continuous re Il 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 twolant
evaporates out of the system. For a real temperature deternation the in-
tensity and the line shape has to be analyzed. In the enclosive owalng
mode a temperature gradient may be applied as required for expegmnis
at thermal non{equilibrium conditions. Such an experiment is preséed 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 gpoximately
16 and 27 K. Gas temperatures are measured directly with a rhodidmon
resistor and three chromel-alumel mantle thermocouples placed thie top,
middle and bottom in the cell. Upon thermal shock the thermocouplesx-
hibit response times in the second regime. The gas pressure in th# can
be adjusted independently between 0.01 and 3000 hPa. Furthemapin the
enclosive ow cooling mode the ow of both the coolant and the samplato
the cell can be adjusted independently by two further ne{contol{valves
(Pfei er EVN 116). According to the manufacturer, the valves ae as tight
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as 10 °hPal/s, while the maximum and minimum controllable gas ows are
limited to 10°hPal/s and 5 10 ®hPal/s, respectively.

2.5 Physical properties of the tetrahedral
methane isotopomers

The physical properties of the tetrahedral methane isotopomerare sum-
marized for the samples, which are relevant for the present worlét stan-

dard conditions for temperature and pressure (STP: 273.15K, 3l9Pa (Nic
et al. 1997)) methane is an essentially colorless and inodorous gas.

higher concentrations a sweetish, oil{type or chloroform{like odois no-
ticeable (Lawrence 2006). Malodorous compounds such as mettaimnl

(CH3SH) or hydrogen sulphide (HS) are either added with intent (to warn
with respect to danger of su ocation and explosion) or are preseas com-
panions from natural methane formation. Methane is extremely mmable
in air for volume fractions 5% 15% and it exhibits a ash point® of
approximately 85K (A ens 1966). The minimum auto ignition temperaure
measured is 874K for a =7 % mixture of methane and air (Robinson and
Smith 1984). Further properties of tetrahedral methane isotagmers relevant
for the present work are summarized in Table 2.2. Samples of isotaglg

Tab. 2.2: Properties of methane isotopomers.

Species, purity and ~ 12CH, 99.0% 3CH, 99.9% 2CD, 99.0%

CAS registry number 74-82-8 6532-48-5 558-20-3
Molecular mass / u 16.0428(13) 17.034(2% 20.0671
Density / kgm 3 0.71746(7} 0.836
Toap / K 111.656(13 111.76 112(1¥
Trs | K 90.67° 90.7¢ 89.78(1Y

a8High precision measurements at 1013.25 hPa (Kleinrahnet al. 1988, Klein-
rahm and Wagner 1986, Pieperbeclet al. 1991).

bClusius and Popp (1940), Clusius and Bshler (1954) and Clugis et al. (1960).

¢Thermochemical data sheet (Auer 1961).

At

almost pure*CH, and **CD, were purchased from Cambridge Isotope Lab-
oratories. 2CH, 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 concentation at the lower
ammability limit (A ens 1966).
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(about 1% of3CH,). The identity of the principal compounds was obvious
from the spectra. Excluding strong signatures of many isotopomgeof CO,
CO, and signatures from HO inside the spectrometer (see.g. Chapter
5.2, Figure 5.1), the spectra do not show any obvious indication ofamical
and isotopic impurities. A more detailed investigation shows, howevethat
13CH, is present in the sample of?CH, (see Figure 2.12 an text in Chapter
2.7.1). Traces of*CD, were observed in an experimental spectrum &1CD, .
The comparison of the rst spectrum listed in Table 2.8 with a spectnn sim-
ulation (Loete 1984, Wengeret al. 2008a) for the dyad region of3CD, at
80 K showed, that*3*CD, is present in our sample with an estimated fraction
p(**CD,) =p(**CD,) < 1%.

2.6 General spectroscopic properties and
structures for methane

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

Tab. 2.3: Fundamentals for the normal modes of2CH,, 13CH, and 12CD,.

Assignment Term values /cm 1

12¢cH, 1BCH, 12cp,

Level ( Tq) B2 (Fit) Bb (Exp) B2 (Fit) BP (Exp) [E2¢ (Fit) E° (Exp.)

A1 2916.481145 2915.442036 2101.3824
E 1533.332635 1533.492779 1091.6516
Fo  3019.493283 3019.492774 3009.545581 3009.545514 2260.07 2260.0796
Fo>  1310.761268 1310.761626 1302.780778 1302.780788 997.811 997.8711

A w N R

aCalculated 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 12CHy4 and 13CHy4 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 , F» symmetry) via addition of the J%= 1 rotational level of the ground
state of 12CH4 (10.481636cm 1), 13CHy4 (10.482132cm 1) and 12CD4 (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) (}2CH,), Niederer et al. (2008a)
(13CHy), Loste et al. (1983) ( 4, 2CD4) and Lolck et al. (1985) ( 3, 2CD4)

¢ 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 the, =1, J = O state) for
the normal modes of2CH,, **CH, and 2CD, including also the results from

the methane isotopomers satisfy an approximate relation
1 22 3 24 (2.31)

For the excited overtone and combination states this results in gups of
close{lying vibrational bands, the polyads (see Figure 2.11). Eaclorobina-

e78 K / e298 K
D D
6E = P,: Tetradecad

> g 14 levels

/ 60 sublevels
) P3: Octad

= 8 levels

// 24 sublevels
7

P,: Pentad

5 levels

// 7
8 sublevels
i P,: Dyad
77

2 levels
2 sublevels

e/ 10%cm !

N

Po: Monad
0 1 level
bending!  stretching

0 5 10 15 20
ey /10 3cm !

Fig. 2.11: The polyad scheme of methan&*CH, up to 6000 cm ®. The vibrational
levels on the left are positioned according to their stretcling and bending char-
acter. The Doppler full widths at half maximum e in the 0{6500cm ! region
are indicated by straight line diagonals forT =80K and T =298K. eg can be
reduced by lowering the temperature (see Equation (2.21) irChapter 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, overtone (0, 2; 0; 0) within the pentad
(see Equation (2.32) in Chapter 2.6) is triply degenerate ad can be decomposed
into a singly degenerate (A 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;Vy; Vs;Vs)' 2 N%) is
assigned to a polyad®, according to the conventional equivalence relation

(V1;V2;Va;Va) 2 Py, (Va5 V2; V3 Va)(2; 1, 2;1) = n: (2.32)

The superscriptt denotes transposition. The vector (21;2;1)! is referred to
as the polyad structure of methane, which applies similarly to many ber
tetrahedral XY, molecules. In the convention used here, the polya®s are
numbered with increasing energy starting withn = 0 for the ground state
monad, n = 1 for the dyad etc. (see Figure 2.11 and Alberet al. (2009)).
The Greek pre x indicates the number of levels in the polyad. Fon > 0
the number (n + 1) gives the number of levels with pure bending character
and (n=2+ 1) for evenn the number of levels with pure stretching character.
Alternative nomenclatures in the literature use the polyad quantunmumber

N = n=2 (Lewerenz and Quack 1988) according to the polyad structure
(1;1=2;1; 1=2)'. Figure 2.11 shows a survey of the polyad energy level scheme
for 13CH, including the nomenclature used in the present study. The polyad
scheme applies similarly to many tetrahedral XY molecules, whereas the
scale of the ordinate depends on explicit species X and Y. Table 2.4 ligte
polyads, as applicable fot*CH,, where the overlap of polyads becomes very
signi cant above 12000cm? .

Tab. 2.4: The vibrational polyads of methane.

Polyad nomenclature Rang®/ Levels Sublevels IR{active
P, Greek prex & ad cm !

Py Monad 0 1 1 0
P, Dyad 1300{1500 2 2 1
P, Pentad 2600{3100 5 9 3
Ps; Octad 3900{4600 8 24 8
P, Tetradecad 5200{6200 14 60 20
Ps Icosad 6500{7700 20 134 43
Ps Triacontad 7800{9300 30 280 90
P, Tetracontad 9100{10800 40 538 169
Pg Pentacontakaipentad 10400{12300 55 996 313

®The spectral range applies here for3CH,4. For 12CH, and 2CD, the lower
(n EB( 4)) and the upper (n E( »)) limits of the polyad P,, can be estimated
from the term values of the fundamentals as summarized in Tale 2.3.



28 2. Experimental

2.7 Overview of the experimental spectra

New infrared data of the methane samples (see Chapter 2.5) are didtin-
cluding the experimental conditions for each recording. Most of éhCH,
spectra presented in this work were taken at approximately 80K, &ew at
room temperature. Optical absorption path lengths range from.2to 20.0m.
The sample pressurep of the mixtures of CH, 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 absorptidéines with-
out saturation the sample cell was partially pumped out. All spectraare
self{apodized and recorded with instrumental line widths below the @ppler
widths. The new spectra for'?CH, and **CH, cover almost the whole in-
frared range from 900 up to 12000 cm.

2.7.1 Spectra of methane 12CH 4

New spectra of methane'?CH, were recorded for samples of the natural
isotope mixture of CH,, in which 2CH, is the most abundant isotopomer

CH, natura
isotope abundance

lg(1o=1)

N D OO
T T T

ol

13CH,; 99.9%
high purity

sample ‘ "
BT R ERARRETE

1250 1270 1290 1310 1330 1350
e/cm 1

lg(1o=1)

Coo0OoRrRO0O0000OkR

N P

=

Fig. 2.12: Top frame: High resolution FTIR spectrum of CH, in natural abundance
(200 averaged scans). Lower frame: High resolution FTIR sperum of 13CH,4 (90
averaged scans). Decadic absorbance as lg€l) is shown. Both spectra of a
mixture of methane and helium were recorded at 80 K with an opical absorption
path length | = 5m. The total pressures p of a mixture of methane and helium
(p(CH»)=p 0O:1) arep 0:1hPa (CHs, see Table 2.5) andp 7hPa (*3CHy,
see Table 2.7). The sample cell was partially pumped out for masuring strong
absorption lines without saturation. The gures illustrat e the absorption region
for the 4 fundamental bending mode at 1310.7616(1) cm® (2CH,, Albert et al.
(2009)) and 1302.7808(1) cm* (3 CHy, this work). 3CHy, is well observed in the
spectrum of CH, (top frame) with approximately 1% natural abundance.
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with a ratio of p(}2CH,)=p(CH,4)  0:99. Figure 2.12 illustrates a spectrum of
CH, in natural isotope abundance in the spectral region of the, fundamental
bending mode as well as the corresponding region for a high purityngale
of 13CH,. The measurement parameters for these spectra are summadize
in Table 2.5 (?CH,) and Table 2.7 ¢3CH,). The second most abundant

Tab. 2.5: Experimental details for the sample spectra of?’CH, at 80K .

p/ T/ d*/ e / 19/ Scans Range/ Date
hPa K mm cm?! m cm !
6.1 80 1.0 0.0011 10.0 130 900{1300 18.08.10
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 26.03.10
8.0 80 1.2 0.0018 5.0 270 1200{1800 12.07.10
6.0/ 80 0.8 0.0013 5.0 140 1800{2400 15.07.10
6.0 80 0.8 0.0015 5.0 200 2200{2900 21.07.10
2.8 80 1.0 0.0030 2.5 100 2700{3500 17.08.04
4.1 80 1.0 0.0030 5.0 120 3400{4500 10.16.04
5.0 80 1.0 0.0047 10.0 120 4200{5400 19.03.04
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 18.08.04
55 80 0.8 0.0050 17.5 160 6200{8000 31.03.04
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 31.03.09
10.0 80 1.2 0.0050 10.0 1100 8600{12000 01.04.09

2Pressurep of a mixture of methane and helium ¢ methane,

CO) where p(CH4)=p

which the sample cell was partially pumped out.
bDiameter d of the circular aperture.

He and

0:1. The asterisk denotes experiments, in

CE ective instrumental resolution e =0:9=L.
dQOptical path length | in the multire exion cell.
©The spectrum is illustrated in Figure 2.13.
fThe spectrum is illustrated in Figure 2.12.

methane isotopomer3CH, is well observed with approximately 1 % natural
abundance in the spectrum of the natural isotope mixture. On thether
hand, no *?CH, absorptions can be identi ed in the'*CH, spectrum under
the conditions shown, indicating, that the mole fraction of'?CH, in this
sample is below 0.1%.

The spectra listed here were recorded at approximately 80K, as sto
of the spectra used in this work. Figure 2.13 provides a survey iCH,
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Fig. 2.13: High resolution FTIR spectra of 12CH, recorded at approximately 80K,
covering the range 900 to 12000 cmt. The parts of the gures correspond to the
spectra in Table 2.5 which are marked with the superscript®. The number in
parentheses gives Igp=I"®) = AT for the abscissa for the section (white/gray
background) of the spectrum shown.
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absorption spectra covering essentially the whole infrared rangeorin 900
to 12000cm?. Absorption path lengths range from approximately 2.5 to
17.5m. Partial pressures of methane range from 10 to 1000 Pa. eSjpa

with low sample pressures are recorded for measuring strong aipsion lines

without saturation. High sample pressures make it possible to deteweak

absorption lines. Pressure broadening can, however, usually beyleeted

under these conditions, since the transition line shapes are domiadtby

the Doppler line shape (see Chapter 2.3). All spectra are self{apeed and

recorded with instrumental line widths below the Doppler widths.

2.7.2 Spectra of methane 13CH,

New spectra of methané3CH, were obtained at room temperature and liquid
nitrogen temperature at approximately 80 K. The measurement pameters
for the room temperature spectra are summarized in Table 2.6. Adrption

Tab. 2.6: Experimental details for the sample spectra of3CH,4 at 293K .

p/ T/ d*/ € / 19/ Scans Range/ Date No'
hPa K mm cm?! m cm !

1.0 293 1.0 0.0015 10.0 400 1200{1800 04.19.08

0.5 293 1.0 0.0015 10.0 100 1200{1800 06.11.08

20 293 0.8 0.0015 20.0 150 1800{2400 13.07.06 1
50 293 1.0 0.0015 20.0 120 1800{2400 24.08.06
15.0 293 0.8 0.0015 10.0 120 2200{3000 14.09.06
0.1 293 0.8 0.0027 10.0 200 2700{3700 21.09.06
1.7 293 0.8 0.0027 10.0 160 2700{3700 20.09.06
11.0 293 0.8 0.0027 10.0 160 2700{3700 19.09.06 8

D WN

\l

aPressurep of methane in the multire exion cell.
bDiameter d of the circular aperture.

CE ective instrumental resolution e, =0:9=L.

dQOptical path length | in the multire exion cell.

®The spectrum is illustrated in Figure 2.14.

fThe spectrum ID number (see Table E.5 in Appendix E).

path lengths range from 10 to 20 m with sample pressures rangingrr 10
to 1500Pa. Six measurements in the 1800{3700 ctnspectral region are
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used for the global analysis of the pentad in Chapter 5. The speatcover
the spectral region of the dyad®;  Pg), which includes theP,  P; hot
bands, and the pentad P, Po). A survey of selected spectra covering
the spectral region up to the pentad at room temperature is illusated in
Figure 2.14. The cold spectra cover essentially the whole infrarechgge from

P, Pentad
H,O 5 levels
9 sublevels
ﬁ; (5) (21.6)
5
0 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 1 1 1
0 1 2 3
_ H,O
T (2)
5
O 1 1 1 1 1 1 1 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 I 1
3 4 5 6

e/ 10%cm !
Fig. 2.14: High resolution FTIR spectra of 13CH,4 recorded at approximately 298 K,
covering the pentad and the octad. The dyad is partially coveed (see Table 2.4).
The parts of the gures correspond to the spectra in Table 2.6which are marked
with the superscript ©. The number in parentheses gives Id(=1"%) = AT* for
the abscissa for the section (white/gray background) of thespectrum shown.

900 up to 12000cm*. The measurement parameters for these spectra are
summarized in Table 2.7. Absorption path lengths range from 5 to 10 with
total pressures ranging from 60 to 1000 Pa. For the cold spectitae sample
pressure is a mixture of*CH, and helium (and CO in a few cases). Two
measurements at approximately 80K in the 2700{3700 crh spectral region
are used for the global analysis of the pentadP{  Pg) in Chapter 5. Three
measurements in the 3300{6000 crm spectral region could be used for the
analysis of'3CH, in its octad region (P;  Pp). Figure 2.15 illustrates the
polyad pattern for 13CH, as observed in the experiments at 80 K. Strong
signatures of allowed transitions in the infrared are well separatetcording
to the polyad structure of 13CH,. For both room temperature and cold
spectra low sample pressures are used for measuring strong giisan lines
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without saturation. High sample pressures make it possible to deteweak
absorption lines. Pressure broadening can, however, usually bgyleeted
under these conditions, since the transition line shapes are domiadt by
the Doppler line shape (see Chapter 2.3). All spectra are self{apeed and
recorded with instrumental line widths below the Doppler widths.

Tab. 2.7: Experimental details for the sample spectra off3CH,4 at 80K .

p*/ T/ d°/ e / 19/ Scans Range/ Date No.
hPa K mm cm?! m cm !

9.1 80 1.0 0.0010 10.0 160 900-1300 19.03.10

7.0 80 1.0 0.0020 10.0 200 1100-1800 25.03.10

7.0 80 1.0 0.0020 5.0 90 1100-1800 25.08.10

6.0 80 1.2 0.0018 5.0 165 1100-1800 10.07.10
5080 0.8 0.0013 5.0 200 1800-2300 18.07.10

5.0 80 0.8 0.0015 5.0 210 2300-3000 20.07.10

5.0 80 1.0 0.0027 10.0 100 2700-3700 10.1%.054¢9

5.0 80 1.0 0.0027 10.0 120 2700-3700 10.11.05¢ 5
4.3 80 1.0 0.0047 10.0 150 3300-4400 12.1°1.09"

4.9 80 1.0 0.0047 10.0 100 4000-6000 16.19.0%0"

4.9 80 1.0 0.0047 10.0 200 4000-6000 15.11.05" 11
8.5 80 1.0 0.0047 10.0 200 5200-6400 16.1°1.05

0.6 80 0.8 0.0050 10.0 100 6200-7700 18.03.09

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 26.03.09
10.0 80 1.2 0.0100 10.0 1000 8600-12000 03.64.09

@Pressurep of a mixture of methane and helium ¢ methane, He and CO)
wherep(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, =0:9=L.

dQOptical path length | in the multire exion cell.

€The spectrum is illustrated in Figure 2.15.

fThe spectrum is illustrated in Figure 2.12.

9The 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 13CH, recorded at approximately 80K,
covering the range 900 to 12000 cmt. The parts of the gures correspond to the
spectra in Table 2.7 which are marked with the superscript®. The number in
parentheses gives Igp=I"®) = AT for the abscissa for the section (white/gray
background) of the spectrum shown.
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2.7.3 Spectra of methane 2CD,

New spectra of methane'?CD, were taken at approximately 80K in the
900{1300cm?! and the 1800{6400cm! spectral region. The measurement
parameters for the spectra are summarized in Table 2.8. Absorptigpath
lengths range from 5 to 15m. The sample pressures of a mixtured€D,
and helium range from 10 to 1000Pa. Spectra with low sample presssir
are recorded for measuring strong absorption lines without sattfon. High

Tab. 2.8: Experimental details for the sample spectra of?’CD, at 80K .

p/ T/ d/ € / 197 Scans Range/ Date
hPa K mm cm?! m cm !

0.7 80 1.0 0.0010 15.0 100 900-1300 06.03.08
01 80 1.0 0.0010 15.0 40 900-1300 06.08.08
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
01 80 1.2 0.0015 15.0 40 1800-2400 13.03.08
5.0 80 1.0 0.0027 5.0 120 2700-3800 08.11.05
50 80 1.0 0.0027 5.0 80 2700-3800 09.1%2.05
6.8 80 1.0 0.0047 10.0 150 3200-4500 13.71.05
8.0 80 1.0 0.0047 10.0 200 4000-6000 14.771.05
8.5 80 1.0 0.0047 10.0 200 5200-6400 17.71.05

2Pressurep of a mixture of methane and helium ¢ 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 =0:9=L.
dOptical path length | in the multire exion cell.
©The spectrum is illustrated in Figure 2.16.

sample pressures make it possible to detect weak absorption lineses3ure
broadening can, however, be neglected under these conditions¢s the tran-
sition line shapes are dominated by the Doppler line shape (see Chafes).
All spectra are self{apodized and recorded with instrumental line idths be-
low the Doppler widths. Figure 2.16 shows a survey of the spectraoiRhe
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analysis of the pentad ot?CD, further measurements are needed for covering
the spectral region from 1200 up to 1800 cr.

P, Dyad P, Pentad
2 levels 5 levels
2 sublevels 9 sublevels
’,—T (3.5) (8)
=
§ L
O= 1 v vy T ﬁ—nﬁ-—A Ll N !
0 1 2 3
P5; Octad P, Tetradecad Ps Icosad
8 levels 14 levels 20 levels
24 sublevels 60 sublevels 134 sublevels

lg(lo=1)

e/ 103cm !

Fig. 2.16: High resolution FTIR spectra of 12CD4 recorded at approximately 80K,
covering the infrared up to 6000cm 1. The parts of the gures correspond to the
spectra in Table 2.8 which are marked with the superscript®. The number in
parentheses gives Idp=I"#) = A 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 he funda-
mental principles and equations of quantum mechanics. The genkeséruc-
ture of quantum mechanical problems is stated for the non{relatistic theory
using set theoretical expressions (Robinson 2003). The secoradtps dedi-
cated to the labelling of molecular rovibrational wavefunctions andhie use
of fundamental physical symmetries in this context. The problem igeated
in a general way and the labels of rovibrational levels are connectedparity
and the Pauli exclusion principle, which leads to a consistent and unam
biguous labelling scheme. Molecules of the form XYare considered as an
example. In the third part the Dijon algebraic approach is introduce, a ten-
sorial approach in terms of creation and annihilation operators. Meinsights
are provided illustrating the power of the approach for a generatd¢atment
of arbitrary interaction phenomena. The terms and the notation sed in
this context are described and tetrahedral molecules of the forXY, are
considered as an example.

3.1 The mathematical foundations of quan-
tum mechanics

Quantum theory is by no means a contradiction to classical theorigis rather
o ers re ned models for the explanation of properties, which clagsal models
cannot predict. In a sense, classical mechanics can be consida®d limiting
case of quantum mechanics (QM). According to all we know todayature
is very well described by quantum mechanics. The appropriate ert&ons
to relativistic quantum theory and quantum electrodynamics have é&en con-
rmed many times and no unexplained property has been found by no| at
least none, from which it is accepted that it cannot be described with the
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realm of this theory. Despite the fact that the framework of quatum the-
ory is an entirely mathematical subject, the typical policy is to use alittle
mathematics as possible. Throughout this chapter this attitude is irerted,
since the results from this theory are often highly counterintuitivewithout
\sensible" physical interpretation and their link to the physical woid, at
best, opaque (Vailati 2009).

Within the realm of the non{relativistic theory, the physics of a syséem

is given by the time dependent Schredinger equation

H i~-@ =0 ; (3.1)

whereH is the Hamiltonian, h = 2 ~is Planck's constant and@ = @=@t
denotes the partial derivative in time. The solutions of the Schreidger
equation are the wavefunctions . Henceforth, we consider as a isolated
system and assume thatl 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 Schredinger e@tion

(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 stanary
Schredinger equation is, however, far beyond what nowadaysrche solved
numerically, even by the most powerful computers. Therefore,any approxi-
mations sometimes based on intuition and empiricism, including the classl
limit of quantum theory, must be made. This leads to both the variouselds
in physical sciences and all the more a large variety of theoreticaloatels.
Although the historical sequence of the developments does notldav this
scheme, physics today splits into decoupled elds according to theade of
energy, time or length, in which \things" occur and little is known aboti the
interaction of physical phenomena which appear on di erent eneygtime or
length scales. A few models exist in which for instance electroweakardc-
tions are taken into account (Bakasowt al. 1998, Berger and Quack 2000,
Bouchiat and Bouchiat 1974, Crassoust al. 2005, Letokhov 1975, Quack
1986; 1989; 2011, Quacst al. 2008). Non{relativistic quantum theories are
usually in agreement with the following postulates (Scholtet al. 1992).

A1l 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 spadd with
the absolute of the standard._?{probability measurek k= jh j ij:

H= :RRI' 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.

A2 Physical observables are densely de ned Hermitian operatd@sin the
vector space of bound linear transformations(H )ofH . Insymbols,
physical observables are Hermitian operators in

LH)= O:H 'H ; supkO k<1 (3.4)
2H

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

A3 The Hilbert space of a composite system =[i,, ; ([ denotes the
union of sets and ; is a component of ) is associated with the tensor
product of the Hilbert spaces of the components

@)
H = H ; (3.5)
i21

wherel N is a countable and nite set of indices.

A4 The wavefunctions must be even (odd) with respect to odd permu-
tations of identical bosons (fermions) (Pauli 1940).

A5 Physical symmetries inL(H ), leaving the probability measurgh' j ij
on H invariant, act in a unitary or antiunitary way on H (Lomont
and Mendelson 1963, Molrar 1998, Wigner 1931). In symbols:

jhj dp=igngi) =f()uU; (3.6)
where U is an either unitary or antiunitary operator and f( ) is a

phase{function with values on the unit sphere irC.

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

A5.1 Lorentz transformations (the position, any translation and any otation
in space as well as translation in time)

A5.2 reversal of charge, space and time (in the sense of the operasi@,
P and T, see Quack (2011))
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A5.3 any permutation of indistinguishable particles

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

In axiom A5 it is stated, that any representation of physical symnetries
g 2 G is either unitary or antiunitary (Wigner 1931). This means (Wigner
1960)
L if is unitary
LTS WS =k it is antiunitary, (3.7)
whereh j i denotes the standardL ?{probability measure and the asterisk
denotes complex conjugation. Hence? 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 ogieon
arethus f 1gandf 1; igif is unitary and antiunitary, respectively.
However, the energy levels are not necessarily degenerate suwit for each
level only a single eigenvalue is realized. Inversion doubling (see Clapt
3.3 for the unitary parity symmetry operation) and Kramers degeeracy
(Kramers 1930) (see Chapter 3.5.2 for the antiunitary time reveat sym-
metry operation) may be mentioned as examples, in which more thame
eigenvalue is realized and each corresponds to a linearly independagittion

of the stationary Schredinger equation.

3.2 The quantum mechanics of molecular
systems

In molecular physics, chemical physics, physical chemistry or anther syn-
onymous research eld, the physical systems of interest are cposites of
electrons and nucleij.e. atoms and molecules. Despite the fact that nuclei
are composites of numerous elementary particles of di erent kindyn the
molecular level, nuclei are most often regarded as single, point{likanicles
with overall physical properties, mass, charge and \spin", whenauclear spin
in reality has a contribution from orbital angular momentum of the nle-
ons. Within the realm of this approximation molecular systems are uaily
described by the electromagnetic interactions. A few models exidtpw-
ever, in which the electroweak interactions between elementary ntiales are
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taken into account (Bakasovet al. 1998, Berger and Quack 2000, Bouchiat
and Bouchiat 1974, Crassoust al. 2005, Letokhov 1975, Quack 1986; 1989;
2011, Quacket al. 2008). The mass ratio electromproton at relative rest
me=m, 1=1836 (Coheret al. 2011) gives then rise to an approximate sep-
aration of the Hamiltonian. In agreement with the scale of energyjme or
length, approximative theories for the description of the moleculamotion
are by the majority separated into the motion of the electrons anthe mo-
tion of the nuclei; i.e. the Born{Oppenheimer (BO) approximation (Born
and Oppenheimer 1927) applies and it is often su ciently accurate fa pre-
cise description of the experimental observations, in particular ihq:,system
is highly symmetric. LetH be the Hamiltonian of aset of N =, N;
nuclei with jlj subsets ; of N; indistinguishable nucleii, aggregated to
form a molecule. Suppose this molecule is placed for all times in the origin

n
+o

Fig. 3.1: Oriented spatial reference systenx for the Hamiltonian H , and Lorentz
transformed reference systenx®, moving and rotating relative to x .

of a three dimensional oriented space such that Lorentz transformations
x 7! x° might, at most, add translational and rotational energy to the taal
energy of the molecule. The total energy of the molecule dependisi$ only
on the internal, vibrational (v as an index) and rotational (r as an imlex)
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 mays
be written approximately as a sum, where the summands describeygical
properties and their interactions:

H =Hy+H + Hs+ Hy + Hs+ His + Hps ! (3.9

H., , for example, acts exclusively on its underlying Hilbert spacd, H .
while H (in agreement with axiom A 3) acts on the entire product space

H =H, H, H s: (3.10)
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Even if on the energy scale of molecular motion the contributions ohe
nuclear spins and its interactions with the motion of the molecule wer®
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 dken into
account. The total wavefunction , must respect the generalized Pauli{
principle and nuclear spin appears in terms of degenerate waveftiogs, i.e.
nuclear spin statistical weights (see Chapter 3.5.3). If interacti@nof the
nuclear spin with other physical properties can be neglected it is usly
su cient to construct a Hamiltonian H , which acts only on the Hilbert
spaceH, H | 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 hCi hPi hTi G: (3.11)

S is the complete nuclearppermutation group (CNP) of the molecule
which is composed oN =, N; nuclei with jlj subsets ofN; indistin-
guishable nucleii . Hence
O
S = Sy <G (3.12)

i
i21

as required from axioms A5.3.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 @f. The prod-
uct in Equation (3.11) does not necessarily need to be a group (Robam
2003), but it can be extended to form a group. This group can be e for
a unigue labelling of both the levels and the wavefunctions. The growan,
however, be very large, in particular for larger molecules,e. composites
of several sets of identical nuclei. Longuet-Higgins (1963) sugtgsl to omit
symmetry transformationsg 2 G, which are \not feasible" in the sense of
leading to spectroscopically resolvable e ects. Throughout this wio 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 ashe
product of S and hPi

S =S hPi<G; (3.13)

where the parity operatorP inverts the reference systen® : x ! X and,
as shown in Figure 3.2 (a), acts as an inversion on the classical phapace,
inverting the con guration g 7! g and the momentap 7! p of the com-
posites of the molecule. Neither angular momentum nor spin operasoare

(a) (b)

Fig. 3.2: (a) The action of the parity P and time-reversal operatorT on the particle

positions g and momentap in the xt-plane, where R fectus) and S (sinister) denote
the right and left{handed reference framex, respectively. (b) Harmonic potential

energy surface and the separate eigenfunctions of the vibtianal ground state

(solid lines) over the R and Sxt-plane. Dashedand solid lines show the double
well potential and the eigenfunctions when inversion is feaible and the splitting

in energy due to a relatively small barrier height can be obsered.

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 ation
of P alters the orientation of a left{handed (superscript S fosinister) to a
right{handed (superscript R for rectus) reference system ovice versa The
stationary Schmdinger equation provides a linearly independenbhution 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 thpresent
thesis. The energy levels (as far as parity is concerned and as thaulk
principle is not yet taken into account) are therefore doubly degenate if
the barrier for inversion is in nitely high. The Hamiltonian describes bth
orientations simultaneously and the solution of the stationary Scladinger
equation provides both a simultaneous vibrational eigenfunction? of P
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and H , which corresponds to left{handed orientation and a simultaneous
vibrational eigenfunction R, which corresponds to a right{handed orienta-
tion. Since neither angular momentum nor spin are a ected by an alted
orientation, it is only the vibrational wavefunction which appears tobe am-
bidextrous. According to Hund (1927) the vibrational wavefungbn can be

made to be an equal superposition wavefunction off and

p_
(v+ V=2

= - (3.14)
' (5 D= 2

which is then of well de ned parity; henceP |, = n as required accord-

ing to Equation (3.8). The CNP{group S acts similarly on the complete
N {particle wavefunction . Due to the generalized Pauli{principle per-
mutations 2 S act symmetrically or antisymmetrically on ,; acts
antisymmetric, i.e. acts odd on ,, if and only if permutes an even
number of nuclei in an odd number of subsets of identical fermions of the
molecule . In symbols:

_+ 4,if 2S iseven
"= if 2S s odd. (3.15)
In the case, in which an inversion is physically feasible, see Figure 3.3 (b
(solid and dashed lines), the degenerate levels are split in energy and the
levels are doubled. Inversion doubling has been calculated and resdlin ex-
periments for various molecules (Fehrenset al. 1999; 2007; 2003). However,
for methane is has been shown that the barrier to inversion is veripose in en-
ergy to the dissociation energy on the order of 400 kJ/mot (Marquardt and
Quack 1998; 2004, Peppest al. 1995) thus guaranteeing the \high barrier"
limit for the spectroscopic observations to be discussed in the pees thesis.
Furthermore, the CNPI{group for methane is relatively simple and &n thus
be used directly for discussing the spectroscopic levels without eesity for
simpli cation. However, the orderjS j of the CNPI{group increases quickly
when molecules with increasingly large sets of indistinguishable nucleea
considered P S v

o PN S )

IS )= P\ S N N;! (3.16)
and it might be desirable to reduce the number of labels if inversion dbling
remains unresolved. In such a case, the molecular symmetry (M3dgp, i.e.
the restriction of S to physically feasible (Bunker and Jensen 2006, Longuet-
Higgins 1963) symmetry operations can be used as an alternativehigh is,
however, connected with a loss of information. As a rule, the syming
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group should be as complete as possible and the table of charactgnmsuld
be stated in each work, including the connection between the labelttbe

classical point symmetry group and the CNPI{group. Table 3.1 in Chater

3.5 is an example. Throughout this work this table is used for the labeltin
of methane rovibrational levels.

3.4 Labelling of molecular wavefunctions

Starting out from a zero interaction HamiltonianH, + H, + Hs for a molecule
in a well de ned electronic state, for instance the electronic groanhstate,
which we assume here to be totally symmetric as in the case of £ Hhe total

wavefunction of nuclear motion , may be fully separated into a vibrational
( v), arotational ( ;) and a nuclear spin wavefunction (), such that

n= vrs2Hy H H: (3.17)

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

1 X

(v )= = i

— . (3.18)
Gl 6

wherejGj is the order of G, ; ( ;) is the character of thei{th (j{th) irre-
ducible representation ; ( ;) in g and j is Kroneckers delta. The decom-
position of is obtained from the Gram-Schmidt orthogonalization pocess

%
= (G (3.19)

k=1

where C is the number of classes o6 and  is its k{th irreducible rep-
resentation. This o ers a unique labelling scheme. The symmetry spies
of the rovibrational wavefunction is given by the (symmetric and aocia-
tive) product r, Which must be decomposed according to Equation
(3.19). These are Pauli{allowed species,, if the species of the complete
wavefunction ., s contains the Pauli{allowed species ,. In symbols:

v = f r \ 1 r \ S pg : (3'20)

The Pauli{allowed species can be deduced from the table of charastef
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 gropf
theoretical form:

+1 for bosons

1 for fermions (3.21)

p— 15 sign( ) =

| denotes the character of the irreducible representation, 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 molates,
which exhibit a chemical formula of the form XY, 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 thimrm XY 4
is considered where the Y nuclei carry an arbitrary spih, . The CNPI{group
S, is used,i.e. the product of the permutation{group S, <S1 S, and the
inversion group hPi . Its characters are summarized in Table 3.1, includ-
ing the number of class members and the labels (irreducible represgions
(Ta), ( Sg) and (' S,), respectively) of the groupsTy <S,, S, <S, and
S,. The superscripts + and  are applied to the labels of the irreducible
representations ofS, in order to distinguish the transformation behaviour
of the wavefunction with respect to an altered orientation of the eference
frame, parity or inversion. The characters of pairs of symmetricra anti-
symmetric wavefunctions (see Figure 3.2 (b)) must change sign ingtlclasses,
in which inversion ( as a superscript) is involved (Quack 1975). Further-
more, they must change sign in the characters of classes of oddyp#ations
(see Equation (3.15) and text) if the Y nuclei carry half{integral pin (Pauli
1940). The sign in the classes (1234and (12) changes thus twicej.e. the
sign must not change if the Y nuclei are fermions. Table 3.1 providebhd
following labels for pairs of symmetric and antisymmetric wavefunctis

9 8 9
N

8
% Ai"A1 E % A MA,
AiAA, E B pnna B . .
(S)=_ E'"E _b_E = ( Ta) grg'i;(sgr‘:ge' (3.22)
SFAF 3 EFRAF
T FELAFE, T FaAFy

Hougen (1971), Bunker and Jensen (2006) use these supersdsigli erently.
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B n, @08, 9
1 2 1
Ay " Ay E % Az E if the Y nuclei
(S)=, EE"E b, B . =(Ty are fermions (3-23)
SFAF, E EF3 ’
CFLAF, T TRy

where” denotes the logical conjunction. The correspondence of t8g labels
in Tyg (and vice versg are summarized in Equation (3.22) and (3.23). The

Tab. 3.1: Table of characters ofS,, Tq and S, (Quack 1975)

Ty E C; C, &4 d
I I
~ © % ~ @ 9
o — (40 — (42 — o —
—~~ (V] (q\] (V] (V] —~ (V] (V] (V] (q\]
S, 4 d 4 4 4 4 4d d dd
% c 3
~ 1 8 3 6 6 1 8 3 6 66— | —
AI 1 1 1 1 1 1 1 1 1) AL | A
A; 1 1 1 -1 -1 1 1 1 -1 -1 A A
E* 2 -1 2 0 ol 2 -1 2 0 0| E E
FI 3 0 -1 1 -1 3 0o -1 1 -1 F | F
F; 3 o -1 -1 1] 3 0O -1 -1 11 F | Fy
A 1 1 1 -1 -1/ -1 -1 -1 1 1| A, | Ag
A, 1 1 1 1 11-1 -1 -1 -1 -1 A1 A
E 2 -1 2 0 0| -2 1 -2 0 0|l E E
F1 3 o -1 -1 1] -3 0 1 1 -1 F | F
F, 3 0 -1 1 -1 -3 0 1 -1 11 F | F>

Pauli{allowed species are obtained by considering the character inetlclasses
of odd permutations, here (1234) and (12) in Table 3.1. Fd, and T4 one
obtains

Al N A, if the Y nuclei are bosons

p(Ss) = A ™ A, if the Y nuclei are fermions,

(3.24)

A1 A, if the Y nuclei are bosons

p(Ta) = A, N A; if the Y nuclei are fermions.

(3.25)
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3.5.1 The vibrational wavefunction

Tetrahedral molecules of the form XY exhibit four normal modes of vi-
bration according to the symmetry of the associated normal codinates
(Herzberg 1945, Tisza 1933). The;{mode, a non{degenerate symmetric
XY{stretching vibration (A ; symmetry), the ,{mode, a doubly degener-
ate XY{bending vibration (E symmetry) and two triply degenerate nodes,
the s{mode, a XY{stretching vibration (F , symmetry) and the 4{mode, a
XY{bending vibration (F , symmetry). The symmetry species of combination
bands (/1Vv,vsv,) are given by the product
O
v= Vi K=11:::;4g; (3.26)
k2K
wherevi 2 N denotes the vibrational quantum number, and ,, the sym-
metry species of they{fold excitation of the k{th normal mode of vibration
k- This product may be decomposed into vibrational subbands accng
to Equation (3.19). For convenience, the products of irreducibleepresenta-
tions of Ty, S, and S, are summarized in Table 3.2 (Herzberg 1945, Wilson
et al. 1980). Subbands of combinations of singly excited vibrational basaf

Tab. 3.2: Product table for irreducible representations of T4, S4 and S,2.

AL A E F Fs
Al | AL A, E F F,
A; A E F, F,
E A A; E F, Ry F1 Fa
F AL E F; F, A, E F Fy
F, Ay E Fi F

4The product is symmetric in the signs of labels ofS, . Binary pro-
ducts are thus entirely negative if and only if one factor is regative,
else positive.

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

n+v 1 (n+v 1)
1 (vi(n 21

are summarized in Figure 3.3 fon 3 andv 5. Tisza (1933) gives a
general formula for arbitrary overtones of arbitrary dimensionaoscillators

d(n) = (3.27)
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for arbitrary discrete symmetry groups of nite order. Alternatively, the
symmetry species of the 3{oscillator and fcan also be deduced from the
Wigner rotation matrices D' (see Table 3.3, in which for odd orbital angular
momental the indices of the species ifiy must be permuted with the trans-
position (12)). The same is true for the 3{oscillator k (see text in Figure

Vv
. E A A E
A, E E
4 _— =
3 E Al A
2 A1 _E
E
1 — n=2
0 As
(a) 0 1 2 3 4 5 |
Vv
- F, A, F, F E F 2k
. A, E F, A, E F, F,
3 F Ar F1 R
, A, F E F,
1 2 n=3
0 As
(b) 0 1 2 3 4 5 |

Fig. 3.3: Tq symmetry species and orbital angular momentum quantum numter |
for the v{fold excited 2{oscillator E (a) and 3{oscillator F » (b). The symmetry
species of the 3{oscillator i are identical up to permutation (12) of the indices
for v 1. The v{fold excited 1{oscillators A1 and A, exhibit trivial A ; and
alternating symmetry A1 (v even) and A (v odd), respectively (Tisza 1933).

3.3 (b)). In order to illustrate the labelling scheme for the vibrationhwave-
function, the symmetry species ,(T4) and the term values of the vibrational
(sub){levels are summarized in Table 6.2 in Chapter 6.3 up to the octadee
Chapter 2.6) for both*?CH, and *3CH, .
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3.5.2 The rotational wavefunction

The rotational wavefunction , is a linear combination of spherical harmonics
(Gu et al. 2001). The (2 + 1){dimensional irreducible representationsD”
of the orthogonal group O(3), where]l 2 N denotes a rotational quantum
number, provide the starting point for the labelling. The Wigner rotdion
matrices DY may be decomposed in the classes of tiig point group, since
T4 is a subgroup of O(3). The character 7( (g)) of a rotation does not

Tab. 3.3: Characters of Wigner matricesD” in classes ofTy.

Characters of classes offy . 7

in the Decomposition ofD* into

(2J + 1){dimensional |r][e_lfju0|ble representations
representationD? of O(3). | ° 'd-

J E Cs C S 4|

0 1 1 1 1 1 A

1 3 0 1 1 1 =

2 5 1 1 1 1 E F,

3 7 1 1 1 1 A, Fi F;

4 9 0 1 1 1 A; E F R

5 11 1 1 1 1 E 2F F,

6 13 1 1 1 1 Ar A, E Fi 2R
122 25 1 1 1 1 2A, Ay 2E 3F 3R

aD12=A;  (eq. Furthermore D®2™*) = m 4 D forJ < 12 and
DY D® V= (Hamermesh 1962).

depend on the direction of the rotation axis, but only on the angle abtation
(9) (Hamermesh 1962). For an arbitrary discrete subgrou@ of O(3), the

character 7( (g)) of a group elementg 2 G < O(3) with angle of rotation
(g) may be derived from

sin((J +1=2) (9)) |,
sin( (9)=2) '

while the decomposition ofD” in irreducible representations ofG can be
derived from Equation (3.19). The decomposition db” into irreducible rep-
resentations ofTy is summarized in Table 3.3. The table is complete in the
sense that the decomposition dd” for J 7 can be deduced from this data

((9)=

(3.28)
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(see footnote in Table 3.3 and Hamermesh (1962)). In Table 3.4 (Bselhaus
et al. 2008) the rotation angles (g) are indicated for each class (represented
by g) of the T4 point group and the Ty double group T,. The charac-

Tab. 3.4: Characters of theTy spinor group T .

Ty E C3 C S ¢

(9 0 % > 2 &£ 3 > 3

= =
— 1 8 3 6 6 1 8 3 6 6-—
A 1 1 1 1 1, 1 1 1 1 1| A
A, 1 1 1 -1 -1 1 1 1 -1 -1 A,
E 2 -1 2 0O 0o 2 -1 2 0 OE
= 3 0 -1 1 -1 3 0 -1 1 -1l Fy
F, 3 0 -1 -1 1/ 3 0 -1 -1 1|F
Ew| 2 1 0 Eé ol 2 1 o0 -E 2 0
Ec | 2 1 0 -2 0/ -2 -1 0 2 0

G 4 -1 0 0O 0o 4 1 o0 0O O

Co[ C,and 4[ 4 form a class, respectively.

ters of half{integral Wigner rotation matrices can be derived fronkEquation
(3.28) using these angles and, further, be decomposed in irredleilep-
resentations of T, according to Equation (3.18). TheT, group must be
used when a molecule has an odd number of electrons with strong $prbit
coupling such that the rovibronic wavefunctions involve half integiaangu-
lar momentum quantum numbers (Bunker and Jensen 2006, Gnst 2011).
Lorentz invariance for quantum mechanical systems is only appnogtely
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 frormetbhar-
acters of the action of the CNP{group on the nuclear spins. Agairthe cor-
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responding representation can be decomposed according to Boua(3.19).
This has been done for a long time for tetrahedral Xy molecules (carrying
arbitrary spin Iy on the Y nuclei) using the rotational subgroupT of the
point group T4 of the molecular equilibrium con guration (Galbraith 1978,
McDowell 1987). It is also possible to us&y and S, . Equation (3.18) and
(3.19) provide an explicit formula for the decomposition of the redilde
representation generated by théy nuclear spin wavefunctions

s(S4) =

(Iv(ly + )21y +1)(21y +1)=3)E*
(Iv(ly + )21y

(Iv(Ily +1)21y +1)(21y +3)=2)F;

D@y

1)(2ly +1)=6) A}

1(2ly +1)=2)F]

: ((Iy +1)(Iy +2)21y + 121y +3)=6) A}

(Iv(ly

(3.29)

The nuclear spin statistical weights inT , T4 and S, can be derived from this
equation. In Table 3.5 they are summarized for the rst ten spin quatum
numbersly  9=2. The nuclear spin statistical weight for A, E, and F levels

Tab. 3.5: Nuclear spin statistical weights for 2XY 4 molecules inT , Tq and S, .

Spinly AJAT AJA: E/E* FiFY FuF}

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 | x the total spin weights
must be multiplied by 21x + 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 statistita
weights for each species. For instance for A levels Tnand Ty, this results

in the statistical weight 5 for XH,, 15 for XD4, 36 for XY, (Iy = 3=2) etc.
Using this analysis, one does, however, not obtain the informatiom ¢the par-
tition and parity degeneracy. The partition can be obtained from arexplicit
reduction of the reducible representation generated by th} nuclear spin
wavefunctions. The result is summarized in Table 3.6 for tetrahedraH,
and XD, molecules (Quack 1977; 2011). The detailed structure in Table 3.6

Tab. 3.6: Pauli{allowed combinations of rovibrational species with nuclear spin
species 5. The table is reproduced from Quack (2011) by permission.

Rovibrational species

Nuclear spin species

T Ty S, Protons, XH3 Deuterons, X0
A A Al | AT SA] Al
A, 5A1 |
A A3 A |
Ay B AL AL A
E E E* 1E
E 1E”
F Fi Fi °F; °F)
F, | R R
PR | GEEG RS
F. F °F;

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

contains also information on parity degeneracy. For instance, thetatistical
weight for E levels (inT and Ty) is 2. One can see, that this weight is due
to a possibly resolvable parity degeneracy and not due to the degeacy of
the nuclear spin, which can be resolved only in external elds. The dtor
2 is therefore a parity degeneracy weight, rather than nuclear ispstatisti-
cal weight. Here it should be mentioned that the intrinsic parity of tke H,
D, and *2C nuclei is positive, whereas3C is a nucleus with spin £2 and
negative parity. Thus, the total spin weights for'**CH, and **CD, must be
multiplied by 2 and parity must be reversed compared té°’CH, and 2CD,
(Quack 2011).
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3.5.4 Labelling in T4 and correspondence in S,

Equation (3.22) and (3.23) provide the correspondence of the ldbén S, if
the labelling is done inTy. One obtains

8 9 8 .,
1
L Ead Eaend
d) = = 1) .
2EF 8 BFAF 3
" Fy' o F3AF

independent of the statistics, boson or fermion statistics, of Y{rclei. In an
alternative rather general derivation, one obtains the same c@spondence
from the induced representation (Tq) " S, (Quack 1975; 1977; 2011). The
Pauli{allowed rovibrational species are summarized in Table 3.7. Forisp

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

Rovibrational species | Pauli-allowed rovibrational

in T4 and species inS, for nuclei Y

correspondence it§,. | carrying spin 1=2, 1 and 3-2.
(Ta) (S | XHs  XDs XY,

A Al N A, A, Al Al M A,
A, A5~ A A} A, A5 N A
E E""E EF"E E'""E E"E
Fi FINF, = FI"F, FI"F,
Fs Fy M F, F, F;AF, F3~F,

ly  3=2 any species is contained ing(S,) (see Table 3.5) such that the
product v may always be combined with a spin species, 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 Dijm
group on spectroscopy has a long tradition in modeling the spectruwf
few body molecules, in particular molecules which exhibit tetrahedraloint
group symmetry. Recent work on methan&CH, (Albert et al. 2009) repre-
sents a very signi cant improvement compared to previous studiemd these
data thus dominates relevant reference data bases now, and lpably in the
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foreseeable future. The Dijon scheme (Moret{Bailly's scheme) is registent
with the following rules for the labelling inTy :

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

The labels of the rotational wavefunctions are those of the rediien
of the even representation of the Wigner rotation matrice®” in Ty,
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 moleculeislac-
tually a handicap to connect labels with variables, since explicit coordate
representations are at the origin of the inconveniences which arise the
interpretation of the quantum theory. In particular the e ect of an altered
orientation is often not obvious, which leads to mathematical incomniences,
as Hougen (2001) points out. Apart from these inconveniencesett®, and
A, as well as the F and F, labels in the character table of the CNPI group
S, according to Hougen (1971) and Bunker and Jensen (2006) sholklper-
muted for connecting the labels with a physical meaning: the Pauli elkision
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 §  5) for
methane?CH, with their respective symmetries inTy and S, for vibrational
(sub){levels of each symmetry A, A,, E, F; and F,. Figure 3.4 illus-
trates the Pauli{allowed rovibrational levels according to the Dijon laelling
scheme as well as the correspondenceSp according to Quack (1975; 1977;
2011). This scheme is also used by Wang and Sibert (2002) (see Geap
6) and Hippler and Quack (2002). Figure 3.5 illustrates the Pauli{allove
rovibrational levels for the labelling scheme according to Hougen @D for
vibrational levels with an even orbital angular momentum quantum nonber |
(see Figure 3.3 in Chapter 3.5.1 and text). For vibrational levels withraodd
orbital angular momentum quantum number the subscripts 1 and 2 nst be
exchanged for rovibrational speciesA A,, F; and F,. The labels inS, are
due to the table of characters according to Hougen (1971) and iker and
Jensen (2006), in which the A and A, and the F; and F, labels are inter-
changed with respect to the parity{labels of Quack (1975; 1977021) (see
Table 3.1 in Chapter 3.5). For vibrational levels with an odd orbital anglar
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(@ A1 J J
5 — = — 5
4 — — — — 4
3 — — — 3
2 — — 2
1 — 1
0 — . . 0
A]_:Az A2:A2 E=E F]_:Fl F2:F1
(b) Ay J J
5 — — =5
4 — — — — 3
3 — — — 3
2 — — 2
1 — 1
0 —, . 0
A1=A, A=A} E=E Fi=F! F,=F,
c© E J J
5 — _ _ == = 5
4 — — — = = 4
3 — = =3
2 — — - —  — 2
1 — — 1
0 —, . 0
A1=A, A=A} E=E Fi=F! F,=F,
(d) F1 J J
5 = — = = = 5
4 — N _— = = 4
3 — — = = = 3
2 — — = =2
1 — — — — 1
0 . —, 0
A1=A, A=A} E=E  Fi=F! F,=F,
(e) F2 J J
5 — = == = = 5
4 — _ = = = 4
3 — — _ = = 3
2 — — = =2
1 —_ - — 1
0 0

A1:A2 AZZAZ E=E F]_:FI F2:Fl

Fig. 3.4: Species of the Pauli{allowed rovibrational leve$ for vibrational (sub){

levels of each symmetry for'2CH, (for 13CHy, the total parities have to be reversed
+ $ ). The Dijon labelling scheme is illustrated (labelling in Tq) as well as the
correspondence inS, following Quack (1975; 1977; 2011) for (a) A vibrational

(sub){levels (as e.g. the ground state), (b) A, vibrational (sub){levels, (c) E

vibrational (sub){levels (as e.g. the » state), (d) F1 vibrational (sub){levels (as

e.g. the energetically higher lying sublevel of the of , + 4 combination band)
and (e) F, vibrational (sub){levels (as e.g. the 3 state). This labelling scheme is
\independent” of the orbital angular momentum quantum numb er | . See text for
a more detailed description of the gure.
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(@ A1 J J
5 — = — 5
4 — — — — 4
3 — — — 3
2 — — 2
1 — 1
0 — . . 0
A]_:Al A2:A2 E=E F]_:Fl F2:F2
(b) Ay J J
5 — — =5
4 — — — — 4
3 — — — 3
2 — — 2
1 — 1
0 —, . 0
A1=A; A=A} E=E  Fi=F} Fp=F,
(¢ E J J
5 — _ _ == = 5
4 — — — = = 4
3 — = =3
2 — — — — — 2
1 — — 1
0 —, . 0
A1=A; A=A} E=E  Fi=F} Fp=F,
d) Fp J J
5 = — = = = 5
4 — — — = = 4
3 — — = = =3
2 — — = =2
1 — — — — 1
0 . — 0
A1=A; A=A} E=E  Fi=F} Fp=F,
(e) F2 J J
5 — = = = = 5
4 — _ = = = 4
3 — o E = = 3
2 — — = =2
1 — - — — 1
0 — 0

A]_:Al AZZAE E=E F]_:FI F2:

T

2

Fig. 3.5: Species of the Pauli{allowed rovibrational leves of 2CH, (T4=S,) accord-
ing to Hougen (2001) (labelling in T¢) and Hougen (1971) and Bunker and Jensen
(2006) (labeling in S,) for vibrational (sub){levels with an even orbital angular
momentum quantum number | (see Figure 3.3 in Chapter 3.5.1): (a) A vibra-
tional (sub){levels (as e.g. the ground state), (b) A, vibrational (sub){levels, (c)
E vibrational (sub){levels, (d) F ; vibrational (sub){levels and (e) F, vibrational
(sub){levels. See text for a more detailed description of tke labelling scheme, in-
cluding a description of the situation for vibrational (sub){levels with odd orbital
angular momentum quantum numbers| as e.g. the singly excited ,, 3z 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
A , F] and F, . 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 *2CH, and 3CH,. We note, that the total parities
for 13CH, are reversed as compared t#CH, because of the negative parity
of the 3C nucleus (see Chapter 3.5.3 and Quack (1977; 2011)) The orbital
angular momentum quantum number can be deduced from Figure 3.3 in
Chapter 3.5.1. The symmetry species of the rotational wavefunghs in Ty
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 symmefgyoup
G of the problem. Starting out from the orthogonal group O(3), wkch, due
to Lorentz invariance, is a continuous symmetry of the system, aabis 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 spect
to the action of G < O(3) on L(H ). This basis is then successively de-
composed into the irreducible representations @ through the group chain
O(3) i G, such that computational e orts can be reduced. Here
it should be mentioned that the group chain SU(2) ::: G2 could be

RN

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

used as an alternative, since SU(2) and O(3) are isomorphic Lie{anus (see
Figure 3.6 and Appendix B). Also the Lie{algebrasu(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 4y and 1o of SU(2) and O(3), respectively)
could be used, which was from the algebraic point of view particularlyseful,
since the basis of the 3{dimensional tangent spaces(2) and o(3) obey the
same commutation relations as the components of the angular mamem

operator (see Appendix B). Lie{algebras are tantalizingly linked to lpysics
(Baez 2002) and the Dijon algebraic approach can indeed be consgdkas a
Lie{algebraic approach for the description of molecular rotation ahvibra-

tion. Francesco lachello and Raphael D. Levine revealed the relationore
explicitly (see lachello and Levine (1995) and references cited thar). In

this chapter we place the Dijon algebraic approach on its profoundathe-
matical basis in order to reveal its principle, its connection to Lie{tkeory and
we provide the basic equations for its technical realization.

We note that the construction of a complete basis df (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, &t any
operator inL(H ) is a representation of O(3). Thel{fold tensor product of
countable, in nite dimensional and identical vector spaceBl is isomorphic
to H (Procesi 2007). In symbols:

LHOCH (331)

where the functionals 2 H act for all factorsH on the same con guration
space. The images (R as an index) of the group isomorphisne, the images
of the representation of O(3) orL ( le H ) are thus subsets of. (H ):

8 9

1
§ Lr(H ) %
Le(H H )32
0(@3)! : L (H): (3.32)

§ La( JaH ) §

1 is the trivial representation of O(3) and the unit operator inL(H ). Rep-
resentation theory on such tensor products (Hein 1990, Knap®@6) shows
that the tensor product in L ( le H ) can be pulled back:

7220@3) 'L r( juH )Y joLler(H): (3.33)

Lz(H )isthe pull back }_;Lgr(H )of Lr( J;H ). Spherical tensor op-
erators of maximum rankJ are (2J + 1){component vectors® in L%(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 Equatiof3.38)).
This scheme provides a recipe for the construction of a basis lofH )
or rather a generating system, since for pairg;J° 2 N2 the intersection
LZ(H )\L %O(H ) is not necessarily empty. Symbolically one writes

M
L(H )= LZ(H ): (3.34)
J2N

L(H ) is a representation of the symmetry groufis of and it is referred to
as the tensor algebra off (Procesi 2007).G acts onL (H ), the underlying
Hilbert spaceH and the con guration spaceR®N ©. In symbols here again,
the action of G on

G 1L (H)

(3.35)
g 7 (9
| {z }
the operator space,
'H ! H
(9) 1 (g ) (3.36)
| {z }
the functional space
. . P3N 6
(9, )R e (3.37)

?27! (9;:9)

and the con guration space.

I }

From these equations, the fundamental di erence of the Dijon ggoach with
respect to standard, real{space formalisms can be seen at a glknthe Dijon
approach is a top{down approach, while standard, real{space apaches 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) 0O(2)

Within the group chain O(3) O(2) the basis vectors ot (H ) are the com-
ponentsT? of the (2] +1){dimensional irreducible spherical tensor operators
T7, whereJ 2 N. They transform within D’ via

X
Too= DT (3.38)

m

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 #hextension
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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 tensperator T*
via the Clebsch{Gordan series (Moret-Bailly 1961, Sakurai 1994)

X
Tr:rJ1 - CJid2dTdiTd2 (339)

mimam "m1 "mp
mimsz

Ji Jp J

X
— 1=2 J1 Jo+m
(23 +1) (1) o T m

mimo»

TiTez:  (3.40)

mo ?

whereJ = J;+J, and the sums extend over ajim,j J; andjm,j J, which
satisfy the rulem; + m, = m. The symbol CJi 2 ) 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 ire.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)

components of all spherical tensor operators. One gets

X X o
H = T (3.41)
J2Nm= ]

where the coe cients tT depend on and de ne its spectrum. The co-
e cients t]' 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 Wign{
Eckart theorem (Eckart 1930), states, that the dependencef the matrix
element hJ;m; 41jT.)jJom, ,i on the projection quantum numbersm;, m
and m, is entirely contained in the Wigner 3{symbols. Hence, due to the
symmetry of the system, computational e orts can be signi carly reduced.
Within O(3)  O(2) the theorem reads as follows (Sakurai 1994, Weisstein
2010)

T : h; 4jiTjjJ2 2
himy 1jTRidom; 2i = Cizn ot 1,&m

(3.42)
J1 J Jo

= ( phm
m; m my;

hy 4jiTjjd2 2 ;
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where the symbols in the bra and ket vectors denote quantum nurats which
specify the state uniquely. The convention we have adopted is thaf Racah
(1942). The double bar matrix elementh); 4jjT7jjJ, i, i.e. the reduced
matrix element is independent of the projection quantum numbers;, m
and m,. Selection rules for spherical tensor operators follow immediately
from Equation (3.42) and the triangular inequality

30 J) J, Ji+J; (3.43)

since the Wigner 3{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 oH , in which (in O(3)) irreducible spherical tensor opera-
tors TY may be decomposed into irreducible representations with respect t
the action of G. The basis can be spanned by vectors of type (Kibler 2000)

xn
jJpi = hImjJpij Imi ; (3.44)

J=m

which are linear combinations of vectorgJmi adapted to the group chain
O(3) O(2). The symbolp = fn; ; g denotes a set of indices, in which
n counts up to the multiplicity of any irreducible representation of G for
a givenJ, i.e., n > 1 if an irreducible representation ofG occurs several
times in DY (see Table 3.3). The index = 1;:::;[] counts up to the
dimension [] of a matrix representation associated to . As in Equaion
(3.44), spherical tensor operators can be oriented in the symmetadapted
basis (Kibler 1968; 2000)

X

T, = hImjJpi T, : (3.45)

m= J
Moret{Bailly removed the ambiguity on hJmjJpi and introduced the so
called normal G{matrix elements (J)Gg] (see Moret-Bailly (1961), Moret-
Bailly et al. (1965) and Championet al. (1977))

J
T, = NG)T: (3.46)

m= J

Normal matrix elements(J)Gg] of the so calledG{transformation have been
calculated explicitly for G 2 f Ty4; Ong for integral (Champion et al. 1977,
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Tab. 3.8: Normal G-matrix elements for G = T4 (Champion et al. 1977).

(C):fo_lr_gpi?]n_?_:ts Matrix elements ©)G_' in Tq form = J;:::;J
J n i 4 3 2 1 0 1 2 3 4
0 1 A 1i
1 1 K 1 1 1
2 i i
3
2 1 E 1
2 1 1
1 R 1 i i
2 1 1
3 [ [
31 A 1 8i 8i
1 K 1 5 3 3 5
2 Si 3i 3i Si
3 16
1 R 1 3 5 5 3
2 3i 5i 5i 3i
3 8 8
4 1 A 1]10 28 10
1 E 1) 14 20 14
2 24 24
1 K 1 3i 21i 21i 3i
2 3 21 21 3
3 24 24
1 R 1 21i 3i 3i 21i
2 21 3 3 21
3 24 24

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

2%i read  (21=48)172i .
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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 3  4(Championet al. 1977, Reyet al. 2003). Kibler (1968) calcu-
lated non{normal reduction coe cients hmjJpi . G{transformation applied
to the Clebsch{Gordan series provides (Champioet al. 1992)

Ji Jo I

X
T)=JI+1)"( 1 F
» = ) Pr P2 P

p1p2

T;;Tg; (3.47)

to replace Equation (3.40). The sum extends over all;, [ ;] and
[ 2], which satisfy the rule 1+ , = . Explicit values of theF coe cients,
i.e. Moret{Bailly 3 J{symbols are available in tables (Champiort al. (1992)
and references cited therein). Kibler (1968) points out that redtion coe -
cients may be chosen, thanks to Schur's lemma, in such a way thaetimatrix
representation associated to any irreducible representation Gfis 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
t5 of all totally symmetric components (A as a superscript) of allG{tensor
operators: X X

H = thT) Ay (3.48)

J2N p

3.6.4 Reduced matrix elements

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

i1 0J) Jp J+J: (3.49)

3.7 The algebraic approach for molecular ro-
vibrational problems

This chapter is dedicated to the construction of vibrational and rational
tensor operators by considering the rovibrational Hamiltoniaid of an ar-
bitrary molecule . The notation is manageable, if a set of indicesX =

index set X contains the indices  for the k{th normal mode of vibration
out of the jKj normal modes of the molecule and the index r for the ro-
tation (see e.g. Equation (3.26)). With the power set of X , i.e. the set
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P(X)=1S; S Xg, which contains all subsetsS of X , the rovibrational
Hamiltonian is simply written as
X
H = Hg . (350)
S2P(X)

Equation (3.9) can be considered as an example, in whigh= fv;r;sg. The
underlying Hilbert space is equally simply written as
O
H = H,: (3.51)

x2X

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

Mo M
H, = , HY ; (3.52)

k Vk j=1;0and(ng) = k

V2N V2N
where d(ny) is the degeneracy of thev{fold excited ni{oscillator as de ned
in Equation (3.27). HY is a d(n¢){dimensional Hilbert space, which is ir-
reducible with respect to actions of O(3), but reducible irG (see Chapter
3.5.1, Figure 3.3 forG = Tq4). The Hilbert space for the rotation decomposes
similarly (Gu et al. 2001)

M M

Hr - JM - HJ .
J2N J2N

(3.53)

whereH; is the (2] + 1){dimensional Hilbert space of rotational base func-
tions with rotational quantum numbers J. H7 is irreducible with respect
to actions of O(3), but reducible inG (see Chapter 3.5.2 folG = Ty). In
Chapter 3.6 it is shown, that the decomposition due to symmetry dgenot
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 anni{oscillator  act on the Hilbert spaceH , . If one employs
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the dimensionless displacement coordinatg and its conjugate momentum

p« = I@=@q, they can be expressed as
. P
al = (g ipg )=p 2 (3.54)
a = (g +ipk )= 2; (3.55)
where =1;:::;nc. As the components of theR? rotational spherical ten-

sor (see Chapter 3.7.2) the creation and annihilation operators oibvations
generate a Lie{algebra, the Lie{algebrai(ny + 1) of the unitary Lie{group
U(ng + 1) (Frank and van Isacker 1994, lachello and Levine 1995). The
unitary groups play an important role in quantum physics of many{bdy
problems in general and so do their Clebsch{Gordan coe cients. I€hap-
ter 3.6 it is shown, that the tensor products of irreducible represgations 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{know and
thoroughly worked out (see Chapter 3.7.2 and Appendix B). Howeneal-
ready at the level of U(3) new problems arise (Glisket al. 2007). From the
vibrational Lie{algebra of one obtains the vibrational group chain

0]
Ung+1) ::: 0B G: (3.56)
k2K

Moret{Bailly opened a pathway for the reduction through the grop chain re-
mainder O(3) G (see axiom A5.1) forG 2 f Ty; Ong (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 systematieduction
through group chains (dynamical symmetries) associated to thgrametry
group of the molecule remains a problem to be solved. As the compuoiseof
the vibrational (spherical) tensor operators are symmetry allovaelinear com-
binations of polynomials in the generators of the vibrational Lie{alderas,i.e.
creation and annihilation operators (see Equation (3.39)), within ta Dijon
approach one speci es vibrational tensor operator componenti the degree

vin @ anda¢ of such symmetry adapted polynomials. It is referred to
Championet al. (1992) (and references cited therein) for the construction of
vibrational tensor operators ofiK j n {oscillators. The result, i.e. the junc-
tion of components ofG{tensor operators and components of vibrational
G{tensor operators is stated here:

TS Vg, O (3.57)

S1S2



3.7 The algebraic approach for molecular rovibrational problems 67

The symbol { ( ) denotes the symmetry species of the complete creation
(annihilation) operator (see Champioret al. (1992)), which acts on the com-
plete vibrational Hilbert spaceH, = ,>xwHx. Both s; and s, denote
vectors in the setNXi of intermediate coupling indices of thgK j normal
modes of vibration (Championet al. 1992). The symbol , denotes the sym-
metry species of the component and2 f 1g its transformation behaviour
with respect to the time reversal operation. Examples for the ngdegenerate
(Palting 1991) and the doubly degenerate harmonic oscillators wedene by
Palting (1998). Palting shows, that higher rank vibrational tensoroperators
can be constructed from theV= = (a,;a )' vibration tensor operator (the
superscriptt denotes transposition).

3.7.2 Rotational tensor operators

For a pure spherical partial problem, equipped with some orientatny the
elementary rotational spherical tensor operatoR! is conventionally de ned
as (Moret-Bailly 1961, Moret-Bailly et al. 1965)
J* 3 !
T R'=2  p=J;p= (3.58)
2 2

The superscriptt denotes transposition. The creatiod, = Jx + iJ, and an-
nihilation operatorJ = J, iJ, are de ned via the components of the total
angular momentum operator. Components d®* act on the rotational Hilbert
spaceH, and represent a basis of the Lie{algebra of SU(2) ¥J(2)=hPi ,
as described in Figure 3.6. Higher rank tensor operators within theaup
chain O(8) Ty can be constructed fromR! using Equation (3.39) and
the Tyq{matrix elements in Table 3.8. R! can also be constructed from
R =(J,;J )'. The symbol , is used for the degree in rotational creation
(J+) and annihilation operators § ) of components of rotational tensor op-
erators. The unit 1o in O(3) represented inL(H,), i.e. the total angular
momentum operatorJ?, is conventionally regarded as an operator of degree
zero. The total order,i.e. the sum of the vibrational degree , and the
rotational degree , is thus de ned as

= v+ . 2 (3.59)

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

J r(n
)1 RO (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 acating to
Equation (3.47). The resultant operator is an irreducible rovibratioal G{
tensor operators

T (0 1) vov( V) - (3'61)

S1S2

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

X
H = t5152 T (N ) v V(Al): (362)

r(Jin ) \7 v S182

The sum extends over all indices and vectoss; s, 2 NIKI.

3.7.4 E ective rovibrational Hamiltonian operators

An appropriate block diagonal form of the Hamiltonian can be achiede
if a molecule exhibits sets of close lying vibronic levels, the polyads*
(i 2 N). The Hamiltonian H can be transformed into a polyad{block diago-
nal Hamiltonian B by means of a unitary transformation (van Vleck 1929).
In symbols

I8 =exp(iS)H exp( iS): (3.63)

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

19 = Bipg+ Bipgt i+ Bip gt 100 (3.64)
wherel;p, 4 can be expressed in terms of components of rovibrational tensor
operators which act exclusively on polyadB; with j i. Hence

X S (In 1) v V(AL
I'Qf Plg = Elr(i;n r) \7 \ TSlrsZ’ r ' ' ' (365)

4The symbol P; is used for both the set of Pauli{allowed rovibrational wavefunctions
which belong to the polyad P; as well as the corresponding projection operator.
5The set of traceless and Hermitian operators forms a Lie{algebrafathe unitary group.
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The sum extends over all indices and the coupling vectoss;s, 2 NXI of
the P; polyad. The Hamiltonian parameters£*2 in Equation (3.65)

f(3n ) v oy

must be determined from experiments (line po(sitior)1$) or theoretitemethods,
which are able to predict the spectrum of . The e ective Hamiltonian 1§ i
for the polyad P; is obtained from the projection o#& on the Hilbert subspace
of Pj .

8P = P8P, = I*‘-Pf“;'oig+ Dl I*‘-Pf“;iig+ Dl I"-Ff“;jig: (3.66)
Figure 3.7 illustrates the e ective Hamiltonian operators, which arisérom
the ground state up to thePs; polyad. A total of 896 e ective Hamiltonian

Po Py P2 Ps
282 1 Poi
1408 1 tP1i
5352 19 P2
11548 1§ P!

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 Ty labelling regime. Parity split levels
are not taken into account.

parameters arise for an expansion up to order =6, 6, 6 and 5 foP,, Py,
P, 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 opeators
from the Dijon approach and coe cients of other e ective Hamiltonan 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) (Champioret al. 1992). The correspondence for the pa-
rameters of the vibrational ground state are summarized in Table® where
we also indicate the values of the coe cients fof*CH,, which have been
re ned in this work. Albert et al. (2009) provides the latest values fol?CH, .

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

Parametef Correspondence Valuet / cm 1
No. Polyad +(J;n ;) Hecht (1960a;b) this work
1 GS 0 2(0,0A) Bo 5.24128813(88)
2 GS 2 4(0,0A) IO—DB— -1.109876(89)L0 4
3 GS 2 4(4,0A) 154 2Dy -3.036935(41)10 ©
4 GS 4 6(0,0A) D_ Hop_ 6.299(35)10 °
5 GS 4 6(4,0A) %ElG [gljm -1.6781(16)10 ©
6 GS 4 6(6,0A) 231=64 2Hg  -6.2605(37)10 !
7 GS 6 8(0,0A) p_Lo D -4.67(48)10 3
8 GS 6 8(4,0A) I§_15=6 2Ly -8.36(17)10 15
9 GS 6 8(6,0A) 3 77:%5 2L -6.394(63)10 *°
10 GS 6 8(8,0A) 1=32 33Lg -5.28(27)10 16

aSee Appendix D for a detailed description of the symbols.

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

¢The standard deviation is indicated in units of the last digit.

Further correspondences for the singly excited fundamentalages 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 respectiveym-
metry group G and TDS for Top Data System), which is freely available
on the web: http://icb.u-bourgogne.ffOMR/SMA/SHTDS . Wenger et al.
(2000) described the package in great detail including the practicproce-



3.8 Advantages and disadvantages of the Dijon algebraic approach 71

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

For the assignment of the experimental line positions in Chapter 5 dn
Chapter 6 we used the SPVIEW software, which is designed as an ace
panying software for XTDS. Wengeret al. (2008a) described both in great
detail, the features and the use of the SPVIEW software. SPVIEWs also
freely available on the web:http://icb.u-bourgogne.frfOMR/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 advantagestivrespect
to standard bottom{up approaches (see Chapter 3.7, Equatior3(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 rediact 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 physit
properties ascribed to .

+ Potential: the formalism is currently by far the most accurate tod 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 approautil
probably represent an enduring breakthrough if it is extended torhi-
trary sets of coupledn{oscillators and molecules with arbitrary equi-
librium geometry.

However, the approach is not a general recipe which satis es thequest
for a complete uni cation of the operator{, functional{ and con guration{

space for physical interpretation. Partially inherited from the adantages
of a purely quantum mechanical approach, severe disadvantaga$se with
respect to standard bottom{up approaches.
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Initial value: for each system the actual value of the e ective Hanil-
tonian parameters must be determined from line by line assignments in
the experiments or other methods, which can be used for the pretibn
of the spectrum of .

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

Interpretation: except for a few cases (see Chapter 3.7.5 andahpion
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 dymaics
and the geometry of the molecule is very di cult.

A combination of algebraic top{down and physically interpretable bdbm{
up approaches is mandatory. The complete uni cation of both is di alt
and subject to current and future research (Reet al. 2010). In princi-
ple, a general numerical approach would be possible following theatgy
proposed by Lewerenz and Quack (1988) for CHO(see also Albertet al.
(2011c), section 3.4.). The complete rovibrational spectrum is calated by
variational methods (on a potential hypersurface obtained empaally 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 pretessis,
making use of theoretical data of Xiao{Gang Wang and Tucker Caington
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 nlgar spin sym-
metry conservation in methane'?CH, 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”). Theg forms
are characterized by distinguishable sets of internal quantum nurers related
to the rovibronic state symmetries and thereby nuclear spin symrrg, due
to the generalized Pauli principle. Frequently these forms intercoart only
slowly and thus they are called nuclear spin (symmetry) isomers or clear
spin modi cations of the compound considered. The phenomenonshheen
known for a long time in the case obrtho{ and para{hydrogen (H,), sepa-
rated by Bonhoe er and Harteck (1929) (for more aspects, aldostorical, see
Chapovsky and Hermans (1999), Cust al. (1967), Herzberg (1945), Hougen
and Oka (2005), Quack (1977; 2011), Swet al. (2005) and Wigner (1933)).
A sample of para{H , 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 instancen a
clean glass container without paramagnetic impurities for months abom
temperature, without converting to ortho{H, (odd J = 1;3;5;:::) with a
total nuclear spin one for the two protons ( = 1). The stability of a single
spin modi cation is ascribed to the smallness of the nuclear spin intezdon
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 rngera-
tures is di cult due to accidental near degeneracies of rovibratioal energy
levels between nuclear spin modi cations, which work as a funnel aterat-
ing the rate of conversion between di erent nuclear spin states sigcantly
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at room temperature (Chapovsky and Hermans 1999, Cuet al. 1967). De-
spite the lack of practical enrichment techniques, nuclear spin mbchtions
have been of great interest in physical chemistry, because thermiples of
approximate parity and nuclear spin symmetry conservation in moletar pro-
cesses provide most useful insights in molecular dynamics and spestopy
(Quack 1977). As these are only approximate symmetries, attemspto nd
their violations have been suggested and undertaken in practice{&povsky
and Hermans 1999, Quack 1986), including experiments on nuclepinsiso-
merization in methane (Ozier and Yi 1967, Ozieet al. 1970) and studies
by cw{cavity ring down spectroscopy of supersonic jets (Hipplema Quack
2002). As an alternative to experimental studies in bulk, FTIR{spetroscopy
of supersonic jets has been used to simplify spectra and to studyctear spin
symmetry conservation (Amreinet al. 1988a;b) (see also Quack (1990) and
Herman et al. (2000) and the review by Snel®t al. (2011)). Here again,
methane 2CH, is studied in the gas phase at very low temperature with a
collisional cooling technique, newly developed for FTIR spectrosgofAlbert

et al. 2007, Bauereckeet al. 2001; 1995). The technique has also previously
been presented in submillimeter wave spectroscopy (Messer and Deia
1984, Willey et al. 1988). Using this technique, in the present work we have
obtained non{thermal populations of the nuclear spin isomers. ThETIR
spectra could be reproduced with e ective rotational temperates of approx-
imately 16 and 27 K assuming conservation of nuclear spin symmetrpan
cooling (Amrein et al. 1988b). In the following the experimental technique
as well as the analysis of the spectra is presented. As discussed lvajiter
3.5.3 and Chapter 4.2, methan&CH, consists of three nuclear spin isomers
\A" (with total nuclear spin for the four protons | = 2, g(A) = 5), \E"

(I =0, gE) =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 toceads,
with a correspondingly increased e ective number of collisions durinthe
residence times.

4.1 Experimental technique

The FTIR spectra have been recorded in the spectral region ofeh; fun-
damental band center of'?CH, at 3019.4930(1) cm® (Albert et al. 2009).
The spectra were obtained between 2700 and 3600 dm The resolution was
0.0027 cm? for all experiments. The He bu er{gas temperature varied be-
tween 10 and 40K. The total pressures in the cooling cell range 1inc0.02
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to 1 hPa with estimated mole fractions of?CH, in the di using cloud in the
range from 104 to 10 3. The optical absorption path length was 15 m for
both experiments. The experimental conditions are summarized irable 4.1.
For the experiments a collisional cooling cell (Alberet al. 2007) was used,
which is based on White{type optics (Bauerecker 2005, Bauerecket al.
2001; 1995, Bernstein and Herzberg 1948, White 1942). The celtasnbined

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

p? / TP/ d°/ e/ I®/ Scans Region Date
hPa K mm cm?! m cm !

002 16 1.0 0.0027 15.0 40 2700-3600 07.06.08
0.2-04 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 (**CH.)=p < 10 2 in the dif-

fusing cloud.
bRotational Temperature obtained from analysis of the spectum.

¢Diameter of the circular aperture.
dE ective instrumental resolution e, =0:9=L.
dOptical path length | in the multire exion cell.

with the Bruker IFS 125 HR ZP 2001 prototype spectrometer (Al et al.
2003). The whole experimental setup including the connection ofdtcooling
system with the evacuated transfer optics and the spectrometis 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 if+ d
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 temperate.

In the vapor{pressure{limited mode (Albert and Quack 2007), thecell tem-
perature is adjusted by heating corresponding to the desired psure of the
sample. In the enclosive ow mode the sample gas is continuously it
while the bu er gas ows radially from the whole inner cell wall into the
cell for minimizing wall contacts of the sample gas (Bauerecket 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 owsl'he
enclosive ow partially hinders the CH, di usion towards the cold inner cell
wall where the CH, molecules would adsorb and possibly freeze out. Both
the He and the CH, ows into the cell, as well as the gas pressure in the cell,
can be independently adjusted using three ne{control{valves. Arucial part

of the experiment is the injection of the sample gas into the coolinglceith
the intention of avoiding condensation within the inlet path and clusteng
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in the cold bu er gas (Messer and De Lucia 1984, Willegt al. 1988). For
this purpose a vacuum{isolated sample{gas inlet tube of stainlessest was
constructed, which can be electrically heated. The tube is equippeuth

a thermocouple at the tip for the measurement of the entrance rsgle gas
temperature. In the present case thé?’CH, molecules entered the system
with a temperature of approximately 50 to 70K. These temperat@s are
measured at the display. The real temperature may vary and camly be
determined through the simulation of rotational absorption lines. Mthane
presumably needs only about 100 collisions with He atoms to reach thml
equilibrium (Willey et al. 1988) for translational and rotational degrees of
freedom. The CH molecules adsorb when they reach the inner cell wall.
The He ow from the cell wall and the whole gas movement downwards
the outlet tube can be neglected for most experimental conditionssed in
this work because of the di usion geometry for Ckl Assuming a rst order
rate law for the spin isomerization process in methane, the mean igence
time of a CH; molecule provides an estimate for the lower bound of the in-
terspecies conversion rate. The residence time can be estimateaht the
di usion equation, most generally stated as

(D+ @ =0: (4.1)

D is the isotropic di usion coe cient, is the Laplace operator in the sp atial
domain and@the partial derivative @ =@t 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 ont nor on . With this solution
one obtains (Einstein 1905)
Z
P 32y = X 2dx = peﬁ (4.2)
R3

for the mean squared deviatiortx?i, 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 whicfor
our casex 0:05m 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

T m n
D(Tip=D(pniTo) — =2 (4.3)
To p
whereD (pp = 1bar; T = 273K) = 0:5810cni=s, m = 1:801 andn = 1:034,
describing the temperature and pressure dependence of the diian coe -
cient D(T; p) of the He{CH, system (Engel and Knapp 1973). Following En-

gel and Knapp (1973) 173K is the lowest temperature at which expeental
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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 binarjlismns
dominate (Marrero and Mason 1972), one obtains probably a reasdble esti-
mate if these data are adopted for the lower temperature rang&his scheme
provides lifetimes of supercooled CHmolecules in the experiments presented
here of approximately 0.6s (for 10K and 0.1 mbar bu er gas conditia or,
more typically, 0.1 s (for 20K and 0.05 mbar). Compared to these vads, the
residence time of a supercooled GHnolecule is 1000 to 6000 times lower
in the collision zone of a typical supersonic jet expansion. An assuinget
velocity of 500 m/s and a path length of cold molecules between the tif
the ori ce and the optical measuring beam of 0.05m (Amreiret al. 1988b)
lead to a maximum relaxation time of 0.0001s. The approximate number
of collisionsN of CH, molecules during their residence time in the cooling
cell (predominantly with He atoms) is described by

_ kT
"~ Dm’
wherek is the Boltzmann constant andm the molecular mass of Cl leading

to 2 1 (for 0.6s, 10K and 0.1 mbar) and 8 10* (for 0.09s, 20K and
0.05 mbar).

(4.4)

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 toetimuclear
spin isomers which may be distinguished in the experiment. Within the
realm of this theory, transition intensities at rotational temperaure T, with
complete nuclear spin symmetry conservation at spin temperaturé are
given by Amrein et al. (1988b) as

23041
2J00+ 1

with the rotational quantum numbersJ %for the ground andJ °for the excited
state. In Equation (4.5) it is assumed that the transition moment is iyen by
the Henl{London (Henl and London 1925) rotational factor (21 %41) =(2J%%-1)
for IR active transitions from methane in its ground state. Thesera only
approximate values, so the rotational factor can be replaced bye¢ more
accurate adjusted transition moment (J9 / (2J°+ 1) from the XTDS

G(i;d%Ts T/ pli; Ts; Tr) (4.5)
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Tab. 4.2: Transitions and rotational factors for 3 of 12CH,.

ta Line positions / cm 1 and rotational factors
(see Equation (4.5) and (4.6))

2J0+1 39=10 3 (J9=10 3

Assignmen Term values / cm 1

Type ( S,) eP (Ref.) 27004 1 27004 1 27051 Lower® Upper®

P(1) FI 3009.011370 0.333333 0.315258 0.95 10.481636 3019.493283
P2 F, 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; 2988.795211 0.714286 0.663082 0.93 62.878105 3051.673489
P@3) F, 2988.932512 0.714286 0.661419 0.93 62.876777 3051.809415
P(3) FI 2989.033465 0.714286 0.663420 0.93 62.875714 3051.909291
P(4) F, 2978.650410 0.777778 0.710036 0.91 104.779911 3083.43044
P(4) FI 2978.919911 0.777778 0.714025 0.92 104.774604 3083.69423
P@) A, 2979.011230 0.777778 0.715821 0.92 104.772744 3083.78488
Q1) FI 3018.824480 1.0 0.954315 0.95 10.481636 3029.306370
Q@) E 3018.591310 1.0 0.954906 0.95 31.442087 3050.033626
Q@) F, 3018.650160 1.0 0.952228 0.95 31.442353 3050.092747
Q@) F; 3018.242110 1.0 0.953755 0.95 62.875714 3081.117941
Q@) F, 3018.358530 1.0 0.948553 0.95 62.876777 3081.235460
Q(3) A; 3018.528710 1.0 0.956170 0.96 62.878105 3081.406946
Q4 A, 3017.711640 1.0 0.957648 0.96 104.772744 3122.484442
Q(4) F;  3017.814488 1.0 0.948710 0.95 104.774604 3122.589452
Q4) E 3017.885570 1.0 0.944334 0.94 104.775932 3122.661506
Q4) F, 3018.205380 1.0 0.955007 0.96 104.779911 3122.985292
R©O) A, 3028.752900 3.0 2.886338 0.96 0.000000 3028.752618
R(1) FI 3038.499200 1.666667 1.616702 0.97 10.481636 3048.980503
R(2) F, 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; 3057.688000 1.285714 1.268320 0.99 62.878105 3120.565806
R(3) F, 3057.727000 1.285714 1.264540 0.98 62.876777 3120.603557
R(3) FI 3057.760693 1.285714 1.264285 0.98 62.875714 3120.636734
R(4) F, 3067.164186 1.222222 1.215161 0.99 104.779911 3171.944P8
R(4) E 3067.234443 1.222222 1.207028 0.99 104.775932 3172.010%4
R(4) FI 3067.261080 1.222222 1.207797 0.99 104.774604 3172.03588
R(4) A, 3067.300091 1.222222 1.210304 0.99 104.772744 3172.07355

ap(J99¢{, Q(JI%{ and R(J%transitions refer to transitions to an upper J0= J0 1,
J0= 3%and J%= J%+1 level, respectively. The symmetry species ( S,) refers to the
lower level. Symmetry selection rules in Ty and S, are summarized in Figure 4.3.

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

¢ 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, Wengeet al. 2008a, Wenger and Cham-
pion 1998) (see Table 4.2). In this work the spectra are simulatedaxding

to
G(i;J °Ts Tr) / p(i;Ts;Tr)% : (4.6)

The lower state is labeled with the indexi 2 | = N, enumerating states
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with respect to their energy { >i ) E; > E;). The rotational quantum

number J°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 valus
the rotational factor (39=(10 3(2J°%+ 1)). The column (J9=(10 3(23°+

1)) gives an indication also of the accuracy of Equation (4.5). If Egtion

(4.5) were exact, the values in this column should stay constant, bwone

actually nds variation of a few percent over the range shown. Fanethane it
is su cient to split the partition function into three separate parts according
to the three nuclear spin isomers of tetrahedral molecules, whiclarc be
distinguished in the experiment. This corresponds to a symmetry labing

within the rotational subgroup T < T4 < S,, the alternating group A4,

respectively, where = fA;E;Fg. In order to keep the notation simple, it
is convenient to write the index setl as the union of sets of indices

[ [
| =f0;1;2;::g= | = fOL2::g ; (4.7)
2 2

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 th
population probability p(i; Ts; T;) of the i{th state

exp ( Ei=kT) .
Q(;T)

where E; denotes the di erence in energy of the{th level and Eq(), the
energy of the energetically lowest{lying level of each spin isomer

p(i; Tsi Te) = X( 5 Te)(23%%+ 1) (4.8)

E=E Eof) (i21): (4.9)

E; is summarized in Table 4.3 and Table 4.4 up to abouWtT at 550K
(4850K in the Appendix C) for methane'?CH, and *CH,, respectively.
The term values of the ground state rotational levels are derivedsing the
XTDS program package (Wengeet al. 2008a) with the e ective Hamiltonian
parameters from Albertet al. (2009) (?CH,). For **CH, we used the re ned
parameters, which are due to the analysis in Chapter 5. Centrifubsplittings
are small (see Table 4.3); nonetheless, they are taken into accoim the
direct sum:

X
Q(;M=9() (™ exp( Ei=kT): (4.10)

i21

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

8 9

< @ly+1)2(12+1y+3)=3 =
g()= . 2@y +1)2y(Ily+1)=3  if =

Co@y +1)2y(Iy +1) ’

(4.11)

_'ITIITI)>

The factor 2 for the E species arises from the parity split levels foetrahedral
XY 4 molecules, in which the Y nuclei carry spihy = 1=2 (Quack 1975; 1977,
2011). Forly = 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 nucle
carry spinly 6 1=2. The situation and the procedure for the derivation of
statistical weights is described in Chapter 3.5.3, where we also prowic
formula for the derivation of nuclear spin statistical weights for aitrary
spins of the Y nuclei. Parity weights can be read from Table 4.5. In Fige
4.1 we illustrate Q( ;T) for methane >’CHj, in the vibrational ground state

350IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|III

300

k
e = 0:6950357(13) cm* (Cohenet al. 2011)

250

~ 200

=F ( ortho)

100 = A ( meta)
50
=E ( para)
OjlII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|III
50 100 150 200 250

Temperature / K

Fig. 4.1: Equation (4.10) for ortho ( = F), meta ( = A) and para ( = E)
methane ?’CHj, 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 ?’CHy, .

121 Assign. / spin isomer Relative term value
A E F J%(T) (Tg) (S,)® B/cm!? E°/cm !
0 0 A Ay A, 0 0
0 1 F Fy Fl 10.481636 0
0 2 E E E 31.442087 0
1 2 F F, F, 31.442353 20.960717
2 3 F Fy Fl 62.875714 52.394078
3 3 F F, F, 62.876777 52.395141
1 3 A A, A 62.878105 62.878105
2 4 A A A, 104.772744 104.772744
4 4 F Fy Fl 104.774604 94.292968
1 4 E E E 104.775932 73.333845
5 4 F F, F, 104.779911 94.298275
6 5 F F FI 157.124201 146.642564
7 5 F F, = 157.127789 146.646153
2 5 E E E 157.137057 125.694970
8 5 F F Fi 157.138781 146.657145
3 6 E E E 219.913292 188.471205
9 6 F F, F, 219.914877 209.433241
3 6 A A, A 219.919682 219.919682
10 6 F R F, 219.936593 209.454957
11 6 F F FI 219.941090 209.459453
4 6 A Ay A, 219.945061 219.945061
12 7 F F Fl 293.122786 282.641150
13 7 F F F, 293.126347 282.644711
5 7 A A, A 293.153995 293.153995
14 7 F F F, 293.164366 282.682730
4 7 E E E 293.169932 261.727845
15 7 F F FI 293.178477 282.696840
6 8 A A A, 376.730214 376.730214
16 8 F F Fl 376.733497 366.251861
5 8 E E E 376.735424 345.293337
17 8 F F F, 376.785651 366.304015
18 8 F F FI 376.804555 366.322919
6 8 E E E 376.821066 345.378979
19 8 F R F, 376.826046 366.344410

aThe parities of the levels are given as rovibrational parites as well
as total parities as for 12CH,4. For 3CH, all total parities must be

reversed (+ $

, see Chapter 3.5).

bTerm value with respect to Eg(A), Eq(F) and Ey(E), respectively.
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Tab. 4.4: Rotational energy levels for the vibrational ground state of *3CHy, .

i 21 Assign. / spin isomer Relative term value
A E F JO(T) (Tg) (S)? B/cm'!? E°/cm !
0 0 A Ay A, 0 0
0 1F Fr Fi 10.482132 0
0 2 E E E 31.443575 0
1 2 F F> F, 31.443841 20.961709
2 3 F Fr Fl 62.878689 52.396557
3 3 F F> F, 62.879752 52.397620
1 3 A A, A 62.881080 62.881080
2 4 A A A, 104.777699 104.777699
4 4 F F Fi 104.779560 94.297427
1 4 E E E 104.780889 73.337314
5 4 F F> F, 104.784868 94.302736
6 5 F F Fl 157.131630 146.649498
7 5 F F, F, 157.135220 146.653088
2 5 E E E 157.144490 125.700915
8 5 F F Fi 157.146215 146.664082
3 6 E E E 219.923687 188.480112
9 6 F F> F, 219.925273 209.443140
3 6 A A, A 219.930080 219.930080
10 6 F R F, 219.946995 209.464863
11 6 F F Fl 219.951493 209.469361
4 6 A Ay A, 219.955465 219.955465
12 7 F R Fl 293.136639 282.654506
13 7 F R F, 293.140201 282.658069
5 7 A A, A 293.167856 293.167856
14 7 F [ F, 293.178231 282.696098
4 7 E E E 293.183799 261.740224
15 7 F A Fi 293.192345 282.710213
6 8 A Ay A, 376.748016 376.748016
16 8 F R Fi 376.751300 366.269167
5 8 E E E 376.753228 345.309653
17 8 F [ F, 376.803467 366.321334
18 8 F R Fl 376.822379 366.340247
6 8 E E E 376.838894 345.395319
19 8 F R F, 376.843875 366.361743

aThe parities of the levels are given as rovibrational parites as well
as total parities as for 12CH,4. For 13CH, all total parities must be

reversed (+ $

, see Chapter 3.5).

bTerm value with respect to Eq(A), Eo(F) and Ey(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

exp( Eo() =kT)

x(;T)=0Q( ;T) oM ; (4.12)
where Q(T) accounts for the partition function
X
QM= Q( ;T)exp( Eo() =kT): (4.13)

2

Figure 4.2 shows the mole fractionx( ;T) of ortho{, meta{ and para{
methane ¢2CH, and **CH,) and the population ratios para{to{ ortho (E{to{
F) and para{to{ meta (E{to{A) as a function of the equilibrium temperature.

1
=
- 9 =F ( ortho)
X 16
1
=
E% = A ( meta)
2 // = E ( para)
L
0
Lot bt bt b b b b b b d

0 10 20 30 40 50 60
Equilibrium temperature / K

Fig. 4.2: Population probabilities p( ;T), i.e. mole fractionsx( ;T) of ortho ( =
F), meta ( =A)and para ( =E) 12CH,4 and 13CH, 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 A; to F, vibrational bands (Equation 4.6 and Figure
4.3) and the functional

y I

f(TsT,) = G Gi(TeT) ? ; (4.14)

L
N

j2N

for the determination of the rotational and spin temperaturesi.e. the anal-
ysis of experiments on nuclear spin conversion in methaf&CH,, **CHy,,
12CD,, 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 experiméal base-
line, seee.g. Figure 4.4) experimental line intensityGl, with the calculated
line intensity G. by determining the minimum of f (Ts;T;). N 3 j is the

number of transition intensites used for the t and
! !
X X 1
= GLGL(Ts Tr) GL(Ts T))? (4.15)
i2N i2N

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

4.3 Symmetry, selection rules and nuclear
spin isomers

The traditional symmetry assignment of rovibrational levels of métane uses
the rotational subgroup T < T4 < S, and the alternating group A4, re-
spectively, which is su cient for the description of nuclear spin modica-
tions and nuclear spin statistical weights (Amreinet al. 1988b, Hippler and
Quack 2002). It has been known for some time, though, that th&; point
group species can be employed as well (Herzberg 1945, Houger2;19871,
Jahn 1938a). In addition, when inversion doubling or stereomutatiocan be
detected or when the assignment of parity is important, one has tase the
CNPI{group S, (Longuet-Higgins 1963, Quack 1975; 2011). Throughout this
work we use the rotational subgroupl for the calculation of the transition
intensities and the CNPI{group S, for the labelling of methane rovibrational
states, starting out from the labelling in Ty. The correspondence of the
Ty labels in'S, assigning total parity is discussed in Chapter 3.5.4. Figure
4.3 shows the Pauli{allowed rovibrational species ify and S, for ?CH, for



(b) F2

allowed transitions in Ty
(Moret-Bailly 1965)

A $ A;

E $E

F2$ F;
3 0 P:F(+)
8 —_ —_— — E =
7 R ] 1 E
6 - N e E
5 - - - [— -
4 _ =
3 - - - -
2 - - -
1 - -
0

A1=A, Ay=A; E=E Fi=F] F=F,
(@ Ax

(&
o

OFRNWAUIOONO

A1=A, A=Aj E=E
Q:F(O)

(&
o

OFRLNWAUIOONO

A1=A, A=A E=E
JOO
8 R

OFRLNWhUIOON

A=A, A,=A% E=E
(272,273 Tz |

meta- para-

JO
= 8 N _
= 7 allowed transitions in S,
— o (Quack 1977)
= +
0
Fi=F] Fo=F;
— — 8 — - — —
= — 7 _ - - J— N
— J— 6 R J— —
R J— 5 I - - -
- - 4 - - -
R _ 3 R _
R 2 R
- % -
F]_:FI F2:F1 A]_:Az AZZAE E=E F]_:FI F2:Fl
JOO
= = 8
= = 7
— = 6
= — 5
— — 4
— — 3
— 2
— 1
Fi=FT F,=F 0
1= 2=
Hz— 3}

ortho-methane

(&
o

OFRLNWAUUIOYN00
SJawosl uids Jesjonu pue Sa|nJ UoNIIas ‘ANBWWAS £
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A; vibrational states (of which the ground state is an example) and dm
A; accessible F vibrational states (for example the ; state). The levels of
the triply degenerate F, vibrational level are observed a®{, Q{ and R{
branch transitions to the F® | F© and F( ) components of the R{band,
respectively (Herzberg 1945, Hippler and Quack 2002). The elactdipole
selection rules inS, are very simply given by the principle of change of par-
ity and conservation of nuclear spin symmetry (Quack 1977). Thisaimost
rigorous” symmetry selection rule is no longer strictly valid if nuclearsn
interaction terms are taken into account. However, nuclear spin teraction
terms which mix states of di erent nuclear spin symmetry are usuallyex-
pected to be small. For CH the Pauli{allowed species , are A; and A, in
S, . The species s of the spin wave function of the four fermions are A for
total nuclear spinl =2, F; for| =1 and E* for | =0 (Quack 1975; 1977;
2011). We thus obtain Pauli{allowed rovibrational species as summiaed in
Table 4.5. Table 4.5 shows, that for Xid A, , A5, F; , and F, levels have
a well{de ned parity, whereas E and E correspond to an almost degen-
erate inversion doublet. In fully deuterated XD A] and A, levels have a

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

o . Pauli{allowed rovibrational
Rovibrational species inT , species inS, for nuclei Y
21

Ta and S, , (Quack 1975). carrying spin 1=2, 1 and 3=2.
(T) (Ta) (S | XH, XD4 XY 4

A AL ANA, A, Al AL A A,
A A, ALNA A A, AL~ A,
E E EfME EY"E E""E E'"E
F F1 Fi " F, F1 FI1"F, FI"F,
F F2 F; N Fy Fy F; "Fy F3NFy

well{de ned parity, whereas E and E , F] and F, as well as B and F,
correspond to almost degenerate inversion doublets. For tetradral XY,
molecules in which the Y nuclei carry spirly  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 ;{band of methane!?CH,
around 3000cm?!. The assignment of the transitions has been discussed
elsewhere previously (Amreiret al. 1988b). In the present work, we make
rigorous use of the CNPI{groupS, . The labelling of the rovibrational states

is given in parentheses (rotational quantum numbed % Pauli{allowed rovi-
brational species (S,)). Two experimental spectra at di erent conditions

LN N N B B I B B B B LN S A B B E B B B B
o[ PO® ) P(1)
o o
<1 T =16K 19 To 135K i
=t T 77K {271 Fi :
90- | | _- 90-_ | | -
1 [ N TR TR NN TR N N | 1 1 [ N TR TR A TR N B | 1
(a) 2998.9 e/cm 1 2999.1 (b) 3008.98 e/cm 1 3009.02
LN N N B B I B B B B LN N N B B B B S B B
r P@ R PO i
<[ T =27K 199 To 244K ]
~ 1 Ts 63K ~ T
T T
= 15
AR I T T T T AN TR S S A B!

© 2998.9 e/cm ! 2999.1 (d) 3008.98
Fig. 4.4: P{branch transitions of the 3 fundamental band of *CH,, observed
by FTIR{spectroscopy using a ow{cooling cell. Small sections of two spectra,
recorded at di erent conditions are shown. The left panels slow both compo-
nents of the P (2) transitions for both spectra. The relative intensities of the E {
and F; {components compared toP (1) can be used as a thermometer for the ro-
tational and the spin temperature (see Figure 4.5). The righ panels show the
P (1) transitions (F ; {component). The t line uses a self{apodized instrumental
line shape combined with ep = 0:00198(1) cm * (FWHM), corresponding to a
Doppler temperature of Tp = 13:5(2) K (b) and  ep = 0:00266(1) cm 1 (FWHM),
corresponding toTp = 24:4(2) K (d). The symmetry labels give the species of the
lower level in S,. For the upper level parity must be reversed (see level scheen
in Figure 4.3). The spin temperatures Ts correspond to populations at the high
temperature limit (see Figure 4.2).

e/cm 1 3009.02
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(see Table 4.1) are analyzed. Figure 4.4 shows tR€1;F;) transition from
the J%= 1 ground state level ofortho{methane and the two resolved compo-
nents of P (2; F; ) and P(2; E ) from the J%= 2 ground state levels ofortho{
and para{methane for both spectra. J%= 2 is the lowest quantum level for
para{methane, while J%= 1 is also Pauli{allowed for ortho{methane. If the
population of the spin isomers is at its high temperature limit, the intesity

Fy
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Fig. 4.5: Top frame: Decadic absorbance spectra simulatianfor 2CH, for rota-
tional temperatures 5 T,=K 50 and Ts = 293K. The gure shows the two
resolved P (J %°= 2) transitions from the (2 ;F, ) and (2;E ) ground state levels of
ortho{ and para{methane, respectively. Lower frame: The intensity ratio for the
P(2) components G(F, )=G(E ), see Equation (4.6)). If T, / 50K and the pop-
ulation of the spin isomers is at its high temperature limit (Ts' 50K, see Figure
4.2), the ratio allows an estimate of the rotational temperaure T, of the sample.
This thermometer function is not available if the spin isome's are fully relaxed to
their population at equilibrium temperature Ts = T,, whereG(F; )=G(E ) 3=2.



4.4 Assignment and analysis of the rovibrational line spectra 89

ratio of both P (2) components, shown in Figure 4.4a and Figure 4.4c respec-
tively, allows an estimate of the rotational temperatureT, 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 populans.
In the present case we determined both, rotational and spin terepature
from the maximum decadic absorption intensity of all transitions olerved

Tab. 4.6: Transitions and term values for 3 of 12CH,.

Assign. Line positions / cm 1 and transition intensities Term values / cm 1
T = 16K T =27K

[} <

2 n

F  — e? (Ref) el (Exp) AS AR €2 (Exp) AS  AZ  Lowerc Upper®

P(1) FI 3009.011370 3009.011412 0.075 0.081 3009.011441 0.141 0.164 10.4816363019.493283
P(2) F; 2998.994010 2998.993992 0.034 0.039 2998.993960 0.138 0.141 31.442353030.436549
P(2) E  2999.060410 2999.060408 0.038 0.047 2999.060439 0.101 0.093 31.4420871030.502670

P(3) A; 2988.795211 0.003 2988.795338 0.059 0.070 62.878105 3051.673489
P(3) F, 2988.932512 0.003 2988.932331 0.042 0.046 62.876777 3051.809415
P(3) FI 2989.033465 0.003 2989.033327 0.043 0.053 62.875714 3051.909291
P(4) F, 2978.650410 0.000 0.006 104.779911 3083.430444
P(4) FI 2978.919911 0.000 0.006 104.774604 3083.694532
P(4) A, 2979.011230 0.000 0.009 104.772744 3083.784088

Q1) FI 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 31.442087050.033626
Q(2) F, 3018.650160 3018.650102 0.057 0.059 3018.650171 0.233 0.225 31.442353050.092747

Q(3) F! 3018.242110 0.005 3018.242182 0.061 0.060 62.875714 3081.117941
Q(3) F, 3018.358530 0.005 3018.358621 0.061 0.062 62.876777 308135460
Q(3) A} 3018528710 0.004 3018.528715 0.086 0.088 62.878105 3081.406946
Q(4) A, 3017.711640 0.000 0.012 104.772744 3122.484442
Q(4) FI 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, 3018.205380 0.000 0.008 104.779911 3122.985292

R(0) A, 3028.752900 3028.752244 0.481 0.452 3028.752177 1.055 126  0.000000 3028.752618
R(1) FI 3038.499200 3038.498511 0.384 0.379 3038.498459 0.726 037 10.481636 3048.980503
R(2) F, 3048.153317 3048.153361 0.082 0.078 3048.153339 0.335 0.324 31.442353079.596017
R(2) E  3048.169000 3048.169148 0.093 0.095 3048.169111 0.247 (22 31.442087 3079.611532

R(3) A; 3057.688000 0.005 3057.687344 0.114 0.120 62.878105 312065806
R(3) F, 3057.727000 0.006 3057.726437 0.081 0.079 62.876777 3126803557
R(3) FI 3057.760693 0.006 3057.760689 0.081 0.076 62.875714 3120.636734
R(4) F, 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) FI 3067.261080 0.000 0.011 104.774604 3172.035885
R(4) A, 3067.300091 0.000 0.015 104.772744 3172.073155

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

b Calibrated experimental wavenumber ee and relative experimental absorbance A (used for the t).
The calibration factors are ee=eye =1 2:558 10 7 and es=eye =1 2:585 10 7 for T; = 16K and
Ty = 27K, respectively. The symbol eye denotes the uncalibrated experimental wavenumber.

¢ The calculated absorbance A¢(Ts;Tr) for Ts = 293K 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 ilN? 3 (T,; Ts). The results
obtained from this method are summarized in Table 4.6. Rotational teper-
atures of approximately 16 K (Figure 4.4a) and 27 K (Figure 4.4c), asming
conservation of nuclear spin symmetry upon cooling are in satisfacy agree-
ment with the Doppler temperature obtained from the line shape amgsis
in Figure 4.4b and Figure 4.4d, respectively (see also Chapter 4.5, Higu
4.15 and text). A detailed analysis showed that the transition line shmes
are partially distorted such that the integrated line strengths wes unprecise.
We nd, however, the same result when using the integrated line singths
of the possibly undistorted transitions in the evaluation of e ectivetemper-
atures. We thus used maximum (decadic) absorbance for the detenation
of the rotational temperature. The rotational temperature olbained from
this method is much more reliable than the Doppler temperatures, Wwih we
retrieved from the line shape analysis, but again, there is reasotatagree-
ment within the large uncertainty for Tp . Figure 4.6 shows schematically
all transitions, which we assigned in the spectrum recorded & 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 measead transi-
tion at 3009.0114 cm? and a known ground state term value of 10.4816 crh
(Albert et al. 2009) provides thus the term value 3019.4930 ctof 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 ageement
with the value from (Albert et al. 2009). The uncertainty of approximately
10 “cm ! arises from the relatively large uncertainty of the reference data
(see Table 4.6). The adjustment of a simple Gaussian to R(1;F]) ex-
perimental transition line shape (see Chapter 4.5, Figure 4.15a) pides a
relative uncertainty of 2 7 10 ®cm 1, where is the standard deviation
of the adjustment. It is clear from Figure 4.2 that intensity ratios vhich
correspond to partially relaxed nuclear spin symmetry distributiongan only
be detected if the population probabilitiesp( ;T) dier 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 He-
tected more easily if the residence time of the molecules in the coolireil ¢s
su ciently large for the relaxation of nuclear spin modi cations, sud that
p( ;T) corresponds to temperatures well below 50 K. This requires ofurse
that accidentally near degenerate levels of di erent symmetry arngopulated
such that interconversion may actually occur on the time scale of ¢hex-
periment. If interconversion is possible at low temperatures, it is asclear
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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,) of methane 2CH, for A; vibrational

levels (as the ground state) up toJ%= 5. The same is shown in the upper part
of the gure for F» vibrational levels (as e.g. the 3 state) up to J°=5. The

vectors indicate all P-, Q- and R-transitions, which are observed in the spectrum
recorded at T, = 16K (see Table 4.1 ande.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 ] ; J%= 1) rovibrational level of the ground state

to the upper (F; :J9=0) pure vibrational level can be used for the determination
of the \experimental" term value of the vibrational band center (F; :J0=0) via

addition of the term value of the (F7 ; J%°= 1) rovibrational level at 10.481636 cm !

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

from Figure 4.2, that pre{cooled methane at equilibrium temperatwes of
about 50K is favorable for the detection if the residence time is stiorAs
mentioned earlier in this work (see Chapter 4.1) in the present casbet
12CH, 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 tempetures
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Ts 77K (Figure 4.4a) andT; 63K (Figure 4.4c), respectively, which is
in agreement with the local measurements from the thermocouplé the tip
of the inlet tube. A series of Figures, Figure 4.7{4.10 and Figure 4.14.{4
show that both spectra (see Table 4.1) are in good agreement witree
tive nuclear spin symmetry conservationTs ' 60K, 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 siatad
and the experimental spectra. We thus conclude that under ouonditions,
e ective nuclear spin symmetry conservation holds.
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Fig. 4.7: Top frame: High{resolution FTIR spectrum of methane 12CH, as decadic
absorbance Ig(p=I). The transitions to the isolated 3 band are labeled aP{, Q{
and Rf{transitions. The lower state is given in parentheses (rotdional quantum
number J% Pauli{allowed rovibrational species (S,)). Lower frames: spectrum
simulations for T, 2 f 13,16, 19K, assuming conservation of nuclear spin sym-
metry upon cooling. This experiment shows e ectively nuclea spin symmetry
conservation under these conditions (see Table 4.1). The mlear spin symmetry
temperature Ty 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 2CH, as decadic
absorbance Ig(p=I) . The transitions to the isolated 3 band are labeled aP{, Q{
and R{transitions. The lower state is given in parentheses (rotdional quantum
number J% Pauli{allowed rovibrational species (S,)). Lower frames: spectrum
simulations for Tg 2 f 16, 31;46g K and T, = 16 K. The simulations show increasing
agreement with the experiment for spin symmetry temperatures T tending to the
high temperature limit (see Figure 4.2).
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Fig. 4.9: The gure shows enlarged sections of selected spez (limiting case)
shown in Figure 4.7 and Figure 4.8. Top frame: High{resoluton FTIR spectrum

of 12CH,4 as decadic absorbance Igg=I).

Middle frame: spectrum simulation

for T, = 16K, assuming conservation of nuclear spin symmetry upon eoling.
Lower frame: spectrum simulation for full relaxation to the thermal equilibrium
at T, = Ts = 16 K (see Figure 4.2). The experiment (top frame) does not agee with
the full nuclear spin relaxation limit (lower frame) but shows e ectively nuclear

spin symmetry conservation (middle frame) under these conttions (see Table 4.1).
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Fig. 4.10: The gure shows the Q{branch enlarged from selead spectra (limit-
ing case) shown in Figure 4.7 and Figure 4.8. Top frame: Highfsolution FTIR
spectrum of 2CH, as decadic absorbance Ig¢=1). Middle frame: spectrum simu-
lation for T, = 16 K, assuming conservation of nuclear spin symmetry upon coling.
Lower frame: spectrum simulation for the full relaxation limit to the thermal equi-
librium at T, = Ts = 16K (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 ?CH, as
decadic absorbance Id(=I). The transitions to the isolated 3 band are labeled
as P{, Q{ and Rf{transitions. The lower state is given in parentheses (rotdional

quantum number J% Pauli{allowed rovibrational species (S,)). Lower frames:
spectrum simulations for T, 2 f 24; 27, 30g K, assuming conservation of nuclear spin
symmetry upon cooling. This experiment shows e ectively nudear spin symmetry
conservation under these conditions (see Table 4.1). The mlear spin symmetry
temperature Ty 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 ?CH, as

decadic absorbance Id(=1). The transitions to the isolated 3 band are labeled
as P{, Q{ and Rf{transitions. The lower state is given in parentheses (rotdional
quantum number J% Pauli{allowed rovibrational species (S,)). Lower frames:
spectrum simulations for Tg 2 f 12, 27,429 K and T, = 27 K. The simulations show
increasing agreement with the experiment for spin symmetryemperaturesTs 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 sptea (limiting case)
shown in Figure 4.11 and Figure 4.12. Top frame: High{resoltion FTIR spectrum
of 12CH,4 as decadic absorbance Ig¢=1). Middle frame: spectrum simulation
for T, = 27K, assuming conservation of nuclear spin symmetry upon goling.
Lower frame: spectrum simulation for full relaxation to the thermal equilibrium
at T, = Tg = 27K (see Figure 4.2). The experiment (top frame) agrees welwith
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 spisymmetry 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 sele&d spectra (limiting
case) shown in Figure 4.11 and Figure 4.12. Top frame: Highgsolution FTIR
spectrum of 2CH, as decadic absorbance Ig6=I). Middle frame: spectrum simu-
lation for T, = 27 K, assuming conservation of nuclear spin symmetry upon coling.
Lower frame: spectrum simulation for the full relaxation limit to the thermal equi-
librium at T, = Ts = 27K (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. Theomplete analysis
shows e ectively nuclear spin symmetry to be conserved undethese conditions
(see Table 4.1).
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4.5 Line shape analysis

Figure 4.15 shows a detailed analysis of tH&(1; F] ) experimental transition
line shape as recorded using our high{resolution FTIR setup. The ¢o-
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Fig. 4.15: P(1;F]) transition of the 3 band of 12CH, at T, = 16K, observed
by FTIR{spectroscopy using a ow{cooling cell. The t lines are Doppler line
shapes convoluted with delta (a), sinc (b), self{apodized ¢) and siné (d) in-
strument functions (Albert et al. 2011b). The Doppler widths (FWHM) ep
0:00315(1)cm 1 (@), ep 0:00263(1)cm ! (b), ep 0:00198(1)cm * (c), and

ep 0:00240(1) cm ! (d) correspond to Doppler temperatures ofTp ~ 34:2(2) K
(@, To 238(8)K (b), and Tp 135(2)K (c) and Tp  199(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 énshape
according to di erent limits and an approximate instrumental line furction
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 spectitade broad-
ening and line shapes in IR spectra, one must consider the true plog line
shape in addition to the instrumental line shape as discussed in Kauppn
and Partanen (2001) and Albertet al. (2011b). We assume here that the
true line shape is a Gaussian corresponding to the Doppler e ect,ising
from the thermal Maxwell-Boltzmann distributions of molecular velotties as
other e ects such as collisional broadening are small under the gent ex-
perimental conditions. The resultant theoretical transition line shpe is the
convolution of the Doppler line shape with the instrument function (Abert
et al. 2011b, Kauppinen and Partanen 2001). The following line shape limits
are considered (see Chapter 2.2):

(@) The full limit, corresponding to an ideal instrumentation,i.e., an un-
limited optical path dierence (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 & ). See Figure 4.15b.

(c) The theory for a real instrumentation (Kauppinen and Partaren 2001),
corresponding to a nite optical path dierence L=cm 232< 1)
and an extended light source ( 45 10°% > 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 interferogam,
arising from a nite optical di erence (L=cm 232), is approximated
by a triangular function F ' Lsiné( &) (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 maxiom,
providing an estimate of the average temperature in the cooling celllhe
corresponding self{apodized instrumental line function provided einimal
rms deviation of 0.00184 (see Figure 4.15c), leading to a Doppler tesng-
ture of 13.5(2) K for this spectrum. The complete analysid,e. the analysis
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of all assigned lines in this spectrum, provided Doppler temperatigen the
range 11 to 19K for the same spectrum. This is consistent with thelgsted
rotational temperature T, = 16 K with regard to the rather large uncertain-
ties of the present line shape analysis. The Doppler line shapes thusyide
a consistent, if relatively inaccurate thermometer independent abtational
temperatures. One must also realize, that the temperature is nantirely
uniform over the length of the absorption cell.

4.6 Conclusions

We have found under the conditions of our experiment that nucleaspin
symmetry is conserved upon cooling to rotational temperaturesetween 16
and 27 K. The residence times in the cell are approximately 0.1 and 0.6s
Typical numbers of collisions of Ch molecules during their residence time
are approximately 2 10° and 8 10%, respectively. Future experiments might
be performed under similar conditions with increased bu er gas prasres to
foster collisions and therewith inter{conversion. The present sp&a greatly
extend the range of times with observed nuclear spin conservatioompared
to supersonic jet expansions (Amreiet 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 ¢hpentad
of 3CH, is reported following largely the reports given in Niedereet al.
(2008a;b;c).

5.1 Introduction

The global analysis of methané&*CHj, lines from high resolution rovibrational
spectra including highly accurate line positions in the region 0-3300 ctnis
reported. This covers three polyads: the ground state monadofational lev-
els), the dyad (1000-1800 cnt, 2 vibrational levels, 2 sublevels) and the pen-
tad (2700-3300cm?, 5 vibrational levels, 9 sublevels). New Fourier trans-
form infrared (FTIR) spectra of the pentad region have been recded with
very high resolution at room temperature and at 80 K using the Brud IFS
125 HR Zsrich prototype (ZP2001) spectrometer in combination ith a long
optical path collisional cooling system (Albertet al. 2007). Spectra existed
as previously recorded with the FTIR spectrometer at the NationaSolar
Observatory on Kitt Peak in Arizona were remeasured selectively forovide
a consistent set of spectra in the pentad region from the same soel1 Thus
the present analysis is entirely based on our own frequency data &ectric
dipole allowed transitions to the pentad region. These were combinedth
previously reported data from FTIR and laser absorption spectran the dyad
region, as well as stimulated Raman and high{resolution microwave esgtra.
The e ective Hamiltonian was expanded up to order 6 for the groundtate,
order 6 for the dyad and order 5 for the pentad. A total of 4126 |lmpositions
up to J%= 22 were used in the least squares adjustment characterized by
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the following global root mean square deviationd,,s for the line positions;
6:3 10 °cm ! for the dyad and 46 10 “cm ! for the pentad. This analysis
represents a large improvement over the previous one (Jouvagtlal. 1991)
with dms = 7:1 10 “cm ! involving only 1215 experimental line positions
including levels up toJ%= 13. The new results are discussed as bench-
marks in relation to energy level calculations using accurate poteat energy
hypersurfaces.

5.2 Experimental data

We summarize the spectroscopic data relevant for the presentrkmn *CH, ,

including the new experimental results based on our FTIR spectrater as
well as the other data used in the analysis. Both the experimental Bn
positions and the experimental details for the recording of theseath are
partly available from the literature cited, which provides a concise samary

of the complete database used for the present analysis.

For the ground state we used 31(2, Po transitions from the mi-
crowave spectra measured by Widmest al. (1986). For the dyad we used
9(0) P, P, transitions measured in the microwave region (Oldaret al.
1987) and 967(128pP, Py 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 oeded at
Kitt Peak National Observatory (KPNO) in Arizona (see Championet al.
(1989) and references cited therein). The instrumental setuprfthe FTIR
spectrometer at the KPNO has been described in Jenningsal. (1986). For
the pentad region we used 62(6) Raman activie, Py transitions from
the Laboratoire Inderdisciplinaire Carnot de Bourgogne (ICB) in Dipn. 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 alredy
been provided in Niedereet al. (2008a). We remeasured and extended the
infrared data for the pentad region of methané3CH, . Figure 5.1 and Fig-
ure 5.2 show eight spectra in this region at di erent conditions, whiclare
analyzed for this work. The'*CH, sample was purchased from Cambridge
Isotope Laboratories. The identity, chemical, and isotopic purity gpeci-
ed to be better than 99.9 %) were obvious from the spectra. All gxtra
were recorded with the Zdrich FTIR spectrometer Bruker IFS 12 prototype
2001 (Albert et al. 2003, Albert and Quack 2007). The e ective instrumen-
tal resolution e, = 0:9=L ranged from 0.0015 to 0.0027 cm resulting in
essentially Doppler limited spectra. All spectra are self{apodized viitaper-
ture diameters ranging from 0.8 to 1mm. Typically 100 to 200 spectra
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Fig. 5.1: Decadic absorbance (Id(=1)) spectra of 13CH, 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 sing signatures of
isotopomers of CO and CQ from the high purity sample (99.9% 3CH,) and

signatures from HO inside the spectrometer.
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Experiment 13CH, 80K 5hPa
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Fig. 5.2: Decadic absorbance (Id(=1)) spectra of *3CH, 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 sing signatures of
isotopomers of CQ from the high purity sample (99.9 % 13CH,) and signatures

from H,O inside the spectrometer.
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were coadded in each spectral region. Two of the spectra werdanhed at
80K with a total pressurep 5hPa, representing the total pressurg of
mixture of the sample'3CH, and He in the cell p(CH4)=p 0:1). Another
six spectra were recorded at room temperature with total samplaressures
ranging from 0.1 to 15hPa. The spectrum with a pressure of 0.1 hPaasv
recorded for the measurement of strong absorption lines withogaturation.
For the detection of weak absorption lines we recorded two speztwith total
sample pressures above 10hPa. Pressure broadening can, hewese ne-
glected under these conditions. For the recording of the cold specwe 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 thetic
mode (without permanent ow) with optical path lengths of approxmately
10m. The e ect of cooling the sample gas is very clear: the Doppler whd
of a single spectral line of the molecule narrows with the square root the
temperature (with respect to room temperature, the Doppler fili width at
80K (0.0045cm?* around 2900 cm?) is reduced by factor of about 1.9). In
addition, spectral lines for high rotational quantum numbers appae atten-
uated and complex polyad patterns may be simpli ed for an easier alyais
(Ulenikov et al. 2009). The widths of the rotation{vibration bands decrease
approximately proportionally with temperature (see Figure 2.8 and igure
2.9 in Chapter 2.4.1).

For the calibration we compared the reference data from the NISatlas
and wavenumber tables (Maki and Wells 1991) and the HITRAN moletar
spectroscopic database (Rothmaet al. 2005). For our purpose, HITRAN
was more complete and we used CO, GON,O and OCS from Rothman
et al. (2005) as a reference. Least square adjustments using onay\rt", a
straight line equation passing trough the origin) and two independermvari-
ables (\line t", a straight line equation with an axis intercept) showed, that
aray tis sucient and no systematic instrumental errors need to be taken
into account: the axis intercepts from the line ts exhibit normal digribution
around the origin. The calibration factors from the least square yats are
summarized in Table 5.1. It should be mentioned that at 80K the relate
wavenumber accuracy of non{blended, unsaturated, and not doweak lines
can be generally estimated in our experiments to be better than 1ocm *
in the spectral range of the pentad (Ulenikowet al. 2009). The absolute
wavenumber accuracy depends thus upon the accuracy of théerence lines
used for calibration, which have an uncertainty of approximately 1¢cm 1.
Most of the assigned line positions presented in the upcoming chagsteex-
hibit relative experimental uncertainties which are well below 1¢ cm ! (see
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Figure 5.3 and Appendix E). Such lines may be used as reference datacal-
ibration, provided that they have been independently calibrated tamselves.

Tab. 5.1: Calibration of the spectra in the pentad region of 3CH,. The Ex-
perimental details for the spectra are summarized in Table & and Table 2.7 in
Chapter 2.7.

Spectrum (Figures 5.1 Calibration factors

and 5.2). m= e~=€3.

Date Scans No.

13.07.06 150 1 1 3:80 10
24.08.06 120 2 1390 10’
14.09.06 120 3 1404 107
10.11.05 100 4 1 2:66 10 '
10.11.05 120 5 1 2:66 10 ’
21.09.06 200 6 1 4:06 10 ’
20.09.06 160 7 1 4:.06 10 7
19.09.06 160 8 1 4:.06 10 7

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

5.3 Analysis of the line positions

Ifff“;f)ig, Ifff“;jig and Ifff“;fg were expanded up to order 6, 6 and 5, respectively.

In the previous work (Jouvardet al. 1991) Ifffhszg was expanded up to order

4 and analyzed for constant Iﬁ‘f“;i' and qu“;i'g. For the pentad we thus
used an e ective Hamiltonian with 94 additional parameters and pesfmed
a global analysis of the ground state, the dyad and the pentade. we re ned
the e ective Hamiltonian parameters simultaneously for these theepolyads,
using all the experimental data available. The line frequencies used time
least squares adjustment (see Equation (5.1)) as well as the asponding
guantities calculated from the e ective Hamiltonian resulting from the global
least squares adjustment are listed in the appendix. Table 5.2 indieat the
number of parameters (total number and tted parameters) fo each order
(according to Equation (3.59) in Chapter 3.7.2) and each part of the ective
Hamiltonian (see Chapter 3.7.4). The non{ tted parameters are tbse which
could not be determinedj.e. those leading to an uncertainty larger than the
actual value of the parameter. Such parameters are xed to azefsee 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 simulatioocarding

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

Big Wi Mo, @™
0 11 2@ 2 (2 5 6
1 0@ 2@ 5 (5 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) G (0) 26 (19)

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

agxpanded 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 bytre
ting the Hamiltonian parameters to the complete experimental dataet. This
procedure was repeated several times until no further improvemt could be
achieved with the experimental spectra available. Eventually, thepgctra
provided a set of 305P, Py assigned line frequencies, of which 2091 are
newly assigned. As indicated we recorded several experimentad&jpa at dif-
ferent conditions for the same spectral region, providing sevéexperimental
values for a single transition. We decided to create a set of assigrigs in
which only the most accurate line position is taken into account as jggd by
inspection of the spectra considering minimal experimental unceitty €,
noise levels and related e ects. €l is an estimate obtained by inspection of
the individual transitions. In the pentad region the assigned expenental
infrared line positions are thus highly accurate handpicked line positis with
very low experimental uncertainty. This choice makes it possible take full
advantage of both the reduced Doppler width of the spectra reaed at 80 K
and the non{linear least{squares t, minimizing the standard deviaton

! 1=2

; (5.1)

e i i 2
1% e «

i
Ne i=1 ee

where €. denotes thei{th calculated line position in the total of N, = 4126
calibrated experimental line positionse,. Figure 5.3 shows the detailed
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Fig. 5.3: Statistics of the global adjustment. The four gures arise from polyad
internal transitions (a) Pgp Py and (b) P; P1 in the microwave and from
dyad (c) P1 Po (IR) and pentad transitions (d) P> Po (IR and Raman).

For each region the histograms for the deviation of the calilbated experimental
wavenumber e}, from the calculated wavenumbere! show normal distributions. No
systematic deviations may be observed with respect to the rational quantum

number J° The d;ms 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 dobal 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 ta) = 22 compared toJ%= 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 usrtainty.
The standard deviation corresponds to a global root mean squateviation of
dms = 0:000404 cm? . With respect to Jouvardet al. (1991) we gain about a
factor of two. The experimental line positions used for the t arewmmarized

Simulation for T = 293K Experiments at 80 and 293K
P, Po: 5886(0) P, Py 3119(6)
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0 T
g g
— 8. E 8.
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Fig. 5.4. P-, Q- and R-transition wavenumbers in the pentad (P») region versus
the rotational quantum number J%of the ground state (Pg) for (a) the simulation

of a spectrum at room temperature (N. = 5886(0) P> Po transitions) and

(b) the experimental data (Ne = 3119(6) P, Pg transitions). The number of
transitions which appear twice in the data are given in parertheses. 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 sWothe number of IR
transitions available for the (combination) bands 2 4, >+ 4, 1, zand 2 ,.
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in Table 8 in the Appendix E. Figure 5.4 shows the experimental and calc
lated transitions for the pentad region P, Py transitions), indicating the
sampling of the pentad energy spectrum used for the present The mixing
between the di erent bands (not shown) increases signi cantly fodense re-
gions of the polyad, which usually goes along with a relatively high rotanal
guantum 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 £ €l because of the high precision of these measurements.
1= €l refers to a convenient approximate measure of the \importancef the
data rather than to the true weighting used for the adjustment ¢ee Equa-
tion (5.1)). Also the lines from our cold spectra have a small unceitdy
with respect to those obtained from the room temperature speet and thus
a relatively large weight. For the dyad data previous studies sugded a
constant uncertainty e, =6 10 5cm ! for each transition (Jouvardet al.
1991). These data exhibit, however, larger uncertainties, whicla be seen
from the transitions which appear twice in these data (see Table 5 ié¢ Ap-
pendix E.2, e.g. R(10;F, ) at 1405.397897 and 1405.397909ch Hence,
we reduced the weights for transBigns which appear twice in the dgladata
(in parentheses) by a factor of £ 2. This strategy reduces the weight of
data which have clearly a larger uncertainty as originally estimated,saob-
vious from the diFering data for the same transition in this example. Fom
the total weight iN=81 1= €l the 40(4) microwave data claim about 11 9%,
roughly the same fraction as the 595 lines from our cold spectra ).
The 2462 lines from the room temperature spectra receive about% while
the lion's share (62 %) is taken by the 967(128) dyad transitions. Is thus
desirable to reanalyze these at the even higher accuracy availabieni our
data in the future. The weight of the 62(2) Raman transitions is snla The
data are, however, important, since they are the only data availébdfor the ;
stretching mode (A  symmetry), which is not easily accessible in the infrared,
because the direct transitions is electric dipole forbidden. It wouldebacces-
sible as a hot band infrared transition 1(A,) 4(F,) around 1600cm?.
Given the accurate predictions available from our pentad analysisych 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 omn

temperature spectrum and a spectrum recorded at 80K as well #g cor-
responding spectrum simulations. For the new simulations shown inigh
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Fig. 5.5: Survey of experimental and simulated high{resoltion absorption spectra
of 13CH, recorded at ETH Zurich in the pentad region at 293K and at 80K (see

text for a more detailed description of the gure).
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chapter, we used the XTDS program package (Wenget al. 2008a) in com-
bination with the e ective Hamiltonian parameters from the presentstudy.
Transition intensities are obtained from the adjusted e ective trasition mo-
ment parameters from previous studies of*CH, (Fejard et al. 2000) (and

Experiment 13CH, 293K 11 hPa
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Fig. 5.6: Detail of the high-resolution absorption spectrun of the pentad region
recorded at ETH Zasrich at 293K (see text for experimental details), compared
to the present simulation and to the previously published results (XTDS 2005)
(Fejard et al. 2000, Jouvardet al. 1991). The symbol ¢) is shown above lines
which are assigned (see Table 5.3) in this spectrum (spectra 8 in Figure 5.2),
whereas () is shown above all assigned line positions, but not all of with can be
seen in this particular spectrum.
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references cited therein). Champiomt 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 spectrusimu-
lation is good on a large wavenumber scale. The improvement of thewne
simulations with respect to those from the previous data (Champiost al.
1989) can, however, not be seen on the scale shown. On the othand,

Experiment 3*CH, 80K 5hPa
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Fig. 5.7: Detail of the high-resolution absorption spectrun of the pentad region
recorded at ETH Zdrich at 80K (see text for experimental details), compared
to the present simulation and to the previously published results (XTDS 2005)
(Fejard et al. 2000, Jouvard et al. 1991). The symbol ¢) is shown above lines
which are assigned (see Table 5.3) in this spectrum (spectm 5 in Figure 5.2),
whereas () 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 perg
analysis with respect to the previous one (Champioet al. 1989), which
is available in the STDS database of the XTDS program package (Wes1g
and Champion 1998). The assigned transitions in this spectral regi@are
summarized in Table 5.3. The symbols used in the caption of Table 5.3

Tab. 5.3: SelectedP, Py line position measurements for'3CHy .

Experimental line Assignment (lowef° Main vibrational
position (calibrated) and uppePf state) component
ed/cm 1! el e JO00 00 o0 30 0 N0 Band , n® %
2831.949858% 0.5 -0.100 8 R 1 8 F{ 19 »+ 4 F1 1 74
2831.970758% 1.0 0.919 10 I'{ 2 10 Ff 25 o+ 4 Fy 1 653
2832.024658 0.9 -0.311 7 H 2 7 F 17 ,+ 4 F; 1 82
2832.045558 0.6 0.212 10 I'{ 110 FF 25 >+ 4 F1 1 53
2832.106748 0.2 -0.137 6 A 1 6A, 5 4 F1 1 89
2832.143758% 0.4 -0.007 17 FE 2 16 F{ 64 3 F, 1 88
2832.252858 0.5 -0.254 9 H 2 9 F 22 ,+4 F 1 59
2832.388048 1.1 0.073 7 E 2 7 F{ 19 »+ 4 F1 1 80
2832425759 06 0253 7 K 1 7 F 19 ,+ 4 F; 1 80
2832.457058% 0.5 0.074 6 I'—{ 1 6 F 16 >+ 4 F1 1 86
2832525548 03 -0081 5 F 2 5 F 13 ,+ 4 F; 1 90
2832.539848 0.6 -0.366 5 F{ 1 5 F 13 >+ 4 F1 1 90
2832.640058 0.5 -0.095 11 I'{ 2 11 F 26 o+ 4 F1 1 49
2832.712048 0.2 -0.095 4 E 1 4 E 8 o+ 4 F1 1 92
2832.716250 0.5 -0.215 17 A 116 A; 21 3 F, 1 89
2832.722348 0.7 -0.081 6 E 1 6 E 11 -+ 4 F; 1 84
2832.745148 0.4 -0.126 4 R 1 4 F{ 10 »+ 4 F1 1 91
2832.747550 1.0 -0.038 17 F 2 16 F, 66 3 F, 1 89
2832.756558 1.5 -1.008 17 E 1 16 E 44 3 F, 1 89
2832.812548 0.2 -0.027 5 R 1 5 F 14 ,+ 4 Fp 1 88

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

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

¢n is usually omitted if the multiplicity of  is one (see Appendix E).

are described below and in the Appendix E. The two gures correspd to
regions in which the improvement is especially striking. The improvemen
can most clearly be seen at higher rotational energies. The new slations
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at room temperature match the experiment very closely, wheredhke old
data simulations show large discrepancies with the experiments. AD&
also the old data simulations coincide largely with the new ones. Figuret5
and Figure 5.7 also illustrate the great simpli cation and improvement the
spectral data obtained in the cooling cell at 80 K (Figure 5.7) comped to the
room temperature spectrum (Figure 5.6) in the small spectral raye around
2832cm?t. At room temperature, one nds many overlapping, blended,
and also weak lines. By contrast, in the cold cell spectrum, the linesea
well separated and sharp because of the smaller Doppler widthsteof with
excellent signal{to{noise ratio.

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

Tab. 5.4: P, and P, vibrational band centers for *CH, and *CH, | t and
experiment.

Sublevel Term values / cm 1 Isotopic shift / cm 1

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

Level  ( S,)? B (Fit) BS (Exp.) BY (Fit) BS (Exp.) Bl (Fity EBY (Exp.)

Dyad (2 levels, 2 sublevels)

4 Fy 1310.761268 1310.761626 1302.780778 1302.780788  7.98089 7.980838
2 E 1533.332635 1533.492779 -0.160144

Pentad (5 levels, 9 sublevels)

24 A, 2587.043417 2572.111069 14.932348
24 Fy 2614.260600 2614.260728 2598.640881 2598.640885 15.6199 15.619843
24 E 2624.617866 2608.739915 15.877951
2+ 4 Fy 2830.315536 2830.315243 2822.451735 2822.451884  7.863&0 7.863359
2+ 4 FI 2846.074159 2838.201473 7.872686
1 A, 2916.481145 2915.442036 1.039109
3 Fy 3019.493283 3019.492774 3009.545581 3009.545514  9.94720 9.947260
22 A, 3063.645925 3063.964077 -0.318152
2, E 3065.140611 3065.459793 -0.319182
aThe parities of the levels are given as rovibrational pariti  es as well as total parities as for 12CHy .
For 13CH4 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 12CHy4 and 13 CHy, 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) (*2CH4) and the present analysis on 13CH,.

¢ Experimental term values [E¢ calculated from experimentally accessible P (1) transitions (
dipole allowed , F; symmetry) via addition of the J0 = 1 rotational level of the ground
state of 12CH4 (10.481636 cm 1) and ¥CH4 (10.482132cm 1), respectively (see Figure 4.6 in
Chapter 4.4).

dlIsotopic shift, i.e. dierences of the calculated and experimental term values f or the methane
isotopomers B = B:(12CHy4) Bc(3CHjs) and B = EBe(12CHys) EBe(P3CHa).

for the dyad and the pentad of'3CH, as obtained from the present study.
The derived values (Fit) of the J° = O rovibrational levels are compared
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with experimental values (Exp.) as obtained fronP (1) transitions from the
(J%=1; %=F7) rovibrational level of the ground state at 10.482132 cnd
to pure vibrational levels %= 0; °= F;) within the pentad region (see
Figure 4.6 in Chapter 4.4). The corresponding experimental level engies
represent benchmarks for calculations of vibrational level positis. In Table
5.4 we also quote the shift of the vibrational band centers due to ispic
substitution 2C/3C. In rst approximation the isotopic shift of combination
bands is roughly the sum of the shift of the fundamentals. It is, haver, not
a constant. A more detailed analysis shows, that the isotopic shiftiepend
strongly on the rotational quantum number (see Figure 6.6 in Chapt 6.5).
In this context it should also be understood that while the level posiins in
Table 5.4 are accurate the assignment of the normal mode ( rst leonn) has
only an approximate meaning of very limited signi cance (see Figure 6iB
Chapter 6.5). The isolated band picture fails when there is strong ning,
which is in particular the case for dense regions of the polyads and kg
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 €or
responding spectrum simulations. The symbdP (1) denotes a transition
from a energetically lower lyingJ® = 1 level (superscript %y to an ener-
getically higher lying, upperJ®= J% 1 = 0 level (superscript® which
provides the experimental value for vibrational band centers (sg~igure 4.6
in Chapter 4.4). For a unique labelling of the transition we also state th
rotational quantum number J, the Pauli{allowed rovibrational species and
n for both the lower (superscript® and the upper (superscript9 state. n
(with superscript ° or °§ 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 for'?CH,. For **CH, all parities
must be reversed (+$ , see Chapter 3.4). For polyad®,.; additional
guantum numbers are needed. In Table 5.3 we also state the vibratad
level (vi; Va; V3; Vs), the symmetry species , of the main vibrational sublevel
and its fraction (in %) as obtained by projection of the eigenvectoof the
upper state (superscript) onto the vibrational sublevels of the polyad con-
sidered. In this contextn 2 N (without superscript) is used to distinguish
multiple vibrational sublevels , of the band (v1; v2; v3;Vs). n enumerates
with respect to energy in ascending order up to its multiplicity (see Gipter
2.6 and Chapter 3.5). The statement oh is omitted if the multiplicity of

v IS equal to one, which is the case for the main vibrational component
summarized in Table 5.3. The symbol® (3%, Q(J° and R(J% refer to
transitions to an upperJ®= J%° 1,3%= J%and J°= J%%+ 1 |evel, respec-
tively. In Figure 5.8 we illustrate the P (1) transition to the energetically
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lowest lying rotationless level §°=0; °=F,;n%= 1) of the pentad. The
transition is observed in a room temperature spectrum. It can beesn that
the assignment is not obvious from the spectrum and the identi cadn of the
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transition is di cult without an accurate simulation. The P (1) transition to

Fig. 5.8: Experimental and simulated spectrum of 13CH,4 recorded at 293K.

Experiment 13CH, 293K 15hPa
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Decadic absorbance as Idg=Il) is shown. The symbol §) is shown above lines
which are assigned in this spectrum, whereasj) is shown above all assigned line
positions (see Appendix E). TheP (1) transition from the lower (J%= 1; %=

F1;n%= 1) rovibrational level to the rotationless upper (J°=0;
vibrational level of the pentad is indicated at 2588.158752m 1, providing the ex-
perimental term value Be(2 4;F;) = 2598:640885 cm ! for the F; sublevel of the

O=F,;n%=1)

2 4 band (see Table 5.4 and Chapter 4.4, Figure 4.6). The labelig is described

in Chapter 3.5. A survey of the experimental spectrum is show in Figure 5.1
(spectrum 3).

the second rotationless levelJ®=0; °=F,;n%= 2) is illustrated in Fig-

ure 5.9, showing similar complex patterns in a dense region of the paaht
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Most of the not too weak transitions in this region are, however, agned in
our spectra. For theP (1) transition at 2811.969752 cm! the line position

Experiment 13CH, 80K 5hPa
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Fig. 5.9: Experimental and simulated spectrum of'3CH,4 recorded at 80 K. Decadic
absorbance as Igl(p=I) is shown. The symbol §) is shown above lines which are
assigned in this spectrum, whereasj] 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%= 1; 9= F7;n%= 1) rovibrational level to the
rotationless upper (3°=0; %= F;n%= 2) pure vibrational level is indicated
at 2811.969752cm?. A more detailed description of the labelling of methane
rovibrational levels can be found in Chapter 3.5. The symbd used here are
described in the present chapter and in the Appendix E. A surey of the spectrum
is illustrated in Figure 5.1 (spectrum 4).

is taken from a cold spectrum, where it is clearly distinguishable fromna
other, very close{lying Q(2) transition at 2811.981752cm' (see Table 8 in
the Appendix E.5). For the third vibrational level (J°=0; °=F,;n%=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 &#{, Q{ and R{branch pattern
such that the P (1) transition can be directly deduced from the spectrum, as
in the P{branch (e 2999063382 cm?) P (J% transitions with adjacent ro-
tational quantum number are roughly separated by two times theatational
constantB, = 5:24128813(88) cm'. The R{branch (e 3019001474 cm?)

Experiment *3CH, 293K 0.1 hPa

‘ # # # # # # # # o H
1. -
08 K -
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Fig. 5.10: Experimental and simulated spectrum of *3CH, recorded at 293 K.
Decadic absorbance as Idg=Il) is shown. The symbol §) is shown above lines
which are assigned in this spectrum, whereasj) is shown above all assigned line
positions (see Appendix E). TheP (1) transition (see Chapter 4.4, Figure 4.6)
from the lower (9= 1; 9= F7;n%= 1) rovibrational level to the rotationless
upper (J°=0; °=F ;;n%= 3) pure vibrational level of the 3 band is indicated
at 2999.063382 cm?!. 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 ldelling is described
in Chapter 3.5. The symbols used here are described in the psent chapter and
in the Appendix E. A survey of the experimental spectrum is stown in Figure 5.2
(spectrum 6).
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exhibits the same approximate structure. Of course, the assigemt fails if
the line position is overlapped or blended, which is not the case in thisax-
ple. Figure 5.11 shows an enlarged section in the spectral regionward the
third IR{active P (1) transition of the pentad (see Table 5.4 and Figure 5.10)
for two experimental spectra recorded at 293K and 80K, respgeely. The
cold spectrum is simpli ed and the spectral lines for low rotational gantum

Experiment 13CH, 293K 0.1 hPa

#

#

FO; F.;3) iz (1, Fy; ].}?
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Fig. 5.11: Enlarged section of Figure 5.10 showing two expaénental absorbance
spectra (as lg(o=1)) of *CH,4 recorded at 293K (top frame) and 80K (lower
frame), respectively. TheP (1) transition at 2999.063382 cm ! is shown again (see
Figure 5.10 for a description of the symbols). At low temperaures spectral lines for
high rotational quantum numbers appear attenuated and compex polyad patterns
are simpli ed for an easier analysis. A survey of the spectras illustrated in Figure
5.2 (spectrum 6 (top frame) and spectrum 4, respectively).

numbers appear very much ampli ed while spectral lines for high rotenal
guantum numbers appear attenuated. Because of the high press in the
80K spectrum the attenuation is not directly visible. At room tempeature
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this spectral region is very dense and 61 transitions frolCH, are assigned
in four di erent spectra (see Table 8 in the Appendix E.5). In the Apgendix

G we illustrate the accuracy of the present spectrum simulations vhitthe

example of spectrum No. 8 (see Table 5.1, Figure 5.2) which is showmt
in great detail and compared to the corresponding spectrum simaian.

5.5 Conclusions

We have presented here new experimental results and a detailethvestiga-
tion of the available high{resolution spectroscopic data for methan*3*CH,
in the 0{3300cm ! region. We performed a global analysis of this whole
region for line position for all the cold bands under consideration. Aditrong
bands seem to be very well represented and most of the assigneddim the
pentad region may be used as a reference for calibration. Furthienprove-
ments might be needed to represent the weaker methane transit®in this
region. The present predictions will permit more assignments to beade to
higher values of the rotational quantum number, which can then biacluded
in further adjustments. It should be possible to investigate the we room
temperature spectra for the hot band®, P, in detail. The present results
represent a signi cant improvement compared to previous studiggouvard
et al. 1991). The Hamiltonian parameters given here are su ciently reliable
to allow a successful analysis of the octad. They should also certgile
very useful to improve the knowledge of potential energy surfes of CH
(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 thectad of
13CH, is reported following the report given in Niedereet al. (2011b).

6.1 Introduction

We report here the analysis of methané3CH, lines from high resolution
rovibrational spectra including highly accurate line positions in the 3J0-
4700cm ! region. This covers the octad (8 vibrational levels, 24 sublevels).
New Fourier transform infrared (FTIR) spectra of the octad regn have
been recorded with very high resolution at 80K using the Bruker IF325
HR Zarich 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 analysigp-
resents the rst analysis of the octad region fot*CH,, involving 1144 line
positions from levels up t0J%°= 9 with a root mean square deviation of
dms =10 3cm 1. Precise experimental values of 7 vibrational subband lev-
els were obtained with uncertainties between 0.0001 and 0.001¢m The
new results are discussed as benchmarks in relation to accurateibboational
energy level calculations on multidimensional potential energy hyprfaces.

6.2 Experimental data

Here we summarize the spectroscopic data which are relevant far avork
on the octad region oft3CH,. Details on the experiments are described in
the experimental section in Chapter 2. Figure 6.1 shows three sprecin
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this region at di erent conditions. For all spectra the e ective instumental
resolution e, = 0:9=L was 0.0047 cm! resulting in essentially Doppler lim-
ited spectra. For methane'*CH, the typical Doppler widths in the range are

Experiment 13CH, 80K 4.3 hPa
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Fig. 6.1: Spectra of13CH, 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 HO inside the spectrometer. The spectrum
numbers indicated in the Figure are de ned in Table 6.1.

between 610 3cm ! at 3800cm*® and 80K and 1410 3cm ! at 4700cm !
and 300K, for example (see Figure 2.11 in Chapter 2.6). The spectee
self{apodized with an aperture diameter of 1 mm. About 100 to 20@sctra
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were added in each spectral region. For the octad all spectra wearecorded
at 80K with a total pressurep 5hPa, representing the total pressure of
a mixture of the sample'3CH, and He in the cell withp(CH,)=p 0:1. For
the recording of spectrum 10 the cell with a pressure of 4.9 hPa waaxtially
pumped out such that strong absorption lines could be measured titut
saturation. Weak absorption lines could be detected in partially satated
spectra. Due the large Doppler width, pressure broadening can beglected
under the present conditions. For the recording of cold spectraewused 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 10m. Precise conditions for the spectra are giveam Table
2.7. The e ect of cooling the sample gas is very clear: the Doppler widbf a
single spectral line of the molecule narrows with the square root dfe tem-
perature. Compared to spectra at room temperature, the Dopgr full width

is reduced by a factor of about 1.9 at 80K (0.0065 crh around 4200 cm?).
In addition, spectral lines for high rotational quantum numbers apear atten-
uated and complex polyad patterns may be simpli ed for an easier alyais
(Ulenikov et al. 2009). The overall widths of the rotation{vibration bands de-
crease about proportionally with temperature. For calibration we sed HO
line positions from the HITRAN molecular spectroscopic database (f&h-
man et al. 2005). The calibration factors from the least square ray ts (see
Chapter 5.2) are summarized in Table 6.1. At 80K the relative wavenuver

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~=€3.
Date Scans No.
12.11.05 150 9 1268 10’
16.11.05 100 10 1322 107
15.11.05 200 11 1231 107

@Calibrated (&) and uncalibrated (eye) experi-
mental wavenumber.

accuracy of nonblended, unsaturated and not too weak lines car lesti-
mated to be better than 10°cm 1! in the spectral range of the octad. The
absolute wavenumber accuracy depends thus upon the accuradythe refer-
ence lines used for calibration, which have an uncertainty of appiiaxately
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10 “cm ! (H,O 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 calculatins
of both vibrational (using the T8 surface of Schwenke and Partrge (2001),
Wang and Carrington (2003a)) and rovibrational (from a perturlative ap-
proach (CVPT) using an adjusted quartic potential energy forceeld (Wang
and Sibert 1999; 2002)) energy levels of methat®CH, , 13CH,4 and 2CD,.
In Table 6.2 we compare the new vibrational band centers H1CH, and *3CH,
from the CVPT method (Wang and Sibert 1999; 2002) to the corresnd-
ing experimental values in the 0{4600 cm" spectral range. It can be seen,
that the experimental data are well reproduced for vibrational Mels with
root mean square deviations of approximately 0.8 crh for both 2CH, and
13CH, . The deviation of the isotopic shift (see Table 6.2) is reproduced ave
better with a root mean square deviation of approximately 0.06 cm. This
observation gave rise to the assumption that the rovibrational exgy levels
from the method presented in Wang and Sibert (1999; 2002) can bsed for
the analysis of our spectra. The new theoretical data can be suranzed
as follows: 2044 vibrational band centers up to the pentacontakentad (55
levels, 996 sublevels) are derived f&tCH,, **CH, (up to about 12000 cm?)
and 2CD, (up to about 9000cm ). In addition, 40375 rovibrational levels
for rotational quantum numbersJ 8 up to the triacontad (30 levels, 280
sublevels) are derived for the isotopomer¢CH, and *CH,. Rovibrational
energy levels of methane have also been computed from other noeth. The
most accurate and at the same time most complete data is available f6CH,4
up to the octad region: Albertet al. (2009) provide highly accurate rovibra-
tional levels from a non{linear least squares adjustment to the erpiment.
We shall in the following discuss the deviation ( E!) of the isotopic shift

B, = Bi(CHs) B (**CH,) (6.1)

as obtained from the calculations on the adjusted quartic potentigenergy
force eld (Wang and Sibert 1999; 2002) (subscript CVPT) with regect to
the isotopic shift [E! from the tted (to the experiment) e ective Hamilto-
nians (subscript Fit). In symbols

( Igci:) = Ei:, CVPT Ei:, Fit - (6.2)

The e ective Hamiltonian parameters were elaborated in our recergtud-
ies on!2CH, (Albert et al. 2009) and*3CH, (Niederer et al. 2008a;c). E!
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Tab. 6.2: P1, P, and P3 vibrational band centers for >’CH,4 and 13CH, | computed
and experiment.

Sublevel Term values / cm 1 Isotopic shift/ cm 1
12CHq4 13CH4
Level v(Tq) B2 (CVPT) EP (Exp.) B2 (CVPT) B (Exp.) BS (CVPT)  ES (Exp.)
Dyad (2 levels, 2 sublevels)
s F2 1310.952480 1310.761626 1302.999590 1302.780788 7.95289  7.980838
2 E 1533.417690 1533.580350 -0.162660
Pentad (5 levels, 9 sublevels)
24 Ag 2587.854280 2572.960620 14.893660
24 F2 2614.613960 2614.260728 2599.051520 2598.640885 155620  15.619843
24 E 2625.007260 2609.180840 15.826420
2+ 4 F2 2830.985930 2830.315243 2823.140690 2822.451884 7.845p4 7.863359
2+ 4 F1 2845.134010 2837.301580 7.832430
1 Az 2916.636600 2915.624050 1.012550
3 F2 3019.160320 3019.492774 3009.161250 3009.545514 9.99907 9.947260
2,2 Ag 3063.520780 3063.843850 -0.323070
2, E 3065.178630 3065.501100 -0.322470
Octad (8 levels, 24 sublevels)
34 F2 3869.573790 3870.485796 3847.597220 3848.386529 21.9788 22.099267
34 A 3908.942900 3886.229810 22.713090
34 F1 3921.502520 3898.435120 23.067400
34 F2 3931.924890 3930.919644 3908.580450 3907.491585 23.3440 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 A1 4134.347700 4118.467010 15.880690
2+2 4 F2 4141.270070 4142.861558 4125.840760 4127.366211 15.4298 15.495347
2+2 4 E 4150.162390 4134.548010 15.614380
2+2 4 Az 4160.295160 4144.553620 15.741540
1+ 4 F2 4224.279640 4223.461526 4214.682380 4213.824035 9.597P6 9.637491
3+ 4 F» 4319.055230 4319.209699 4301.085160 4301.297165 17.97G0 17.912534
3+ 4 E 4322.348780 4304.619270 17.729510
3+ 4 F1 4322.534110 4304.755850 17.778260
3+ 4 A 4323.507760 4305.617300 17.890460
22+ 4 F2 4349.828880 4348.716513 4342.042490 4340.908408 7.78689  7.808105
22+ 4 F1 4363.060150 4355.330150 7.730000
22+ 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 9.74805 9.707373
32 E 4591.597560 4592.075560 -0.478000
32 A 4595.222150 4595.701330 -0.479180
32 A 4595.313870 4595.792790 -0.478920

aTerm 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 [E. are obtained from accessible P (1) transitions (  dipole allowed
. F2 symmetry) via addition of the J% = 1 rotational level of the ground state of 12CHy4
(10.481636 cm 1) and ¥CH,4 (10.482132cm 1) (see Chapter 4.4, Figure 4.6).

¢ Isotopic shift, i.e. dierences of the calculated and experimental term values f or the methane
isotopomers EBc = Bc(2CH4) Bc(BCHy) and Be = Eo(12CHy4) [Bo(13CHy) (index c for
calculated, index e for experimental).
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is the calculated (subscript c) energy of the{th rovibrational level with
respect to the calculated zero point ground state level enerd§? of 2CH,
(9701.787217 cmt) and *3CH, (9673.389196 cm') with respect to the poten-
tial energy minimum. Figures 6.2a, b and c illustrate the deviation ( [E!)
for rovibrational levelsJ 8 of the ground state, the dyad and the pentad,
respectively. The isotopic shift from the canonical van Vleck pertbation
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 ( E!) is almost vanish-
ing. ( E.) is characterized by the following root mean square deviations:
2:488 10 “cm ! for the monad (34 levels), D67 10 2cm ! for the dyad
(169 levels) and 6109 10 ?cm * for the pentad (642 levels). Here it should
be mentioned that while for'?CH, rovibrational energy levels from the Dijon
e ective Hamiltonian theory are available up to the octad, for'*3CH, they
are only available up to the pentad. It is a goal of this work to deterine
the octad rovibrational levels for'*CH, from the Dijon e ective Hamiltonian
theory using the energy levels from the CVPT method. Figures 6.2h,and c
indicated, that the rovibrational level positions of'3CH, can be very well ap-
proximated from the assumption ( [E!) = 0, such that one can compute,
for instance, approximate rovibrational level energieﬁgpprox(13CH4) for the

octad of **CH, using their highly accurate counterparts; .; (**CH,) from
Albert et al. (2009):

ﬁzi;\pprox (13CH4) = E(i:,Fit (12CH4) ﬁclz CVPT : (6.3)

Assuming ( E!) = 0 (see Equation (6.2)) makes it thus possible to get
an accurate estimate for the true value of the energy of the octaovibra-
tional levels for *3CH,4, which in turn allowed us to deriveNapprox = 6557
approximate transition wavenumberse} ., up to J = 8 from the well known
rotational energy levels of the vibrational ground state of*CH, . These data
were inserted into a least squares adjustment (Wenget al. 2008a), mini-
mizing the standard deviation

[
prrox i i 2’ 1=2
_ 1 eapprox. ec, Fit (64)

i
N approx  _q eapprox

and providing initial values of the 596 indeterminate e ective Hamiltoman
parameters of Ifff“;z'g (which is e ectively equivalent to obtaining E‘C, it Of
the corresponding transition wavenumbers frone. ., for *3CH, from the
approximate data). e;ppmx =10 3cm ! is an estimate of the uncertainty
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Fig. 6.2: Rotational quantum number J versus the deviation ( E.) of the iso-
topic shift EBL = EL(12CH;) EBL(*3CH,4) from the adjusted quartic potential
energy force eld with respect to the isotopic shift EL 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 desription).
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of the approximate transition wavenumbere, ., . The t procedure is im-
plemented in the XTDS software package (Wengest al. 2008a) and it was
also used for for our recent analyses &fCH,4 (Albert et al. 2009) and**CH,
(Niederer et al. 2008a;c). The approximate parameters allowed us to repro-
duce the set of 6557 approximate transition line positions with a stdard de-
viation of = 2:098 resulting in a root mean square deviation of210cm *.
Figure 6.2d illustrates the corresponding deviation of the isotopic ghfor
the octad rovibrational levels, characterized by,s = 1:923 10 'cm ? for
1857 approximate rovibrational level energies. These parameterere used
as a starting point for the t of the experimental data. The analyss of the
experimental line positions and the t to the experimental data arelescribed
in Chapter 6.4. 1807, 187, 8L and 187} were expanded up to or-
der 6, 6, 5, and 5, resulting in an e ective Hamiltonian with 896 paranters.

The adjustment was, however, local,e. it was performed for xed values of
qu’Pgi qu'Pgi and qu’Pgi

fPog’ fP1g fP2g"

6.4 Analysis of the line positions

The analysis of the e ective Hamiltonian parameters for the octad Ifff“;:ig

(596 parameters) was locali.e. it was performed for constant parameters
Ifff“;f)'g (10 parameters), Ifff“;j'g (62 parameters) andﬁf“;i'g (228 parameters),
which we re ned simultaneously in our previous work on the pentad ¢&

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

aiqf“;zlg aqu‘Pgi aqu‘Pgi qu’Pgi Iq“:)ai

fP1g fP2g fPag
m 20 2 @ 0 0O 5 O
@ 2@ 5 G 0 © 7 @
(2) 6 (5) 21 (19) 13 (13) 42 (39)
(00 6 (6) 35 (23) 57 (56) 98 (85)
(3) 13 (11) 71 (43) 183 (180) 270 (237)
(0) 11 (7) 94 (44) 343 (340) 448 (391)
(4) 22(15 & (©) 0 (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.

OOk, WNEO
A OWONMNOFPR

bExpanded up to order 5 only.



6.4 Analysis of the line positions 135

Chapter 5). Table 6.3 indicates the number of parameters (totalumber and
tted parameters) for each order and each part of the e ectivdHamiltonian.
for Ifff”;?g the non{ tted parameters are those which are correlated to 10
with other parameters. Such parameters are xed to zero (sealile 3 in the
Appendix D). For the analysis of the experiments we compared theec-
trum simulations from the approximate e ective Hamiltonian parameers
(see Chapter 6.3) to the experimental spectra shown in Figure 6.The sim-
ulation was then improved by re tting the e ective Hamiltonian parameters
to the newly assigned experimental data and the approximate datdransi-
tions with an experimental counterpart were removed from the ggoximate
data set. This procedure was repeated several times until no foer lines

P; Py 1144 Ps  Po: 693
dims = 1:038 10 3cm ! dms =7:482 10 3cm !
S 12F S 3F
— —
- 6— - 2—
3 3
g 4 e 1f
— 0o Y — 0o
61 + 6
L + L
6 + 6
| %
2+ 2
O_| R R B N I B Or

|

-3 -2-1 01 3
() e, e /10 2cm? (b) e, e /10 2cm !

Fig. 6.3: Statistics of the local t. The two gures arise from (a) experimental
P3  Pp transitions in the infrared and (b) dark approximate P3  Pg transitions
(see text and Chapter 6.3 for a more detailed description). e histograms for
the deviation of the calibrated experimental and approximae wavenumbers eg
from the calculated wavenumberse!. show normal distributions. No systematic
deviations can be observed with respect to the rotational gantum number J
The dims refer to the total number of transitions in each gure. For th e total of
1837 line positions the rms deviation isdms = 0:004668 cm 1.

could be assigned in the experimental spectra available. The expeeimal
line frequencies used in the least squares adjustment (see Equatf6.5)) as
well as the corresponding quantities calculated from the e ective &milto-
nian resulting from the global least squares adjustment (see Chap5) can
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be found in the appendix. The spectra provided enough data for ¢hdeter-
mination of the e ective Hamiltonian parameters of 20 vibrational shbands.
Transitions to the dark subbands of the 3, overtone (2 lines) and the dark E
1 subband of the ,+2 4 combination band (O lines) could only be observed
to a very limited extent. Hence, in the last tting step 1837 transitins were

o Simulation for T = 80K o Experiments at 80K
ST A T |
= a®
ol S N = st
Q3.  TZ==ETT L 8s, ff**
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(a) JOO (b) JOO

Fig. 6.4: P-, Q- and R-transition wavenumbers in the octad (P3) region versus the
rotational quantum number J%of the ground state (Po) for (a) the simulation of
a spectrum at room temperature (N, = 1670 P3  Pg transitions) and (b) the ex-
perimental ({)/approximate (+) data ( Ne =1144=693 P3  Pg transitions). The
ratio Nc=Ne 1.5 indicates, that more than half of the experimentally accesible
transitions are assigned.

included in the t: 1144 P; Py newly assigned experimental line positions
with very low experimental uncertainty e, =10 3*cm ! and 693 approxi-
mate (see Equation (6.3) and text) line positions for the dark sublmals with
a rather large estimated uncertainty e, = 10 2cm . For these data the
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non{linear least{squares adjustment, minimizing the standard deation

Xe i i
- 17 & & ; (6.5)
Ne ., €
where €. denotes thei{th calculated line position in the total of N, = 1837
line positions €}, provided a standard deviation of = 0:939, indicating
that the mean absolute deviation of the adjustment is about equab the
mean uncertainty of the line positions. Figure 6.3 shows the detailethtis-
tics for all transitions included in the t. The quality of the adjustment is
characterized by a root mean square deviation of@1038 cm? for the 1144
experimental line positions, 007482 cm? for the 693 approximate line po-
sitions and 0004668 cm? 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 respeetspectrum
in which the transition was actually assigned (see Figure 6.1). Figuredgoro-
vides an estimate of the sampling of the experimental octad energgectrum
with respect to a simulated spectrum at 80 K with a low line intensity thesh-
old of 10 3cm 2atm ! for the level of the noise in the experimental spectrum
(intensity of the strongest line: 2.72cm?atm 1). A de nition of this inten-
sity unit is given in Table 6.4. The table is reproduced after Cohespt al.
(2011) by permission, stating also the numerical transformationoe cients
in commonly used units. The integrated absorption cross section ig ded

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

Quantity Sl unit Common unit Transformation coe cient
A=(kmmol 1
A, A mmol 1 kmmol ! (G=pm?) =16 :60540(71)
ep=cm L ,
S=(atm cm T=K
S Pa lm 2 atm lcm 2 (G=pm?)=1:362603 10 2 ( 1)( )
ep=cm
S=cm
S m cm (G=pm?) =102 ==
ep=cm
m2mol 1 cm2mol ! (G=pm?) =1:660540 10 * =(cm?mol 1)
G m?2 pm?

in the experimental section (Equation 2.27 in Chapter 2.3.4). Assigrants
of infrared transitions could be performed up tal °°= 9 for very weak lines
in the cold spectra. The mixing between the di erent bands (not shen) in-
creases signi cantly for dense regions in the polyad and ascendimggational
guantum numbers.
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6.5 Results of the local analysis and discus-
sion

The positions of the vibrational levels for the octad of3CH, are summa-
rized in Table 6.5. The adjusted values for the band centers (Fit) ar

Tab. 6.5: P3 vibrational band centers for 2’CH,4 and 13CH, | t and experiment.

Sublevel Term values / cm 1 Isotopic shift / cm 1

12CH,4 (Albert et al. 2009) 13CHy4 (this work)

Level (S,)2 B (Fit) BS (Exp.) BY (Fit) BS (Exp.) ed (Fity ©J (Exp.)

Octad (8 levels, 24 sublevels)

34 Fy 3870.487809 3870.485796 3848.387520 3848.386529 22.1082 22.099267
34 A, 3909.200967 3886.351017 22.849950
34 F; 3920.509970 3897.365473 23.144497
34 Fy 3930.922996 3930.919644 3907.500277 3907.491585 23.4229 23.428059
2+2 4 E 4101.392893 4086.638533 14.754360
2+2 4 Fj 4128.762806 4113.111004 15.651802
2+2 4 A, 4132.861264 4116.979267 15.881997
2+2 4 Fy 4142.864873 4142.861558 4127.367175 4127.366211 15.4998 15.495347
2+2 4 E 4151.204883 4135.535698 15.669185
2+2 4 A; 4161.849410 4146.037219 15.812191
1+ 4 Fy 4223.462063 4223.461526 4213.823278 4213.824035 9.63838 9.637491
3+ 4 Fy 4319.212494 4319.209699 4301.296636 4301.297165 17.9158 17.912534
3+ 4 E 4322.178483 4304.623747 17.554736
3+ 4 FI 4322.590188 4304.725689 17.864499
3+t 4 A, 4322.703977 4304.838473 17.865504
22+ 4 Fy 4348.715937 4348.716513 4340.908396 4340.908408 7.807%4 7.808105
22+ 4 F; 4363.607167 4355.016300 8.590867
22+ 4 Fy 4378.947450 4372.027551 6.919899
1+ 2 E 4435.120422 4434.211663 0.908759
2+ 3 F] 4537.548367 4527.892164 9.656203
2+ 3 Fy 4543.758689 4543.761970 4534.054896 4534.054597 9.70339 9.705917
32 E 4592.027947 4592.494988 -0.467041
32 A 4595.268700 4595.738483 -0.469783
32 A, 4595.502958 4595.976567 -0.473609
aThe parities of the levels are given as rovibrational pariti es as well as total parities as for 12CH .
For 13CH4 all total parities must be reversed (+ $ , see Chapter 3.5).
b Calculated term values of the J = O rovibrational levels from the tted e ective Hamiltonia n

with respect to the ground state energy of '2CHy4 and 13 CHy, 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) (12CH,) and the present analysis on 13CHy.

¢ Experimental term values [ calculated from experimentally accessible P (1) transitions ( dipole
allowed , F, symmetry) via addition of the ~J%= 1 rotational level of the ground state of 12CHg,4
(10.481636 cm 1) and 13CHy4 (10.482132cm 1) (see Figure 4.6 in Chapter 4.4).

d Isotopic shift, i.e. dierences of the calculated and experimental term values f or the methane
isotopomers B = Bc(12CH,) B (BCHy) and B = Bo(12CHy) EBo(*BCHy).

obtained by calculating theJ®= 0 levels from the e ective Hamiltonian pa-
rameters of the present study. The results from this method areompared
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with experimental values (Exp.) as obtained fronP (1) transitions from the
(J%°=1; %=F7) rovibrational level of the ground state at 10.482132 cni
to pure vibrational levels §°=0; °= F, ) within the octad region. The ex-
perimental level energies represent benchmarks for energy lesaculations
on accurateab initio or empirically adjusted potential energy hypersurfaces.
Table 6.5 also quotes the shift of the vibrational band centers due tsotopic
substitution 2C/*3C. In a rst approximation the isotopic shift of combi-
nation band centers are roughly the sum of the shift of the fundaemtals
(compare Figures 6.6b and c). A detailed analysis shows, howevenatt
the isotopic shifts depend strongly on the rotational quantum nuiver. In
this context it should be understood, that while the level positions ifra-
ble 6.5 are accurate, the assignment of the normal mode ( rst cothn) has
only an approximate meaning of very limited signi cance. Figure 6.5 illus-
trates the situation for the ; + , combination band as an example: The
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Fig. 6.5: Fraction of the main vibrational subband componen 1+ 5 of methane

rovibrational levels for both isotopomers *2CH, 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 compoent

turns ambiguous.

isolated band picture fails. There is strong level mixing even for theupe
(J = 0) vibrational level and the assignment of the normal mode level ay
be ambiguous for high rotational quantum numbers. It must therfere be
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understood as the approximate main vibrational subband componke This
main vibrational component di ers signi cantly for ?CH, and *CH, and
for high rotational quantum numbers of higher polyads a unique agsment
of the corresponding rovibrational levels of isotopomers is di cult. Figure
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Fig. 6.6: Isotopic shift [B. of 282 ground state (a) (including the frame with
the scaled abscissa), 1408 dyad (b) and 5352 pentad (c) roviitional levels with

respect to the rotational quantum numbersJ 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. EL exhibits strong non{linear behaviour with

respect toJ . As discussed in the text B 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 gnod state
(Figure 6.6a), the dyad (Figure 6.6b) and the pentad (Figure 6.6c)puto
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 numbersE ects
of isotopic substitution can not be investigated in complex polyad p#drns
without a theoretical prediction of the correspondence of rovilational lev-
els. In Figure 6.7 a survey of the simulation using the e ective Hamiltaan
parameters elaborated in this work is shown and compared to ourmexper-
imental spectra for the octad region ot3CH,. The e ective dipole moment
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T T T T I T I T T

1.0
0.8
5 0.6
< 04
0.2
0.0

H,O

i

Z }|4 { Simulation **CH, 80 K

1.0
0.8
= 0.6

5 04

L
0.0 . | Al ‘I |

1 l 1 l 1 l 1 l 1 l 1 l 1 1
3700 3800 39004000 4100 4200 4300 4400 4500 4600
e/cm 1

Fig. 6.7: Top frame: Survey of two experimental spectra of3CH, at 80 K covering
the octad region (spectrum 9 and 10 in Figure 6.1). Lower fram: Corresponding
spectrum simulations. Decadic absorbance as Ifj§=1) is shown. Discrepancies in
the transition line intensities in the 3880{4170 cm ! spectral region are due to the
large discrepancies in the level mixing for2CH, with respect to 13CH, (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 intengties can often be ad-
justed by scaling the intensity separately for each vibratonal subband component
(see Figure 6.8).

was derived from the parameters presented in Albest al. (2009), leading
to discrepancies in the transition line intensities in dense spectralgiens,



142 6. Local analysis of the octad of methané CH,

where the discrepancy of the level mixing fot?’CH, is large with respect
to 3CH, (see Figure 6.5). As illustrated in Figure 6.8 the positions of the
simulated transition lines agree nevertheless well in many of thesegi@ns
since the simulated intensities can often be adjusted to the expemmt by
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Fig. 6.8: Experimental and simulated spectrum of*3CH, recorded at 80 K show-
ing transitions to rovibrational levels assigned to the man vibrational subband

component (3 4; F2;2). Decadic absorbance as Idg=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 9m Figure 6.1), whereas
()) is shown above all assigned line positions in this spectrakegion. 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 subbandompo-
nent. Figure 6.8 shows transitions to levels assigned to the main vili@al
subband component (34; F»; 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 specsimulations is
particularly striking. Most of the gures show IR active P (1) transitions in
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the octad region as well as the corresponding spectrum simulatiorfSigure
6.9 shows the IR{activeP (1) transitions from the (J%=1; %=F7;n%=1)

rovibrational level of the ground state at 10.482132 cm to the pure vibra-
tional level J°=0; °= F,;n%= 1) at 3837.904397 cm? (the labels of
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Fig. 6.9: Experimental and simulated spectrum of*3CH, recorded at 80 K. Decadic
absorbance as Id(p=l) 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 from'3CH4, whereas () indicates transitions from traces
of H,O inside the spectrometer. The latter dip into the baseline Eee text). For
instance the extra line near the P(1) line in the experimental spectrum is from
H,0O. The P (1) transition (see Table 6.5 and Figure 4.6 in Chapter 4.4) fom the

lower (J%°= 1; %= F7;n%= 1) rovibrational state to the rotationless upper

(3°=0; °=F,;n%=1) pure vibrational state is indicated at 3837.904397 cm !

(the labels are described in the text).

the levels are described in Chapter 5.4). The sum of the two wavenbers
(3848.386529 cm') represents the experimental value for the energy of the
Pauli{allowed rovibrational subband center (3,4; F, ;1) with respect to the
rotationless vibrational ground state energy of’CH, (see Table 6.5 and Fig-
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ure 4.6 in Chapter 4.4). Transition lines from water residues (0 is used
for self{calibration) inside the spectrometer dip into the baseline dauto the
derivation of the absorption spectra from the intensity distribution and the
background spectrum at di erent resolution. Figure 6.10 illustrate the situ-
ation for the P (1) transitions to the (J°=0; °=F;n%= 4) vibrational level
at 4213.824035cmt, which is assigned to the ; + 4 band with a fraction
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Fig. 6.10: Experimental and simulated spectrum of 13CH, recorded at 80K.
Decadic absorbance as Idg=I) is shown. The symbol &) is shown above lines
which are assigned in this spectrum (see Table 6.1 and speatm 10 in Figure 6.1)
while (j) is shown above all assigned line positions in this spectrakegion. A broad
spectral region is illustrated covering most of the transiions to the 1+ 4 com-
bination band. The P (1) transition to the rotationless (J°=0; °=F,;n%=4)

level has been observed at 4203.341903 c.

of about 40%. The ; + 4 combination band exhibits a fairly unperturbed
P{, Q{ and R{branch pattern, in which P(J%{ and R(J%{transitions with
adjacent rotational quantum numberJ®are roughly separated by two times
the rotational constant By = 5:24128813(88) cm*. The P (1) transition to
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the rotationless F {level of the ;+ 4 combination band can thus be directly
deduced from the spectrum without a detailed simulation of the spgam.
Figure 6.11 illustrates theP (1) transition and the Q(J°}{branch of this band.
The agreement for the line positions is excellent while the relative alype

Experiment 13CH, 80K 4.3 hPa
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Fig. 6.11: Experimental and simulated spectrum of 13CH,4 recorded at 80K.
Decadic absorbance as Idg=Il) is shown. The symbol §) is shown above lines
which are assigned in this spectrum (see Table 6.1 and speatm 10 in Figure 6.1)
while (j) is shown above all assigned line positions in this spectrakgion. The gure
illustrates the P (1) transition from the lower (J%=1; %=F7;n%= 1) rovibra-
tional level at 10.482132 cm! to the rotationless upper 3°=0; °=F,;n%=4)
level of the 1+ 4 combination band at 4213.824035cm?! as well asQ{branch
transitions to this band.

tion intensities show sometimes larger discrepancies. The patternhewever,
well reproduced making it possible assign most of the transitions aleothe
noise level in this spectral region. Figure 6.12 illustrates a smaller pan

the R(J%{branch for the the 1+ 4 combination band. Due to the overlap
of the respectiveP{ and R{branch of 3+ 4 and ;+ 4 the transitions
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in this section are not readily assigned. Accurate simulations of theec-
trum are thus mandatory for the assignment of the experimentallpbserved
transitions in this spectral region.

Experiment *CH, 80K 4.3hPa
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Fig. 6.12: Experimental and simulated spectrum of 13CH,4 recorded at 80K.
Decadic absorbance as Idg=I) is shown. The symbol &) is shown above lines
which are assigned in this spectrum (see Table 6.1 and specatm 10 in Figure 6.1)
while (j) is shown above all assigned line positions in this spectralegion. The
gure shows an enlarged section of a small part in theR(J%{branch of the 1+ 4
combination band where the assignment of the line positiond 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 availablegh{
resolution spectroscopic data for methan&CH, in the 3700{4700cm? re-
gion are presented. The whole region has been investigated for liresiions
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of all the cold bands under consideration. Strong bands seem to \esy well
represented but further improvements are needed to represahe weaker
methane transitions in this region. A more detailed analysis of the traition
line intensities is important for the future. Combined with the presenresults
and new experiments at room temperature, such an analysis will peit more
assignments to be made to higher values of the rotational quantunumber,
which can then be included in further adjustments. The Hamiltonian @
rameters given here are su ciently reliable to allow a successful alyais of
transitions line intensities in the octad region. It should also be posséto
investigate several hot bands in more detail. The present work negsents the
rst simultaneous analysis of the rovibrational structure from 24vibrational
subbands in the octad region of*CH, . It has been shown, that predictions
of rovibrational levels from theoretical calculations on accuratab intio and
empirically adjusted potential energy hypersurfaces can be comed with
the Dijon e ective Hamiltonian theory for the analysis of experimeral spec-
tra. The combination of these methods made it possible to perforrmalyses
of higher lying polyads of tetrahedral methane isotopomers muchsdter than
in previous studies.
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Chapter 7

Partial analysis towards
12000cm 1

7.1 Introduction

In the present chapter we report our results from a partial rovitational
analysis of our new spectra for both?CH, and **CH,, 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 infrdrap to
12000cm?. Although the spectroscopy of methane has a long history and
substantial spectroscopic work has been performed for moreatha century
(see Chapter 1), the analysis of the high resolution spectrum in thefrared

is fairly incomplete, in particular for the higher lying spectral regiongbove
4800cm?!. We have thus performed new measurements on the spherical
top methane isotopomers?CH, and 3CH,, which are partially reported in
Niedereret al. (2008a;c; 2011b) and Alberet al. (2009) for the lower spectral
region up to 4800cm?!. The present chapter deals with the partial analysis
of ?’CH, and *CH, extended towards 12000 cnt .

7.2 Experimental data

We recorded new high resolution FTIR spectra o?CH, and **CH, at 80 K
covering almost the whole infrared from 900 up to 12000 cth. The spectra
are listed in Chapter 2.7 including a list of a few spectra 0fCH,, which
were recorded at room temperature. For the experiments we aisine Bruker
IFS 125 HR Zsrich prototype (ZP2001) spectrometer in combin&bn with a
long optical path collisional cooling system (Alberet al. 2007). More details
are described in the experimental section in Chapter 2. Table 2.3 in &pter
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2.6 provides a survey of the current best values of the fundamaig (the
position of thev, = 1, J = 0 state) for the normal modes of*?’CH,, **CH,
and ?CD, including also the results from the present thesis. In the last

Tab. 7.1: The vibrational polyads of methane.

Polyad nomenclature ~ Rang&/cm * nP n% n( )¢

P, Greek pre x & ad AL AE F B

Po Monad 01 1 1 0 0 0 O
P, Dyad 1300{1500 2 2 0 0 1 0 1
P, Pentad 2600{3100 5 9 3 0 2 1 3
P; Octad 3900{4600 8 24 4 2 5 5 8
P, Tetradecad 5200{6200 14 60 11 2 14 13 20
Ps Icosad 6500{7700 20 134 18 11 28 34 43
Ps Triacontad 7800{9300 30 280 41 20 58 71 90
P, Tetracontad 9100{10800 40 538 64 45 112 148 169

Ps Pentacontakaipentad 10400{12300 55 996 126 81 204 272 313

®The spectral range applies here fo'3CH,. For 2CH, and 2CD4 the
lower (n E( 4)) and the upper (n E( »)) limits of the polyad P, can
be estimated from the term values of the fundamentals as sumarized in
Table 2.3 in Chapter 2.6. See also Table 2.3, which we have caiemented
here by the vibrational symmetry species .

bTotal number of vibrational levels (subscript I) and sublevels (sl).

dNumber of vibrational sublevels with vibrational symmetry species , (see
Chapter 3.5.1).

column of Table 7.1 we indicate the number of (sub){levels with vibratioal
symmetry species F, which can be observed in the infrared (see Figure 4.3
in Chapter 4.3) as strongly electric dipole allowed transitions from theibra-
tional ground state (A; vibrational symmetry). Figure 7.1 and Figure 7.2
provide a survey of these rovibrational transitions for botdt?CH, and *3CH,
in the spectral range from 900 up to 12000crh.  Strong absorptions of
allowed transitions in the infrared are well separated according th¢ polyad
structure of methane (see Chapter 2.6). On the scale of the twaures the
shift due to isotopic substitution *2C/ *3C can easily be seen in the absorption
of the pentacontakaipentad region at approximately 11300 cr. In Figure
2.12 in Chapter 2.7.1 we draw the absorption of the dyad region to a {gar
scale, illustrating that the isotopic shift can also be seen in the enetically
lower lying absorption regions.
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Fig. 7.1: High resolution FTIR spectra of 2?CH,4 recorded at approximately 80K,

covering the range 900 to 12000 cm'. The parts of the gures correspond to the
spectra in Table 2.5 in Chapter 2.7.1 which are marked with tre exponent®. The

number in parentheses gives Igp=I"%) = AI§™ 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 13CH,4 recorded at approximately 80K,
covering the range 900 to 12000 cm. The parts of the gures correspond to the
spectra in Table 2.7 in Chapter 2.7.2 which are marked with tre exponent®. The
number in parentheses gives Igp=I"*) = Al 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, symmetry) selection rule % 0 |

A, in the infrared and for temperaturesT . 1000K most of the strong
absorption regions of the lighter methane isotopomers arise fromahsitions
from the ground state ( 9= A ; symmetry) to levels with vibrational sym-
metry species 0 = F,. This selection rule is, however, modi ed due to reso-
nance interactions, perturbing the rotational structure of theF, bands such
that A,, A,, E, and F, vibrational bands contribute to the appearance of the
spectrum. In this case the assignment of rovibrational levels to Wele ned
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0.5 0.5 [ -
00 1 1 1 1 00 1 1 l Ihl L L| 1 l‘.l
(@ 6800 70007200 7400 7600 ®) 7400 74507500 7550 7600
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1 5 B I 1 I 1 I I 1 1 5 B I 1 | 1 I 1 | 1 i
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1

Fig. 7.3: FTIR spectra of Ps for 2CH, (total pressure p = 5:5hPa of a mixture of
methane and helium, wherep(CH4)=p 0:1) recorded at 80 K with an absorption

0:005cm 1

(see Chapter 2.2.2 and text). Decadic absorbance as Ig{=I) is shown. The panels
show enlarged sections of the icosad; (a) survey, (b) and (cjtepwise enlarged
sections with a focus on theP{, Q{ and R{branch pattern of the F, subband of
the »+2 3 combination band and (d) the P (1) transition at 7499.8562 cm .

path length |

17:5m and an e ective instrumental resolution e

vibrational levels has only an approximate meaning of very limited signi
cance (see Chapter 6.5) and becomes increasingly di cult when thevids are
strongly mixed (seee.g. Figure 7.3a). However, for fairly isolated and unper-
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turbed F, bands the characteristid? {, Q{ and R{branch pattern prevails (see
e.g. Figure 7.4b)) andP (J°{ and R(J%{transitions with adjacent rotational
quantum number J%®appear roughly separated by two times the rotational
constant By (seee.g. Figure 7.3c)). Albert et al. (2009) and Niedereret al.

15 1 st T
ﬁ; 101 - ﬁ; 101 -
305 1305 ‘ l .
00 | | | | 00 Li|lL| |hh J . ‘|| L | * |l l| 1
(& 6800 7000 7200 74007600 (®) 7400 74507500 7550 7600

e/cm 1 e/cm 1

I 1 I 1 I 1 I 1 1 | 1 I 1 | 1
15 1 15k -
Taol, 2 1T 1.0} |
et 1200 P(1) 1
205 L 1305 -

OO J rJ | |J | L| | | | L| OO | | | | | |

(©) 7460 7480 7500 7520 754() 74826 74827 7482.8
e/cm 1 e/cm 1

Fig. 7.4: FTIR spectra of Ps for 13CHj, (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 | 10m and an e ective instrumental resolution eg 0:005cm 1
(see Chapter 2.2.2 and text). Decadic absorbance as lgf=I) is shown. The
panels show enlarged sections of the icosad; (a) survey, (land (c) stepwise en-
larged sections with a focus on theP{, Q{ and R{branch pattern of the F, sub-
band of the , +2 3 combination band and (d) the associatedP (1) transition at

7482.6787cm?,

(2008a) provide the latest values foBo(*?CH,) = 5:2410400(19) cm! and
Bo(**CH,4) = 5:24128813(88)cm*. Hence, theP (1) transition (see Figure
7.5) from the 3%°= 1; %= F7) rovibrational level of the ground state (at
10.481649 cm® for 12CH,4 (Albert et al. 2009) and 10.482132 cm for 13CH,
(Niederer et al. 2008a)) to the §° = 0; %= F,) rotationless levels can
sometimes be determined by inspection without theoretical modelingf the
spectrum. The principle of this assignment procedure is illustrated iRigure
7.5 while Figure 7.3 and Figure 7.4 illustrate its application for the example
of the F, subband of the ,+2 3 combination band of*2CH, and 3CH, . The
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assignment is also con rmed by comparison with the correspondinggvious
study for 2CH, in a supersonic jet (Hippler and Quack 2002). Table 7.2

J0 J0
5 —— S = = = 5
4 — — — — = 4
3 — — — — — 3
2 — — — — 2
1 — — — — 1
0 0
J 00 J 00
5 — 5
4 — — 4
3 — 3
2 — 2
1 10.482132 cmt 1
0o — 0
A} A, E F, '

Fig. 7.5: The lower part of the gure illustrates the rovibra tional level structure
of Pauli{allowed rovibrational species (S,) of methane 13CH, for A vibrational
levels (as the ground state) up t0J%°= 5. The same is shown in the upper
part of the gure for F , vibrational levels (as e.g. the F» subband of the ,+2 3
combination band) up to J°=5. We note, that the parities for 13CH, are reversed
to the parities for 12CH,4 because of the negative parity of the’*C nucleus (see
Chapter 3.5.3 and Quack (1977; 2011)) The vector indicateshe P (1)-transition
from the (%= 1; %= F ) level (at 10.482132cm? for 3CHy,) to the upper
J°=0; 0= F1) pure vibrational level which can be used to determine the
\experimental" value of the center of the F, subband component of , +2 3.
The (3%°=1; %=F ) 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 forl3CHy, .

provides a survey of the assigned bands and vibrational levels asnpared
to the theoretical results.
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Tab. 7.2: F, vibrational band centers for 22CH, and 13CHy,.

Term values / cm 1

12CH4 13CH4

F2 vib. level T82 CVPT b Exp. ¢ T82 CVPT b Exp. ¢

1311.7420 1310.9525 1310.7616 1303.7530 1302.9996 1302808

4
2 4 2616.2380 2614.6140 2614.2607 2600.6027 2599.0515 2598169
2+ 4 2831.5280 2830.9859 2830.3152 2823.6382 2823.1407 28249
3 3013.6000 3019.1603 3019.4928 3003.6664 3009.1613 300H55
3 4 3874.7490 3869.5738 3870.4858 3852.6301 3847.5972 384885
3 4 3935.3370 3931.9249 3930.9196 3911.8633 3908.5805 3907246
2+2 4 41448780 4141.2701 4142.8616 4129.3207 4125.8408 4127682
1+ 4 4221.8450 4224.2796 4223.4615 4212.1464 4214.6824 4213280
3+ 4 4314.2260 4319.0552 4319.2097 4296.3077 4301.0852 4301972
2 2+ 4 4350.1000 4349.8289 4348.7165 4342.2513 4342.0425 4340084
2+ 3 4537.8230 4544.0612 4543.7620 4528.1356 4534.3128 4534a6
3+2 4 5585.3640 5588.5379 5587.9777 5563.9208 5563.4190
2 3 59935060 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
21+2 4 8385.2759 8387.9966
1+ 3+2 4 8420.9957 8393.6212
1+2 3 8618.6706
21+ 3 8808.9470 8789.7028
33 8907.2966 8880.8733
33 9045.9558 9019.5914
1+2 3+ 4 9888.4742
1+ 2+2 3 10115.6700 10099.8132
33+ 4 10265.5851
21+ 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 12CH4
and Wang and Carrington (2009) for 13CHy,.

b From \ A perturbative calculation of the rovibrational energy lev  els of methane" (Wang
and Sibert 1999; 2002). See Chapter 6.

¢ Experimental term values calculated from experimentally a ccessible P (1) transitions
(dipole allowed , F, symmetry) via addition of the J% = 1 rotational level of the
ground state of 12CH,4 (10.481636cm 1) and 13CH4 (10.482132cm 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
12CH4 (13 CH4) most of the transitions above 5000cm ! (3000cm 1) are newly as-
signed. A few have been assigned previously (Nikitin et al. 2011; 2009). The IR active
transitions to the , +2 3 band are illustrated in Figure 7.3 (assigned in a previous
study for 2CHy4 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) (12CH4) and in Chapter 5 ( 13CH4) 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 numeroug(1) tran-
sitions for both 2)CH, and 3CH,. Ulenikov et al. (2011) illustrates small
sections of the spectral regions in which the (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 centerof
the tetradecad up to the pentacontakaipentad as obtained frorthe CVPT
method presented in Wang and Sibert (1999; 2002). For a more dig¢d de-
scription of the computed data it is referred to Chapter 6.3. For th dyad, the
pentad and the octad the data is listed in Table 6.2 in Chapter 6.3. As na
be seen in Table 7.2, the very precise level positions provide a stringtest
for the theoretical calculations over a wide energy range. The drences be-
tween experiment and theory become substantial when compartedab initio
calculations of Xiao{Gang Wang and Tucker Carrington Jr. on the T8sur-
face of Schwenke (Bowmaat al. 2008, Schwenke 2002, Wang and Carrington
2009). On the other hand the empirically adjusted potential of Xiaf@sang
Wang and Edwin L. Sibert Il perform quite well at the lowest energig but
becomes less satisfactory at the higher energies. Indeed, fa thigher lying
levels some of the di erences are so large that a unique assignmeotoss
the various calculation methods becomes uncertain.

7.5 Conclusions

The partial analysis of the rotationless vibrational bands o?CH, and **CH,
is extended to the wavenumber range up to approximately 12000 ch The
analysis provides a reference for theoretical methods using simpglective
Hamiltonian operators (Ulenikovet al. 2011),ab intio calculations (Schwenke
and Partridge 2001, Wang and Carrington 2003a;b) and perturbiae meth-
ods on adjusted potential energy hypersurfaces (Wang and Ciagton 2009,
Wang and Sibert 1999; 2002).
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Chapter 8

Conclusions

We placed the Dijon algebraic approach on its mathematical basis amd-
vealed its power with regard to both the treatment of arbitrary interaction
phenomena and a universal approach for the treatment of moldaurotation
and vibration speci cally. It would be possible to investigate coupledmul-
tidimensional oscillators (molecules) systematically and propose aiversal
approach for the reduction of the associated enveloping algebitaaugh dy-
namical symmetries,i.e. through group chains associated to the molecular
symmetry group.

The new high resolution spectroscopic FTIR experiments using a spe
cally designed cooling method for the samples and combined with appriate
theoretical analyses have allowed us to make substantial progsesn 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 sedsrin
the present work) extend our knowledge of this phenomenon stéostially.

The global analysis of*CH, up to the pentad is very complete up to
J = 25 and provides highly accurate data, which can be used as a refece
for calibration. All strong bands seem to be very well representedThe
present prediction will permit more assignments in hot spectra to bmade to
higher values of the rotational quantum number, which can then biacluded
in further adjustments. It would be possible to investigate the newoom
temperature spectra for the hot band®, P, in detail. The present results
represent a signi cant improvement compared to previous studie@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 fot?CH, for line
positions for all the cold bands under consideration. Strong bandsem
to be very well represented but further improvements are needi¢o repre-
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sent the weaker transitions in this region. A more detailed analysis tfie
transition line intensities is important for the future. Combined with the
present results and new experiments at room temperature, suah analysis
will permit more assignments to be made to higher values of the rotahal
guantum number, which can then be included in further adjustmest The
Hamiltonian parameters given here are su ciently reliable to allow a suzess-
ful analysis of the transitions line intensities in the octad region. It wuld
also be possible to investigate several hot bands in more detail. Itdhheen
shown, that predictions of rovibrational levels fromab initio calculations and
adjusted potential energy hypersurfaces can be combined withe Dijon ef-
fective Hamiltonian theory for the analysis of experimental spear Due to
the combination it might be possible to proceed much faster in futuranal-
yses and further increase the knowledge of the rovibrational striture of the
higher lying polyads of the tetrahedral methane isotopomers. Raularly
our results on the*CH, infrared spectra have the potential for wider use in
atmospheric chemistry and physics as well as in astrophysics, assthafter
12CH,, is the second most abundant natural isotopomer of CH but has
so far only been studied very incompletely. Using our analysis, it sHdube
possible to investigate contributions of*CH, to the infrared absorption in
the atmospheres of the Earth and of the other planets including se of their
moons, at least as far as the stronger absorptions are concetne

The new results for vibrational energy levels over wide energy raegy(up
to 1.5eV or abouthc12000cm?) will help in adjusting parameters in ana-
lytical representations of global potential energy hypersurfas (Marquardt
and Quack 1998; 2004; 2011).
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