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Abstract

We present an investigation of the high resolution Fourier-transfomfrared spec-
tra of the polyatomic molecules: uoroform (tri uoromethane}?CHR;, 3CHF;, tri-
uoroamine (nitrogen tri uoride) NFz, methane?CH, and its isotopomers and 1,2-
dithiine (C4H4S) in the context of three major goals. First of all, the informatiob-o
tained by high resolution spectroscopy can provide an insight towsatoshderstanding
guantum molecular dynamics particular, intramolecular vibrational energy redis-
tribution processes (IVR), which are known to be among the importanimary pro-
cesses in chemical kinetics. Secondly, high resolution infrared spextatmospheric
greenhouse gasae of great importance for environmental problems, as well as for
planetology and astrophysics. Finally, the example of the chiralecule 1,2-dithiine
(C4H4S) may o er a route towards the fundamentally new primary process far-
ity change in an isolated molecule due toolecular parity violatiomesulting from the
electroweak interaction in the standard model of particle physics.

To provide the experimental information for our analyses we use tleverful tech-
nique of high resolution Fourier-transform infrared spectroscopyar the mid-infrared
(and near-infrared) range we use the Bruker IFS 125 HR prototygéesy (ZP2001) of
our group at ETH Zurich (Zurich, Switzerland), which provides an yalized reso-
lution of 0.00062 cmt. Secondly, we use the Bruker IFS 125 HR ETH-SLS setup of our
group installed at the Swiss Light Source (Paul Scherrer InstjtMidigen, Switzer-
land) with the advantage of the powerful synchrotron radiation arfterefore provid-
ing access to the Terahertz range. An unapodized resolution ofd&8@m?* makes it
the highest resolution FTIR spectrometer worldwide. The cadiigl cooling system
installed there provides access to a broad temperature rangerimciple, from 4 to
400 K. We analyse the very accurate high resolution FTIR spsctpic information



Abstract

by means of e ective hamiltonians described in Chapter 3.

Fluoroform {°CHR) is of particular interest both as an important greenhouse gas and
as a prototype molecule for intramolecular vibrational energy igdbution (IVR) pro-
cesses due to a strong Fermi resonance interaction between thieking and bending
modes of the CH-chromophore motion, which plays a key role in thibrational en-
ergy redistribution in this molecule on the fs time scale. In order determine the
processes of transfer of energy to the lower frequency modeefGFk frame we re-
port a critical analysis of the high resolution spectra 8CHF; in the Terahertz and
mid-infrared ranges. The results given in Chapter 4 solve this peoblin part for
this isotopomer, with the exception of the, fundamental (CH-stretching). In order to
overcome the challenges concerned with an analysis of the com@atatructure of
this fundamental we exploit isotope substitution t8CHFs, which provides the shift of
the energy levels such that the local resonance picture changasiderably, whereas
the global interactions (such as CH stretching-bending interaction) retaghe same
to large extent. We recorded and analyzed far- and mid-infrared specf 1°CHR;
and we were successful in an analysis of thefundamental of this isotopomer. The
experimental information obtained supports the full-dimensional tirdependent cal-
culation carried out for the quantum dynamics éfCHR; and 13CHF;, with which we
conclude Chapter 5.

12CHR; is an important greenhouse gas and the information about its high regotu
infrared spectra contributes to the spectroscopic databased fs@atmospheric chem-
istry. In Chapter 6 we report extensive results on the furtheegnhouse gas nitrogen
tri uoride, NF3. We recorded and analyzed its high resolution spectra in the far- and
mid-infrared ranges, extending the line lists and detailed spectroscapalyses for
this molecule up to 3000 cm.

Chapter 7 reports some new results on another important greenteogas and proto-
type molecule methane and some of its isotopomers addressing spat s problems.

Finally, we report the rst spectroscopic analyses for 1,2-dithiif@&H4S) as a good
candidate for detecting molecular parity violation and we summariae main results
from a larger collaboration within our group on this topic in Chapt8.



Zusammenfassung

Die vorliegende Untersuchung der hochau dsenden Fourier-Transfdnfrarotspek-
troskopie (FTIR) der vielatomigen Molekiile Fluoroform (Tri trmethan,?CHF; und
13CHR) Tri uoramin (Sticksto tri uorid, NF 3), Methan (CH und Isotopomere) sowie
1,2-Dithiin (GH4S) hat drei Hauptziele. Erstens erhalten wir durch die Analyse
der hochaufgeldsten Spektren wichtige Informationen zum Vensiidis der moleku-
laren Quantendynamik. Insbesondere ermitteln wir die Geschwindigkeiten in-
tramolekularen Schwingungsenergiewanderung, eines wichtigen Primgagsses der
molekularen chemischen Kinetik. Zweitens ist die Analyse der hoclyaldsten In-
frarotspektren der betrachteten Treibhausgase von gros8edeutung sowohl fur
Umweltfragen wie den anthropogenen Klimawandel als auch allgewefir die Plan-
etologie und Astrophysik. Drittens zeigen wir durch die Analyse deegfren des chi-
ralen Molekdls 1,2-Dithiin (gH4S), dass hiermit ein mdglicher Weg erd net wird zum
grundsatzlich neuen Primarprozess der Paritatsanderung in einem rsefieMolekil
aufgrund der molekularen Paritatsverletzung infolge der eleisichwachen Wechsel-
wirkung im Standardmodell der Hochenergiephysik .

Wir verwenden die leistungsfahige Technik der héchstau 6senden kaufransform
Infrarotspektroskopie, um die experimentelle Information fur umeeAnalysen zu er-
halten. Fir den mittleren und nahen Infrarotbereich wird das Prgimépektrometer
unserer Forschungsgruppe an der ETH Zurich eingesetzt, das eindichédeste Au-
dsung von ca 0.0006 cnt bietet. Fiir den Terahertz oder fernen Infrarotbereich be-
nutzen wir ein Prototyp-Spektrometer unserer Gruppe an der Sk8i§s Light Source)
unter Verwendung von Synchrotron-Strahlung. Mit einer besten mégénohAu 6-
sung von 0.0005 cm ist dies das hochstau sende FTIR Spektrometer weltweit. Ein
Kollisionskiihlungssystem erschliesst einen weiten Temperatuedr, von prinzip-

Xi



Zusammenfassung

iell T=4 K bis 400 K. Wir analysieren die hochau geldsten FTIR Spekthaotetisch
mithilfe von e ektiven Hamiltonoperatoren, wie in Kapitel 3 beschrieb.

Fluoroform ist von besonderem Interesse als wichtiges Treibhassond als Prototyp-
molekadl fur intramolekulare Schwingungsenergiewanderung aufgrumaee starken
Fermi-Resonanz zwischen Streck- und Knickschwingung des CH-Chroorspiese
Resonanz spielt eine Schlusselrolle in der Schwingungsenergieuniveigen diesem
Molekul auf der fs-Zeitskala. Um die Prozesse der Energietagung auf die nieder-
frequenten Schwingungen des €Eertistes zu bestimmen, berichten wir tber eine kri-
tische Analyse der hochaufgeldsten Spektren im Terahertz-isawittleren Infrarot-
bereich. Die Ergebnisse in Kapitel 4 |6sen dieses Problem teilwerstafilsopotomer
12CHF;, mit Ausnahme der CH-Streckschwingungsfundamentaley).(Zur Uberwin-
dung dieses Problems nutzen wir die Isotopensubstitution'2QHF;, die eine Ver-
schiebung der Energieniveaus zur Folge hat, was zu einer erheblickeginfachung
des 1 - Spektrums fuhrt, so dass eine hochaufgeltste Analyse eréatdy war. Die
globale Fermi-Resonanz zwischen CH-Streck- und Knickschwingung wirddiarch
nicht beeintachtigt. Wir berichten Giber weitgehende Analysen der Femrardt-(THz)
und Mittelinfrarotspektren von13CHF; (25 cm?® bis 4000 cm 1) in Kapitel 5, das
nach Vergleich mit volldimensionalen quantenmechanischen Rechnungeremér
Analyse der zeitabhangigen Quantenschwingungsdynamik auf zwei unteesitichen
Zeitskalen (fs bis ps) abschliesst .

12CHFR; ist ein wichtiges Treibhausgas und unsere hochaufgeldsten Infspektren
tragen zu den spektroskopischen Daten fur die Atmospharenciedmei. In Kapitel 6
berichten wir Uber umfangreiche Ergebnisse zu einem weiteren Treilsigas: Stick-
sto tri uorid (Tri uoramin, NF 3). Dieses Kapitel enthalt eine umfassende Analyse der
Spektren von Ngvom THz (Ferninfrarot - ab 25 crt) bis zum mittleren Infrarotbere-
ich (bis 3000 cnt). Kapitel 7 berichtet tiber einige neue Ergebnisse zum wichtigen
Treibhausgas und Prototypmolekil Methan und einigen seiner Isopuce.

Schliesslich berichten wir Uber die erste hochaufgeldste speitopische Analyse von
1,2-Dithiin, als Kandidat fur erste Experimente zur molekularen iasverletzung.
Wir fassen die Hauptergebnisse aus einer umfangreicheren Zusamrbeitdrierzu
innerhalb unserer Forschungsgruppe im Kapitel 8 zusammen.

Xii



Chapter 1

Introduction

Spectroscopy is one of the main sources both of qualitative and gtatite informa-
tion about the quantum-mechanical structure and dynamics of atomelecules and
ions [Merkt and Quack 2011]. In particular, high resolution infrard&) spectroscopy
is a key to the quantum-state-resolved analysis of moleculaatioin-vibration spec-
tra and the related understanding of molecular quantum dynamics [Meand Quack
2011; Alberet al. 2011b; Quack 201.1b; Albettal. 2011c].

While the optical principles of the Michelson interferometer havedmeknown for
more than a century/[Michelson 1882] and have been used for sfisepurposes,
the application in high-resolution interferometric Fourier-trangfm Infrared (FTIR)
spectroscopy covering broad spectral ranges required the dgreént of fast comput-
ers to carry out the necessary mathematical operations of therlesdransformation
e ciently. Indeed, until about 1970-1980 this computational task s\&till a bottleneck
in using FTIR spectroscopy at very high resolution. Today, the kenransformation
is no longer the limiting factor and FTIR spectroscopy has become éfierence tech-
nique to which other methods should be compared. The term FTIgyssts restriction
to the IR range, where indeed the most important applications can hmdband this
type of spectroscopy has some of its greatest advantages. Mervextensions to the
visible and ultraviolet ranges of the spectrum exist as well. A pautarly important
development is the use of high resolution spectroscopy to derheequantum dynam-
ics of molecular primary processes from the sub-femtoseconajes to picosecond,
nanosecond and even time scales of seconds [Quack 1993, 2011ti;ef\llc2011c;
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Molecular SPECTROSCOPY Kinetics of
IVR Processes
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Molecular Spectroscopy L........ .[ Ab iniiii» Calculations ]

Accurate FTIR data described
in terms of effective hamiltonian

Time dependent
experiments

femtosecond pump-probe
I experiment

Effective Hémiltonian ] [ Ab iniifi» Potential ]

Molecular hamiltonian Energy Surface

with effective symmetries
A

Time domain data

b, - - Time-dependent
Molecular Hamiltonian absorption spectra
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¥

/Time Evolution Operator
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Schrédinger equation - Time
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mechanics and kinetics
\__and constants of the motion )

Molecular QUANTUM MOTION and DYNAMICS

A

Figure 1.1: Scheme to derive fundamental molecular kinetic pra®ess
from high-resolution molecular spectroscopy, adapted af@uack 1990,
2001].

Quack 2001]. Itis in this framework that the present thesis prajescsituated.

As brie y outlined in Figure 1.1 our investigation is directed towardsetime depen-
dent quantum dynamics of vibrational energy ow or intramolecular vildiranal (rota-
tional) redistribution (IVR) in CHEand further molecules from the analysis of highest
resolution Fourier transform infrared spectra. One important goathsis to provide
fundamental insights into the time dependent quantum dynamics from theteys
atic high resolution spectroscopic analysis, starting at the loweguencies in the far
infrared and extending to the high frequency regions of the CH stretchingdamen-
tal and overtones. Ultimately a fully nine-dimensional wavepacket gsa would be
possible today, relying also on recent progress in theory includaiginitio potentials
and technigues for solving the quantum equations of motion [Merkt anda©@k 2011,
Carrington 2011; Tennyson 2011; Yamaguchi and Schaefer 20liluBgeand Thiel
2011, Marguardt and Quack 2011; Tewal 2011a] as also outlined in the scheme of



Figure 1.1.

CHF; has been a prototype system for this type of problem for a long éim
[Albert et al. 2011c; Dubal and Quack 1931, 1984]. In particular thetsiroe sub-
picosecond dynamics of the redistribution of energy between CH shetg and bend-
ing modes has been studied in detail [Albettal. 2011c¢; Dibal and Quack 1981, 1984;
Marquardtet al. 1986; Marqguardt and Quack 1991, 2001]. Much less is knowntab
the redistribution procesess on longer time scales, when the otlbe frequency
modes are excited. Recent progress towards this question has imaele by kinetic
femtosecond-pump-probe spectroscopy in a thesis in our groupsifarenko 202.3]
as an alternative to the analysis of frequency resolved spectiae @isadvantage of
such kinetic experiments results from the small number of paramgtevhich can be
obtained from the time resolved data with only limited accuracy. Ahet alternative
would beab initio theory (Figure 1.1), which, however, cannot reach spectroscapic
curacy for even moderately complex molecules such as £HWFe shall demonstrate
with the results from the present thesis the power, high accuran precision, which
can be achieved with the high resolution spectroscopic approaskards molecular
guantum dynamics, which in the future may be extended even to fundatakpro-
cesses such as intramolecular change of parity by molecular paiilation arising
through the electroweak interaction within the standard model oanpicle physics
[Quack 2011b].

Another quite di erent application of high resolution spectroscompncerns its use in
the investigation of the chemistry of the Earth's atmosphere, Gfigetary atmospheres
in general and of the interstellar space [Flaud and Orphal 2011;&@011; Snelg al.
2011]. Indeed, CHHs an important greenhouse gas in the Earth's atmosphere, with
a global warming potential for 100 yeafSW Rgo= 11800, which is twelve thousand
times greater than the corresponding value for g[Borsteret al. 2007] and its lifetime

in the atmosphere is estimated to be aboyt, = 270 years.

Our study will also include Ngand further molecules. Nitrogen tri uoride (N§) is an
industrial gas used for plasma etching of semiconductors, the cleacivagnber in pro-
duction of liquid crystal displays, thin Im solar cells. It is knowio be a greenhouse
gas, recently included into the second Kyoto protocol. The rovitoaal spectra of Nf
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were not completely understood in the infrared region above 2000 tnfFinally, we
shall also address some aspects of the spectra of methang@oters and of a chiral
molecule of potential use for the study of molecular parity vittan (1,2-dithiine).

The outline of the present thesis is as follows: Chapter 2 presehésdxperimental
approach, the principles of Fourier-transform infrared spectragg and some experi-
mental details of relevance for this thesis. Chapter 3 provides@istummary of the
theoretical background with the important goal of de ning the notationssed in the
presentation of the spectroscopic results. Chapter 4 presentsresults for 2CHF;
and Chapter 5 fot3CHR;. Chapter 6 discusses our results for Nihd Chapter 7 gives
a brief summary of some of our experiments on methane isotopomer€hapter 8 we
review brie y our work on the spectra of 1,2-dithiine in the context gfossible future
studies of parity violation in this chiral molecule. In Chapter 9 wereclude with an
outlook on the main results of this thesis and their importance foitdte studies of
intramolecular dynamics on various time scales.



Chapter 2

Experimental

The experimental part of this work is based on the principles of Fouti@ansform in-
frared (FTIR) spectroscopy. Therefore, in the present chape introduce the basic
principles of FTIR spectrometry, its advantages over classicalt®ve spectrometers
and tunable laser spectrometers. Finally, the current setupslabke at ETH Zirich
(zurich, Switzerland) and at the infrared beamline of the Swiss LightiSe at the Paul
Scherrer institute (Villigen, Switzerland) are described. We follosve closely (in part
even literally) the descriptions in [Merkt and Quack 2011; Albetral. 2011b,c; Albert
2013], complemented by discussions speci cally concerning the pressults.

Optical spectroscopy is one of the most informative methods concerriireg prop-
erties of matter. Dispersive elements (prisms and gratings) were grily used in
spectroscopy until the middle of the twentieth century, when thetemsive develop-
ment of Fourier transform infrared interferometry has started. Thasic principles of
two-beam interferometry, which are used in modern FTIR spectebens, were devel-
oped at the end of the 0 century [Michelson 1882]. However, an active growth of
this eld started much later when fast algorithms for fast Faar transformation (FFT)
were developed [Cooley and Tukey 1965] and included in the develant of software
for modern computers. Since then Fourier transform spectrométis become a pow-
erful tool for molecular spectroscopy. A more detailed oview of the history of FTIR
spectroscopy can be found in [Albeet al: 2011b].

There are a number of advantages of FTIR spectrometry compdcedther
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spectroscopic methods, which have been discussed in [Algeat 2011b], and
[Kauppinen and Partanen 2C01] ar [Chamberiain 1979] for instancereHee shall
only summarise the main aspects of the setup relevant for our work

The Bruker IFS 125 HR Zirich prototype (ZP2001) spectrometbich was used
mostly for the experiments of the present thesis, could achieve mimal resolution
(see ed. 2.5) of =0.001 cm? or better in large parts of the infrared range. Another pro-
totype spectrometer, Bruker ETH-SLS 2009 that is coupleoveerful synchrotron at
the Swiss Light Source can achieve even higher resolutior=(.0008 cmt). The fea-
tures of both spectrometers and the principles of interferometric@ared spectroscopy
which allowed us to obtain accurate experimental information areatissed in fol-
lowing sections of the present chapter, including a discussion of theniions of the
relevant experimental parameters.

2.1 Principles of interferometric FTIR spectroscopy

Fourier transform spectroscopy is a superb application of thensiwag Michelson in-
terferometer [Michelson 1832]. The principal scheme of an intevfeetric spectrom-
eter based on the Michelson interferometer is shown in Figure 2t light emerging
from the light sourceSis focused on the aperturg, with a diameter being varied from
0.5 mm to 3.15 mm or more. The parabolic mirror then sends the Ifergght beam
to the beam splitteBSwhich splits it into two beams, one of which is sent to a xed
mirror M, and the second one is covering the way to the moving miridp. After
being re ected from the mirrorsM1 and My, the two beams are then recombined at
the beamsplitteBSagain interfering constructively or destructively depending on the
optical path di erence between the xed mirroM; and the movable mirroiMo, i.e.
depending on the variable positiox of the movable mirroM,. The interference sig-
nal travels through the gas sample and is then focused by the Ipalia mirror F, at
the detectorD.

The optical elements available for the Fourier transform interfiereters and their
spectral characteristics are given in the following sections.
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 — L = Xmax
X
-
Mz
S A R BS
0]
R
Gas M1
sample
—— kR
D—{FFT

Figure 2.1: Scheme of a Michelson interferometer as a main compafent
an FTIR spectromete$( radiation sourceA: entering aperturel; andF:
focal parabolic mirrorsBS beam splitterM1: xed mirror, M2 movable
mirror with the path length di erencex (up to maximum path length. =
Xmax), D: detector and=FT. Fast Fourier Transform), after [Albed al

2011b].
IR ABSORPTION
INTERFEROGRAM SPECTRUM

Tq 0.54 :

C: ~
oo | =
@ 0

7100 7200 M7151’0'0ror7-10p00517';0i00n7600 7700 700 800 900 1000 {)J;J(lcn;%({O 1300 1400 1500

Figure 2.2: Scheme of the Fast Fourier Transformation of the iaterice
signal (the "interferogram"), which depends on the mirror position and
is detected by the detectd® (Figure 2.1) to the nal infrared absorption
spectrum.

The interference signaF(x) measured at the detectd® is a function of the position
x of the movable mirrorM, and is called interferogram. By the algorithm of Fast
Fourier Transformation EF7) it is transformed into the frequency (or wavenumber



Chapter 2. Experimental

) dependent spectrurh( ), see Figure 2.2. A brief explanation of the mathematical
aspect of the Fourier-transformation is given in the following sectio

2.2 Interferogram and spectrum

The absorption spectra considered in the present work are the ltefa Fourier trans-
formation of the interferometric signal that is seen at the detectés di erent char-
acteristics of the actual instrumental setup are important for theserved spectra, we
will brie y discuss here the e ects of non-ideal instrumentation and datbe the pro-
cedure of the nal calculation of the absorption spectra.

2.2.1 Interferometric signal

The interference signal from a monochromatic source with the frequengmeasured
at the detectoD (neglecting e ects from other optical elements and the gas sample)
has an intensity function ™" (x) (with a source constanb):

Interf(x) = A[L +cog2  oX)]: (2.1)

Broad band "white light" sourc& with a wavenumber-dependent intensity distribu-
tion 1( ) generates an interferen% signal, which is obtained by integrating over all

wavenumbers (sincel™erf(0) = 2 01 I( )d ) [Chamberlain 1979]:

71
|‘”te”(x):%|‘meff(0)+ I( Yeoq2 x)d : (2.2)
0

The variable part of (2.2) is called interferograR(x):

71
Fx)= I()cog2 x)d : (2.3)



2.2. Interferogram and spectrum

It is a cosine Fourier integral of the wavenumber-dependent specteaisity | ( ). In-
verse Fourier transformation gives an expression for the spddeasity:
al
I()=C F(x)cog2 x)dx; (2.4)
0

whereC is a normalisation constant.

2.2.2 Truncation and apodization

We have considered so far the results for an ideal optical systeith W nite path

di erence. In reality this is not true and the in uence of limitations, suchsanite path
di erence or nite size of the optical elements, leads to the nite instroent limited
width of the nal spectral line deviating from ideal delta function.

Since the interferogram cannot be recorded for in nite path di erencessitruncated
atdyopp The maximum optical path di erencdyoppde nes the nominal instrumen-

tal resolution as: 1

dvorp
For the nite maximum optical path di erence dvopp) the interferogram is mul-
tiplied with a rectangular function [Albert et al. 2011b], which results in a con-
volution with the instrumental line functionS,¢( ) in the spectral domain as the
singx) = sin( x )= x ) function [Daviset al. 2001]:

(2.5)

|
sin(2 dwmorp)
(2 dmorp)

The full width at half maximum gwnwm Of this instrumental line function is:

Snc( ) = 2dvorp = 2dmoppsind2 d mopp): (2.6)

|
1.207
2dvopp

FWHM = (2.7)

The rwnwm Of the sincfunction is de ned as the "unapodized" resolution of the in-
terferometer [Albertet al. 2011b], which is better than the nominal instrumental res-
olution (2.5).
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The light source of an interferometer is not a point source [Kauppinerdartanen
2001], but an extended source with a nite diametgr This leads to additional line
broadening and to a shift of spectral lines [Dawsal. 2001]. The aperturd pro-
duces circular fringes at the interferometer output [Albeztal. 2011b] at a certain
nite path di erence. This implies multiplication of the interferogram evelope by a
wavenumber-dependersinc function. This e ect is called self-apodization. The ex-
pression for an optimal aperture diametdgp; can be obtained from the condition of
maximum of interference at the maximum optical path di erence for tleggest mea-
surable wavenumberyax. Thereby, from the expression for solid anglenax:

(=A)d?

= = 2.8
e f2 dmoPD max (28)

one obtains an optimal aperture size:

s

4f 2

dopf= ——M— 2.9
%" dworD max (29)

This means that the instrumental line shape (2.6) is convoluted with xteal "box-

car" function to give the nal instrumental line shape function:

" !#
. 2 2
Snc( ) = 2dmoppsind2 d mopp) max ; (2.10)

0 max 0 max

If the instrumental line width is large compared to the true line width ormdbserves
an oscillatory behaviour of theinc function on the wings of the line, which should
be removed. For this purpose di erent weighting functiods(x) can be multiplica-
tively applied to the general equation (2.4). Those functions aéedd'apodization
functions" and the corresponding procedure is known as apodization.
yal
I()=a FXAX)cog2 x)dx; (2.11)
0

Almost all spectra considered in present work are self-apodizedch implies that no

10



2.2. Interferogram and spectrum

further apodization is required. In the mid-infrared region the spxecare generally
Doppler limited, p> | for the spectra studied here, see also Section 2.3, whereas
in the far infrared they are instrument-limited.

To summarise some of the practical conditions from this discussiorofarresults, we
may note that the best e ective unapodized instrumental resolutiarthaevable in our
experiment can be approximated as

best 0:6=dmopp=0:6 : (2.12)

We have actually demonstrated that this is closely reached fer far-infrared spectra
in our work. In the mid- and near infrared the e ective resolution is geradly Doppler
limited in the context of the present work.

2.2.3 Absorption spectrum

In practice, one uses optical lIters to restrict the broad band 'fehlight” source to
the spectral range of interest. In Figure 2.3 the spectra of thé=iHolecule measured
using such an optical Iter in the wavenumber range 600 - 1000 érare shown. The
interferogramF(x) (Figure 2.8) is enlarged in the Figure Z2b3showing the interfer-
ence signal as a superposition of the cosine functions depending on theiposit the
movable mirror.

As the Fourier transformed signal contains information about all thetiopl elements
of the interferometer, such as spectral characteristics of fghtisource, spectral char-
acteristics of the mirrors, beamsplitter, Iters and detectos waell as "vacuum contam-
inations" within an interferometer, one measures the so calstkgroundspectrum
lo( ), which is recorded with an empty sample cell. The background intgnfitnc-
tion lp( ) is shown in Figure 2.8 By repeating the measurement with the sample one
obtains the observed spectruhf ) (Figure 2.8).

One can compute the transmittance spectrdif ) (Figure 2.8) as the ratio ofl ( ) to
lo( ):

_10).
T( "0y (2.13)

11
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Figure 2.3: a) an example of an interferogram; b) an example often-
ferogram at centre burst; c) background single channel spectrusole
tion 0.1 cm; d) single channel spectrum of CHFesolution 0.001 cn;
e) transmittance spectrurtdy; f) decadic absorptiorng(lod).

and the Napierian absorbance spectrum (In =Jpg

Ae( )=In(T *()); (2.14)

12



2.3. Line shape

which can be related to the molecular absorption cross sectign) by means of the
Lambert-Beer law under certain conditions, which are generally satisunder our
conditions (with a few exceptions):

Ae( )= ()CI; (2.15)

whereC is the molecular concentration as particle density anthe e ective absorp-
tion path length. Frequently one uses the decadic absorbance (g, which is also
used for all experimental data in the present thesis (see Figurg)2.3

Awo( ) =1g(T *()); (2.16)

2.3 Line shape

We are considering here the e ects causing the true physical line shapthe ab-
sorption spectrum. Quantum theory shows that every spectiakl has some -
nite width even at ultimate instrumental resolution (with = 0 hypothetically),
[Merkt and Quack 201.1]. The dominant contributions to the true line sbapIR spec-
tra are the following [Albertet al. 2011b]:

1. The Doppler e ect arising from the Maxwell-Boltzmann thermaslocity distri-
bution in gases. This is the primary line broadening e ect in mid-IR and NIR,
which are of interest for FTIR spectroscopy. This results ideatlya Gaussian
lineshape;

2. The exponential decay processes (resulting ideally in a Lorentir@shape),
in particular those concerned with spontaneous emission of radiationite
lifetime), intramolecular dynamical processes and predissociatisnwyell as bi-
molecular collisions between molecules.

When bimolecular collisions are present, line shape e ects can bamgex as in col-
lisional narrowing (or Dicke narrowing). They are not discussed here asythave a
much smaller in uence on the spectra taken under the conditions of awark, which
aim at properties of isolated molecules.

13
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The line shapes are usually described in terms of an e ective apson cross section
( ) as a function of frequency, which enters the Lambert-Beer law (2.15). In the
di erential form it can be written as:

di() _ .
0 = O (2.17)

whereC is the molecular concentration as particle density anthe e ective absorp-
tion path length. By integration with concentratio@ and being constant over one
obtains the absorbance:

In(lp4) = ( )CI: (2.18)

Again, the assumption of homogeneoGsnd a concentration independentis usually
satis ed in our experimentslg is the incident and the transmitted intensity after an
absorption lengtH.

2.3.1 Natural line shape

The natural line width is the result of spontaneous emission, describgthke Einstein
A-coe cient as e ective rate constant. Ik is the rate constant of that process, then
the natural line width can be determined as:

Kn
2

n =c (2.19)
This leads to the Lorentzian line shape:

(02>
( 0?+( n2?

()= o (2.20)

where again o stands for the maximum cross section,is the frequency of the maxi-
mum. For most molecules in the ground electronic state the lifetiofi@ rovibrational
state is of order of 1 ms or more [Maki and Wells 2014] corresponding line width
of 10 8 cm 1, which is much smaller than the Doppler width.

The general relation between a strictly exponential decay rate ¢ansk and the

14



2.3. Line shape

Lorentzian line shape with full width at half maximum (in energy space) can be de-
rived rigorously also for unimolecular non-radiative processes(fiderkt and Quack
2011)).

k:ZT:Z =2c (2.21)

with decay law for an initial state
pa(t) = exp( kt) (2.22)

and an energy distribution as Lorentizan or Cauchy functions
1 (=2 .
(E En)*+( 222

If the line shape is non-Lorentzian, the rate law is non exponential, howeaad the

p(E) = (2.23)

relation of decay times to the line widths can be complex.

2.3.2 Doppler e ect

Often for gases at room temperature the observable line shamminated by the
Doppler e ect [Albert et al: 2011b]. The resulting line shape corresponds to the Gaus-
sian pro le due to the thermal molecular velocity distributions:

2 2

(03

()= exph 03, (2.2
4 Vwo 5

wherec is the speed of light in vacuum,g is the maximum cross sectiong is the

frequency at that maximumyyy is the most probable molecular velocity in a certain

direction, which is at temperaturé and with molecular masm:

r—
AT,

= 2.2
Vw — (2.25)
The full width at half maximum is then:
r S
8T In2 T
= 7:162 10’ : 2.26
D= 0 e ° m=Da ( )
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As one sees, it depends on the temperature, mass and frequency.r&dayea given
molecule of masm, the Doppler width in the spectral region aroun@ can be reduced
by lowering the temperature (see,g, Section 2.4.3).

2.3.3 Collisional line shape

The dominant Lorentizan contribution (if any) in the IR usually arisesrfrdahe colli-
sions between the molecules [Albegt al. 2011b]. If the collisions of molecul@occur
with inert gaseous "solvent” molecules or atoidsas collision partners, the collisional
line width is in the simplest case:

K
= 2—° =c (2.27)
where we have the pseudo rst-order rate constaktfor collisions:
s
8&T ,
ke= ——h ami [M]; (2.28)

where =mamy=ma+my) is the reduced mass for the collision${] is the concen-
tration of the collisional partneM, h awi is thermally averaged collision cross section.
More generally much more complex phenomena arise when collisioredts on the
spectra are included, [Niederar 2011].

At pressures well below 1 mbar, collisional broadening can normakiyneglected in
the IR spectra except sometimes for larger and dipolar molezuleor most of the
results of the present work collisional e ects are minor.

2.3.4 Voigt profile

The Voigt line shape results from a convolution of Lorentizan and Gaas (Doppler)
line shapes:

P(Xyy) = %ﬁlzK(X;y); (2.29)

16
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where

X = Ao In2 0)Iom; (2.30)
D
y=—7mz (2.31)
and ’ 5
K(x;y) = Y %dr: (2.32)

TheK(x;y) is usually evaluated numerically (see also [Albettal. 2011b]).

2.4 Characteristics and properties of the FTIR/THz
experimental setups

The high resolution FTIR spectra in the mid-infrared region were oeded with the

Bruker IFS 120/125 HR Zurich prototype 2001 (ZP2001) speeter available at ETH
Zurich and with the Bruker IFS 125 HR ETH-SLS prototype 2009sehich is coupled
to the Swiss Light Source at the Paul Scherrer Institute and usastaytron radiation.

A collisional cooling cell is connected to this spectrometer. The eueristics of the
setup are given in the present Section (see also [Allsegl. 2007]).

2.4.1 The Bruker IFS 120/125 HR Zirich prototype 2001 setup

The Bruker IFS 120/125 HR Zurich prototype 2001 spectronatéert et al! 2011b;
Albert2013] is a nine-chamber system, an upgraded version of & IFS 120 HR,
which has ve to seven chambers. Figure 2.4 shows a photo of #tasincluding the
White-type cell and a 3 m cell. Using the maximum optical path di erendvopp) of
9.8 m, it allows to record rovibrational spectra with unapodizedotsgion (see 2.7) up
to 0.00062 cnt with the smallest aperture of 0.5 mm. The theoretical resolvirayyer

( = ) of the instrument is up to 2 1¢° at 2000 cm?, which is, however, probably not
achieved in practice.

The principal optical layout is schematically shown in Figure 2.5.eTihfrared light

17
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Figure 2.4: Bruker IFS 120/125 HR Zrich prototype 2001 (ZD2&Qup
together with the glass White-type cell and 3m glass cell.

sourcea) can be set to Hg arc lamp, Globar or Tungsten depending on the desire
spectral range, see also Section 2.6 for details. The diametbe@ntering aperture)
can be changed from 12.5 mm down to as small as 0.5 mm. In combimnattb other
parameters it de nes the nal maximum resolution of the measureplestral range
(e.0, Eqg. 2.9). Normally, the aperture diametgiis set to the values of 0.8 mm, 1.0 mm
or 1.15 mm, depending on the spectral range considered.

Being separated by the beamsplit&(KBr or Cak, see Section 2.6) into two beams the
light is traveling to the xed mirror d) and to the moving scannef). The IFS Bruker
120/125 HR prototypical setup is built to record single sided interfgams. However,

itis possible to record double sided interferograms up to a resolubf  =0.02 cm?.

For this reason the xed retrore ecting mirrord) is placed to an extra chamber (Fig-
ure'2.5). The centre burst is shifted in this case providing the maximaptical path

di erence dyopp=980 cm instead of 1000 cm. Later, after being recombined, the inter-

18
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Bruker IFS 120/125 HR
a) - Sources A—if)

b), d), f), h), i) - Mirrors
c) - Aperture

1) k) )

T o™ N
\ L] | d)
@l J[ | 0
e) - Beamsplitter b)
g), j), m), o) - Sample cells
k), I) - Detectors |

n) - Optical lters m) n) o) a)

Figure 2.5: Optical scheme of the FTIR spectrometer Bruked Bo%125
HR Zurich prototype 2001 (ZP 2001) (after [BrukerOpticsInQ%n

fering light is sent to one of the available sample ced}},j), m) or o).

Depending on absorption properties of the sample and spectral regiwestigated,
one of the sample cellsg),j),m) oro) can be chosen to conduct the measurements.
The 3 m celb) is equipped with te on and KBr windows, which allow one to record
spectra of relatively strong and intermediate absorbers in mid-iné@range. For weak
absorbers the absorption path length(2.15), can be changed in the multi path White-
type cellj), [White 1942, 1976]. It has a minimal absorption path lenigtB.2 m, which
corresponds to four re ections between one eld mirror and two opgite mirrors. The
mirrors are gold coated and have a curvature®$¥800 mm. The maximum value of
=41.6 m corresponds to 52 re ections. For most of the substanct#simid-infrared
rangel=19.8 m is su cient to record the spectrum. Further increase of éigsorption
path length can lead to a decrease of tl&d{|)-ratio. The path length can be changed
betweenl=3.2 m and=19.2 m taking the values ¢£6.4 m, 9.6 m, 12.8 m, and 16 m
which correspond to 8, 12, 16 and 20 re ections, respectively.
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The spectrometer is also equipped by a short cell chanmiemwhere a cell with a short
absorbing path lengthl (from 10 to 30 cm) can be placed. The cells of 15 cm and 20 cm
length were mostly used in present work to measure spectra obisty absorbers. The
external outleto) is used to couple the collisional cooling cell to the system. Itis d-mu
tipath White-type cell with a maximum absorption path length of 20 phaced into a
Dewar in order to control the temperature. The temperature dachanged between

4 K and 313 K (in principle, up to 400 K). For details see Section 2.4.3.

Focusing and at mirrors,e.g. b) and h), are providing transfer of the beam light
through the interferometer. The rotatable mirrors, suchigsare responsible for redi-
recting the incoming light to the di erent parts of the system, in partitar onto cells
or detectors.

The detector chambeéq) contains three inlets for the liquid nitrogen (LN)-cooled de-
tectors: indium antinomide detector (InSb) and HgCdTe (Mercury cadmialluride
or MCT) detectors. For further details, see Section 2.6. Adudily, a liquid helium
cooled bolometer detectd) can be used.

The optical Iters in the current Bruker IFS 120/125 HR prototgpl system are not
placed at the Iter wheeh) anymore, as it was done for the Bruker IFS 120 HR model.
Instead, in order to minimise the o set of the beam the optical ltee directly
mounted to the sensor chip window at the detector chamkg(Figure 2.5).

To control the position of the scanning mirror, the HeNe laser beam &svigling to-
gether with the beam starting from the apertu®. The HeNe laser is commercially
available and provided by SIOS Meytechnik GmbH.

The alignment of the optical elements and of the scanner move in the ietenneter
arm play a crucial role in the quality (resolution, line positions preiois and signal-to-
noise ratio) of the nal spectrum. Another feature of the Bruker3A.20/125 HR Zlrich
prototype spectrometer is that the iron bars of the scanner rads de aligned in three
dimensions, not only irxy-plane as it was in a previous model. All the elements of the
spectrometer where carefully checked and aligned, leading toexise experimental
spectroscopic information that was obtained for the analysis in praseork.
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2.4.2 The Bruker IFS 125 HR ETH-SLS prototype 2009
spectrometer

The Bruker IFS 125 HR ETH-SLS 2009 prototype spectrometaurajroup has been
setup at the Paul Scherrer Institute, Villigen, Switzerland. It ispled to the powerful
synchrotron radiation of the Swiss Light Source [Albegttal. 2010, 2011a; Albert 2013].
The maximum optical path di erencdyopp=11.7 m makes it worldwide unique among
the instruments of this class, see Table 2.1.

The instrument is shown in Figure 2.6. In the combination with the syndinom source
it provides an e cient access to the far-infrared and THz region. Thidaals one to
overcome one of the great challenges of modern experimentaltspgcopy of nding
devices, which cover the "THz gap" between 0.7 and 5 THz (23 -rh68 §Albert et al.
2016D].

The nominal instrumental resolution, , de ned as Hyoppis = 0:0008 cm?. As
discussed in Section 2.2.2, the e ective instrumental resolutions de ned from the
measured spectrum as the full width at half maximum for a singldased line and can
be smallerthan . Asanexample, the resultfor such anisolated line in the far-iméme
spectrum of*?CHR; is shown in Figure 2.7. Fitting of the line pro le to a Gaussian line
shape gives the value for the e ective instrumental resolution of = 0:0006 cm?.
Given that the Doppler width for*?CHF; at room temperature in this region is much
smaller, this con rms the very high resolution of our setup.

Along with the synchrotron source the conventional thermal infrareight sources
are available for the Bruker IFS 125 HR SLS-ETH setup. It shbelnoted that the
synchrotron radiation provides much more signal (see Figure 2.8)iamdostly used
at the infrared beamline of the Swiss Light Source.

The White multi-re ection cell, the three meter long cell and thdaart cell chamber
allow one to measure spectra at various absorption path lengtfi©m 15 cm to 40 m.
Moreover, using the recently installed multi-re ection collisionaboling cell we could
measure the spectra in a broad range of temperatures, in principief4 to 400 K. This
is discussed the the next Section 2.4.3 in more detail.
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FTIR / THz Setup

Figure 2.6: Optical layout of the FTIR setup of the eleven chamb
Bruker IFS 125 at the Swiss Light Source and a measured CO line with an
e ective resolution of 0.0006 cnt (20 MHz), [Albertet al. 2016b; Albert
2013; Alberet al. 2011a,b].
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Figure 2.7: Example of an isolated line in the Terahertz spectrdm o
12CHFR; (3= 45,K%= 39 J°= 46,K°= 39) tted to a Gaussian line
pro le (in red). Residuals of the t are shown in the upper box andea
very small. The pwpum = 0:00061 cm! shows that the resolution in
this range is instrument limited, because the Doppler width f6CHR;
at the wavenumber = 31:96548 cm' at room temperature =296 K) is

o = 0:00005 cm.
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Figure 2.8: Single channel spectra provided by synchrotron radiation
source at the Swiss Light Source with an aperture 1.0 mm and 0.8 mm
compared to the corresponding single channel spectra recorded using
conventional Globar source.
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Table 2.1: Overview of the nine chamber Bruker IFS 120/125 HR sys-
tems worldwide and the 11-chamber system at the Swiss Light Sgurc
which provides the highest resolution for such a systems worldevigf-

ter [Albert 2013; Albert and Quack 2014]).

Institute Location References

ETH Zrich, Zirich, Switzerland  [Alber¢t al. 2003],
Laboratory of Physical Chemistry [Albert and Quack 2007]
University of Saskatchewan, Saskatoon, Canada [McKetlat. 2007],
Canadian Light Source [McKellar 2010]
Australian Synchrotron, Melbourne, Australia [Chiméi al. 2008],
Clayton [Medcraftet al. 2012],

[Baneet al. 2011]

Institute of Atmospheric Optics, Tomsk, Russia [Ulenikehal. 2010]
Russian Academy of Science

Institute of Spectroscopy, Troitsk, Russia [Chukaligtzl. 2010]
Russian Academy of Science,
Centre for Fourier Spectroscopy

National University Changsha, China
of Defense Technology

Advanced Light Source Division, Berkeley CA, USA [Cetral. 2008]

Lawrence Berkeley National Laboratory

Synchrotron Soleil, Paris, France [Retyal. 2006],

CEA L'Orme des Merisiers Gif-sur-Yvette [Boudeal. 2010]
[Martin-Drumel et al. 2011]

Swiss Light Source (SLS), Villigen, Switzerland  [Albgral. 2010],

ETH Zurich and Paul Scherrer Institute [Albeet al. 2011a],
[Albert 2013]

[Albert and Quack 2014]
[Albert et al. 2015d]
[Albert et al. 2016a,b,d]

2.4.3 Collisional cooling cell

The collisional cooling cell [Alber&t al: ' 2007] is shown schematically in Figure 2.9.
It consists of a multi-re ection White type cell that is mounted into adwar glass
vessel [Albertet al. 2016b; Bauereckeral ' 1995; Taucheat al. 1995, 1996]. The In-
var cell wall with boreholes inside allows for a di use stream of s, [Albert 2013;
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Albert et al. 2016h, 2007]. The mirrors are heatable to prevent theziregof the sam-
ple on them. The cell windows are not heated, which causes a slightgerature
gradient inside the cell. After an alignment of the optical elements tedl is lled
with liquid nitrogen of liquid helium down to 80 K or 4-20 K. The tempéuae can be
further adjusted by the heating elements.

h) g)f) e)d)c) b) a)

@JWV

Pum = =

]
)
K|

»

I e Bruker

N IFS 120/125 HR
a) - Infrared beam
b) - Mirrors

¢) - Coolant container (Liquid /gaseous/iie)
d) - Bu er gas reservoir (He)

e) - Windows
_ f) - Sample gas pulse inlet
T g) - Heatable mirror

9) i 1 h) - Infrared detector
j) - Sample gas

k) - Glass dewar

Figure 2.9: Schematic layout of the collisional cooling cell conng¢te
Bruker IFS 120/125 HR Zurich Prototype 2001 and later to Brik8r125
HR ETH-SLS 2009.

The cooling cell is connected to the external parallel port of thauBer IFS 125 HR
SLS-ETH prototype spectrometer via an evacuated transfeicefjAlbert et al. 2016b;
Alberi 2013; Alberet al. 2007] and to an external detector, Figure 2.10. The temper-
ature and pressure can be adjusted independently, in principle, frotm 400 K and
from 0.01 and 3000 mbar correspondingly. This covers atmosphadama@any impor-
tant extraterrestrial conditions [Albert 2013].
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Figure 2.10: Collisional cooling cell as installed at the Swiss Light&o
connected to the Bruker IFS 125 HR ETH-SLS 2009 (in the right,part)
after [Albert 2013; Albertt al. 2016b].

2.5 Calibration of the spectra

In principle the spectral frequencies are calibrated against thedasterferometric
measurement of the interferometer path length.

Because of the e ects of non-ideal instrumentation described in theti®a 2.2 one

has:
71 ! !

F)=  I( )sinc XT cog2 x 1 4~ )d (2.33)
0
By comparison with eq. (2.3) one sees that the nite size of the lighti€e causes
a shift of the measured wavenumber. Thereby, the shift of the emwmber scale is
observed: I

= measured 1 1 : (2.34)

One can see this e ect in Figure 2.11, where the R(36) line 80@®D0 band of OCS
molecule is shown for two diameters of entering aperture.
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Figure 2.11: lllustration of the line shift and line broadening with chang-
ing of the entering aperture diameter. R(36) line in the spectrum of OCS
molecule (fundamental 2-000 band): measured using the Bruker IFS
125 HR ZP2001 setup with an aperture 0.8 mm and pressure 0.1 mbar
(top) and with aperture 1 mm and pressure 0.13 mbar (bottom).

In order to calibrate the spectra we analysed ro-vibrational linespiimns in OCS spec-

tra in the region of its 090-000 fundamental band (Figure 2.12). Two spectra have been
recorded with maximum resolution of = 0:001 cm?. The shift of the line and its
broadening upon changing the entering aperture diameter is shown in Figui with

an example of R(36) line of OCS's’02000 band.

The lines were tted to the Gaussian pro le giving for most of them wegood agree-
ment. Thirty six lines in the spectrum measured with aperture 0.8 merevcalibrated
to the reference OCS lines [Maki and Wells 2014] with the linear calitam procedure
[Davis et al: 2001]:

ef=C  exp (2.35)

whereC is the calibration constant. The analysis of the recorded lines prodidecal-
ibration factor C=0.999999994 for an aperture of 1.0 mm &%0.999999992 for an
aperture of 0.8 mm. As an example, a calibration plot for the QiG&s in the region
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Figure 2.12: OCS absorption line€0200 band around 1050 cfrmea-
sured with Bruker IFS 125 HR (Zurich prototype 2001) spectrizmeith
an aperture of 1 mm (left) and 0.8 mm (right). The upper tracevgban
overview of the band, the lower trace represents the single line R{@6
gether with the result of a t to the Gaussian pro le. The spearhave
been recorded at room temperature with the White type multi-patell
with a 3.2 m path length, at pressure of 0.13 mbar and 0.1 mbare@sp
tively.

1000-1100 cnt is shown in Figure 2.13. A careful analysis of the high resolutionespe
tra of calibration gases in di erent spectral regions con rmed the thgrecision and
accuracy of the measured line positions with deviations from calibraticavenumbers
not exceeding 4 10 4 cm 1 in most of the regions. Therefore, a further calibration of
the measured spectra can sometimes be omitted without a magwilwaccuracy given
that often the calibration wavenumber have similar uncertainties.
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Figure 2.13: Calibration plot for the experimentally recorded ®lihes
(=3.2 mp=0.13 mbar, room temperature, =0.001 cm') in the region
1000-1100 cnt against the reference lines [Maki and Wells 2014] (top)
and the residuals (bottom). The di erence in line positions is smaller
than 0.00005 crt, which leads to a calibration coe cient that equals to
essentially 1.

Osmium tetroxide (Osg) is known to be a benchmark for high resolution mea-
surements ([Levin and Abramowitz 1966; Bazasbal 1977; McDowelt al. 1 1978;
Bobinet al! 11987; Louvio&t all 2012h,a]). Due to the zero nuclear spin of the oxy-
gen atoms in the main isotopomer &, the lines do not form clusters; each line is
actually a single line at least for the isotopomers with zero nuclepin for Os. Spectra
of this molecule were measured in order to check the resolutionl aesolving power
of the FTIR spectrometer. The results are shown in Figure 2.14.

Because the Doppler width is relatively large even for this heawglecule a more

stringent test on the resolving power is di cult, but the result giveat least some
indication.
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Figure 2.14: Osg>pectra measured with the Bruker IFS 120/125 (ZP2001)
HR interferometer at a nominal resolution = 0:001 cm®and at a pres-
surep = 0:3 mbar (upper part) ang = 0:05 mbar (bottom). A t of

a single isolated line to a Gaussian line pro le gives valueswum =
0:001 cm?and gwhxm = 0:0009 cm? for the two spectra respectively.
The Doppler width for an Os@line at room temperatureT = 296 K) at

the wavenumber o= 9679228 cmlis p= 0:00075 cm.

2.6 Samples and materials

Most of the chemical samples used in present work are commeycathilable. The
details on suppliers and sample purity are shown in Table 2.2. ¥i@HFR; sample
and 1,2-dithiine were synthesised by Daniel Zindel in our laboratory atEZurich.

Details of the synthesis procedure are explained in Chapters 5 arat $3CHF; and

1,2-dithiine correspondingly.

The pressure of the sample in the cell was controlled by the calied MKS Baratrons
and by the Pfei er pressure gauge.

An overview of the light sources available for Bruker IFS 12&/12R is sketched in
Figure 2.15. The sources that are available for our Zirich Ptype (ZP2001) setup,
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2.6. Samples and materials

Table 2.2: Overview of the substances used in present studyupplers
for the chemicals and sample purities.

Sample CAS Registry Number Supplier Purity / %
OCs 463-58-1 Aldrich-Fine Chemicals >97.5
OsQ 20816-12-0 JMB-Chemicals 99.9
CHR 75-46-7 ABCR-Chemicals 99.95
CHR 75-46-7 Merck 98.0
NR 7783-54-2 ABCR-Chemicals 99.99
12CH, 74-82-8 CIL Inc. 99.99
12CHsD 676-49-3 CIL Inc. 99.99
12CHD; 676-80-2 CIL Inc. 99.99
3CH, 6532-48-5 CIL Inc. 99.9
13CH;D 2758-34-1 CIL Inc. 99.9
13CHR; 57367-95-0 ETH Ziirich (our group) >92.0
C4H1S ETH Zarich (our group)  95.0
Ntosens Wavelength
250nm |11 m . 10m 190m 1900m
Deuteriuf

Tungsten

Emittance

45000 i¥oomoo0 1000400 100 40 10 4
UV VIS NIR ! MIR FIR—
e/cm1?

Figure 2.15: Overview of sources available for FTIR spectrersgafter
[BrukerOpticsInc. 2009]. The synchrotron light is not shown but gs/
intensity over the whole wavenumber range, much higher than desalibe

on the scale of this gure in the FIR region [Albedt al. 2011a, 2013,
2015a].
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as well as for the ETH-SLS setup are marked in red.

As was described before, SLS-ETH 2009 prototypical setupiaddity has an advan-
tage of the synchrotron radiation, which allows us to cover the eptinfrared range
from the far-infrared (FIR) up to the near-infrared (NIR) part dfet electromagnetic
spectrum at very high resolution, because of the high intensity andresponding

good &N).
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Figure 2.16: Overview of detectors, which are used for recordpersra
in the infrared region. The detectors available at the Bruker IFS HR
Zurich prototype (ZP 2009) and at the Bruker IFS 125 HR ETH-3%0i8p
type FTIR spectrometers are shown in red, after [BrukerOgtics2009].

The detectors available for the Bruker spectrometers arevaho Figure 2.16, where
the detectors that are usually in use at ETH Zirich and at Swiss ti§burce are
marked in red. The detectivity of the various detectors is shownaafunction of
wavenumber (see the reference given for more details). The Brik8 120/125 HR
(ZP2001) is equipped with indium antimonide (InSb) and two Mercury-Cadmiu
Telluride (MCT) detectors. This makes it possible to record $f@eim most parts of
the mid-infrared region (starting at 600 cr), as well as in near-infrared region.

These detectors are also available for the SLS-ETH 2009tgpespectrometer. More-
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2.6. Samples and materials

over, in the far-infrared region it has the advantage of an intense synotton radiation
source over the conventional mercury lamp (see, Figure 2.8 and Figure 2.15). The
detectors used in this spectral region are Si Bolometers, Figuts.

He NeLASER Wavelength

A=0.6328 um

250nm [;1m | 10m 100 m 1000m

| '+ KBr T30
Cah VIS/NIIR T40

L \Muttilayer T222
CaR, UV/VIS/INIR :
; i Mylar 25 m T204
. : Mylar 50 m T205

Mylar 125 m T208

E ciency

200889 13000 1000 400 100 40 10 4
<UVVIS NIR! MR FIR
e/cm!

Figure 2.17: Overview of beamsplitters designed for FTIR spesters.
The beamsplitters currently available at the Bruker IFS 120 HRGD1
and at the ETH-SLS prototype-2009 spectrometers are markeedpaf-
ter [BrukerOpticsInc. 2009].

Depending on the spectral region, the KBr and Gdfeamsplitters are available for
both spectrometers, Bruker IFS 120/125 HR ZP2001 and ET8tddype 2009, Fig-
ure'2.17. Two Mylar (25m and 50 m) beamsplitters allow one to record the spectra
in the Terahertz range at the Swiss Light Source.

Thereby, the current Bruker IFS 120/125 HR ZP2001 setup at Airidh covers the
range of 600 12000 crt with a very high resolving power in much of this range. The
ETH-SLS 2009 prototypical FTIR spectrometer can be use@tarding the spectrain
mid-infrared range with the conventional setup and with the advantagelué power-
ful synchrotron source it can be used in mid- and far-infrared regionsni 700 cm?
down to 25 cm™.

As a conclusion one can say that the nearly ideal combination of theagpielements
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Chapter 2. Experimental

(sources, detectors, beamsplitters, windows, sample cdls)ohigh resolution spec-
trometers on the one hand and a careful selection of substancesherother hand
allowed us to record high resolution Fourier-transform infraredectra of very high
quality, which provided an essential experimental basis for the asafycarried out in

the present work as described in the following chapters.
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Chapter 3

Theory

In the present chapter some theoretical considerations are givenckviare essential
for understanding the notations and terms in the following chapters. \@#dw closely,

in part literally [Albert et al. 2016d, 2017a,b; Bolotostzal. 2017c] and the references
cited therein.

3.1 Symmetry considerations, nuclear spin and
statistical weights

3.1.1 Symmetric top of C3, symmetry

Symmetric top molecules &3, symmetry with three uorine atoms as considered in
present work show some recognizable patterns in their rovibrationpéstra due to
the statistical weights resulting from e ects of symmetry and nuelespin for di er-
ent rovibrational levels. We provide here an exemplary discussiomfCHR;, which
applies in an analogous fashion {SCHR;, CDFR, NFs, CHDs, CHsD etc. with slight
modi cations due to the various nuclear spin&3C, D,1“N etc.).

Table 3.1 gives the character table for t6g, point group. The symmetric top wave-
functions have symmetry specigs; for quantum numberK = 0 (evenJ) andA, for
K =0 (oddJ). ForjKj, 3nthey have the specids and forjKj = 3n there is doublet of
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Chapter 3. Theory

Table 3.1: Character table for ti&y, point group (Pauli forbidden species
in CHFR; are set in parentheses), see [Albetial. 2017a].

m Mg E 2(123) 3(12) m"S; |
Aq 1 1 1] AH+A, [ 32 AL,
A, 1 1 1| AS+(A)) | 32 A}

levels with specieé\1+A,, which is degenerate in low order, but may be split if higher
order interactions are taken into account (see also Chapter 3.2.4).

Rovibronic species result from the direct product of electronic atilgrational species
and rotational species. Further considerations arise when using thensgtry group
of permutations and inversion following Longuet-Higgins [Longuet-Higgin9al3],
where we follow here closely the discussions in [Quack 2011b7]197 one uses the
Longuet-Higgins molecular symmetry grouldss; of "feasible” permutation-inversion
operations, when tunnelling splittings due to inversion are negligible, oaa cise, in
principle, the same symmetry labela{, A, E) as forCgs, (see Table 3.1).

However, including the possibility of inversion one obtains a sub-leveusture ac-
cording to the induced representation,(Mss) " S; in the full permutation inversion
groupS; =S S, which is the direct product of the symmetric grou of the per-
mutations of the three Fluorine nuclei and the inversion gro&p. This generates a
doublet of levels of di erent parity ("+" and " ") for each levelA;=A; or E in Cy,.
The 2 nuclear spin functions of the three Fluorine nuclei of spis2lgenerate a re-
ducible representatioDg = 4A* + 2E*, which may be IabeledA’{ with total nuclear
spin | (R3)=3=2 for the three F andE" with |(F;)=1=2. The parity is positive because
the only stable nucleuégli9+ has positive parity (as has also the proton”tnd the
12C8* nucleus). Thus if?CRH the motional parity is at the same time the overall par-
ity for every level. According to the Pauli principle for the threeeFmions (Fluorine)
only overall specie#\, are allowed. Thus each; level inCy, is non degenerate and
of well de ned negative parity A, in S;), eachA; level is non-degenerate of positive
parity (A3) because the doublet partner with the opposite parity is forbiddmnthe
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3.1. Symmetry considerations, nuclear spin and stdtisgights

Pauli principle. On the other hand each level of the spediga Cj, is a true doublet
with two levels of di erent parity (E" andE giving each one allowed level &} or A,
total symmetry from the direct product with the spin functioR  E"=A, +A, +E ).
Nuclear hyper ne structure is not resolved in our experiments theachA; or A, level
in Cy, has a total multiplicity of 8 (including the proton spin) and ea&fi or E level
would have a total multiplicity of 4 (again including the proton). Asalie* andE sub-
level structure is not resolved in our experiments edglevel inCg, has an e ective
weight of 8, which is a combination of nuclear spin and parity degeneraajights.
If for jKj = 3n the splittings of theA; and A, sub-levels is not resolved, these e ec-
tive weights would be 16 (again not a pure nuclear spin weight). Thedive relative
weights enter into the simulation of spectra. The general symmetlestion rule for
radiative electric dipole matrix elements ("one photon transitions"¢amservation of
nuclear spin symmetry and change of parity, thus allowed transitions ffovibronic
levels inS; are [Quack 2011b]:

AyLA, (3.1)
and
E'lE (3.2)

with all other transitions being strongly forbidden with the principle of ralear spin
symmetry conservation. Further approximate selection rules aiiis the usual way
from the properties of the rovibronic wavefunctions [Herzberg 198%erkt and Quack
2011].

3.1.2 Asymmetric top

Table 3.2 includes the character tables for the point gré@jpelevant here for the ex-
ample of 1,2-dithiine (chapter 8), the molecular symmetry greiz, andMg, includ-
ing the possibility of tunneling following Longuet-Higgins [Longuet-Higgins 63]
and the systematic notation of [Quack 1977] for the symmetry speindicating parity
explicitly by "+" and " ". We also show in Table 3.2 the notation for tlig, symmetry
group of the transition state and the induced representatiofi¥lsy) " (Ms4) which in-
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Table 3.2: Character table for th® and Mg, symmetry groups (upper
table) and character table for th€,, and S,(Mss) symmetry groups
(lower table). For the molecular symmetry groufss) ( ) corre-
sponds to the combined permutation of the symmetrically equivalemt
clei of the molecule and the upper right index of the symmetry si@sc
indicates parity (+ or ) [Quack 1977; von Puttkamer and Quack 1987,
von Puttkameret al. 1988; Riedlet al. ' 1994; Albertt al. 2016d]. The ex-
amples of data refer to 1,2-dithiine (after [Albest al. 2016d]).

E G

G M E () J KaKe ny ng g9 (Mg)"Ms
A A 1 1 2 J eeeo 13 10 10 A" +A

B B 1 -1 x,y X% J ogoe 11 6 6 B'+B

E C2 Xz yz

Cx S(Mw) E () () E J KaKe ny ns g

A Af 1 1 1 1 ee 9 10 10

A A 1 1 -1 -1 J eo 4 0 10

B B 1 -1 1 1o« 00 3 0 6

B, B* 1 -1 -1 1y X oe 8 6 6

dicate the symmetries of the tunneling sublevels. The nuclear spatistical weights

g arising from the 2 = 16 nuclear spin functions of the 4 protons ¢HHs, Ho, Higin
1,2-dithiine GH4S, chapter 8) combining with the motional functions to Pauli allowed
states, are indicated for each symmetry. The combination of thatiohal quantum
numbersKy, K¢ for the asymmetric top in a totally symmetric vibronic level are give
as well in Table 3.2, which also includes the number of vibrational e®df each sym-
metry (n ). According to theC, symmetry the modes withA symmetry generate
a-type transitions and the modes witB symmetry generat®- andc-type transitions.

In a more detailed description the modes wifhsymmetry can split intoA; and A,
symmetry and the modes witB symmetry inB; andB, symmetry in the planar tran-
sition state of e.g.1,2-dithiine, which is discussed in Chapter 8, as shown in Tables 8.2
and 8.4. As a consequence the fundamentals \Bisymmetry generate mainlg-type
transitions and wealb-type transitions if they correspond to out-of-plane modes in
the planar transition statgB;) or strongerb-type transitions thanc-type transitions

if they correspond to in-plane mode®;) in the planar transition state. We have also
calculated the electric dipole transition moment componenis ,, and . for the vi-
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3.2. Hamiltonian model

brational fundamentals in order to assist the assignments. The fundaaie with A
symmetry generate wead-type transitions, if the modes correspond to out-of-plane
modes(Ay) in the planar transition state because modes with symmetry are not in-
frared active. This is important with respect to the ring puckering moalel, 2-dithiine
13 Which would correspond to &, mode in the planar con guration. For that rea-

son the fundamental;zis extremely weak. However, fundamentals wighsymmetry
generate stron@-type transitions if they correspond to in-plane modes in the planar
transition state.

3.2 Hamiltonian model

The theoretical model for the e ective hamiltonian, which is used ftite descrip-
tion of spectra in the present work, was essentially derived in syntinzed form in
[Ulenikov et al. 1996, 1997, 1999, 2002] and we summarise it here in orderte the

notations for spectroscopic parameters (see also [Uleni#al. 2014a]).

3.2.1 E ective hamiltonian of Cj3, molecule

One can show [Makushkimt al. 1990] that the e ective rovibrational Hamiltonian of
two interacting vibrational states has a general form:

HY: M = X h(J i ) R(Kn) IAlx ( K;n); (3.3)

kn

where wavefunctiong i and represent vibrational functions oA, or E symmetry
(for a symmetric top molecule belonging 3, symmetry group) and the symbol
stands for a tensorial product. The symbols K and denote sums of powers of
rotational operators] (i = fx:y;zg), rank and symmetry. Th&® (X" are irreducible
tensorial rotational operatorss(.g, ofC3, symmetry group) that can be derived from the
irreducible rotational operatoraﬁ K) (m= K; K+1L::: K LK) of SQQ3) symmetry
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group:

X
RIS = (ogn RIK); (3.4)

m
where is the line of the irreducible representation. This means, that for the sym-
metry groupCs, , which has the irreducible representatioAg, A, andE, the index is
taking values =1 and 2 in order to distinguish the lines in the irreducible representa-
tion of Esymmetry. Di erent operatorRthat have the same symmetry are denoted by
a di erentindexn. Indexes andK have same parity and > K. Additionaly,

( x ) K=
RIW=p13 Pg R (3.5)

i
The coe cients KGQ" areG-matrix elements (Appendix B).

One can write a tensorial product in terms of a usual multiplicationcacding to the

p_X( J 0
A B =11 B _FABy (3.6)

so SS

rule:

[ ]isthe dimension(of ir(r)educible representation i.e. [A1] = [A2] =1 and [E] = 2.
Nonzero 3 symbolsp _ gfor the symmetry groupCs, are shown in Table 3.3. One
SS

can derive other non-zero 3symbols using the relations:

( ) ( ) ( )

N R T R

123

where( D1 =( DE=+1land( 1)*2= 1.

It can be shown [Ulenikowt al. 1991, 1992, 1993] that after substitution of (3.4), (3.5)
and (3.6) into (3.3) and after some transformations the Hamiltortifin ' takes the
form:

Y = A, HES +HER @9
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Table 3.3: Nonzero 3symbols ' 2 2 for the C3, symmetry group.

12 3
11 22 33 Value 11 22 33 Value
AL AL AL 1 A, Ei E 12
AL A A E E E -1/2
A, B E 1.2 E BE B 1/2

AA BE B 12

where

He/s = HS )™ (3.9)

r: VoI

and each individual term can be presented as a sum of terms:

O = B @1
HES = HET+HETHHESH HE HG o (3.11)
HME. = HAME+HAE+HUE+: (3.12)

The operatorsHo;H; ;Hii;Hiii andH,y are proportional toJ2=3°, 3.=3 , 2=, =1,
and J=1*, respectively. Herel, = & iJ andJ = L +iJ withi = 1. One can
derive the explicit form for theHg;H, ;H,,;H,;; andH,y operators.

The diagonal blocks describing the rotational structure of unpelied vibrational
states ofA; symmetry can be written as follows:

Ho'=he) = jAdihAyj  (E+BA(E+J)+CF
D} D} FPE DI
HHIP+HG I E +HR P+ HR D
+3R+13,, PP +18, I T +18, PP+ B+, (3.13)

Ht=he) = JAdRAY (G 2+ SR+ RR+ @ Pl
H(AZ+ §3P+ 2P+ (B + P (3.14)

where the operatorgJ® J°) link rotational statesjJKi andjJK3 with the values of
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rotational quantum numbeK suchas K=K KO%= 3. In particular, they take into
account theA;=A,-splitting of energy levels withK = 3 (Chapter 3.2.4). The operators
J. and J® take the form (here agaid = J 1J) and the expression:f:;::]. stands
for the anticommutator. The 6-th order term describ&s=A,-splitting of energy levels
with K = 3 in the ground state:

HOM=he) = jAdhAg ((GR3+ P +hg B P)L):  (3.15)

For two-fold deBenerate vibrational states each individual term isled in a similar
way to (3.13) (i= 1) (see also [Ulenikoet al. 2014a; Alberét al| 2017b]):

HE™=(he) = (EihEj+EihE) (E°+BY(E+I)+C°F
DS DS F¥ DRI +HSS
HHS I E+HE (T +HE R +158+18 P +10)
+(EihEyj j EaihErj) ( VEL+ 3P+ P+ 5533+ kPP
+ kkE+ 20 P+ 3aBI+ kB P+ kI i) (3.16)
where VE and following terms describgk 1)-splitting. The VE can be related to

the conventionalC by 'E = 2C for the fundamental and by?E = 4C for the
overtone, see [Ulenikoe al/ 2014a].

HESShe) = (EihEj j EaihEyj) (A% I)]++[B;(3+J3)]+)
H(EiNEy) | BahErj) (AL +3)]+[B:(J  3)].); (3.17)

where

2
B = ‘JZ+ JJZJ2+ K‘JZ3+ J}JZJ4+ JKJZJZ?"F KK‘]ZS; (319)

1 1
A= S+ P+ P+ (3.18)

HE5=he) = (BihEyj j EiihEyj) ([Ci(E+F)++[Dy(F  B)+)
+(jEiihEyj + jEihErj)  ([IC;(#  F)]+ +[D; (2 +3)]4); (3.20)
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where

1 1 1
> +§ 3P+ K~Jzz+§ g+ PP+ keI (3.21)

I+ 33F+ B+ 303+ W FPE+ kD (3.22)

and

HY=(hc) = (EihEj j EihEyj) ((F(3+ I +[G(3* IH]+)
+(JEdhEj+jEihE)  (iF (X I +[G; (3 +IM].); (3.23)

where
F= 2 al e 2ol e 22 I (3.24)
=5 t53 K 5 3 KIS F+ kkd; .
G = b+ 337+ F (3.25)

Finally, the terms describin§1=A,-splitting has a form similar to (3.1.4) and (3.15) (see
also Chapter 3.2.4):

HEEG = (ENE+EANED) (5 °+5 SP+ $E+i0i(@ Pl
H( e+ §IF+ P+ (E+ P (3.26)

N 1. 1
HEES(he) =  (jEiihEj +jEsihEyj) ([(§h§+§h§JJ2+h§KJ§);(JS J914):(3.27)

When one includes resonance interactions between di erent vibrationakesta the
model can be modi ed to obtain a block-diagonal form:

Hvib: rot: — X jvi vOHY VO 0; (3.28)

v v0o

where diagonal blocks are described by (3.13) or (3.16). Fongeathe anharmonic
resonance interaction between thg+ ¢ (E) and s (E) states of uoroform'?CHR; is
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taken into account via an o -diagonal block given by the expression:

H[(:Vszl);(V3=1,\/6=1):(hc) = (jEdihEyj + jEoihEy))fF + FKJZZ_I_ FJJZ FJﬂAZZZ
+ny~1<2y + nyK[fy;JzZ] + nyJ\l(zyJ2+ g
+(BdihEyj j BdhEaj)f 3+ 33F+ kP +::g (3.29)

The o -diagonal blocks between states of di erent symmetries &aknto account
Coriolis-type interactions between corresponding vibrational states:
HYE=he) = jAdhE] (A3 )] +[Bi(3+3)])
+jAINE)] (A3 +J3)]++[iB;(3  I)]+); (3.30)

where operatordA;Bgcan be expressed in the same manner as (3.18) with the set of
coe cients f ; g Higher order terms have the following form:

HAE=he) = jAdhE] ([Ci(R+P)]. +[iDy(FP  P))
+iAihEj  ([IC;(# I+ +[D;(F+F)].); (3.31)
HUPS(he) = jAdhEj  ([F (3 + 3N +[iG @ 3].)

+jAdhEj  ([IF (3 I+ +[G; (I +IN]L): (3.32)

The operator$C;D;F;Ggcan be expressed in the same manner as (3.21) and (3.24) with
the set of coe cientsf ; ; ; g

The resonance interaction of Fermi-type between vibrational stafesame symmetry
has the form similar to(3.1.3) or (3.16). Coe cients in this case lsha renamed to
distinguish interaction parameters from the parameters of the diagidblocks.

One should note that operator§” J") link the rotational state§JKi andjJK3, where
K=K K%= n,
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3.2. Hamiltonian model

3.2.2 Rovibrational functions of C3, molecules in symmetrized
form

The irreducible representations of th@s, symmetry group (see Table 3.1) have the
symmetryA;, A; or E (Eg;E2). Consequently, the rovibrational wavefunctions should
be symmetric or antisymmetric or should be transformed under synmyeperations
according to the two linesk; or E) of the irreducible representatioB. A rovibrational
wave function can be written in general form [Makushkig al. 1990]:

vV, JKyms o (v JK+ )s; (3.33)

where , and denote symmetries of vibrational, rotational and rovibrational states
correspondinglym distinguishes between rovibrational states of same symmetry and
s numerates the line of irreducible representation The symbol denotes a tensorial
product as beforev is the vibrational quantum number andis the quantum number

of the total angular momentum operatal, suchthat0 K J. The set of values ,,
JK; andm s uniquely determine any rovibrational wavefunction.

Pure rotational functionsJK ; can be expressed in terms of well-known rotational
functions jJkm

jIkm =exp( iK' )dlfm(#)exp( im ); (3.34)
where J k J,form=0:

X
K, = OcK jik: (3.35)
k

Here WGK  areG-matrix elements. Using the values of ti@matrix elements that
are given in Appendix B for th&€€3, symmetry group one can write an expression for
rotational wavefunctions 3.35 in an explicit form:

b3 JK;  =Chy fjIki+( )53 Kig: (3.36)

The values for coe cientsC'JK ~ aregivenin Table 3.4.
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Chapter 3. Theory

Table 3.4: Values of the coe cient@'JKr for rotational wavefunctions
in symmetrized form.

J K ¢ 1 Cly,
even O A; O (|)Jp p
odd O A, 1 ()UDT2
any 3,6,9;:: A 0 (1’
A, 1 ( DWD
1,4,7;:: E 0 (1’
E 1 (1)
2,5,8::: E1 0 (1’
E 1 (10D

In Figure 3.1 the nomenclature of rotational states for a moleafl€;, symmetry is
shown.

Thus, using the expression for rotational functions (3.36) in symnzet form and the
general rule for tensorial product (2.6) one obtains rovibrationatdtions (3.33) in a
symmetrized form.

It has been shown [Makushkiet al. 1990] that for vibrational states @&;-symmetry
(or Ag-symmetry), vA1i (jvA2i), the rovibrational wavefunction is a direct prod-
uct:

VA3 JKm s = VA1 JK, (3.37)
or
VA2, JKm s = jvAs JK, (3.38)

The E-symmetry rovibrational wavefunctions can be written in the following

form:

p_ X X
2VE;JKm s = JKmszEll JK, + JKmsjVEzl JK, (3.39)
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3.2. Hamiltonian model

J =81, fI=BA, J fI=3E J [L+2f(J 1)=3dE
1 [1+20 1)=3dE fI=3A1, fI=3A, f(J 1)=BE

f(3 1)=[E 20 D=BE fI=8gA1, fI=BA2
5 2+{(J 1=]}E 5 2+ 1BYE 5 [2+{(J 1)=]}E
4 1E 4 1E 4 1E
3 1A, 1A 3 1A, 1A 3 1A, 1A
2 1+ D=|YE 2 [1+H( D=8}IE 2 1+ D=]}E
1 OE 1 OE 1 OE
0 0A1(0Ag) 0 0A1(0Ay) 0 0A;(0A)
JKj n iKj n JK] n

Jis divisible by 3 (3 1) is divisible by 3 (J 2 isdivisible by 3

Figure 3.1: Rotational energy levels for symmetric top molecdl€g
symmetry for di erent values of the rotational quantum numbek The
symbolf:::ghere denotes an integer part of the value in parentheses.

The coe cients A, ;andBy, . . in (3.39) are shown in the Tabie 3.5.

3.2.3 Matrix elements of the e ective Hamiltonian

With the symmetrized rovibrational wavefunctions (3.37), (3.38) &8@9) one can
construct the matrix elements of the Hamiltonian (3.8). In accardawith the Wigner-
Eckart theorem [Wigner 1965; Makushket al. 1990] the Hamiltonian matrix is di-
vided into four sub-matrixes according to the symmetry of rovibrata wavefunc-
tions (3.33)A1, A, E; andE;, for each value of the rotational quantum numbérThe
sub-matrixesE; and E, are identical, which is why it is enough to consider onbg
sub-matrix.

As was discussed in Chapter 3.2.1, the rovibrational Hamiltortian,. can be consid-
ered as a sum of terms (3.8). Th%efore, the matrix element efHlamiltonian (3.8),

v v;JKyms Hy. - v ;K ;;m s can be considered separately for each Hamilto-
nian term.
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Chapter 3. Theory

Table 3.5: Coe cientsA j, . . and B, ., . of symmetrized rovibrational
wavefunctions.
J K ms A Jer s BJer s
any k, 0,36,9;::: A1 B 1
E 1
A, H -1
E 1
EE E -1
E 1
EE & 1
E 1
any k=0,369;::: 15, A; 1
A, 1
2B A; -1
A, 1
2B A 1
A, 1
2B, A; 1
A, ;51
even k=0 EE A 2 D
E A pé
odd k=0 = Ao D é
E, A 2

For the (3.13) the diagonal matrix elements have the usual form:
A J K HO™M ApJ K =B +BAJJ+1)+(C* BY)K?
D3FP(J+1)? D3 J(J+DK? DIK*+::::  (3.40)

Matrix elements of the twofold degenerate vibrational states aaécalated with the
operatorHEE, ., (3.10). For the rsttermHEE, (3.16), one has:

E;J Kn HEE EJKn =B +BJJ+1)+(C° B°)K?
DEFP(I+1)? DS J(J+DK? DEK*+:::
(VE+ 00+ + «KZ+::)K: (3.41)
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3.2. Hamiltonian model

The indexn enumerates the rovibrational states Bfsymmetry for the cases wheK
is divisible by 3. Second part of (3.41) describes the Cor{klisl)-splitting. It is odd
with respect to the quantum numbef and " " corresponds to

n =AjorAyforK=2147:::;
n =E ( =12 forK=258;:::;
n =(E)forK=369;::::

The "+" sign in(3.41) corresponds to:

n =E ( =12 forK=2147:::;
n =AjorAsforK=256:::;
n =(1E )forK=369;::::

Matrix elements of the operatdrF, (3.17), have the following form:
E;J Kn HFE EJK+Im = 2hIK[(iA+B);J ]+jIK+1i; (3.42)
where the "+" sign corresponds to:

n =Ajandm =A;forK=2147:::;

n =E (Joddandm =E forK=0:
The " " sign (3.42) corresponds to:

n =Ajandm =AxforK=2147;:::;
n =E andm =1E forK=258;:::;
n =2 andm =E forK=369;:::;

n =E (Jevenandm =E forK=0:

In (3.42) i= IO( 1), the operatorsA and B have the form of (3.18) and the symbol
[:::;::]+ denotes anticommutator.
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Chapter 3. Theory

The operatoHFF, (3.20), generates matrix elements:
E;J K:n HEE EJK+2m = 2hIK[(C+iD);JP]+jIK+2i; (3.43)
where the "+" sign corresponds to:

n =E andm =2E forK=147:::;
n =Aandm =AxforK=258;:::;
n =1 andm =E forK=3,69:::;

n =E andm =E forK=0;

and the " " sign (3.43) corresponds to:
n =A;andm =A;forK=258;::::
For the special cases:
HEJLE | HEE JEJLE i =0 (3.44)
and
MEJLA | HEE JEJLA I =( 1 ( )2h)  L[(C+iD);J]+jIli; (3.45)
where =1,2and 1)1=1and( )= 1.
The operatoH5F, (3.23), generates matrix elements:
E;J Kn HEF EJK+4m = 20K [(F+iG);J+jIK+4; (3.46)
where the "+" sign corresponds to:

n =Aandm =AxforK=2147;:::;
n =E andm =1E forK=258:::;
n =2E andm =E forK=3,69:::;

n =E andm =E forK=0;
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3.2. Hamiltonian model

and the " " signin (3.46) corresponds to:
n =Ajandm =A;forK=2147::::
In special cases ofK = 4 one gets:
HEJ2E | HEF JEJ2Ei=0; (3.47)
and

EJ2A | HEE jEJ2A Ii=( D ( D20 2[(F iG);3*+jd2i; (3.48)
EJLE | HEE JEJ3Ei= 2( 1)’ L[(F iG);J*+jI3i; (3.49)
MEJOE j HEF JEJ4E i=2( )’NO[(F iG);J]+jI4: (3.50)

Finally, the o -diagonal matrix elements of the Hamiltonian matrix thare describing
resonance interactions between vibrational states of di erent symme#; andE, are
generated by operatdd,*'".. The rst order operatorH= gives for K = +1:

Ag;J Kn HM EJK+1im = P3h Ki[(A B);J ]+jJ K+1i;(3.51)
where the "+" sign corresponds to:
n =E andm =E forK=147:::
and the " " signin (3.51) corresponds to:

n =E andm =2E forK=258:::;
n =Ajandm =A;forK=369;:::;
n =Aandm =AxforK=369;:::;

for K= 1one gets:

AdKn  HM O EJK 1m = P3n Ki[(A B);&]+jJ K 1i;(3.52)
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Chapter 3. Theory

where the "+" sign corresponds to:

n =E andm =1E forK=147;:::;
n =Ajandm =A;forK=369;:::;

and the " " sign in (3.52) corresponds to:

n =E andm =E forK=258;:::;
n =Aandm =A,forK=369;::::

In the special case &%= 0 andK®= 1 one has:

M J0A | HME JEIK LA = 2( 1)’WO[GA B);J].jJli: (3.53)

AE

The operatoH,,

produces matrix elements forK = 2:
AdKn  HME EJK+2m = TN Ki[(C+iD);J%]+}J K+2i ;(3.54)
where the "+" sign corresponds to:

n =E andm =1E forK=147;:::;
n =Ajandm =A;forK=369;:::;

and the " " sign in (3.54) corresponds to:

n =E andm =E forK=258;:::;
n =Aandm =A,forK=369::::
The matrix elements of the operatét/*® for K= 2 are:
Ag;J Kn H'® EJK 2m = P3h Ki[(C iD);J]+jJ K 2i;3.55)

where the "+" sign corresponds to:

n =E andm =2E forK=5811:::;
n =Ajandm =A;forK=369:::;
n =Aandm =AxforK=369;:::;
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3.2. Hamiltonian model

and the " " signin (3.55) corresponds to:
n =E andm =E forK=4;7,10::::
Special cases for the operatdf)'= are:

M ILE | HE jE;Jl;Ei:pé( 1)’ L[(C iD);X]+jd 1i; (3.56)
M I2E | HE jE;Jo;Ei:pE( 1)’hI2[(C iD);F]+jI0i; (3.57)
M J0A | HAE JEJI2A i =2nI0)[(C+iD);P].jI2: (3.58)

The operat0|1-||/§,1E for K =4 generates matrix elements:
P . . : .
AJKn  HME EJK+4m = T 2RIK[(F iG);J*+jd K+4i;(3.59)
where the "+" sign corresponds to:

n =E andm =2E forK=2581%:::;
n =Ajandm =A;forK=369:::;
n =Aandm =A,forK=369:::;
and the " " signin (3.59) corresponds to:
n =E andm =E forK=14;71Q::::
The operatoH(?,lE for K= 4 generates matrix elements:
Ar;J Kn HUE EJK 4m = P3h Ki[(F iG);J+jJ K 4i;(3.60)

where the "+" sign corresponds to:

n =E andm =1E for K=71013:::;
n =E andm =E for K=4
n =Ajandm =A; for K=69:::;
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and the " " sign in (3.60) corresponds to:

n =E andm =E for K=5811:::;
n =Aandm =A, for K=6912::::

Special cases here are:

M;ILE | HUE JEJ32E = pé( D)’ L[(F+iG);X]+jd 3i; (3.61)
M J2E ] HUE JEJ2E = pé( )’RI2[(F+iG);X+j 2; (3.62)

M JI0A | HUE JEJ4A I =2( D)RIG(F iG);J*.jd4; (3.63)
M I3A | HUE jE;Jl;Ai:pé( DA ( DM [(F+iG);H.jJ  1i(3.64)

The Hamiltonian model discussed in this Section has been used in ttimg éxperi-
mental spectra.

3.2.4 K=3spliing of aj=ay rotational states

The operatoH/|", (3.14), generates matrix elements fdt = 3:

ApJK  HWM ARIK+3 = ApJK+3 HM ALK =
(1 «old pé( DA D HIK PjIK+3
(2 3JJ+1) B[KP+(K+3F i+ 3(K+3I+
I+ YK +3)+ 2[K3+(K+3F+::): (3.65)

The parameters?, §,etc.,and?, §, etc. in(3.65) are real. Also in both expressions,

(3.40) and (3.65), the symmetry labels for rotational statesaarfollows:

K=0(Jeven;36;::: at = Aq;
K=0(Jodd);3,6;::: at = Ay;
K=124578,... at =E;
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3.2. Hamiltonian model

Also, for the rovibrational wavefunctions with K = 3, butwherK , 3,e.gfork"= 1
andk®= 2 one gets matrix elements:

MA;ILE] HYA AL I2ED = M I2EH M AL I LE =
( DR 2jBja2 (2+ 39A+D+52+ §PI+D)%+
533+ +17 8 +::0 %+ JII+ D)+

723+ 3PA+1)? 733(3+1) 313 +:): (3.66)
Matrix elements produced by the operatbiF, (3.26), in case ¢f, O:

EJKn  Hj EJK+3n =
NKPBIK+3I (°® SJU+D) S[K*+(K+3?F :::+
S(2K +3)+ SJI+Y@K+3+ K3+ (K+33+::); (3.67)

where
n =ApAzorE ( =12 for K=1,24578:::;
n =ngE for K=369:::(n=12):
ForK = 0 the matrix elements in (3.67) take form:
HE;JOE | HEF JEJ32E i =
hojRjasi( ¢ U+ 9§ i+
3°+35J( I+ +27 2 +::1); (3.68)
and
HEJOE j HEF JEJI3IE i =
( D'RI0PjI3( & SJU+1) 9F i+
3°+35JJ+D)+27 g +:1): (3.69)
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Special case of the®= 1 andk®= 2,i.e. matrix element E;J1;, HEFEJ2

can be written in the following form:
EJ1; HEE EJ2 =
( D' jRja2a (¢ SIU+1 5¢
+ 8 PA+D2+55 I+ D +17 2 +:::
& 8JJ+1) 7§ S+ 1)?
7 53+ 31 +:in); (3.70)

where takes value®\;, A, andE .

In a ground state;=a,-splitting of K = 3 levels is characterised by rotational operators
(3.14) and (3.15), namely:
[+ 37+ RDL(E+ P (3.71)
[(GhE+ o1+ )i (8 + ). (3.72)
In a rst approximation thea;=a,-splitting is described by:
3= 153+ DIE+D) 233+ D 6 (3.73)

wherehsis an e ective splitting constant. It can be shown [Durig 1977] thatasesult
of some transformations one obtains:

2
C—B;

h3 = h3 (3.74)

and parameterbz and equivalently describe tha;=a,-splitting.

The Hamiltonian model, which was used in the tting procedure of thgperimental
data of the molecules @3, symmetry in present work, is consistent with the notation
used in present chapter.
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3.2.5 E ective hamiltonian of the Cy, molecules studied here

For the description of spectra of 1,2-dithiine, Chapter 8, the Wats A-reduced
e ective Hamiltonian in the I" representation (with the axes de nitions accord-
ing to Figure 8.1) up to sextic centrifugal distortion constants [Wailsd977;
Luckhaus and Quack 1989] was used:

Hot = AJ+BE+CJ
ONFE R
%[( YR+ YR (B+ P (3.75)
+ PP+ GPE+ P KD
+SICSPPH 5 PR LR Pk

The angular momentum operators are given By= ¥+ 2+ ¥ andJ = % iJ. The
I" representation was chosen to reduce correlations during the t.

The spectroscopic data were analysed using the WANG programrdestin detail in
[Luckhaus and Quack 1989] and the SPFIT program [Pickett 1991H.spectroscopic
constants were tted for each band separately according to fkeeduction.

3.3 Selection rules

For symmetric top molecules belonging to tkla, symmetry group studied here only
vibrational transitions from a totally symmetric ground state to exeit states of\; or E
symmetry are allowed in the infrared. The selection rules for Horational transitions
in a "parallel" vibrational bandi.e. for "allowed" rovibrational transitions from the
vibrational ground state to a state &; symmetry are:

J =0 1, K=0; E! E A1l Ay
J , Ofor K=0; (3.76)

whereA1, A, andE are the symmetries of rovibrational functions.
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For "perpendicular” vibrational bands the selection rules fordaid" rovibrational
transitions from the ground to an exciteB-state are as follows:

J =01 K= 1; E! E Al A (3.77)

3.4 Ground state combination di erences

Using the selection rules for rovibrational transitions between eneleyel ofCs, sym-
metry molecules from Section 3.3 and the statistical weight paisein the experi-
mental spectra described in Section 3.1 we can do the assignmentpefriexentally
recorded Fourier-transform infrared (FTIR) spectra (Chap)er 2

The assignment proceduree. providing each experimental transition with the quan-

tum numbers of the lower and upper energy level, is based on the woation dif-

ferences of the vibrational ground state. In Figure 3.2 the alloviteshsitions from

the rotational levels of the vibrational ground state to a selectethtional level of an

excited state are shown. In accordance with Section 3.3, only ttw@esitions with
J=0; 1 are allowed.

Provided that the rotational structure of the vibrational groundagé is known with a
high accuracy, the di erencea andb between transitions J=0; 1 are known with
a high accuracy too. Tha andb are known as the "ground state combination di er-
ences". Therefore, in the experimental spectrum one can seanctrdasitions, such
that the di erences between them replicate the ground state comation di erences
within a given accuracy , Figure 3.3. The accuracyis typically chosen to be on the
order of the experimental accuracy.

The ful Iment of the ground state combination di erences is one of theaim criteria
used for the assignment procedure, when the rotational levelshef ground state are
well known. Similarly, if the rotational levels of the ground stateeanot well known
from other sourcesd.g.non-polar molecules without pure rotational spectra), but the
transitions can be assigned in the infrared spectra, then the combinatiicgrences
provide the ground state rotational levels and parameters.
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UPPER
ENERGY J!I, Kl
LEVEL !
GROUND a
STATE Kb

Figure 3.2: Schematic drawing of the allowed rovibrational transitions
from the rotational levels of the ground vibrational state to a setied
rotational level of the excited state, illustrating "ground stat@bination

di erences”, GSCD.

D

Figure 3.3: Assignment procedure with a help of the ground state -com
bination di erences (GSCDa andb (Figure 3.2). is an accuracy of the
GSCD ful Iment (typically, experimental accuracy).
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Chapter 4

Spectra of fluoroform °CHF;

4.1 Introduction

In the present chapter we report the results of a systematic sl of the high reso-
lution infrared spectrum of-?CHF; by sections covering spectral ranges from the far
infrared to the near infrared.

Fluoroform is known to be one of the atmospheric trace gases, whenlses the green-
house e ect. It has e ectively no ozone-depletion potential [Fees et al. 2007], which
makes it one of the replacements for chloro uorocarbons (or C}i@sndustry. How-
ever, its impact on Global Warming is twelve thousand times greatenrt CQ (in terms
of the global warming potential at a molecular level, but obviogslot at the present
concentration) [Forsteet al. 2007; Blowers and Hollingshead 2009; Fetral 2015].
Thus, CHE plays an important potential role as greenhouse gas. Furthermoogo-
form, CHFR;, has become a prototype molecule for the study of intramolec@nergy
ow, [Marguardt et al/11986; Dubal and Quack 1931; Kushnarenko 2013]. Intramolec-
ular vibrational redistribution is a central process of molecularaquum motion and
fundamental to chemical kinetics in general. Indeed, the analysis ofRestretching-
bending Fermi resonance polyads [Dibal and Quack 1984] has lecetashtwo di-
mensional femtosecond wave packet results for this process [Mardt et al! 1986].
However, it has been known [Dubal and Quack 1981] for a long timet tmuch more
complex multidimensional redistribution processes are importantomger subpsand
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psto nstime scales.

The energy spectrum of CHF (Figure 4.1) forms a polyad structure with
the couplings within polyads, which we aim to study here. Despite a
long history (see, e.g, [Marquardtet al. 1986; Bernstein and Herzberg 1948;
Gilliamet al: 11949;  Dubal and Quack 1981, 1984; Ameesl. (1987a, 1988;
Pineet al. 1988; Smitlet al. 2002; Champion and Graner 1986; Safual 1981a;
Graner and Guelachvili. 1984; Bocawetl 1994; Ceausu-Velceseial! 2003a;
Smithet al. 1997; Ceausu-Velceselal 2003b; Breidunet al! 2004; Lupo and Quack
1987; Meerts and Ozier 1981; Pashaeal 1988; Cazzoét al. 1994; Carlottet al.
1987; Bocquedt al. 11993]) its rotationally resolved infrared spectrum is poorly
understood due to numerous strong interactions.

Bernstein and Herzberg [Bernstein and Herzberg 1948] reportedctsaein the
near infrared region and identi ed a two level Fermi-resonance in very lgarork
already. Gilliamet al. measured its microwave spectra in 1949 [Gilliaral. ' 1949],
followed by other microwave studiese.g. [Ghoshet al. 1952; Meerts and Ozier
1981, Costain 1962], and studies of the hyper ne structure ohtwinal spectrag.qg.
[Revnderset al. 1972] and [Kukolich and Ruben 1972]. The analysis of uorafor
spectra was extended after these early contributions by otherhaut at modest
resolution, e.g. in [Plyler and Benedic: 1952; Reesor 1952; Plyler and Tidwell 1962;
Ruo etal 1971; Fyvketal 1975; Kolomiitsovat al. 1989], as well as at high reso-
lution in [Smith et al! 2002; Ceausu-Velceseal 2003b,a] etc., and the results of
ab initio calculations at di erent levels are available [Galasgal 11965; Wyattt al.
1969; Haet al. 1990; Wvatkt al. 1995; Maynaret al. (1995, 1997; lung al. 2004,
Sibert 111 1988; Sibert 1988; Klattal. 1996; Ramesh and Sibertlll 2005; Breidetray.
2004; Spraguet al. 2006; Cassam-Cherstial: 2008; Doriokt al. 2008]. The in-
tensities of infrared bands of°C- uoroform were studied in [Morcilloet al. 1959;
Saékiet al. 1976; Levine and Person 1977; Dubal and Quack 1980; Kim and Kdfig 19
Kondo and Saéki 1981; Galabeial. 1986; Lewerenz and Quack 1986; Kim and Park
1987; Neto and Bruns 1990; Duni&oal. 1993; O'Neilkt al. '1992; Alonsat al| 1994;
McPheat and Duxbury 2000; Russell and Spackman 2000; Chung PR06son
2013].
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o —

i

Figure 4.1. Schematic vibrational energy level diagram of uorofor
12CHF; together with the symmetries. Selected interactions that were
studied in present work are marked by arrows. Approximate levetign-
ment are given by the quantum numbers in parentheses/ §vavvsve).
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Figure 4.2: Equilibrium structure and axes de nition for CklF

CHFRs is an oblate symmetric top molecule witBs, point group symmetry (Figure 4.2).
It has three totally symmetric normal vibrations &; symmetry (1, 2, 3) and three
doubly-degenerate vibrations witE-symmetry.

The equilibrium structure of the molecule was calculated by wslaerent levels of
computation as shown in Table 4.1 and compared to the resultsBreidunget al.
2004]. The computations were carried out using Gaussian 09 progpackage,
[Frischet al. 2009], atthe MP2/cc-pVTZ, CCSD(T)/cc-pVTZ and CCSB¢IPV5Z lev-
els of theory. Atthe higherlevels of theory the di erences aremor and without much
physical signi cance.

Table 4.2 provides a survey of the fundamentals as known todayegrpentally, -
and s have similar frequency to each other as well as tg 2nd 3+ . Furthermore

1 Is close to 24, providing the basis for a pronounced resonance polyad structure of
great complexity [Dubal and Quack 1984].

The results of calculations for the harmonic force eld of CklBre presented in Ta-
ble'4.3. The corresponding infrared band intensities estimatbdhnitio in the double
harmonic approximation are shown in Table 4.5.

Anharmonic constants obtained for theéCHF; are presented in Table 4.4. Force eld
constants were calculated at the MP2 level of theory with theg€FZ basis set and the
results for cubic and quartic constants are presented in Appendix Gz Vibrational
term values with respect to the vibrational ground state calceldbased on the results
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Table 4.1: Equilibrium structure dfCHF;, [Bolotovaet al. 2016k, 2017a].

Method/Basis re(CH), re(CF), o(HCF), &(FCF),

pm pm degree  degree
MP2/cc-pVTZ 108.4017 133.2056 110.4158 108.5103
CCSD(T)/cc-pVTZ 108.6700 133.1880 110.4367 108.4890
CCSD(T)/cc-pV5Z 108.6790 133.1840 110.4796 108.4440

[Breidunget al. 2004]:

MP2/cc-pCVTZ(ae) 108.35 133.11 110.37 108.56
CCSD(T)/TZ2Pf(ae) 108.30 133.23 110.38 108.55
CCSD(T)/TZ2Pf(fc) 108.63 133.38 110.39 108.54
CCSD(T)/cc-pVTZ(fc) 108.72 133.34 110.38 108.55
CCSD(T)/cc-pVQZ(ae) 108.43 132.91 110.42 108.51
CCSD(T)/cc-pvQZ(fc) 108.67 133.19 110.44 108.49
CCSD(T)/cc-pvQZ+aug(C,F)(fc) 108.73 133.30 110.50 2108.4
CCSD(T)/MT(ae) 108.47 132.83 110.36 108.57
CCSD(T)/MT(fc) 108.60 133.01 110.38 108.55

Best estimate 108.60 133.12 110.48 108.44

Semi-experimental 108.50 133.04 110.51 108.41

Table 4.2: Fundamental vibrations of the CHR Molecule (in cm?),
[Albert et al. 2017a].

. P Ref. Designation
1 A; 3018 [Dubal and Quack 1984] CH-stretch
2 A; 1141.456960(33) this work Sym. CF-stretch
3 A; 700.09898(85) this work Sym. umbrella bend
4 E 1377.8472422(91) this work Deg. HCF-bend
5 E 1157.334623(51) this work Deg. CF-stretch
6 E 507.82208 [Ceausu-Velcestal. 2003b] Deg. CF-bend

a) Approximate Fermi resonance corrected fundamental.

65



Chapter 4. Spectra of uorofoffCHR

Table 4.3: Calculated harmonic wavenumbessfor °CHR; (i = 1::6),
[Bolotovaet al. 2017a].

Method MP2 CCSD(T) CCSD(T)
Basis Set cc-pVTZ  cc-pVTZ cc-pvVQZ(ae)

Ii,cm?! thiswork thiswork [Breidunget al. 2004]

(Y 3209.80976 3164.84 3172.5
[ 1168.17220 1165.20 1165.5
I3 713.49102 712.36 712.6
I 4 1430.55803 1424.30 1423.0
I's
e

1202.18462 1207.60 1197.3
516.51002 516.00 516.9

Table 4.4: Anharmonicity constants féfCHF;, [Bolotovaet al. 2017&).

Method MP2 MP2 CCSD(T) Experimental values
Basis Set cc-pVTZ cc-pCVTZ  TZ2Pf
thiswork [Breidunget al. 2004]

X11 -56.588900 -57.1 -64.3 -61.7  [Dibal and Quack 1984]
X12 -4.990460 -5.0 -4.8

X13 1.493970 1.5 1.3

X14 -3.162990 -58.2 -60.5 -28.6  [Dubal and Quack 1984]
X15 -0.933256  -0.7 -0.7

X16 0.370625 0.4 0.5

X22 -2.371400 -24 -2.5 -1.4  [Kolomiitsa¥al. 1989]
X23 -1.967080 -2.0 -2.1 -1.6  [Dibal and Quack 1984]
X24 -0.409882 -0.4 -0.7 -1.1  [Dibal and Quack 1984]
X25 -6.347440 -6.5 -6.4 -6.5  [Kolomiitsa¥al. 1989]
X26 -2.065110 -2.1 -2.1 -2.0  [Dibal and Quack 1984]
X33 -0.351136 -0.4 -0.4 -0.4  [Grameal. 1979]

X34 -2.109370 -2.1 -2.3

X35 -6.683250 -6.5 -6.3 -5.5  [Dibal and Quack 1984]
X36 2.081620 1.8 1.7 -0.14 [Graseal. 1979]

X44 -11.866900 1.7 1.1 -6.5  [Dubal and Quack 1984]
Xa5 -1.999240 -5.1 -5.2

X46 -1.453320 -1.5 -1.5 -1.25 [Dibal and Quack 1984]
X55 -5.315810 -5.4 -5.2 -4.4  [Kolomiitsa¥al. 1989]
X56 -4.183610 -4.2 -4.1 -8.0  [Dubal and Quack 1984]
X66 -0.176828 -0.2 -0.2 -0.15 [Graseal. 1979]

Qa4 -0.023989 -1.8 -1.5 4.5 [Dubal and Quack 1984]
U45 -8.014250 1.9 1.9

Q46 -1.443040 0.3 0.3

Oss -3.004010 3.7 3.7 3.3 [Kolomiitsa¥al. 1989]
Os6 -4.459550 -1.5 -1.4

Os6 0.35265 0.4 0.4 0.4 [Ceausu-Velcesall 2003b]

2) Because of di erent de nitions in various e ective hamiltonianased by di erent authors, the
constants are not always directly comparable.
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Table 4.5: Calculated infrared band intensiti&s[km mol 1] of 12CHF;
(i = 1::6), [Bolotovaet al. 2017af)

MP2 CCsSD(T)

cc-pvVTZ cc-pvVQZ(ae) exp. exp.
A; thiswork [Breidunget al. 2004] [Kim and King 1980] [Dubal and Quack 1980]
A1 34.0782 28.9 23.9 23.62
A, 101.0279 97.4 626.8€ 5)
Az 13.8925 13.6 12.1
A4 56.2845 101.3 82.0
As 278.1545 549.0
Ag 2.6455 5.3 4.2

3 The ratioA( 2) :A( 5):A( 3+ ) was determined as 1 :7: 012 by [Amreinet al| 1987b].
Overtone intensities were studied by [Lewerenz and Quack 1986].

The band strength for the isolated CF-chromophore was foundéabout 1.7 (pnf)by
[Quack and Thone 1933], which would prediat=309 km/mol for CE.

Table 4.6: Experimental and theoretical results for the low ewyeripra-
tional levels of'“CHFs.

Level refd ref?) ref® Exp. References
1 2 3 4 5 6 7
6 E 507.01 507.80 507.805 507.822% ref.

A1 703.73 700.10 700.094 700.099 this work
26 A; 1014.63 1014.71 1014.725 1014.54F) ref.
26 E 1015.53 1015.98 1015.994 1015.953) ref.
A1 1157.82 114150 1141.515 1141.457 this work
E 1175.80 1158.30 1158.347 1157.335 this work
3+ E 1211.62 1209.09 1209.092 1208.771 this work
E 1396.23 1377.49 1377.505 1377.847 thiswork
23 A; 1406.26 1399.50 1399.484 1399.394 this work
24 A 2709.53 2709.708 2710.210 this work
24 E 275455 2754535 2754.799 this work
3) [Doriol et all 2008]?) [Ramesh and Sibertlll 200%};[Albert et al 2017b];
d) [Ceausu-Velcesce al 2003b]®) [Ceausu-Velcesce al ' 2003a].
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Chapter 4. Spectra of uorofoffCHR

of Tables 4.3, 4.4 and of Appendix C using the GAUSSIAN packagelfetial 2009]
are shown in the column 2 of Appendix D, [Bolotowt al: 2017a]. Some of the other
theoretical results available in the literature ([Doriet al. 2008; Ramesh and Sibertlll
2005]) are summarised in Table 4.18 (see Section 4.6) for thehangy vibrational
levels compared to the experimental values obtained in presentkwaomd in other
work, [Ceausu-Velcescet al. 2003h a].

4.2 Survey of experimental results

The high resolution FTIR spectrum of ChEMerck, 98% purity and ABCR-Chemicals,
99,95% purity, see Table 2.2) has been measured with the Bt@kdiR ETH-SLS pro-
totype from 25 cm? to 110 cm? and with the Bruker 125 HR Ziirich Prototype spec-
trometer (ZP2001) in the range 650 4600 chunder various conditions summarised in
Table 4.7. An overview of the mid-infrared part of the spectruml®g/n in Figure 4.3,
where di erentranges were measured at various conditions as given inlé&&. 7.

Table 4.7: Overview of the high resolution spectra measuredJbifs;.

No. pd;  TD: d9; d:  19;  Number Range, Date
mbar K mm cm? m  of scans cmt

I 0.7 120 1.0 0.001 2.5 138 11251215 09/04/03
I 0.7 295 1.0 0.001 2.5 138 925 1260 09/04/03
11 1.5 295 0.8 0.0017 19.6 320 2700 3700 08/03/03
v 15 295 0.8 0.0017 19.6 320 27003700 09/03/03
V 0.01 110 0.8 0.0025 175 200 2700 3600 30/03/04
VI 8.8 293 1.15 0.001 19.2 200 600 1000 01/08/12
VII 0.7 293 1.15 0.001 3.2 200 600 1000 02/08/12
VIl 0.3 293 1.15 0.001 3.2 200 600 1000 03/08/12
IX 0.25 293 1.0 0.001 3.2 200 600 1000 08/08/12
X 0.7 293 1.0 0.001 0.2 168 600 1000 09/08/12
Xl 0.25 115 1.0 0.001 10.0 116 580 1200 02/10/12
Xl 0.05 293 1.0 0.001 3.2 278 900 1300 21/07/13
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No. p?;  T9; d9; d: 19:  Number Range, Date
mbar mm  cm? m  of scans cmt
Xl 0.5 293 0.5 0.001 16.0 192 2000 4600 11/02/14
XV 0.5 293 05 0.001 3.2 188 2000 4600 12/02/14
XV 0.1 293 0.8 0.0017 3.2 196 2000 3700 08/03/14
XVI 1.0 293 0.8 0.0017 19.2 148 2000 3700 09/03/14
XVII 0.02 293 0.8 0.0011 3.2 900 1000 2400 21/08/14
XVIl 05 293 1.0 0.0018 16.0 890 1000 2400 24/08/14
XIX 3.0 293 1.15 0.0023 19.2 396 1000 2400 08/09/14
XX 1.4 293 3.15 0.0008 10.0 66 25110 27/08/14
XXI 0.6 293 3.15 0.0008 10.0 120 25110 28/08/14
XXIl 0.4 293 3.15 0.0008 10.0 140 25110 29/08/14
XXl 0.4 125 3.15 0.0008 10.0 90 15110 20/03/15
XXV 0.2 125 3.15 0.0008 10.0 100 15110 21/03/15
3) Pressure in the celP) Temperature® Diameter of entering circular aperture;
9 Nominal resolution (ec. 2.55) Absorbing path length in the (multire ection) cell.
VI Xl Il XVII XVI V
| |
3.0 | 2=+ 525 |
T20 _ H,0 lines 24
ER . '
1.0 | 26 i+ ‘;
0:0 |
1000 1500 2000 2500 3000
e/cm?

Figure 4.3: Survey of the high resolution FTIR spectrum of giHfea-
sured in the mid-infrared region, 600-3100 chwith the Bruker IFS
120/125 HR Zrich prototype (ZP2001). Di erent ranges were rded
at various conditions from Table 4.7: 700 850 ¢t VII; 850 1100 cm *

XI: 11001380 cm? 11; 13802100 cm® XVII; 2100 2800 cm !

XVI: 2800 3100 cm* V.
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Chapter 4. Spectra of uorofoffCHR

4.3 The spectral range 25 to 1500 cm * (0.7 to 44.9
THZz)

In the comprehensive analysis of the spectra in this wavenumber rangdave pur-
sued the following strategy. We have started out by a re-measuent of the far
infrared spectra, which are calibrated with previous accurateginencies. The total
database of measured lines goes, however, beyond the previdaghias we provide

in the end a set of ground state parameters which is essentially coaststith the
combined results of the present and from previous work. TlRéundamental has been
analysed previously ire.g, [Costain 19€5; Maes and Amat 1965; Masri and Blass 1971;
Kawashima and Cox 1978; Graretial. 1979; Hardeet al. 1993]). The g fundamen-
tal band was also studied in [Ceausu-Velcestal 2003a] at a resolution close to the
present work, thus we decided not to reanalyse this spectral range @ur measure-
ments were continued for the 700 to 1500 chmanges. Table 4.8 provides a summary
of the increase and improvement of the data base for the levels @@ this energy
range, with details to be described in the following subsections.

4.3.1 Far-infrared rotational spectrum of fluoroform from 2510
65cm 1

The rotational spectrum of CHfhas been measured before in the microwave
[Costain 1962; Gillianat al. 1949; Ghoskt al. 1952; Sullivan and Frenkel 1971;
Meerts and Ozier 1931], mmwave [Sumhal 2001], sub-mmwave [Pashaehal.
1983; | Bocqued# al. 11993, 1994; Cazzetial 1994] and far infrared ranges
[Carlotti et al. 1987]. Table 4.9 presents the results as selected frone s the more
complete and highly resolved previous measurements togetheh wie present ana-
lysis combining previous results with our new measurements. Given tRamely
high resolution and accuracy in a few of the previous studies, it is nepected that
our new measurements will lead to any substantial changes of the gpscopic pa-
rameters. However, the total number of data has been increasedTable 4.9 sum-
marises what we consider the best current compromise parametershe vibrational
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4.3. The spectral range 25 to 1500¢M7 to 44.9 THz)

Table 4.8: Summary table of spectroscopic resulgsig the band cen-
tre de ned through the J=0 vibrational levels, except where otherwise

state®) as derived in the present chapter f6fCHF;.

b

Band o /cm 1 gmax. gmax. Nf:) | ) dims /cm Ref.
Ground State 0.0000 89 89 3310 0.00010 this work
Ground State 0.0000 80 75 >1400 [Carlottiet al. 1987]
0.0000 78 51 274 [Bocgwetl. 1993]
0.0000 78 69 253 [Cazzetlal. 1994]
3 700.09898 66 65 4430 2874 0.00029 this work
23 3 699.2949 43 15 1040 664 0.00024
3 700.0988 48 42 1443 0.00066 [Smigth. 2002]
23 3 206
1141.4569 63 63 1860
5 1157.3349 63 63 2790 4590 0.00025 this work
3+ 6 1208.7709 59 59 1400
2 1141.4577
5 1158.342 55 4500 3499 0.00070 [Champion and Grane?1986]
3+ 6 1207.763
4 1377.8472 60 58 4607 2367 0.00011 this work
23 1399.3938
4 1377.845 68 60 328 0.0012 [Sef. 1981a]
23 1399.411

a) Ny is the number of assigned transitions.

b) N, is the number of level energies obtained.
° band centres quoted here appear as Fermi resonance correctadesers from which eigenstate
energies close to our results can be derived, see also [Anateaih | 1987&; Graner and Guelachvili

1984].

71



Chapter 4. Spectra of uorofoffCHR

a) v/ THz b)
0.948 0.949 0.950 0.951 “»?5016 0-'7"5024
L L L il 0.4

O 1 0.3

3162 3164 3166 31.68 31,70 3172 31694 31.696
V/cm'] ’F/Cm]

0.24

Residuals

0.14

0.04
0.00061 cm”’

31.694 31.696

v/cm'!

Figure 4.4: a) Part of the high-resolution far-infrared rotatiorsglectrum
of CHF; at J=45 measured at room temperatupe=(L.4 mbar an¢=10 m,
nominal resolution =0.0008 cmt) using the Bruker IFS 125 HR ETH-
SLS prototype spectrometer at the Swiss Light Source (up@&e) com-
pared to the simulated spectrum (lower trace). Absorbance isvsh
as decadic logarithm Igo=); b) A rotational line of the spectrum with
J0%45 KO%39: ¢) Result of the tting to a Gaussian line pro le together
with residuals of the t. Although the line pro le is not a true Gausan

in this range ( p=0.00005 at=31.69548 cnt andT=296 K), one can see
good agreement. The full width at half maximum derived from thede-
nes the e ective resolution and equalsto rwHv=0.00061 crt (better
than the nominal resolution, as expected, see [Alberal 2011c]).

ground state. We have retained for the constants in the upper rangdetable values
from [Cazzoliet al. 1994], which have the highest accuracy. The paramefeasd Dk
are available from two independent previous studies and we have deldid¢ake the
average values from these two studies [Meerts and Ozier 1984usieVelcescet al.
2003a]C=0.1892506 cm and Dx=0.3024 10 ® cm 1. One constantHyk, was taken
from ab initio results [Klattet al! 1996] and the high order constants were re tted in-
cluding data from the present work.

Figure 4.4 shows a representative example section of the FIRirspand Figure 4.5
shows a result in the higher wavenumber range for two temperaturén total 3310
rotational transitions were assigned in the pure rotational spectrun@bfF; with max-
imum values for the rotational quantum numbed'®*=89 andKM#*=89. As an exam-
ple, upper part of Figure 4.4 shows a cluster of lines with the coomi®%45,
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v / THz v / THz
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Figure 4.5: Part of the far-infrared rotational spectrum of GHEt pres-
surep=0.4mbar and absorbing path length10m) measured dt=125K
(left panel) and at room temperaturd,=296K (right panel). One can
recognise the clusters of lines with the same value of the rotaticqadn-
tum numberJ. The lines within each cluster show the 8:4:4 intensity
pattern as discussed in Section 3.1. Moreover, the rotationapenature
de nes overall intensity distribution within each cluster. Absorbance
shown as decadic logarithm, (=) (after [Albert et al. 2017a]).
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Table 4.9: Spectroscopic parameters of the vibrational grouatestf CHE (in cm 1)? (after [Albert et al

2017a]).
Parameter [Carlottiet al. 1987] [Bocquett al. 1994] [Cazzolet al. 1994] [Ceausu-Velcesetial. 2003a] this work
1 2 3 4 5 6
B 0.345201172(416) 0.3452011705(28) 0.3452011656(6@)520107D5 0.3452011656
C 0.1892463 0.1892550(15) 0.1897506
D,=10© 0.37816506(4985) 0.3784291(60) 0.3784224(36) 0.3784291 0.3784224
Dyk=10°®  -0.6035624(1589) -0.604300(17) -0.604339(16) -0.604300 -0.604339
Dk=106  0.327 0.2779(26) 0.3024
H;=10 > 0.636125(7515) 0.6680(26) 0.6694(8) 0.6680 0.669
Hyk=10 11 -0.276918(2349) -0.27589(77) -0.28679(33) -0.27589 86790.2
Hko=10 11 0.376133(2639) 0.3608(20) 0.3793(9) 0.3608 0.3793
Hk =10 11 -0.1428 -0.1428
L;=10 17 -0.186(79) -0.2231(53) -0.4040(98)
Ly3=10 16 0.1652(26) 0.2286(109)
Lyk=10 16 -0.39(1) -0.458(38)
Lykk=10 16 0.37(1) 0.470(49)
h3=10 12 0.100890(97) 0.099031(15) 0.100890 0.099031
h3=10 17 -0.167(31) -0.685(17) -0.167 -0.685
Ndata 1391 274 253 274+253+3310
drms 0.00026 0.000009 0.000488 0.00010

a) Values in parentheses are btandard uncertainties. If no uncertainty is given, the parameterswvxed in the t.
b) The parameter value was xed to the one reported in [Meerts anzi€ 1981].

©) The parameter value is obtained as an average of parameters folumns 2 and 5.

9 The parameter value was xed to the one reported In [Galagsal 1965].

€) The parameter value was xed to thab initio value from [Klattet al |[1995].
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4.3. The spectral range 25 to 1500¢M7 to 44.9 THz)

The simulated spectrum based on the parameters from Tabls48own in the bottom
part of Figure 4.4 and agrees well with the experimental spectrum.

4.3.2 The zfundamental and the associated 2 3 3"hot" band

The analysis of uoroform spectra in the region of fundamental band was carried
out before at low and high resolution [Granet al. 1979; Smitlet al. 2002]. The most
recent investigation of this region was reported in [Smighal. 2002], where the high
resolution (unapodized resolution 0.0018 cnspectrum was recorded at room tem-
perature. The 3 state was considered as an isolated state, although in earliekywor
[Graneret al: 1979], a Coriolis interaction withg was suggested.

Figure 4.5 shows the survey spectrum of the range around 700 cwhere the 3 band
is located. The assignment was straightforward, becaugs a totally symmetric A;)
fundamental resulting in a well isolated band already analysed prasip from data
at lower resolution [Granest al. 1979; Smitlet al. 2002]. For the tting procedure we
have combined the data from the low-temperatuie=(115 K) spectrum measured at
ETH-SLS facility using our collisional cooling cell (Figure 4.6) witle ttoom tempera-
ture data. Due to our better experimental conditions, particulatlg longer absorption
path length and higher resolution, we were able to analyse transitiorithwigher val-
ues of the rotational quantum numbek As a result 4430 transitions with"#*=66 and
KMax=g5 were assigned tg; and tted. The set of parameters obtained from the tis
shown in column 2 of Table 4.10.

Transitions belonging to thes band of thel3C isotopomer of uoroform were observed
both in low- and room-temperature spectra, Figure 4.6. The lsdor this isotopomer
are discussed in Chapter 5.

The23; 3"hot"bandis located atp=699.2948 crt, Figure 4.5. We were able to iden-
tify 1040 rovibrational transitions in the room temperature spectrumhich is about
ve times more than available before, [Smit al. 2002]. The rovibrational transi-
tions up to J"#*=43 andKM®=15 were tted giving the set of parameters presented
in Table 4.10.
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v/ THz
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Figure 4.6: Survey spectrum of Cklif the region of the 3 fundamental
band at room temperatur@,=296K, (upper trace, (IX) - Table 4.7) and at
T=115K (lower trace, (XI) - see Table 4.7) measured using olisicolal
cooling cell. Absorbance is shown as decadic logarithniphd).

Table 4.10: Spectroscopic parameters of thand 2 3 levels of CHE (in

cm 1d.
Parameter v3=1, va=1l V3=2, v3=2
this work [Smith et al. 2002] this work [Smithet al. 2002]
1 2 3 4 5
=3 700.09898(85) 1399.39382(77)

0 700.09898(85) 700.0988(1) 1399.39382(77)  1399.3922(9)
B 0.34454817(97)  0.34454821(17) 0.3439211(4) 0.3339221(4
c 0.1890997(748)  0.1890907(1) 0.188935(5) 0.18892(11)
D;=10© 0.37595(46) 0.37596(20) 0.37244(41) 0.3742(4)
Dyk=10%  -0.59859(79) -0.5985(7) -0.6333(32) -0.6371(32)
Dk=10 6 0.27476(1) 0.2800(8) 0.289(17) 0.2842(33)
H,=10 12 0.636(8) 0.63(6) 0.669 0.63
Hjk=10 11 -0.268(7) -0.25(3) -0.28679 -0.25
Hc=10 11 0.354(1) 0.30(7) 0.3793 0.3
He=10 11 -0.139(1) -0.1428
Ndata 4430 1443 1040 206
drms 0.00029 0.00066 0.00024

3 Values in parentheses are Btandard uncertainties. Parameters presented without uncaties
were xed to the values of corresponding parameters of the gndwibrational state, see Table 4.9.
E2=E=(hc), corresponds to the parameter in the Hamiltonian (3.13)to the band centre de ned by

the term value of theJ=0 level of the vibrational state.
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4.3. The spectral range 25 to 1500¢M7 to 44.9 THz)

4.3.3 The interacting polyad o/ 5/ 3+ gin the region
1100-1250 cm !

This spectral range has been previously measured and analysedand& and Saéki
1976; Amreiret al. | 1987a; Gambet& al. 2015]. Also, an analysis of the band
system was done on the basis of spectra at room temperature withirestru-
mental resolution of about 0.0027 cim(unapodized) [Graner and Guelachvili 1984;
Champion and Graner 1986] using unreduced hamiltonian models for tredyesis of
the spectra. In subsequent work [Amregt al. 1987a,b, 1988] spectra of the bands were
measured using FTIR spectroscopy of supersonic jets at highetutsn leading to a
new determination of intensity ratios [Amreiret al. 1987a]. The rotational tempera-
ture in this case was about 40 K, which simpli ed the assignment, butydrdnsitions
with low values of the rotational quantum numberdandK were analysed. Spectra at
T=83 Kandr =200 K were later measured in this region as well, [Snetfal. 1997], but
no detailed analysis was given. As the Doppler width in this spectraiga is about
1.6 10 3 cm ! at room temperature, our higher resolution and low temperatuan
improve the database and analysis.

lv,.=1,v,=1;E >

lv=1, v,=1>" -
F=6cm’
[v=1>" ~ lv.=1; E >
[v,=1>" * lv,=1; A, >
3=0.24 cm”

Figure 4.7: Energy level scheme for interacting triagk s= 3+ ¢ to-
gether with the resonance interactions between the vibrational leals
the polyad.

The fundamental » corresponds to the symmetric Gistretching and s to the de-
generate Ckstretching vibration. The states are strongly coupled via a Coridjipe
interaction. The level 3+ g arises from a combination of symmetric umbrella bending
and degenerate GHbending motion. It is considerably weaker than the fundamen-
tals (see Figure 4.8 and the discussion in [Amreiml. 1987a]). Therefore, in order to
analyse also the weak lines, the spectrum of this band was measatrembm temper-
ature and with higher sample pressure; is coupled to 3+ g by a strong anharmonic
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Chapter 4. Spectra of uorofortfCHFR;
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Figure 4.8: Survey of the= 5= 3+ gband system spectrum measured at
room temperature{=296K, absorption path lengt3.2m and pressure
p=0.05mbar - uppertrace, (XIl) in Table 4.7) and "cold" spec{fit=120K,
[=2.5m ang=0.7mbar - lower trace, (I) in Takle 4.7). The rotational struc-
ture of the strong fundamental bands and s is highly perturbed due

to the strong interactions. The combination bangd+ g is considerably
weaker. Absorbance is shown as decadic logarithniphd).

interaction (Figure 4.7), which makes the rotational structure lofstvery dense spec-
trum even more complicated. Thus, the low-temperatufe=120 K) spectra of CHF
were considered rst as only rotational levels with loandK quantum numbers are
excited in this case. We also used data from molecular beam specfAmrein et al.
1987a] for the initial assignments.

The analysis of this spectrum provided the assignments udtiP4 both for the »
and s fundamentals. Ground State Combination Di erences (GSCD) were dsed
the assignment based on the "experimental” energy values cadilatcurately with
rotational constants of the ground state from Section 4.3.1. Thegasnent of the
transitions in the low temperature spectrum was then complementath transitions
from the room temperature spectrum and extended thereby udti®*- = 66 for the ,
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4.3. The spectral range 25 to 1500¢M7 to 44.9 THz)
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Figure 4.9: Example of a single isolated experimental Ifig@ &(19) of the

s band of uoroforminthe room temperature spectrum. The line is &t
to a Gaussian pro le giving the value for the full width half maximuno
be about the Doppler width ( p=0.00171 cnt at =1165.682 cnt and
T=296K). The residuals (upper box) show that the line shape spwads
well to a Gaussian pro le. Absorbance is shown as decadic logamith
lg(lp4), p=0.05mbat,=3.2m.
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Figure 4.10: Part of thes+ g vibrational band of CHE. Upper panel: part
of the R-branch. The clusters of lines with the same value of thational

quantum numberd that are typical forCy, molecules are clearly visible.

Lower panel: the blow-up 08=16 cluster of lines with the di erentk-
values.
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Chapter 4. Spectra of uorofoffCHR

band andJ™®*-= 55 for 5, which is higher than in the preceding studies [Amreah al.
1987a; Champion and Graner 1986].

To take into account the interactions between levels, a block-diagamadel was used
in the following form:

H "= jvi vOH™" where (4.2)
vyo=1

jli = jvo=1i%j2 = jvs= 1i%°andj3i = jvs= Lve = 1i° (see also Figure 4.7).

The 3+ g band is a perpendicular-type band and two sub-bands corresponding to

K=+1and K= 1 are clearly visible starting to mix al = 18. The sub-band rota-
tional transitions of 3+ g corresponding to the same value dform clusters with the
8:4:4 distribution of intensity betweera{=a,) ande rovibrational levels as discussed
in Chapter 3, see also Figure 4.10. For the g band about 1400 transitions were
assigned. The room-temperature transitions @i+ g were considered together with
the transitions in the 2 and 5 bands in a simultaneous tting. The result of the nal
tis represented in Tables 4.11 and 4.12.

The interaction parameters as determined for the Hamiltonian moaetiescribe the
interactions between,, sand 3+ g states are presented in Table 4.12. The strong
anharmonic interaction betweens and 3+ gis re ected by the large absolute value
of jFj 6 cm L. This results in a large di erence of zero order vibrational term uak

as compared to band centers (vibrational eigenstate3=a)).

While the valueF=6.15573 cnt corresponds to a best t of wavenumbers with an
apparently small statistical uncertainty of about 0.01 chif the parameter is allowed
to oat in the least square adjustment, this "statistical 'Llvalue does not provide an
estimate of the true uncertainty. Indeed, when xirfgat various values between 6 and
8 cm 1 with a systematic variation in separate t, the root mean squarev/éion dyms
changes by only a few percent and evEr5 cm ! leads to a "good" value by a factor
of less than twice higher than the best t. The previous estimateF=7.1286 cmt
[Amrein et al. 1987b; Champion and Graner 1986] would be consistent within the e
pected wavenumber precision of the lines. When varyiRgver these ranges, the
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4.3. The spectral range 25 to 1500¢M7 to 44.9 THz)

Table 4.11: Spectroscopic parameters ofthel), ¢s=1) andy{3=1yvg=1)
rovibrational states of the CHfmolecule (in cm?)?.

Parameter \(>=1) (s=1) (3=1lve=1)
1 2 3 4
E2e 1141.456916(23)  1158.082494(14) 1207.023308(16)

Ob)

1141.4569(1)

1157.3349(2)

1208.7709(2)

B 0.3441683(143) 0.3442934(64) 0.34464686(87)
C 0.18877274(6) 0.1887396(36) 0.18871910(361)
D,=106 0.38512(18) 0.37511(11) 0.37997(17)
Dyk=10 © -0.62602(66) -0.59691(28) -0.60761(56)
Dk=10 © 0.29269(49) 0.27475(18) 0.27932(43)
H;=10 1 0.0668 0.0668 0.0668
Hyk=10 11 -0.27589 -0.27589 -0.27589
Hk =10 11 0.3608 0.3608 0.3608
Hk=10 11 -0.1428 -0.1428 -0.1428
VEQ 0.248699(404)  -0.28227(41)
=105 0.2004(6) 0.1553(18)
k=106 -3.702(67) 0.172(46)
37010 -0.616(61)
k=10 10 1.24(12)
kK=10 10 -0.629(64)
=104 -0.350(36) 2.99503(64)
=108 -0.2258(90)
k=108 0.610(63)
=10° 0.318(61)
=10 13 0.81(19)
Jmax 63 63 59
K max 63 62 59
N 4590
drms 0.00025

3) Values in parentheses are Btandard uncertainties. Parameters without parentheses weswed to

the corresponding values of the ground state, Teble 4.9. The aicy for ofor sand 3+ ¢

includes systematic uncertanties and is an estimate from the uviaiety from t of the parameter

E®¢=E=(hc), as term value cf 3.13 and 3.16, which provides a resonanceatedwibrational level

energy, from which ¢ is calculated as term value of the vibrational level (wiik0).

b) 4 is the term value of the pure vibrational level € 0).

©) The parameter VE can be related to the convention@l by E=2C for the fundamental and by
2E = 4C for the overtone, [Ulenikowet al '2014a].
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Chapter 4. Spectra of uorofoffCHR

Table 4.12: Parameters of resonance interactions betweenstheg and
3+ g states of the interacting triad of CHFin cm 1)?,

E=E Interaction A;=E Interaction
Parameter (wv=1)/(ws=1,%=1) Parameter @=1)/(x=1)
F 6.15573 0.23613(12)
Fy=10 3 0.1112(38) ;=10°  -0.10824(22)
Fc=103 0.919(17) =103 -0.1337(17)
F37107 -0.6277(29) ;=10°  -0.635(9)
=101 -0.569(17) =10°% 0.79917(31)

=10°  -0.131(11)

3) Values in parentheses are ktandard uncertainties. The parametdfsF;, Fg, etc. are de ned by
eq. (3.29)

strongly correlated values fdE® of the two levels involved in the e ective hamiltonian
for resonance change substantially, while the predictions for theeslgable vibrational

energy eigenvalues (corresponding tgin the table) are essentially una ected within
the number of digits stated. This situation is well known for such a Feresonance
between rather distant levels, where the coupling parameter bast be constrained
from intensity information [Albert et al. 2011c].

Atheoretical prediction using intensity information from a full dimensionariational
vibrational calculation [Albertet al. 2017b] (assuming zero order intensity foy+ g)
leads to an overestimate=8 cm 1, consistent with our experimental result. In a rst
phase we were able to tessentially the same wavenumber dataaish a very di er-
ent valueF=-22.6 cm?, which would, however, be inconsistent with the experimental
intensity information. In practice one can expeétto fall in the range 5 to 8 cm*
indicating rather strong anharmonic coupling in any case.

We also note that the level data tted in the Table 4.11 at an gatlage used an older
data set for the rotational levels of the vibrational ground stal€€ausu-Velcesce al.
2003a] column 5 of Table 4.9) which has however very little & en the level energies
and thus the adjustments were not repeated with the newer data sehfcolumn 6 in
Table 4.9.
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4.3. The spectral range 25 to 1500¢M7 to 44.9 THz)

4.3.4 Analysis of the dyad of coupled levels 4and 2 3 near
1400 cm 1

Infrared spectrum of 12- uoroform in the region of they band was studied in [Hoskins
1970; Sofuet al. 1981a]. Intensity of the band was measured using tunable diaderl
source in [Sofuest al. 1981Db]

Figure 4.11 shows a survey spectrum for the 1330 1430%cspectral range, which is
dominated by the CH-bending fundamentaj (E) at 1377 cm!. This spectral range
has been previously investigated by Sofaeal. [Sofueet al. 1981a] on the basis of
tunable diode laser spectra covering only a modest range of quantumbersJ and
K with the total of 328 lines (see Tahle 4.8).

Vv / THz
40.0 40.5 41.0 41.5 42.0 42.5
20 L | L L L L | L L L L | L L L L | | | L L L
— 15] res.=0.0011cm ‘
~~— ] .
= .,,] p=002mbar H,O lines
> I=32m
1]
0.0 T T T T T T T T ‘ T '
1340 1360 1380 1400 1420
V/cm™

Figure 4.11: Overview of the high resolution =0.0011cm') CHR; spec-
trum measured in the region of the,=2 3 dyad at room temperature,
T=296K, pressune=0.02 mbar, with absorption path lengtk3.2 m. (see
also (XVII) in Table 4.7)

We have therefore measured the high-resolution €£0.0011 cmt) FTIR spectrum of
uoroform in this region in order to provide precise information abouwtl rovibrational
transitions belonging to this band. As a result of our analysis, 4607 natibnal tran-
sitions were assigned in this range. The data base for thievel is thus increased by
more than a factor of ten.

It is stated in [Sofueet al. 1981a] and also directly seen from the Table 4.3 that the 2
and 4levels are very close in energy, which leads to a resonance interadt&iween
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Chapter 4. Spectra of uorofoffCHR

Table 4.13: Spectroscopic parameters of thea?d 4levels of uoroform
13CHFR; (in cm 1),

Parameter V3=2, v3=2 vg=1, vs=1

this work [Sofueet al. 1981a] this work [Sofuet al. 1981a]
1 2 3 4 5
B2¢ 1399.3972(38) 1377.8472422(91)

0 1399.3972(38) 1399.411 1377.8472422(91) 1377.84576(33)
B 0.34392317(429) 0.343914 0.34480144(391) 0.3447884(12)
C 0.1889378(379) 0.18852 0.189136370(288) 0.18913390(54)
Dy=10 © 0.37244 0.352 0.375926(14) 0.37774(85)
Djk=10 8 -0.6333 -0.60935 -0.599687(29) -0.5735(18)
Dk=10 6 0.289 0.327 0.275506(208) 0.2941(12)

Hj=10 12 0.669 0.61387(12)
Hjk=10 11 -0.28679 -0.2661(36)
Hy =10 11 0.3793 0.3548(41)
Hy=10 11 -0.1428 -0.1429(17)

VED) 0 .3723168(65)0 .372390(20)

=106 -0.6415(12) 1.436(35)

k=10 6 0.3890(12) -0.820(28)

JF710 10 0.687(41)

Jk=10 10 -1.374(83)

kK=10 10 0.687(58)

=104 -0.2051(13) -1.115(12)

Ndata 4607 328
drms 0.00011 0.0012

3) Values in parentheses are ktandard uncertainties. Parameters presented without con dence

intervals were xed to the values of the corresponding paranmrstef the vibrational ground state, see

Table 4.9E%€=E=(hc), as term value in equatioris 3.13 and 3.16 and leugls this case coinciding,
tted independently from data of 23 3 in Table 4.10 with some parameters xed to the results in

Table 4.10.

b) The parameter VE can be related to the convention@l by E=2C for the fundamental and by
2E= 4C for the overtone, [Ulenikowt al 2014al].

Table 4.14: Parameters of resonance interactions of ta@d 4 bands
of CHF; (in cm 1),

Parameter \(3=2)/{/4=1)

0.012277(164)
=106 0.9003(685)
k=10%  -0.158(872)
J710°  -0.0670(472)
1k=10°  -0.3877(258)
kk=10°  0.4184(362)

3) Values in parentheses are btandard uncertainties.

them. As the 23 band is not appearing in the spectrum, we have treated it as a "dark

state". The values of the e ective hamiltonian parameters obtaifer the 2 3

3"hot"

band (Section 4.3.2) were used as initial set. Table 4.13 showstlgarameters of

84



4.4. The 4 levelsE andA; - a component of a strong Fermi-resonance

the t of 2 3 when interaction with 4 is included. Table 4.14 shows the interaction
parameters couplingg and 2 3.

We have chosen here to present the results for thel2vel in Table 4.10 and Takle 4.13
from two independent ts, as this gives an interesting view at the (smalhcertainties
arising from such a "dark" state t. Of course, one can also inclulde states assigned
in2 3 3"hot" band in overall t, the di erences in the resulting parameteising
small.

4.4 The2 4levels Eand A; - a component of a strong
Fermi-resonance

The CH-bending overtone of CHfs a component of a classic Fermi-type resonance
involving the CH-stretching fundamental; (A1) and the overtone of CH-bending vi-
bration, 2 4, which has @\; andE component. Thé\;-component of 2, interacts very
strongly with 1, resulting in a very large separation of th&, andE sub-levels of 24
and a high intensity for theA; component. This coupling plays a key role in the in-
tramolecular vibrational energy redistribution (IVR) process the CH-chromophore

of CHF; [Dubal and Quack 1934].

The 2 4 band was studied before by [Dubal and Quack 1.984], as well asdpdlfet al.
1987], at modest resolution and later by [Pine and Pliva 1988] wittpfer limited
spectra. For completeness of our systematic analysis of uanofspectra we comple-
ment here the previous analysis of [Dubal and Quack 1984] and [Pine divd R9838].
The high resolution Fourier transform spectrum $CHF; was measured in the region

of around 2700 cnt using our Bruker IFS 125 HR prototype spectrometer (ZP2001) at
room temperature =296 K) withp=0.5 mbar and=16 m. An overview of the spec-
trum is shown in the top part of Figure 4.12.

The rovibrational transitions in the totally symmetric component of th@nd, 24 (A1),
were assigned up t@hax. = Kmax. = 55. The band is only slightly perturbed for the
levels with K= 31;32, which was reported in [Pine and Pliva 1988] and this can also
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Figure 4.12: Survey of the high resolution FTIR spectrumt4aHF; in
the region of the 24 (A;=E) band (upper trace). Part of thie-branch of
the 2 4 (A1) (middle trace). EnlargeB-branch of the 24 (A1) (bottom)
showing clusters of lines with the same value of the rotational quamtu
numberJ. The perturbed lines witiK°:31, 32 are marked in red.

be directly seen from the spectrum (bottom trace of the Figurg. This perturbation
can be included in the t, but it leads to a change of the t quality. Tis, similar to
[Pine and Pliva 1988] the levels with®= 31 were excluded from our nal t. For the
manifolds of the rovibrational levels witld® 30, the parameters obtained reproduce
the experimental spectrum with a high quality. As an illustration, ingldre 4.13 the
cluster of lines with J°= 20 in the P-branch of 24 (A1) is shown compared to the
simulation, which corresponds well to the experimental spectrum.

A simultaneous t of the two components of the 2 dyad was made at the rst stage
giving the set of spectroscopic parameters presented in Table dobfpared to the
same set of [Pine and Pliva 1988]. A small number of interaction constamete set to
oat giving the values =-0.0628(27) and;=10 °= 0.229(19). It could be seen from the
t that further local interactions should be taken into account, du@s the interaction
of the E-component with the 23+ 4 level, which was also reported in [Pine and Pliva
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Figure 4.13: Part of the high resolution FTIR spectrum of 12Graform
(p=1 mbar)=19.2 m, see also Figure 4.12) in the region @f{&,) band for
the cluster of lines with1®:20 andk°%0..19 (upper trace) compared to the
simulated spectrum (lower trace). The simulated spectrum isuated
with the parameters of e ective hamiltonian from Table 4.17. Ablsance

is shown as decadic logarithm, (ig= ).
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Figure 4.14: Survey of high resolution FTIR spectrum&HF; in the
region of the 24 (A1=E) band (upper trace) and the simulated spectrum
built with the parameters presented in columns 7 and 8 of Table 4.17.
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Table 4.15: Spectroscopic parameters of thg(&1;E) band of thel?CHF;

(incm b,
Parameter 2 (A1), 2 4 (A1), 24(B), 24(B),
this work [Pine and Pliva 1988] this work [Pine and Pliva 1988]

1 2 3 4 5
= 2710.209984(115)  2710.20939(1) 2754.7991784(939)798336H).

0 2710.20998 2710.2094 2754.79918 2754.7986
B 0.3448593(3) 0.3445102(1) 0.3441971(5) 0.3443687(3)
C 0.189065183(5) 0.18905241(2) 0.189022852(2) 0.2890179(
D;=106 0.40161(27) 0.37527(107) 0.37137(5) 0.3780(2)
Djk=10 © -0.60517(461) -0.59914(59) -0.51804(33) -0.5933(76)
Dk=10 © 0.25587(376) 0.281(1) 0.19135(30) 0.2726(51)
H;=10 12 0.669 0.688
Hjk=10 Y -0.28679 -0.27589
Hk =10 ! 0.3793 0.3608
Hg=10 11 -0.1428 -0.1428

vE -0.7434382(162)
C 0.185903(1)

=105 0.15351(9) 0.11303(9)

k=10 ° -0.1021(1) -0.09701(10)

=104 0.64412(874)
Ndata 3340 2705
drms 0.0009 0.00019

3) Values in parentheses are ktandard uncertainties. Parameters presented without con dence

intervals were xed to the values of the corresponding paranmrstef the vibrational ground state, see

Table 4.9.

b) The parameter VE can be related to the convention@l by 1E=2C for the fundamental and by
2E = 4C of the overtone, [Ulenikowt al 2014a].

1983].

The analysis of the doubly-degenerate44E) band provided the rovibrational transi-
tions assigned with thel,ax. = Kimax, = 60. At the second stage an anharmonic interac-
tion with the 2 3+ 4 band, which was reported also in [Pine and Pliva 1988], is taken
into account in the nal simultaneous t. The 23+ 4 (E) appears as a "dark" state,
but the interaction is allowed as anharmonic resonance and thus di ereoni the
case of 4=2 3 dyad, discussed earlier in Section 4.3.4. In the tting procedueshave
started with the spectroscopic parameters o2 4 from [Pine and Pliva 1938] and
we let the parameters of the vibrational energ, rotational parameteB and Coriolis
parameteiIC oat, which improved the nal d;ns. The parameters obtained from the
tting are listed in Table'4.17 and in Table 4.16. The simulated speuntpresented in
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4.4. The 4 levelsE andA; - a component of a strong Fermi-resonance

Figure 4.14 was constructed using Pgopher program for simulatinégdar spectra
[Western and Billinghurst 2017; Western 2017] for illustrativerposes. It describes
the experimental spectrum well although only the parameterggented in Table 4.17
were used and the interaction parameters of Table 4.16 were othitéhus, the dif-
ferences may arise from interactions between thg and E states and from their in-
teractions with other states located in this range, such as® ¢, 25+ 5, 2+ 5+ 4,
and 4 g, see Appendix D, which might also be included in a subsequent stagheof t
analysis.

Table 4.16: Parameters of resonance interactions between thessPat
(A1, E) and 23+ 4 of 2CHR; (in cm 1)?.

E=E Interaction A,=E Interactions
Parameter (24, E)/ Parameter (24, E)/ (2 3+ 4, E)/
23+ 4B (2 4,A1) (2 4, A1)
F -0.0911(58) -0.22138(17) -0.102645(507)

Fy=10 3 -0.8790(68)  ;=10° 1.23738(59) -1.2464(77)
F=103 0.552(19) k=105  -0.62931(54) 1.7030(91)

3) Values in parentheses are btandard uncertainties.

Thereby, the information obtained for the CH-bending component of thezrfi reso-
nance 2,4= 1 can be further used in the spectroscopic study of this interestingraib
tional level system once a high resolution analysis of thédundamental range becomes
available.
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Table 4.17: Spectroscopic parameters of the(&1, E) band of CHE (in cm 1)@,

[Dibal and Quack 1984] [Seqa al. 1987] [Pine and Pliva 1988] this work

Parameter 2 (A1) 24(8) 24(A1) 24(B) 23+ 4(B) 24 (A1) 248 23+ 4(B)
1 2 3 4 5 6 7 8 9
E 2710.210 2754.796 2710.2094(2)  2754.7989(2)  2773.110.210@718(185) 2754.799131(12) 2773.1116(21)
B 0.3445151(6) 0.344387 0.34453(19) 0.34440(34) 0.3433495188(34) 0.34218021(32) 0.342933(42)
C 0.1890556(8) 0.18909 0.18905(69) 0.18901(59) 0.1889 909301(82) 0.189051513(41) 0.189255
D,=10 6 0.3808(3) 0.393 0.37(47) 0.330(415) 0.129(42) 0.3286(11) 0.3784224
Djk=10 © -0.6057(5) -0.37 -0.60(19) -0.548(220) -0.319(51) (x0)158 -0.604339
Dx=10 6 0.3691(5) 0.39 0.28(38) 0.28(423) 0.234(50) -0.102(73) 3024 0.
H,=10 12 0.669 0.669 0.669
Hjk=10 1 -0.28679 -0.28679 -0.28679
Hk,=10 11 0.3793 0.3793 0.3793
Hk=10 11 -0.1428 -0.1428 -0.1428
L;=10 Y7 -0.40 -0.40 -0.40
LyJEl0 16 0.2 0.2 0.2
Lyk=10 16 0.4 0.4 0.4
Lykk=10 16 0.4 0.4 0.4
ch 0.18573 0.185898(3)

VED) -0.7415107(112) 0.370722(16)

;=105 -0.19 0.0642(15) -1.795(87)

k=105 0.55 -0.0411(15) 1.917(57)
q4=10 4 -0.616(19)
ry=10 8 1.54(71)
0as=10 © 0

=102 -0.1206(66)
Jnax. 49 50 60
Kmax. 42 50 60
Ny 448 2112 593 3340
drms 0.00016 0.00088 0.00034

2) Values in parentheses are ktandard uncertainties. If no uncertainty is given, the parametersavxed in the t.

b) The parameter VE can be related to the convention&l by E=2C for the fundamental and by

[Ulenikov et al/ ' 2014a].

2E= 4C forthe overtone,

&Ha4pi0j010N Jo BAAdS "¢ Jsldeyd



4.5. The CH- stretching fundamenta -

4.5 The CH- stretching fundamental - 1

As pointed out in the preceding section, the special interest in the Cktshing mode
of uoroform arises because of the strong Fermi resonance betw€gl-stretching
and CH-bending over the entire infrared to visible vibrational overtone ranghich

is a signature of dynamical e ects, such as intramolecular vibratioeaérgy redistri-
bution, [Diubal and Quack 1981, 1984; Quack 1990, 2001]. The tioletien of the
guantum mechanical wavepackets in uoroform was considered in [bjaardtet al.
1985; Marguardt and Quack 1939e,b, 1991] and IVR dynamics is actwfjboth
theoretical and experimental considerations, [Dubal and Quack 1382gallet al.
1987; Dubaét al. 11989; Haet al. 1990; Maynaret al. 1995; Boyarkin and Rizzo 1996;
Maynardet al. 1997, Pochert and Quack 1998; lwhal 2004; Ramesh and Sibertlll
2005; Doriokt al. 2008; Kushnarenko 2013].

The complexity of the spectral region of uoroform spectrum @und 3000 cmt
was noted by [Dibal and Quack 1981, 1984]. Attempts to provideanalysis of
the band system were made in [Amreat al. 1987a, 1988] and a detailed descrip-
tion of the problem in relation to time-dependent intramolecular pesses is given in
[Dubal and Quack 1931]. The intensities of theand of its rst overtone were stud-
ied in [Diubal and Quack 1930] and later in [Nguyven-Van-Thagilal| 1982]. A broader
study of intensities was given by [Lewerenz and Quack 1986].

While rst evidence for the Fermi resonance obtained by [Bernstein aneriberg
1943] in the basis of "photographic" infrared spectra was interpdetas a
two level Fermi resonance problem, the multistate character swpointed
out by [Dubaland Quack 1984]. The overtone spectra af were reported

in [Dubal and Quack ' 1984; Campargue and Stoeckel 1S86; Segkll 1987,
Wonget al. 1987; Romanini and Campargue 1996] with some theoretical work
in [Spragueet al. 2006; Cassam-Cherstial. 2008]. Overtone intensities were stud-
ied in [Lewerenz and Quack 1986]. In work by [Dibetlal. 1989; Hat al. 11990;
Maynardet al. 11995, 1997] and [Ramesh and Sibertlll 2005] the dipole moment
function and potential energy surface of the molecule are given. Tae resonance
between CH-stretching and CH-bending vibrations was the subject otsal further
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Figure 4.15: Survey of the high resolution FTIR spectrunf@HR; mea-
sured at room temperaturel £296K) in the region of the; vibrational
band (upper trace). Enlarged parts of the spectrum in middle aritbipo
of the gure show the complexity of the rotational structure ofie band.

studies [Carringtonet al. 1987; Halonesmt al: 1988; Kauppi and Halonen 1939; Kauppi
1994; Sarka and St°iteska 2009; Hbal 2009].

Dubal and Quack ([Dubal and Quack 1981]) in 1981 suggested abposompli-
cated close multistate resonance in thgregion, involving interactions with 3+ 2 s,
2+ 4+ g, 4t 5+ gamong others, with a total of sevefy, states being expected very
nearto 1, and, of course, the wide range resonance with.ZI'he so far most successful
analysis of the ; band was given by Pine and Plivain [Pireal 1988], where from the
molecular beam experiments rovibrational transitions belonging to tnhkeands were
identi ed. A highly complicated structure of the is attributed to numerous local in-
teractions with combination and overtone bands of the lower lying fundartads. In
particular, threeQ-branch structures are assigned to theitself and to components of
the 4+ 5+ gband @; andA,). Based on the results of [Piret al. 1988] the rotational
constantsB; and 8256 ofthe 1andthe 4+ 5+ (A1) were derived by the methods of
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Figure 4.16: Survey of the high resolution FTIR spectrum4@HR;
measured at room temperatur@ £296K) in the region of the vibra-
tional band measured dt=110 K (upper trace) and at room temperature,
T=296 K (bottom).

infrared-microwave double resonance spectroscopy in [Pursell Afadiky 1990], who
found a discrepancy with the model of [Piret al. 1988].

In the present attempt to describe the rovibrational structure thie °CHF; bands
around 3000 cm', in particular the 1 band, the high resolution Fourier transform
spectrum of the molecule was recorded at room temperattire296 K), as well as at
T=110 K. An overview spectrum is shown in Figure 4.15 and shows a hoghpdexity
of the band structure. Even the spectrum measured at low terapge (T=110 K) does
not simplify the structure considerably (see Figure 4.16).

The results of [Pinest al| 1988] obtained for three bands up 8°= 10 can be repro-
duced, but further extension of the analysis was not succesdfielmodel of [Pinest al.
1983] being clearly insu cientto describe all the experimental datze@ in a rough ap-
proximation. Thus, the high resolution analysis of the band region of?CHF; is still
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missing and remains a challenging spectroscopic problem for the futbi@vever, we
have been able to approach the problem by a di erent route ustg isotope substitu-
tion, which greatly simpli es the spectrum, as some of the resonatiegels are shifted
out of resonance as already noted by [Hollenstetral. [ 1990], see Chapter 5.

4.6 Discussion and conclusion

Our rather complete reinvestigation of the low energy spectrumwdroform at high
resolution has considerably increased the data base for our urtdedsng of the level
structure of 2CHF; in this energy range, including the ground vibrational state. The
improved knowledge includes thus;, 2, 5 3+ 6 4 and 24 and many interac-
tions within various polyads involving these. The levels and 2 g can be treated as
well isolated and have been analysed elsewhere in essentially deaitorm already
[Ceausu-Velcesce al. 2003h,a], although one might consider interactions of thg 2
level with the 5, sand 3+ gtriad in the future. However, we think that the present
understanding of the low energy spectrum is su ciently complete to@ride a basis
for the understanding of the increasingly complex spectrum at higheeryy. The
e ective hamiltonian parameters certainly are su ciently well de nd to allow also
for very complete simulations of the spectra in these spectralgas important for in-
frared absorptions of this greenhouse gas in the most relevantspb@nges. The pa-
rameters obtained reproduce the experimental information containedearly 20000
transitions measured and analysed in the present work with an accuidoge to the
small experimental uncertainties in the high resolution results.

The present results provide also benchmark data for the theoedtunderstand-
ing of the quantum dynamics of CHF Table 4.18 summarises the current status
of the comparison of the results of recent full-dimensional vibratad calculations
[Ramesh and Sibertlll 2005; Doriglal. 2008] with experiment. the two calculations
use di erent approaches for the vibrational level calculation arat the potential hy-
persurfaces. While, in principle, uncertainties can arise from botpexds of the the-
ory, it can be safely assumed that the largest uncertainty arisesifthe potential used.
While the more recent MCTDH calculation [Doriak al. 2008] used an oldeb initio
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Table 4.18: Experimental and theoretical results for the low gyaribra-
tional levels of'“CHFs.

Level refd  refb ref Exp. References
1 2 3 4 5 6 7
6 E 507.01 507.80 507.805 507.822% ref.

A; 703.73 700.10 700.094 700.099 this work
26 A; 1014.63 1014.71 1014.725 1014.54PF ref.
26 E 1015.53 1015.98 1015.994 1015.95% ref.
A; 1157.82 114150 1141.515 1141.457 thiswork
5 E 1175.80 1158.30 1158.347 1157.335 this work
3t ¢ E 1211.62 1209.09 1209.092 1208.771 this work
E 1396.23 1377.49 1377.505 1377.847 this work
23 A; 1406.26 1399.50 1399.484 1399.394 this work
24 A1 2709.53 2709.708 2710.210 this work
24 E 275455 2754.535 2754.799 this work

3) [Doriol et all 2008]?) [Ramesh and Sibertlll 200%);[Albert et al 2017b];
d) [Ceausu-Velcescet al 2003b]®) [Ceausu-Velcesce al 2003a].

surface [Maynarct al. 1995], and deviations from experiment up to 18 énffor s)
can be seen, Ramesh and Sibart [Ramesh and Sibertlll 2005] usddaaljysted vo-
tential, which leads to a strikingly good agreement with experiment irettow energy
range as already noted by these authors [Ramesh and Sibertlf]Z6taximum devi-
ation about 1 cm? in Table 4.18).

This indicates that it is possible to obtain potentials for a problem bétcomplex-

ity of CHFs, which should be well adapted for a study of intramolecular vitoamal
energy redistribution (IVR) involving also the lower frequency modiédbert et al.
2017h], the fast IVR on very short time scales (100 fs), in thé lmgertones of the

CH chromophore having been understood both experimentally and imparison

with ab initio theory for some time [Dubal and Quack 1984; Marauagtal. 1986;
Segallet al. ' 1987; Carringtoret al. 1987; Halonert al. 1988; Quack 1990; Hhal.
1990; Hollensteirt al. 1990; Marguardt and Quack 1991; Luckhaus and Quack 1993;
Quack and Stohner 1993].

It is clear that the strong anharmonic resonance coupling betweeand 3+ ¢ pro-
vides an important doorway for IVR between the €5tretching and the Cf-bend-
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Chapter 4. Spectra of uorofoffCHR

ing modes in the higher polyads as well. Ultimately the coupling beem the CH
stretching-bending polyads and @Btretching-bending polyads will lead to redistri-
bution between all modes, the processes happening, howeveraoiows time scales
in quite a mode selective way, as characteristic rst step prior &action processes at
higher energy [Quack 1931, 1995; Quack and Kutzelnigg 1.995; (A06.
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Chapter 5

High-resolution spectra of SCHF;

5.1 Introduction

The isotopomers of CHfare of interest in several contexts. The second most abun-
dant isotopomet3CHF; with about 1% natural abundance is important in atmospheric
spectroscopy. This isotopomer has also been studied in the couteixfrared multi-
photon excitation and3C laser isotope separation [Lupo and Quack 1.987: Quack 1989,
1995; Widmer 1939]. In particular, the isotopically selective&itbnal energy transfer
was studied experimentally [Boyarkiat al. 2003; Bossa#d al. 2007].

Isotope e ects are also important in the context of intramoleculalynamics
and intramolecular vibrational energy redistribution (IVR). The dettim iso-
tope e ect on the spectra and dynamics in CRks obviously very large, indeed
[Lewerenz and Quack 1986; Dukstlal: 1986]. Of particular relevance for the present
work is, however, the detailed investigation of the much smallertcgue e ect on IVR
in 13CHFR; [Hollensteinet al. 1990; Quack 1990; Hollensteiral 1993]. In this case
the modest change in mass leads to an only modest e ect on thengfiGH-stretching
CH-bending Fermi resonance polyads, whereas the much weakehdéumesonances
coupling the CH-chromophore to the heavy atom frame are changedy substan-
tially. [Hollensteinet al. 1990] had obtained rather complete IR spectra ¥2HR;
at in part high resolution, but a detailed analysis was carried out ofdy the strong
CH-stretching-bending Fermi resonance polyads wik1,2,3,4 (covering the spectral
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Table 5.1: Fundamental vibrations of the Y3CHR; Molecule (in cm?)
(see also [Bolotovat al. 2017c]).

. cale) P Ref. Designation

1 Ap 3026.139 3024.61319¢80) this work CH-stretch

2 A 1116.152 11159 [Chamberal. 1975] Sym. CF-stretch

3 A; 695.208 695.29229518(792) this work Sym. umbrella bend
4 E 1369.631 1369.038064(101) this work Deg. HCF-bend

5 E 1132.408 1132.4 [Chambetrsal. 1975] Deg. CF-stretch

¢ E 506.785 507.0 [Chambetsal. 1975] Deg. CF-bend

A[Albert et al | 2017b], for the full list see also Appendix E;
bHollensteinet al 1990}t al.gave 3024.6 cnt.

ranges from 2700 up to about 12000 cin It is the aim in the present chapter to in-
vestigate thel3C isotope e ect in the lower frequency spectra 6fCHF; from the far
infrared (25 cm?) to the range of the CH-stretching fundamentaj near 3000 cmt
at very high resolution. In particular, we shall show that the sgrum of the 1 fun-
damental is simpli ed considerably for th&*CHF; isotopomer allowing for a straight-
forward high resolution analysis of this fundamental in contrastt6CHFs.

A comparison of the spectroscopic analysis with an accurate foltye-dimensional vi-
brational eigenstate calculation on an accurate potential hypéiasce allows us then
to provide a preliminary analysis of the fully 9-dimensional time depentgquantum
dynamics including thé-3C isotope e ect on the resonance couplings to the lower fre-
guency modes. These results are being reported in [Allzedl 2017b; Bolotovet al.
2017c].

Table 5.1 provides a summary of the current knowledge of the fundatal spectrum
of 13CHF;. There seem to be no extensive high resolution analysis availablehfer
fundamentals previous to our work. An overview of the infrared spreen of 13CHR;
was given in [Chamberst al! 1975] at low resolution. High resolution spectra for the

1 band and its overtones up to 4 were investigated in detail by [Hollensteid al.
1990] and 4, was later also reported in [Romanini and Campargue 1996]. Hieand
was studied in [Smitret al. 2002] from the'?CHF; spectra with natural abundance of
13CHF;. Ground state parameters were given in [Gilliaghal 1949 Burrus and Gordy
1957; Costain 1962; Pashaeal 1988] and [Bocquedt al. 1994].
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5.2 Experimental

5.2.1 Synthesis of 3CHF;

An isotopically substituted sample dfCHF; was not available commercially. There-
fore, the synthesis was performed in our laboratory by D. Zindehelprocedure was

following the scheme of ref. [Andrewst al. 1979] with some improvements following
already earlier work in our group [Widmer 1939; Hollensteghal 1990] and is de-

scribed below.

Sbis was obtained from Merck anéfC-chloroform by Cambridge Isotopes Laborato-
ries. All chemicals were used without puri cation. Nitrogen was ddever BOs. A
100 ml ampoule with a magnetic stir bar, and 1 L round bottom ask waa®uated
over the weekend at 1G mbar. After venting with nitrogen (dried over $s), 10 ml of
Sbks (Merck,>95%) was placed under a stream of nitrogen in the 100 ml ampoute. Af
ter degassing (three times) 1 gBC-chloroform was condensed in the ampoule and let
warm up to ambient temperature while stirring. After two hours ofiging the colour
changed from slightly blue (Sk)-to dark red. After another two hours the reaction
mixture was held at liquid nitrogen temperature overnight. The mixéuwas then al-
lowed to reach ambient temperature. TR&C- uoroform was then re-condensed in a
gas ask (glass) which was cooled to liquid nitrogen temperaturkigh gave 0.54 g of
pure13CHF; (92% yield). The identity and purity was con rmed with gas chromatagr
phy coupled with mass spectrometryM H]"=70 m/z (100%) an[ HF]*=52 m/z
(70%) and was also obvious from the high resolution infrared sgectr

5.2.2 Recorded spectra

The high-resolution pure rotational FTIR spectrumBCHR; was recorded in the THz
region at with our ETH-SLS prototype spectrometer and is shown igufe 5.1 in
the region 3555 cm?! at room temperatureT=296 K, as well as at higher temper-
ature, T=313 K. The high temperature spectrum was recorded in orderetach lev-
els with higher values of the rotational quantum numbedsand K, Figure 5.1. The
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Figure 5.1: Far-infrared rotational spectrum $¥CHF; (p=0.3 mbar and
=10 m) measured at room temperatuiies296 K (upper trace) and at
T=313 K (lower trace) using a thermostated cell. Spectra mesabsur
the higher temperature regime show transitions with highdrvalues.
Absorbance is shown as decadic logarithm(ligl).
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Figure 5.2: Part of the far-infrared rotational spectrum &fCHR;
(p=0.3 mbar|=10 m and nominal resolution =0.0008 cmt) measured
at room temperaturel =296 K, in the region of the lines witd"%61 (left).
Result of the tting of a single isolated line%61,K°:50) to a Gaussian
line pro le. Although the line pro le is not a true Gaussian in this range

( p=0.00006 at=42.52164 cnt andT=296 K), one can see good agree-
ment. The full width at half maximum derived from the t de nes the

e ective resolution and equals to pwHm=0.00064 cnt (better than the
nominal resolution as expected, see [Albettal. 2011c]).
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Figure 5.3: Overview of the mid-infrared spectrum'8€HF; combined of

di erent spectra from the Table 5.2: 600-1000 dmXIII; 1000-1300 crt

- XII; 1300-2000 cnt - XI; 2000-2400 cnt - IV; 2400-2600 cnt - II;
2600-2900 cn - 111; 2900-3200 cnt - I. Absorbance is shown as decadic
logarithm, Ig(lo=).

nominal resolution =0.0008 cm' was used with an aperture of 3.15 mm, while
the actual e ective resolution in this region de ned as a full widthtdnalf maximum
for a single isolated line in this region was 0.0006 dimsee Figure 5.2. The White-
type cell with the absorption path length di=10 m was used to measure spectra at
p=1.7 mbar and agp=0.3 mbar in both temperature regimes. Mylar 25 beamsplit-
ter and L-He-Bolometer detector with the scanner velocity 30 kHerevused in this
spectral range. About 100 scans were co-added for each measmtesession in order
to increase the signal-to-nois€s=N) ratio. The calibration was done with O lines
[Guelachvili and Narahari Rao 1986].

Table 5.2: Overview of the high resolution spectra measured {GHF.

No. p¥; T®: d9; d: 19: Number  Range, Date
mbar K mm cm! m ofscans cmt

Cl 100 293 05 0.004 0.17 50 2700 3200 )

C2 20 293 05 0.004 0.17 50 2950 3100 )

C2A 20 293 05 0.05 0.17 50 2950 3100 )

C3 1.0 293 05 0.004 0.17 50 2950 3100 )

C4 340 293 05 005 0.17 100 2150 4500 f)
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No. p¥; T®: d9; d: 19; Number Range, Date
mbar K mm cm! m ofscans cmt

C5 03 293 1.0 0.004 0.17 50 1050 1280 f)

C6 05 293 1.0 0.05 0.17 500 600 1480 )

C7 05 293 1.0 0.05 0.17 500 600 1480 )

C8 20 293 0.5 0.004 0.17 40 1300 1450 )

C9 2130 293 1.0 0.1 6.00 409 8500 14500 f)
C10 2110 293 10 0.1 540 400 5000 12000 )
C11 1000 293 10 0.1 540 400 5000 12000 f)
Cl12 30.0 293 1.0 0.1 540 347 5000 12000 )
C13 100 293 1.0 0.1 540 400 5400 6200 f)
Cl14 200.0 293 05 0.1 400 2200 5100 )
C16 200.0 293 25 0.1 0.17 200 400 3500 )
C17 1000 293 15 0.01 0.17 100 1450 1800 )
C18 50 293 1.0 0.004 2.80 50 1450 1800 )
C19 7.0 293 1.0 0.004 3.50 46 1510 1700 )
C20 50 293 1.0 0.004 3.50 50 1750 1950 f)

| 015 296 0.8 0.0015 3.2 200 2700 3300 09/08/16
I 015 296 0.8 0.004 19.2 400 2000 8800 10/08/16
N 0.7 296 0.8 0.0013 19.2 180 2400 2950 11/08/16
IV 0.7 296 0.8 0.0012 3.2 188 2000 2500 14/08/16
V.  0.17 296 3.15 0.0008 10.0 96 15 100 10/08/16
VI 0.3 296 3.15 0.0008 10.0 144 15 100 13/08/16
Vil 1.6 313 3.15 0.0008 10.0 130 15 100 30/09/16
Vil 0.3 313 3.15 0.0008 10.0 100 15 100 01/10/16
IX 025 296 1.0 0.001 19.2 100 550 920 21/10/16
X 025 296 1.0 0.001 32 106 550 920 24/10/16
XI 005 296 1.0 0.0018 3.2 178 750 2500 04/11/16
Xl 01 296 1.0 0.0018 0.2 200 750 2500 07/11/16
Xl 0.1 296 0.8 0.0011 3.0 152 600 1000 17/11/16
XIV 025 296 1.0 0.0008 3.2 88 600 1000 15/12/16
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No. p¥; T®: d9; d: 19; Number Range, Date
mbar K mm cm! m ofscans cmt

3) Pressure in the celP) Temperature® Diameter of entering circular aperture;
9 Nominal resolution de ned as = 1=dyiopp; © Absorbing path length in the (multire ection) cell;

f) Spectra measured on our BOMEM spectrometer prior to yea0199

An overview spectrum of3CHF; is shown in Figure 5.3, where di erent spectra are
combined for di erent spectral regions. The full list of the availa$pectra of CHR;

is presentedin Table 5.2. The spectrameasured in our group using @V EM DA.002
interferometric spectrometer in the past, [Hollensteahal | 1990], are available as well
and listed in Table 5.2 with the label "C". They were used for aiprglary analysis of
spectra in some regions. The high resolution Fourier-transformcerecorded for
13CHR; using our Bruker IFS 125 prototype systems are listed in TablauSi2g latin
numbers (I-X1V).

5.3 Ground state

The vibrational ground state of*CHF; had been previously studied using microwave
[Costain  1962], mm-wave [Burrus and Gordy 1957], sub-mm weRashaewt al.
1983] and far-infrared [Bocauet al| [ 1994] spectroscopy. In the present investigation
we combined the existing information about the rotational spectrum*8EHF; with
our Terahertz data obtained using synchrotron radiation at the Swigght Source.
The temperature controlled cell installed there allowed us &xord the spectra not
only at room temperature, but also dt =313 K, which resulted in larger number of
assigned transitions with higher values of rotational quantum numbémndK, Fig-
ure 5.1. As a result, 3487 transitions were assigned to the grourtd stah J"®-=90
andK™Ma&-=88. A simultaneous t of the microwave and infrared data yielded a skt
e ective hamiltonian parameters presented in column 5 of the Tebl&. This accurate
set of parameters allows one to reproduce the rotational stuetof the vibrational
ground state with an accuracy close to experimental uncertainti@sa Irst approxi-
mation the rotational constant was xed to the value of the corresponding parameter
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Figure 5.4: Part of the far-infrared rotational spectrum &fCHF;
(p=0.3 mbar and=10 m) measured at room temperatues296 K in

the region of the lines with common value of rotational quantum num-
ber J’249. Lines within the cluster show the 2:1:1 intensity pattern with

jKj = 3n being twice more intensive thajKj, 3n. Absorbance is shown
as decadic logarithm, (@) (see also [Bolotovat al. 2017c]).

Table 5.3: Spectroscopic parameters of the vibrational grouadesof
13CHR; (in cm 1) (see also [Bolotovat al 2017c]).

Parameter [Burrus and Gordy 1957] [Pashaewal. 1988] [Bocquett al. 1994]  this work

1 2 3 4 5

B 0.3443024(66) 0.344304692(56) 0.344304863(11) 86314304
C 0.189250%
D,=10 6 0.37327(9) 0.373859(23) 0.373859
Dyk=10 6 -0.59634(63) -0.596077(106) -0.596077
Dk=10 6 0.3028
Hj=10 12 0.6217(93) 0.6217
Hjk=10 11 -0.346(80) -0.283(15) -0.283

Hg =10 11 0.386(46) 0.343(28) 0.343
Hy=10 1% -0.1429
Lyk=10 7 -0.138(9)
LjEl0 16 0.28(5)

drms 0.00018

N 2 38 2+38+45=85 85+3487

3) Values in parentheses are ktandard uncertainties. If no uncertainty is given, the parametersw

xed in the t.

b) The value<C and Dk are calculated byab initio theory to be similar to the ones J2CHF; as given
here.H is the value calculatedb initio for ’CHF; [Breidunget al 2004] and this parameter is xed

here.
©) For the infrared transitions.
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of the ground vibrational state of?CHF;. The value C=C 12Cis calculatedb initio
tobe 2 10 °cm ! being small. It seemed appropriate to x some of the constants
at previous values from microwave and gigahertz spectra. Twohef higher param-
eters could thus be determined. We have also carried out a gldlzlowing for the
adjustment of all parameters, but this does not lead to any improeat.

As an example, a cluster of rotational lines witR%= 49 from the experimental spec-
trum is shown in the upper part of the Figure 5.4 compared to the giated spectrum
at the bottom, which was calculated with the parameters fronbles. 3.

5.4 The spectra around 700 cm

In the range 600 1000 crt the 3 fundamental band is located together with the
hot bands23 3and 3+ g 6, See Figure 5.5. We are considering here thand
the 23 3 bands.

The ETH-SLS 2009 prototype setup was used to measuré3®euoroform spectra
from 600 to 1000 cnt. The White-type multi-re ection cell withl=19.2 m anéi=3.2 m
was used to measure the spectrgoat0.25 mbar and room temperatuies296 K. The
aperture was 1 mm and nominal resolution de ned as inverse maximum @{&ath
dierence ( = 1=dvopp) Was 0.001 cnt. KBr beamsplitter and MCT detector were
used and 100 scans were co-added.

To compare synchrotron radiation with a traditional Globar souraedsto re-measure
some saturated lines we have recorded this spectral range aldotivét Bruker IFS 125
HR Zurich prototype a 9-chamber system available at ETH Zirich cell with an
absorption path length of 3 m was used to measure the spectgg=at1 mbar (con-
trolled by MKS Baratron) and room temperatuies296 K (see Figure 5.5). A nominal
resolution =0.0011 cm and 0.8 mm aperture were used to record 152 scans, which
were co-added to get the nal spectrum, Figure 5.6. In this spaleinge a KBr beam-
splitter, MCT detector and Globar source were used apgor=40 kHz. The spectra
were calibrated using C&lines in the region. A part of thdR-branch of the measured
spectra is shown in Figure 5.7. One can see that the noise level is cenadily lower
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Chapter 5. High-resolution spectra¥fHR
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Figure 5.5: Survey of thez band of 13CHF; measured ap=0.1 mbar,

=3 m andT=296 K (upper trace) compared to the spectrum@EHR;
measured at similar conditions using the Bruker IFS 120 HR ZP2001 pro-
totype spectrometer (lower trace). The isotope shift of absutm ! is

clearly seen. Absorbance is shown as decadic logarithiiig3b) (see also
[Bolotovaet al. 2017c]).
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v/ THz v/ THz
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Figure 5.6: Overview of thes band of13CHF; (p=0.1 mbar and=3 m)
measured at room temperaturd,=296 K - (XIll) in Table 5.2 (left).
Result of the tting of a single isolated lineRy(22)'9) to a Gaussian
line prole in red (right). The full width at half maximum derived
from the t to a Gaussian line pro le de nes the e ective resolution
and equals to rwhM=0.0011 cmt. The Doppler width for'3CHF; at
=680.01080 cmh andT=296 K is p=0.001 cm?, i.e. the spectra are
almost Doppler limited (see also [Bolotowhal 2017c]).

in the synchrotron spectra. This becomes a great advantage whenamnsiders the
weaker absorption spectra of "hot" bands, see Section 5.4.2.

5.4.1 The 3fundamental

The 3 fundamental band corresponds to the lowest excited totally synmogA;-
symmetry) vibrational state o#3CHF;. A low-resolution spectrum of this band was
presented in ref. [Chambert al. 1975]. This early work was followed by the studies
[Graneret al. 1979] and [Smittet al. 2002], where the spectra 5iCHF; were obtained
from the natural abundance in th&CHF; sample. In the latest study the band cen-
tre ¢=695.292 cnt and the rotational constan(B , Bp) = 0.00067 cnt could be
determined approximately, see column 3 Table 5.4. [Grahat 1979] had estimated
the band centre at 695.31 cf

We have started with the 3 band of 13CHF; as it appears in the FTIR spectra of
thel?CHFs in this range due to natural abundance. The high quality measuremeas t
are described in Section 4.3.2 provided us with 552 ro-vibratiorahgitions, which
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